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Abstract: Systematic N-methylation of
all peptide bonds in the cyclic penta-
peptide cyclo(-p-Ala-Ala,-) has been
performed yielding 30 different N-me-
thylated derivatives, of which only
seven displayed a single conformation
on the NMR time scale. The conforma-
tion of these differentially N-methylat-
ed peptides was recently reported by
us (. Am. Chem. Soc. 2006, 128,
15164-15172). Here we present the

the previous library which are not ho-
mogeneous but exist as a mixture in
which at least one conformation is pre-
ferred by over 80%. The structures of
these peptides are investigated employ-
ing various 2D-NMR techniques, dis-
tance geometry calculations and fur-
ther refined by molecular dynamics
simulations in explicit DMSO. The
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comparison of the conformation of
these nine peptides and the seven con-
formationally homogeneous peptides
allow us to draw conclusions regarding
the influence of N-methylation on the
peptide backbone of cyclic pentapep-
tide of the class cyclo(-p-Ala-Ala,-).
Here we present the different confor-
mational classes of the peptides arising
from the definitive pattern of N-meth-
ylation which can eventually serve as

conformational characterization of nine
additional N-methylated peptides from

Introduction

The conformation of cyclic peptides of smaller ring size
(e.g., five to seven-membered rings) is mainly determined
by the array of chirality of the amino acids in the peptide se-
quence.!! Hence, such peptides which consist only of D- and
L-alanine can be used as templates for designing distinct
peptide conformations containing any of the other natural
amino acids, with the exception of glycine and proline. This
concept has been employed to establish scaffolds for “spatial
screening” and for the design of bioactive peptides.”’ Anoth-
er dimension to each of these scaffolds is provided by N-
methylation®™ as it introduces remarkable changes in the
backbone constitution and conformation of cyclic peptides.”!
The changes in the backbone conformation influence the
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templates for the design of bioactive
peptides.

biological activity and selectivity of peptidic ligands."! N-
Methylation affects the conformation of the modified amino
acid as well as the preceding residue.”! In addition it facili-
tates the occurrence of a cis-peptide bond which, in compar-
ison to the trans-peptide bond, is thermodynamically less
unfavored than the secondary amide bond.’ In case of
cyclic peptides N-methylation has further long-range impact
on the entire backbone conformation. N-Methylation affects
the backbone of the peptide by reducing the number of hy-
drogen-bond donors preventing intramolecular and intermo-
lecular hydrogen bonding, and potentially enhances the
pharmacokinetic properties of the peptide by blocking the
proteolytic cleavage sites.®! The presence of N-methyl back-
bone groups also increases the hydrophobicity of the pep-
tide bond and, consequently, its ability to interact more se-
lectively with the complementary hydrophobic pocket along
with enhanced the membrane permeability.”) The usual ap-
proach to search for selective and potent peptide ligands is
the “N-methyl scan”, wherein a library of all available sites
of peptide bonds consecutively are N-methylated.'” So far
“N-methyl scans” have been used almost exclusively to in-
troduce only a single N-methylated peptide bond per mole-
cule.5#1! In our attempt to improve the bioavailability we
introduce libraries including poly-N-methylated peptides.
With the conformational preference of all possible combi-
nations of N-methylated analogues defined, those which
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adopt a distinct structure can be employed as templates. It is
thus possible to design a desired conformation of a peptide
sequence without the requirement of synthesizing and
screening a large library of derivatives.

In the search of highly conformationally preferred cyclic
N-methylated peptides derived from cyclo(-p-Ala-Ala,-),
abbreviated as c(aA,), (we use the abbreviation “a” for p-
Ala and “A” for L-Ala), we identified seven peptides in
which less than 2% of a second conformation is found.!'
These seven examples represent ideal structural templates;
however, there are several others which show one or more
conformations in an amount lower than 20 %. We anticipate
that also these peptides could also be applied as conforma-
tional templates, especially if they exhibit new conforma-
tional types which were not found in the seven homogene-
ous peptides. Here we present the conformation of the addi-
tional nine peptides, which prefer one conformation by
more than 80 %.

Results

The combinatorial manner to illustrate the entire library is
shown in Figure 1. Given five amide bonds there is the pos-
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Figure 1. Library of all the synthesized N-methylated cyclic pentapeptides
with their conformational abundance of the NMR time shift scale in pa-
renthesis. The peptide sequence follows the convention and is to read
clock-wise. The nine peptides shaded in gray are described here. Each
vertex of the pentagon represents L-alanine and the edges representing
the peptide bond. N-Methylation is represented by lines and belongs to
the following residue (vertex) going in a clockwise manner. The p-ala-
nine is represented by the small letter “a”
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sibility of 31 (2°—1) differently N-methylated cyclic deriva-
tives of c(aA,). We were able to synthesize all but the per-
methylated derivative. The NMR-based analysis of the
thirty compounds displayed various populations of major
and minor conformers slowly interconverting on the NMR
time scale. For use as templates in rational drug design we
are mainly interested in those peptides which prefer a single
conformation of greater than 80%. As a first pass, we exam-
ined the seven conformationally homogeneous (>98%)
cyclic peptides.'! Herein, we present the results from the
nine compounds that have a major conformation of between
80-98 %, and then the complete characterization of all six-
teen conformationally abundant cyclic peptides from this li-
brary.

It is essential to note that in these small cyclic peptides,
the conformation is strongly dependent on steric interac-
tions rather than on internal hydrogen bonds, which was
well documented over a quarter of a century ago.'? This is
in contrast to standard discussions on cyclic peptide confor-
mations which often are claimed to be “stabilized” by intra-
molecular hydrogen bonds. In our N-methylated cyclic pen-
tapeptides we rarely observe “classical” f or y turns. It is
well known that inter- or intramolecular hydrogen bonds
shift the amide proton NMR signal downfield. In DMSO,
NH protons exposed to the solvent exhibit a distinct down-
field shift by binding to the strongly basic sulfoxide group of
the solvent. Intramolecularly oriented NH groups even
when involved in hydrogen bridges to amide carbonyls are
shifted upfield and show small temperature gradients. Tem-
perature gradients of protons which bind solvent molecules
are large, indicating entropy driven hydrogen bond breaking
at higher temperatures.'

Conformation of nine cyclic peptides

cyclo(-p-Ala'-MeAla’-Ala*-Ala*-Ala®-) (2): This compound
is N-methylated at Ala® and contains a cis-peptide bond in
the minor conformation. The analysis of the major confor-
mation exhibits no defined classical turn structure
(Figure 2). The strong preference of a BII' turn around the
p-Ala'-MeAla’® bond obviously is overcome by the N-meth-
ylation. The N-methyl group is pointing slightly inside the
ring. It is remarkable that all @ angles are adjusted to fulfill
the syn orientation of the a CH bond and the carbonyl
bond of the preceding amino acid. Obviously this orienta-

Figure 2. Stereopicture of cyclo(-p-Ala'-MeAla’-Ala*-Ala*-Ala’-) (2). An
energy minimized average of trajectory of 150 ps free MD in explicit sol-
vent DMSO is shown.
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tion is so strongly preferred energetically,"” that other con-
formations cannot compete and the amount of the minor
populated conformations is only 15%. Compound 2 exhibit
a structure where three adjacent NH groups point to the
same side of the molecule (upwards). Such a structure
nicely exhibits that the formation of intramolecular hydro-
gen bonds are not essential for a preferred backbone confor-
mation in cyclic peptides.

The experimental *J(HY,H“) coupling constant of p-Ala' is
6.2 Hz, however, the dihedral angle calculated by averaging
the dihedral angle of all the structures in the trajectory (a
structure was written to the trajectory every femtosecond,
resulting in 1500 structures) between p-Ala'H® and HY is
—14.6° which would have resulted in a coupling constant of
8.2 Hz.'" As the peptide does not show any major violation
of the ROE values (all ROEs are fulfilled within 0.1 A) we
assume that the coupling constant indicates a flip of peptide
bond plane (Ala>~p-Ala') about the adjacent @ and ¥. The
substitution pattern corresponds to the structure of Cilengi-
tide [cyclo(-RGDfNMeVal-)],F*! with one distinct differ-
ence: Ala* of 2 is substituted by a glycine in Cilengitide,
which allows more flexibility for the RGD peptide. In gener-
al both peptides exhibit similar structures® confirming our
premise that the conformation of small cyclic peptides in the
first approximation is determined by the sequence of the
chiralities of the amino acid sequence. However, it should
be kept in mind that the functional group of the amino acid
side chains may affect the backbone conformation mainly
with respect to the conformational homogeneity on the
NMR time scale, though the backbone conformation is ex-
pected to show the same pattern of cis and trans peptide
with similar @ and ¥ compared with the model alanine pep-
tides described herein.

cyclo(-p-Ala'-Ala’-Ala*-Ala*-MeAla®-) (5): The compound
obtained by N-methylation of the parent c(aA,) at Ala’
(Figure 3), contains only trans peptide bonds. There are no

Figure 3. Stereopicture of cyclo(-p-Ala'-Ala*Ala*Ala*-MeAla’-) (5) (de-
tails in Figure 2).

major violations of the ROE values in the structure. The
strong ROEs between Ala’NM-Ala’H*, Ala’NM-Ala‘H",
and Ala’N™—p-Ala'HY define the spatial arrangement of
the N-methyl group, which is pointing down from the plane
of the peptide cycle. Most of the & angles are close to the
preferred —120° except in position 5, where the N-methyl
group avoids steric clash with the two side chain methyl
groups of Ala* and Ala’.
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cyclo(-p-Ala'-MeAla*-MeAla®-Ala*-Ala®-) (6): The NMR
spectrum of the preferred conformation shows a strong
ROE between Ala’H® and Ala’H®, indicating the presence
of an Ala’—Ala’ cis-peptide bond. The cis-peptide bond
(Figure 4) is caused by the strong steric clash between

Figure 4. Stereopicture of cyclo(-p-Ala'-MeAla>-MeAla®-Ala*-Ala>-) (6)
(details in Figure 2). The peptide bond between Ala* and Ala’ flips by
about 180° about @ and ¥ (see text).

Ala®NM® and Ala®N™¢, Starting with the conformation of 2
and introduction of the NMe group at the Ala’ residue (see
Figure 2), forces the Ala’~Ala® peptide bond into the cis ori-
entation. It is reassuring to observe that the structure from
Ala® to Ala® is identical in 2 and 6. The cis-peptide bond
maximizes the distance between the methyl groups. Due to
the flip of the Ala*—Ala’ peptide bond only three H* out of
five are in the preferred orientation being syn-periplanar
with the CO of the adjacent residue. On the other hand, the
NH of Ala’ can now form a y turn by bonding to CO of
Ala®. However, there are several indications that the amide
bond Ala*~Ala’ flips around as was previously found for the
amide bond Ala’-Ala* in c(pA,);!"™"*"! the temperature
gradient (Table 1) of —3.6 ppb per K of Ala’H" does not in-

Table 1. Temperature gradient values of NH protons (—Ad per AT) in
ppbK ! and the values in parenthesis are the respective *J(HY,H") cou-
pling constants in Hz in DMSO.

Peptide p-Ala' Ala? Ala® Ala* Ala’

2 5462) - 26(72)  30(68)  2.0(34)
5 56(84)  1382)  36(76)  17(7.0) -

6 7500) - - 5.182)  36(17)
7 43090) - 4583) - 4.0(3.4)
10 60(68)  06(85) - - 4.0(7.5)
1 3781) 24075 - 4580) -

16 4087)  60098) - - -

21 4558) - 2004) - -

2 - - - 37092)  1.5093)

dicate a strong solvent shielding of Ala’H™. The peptide
shows strong ROE violation between Ala’HY-Ala*HN and
Ala’HN-Ala’HP (0.3 and 0.4 A, respectively, longer than the
experimental values), whereas the strong ROE between
Ala’HN-Ala*H" is not violated. This is caused by the r~° de-
pendence of the ROE which emphasize small distances and
forces the molecule into the conformation shown in
Figure 3, whereas the participation of the conformation with
the Ala’HN pointing upwards is not exhibited. The common-
ly utilized restrained MD does not usually properly present

Chem. Eur. J. 2008, 14, 15081517
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such rapid conformational equilibria and more sophisticated
technologies such as ensemble-based or time-dependent re-
strained MD methods must be utilized.!'®! For our present
purposes it is sufficient to be aware of those effects when
analyzing peptide conformations.

cyclo(-D-Ala'-MeAla*-Ala>-MeAla*-Ala’-) (7): This com-
pound differs from 6 by shifting the -NMe group from Ala®
to Ala*. A cis-peptide bond is now observed between Ala’
and Ala* in the dominant conformation (Figure 5). On the

Figure 5. Stereopicture of cyclo(-p-Ala'-MeAla*Ala*-MeAla*-Ala’-) (7)
(details in Figure 2).

other hand the structure in the range from Ala* to Ala? is
almost identical in 6 and 7. The latter is the only compound
containing a cis-peptide bond at this position. In contrast to
6 there are no ROE violations. All experimental *J(H"H")
coupling constants are large indicating syn- or anti-peripla-
nar arrangement of HY and H®

cyclo(-p-Ala'-Ala*-MeAla®>-MeAla*Ala®-) (10): The com-
pound is N-methylated at Ala® and Ala* The NMR spec-
trum of the major conformation shows the absence of any
()H*~(i+1)H* ROE cross peak of the major conformer, in-
dicating that all peptide bonds are frans. This is surprising
because all other peptides which contain an NMeAla® exhib-
it a cis-peptide bond at this position. The ROEs did not
clearly define the spatial orientation of the N-methyl
groups. Although the calculation yields a structure with a
minor violation, the result is not in agreement with the ob-
servation, because we found several missing ROE values
which should be present if the calculated structure would be
correct. As 10 is not conformationally homogenous and pre-
liminary investigations show that substitution of Ala by Val
at different positions does not cause a shift to conformation-
al homogeneity, we will not further discuss this compound
here. Usually a substitution of an Ala by Val enhances the
conformational homogeneity (the study of these effects is
currently ongoing).

cyclo(-D-Ala’-Ala’-MeAla®*-Ala*-MeAla®-) (11): This com-
pound is obtained by formal N-methylation of 5 at Ala’.
Surprisingly this small change induces the peptide bonds be-
tween Ala’~Ala® and Ala*-Ala® to adopt the cis conforma-
tion (Figure 6). This avoids steric interaction of all the
methyl groups from Ala®> to Ala’. ROE violations are ob-
served only for Ala’H*-p-Ala'H" and Ala’HP-p-Ala'HY but

Chem. Eur. J. 2008, 14, 1508 -1517
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Figure 6. Stereopicture of cyclo(-p-Ala'-Ala’>>MeAla®-Ala*-MeAla’-) (11)
(details in Figure 2).

the rest of the ROEs are in total agreement to the MD cal-
culations. To explain these ROE violations we assume again
that the Ala>~p-Ala' peptide bond is flipping and directs D-
Ala'NH above and below the plane.

cyclo(-D-Alal-Alaz-MeAla3-MeAla4-MeAla5-) (16): The
compound is obtained by additional N-methylation of 11 at
Ala’~Ala* peptide bond. Thus the compound has similar
structural elements as 11 except the obvious rotation of the
Ala®—Ala* peptide bond by about 150° due to the N-methyl-
ation of the peptide bond (Figure 7). The peptide shows

Figure 7. Stereopicture of cyclo(-p-Ala'-Ala’>-MeAla’>-MeAla*-MeAla’-)
(16) (details in Figure 2).

some violations in the ROEs, which again indicates some
flexibility of the peptide bonds. There is a typical ROE be-
tween D-Ala'HY-Ala’H" which is violated by 0.25 A; howev-
er, the other ROEs of p-Ala'H" are not violated. This sug-
gests another orientation of the Ala>-Dp-Ala' peptide bond
than present in the average structure, where p-Ala'HY is
close to Ala®H* formed by an anticlockwise rotation of the
Ala*Dp-Ala' peptide bond. The Ala’HN also shows the fol-
lowing ROE violations Ala’HN-Ala*N™¢, Ala’HN-Ala?HP,
and Ala’HN-Ala’H® The first and the third violations re-
strict the Ala’HN to orient in a fashion so that it points to-
wards Ala’H%/Ala*N™¢ and the second violation restricts the
Ala’HN to a close proximity to Ala’HP; thus, these two sets
of violations in the peptide points towards the flipping of
Ala’>-p-Ala' and p-Ala'—Ala® peptide bond. From the aver-
age structure one might conclude the presence of a y turn
about p-Ala'; however, the temperature gradient values do
not suggest that the Ala*H" is solvent shielded.

cyclo(-D-Ala1-MeAlaz-Ala3-MeAla4-MeAla5-) (21): Starting
from 7, 21 is formally N-methylated at Ala’. It is evident
from Figure 5 that N-methylation of Ala’ is sterically forbid-
den. In fact, whereas the whole conformation between Ala’—

1511
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Ala? is retained in 7 and 21 (Figure 8), there is a change in
the cis/trans arrangement of the peptide bond (cis-peptide
bond in 7 is between Ala’>—Ala®*, but in 21 between Ala*—

Figure 8. Stereopicture of cyclo(-p-Ala'-MeAla’-Ala’>-MeAla*-MeAla’-)
(21) (details in Figure 2).

Ala’) in addition to the backbone conformation in the
region Ala’-Ala’. The spatial orientation of Ala*N™° is de-
fined by exactly the same ROEs as in 16. The compound
shows a major violation of 0.34 A of the ROE between
Ala’H® and Ala’HY. Addition-
ally the Ala®HY shows a tem-

Figure 9. Stereopicture of cyclo(-p-MeAla'-MeAla>-MeAla’-Ala*-Ala’-)
(22) (details in Figure 2).

steric clash with the N- and B-protons. The low temperature
coefficient value of —1.49 ppbK™' for AlaH" indicates it is
solvent shielded. However, the absence of the ROE be-
tween Ala’H -Ala*HY and the absence of any violations,
unlike the parent c(aA,), defines the orientation of the
Ala*—Ala’ peptide bond and suggests the presence of a
closed vy turn about Ala“,

To summarize the different conformations, the @ and ¥
values of the different peptides are given in Table 2.

Table 2. @ and ¥ values of the peptides with a preferred conformation. The Q values are summarized as cis

perature  gr ?dient value of (0°) and trans (180°), denoted by c and t, respectively.
—2.00ppbK"", suggesting it is - p-Ala' Ala® Ala* Ala* Ala’®
solvent shielded. These data are @ v Q & v Q @ v Q @ v Q @ v 0
consistent with rapid flipping of 5™y Tg T os a1 1 &1 66t 100 &7 1 114 & ¢
the Ala’~Ala” peptide bond. s 129 94 t -9 -—64 t -100 -6 t -112 101 t 6 75t
The experimental bp-Ala' °/- 6 128 -8 t 131 74 t 110 11 ¢ 99 100 t 56 56t
(HVH®) coupling constant of 7 ~ 117 -9 t —101 -89 ¢ 126 8 t 128 166 c 5 64 't
58 Hz is inconsistent with the 1 =55 71 t  —138 79 t —128 43 c —138 72 t -94 -23 c
. R 16 86 —95 t —134 84 t =122 149 c 53 61 t —112 151 c
average structure where the di- 23 156 94 ¢ 80 48 t 129 8 t 58 74 t —116 142
hedral angle between p-Ala'H* 22 121 -8 t -135 80 t —109 48 ¢ -138 86 t 54 63 ¢
and p-Ala'HY is —4.2°. This ob-
servation is also consistent with
the observed minor violations Discussion

of the ROEs between bp-Ala'H*-p-Ala'HY, p-Ala'HY-D-
Ala'H? and p-Ala'H-Ala’H®. These violations suggest an
orientation wherein the Ala>~p-Ala' peptide bond is rotated
clockwise satisfying the observed ROE violations. However,
as this is a sterically demanding situation, the structure re-
laxes energetically during the free MD run, resulting in the
violation of the coupling constants and ROE.

cyclo(-D-MeAla'-MeAla’>-MeAla*-Ala*-Ala’-)  (22): The
compound can be obtained by further N-methylation of
Ala’-D-Ala' peptide bond of 6. The compound as one ex-
pects from 6, shows a cis-peptide bond about Ala’—Ala’ resi-
due whereas all other peptide bonds are in the trans config-
uration (Figure 9). The spatial orientation of p-Ala'N™® is
determined by the ROEs Ala’H“-p-Ala'N™® and Ala®HN-p-
Ala'NM¢, The deep burying of the Ala®HP is determined by
the ROE Ala’H*-Ala’HP interaction. There are no major vi-
olations of the ROE:s in the calculated structure except the
intraresidual ROE between Ala’HN-Ala’H® suggesting dy-
namics of the Ala*-Ala’ peptide bond. The compound has
similar structural elements as 6 and the N-methyl groups are
spatially oriented in a fashion to have minimum possible
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With the detailed conformational characterization of the
eight compounds described here, a total of 15 out of the 30
N-methylated alanine peptides, all which prefer one confor-
mation over 80%, can be analyzed. As a first approach, the
peptides can be grouped into five different classes
(Figure 10) based on the number and position of the cis-pep-
tide bonds. It should also be noted that in these conforma-
tionally homogeneous templates, we observe conformational
dynamics (i.e., a rotation about @ and ¥) about peptide
bonds, which are fast on the NMR shift time scale. Those
processes are often found in peptides and are detected by
non-agreement of observed and calculated distances in dis-
tinct areas. Flipping peptide bonds!"™™ are indicated in bold
in Figure 10.

In class I, there are six compounds possessing all-trans-
peptide bonds. In class II, there are two compounds which
have a cis-peptide bond between Ala*~Ala’, while class III
contains three compounds with a single cis-peptide bond be-
tween Ala*—Ala’. Class IV has three compounds with two
cis-peptide bonds (between Ala*-Ala® and Ala*-Ala’) and
finally class V has one compound, with a single cis-peptide

Chem. Eur. J. 2008, 14, 15081517
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Figure 10. Schematic representation of five different classes of cyclic N-
methylated(-p-Ala-Ala,-). The wavy bonds denote the cis-peptide bond
and the thick bonds denote the flipping nature of the peptide bond. The
inset depicts clearly the numbering and stereochemistry of the parent
peptide.

bond between Ala*—Ala*. Thus combining all the possibili-
ties of the occurrence of the cis-peptide bond, one can ascer-
tain that the region between Ala’ to Ala® is highly conserved
as under no circumstance is a cis-peptide bond about Ala’—
p-Ala' and p-Ala'-Ala® observed. The region between Ala’
to Ala’ on the other hand is variable, where N-methylation
of the peptide bond leads to the formation of one, two, or
no cis-peptide bond varying with the pattern of N-methyla-
tion. In class II and IV, the compounds have a common N-
methylated Ala’-Ala® peptide bond leading to the forma-
tion of a cis-peptide bond in this position, owing to the
strong steric interaction with the adjacent f-methyl groups.
There is only one compound, that is 7, which has an N-me-
thylated Ala’-Ala* peptide bond in the cis conformation.
All other peptides, that is, 13, 16, 18, 21, and 26, which con-
tain the Ala*-Ala* N-methylated peptide bond, exhibit a
trans conformation. To understand this behavior we begin
with 4, wherein only Ala* is N-methylated. Here we observe
50:50 equilibrium (Figure 1) of this Ala*~Ala* peptide bond
in the cis and trans conformation (data not shown). N-Meth-
ylation only at Ala® shifts the equilibrium to a strong cis
preference as in 7 (Figure 1), whereas N-methylation at any
other sites shifts it to trans.

In class III, the three compounds possessing a cis-peptide
bond at Ala*~Ala’® also have the adjacent trans Ala’-Ala*
peptide bond N-methylated. It seems that only the N-meth-
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ylation at the Ala*~Ala’ is not sufficient to introduce a cis-
peptide bond at this position until the previous Ala*—Ala*
peptide bond is N-methylated (e.g., the mono-methylated
compound, 5, exhibits one abundant trans conformer) and
all the three compounds, 13, 18 and 21 have a common N-
methylated Ala’-Ala* peptide bond. However, similar to
the previous case there is an exception to this pattern: pep-
tide 11 where the Ala*~Ala’ peptide bond is cis despite the
absence of the N-methylated Ala’~Ala* peptide bond. An
explanation of this observation can be extracted after taking
all the six compounds into account which have N-methylat-
ed Ala*-Ala’ peptide bond. Here one observes that the
single N-methylation of Ala*~Ala’ peptide bond or in con-
junction with N-methylated Ala>~p-Ala' and/or p-Ala'—Ala’
does not force Ala*~Ala’ into the cis conformation. Instead
when in conjunction with N-methylated Ala*~Ala® and
Ala’—Ala* peptide bond, the Ala*Ala’ peptide bond eventu-
ally orients in a cis conformation. Thus, either N-methyla-
tion of Ala>—Ala’, Ala>~Ala* or both is crucial to direct the
N-methylated Ala*~Ala’ peptide bond into cis conforma-
tion.

In class IV all of the three compounds, 11, 16 and 26, have
two cis-peptide bonds in equivalent positions; all three com-
pounds are identical except for the orientation of the Ala™-
p-Ala' and Ala’-Ala* peptide bonds, which exhibit trans-
peptide bonds. The plane of the Ala>-p-Ala' peptide bond
in 11 has rotated by about 170° and in 26 by about 30° in
comparison to 16. Considering the Ala*-Ala* peptide bond,
the preferred orientation of the non N-methylated peptide
bond is observed in 11, however, the N-methylation of the
Ala*-Ala* peptide bond results in a different conformation
of the peptide bond plane twisted by about 110° in 16 as
otherwise it would encounter strong steric clash with
Ala®NM¢ and Ala*HP. This orientation is, however, violated
in 26 as the N-methylation of Ala’>-D-Ala' peptide bond
leads to a strong D-Ala'NM—Ala*NM¢ steric clash and this
eventually reorients the Ala*N™® which forces the Ala*—Ala’
cis-peptide bond out providing a room for its spatial orienta-
tion. Thus in this series of N-methylated cyclic pentaalanine
peptides, there is a systematic pattern in the orientation of
peptide bond conformation and subsequently the side chain
orientation based upon the site of N-methylation.

Systematic modulation of conformation by N-methylation:
A clear picture of the conformational change by successive
N-methylation can be obtained by classifying these peptides
by virtue of their sites of N-methylation (Figure 11). Starting
from compound 2, N-methylation on either side (referring
to the N-methylated site) results in 6 and 9; in 9 the p-Ala’
N-methylation is tolerated as the p-Ala' NH in 2 points
down allowing the insertion of an N-methyl group without
much deviation from backbone of 2. In 6, Ala®> N-methyla-
tion leads to strong clash between two N-methyl groups
eventually leading to Ala?*~Ala’ cis-peptide bond. Extending
the N-methylation of 6 and 9, three peptides are obtained of
which one is conformationally inhomogeneous. In 24, Ala’
N-methylation leads to the flip of Ala*~Ala’ peptide bond
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N-Methylation on either side
of 5 results in 15 and 13. As
shown in 24 (Figure 12), N-
methylation of p-Ala' and Ala’
is tolerated in 15 without en-
forcing a cis-peptide bond con-
formation. N-Methylation of
Ala* in 5 would have a strong
clash with Ala® and Ala* methyl
group, resulting in the 180° flip
of Ala*-Ala* peptide bond
(data not presented), which
eventually forces the Ala*—Ala’
peptide bond into cis conforma-
tion. Further N-methylation of
13 and 15 leads to 16, 18 and
24; in 16, Ala® N-methylation
introduces cis-peptide bond as
in 6 and in 18 p-Ala' N-methyl-
ation retains the backbone con-
formation as 13 with a minor

change in the Ala’-p-Ala' pep-
Figure 11. Schematic diagram representing the correlation between the N-methylated cyclic peptides obtained  tide bond plane.

by systematic shift and increasing the number of N-methylation of cyclo(-p-Ala'-MeAla®-Ala’*-Ala*-Ala’-). “A”
shows two different conformation at the NMR spectrum having an abundance of (65:35), therefore the confor- . R it
mational details of this peptide omitted. ylation on either side of 1
(Figure 13) results in 9 and 15.

Further N-methylation results
in 18, 22 and 24 which are dis-
cussed above. Ala® N-methyla-
tion of 18 leads to 26, introduc-
ing an Ala>~Ala’ cis peptide re-
sulting in a similar backbone
conformation as 16, however,
the flip of the Ala*-Ala* pep-
tide bond is noticeable which
results from the steric clash of
p-Ala' N-methyl which always
points down the plane.

Thus, based on the conforma-
tions of all the 15 peptides with
a preferred conformation we
can summarize the results
which are depicted in Table 3.

Finally based on these results,
we can predict the preferred
orientation of the N-methylated
peptide bonds in Figure 14. N-
Methylation at p-Ala' and Ala?
Figure 12. Schematic diagram representing the correlation between the N-methylated cyclic peptides obtained ~ results only in subtle changes in
by systematic shift and increasing the number of N-methyl group of the parent peptide 5 that is, cyclo(-p-Ala'-  the @ and ¥ but N-methylation
Ala*-Ala™Ala'-MeAla™). at Ala* and Ala’ results in

~180° flip of the respective
peptide bond plane in compari-
preferring a trans conformation. In 22, the backbone confor- son to the parent peptide bond and N-methylation only at
mation is not much deviated from that of 6, as p-Ala' N- Ala® results in a cis-peptide bond.
methylation in 6 is sterically allowed.

Similarly extending N-meth-
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Conclusion

The conformation of eight N-
methylated cyclic peptides pre-
ferring a major conformation
resulting from the parent pep-
tide cyclo(-p-Ala-Ala,-) are de-
scribed in detail. These peptides
are compared with our previous
results of conformationally ho-
mogeneous peptides obtained
from the same library. With this
correlation we have developed
a systematic pattern of the
impact of N-methylation on the
backbone  conformation  of
these cyclic peptides.

Thus from these results one
can conclude that in cyclic N-
methylated pentapeptides with
the general formula c(aA,), the
region from Ala’-Ala® s
strongly preferred and is not
possible to introduce a cis-pep-
tide bond by variation of the
sites or number of N-methyla-
tions. In contrast, the other side
of the cyclic peptide, from
Ala*—Ala’, is variable and there
are possibilities to introduce
cis-peptide bonds by variation
in the pattern and number of
N-methylation sites.

Figure 13. Schematic diagram representing the correlation between the N-methylated cyclic peptides obtained
by extending the pattern and number of N-methylation of the parent peptide cyclo(-D-MeAla'-Ala*-Ala*-Ala*-
Ala’-). Owing to conformational inhomogeneity, the conformations of B, C and D are omitted.

Table 3. c(aA,) with various patterns of N-methylation; numbering refers
to the corresponding peptide bond which is N-methylated.
1

Y

%, CH,
%, o
5 N
HiC—_ / o 2
5
N <\
/ o
H,C O CH,
4
Peptide bond Conformation
always trans- 4
always cis-

Figure 14. Preferred orientation of the mono N-methylated peptide
bonds (it should be kept in mind that under sterically demanding condi-
tions, the plane of the peptide bonds Ala’-Ala* and Ala*~Ala’ can
rotate).

always trans except 7 (cis)
trans- preferred but cis- when 2 and/or 3 N-methylated
always trans-

[ VST S
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Experimental Section

Synthesis of the cyclic peptides: N-Methylalanine was synthesized as de-
scribed by Freidinger et al.l'”! All linear peptides were synthesized using
standard Fmoc solid-phase strategy at an o-chlorotrityl chloride resin.'*!
Non-methylated or N-methylated alanine was taken as the C-terminal
amino acid, however, the yields were lower in case of a C-terminal N-me-
thylated alanine because of endopeptolysis® ' which occurs, when N-
methylated amino acids or proline are in position one from the resin.
Fmoc-deprotection was achieved with 20 vol % piperidine in NMP and
the other amino acids (2 equiv each) were sequentially coupled with
2 equiv of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetra-fluo-
roborate (TBTU)! and 1-hydroxybenzotriazole (HOBt) in 1-methyl-2-
pyrrolidinone (NMP) as the solvent. N,N-Diisopropylethylamine (DIEA)
was used to adjust the pH to 8. In case of coupling to a N-methylated res-
idue two equivalents each of N-methylalanine or alanine, N-[(dimethyl-
amino)-1H-1,2,3-triazolo[4,5-b]pyridine-1-yl-methylene]-N-methylmetha-
naminium hexafluorophosphate (HATU)?! and 1-hydroxy-7-azabenzo-
triazole (HOAt)? were used along with DIEA to maintain 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, moni-
tored by the Kaiser test,” 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. The o-chlorotrityl linker allows to cleave off the linear peptide
with a mild treatment of acetic acid/2,2,2-trifluoroethanol (TFE) mixture
in CH,Cl, or by using a 20% solution of HFIP (hexafluoroisopropanol)
in CH,Cl, without affecting the peptide bonds. The head-to-tail cycliza-
tion was performed with diphenylphosphorylacid azide (DPPA),?!l apply-
ing the solid base method using NaHCO; in N,N-dimethylformamide
(DMF). After the completion of cyclization, which was monitored by
ESI mass spectroscopy, DMF was evaporated and the peptide was redis-
solved in minimum amount of dry acetonitrile, which precipitated the
cyclization reagents and left the crude product dissolved in acetonitrile.
The pure compound was obtained by reversed phase high-performance
liquid chromatography (RP-HPLC) purification (see Supporting Infor-
mation in ref. [1c] for yields). The peptides were characterized by ESI
mass and various NMR techniques.

NMR Spectroscopy: All spectra were recorded at 297 K on a 500 MHz
Bruker DMX spectrometer (Bruker, Karlsruhe, Germany), in
[D(]DMSO (‘H, 2.49 ppm; *C 39.5ppm) and were processed using
XWINNMR (Bruker) and analyzed with either XWINNMR or
SPARKY.”! The assignment of all proton and carbon resonances fol-
lowed the standard strategy as previously described.’ Sequential assign-
ment was accomplished by through-bond connectivity’s from heteronu-
clear multiple bond correlation (HMBC)?" spectrum. The N-methyl
group was taken as the reference for the sequence assignment, the pro-
tons of which show a correlation with the °C shift of the intra-residual 3-
methyl group by a four bond coupling at the HMBC spectrum. The f3-
methyl protons further show a correlation with the *C shift of intra-re-
sidual carbonyl by a three bond coupling, and this carbonyl also corre-
lates with the H* shift of the same residue and the H" shift of the adja-
cent residue (if not N-methylated) by a strong two bond coupling. In this
way the full sequence assignment was accomplished. TOCSY spectra
were recorded with a mixing time of 60 ms and ROESY spectra with a
mixing time of 150 ms. Temperature coefficients for the amide protons of
each peptide were determined via one-dimensional spectra 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 at room temperature. Chemical exchange were proven by ROESY
spectra, which show inverted sign as signals caused by ROEs.*!

Computational methods: Proton distances were calculated according to
the isolated two-spin approximation from volume integrals of rotating
frame nuclear Overhauser enhancement (ROESY)?®) spectra. The inte-
grated volume of the ROE cross peaks were offset corrected™ and con-
verted to proton—proton distance employing cross peak intensity of H-
HP of alanine as reference (2.19 A). Restraints were obtained by adding
and subtracting 10 % to the calculated experimental distances, accounting
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for errors via the two-spin approximation, cross-peak integration and the
slight variation of ROE due to spin diffusion. Metric matrix DG calcula-
tions were carried out with a home-written program utilizing random
metrization.’") Experimental distance constraints which were more re-
strictive than the geometric distance bounds (holonomic restraints) were
used to create the final distance matrix. The structures were first embed-
ded in four dimensions and then partially minimized using conjugate gra-
dients followed by distance-driven dynamics (DDD); wherein only dis-
tance constraints were used. The DDD simulation was carried out at
1000 K for 50 ps with a gradual reduction in temperature over the next
30 ps. The DDD procedure utilized holonomic and experimental distance
constraints plus a chiral penalty function for the generation of the viola-
tion “energy” and forces. A distance matrix was calculated from each
structure, and the EMBED algorithm was used to calculate coordinates
in three dimensions. About 95-100 structures were calculated for each
peptide, and >90% of the structures of every peptide didn’t show any
significant violation. The MD calculations were carried out with the pro-
gram DISCOVER using the CVFF force field.™ The structure resulting
from DG calculation was placed in a cubic box of length 25 A and
soaked with DMSO and a restrained MD simulation was carried out.
After energy minimization using steepest descent and conjugate gradient,
the system was heated gradually starting from 10 K and increasing to 50,
100, 150, 200, 250 and 300 K in 2 ps steps, each by direct scaling of veloci-
ties. The system was equilibrated for 50 ps with temperature bath cou-
pling (300 K). Configurations were saved every 100 fs for another 150 ps.
Finally a 150 ps free MD simulation at 300 K was carried out to prove
that the stability of the calculated conformation in the solvent is similar
to the structure obtained from experimental restraints.
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