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Capillary electrophoresis using immobilized whole
cells with overexpressed endothelin receptor for
specific tigand screening

A new capillary electrophoresis methed using immobilized cells as the stationary
phase has been developed. The power of this method is demonstrated by the separa-
tion and identification of endothelin antagonists on a capillary column coated by the
transfected Chinese hamster ovary (CHO) cells with overexpressing endothelin re-
ceptors. The screening resulls are validated by functional assays suppressing the
increase of intracellular calcium concentration induced by endothelin-1. Instead of
making efforts in isolating protain receptors, the easily prepared whole-cell capillary
column provides a superior tool on the basis of ligand/raceptor affinity for a rapid

and Molecular Biclogy,
Taipei Medical University,
Taipei, Taiwan
‘Department of Chemistry,
Mational Taiwan University,
Taipei, Taiwan

1 Introduction

Many biological events are triggered by ligand/receptor
interactions. For example, endothelin-1 (ET-1}, & 21-
peptide ligand locally produced in various cell types
under different physiclogical stimuli. has a strong affinity
toward endothelin receptor A (ET,) located on the sur
face of an endathelial cell membrane [1-3]. This ligand/
receptor interaction is coupled with G-protein, which
triggers a series of bioclogical events to induce an
increase of intracellutar calcium concentration, [Ca2'];
[4]. Antagonism of the endothelin vasoconstrictor is a
potential approach to the treatment of a variety of human
diseases including hypertension and congestive heart
failure [5]. Screening of natural and synthetic com-
pounds based on the concept of ligand/receptor re-
cognition is an indispensable strategy to search for
endothelin receptor antagonists [6-9).

Correspondence: Dr. Shui-Tein Chen, Institute of Biclogical
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Abbreviations: ACE, affinity capillary electrophoresis; CHO cells,

Chinese hamster ovary cells; ET,, endothelin receptor A; ET-1, °

endathelin 1; ET-11%21, endothelin 1 fragment containing 16-21
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Affinity capillary electrophoresis (ACE} is a powerful sepa-
ration method with the advaniages of high resolution.
small sample reguirement, rapid sample throughput, and
compatibility to biclogical conditions [10-14]. The com-
ponents in an analyte can be separated by ACE due to
their different electrophoresis motilities. By coupling with
various sensitive detectors, the ACE technique is widely
used to separate bicactive compounds and 1o determine
the biomolecular noncovalent interactions [15-18}. When
ACE is applied to screen active ligands in an analyte
solution, the target receptor is ofteir immeobilized as the
stationary phase on the inner wall of a capillary column
[10-20]. However, this appreach may encounter a prob-
lern i isolating of the desired receptors in sufficient quan-
tity. Also, many membrana-hound receptors are unstable
in isolation. as is the case of ET,. Ancther problem is that
receptors may lose their active conformations upen con-
iugation to capillary columns. We therefore investigated
the possibility of using whole cells with overexpressing
receptors, in lieu of the isolated receptors, as the station-
ary phase in ACE for the evaluation of active ligands [21, 22].

In this study, we demonstrate that a whole-cell stationary
phase consisting of ETx-overexpressing Chinese hamster
ovary {CHO) cells provides a successful AGE protocol for
the screening of the ETx-specific ligands. The peptide and
non-peptide ETy antagonists (Fig. 1) were satisfactorily
resolved an ACE, in accordance to the orcler of their affin-
ity and antagonist potency toward ET,.
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Figure 1. ET-1 and the examined substrates in this study.

2 Materials and methods

2.1 Construction of CHO-K1 cell line over-
expressing ET, and ligand-binding assay

The lipafectin-mediated transfection method described
by Tseng et af, [23] was used to construct stable CHO
cell lines overexpressing ET,. Cells were grown 1o 30-
40% confluence in 50 mm dishes and transfected with
1 ng of pcONA-3 expressing plasmid harboring ET, using
lipofectin reagent for 6-8 h in serum-free medium. Cells
were then returned to 5% fetal bovine serum (FBS), cul-
turad 36 h, then replated at reduced density in 150 mm
plates in the presence of 0.75 mg/mL (active) G418. G-
418 registant colonizs were selected and screened for ET,
by binding of (3-['*lisdotyrosyliendothelin-1 (["ZI)ET-1).
Binding was conducied 1o cells platad in 24-well dishes
atl 2-3 = 10° celis/mL the day befor: the binding assay.
For cell-binding assays, |'"*I)ET-1 (10 pu) was added {o
HR buffer (5 ma NaCl, 4.7 mm KCI, 1 mu Na,HPC,,
1.28 mea CaCl,, 10 mia HEPES, pH 7.4, with 0.5% bovins
serurn albumin, a2nd 0.1 mg/md. soybean trypsin inhibitor).
Cells were incubated to equilibrium (2 h at 37°C), then

& 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhaim
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washed twice with ice-cold phosphate-buffered saline.
The cells were then solubifized with 1 mL of 0.1 N NaOH
and radioactivity quantified in a y-counter. Nonspecific
binding was determined in the presence of 100 nm ET-1.

2.2 Preparation of a cell-immobilized capillary
column

A fused-silica capillary columnn (60 cm elfective length
200 um inner diameter, ~1.88 mL whole volume) was acti-
vatadl by washing successively with MeOH (ca, 20 mL), 11
HCI (ca. 20 ul}, detonized water {ca. 20 L}, 1 v NaOH (ca.
20 ul}, and deionized water {ca. 20 pl). The column was
stored in the presence of 1 mm PBS buffer {containing
31.7 mg of NaH,PQ, and 206 mg of Na,HPO. al pH 7.3
per liter). The transfacted CHO cells harboring ET,
(~2.5 % 10° celis/mL) recovered from the culture media
were fixad by treatrnent with formaldehyde (3.7% in water,
5 mL) for 30 min to furnish the desired cross-linkage. The
fixed cells were stored at 4°C in PBS (i me, pH 7.3). For
loading of the fixed cells onito the capillary column, the cal-
umn was washed with EtOH (95%. ca. 40 pL)), purged with
air it order to dry it. charged with poly-L-lysine {15000~

CE and CEC
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30000 molecular weight, 0.5 mg/mL in water) tor 5 min,
and incubated for 30 min {24, 23], The column was then
charged again with poly-L-lysine for 5 min and incubated
for 2 h. The column was then died by airflow for 2 h, the
fixed cells in tha PBS buffer were purged into the poly-1-
lysine-coated column. After 5 min of incubation time,
another batch of fixed cells was purged into the column
for 30 min of incubation. Then 1% FBS in PBS (ca. 20 ul}
was purged to cap the exposed area of poly-L-lysine, The
column immohbilized with the transfected CHO eells was
finatly washed with PBS (ca. 40 pb), and stered at room
temperature (—-25-27"C). No apparent - degradation was
observed after 7 days, Capillary electrophorasis experi-
ments were performed on an P/ACE system Beckman
Instruments, Fullerton, CA, USA) at a constant vallage of
10 KV, The sample {~1.5 L of ~ 10 5to 10 7 & solution in
1 mm PBS, pH 7.0} was introduced into the capillary col-
umi by pressure injection at 0.5 psi/3 s. The background
electrolyte was PBS (1 mm, pH 7.0}, Electrophoresis was
monitored by an absorbance detector held at 214 nm, The
low concentration of PBS {1 mu) ensured no interference
with 214 nm absorbance. The temperature of the capil-
lary column was maintained at 25°C.,

2.3 Samples and reagents

ET-1, the ET-1 fragment ET-14%%" containing 16-21 resi-
dues {26, 27]. and the cyclic peptide antagonists BQ123
[28] and JKC302 [29, 30] were synthesized by using an
ABl 433A peptide synthesizer (ABl, Foster City, CA,
USA). We also prepared the samples of non-peptide
endothelin receptor antagonists $B209670 {31, 32],
JMF310 {33], and YHK&91 [34]. The active herbal com-
ponents, Magnolal, Geniposide and Honckiol, were pur-
chased from Wako Pure Chemical Industries {Japan}.
The S.labeled ET-1 ((3-['*ljiodotyrosyhendothelin-1,
81.4 TBo/mmol} was purchased from NEN Life Science
Products (Wilmington, DE, USA). The fluorescent reagent,
fura-2 pentafacetoxymethyl) ester, was from Calbiochem-
Novabiochem (La Jolla, CA. USA). poly-L-lysine hydro-
bromide and G418 antibiotic were from Sigma Chemical
{5t. Louis, MO, USA). All other chemicals were of analyti-
cal grade. Distilied water was used in all experiments.
All buffers were filtered through 0.45 pm filters before
use,

3 Results and discussion
3.1 Identification of transfected CHO cells

The cultured CHO cells were subjected to transfection

with the ETs-expression plasmid DNA using a Iipo_fectin :

reagent. The efficacy of ET, expression was demon-

£ 2004 WILEY-VCH Verlag GinbH & Co. KGaA, Weinheim
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strated by the competitive binding assay with a synthetic
sample of ET-1 and the radiolabaled [*]-ET-1 (Fig. 2).
The binding affinity of the transfected cell line by the
agonist ET-1 was established to have a dissociation con-
stant of Ky = 1.52 nuM. The receptor density (B.) of
6.3 « 10° sites/cell was estimated from a Scatchard plot
[38, 39]. This result indicated that kT, receptors were suc-
cessfully overexpressed in the CHO cells. The CHO cells
harboring ET,, were fixed by treatment with formaldehyde.
A fused-silica capillary column (200 ym inner diameter)
was first charged with poly-1-lysine, and then purged
with the cross-linked CHO cells. After capping the ex-
posed portion of poly-L-lysine with FBS, the cell-immobi-
lized capillary column was furnished and ready for ACE.
It was estimated that about 1-3 cells were attached to
the capillary cross-section, Among several possible can-
didates of hase material, poly-t-lysine turned out to ex-
hibit a superb adhesive property for the immobilization of
cells on the capillary column. The whole-cell immobilized
capitlary column could be easily prepared, and no ob-
vious decomposition was found on storage with PBS
buffer at room temperature for seven days.
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Figure 2. {"¥]-Endothelin-1 binding assay was per
formed with a synthetic endethelin-1 (ET-1}. The binding
affinity of transfected CHO cell-line was established with
Ky = 1.52 nm, and B, was astimated at 6.3 x 10° sites/
cell.

3.2 Validation of peptide ligands

In order to validate our ACE method, we first analyzed
three known peptide ligands of the ET, receptor: an ET-1
C-terminal fragment ET-19'5%" containing six amino acid
residues [26. 27] and two cyclic pentapeplides, BQ123
{28] and JKC302 |29, 30). The behavior of these ligands
on three different capillary columns was examined, f.e.,
an uncoated column, a column coated with poly-L-lysine,
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at 214 nm. Au, arbitrary unit.

{a)

1G], inhy
[CA)

- I"'ir ] {c)

),
:
ITas] int

- e (e
Timvr i58201

87

w

CE with immobilized whole cells 1037

and a columin coated with fixed ET,-overexpressing CHO
cells, The first set of electropherograms indicated that
these three compounds wera poorly resolved on an un-
coated colurnn, as one would expect. The sluting order
of three peptides on the poly-L-lysine-coated calumn dif-
fers from that on the cell-coated column. presumably due
1o the randem electrostatic interactions exerled by pely-
t-lysine on the peplide analytes. Complete separation of
the mixture of ET-1¢5-20, BQ123, and JKC302 was re-
alized on a capillary column with the stationary phase of
immobilized ET,-overexpressing CHO cells (Fig. 3). The
oyclopeptide JKC302 with the longest retention time on
1he cell-coated column should exhibit the highest atfinity
toward ET,. whareas the hexapeptide ET-11%-2 with the
shortest retention time should have the least affinity.

The speculation of relative affinity JKC302 > BQ123 @~
ET-11"%%1, as deduced from the ACE experiment, was
further supported by the functional assay of their antago-
nistic potency against ET-1. [t is well known that the bing-
ing of ET-1 with ET, will trigger an increase of intracellular
calcium concentration [4]. A control experiment {Fig. 4a)
was performed by treatment of ET-1in 10 7 M to the ET,,
overexpressing CHO cells, which were first incubated
with a calcium-chelating agent fura-2 applied as its pen-
tafacetoxymethyl) ester [39, 40]. The [Ca?']; change was
monitared by a ratiometric method using dual excitations
at 340 and 380 nm wavelengths, and the fluorescence

(b}

I e U

e 0y
Turnes qmmac)

1y

s e 0T e
Time {sach

Figure 4. Fluorescence measurements of intracellular calcium concentration ((Ca®']) by addition
of tested samples (as shown by the arrow) to the ET,-overexpressing CHO cells in the presence
of fura-2. The induced [Ca®']; changs is taken as a measure of antagonist potency against ET-

{a) control experiment with addition of ET-1 (10 7 m), {b) treatment with a mixture of JKC302 (108

14)

and ET-1{10 7 M), (c) treatment with 2 mixtura of BO123 (10 ® M) and ET-1 (10 7 a), and (d) treatment

with a mixture of ET-1'82% (10 5 14 and ET-1 (10 7 m).
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emission at 505 nim was measured. The treatment with
ET-1 induced a great degree of [Ca?'|; (Fig. 4a). When a
mixture of JKC302 (18 ®m)and ET-1 (10 7 M) was used in
such a functional assay, the ET-1 induced [Ca?'] change
was entirely suppressed {Fig. 4b). The degree of inhibition
against the ET-1 induced [Ca®'] can serve as a measlire
of the potency of an antagonist. By comparison of the
transient [Ca®*), assays (Figs. 4b—d). the refative potency
JKG302 > BO123 = ETqi16-2n ETa antagontsm is jn
good agreement with that derived by the eluting order on
the capillary column coated with whole cells.

3.3 Validation of nonpeptide ligands

Our prasent whole-cell coating ACE method is not limited
to peptide antagonists; it is also applicable for screening
nonpeptide antagonist molecules. For example, a 1,3-di-
arylindane-2-carboxylic acid $B209670 is a potent ET,
antagonist against ET-1 [31]. The molecular computations
tegether with bicassay of a series of derivatives indicated
that SB209670 bears & carboxyl group at the 2-position to
mimic the carboxylic terminal of ET-1, and two anyl groups
at 4- and 9-positions te mimic the aromatic residues of

5,
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Figure 6. Fluorescence measurements of intracellular calcium concentration
e arrow} to the ET,-overex
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of tested samples (as shown by th
of fura-2. The induced [Ca®"); chan
{a) control experiment with addition of ET-1 {10 7
{10 M) and ET-1 (10 7 ),

{d) treatment with a mixture of YHK891 (10 %) and ET-1
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Tyr-13 and Phe-14. On the basis of this structural proto-
col, a carbazolothiophene-&carboxylic acid JMF310 [33]
was designed as a possible ET, A antagonist, and an inde-
necarboxylate ester YHK891 {34] was also examined for
comparison. Indeed, SB209670 that strongly inhibited the
ET-1 induced [Ca®'}, (Fig. 6b) also showed a very long
retention time on the whole-cell immobilized capitlary col-
umn (Fig. 5}, as a consequence of its high affinity toward

0.01

YHA Y)Y

0.008

AME a1

R U]

0 10 20 30 40 50 60 7O 80 90 100 110 120

N f e g
Figure 5. ACE of a mixture of SB209670, JMF310, and
YHK891 on a capillary column coated with fixed ET,-
overexpressing CHO cells, Background elecirolyte, 1 mm
P8S; absorbance detector at 214 nm. AU, arbitrary unit,
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a mixture of SB209670
M} and ET-1 (10 7 wy), and
{10 7).
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the surface endothelin receptors of the transfected CHO
cells. The modest antagonist potency of JMF310 (Fig. 6c)
was also reflected in the ACE slution profile. On the con-
trary, the YHK891 sample having only a marginal inhibi-
tory effect against ET-1 (Fig. 6d) was rapidly eluted out
from the whole-cell coating column.

3.4 Validation of active herbal components

In addition to the rationally designed molecules, the
randorn ‘screening of active components can also be
achieved by the whaole-cell ACE method. We have
selected several active herbal components that are
known to possess bioactivities related to vascular dilation
or signal transduction. By ACE we found that an anti-
platelet agent, Magnolol [42-44], might function as a new
lead compound against ET-1 in ET, receptor binding.
Magnolal is the 2,2'-dimer of 4-allylphenol. As shown in
the profiles of ACE analysis (Fig. 7) and [Ca®'}; assay
(Fig. 8), Magnolol is a stronger ET, antagonist than its
structural isomer, Honokiol [45]. Geniposide [46], an
iridoid glucoside that exhibits neuritogenic effect on
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PC12h cells and enhanced responses of cells to carba-
col in terms of cytoplasmic free-calcium concentration,
turned out to have a temperate binding affinity and mod-
est antagonistic activity against ET-1.

002 - Henexiot
Geniparside

0.015
A
L.

0.01

Magnolol
0.005 -
0’ '

0 10 20 30 40 50 60 7O &0 90 100 10 120
Timgrmeng
Figure 7. Screening of the Chinese herbal active compao-
nents Magnolol, Honokiol, and Geniposide by ACE on a
capillary column coated with fixed ET,-overexpressing
CHO cells. Background electrolyte, 1 mm PBS; absorb-
ance detector at 214 nm. A.U., arbitrary unit.
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Figure 8. Fluorescence measurements of intraceliular calcium concentration ([Ca®'}) by addition
of tested samples (as shown by the arrow) to the ETy-overexpressing CHO cells in the presence
of fura-2. The induced |Ca?'|; change is taken as a measure of antagonist potency against ET-1:

(&) control experiment with addition of ET-1 {10
and ET-1{10
ment with a mixture of Honokicl {10
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4 Concluding remarks

There are saveral distinct advantageous fealures for using
whole cells as the staticnary phase of ACE (i) isclation of
(unstable) receptors is not needed, (i} the stability of
whaole cells is improved by immobilization, and {iii) whole
cells are easily coated on a fused-silica capillary column
via the guidance of poly-L-lysine template. We have
demonstrated this concept of whole-cell immobilized
ACE by a protocol using the capiltary column coated
with the CHO cells harboring oversxpressing endothelin
receptor A. The capiliary column prapared as such exhib-
its excellent affinity for separation and identification of
endothelin receptor A antagonists {Fig. 9, Table 1). There
is a good correlation between the relative inhibition of the

160
Ix] »

1BV,

0
o)

30

0 S Ay
Helatine orlidines s=et

Figure 9. Correlation between the retention time of the
examined compound of the capillary column coated with
ET.-overexpressing CHO cells and the relative inhibition
of the ET-1 induced increase of intracellular calcium ion
concentration. In each line, the stronger aftinity of a com-
pound toward ETx shows a longer retention time and
more potent inhibitory effect. (M) From 1op to bottom are
JKC302, BQ123, and ET-1902Y; {4} from top to bottom
are SB209670. JMF310, and YHK391; {4} from top to bot-
tem are Magnolal, Geniposide, and Honokiol.

Ligand-roceptor poteagy § nnn

n M 20 30 W8 W W

Tahle 1. Relative inhibition of the ET-1 induced [Ca?'];
and retention time of thz examined compound
on the capillary column coated with ET,-over-
expressing CHO cells

Compound Relative Retention
inhihition (%) time (min})
JKC302 86 69.7
BQ123 61 45.0
ET-1/620 48 24.2
SB209670 91 87.8
JME310 67 69.7
YHKE21 27 10.0
Magnole! 56 61.4
Geniposide 42 34.7
Honokiol 32 241

%2004 WILEY-VCH Vertag GmbH & Co. KGaA, Weinheim
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ET-1 induced [Ca?'], and the retention time of the ex-
amined compound on the capillary column coated with
ET,-overexpressing CHO cells. This ACE method only
requires a small quantity of sample, and offers a reliable
assessment of a library of compounds in a relatively short
period. The ACE with immobilized whole cells could be
developed as a high-throughput screening method based
an specific receptor/ligand interactions.
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Abstrace—The Smis-promoted threecomponent coupling reaction of thiophene-2-carboxylate, indele-2-carbaldehyde and acvio-
phenone provides itn expediant rouie 1o a series of tetracyelic carbuzolothiophene compeunds bearing the indole and thiophene
rings. Among these samples, 9-benzyi-d-methyl-d-(4-hydroxypheny)-10-ox0-4, 10-dihydrocurbizolo[2,3-b]thiophene-2-carboxylic
acid (18) shows the most potent inhibition against the endethelin-1 induced incrense of intracellular calcitm ion concentration.

&5 2003 Elsevier Lid, All vights reserved.

Human endothelin-1 {ET-13 ix & 21 amino acid peptide
that ¢xhibits a potent vasoconstrictor dctivily, con-
ceivably through its selective inwraction with specilic
receptor sublypes (ET 4. ETp and ETe).! ET-1 contains
six highly conserved amino acid residues (His'*-Trp?)
at the C-terminus. wnd this hydrophobic C-terminal
hexapeptide alone shows some uflinity for ET, receplor.
Several antagonists inctuding BQ123 [evelo(n-Leu-n-
Vil-L-Pro--Asp-1-Trp)]* are designed on the basis of
this peptide structuees that incorporate indofe moiclics,
Some non-peplide endothelin antagonists also consist ol
indole scultolds such as the indole-2-carboxylic acids
PD159433% and SB20Y59s* (Fig. 1). On the other hand,
the molecular modeling indicates thal an indan deriv-
ative SB20Y6T0% possesses wo phenyl substituents o
mimic the amino acid residues of Try-13 und Phe-14 in
ET-1. The two carboxylic groups in $B20Y670 ulso
mimic the Asp-13 residuce and the C-terminus of ET-1,
which ligate Zn®’ jon on biading with endothelin
receptor.) We speeutated that o new class of carbazo-
lothiophene derivatives {¢.g.. 7-22) bearing appropriste
substituents might serve ns endothelin receplor antago-
wists. [ndeeel, 3-benzyloxy-3-isopropoxy-benzothiophene-
2-curboxylic acid™® has been wiliced ax a lead com-

Kevwords: Coupling reactions: Eedothelin: Samarium dijodide: Thio-

phene: Indole.
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pound for development ol endothelin antagonists. A
thiophene-3-sultonumide TBCI12517 is ulso known as
an ETa-selective anlagonist. in which the sulfonamide
ntojety is considered un isostere of carboxylic acid, We
are thus interested in applying our established method
ol threc-component coupling reactions of thiophene-

2-curboxylsic® 1o synthesize carbazolothiophene-2-
OMe
Me ]
|| OMe
M NTCOM b
K(IO)
J
PD159433 £B209598
o, M
o 9 l] \(
\‘S’: N 0,N
- H

SB209670 TBC1251

Figure 1. Some representative eadothelin receptor antagonists con-
structed by the indole, indan and thivphene scaflolds,
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carhoxylate derivatives 7 220 wind examined their antag-
vnism against the binding of ET-1 with ET,, recepror.

By the promoton of sumarium diiodide. the three-
component coupling reaction ol meihy] ihiophene-2-
aarboxylate (1) with A-methvlindole-2-carhaldehyvde (2)
iwnd d-methoxyacetophenone (33 occurred smoothly o
iflord a 77% yicld ol 4 (Scheme ™ This one-pol
operation presumably proceeded by an initiad coupling
al ester 1 with aldehyde 2 to give o dienolate inter-
mediate A5 which was ther trupped by ketone 3
Although diel 4 existed as i mixture ol distereomers,
the subsequent axidation and dehydrution would yield
a single product. Conversion of 4 10 5 was achicved by a
three-step sequence: un oxidistion with DDQ to give the

{i} ODQ
{if) cat. p-T5QNH
{v) Pd{ORc),

6 8
] | BrCH,COMe of
1) | NaOH il 01 (ix} Br{Ci-fz]JCN;Lhen
NaCH

Scheme 1. Reagents and conditions: (1 1 (1 mmol), 2 11 mawol), Smly
G mmaol). THE, BMPA, 0°C 1o e 1.5 h; then 3712 sumobh, 04¢C to
i, 10 h: 77% yield of 4. (i) DO, PR, 1t 3 b 88%. Gincat. p-T50OH.
PlH. reflux, 19 b 95%, (vl PUOAC) 15 equivd, K00 CHXONL 11,
12 b; 3%, 4 p-T50H, CHACls, 11 2 e 98%
THF. 0°C 1o rt. 2.5 he 99%., ivii) B8r. CHaCls 78°C 96%., dviii)
BrOH:COsMe, KO, CHLON, $0°C, 15 By NaOH 10,5% ), THE,
03C 1o, 2.5 by 93% yield of 2. tiny) BRCH)CN, K.COs CHONL
8O=C, 48 hy g NaOH 130%), MeOH. reflux. 1 h: 84°% yield of 1t

(v} ag NaQH (0.5%), ,

corresponding ketone, an avid-catilyzed dehydration to
climinate a water moleeule, and an osiditive aromati-
ation by using PA(OAC): o allord the thiophene pro-
duct 5. The subsequent intramoleculer Friedel-Cralls
ulkvlistion thus furnished the tetracyelic skeleton. giving
arhazolothiophene-2-carbaxylate 6 as a pivotal com-
pound for the svnthesis ol other dervatives 7-1HK
Saponification of 6 wlorded acid 7, whereas demethyl-
wiion o 6 with BBry suve phenol 8. Alkylation of phenol
8 with methyl 2-bromoucetale or J-bromobutanenitsile.
followed by hvdrolysis in alkaline conditions, gave dia-
cids 9 and [0 in high yiclds.

A series ol curbazolathiophenes 11-22 were similarly
prepured. initially by the Smlz-promoted three-compo-
nent coupling reactions with appropriate partner sub-
strates, For example, the Sml-promuoted caupling
praduct ol thiophene ester L, indole aldehyde 2 and 3-
methoxyacetophenone wus Turther elaborated. accord-
ing 10 the procedure similir to thi shown in Scheme 1,
to give compounds [ 1-13 hearing MeQ), CH2CO:H or
{CH, )1 COpH substituents on the mere positions ol the
phenyl rings as the “mera-analogues™ ol 7, 9 and 10.
Compounds 14-19 with the (substituied)benzyl groups
on the nitrogen atoms were also prepared in high yields
by cluboration of the coupling products obtained from
ester 1, 1-benzylindole-2-carbuldehydes and appropriate
ketones. Compounds 20-22 are unalogues of 17-19
having the substituents switched over. 1L was noled that
the benzyl] protens in compounds 14-22 oceurred al Jow
lields (ca. & 6.1) presumably due 1o the deshiclding clleet
of the adjucent curbonyl group.

The interuction of ET-1 with endothelin reeeptor is
known (o trigger an increase of intracellular Ca® ' con-
centration {[Ca? " %) as the consequence ol multisiep
biological events initialed by G-protein.'? To cvaluale
the potency ol un endothelin receplor antagonist, one
can mensure its inhibilory ability against the ET-I

11 R=Me
12 R=CHCOH 14 R=Ma
13 R=(CHzhCOH 15 R=H

16 R= CH,CO,H

OR
11 R=Me 20 R=Hhe
18 R=H 21 R=H

19 R=CH,COH 22 R = CH;C0;H
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induced |[Ca? " | change. According o the reportwd
experimental protocol. 3 Chinese hamster ovary (CHO-
K1) cells were transteeted with the rat ETa-eapression
plusntid DNA using lipoleetin reagent (Lile Techuolo-
gies Ine., USA). The ET 4, overexpresston CHO-K 1 cells
were prior incubated with calcium chelwing agent fura-
2 applied as its pentaacetoxymethyl) ester.' and then
treated with ET-1 in 10-7 M. The [Cu® " | increise was
monitored at 510-nm fuoreseence amission by a ratio-
metric method using dual excitations @1 340 and 380 om
wavelengths.'® This increment af functionat] assay wus
taken as the standard value (lm"“] to sssess the inhi-
bilory potency of compounds 7-22 against (he ET-|
bmdmu with receptor. On .lddnunn ol the test sumaple 7
(107% M) wlong with ET-1 {1077 M), only 305"
increment of [(.t- T was obsened {o mean value of
three measurements). equivalent o ~70% inkibition.
By comparisons with the known ET, antagonists, 10-%
M of SB20Y670 compleiely inhibited the ET-1 induced
[Ca | whercas BQI23 showed ~60% inhibition
under our assay conditions. Accordingly, compounds 9,
10, 12, 13 and 18 showed high inhibition (= 73%) at
1076 M, Compounds 7, 11. 15 and 19 showed medivm
inhibition (50-70%). whereas compounds 14, 16. 17 and
20=22 showed low inhibition. Among our examined
sumples. compound 18 appeared 1o be the best ET-1
antagonist  with ICsq ~10 oM. In  comparison,
SB209670 is an cven more polent antagonist showing
~8§3% inthibition at 10 nM.

In summary. a series ol tetrueyclic compounds 7-22
bearing the indole and thiophene rngs were prepared in
an expedient fashion, The functional assay indicated
that one of these sumples (compound 18} citn serve as a
feud compound for future exploration of potent endo-
thelin receptor untagonisis. The structure activity rela-
tionship ulso awauils lurther investization,
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Abstract

A new K'-channel blocking peptide identificd from the scorpton venom of Tirys cambridgei (Tel) s
compozed of 23 amino acid residues linked with three disutfide bridges, Tel is the shortest known toxin
from scorpion venom that recognizes the Shaker B K* channcls and the voliage-dependent K¥ channels in
the brain. Synthetic Tel was produced using solid-phase synthesis, and its activity was found 1o be the same
as that of nalive Tel. The pairings of three disubfide bridges in the synthetic Tel were identilied by NMR
experiments, The NMR solution strucwores of Tel were determined by simulated annealing and energy-
minimization calculations using the X-PLOR program. The results showed that Tel cotitains an a-helix and
a 3-helix at N-terminal Gly*-Lyx" andl a double-sirnded B-sheet at Gly"—l1e*® and Are'=Tyr™, with a
type I° B-turmn sl Asn'Gily'™, Superposition of ench strugture with the best structure yielded an average rool
mean square deviation of 0.26 = 0.05 A for the backbone atoms and of 140 £0.23 A for heavy atoms in
residues 2 to 23, The three-dimensional siructure of Tel was compared with two structurably and Tunction-
ally related scorpinn toxins. charyhdotoxin (ChTX) and noxivstoxin (NTx). We concluded 1hit the C-
terminal structure ix the most important rezion for the blocking activity of voltage-gated (Kv-type) channels
for scorpion K*-channel Blockers. We also found that some of the residues in the larger scorpion K*-channal

blockers {31 (o 40 amine acids) are notl involved in K™-channel Mocking activily,

Keywords: Scorpion venom: a-KTx: K -channel blocker; NMR: structure

lon channels are imvolved in diverse hinlogical processes
and play essential roles in the physiclogy of all cells. An
increasing numbcer of human and animal discases have been
identified as velating 10 the defective Tunciion ol ion chan-
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Academia Sinica, Taipei 115, Tobwin: e-niel: bmchinple covax sinivcdulw:
fax: ¥¥6-2-2788-7631 or Shih-Hxiuny W Instinte of Biolugi
isery, Avademia Sintea, Taipet VES. Toivan: c-miail: shwuia g
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Abbreviations: Ted, a new scorpiva toxin b Titvus cambridgeis NTx,
noxinstoain: ChTx, chanbdotoning KT, halitoning MeTs, magataxing
InTx, iberionining TeTs-Kew tiyustonin K-a: BE . buge-conducianee vil-
cithn=aclvaked potisatven channel: Kvo Suder-relsted vollage-gated -
trssium channel: COL cireular dichenisi: KO, nuclear Overanser en-
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nels. Scorpion venoms contain various palypeptides with
distinet biological funclions that paaticularly alTect the per-
meability of ton channels in cell membranes {Catterall
1980: Valdivia ot al. 1992; Garcia et al. 1997). These poly-
peplides possess the potency 1o recognize ion channels and
receplors in exeitable membreanes and are classified inlo
Four mroups on the hasis of ion-channel types: (1) groap |
moclutates Na*-channel activity (Possani et al. 1999} and
conaing peptides of 60 10 70 amino acids linked by Four
disulfide bridgess 12) wroup [[ blocks K* channels (Miller
1995: Romi-Lebrun et al. 1997 amd are shont peptides with
31 1o 41 amino acid residues wilh three or four disulfide
bonds: (3} group [ supposedly inhibits Cloehanness (De-
Bin el al. 1993) and contains short-chain ioseet toxin pep-
ticles of ~36 amino acids with four disultide bonds: and 4
wroup BV tncludes peptides that modulate rvanodine-sensi-
live Ca™ channels (Valdivia and Possani [998), It is he-
Tieved that the toexin bis a unigue wrtiary structore that may

Protein Scivpee 1200200 112380000, Published Dy Cold Spring Harhor Labosaory Press. Copyrizht € 2002 The Peolein Seciely
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Solution strueture of a K™-channel blocker

provide valuable information for wnderstanding channgls,
Thus. understanding the structural basis of (he specificity of
scorpion loxins for these receplors conld lead 1o the design
of new figands with controbled activity aml edency with
potential for elinical applications.

Scorpion K*-channel blocker of groug JL named o-KTx.
have been classified into 12 soblamilies ¢Miller 1995: Tyl-
gat et al, 1999), These K™-channel blockers block two nijor
classes of K™ channels: voltage-gated (Kv-typet and high-
conductance Ca™*-activated (BRaype) K* channelz. The
three-dimensional structures of several searpion K*-channel
bockers have bLeen determined by NMR spectroscopy:
these include charybxlotoxin (ChTx: Bontems et al. 1991),
iberivtogin (1bTx: Juhnson et all 19921 noxiustoxin (NTx:
Dauplais et al. 1993), PO5-NHa 1Meunier et al. 1993), ka-
liotoxin (KTx: Fernandez et al. 1994). margatoxin (MgTx:
Johnson et al. 1994), and tityustoxin K-g (TsTx-Ka: Ellis et
al. 2001). Although the overall fold of these «-KTx toxins
is very similar, there are subile variations among them in
amine acid sequence. the size of the B-sheet. the type ol
B-turn. or the type of e-helix (i.c.. a-helix versus 3yq-helix).
These differences in toXin structure atfect the placentent off
side-chain moicties, Thus, the selectivity that various scor-
pion toxins have for the outer vestibule of different K*
channels Is typically quite distinet. Previously. Doyle et al.
(1998} applicd X-ray crystallographic methods to determine
the three-dimensional structure of the KesA bacterial K¥
channel, which may serve as a good moedel for understand-
ing the binding site of scorpion toxin on Kv-type channels.

Recently. a new K™-channel blocker wax idenlified from
the scorpion venom of Tirvus canmbridgei (Tel: Batista ot al.
2000). Tl contains 23 amino acids linked with three disul-
Nde bridges and is the smallest K™-channel blocker 1oxin
from scorpion venoms. All proviously known K*-channel
blockers Trom scompion venoms are longer than 30 amino
acid residues and are chissified imo 12 sublamilies as de-
seribed above. Tel is classified as the first member of the

1 19
CZPTNVE[MITEKE
CZFTDYVRMAVEKE
LT1ITNVE ISP RG
LTIINVEMISPKO

ChTx {w-KTa L1
IBTx pe-Rla 12

MgTx bRy T )

KTx4u-RKIxn3): CVEINYVEMSIGEEQ
POS (a-RTa 83 - v v v s TVHILRR
Pi2 ee-K1a L LTISWIINPRQ
Pi3 (K Ix . TISWINEXD
Telja-REv 1300, ., .. Aalgs. .

new sublamily Pr In Kf-channel Blocking activity. Tel
recoghizes the Shaker B KY channcls with o dissociation
constanl (Kb of 63 nM and competes with NTX fur binding
to Lhe synaptosomal membranes, with an inhibitory coneen-
tration 304% (1C,) value in the order of 200 nh (Batista et
al. 20000, Tel is 2 highly basic peptide because it conlains
seven positively charged residues with a pl value of 9.50.
The sequence aligmment of Tel with ¢ight other K*-channel
blockers rom scorpion toxins is shown in Figore 1. We
founed that six cysteine residues (Cysz. C_\-.-'S. Cys*, Cys',
Cys™ and Cys™). Gly'\. and Lys™ (Tel numbering) nre
comservecl, and the C-terminal regions are highly similar
among these toxins, In addition, the sequence of Tel shows
some unigoe propertios, For example, Tel possesses Arg al
position 19. whereas the corresponding restdue in the other
toxins is Lys. At position 16, Tel has Ue, whereas the other
toxins. with the exception of the PO3 peptide, have Met at
the corresponding position. Furthermore. Tel contains
dense positively charged residues at residues 3-10, Unlike
ollier scorpion toxins. Tel does not contain either nega-
tively charged residues or proline, These propertics make
Tel an excellent candidate lor three-dimensional structure
determination and sile-directed muwagenesis and for gaining
" clearer understanding of K™ channels.

In this stady, synthetic Tel was made by conventional
solid-phase peptide synthesis and folded into its active con-
Tormation. We checked the channel-blocking activity of the
synthesized Tel and found that both synthetic and native
Tel possess similar blocking activity against the Shaker K*
channel. Next. we applied circular dichrosim (CD) and
NMR techniques to solve the solution structure of Tel. To
Turther understand the various structure-lmetion relation-
ships among the K*-channel blockers [rom scorpion ven-
oms, we comparsd the three-dimensional structure of Tel
wel those of eiher strueturally wdd functionally related scor-
pion toxins, ChTx and NTx. We concluded thai the Ceter-
minal structure is the most important region for the blocking

20 3o
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Fig, 1. Sequeave alignment af Tel with eight osher K7-channel bMockens w;
1944 and ESPript (FGouet o1 al. 19941 prisgrans, Three-dimensional sulution sisuctures Tor si

e senented osing e CLUSTAL-W (Thompson en ol
ul thent hive been determined: They

are CHTY (Bomieis et ol 19915, 0T (ohnson aml Sugg 1992, NTX (Danplais e al. 19950 ApTx dobnsas e al. 1994, KTx
iFentandes of al. 1994 and POS chleunior of al. 1993, Residues that are semtivad are boxed i reds those that are highly conserved
are st it in rend, The sequence avnber ix based on the.sequesive of CRTS iep, and the e-KTx e ol each peplide tin pareatheses)

is shown, The three el disuliide-bridees e indivaka] witl

) preen brackets (Patonn,
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activity of Kv-type channels for seorpion K*-channel block-
crs, In addition. we also asserted that some of the residues
in e larger scorpion K*-channel blockers, which contain
311040 smine acids. are elearly not involved in K*channel
blocking activity.

Results

Syathetic Tel is as porent us the
natural scorpion roxin Tel

We first examined the effect ol the syathetic Tel on Shaker
GH4 K* channels expressed in Xenapus ooctyes. Figure 2
showed that 14 wM of synthetic Tel completely blocked
ontward currents (Fig. 2A.B). The inhibition wix reversible
on washout (Fig. 2C). but the block was not voltage depen-
dent (Fig. 2D). Figure 2E shows the dose-response curve for
the block of the peak current by synthetic Tel at 430 mV.
The peak cumrent umplitude in various concentrations ol

A B

20 ms

1.04
0.8

0.6

Normalized [
HeH

20 0 20
V_ (mv)

-40

synhetic Tel was nomualized w that of the control solution
and expressed s fractional 1. K for the synshetic Tel hlock
was 63 nM. which is the sime as the previously reported
value Tor the scorpion toxin Tel block of Shaker B K*
channels transtected in SI1Y cells {Batista et al. 20001, Theswe
results indicate that the functional property of the synthetiv
Tel is the same as the natural scorpion toxin Tel.

Svatheric Tel is a stable K -channel blocker

We perlormed CD experiments of Tel at difTerent pH val-
ues (3.3 10 7.08 amd o various temperatsres (0°C 1o 9590,
The CD specira were' very alike at differemt pH values,
indicating that Tel possesses similar conformations at pH
ranges of 3.5 1o 7.0, The CD spectra a1 ditferemt tempera-
tures (Fig. 3) displayed a blue-shilt of the negative band
when the remperature was increased (212 nm at 10°C to 208
nm at 95°C) wilh an isodichroic point at 207 nm. This
indicates that there is a conformational equilibrium for Tl
at various tempetatures. The majority of the secondary

C
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Fig. 2 Bhoek of Shoker GH4 K* channels by synhetic Tel, 14 Wholewcell currcats shrough Sheker GHE K* channels were recnsded
it canteal solution, €8y Cureents were completely eliminated slter the addition of 10 wh] synthetie Tet o the conteal salutio, ¢
Carvents completely recovered fom syniletic Tel block after washout in the conteol solution. ¢ Noomalizad peak cusrent-valiage

reltionships (= 4 olained §a connrol teirclesy, 10 phl synthetic Tel fageanes

and wishonn triaegles). All peak cinrents were

normlized (o thit reconded an +36 mV i abe control solution. 15 Duse-response curves for syathetic Tel black of the peak Shaker

GH3 cunent at +30 V. Dotted lise is the best 1t the duala o

= 3103 to the Rill equation: £ 1+HeTed v ML Ky = 65 oM s

the apparent dissogialion comsiua, aml o= k6 s the Hill eocliicient.
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Solution structure of a K*-channel blocker
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Fig. 3. CD spectra ot 20wt Tel in 20 mb phosplate bufterat pH 2.0 are
shawn as 2 funciion of tamsperatar. For ihe sake of clarity, only some ol
the spectri are shewn,

structure remained intiuct even at 93°C_ revealing ihat Tel is
athermostable peptide. The contents of the sccondary struc-
tres of Tel estimated using CONTIN-LL. SELCON3, and
CDSSTR (Sreerama and Waoody 2000} are Fisted in Table 1.

Resonance assigmments and secondary
stricture determination of Tel

With thermostability and well-li<persed NMR data, Tel is
an excellent compound for NMR structural stidies, Based
on the NMR data acquired at different pH valves and wem-
peratires. the resenance assignments were accomplished
using the standard procedures (Wilthiick 19861, Spin sys-
lems were identilied based on scalur-correlaled specieos-
copy (COSY} and iotal correlation spectroscopy {TOCSY)
experintents. and sequemtial conneetivilies were oblained
from nuelear Overhauser enhancement (INOE) spectrascapy
experiments. To obtain as many NOEs ax possible, we
tested many conditions and Gaally chose pH 3.0 and pH 7.3
at 275 K tor performing vur NMR experiments. The repre-
semtative regions of a NOE spectroseopy spectrum, with
partial annatations. are shwown in Figure 4. Interestingly. the
amide proton of Cys® wis not ohserved, presumably be-

catise ol the Tast exchange with water. The aide proton ol

Arg” showed a shagper line widih compared with tha of the
other wmide protons, Thexe observitions indicale that the
conformation in the Cys™eAre” dipeptide is fexible. and the
amide protons of both Cys* and Are® are highly exposed to
the solvent. At pH 7.3, the amide protons in the N-terminal
Cyw*—Cys™ were nol detected. suggesting tsat the N-termi-
nal segment is nwore Itexible than the C erminus. The cb-
served NOE patterns at pH 7.3 were very similar ta thuse at
pH 3.0. further supporting the similarity of the structure a
both acidic and neutral pH values. Figure 3A shows the
sumnugy of the NMR parameters tor Tel i pH 3% The

C*H chemical shil index (CS1: Wishart et al. 1992y indi-
cates that Cys"—Lys™ Toms an a-helical structure and 1hat
GlyY=lte'™ and Arg"-Tyr™ <how B-strand conlormttions.
Baxeclon the a-helical NOEs., we identitied an a-helix at e
N-terminal Ser'-Lys'®, which is in zood agreement with
CSI results. Tn Gly'', we did not abserve the e-helical NOE
ol d g 8 11 although a medium range NOE ol d (7. 1)
was detected. This indicated tha Gly'" likely formed a trn
structire. According 10 the observed long-range NOEs be-
tween the rwo B-strands, among which dgnt13. 21y and
ol 13, 200 could not be aceurately assigned beeause of
chemieal shifl degeneracy m C*H of Cys'™ and Cys™, and
the deduced hydrogen bonds that were consistent with the
B-sheel structure (Fig. 5B), we fotnd that the two B-stramds
actually formed a double-stranded antiparallel f-sheet, with
a B-turn conformation at residues Asn'-Gly'™, The obser-
vation of mediam intensity of the d 4y (17, 19) NOE. along
with backbone ¢. \J angles of residues Asn'? and Gly'™,
valeulited based en the derived NMR structures described
in the next paragraph. revealed that the He'®-Arg! seement
is a type I' B-turn. In addition. based on the dggfi. j) NOEs
between the CPH protons of the two cystines forming a
disullide hridge. the connections of three disullide bridges
ul the synthetic Tel were identified, We observed [7 amide
prolons possessing medium- or slow- exchange rates a1 pH
3.0. as shown in Figure 3A, In contrast, only six amide
protons at the € terminus (Lys'™, He'®, Gly"™, Arg™®. Lys**,
and Tyr™") showed medinn- and slow-cxchange rates at pH
7.3. The exchange rate study at pH 3.0 and pH 7.3 proved
that the C-terminal B-sheet possesses higher stability than
the N-terminal a-helix.

Theee-dimensional selution structiure of Tel

A set of 200 restraints was applied for simulated annculing
and energy minimization calculations using the program
X-PLOR. Filteen structures were chosen to represent the
ensemble of NMR structures on the basis of the lowaest
larget fenction and minimal distance and torsional angle
rextraint violations in the final stage. Al of thexe structures
were congistent with both experinrental data and standard

covalent geametry, andl they displaved no violations 0.5 A

Tuble 1. Secondary structure cemients of Tel extbnated from
CL spectra veigrired ar pH 2.0 wsing theee differens smethods®

Methods Temp, wy, o B Bo T ur
CONTINLL - 25°C 0028 0477 0164 oot 0.357
G500 D018 0060 D2 0095 0444
SELCONS 3C 0403 0086 0476 0107 0. 0,138
Y0 N3 047 DAE2 0De 022y 0374
CIESTR 230 013 DR 0w (B 0242 0343
YSC D02 AR 030 0ud e 0366

* Loy ) Reyular ee-heliss rag,k abistarted e-belisc (B0 regalar B-sirad: (3,

- distored Besteandz (T turasz (U) unordersl.
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Fig 4. (A) The fingerprint region ol a NOE specitacopy speetnam of Te)
acquired al 275 K and pH L0, with i mixing time of K10 s, Resonanee
assignnienly are indicaded with sacdetier amino acid codes and residiee
numbers. (81 The NH/NH region of the sume experiment in A. The as-
siznment of each crossepeak is lubeled with cesidue puntbers.,

for distance restrmints, The structere with the Towest final
total energy and root mean square deviation (RMSDy of
distance restraints was defined as the best structure, Super-
position of each structure with the best structure yiclded
avernge RMSD of 0.26 2 003 A tur the backbone stoms
and 140 = 0.23 A for heavy atoms in residues 223, respoe-
tively (Fig. 6A). The structural statistivy on the final st of
stragtires gre given in Tuhle 2. Analysis of the ensemble of.
13 structores wsing PROCHECK-NNIR revealed that 98.8%
al the residues lie in the most favored and allowed regions
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Fig, 3. t4) Summary of the amide proton exchange rates, Mg, -coupling
constanis, NOE conneetivities, CoH chemical shift index, and the derived
secondary stuciures, Medimu-exehange 1<3,5 ho vopen cindest and slow-
exchinge ¢34 by (illed eirctesy amide protons. g, eoupling constants
ure <6 He illled squamesy and =8 Hez topen syuares2, Bar thickness indi-
vates the fvenzity of NOE connectivily, with thicker bars representing
seonger NOEs, Negative dars in the chentical shift index indicate uplield
shitis of 0.1 ppanal the C*H proton compswed wilh ihe expecied suxdon-
wil CoH proton chemicab shill. Positive hars indicate downliekl shifts of
>0.1 ppiv ol the CH proton conpared with the expected sandom-coil C*H
volire, The derived secomiuny struetures Based an NMR pronsiters as
deseribedd ahwvve ane showin therron L AR Definition of the B-sheel simaetore
of Tel s shown based on dhe NOEs and amide protor exchange sue.
Crims-over NOEs between Bestrands are shown indoshle arrows. Ambigu-
s epss-over NOEs, becise of resonimee overlap, are indicaied in
double irrows with w dished line. Dashed lnes between backbone amide
pretons i Tackbone carbmy] oxygens indicate hyvdrogen homds consis-
tent witly <Joweexchanging HY olerved in 1020, The amide protons with
Mot eveliange rates e circhal
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Solutton structare of o K*-clhamne! hlocker

Fig. 6. 1A) Steren view of the superimposition of the hesvy atons off 13 NMR stoctires obtained from sinulated annealing sod enorgy
minimization caleulaions. The stitetures are hest fisled o residues 2-23, Side-chains ol he five residies (Lys'3, flet®, Asn?7, Ly,
aned Twr™), which comespond o the residues Yor the recopnition of o veltage-dependent K* channel tShaker B) in ChTx. are shown
und kbeled. (8) Space-lilling model of the best structare of Tel, The structure is colored accerding 1o e charge: ol the wpine acid
residues, with positive residues in hue and neurral residues in aray. Two posilively charged regions are cleardy shown, and the charged

residues aire labeled in te structure,

of the Ramachandran ¢, 1 dihedral-angle plot (plot nmt
shown). The distribution of ¢ and W backbone dihedral
angles showed that only three backbone dibedral angles (d
of Cys™.  of Gly'', and b of Ser'?) displayed large devia-
tions, revealing that the backbone conformation is rigid ex-
cept for the N-terminal Cys* and (he loop region of Gly'*
and Ser'®, Interestingly. the B-tum of the Asn'~Gly' di-
peplide also contains very siable ¢ and 1 dihedral angles,
Further, the dibedral angles of three disullide bonds were
found to be rigid, with average angles of —146.10 % 3.92
(Cys*Cys!h, —I07.71£227  (©y™Cys™).  and
HI5.47 £4.18 (Cys"-Cys™ ) In contrast. the side-chain x,
dihedral angles in arginines and Iysines, with the exceprion
of Lys™., all showed very kige deviations. All hydrogen
bonds in these 13 structures were Jocated in the N-terminal
c-helix, B-sheet, and B-tern regions. In the N-terminal
a-helix, we consistently observest o liydrogen bond of Lys’
CO/Lys'™ NH. indicating that Lys™-Lyn' forms a 3;-helix.
In the B-turn region {1le"™-Are'), as expected, the hydro-
gen bond of He'® CO/A™ NH was detected in all the
NMR structures, Tel is o basie protein with two arginines
ancl five lysine positively charged residues. At neatral pH. it
carries an overall positive charge, and the distribution of the
charges is clearly distributed into two regions, as shown in
the space-lilling structure of Tel (Fig. 6B).

Discussion

Our studies vn the elTects of svubelic Tel on Shaker GH4
K* chamnels indicated that its functional property is the

swimie as the patural scorpion wxin Tel. We then used CD

and NMR techniques to perlorm vur streclural study ol the

Table 2. Sreuctural statistics ou the fingd ser of 13 sinmdated
amnealing structures of Tel

A. Consteaings used
Distance restraints .

Intraresidue (i = jl = O 17
Sequential i~ jl = 1) 7
Medium range (li — jl = 2}, di~jl = B 3
Long mnge (= jl = 4} 43
Tewal distasten gestrainis / 163
Hydmgen bonds §x2
Ditwsd] angles 2
B. Slatistics tor the linal X-PLOR struciares

Number of structures in the Jinal sei 15

X-PLOR energy tkeal/imoled
Ence REEZIEX]
i 202 4124

Cina * Eaupie + Binroper 36.67 % 1.20

Eutw 3439 £ 056
NOE violations

Number > 0.5 A none

Bius deviation (A) h32
Devintion Iram ddealized covalen geomcirg

Angle 17 052 £ 01

tpropers i3 0.42 £ 402
Bonds (A (3
Mean global rms devistion (A)

Backbone (N. €, €1
Resblines 12-23)
Heavy aloms
Resicues 12-23)
Ramachandsan dala (%

026 £ 05

LA £ A2

Residues in sost favored regions 721
Residues in allowedt regions 26.7
Residies in generotsly. allowed regions 1.2
Residtues in disallowed regions 1.0
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synthetic Tel, CD spectea at dilferent temperatures and pH
values showed that Tel is a thermostable peptide with a
conformation tha is independent of pH values in the rangze
of 3.0 to 7.0, The three-dimensivonal NMR soltilion structure
of Tel showed that it is vomprised of an e-helix and a
3yp-bielix at N-terminal Gly'-Lys™. a double-stranded an-
tiparallel B-sheet at Gly" e’ and Arg' =Ty, with a
type I’ B-tum at residues Asn’*~Gly'®. Because the NMR
data obtained at pH 3.0 and 275 K were well resobved and
showed many medium- and long-range NOEx, high resoln-
tions of Tel structures were generated, We found that the
overall structures of Tel and other a-KTX toxins are shmilar.
although Tel only possesses 23 amino acids compared with
>30 lor the other scorpion toxins.

To gain Turther insight inlo the structural and functional
relationships ameng the K*-channel blockers from scorpion
venoms, we proceeded o a detailed compatisen of (he
three-dimensional structure of Tel with two structurally and
functionally related scorpion toxins. CiTx {37 amino acids)
and NTx (39 amino acids). ChTx is the {irst member of
subfamily | of e-KTx and shows a much higher affinity for
the Ca™-activated K* channels (BK) than for Kv1.3. In
comrast, NTx is the st K*-channel blocker isolated [ram
scorpion venoms and displays o strong binding alifinity lor
Kvl.3, whereas it exerts a weaker affinity for BK. Tel also
has a higher binding affinity for the $haker B channct than
for BK, similar to NTx. In the sccondary strecture motils,
we found that the N-terminal a-helis. the two C-tenninad
B-strants, and the B-turn arc all located in similar regions
based on the sequence alignment of these loxins, However,
some variations were abserved in the type or length of the
secondary ¢lements. For example. Tel has a shorter helical
conlormation, and this helix begins with o regular e-helix
and ends with a 3, -helix, whereas the helix in NTx begins
with a 3 -helix and ends with a regular e-helix. Also, be-
cause o the presence of & Pro residee in the e-helical re-
gion, the a-helix in NTx displays a high degree of curva-
ture. The bending of the c-befix in both Tel and ChTx.
however, is waak because of the lack ol o proline residue in
the sequence. Tel and NTx have the same type P B=turn a
Asn'-Gly"™ and Asn® =Gy, respectively. whereas ChTx
possesses a type | B-turn at Asn*“Lys*'. NTx not anly
contains an extra N-terminal B-strund but alse possess
fonger C-lerminal B-steands. Thus. there is a remarkable
plasticity within the o/B-scaffold for the a-KTx toxins,

The specilicity of scorpion toxins for the various potass
sium channels has been investigated thraugh the generation
of mutants of bath receptors and toxins. Mutmional analysis
of ChTx showed that eight residues (Ser'™, Tip". Arg™,
Lys™. Met™. asn™. Arg™, and Tyr™) are important for the

binding of ChTx to BK (Stampe ot al. 1994} Five of these:

. . hs > 3 s e
eight residues (Lys™. Met™, Asn™. Aneand Tye™) were
shown to be eritical for the recognition of & voltage-Uepen-
dant K™ channel (Sheker BY in ChTx (Goldstein et al, 1994).
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Among these residues. Lys™ ix the most important beeause
a mutation of this lysine o arginine Jesiabilizes the woxin by
>1000-fokd (Mifler 19951 The inhibition of the chanoe}
permeation is the result of & physical oeclusion of the pore-
forming region of the channel. Thus. 1he Ly527 of ChTx is
suspeeted to direetly plug into the pore.

The churacteristics of five corresponding residites Tor the
recognition of the Shaker B channel in Tel (Lys', Te',
Asn', Lys™' and Tyr™) are simitar 10 those in ChTx. How-
ever. the properties ol ather three residues 1Ser'® Trp™. and
Arg™), which are also important for the binding of ChTx to
BK-type channels. were found o be very different in Tel.
The corresponding residues in Tel for the First two are Ser?
and Arg”. respectively, and there is no residue oceupied for
the third. Thus, the dilferent property in these resicues of-
fers a possible explanation for the weak affinity of Tel to
BK-type channels. For the recoznition of the Shaker B
channel in Tel. we found that the side-chains of these resi-
ducs were all exposed to the solvent on the same side (see
Fig. 6A). Interestingly. Lys'. which corresponds o Lys™
in ChTx. showed a rigid side-chain conformation and highly
protrucled into the solvent. Thus, we suggest that Lys™ in
Tel is the key residue to have electironie interaction wilh the
negative eharge in the pore region of the K* channel.

In addition, IbTx was found to be inactive against the
Kv L3 channel. A sequence comparison between ChiTx and
IbTx indicates that Asn™® (ChTx numbering} is replaced
wilh Gly in IbTx. Therefore. Asn™ appears to be imporant
for the two types of valtage-dependent channels: in fact. thix
residue can be fvund in ail the short-chain scorpion oxins
U bind Ky 1.3 (ChTx. NTx, MgTx. KTx. and Tel in Fig.
1), Two scorpion toxing in subfomily 7. Pi2 and Pi3. have
only one amine acid difference at position 7 (a proline for a
glutamic acidy in their sequence. However, Pi2 binds the
Shaker B K* channels with a Ky of 8.2 oM, but Pi3 has 2
much Jwver alfinity of 140 oM (Gomez-Lagunas et al.
1696). The difference n binding alTinity suppornts that the
N-terminal residucs are part of the domain that recognize
Shaker B K" channels. Interestingly. there is no residue
oceupiad ar the corresponding position in Tel, which has a
K, ol 63 nM. Therelore, it is certain that the negative charge
at this positien disrupts ¢he inhibition of the Shaker B K*
channel.

The surfavce structures of Tel. NTx, and ChTx (plat not
shown) all indicatee that there is o positively charged region
al the Crerminus and thit this region plays an important role
for blocking activity, At the N terminus, Tol contains a
denser positively charged region composcd by Arg® Lys™,
Lys*. and Lys" (Fig. 6B} compared with NTx and ChTx. At
present. we do nol know whether this region inleracts with
the K*-channe! or whether it plays an important rele for
activity, We are currently performing mutational studies on
Tel to Turther understand its struceural-lunctional relalion-
ships.
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Nuos, 15XM and 2CRD. respectively,

In addition. Figure 7 shows the comparison of the ribbon
structuras of Tel, NTx. and ChTs. Superposition of back-
bone atoms (N, C%, and €°) between Gly'*and Tyr™* of Te)
and hetween Ala™ and Ty’ of NTx gave a RMSD ol (.76
A. However, the RMSD became 0.96 A between Gly'-
Tyr™ of Tel and Gly**—Tyr™ of ChTx. Thus, Tel is much
like NTx. especially at the C-terminal B-sheel and B-turn.
Becanse hoth Tel and NTx contain higher activity for the
Shaker B channel. we concluded that the C-terminal struc-
ture is the most important region for controling the blocking
activity of the Kv-type for scorpion K*-channel blockers.
Furthermore. based on the structural datn o sequence
alignment between Tel and NTx. we suggest that for NTx
the N-termina] region—including the first B-strand (Thr'-
Val'). some residues in the ee-helix (Lys''. GIn'. Glu®™. a
Leu™). some residucs in the loop region (T_\'r:',. Ser™, and
Ala®™). and some residues in the C-teninal region (Ala™,
Asn™, and Asn™)—might not be required for channel-
blocking activity, Therelore, we are alse in the process ol
studying the structural amd Functional relationships of o 24-
residuc peptide that involves the deletion of the above 15
residues Irom NTx.

Materials and methods

Chenvical syathesis of Tel

Tel waus svnthesized by solik-phase peptide aynthesis wsing o
433A peptide syathesizer (ABI) Starting with 0.25 mmuols (0,238
@ of HMP (p-hydroxymethyl phenoxymethyl polystyrene) resin

7. Comparisen of the ghban struetune of Tel and two strucratly wnd lanciivnally related scorpion toxios, NTx ud ChTx, Three
disulfide bridges any shown ax balls and sticks. NTX and ChTx courdinates were vbizined faun the Protein Data Bank with accession

(1.00 mmwole/iz), the syathesis was performed using a stepwise Fast
Mov protocol. The amino wwids were introdueed using the nanu-
facturer’s prepacked cartridges (1 mmole each). Alter synihesis,
(386 g peplide resin wax placed in a round-bottom Mask contain-
ing a micro stircingbar. The cool mixture containing 0.75 & crys-
talline phenol. 0.25 mL EDT. (L3 mL ihicanisole, 0.5 mL waler,
and 10 mL TFA was put into the flask and stirred tor 2103 hw
roon temperatare. The peplide was further lyophilized, Then the
peptivhe was rinsed with 200 mL cold ether and filtered. The nl-
tered peptide was inmediately translerred to 2.9 L ol diluted acevie
acid solution (3% AcOH in water) and stirred for severad mintites.
After filication to remove the resin, the pH of the solution was
adjusted to pH 8.6 with ammonium hydroxide. Analytical high
perfurmanee ligquid chiromatography (HPLC) wis used 1o monitor
the progress of oxidation. The peptide wus purificd by HPLC using
i C i volumn (10-pm particle size. 250 x L6 ) wilh g gradient
(3% 10 95% bufter B in 30 min) using buffer A (0L 1% TFA in
waterd and buffer B {0.15 TFA in acetonitriled af o Mow rate of |
mblimin and monitored by absorbance at 214 nm. Mass speetra
were determined vsing a Finnizan LCQ Mass Spectrometer with
an efectrospray ion source. Unless otherwise siated, all veagents
and solvents were obtained comumercially as reagent grade and
used withoul further purification. {

Whele-cell current recording

Prrification of Shaker GH4 K* channel cDNA and in vitro T7
traseription reactions (mMessage mMachine, Ambion} were per-
formed s previously deseribed (Shieh et al 1998), Newopns vo-
cytes were isoluted by pardial oviviectomy [row frogs anaesthe-
tized with 0.1 tricaine (3-aminobenzoie acid ethyl ester). Qo
cyles were pressure injecied with RNA 24 h afier defolliculation
and used 1o 3 dafter RNA injection. Qocytes were nuxintained w
18°C in Banh's selution containing (in mM) NaCl (88). KCE (1).
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NaHCO, {24 CatNOq 10.3), CaCly c0d ) MuS0, ths),
HEPES (15). and geatamicin (20 pg/mls wt pH 7.6,

The block of whale-cell Suker GHS K™ channels by symhetic
Tel way exsunined al oom emperature 213C o 24°C) naing o
two-electrade voltage-clamp amplitier (Ca-1 clamp: Dagan). Qu-
eytes were bathed in a control selwtion centaining (in mb[} KCI
(3). NMG (100, CaClly (1. and HEPES 33 ot pH 7.4, Both the
valtage-sensing und currei-injecting elecirodes were filled with 3
M KCl {resistance. 0.3 ta | M§2). Vaoltage steps wene applicd from
a holding potential of ~%} m¥ to various 1est vollages 130 msec)
ranging from =30 to +30 mV in 10-mV increments. The command
Vo a0 data aequisition functions were processed using i Pentium
vompiter. a DigiData board, and pClanspd software {Axon Instru-
ments). The fregquency of stimulation wis 623 Hez, and the sampling
rate was 10 kHz, Data were filtered at 2 kHz by an cight-pole
low-pass filter (Frequency Devices). Leak current and capacity
transients were corrected with w P23 vollage protoval.

CD experiments

CD experiments were performed using an Aviv CD 202 spectrom-
eter (AVIV) culibrated with (+)-10-camphersulfonic acid (CSA) m
298 K. In general, a Z-mm pathlength cuvette with 20 pMl Tel
peptide in 20 mM phosphate was used For CD experiments aod all
the protein solulions swere e up to 1 mL. The CD spectra of
Tel w different temperuures and pH vilues ware recondad, Ench
picce of the CEY dasa was obtained from an average of three scans
with I-nm bandwidth. The spectra were recorded [rom 180 nm (o
260 nm. at a scanning rate of 38 nnvinin with a wavelength step of
0.5 nm and time constunt of [00 msee. After hackground subtrac-
tion and smwothing, all the CD data were converied from CI
signal (millidegree) into mean residue ellipticity (degem®dmole™),
The secondary structure content was estimared From the CD spee-
Lra according to the methods of CONTIN. SELCON. and CDSSTR
(Sreerama and Wowxly 2000).

NMR cxperiments

The NMR measurements were performed on a Bruker AMX-300
or AVANCE-600 speetrometer. Samples for NMR experiments
contuined 0.35 mL of 2 mM Tel in SO mif phusphate bulter al pH
3.0 and 7.3. pH values were measured with a DO microelectronic
pH-vision model PHB-9901 pH meter equipped with a d-mm elec-
trode. Al neported pH values were direet readings from the pH
meter without comection tor isotope effecr. To monitor the ex-
change rates of fabite protens, the concentratedt sample in water
was lyophilized valy onve and re-dissolved in DO (99997 D).
andd NMR spectra we quired innediately and therealler af
appropriate time intervals. All chemicad shifts were externally ref-
erenced o the methyl resonanee of 2.2-dinicthyl-2-sikipenline-35-
sulfonate {DSS: O ppri). Double-yuantum-tiliered (DQF-COSY
(Range et al. 1983} TOCSY (Bax and Davis 1983), and NOE
speetroscopy (Kumar et al, 1980} were coltected with 3127, in-
cremenls with 2K complex data points. All spectm were recorded
in time-proportioned phase sensitive (TPPh male (Marion and
Wilthrich 1983, Low-temperature stdies used o lemperatuge-con-
trolled strean of cooled air using o Bruker BCU refiigeration unit
and o B-VT 2K contral unit. Water suppression was achieved by
Ld-see presaturation at the water frequency. or by the mradient

method (Piotis et al. 19921 All speeirs were collected with -

6024, 1. s 778%.16-Hz speviral widths for AMN-500 ond
Avuance-600 respactively,
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The daty were tmosterred to an SGI O, workstation, 200-MHz
RIQUUSC (Silicon Graphics). for all processing wnd further analy-
ais using the Bruker XWINNMR aml AURELIA soltware pack-
ages. Al data sets acquired were zero-filled o equal poims in both
dimensions before Turther processing, A 60%-shifted skewed sine
el window Puinetion was applicd in all NOE spectroscopy aml
TOCSY spectra, and a 20°- or 30°-shifted skewed sine hell func-
tion was used for all COSY speci, To help with resolving spee-
tral wverlap. data wene collected w different lempeeatures.

Torsional angle restraints and
stereospecific assignment

The *yya-conupling constams were estimated from the residual
intensity of the antiphase cruss-peak in DQF-COSY spectrm re-
corded in water. -Torsional resiraints of —| 30 % 30° far "l .-
coupling constants >8 Hz, and —60=30% for 3 -coupling con-
stants <6 Hz were used for stiucture cateulation. We obtained o
tolal of 13 J-torsional restiings located in the a-helix and B-sheet
regions. The ¢-torsional restraints were used for structure genera-
tions sturting from the early stage when NOE correlations were
also consistent, The stereospecific assignments were derived using
the method of Hybens et al. (1987). The ?1 g~ and )z ~conpling
constants were estimated as ejther large or small based on (1) the
intensities ol the cross-peaks observed in o DQF-COSY spectrum
in DO and a TOCSY spectrum recorded in short mixing time. and
{2y the relative intensittes of the intraresidue C*H-CPH and NH-
CPH NCE cross-peaks. The stereospecific assignment of B-meth-
vlene also allowed us to assign the x,-torsional angle restenints to
60 30° 180 30°, or 60 £ 30°. To ensure il accuraey of ste-
reospecific assignments. we oblzined 6 prochiral assizgnments
(Cys™. Cys®, Asn'", Cys™, Cys™. and Ter™) wilh cestainly, We
tound that the stereospecific assignments agreed well with our
venerated strictures in the early stage. Thus. in the laer stage of
structure zeneration. we also added ¥, and prochiml assienments
s restraints in the strecture caleufution,

Hydragen bomd and disslfide restraims

The amide-proton exchiange mies were identified from residual
aniide proton signals vbserved in severul TOCSY speciru recorded
at 275 K at pH 3.0 and 2.3, respectively. The first spectrum was
recorded within 3.5 I after the Ivophilized sample was redissolved
in DO, The amide proton exchange mtes were categorized o
three classes; tast-, nedium-. and stow-exchange rates. Hydrogen-
bond formation or salvent exclusion from the amide protons was
asstimed 1o aveownt for the slow- and medium-exchange-mte am-
ide protons. For beuler convergenee, # number of hydrogen bonds
involved in the secondary structire were included as distance re-
steatnts in the Hnul stawe ol slruciure generdion. that is. an O-N
distanee of between 2.5 and 3.3 A ek O-HN clistances of 1.8 aml
2.5 A between NH protons and the backbone carhonyl oxygen
alons were assigacd to the slow- and medivm-exchanging protons,
respectively. in the Jaller stage of structre determination. In the
final stage of structure caleulntion, ke hydrogen bonds bejween
NH; and OC; in the B-sheet structures were included as restraings
onky it the B-sheet inferstrand NH/NH | NHAC H, |, and CH, 7
C . H; NOE cross-peaks were abserved. The disultile bomls used
in the structure ealenation were Cys? 1o Cyst, Cys® 1o Cys™, and
Cys? 10 Oy, Covalent bunds between the suilur aloms of disul-
lde bridges were modeied by restrainiig the distanees between e
two sutfur atoms o LA 0 230 4.
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Tertiary structure colealations

Distunce restrinty of Tel were derived privarily rom the 200-
anlfor 400-msec NOESY spectra recorded in aquecns soltition al
275 K and pH 3.0, Comparison was mude to the 100-msec NOE
SPECLIGSCOPY  speetrim 1o assess possible eontributions of (he
NOEs from spin dilfusion. Peak intensities were elussified s
large. medium. small. and very small. corresponding to upper
baund interproton distanee restraints of 2.5, 35,435 and 6.0 A,
respectively. An additional correction of 1.0 A was added for
methylene and methyl groups. The struchire determitnation was
peiformed using 163 distance restrabms, of which 17 were intra-
residue. 67 wene sequential, 79 were meditm- and long-range
interproten distances, 16 were hydrogen bonds. 15 were d-tor
sional angles. und & were x,-torsion angles. All minimization wnd
dynamieal simartzied annealing calenlalions were pertormed with
the progran X-PLOR 9% (Briinger 1998) on 1 $G] O, workstation.
The INSIGHT If (Molecutar Simulation ne.). MOLMOL (Kol
et al. 1996), and GRASP (Nicholls et al. 1991) progeams were used
to visually observe sets of structures and to caleulate and make the
elecirostatic swiface potentiat of the final three-dimensional mad-
els. The distributions of the backbone diiedral angles of the final
converged structurcs were evaluated by the representation of the
Ramachandran dihedral patiern, indicating the deviations from the
stereally allowed (. 1) angle limits using PROCHECK-NMR
(Laskowski el al. 1996) and MOLMOL,

Dara bank accession numbers

The chemical shifts of Tel at pH 3.0 and 275 K have been depos-
ited to BioMagResBank (BMRB) under accession No, 3082, The
atomic coardinates of the 15 enersy-minimized conformers used (o
represent the selulion structure of Tel have been depusited in tie
Brookhaven data bank, together wil the complete input of con-
formational restraints used for the stmetsre caleudation nnder ac-
cession No, 1JLZ.
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Phosphorylation of the 24p3 Protein Secreted from Mouse

Uterus in Vitro and in Vivo

Ying-Chu Lee,! Shyh-Dyh Lin,? Hui-Ming Yu,! Shui-Tein Chen,! and Sin-Tak Chu!*?

Received August 10, 200)

The 24p3 protein is a 23 KDa glycoprotein. having been purified from monse uretine fuid, Thr™,
Ser®. aud The'#:Ser'® on the protein molecule were predicied 10 be the phosphorylation site of ca-
sein kinase I1. protein kinase C. and eANP-dependent protein kinase, respectively, ncorporation of'
phosphate 1o this protein from [y-"P}-ATP was tested in the solwion suitable for the Hiree kinases,
Neither casein kinase I nor eAMP-dependent protein kifinse rencted 1o the 243 protein: however,
protein kinase C demonstrated phosphorylation to this protein. This phosphorylation may be com-
peting with o polypeptide segment: Arg™-Tyr-Trp-Tin-Arg-Thr-Plie-Val-Pro-Ser™-Ser-Arg-Ala-
Gly-Gln-Phe-The-Leu-Gly™” in the 24p3 protein moleeule, To support this theory, Ser™ is phos-
phesylation site of protein kinase € on 24p3 protein. The enzyine kinetic parameter, based on the
Michaelis-Menten equation, determiied Kin to be 2.96 uM in the phosphorylation of 2dp3 protein
by the kinase. Both of the phosphorvlated and dephosphorylated form of 24p3 protein ¢an enbanee
the cAMP-dependent protein kinase activity fir virre. Tn addition. this experiment will show for e

first tine that serine-phosphorylated 24p3 protein exists in monse uterine tissue,

KEY WORDS: Phosphorylation; protein kinase: serinephosphare: nterine protein.

1. INTRODUCTION

A purified protein. derived from 24p3 cDNA. was origi-
nally by Hraba-Renevey ef ol (1959) cloned fiom mouse
Kidney culture cells infected with polvoma virus-40,
fiom mouse uterine lhuminal fluid (Clm ef af., 1996). and
identified in the epididymis (Chu er a/., 2000). We iden-
fify this protein as 24p3. a 25 KDa glycoprotein. with a
blocked N-terminus of pyroghamate (Clw er af, 1997).
This protein is also present in tipopolysaccharide-stimu-
lated PUS.LE macrophage (Melieus er o, 1993) and
BFGE-stinmlated 3T3 cells (Davis er al., 1991). The re-
sults of Liu and Nilson-Hamilon (1995) reveal it as an
acute phase protein of Iiver. Based on a computer-
assisted homologous search. it is classified as a member

Unstitute of Biological Clemistry, Academia Sinica, Taiwar,

*lustitute of Biochemical Science. College of Science, National Tai.
wan Tliversiry, Taipel. 10617, Taiwan.
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of the lipocalin superfamily (Flower e al, 1991). The
protein also shows a high degree of similagity to human
neurrophil gelatinase-associated lipocalin (NGAL) (70%%
identity) (Ch er al, 1997: Kjeldsen ef af,, 1993). Our
previous results support a hydrophobic pocket of this
protein molecule, showing it to be suitable for fatty acid
and retinoid binding (Chu ef o/, 1998). We also found
that the epididyvinal 24p3 protein interacted predomi-
nantly with the acrosonte of spenuatozoa (Clu er 4/,
2000). The biological furction of this wrerine protein re-
mains unclear, This being evident. we ave seeking Auther
undlerstanding of the fimerion of the 24p3 protein.
Phosphiorylation and dephosphorylation of protein is
well-tecogmized as an important to regulate biological
fonetion: It may reflect a relationship between protein

. stveture anel bielogical activity. The phosphorylation or

dephosphorylation of amino acid residue miggers stue-

* Abbreviations: CKII, casein kinase I NC. nitrocelhilose: NGAL,
neurrophil gelatinase-nssociated lipoealin: PKA. cAMP-dependent
protein kinase; PRC., protein kinase C: PMSF. phenylmethyd sulfonyl:
TFA. wiflnoreaceric acid.

Q277-5033:0071000-0553.0 8 20601 Plenesm Publishing Corperation
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tural change in the molecules, altering iheir biological
fonetion (Kwosawa. 1994), The analysis of the printary
struchre of 24p3 protein suggests the presence of poten-
tinl Ser: Thr sites for the pliospharylation by casein kinase
11 (CKID.? protein kinase C (PKC), or cANP-dependent
protein kinase (PKA) (Fig. 1), hus Auther emphasizing
the importance of verifying the phosphervlation in
24p3 protein. Accordingly. we investigated the phospho-
rylation of 24p3 protein by thuse tiwee types of kinases.

J— motil 1 =]
QDSTONLI PAPSLLTVELOPDFRSDOPRGRNYVVGLACIER

10 20 30 40

La] [ ¢ ] [0
VQXKKTEGSETMY STIYELOENNSYNVTS ILVRDODQGCRY
50 T 50 70 80

CKIl phosphorylation site

|~ motif 2 —|
[> ] [&] [¢]

WIRTFVPE!AGQFTIEN}H{SY POVOSYNVQUATTDYNQF

20 100 110 120 ¢

PEKC phosphorylation size

51 ol

AMVFFRKTSENKQYFKITLYGRTKELSPELKERFTRFAKS

TJ.BO 140 150 160
PKA phosphorylation site

LGLKDDNI XFSVPPDQC T LN

170 180

Flg. 1. The potential phosphorzlation sites of protein kinases ou 24p3
protein and its predicted secondary stuctore. Based ou our previous
veport (Clm w ad,, 1998). the predicred secondary stragrures. which are
comserved in the lipocalin protein stiperfamily {Mlonaco and Zanoi,
1992). are shown at ihie 1op of the sequence (B-strands A-I and helices
in the haich blocks). The three short matits, which are highty conserved
berween members of the fnnily (Elower e7 e, 19913 are denotec. The
consensity sequences for the plasphorylation site of differenr prorein
Kinases ave underlined and denored.

Lee, Lin, Yu. Chen, and Cln

Our results support 4 PKC phosphorylation site ar Sers
but exclude both phospharylarion sites for CKII and PKA
on fhe protein molecutle, The Km value is comparable to
that reported for the most effective protein substrates for
protein kinase C (Abe er al,, 1991). Use of the jmmumno-
precipitation method to identify the serine-phosphory-
lated 24p3 protein in werine tissue indicated the phos-
phorylation of 24p3 protein might be important aned
further esmblished that the 24p3 protein enhanced the
PKA activity i virro.

2. MATERIALS AND METHODS
2.1, Materials

Outbred ICR mice were pumchased from Charles
River Laboratory (Wilmington, MA) and were bred in
the animal center at the Collegs of Medicine, Narional
Taiwan University. All enzynies were purchased from
Boelwinger Mannheim Ganb.H (Gemny). Autiphos-
phoserine aitibody and HRP-conjugated ansi-rabbit [gG
were obtained from Zvmed Laboratories. Ine. (Car o
61-8100, CA. USA) and Promega (cat no, W40, WI,
USA), respectively, The 24p3 protein-induced antibody
was prepared and partially purified with a protein A col-
umn, as per a previous method (Chu ef af,, 2000). The
[y *Pl-ATP was frem Amersham (Searle, Arlington
Height. IL). All other chemicals were reagent grade.

2.2, Prediction of Phosphorylation Sites

The method of marching consensus sequence par-
terns based on stepwise discrimination analysis was ap-
plied 1o szek the potential phosphorvlation sites on the
24p3 protein molecule fron: a primary structure of the
24p3 protein. The analysis was executed by the computer
program package PROSITE 5.1, which is (rechnically)
wterrelated to SWISS-PROT protein sequence data btk
{Bairoch and Apweiler. 1997, 1998),

2.3. Solid-Phase Peptide Synthesis

Peptide was synthesized. via 4-(2.4-dimethoxyphenyi-
Furee-amitio-methyl) phenoxyl resin (0.281g. 0.8% mEq/g)
with Fioc-amine acid derivaiives nsiug an automatic
pepride synthesizer (Applied Biosystem Model <4334,
USA). After completion of synthesis, the peptide on
resins were incubaced with a cleavage mixmre contai-
ing 0.75 g ervsialline phenol, 0,25 mL 1.2-ethandithol,
0.5 mL thicanisole. 0.5 ml D.I water, 10 mL trifluoro-
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acetic acid. for 90 min ar roont temperanire. and the sol-
vent was completely evaparated. The diy resin was then
washed five times with 20 mL of cold ether, Syathetic
peptide was then extmeted by washing five times will
20mL of 3% acetie acid. All extracts were lvophilized to
vield a crude peptide (0.506g. 93.5% vield).

2.4. In Fitro Phoesphorylation of 24p3 Protein

The [v-"p]-ATP was diluted with unlabeled ATP,
vielding a final specific activiy of 0.3 Ciinmol. In a
specified solution reported previously (Genzalez er al,
1993; Hathaway and Traugh 1979: Glover er af., 1983).
2493 provein (5.0 pganl) was phosphorylated by CKII
(20 UinL), PKA (20 uUinL). or PKC (2 pUml) in
the presence of 0.2 1M radial labeled ATP at 30°C for
5 min. The phosphorylation by PKC was processed in
20 mM HEPES containing 13.0 pM phosphatidylserine,
L3 wM CaCle 10 M MeCle. and 1.0 mM DTT at pH
7. The PKA phosphorylation was performed in 30 mM
MES containing 10 mM MeCl,, 0.5 mM EDTA, and
1.0 mM DTT at pH 6.9. The CKII phosphorylation was
ciried out in 20 mM MES containing 130 mM KCL.
10 mM MgCl,. and 4.8 mM DTT at pH 6.9. The reac-
Tion wixtures were subjected to SDS/PAGE i a 15%
polvacrylamide slab gel (0.075 X 5.0 X 6.0 cm). The
gel was dried by a gel-diyer, then autoradiograpied on
x-ray film,

2.5. The Phosphorylation Activity of PKC and PKA

The PKC activity was assayed aceording 1o a phos-
phocelinlose technique (Casnellie. 1991), In the specified
solution. 24p3 protein (0-14 uM). or synthetic polypep-
tide (0—2 pM) comprising Arg™*-Tvr-Tip-llu-Arg-The-
Phe-Val-Pro-Ser™-Ser-Arg-Ala-Gly-Glu-Fhe-Thr-Leu-
GIy”. of the protein molecule was incubated in the
presence of PEC (2 pU/mLY and 0.2 nM [v*P)ATP at
30°C. The [0 pL of aliguor was spotted onto a PS1 phos-
phocellulose paper for 3 min and then baked for 40 min
under a lamp. The paper was washed five times with
2.0mL of 150 mM phosphoric acid. rinsed with aleohol
for 2 1nin, and baked dry. The radioactivity ou the papers
was counted by a f-counter. The velocity of *P-iacor-
poration 1o the protein substrate was fitted 1o a dotible re-
ciprocal plot constueted from the Michaelis-Menten
equation.

The established method of Goueli or al. (1993),
the eAMP-dependent protein kinase acrivity, was car-
ried out in 2 25 L reaction misture containing 40 mM
Teis-HCL pH 7.4. 20 mM MaCl.. 100 M [v+"p]ATP.

h
o
wm

109 grmL BSA. and 100 b biotinylated peprida sub-
state (Lew-Arg-Are-Aln-Ser-leu-Gly) (V7480, Promega,
W1, USA). The reaction mixmire was preincubated at
30°C for 5 min, followed by 37°C for 3 win. At each
tweatment, a 10-uL aliquot was spotted on a strepra-
vidin-conjugated membrane and washed with 2 M NaCl.
This washing process was repeated four times, followed
by m additional four times washing with 12; H,PO,
confatuing 2M NaCl, and twice with distilled water to
remove the free isotope impuwrities. The membranes

- were then dried and counted using a Liquid seintillation

counter,

=.6. Phosphorylatien and Dephosphorylation of
24p3 Protein

The puwified 24p3 protein of werine huninal fluid
was prepared according to our previous method (Clu
et al, [996). Fifty pg of 24p3 protein was mixed with
300 pU of bovine placenta alkaline phosphatase in
200 L 0.1 M glyeine. pH 104, containing 0.1 M NaCi,
50 mM MgCl,, 1.0 mM DTT. 2.0 mM EDTA, and 100
1M phenylmethyl sulfonyl fluoride (PMSF). The mix-
ture was incubated at 30°C for 4 kt to remove the phos-
phate from protein. After the dephosphoryvlation. 60 ul.
0.2 N HCl was added 1o neutralize and the mui<mre was
fractionated by reversed-phase HPLC. with a 35% to
45% linear geadient of acetonitrile n 0.1% wifluoro-
acetic acid (TFA). and a flow rate of 0.7 mLauin on a
C18, 7 micron. 250 ¢ 4.6 mum colunn (Macherey-Nagel.
GubH & Co.. KG). The dephosphorylared 24p3 protein
was collected manually and lyophilized.

To phosphorvlate the protein, 30 g Zdp3 protein
was wixed with 30 ng PKC in 100 L of 20 mM Tris-
HCL pH 7.5, comaining J6 mM MgCl,, 0.2 mM CaCl,,
3 ugnl phosphatidylserine, 1 jpospl. 1.2-disleoyl-sn-
glvcerol. 100 pM Na;VO,, and 100 uM PMSFE. The re-
action mixture was incubated at 37°C for 1 I to ensure
the phosphorylation reaction. After the reaction, the
phosphorylated 24p3 protein was fiactionared by re-
versed-phase HPLC'. as with the previous method, Plios-
phorylated 24p3 protein was then collected manuaily and
Iyophilized. The dephosphorylation‘phosphorylation
24p3 protein was analyzed by Westem-blot analysis with
an antiphosphoserine aniibody.

2.7. In Five Phosphorylation Determination

Matre fennle mice (6 w0 8 weeks) at proestrus
phase were sacrificed by cervieal dislocation and their
uteri reproved. The uteri were homogenized in a solution
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containing 20 mM Tris-HCL pH 7.4, | md EDTA.
25 NoF. 0.1 nbM okadic acid, 2 mM NagVO,. and
2.5 mM B-glyeerophosphate to extract the proteins, ad
then cenrifuged at 360,000 % g for 40 win 1o remove
the debris. The exiraction mixnwe also contained 1X di-
lution of protease inhibitor cocktail. (PI Cocktail. Cat
No. 1697498, Roche Molecular Bigehemicals. Ger-
many), The supernartant was then ebintned as a tissue ho-
megenate extracl, Using (he Dynabeads itniumomagetic
system to isolate the 24dp3 protein from tissue exract. a
target antigen-antibody complex can be isolated with an
indirect technique. Witlt the indirect technique. a sheep
auti-rabbit TeG, specific for the IeG-antigen complex. is
coupled to the Dynabeads M-230 {Dynal. cat No. 112.03.
Dynat A. §. Oslo. Norway). The coated beads are then
used to capture the desired target of protein complex.
The homogenate extmct containing 24p3 protein (3 me)

is incubated with the 24p3 protein-induced antibody -

(3 pg) for 2 o 4°C. while genily agitating with a rota-
tor. This procedure allows for the antigen-antibody com-
plex formation fo be completed. The antigen-antibody
complex can now be isolated by incubation with 30 pL
Dynabeads M-280 sheep anti-rabbit IaG for 1 h at 4°C,
After the incubation. a maguet is applied on the wall of
the test mbe for 1 min, isolaring the targer. A 10 tL elec-
iroploresis sample butter is added and boiled tor § min.
aud then cennifuged at 6000 X g for I min o remove the
beads. The disselved proweins in the sample buffer were
resolved by SDS/PAGE [15% (wA) acrylamide] on a gel
slab. Proteins were mansferved from gel to a nitrocelln-
lose (NC) memtbwane in PBS at 4 *C for 32 1 by the dif-
fusion method (Bowen ef of., 1980). The wansferred pro-
teins were detected wirth antiphosphoserine amibody
(dilwed to 1.25 pes 10 mL). or 24p3 protein antibady {di-
hated to 2 g1 5 mL). followed by HRP-conjugated anti-
1abbit IeG dilured 1o 1:12000 and fluorography. The re-
active bands were visunlized using an enbanced
chemiluminescene (ECL) kit (RPN 2132, Amershan
Phanuacia Bivtech G.K. Ltd} and exposed on x-ray filn.

3. RESULTS
3.1. Phosphmrylation of 24p3 Protein by Kinases

Fig. | shows the motif search for the consensus se-
quences of protein kinase phosphorvlation sites on he
24p3 protein molecnle. Based on owr previons report
(Chw er uf, 1998), boh the predicted secondary stme-
ture, including the three shorr motifs, are highly con-
served in the lipocalin protein supertamily (Monaco and

Lee, Lin, ¥Yu, Clen, and Chu

Zanotti, 1992}, and are deciphered i Fig, [, The The™-
He-Tyr-Glu®. Ser™-Ser-Arg™. and Are"*Lys-Thr-
Ser'®® marched with the consensus sequences for the
phosphorylation site of CKHL PKC. and PKA, respec-
tively, The three peptide segmenss are not included in
the flwee shorr, highly conserved lipocalin family mo-
tifs, The first one is inside B-steand B, the second in a
less rigid conformation and may be in a B-tun or in vun-
ordered region between Bstrands D and E. Part of the
third is overlapped wirh B-strand G. The ability of these
protein Kinases to phosphorylate The't, $er®®, and
Thri*Ser™® was examined. The progressive result of
the **P-incorporation from [v-*"P]-ATP to the proteins
in the specified solntion for each kinase at 30°C for
5 min is deiermined by B-counter. Fig. 2A displays the

(A) PKA  CKIL  PC

s 1 234 56
B
- -, .
29 - oo - ~ 2403
18 =
14 =
B 12345867
Y
g il e A o - 24pa

Flg. 2. In vima phosphorylation: of 24p3 prorein by kinases. (A) Each
kinase was incubated alone (lanes 2. 4. 6) or ity the presence of the 24p3
protein Uanes 1. 3. §) and the FPuincorperntion to 1he protein {20 ;M)
was detecred on the anroradiogram atter the reaction mixture hadd besn
resolved iy SDS/PAGE on a 15% polyacrylamide gel slab (s2e text for
detnils). (B) 24p3 Protein {20 M) was incubated with PKC (2 ULy
i the presence of [y-PJ-ATP (0.5 Ci'mmol) and a svnrberic
polypeptide comparing Arg”Tyr-Tip-lu-Arg-Thr-Plie-Val-Pro-Sei3%.
Ser-Arg-Ala-Gly-GIn-Phe-Tlu-Leu-Gly™ i the protein a1 30°C for
5 min. The reaction mixiire was resolved by SDSPAGE and the extent
of MP-incorporation fo the 24p3 pratein was compared following
avtoradiography. The molar ratio of the symhetic polypeptide to e
24p3 protein in the incubation was: 0 (Jane 1), 1.0 ¢lase 2). 2.0 {lage
3). 5.0 (Iane 3), 10.0 (lane 5. 20.0 dlane 6). 40.0 tlne 7).
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autoradiogram of #P-labeled proteins after the reaction
mixmies were resolved by SDS.PAGE:; these protein ki-
nases could be distingnished by their migiarion on
SDS PAGE. PKA appeared as a 41 kDa band and PKC
as a 82 kDa band. CKII was reselved into ene 42 kDa
ce-subunit and orre 26 kD B-subunit, Neitler PKA nor
PKC but botl subunirs of CKIT became radiolabeled
when each kinase was isolated and incubated {ef. lanes
2. 4, and 6. of Fig. 2A). indicating that the autophos-
phervlation ccewmred only at both subunits of CKII
among the three protein kinases. PKA showed no activ-
ity to phosphorylate 24p3 protein but the kinase became
phosphorylated by the presence of 24p3 protein dwring
incubation (cf. lanes [ and 2. of Fig. 2A). The au-
tophosphorylation of both subunits of CKIl was en-
hanced by 24p3 protein, althongh the enzymme did net
phospherylate 24p3 protein (cf. lanes 3 and 4 of Fig
2A). One radiolabeled protein band corresponding 1o
24p3 protein was detected in the meubation of PKC with
24p3 protein (cf, Janes 5 and 6 of Fig. 24), indicating
that PKC is able to phosphorylate 24p3 protein. Because
$Ser*? is a predicted phosphorylation site of PKC. the in-
teraction between PKC and a synthetic polvpeptide
comprising Arg”-Tyr-Trp-1lu-Arg-Thr-Phe-Val-Pro-
Ser®-Ser-Arg-Ala-Gly-Gln-Phe-Thr-Leu-Gly*” in the
24p3 protein molecule was futher investigated. The
#2P-incorporation of [y-*P]-ATP fo 24p3 protein is sup-
pressed by the presence of this polypeptide. The resuls
of vne represenrative experiment (shown in Fig. 2B) in-
dicates a decrease 24p3 protein phosphorylation cein-
cided with the inerease in the molar ratio ot the polypep-
lide to 24p3 protein in the reaction, When the olar
ratio was more than 20, the 24p3 protein was unable to
be phosphorylated,

3.2, Phosphorylation Kinetic of PKC on the 24p3
Protein

The velocity of phosphate ircorporation from ATP
to the protein subsates by the PKC phosphorylation fias
been detennined (Fig. 3A). and the kinetic parameters
were obtained from the cdouble reciprocal plot. based on
Michaelis-Menten equation (Fig. 3A. fnset). Kin was es-
timated ar 2,96 and 0.42 pM for phosphorylation of
2p3. or the synthetic polypeptide. respectively (Fig.
3B). It 15 swprising to note that the phosphorvlation of
the synthetic polypeptide occurs more rapidly than that
of the 24p3 protein dite to the phosphorylation site on the
synthetic polypeptide beiug less rigid. and it becomes
more susceptible 1o the enzyue catalysis.
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Fig. 3. The kinetics of PEC for the phosphorylatien of 24p3 protein.
The 24p3 Protein (0-14 uM3 or the synthetic polvpeptide (0-2 pA[
was incubated with PKC (3 nU/nL) in the presence of [y-"PJ-ATP nt
30°C. The rate of **P-incorporation 1o 24p3 protein (A} or the syuthetic
polypeptide (B) was meastred. The doubls reciproeal plot based on the
Miclaelis-¥enten squation is given in the inset.

3.3. The 24p3 Protein Enhances PIKA Activity

Fig. 4 shows the dose-refationship activity for PKA i
the presence of the 24p3 protein. Comparing the PKA ac-
tivity in the absence of 24p3 protein soluion (Fig. 4 O)
with the presence of plosphorvlated (Fig. 4 M). or un-
phosphorylated 24p3 protein (Fig. 4 } in the incubation
medivm, sufficiently inereased the PEAA activity by 1.23-
to 3-fold, becavse the 24p3 protein molar ratio was in-
creased by 10- 1o 100-old (Fig. 4A-E). Allhough the PKA
activity in the presence of deplosphonviated 24p3 protein
showed few enhoncements than in the presence of phos-
phorylated fonn, borh forms enhaneed he PKA activiry.
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Flg. 4. Effecr of 24p3 proreit on the PKA achivity. The (.25 pmwole
PRA activity was detennined (ef. Methods) in absence (0} or presence
of phosphorylated (B} or unphospherylated 2-p3 protein (7). Ameount
of added 24p3 protein: A. 2.5 pmole; B, 5.0 pmole: €. 10.0 pmole: D.
12.5 pmalet E. 25.0 pmole. Each value represants the mean + SEM of
triplicates fiom a representative experinsent,

3.4. Detection of Phosphoserine in 24p3 Protein
from Mouse Uteri

The 24p3 protein can be phospherviated in virre by
PKC at the same site as observed in vivo, as judeed by
Dynabeads inmunoprecipitation. The serinephosphate
on the NC membrane Las shown that the 24p3 protein in
the immunoprecipitate is phosphorylated in vivo (lane 2.
Fig. 5B). As shown in Fig. 5 (panel A). the precipitated

24p3 protein was verified by 24p3 protein induced anti-

bedy at uterine tissue (lane 2) and purified 24p3 protein
as a cowrol (Iame 1), Comparing the result of lane | with
lane 2 in Fig. 3B, the phosphorylated-serine is absenr in
the purified-24p3 protein: deplwsphorylation miglht
oceur i wterine luminal Huid or during purified process.
The weakly fluorescent band of anti-rabbit IgG. shown in
panel ' {Fig. 3B). indicates the antiphosphoserine anti-
body reacted specificaliv to phosphoserine of the 2Ip3
protein. Using alkaline phosphatase o dephosphorvlate
the precipitate taken from wierine tissue with an antibocly
for the 24p3 protein showed only a dim fluorescent band
by the awiphosphoserine antibody. which supports ihe
existence of in vivo phosphorylation of the 24p3 protein
(data 1ot shown),

4. DISCUSSION

Our observations have shown that an apparent Km in
the PKC phosphorylaiion of the 24p3 protein (2.96 M) is
comparable to that hitherto reported as the most eftective
protein subsirates for PKC (0.3-9.7 uM) (Abe e al,
1991). The likelikood of phosphorylating 24p3 protein by

PKC in vive is conceivable. Our study of in vire and .
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Fig, 5 Inmunodetection of phosphorylated 24p3 protein in wterine
fissne. Mouse wterine tissues were collected (cf Metliods). The 24p3
protein was impnmoprecipizated from uterine tissue and analyzed by
Western-blot amalris with anribody against 24p3 protein or
phosphoserine. Lane 1 is purified 24p3 protein as a control. Lane 2 is
the immunoprecipitated protein from mouse ntering lissue, Panel A,
detecied by 24p3 protewn ikluced antibody: panel B, detected by
amtiphosphoserine antibody: panel €, deteered by anti-rabbic [2G
antibody as a control.

invive phosphorylation suggests PKC phosplorylation
suggests PKC phosphorylation on phosphoserine of 24p3
protein does exist in this weiine protein. The resulr shown
in Fig, 2A, lane |5 suggests that the 24p3 protein induces
the conformational change of PKA and facilitates the
autophospherytation of the PKA, The phenomenon of
autophosphorylation has been noted in many protein ki-
nases. such as e AMP-dependens protein kinase 1T (Rubin
and Rosen, 1975} The potential vale of such anrephos-
phorylation to alter activity of the kinase has been sug-
gested in mrny reports. The enbancement of enzymatic
activity may result fiom the 24p3 protein association, thus
causing the confonnational change of PKA. Based on the
resubis (Fig. 2. lane 1: Fig. <1). i1 is reasonable 1o speculate
that the 24p3 provein may have induced the confonma-
tional change of PKA to facilitate the autephospherylation
and then indueed the enzymatic activity. The phenomenon
of phosphoryvlation on 24p3 protein may not conelate to
PEA activity directly. In the present sy, the CKIT ac-
tvity was not atfected by 24p3 protein (data not shown).
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even if the 24p3 protein inereased autephosphorvlation of
CKIL. Elueidarion of the interrelarionship berween
24p3 protein and PKA is more worthy 1o elucidate. Fur-
ther snulies are necessmy to defermine if enhancement of
PEA activity will ocour iz vive,

In sunmary, we show for the first tinte that 24p3 pro-
tein is a serine phosphovlared-glyeoprotein i mouse
uteri. The phosphorylation and glycosyvlation, the post-
translational modifications of a protein. which have op-
tional. alfect the netivity of secretion (Kukwuzinska and
Leman. 1998: Price er al. 1994). As a secretory protein.
whether phosphorylation (i this paper) or glycosylation
(Chu ef al,, 1996) of the 24p3 protein are a necessary r=-
quirement for the secretion of the 24p3 protein from the tis-
sue will require fture study. Because the phosphorylation
dephosphorylation of a lipid-binding protein may regulate
the directiona] otienration of lipid flux in cells (Buelt er o/,
1992) as a lipocaline of 24p3 protein (Chu er af., 1997), the
study of phosphorylation of the 24p3 protein is important,
Phosphorylation inay represent a mechanisi, which regu-
lates a 24p3 protein associntion with the hvdrophobic mol-
ecule and regulates biological activity of the 24p3 proein.
The outcome mav derermine how the phosphorylation role
is idenrified in the hydrophobic molecule interaction or
protein secretion. Based on the result of the auroradiograut
study. the fact that the 2p3 protein facilitated the au-
tophosphorvlatio. of PKA and enhanced the PKA activ-
iy, indicating an intewrelation between the 24p3 protein
and kinase fir vivo, merits further attention. Further snuhy
is needed 10 elucidlate the significance of the 24p3 protein
within the reproductive system.
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Abstract

Mastoparan B {MP-B) is a cationic tetradecapeptide (LKLKSIVSWAKKVL-CONH.) isolated from the verom of the
Taiwan hornet Vespa buselis. Unlike other vespid mastoparans. the peptide is capable of inducing short-tcrm bypotension
amd causes hemolysis inanimals. This study was aimed to find out MP-B analogs that possess higher hypotensive potency with
the least Ixtic action by D-amino scid substitution. especially at lysine (Lys) residues. The syathetic MP-B isomer in which Lys*
was replaced by D-Lys showed a significant decrease in both hemolytic and hypotensive activities, Substitution of Lys? by D-
Lys in MP-B also caused a marked reduction of hemolytic activity. but its hypotensive action was only slightly affected.
However, when Lys™™" were replaced by D-Lys. the resulting isomer ({D-Lys""MP-B) exhibited a higher hypotensive
activity with negligible hemalytic activity as compared with the native peptide. The D-antipot of MP-B in which all amino acid
residues were replaced by D-isomers showed the highest hypotensive activity with a hemolytic activity about 1/3 that of MP-B.
The results reveal that D-Lys substitution at e N-terminus of MP-B (Lys™) causes decreases in both hypotensive and
hemolytic activities. while D-Lys substitution at the C-termines (Lys'") leads to a significant increase in hypotensive activity
of MP-B with a remarkable decrease in hemolytic activity, The hypoteasive effect of [D-Lys - IMP-B was more prominent on
spontaneausly hypertensive rats, At o proper dose (0.3 mg/kz) the peplide could reduce the high bload pressure {~1R0 mm Ha)
of the rat e a normul level (~120 mm Hg) for more than 3 I, [D-Lys""2IMP-B which possesses o potent hvpotensive action
with the least eytolytic side effect is the hest MP-B analog for studying the mechanism of cardiovascular inhibition by MP-B
and coudd be useful as 2 hypotensive agent in hypertension crisis. © 2001 Elsevier Science Lid. All rights reserved.

Pick. 1984: Nakajima, 1986). only MP-B hus been Found to
induce short-term hypotension in rats (Ho et al., 1994). The
hypatensive effect of MP-B was inhibited by cyprohepta-
dine (anti-serotonind and reserpine Gumine-depleting agent).
but not by diphenhydramine tantihistamine). The site(s) and
molecular mechanism of the hypotensive action induced by
MP-B remain ta be elucidated. On the other hand, MP-B has
also been found to possess hemolytic activity on the red
cells of guinea-pigs and rats (Ho and Hwang, 1991). The
hypotensive effect ol MP-B may he uselul as o o] to study
its mechuanism ol action, or used as a hypotensive asent lor

1. Introduction

Mastoparans. the mast-celi-degrunulating peptides of the
vespid venoms, are the major peptide companents in many
species of hornets'(Nakajima. 1984). Mastoparan B (MP-03)
is a cationic welradecapeptide (LKLKSIVSWAKKVL-
CON1y) isolated from the venom of the hornet Vespa basa-
lis. which is the most dangerous species of hornes found in
Tatwan (Ho and Flwang, 1981 Tn addition to having the
conserved Iysine structure (Lys ™'} of vespid mastopai-
ins, MP-B has an extru-lysine wt position 2 and @ unigue

tryplophan at position 9 in its sequence. Although several
mastoparan homologs have been isolated and characterized
as liberwtors of histamine from mast cells (Nakajima. 1984

¥ Cormesponding aulior. Fel: —886-2-2753.3696: f1a; ~88A-2-
278R-4TAY,
E-mail address: hoel@sinica.cdutw (C.-1, Hod,

reseuarch, it jts poteney (degree and the durtion of action)
could be increased and its hemolytic activity redueed.
Previous studies on the structure and activity relationship
of MP-B have reveaded that some tysine residues are critica!
for the bypotensive effect of the peptide (Mo et xl., 19943,
while tryplophan is responsible for jts hemolytic activity
(Ho et al.. 1996). Here we report thiat a synthetic D-isomer

R EHOLONS - see Tront matler € 20001 Elsevier Science L. All rights reserved.
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of MP-B in which lysine 11 and 12 were replaced by D-
amino acids ([D-Lys'"UIMP-B) showed a signiticantly
higher hypotensive poteney with negligible hemalytic aciiv-
ity as compared with native MP-B.

2. Materials and methods

The hornet venom was collected by pressing the venom

sacs disseeted from the ether-anesthetized worker hornets of

Vespa basalis which were captured from the mountain area
of east Taiwan (Haulien County).

Isolution of mative MP-B {rom homet vepom  wis
performed on o gel-filtration column (Fractoge] TSK HW-
505, 2.6 %435 em, E. Merck. Germany) ehuesd with ammo-
nium acetie buffer (0.03 M. pH 535). The isolated pepride
was turther purified using a cation-exchange column (CM-
Trisacryl M. 10X 20cm. IBF Biotechnics. France) eluted
with a lincar gradient of ammonium aceiate {0.05 M at pH
5.5, 10 LOM at pH 0.8 as described previously (Ho and
Hwang, 1991).

Mastopuran B and its D-isomers were synthesized via 4-
2, 4'-¢!ime[hnxyphcnyI—anc-:uninmncl]]yl)-phcnn.\_vl
resin with Fimoc-amino acid derivatives by an automaic
pepride  synthesizer (Applicd Biosystem Model 431A,
USA) as described previously (Yu ot al., 1993). The crude
peptide was first cluted through a gel-filtration column
(Fraciogel TSK HW-40S, 2.6 45 em) wilh ammonium
acetate buffer (0.3 M, pl 3.5) and puritied by rechromaro-
graphy on a reverse-phase HPLC column {Vydac CI18,
10X 25 em, USA) followed by a second gel-lltation chro-
matograph on the same TSK cofumn cluted with the same
buffer at a higher pH (0.1 M ammonium acetate, pH 8.0).
The yield of the purified peptide {purity > 97%) was 33—

A% (whw) of the input materials, The primary structores of

the synthetic peptides were conlirmed by buth sequence
anmalysis (Applicd Biosystem 477A sequencer, USA) and
mass determination (fast-astom-bembardnent mass spectro-
meter, JEOL SX-102A. Japan} us shown i Table 1.

The hypotensive effect of the peptides was studied on
Wistar male rats (200-250 uy and spontancously hyperten-
sive rats (SHR. 240-260 g) anesthetized with sodium pento-
barbital (43 mpdkg, i.p.). Arterial blood pressure was

Table |

recorded rom the femoral artery with o Statham P23 AC
pressure transducer attached to a ciiculation system compu-
ter (Cardiomux-H, Cofumbus ITnstrument, Ohie, USA) and
Guuld TA2 recorder. A standard leau 17 electrocardiogram
(ECG) was recorded sinultancously, MP-B and s D-
isoniers were injected rom the femora) vein,

Dircet hemuolytic aetivity of MP-B and its D-isomers was
assiyed on washed red blood cefls of the guinea-pig.
Washad red blood cells were prepared From Dlood with-
drawn from the geinea-pig by repeated suspension and
centrifugation (1600 rpm) as deseribed (Ho and Hwang,
1991). The red blood eclls (1% were incubaed with the
peptides in Tris-huffered (0.01 M. pll 7.4) saline (0.13 M.
NuClyat 37°C [or 60 min as describud previousty {Wu et al.,
1982}, Hemolytic action was stopped by addition of cooled
(4°C) Tris-bufTered saline and the degree of hemolysis was
measured by the relessed hemoglabin at a wavelength of
540 . The statistical significance ol the data was deler-
mined by unpaired Student's r-1est.

The cireular dichroism (CD) specta of MP-B and its -
isomers were recorded with 2 CD spectrometer {Jasco J-720,
Japan), The peptides were dissolved in Tris-butTered saline
containing 20% witluorcethanol. The .[0) values were
expressed as the motar ellipticity of the pepticdes.

3. Results

LA Hspanensive effect of MP-B amd its D-isoners an
nonnotensive Wistar rals

In order o search for MP-B isomers with high hypo-
tensive potency amd low cytotoxicity. a series of D-Lys
substitited isomers and a all-D isemer of MP-B (D-MP-
B} were synthesized (Table 1) Mastoparan B jsolated
Trom homet venom cavsed o shor-ter decrease in qter
ial blood pressure in s, The hypotensive ¢ffect of MP-B
was dosc-dependent in both the degree and duration of
hypotension {Fig. 13. The fall in mean arterial blood
pressure measured 10 min afier i.v. injection of MP-B mt
doses of 0.5 and LOmg/kg were 197 6.2 and
522=3.6mmlilg (mean = SEM. n=4). respectively.
Injection of D-MP-B at w dose of 0.5 mg/ke induced a

Amino acid sequences and relention times of mastoparza B and ity D-iseiviers

Pepide Amino avid sequenge Retention time (nint?
114

MP-B LELKSITYSWAKKVL CONH, 2N

D-MP-J3 D-LD-K DAL 1K D=5 D41 D=V D-S- D-W 1D-A D-K 12K 13-V 1L - CONI I, oK

|D-Lys*|-MP-B
[D-Lys'l-MPB
|D-Lys"""*|-MP-B

LD-KLRSIVSWAKKVYL-CONH.
LKLDKSTVSWAKKVYL-CONH,
LEKLKSIVSWAD-KDKVL-CONH: 220

254

* Retention limes were oblained by reverse-phase HPLC witl

a Vydae Cygcolenm (1% 25 e chaed with a linewr gradient of acewnitrile

(20-70%. v containing & mM uilluoroacetiv acid, The purity of the synthetic peptides was higher than 974,
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Fig. 1. Dose-dependent decreases in arterial blood pressure induced by dilferent doses of MP-B and its all-D isomer in rats, MP-B (A, 0.5 ma/
kz: C. 1.0 mafkyy or D-MP-B (& 0.5 mp/hz: @, 1,0 mgfka) was injected via the femoral vein at zere tme and mean dood pressure (B.P) was
mwitsured as deseribed in Materials and Methods, Each puint represents mean % SEM of three w Tour animals.

hypotensive effect thar was significantly more potent
(both the degree and duration af fall in blood pressure)
than *hat induced by its L-isomer at two-fold thar dose
(Fig. 1). The decrease in mean blood pressure measured at
0 min after injection of D-MP-B (0.5 mg/kg) was
774 =73 mm Hg (1=3) with a duration much fonger
(=60 min than tha provoked by ihe same dose of fis
L-isomer (=30 min). Mastoparan B has four Lys residues
located as the positions 2. 4. 11 and 12 of 1he pepride.
Lys” and Lys" or Lys™ have been found 1o be crucial for
the hypotensive clfect of MP-B (Mo et al.. 1994y, The
substitution of Lys® by D-Lys in MP-B cavsed a decrease
in its by potensive action, while the replacement of Lys -
by D-Lys capsed a marked increase in its hypotensive
action (Fig. 23, Atthe dose of (L5 ma/ke. the hypotensive
effect of [D-Lys'™]MP-B was significantly higher than
that induced by the native peptide and gquite similar in
potency o that provoked by D-MP-B, The substitution
of Lys* by D-Lyx in MP-B did not cause a significant
change in the degree of maximal fal of blood pressure.
However. (he rule of recovery wis changed. The treated
ral tended to maintin a blood pressare lower than the
control value tor more than 60 min tFig. 23, All D-isomcers
of MP-B except |D-Lys*|MP-I caused a more sustained
hypotensive effeet in rats as compared with jts L-isomer,

S MNvptensive offect of | D-L,\'.v”"':].lHJ—B it SHR rats

The bypotensive elfect of the D-isumer of MP-B was

more prominent on spontancously hypertensive rars (SHR
strain), A 1ypical example is given in Fig. 3. The SHR rat
showed a mean arterial blood pressure avound 180 mm Hg,
Injection of | D-Lys'"JMP-B at a dose of 0.3 mg/kg cavsed
adecrease of blood pressure from 180 1o abow 55 mm Hg in
5 min followed by rapid rise to about 100 mm Hg in 30 min.
Thereatter, the treated rat could maintain jts hlood Hessure
at a pormal fevel (around 120 mnm Fg) for another 3h or
wore. At higher dose (0.5 ma/kg), the peptide caused a fall
of blood pressure to less than 40 nan Hg in 10-20 min
followed by pradually rise 1 63 mm Hg in 60 min, The
weated rat showed a relinively fow blood pressure (70
90 mm Hg) for the rest of the experimental peried (Fia.
3). Significam deercases in heast crates (control value
406 = 18 min 'os = 4) were not found in SHR rats weared
with 0.3 mgfkg of the peptide abserved 30 min after the
peptide treatment (380 = 4 and 397 = Ymin ' oat 1 and
3 h. respectively). Therefore. 0.3 mafke appears © be an
approprizte dose of [D-Lys'™IMP-B fur reducing the
high blood pressure t o ormal fevel in hypenensive mis.

3.3 Hemolviic activity of MP-B and iis D-isouers

Native MP-B possesses 2 potent hemolytic activity on the
red blood cells of the guinea-pig and rat (1o and Hwang,
1991 Ho et al. 1996). AL a concentration of 15 M. more
U 85% ol the guinena-piz ned cells were lysed by the
peptides. and complete Bemelysis {=U5% ) was achicved
al i eanceniration of 20 p M (Fig. 4. Substitution of Lys”
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Lys"IMP-B (&) was infecivd viz e femorml vein at i dose of 0.5 ma £ 4t e time. Mean blood pressure (B.P.) wits meusured as dexeribed
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Fig, 4. Hemolylic activity of MP-B and jus D-isomers. Direct hemolytic activity o MP-B and its isomers was assayed on washed red blood

cells ol the guinea-pig. The red blowd cells €153 were incubuted with the peptides {15 and 20 phD in Tris-bullered (.01 M, pH 7.4) saline
a 37°C for 60 min. Date shown are mean & SEM frony sis cxperiments. 5P <0,0] as compared with MP-B at the corresponding

coneenlration,

by D-Lys in MP-B cawsed about 90% decrease in its
hemolytic activity. while replacement of Lys! o Lys*™?
hy D-Lys almost abolished the hemolytic activity of MP-
B (Fig. 4). No signiticant hemalysis (<:5%) was found with
[D-Lys ™ *MP-B even when the peptide concentration was
increased to 30 pM. D-MP-B in which ull residues are
substitiied hy D-amino acids showed a hemolytic activity
about 175 thut of L-isomer,

4. Discussion

The present study on the hypotensive and hemolylic
activitics of D-isomers of MP-B has shown that the substi-
wtion of Lys® by D-Lys in MP-B caused a significant
decrease in both the bemolytic and hypotensive activities
of MP-B. The substitwton of Lys* by D-Lys in MP-B caused
a great recduction ol the hemolytic activity. but its hypoten-
sive activity was only slightly afiected. Iowever, when
Lys™ were replaced by D-Lys. the D-isomer showed a
marked increase inits hypotensive activity while its hemuo-
lytic activity was almostabolished. The all-D jsomer of MP-
B showced the highest hypotensive activity with a hemolytic
activity about 175 thit of MP-B. These results indicate that
D-Lys substitution carvied out at N-terminus of MP-B
{ Lys"“) capses a decrease in both the hypotensive and hemo-
I[viic  activities. while the substitution a1 C-terminus

(Lys""'") by D-Lys causes an increase in hypotensive activ-
ity of MP-B whih salieat decrease in hemolytic activity. [D-
Lys'""1 MP-B (0.3 mg/kg) eflectively lowers and maintains
the blood pressure of spontancously hypertensive rats at o
normal Jevel for several h. [D-Lys'™?] MP-B. which
showed it higher hypotensive activity with the least hemo-
Iytic side effect. appears to he the hest MP-B analog for
studying the hypotensive mechanism of MP-B and could
be uselful as & hypatensive agemt for research or us 2 thee-
apeutic agent in kypertension ¢risis.

Mastoparan 3 exhibited a CD speetrum rich in e-helix
contormation in  Tris-buffered saline | containing  20%
trilluarocthanol (1o et ai., 1496: Chuang et al., 1996). Ina
preliminary study on the CD speetr of MP-B and its D-
isumers. we have found thut the substitution of Lys® by D-
Lys in MP-B caused Jittle change in its conformation with
significapt deereise in hemalytic and hypotensive activities,
while D-Lys substitution at Lys™"* of MP-B coused 1 dras-
tic change in the CD spectrum with increased hypotensive
ane decreased  hemolytic uctivities, Tt appears that the
changes of bioJogicul uctivities by D-amino acid substit-
tion in MP-B sequence are not comsistent with the conloe-
maajeny) changes of the peptide resulting from backbone
alteration, The finding that D-Lys substinnted MP-B isomers
nearly losc their hemolytic activity indicates that lytic action
of NP-B requires a rather restrictive configuration of the
Lys residues. The enbancement of hypotensive effect of
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MP-B by D-Lys substiunion ar the C-terminus {Lys'™'%
suggests that trypsin-like enzymes. preferring to cleave the
L-proteins or peptides with a Las-Lys-X motif in the €-
terminad region. maty be Jnvolved in regulating the duration
of MP-B action in vive. Our contertion is consistent with
the carlier finding that  wypsin-like UnEyme, Iryplase. is
released from must cells when the cells are stimukaed
(frani et al., 1986: Thomas et al., 1998).
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