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Abstract—Corynoline (1), a hexahydrobenzo[c]phenanthridine-type alkaloid, exhibited the concentration-dependent inhibition for
the adhesion of human polymorphonuclear leukocyte and eosinophil to human umbilical vein cultured endothelial cell in the con-
centration range of showing no significant cytotoxicity for the cell: ICsy value = 72.4 uM for (d)-1 and 156.7 uM for (/)-1. This shows
the potent anti-inflammatory and/or immunosuppressive activity of 1. To elucidate possible structure—activity relationship, the con-
formational/structural feature of (d)-1 was investigated by X-ray crystal structure analysis and molecular orbital energy calculations,
and the docking study was performed for its interaction with the D1-domain of ICAM-1 (intracellular adhesion molecule-1). A plau-
sible model was proposed, in which all polar atoms of (d)-1 are linked by hydrogen bonds or electrostatic interactions with the func-
tional residues of ICAM-1, that have been supposed to be necessary for the binding with LFA-1 (leukocyte function-associated
antigen-1). This suggests the potent inhibitory activity of 1 for the ICAM-1/LFA-1 adhesion and would be important on developing
the clinically usable drugs for the inflammatory diseases.

© 2004 Elsevier Ltd. All rights reserved.

the vascular endothelial cells’ (Fig. 1). It is well known
that various adhesive molecules.® such as selectin family
(ELAM-1), integrin family (LFA-1, Mac-1, etc.), and
immunoglobulin  superfamily (ICAM-1, VCAM-I1,
etc.),”'? are concerned with the adhesions of T-cell, anti-

1. Introduction

Leukocyte adhesion to vascular endothelial cells is an
essential step in the development of inflammatory dis-
eases.!? It is now well known that the adhesion of leuko-

cytes to endothelial cells can be stimulated by factors
acting on the adhesiveness of the leukocytes or endothe-
lial cells.>~> We have searched for inhibitors of leuko-
cyte—endothelial cell adhesion, which could be used as
anti-inflammatory drugs. The following two processes
are indispensable for the formation of inflammation,
that is (i) the rolling of leukocyte on vascular endothelial
cells® and (ii) the adhesive interaction of leukocyte with
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gen presentation cell, cancer cell, vascular endothelial
cell, and so on. All of these molecules function on cell
surface and fulfill their important roles in the immuno-
logical reaction and cancer metastasis. Therefore, it
could be expected that the molecules to inhibit such cell
adhesion are useful as a therapeutic agent for the inflam-
mation and allergy, autoimmune disease, and cancer.
Although the monoclonal antibody of each adhesive
molecule has already been shown to be effective,'!>!? it
also causes serious problems such as the side effect based
on the antigenicity. In order to solve this problem, there-
fore, it has been desired the development of the low-
molecular weight inhibitors.
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Figure 1. Adhesion step in the inflammatory reaction between
leukocyte and endothelial cell. The leukocytes and vascular endothelial
cells are activated by the inflammatory cytokine (TNF-a, II-1p, etc.)
during (i) the rolling stage of the leukocyte through the selectin
molecule (ELAM-1) and its ligand (sLa"), (ii) the adhesion stage of the
leukocyte through the integrin molecule (LFA-1) and its ligand
(ICAM-1), and (iii) the transmigrating stage of the leukocyte to the
inflammation position.

Corynoline (1, Fig. 2) is a representative hexa-
hydrobenzo[c]phenanthridine-type alkaloid of tradi-
tional folk medicinal plant Corydalis incisa
(papaveraceae). As a series of developing the clinical-
usable medicine from the natural plants, we have been
investigating the structural analyses, biosyntheses,
metabolisms, and bioactivities of phenanthridine-type
alkaloids because of their major components of medical
plants commonly used in Chinese and natural medi-
cine.'>!® In this paper, we report the cell adhesion
inhibitory activity of 1. To elucidate its structure-acti-
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Figure 2. Chemical structure of 1, together with atomic numbering
used in this work, and anti-cis and syn-cis conformations by Newman
projection from CI13 to Cl4 of hexahydorbenzo[c]phenanthridine
skeleton.

vity relationship, furthermore, the conformational/
structural stability of (d)-1 enantiomer was investigated
by the X-ray crystal structure analysis and the molecular
orbital energy calculations, and a plausible docking
model was proposed for the interaction of 1 stable con-
formation with the D1-domain of ICAM-1 (intracellular
adhesion molecule-1).

2. Results and discussion
2.1. Cell adhesion inhibitory effect and cytotoxicity

The adhesion depression effect of (d/)-1 on human poly-
morphonuclear leukocyte (PMNL) to human umbilical
vein cultured endothelial cell (HUVEC) was examined
in a static adhesion assay according to the method of
Utoguchi et al.,'” where HUVEC was activated by IL
(interleukin)-13 and PMNL was labeled with fluorescent
dye BCECF (2',7'-bis-(2-carboxyethyl)-5-(and-6)-car-
boxyfluorescein), to determine the concentration. As a
result, 1 was shown to suppress the adhesion between
PMNL and HUVEC in a concentration-dependent
manner (Fig. 3a); the inhibition was ICsy = 54.8 uM.
On the other hand, since the neutrophil adhesion to
HUVEC would be inhibited if 1 were toxic to PMNL
and HUVEC, LDH (lactate dehydrogenase) activities
in HUVEC and PMNL-conditioned mediums were
measured as an index of cytotoxicity of 1 (Table 1).
The results showed that the activity level is not signifi-
cantly different from that of control. Therefore, it is con-
cluded that the toxicity of 1 to HUVEC and PMNL
during 24 h incubation is almost negligible and any
impairment for the cell is not recognized in this concen-
tration range.

To clarify the adhesion depression effect of 1 optical iso-
mers, the actions of both (d)- and (/)-1 to HUVEC were
examined for the adhesion of eosinophil (EoL-1),2°
which is one of leukocytes and participates in the path-
ogenesis of allergic diseases. The result is shown in
Figure 3b, where the inhibition was ICsq = 38.4 uM for
(d)-1 and 71.2 uM for (/)-1. Although the direct compari-
son between Figure 3a and b is not possible because of
the different experimental system, it is obvious that the
activity of (d)-1 has the most active concentration-
dependent cell adhesion inhibitory activity.

To clarify the functional point of 1 for its adhesion
inhibitory activity, the inhibition rates for the TNF-a-
and IL-1B-induced expressions of adhesive proteins
ELAM-1, ICAM-1, and VCAM-1 were estimated by di-
rect cell ELISA assay (Table 2). The results suggested
that the activity of 1 is revealed by the adhesion inhibi-
tion of the integrin family with ICAM-1/VCAM-1, not
by the inhibition of biological function of ELAM-I1.

2.2, X-ray crystal structure analysis of (d)-1

Concerning the molecular conformation of the cis-fused
B/C ring moiety of the hexahydrobenzo[c]phenanthri-
dine type alkaloid (Fig. 2), there are two types, anti-cis
and syn-cis,'® because the B/C ring junction moiety
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Figure 3. (a) Effects of (d/)-1 for PMNC adhesion to IL-1B-stimulated HUVEC. Confluent HUVEC monolayers were incubated with IL-1 (200 U/
mL) for 4 h at 37 °C and washed by 1 for 30 min prior to the addition of BCECF-labeled PMNC (4 x 10° cells/cm?) and then subjected to the PMNC-
monolayer adhesion assay. Assays were run in triplicate for each dilution. Error bars represent the standard error. (b) Effects of (d)- and (/)-1 for
EoL-1 adhesion to TNF a-stimulated HUVEC. Confluent HUVEC monolayers were incubated with TNFa (200 U/mL) for 24 h at 37 °C and washed
by each alkaloid for 30 min prior to the addition of BCECF-labeled EoL-1s (4 x 10° cells/cm?) and then subjected to the EoL-1-monolayer adhesion
assay. Assays were run in triplicate for each dilution. Error bars represent the standard error.

Table 1. The inhibition of (d)-1 against the HUVEC and PMNL
viability®

(d)-1 concentrationM) HUVEC LDH (%) PMNL LDH (%)

107¢ 1.5 0.3
1073 —1.4 —0.4
1074 —4.8 —0.6

#HUVEC and PMNL were incubated for 24 h at 37 °C in the absence
(control) and presence of (d/)-1 at the indicated concentration. The
cell inhibitory was determined by the LDH assay.

Table 2. The inhibition of (d/)-1 against the IL-1B- and TNFa-
stimulated expression of ELAM-1, ICAM-1, and VCAM-1

The conformational feature was investigated by the X-
ray crystal structure analysis. The X-ray data collections
were carried out for both (d)-1 and (/)-1. Consequently,
the crystals of (/)-1 showed the same crystallographic
data, indicating the molecular/crystal packing is com-
pletely the same as (d)-1, except for the reverse absolute
configuration. Thus, the X-ray crystal analysis was per-
formed only for (d)-1, and the crystallographic data are
given in Table 3; those of (dl)-1'° were also given
for comparison. The crystals of (d)-1 contained three

Table 3. Summary of crystal data and details of intensity collection of

(d)-1

Inhibition rate (%)

IL-1B-stimulated ICAM-1 52
IL-1B-stimulated ELAM-1 ~0
TNFo-stimulated ICAM-1 44
TNFa-stimulated ELAM-1 ~0
TNFa-stimulated VCAM-1 72

IL-1B or TNFa was incubated with HUVEC for 24 h at 37 °C in the
absence (control) and presence of (d/)-1. The concentration of (dl)-1
was kept at 100 uM. The expression of ELAM-1, ICAM-1, or VCAM-
1 was determined by the ELISA assay. Using the mouse monoclonal
antibody for each adhesion molecule as the first antibody and the
biotin-labeled anti mouse IgG antibody as the secondary antibody, the
cell ELISA assay was performed using streptoavidine-binding alkaline
phosphatase, and the inhibition rate was estimated from the absor-
bance measured by the ELISA assay.

could be flexible. It was shown by its crystal structure
analysis!® that (dl)-1 takes an anti-cis type. The physico-
chemical data of the crystals of (dl)-1 and (d)-1 were
considerably different concerning their melting points
and crystal densities: 164° and 1.36 gem > for (d)-1
and 216° and 1.41 gem > for (dl)-1. Therefore, it is inter-
esting to examine the conformation of (d)-1, in addition
to the elucidation of possible structure—activity relation-
ship of 1 for its adhesion inhibitory activity. The abso-
lute configuration of (d)-1 has already been clarified by
the chemical relation.'

(d)-1 (dh)-1
Formula C21H21N05 C2|H2|N05
Mr 367.4 367.4
Crystal system Orthorhombic ~ Monoclinic
Space group P2,2,24 P-1
a, A 12.037(2) 12.639(2)
b, A 53.307(8) 9.960(1)
¢, A 8.050(1) 7.490(1)
a, ° 90.00 101.89(1)
B, ° 90.00 101.74(1)
Y, © 90.00 78.29(1)
v, A’ 5165(1) 865.6(5)
Z 12 4
D,, gem™? 1.359(4) 1.409(4)
w(CuKar), mm™! 0.101
F(000) 2328
T of data collection, K 120
Data range measured —15<h<1e,

—70 < k <56,

0</<9
Omaxs © 28.91
No. of independent reflections 12,431
No. of observed reflections 11,568
Criterion for observe reflections 1> 2a([)
No. of parameters 730
Goodness of fit 1.204
R ; Rw for I>2a(]) 0.066; 0.142
R ; Rw for all reflections 0.071; 0.144
Mean shift/esd 0.001
Flack y parameter 0.0(8)
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crystallographically independent molecules (conformers
I, II, III). Characteristically, three conformers took
essentially the same conformation. The conformational
features of (d)-1 commonly observed in three confor-
mers are as follows: the rings B and C take twist-half-
chair and half-chair conformations, respectively, and
the B/C ring junction is anti-cis conformation; the crys-
tal of (dl)-1 showed the essentially same conformation.'?
The cis B/C-form makes possible the formation of a six-
membered intramolecular hydrogen bond between the
axial-oriented hydroxyl O5H and the lone-paired elec-
trons of N5:0---N5=2.7193) A for conformer I,
2.715(3) A for II, and 2.693(3) A for III. Interestingly,
this value was significantly shorter than 2.885 A of
(d)-1.'°> The volume calculation by the PM3 method
(MOPAC software) according to its standard protocol
gave 302 A® for (d)-1 and 308 A* for (d)-1. These data
indicate that (d)-1 takes a more compact conformation
than (d/)-1. Thus, the different physicochemical data of
(dl)-1 and (d)-1 crystals are due not to the different con-
formation of cis-fused B/C ring moiety, but to the differ-
ent packing force.

In the (d)-1 and (d)-1 crystals, crystal solvents were not
contained and no intermolecular hydrogen bonds were
formed. The respective molecules in both crystals were
held by van der Waals forces among the neighboring
molecules. However, their crystal densities and melting
temperatures indicate the less stability of (d)-1 crystal
than (dl)-1 crystal. This is due to the large free space that
is required for the crystal packing of three crystallo-
graphically independent molecules in the (d)-1 crystal
(Fig. 4), as compared with that of one independent mol-
ecule in the (d/)-1 crystal.

Figure 4. Stereoscopic view of crystal packing of (d)-1. The crystal-
lographically independent three molecules (conformers I, II, and III)
are marked by the black, red, and blue colors, respectively. The figure
is projected from c-axis.

2.3. Docking study of (d)-1 on D1-domain of ICAM-1

In the inflammation, the leukocyte adhesion to vascular
endothelial cells is an essential step and it occurs
through the specific interaction between the integrin
(LFA-1) and its ligand (ICAM-1).2"2? Since the adhe-
sion inhibitory activity of (d)-1 could result from the
inhibition of the specific LFA-1/ICAM-1 interaction,
the possible binding of (d)-1 to ICAM-1 was examined
using the Docking module of Insight Discover, in which
the binding at the D1-domain of ICAM-1 was consid-
ered, because its domain has been suggested to be
important for the interaction with LFA-1.2* Using the
X-ray structure of the D1-domain of ICAM-1.242> the
docking site of (d)-1 was surveyed so as to bind most sta-
bly to the D1-domain of ICAM-1 at the same site as for
the I-domain of LFA-1; the docking study of RGD-con-
taining cyclic peptide with D1-domain of ICAM-1 was
also referred.?® It was suggested that (d)-1 preferentially
binds to the C-D-E sheet and loop region of Glu34—
Tyr52 sequence, because of many possible electrostatic
and hydrogen bond formations. Consequently, a plausi-
ble interaction mode is shown in Figure 5. It is known
that Glu34 in ICAM-1 is the most important residue
for binding to LFA-1.23 In this docking model of (d)-1
to the D1-domain, a hydrogen bond formation is possi-
ble between the carboxyl O of Glu34 side chain and the
03 atom of (d)-1, if Glu34 residue is in a neutral form.
And the O4 atom of (d)-1 is linked by the hydrogen
bond with N"H group of Lys39 side chain, thus one
of two methylenedioxy rings of (d)-1 being tightly fixed
by both Glu34 and Lys39 residues. On the other hand,
the O2 atom of the other ring is also in the position of
forming the hydrogen bond with the carboxyl O of
Glu41 side chain, if the residue is in a neutral state,
and the Ol atom forms a short contact with the car-
bonyl O of Asn47 side chain. The O5H group is hydro-
gen-bonded to the carbonyl O of Leu3l and forms a
short contact with the N"H group of Lys50 side chain.
The N5 atom of (d)-1 could be located at the position
of forming an electrostatic interaction with the carboxyl
O of Glu41 side chain and a hydrogen bond with O"H
of Tyr52 side chain.

Figure 5. Stereoscopic view of possible docking of (d)-1 (ball and stick
model) on the D1-domain of ICAM-1 (green-colored ribbon model).
The hydrogen bonds or electrostatic interactions are represented by
dotted lines, respectively.
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It appears important to note that this binding model is
stereospecific, because the docking of (/)-1 at the same
site of ICAM-1 leads to a labile binding due to the
breakage of interaction framework formed for (d)-1.

3. Conclusion

Corynoline (1) was clarified to show the concentration-
dependent inhibition for the adhesion of PMNL and
EoL to HUVEC in the concentration range, where 1
exhibits no notable cytotoxicity for HUVEC. The ICsq
value was 72.4 uM for (d)-1 and 156.7 uM for (/)-1, indi-
cating the sterecoselectivity of 1 for the adhesion inhibi-
tory effect. To evaluate possible structure-activity
relationship of 1, the crystal structure of (d)-1 was ana-
lyzed by X-ray diffraction method and clarified that 1
takes a rigid molecular conformation of the rwist-half-
chair and half-chair C rings and the anti-cis B/C ring
junction; the different physicochemical property between
the crystals of 1 racemate and optical isomer was shown
to be primarily attributable to their crystal packing pat-
terns. To investigate the structure—activity relationship
of (d)-1, the docking study at the D1 domain of
ICAM-1 was performed, and a plausible binding model
was proposed, in which all polar atoms of (d)-1 were
linked with the functional residues of ICAM-1 with
hydrogen bonds or electrostatic interactions. These
results would be helpful when considering rational
development of hexahydrobenzo[c]phenanthridine-type
alkaloids in medical plants for the inflammatory
diseases.

4. Experimental
4.1. Material

Compound (d/)-1 was isolated from C. incisa, and (d)-and
(-1 were obtained by the optical resolution of (d/)-1.'#

4.2. Assay

HUVEC were grown to confluence in 48-well plates
coated with collagen and incubated for 4 h at 37 °C
with and without IL-1B (200 U/mL) before washing.
The cells were further incubated for 30 min at 37 °C with
BCECF [2',7'-bis-(2-carboxy-ethyl)-5-(and-6)-carboxy-
fluorescein]-labeled PMNL (4 x 10° cells/well) in the
presence of (d/)-1 at an indicated concentration. After re-
moval of non-adherent PMNL, its adhesion to HUVEC
was determined by the measurement of fluorescence
intensity. The remaining fluorescence intensity on HU-
VEC was measured by the dissolution of PMNL in the
NaOH (0.1 M) aqueous solution including SDM (0.2%).

Confluent HUVEC monolayers were incubated with
TNF-a (200 U/mL) for 24 h at 37 °C and washed prior
to the addition of BCECF-labeled EoL-ls (4 x 10°
cells/cm?) and incubated with each of (d)- and (/)-1 for
a 30-min before the EoL-1-monolayer adhesion assay.

The inhibition of cell inhibitory was determined by the
LDH assay. HUVEC (5 x 10° cells/mL) were incubated

for 24 h at 37 °C in the absence (control) or presence
of (dl)-1 at an indicated concentration, and PMNL
(5% 10° cells/mL) were incubated for 4 h. Results: the
mean £ SD (n = 3). The SD was all within +0.5%.

4.3. X-Ray crystal analyses of (d)-1

Single crystal of (d)-1 was crystallized from methanol/
acetone at room temperature as transparent plates. A
single crystal of dimensions of 0.4x0.2x0.15 mm?
was used for X-ray study. X-ray data were collected with
a Bruker SMART APEX CCD camera using graphite-
monochromated MoKa radiation (1 =0.71073 A)
at 120 K. The crystallographic data are given in Table
3. The structure was solved by direct methods using
the SHELXS-97 program.?’ The positional parameters
of non-H atoms were refined by a full-matrix least-
squares method with anisotropic thermal parameters
using the program sHELXL-97.?®8 The H positions of
OH groups were all determined from a difference
Fourier map, while those of other H-atoms were calcu-
lated on the basis of their stereochemical requirement.
They were treated as riding with fixed isotropic displace-
ment parameters (U, = 1.2Uequiv for the associated C
atoms, or Ui, = 1.5Uequiv for methyl C or O atoms)
and were not included as variables for the refinements.
None of the positional parameters for non-H atoms
shifted more than their estimated standard deviations,
and the residual electron density in the final difference
Fourier map were in the range of —0.318-0.391 ¢/A>.
The final atomic coordinates, anisotropic temperature
factors, bond lengths, bond angles, torsion angles of
non-H atoms, and the atomic coordinates of H atoms
have been deposited in the Cambridge Crystallographic
Data Center (CCDC 252839), Cambridge University
Chemical Laboratory, Cambridge CB21EW.

4.4. Molecular orbital calculations

The molecular volumes of (d)- and (dl)-1 were calculated
on a 4D Indy using MOPAC Var.6 in MOL/MOLIS
system.? The atomic coordinates from the X-ray crystal
analyses were used for the calculations.

4.5. Docking study of (d)-1 to D1 domain of ICAM-1

The D1-domain (residues 1-83) coordinates for ICAM-
1 were taken from the X-ray structure of the ICAM-1
D1-D2 domains from the Brookhaven Protein Data
Bank (PDB code 1IC1). The atomic coordinate of con-
former 1 of crystal structure of (d)-1 was used for the
docking studies. The possible docking site of (d)-1 was
surveyed onto the Dl-domain of ICAM-1 using the
Docking module of Insight Discover, where the rapid
energy evaluation was performed for the reasonable
configurational and transnational exploration.
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