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Abstract: The structural features of modiP-acetyl carboxyl-amide cyclic tetrapeptides with the sequence Xxx-
Pro-Gly-Zzz where Xxx= Lys, Orn, Dab, and Dpr; Zzz Glu and Asp (Dabg., y-diaminobutyric acid; Dpr,
o,5-diaminopropionic acid) were studied to examine the influence of side chain lactamization on the stereochemical
freedom of the backbone residued to i + 3 systems. Some of these cyclic peptides separate into distinct isomers

at room temperature as evidenced by HPLC and NMR. Detailed analyses were carried out using 2D NMR and
molecular modeling to unravel the structures of major conformers assumed by the cyclic peptides. Interproton distances
obtained from ROESY spectra, amide proton temperature coefficients, backbone dihedral angles deduced from
homonuclear coupling constants, and modeling studies (constrained annealing search, minimization, and dynamics
simulations using the AMBER force field) suggest that in DM&¢solution these cyclic peptides adopt a variety

of conformations that can be related to typg+iurns andy-turns, but never to typed-turns. The peptide backbone
conformation, in this closely related series of cyclic peptides, is a function of the composition of the side chain but
not the ring size.

1. Introduction side chain to chain end, and side chain to side chain cyclization

Cyclization of linear bioactive peptides is often attempted to CYclization involving backbone atoms has only been attemptec
reduce conformational freedom and, where possible, to prein_lm‘requently.2 Chain end to chain end cyclization often results
troduce the receptor-induced preferred conformation of the in biologically inactive analogs due to the elimination of C-
molecule. The putative conformational homogeneity which @nd N-termini interaction with the corresponding receptor
results as a consequence of cyclization might lead to increased
receptor specificity, increased agonist or antagonist potency, ormarch, D. R.Curr. Med. Chem1995 2, 654-686. (f) Sawyer, T. KAdy.
extended resistance to enzymatic or proteolytic degradation. Peptide-Based Drug DesigiTaylor, M. D., Amidon, G. L., Eds.; ACS

i ; i ; Prof. Ref. Books, American Chemical Society: Washington, DC, 1995;
Constraints attempted so far include chain end to chain end,pp 387-422. (q) Gulays, J.: Rivier, C.. Perrin, M.: Koerber, S. C.: Sutton.
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(stereoelectronic effectd).On the other hand, both side chain CH3-CO-NH-CH-CO-Pro-Gly-NH-CH-CO-NH,
to chain end and side chain to side chain cyclization have been I |

quite successful. For example, side chain cyclization via cystine (CH2)m (CH2)y

in the synthesis of am-melanotropin analdggave a super ‘ |

potent agonist and is now performed in many laboratories. Side NH co

chain to side chairi to i + 2 cyclization via amide bond

formation was utilized to develop highly potent and selective Peptide Amino acid in Position
opioid peptide analogs.” Similarly, i to i + 4 side chain i i+3
lactamization has been employed to stabilize helical segments Tetragy m=4; n=2 Lys Glu
and yielded highly potent and metabolically stable growth Tetrazy m=3; n=2 Om Glu
hormone releasing factor analdgs human calcitonin analdg, Tetragy m=2; n=2  Dab Glu
and a potent parathyroid hormone-related protein antagbnist. }“::212 2;‘1‘ E;f ]L)psr g’lu
Furthermorej to i + 3 lactam bridging gave high affinity and Tetra;‘} m=3 n=1 O?n Azg
selectivity for cholecystokinin analods;!* increased antico- Tetrayy m=2, n=1 Dab Asp
agulant activity in a thrombin binding hirudin anal&gand Tetraj; m=1; n=1 Dpr Asp

enhanced antagonist potency in luteinizing hormone-releasingrigyre 1. Primary structure of cyclic peptides (Tefo Tetray).

hormone'®17 Despite these successes the exact relationship

between the size of the lactam ring and the conformation of of the lactam ring in the center of the pheromdheln order

the constrained region has not been systematically examinedto relate these biological results to the conformation of the

foritoi + 3 side chain lactamization of turn regions in peptides. lactam and to study the conformational freedom in peptides
Mating in Saccharomyces cerisiae offers an excellent ~ containing side chain to side chain amide bonds, we have

paradigm to investigate peptide hormemeceptor interac-  Synthesized\*-acetyl carboxyl-amide terminal cyclic tetrapep-

tions28 This yeast produces two peptide mating pheromones, fides with an XxxProGlyZzz sequence where Xxxys, Orn,

one of which is a-factor, a tridecapeptide (WHWLQLK- Dab, and Dpr and Zzz Glu and Asp?® Initial characterization

PGQPMY). To initiate sig,nal transduction-factor binds to a efforts revealed the presence of multiple conformers in these

receptor that is a member of the seven transmembrane G-proteir‘fonswameoI model compounds. CD studies in water, trifiuo-

. - roethanol and methanol suggest that the cyclic peptides exis
coupled receptor family. As part of our efforts to elucidate the . . . 4 . )
biologically active conformation of this peptide, we have in S-turn like conformations, likely involving the central Pro-

Gly dipeptide?® Cyclo4{Ac-Dab-Pro-Gly-Glu-N
synthesized stereochemically restricted analogs in which the sid o gsslgr?% Ia type B)ifurnla(;edaon crcg)mpgrisolsl WI?}’]I g%pggéitra
chains of residues 7 and 10 are linked by an amide bond. Our

. . _ - ~ ~“calculated for idealizel-turns. The other peptides in the series
studies revealed that the biological activity and receptor binding probably exist as distorted versions of this conformation. The

affinity of these analogs are related to the size and composition gnaysis of the CD curves was complicated by the fact that CD

(3) Bankowski, K.; Manning, M.; Seto, J.; Haldar, J.; Sawyer, W. H.
Int. J. Peptide Protein Red4.98Q 16, 382-391.

(4) Sawyer, T. K.; Hruby, V. J.; Darman, P. A.; Hadley, M. Eroc.
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(5) Schiller, P. W.; Nguyen, T. M. D.; Lemieux, C.; Maziak, L. A.
Med. Chem1985 28, 1766-1771.

(6) Schiller, P. W.; Nguyen, T. M. D.; Maziak, L. A.; Wilkes, B. C.;
Lemieux, C.J. Med. Chem1987, 30, 2094-2099.

(7) Mierke, D. F.; Schiller, P. W.; Goodman, NBiopolymersl99Q 29,
943-952.

(8) Felix, A. M.; Heimer, E. P.; Wang, C. T.; Lambros, T. J.; Fournier,
A.; Mowels, T. F.; Maines, S.; Campbell, R. M.; Wegrzynski, B. B.; Toome,
V.; Fry, D.; Madison, V. Sint. J. Peptide Protein Re4988 32, 441~
454,

(9) Fry, D. C.; Madison, V. S.; Greeley, D. N.; Felix, A. M.; Heimer, E.
P.; Frohman, L.; Campbell, R. M.; Mowels, T. F.; Toome, V.; Wegrzynski,
B. B. Biopolymers1992 32, 649-666.

(10) Kapurniotu, A.; Taylor, J. WJ. Med. Chem1995 38, 836-847.

(11) Chorev, M.; Roubini, E.; McKee, R. L.; Gibbons, S. W.; Goldman,
M. E.; Caulfield, M. P.; Rosenblatt, MBiochemistry1991 30, 5968~
5974.

(12) Charpenteir, B.; Pelaprat, D.; Durieux, C.; Dor, A.; Reibaud, M.;
Blanchard, J. C.; Roques, B. Proc. Natl. Acad. Sci. U.S.AL988 85,
1968-1972.

(13) Charpenteir, B.; Durieux, C.; Pelaprat, D.; Dor, A.; Reibaud, M.;
Blanchard, J. C.; Roques, B. Peptides1988 9, 835-841.

(14) Charpenteir, B.; Dor, A.; Roy, P.; England, P.; Pham, H.; Durieux,
C.; Roques, B. PJ. Med. Chem1989 32, 1184-1190.

(15) Ning, Q.; Ripoll, D. R.; Szewczuk, Z.; Konishi, Y.; Ni, F.
Biopolymers1994 34, 1125-1137.

(16) Bienstock, R. J.; Koerber, S. C.; Rizo, J.; Rivier, J. E.; Hagler, A.
T.; Gierasch, L. M.Peptides: Chemistry and Biology, Proceedings of
Twelfth American Peptide SymposiuBmith, J. A., Rivier, J. E., Eds.;
ESCOM: Leiden, 1992; pp 26264.

(17) Reddy, D. V.; Jagannadh, B.; Dutta, A. S.; Kunwar, A.I. J.
Peptide Protein Resl995 46, 9—17.

(18) Sprague, G. F.; Thorner, J. \Molecular and Cellular Biology of
the Yeast Saccharomyces, in Gene Expresdimmes, E. W., Pringle, J. R.,
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Harbor, NY, 1992; Vol. 2pp 657744.

spectra are additive in nature and these peptides exist as mixture
of different conformers. To provide definitive information on
the structures assumed by individual conformers these mode
compounds were subjected to biophysical analyses using 2L
NMR and molecular modeling. In the present communication
we present a detailed picture of different solution structures of
the major conformers of theséo i + 3 cyclized model peptides.

2. Materials and Experimental Methods

1. Synthesis. Peptides examined in this study were all more than
99% homogeneous and were characterized by HPLC, FABMS, anc
NMR spectroscopy® These peptides are all cyclic tetrapeptides and
haveL-amino acids. They are named as Tgtsmhere the suffixxx
indicates the number of GHyroups on the side chains of first and
fourth residues, respectively. For example cyélac-Lys-Pro-Gly-
Glu-NH] is designated Tetrawhereas cyclo{Ac-Dpr-Pro-Gly-Asp-
NH,] is designated Tetka (Figure 1).

2. NMR procedures. NMR spectra were acquired in DMS®-
on a Varian Unityplus 600-MHz NMR spectrometer. Peptides dried
in an Abderhalden drying pistol over refluxing methanol under high
vacuum for 72 h were used for the NMR studies. DM843100%)
from Aldrich (Milwaukee, WI) was used to make solutions for NMR
studies. TMS was used as the internal reference for proton resonance
Carbon chemical shifts were referenced against DMis&-39.5 ppm.
Solutions of 0.5-20 mM peptides were used for assessing aggregation
and 5 mM solutions for all conformational analyses. One-dimensional
'H-NMR spectra for determining temperature coefficients were obtained
at 295-325 K in increments of 5 K. Sample temperatures were
controlled with the variable-temperature unit of the instrument.

(19) Yang, W.; McKinney, A.; Becker, J. M.; Naider, Biochemistry
1995 34, 1308-1315.

(20) Marepalli, H. R.; Yang, W.; Joshua, H.; Becker, J. M.; Naider, F.
Int. J. Peptide Protein Red.995 45, 418-429.
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Complete proton resonance assignments were thadimg COSY,
RELAYED-COSY, and TOCSY experiments. HMQC and HMQC-
TOCSY were used to assign unambiguously proton resonances of the
conformationally heterogeneous cyclic tetrapeptides. RGE&eri-
ments were used to extract interproton distances. ROESY spectra were
acquired at 300 K in phase-sensitive mode using the method of States
et al??> Spectra were collected with 2K data blocks for 52
increments with a relaxation delay of 1.5 s and 64 transients for each F1
ti-increment. The spectral width in both dimensions was 6000 Hz. (ppm)
ROESY spectra were obtained using®3Bp angle spin lock pulses 7.0
and resonance offset compensation to suppress HOHAHA contribu-
tions?® The effective field strength for spin lock is 1.9 kHz. The
ROESY spectra were recorded with five different mixing timaig,
50, 100, 150, 200, and 250 ms, to generate ROE buildup curves. The
ROE intensities obtained at 100 ms mixing time were found to be in 7.8
the middle of the linear curves. Therefore, interproton distances were
deduced from ROESY experiments carried out with 100 ms mixing

7.4

time. 8.2
NMR data, acquired on a Varian spectrometer, were processed on a
SUN sparc stationlPX using vnmr software. Prior to Fourier 86

transformation, ROESY time domain data were apodized using shifted

sine-bell or Gaussian window functions in both dimensions and zero

filled to 2K x 2K real points. Multiplication of the first-increment 9.0
by 0.5 prior to the second Fourier transformation was carried out to

reduce thd; ridges in all ROESY spectra.

3. Modeling Procedures. (a) Vacuum Structures.The N*-acetyl,
carboxyl-amide, ¥4 side chain cyclized tetrapeptides structures were
built with the BIOPOLYMER module of the SYBYL software on an Figure 2. Amide region of the 600-MHz ROESY spectrum of Tetra

INDIGO2 SGI and then minimized using the AMBER force field. The showingNH/NH exchange cross peaks (same sign as the diagonal) o

amino acid models Lys, Om, Dab, Dpr, Asp and Glu, used in jnterconverting conformers, isomér and isomerB. Exchange cross
cyclizations were custom made to be recognized by the AMBER force o5 for isome€ were not observed at this contour level due to its

field using the dictionary options of the SYBYL package. Constrained |, re|ative concentration. The 1D spectrum is presented at the top o
searches and minimizations were conducted using the annealingi e ROESY spectrum.

procedure in SYBYL (consecutive dynamics Tat= 500 and 20 K)
starting with the minimized structures. The constraints were input as peptides, simulations were carried out with the same algorithm with

ranges centered on the experimentally determined distab@% of an averaging period of 120 ps. There were no significant differences

the distance value). The results were analyzed and the conformationsfrom the 60-ps results. Averages for the quantities of interest (distance:
compatible with the experimental data were identified and further p ' 9 q '

searched and minimized. and dihedral angles) were computed over the simulation (60 ps) period

(b) Solvent Box and Solvated Tetrapeptides.The DMSO molecule and compared_ to the expen_men_tal data_ and are presented in the te
was optimized byab initio calculations using the 6-31G* basis set. (Table 4) and in the supporting information (Tables-5B).
The resulting parametersd, charges: C;-0.703; S, 0.944; O;-0.784;
H, 0.221, 0.213, 0.188; bond lengths and bond angles: SC, 1.80 A; 3. Results
S0, 1.49 A; CH, 1.10 A; CSC, 977CS0, 106.7; SCH, 109.8) were ) . . . .
introduced into the Kollman All-Atom parameter set of the SYBYL 1. Aggregation Studies of Cyclic Peptides.The primary

software. A DMSO box of molecules having these parameters was Structures of cyclic peptides Tejfgato Tetra; are shown in

built and minimized using the AMBER (Kollman All-Atom) force field. ~ Figure 1. One-dimensional proton NMR spectra for each of
This box was subsequently used to generate the solvent environmenthe cyclic tetrapeptides over a concentration range of 0.5 to 2(
for the cyclic tetrapeptide computations. We used parallelepipedic mM peptide were recorded. The observed proton chemica
(almost cubic) boxes. The typical length of a solvent box side was shifts as well as spectral line widths in this concentration range
between 32 and 36 A and contained around 325 molecules of solvent.\yere essentially invariant allowing us to conclude that inter-

The best (lowest energy) vacuum minimized structures resulting from 51604y association was absent over the concentration rang
the searches were solvated and minimized with periodic boundary
tested (data not shown).

conditions. . e .
(c) Dynamics. Constrained Molecular Dynamics (MD) simulations 2. Conformational Heterogeneity ini to i + 3 Monomeric
in vacuum and DMSO were performed on the eight tetrapeptides using Lactams. Initial NMR analyses of these cyclic peptides showed
the AMBER force field and the Verlet algorithm. The simulations were one predominant resonance for each amidlé in Tetrayy,
carried out at constant temperature under canonical ensemble conditionetra,;, Tetra,, and Tetrg; suggesting either one dominant
and were started from well-minimized structures obtained as explained jsomer or fast conformational averaging on the NMR time
ﬁbove. The final tfemperature |°f 300 K s reached in Iﬂt‘)ree Steps: scale?0 In contrast, the coexistence of slowly interconverting
eating at 1000 K for 1 ps, cooling at 500 K for 5 ps, equilibration at multiple conformers in Tetra. Tetr Tetr and Tetr
300 K for 14 ps, and simulations at 300 K for 6099sThe equations P . =, a1, az,a &
- . peptides was established BYH/NH and C*H/C*H exchange
of motion integration step was 1 and snapshots were taken every 60 K : the di ) in thei di
fs. For Tetra,, which is the largest molecule among our model cross-peaks (same sign as the diagonal) in their Co"e3p0n n
ROESY spectra. Th&IH/NH exchange cross peaks of major
(21) (a) Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren, C. D.; jsomersA andB for Tetra; are shown in Figure 2. Overlaid

Jeanloz, R. WJ. Am. Chem. So04984 106, 811-813. (b) Bax, A.; Davis, : : : :
D. G.J. Magn. Resor985 63, 207-213, on this spectrum is the corresponding 1D spectrum. Heating

(22) States, D. J.; Haberkorn, R. A.; Ruben, Dl.Magn. Resorl982 the samples resulted in collapse of the multiple peaks to single
48,(28)6(—2)92. | ) resonances for eacNH and “CH proton. This effect was
23) (a) Kessler, H.; Griesinger, C.; Kerssebaum, R.; Wagner, K.; Ernst, ; ; ;
R. R.J. Am. Chem. S0c1987 109, 607609, (b) Griesinger. C.. Emst. r_ever3|ble upon cooling the sam_ples and uqeqU|vocaIIy estgb
R. R.J. Magn. Reson1987, 75, 261—271. lishes the occurrence of slowly interconverting conformers in

(24) Matter, H.; Kessler, Hl. Am. Chem. S0d.995 117, 3347-3359. these peptides (data not shown).
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Figure 3. Part of the 600-MHz ROESY spectrum of Tetrahowing
() the DpeCH—Pra@®CH cross peak for isomeA and isomerB
indicating atrans Dpr—Pro peptide bond and (ii) the DfgH—Pro*-
CH cross peaks for isom& and isomeiD indicating acis Dpr—Pro
peptide bond.

Table 1. Temperature Coefficients ®iH Protons ¢ AJ/AT,
ppb/K) of Cyclic Peptides Tetsato Tetra; in DMSO-ds

tetrapeptide  *NH(i) “NH(i) ANH(i + 2) SNH(i + 3)
Tetra;, 7.02 5.89 3.14 4.80
Tetra: 7.44 2.28 6.76 0.90
Tetra? 7.44 5.71 7.57 —1.80
Tetra? 4.40 3.99 0.82 0.22
Tetra, 5.91 3.33 5.63 0.72
Tetras 5.30 5.40 3.45 2.65
Tetra? 4.54 3.72 4.04 —1.40
Tetra,? 4.15 3.10 3.40 —0.90

aMajor conformer.

Tetra; exhibited two isomersA andB) in a 6:1 ratio. While
Tetra, and Tetra; showed the presence of three isomeks (
B, andC) in 16:3:1 and 32:23:1 ratios, respectivély.The
NMR spectrum of Tetrg revealed the existence of four isomers
(A, B, C, andD) in a 20:6:4:1 ratid® IsomerA of Tetra; and
Tetra; and both isomeré andB of Tetra, and Tetra, adopt
atransconfiguration with respect to the XxPro peptide bond
as indicated by characteristic ROE cross peaks from the ¥AxC
to the Pro@H protons. Acis configuration in isomer B of
Tetra; and both isomer€ andD of Tetra, was evidenced by
XxxC*H and ProCH cross peaks in their ROESY spectra. This
is illustrated for Tetrg in Figure 3. Nothing can be definitely
said regarding isomeG in both the Tetrg and Tetra, due to
a lack of cross peaks. All of the conformationally homoge-
neouspeptides (Tetra Tetray, Tetray, and Tetrag;) exhibited
a trans Xxx—Pro peptide bond. In the present investigation
solution structures were elucidated only for tin@ns isomers
in each of the cyclic peptides. In the case of the conforma-
tionally heterogeneous peptides (Tetraletra,, Tetra,, and
Tetra ;) the majortransisomer was examined.

3. Temperature Gradients of amideNHs. The temperature

Marepalli et al.

coefficients. Temperature coefficients for the majoans
isomer of each peptide are presented in Table 1. “Nié of
thei residue is outside the cyclic system and is expected to be
solvent exposed. As anticipated its temperature coefficient is
the highest value (4.157.44 ppb/K) in each peptide. The
temperature coefficient of thet 3 residue*NH is very low in
seven of the eight cyclic peptides indicating its probable
involvement in intramolecular H bonding. The exception is the
18-membered cyclic peptide, Tetsawhich has a coefficient
of 4.8 ppb/K. Each of these protons except in Tgtrasonate

up field (6.95-7.32 ppm) compared to othéMHs in their
corresponding peptidé8. This suggests that thes®&Hs are
not solvated by DMS@® The temperature coefficient of the
Asp *NH in the Asp-containing tetrapeptides was found to be
highest for Tetrg followed by Tetra; and Tetra; while it is
smallest for Tetra (Table 1). We noticed a corresponding
upfield shift of the Asg*NH in these peptides (7.32, 7.26, 7.03,
and 6.83 ppm, respectivel§y. A similar trend was observed
in the Glu-containing tetrapeptides. With the exception of
Tetra;; these observations further support the involvement of
thei + 3 ®NH in an intramolecular hydrogen bond. We also
observed that the temperature coefficient of ithe 2 residue
“NH is exceptionally low in Tetrg (0.82 ppb/K) implying either
that it is strongly shielded from solvent or that it participates in
a relatively stable H-bond. In Tetya Tetra;, and Tetra, the
moderately low coefficient of the+ 2 *NH (~3 ppb/K) also
suggests moderate solvent shielding or participation in H
bonding. Similarly, the lactarihlH displayed a relatively low
(—AJ/AT) coefficient in only one cyclic peptide (Tet:n2.28
ppb/K) and moderately low values in another four peptides,
suggesting that these amide protons were moderately solver
shielded.

4. 3Jnn—con Coupling Constants and Backbone Dihedral
Angles Derived from Coupling Constants and ModelingThe
3JnH—ceH coupling constants were extracted from well-digitized
1D proton spectra. The resolution of the spectra was enhance
by applying a Gaussian window function prior to Fourier
transformation. Bystrov's Karplus equatidhsvere used to
calculate the dihedral angleg)(from these coupling constants
(see the supporting information, Table S8). The average
dihedral angles computed from the 60-ps simulations in DMSO
are generally withint30° of at least one of the values derived
from the coupling constants.

5. Ramachandran Plots. The dihedral angles of the turn
region @, 12, ¢3, andys) obtained by averaging over the 60-
ps dynamics simulations are tabulated along with the temper
ature coefficients o#NH(i + 3) and two incisive interproton
distances in Table 2. Thg, dihedral angle is constrained to
be around—60° by the pyrrolidine ring of the proline residue
at positioni + 1. For Tetra, and Tetrag; they, dihedral angle
is more than 20lower than the value corresponding to a type
Il f-turn (120). The average value of the backbone dihedral
angles for Pro of Tetra corresponds to an invergeturn around
this residuei(+ 1 position, Table 2). The dihedral angles for
1000 discrete steps of the molecular dynamics simulation are
shown in a Ramachandran map (Figure 4A) and cluster nea
the values expected for the invenséurn. The Ramachandran
plot of the Gly residue in Tetgais consistent with the presence
of a y-turn around this residue (Figure 4B; Table 2). Interest-
ingly, Tetra; hase, angles of Pro similar to those of Tetsa

coefficients for amide protons were calculated by a least-squares (25) (a) Pease, L. G.; Deber, C. M.; Blout, E. R.Am. Chem. Soc.
analysis of the temperature dependence of their resonance4973 95, 258-260. (b) Rizo, J.; Koerber, S. C.; Bienstock, R. J.; Rivier,

(Table 1). Thecig/transisomers for the tetrapeptides (Tetra
Tetras, Tetray, and Tetrg) are conformationally distinct over

J.; Hagler, A. T.; Gierasch, L. MJ. Am. Chem. Sod992 114, 2852
859.
(26) (a) Karplus, M. JJ. Chem. Physl959,30, 11-15. (b) Bystrov, V.

the temperature range which is used for calculating temperatureF. Prog. Nucl. Magn. Reson. Spectro4€76,10, 41-81.
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Table 2. Conformational Characteristics of Cyclic Tetrapeptides from NMR and Modeling

Glyeny—2Zz20nn Proch—Glyeny temp coef  H-bonding
peptides and ROESY modeling ROESY modeling Zzzwy,  H-bond dist dihedral angles (modelingleg

idealturns  dist, A dist, A dist, A dist, A ppb/K  modeling, A o2 o o3 P3
Tetra, 4.74(0.18) 220  2.22(0.06) 4.80 —77(9) 82(10)  108(21)  178(9)
Tetras, 3.40  3.49(0.10) 220  2.31(0.07) 0.90 206 —68(11) 160(7) 81(8) —68(8)
Tetra, 269 277(0.10) 219  2.18(0.08) —1.80 2.47 —71(7) 126(5) 87(9) 5(3)
Tetra” 270 2.69(0.08) 2.65  2.54(0.05) 0.22 Zd6  —65(22) 128(29)  68(10) 19(9)
Tetran 280 2.83(0.09) 229  2.26(0.05) 0.72 275 —77(12) 142(18)  53(9) 19(10)
Tetra, 330 3.42(0.07) 241  2.32(0.08) 2.65 59 —46(10) 99(9) 80(9) —52(9)
Tetrap 285 2.84(0.09) 234  224(0.06) —1.40 2.50 —95(10) 133(10)  67(9) 30(12)
Tetray 2.84 2.88(0.11) 248  2.34(0.07) —0.90 2.64 ~73(8) 112(10)  72(10)  21(10)
Type Il f-turn 2.40 2.20 <25 25 —60 120 80 0
Type | f-turn 2.40 3.40 <2.5 2.5 —60 —-30 —90 0
y-turn 3.70 2.30 <25 25 70t0o 85 —60to—70
y'-turn <2.5 2.5 —60to—70 7010 85

a Root-mean-square deviation is given in parentheses for each interproton distance and torsion angle obtained from™ajelimgnformer.
¢1 < 3 H bonding.? 1 — 4 H bonding.® Dihedral angles extracted from 60 ps MD trajectories in DMSO.
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Figure 4. Ramachandran maps of the backbone dihedral angles of the DMSO dynamics structures: (A) (Batiketray; (C) Tetras; (D)
Tetraz; and (E) Tetrg. Dihedral anglesd,y) for the Pro and/or Gly residues from 1000 discrete conformers observed during a 60-ps simulat
are included in the plot.

and¢,y angles of Gly similar to those of Tetzaimplying the

tions2® The position of the offset was also chosen in such a

presence of both conformational features in this molecule way so that the-coupling contributions are minimal. ROESY
(Figure 4C; Table 2). On the other hand, the Ramachandranspectra with mixing times of 50, 100, 150, 200, and 250 ms

maps of Pra(+ 1) and Gly{ + 2) dihedral angles in Tetsa

agree with a very good type HB-turn (Figure 4D, Table 2). In
Tetra, the ¢,y of both the Pro and the Gly are spread over the dependence of the ROE integrals on mixing time was seen f{c
type 1l S-turn and both the/- andy’'-turn regions (Figure 4E)
suggesting the coexistence of several important conformationsmobility and the isolated two-spin approximation (ISPAjhe

in the major isomer of this tetrapeptide. Tefraxhibits the

largest distortion for the Pr¢ (—95° average on the solvent
simulation). This indicates significant strain for the prolyl

residue and may correlate with the fact that this molecule

exhibits the largest percentageois isomer for any tetrapeptide

(41%).

6. Interproton Distances Deduced from ROE Intensities

and from Modeling. Low spin-lock field strength and small

(32°) flip angle pulses for the mixing sequence were used while

acquiring the ROESY spectra to minimize HOHAHA contribu-

were used to obtain ROE buildup curves (Figure 5). Average
ROE intensities from both sides of the diagonal were used. The

be approximately linear up till 150 ms. Assuming isotropic

observed average integrals from 100-ms ROESY spectra wer
converted to interproton distances. The obtained distances wer
calibrated with respect to the distance between Gly methylenic
protons (1.77 A). Both intra- and interresidue ROESY cross
peaks were obtained for all of the cyclic tetrapeptides. The
NH—NH( + 2; i + 3) interproton distance is the crucial distance
which indicates the occurrence ofiaurn or ay-turn. This is
expected to be around 2.4 A for both type | and typg-turns

(27) Neuhaus, D.; Williamson, MThe Nuclear @erhauser Effect in
Structural and Conformational Analysi¥CH: Weinheim, FRG, 1989.
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Figure 5. ROE buildup curves for a few important interproton distances
of Tetraz (@) dun(i + 1,i + 2); (O) dun(i + 2, + 3); () dngBGii +
3); (@) dngy(ii + 3); (2) dngy(isi + 3); (W) duy(i + 3,i + 3).

Table 3. Comparison between the ROE Distance Values and the
Simulated Average Distance Values

root-mean-square deviation, (A/dist)

tetrapeptide in vacuum in DMSO
Tetra, 0.050 0.047
Tetra 0.031 0.033
Tetra? 0.024 0.026
Tetra? 0.033 0.037
Tetray 0.052 0.043
Tetras 0.029 0.029
Tetra? 0.036 0.039
Tetra,? 0.029 0.027

@ Major conformer.

and around 3.70 A for a-turn. Tetrazis unique in this series

of cyclic peptides in that its spectrum was devoid of this ROE
cross peak (Table 2). TidH—NH(i + 2; i + 3) distance was
found to be between 3.40 and 3.30 A for Tetrand Tetra,
respectively, and between 2.70 and 2.85 A for the remaining
peptides. An important interproton distance that discriminates
a type I3-turn from type I15- andy-turns is*CH—*NH(i + 1;

i + 2). This is expected to be around 3.40 A for a tygieturn

and between 2.20 and 2.30 A for both a typesiturn and a

Marepalli et al.

and dihedral angles to the conformations ofittei + 3 lactams
is given in the Discussion section.

4. Discussion

f-turns are a commonly reported conformational feature that
have been associated with the biologically active state of many
peptides® In particular, a Pro-Gly sequence often occurs in
type Il B-turng® and cyclization is attempted in many labora-
tories to eliminate conformational heterogeneity of linear
peptides. The peptides involved in the present study are bott
cyclic and possess a central Pro-Gly dipeptide unit. Hence al
of these cyclic tetrapeptides are expected to manifest a type |
pB-turn as their conformational feature if the side chain length
variation and/or ring size has no influence on backbone
conformation. The NMR and modeling studies reported herein
suggest that the stereochemical situation is considerably mor
complex fori to i + 3 cyclization around a central Pro-Gly
unit.

1. Peptide Conformations. Turns occur in peptides and
proteins when a growing peptide chain folds back on its
backbone. A 10-membered H-bonded ring comprising the
carbonyl of thath residue and the amid¢H of thei + 3 residue
is defined as @-turn3® An interprotonic distance of 2.40 A
between théNHs of thei + 2 andi + 3 residues is expected
for both type | and lI5-turns. The proximity of the @H(i +
1) to the*NH(i + 2), 3.40 and 2.20 A, respectively, discrimi-
nates between type | andghturns. Type | and IB-turns also
differ in their torsion angleg, and ¢3 which are—30°,—90°
and 120,80, respectively. The differences reflect opposite
orientations of tha + 1 carbonyl group with respect to the
plane of the 10-membered ring. On the other hand, a 7-mem
bered H-bonded ring between the carbonyitbfresidue and
amideNH of thei + 2 residue results in @-turn around the
+ 1lresidue. The interproton distance betwédliHs of thei
+ 1 andi + 2 residues is 3.40 A and the backbone dihedral
anglesy andy of thei + 1 residue about which the-turn is
located are 70to 85 and —60° to —70°, respectively?!

We have used the above considerations to model solutior
structures for a series of cyclic tetrapeptides using NMR-derivec
constraints. The Ramachandran plots of the critical dihedral
angles give a clear representation of the variations found in ar
ensemble of 1000 structures. The rms deviations for the averag
distance and the torsional angle in these ensembles are present
in Tables 2-4 in the paper and Tables S$8 in the supporting
information. The average interproton distances obtained fror
the analysis of the vacuum and DMSO simulations of these

y-turn. ROE measurements for all peptides yielded a shorter Peptides are in very good agreement with their corresponding

distance (around 2.2€2.65 A) between these two atoms,
indicating the presence of typeftturns and/oi-turns. These
measurements allow us to rule out the existence of typin-
like conformations in any of the cyclic peptides.

ROE derived distances (Tables 4 and—-&I). H-bonding
patterns observed in the dynamics simulations of these molecule
support the temperature coefficients obtained from NMR for

(28) (a) Veber, D. FPeptides: Synthesis, Structure and Functigicth,

Among the vacuum structures generated for these cyclic D. H., Gross, E., Eds.; Pierce Chemical Co.: Rockford, IL, 1981; pp 685-

peptides, only those which satisfied NMR derived interproton
distances (root mean square deviation being less than 0.05

694. (b) Freidinger, R. MPeptides: Synthesis, Structure and Function
ich, D. H., Gross, E., Eds.; Pierce Chemical Co.: Rockford, IL, 1981; pp
73-683. (c) Sawyer, T. K.; Cody, W. L.; Knittle, J. J.; Hruby, V. J.; Hadley,

Audistance, Table 3) and temperature coefficients are selectedM. E.; Hirsch, M. D.; O'Donohue, T. LPeptides: Structure and Functipn
for further studies in solvent. These structures were solvated Hruby, V. J., Rich, D. H., Eds.; Pierce Chemical Co.: Rockford, IL, 1983;

with DMSO, then further minimized, and dynamics simulations
were carried out:jde suprg. The modeling distances and
dihedral angles are presented in Table 2 where the NMR

distances and modeling distances are also compared. The value(%)

pp 323-331. (d) Schiller, P. WThe PeptidesUdenfriend, S., Meienhofer,
J., Eds.; Academic Press: New York, 1984; Vol. 6, pp-2268. (e) Hruby,
V. J.; Al-Obeidi, F.; Kazmierski, W. MBiochem. J199Q 268, 249-262.
(f) Rizo, J.; Gierasch, L. MAnnu. Re. Biochem.1992 61, 387-418.

(29) (a) Chou, P. Y.; Fasman, G. Bdv Enzymol.1978 47, 45—-148.
Gierach, L. M.; Deber, C. M.; Madison, V.; Niu, C-H.; Blout, E. R.

from the modeling represent average values extracted from agjochemistry1981 20, 4730-4738.

60-ps molecular dynamics simulation in DMSO. In general,

the average solvent dynamics values were in good agreemen}"’
. . . s n
with the ROE distances (a root-mean-square deviation of less

(30) (a) Venkatachalam, C. MBiopolymers1968 6, 1425-1436. (b)
Uthrich, K. NMR of Proteins and Nucleic Aciddohn Wiley & Sons,
New York, 1986; pp 117#129.

(31) (a) Nemethy, G.; Printz, M. Racromoleculed972 5, 755-758.

C..

than 0.05 A/distance, Table 3). The relevance of the distance (b) Smith, J. A.; Pease, L. Gorit. Rev. Biochem.198Q 315-399.
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Table 4. Comparison between the Experimental and Calculated bond to the side chain CO of Glu forming a transient intraresidue

Interproton Distances for TegA © 7-membered ring. The side chaiH of ornithine formed an

ROESY MD av, A H bond with the acetyl CO. Although such interaction gives
protons distance, A invacuuni  in DMSO rise to a 9-membered ring that is outside the cyclization ring,

Pro*CH-GlyNH 219 2.19(0.08) 2.18(0.08) this H bond was stab!e throughout the dynamics, and it prq\{ides
GlyNH-GlyeCHProR 2.44 2.22(0.08) 2.20(0.08) the only possible rationale for the low temperature coefficient
GIyNH-GIy“Cszi 3.31 2.96(0.07) 2.99(0.06) of this side chain amide bond.
CUILOYCTT 30 3200 50U 4 CyuofAcDADPIOGH-GINH: (Teraz. The Glu
GIyNH-GIUNH 2 69 2.76(0.10)  2.77(0.10) NH of this molecule exhibited the lowest temperature coefficient
GIUNH-GIwCH 2.97 2.99(0.05) 3.00(0.06) (—1.80 ppb/K) of the series while the remainiNgl's had high
GIuNH-GIwCH2 3.49 3.34(0.07) 3.35(0.08) temperature coefficients (between 5.7 and 7.6 ppb/K; Table 1)
GIU*CH-GIWCHI 2.38 2.53(0.07)  2.53(0.07)  The Pro*CH to Gly NH and GlyNH to GluNH distances (2.19
gg’wﬁﬂgm%ﬂzz g:;g g:gggg:ggg g:;igg:égg and 2.70 A, respectively) together with this very loMH
DalyNH-DalyCH1 238 2.39(0.06)  2.40(0.06) temperature coefficient suggest that the backbone of this
DalyNH-Dab’CH?2 3.13 2.99(0.04) 3.00(0.04) molecule adopts a relatively stable typgturn conformation.
Dab*CH-DabrCH1 2.54 2.47(0.08)  2.46(0.08) This conclusion agrees well with our CD results which were
DatsCH-DalyCH1 2.28 2.290007)  2.31(0.08)  (yn in different solvents and reflect the average for all
Dab*CH-DalfCH2 2.62 2.88(0.04)  2.88(0.04) ! i . .
Dab*GH-DabNH 3.96 3.03(0.04) 3.57(0.12) confgrmers of this peptldé’. The average interproton dlstance§
Dal*CH-ProCH1 2.18 2.19(0.13) 2.25(0.14) obtained from the analysis of the vacuum and DMSO dynamics
Dalf*CH-ProCH2 2.23 2.40(0.12) 2.38(0.13) simulations of this molecule are in very good agreement with

aMajor conformer? Diastereotopic assignments are given as su- its ROE derived distances (Table 4). The dynamics showed ¢
perscripts® Root-mean-square deviation is given in parentheses for each Very stable H bond between the GllH and the Dab carbonyl.
interproton distance obtained from modeling for TetrdExperimental The average backbone dihedral angbeendy of Pro and Gly
data are extracted from a ROESY spectrum (100 ms) for Zeima are—56°, 122, 82°, and 19, respectively, in vacuum and71°,

DMSO at 300 K.¢ Calculated interproton distances are computed from ; ;
60-ps MD trajectories in vacuum for Tegpa’ Calculated interproton 126, 87 and S, respectively, in DMSO. They correspond to

distances are computed from 60-ps MD trajectories in DMSO for an almost perfect type f-turn around the Pro and Gly residues

Tetra.. (Figure 6D).
_ ) o 5. Cyclo"4Ac-Dpr-Pro-Gly-Glu-NH ;] (Tetraiz). The dis-
the corresponding amiddH protons ¢ide infra). However,  tance between the GYH and the Pré:CH in the major isomer

careful scrutiny of the dynamics simulations shows that several of this molecule is larger than in any other tetrapeptide (2.65
of these cyclic peptides exist as ensembles of coexisting &) The Gly NH also has the lowest temperature coefficient
structures_invqlving botf- andy-turns. The conformation of (0.82 ppb/K) of all GlyNH's in the series (Table 1). Together
each peptide is discussed separately below. _ these two facts suggest that in this conformer the ISt is

2. CyclofAc-Lys-Pro-Gly-Glu-NH 7] (Tetray). Thisstruc-  oriented toward the lactam ring. The vacuum and solvent
ture is unique in the series in that no ROESY cross peak is simylations show that thiliH is able to H bond to the CO of
observed between thet 2 (Gly) andi + 3 (Glu) NH's (Table Dpr forming a 7-membered ring that is highly populated during
2). The large (4.80 ppb/K) temperature coefficient of the the evolutions. The temperature coefficient of the Gl is
3 NH suggests that it points outside the cyclization ring and ¢5,ndq to be 0.22 ppb/K also indicating strong H bonding.

consequently thé + 2 residue of t.his tetrapeptide is far from Indeed, both simulations show tHigH forms hydrogen bonds
adopting a type IB-turn conformation. On the other hand, the with the carbonyls of Dpr (corresponding to a typical type Il

moderately low temperature coefficient of the GiyH 2) NH ; ;
(3.14 byK) V;u (fsts tl;at this Ialtom is somgvt/(hazt solvent SB-turn 10-membered ring) and Pro (a 7-membered ring arounc
-4 PP 99 Gly) that are very stable throughout the dynamics. On the

e e e s aVerage, (he moectle Serms o adopta (eIl and a
9 the same time oscillates between two extreme conformations
around Pro and closed by a hydrogen bond between the Gly . ;
one corresponding to g'-turn around Pro and the other to a

NH and Lys CO (Figure 6A). The averageandy angles of . - g
Pro.—77° ){/amd 77,( rgspectivzely in the Vagﬁm ;ipmulgtion and y-turn around Gly (Figure 6E). This oscillation between three
_77’0 and 82 in DMSO corresp;ond to @-turn conformation structures results in average dihedral angles that are close t

As seen in the simulation, except for this part of the molecule, those expected for a type frturn and a somewhat lengthened

the structure seems to be very flexible and few constraints WereprdXCH_%lyaN H ddlstancle. Th§ av_Era_glng over sleve_ral itruc-
found in the ROESY analysis. tures is observed as a large distributiongofy angles in the

3. Cyclo“4Ac-Orn-Pro-Gly-Glu-NH ] (Tetrasy). The dis- Ramachandran plot for this tetrapeptide (Figure 4E).
tinctive features of Tetga are the large ROE distance (3.40 A) 6. Cyclo"fAc-Lys-Pro-Gly-Asp-NH] (Tetras;). The short
between theNH's at thei + 2 andi + 3 positions, the low interproton ROESY distances from the- 2 NH to thei + 1
temperature coefficient of the GINH (0.90 ppb/K), and the ~ “CH (2.29 A) and to thé + 3 NH (2.80 A) as well as the low
relatively low temperature coefficient of the lactax (2.30 temperature coefficient of thet+ 3 NH (2.75 ppb/K) point to
ppb/K, the lowest of all side chaiNH's in the series). The  atype lI3-turn conformation in this molecule. The constrained
vacuum and DMSO simulations based on the ROE constraintsdynamics in both vacuum and DMSO exhibited a strong
seem to accommodate these facts very well. The simulationintramolecular hydrogen bond, the characteristic 10-member ring
revealed a very stable H-bond between the B#Hiand the CO  type Il B-turn closure, between the AdpH and the carbonyl
of Pro that closes a 7-membered ring around Gly tarn- of Lys. The AspNH also showed a less populated hydrogen
like conformation (Figure 6B). The average dihedral angles bond with the carbonyl of Pro. TH&H of Lys was inside the
andy of Gly, 84° and—68° in the vacuum simulation and 81  ring during the entire simulation and showed some ability to H
and—68° in the DMSO simulation, correspond to a @-turn bond to the Lys carbonyl, consistent with its temperature
conformation. The GIWNH also exhibited some ability to H  coefficient (3.33 ppb/K). On the average, the backbone dihedra
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Figure 6. Averaged structures of cyclic model peptides in DMSO at 300 K: (A) Tgt(B) Tetray; (C) Tetras; (D) Tetray; and (E) Tetra. The
protons bound to carbon are not shown for clarity. The oxygens are displayed in black and nitrogens are stippled. The carbons and hydrog
large and small open circles, respectively.

angles and the H-bond patterns from the simulations performedtemperature coefficients around 3 ppb/K. However, we note
on this structure correspond to a typesturn. that all temperature coefficients for Tefrare relatively low

7. Cyclot4Ac-Orn-Pro-Gly-Asp-NH ;] (Tetras;). The (Table 1). This molecule is the most constrained of the series
relatively large (3.30 A) ROESY distance observed between and consequently its atoms experience less motion and perhaj
the NH’s of Gly and Asp excludes the possibility of a type Il less overall interaction with the solvent. The constrained
B-turn with Asp at the + 3 position. Together with the low  dynamics indicated that the GNH and the lactanNH had a
temperature coefficient exhibited by the AN (2.65 ppb/K) very low tendency to form an intramolecular H bond. The
this distance suggests the presence pitarn-like ring around absence of such H bonding for the lactifl is supported by
Gly. This conformational feature is observed in the dynamics six experimental ROESY derived distance constraints for this
simulations concurrently with a transieritturn centered around  proton which result in its orientation to the outside of the cyclic
Pro. The hydrogen bond between the ®liH and the Orn portion of the molecule. The ROESY interproton distances from
carbonyl associated with thé-like ring repeatedly forms and  the Gly NH to the Pro*CH and to the AspNH, 2.48 and 2.84
breaks during the simulations which is consistent with the A, respectively, and the 60 ps MD averaged dihedral angles
measured temperature coefficient of the Gl (3.45 ppb/K). (Table 2) concur with a type IB-turn conformation for this
A 10-membered H-bonded ring involving the GNH(i + 3) tetrapeptide.
and the Orn CQJ is never observed in the simulations of this 10. Conformational Correlation. Previous investigations
tetrapeptide. The average dihedral angles found in the simula-have attempted to correlate the effects tfi +3 andi toi +
tions (Table 2) are consistent with twg ings around Pro and 4 lactamization on helix formatiof? These studies concluded

Gly (Figure 6C). that both ring size and the orientation of the side chains involvec
8. Cyclo"{Ac-Dab-Pro-Gly-Asp-NH;] (Tetraz;)). The in lactam formation influenced the stability of the helical

simulations show that thiet+ 3 residueNH (Asp NH) forms H segment under investigation. In particulariao i +3 lactam

bonds to three different CO’s belonging to théDab),i + 1 bridge with an 18-membered covalent ring was found to be helix

(Pro), andi + 3 (Asp) residues. This extensive H bonding is destabilizing®® To our knowledge no previous study has
consistent with the very low temperature coefficient determined attempted a systematic analysis of the effect of side chair
for the AspNH (—1.40 ppb/K). Although the average values lactamization on the stability g8-turns.
of the backbone dihedral angles of the 1 andi + 2 residues When trying to correlate the backbone conformation to the
are close to a type IB-turn conformation (Table 2), the 10-  ring size in this series of closely related peptides, one is struck
membered ring was the least populated in the MD simulation. by the rich conformational diversity offered by what would be
The 7-membered ring involving the Pro CO appeared to be mostexpected to be similar molecules. In the 16-membered cyclic
stable. During the simulation a transieritturn-like 7-mem-
; (32) (a) Felix, A. M.; Heimer, E. P.; Wang, C.-T.; Lambros, T. J;
ge(;edfngg glosed b)ll an beond getvée.enmhm GI?’ a.ndlthi. h Fournier, A.; Mowels, T. F.; Maines, S.; Campbell, R. M.; Wegrzynski, B.
or Dab was _a_so observed. iven t e _re_at'vey 19N B Toome, V.; Fry, D. C.; Madison, V. 9nt. J. Peptide Protein Res.
temperature coefficient of thiMH (4.04 ppb/K) it is likely that 198§ 32, 441-454. (b) Felix, A. M.; Wang, C.-T.; Campbell, R. M.; Toome,
this y'-turn is not highly populated. V.; Fry, D. C.; Madison, V. S.Peptides: Chemistry and Biology,
) _ _ Clh i Proceedings of Twelfth American Peptide Symposiimith, J. A.; Rivier,
/9. Cyclo"4Ac-Dpr-Pro-Gly-Asp-NH 7] (Tetra.,). The MD J.E., Eds.; ESCOM: Leiden,1992; pp-779. (c) Osapay, G.; Taylor, J.
simulations of this molecule exhibited a highly populated w.J. Am. Chem. Sod99q 112, 6046-6051. (d) Osapay, G.; Gulyas, J.;
bifurcated hydrogen bond from the A${H to thea carbonyl Erofit, Ad_A.; G?Qas,lghi.; Taylor, g- W‘;’gptisde& Cfgm_iitrss aAnd E!O!ogy,
e i ; ; roceedings of Twe merican Peptide Symposisimith, J. A., Rivier,
of Dpr and to the3 carbonyl of Asp. This is consistent with J. E., Eds.; ESCOM: Leiden,1992; pp 23240.
the very low temperature coefficient observed for this proton ™ (33) Houston, M. E., Jr.; Gannon, C. L.; Kay, C. M.; Hodges, RJ.S.

(—0.90 ppb/K). The GIyNH and the side chaiNH both show Peptide Sci1995 1, 274-282.
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peptides, Tetra appears to form a stable typeftturn while show that, in contrast to what might be expected for a Pro-Gly
Tetra; assumes conformations involvingturn andy’-turn- sequence, several of these peptides exhibited preferences fi

like C7rings. Similarly, in 17-membered cyclic peptides Tgira  the y or y' region of conformational space. Other peptides
seems to adopt a type f-turn while the characteristic feature  assumed a near-perfect typgstturn and others were relatively
exhibited by Tetrg is that of ay-turn-like G; ring. It was also flexible and underwent transitions between structures which
found that cyclic peptides (Tetraand Tetray) with 15- were similar in energy. The Ramachandran maps (Figure 4
membered lactam rings exhibited entirely different structures. clearly indicate that for several structures the range of dihedra
It was somewhat surprising that f&turn-like structure was  angles is highly limited while for others a greater range appear:
absent in the relatively flexible 18-membered lactam containing to be allowed implying additional flexibility. We believe that
tetrapeptide (Tetw), while it was observed in Tetia This these plots incorporate all low-energy structures available tc
finding together with the structural conclusions on the tetrapep- the Pro-Gly region of these molecules. In all peptides that were
tides containing smaller rings leads us to conclude that the stydied the*NH of the Gly is experimentally determined to be
exact conformation depends on the specific composition of the ¢cjose to the*!CH of Pro. Consequently, the of Pro is always
ring and does not correlate with the ring size. This conclusion positive and all turns are far from a typ@4like conformation.
could be further tested by preparing lactam rings in which the \we conclude that caution must be exercised while using suct
basic and acidic residues have been inverted in the primary|actam constraints in the design of biologically active molecules
sequence. with A-turns. Nevertheless, it appears that one can control the

From the perspective of our analysis of the biologically active topology of a Pro-Gly peptide backbone by proper choice
structure of thex-factor it is important to note that tridecapep- ¢ the side chains used during lactamization.

tides containing lactams corresponding to Teiral etras,
Tetra,, and Tetrgy maintained the same preferred conformations
as the model peptides (to be published elsewhere). Hence, itfo
appears that one can control the architecture of a peptide by
using the cyclized tetrapeptides discussed here as conformatio
fixing building blocks. This finding is important since many
biologically active peptides contajfrturns and it is clear that
cyclization through lactam bridges could result in the stabili-
zation of this conformation. However, our findings indicate

that the choice of the residues used for such lactamization is . . . . o
critical as different side chains can induce quite different SUPPOrting Information Available: An additional 7 tables
structures. with comparisons between experimentally determined, anc

vacuum and DMSO simulated NOE derived interproton dis-
5. Conclusions tances for seven peptides and a table comparing dihedral angle
(¢) derived from coupling constants and the average values
obtained from DMSO simulations for all the eight peptides (8
pages). See any current masthead page for ordering and Intern
access instructions.
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In this paper we report a detailed conformational analysis of
the majortransisomer of eighi to i + 3 side chain lactamized
cyclic tetrapeptides containing a Pro-Gly dipeptide unit at the
i + 1andi + 2 positions and a systematic variation in the size
of the constrained region (14- to 18-member rings). Our results JA954217I



