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Fig. 5. Representative histopathological changes in livers and kidneys subjected to 16 days of saline (left) and A301SL (right) dosing were assessed by H&E or Oil Red O
staining ( x 200 magnification). Peripheral fatty changes were observed in the liver of the saline-treated mice (top and bottom), while periportal granular degeneration were
seen in the highest dose of A301SL-treated mice with complete loss of fatty changes (top). No significant changes were observed in kidneys (middle).

Table 4
Effects on serum chemistry.

Table 3
Histopathological findings.
Saline A301SL A301S
Dose - 10 mg/ 20mg/ 20mg/
kg kg kg
Number of mice examined- 9 4 5 5
Organ Liver Findings
Normal o] 3 0 2
Fatty change, periportal 9 0 o 0
Granuloma 0 1 1 2
Granular degeneration, 0 0 5 0
periportal
Kidney(s)
Normal 9 5 5 4
Hemorrhage 0 0 0 1

All lesions showed a moderate grade.

showed that our AON does not induce steatosis, which is a typical
feature of drug-induced hepatotoxicity (Begriche et al, 2011).
Instead, we observed drastic regression of steatohepatitis in

AST (IU/L)  ALT(IU/L) BUN (mg/dL) Cre (mg/dL)

Saline 176 +238 91432 207+64 024005
A301SL 10mgkg 225446 204£92° 301+4 01+005

20mglkg 442+13.8° 145+33 204+33°  01+000
A301S  20mgkg 2242 75+09 184+26°  01+0.00

AST; aspartate aminotransferase, ALT; alanine aminotransferase, BUN; blood urea
nitrogen, Cre; serum creatinine. Data are presented as means + S.D.
4P < 0.001, °P < 0.05 vs. saline group.

b p<0.01 vs. saline group.

A301SL-treated arms (Fig. 5), which is presumably an on-target-
based pharmacological effect.

In conclusion, we successfully developed an anti-apoC-1II LNA-
AON. Although this selective apoC-III inhibitor of A301SL shows
improved potency and safety, it will nevertheless be of help to
further elucidate the molecular biology and molecular physiology
of apoC-III that other non-selective inhibitors of apoC-IIl and have
failed to reveal.
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Abstract: Low-density lipoprotein apheresis (LDL-A)
treatment has been shown to decrease serum LDL choles-
terol levels and prevent cardiovascular events in
homozygous patients with familial hypercholesterolemia.
Recently, LDL-A treatment has been suggested to have
beneficial effects beyond the removal of LDL particles. In
this study, to clarify the preventive effects of LDL-A treat-
ment on atherosclerosis, the waste fluid from the adsorption
columns was analyzed. The waste fluid of LDL adsorption
columns was analyzed by two-dimensional electrophoresis
followed by mass spectrometry. Serum concentrations of the
newly identified proteins before and after LDL-A treatment
were measured by enzyme-linked immunosorbent assay. We
identified 48 kinds of proteins in the waste fluid of LDL
adsorption columns, including coagulation factors, thrombo-
genic factors, complement factors, inflammatory factors and
adhesion molecules. In addition to the proteins that were

reported to be removed by LDL-A treatment, we newly
identified several proteins that have some significant roles in
the development of atherosclerosis, including vitronectin
and apolipoprotein C-III (Apo C-III). The serum levels of
vitronectin and Apo C-11I decreased by 82.4% and 54.8%,
respectively, after a single LDL-A treatment. While Apo
C-III was removed with very low-density lipoprotein
(VLDL) and LDL, vitronectin was removed without asso-
ciation with lipoproteins. The removal of proteins observed
in the waste fluid has a certain impact on their serum levels,
and this may be related to the efficacy of LDL-A treatment.
Proteomic analysis of the waste fluid of LDL adsorption
columns may provide a rational means of assessing the
effects of LDL-A treatment. Key Words: Apolipoprotein
C-I11, Low-density lipoprotein apheresis, Proteomic analy-
sis, Vitronectin.

Familial hypercholesterolemia (FH) is an
autosomal-dominant inherited disorder resulting
from genetic mutation in the molecules related to
low-density lipoprotein receptor (LDLR) pathways
(1). Homozygous FH patients show severe symptoms
of atherosclerosis such as coronary artery disease
(CAD) and valvular heart disease at a young age due
to their extremely high levels of serum LDL-
cholesterol (LDL-C) from birth (2). Because drugs
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that act via the upregulation of LDLR activity are
not effective in homozygous patients with FH, several
attempts have been made to reduce their LDL-C
levels and to prevent atherosclerosis. DeGenne et al.
conducted plasma exchange (PE) in homozygous
FH patients in 1967 (3), and in 1975 Thompson et al.
reported the LDL-C-reducing effects of PE on the
alleviation of angina pain with the improvement of
coronary artery stenosis (4). Subsequently, attempts
to remove LDL in more selective ways have been
made by using a special double-filtration plasmapher-
esis (DFPP) method termed thermofiltration (5-7)
and an LDL adsorption column (8,9). Collectively,
these two methods have been called LDL-apheresis
(LDL-A). The use of LDL adsorption columns in
particular is selective for LDL removal (8); these
columns have been shown to be effective not only for
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homozygous FH patients but also for severe hetero-
zygous FH patients, as well as for atherosclerotic
diseases including arteriosclerosis obliterans (ASO)
(10). Although there have been no randomized con-
trolled studies, Mabuchi et al. and Nishimura et al.
reported that LDIL-A treatment had more beneficial
effects, including the prevention of cardiac events
and the inhibition of coronary stenosis, compared to
treatment with a maximal dose of statins in hetero-
zygous FH patients (11,12).

After the launch of strong statins such as atorvas-
tatin, pitavastatin, and rosuvastatin, some patients
on LDL-A treatment withdrew from the therapy
because of the high medical costs. However, several
patients who withdrew from LDL-A treatment later
died of cardiac events, though their serum lipid
levels were controlled by a maximal dose of a strong
statin at the same level as under LDL-A treatment,
as reported by studies from the National Cerebral
and Cardiovascular Center and Kanazawa University
(13,14). These results suggest that LDL-A treatment
can prevent cardiovascular events by removing a
series of proteins and substances from the blood
in addition to apolipoprotein B (Apo B)-containing
lipoproteins. LDL-A treatment using an adsorption
column has been reported to reduce Lp(a), fibrino-
gen; coagulation factors II, V, VII, VIII, X, XI,
and XII, serotonin; C-reactive protein (CRP), and
amyloid proteins (15,16); while LDL-A treatment
using DFPP has been reported to reduce fibrinogen,
Lp(a), C3, C4, op-macroglobulin, and immunoglobu-
lins (17). These studies were conducted by measur-
ing the target molecules before and after LDL-A
treatment. On the basis of the hypothesis that the
adsorption column removed atherosclerosis-related
proteins other than lipoprotein-binding proteins or
positively charged proteins, proteomic analysis of the
waste fluid was performed. Edwards et al. reported
that proteomics has the potential to reveal proteins
that are associated with pathogenesis, by providing a
greater understanding of information flow in patho-
genic situations (18). Proteomics has been used for
analysis of the waste fluid of LDL-A treatment by

DFPP, direct adsorption of lipoproteins (DALI), and
heparin-mediated extracorporeal LDL precipitation
(HELP) (19). However, it has not been applied to
analysis of the waste fluid of the dextran sulfate
column, which is a major treatment in Japan. In this
study, we analyzed stepwise-eluted fluid from LDL
adsorption columns by a proteomics approach to
identify the proteins removed by the LDL-A treat-
ment and, in turn, to present a possible mechanism
underlying the preventive effects of LDL-A treat-
ment on atherosclerosis.

PATIENTS AND METHODS

Patients and LDL-A treatment

The subjects were four FH patients, including
one homozygous and three heterozygous patients,
who were on regular LDL-A treatment. For LDL-A
treatment, MA-03 (Kaneka, Osaka, Japan) and LDL
adsorption columns (Liposorber LA-15; Kaneka)
were used. The patients’ backgrounds are shown in
Table 1. All the patients used heparin for anticoagu-
lation for LDL-A treatment, and the treated plasma
volumes are shown in Table 1. Each patient gave
written informed consent to participate in the study,
and the study protocol was endorsed by the ethics
committee of the National Cerebral and Cardiovas-
cular Center (approval No. M20-26).

Serological investigation

Blood was collected from the blood removal line
immediately before and after LDL-A treatment to
determine changes in the levels of lipids, lipoprotein
fractions, hematological values, clectrolytes, serum
proteins, and so on. Vitronectin was determined
by the sandwich ELISA method (Human Total Vit-
ronectin ELISA kit; Innovative Research, Novi, M1,
USA). The measurements of fibrinogen, D-dimer and
apolipoprotein C-III (Apo C-III) were consigned to
SRL (Tokyo, Japan) and other items were consigned
to the clinical laboratory at our hospital. Lipoprotein
fractions were separated by ultracentrifugation.
The data are presented as the means = SEM of three

TABLE 1. Background of study patients

Mode of LDL-A treatment

Drug for hypercholesterolemia

Patient Sex Type Duration of Treated plasma

No. (M/F) of FH HT DM  LDL-A (year) volume (mL) Anticoagulation  Statin Ezetimibe Other
1 M Het. + - 2 4000 Heparin + + -

2 M Hom. + - 27 6000 Heparin + + -

3 F Het. - - 16 4000 Heparin + - +

4 M Het. + + 16 4000 Heparin + - +

HT, hypertension; DM, diabetes mellitus; Het., Heterozygote; Hom., Homozygote. (+) Is an affected patient and () is a non-affected patient.

Ther Apher Dial, Vol. 18, No. 1, 2014
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measurements in each patient. Comparisons of
parameters before and after LDL-A treatment were
made by a paired f-test using Excel analysis software
(Microsoft, Redmond, WA, USA).

Proteomic analysis

Sampling

Three separate samples for proteomic analysis of
the waste fluid were obtained twice from the LA-15
system of each patient. Sample 1 was the waste fluid
obtained from 0.86 M NaCl solution during LDL-A
treatment; Sample 2 was obtained after the removal
of lipoproteins by the ultracentrifugation of Sample
1; and Sample 3 was the solution eluted from the
column with 2 M NaCl solution.

Sample preparation

Samples 1 to 3 were dialyzed in dialysis buffer,
0.3 mM ethylenediaminetetraacetic acid (EDTA)
(pH 7.4), and 0.15M NaCl using cellulose tubing
overnight. After dialysis, Sample 3 was concentrated
using a 5 kDa molecular weight cutoff spin concen-
trator (5kDa MWCO 4 mL; Agilent Technologies,
Santa Clara, CA, USA). Albumin and immunoglo-
bulin in Samples 1 and 2 were removed using an
Albumin and IgG Removal kit (GE Healthcare,
Chalfont St. Giles, UK).

Isoelectric focusing electrophoresis

Isoelectric focusing electrophoresis was performed
using an Immobiline Dry Strip (IPG, pH 3-10, 24 c¢m,
GE Healthcare). Samples 1, 2, and 3 from study
patients were each adjusted to a protein concentra-
tion of 1mg/450puL with the rehydration buffer
according to the manual supplied by the manufac-
turer. The passive hydration of the gels was carried
out for 12 h at 20°C, and the isoelectric focusing was
performed at 500 V for 1 h,1000 V for 1 h, 8000 V for
8.2h,and 500 V for 1 h. :

SDS-PAGE

After the isoelectric focusing electrophoresis, the
IPG strips were equilibrated in 6 M urea 30% glyc-
erol v/v, 2% sodium dodecyl sulfate (SDS), 50 mM
Tris-HCl (pH 8.8), and 0.1% (w/v) dithiothreitol
(DTT) for 15 min. Subsequently, the IPG strips were
immersed in the above buffer containing 0.25% (w/v)
of iodoacetamide instead of DTT at room tempera-
ture for 15min. SDS-polyacrylamide gel electro-
phoresis (PAGE) was performed using the 12.5%
polyacrylamide gel with an Ettan DALT buffer kit
(GE Healthcare). Electrophoresis was performed at
4-6'W for 18 h.

© 2013 The Authors
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Staining and de-staining

After the electrophoresis, the gels were fixed with a
fixative solution, 40% methanol (v/v) and 10% acetic
acid (v/v), for 30 min and stained in the same mixture
containing 0.2% Coomassie Brilliant Blue (CBB)
(wiv) for 30 min. The gels were then de-stained with
20% methanol and 5% acetic acid (v/v) solution at
room temperature until spots were clearly visible.

In-gel digestion with trypsin

The spots were cut out from the gels, and were
further immersed in a solution of 50% acetonitrile
(ACN) and 25 mM ammonium hydrogen carbonate.
The gel pieces were then dehydrated and dried.
Each gel piece was rehydrated with 15 uL of 100 mM
ammonium bicarbonate containing 100 pg/mL of
trypsin, 7% ACN, and 1% octyl-beta-glucoside and
left to stand for 45 min on ice, after which the gel was
incubated overnight at 37°C with shaking. An extrac-
tion solution containing 50% ACN and 1% trifluoro-
acetic acid {TFA) was added to the gel and left for
30 min. After centrifugation, the recovered extract
was concentrated to 5 to 10 plL using a SpeedVac
concentrator (Thermo Scientific, Waltham, MA,
USA).

Desalting and condensation by C-tip

Desalting and condensation were performed using
a solid phase extraction tip, C-tip (Nikkyo Technos,
Tokyo, Japan). After pre-treatment, 5-10 pL. of the
tryptic digest solution was applied to the tip, washed
with 0.1% trifluoroacetic acid (TFA) and 10% ACN,
and eluted with a solution of 0.1% TFA and 60%
ACN by centrifugation to recover the desalted tryptic
digests.

Mass spectrometry (MS) analysis

Tryptic peptides eluted from the C-tip were
spotted onto a sample plate (Opti-TOF 384 Well
MALDI Plate Inserts; Applied Biosystems, Carlsbad,
CA, USA), mixed with a matrix (0.175% alpha-
cyano-4-hydroxycinnamic acid, 50% ACN and 0.1%
TFA), and air-dried. Bach spotted sample was then
subjected to mass spectrometric (MS) and tandem
mass spectrometric (MS/MS) analysis with a 4800
matrix-assisted laser desorption/ionization time-of-
flight/time-of-flight (MALDI TOF/TOF) Analyzer
(Applied Biosystems) to identify tryptic peptides.
Each spot was analyzed by MS in reflector mode
in a mass-to-charge ratio (m/z) range of 800 to
4000 (Fig. 1A). MS/MS was performed for digested
peptide peaks with a signal-to-noise (S/N) ratio
greater than 100 (Fig. 1B). Peak lists were generated
by the “Launch Peaks to Mascot” function of the
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FIG.1. Peptide mass fingerprint (A) and mass spectrometry/
mass spectrometry (MS/MS) spectrum (B) of vitronectin obtained
by a 4800 matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) analyzer. (A) 1, Vitronectin [453-463],
RVDTVDPPYPR; 2, Vitronectin [464-478], SIAQYWLGCPA-
PGHL (carbony-tarminal); 3, Vitronectin [422-443], MDWLVPAT-
CEPIQSVFFFSGDK. (B) Tryptic peptide number 2 in (A) was
identified by nine b-ions and 12 y-ions by MS/MS analysis. His
shows the ammonium ion of His. The “y” shows the y-ion and the
“b” shows the b-ion. The amino acid sequence of the peptide is
shown.

4000 Series Explorer software (ver. 3.5; Applied Bio-
systems). Peak lists were searched against the human
NCBInr database (80128 entries on 18 June 2009)
using the Mascot search algorithm (ver. 2.2), with
trypsin specification. Carbamide-methylated cysteine
was set as a fixed modification. Peptide tolerance
was set to 125 ppm, and MS/MS tolerance was 0.4 Da.
Peptide sequences with an expectation value lower
than 0.05 were identified.

Separation of the lipoprotein and bottom fractions

To determine the removal rate of Apo C-III and
vitronectin in the lipoprotein and bottom fractions by
LDL-A treatment, the serum was separated by ultra-
centrifugation (d <1.006: very low-density lipopro-
tein (VLDL),1.006 = d < 1.019: intermediate-density
lipoprotein (IDL), 1.019d<1.063: LDL, 1.063 = d<
1.210: high-density lipoprotein (HDL), 1.210<d:
bottom).

RESULTS

Low-density lipoprotein apheresis treatment was
performed in one homozygous and three hetero-
zygous patients by using the LDL adsorption method.

Hematologic test and blood chemical analysis data
Hematologic test and blood chemical analysis data
before and after LDL-A treatment are shown in
Table 2. After a single LDL-A treatment, serum
LDL-C levels decreased by 80.9%, total cholesterol

TABLE 2. Laboratory data before and after a single low-density lipoprotein apheresis treatment

Before treatment After treatment Decrease
(Mean * SD) (Mean = SEM) (%) P-value

Total cholesterol (mg/dL) 254 £ 102 7322 -71.4 *%
LDL cholesterol (mg/dL) 194 + 81 37+19 —-80.9 Hk
HDL cholesterol (mg/dL) 46 £ 22 39x18 -154 n.s.
Triglycerides (mg/dL) 132 =76 24 + 16 —~81.8 b
Total protein (mg/dL) 7.4 =06 6.4 0.7 -13.6 o
Albumin (g/dL) 4604 4105 ~12 *
RBC (10 x 10° mm?) 427 *0.81 4.52 £0.77 5.7 ns.
WBC (10 x 10° mm’) 5.8*20 75+25 282 ns.
Hemoglobin (g/dL) 134 +£25 13826 3 ns.
Hematocrit (%) 385 6.2 40.1 £ 64 42 ns.
Plt (10%/uL) 166 *+ 65 152 = 56 -8.4 1s.
Na (mEq/L) 138+ 1 142 + 1 25 *ox
K (mEg/L) 40+04 41 =1 2.5 ns.
Cl (mEq/L) 104 =3 109 * 4 43 ns.
Ca (mEqg/L) 9.6 =04 9.0+ 03 -5.7 *
Fibrinogen (pg/dL) 203 =51 123 £ 31 -394 ok
D-dimer (ug/mL) 1.04 £ 091 113 +1.013 8.7 ns.

#*0.01 < P < 0.03, **P < 0.01. HDL, high-density lipoprotein; n.s., not significant; RBC, red blood cell count; SEM, standard error of the

mean; WBC, white blood cell count.
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(TC) levels by 71.4% and triglyceride (TG) levels by
81.8%, while high-density lipoprotein-cholesterol
(HDL-C) showed no significant change. Serum
fibrinogen decreased significantly to 39.4%. These
results are in good agreement with those previously
reported.

Proteomic analysis A

The proteomic analysis was performed using three
kinds of samples (Sample 1, Sample 2 and Sample 3)
from each study patient. Typical two-dimensional gel
electrophoresis profiles obtained from a homozygous
FH patient (Fig. 2A~C show the data from patient
number 2) and from one of three heterozygous
FH patients (Fig. 2D-F are the results for patient
number 1) are shown. Sample 1, which was prepared
from the waste fluid fraction, gave 110 spots (Fig. 2A)
and 127 spots (Fig. 2D), while Sample 2, which was
prepared by removing lipoproteins from Sample 1,
gave 120 (Fig.2B) and 145 spots (Fig. 2E), in the
homozygous and heterozygous patients, respectively.
The density and distribution patterns of the protein
spots were similar in homozygous and heterozygous
patients. Sample 3, the eluate from the column by 2 M
NaCl, appeared to yield fewer spots compared to
Samples 1 and 2: 30 spots in the homozygous patient
(Fig. 2C) and 25 spots in the heterozygous patient
(Fig. 2F). Sample 3 also showed similar density and
distribution patterns between the homozygous and
heterozygous patients.

By mass spectrum analysis of the spots obtained
from Samples 1, 2, and 3 of four patients, 48 proteins
were identified from 279 spots in Sample 1, 34 pro-
teins from 140 spots in Sample 2, and 10 proteins
from 36 spots in Sample 3. As numerous spots gave
the same identification results, we identified 48 pro-
teins in total from Samples 1-3 without redundancy.
The identified proteins are listed in Table 3. The spots
were distributed between 10 kDa and 260 kDa on
the gel; the largest was fibronectin and the smallest
was Apo C-III. The protein with the lowest pl was
vitronectin, and that with the highest was fibrinogen-
o-chain (Fig. 3A~C). The identified proteins included
coagulation factors such as fibrinogens; antithrombin
III; haptoglobin; heparin cofactor; thrombogenic
factors such as B.-glycoprotein I; fibronectin; kinino-
gen I; complement factors; inflammation factors such
as Apo C-III and oy-acid glycoprotein I; and adhesion
molecules such as vitronectin. The proteins identified
from Sample 3 were mostly fibrinogen o, B, and vy
chains; the protein oz-microglobulin bikunin precur-
sor (AMBP); antithrombin IIT; and the Ig mu chain C
region. Of the proteins identified, B.-glycoprotein
1, clusterin, gelsolin, os-antitrypsin, apolipoprotein

© 2013 The Authors
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F (Apo F), CD5 antigen-like, amidase, pigment
epithelium-derived factor, tetranectin, transthyretin,
vitamin D-binding protein, histidine-rich glycopro-
tein, alpha-2 HS glycoprotein, and complement com-
ponent C6 were first found to have been removed by
the LDL-adsorption column. Fibrinogen (c, B, and vy
chains), antithrombin IIT apolipoprotein A-I (Apo
A-I), and apolipoprotein E (Apo E), which were pre-
viously reported to have been removed by LDL-A
treatment, were also identified in the waste fluid in
this study (Table 3).

Changes in identified protein levels in serum before
and after LDL-A treatment

Among the identified proteins, vitronectin, and
Apo A-I, A-II, B, C-I1, and C-III levels in the serum
were measured before and after LDL-A treatment.
Vitronectin showed a substantial decrease of 82.4%
after a single treatment. In addition, we measured
vitronectin levels in the lipoprotein and the bottom
fractions before and after LDL-A treatment. Before
treatment, the amount of vitronectin in the bottom
fraction accounted for 68.8% of the total amount,
suggesting that most of the vitronectin was not asso-
ciated with lipoproteins. After treatment, vitronectin
levels were decreased by 83.6% in the bottom frac-
tion and by 43.9% in the lipoprotein fraction. Among
apolipoproteins, Apo A-I, A-Il, B, C-1II, and E
decreased significantly after a single treatment. Most
of the Apo C-III was found in the lipoprotein frac-
tion, and a negligible amount was seen in the bottom
fraction. In addition, Apo C-III levels in the VLDL
and LDL fractions decreased by 22.8% and by 42.6%
after LDL-A treatment. On the other hand, the
amount of Apo C-III in the bottom fraction showed
no change, suggesting that Apo C-III was removed in
association with VLDL and LDL lipoproteins.

DISCUSSION

The adsorption column used in LDL-A treatment
has been reported to remove many proteins, such as
fibrinogen, antithrombin III, coagulation factors II,
V, VII, VIII, IX, X, XTI and XII, CRP, oz-antitrypsin,
serum amyloid A protein, and os-acid glycoproteins
of inflammation factors and lipoproteins, such as
Lp(a), MDA-LDL, sd-LDL, and ox-LDL (15,20,21).
On the other hand, DFPP has been reported to
remove fibrinogen, Lp(a), C3, C4, B,-macroglobulin,
and immunoglobulins (17). The mechanism of
the removal of Apo B-containing lipoproteins is
based on the molecular size in DFPP, whereas in the
LDL adsorption column, the mechanism is the elec-
trostatic binding to the negatively charged ligand.
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FIG.2. Two-dimensional gel electrophoresis profiles of the samples prepared from one homozygous familial hypercholesterolemia (FH)
patient (A—~C) and one heterozygous FH patient (D-F). For each of the two patients, sample 1 (A,D), sample 2 (B,E), and sample 3 (CF)
were subjected to two-dimensional electrophoretic analysis and stained. The horizontal axis/bar shows isoelectric focusing with pH values of
3 to 10, and the vertical axis/bar shows the molecular weight.
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TABLE 3. Identified proteins in the eluate from the low-density lipoprotein apheresis column

Sample  Sample  Sample
Group Protein Name MW 1 2 3
Coagulation factor o-fibrinogen precursor 69 809 + + +
Antithrombin ITI 52618 + + +
B-fibrinogen precursor 54 895 +
EGF-containing fibulin-like extracellular Matrix protein 2 49 405 +
Fibrinogen v chain 49 481 + + +
Heparin cofactor II precursor 57098 +
Kininogen I 47901 + +
B2-glycoprotein I 36254 + +
Thrombogenic factor Histidine-rich glycoprotein 53378 +
o-1-acid glycoprotein 1 precursor 23511 + +
Inflammation factor Apolipoprotein C-IIT 10 822 + +
Inter-alpha-trypsin inhibitor family heavy chain-related protein 103 385 + +
o-1 antitrypsin 46 706 + + +
o-2-glycoprotein 1 34258 + +
o-2-HS-glycoprotein 39324 + +
Adhesion molecule Vitronectin 54335 + +
Fibronectin precursor 256 689 + +
Complement component  Complement component C3 187 163 + +
Complement Clr subcomponent 80173 +
Complement component C4A 192 861 + +
Complement factor B 85562 + + +
Complement factor C6 104 843 +
Cl-inhibitor 32708 +
Complement Cls 37208 +
Complement component C6 104 786 +
Glycoproteins o-1B-glycoprotein 54254 + +
Angiotensinogen 53154 +
Clusterin 52495 + +
Hemopexin 51676 + +
Zinc-alpha-2-glycoprotein 34259 + +
Apolipoproteins Apolipoprotein A-1 30778 + + +
Apolipoprotein A-IV 45399 + +
Apolipoprotein C-II 11284 + +
Apolipoprotein E 36154 + +
Apolipoprotein F 35399 +
Immunogloblin Ig kappa chain C region 11 609 + +
Ig mu chain C region 49 307 +
Others CDS5 antigen-like 38 088 + +
Gelsolin 85698 + + +
N-acetylmuramoyl-L-alanine amidase 62217 +
Pigment epithelium-derived factor 46 312 + + +
Protein AMBP 38 999 + +
Retinol-binding protein 4 23010 + +
Serotransferrin 77064 + + +
Serum albumin 69 367 +
Tetranectin 22 566 + + +
Transthyretin 20193 + +
Vitamin D-binding protein 52 964 + +

(+) Protein was identified in the waste fluid and eluted solution from the adsorption column.

Therefore, the proteins removed by DFPP may be
associated with VLDL and/or LDIL. On the other
hand, the removal of proteins by the LDL adsorption
column has three mechanisms, association with
VLDL and/or LDL, electrostatic binding of their
positive charge to the ligands, or nonspecific binding
to the column.

Dihazi et al. reported the clearance of proteins
by three kinds of LDL-A methods: DFPP, DALL,
and HELP (19). They reported that 74 proteins
were identified and, among these, 15 proteins, that is,

© 2013 The Authors
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o-1 antitrypsin, o-2 antiplasmin, fibrinogen A alpha
polypeptide, fibrinogen beta chain, fibrinogen gamma
polypeptide, kininogen I, transthyretin, alpha-2-
macroglobulin, complement C4 precursor, comple-
ment C3, complement component C4B, complement
factor H —precursor, haptoglobin, Ig kappa chain C
region and immunoglobulin J chain, were reported
to be removed by all three methods. In our study,
48 proteins were found to be removed by the LDL
adsorption columns, and among them, eight proteins,
B-fibrinogen precursor, fibrinogen vy chain, kininogen
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FIG. 3. Protein spot map on two-dimensional gel electrophoresis. Each spot was excised from the gel and subjected to in-gel trypsin
digestion, followed by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry/mass spectrometry
(MS/MS) analysis. (1) Fibronectin, (2) B2 glycoprotein 1, (3) fibrinogen B-chain, (4) complement factor CA4, (5) complement factor H, (6)
apolipoprotein H, (7) hemopexin, (8) fibrinogen y-chain, (9) vitamin p-binding protein, (10) o antitrypsin, (11) apolipoprotein A-IV, (12)
complement factor 3, (13) kininogen I, (14) a-HS glycoprotein, (15) vitronectin, (16) apolipoprotein E, (17) microglobulin binding protein,
(18) apolipoprotein A-I, (19) haptoglobin, (20) transthyretin, (21) fibrinogen o-chain precursor, (22) apolipoprotein C-II1, (23) apolipopro-

tein C-1I, (24) vitronectin.

I, o-1 antitrypsin, fibronectin precursor, comple-
ment component C3, Ig kappa chain C region and
transthyretin, were the proteins removed by all
four methods—that is, HELP, DFPP, DALI and LDL
adsorption—although the analytical methods were
not the same. There have been no data on long-term
clinical outcomes indicating that one of the existing
lipid apheresis methods is superior to any of the
others. Indeed, the report of Dihazi that analyzed the
proteins removed by each LDL-A method does not
support the superiority of any specific method. The
fact that fibronectin and fibrinogen were removed by
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all four methods is of interest, because removal of
these proteins has been reported to lower plasma
viscosity which has been related to a significant
improvement of peripheral flow.

Proteins that have heparin-binding domains,
such as fibrinogen, antithrombin ITI, fibronectin, and
oa-B-glycoprotein, carry positive charges, which may
be removed by ionic interaction. Apolipoproteins
known as lipoprotein-associated proteins may be
removed together with the lipoproteins. We identified
not only proteins reported to be removed by LDL-A
treatment (10,21,22), but also new molecules such
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as vitronectin and Apo C-III, which are known to
have important roles in atherogenesis. It is of interest
that while vitronection was not removed with Apo
B-containing lipoproteins but by ionic interaction,
Apo C-I1I was removed with Apo B-containing lipo-
proteins. We also found that the serum levels of Apo
C-III and vitronectin were significantly decreased
after a single LDL-A treatment.

Vitronectin is a heparin-binding protein with a
molecular weight of 54 kDa, 5.55 pI, and is contained
at 200 to 400 ug/mL in human serum. Vitronectin
carries positive charges in the heparin binding
domain, suggesting that its binding mechanism to the
negative charges of dextran sulfate is plausible.
Serum vitronectin levels are reportedly increased in
patients with significant stenosis in two or more seg-

ments of the coronary arteries compared to those

with stenosis in no or only one segment (23). Peng
et al. reported that vitronectin-knockout mice show
reduced neointima formation after carotid injury
ligation or chemical injury compared with wild-type
mice (24). Although vitronectin does not directly
change vascular smooth muscle cell (VSMC) prolif-
eration, this protein was reported to promote
neointima development by enhancing VSMC migra-
tion. Vitronectin reduction may be one of the benefi-
cial effects of LDL-A treatment in the prevention of
atherosclerosis.

Apo C-III is 10 kDa in molecular weight and 5.23
in pl, and is contained at 5.4 mg/dL to 10.0 mg/dL. in
human serum. Apo C-III is known to be distributed
mainly in VLDL and HDL, and secreted as a compo-
nent of VLDL from the liver (25). The physiologi-
cal role of Apo C-III is the regulation of lipolysis
through noncompetitive inhibition of endothelial
cell-bound LPL that hydrolyzes TG in VLDL, trans-
forming large TG-rich particles into smaller
TG-depleted remnant lipoproteins (25). In several
clinical studies, higher Apo C-III levels were associ-
ated with an increased severity of CVD in patients
with angiographically defined coronary artery dis-
eases (25). Pollin et al. reported that Lancaster Amish
patients are heterozygous carriers of a null mutation
in the gene encoding Apo C-III, and thus express
half the amount of Apo C-III present in noncarriers.
The carriers had higher HDL-C levels, lower TC and
LDL-C levels (26), and less detectable coronary
artery calcification than noncarriers (26). Null muta-
tion in Apo C-III confers favorable lipid profiles and
apparent cardioprotection without any obvious det-
rimental effect; this raised the possibility that thera-
pies targeting Apo C-III would be clinically effective
in reducing cardiovascular events (26). In our study,
Apo C-III was decreased by 54.8% with a single

© 2013 The Authors

Therapeutic Apheresis and Dialysis © 2013 International Society for Apheresis

LDL-A treatment. Moreover, the Apo C-III level in
VLDL was decreased by 77.2%. This suggests that
the decrease in Apo C-III by LDL-A treatment is
one of the protective effects against cardiovascular
disease.

There are some limitations to this study. First,
some proteins that LDL-A treatment removes have
beneficial effects on the inhibition of atherosclero-
sis development. Second, some proteins having
physiological importance, such as immunoglobulin,
albumin, transthyretin and so on, were removed by
the adsorption column. In order to evaluate the effect
of removal of each protein by LDL-apheresis, a com-
prehensive understanding of each factor involved in
the pathogenesis and pathophysiology based on the
analysis of both patients and animal models will be
needed.

CONCLUSION

In this study, several proteins that might be
involved in the cause and pathophysiology of athero-
sclerosis were identified in the waste fluid of lipo-
protein apheresis treatment by proteomic analysis.
Proteomic analysis may provide information on the
mechanisms underlying the effects of LDL-A treat-
ment on atherosclerosis, and also could provide data
to broaden the application of the treatment, thus
demonstrating this treatment’s usefulness from these
additional perspectives.
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A boat-shaped pyranosyl nucleic acid (BsNA) having an exocyclic methylene group in the sugar moiety
was synthesized to investigate the possibility that the axial H3’ of original BsNA is the cause of its duplex
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1. Introduction

Many conformationally restricted nucleotides have been devel-
oped to date.! Especially, 2',4-bridged nucleic acid (2/,.4’-BNAY/
locked nucleic acid (LNA)? developed independently by our group
and Wengel's group is used in therapeutic application* and nano-
technology® because of its high affinity with complementary single
stranded DNA and RNA (ssDNA, ssRNA). Its outstanding duplex-
forming ability is derived from the preorganized sugar conforma-
tion that mimics a nucleotide in an A-type RNA duplex. Although
various 2/,4'-BNA/LNA analogs have been developed in the past,’
few analogs® have higher binding affinities for complementary
strands than that of original 2/,4’-BNA/LNA. In addition, 2'4/-
BNACCC, whose sugar conformation is closest to a typical A-type
RNA duplex in the 2’,4’-BNA/LNA analogs, does not have the high-
est duplex-forming ability.” Hence, it is necessary to develop a
novel type of artificial nucleic acid on the basis of new strategy.

Recently, we designed and synthesized a boat-shaped glucopyr-
anosyl nucleic acid (BsNA) 1, which had a constrained pyranose as
the basic skeleton (Fig. 1). Regrettably, the incorporation of BsNA
1-T into oligonucleotides decreased the duplex-forming ability
with a complementary ssDNA and ssRNA. Some factors can be
attributed to this destabilization. One is the axial H3’ which can

* Corresponding authors. Tel.[fax: +81 5 2789 2971 (T.K.); tel.: +81 6 6879 8200;
fax: +81 6 6879 8204 (S.0.).
E-mail addresses: kodama@ps.nagoya-u.ac.jp (T. Kodama), obika@phs.osaka-u.
acjp (S. Obika).

http://dx.doi.org/10.1016/j.bmc.2014.11.030
0968-0896/© 2014 Elsevier Ltd. All rights reserved.

3-8 H or OMe group has the potential to inhibit the
formation of stable duplexes with target strands.

0:P-0r
3 \0
DNA DNA

-methoxy LpNA

BsNA 2-T
Figure 1. The structure of BsNA 1-T and 3'-methoxy LpNA and design of BsNA 2-T.
invade between neighboring nucleobases and inhibit ©-r stacking

interaction (Fig. 2a). Pedersen's group reported 3'-methoxy locked
pyranosyl nucleic acid (LpNA)® (Fig. 1), which had a low binding
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Figure 2. Representative low energy structure of an A-type DNA duplex comprising
BsNA 1 (a) and the structure with an exocyclic methylene group (BsNA 2) modeled
into the sugar moiety (b).

affinity with complementary strands as with the case of BsNA 1.
They also suggested that the axial position of the C3'-OMe group
can cause a destabilization of a duplex.

In this study, we newly designed and synthesized a BsNA analog
that does not have the axial substituent at 3’-position. At first,
replacing the C3’ with oxygen atom was occurred to us, but it takes
a great deal of exertion to synthesize that analog owing to its own
acetal structure.’® Therefore, we decided to introduce an exocyclic
methylene group to the C3' position to eliminate the axial H3’
(Fig. 1). Recently, Seth’s group also reported that an exocyclic
methylene group could act as a bioisostere of the 2’-oxygene atom
in 2/,4’-BNA/LNA.®? Since BsNA 2-T has no functional groups at the
axial C3’ position (Fig. 2b), the duplex forming ability will be
improved if the axial H3’ is the cause of the duplex destabilization.

2. Results and discussion
2.1. Synthesis of BsNA 2

BsNA 2-T was synthesized from known glucopyranoside 3% as
shown in Scheme 1. First, glucopyranoside 3 was deacetylated to
give triol 4. When glucopyranoside 3 was reacted with K,COs
and MeOH, the reaction yield was very low because of the elimina-
tion of the tosylate group. This problem was negligible when 3 was
treated with methylamine at 0 °C, and desired triol 4 was obtained
at high yield. Next, the 4’- and 6'-hydroxy groups of triol 4 were
protected as a isopropylidene acetal, and the resulting compound
5 was subjected to sodium hydride under moderate heating
conditions to form the bridge between the C2’- and C5’-positions.

QAc OH
o a F 88 0 b
A%‘Smw > %5 Y —
\_OAc \ OH
OTs OTs
3 4

o Ty A? o T
)<8 H \:/ Oxidation 8 \:/
Ny B — > D :
o] oo
7

l One-pot oxidation/olefination

l Hgo
Thy )< Thy
o} o]
Xg Y SRR
l H R "N F
To

Wittig olefination HO ~o

8 insoluble

Figure 3. The reason for adopting one-pot oxidation/olefination procedure to
obtain alkene 8.

Subsequently, the resultant compound 6 was exposed to hydrog-
enolysis conditions using palladium hydroxide to remove benzyl
group. When alcohol 7 was oxidized, the resultant ketone was eas-
ily hydrated under an air atmosphere. The desired alkene 8 was not
yielded from the hydrated compound using Wittig reagent (Fig. 3).
Once the hydrate generated, it exhibited an insoluble property and
the removal of water from the hydrate was difficult by typical
dehydration procedures. Therefore, one-pot oxidation/olefination
procedure was adopted. Alcohol 7 was firstly oxidized using
PDC, and then methyl tripheny! phosphonium ylide was added to
the reaction mixture to afford alkene 8. Next, removal of the iso-
propylidene group with aqueous acetic acid furnished nucleoside
9. Finally, tritylation of 9 at the 6-hydroxy group with
4,4'-dimethoxytrityl chloride (DMTrCl) and phosphitylation at
the 4/-hydroxy group of 10 with 2-cyanoethyl N,N-dii-
sopropylaminochlorophosphoramidite afforded the desired phos-
phoramidite building block 11. )
Phosphoramidite 11 was introduced into oligodeoxynucleotide
(ODN) using an automated DNA synthesizer. The sequence was
the same as that of our previous work.®® The concentration of phos-
phoramidite 11 was 0.1 M and the coupling time was prolonged to
8 min. 5-[3,5-Bis(trifluoromethyl)phenyl]-1H-tetrazole was used
as an activator. Coupling yields were checked by trityl monitoring
and were estimated to be over 95%. Synthesized ODN was cleaved
from the solid support and deprotected by treatment with ammo-
nium hydroxide solution. The obtained ODN 12 was purified by

y

/% o o )(O 5 0 \\/Th
C
g“g%\?”’ THY o @’:
oTs N7
6

ODN 12: 5-d(GCGTTTTITGCT)-8'
T=BsNA 2T

Scheme 1. Reagents and conditions: (a) 40% aq CH3NH,, THF, 0 °C, 95%; (b) 2,2-dimethoxypropane, CSA, DMF, rt, 88%; (¢) NaH, DMF, 60 °C, 97%; (d) Ha, Pd(OH),/C, AcOEt, rt,
94%; (e) PDC, MS4A, CHxCl,, rt, then Ph3PCH3Br, n-Buli, THF, t, 61%; (f) 60% aq AcOH, rt, 93%; (g) DMTrCl, pyridine, rt, 96%; (h} 2-cyanoethyl N,N-diisopropylchlorophosph-
oramidite, N,N-diisopropylethylamine, CH5CN, 0 °C, 79%; (i) DNA synthesis. Thy = thymin-1-yl.
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Table 1
Evaluation of thermal denaturation temperatures (T, values) of duplexes?

Oligodeoxynucleotides® DNA complement

Tm (°C) ATy"

RNA complement
Tm (°C) AT

Natural 51 — 47 -
5'-d(GCGTTITTIGCT)-3' (12) 33 ~-18 31 ~16
5-d(GCGTTTITIGCT)-3 (13) 41 -10 39 -8

# Target strand sequence: 5'~AGCAAAAAACGC-3. Thermal denaturation studies’
conditions: 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM Nacl;
each strand concentration =4 pM; scan rate of 0.5°Cmin~" at 260 nm. T, was
determined by taking the first derivative of the melting curve. The number is the
average of three independent measurements.

b T=BsNA 2-T, T=BsNA 1-T.

€ ATns are calculated relative to Ty, values of unmodified DNA-DNA and DNA-
RNA duplexes.

reverse-phase HPLC and characterized by MALDI-TOF mass
spectrometry.

2.2. Chemical stability of BsNA 2

BsNA 2 has a reactive allylphosphate ester which could be
cleaved by nucleophiles.'! This structure is described as an impor-
tant feature in the biological activity of some nucleoside antibiot-
ics'? or antineoplastic agent'> possibly due to enhanced chemical
reactivity. Therefore, there was concern that the 3’ oxygen atom
was eliminated during the deprotection process of ODN synthesis
using ammonium hydroxide. However, such a cleaved ODN frag-
ment was not observed and BsNA 2 proved to be stable against
amines. We evaluated its chemical stability in some detail. Fig-
ure S1 shows the reverse-phase HPLC profile of the mixture after
treatment of ODN 12 with 1 mM glutathione and 10 mM MgCl,
for 12 h. The peak corresponding to ODN 12 did not disappeared,
and the notable new peak derived from the ODN was not observed.
As a result, BsNA 2 was stable on the conditions that it was heated
or treated with thiol and divalent metal ion, and the worrying
strand-breakage was not occurred.

2.3. Evaluation of duplex-forming ability of BsNA 2

We evaluated the affinity of the synthesized ODN with comple-
mentary sSDNA and ssRNA through UV melting experiments. The
UV melting profiles are shown in Figures S2 and S3, and the ther-
mal denaturation temperatures (T, values) are summarized in
Table 1. ODN 12 did not improve the thermal stabilities of the
duplexes with ssDNA and ssRNA (ATy, = —18, -16); indeed, the
duplex forming ability of ODN 12 was still lower than that of
ODN 13. This additional destabilization can be explained by a steric
clash between the introduced exocyclic methylene group and the
neighboring nucleotide which reduced n—w stacking in a different
way from that of BsNA 1. It was reported that an exocyclic methy-
lene group can be sterically hindered in the hybridization when it
is located in the major groove of the duplex.!* The C3’-exocyclic
methylene group of BsNA 2 might act in that manner.

Given the fact that the introduction of the exocyclic methylene
group to the C3’ position lead to the further decrease of the binding
affinity of BsNA 1, one could anticipate that the binding affinity is
sensitive to the size of functional groups at the 3’-position and will
be improved when replacing the C3’ with smaller groups. However,
it should be noted that the duplex-forming ability of BsNAs is too
lower than is assumed based on the past report'# and other factors,
for example, the nucleobase lean and the nucleobase orientation,
may be attributed to the destabilization of the duplexes. It is diffi-
cult to make conclusions about the factor affecting the binding
affinity of BsNAs and the investigation of the above hypotheses is
still in progress.

3. Conclusion

We successfully synthesized a BsNA analog bearing an exocyclic
methylene group in the sugar moiety. The synthesized BsNA ana-
log was chemically stable. The binding affinity of the analog with
ssDNA and ssRNA was still lower than that of original BsNA possi-
bly due to a steric clash between the introduced exocyclic methy-
lene group and the neighboring nucleotide. Therefore, it is
expected that the duplex-forming ability is sensitive to the size
of functional groups at 3'-position and replacing the C3’ with smal-
ler groups will lead to an improvement of it. However, other struc-
tural properties cannot be ruled out as the cause of the duplex
destabilization and the investigation of these hypotheses is cur-
rently underway in our laboratory.

4. Experimental
4.1. General

Dichloromethane, DMF and pyridine were distilled from CaH,
and the other reagents used as received from commercial suppli-
ers. 'TH NMR (400 and 300 MHz), 3C NMR (100.5 and 75.5 MHz)
and 3'P NMR (161.8 MHz) were recorded on JEOL JNM-ECS-400
or JNM-ECS-300 spectrometers. Chemical shifts are reported in
parts per million referenced to internal tetramethylsilane
(0.00 ppm), residual CHCl; (7.26 ppm), CH3CN (1.94 ppm), or
DMSO (2.50 ppm) for "H NMR, and chloroform-d; (77.16 ppm) or
acetonitrile-dz (118.26 ppm) for '3C NMR. Relative to 85% H3PO,
as external standard for 3'P NMR. IR spectra were recorded on a
JASCO FT/IR-4200 spectrometers. Optical rotations were recorded
on a JASCO DIP-370 instrument. Mass spectra were measured on
JEOL JMS-600 or JMS-700 mass spectrometers. MALDI-TOF mass
spectra were recorded on a Bruker Daltonics Autoflex II TOF/TOF
mass spectrometer. For column chromatography, Fuji Silysia PSQ-
100B or FL-100D silica gel was used. For high performance liquid
chromatography (HPLC), SHIMADZU LC-6AD, SPD-10AVyp and
CTO-10Ayvp were used. Thermal denaturation experiments were
carried out on SHIMADZU UV-1650 and UV-1800 spectrometers
equipped with a Ty, analysis accessory.

4.2. 1-{3-0-Benzyl-5-C-(tosyloxymethyl)-§-p-
glucopyranosyl}thymine 4

To a solution of compound 3 (689 mg, 1.0 mmol) in THF (10 mL)
was added aqueous 40% methylamine (4.2 mL, 50 mmol) at 0 °C
and the resultant mixture was stirred at 0 °C for 7 h. Further aque-
ous 40% methylamine (1.7 mL, 20 mmol) was added to the mixture
and the mixture was stirred at 0°C for 4 h. Again, aqueous 40%
methylamine (0.8 mL, 10 mmol) was added to the mixture and
the mixture was stirred at 0 °C for 2 h. After removal of THF under
reduced pressure, the mixture was separated with H,O and AcOFEt
and the aqueous layer was extracted with AcOEt. The combined
organic layer was dried over Na,SOy4, and concentered. The crude
product was purified by column chromatography (SiO,, n-hex-
ane/AcOEt = 1:5) to give compound 4 (535 mg, 95%) as a white
foam. [«]3 —13.4 (¢ 1.00, CH30H); IR Vg (KBr): 1691,
3332 cm™"; 'H NMR (400 MHz, CDsCN) 6 1.84 (3H, d, J=1Hz),
244 (3H, s), 3.07 (1H, br s), 3.42 (1H, d, J=12Hz), 3.52 (1H, d,
J=12Hz), 3.60-3.87 (5H, m), 4.06 (1H, d, J=11Hz), 445 (1H, 4,
J=11Hz), 472 (1H, d, J= 11 Hz), 4.84 (1H, d, ] = 11 Hz), 5.86 (1H,
d, J=9Hz), 7.27-7.45 (8H, m), 7.83 (2H, d, J=9 Hz), 9.24 (1H, br
s); *3C NMR (100.5 MHz, CDsCN) § 2.4, 21.6, 64.1, 68.6, 71.2,
72.8, 75.5, 79.8, 80.2, 82.4, 111.6, 128.3, 128.7, 128.9, 129.1,
131.0, 132.9, 137.0, 140.0, 146.6, 151.7, 164.4; MS (EI) m(z (I;er.%)
562 (0.1), 480 (1.0), 390 (5.2), 264 (4.4), 172 (6.0), 91 (100), 65
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(10.8); HRMS (EI): Calcd for CogH3oN2010S [M]": 562.1621. Found:
562.1643. .

4.3. 1-{3-0-Benzyl-4,6-0-isopropylidene-5-C-(tosyloxymethyl)-
g-p-glucopyranosyl}thymine 5

To a solution of compound 4 (514 mg, 0.91 mmol) in DMF
(9.1 mL) were added 2,2-dimethoxypropane (1.1 mL, 9.1 mmol)
and (+)-10-camphorsulfonic acid (21 mg, 0.09 mmol) and the
resultant mixture was stirred at room temperature for 13 h under
a N atmosphere. Further 2,2-dimethoxypropane (0.2 mlL,
1.8 mmol) was added to the mixture and the mixture was stirred
at room temperature for 2h. After addition of saturated aq
NaHCOs, the reaction mixture was extracted with AcOEt, the
organic layer was dried over Na,SO,, and concentered. The crude
product was purified by column chromatography (SiO,, n-hex-
ane/AcOEt = 2:5) to give compound 5 (481 mg, 88%) as a white
foam. [o]3* —2.6 (c 1.00, CHCl3); IR vpax (KBr): 1598, 1704, 2992,
3221 em™; '"H NMR (400 MHz, CDCl3) 6 1.31 (3H, s), 1.46 (3H, s),
1.86 (3H, s), 2.41 (3H, s), 3.60 (1H, d, J=11Hz), 3.78-3.91 (4H,
m), 4.03 (1H, br s), 4.55 (1H, d, J=11 Hz), 4.69 (1H, d, J=11 Hz),
475 (1H, d, J=11Hz), 481 (1H, d, J=11Hz), 597 (1H, d,
J=9Hz), 7.08 (1H, s), 7.24-7.33 (7H, m), 7.83 (2H, d, J=8 Hz),
9.35 (1H, br s); *C NMR (100.5 MHz, CD5CN) § 12.4, 19.1, 21.6,
29.2, 64.7, 65.1, 72.4, 73.7, 74.8, 75.6, 78.1, 80.2, 101.5, 112.1,
128.3, 128.6, 128.9, 129.0, 131.0, 132.8, 136.7, 139.8, 146.6,
151.7, 164.5; MS (EI) m/z (L, %) 602 (0.6), 430 (1.4), 353 (3.1),
172 (3.7), 155 (8.6), 127 (8.4), 91 (100), 65 (9.1); HRMS (EI): Calcd
for Ca0H34N5010S [M]': 602.1934, Found: 602.1935.

4.4. 1-(3-0-Benzyl-4,6-0-isopropylidene-2-0,5-C-methano-§-p-
glucopyranosyl)thymine 6

To a solution of compound 5 (478 mg, 0.79 mmol) in DMF
(8 mL) was added sodium hydride (95 mg, 60% in oil, 2.4 mmol)
and the resultant mixture was stirred at 60 °C for 10 min under a
N, atmosphere. After addition of saturated ag NH,Cl, the reaction
mixture was extracted with AcOEt. The organic layer was washed
with H,0, and brine, dried over Na,SO4 and concentered. The
crude product was purified by column chromatography (SiO,, n-
hexane/AcOEt = 1:2) to give compound 6 (329 mg, 97%) as a white
foam. [o]&* +14.0 (c 1.00, CHCl3); IR Viax (KBr): 1682, 2993 cm™7;
TH NMR (300 MHz, CDCls) § 1.44 (3H, s), 1.55 (3H, s), 1.79 (3H, d,
J=1Hz), 3.65 (1H, d, ] = 15 Hz), 3.81 (1H, ddd, J = 2, 5, 5 Hz), 3.86
(1H, dd, J=2, 13 Hz), 3.95 (1H, d, J=15Hz), 4.06 (1H, dd, J=2,
5Hz), 4.39-4.50 (4H, m), 6.14 (1H, t, =2 Hz), 7.10-7.13 (2H, m),
7.23-7.32 (4H, m), 9.14 (1H, br s); '>C NMR (75.5 MHz, CDCl3) &
12.7, 18.8, 28.9, 62.9, 65.8, 65.9, 68.6, 72.2, 75.1, 78.6, 834,
100.1, 109.1, 127.6, 128.2, 128.6, 135.5, 136.9, 150.2, 164.0; MS
(E) m/z (Ie1,%) 430 (16.8), 415 (4.4), 167 (15.2), 133 (6.2), 127
(10.0), 111 (8.5), 97 (11.4), 91 (100), 69 (7.1); HRMS (EI): Calcd
for C22H25N207 [Mr: 430.1740. Found: 430.1770.

4.5. 1-(4,6-0-1sopropylidene-2-0,5-C-methano-§-p-
glucopyranosyl)thymine 7

To a solution of compound 6 (134 mg, 0.31 mmol) in AcOEt
(6.2 mL) was added 20% Pd(OH),/C (67 mg). The reaction mixture
was stirred under H; atmosphere at room temperature for 20 h, fil-
tered and concentrated. The crude product was purified by column
chromatography (SiO,, n-hexanefAcOEt = 1:5) to give compound 7
(100 mg, 94%) as a white foam. [a]&* —60.1 (¢ 1.00, CHCls); IR Viax
(KBr): 1700, 2993, 3186 cm™!; 'H NMR (400 MHz, CDCl;) 6 1.43
(3H, s), 1.66 (3H, s), 1.83 (3H, 5), 3.66 (1H, d, =11 Hz), 3.83 (1H,
d, J=10Hz), 4.04 (1H, d, J=11Hz), 424 (2H, s), 443 (1H, d,
J=10Hz), 450 (1H, m), 4.99 (1H, s), 597 (1H, d, J=1Hz), 7.51

(1H, s), 10.33 (1H, s); C NMR (75.5 MHz, CDCl;) & 12.8, 19.1,
29.0, 63.2, 65.8, 66.9, 68.7, 71.7, 74.6, 84.2, 100.2, 109.8, 135.1,
150.7, 164.6; MS (EI) m/z (Ien%) 340 (19.3), 325 (13.4), 214 (100),
185 (13.7), 167 (35.9), 157 (19.9), 139 (13.2), 127 (46.2), 111
(22.5), 97 (24.0), 83 (26.8), 69 (37.6), 59 (50.6); HRMS (EI): Caled
for CysHzoN207 [M]*: 340.1271. Found: 340.1273.

4.6. 1-(3-Deoxy-3-exomethylene-4,6-0-isopropylidene-2-0,5-C-
methano-$-p-glucopyranosyl)thymine 8

To a solution of compound 7 (89 mg, 0.26 mmol) in CH,Cl,
(2.6 mL) were added MS4A (180 mg) and pyridinium dichromate
(120 mg, 0.32 mmol) and the resultant mixture was stirred at room
temperature for 2 h under a N, atmosphere. In a separate flask, tri-
phenylphosphonium bromide (476 mg, 1.33 mmol) was stirred at
—78 °C under a N, atmosphere in dry THF (3.1 mL), and n-butyl-
lithium (1.65 M in n-hexane, 0.76 mL, 1.25 mmol) was added drop-
wise to give a yellow slurry. After stirring the phosphonium ylide
for 1 h at 0 °C, it was cooled to —78 °C and was added to the PDC
reaction mixture at —78 °C. The reaction mixture was warmed
slowly to rt and stirred for 3 h. After filtration of the mixture
through a Celite pad, the filtrate was concentrated under reduced
pressure. The crude product was purified by column chromatogra-
phy (Si0,, n-hexane/AcOEt = 1:1) to give compound 8 (53 mg, 61%)
as a white foam. [a]5® +20.8 (¢ 1.00, CHCl;); IR Vimax (KBr): 1681,
1696, 2880, 2995, 3190 cm™?; TH NMR (400 MHz, CDCl;) & 1.48
(3H, s), 1.62 (3H, s), 1.95 (3H, d, J=1Hz), 3.66 (1H, d, J=11 Hz),
3.95-3.98 (2H, m), 445 (1H, dd, J=2, 10Hz), 4.56 (1H, d,
J=10Hz), 5.44 (1H, d, J=3 Hz), 5.51 (1H, d, J=3 Hz), 6.21 (1H, d,
J=2Hz), 7.23 (1H, d, J=1Hz), 8.89 (1H, br s); 3C NMR
(75.5 MHz, CDCl3) § 13.0, 19.0, 28.9, 63.2, 66.3, 69.2, 69.6, 70.9,
84.2, 100.5, 1104, 119.7, 133.9, 138.1, 150.1, 163.9; MS (EI) m/z
(Ien%) 336 (3.1), 321 (5.1), 279 (2.8), 182 (75.2), 167 (69.2), 152
(9.6), 124 (97.8), 95 (100), 67 (68.5); HRMS (EI): Calcd for
C16H20N206 [M]*: 336.1321. Found: 336.1320.

4.7. 1-(3-Deoxy-3-exomethylene-2-0,5-C-methano-$-p-
glucopyranosyl)thymine 9

Compound 8 (55 mg, 0.16 mmol) was dissolved in AcOH/H,0
(3:2, 2.4 mL) and stirred at room temperature for 10 h. The solvent
was removed under reduced pressure and the residue co-evapo-
rated with toluene. The crude product was purified by column
chromatography (5i0,, CHCl;/MeOH = 15:1) to give compound 9
(45 mg, 93%) as a white foam. {«]&* +67.9 (c 1.00, CH;0H); IR Viax
(KBr): 1695, 3391 cm™'; "H NMR (300 MHz, DMSO-ds) 6 1.75 (3H,
d,J=1Hz),3.55(1H, d, = 16 Hz), 3.55 (1H, d, ] = 16 Hz), 3.61 (1H,
d,J=16 Hz), 3.90-3.93 (1H, m), 3.99 (1H, d, /= 13 Hz), 4.20 (1H, 4,
J=3Hz),433(1H, m), 4.88 (1H, brs), 5.29 (1H, s), 5.36 (1H, 5), 5.75
(1H, br s), 5.98 (1H, d, J=3Hz), 7.32 (1H, d, J=1Hz); *C NMR
(75.5 MHz, CD5CN) 6 12.5, 62.2, 64.6, 67.2, 72.3, 79.4, 83.8, 109.7,
119.7,135.9, 143.9, 151.0, 164.7; MS (FAB) m/z 297 [M+H]"; HRMS
(FAB): Calcd for C43H;7N;06 [M+H]*: 297.1081. Found: 297.1109.

4.8. 1-{3-Deoxy-6-0-(4,4'-dimethoxytrityl)-3-exomethylene-2-
0,5-C-methano-g-p-glucopyranosyl}thymine 10

To a solution of compound 9 (45 mg, 0.15 mmol) in pyridine
(1.5mL) was added 4,4-dimethoxytrityl chloride (78 mg,
0.23 mmol) and the resultant mixture was stirred at room temper-
ature for 4 h under a N, atmosphere. After addition of H,0, the
reaction mixture was extracted with AcOEt, the organic layer
was dried over Na,SO,, and concentered. The crude product was
purified by column chromatography (Si0;, 0.5% triethylamine in
n-hexanef/AcOEt=1:1) to give compound 10 (86 mg, 96%) as a
white foam. [o]3* +39.6 (¢ 1.00, CHCl3); IR vpnax (KBr): 1509, 1607,
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1693, 2836, 2934, 3003, 3185, 3402 cm™'; 'H NMR (300 MHz,
CDCls) 6 1.93 (3H, s), 2.38 (1H, d, J = 6 Hz), 3.23 (1H, d, ] = 14 Hz),
3.40 (1H, d, J=14Hz), 3.80 (6H, s), 3.89 (1H, d, J=13 Hz), 4.09
(1H, d, J= 13 Hz), 4.46 (1H, d, J=3 Hz), 4.62 (1H, m), 5.37 (1H, d,
J=2Hz), 553 (1H, m), 6.16 (1H, d, J=3 Hz), 6.84-6.87 (4H, m),
7.22-7.46 (10H, m), 9.07 (1H, br s); 13C NMR (75.5 MHz, CDCls) §
12.9, 30.1, 55.3, 62.2, 644, 67.2, 71.1, 78.0, 83.4, 86.6, 109.8,
1134, 119.9, 127.2, 128.0, 128.1, 130.0, 130.1, 134.7, 135.3,
135.4, 141.8, 144.5, 150.2, 158.7 (1), 158.7 (4), 164.2; MS (FAB)
mfz 599 [M+Na]"; HRMS (FAB): Calcd for C3qHssNyOg [M+H]™:
599.2388. Found: 599.2427.

4.9. 1-[4-0-{2-Cyanoethoxy(diisopropylamino)phosphino}-3-
deoxy-6-0-(4,4'-dimethoxytrityl)-3-exomethylene-2-0,5-C-
methano-g-p-glucopyranosyljthymine 11

To a solution of compound 10 (74 mg, 0.12 mmol) in dry CH3CN
(1.2mL) were added N,N-diisopropylethylamine (63 uL,
0.36 mmol) and 2-cyanoethyl N,N-diisopropylphosphoramidochlo-
ridite (40 uL, 0.18 mmol) and the resultant mixture was stirred at
0 °C for 2.5 h under a N, atmosphere. Further N,N-diisopropyleth-
ylamine (21 ul, 0.12mmol) and 2-cyanoethyl NN-dii-
sopropylphosphoramidochloridite (13 pL, 0.06 mmol) were added
to the mixture and the mixture was stirred at 0 °C for 1.5 h. The
reaction mixture was concentrated and the obtained crude product
was purified by column chromatography (SiO,, 0.5% triethylamine
in n-hexane/AcOEt =1:1) to give compound 11 (76 mg, 79%) as a
white foam. 3P NMR (161.8 MHz, CDCl5) & 149.3, 149.8; MS
(FAB) mjz 799 [M+HJ"; HRMS (FAB): Calcd for C43Hs,N4OgP
[M+H]": 799.3466. Found: 799.3491.

4.10. Oligodeoxynucleotide 12

Synthesis of ODN 12 modified with BsNA 2 was performed on
an automated DNA synthesizer (Gene Design nS-8) on a 0.2 pmol
scale using a phosphoramidite coupling protocol and 5-[3,5-bis(tri-
fluoromethyl)phenyl]-1H-tetrazole as the activator. The concentra-
tion of each phosphoramidite was 0.1 M and the coupling times
were 8 min. Coupling yields were checked by trityl monitoring
and were estimated to be over 95%. The CPG solid supported
ODN (DMTr-ON) was treated with concentrated ammonium
hydroxide solution at 55 °C for 12 h, and then concentrated. The
crude ODN was roughly purified and detritylated with a Sep-Pak
Plus C;3 Environmental Cartridge, and then carefully by RP-HPLC
using Waters XBridge™ OST C18 2.5 pm (10 x 50 mm) with a linear
gradient of CH5CN (6-12% over 30 min) in 0.1 M triethylammo-
nium acetate buffer (pH = 7.0). The purity of the ODN was analyzed
by RP-HPLC on a Waters XBridge™ Shield RP 18 2.5um

(4.6 x 50 mm) and characterized by MALDI-TOF mass spectrome-
try. The isolation yield calculated from the UV absorbance at
260 nm was 27%. MALDI-TOF-MS data ([M—H]"): found 3688.5
(calcd 3687.4).
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*» Duplex with ssRNA
AT/ mod. = up to 4.0 °

« High nuclease resistance

he first systemic antisense drug, Kynamro, was approved
by the FDA in 2013, and many other antisense
oligonucleotides are in clinical trials. For the practical
application of antisense methodology, chemical modification
is essential to achieve a strong interaction with single-stranded
RNA (ssRNA) in a sequence-specific manner. In addition, high
resistance against enzymatic degradation is also required for in
vivo applications. Among numerous chemical modifications, the
introduction of a bridged structure between the 2'- and 4'-
positions generally increases affinity toward ssRNA and
improves resistance to nuclease degradation.” Since the
discovery of the 2'-0,4'-C-methylene-bridged nucleic acid
(2/,4'-BNA*/LNA"*), which is a typical example of these
bridged compounds, many bridged nucleic acids have been
developed.>™" Previous studies have revealed that nuclease
resistance can be enhanced by increasing the ring size of the
bridge moieties because of increasing steric hindrance (ie,
2,4 -BNA/LNA < ENAS’ 2/4-BNANC® < 2/4-BNACCC)
(Figure 1). However, this decreases binding affinity because of
insufficient restriction of the sugar conformation (ie, 2//4'-
BNA/LNA > ENA, 2/,4-BNANC > 2/4"-BNAC°C). Thus, a
balance between these two properties would be very important
for the development of practical antisense oligonucleotides.
Recently, we synthesized several 2',4’-BNAs possessing
amide or urea moieties in their bridged structure (Figure 1).
They possessed increased nuclease resistance and/or RNA
selectivity compared to analogues with the same-membered
bridged structure, maintaining high affinity toward ssRNA (i.e.,
2’ 4"-BNA/LNA vs AmNA,® ENA vs six-membered AmNA,’
2/,4"-BNACCC vs urea-BNA'®). These properties suggest that

N

HO o Base HO\‘ o Base HO} o Base HO} o Base
. AN ~Q
Ho O HO™—0 HO -0 HO Q0
R
2", 4-BNA/LNA ENA 2',4-BNANC 2',4-BNACOC
HO o Base HO] o Base HO} o Base HO o Base
o, N HO NN HO NHNH HO Ng—N
HO N N SN
R 27’ R gf 7% R
AmNA six-membered AmNA  urea-BNA SuNA

Figure 1. Structures of 2/,4'-BNA/LNA, ENA, 2'4'-BNANC, 2/,4'-
BNA®CC, AmNA, six-membered AmNA, urea—BNA, and SuNA
designed in the present study.

the exocyclic carbonyl groups inhibit the interaction between
the oligonucleotides and nuclease and destabilize the duplex
formed with single-stranded DNA (ssDNA). These are
expected to derive from steric and electronic properties of
the exocyclic carbonyl groups. However, how the bridged
moiety itself affects the hybridization properties and the
nuclease resistance of the oligonucleotides remains unknown.

This study used a sulfonamide structure, which is often seen
in bioactive compounds or drugs,12 to evaluate the relationship
between ring size and hybridization properties with ssRNA and
between bulkiness of the bridge structure and nuclease
resistance. Ring size of the bridge structure containing a
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sulfonamide moiety should be larger than that of a same-
membered bridged structure because sulfur is larger than
oxygen, carbon, or nitrogen. Moreover, a sulfonamide moiety is
more bulky than an amide or urea structure. Thus, 2'-N4'-C-
(N-methylamino)sulfonylmethylene-bridged thymidine
(SuNA-T) (Figure 1) was synthesized, and the properties of
the SuNA-T-modified oligonucleotides were examined.
Initially, the construction of a sulfonamide-bridged structure
from 1,** a common precursor for the synthesis of 2,4"-BNA/
LNA, was attempted without any N-substituents (Scheme 1). A

Scheme 1. Synthesis of Intermediates and Introduction of
Base

BnO. BnO.
K°>O AcSH, DIAD, PPhy KO?\O NCS, 2 M HCl aq
L TR Rhadiblichinshon 8
HO™ 0OBn 0’§ THF, 11, 96% AcS” opn 0’§ MeCN, 0 °C, 77%
1 2
BnO. BnO.
o KO? o 28% NH3 aq o ’;O?O Ac,0, H80,
Y o =%
0=5" dgn of THF, 0°C 0=5" dgn of- ACOH, t
Cl 4 NH,
o]
Me
BnO. \“\)\NH
O silylated thymine BnO. N/&o
o OAc tMsoT P o
i) 7
0=5" OBn OAc MeCN, reflux A
NH 0=$" OBn OAc
Ac
a6

thioacetyl group was introduced into 1 through a Mitsunobu
reaction to afford 2, which was then converted to the sulfonyl
chloride derivative 3.'* Treatment of 3 with ammonia gave the
sulfonamide derivative 4. In the acetolysis of 4, the sulfonamide
and two hydroxy groups were acetylated to afford triacetate S.
Although the coupling reaction of § with silylated thymine,
prepared in situ from thymine and N,O-bis(trimethylsilyl)-
acetamide, was attempted, a complex mixture resulted instead
of the desired product 6. Reactivity of the acylsulfonamide
group of § may cause many side reactions. This result implied
that the construction of a sulfonamide-bridged structure
without any N-substituents was difficult via this synthetic route.

To avoid the side reactions promoted by the acylsulfonamide
group of §, a methyl group was introduced into the nitrogen
atom of the acylsulfonamide group (Scheme 2). Treatment of 3
with methylamine and subsequent acetolysis afforded triacetate
7. As expected, the coupling reaction of 7 with silylated
thymine was successful and provided the desired product 8 in
good yield (74% in three steps), indicating 7 is a good
precursor for coupling reactions with silylated nucleobases.
After removal of the acetyl groups of 8, the 2'-hydroxyl group
was inverted by mesylation, followed by treatment with NaOH
to afford compound 9. Triflation of 9 and subsequent treatment
with K,COj; resulted in intramolecular cyclization to give the
desired product 10. Benzyl groups were removed by hydro-
genolysis to afford SuNA-T monomer 11. Finally, dimethox-
ytritylation of 11 with 4,4'-dimethoxytrityl chloride followed by
phosphitylation gave the phosphoramidite 13.

* The structure of SuNA-T monomer 11'° was confirmed by
X-ray crystallography (Figure 2a, Table 1). The crystal structure
of 11 revealed that the pseudorotation phase angle P was 16°,
which supports its N-type sugar pucker. Moreover, the v, and
& values of 11 were 44° and 80°, respectively. The v, values,
which represent the maximum degree of the sugar puckering
mode (N/S-type), indicated that the sugar conformation of

Scheme 2. Synthesis of Phosphoramidite 13
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Figure 2. (a) X-ray structure of SuNA-T (11). (b, c) Superpositions of
X-ray structure of SuNA-T (11) (red), 2',4-BNANC[NMe] (green),
and 2/,4'-BNACCC (blue).

Table 1. Selected Parameters from X-ray Analysis

2/,4'-BNA 66 57 17
ENA 76 48 15
2",4-BNANC[NMe] 75 49 23
SuNA-T (11) this work 80 44 16
2'4/-BNACCC 78 38 17

SuNA (U, 44°) was between the six-membered bridge (ENA
and 2/,4-BNANC) and the seven-membered bridge (2'4'-
BNACC) (Figure 2b,c). This may be due to the large sulfur
atom. The bridge structure of SuNA is more bulky than that of
2',4"-BNANC[NMe], which has the same six-membered bridged
structure, because of the two oxygen atoms and methyl group
of the sulfonamide moiety (Figure 2b,c).

Phosphoramidite 13 was incorporated into oligonucleotides
using an automated DNA synthesizer with standard phosphor-
amidite chemistry, except for a prolonged coupling time of 16
min with 5-(ethylthio)-1H-tetrazole as an activator, conditions
similar to those for 2/4’-BNA“CC (see the Supporting
Information). The sulfonamide bridge was stable under
conventional conditions, that is, aqueous ammonia and
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methylamine at room temperature, for cleavage from the resin
and removal of protecting groups.

The duplex-forming abilities of the modified oligonudleotides
15—19 with ssDNA and ssRNA were evaluated by UV melting
experiments and compared with those of the corresponding
natural DNA 14 (Table 2). The T, values for duplexes formed

Table 2. T, Values (°C) of Oligonucleotides with
Complementary DNA and RNA”

$-GCGTTTTTTGCT-3 53 49 —4
(14)
5’&GC;GTTITTTGCT-3’ 49 (~4.0)  $1(+2.0) +2
15
S’EGC)GTTITITGCT%’ 47 (=3.0) 54 (+2.5) +7
16
S’EGC)G’_I',T;F_TITGCT-s’ 46 (-2.3) 60 (+3.7) +14
17
S'iGC;GTTTTTTGCT-Qa’ 48 (=17)  S7 (+2.7) +9
18
5’~(GC)GTTTTTTGCT-3’ 53 (0.0) 73 (+4.0) +20
19

“UV melting profiles were measured in 10 mM sodium phosphate
buffer (pH 7.2) containing 100 mM NaCl at a scan rate of 0.5 °C/min
at 260 nm. The concentration of the oligonucleotide was 4 yM for
each strand. T = SuNA-T. The sequences of target DNA and RNA
complements were 5'-d(AGCAAAAAACGC)-3’' and 5'-1r-
(AGCAAAAAACGC)-3'.

by 15—19 with ssRNA were higher than that of the duplex
formed by the natural DNA 14 and ssRNA. Changes in AT,/
modification values ranged from +2.0 °C to +4.0 °C. This
stabilization is between the six-membered bridge (ENA; +3.5
°C to +5.2 °C, 2/,4-BNANS; +4.7 °C to +5.8 °C, the six-
membered AmNA; +1.0 °C to +4.7 °C) and the seven-
membered bridge (2/,4-BNACOC; +1.0 °C to +2.0 °C and urea-
BNA; +1.0 °C to +2.3 °C). This tendency seems to correlate
the v, values of the sugar conformations. In contrast, the
oligonucleotides 1519 destabilized the duplex with ssDNA. In
the case of 17 and 19, the differences in T, values with ssRNA
and with ssDNA were 14 and 20 °C, respectively. The
oligonucleotides modified by SuNA-T monomer 11 exhibited
greater RNA selective hybridization ability than the six-
membered AmNA and urea—BNA. This result indicates that
a bulky bridge structure destabilized the duplex with ssDNA
more efficiently than a small bridge structure, because the bulky
bridge would make a steric clash with the CS’ atom of the 3’
neiboring residue when it is located in the narrow minor groove
of the B-form DNA duplex.

The enzymatic stability of the modified oligonucleotides was
evaluated using a 3’-exonuclease. A comparison of oligonucleo-
tides 20—24 is shown in Figure 3. Under the conditions used in
this experiment, natural oligonucleotide 20 and the 2'4'-
BNA(LNA)-modified oligonucleotide 21 were completely
degraded within 2 and 10 min, respectively. In contrast, the
SuNA-modified oligonucleotide 24 significantly enhanced
stability against the 3'-exonuclease. This ability was comparable
to that of the 2/,4"-BNA“C.modified oligonucleotide 23, which
had a seven-membered bridge structure and was better than
that of the 2'4-BNAY°[NMe]-modified oligonudleotide 22,
which had a six-membered bridge structure. These results
revealed that the six-membered bridged structure possessing a

% of intact oligonucleotides

0 L-o—e © : @
0 6 20 30 40
Time (min)

Figure 3. Hydrolysis of oligonucleotides (750 pmol) conducted at 37
°C in buffer (100 ¢L) containing 50 mM Tris-HCl (pH 8.0), 10 mM
MgCl, and phosphodiesterase 1 (4.0 ug/mL). Sequences: 5'-
ATTTTTTTTIT)-3', T = natural (black, 20), 2/,4"-BNA/LNA
(pink, 21), 2',4-BNAN®[NMe] (green, 22), 2',4'-BNACC (blue, 23),
SuNA (red, 24).

sulfonamide moiety inhibited degradation by a 3'-exonuclease
as well as the seven-membered bridge structure did. Previous
modeling studies suggested that the appropriate bridged
structure between the 2'- and 4'-positions causes a steric
challenge to nuclease binding, and a steric clash with the metal
ion in the active site of the nuclease and consequently this
provides high nuclease resistance.® We suppose that the
sulfonamide bridge can emphasize the steric clash with the
nuclease surface and the metal ion and lead to high enzymatic
stability.

For the practical application of antisense methodology, the
degradation of the complementarg RNA through the RNase H
mechanism is very important."”*® Hence, the SuNA-modified
gapmer 25, which is 16-mer length having 7-mer central DNA
gap and fully modified with the phosphorothioate linkages, was
synthesized (Table S1, Supporting Information), and the
degradation of complementary RNA in the 25/RNA
hetereoduplex was examined in the presence of RNase H
(Figure 4)."'8 Under the conditions used in this experiment,

SuNA (25)
23 4

2,4-BNA(LNA) (27)
- 345

. Ps-DNAQ26)

Vit

5

Figure 4. E. coli RNase H activity analysis of 5'-Cy3-labeled RNA
forming duplexes with phosphorothicated DNA (PS-DNA) 26, the
2',4'-BNA(LNA)-modified gapmer 27, and the SuNA-modified
gapmer 25 using 25% denaturing PAGE containing 7 M urea. Lanes
1-5 represent digestion time at 0, 5, 15, 30, and 60 min, respectively.
Conditions of cleavage reaction: 5’-Cy3-labeled RNA (0.5 yM) and
25-27 (10 M) in reaction buffer containing 40 mM Tris-HCl (pH
7.2), 150 mM NaCl, 4 mM MgCl,, and 1 mM DTT at 37 °C; 0.01 U/
#L of RNase H. M: Marker.

degradation of RNA in the 25/RNA hetereoduplex was
observed. A similar degradation was shown in the phosphor-
othioated DNA (PS-DNA) 26/RNA and the 2/,4’-BNA(LNA)-
modified gapmer 27/RNA hetereoduplex.

In conclusion, a novel bridged nucleic acid monomer 11, 2/-
N,4'-C-(N-methylamino)sulfonylmethylene-bridged thymidine
(SuNA-T), has been designed and successfully synthesized.
This is the first example of a nucleic acid analogue with a
sulfonamide-type bridged structure between the 2'- and 4'-
positions. The SulNA-modified oligonucleotides produced
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