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Abstract: The C-terminal tetrapeptide amide of gastrin, the shortest sequence of this gastrointestinal hormone
capable of exhibiting all the biological properties even though at reduced potency, and the related heptapeptide
amide were covalently linked to mono-(6-succinylamino-6-degeg)clodextrin to analyze the effect of the

bulky cyclic carbohydrate moiety on recognition of the peptides by the G-protein-coupled-B(@Kstrin
receptor and on their signal transduction potencies. With the four-carbon succinyl spacer and particularly
with the additional tripeptide spacer in the heptapeptigsiclodextrin conjugate, full recognition by the receptor

was obtained with binding affinities identical to those of the unconjugated tetrapeptide and with a potency
comparable to that of full agonists. Docking of this conjugate onto a structure of the humanE(&eptor

derived by homology modeling indicates sufficient free space of the peptide moiety for intermolecular interaction
at the putative gastrin binding site, whereby additional interactions of the cyclodextrin with the receptor surface
apparently suffice for stabilizing the complex and thus for triggering the full hormonal message. The host/
guest complexation of the peptide moiety by theyclodextrin which seems to occur at least in the case of

the tetrapeptide conjugate does not suffice in its strength for competing with the receptor recognition. However,
multiple presentation of the tetragastrin by its covalent linkage to the heptakis-(6-succinylamino-6-6eoxy)-
cyclodextrin leads to peptide/peptide and/or peptide/cyclodextrin collapses with strong interferences in the
receptor recognition process. Retention of full agonism by suitably designed monoconjugates of bioactive
peptides with cyclodextrins suggests a highly promising approach for targeting host/guest complexed or
covalently bound cytotoxic drugs to specific tumor cells for receptor-mediated internalization.

Introduction C6 of the carbohydrate with aromatic chromophores, amino

Cyclodextrins are cyclic oligosaccharides consisting of a cids, and related derivatives as well as dipepiceslearly
hydrophobic cavity that is capable of including a variety of reveale(_j that self-inclusion of the grafteq molecules is cr|t|(_:ally
hydrophobic compounds via hesguest complexatioh. This depending upon the spacer uséd.Similarly, the spacer is
property has been extensively exploited in the past to changee,XpeC,ted to play a decisive role for the appessmlllty of gr.afted
the physicopharmaceutical properties of lipophilic drugs such bioactive gomponents to molecular rgcognltlon events'. Thls was
as water-solubility, bioavailability, improved stability, and Tully confirmed in our recent studies on the application of
effectiveness. Covalent linkage of bioactive peptides to A-¢yclodextrin/peptide aldehyde constructs as inhibitors of
cyclodextrins has also been propdstdo possibly take cysteine proteinases where only suitably sized spacers allowed
advantage of this complexation in terms of solubility and to retain both the carrier effects and the inhibitory properties of
reduced catabolism, although such conjugates with the relativelytl:ce cr(])valently bOLImd :no_leculi%.é:onvsrsﬂyl,_d|rectlattachment
large cyclodextrin carrier were expected to impair recognition ©' & Normone moiecule, 1.e., ol the enkephalin analogue DPQPE,
processes at a molecular level. NMR and X-ray analysis of toﬁ-cyclod.extrlln led to a significantly reduced receptor affinity
B-cyclodextrin and its methylated form monosubstituted at the a”gosre:ﬁgt'}’:r%” of G-protein-coupled receptors (GPCR) a
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Figure 1. Synthesis of the monoconjugates of the gastrin peptide$IM&-[14—17] and [NI€9-HG-[11—17] with 6-amino-6-deoxys-cyclodextrin
using the succinyl moiety as spacer: (@) H-Trp-Nle-Asp(OtBu)-PheARIBIC/HOBt/DMF (39%); (b) H-Ala-Tyr(tBu)-Gly-Trp-Nle-Asp(OtBu)-
Phe-NH/EDC/HOBt/DMF (18%); (c) 95% aqueous TFA containing 1% 1,2-ethanedithiot8596).

HO.

ligand binding derived from mutagenesis studies is spatially
rather conserved and involves residues of the extracellular loops
as well as residues located in more hydrophobic compartments

o] 0]
ON ON
OH
NH NH
of the transmembrane domaftl” Using receptor binding data 0 0
of lipo-derivatized gastrin peptides and mutagenesis data as| | ™ on ab He on
experimental constraints, docking of the peptide hormone gastrin o o
to the CCK-B/gastrin receptor led to a similar picture of the ! !
3

ligand binding mode with a large portion of the peptide spanning

the extracellular surface of the receptor, but with the C-terminal

tetrapeptide of the ligand, i.e., the message portion of the Figure 2. Synthesis of the heptaconjugates of the gastrin peptide
hormone'® penetrating into the helix bundt&2° [Nlet9-HG-[14—17] with heptakis-(6-amino-6-deoxy)-cyclodextrin

CCK—B/gastrin receptors are predominantly present through- ;ﬂ:f’P;%eoiu/ifE'%gg ':% ?S) Z%%Ze;dufgg’;gﬁf&g?ﬁ}gi%f r21e
out the central nervous system where they regulate anxiety/ oo nedithiol (33%). '
panic attacks and dopamine release implicated in the patho-

genesis of dopaminergic related behavioral disorders in humans'recognition and signal transduction, since with the large
In the periphery these receptors regulate acid and hiStaminecarbohydrate moiety the interaction ;node of the ligand, ac-

secretion as well as growth in the gastric mucosa and gaStro'n'cording to modeling experiments, should be significantly

tesinal motility?*"2> Thus the CCK-B/gastrin receptor repre- . qirained. Correspondingly, such conjugates were expected
sents an attractive target for drug development. to represent promising pharmacological tools to derive structur-
For a rational drug design a more precise delineation of the gjly relevant information on the nature of the hormone-receptor
ligand binding sites of the receptor is required. In this context, complex. As the multifunctionaj3-cyclodextrin offers the
we have investigated in the present study how covalent linkage additional option of an oligo-presentation of ligands, the
of the tetra- and heptagastrin peptides [RIG-[14—17]and  peptakis-[NI&-HG-[14—17]/8-cyclodextrin conjugate was syn-
[Nle'9-HG-[11~17] to B-cyclodextrin is affecting receptor  thesized to analyze the effect of anloco artificially enhanced
concentration on the signal transduction efficiency.

Trp-Nle-Asp-Phe-NH,
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Table 1. Chemical Shifts (ppm), Amide Proton Temperature Coefficiertdd(dT) and3Jy, Coupling Constants (Hz) of [NIg-HG-[14-17]/
p-Cd (1) in D,O/H,O (1:9) at 300 K, pH 7.0

amino acid residue NH &H CpH others —do/dT 3INa
sugar 7.67 C6H 3.84, C5H 2.94,
unit A C4H 3.56, C3H 3.30,
C2H 3.86, C1H 4.92
spacer —CH,—CH,— 2.34 7.44
Trp 8.10 4.33 2.97,3.14 N1H 9.63, C2H 7.12, 7.67 6.61

C4H 7.44, C5H 6.97,
C6H 7.05, C7H 7.32

Nle 7.74 3.97 1.41 ¢H 0.88, ®H 1.06, 6.78 6.89
CeH 0.66

Asp 8.00 4.47 2.55,2.68 7.89 7.45

Phe 7.88 4.37 2.84,3.02 ring 7.10, 7.16 7.51 7.51

C term. NH2 6.91, 7.16 5.43,4.38

Table 2. Chemical Shifts (ppm) anély, Coupling Constants (Hz) of [N{§-HG-[11-17]/3-CD (2) in D,O/H,O (1:9) at 300 K, pH 7.0

amino acid residue NH &H CpH others 3INe
sugar unit A 7.83
spacer —CH,—CH,— 2.54
Ala 8.23 4.01 1.16 5.15
Tyr 8.08 4.27 285, 2.90 ring C2,6H, 7.00 7.17

C3,5H6.79

Gly 7.99 3.77,3.88 *
Trp 7.73 4.57 3.21 N1H 10.01, C2H 7.19, *

C4H 7.52, C5H 7.06,
C6H 7.14, C7H 7.39

Nle 7.73 4.00 1.42,1.48 181 0.94, GH 1.13, *
CeH 0.74
Asp 8.00 451 2.60,2.78 *
Phe 7.93 4.46 2.95,3.10 ring 7.19, 7.29 6.81
C term. NH 7.24

8.2 8.0 7.8 7.6 7.4 7.2 7.0

side chain-protected gastrin peptide derivatives H-Trp-Nle-Asp- en \ \ ‘ \ ; : ;
(OtBu)-Phe-NH?® and H-Ala-Tyr(tBu)-Gly-Trp-Nle-Asp(OtBu)- Z
Phe-NH?° via the EDC/HOBt procedure to the carbohydrate 1.0 L1
carrier. Acidolytic removal of the protecting groups from the
peptidic moieties with 90% aqueous trifluoroacetic containing
1% 1,2-ethanedithiol as scavenger, followed by RP-chroma- *-*7 rt-s
tography led to the8-cyclodextrin monoconjugates of [Nfg-
HG-[14—17] (1) and [NI€9-HG-[11-17] (2) as analytically S

. o : . pacer/W
well characterized compounds. In similar manner (Figure 2) ~CH2-CH2-
the heptakis-(6-succinylamino-6-deox§3eyclodextrin was

coupled with H-Trp-Nle-Asp(OtBu)-Phe-NHoy the PyBOP 2.5-]
F
jD

N
S

o

method to yield upon acidolytic deprotection {heyclodextrin
heptaconjugate of [NI]-HG-[14—17] (3) which was purified
by gel filtration. Analytical characterization of the monocon- *°7
jugates by chromatographic and spectroscopic methods was
straightforward; for the heptaconjugate, however, it proved to
be difficult since the multiplicity of peptidepeptide and
peptide-carrier interactions simulates aggregation-type phe-
nomena. In this context, capillary zone electrophoresis was 4.0 @
found to be the most useful analytical method. ;
Analytical and Conformational Analysis of the Gastrin/ @
w
D D/F

3.5+

B-Cyclodextrin Conjugates. From 2D-COSY (or DQF £
COSY), TOCSY, and NOESY spectra recorded in DM&O-
and water all the resonances of the peptide components of 8.2 8.0 7.8 7.6 7.4 7.2 7.0

conjugated and2 including the succinyl spacer were identified. Figure 3. NH-aliphatic region of the NOESY spectrum of [Nfp

The carbohydrate signals of compouhdnd?2 overlap severely HG—[14—.17]/ﬁ—cyclodextrin Q) in D,O/M,0 (1:9) at 300 K; Z=

in DMSO (see Experimental Section), while in water at least ojeucine. '

the signals of the subunit derivatized at the C6 in compdlund

were unambiguously assigned (Tables 1 and 2). The resonancebended conformation of the tetrapeptide moiety in this solvent
related to all other subunits showed strong overlaps even in(Table 3). This kink in the peptide backbone is further

ppm

water. supported by the observed through-space NOEs from the
Besides the interresidue sequential NOEs (Figure 3) obtainedaromatic side chains of both Trp and Phe as well as from the
for compoundl in water at 300 K, two weak &€H(i)/NH(i +2) C-terminal amide protons to the carbohydrate carrier which are

and GrH(i)/CBH(i+3) NOEs were detected that suggest a not observable in the NOESY spectrum at 330 K. Analysis of
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Table 3. Interresidue and Peptide/Carbohydrate NOEs Derived
from the NOESY Spectrum of [NH§-HG-[14-17]3-CD (1) in
D,0/H,0 (1:9), 10uM, 7m» = 150 ms at 300 K

NOE Spacer Trp Nle Asp Phe NH,
-CH,-CH,-
dui; i+1) [ -
donli; 1+1) .
d,(i; i+1) el
d . (i; i+2) ——
d,q(i; 1+3) ———
Peptide-Sugar NOEs Intensity
Trpring:  N1H Medium
C2H Weak
C4H Strong
C5H Medium
C6H Medium
C7H Strong
Phe ring: Ar 2,6 Strong
Ar 3,5 Strong
C terminal NH, Weak

a2 The thickness of the bars are related to the NOEs intensities.

8. 2 g0 7.8 7.6 4 7.2 7.0 6.8
ppm L I | L : 1 I
1.0 A Fi.o
AIY
Z
1.5 'Z/D Lis
2.0+ ﬂ F2.0
I
2.5 L2.s
Y C2,6H
3-09 WC4H W C2H -0
3.5 L3.s
4.0 | ’ La.o
!
4.5 L La.s
8. 2 so 798 76 74 72 70 68 pon

Figure 4. NH-aliphatic region of the NOESY spectrum of [Nfe
HG-[11-17]/8-cyclodextrin @) in D,O/H,O (1:9) at 300 K; Z=
norleucine.
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Figure 5. CD spectra of [NI&7]-HG-[14—17]/3-cyclodextrin @) (—)
and Ac-Trp-Nle-Asp-Phe-NH(- - -) in 5 mM phosphate buffer (pH
7.0) at 20°C in the near and far UV.

1.0

20 r

05 |\

©], x 10°

[®lw x 10°
<
ﬁ

-0.5

. . . - . 1.0 P S S S
190 210 230 250 260 280 300 320 340
wavelength [nm]

wavelength [nm]

Figure 6. CD spectra of [NI&F]-HG-[11—17]/8-cyclodextrin @) (—)
and Ac-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NE(- - -) in 5 mM phosphate
buffer (pH 7.0) at 20°C in the near and far UV.

tetrapeptide chain in the conjugate, a fact that is fully supported
by the negative signs of all the cross-peaks.

The information derived from théH NMR experiments
agrees fully with the dichroic properties of the two conjugates.
The far UV CD spectrum of the tetragastrin conjugétén
aqueous solution (Figure 5) shows a significantly increased
intensity if compared to that of the acetylated tetrapeptide with
a negative maximum at 200 nm and a shoulder around 215 nm
that could reflect the tendency for a bended conformation. In
the near UV the sharpy bands of Trp (at 282 and 289 nm)
and the well resolved vibronic structure of the phefyl
transitions would indicate significant rigidity of the two aromatic
groups as resulting from their interaction with the carbohydrate
carrier. A shielding of both the Trp and Phe side chains by the
carrier is also supported by the increased stability of the
conjugatel toward chymotryptic digestiort;(; = 140 min) if
compared to the rate of enzymatic digestion of the reference
tetrapeptide Ac-Trp-Nle-Asp-Phe-NHt;, = 50 min). For
cleavage of the Nle-Asp bond with endoproteinase Asp-N the

t1, was again increased by a factor of 3 upon conjugation of
the temperature dependency of the chemical shifts of the amidethe tetrapeptide to thg-cyclodextrin.
protons showed the usual linear upfield shift but with a smaller ~ The CD spectra of the conjugakein the far and near UV
slope for the C-terminal amide protons that are apparently moreregion (Figure 6) are supportive for more flexibility of the
shielded from the bulk solvent. The lack of an ordered aromatic side chains and for random coil conformation of the
conformation like - or y-type turn of the tetrapeptide moiety  peptide backbone. Full accessibility of the conjugated hep-
in the conjugate, as possibly induced by self-complexation of tapeptide in compoun®as suggested by the spectroscopic data
the hydrophobic Trp or Phe side chain, is confirmed by*fhe is further confirmed by the rates of enzymatic digestion with
values which are all close to the standard random coil values chymotrypsin and endoproteinase Asp-N which were practically
of about 7 Hz. superimposable to those of the reference heptapeptide Ac-Ala-
For compound2 the NOESY spectrum shows again the Tyr-Gly-Trp-Nle-Asp-Phe-NH
expected sequential interresidue connectivities (Figure 4). The TheH NMR spectrum of the heptaconjugeien DMSO-
NOEs, however, were found to be of weak intensity suggesting ds fully agrees with the 7-fold symmetric structure of the
an even greater flexibility of the heptapeptide than that of the construct (Figure 7), and 2D NOESY and TOCSY experiments
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Table 4. Binding and Functional Properties of tj§eCyclodextrin
CoH Conjugatesl—3 for the CCK—B/Gastrin Receptor Expressed in
KD M CHO Cells in Comparison to the Unconjugated Pepfides

£
i Wm Iz binding to inositol
i CCK—B/ gastrin  phosphate
receptor production
|Cso ECSO
peptides (nM) Fa (nM)  Fy
[Thr, Nle]-CCK-9 0.33 0.09
Ac-[Nle!-HG-[14—-17] 4.8 1.7
[Pyr °Nle!s-HG-[10—17] 1.6 0.12
[Nlel-HG-[14—17]/3-CD (1) 26.3 5.5 153 0.9

JU\JJ\ \ [NIe'9-HG-[11—17]/8-CD (2) 5.7 39 011 10
: (INle*-HG-[14-17])/p-CD (3) ~ 25.4 52 173 104

,MJU NLJLJM \A\/‘M VL‘JJJL aF, andF, are the related potent factors.

M 10 e 8 7 6 5 4 3

: S
2 1 Pem

benzyl-60-(2-methoxy-6-naphthoyl-cyclodextrirt® and hexa-
Figure 7. ™H NMR spectrum of the heptaconjugate ([NleHG-[14— kis-2,6-di-O-methyl-3O-benzyl)8-cyclodextrin?’
17])lp-cyclodextrin @) in DMSO-Gs at 300 K; Z= norleucine. Binding and Functional Properties of Gastrin/g-Cylodex-
, trin Conjugates. The binding affinitites of thg8-cyclodextrin/
{~ gastrin-peptide conjugatds 2, and3 for the CCKk—B/gastrin
\ receptor expressed in CHO cells are compared in Table 4 with
J { those of the reference gastrin-peptide derivatives Ac#fjtle

/ UWU HG-[14—17] and [PyriNIel9-HG-[10—17] as well as of [Thr,
s .

Nle]-CCK-9 as a full agonist of the CCKB/gastrin receptor.

Replacement of the Met-15 residue in gastrin with norleucine
is known to be without any effect on the biological properties
of this hormone? The receptor binding affinities clearly show
510 / that theS-cyclodextrin moiety causes a significant decrease in
\ A the affinity of the peptides conjugates relative to the unconju-
I gated peptide ligands. This decrease was of 5.5-fold fofNle
HG-[14—17]/8-CD and 3.9-fold for [NI&%-HG-[11—17]/3-CD.
3&5/ It is known from previous studies that N-terminal extension of
| the gastrin tetrapeptide in sequence mode leads to enhanced
| receptor affinitieg%2® This was confirmed even in the present
W M case with [Py~AONIe!d-HG-[10—17] exhibiting a 3.3-fold higher
330K affinity than Ac-[NIe'S-HG-[14—17] for the CCK-B/gastrin
N NN SNy receptor. This contribution of the tripeptide portion Ala-Tyr-
sdoomins prowns ofhers chane. Gly to the binding is largely suppressed in the conju@atenere
s 8 7 6 8 4 3 5 1 geem it apparently serves more as additional spacer of the C-terminal

Figure 8. 'H NMR spectrum of the heptaconjugate ([eHG-[14— tgtrapeptide from the carrie_r moiety that Iead_s to agy Malue
17])+5-cyclodextrin @) in D-O/NDj3 (500:1) at increasing temperature. similar t.o that 9f the unconjugated t.etrapeptlde. .
Due to the overlap of the signals of the identical residues in the seven Most interesting was the observation that the heptaconjugate
peptide moieties as well as the overlap of the peaks in the sugar moiety3 exhibited a binding affinity almost identical to that of the
only a partial 1D spectrum-based assignment was possible. monoconjugatd. This would exclude significant steric clashes
as expected from the bulky polyvalent ligand unless these are
were used to perform the assignments. Conversely, in water acompensated by th& loco enhanced ligand concentration.
strong broadening of the signals in the 1D spectrum was Interconversion of the hosguest complexes has been postu-
observed which becomes better resolved by raising the tem-lated in heptacylodextrin conjugates to explain the broadening
perature as shown in Figure 8. This would be consistent with of the NMR signals. A similar continuous exchange of the
a system of multiple conformers deriving from fast intercon- ligand could possibly occur even at the receptor level. In this
versions of peptide/peptide and particularly, peptide/carrier context it is worthy to note that heptapresentation of peptide
interactions (hostguest complexes) in the time scale of the aldehydes as inhibitors of cysteine proteinases led in comparison
NMR experiments. The presence of multiple conformers is also to the monopresentation to both weaker and stronger inhibition
supported by the coalescence of satellite peaks in the CEdepending upon the enzyri.An alternative explanation for
electropherogram upon raising the temperature froni4o the binding affinity of the heptaconjuga8could be a per se
60 °C. A similar collapse of the symmetry due to conforma- weaker binding, as resulting from the impaired access to the
tional mobility of the host-guest complexes has previously been ligand binding site, compensated by unspecific interactions of

reported for the cyclodextrin derivatives heptakis-(2,3di-  the additional peptide moieties with the receptor surface.
(25) Moroder, L. Goring, W.. Nyfeler, R.; Scharf, R Thamm. P In thq fuqctlona! assay, as monitored by inositol phosphate
Wendiberger, GHoppe-Seyler's . Physiol. Cher983 364 151-171. production in the intact CHO cells, the monotetragastrin and

(26) Jullien, L.; Canceill, J.; Lacombe, L.; Lehn, J.-M.Chem. Soc., monoheptagastrin conjugatésand 2 were as efficacious and
Perkin Trans 1994 2, 9891002.

(27) Ellwood, P.; Spencer, C. M.; Spencer, N.; Stoddart, J. F.; Zarzycki, (28) Moroder, L.; Wunsch, E. inGastrin and Cholecystokinin: Chem-
R.J. Inclusion Phenomenon and Molecular Recognition in Chemi€iép, istry, Physiology and Pharmacologgali, J.-P., Martinez, J., Eds.; Elsevier:
12, 121-150. Amsterdam, 1987; pp 2432.
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potent as the parent unconjugated peptides (Table 4). Thereby,

the [NIe'9-HG-[11—17]/3-CD conjugate2 was found to be a
full agonist despite its 17-fold lower affinity than [Thr,Nle]-
CCK-9. Conversely, oligopresentation of the tetragastrin with
compound3 led to a pronounced decrease of potency if
compared both with the unconjugated tetrapeptide (10.4-fold)
and the monoconjugate(11.3-fold). Interestingly, compound

3 binds to the receptor with the same affinity as compofind
but induces inositol phosphate production with an about 10-
fold lower potency. This result suggests that structural require-
ments for agonist binding are not exactly identical to those for
agonist activity and that the relatively high binding affinity of
3 may result from strong unspecific binding contributions. In
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Lipo-derivatization of the hormones gastrin and CCK with
di-fattyacyl-glycerol moieties and, correspondingly, a forced
membrane interaction allowed us to demonstrate that a membrane-
bound pathway for hormone recognition and binding by the
receptor is indeed possibi2. Conformational studies of these
membrane-bound hormones using DMPC vesicles as mimic of
cell membranes excluded a preferential folding of the peptides
at the water/lipid interfad€41 to facilitate thermodynamically
a complexation by the receptor as foreseen by the theory of a
membrane-bound recognition process of hormones proposed by
Schwyzer*?

In the present study an opposite approach was taken via
derivatization of the gastrin peptides with the hydrophilic

a previous study on the dimeric presentation of the gastrin S-cyclodextrin that should prevent strong interactions of the

peptide HG-[5-17] on a peptide scaffold conformational studies
combined with immunological responses clearly confirmed a
collapse of the two peptide chains as responsible for the strongly
reduced accessibility of the construct to recognition by the
CCK—B/gastrin receptot?

Discussion

Multiple antigen-presentation on lysine dendrimers to the
recognition by immune competent cells has been successfully
employed in the development of synthetic immunogéns.
Similarly, multiple presentation of peptide hormones covalently
grafted to the surface of tobacco mosaic virus led to surprisingly
strong enhancements of receptor-mediated bioactivities per uni
of peptide3! This enhanced bioactivities related to signal

transductions via GPCRs has fostered intensive research orl

modulation of agonist activity via dimerizations or multiple
presentations on templaté€s3* Controversial and mostly
negative results were obtained which in view of the present day
knowledge about the transmembrane structure of GPCRs cal
find rational explanations. Cross-linking of monospecific
agonists or antagonists to exploit affinity increase derived from
entropic effects of multivalent liganéfs3” requires sufficiently
long spacers¥40 A) to induce microaggregation of GPCFs.

In this context the limiting factor could well be the local
concentration of receptor molecules. Our attempt to present
on the relatively smalB-cyclodextrin template a higher popula-
tion of agonists to artificially enhande locotheir concentration,
failed since the binding affinity calculated per unit of tetragastrin
is 10-fold lower than that of the monotetragastrin conjudate
Sterical interferences of the peptide moieties in the recognition
process as well as a collapse of the chains on the template a
deduced from the NMR spectrum of the conjudata aqueous
solution could explain the negative results and thus seriously
question the perspectives of oligopresentations even for im-
munological purposes.
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ligands with hydrophobic compartments of the cell membrane.
Thus recognition has to occur upon statistical collisional events
depending solely on the concentration of the ligand in the
aqueous phase. Although the spectroscopic analysis of the
monogastrin peptide conjugates suggested that self-complexation
is occurring at least to some extent in the case of the tetragastrin
conjugatel, the stability of such complexes is known to be
relatively low. Therefore, the host/guest complexation in
peptidef-cyclodextrin constructs should not interfere signifi-
cantly with binding of the peptide moieties to the receptor unless
the carrier itself is not responsible of steric clashes. The succinyl
spacer in compound is apparently sufficient to guarantee

trecognition of the tetragastrin moiety, the shortest sequence of

this hormone capable of activating the receptor. Thereby sterical
interferences of the bulkg-cyclodextrin moiety is apparently
not critical since even the signal transduction process is largely
retained. In this context it is worthy to note that N-terminal
glycosylation of tetragastrin with deoxyfructosyl or glucosyl-
deoxyfructosyl was found to increase the hormonal potémcy
vivo significantly more than simple acetylatiéh. With the
present day knowledge about receptor structures the steady
increase in potency of tetragastrin from the monosaccharide to
disaccharide and finally to thg-cyclodextrin derivativel
strongly suggests beneficial interactions of the carbohydrate
moieties with the receptor surface. With insertion of the
tripeptide Ala-Tyr-Gly as additional spacer in compouhthe
binding affinity was remarkably enhanced, and full hormonal
potency was recovered.

Docking experiments of the conjugageinto a homology
modeling-derived structure of the human CER receptor

proteirt®44were performed in order to visualize the potential

role of the cyclodextrin moiety in the interaction of this ligand
with the receptor. The receptor-agonist complex was manually
constructed in analogy to the putative binding mode of g&8trin
and was then subjected to extensive molecular dynamics
simulations not only for efficient energetic relaxation after the
model building procedure but also for estimating the stability
and thereby the relevance of the generated molecular assembly.
Special emphasis was laid on the explicit treatment of the
environment conditions of the transmembrane entity in that the

(39) Moroder, L.; Romano, R.; Guba, W.; Mierke, D. F.; Kessler, H.;
Delporte C.; Winand, J.; Christophe, Biochemistry1993 32, 13551
13559.
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extracellular

membrane

Figure 9. [Nle!s]-HG-[11-17]/8-cyclodextrin docked to the CCKB/gastrin receptor model proteiteft panel side view of the receptor in a
solvent accessible surface presentation while the ligand molecule is depicted in the stickigiagmnel hydrophilically interacting residues of
the extracellular portion of the receptor with the cyclodextrin moiety.

simulations were carried out in a triphasic solvent system resenting a general physiological process has been well docu-
comprising a central hydrophobic compartment mimiking the mented in the case of the CC#A and CCK-B receptorg!> 48

lipid phase of a native membrane, flanked by two aqueous

phases representing the extracellular and cytoplasmic liquids, EXPerimental Section

respectively’* The structure obtained after 500 ps of MD  Materials and Methods. All reagents and solvents used in the
simulation within this solvent mimic shows tiflecyclodextrin synthesis were of the highest quality commercially available. Chy-
moiety significantly protruding from the protein surface into motrypsin was from Sigma (Mwhen) and Asp-N (sequence grade)
the extracellular aqueous compartment (Figure 9). However, afrom Bohringer Mannheim. CE was performed on a Spectra Phoresis

o . . 1000 capillary electrophoresis apparatus (TSP, Darmstadt) at 25 kV
fluctuating interaction pattern of various hydroxyl groups of the using an underivatized fused silica capillary (67 en¥5 um; length

cyclic carbohydrate with charged and hydrophilic side-chain . |p) and 50 mM sodium borate buffer (pH 8.5); HPLC was carried
functionalities of protein loop residues is observed in the time out with Waters equipment (Eschborn, Germany) on Nucleosil 300/
course of the molecular dynamics simulation. Especially the C18 (Machery & Nagel, Dien) using a linear gradient of acetonitrile/
guanido groups of Arg-201 (extracellular loop 2) and Arg-365 2% HPQ, from 5:95 to 80:20 in 30 min. Amino acid analyses of the
(extracellular loop 3) as well as the indole NH of Trp-209 2cid hydrolysates (6 M HCI containing 2.5% thioglycolic acid; 110
. °C; 24 h) were performed on a Biotronic amino acid analyzer (LC
(extracellular loop 2) are frequently found in hydrogen bond 41y FAB-MS spectra were recorded on Finnigan MAT 900 and
interactions with thg-cyclodextrin. Thereby thg-cyclodextrin MALDI-TOF-MS on Bruker Reflex II.
cone is confined to a spatial orientation with a tilt angle of  The synthesis of [Thr,Nle]-CCK-&, 129 —BH-[Thr,Nle]-CCK-95°
approximately 30 with respect to the extracellular protein and [Pyri®Nles-HG-[10—17]°! were described previously.
surface and the outer membrane interface. In this docking Synthesis of the Gastrin Peptide@-Cyclodextrin Conjugates.
model the peptide moiety is intensively engaged in intermo- [-CPI-NHCO —(CH2):CO-Trp-Nle-Asp-Phe-NH, (1). Mono-(6-

: ; : : : deoxy-6-succinylamingp-cyclodextriri® (0.2 g; 0.16 mmol) and H-Trp-
lecular interactions involving residues of the extracellular loops Nle-Asp(QBu)-Phe-NH? (0.1 g: 0.16 mmol) in 2.5 mL of DMF were

as well as of the transmembrane helices in good agreement Witheacteqd overnight at room temperature with equivalent amounts EDC/
the mutagenesis data (a detailed description of these dockingHOBt. The solvent was evaporated, and the crude product was purified
experiments will be reported elsewhere). on Lichroprep RP-18 (Merck, Darmstadt) using a linear gradient of

. . . . . water/acetonitrile from 80:20 to 20:80 in 3 h. Yield of the protected
In ConCIUS.|0n, upon mono.con_jugatlc_)n. Of.gastl’ln peptldes to conjugate: 0.12 g (39%); HPLClk = 17.75 min; FAB-MS: m/iz =
B-cyclodextrin the receptor binding affinity is largely retained, 1850.1 [M+ H]*, 1833.1 [M+ H — NHa]*; calcd for GoH119N7O42!
and the signal transduction efficacy and potency is comparable1849.7.
fo that of fuII_y active CC_P%B/gastrln r(.ecept.or agor_“StS' (45) Tarasova, N. I.; Stauber, R. H.; Choi, J. K.; Hudson, E. A,
Conversely, oligo-presentation of these bioactive peptides on czerwinski, G.; Miller, J. L.; Pavlakis, G. N.; Michejda, J.; Wank, SJA.
the cyclic carbohydrate carrier significantly impairs the ligand Bi(J(tlghF?m 1997, §7§ lé817_lff8F§4U o o Holicky. E.- Hadac.
L - . oettger, B. F.; Rentsch, R. U.; Pinon, D.; Holicky, E.; Hadac, E.;
receptor recognition process. The_ surprisingly high hormonal Larkin, J. M.: Miller, L. J.3. Cell Biol 1995 128 1029-1041.
potency of the monogastrin peptide constructs can only be (47) Roettger, B. F.; Ghanekar, D.; Rao, R.; Toledo, C.; Yingling, J.;
explained by unspecific interactions of the carbohydrate moiety Pinon, D.; Miller, L. J.Mol. Pharmacol.1997 51, 357-362
. . ) . (48) Pohl, M.; Silvente-Poirott, S.; Pisegna, J. R.; Tarasova, N. I.; Wank,
with the receptor surface that is appar(_ently cqnﬂrmed by docking s A, J. Biol. Chem1997 272 18179-18184.
experiments of thg-cyclodextrin/gastrin peptid2on a CCK- (49) Moroder, L.; Wilschowitz, L.; Gemeiner, M.; ®dng, W.; Knof,

; ; i1.S.; Scharf, R.; Thamm, P.; Gardner, J. D.; Solomon, T. E.n¥¢h, E.
B/gastrin receptor model. These properties make such conju Hoppe-Seylds 7. Physiol. Cheml981 362 929942,

gates withs-cyclodextrin promising compounds for targeting (50) Fourmy, D.; Lopez, P.; Poirot, S.; Jiminez, J.; Dufresne, M.;
host/guest complexed or covalently bound cytotoxic drugs to Mo?fodef, L.; Powers, S. P.; Vaysse, Bur. J. Biochem1989 185 397—
specific tumor _cel!s for receptor-medlat_ed |nterna!|zat|on. (51) Gthring, W.: Moroder, L.; Borin, G.; Lobbia, A.; Bali, J.-P.;
Indeed, internalization of receptor-bound ligands besides rep-Winsch, E.Hoppe Seylés Z. Physiol. Cheml984 365, 83—94.




p-Cyclodextrin/Gastrin Peptide Constructs

An aliquot of the protected conjugate (10.0 mg; 0.005 mmol) was
dissolved in ice-cold 90% aqueous TFA containing 1% 1,2-ethandithiol.
After 2.5 h stirring at room temperature the TFA was evaporated, and
the residue was purified by preparative HPLC on Nucleosil C18
(Macherey & Nagel, Dren) by isocratic elution with 0.1% aqueous
TFA/acetonitrile (95:5; 5 min) followed by the linear gradient from
95:5 to 82:18 (5 min) and 82:18 to 40:60 (80 min). The product was
obtained as a lyophilisate; yield: 7.0 mg (78%); HPL&G:= 13.52
min; amino acid analysis of the acid hydrolysate: Asp 1.00 (1), Nle
0.99 (1), Phe 1.00 (1), Trp 0.28 (1); peptide content: 86.2%; the low
recovery or Trp is due to reaction with carbohydrate (deep red colored
hydrolysate)H NMR (DMSO-dg) 6 0.83 (t, 3H,J = 6.87 Hz,eCHj3
Nle), 1.15 (m, 1H,y,CH, Nle), 1.21 (m, 1H,y;CH, Nle), 1.22 (m,
2H, 6CH. Nle), 1.49 (m, 1H8,CH;, Nle), 1.58 (m, 1H;8:CH; Nle),
2.28 (m, 4H, NHCO(€El,).,CO), 2.47 (m, 1HA.CH, Asp), 2.66 (m,
1H, $1CH; Asp), 2.85 (m, 1H/.CH, Phe), 2.93 (m, 1H3.CH, Trp),
3.03 (m, 1H,5:CH, Phe), 3.12 (m, 1H3:CH, Trp), 3.15-3.75 (br m,
42H, H-2, H-3, H-4, H-5, H-6a, H-6b, overlapping with water signal
of the solvent), 4.17 (m, 1HyCH Nle), 4.35 (m, 1Hp.CH Phe), 4.50
(m, 1H, aCH Asp), 4.52 (m, 1Hp.CH Trp), 4.83 (m, 7H, H-1), 5.80
(br's, 14H, C(2)-OH, C(3)-0H), 6.94 (t, 1HJ = 7.45 Hz, C5H Trp),
7.04 (t, 1H,J = 7.54 Hz, C6H Trp), 7.13 (s, 1H, C2H Trp), 7.14 (s,
1H, CONHp), 7.20 (m, 5H, GHs Phe), 7.23 (s, 1H, COMy), 7.31 (d,
1H,J = 8.13 Hz, C7H), 7.57 (d, 1H] = 7.99 Hz, C4H), 7.59 (m, 1H,
NHCO(CH,),CO), 7.77 (d, 1HJ = 8.19 Hz, NH Phe), 8.00 (d, 1H,
= 7.57 Hz, NH Nle), 8.04 (d, 1H] = 7.73 Hz, NH Trp), 8.14 (d, 1H,

J = 7.32 Hz, NH Asp), 10.71 (s, 1H, N1H Trp), 12.37 (br. s, 1H,
COCH Asp); FAB-MS: m/z 1794.7 [M + H]*; caled for
C76H111N7O42: 1793.6.

[f-CD]-NHCO(CH ,),CO-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH ; (2).
Mono-(6-deoxy-6-succinylamingj-cyclodextriri® (0.2 g; 0.16 mmol)
and H-Ala-Tyr¢Bu)-Gly-Trp-Nle-Asp(@Bu)-Phe-NH x 2.5H,0%
(0.17 g; 0.16 mmol) in 5 mL of DMF were reacted with EDC/HOB},
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mmol) and equivalent amounts of triethylamine. After 18 h the bulk
of the solvent was evaporated, and the product precipitated with water
(MALDI-TOF-MS: mvz = 6147.02 [M+ H]*, 6169.43 [M+ Na],
6185.60 [M+ K]+; calcd for Q08H41§\l49084: 61449)

The product was dissolved in 50 mL of ice-cold 95% aqueous TFA
containing 2% 1,2-ethanedithiol; aftd h the TFA was evaporated,
and the resulting crude product chromatographed on fractogel TSK HW-
40S using 0.1% ammonia as eluent. Yield: 21 mg (33%); TE(

60 °C): tw = 4.72 min; amino acid analysis of the acid hydrolysate:
Asp 7.00 (7), Nle 7.17 (7), Phe 6.77 (7), Trp 4.05 (7); for the low
recovery of Trp see compount peptide content: 74%*H NMR
(DMSO-ds) 6 0.80 (s, 3H,CHs Nle), 1.18 (m, 4H;yCH, Nle, 6CH,
Nle), 1.49 (m, 1H,3,CH, Nle, 1.58 (m, 1H5:CH, Nle), 2.23 (br s,
4H, NHCO(H,),CO0), 2.47 (m, 1HB,CH, Asp), 2.62 (m, 1HB.CH,
Asp), 2.85 (m, 1H/5,CH, Phe), 2.87 (m, 1HS.CH, Trp), 3.04 (m,
1H, $:CH; Phe), 3.10 (m, 1H3,CH, Trp), 3.15-3.70 (br m, 6H, H-2,
H-3, H-4, H-5, H-6a, H-6b, overlapping with the water signal of the
solvent), 4.20 (m, 1HpCH Nle), 4.35 (m, 1HaCH Phe), 4.50 (m,
1H, aCH Asp), 4.60 (m, 1HaCH Trp), 4.78 (s, 1H, H-1), 5.90 (br s,
2H, C(2)-OH, C(3)-0OH), 6.70-7.70 (br m, 12H, COM Phe, GHs
Phe, C2H, C4H, C5H, C6H, C7H), 7.87 (br s, 2H, NH Ph&QO-
(CH,).CO), 8.10 (br s, 1H, NH Trp), 8.15 (br s, 2H, NH Asp, NH
Nle), 10.70 (s, 1H, N1H); MALDI-TOF-MS:m/z = 5775.19 [M+
NaJ*, 5791.98 [M+ K]*; calcd for GgoHasMNagOgs: 5752.5 (most
aboundant isotope).

Synthesis of Reference Gastrin Peptides. Ac-Trp-Nle-Asp-Phe-
NH2 (4). H-Trp-Nle-Asp(OtBu)-Phe-Nkt° (0.1 g; 0.16 mmol) was
reacted in DMF (3 mL) with acetic acid anhydride (@B; 0.19 mmol)
in the presence of pyridine (28-; 0.19 mmol). Afte 1 h the solution
was evaporated to dryness, and the residue was dissolved in ice-cold
95% aqueous TFA containing 1% 1,2-ethanedithiol. The solution was
kept in the ice-bath for 3 h, diluted with water, and lyophilized. The
crude product was purified on Lichroprep RP-18 (Merck, Darmstadt)

and the crude product was purified as described above for the using a linear gradient of 0.1% aqueous TFA/acetonitrile from 90:10

tetrapeptide conjugate. Yield: 64 mg (18%); HPL&:= 19.92 min;
FAB-MS: m/z=2197.3 [M+ H]*, 2180.0 [M+ H — NHjg]*; calcd
for C98H144Nl[)046: 2196.9.

An aliquot of the protected conjugate (15.5 mgirviol) was exposed
to ice-cold 90% aqueous TFA (2 mL) containing 1% 1,2-ethanedithiol
for 5 h atroom temperature. TFA was evaporated, and the residue
was purified by HPLC as described fdar Yield: 8.7 mg (59%);
HPLC: tg = 14.62 min; amino acid analysis of the acid hydrolysate:
Asp 0.98 (1), Gly 1.10 (1), Ala 1.00 (1), TyNIe 1.99 (2), Phe 0.89
(1), Trp 0.41 (1); for the low recovery of Trp see compoung@eptide
content: 87.5%H NMR (DMSO-ds) 6 0.81 (t, 3H,J = 6.7 Hz,eCHjs
Nle), 1.10 (d, 3HJ = 6.7 Hz, CH Ala), 1.15 (m, 1H,y,CH, Nle),
1.19 (m, 2H,0CH, Nle), 1.21 (m, 1H,y:CH. Nle), 1.49 (m, 1H 3,
CH;, Nle), 1.57 (m, 1H3:CH, Nle), 2.34 (m, 4H, NHCO(E,),CO),
2.48 (m, 1H,5,CH, Asp), 2.67 (m, 1H3,CH, Asp), 2.68 (m, 1H,
B2CH, Tyr), 2.85 (m, 1H3,CH, Phe), 2.89 (m, 1H3,CH, Tyr), 2.94
(m, 1H, 8.CH; Trp), 3.02 (m, 1H5,CH, Phe), 3.14 (m, 1Hp:CH,
Trp), 3.20-3.75 (br m, 42H, H-2, H-3, H-4, H-5, H-6a, H-6b,
overlapping with the water signal of the solvent), 3.60, 3.70 (2 m, 2H,
oCH Gly), 4.18 (m, 1HoCH Nle), 4.21 (m, IHoCH Ala), 4.34 (m,
1H, aCH Tyr), 4.35 (m, 1HaCH Phe), 4.50 (m, 1HxCH Asp), 4.56
(m, 1H, aCH Trp), 4.80-4.90 (m, 7H, H-1), 5.625.80 (br s, 14H,
C(2)—0OH, C(3)-0H), 6.60, 6.97 (2d, 4H] = 6.7 Hz, GH4OH Tyr),
6.94 (t, 1H,J = 7.6 Hz, C5H Trp), 7.03 (t, 1H] = 7.6 Hz, C6H Trp),
7.12 (s, 1H, C2H Trp), 7.14 (s, 1H, C®), 7.19 (m, 5H, GHs Phe),
7.24 (s, 1H, COMi,), 7.30 (d, 1H,J = 8.9 Hz, C7H), 7.57 (d, 1H)
= 8.9 Hz, C4H), 7.64 (m, 1H, NCO(CH,).CO), 7.79 (d, 1HJ = 8.9
Hz, NH Phe), 7.84 (d, 1H] = 7.6 Hz, NH Tyr), 7.93 (d, 1H) = 7.6
Hz, NH Trp), 7.98 (d, 1HJ = 7.6 Hz, NH Ala), 8.04 (d, 1H) = 7.6
Hz, NH Nle), 8.07 (m, 1H, NH Gly), 8.15 (d, 1H} = 7.6 Hz, NH
Asp), 9.11 (s, 1H, eH4OH Tyr), 10.73 (s, 1H, N1H Trp), 12.32 (br. s,
1H, COCH Asp); FAB-MS: m/z = 2086.1 [M + H]™; calcd for
Cgongd\lloOm: 2084.7.

[f-CD]-(NHCO(CH 2),CO-Trp-Nle-Asp-Phe-NH,); (3). Heptakis-
(6-deoxy-6-succinylaming¥-cyclodextrirt* (20 mg; 0.011 mmol) and
H-Trp-Nle-Asp(QBu)-Phe-NH? (73 mg; 0.115 mmol) were reacted
in 3 mL of DMF at room temperature with PyBOP (60 mg; 0.115

to 20:80 in 3 h. Yield: 70 mg (70%); peptide content as determined
by amino acid analysis: 92.8%; HPL@: = 16.5 min; FAB-MS: n/z
= 621.3 [M + H]*; calcd for G,HadNeO7: 620.3.

Ac-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH ; (5). H-Ala-Tyr(tBu)-Gly-
Trp-Nle-Asp(OtBu)-Phe-NK x 2.5H,0% (0.1 g; 0.1 mmol) was
acylated with acetic acid anhydride, deprotected with TFA, and purified
on Lichroprep RP-18 as described above. Yield: 58 mg (65%); peptide
content as determined by amino acid analysis: 90.3%; HPIG=
16.7 min; FAB-MS: m/z = 912.4 [M + H]*; calcd for GeHs/NgOa1:
911,4.

Enzymatic Degradation of Gastrin Peptidesf-Cyclodextrin
Conjugates. To solutions of the peptidel5 (0.1 umol) in 0.395 mL
of 50 mM sodium phosphate buffer (pH 7.6) a solution of chymotrypsin
(5u49) in 5uL 10 mM phosphate and 0.15 mM Ca@iuffer (pH 7.6)
was added, and the resulting mixtures were incubated atQ5
Aliquots were taken at time intervals and quenchedh WitV phosphoric
acid, and digestion rates were determined by quantification of the peak
areas of the parent peptides in HPLG, = 140 min (@), 16 min @),

50 min @), and 13 min §).

Digestion of peptided—5 with Asp-N proteinase was performed
under identical conditionsty; = 16 min (1), 3 min @), 5 min @), and
2.5 min 6).

Circular Dichroism. CD spectra were recorded on a Yobin-Yvon
dichrograph Mark IV equipped with a thermostated cell holder and
connected to a data station for signal averaging and processing. All
data are averages of 10 scans, and the spectra were taken’@t 20
employing quartz cells of 0.2 cm optical path length. The spectra are
reported in terms of ellipticity units per mole of compounds {[R]

The spectra were recorded in 5 mM phosphate buffer (pH 7.0), and
concentrations were determined by weight and peptide content as
determined by quantitative amino acid analysis.

NMR Spectroscopy. NMR spectra were recorded at 500 MHz in
DMSO-ds (5 mM) and water (10 mM, 10% fD/90% HO) at 300 K
unless stated otherwise on a Bruker AMX500 spectrometer equipped
with a Z-gradient unit for pulsed field gradient spectroscopy. For 2D-
'H NMR spectra of compound and 2 in DMSO-ds the following
parameters were used. TOCS*¢mixing time for MLEV17 50 ms,
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trim pulse 2.5 ms, size 2K, sweep width 7042.3 Hz, 64 scans;-340
512 increments, phase-sensitive according to States®¥MNDESY 55
mixing time 150 ms, size 2K, sweep width 7042.3 Hz;-8428 scans,
320-380 increments, phase-sensitifegas-COSY*® sweep width

Schaschke et al.

Cell Line. CHO-DG44 were acquired from the American Type
Collection Culture (Rockville, MD) and grown on Falcon plastic ware
in F12 medium suplemented with 5% fetal calf serum. Cells were
passaged twice weekly. The cDNA encoding the C&B{gastrin

7042.3 Hz, size 2K, 16 scans, 256 increments, gradient ratio 1:1. For receptor cloned from a human panci@agas inserted in pRFENeo

2D-*H NMR spectra of compoun® in DMSO-ds the following
parameters were used. TOCSY: mixing time for MLEV17 55 ms,

vectof? and transfected into the CHO-DG44 cells using lipofectin.
Stable transfectants were selected using Geneticin and individual

trim pulse 2.5 ms, size 2K, sweep width 7042.3 Hz, 128 scans, 256 geneticin-resistant clones were isolated and further characterized for

increments, phase-sensitive according Stated > NOESY: mixing

the number of expressed receptors. B8O clone stably expressed

time 150 ms, size 2K, sweep width 7042.3 Hz, scans 128, increments 650,000 CCK-B/gastrin receptors/cell.

300, phase-sensitive according to Stagesl>*

For the 2D!H NMR spectra in water the suppression of the water
peak in the DQFCOSY experimentswas achieved with presaturation
by continuous low power irradiation during the relaxation delay, while
in the TOCSY and NOESY experiments the WATERGATE selective
single-echo scherf&*°was applied to remove the water trace. DQF
COSY of compoundL: phase-sensitive according to Statsal.>*

Receptor Binding Assay on B8 CHO Cells. Approximately 24
h after the transfer of transfected CHO cells to 24-wells plates, the
cells were washed with phosphate-buffered saline (pH 6.95) containing
0.1% BSA and were incubated for 60 min at 3Z in 0.5 mL of
Dublelcco’s Modified Eagle’s Medium/0.1% BSA with 71 pMi—
BH-[Thr,Nle]-CCK-9 in the presence or absence of competing com-
pounds. The cells were washed two times with phosphate-buffered

size 2K, sweep width 7042.3, scans 128, increments 256; compoundsaline (pH 6.95) containing 2% BSA, and cell-associdféd-BH-

2: as for1l except sweep width 6024.1. TOCSY of compouhd
mixing time for MLEV17 50 ms, trim pulse 1.5 ms, size 2K, sweep

[Thr,NIe]-CCK-9 was collected with 0.1 N NaOH added to each well.
The radioactivity was directly counted in a gamma counter (Auto-

width 7042.3 Hz, 64 scans, 256 increments; phase-sensitive accordingGamma, Packard, Downers Grove, .ILINonspecific binding deter-

to States-TPPI? number of gradient pulses 2, ratio 1:1; compo@nd
as for 1 except sweep width 6024.1 Hz. NOESY of compouhd
mixing time 150 ms; size 2K, sweep width 7042.3 Hz, scans 64,
increments 256, phase-sensitive (TPPIjumber of gradient pulses
2, ratio 1:1; compoun@: as for1 except mixing time 200 ms, 300

mined in the presence ofdM [Thr,Nle]-CCK-9 was always less than
10% of total binding. Binding data from at least three separated
experiments from different batches of transfected cells were analyzed
using the EBDA LIGAND prograiff or GraphPad Prism program. The
relative affinity of each compound corresponds to the concentration

ms, sweep width 6024.1 Hz, scans 128, number of gradient pulses 3;which inhibited 50% of the specific radioligand binding.

gradient ratio 1.2:1:1. NOESY of compouficit 330 K: mixing times

Assay for Inositol Phosphate Production by B8&-CHO Cells.

150 ms, 250, 350, and 400 ms, size 2K, sweep width 6024.1 Hz, scansApproximately 24 h after the transfer of transfected cells to 24-wells
128, increments 300, phase-sensitive (TPPI), number of gradient pulsesplates, the cells incubated overnight in complete medium containing 2

2, gradient ratio 1:1.

Data were zero-filled in the second dimension to yield frequency-
domain matrixes of 2048 1024 real data points, giving a digital
resolution of 2.9-3.4 Hz/point in F2 and 5:86.8 Hz/point in F1. Prior
to Fourier transformation Gaussian or shifted square sine-bell window
functions were used in both dimensions. All data processing was
performed using XWINNMR software on a Silicon Graphics computer.
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uCi/mL of myo-2-PHJinositol were washed with Dubelcco’s Modified
Eagle’s Medium and incubated 30 min in 2 mL/well Dubelcco’s
Modified Eagle’s Medium containing 20 mM LiCl at 3. The cells
were washed by Pl buffer at pH 7.45 (phosphate-buffered saline
containing 135 mM NaCl, 20 mM HEPES, 2 mM CaCl.2 mM
MgSQ,, 1 mM EGTA, 10 mM LiCl, 11.1 mM glucose, and 0.5% BSA).
The cells were incubated 60 min at 3Z in 0.5 mL of PI buffer with

or without ligands at various concentrations. The reaction was stopped
by adding 1 mL MeOH/HCI to each well, and the content was
transferred to a column (Dowex AG 1-X8, formate form, Bio-Rad,
Hercules, CA) to release the extraction of inositol phosphates. The
columns were washed two times with 5 mL of distilled water and then
two times with 2 mL of 5 mM sodium tetraborate/60 mM sodium
formate. Each column was eluted with 4 mf ® M ammonium
formate/100 mM formic acid. 0.5 mL of elution were added to
scintillant and beta-radioactivity was counteData from at least three
separate experiments from different batches of transfected cells were
analyzed using GraphPad Prism program (Software). The potency of
each stimulant corresponded to the concentration which caused a
response equal to 50% of the maximal response.
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