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Abstract: Skeletal analogues of saxi-
toxin (STX) that possess a fused-type
tricyclic ring system, designated FD-
STX, were synthesized as candidate
sodium ion channel modulators. Three
kinds of FD-STX derivatives 4a—c with
different substitution at C13 were syn-
thesized, and their inhibitory activity
on sodium ion channels was examined
by means of cell-based assay. (—)-FD-

Introduction

Voltage-gated sodium channels (NayCh) are transmembrane
proteins that provide inward current carried by sodium ions,
and they contribute to the control of membrane excitability,
as well as the propagation of action potentials along axons.!!
Sodium channels within neurons are composed of a single a
subunit, which forms the voltage-sensing and ion-selective
pore, and one or more auxiliary § subunits, which are pro-
posed to serve a number of functions, including modulation
of a-subunit function and targeting/anchoring the channels
at specific sites in the plasma membrane.” To date, nine
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STX (4a) and (—)-FD-dcSTX (4b),
which showed moderate inhibitory ac-
tivity, were further evaluated by the
use of the patch-clamp method in cells
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that expressed Nayl.4 (a tetrodotoxin-
sensitive sodium channel subtype) and
Nayl.5 (a tetrodotoxin-resistant
sodium channel subtype). These com-
pounds showed moderate inhibitory ac-
tivity towards Nayl.4, and weaker in-
hibitory activity towards Nayl1.5.
Uniquely, however, the inhibition of
Nayl.5 by (—)-FD-deSTX (4b) was
“irreversible”.

genes that encode a subunits (Nayl.1-Nayl.9) and four
genes that encode 8 subunits have been identified. The o
subunits can be classified into two groups on the basis of
their sensitivity to tetrodotoxin (TTX), the pufferfish toxin.
There are six TTX-sensitive (TTX-s) o subunits (ie.,
Nayl.1-Nay1.4, Nayl.6, and Nay1.7) and three TTX-resist-
ant (TTX-r) o subunits (i.e., Nayl.5, Nay1.8, and Nay1.9),
which are only blocked by high concentrations of TTX.*4
Recently, a related protein (NayX) has been recognized as a
tenth member of the group.”! These subtypes have quite
similar structures, but the expression of the o subunits is
strongly cell-type- and tissue-specific. Therefore, each of
these subtypes is believed to have unique properties.
Indeed, mutation studies have thrown some light on the
functions of these channels. For example, mutation of
Nay1.4 is associated with primary periodic paralysis,
whereas mutation of Nayl.5 leads to cardiovascular syn-
dromes.[" Consequently, these channels are considered to be
good candidates for new drug targets. In this context,
NayCh-subtype-selective small-molecular modulators from
natural sources have been explored, as well as synthetic
compounds. Synthetic studies have led to some subtype-se-
lective compounds.®! For example, A-803467 is an Nay1.8-
selective blocker developed by an Abbott research
group!®? for possible application in pain control. However,
more selective modulators with a variety of action mecha-
nisms are still of great interest.

Saxitoxin (STX) (1a) is a naturally occurring shellfish
neurotoxin that blocks ion influx to TTX-s NayChs."Y) STX
(1a) is an indispensable tool for studying Na,Ch-related
electrophysiology, and its derivatives are also promising can-
didates for NayCh-subtype-selective modulators. STX (1a)
and its analogues are believed to bind to the P-loop region
of the ion-selective filter in NayCh in a similar manner to
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TTX (ie., in a reversible manner).""! Recently, a binding
model of STX with the P-loop domain was proposed based
on molecular docking studies, and it was suggested that the
two guanidinium groups, the carbamoyl group at C13 and
the hydrated ketone at C12, have critical roles in the bind-
ing."” On the other hand, most naturally occurring STX an-
alogues isolated to date are functionalized at C11, C12, C13,
N1, and N7, and these modifications have a significant influ-
ence on the Na,Ch-inhibitory activity.'¥! Thus, structure—ac-
tivity relationship (SAR) studies of STX have been focused
on those positions,™ especially C13, with the aim of devel-
oping NayCh-subtype-selective modulators.

We have recently reported a total synthesis of STX (1a;
see Scheme 1) and some of its naturally occurring deriva-
tives.""! In the course of our synthetic studies of these com-
pounds, we unexpectedly obtained a fused-type tricyclic
compound (4)-3 during the oxidation of 2 with 2-iodoxy-
benzoic acid (IBX; Scheme 2)."*l An X-ray analysis showed
compound 3 to have a conical shape similar to that of STX
(see Scheme 1), and compound 3 was expected to be able to
access the channel conical vestibule in a similar manner to
STX. Thus, this fused-type tricyclic skeleton can be regarded
as a new skeletal analogue of STX, and we named it FD-
STX. The FD-STX structure has almost the same functional
groups as STX at positions that interact with NayCh, al-
though the angles and/or directions of functional groups are
slightly different from those of STX.['*! We considered that
these small structural differences of FD-STX compared with
STX might represent an opportunity to acquire new subtype

4
- H,N R
— —N-/|-NH

HN H

2X

(+)-STX (1a):
(+)-dcSTX (1b): R = OH
(+)-doSTX (1¢): R = H

R = OCONH,

P-loop

Domain |

Scheme 1. Structures of saxitoxin (STX) and its derivatives, and a model
of their binding to the sodium ion channel.[']
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Scheme 2. Synthesis of fused-type tricyclic compound (4)-3.

selectivity and/or might result in a distinctive interaction
mode of FD-STX with Na,Chs.

In this report, we describe the synthesis of FD-STX deriv-
atives (—)-4a—c functionalized at C13, which correspond to
the skeletal analogues of (4)-STX (1a), (4)-deSTX (1b),
and (+)-doSTX (1¢), respectively (Scheme 3). The Nay,Ch-
inhibitory activity of these FD-STX derivatives was initially
examined by cell-based assay, and (—)-FD-STX (4a) and
(—)-FD-dcSTX (4b) were further evaluated by means of the
patch-clamp method in cells that express Nay1.4 or Nay1.5.
The results are of particular interest because no SAR stud-
ies that focus on the STX skeleton itself have been reported
so far.

(-)-FD-STX (4a): R =OCONH,

(-)-FD-dcSTX (4b): R = OH

(-)-FD-doSTX (4¢c): R=H
Scheme 3. Structures  of (—)-FD-STXs 4a-c, skeletal analogues of
(+)-STXs 1a—c.

Results and Discussion

Synthesis of (—)-FD-STX and its derivatives (4a—c):
Scheme 4 and Scheme 5 illustrate the synthesis of 4a—c. We
first focused on the synthesis of (—)-FD-dcSTX (4b)
(Scheme 4).° 1,3-Dipolar cycloaddition reaction between
chiral nitrone 5 and nitro alkene 6 at 40°C gave the endo
adduct of isoxazolidine 7 as a single diastereomer. The ste-
reochemistry at C5 was epimerized with 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) in dichloromethane at 0°C
(95:5), and selective reduction of the nitro group was carried
out with zinc powder in acetic acid to give hydroxylamine 8

12145

www.chemeurj.org



CHEMISTRY-

e K. Nagasawa et al.
A EUROPEAN JOURNAL

OH
MPMO—,  \y_ ,
wpMO” N “No,  MPMO 5, (N-R MPMO—  NHCbz
6 a H
HO )\
. N a_ HN” N\, OTIPS
\NQ,‘NOTIPS
7 8 (R=H) 10
(+)-5 dl:: 9 (R=Chz)
MPMO
4 Nebz
i BocN o L
WH NHCbz
wOTIPS BocN” N~ Dy OH
13

»

(-)}-FD-dcSTX (4b)

Scheme 4. Synthesis of (—)-FD-dcSTX (4b): a) 40°C; b) DBU, CH,Cl,, —40°C; c¢) AcOH, then Zn, —40°C, 72% (3 steps); d) CbzCl, K,CO,, THF/
H,0=3:1, 0°C, 83%; e) NaOAc, TiClyHCl, Zn, CH,Cl/MeOH=2:1, —50°C; f) BocN=C(SMe)NHBoc (16), HgCl,, Et;N, DMF, 82% (2 steps);
g) CICH,SO,Cl, iPr,EtN, CH,Cl,, 87%; h) TBAF, THF, 0°C, 93 %; i) H,, Pd(OH),/C, MeOH;; j) CbzN = C(SMe)NHCbz (17), HgCl,, Et;N, DMF, 85%
(2 steps); k) NaOMe, THF/MeOH, 0°C, 65%; 1) IBX, DMSO, 70°C, 24 %; m) H,, Pd(OH),/C, MeOH; n) 3~ HCI, 78 % (2 steps).
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Scheme 5. Synthesis of (—)-FD-STX (4a): a) Ac,O, pyridine (py), 50°C, 96 %; b) DDQ, CH,Cl,, H,O, 94 %; c) trichloroacetyl isocyanate, CH,Cl,, then
K,COs, MeOH, 34%: d) IBX, DMSO, 70°C, 20%; e) H,, Pd(OH),/C, MeOH; £) TFA, CH,Cl,, 82% (2 steps). Synthesis of (—)-FD-doSTX (4¢): g) TFA,
CH,Cl,; h) H,, Pd/C, MeOH, 92 % (2 steps).
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in 72% yield from (+)-5. The amino group of hydroxyla-
mine in 8 was protected with a carbobenzoxy (Cbz) group
using Cbz chloride in the presence of potassium carbonate
(83%), then the two N—O bonds in 9 were reduced with
TiCl;-NaOAc and zinc powder in aqueous MeOH-HCI to
give diamine 10. Next, a tert-butoxycarbonyl (Boc)-protect-
ed guanidine group was introduced with bis(Boc)-2-methyl-
2-thiopseudourea (16) in the presence of mercury(If) chlo-
ride and triethyl amine to give guanidine 11 in 82% yield
from 8. Cyclization of guanidine in 11 was carried out by
treatment with monochloromethanesulfonyl chloride and
diisopropylethylamine to give 12 in 87% yield, and this
product was subsequently converted into 13 in three steps:
1) deprotection of the triisopropylsilyl (TIPS) group with
tetra-n-butylammonium fluoride (TBAF) in tetrahydrofuran
(THF) at 0°C, 2) deprotection of the Cbz group with hydro-
gen in the presence of Pearlman’s catalyst,'” and 3) guany-
lation with bis(Cbz)-2-methyl-2-thiopseudourea (17) in the
presence of mercury(II) chloride in 79%.% One of the Cbz
groups of 13 was removed with sodium methoxide in THF/
methanol to give 14 in 65% yield."™ Construction of the tri-
cyclic fused-type guanidine was carried out by oxidation of
alcohol 14 with IBX (4 equiv) in DMSO at 70°C to give 15
in 24% vyield. In this reaction, oxidation of the alcohol at
C12 takes place first, then the C4 position is oxidized
through the enamine-IBX complex.™™ Finally, (-)-FD-
deSTX (4b) was obtained by deprotection of the Cbz and
Boc groups on guanidines by hydrogenolysis in the presence
of Pearlman’s catalyst, followed by treatment with 3n HCI
in 78 % yield from 15 (i.e., two steps).

The synthesis of (—)-FD-STX (4a) is illustrated in
Scheme 5. Synthesis of (—)-FD-STX (4a) was attempted
firstly from the tricyclic compound 15 by deprotection of the
p-methoxybenzyl (MPM) group with 2,3-dichloro-5,6-dicya-
no-1,4-benzoquinone (DDQ). However, the desired reaction
did not occur, and decomposition of the starting material
was observed. The difficulty of this deprotection reaction
presumably arises from steric effects at C13. Thus, function-
alization at C13 was carried out before construction of the
tricyclic FD-STX ring system. After protection of the hy-
droxyl group of bis-guanidine 13 at C12 with acetic anhy-
dride, the MPM group in the resulting compound was suc-
cessfully removed with DDQ to give alcohol 19 in 90%
yield (two steps). A carbamoyl group was introduced at C13
by treating the alcohol 19 with trichloroacetyl isocyanate,
followed by hydrolysis with potassium carbonate in MeOH,
thereby affording carbamate 20 in 34% yield. Then, the
fused-type tricyclic skeleton was constructed under IBX oxi-
dation conditions to give 21 in 20% yield. Finally, deprotec-
tion of the Cbz and Boc groups was carried out under the
same conditions as described for the synthesis of 4b to give
(—)-FD-STX (4a) in 82 % yield (two steps).

(~)-FD-doSTX (4¢) was synthesized by deprotection of
fused-type tricyclic guanidine (-—)-3, which was obtained
from methyl crotonate (22) and the chiral nitrone (+)-5 as
previously reported (Scheme 5).[152%)

Chem. Eur. J. 2011, 17, 1214412152
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Evaluation of NayCh-inhibitory activity of (~)-FD-STXs
4a-c: Next, the NayCh-inhibitory activity of 4a—c was evalu-
ated in terms of inhibition of the cytotoxicity of ouabain
and veratridine in mouse neuroblastoma cell line Neuro-
2a. In this cell-culture assay, Neuro-2a is treated with a
sodium channel activator, veratridine, in the presence of
ouabain, an inhibitor of Na*/K* ATPase. This serves to
block sodium ion efflux, and decreases the cell viability.
NayCh inhibition by TTX, STX, and related compounds an-
tagonizes this effect, and rescues the cells in a dose-depen-
dent manner. The results obtained with 4a-¢ are summa-
rized in Table 1. (—)-FD-STX (4a) and (—)-FD-dcSTX (4b)
showed a concentration-dependent inhibitory effect on the
cytotoxicity of ouabain and veratridine, and their ICs, values
were determined to be (7.3+2.7) and (15+5.4) um, respec-
tively (synthetic (+)-deSTX (1b),> used as a control,
showed an ICs, value of (82417) nM). On the other hand,
(~)-FD-doSTX (4c¢) showed no inhibitory activity even at
concentrations over 500 um. Since (—)-FD-STX (4a) and
(=)-FD-deSTX (4b) were inhibitory, these compounds were
further evaluated by means of the patch-clamp method with
cells that express Nayl.4 and Nay1.5, which are representa-
tive members of the TTX-s and TTX-r channel subtypes, re-
spectively.

Table 1. NayCh-inhibitory activity of FD-STXs 4a-c in Neuro-2a cells.2!

Compounds ICsp (mean £SD) n
(—)-FD-STX (4a) (7342.7) pmt 3
(—)-FD-dcSTX (4b) (1545.4) py 3
(—)-FD-doSTX (4¢) > 500 pm 3
(+)-de-STX (1b) (8217) nm 3

The sodium ion channel « subunits of the rat skeletal
muscle channel rNay1.4 and rat heart channel rNay1.5 were
each transiently transfected into HEK293 cells, and electro-
physiological recording was performed with a whole-cell
patch clamp. In this experiment, the sodium ion channels
were activated by applying 10-millisecond voltage steps
from a holding potential of —~120 mV every 5s, which in-
duces peak sodium currents (Iy,).?*? Figure 1 shows time
courses of changes in Iy,, the effects of inhibitors 4a and 4b,
and the recovery upon washout of these compounds. In the
case of Nayl.4, sodium ion current was decreased by the ad-
dition of 10 um (~)-FD-STX (4a) or (—)-FD-dcSTX (4b),
and reached an equilibrium peak current (Zppior 42 O 4b).
Recovery of sodium ion current was observed upon washout
of the inhibitor, which indicates that the ligands were re-
moved from the channel (Figure 1a and b). This is a typical
reversible inhibition, like that of TTX and STX.? The IC,,
values of 4a and 4b were (3.840.9) and (168.6) um, re-
spectively (Table 2),%! and paralleled the results of the cell-
based assay. In the case of Nayl1.5, the sodium ion current
was decreased by the addition of 1 mm 4a or 4b, but recov-
ery of the current following washout was observed only in
the case of (~)-FD-STX (4a) (Figure 1c); the ICs, value of
4a was (118+8.1) pum (Table 2).%1 On the other hand, recov-
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Figure 1. Time courses of inhibition by (—)-FD-STXs and recovery following washout. a) Effect of (—)-FD-STX (4a) (10 um) on rNayl.4. b) Effect of
(—)-FD-dcSTX (4b) (10 pm) on rNay1.4. c) Effect of (—)-FD-STX (4a) (1 mm) on rNay1.5. d) Effect of (—)-FD-dcSTX (4b) (1 mm) on rNay1.5.

Table 2. Inhibitory activity of (—)-FD-STXs 4a and 4b towards Nayl.4
and Nayl.5.

Compounds

ICsy (Na,1.4) n
(mean £SD)

(3.8£0.9) v 3
(16+8.6) pm 4

1Csy (Na,1.5) n
(mean £SD)

(118+8.1) w3
(182+16) pm 4

(-)-FD-STX (4a)
(—)-FD-dcSTX (4b)

ery of the sodium ion current did not occur when (—)-FD-
deSTX (4b) was washed out (Figure 1d), thus indicating that
the inhibition of Nayl1.5 by (=)-FD-deSTX (4b) was “irre-
versible.” Although the inhibitory action of 4b against
Nayl.5 was quite weak, with an ICs, value of (182+16) pum
(Table 2), this is the first observation of “irreversible” inhi-
bition of Nay1.5 by any STX- or TTX-related molecule. The
interaction mechanism of 4b and Nay1.5 has not yet been
clarified, but 4b may be a good lead compound for the de-
velopment of NayCh-subtype-selective modulators.

Conclusion
In summary, we have synthesized a novel skeletal analogue

of saxitoxin, FD-STX. Three FD-STX derivatives 4a-c,
which differ in substitution at C13, were synthesized, and
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their inhibitory effect on sodium ion channels was evaluated
by means of cell-based assay and the patch-clamp method.
(—)-FD-STX (4a) and (—)-FD-dcSTX (4b) showed IC,
values of (7.3+2.7) and (15+5.4) um, respectively, in cell-
based assay. These compounds inhibited Nay1.4 (a represen-
tative tetrodotoxin-sensitive NayCh subtype) and Nayl.5 (a
representative tetrodotoxin-resistant Nay,Ch subtype) in
cells that express those channels. Uniquely, (—)-FD-dcSTX
(4b) showed “irreversible” inhibition of Nayl1.5; it is the
first STX- or TTX-related molecule to do so. Further work
to elucidate the mechanism of the “irreversible” interaction
between (—)-FD-dcSTX (4b) and Nay1.5 is in progress.

Experimental Section

General: Flash chromatography was performed on silica gel 60 (spheri-
cal, particle size 40-100 pm; Kanto), Chromatorex NH (particle size 75—
150 pm; Fuji Silysia). Optical rotations were measured using a JASCO P-
2200 polarimeter with the sodium D line. 'H and "C NMR spectra were
recorded using a JEOL JNM ECX 400 or INM-ECA 500 spectrometer.
The spectra are referenced internally according to residual solvent signals
of CDCl; (‘HNMR, =726 ppm; "CNMR, §=77.0 ppm); CD,OD
(HNMR, 6=3.30 ppm; *CNMR, 0=49.0ppm); or 4% CD,CO,D—
D,0 ('HNMR, 6=479ppm (D,0); “CNMR, &=179.0ppm

Chem. Eur. J. 2011, 17, 1214412152
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(CD,CO,D)). Mass spectra were recorded using a JEOL JMS-T100X
spectrometer in ESI-MS mode with methanol as solvent.

Isoxazolidine 8: A mixture of nitrone (+)-5 (10.4 ¢, 40.5 mmol) and
nitro-olefin 6 (9.49 g, 42.5 mmol) was stirred for 30 min at 40°C without
any solvents. The reaction mixture was diluted with CH,Cl, (150 mL) and
cooled to —40°C. DBU (6.28 mL, 44.6 mmol) was added to the solution,
and the resulting mixture was stirred for 1 h at the same temperature.
AcOH (11.6 mL, 203 mmol) and Zn powder (freshly activated with dilut-
ed aqueous HCI, 10.6 g, 162 mmol) were added to the reaction mixture,
and the resulting mixture was warmed to 0°C over 5 h. The reaction mix-
ture was then filtered through a pad of Celite, and the filtrates were di-
luted with CH,Cl, (150 mL) and washed with H,O and brine. The com-
bined organic layer was dried over MgSQ,, filtered, and concentrated in
vacuo. The residue was purified by column chromatography on silica gel
(hexane/EtOAc=15:1 to 5:1) to give hydroxylamine 8 (13.5g, 72%).
Spectral data for 8: [a]¥= +1.3 (c=2.3 in CHCl,); '"H NMR (400 MHz,
CDCly): 6=7.25 (d, J=82Hz, 2H), 6.86 (d, /=8.2Hz, 2H), 547 (br,
1H), 4.48 (s, 2H), 4.23 (dt, J=2.3, 5.0 Hz, 1H), 4.12 (q, J=6.0 Hz, 1H),
3.79 (s, 3H), 3.72 (m, 2H), 3.58 (m, 2H), 3.3, (m, 2H), 2.06 (m, 1H), 1.73
(m, 1H), 1.04 ppm (m, 21H); *CNMR (100 MHz, CDCl,) : 6=1593,
129.6, 129.5, 113.8, 77.9, 77.8, 77.4, 73.4, 71.9, 67.9, 55.8, 55.2, 34.4, 17.9,
12.0 ppm; HRMS (ESI): m/z caled for C,H,N,0SiNa: 489.2761
[M+Na'*]; found: 489.2758.

Isoxazolidine 9: CbzCl (4.01 mL, 28.1 mmol) was added to a solution of
So-hydroxylamine 8 (10.1 g, 21.6 mmol) and K,CO; (15.0 g, 108 mmol) in
THF/H,O (1:1, 60 mL) at 0°C. After stirring for 10 min at 0°C, methanol
(150 mL) was added to the solution, and resulting mixture was warmed
to room temperature. The reaction mixture was then concentrated in
vacuo, and the resulting material was diluted with EtOAc/H,O and ex-
tracted with EtOAc. The combined organic layer was dried over MgSO,,
filtered, and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/EtOAc=38:1 to 4:1) to give N-Cbz-
hydroxylamine 9 (10.7 g, 83 %). Spectral data for isoxazolidine 9: [a]$=
+4.5 (¢=2.9 in CHCl;); '"HNMR (400 MHz, CDCL,): 6="7.35 (m, 5H),
7.19 (d, J=87Hz, 2H), 6.79 (d, J=8.7 Hz, 2H), 520 (d, J=12.4 Hz,
1H), 5.15 (d, /=12.4 Hz, 1H), 4.90 (dd, J=4.6, 5.0 Hz, 1H), 4.44 (d, /=
11.0Hz, 1H), 4.40 (d, /=110 Hz, 1H), 434 (m, 1H), 4.12 (dt, /=32,
6.0 Hz, 1H), 3.97 (dd, /=2.8, 3.2 Hz, 1H), 3.83 (dd, J=5.5, 11.0 Hz, 1H),
3.77 (s, 3H), 3.63 (dd, J=3.2, 11.0Hz, 1H), 3.40 (ddd, J=6.0, 12.6,
9.6 Hz, 1H), 3.16 (ddd, J=4.1, 6.9, 12.6 Hz, 1H) 2.02 (m, 1H), 1.75 (m,
1H), 1.01 ppm (m, 21H); *CNMR (100 MHz, CDCl,): d=159.5, 156.0,
136.0, 129.8, 128.5, 128.2, 113.9, 77.4, 76.3, 75.2, 73.9, 61.8, 67.1, 66.7, 55.2,
33.9,17.9, 17.8, 11.9 ppm; HRMS (ESI): m/z caled for C;,HN,0,SiNa:
623.3129 [M+Na*]; found: 623.3137.

Guanidine 11: TiCl/HCI (20 % aq, 14.0 mL, 21.5 mmol; Kanto Chemical)
was added to a solution of N-Cbz hydroxylamine 9 (10.7 g, 17.9 mmol),
NaOAc (4.40 g, 53.7 mmol), and freshly activated Zn powder (3.51 g,
53.7 mmol) in CH,Cl,/MeOH (2:1, 100 mL) at ~50°C under Ar atmos-
phere. After stirring for 24 h, the reaction was neutralized by an excess
amount of Na,CO; solid at —50°C. Then the dark-green suspension was
warmed to room temperature and vigorously stirred under O, atmos-
phere for 30 min. The light-gray suspension was extracted with EtOAc,
and the extracts were washed with water and brine. The organic layer
was dried over MgSO,, filtered, and concentrated in vacuo to give dia-
mine 10 (10.8 g). HgCl, (4.37 mg, 16.1 mmol) was added to a solution of
crude diamine 10 (10.3g), bis(Boc)-2-methyl-2-thiopseudourea (16)
(4.68 g, 16.1 mmol), and Et;N (7.48 mL, 53.7 mmol) in DMF (40 mL) at
room temperature under Ar atmosphere. After stirring for 1 h, the reac-
tion mixture was diluted with EtOAc (150 mL) and filtered through a
pad of Celite. The filtrates were washed with H,O and brine. The organic
layer was dried over MgSO,, filtered, and concentrated in vacuo. The res-
idue was purified by column chromatography on silica gel (hexane/
EtOAc=15:1to 6:1) to give guanidine 11 (12.1 g, 82 %, two steps). Spec-
tral data for guanidine 11: [a]f=+0.6 (c=2.6 in CHCly); 'HNMR
(500 MHz, CDCl,): 6=1031 (s, 1H), 7.33 (m, SH), 7.21 (d, J=8.6 Hz,
2H), 6.83 (d, J=8.6 Hz, 2H), 5.69 (br, 1H), 5.44 (d, J=9.7 Hz, 1H), 5.09
(d, J=12.0 Hz, 1H), 504 (d, J=12.0 Hz, 1H), 447 (d, /=29 Hz, 1H),
442 (d, J=12.0Hz, 1H), 439 (d, /=9.7Hz, 1H), 433 (d, J=12.0 Hz,
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1H), 3.92 (d, J=10.9 Hz, 1H), 3.89 (dd, J=6.3, 6.9 Hz, 1H), 3.77 (s, 3H),
3.59 (dt, J=8.0, 10.9 Hz, 1H), 3.50 (m, 2H), 3.31 (dd, /=6.9, 9.7 Hz,
1H), 2.35 (m, 1H), 1.96 (dd, J=6.9, 13.8 Hz, 1H), 1.49 (s, 9H), 1.43 (s,
9H), 0.97 ppm (m, 21 H); *CNMR (125 MHz, CDCL): 6=161.3, 159.1,
157.6, 156.5, 150.2, 136.4, 130.2, 129.6, 128.4, 128.0, 127.9, 113.6, 82.3,
79.5,73.0, 72.5, 69.8, 66.8, 55.2, 53.0, 46.8, 32.1, 28.1, 28.0, 17.8, 12.0 ppm;
HRMS (ESI): m/z caled for CuHgNOySiNa: 8514569 [M+Na*];
found: 851.4602.

Cyclic guanidine 12: Chloromethanesulfonyl chloride (5.72 mL,
47.6 mmol) was added to a solution of guanidine 11 (9.90 g, 11.9 mmol)
and iPr,NEt (12.3 mL, 71.4 mmol) in CH,Cl, (60 mL) at 0°C under an N,
atmosphere. After stirring for 12 h, the reaction was quenched with satu-
rated aqueous NaHCO,;, and the organic layer was extracted with
CH,Cl,. The combined organic layer was dried over MgSQ,, filtered, and
concentrated in vacuo. The residue was purified by column chromatogra-
phy on silica gel (hexane/EtOAc=10:1 to 8:1) to give cyclic guanidine 12
(8.35 mg, 87%). Spectral data for cyclic guanidine 12: [a]¥= +70.9 (c=
2.0 in CHCL); '"HNMR (400 MHz, CDCly): §=7.33 (m, SH), 7.20 (d,
J=824 Hz, 2H), 6.82 (d, J=8.7 Hz, 2H), 5.09 (d, J=12.2 Hz, 1H), 5.05
(br, 1H), 4.99 (d, J=122Hz, 1H), 445 (d, J=10.3 Hz, 1H), 442 (m,
1H), 4.29 (d, J=10.3 Hz, 1H), 4.25 (m, 1H), 3.99 (m, 1H), 3.80 (m,1 H),
3.78 (s=3H), 3.71 (dd, J=3.7, 10.1 Hz, 1H), 3.58 (m, 1H), 3.38 (dd, /=
7.3, 9.6 Hz, 1H), 3.18 (d, J=11.0 Hz, 1H), 1.76 (m, 2H), 1.49 (s, 9H),
1.48 (s, 9H), 0.98 ppm (m, 21 H); ®"CNMR (100 MHz, CDCl,): 6=159.6,
159.0, 155.6, 151.6, 135.9, 130.4, 129.6, 128.6, 128.3, 128.2, 113.4, 82.6,
78.1,74.1,72.9, 71.4, 68.6, 67.2, 59.4, 55.2, 54.5, 46.0, 32.6, 28.5, 28.1, 17.9,
12.0 ppm; HRMS (ESI): m/z caled for CiHgN,OGSi: 811.4677 [M+H™];
found: 811.4678.

Bis(guanidine) 13: TBAF (3.23 g, 12.4 mmol) was added to a solution of
cyclic guanidine 12 (8.35 g, 10.3 mmol) in a solution of THF (50 mL) at
0°C. After stirring for 1h, the reaction mixture was quenched with satu-
rated aqueous NH,Cl and extracted with EtOAc. The organic layer was
dried over MgSO,, filtered, and concentrated in vacuo. The residue was
purified by column chromatography on silica gel (hexane/EtOAc; 3:1 to
EtOAc) to give alcohol (6.27 g, 93%). PA(OH),/C (5%, 33.3 mg) was
added to a solution of alcohol (665 mg 1.02 mmol) in methanol (15 mL),
and the mixture was vigorously stirred under an H, atmosphere (balloon)
at room temperature for 3 h. The reaction mixture was filtered through a
pad of Celite, and the filtrates were concentrated in vacuo to give amine
(538 mg). HgCl, (331 mg, 1.22 mmol), Et;N (425 pL, 3.05 mmol), and 1,3-
bis(Cbz)-2-methyl-2-thiopseudourea  (17) (437 mg, 1.22 mmol) were
added to a solution of amine (538 mg) in DMF (10 mL) at room temper-
ature for 2 h. The reaction mixture was diluted with EtOAc, and the re-
sulting solution was filtered through a pad of Celite. The filtrates were
washed with H,O and brine twice, and the organic layer was dried over
MgSO,, filtered, and concentrated in vacuo. The residue was purified by
column chromatography on Chromatorex NH (hexane/EtOAc=3:2 to
1:2) to give bis(guanidine) 13 (718.2 mg, 85%, two steps). Spectral data
for bis(guanidine) 13: [o]f=+1228 (c=0.46 in MeOH); 'HNMR
(400 MHz, CDClLy): 6=11.59 (s, 1H), 8.97 (d, J=6.41 Hz, 1H), 7.35 (m,
10H), 7.22 (d, J=8.42 Hz, 2H), 6.82 (d, J=8.42 Hz, 2H), 5.48 (brs, 1H),
5.16 (dd, J=11.91, 17.40 Hz, 2H), 5.13 (dd, J=12.36, 45.34 Hz, 2H), 4.62
(m, 1H), 4.51 (t, J=5.50, 1H), 4.39 (dd, J=11.45, 27.93 Hz, 2H), 3.90
(dd, J=7.33, 19.00 Hz, 1H), 3.77 (dd, J=4.12, 9.62 Hz, 1H), 3.73 (s, 3H),
3.68 (m, 1H), 3.47 (dd, J=8.24, 9.62 Hz, 1H), 3.17 (dd, J=4.12, 7.79 Hz,
1H), 3.09 (m, 1H), 2.01 (m, 1H), 1.67 (m, 1H), 1.53 (s, 9H), 1.49 ppm (s,
9H); PCNMR (100 MHz, CDCl,): 6=162.73, 159.61, 155.96, 153.58,
136.42, 134.40, 130.17, 129.56, 129.09, 128.83, 128.67, 128.18, 127.87,
113.93, 83.86, 78.85, 74.93, 73.33, 69.34, 68.79, 68.69, 67.43, 55.36, 54.95,
45.17, 30.13, 28.53, 28.06 ppm; HRMS (ESI): m/z caled for C,HgsNoOy;:
831.3928 [M+H™]; found: 831.3896.

Mono-Chz-guanidine 14: NaOMe (9.0 mg, 0.167 mmol) was added to a
solution of bis(guanidine) 13 (139 mg, 0.167 mmol) in THF/MeOH (1:1,
4mL) at 0°C under an N, atmosphere, and the mixture was stirred for
S h. Saturated aqueous NH,CI was added to the reaction mixture, and or-
ganic layer was extracted with EtOAc. The extracts were washed with
brine, dried over MgSQ,, filtered, and concentrated in vacuo. The residue
was purified by column chromatography on Chromatorex NH (hexane/
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EtOAc=3:1 to 1:2) to give mono-Cbz-guanidine 14 (75.7 mg, 65%).
Spectral data for mono-Cbz-guanidine 14: [a]i= +2023 (c=1.0 in
MeOH); 'HNMR (500 MHz, CD;0OD): 6=7.17 (m, SH), 7.08 (d, /=
8.70 Hz, 2H), 6.67 (d, J=870Hz, 2H), 4.98 (dd, J=12.82, 39.38 Hz,
2H), 4.32 (d, J=10.53 Hz, 1H), 4.19 (m, 2H), 4.10 (d, J=3.21 Hz, 1H),
3.67 (m, 3H), 3.63 (s, 3H), 3.41 (m, 1H), 3.20 (m, 2H), 1.75 (m, 1H),
1.61 (m, 1H), 1.38 (m, 18 H); “CNMR (125 MHz, CD;OD): §=162.07,
160.11, 159.89, 152.55, 138.36, 129.96, 128.86, 128.17, 128.03, 113.94, 83.39,
78.93, 73.32, 73.02, 71.32, 67.93, 60.84, 55.11, 49.34, 46.76, 32.09, 28.42,
27.87 ppm; HRMS (ESI): m/z caled for CisHygNgOy: 697.3561 [M+H™];
found: 697.3557.

Fused-type bicyclic guanidine 15: IBX (117 mg, 0.416 mmol) was added
to a solution of mono-Cbz-guanidine 14 (48 mg, 0.0694 mmol) in DMSO
(1 mL), and the resulting suspension was stirred for 10 min at room tem-
perature. Then the reaction mixture was warmed to 70°C and stirred for
6 h. The reaction was quenched with 10% aqueous Na,S,0; and saturat-
ed aqueous NaHCO,, and the solution was diluted with EtOAc. The or-
ganic layer was dried over MgSO,, filtered, and concentrated in vacuo.
The residue was purified by column chromatography on Chromatorex
NH (hexane/EtOAc; 1:2 to pure EtOAc) to give fused-type bicyclic gua-
nidine 15 (11.8 mg, 24 % ). Spectral data for fused-type bicyclic guanidine
15: [a]f; = +16.9 (c=0.47 in MeOH); 'H NMR (500 MHz, CD;0OD): 6 =
7.20 (m, 7H), 6.79 (d, J=8.59 Hz, 2H), 4.94 (d, /=1.72 Hz, 2H), 4.61 (m,
1H), 4.51 (d, /=10.88 Hz, 1H), 4.39 (d, J=10.88 Hz, 1H), 4.00 (d, J=
1.72 Hz, 1H), 3.90 (dd, /=745, 9.74 Hz, 1H), 3.72 (m, 1H), 3.68 (s, 3H),
3.52 (m, 1H), 3.44 (m, 1H), 2.27 (m, 1H), 2.08 (m, 1H), 1.34 ppm (m,
18H); *CNMR (125 MHz, CD;0D): §=160.95, 160.37, 153.10, 150.41,
138.66, 131.02, 130.75, 129.38, 128.86, 114.79, 86.42, 85.32, 82.96, 80.05,
74.15, 69.82, 67.48, 59.99, 55.69, 45.08, 33.10, 28.77, 28.27 ppm; HRMS
(ESI): miz caled for CysHygNgOyo: 711.3353 [M+H™]; found: 711.3400.
(—)-FD-deSTX (4b): PA(OH),/C (2.5 mg) was added to a solution of 15
(4.8 mg, 0.00676 mmol) in methanol (500 puL), and the suspension was
vigorously stirred under an H, atmosphere (balloon) at room tempera-
ture. After 30 min, the reaction mixture was filtered through a pad of
Celite. The filtrates were concentrated in vacuo to give bis-Boc-bis-
aminal (3.1 mg). HCl (3N, 500 pL) was added to the resulting bis-Boc-
bis-aminal at 0°C. After stirring for 1h at room temperature, the reac-
tion mixture was concentrated in vacuo to give FD-dcSTX (4b) as a
2HCl salt (1.7 mg, 78 %). Spectral data for FD-dcSTX (4b): [a]} = ~63.9
(c=0.11 in MeOH); '"H NMR (400 MHz, D,0): 6 =4.06 (s, 1 H), 3.82 (m,
3H), 3.70 (t, J=10.07 Hz, 1H), 3.48 (dd, J=10.07, 17.40 Hz, 2H), 2.50
(m, 1H), 234 ppm (m, 1H); "CNMR (100 MHz, 4% CD,CO,D in
D,0): 6=15291, 152.16, 85.53, 81.49, 62.52, 5524, 45.78, 43.00,
31.44 ppm; HRMS (ESI): m/z caled for CoH;;NOs: 257.1362 [M+H];
found: 257.1319.

Aleohol 19: Ac,O (2 mL) and pyridine (2 mL) were added to bis-guani-
dine 13 (230 mg, 0.277 mmol) at room temperature. The reaction mixture
was warmed to 50°C and stirred for a further 3 h, then cooled to room
temperature, quenched with toluene, and concentrated in vacuo. The re-
sulting residue was purified by column chromatography on Chromatorex
NH (hexane/EtOAc; 6:1 to 3:1) to give acetate (245 mg, 96%). DDQ
(377 mg, 1.66 mmol) was added to a solution of acetate (144 mg,
0.166 mmol) in CH,CL/H,0 (2:1, 4.5 mL) at room temperature. The reac-
tion mixture was stirred for 5 h, saturated aqueous NaHCO; was added,
and the resulting solution was extracted with EtOAc three times. The
combined organic layer was dried over MgSO,, filtered, and concentrated
in vacuo. The residue was purified by column chromatography on Chro-
matorex NH (hexane/EtOAc; 6:1 to 1:1) to give alcobol 19 (117 mg,
94%). Spectral data for alcohol 19: [a]5 = +171.7 (c=0.3 in MeOH);
"H NMR (400 MHz, CDCL): 6=11.76 (s, 1 H), 8.65 (d, J=8.70 Hz, 1 H),
7.36 (m, 10H), 523 (dd, /J=11.91, 20.15 Hz, 2H), 5.11 (dd, J=12.82,
16.94 Hz, 2H), 4.48 (m, 1H), 4.08 (m, 1H), 4.00 (d, J=11.91 Hz, 1H),
3.90 (t, /=870, 1H), 3.65 (m, 3H), 3.52 (t, J=9.63 Hz, 1H), 2.05 (m,
5H), 1.49ppm (m, 18H); "CNMR (100 MHz, CDCl): 6=170.83,
163.55, 156.44, 153.82, 136.63, 134.44, 128.82, 128.59, 128.52, 127.87, 83.51,
80.11, 75.41, 68.63, 6733, 64.91, 51.36, 46.46, 28.77, 28.38, 28.20,
21.16 ppm; HRMS (ESI): m/z caled for CyHyNgOyy: 753.3459 [M+H*];
found: 753.3496.
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Carbamate 20: Trichloroacetyl isocyanate (19 uL, 0.16 mmol) was added
to a solution of alcohol 19 (60 mg, 0.080 mmol) in CH,Cl, (1 mL) at 0°C
under an N, atmosphere. The reaction was stirred for 1 h. Then K,CO,
and methanol were added at 0°C and warmed to room temperature. The
reaction mixture was stirred for 3 h, quenched with H,0, and extracted
with EtOAc twice. The combined organic layer was dried over MgSO,,
filtered, and concentrated in vacuo. The residue was purified by prepara-
tive TLC (EtOAc, four times) to give carbamate 20 (16.6 mg, 34%).
Spectral data for carbamate 20: [a]Z=+4523 (c=032 in MeOH);
'"HNMR (400 MHz, CD;OD): d=7.30 (m, 5H), 5.04 (dd, J=3.66,
12.82 Hz, 2H), 4.25 (m, 2H), 3.58 (m, 4H), 3.28 (m, 2H), 1.84 (m, 1H),
1.69 (m, 1H), 1.41 ppm (m, 18H); ®*CNMR (100 MHz, CD,0D): d=
162.6, 160.2, 159.1, 154.6, 152.8, 138.8, 129.4, 128.6, 84.2, 79.7, 73.3, 68.3,
64.8, 59.8, 55.6, 47.2, 45.5, 32.8, 28.8, 28.7 ppm; HRMS (ESI): m/z caled
for CysHN;Oy: 620.3044 [M+H*]; found: 620.3074.

Fused-type bicyclic gnanidine 21: IBX (62 mg, 0.223 mmol) was added to
a solution of 20 (23 mg, 0.0371 mmol) in DMSO (1 mL), and the resulting
suspension was stirred for 10 min at room temperature. Then, the reac-
tion mixture was warmed to 70°C and stirred for 6 h. The reaction was
quenched with 10% aqueous Na,S,0; and saturated aqueous NaHCOs,
and the solution was diluted with EtOAc. The organic layer was dried
over MgSQO,, filtered, and concentrated in vacuo. The residue was puri-
fied by column chromatography on Chromatorex NH (hexane/EtOAc;
1:8 to EtOAc/MeOH; 10:1) to give 21 (4.6 mg, 20%). Spectral data for
fused-type bicyclic guanidine 21: [a]5=-74 (c=0.1 in MeOH);
'HNMR (400 MHz, CD;0D): 6=7.34 (m, 5H), 5.02 (d, J=1.37 Hz,
2H), 453 (dd, J=5.5, 11.9 Hz, 2H), 4.28 (dd, J=8.24, 11.91 Hz, 2H),
4.02 (d, J=3.96 Hz, 1H), 3.63 (m, 3H), 2.37 (m, 1H), 2.19 (m, 1H), 1.48
(m, 9H), 144 ppm (m, 9H); *CNMR (100 MHz, CD;0D): §=164.5,
160.6, 159.3, 153.0, 149.5, 138.6, 130.0, 129.5, 86.9, 86.2, 83.9, 80.8, 68.1,
65.3, 59.8, 458, 33.5, 29.3, 289 ppm; HRMS (ESI): m/z caled for
CygHyN;Oyq: 634.2836 [M+H"]; found: 634.2884.

(-)-FD-STX (4a): Pd(OH),/C (3.0 mg) was added to a solution of 21
(7.0 mg, 0.011 mmol) in methanol (600 pL) under an N, atmosphere, and
the suspension was vigorously stirred under an H, atmosphere (balloon)
at room temperature. After 7 h, the reaction mixture was filtered through
a pad of Celite. The filtrates were concentrated in vacuo to give bis-Boc-
bis-aminal (5.3 mg). TFA (500 pL) was added to the resulting bis-Boc-
bis-aminal (5.3 mg) in CH,Cl, (1 mL) at room temperature. Methanol
was added to the reaction mixture, and it was concentrated in vacuo to
give FD-STX (4a) as a 2TFA salt (4.8 mg, 82%). Spectral data for FD-
STX (4a): [a]5=—34.9 (c=0.32 in MeOH); 'H NMR (400 MHz, D,0):
0=4.39 (dd, /=870, 10.99 Hz, 1H), 4.17 (dd, J=4.58, 10.99 Hz, 1H),
4.05 (s, 1H), 3.95 (dd, J=4.58, 8.70 Hz, 1H), 3.68 (t, J=10.7 Hz, 1H),
345 (m, 1H), 247 (m, 1H), 2.33ppm (dd, J=7.79, 1328 Hz, 1H);
BCNMR (100 MHz, 4% CD,CO,D in D,0): §=159.1, 153.0, 152.1, 85.6,
81.7, 655, 52.5, 453, 432, 31.4ppm; HRMS (ESI): m/z caled for
CyoH gN;0Oy: 300.1420 [M+H*]; found: 300.1390.

(—)-FD-doSTX (4¢): TFA (0.5mL) was added to a solution of (—)-3
(12.1 mg, 0.0199 mmol) in CH,Cl, (1 mL) at 0°C. After being stirred for
1h at room temperature, the reaction mixture was concentrated under
reduced pressure to give bis-Cbz-bis-aminal. Pd/C (catalytic amount) was
added to a solution of bis-Cbz-bis-aminal in methanol (1 mL), and the re-
action mixture was stirred at room temperature under an atmosphere of
hydrogen (balloon). After 4 h, the reaction mixture was filtered through
a pad of Celite, and the filtrates were acidified with 10% HCI and con-
centrated in vacuo to give FD-doSTX (4¢) (5.7mg, 92%, two steps).
Spectral data for 4¢: [a]f=-627 (c=09 in MeOH); M NMR
(400 MHz, D,0): 6=3.88 (d, J=1.0Hz, 1H), 3.75 (dd, J=1.0, 7.1 Hz,
1H), 3.63 (dd, J=9.6, 9.6 Hz, 1H), 3.42 (ddd, J=7.6, 9.6, 10.1 Hz, 1H),
243 (ddd, J=9.6, 10.1, 13.6 Hz, 1H), 2.27 (dd, J=7.6, 13.6 Hz, 1H),
1.38 ppm (d, J=7.1 Hz, 3H); ®C NMR (100 MHz, CD;0D): § = 1524,
1514, 85.2, 81.8, 49.4, 48.4, 42.6, 30.9, 19.3 ppm; HRMS (ESI): m/z caled
for CgH;;NgO,: 241.1413 [M+H]; found: 241.1434.

Cell culture: HEK293 was grown in Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies, Grand Island, NY) supplemented
with 10% fetal bovine serum (30 units; BioWhittaker, Walkersville, MD)
and penicillin-streptomycin (30 pgmL"; Gibco, Grand Island, NY), re-
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spectively, at 37°C under 5% CO, in air. Neuro-2a was grown in
RPMI1640 (Sigma, St Louis, MO) supplemented with 10% fetal bovine
serum (50 units) and penicillin-streptomycin (50 pgmL™), respectively.
Inhibitory activity to cytotoxicity of ouabain and veratridine: Two days’
worth of cultured cells (Neuro-2a) were harvested with a trypsin/EDTA
solution (0.5%/0.2%) (Sigma) in phosphate buffer saline (PBS), and
cells were suspended at a density of 5x10° cells mL™" in growth medium.
This suspension (100 uL)) was plated into each well of 96-well plates and
cultured at 37°C for 24 h. The test medium (100 pL), which contained
FD-STXs at various concentrations with 1:3 serial dilutions, and ouabain
(200 um) (Sigma) and veratridine (100 pm) (Sigma) were poured into
each well. After incubation at 37°C for 24 h, the number of viable cells
was determined using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).
Cell Counting Kit-8 solution (5 L) was added to each well, and the mix-
ture was incubated at 37°C for 3 h, and then absorbance at 450/655 nm
was measured using a microplate reader (Model 550, Bio-Rad, Hercules,
CA). Three wells were used for one concentration of FD-STXs, and the
same experiments were performed three times for each compound. The
cell viability of the well that contained the test medium in the presence
of only ouabain and veratridine (in the absence of FD-STXs) was taken
as 0%, and that of the well that contained the medium in the absence of
all toxins was taken as 100%. The 1Cy, were determined from the Hill
plot.

Transient transfection: One day before transfection, HEK293 cells were
plated in a 60 mm dish (10° cellsdish™!). Complexes for transfection were
prepared as follows: DNA (1 pg) was diluted in Buffer EC (150 pL), the
DNA condensation buffer for the Effectene (Hilden, Germany). Next,
enhancer (8 uL) from the kit was added to the solution of DNA. After
2 min, the above medium (150 pL) and Effectene Transfection Reagent
kit (25 pL; Hilden, Germany) were mixed and incubated for 5 min. Then,
the medium from 50 %-confluent cells was removed and replaced with
fresh medium (3 mL). The mixed complexes with fresh medium (1 mL)
were added to the dish, which was swirled by rocking the plate. Incuba-
tion was continued at 37°C under humidified 5% CO, in air for at least
4 h. The medium was removed and replaced with fresh medium (4 mL).
The transfected cells were used for electrophysiological experiments
within 24-72 h after transfection.

Electrophysiological recording: Macroscopic sodium ion currents from
the transfected cells were measured using a whole-cell patch-clamp
method using an Axopatch 200B amplifier (Axon Instruments; Foster
City, CA, USA); more than 80% of the series resistance was compensat-
ed to minimize voltage errors. The bath solution contained: NaCl
(70 mm), N-methyl-p-glucamine (67 mm), CaCl, (1 mm), MgCl, (1.5 m),
glucose (10 mm), and HEPES (5mm) (pH 7.4). The pipette solution con-
tained: CsF (70 mm), CsCl (60 mm), NaF (12 mm), EGTA (5 mm), and
HEPES (5mm) (pH 7.4). Whole-cell patch pipettes with a resistance of
1.5-2MQ were used to achieve optimum voltage control. Recordings
were started 10 min after establishing a whole-cell recording configura-
tion. Whole-cell membrane currents were digitized at a sampling rate of
50-100 kHz using a 12-bit analogue-to-digital converter (DigiData 1321A
interface; Axon Instruments), controlled by pClamp software (version 8;
Axon Instruments). All experiments were conducted at room tempera-
ture (22-24°C). Data are presented as mean +SD along with the number
of observations (n), unless otherwise stated.
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ABSTRACT: We carried out full ab initio fragment molecular orbital (FMO) calculations for
complexes comprising human neuraminidase-2 (hNEU2) and sialic acid analogues including
anti-influenza drugs zanamivir (Relenza) and oseltamivir (Tamiflu) in order to examine the
variation in the observed inhibitory activity toward ANEU2 at the atomic and electronic levels.
We recently proposed the LERE (linear expression by representative energy terms)-QSAR
(quantitative structure—activity relationship) procedure. LERE-QSAR analysis quantitatively
revealed that the complex formation is driven by hydrogen-bonding and electrostatic
interaction of hNEU2 with sialic acid analogues. The most potent inhibitory activity, that of
zanamivir, is attributable to the strong electrostatic interaction of a positively charged
guanidino group in zanamivir with negatively charged amino acid residues in hNEU2. After
we confirmed that the variation in the observed inhibitory activity among sialic acid analogues
is excellently reproducible with the LERE-QSAR equation, we examined the reason for the
remarkable difference between the inhibitory potencies of oseltamivir as to hNEU2 and

influenza A virus neuraminidase-1 (N1-NA). Several amino acid residues in close contact with a positively charged amino group in
oseltamivir are different between hNEU2 and N1-NA. FMO-IFIE (interfragment interaction energy) analysis showed that the
difference in amino acid residues causes a remarkably large difference between the overall interaction energies of oseltamivir with
hNEU2 and N1-NA. The current results will be useful for the development of new anti-influenza drugs with high selectivity and

without the risk of adverse side effects.

1. INTRODUCTION

Neuraminidases (NAs, also called sialidases) are ubiquitous
exoglycohydrolases that hydrolyze the terminal sialic acids of
glycoproteins, glycopeptides, gangliosides, oligosaccharides, and
polysaccharides and have been proved to play important roles in
various biological processes through regulation of cellular sialic
acid contents. NAs are widely distributed in nature, from viruses,
and microorganisms such as bacteria, protozoa, and fungi to
higher animals and humans." Structural and functional studies on
NAs have been widely reported so far. Most of them were on
influenza virus NAs,”~* a smaller number on human neuramini-
dases (hNEUSs) having also been reported.” ® The NA inhibitor
first developed, 2-deoxy-2,3-didehydro-N-acetyl-neuraminic acid
(NeuSAc2en, DANA),” was designed as a putative transition
state analogue of sialic acid in the late 1960s. Although the
inhibition by DANA is not selective for influenza virus NAs, 101!
DANA shows moderate inhibitory activity toward a variety of
NAs, suggesting that amino acid residues in the active sites of
NAs are highly conserved among a number of species including
influenza virus and human NAs.

hNEUS are classified into four types,' the lysosomal neur-
aminidase (hNEU1),"® cytosolic neuraminidase (hNEU2),'*

v ACS Publications « 2011 American chemical Society

plasma membrane-associated neuraminidase (hNEU3),"® and
lysosomal/mitochondrial membrane-associated neuraminidase
(hNEU4)," according to several characteristics, such as their
subcellular distributions, enzymatic properties, and substrate
specificities. They are involved in various cellular functions such
as cell proliferation, differentiation, and apoptosis:'” hNEU1
is essential for the lysosomal catabolism of sialylated glyco-
conjugates,"* ** hNEU2 is able to recognize not only sialosyl
linkages but also saccharide units close to sialic acids and the
supramolecular organization of such as gangliosides, hNEU3 is
expected to be involved in cell surface functions by modulating
gangliosides, and hNEU4 is active against a broad range of sialylated
glycoconjugates and has been implicated in the catabolism of
glycolipids, but the details are not known at present. The
crystallographic structure of hANEU2*' is the only available one
among those of the four hNEUs.

As mentioned previously, DANA inhibits influenza virus NAs
moderately but is not used as an anti-influenza drug because of
its practically low potency. Through structure-based approaches
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Table 1. Chemical Structure and Inhibitory Potency of Compounds 1—5 against hNEU2
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FMO-IFIE-Scheme 2

fragment C

compound no. name R, (fragment A) R, (fragment C) LhNEU2 log K*
1 IEM” OCH,CH(CH,), OH ~3.06
2 HEM" OCH,CH,CH,(OH") OH -3.13
3 DEM? OCH,CH(OH')CH,(0H?) OH —2.85
4 DANA® CH(OH')CH(OH?)CH,(OH") OH —3.85
5 zanamivir CH(OH")CH(OH)CH,(OH") NHC(=NH,")NH, —4.77

4 Taken from ref 33. " Isobutyl ether DANA mimetic. ¢ 3-Hydroxypropyl ether DANA mimetic. 99 3.Dihydroxypropyl ether DANA mimetic. ° 2-Deoxy-
ty ydroxypropy. ydroxypropy! Y

2,3-didehydro-N-acetyl-neuraminic acid.

and the structure—activity relationships (SAR) of analogues
of DANA, four anti-influenza drugs have been developed so
far: zanamivir (Relenza),”” oseltamivir (Tamiflu),”® peramivir
(Rapiacta),** and laninamivir (Inavir).”® These drugs have the
potential to affect the activities of endogenous hNEUs, which can
recognize similar substrates. Indeed, zanamivir and oseltamivir
have been reported to inihibit hNEUs at the micromolar level or
more, while they exhibit inhibitorzr activity in the nanomolar
range against influenza virus NAs. 6 Over a thousand adverse
events have been reported so far to have occurred with the use of
oseltamivir, including a small number of rare but severe neuro-
psychiatric adverse events, especially in children.”” Therefore, it
is of great importance to elucidate the differences in sensitivity to
these anti-influenza drugs among human and influenza virus NAs
from the aspect of the inhibitory interaction mechanism at the
atomic and electronic levels.

We previously reported correlation analyses of the interaction
energies of influenza A virus neuraminidase-1 (N1-NA) with a
series of eight sialic acid analogues including oseltamivir involving
ab initio FMO (fragment molecular orbital)-IFIE (interfragment
interaction energy) calculations at the Moller—Plesset (MP2)
level.”® Our previous study revealed that the dispersion and/or
hydrophobic interaction energies of the alkoxy side chain in each
ligand with several amino acid residues in N1-NA, which surrounds
the former, govern the overall free-energy change in the binding
interaction. Recently, we proposed a novel quantitative structure—
activity relationship (QSAR) procedure called linear expression
by representative energy terms (LERE) involving molecular
calculations such as ab initio FMO and generalized Born /surface
area (GB/SA) ones.””*® The proposed LERE-QSAR procedure
was demonstrated to provide detailed quantitative information
as to the ligand—protein interaction of carbonic anhydrase
with a series of substituted benzenesulfonamides at the atomic
and electronic levels, which cannot be obtained with any other
procedures.

There are a small number of compounds of which the inhibitory
potency against hNEU2 have been measured and reported 2%

In this work, we constructed complexes of hNEU2 with six
sialic acid analogues exhibiting relatively potent inhibitory activ-
ity, zanamivir, oseltamivir, DANA, and three analogues of DANA,
by using molecular mechanics calculations and then carried out
ab initio FMO and continuum solvation model calculations for
each complex structure. Subsequently, we performed LERE-
QSAR analysis and quantitatively examined the binding mechan-
ism at the atomic and electronic levels. Finally, we discuss the
observed difference between the sensitivities of oseltamivir to
hNEU?2 and N1-NA in terms of structure and interaction energy.

2. METHODS

2.1. Compound Set. Table 1 shows the chemical structures of
four sialic acid analogues [TEM (compound 1), HEM, (2), DEM
(3), and DANA (4)] and an anti-influenza drug, zanamivir (5),
along with their inhibitory constants K; against hNEU2.?
Compounds 1—4 have a hydroxyl group as a common substi-
tuent (R, fragment C) and variable substituents (R, fragment A),
hydroxyl groups existing in compounds 2—4. Compounds 4
and § have an identical substituent Ry, but compound $ has a
guanidino group (NHC(=NH,")NH,) in fragment C, instead
of the hydroxyl one of compounds 1—4. Thus, a total of five
compounds with the common skeletal structure of 3-acetamido-
3,4-dihydro-2H-pyran-6-carboxylic acid (fragment B) were sub-
jected to analyses. Another anti-influenza drug, oseltamivir (com-
pound 6), was added to the above compound set in Section 3.2.

2.2. Modeling of Complex Structures. The X-ray structures
of complexes of hNEU?2 with compounds 1 (PDB code: 2F11,
complex 1), 2 (2F12, complex 2), 3 (2F13, complex 3), 4 (DANA,
1VCU, complex 4), and 5 (zanamivir, 2F0Z, complex $) are all
available. The structure of hNEU2 varies slightly among the
crystallographic structures of complexes 1—5. The initial geo-
metries of complexes 1—3 and S were taken from the crystal-
lographic structure of complex 4 having a minimum number of
missing residues, by replacing DANA in complex 4 with each
of compounds 1—3 and $. Loops A (Ile103—Thr122) and B

2707 dx.doi.org/10.1021/ci2002395 |J. Chem. Inf. Model. 2011, 51, 2706-2716
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(Val265—Ser275) in hNEU2 are located in the vicinity of fragment
A in compound 4. Loops A and B in the crystallographic struc-
ture of complex 5 occupy very close positions to those in complex
4, respectively. However, loops A and B in the crystallographic
structure of complex 2 take on significantly different positions
from those in complexes 4 and S. Although several amino acid
residues in loop A are not found (missing residues) in the crystallo-
graphic structures of complexes 1 and 3, the atomic positions of
the corresponding amino acid residues other than the missing
ones are nearly the same among the crystallographic structures
of complexes 1, 2, and 3. Therefore, the initial geometries of
complexes 1—3 were reconstructed by replacing loops A and B
in the crystallographic structure of complex 4 with those in the
crystallographic one of complex 2.

In our previous work,”™® we showed that two crystal water
molecules inside the active site of N1-NA play an important role
in the binding interaction: ligands having guanidino and amino
groups in fragment C bind with only one water molecule (W1)
and with two molecules (W1 and W2), respectively. The X-ray
structures of nine complexes of hNEU2 with ligands (PDB
codes: 2F11, 2F12, 2F13, 2F25 (dimer), 2F27 (dimer), and
1VCU (dimer)) were carefully examined. The root-mean-square
deviation values for the atomic positions of W1 and W2 are both
within 0.44 A, indicating that their positions were nearly fixed.
W1 and W2 for complexes 1—4 and W1 for complex § were
placed at the respective average positions determined by the
above procedure. Five and four sodium ions (Na") were added
to neutralize the total —$ and —4 charge of the complexes of
hNEU2 with negatively charged ligands (compounds 1—4) and
with neutral ones (compounds § and 6), respectively. Each
complex was then solvated in a truncated octahedral box of
TIP3P waters extending 12 A from hNEU2.

Three-step energy minimizations were performed as follows:
(i) hydrogen atoms, (ii) water molecules and counterions, and
(iii) the entire system were sequentially relaxed for 2000, 6000,
and 6000 steps, respectively. During these minimizations, the
atomic positions of Glulll, Tyrl179, Tyr181, Glu218, and
GIn270, which could be involved in electrostatic and/or hydro-
gen-bonding interactions with fragment A in compounds 1—3§,
were constrained with a harmonic potential of 10 kcal/mol/A”.
The finally obtained energy minimized complex structures were
used in the following calculations. All molecular mechanics
calculations were carried out using the AMBERI10 package®
with parameters of parm99°® and general AMBER force field
(GAFF)*” for hNEU2 and each compound, respectively. The
X-ray structures of compounds 1—5 bound with hNEU2 were
subjected to partial geometry optimization (bond lengths and
angles), fixing dihedral angles to the corresponding X-ray ones
with HF/6-31G* calculations (Gaussian03 program®®). Simi-
larly, that of compound 6 bound with N1-NA was geometry
optimized. Then, partial atomic charges in each compound were
determined according to the restrained electrostatic potential
(RESP) fitting procedure™ ™' with HF/6-31G* calculations.
The atomic charges in compounds 1—6 are consistent with those
of atoms in amino acid residues, because the latter charges were
determined with the same procedure in the Amber (parm99)
force field generally used for proteins.***” Atom names, atom
types, and partial atomic charges of compounds 1—6 are listed in
Table S1 (Supporting Information). The summation of partial
atomic charges g within each fragment [2g; (X) (summation
over atoms in fragment X), X = A, B, and C] for zanamivir

(compound §) and oseltamivir (compound 6) is similar with that
reported by Udommaneethanakit et al.*!

2.3. LERE Formalism. We recently proposed LERE analysis
involving molecular calculations such as the ab initio FMO and
GB/SA ones and reported LERE-QSAR analyses of a series of
substituted benzenesulfonamides with bovine carbonic anhydrase.”*°

A basic assumption when dissecting free-energy terms is that
they are all additive™®*>*

AGobs = AGbind + AGsol ~+ AGdiS + AGothers (I)

AG s on the left-hand side of eq I is the overall free-energy
change obtained from the observed inhibitory constant Ki AGp, =
2.303 RTlog K; (T =310 K). AGying, AGyep, and AG g in eq L are
the intrinsic interaction energy between an inhibitor and protein,
the solvation free-energy change associated with complex for-
mation, and the dissociation free-energy change of an inhibitor,
respectively. AGogeryy Which represents the sum of free-energy
terms such as the deformation energies of a protein and ligand
other than AGping, AGyol, and A Gy, is assumed to be linear with
the sum of representative free-energy terms A Gy, AGiop, and
AGg; in eq I, and AGgpers is expected to act as a penalty term
(B < 0), i.e, LERE approximation

AGothers = P(AGhina + AGsq + AGys)
-+ const (LERE approximation) (11)

During complex formation between compounds 1—5 and
hNEU2, AGg, does not need to be considered in the current
case, because a carboxylate group common to compounds 1—35
and a guanidino one in compound § take on nearly complete
ionized forms [COO™ (pK, ~ 2.4) and NHC(=NH,")NH,
(pK, ~ 13), respectivelgr] before and after complex formation at
experimental pH = 5.6.**

AG,p, very probably exhibits a ubiquitous energetic relation
on complex formation between a protein and a series of ligands

having a similar structure, the entropy—enthalpy compensation
45748
rule

TASqps = aAHg, + const (entropy—enthalpy compensation)
(IIa)

The value of & (@ > 0) on complex formation between a sialic
acid analogue and hNEU?2 is supposed to be within the range of
0.70 £ 0.20, judging from the results of isothermal titration
calorimetry (ITC) experiments on complex formation of various
sugars and sugar mimetics with their binding proteins.*’ >
Frederick et al.”* showed that a change in the protein conforma-
tional entropy (ASping, which includes changes in the vibrational,
rotational, and translational entropies) is linearly correlated with
a change in overall entropy on the formation of complexes of
calmodulin with its binding peptides, using nuclear magnetic
resonance (NMR) relaxation methods. They proposed the
possibility that ASy,;,q makes a major contribution to the overall
binding entropy change. In the case where the complex formation
is mostly driven by the electrostatic interaction energy between a
charged ligand and protein, the intrinsic binding enthalpy term
AHy,i4 and the polar component of solvation free-energy change
AGoP”, calculated with continuum solvation models such as
the generalized Born (GB) and Poisson—Boltzmann (PB) ones,
are probably major contributors to the overall free-energy
changes. Avbelj et al.** recently showed that the observed
solvation (hydration) free-energy changes of the polar parts in
several dipeptides consist mostly of the enthalpy term arising
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from the electrostatic interaction, the energy of which can be well
reproduced with PB type calculation. Directly from the original
Born equation: AGe/ = —(¢*/2r)(1 — 1/¢), the enthalpy change
is given by the expression: AH,, = AG P — T(G P /0T )p =
—(g%/21)[1 — /e — (T/€*)(3e/DT)p], where r, g, &, and T are
the cavity radius formed by the ion in a particular solvent, ion
charge, dielectric constant, and temperature, respectively.’s’56
The reported value of [(T/€)(de/9T)p] for water (e =784) at
298 K is —1.357,% giving 0.983 for the ratio between AG P
and AH,y (AGyo™®/AH,q = 0.983). The ratio close to unity
suggests that AH,q is generally replaceable by AG P with
satisfactory accuracy. We showed the possibility that the energy
term (E;) calculated with the ab initio MO-continuum solvation
model (COSMO) corresponds to the effective enthalpic energy
term associated with the partition equilibrium between the aqueous
and organic solvent phases rather than the overall solvation free-
energy term, when we analyzed more than 200 log Pyoi/vw values.”’
AHy,q can be replaced by AEy,g because of the lack of
significant volume and pressure changes in solution. AEp;q4
consists of AFyg " and EYP which are the intrinsic binding
energy at the Hartree—Fock (HF) level and the dispersion
(van der Waals) energy, respectively. AG, consists of AG
and the nonpolar free-energy change AGe % ABynd™ and
AGF® are considered to be “electrostatic energy terms”**
involved in the electrostatic interactions among a ligand, protein,
and solvent medium. E¥? and AG,;"*"?°! are considered to be
“local energy terms”, which are effective only at a short distance.
We reported that AG,F shows an excellent anticorrelation with
AB during complex formation between carbonic anhydrase
and a series of substituted benzenesulfonamides.”*° We as-
sumed that the sum of the electrostatic energy terms represents
the effective overall enthalpic change, i.e., the effective binding
enthalpy change in a solvent, AHpd™ = ABpng ™ + AGf, on
the condition that contributions from the local energy terms to
AHya™" are significantly smaller than those from the electro-
static ones. This condition is equivalent to that the statistical
variances of E™P and AGy"™"® are negligibly smaller than
those of AEya ™ and AGP® in a correlation equation. The
entropy—enthalpy compensation is now expressed as

TASpna™ = a(AByind™ + AGe®) + const (111)

Assuming eq I, the effective overall Kfree~energ?7 change
AGynd™ is expressed as (1 — a) (AEpind ™ + AG ) + const.
Although the protein conformational entropic term (TASpina) is
often estimated using normal mode and molecular dynamics
calculations, the calculated one is known to exhibit significant
large uncertainties.” ¢! Alternatively, eqs 1,11, and T yield eq IV
without estimation of TASyma">®* directly

AGobs = (1 = ﬁ)(l ‘a)(AEbind}W + AGSOIPM) -+ const
(Iv)

Equation IV appears to take a similar form to the solvated
interaction energy (SIE) model proposed by Naim et al. 5
Although they introduced several adjusting parameters such as
the effective interior dielectric constant in order to adjust the
calculated overall free-energy change to the observed one, eq IV
has only two scaling factors, ¢t and 3, which effectively and naturally
consider the entropy—enthalpy compensation and penalty effects,
respectively. It is obvious but noteworthy that the o and /3 values
depend on a set of a series of ligands and their target proteins. Also,
it should be noted that the above procedure is probably applicable

to a congeneric series of ligands having the same skeleton but
probably not to a set containing structurally diverse ones.

2.4. Calculation of Representative Energy Terms. AEpnd™
(= E"¥(complex) — [E™"(protein) + E"¥(ligand)]) and phee
(= ABy 7 — ABpng ) were calculated using ab initio fragment
molecular orbital (FMO) calculations with one residue (including
W1 and W2) per FMO-fragment partition (FMO-IFIE-Scheme
1)%57%% at the HF and MP2/6-31G levels, respectively, using the
ABINIT-MP pro oram. 7% Our previous studies involving FMO
calculations® 3%”7* demonstrated that interfragment interac-
tion energy (IFIE) analysis can provide valuable information
independent from that obtained with the LERE-QSAR one. In
the present work, the structures of compounds 1—5 were further
divided into three FMO-fragments A, B, and C (FMO-IFIE-
Scheme 2, shown in Table 1),**”>"7 in order to clarify the
contribution of each fragment to the overall interaction energy.
Amino acid residues, which are closely located in fragments A, B,
and C, are denoted by pockets A, B, and C, respectively. IFIE™*
(fragment X, Y) denotes the IFIE value between X (fragment X
in a ligand) and Y (amino acid residue Y in a protein) at the HF
level, and SIFIE™" (fragment X, pocket Z) represents summation
of IFIEM (fragment X, Y) over all the amino acid residues Y in
pocket Z. As expected,zg‘zg’ﬂ’72 AFB,.&™F is almost completely
linear with SSIFIE™ (fragment X, pocket Z) (summation over
X, Z = A, B, and C) for compounds 1—5 (r = 0.999). This fact
guarantees that the total intrinsic binding energy can be decom-
posed into local fragment—pocket interaction energies. The
solvation free-energy terms AG, " and AG"*" were calculated
with the molecular dynamics (MD)-PB/SA (Poisson—Boltzmann/
surface area) and MD-GB/SA (generalized Born/surface area)
procedures’®”” included in the AMBER10 package. These terms
were obtained as ensemble averages of snapshot structures in the
MD trajectory, <GP (pB)>, <G§01pcl (Ge >, and <Gm;"°"P°1>. It
is necessary to average G, because G is supposed to be
sensitive to subtle conformational changes occurring in domains
other than the binding one.*>**”*”? Short-time MD with 200 ps
of a production run at 300 K was performed to refine each
complex structure (structure annealing), and snapshot structures
were collected for the last 150 ps trajectory at 3.0 P intervals.
We confirmed that <A Gy " PB)5 and <AG P (GB); were not
significantly changed during a longer simulation time, by per-
forming 1 and 10 ns simulations for (1) the complex of hANEU2
with compound 4 and (2) that of N1-NA with compound 6,
respectively. The absolute differences of <AG,f*'> between the
200 ps and longer time simulations are less than 1.4 and 3.3 keal/mol
for (1) and (2), respectively.

3. RESULTS AND DISCUSSION

3.1. LERE-QSAR Analysis of Complex Formation of hNEU2
with Sialic Acid Analogues and Zanamivir. Table 2 lists the
observed and calculated overall free-energy changes along with
the electrostatic interaction energy terms AFp, i and <AGS(,1P°1>,
and the local interaction energy terms EYP and <AG501“°“P°]> , of
compounds 1—S listed in Table 1. Figure 1 shows the variations
in these energy terms. The variances of AEy; 4 and <A G501P01 (8)., 3
which mainly arise from the electrostatic interaction, are con-
siderably large (3989 and 1967 kcal®/mol?, respectively). On the
other hand, those of E**? and <AG™"°> are much smaller
(5.06 and 0.01 keal’/mol’, respectively). Thus, the variation in overall
free-energy change is governed by AFE,a ™ and <AGS,31P°1 (rB) ,
satisfying the condition for eq IV.
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Table 2. Overall Free-Energy Change AG and Representative Energy Terms” (hNEU2)

compound

no. name AGobsb AGC.,]C( AGmlCd AEbdeF
1 1EM —4.33 —4.03 =3.95 ~7827
2 HEM —4.44 —4.44 —4.44 —85.77
3 DEM —4.05 —4.30 —4.41 —98.06
4 DANA -5.47 ~5.65 -5.86 -154.28
variance ¢ 889.36
5 Zanamivir —6.77 —6.62 —6.38 —247.22
variance ¥ 3989.09

NGB, el G Esp <AG,"Pe of
79.45 (6.79) 67.62 (7.06) -—38.88 ~5.00 (0.05)
78.82 (4.76) 67.35 (5.31) —37.32 —4.99 (0.05)
93.87 (7.66) 80.17 (8.50) —40.34 —35.08 (0.06)
123.44 (9.27) 113.31 (8.93) ~36.81 ~4.87 (0.11)
32725 351.25 1.92 0.01
197.14 (7.71) 197.98 (6.05) —43.03 —5.22 (0.05)
1967.09 2429.14 5.06 0.01

“In keal/mol. * AGy, = 2.303 RT log K; (T = 310 K). © Calculated from eq 1. Calculated from eq 2. ¢ Average value and standard deviation (in parentheses).
TAG ™" = y AASA, where ASA is the water accessible surface area and y is taken to be 0.0072 keal/mol /A2 ¢ In keal/mol®.

300
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100 R A A7 =
= 0 [A] kA EA A 7
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=
g 100
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-7
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Compounds

Figure 1. Variations of AEp,d™F, <AG, (B EHP CAG, o0,
AG,ps, and AG . values (ANEU2). AGy, is calculated by eq 1.

The correlation coefficient between AE;;, 4™ and <AG,, P (®B)y
is —0.996 for compounds 1—5 (—0.988 for compounds
1—4). This means that these two energy terms are dependent
on and compensate for each other. The variance of AEy. 4 for
compounds 1—S5 is ~200% larger than that of <AG (PB),,
(~270% for compounds 1—4), and the difference between
[AEbdeF and <AG P> is distinctly large for compounds 4
(DANA) and § (zanamivir). That is, the stabilization due to
ABpnd  overwhelms the destabilization due to <AGso]p°1>. The
sum of AE; 4" and <AG."°"> is excellently correlated with
AGgp, as shown in eqs 1 and 2

AGops = (1 + B)(1 — a)(ABpind™ + <AGP™®) >
n=Sr=0979s = 0265F = 68.3,(1 + B)(1 - ) = 0.0505

(1)

) — 4.09

AGops = (1 + B)(1 — @) (ABying™ + < AGeP(P > ) — 328

n=35r=0940,5s = 0.439,F = 22.9,(1 + B)(1 —a) = 0.0630
(2)

Although the statistical quality of eq 1 using PB is slightly

better than that of eq 2 using GB, it is probably difficult and
mostly pointless to discuss the difference, because each of the two

2710

computing procedures, PB and GB, involves several approxima-
tions and parameters. The correlation coefficient between
<AGS(,]”°1 FB)5 and <G T (6B s 0.999, clearly showing
that these two <AG. "> values are equivalent in terms of
statistical correlation, at least. When compound S, which shows
the largest |AEypq | and [<AG °]>[ , is removed (n = 4), the
statistical qualities of eqs 1 and 2 are poorer but still statistically
significant (r = 0.941 and 0.914, respectively). The absolute
values of intercept in eqs 1 and 2 are small, 4.09 and 3.28,
respectively. The /3 values in eqs 1 and 2 are similar, —0.83 and
—0.79, respectively, when « is assumed to be 0.70.*"* These
results indicate that the penalty energy term AGers in eq I is
nearly proportional to (ABEyy,g" + <AGP">) and makes a
negative contribution to the observed overall free-energy change
AGgps as we expected. As noted above, there is an excellent
anticorrelation between AE;q " and <AG..P°">, and the variation
of the former overwhelms that of the latter in the current case.
We then attempted to determine the reason why compound §
has the smallest AEy;, 4™ value among compounds 1—5 in terms
of structure and interaction. As shown in Table 2, the large
variance in AEpg' " (889 keal”/mol”) among compounds 1—4
arises from differences in fragment A, because these compounds
are different only in fragment A. We carefully examined AEy ™
arising from interaction of fragment A with pocket A in hNEU2.
Figure 2 shows the IFIE™" values of fragment A with amino acid
residues in pocket A. Pocket A in hNEU2 consists of Glulll,
Tyr179, Tyr181, Leu217, Glu218, and GIn270. The side chain of
Glu218 is located in close to fragment A (R;) but does not form
a stable hydrogen-bond with hydroxyl groups in fragment A of
compounds 2—4. The weak stabilization of IFIE"" (fragment A,
Glu218) commonly found in compounds 1—4 is probably due to
the charge (electron) transfer (CT) from negatively charged
Glu218 to neutral fragment A in compounds 1—4. In addition to
the effect of CT, weak hydrogen-bonding/electrostatic interac-
tions between hydroxyl groups on fragment A in compounds
2—4 and oxygen atoms in the side chain of Glu218 are possibly
involved. The TFIE™" (fragment A, pocket A) values for com-
pounds 1 and 2 indicate that fragment A in these compounds
does not interact with pocket A effectively. The negative IFIE™™
(fragment A/compound 3, Tyr179) value is due to a weak hydrogen-
bonding interaction between the side chain of Tyr179 and the
OH' group in fragment A (distance (HIO-——HO~Tyr179) =
2.04 A). The OH' group attached to fragment A in compound 4
shows remarkably high attractive interaction energy with Glu111,
because the OH' group and oxygen atoms in the side chain
of Glulll take on atomic positions optimum for effective
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Figure 2. IFIE" values of fragment A in compounds 1—4 with amino
acid residues in pocket A of hNEU2.

hydrogen-bonding and electrostatic interactions [distance (H'—-O—
Glulll) = 1.54 A, angle (O—H'—-O—Glul11) = 176 deg, and
angle (H'--0—C,—Glull1) = 116 deg].

The variance analysis of the IFIE™" value between residue X
and fragment A in a ligand among compounds 1—4 (denoted as
var.[TFIE™F (fragment A, X)]) shows that var.[IFIE™ (fragment A,
Glu111)], var.[TFIE™® (fragment A, Tyr179)], and var.[IFIE™"
(fragment A, Arg237)] are 128.7, 27.1, and 24.8 keal?/mol?,
respectively, and that var.[IFIE™ (fragment A, X)] values other
than the above three ones are less than 5.5 keal®/ mol?. This result
clearly suggests that these three residues govern the overall
variation in the electrostatic interaction energy among com-
pounds 1—4. Glull1 is a key residue which interacts with the
OH' group (fragment A) in compound 4 through the electro-
static and/or hydrogen-bonding interactions. In addition,
Arg237 (pocket B) in close proximity to fragment A significantly
contributes to the stabilization of the electrostatic interaction
energy with compound 4, but not with compounds 1—3. In fact,
IFIE™ (fragment A, Arg237) of compound 4 is 10— 13 kcal/mol
smaller than those of compounds 1—3. This is because the OoH?
group in compound 4 only takes favorable position for the electro-
static interaction with the positively charged side chain of Arg237.

Fragment A in compound 4 undergoes the largest stabilization
through the hydrogen-bonding and electrostatic interactions.
Consequently, compound 4 exhibits the most potent inhibitory
activity among compounds 1—4.

The above results quantitatively confirm that the hydrogen-
bonding interaction energy of fragment A in compounds 1—4
with residues in pocket A mostly determines the observed overall
free-energy change and suggest that the position of the hydroxyl
group in fragment A is crucial for the optimum hydrogen-bond
formation with residues in pocket A. Although the interaction
energy of fragment A with amino acid resides in pocket A is not
the most important contributor to the stabilization of the total
binding energy, it should be noted that the structural factors that
stabilize the total binding energy are different from those that
govern the variation in the total binding energy among com-
pounds 1—4.

Next, we examined the most potent compound § (zanamivir),
which has the same skeletal structure (fragment B) as compounds
1—4 but has a positively charged guanidino group instead of a
neutral hydroxyl group (fragment C). Notably, compounds 4
and § have the same fragment A as well as fragment B structure.
Differences in the interaction energy between compounds 4 and
5 are unquestionably attributable to those in fragment C.

(a)
pocket C

(b)
pocket C

Figure 3. (a) Compound 4 (DANA) and (b) compound § (zanamivir)
accommodated in the active site of ANEU2.

Figure 3 (a) and (b) shows the structures of compounds 4 and
5 bound at the active site of ANEU?2, respectively. The guanidino
group (fragment C) in compound § is involved in electrostatic
interactions with Glu39 and Asp46 in hNEU2, and the corre-
sponding hydroxyl group in compound 4 forms a hydrogen-bond
with Arg41.

As can be seen in Figure 4, the IFIE"" (fragment C/com-
pound 5, Glu39) and IFIE™ (fragment C/compound 5, Asp46)
values represent large negative energies, and the TFIE™ (fragment C/
compound 5, Arg41) value is the positive energy due to the
electrostatic repulsive interaction between the positively charged
guanidino group and the side chain of Arg41. The relatively small
negative IFIEM! (fragment C/compound 4, Arg41) value repre-
sents the hydrogen-bonding interaction, which causes consider-
ably weaker stabilization than electrostatic interactions of the
guanidino group in compound § with Glu39 and Asp46. In total,
AE,, M of compound § is 93 kcal/mol more stable than that of
compound 4.

3.2. Comparison of Inhibitory Activities of Anti-Influenza
Drugs against hNEU2 and N1-NA. Although anti-influenza
drugs zanamivir (compound §) and oseltamivir (compound 6)
exhibit excellent inhibitory activity toward various types of
influenza virus NAs including N1-NA, their activity toward
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hNEU2 is much lower. It is notable that compound 6 has a
skeletal structure (fragment B) different from that in compounds
1—S5. Table 3 shows the AG,, values of compounds § and 6 with
hNEU2 and NI-NA. The large difference in AG, between
compound 5 with hNEU2 and N1-NA as well as that between
compound 6 with hNEU2 and N1-NA can be attributed to those
between the binding interaction modes of ANEU2 and N1-NA
with the two compounds.

The whole protein structures of ANEU2 and N1-NA take on a
close topology: six bladed 3-propeller folds commonly conserved
among neuraminidases are arranged at topologically almost
equivalent positions. Although the overall amino acid sequence
homology between hNEU2 and N1-NA is considerably low
(identity ~16%, similarity ~25%), several residues in their active
sites seem to be conserved: an “arginine triad” (Arg21, 237, and
304 in hNEU2; Argl18, 292, and 371 in N1-NA) and tyrosine
(Tyr334 in hNEU2; Tyr406 in N1-NA), which are essential for
expression of their catalytic activities. We carefully compared the
atomic positions of amino acid residues located in the active
sites of the two PDB crystal structures, 1IVCU (hNEU2)* and
2HU4 (N1-NA).** Each of the above corresponding pairs of
residues takes on nearly the same position in hANEU2 and N1-NA
(within 0.76 A (C,, atoms)). Figure 5 (a) and (b) schematically

80
60 -

IFIEHF (kcal/mol)
|
N
o
T

—&— compound 4
—O- compound 5

Glu39 Arg41 Lys44 Lys45 Aspd6 Glud7 Asn86
Amino acid residues in pocket C of ANEU2

Figure 4. IFIE™" values of fragment C in compounds 4 (DANA) and §
(zanamivir) with amino acid residues in pocket C of ANEU2.

represents the interactions of compound 6 with hNEU2 and
NI-NA, respectively.

In pocket B, one Tyr and three Arg residues (arginine triad)
common in hNEU2 and N1-NA surround a negatively charged
carboxylate group in fragment B of compound 6, exhibiting a
very close geometry.

A few amino acid residues in pocket A are different between
hNEU2 and N1-NA. For example, a negatively charged Glul11
in hNEU2 is replaced by nonpolar Ile222 in N1-NA. Although
fragment A in compound 5 as well as compound 4 form a
hydrogen-bond with residues in pocket A of ANEU?2, fragment A
in compound 6 is not able to form a hydrogen-bond because it
does not have a hydroxyl group. Both compounds 5 and 6 exhibit
potent inhibitory potency as to N1-NA, probably because the
hydrogen-bonding interaction between fragment A and pocket A
in N1-NA is not dominant, but the dispersion type of interaction
(B and AG, """ governs the interaction energy between
fragment A and pocket A in N1-NA, as demonstrated in our
previous study.”®

We then examined the differences between the IFIE'™
(fragment C (NH;")/compound 6, pocket C/hNEU2) and
IFIE™" (fragment C/ con;r[zound 6, pocket C/N1-NA) values.
Figure 6 shows the IFIE™ (fragment C/compound 6, pocket
C/hNEU2) and IFIE™® (fragment C/compound 6, pocket
C/N1-NA) values. The ZIFIE™ (fragment C, pocket C/hNEU2)
and SIFIEHF (fragment C, pocket C/N1-NA) values are mostly
due to those of fragment C with ionized residues: negatively
charged Glu39 and Asp46 and positively charged Argdl in
hNEU2 and negatively charged Glul19, Asp151, and Glu227
and positively charged Argl56 in N1-NA. Asp46 in hNEU2 and
Asp151 in N1-NA stabilize, and Arg41 in ANEU2 and Arg156 in
NI-NA destabilize the interaction energy. The above stabiliza-
tion and destabilization commonly occur in the two complexes.
He22, Glu39, Met83, and Asn86 in pocket C of hNEU2 are
replaced by Glull9, Leul34, Trpl78, and Glu227 in N1-NA,
respectively. Among the above replacements, that from neutral
Tle22 in hNEU2 to negatively charged Glul19 in N1-NA makes
the interaction energy of fragment C with N1-NA 10S kcal/mol
more stable than that with hNEU2. Similarly, the replacement of
Asn86 with Glu227 makes the interaction energy 54 kcal/mol

Table 3. Chemical Structure of Zanamivir and Oseltamivir along with Inhibitory Potency against ANEU2 and N1-NA

E fragment B E
I 080
fragment A E E fragment C
H E E NH,
1 1 i
H . L ){9
;\\“‘“ y NH,
3 ¥
1 1
: CHg:

compound 5 (zanamivir)

1
fragment A i fragment C
]
:

an,,,sN H :S.D

H

i
i
il
1

CHy1

compound 6 (oseltamivir)

compound
no. name R, (fragment A)
5 zanamivir CH(OH")CH(OH?)CH,(OH?*)
6 oseltamivir OCH(CH,CH3;),

AGeps*
R, (fragment C) hNEU2? NI-NA
NHC(=NH,")NH, —6.77 -12.80
NH," —3.26 —13.26

“ In keal/mol. * AG,p, = 2.303 RT log K; (T = 310 K). K; value is taken from ref 33. ° AG,, = 2.303 RT lo (ICs0) (T =310 K). ICs value is taken from ref 81.
Ol g g
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Figure S. Interaction of compound 6 (oseltamivir) with amino acid
residues in the active sites of (a) hNEU2 and (b) N1-NA. STFIE™F
(fragment X, pocket X: X = A (red), B (blue), and C (green)) values are
shown in parentheses (kcal/mol). W1 and W2 represent water molecules in
the active sites. A dotted line represents an attractive interaction.

more stable. Conversely, the replacement of negatively charged
Glu39 with neutral Leu134 stabilizes the complex of hNEU2 with
compound 6 by 70 kcal/mol. The energy differences AZIFIE™F
(= SIFIEM (fragment C/compound 6, pocket C/hNEU2) —
SIFIEFF (fragment C/compound 6, pocket C/ N1-NA)) reaches
a stabilization value of 38 kcal/mol.

In summary, compound 6 shows remarkably less inhibitory
activity toward hNEU2 than that toward N1-NA, because of
differences in pockets A and C between the two proteins.

We finally examined the difference between the inhibitory
activities of compounds § and 6 with hNEU2. In our previous
paper,”® we showed that SIFIEMF (fragment C/compound 6,
pocket C/N1-NA) is not far from SIFIER" (fragment C in the
compound where the amino group in compound 6 is replaced by
a guanidino one, pocket C/NI1-NA) (—157 and — 145 kcal/mol,
respectively). However, there is a significantly large difference

IFIEHF (kcal/mol)
|
N
o

|
(=23
o

T

¥80 -
100 —@— compound 6-hNEU2
190 —O— compound 6-N1-NA

hNEU2 lle22 Argd1 Asp46 Glu39 Met85 Asn86
N1-NA Glu119 Arg156 Asp151 Leu134 Trp178 Glu227
Amino acid residues in pocket C

Figure 6. IFIE™F values of fragment C in compound 6 (oseltamivir)
with amino acid residues in pocket C of hNEU2 and N1-NA.

between SIFIE™® (ﬁ'a%nent C (NH;")/compound 6, pocket
C/hNEU2) and SIFIE™" (fragment C (NHC(=NH,")NH,)/
compound §, pocket C/ hNEU2). This difference between SIFIE"
(fragment C/compound 6, pocket C/hNEU2) and SIFIE™F
(fragment C/compound S, pocket C/hNEU2) (—119 and
—149, respectively) mostly arises from the interaction energy
of fragment C with Glu39 [TFIETF (fragment C/compound 6,
Glu39) and IFIE™" (fragment C/compound S, Glu39) are —68
(see Figure 6) and — 106 (Figure 4) kcal/mol, respectively]. This
is because the positively charged guanidino group in compound 5
is located closer to negatively charged Glu39 in hNEU?2 than the
amino group in compound 6. The nearest interatomic (heavy
atoms) distances between Glu39 and fragment C are 2.76 and
4.48 A for compounds 5 and 6, respectively. The above differ-
ences as well as those in the interactions between fragment A and
pocket A make the inhibitory activity of compound 6 toward
hNEU?2 considerably less potent than that of compound 5.

4. SUMMARY AND CONCLUSION

In our previous study,”® we showed that the variation in the
inhibitory potency as to N1-NA among eight analogues (including
oseltamivir) having alkoxy side chains (OC,Hy,.,1, =0, 3, 4, and 5)
at Ry (fragment A) is governed by the dispersion (E%*P) and/or
hydrophobic interaction (AG,o"°""") energies. In the present
study, we showed that the observed overall free-energy changes
of DANA, three analogues of DANA, and an anti-influenza
drug zanamivir, all of which have a common skeletal structure
(fragment B), are linearly correlated with the calculated one
using FMO and MD-PB(GB)/SA calculations (LERE-QSAR).
Unlike the case reported in the previous study, the statistical
variances of the local energy terms ETP and <AG. "> are
both 3—6 orders of magnitude smaller than those of the electro-
static energy terms AEpnd T and <AG,,P°">. Because of penalty
and entropy—enthalpy compensation effects, the coefficient of
(AEpnd™ + <AG,,'>) in the correlation equations eqs 1 and 2
is considerably smaller than unity (~0.05). There is an excellent
anticorrelation between the electrostatic energy terms Ay
and <AG P> (r = ~ —0.99). Comparison of the variances of
the two electrostatic energy terms showed that the contribution
(stabilization) from the intrinsic binding energy term AE, &
to the overall free-energy change overwhelms that (destabilization)
from the polar solvation free-energy term <AG . AByua™
can be expressed as the sum of the FMO-IFIE terms for an
inhibitor and hNEU2. FMO-IFIE analysis revealed that the
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variation in the overall free-energy changes among four silalic
acid analogues is determined by hydrogen-bonding interactions
between fragment A in a sialic acid analogue and amino acid
residues in pocket A in hNEU2. DANA and zanamivir, both of
which have the same fragment A structure, show excellent
inhibitory activities, because of the effective hydrogen-bond
formation of a hydroxyl group in fragment A with Glul11 in
hNEU?2. The hydroxyl group in fragment C of DANA is replaced
by a positively charged guanidino group in zanamivir. This
replacement causes great stabilization of the interaction energy
through the electrostatic interactions of the guanidino group
with negatively charged Glu39 and Asp46, resulting in that
zanamivir exhibits more potent activity than DANA.

Second, we determined the reason why an anti-influenza drug,
oseltamivir, shows very weak inhibitory activity toward hNEU?2,
although it exhibits potent activity toward N1-NA. The observed
free-energy change for complex formation of hNEU2 with
oseltamivir is 10 kcal/mol larger (less stable) than that in the
case of N1-NA. There are significant differences in amino acid
residues in the active site between the two proteins: notably
le22, Glu39, and Asn86 in hNEU2 are Glull9, Leul34, and
Glu227 in N1-NA, respectively. These three residues surround
the hydroxyl and guanidino groups in fragment C of DANA and
zanamivir, respectively. IFIE analysis showed that these replace-
ments cause a large difference in the free-energy change between
the oseltamivir—hNEU?2 and oseltamivir—N1-NA complexes. In
addition to the difference in the interaction between fragment C
and pocket C, fragment A in oseltamivir, unlike that in zanamivir,
is not able to form hydrogen bonds with pocket A. These
differences reasonably account for the inefficiency of oseltamivir
as to hNEU2.

The present study could provide clues for understanding the
neuropsychiatric side effects of oseltamivir, which are similar to
the known symptoms of endogenous hNEUs related disorders.
Li et al.* proposed that the hNEU2 variation caused by the
Arg41Gln mutation could be associated with the adverse side
effects of oseltamivir. They demonstrated that replacement of
positively charged Arg4l with neutral GIn41l increases the
sensitivity of hNEU2 to oseltamivir and reduces the catalytic
activity of ANEU2. This observation is strongly supported by the
present results, which suggest that the unfavorable electrostatic
repulsive interaction between Arg41 and the positively charged
amino group in oseltamivir can be abolished with the mutation
from Arg4l to Gln4l. In fact, IFIEHF (fragment C, Gln41) is
67 kcal /mol more stable than IFIE™ (fragment C, Arg41) (—9 and
58 keal/mol, respectively).

The current and previous results™ obtained with the LERE-
QSAR analysis successfully reveal the quantitative contribution of
each fragment in neuraminidases (hNEU2 and N1-NA) and sialic
acid analogues including anti-influenza drugs to the overall interac-
tion free-energy change. Consequently, the results bring a new and
consistent understanding of the binding interaction mechanism,
which cannot be obtained with any other procedures.

The present work will provide useful information for drug
development and for the curing of influenza and other diseases in
which neuraminidases are involved.
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