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Abstract: The N-methylation of cyclic peptides can be used to modify the activity and/or selectivity of
biologically active peptides. As N-methylation introduces different flexibility and lipophilicity, it can also
improve the bioavailability (the ADMET profile). To search for conformationally constrained cyclic peptides,
a library of 30 different N-methylated peptides with the basic sequence cyclo(-p-Ala-L-Alas-) was synthesized.
Based on the NMR analysis, seven of these peptides exhibited single conformations (>98%). The structural
features of these peptides were determined by a combination of NMR and distance geometry and then
further refined by molecular dynamics simulations in an explicit DMSO solvent box. The structures provided
from these efforts can now serve as templates for the rational design of cyclic pentapeptides with a distinct
backbone conformation or for “spatial screening” to explore the bioactive conformation of medically important

peptide systems.

Introduction

The conformation of cyclic peptides of ring size-3 is
relatively well understood® However, peptidomimetiéa-e
such as peptide bond analogdes peptoidsta—¢ sugar amino
acids®9 stereoisomer$and turn mimetic&¢ usually intro-
duce unpredictable conformational changes; 3gurn mi-

metics in cyclic peptides often do not appear in the expected
turn position Another synthetic modification causing confor-

mational changes isl-methylationa¢ which is also found in
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Figure 1. A peptide with pharmacophoric groups A, B, C, D, and E can be screened for the spatial orientation in the bioactive conformation, by synthesis
of the five position-shifted cyclic isomers. In the absencBlofiethylation, the five isomers would have an identical constitution but present pharmacophores
differently. In this example, however, the five Nimethylated compounds with shiftéétmethylated peptide bonds are constitutional isomers.

peptides which have a preferred conformation and may evenconformations in cyclic pentapeptides has been carried out for

be orally availablé?a¢ For rational desigh13¢¢ and spatial
screening of distinct bioactive conformatiohdg; it is desirable

to explore cyclic peptides which (i) are small enough to exhibit
conformational rigidity or at least adopt a preferred conformé&ition
and (i) simultaneously allow the introduction of sufficient

thymopentirZ® RGD-peptided#0-2122| DT-peptides?® and CX-
CR424 This procedure, known as “spatial screening” (Figure
1),14222s based on the fact that a cyclic pentapeptide containing
one b- and four L-amino acid residues prefer All'(y)
conformation, with theo- residue at the + 1 position of the

functionality (pharmacophores) to achieve the desired biological All' turn2®> which is also valid forcyclo(-p-Ala-L-Alag-).

activity. Conformational restriction seems to be an important
prerequisite for oral availabilit}? Cyclic pentapeptides (which

Recently a reinvestigation of the conformatiorcgtlo(-p-Pro-
L-Alas-) with modern NMR techniques in solid state and in

are the smallest peptides having strain-free all-trans peptidesolution with extended MD simulation also established this

bonds) or cyclic hexapeptides are well suited for this purpd¥e.’
Conformations of cyclic peptides are mainly dictated by the
chiralities of constituent amino acids. An especially strong
influence on conformation is delivered by andc-proling1b.1¢.18
Glycine, on the other hand, can adopt the position of ar an
L-amino acid, allowing greater flexibility to the systéfhA

structure?>® N-Methylation of the peptide bond introduces
another dimensionality in the cyclopeptide conformation. The
effect of N-methylation first of all reduces the energy difference
between the cis and trans isomierand at theN-methylated
site a cis peptide bond is often form®&-"27In addition steric
hindrances and the lack of hydrogen bond donor ability influence

systematic screening of the conformational space for bioactive the conformation, making it difficult to predict the conformation
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only consist of onep- and fourL- residues. For a broader
variation, the systematic alteration of chiralities adds another
dimension into this procedure.

Here we present the synthesis and results from the confor-
mational study of multiplyN-methylated cyclic alanine peptides
of the general formulayclo-p-Ala-Alas-) with different patterns
of mono-, di-, tri-, and tetrdN-methylated peptide bonds. Our
aim is to identify cyclicN-methylated alanine peptides which
prefer a single conformation in solution and therefore can be
used as a template for biologically active peptides (assuming
that the substitution of the alanine with other functional side
chains will in the first approximation not change the backbone
conformation). With the examination of the entire series of these
peptides, we can further elucidate the influencdlahethylation
of peptide bonds on the conformation of cyclic pentapeptides.

General Methods

Synthesis of the Cyclic PeptidesN-Methyl alanine was synthesized
as described by Freidinger et?dlAll linear peptides were synthesized
using standard Fmoc solid-phase strategy using dituhlorotrityl
chloride resir?®2° Nonmethylated oN-methylated alanine was taken
as the C-terminal amino acid. However, the yields were lower in the
case of a C-termindN-methylated alanine because of endopeptolysis
by diketopiperazine formatio?f;3! which occurs wherN-methylated
amino acids or proline are in position one from the resin. One other
observation was the cleavage of the sequencé#lgMe)Ala! from
the resin, when a/L(Me)Ala was tried to couple with it. Fmoc-

completion of cyclization, which was monitored by ESI mass spec-
troscopy, DMF was evaporated and the crude peptide was redissolved
in a minimum amount of dry acetonitrile, leaving behind the cyclization
reagents. The pure compound was obtained by reversed-phase high-
performance liquid chromatography (RP-HPLC) purification. The
peptides were characterized by ESI mass spectroscopy and various
NMR techniques. A representative synthesis is shown in Scheme 1,
where a small “a” stands far-Ala and “A” stands forL-Ala; three
further schemes are provided in the Supporting Information illustrating
the synthesis of all 30 peptides. The underlined letters a or A indicate
N-methylation. After each coupling the resin was divided into two
halves, one for the coupling with nonmethylated and the other for the
coupling with methylated alanine.

NMR Spectroscopy.All spectra were recorded at 297 K on a 500
MHz Bruker DMX spectrometer (Bruker, Karlsruhe, Germany), in
DMSO-ds (*H, 2.49 ppm;*C 39.5 ppm) and were processed using
XWINNMR (Bruker) and analyzed with either XWINNMR or
SPARKY#° The assignment of all proton and carbon resonances
followed the standard strategy as previously describegequential
assignment was accomplished by through-bond connectivities from
heteronuclear multiple bond correlation (HMBE}spectra. TheN-
methyl group was taken as the reference for the sequential assignment,
the protons of which show a correlation with tR% atom of the
intraresidua)s-protons by a four-bond coupling in the HMBC spectrum.
The p-protons further show a correlation with thH€C shift of
intraresidual carbonyl by a three-bond coupling, and this carbonyl also
correlates with the Hshift of the same residue and thé shift of the
adjacent residue (if ndt-methylated) by a strong two-bond coupling.

In this way the full sequence assignment was accomplished. TOCSY

deprotection was achieved with 20 vol % piperidine in NMP, and the spectra were recorded with a mixing time of 60 ms, and ROESY spectra,
other amino acids (2 equiv each) were sequentially coupled with 2 equiv with a mixing time of 150 ms. Temperature coefficients for the amide
of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate protons of each peptide were determined from one-dimensional spectra

(TBTU)®*? and 1-hydroxybenzotriazole (HOBt) in 1-methyl-2-pyrroli-
dinone (NMP) as solvenh,N-Diisopropylethylamine (DIEA) was used

to adjust the pH to 8. However, in the case of coupling to a
N-methylated residue, 2 equiv each lgfmethyl alanine or alanine,
N-[(dimethylamino)-H-1,2,3-triazolo[4,%s]pyridine-1-yl-methylene]-
N-methylmethanaminium hexafluorophosphate (HAP&Pf,and 1-hy-
droxy-7-azabenzotriazole (HOAt)were used along with DIEA to
maintain a pH of 8 in NMP as solvent. Due to HOBt/HOAt and HBF
formation, the pH drops while the reaction proceeds, leading to reduced
nucleophilicity of the amino group. Therefore, in the case of insufficient
couplings as monitored with the Kaiser t&&additional base was added,
but the pH was not allowed to exceed a value of 8.5. The coupling
time ranged from 20 to 45 min. Tteechlorotrityl linker allows cleaving

off the linear peptide with a mild treatment of an acetic acid/2,2,2-
trifluoroethanol (TFE) mixture in dichloromethane (DCM) without
affecting the peptide bonds. The head-to-tail cyclization was performed
with diphenylphosphorylacid azide (DPP&)applying the solid base
method using NaHC@in N,N-dimethylformamide (DMF¥? After the
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in the range from 297 to 327 K with a step size of 5 K. Many of these
compounds show more than one conformation in slow exchange on
the NMR time scale of chemical shift separation at room temperature.
Chemical exchange was confirmed by exchange peaks in ROESY
spectra, which show an inverted sign compared to signals caused by
ROEs#*

Computational Methods. Proton distances were calculated accord-
ing to the isolated two-spin approximation from volume integrals of
rotating frame nuclear Overhauser enhancement (ROE®¢pectra.

The integrated volumes of the ROE cross-peaks were offset corfécted
and converted to proterproton distances employing the cross-peak
intensity of H—H?# of alanine as reference (2.19 A). Restraints were
obtained by adding and subtracting 10% to the calculated experimental
distances, accounting for errors from the two-spin approximation and
cross-peak integration. Metric matrix DG calculations were carried out
with a home-written program utilizing random metrizattGrExperi-
mental distance constraints which were more restrictive than the
geometric distance bounds (holonomic restraints) were used to create
the final distance matrix. The structures were first embedded in four
dimensions and then partially minimized using conjugate gradients
followed by distance and angle driven dynamics (DAD®Ywherein
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Scheme 1. Schematic Approach Showing the Combinatorial Approach Adapted to Obtain the Library of Cyclic Peptides Starting with
L-Alanine Loaded to the Resin
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only distance constraints were used. The DADD simulation was carried pure cyclic peptides exhibit two or more conformations in

out at 1000 K for 50 ps with a gradual reduction in temperature over different amounts, in slow exchange on the NMR time scale;

the next 30 ps. The DADD procedure utilized holonomic and the conformational abundance of all compounds is listed in

experimental distance constraints plus a chiral penalty function for the Figure 2A. However here we describe only those compounds

generation of the violation “energy” and forces. A distance matrix was which are conformationally homogeneous on the NMR time
Iculated from h structure, and the EMBED algorithm w . .

calculated from each structure, and the ago as used scale. Out of the 30 peptides only 7 (Figure 2B) were found to

to calculate coordinates in three dimensions. About B30 structures f f 97%). Th h i id
were calculated for each peptide, an80% of the structures of every prefer one conformer(97%). Thus these cyclic peptides can

peptide did not show any significant violation. The MD calculations S€rve as useful templates for designing non-Ala peptides. Cyclic
were carried out with the program DISCOVER using the CVFF force Peptides which exhibit an abundance of 85% may also be useful
field.5° The structure resulting from the DG calculation was placed in candidates, and the structural characterization is currently
a cubic box of length 25 A and soaked with DMSand a restrained underway.

MD simulation was carried out. After energy minimization using the Conformational Preference and Constitution. Six out of
steepest descent and conjugate gradient, the system was heatedeven compounds that preferred a single conformation had the
gradually, starting from 10 K and increasing to 50, 100, 150, 200, 250, p-residueN-methylated (Figure 2B). This resembles the old
and 300 K in 2 ps steps, each by direct scaling of velocities. The system observation that a-Pro (bearing al-alkyl amide bond) has a
was equilibrated for 50 ps with temperature bath coupling (300 K). very strong conformation determining effée®17In cyclic

Confi ti d 100 fs f ther 150 ps. Finall . .
onfigurations were saved every s for another ps. Fina yapeptldes of the typecycld-p-Proi-Xaas), proline always

150 ps free MD simulation at 300 K was carried out to prove that the . . - ) 5 .
stability of the calculated conformation in the solvent is similar to the OCCUPies the + 1 position of g3ll" turn > However, it seems

structure obtained from experimental restraints. that the cyclic five-membered ring of proline, which fixes the
@ angle only betweer-60°,52is not optimal for steric reasons.
Results In compoundL, ® is close to+12, allowing maximal distance

A combinatorial approach was adopted for the synthesis of between théN-methyl group and thg-protons of the adjacent
the library of 30 compounds shown in Scheme 1. Most of the D-Alal and Alé. In the series of five compounds bearing a single
N-methylation (Figure 2A), onlyl shows a conformational

(49) Mierke, D. F.: Geyer, A.; Kessler, Hit. J. Pept. Protein Res994 44, abundance of~98% on the NMR time scale. Compourid

(50) Hagler, A. T.; Lifson, S.; Dauber, B. Am. Chem. S0d979 101, 5122~ shows a tendency to form gI('/y) turn structure. However, a
5130.

(51) Mierke, D. F.; Kessler, HJ. Am. Chem. S0d.991 113 9466-9470. (52) Hutchinson, E. G.; Thornton, J. NProtein Sci.1994 3, 2207-2216.
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Figure 2. (A) Library of all the synthesizetll-methylated peptides with their conformational abundance on the NMR time scale of chemical shift separation.
The values in parentheses denote the ratio of all the conformers calculated #eérspactrum. (B) Schematic diagram illustrating the numbering of the
compounds and the correlation between the location and numbemafthylated sites and the compounds preferring a single conformation. Conformationally

pure peptides are shown in black, and those having multiple conformations on the NMR time scale are shown in gray, with the trans/cis abundance given
in the parentheses. The three tei-amethylated compounds are shown to complete the pattern. The wavy bdads; ify and8 denote a cis peptide bond.

standardpll’-turn®35% is not possible, because ti:methyl
group sterically interferes with thgprotons of Al& andp-Alal.
It is remarkable thalN-methylb-Ala induces a similar confor-
mation asp-Pro, but it seems that-methylp-Ala provides an
even stronger force®,as® is not constrained to abodi60° as
in proline. Out of the 10 dN-methylated compounds onB;
3, and7 reveal to prefer a single conformation. Out of these,
two compounds have aN-methylation on either side of the
monomethylated parent compouhdFurther, out of 10 triN-
methylated compounds ondyand5 prefer a single conforma-
tion, which are the compounds arising frd¥amethylation on Figure ?; tStereotFéiCthestOIfyth”'““9 ffomtenffgy mfi”iﬁiiggtion f;f 20? e
either side of compoun@ The third triN-methylated compound Ztr?c??rgesMesps(ie;uI:t?gr?r;nODMgOavseorlé\i/ge(re]tsbrgf. ure after o0 ps of restraine
8 in Figure 2B, resulting from furtheMN-methylation of
compound?, shows three conformations in 82%, 11%, and 7% rym of the compound did not show the presence of a single
abundance and will not be discussed here. Four of the confor-Ha(l) He(i + 1) cross-peak’ so all the peptide bonds have to
mationally homogeneous peptidels-4) have all-trans amide  pe in a trans conformation. This peptide is the simple
bonds, whereas compounlss, and7 have a cis peptide bond  methylated analogue of the parent pepigielo(-aAs-), which
between amino acids Alaand Al&; the tetraN-methylated  prefers ail’ on one side wittp-Ala at thei + 1 position of
peptide6 has even a second cis bond betweent Alad Al&. the BII" turn and an equilibrium of a closed or opgntype
Conformation of the Seven Cyclic Peptides.  conformation about At The spectrum reveals strong cross-
cycla-p(Me)Ala’-Ala*-Ala®-Ala*-Ala®) (1). The ROESY spec-  peaks between theAla>—Hep-Alal and H'Ala2—HNAIa2, The
conformation ofl (Figure 3) in a way resembles that of the

(53) Rose, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Chem1985 37,

1-109. parent peptideyclo-aAs-) without theN-methyl group.
(54) Nagarajaram, H. A.; Ramakrishnan, X Biosciencel995 20, 591-611. _ _ ' 2 ioti
(55) Takeuchi, Y.; Marshall, G. RI. Am. Chem. Sod.998 120 (22), 5363- In cycld-aAr-) a/ll" tum about 8A%is the most characteristic
5372, feature; in this3ll’ turn both H's of Ala® and Al are directed
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Table 1. Table Depicting the Values of Temperature Gradients of
NH Protons (—AJ/AT) in ppb/K; the Values Shown in Parentheses
Are the Respective 3J (HN—H4) Coupling Constants in Hz

compound Ala! Ala? Ala® Ala* Ala®
1 25(9.1) 27(8.1) 3.4(6.9) 2.3(8.3)
2 3.7(7.4) 0.6(7.3) 5.5(8.2)
3 15(09.4) 23(6.2) 1.1(7.9)
4 4.7 (5.7) —1.3(7.8)
5 6.0(6.9) 0.4(7.5)
6 5.1(9.4)
7 55(6.2) 5.8(6.7) 2.3(7.6)

above the ring plane and have a short distance. The carbonyl
group of Al forms a bifurcated hydrogen bond to both NH
protons of Al& and Al&. In 1 the peptide bond between Ala
and p(Me)Ala! is turned by about—60°, resulting in the
“disruption” of the hydrogen bond to AteHN. The conforma-
tional change obviously is a consequence of the steric hindrance
of the N-methyl group with the3-protons of Al& andp-Alal.

It is well accepted that internal hydrogen bonding in cyclic
peptides does not lead to strong energetic stabilization, and
instead stereoelectronic and steric effects are more important
in determining the conformation of cyclic pepticksn addition

to the steric effect of methyl groups, the carbonyl group ofAla

is now ideally syn-oriented to the®® bond of b-Alal (see
below in the discussion). The conformation about residued Ala
Ala®is similar to that incyclo(-aAs-); however, it may also form

a rapid equilibrium between g-turn and the conformation in
which both the NH bonds point in the same direction as in the
case ofcyclo(-pAs-).4 We also observe it ROEs between the

NH protons; however due to a relatively low number of data
we cannot exclude the participation ofyaturn conformation cyclo-p(Me)Alal-Ala2-Ala3-Alat-(Me)AlaS) (3). The struc-
in rapid equilibrium with the conformation shown in Figure 3. ture of 3 (Figure 5) can be created by shifting themethy
The coupling constants _(Table 1) are in good agreement with groups from residue Afain 2 to Ala®. The steric interference
the proposed conformation, and tieangles of Ald a““! Al of theN-methyl group of Al& with 3-protons of Al& results in
are close to-120° and that of Al& close to—10C, leading to the rotation of the peptide bond plane by about °170
an antiperiplanar arrangement of NH to thHbond and large comparison to the AfaAlaS peptide bond plane i@. The rest
coupling constants. An exception is Alavhich may be involved of the molecule is almost identical to the fragmengin
partially in ay-turn structure by a twist of the peptide bond cyclo-p(Me)Alal-(Me)Ala-AlaAla%(Me)Alad) (4). Com-

Ala®CO—Ala*NH, resulting in the changes & and® angles ) . .
which are in fast equilibriuft and therefore exhibiting a smaller pouSnd4 (Figure 6) re_sults from thN-m_ethyIanon of residue
Ala® of 2 or the residue Alaof 3. This compound shows

NHo i
H (I)-Inl Cgllijp::tn 3e(\:/(i)e:1ist;[i2tt.)etween calculated (from the trajector structural similarity with both2 and 3. The structure of the
ySig J y fragment from Al& to Alal is almost identical with the same

average) and observed (from the ROESY spectrum) diStancesfragment in3, and the one from Afato Ala* is identical to that
are observed, with a single exception; th¥Ata* and HAla* of 2 '

distance is too short by about 0.4 A, again giving evidence for .
cycla-p(Me)Alal-Ala2-Ala3-(Me)Ala*-(Me)Alad) (5). This

a participation of the/-turn about this residue, similar to the Ve
case in the noM-methylated cyclic pentapeptides. compound results from the shifting of tiemethyl group of

cycla-p(Me)Alal-(Me)Ala2-Alas-Alas-Alaj) (2). This com- residue Al&in 4 to residue Al TheN-methylation of residue
; P Ala? results in the complete rotation of the peptide bond plane

pound can be obtained by a further substitution of thedfl P . the pep ap
Ala2 with an N-methyl group with respect to compourid between Aldand Ald by 170" in comparison to the previously
Sterically it is indeed possible; however, some steric hindrance described structures. This is because of the strong steric clash
with the -protons of Al& and H' of Ala® leads to further ~ Petween theé\-methyl of Ala and5-protons of Ald and Ale?
deviation from the3ll’ turn which is present in the nonmethy-  (Figure 7). In additiorb shows a cis peptide bond between the
lated stem peptideyclo-aAs). The structure exhibits all residues Aldand Ale, which might result from the steric clash
carbonyl groups syn oriented to théik€hond of the following ~ Petween th&-methyl groups of Aldand Al2, as theN-methyl
residue (Figure 4). As this is an energetically preferred orienta- ©f Al2” would project below the plane, if the Alala® peptide
tion, 2 exhibits only a single conformation on the NMR time Pond were trans. The fragment 5from b-Ala*H* to Ala®H"

scale of chemical shift separation (spectral details can be found€Sembles &lI" turn; however, the AfzAla’ peptide bond has
in the Supporting Information). also undergone a flip of 80n comparison to AletAlat in 4.

This twist in the peptide bond is caused by steric interaction,
(56) Snyder, J. PJ. Am. Chem. S0d.984 106, 2393-2400. which theN-methyl group would encounter with tifeprotons

Figure 5. Stereo pictures o8 (for details see Figure 3).

S

Figure 6. Stereo pictures o (for details see Figure 4).
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Figure 9. Stereo pictures of (for details see Figure 3).

of Ala5, as it has been forced to project down the plane by the
cis peptide bond.
cycla-p(Me)Alal-Ala?-(Me)Ala3-(Me)Ala*-(Me)Ala®) (6).
Compound6 can be obtained by furthéd-methylation of the
Ala3 residue of. To our surprise this compound exhibited two
cis peptide bonds, one about Alala® and the other about Ata
Ala® (Figure 8). This is the only compound, which has an
N-methylation at residue Afawhich results in the formation
of an Al&-Alad cis peptide bond to accommodate the bulky
methyl group. The compound shows a structural similarity with
5, in the region from Al4to Alal; however, it is interesting to
note the orientations of the-methyl groups ob-Alal and Ald

Table 2. Table with the ® and W Values of Peptides 1—7 in Degrees?

2

Figure 10. Compoundl showing the regions having similar structural
elements to those of peptid@s3, and4. The site where a methyl group
can be incorporated is given in blue, and the disallowed region is shown in
red. The residue numbers are denoted.

with respect to their orientation i6. Both the Al&-Ala* and
Ala®-p-Alal peptide bonds have undergone a flip of about°160
about their adjacen® and W angles, and thus thi-methyl
groups always tend to project in opposite directions of the plane
to minimize their mutual steric interaction. The driving force
to orient the Al4 N-methyl group above the plane is the Ala
Ala3 cis peptide bond which forces th@protons of Al& to
project down the plane, which eventually reorientshhemethyl
group projecting it above the plane.
cyclo-pAlal-Ala?-Ala3-(Me)Ala*-(Me)Ala®) (7). This is the
only compound (Figure 9) in the homogeneous series in which
thep-Alal is notN-methylated. The compound resembedn
the region from Al& to Ala® revealing the tendency of the
peptides to form a cis peptide bond when Mwenethylation is
at Ala* and Al&. The upper part of the molecule resembles a
BII" turn with thep-Alal at thei + 1 position of the turn, as in
the case otyclo(-aAs-); however theV of Ala? (Table 2), i.e.,
of the ( + 2) residue, deviates more than that of thet(1)
residue from the standard angle-ef20° and O for the ( +
1) and ( + 2) residue??-54

Discussion

Synthesis of all differeniN-methylated derivatives of the
cyclic pentapeptideyclo-p-Ala-Alas-) except the pentamethy-
lated compound has been achieved. Whereas cyclization turned
out not to be a crucial step, synthesis of some linear precursors
(when the sequence Ala/L(Me)Alal is linked to the resin)

did not work. This problem can be overcome by changing the
sequence, which, after cyclization, leads to the desired peptide
(Scheme 4 in the Supporting Information).

Our NMR analysis showed that only 7 out of the 30
compounds prefer a single conformation on the NMR time scale
of chemical shift separation, whereas the others indicate

p-Alat Ala? Ala’ Ala* Ala’

(] v Q (03] y Q [ y Q [ y Q [} y Q
1 117 —62 t —82 —63 t —-131 —56 t —-73 —56 t —133 83 t
2 129 —-76 t —-97 -76 t =77 —44 t —-120 —67 t —-117 77 t
3 138 —56 t —88 —87 t —119 —-16 t —105 88 t 53 63 t
4 126 —69 t —105 —83 t —81 —53 t —108 102 t 57 70 t
5 -89 —-116 t —65 —-25 t —-126 —-69 t 59 78 t —124 62 c
6 134 -84 t —142 7 t —130 57 c —142 56 t —-117 146 c
7 84 —108 t —66 —42 t —144 78 t 56 66 t —109 173 c

aThe Q values are summarized as cis and trans peptide bond, denoted as c and t, respectively. finendekl of the ( + 1) residue in &ll’ turn
are 60 and—120° and of the {(+ 2) residue are-80° and O, respectively, and in @ turn the values range from 7@ 80 for ®(i + 1) and—60° to —70°
for W(i + 1).® The temperature gradient of AldN is in agreement with its solvent shielded nature.
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Figure 11. (A) Overlay of1, 2, 3, and4, showing the similar structural elements. Note the flip in the*4dt> peptide bond owing tdN-methylation. It
can clearly be seen that the peptide bond betweet aid Al is twisted in the two compoundsand4 about the adjacenb andW angles to allow the
N-methyl group to fit sterically. (B) Overlay of the parent peptoelo(-aAs-) (yellow) and peptided, 2, 3, and4 (gray).

equilibrium between two or more conformations in slow
exchange. The seven “homogeneous” peptides were studied in
detail by ROE-restrained molecular dynamics and finally by
free dynamics in explicit solvent.

The seven compounds show that most of dhengles are
close to 120, which orients the carbonyl group syn to theHC
bond. This is a good indication that the structures are energeti-
cally relaxed, and this may be the reason for preferring a single
conformation. However, a single conformation does not mean
that there is rigidity on the fast NMR time scale. The structures
which are related to the stem peptide 2, 3, and4) give evi-
dence for a rapid reorientation of the peptide bond3Ala
A|a4.25b'57

It is evident that molecules with the sequence*AlgMe)Alal
are strongly fixed in a conformation in which all three methyl

groups avoid steric clash. Any hydrogen bond jfil turnlike Figtslre 12.l An c_)verlay of5 and 7, clearly depicting the rotatio_n qf the
tructure which is found in the nonmethviated stem peptide Ala>-p-Alal peptide bond plane as a consequence of the substitution by an
S Yy pep N-methyl group. The red spheres denote the NHs which, on methylation,

cycla-aAs-) is removed by the twist of the Ateo(Me)Alal lead to conformational changes. Only the spheres oftheotons of7 are
peptide bond about the adjacent phi and psi angles. Theshown.

conformation of the higheN-methylated compounds can be . )
directly derived from the structure @f If there is enough space The compounds$ and 7 are almost structurally identical
(indicated in blue in Figure 10), the incorporation of an N-Me €Xcept for the twist of the Afap-Ala* peptide bond plane, owing
group instead of the NH group introduces only minor confor- to sterlc.hlndrance (F!gurg 12). The_structural featuresdiffer
mational changes (s&& 3, and4). greatly in conformation in the region af-Ala'-Ala® from 5

In contrast, introduction of the N-Me group at the Alala® and7, owing to the Al&-Ala® cis peptide bond.
peptide bond (indicated in red in Figure 10) is not sterically ~ 1he furtherN-methylation of the conformationally homoge-

allowed, and the conformation changes into a cis peptide bond"€0US peptides though does not guarantee the existence of a
(see). This is similar to a substitution of NH of the Ala preferred conformer on the NMR time scale; however, there is
peptide bond by N-Me: this introduces a cis peptide bond & certain consistency in the conformational orientation of the
between the Ataand Al residues. Thus we can classify these CYClic peptides. The major conformer of peptigleobtained by
seven compounds into two families, one witt2, 3, and4, in extending theN-methylation of2, reveals a cis peptide bond
which all the peptide bonds are trans showing a structural Petween Ald and A_lé' similarly both 9 and 10 also exhibit
similarity in the region from AIBC*-Ala‘C® (Figure 11), and this characteristic cis peptide bond. One of the conformegs of
the other consisting 05, 6, and 7, which share an AtaAlas is structurally identical to8; however, the other conformer
cis peptide bond. surprisingly exhibits a trans AlaAla® peptide bond and a cis

An overlay of all the four peptides, 2, 3, and4 with the Ala3-Ala* peptide bond instead. In compouh@d both conform-

parent peptidecycl-aAs) (Figure 11), clearly depicts the €'S contain the AfRaAla3 ci_s_peptide bonsd, _vvhile o_nly one of
influence ofN-methylation on the peptide structure with respect the conformers also exhibits an Alala® cis peptide bond.

to the parent peptide. Thi-methylation of Al forces the Finally, the major conformer of peptidél shows structural
peptide bond outward, nullifying the chances of hydrogen similarities with5, revealing an Al&Ala® cis peptide bond, and
bonding with Al& and/or AI&NH. TheN-methylation of Al&, the minor is an all trans peptide resemblihg

however, results in an inward twist of the peptide bond to avoid 1 hese findings now allow for the rational design of a smaller
any steric clash with ABg-protons. Finally, thé\-methylation sequence of amino acids into a specific conformation. Especially
of Ala® leads to the twist of the peptide bond plane by about s7"\eie b, F.: Kurz, M.: Kessler, HI. Am. Chem. S04.994 116 1042-

170 with respect to the nonmethylated peptide bond. 1049.
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the above-mentioned conformation of the Xad4e)Yaa will In addition to the seven “homogeneous” structures examined
certainly be found in any pentapeptide regardless of the chemicalhere, 10 more structures show the tendency to adopt a preferred
nature of the amino acids, Xaa or Yaa. On the other hand, the conformation. We believe that the substitution of the amino acid
structures presented here can be taken for “spatial screeningresidues and retaining chiralities with the same pattern of
as mentioned above (see Figure 1). We were actually surprisedN-methylation will give rise to the same backbone conformation
to find so few different structures in these “homogeneous” cyclic described above. One significant observation is that, out of the
pentapeptides. Perhaps some of the other structures, which dseven identified structures, six have theesidueN-methylated.

not prefer a single conformation (e.g., a pattern of cis/trans Thus one might speculate that incorporation of nmresidues
isomers) but still show a predominant conformation, can also may direct the molecule to adopt a preferred conformation. One
be used for the design. The examination of these compoundsother important observation is that multipemethylation, i.e.,

as structural templates of preferred conformation is currently tri- and tetraN-methylation, introduces conformational equilibria
underway. between a number of conformations. Thus most likely, for cyclic
pentapeptides, the promising templates are the ones with mono-

Conclusion and diN-methylation.

Our results show that though-methylation introduces Acknowledgment. The authors gratefully acknowledge tech-
considerable flexibility to the backbone of cyclic pentapeptides, nical assistance from Burkhard Cordes and Guido Clever of
still some patterns ofN-methylation help in directing the  ihe carell group at LMU (Machen) for measuring the high
molecule to a specified structure. Although most of the multiply resojution mass spectra. We thank the Humboldt Foundation

N-methylated pentapeptides of the structural tgpel(-aAs-) for the generous support via the Max-Planck-Forschungspreis.
exhibit equilibrium of various conformations in slow intercon-

version; however, 7 out of the 38-methylated peptides are
conformationally homogeneous on the NMR time scale of
chemical shift separation. But we have to realize that although
the compounds exhibit conformational preferences they still can
be flexible (with dynamics fast on the NMR time scale).
Especially a flip of the plane of the peptide bond Aksa,
which has been previously proven forcla-aAs-), is observed. JA063123D

Supporting Information Available: Experimental details,
with H-chemical shift data, ESI-HRMS, TOCSY, ROESY
spectra of peptide$—7 and ROE violation lists are available
along with the complete reference of all coauthors of refs 4a
and 9a. This material is available free of charge via the Internet
at http://pubs.acs.org.
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