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Abstract—Two novel aminooligosaccharides were separated from the culture filtrate of Streptomyces coelicoflavus ZG0656. Their
chemical structures were determined by electrospray ionization tandem mass spectrometry (ESI-MS/MS) and 2D nuclear magnetic
resonance (NMR) spectroscopy. Because of their acarviosine core structures, the names acarviostatins 1123 and 1113 were given to
the novel compounds. The two acarviostatins were both mixed noncompetitive inhibitors of porcine pancreatic a-amylase (PPA),
with inhibition constants (K;) of 0.009 uM (acarviostatin 1123) and 0.010 pM (acarviostatin 1113). Therefore, acarviostatin 1123 and
acarviostatin 1113 are, respectively, 231 and 208 times more potent than acarbose.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Streptomyces coelicoflavus; Aminooligosaccharides; Acarviosine; Acarviostatin 1123; Acarviostatin 1113

1. Introduction

o-Amylases are among the most important saccharide-
cleaving enzymes, and act by catalyzing the hydrolysis
of a-glucosidic linkages. It is well known that inhibitors
of saccharide hydrolases, such as amylase and gluco-
dase, may be used in the treatment or prevention of dia-
betes, hyperlipoproteinemia, hyperlipidemia, obesity, or
other secondary symptoms caused by these conditions.
In this regard, several aminooligosaccharide derivatives,
for example, acarbose,” adiposins,® amylostatins,*
oligostatins,” trestatins,®’ (glucose),-deoxynojirimycin,®
salbostatin,” CK-4416,'" isovalertatins,'!' and butyta-
tins'? have been reported as potent inhibitors of the sac-
charide hydrolases. Among these, acarbose was the first
reported a-amylase inhibitor. Acarbose analogues con-
taining more glucose residues, such as trestatins, were
found to display increased inhibitory potencies in sub-
sequent researches.
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In the course of our screening program to find new a-
amylase inhibitors, we previously discovered a complex,
AIB656, in the culture filtrate of a strain of Streptomyces
coelicoflavus 7G0656. The complex was composed of
aminooligosaccharide derivatives that showed remark-
able inhibitory activity against porcine pancreatic o-
amylase (PPA)."* This paper describes the isolation,
structural elucidation, and inhibitory activities against
a-amylase of the acarviosine-containing oligosaccha-
rides identified from S. coelicoflavus ZG0656.

2. Experimental
2.1. General methods

Optical rotations were measured on a Perkin-Elmer
241MC polarimeter. Infrared (IR) spectra were taken
on a Bruker IFS 55 FT-IR spectrometer and recorded
using the KBr pellet method. Nuclear magnetic reso-
nance (NMR) experiments were conducted on a Bruker
UltraShieid-300 instrument at 25 °C. The D,O solutions
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(0.7 M, pH ~ 7) were used with sodium 4,4-dimethyl-4-
silapentane-5-sulfonate (DSS) as the external standard,
and the NMR spectra were recorded in 5 mm tubes at
300.07 MHz for 'H and 75.45 MHz for '*C spectra.
Electrospray ionization (ESI) multistage mass spectrom-
etry (MS) experiments were run on a Thermofinnigan
LCQ Advantage mass spectrometer, and electrospray
ionization-Fourier transformed mass spectrometry
(ESI-FTMS) data were acquired on an IonSpec QFT
mass spectrometer with PEG1450 as the internal stan-
dard. Semi-preparative high-pressure liquid chromato-
graphy (HPLC) was carried out on a Shimadzu series
instrument.

2.2. Microorganism

S. coelicoflavus strain ZG0656, which was collected from
soil at the Nankai University campus, Tianjin, China, in
2005, was identified by the Department of Microbio-
logy, Nankai University. A voucher specimen (CGMCC
2097) was deposited in China General Microbiological
Culture Collection Center, Institute of Microbiology,
Academia Sinica.

2.3. Preparation of the AIB656 complex

The culture (5 L) of S. coelicoflavus ZG0656 was filtered
and concentrated in vacuo. About a onefold volume of
EtOH was added to the concentrated aqueous solution,
and the residue was discarded after centrifugation. The
supernatant was concentrated to 200 mL in vacuo, and
passed through a D301R macroporous resin column
(300 x 40 mm) to partly remove pigments, followed by
a column of X-5 macroporous resin (400 x 35 mm,
washed with water, eluted with 40% aqueous EtOH),
and a column of 001x7 cation-exchange resin
(200 x 20 mm, washed with water, eluted with 1 M aque-
ous NH3). A Sephadex G-25 column (eluted with water)
was used at the end to obtain the 500-2000 Da fractions,
which were lyophilized to give the AIB656 complex

(1.3 g).

2.4. Purification of acarviostatins

The aminooligosaccharide-containing complex, AIB656
(1.3 g), was dissolved in water; filtered through a 0.45-
pm membrane; separated by semi-preparative reversed-
phase HPLC, using a stainless-steel column filled with
Kromasil C;g (250 X 10 mm, i.d., 10 um), at 25 °C. The
mobile phase was 7:93 (v/v) acetonitrile-1.5 mM aque-
ous NHj at a flow rate of 3.0 mL/min with UV detection
at 210 nm. A combined fraction was collected from the
9.0-10.3 min eluate. This eluate was further separated
on the same column at 25 °C with 5:95 (v/v) acetoni-
trile-1.5 mM aqueous NH; as the mobile phase to give
1 (5.3mg) at 23.6min and 2 (1.8 mg) at 25.1 min,

respectively. The purities of these oligomers were deter-
mined by positive-ion mode ESI-MS analysis, which
showed the compounds to be contaminated with only
very small traces of other products.

2.5. Kinetics of PPA inhibition by acarviostatins

Soluble amylose (0.05-0.5% w/v) in 25 mM imidazol-
ium-HCI buffer (pH 6.5) containing 1.0 mM CaCl,
was used as the substrate solution for the PPA inhibition
studies. The substrate solution (450 pL) containing
various concentrations of inhibitors (acarbose, acarvio-
statins 1123 and 1113) was preincubated at 37 °C for
10 min. The reactions were started by adding 50 pL of
PPA (Sigma, USA) enzyme solution (5 U/mL). One unit
(U) of a-amylase was defined as the hydrolysis of 1 pmol
of a-(1—4) glycosidic linkages per minute. A 50 pL sam-
ple was taken every 5 min, and the reaction was stopped
by adding 50 pL of 3 M NaOH. The reducing value indi-
cating the amount of products was measured by adding
75 uL of 3,5-dinitrosalicylic acid (DNS) and boiling to
acquire an absorbance at 490 nm, using maltose as a
standard. Curves of product amount, in terms of pg
maltose equivalents, versus time in minutes, were
obtained. The initial velocities (v;) were then determined
from the slope of the linear portion (within 30 min) of
the curve. Dixon plots of 1/v; versus inhibitor concentra-
tion for four concentrations of soluble amylose were
used to determine the type of inhibition and the inhibi-
tion constants, K; and K{.M

2.6. Acarviostatin 1123 (1)

White amorphous powder; [oc]]l)8 +162 (¢ 0.1, water); UV
(water): end absorption; IR v, (KBr): 3393, 2927,
1661, 1385, 1035, 577 cm™'; ESI-FTMS (pos.): m/z
1759.6518  [M+H]"  (CesH114N2Osy  requires
1759.6512); for ESI-MS/MS (pos.), see Figure 1; for
'"H and '*C NMR data, see Table 1.

2.7. Acarviostatin 1113 (2)

White amorphous powder; [oc],l)8 +153 (¢ 0.1, water); UV
(water): end absorption; IR vy, (KBr): 3398, 2926,
1660, 1383, 1040, 579 cm™'; ESI-FTMS (pos.): m/z
1597.5991 [1\/I‘i‘H:|+ (C62H104N2045 requires
1597.5984); for ESI-MS/MS (pos.), see Figure 2; 'H
NMR (300 MHz, D,0): ¢ 1.31 (d, 6H, Js6=6.3 Hz,
E-6, H-6), 2.44 (t, 2H, J,;c = 9.0 Hz, E-4, H-4), 3.24 (t,
0.6H, Jyi. =8.4Hz, A-2B), 3.40 (t, 1H, Jy;c =9.0 Hz,
J-4), 3.51 (m, 2H, F-1, I-1), 3.53-4.09 (overlapping),
4.13 (m, 4H, F-3, F-6a, I-3, 1-6a), 4.16 (m, 2H, F-6b,
I-6b), 420 (m, 2H, F-4, 1-4), 4.63 (d, 0.6H,
J12=84Hz, A-1p), 521 (d, 0.4H, J,, =4.2Hz, A-
la), 5.30 (m, 2H, E-1, H-1), 5.34-5.39 (overlapping,
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Figure 1. Positive ESI-MS/MS fragmentation and spectrum of [M-+HT" of 1 at m/z 1759. (inset: full scan MS of 1).

Table 1. 'H and '*C NMR data of 1 in D,O*

Position dc o Position oc Ou Position oc On Position doc Ou

Ala 93.0 5.16 B1.C1,D1 ~100.7 ~5.34 F1.I1 56.1 3.46 GL,J1 98.5 5.31
Ala 72.6 3.49 B2,C2,D2 ~72.6 ~3.53 F2,12 72.6 3.71 G2,J2 72.6 3.53
A3 74.4 4.04 B3,C3,D3 ~74.4 ~3.90 F3.13 71.8 4.08 G3,13 74.4 3.87
Ada 79.3 3.57 B4,C4,D4 ~77.9 ~3.57 F4,14 77.0 4.15 G4,J4 77.9 3.57
ASo 71.0 3.91 B5,C5,D5 ~72.2 ~3.77 F5.15 137.5 — G5,15 72.2 3.84
Abal 61.5 ~3.68 B6,C6,D6 ~61.5 ~3.77 F6,16 63.1 4.08/4.12 G6,J6 61.5 ~3.80
Al 96.8 4.58 El.HI 100.7 5.27 F7,17 127.4 5.90 K1 100.7 5.34
A2 75.0 3.20 E2,H2 70.6 3.67 K2 72.6 3.53
A3 77.3 3.62 E3,H3 73.7 3.53 K3 74.4 3.90
A4pB 77.9 3.57 E4,H4 65.2 2.40 K4 70.4 3.35
ASB 75.6 3.50 E5.H5 70.4 3.73 K5 72.2 3.77
A6B 61.5 ~3.71 E6,H6 18.4 1.26 K6 61.5 3.77

# Assignments are supported by TOCSY, HMQC, and HMBC experiments.

5H, B-1, C-1, D-1, G-1, J-1), 5.95 (d, 2H, J; ; = 3.6 Hz,
F-7, 17).

3. Results and discussion

The complex, AIB656, was isolated from the culture fil-
trate of S. coelicoflavus ZG0656. It was then separated
by semi-preparative HPLC to afford two aminooligosac-
charide derivatives 1 and 2. Complete acidic hydrolysis
followed by monosaccharide analysis with the 1-phenyl-
3-methyl-5-pyrazolone (PMP) pre-column derivati-
zation HPLC method'® revealed that 1 and 2 were
composed of two structural units, D-glucose and acarvi-
osine. Acarviosine'® is composed of a cyclohexitol unit
(hydroxymethylconduritol residue) and a 4-amino-4,6-

dideoxy-p-glucopyranose (4-amino-4-deoxy-D-quinovo-
pyranose) unit. The cyclohexitol-nitrogen bond is
defined as a pseudoglycosidic bond. Acarviosine cannot
further be hydrolyzed under these acidic conditions."”

The structural elucidations (in detail below) showed
that 1 and 2 have a core, pseudotrisaccharide, formed
by an acarviosine unit and a D-glucopyranose group
attached through an a-(1—4) quinovosidic bond. Amino-
oligosaccharides are therefore named acarviostatins
followed by a Roman numeral and two numbers, that
is, acarviostatins 1123 and I113. Acarvios originates from
the acarviosine core; the Roman numeral II represents
two pseudotrisaccharide residues; the middle digit repre-
sents the number of glucose units at the non-reducing
end; the last digit represents the number of glucose units
at the reducing end.
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Figure 2. Positive ESI-MS/MS fragmentation and spectrum of [M+H]" of 2 at m/z 1597 (inset: full scan MS of 2).

3.1. Structural determination of 1

Acarviostatin 1123 (1) was a white amorphous powder.
The molecular formula was deduced as CggH{14N,O5q
by combined positive ESI-FTMS (Anal. Found
[M+HT" 1759.6518, Calcd 1759.6512) and NMR data.
The IR spectrum of 1 displayed absorption at
1661 cm ™' for the C=C double bond and broad bands
at 3393 and 1035 cm ™! for the oligosaccharide.

The positive full-scan ESI-MS of 1 showed a strong
[M+HT" signal at m/z 1759 (Fig. 1). The signals at m/z
1597, 1435, 1273, 1111, and 949 were due to the loss of
one to five glucose units from the molecule. The ESI-
MS/MS spectrum from [M+H]" is shown in Figure 1.

OH

The daughter ion at m/z 1741 corresponded to the
neutral loss of one water molecule. The product ions at
mfz 1579 (byo), 1417 (by), and 1255 (bg) matched
with the ordinal loss of one to three glucose units
attached to the reducing end. The ions at m/z 1597
(y10) and 1435 (yg) agreed with the ordinal loss of one
and two glucose units attached to the non-reducing
end. The cleavages occurred on every C-1-oxygen bond,
which could differentiate a monosaccharide unit on the
‘left side’ from one on the ‘right side’. The most abun-
dant fragment ions at m/z 1132 (y;), 1093 (b;), and
628 (by) were produced by the cleavages of the a-(1—4)
quinovosidic bond between the quinovopyranose unit
and glucose unit, which indicated the relatively weaker

OH OH OH OH OH
CHs
0 0 0 0 0 0
OH OH Q OH OH OH OH
H O R
H H on H H ) H H

OH OH
o}
1:R= OH  Ro 09-0767: R =
\/@ \&/@\ OH
OH H

Scheme 1.



474 P. Geng, G. Bai | Carbohydrate Research 343 (2008) 470-476

intensity compared to the other ordinary glyco-
sidic bonds in the molecule. The ions at m/z 1277 (yg),
812 (ys), and 948 (bg) resulted from the dissociations
of the pseudoglycosidic bond within the acarviosine
moiety. The ions at m/z 970 (y¢) and 790 (bs) were due
to the cleavage of the glycosidic bond between two pseu-
dotrisaccharide residues. Generally, every abundant
fragment possessed at least one nitrogen-containing
group; the ions y; could further form a water-loss frag-
ment due to the existence of a hydroxyl group at the
reducing terminus, whereas b; could not because of the
absence of a reducing hydroxyl group. These features
of the MS/MS spectrum indicated the structure of 1
outlined in Figure 1.

The 'H, 13C, total correlation spectroscopy (TOCSY),
and heteronuclear multiple quantum correlation
(HMQC) NMR spectra of 1 showed the presence of
two inner units of acarviosine in the molecular,®”!!""!2
including ¢ 100.7/6y 5.27 (m, 2 H), dc 65.2/6y 2.40
(t, 2H, J,c=9.6Hz), 6c 18.4/6y 126 (d, 6H,
Jse=5.7Hz), dc 56.1/0y 3.46 (m, 2H), dc 77.0/y
4.15 (d, 2H, J34=4.8 Hz), dc 63.1/0y 4.08 (m)/4.12
(m), 5C 1274/5]_] 5.90 (d, 2 H, J1’7: 3.0 HZ), and 5C
137.5. The NMR data confirmed that there were glucose
units attached to the non-reducing end of acarviosine
moieties. The HMQC spectrum of 1 showed typical
characteristic signals for the reducing terminal glucose
unit''? at 5¢ 93.0/0y 5.16 (d, 0.4H, J,, = 3.6 Hz), ¢
96.8/6y 4.58 (d, 0.6H, J,,=9.9 Hz), and dc 75.0/y
3.20 (t, 0.6H, Jy;c = 8.1 Hz).

The NMR signals for the methine group at C-4 in a
glucose unit normally resonate at d¢c 70.4/9y 3.42.'1:12
In the HMQC spectrum of 1, besides one methine signal
at d¢ 70.4/6y 3.35 (t, Jyic = 9.0 Hz) for K-4 in the non-
reducing terminus, the other six C-4 methine signals of
six glucose units appeared at about ¢ 77.9-79.3/6y
3.55-3.59 (overlapped), revealing that the six C-4 hydro-
xyl groups of the six glucose units were glycosylated.
Meanwhile, the two methine signals at 6 77.0/6y 4.15
(d, 2H, J;4=4.8 Hz) for F-4 and I-4 indicated their
glycosylations. As the chemical shifts for eight anomeric
C-1 methines on hexoses occurred at dc 98.5-100.7/5y
5.27-5.35 (m, 8H, ~3.0 Hz), the configuration of the
glycosidic bonds was determined to be a-(1—4).'"!1?

The complete proton and carbon signal assignments
of 1, aided by TOCSY, HMQC, and heteronuclear
multiple bond correlation (HMBC) experiments, and
comparisons with reported data for trestatins,®’
isovalertatins,'' and butytatins'? are shown in Table 1.

Compound 1 had the same molecular formula as the
known compound trestatin Ro 09-0767.” However, the
spectral characteristics of 1 showed that it contained a
reducing glucose terminus and lacked o-(1—1) glyco-
sidic bonds, which differs from trestatin Ro 09-0767
(Scheme 1). Therefore, 1 is a novel compound and was
named acarviostatin 1123.

3.2. Structural determination of 2

Acarviostatin 1113 (2), obtained as a white amorphous
powder, was assigned the molecular formula of
Ce2H104N,045 by positive ESI-FTMS (Anal. Found
[M+HT" 1597.5991, Caled 1597.5984) and NMR data.
The spectroscopic characteristics and liquid chromato-
graphic behavior of 2 closely resembled those of 1, sug-
gesting that it was an analog with a repeating moiety
appended.

A

2

B

0.15 -
= 0.10 - .
-0.01 0 001 002 003
Acarviostatin II13(u\D)
C o2
=

0 L] L] L
-0.01 0 001 002 003 0.04
Acarviostatin II23(uM)
Figure 3. Dixon plots showing the velocity of amylose hydrolysis by
PPA in the presence of (A)acarbose, (B) acarviostatin 1113, and (C)
acarviostatin 1123. Initial concentrations of amylose for lines in each

plot are (O) 0.5%, (M) 0.25%, (A) 0.1%, and (@) 0.05%; v is defined as
ug maltose equivalent/mL/min.
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Table 2. Inhibition constants of acarbose and acarviostatins for PPA

Inhibitor Inhibition type K; (uM)? K! (uM)® Inhibition potency®
Acarbose Mixed 2.077 £ 0.463 2.066 + 0.681 1
Acarviostatin 1113 Mixed 0.010 + 0.006 0.011 £+ 0.002 208
Acarviostatin 1123 Mixed 0.009 £ 0.002 0.009 4 0.003 231

# K; is the inhibition constant, defined as [EI}/[EI].
bK{ is the inhibition constant, defined as [ES]I])/[ESI].

“Inhibition potency was obtained by dividing the K; of acarbose by the K; of acarviostatins.

The [M+H]" ion at m/z 1597 and [M+Na]" ion at m/z
1619 of 2 were found in the full-scan ESI-MS (Fig. 2).
The signals at m/z 1435, 1273, and 1111 corresponded
to the loss of one to three glucose units from the mole-
cule. The ESI-MS/MS spectrum from [M+H]" (Fig. 2)
displayed a quite similar fragmentation pathway com-
pared to 1. The fragment ion at m/z 1579 indicated the
loss of one water molecule. The ordinal loss of one to
three glucose units attached to the reducing end pro-
duced ions at m/z 1417 (bg), 1255 (bg), and 1093 (b,).
The daughter ion at m/z 1435 (yo) was due to the loss
of one glucose unit at the non-reducing end. Similar to
1, the a-(1—4) quinovosidic bond cleavages yielded the
most abundant daughter ions at m/z 1132 (y;) and 931
(be). The dissociations of the pseudoglycosidic bond
resulted in ions at m/z 1277 (yg), 812 (ys), and 786
(bs). The cleavage of the glycosidic bond between two
pseudotrisaccharide residues led to the ions at m/z 970
(v¢) and 628 (by). A significant number of water-loss
fragments produced by the ions y; were easily observed.
The cleavage pathway suggested the structure of 2 out-
lined in Figure 2.

Because the yield of 2 was low, we recorded only its
'"H NMR spectrum. The 'H NMR spectrum of 2
appeared almost the same as that of 1 besides the relative
abundance of different signals. It showed the diagnostic
signals for two inner acarviosine moieties at ¢ 1.31 (d,
6H, Js¢=6.3 Hz), 2.44 (t, 2H, J;c =9.0 Hz), 3.51 (m,
2H), 4.13 (m, 4H), 4.16 (m, 2H), 4.20 (m, 2H), 5.30
(m, 2H), and 5.95 (d, 2H, J, ; = 3.6 Hz); for a reducing
glucose terminus at 6 3.24 (t, 0.6H, J,;. = 8.4 Hz), 4.63
(d, 0.6H, J;,=84Hz), and 521 (d, 0.4H,
J1,=4.2Hz); for a free hydroxyl group on position
J-4 at the non-reducing terminus at ¢ 3.40 (t,
Jvic = 9.0 Hz); the typical anomeric proton signals at ¢
5.30 (m, 2H) and 5.34-5.39 (overlapping, SH) having
coupling constants of ~3.0 Hz for the a-(1—4) glycos-
idic bonds. All of the foregoing evidence confirmed
the chemical structure of 2 as shown in Figure 2. Com-
pound 2 is a novel oligomer and was named acarvio-
statin I113.

3.3. Kinetics of PPA inhibition by acarviostatins

Lineweaver-Burk plots of 1/v; versus 1/[S] (data not
shown) and Dixon plots of 1/v; versus [I] (Fig. 3) were

made to determine the type of inhibition each of the
two acarviostatins had against PPA. Both acarviostatins
were mixed noncompetitive inhibitors in which both the
enzyme-inhibitor complex (EI) and enzyme-substrate-
inhibitor complex (ESI) were formed. The kinetic
parameters, Vp,, Ky, K;, and K were determined from
the Michaelis—Menten equation for mixed noncompeti-
tive inhibition, using nonlinear regression analysis:'*

vi = Van[S]/ (K (1 + ([1}/K3)) + [SI(1 + ([1]/K5)))

where, v; is the initial velocity; [S] and [I] are the concen-
trations of substrate and inhibitor, respectively; V,, is
the maximum velocity; K, is the Michaelis—Menten con-
stant; K; is the dissociation constant of EI; K is the dis-
sociation constant of ESI. The inhibition constants, K;
and K , for each compound are given in Table 2. The
relative inhibition potencies of the acarviostatins, com-
pared to acarbose, were calculated from the ratio of K;.

Acarviostatins 1113 and 1123 were both potent PPA
inhibitors with K; values of 0.010 and 0.009 uM, respec-
tively. These compounds are thus 208 and 231 times
stronger inhibitors than acarbose. The results show that
one additional acarviosine-glucose moiety at the non-
reducing terminus than acarbose could improve the
inhibitory potencies with two orders of magnitude.
Furthermore, acarviostatin II23 inhibited PPA a little
more effectively compared to acarviostatin 1113 due to
its one more glucose unit at the non-reducing terminus.

4. Conclusions

In conclusion, acarviostatins 1113 and 1123 are produced
by S. coelicoflavus ZG0656. They are both novel acarvi-
osine-containing oligosaccharides and are mixed non-
competitive inhibitors of PPA. These compounds
inhibit PPA with K; values two orders of magnitude
more potent than acarbose.
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