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Abstract: Through design, synthesis, and biological testing of constrained gonadotropin releasing hormone (GnRH)
antagonists, we are studying the structural requirements for biological activity. Here we describe the conformational
analysis in solution of a highly potent, dicyclic GnRH antagonist, dicyclo(4-108[8c-p-2Nal,p-pCIPhé,p-
3Paf,Aspt,GILS(Gly),b-Arg8,Dbif,Dpri9GnRH (1), using NMR spectroscopy. The dicyclic part of this molecule
adopts a preferred conformation containing a type tirn around residues-%, nested with a typ€ B turn around
residues 67, and a type l|g-turn-like structure involving residue 9 and the side chain of residue 10, which is
stabilized by hydrogen bonds between Lé&iH/Asp* CO, Dbi# NHY/GIu® CO, and Dp¥ NH?/Dbug CO. This is

a novel conformation that had not been observed previously in any constrained GnRH antagonist and is remarkably
different from that found for another dicyclic (4-10/5-8) GnRH antagonist with very similar sequence, dicyclo(4-
10/5-8)[Ac-D-2Nal,p-pCIPhé,p-Trpd, Aspt, Glud,p-Arg8,Lys8, Dpri9|GnRH (2) (Bienstock et alJ. Med. Chem1993

36, 3265-3273). The conformation df contains a type 113 turn around residues-67, which had been proposed

to be essential for GnRH activity. These results are important for our general understanding of polypeptide
conformation, since they show that the dicyclo(4-10/5-8) backbone can adopt more than one family of conformations
despite its dicyclic nature, and from the point of view of the design of GhnRH antagonists, since they suggest that the
presence of a turn around residues7 rather than the type ¢f turn, may be necessary for biological activity.

Naturally occurring peptides regulate a large diversity of tional analyses in solution more meaningful. The results of such
biological functions and thus are logical targets for the design analyses can thus be used to refine putative binding conforma-
of drugs with clinical applications. Drug design based on such tions, to suggest alternative or additional constraints, and, in
peptides is commonly hindered by difficulties in obtaining general, to rationalize the observed activities on structural
information on the structural requirements for biological activ- groundstd
ity: The peptides are usually flexible and unstructured in  Key considerations in the strategy outlined above are as
solution, while direct determination of receptor bound confor- follows. (i) To what extent do the constraints introduced limit
mations is hampered because most receptors are integrathe conformational possibilities of the resulting analogs? (ii)
membrane proteins. A powerful strategy to overcome these Do the conformations in solution of the constrained analogs
problems involves the use of covalent constraints designed toindeed correspond to their biologically active conformations?
induce particular conformational features that are suspected to(jiii) Do analogous constraints always result in the same preferred
be important for biological activity. The constraints can  conformations? To shed light on these questions, we have
increase biological activity by reducing the entropy loss upon analyzed the conformation in solution of a highly potent, dicyclic
receptor binding, if they preinduce correct conformations in antagonist of gonadotropin-releasing hormone (GnRH), dicyclo-
solution. In addition, such conformations can then be studied (4-10/5,3-8)[Ac-D-2Nal,p-pCIPhé,p-3Paf, Asp*, GIL?(Gly),b-
directly in the constrained analogs, in the absence of receptor.Argé,Dblf,Dprl9GnRH (1) (Figure 1, Table 1). Here we
Even if the conformations forced by the constraints are not describe the results of this analysis, and compare them with
optimal for biological activity, the increased likelihood that the those obtained previoudljor an equipotent GnRH antagonist
structures adopted by the constrained analogs in solvent arencorporating the same type of constraints, dicyclo(4-10/5-8)-
analogous to their receptor-bound structures makes conforma{Ac-p-2Nal',p-pCIPhé&,p-Trp?,Asp*, GIu®,p-Arg8,Lys®, Dprif)-

GnRH @).
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analogs. The resulting dicyclic analogs (e.dl,and 2) have

)
D-2Nalt ™ " b-3Pal3 similar activities to those of the parent monocyclic (4-10)
€2 o N antagonists (Table £).The conformations observed in solution
g
, 2y | AN for 2—4 are very similar and all include a typée A turn around
1 W0 P Y residues 67,257 supporting the hypothesis that this conforma-
cny’ \'f/c"\c/"\ /¢":\ /CH/C\ M tion is essential for GnRH antagonist activity. The results we
H d oo D Glus i D-Argé describe below show that, in contrast, the conformation in
" Asp4CH2_JH,°\),<>cn\c/N\CH solution of the dicyclic analog is strikingly different from those
/c\/o o=5 " L \c,0 of 2—4 and includes a typé P turn around residues-67 nested
cf “‘"éH N—H s with a type Il 8 turn around residues-%. The observation
D-pCiPhe2  Dprio Tz GlyS <,o \ that two small dicyclic peptides with analogous constraints and
/ [} CH
o=c/°{ o e ;,’ T Leu? very similar sequence can adopt such different conformations
NH, H/"\C/(_CH_N/°>CH/"_°\O has fundamental implications for our general understanding of
M ous peptide conformation. Our results also reveal a novel confor-
Pro9 mation in a constrained GnRH antagonist and suggest that the

Figure 1. Schematic representation of the dicyclic GnRH antagonist presence of a turn around residues76 regardless of the type
1. Nomenclature and abbreviations for amino acid residues throughout of turn, may be important for biological activity.

the text follow the recommendations of the IUPAC-IUB Joint Com-
mission on Biochemical NomenclaturEyr. J. Biochem1984 138
9—37). The symbols represent theisomer except when indicated
otherwise. Other abbreviations used are as follows: 2Nal,’-3-(2 Synthesis.  Dicyclo(4-10/5,5-8)[Ac-D-2Nal,p-pCIPhé,n-3Paf,

Experimental Procedures

naphthyl)alanine; pCIPhe, 4-chlorophenylalanine; 3Pal, $y&dyl)- Aspt,GIL3(Gly), p-Arg®,Dbi?,Dprt9IGnRH (1) was assembled on a
alanine; Dbu, 2,4-diaminobutyric acid; Dpr, 2,3-diaminopropionic acid. methylbenzhydrylamine resin (MBHA-resin) (2.0 g) containing ca. 0.8
The nomenclature used to designate the aromatic position Maf mequiv of amino group/g with the protecting groups shown in
is indicated. parentheses [Ao-2Nal-b-pCIPhé-p-3Paf-Asp(OBzly-Glu(OFm}y-

p-Arg(Tosp-Leu’-Dbu(Fmoc-Gly§-Prd-Dpr(Z)'9° and cyclized in two
steps. Standard protocols feert-butyloxycarbonyl (Boc)-protected
amino acids were used. In summary, the Boc group was removed with

Table 1. Biological Potency of Constrained GnRH Antagonists in
the Antiovulatory Assay

compound AOA trifluoroacetic acid (60%) in CKCl, (DCM) containing 2-5%
I dicyclo(4-10/5,58)[Ac-p-2Nal, 5 (2/8p eth_anedithiol _for 20 min follov_ved by neutralization \_/vith 10% triethyl-
b-pCIPhé,p-3Pab, Asp, GIL(Gly), amine (TEA) in DCM. Couplings were performed in DCM or DCM/
D-Arg8, DbLE, DprGnRH dimethylformamide (DMF) (1:1) using dicyclohexylcarbodiimide for
(2)  dicyclo(4-10/5-8)[Acp-2Nat, 5 (2/10¥ 2 h or less. A 2-fold excess of protected amino acids was used.
D-pCIPhé&,D-Trpd, Aspt,GIwP, N-Terminal acetylation was performed with a large excess of acetic
D-Arg®,Lys?, Dpri9lGnRH anhydride in DCM in 15 min. Extension of the side chain of Dbu in
(3 cyclo(1-10)[A%Prd',p-pCIPhé, 1000 (5/8) position 8 with Gly was achieved prior to the introduction of Boc-
p-Trp*p-Trp®,NMeL el fAla*|GnRH Glu(OFm) at position 5. The first cyclization (5-8) was achieved on
Q) cyclo(4-310)[AC-A3Pr01,D-pFPhé, 10 (2/10§ the solid phase after deprotection of the OFm/Fmoc groups by 25%
;\EE ISA{\)SI‘?;],CDE-I‘IRH piperidine in DMF (1x 1 min and 2x 10 min) using a 3-fold excess
’ of (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluo-
a AOA—antiovulatory assay in the rat: dosage«mn(rats ovulating/ rophosphate (BOP) in the presence of excess of diisopropylethylamine
total rats).’ Reference 8b Reference 8! Reference 1b. (DIEA) in N-methylpyrrolidone’® The cyclization step (4 h) was

repeated until a negative Kaiser ninhydrin téstas obtained. Three
laboratories to obtain GnRH analogs with clinical applications to four recouplings were necessary.
in contraception and reproductive therapiésA central theme Hydrazinolysis of the aspartic acf¢tbenzyl ester was carried out
in this research has been the stabilization of a typ@-turn at the last stage of the synthesis with a large excess of anhydrous
conformation around residues-8, which was proposed to be Zﬁ‘;rzz”?ﬁ '”SDZMF :)(f)rp?gt:(;tegft[?égt\%zhwgdV:t'rlig/li/loBTi Aar;g I'DnCMa
important for the biological activity of GnRM.Conformational arying, .= g Iae hycrazl Jresin was
analysis of a moderately active cyclic decapeptide antagonist obtained. The Am-2Naf-p-pCIPhé-p-3PaP-ASp(NHNH,)"Glu-o-

' Arg(Tosf-Leu’-Dbu(Gly)$-Prd-Dpr(Z)'>-MBHA-resin was treated with
cyclo(1-10)A%Pra!,p-pCIPhé,o-Trp*p-Trp’, NMeLel, fAla'?)- liquid HF (60 mL) at 2C°C (20 min) and GC (60 min) in the presence

GnRH @),° led to the design of highly potent GnRH antagonists of anisole (5 mL). The HF was removed from the reaction vessel under
with a bridge between residues 4 and'40.In turn, the vacuum, and the solid residue was triturated in anhydrous ether (100
conformational behavior observed for one of these compounds,mL) and filtered. The peptide hydrazide was extracted from the resin
cyclo(4-10)[AcA3Pro',p-pFPhé,p-Trpd,Aspt,0-2Nak,Dprl- with 10% aqueous acetonitrile and lyophilized to yield a fluffy, crude
GnRH @), suggested the possibility of adding a bridge between peptide hydrazine (1.3 g) which exhibited a major component (50%)
residues 5 and 8 to further constrain the conformation of the by high-performance liquid chromatography (HPLC).

(4) Freidinger, R. M.; Veber, D. F.; Perlow, D. S.; Brooks, J. R,; (8) (a) Rivier, J. E.; Rivier, C.; Vale, W.; Koerber, S.; Corrigan, A,;
Saperstein, RSciencel98Q 210, 656—-658. Porter, J.; Gierasch, L. M.; Hagler, A. T. Reptides: Chemistry, Structure

(5) (a) Struthers, R. S.; Rivier, J.; Hagler, A. T. @onformationally and Biology Rivier, J. E., Marshall, G. R., Eds.; ESCOM: Leiden, The
Directed Drug Design-Peptides and Nucleic Acids as Templates or Targets Netherlands, 1990; pp 337. (b) Rivier, J. E.; Gierasch, L. M.; Rizo, J.;
Vida, J. A., Gorden, M., Eds.; American Chemical Society: Washington, Koerber, S. C.; Hagler, A. T.; Porter, J.; Corrigan, A.; Vale, W.; Rivier, C.

DC, 1984; pp 239-261. (b) Struthers, R. S.; Rivier, J.; Hagler, Aan. N. In Peptide Chemistry 1992. Proceedings of the Second Japan Symposium
Y. Acad. Sci1984 439, 81—96. (c) Baniak, E. L., Il; Rivier, J. E.; Struthers, on Peptide ChemistryYanihara, N., Ed.; ESCOM: Leiden, The Nether-
R. S.; Hagler, A. T.; Gierasch, L. MBiochemistryl987, 26, 2642-2656. lands, 1993; pp 31:3317.

(6) Rivier, J.; Kupryszewski, G.; Varga, J.; Porter, J.; Rivier, C.; Perrin, (9) Abbreviations for the protecting groups are as follows: Bzl, benzyl;
M.; Hagler, A.; Struthers, S.; Corrigan, A.; Vale, \W.. Med. Chem1988 Fm, 9-fluorenylmethyl; Fmoc, 9-fluorenylmethoxycarbonyl; Tos, tosyl; Z,
31, 677-682. benzyloxycarbonyl.

(7) (a) Rizo, J.; Koerber, S. C.; Bienstock, R. J.; Rivier, J.; Hagler, A. (10) Felix, A. M.; Wang, C. T.; Heimer, E.; Fournier, A. Pept. Protein
T.; Gierasch, L. MJ. Am. Chem. S0d992 114, 2852-2859. (b) Rizo, J.; Res.1988 31, 231-238.
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Crude peptide hydrazide (1.3 g, 0.9 mmol) was dissolved in DMF
(30 mL) at—25 °C; 4 N HCI in dioxane (1.02 mL, 4.1 mmol) and
isoamyl! nitrite in three aliquots (0.2 mL, 1.5 mmol) were added with
stirring over 15 min. Stirring at-25 °C was continued for 3 h. The
solution of peptide azide was diluted with DMF (600 mL precooled to
—25°C), and DIEA was added until the pH on moistened pH indicator
gave a value of 7.6. The solution was stored-a6 °C (24 h) and 5

°C (72 h). The solvent was evaporated under vacuum to yield crude p-pCIPh&

cyclic peptide [1.3 g after lyophilization from water/acetonitrile (3:
1)], which exhibited a major component by HPLC.

Peptide Purification by Reversed-Phase HPLC. Crude cyclic
peptide (1.0 g) was dissolved in 0.25 M triethylammonium phosphate
(50 mL) buffer, pH 2.25 (TEAP 2.25), containing acetonitrile and
purified according to published procedutésPeptide was loaded onto
a preparative reversed-phase HPLC cartridge @ cm) packed with
Vydac Ggsilica gel (15-20 um particle size) (The Separations Group,
Hesperia, CA). The peptide was eluted under gradient conditions (40
60% B in 60 min), with solvent A being TEAP 2.25 and solvent B
being 60% acetonitrile and 40% A, at a flow rate of 100 mL/min.
Analytical control of individual fractions was carried out using reversed-
phase analytical HPLC (Vydaci6} under isocratic conditions (56%

B, tr = 4.1 min). The selected fractions were diluted (1:1) with water
and further purified preparatively using different solvents, A (0.1%
TFA) and B (60% acetonitrile/40% A), under gradient conditions{30
70% B in 40 min). Selected fractions were lyophilized to yield 50 mg
of cyclic peptide of high purity. The observed mass spectral value of

1403.7 for the monoisotopic protonated molecular ion was in agreement

with the calculated value of 1403.68a]p is —36° (c = 1 in AcOH).
Nuclear Magnetic Resonance.NMR studies were performed on
a 5 mM solution ofl in 650 uL of CDCIl/DMSO-gs (2:1, v/v). All

spectra were acquired at 500 MHz on a Varian VXR500 spectrometer.

Resonance assignments were obtained at 5 andCfrom two-
dimensional (2D) correlated spectroscopy (COSY)D total correla-
tion spectroscopy (TOCSY},and 2D nuclear Overhauser spectroscopy
(NOESY)*® experiments. Coupling constants were measured from a
one-dimensional (1D) spectrum and a primitive E-COSY (PE COSY)
experiment acquired at 38C. Amide proton temperature coefficients
were obtained from five 1D spectra and five TOCSY spectra acquired
at temperatures ranging from 5 to 46. Interproton distances were

calculated from measurement of cross-peak volumes in a series of

NOESY spectra acquired at®® with mixing times of 75, 100, 125,

and 200 ms. The methodology and parameters used for acquisition of

Rizo et al.

Table 2. *H NMR Chemical Shifts for the Dicyclic GnRH Analog
1a

residue  NH H HAL  HA2 others

Ac? CH;1.76

p-2Nal  8.07 4.59 3.09 2.86 H7.60, H?7.30,
H<2 7.65, HYH??
7.72, HYH? 7.38

8.15 4.47 297 2.76 HO%/H7.16

pD-3Paf 7.76 4.66 3.10 2.83 H°18.59, H28.12,
H<7.66, H 8.56

Asp? 8.61 4.79 2.92 243

Glu® 9.03 4.23 2.41 1.80C H12.65°H22.1C

Gly® 8.36 4.04, 3.08

D-Arg® 9.08 3.51 1.90 1.60 H1.68, H!3.15,
H%23.11, NH 7.50,
H",7.24, H?%,6.75

Leu’ 8.26 3.72 1.88 1.62 H1.48, H';0.84,
H%2;0.78

Db 6.47 4.08 2194 1.3 H13.87¢H22.59b
NH? 7.30

Pro 4.21 210 181 H2.04,H21.88,
H°13.70, H2 3.46

Dprt© 8.54 4.45 4.18 2.71° NHr7.58

NH, NH.1 7.55, NH2 7.11

@ Obtained in CDGIDMSO-ds (2:1, v/v) at 5°C. Chemical shifts
were referenced to the residual DMSO solvent signal (at 2.49 ppm);
uncertainty+0.02 ppm.? Pro-R ¢ Pro-S

Table 3. Amide Temperature Coefficients of the Dicyclic GhnRH
Analog 12

amide amide

proton AOIAT proton AOIAT
p-2Nalt NH 54 D-Arg® NH 4.0
D-pCIPhé NH 6.0 Leu NH 1.0
p-3Paf NH 3.2 Db NH 0.5
Asp* NH 7.8 Dbi? NH? 0.0
GIuw>NH 6.4 Dpr°NH 5.8
Gly® NH 35 Dpr° NH” 35

a AO/AT (ppb/K) in CDCE/DMSO-ds (2:1, V/v).

and energy minimizations, as well as that used to implement the NMR
restraints in all calculations, is analogous to that described for the
analysis of4.”® The set of NMR restraints used in the calculations

the spectra, data processing, and calculation of interproton distancegNaS incremented gradually as a function of the results obtained, as
are analogous to those described previously for the analysis of the described in the Results section

monocyclic (4-10) GnRH antagonigt’@

Computational Analysis. Structures ofl. were obtained using the
DISCOVER and INSIGHTII programs (Biosym Technologies Inc., San
Diego, CA) on a Silicon Graphics 4D/25 Personal Iris workstation and
a CRAY Y-MP8/864 supercomputer from the Center for High
Performance Computing in Austin, TX. A full consistent valence force
field with the parameters described in ref 17 was used in the
calculations. Initial structures compatible with sets of NMR restraints

were generated with the standard simulated annealing protocol imple-

mented in INSIGHTII/DISCOVER, which is adapted from ref 18. To

release additional strain energy, the structures with the lowest violations

were subjected to a 10 ps molecular dynamics simulation at 300 K
and to energy minimization until the maximum derivative was 0.1 kcal/
(mol A). The methodology used in molecular dynamics simulations

(12) Hoeger, C.; Galyean, R.; Boublik, J.; McClintock, R.; Rivier, J.
Biochromatographyl987, 2, 134-142.

(13) (a) Aue, W. P.; Bartholdi, E.; Ernst, R. R.Chem. Physl976 64,
2229-2246. (b) Nagayama, K.; Kumar, A.; khrich, K.; Ernst, R. RJ.
Magn. Reson198Q 40, 321-334. (c) Bax, A.Two-Dimensional Nuclear
Magnetic Resonance in LiquidReidel: Boston, 1982.

(14) Davis, D. G.; Bax, AJ. Am. Chem. Sod.985 107, 2820-2821.
(15) (a) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, RI.RChem.
Phys.1979 71, 4546-4553. (b) Kumar, A.; Wagner, G.; Ernst, R. R,;
Waiithrich, K. J. Am. Chem. Sod.981 103 3654-3658. (c) Macura, S.;

Huang, Y.; Suter, D.; Ernst, R. R. Magn. Reson198], 43, 259-281.

(16) Mueller, L.J. Magn. Reson1987, 72, 191-196.

(17) Dauber-Osguthorpe, P.; Roberts, V. A.; Osguthorpe, D. J.; Wolf,
J.; Genest, M.; Hagler, A. TRProteins1988 4, 31—47.

(18) Nilges, M.; Clore, G. M.; Gronenborn, A. FEBS Lett1988 239,
129-136.

Results

Nuclear Magnetic Resonance.Study of the conformational
behavior in solution of the dicyclic GnRH analoy was
performed using NMR spectroscopy and computational tech-
nigues, in analogous manner to that followed previously to study
the monocyclic analogt’ and the dicyclic analog,? and
employing also a similar solvent mixture, C@MMSO-ds (2:

1, viv). Sequential assignméhbf all the proton resonances
in the molecule (Table 2) was accomplished using 2D COSY,
TOCSY, and NOESY data. The conformational analysis was
based on three different types of parameters: (i) amide proton
accessibility data deduced from chemical shift temperature
coefficients (Table 3), (ii) torsion angle information derived from
vicinal coupling constants (Table 4), and (iii)) interproton
distances calculated from nuclear Overhauser effects (NOES).
Out of more than 150 interproton distances quantitated, 74 were
selected to be used as restraints in the subsequent computational
analysis (supporting information). The most conformationally
relevant interproton distances are summarized in Table 5, and
Figure 2 shows expansions of a 2D NOESY spectrum where
the cross-peaks corresponding to most of these interactions can
be observed.

(19) Withrich, K. NMR of Proteins and Nucleic Acid3ohn Wiley and
Sons: New York, 1986.
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Table 4. Coupling Constants in the Dicyclic GhnRH Analogli®

residue 3JhNe 3Jup1 3Jup2 residue  3Jung
p-2Naf 7.3 51 9.2 D-Arg® 5.8
D-pClIPhé 8.5 45 9.3 Ledl 7.3
p-3Paf 8.4 4.6 54 Dbé 6.7
Asp’ 7.3 11.5 3.3 Dpf 8.5

a Coupling constants (Hz) measured in CBIDMSO-ds (2:1, v/v)
at 35°C. The GIi& 3Jyna coupling could not be measured due to line
broadening.

Table 5. Interproton Distances with Most Conformational
Relevance Measured for the Dicyclic GnRH Analodide
interproton distance measured limits
p-2Nal H® D-pCIPhé NH 2.45 2.25-2.75
p-pCIPhé H* p-3Paf NH 2.45 2.25-2.75
D-pCIPhé HFA? p-3Paf NH 3.3 3.0-3.7
D-pCIPhé HA? p-3Paf NH 34 3.1-3.9
p-pCIPhé NH p-3Paf NH 2.75 2.45-3.05
p-3Paf H* Asp* NH 2.4 2.2-2.7
p-3Paf NH Asp* NH 2.9 2.6-3.3
Aspt H® Glu® NH 2.35 2.15-2.65
Asp* HA? Dbu? NH 3.35 3.05-3.75
Glu® H> D-Arg® NH 2.25 2.05-2.45
Glu® H> Leu’ NH 33 3.0-3.6
Gly® NH Dbu? NH? 2.65 2.45-2.95
D-Arg® H® Leu’ NH 3.25 2.95-3.55
p-Arg® NH Leu’ NH 2.7 2.5-3.0
D-Argf H* Dbu? NH 3.9 3.3-45
D-Arg8 He Dbup H72 2.8 2.5-3.1
D-Arg8 H* Db NH? 3.1 2.8-34
Leu’ H™ Db NH 2.85 2.55-3.15
Leu’ NH Dbu? NH 2.65 2.45-2.95
Dbu® NH Dbug NH? 3.25 2.95-3.55
Dbu? H* Pro® H 2.35 2.15-3.35
Pro® H® Dpri® NH 22 2.0-24
Dpri®NH Dpri® NH” 2.6 2.4-29

aMeasured in CDGIDMSO-ds (2:1, v/v) at 5°C. Distances are
givenin A. Limits correspond to estimated error ranges that were used
as restraints in the computational analysis. Pseudoatoms representin

indicated by an asterisk.

The NMR data summarized above yields a clear picture of
the conformational behavior df. The dicyclic part of the
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Figure 2. Contour maps corresponding to different regions of a
NOESY spectrum of the dicyclic GnRH anal@égn CDCly/DMSO-ds

(2:1, vlv), recorded at 3C with a 200 ms mixing time. A: Amide/
amide and aromatic/aromatic region. B: Amide, aromatic/aliphatic
region. In A, intraresidue NOEs from the aromatic and guanidino groups
in the side chains are labeled with the corresponding residue number
and sequential amide/amide interactions have been labeled with the
two residue numbers. In B, single humbers are used for intraresidue
NH/H* NOEs, and two residue numbers are used to indicate sequential
He(i)/NH(i + 1) interactions. Other NOEs in A and B have been labeled
using both the residue numbers and the positions of the corresponding
protons (one number for intraresidue and two numbers for interresidue
NOES).

likely to be hydrogen bonded than DbiH, since they are
sequestered from the solvent (Table 3) without being shifted
upfield as Db NH (Table 2). The formation of a hydrogen
bond involving Db& NH? suggests that the Glu(GRADbu?
bridge adopts a well-defined conformation, which is also
supported by the observation of GIYNH/Dbu® NH?, p-Arg®f
H%/Dbu? NH?, and Db& NH/NH® NOEs (Figure 2, Table 5).
The hydrogen bond between L'eNH and Asg CO, and all
the interproton distances between the backbone protons of
residues Gl&p-Arg8-Leu’ (Table 5), is typical of a standard

. b e Il B turn having residues-56 in the corner positions,
methylene protons that have not been assigned stereospecifically aregyp p 9 P

another structural feature that was not observed in our previous
studies of constrained GnRH antagoni&tg. The orientation

of Asp* CO toward the inside of the molecule implies that Glu
NH is pointing outwards and exposed to the solvent (it has a

molecule (residues 4-10) appears to be very rigid, as indicatedhigh temperature coefficient, Table 3). Thus, a hydrogen bond

by the observation of large chemical shift differences between
pairs of diastereotopic methylene protons such as therétons
of Gly® and protons in the side chains of As@Iu’, and Dbd.

between the NH of residue 5 and the CO of residue 8,
characteristic of thg-hairpin-like conformation observed for
2—4,257is not present inl. Model building to fit the NMR

This conclusion is also supported by the large difference betweendata corresponding to the AspDprl® bridge, and the compu-

the Asp# 3Jo51 and3Jes2 coupling constants and the observation
of several nonsequential NOEs (Asi?! to Dbl? NH, Gluw®

H® to LetY NH, andbp-Arg® H® to Dbl? NH, H”2, and NH).
The low temperature coefficient of DBNH and the observation
of a Leu NH/Dbu® NH NOE is characteristic of g-turn
conformation around residues-8. However, theo-Arg® NH/
Leuw’ NH NOE and the weak intensity of theArg® H*/Leu’

NH NOE (Figure 2) show that thé-turn is type 1 rather than
type II', in contrast to what had been observed in all the
constrained GnRH antagonists we had studied previgisly.
The 3 turn appears to be somewhat distorted, since the Leu
He/Dbw® NH distance (2.85 A, Table 5) is shorter than that
expected for a standard typeA turn (3.3 A). A distorsion of
the turn is also supported by the very upfield chemical shift of
Db NH (6.47 ppm, Table 2), which indicates that this amide

tational analysis described below, showed that the CO ofDbu
is instead hydrogen bonded to BPNH?, which has a relatively
low temperature coefficient (Table 3). This hydrogen bond
closes a type IB-turn-like structure around Pt@nd the side
chain of Dpt° and appears to confer higher rigidity to the Asp
Dpri® bridge than observed fo2 and 4. The interproton
distances in this region and the very distinct A%} coupling
constants (Table 4) support this conclusion.

The different conformation adopted by residues 4-1Q,in
compared t@ and4, has a dramatic effect on the orientation of
the tail formed by residues-13 with respect to the rest of the
molecule. The proximity of AshH® to GItP NH and of Asg
HA1 to Db? NH (Table 5), together with the formation of the
hydrogen bond between A5ECO and Ledi NH (see above),
implies that the tail is oriented below the ring formed by residues

proton is not hydrogen bonded despite being sequestered fron4-10. In contrast, the tail was oriented above the ring in the

the solvent. The computational analysis described below
showed that this distorsion correlates with the formation of
hydrogen bonds between DbNH?® and Gl CO (the natural
partner for Dbé NH in a standarg3 turn) and between Léu
NH and Asg CO. Note that LeUNH and Db NH? are more

monocyclic (4-10) analog’ and the dicyclic (4-10/5-8) analog
2.2 The conformational behavior of residues3 of 1, on the
other hand, appears to be similar to that observe@ famd4:
The observation of sequential NNH*! interactions (Table
5) and of a lowp-3Paf NH temperature coefficient (Table 3)
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suggest the presence of some preferred, turnlike structures, bufrom 156 to 167 kcal/moi® The root mean square (rms)

the data do not seem to be compatible with a single conforma- deviations between the backbone atoms of residues 4-10 of the

tion. 10 structures also decreased, from 0.8 A or less to 0.4 A or
Computational Analysis. To develop a more quantitative €SS, and were smaller than 0.2 Ain most cases. In the 10 final

picture of the conformational behavior of the dicyclic analog Structures, there were only two to four interproton distance

1, and to generate three-dimensional structures compatible WithViOIationS_ I_arger than 0.1 A and none larger than 0.2 A: A
the NMR data, we used a combination of computational superposition of these 10 structures, where the rms deviation
techniques based on a full consistent valence force feld. between the backbone atoms of residues 4-10 has been

set of restraints for interproton distances, torsion angles, andm'n'm'Z.Ed’ Is shown in Figure 3A.; the Same superposition,
hydrogen bonds were derived from the NMR data. These d|splay|_ng o_nly the 4-10 backbone in a dlfferen_t orlentatu_)n, is
rytr ints were introduced in a proaressive fashion int .im lat dshown in Figure 3B. Note that the conformation of residues
estraints were introduced in a progressive fashion into simutated,_ o including that of the 4-10 and 5-8 bridges, is very well
annealing calculatiod% to search the conformational space

! . o defined. Residues-13 are more disordered, and part of the
consistent with the data and test for the possibility of confor- ¢y ergence observed in this region is artifactual (see above).

_mational aver_aging. Initially, only i_ntraresidue a_nd sequential A gtereoview of the dicyclic region of the lowest energy

interproton distances were restrained. The distances corré-gyycture obtained, which also contained the lowest violations,
sponding to nonsequential interactions fell within the ranges of s shown in Figure 3C. The backbone torsion angles for this
values measured in almost all structures generated, showing thetrycture are listed in the legend of Figure 3; most of the torsion

self-consistency of the data and supporting the conclusion thatangles of the other 10 structures are withiri 86these values,
the conformation of the dicyclic part of the molecule is highly and all are within 20.

rigid. The nonsequential restraints, together with torsion angle
restraints, were then introduced into additional calculations. Discussion
Since hydrogen bonds between E&iH/Asp* CO, Dbif NHY/ ) ) S _
GIu® CO, and Dpl NH?/Dbu8 CO were observed in many of The conformational analysis of the dicyclic GhnRH antagonist
the resulting structures, and such hydrogen bonds are consisten} d€scribed above reveals that the dicyclic part of this molecule
with the low temperature coefficients of the corresponding amide (Le5|du%§ ,4'10) fadhqpts a dwell_}(quelrfmed% rigid (?onforrra(it|on under
protons (Table 3), restraints for these hydrogen bonds were use | e c;on |t|onsg t |_s(,jstu 3’5 |stcgn (_)tha(t;_or: 'ntct;’tesea type
in the final calculations. In all simulated annealing calculations, tuﬁl :rrr(;l?r:gurr:asirdeuszlasljés ar,lcTZS te gv:lﬁ-ijrrflicl)(:aestruygtuﬂre
interproton distances involving methylene protons were intro- . . . ' 2t type 1 . .
duced as floating restraints to test whether unique prochiral involving r_esu_iue 9 and_the S.'de chain of residue 10. This
. - . o conformation is substantially different from that adopted under
assignments were consistent with the data or not. Preliminary

. . analogous conditions by the equipotent dicyclic antagadist
prochiral assignments far2NaF, p-pCIPhé, o-3Paf, and Asp  1ien"contained #-hairpin structure in residues 5-8, brought
H? protons were confirmed in this way, and prochiral assign-

for GIS and Db HA” Il as for DEFHP about by a type I3 turn around residues-67.2 Note that,
ments for Gld an 7 protons, as well as for Dt although this compound exhibited some more flexibility in the

protons, were obtained (see Table 1). 4-10 and 5-8 bridges thah, the backbone conformation of
The gradual incorporation of restraints and careful analysis residues 4-10 was also well defined, in particular for residues
of the restraint violations showed that conformational averaging 5-82 A superposition of a representative structure2okith

is only likely to occur in the tail formed by residues-3. the structure ol depicted in Figure 3C, where the rms deviation
Indeed, systematic violation of thepCIPhé H*/p-3Paf NH for the backbone atoms of residues 4-10 has been minimized,
restraint was observed since the short distance measured (2.4s shown in Figure 4. The rms deviation among these atoms is
A) is incompatible with the proximity of the-pCIPhé NH 1.7 A, while the minimum rms deviation for all backbone atoms

and H protons top-3PaP NH (Table 5). Removal of the 3.8 A. These deviations are quite large for molecules of this
D-pCIPhé H%/b-Paf NH restraint yielded lower restraint  Siz€.

violations in the tail region and better convergence for its ~As can be observed in Figure 4, a good part of the
conformation, which often includggHturn-like structures around ~ conformational differences betwednand 2 are concentrated
residues +2, closed by a hydrogen bond betwee8Paf NH in the region encompassing residues 5-8. This is remarkable
and A® CO. The relatively low temperature coefficient of ~Since this is the region that is expected to be most constrained
p-3PaP NH (Table 3) supports the presence of these turn inthese molecules. Note that the sequencesaofd2 are very
conformations, but the shaptpCIPh@ He/p-3Paf NH distance  Similar and the 5-8 bridge is only one atom longedithan in

indicates that more extended tail conformations are also 2 The observation that such a “small” change in the bridge
significantly populated. length has such a dramatic structural effect is very interesting

. . . from the point of view of our general understanding of
A_set of 94 restraints, 74 for interproton distances, seven for polypeptide conformation. Two basic arguments can be used
torsion angles (three from the backbone and four from the side

. to explain this result. On the one hand, it is possible that the
chains), three for hydrogen bonds, and 10 to ensure the propey, pridges do not constrain these molecules to the extent that
chirality of the C* carbons, was used in our final simulated one might expect, and many other conformations exist with
annealing calculations (supporting information). Out of 30 energies only slightly higher than those of the conformations
the lowest violations were refined further by performing 10 ps may then shift the equilibrium in favor of any of these
molecular dynamics simulations followed by energy minimiza- conformations. In this case, rationalization of the biological
tions. The simulations allowed the release of strain energy andsignificance of the results of conformational studies of con-
led to lower restraint violations and a better convergence of
both the energies and the backbone conformations. While the (20) Note that the convergence of the energies is very good considering

. . . hat, for molecules of this size, energy differences of up to 30 kcal/mol can
energies of the 10 best simulated annealing structures range

¢ esult from solvation energies and entropic effects that are not included in
from 159 to 195 kcal/mol, those of the refined structures ranged the calculations (see ref 7b).
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Figure 3. A: Superposition of 10 structures of the dicyclic analogbtained with simulated annealing, restrained molecular dynamics simulations,

and energy minimizations (see text). Only the backbone atoms and the heavy atoms in the 4-10 and 5-8 bridges are displayed. The superposition
was obtained by minimizing the rms deviation between the backbone atoms of residues 4-10. B: Another view of the same structures in a different
orientation, which illustrates the good definition of the conformation in residues 4-10; only the backbone atoms of residues 4-10 and the heavy
atoms of the 4-10 bridge are displayed. C: Stereo view of the lowest energy struciuobtained in our calculations (which is also the structure

with the lowest restraint violations) in the same orientation used in B. All heavy atoms and amide hydrogens from residues 4-10 are displayed.
Hydrogen bonds are indicated by dashed lines. The backbone dihedral angles (deg) of this strugt8®, are—71; ¢, 80,12 30; ¢3 79, 13 —38;

¢4 —73,94 111; ¢ps —51, s 134; ¢ 70, 16 21; ¢p7 52, 7 45; ¢pg —93, wg 157; pg —68, 19 108; p10 —91, 110 88. The positions of the bridged

residues are indicated in-AC by the corresponding residue numbers beside theiratbons.

Figure 4. Stereoview of a superposition of a representative structure of the dicyclic GnRH anta2j¢@étwith the structure of the dicyclic
antagonistl shown in Figure 3C@). The rms deviation between the backbone atoms of residues 4-10 was minimized. Only C and N atoms in the
backbone and the 4-10 and 5-8 bridges are shown. The positions oftbariidbns of residue 1 and the bridged residues are indicated with the
corresponding residue numbers. Note the large difference in the conformations of resiiesnd the completely different orientation of the
N-terminus with respect to the rest of the molecule.

strained analogs in solution must be done with extreme caution, hand, it is also possible that the two bridge4 iand2 do indeed
since there is a good likelihood that the analogs change constrain these molecules to a high degree, but a small, discrete
conformation upon binding to their receptors. On the other number of conformations are still allowed. In such case,
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conformational analysis of the constrained analogs in solution formed by residues-13 with respect to the rest of the molecule

is much more likely to yield biologically relevant results, observed inl and 2 (Figure 4). This observation, and the
although caution must still be taken in their interpretation to existence of conformational flexibility in the tail in all these
account for the possibility that a conformational change occurs constrained GnRH antagonists, underlines the necessity to
upon receptor binding. Careful theoretical analysis of the introduce constraints in the N-terminus to fully define the
conformational space available 1and2, and of the energetic  conformational requirements for GnRH antagonist activity. To
cost of forcingl to adopt the structure observed experimentally address this issue, we have developed a new series of GnRH
in 2 (and vice versa), should shed light on this issue. The antagonists with constraints involving residues3i(ref 8b and
conformational differences betweé&rand2 in residues 5-8 are  our unpublished results) and are currently analyzing the
also striking because th@-hairpin structure observed @ is conformations of the most potent of these compounds.

the most conserved conformational feature in all the constrained )

GnRH antagonists we have studied so%&f. The persistence ~ conclusions

of this S-hairpin structure in all the previously analyzed  Through design, synthesis, and analysis of constrained GnRH
constrained antagonists supports the hypothesis that only a veryantagonists, we are developing a detailed model of the structural
limited number of conformations are possible in these con- requirements for GnRH antagonist activity. A key question in
strained molecules, and the conformation observed for the this strategy is to what extent the covalent constraints introduced
dicyclic antagonisi may only be an exception caused by new limit the conformational possibilities of the resulting analogs.
hydrogen-bonding opportunities provided by the presence of a The conformational analysis of the highly potent, dicyclic GnRH

glycine residue in the 5-8 bridge. antagonistl presented here shows that the conformation of
The proposal that a type'lB turn around residues-67 is residues 4-10 in this compound contains a typetiirn around
important for the biological activity of GnRH arose from early residues 56, a type 1 turn around residues—67, and a type
theoretical calculations on GnRHand from the observation 1l S-turn-like structure around residue 9 and the side chain of
of increased potency in linear GnRH analogs with-amino residue 10. This is a novel conformation that had not been

acid residue in position & which should stabilize this type of ~ observed in any previously analyzed GnRH antagonist. The
turn2® The later development of biologically active GnRH remarkable difference between this conformation and that
analogs with a 67 y-lactam, designed to stabilize the type Il adopted by the dicyclic antagoni&t which has very similar

B-turn conformatiorf, has remained as a paradigm of the use sequence and constraints, shows that the dicyclic (4-10/5-8)
of covalent constraints in peptide analog design. To our backbone can adopt more than one family of conformations. It

knowledge, the dicyclic compourtdis the first highly potent, is possible that either of these compounds changes conformation
constrained GnRH antagonist that has been observed to form aupon binding to the GnRH receptor or that both conformations
type I' 5 turn, rather than a type’lturn, around residues-6/. are biologically relevant and they can offer a similar binding

Athough it could be that changes conformation upon binding surface. Definition of the structural requirements for activity
to the GnRH receptor to form a type A turn, it is also possible  at the N-terminus will be necessary to resolve this issue.

that the presence of a& turn, rather than the turn type, is .
important for biological activity. In fact, different types of turn Acknowledgment. This work was supported by NIH Con-

may bring about two ends of a molecule in a similar fashion, ractNo. NO1-HD-3-3171 (to J.E.R.). Supercomputer time was
so that analogous surfaces are offered for binding to the receptor Provided by the Center for High Performance Supercomputing
Yet another possibility is that the conformation observedifor ~ (Austin, TX).

is biologically relevant, and all other compounds that we have
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binding. From the poll_nt Og V'er‘]N o_fﬁthe de3|gnfof GnRH  antagonistl (3 pages). This material is contained in many
antagonists, more puzzling than the di erent type of turn arognd libraries on microfiche, immediately follows this article in the
residues 67 is the radically different orientation of the tail .- ofilm version of the journal, can be ordered from the ACS
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