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1 Introduction

Since many decades, drug development is inspired by lead structures that are
derived from secondary metabolites like nonribosomal peptides, terpenoids, sterols,
alkaloids, natural phenols, and polyketides that were isolated from a huge variety of
different biological sources. The structures of secondary metabolites evolved under
selection pressure for interacting with biosynthetic enzymes and target proteins as
these are their key interaction partners. While this evolutionary aspect does clearly
indicate a high probability for biological activity of secondary metabolites, the
preferred receptor binding capability of organic compounds with naturally occurring
scaffolds was also demonstrated experimentally." This supported a concept of
privileged structures that are more likely to interact with proteins, than other organic
molecules. The observation of a strongly restricted number of protein folds further
underlines the plausibility of this concept. Only 1393 or 1233 unique folds were
identified by structural classification of proteins according to the SCOP database'
and the CATH database®, respectively. As no more folds were described in the last
three years according to RCSB PDB! statistics, the number of protein folds is
smaller than suggested by the underlying diverse protein sequences. Following the
concept of key and lock developed by Emil Fischer in 1894, ® the conformational
space covered by proteins provides only a delimited number of locks and the
structural space covered by secondary metabolites provides many of the useful keys.
The huge screening efforts undertaken by some big pharmaceutical companies
within the last decade might have yielded a smaller number of interesting new drugs
or lead structures than possible, as the preferred regions of chemical space provided
by secondary metabolites (keys) on the one hand, and protein folds on the other
hand (locks), were not considered carefully enough.

In recent years, researchers became more and more interested in protein-protein
interactions. Such interactions transmit external signals into cells and throughout the
cytosol to the nucleus and other compartments, which makes them important for
regulating all kinds of processes within cells, tissues, organs and throughout whole
organisms. The most obvious inhibitors for distinct protein-protein interactions do not
consist in secondary metabolites but in peptides that are often derived from

interacting proteins, such as Enfuvirtide®”, Cilengitide®® ¥, or Eptifibatide”.

@ Enfuvirtide is an HIV fusion inhibitor that is built up of amino acid residues 643-678 of HIV-1,4 gp160.
® Cilengitide is an anti-cancer drug that inhibits angiogenesis. It was derived from the RGD motive found
in many natural integrin binding proteins.

¢ Eptifibatide is an antiplatelet drug that was derived from barbourin, a protein found in snake venom that
contains the KGD motive.



1 - Introduction

Although peptides do often not follow Lipinski's!'" and Vebers!'? rules for the
evaluation of druglikeness, they have general advantages with respect to other
drugs. Among these are a generally high activity and specificity, a low tendency for
drug-drug-interactions and for tissue accumulation as well as a low toxicity.

However, the name peptide originates from the greek term zezroc (peptos) meaning
digestible. Low stability of peptides with respect to hydrolysis is indeed an important
drawback for the application of peptides as drugs. The low oral bioavailability and an
increased risk for immunogenic effects makes the development of peptides as
therapeutics even more challenging. As the production of larger peptides like
Enfuvirtide (36 amino acid residues) by solid-phase peptide synthesis is rather
expensive, economic factors also delimit the utilization of peptides as drugs.
Numerous methods for improving peptides with respect to their applicability as drugs
were developed. The inclusion of D-amino acid residues leads to increased stability
with respect to proteases. Exchange of all residues by the corresponding D-amino
acid residue, reversal of the peptide sequence and the combined application of both
techniques yields inverso, retro™ and retro-inverso!'*'® peptides, respectively.
“Shifting” of amino acid side-chains by one position from the o carbon to the amide
nitrogen atoms results in highly N-methylated glycin oligomers, so called peptoids.
These possess less hydrogen bond donors than the according peptides and usually
more favorable bioavailability profiles.'®?% Additionally, peptide groups may be
substituted by ester, sulfonamide, thioamide, sulfoxide, ethenylene, reduced amide,
azapeptide and many other groups. The introduction of such peptide bond mimetics
is accompanied by severe steric and electronic effects that do not only affect the
close surrounding of the peptide bond, but also have pronounced effects on the
overall peptide conformation. The sulfonamide group, for example, has a preferred
dihedral angle of +/- 90°, which is exactly between cis (0°) and trans (180°) of peptide
bonds. Therefore, activity and selectivity profiles are often biased strongly when
peptide bond mimetics are introduced.

Cyclic (N-methylated) peptides containing D-amino acid residues do often possess
distinct preferred conformations, that are in case of high receptor affinity usually also
conserved in the receptor bound state. As discussed in more detail in chapter 4, such
peptides are also very likely to overcome the problem of low oral bioavailability that
provides the biggest limitation for a more widespread development of peptide

therapeutics.
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In recent years, the market for synthetic therapeutic peptides rose from € 5.3 billion in
2003 to € 8 billion in 2005.%" According to a recent study the number of peptide
drugs entering clinical trials grew from 0.3 peptides per year in the 1960s to 16.8 per
year between 2000 and 2008.%? In 2009, 75 therapeutic peptides had entered the
European, American and / or Japanese market.”"! At least four (Glatiramer acetate,
leuprolide acetate, goserelin acetate and octreotide acetate) have reached sales of
$ 1 billion.?

The recent success of peptide drugs also inspired the research presented in the
following chapters. The structures and dynamics of highly potent and receptor
subtype selective N-methylated cyclic peptides targeting distinct subtypes of
melanocortin receptors, somatostatin receptors and integrins are presented in
chapter 2.2, chapter 2.3, and chapter 3, respectively. The determination of highly
Caco-2® permeable N-methylated cyclohexapeptide scaffolds, that may serve as
structural templates for designing orally bioavailable peptide drugs is presented in
chapter 4.

In chapter 5, the rational design, resonance assignment and CD spectroscopic
investigation of a monomeric deletion protein of the small heat-shock protein Hsp26
from S. cerevisiae is presented. As the investigation of Hsp26 is rather different from
the conformational analysis of peptides presented in all other chapters, an intro-

duction to this project is given at the beginning of chapter 5.

9 The term ‘Caco-2' refers to a continuous line of heterogeneous human epithelial colorectal

adenocarcinoma cells.
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Chapter 1.1 and subchapters thereof are adapted in part from Beck, J. G.; Frank,
A. O.; Kessler, H.; NMR of Peptides, in NMR of Biomolecules: Towards Mechanistic
Systems Biology, Eds. Bertini, I.,, McGreevy, K., Parigi, G.; WILEY-VCH, Wein-
heim 2012. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA.
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1.1 Structure and Dynamics of Peptides

Linear peptides are often flexible in solution and the underlying conformational
exchange is usually fast on the timescale of chemical shifts for both, backbone and
side-chain conformers. In this respect, peptides differ remarkably with respect to
most proteins. While only 30 % of eukaryotic proteins are completely or partially
disordered,® naturally occurring linear peptides with typical lengths of 5-40 residues
do usually not adopt distinct backbone conformations in their natural (aqueous)
environments. The flexibility of linear peptides also complicates the determination of
their preferred bioactive conformations. These can be very different from any
preferred solution conformation and every attempt to determine such conformations
in another environment than their receptor is likely to yield functionally irrelevant
structures.

The crystallization of many peptides is hindered by their high flexibility (exceptions
are peptides with high Pro content). Moreover, small molecules have a relatively
large surface and their conformation therefore more strongly depends on the
environment (solvent, crystal, receptor binding). X-ray crystallography, which is the
most used method for the determination of protein structures, is therefore less
relevant for peptide structures. NMR spectroscopy has proven to be the most
important technique for the investigation of the conformation and flexibility of
peptides.

Chemically synthesized peptides are usually obtained with natural isotope
abundance of 'H, ®*C, and "N. Synthesis with high enrichment of *C and "N is
expensive and usually avoided for peptides. However, fast tumbling and a small
number of resonances lead to well-resolved NMR signals with little overlap,
especially in constrained peptides. Therefore, sophisticated three-dimensional NMR
experiments as used for '*C- and "N-enriched proteins are rarely used for peptides.
Accordingly, one set of signals is observed in NMR spectra of linear peptides
reflecting all the different fast exchanging states. Many structure investigation
protocols are aimed at finding a single conformation that fulfils all the
spectroscopically derived conformational restraints. These protocols fail to produce
ensembles of conformations that reflect the peptides flexibility, as each single
conformation is forced to fulfill all experimental restraints within the structure
calculation process.

As the number of different populated states of a flexible linear peptide can be very

high and may even exceed the number of experimentally derived restraints, an
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extensive and precise description of its conformers and their populations may be very
difficult to obtain. Due to the fact that only in the binding process a flexible peptide
will adopt its bound conformation, a detailed description of the “preferred

conformation” in solution as the bioactive conformation is useless or incorrect.

1.1.1 Cyclopeptide Conformations by NMR Spectroscopy

When peptides are cyclized, their conformational space is strongly reduced.
Furthermore, backbones of cyclopeptides with chain lengths of up to six amino acid
residues are often found to populate a distinct preferred conformation, at least in part
of the cycle. Preferred backbone conformation is usually accompanied by preferred
side-chain conformations (y; dihedral angle). This shows that individual side-chain
conformations may be stabilized when a strongly preferred backbone and
neighboring residues provide a suitable environment. A precise description of their
backbone structure and of their (side-chain-)conformer populations is often possible
by combining NMR spectroscopy, distance geometry calculations and extensive MD
simulations in explicit solvent. Even if few fast exchanging conformers are present,
the identification of the conformers and their relative populations is possible if the

averaging is carefully taken into account.®!

1.1.2 Resonance Assignment

Peptide resonances are assigned in a three step process. Groups of scalar coupled
protons are first identified from 2D TOCSY and 2D COSY spectra and assigned to
distinct amino acid types according to their chemical shifts and constitutions
(identification of amino acids). In a second step, the amino acid types are assigned to
the peptide sequence using heteronuclear Jon, 2Jon and 3Jcy correlations from
HSQC and HMBC spectra (sequential assignment). In the last step, stereospecific
assignments of diastereotopic methylene protons and methyl groups are established,
which are mostly based on homo- and heteronuclear 3J coupling constants.
Complete assignments of '*C and "H resonances of peptides should be achieved via
through-bond homo- and heteronuclear correlation experiments and not by spatial
correlation experiments like ROESY, in order to avoid bias by mixing assignment and
determination of stereostructure. The risk for misassignment of spin systems from
NOEs is especially high for peptides that contain multiple similar residues. NOEs
should therefore only be used for the determination of the conformation, not for

assignments (constitution and diastereotopy).
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Following this three-step process, protons are first grouped into spin systems in such
a way that every single proton is assigned to a specific spin system (identified from
COSY and TOCSY spectra) if at least one other proton of the same system is no
more than three bonds apart. Juy couplings across the peptide bond are usually not
observed. Accordingly, protons from different amino acids are always assigned to
different spin systems. The aromatic amino acids, as well as several others (Arg,
Asn, GIn, and Met), consist of more than one spin system due to the fact that at least
one of the protons within these residues is more than three bonds apart from all other
protons. Several proton spin systems, such as AMXY in aromatic amino acids (or in
Asn and Asp), occur in several amino acids and their identifications do not give rise
to an immediate assignment to a distinct amino acid. However, heteronuclear long-
range information to 3C and from there to more distal spin systems, as obtained from
HMBC, can connect spin systems. This is demonstrated in the example HMBC

spectrum of Figure 1.1 for a Trp and a His residue.

=
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Figure 1.1: Example HMBC experiment: Signals connect distal spin systems in the His and
Trp side-chains of MT-Il via correlations to C" with the core spin system (HN, H* H?, HP ). The
small letters a-j in the spectra designate correlations between distinct protons and C', as
given in the chemical structures of both amino acid residues. Note that the y carbon of Trp is
strongly high-field shifted.

When a peptide contains multiple identical residues and if intraresidual scalar
couplings are the only couplings considered, the unambiguous assignment of all spin
systems is prevented. Heteronuclear 2J and ®J correlations from the carbonyl carbon

to the amide, a and B protons in the same amino acid and to the amide and a proton
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of the adjacent amino acid yield the required sequence information®® that is

commonly obtained from HMBC spectral®”! (Figure 1.2).

A AH AHD AT Hg D-AT A2

AC

. 0
g L
52 5.1

Figure 1.2: Sequential assignment as derived from an example HMBC spectrum of the
cyclohexylalanine peptide cyclo(-D-Ala-Ala-Ala-MeAla-MeAla-Ala-). The small letters (k-0) in
the spectrum (aleft) correspond to the accordingly labeled correlations in the chemical structure
(right). The 3C’ resonances were first assigned to the individual spin systems via the
intraresidual HMBC cross-peaks k, | and m, n, respectively. The sequential assignment was
derived from the interresidual HMBC cross-peak (indicated as o) that links the spin systems in
the given order.

Diastereotopic assignments of methylene protons are usually obtained by evaluating
homo- and heteronuclear *J coupling constants from the protons of interest to
neighboring hydrogen and carbon atoms as shown in Figure 1.3 for the example of
the 3 protons in non-B-branched L- and D-amino acid residues. Another procedure for
the assignment of diastereotopic protons or groups (by NOE or ROE, alone or in
combination with J couplings) is most often used for proteins. However, it is believed
that this cannot be used for peptides, because the number of NOEs (or ROEs) for
peptides is usually much smaller and the system is underdetermined. ROEs should
be reserved for stereostructure determination only. Experimentally derived restraints
can be referred directly to distinct diastereotopic protons or methyl groups if the
according assignments are available. In peptide structure investigations that are
performed without diastereotopic assignments, restraints have to be referred to
pseudoatoms (with large size), which generally decreases the precision and
accuracy of structure calculations.

For the assignment of 3 protons, the populations of the three staggered x; rotamers
sc-, sc+ and trans must be taken into account as the *Jp..p and *Je.yy coupling

constants used for stereospecific assignments depend on the populations of the y;
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rotamers (Figure 1.3).%® If only the sc- rotamer is populated in L-amino acid residues,
3JHa_..mproR is large (12-14 Hz), while the other coupling constants are small (2—4 Hz
for 3JHQ_HBpmS and 1-2 Hz for the two 3JC'_H3 coupling constants). If only the trans
rotamer is populated, *Juerporos @nd *Jomporor are large (12-14 Hz and 7-9 Hz,
respectively), whereas 3JHa-HBme and 3va_Hﬁpros are small, (2-4 Hz and 1-2 Hz,
respectively). A high population of the sc+ rotamer is rarely observed in L-amino acid
residues due to the close contact of the sterically demanding side-chain with the
carbonyl and the amide group of the backbone. In the case of exclusive population of
the sc+ rotamer, only 3JC'_HBpros is large (7-9 Hz), while the other coupling constants
are small (2-4 Hz for the two 3JHa_HB coupling constants and 1-2 Hz for 3JC:_HBme). For
D-amino acid residues, similar characteristic patterns of homo- and heteronuclear

3JHQ_HB and 3JC’_HB are observed for the individual rotamer states (Figure 1.3).

L-amino acid residues

pro pro R pro pro -R pro pro R

=-60° = 180° %, = 60°
SC- SC+
D-amino acid residues
r NH R

pro pro -S pro pro -S pro pro -S

1=60° 1, = 180° 1_-60"
SC+ t SC-

Figure 1.3: Diastereotopic assignments of phydrogen atoms. A: y; rotamers and the
according 3JH(,L_HB and 3JC'.Hﬁ coupling constants of L- and D-amino acid residues as considered
in the assignment process. The prochirality of the B protons is inverted for residues Asn, Asp,
Cys, His, Met and Ser as for these residues, the priority of the more distal parts of the side-
chains is higher than the priority of the peptide backbone.

In non-B-branched amino acid residues, Jyq.tppror, “JHa-Hppros, Je-rppror, @Nd e rppros
coupling constants depend on the populations of the sc-, t and sc+ rotamers (psc., p:
and ps.:) and on the coupling constants 3Js and 3J;, which indicate whether the
underlying nuclei are in synclinal or trans orientation with respect to each other, as

shown in equations 1.1-1.4.%%
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3JHu—HBproR = psc—SJt + pt3‘Jsc + psc+3‘Jsc (1.1)
3JHWHBpros = psc—3Jsc + ptth + psc+3Jsc (1.2)
3JC‘—HBpr0R = psc—BJsc + pt3Jt + psc+3Jsc (1.3)
*Jowppros = PscJso + Pt dso T Pscs "y (1.4)

Typical values for homonuclear (heteronuclear) ®J, and %J; in equations 1.1-1.4 are
2.6 Hz (1.4 Hz) and 13.6 Hz (8.5 Hz), respectively. If a set of four *Ju,ng and *Jepg
coupling constants was determined, the diastereotopic assignment is derived by
solving the system of equations 1.1-1.4. The y; rotamer populations are
automatically obtained along with the diastereospecific assignments. Coupling
constants are usually obtained from E.COSY, by quantitative J correlation, by
forming differences and sums of traces within COSY spectra (DISCO), from phase-
sensitive HMBC spectra and from w,-filtered TOCSY experiments (HETLOC). These

techniques are described below in chapter 1.1.4.

1.1.3 Extraction of Precise Distances from ROESY Spectra

ROESYPY and NOESY cross-peak intensities depend on transversal (o,,, equa-
tion 1.5) or longitudinal (o,, equation 1.6) cross relaxation rates, respectively. Proton
distances may therefore in principal be derived from ROESY or NOESY experiments
(Figure 1.4).

4.2
y*ht, 3
Y 2 0 47210r® [1+4m212 } (1)
4.2
v'het 6
=W, -W, = < -1 1.6
0z = 2= o 4n210r6[1+4m%§ J (16)
A B

ol B | 1 |T|
H - H

Figure 1.4: Basic 2D ROESY (A) and 2D NOESY (B) pulse sequences.

10



1 - Introduction

The bracketed terms of equations 1.5 and 1.6 show in which way the sign of ¢, and
oxy, depends on 1. o, is positive for very small molecules with a low molecular
correlation time t.. Its sign changes when 1. = 1.12 ©" and remains negative when
17.>1.12 ®". In contrast, oxy IS always positive and nearly independent of t.. The
molecular correlation times of peptides under common experimental conditions are
often close to ®" and NOESY cross-peaks are very small or invisible. Because the
ROE does not change its sign, ROESY spectra are generally preferred in peptide
NMR studies, especially for small peptides with molecular weights equal to or lower
than 1-2 kDa.

It is obvious from equation 1.5 that o, depends on the inverse sixth power of the
distance (r®) of two interacting protons. This suggests that the distance ry between
protons i and j is easily obtained from ROESY spectra if a reference intensity (l;),
and the corresponding reference distance (r.r, €.9. between geminal protons (1.78 A)

or between aromatic protons) are available (equation 1.7).

= o] (1.7)

ij ref

However, this simple relation between peak intensity is valid only under certain
limitations. Spin diffusion, spin-lock resonance offset effects and magnetization
transfer by other mechanisms than transversal cross relaxation may affect cross-
peak intensities strongly or even give rise to “false” cross-peaks. In order to derive

precise distances, the following points should be considered carefully.

Initial rate approximation: The ROESY mixing time should be kept < 150 ms to
guarantee for an almost linear increase of the cross-peak intensities throughout the
mixing time. On the other hand, weak cross-peaks may vanish when too small mixing

times are applied and mixing times should thus be kept above 50 ms.

Offset effects: During ROESY spin-lock, the B, field (yB4) has to be strong enough
to lock even spins with pronounced offsets (Q) efficiently. The effective angle of the

spin-lock axis with respect to the z-axis (8) is given in equation 1.8.

0= arctan(%) (1.8)
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The offset dependent intensity loss (k;) of a cross-peak between two protons i and j
depends on the angles of the spin-lock axis 6; and 6; with respect to the z-axis. If
.= oy, kj is given by equation 1.9"" and compensated cross-peak intensities 1°° are

obtained by dividing the original cross-peak intensities | and I by k;j (equation 1.10).

I
|a}c zkl (1.10)

ij

If k; is significantly smaller than 1, offset compensated distances r°° are obtained

from offset compensated cross-peak intensities 1°° (equation 1.11).

oc
rijOC :rref Il;)i; (111)
ij

TOCSY artifacts are inseparably connected to ROESY experiments.*? TOCSY
artifacts appear in ROESY spectra if magnetization transfer via homonuclear
J couplings is not fully suppressed. This is the case along the diagonal and
antidiagonal, where the strongest TOCSY cross-peaks are observed in conventional
ROESY spectra. While a weak B, field decreases TOCSY artifacts, it increases
undesired offset effects. Optimization of a ROESY experiment for suppressing either
TOCSY artifacts or offset effects will thus go along with an increase of the respective
other undesired effect.

TOCSY artifacts may originate from one or multiple subsequent J transfers between
two protons within the same spin system (Figure 1.5 B) or from subsequent cross
relaxation and J transfer steps (Figure 1.5 C).

Cross-peaks originating from sole J transfer are of opposite sign with respect to the
originate ROESY cross-peaks and thus identified easily. If cross-peaks result from a
mixture of cross relaxation and J transfer between the two underlying nuclei, their
sign may be either negative or positive, depending on the relative strength of both
transfers (Figure 1.5 B). In case of a significant but not quantifiable contribution of J
transfer, such cross-peaks may not be used for calculating distances. Therefore,
special care has to be taken when reference intensities (equations 1.7 and 1.11) are

derived from cross-peaks between geminal protons (Figure 1.5 B). Misinterpreting
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such reference cross-peaks as exclusively “ROE” will bias any other distance

information derived from the according spectrum.

Xy

Figure 1.5: 2D ROESY spectra slices (black doublets, top) for three spin pairs Ha, Hb in three
different geometries. A: ldeal cross-peak resulting from transversal cross relaxation (red
arrow) exclusively. B: Cross-peak (black slice) of geminal protons that originates from a
mixture of J transfer (blue slice and arrow) and transversal cross relaxation (red slice and
arrow). C: Cross-peak between protons that are coupled by subsequent cross relaxation (red
arrow) and J transfer (blue arrow) via a relayed spin.

\,H‘L/cs

The subsequent transfer via J coupling and cross relaxation or vice versa from one
spin via a second spin to a third spin leads to cross-peaks that have the same sign
as cross-peaks that originate from pure cross relaxation (Figure 1.5 C). Such cross-
peaks may indicate close proximity of distant spins and thus, distance restraints
derived from such cross-peaks may be incorrect. If spins are locked by continuous
irradiation at a single frequency, TOCSY artifacts occur when the scalar coupled
nuclei have similar chemical shifts or are disposed symmetrically from the transmitter
frequency.

Overall, precise distances may be obtained from ROESY cross-peak intensities,
when spin diffusion is small, offset effects are compensated for correctly and J-
coupling effects are considered. Eliminating such effects allows for the calculation of

even more exact distances from ROESY cross-peaks. Splitting the spin-lock in two
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off-resonance mixing periods that are symmetrically placed above and below the
proton resonances (JS-ROESY)?® as well as sweeping the frequency of the spin-
lock field through the spectrum®* have proven successful in reducing undesirable
offset effects and J transfer. JSS-ROESY was recently optimized with adiabatic pulses
in order to simplify the laborious setup.®

However, conventional ROESY and compensated ROESY experiments with mixing
times of 100 - 150 ms have proven successful for the determination of inter proton
distances in cyclic peptides with errors of about +/- 10 %. Furthermore, JS-ROESY
experiments such as the recently published EASY-ROESYP! will likely further
improve the quality of distance information obtained in the structure investigation of

peptides, especially with respect to J-coupling artifacts.

1.1.4 Extraction of Dihedral Angles from 3J Couplings

3J scalar coupling constants are often considered in the investigation of peptide
structures as they are strictly related to dihedral angles by the Karplus-equation
(equation 1.12).128

3J=Acos?(®")+Bcos(®)+C (1.12)

In equation 1.12, @ is the dihedral angle. A, B and C are empirically derived
parameters that depend on the coupled nuclei and their environment. These
parameters have been calculated for the homo- and heteronuclear coupling
constants of many nuclei in virtually all environments relevant to peptide structural
investigation.

In NMR spectra of most peptides, narrow lines and low signal overlap enable the
extraction of coupling constants from various multiplet patterns. In favorable cases,
coupling constants can be read directly from multiplets in 1D '"H NMR spectra. This,
however, is restricted in many peptides to 3 JhNoHa coupling constants which are
obtained from the amide proton resonance doublet splittings. The measurement of
couplings between other nuclei (i.e. 3JHQ_HB) is impeded by couplings to other protons
that lead to complex multiplet structures. COSY cross-peaks, for example, show a
characteristic multiplet pattern with antiphase splitting by the active coupling and in-
phase splittings by couplings to other protons. Overlap usually leads to partial or full
cancellation of individual lines, which renders the direct extraction of coupling

constants from COSY cross-peaks impossible. A reduction of the number of multiplet
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lines in COSY multiplets can suppress this overlap and allow for the extraction of
numerous coupling constants. This is most commonly achieved by exclusive
correlation spectroscopy (E.COSY)®**1 by P.E.COSYP® or by forming the
differences or the sums of cross signals in COSY (DISCO)P%41,

E.COSY spectra (Figure 1.6 A) are usually detected by the addition of 2QF-COSY
spectra and 3QF-COSY spectra within one 2D experiment by consecutive double-
and triple-quantum filtering, which is achieved by appropriate phase cycling. The sign
of half of otherwise identical 2QF- and 3QF-multiplet components is inverted. When
2QF spectra and 3QF spectra are added, these components cancel to zero intensity
and the simplification of the crosspeak multiplets is achieved. It is important to note
that the 3QF component is less sensitive than the 2QF component and is therefore
detected with a higher number of scans to compensate for the intrinsic intensity
difference of these two components. 4QF is rarely considered in E.COSY spectra as
the 4QF-COSY is even less sensitive than the 3QF-COSY and leads to increased
measurement times. The potential problem of reading splittings as coupling
constants that are too large from antiphase signals and too small from in-phase
signals of partially overlapping peaks!*? is solved by E.COSY if J couplings are read
as in-phase splittings of multiplet components that are separated in both dimensions
(see Figure 1.6 A for the extraction of Ho-Hp couplings).

The DISCO technique is based on cross-sections that are extracted from COSY
spectra, usually from 2QF-COSY spectra. These are extracted along the direct
dimension from crosspeaks in such a way that the multiplet splittings are obtained at
the highest possible intensity. Similar to the underlying crosspeaks, each cross-
section will be split in anti-phase by the active coupling that gave rise to the
respective crosspeak and in-phase by the inactive couplings to all other coupled
nuclei. If two appropriate slices are added, a simplified multiplet with beneficial
properties can be obtained (Figure 1.6 B). The number of multiplet lines is reduced to
half the number within the original slices, with antiphase splittings that are equal to
the sum of the antiphase splittings in the two original slices, whereas in-phase
splittings are conserved. Differences between slices can also be obtained that are
similar to their sums, with the exception that the anti-phase splitting is equal to the
difference of those of the original slices. Errors may arise from incorrect scaling of the
cross-sections in such a way that half of the lines do not fully disappear. The
extraction of *Juq.rp, *Jherp @nd *Jugpge of Asp in a fourfold N-methylated analog of

the alpha-melanocyte stimulating hormone (a-MSH)*¥! is demonstrated in
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Figure 1.6 B based on f2 traces of four crosspeaks in a 2QF-COSY spectrum. While
DISCO is not used very often any more, it is still very useful for small peptides.
E.COSY and DISCO proved to be useful for the determination of homonuclear scalar
coupling constants in many peptide studies. For a discussion of other techniques
such as P.E.COSY,® the reader can refer to an earlier review article.*”
Heteronuclear 2J and ®J coupling constants have an importance similar to that of their
homonuclear counterparts in NMR studies of peptides. Numerous techniques for the
determination of these coupling constants have therefore been developed.
Nevertheless, their determination is usually more complicated than the determination
of homonuclear coupling constants.

In the direct dimension, peaks in phase-sensitive HMBC spectra are split in anti-
phase by the underlying active Jc or Jey couplings. Because of this, these
heteronuclear couplings can, in principle, be determined from HMBC spectra. During
the delay A of the HMBC experiment (Figure 1.6 C), transversal proton magnetization
evolves under the coupling to *C, under homonuclear proton couplings, and at a
proton specific offset. The homonuclear couplings and the proton-specific offset lead
to signal distortions that overlap with the *Jcy couplings to be determined. For this
reason, it is impossible to read ®Jcy couplings directly by eye from HMBC multiplets.
The Titman-Keeler method“¥ provides a way for the extraction of these
heteronuclear coupling constants from HMBC multiplets by fitting each HMBC
multiplet with an appropriate reference multiplet from a reference spectrum
(Figure 1.6 C). Reference multiplets must have the same distortions from evolution
under homonuclear couplings and offset. Therefore, reference spectra like TOCSY or
HSQC must be detected with an additional delay A and with the same transmitter
frequency as the HMBC spectrum to be fit. The long range Jcy coupling constant is
obtained as one of two parameters to be optimized in the fitting procedure. Fitting
requires two identical reference multiplets that are shifted by trial couplings,
subtracted from each other and adapted to the intensity of the HMBC multiplet.
Overlays of a slice taken from an HMBC C’-HB crosspeak with slices that were
calculated from a reference spectrum with different trial Jc.g coupling constants are
shown in Figure 1.6 C.

The w;-filtered TOCSY experiment (HETLOC)"“>*"! which is also routinely used for
measuring heteronuclear 2J and 3J coupling constants, differs from a conventional
TOCSY experiment in a filter, which only allows C or "N bound protons to enter t;.
Crosspeaks are observed between protons that belong to the same spin system, just

as in a normal TOCSY experiment. Since no pulses are applied to the heteronuclei
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from the beginning of t4, the spin state of each heteronucleus is identical during t;
and t,. Therefore, only connected transitions contribute to the crosspeaks and
multiplet patterns are of E.COSY type. The splitting of an H"-H* crosspeak in a
®N-HETLOC spectrumi® is shown in Figure 1.6 D. In the direct dimension, the
splitting corresponds to the small heteronuclear multiple bond coupling constant of
interest (*Junno). In the indirect dimension, the signal is split by the huge single bond
coupling constant. The large splitting in the latter separates the two lines and allows
for reading the small multiple bond coupling constant in the direct dimension even if
linewidths are large. Only long range couplings to heteronuclei with directly bound

protons can be determined from w;-filtered TOCSY experiments.
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Figure 1.6: A: nQF-COSY pulse sequence. Appropriate phase cycling can provide sums of i.
e. 2QF and 3QF-COSY, resulting in characteristic E.COSY muItipIetJ)atterns as shown below
for a N-methylated Trp residue within (Ac-Nle-cyclo(53->10¢)(Asp -MeHisG-D-Phe7-MeArgs-
MeTrp®-MeLys'®)-NH,). Couplings are preferably read from appropriately chosen in-phase
splittings, as demonstrated in the example experiment here, not from antiphase splittings
which would result in an overestimation of the couplings. B: DISCO procedure for determining
Asps 3JHG_HB couplings in the same peptide using the following cross sections of four 2QF-
COSY crosspeaks: Left, solid line: H*(f1)-H" (f2), dashed line: H(f1)-HP (f2); right, solid line:
HP (f1)-HP(f2), dashed line H*(f1)-H"(f2)). Cross sections were extracted along the direct
dimension. Sums and differences of J couplings that are read from antiphase splittings in the
sums () and differences (A) of these traces are given below. C: Phase sensitive HMBC with
gradient pulses. Multiplets like the HP-C’ (thin line) superimposed with reference spectra using
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different trial coupling constants of 1-7 Hz (bold line) clearly suggest a coupling constant of
3-4 Hz in the example shown here. D: Part of a Gly HN(f1 )-H*(f2) crosspeak from a
N-HETLOC spectrum of cyclo(-D-MeAla-Ala-Ala-Ala-Gly-MeAla-). The 2 ) NHa coupling is
obtained as offset in the direct dimension (b) of 2 multiplet components that are split by the
strong e coupling in the direct dimension (a).

Numerous other methods for determining homo- and heteronuclear 2J and 3J
coupling constants and modifications to the methods described above have been
published. It is important to emphasize that especially quantitative J correlation
experiments**" frequently used in protein NMR studies may be similarly useful for

the investigation of peptides.

1.1.5 Relative Orientations from Residual Dipolar Couplings

Angles between bond vectors and an external reference coordinate system are easily
measured using residual dipolar couplings (RDCs). RDC derived relative orientations
of bond vectors located at remote ends of a large molecule can be used as long
range restraints for structure determination. Therefore, in the last few years, RDCs
have become a popular source of structural information, especially in the case of
large biomolecules, which complements short range restraints derived from NOEs
and *J couplings.

As dipolar couplings average to zero in traditional isotropic solution state samples,
their measurement requires special sample preparations. RDCs are obtained from
NMR spectra of partially aligned samples in which the isotropic tumbling is
systematically affected by an appropriate alignment medium. Spectra detected from
appropriate samples possess linewidths that are very similar to the corresponding
isotropic solution state samples. RDCs typically range from 0.05 % - 1 % of the
underlying dipolar couplings.

Although residual dipolar couplings (RDCs) are routinely used for the investigation of
protein structures, they have rarely been used in peptide NMR studies. Stretched
cross linked poly(dimethylsiloxane) (PDMS) gels®®*** dimethylacrylamide copolymer
(PH-PDMAA) gels®, polystyrene gels®®™ and liquid crystalline phases!®®°" were used
for studying peptides with RDCs.

According to Kummerléwe et al.®® the abundance of newly described, well suited
alignment media for the investigation of small molecules will increase the popularity
of RDCs in peptide conformational studies. The consideration of larger numbers of
RDCs measured in different alignment media will further make a more detailed

investigation of dynamic processes possible.

19



1 - Introduction

1.1.6 Distance Geometry and Molecular Dynamics Calculations

(Cyclo)peptide structures are usually derived in a two step process that consists in
initial distance geometry (DG) and subsequent molecular dynamics (MD)
calculations. DG ensures extensive sampling of the conformational space and
provides ROE derived®™ structural models. These are used as starting conformations
for the subsequent MD refinement, which is based on a force field that reflects all the
inherent interactions among the atoms of the peptide and the solvent (electrostatic
interactions, van der Waals interactions and hydrogen bonds).

Distance geometry calculations are themselves subdivided into three steps.®” In a
first step, holonomic matrices are generated that contain pair-wise upper and lower
distance limits. The distance limits within these matrices are derived from rotations
around all the rotatable bonds within the peptide under investigation (geometrical
limits) and from experimentally derived information like ROEs. The latter substitute
the geometrical limits in the holonomic matrices whenever the experimentally derived
information is more restrictive. In a second step called metrization, randomly chosen
distances from the pair-wise upper and lower distance limits of all peptide atoms are
stored in a metric matrix. Finally, these distances are converted into a complex
geometry where the matrix based distance space is projected into the three-
dimensional Cartesian coordinate space in an operation called embedding. Programs
like DISGEO automatically perform these steps so the user must only define a small
number of output-relevant parameters, making DG a very comfortable tool."®"!

As DG screens the conformational space of a peptide much faster than force field
based methods, high performing computational resources are not required. However,
peptide structures calculated by DG lack accuracy due to the disregard of energy
terms and need to be refined by force field driven methods like MD simulations.
Extended MD simulations in explicit solvent may further give insight into dynamic
processes that are fast on the time scale of NMR chemical shifts like flips of

y dihedral angles within side-chains.

1.1.7 Conformational Averaging of ROEs and J couplings

It was shown above that even for molecules with a well defined conformation, the
determination of precise distances and dihedral angles is complicated by problems
like J transfer within the ROESY mixing time (Figure 1.5) and the ambiguity of the
Karplus-equation (equation 1.12). The conformational flexibility of a peptide makes its

structure determination process even more difficult.
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This flexibility is described by variations of the ®, ¥, and y dihedral angles and by cis
peptide bond isomers that occur in tertiary peptide bonds preceeding proline or other
N-alkylated residues. As @, ¥, and y dynamics is usually fast on the timescale of
NMR chemical shifts, only one set of NMR signals is observed that reflects the
equilibrium of different fast exchanging conformations. Only cis-frans isomerization of
peptide bonds is slow enough to yield distinct isomer-specific sets of NMR signals
(Figure 1.7).

A

vy
021
——
=1
g
T I
O
-@o
= =L
I -
/Z
=
o

0 H o Y,
T M
N_
| : cot H d e

H

Figure 1.7: Flexibility of peptldes. Typical dynamic processes like the reorientation of peptide
bonds (A) and of side-chains (B) are fast on the timescale of NMR chemical shifts, whereas
cis and trans isomers of peptide bonds (C) undergo slow exchange.

In equilibria of fast exchanging conformations, inter-proton distances may be strongly
time-dependent. This is reflected in ROESY cross-peak intensities that may be used
for structure calculations. Due to the r® dependence of the ROE, fast exchange
between a low populated state p(1) with a short inter-proton distance r;i(1), and a high
populated state p(2) with a long inter-proton distance ry(2) leads to large ROESY
cross-peaks which reflect almost exclusively the short inter-proton distance, rj(1)
(Figure 1.8 A). Distance restraints derived from such ROESY cross-peaks will be too
short. The distribution of distances from bD-MeTrp H*' to MeLys H' and MeLys H" in
cyclo(-MeAla-Tyr-D-MeTrp-MeLys-Val-MePhe-) as observed in a 50 ns MD trajectory

is shown for illustration (Figure 1.8 B).
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4 6 8
distance [A]
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Figure 1.8: A: Two different conformations that exchange fast on the chemical shift timescale.
A low populated (p(1) = 20%) first conformation with a small inter-proton distance of
ri(1) = 2 A and a high populated second conformation (p(2) = 80%) with a large inter-proton
distance of r;(2) = 6 A are expected to give rise to a ROESY cross-peak with an intensity that
corresponds to an apparent distance of 2.6 A. B: Two neighbored N-methylated residues
D-Trp and Lys. Their side-chain dynamics in 3-NMe-(D-Trp8,Lysg,Phe11)-seglitide is reflected
by the distributions of the distances D-MeTrp H®' to MeLys H" and b-MeTrp HY to MeLys H'
within a 50 ns MD simulation. The ROESY cross-peak intensities of both interactions
correspond to distances of 2.8 to 3.6 A.

Fast exchange is also often reflected by ®J coupling constants, which complicates
their use as conformational restraints. Only in preferable situations, coupling
constants suggest a single strongly preferred dihedral angle, (e.g. a Val y; dihedral
angle of 180° (+/- 15°) if *Juq.+p €xceeds 12 Hz) which can then be used as a restraint
that forces a single conformer to fulfill the J coupling.

Whenever ROEs and coupling constants can only be fulfilled by equilibria of the
underlying rotamers, their applicability as restraints is limited to structure calculation

techniques that consider averaging.

1.1.8 Importance of Solution Conformations

Preferred conformations of peptides are often studied in solvents like water, aqueous
buffers or DMSO. The relevance of such solution conformations for biological
systems, however, depends on their similarity with the conformations that are present
in the receptor bound states.

Most of the peptide structures presented in the following chapters are restrained by

cyclization and N-methylation, which leads to distinct preferred conformations.
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Receptor binding of these peptides should not lead to siginficant structural changes
of their backbones. In contrast, linear peptides are usually flexible in solution and any
preferred solution conformation is likely to undergo a pronounced conformational
adaptation while binding to a receptor. While biologically relevant structures of many
restrained cyclopeptides were successfully determined in the absence of any
receptor, more sophisticated methods are needed for studying the receptor bound
state of flexible linear peptides. These include exchange transferred NOESY
(et-NOESY)®2%  saturation transfer difference NMR spectroscopy (STD-NMR)®*,
intermolecular NOESY and X-ray crystallography.
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2 Highly N-methylated Cyclic Peptides Targeting distinct
Melanocortin and Somatostatin Receptor Subtypes

The project described in chapter 2.2 was a collaboration with my former colleagues
Lucas Doedens and Florian Opperer, who synthesized the cyclic peptides under
investigation. Matt Dedek and Erin Palmer, coworkers of Prof. Minying Cai and Prof.

Victor Hruby at the University of Arizona, Tucson, measured affinities and activities.

The project described in chapter 2.3 was a collaboration with my former colleagues
Jayanta Chatterjee and Burkhardt Laufer, who synthesized the cyclic peptides under
investigation. Prof. Zsuzsanna Helyes, Erika Pintér and Prof. Janos Szolcsanyi from
University of Pécs, Hungary, as well as Aniko Horvath and Prof. Jozsef Mandl| from
Semmelweis University, Hungary, handled animals. Prof. Jean C. Reubi from the
University of Bern, Switzerland, contributed somatostatin receptor autoradiography
results. Prof. Gybrgy Kéri from Semmelweis University, Hungary, conceived animal

experiments.

Motivation

The importance of G protein-coupled receptors (GPCRs) is demonstrated
impressively by the fact that about 40 % of drugs on the market target this class of
receptors. According to a recent study, two out of three novel peptide candidates that

22 Many drugs

entered clinical study between 1980 and 2008 were targeting GPCRs.
that target GPCRs are not selective for distinct receptors. The antipsychotics
olanzapine and clozapine, for example, act on twelve different GPCRs, leading to
side effects like weight gain and cognitive deficits.®® The design of new drugs
targeting this class of receptors is due to the limited number of GPCR structures still
based on the stepwise empirical optimization of known ligands. The three-
dimensional structures of a potent and selective agonist of melanocortin receptor
subtype 1 (chapter 2.2) and of a potent and selective agonist of somatostatin
receptor subtype 2 (chapter 2.3) provide valuable insight into the pharmacophores

that are required in order to selectively address these receptor subtypes.
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Chapter 2 — Targeting G protein-coupled receptors

Chapter 2.2 and subchapters thereof are adapted in part with permission from L.
Doedens, F. Opperer, M. Y. Cai, J. G. Beck, M. Dedek, E. Palmer, V. J. Hruby, H.
Kessler, J. Am. Chem. Soc. 2010, 132, 8115. Copyright 2010 American Chemical
Society.
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Mandl, J. C. Reubi, G. Keri, H. Kessler, ACS Med. Chem. Lett. 2011, 2, 509.
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2.1 G Protein-Coupled Receptors

The G protein-coupled receptors (GPCRs) are the largest of the numerous families of
membrane bound receptors and important regulators of all kinds of physiological
processes. Overall, about 800 GPCRs are encoded in the human genome, of which
460 were suggested to be olfactory and 340 to be non-olfactory receptors.®®
Currently, the physiological function of a large fraction of these receptors is not
known, which are therefore referred to as orphan receptors.”! However, the function
of more and more non-olfactory orphan receptors is investigated due to their high
potential as targets for pharmacological intervention.

Sequence alignment of the GPCR superfamily demonstrated a lack of overall
homology.®®%% Instead, six subgroups of GPCRs were identified, the well known
families A, B, C, D, E and F.* However, classification depends on the applied
criteria and the group of GPCRs that are considered. Five human GPCR families
were identified based on phylogenetic criteria; the rhodopsin (i), adhesion (ii),
frizzled/taste (iii), glutamate (iv), and the secretin family (v) (GRAFS classify-
cation).!®"®!

GPCRs are built up of an N-terminal extracellular segment, seven transmembrane
helices, three exoloops, three to four cytoloops and a C-terminal intracellular
segment.”"! The N-terminus is the most diverse segment and varies from 10 to 600
residues,®”’ whereas the seven TM helices share higher similarity. The highest
similarity is observed within the regions that interact with guanine nucleotide binding
proteins (G proteins)."? These are located at the cytosolic ends of the TM helices
three to six (TM3 — TM6). In contrast to helices in soluble proteins, the 7 TM helices
of GPCRs are hydrophobic and contain proline residues that can kink the helices and
thus alter the receptor structure./’"

The first high resolution structure of a protein that possesses the characteristic seven
trans membrane helix pattern of GPCRs was derived for the light driven proton pump
bacteriorhodopsin.”** Since then, a number of GPCR structures were determined:;

)87 B, adrenocep-

including Rhodopsin™>"® and Opsinl™®2%, B, adrenoceptor (B,AR
tor (B;AR)%# A, adenosine receptor (A;xAR)®%, CXCR4 chemokine receptor®,
and D3 dopamine receptor®. As some GPCR structures were solved in different
states (with and without ligand bound), molecular models describing typical structural
changes associated with the binding of agonists, inverse agonists and antagonists,
are evolving. Just before the publication of the human adenosine A,s receptor with

the bound ligand ZM241385 by Jaakola et al.,®® a competition between molecular
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modeling research groups demonstrated that it is even today very difficult to predict
the position of GPCR ligands within GPCR models with an accuracy that is sufficient
for the rational design of GPCR ligands.®

While the external signals that are sensed by different GPCRs are very
heterogeneous and consist in photons, ions, small organic molecules, peptides or
even huge proteins, the subsequent intracellular signaling pathways are conserved.
Heterotrimeric G proteins function as switches that link GPCR activation to
intracellular signaling cascades. Inactive heterotrimeric G protein consists of three
subunits (Ga, GB, Gy) and GDP. Upon GPCR activation, G protein is bound, which
leads to exchange of GDP by GTP, a process that goes in hand with a destabilization
of the GPCR-G protein complex and thus leads to the dissociation of the G protein
into Ga-GTP and Gpy.

Each G protein belongs to one of four main families; Gas, Ga;, Gogq and Go.** and
the subsequent signaling pathways are depending on the G protein involved. While
Gos-GTP activates adenyly cyclase and cyclic adenosine monophosphate (CAMP)
activates Protein Kinase A (PKA) which modulates the activity of numerous proteins
by phosphorylation of Serine and Threonine residues, Gpys is inactive. The G
pathway and the other G pathways differ strongly from the G pathway. Ga,-GTP, for
example, inhibits adenylate cyclase and the corresponding By subunit (Gpy;) couples
to a number of effector molecules leading to the activation of MAP kinases, and the
regulation of PLC-B, K* channels, adenyly cyclase and phosphatidy! inositol-3-kinase
(PI3K).

GPCR signaling is also inhibited by various physiological mechanisms. These include
phosphorylation of GPCRs by G protein receptor kinases (GRKs)®! subsequent
arrestin®®®"! binding and receptor internalization®®, hydrolysis of Ga bound GTP,
hydrolysis of cAMP by Phosphodiesterases (PDEs)®! as well as dephosphorylation
by Phosphatases competing with PKA.

Different agonists of a distinct GPCR may induce different active states and many
ligands bind to numerous different GPCRs. Signaling induced by a ligand may be
mediated by different G proteins. Moreover, crosstalk between signaling pathways,
and a huge variety of the different proteins involved in signaling and its inhibition
(21 Ga, 6 Gp and 12 Gy subunits!®, 7 originary GRKs!"", and 11 phospho-
diesterase isoenzyme families!'®?) show that GPCR signaling is far from being
understood in all details.

For the current thesis, the melanocortin and somatostatin system are of special

interest, as cyclic peptides were studied that target human melanocortin receptor
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subtype 1 (hMC1R) and somatostatin receptor subtype 2 (sst;), two GPCRs of high

medical relevance.

2.2 Melanocortins, their Receptors, and Melanocortin
Analogs

The melanocortins consist in a group of hormonal peptides that are derived from
different but sequentially similar parts of the 31 kDa preprohormone
proopiomelanocortin (POMC)."%"%1 As the G protein-coupled melanocortin receptors
(hMC1R, hMC2R, hMC3R, hMC4R, and hMC5R) transmit the binding of extracellular
melanocortin into cells, they are important mediators for the various physiological
functions that are controlled by the POMC system.['"®! Skin and hair coloration,'%¢"°!
inflammation!"® and immunomodulation,!''” steroid production and release,!"""""?
cardiovascular functions,!"""" energy homeostasis,!'" feeding behavior,"""®

1191211 and many other functions are associated with

penile erection, sexual behavior,
only one or two of the five melanocortin receptor subtypes. As most melanocortins
(Figure 2.1) are rather unselective with respect to the different MCR subtypes, the
search for highly selective and potent agonist and antagonist analogs is challenging.
The processing of POMC into different melanocortins,'?? the distribution of the
different types of melanocortin receptors in the body,'?'*! their natural
antagonists,!"**"*" and MCR signaling,!'®>"">13213] \were investigated intensively. For
comprehensive introductions into the POMC system, the reader is referred to the
literature. !¢l

The melanocortins, namely, o-, B-, and y-melanocyte stimulating hormone (a-, B-, and
v-MSH) and adrenal cortical stimulating hormone (ACTH) have a conserved Met-Glu-
His-Phe-Arg-Trp-Gly heptapeptide sequence. The minimal sequence for MCR activity

was shown to consist in the tetrapeptide His-Phe-Arg-Trp!"*"! (Figure 2.1).

4 5 6 7 8 9 10
Ac-Ser-Tyr-Ser-Met-GlutHis-Phe-Arg-Trp1Gly-Lys-Pro-Val-NH,
Asp-Glu-Gly-Pro-Tyr-Lys-Met-GlutHis-Phe-Arg-Trp1Gly-Ser-Pro-Pro-Lys-Asp
Tyr-Val-Met-GlytHis-Phe-Arg-TrptAsp-Arg-Phe-Gly
Ser-Tyr-Ser-Met-GlutHis-Phe-Arg-TrpiGly-Lys-Pro-Val-. ..

Figure 2.1: Sequences of a—MSH (top), B-MSH, y-MSH, and ACTH (bottom). Only the first 13
of 39 ACTH residues are shown. The conserved heptapeptide sequence that corresponds to
0—MSH,.1o is shaded gray. The smallest active sequence His®-Phe’-Arg®-Trp® is also
highlighted.
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As no melanocortin receptor structure was published to date, most ligands binding to
MCRs were discovered by the traditional approaches of medicinal chemistry and
(high-throughput) screening. Recently some of the most interesting subtype specific
MCR ligands that have been derived in the last decades were reviewed.["*]
Hruby et al. draw great attention to the importance of the versatile different active
states that are aquired by MCRs upon binding of different ligands.*¥ Most
importantly, the authors question whether non-peptidic ligands can activate MCRs in
the same way as peptidic analogs.!"*"!

As reported already in 1980 by Sawyer et al., the replacement of Met* and Phe’ in a-
MSH by norleucin (Nle) and D-Phe, respectively, yielded the more potent and stable
[Nle*, D-Phe7] a-MSH (NDP-a-MSH, MT-I, Melanotan 1).'*” The super potent cyclic
c[Cys*, Cys'’-a-MSH!"" and Ac-Nle-c[Asp®, D-Phe’, Lys'%-a-MSH-(4-10)-NH,['#>143
(MT-II, Melanotan Il) were derived when the potential benefits of peptide cyclization
had been recognized.!"**'*! MT-Il is very stable in vivo and can also cross the blood
brain barrier. MT-I, MT-Il, and bremelanotide (MT-Il lacking amidation of the C-
terminus) were used in a number of human clinical trials for pigmentation effects,
erectile disfunction and female hypoactive sexual desire disorder (HSDD).['*¢-1%2
Modification of the aromatic ring in residue D-Phe’ of MT-Il was found to have a

153 Since these early

strong effect on activity and receptor subtype selectivity.
analogs were derived, a huge number of active peptides, cyclopeptides, and small
organic molecules targeting MCRs were synthesized. As the physiological
importance of hMC4R was described earlier than for hMC3R and hMC5R, the
development of MSH analogs was focused on subtype 4 and even numerous hMC4R
selective small organic molecules like THIQ!"* or MB243!"%%! were derived. However,
within recent years, the association of MC3R with weight controlt"®"%8 with erectile
function and sexual behaviour" as well as with inflammatory responses and
cardiovascular function®™ was described, whereas the MC5R was found to be
involved in the regulation of exocrine gland function™ and in the control of
aggression.l'®"1%? This stimulated the development of potent and selective ligands
targeting these melanocortin receptor subtypes.

MC4R selective and subnanomolar agonists with the disulfide scaffold
Ac-cyclo(hCys-His-D-Phe-Arg-Trp-Cys])-NH,!'"®*! as well as similarly active and
selective lactams  cyclo(CO-CH,-CH,-CO-His-D-Phe-Arg-Trp-Dab)-NH,  and
cyclo(NH-CH,-CH,-CO-His-D-Phe-Arg-Trp-Glu)-NH,)"®" and linear peptidic MC4R
selective agonists!'®"®®! were reported.

[D-Trp] y-MSH!"®"! and cyclo(Nle-Arg-D-Phe-Arg-Trp-Glu)-NH,"®® are potent hMC3R
selective agonists, while cyclo(CO-2,3-pyrazine-CO-D-Phe-Arg-Trp-Lys)-NH, was
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found to be a potent h(MC3R selective partial agonist.!'®! Another selective agonist of
the same receptor subtype was derived by replacement of His® in MT-II by 4-Amino-
1,2,4,5-tetrahydro-2-benzazepin-3-one (Aba).['"%

The cyclic peptides Ac-Nle-cyclo(Asp-Oic-D-4,4’-Bip-Pip-Trp-Lys)-NH, (Oic: octa-

[171] and

hydro-indole-2-COOH, 4,4’-Bip: 4,4’-biphenylalanine, Pip: pipecolic acid)
Ac-Nle-cyclo(Asp—His6-D-Nal(2')-Pip-Trp—Lys)-NH,!"? are potent and highly
selective hMC5R agonists, whereas similar potency and hMC5R selectivity was
found for the antagonists Ac-cyclo(Cys-Glu-His-D-Phe-Arg-Trp-D-Cys)-Pro-Pro-Lys-
Asp-NH,""! " cyclo(CO-cis-CH=CH-CO-His-D-Nal(2’)-Arg-Trp-Lys)-NH,!"™ but also
for some small organic molecules.!'">'

Many cyclic melanocortin analogs identified so far contain a cyclic core with more
than six residues or/and a flexible sidechain-sidechain (e.g. Lys-Asp) linkage.
Substitutions of single residues can lead to significant alterations of their
conformation (and rearrange their pharmacophores). As a consequence, a reliable
prediction of the receptor subtype selectivity of newly derived melanocortin analogs is
very difficult and only possible if three-dimensional structures of new analogs are

compared with three-dimensional structures of receptor subtype selective analogs.
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2.2.1 Unselective MT-ll and Selective 4-NMe-(His®,Arg®, Trp°,Lys")-
MT-II

Ac-Nle*-cyclo(Asp®-His®-p-Phe’-Arg®-Trp®-Lys'®)-NH, (MT-Il) is a multipotent but
unselective a-MSH derived agonist of human melanocortin receptor (hMCR)
subtypes 1, 3, 4 and 5. A complete library of 31 MT-Il analogs with one to five
N-methylated peptide bonds (Figure 2.2) was synthesized by Lucas Doedens and
Florian Opperer. The synthesis was performed according to the procedure originally
described by Miller and Scanlan!””! which has been optimized by Biron et al. and

which is compatible with all commonly used amino acids.['"®
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Figure 2.2: Chemical structure of MT-II. The five N-methylation sites that were considered for
the design of a library of all 2°—1=31 analogs are indicated.
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HEK293 cells that were stably expressing the hMC1R, hMC3R, hMC4R, and hMC5R
were used for quantification of the activity for receptor binding and receptor
activation. The binding activity of the 31 N-methylated peptides and MT-Il was
derived from replacement of the well established competitive ligand
['#1]-[NIe* D-Phe’]-a-MSH ('?°I-NDP-a-MSH). Receptor activation was measured
using adenylate cyclase assays.

3-NMe-(His® Arg®, Trp®)-MT-Il and 4-NMe-(His® Arg® Trp® Lys'®)-MT-Il were identified
as potent and selective agonists of hMC1R (Table 2.1). Additional affinities and
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activities for MT-Il and the other 29 N-methylated analogs are given in the original

publication.®’!

Table 2.1: Binding and cAMP assays of N-methylated MT-II analogs. ICsq = concentration of
peptide at 50 % specific binding. EC5, = Effective concentration of peptide that was able to
generate 50% maximal intracellular cAMP accumulation. NB = 0% of '*°I-NDP-a-MSH
displacement observed at 10 uM. NA = 0% cAMP accumulation observed at 10 uM.

hMC1R hMC3R hMC4R hMC5R
compound ICsy ECso 1Cso  ECsp ICsp ECsg 1G5y ECs
[nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm]
- 6 8 9
3'NM9'(H|'\:T’_‘:’9 TP)» 57 40 NB NA NB NA NB NA
4-NMe-(His® Arg®, Trp’,
Lys™)-MT-I 14 13 2200 NA NB NA NB NA

2.2.2 Structure of 4-NMe-(His® Arg® Trp°,Lys'®)-MT-II

The conformation of the highly potent and selective 4-NMe-(His*Arg® Trp’,
Arg®)-MT-II (Figure 2.4, page 36) was investigated by NMR spectroscopy, restrained
distance geometry calculations (DG), restrained 150 ps MD simulation in explicit
water (rMD) and by unrestrained 30 ns MD simulation in explicit water (MD). Based
on NMR assignments (Table 2.2) and other NMR data (ROEs, homo- and
heteronuclear scalar coupling constants, H" temperature gradients) and on
restrained and unrestrained molecular dynamics a distinct and preferred structure
could be derived for the peptide backbone. The amide bridged side-chains of the
residues Asp® and NMe-Lys'" that are also part of the cyclic core were found to be
flexible.

The resulting good agreement between measured and calculated distances clearly
indicates a preferred backbone conformation of the structure obtained from the
restrained MD simulation (Table A.1).1""

In a very extended (30 ns) unrestrained MD simulation in explicit water this structure
proved to be stable except for slight changes of four backbone dihedral angles in the
range of 20° to 40° (Table 2.3).

33



Chapter 2 — Targeting G protein-coupled receptors

Table 2.2: Resonance assignment of 4-NMe-(His®Arg® Trp®Lys'®)-MT-Il in sodium
acetate-d4 buffer (50 mM), pH 4.5, 298 K. Chemical shifts are referenced on sodium
3-(trimethylsilyl)propionate-2,2,3,3-d4 (1H at 0.000 ppm).

HN

(HVYe) H® Hf HY H® He H¢ others

Nle* 8166 4231 1000 1281 1320 0893 - HAM. 2062
Asp® 8328 5.183 g;‘;g gg; ] ] ] ]
NMe-His® (3.115) 5.392 g;‘;g g:g;g . 2:7.084 1:8563 -

D-Phe’  7.657 4.668 g:gg Sol - 152 7327 7320
NMe-Arg® (1.559) 5.164 g;gzjl:gfg 1:;22 3.084  7.144 -
NMe-Trp® (2.695) 6.021 g:gg g:g% - 1:7.249 135117%13890 %771523 n2: 7.321-
o sz o (48 110 s

Table 2.3: ® and V¥ dihedral angles of the average structure from the restrained MD (rMD)
and from the trajectory of the unrestrained MD (MD).

Do [°] Dyp [°] e [°] ywo [°]

Nie* -101 -75.5 +/- 39.6 109 29.4 +/- 82.5
Asp’® 71 -89.7 +/- 32.7 144 112.7 +/- 16.9
NMe-His® -98 -102.4 +/-15.7 78 117.4 +/- 19.2
D-Phe’ 96 75.0 +/- 18.8 -126 -116.0 +/- 10.1

NMe-Arg® -135 -122.9 +/- 8.0 80 83.2 +/-9.9
NMe-Trp® -120  -136.6 +/- 14.0 63 96.0 +/- 12.7
NMe-Lys"° -114 -120.7 +/- 9.9 0 83.0 +/- 63.4

Indicators for the reliability of the structure shown in Figure 2.4 can be seen in the
predominantly parallel orientation of CO(i) to C*H%i+1) bond vectors'®® and in an
overall high dispersion of backbone chemical shifts (H%: 4.231 to 6.021 ppm
(Figure 2.3), HY®: 1.559 to 3.115 ppm). A comparative attempt to discuss the spectral
data of non-N-methylated MT-Il by one single preferred conformation failed. There
was considerable backbone dynamics as indicated by a high heterogeneity of the
best 30 out of 50 MT-II conformers obtained from DG calculations (RMSD of the
backbone carbon and nitrogen atoms of 1.26 A). Moreover, a low dispersion of
chemical shifts (H*: 4.198 to 4.644 ppm (Figure 2.3), H": 7.871 to 8.541 ppm), a lack
of strong differentiation of all seven backbone H temperature gradients (-8.61 to
-5.24 ppb/K) and of amide proton exchange rates as estimated by ROESY exchange

peaks, as well as a smaller preference of distinct side-chain conformations was
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observed. Altogether, these indicators suggest a more flexible peptide backbone of
MT-Il as compared to 4-NMe-(His® Arg® Trp®,Lys'®)-MT-II.
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Figure 2.3: H* regions of '"H NMR spectra of 4-NMe-(His® Arg? Trp° Lys'®)-MT-Il (A and B)
and MT-II (C and D). Spectra A and C were detected in 50 mM sodium acetate-d, D,O buffer

(pH 4.5), B and D were detected in DMSO-ds. The numbers refer to H* atoms of the
respective residues in the a-MSH sequence.

The conformation of 4-NMe-(His® Arg®, Trp®,Lys'®)-MT-Il is shown in Figure 2.4. The
ROE pattern demonstrates that all peptide bonds are trans configurated. As most of
the amide bonds are N-methylated, turn-structures are not only defined by
intramolecular hydrogen bonds.!"®"! Steric effects and dipole orientation such as the
parallel orientation of CO(i) to C*H%i+1) bond vectors!'® seem to contribute most

strongly to the conformation of smaller N-methylated cyclic peptides.
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Figure 2.4: Stereoview of the solution structure of 4-NMe-(HisG,Arg8,Trpg,Lys1°)-MT-II as
determined by NMR spectroscopy and MD calculations.

According to the NMe-His® backbone dihedral angles (®=-98°, ¥=78°) the structure
obtained from restrained MD simulation possesses an inverted y-turn'®" centered at
NMe-His®. A distance of 3.4 A between the Asp® carbonyl oxygen and the D-Phe’
amide nitrogen, a hydrogen bond angle of 141° and a moderately negative
temperature gradient of D-Phe’ HN (-5.92 ppb/K in the aqueous buffer, -5.55 ppb/K in
DMSO) indicate that the hydrogen bond within this inverted y-turn is rather weak and
protection from the solvent is incomplete. According to the minimal requirement for
B-turns,"® which consists in a distance of less than 7 A between C% and C%.s, the
inverted y-turn is located within a p-turn ranging from Asp®to NMe-Arg®
(C*-C“ distance: 6.4 A). A distance of 7.6 A between the a-carbon atoms of NMe-His®
and NMe-Trp® almost fulfills the criterion for a second overlapping Aturn, which is
close to type II' f-turn geometry, as D-Phe’ @, D-Phe’ ¥, NMe-Arg® ®, and NMe-Arg®
Y possess dihedral angles of 96°, -126°, -135° and 80°, respectively. The
overlapping turns result in a virtually complete helical twist (a-turn) that extends from
residues Asp® to NMe-Trp®. Hydrophobic clustering of the NMe-Trp® N-methyl group
with the Asp® HP, NMe-Arg® H®, NMe-Lys'® H' atoms and the NMe-His® N-methyl
group (indicated by the presence of ROESY cross-peaks between the NMe-Trp®
methyl protons and the Asp® H?, NMe-Arg® H®, NMe-Lys'® H', NMe-His® N-methyl
protons) seems to stabilize this helical twist. Within the unrestrained 30 ns MD
simulation starting from the structure of the restrained MD, slight changes occurred in
a few backbone dihedral angles as compared to the average structure from the
restrained MD simulation. Asp® ¥, NMe-His® ¥, D-Phe’ ® and NMe-Trp’ ¥ were
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most affected and changed from 144° to 113°, 78° to 117°, 96° to 75° and 63° to 96°,
respectively (Table 2.3). The RMSD between the atoms of the peptide backbone
from Asp® to NMe-Lys™ of structures obtained from the unrestrained and restrained
MD simulation is 1.0 A. According to the NMe-His® backbone dihedral angles
(® =-102°, ¥ = 117°) the inverted y-turn is less pronounced in the structure obtained
from unrestrained MD simulation. Upper bounds of some distance restraints within
the cyclic core structure (Asp’H” - b-Phe’H"; Asp°H? - NMe-His®HY®; D-Phe’H" -
NMe-Arg®H*%  NMe-Arg®H* - NMe-Lys™H";  NMe-Trp’H"® - NMe-Lys'°H*)  were
violated during the unrestrained MD simulation. This can be traced back directly to
the aforementioned changes in backbone dihedral angles. As illustrated in more
detail in the sections describing the side-chain dynamics and structure calculations, it
seems that the changes in the backbone dihedral angles were caused by artificial
strains in the amide linked Asp® and NMe-Lys™ side-chains. These were introduced
within the DG calculation as our structure calculation protocol did not take
conformational averaging explicitly into account. Accordingly, the conformer obtained
from restrained MD seems to be the best structural model for the peptide backbone
and we focused the analysis of side-chain conformation on this structure.

In consideration of the high binding affinity to hMC1R (IC50=14 nm) and the strong
restriction that cyclization and fourfold N-methylation pose on conformational
changes within the backbone of 4-NMe-(His® Arg® Trp®,Lys*®)-MT-II, we think that its
backbone conformation in agueous solution is very close to the conformation present
in the receptor bound state.

The conformation of the peptide backbone also offers an explanation for the strong
interference of D-Phe’ N-methylation with hMCR affinity, as N-methylation goes in
hand with an increased spatial requirement and increased hydrophobicity in
comparison to the replaced amide proton. If D-Phe’ is N-methylated, these
hydrophobic and steric effects would prohibit the formation of the backbone
conformation present in 4-NMe-(His® Arg® Trp® Lys™®)-MT-Il, as close proximity
between the Asp® carbonyl oxygen and the p-Phe’ N-methyl group is disfavored.
Hence, the NMe-D-Phe’ substitution would not simply displace a hydrogen bond
donor, but also lead to an altered conformation of the peptide backbone, which would
affect the presentation of the pharmacophore and prevent interaction of the aromatic

ring with the 3™ and the 6™ transmembrane binding domains aromatic groups.
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2.2.3 Dynamics of 4-NMe-(His® Arg® Trp® Lys®®)-MT-II

Investigation of side-chain conformation about the y; angle requires a careful analysis
of homo- and heteronuclear J-couplings as well as the consideration of NOE
distances in stereospecifically assigned j protons. Extended MD simulations of a
solution structure in explicit solvent can further clarify which structural flips of side-
chain dihedral angles are correlated.

The sums of the SJHQ_HB coupling constants of the individual amino acid side-chains
are in the order of 15 Hz, which excludes higher populations of the y;=60°
conformation (sc+) for the L amino acid residues, and of the y;=-60° conformation
(sc-) for the D-Phe’ residue (Table 2.4). A strong difference between the two 3JH0L-H[3
coupling constants together with a sum of both of about 15 Hz indicate however a
preferred (x;=-60°) conformation for Asp® (*Juetpros = 10.7 Hz) and NMe-Trp®
(dhanppror = 11.1 Hz), whereas NMe-His® and NMe-Arg® with identical Jyq.+ppror and
3JHQ_Hﬁpms coupling constants populate the (y;=-60°) and (x;=180°) conformations. For
D-Phe’ the difference of the 3JHa.HB coupling constants is small indicating a less
pronounced preference of the x;=60° over the y;=180° rotamer. For NMe-Lys' the
3JH0L-H[3 coupling constants indicate populations of 70 to 30 % for the y;=-60° and
v1=180° rotamers or vice versa. It is not clear, which of both is higher populated as
the chemical shifts of the two B protons are degenerated. The NMe-Lys™ H° signal is
split by two similar *Jy,. coupling constants that indicate an equilibrium of different
rotamers for the y, dihedral angle of NMe-Lys™. Overall, the dynamics of the y; and
v4 diehedral angles of the NMe-Lys™ clearly shows that no distinct preferred

conformation should be suggested for the lactam bridged side-chains.
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Table 2.4: 3JHO[_HB coupling constants as experimentally determined from E.COSY. The
according y; populations were derived by linear combination of 3JHG.HB(ap) = 12 Hz,
*Jharp(ga) = 3.5 Hz.

uase 1H2] P(1=-607) | p(x1=180°) | plx;=60°)

H%-H®proR | H°-H®proS [%] [%] [%]

Nie* 8.2;6.2 84 16
Asp’ 3.8 10.7 74 11 15
NMe-His® 7.9 7.9 48 48 4
p-Phe’ 5.3 9.2 14 25 61
NMe-Arg® 7.0 7.0 40 40 20
NMe-Trp® 11.1 47 78 19 3
NMe-Lys"° 9.5, 6 Hz 100 0

Dynamics of the side-chains that are not involved in cyclization were further
investigated by 30 ns molecular dynamics simulations in explicit water (Figure 2.5).
For analyzing the side-chain dynamics based on the structure obtained from the rMD
calculation, position restraints were applied on the carbon and nitrogen atoms of the
peptide backbone from Asp® C* to NMe-Lys'® C*. Analysis of the MD simulation
performed with such position restraints revealed that all x4 populations except of the
¥1 populations of NMe-Arg® and of NMe-Lys'® were well consistent with the *Juq.pg
coupling constants (Table 2.4, Figure 2.5). The strong preference of y;=-60° for Asp®
and for NMe-Trp® as well as the evenly populated y;=-60° and y,=180° rotamers for
Nle* and NMe-His® are indicated by *Ju..3 coupling constants and well reproduced
by the MD simulation. For D-Phe’, the preference of the y;=60° rotamer with respect
to the y,=180° rotamer, that is indicated by the *Ju,s coupling constants, is not
reflected by the MD trajectory, which suggests similar populations of the two

rotamers.

39



Chapter 2 — Targeting G protein-coupled receptors

e ’ [0] 180mmw W m
120
60

Asp®y ] ~ -# J I I

e i
N lir

' 1AM
I.l“lﬁ L
W i) W W"‘lﬂ"r M

s alunrs’

NMe-His® % [*]

DPhe’ ¥ [°)

oSE8EE oBZBES oBZEES oEZBES oBSBZS o3¢
DRQOOD | A

NMe-Arg® ¢ [°]

ek A

NMe-Trp® ¥ [] '

s e e e

1 35 00 PIRAESRIARAS A S

(=1=1==]

| | T" T
'lTTIT‘ I Jm‘ . u....ﬁ..uuw Lo L -

0 5 10152035300 5 10153035300 5 10152032530 0 5 10 15320 3530 0 § 10 15 30 35 30
[ns] [ns] [ns] [ns) [ns]

NMe-Lys'y []

CHAI GO RSO
COoO

Figure 2.5: y dihedral angles as observed during the unrestrained 30 ns MD simulation. The
column number (from the left to the right) corresponds to the y dihedral angle positions within
the side-chains.

As indicated by the MD simulation, by the ROEs and by the upfield or downfield
chemical shifts, hydrophobic clustering is crucial for the different side-chain
conformations of 4-NMe-(His® Arg®, Trp®,Lys'®)-MT-II in aqueous solution. Stacking of
the NMe-His® and D-Phe’ side-chains, that was also reported in other structural
investigations of a-MSH analogs is well observed within the MD trajectory (when
NMe-His® y; = 180° and D-Phe’ y; = 60°). Hydrophobic contacts between the D-Phe’
and NMe-Arg® side-chains that agree with strong upfield shifts of the NMe-Arg® p and
vy protons are also observed within the MD trajectory (when D-Phe’ y; = 180°). The
clustering of the NMe-Trp® indolyl ring with the N-methyl group of NMe-Arg®, which is
observed in Figure 2.4, is confirmed by ROE contacts between methyl protons and
all indolyl protons as well as by a strongly upfield shifted H"® resonance at
1.559 ppm. ROEs between the NMe-His® methyl protons and the NMe-Trp® §1 and &1
protons as well as between D-Phe’ H* and NMe-Trp® H*' are well consistent with the
orientation of the indolyl ring given in Figure 2.4. An additional ROE between the
NMe-His® methyl protons and the NMe-Trp? &5 proton indicates another orientation of
the indolyl group that was not sampled during 30 ns unrestrained MD simulation. In
this orientation the indolyl group also seems to stack on top of the NMe-Arg®
N-methyl group as shown in Figure 2.4 but with the six membered ring of the indolyl

group pointing to the left and the five membered ring pointing to the right.
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A dispersion of chemical shifts of 4-NMe-(His® Arg® Trp®,Lys'®)-MT-Il in DMSO-d6
(H*: 4.245 to 5.824 ppm (Figure 2.3), HY®: 1.893 to 3.058 ppm), which is similar to
the dispersion in the aqueous buffer (H*: 4.231 to 6.021 ppm (Figure 2.3), HY®: 1.559
to 3.115 ppm), indicates that hydrophobic interactions observed in aqueous buffer
are also present in the slightly more hydrophobic DMSO. This suggests that such
hydrophobic interactions might also be present in hMC1R bound state. In addition it
is often found that stronger conformational preference which is accompanied by

stronger biological activity indicates a closer similarity to the bioactive conformation.
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2.3 Somatostatin, its Receptors, and Somatostatin Analogs

Somatostatin (somatotropin release inhibitory factor, SRIF) was first isolated by
Vale et al. in 1972 from ovine hypothalamus and described as a factor inhibiting
growth-hormone (GH) secretion.®® Two forms are found in the human body,
somatostatin-14 and somatostatin-28, that consist of 14 and 28 amino acid residues,
respectively (Figure 2.6). Both forms possess a cyclododecapeptide substructure that
is established via an intramolecular disulfide bond. Their various physiological
functions!'® are mediated by similar high-affinity binding to five different subtypes of
the seven trans-membrane G protein-coupled human somatostatin receptors,!'®’
sstys. Receptor interaction inhibits the secretion of a number of different
hormones!'®! like GH, insulin, glucagon, gastrin and cholecytokinin. Despite of high
research efforts, it is only partially understood how the various diseases that are
affected by somatostatin (e. g. cancers, neuroendocrine tumors, Gl abnormali-
ties)'® 1871921 are linked to the individual receptor subtypes and the presence of more
than one sst receptor subtype seems to be necessary in order to induce some of the

various different somatostatin effects.

7 8 9 10
Ala-Gly-Cys-Lys-Asn-Phe{Phe-Trp-Lys-Thr{Phe-Thr-Ser-Cys
| |
S S

Figure 2.6: Sequence of somatostatin-14 (SRIF-14). In somatostation-28 (SRIF-28),
additional 14 N-terminal residues Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys
are present. The essential amino acid sequence Phe’-Trp®-Lys®-Thr' that is conserved in
many analogs is shaded gray.

Many potent and selective somatostatin analogs were derived within the last

S.[193

decade I Improved potency and selectivity, increased serum stability and oral

bioavailability were obtained!"® by reducing the overall length of the peptide
chain,['®>"! by introducing D-Trp® in place of Trp®!"9"'® by reducing the
cyclopeptides ring size,'***"! and by head-to-tail cyclization!"**?°"!. Additionally, po-
tent small organic compounds targeting somatostatin receptors were derived.2%2%

A number of cyclic somatostatin analogs are applied as therapeutics.?°>?°®! p-Phe-
cyclo(Cys-Phe-D-Trp-Lys-Thr-Cys)-Thr(ol) (Octreotide)®®, D-BNal-cyclo(Cys-Phe-
D-Trp-Lys-Val-Cys)-Thr-NH, (Lanreotide)®”, and D-Phe-cyclo(Cys-Tyr-D-Trp-Lys-
Val-Cys)-Thr-NH, (Vapreotide)?®® are used for the treatment of carcinoid syndromes

such as acromegaly but also for managing oesophageal variceal bleeding. More
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details about the application of these and similar analogs in therapies and
diagnostics as well as about their application in past and current clinical trials is given
in the literature 93206209212

The structures of many somatostatin analogs were studied by NMR spectroscopy,?'*!
which also resulted in consensus structures for sst; selective analogs, sst, agonists,

sst, antagonists, and sst, agonists.?'*2"]

2.3.1 Somatostatin and Neurogenic Inflammation

Somatostatin also plays an important role in the peripheral nervous system. It exerts
the downregulation of nociception and of neurogenic components of inflammatory
processes?'®?' that are important in the pathology of several inflammatory diseases
like rheumatoid arthritis, allergic contact dermatitis, psoriasis, asthma, and
inflammatory bowel diseases. These effects (and the bad pharmacodynamic profile
of somatostatin itself) inspired the development of somatostatin analogs as
anti-inflammatory and analgesic drugs. The release of calcitonin gene-related peptide
(CGRP) from sensory fibers of isolated rat tracheae and acute neurogenic plasma
protein extravasation in the rat paw are two processes that are associated with

neurogenic inflammation and accessible from according in vitro and in vivo testing.
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Tyr’-NMeD-Trp®-NMeLys®’-Val'>-NMePhe'"),  (3-NMe-(D-Trp® Lys® Phe' ) seglitide),”"  with
additional N-methyl groups highlighted in blue (B).
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cyclo(NMeAla®-Tyr’-D-Trp®-Lys®-Val'®-Phe'") (seglitide, Figure 2.7 A) was first de-
scribed by Veber et al. as a highly potent drug candidate for the treatment of diabe-
tes.” However, different effects were found for the new N-methylated seglitide
derivative with three additional N-methyl groups (cyclo(NMeAla®-Tyr’-NMeD-Trp®-
NMeLys®-Val'®-NMePhe'"), 3-NMe-(D-Trp®, Lys®, Phe'")-seglitide, Figure 2.7 B). It
inhibits both, CGRP release from sensory fibers of isolated rat tracheae and acute
neurogenic plasma protein extravasation in the rat paw. 3-NMe-(D-Trp® Lys®,Phe'")-
seglitide was therefore identified as an interesting analgesic drug candidate.*?"! For
more details about the results of in vivo and in vitro biological tests, the reader is
referred to the original publication.??"

Additionally, all six seglitide analogs that possessed only one or two of the N-methyl
groups at D-Trp®, Lys® and Phe'' were synthesized and tested. These and seglitide
itself did show much weaker or no such (in vivo and in vitro) inhibitory effects,
although their sst receptor affinity was shown to be significantly higher.?*"! This
finding was highly interesting, and motivated the investigation of the three-
dimensional structure of 3-NMe-(D-Trp®,Lys®,Phe'")-seglitide, that is reported in the

following sections.

2.3.2 Structure of 3-NMe-(D-Trp? Lys’, Phe'")-seglitide

The solution conformation was determined employing extensive 2D NMR studies and
extended MD (molecular dynamics) simulations. The conformation of 3-NMe-
(D-Trp®,Lys® Phe'")-seglitide is shown in Figure 2.8. A very strong ROE between
NMe-Phe'" H* and NMe-Ala® H* clearly demonstrates that the peptide bond between
NMe-Phe'" and NMe-Ala® is in cis-conformation. No further ROEs were observed
between other a-protons of neighboring residues, which indicate that all other peptide
bonds are in trans-conformation (Table B.1). Although most of the amide bonds are
N-methylated, two B-turns about NMe-D-Trp®, NMe-Lys® and NMe-Phe'', NMe-Ala®

exhibit a characteristic intramolecular hydrogen bond pattern via the two H" atoms.
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Figure 2.8: A: The structural formula of 3-NMe-gD-Trp8,Lysg,Phe”)-seglitide. B: Stereoview of
the solution structure of 3-NMe-(D-Trp8,Lys ,Phe”)-seglitide as determined by NMR
spectroscopy and MD calculations. The conformation shown here was extracted by cluster
analysis as the most representative frame of the MD calculation.

According to the backbone dihedral angles of NMe-p-Trp® (®=92°, ¥=-99°) and
NMe-Lys® (®=-119°, ¥=5°) the structure obtained from restrained MD simulation
possesses a B-turn (type II) centered at these two residues.®" A distance of 2.2 A

I' amide proton and the Tyr’ carbonyl oxygen, a hydrogen bond

between the Va
angle of 129° and a weakly negative temperature gradient of Val'® HY (-0.3 ppb/K in
DMSO) indicate that the hydrogen bond within this turn is rather strong. A second
B-turn (type Vla) possesses dihedral angles of NMe-Phe'' (®=-44°, ¥=122°) and
NMe-Ala® (®=-119°, ¥=77°) and a cis configuration of the peptide bond between
NMe-Phe'' and NMe-Ala®. A distance of 1.8 A between the Tyr’ amide proton and
the Val'® carbonyl oxygen, a hydrogen bond angle of 151° and a weakly negative
temperature gradient of Tyr’ HY (-1.3 ppb/K in DMSO) indicate that the hydrogen
bond within this B-turn is even stronger than the hydrogen bond of the type II' B-turn.

The Tyr” HN-val'® O’ and Val'® H"- Tyr’ O’ hydrogen bonds orient the Tyr” and Val'®
residues in a geometry that is usually found for individual hydrogen bonded residues
in neighbored antiparallel B-strands. The backbone dihedral angles of Tyr’
(@ =-116°, ¥ =110°) and Val'® (® =-163°, ¥ = 102°) confirm the similarity to this
secondary structure element, as they are close to the corresponding backbone

dihedral angles in parallel and antiparallel 3-sheets.
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Table 2.5 Resonance assignment of 3-NMe-(D-Trp® Lys® Phe'')-seglitide in DMSO-d6 at
298 K. Chemical shifts are referenced on DMSO (1H at 2.520 ppm).

HN
(HVe) H* Hf HY H° H? H¢ H"
NMe-Ala®  (2.404) 4772 0228
Tyr’ 8359 4928 2901 6.949  6.698 9.273
proR: 1: 2:
8 3.184 1: : 7.410 2:
NMe-D-Trp®  (2.886) 5.188 >3} rizs J0s80 5P T,
2915 7 7.105
NMe-Lys®  (2.506) 4.873 ]';22 g'ggg 1405 2705 7.683
10 proR:0.833
val 6.005 4891 2142 POIOO
1 3.080
NMe-Phe'!  (3.210) 5205 5500 7254 7315  7.258

Besides hydrogen bonding, hydrophobic clustering of the Val'® y-methyl groups with
the NMe-Lys® N-methyl group and of the NMe-Ala® B-methyl group to the n-surface of
the neighbored NMe-Phe'' phenyl ring seem to stabilize the peptide backbone
conformation (Figure 2.8). These hydrophobic contacts are indicated by
Val'® H’-NMe-Lys® H"® ROEs and by NMe-Ala® H*-NMe-Phe'' H** ROEs as well as
by a strongly highfield shifted NMe-Ala® H? resonance.

The high spatial requirements of the four N-methyl groups and the two strong
hydrogen bonds between the Tyr” and Val'® residues indicate that the backbone of
3-NMe-(D-Trp® Lys®,Phe'")-seglitide should be in a well defined and rather inflexible
conformation, as observed during the extended MD simulation. This suggests that its
backbone conformation in solution can sustain in the receptor bound state. Even
weak conformational changes of the backbone during the binding process might be
thermodynamically highly disfavored and lead to the comparably weak affinity to sst,
(no perfect match between cyclopeptide structure and the sst, receptor), as
compared to other less constrained analogs that might adapt to the sst; binding

pocket more easily.
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Table 2.6: Average ® and ¥ dihedral angles and their standard deviations as extracted from
the MD trajectory.

q)MD [O] ‘pMD [O]
NMe-Ala® -122.8 +/- 6.6 67.9 +/-21.5
Tyr’ 1327 +/-19.2  114.9 +/- 13.1
NMe-D-Trp® 81.1+/-11.4 -107.2 +/- 8.1
NMe-Lys’ -111.6 +/- 12.0 0.8 +/- 22.1
val'® 1174 +/-18.3  120.8 +/-14.0
NMe-Phe'! 447 +/-24.7 115.6 +/- 9.4

The conformation occupied by 3-NMe-(D-Trp® Lys®,Phe'")-seglitide, that possesses a
single cis peptide bond, is also found in a highly Caco-2'%! permeable scaffold. As
described in more detail in chapter 4, the right N-methylation pattern has to be
present on this scaffold, in order to achieve high Caco-2 permeability for cyclo-(a-A-
A-A-A-A) peptides. Among all the different N-methylated seglitides that were tested in
vitro and in vivo,”®" only 3-NMe-(D-Trp® Lys® Phe'')-seglitide possesses an N-
methylation pattern that is favoring high oral bioavailability for cyclic hexapeptides

with a single cis peptide bond.

2.3.3 Dynamics of 3-NMe-(D-Trp®,Lys’,Phe'")-seglitide

Investigation of side-chain conformation about the y; angle requires a careful analysis
of homo- and heteronuclear J couplings as well as the consideration of NOE
distances in stereospecifically assigned B protons.”?? Extended MD simulations of a
solution structure in explicit solvent can further clarify which structural flips of side-

chain dihedral angles are correlated.

Table 2.7: 3JH0_HB Coupling Constants and the according y; populations, as derived by
assuming the following coupling constants: *Juq.ng(@p) = 12 Hz, *Jhang(ga) = 3.5 Hz.

3
Jnanp [HZ] Py = -60°) P = 180%) P = 60%)
H%-HP proR | H%-H® proS [%] [%] [%]
Tyr’ 45,71 54 46
NMe-p-Trp® 10.5 5.8 0 | 78 22
NMe-Lys’ 11.0, 4.7 100 0
Val 4.0 % | 6 0
NMe-Phe™! 5.8, 10.6 100 0
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The sums of the *Ju,+p coupling constants of the residues NMe-D-Trp®, NMe-Lys®
and NMe-Phe'" exceed 15 Hz, which excludes higher populations of the y; = 60°
conformation (sc+) for the NMe-D-Trp® residue, and of the y; = -60° conformation
(sc-) for the NMe-Lys® and NMe-Phe'" residues (Table 2.7). The sum of the Tyr’
3JHWHB coupling constants (12.6 Hz) is significantly smaller and indicates a
considerable population of the y,=60° rotamer, that is for steric reasons usually
disfavored in L-amino acid residues. A small 3JHa_HB coupling constant of 4.0 Hz
excludes the Val'® y,=180° rotamer (with antiperiplanar orientation of H* and H) from
being populated significantly. A strong difference between the two 3JHa_HB coupling
constants together with a sum of both of more than 15 Hz indicate a preferred
(x1=180°) conformation for NMe-D-Trp® (3JHa_HBpr0R = 10.5 Hz), whereas signal overlap
or a poor signal to noise ratio precluded similar unambiguous stereospecific
assignments and a similar detailed analysis of y; populations of the other non
B-branched residues. Consideration of the intraresidual Val'® HN-HM® and H*-HY®
ROEs together with the small 3JHWHB coupling constant (4.0 Hz) and the large 3JHN_H(X
constant (9.3 Hz) clearly demonstrated a very strong preference of y; = -60° for this
residue.

The qualitative analysis of strong sidechain-sidechain ROEs from NMe-D-Trp® H' to
both NMe-Lys® H’ protons and the strong highfield shift of one of the B protons
(1.153 ppm) and the two y protons (0.669 ppm, 0.872 ppm) of NMe-Lys®, (Table 2.5)
further suggest the close proximity of these NMe-Lys® protons to the surface of the
indolyl ring system. Despite of the apparent close proximity of these side-chains, the
MD trajectory suggests some flexibility for the y; and y, dihedral angles of both
residues. However, as clustering of these side-chains was successfully correlated
with sst receptor activity for other analogs,®?® the close contact of these side-chains
has to be assumed also for the sst, bound state of 3-NMe-(D-Trp®Lys® Phe'’)-
seglitide.

Overall, the SJHa-HB coupling constants agree well with y; rotamer populations that

were observed in the MD simulation (Figure 2.9).
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Figure 2.9: y, dihedral angles as observed during 50 ns MD simulation from residue Tyr7 on
the left in sequential order to residue N-Me-Phe'" on the right.
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3 Di-N-methylated Analogs of c(RGDfV) Targeting
Integrin Subtype avf3 Selectively

This project was a collaboration with my former colleagues Carles Mas-Moruno,
Lucas Doedens and Andreas Frank, who synthesized the cyclic peptides under
investigation and performed solid-phase binding assays as well as preliminary NMR
studies. Molecular docking was contributed by Prof. Luciana Marinelli, Prof. Ettore

Novellino and Sandro Cosconati from the Universita di Napoli “Federico II”, Italy.

Motivation

The anti-angiogenic drug Cilengitide [c(RGDfNMeV)] is an unselective inhibitor for
avB3, avp5, and a5B1 integrin subtypes. Integrin subtype selective Cilengitide
analogs will help to better understand the importance of the individual integrin
subtypes in angiogenesis and possibly reduce side effects. Within the current project,
the avB3 specific analog ¢(RGNMeDfNMeV) was derived by introducing two
N-methyl groups on the ¢(RGDfV) template. Conformational analysis and docking
studies yielded a better understanding of the structural properties that are critical for

discrimination between avp3 and av35 integrins.
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Chapter 3 and subchapters thereof are adapted in part from Mas-Moruno, C.; Beck,
J. G.; Doedens, L.; Frank, A. O.; Marinelli, L.; Cosconati, S.; Novellino, E.; Kessler,
H.; Increasing avB3 Selectivity of the Anti-Angiogenic Drug Cilengitide by N-
Methylation, Angewandte Chemie International Edition 2011, 50, 9496-500.
Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA.
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3.1 Cilengitide and Integrins

The drug Cilengitide, c(RGDfNMeV), is a cyclic RGD pentapeptide (R = arginine, D =
aspartic acid, G = glycine) that is currently in clinical phase Il for the treatment of
brain tumors and in phase Il for other cancer types.?*??°l The antitumoral properties
of this peptide are based on its antagonistic activity for pro-angiogenic integrins, such
as avp3, avp5, or a5p1. However, the specific roles of these integrin subtypes in
angiogenesis and cancer are not yet clear and fully understood. In the following,
di-N-methylated analogs of the stem peptide ¢(RGDfV) are presented, which retain
an avB3-binding activity in the nanomolar range but have lost most of the activity for
integrins avB5 and/or a5B1. Highly active and selective peptides for avp3 are
important tools to study the specific role of this integrin in angiogenesis and cancer.

Integrins are heterodimeric receptors that govern cell-cell and cell-extracellular
matrix (ECM) interactions, and play crucial roles in a plethora of cellular functions.!??°!
The fact that many integrins are involved in pathological processes, such as tumor
angiogenesis, has stimulated their study as therapeutic targets.?”%*% A number of
integrin receptors recognize and bind the tripeptide sequence RGD, which is a
prominent cell adhesion motif present in ECM proteins.?*"#? Mimicking this
tripeptide sequence with RGD-peptides or peptidomimetics is hence a promising
approach to target integrins involved in angiogenesis and to develop anti-cancer

agents [9,224,225,228,233,234]

It is known that avB3 and avp5 are involved in two different angiogenic pathways.??*"!
Whereas angiogenesis induced by basic fibroblast growth factor (bFGF) or tumor
necrosis factor a depends on av33, angiogenesis triggered by vascular endothelial
growth factor (VEGF) or transforming growth factor-a is avB5-dependent. These two
integrins are also described to be important mediators in the regulation of hypoxia in
glioblastomas.®®! However, mice lacking either av or B3 and B5 integrins showed
extensive angiogenesis.>"?*® These intriguing results were a matter of debate and
challenged our understanding about the role of these two integrins in
angiogenesis. 2"l The integrin a5B1 is also highly expressed in angiogenic
vasculature by several angiogenic stimuli, such as bFGF but not by VEGF.[242243
Since avP3, avB5 and a5B1 have partially overlapping ligand affinities,'**? it is
plausible that a5B1 might substitute the pro-angiogenic activity of the other integrins.
Paradoxically, another recent study showed that low concentrations of Cilengitide
stimulates VEGF-mediated angiogenesis.**! Although the doses used in this study

are far lower than therapeutic concentrations®®?* and hence such a “pro-
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angiogenic” effect is not likely to be observed in the clinical studies, it becomes

evident that a better understanding of anti-angiogenic agents is necessary.**4

3.2 Activity of di-N-methylated c(RGDfV) Analogs

It was already shown in the preceeding chapter 2 but also in previous publications
that N-methylation can increase the selectivity towards specific receptor sub-
types.?472%% gelectivity is often caused by the induction of conformational constraints
in the peptide backbone, which lead to preferred single conformers that are essential
for biological activity.[**?*"?*® This suggested that further N-methylation of Cilengitide
could result in enhanced selectivity profiles. For this reason a library containing all
the di-N-methylated analogs of c(RGDfV) (Figure 3.1) was designed and

synthesized.
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Figure 3.1: Schematic representation of the library of di-N-methylated analogs of c(RGDfV).

The impact of the extra N-methylation on Cilengitide in terms of integrin binding
activity and selectivity was evaluated using an ELISA-type solid-phase binding assay
for the pro-angiogenic integrins avpB3, avp5, and a5B1 as well as for the platelet
receptor allbB3 (Table 3.1).

The analogs in which Val was non-methylated (5-10) showed a dramatic decrease in
avB3-binding activity, regardless of the position of the N-methylated residues. This
effect was particularly observed for peptides 9 and 10, in which the antagonistic
activity for the vitronectin receptor was totally lost. In contrast, when Val was
N-methylated, the resulting analogs (1-4) displayed low nanomolar activity for the
avB3 integrin receptor. These results indicate that NMeVal is a crucial residue to
retain the activity for this receptor, probably by inducing a preferred bioactive

avB3-binding conformation. >
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Table 3.1: The di-N-methylated analogs of Cilengitide and their binding affinity (ICsq in nM)
towards av33, av5, a5p1 and allbf3.

avpB5/ ab5p1/

avp3 avfs a5p1 allbp3 avB3  avp3

Cilengitide c(RGDfNMeV) 0.65 (+0.07) 11.7 (+1.5) 13.2 (+0.6) 815(+60) 18 20

1 c(RGNMeDfNMeV) 5.9 (+2.5) >3000 270 (+95)  >1000  >500 46
2 c(RGDNMefNMeV) 36.2 (+8.1)  >10000 >2000 >10000 >250 55
3 c(RNMeGDfNMeV) 13.2 (+1.8) 313 (+122)  >1000 >2000 24 >75
4 c(NMeRGDfNMeV) 1.9 (+0.3)  40.9 (+3.2) 39.5(+1.3)  >1000 22 21
5 c(NMeRGNMeDfV) 142 (+33) >10000 >2000 >10000 >70  >14
6 c(RGNMeDNMefV) 173 (+12) >10000 >5000 >10000 >58  >29
7 c(RNMeGNMeDfV) 965 (+96) >10000 >1000 >10000 - -
8 c(NMeRNMeGDfV)  >1000 >10000 >10000 >2000 - -
9 c(RNMeGDNMefV)  >10000 >10000 >10000 >2000 - -
10 c(NMeRGDNMefV)  >10000 >10000 >10000  >10000 - -

Analogs 9 and 10, which are totally inactive, are both N-methylated at D-Phe. It could
be hypothesized that this biological effect was due to the loss of a hydrogen-bond
donor at this position:;***! however, peptide 2, which also has a NMe-D-Phe unit,
exhibits a remarkable nanomolar antagonistic activity. The effect of NMe at the Arg
residue is also interesting. In a previous study, a peptide with a single N-methylation
of this residue showed an ICs, of 5.5 nm."! Herein, the presence of NMeArg is found
in peptides with activities ranging from superpotent (1.9 nm, 4), moderate (142 nm,
5), low (>1000 nm, 8) and very low (>10000 nm, 10). These data clearly indicate that
the biological activity of these peptides more strongly depends on their overall
conformation rather than on the local effects of a single N-methylation.?¢%
Noteworthy, most members of the library are inactive for the integrins avf5 and
a5B1. If we focus on peptides 1 to 4 (highly active for av33) only 4 shows nanomolar
activity for these receptors, with selectivity ratios very similar to Cilengitide. In
contrast, in peptides 1 and 2 the activity for av35 is strongly or fully suppressed, with
selectivity ratios much higher than those found for Cilengitide (>500-fold for 1 and
>250-fold for 2). Compound 3 does not show an improved selectivity towards av35
but towards a5B1. For all these compounds the selectivity of Cilengitide against
allbB3 was either maintained or improved. A strong reduction in binding activity for
avp5 and a5B1 was also observed for analogs 5-10. However, these peptides are of

lower biological interest due to their low (or absent) affinity for av3.
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3.3 Structures of Selected di-N-methylated c(RGDfV) Analogs

To rationalize these findings and to explain the obtained selectivities in a better way,
three peptides were chosen for structural studies: peptide 1, a selective ligand that
shows nanomolar activity for av3 and low activity for av35; peptide 4, which is active
for both receptors in the nanomolar range and therefore not selective; and peptide
10, totally inactive for all integrins. Based on NMR spectroscopic assignments
(Table 3.2), ROEs, homo- and heteronuclear scalar coupling constants, H"
temperature gradients, and on distance geometry calculations, distinct preferred

structures could be derived for the three peptide backbones (Figure 3.2).

Table 3.2: Resonance assignment of 1, 4, and 10 in DMSO-d6 at 300 K. Chemical shifts are
referenced on DMSO ('H at 2.520 ppm).

1 HN (HY®) H* H? HY H  H H
Arg’ 8.345 3.539 1.96 1.467 3.11 7.558
Gly? 7.593 3.592/4.148

NMe-Asp®  (2.834) 4.638 2.398/2.920
) 4 proR: 3.092
D-Phe 8.07 5.011 or0S: 2.764 7.189 7.243 7.173
5 proR: 0.867
NMe-Val®°  (2.859) 4.327 2.056 or0S: 0.540
4 HN (HM) H* H? H H®  H® H
NMe-Arg’ (2.603) 4.732 1.689/2.069 1.350/1.475 3.160 7.610
Gly? 8.256 3.395/3.740
3 proR: 2.822
Asp 8.670 4.661 or0S: 2.452
) 4 proR: 2.917
D-Phe 7.459 4.990 Or0S: 2.852 7.183 7.253 7.200
Val5 proR: 0.731
NMe-Val®  (2.749) 4.854 2.121 OroS: 0.342
10 HN (HY®) H* H? HY H  H H
NMe-Arg'  (3.227) 3.707 1.838/2.022 1.401/1.582 3.145 7.591
Gly? 8.334 3.331/4.099
3 proR: 2.723
Asp 7.217 4.879 Or0S: 2.295
NMe-D-Phe* (2.667) 5.502 2.944 /3.199 7.222 7.273 7.211
5 proR: 0.683
val 6.805 4.751 2.015 DroS: 0.912

The structures of 1, 4, and 10 possess pronounced differences. In peptide 1, all
peptide bonds are in trans configuration and all peptide bond planes, except of the

Gly?>-~NMe-Asp® peptide bond are oriented almost perpendicular to the plane of the
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peptide ring (Figure 3.2). Characteristic dihedral angles for complete - and y-turns
are missing. The C-O bond vectors of Arg', NMe-Asp® and D-Phe* are aligned
parallel with respect to C*-H* bond vectors of the respective subsequent residues.
Antiparallel orientations of these dipolar bonds is crucial for stabilizing peptide
conformations.!"®”! Two similar ROEs between NMe-Asp® H"® and both Gly? o protons
(Table C.1) clearly support the Gly>-NMe-Asp® peptide bond to be in plane with the
peptide ring. Extended 50 ns MD simulation in explicit DMSO further indicated
significant flexibility of the Gly residue and the adjacent peptide bonds.

According to the backbone dihedral angles of NMe-Val® (®=-121.5°, W=87.1°),
NMe-Arg" (P=-114.5°, Y=164.2°) and an intermediary cis configured peptide bond,
peptide 4 possesses a B-turn of type VIb along these residues (Figure 3.2). A
strongly negative temperature gradient of Gly? H" (-5.04 ppb/K in DMSO) indicates
that the turn is not stabilized by a hydrogen bond. Asp® is located in position i+1 of an
inverted y-turn. Asp® ®=-90.4° and Asp® W=90.9° suggest a weak hydrogen bond
between Gly?> O’ and D-Phe* HY, that is also supported by protection of D-Phe* H"
from the solvent (8 = 7.459 ppm; AS/AT = -2.34 ppb/K). The C-O bond vectors of
NMe-Arg', Gly?, Asp® and D-Phe* are aligned parallel with respect to C*-H* bond
vectors of the respective subsequent residue. Extended 50 ns MD simulation in
explicit DMSO indicated significant flexibility of the NMe-Arg'-Gly? and the Asp*-
D-Phe* substructures.

A y-turn centered at NMe-D-Phe* (® = 79.8°, W = -95.1°) with a characteristic strong
hydrogen bond between Asp® O’ and Val® H" (8 = 6.805 ppm; AS8/AT = 0.53 ppb/K) is
found in peptide 10 (Figure 3.2). No further - and y-turns are present. The C-O bond
vectors of Gly?, Asp® and NMe-D-Phe* are aligned parallel with respect to C*-H* bond
vectors of the respective subsequent residue. Extended 50 ns MD simulation in
explicit DMSO indicated significant flexibility of the Arg’-Gly? substructures.

Further, molecular-docking studies of these peptides were attained into the av33
X-ray structure®* as well as in newly constructed avp5 homology models. Docking
of 1 on avp3 showed that this peptide is able to interact with this receptor similarly to
Cilengitide (Figure 3.3 a). Nevertheless, note that the substitution of the Asp residue
in Cilengitide with NMeAsp in 1 does affect to a certain extent the binding mode to
avB3. In particular, this modification causes the loss of a hydrogen bond with (B3)-
D216 CO but more importantly an evident relocation of the lower part of the peptide
occurs (Figure 3.3 b). This result explains why 1 has approximately tenfold lower

affinity to av3 than Cilengitide (5.9 nm and 0.65 nm, respectively).
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Figure 3.2: Stereoviews of peptides 1, 4, and 10.

For docking to the avB5 receptor, 100 avB5 homology models, differing in the
specificity determining loop (SDL) conformation, were generated. Prior to docking
calculations, all 100 models were tested for their capability to host the unselective
Cilengitide and only those able to bind were further considered for docking of 1, 4,
and 10. As predicted, in these models Cilengitide assumed a binding pose similar to

the experimentally determined bound state in avp3.1>*¥
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Figure 3.3: (a) Structure of 1 (yellow) docked in the avB3 integrin binding pocket. The av and
B3 subunits are represented by the pink and cyan surfaces, respectively. In both subunits the
amino acid side-chains important for the ligand binding are represented as sticks. The metal
ion in the MIDAS region is represented by a magenta sphere. For comparison reasons, the
X-ray structure of Cilengitide (white sticks) (b) as well as the (85)-D279 residue (blue spheres)
(c) are represented. Red circles highlight N-methyl groups in a) and c).
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Interestingly, analysis of the multiple docking simulations performed on the av35
selected models demonstrated that in the case of 1, a well-defined binding mode
could not be easily identified. The ligand Asp N-methylation causes a pronounced
effect on the binding to avp5. In an attempt to rationalize such a behavior, the
predicted 1/avB3 complex was superimposed to the modeled avB5 receptor
structure. As represented in Figure 3.3 c), it is clear that the (83)-A252/(35)-D279
mutation results in a remarkable restriction of the available space. The methyl group
of the NMeAsp would be hardly adapted in the same binding fashion as in the 1/av33
complex. This, in turn, seems to strongly affect the RGD binding to avp5.

Docking studies were also helpful in suggesting why the N-methylation of the Arg
residue (4) is ineffective in producing the avp3/avp5 selectivity (Table 3.1). In fact,
such a modification, while inducing a different peptide conformation with respect to

Cilengitide, does not influence the binding of 4 which is still assured by the conserved

RGD sequence (Figure 3.4).

Figure 3.4: Structure of 4 (orange) docked in the avp3 (a) and avB5 (b) integrins. The av, B3
and B5 subunits are represented by pink, cyan and blue surfaces, respectively. In both
subunits the amino acid side-chains important for the ligand binding are represented as
sticks. The metal ion in the MIDAS region is represented by a magenta sphere.

Conversely, docking of 10 revealed that this peptide is unable to efficiently bind to the
metal-ion-dependent adhesion site (MIDAS) and the av subunit $ propeller at the
same time. Indeed, a comparison between the NMR solution structure of 10 and the
X-ray bound conformation of Cilengitide showed that the double methylation of Arg
and D-Phe residues (10) induces marked differences in distance between the Arg
and Asp C* atoms (5.0 A and 6.4 A for 10 and Cilengitide, respectively) as well as in
the orientation of the C°-C® bond vectors of the same residues. Both features are well
known to be critical for integrin binding and selectivity.?*?%%% Hence, unlike in 1
and 4, the double N-methylation in 10 seems to induce a non-productive peptide

conformation that prevents binding to av3 and av5 integrins.
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In conclusion, it was demonstrated that double N-methylation of the c(RGDfV)
peptide backbone allows for fine tuning of the peptide’s biological activity by inducing
preferred bioactive conformations. Certain members of the library of di-N-methylated
¢(RGDfV) retained nanomolar affinity for av@3 but were totally inactive for the integrin
subtypes avp5 and a5B1, thus improving the selectivity of Cilengitide. Compounds
displaying such selectivity profiles represent new promising tools to study the role of

closely related integrins in essential biological processes.
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4 Orally Bioavailable Peptides

This project was a collaboration with my former and current colleagues Jayanta
Chatterjee, Burkhardt Laufer and Stefanie Neubauer, who synthesized the peptides
under investigation. Marelli Udaya Kiran and Andreas Frank verified structures and

performed initial NMR analysis.

Motivation

The widespread development of peptides as therapeutics is delimited by insufficient
oral bioavailability of most peptides. Only few possess surprisingly high oral
bioavailability and the reasons for this exceptional behavior are not well understood.
Analyzing unique structural properties that are found in permeable peptides can help

to rationalize the oral bioavailability of peptides in terms of structural models.
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Chapter 4 is reproduced in part with permission from the Journal of the American
Chemical Society, submitted for publication. Unpublished work copyright 2012

American Chemical Society.
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4.1 Introduction

Oral bioavailability is still one of the most appreciated properties of drugs. Empirical
rules such as Lipinski's “rule of five” or Veber’s rules consider parameters such as
the number of rotatable bonds and hydrophobic patch size in order to filter out drug
candidates that are suggested not to be absorbed into the bloodstream upon oral
administration."""'? However, as described by Zhang and Wilkinson in 2007,1%6" 20 %
of all FDA-approved oral drugs did not agree with all “rule of 5” criteria and only 70 %
of the drugs that fulfilled these criteria had been approved for oral use.® Accordingly,
neither compliance with simple criteria like “the rule of 5” does guarantee for oral
bioavailability, nor does their violation very reliably predict insufficient oral
bioavailability.

However, as suggested by “the rule of 5" most peptides are not (or almost not) orally
bioavailable. On the other hand, a number of peptides are surprisingly well absorbed

52621

within the gastrointestinal (Gl) tract. Amanitins!®®?, phalloidin!'?, antamanide!'?,

cyclosporine A?%*2%!  some cyclic hexa- and octapeptidic somatostatin ana-
logs!'9+2%°2%%1 " mjcrocystin LR?®®!, a cyclic agonist of melanocortin receptor sub-
type 4%l and some triple and fourfold N-methylated stereoisomers of cyclo(-Leu-
Leu-Leu-Leu-Pro-Tyr-)?®® possess significant oral bioavailability and/or intestinal
permeability. In spite of an oral bioavailability of only 0.1 %% the vasopressin
analog desmopressin®® is (also) used orally. Moreover several N-alkylated
cyclopeptides and depsipeptides lead to different kinds of intoxications upon oral
administration. This suggests that many other N-alkylated cyclopeptides are
absorbed into the bloodstream, although scientific publications describing explicitly
the oral bioavailability of such compounds are very rare.

Although among peptides, oral bioavailability is preferably found for cyclic and
N-methylated analogs,®" the structural features that are responsible for the oral
bioavailability of peptides are not well understood. The rational design of peptide
drugs that possess sufficient oral bioavailability is therefore still a daunting task. A
clearer understanding of the structural properties that make some peptides cross the
Gl tract into the bloodstream would promote the development of peptides as drugs.
As in peptides, @, ¥, and y dihedrals can adopt many different angles, structural
properties favoring oral bioavailability can only be identified in three-dimensional

structures.

€ Based on FDA-approved drugs in 2007
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The different mechanisms that seem to operate in the absorption of the structurally
heterogeneous orally bioavailable peptides introduce a further level of complexity to
delineate the absorption of orally bioavailable peptides in the Gl tract in terms of
structural properties. The most important mechanisms for the absorption of drugs in
the intestine include passive diffusion through enterocytes (transcellular pathway),
passive paracellular diffusion (paracellular pathway), endo-/exocytosis, uptake via
the dipeptide carrier, and the release from enterocytes back into the lumen by p-
glycoprotein.?”? While internal hydrogen bond formation clearly suggests membrane
permeation (transcellular pathway) for the most lipophilic peptides, e.g. N-methylated

)?%8l there seems to be another route involved for

n _[262]

cyclo(-Leu-Leu-Leu-Leu-Pro-Tyr-
the transport of peptides that possess multiple polar side-chains, like a-amaniti
The extensive study of intestinal bioavailability of a library of 54 differentially
N-methylated cyclic (-a-A-A-A-A-A-) peptides showed that multiple N-methylation
could dramatically improve intestinal permeability of hydrophilic cyclic peptides.
Although the exact transport route of these peptides was not fully characterized, the
data however, suggested a facilitated diffusion."?!

The permeation of Caco-2" monolayers indicated a variable pattern of oral
bioavailability of cyclic (-a-A-A-A-A-A-) peptides, depending upon the site and
number of N-methylation. The highest Caco-2 permeation was observed for eight
peptides that possessed either two or four N-methyl groups (Figure 4.1, B-D). Caco-2
permeation of these peptides was similar to testosterone (Pap, > 1 X 10®° cm/s) or
even higher (testosterone: a marker of transcellular permeability). On the contrary,
the vast majority of the other 46 peptides possessed much lower Caco-2
permeability, similar to or even less than mannitol (Papp < 1 X 10 cm/s), a marker for

paracellular permeability.

" The term ‘Caco-2' refers to a continuous line of heterogeneous human epithelial colorectal
adenocarcinoma cells.
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A B

H3C_'1 O 2’0H3 Naiiia Numberby N-methylation pattern
”’—”—H— Ovadiaetal, a' A? A’ A* A° A°
- NH —0 NMe(1,5) 10
o — HN ~em NMG“,G) 11
E . L. NMe(3,5) 17
3 3 NMe(5,6) 21
=>-NH o NMe(1,2,4,5) 44
0= ! HN NMe(1,2,5,6) 46
(_N—H—K NMe(1,4,5,6) 49
HsC'p f 0 4 CHs NMe(2,4,5,6) 52
= 3.5x10° 3.5x10™- ‘
= o
g 3.0x10™ 3.0x10°- — $.
P <
) T &
S 2.5x10% 2.5x10°- l &
s X
= 2.0x10° 1 20x10% 3
8 .0x . 1 -3
2 1.5x10° 1.5x10° [2]|2][. 13| |8
= SRR
— <[] |0~ @
Q 1.0x10™ 1.0x10° [ 2| 2] 5] |8
S 219198l |2
|| |- [
€ 5.0x10% H_‘ 5.0x10° |2/ 2| |2]|%]| |3
[0} ; NINIRIE
e 0.0 L le==— ﬁﬁﬁ 0.0 L8833 P
TcoNnhochnobonin NN )
D B = LY wvuw.uwY
E%amamm;:ﬁﬁ 0 O N ¥
L O O T bl i 3, |
SLLLFEFE S

Figure 4.1: (A) N-methylated cyclic (-a-A-A-A-A-A-) peptides described by Ovadia et al.*”?!
(B) N-methylation pattern of eight peptides that possess highest Caco-2 permeability.
(C) Caco-2 permeability coefficients of all conformationally homogeneous peptides and
(D) heterogeneous peptides that are considered for structural analysis. The numbers in the
bars denote the population of the conformers (%) and the sites of cis peptide bonds.
*: Additional minor conformations were observed.
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4.2 Lipophilicity and Permeation Pathway

In the PAMPAihin tests none of the better-performing permeable peptides crossed
the artificial membane.?”®! Moreover, the reversed phase HPLC revealed shorter re-
tention times in contrast to testrosterone which eluted much slower. This observation
did not correlate with Caco-2 permeation rates of the peptides (Figure 4.2). Similar to
PAMPA tests, this suggested a considerably higher lipophilicity of testosterone, as
compared to all the peptides. In spite of high Caco-2 permeation rates of these
peptides (comparable to the permeability of testosterone), the transcellular diffusion
mechanism must therefore be excluded. This clearly suggests that other
mechanisms lead to the high Caco-2 permeation rates as opposed to the one
suggested by White et al. for orally bioavailable N-methylated stereocisomers of

cyclo(-Leu-Leu-Leu-Leu-Pro-Tyr-).1?¢®!

e
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Figure 4.2: HPLC retention time and Caco-2 permeation of single (m), double (A), triple (e),
tetra (o), penta (A) N-methylated cyclo(-a-A-A-A-A-A-) peptides, and testosterone (o).

Based on the two-dimensional chemical structures of the highly-permeable peptides,
almost no common structural property could be assigned besides the presence of
either two or four N-methyl groups.”?”® Therefore, a detailed conformational analysis
was performed to identify the three-dimensional structural behavior, which leads to

high Caco-2 permeability.
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4.3 NMR Conformational Studies

For 43 out of 54 peptides, two or more sets of '"H NMR signals indicated equilibria of
two or more preferred cis-trans isomers with population of at least 5 %.
Side-conformers (cis-trans isomer populations = 5 %) were not only observed for
weakly permeable peptides, but also for five of the eight highly permeable peptides
(Figure 4.1 D). In addition to the highly Caco-2 permeable peptides, three-
dimensional structures were also derived for conformationally homogeneous
peptides (Figure 4.1 C), as for these peptides; the observed Caco-2 permeability
could be analyzed based on a single preferred conformation. Among the eleven
conformationally homogeneous peptides (Figure 4.1, C) and the five conformationally
heterogeneous peptides under investigation (Figure 4.1,D), only NMe(1,6),
NMe(1,5), and NMe(1,2,4,5) were found to possess both high permeability and
conformational homogeniety. These peptides were considered as highly Caco-2
permeating structures (Figure 4.3) and served as templates for the analysis of other
conformationally homogeneous or well permeable peptides, whereas for the other
highly permeable peptides NMe(3,5), NMe(5,6), NMe(1,2,5,6), NMe(1,4,5,6) two
preferred conformations and for NMe(2,4,5,6) even three preferred conformations

had to be considered.

4.4 First highly Caco-2 permeable Template Structure

The first template structure is represented by the conformationally homogeneous
peptide NMe(1,6). It possesses a typical all-frans cyclohexapeptide structure with two
opposite B-turns of type Il (Figure 4.3, top). NMe-Ala® and NMe-D-Ala" are located in
positions i+1 and i+2 of one of these turns. A characteristic hydrogen bond is formed
between the carbonyl oxygen atom of the i residue of this turn (Ala® O’) and the
amide proton of residue i+3 (Ala? HY). Ala® and Ala* are located in positions i+1 and
i+2 of the opposite turn, that also possesses a characteristic hydrogen bond between
the carbonyl oxygen atom of residue i of this turn (Ala? O’) and the amide proton of
residue i+3 (Ala® HN). The amide protons of Ala? (7.201 ppm, +0.5 ppb/K) and Ala®
(7.585 ppm, -1.7 ppb/K) are shifted towards higher fields and Ala®> HN is very
efficiently shielded from the solvent, which is well consistent with the hydrogen bonds

described above.

69



Chapter 4 — Orally bioavailable peptides

Figure 4.3: Stereostructures of conformationally homogeneous Caco-2 cell permeating
cyclohexapeptides that are structural templates for high oral bioavailability. Top: NMe(1,6),
bottom: overlay of NMe(1,5) and NMe(1,2,4,5).

The structure shown in top of Figure 4.3 also agrees with 10 intraresidual, 19
sequential interresidual, and 8 non-sequential interresidual ROEs (Appendix D,
Table D.23). The ® dihedral angles of the protonated amino acids also agree well
with the according ®Jun.a coupling constants of 9.0 Hz (Ala?), 4.2 Hz (Ala®), 7.6 Hz
(Ala*), and 7.8 Hz (Ala®).

Beside NMe(1,6), only four of all the peptides under investigation displayed an
all-trans conformation. These peptides represent the weakly Caco-2 permeable
peptides NMe(1), NMe(1,2), and NMe(1,3,6) along with one of three conformers
populated by the highly Caco-2 permeable peptide NMe(2,4,5,6).

HN and CP chemical shifts, the temperature dependence of HY chemical shifts and the
®Jun-Ha coupling constants in the four subsequent residues Ala®-Ala® of NMe(1,2) are

very similar to the respective parameters in the four subsequent residues Ala*-Ala® of
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NMe(1,6) (Figure 4.4). This suggests a high conformational similarity between the
structures of NMe(1,2) and NMe(1,6), but with altered sequence positions of the Ala
residues (Figure 4.4 A and B).

A B

NMe(1,2) | Alad | Ala* | Ala® | Ala®
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Figure 4.4: Comparison of HY chemical shifts, their temperature dependence, % J Nt
couplings, and CP chemical shifts of the four subsequent non-N-methylated Ala residues in
NMe(1,6) (o) and NMe(1,2) (m).

The structure calculated for NMe(1,2) (Figure 4.4 B) is similar to the one of NMe(1,6)
shown in Figure 4.3 but there are also significant structural differences to NMe(1,6),
that exceed a simple shift of the peptide sequence along the scaffold. The N-methyl
group of the peptide bond linking the residues in positions i+1 and i+2 of the upper
B-turn is pointing up, which indicates a B-turn of type | with NMe D-Ala’ and NMe Ala®
in positions i+1 and i+2, respectively. As the peptide bond linking the residues in
position i (Ala®) and i+1 (NMe-Ala') is rotated out of the peptide plane, this B-turn
does not possess ideal geometry and the characteristic O’; — HN..s peptide bond is not
formed. The high field shift and low temperature dependence of Ala® H (7.316 ppm,
-0.8 £ 0.7 ppb/K) are indicative for strong shileding from the solvent. Shielding from
the solvent is achieved by the central orientation of Ala®> H" (see Figure 4.4 B), which
is also supported by a strong ROE between Ala®> HY and NMe-Ala" H°.

In the lower turn, which is centered at Ala* and Ala®, Ala® H" is pointing down, which
indicates similarity to type Il B-turn geometry. However, the close proximity of Ala* O’

and Ala® H" further indicates the presence of a y-turn. It is not absolutely clear,
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whether Ala® H is hydrogen bonded to Ala* O’ or Ala® O’. However, strong shielding
from the solvent is clearly indicated by a strong shift to higher field (7.320 ppm) and
by its low temperature dependence (-0.8 + 0.7 ppb/K). However, beside of the large
number of distance restraints that are well satisfied by the structure shown in
Figure 4.4, few distance restraints are violated significantly (Table D.21), which
suggests some flexibility for NMe(1,2), especially along Ala®. As described in
Appendix D, even more flexibility was observed for the other all-trans peptides
NMe(1) and NMe(1,3,6).

To conclude, the first structural template possesses an all-trans scaffold with B-turns
of type Il along the two N-methylated residues and along Ala®-Ala*. This structure is
only found for NMe(1,6). In four other peptides all-trans conformers are found only
with B-turns of other type in different sequence positions (NMe(1,2)), in fast exchange
with other conformations (NMe(1) and NMe(1,3,6)), or in slow exchange with other
conformations (NMe(2,4,5,6)). The observation of low Caco-2 permeability for
NMe(1), NMe(1,2), and NMe(1,3,6), suggests that similar structures with B-turns of
other type in different sequence positions are not orally bioavailable. The specific
conformation of NMe(1,6) seems to be a key for high oral availability. Any alteration

of the N-Me pattern disrupt its structure and suppress its Caco-2 permeability.

4.5 Second highly Caco-2 permeable Template Structure

The second Caco-2 permeable template is derived from the conformations of
NMe(1,5) and NMe(1,2,4,5) (Figure 4.3). It possesses B-turns along D-Ala’-Ala? and
along Ala*-Ala°. A cis peptide bond between Ala* and Ala® leads to a characteristic
type VI geometry for the latter B-turn. A key prerequisite for this conformation is the
presence of Ala® N-methylation, as only this allows for the occurrence of the
characteristic cis peptide bond. Accordingly, the least N-methylated structure that
occupies this conformation is NMe(5) (Figure 4.5, top). Additional N-methylation of
D-Ala’, Ala?, and Ala* does not significantly alter the conformation, as these amide
protons are solvent exposed (Figure 4.5, second row from top). It should be
emphasized here, that N-methylation of Ala® and Ala* which possess similarly solvent
exposed amides in the first template structure (NMe(1,6), Figure 4.3 top) leads at
least to a parital disruption of the NMe(1,6) structure. The structure of NMe(5) is also
conserved in the triply N-methylated analogs NMe(1,2,5) and NMe(2,4,5) as well as
for the tetra N-methylated analog NMe(1,2,4,5) as shown in Figure 4.5. As the

conformation of this template seems to be highly preferred whenever Ala® and Ala®
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are not N-methylated, high cooperativity between the upper B-turn with the D-con-

figured residue in position i+1 and the lower B-turn (type VI) has to be assumed.
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NMe(3,5)
Fig. 4.7 | 4

NMe(1,2,5,6)

NMe(2,4,5,6)
Fig. 46 C

NMe(1,2,4,5)

Figure 4.5: The structures of peptides NMe(5), NMe(1,5), NMe(2,5), NMe(4,5), NMe(1,2,5),
NMe(2,4,5), and NMe(1,2,4,5) are very similar. Starting from NMe(5) as the parent peptide
that possesses the characteristic cis peptide bond between residues Ala* and Ala®, the other
six peptides can be considered as higher N-methylated analogs. The numbers given on the
arrows indicate the sequence position on which new N-methyl groups are attached.
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As Ala® H" is hydrogen bonded to Ala® O’ in the structures with a single cis peptide
bond between Ala* and Ala®, N-methylation of Ala® strongly distorts the overall
conformation of the peptide. N-methylation at Ala® of the conformationally
homogeneous peptides NMe(5), NMe(1,2,5), and NMe(2,4,5), for example, leads to
equilibria of two conformers (NMe(5,6), NMe(1,2,5,6)) or even three conformers
(NMe(2,4,5,6)) (Figure 4.6).

A

54% NMe(1,2,5,6)

cis4-5 cis5-6

46% NMe(1,2,5,6)
/?;_

all-trans

58% NMe(5,6), ., , 38% NMe(2,4,5,6)

36% NMe(2,4,5,6)

—

26% NMe(2,4,5,6)

cis3-4,cis4-5

cis4-5,cis5-6

D

47% NMe(1,4,5,6)

—

cis3-4

42% NMe(5,6) 53% NMe(1,4,5,6)

cis4-5,cis5-6 cis4-5,cis5-6

Figure 4.6: Structures and peptide bond configurations illustrating the effect of N-methylation
at Ala® on peptides possessing the conformation of the second template structure.
A) NMe(1,2,5,6), B) NMe(5,6), C) NMe(2,4,5,6) and D) NMe(1,4,5,6). Some conformers could
not be derived due to lack of ROEs and the presence of artifacts resulting from exchange
effects.

Only in NMe(1,2,5,6), the characteristic conformation with a single cis peptide bond
between Ala* and Ala® is conserved but found in equilibrium with a second
conformation that possesses a single cis peptide bond between Ala® and Ala®. In

respect of the cis-trans peptide bond pattern, the latter structure is also similar to one
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NMe(5,6) conformer, which is found in equilibrium with a second conformer which
possessing two subsequent cis peptide bonds between Ala* and Ala® (Figure 4.6).
Two NMe(2,4,5,6) conformers also show two subsequent cis peptide bonds between
Ala* and Ala°, and between Ala® and Ala®, respectively. In a third conformer, all
peptide bonds are in trans configuration, which indicates similarity to the first
template structure, rather than similarity to the second template structure. Although
the conformation of NMe(1,4,5) was not investigated due to the presence of a side
conformer with a population of 7 %, NMe(1,4,5) most likely represents same
conformation that was found for very similar peptides like NMe(1,5) or NMe(1,2,4,5)
(Figure 4.5). The skewing effect of Ala® N-methylation is again clearly demonstrated
by the cis-trans pattern of the peptide bonds in NMe(1,4,5,6), which originates via the
additional N-methylation of NMe(1,4,5) at Ala® (Figure 4.6).

Ala® N-methylation is not tolerated by the second template structure, as replacement
of the HY atom by a methyl group is not possible due to the spatially restricted
orientation of this atom within the cyclopeptide ring. Accordingly, NMe(3,5) does not
occupy the conformation that is characteristic for the second template structure,
despite of the Ala® N-methyl group. However, one of the two conformations occupied
by NMe(3,5) possesses a single cis peptide bond between Ala® and Ala® instead,
which results in a conformation that is very similar to the second template but with
B-turns that are shifted by two sequence positions along the scaffold, such that the
upper (lower) turn is centered at Ala® and Ala® (Ala? and Ala®). Resemblance of the
structures is also confirmed by a high similarity of chemical shifts and temperature
gradients of H" chemical shifts within the Ala®-Ala® substructure of NMe(1,5) and the
D-Ala®-Ala* substructure of NMe(3,5) (see Table D.17 in Appendix D). The NMe(3,5)
conformation with a single cis peptide bond between Ala®? and Ala® is thus very
similar to NMe(1,5) but possesses altered configuration of Ala' and Ala®, as indicated
in Figure 4.7.

A similar shift of the peptide sequence along the scaffold with a single cis peptide
bond was also observed for one of the two conformers found for the peptide with the
highest Caco-2 permeability (NMe(1,4,5,6).s3-4). In this conformer, the sequence is
only shifted by one position along the scaffold, which results in a structure with a cis
peptide bond between Ala® and Ala* (positions i+1 and i+2 of the lower B-turn).
Accordingly, Ala® and D-Ala' are found in positions i+1 and i+2 of the upper B-turn
(Figure 4.7). For this conformer, *Jun.a coupling constants, temperature gradients of
HY chemical shifts, and chemical shifts indicate high structural similarity to
NMe(1,2,5,6)is4-5) (Figure 4.6 A and Table D.18).
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H3C.,’/ H CHs HaC, H CH3 H3C 'Y'e \‘,CH:;
1 /—g—N 2 5 7_8_N 6 6 7—8—'*‘—\:1

N—Me N—Me N—Me O
6 © A 2
H3C CH3 HE CH3 H3C CHs
O I\{Ie o NH
N
5 4‘&( 4
H;C CHj
NMe(1,5) NMe(3,5) NMe(1,4,5,6)

Figure 4.7: lllustration of the S|m|lar|ty between the structure of NMe(1,5), the structure of
NMe(3,5) W|th a smgle Ala®-Ala® cis peptide bond, and with the structure of NMe(1,4,5,6) with
a single Ala *Ala* cis peptide bond. Three-dimesnsional coordinates were not derived for
NMe(3,5) and NMe(1,4,5,6) due to artifacts from exchange in the ROESY spectrum and lack
of ROEs. Strong ROEs between the H® nuclei of the residues in positions i+1 and i+2 of the
lower turn support our models.

For the seven very similar structures shown in Figure 4.5, variable Caco-2
permeability was observed. Only NMe(1,5) and NMe(1,2,4,5) permeate Caco-2 cells
efficiently. It is obvious that although N-methylation at many different positions is
tolerated without significant structural alterations, distinct N-methylation patterns are
required in order to obtain high Caco-2 permeability.

The observed low permeability of the four peptides shown in Figure 4.5 that do not
possess Ala' N-methyl groups on the one hand, and the high permeation of NMe(1,5)
and NMe(1,2,4,5), on the other hand, show that Ala’ N-methylation is essential for
Caco-2 permeability of the second template structure. The importance of Ala’
N-methylation for Caco-2 permeation is also supported by the high permeability of
NMe(3,5) and NMe(1,4,5,6), which exhibit conformations that possess altered
sequence positions on the otherwise identical single cis peptide scaffold. As
illustrated in Figure 4.7, the N-methylated residue Ala® and Ala® occupy the i+1°
position of the upper B-turn in NMe(3,5) (NMe(1,4,5,6)), a position that is usually
occupied by D-Ala’. It is further important to note that the conformer of NMe(5,6), that
displays the characteristic single cis peptide bond scaffold, does not contain an
N-methyl group on Ala? (which is in i+1 position of the upper B-turn). However, in
contrast to the hydrogen atom in the i+1° position of the upper B-turn, which is
solvent exposed in all the structures shown in Figure 4.5, it points up from the
peptide plane and is therefore shielded from the solvent (see on the left of

Figure 4.6). This may allow for the high Caco-2 permability of NMe(5,6) although the
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N-methylation that was described above as crucial for high Caco-2 permeability, is
not present.

In contrast to the high impact of Ala' N-methylation on Caco-2 permeability of the
peptides, there is no significant influence of N-methylation at Ala? and Ala* as
suggested by the low Caco-2 permeability conformationally of the conformationally
homogeneous peptides NMe(5), NMe(2,5), NMe(4,5) and NMe(2,4,5). The limited
contribution of N-methylation at Ala? and Ala* on Caco-2 permeation is further
supported by similar (high) Caco-2 permeation rates of NMe(1,5) and NMe(1,2,4,5).
However, the low permebility of NMe(1,2,5) in contrast to the high permeability of
NMe(1,5) and NMe(1,2,4,5) is surprising.

Overall, our analysis suggests the following key characteristics for Caco-2
permeability of cyclic (-a-A-A-A-A-A-) peptides exhibiting the second template
structure: a) one B-turn of type VI with an N-methylated cis peptide bond between the
residues that occupy positions i+1 and i+2, b) an N-methylated residue in position i+1
of the opposed B-turn or shielding of the according amide hydrogen atom from the
solvent, ¢) D- and L- configuration of the residues found in position i+1, i+2 and i+3 of

the upper turn do not seem to be very important for Caco-2 permeability.

4.6 Striking Similarity with Orally Bioavailable Peptides

Three-dimensional structures of some orally bioavailable peptides are similar to
structures of highly Caco-2 permeable cyclic(-a-A-A-A-A-A-) peptides presented
above. In the structure of Cyclosporin A (CSA) published by Loosli et al.*’* and in
the refined structure published by Klages et al.®? either B-turns at the ends of the
CSA B-strands are similar to turns in cyclic (-a-A-A-A-A-A-) peptides that belong to
the second template structure. The upper turn which is centered at b-Ala’ and Ala? in
the highly Caco-2 permeating and conformationally homogeneous peptides NMe(1,5)
and NMe(1,2,4,5) (Figure 4.3, bottom) is similar to the upper turn of CSA with
NMe-Gly* and NMe-Leu* in positions i+1 and i+2, respectively (Figure 4.8, A). Please
note, that the glycine contains no assymetric carbon and can therefore easily occupy
the position of a D-configured residue. Additionally, the opposite type VI B-turn
centered at Ala* and Ala® in NMe(1,5) and NMe(1,2,4,5) is similar to the second turn
of CSA with NMe-Leu® and NMe-Leu™ in positions i+1 and i+2, respectively
(Figure 4.8, B).
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A

NMe-Gly® NMe-Leu*
(NMe-p-Ala’) (NMe-Ala?) §

(NMe-Ala5) -~

(NMe-Ala%)

Figure 4.8: Fit of the type | B-turn of CSA (A) and the type VI B-turn of CSA (B) with the
according turns of the highly Caco-2 permeable peptide NMe(1,2,4,5). In panels A and B only
the relevant residues of CSA are shown (cyan) together with the according residues of
NMe(1,2,4,5) (green, labels in brackets).

The similarity of NMe(1,2,4,5) with the orally bioavailable somatostatin analog
cyclo(-Pro-Phe-NMe-D-Trp-NMe-Lys-Thr-NMe-Phe-)"* is even more striking, as its
N-methylation pattern is identical to the pattern in NMe(1,2,4,5) considering the
proline (teritiary amide bond) of the somatostatin analog as an N-methylated residue
(Figure 4.9, A). Additionally, a D-amino acid residue is found in position i+1 of the
upper turn in NMe(1,2,4,5) and in cyclo(-Pro-Phe-NMe-D-Trp-NMe-Lys-Thr-NMe-
Phe-).

79



Chapter 4 — Orally bioavailable peptides

NMe-Lys®
(NMe-Ala
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(NMe-Ala%)

NMe-Phe!
(NMe-Ala*)

NMe-p-Trp®
(NMe-p-Ala’)

g

NMe-Lys®
(NMe-Ala?)

4
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Figure 4.9: Fit of the cyclo(-Pro-Phe-NMe-D-Trp-NMe-Lys-Thr-NMe-Phe-) (A) and 3-NMe-
(D-Trp® Lys®,Phe'")-seglitide (B) on the NMe(1,2,4,5) solution structures (RMSD(C®): 0.58 A
(A), 0.64 A (B)). Somatostatin analogs and NMe(1,2,4,5) are shown in white and green color,

respectively. Bracketed labels refer to NMe(1,2,4,5).

3-NMe-(D-Trp® Lys®,Phe'")-seglitide, another somatostatin analog that was described

in chapter 2.3, possesses a surprisingly high activity in vivo after intraperitoneal
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injection, as compared to the other seglitide analogs with less N-methyl groups but
higher sst receptor affinity.”?"! Among all the N-methylated analogs that were tested,
only this analog depicted the N-methylation pattern and conformation of the highly
Caco-2 permeable cyclic peptide NMe(1,2,4,5) (Figure 4.9, B). The high in vivo
activity of this peptide might be attributed to its improved ‘druglike’ distribution in rats,
as compared to the less N-methylated analogs that were investigated in the same

study.??"

4.7 Conclusion

In conclusion, the extensive conformational studies of the cyclic (-a-A-A-A-A-A-)
peptides shed light on the structural requirements that convey permeability to these
peptides. It was shown here that solvent shielding of the amide bonds is not the sole
factor to impart permeability to the cyclic peptides. Apparently, conformational
homogeneity on the timescale of peptide cis-trans isomerization does not always
guarantee permeability to these peptides and that conformational heterogeneity does
not necessarily suppress permeability. On the contrary, the overall structural pattern
of the peptides presented here as the template structures governs the permeability
property. Employing the cyclic (-a-A-A-A-A-A-) peptides the contribution of the
backbone conformation towards permeability of these peptides was evaluated, and
any side-chain contribution was minimized. Given the significance of the backbone
conformation of the peptide as a crucial factor regulating Caco-2 permeation, alanine
residues of permeable cyclic (-a-A-A-A-A-A-) peptides may be substituted by
pharmacophores to obtain enhanced intestinal permeability of bioactive peptides. A
first indication that it is possible to transform the Ala-peptides into biologically
functional derivatives with good permeability is presented by Cyclosporin A and the
N-methylated somatostatin peptide as shown above. Ongoing research efforts by my
colleagues Marelli Udaya Kiran and Florian Rechenmacher are directed at the
incorporation of bioactive sequences into highly permeable cyclic (-a-A-A-A-A-A-)
peptides to convey oral bioavailability. If the procedure presented here holds equally
good for other systems, a long-standing problem in medicinal chemistry of peptides

would be solved.
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5 Hsp26 from S. cerevisiae

This project was a collaboration with Titus Franzmann and Professor Johannes

Buchner from the chair in Biotechnology of the Technische Universitdt Miinchen.

Motivation

The capability to sense stress conditions and to react appropriately are critical for
cells and organisms to endure hard times. The molecular chaperone Hsp26 helps
baker’s yeast (S. cerevisiae) to sustain heat stress conditions by stabilizing substrate
proteins in states that are capable to refold into wt protein when heat stress
conditions are over. A thermosensor/thermoswitch unit seems to induce critical
temperature dependent conformational changes in Hsp26, that are independent of
any covalent modifcation like phosphorylation. The characterization of the
thermoswitch unit at atomic resolution would provide interesting insight into this

unique property of Hsp26.
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5.1 Introduction

Over the past years the elucidation of the molecular details underlying the folding
diseases has sparked interest in protein folding and protein misfolding.
Consequently, research concerning molecular chaperones enjoys great popularity as
these represent the largest group of proteins assisting protein folding'?’>%®l. Beside
of the Hsp60, Hsp70, Hsp90 and Hsp100 chaperone systems the small heat shock
proteins (sHsps), which form the core of this project, represent one family of
molecular chaperones.

sHsps are involved in numerous diseases like cataract,?”® ischemic and reperfusion
injury as caused by stroke and heart attack,’”®” neuronal disorders like Alzheimer's
disease,”®"! non-small-cell lung carcinoma,”® rheumatoid arthritis,’”®® Charcot-
Marie-Tooth disease,?®?*°l axonal distal hereditary motor neuropathy,?®>?®*°! or an

287 The fact that most of these

inherited, adult onset, desmin-related myopathy
illnesses are also associated with misfold or precipitated protein suggests that folding
diseases might be caused in many cases by malfunction of chaperones. To better
understand the functional mechanism of sHsps and to find out how this mechanism is
affected by defective mutations, structural models are required that describe the
function of sHsps in atomic detail.

In spite of structural differences between the numerous members of the
widespread®®® sHsp family, there are several features most small heat-shock
proteins have in common. These include a low molecular weight of 12-43 kDa, a
conserved a-crystallin domain of 80-100 residues, the capability to form large
oligomers, a dynamic quaternary structure, induction by stress conditions and
suppression of protein aggregation as molecular chaperones. The structural
organization, consisting of an N- and a C-terminal region flanking the a-crystallin

d.?®8 These common properties of different sHsps suggest

domain, is also conserve
further similarities in the mechanism to prevent proteins from irreversible aggregation
during cellular stress.

Unfortunately, the fact that sHsps form oligomers of high molecular weight
compromises their NMR spectroscopic investigation, as NMR spectroscopic structure
investigations are limited to proteins with molecular weights of about 100 kDa with
the NMR spectroscopic techniques developed so far.

The small heat-shock protein Hsp26 from S. cerevisiae was chosen for this project
due to the availability of a well characterized dimer model protein (Hsp2630-195)%%%!

that in contrast to wild-type Hsp26 (which forms large 24mers) seemed to be well
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suited for NMR spectroscopic structural studies. Due to the high similarity between
the different sHsps the investigation of Hsp26 appeared promising to vyield
information about general features of the sHsp's chaperone mechanism. Moreover,
the Hsp26 24mer was shown to undergo conformational changes upon heat
activation,?®*?*? which indicated the presence of a thermosensor/thermoswitch
domain. Heat induced conformational changes seem to occur mainly in the middle
domain (MD) of Hsp26, which in contrast to the other domains shows only low
sequence homology. Due to the lack of similar sequences among protein structures
described in the literature® it was impossible to construct a useful homology model for
the MD.

W

(NDH M )( o-crystallin Y cTE)

Figure 5.1: Organization of protein domains in Hsp26. The N-terminal domain (NTD), the
middle domain (MD), the a-crystallin domain, and the C-terminal extension (CTE) are
supposed to be formed by residues 1-29, 30-90, 91-195 and 196-214, respectively. A
tryptophane residue in position 72 (W) is indicated.

5.2 Dimeric Hsp26 Deletion Protein Hsp263.195

Circular dichroism spectroscopy, fluorescence quenching and fluorescence
resonance energy transfer (FRET) experiments indicate analog temperature
dependent conformational changes in the Hsp26 24mer and in the Hsp2634.195 dimer.
According to fluorescence measurements, these conformational changes occur with

the same rate constants in both proteins.?°!

5.2.1 Expression and Purification

Hsp2630.195 Was expressed from E. coli BL21 (DE3) cells transformed with a pET28b+
vector containing the Hsp26an30-195c gene inserted via Nco1 and Not1 restriction
sites. After protein expression in Lysogeny broth (LB) medium or isotope enriched
M9 minimal medium for producing non-isotope labeled or *C/"°N labeled protein,
respectively, cells were lysed using a Basic Z cell disrupter. Purification of the protein
by fast protein liquid chromatography (FPLC) included the application of the lysate to

a Q-Sepharose anion exchange and a Resource S cation exchange column and

9 The structure databaseses covered by the HHpred interactive server for protein homology detection
and structure prediction (Max Planck Institute for Developmental Biology) were considered.
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yielded 15 mg Hsp2630.195 per liter of cell culture. The buffers used for FPLC
contained 20 mM HEPES, pH 8 (buffer A) with additional 1 M NaCl (buffer B).
Experimental details are described in chapter 6.2.14.

In the initial purification step, the application of a 150 ml linear gradient of 0-50 %
buffer B for elution of the lysate from 24 ml Q-Sepharose fast flow resin, yielded
fractions (labels 1-7 in Figure 5.2 B) that were pooled for the final Resource S
purification step at NaCl concentrations of 120 mM — 220 mM NaCl. In the final
purification step, the application of a 60 ml linear gradient of 0 - 100 % buffer B for
elution from a 6 ml Resource S column yielded the major protein fraction (labels 1’,
and 2’ in Figure 5.2 D) at 230 mM - 340 mM NaCl."
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Figure 5.2: Purification of Hsp2630.195 by FPLC. A) Chromatogram of the initial Q-Sepharose
purification step. B) SDS-PAGE of Q-Sepharose fractions: The fractions 1 - 7 were collected
at 312 - 333 ml (corresponding to 12 — 22 % buffer B) and pooled. C) FPLC chromatogram of
the final Resource S (6 ml) purification step. D) SDS-PAGE of Resource S fractions. The
fractions 1’, and 2’ were collected at 228 - 234 ml (corresponding to 23 - 34 % buffer B). The
UV absorption at 280 nm is shown in blue color (mAU scale on the left), the conductivity is
shown in black (mS/cm scale on the right) and the percentage of buffer B injected into the
column (min. 0 %, max. 100 %) is shown in red color. In B) and D), M indicates protein
marker (SERVA prestained SDS-PAGE protein marker 6.5 - 200 KDa, liquid mix) with bands
at6.5, 14.4, 21, 29, 45, 67, 116, and 200 kDa.

" NaCl concentrations were calculated from the conductivity of the eluate.
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5 mM EDTA, which had been described as an additional component of buffers A and
B for similar purification strategies interfered with the binding of Hsp2639.195 to
Q-Sepharose. The equilibration of the Q-Sepharose column with buffer A to a
conductivity < 1.5 mS/cm and the quantitative removal of medium from the cells
before lysis as well as a sufficient dilution of the lysate with buffer A were also found
to be critical for reproducible and quantitative binding of Hsp263.195 to the
Q-Sepharose stationary phase.

The solution of Hsp2634.195 that was obtained from Resource S column was dialyzed
twice against 2 L of 10 mM NaP;, 1 mM EDTA, pH 7.5. Protein samples that were not
immediately used for further studies were split to aliquots of 500 yl — 1 ml, frozen in

liquid nitrogen and stored at -80 °C.

5.2.2 NMR Spectroscopy of Hsp263¢.195

The NMR spectroscopic study of the structural properties underlying the
thermoswitch of Hsp2630.195 was complicated by strongly broadenend and
imhomogeneous peaks in the 'H-"N heteronuclear single-quantum coherence
(*"H-""N HSQC) spectra. Although elevated temperatures (318 K) were found to
improve the spectral quality, the number of signals was far lower than expected from
the number of amide protons. Signal intensities of the individual peaks still differed
strongly and many peaks displayed shoulders or side-signals. No substantial
improvement of the spectra could be achieved despite of substantial efforts to
optimize the experimental conditions that included the addition of 200 mM, 400 mM,
and 800 mM glycin, the variation of the pH (4.7 — 9.2) as well as the application of
transverse relaxation optimized (TROSY)®" 'H-"®"N HSQC spectra. Standard and
TROSY 'H-""N HSQC spectra of Hsp260.1¢5 are shown in Figure 5.3.
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Figure 5.3: A: 600 MHz "N-HSQC spectrum of 1,55 mM ["°N] Hsp2630-195, 10 mM phosphate
and 1 mM EDTA at pH 7.5 in H,O/"H,0 (90/10) detected at 45°C. B: 900 MHz TROSY#"
N-HSQC spectrum of 1,0 mM [°C,"N] Hsp2630_195 (60% deuterated), 10 mM phosphate
and 1 mM EDTA atpH 7.5in H,0/*H,0 (90/10) detected at 45°C.
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5.3 Monomeric Hsp26 Deletion Protein Hsp263¢.195(a137-153)

As only a small fraction of the Hsp26 resonances could be assigned from triple
resonance spectra of Hsp2630.1¢5, @ significant improvement of the spectral quality
had to be achieved. In this respect, the design of a monomeric Hsp263,.195 deletion
protein seemed promising, as a reduction of the molecular weight from 37 kDa
(dimer) to 18 kDa (monomer) was expected to strongly improve the quality of the
NMR spectra.

5.3.1 Design of Hsp263.195a137-153)

Many high resolution structures of sHsps display one characteristic extended loop
per a-crystallin domain monomer which is located between two adjacent B-strands. A
part of this loop forms a B-strand that partitions in a B-sheet of the respective
a-crystallin dimerization partner domain which leads to intersubunit composite
B-sheets (Figure 5.4).

Figure 5.4: a-crystallin domain dimers of sHsps. A) sHsp16.5 from Methanococcus
janaschii*®® B) sHsp16.9 from wheat?®® C) XAC1151 from Xanthomonas axonopodis pv.
citri*®*! D) StHsp14.0 from Sulfolobus tokodaii*®®. Monomers are shown in blue and green,
respectively. The loops contributing to intersubunit composite p-sheets are highlighted in red
color.

The deletion of the amino acid residues forming the according loop in Hsp26 was

considered as a key step towards monomeric Hsp26 deletion protein that comprises

MD and a-crystallin domain. As structure homology is usually higher than sequence
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homology, structural modeling was preferred over sequence alignment for
determining these residues. A homology model of the Hsp26 a-crystallin domain was
derived from the structure of wheat Hsp16.9%%*! using the HHpred interactive server
for protein homology detection and structure prediction, which is part of the
bioinformatics toolkit of the Department of Protein Evolution at the Max Planck
Institute for Developmental Biology.?***"! The loop predicted by the homology model

of the Hsp26 a-crystallin domain consisted in residues 137 — 153 (Figure 5.5).

Figure 5.5: A: Homolgy model of the Hsp26 a-crystallin domain dimer as derived from the
structure of wheat Hsp16.9.%%°! The loop (residues 137 - 153) that is suggested to be involved
in dimerization via B-strand exchange is highlighted in red. B: Structural model of monomeric
Hsp26 a-crystallin domain as obtained by removal of residues 137 — 153 from the homology
model using the program SYBYL.

5.3.2 Deletion of the Bases Encoding Residues 137-153 by PCR
A plasmid for expressing Hsp2630.195a137-153) in E. coli BL21 (DE3) was derived

directly from the pET28b+ - Hsp26,n30-195¢c template using polymerase chain reaction
(PCR). Primers consisted in the 27 nucleotides encoding residues S154 - T162 and
in the reverse complement of the 30 nucleotides encoding residues N127 - P136.
The pET28b+ - Hsp2639-195137-153 plasmid was obtained by a final blunt end
cyclization step (see chapters 6.2.3-6.2.6 for primer sequences and further

experimental details).

5.3.3 Expression and Purification

Hsp2630.195a137-153y Was expressed in E. coli BL21 (DE3) cells transformed with a
pET28b+ vector containing the Hsp26ans0-195cn137-153 gene inserted via Nco1 and
Not1 restriction sites. After protein expression in Lysogeny broth (LB) medium or
isotope enriched M9 minimal medium for producing non-isotope labeled or "*C/"*N
labeled protein, respectively, cells were lysed using a Basic Z cell disrupter.

Purification of the protein by FPLC included the application of the lysate to a
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Q-Sepharose anion exchange and a Resource S cation exchange column and
yielded 10 mg Hsp2630.195a137-153) per liter of cell culture. The buffers used for FPLC
contained 20 mM HEPES, pH 8 (buffer A) with additional 1 M NaCl (buffer B).
Experimental details are given in chapter 6.2.15.

In the initial purification step, the application of a 150 ml linear gradient of 0-50 %
buffer B for elution of the lysate from 24 ml Q-Sepharose fast flow resin, yielded frac-
tions with NaCl concentrations of 80 mM — 200 mM NaCl (labels 1 - 6 in Figure 5.6 B)
that were pooled for further purification. In the final purification step, the application of
a 60 ml linear gradient of 0 - 100 % buffer B for elution from a 6 ml Resource S
column yielded the major protein fraction (labels 1’, 2’, and 3’ in Figure 5.6 D) at NaCl
concentrations of 120 mM - 280 mM." As Hsp2630.195a137-153) eluted from the
Resource S column at low NaCl concentration, strong dilution of the pooled fractions
obtained from the first purification step (with buffer A) was critical for reliable binding

of the protein to the second column.

' NaCl concentrations were calculated from the conductivity of the eluate.
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Figure 5.6: Purification of Hsp2630.195(a137-153) by FPLC. A) Chromatogram of the initial Q-
Sepharose purification step. B) SDS-PAGE of Q-Sepharose fractions: Fractions 1, 2, 3, 4, 5,
and 6 were collected at 320 - 338 ml (58 - 76 ml after start of the gradient) and pooled C)
FPLC chromatogram of the final 6 ml Resource S purification step. D) SDS-PAGE of
Resource S fractions. Fractions 1°, 2’, and 3’ were collected at 222 - 231 ml (12 - 21 ml after
start of the gradient). The UV absorption at 280 nm is shown in blue color (mAU scale on the
left), the conductivity is shown in black (mS/cm scale on the right) and the percentage of
buffer B injected into the column (min. 0 %, max. 100 %) is shown in red color. In B) and D),
M indicates protein marker (SERVA prestained SDS-PAGE protein marker 6.5 - 200 KDa,
liquid mix) with bands at 6.5, 14.4, 21, 29, 45, 67, 116, and 200 kDa.

5 mM EDTA, which had been described as an additional component of buffers A and
B for similar purification strategies interfered with the binding of Hsp263¢.195a137-153) tO
Q-Sepharose. Furthermore, the equilibration of the Q-Sepharose column with buffer
A to a conductivity < 1.5 mS/cm and the quantitative removal of medium from the
cells before lysis as well as a sufficient dilution of the lysate with buffer A were found
to be critical for reproducible and quantitative binding of Hsp2630.195(a137-153) tO
Q-Sepharose.

HsSp2630.195(a137-153) was dialyzed twice against 2L of 10 mM NaP;, 1 mM EDTA,
pH 7.5. Protein samples that were not immediately used for further studies were split
to aliquots of 0.5 — 1 ml, frozen in liquid nitrogen and stored at -80 °C.

The molecular m/z ratio found for fully '°N labeled protein by MALDI-TOF mass

spectrometry was 16714. This agrees very well with the theoretical average
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molecular mass of 16716 Da for the [M+H]" ion of quantitatively "N labeled

HSp2630.195(a137-153).

5.3.4 NMR Spectroscopy

In contrast to Hsp263.10s, 'H-"SN heteronuclear single-quantum coherence (HSQC)
spectra of '°N-labeled HSp2630.195a137-153) possessed uniform peak shape and the
reduced line width compared to the initial construct clearly indicated monomeric
protein (Figure 5.7). Ultracentrifugation experiments performed by Titus Franzmann
at the chair in Biotechnology of the TU Minchen indicated a molecular mass of
16.3 kDa which is in good agreement with the theoretical average molecular mass
value of 16513 Da for a monomer at natural abundance of isotopes.

The good dispersion of the 'H-">’N HSQC signals indicates a high B-sheet content,
whereas a fraction of signals are clustered in the center of the spectrum clearly
indicates that some parts of the protein are unfolded. An enlargement of this region in

the spectrum is shown in the top left corner of Figure 5.7.
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Figure 5.7: 'H-""’N HSQC spectrum of "N-labeled Hsp263.195a137.153 (1.0 mM) detected at
298K and pH7.5 in 10 mM NaP;, 1 mM EDTA, 90 % H,O / 10 % D,O at 600 MHz.
Overlapping signals in the center of the spectrum are highlighted in the top left corner.
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Assignments of "HY, "H®, 3c® '*CP, 'C’, and N nuclei were obtained using a
strategy that combines chemical shift data from a set of different 3D triple-resonance
experiments.**®?*l The resonance assignment is given in Appendix E.

Torsion angle likelihood obtained from shift and sequence similarity (TALOS) was
used for estimating the secondary structure of Hsp263p.195a137-153.- The seven
B-sheets of the Hsp26 a-crystallin domain homology model are well supported by
TALOS predictions (indicated as ‘B’ in Figure 5.8 A). The presence of a largely
undistorted a-crystallin domain in Hsp2630.195a137-153) is further confirmed by mapping
of the B-sheets suggested by TALOS (red) onto the Hsp26 a-crystallin model derived
by homology modeling (Figure 5.8 B). TALOS predictions also suggest a lack of
a-helical substructure throughout the protein and a largely unfolded MD. Therefore,
the structure of the MD, which is the interesting thermosensor/ thermoswitch domain,

could not be studied in the monomeric deletion protein Hsp263¢.195(a137-153).
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Figure 5.8: A) Secondary structure predicted by TALOS for Hsp2630.195(a137-153)- A scheme of
the middle domain (MD), and the a-crystallin domain are shown above. The only tryptophane
residue (W72) found in this Hsp26 deletion protein is indicated. B) B-strands as predicted by
TALOS (red) mapped onto the Hsp26 structural model derived from wheat sHsp16.9.
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6 Summary

The present thesis covers a broad field of scientific research ranging from NMR
spectroscopic conformational studies of potent bioactive and highly Caco-2
permeable N-methylated cyclic peptides to protein design by molecular modeling,
molecular cloning, protein expression in E. coli and purification by ion exchange fast

protein liquid chromatography (FPLC).

In chapter 2, the structures of potent agonists at distinct subtypes of the G protein-
coupled melanocortin and somatostatin receptors were described. The a-MSH
analog 4-NMe-(His® Arg® Trp®,Lys'®)-MT-Il (chapter 2.2) possesses a turn
conformation along Asp°®-Trp?, that leads to a unique orientation of the His®, b-Phe’,
Arg® and Trp® side-chains (Figure 2.4). Due to the high flexibility of non-N-methylated
MT-II, this peptide could not be described by a single preferred conformation. While
4-NMe-(His® Arg® Trp® Lys'®)-MT-Il is a highly potent and selective agonist at human
melanocortin receptor subtype 1 (hMC1R), MT-Il itself is a potent but unselective
agonist at hMC1R, hMC3R, hMC4R, and hMC5R. The conformation of 4-NMe-
(His® Arg® Trp®,Lys'®)-MT-Il seems to match the hMC1R binding site, whereas MT-I|
appears to be sufficiently flexible to adapt to the binding sites of four different h(MCR
subtypes.

The conformation of 3-NMe-(D-Trp® Lys®,Phe'")-seglitide (chapter 2.3) was found to
be similar to the conformation of seglitide (cyclo(NMeAla®-Tyr’-D-Trp®-Lys®-Val'-
Phe'")) with two B-turns of type II' and Vla centered at NMe-D-Trp®-NMeLys® and
Phe''-NMeAla®, respectively (Figure 2.8). The same conformation and N-methylation
pattern was also found for one highly Caco-2 permeable cyclo(D-Ala-Alas) model
peptide (see below and chapter 4), suggesting that the unexpectedly strong
peripheral anti-inflammatory effect induced by 3-NMe-(D-Trp® Lys® Phe'")-seglitide
might be due to an improved distribution of this peptide in the body as compared to

less N-methylated analogs.

In chapter 3, the conformations of three double N-methylated analogs of ¢c(RGDfV)
were described (Figure 3.2). In ¢(RGNMeDfNMeV), all peptide bonds are in trans
geometry. No intramolecular hydrogen bonds and no ® and W dihedral angles
indicating characteristic B-turn or y-turn geometries are present. In
¢(NMeRGDfNMeV) a type VIb B-turn with a cis peptide bond between valine and
arginine is found along the N-methylated residues and an inverted y-turn is centered

at the aspartate residue. In ¢(NMeRGNMeDfV) all peptide bonds are in trans
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geometry and a y-turn centered at D-phenylalanine is present. The specific backbone
conformation brings the side-chains of arginine and aspartate into close proximity.
Docking studies that were pursued by Sandro Cosconati and Prof. Luciana Marinelli
at the University of Naples, Italy, revealed structural models for the highly different

activity and selectivity profiles of these three peptides at the avp3 and avf35 integrins.

The conformational studies of 16 N-methylated cyclo(-D-Ala-Alas-) peptides
presented in chapter 4 give insight into structural properties (N-methylation, and [3-
turn pattern) that lead to high Caco-2 permeability. Two highly permeable template
structures were identified (Figure 4.3). The first permeable template structure
possesses two B-turns of type Il along Ala®-D-Ala’ and along Ala®*-Ala* and is found
for the peptide with N-methyl groups at Ala® and D-Ala’, NMe(1,6). The second
permeable template structure possesses two B-turns along D-Ala’-Ala? (type |) and
along Ala*-Ala® (type VI). It is occupied by a number of cyclo(-D-Ala-Alas-) peptides
with N-methylation at position five. N-methylation of this structure at position one
seems to be important for Caco-2 permability, as among the peptides possessing this
conformation, only the ones with N-methyl groups at position one were found to be
highly permeable (NMe(1,5) and NMe(1,2,4,5)).

In chapter 5, studies are presented that were performed in order to characterize the
unique thermosensor/thermoswitch domain of the small heat shock protein Hsp26
from S. cerevisiae by NMR spectroscopy at atomic resolution. As native Hsp26 forms
24mers, that are too large for common solution state NMR spectroscopic studies,
deletion proteins were used. A dimeric deletion protein (Hsp2630.105 that lacks C- and
N-terminal residues) was expressed in E. coli using isotope enriched minimal media,
purified by FPLC and studied by 2D and 3D NMR spectroscopy. As the quality of the
spectra obtained from this dimeric deletion protein was insufficient, the monomeric
deletion protein Hsp2630.195a137-153y Was designed using molecular modeling.
Molecular cloning, protein expression in E. coli BL21 (DE3) and ion exchange fast
protein liquid chromatography yielded pure Hsp2630.195a137-153. Unfortunately, the
domain hosting the thermosensor/thermoswitch was found to be unfolded in this
monomeric deletion protein according to secondary structure predictions from
TALOS.
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7 Experimental Section
7.1 Materials and Methods - Peptide Projects

7.1.1 NMR Spectroscopy

NMR Spectroscopy of 4-NMe-(His®,Arg®,Trp®,Lys'?)-MT-II

DQF-COSY, E.COSY, TOCSY, ROESY, "C-HMBC and *C-HSQC spectra were
recorded at 298 K on a Bruker DMX spectrometer operating at 600 MHz. A COLOC
spectrum®® was recorded at 298 K on a Bruker Avance |l spectrometer operating at
600 MHz. A phase sensitive HMBC and a reference HSQC spectrum with offset and
rf-amplitude-compensated BEBOPP" and BIBOP pulses®*?3%! were detected at
298 K on a Bruker Avance |l spectrometer operating at 750 MHz.%3%! Samples
were prepared in 50 mM Sodium acetate-d4 buffer (pH 4.5, 10% D,0O, 0.05 % NaNj3)
at concentrations of 12-38 mM in 5 mm NMR tubes. This low pH was chosen to keep
hydrogen exchange induced line broadening small and to enhance comparability with
numerous earlier structural studies on MCR effectors that were performed under the
same conditions. Sodium 3 (trimethylsilyl)propionate 2,2,3,3 d4 ("H at 0.000 ppm)
was used as internal standard. Data were processed with Topspin 1.3 software from
Bruker. The homo- and heteronuclear experiments 2QF-COSY, E.COSY, TOCSY,
ROESY, and magnitude mode "*C-HMBC were performed with a spectral width of
11 ppm for 'H and 180 ppm for *C. Individual HSQC spectra covering aliphatic
(**C offset = 35 ppm, spectral width = 50 ppm) and aromatic **C resonances ('*C off-
set = 120 ppm, spectral width = 30 ppm) were detected. The phase sensitive HMBC
spectrum and the reference HSQC spectrum were detected with a spectral width of 9
ppm for 'H and 190 ppm for *C. A COLOC spectrum was detected with spectral
widths of 9.5 ppm for 'H and 190 ppm for *C. The increments in t1 and t2 were
adjusted to the information extracted from the individual experiments, ranging from
384 to 2048 increments in t1 and from 4096 to 16384 complex data points in t2.
Depending on the sample concentration and the individual experiments, 16 to 48
transients were averaged for each t1 value. A mixing time of 80 ms was used for
TOCSY (spin-lock field: 6 kHz; mixing sequence MLEV-17). Water signal

suppression was achieved by WATERGATE techniques.%

The sequential
assignment was obtained from heteronuclear J correlations that were extracted from
HSQC and HMBC spectra. A compensated ROESY experiment, which was used for
the extraction of inter proton distances, was performed with 150 ms mixing time and
a spin-lock field of 4000 kHz.”" The volume integrals of the individually assigned

cross-peaks were compensated for offset effects and converted into distance
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constraints using the isolated spin pair approximation.®*” In order to compensate for
watergate solvent signal suppression artifacts, of any two cross-peaks representing
an internuclear distance, the peak with the higher water resonance offset in the direct
dimension was preferably considered for distance calculations. The ROESY cross-
peak volumes were calibrated against the distance (1.78 A) between the prochiral
NMe-Lys10 H°® protons. 18 intraresidual, 36 sequential interresidual and 9 non-
sequential interresidual ROE derived distance restraints were used for structure
calculations, with restraints between the lactam bridged residues Asp® and
NMe-Lys'" counted as sequential.

3 JNoHa coupling constants were determined from 1D "H NMR spectra, 3JHG_HB coupling
constants from E.COSY and heteronuclear 3Jc.y coupling constants from HMBC and

reference HSQC spectra,[4244:304.309]

NMR Spectroscopy of 3-NMe-(D-Trp?,Lys’,Phe'")-seglitide

E.COSY, TOCSY, ROESY, "*C-HMBC, "C-HSQC and a phase sensitive HMBC with
selective *C-pulses were recorded at 298 K on a Bruker Avance Ill spectrometer
operating at 500 MHz. Samples were prepared in DMSO-d6 at concentrations of
10 mM in a 3 mm NMR tube. DMSO-d6 ('H at 2.52 ppm) was used as internal
standard. Data were processed with Topspin 1.3 software from Bruker. The homo-
and heteronuclear experiments E.COSY, TOCSY, ROESY, and magnitude mode
3C-HMBC were performed with a spectral width of 11 ppm for 1H and 195 ppm for
3C. Individual phase sensitive HMBC spectra covering N-methyl and Val y-methyl
3C resonances (offset = 25 ppm, spectral width = 20 ppm) and backbone "*C
resonances ("°C offset = 172 ppm, spectral width = 8 ppm) were detected with a
spectral width of 10 ppm for 'H. The increments in t1 and t2 were adjusted to the
information extracted from the individual experiments, ranging from 80 to 1433
increments in t1 and from 8192 to 32768 complex data points in t2. Depending on the
individual experiments, 16 to 120 transients were averaged for each t1 value. A
mixing time of 80 ms was used for TOCSY (spin-lock field: 6.2 kHz; mixing sequence
MLEV-17). The sequential assignment was obtained from heteronuclear J corre-
lations that were extracted from HSQC and HMBC spectra. A compensated ROESY
experiment, which was used for the extraction of inter proton distances, was
performed with 150 ms mixing time and a spin-lock field of 2.1 kHz.®" The volume
integrals of the individually assigned cross-peaks were converted into distance

constraints using the isolated spin pair approximation.?®” The ROESY cross-peak
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volumes were calibrated against the distance (2.81 A) between the NMe D-Trp® H*
and H% protons. 10 intraresidual, 16 sequential interresidual and 7 non-sequential
interresidual ROE derived distance restraints were used for structure calculations,
with restraints between NMe-Ala® and NMe-Phe'" counted as sequential.

®Jun-Ha coupling constants were determined from 1D "H NMR spectra, Jyqng coupling
constants from E.COSY and heteronuclear ®Jc. coupling constants from phase

sensitive HMBC spectra, using according reference signals.?44

NMR Spectroscopy of Double N-methylated Cyclic (-R-G-D-f-V-) Peptides
1D 'H NMR, E.COSY, TOCSY, ROESY, "*C-HMBC, "*C-HSQC, and ""N-HETLOC

were recorded at 300 K on a Bruker Avance Il spectrometer operating at 500 MHz.
Samples were prepared in DMSO-d6 at concentrations of 42 mM
cyclo (-R-G-NMeD-f-NMeV-), 46 mM cyclo (-NMeR-G-D-NMef-V-) and 80 mM
cyclo (-NMeR-G-D-f-NMeV-) in 3 mm NMR tubes. DMSO-d6 ('H at 2.52 ppm, *C at
40.45 ppm) was used as internal standard. Data were processed with Topspin 1.3
software from Bruker. The homo- and heteronuclear experiments E.COSY, TOCSY,
HSQC, and magnitude mode "*C-HMBC were recorded with a spectral width of 13
ppm for 'H. HSQC and magnitude mode "*C-HMBC were recorded with a spectral
width of 160 ppm and 200 ppm for '*C, respectively. ROESY spectra were recorded
with spectral widths of 8.2 ppm (cyclo (-R-G-NMeD-f-NMeV-), cyclo (-NMeR-
G-D-NMef-V-)) and 10.8 ppm (cyclo (-NMeR-G-D-f-NMeV-)). "N filtered 2D TOCSY
experiments (*’N-HETLOC)**“*®! were set up as described by Uhrin et al®® and
recorded with spectral widths of 8.4 ppm (cyclo (-R-G-NMeD-f-NMeV-)) and 8.8 ppm
(cyclo (-NMeR-G-D-NMef-V-)) for 'H. The increments in t1 and t2 were adjusted to
the information extracted from the individual experiments, ranging from 192 to 2048
increments in t1 and from 1024 to 32768 complex data points in t2. Depending on the
individual experiments, 8 to 72 transients were averaged for each t1 value. A mixing
time of 80 ms was used for TOCSY (spin-lock field: 6.25 kHz; mixing sequence
DIPSI2). The sequential assignments were obtained from heteronuclear J
correlations that were extracted from HSQC and HMBC spectra. Compensated
ROESY experiments, which were used for the extraction of inter proton distances,
were performed with 100 ms mixing time and with spin-lock fields of 4 kHz.®" The
spin-lock was achieved using a train of 15° pulses. The volume integrals of the
individually assigned cross-peaks were compensated for offset effects and converted

into distance constraints using the isolated spin pair approximation.?*”! The ROESY
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cross-peak volumes were calibrated against the distance between the Val® HY
protons (cyclo (-R-G-NMeD-f-NMeV-)), against the distance (2.41 A) between the Val
H® and H® protons (cyclo (-NMeR-G-D-NMef-V-)) and against the distance (1.8 A)
between the Arg" HP protons (cyclo (-NMeR-G-D-f-NMeV-)). For cyclo (-R-G-
NMeD-f-NMeV-) the bounds obtained that way turned out to be too short and were
thus stretched by 15 %; a procedure that was justified by significant overlap of the
cross-peaks with edges of the diagonal peaks and by possible TOCSY transfer,
which may have diminished the cross-peak volumes. 8 intraresidual, 10 sequential
interresidual and 1 non-sequential interresidual ROE derived distance restraints were
used for structure calculations of cyclo (-R-G-NMeD-f-NMeV-). Another 3 sequential
interresidual and 1 non-sequential interresidual ROEs were used for MD trajectory
analysis. 7 intraresidual, 12 sequential interresidual and 3 non-sequential
interresidual ROE derived distance restraints were used for structure calculations of
cyclo (-NMeR-G-D-f-NMeV-). 10 intraresidual, 7 sequential interresidual and 3 non-
sequential interresidual ROE derived distance restraints were used for structure
calculations of cyclo (-NMeR-G-D-NMef-V-). Another 7 sequential interresidual ROEs
were used for MD trajectory analysis. Restraints between residues 1 and 5 were
counted as sequential.

*Juna coupling constants were determined from 1D 'H NMR spectra and *Jyqng
coupling constants from E.COSY. 3JN_HB coupling constants were obtained from
®N-HETLOC spectra by reading the f2 splitting of (E.COSY type) H"-HP cross-peaks.

NMR Spectroscopy of N-methylated Cyclic (-a-A-A-A-A-A-) Peptides

1D "H NMR, TOCSY, ROESY, and "*C-HMBC spectra were recorded at 300 K on a
Bruker Avance lll spectrometer operating at 500 MHz. Samples were prepared in
DMSO-d6 at concentrations of 5-40 mM in 3 mm NMR tubes. DMSO-d6 ('H at
2.52 ppm, "*C at 40.45 ppm) was used as internal standard. Data were processed
with Topspin 1.3 software from Bruker. The homo- and heteronuclear experiments
were recorded with spectral widths that were just sufficient to display all resonances
in the respective dimensions ("H: 8 - 10 ppm; *C: 190 ppm). The increments in t1
and t2 were adjusted to the information extracted from the individual experiments,
ranging from 256 to 1024 increments in t1 and from 4096 to 8192 complex data
points in t2. Depending on the individual experiments, 8 to 48 transients were
averaged for each t1 value. A mixing time of 80 ms was used for TOCSY (spin-lock
field: 6.25 kHz; mixing sequence MLEV17). The sequential assignments were

obtained from heteronuclear J correlations that were extracted from HMBC spectra.
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Compensated ROESY experiments, which were used for the extraction of inter
proton distances, were performed with 100 ms mixing time and with spin-lock fields
of 4 kHz.®" The spin-lock was achieved using a train of 15° pulses. The volume
integrals of the individually assigned cross-peaks were compensated for offset
effects and converted into distance constraints using the isolated spin pair
approximation (see chapter 6.1.2).*"! For calibration against intraresidual H® - HP
distances, one third of the average of the offset compensated intraresidual H® - HP
crosspeak volumes was used as reference intensity in equation 1.11 (chapter 1.1.3).
The average of the three distances between the a hydrogen atom and one of the
three B hydrogen atoms in the sc+, sc- and trans rotamers (= 2.58 A) was used as

reference distance in equation 1.11 (chapter 1.1.3).

7.1.2 Distance Restraints

Distance restraints were derived in six steps:

1. Integration of cross-peaks in offset compensated ROESY spectra.

2. Dividing of their intensities by k; for offset compensation. k; is obtained by
equations 1.8 and 1.9 that are given in the introduction (chapter 1.1.3).

3. Calculation of crude distances from offset compensated intensities based on
reference peaks using equations 1.10 and 1.11 that are also given in the
introduction (chapter 1.1.3).

4. Multiplication of the crude distances with (nin;)"®

, Wwhere n; and n; are the
number of degenerated protons of resonances i and j (multiplicity correction).

5. Addition of 10% to the multiplicity corrected distances and subtraction of 10%
from the multiplicity corrected distances to obtain upper and lower bounds,
respectively.

6. Addition of 0.4 A (0.8 A) to the upper bounds of restraints between one (two)

methyl groups (pseudoatom correction).

7.1.3 Distance Geometry Calculations

A home-written distance geometry program was used for metric matrix distance
geometry calculations.*®® Beyond the geometric distance bounds (holonomic
restraints) experimental distance restraints were placed in the final distance matrix
whenever the latter were more restrictive. Upon random metrization, 50 template

structures were embedded in four dimensions and partially minimized using
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conjugate gradient minimization. The following distance bound driven dynamics
(DDD) simulation®®® was carried out in two subsequent steps (100 ps at 500 K, 40 ps
at 1 K). Holonomic and experimental distance constraints plus a chiral penalty
function were used in the DDD simulation to generate violation energies and forces.
For each four dimensional structure a distance matrix was derived that served for the
computation of coordinates in three dimensions using the EMBED algorithm. Another
conjugate gradient minimization step, DDD simulations (100 ps at 500 K, 60 ps at
1 K) and two more conjugate gradient minimization steps were carried out to optimize
the structures under the influence of distance constraints and chiral penalty functions.
Distance restraints involving methyl groups were referred to pseudoatoms in the
structure calculation process. The coordinates of the pseudoatoms were calculated

as arithmetic mean of the corresponding three methyl proton coordinates.

7.1.4 Restrained Molecular Dynamics Simulations

Restrained MD calculations (rMD) were carried out employing the module
DISCOVER of the INSIGHT II 2001 program (Biosym/MSI Inc.) with the CVFF force
field. The ROE restraints were included with a force constant of 10 kcal mol™" A2 The
calculations were done with the explicit-image model of periodic boundary conditions.
The best structure resulting from the DG calculation was placed in a cubic box of
length 30 A and soaked with water. 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 1 ps steps, each by direct scaling
of velocities. The system was equilibrated for 50 ps with temperature bath coupling.
Coordinates were saved every 100 fs for another 150 ps. The average structure of
the 150 ps rMD calculation was subjected to energy minimization and further

investigated by unrestrained MD simulations.

7.1.5 Unrestrained Molecular Dynamics (MD) Simulations

Unrestrained MD Simulations of 4-NMe-(His® Arg® Trp®,Lys'®)-MT-II

The GROMACS 4.0 software package (www.gromacs.org)®'®*'? was used to
perform unrestrained MD calculations. Visualization of the simulation trajectories was
performed using the software packages VMDE'™ and SYBYL 8.0.B™ The scripts
g_cluster, g_dist and g_angle, that were used for analysis of the MD trajectory, were
all packaged with GROMACS. The 53a6 united atom (CH, CH, and CHj3; groups
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represented as a single atom) forcefield, one of the GROMOS96 force fields,?'™ was
used for the molecular dynamic simulations. Rigid SPC water which was constrained
using SETTLEP' served as water model. Solute bonds were constrained by the
SHAKE algorithm®'! and temperature and pressure control was executed by

Berendsen coupling.?'®

Periodic boundary conditions were employed on a
octahedral simulation box, which was built with a distance of 1.4 nm for the solute.
Cut off distances of 1.4 nm for electrostatic and Lennard-Jones non-bonding
interactions were applied. Simulation time steps were set to 2 fs. Upon addition of
two acetate counter ions and soaking of the box with water, the system was
equilibrated by an initial minimization and subsequent 50 ps MD simulations at 50,
100, 150, 200, 250 and 298 K using position restraints. Within the individual MD
steps, the temperature was gradually increased, while the force constants of the
position restraints were decreased exponentially from 250000 KJmol'nm™? at 50° K
to 25° KJmol'nm? at 250° K. At 298 K no position restraints were applied. For
adjacent pressure equilibration a 100 ps MD simulation was performed at 298 K. The
final 30 ns MD simulation was carried out at 298 K. Coordinates were saved every 10
ps. For the MD simulation with strict conservation of the peptide backbone obtained
from the restrained MD simulation, position restraints of 250000 KJmol'nm2 were
applied on all backbone carbon and nitrogen atoms between Asp®C® and

NMe-Lys™ C°.

Unrestrained MD Simulations of 3-NMe-(D-Trp®,Lys® Phe'")-seglitide

The GROMACS 4.0 software package (www.gromacs.org)®'®*'? was used to
perform unrestrained MD calculations. Visualization of the simulation trajectories was
performed using the software packages VMDP"! and SYBYL. The scripts g_cluster,
g_dist and g_angle, that were used for analysis of the MD trajectory, were all
packaged with GROMACS. The 53a6 united atom (CH, CH2 and CH3 groups
represented as a single atom) forcefield, one of the GROMOS96 force fields,?' was
used for the molecular dynamic simulations. Temperature and pressure control was
executed by Berendsen coupling.®'® Periodic boundary conditions were employed
on a octahedral simulation box, which was built with a distance of 2 nm for the solute,
that consisted of more than 1200 DMSO molecules. Cut off distances of 1.4 nm for
electrostatic and Lennard-Jones non-bonding interactions were applied. Simulation
time steps were set to 2 fs. Upon soaking of the box with DMSO, the system was

equilibrated by an initial minimization and subsequent 50 ps MD simulations at 50,
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100, 150, 200, 250 and 298 K using position restraints. At every single temperature a
temperature and a pressure equilibration was performed. Within the individual MD
steps, the temperature was gradually increased, while the force constants of the
position restraints were decreased exponentially from 250000 KJmol'nm? at 50 K to
25 KJmol'nm? at 250° K. At 298 K no position restraints were applied. The final
50 ns MD simulation was carried out at 298° K. Coordinates were saved every 10 ps.
As the applied forcefield does not explicitly take the covalent contribution of the
observed strong hydrogen bonds into account, we compensated for that by applying
one single distance restraint between Tyr’ HM and Val'® HY, during the MD
simulation. This restraint was in well agreement with an experimentally derived ROE
|10

between these atoms. We further applied a dihedral angle restraint on Val™ y; in

order to keep this dihedral angle within the experimentally determined range.

Unrestrained MD Simulations and Energy Minimizations of Double
N-methylated Cyclic (-R-G-D-f-V-) Peptides

The GROMACS 4.0 software package (www.gromacs.org)®'%%'? was used to
perform energy minimizations and unrestrained MD calculations. Visualization of the
simulation trajectories was performed using the software packages VMDP'™! and
SYBYL. The scripts g_cluster, g_dist and g_angle, that were used for analysis of the
MD trajectory, were all packaged with GROMACS. The 53a6 united atom (CH, CH,
and CHj; groups represented as a single atom) forcefield, one of the GROMOS96
force fields," was used for the molecular dynamics simulations. Temperature and
pressure control was executed by Berendsen coupling.®'® Periodic boundary
conditions were employed on a octahedral simulation box, which was built with a
distance of 2 nm for the solute, that consisted of more than 1200 DMSO molecules.
Cut off distances of 1.4 nm for electrostatic and Lennard-Jones non-bonding
interactions were applied. Simulation time steps were set to 2 fs.

Energy minimizations in explicit DMSO were performed after careful equilibration of
the surrounding solvent, which was ensured by subsequent MD simulations at a
series of different temperatures of 50, 100, 150, 200, 250, 300, 250, 200, 150, 100
and 50 K. At every step 20 ps temperature equilibration and 20 ps pressure
equilibration were performed. Position restraints of 250000 KJmol'nm? were
employed on the peptide atoms at all these steps until the temperature was
decreased back to 150 K. For the last two temperature steps at 100 K and 50 K,

position restraints were reduced to 25000 KJmol'nm? and 2500 KJmol'nm?,
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respectively. The final steepest descent energy minimization was run without position
restraints and stopped as soon as the biggest force was smaller than 100
KJmol'nm™.

Preparation for MD simulations was similar but slightly different: The system was
equilibrated by an initial minimization and subsequent 50 ps MD simulations at 50,
100, 150, 200, 250 and 300 K using position restraints. At every single temperature a
temperature and a pressure equilibration was performed. Within the individual MD
steps, the temperature was gradually increased, while the force constants of the
position restraints were decreased exponentially from 250000 KJmol'nm? at 50 K to
25 KJmol'nm? at 250°K. At 300 K no position restraints were applied. The final
50 ns (cyclo(-R-G-NMeD-f-NMeV-) and cyclo(-NMeR-G-D-f-NMeV-)) and 100 ns
(cyclo(-NMeR-G-D-NMef-V-)) MD simulations were carried out at 300 K. Coordinates
were saved every 10 ps. For analyzing the quality of the MD runs, apparent inter-
proton distances were back calculated (equation 7.1) from 1001 conformations that
were extracted at intervals of 50 ps (cyclo(-R-G-NMeD--NMeV-) and
cyclo(-NMeR-G-D-f-NMeV-)) and of 100 ps (cyclo(-NMeR-G-D-NMef-V-)).

176

_|_ 1001 (7.1)

app 1000

-6
z Mrame

frame=0

rrame Was calculated for the frames of the trajectories for every single internuclear
distance under consideration. A self written perl script was used for this purpose that
extracted the coordinates from the frames, calculated the distances and performed r®
based averaging of the individual distances resulting in ra,, (equation 7.1).
Consistency between experimental and back calculated ROEs could be improved by
adding few conformational constraints to the final MD simulations of
cyclo(-R-G-NMeD-f-NMeV-) and cyclo(-NMeR-G-D-f-NMeV-). For cyclo(-R-G-NMeD-
f-NMeV-), NMe-Asp® ¥ and D-Phe* ® were restrained to 82° and 120°, respectively
(D-Phe* *Jinna = 9.3 Hz). For cyclo(-NMeR-G-D-f-NMeV-), Gly* W and Asp® ® were
restrained to -45° and -120°, respectively (Asp® ®Jun.na = 9.0 Hz). Additionally, a time
averaged distance restraint was applied to keep NMe-Arg' C® and D-Phe* HM
between 3.3 and 4.1 A (the ROE between NMe-Arg' H® and p-Phe* H" suggests 3.15
to 3.84 A).
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7.2 Materials and Methods — Hsp26 Project

7.2.1 Chemicals and Enzymes

If not otherwise indicated in the text, chemicals were obtained from Merck or
Sigma-Aldrich. DNA oligonucleotides were purchased from Biomers GmbH
(Ulm, Germany). DNA sequencing was provided by SeqlLab GmbH (Gbttingen,
Germany). Enzymes for cloning DNA were obtained from Promega (Madison, WI,
USA), New England Biolabs (lpswitch, MA, USA) and Agilent Technologies (Santa
Clara, CA, USA). The Wizard® SV Gel and PCR Clean-up System (Promega
Corporation, Madison, WI, USA) was used for purifying PCR product DNA from
agarose gels and for removing restriction enzymes. Plasmid DNA was isolated from

E. coli using Wizard® Plus SV Minipreps (Promega Corporation, Madison, WI, USA).

7.2.2 Buffer Solutions and Culture Media

Cation and anion exchange FPLC Buffers

Buffer A: 20 mM HEPES, pH 8

Buffer B: 20 mM HEPES, 1 M NaCl, pH 8

Initially, this buffer system was also used in slightly different composition containing
additional 5 mM EDTA.

Ni-NTA FPLC Buffers

Puffer A: 300 mM KCI, 50 mM NaPi, 10 mM imidazole, pH 8
Puffer B: 300 mM KCI, 50 mM NaPi, 500 mM imidazole, pH 8

SOB™ Medium

A solution of 20 g tryptone, 5 g yeast extract, 0.5 g NaCl, and 0.186 g KCI in 1 liter
H,O was autoclaved. 10 ml of sterile 1 M MgSO, and 10 ml of sterile 1 M MgCl,
were added just befor use.

TB Buffer

Upon addition of 10 ml HEPES (0.2 M, pH 6.7) and 30 ml CaCl;, (0.1 M) to 50 ml
KCI (1 M) and dilution with H,O to a final volume of 200 ml, the pH was adjusted to
6.7 using KOH. 2.18 g MnCl, - 4H,O were added and the solution was sterilized
(0.2 um cellulose acetate sterile syringe filter, VWR, Radnor, PA, USA).
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10 x TAE buffer

48.4 g Tris base, 11.4 ml glacial acetic acid, and 2.92 g EDTA disodium salt were
dissolved in 600 ml H,O. The pH was adusted to 8.0 before additional H,O was
added to a final volume of 1 liter.

10 x DNA sample buffer
4 % (w/v) bromophenol blue, 50 % (v/v) glycerol.

LB medium

10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl.

M9 minimal medium

100 ml M9 medium (10 x), 10 ml trace elements solution (100 x), 20 ml glucose
solution (20 % w/v)*; 1 ml MgSO,4 (1 M), 0.3 ml CaCl, (1 M), 1 ml biotin solu-
tion (1 mg/ml), 1 ml thiamine solution (1 mg/ml), 1 ml kanamycin sulfate solution
(35 mg/ml).

* with 2H;,"*Cg glucose, the amount per Liter medium was reduced to 1.5-2 g

M9 medium (10 x): 60 g/l Na;HPO,, 30 g/l KH,POy4, 5 g/l NaCl, 5 g/l ""NH,CI

Trace elements solution (100 x): 5 g/l EDTA, 0.83 g/l FeCl; - 6 H,O, 84 mg/l
ZnCly, 13 mg/l CuCl, - 2 H,0O, 10 mg/l CoCl, - 6 H,O, 10 mg/l H;BO3, 1,6 mg/l
MnCl, - 6 H,O. After addition of the EDTA to slightly less than the final volume, pH

was adusted to 7.5. Then, the remaining components were added and the volume
was adjusted to 1 liter.

5 x SDS-PAGE loading buffer

10 % (w/v) SDS, 50 % (v/v) glycerol, 300 mM Tris/HCI (pH 6.8), 0.05 % (w/v)
bromophenol blue, 5% (v/v) 2-mercaptoethanol.

4 x SDS-PAGE separating gel buffer
0.8 % SDS, 1.5 M Tris base (pH 8.8).

2 x SDS-PAGE loading gel buffer
0.4 % SDS, 0.25 M Tris/HCI (pH 6.8).
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10 x SDS-PAGE running buffer
0.25 M Tris/HCI, 2M glycine, 1 % SDS (pH 8.8).

7.2.3 Vectors and DNA Oligonucleotides
The plasmid for expressing Hsp2630.105 (PET28b+ - Hsp26an30-195c) Was obtained

from the chair in Biotechnology. It was derived by Titus Franzmann via the
Nco1/Not1 restriction sites of pET28b+ (Merck Biosciences GmbH, Schwalbach)
using the DNA oligonucleotides 5' GAT CGC GGC CGC TTA CTT CTG AGG CTT
CAATTT TG 3', and 5' GAT CCC ATG GGG AGA GGC TAC GCA CCA AGA C 3' for
amplification of the Hsp26 inserts.

The plasmid for expressing Hsp2630.195a137-153y Was derived from the plasmid
PET28b+ - Hsp26,n30-195c. The oligonucleotides used for amplification of pET28b+ -
Hsp26n30-195c DNA in order to delete the DNA encoding Hsp26 residues 137-153 is

given in Table 6.1.

Table 6.1: Primers from 5’ end (left) to 3’ end (right).

forward TCT GGT AAG TTC AAG AGA GTC ATC ACT
reverse TGG AAT TTC ACC AGA AAC CAA AAT TTG GTT

The plasmid was obtained by cyclization due to intra-molecular blunt end ligation

reaction (chapter 6.2.6).

7.2.4 Polymerase Chain Reaction

Polymerase chain reaction (PCR)®'**! was applied for amplifying DNA. Pfu poly-
merase (Promega Corporation, Madison, WI, USA) including a proofreading function
was applied in 50 pl batches for preparing DNA that was used in later cloning steps

(Table 6.2). Tag polymerase was applied in 10 ul batches for analyzing whether

inserts were properly included in plasmids (Table 6.2).
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Table 6.2: Components of Pfu PCR reactions (left) and Tag PCR reactions (right).

5l Pfu polymerase buffer (10x) 1ul Thermopol buffer (10x)

1.5 100 mM dNTP mix 0.3 ul 100 mM dNTP mix

2 ul 10 UM primer A 0.3 ul T7 Promotor primer forward
2 ul 10 UM primer B 0.3 ul T7 Promotor primer reverse
0.5-1.5 yI DNA template 0.5 ul DNA template

36-37 ul  sterile ddH,0 7.5l sterile ddH,O

1ul Pfu polymerase (‘hot start’) 0.1 ul Taq polymerase

Temperature profile cycles applied for PCR reactions are shown in Table 6.3. Pfu
polymerase was added after initial melting at 95°C (‘hot start’), whereas Taq

polymerase was added already before the initial heating step.

Table 6.3: Temperature profiles for PCR reactions.

1) 2minat95 °C initial melting
2a) 30sat95°C melting at the beginning of each cycle
2b)  30-45s at50-70 °c* annealing

2c)  1-15 min* at 68 °C (Pfu) or 72 °C (Taq)  extension at the end of each cycle
3 10 min at 68 °C (Pfu) or 72 °C (Taq) final extension
4 4°C storage

Steps 2a-c were repeated 20-30 times.

#Annealing temperatures were set 10 °C below the estimated melting temperature T, of
the primers.

* Extension times were chosen such that the product DNA could well be synthesized
based on synthesis rates of 500 bp/min (Pfu) and 2000 bp/min (Taq), respectively

Upon PCR, the non-mutated and methylated template plasmid was selectively di-
gested by incubation of the PCR reaction with 1 ul (20U) of Dpnl at 37 °C for 6-12 h.

7.2.5 Agarose Gel Electrophoresis

Agarose gels (0.7 — 1%) for analytical and preparative gel electrophoresis were made
by dissolving 0.49 — 0.7 g agarose in 70 ml hot 1 x TAE buffer. 4 yl ethidiumbromide
stock solution (1 % w/v) was added just before casting of the gel at about 60 °C.
Typical samples consisted of 1 yl 10 x DNA sample buffer and 9 ul PCR product. The
electrophoresis was performed in a BIO-RAD system controlled by a E702
microcomputer electrophoresis power supply under constant voltage of 60-90 V.
DNA bands were identified by their fluorescence at 254 nm using a BIO-RAD gel

documentation system.
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7.2.6 Intra-Molecular Blunt End Ligation

1 pl T4 DNA ligase reaction buffer (10 x) (New England Biolabs, Ipswitch, MA, USA),
1 ul T4 DNA ligase (400 000 cohesive end units/ml, New England Biolabs, Ipswitch,
MA, USA) and 1 ul T4 polynucleotide kinase (10 U/ul, Fermentas) were added to 7 pl
of PCR product as extracted from an agaose gel upon preparative gel
electrophoresis. The reaction was incubated over night at room temperature and 3 pl

were transformed into competent E. coli XL1 blue cells.

7.2.7 E. coli Strains

Table 6.4: E. coli bacterial strains used.

E. coli genotype reference / source
BL21 (DE3) E. coli B strain 321 / Novagen

F dem ompT hsdS(rg” mg’) gal A(DE3)
XL1 blue recA1 endA1 gyrA96 thi-1 hsdR17 Novagen

supE44 relA1 lac [F" proAB laclqZAM15
Tn10 (Tetr)]

7.2.8 Preparation of Chemically Competent Cells

3 ml LB medium were inoculated with appropriate E. coli cells and incubated
overnight at 37°C. 500 ml SOB™ medium were inoculated with the overnight culture
and incubated at 25°C until the OD at 600 nm had reached 0.5. The culture was
cooled on ice (15 min) and centrifuged for 10 minutes (4°C, 6000 g, prechilled
centrifugation tubes). The pellet was gently resuspended in 100 ml ice-cooled TB
buffer, incubated on ice (15 min) and centrifuged for 10 minutes (4 °C, 6000 g,
prechilled centrifugation tubes). After gently resuspending the pellet in 18.6 ml ice-
cooled TB buffer, 1.4 ml DMSO were added and the suspension was kept on wet ice
for another 15 minutes. The cell suspension was aliquoted at 500 pl per tube in
prechilled Eppendorf tubes that were shock-frozen in liquid nitrogen and stored
at -80°C.

7.2.9 Chemical Transformation of E. coli

The plasmid to be transformed and an aliquot of cells (Eppendorf tube) were put on
ice until the cells were thawn. 1 pl of plasmid was added to the cells; both were
mixed gently, put on ice for 10 minutes and subsequently exposed to 42°C in a

heater for 60 seconds without shaking. After cooling on ice for 10 minutes, 700 ml LB
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medium were added and the batch was shaken gently in a heater at 37 °C for 1 hour.
After centrifugation (4000 g, 1 minute) the supernatant was removed, the cells
resuspended in the remaining volume and then plated on agar plates containing

appropriate antibiotics.

7.2.10 Storage of E. coli

BL21 (DE3) and XL1 blue E. coli cells containing plasmids were stored as glycerol
stocks. These were prepared by pipetting 700 ul cell culture (OD ~ 0.6) into a cryo
tube. 300 pl of glycerol (75 %) were added and carefully mixed with the cell culture.
After incubation at 4 °C for one hour, the tube was shock-frozen in liquid nitrogen and
stored at -80 °C.

7.2.11 Expression Analysis

In order to test for protein expression levels under different conditions (temperatures,
induction times, media, ?H, "*C and N isotope contents etc.), well defined amounts
of cells were taken from different test cultures at defined timesteps for later analysis
by SDS-PAGE. At each timestep, the OD was determined at 600 nm and the volume
of the sample was adjusted such that its volume (in ml) multiplied by its OD was
equal to one. Immediately upon volume adjustment, the sample was transferred into
an Eppendorf tube and centrifuged for 5 minutes at full speed. After quantitative
removal of the supernatant, 5 yl SDS-PAGE loading buffer (5 x) and 15 pl water were
added, and the sample was heated for 5 minutes to 95°C before it was stored at

room temperature for later analysis by SDS-PAGE.

7.2.12 SDS-PAGE
Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) was

performed in SE 250 mini-vertical gel electrophoresis units (Hoefer). 0.625 ml
acrylamide/bisacrylamide (37.5:1, 40 % w/v) (Serva, Heidelberg, Germany), 2.5 ml
loading gel stock solution (2 x), 0.1 ml 10 % (w/v) SDS, and 1.775 ml H,O were used
to prepare 5 ml loading gel. 3.75 ml acrylamide/bisacrylamide (37.5:1, 40 % w/v),
2.5 ml separating gel stock solution (4 x), 0.2 ml 10 % (w/v) SDS, and 3.55 ml H,O

were used to prepare 10 ml separating gel. 65 yl ammoniumpersulfate (APS) solution
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(10 %) and 4 pl N,N,N’,N’-tetramethylethylendiamin (TEMED) were added directly
before casting of loading and separating gels.
Samples were prepared by heating a mixture of 5 pl loading buffer (5 x) and 20 pl

protein solution in Eppendorf tubes for 5 minutes to 95 °C.

7.2.13 Fast Protein Liquid Chromatography

AKTA FPLC device (Amersham Pharmacia Biotech; today GE Healthcare, Munich;
Germany) including a UPC-900 control unit, a P-920 pump, a P-900 fraction
collector, an INV-907 valve, a M-925 mixer, a 0.6 ml mixing chamber, a conductivity

flow cell, and a Hg lamp.

Columns

Cation exchange 24 ml Q-Sepharose fast flow resin (GE Healthcare, Munich,
Germany) self packed into a XK 16/20 column (GE Healthcare,
Munich, Germany)

Anion exchange 6 ml Resource S column (GE Healthcare, Munich, Germany)

Desalting HiPrep 26/10 Desalting (GE Healthcare, Munich, Germany)

7.2.14 Expression and Purification of Hsp263¢.195

Hsp2630.195 Was expressed from E. coli BL21 (DE3) cells that contained constructs of
pET28b+ vectors with Hsp26,n30-195c gene inserted via Nco1 and Not1 restriction
sites. These cells were obtained from Titus Franzmann at the chair in Biotechnology
of the Technische Universitat Minchen. The pET28b+Hsp26n30-195c construct was
extracted once from these cells using Wizard® Plus SV Minipreps (Promega
Corporation, Madison, WI, USA) and transformed before each expression into E. coli
BL21 (DE3) cells that were plated on Agar plates containing Lysogeny broth (LB)
medium supplemented with 35 ug/ml Kanamycin. The plates were incubated at 37 °C
for 24 hours. Precultures containing 20 — 50 ml LB medium with 35 pg/ml Kanamycin
were derived from individual colonies and shaken over night at 37 °C.

1 Liter LB medium supplemented with 35 pg/ml Kanamycin or 1 Liter isotope (**C and
®N) enriched minimal medium (M9) supplemented with 35 pg/ml Kanamycin were
inoculated with 20 ml preculture and shaken at 37 °C until the OD had reached
0.7-0.9. Protein expression was induced by addition of 1 mM isopropyl-p-
D-thiogalactopyranoside (IPTG). Expression was done for 3 — 5 h at 37 °C. After
centrifugation (20 min, 6000 g, 4°C) the supernatant was decanted. The cell pellet

was washed carefully for few seconds with 30 ml ice cold buffer A (20 mM HEPES,
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pH 8) to remove remaining salts and then resuspended in 40 ml buffer A. The cells
were lysed using a Basic Z cell disrupter (Constant Systems Ltd., Daventry, UK) at a
pressure of 2.0 kbar. As soon as the first lysate left the disruption apparatus, 1 ml
Protease-Inhbitors Mix B (Serva, Heidelberg, Germany) and ~ 1 mg DNAse | (Serva,
Heidelberg, Germany) were added into the ice-cooled collecting flask. Non-lysed
cells and all other insoluble contents were removed from the lysate by centrifugation
(30 min, 50000 g, 8°C).

Purification of Hsp2630.195 by fast protein liquid chromatography (FPLC) was
performed at 4 °C. The supernatant was diluted with ice-cooled buffer A to a volume
of 150 ml and applied to a Q-Sepharose anion exchange column (GE Healthcare,
Munich, Germany) at a flow rate of 4 ml/min (column inner diameter of 16 mm, length
of 12 cm). After washing with 100 ml buffer A at 4 ml/min, Hsp2630.19s Was eluted
applying a linear NaCl gradient (0 — 0.5 M) with a volume of 150 ml at 4 ml/min. The
eluate was separated into 3 ml fractions and analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). 30 ul Protease-Inhbitors Mix B
were added immediately upon elution to all fractions containing 30 — 270 mM NacCl.
The fractions containing Hsp2630.195 according to SDS-PAGE were pooled, diluted to
a final volume of 150 ml with buffer A (20 mM HEPES, pH 8) and applied to an
equilibrated Resource S (6 ml) cation exchange column (GE Healthcare, Munich,
Germany) at a flow rate of 2 ml/min. After washing with 60 ml buffer A at 2 ml/min,
Hsp2630.195 was eluted applying a linear NaCl gradient (0 — 1 M) with a volume of
60 ml at 2 ml/min. The eluate was separated into 3 ml fractions and analyzed by
SDS-PAGE. Pure fractions were pooled and dialyzed twice against 2 L 10 mM NaP;,
1mM EDTA at 4 °C. The protein was further analyzed by MALDI-TOF mass

spectrometry.

7.2.15 Expression and Purification of Hsp2639.195a137-153)

The expression and purification of HsSp2630.195a137-153 were performed exactly as

described for Hsp2630.195.

7.2.16 Circular Dichroism Spectroscopy

CD spectroscopy was performed on a Jasco J-715 spectropolarimeter (Jasco, Grol}-
Umstadt, Germany) using 0.1 cm path-length quartz cuvettes (Helma AG, Mullheim,
Germany). If not otherwise mentioned, spectra were recorded with 5 transients from

190 — 260 nm with a scanning speed of 50 nm/min, a bandwidth of 5 nm and a
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response of 2 s. For thermal transitions, a heating speed of 60 K/h was used and the

signals at 219 nm or 222 nm were followed.

7.2.17 UVNis Spectroscopy

UV/Vis spectroscopy was performed on a Cary-100 UV/Vis spectrophotometer
(Varian, Palo Alto, CA, USA). The optical density of cell cultures was monitored at

600 nm in a BIO-RAD SmartSpec Plus spectrophotometer.

7.2.18 NMR Spectroscopy

A two-dimensional "H-""N HSQC spectrum and a set of three-dimensional out-and-
back triple-resonance®®2%**22 gpectra including HNCO, HNCA, HN(CO)CA,
HNCACB, HN(CO)CACB, and HN(CA)CO were recorded of '*C/"°N-labeled
Hsp2630.195a137-153y (1 MM in 10 mM NaP;, 1 mM EDTA) at 298 K on a 600 MHz
Avance Il Bruker spectrometer equipped with a cryo TCI probe (*H, *C, "°N) with
z-gradient. The coupling of *C® *C’ and "H to "°N during t1 was suppressed in the
'H-""N HSQC experiment by inversion of these resonances in the middle of t1 using
N hard pulses as well as two gauss cascade amplitude and phase modulated
pulses (Q3.7000) with a length of 256 pys on "*C® and "*C’. The t1 period of the
'H-""N HSQC was embedded in zz-filters.*?®! Water suppression was achieved using
WATERGATEP®! within the second INEPT step and by applying water flip-back
pulses with a sinc amplitude modulation (SINC1.7000) and a length of 1 ms within
the zz-filter elements. 8 transients with 1024 (256) complex data points were
recorded in the direct (indirect) dimension and the data was processed in TOPSPIN
1.3 (Bruker BioSpin, Rheinstetten, Germany) to a matrix of 1024 x 1024 data points
including linear prediction (LPfr) of 128 output points (LPBIN) based on 32
coefficients (NCOEFF) in the indirect dimension.

The experiments hncogp3d, hncagp3d, hncocagp3d, hncacbgp3d, hncocacbgp3d,
and hncacogp3d, as delivered with TOPSPIN 2.1 were applied with gauss cascade
amplitude and phase modulated pulses (Q3.7000) with a length of 256 ys for
selective inversion and refocusing *C’, *C®, or *C*P. Gauss cascade amplitude and
phase modulated pulses with a length of 400 ys were used for selective excitation of
B, B¢, or C*® (Q5.1000 and Q5tr.1000). Pulses with a sinc amplitude
modulation (SINC1.1000) and a length of 1 ms were applied for aligning the water
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magnetization along the +z axis before acquisition. More experimental details are

given in Table 6.5.

Table 6.5: Experimental details for NMR spectra recorded of Hsp263¢.195(a137-153)-

f1 (*C) f2 (°N) £3 ("H)
Experiment Transients . . sw (min,
sw (min, sw (min, Data

Incr. max) [ppm] Incr. max) [ppm] points max)

[ppm]
HNCO 8 96 163.8-1822 50 97-137 1024  -1.3-10.7
HNCA 8 90 406-674 50 102-132 1024  -1.3-10.7
HN(CO)CA 8 90 406-67.3 50 102-132 1024  -1.3-10.7
HNCACB 16 110 6.2 -68.8 50 102-132 1024  -1.3-10.7
HN(CO)CACB 16 110 6.2-68.8 50 102-132 1024  -1.3-10.7
HN(CA)CO 16 90 163.8-1822 50 102-132 1024  -1.3-10.7

The spectra were processed in TOPSPIN 1.3 to 256, 128 and 1024 data points along
f1, f2, and f3, respectively. 96 (48) data points (LPBIN) were predicted along f1 (f2)
using 24 (12) coefficients (NCOEFF). Peaks were picked in Sparky 3.110 (T. D.
Goddard and D. G. Kneller, University of California, San Francisco). The sequential
assignment was established using Protein ASsignment by Threshold Accepting
(PASTA).P?!l Secondary structure was estimated using N, C® CP, and C’ chemical
shifts in TALOS+.?°! Only confidence for B-strand higher than 0.8, as read from the

file predSS was considered for color coding of the Hsp26 structural model shown in

Figure 5.8 B.
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Appendix A

Table A.1: Comparison between the experimentally derived distance restraints (d.owg, (dupp)
and calculated (dnp) interproton distances of compound 4-NMe-(His® Arg® Trp® Lys'®)-MT-II
as obtained from restrained MD calculation. Violations of upper bounds (positive sign) and of
lower bounds (negative sign) are given in the last column (dyig).

interproton distance diow [A] dupp [Al dwo [A] dyior [A]
Asp® H® Asp® H* 2.32 2.84 2.629

Asp® HP os Asp® H* 2.58 3.15 3.050

Asp® H* NMe-His® HY® 2.08 3.19 2.758

Asp® HP 1 or NMe-His® H* 413 5.05 4.635

Asp® HP . or NMe-His® HY® 2.52 3.68 3.286

Asp® HP s NMe-His® H* 473 5.78 5.248

Asp® H* NMe-His® H* 4.15 5.07 4.608

Asp® H”, or D-Phe’ H" 3.15 3.85 3.520

Asp® HPos D-Phe’ H" 3.43 4.19 4.100

Asp® H* NMe-Trp® HM® 2.62 3.78 2.716

Asp® H* NMe-Lys' H 3.06 3.74 4.014 +0.27
Asp® HP ,or NMe-Lys'® H¢ 2.77 3.38 3.054

NMe-His® HY®  NMe-His® H* 3.21 4.43 3.913

NMe-His® H* D-Phe’ H" 2.05 2.51 2.390

NMe-His® H? D-Phe’ H" 3.71 5.23 4.326

NMe-His® H"®  p-Phe’ HM 3.4 4.64 4.334

NMe-His® H* D-Phe’ H* 3.78 4.62 4.500

NMe-His® HY®  NMe-Trp® HY® 3.24 4.97 3.689

NMe-His® H"®  NMe-Trp® H' 3.4 4.64 3.660

D-Phe’ H" D-Phe’ H* 2.53 3.09 3.053

D-Phe’ HP D-Phe’ H" 2.32 3.53 3.187

D-Phe’ H" NMe-Arg® H* 3.77 4.61 4.748 +0.14
D-Phe’ H* NMe-Arg® H® 2.11 3.22 2.679

D-Phe’ HP NMe-Arg® HP 3.08 5.16 4.752

D-Phe’ HP NMe-Arg® H"® 2.65 4.52 4.450

D-Phe’ H* NMe-Trp® H¥' 4.37 5.34 4.472

NMe-Arg® H"®  NMe-Arg® H* 3.17 4.39 3.872

NMe-Arg® H* NMe-Trp® HMe 2.08 3.18 2.779

NMe-Arg® HP NMe-Trp® H* 4.23 5.87 5.526

NMe-Arg® HY®  NMe-Trp® H* 3.98 5.29 5.034

NMe-Arg® HY®  NMe-Trp® HY® 3.34 5.06 4.816

NMe-Arg® H NMe-Trp® H* 3.75 4.59 4.579

NMe-Arg® HY®  NMe-Trp? H' 3.3 4.53 4.760 +0.23
NMe-Arg® H"®  NMe-Trp® H' 3.27 45 4.184

NMe-Arg® HY®  NMe-Trp® H*® 3.63 4.9 4.359

NMe-Arg® HY®  NMe-Trp® H™ 3.6 4.86 4.123

NMe-Arg® HY®  NMe-Trp® H® 3.45 4.7 3.806

NMe-Arg® H"®  NMe-Trp® HE 2.89 4.08 4.327 +0.25
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interproton distance diow [A] dupp [A] dwp [A] dyior [A]
NMe-Arg® H NMe-Lys'® HM® 3.32 4.56 4.472

NMe-Arg® H? NMe-Lys'® HY® 3.26 5.19 5.333 +0.14
NMe-Trp® H"®  NMe-Trp® H* 3.15 4.37 3.905

NMe-Trp® H* NMe-Lys'® H"® 2.23 3.35 2.996

NMe-Trp® H"®  NMe-Lys'® H* 3.56 4.83 4.889 +0.06
NMe-Trp® HY®  NMe-Lys'® H 3.34 4.58 4.504

NMe-Trp® HY®  NMe-Lys'® H® 3.63 5.59 5.450

NMe-Trp® H"*  NMe-Lys'® H"' 2.85 4.04 3.964

NMe-Trp® H"®  NMe-Lys'® H" 2.85 4.04 3.057

NMe-Trp® H* NMe-Lys'® H* 3.78 4.62 4.620

NMe-Trp® H*  Amide"" H" 3.95 5.52 5.457

NMe-Lys'® H®*  NMe-Lys'® H"® 2.31 4.14 3.617

NMe-Lys"H®  NMe-Lys' H* 2.57 3.84 4.258 +0.42
NMe-Lys H®  NMe-Lys'® H® 2.83 4.16 3.447

NMe-Lys" H®  NMe-Lys'® H? 2.42 4.36 2.532

NMe-Lys'® H*'  NMe-Lys'® H"® 4.33 5.66 5.053

NMe-Lys"® H?  NMe-Lys'® H"* 4.33 5.66 5.731 +0.07
NMe-Lys" H®  NMe-Lys'® H 2.99 5.06 3.218

NMe-LysH'  NMe-Lys'® H* 2.57 3.85 2.597

NMe-LysH'  NMe-Lys'® H* 2.88 4.22 3.798

NMe-LysH'  NMe-Lys'® H"® 2.96 4.87 4.133

NMe-Lys™® H"®  NMe-Lys'® H* 3.22 4.44 3.897

NMe-Lys" H*  Amide"" H" 2.87 4.21 3.349

NMe-Lys'® H®  Amide"" H" 2.94 4.99 3.889

NMe-Lys" HY®  Amide"" H" 3.43 5.38 4.116
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Table B.1: Comparison between the experimentally derived distance restraints (diow), (dupp)
and calculated (dyp) interproton distances of 3-NMe-(D-Trp®,Lys® Phe'")-seglitide as obtained
from restrained MD calculation (r'6 averaged distance as backcalculated from the 50 ns MD
trajectory). Violations of upper bounds (positive sign) and of lower bounds (negative sign) are
given in the last column (dyio)-

interproton distance

diow [A] dupp [A] dwp [A] dyio [A]

NMe-Ala® HY®
NMe-Ala® HV®
NMe-Ala® H*
NMe-Ala® HP
NMe-Ala® HY®
NMe-Ala® HV®
NMe-Ala® H*
NMe-Ala® HM®
NMe-Ala® H*
NMe-Ala® HY®
Tyr7 HN

Tyr” BN

Tyr7 H*

Tyr7 HN

Tyr” BN

Tyr7 HN
NMe-D-Trp® H*
NMe-D-Trp® H*
val' 1M

val'® H*

val'® 1"

val'® H*

val'® 1V

val'® H*

val'® 1V

val'® H*

Val'® HP

Val'® H"

val'® H"
NMe-Phe'" H*

NMe-Ala® H*
NMe-Ala® HP
Tyr7 HN

Tyr” BN

Tyr7 HN

Tyr7 H*
NMe-D-Trp® HY®
Val'® H"?
NMe-Phe'" H*
NMe-Phe'" H*
NMe-D-Trp® H*
NMe-p-Trp® H™®
NMe-D-Trp® H"®
val'® 1"

Val'® H”
NMe-Phe'' HM®
val'® 1V

Val'® H"?

Val'® HP

val' H?

val'® H"

val'® H"'

val'® H?

val'® H?
NMe-Phe'" H*
NMe-Phe'" H®
NMe-Phe'" H®
NMe-Phe'' HM®
NMe-Phe'' HM®
NMe-Phe'' HM®

3.60
3.19
2.18
4.1
3.04
4.40
4.50
4.27
1.61
4.61
4.08
3.89
2.28
2.82
2.99
5.01
3.19
4.61
3.28
2.06
3.39
2.61
2.70
3.53
4.25
2.21
2.38
4.43
4.43
3.44

4.81
4.69
2.66
5.42
4.1
5.78
5.90
6.02
1.96
6.03
4.99
5.15
3.18
3.44
4.06
6.52
3.90
6.04
4.01
2.52
4.55
3.59
3.70
4.72
5.19
3.10
3.31
6.21
6.22
4.60

3.59
3.49
2.32
4.28
3.90
5.40
5.37
6.33
1.61
4.26
4.74
4.18
2.45
3.31
4.26
5.11
3.59
5.03
3.64
2.35
3.65
2.81
2.92
3.70
4.59
2.45
3.59
5.47
4.96
3.11

-0.01

+0.31

-0.35

+0.20

+0.28

-0.33
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Table C.1: Comparison between the experimentally derived distance restraints (diow), (dupp)
and calculated (dpg, dwp) interproton distances of c(-R-G-NMeD-f-NMeV-) as obtained from
distance geometry calculation and unrestrained MD calculation (r® averaged distance that
were backcalculated from 1001 frames of the 50 ns MD trajectory). Violations of upper
bounds (positive sign) and of lower bounds within the MD trajectory (negative sign) are also

given (dvio).
interproton distance C[’R‘i” ?}‘f]” ?R? ([j"}"j ?K‘]" utilization”
Arg" H" Arg' H* 192 235 221 202 c
Arg' H® Gly? H" 255 312 227 344 +0.32(*) c
Arg' H" NMe-Val® H* 185 226 206 2.09 c
Arg" H" NMe-Val’ HP°R 296 4.01 356 3.53 c
Arg' HN NMe-Val® H"® 344 460 466 497 +0.37 a
Gly* HN NMe-Asp® HY®  3.09 4.18 4.34 3.79 c
Gly? H* NMe-Asp’ H"® 266 365 241 248 -0.18 a
Gly? H* NMe-Asp’ H"® 266 365 322 381 +0.16 a
Gly* HN NMe-Val® H 346 423 490 449 +0.26 c
NMe-Asp® H*  NMe-Asp’H"® 268 3.67 257 254 -0.12 c
D-Phe’* H" Gly? H* 374 457 564 495 +0.38 a
D-Phe* H" NMe-Asp® H* 213 260 201 224 c
D-Phe* H" NMe-Asp® H"  3.01 4.08 4.50 3.49 c
p-Phe’* HY D-Phe* H* 288 3.08 283 286 -0.02 c
p-Phe’* HY NMe-Val® H* 369 451 506 4.74 +0.23 c
D-Phe* H* NMe-Val’ H®®® 390 516 4.88 4.99 c
D-Phe* H* NMe-Val® HY® 218 3.07 229 241 c
NMe-Val® HP°®  Arg" H® 436 573 511 5.09 c
NMe-Val’ HY®  NMe-val® H? 224 314 275 276 c
NMe-Val® H* NMe-Val’ HP°R 254 351 275 2098 c
NMe-Val® H* NMe-Val’ HP®S 262 360 262 276 c
NMe-Val® H"®*  NMe-Val® HPS 322 4.74 368 3.97 c

® These strong upper bound violations seem to results from sequential magnetization transfer via J coupling and

cross relaxation.

) Distance information used as restraints within the preceeding distance geometry calculation (c) and distance

information used exclusively for the analysis (a) of the MD trajectory.
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Table C.2: Comparison between the experimentally derived distance restraints (diow), (dupp)
and calculated (dpg, dwp) interproton distances of compound c(-NMeR-G-D-f-NMeV-) as
obtained from distance geometry calculation and unrestrained MD calculation (r'6 averaged
distance that were back calculated from 1001 frames of the 50 ns MD trajectory),
respectively. Violations of upper bounds (positive sign) and of lower bounds (negative sign)
are also given (dyio)-

interproton distance ?K‘i” CEK']" ([jRT ?K]D ?R‘]" utilization”
NMe-Arg" H* NMe-Arg' HY® 353 472 3.33 3.59 c
NMe-Arg' HY®  NMe-Vval® H* 449 589 402 434 -0.15 c
Gly? H" NMe-Arg" H* 250 3.05 298 237 -0.13 c
Gly? UM NMe-Arg' HY® 338 454 463 4.26 c
Asp® H" Gly? UM 299 3.66 4.33 3.39 c
Asp® HN Asp® H* 242 296 288 281 c
Asp® H" D-Phe* H" 295 361 328 278 -0.17 c
p-Phe* HY NMe-Arg' H* 3.15 3.85 348 426 +0.41 c
D-Phe* H" Gly? BN 3.36 411 3.85 3.51 c
p-Phe* HY Asp® H* 198 242 255 249 +0.07 c
D-Phe’ H* NMe-Val® H"® 218 3.07 225 242 c
NMe-Val® H* NMe-Arg" H* 160 1.96 171 1.77 c
NMe-Val® HP°®  NMe-Arg' H* 385 510 4.18 4.11 c
NMe-Val® H"*  NMe-Arg' H* 458 6.00 3.54 461 c
NMe-Val’ H"®  Gly* HM 455 596 5.66 5.88 c
NMe-Val’ H"®  p-Phe* H" 414 546 3.84 420 c
NMe-Val®’ H"®®  p-Phe* H* 313 422 430 489 +0.67 c
NMe-Val’ H"®  NMe-Vval® H* 341 457 330 3.62 c
NMe-Val®’ H"®  NMe-val® H? 235 3.27 322 288 c
NMe-Val® H* NMe-Val®’ H®P°S 223 313 284 287 c
NMe-Val® H"®  NMe-Val’ H®S 280 4.23 3.83 4.06 c
NMe-Val® H* NMe-Val® HP°R 214 3.02 262 296 c

® These strong upper bound violations seem to results from sequential magnetization transfer via J coupling and

cross relaxation.

) Distance information used as restraints within the preceeding distance geometry calculation (c) and distance

information used exclusively for the analysis (a) of the MD trajectory.
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Table C.3: Comparison between the experimentally derived distance restraints (diow), (dupp)
and calculated (dyp) interproton distances of compound c(-NMeR-G-D-NMef-V-) as obtained
from unrestrained MD calculation (r'6 averaged distance that were calculated back from 2001
frames of the 100 ns MD trajectory). Violations of upper bounds (positive sign) and of lower
bounds within the MD trajectory (negative sign) are also given (dyig).

dow du d d dvio )
interproton distance [J&] [K]P [R(]; [X]D [A]I utilization
NMe-Arg' H* NMe-Arg' H"® 245 34 251 250 c
NMe-Arg' H* Gly* H" 249 3.05 256 221 -0.28 a
NMe-Arg' HM Gly? BN 3.13 423 453 359 c
NMe-Arg' H* Asp® HN 411 503 478 563 +0.6 c
NMe-Arg' H® Val® HrPS 545 7.06 582 6.64 a
NMe-Arg' HM val® HN 45 8.00 452 473 c
NMe-Arg' HV Val® H* 23 321 250 244 c
NMe-Arg' HM Val® HP°S 474 66 4.05 5.09 a
NMe-Arg' HM Val® HPoR 423 597 526 4.27 a
Gly* BN Asp® H" 243 297 318 3.79 +0.82" c
Gly? H" NMe-D-Phe*HY® 38 504 611 571 +0.67 c
Gly* HN val® HN 449 549 6.00 5.34 c
Asp® H" Asp® H* 2.88 308 276 270 -0.18 c
Asp® H* NMe-D-Phe* HY® 234 326 238 241 c
NMe-p-Phe* H"®  NMe-D-Phe* H® 3.5 4 326 357 c
NMe-D-Phe* H*  Val® H" 206 252 221 210 c
NMe-D-Phe* H*  Val® H™®™S 451 591 6.04 4.69 a
NMe-D-Phe* H*  Val® HP™R 45 59 457 576 a
NMe-p-Phe* HY  val® H" 3.9 516 449 4.9 c
NMe-p-Phe* HY  val® H* 393 52 559 558 +0.38 a
Val® H" Val® H* 2.88 3.08 289 280 -0.08 c
val® H" Val® HP 313 383 316 249 -0.64" c
Val® H" Val® H"™°S 279 3.81 433 3.10 c
Val® H" Val® HPR 365 4.86 297 3.82 c
Val® H® val® H? 217 265 228 266 +0.01 c
Val® H* Val® HPeS 359 478 261 299 -0.60 c
Val® H* Val® HPR 275 3.76 3.37 290 c

® These strong upper bound violations seem to results from sequential magnetization transfer via J coupling and
cross relaxation.
) Distance information used as restraints within the preceeding distance geometry calculation (c) and distance

information used exclusively for the analysis (a) of the MD trajectory.
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Table C. 4: Temperature dependence of HN chemical shifts, 3JHN-HG coupling constants, 3JHG_HB
coupling constants and the according y4 populations in peptide 1. The ranges given for the y4
Eopulations were derived by assuming the following pairs of coupling constants:
JHG-HB(ap) =12 Hz and 3JHG-HB(ga) = 3.5 Hz as well as SJH(}-HB(ap) =13.6 Hz, 3JHG-HB(ga) =2.6 Hz.

Aw/AT 3JHN-Hu 3JHu-HB P = -60°) P = 180°) P = 60°)
[ppb/K] | [Hz] [Hz] [%] [%] [%]
Arg’ -5.02 7.0 ca.9/ca.6 90-94 6-10
Gly? 416 | 72128
NMe-Asp® 8.5/5.4 83-85 15-17
) 4 ) proR: 8.8 ) ) )
D-Phe 8.38 9.3 or0S: 5.8 10-15 56-63 27-29
NMe-Val® 11.2 0-22 78-90 0-22

Table C. 5: Temperature dependence of HN chemical shifts, 3JHN-HG coupling constants, 3JHG_HB
coupling constants and the according y4 populations in peptide 4. The ranges given for the y4
populations were derived by assuming the following pairs of coupling constants: SJHG.HB(ap) =
12 Hz and 3JHG-HB(ga) = 3.5 Hz as well as SJH(}-HB(ap) =13.6 Hz, SJH(}-HB(ga) =2.6 Hz.

AWAT | *Junta 3JHu-Hﬁ Py = 60°) Py = 1809) Py = 60°)
[ppb/K] | [HZ] [Hz] [%] [%] [%]
NMe-Arg' 11.2/4.8 98-100 0-2
Gly? -5.04 | 57/5.1
3 ) proR: 8.4 ) ) )
Asp 4.93 9.0 oroS: 5.7 26-28 53-58 16-19
D-Phe* | -2.34 gp | ProR:8.2 24 51-55 21-25
pro: 5.3
NMe-Val® 10.7 0-26 74-85 0-26

Table C. 6: Temperature dependence of H" chemical shifts, 3JHN_H(1 coupling constants, 3JHO(_HB
coupling constants and the according y; populations in peptide 10. The ranges given for the y,
populations were derived by assuming the following pairs of coupling constants: SJHG_HB(ap) =
12 Hz and 3JHG-HB(ga) = 3.5 Hz as well as SJH(}-HB(ap) =13.6 Hz, SJH(}-HB(ga) =2.6 Hz.

AWAT | *Junta 3JHa-HB Py = 60°) Py = 1809) Py = 609)
[ppb/K] [Hz] [Hz] [%] [%] [%]
NMe-Arg' 9.4/4.8 82-85 15-18
Gly? -3.05 | 8.1/4.2
3 proR: 10.8
Asp - 9.0 or0S: 3.8 4-11 74-86 10-15
NMe-D-Phe* 85/7.1 0-5 95-100
Val® 0.53 8.9 3.3 73 0-6 21-27
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Appendix D

Resonance assignments of N-methylated cyclic (-a-A-A-A-A-A-) peptides

All resonances were assigned in DMSO-d6 at 300 K and at a proton resonance
frequency of 500 MHz. Chemical shifts are referenced to the DMSO 'H resonance at
2.52 ppm and the DMSO "*CM® resonance at 40.45 ppm.

Table D.1: Resonance assignment NMe(1)

HNHY) H* H* ¢C© ¢+ ¢ c™
1D-Ala (2.954) 4.794 1.260 171.9 53.57 14.97 31.20
2Ala 8224 4.219 1.284 172.8 48.98 18.51
3Ala 7.716 4.184 1.328 173.3 49.46 18.75
4Ala 8293 3.876 1.262 172.6 50.99 17.21
5Ala 7.914 4.019 1.282 172.3 49.81 18.19
6Ala 7.871 4.579 1.172 172.5 46.88 18.22

Table D.2: Resonance assignment NMe(5)

HNor(H") H* H* ¢ ¢ cfP c"™
1D-Ala 8538  4.197 1.195 173.2 49.94 17.22
2 Ala 8.664  4.117 1.268 171.8 49.42 17.85
3 Ala 7.398  4.433 1.239 173.2 47.22 20.45
4 Ala 8.703  4.743 1.227 173.4 44.87 17.73
5Ala*  (2.578) 5.160 1.218 169.8 55.91 15.57 29.04
6 Ala 8.169  4.362 1.188 172.3 49.72 19.39

Table D.3: Resonance assignment NMe(1,2)

HNor(H") H* H* ¢ c* cP c™
1p-Ala (3.035) 4.804 1.297 173.4 51.98 1490 -
2Ala  (2.897) 5.106 1.241 1705 52.14 14.35 30.94
3 Ala 7.316  4.313 1.408 172.7 4849 19.35
4 Ala 8.235  3.809 1.268 173.1 52.07 17.12
5 Ala 8.079  4.033 1.283 172.2 50.19 18.06
6 Ala 7.320  4.674 1.202 172.8 46.90 18.68
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Table D.4: Resonance assignment NMe(1,5)

HNor(W™) H* HF' € c* cf cC™
1D-Ala (3.017) 4.834 1.284 173.0 53.13 15.87 31.19
2 Ala 8.657 4.063 1.268 171.9 49.55 18.01
3 Ala 7.138 4.394 1.206 173.0 47.36 20.60
4 Ala 8.751 4692 1.211 1734 4532 17.74
5 Ala (2.583) 5.133 1.245 169.9 55.90 15.75 29.12
6 Ala 8.363 4741 1.188 171.8 46.96 18.90
Table D.5: Resonance assignment NMe(1,6)
HNor(H") H* H* ¢ ¢+ ¢t ™
1D-Ala  (2.817) 5.213 1.170 171.1 51.88 13.91 30.24
2 Ala 7.201 4412 1.319 173.6 47.99 19.25
3 Ala 8.419 3.829 1.259 173.2 51.81 16.82
4 Ala 8.242 3.998 1.318 172.3 49.80 17.41
5 Ala 7.585 4618 1.087 172.3 47.03 17.90
6 Ala (3.072) 4113 1.251 171.3 57.13 1485 -
Table D.6: Resonance assignment NMe(2,5)
HNor(H") H* H* ¢ ¢ cfP c"™
1 D-Ala 8.770 4579 1.223 174.6 4592 16.79
2 Ala (2.982) 5.106 1.228 169.7 52.28 14.22 30.77
3 Ala 7.147 4.361 1.263 172.9 47.69 20.39
4 Ala 8.728 4759 1.233 173.5 44.85 17.89
5 Ala (2.572) 5.229 1.207 169.7 56.09 15.47 29.19
6 Ala 7.951 4.353 1.206 172.8 49.47 19.76

Table D.7: Resonance assignments NMe(3,5)

NMe(3,5)cis2-3¢isa5 H or (HM) H* HF C© ¢ cP c™
1 p-Ala 7631 4346 1.162 171.0 48.78 17.47
2 Ala 7.780  4.744 1.167 172.1 45.10 18.96
3 Ala (2.641) 4.712 1.446 171.8 55.80 16.10 30.11
4 Ala 8.065  4.691 1.280 172.5 47.10 17.36
5Ala (2.630) 4.838 1.339 170.1 55.71 15.06 29.24
6 Ala 8.063  4.458 1.203 172.0 48.78 19.17
NMe(3,5)cs2.s HNor(H"™) H* H*® € ¢ cP ¢
1 p-Ala 7.343 4271 1.225 172.6 49.26 20.47
2 Ala 8.746  4.777 1.232 173.4 44.38 18.62
3 Ala (2.594) 5258 1.248 169.0 56.13 1550 29.39
4 Ala 7.716  4.605 1.217 171.3 47.10 17.90
5Ala (3.127)  3.644 1.339 171.3 62.00 13.84 37.93
6 Ala 7.810  4.285 1.247 171.6 49.00 16.83
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Table D.8: Resonance assignment NMe(4,5)

HNor(W™) H* H' € c* cf cC™
1 D-Ala 8.630 4160 1.204 173.4 50.18 16.99
2 Ala 8.689 4160 1.276 171.8 49.19 17.86
3 Ala 7.567 4843 1.204 1734 4593 18.12
4 Ala (3.109) 5.231 1.306 173.7 49.36 15.98 31.19
5 Ala (2.548) 5.095 1.226 169.6 55.88 15.49 28.65
6 Ala 8.208 4.385 1.168 172.5 49.65 19.36
Table D.9: Resonance assignments NMe(5,6)
NMe(5,6)ciss.c HNor (H") H* H* € ¢+ c¢cP ¢
1 D-Ala 8.002 4392 1.262 172.3 49.19 20.44
2 Ala 8.195 4179 1.273 173.0 50.55 18.49
3 Ala 8.238 4.041 1.297 171.5 50.23 17.99
4 Ala 7.405 4529 1117 171.9 46.72 17.92
5 Ala (2.998) 5.249 1.241 173.3 49.72 1561 31.09
6 Ala (2.834) 4.801 1.347 171.1 53.87 17.57 29.27
NMe(5,6)cisasciss6 H or (HM) H* HP C© ¢ c¢cP c™
1 D-Ala 8.423 4164 1.267 175.0 50.44 16.87
2 Ala 8.967 3.952 1.293 172.8 51.01 17.42
3 Ala 7.426 4.023 1.145 172.4 49.21 18.02
4 Ala 7.423 4292 1.123 170.9 46.18 18.25
5 Ala (2.834) 4.831 1.365 171.4 53.00 18.09 31.89
6 Ala (2.776) 4554 1.503 173.6 54.36 18.53 30.64
Table D.10: Resonance assignment NMe(1,2,5)
HNor(H") H* H* C© ¢ c¢* c'™
1D-Ala (3.088) 4.919 1.326 174.5 51.05 15.00 31.65
2 Ala (2.951) 5.088 1.217 169.6 52.00 14.33 30.87
3 Ala 7.110 4.353 1.263 172.7 47.78 20.62
4 Ala 8.736 4707 1.230 173.7 45.06 17.85
5 Ala (2.582) 5.246 1.220 169.7 56.12 15.77 29.30
6 Ala 8.121 4748 1.235 173.0 47.36 18.93
Table D.11: Resonance assignment NMe(1,3,6)
HVor(H") H* H* C© ¢ ¢* c'™
1D-Ala (2.600) 5.201 1.151 170.2 52.41 13.93 29.23
2 Ala 7.004 4878 1.191 1729 45.14 18.38
3 Ala (3.196) 3.688 1.335 171.0 61.16 14.90 27.17
4 Ala 8.095 4.000 1.342 171.5 49.61 16.74
5 Ala 7.952 4803 1.165 171.6 4540 17.99
6 Ala (3.086) 3.878 1.235 170.8 58.25 14.88 28.35
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Table D.12: Resonance assignment NMe(2,4,5)

HNor(W™) H* H' € c* cf cC™
1 D-Ala 8.822 4574 1.236 174.7 45.74 16.68
2 Ala (2.997) 5.133 1.238 169.4 52.19 14.30 30.69
3 Ala 7.267 4.803 1.218 173.0 46.41 18.34
4 Ala (3.095) 5.229 1.308 173.9 49.41 16.09 31.03
5 Ala (2.544) 5.147 1.225 169.7 56.07 15.55 28.55
6 Ala 8.037 438 1.194 1729 49.51 19.86
Table D.13: Resonance assignment NMe(1,2,4,5)
HNor(H") H* H* ¢ ¢+ ¢t ™
1D-Ala (3.117) 4.914 1.339 174.8 51.12 14.88 31.69
2 Ala (2.972) 5.121 1.220 169.5 51.80 14.18 30.71
3 Ala 7.210 4813 1.212 173.0 46.45 18.42
4 Ala (3.095) 5.184 1.300 174.1 49.71 16.07 31.40
5 Ala (2.566) 5.170 1.237 169.8 56.07 15.65 28.88
6 Ala 8.151 4792 1.228 173.4 47.27 19.18
Table D.14: Resonance assignments NMe(1,2,5,6)
NMe(1,2,5,6)¢isas HYor(H") H* HF C© ¢c* cP c™
1 D-Ala (2.740) 5.676 1.194 171.3 47.43 15.52 29.43
2 Ala (2.781) 5.141 1.140 170.3 52.40 13.51 30.81
3 Ala 7.229 4107 1.262 171.5 49.41 17.31
4 Ala 8.669 4952 1.294 1719 44.81 18.53
5 Ala (2.606) 5.552 1.313 168.2 54.85 18.11 29.24
6 Ala (2.477) 5.274 1.140 170.1 52.40 14.79 29.44
NMe(1,2,5,6)qs5.c HNor (H") H* HP € ¢c* cP c™
1 D-Ala (2.994) 5.398 1.084 170.5 49.51 15.58 30.35
2 Ala (2.873) 5.189 1.250 170.8 52.94 14.02 29.90
3 Ala 8.205 4.053 1.312 171.3 50.27 16.39
4 Ala 7.380 4554 1.080 172.4 46.41 17.98
5 Ala (3.036) 5.307 1.285 173.4 48.61 16.52 30.61
6 Ala (2.953) 5.473 1.342 172.2 51.14 17.29 30.85
Table D.15: Resonance assignments NMe(1,4,5,6)
NMe(1,4,5,6)cisa5cs5.6 H or(H"®) H* H* © ¢ cP cM
1 D-Ala (3.201) 4.671 1.314 171.6 53.06 18.00 31.61
2 Ala 8.742 4.085 1.267 171.9 49.59 17.41
3 Ala 7.254 4550 1.032 171.3 45.22 17.85
4 Ala (2.723) 5.734 1.160 170.1 46.24 15.46 29.31
5 Ala (2.858) 5.421 1.390 172.3 53.30 18.31 31.85
6 Ala (2.867) 4.761 1.448 175.5 53.01 17.38 32.16
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NMe(1,4,5,6)cs34 H'or(H") H* HF C© ¢ c¢P c™
1 p-Ala (2.734) 5.065 1.137 169.9 52.24 13.39 30.27
2 Ala 7115 4277 1.308 172.9 47.93 18.43
3 Ala 8.181  4.870 1.277 173.5 46.30 18.25
4 Ala (2.693) 5.156 1.316 169.8 51.86 18.39 29.97
5 Ala (2.698) 5.274 1.115 170.7 50.21 14.75 30.51
6 Ala (2.804) 4.702 1.296 170.4 54.18 14.98 32.40
Table D.16: Resonance assignments NMe(2,4,5,6)
NMe(2,4,5,6)cis3.4cisas H or (H") H* H* ¢C c* cP c™
1 p-Ala 6.777 4793 1.143 172.6 45.72 18.09
2 Ala (2.995) 5.096 1.462 172.2 53.03 14.45 30.74
3 Ala 8.005 4.696 1.339 173.7 47.63 17.83
4 Ala (2.610) 5.030 1.320 169.3 52.10 18.03 29.85
5 Ala (2.630) 5.467 1.347 170.5 54.66 17.39 29.81
6 Ala (2.537) 5.118 1.211 169.8 52.94 13.89 29.83
NMe(2,4,5,6)ciss5ciss6 H or (H") H* H* ¢C c* cP c™
1 p-Ala 8.428  4.747 1.286 174.3 45.71 17.36
2 Ala (3.156)  4.970 1.293 170.7 53.27 14.46 31.28
3 Ala 7.146  4.470 1.102 1715 46.28 17.34
4 Ala (2.727) 5545 1.157 169.9 46.97 15.47 29.43
5 Ala (2.819) 5.284 1.428 171.6 53.82 18.05 32.12
6 Ala (2.728) 4.430 1.472 172.7 54.92 19.06 31.94
NMe(2,4,5,6)a14ans HYor (H"®) H* HP € c* cP c™
1 p-Ala 8.896  4.803 1.243 172.6 46.39 18.11
2 Ala (2.996) 4.912 1.265 170.9 53.12 15.34 31.99
3 Ala 7.800  4.676 1.214 172.2 45.93 18.20
4 Ala (2.868) 5.256 1.133 171.0 50.39 14.90 30.67
5 Ala (2.808) 4.705 1.300 173.4 54.26 15.10 32.53
6 Ala (2.514) 4.382 1.385 168.9 56.87 16.68 30.20
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Comparison of *J coupling constants, temperature gradients of H" chemical shifts, and chemical shifts of NMe(1,5), NMe(3,5)cis2-3,
NMe(1,2,5,6)cis4.5, and NMe(1,4,5,6)cis3-4

According to the scaffolds given in Figure 4.7, NMe(3,5).s23 and NMe(1,4,5,6).is5.6) possess conformations that are similar to the second
template structure (bottom of Figure 4.3) but rotated along the scaffold. Table D.17 and Table D.18 provide NMR data that supports this
assumption. The residue given in the top row is suggested to occupy position i+1 of the upper B-turn. All resonances were assigned in DMSO-
d6 at 300 K and at a proton resonance frequency of 500 MHz. Chemical shifts are referenced to the DMSO 'H resonance at 2.52 ppm and the

DMSO "*C™e resonance at 40.45 ppm.

Table D.17: 3JHN_HG coupling constants (in Hertz), temperature gradients of H" chemical shifts (in ppb/K), and chemical shifts (in ppm) that support the
structural similarity of NMe(3,5).is(2-3) with NMe(1,5) are highlighted (bold type).

NMe(1,5) *Junna d&/AT HYor (HY) He H? (o (o ct c™ NMe(3,5)cis2s  Junta d/T HNor (HY) He HP c’ c* ct ¢

1 D-Ala (3.017) 4.834 1.284 173.0 53.13 15.87 31.19 5Ala (3.127) 3.644 1.339 171.3 62.00 13.84 -

2 Ala 7.5 -5.2 8.657 4.063 1.268 171.9 49.55 18.01 6 Ala 8.2 -3.5 7.810 4.285 1.247 171.6 49.00 16.83

3 Ala 8.1 0.0 7.138 4.394 1.206 173.0 47.36 20.60 1 D-Ala 6.5-70 -0.2 7.343 4271 1.225 172.6 49.26 20.47

4 Ala 4.3 -4.6 8.751 4.692 1.211 173.4 4532 17.74 2 Ala 6.4 -4.6 8.746 4777 1.232 173.4 44.38 18.62

5Ala (2.583) 5.133 1.245 169.9 5590 15.75 29.12 3 Ala (2.594) 5.258 1.248 169.0 56.13 15.50 29.39
6 Ala 7.0 -2.0 8.363 4.741 1.188 171.8 46.96 18.90 4 Ala 5.0 -1.9 7.716 4.605 1.217 171.3 47.10 17.90

Table D.18: *Jin.a coupling constants (in Hertz), temperature gradients of H" chemical shifts (in ppb/K), and chemical shifts (in ppm) that support the
structural similarity of NMe(1,4,5,6).is3.4 with NMe(1,2,5,6).;4.5) are highlighted (bold type).

NMe(1,2,5,6)cisas Junna d8/T HNor (HY)  H* H? c (o ct ¢c" NMe(1,4,5,6)cisss Junna d8/AT  HVor (H") He H? c (o ct ¢"

1 D-Ala (2.740) 5.676 1.194 171.3 47.43 1552 29.43 6 Ala (2.804) 4.702 1.296 170.4 54.18 14.98 32.40
2 Ala (2.781) 5141 1.140 170.3 52.40 13.51 30.81 1 D-Ala (2.734) 5.065 1.137 169.9 52.24 13.39 30.27
3 Ala 4.8 -3.7 7.229 4107 1.262 171.5 4941 17.31 2 Ala 1.7 -3.3 7.115 4.277 1.308 1729 47.93 18.43
4 Ala 8.5 -3.6 8.669 4952 1.294 1719 44.81 18.53 3 Ala 74 -47%12 8.181 4.870 1.277 173.5 46.30 18.25
5 Ala (2.606) 5.552 1.313 168.2 54.85 18.11 29.24 4 Ala (2.693) 5.156 1.316 169.8 51.86 18.39 29.97

6 Ala (2.477) 5.274 1140 1701 52.40 14.79 29.44 5Ala (2.698) 5.274 1115 170.7 50.21 14.75 30.51
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Distance restraints for N-methylated cyclic (-a-A-A-A-A-A-) peptides

Table D.19: Distance restraints for NMe(1)

interproton distance diow [A]  dupp [A]
NMe-p-Ala’ H® NMe-D-Ala’ H® 3.23 4.35
NMe-p-Ala’ HV® Ala’ H 3.41 4.56
NMe-p-Ala’ HV® Ala® H 4.30 5.66
NMe-p-Ala’ H® Ala® H° 2.30 3.21
NMe-p-Ala’ HV® Ala® H 3.57 4.76
Ala? H NMe-D-Ala’ H 1.96 2.39
Ala’ H Ala® H® 2.49 3.04
Ala® H Ala® H 2.34 2.87
Ala’ H Ala® H 3.37 4.11
Ala® H Ala® H 3.42 418
Ala® H NMe-D-Ala’ H® 3.10 3.79
Ala*H Ala® H® 2.42 2.96
Ala® H Ala® H° 2.32 2.83
Ala® HP Ala*H 2.66 3.65
Ala® HP Ala* H 2.81 3.84
Ala® HP Ala® H 4.14 5.46
Ala® HP Ala® H 3.87 5.13
Ala* H Ala® H° 2.14 2.61
Ala*H Ala*H 2.80 3.42
Ala* H° Ala* H 2.18 2.66
Ala* HP Ala*H 2.66 3.65
Ala* H Ala® H 2.62 3.20
Ala* H° Ala® H 3.37 4.12
Ala® H Ala* H° 2.22 2.72
Ala® H Ala® H° 2.13 2.61
Ala® HP NMe-p-Ala’ H 3.69 4.91
Ala® HP Ala® H 4.21 5.55
Ala® H Ala® H° 2.25 2.75
Ala® H Ala® H° 2.37 2.89
Ala® H Ala® HP 2.87 3.90
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Table D.20: Distance restraints for NMe(5)

interproton distance diow [A]  dypp [A]  doe [A]  dyiol [A]
p-Ala’ H p-Ala’ H° 2.47 3.02 3.03 0.01
p-Ala’ H Ala®H 3.63 4.44 4.38

p-Ala’ H Ala® H° 1.91 2.34 2.37 0.03
p-Ala’ H Ala® H 2.87 3.51 3.07

p-Ala’ HP p-Ala’ H 2.5 3.46 2.82

D-Ala’ HP Ala® H 3.49 4.66 3.24 -0.25
Ala’ H D-Ala’ H° 1.8 2.2 2.30 0.1
Ala® H Ala® H° 2.43 2.97 2.95

Ala’ H Ala*H 2.3 2.81 2.70

Ala® HP Ala® H 2.57 3.54 2.63

Ala® HP Ala® H 3.78 5.01 3.89

Ala® H D-Ala’ H° 2.97 3.63 3.38

Ala® H Ala? H° 2.68 3.27 3.20

Ala®*H Ala® H® 2.44 2.98 2.91

Ala® HP Ala® H 2.83 3.86 3.14

Ala® HP Ala* H 2.58 3.55 3.15

Ala* H Ala® H° 2.04 25 2.49

Ala* H Ala® H 3.63 4.44 4.46 +0.02
Ala*H Ala* H® 2.48 3.04 2.73

Ala* HP Ala* H 2.67 3.66 2.55 -0.12
NMe-Ala® H Ala* H® 1.56 1.9 1.83

NMe-Ala® HV® Ala* H° 4.02 5.31 4.18

NMe-Ala® HV® NMe-Ala® H® 3.39 4.54 3.48

NMe-Ala® HV® Ala® H° 4.36 5.73 5.48

NMe-Ala® HV® Ala® H 3.24 4.36 4.01

Ala® H Ala*H 3 3.67 3.52

Ala® H Ala* H® 3 3.66 3.66

Ala® H NMe-Ala® H 2.12 2.59 2.40

Ala® H Ala® HP 3.05 413 3.37

Ala® H Ala® H° 2.43 2.97 2.71
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Table D.21: Distance restraints for NMe(1,2)

interproton distance diow [A]  dypp [A]  doe [A]  dyiol [A]
NMe-D-Ala’ H NMe-p-Ala' HY®  3.04 4.11 3.32
NMe-p-Ala’ H? NMe-p-Ala' HY®  2.92 4.37 3.64
NMe-D-Ala’ H® NMe-Ala? HV® 2.29 3.19 2.63
NMe-p-Ala’ H? NMe-Ala? H® 4.3 5.66 4.86
NMe-p-Ala’ HP Ala® H° 4.2 5.54 5.07
NMe-p-Ala’ H® Ala® H 3.82 5.07 4.40
NMe-p-Ala’ HV® Ala® HP 3.53 5.12 3.90

NMe-Ala? HV® NMe-p-Ala’ HP 3.67 5.29 3.25 -0.42
NMe-Ala® H NMe-Ala® HM® 3.46 4.62 3.40 -0.06
NMe-Ala? HV® NMe-Ala? HP 3.01 4.47 2.94 -0.07
NMe-Ala® H? Ala® H 3.39 4.55 4.12

NMe-Ala? HP Ala® H° 4.21 5.54 5.40

NMe-Ala? HV® Ala® H° 4.82 6.29 5.84

NMe-Ala® HV® Ala® HP 4.11 5.81 5.11

NMe-Ala? HV® Ala® H° 4.25 5.6 6.84 1.24
Ala*H NMe-p-Ala’ H 3.16 3.86 3.03 -0.13
Ala® H NMe-Ala? H® 2.45 2.99 3.04 0.05
Ala® H NMe-Ala? HV® 3.04 4.12 3.65

Ala® HP NMe-Ala? H® 5.08 6.62 4.98 -0.1
Ala® H Ala® H® 2.9 3.13 2.69 -0.21
Ala*H Ala® HP 2.91 3.96 3.36

Ala* H Ala® H° 2.25 2.75 2.55

Ala* H Ala® HP 2.85 3.88 3.15

Ala* H Ala* H° 2.42 2.8 2.31

Ala* H Ala* HP 2.78 3.8 3.15

Ala* H Ala® H 2.88 3.51 3.46

Ala® H Ala* H° 2.36 2.89 2.51

Ala® H Ala® H° 2.31 2.81 2.36

Ala® HP Ala® H 3.1 4.2 3.40

Ala® H Ala® H 2.45 2.99 4.00 1.01
Ala® H° NMe-D-Ala' HY®  2.28 3.19 2.42

Ala® H Ala® H° 2.83 3.46 3.67 0.21
Ala® H Ala® HP 3.23 4.36 2.58 -0.65
Ala® HP Ala® H° 4.37 5.75 5.27

Ala® H Ala® H® 2.56 3.13 2.87

Ala® H Ala® HP 3.08 4.17 3.05 -0.03
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Table D.22: Distance restraints for NMe(1,5)

interproton distance diow [A]  dypp [A]  dpe [A]  dyiol [A]
NMe-D-Ala’ H NMe-p-Ala' HY®  3.26 4.42 3.29
NMe-p-Ala’ H Ala*H 2.98 3.65 2.78 -0.2
NMe-p-Ala’ H® NMe-p-Ala’ HP 2.75 4.25 3.70
NMe-D-Ala’ H® Ala® H 5.17 6.75 4.77 -0.4
NMe-p-Ala’ HM® Ala® H 4.72 6.21 3.73 -0.99
NMe-p-Ala’ HV® NMe-Ala® H® 4.12 5.47 4.49
NMe-p-Ala’ HV® Ala® H 3.46 4.68 3.10 -0.36
NMe-p-Ala’ H® Ala® HP 3.80 5.52 4.33

Ala’ H NMe-p-Ala’ H 1.82 2.23 2.42 0.19
Ala? H Ala? H° 2.52 3.08 2.95

Ala’ H Ala® H 2.28 2.79 2.51

Ala® HP Ala® H 3.47 4.68 3.99

Ala® HP Ala® H° 4.05 5.39 5.11

Ala*H Ala® H® 2.69 3.29 3.06

Ala® H Ala® H° 2.46 3.01 2.88

Ala*H Ala® HP 2.91 3.99 3.15

Ala® H NMe-Ala® H® 4.24 5.18 5.19 0.01
Ala* H Ala® H 3.92 4.79 4.28

Ala* H Ala® H° 2.00 2.45 2.37

Ala* H Ala* H° 2.45 3.00 2.69

NMe-Ala® H Ala* H® 1.58 1.93 1.84

NMe-Ala® HP Ala® H 4.03 5.37 4.12

NMe-Ala® HV® Ala* H° 4.43 5.86 4.20 -0.23
NMe-Ala® HV® NMe-Ala® H® 3.39 4.59 3.49

NMe-Ala® HV® NMe-Ala® HP 2.95 4.49 3.20

NMe-Ala® HV® Ala® H 3.12 4.25 3.14

NMe-Ala® HV® Ala® H° 4.37 5.78 5.31

NMe-Ala® HV® Ala® HP 3.32 4.94 4.58

Ala® H Ala® H 3.05 3.72 3.95 0.23
Ala® H Ala* H° 2.85 3.48 3.57 0.09
Ala® H NMe-Ala® H® 2.11 2.58 2.87 0.29
Ala® H Ala® H° 2.47 3.02 2.87

Ala® H Ala® HP 3.02 413 3.18

Ala® H° NMe-p-Ala’' HY®  2.31 3.26 2.55

Ala® H® Ala®H 4.14 5.06 5.70 0.64
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Table D.23: Distance restraints for NMe(1,6)

interproton distance diow [A]  dypp [A]  doe [A]  dyiol [A]
NMe-D-Ala’ H NMe-p-Ala' HY®  3.33 4.47 3.50
NMe-p-Ala’ HV® NMe-p-Ala’ HP 2.92 4.37 3.46
NMe-p-Ala’ H® Ala® H° 4.51 5.91 4.85
NMe-p-Ala’ H® Ala® H 5.35 6.94 6.06
NMe-p-Ala’ HV® Ala* H 5.42 7.02 6.24
NMe-p-Ala’ H? NMe-Ala® H® 4.64 6.07 5.16

Ala’ H NMe-p-Ala’ H® 2.29 2.81 2.28 -0.01
Ala’ H NMe-p-Ala’ HP 4.15 5.47 4.08 -0.07
Ala’ H NMe-p-Ala' H"® 2,95 4.01 3.81

Ala® H Ala? H° 2.56 3.14 3.06

Ala’ H NMe-Ala® H® 3.62 4.42 4.45 +0.03
Ala® H Ala® H° 2.12 2.59 2.42

Ala® H Ala® HP 2.68 3.68 3.23

Ala*H Ala® H® 2.26 2.76 2.70

Ala® H Ala® HP 2.70 3.70 2.60 -0.1
Ala*H Ala® H® 2.08 2.54 2.27

Ala* H Ala® HP 2.95 4.01 3.67

Ala* H Ala* H° 2.09 2.55 2.34

Ala* H Ala® H 2.34 2.86 2.77

Ala® H NMe-D-Ala’' HY®  3.47 4.64 4.73 +0.09
Ala® H? Ala’ H 4.27 5.62 4.16 -0.11
Ala® H Ala® H° 3.73 4.55 4.01

Ala® H Ala* H° 2.67 3.27 2.93

Ala® H Ala® H° 2.52 3.08 2.64

Ala® H Ala® HP 2.98 4.05 3.34

Ala® H° NMe-Ala® HV® 2.21 3.10 2.45

Ala® HP NMe-Ala® H 4.91 6.40 5.26

NMe-Ala® H® NMe-p-Ala’' H"®  2.26 3.16 2.48

NMe-Ala® HP NMe-D-Ala’ H® 4.73 6.19 4.83

NMe-Ala® H? Ala® H 4.39 5.76 5.51

NMe-Ala® HV® Ala® H 4.87 6.36 5.45

NMe-Ala® H? Ala® H° 4.63 6.05 4.99

NMe-Ala® H? Ala® H 4.58 6.00 5.71

NMe-Ala® HV® Ala® HP 3.67 5.29 3.80

NMe-Ala® HV® Ala® H 3.58 4.77 4.22

NMe-Ala® H® NMe-Ala® HV® 2.39 3.32 3.05

NMe-Ala® HV® NMe-Ala® HP 3.05 4.53 2.84 -0.21
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Table D.24: Distance restraints for NMe(2,5)

interproton distance diow [A]  dypp [A]  dpe [A]  dyiol [A]
p-Ala’ H p-Ala’ H® 2.46 3.00 2.96

D-Ala’ HP D-Ala' H 2.57 3.54 2.70

D-Ala’ H° NMe-Ala? HV® 2.14 3.02 2.60

p-Ala’ H Ala® H 4.55 5.57 4.55

p-Ala' H Ala® H 3.05 3.73 3.68

p-Ala’ H Ala® H° 1.96 2.40 2.30

NMe-Ala® HV® D-Ala' H 4.48 5.88 4.89

NMe-Ala? HV® NMe-Ala? H® 3.45 4.61 3.43 -0.02
NMe-Ala® HV® Ala® HP 3.83 5.48 5.33

NMe-Ala? HV® Ala® H 4.93 6.43 5.68

Ala® H D-Ala’ H® 3.21 3.93 3.51

Ala® H NMe-Ala? H® 2.39 2.93 2.93

Ala® H NMe-Ala? HV® 2.86 3.90 3.59

Ala®H Ala® H® 2.45 2.99 2.92

Ala® HP Ala® H 2.91 3.95 3.08

Ala® HP Ala*H 2.84 3.87 3.58

Ala® HP Ala® H 4.03 5.33 5.00

Ala* H Ala® H 4.27 5.21 4.27

Ala* H Ala® H° 2.06 2.52 2.28

Ala* H Ala* H° 2.55 3.11 2.61

Ala* HP Ala*H 2.66 3.65 2.70

Ala* H Ala® H 3.88 4.74 4.74

NMe-Ala® H Ala* H° 1.58 1.94 1.89

NMe-Ala® HV® Ala* H° 413 5.45 4.05 -0.08
NMe-Ala® HV® NMe-Ala® H® 3.55 4.73 3.42 -0.13
NMe-Ala® HV® Ala® H 3.24 4.36 4.02

Ala® H p-Ala’ H° 4.19 5.13 4.19

Ala® H Ala* H® 3.56 4.36 4.20

Ala® H NMe-Ala® H® 2.1 2.57 2.41

Ala® H Ala® H° 2.42 2.96 2.70
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Table D.25: Distance restraints for NMe(4,5)

interproton distance diow [A]  dypp [A]  doe [A]  dyiol [A]
p-Ala’ H p-Ala’ H® 2.44 2.99 3.01 0.01
D-Ala’ HP D-Ala' H 2.52 3.48 2.78

p-Ala’ H Ala® H 3.91 4.78 4.52

p-Ala’ H Ala® H 2.93 3.58 3.38

p-Ala' H Ala® H° 1.88 2.3 2.33 0.03
Ala® HP Ala® H 2.58 3.55 2.59

Ala’ H Ala*H 2.24 2.74 2.86 0.12
Ala® HP Ala® H 3.55 4.74 3.90

Ala® H? Ala® H® 3.92 5.19 4.90

Ala® H Ala® H 4.32 5.28 5.44 0.16
Ala® H Ala® H° 2.47 3.02 2.99

Ala® H° NMe-Ala* HV® 2.12 2.99 2.57

NMe-Ala* HV® Ala® H 5.11 6.64 4.87 -0.24
NMe-Ala* H? NMe-Ala* HM® 2.68 4.08 2.81

NMe-Ala* HV® NMe-Ala* H® 3.35 4.49 3.29 -0.06
NMe-Ala* H NMe-Ala® H® 1.54 1.88 1.86

NMe-Ala* HP NMe-Ala® H® 3.43 4.59 3.88

NMe-Ala® H? NMe-Ala* H® 3.28 4.41 3.14 -0.14
NMe-Ala® HV® NMe-Ala* H® 3.81 5.06 4.16

NMe-Ala® HV® NMe-Ala* HP 5.58 7.63 4.85 -0.73
NMe-Ala® HV® NMe-Ala® H 3.32 4.45 3.45

NMe-Ala® HV® NMe-Ala® HP 3.02 4.49 3.39

NMe-Ala® HV® Ala® H 3.07 4.15 3.93

NMe-Ala® HV® Ala® H° 5.00 6.52 5.59

NMe-Ala® HV® Ala® HP 3.58 5.18 4.67

Ala® H Ala® H 2.81 3.43 3.46 0.03
Ala® H° Ala® H 4.48 5.48 5.54 0.06
Ala® H NMe-Ala* H 2.82 3.45 3.87 0.42
Ala® H NMe-Ala® H® 2.06 2.52 2.41

Ala® HP NMe-Ala® H® 4.42 5.8 4.88

Ala® H Ala® H° 2.43 2.96 2.76

Ala® HP Ala® H 3.05 413 3.31
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Table D.26: Distance restraints for NMe(5,6)ss5.6

interproton distance diow [A]  dypp [A]  dpe [A]  dyiol [A]
D-Ala’ H° p-Ala’ H 2.66 3.26 2.96

D-Ala’ HP D-Ala' H 3.09 4.18 2.93 -0.16
D-Ala’ H° Ala® H 2.07 2.53 2.51

D-Ala’ H® Ala* H 3.75 4.59 3.75

Ala® H° p-Ala’ H 3.89 4.76 4.73

Ala® H° Ala® H 2.51 3.07 2.99

Ala® H® Ala*H 4.01 5.36 4.36

Ala® H Ala®? H? 2.46 3.4 3.19

Ala® H® Ala’ H 3.9 4.72 4.73 +0.01
Ala® H Ala* H 2.75 3.36 2.75

Ala® HP Ala* H 3.04 4.57 3.03 -0.01
Ala* H p-Ala’ H 3.88 4.75 4.75

Ala* H Ala® H 3.23 4.4 3.37

Ala* H® Ala*H 2.92 3.41 2.92

Ala* HP Ala* H 3.02 4.55 3.10

Ala* HP NMe-Ala® H® 4.25 5.59 4.93

Ala* HP NMe-Ala® HV® 3.14 4.65 3.08 -0.06
NMe-Ala® H D-Ala’ H 2.58 3.16 2.59

NMe-Ala® HV® Ala* H 4.07 5.37 4.77

NMe-Ala® HV® Ala* H° 2.34 3.26 2.66

NMe-Ala® H? NMe-Ala® HM® 2.92 4.37 2.87 -0.05
NMe-Ala® HV® NMe-Ala® H® 3.52 4.7 3.33 -0.19
NMe-Ala® H? NMe-Ala® HY® 3.71 5.34 4.70

NMe-Ala® H® p-Ala’ H 2.04 2.5 2.37

NMe-Ala® H? p-Ala’ H 3.29 4.42 3.67

NMe-Ala® HP p-Ala’ H° 3.98 5.25 4.82

NMe-Ala® HV® p-Ala’ H 4.47 5.86 5.21

NMe-Ala® HV® D-Ala’ H® 4.52 5.93 5.65

NMe-Ala® HP NMe-Ala® H 3.79 5.03 3.93

NMe-Ala® HV® NMe-Ala® H® 3.85 5.1 4.12

NMe-Ala® HP NMe-Ala® HV® 2.72 412 2.90

NMe-Ala® H"® NMe-Ala® H® 3.54 4.72 3.41 -0.13
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Table D.27: Distance restraints for NMe(1,2,5)

interproton distance diow [A]  dypp [A]  doe [A]  dyiol [A]
NMe-p-Ala’ HP NMe-p-Ala' HY®  2.88 3.92 3.40
NMe-p-Ala’ HV® NMe-p-Ala’ H 3.47 4.64 3.45
NMe-p-Ala’ HP NMe-Ala? HV® 3.49 4.67 3.53
NMe-D-Ala’ H Ala® H 3.20 3.91 3.22
NMe-p-Ala’ HP Ala® H 4.52 5.52 5.12
NMe-p-Ala’ H® Ala® H 5.12 6.66 4.85 -0.27
NMe-p-Ala’ HV® Ala® H 4.36 5.72 4.08 -0.28
NMe-p-Ala’ H® Ala® H° 2.41 3.35 2.38 -0.03
NMe-p-Ala’ HV® Ala® HP 3.62 4.83 4.11

NMe-Ala? HV® NMe-D-Ala’ H® 2.29 3.20 2.55

NMe-Ala? HV® NMe-p-Ala’ HP 3.56 4.75 3.53 -0.03
NMe-Ala? HV® NMe-Ala? H® 3.53 4.72 3.50 -0.03
NMe-Ala? HV® NMe-Ala® H? 3.08 4.17 3.27

NMe-Ala® H Ala*H 243 2.97 2.99 0.02
NMe-Ala? HP Ala® H 4.29 5.25 4.12 -0.17
NMe-Ala® HV® Ala*H 3.05 413 3.02 -0.03
NMe-Ala? HV® Ala® H° 4.26 5.61 5.29

NMe-Ala? HV® Ala® HP 3.86 5.12 4.97

NMe-Ala? HV® Ala® H 5.38 6.98 5.51

Ala® HP Ala® H 3.00 3.67 2.77 -0.23
Ala®H Ala*H 4.01 4.90 4.43

Ala® H° Ala* H 2.21 2.70 2.72 0.02
Ala® H Ala® H 2.97 3.63 3.65 0.02
Ala* H Ala® HP 2.86 3.50 2.80 -0.06
Ala* H Ala* HP 2.63 3.22 2.60 -0.03
Ala* H Ala* H° 2.38 2.92 2.91

Ala* H° NMe-Ala® H® 1.62 1.98 1.88

NMe-Ala® HV® Ala* H® 4.37 5.74 4.07 -0.30
NMe-Ala® HV® NMe-Ala® H® 3.63 4.84 3.35 -0.28
NMe-Ala® HV® NMe-Ala® HP 3.27 4.40 3.56

NMe-Ala® H® Ala® H 2.25 2.75 2.66

NMe-Ala® HV® Ala® H 3.30 4.43 3.14

NMe-Ala® HV® Ala® H® 4.62 6.04 5.30

NMe-Ala® HV® Ala® HP 3.75 4.98 4.86

Ala® HP NMe-p-Ala’' H"®  3.38 4.53 4.11

Ala® H Ala® HP 4.12 5.04 4.97

Ala® H Ala® HP 3.19 3.90 3.20

Ala® H Ala® H° 2.38 2.92 2.88
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Table D.28: Distance restraints for NMe(2,4,5)

interproton distance diow [A]  dypp [A]  dpe [A]  dyiol [A]
p-Ala’ H p-Ala’ H® 2.44 298 298

D-Ala’ H® NMe-Ala® HM® 2.12 3.00 2.66

p-Ala’ H Ala® H 3.79 463  3.91

p-Ala’ H Ala® H 3.14 3.84 3.66

p-Ala' H Ala® H° 1.89 231 231

NMe-Ala? H p-Ala’ H 3.97 485 512 0.27
NMe-Ala® HV® D-Ala' H 4.89 6.37 4.88 -0.01
NMe-Ala? H® NMe-Ala? HV® 3.32 446  3.32

NMe-Ala® HV® Ala® H 4.87 6.36  6.03

Ala® H p-Ala’ H° 3.20 3.92 3.69

Ala® H NMe-Ala? H® 2.29 28 291 0.11
Ala® H NMe-Ala? HV® 2.85 3.88 4.10 0.22
Ala® H Ala® HP 2.67 367 291

Ala*H NMe-Ala* H 3.97 485 473

Ala® HP NMe-Ala* H® 3.25 437 4.68 0.29
Ala®H Ala® H® 4.39 536  4.77

NMe-Ala* HV® Ala® H 4.65 6.08 4.84

NMe-Ala* H® Ala® H° 2.17 3.05 270

NMe-Ala* HV® Ala® HP 2.94 439  3.01

NMe-Ala* H NMe-Ala* HV® 3.36 451 345

NMe-Ala* HV® NMe-Ala* H? 2.73 414  3.06

NMe-Ala* H NMe-Ala® H® 1.63 199  1.89

NMe-Ala* HV® NMe-Ala® H® 4.61 6.04 4.14 -0.47
NMe-Ala* HV® Ala® H 4.84 6.31 4.84

NMe-Ala® H® NMe-Ala* H® 4.00 529 4.15

NMe-Ala® HV® NMe-Ala* HP 4.41 6.19  4.93

NMe-Ala® H NMe-Ala® HV® 3.38 454 342

NMe-Ala® HV® Ala® H® 4.23 557 5.60 0.03
NMe-Ala® HV® NMe-Ala® HP 3.50 5.08 4.96

Ala® H D-Ala’ H® 4.20 513 4.1 -0.09
Ala® H Ala® H 2.79 341 3.5

Ala® H Ala® H° 4.32 528  4.64

Ala® H NMe-Ala* H® 3.05 3.72 413

Ala® H NMe-Ala® H® 2.1 257 242

Ala® H NMe-Ala® HM® 3.05 413 413

Ala® H Ala® H° 2.4 293 284

Ala® HP Ala® H 2.82 3.85 3.22
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Table D.29: Distance restraints for NMe(1,2,4,5)

interproton distance diow [A]  dypp [A]  doe [A]  dyiol [A]
NMe-p-Ala’ HV® NMe-D-Ala’ H 3.38 454  3.37 -0.01
NMe-p-Ala’ HV® NMe-p-Ala’ HP 2.69 409 3.52
NMe-D-Ala’ H NMe-Ala? HV® 2.14 3.02 258
NMe-p-Ala’ H® Ala® H 3.94 521  3.79 -0.15
NMe-p-Ala’ HV® Ala® H 3.94 522  3.65 -0.29
NMe-Ala? HV® NMe-p-Ala’ HP 3.35 490 3.48

NMe-Ala® HV® NMe-Ala® H® 3.30 444  3.47

Ala® H NMe-D-Ala’ H® 3.06 3.74 3.14

Ala*H NMe-Ala® H® 2.26 276 278 0.02
Ala® H NMe-Ala? HV® 2.83 3.86 3.49

Ala® H Ala® HP 2.76 3.77 3.06

NMe-Ala* HV® NMe-Ala* H® 3.24 436 3.35

NMe-Ala* H® NMe-Ala* HP 2.73 413  2.87

NMe-Ala® HV® NMe-Ala® HP 2.90 435 353

NMe-Ala® H* NMe-Ala® HV® 3.22 434  3.39

Ala® H NMe-p-Ala’ H 3.78 462  3.81

Ala® H Ala® H 2.89 353 355

Ala® H NMe-Ala® H® 2.06 252 253 0.01
Ala® H NMe-Ala® HV® 3.02 4.09 3.51

Ala® HP Ala® H 2.91 3.96 3.04

Ala® H Ala® H® 2.42 296 297 0.01
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Table D.30: Distance restraints for NMe(1,2,5,6)cis4.5

interproton distance diow [A]  dypp [A]  dpe [A]  dyiol [A]
NMe-p-Ala' HV® NMe-pD-Ala" H? 2.93 4.38 3.63
NMe-p-Ala’ HY® Ala®H 3.76 5.00 3.71 -0.05
NMe-p-Ala' HV® NMe-Ala® H® 3.16 4.26 3.73
NMe-p-Ala' HV® NMe-Ala® H® 2.31 3.23 2.71

NMe-Ala® HV® NMe-D-Ala" H® 2.28 3.19 2.61

NMe-Ala® H® NMe-Ala® HY® 3.25 4.38 3.45

NMe-Ala® H? NMe-Ala? HMe 2.97 4.43 3.03

NMe-Ala® H® Ala® H 2.21 2.69 2.71 0.02
NMe-Ala® H? Ala®H 3.88 5.14 4.11

NMe-Ala® HV® Ala® H 3.30 4.43 3.81

Ala® H® Ala® H 2.46 2.90 2.91 0.01
Ala® HP Ala® H 3.19 4.30 2.95 -0.24
Ala® H® Ala* H 2.48 3.04 3.05 0.01
Ala* H® Ala*H 2.90 3.20 2.98

Ala* H® NMe-Ala® H® 1.72 2.10 1.89

NMe-Ala® HMe NMe-Ala® H® 3.38 4.54 3.40

NMe-Ala® HV® NMe-Ala® HP 3.19 4.70 3.45

NMe-Ala® HV® NMe-Ala® H? 3.70 5.32 4.70

NMe-Ala® HV® Ala® H 3.08 4.17 4.24 0.07
NMe-Ala® HV® Ala® HP 3.34 4.88 4.52

NMe-Ala® HMe Ala*H 3.73 4.96 4.74

NMe-Ala® HV® NMe-Ala® H® 2.58 3.56 2.91

NMe-Ala® HV® NMe-Ala® H® 3.40 4.56 3.44

NMe-Ala® HV® NMe-Ala® HP 3.21 4.72 3.15 -0.06
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Table D.31: Distance restraints for NMe(1,2,5,6).is5.6

interproton distance diow [A]  dypp [A]  doe [A]  dyiol [A]
NMe-p-Ala’ HP NMe-p-Ala’' HY®  3.11 4.60 3.66
NMe-p-Ala’ HV® NMe-p-Ala’ H 3.27 4.40 3.35
NMe-p-Ala’ H® NMe-Ala? H® 3.42 4.58 4.38
NMe-D-Ala’ H® Ala* H 3.83 5.08 4.01
NMe-p-Ala’ HV® NMe-Ala® H® 3.05 412 413 0.01
NMe-D-Ala’ H® NMe-Ala® H® 2.17 3.06 2.65
NMe-Ala® HV® NMe-p-Ala’ H 2.21 3.10 2.32

NMe-Ala? HP NMe-Ala? HV® 2.85 4.29 3.40

NMe-Ala® HV® NMe-Ala® H® 3.10 4.19 3.46

NMe-Ala? H® Ala® H 2.29 2.81 2.30

NMe-Ala? HV® Ala* H 2.85 3.88 3.50

NMe-Ala? HV® NMe-Ala® H® 3.30 4.43 4.64 0.21
Ala® H° Ala® H 2.26 2.77 2.32

Ala® HP Ala*H 2.90 3.95 3.33

Ala® H° Ala* H 2.50 3.06 2.97

Ala® HP Ala*H 3.44 4.6 4.08

Ala* H Ala® H 2.47 3.02 2.70

Ala* H° Ala* H 2.57 3.14 2.83

Ala* HP Ala* H 2.95 4.00 3.23

Ala* HP NMe-Ala® HV® 3.12 4.62 3.21

NMe-Ala® HV® Ala* H® 2.16 3.04 2.55
NMe-Ala® HP NMe-Ala® HV® 2.81 4.24 2.90

NMe-Ala® HV® NMe-Ala® H® 3.35 4.49 3.39
NMe-Ala® HP NMe-p-Ala' HY®  3.10 4.59 3.10

NMe-Ala® HV® NMe-Ala® HP 2.93 4.38 3.42
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Temperature dependence of chemical shifts of cyclic (-a-A-A-A-A-A-) peptides

The temperature dependence of amide proton resonances was derived from
1D "H NMR spectra that were detected at 300 K, 305 K, and 310 K at 500 MHz

proton resonance frequency in DMSO-d6.

Table D. 32: Temperature dependence of 'H NMR chemical shifts.

HVb-Ala' HVAla? H“AlIa®  HMYAIla* HYAIR® HMAIR®

AJ/AT [ppb/K]
NMe(1) 5.6 1.8 5.5 5.2 3.4
NMe(5) -6.1 -5.2 -1.0 -3.4 -1.4
NMe(1,2) 15--01* -46 51 -15--0.1*
NMe(1,5) 5.2 0.0 -4.6 -2.0
NMe(1,6) 0.5 5.6 6.6 1.7
NMe(2,5) 5.4 -0.8 -4.6 -2.0
NMe(3,5)cis2-3.cisa.5 5.4 -3.0 0.2 0.8
NMe(3,5)cisz»3 -0.2 -4.6 -1.9 -3.5
NMe(4,5) -6.7 -5.7 -1.5 -1.3
NMe(5,6)ciss.6 3.4 4.2 61 -20--15
NMe(5,6)cis4-5 cis5-6 -4.6 45 -20--15 -20--15
NMe(1,2,5) 0.8 4.0 2.0
NMe(2,4,5) -4.7 0.4 1.6
NMe(1,2,4,5) 0.6 1.6
NMe(1,2,5,6)cisa.s 3.7 -3.6
NMe(1,2,5,6)cis5.6 2.4 1.1
NMe(1,4,5,6)cis4.5.cis5-6 -6.0 -1.6
NMe(1,4,5,6)cis3.4 33 -59--35
NMe(2,4,5,6)cis5.4cis05  -3.6 -3.8
NMe(2,4,5,6)cisa5cis56  -5.0 0.3
NMe(2,4,5,6)a|| trans -3.3 -6.3

*degenerate 'H" chemical shifts.
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Conformations of NMe(1) and NMe(1,3,6)
One set of signals was observed in NMR spectra of NMe(1) and NMe(1,3,6). In

spectra of NMe(1), H" chemical shifts are all clustered in the narrow range from
7.716 ppm (Ala®) to 8.293 ppm (Ala*) and their temperature dependency is between
-5.5 ppm/K (Ala*) and -1.8 ppm/K (Ala®). Distance geometry (DG) calculations using
9 intraresidual, 13 sequential interresidual and 8 non-sequential interresidual ROEs
yielded heterogeneous ensembles of different conformers with significant violations
of upper and lower bounds. Thus, NMR data and distance geometry calculations
clearly indicate that the conformation of NMe(1) can only be described by at least two
conformations, that are interconverting fast on the timescale of NMR chemical shifts.
Three non-sequential long-range (Ala” - Ala™®) ROEs; Ala? H" - Ala® HY, Ala® HN —
Ala® HP, and Ala® HP — Ala® HN suggest close proximity of Ala? and Ala® in one
conformation and of Ala® and and Ala® in another conformation. In conformations
possessing two opposite B-turns, Ala® and Ala® are closely neighbored if Ala®
(NMe D-Ala") and Ala® (Ala*) occupy the i+1 (i+2) positions of these turns
(Figure D.1 A), whereas Ala® and Ala® are closely neighbored if NMe D-Ala’ (Ala?)
and Ala* (Ala®) occupy the i+1 (i+2) positions of these turns (Figure D.1 B).

Figure D.1: Arrangement of B-turns in two structural models A and B of NMe(1) undergoing
fast conformational exchange. Fulfilled and violated Ala® - Ala™® long range ROEs are shown
in blue, and red color, respectively.

The temperature dependencies of Ala®> HY (-1.8 ppb/K) and Ala® H" (-3.4 ppb/K) are

less pronounced than the temperature dependencies of Ala? HN (-5.6 ppb/K) and
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Ala® HY (-5.2 ppb/K). This indicates that the amide resonances of Ala® and Ala® are
more efficiently shielded from the solvent, which favors the arrangement of 3-turns
shown in Figure D.1 B with respect to the arrangement of B-turns shown in
Figure D.1 A.

The dispersion of chemical shifts of NMe(1,3,6) was found to be high, (H": 7.004 -
8.095 ppm, H% 3.688 - 5.201 ppm, H"®: 2.600 - 3.196 ppm), which is often indicating
a single highly preferred conformation. But in DG calculations, in which 9
intraresidual, 20 sequential interresidual and 9 non-sequential interresidual ROEs
were applied, no single structure could be derived that fullfilled all restraints at once.
At least two fast exchanging conformers have to be assumed, as is suggested from
considering only the three Ala®- Ala™® long range ROEs (Ala?H" - Ala® HV,
NMe Ala' H"® — Ala* HN, and NMe Ala’ HY® — Ala* H°). In conformations possessing
two opposite B-turns, Ala? and Ala® are closely neighbored if NMe Ala® (NMe D-Ala")
and NMe Ala® (Ala*) occupy the i+1 (i+2) positions of these turns (Figure D.2 A),
whereas NMe D-Ala' and Ala* are closely neighbored if Ala? (NMe Ala®) and Ala®
(NMe Ala®) occupy the i+1 (i+2) positions of these turns (Figure D.2 B).

1 S} 6
'CHS ch CH3
N_\\‘ || 'ﬂ
SSe HN Me =0
HN 4 O MeN 1
-t CH; HyChe= In-CHjy
Z NH O
TME 0= Me NH
|

N
»,
3 CH3 H3C 3 (|:|)

Figure D.2: Arrangement of B-turns in two structural models A and B of NMe(1,3,6)
undergoing fast conformational exchange. Fulfilled and violated Ala® - Ala™? long range
ROEs are shown in blue, and red color, respectively.

Z\C H 3
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NMR Parameters that Indicate the Similarity of Peptides Occupying the Second
Template Structure
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Figure D.3: HM chemical shifts, their temperature dependence, H®, and CP chemical shifts of
the six Ala residues in NMe(5) (o), NMe(1,5) (m), NMe(2,5) (o), NMe(4,5) (o), NMe(1,2,5) (0),
NMe(2,4,5) (A), and NMe(1,2,4,5) (V). To avoid bias by other than pure conformational
effects, C? chemical shifts are only given for non-N-methylated residues.
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Table E.1: Resonance assignments of the Hsp26 deletion protein Hsp2630.195(a137-153)

HN N c’ H® c® c?

Y32 174.76 57.55 38.93
A33 8.11 127.54 174.50 50.02 18.38
P34 62.94 31.83
P34

R35 8.35 121.06 176.17 56.16 30.66
R36 8.30 122.16 175.76 55.99 30.75
Q37 8.38 121.85 175.55 55.69 29.40
L38 8.25 123.94 176.84 55.02 42.26
A39 8.23 124.18 177.08 423 52.37 19.11
N40 8.31 117.70 174.68 52.99 38.65
T41 7.97 116.46 4.50 59.76 69.64
P42 63.10 31.92
A43 8.33 124.65 177.53 4.20 52.34 19.08
K44 8.23 120.17 176.20 4.29 56.17 33.50
D45 8.33 120.97 176.71 53.95 41.27
S46 8.31 116.01 175.00 5.02 59.00 63.53
T47 8.31 114.76 175.28 4.30 62.41 69.71
G48 8.32 110.93 173.83 3.92 45.37

K49 7.95 120.76 176.24 56.04 32.91
E50 8.47 122.09 176.40 4.23 56.64 29.82
V51 8.08 121.68 175.39 4.00 61.92 32.70
A52 8.27 127.80 176.97 4.23 52.19 19.00
R53 8.23 121.55 174.04 4.50 53.58 30.15
P54 63.04 32.02
N55 8.43 118.43 174.70 53.37 38.49
N56 8.23 118.40 174.62 53.09 38.48
Y57 7.98 120.40 175.34 4.43 58.03 38.93
A58 8.14 125.85 177.53 4.19 52.50 18.80
G59 7.66 107.42 173.46 3.79 4514

AB0 7.96 123.13 177.31 4.24 52.41 19.21
L61 8.07 120.59 176.39 55.01 42.23
Y62 7.91 120.42 174.21 4.46 57.35 38.86
D63 8.14 124.78 4.74 51.26 41.73
P64 63.61 31.91
R65 8.31 119.63 176.22 413 56.55 30.30
D66 8.06 120.35 176.30 54.53 41.02
E67 8.26 121.50 176.48 4.21 56.90 30.02
T68 8.20 114.15 174.44 4.23 62.18 69.66
L69 7.97 123.55 176.81 4.26 55.11 42.21
D70 8.06 120.43 175.80 54.74 41.16
D71 8.11 119.78 175.91 442 54.49 41.00
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HN N c’ H® c® c?

W72 7.90 120.61 175.62 4.44 57.42 29.43
F73 7.70 120.62 174.75 435 57.73 39.70
D74 7.95 121.23 175.57 54.20 41.15
N75 8.06 119.01 174.70 4.51 53.52 39.16
D76 8.26 120.17 176.51 4.48 54.75 40.76
L77 8.10 122.28 177.60 4.19 55.64 41.69
S78 8.19 115.37 174.34 4.21 59.34 63.36
L79 7.78 122.12 176.28 4.14 55.14 42.41
F80 7.88 119.80 173.60 55.42 39.10
P81 63.49 31.63
S82 8.29 115.30 174.95 4.30 58.74 63.62
G83 8.28 110.45 173.66 45.20

F84 8.04 119.78 175.74 58.05 39.50
G85 8.14 109.92 172.95 45.00

F86 7.74 120.23 173.64 4.66 55.67 38.80
R88 176.57 58.81 31.79
S89 7.81 117.23 176.46 57.46 65.55
A91 177.01 52.17 19.18
V92 8.04 119.89 173.20 59.38 32.71
P93 63.41 32.31
V94 7.90 119.70 174.84 60.77 35.51
D95 8.56 126.74 174.50 4.96 53.27 43.52
196 8.40 122.19 174.41 4.50 61.07 39.59
L97 9.18 129.97 174.56 4.56 54.11 42.66
D98 8.47 124.17 4.63 53.77 41.94
N101 175.39 52.82 39.52
N102 7.23 114.99 172.27 4.94 53.09 41.47
Y103 8.80 115.45 175.19 5.19 57.11 40.77
E104 9.10 124.40 173.98 5.21 54.51 32.80
L105 9.43 127.21 175.26 5.23 53.32 43.11
K106 8.86 122.40 174.91 5.00 54.84 33.48
V107 9.32 125.56 174.64 60.73 33.37
V108 8.36 129.56 63.95 31.06
V109 7.97 123.69 57.82

P110 63.12 31.64
G111 8.47 107.36 174.75 45.85

V112 7.30 119.58 176.51 3.89 62.58 31.70
K113 8.90 125.89 176.63 4.19 58.16 32.95
S114 7.42 111.64 173.79 4.49 56.71 65.22
K116 176.45 57.36 31.59
D117 7.42 117.45 174.49 4.51 55.10 41.44
1118 7.26 118.82 173.86 4.51 59.77 39.83
D119 9.05 127.17 53.65 43.10
1120 8.25 122.48 175.05 4.86 60.05 40.58
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HN N c’ H® c® c?

E121 8.86 125.86 173.80 4.70 54.48 34.24
Y122 8.88 123.49 174.09 5.16 56.19 40.02
H123 8.74 128.91 53.44 31.10
N125 175.70 55.82 37.20
K126 7.18 116.37 174.90 55.11 33.38
N127 7.83 119.45 172.39 53.80 37.28
Q128 7.09 112.13 174.64 5.26 53.18 32.63
1129 8.96 121.05 173.29 477 59.21 40.32
L130 9.11 129.03 175.56 5.03 53.95 43.77
V131 8.81 124.72 174.10 4.94 60.12 33.70
S132 8.92 120.25 171.59 4.76 56.67 65.93
G133 6.95 105.81 171.08 45.73

E134 8.37 121.25 174.19 56.16 36.42
1135 8.23 119.63 176.20 59.85 38.37
P136 66.75 31.11
S154 7.50 106.25 173.91 58.59 63.00
G155 8.04 110.90 172.21 4.51 45.06

K156 8.30 120.29 176.07 56.25 33.67
F157 8.48 119.01 173.34 5.16 55.98 42.80
K158 8.38 121.60 174.56 55.94 35.34
R159 9.36 125.75 173.23 4.63 53.66 33.67
V160 8.68 125.85 175.65 4.56 61.70 32.94
1161 9.38 129.75 174.70 427 60.73 40.59
T162 8.65 124.90 173.58 63.10 69.05
L163 8.20 127.54 442 52.23 40.70
D165 174.55 55.81 40.84
Y166 7.42 118.43 173.69 4,53 54.96

P167 63.18 34.33
G168 8.62 112.47 172.84 4.16 4428

V169 8.01 110.92 174.41 4.83 59.30 35.15
D170 7.95 120.95 175.59 51.16 39.88
A171 7.71 124.48 178.00 3.52 53.60 18.52
D172 7.93 115.64 176.37 4.47 55.86 40.81
N173 7.09 116.24 173.32 4.96 52.84 40.09
1174 7.21 119.67 175.69 4.24 63.31 38.32
K175 8.33 128.68 174.08 4.66 54.64 35.20
A176 8.64 125.26 175.32 5.34 50.39 22.52
D177 8.70 121.05 173.34 4.87 53.45 45.47
Y178 8.77 123.83 173.54 56.87 41.81
A179 7.80 128.14 176.64 4.05 52.15 21.36
N180 174.57 53.98 37.36
G181 7.49 102.32 172.32 45.72

V182 7.30 119.10 174.86 4.34 61.45 34.66
L183 9.34 132.31 174.37 53.20 44.32
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Appendix E

HN N c’ H® c® c?
T184 9.38 124.74 175.01 5.36 61.86 69.55
L185 9.56 128.37 175.49 52.83 44.03
T186 9.16 120.51 173.76 4.83 62.34 69.06
V187 9.13 127.31 172.38 448 58.51 33.32
P188 63.01 32.08
K189 7.61 121.29 177.40 4.48 55.81 34.61
L190 8.00 122.40 175.94 4.99 54.40 41.87
K191 8.11 121.34 174.35 53.57 32.16
P192 63.00 31.97
Q193 8.43 121.33 174.81 4.24 55.73 29.51
K194 7.89 127.56 180.89 57.60 33.50
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