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1. Introduction

Chemical bonds hold together the structures necessary for life to exist with
carbon as an essential component. However, these bonds are not completely
rigid. They hold a certain degree of rotational freedom and flexibility.
Consequently, entire molecules can adapt a variety of different conformations
without the breaking of any chemical bonds. Adaptive binding as well as the
triggered conversion of distinct conformations is the basis for the effective
interaction of molecules. The incentive to study not just the chemical
composition, but also the three-dimensional structure, awarded Derek Barton
and Odd Hassel a Nobel Prize in 1969 ‘for their contribution to the
development of the conformational analysis and its application in chemistry’.!
Their work on simple cyclohexane and steroid cis/trans-isomers initiated the
connection of conformation to internal energies. For conformationally
restrained molecules or molecules with a small number of rotatable bonds, the
preferred or low energy conformations are nowadays computationally
accessible. However, with increasing flexibility and the dynamic formation of
intermolecular non-covalent interactions, the gained complexity reduces
predictability. Furthermore, as soon as molecular constraints decrease and the
number of rotatable bonds rises, the energy landscape of possible
conformations becomes much flatter and the calculation of precise energies
becomes cumbersome.

Figure 1: Energy landscapes for the conformations that three different Cs skeletons
can adapt. The number of rotatable bonds and the energy barriers between the differ-
ent conformations direct the dynamics and flexibility of the molecule.
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Figure 1 shows three molecules that all contain six carbon atoms, yet are vastly
different in flexibility, as reflected by the dissimilar energy distributions of
their adapted conformations. This example also shows that the given dynamics
and flexibility of a molecule is not entirely dependent on the size of the
molecule, rather the distribution of conformers is directed by their energies.
The conformers are typically in constant exchange at a rate dependent on the
interconversion energy barrier. Life, however, depends on functional
molecules with a distinct shape and stability under physiological conditions.
The coiling into specific three-dimensional shapes solely depends on non-
covalent interactions. These weak bonds follow an organization determined
by the sequence of the biological macromolecule and help to decrease the
energy of the folded and functional conformers.? The resulting equilibrium
between folded and unfolded conformers constitutes the fundamentals for the
propagation of life. To study conformations and relate them to biological
functions as well as the intentional introduction of non-covalent interactions
to modify a secondary structure, aids for the development of analytical and de
novo design tools. In this thesis, I focus on the experimental determination of
the conformational properties of a variety of molecules, and the use of this
knowledge for gaining improved understanding of a single weak interaction
in solution (Paper I), and of the membrane permeability of large and polar
macrocyclic drugs and drug candidates (Paper II). In Paper II1, I utilize the
restrained conformational freedom of a macrocyclic natural product to
determine its relative stereochemistry, which has not yet been determined
experimentally.

1.1.  Forces Determining Molecular Conformations

Molecules can assume different shapes which impacts their means of
interactions and reactions with other substances. Without a way to preorganize
and stabilize a reactive structure, the energy barrier would be insuperably high
for any reaction to happen. Considering that structure relates to function,
conformational restraints serve the purpose to shape a molecule for the task it
is meant to fulfil. When designing a molecule whose conformation is
important for its action, a multitude of structural elements and interactions
must be balanced. Some important factors for maintaining a molecule’s
dynamics are: semi-rigid constraints like macrocyclisation, stereogenic
elements and, for peptidic structures, turn-, sheet- or helix-inducing units.
Further to this, dynamic non-covalent attractive interactions like hydrogen
bonds and halogen bonds as well as salt bridges, n-m, van der Waals and
hydrophobic interactions may contribute to the overall conformational
stability. For the successful design of a functional structure, or for
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understanding of its dynamic behavior, gaining distinct knowledge of all
contributing factors is the key.

1.2. Semi-rigid Constraints

Macrocycles

Macrocycles emerged as new modality for the inhibition of challenging
targets, such as the flat interface of protein-protein interactions.> *
Macrocyclisation of a known binder in an optimal case may stabilize its
bioactive conformation and improve its metabolic stability, cell permeability,
and in some cases, its oral bioavailability.> The slight reduction of flexibility
upon cyclisation relates to an increased affinity as compared to the linear
counterpart (Figure 2a). This is founded on the lower entropic penalty for the
ligand binding to the target.® ” Additionally, macrocycles have a beneficial
balance between conformational restriction and flexibility that allows for a
distinct adaptive behavior upon the change in polarity of the solvating
environment.® This phenomenon is called molecular chameleonicity and will
be discussed further in Paper II.

B-Turns

B-Turns were first described by C. M. Venkatachalam in 1968 and are now
considered as a common structural motif in ~25% of all residues in folded
peptides and proteins.” ' Due to their important role in biological structures,
there is a considerable interest to design B-turns and B-turn mimetics to
improve stability and thus biological activity, or to enhance the bioavailability
of peptidomimetic drugs. A B-turn or reverse turn, changes the direction of
two secondary structural elements. It is commonly described as a four-residue
sequence denoted i to i+3 and contains amino acids with strong turn-forming
propensity (Figure 2b). The 180° rotation of the sequence backbone results in
a distance of Cqi and Coi+3 of less than 7 A, thus promoting the formation of
cross-strand hydrogen bonds.!" Different B-turns have been identified and
classified depending on the ® and ¥ dihedral angles adopted by the two
central turn amino acids. Most important are the type I, I’ and II, II’ B-turns
where I’ and II” are the diastereoisomers of their corresponding original types.
Due to this diastereotopic relationship, they have identical ® and ¥ angles but
with opposite sign. However, they are not energetically equivalent and I and
I’ B-turns show a much higher propensity for B-sheet nucleation than either
of the type I and II B-turns.'?
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Table 1: Values for the ® and ¥ dihedral angles (depicted in Figure 2) of the f-turn
residues i+1 and i+2 that classify the adopted turn.

Ideal dihedral angles
(D,‘+1 b i+1 ) i+2 Y i+2
Type 1 -60° -30° -90° 0°
Type I’ 60° 30° 90° 0°
Type 11 -60° 120° 90° 0°
Type II’ 60° -120° -90° 0°

The different propensities may result from the conformation of these turns to
be more compatible with the left-handed twist of an anti-parallel B-sheet.!* In
Paper 1, a central PPro-Gly turn unit adopting a type II’ B-turn was employed
to promote the formation of a stable B-hairpin secondary structure.

Figure 2: a) Macrocyclisation as an example of restraining and stabilizing a confor-
mation. A Macrocycle is defined as a cyclic framework with > 12 ring atoms. b) A
B-turn inducing unit of a peptide strand shown as the two amino acid residue °Pro-Gly
at position i+1 and i+2.

1.3. Non-covalent Interactions

Non-covalent interactions, in contrast to the previously described
conformation determining forces, do not inhere a consistent connection of the
atoms involved. These interactions are based on dynamic forces resulting from
the formation and breaking of non-covalent interactions within a wide range
of interaction strengths. The energy of attraction between both binding
partners is based on the degree of orbital overlap, where the weakest
interactions result from the least amount of charge effects from the involved
electrons, e.g. van der Waals forces. The larger the displacement of electrons
from one binding partner to the other, the more covalent the bond character
and consequently the stronger the interaction between them. Non-covalent
interactions are critical in the stabilization of 3D structures of large molecules,
biological binding processes, chemical transformations or drug design. The
utilization of a hydrogen bond network and the detailed analysis of a weak
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halogen bond, both non-covalent interactions with a wide range of bond
strengths, are the focus of this thesis.

Hydrogen Bonding

Hydrogen bonding, HB, is by far the most investigated non-covalent interac-
tion.'* It is involved in every aspect of biological function, aiding structure
stability, enabling enzyme catalysis and providing the essential properties of
water. It embodies a mainly electrostatic interaction between a polarized, co-
valently bound hydrogen atom and another electronegative acceptor atom. '
The acceptor atom must bear a lone pair of electrons devoted to and thus at-
tracting the hydrogen atom. A hydrogen bond generally increases in strength
the more electronegative the acceptor is. The same accounts for the donor
moiety carrying the hydrogen atom, increasing the dipolar moment to the elec-
tron poor hydrogen.

\s & 5 (0

®—H-o@

Hydragen Bond Hydrogen Bond
Donor Acceplor

Figure 3: Example of a N—H---O hydrogen bond shown as the electrostatic interac-
tion between two dipoles.

Thus, the hydrogen bond is considered a permanent dipole-dipole interaction
with observed bond strengths ranging from 1-2 kJ/mol to >160 kJ/mol;'¢ as a
reference, the water-water dimer dissociation energy is about 15 kJ/mol.!” The
real power of the hydrogen bond lies in its ability to promote cluster formation
in a cooperative way to determine the conformation of a molecule under phys-
iological conditions. In the secondary structure of peptides and proteins, the
backbone amide’s C=0 and N-H groups form intramolecular hydrogen bonds.
Depending on the spacing of amino acids and orientation of the backbone
strands towards each other, either a-helical or B-sheet structures are formed. '
The cooperativity of backbone hydrogen bonds to form an isolated -sheet
structure is an integral part of this thesis and will be discussed in more detail
in Paper L.
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Halogen Bonding

Halogen bonding, XB, is described by a nomenclature similar to that used for
the hydrogen bond.!® Here, a halogen acts as an electrophile and is designated
the role of ‘halogen bond donor’ (XB donor). The atom or group the halogen
interacts with is a nucleophile or Lewis base and is referred to as the ‘halogen
bond acceptor’ (XB acceptor).?’ Following the electrostatic model, this attrac-
tion is based on the fact that valence electrons on halogens are not equally
dispersed around the atom’s outer sphere.?! This anisotropic distribution con-
centrates the electrons on a belt perpendicular to the covalent o-bond (Figure

oo

E‘}

)—.

‘g-hole’
Halogen Bond Halogen Bond Area of positive
Donor Acceptor electrostatic potential

Figure 4. Example of a halogen bond depicted using the electrostatic interaction
model. a) The attractive force between a non-bonding electron pair of the halogen
bond acceptor (O) and the 5-hole of the halogen (I). b) The c-hole is described as the
area of positive electrostatic potential arising from the anisotropic distribution of the
halogen’s valence electrons.

This results in an area of positive electrostatic potential antipodal to the R-X
bond, referred to as the ‘c-hole’. The more polarizable and less electronegative
the halogen (I>Br>CI>>F), the stronger the electron depletion at the 6-hole.
This electrophilic area is small as compared to the size of a hydrogen atom,
which makes the halogen bond more directional than a hydrogen bond.
Controversial theories question whether the halogen bond is mainly driven by
an electrostatic attraction of the o-hole to the nucleophile or via partial
electron transfer from the nucleophile into the halogen’s c*-orbital.>>* The
charge-transfer model explains this interaction by the small energy difference
of the XB acceptor’s HOMO and XB donor’s LUMO (the anti-bonding
o*-orbital).”* The orbital overlap provides an increased covalent character of
the halogen bond (Figure 5).
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Halogen Bond Halogen Bond Halogen bond
Donor Acceptor

Figure 5: Example of a halogen bond depicted using the charge transfer model. a) The
strong XB donor CF3l overlaps its o*-orbital with the non-bonding orbital (n) of the
XB acceptor, thus forming a halogen bonded complex with covalent character. b) The
small energy difference between the halogen’s LUMO and the XB acceptor’s HOMO
promotes charge transfer.

Analysis of a large number of halogen bond complexes suggests that the major
contribution to the bond strength varies. In strong complexes (stabilization
energy >30 kJ/mol), the charge transfer component contributes most to the
binding energy,'” whereas weaker complexes are mainly held together by an
electrostatic interactions.”® However, a detailed description of the halogen
bond — in particular guidelines for its intentional use in drug development as
well as computational parametrization — is still missing. In Chapter 3, I pro-
vide the experimental characterization of a weak I---O halogen bond in solu-
tion.

1.4. Conformational Analysis by NMR

A flexible molecule in solution is present as a set of interchanging
conformations. This collection of conformers is commonly referred to as the
conformational ensemble. Certain conformations are lower in energy than
others, and accordingly are more prevalent. Modifying the factors that
stabilize certain conformers shifts the equilibrium of the ensemble or may
even induce the appearance of new conformers. Conformational analysis
provides information about the geometric preferences of a molecule as well as
about its sensitivity to internal or external influences.

In this thesis, solution NMR conformational analysis of flexible molecules
was used for the development of a method to investigate weak interactions,
and to gain understanding of the impact of the environment’s polarity on
conformational ensembles of drug-like molecules. In Paper I, a B-hairpin
peptide was designed to enable the determination of the strength and geometry
of a previously undetectable weak I---O halogen bond. The cooperative
folding-defolding equilibrium, i.e. the dynamic exchange between folded
B-hairpin and unfolded conformations, was used to determine the
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thermodynamic parameters describing a weak halogen bond. In Paper II the
adaptive conformational switching between different conformers upon
changing from polar to apolar environments is suggested as an approach to
rationalize passive membrane permeability. The conformational analysis of
macrocyclic erythronolide antibiotics in the beyond-Rule-of-5 space in D.O
and CDCIs solution revealed two distinct sets of conformational ensembles.
In Paper III, conformational analysis was implemented to elucidate which
diastereoisomer of the macrocyclic natural product senactnine was isolated
from Senecio mannii. The Configurational determination was enabled by the
restrained conformational freedom created by the three stercocenters. Thus,
only a very specific conformational ensemble could be adapted by the present
diastereoisomer.

Since its first description in the late 1930s, NMR spectroscopy has risen to
one of the most powerful methods for the structural analysis of molecules.?”
22 Within this thesis, I make use of NMR observable descriptors that provide
significant information for determining the three-dimensional expansion of a
molecule. In the following, a short introduction of the concept and application
of the vicinal coupling constant (*Jun) and its relation to the dihedral angle as
well as the nuclear Overhauser effect (NOE) and its relation to the interproton
distance is given. The implementation of residual dipolar coupling (RDC) and
its relation to C-H bond vector orientation in a magnetic field is described in
Chapter 3.5.

1.5. The Vicinal Coupling Constant (3Jum)

The scalar spin-spin coupling arises from indirect interactions between two
spins, which is mediated by the electrons in the covalent bonds connecting the
nuclei.®® The scalar coupling describes the isotropic component of the
observed coupling constant J, thus it is independent of the molecular
orientation. It gives viable information about the connectivity within
molecules, and also on molecular geometry. The magnitude of scalar coupling
constants typically decrease with the number of bonds separating the coupling
nuclei. Geometrically most important is the relationship of the coupling
constant of protons three bonds apart (*Jun) with the dihedral angle between
them. This phenomenon was first described by Martin Karplus in 1959 and
his proclaimed relationship was later termed the Karplus equation.’!

The Karplus Equation

In its original form, it describes the variation of *Jun as a function of the dihe-
dral angle:
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3Iyn(@) = A+ Bcos + C cos 2¢ (D

where @ (in radians) is the dihedral angle along a H-C-C-H bond and A, B
and C are constants.*? It allows the calculation of a coupling constant from the
dihedral angle of a given conformer but the reverse is difficult. Taking an
observed *Juu and relate it to a dihedral angle typically results in multiple
possible values (Figure 6). Therefore, the Karplus equation’s primary use is
to estimate the relative orientation of substituents around a single bond rather
than to calculate an exact value. Karplus himself stated that “Certainly with
our present knowledge, the person who attempts to estimate dihedral angles
to an accuracy of one or two degrees does so at his own peril”.*? The original
equation has seen continuous modifications and re-parametrizations to
embrace a vast number of atom pairs in different molecular environments.
Altona et al. developed two kinds of generalized Karplus equations based on
empirical values and the inclusion of Huggins’s relative electronegativities.>*
3 Empiric parameters specifically determined for molecular classes like
sugars, peptides, cyclic systems and others have further increased the accuracy
of calculated coupling constants used for conformational analysis.*

a) b) 10
8
E 6
:"’-i 4
H -, D ;
: dihedral angle
QH Gé. 45 90 135 180 235 270 315 360
p*

Figure 6: a) The dihedral angle (®) is the angle formed at the intersection of two
different planes, here depicted in spatial orientation and in the Newman-projection.
b) Dependence of the vicinal coupling constant (°Jun) on the dihedral angle. The
depicted function was calculated applying equation 2.

The peptide bond is a ubiquitous part of peptides and proteins and resembles
ideal properties in regards to stability and rotational restrain.*® The dihedral
angle of the H-N-C,—H bond (®) along a peptides backbone is a key factor
in the determination of the geometrical propagation of a peptide or protein
strand.’” This bond has certain characteristics that promote the parametrization
of a specialized Karplus equation. The O=C—N—C peptide bond can be
assumed to be planar (either cis or trans) and the experimentally determined
range >Jamcan for peptides is ~0-12 Hz*® Further inclusion of

19



electronegativity effects of all 20 amino acid side chains by Bystrov® led to a
Karplus-type equation optimized for peptide backbones:

3]NH,CaH = 9.4 cos’¢p —1.1cosp + 0.4 2

Equation 2 was utilized to calculate coupling constants from dihedral angles
of theoretical conformers employed in the experimental dataset for
conformational analysis of the decapeptides discussed in Paper I.

1.6. The Nuclear Overhauser Effect (NOE)

Since Albert Overhauser proposed his ideas on dynamic nuclear polarization
in 1953%, the nuclear Overhauser effect has arguably become one of the most
essential tools in NMR spectroscopy. It describes through-space interactions
of nuclei via a dipole-dipole coupling. Most common is the NOE measurement
via homonuclear 'H-'H NOESY experiments for the determination of
interproton distances up to 5 A apart.*! When obtaining a sufficient coverage
of NOEs between protons throughout the entire molecule, the fold and
orientation of its skeleton can be elaborated. Like most NMR observables, it
resembles a time-averaged parameter that contains both structural and
dynamic information. Thus, the observed NOE is the population weighted
average of the NOEs between two nuclei in all conformers present in a
solution ensemble. The deconvolution of ensemble averaged NOE and 3Jun
data will be described in Chapter 1.7. To obtain quantitative interproton
distances from NOEs the origin and influences of this important phenomenon
must be understood.

Spin Populations

The absolute intensity, or integral, of an NMR signal of a spin 2 nucleus such
as a proton ('H) is dictated by the population difference between its a and B
spin states. The stronger the magnetic field of the spectrometer the larger this
difference becomes. The Boltzmann equation describes the ratio between spin
populations depending on the temperature (7), the gyromagnetic ratio of the
spins (y) and the magnetic field strength of the spectrometer (B,):

No _ ot ith AE =y B, (2 3,4
— = e kT 1 = o
Na w y [ (27_[) ( ) )

where N are the populations of spin states, & is the Boltzmann constant, AE is

the energy difference between a and B spin states, and h is the Planck constant.
In general, 4E is very small so that the energy from thermal collisions is
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sufficient to promote nuclei into a higher energy spin state (). This is the
driving force of adapting and maintaining the equilibrium between
energetically different states. The ratio of the two spin states available to a
proton ('H) determines the magnitude of the macroscopic magnetization
vector M and thus the signal intensity observed in an NMR spectrum.

Dipole-Dipole Coupling

The through-space coupling between two nuclear dipoles induces a distance-
dependent effect of population change, which is observed as the NOE. To
understand the nature of the NOE, one has to look at the relationships between
spins (S and I) in an energy diagram. In the system at equilibrium, both spins
reside in their mutual Boltzmann equilibriae (Figure 7a). In a steady-state
NOE experiment spin S is saturated by applying a low-power irradiation pulse
causing the o and P states to be equally populated (Figure 7b). Alternatively,
spin S can be irradiated by a 180° pulse, resulting in an inversion of
populations, which results in the transient NOE effect.
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Figure 7: a) Boltzmann equilibrium of a two spin system at equilibrium. Spin S is
depicted in red and spin I in blue. Lower energy states (o) are more populated rela-
tively to the higher energy spin states (). b) After a selective saturation pulse on spin
S, its population differences are zero.

Directly after the saturation or inversion, the changed population levels will
relax back to the equilibrium state via longitudinal (T)) relaxation. The two
processes, through which this can occur, are either auto-relaxation or cross-
relaxation, both arise mostly from dipolar coupling. In case of cross-
relaxation, the population level of spin I will be affected via two mechanisms,
Wy and W,, the zero-quantum transition and double-quantum transition,
respectively (Figure 8). The W, pathway involves two aligned spins to flip
simultaneously giving rise to an increase in spin population difference for spin
I (positive NOE). In case of Wy, two anti-parallel spins flip their orientation
resulting in a reduction of spin differences for spin I (negative NOE).
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Figure 8: Origin of the NOE. a) Different pathways for population change of spin S
and I. W, is the double-quantum transition where two aligned spins flip
simultaneously and Wy, the zero-quantum transition, describes the concurrent flip of
anti-parallel spins. b) During cross-relaxation, spin S regains its initial spin
population. This influences the spin population of coupled spin I. W> increases the
population difference of spin I whereas Wy lessens it.

Whether a positive or a negative NOE is observed, is dictated by which of the
two mechanisms (W or Wy) is most predominant and is determined by the
cross-relaxation rate (osi).

os; = (W — W) 5)

In order for spin transitions to happen, the resonance frequency has to match
the energy difference of the two involved spin states. For W», the resonance
frequency for spin transition () is the sum of Larmor frequencies of both
spins (o1 + ws), whereas for Wy, oo is the difference between the two (o - ®s).
The molecular tumbling is decisive for which of the two mechanisms becomes
more effective. Molecular motion induces an electromagnetic field via the ro-
tation of dipolar spins within the structure. Molecules do not continuously
tumble at the same rate but their size determines the maximum limit of their
rotational frequencies (Figure 9). The average time required to rotate one ra-
dian (~60°) around an axis is termed the correlation time, t., which is mainly
determined by the molecular weight. The 1. for larger molecules is > 10 ns,
whereas smaller molecules can range down to picoseconds. However, the cor-
relation time is also influenced by other parameters such as temperature, sol-
vent viscosity and spectrometer frequency (Figure 10). The relationship of
correlation time and Larmor frequency on the cross relaxation pathway is de-
scribed by the spectral density function.*?
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This indicates that slow molecular tumbling (long 1) generates an oscillating
magnetic field with small high-frequency contributions. A short 1. corre-
sponds to a fast random rotation, causing a much wider frequency distribution
with more high-frequency contributions. The spectral density is a measure of
how much of the molecular motion is present at the correct frequency () to
cause spin transition (Figure 9).

Figure 9: Spectral densities for molecules with different molecular motion. The fre-
quency o (Larmor frequency) corresponds to the energy required for spin transition
of the different molecules. a) Slow motion promotes effective relaxation at low fre-
quencies/energy differences, thus Wy dominates for large molecules. b) Fast motion
is effective for higher frequencies/energy differences, thus W, dominates for small
molecules. c¢) Intermediate motion has frequencies where both relaxation pathways
are equal, thus cancelling each other out.

The observed NOE can now be related to the cross-relaxation rate (o) in de-
pendence of the spectral densities at the resonance/transition frequencies for
W2 (@2 = 2m0) and Wy (o = 0).

1
Os] X —= {6](2wo) —J(0)} @)
Ts1

When 6J(2wo) > J(0), which requires a relatively high spectral density at
® =2wo related to a short 1., then W, dominates and a positive NOE is
observed. This relates to small molecules in the extreme narrowing regime
where w’t% << 1. In the opposite case, when a long 1. limits high frequency
contributions, then Wy is the more efficient cross-relaxation pathway leading
to negative NOEs. A rough estimation is that molecules smaller than 600 Da
will give a positive NOE and molecules larger than 1000 Da a negative NOE.**
The crossing point is at wotc = 1.12, where the effects from Wy and W, cancel
each other out (Figure 10).
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Figure 10: The maximum transient NOE enhancement given as a function of the cor-
relation time, t., of a molecule and the spectrometer frequency, . The path of the
curves changes as the spectrometer frequency changes. At the zero-crossover section
(grey box) no NOE cross-peaks can be observed in a NOESY spectrum. Further fac-
tors to whether positive, negative or no NOEs are observed are temperature and vis-
cosity. Both influence the correlation time, with lower temperature or higher viscosity
resulting in stronger negative NOEs.

From NOE to Interproton Distance

Assuming that the ratio of both mechanisms, Wo and W», is the same through-
out the entire molecule, then the intensity of the NOE is inversely proportional
to the distance (r) between protons H, and Hy.*

1
NOEab o4 5 X O-C?b (8)
Tab

The observed NOE decreases with distance (7°) that leads to a detection limit
of 5-6 A. The accuracy of NOE determination depends on the type of
experiment (steady-state or transient), the resolution of the spectra, and the
signal-to-noise ratio. The 2D version of a transient NOE experiment is termed
NOESY. In comparison to the steady-state experiment, a NOESY experiment
has the advantage that observed NOEs are symmetric. Additionally, the
immediate perturbation occurring after a short inversion pulse allows for
determination of the cross-relaxation rate. In the steady-state experiment spins
are irradiated for a long time making it useless for the precise measurement of
distances.*

A further increase in accuracy of ryp determined from NOE intensities is
obtained using either the initial-rate approximation® or the full-relaxation
matrix method.*® The latter is rarely used for small to medium-sized
molecules, yet is popular for the analysis of large biomolecules that have rapid
T, relaxation. The initial-rate approximation method requires determination
of the NOE build-up between H. and Hy (Figure 11). This is achieved by
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recording a series of NOESY spectra varying the mixing time (tmix) allowing
the population change to take place. Common mixing times are set between
50 ms and 1 sec depending on the tumbling rate of the molecule under
observation. If tmix is too short, the NOE has little time to develop and no signal
is observed; if chosen too long, other relaxation pathways will lead to a non-
linear dependence of the NOE on the interatomic distance. However, in the
onset of the NOE build-up, the increase is linear and solely depends on the
population averaged distance between H, and Hy. By measuring cross-peak
integrals, i.e. intensities, in a series of NOESY experiments acquired with
different tmix, the intensity can be plotted as a function of the mixing time. The
initial linear part of this curve is referred to as the initial-rate.

initial-rate approximation - =
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Figure 11: The NOE build-up curve is the normalized cross-peak intensity (Inom) as a
function of the mixing time (tmix). In the initial part, the curve depends only on the
dipole-dipole cross relaxation rate, 6. At longer mixing times the linearity gets lost
when other relaxation effects start to disturb the NOE. The slope (o) of the linear part
is inversely proportional to the interproton distance 7. A steeper 6 (red line) corre-
sponds to a shorter 7y, and a shallower o (green line) to a longer 7.

By determining the slope of the initial build-up via linear regression analysis,
random errors average out thus increasing the accuracy of the analysis. The
slope (o), reflects the NOE, and is inversely proportional to the distance ra®
(Equation 8). It is recommended to normalize the intensities of diagonal- and
cross-peaks by using peak amplitude normalization for improved cross-
relaxation (PANIC)*-*® that restores the linearity of the build-up rate at longer
mixing times. The normalized intensity (Inorm) is obtained following:

2 |cross peak,y, * cross peaky,|

| = 9
norm |diagonal peak, * diagonal peak,| ®
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where cross peak,;, and cross peaky, are the integrals of the two cross
peaks on either side of the diagonal and diagonal peak, and
diagonal peak, are integrals of the corresponding proton signals H, and Hp,
respectively. Ihom is determined for all mixing times and subsequently plotted
as a function of tmix (Figure 11). A minimum of four normalized intensities of
consecutive mixing times with R*> 0.95 linearity should be used to determine
the build-up rate .. The build-up rate from a rigid pair of protons (orr), and
its known distance (7rf) is taken as internal reference. Finally, the interproton
distance (7a) can be derived from the buildup-rate (ca») and the reference val-
ues using:

O- _6
Fab = Trep * ( Tef) (10)
Oab

Reference proton distances can either be a pair of geminal protons with 1.78 A
or a pair of ortho protons with 2.54 A separation (Figure 12).*> From the ob-
tained interproton distances and scalar couplings, the conformation of a mol-
ecule in solution can be determined by the means of NMR data deconvolution
using theoretical ensemble fitting.

Figure 12: Reference distances (7rr) from locked-in-space protons with a fixed and
known interproton separation. Left: a pair of geminal protons. Right: a pair of ortho
protons.

1.7. Data Deconvolution

For molecules with one major conformation (due to dynamic restrain by
rigidity or a network of secondary interactions), the structure can directly be
determined by fulfilling all experimental restraints. Flexible and less
restrained molecules however, exist as an ensemble of interchanging
geometries, hence the observed signals (NOEs and *Juns) reflect the average
of all existing conformers. To determine the conformational ensemble of a
molecule, data deconvolution driven by parallel weighing of theoretical
structures is required. The term deconvolution denotes the reversal of a
weighted averaging process or convolution.*® In the following, the NMR data
deconvolution method using the algorithm NAMFIS and a computationally
generated theoretical ensemble is introduced.
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The NAMFIS Algorithm

NAMEFIS (NMR analysis of molecular flexibility in solution) was developed
by D. Cicero ef al. in the early 90s for studying the distribution of rapidly
exchanging conformers of a 13-amino acid peptide. Since then, the algorithm
aided the successful structure determination of numerous natural products,’"
33 peptides®** and macrocycles®®'. NAMFIS matches the structural infor-
mation from a large set of possible conformers (theoretical input ensemble) to
a set of NOEs and scalar coupling constants to yield a conformational ensem-
ble that represents the experimental data. From the theoretical input ensemble
geometric information, namely the respective interproton distances (7cac) and
dihedral angles, are extracted. Individual energies of the conformers are not
considered as these are force-field dependent. If NOE signals were observed
for —H to ~CH,— or —H to —CHj3, the corresponding distances in the theoretical
ensemble are averaged between the two or three individual distances respec-

tively
-6 (r—6 + r—ﬁ)
Tcale,CH2 = % (11)

-6 |(r7 % +17% +179
Yealc,CH3 = \] L 23 2 (12)

Dihedral angles are converted to their related vicinal coupling constant (*Jcalc)
as explained in Chapter 1.5. Since the experimental parameters (rexp and *Jexp)
are averages, weighted over the molar fractions of the conformations present
in solution, a population weighing factor (x;) is introduced in order to match
back-calculated parameters. The factor x; must be non-negative and the sum
of all values for xi must be 1. Applying these rules, the population weighed
averages are calculated following:

(Teate) = in * Teaie (D) (13)

i

Cleate) = ) %t * Yeare D) (14)

i

The best match is obtained by a nonlinear least-squares fitting procedure that
minimizes the sum-of-squares difference (SSD) between measured parame-
ters and calculated variables:

27



= Terr (l) 3] err

m n
cp L D <<rcazc(i» - rexpm)Z by <<3Jcazc<j)> - 3Jexp<j)>2 (15)
2 =
The error estimates e and *Jer are introduced to compensate for inaccuracies
in NOE distance determination and the estimation of the Karplus equation
respectively. >Jer is set constant with common values ranging from 1.5 - 3 Hz.
rerr 1S staggered by distances since longer distances arise from weaker signals
and thus are less reliable. Values used for 7. are summarized in Table 2.

Table 2: Error estimates used for experimentally determined interproton distances
used in the NAMFIS analysis.®?

NOE distance [A] | Error estimate (rer)
Fexp <2.5 0.1
25 Fep<3.5 0.2
3.5<rep 0.3

In order to be considered a feasible solution, the molar fractions and
corresponding back-calculated averages (<A4cac>) must fulfil the following
constraints for any experimental parameter (4eq) Within the corresponding
error (Aerr):

Aexp(i) - Aerr(i) < <Acalc (l)) < Aexp(i) + Aerr(i) (16)

The final output of NAMEFIS is a set of conformers with x; > 1% that best fit
the experimental NMR data where major fractions represent the more stable
conformers. Thus, NAMFIS identifies a combination of conformers and their
molar fractions, independently of their calculated energies. This gives valua-

ble insight into the conformational preferences of a molecule in solution.

The Theoretical Input Ensemble

It is important to provide NAMFIS with a pool of conformers that covers the
entire conformational space the molecule can adapt. If real conformers are
missing in the input ensemble, NAMFIS is either unable to find a feasible
solution within the given limits, or virtual conformers are weighted into the
ensemble to mathematically reduce the deviation. Therefore a large energy
window for sampled conformers is in favor for the completeness of the
theoretical input ensemble.®* Additionally the geometrical spread must be
even within the given conformational space. The best method to achieve this
unbiased conformational search, within an appropriate computation time, is a
Monte-Carlo method.** ¢ In this sampling approach, bonds are randomly
rotated to generate new structures and are then locally minimized applying
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force field parameters.®® However, the chosen force field as well as the
selected implicit solvation model can limit the sampling of real-life
conformations. Thus, within this thesis, I used a set of different force fields
and solvation models in combination with a large energy window (42 kJ/mol)
to sample and save conformers respectively. To eliminate duplicates and
ensure an even conformational distribution, a redundant conformer
elimination with a RMSD cut-off at 0.5 — 2.7 A was applied to the combined
searches. Conformational searches were executed using the Monte-Carlo
Multiple Minima (MCMM) method in torsional sampling mode as
implemented in the MacroModel package of Schrodinger’s Maestro
software.®” Final ensembles used in this thesis contained 20 — 237 unique
conformers, depending on the size and flexibility of the investigated molecule.
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2. Aim of Thesis

The overall goal of the work presented in this thesis is to perform ensemble
determination by means of conformational analysis using solution NMR. A
novel method for the thermodynamic and geometric characterization of a
weak non-covalent interaction by the conformational analysis of a flexible
peptide model system is demonstrated. Additionally, the impact of solvent po-
larity on the conformational distribution of macrocyclic drugs is investigated
and correlated to their augmented cell permeability and solubility. Finally, a
molecule’s relative configuration is determined by comparing the conforma-
tional space specific for the present diastereoisomer with experimental data.
In order to obtain constructive data and gain viable insight into the capability
of conformational analysis the following projects were pursued:

- Design and synthesis of a B-hairpin forming peptide as a model system to
assess the strength and geometry of a weak intramolecular halogen bond
incorporated into the system.

- Thermodynamic analysis of the peptidic model system to quantify the
improvement in structure stability upon introduction of the halogen bond.

- Conformational analysis of the model system by combining NOEs, *Js and
RDC:s to accurately determine the halogen bond’s geometry.

- DFT guided design and synthesis of halogen bond donor groups onto amino
acid building blocks to elevate the versatility of halogen bonding in biological
systems.

- Ensemble analysis of a set of macrocyclic drugs in different solvents, thus
revealing the adaptive behavior upon polarity change hypothesized for
beyond-Rule-of-5 drugs.

- Comparison of theoretical ensembles generated for all diastereoisomers of a

macrocyclic natural product with a set of interproton distances based on NOEs
to determine its relative configuration.
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3. A Weak Halogen Bond Characterized by
Conformational Analysis (Paper I)

Since its first observation in 1814,% the halogen bond (XB) has evolved into
a useful tool for molecular recognition in organic synthesis,? *- 7 structural
biology”""”® and drug discovery.”* 7 Just recently, in 2013, it was given an
official definition by IUPAC, describing it merely as the net attractive
interaction of an electrophilic region associated with a halogen and a
nucleophile.?*> 7 General descriptors regarding the geometry of a halogen
bond in literature are derived from crystal structures or from computational
simulations.”® 7> 78 Furthermore, weak halogen bonds of flexible and
exchanging systems in the solution phase are very difficult to detect with
current techniques. The molar fraction of a bimolecular complex between a
halogen bond acceptor binding to a halogen bond donor in solution is typically
too small to be detected. This leaves a scientific gap where the characteristics
of weak halogen bonds in solution, so far, are not described. To demonstrate
the difficulty in observing the formation of a weak halogen bond, I titrated 0.5
— 20 eq. of diethylether (the XB acceptor), into a solution of 20 mM
iodobenzene (the XB donor) in CDCl;. At this concentration, no chemical
shift change was observed in '*C NMR, and shifts in the 'H NMR extended
below 0.02 ppm at a 20-fold excess of the XB acceptor. These minor shift
changes are expected for a bimolecular system that is predicted to form a weak
C—I---O halogen bond. The entropic penalty and the molecular motion of the
solution state are detrimental for an observable fraction of the halogen bond
complex. Hence, I developed a model system that includes the XB pair as an
intramolecular interaction that contributes to the stability of a secondary
structure, namely a B-hairpin. This system provides an entropic advantage as
the overall shape of the B-hairpin is stabilized by a series of cooperatively
acting non-covalent interactions, including the XB itself. Herein I present the
design, synthesis and conformational analysis of a B-hairpin as a method to
probe a weak XB in solution.

3.1.  Design of a B-Hairpin Model System

B-Hairpins are a ubiquitous partial structure within proteins that are defined
by two hydrogen bonded antiparallel B-strands connected by a short loop.”™
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Despite its high abundance in folded proteins, they are prone to lose their
organized structure when excised from the protein. Thus, when designing a
sequence to fold into an isolated B-hairpin in solution, a specific peptide
sequence for the B-strand and loop region is required.®*-*? Most important is
the structural integrity of the loop region that initiates the proximity, backbone
hydrogen bonding and antiparallel alignment between the two B-strands.
Examples for B-turn templates are widely described in the literature aiding the
intentional design of a PB-hairpin forming peptide sequence.’™ 8% Upon
successful design of a sequence that folds into a B-hairpin, it provides an
excellent platform for conformational and thermodynamic analysis of its
contributing non-covalent interactions. This chapter focusses on the
development of a B-hairpin sequence that inherits the sidechain-sidechain
cross-strand halogen bond of meta-iodo-phenylalanine with the oxygen of
homo-methyl-serine.
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Figure 13: a) Compounds 1 and 2, depicted as folded, antiparallel B-hairpin. b) Itera-
tive positioning of amino acid sidechains above and below the -hairpin plane. Resi-
dues marked in blue and red depict the XB interaction site.

The final design of the decapeptide resembles around a central °Pro’-Gly®
B-turn motif (Figure 13a). Gellman ef a/. demonstrated in various model pep-
tides that this loop sequence is favorable for inducing a B-hairpin confor-
mation in several solvents.*>*” Adjacent to the turn, Glu* and Lys’ form the
first cross-strand hydrogen bond as well as a sidechain salt bridge of the -COO"
and -NH;". In peptide 1, this pair is followed by the halogen bonding site con-
sisting of 4-iodo-phenylalanine (Phe(I)*) and homo-methyl-serine (Hse®). The
XB site sits at a position in the B-hairpin where no cross-strand hydrogen
bonds are formed. This increases the impact of the XB formation on the fold
propagation and overall stability of the hairpin. In position 2 and °, Thr and Ser
are placed to increase polarity, solubility and inhibit peptide aggregation. The
terminal groups are two B-branched amino acids, Leu! and Ile'’. Acetylation
of the N-terminus introduces an additional carbonyl oxygen to form the 5%
cross-strand hydrogen bond in the complete B-hairpin. The chirality of all
amino acids induce an iterative orientation of sidechains above and below the
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formed B-sheets plane. This orients the XB pair on one site of the plane to-
gether with only the two B-branched amino acids and thus avoiding interac-
tions with other polar sidechains (Figure 13b). Selection of the amino acid
sequence was guided by literature examples and Monte-Carlo molecular
searches. The system was designed to reside at the inflection point between
the fully folded and unfolded state at room temperature. Thus allowing for
thermodynamic analysis of folding parameters and hence the halogen bond
strength, using variable temperature NMR. For optimal quantification of the
thermodynamic properties of the halogen bond, a reference, compound 2, was
essential. It resembles peptide 1 throughout but the ability to form a cross-
strand XB. Thus the difference in the folding equilibrium of 1 and 2, originates
only from the intramolecular halogen bond in 1. All other interactions contrib-
uting to the cooperative folding are identical.

3.2.  Synthesis

The synthesis of compounds 1 and 2 was accomplished using solid-phase
peptide synthesis (SPPS) starting with a Rink-amide resin as the solid
support.®® Syntheses were performed on a 150 pmol scale with a resin loading
of 0.53 mmol/g. The first Fmoc-protected amino acid (Fmoc-Ile-OH) was
anchored to the resin using a 2-fold excess of amino acid, 1.8 eq. of HCTU as
the coupling agent and 4 eq. of DIPEA as a base (Scheme 1). A Kaiser-test
was performed to verify sufficient coupling.®* Consecutive amino acids were
coupled using an automated peptide synthesizer following the Fmoc-
protocol.”® For compound 1, Fmoc-Hms-OH (Fmoc-homo-methyl-serine) and
for compound 2 Fmoc-Nle-OH (Fmoc-norleucine) were introduced at
position 8. After coupling of the N-terminal amino acid (Fmoc-Leu-OH) and
manual deprotection using 20% piperidine in DMF, the free amine was
acetylated using Ac,O (30 eq.) and DIPEA (30 eq.) in DMF. Cleavage from
the resin as well as deprotection of all side chain protecting groups was
achieved by treatment with a mixture of TFA, H>O and TIS (95:2.5:2.5, v/v).
The free peptide was precipitated using cold diethylether, centrifuged and the
supernatant was decanted. The remains were taken up in a mixture of
H>O:MeCN (7:3) followed by lyophilisation. Purification by prep HPLC on a
C8-column provided compound 1 and 2 in 22% and 23% overall yields
respectively. A detailed description of the synthesis can be found in the
supporting information of Paper 1.!
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Scheme 1: Synthesis of compounds 1 and 2 on solid support. HCTU (O-(1H-6-Chlo-
robenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate)
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3.3.  Thermodynamic Analysis

Absolute and relative stability of peptides 1 and 2 were determined following
the C,H chemical shift change in variable temperature NMR experiments over
a 130 K temperature range. To reach detection at this extensive temperature
range (218 K to 348 K), a solvent mixture of CD,Cl,:DMSO-ds (4:1) was
used. 'H shifts of 1 and 2 were assigned following the sequential resonance
assignment strategy, combining NOESY and TOCSY experiments as
described by Wiithrich et al.®* All spectra recorded at varying temperatures
were referenced to the transmitter nucleus ('H) frequency. This avoids errors
in referencing introduced by a temperature dependent reference shift (solvent
residual peak or TMS). The observed changes in chemical shift for all C,Hs
for peptides 1 and 2 were fitted to a function describing a two-state
equilibrium described by Munekata et al.”?

8p — 8y

e | A

Where &r and 6y are the chemical shifts for the fully folded and unfolded
structures, respectively. AHy, is the enthalpy change upon unfolding at the
inflection point Tn. Fitting individual C.H shifts provided a good estimation
of their respective du, however, were unreliable for the fully folded shift, o.
Hence, the folding curve was described by combining shifts through first
taking the shift rate of individual C,Hs followed by rescaling applying a
z-score normalization.”* %>

Sops = 6y +

(2 (6obs - 6U)2) - ﬁ
o

(18)

T —
61'7.07‘171 -

Where 8, is the mean of experimental shifts and o is the standard deviation.
Since the normalized shift values reflect the folding behavior within the same
range, an overall melting curve for peptide 1 and 2 could be deduced from the
arithmetic means at each temperature.

n
1
667;17 = EZ 6{norm (19)
i=1

Where 7 is the number of amino acids C,H shifts followed during temperature
change. Curve fitting, using Equation 17 on the combined shift values apply-
ing a Levenberg-Marquardt least-squares protocol, provided the full two-state
equilibrium melting curves for 1 and 2 (Figure 14). Additionally the change
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in enthalpy and absolute melting temperature, i.e. the inflection point of the
sigmoidal curve, were obtained (Table 3).
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Figure 14: Overlap of the normalized melting curves of peptide 1 (blue) and the ref-
erence peptide 2 (red).

Table 3: Absolute thermodynamic constants determined from the melting curves. The
melting temperature, Tr, and the change in enthalpy upon unfolding, AHy, resulted
from the fitting procedure. AG®, the change of Gibbs free energy at 298 K, was cal-
culated using Equation 20.

T AHn AG®
[K] [kJ/mol] [kJ/mol]

274.0+2.6 | 23.9+33 21+02
2 267.6+1.3 264+1.7 3.0+0.1

From the thereof obtained endpoints of the melting curves, dr and du, the
Gibbs free energies at standard temperature could reliably be calculated.

AG® = —RT * In (—5” 5298) (20)

8208 — OF

Thereby the difference in energy, AAG®, between peptide 1 and 2 could be
estimated to -0.9 kJ/mol. Since the possibility of forming a weak halogen bond
between an aryl-iodine and an ether oxygen is the sole structural difference
between the two peptides, this gain in thermodynamic stability accounts
directly for the strength of the halogen bond. The herewith estimated binding
energy of <0.9 kJ/mol is in line with the expected halogen bond strength. This
is the first example where overall C,Hs shifts were combined, revealing such
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a minor change in stability. All fitting procedures and calculations of
thermodynamic constants were achieved by a MatLab® script developed ad
hoc, which I made available online.” However, the above approach compares
the difference in thermal stability based on shifts related to absolute
temperatures. The energy difference from a relative comparison of both
peptides using only NMR parameters can provide a more precise value.
Therefore, I investigated the two corresponding folding constants for 1 (k})

and 2 (k2) as the relative ratio of folding, K. ;/ 2,

K1/2 _ k_l%" _ (5L11 _g) (65 _%)

= ko AU U 21)
’ k}% (63175 - 61% (631)5 - 61'%)

When plotting (82,5 — 6%)/ (65 — 62,) against (8§ — 8ps)/ (62,5 — 82).
the ratio K ;/ % can be deduced from the slope of points assuming a linear rela-
tionship. The plot appears non-linear due to a difference in AH leading to a
‘surfboard’-shape plot. However, since the shape is symmetric around the zero
point and the maximum value, that is the difference of dobs at the inflection
point of 2; the slope is reliable determined by a linear fit.
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Figure 15: Relative folding ratio of 1 to 2. The red line represents the calculated values
obtained from curve fitting extended to reach the upper and lower plateau. Black cir-
cles represent fitted melting curve data points within the experimental temperature
range. Blue crosses depict the §,,s values resulting from z-score rescaling and aver-
aging experimentally determined shift changes.
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The resulting relative ratio K ,}/ % of = 1.3 indicates peptide 1 to have a 30%
higher folding ratio as compared to the reference 2. The difference in stability
can further be quantified as the AAG at the melting temperature of 2, T,3, and
the obtained relative folding rate.

AAG = —R * T2  In (1{,}/2) (22)

The thus obtained AAG = -0.6 kJ/mol is in good agreement with the value for
AG?® as obtained using the method of Munekata et al.”® Since the method using
the relative ratio of folding rate only relies on chemical shifts and is
independent of the absolute temperature it is expected to give a more accurate
result. A complete deduction of all equations used can be found in the
supporting information of paper L.

The design of a linear, non-cyclic peptide inheriting a stable secondary
structure at low temperatures is crucial for adequate determination of the
melting curve. The herein described peptidic system provides excellent
folding properties and little signal overlap to follow and analyze its
thermodynamic behavior. This makes it ideal for the quantification of non-
covalent interactions such as a weak I'--O halogen bond. Furthermore, its
sidechain diversity and a magnitude of ~45% fold at 298 K, according to the
obtained melting curves, offers an excellent system to perform conformational
ensemble analysis.

3.4. Secondary Structure Determination

To detect the influence of the additional weak XB on B-hairpin formation of
1 as compared to 2 in solution, conformational ensemble analysis based on
NOEs and J-couplings with data deconvolution using NAMFIS, was
performed. NMR spectra were recorded in the same solvent system as for the
thermodynamic analysis (CD,Cl,:DMSO-ds, 4:1) at a concentration of 3 mM.
3)Nncan coupling constants were directly deduced from NH signals in the
"H NMR spectra. To achieve quantitative inter-proton distances from NOE
integration, a set of seven 'H,'HNOESY experiments were run with
increasing mixing times ranging from 100 ms to 700 ms. Spectra were
recorded in random order to prevent systematic errors. The recycle relaxation
delay (d1) was set to 2.5 sec to attain sufficient T; relaxation. Interproton
distances were deduced form the NOE build-up slopes as described in Chapter
1.6. Experimental data obtained for 1 and 2 showing the coverage of NOE
based interproton distances and deduced J-coupling constants of the backbone
are depicted in Figure 16.
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Figure 16: Depiction of interproton distances deduces from NOEs (red) and backbone
vicinal coupling constants (*Juns, blue) for the halogen bonding peptide 1 and the
reference peptide 2 used in the NAMFIS analysis.

Theoretical ensembles for 1 and 2 were computed using the Monte-Carlo
multiple minima (MCMM) method with three different force fields (OPLS3e,
OPLS and AMBER") in combination with two GB/SA solvation models
(Water and Chloroform) using MacroModel as implemented in the
Schrédinger Maestro software package (v. 13.0.135). In 50.000 torsional
sampling steps new conformers were generated, minimized and saved within
an energy window of 42 kJ/mol from the global minimum. The resulting
conformers of all different conformational searches were pooled and a
redundant conformer elimination with a heavy-atom cutoff at 2.7 A was
performed. Since no force field currently available in Maestro is parametrized
for halogen bonds, the obtained conformers for compound 1 were enriched
with geometries in which the I---O distance is at 90% of their van der Waals
radii. The final ensembles contained 236 and 176 conformers for 1 and 2
respectively.

The deconvolution algorithm NAMFIS (Chapter 1.7) was implemented to
reveal the set of conformers present with their according relative probabilities
(molar fractions). Results are given as the best-fit solution that is the set of
conformers of which the back-calculated averages deviate least from obtained
experimental values. The solution set contained nine conformers for 1 and 11
for 2. The individual conformers were analyzed by determining whether the
backbone forms a B-hairpin. Threshold criteria for B-hairpin classification
included type II’ B-turn formation based on ®- and Y- angles of turn amino
acids, inter-strand distances and a Ramachandran plot analysis (for a detailed
analysis see supporting information of Paper I). Thereby, four B-hairpin
conformers with a combined molar fraction of 56% for peptide 1 were
identified. In contrast, the solution ensemble of peptide 2 only contained three
B-hairpin conformers at a sum of 39%. The 17% increase in B-hairpin
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formation corroborates the increased stability found by thermodynamic
analysis. Since the conformational variability of the sidechains is vast, and
coverage with NOEs is sparse, reliable conclusion on conformations can only
be drawn for the peptides backbone. However, results from NAMFIS
demonstrate the systems optimal susceptibility for minor structural changes
since the folded fraction is close to the inflection point at room temperature.
The most abundant conformer (24%) in the solution ensemble of 1 exhibits a
B-hairpin and is depicted in Figure 17.

Figure 17: Conformer with highest abundance (24%) in the solution ensemble of 1
obtained from NAMFIS analysis. Sidechains are omitted for clarity.

To this point, the thermodynamic and backbone secondary structure analysis
provided indirect indication for the formation of a halogen bond and thereof
influencing the formation and degree of f-hairpin fold. To gain direct evidence
for the correct orientation of the XB donator sidechain to the XB acceptor and
an I---O interatomic distance that promotes halogen bonding, I performed
RDC analysis of peptide 1.

3.5. Residual Dipolar Coupling (RDC) Analysis

Determining and using dipolar couplings for structure elucidation has a long
history in solid-state NMR. During the last twenty years, residual dipolar
coupling (RDC) has also become part of the toolbox of solution-state NMR,
aided by the development of alignment media.”’** Commonly, a dissolved
molecule faces no rotational restraints and tumbles freely in an isotropic
solution. The fast molecular motion thus averages orientation-dependent
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spectroscopic interactions, namely, quadrupolar coupling and dipolar
coupling. Their effect is simply observed as their contribution to relaxation
leading, for example, to a change in signal intensity observed as NOE. Upon
introduction of a minor degree of alignment, i.e. a non-uniform restraint of a
molecule’s rotation, a scaled-down dipolar coupling is visible. The residual
dipolar coupling is observed as a measure of Hz, whereas the real dipolar
coupling is of a magnitude of kHz. However, the RDC contains the same
structural information while line broadening and conformational freedom is
not affected. Alignment of a molecule in solution can be obtained in two
different ways: either by the use of an alignment medium or by introduction
of paramagnetic entities either covalently bound to a molecule or as a binding
ligand. In this thesis I used the alignment medium PBLG (poly-y-benzyl-L-
glutamate) that, above its critical concentration in solution (~130 mg/mL),
forms a lyotropic liquid crystal phase. Its organization in helical columns
throughout the sample induces anisotropic conditions with a global alignment
0f 0.1% - 1%. RDC has the major advantage to be of non-local character. This
means that, in contrast to the NOE, the RDC gives orientations of bond vectors
in respect to the outer magnetic field, By, and is independent of the relative
position and orientation of other atoms in the molecule. Thus, it allows for the
accurate characterization of sidechain geometries in peptide 1 that otherwise
would be cumbersome using NOEs or J-couplings. In a 'H, '3C coupled HSQC
recorded on an anisotropic sample, the observed coupling constant consists of
the 'Jcu scalar coupling and the residual dipolar coupling, 'Dcn. In an isotropic
sample, the dipolar coupling is zero and thus, the RDC can be deduced as the
difference to the total coupling, 'Tcn, observed under anisotropic conditions
as in Equation 23.

1DCI-I = 1TCH - 1]CH (23)

It is important to understand that a dipolar coupling can be also negative. A
vector perfectly aligning with the outer magnetic field will have the largest
positive value and a vector perpendicular to it a maximum of negative half the
parallel vector’s dipolar coupling. At the crossover point of 54.74°, referred
to as the magic angle, the dipolar coupling is zero.'” Thus, a zero value ob-
tained for RDC measurements still possesses an angular information and
should not be neglected.
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Figure 18: Overlap of the 'H, '3C coupled HSQC recorded under isotropic (green) and
anisotropic (red) conditions of peptide 1. Shown are the three signals of the iodo-
phenylalanine residue corresponding to the letters assigned to the phenyl moiety. The
coupling was measured in the indirect (1, '*C) dimension, thus increasing the signal-
to-noise ratio and avoiding line broadening due to proton-proton coupling. The RDC
was calculated as the difference of the total coupling (Tcn) in anisotropic conditions
and the 'Jcu coupling measured in isotropic conditions.

The anisotropic sample of 1 was prepared by weighing 80 mg of PBLG into
an NMR tube and subsequently adding a solution of the peptide dissolved in
CD,Clo:DMSO-ds (4:1). The tube was shaken until all PBLG has dissolved
followed by centrifugation of the tube. Uniform alignment was confirmed by
the detection of a clear quadrupolar splitting (Avq~125 Hz) for the DMSO-dp
signal in a 2H NMR spectrum. The isotropic sample was prepared with the
same concentration of 1, but without the alignment medium. A Perfect-CLIP-
'H, BC-HSQC experiment'®" was run for both samples with the splitting
detected in the indirect fl-dimesion. Peak asymmetry and broadening of
multiple bond splitting in the proton dimension were avoided, affording an
increased signal-to-noise ratio. To obtain the spatial arrangement and distance
of the XB donor and acceptor site in 1, all C-H RDCs for iodo-Phe?® and homo-
met-Ser® were deduced. Additional backbone C,-H, couplings from the turn
region were determined to ensure accuracy of the alignment tensor fitting.
RDCs were calculated as given in Equation 23, and the resulting values ranged
from -68 to 58 Hz (Table 4). The bond vectors and their corresponding
assignment are shown in Figure 19.
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Table 4: RDC values measured as the difference (RDC =T —J) of the anisotropic C-H
coupling constant to the isotropic sample of 1. represents the C-H vector para with
respect to the iodine ® represents the C-H vector ortho with respect to the iodine. * Val-
ues are from a C-H, group (n > 1); obtained RDC values were divided by n.

C-H vector | Group | Isotropic | Anisotropic T-J
Residue Jen "Ten RDC Error
1 Phe(D o CH 141.4 128.0 -134  4.20
2 CHy’ 260.2 127.5 -67.9 2.64
3 & CH 160.2 120.3 -39.9  1.61
4 ° CH 165.3 109.7 -55.6  1.38
5 € CH 158.6 107.7 -50.9 0.94
6 ¢ CH 167.1 188.1 21.1 1.29
7 Glu o CH 138.9 196.4 57.5 237
8 Pro o CH 145.9 147.7 1.8 1.56
9 Gly o CHy’ 280.6 292.6 6.1 0.95
10 hmSer Y CHy’ 283.9 286.8 1.5 1.14
11 € CH5" 416.6 434.7 6.0 0.23
I?'Q_ 0 H
i D,
el |

=

Figure 19: Depiction of C-H bond vectors (red arrows) used for RDC analysis. Vec-
tors marked with an asterisk for CH2 and CHj; groups are taken as the half- and third-
sum of their originally detected dipolar coupling constants respectively.

A second theoretical ensemble was generated based on the nine backbone
conformers identified by NAMFIS. Sidechain orientations were resampled,
including halogen bonded ones, for all conformers individually, applying
Monte-Carlo conformational sampling while retaining the peptide’s backbone
dihedral angles. Experimental data deconvolution resulting in a weighted set
of conformers was achieved using the software MSpin. The back-calculation
requires determination of the molecular alignment tensor by solving a series
of linear equations in the least-square sense through the singular value
deconvolution (SVD) method. For a reliable description of the alignment
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tensor, a minimum of five non-parallel bond vectors must be provided. The
SVD condition number obtained for peptide 1 was 4.028. Literature
procedures suggest a SVD number <30 to indicate a robust fit.!°? From the
back-calculated RDCs, the goodness-of-fit descriptor Q (Cornilescu’s quality-
factor), can be readily calculated (Equation 24). The closer to zero the Q
factor, the better the fit of weighted conformers to the experimental data.

2\]E(Diexp _ chalc)2

exp
%D,

Q= (24)

The obtained conformer ensemble converged remarkably well with the
experimental data, as indicated by a Q factor of 0.004. From the theoretical
ensemble that only contained structural information, MSpin independently
weighted B-hairpin conformers at 53%. This in excellent agreement with the
outcomes from both thermodynamic and NAMFIS analyses. Furthermore, and
more importantly, the RDC analysis provided direct proof for the formation
of a cross-strand halogen bond: 3 of the 5 conformers selected by MSpin have
halogen bond geometries where one is in a f-hairpin conformation, and is
present to 30%, representing 57% of the entire B-hairpin abundance. Non-
hairpin conformers that display halogen bond formation are present to 45%.
This observation leads to the hypothesis that the halogen bond is primarily
involved in the folding process and stabilizes the B-hairpin foldamer. From the
wide variety of XB donor-acceptor orientations provided in the theoretical
ensemble, selected XB geometries showed a C—I---O angle of 145°, 171° and
178° (Figure 20). This bimodal distribution of the preferred XB angle of
iodine is congruent with the findings of Ho er al, who analysed XB
geometries in a large dataset of protein crystal structures.”

Figure 20: C—I---O bond angles of formed halogen bonds of 1 resulting from RDC
analysis. The conformer with bond angle 145° is present to 30%, with 171° to 11%
and 178° to 34%.
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3.6.  Summary

Herein I described the successful design, synthesis and evaluation of a peptide
sequence inheriting a cross-strand C—I---O halogen bond. The system folds
into a B-hairpin to an extent of ~45% at room temperature and is thus at its
most susceptible equilibrium for internal changes affecting the stability of the
secondary structure. A reference peptide that resembles the halogen bonding
system, yet lacking the halogen bond acceptor, showed a significant decrease
in stability. Thermodynamic analysis quantified the gain in stability as the
strength of the intramolecular halogen bond to < 0.9 kJ/mol. This highlights
the sensitivity of the developed model system to expose a single and weak
stabilizing factor. Ensemble analysis using NOEs and 3Js showed the molar
fraction of B-hairpin formation to be 17% higher for the halogen bonding pep-
tide as compared to the reference. By the use of an alignment medium, RDC
analysis could further characterize the geometry and population of the formed
halogen bond. The combined use of multiple NMR observables, as presented
here for the first time, demonstrates the potential precision of conformational
description of a comparably large and flexible molecule. This approach will
extend the range of assessable structural diversity, raising the bar for the in-
vestigation of more complex and flexible systems. The strategy of the herein
presented model system pushes the limit for the detection of weak halogen
bonds towards more polar solutions, such as water.
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4. Design and Synthesis of Halogen Bond
Donor and Acceptor Amino Acids

Motivated by the success of the strategy previously described in Chapter 3, 1
aimed to optimize the peptide model system, including the structure of the
halogen bond donor and acceptor amino acids, to reach higher accuracy and
wider applicability. The system’s design focussed on reaching a linear, inter-
strand halogen bond of two amino acid sidechains separated by an optimal
distance when embedded into opposing positions of two B-sheet strands. A
B-hairpin appears to have several advantages, including the chemical shift
dispersion of the a-protons and amides as well as a geometry that favours the
formation of cross-strand interactions that stabilize the folded structure. The
cooperativity of a series of weak forces in this system are expected to compete
with intermolecular interactions i.e. to the solvent. Measuring and
characterizing a halogen bond in polar, protic solvents, such as water,
constitutes one of the biggest challenges in the field of halogen bonding.!% 104
A well-defined water-soluble B-hairpin combined with an optimized XB bond
donor-acceptor pair should be an ideal platform to analyse a dynamic XB in
water or in other polar, protic solvents. The goal was to systematically study
the strength and geometry of a XB by variation of the XB acceptor moiety and
by evaluating the impact of the competition by polar solvents. Herein, the
computational optimisation of the sidechain length, and the development of
synthetic procedures towards the XB donor and nitrogen-, oxygen- and
sulphur-containing XB acceptor amino acids to be included into a water-
soluble B-hairpin forming peptide is described.

4.1. DFT Analysis of Halogen Bond Donors

A selection of aromatic systems containing one or two nitrogen atoms with
either bromine or iodine at various positions acting as the XB donating group
was analysed by DFT calculations (Table 5). The goal was to sample the effect
of the halogens position as compared to the neighbouring heteroatoms on the
magnitude of the 6-hole.!” DFT calculations were run with the B3LYP func-
tional '%1% in combination with the aug-cc-pVTZ basis set ' ' for carbon,
hydrogen, nitrogen and fluorine. For the halogens bromine and iodine, the
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modified MDF Stuttgart/Cologne effective core potential basis set aug-cc-
pVTZ-PP "' was used. The polarizable continuum model (PCM)!!? was used
to model solvation effects using the integral equation formalism variant for
water. Resulting energies were revised by applying a Grimme D3 empirical
dispersion correction.!”® The electrostatic potential maxima (Vsmax) at the
o-hole were determined for the XB donors 3-12 using Multiwfn (v. 3.8)!4 113
and are listed in Table 5.

Table 5: Structures 3-12 with their associated electrostatic maximum at the c-hole

(Vs,max, in kJ/mol) at the face perpendicular to the C-X bond resulting from DFT cal-
culations.

Structure VS, max Structure VS max
[kJ/mol] [kJ/mol]
N
A\
3 [N\>_' 1069 | 8 mBr 74.8
\ \
N N
4 [N\>_Br 69.6 9 /Nr\{* ! 47.6
\

N N
5 ©[N\>_' 1224 | 10 0 \/(I 115.0

[}
ZY/Z
@
o
Q
=\
yw

85.6 11 89.3
\
CF;
- »
7 N 112.4 12 '\l\/g—l 138.6
\

The highest c-hole maximum (vsmax) Was found for structure 12 due to the
strong electron withdrawing effect of the CF3-group. However, the CF; close
to the iodine is likely to inflict a steric repulsion on an attracted XB acceptor.
Thus, the second strongest XB donor from this series, 5, was selected for
further computational analysis. The iodo-benzimidazole group is chemically
stable, synthetically available, and provides four C—H groups suitable for NOE
and RDC analysis. The electrostatic potential map indicating the size and
surrounding of the -hole in the iodine of 5 is depicted in Figure 21.
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Figure 21: Electrostatic potential map calculated for 5 depicting the position and
charge of the c-hole.

4.2. Linker Sampling in a B-Sheet Context

After selection of a XB donor, the optimal side chain length from the amino
acid backbone to the iodo-benzimidazole, the XB donor unit, was assessed.
Simultaneously, the XB acceptors - containing a tertiary amine, an ether and
a thioether - were sampled for optimal sidechain lengths. These three
nucleophilic groups inherit different Lewis basicity and thus allow for the
characterization of XB acceptor effects on binding strength and affinity. Such
analysis has so far only been performed by computations or by X-ray
diffraction methods, but not yet in solution. Besides the sidechain attachment,
the heteroatoms N, O and S were methylated to minimize steric hindrance
upon binding to the iodine. In an antiparallel B-sheet, the stereocenters at the
Cqs cause sidechains to iteratively face above and below the -sheet plane
(Figure 22).82 Additionally, every second pair in the backbone of an anti-
parallel B-sheet forms two cross-strand hydrogen bonds between the N-H and
C=0 moieties. At this position, the Cys are further apart (~5.2 A) as compared
to the position where no hydrogen bonds are formed (~4.8 A). The XB donor
and acceptor sites were studied for inclusion in both of these possible
positions.
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Figure 22: Depiction of the different inter-strand distances of C, in an anti-parallel
B-sheet. a) Schematic representation of a B-sheet. At the positions where two inter-
strand hydrogen bonds form, the C, groups point outwards and are further apart. In
contrast, at the inwards orientation, no hydrogen bonds are formed and Cs are closer
b) 3D representation of a B-sheet showing the orientation of consecutive amino acid
sidechains. Hydrogen bonds are indicated as yellow dotted lines and inter-stand dis-
tances of C, atoms are shown as pink dotted lines. Spheres represent sidechain resi-
dues.

Conformational minimisations of C;-Cs and Cs3-Cs linker lengths for the XB
donor and acceptor side chains, respectively, were performed. Backbone
positions were frozen to maintain a 3-sheet resembling geometry, mimicking
the two different orientations of the sidechains. Common force fields lack
parametrisation for halogen bonding, and thus the XB must be introduced by
overcoming the force field biased energy barrier using manual constraints. XB
formation was therefore enforced by applying a 180° C—I--*R (R: N, O or S)
bond angle constraint and an I---N/O distance constraint of 3.2 A and 3.4 A
for I---S. The goal of this structural minimisation was the assessment whether
the geometry of the inter-strand halogen bond is feasible, without comparing
calculated interaction energies. Following energy minimization (Molecular
Mechanics), the XB bond angle and the I---R distance were used to identify
the optimal sidechain lengths facilitating the formation of a halogen bond.
Short linkers hampered the formation of a linear C—I---R halogen bond,
whereas long ones showed little support in aligning the XB donor and
acceptor. The energy minimizations suggest that a C; linker on the iodo-
benzimidazole XB donor and a Cs linker on the XB acceptor in the “outwards”
orientation provides optimal geometry for the formation of a linear cross-stand
XB in the context of a B-sheet (Figure 23).

49



A(*() .,u\(hé [/L{‘— ----- 2
. .-ﬂ'_.l.." . "'\-\.. = - — : ——
i .:-l"" - } s “r" - ’>"' o _.-I"‘-II
a) b) c)

Figure 23: Optimized linker lengths of the XB donor (C,) and the three different
acceptors (C3). XB donor with the XB acceptor group as a tertiary amine (a), an ether
(b) and a thioether (c). At the selected linker lengths, the formed XB (purple dotted
line) is near linear (~180°) upon a backbone inter-strand distance of 5.2 A at the HB
forming position (yellow dotted lines).
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4.3. Synthesis of Halogen Bond Donor and Acceptor
Amino Acids

A synthetic procedure to obtain the halogen bond donor and acceptor amino
acids as Fmoc-protected building blocks suitable for SPPS was developed.

N
N |
Ty A ! !
Fmoc\N OH Fmoc\N OH Fmoc\N OH Fmoc\N OH
H H H H
13 14 15 16

Figure 24: Fmoc protected XB donor amino acid 13 and XB acceptor amino acids 14,
15 and 16.

The Halogen Bond Donor Building Block

Iodo-benzimidazole 19, which constitutes the core of the XB donor amino
acid, was obtained by first protecting the NH group of 1H-benzimidazole
using trityl-chloride, in the presence of triethylamine in DCM. Subsequent
halogenation of 17 at the 2-position was achieved by treatment with LDA in
THF at -78°C for 1h, followed by addition of I, providing 18 in 22% yield.
Removal of the trityl group by treatment with conc. HCI in MeOH (1:4, v/v)
at 70°C yielded 19 in 58%.

50



Trt-Cl, TEA ) LDA, THF, -78°C

O::\P DCM Q:FP 2) 1o . @

quant

17 18

HCI, MeOH
70°C

pas

19

58%

Scheme 2: Synthesis of iodo-benzimidazole 19. LDA (Lithium diisopropylamide),
Trt-Cl (Triphenylmethyl chloride).

The XB donor amino acid was obtained starting from N- and C-protected
aspartate (Scheme 3). The sidechain carboxylic acid of Boc-L-Asp-OBn was
reduced by first forming an asymmetric anhydride using iso-butyl-
chloroformate, followed by reduction with NaBH4. The alcohol 20 was further
transformed into an alkyl iodide via an Appel-type reaction. Compound 21
was then combined with 19 in a Sn2 reaction using K,COs in DMF and TBAI
as phase transfer catalyst. The alkylated iodo-benzimidazole derivative 22 was
obtained in excellent yield. Simultaneous removal of the Boc- and benzyl-
protecting groups was achieved using BBr3; in dry DCM, providing compound
23 as a hydrobromide salt. In the last step, the amino group was protected
using Fmoc chloride in the presence of NaHCO; in a mixture of water and
1,4-dioxane (2:1, v/v) at 0°C to provide the target compound 13, which has a
XB donor side chain, in 69% yield. Preservation of the enantiomeric purity
was confirmed by chiral HPLC, using a Phenomenex Lux® 5um Amylose-1
chiral column.
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Scheme 3: Synthesis of the Fmoc-protected XB donor amino acid 22. NMM
(N-methylmorpholine), TBAI (fert-butyl ammonium iodide), Fmoc-ClI (9-fluorenyl-
methoxycarbonyl chloride).

The Halogen Bond Acceptor Building Blocks

The XB acceptor carrying a tertiary amine group was readily synthesized start-
ing with a selective Boc-deprotection of the terminal amine of Fmoc-L-
Orn(Boc)-OH using 4 N HCl in 1,4-dioxane. Compound 24 was subjected to
reductive methylation using formaldehyde and sodium cyanoborohydride.
The final compound, Fmoc-protected dimethyl ornithine, 14, was obtained in
55% yield over two steps.

H ® S} |
N.Boc NH; CI” HGHO, NaBH,CN N_
HCI, Dioxane MeOH
—_— _—
Fmoc_ OH quant. Fmoc_ OH 55% Fmoc_ OH
H H H
Fmoc-L-Orn(Boc)-OH 24 14

Scheme 4: Synthesis of the Fmoc-protected XB acceptor amino acid 14.

Attempts to synthesize the O and S containing XB acceptor building blocks
via a similar route to that used for generating the XB donor started from Fmoc-
and tBu-protected glutamic acid. The free carboxylic acid was first protected
using benzyl-bromide and Cs,COj; in MeCN yielding 25 (Scheme 4). Depro-
tection of the tBu ester under acidic condition with water as a scavenger gave

52



26 in quantitative yield. Subsequent reduction of the free acid was accom-
plished using iso-butyl-chloroformate and NMM in THF forming the asym-
metric anhydride, which was then converted to the alcohol 27 using NaBHa.
An Appel-type reaction using I, PPh; and imidazole in DCM at 0°C gave the
alkyl-iodide 28 in good yield. Compound 28 was then transformed into the
methyl-thioether 29 using NaSMe in DMF. After removal of the benzyl pro-
tection group, compound 16 can be obtained. Continuing from 28, a nucleo-
philic substitution using a ROMe derivative forming the methyl-ether fol-
lowed by benzyl deprotection is expected to yield compound 15. The final
steps from 29 to 16 and 28 to 15 have not yet been performed, however liter-
ature examples exist guiding the conversion to the final compounds. Herein |
propose the developed synthetic scheme to obtain the oxygen and sulphur con-
taining XB acceptor building blocks 15 and 16.

tBu tBu
o__o BnBr, Cs,CO;, TFA, H,0 HO__O
MeCN DCM
Fmoc OH 96% Fmoc quant Fmoc\N O\Bn
N H
Fmoc-L-Glu-OH 26
1) NMM, iBuOCOCI, THF | 739,
2) NaBHa4, H20, THF
s NaSMe ! I, PPhy HO
DMF Imidazole, DCM
F 17% Y
moc\H O‘Bn o Fmoc\N O‘Bn 83% Fmoc\H O‘Bn
o
29 28 27
: v
\ \/
Fmoc\N OH Fmoc\N OH
H H

16

15

Scheme 5: Proposed synthetic route to obtain the XB acceptor amino acid building

blocks 15 and 16.
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4.4. Conclusion and Outlook

I predicted the magnitude of the 6-hole (Vmax) for a series of XB donor moieties
using DFT calculations, to select one for incorporation into an amino acid
sidechain. Furthermore, the amino acid sidechain length of the halogen bond
donor and halogen bond acceptor amino acids, and their positions in a
B-strand, were optimized by molecular mechanics energy minimization. An
iodo-benzimidazole as a halogen bond donor and a tertiary amine as a halogen
bond acceptor, attached to a C, and Cs spacers, respectively, were identified
as good interaction sites when incorporated into a peptide PB-hairpin. A
synthetic route for two Fmoc-protected unnatural amino acids was developed,
allowing their use in solid-phase peptide synthesis.

Incorporation of these halogen bond acceptors pairwise with the halogen bond
donor - and its analogues possessing bromine and chlorine - into a B-hairpin
peptide consisting of 12-14 amino acids, is expected to allow systematic
thermodynamic and geometric characterization of weak halogen bonds in
dilute solutions. With a careful design of the amino acid sequence, these
studies could allow experimental characterization of halogen bonds in polar
and protic media, which has so far been a challenge. Moreover, the halogen
bond donor and acceptor sites may be substituted with other interaction sites
to allow the investigation of other weak non-covalent forces, such as
pnictogen, chalcogen and hydrophobic interactions in dilute solutions.
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5. Conformational Analysis of Macrocyclic

Drugs Indicates Molecular Chameleonicity
(Paper II)

At least half of all druggable targets to treat human diseases are considered
unsuitable to be addressed by drugs obeying the Lipinski’s Rule-of-5
(R05).!1¢118 To date, biologics are employed to target flat, groove-shaped or
featureless binding sites. Unfortunately, those compounds have low metabolic
stability, and also lack oral bioavailability and cell permeability. As to
introduce small molecule properties to somewhat larger potential drugs in the
beyond Rule-of-5 (bRo5) space, peptides, peptidomimetics and macrocycles
are currently attractive structures.''”'?> These compounds, especially
macrocycles, combine otherwise conflicting properties of solubility and cell
permeability with target binding. It is hypothesized that conformational
changes dynamically shield or expose polar functionalities in response to
changes in the surrounding environment. A conformational change that
induces a reduction in surface polarity allows a molecule to desolvate from
the plasma and penetrate into the lipid bilayer and from there into the cytosol.
This behaviour is termed “molecular chameleonicity” and explains their
increased permeability as well as the multi-target activity.'” However,
experimental evidence so far has only been shown for the cyclic peptide
cyclosporine A.% '?* Herein experimental proof for the solvent dependent
property redistribution of the macrocyclic erythronolide antibiotics
roxithromycin and telithromycin is investigated.
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Figure 25: Structures of the two macrocyclic drugs roxithromycin and telithromycin
for which conformational ensembles in D,O and CDCIl; have been determined. Names
of attached sugar moieties are in italics.

5.1.  Solvent Dependent Conformational Distribution

The aim of this study is to experimentally evaluate whether large flexible
macrocyclic drugs adjust their conformation to the environments polarity,
which may explain their simultaneous aqueous solubility and membrane
permeability. Roxithromycin, 30, and telithromycin, 31, two flexible
macrocyclic drugs have been used as model systems, and were systematically
studied in environments mimicking the plasma/cytosol and the cell
membrane. Chloroform is commonly used to imitate a low polar environment
since its dielectric constant (€ = 4.8) is close to that found in a lipid bilayer
(¢=3.0)."” Water, with the pH adjusted to ~7.0, adequately mimics the
cytosol. Roxithromycin and telithromycin with pK, values of 9.13 and 8.69
respectively are protonated at their desosamine moiety under these
conditions.'?® Solution NMR is the method of choice to investigate solvent
effects on conformation since it allows detection of even minor changes in
conformational distribution at atomic resolution.

NMR samples of 30 and 31 were prepared in D,O and CDCl;. Assignment of
proton shifts in both solvents were accomplished based on 'H-NMR, COSY,
TOCSY, HSQC, HMBC and NOESY spectra recorded at 298 K. Quantitative
interproton distance were obtained from NOE build-up analysis as described
in Chapter 1.6. Vicinal coupling constants of protons in the macrocycle were
determined for telithromycin from the "H NMR. Experimentally determined
parameters for roxithromycin contained 19 and 13 interproton distances for
D,0 and CDCls, respectively. For telithromycin, 26 distances and 4 coupling
constants in DO, and 18 distances and 2 coupling constants in CDCl; were
used.
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Unrestrained Monte Carlo conformational searches were run with different
force fields and with the GB/SA solvation models for water and chloroform,
and combined to generate an ensemble of theoretically possible conformers.
Redundant conformer elimination of the combined conformer sets was used
to eliminate duplicates. In addition to the computationally generated
conformers, crystal structures obtained from PDB and CSD databases were
added to the ensemble (Table 6). The four X-ray structures for roxithromycin
and five for telithromycin completed the theoretical ensemble of 70
conformers for roxithromycin and 172 conformers for telithromycin. These
theoretical conformational ensembles were used in the subsequent NAMFIS
analyses.

Table 6: Crystal structures of roxithromycin and telithromycin from the Protein Data
Bank (PDB) and the Cambridge Structural Database (CSD), added to the input en-
sembles and included in the NAMFIS analysis.

CSD PDB
entry R-factor entry Resolution
EWETUV 2.71 %
Roxithromycin FUXYOM 4.70%
KAHWAT 1.68 %
zz 3.8A
1Yl 2.6 A
1P9X 34A
Telithromycin 4V7S 33A
4V7Z 3.1A
4WF9 34A
Roxithromycin

The solution ensembles of roxithromycin, as obtained from NAMFIS analysis,
contained six conformers in DO, whereas a single conformer was found in
the CDCl; solution (30a). The latter conformer is identical to the X-ray crystal
structure KAHWAT, which is also present to 6% probability in the solution
ensemble in D;O. In this structure, the oxime sidechain of roxithromycin is
oriented above the macrocyclic core and forms two intramolecular hydrogen
bonds. Additionally, the two sugar moieties are in a staggered orientation. This
overall compact geometry effectively shields the polar functionalities of the
molecule. The solution ensemble in water shows higher diversity in the orien-
tation of the oxime sidechain and of the sugar moieties. In addition, the mac-
rocycle itself adopts dissimilar conformations with RMSDs up to 1.23 A.
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Figure 26: Solution conformers (in %) identified for roxithromycin in D,O and CDCl;.
The most populated conformer in D,O is highlighted in cyan. The single conformer
found in CDCl; that is also present to 6% in the water ensemble is highlighted in
green. Intramolecular hydrogen bonds of conformer 30a from 11-OH and 6-OH are
depicted as black dotted lines.

To ascertain the role of the oxime sidechain as flexible actor in the shielding
of polar groups, I performed variable temperature NMR experiments of 30 in
CDCl; at a temperature range of 253-298 K. The temperature coefficients
(8Aow/AT) revealed the extent of hydroxyl groups being involved in
intramolecular hydrogen bonds (Table 7). The two hydroxy groups on the
sugar moieties, 2°-OH and 4’’-OH, as well as 12-OH situated on the
macrocycle showed a <2.4 ppb/K temperature dependent chemical shift
change (see Figure 25 for numbering). This indicates the formation of strong
intramolecular hydrogen bonds, most likely to neighboring oxygen atoms,
forming a 5-membered ring. The two hydroxy groups, 6-OH and 11-OH, shift
more pronounced upon temperature change (> 5.3 ppb/K), which indicates
that the equilibrium between their intramolecular hydrogen bonded state and
a state in which they interact with the surrounding solvent is shifted to the
latter one.

Table 7: Temperature coefficients (Adon/AT in ppb/K) of OH groups on roxithromy-
cin in CDCI; determined by '"H NMR at a temperature interval of 253-298 K given in
absolute values.

6-OH 11-OH 12-OH 2’-0H 4”-OH
6.2 53 1.8 24 2.0

Adon/AT
[ppb/K]

These findings corroborate the hypothesis that the conformation of flexible
macrocycles depends on the polarity of the environment. The appearance of a
conformer, which is dominant in a low-polarity environment, in the aqueous
solution with a lower molar fraction, indicates that polarity change induces
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adjustments in conformation populations by stabilizing or destabilizing
certain conformers. The difference in surface polarity of roxithromycin in the
solution ensembles in DO and CDCIls;, was quantified by the solvent
accessible 3D polar surface, a polarity descriptor calculated for individual
conformers (see Chapter 5.2).

Telithromycin

The solution ensembles of telithromycin in D>O and CDCIl; each consist of
seven conformations. The E. coli ribosome bound conformation (PDB: 4V7S,
31g) is present to 5% in water, while the ribosome bound forms in 7. ther-
mophilus (PDB: 4V7Z,31m) and S. aureus (PDB: 4WF9, 31n) represent dom-
inant conformers in chloroform with 52% and 16% population, respectively.
The conformational distribution in CDCls is, in contrast to roxithromycin,
comparably diverse judged by the RMSD of the conformers (0.94 — 5.71 A).
In the aqueous ensemble of telithromycin, two clusters with different macro-
cycle geometries were identified, each comprising approximately 50% popu-
lation. In chloroform however, the cores of five of the seven conformers,
which comprise 94% of the ensemble, belong to the same macrocycle cluster
supporting the tendency of reduced flexibility in the apolar solvent. The
desosamine moiety of telithromycin in both solution ensembles appears rather
rigid in relation to the macrocyclic core.

Conformation 3a 3b 3Md Me 3 g Conformation 3Mh 310 3] 3k 3 3n
s E 2 5 1B AN 5 % I i3 1%

Figure 27: Solution conformers (in %) identified for telithromycin in D,O and CDCls.
The most populated conformer in D,O is highlighted in cyan and green in CDCl;.

The experimental NOE data obtained for telithromycin in both solvents
provided quantitative interproton distances for the large sidechain, hence
allowed the detailed description of its orientation. In chloroform, three minor
conformers (31j, 311 and 31n) have the aromatic sidechain oriented above the
macrocycle. The major conformer (31m, 52%) exhibits a linker orientation
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towards the macrocycle but protrudes the aromatic rings away from the core.
These conformational changes synergistically reduce the molecular radius of
gyration (Rgy) that reflects the general size and expansion of a compound. A
discussion of the R,y and the solvent accessible 3D polar surface area for both
erythronolides is presented in Chapter 5.2. Telithromycin, even if less
pronounced than roxithromycin, also contains conformers that are more open
and flexible in water and curled up in chloroform.

5.2.  Descriptor-based Analysis of Solution Ensembles

Knowledge about the conformational distribution and the related polar surface
area of solution conformers is useful to characterise molecular chameleons.
The recently popular descriptors radius of gyration'?’ and solvent accessible
polar surface area showed correlation to cell permeability.'?% 12 The radius of
gyration (R,y) for all solution conformers was calculated as the root-mean-
square distance between all atoms and the centre of mass using MOE
(v2015.10). The solvent accessible 3D polar surface area (SA 3D PSA) was
calculated using PyMol (v1.7.4) from the solvent accessible area defined with
a probe radius of 1.4 A (Figure 28). As expected from the direct assessment
of conformers, the solution ensembles for telithromycin in comparison to rox-
ithromycin show a much wider distribution of R,y. The major conformers of
both compounds are rather similar in their Rgyr, which stands in contrast to the
SA 3D PSA calculated for these conformers.
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Figure 28: Calculated radius of gyration (Rgyr) and solvent accessible 3D polar surface
area (SA 3D PSA) for the conformational ensemble of roxithromycin and telithromy-
cin in D,O and CDCl;. Size of each circle represents the molar fraction representing
the population in % of each conformer. Major conformers found in each solvent are
indicated in green. The SA 3D PSA in D,O was calculated for the protonated form
whereas in CDClIs the neutral from was taken.
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The spread of SA 3D PSA of telithromycin is similar in both solvents;
however, the major conformer in D,O exposes 32 A?more polar area than the
major one in CDCIls. The same trend is observed for roxithromycin with a
25 A? difference of the major conformer in D,O and the single conformer
found in CDCls. This trend seem remarkable when keeping in mind that the
compounds only vary their orientation in space, but maintain the same
chemical composition. This shows, that the SA 3D PSA is a more sensitive
descriptor for the conformational adjustment of a bRo5 compound adapting to
the polarity of the environment. Conventionally the topological polar surface
arca (PSA) is used to define the polarity of compounds from their 2D
fragments and is a satisfactory descriptor for the drugs complying with the
Lipinski Ro5."3° For drugs in the bRo35 space, it is now suggested that the SA
3D PSA is a more viable descriptor for the chameleonicity, the compounds
polarity as well as the aqueous solubility.!?®

5.3.  Summary

Drugs in the bRo5 space have been hypothesized to act as molecular
chameleons. Hence, their environment induced conformational adjustment
allows them to display both high aqueous solubility and high cell permeability.
This hypothesis has originally been based on extensive experimental and
computational studies of cyclosporine A. Other drugs in the bRo5 space have
investigated by inspection of their crystal structures and computationally only.

I presented experimental evidence that two non-peptidic bRo5 drugs, the
erythronolide antibiotics roxithromycin and telithromycin, possess an inherent
conformational flexibility that allows them to adapt to polarity changes of
their environment. Solution ensembles were determined by NMR
spectroscopy in aqueous and non-polar (CDCIs) solutions. The solvent
accessible 3D polar surface area of the conformational ensembles in water
showed higher polarity as compared to that observed for chloroform. More
compact conformers were found in the solution ensemble in chloroform for
both compounds, indicated by their calculated radius of gyration. Synergistic
structural adjustments of the macrocyclic core and the attached sidechains
facilitate roxithromycin and telithromycin to attain major differences in size
and polarity between different environments.

I propose that semi-flexibility is an important element to incorporate in the
design of potential drugs in the bRo5 space directed towards intracellular tar-
gets. Additionally, the experimentally obtained ensembles in different sol-
vents may guide the development of improved in silico sampling techniques
currently struggling to reproduce the real-life conformers of macrocyclic
drugs.
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6. Elucidating the Relative Configuration of a
Macrocyclic Natural Product (Paper III)

Senecio mannii, a species within the Asteraceae family, is a shrub common to
tropical Africa, and is widely used in folk medicine."*! Plants within the genus
Senecio have elevated contents of pyrrolizidine alkaloids, which are
heterocyclic secondary metabolites that contain esters of necic acid and a
necine base.> 133 These alkaloids inherit strong genotoxic, hepatotoxic,
tumorigenic and neurotoxic properties.’** As common food contaminants in
grain, milk, honey and eggs they exhibit a threat to public health.
Phytochemical investigation of the extracts of the root and stem-bark of
Senecio manii afforded, amongst other alkaloids, the known macrocyclic
compound senaetnine, 32 (Figure 29). This compound was first isolated and
described by Bohlmann'®® et al. in 1977, however its configuration has not
been determined experimentally. Only an assumption based on the
biosynthesis from the precursor necic acids was disclosed. Attempts to
crystallize 32 in order to gain absolute configuration by X-ray diffraction were
unsuccessful.
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Figure 29: Structure of the natural compound senaetnine 32 isolated from Senecio
mannii. Stereochemistry at carbons C-7, C-12 and C-13 is unknown.

Direct assessment of NOEs and J-couplings from neighboring protons within
the macrocycle to the stereocenters C-12 and C-13 were inconclusive
presumably due to conformational exchange around the C12-C13 bond.
However, the bicyclic structure of the necin base and substituents at C-12 and
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C-15 reduce the conformational freedom in large parts of the molecule. The
global assessment of the macrocycle by means of ensemble analysis was
expected to be applicable for the identification of the relative configuration,
based on the comparison of the interproton distances describing the
macrocyclic core with distances back-calculated for theoretical models of
alternative stereoisomers. I used quantitative NOEs in combination with
individual theoretical ensembles for the different diastereoisomers to elucidate
the unknown stereochemistry of this natural product.

6.1.  Configurational Analysis of Senaetnine

NOE build-up analysis of 32 in CDCIs was performed by recording seven
NOESY experiments with tmix set to 100-700 ms. Normalized integrals were
plotted against individual mixing times to determine the build-up rate (Chapter
1.6). Only build-ups with an R?> > 91% were selected to calculate interproton
distances. The build-up rate of the geminal protons at C-14 was selected as
reference for distance determination. I obtained 15 interproton distances,
which covered the orientations of the rotatable bonds of the entire macrocyclic
core (Figure 30).

O

Figure 30: Interproton distances derived from NOE build-up analysis depicted as red
arrows. * Diastereotopic protons on C-9 and C-14 (blue circle) involved in the analy-
sis. For interproton distances indicated with a blue arrow, NOEs from both protons of
the CH, group were observed to other protons.

Four separate theoretical input ensembles were generated for the diastereoiso-
mers RRR, RRS, RSR and RSS respectively. The corresponding enantiomers
were not included since the NOEs do not allow for differentiations between
them. Monte-Carlo based conformational searches were implemented using
the force fields OPLS3e, OPLS and AMBER* in two GB/SA solvation mod-
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els for water and chloroform. Resulting conformers of the individual diaster-
eoisomers were subjected to redundant conformer elimination applying a
heavy-atom cut-off at 0.8 A. This resulted in 22, 21, 21, and 20 conformers in
the theoretical ensemble of RRR, RRS, RSR and RSS respectively. Despite
exhaustive sampling steps within a large energy window, the obtained number
of different conformers is comparably small. This reflects the limited flexibil-
ity of the system that makes it ideal for configurational analysis using NAM-
FIS.

Separate runs were performed using the set of 15 interproton distances against
the different theoretical ensembles representing the four diastereoisomers. Ex-
perimentally determined distances (7.xp) were assigned staggered error esti-
mates based on their length (Table 8).

Table 8: Error estimates used in the NAMFIS analysis for experimentally determined
interproton distances (7exp).

NOE distance [A] Error estimate
Fexp < 2.5 0.1
2.5<rxp<3.0 0.2
3.0<rx<3.5 0.3
3.5<rep 0.4

Additional permutation studies were performed in NAMFIS, changing the
assignment of the diastereotopic protons on C-9 and C-14. For six of the
combinations NAMFIS could not find a feasible solution due to conflicting
assignment of the diastereotopic protons at C-9. The resulting combinations
were ranked by their fit of back-calculated distances to experimental distances
indicated by the RMSD. The diastereoisomer RRR at permutation B (Figure
31) showed a significantly lower RMSD (0.18) as compared to other
combinations of chirality and assignment of H-9ab and H-14ab.
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Figure 31: RMSD values obtained from all combinations run in NAMFIS. Each box
(A-D) represents permutation of the assignment of protons on C-9 and C-14.
Assignment for B is 9a,b (5.47, 4.69 ppm) and 14a,b (2.19, 2.33 ppm). The RRR
configuration in permutation B shows the best fit to the experimental data
(RMSD: 0.18). (x) No feasible solution was found for this combination.
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The best-fit solution was validated by iterative removal of individual distances
without a major (<10%) change in molar fractions. The 7R-12R-13R
assignment of senaetnine based on the diastereoisomer differentiation of
NAMFIS was in agreement with the proposed configuration by Bohlmann et
al.' Besides the relative comparison of isomers, NAMFIS provided the
solution ensemble for compound 32. Out of the 22 input conformers in the
theoretical ensemble, four were selected to be the present conformers of which
a molar fraction of 67% is assigned to the major conformer.

a)

Figure 32: a) Superimposed conformers of 32 and their corresponding populations.
The major conformer is colored green. b) Superposition of C-12 and C-13 show the
different orientations at the two stereocenters due to rotation of bonds within the mac-
rocycle.

An overlap of the solution geometries by superposition of C-12 and C-13
indicates the high flexibility of substituents at the two stereocenters. This
corroborates the assumption that rotational freedom in this region precludes
the direct deduction of the relative stereochemistry based on qualitative NOEs
and J-couplings.

6.2.  Summary

The relative configuration of senaetnine was successfully determined using a
NAMFIS based configurational ensemble analysis. Results from a
combination of different input ensembles representing the four different
diastereoisomer and permutation of diastereotopic assignment were examined
on their fit to the experimental data. The RMSD descriptor obtained from
NAMFIS revealed that the theoretical ensemble of the RRR isomer best-fit
the 15 interproton distances determined by NOE build-up analysis. The
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resulting RRR (or SSS) assignment of C-7, C-12 and C-13 corroborates with
literature suggestions based on biosynthetic pathways yet now stands
experimentally proven. This demonstrates the tactical use of NOEs within a
semi-flexible molecule whose conformational distribution is determined by
stereogenic centers, to allow the differentiation between possible
diastereoisomers.
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7. Concluding Remarks and Perspective

In this thesis, I performed conformational analysis by solution NMR
spectroscopy to address three distinct fundamental questions. I deconvoluted
population-averaged spectroscopic data to describe the conformational
ensemble of flexible molecules, and used the gained knowledge to provide: an
unparalleled understanding of a weak non-covalent interaction (Chapter 3 and
4); the impact of solvent polarity on the conformational distribution of
macrocyclic drugs (Chapter 5); and elucidation of the relative stereochemistry
of a natural product (Chapter 6).

In Chapter 3 (Paper I), I studied a weak halogen bond in a dilute solution. I
developed a strategy that allows detection and characterization of such a weak
bond by overcoming the entropic barrier through studying a weak halogen
bond in an intramolecular setting. Detection of the interaction is facilitated by
studying it in a cooperatively folding peptide sequence, in comparison to a
reference that lacks the specific interaction site. I demonstrated that using this
strategy, a C—I---O halogen bond weaker than 0.9 kJ/mol is detectable and
characterizable in solution. [ have determined the extent that this halogen bond
stabilizes a P-hairpin conformer, the population and the geometry of this
halogen bond, and have characterized the interaction thermodynamically. In
Chapter 4, I furthermore designed an improved model system for studying a
halogen bond in a polar and protic solvent, such as water. The halogen bond
donor site was selected using DFT-based prediction of the interaction site,
whereas the length of the amino acid sidechain and its positioning within a
B-sheet structure was achieved by molecular mechanics minimization. As a
result, I have optimized the synthesis of one halogen bond donor-acceptor pair
for future incorporation into a peptide. The strategy I present is easily
transferable to the investigation of any other type of weak interaction, and is
hypothesized to be applicable for systematic studies of halogen bond donor
and acceptor sites and of solvent effects upon these.

In Chapter 5 (Paper II) the impact of solvent polarity on the conformational
distribution of macrocyclic drugs was investigated. Macrocycles are a
promising class of drugs for binding to difficult-to-target interaction sites, and
due to their size, they often violate the Lipinski’s Rule-of-5. However, they
may still show satisfactory aqueous solubility and membrane permeability for
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use as drugs. I evaluated the influence of a change in the polarity of the
environment on the conformational ensembles of the erythronolide antibiotics
roxithromycin and telithromycin in order to experimentally prove or disprove
their chameleonicity. NAMFIS-based analysis of their conformational
behavior in chloroform and in water revealed that both compounds adjust their
solution conformation to the solvent environment, even if to a different
degree. The radius of gyration and solvent accessible 3D polar surface area
calculated for the different conformers corroborated the presumption of a
decreased size and surface polarity in a less polar environment. My data
corroborates the hypothesis of molecular chameleonicity and provides an
experimental piece of evidence to build upon in future drug design of new
pharmaceuticals interacting with difficult-to-drug targets. It also provides
experimental data that may be used for the improved parametrization of force
fields and computational techniques in general, for the conformational
prediction of macrocycles and flexible molecules.

In Chapter 6 (Paper III), the relative configuration of the natural product
senaetnine isolated from Senecio mannii was determined. The back-calculated
NMR data for the conformational ensembles of all possible diastereoisomers
were compared to the experimental NMR data, so to identify its relative
configuration. This was feasible due to the low flexibility of the macrocyclic
core of this compound. NAMFIS analysis identified the RRR (or SSS)
configuration. This result is in agreement with the literature proposal based on
biosynthetic precursors. This work demonstrates the applicability of solution
ensemble analysis for configuration elucidation of compounds with limited
flexibility.

Herein I present a strategy for the description of a molecule’s solution
conformations, and for the evaluation of the interactions that determine the
conformational ensemble. Using a B-hairpin model system, I could, for the
first time, observe and describe a weak halogen bond in a dilute solution.
Based on the strategy of utilizing a model system adapting a secondary
structure and observed NOEs, Js and RDCs, a variety of currently
undetectable interactions including pnictogen and chalcogen bonds or
hydrophobic interactions will now be experimentally accessible. I also laid the
foundation to design model systems that are compatible with polar solvents
and for the systematic evaluation of various halogen bond acceptors. I thus
expect to help the rational use of weak non-covalent interactions in drug
development. My analysis of macrocyclic drugs facilitates the general
perception of how flexibility influences membrane permeability. The
presented experimental dataset is valuable for the parametrization of
computational force fields and methods.
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8. Sammanfattning pa Svenska

Kemiska bindningar &r krafter som haller ihop de molekyler som gor livet
mojligt. Bindningarna karaktériseras av en viss flexibilitet som mojliggor for
molekylen att anpassa sig till olika miljoer. Formerna en molekyl kan anta pa
grund av sin flexibilitet kallas for konformationer. Det &r viktigt att studera
vilka konformationer en molekyl kan anta eftersom de péverkar dess aktivitet
i biologiska system och dess kemiska reaktivitet med andra molekyler.

I avhandlingen beskrivs hur konformationer har studerats med hjélp av kdrn-
magnetisk resonansspektroskopi (NMR). Metoden gor det majligt att studera
molekyler i 10sning for att skapa en béttre forstaelse av hur de veckar sig till
olika konformationer, hur stabila dessa &r och hur externa faktorer paverkar
veckningen. En flexibel molekyl antar dock ett stort antal konformationer som
star i jamvikt med varandra. Jimvikten dr sa snabb att det enbart 4r mojligt att
identifiera ett tidsmedelvirde med NMR. For att fa en bild av de olika kon-
formationer som star i jimvikt med varandra kriavs en dekonvulotionsalgoritm
som bryter ner medelvérdet till de underliggande konformationerna. Den al-
goritm som anvénts i den hér avhandlingen &r NAMFIS (NMR-analys av mo-
lekylér flexibilitet i 10sning). NAMFIS anvénder tva typer av experimentella
data, dvs interprotonavstdnd och torsionsvinklar som kan bestimmas med
olika NMR-experiment. Den nukleédra overhauser-effekten, vilken hérror fran
en dipol-dipolkoppling, gér det mgjligt att bestimma det genomsnittliga av-
standet mellan tva protoner. Den sé kallade J-kopplingen ger information om
torsionsvinkeln mellan tvad atomer som befinner sig tre bindningar fran
varandra. Karplus-ekvationen gor det mojligt att berékna torsionsvinkeln fran
den J-koppling som uppmétts med NMR spektroskopi.

I avhandlingen har NAMFIS-algoritmen anvénts for konformationsanalys pé
tre olika foreningar. Forst designades en molekyl, dvs en dekapeptid som
veckar sig till en B-hairpin i 16sning. Denna sekundarstruktur dr inte sarskild
stabil och halls endast ihop av icke-kovalenta bindningar, vilket gor den till
en idealisk model for att studera betydelsen av sddana bindningar for en
B-hairpin. Mina studier fokuserade pé en bestimd halogenbindning som till-
sammans med andra interaktioner stabiliserar B-hairpin konformeren. Jag syn-
teteiserade dven en referenspeptid som var identisk till den forra peptiden
forrutom att den inte kan forma en stabiliserande halogenbindning. Med hjélp
av termodynamisk analys har jag visat att peptiden som kan stabliseras av en
halogenbindning &r ungefér 1 kJ/mol stabilare dn referenspeptiden. Denna
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skillnad ar foljd av halogenbindningen. I detta projekt anvinde jag NAMFIS
for att bestimma populationen av B-hairpin konformeren med hjélp av NMR
parametrar som beskriver avstdnd mellan protoner samt deras dihedral vinkel.
NAMFIS har selekterat konformerer fran en pool av teoretiskt mdjliga geo-
metrier. Analysen visade att peptiden som stabiliseras av en halogenbindning
bildar 17% mer B-hairpin strukturer jamfort med peptiden som saknar denna
interaktion. For att forstd 3D-strukturen av de funktionella grupper som ingar
i halogenbindningen har jag anvént mig av analys av sa kallade residual dipo-
lar couplings (RDCs). B-Hairpin peptiden har blandats med en substans som
orienterar den. Sddana 16sningar ofta kallas alignment medium. I och med den
partiella orienteringen av peptiden kunde jag méta RDCs. Dessa gav inform-
ation om orienteringen av C-H-bindningar i jamfort med NMR magnetens falt.
Igenom att analysera orienteringen av ett antal C-H bindningar i nérheten av
halogenbindningen kunde jag visa att halogenbindningen kan ha tva méjliga
vinklar i denna peptid. Dessa vinklar &r mycket troliga enligt literaturen. Be-
stimning av bindningsstyrkan och geometrin av en svag icke-kovalent inter-
aktion, s& som halogenbindning, ir mycket svért och ovanligt. Strategin jag
utvecklade ar déarfor av stort vetenskapligt virde.

Jag undersokte dven hur polariteten i losningsmedlet paverkar egenskaper hos
makrocykliska ldkemedel. Vissa makrocykler kan anpassa sina egenskaper till
olika miljoer genom att anta olika konformationer, och kallas darfér fér mo-
lekyldra kameleonter. Denna formaga formodas gynna den 16slighet och mem-
branpermebilitet som dr nddvindig for anvindning av likemedel. For att
kunna bevisa detta experimentellt 16stes de antibakteriella substanserna roxi-
tromycin och telitromycin i vatten och klorofrom, och en NAMFIS-baserad
konfomitetsanalys genomfordes. Det visade sig att bdda foreningarna hade en
hog flexibilitet i vattenldsning, men att de antog farre och/eller kompaktare
konformationer i kloroform. I den mindre poldra miljén i kloroform veckar
molekylen ihop sig sé att polédra grupper doljs for att reduceras polariteten av
molekylens yta. Studien ger idéer for hur makrocykliska lakemedel kan desig-
nas i framtiden.

Med hjilp av NAMFIS analys har jag dven bestdmt den relativa stereokemin
av senaetnin, en substans som vi isolerade av en Ostafrikansk medicinalvaxt.
Senaetnin &r en pyrrolizidinalkaloid och isolerades frén véixten Senecio mannii
och som har tre stereocentra. Faktum et att molekylen har en begransad flexi-
bilitet gjort de det mojligt for mig att anvinda bestimma stereokemin med
hjalp av distanser som kunde métas mellan olika protoner i molekylen. Jag har
jamfort den experimentella datan med distanser i teoretiskt mojliga stereoiso-
merer och visade att teoretiska datan fér den med RRR (eller SSS) stereoikemi
passade bast till datan. Det pavisade experimentellt resultatet bekréftar Bohl-
manns forslag, som var den forste som isolerade senaetnin &r 1977, och som
hirledde dess stereokemi fran biosyntesen.
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