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Abstract-The antagonist potency of a series of bivalent adrenocorticotropic hormone (ACTH) peptides 
was examined using suspensions of inner zone rat adrenocortical cells. Bivalent antagonists were 
prepared by bis(maleimide) covalent cross-linking of carboxyl terminal cysteine sulfhydryl groups of 
synthetic ACTH peptides. Cysz5ACI’I-I(7-25) and C~S’~ACTH(~-~~). Antagonist potency enhancement 
was defined by shifts in ACTH(l-39) concentration-steroidogenic response curves relative to monovalent 
antagonist analogs. The ECSO values measured in the presence of 0.5 FM monovalent antagonist were 
110 t 28 pM for CysZSACTH(7-25)-S-N-ethylsuccinimide and 44 +- 9 pM for C~S~~ACTH(~-~~)-S-N- 
ethylsuccinimide. Some bivalent ACTH antagonists displayed much greater antagonist potency than 
their monovalent analogs, which supports the findings of Stolz and Fauchere (Helu Chim Acta 71: 1421- 
1428, 1988). The level of potency enhancement, however, was found to be dependent upon the spacer 
used to link receptor binding domains and the length of the ACTH peptide used in bivalent antagonist 
synthesis. The most potent inhibitor, bis(Cys25ACTH(7-25)-S-succinimidopro ionyl)2-hydroxy-1,3-pro- 
panediamine, was 28 times more potent than its monovalent analog, P Cys ‘ACTH(7-25)~S-N-ethyl- 
succinimide. However, a bivalent Cysz5ACTH(7-25) peptide containing two bis(succinimidopropionyl)2- 
hydroxy-1,3_propanediamine spacers that had been linked end-to-end via dithioerythritol showed no 
potency enhancement. CysZ5ACTH(7-25) based peptides containing one receptor binding domain and 
having the structure peptide-spacer-cysteine displayed no enhancement in antagonist potency. Bivalent 
Cys3’ACTH(7-39) linked by bis(succinimidopropionyl)2-hydroxy-1,3-propanediamine spacer exhibited 
only 4-fold enhancement in antagonist potency relative to Cys39ACTH(7-39)-S-N-ethylsuccinimide. We 
therefore conclude that the potency enhancement observed with bivalent ACTH peptides: (1) is optimal 
with spacers less than approximately 40 A in length, (2) is not due to direct interactions between the 
spacer and cell surface, and (3) is dependent on the length of the ACTH peptide component. In 
addition, these results indicate that electrostatic interaction between bivalent ACTH peptides and plasma 
membrane lipids does not adequately account for the potency enhancements observed. 

Adrenocorticotropic hormone (ACTHO) stimulates 
glucocorticoid production by activating receptors on 
the surface of adrenocortical cells. Studies with 
truncated ACTH peptides have demonstrated the 
presence of functional domains within the 39 residue 
ACTH sequence. The amino terminal region 
(residues 1 through approximately 20) contains the 
domain responsible for stimulating steroidogenesis 
[l, 21. The maximum level of steroidogenesis 
obtained by stimulation of rat adrenocortical cells 
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I Abbreviations: ACTH, adrenocorticotropic hormone; 
Cysz5ACTH(7-25), a peptide containing residues 7 through 
25 of the mammalian ACTH sequence with a cysteine 
residue substituted for the residue naturally occurring at 
position 25; cy~~~ACTH(7-39), a peptide containing 
residues 7 through 39 of the rat/mouse ACTH sequence 
with a cysteine residue substituted for the residue naturally 
occurring at position 39; ECsO, concentration resulting in 
50% of the maximal response; btzcAMP, N6,2’-O- 
dibutyrylcAMP; DTNB, 5,5’-dithio-bis(2-nitrobenzoic 
acid); DTE, dithioerythritol; TFA, trifluoroacetic acid. 

with ACTH(5-24) is the same as that observed with 
the full-length peptide, ACTH(l-39), but a much 
higher concentraticn of ACTH i-S-24) is required to 
achieve maximum stimulation 131. ACTH(6-24) is a 
partial agonist that stimulates steroidogenesis to only 
60% of the maximal value obtained with full agonists 
such as ACTH(l-39) or ACT.H(S-24). ACTH 
peptides lacking an intact 6-9 sequence, such as 
ACTH(7-23) [3,4], do not display agonist function 
in suspensions of rat adrenocortical cells, but instead 
act as competitive antagonists. These results indicate 
that residues 5-9 are required for full receptor 
activation while residues l-4 and 10 through 
approximately 20 increase the affinity of the peptide 
for the receptor [5]. Schwyzer [6] has referred to 
these activation and affinity domains as message and 
address segments respectively. 

Bivalent ligand binding to the cell surface is 
involved in antibody-cell surface antigen interactions 
and some aspects of hormone-receptor function, 
and has been studied using both experimental and 
theoretical approaches [e.g. Ref. 71. These studies 
suggest that bivalent ligands may have receptor- 
binding properties that differ substantially from 
those of a monovalent ligand. Portoghese and 
coworkers [8-lo] have synthesized bivalent opioid 
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antagonists that show striking increases in receptor 
selectivity and affinity compared to monovalent 
antagonists. This approach has also been utilized by 
Fauchere and coworkers [ll, 121 who prepared 
bivalent ACTH antagonists. They employed elegant 
solution synthesis methods for preparation of 
bivalent ACTH antagonists based on the 11-24 [ll] 
and 7-24 [12] sequences. These ACTH peptides 
were linked via the amino groups of a lysine residue 
that was coupled to the carboxyl termini of two 
protected peptides by carbodiimide mediated peptide 
bond formation. The ACTH(ll-24) dimer demon- 
strated antagonist potency that was substantially 
increased relative to the monovalent analog. These 
workers suggested that electrostatic interactions or 
receptor aggregation could be responsible for the 
enhanced potency. 

Studies such as those by Portoghese and colleagues 
have demonstrated that the spacer used to link 
bivalent ligands can exert a profound influence on 
the potency of bivalent opioid antagonists. To 
determine the structural basis for enhanced potency 
of bivalent ACTH antagonists, we have prepared a 
series of bivalent ACTH antagonists by a synthetic 
route that allows us to examine readily the effect of 
specific structural components on the potency of 
the bivalent peptide. The scheme is based on 
bis(maleimide) cross-linking of synthetic ACTH 
peptides containing carboxyl terminal cysteine 
residues. These bivalent antagonists show potency 
enhancements up to approximately 25 times that of 
their monovalent analog. In this report we examine 
the effects of spacer structure and ACTH peptide 
length on the potency of these bivalent ACTH 
peptides and demonstrate that both the spacer and 
peptide component of the bivalent ligand exert 
substantial effects on bivalent antagonist potency. 

MATERIALS AND METHODS 

Materials. DTNB, bt,cAMP, bis(3-maleimi- 
dopropionyl)2-hydroxy-1,3_propanediamine, por- 
cine ACTH(l-39), and cysteine were purchased 
from the Sigma Chemical Co. ACTH(l-39) was 
purified by ion-exchange and reversed phase 
chromatography as described below. Both 2,2’- 
dithiopyridine and DTE were obtained from 
Chemical Dynamics. N-Ethylmaleimide was from 
Aldrich. 

Peptide synthesis and purification. C~S~~ACTH(~- 
25) and C~S~~ACTH(~-39) (rat/mouse sequence) 
were prepared by automated solid phase methods 
using Fmoc-B-amino group protection. For global 
deblocking and cleavage of peptide from the resin, 
the peptide-resin was incubated for 12 hr at 22” in 
90% TFA, 5% thioanisole, 3% ethanedithiol, 2% 
anisole. After deblocking, volatile components were 
removed under vacuum, and the peptide was 
dissolved in 0.1 M acetic acid. To generate CysACTH 
peptides that would not form mixed disulfides during 
purification, the cysteine residues of C~S~~ACTH(~- 
25) and C~S~~ACTH(~-39) were converted to thio- 
pyridine disulfides by addition of an 8-fold molar 
excess of 2,2’-dithiopyridine. After gel filtration 
chromatography on Sephadex G-10 to remove low 
molecular weight contaminants, the deblocked 

peptides were purified by ion-exchange chroma- 
tography on Whatman CM-52 [13]. The peptides 
obtained from the CM-52 column were purified by 
Cl8 HPLC on a 25 x 1 cm Bakerbond Wide Pore 
column using linear gradients of 0.05% TFA (v/v) 
in water (solvent A) and 0.05% TFA, 50% 
acetonitrile in water (solvent B). Purified peptides 
were stored in their thiopyridine-disulfide forms at 
-80”. 

The sulfhydryl forms of the CysACTH (i.e. 
CysACTH-SH) peptides used for syntheses described 
below were prepared by treating the thiopyridine- 
peptide disulfides with a 20-fold molar excess of 
dithioerythritol at pH 7.3. The peptide products of 
this reaction were isolated by Cl8 HPLC and taken 
to dryness under vacuum. 

Analysis ofproducts. The heterogeneity of purified 
peptides was assessed by their elution pattern on 
analytical Cl8 HPLC using a 25 x 0.46 cm (5 pm 
spherical packing) Bakerbond Wide Pore column. 
Amino acid compositions were determined on acid 
hydrolysates of peptides [14] in which the amino 
acids were converted to phenylthiocarbamyl deriva- 
tives and quantified by Cl8 HPLC [15]. The Tyr and 
Trp content of CysACTH-SH peptides isolated by 
Cl8 HPLC was determined by UV absorbance [ 161. 
The cysteine sulfhydryl group content was then 
estimated by addition of DTNB. The absorbance at 
412 nm due to 5-mercapto-2nitrobenzoic acid 
produced from the reaction of DTNB with peptide 
sulfhydryl groups was measured, and the sulfhydryl 
group concentration calculated using E4r2 = 
13,600 M-’ cm-’ [17]. 

The amino acid sequence of the thiopyridine form 
of C~S~~ACTH(~-25) was determined by automated 
Edman degradation with a MilliGen 6600 Pro- 
sequencer using protocols supplied by the manu- 
facturer. 

Preparation of monovalent and bivalent S- 
succinimido-ACTH peptides. The sulfhydryl forms 
of C~S*~ACTI-I(~-25) and C~S~~ACTH(~-39) were 
the precursors for the synthesis of the ACTH 
antagonists used in this study. For preparation of 
monovalent peptide containing a cysteine sulfur 
blocked by an N-ethylsuccinimide moiety, 200 nmol 
of sulfhydryl peptide was incubated with 220 nmol 
of N-ethylmaleimide in 50 mM HEPES, pH 7.3, for 
20 min at room temperature (reaction volume = 
0.4mL). The reaction products were resolved by 
Cl8 HPLC. The N-ethylsuccinimido forms of 
C~S~~ACTH(~-25) and C~S~~ACTH(~-39) were 
obtained in yields of 76 and 87% respectively. 

Antagonists with the structure: peptide-suc- 
cinimide-spacer-succinimide-cysteine were prepared 
by reaction of bis(maleimides) with sulfhydryl 
forms of ACTH peptides. The structures of the 
bis(maleimides) spacers used in this study are shown 
in Fig. 1. Cysz5ACTH-SH peptide (100nmol) was 
added to bis(maleimide) (2pmol) in 50mM 
HEPES. NaOH, pH 7.3 (total volume = 0.8 mL), 
and incubated for 4min at 22”. The bis(malei- 
mido)hexane stock solution was prepared in acetone, 
while the bis(3-maleimidopropionyl)2-hydroxy-1,3- 
propanediamine solution was prepared in water. The 
majority of the peptide product at this stage had its 
cysteine sulfur bound in a thioether linkage to a 
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R, = CH1-CM,-CH,-CH1-CH,-CH, 15 

0 OH 0 

II I II 

R, = CH,-CH,-C-NH-CH,-CH-CH,-NH-C-CHrCH, 20 

B 1 
R, = S-CH,-CH-CH-CH,-S 46 

I I 
HO OH 

Fig. 1. ACFH peptide spacer structures. The structure at 
the top of the figure represents a bivalent peptide. The 
spacer is denoted by R. S, and S2 represent sulfur atoms 
of carboxyl terminal cysteine residues. The numbers on 
the right indicate the approximate maximum distance 
(estimated from molecular models) in angstroms between 
sulfur atoms in a bivalent peptide after the cross-linking 

reaction has occurred. 

cross-linker that contained a maleimide moiety at 
the distal side of the spacer (see below). Cysteine 
(10 pmol in 20 pL) was added to convert the peptide- 
linked maleimide to a non-reactive succinimido 
form, and the sample was incubated for an additional 
5 min. Reaction products were separated by Cl8 
HPLC. Structures of the ACTH peptide derivatives 
are shown in Table 1. The Cysz5ACTH(7-25) peptide 
yields were: compound II, 65% and compound IV, 
81%. 

Bivalent ACTH peptides with bis(succinimido)- 
hexane and bis(3-succinimidopropionyl)2-hydroxy- 
1,3-propane diamine spacers were prepared by 
incubation of the bis(maleimide) compounds with a 
slight excess of’ peptide sulfhydryl groups over 
maleimide groups. Sulfhydryl peptide (240 nmol) 
was incubated with bis(maleimide) (100 nmol) (i.e. 
200 nmol of maleimide groups) in 50 mM HEPES, 
pH 7.3 (total volume = 0.3 mL), for 20 min at room 
temperature. The reaction products were then 
resolved by Cl8 HPLC. Bivalent Cys*‘ACTH(7-25) 
peptide yields based on the starting maleimide 
quantity were: compound I, 85% and compound III, 
82%. The bivalent Cys3gACT’H(7-39) peptide yield 
was: compound VI, 91%. 

A bivalent C~S*~ACI’I-I(~-~~) derivative with a 
46 A spacer (see Fig. 1) was sy-thesized by a two- 
step route. In the first step CysACTH-SH peptide 
(100 nmol) was incubated with bis(3-maleimido- 
propionyl)2- hydroxy - 1,3 - propanediamine (2 ymol) 
in 0.8mL of 5OmM HEPES, pH 7.3, for 4min. 
The peptide product of this reaction was iso- 
lated by Cl8 HPLC. The Cl8 fraction was taken 
to dryness under vacuum. The sample was then 

dissolved in 0.5 mL water and a UV spectrum 
recorded to determine the peptide concentration. 
The major peptide product of this reaction contained 
covalently bound maleimide as judged by the 
presence of a component absorbing in the 300- 
330 nm portion of the UV spectrum. This absorbance 
disappeared upon addition of a sulfhydryl-containing 
species to the peptide sample. Also, addition of 
cysteine to this sample altered the Cl8 retention 
time of the peptide. In the second step, 70 nmol of 
maleimide-containing peptide was incubated with 
33 nmol of DTE in 0.55 mL of 50 mM HEPES, pH 
7.3, for 20 min. The reaction products were resolved 
by Cl8 HPLC. The yield of compound V based on 
the starting quantity of CysACTH-SH peptide was 
43%. 

Analysis of bivalent peptides. Bivalent peptides 
were analyzed by ultraviolet absorption spectroscopy, 
amino acid analysis, groups reactive toward DTNB 
and sulfhydryls, and homogeneity on analytical Cl8 
HPLC as described above. Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) 
analysis of peptides was carried out as described by 
Schagger and von Jagow [18]. 

Preparation of rat adrenocortical ceil suspensions. 
Suspensions of adrenocortical inner zone cells were 
prepared from decapsulated adrenal glands of male 
Holtzman rats (150-250 g) as described by Sayers et 
al. [19]. Viable cell concentrations were determined 
by dye exclusion using erythrosin B [20]. 

Measurement of steroidogenesis. The effect of 
peptides on steroidogenesis was determined by 
incubation with rat adrenocortical cell suspensions 
in 12 X 75 mm capped polypropylene tubes. Cells 
were incubated in Krebs-Ringer bicarbonate medium 
that was 0.2% in glucose and 0.5% in bovine serum 
albumin. Prior to incubation of cell suspensions for 
measurement of steroidogenesis, CaC12 was added 
to yield a final Ca2+ concentration of 7.5 mM. 
Incubations were carried out under an atmosphere 
of 5% C02/95% air. The viable cell concentration 
was constant for a given experiment and ranged 
between 10,000 and 20,00Ocells/mL in different 
experiments. The incubations were carried out in a 
shaking (30 cycles/min) water bath at 37” in a final 
volume of 0.5 mL after agonist/antagonist addition. 
Steroid production was terminated by addition of 
l.OmL dichloromethane to the cell suspension 
followed by mixing. Incubations were performed in 
triplicate. Corticosterone was determined using a 
fluorometric assay [21]. The data points shown 
represent the mean -C SD. Where not shown, the 
standard deviation was smaller than the symbol. The 
ECso values were measured from concentration- 
response curves determined by computer spline fit 
of the fluorogenic steroid production values. 

RESULTS 

Characterization of monovalent peptide products. 
The synthetic route chosen for preparation of 
bivalent ACTH peptides utilized bis(maleimide) 
coupling of two deblocked peptides containing 
carboxyl terminal cysteine sulfhydryl groups. The 
parent monovalent compounds, with cysteine sulfur 
blocked by N-ethylmaleimide treatment, were used 
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as the reference to determine potency enhancements 
of bivalent peptides. Chemical characterization and 
biological potency assessment were therefore carried 
out on both monovalent and bivalent peptides. 

C~S*~ACTH(~-Z~) and C~S~~A~H~~-39~ prod- 
ucts (with the cysteine sulfhydryl in the thiopyridine 
blocked form) obtained after synthesis and puri- 
fication were examined by analytical Cl8 HPLC and 
found to be greater than 98% homogeneous as 
estimated by peak areas from the elution profile 
monitored at 210 nm. The identities of the purified 
peptides were confirmed by amino acid analysis. 
Cysz5ACTH(7-25)~S-thiopyridinewasalsosubjected 
to automated Edman degradation, and the expected 
sequence was obtained through the 13 cycles 
conducted. 

Peptide stock solution concentrations were deter- 
mined from Tyr and Trp levels using ultraviolet 
absorption spectroscopy as noted above 1161. This 
measurement gave an extinction coefficient of 
6700 M-’ cm-’ at 278 nm for the sulfhydryl forms of 
Cys”“ACTH(7-25) and Cys39ACTH(7-39). DTNB 
analysis indicated that these peptides contained 1.00 
(Cys”‘ACTH(7-25)) and 0.96 (C~S~~ACTH(~-39)) 
suI~ydry1 groups per peptide. The N-ethyl- 
maleimide-treated forms of C~S~~ACTH(~-25) and 
C~S~~ACTH(~-39) obtained from Cl8 separation of 
the reaction products were analyzed for sulfhydryl 
group content by reaction with DTNB and found 
to contain less than 0.01 mol of sulfhydryl groups 
per mol of peptide. Amino acid analysis of mal- 
eimide-treated peptides demonstrated the predicted 
number of phenylalanine and lysine residues per 
molecule. This indicates that these products 
were Cys25ACTH(7-25)-S-N-ethylsuccinimide and 
Cys39ACTH(7-39)-S-N-ethylsuccinimide, and that 
the parent peptides had therefore been modified 
only at cysteine residues, and not at the a-amino 
group of Phe’or the c-amino group of lysine residues. 
Note that all lysine residues of mammalian ACTH 
are located between residues 11 and 21. 

Analysis of antagonist function of monovalent 
peptides. The steroidogenic antagonist properties of 
these S-succinimido peptides were examined in 
suspensions of rat adrenocortical cells. Typical 
ACTH( l-39) concentration-steroidogenic response 
curves are shown in Fig. 2. The ECSO (agonist 
concentration at which half-maximal stimulation 
occurs) for ACTH(l-39) in this experiment was 
5.6pM. The mean ECUS value obtained for ten 
separate cell preparations was 3.9 ‘-+ 0.4 (SE) pM, 
and the range of values was 2.4 to 6.3pM. In the 
presence of 0.5 FM CyszsACTH(7-25~-~-succinim- 
ide, the ACTH( l-39) concentration-response curve 
was shifted 1.4 orders of magnitude (25fold) to the 
right. The concentration-response curve with 0.5 ,uM 
Cys39ACTH(7-39)-S-succinimide was shifted 0.7 
orders of magnitude (S-fold) to the right, The mean 
ECsO values obtained in the presence of 0.5,~M 
C~S~~ACTH(~-25) and 0.5 FM C~S~~A~H(~-39) 
monovalent peptides were 110 f 28 pM (N = 6) and 
44 It 9 pM (N = 7). These results are comparable to 
those previously obtained by Sayers et al. [19] for 
ACTH(7-23) and Li et al. [22] for human ACTH(7- 
38), and indicate that these peptides functioned 
as competitive antagonists of ACTH(l-39) as 
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Fig. 2. Antagonist potency of monovalent ACI’H peptides. 
Suspensions of rat adrenocortical cells (8500 viable cells/ 
tube) were incubated with ACTH(l-39) in the absence of 
antagonist (0) or with 0.5 p&f Cysz5ACTH(7-25)-S-N- 
ethylsuccinimide (A) or 0.5 pM Cy~~~A~(7-39)-~-~- 
ethylsuccin~mide (H). Incubations were quenched after 
6Omin and analyzed for corticosterone as described in 
Materials and Methods. Values are means rt SD of triplicate 

incubations. 

anticipated. In addition, these monovalent antag- 
onists, as well as the bivalent antagonists, at 
concentrations of 0.5 and 0.25pM respectively, 
displayed no inhibitory effect on btzcAMP-stimulated 
steroidogenesis, consistent with their function as 
competitive antagonists. 

Characterization of bivalent ACTH pe~tides. 
Bivalent ACTH antagonists were prepared by 
reaction of the sulfhydryl form of monovalent ACTH 
antagonists with the bis(maleimide) compounds to 
form peptides with two ACTH receptor binding 
domains linked by spacers whose structures are 
shown in Fig. 1. These reactions were carried out 
with the sul~ydryl group in slight excess over the 
maleimide (1.2 -SH groups per maleimide, which is 
equivalent to 2.4 -SH groups per cross-linker) to 
ensure that all of the modified peptide products 
obtained were bivalent. The products were separated 
by Cl8 HPLC. Similar results were obtained for the 
four symmetrical bivalent ACTH antagonist peptides 
that were prepared (see Table 1) using bis(maIeimide) 
cross-linkers. All bivalent ACTH peptides were 
devoid of agonist function in the concentration range 
between 0.1 and 10 PM, which does not support our 
previous preliminary report that compound I was a 
partial agonist [23]. 

Bivalent peptides, I, III, V, and VI were-analyzed 
by SDS-PAGE, and each peptide exhibited a single 
band on silver staining whose mobility was decreased 
relative to that of the respective monovalent parent 
peptides. This shift in mobility was approximately 
equivalent to a doubling in apparent molecular 
weight when synthetic ACTH peptides were used as 
molecular weight standards. However, ACTH 
peptides as a group displayed lower mobility than 
standard myoglobin peptide fragments, and this may 
be due to the high content of basic amino acids in 
ACTH peptides. In addition, ACTH peptides less 
than 24 residues in length were not well resolved by 
this system. 

Assessment of antagonist potencies of bivalent 
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little, if any, effect on the potency of C~S*~ACTH(~- 
25) antagonists. These results demonstrate that the 
enhanced potency of the bivaient peptides requires 
the presence of both receptor binding domains, and 
is not due to the presence of the spacer per se. 

The influence of C~S~~ACTII(~-39) peptides on 
ACTH(l-39)-stimulated steroidogenesis is shown 
in Fig. 4. The uninhibited EC50 value in this ex- 
periment was 6.3 pM. The monovalent antagonist 
Cys3gACTH(7-39)-N-ethylsuccinimide (0.5 PM) 

log[ACTH(l-39)] (M) 

Fin. 3. Influence of spacer on potency of bivalent 
C~szsACTH(7-25) peptides. SW ensions of rat adreno- 
cortical cells f10.000 viable cells P tube) were incubated as 
in Fig, 2 in the absence of antagonist’(O) or with 0.5 PM 
Cys~sA~~(7-25)-~-ethylsuccinimide (0) or 0.25 FM 
compound III (A). Values are means it SD of triphcate 

incubations. 

shifted the EC50 to 2OpM. The ECso value for 
compound VI was 57pM. The results of five 
experiments summarized in Table 1 show that the 
potency enhancement observed for compound VI 
(4-fold) was considerably less than the 28-fold 
observed for the bivalent C~S*~ACTH(~-~~) peptide 
with the same spacer (compound III). 

DISCUSSION 

ACTH peptides. The influence of covalent cross- 
linking on ACTH antagonist potency was determined 
by comparing bivalent ACTH antagonist peptide- 
induced shifts in ACTHfl-39) concentration- 
steroidogenic response curves to the concentration- 
response curves obtained with monovalent reference 
antagonists. Cys2sACTH(7-25)-S-N-ethylsuccinim- 
ide was the reference for bivalent Cys*‘ACTH(7- 
25) based peptides, and Cy~~~A~H(7-39)-~-~- 
ethylsuccinimide was the reference for bivalent 
Cys3’ACTH(7-39) based peptides. In these experi- 
ments, the bivalent peptides were present at one- 
half the molar concentration of the monovalent 
peptides. The concentration of ACTH antagonist 
domains (0.5 PM) was therefore the same for both 
monovalent and bivalent antagonist incubations. 

Bivalent ACTH antagonists were prepared by 
bis(maleimide) covalent cross-linking of synthetic 
ACTH antagonists containing cysteine sulfhydryl 
groups at their carboxyl termini. This synthetic route 
was selected because it permits use of a single 
deprotected peptide precursor to prepare a series of 
bivalent peptides with different spacer structures. 
Using this approach, bivalent ACTH peptides 
exhibiting enhanced antagonist potency were pre- 
pared in high yield with a simple one-step 
chromatographic purification. Ramachandran and 
coworkers f25) have also demonstrated the value of 
carboxyl terminal sulfhydryl groups as covalent 
linkage sites for ACTH peptides. 

An example of the substantial potency enhance- 
ment observed with bivalent C~S~~ACTH(~-ZS) 
peptides containing appropriate spacers is shown in 
Fig. 3. In this experiment, the EC50 value in the 
absence of anta onist was 2.5 pM. The presence 
of 0.5 @I 9 Cys ~AC~(7-25~-~-ethylsuccinimide 
shifted the ECUS value to 58 PM. In contrast, in the 
presence of 0.25 PM compound III, the ECSO was 
1230 pM, which is more than 20-fold greater 
than the value observed for C~S*~ACTH(~-ZS)-N- 
ethylsuccinimide. 

Substantial enhancement of ACTII antagonist 
potency was observed with some bivalent antagonists, 
whereas others showed little or no enhancement. 
Fauchere and coworkers have demonstrated pre- 
viously that bivalent ACTH ~tagonists based on 
the (11-24) and (7-24) sequences are potent 
steroidogenic antagonists. Their bivalent ACTH(7- 
24) peptide displayed ten times the potency of the 
bivalent ACTH(ll-24) compound 1121. A direct 
measurement of potency enhancement of the bivalent 
ACTH(7-24) peptide relative to the monovalent 
compound was not presented. 

A summary of the results obtained with 
C~S~~ACIH(~-25) peptides is presented in Table 1. 
Compounds I and III showed mean potency 
enhancements (defined as the EC50 in the presence 
of bivalent antagonist divided by the EcSo in the 
presence of monovalent analog C~S*~ACTH(~-Z~)- 
iV-ethylsuccinimide) of 19 and 28 respectively. The 
Cysz5ACTH(7-25) bivalent peptide (compound V) 
that had the longest spacer displayed no increase in 
antagonist potency retative to the monovalent parent 
compound. 

To determine whether the spacer structure exerted 
an independent influence on the potency of bivalent 
antagonist, peptides were prepared that had the 
structure peptide-spacer-cysteine. As shown in Table 
1, the presence of the spacer-cysteine structure had 

We have found that both the spacer used to link 
the receptor binding domains and the length of 
ACTH peptide used to form the bivalent ligand 
and substantial effects on the level of potency 
enhancement observed. Spacer length is a particularly 
critical factor, as demonstrated by compounds III 
and V. impound III contains a single R, spacer, 
while compound V contains two of these spacers 
linked by succinimide groups te a DTE-derived 
moiety. The spacers are thus similar in polarity, but 
different in length. These bivalent peptides differed 
substantially in antagonist potency enhancement, 
with compound III showing 28-fold enhancement 
and compound V no enhancement. This indicates 
that these spacer lengths must be below a certain 
value (20-40 A) for potency enhancement to occur. 
The importance of the peptide component of the 
bivalent antagonist is demonstrated by the relatively 
small potency enhancement, 4-fold, observed with 
ACTH(7-39) based bivalent antagonist VI compared 
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Table 1. ACTH antagonist structures and potencies 

Compound St* s2 

~~- 
Relative Net charge 

R potency? at pH 7.3$ 

I C~S~~ACTH(~-25) CyszsACTH(7-25) Rr 18.6 2 5.98 (N = 3) +12.6 
II CYS~~ACTH(~-25) Cysteine 0.9 +6.3 

III C~S~~ACTH(~-25) C~S~~ACTH(~-25) RR: 28.2 +- 5.71 (N = 5) +12.6 
IV C~S~~ACTH(~-25) Cysteine 

C~S~~ACTH(~-~~) 2 
0.8 +6.3 

V Cys=ACTH(7-25) 1.0 +12.6 
VI C~S~~ACTH(~-39) Cys’9ACTH(7-39) R2 4.3 k 1.0 (N = 5) +4.6 

* Refer to Fig. 1 for Sr, S2, and R positions and structures of R,,. 
i’ Potency enhancement is expressed as EC 5o for the antagonist listed (0.25 @f for bivalent peptides 

and 0.5 FM for monovalent peptides) divided by the ECso for CyszSAffH(7-25)~SN-ethylsuccinimide 
for compounds I-V and CysfgACTH(7-39)~S-N-ethylsuccinimide for compound VI. The values presented 
are the means of N different ceil preparations rtSEM. 

$ Net charge estimated from microconstants determined for ACTH by Noszal and Osztas [24]. 
§ Relative potency enhancements for compounds I and III are not significantly different (analysis of 

variance) at the 95% confidence level. 
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Fig. 4. Influence of spacer on potency of bivalent 
Cys3’ACI’H(7-39) peptides. Suspensions of rat adreno- 
cortical cells (SSOO viabfe ceils/tube) were incubated in the 
absence of antagonist (0) or with 0.5 FM Cys”ACTH(7- 
39)~N-ethylsuccinimide (a), or 0.25 ,uM compound VI (A). 

Values are means 2 SD of triplicate incubations. 

with the 2%fold with the Cysz5AC~(7-25) bivalent 
peptide containing the same spacer (III). This is also 
consistent with a requirement for a short distance 
between receptor binding sites for optimum potency 
enhancement. Decreased potency enhancement with 
long spacers has been observed for bivalent opioid 
antagonists [9]. The C3gACTH(7-39) based bivalent 
peptide (VI) is also less positively charged than the 
homologous C~S~~ACTH(~-Z~) based peptide (III). 
However, comparison of results with compounds III 
and V indicates that increased peptide charge alone 
does not enhance potency. This assumes that bivalent 
ACTH peptides, like monovalent ones [26], do not 
display defined secondary or tertiary structure. 

Spacer structure for 15-2OA spacers does not 
appearto exert large effects on potency enhancement + 
The bivalent C~S~~ACTI-I(~-~~) derived peptide 
with receptor binding domains linked by a 20 A 
moderately polar spacer (compound III) was 
the most potent antagonist, but the bivalent 
Cysz5ACTH(7-25) with a 15 A hydrophobic spacer 

(compound I) also showed a large antagonist potency 
enhancement (see Table l), suggesting that the 
spacer polarity may not be an important factor in 
dete~ning bivalent potency enhancement. 

The influence of direct effects of cross-linker 
structures on CyszSACTH(7-25) antagonist potency 
was examined with peptides containing one receptor 
binding domain per molecule (i.e. peptide-spacer- 
cysteine). These peptides did not display enhanced 
antagonist potency (Table 1). This demonstrates that 
cross-linker components do not increase the potency 
of bivalent peptides by direct interaction with cell 
surface components. 

Two mechanisms have been suggested to account 
for increased potency of bivalent ACTH antagonists 
[ll]. in the first mechanism, additional binding 
energy (i.e. increased receptor affinity) results from 
simultaneous binding of cell surface receptors by 
both of the receptor binding domains of the bivalent 
ACTH peptide. Minton [7] has provided a detailed 
quantitative model describing the thermodynamic 
basis for receptor affinity enhancement of bivalent 
ligands. The second proposed mechanism involves 
increased receptor o~upancy of bivalent ACTH 
antagonists due to a localized concentration increase 
of bivalent peptide near the cell surface resulting 
from electrostatic attraction of the highly positively 
charged peptide to negatively charged membrane 
lipids. Schwyzer and coworkers [27,2S] have 
presented considerable theoretical and experimental 
evidence to support the suggestion that interaction 
of monovalent ACTH peptide-receptor binding is 
preceded by a preliminary non-specific, electrostatic 
interaction of postively charged residues of the 
peptide with negatively charged cell surface 
phospholipids. This hypothesis predicts that ACTH 
peptide charge acting through a Boltzmann (elec- 
trostatic) ~st~bution is a key factor influencing the 
affinity of peptide-receptor interactions. The finding 
that ACTH(l-24) is a more potent agonist on a 
molar basis than ACTH(l-39) in suspensions of 
adrenocortical cells [e.g. Ref. 291 is consistent 
with this suggestion. Similarly, we observed that 
Cys25ACTH(7-25)-N-ethylsuccinimide was a more 
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potent antagonist than Cys3gACTH(7-39)-N-ethyl- 
succinimide (Fig. 2). However, our finding that 
C~S*~ACTI-I(~-~~) based bivalent peptide V did not 
display enhanced antagonist potency suggests that 
the second mechanism, enhanced receptor affinity 
as a result of greater peptide charge, does not 
adequately account for potency enhancements 
observed with bivalent ACTH peptides. Direct 
evaluation of the validity of the first mechanism will 
require binding measurements with lz51-labeled 
bivalent peptides. 

REFERENCES 

1. Bell PH, Howard KS, Shepherd RG, Finn BM and 
Meisenhelder JH, Studies with corticotropin. II. Pepsin 
degradation of pcorticotropin. J Am Chem Sot 78: 
5059-5066, 1956. 

2. Buckley DI and Ramachandran J, Characterization of 
corticotropin receptors in adrenocortical cells. Proc 
Nat1 Acad Sci USA 78: 7431-7435, 1981. 

3. Sayers G, Seelig S and Kumar S, Isolated adrenal 
cortex cells in suspension: Stimulation and inhibition 
of steroidogenesis by analogues of ACTH. J Steroid 
Biochem 6: 371-375, 1975. 

4. Fujino M, Hatanaka C and Nishimura 0, Synthesis of 
peptides related to corticotropin (ACTH). VI. 
Syntheses and biological activity of the peptides 
corresponding to the amino acid sequences 4-23, 5- 
23,6-24 and 7-23 in ACTH. Chem Pharm Bull (Tokyo) 
19: 1066-1068, 1971. 

5. Inouye K and Otsuka H, ACTH: Structure-function 
relationship. In: Hormonal Proteins and Peptides (Ed. 
Li CH), Vol. 13, pp. l-29. Academic Press, New York, 
1987. 

6. Schwyzer R, Peptides and the new endocrinology. 
Naturwissenschaften 69: 15-30, 1982. 

7. Minton AP, *he bivalent ligand hypothesis, a 
quantitative model for hormone action. Mol Pharmacol 
19: l-14, 1981. 

8. Portoghese PS, Lipkowski AW and Takemori AE, 
Binaltorphimine and nor-binaltorphimine, potent and 
selective K-opioid receptor antagonists. Life Sci 40: 
1287-1292, 1987. 

9. Portoghese PS, Larson DL, Yim CB, Sayre LM, 
Ronsisvalle G. Tam SW and Takemori AE. Goioid 
agonist and antagonist bivalent ligands. The rel&io&hip 
between spacer length and selectivity at multiple opioid 
recenters. J Med Chem 29: 1855-1861. 1986. 

10. Portbghese PS, Bivalent ligands and the message- 
address concept in the design of selective opioid 
receptor antagonists. Trends Pharmacol Sci 10: 230- 
235, 1989. 

11. Fauchere J-L, Rossier M, Capponi A and Vallotton 
MB, Potentiation of the antagonistic effect of 
ACTH(ll-24) on steroidogenesis by synthesis of 
covalent dimeric conjugates. FEBS Lett 183: 283-286, 
1985. 

12. Stolz MB and Fauchere J-L, Synthesis and steroidogenic 

activity of covalently dimerized corticotropin (ACTH) 
fragments. Helv Chim Acta 71: 1421-1428, 1988. 

13. Yamashiro D, Ho CL and Li CH, Adrenocorticotropin 
57. Synthesis and biological activity of ostrich and 
turkey hormones. Znt J Pept Protein Res 23: 42-46, 
1984. 

14. Stewart JM and Young JD, Solid Phase Peptide 
Synthesis. Pierce Chemical Co., Rockford, IL, 1984. 

15. Ebert RF, Amino acid analysis by HPLC: Optimized 
conditions for chromatography of~phenylthio~arbamyl 
derivatives. Anal Biochem 154: 431-435. 1986. 

16. Allen G, Sequencing of Proteins and Pedtides, pp. 26 
27. Elsevier, New York, 1981. 

17. Ellman GL, Tissue sulfhydryl groups. Arch Biochem 
Biophys 82: 70-77, 1959. 

18. Schagger H and von Jagow G, Tricine-sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis for the 
separation of proteins in the range from 1 to 100 kDA. 
Anal Biochem 166: 368-379, 1987. 

19. Sayers G, Swallow RL and Giordano ND, An improved 
technique for the preparation of isolated rat adrenal 
cells: A sensitive, accurate and specific method for the 
assay of ACTH. Endocrinology 88: 1063-1068, 1971. 

20. Phillips HJ, Dye exclusion tests for cell viability. In: 
Tissue Culture, Methods and Applications (Eds. Kruse 
PF Jr and Patterson MK Jr), pp. 406-408. Academic 
Press, New York, 1973. 

21. Lowry PJ, McMartin C and Peters J, Properties of a 
simplified bioassay for adrenocorticotrophic activitv 
using the steroiddgenic response of isolated adrenal 
cells. J Endocrinol59: 43-55. 1973. 

22. Li CH, Chung D, Yamashiro b and Lee CY, Isolation, 
characterization, and synthesis of a corticotropin- 
inhibiting peptide from human pituitary glands. Proc 
Nat1 Acad Sci USA 75: 4306-4309, 1978. 

23. Mihal KA and Krueger RJ, Signal transduction in 
the ACTH receptor. In: Biological and Synthetic 
Membranes (Ed. Butterfield DA), pp. 477-486. Alan 
R. Liss, New York, 1989. 

24. Noszal B and Osztas E, Acid-base properties for each 
protonation site of six corticotropin fragments. Znt J 
Pept Protein Res 33: 162-166, 1989. 

25. Blake J, Hagman J and Ramachandran J, Synthesis of 
human corticotropinyl-thioglycine and its specific 
conjugation to bovine serum albumin. ZntJ Pepr Protein 
Res 20: 97-101, 1982. 

26. Holladay LA and Puett D, Circulation dichroism of 
corticotropin, fragment l-24 and model compounds. 
An assessment of the contributions of the peptide 
chromophore and aromatic residues. Biopolymers 15: 
43-59, 1976. 

27. Gysin B and Schwyzer R, Hydrophobic and electrostatic 
interactions between adrenocorticotropin-(l-24)-tetra- 
cosapeptide and lipid vesicles. Amphiphilic primary 
structures. Biochemistry 23: 1811-1818, 1984. 

28. Sargent DF and Schwvzer R, Membrane linid nhase as 
catalyst for peptide-ieceptor interactions: Pkoc Nat1 
Acad Sci USA 83: 5774-5778. 1986. 

29. Goverde HJM, Pesman GJ ani Benraad ThJ, Improved 
sensitivity to adrenocorticotrophin after purification 
and pre-incubation of isolated rat adrenal cells. Acta 
Endocrinol94: 221-228, 1980. 


