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ABSTRACT

Nuclear magnetic resonance spectroscopy and molecular dynamics simulation
have been used to study the structure and dynamics of biologically active peptide ligands
for glucagon and melanocortin receptors, providing valuable insights into the receptor-
ligand interactions and useful information for the further design of more potent and
selective ligands for these receptors.

The NMR structure of the potent glucagon antagonist [desHis', desPhe®,
Glu’]glucagon amide consists of an unstructured N-terminal segment (2-5), an irregular
helix (7-14), a hinge region (15-18), and a well-defined o-helix (19-29). The two helices
form an L-shaped structure with an angle of about 90° between the helix axes. There is
an extended hydrophobic cluster, which runs along the inner surface of the L-structure
and incorporates the side chains of the hydrophobic residues of each of the amphipathic
helices. The outer surface contains the hydrophilic side chains. This result is the first
clear indication of an overall tertiary fold for a glucagon analogue in the micelle-bound
state. In addition to the structural difference, molecular dynamics simulations showed
both N- and C-terminal residues in the glucagon antagonist are more highly ordered than
those in glucagon. The single helix obtained for glucagon in the crystal state was found
to unravel in the simulation around the region approximately corresponding to the hinge
region in the antagonist. These results may have important implications for the biological

activities of both peptides.
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The conformational study of cyclic a-melanocyte stimulating hormone analogues
by NMR showed that their overall backbone structures are similar around the message
sequence (His(’—D~Phe7/D-Nal(2')7~Arg8—Trp9). f-Turns spanning His® and D-Phe’/D-
Nal(2)’ were identified in all analogues. However, a stacking between the aromatic rings
of His® and D-Phe’/D-Nal’ was observed for the melanocortin agonists, but not for the
antagonists. Based on the NMR structure of MTII, a library of new a-MSH analogues
was designed and synthesized with a disulfide or lactam bridge used aé a conformational
constraint and the pharmacophore group in Arg8 mimicked by N%-alkylation via the
Mitsunobu reaction. These new analogues exhibited high binding affinity and selectivity
for the human melanocortin-4 receptor, thus suggesting the usefulness of the NMR

structural model of ®-MSH peptides.
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CHAPTER 1

INTRODUCTION

Since the nuclear magnetic resonance (NMR) phenomenon was discovered by
Bloch ef al." and Purcell et al.® in the 1940s, revolutionary advances have been made to
turn NMR into a powerful tool for the study of small molecules and natural products,’

. . . 4 . . . .
magnetic resonance imaging, and the three-dimensional structure determination of

13

biological macromolecules.” Among these advances are development of pulsed

14,15

Fourier transform NMR by Ernst and Anderson, introduction of a second frequency

dimension by Jeener,' addition of a third frequency dimension to the NMR spectra,”’18

21

incorporation of pulsed field gradients in the NMR experiments,’” ' and discovery of

22

residual dipolar couplings as a new source of NMR structure information.™ These
developments have greatly expanded its horizons such that NMR spectroscopy currently
is one of only two techniques for determining the 3D structures of peptides and proteins
at atomic resolution.

Although a large array of heteronuclear multidimensional NMR experiments'>"?
have been well developed for the resonance assignment and structure determination of
proteins with isotopic labeling, conventional two-dimensional NMR methods > are
generally sufficient to study peptides. The conventional assignment strategies primarily

developed by Wiithrich and coworkers’ for unlabeled peptides and proteins combine

NMR experiments with scalar coupling-based coherent (COSY and TOCSY) and dipolar
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coupling-based incoherent (NOESY and ROESY) magnetization transfer. The spin
systems in each residue are identified in TOCSY>*% or DQE-COSY*" spectra, and the
sequential NOEs or ROEs from NOESY® " or ROESY*'** spectra are then used to
assemble these spin systems. The laboratory-frame NOE effect in NOESY spectra is
positive for small molecules (®T. ? 1), negative for large molecules (@T. ¢ 1), and near
zero for medium molecules (w1, ~ 1).° Depending on the experimental conditions
(temperature, solvent, efc.), many peptides may behave like a medium molecule, for
which no or a weak NOE effect can be observed in NOESY spectra. However, the
rotating-frame NOE effect in ROESY spectra is always positive and increases with the
molecular weight, making the ROESY experiment superior to the NOESY experiment for
peptide samples in solution. After the resonance assignments are made, each cross peak
in the ROESY spectra is then identified, from which interproton distances can be derived
for structure calculation of the peptides.

Various methods have been developed to calculate protein and peptide structures
using the NMR derived structural restraints (NOE distances, dihedral angles, H-bond
distances etc.) in addition to other restraints (chirality, planarity, covalent geometry ezc.).
These calculation protocols explore the conformational space compatible with the NMR
experimental observables, and determine the atomic coordinates of the molecules that
best fit the NMR-derived restraints. Due to the experimental uncertainties associated
with the NMR measﬁreménts and the use of ranges of allowed values for the NMR-
derived structural restraints, no unique three-dimensional NMR structures of proteins and

peptides can be defined. As a result, the structure calculation is always repeated
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frequently, which yields an ensemble of structures consistent with the NMR restraints.
The structures in the ensemble are sorted using the restraint energy or the total energy
and are used to represent the NMR structures of a molecule in solution.

33 and restrained molecular dynamics (fMD)’ 6

Distance geometry (DG)
represent the two structure calculation methods commonly used in the early days of the
NMR structure determination. One of the DG algorithms, the metric matrix

2115;01‘ithm,34’35

constructs a distance matrix using the lower- and upper-bound of the
allowed distances between atoms, from which random distances between each pair of
atoms are sampled to yield the distance space representation of the structure. The
structure in the distance space is projected to the Cartesian space using a process called
embedding. In this approach, the distances obtained from the random sampling are used
to calculate the elements of the metric matrix. The atomic coordinates in the 3D
Cartesian space can be defined using the eigen vectors and eigen values of this metric

matrix.”’

Depending on the size of the molecule, this approach may become very
computationally demanding. As an alternative to the DG approach, tMD explores the
conformational space during a forced heatup-cooldown annealing cycle, in which the
structure is driven towards the one satisfying the NMR restraints.”® Making combined
use of the DG and rMD approaches, a hybrid method™ generates initial structures using
DG, and then refines these structures using rMD. Recently, the molecular dynamics

3940 Lather than

simulated annealing protocol has been implemented in torsion-angle space
in Cartesian space. This torsion-angle dynamics (TAD) protocol significantly reduces the

degrees of freedom, and allows the exploration of the conformational space at a higher
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temperature and the use of a larger time step for the numeric integration during the MD
simulation, providing an efficient tool for NMR structure calculation. In addition, this
approach offers a better capability of converging initial structures into the ones satisfying
the experimental restraints even if the restraint density is low.”! Due to these advantages,
the TAD protocol is considered the method of choice for NMR structure calculation of
biological molecules, particularly peptides and nucleic acids with a low density of
experimental data available.”’

In addition to searching the conformational space for low energy structures,
molecular dynamics simulations can be used to study the dynamics of molecular
systems.42 4} In the simulations, Newton’s equations of motion for a molecular system
are solved using numeric methods, yielding the time dependent positions and velocities
of all atoms in the system. From these atomic trajectories, time dependent structure and
energy fluctuations can be followed, and both experimentally measurable and
unmeasurable macroscopic properties can be computed. The measurable properties are
compared with the experimental measurements, providing a way of validating or
invalidating the model used in the study. One example of such a connection between
theoretical and experimental studies is the analysis of NMR spin relaxation data using
MD simulations through the model-free approach.***  Autocorrelation functions of
amide N-H bond vectors can be obtained from the MD trajectories.” Analysis of these
correlation functions allows one to extract the time constants governing internal motions
and order parameters reflecting the spatial restriction of the motions,™ both of which can

be probed using NMR 77, T, and NOE relaxation rates of amide nitrogens in proteins
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and peptides. Thus, combination of MD simulations with these NMR experiments
provides unique insights into the dynamics properties of proteins and peptides.

While the NMR techniques and computer simulations for studying proteins and

peptides were being developed, important peptides for interacting with glucagon,%"48

#2 and other receptors were designed, synthesized, and biologically

melanocortin,
analyzed, as will be reviewed in detail in the following chapters of this manuscript. In
the study, we applied the well-developed techniques to study the structural basis of the
functions of these biologically active peptides. Most of the peptides under study were
conformationally constrained cyclic peptides, making the structure determination by
NMR relatively amenable. In addition, the structures obtained may be relevant to the
receptor bound state due to the restricted degrees of freedom, as compared to its linear
peptide analogues. The structure insights found in the study were indeed useful to the

further design of new potent and receptor selective analogues, as illustrated by the

examples presented in Chapter 5.
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CHAPTER 2

STRUCTURE DETERMINATION OF THE GLUCAGON ANTAGONIST

[desHIS', desPHE®, GLU’]JGLUCAGON AMIDE IN THE PRESENCE OF

PERDEUTERATED DODECYLPHOSPHOCHOLINE MICELLES BY NMR

2.1 Introduction

Glucagon is a 29 amino acid peptide hormone (Figure 2.1) that is secreted by the
o-cells of the pancreas and interacts with specific receptors located in various organs,
especially the liver, where it plays a crucial role in glucose homeostasis in mammals. Its

primary function is to initiate glucose production by stimulating glycogenolysis and

55

gluconeogenesis in hepatocytesS3’54 and lipolysis in adipocytes.”™ In diabetes mellitus, a

debilitating disease of glucose utilization, hyperglycemia 1s generally accompanied with

. 6 . . .
an increased level of serum glucagon.5 7 Based on this observation, Unger and Orci

56.57

have proposed the bihormonal hypothesis: insulin deficiency causes impairment of

glucose utilization, but overproduction of glucose and ketones by the liver is primarily

mediated by glucagon. As a result, numerous glucagon antagonists have been developed

58-60

in order to evaluate the role of glucagon in diabetes mellitus. Several glucagon

antagonists, such = as [N*trinitrophenyl-His', homo—Arglz]glucalgon,46 [desHis',
Glu’]glucagon amide,”” and [desHis', desPhe®, Glu”]glucagon amide® (the subject of this

61-63

study), have been successfully utilized to reduce glucose concentration in vivo, and
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these experiments have opened the door for the possible use of glucagon antagonists as

therapeutics.

1 5 10 15 20 25

- SQGT-TSEYSKYLDSRRAQDFVQWLMNT-NH, Glucagon Antagonist
HSQGTFTSDYSKYLDSRRAQDFVQWLMNT Glucagon
HAEGTFTSNVSSYLEGQAAKEF I AWLVKGR-NH,  GLP-1-(7-35)-NH,

Figure 2.1 Sequence alignment of glucagon and glucagon homologues, using glucagon

numbering.

It is well known that glucagon can adopt a variety of conformations depending on
the surrounding environment.”* Early circular dichroism (CD) measurements found that
glucagon exists in at least three conformational states, defined as having high, low, or
zero o-helical content. The crystal structure of glucagon shows a helical region
corresponding to about 16 residues of o-helix, extended at either end by four residues of
less regular, right-handed helix.”® The helix is amphipathic with the hydrophobic face of
the N-terminal portion (residues 5-14) on the side of the helix opposite to the
hydrophobic face of the C-terminal portion (residues 15-29). In the crystal, glucagon
exists as a trimer in which these hydrophobic portions can make intermolecular contact,
thereby stabilizing the pattern of reverse amphipathic surfaces along the peptide chain.

The crystal structure of a glucagon superagonist, [Lys”’ls, Glu*'Jglucagon,6 also shows a
conformation very similar to that of glucagon, except for an extended o-helical

conformation caused by the formation of a salt bridge between the side chains of Lys'®
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and Glu”.%" The enhanced binding affinity and adenylate cyclase activity of the
superagonist seem to result from increased helical content.

The solution structure of glucagon has been previously determined by nuclear
magnetic resonance (NMR) spectroscopy in the presence of perdeuterated
dodecylphosphocholine micelles.®8 The backbone conformation includes an unstructured
region (residues 1-4), a predominantly extended segment (residues 5-9), one helix-like
turn (residues 10-14), another stretch of extended chain (residues 14—17), and three turns
of a distorted o-helix (residues 17 to 29). The orientation of the C-terminal helix with
respect to the structural elements of the N-terminal region was not established. In
aqueous solution, an overall extended random structure was observed for glucagon by
one-dimensional NMR methods, though some residual structure was found for residues
22-26.% The effects of environmental conditions on the structure of glucagon are evident
from the above structural differences, emphasizing the importance of having
physiologically relevant conditions in conformational studies of glucagon and its
analogues. More recently, the structure of the related peptide GLP-1-(7-36)-NH, was
determined by NMR under nearly identical conditions in DPC micelles.”? This truncated
form of glucagon-like peptide-1 (GLP-1) shows 50% sequence homology with glucagon
(Figure 2.1), and is extended at the C-terminus by one residue and an amide cap. The
solution structure is similar to glucagon, with four regions: a random-coil section
(residues 1-6), an N-terminal o-helix (residues 7-14), a “loose helix” (residues 15-17),
and a C-terminal o-helix (residues 18-30). Again, no relationship was established

between the two helices, although a helical distortion, leading to a helix phase shift, was
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suggested for residues 15-17 connecting the two helical segments.m However, restrained
molecular dynamics calculations led to an extensive o-helical structure from residues 6 to
28, with some flexibility around Gly-16."

The potent glucagon antagonists, [N*-trinitrophenyl-His', homoArg'*]glucagon,
[desHisl, Glug]glucagon amide, ¥’ and [desHis] , desPheé, Glug]glucagon amide (referred
to as “glucagon antagonist” in this study; Figure 2.1)* have been developed by
modification of the N-terminal region of the glucagon sequence, while the superagonist,
[Lys”’ls, Gluzl]glucagon66 was developed by modification of the C-terminal region. It
has been demonstrated by X-ray crystallography67 that the enhanced biological activity of
the superagonist may result from an extended helical conformation in the C-terminal
region. Yet there is little structural evidence to explain why modification of the N-
terminal region converts glucagon into an antagonist, even though -electrostatic
interactions between His' and Asp’ in glucagon and a coupled interaction of these two
residues with the glucagon receptor have been suggested to play a role in the biological
function of glucagon.”' A crystal structure is currently unavailable for the glucagon
antagonist. Thus, to gain insight into the conformational differences which give it
antagonistic activity, the solution structure of the glucagon antagonist was determined by
homonuclear 2D-NMR spectroscopy in an aqueous solution of perdeuterated DPC
micelles. DPC micelles have been widely used to solublize membrane proteins and
peptides, and to mimic the lipid bilayer environment of the membrane when determining

68,70,72.73

their solution NMR structures. By contrast, studies of membrane proteins and

peptides bound to lipid bilayers require solid state NMR techniques.”® Multinuclear
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NMR relaxation studies’” and molecular dynamics simulations’® have shown that DPC
micelles are realistic mimics of biological membranes. In addition, it has been shown
that the conformation of DPC micelle-bound glucagon is very similar to that of lipid
bilayer-bound glucagon.77 The structure of the glucagon antagonist found in our solution
NMR study and the differences compared to various glucagon analogues may be relevant
to their biological activities, and may be useful to the further design of glucagon agonists

and antagonists.

2.2 Materials and Methods

2.2.1 Peptide synthesis and purification

The glucagon antagonist was synthesized using an Applied Biosystems ABI 431A
automated peptide synthesizer and the HOBt-HBTU-Fmoc synthesis protocol (ABI
version No. 1.01B). A Rink amide resin (0.25 mmol, substitution 0.7 mmol/g) was used,
and the synthesis was carried out on a solid support using methodology very similar to
that previously reported for glucagon analogues.”® A cleavage/deprotection mixture
consisting of trifluoroacetic acid (18.0 mL), dimethylsulfide (0.5 mL), 1,2-ethanedithiol
(0.5 mL), and Vanisole (1.0 mL) was chilled on ice. The resin-bound peptide (0.25 mmol)
was placed in a disposable 50-mL polystyrene tube. The chilled cleavage mixture was

added to the tube and the resultant solution was bubbled with nitrogen for 2 min. The
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tube was capped, covered with aluminum foil, and the reaction mixture was stirred at
room temperature for 2 hrs. The solution was filtered, and the resin was washed with
trifluoroacetic acid (5 mL) and CH,Cl, (2 x 5 mL). The combined solution was
concentrated with a gentle stream of nitrogen to a volume of approximately 3 mL, and the
peptide was precipitated with cold diethyl ether (40 mL). The peptide was centrifuged to
remove the ether, washed with another 40 mL of diethyl ether, centrifuged, and dried in
vacuo.

The peptide was purified by HPLC using a semi-preparative VYDAC reverse-
phase (C;s-bonded) HPLC column, with gradient elution (25-55% acetonitrile in 0.1%
aqueous TFA over a 30 min interval) at a flow rate of 5.0 mL/min. Approximately 5 mg
of the crude peptide was injected onto the column each time, and the fraction containing
the purified peptide was collected, followed by lyophilization. The extent of purity of the
peptide was monitored by analytical HPLC, using an analytical VYDAC 2183TPB-16 Cis-
bonded column (4.6 x 250 mm), at 214, 254, and 280 nm. The molecular weight found
by mass spectral analysis was 3211.5 (Calculated, 3211.8); TLC R¢ 0.78 (A), 0.37 (B),
0.09 (C); HPLC k™ = 4.83 (10-90% acetonitrile in 0.1% aqueous TFA over a 40 min
interval, flow rate 1.0 mL/min); amino acid analysis: Asx 3.12 (3), Gix 3.94 (4), Ser 3.60
(4), Gly 1.19 (1). Arg 2.29 (2), Thr 3.10 (3), Ala 1.15 (1), Tyr 1.77 (2), Val 0.89 (1), Met

0.86 (1), Leu 2.16 (2), Phe 1.00 (1), Lys 1.00 (1).
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2.2.2 NMR spectroscopy

A 25 mg sample of the glucagon antagonist (7 mM) was dissolved in 0.6 mL of
50 mM sodium phosphate buffer (pH 6.0) containing 283 mM dodecylphosphocholine-
dzg and 1 mM sodium azide (90% H,O/10% D,0). These experimental conditions are
identical to those used for the structural determination of GLP-1 by NMR,” and are
similar to those (15 mM glucagon, 700 mM DPC-dsg, and pH 6.0) used for glucagon.68
In the case of glucagon under the above conditions, it was reported that mixed micelles
contain about 40 DPC monomers and one peptide molecule, resulting in an equivalent
molar mass of about 17 kD.®""”  All spectra were acquired on a Bruker AMX-500
spectrometer operating at a 'H frequency of 500.13 MHz, using a proton-only water
suppression 5 mm probe, with temperature regulation at 37 °C. All 2D spectra were
acquired in the TPPI®® mode with 4096 complex data points in t, and 750 real data points
in ty, using 64 repetitions for each t; value. A spectral width of 12500 Hz was used in F;
to minimize baseline distortions. In the F; dimension the spectral width was 6250 Hz.
The H,O signal was suppressed with 1.5 sec of presaturation. Data were processed using
Felix 2000 (Accelrys Inc., San Diego, CA). The FID data were zero-filled to 8192
complex data points before Fourier transformation, and the spectrum was truncated at
both ends to give a spectral width of 6250 Hz in F,. The size of the final matrix was

4096 (F;) x 1024 (F;) points, with the center point referenced to the water signal at 4.63

ppm.
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For the DQF-COSY spectrum,?:28 an unshifted sine-bell window was used in

both dimensions. H" to H* *J couplings were measured by analysis of the fingerprint
region of the DQF-COSY spectrum. The matrix rows of each of the upper and lower
halves of a cross peak were summed to give an antiphase 1D spectrum with a digital
resolution of 0.19 Hz, which was fitted using a 5-parameter non-linear least squares
protocol®! to a general antiphase doublet. The analysis yielded two independent
determinations of the J coupling and linewidth for each cross peak, one from the upper
half and one from the lower half. Spin systems for each of the categories of amino acids
were identified via the TOCSY spectrum,?+2 using a clean DIPSI-2rc mixing sequence,8?
with a mixing time of 70 ms at an average spin-lock power level of 7.4 kHz. A skewed,
45°-shifted sine-bell window was used in both dimensions. The NOESY spectrum??:30
established sequential connectivities, and was obtained using presaturation during the
mixing period of 150 ms, incorporating a 280 ps Hahn-echo just before acquisition. A
90°-shifted sine-bell window was used in both dimensions. Cross peak volumes for

determination of distance restraints were measured using the Felix 2000 software.

2.2.3 Structure calculations

The methods used for structure calculation have been described previously.™
Completely resolved cross peaks between H” (i) and H" (i+3) of the C-terminal helix
residues were used to calibrate the NOE volumes based on the volume-distance

relationship (volume o< ®). The distance of 2.8 A between these two hydrogen atoms in
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a standard o-helix” was used. The volumes of the assigned cross peaks in the 2D
NOESY spectrum were converted into upper distance bounds of 3.3, 4.0, 5.0, or 6.5 A.
Prior to the distance conversion, the volumes of cross peaks arising from protons of
methyl, degenerate methylene, or rapidly flipping aromatic rings were divided by the
product of the number of protons involved in each NOESY dimension.* For overlapped
cross peaks, one or two higher distance categories were used, depending on the
qualitative estimate of the extent of overlap during the assignments. The sum of the van
der Waals radii between nonbonded protons was used as the lower distance bound.
Pseudoatoms were created for methyl protons, nonstereospecifically assigned methylene
protons, or the protons on rapidly flipping aromatic rings. Pseudoatom corrections to
their upper bound distances were then applied.85 For pseudoatoms of methyl groups, a

887 In addition to the

correction of 0.5 A was used to their upper bound distances.
distance restraints, ¢ dihedral angle restraints derived from 3JHN_HQ coupling constants
were set to between —90 and —40° for 3JHN,H0, < 6 Hz, and to between —150 and -90° for
3 Juanne > 8 Hz. For 6 Hz < SJHN_Ha < 8 Hz, a negative ¢ dihedral angle restraint was used
only if the sequential H* (i-1) — H" (i) NOE was clearly stronger than the intraresidue
H* (i) — gy (1) NOE.® Dihedral angles of 180 + 5° for peptide bonds (®) and dihedral
angles of 180 + 10° for glutamine ()4) and asparagine ()3) residues were also used to
maintain the planarity of these bonds.

Use of the unshifted sine-bell window function, though enhancing the resolution,

reduces the signal-to-noise ratio of the DQF-COSY spectrum, potentially making

measurements of 3JHN_H(X couplings less accurate. To cross-validate the J coupling values,
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and to examine the effects of different coupling-derived ¢ dihedral angle restraints on the
final structures, these couplings were alternatively determined using the DQF-COSY
spectrum processed with only an exponential multiplier, using a line-broadening
parameter of 0.5 Hz. The structures were recalculated using the identical NOE distance
restraints, but with the dihedral angle restraints derived from the couplings obtained with
the exponential window function. Without the resolution enhancement, the J couplings
for several residues (20, 24, 28, and 29) could not be determined due to resonance
overlap. In the case of residue 16, though not overlapped, no reproducible measurements
could be made. For couplings measurable in both spectra, most values were within the
same classifications (i.e., J < 6 Hz, 6 < J < 8 Hz, or J > 8 Hz). The most appreciable
differences occurred for Ser®, Asp15 , Arg"’, Val®, Leu®, and Met”’. In the case of Ser®,
two determinations of the couplings gave 6.19 and 5.99 Hz, respectively, in contrast to
5.65 and 5.56 Hz measured using the unshifted sine-bell window function. For Aspls,
larger values (8.15 and 8.06 Hz) were obtained from the spectrum processed with the 0.5
Hz line-broadening, compared to 7.09 and 7.13 Hz determined using resolution
enhancement. In addition, Arg", Val*, Leu®, and Met*’ were found to have couplings
of less than 6 Hz, while couplings very close to 6 Hz were obtained using the unshifted
sine-bell window function. Examination of the NMR structures calculated using the
different ¢ dihedral angle restraints did not show significant differences in either the 15
lowest restraint energy ensemble structures or the minimized mean structure, though
some minor structural variation was found. The backbone root mean square deviations

(rmsd’s) for the different segments of the ensemble structures were 1.53 (residues 7-29),
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1.74 (residues 2-5), 1.12 (residues 7-14), 0.47 (residues 15-18), and 0.28 A (residues 19-
29). These values are similar to those (1.36, 1.68, 0.79, 0.54, and 0.33 A) determined for
the corresponding segments of the 15 ensemble structures calculated from the dihedral
angle restraints derived using the unshifted sine-bell window function. The backbone
rmsd’s between the minimized mean structures from the two structure calculations using
the different dihedral angle restraints were low: 0.57 A for residues 7-29 (the overall
alignment), 0.52 A for residues 7-14 (the N-terminal helix), 0.27 A for residues 15-18
(the hinge region), and 0.12 A for residues 19-29 (the C-terminal helix). The total
energies of the structures calculated from the dihedral angle restraints derived from the
couplings using the unshifted sine-bell window function were less. Therefore, use of
these structures is preferred.

The hybrid distance geometry — simulated annealing prot:ocol36 was used to
calculate the glucagon antagonist structures using the DGII™® program within the software
package INSIGHT II (Accelrys Inc., San Diego). A total of 99 out of 100 embedded
structures successfully passed the simulated annealing step, and were minimized using
the CVFF force field (Accelrys Inc., San Diego), which includes energy terms of bond
lengths, bond angles, dihedral angles, out-of-plane interactions, van der Waals
interactions, and electrostatic interactions. The 50 structures with the lowest penalty
function were further refined by two rounds of restrained molecular dynamics (rMD)
with the all-atom AMBER force field,***° using the standalone DISCOVER program
(Accelrys Inc., San Diego). The AMBER force field includes all energy terms used in

CVFF, and an additional energy term for the hydrogen bonds. A 12.0 A cutoff for
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nonbonded interactions and a distance-dependent dielectric constant (4r) were used. To
minimize the charge-charge interaction artifacts, the partial atomic charges on the side
chains of Asp, Glu, Arg, and Lys residues were reduced to £0.2. A skewed biharmonic
potential function was used for the experimental distance and dihedral angle restraints,
with force constants of 25 kcal mol' A and 100 kcal mol™ rad”, respectively. After 100
steps of steepest descents minimization and 1000 steps of conjugate gradient
minimization on the initial structures, an tMD equilibration at 500 K was then performed
for 1.5 ps, during which a scale factor of 0.1 was applied to the experimental restraint
force constants. During the next 2 ps, full values of the experimental restraint force
constants were applied. A further 1 ps tMD simulation was run at 500 K, and the system
was then cooled to 0 K over 3 ps. After another 1 ps at 0 K, 100 cycles of steepest
descents and 2000 steps of conjugate gradient minimization wer performed. All

calculations were performed on a Silicon Graphics Indy computer.

2.2.4 Back-calculations of the NOESY spectra and 3JHN.Ha couplings

The NOESY spectra of the resulting minimized mean structure and the 15 lowest
restraint energy structures of the ensemble were back-calculated using the Model module
within the Felix 2000 program. A mixing time of 150 ms, a z-leakage rate of 2 Hz, a
correlation time of 5 ns, and a distance cutoff of 7 A were used. The calculated NOESY

spectra were compared with the experimental spectrum, and the residual error between
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the real structure and the NMR structures was measured using the R-factor, defined”’ as

follows:

where 1 ;xp and I, are the experimental and calculated NOE intensities of the i™ cross

cal
peak. The back calculations were performed on a Silicon Graphics Octane computer.

The ensemble-averaged coupling constants {*J ) Were also back-calculated
from the 15 lowest restraint energy structures of the ensemble. For each residue, the
coupling constants °J,, , were calculated for all 15 structures using the Karplus
equation *J = 6.98 cos”8- 1.38 cos@+ 1.72,°* where @is the H'-N-C"-H” dihedral angle.

The ensemble-averaged coupling constants were then derived using the following

equation:
3 3 gi -E; /RT —E;/RT
M inne? = Z VORI A /Ze l (2)

where F; was the total energy of i™ structure, R is the gas constant, and 7T is the absolute

temperature.



37

2.3 Results and Discussion
2.3.1 Chemical shift assignments and secondary structure analysis

At a nominal concentration of 7 mM the glucagon antagonist was insoluble in pH
6.0 phosphate buffer without DPC, and gave an 'H spectrum with extremely broad and
weak resonances. With DPC micelles the solution was clear and the H" peaks were
narrow in the absence of resolution enhancement, increasing from about 5.5 Hz to 14 Hz
(residues 5-17) while remaining around 13-14 Hz for the rest of the molecuie (residues
18-29). The 'H chemical shifts of the glucagon antagonist, assigned using standard

>12 are listed in Table 2.1. Figure 2.2 shows the fingerprint region of the

methods,
NOESY spectrum, with the sequential HN(i)—H“(i+1) NOE correlations diagrammed. As
can be seen in Figure 2.2, the overall quality of the NOESY data is reasonably good,
though the overlap of several H” resonances made the assignment of some NOE cross
peaks difficult. The sequential NOE connectivity plots shown in Figure 2.3 summarize
the evidence for secondary structural elements. Overall the evidence obtained from the
coupling constants, chemical shift index (CSD),” and medium-range NOEs indicates the
presence of a helical region (residues 8-13), an extended region (residues 15-16), and a
second helix (residues 17-29). Interestingly, the existence of the C-terminal helix is clear
from the medium-range NOE and CSI patterns, but not as evident from the 3JHN_Ha
coupling constants, while the opposite holds for the N-terminal helix. This somewhat

conflicting evidence may result from the considerable averaging of NMR parameters due

to the relatively high flexibility of the peptide in solution. It should be noted that the
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coupling constants of several C-terminal residues were very close to 6 Hz. To avoid
biasing the structure calculation, the coupling constant-derived dihedral angle restraints
were used conservatively, and coupling constants were treated as beyond the helical
region if one of the two determinations (see 2.2.3) of the J couplings exceeded 6 Hz. The
ensemble-averaged J coupling constants which were back-calculated from the NMR
ensemble structures show a good agreement with the medium-range NOE and CSI
patterns for the C-terminal helix. In addition, the back-calculated NOESY spectra from
the NMR structures reveal more H* (i) — S0 (i4+3) NOE cross peaks in the N-terminal
helix than were observed, more consistent with the observed 3] couplings for the N-
terminal helix residues. Chemical shift deviations (CSDs) of the HY and H” protons can
also be used to identify helical regions and breaks in the helical dipole,94 as shown in
Figure 2.4. The HY CSDs™ in Figure 2.4a show clear evidence of two helical dipoles
(residues 9-15 and 17-29), with a break between S16 and R17. The H® CSDs in Figure
2.4b indicate an extended segment (residues 14-16) between two helical regions (residues

11-13 and 17-29).
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Table 2.1 'H chemical shifts of the glucagon antagonist, [desHisl, desPhe(’,
Glu®]glucagon amide, bound to perdeuterated dodecylphosphocholine micelles at pH 6.0

and 37 °C

Chemical shift® (ppm)

residue N o HP HY He HE Others
Ser” 423 4.02,4.06
Gln® 881 447 207,218  243% 6.84,7.51
Gly* 851 4.08*
Thr  8.16  4.40 4.28 1.25
Thr' 828 431 4.26 1.25
Ser® 829 448 3.88,3.97
Gl 864 422 1.97* 2.30%*
Tyr'® 798 458 298,321 7.10% 6.83*
Ser'' 796 4.09 3.94,3.99
Lys> 7.80 409 163,172 098, 1.13 1.55% 2.85%
Tyr'® 754 443 297,3.19 7.20% 6.87*

Leu!* 7.68 427 1.68,1.81 1.93 0.92, 0.98
Asp'>  7.68 4.83 284,297
Ser'®  7.84 443 4.07,4.25

Arg” 875 413 1.96% 1.75% 3.28% 7.33

Arg'® 835  4.19 1.95% 1.84* 321,327 7.68 H" 6.99%
Ala” 789  4.17 1.61

GIn®® 825 4.03 225%  2.47,2.56 6.76, 7.42

Asp?' 861 451 2.86,3.13




Table 2.1 (Continued)
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Chemical shift (ppm)

residue

SR H¢ b HY H° HE Others
Phe? 820 449 3.40% 7.23
val® 835 351 2.29 1.05,1.25
GIn* 826  4.02 2.25%  2.47,2.59 6.83,7.43
Trp™ 798 429  3.35,3.63 7.36 1047  H%¥7.49
7.29 H" 6.89
H™ 7.08

Leu®™® 830 3.34
Met” 806  4.18
Asn®  7.69  4.00
The® 771 3.99
NH, 6.96,7.33

1.46, 1.61 1.57 0.77*
2.11% 2.552.795

2.75, 2.88 6.87,7.61
3.86 0.99

“ The chemical shifts were referenced to the internal H,O resonance as 4.63 ppm.

’ Asterisks indicate degenerate 'H chemical shifts.
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Figure 2.2 Fingerprint (H"-H") region of the 150 ms NOESY spectrum of the glucagon
antagonist in DPC micelles. Intraresidue HY-H” NOE crosspeaks are labeled by their
one-letter code and residue number, and arrows indicate the connectivity path from N-

terminus to C-terminus.
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Figure 2.3 Diagram of HN-H* coupling constants, sequential and medium-range NOE
connectivities, and H* chemical shift index (CSI) for the glucagon antagonist in DPC
micelles. Measured 3JHN_HQ coupling constants are indicated as follows: l,J<6Hz i s
6 Hz<J <8 Hz; and T, J > 8 Hz. The H* CSI”® was calculated using the random-coil

values reported by Andersen et al. o
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Figure 2.4 Chemical shift deviations (CSD) for (a) HN and (b) H® resonances compared
to those of a random coil.”* Hatched bars: glucagon; filled bars: the glucagon antagonist;

open bars: GLP-1-(7-36)-NH,.
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2.3.2 Structure determination

A total of 475 nonredundant NOE distance restraints were used, including 174
intraresidue, 137 sequential, 148 medium-range (2-4 residues), and 16 long-range
restraints. The distribution of these restraints along the peptide chain is shown in Figure
2.5a. Dihedral angle restraints, obtained from BJHN-H,I values, included seven “helical” ®
(-90 to -40°), one “extended” @ (-150 to -90°), and three “negative” ® (-179 to -1°) angle
restraints. Because “H exchange data were unavailable, no hydrogen bond restraints were
used. The total number of restraints was 486, giving an average of 18 restraints per
residue. In addition, all of the peptide bond ® angles were restrained to 180 * 5° to
supplement the force field. The NOE restraints vary significantly along the chain, and
are most numerous for two regions at the polypeptide, from residues 9 to 14 and from
residues 17 to 27.

The 15 structures with the lowest restraint energies after rtMD refinement were
used to represent the structure of the glucagon antagonist in DPC micelles. Statistics for
these 15 structures are shown in Table 2.2. The average restraint violation energy is low
(2.8 + 0.4 kcal mol™), with an average maximum NOE distance violation of 0.14 A, and
an average maximum dihedral angle violation of 0.3° (Table 2.2). The R-factors for the
15 ensemble structures and the minimized mean structure were calculated for the 396
completely resolved cross peaks to be 0.33 £ 0.09 and 0.16, respectively, indicating a
good agreement between our NMR structures and the experimental NOESY data. The

backbone and non-hydrogen atom rmsd’s of the 15 structures with respect to the mean
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coordinates for each residue are plotted in Figure 2.5b,c, respectively. As can be seen,
the rmsd values are largest near the N-terminus, and decrease steadily along the
polypeptide towards the C-terminus. The angular order parameters S(¢) and S(y) of the
backbone dihedral angles (9, w)95 are shown in Figure 2.6a. An increase in the order
parameters is evident from the N- to the C-terminus, indicating that the polypeptide
becomes more structured. Figure 2.6b depicts the corresponding Ramachandran plot
which shows a predominantly helical structure. The ensemble of 15 structures is
illustrated in Figure 2.7, aligned on residues 7-29 (Figure 2.7a) to show the overall
structure, and on residues 7-14 (Figure 2.7b) and 17-29 (Figure 2.7¢) to show the N- and

C-terminal helices, respectively.
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Figure 2.5 (a) Number of NOE distance restraints per residue for the glucagon antagonist.
Each column shows the sequential restraints (i , i+ 1; open), medium range restraints (i , i
+ 2-4; hatched), and long range restraints (i , i + > 4; filled). (b) and (¢) Atomic rmsd per
residue for the 15 final structures with the lowest restraint energy, aligned on residues 7-

29 with the mean structure using backbone atoms (b) or all non-hydrogen atoms (c).
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Table 2.2 Structural statistics

final 15 structures minimized mean

0.015 +£0.001 0.016

rms deviation from 475 NOE
dist restraints (A)

rms deviation from 11 backbone
¢ angle restraints (deg)

NOE distance restraint violations

0.099 £ 0.187 0

>0.01 A 33.7+3.8 32
>0.10 A 2.7+1.0 3
max distance violation (A) 0.14 £0.02 0.16
dihedral angle violations
>0.1° 0.6+0.7 0
> 1° 0.1£04 0
max dihedral violation (deg) 0.3+0.6 0
rms deviation from ideal geometry”
bond lengths (A) (443) 0.0047 £0.0001  0.0048
bond valence angles (deg) (784) 1.51 £0.06 2.76
out-of-plane angles (deg) (93) 2.02+0.20 2.05
AMBER energies (kcal/mol)
restraint” 2.8+04 32
bond stretching 34+0.2 34
bond angles 24.1+19 63.4
dihedral angles 24+1.5 22,7
planarity 09+0.1 0.9
van der Waals® -822+4.7 -86.4
electrostatic? -73.0+1.8 -74.2
total -117.7£6.0 -71.9

Backbone atoms

atomic rms deviation (A)° All non-H atoms

(N, C*% C)
final 15 structures vs mean 1.12+0.26 1.63+£0.28
final 15 structures vs mimimized mean 1.20 £ 0.67 1.88+0.61
mean vs minimized mean 0.81 1.12

“ Derived from the tMD calculations using the AMBER force field in DISCOVER.

» Calculated with force constants of 25 kcal mol™ A and 100 kcal mol™ rad™ for the NOE
distance and dihedral angle restraints respectively. © Calculated with the Lennard-Jones
potential using the AMBER force field and a 12 A cutoff. 4 Calculated with a distance-
dependent dielectric constant (€ = 4r). © Calculated for residues 7-29 for the final 15
structures. The mean structure was the average of the final 15 structures that were best fit
to each other using the atoms of N, C% and C~ of residues 7-29. The coordinates of
disordered residues 2-5 were then replaced with those of the corresponding residues in
the closest one of the 15 aligned structures. The minimized mean was obtained by
restrained minimization of the mean structure.
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Figure 2.6 (a) Angular order parameters for ¢ (open circles) and y (crosses) for all
residues of the glucagon antagonist. The angular order parameters for a given dihedral

angle o, are defined as S(a) = N"'[Z04 where j = 1, ... N indicates the various structures,

(b)

Ramachandran plot for residues 7-28, calculated for the 15 structures with the lowest
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Figure 2.7 Stereo diagrams of the 15 calculated structures for the glucagon antagonist
with the lowest restraint energy, aligned on backbone atoms of residues (a) 7-29 (rmsd =
1.36 A), (b) 7-14 (tmsd = 0.79 A), and (c) 17-29 (rmsd = 0.42 A). The backbone atoms

of residues 7-29 only are shown. Produced using VMD and Raster3D.”
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It is noteworthy that a Kabsch and Sander’® analysis of the 15 final structures
using the Insight II software indicates five general regions for the glucagon antagonist in
DPC micelles: a region of random coil at the N-terminus (residues 2-7), an N-terminal
helical region (residues 7-12), a turn (residues 12-14), another random coil region
(residues 14-17), and a C-terminal helix (residues 17-29). These conclusions are
consistent with the qualitative evidence from NOEs (Figure 2.3), which show extensive
helical contacts (i, i+3 and i, i+4) in the C-terminal helix (residues 17-27). In addition,
the HY and H* CSDs (Figure 2.4) indicate two separate helical runs (residues 9-13 and
17-29) broken by a single extended residue (15). Similarly the HY-H* J couplings
(Figure 2.3) show two helical regions (residues 8-12 and 18-24) and a single extended
residue (16). The common trends evident in H" linewidths (data not shown), the number
of observed NOEs per residue (Figure 2.5), and the angular order parameters of the
calculated structures (Figure 2.6) all indicate that the structure is well defined for the two
helical regions (residues 8-13 and 18-29), less defined for the “hinge” region (residues
15-17), and more or less random for the N-terminal region (residues 2-7). More
importantly, alignment of the calculated structures (Figure 2.7) shows that the two helical
regions exist in a well-defined relationship, having roughly a 90° angle between the helix
axes. This relationship is defined experimentally by a cluster of 13 long-range NOEs
between residues 10-13 and residues 16-18. While backbone rmsd’s for the individual
helical regions are consideréb]y smaller (Figure 2.7b,c), the backbone rmsd for the entire

molecule, excluding the unstructured N-terminus, is still quite low (Figure 2.7a). This is
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the first example of a glucagon analogue in DPC micelles with an organized overall

structure which includes both sides of the “hinge” region.

2.3.3 Structural characterization of the hinge

A consensus conformation for the hinge region (Figure 2.8) was obtained by
selecting the 12 most similar conformations of the 20 lowest restraint energy structures.
In this ensemble, five of the structures have a bifurcated hydrogen bond between the
backbone carbonyl of K12 and the H" of L14 and D15, while four have a hydrogen bond
only to the HY of D15, and two have a hydrogen bond only to the H of L14. These
observations are consistent with the presence of a B-turn-like conformation in this
segment of the glucagon antagonist structure. Although this B-turn structure does not
readily fit the criteria for any specific B-turn structure, examination of the different
backbone conformations suggests this turn-like structure is centered in the vicinity of the
Y13 and L14 residues, and most closely resembles a type III B-turn. This non-
conventional turn structure is consistent with the long-range NOEs observed between the
regions 12-15 and 17-20. The turn-like structure allows long-range interactions between
these two segments, as seen in the ensemble of 15 structures (Figure 2.7). The short N-
terminal helix is connected by the hinge region to the longer C-terminal helix (3 turns),

where the angle between the two helix axes is close to 90°.
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Figure 2.8 Stereo diagram of 12 consensus structures for the glucagon antagonist chosen
from the 20 structures with the lowest restraint energy, showing expansion of the hinge
region (residues 12-17, rmsd = 0.36 A). The carbon atoms are shown in cyan, nitrogen
atoms in blue, oxygen atoms in red, and hydrogen atoms in white. Hydrogen bonds are
indicated by the blue dashed lines. The figure was produced using VMD”® and
Raster3D.”’
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2.3.4 Conformational comparison of glucagon and its analogues

Because detailed structural information for glucagon and glucagon analogues is
limited, it is useful to compare the CSD patterns, which can easily be calculated from the
chemical shift assignments. It must be pointed out that currently available H* and HY

93,94

proton chemical shift data for calculating CSD/CSI values were obtained in water in

the absence of DPC micelles, so that an inconsistency between the shift values in the two

° In this study, however, the chemical shifts of

different environments may occur.’
glucagon and the glucagon analogues were all measured in DPC micelles, making a
meaningful comparison between their CSD values possible. As illustrated by Figure
2.4a,b, there is a great deal of similarity in the CSDs between glucagon, the glucagon
antagonist, and the glucagon homologue GLP-1-(7-36)-NH,, implying similar secondary
structures in DPC micelles. The only significant differences occur in the hinge region,
where positive H* CSDs are observed for D15 in glucagon and the glucagon antagonist,
but no H* CSD is observed for E15 in GLP-1-(7-36)-NH,. Furthermore, glucagon shows
a positive HY CSD for S16, while the glucagon antagonist and GLP-1-(7-36)-NH, show
negative HY CSDs for S16 and G16, respectively. These differences could reflect
differences in the hinge region and a different starting point for the C-terminal helix, but
overall the CSD patterns are extremely similar for glucagon and the two analogues.

If one views as a conceptual starting point the glucagon antagonist as a single

continuous helix, it would be amphipathic with the hydrophobic and hydrophilic sides

reversed between the N-terminal (residues 2-16) and C-terminal (residues 17-29) regions.
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The deletion of Phe® places Thr’ of the glucagon antagonist in the location of Phe® in the
helical wheel diagram (Figure 2.9); otherwise the same reversed amphipathic nature is
seen as in the crystal structure of glucagon (Figure 2.102).° The solution structure of the
glucagon antagonist in DPC micelles can be viewed as an unraveling of this hypothetical
extended helix by rotating the C-terminal portion by 180° about the helix axis (a helix
“phase shift”), and then bending in the “hinge” region to place the two hydrophobic
surfaces together in the angle of a 90° bend (Figure 2.10b). In this region there are two
hydrophobic clusters: the N-terminal hydrophobic surface consisting of the side chains
of Y10, Y13, and L14 and the C-terminal hydrophobic surface composed of the side
chains of F22, V23, W25, 126, and M27. In many of the calculated structures there is a
stacking of the aromatic rings of Y13 and F22, joining the two hydrophobic clusters. On
the convex, hydrophilic face of the molecule there are two salt bridges implied from the
close approach of side chains in the calculated structures: D15 to R18 and R17 to D21.
The first of these maps onto the interface between the two amphipathic helical portions,

and the second is within the hydrophilic face of the C-terminal amphipathic helix.
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Figure 2.9 Helical wheel for the glucagon antagonist, omitting residues 2-4, viewed as a
continuous o-helix. One-letter amino acid codes in the N-terminal amphipathic region
are circled (5-16). The N-terminal hydrophobic surface is indicated by the arc labeled 5-
16, and the C-terminal hydrophobic surface is represented by the arc labeled 19-29.

Figure 2.10 Ribbon plots of (a) the X-ray crystal structure of glucagon® and (b) our
NMR solution structure of the glucagon antagonist in micelles. The hydrophobic
residues are shown in yellow and the hydrophilic residues are shown in light blue. The

figure was produced using Molscriptlo0 and Raster3D.”
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The solution structure of the glucagon antagonist obtained in DPC micelles in our
study is significantly different from the glucagon X-ray crystal structure.” It also differs
from the glucagon solution structure in the absence of DPC micelles observed by one-
dimensional NMR methods,” which can be attributed to the significant differences in the
experimental conditions. In a comparison of the glucagon X-ray crystal structure and our
glucagon antagonist NMR mean structure, the two helical segments (residues 7-14 and
residues 19-27) gave backbone rmsd’s of 0.78 and 0.69 A, respectively, which implies
the helical stability of these two segments. However, in contrast to the single continuous
helix (residues 6 to 29), and the reverse pattern of the amphipathic surfaces along the
peptide chain,” a helical unraveling in the vicinity of the hinge region connecting the two
helical segments and a resulting helix phase shift are observed in our glucagon antagonist
NMR structure. Due to the absence of crystal packing forces in solution, the favorable
intramolecular hydrophobic interactions between the two helical segments of the
glucagon antagonist in DPC micelles may drive this unusual folding around the hinge
region. Nonetheless, these hydrophobic interactions resulting from the helix phase shift
seem to be insufficient to stabilize the structure observed for the glucagon antagonist. In
aqueous solution in the absence of micelles, the structure of the glucagon antagonist
observed in DPC micelles may be unstable due to exposure to water of the hydrophobic
cluster resulting from the helix phase shift. This is supported by evidence for an overall
extended random structure of glucagon in aqueous solution without micelles.”’ Therefore,
the favorable interactions between the hydrophobic surfaces of the glucagon antagonist

and the hydrocarbon chains of the micelles appear to play an important role in stabilizing
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our glucagon antagonist NMR structure. Under the more physiologically relevant
conditions in our study, compared to the conditions in the crystal state or in the absence

of micelles, the derived structural information can be assumed to be more applicable.

2.3.5 Structure activity relationships

The observed helical distortion and resulting helix phase shift in the hinge region
of the glucagon antagonist found in our study may have some important biological
significance. An extended hydrophobic cluster along the inner surface and a hydrophilic
surface along the outer surface of the L-shaped structure is formed due to the helix phase
shift, which presumably favors hydrophobic/hydrophilic interactions of the peptide with
the membrane and receptor. In addition, the helical distortion may result in some
important backbone dynamics properties of the glucagon antagonist. The cooperative
backbone motions of the glucagon antagonist are evident from the 15 ensemble structures
in Figure 2.7. It can be seen that the two helical segments are relatively rigid, while the
flexibility of the hinge region allows a range of relative orientations of these two
segments. The various relative orientations accessible to the two helices may facilitate
the required multiple contacts of the peptide with a discontinuous domain, consisting of
the two segments (residues 103-117 and 126-137) in the N-terminal region, and another
segment (residue 206-219) in the first extracellular (le) loop of the glucagon receptor,
which are found to be critical in binding and/or signaling."” A similar helical distortion

and phase shift was also suggested70 for GLP-1-(7-36)-NH; in DPC micelles due to the
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presence of the helix-destabilizing residue Gly16 in the region corresponding to the hinge
in the glucagon antagonist. It has been further suggested that Ser'® in glucagon makes it
more difficult to accomplish the helix distortion, which may be responsible for the much
poorer binding affinity of glucagon for the GLP-1 receptor.70 The observation of the
same helix phase shift in the glucagon antagonist, which differs from glucagon primarily
at only a few residues near the N-terminal end, makes this unlikely. Moreover, this phase
shift may also occur in glucagon in DPC micelles, as implied by the similarity of the H*
CSD patterns of glucagon and the glucagon antagonist near the hinge region (Figure 2.4),
and the reasonably low average backbone rmsd (1.28 A) obtained in a comparison of the
five lowest energy structures of glucagon®® with the minimized mean structure of the
glucagon antagonist for residues 15-17.

A comparison of the side chain conformations of the mutated residue Glu’
observed in our glucagon antagonist NMR ensemble structures with those of Asp’ in
glucagon68 may explain the biological effects of the structural alteration. Due to the
rotation around 7, for Glu’ in the glucagon antagonist, a much larger region of space
appears to be accessible to the carboxylate group (and thus the charge) than to that of
Asp9 in glucagon, even though their ); rotamer population distributions are similar. This
presumably increases the entropy cost for interaction between Glv’ in the glucagon
antagonist and complementary residues in the glucagon receptor. It was suggested that
Arg™ in the .le loop of the glucagon receptor, which is critical for both binding and
signaling, interacts with several possible residues including Asp9 in glucagon.101 The

unfavorable interactions due to the above effects between Glu® in the glucagon antagonist
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202 in the glucagon receptor may rationalize the effects of the mutation from Asp’

and Arg
in glucagon to Glu’ in the glucagon antagonist, and also other glucagon analogues.”’
Unfortunately, due to the lack of structure observed by NMR for the N-terminal ends of
both glucagon68 and the glucagon antagonist, it is beyond the capability of solution NMR
techniques to provide any rationalization for the biological effects of electrostatic
interactions between His' and Asp9 in glucagon, as suggested in an earlier study.”' This
technical limitation also makes it extremely difficult to analyze the effects of the
deletions of His' and Phe® on the structure of the glucagon antagonist in this study.

The two salt bridges (D15 to R18 and R17 to D21) implied in our NMR structure
can be used to interpret the difference in the biological activities previously observed for
several glucagon analogues. A 5-fold increase in the binding affinity (ICso = 0.3 nM
versus 1.5 nM for glucagon) and 7-fold increase in the potency (ECsg = 0.8 versus 5.6 nM
for glucagon) were obtained for [Lysl7’18,Glu2 g glucagon.66'67 Presumably, substitution of
Arg'"® by Lys'"'® and Asp” by Glu®' favors formation of these salt bridges, and thus
stabilizes the structure observed in our NMR study, leading to higher binding affinity and
potency of this glucagon analogue. This is in good agreement with the significantly
increased o-helical content determined by CD spectroscopy for the analogue in solution

2 Instead of the salt bridge formed between R17 and D21 in the

relative to glucagon.
NMR structure of our antagonist, the X-ray crystal structure of [Lys'""® Glu*']glucagon
showed a salt bridge between K18 and E21.5 The difference may be due to the

environmental condition under which these structures were obtained. It must be noted

that the salt bridge between the residues 18 and 21 in the X-ray crystal structure® does
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not agree with the decrease in both the binding affinity (36-fold) and the potency (64-fold)
observed for the analogue [Lys”—c[Lys18,G1u21]glucag0n relative to glucagon.w3 This is
because the cyclization via the lactam structure between Lys18 and Glu*' should stabilize
the o-helical structure more strongly than a salt bridge, if existing between the two
residues, which should thus increase the biological activity expected for the cyclic
glucagon analogue. However, the decrease in the biological activity of this glucagon
analogue relative to glucagon does not contradict the formation of a salt bridge between
the residues 17 and 21 found in the NMR structure of our antagonist, because such a salt
bridge is disrupted by the cyclization in [Lys”-c[Lys]S,Glu21]glucagon. Although the
effect of the salt bridge between D15 and R18 in our NMR structure can be enhanced by
the lactam cyclization in c[Asp', Lys'®]glucagon, this analogue unfortunately exhibits
much weaker binding affinity (1000-fold) than glucagon and is not able to activate the

% This observation is caused by the loss of the negative charge in

glucagon receptor.’
Asp"® of the cyclic analogue which was found to be indispensable for the binding,'®
although the o-helical structure may be stabilized by the lactam bridge.

It is interesting to note the structural differences of pituitary adenylyl cyclase-
activating peptide (PACAP) in micelles and in receptor-bound state.'® The C-terminal
o-helix of the receptor-bound PACAP21 is similar to that of the micelle-bound
PACAP27 with a backbone rmsd of 0.98 A for this region, implying the similar

105 In the N-terminal region,

interactions of PACAP with the receptor and the micelle.
two consecutive B-turns were observed for residues 3-6 (type II") and residues 4-7 (type I)

in the receptor-bound PACAP21, in which either a random structure (residues 3-5) or an
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o-helix (residues 5-7) was found in the micelle-bound PACAP27 in the corresponding
region.'”  The unique B-turn structures in the receptor-bound state result in a
hydrophobic patch which was found to be critical for binding affinity.'”” Both receptors
and ligands in the glucagon/secretin receptor family share high sequence similarity. The
authors suggested that similar B-turn structures may occur in glucagon,'® which has
residues GIn’-Gly*-Thr’-Phe®-Thr’ in contrast to residues Asp’-Gly'-lle>-Phe®-Thr’ in
PACAP21. Gly was found to be critical for type II” B-turn and occurs in both peptides at
the same position. If such B-turn structures and the resulted hydrophobic patch are
required to activate the glucagon receptor, it may explain why the deletion of Phe®
increases the antagonism of glucagon antagonist [desHis', desPhe®, Glu’]glucagon amide,
compared to that of [desHis', Glu’]glucagon amide.

With regard to binding of peptide ligands to their membrane receptors, a two-step
model has been proposed which is thought to kinetically favor binding more than a
single-step binding model.'® This model or a similar one has been used to analyze the

6870101105 A yntving such

binding of ligands to type B receptors in the GPCR superfamily.
a model, nonspecific interactions between the hydrophobic C-terminal helix of the
glucagon antagonist and the membrane would occur as the first step, followed by the
two-dimensional diffusion of the peptide until it binds to the N-terminal tail and the le
loop of the glucagon receptor in the second step. Conformational differences between the

antagonist and glucagon near the N-terminus may then result in unfavorable interactions

between the antagonist and the receptor, which do not lead to activation.



2.4 Conclusion

The NMR solution structure of the glucagon antagonist [desHis', desPhe®,
Glu”]glucagon amide in DPC micelles shows a well-defined spatial relationship between
the N- and C-terminal helices, unlike the NMR solution structures of glucagon®® and
other glucagon homologues.”? The previous lack of definition of the overall structure of
glucagon may be due simply to the failure to observe sufficient long-range NOE
interactions. Further study, including the investigation of backbone dynamics, will be
required to define any structural differences between the glucagon antagonist and

glucagon itself which could explain the dramatic difference in biological activity.
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CHAPTER 3
MOLECULAR DYNAMICS SIMULATIONS ON GLUCAGON AND THE

GLUCAGON ANTAGONIST WITH EXPLICIT DPC MICELLES IN WATER

3.1 Background

The NMR structure of the glucagon antagonist [desHis', desPhe®, Glug]glucagon
amide in solution described in Chapter 2 provided some useful structural insights into its
biological properties, particularly when compared to the NMR or X-ray crystal structures
of glucagon and other glucagon analogues. Unfortunately, due to the lack of structure for
the residues at the N-terminal ends in both the antagonist and glucagon itself, not much
information on the structural difference in these N-terminal residues was obtained in our
previous study. However, it is well known that these N-terminal residues in glucagon
and its analogues are crucial to the receptor activation.® As a complementary method to
the experimental study, molecular dynamics simulations can be used to explore the time-
dependent structural fluctuation of the unstructured residues in the N-terminal ends of
glucagon and its antagonist. In addition, it was estimated from our previous NMR study
that the correlation time of the glucagon antagonist is about 5 ns. However, it was not
clear if this correlation time should be attributed to the internal motion, or the peptide
diffusion, or both. Again, MD simulation can be useful to elucidate this uncertainty.

Finally, the backbone dynamics of glucagon and the antagonist, which may be functional,
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can be studied in MD simulations. The dynamics properties obtained from such a
theoretical study can be connected to and thus examined by NMR relaxation studies via
the model-free approach.** A combination of the information from both MD simulations
and NMR experiments can provide useful insights into the difference in the biological
activities of glucagon and the antagonist. These insights may be useful for the further

design of glucagon agonists and antagonists.

3.2 Computational Methodology

3.2.1 Protocols for MD simulations

The CHARMM28'"" software package was used to create all required structure
topology files and the program NAMD2'*® was used for the MD simulations. Molecular
visualization was done using VMD1.8.°® All calculations used the CHARMM?22 force
field for both the peptide109 and the lipids.“o The coordinates of the DPC micelle with

M qur NMR structure of the

the 60 monomers simulated by Wong and coworkers,
glucagon antagonist described in Chapter 2, and the X-ray crystal structure of glucagon65
were the structures initially used in the MD simulations of glucagon and its antagonist.
In each simuIation, the peptide was placed onto the surface of the micelle with the

hydrophobic patch (Leu", Val, and Leu® for the glucagon antagonist; Ala'®, Phe®,

Val®, and Leu™ for glucagon) pointing towards the micelle. Two DPC monomers on the
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surface of the micelle were deleted. Using the soft core potential function, the resulting
peptide/micelle complex was relaxed by conjugate-gradient energy minimization in
CHARMM2S. Further energy minimization was performed without using the soft cére
potential function. The peptide/micelie complex was then solvated in a 84.29 x 70.40 x
70.40 A orthorhombic water box for the glucagon simulation, and in a 70.63 x 70.63 X
70.63 A cubic water box for the glucagon antagonist simulation. To offset the positive
charge on each peptide, 21 Na* and 22 CI” were added. The TIP3P water model'"* was
used for all calculations. The glucagon system contained a total of 36,549 atoms
including the peptide (472 atoms), 43 ions, 56 DPC monomers (3538 atoms), and 10832
water molecules (32496 atoms). The glucagon antagonist system consisted of the peptide
(439 atoms), 43 ions, 56 DPC monomers (3538 atoms), and 8768 water molecules (26304
atoms) for a total of 30324 atoms.

A triple time step integration scheme was used in MD simulations with the
reversible reference system propagator algorithm (r-RESPA).'"® A time step of 1 fs was
used to evaluate bonded interactions. For the van der Waals interactions, a smooth
switching function was used with a switching distance of 8.0 A and a cutoff of 10.0 A,
and an 1-4 nonbonded interaction was scaled with a scaling factor of 1.0. The distributed
particle mesh Ewald method"'* for full electrostatics was used to account for the long
range nature of the electrostatic interactions. A time step of 2 fs was used to evaluate the
nonbonded forces and the direct space Ewald sum, while the reciprocal space Ewald sum
was evaluated with a time step of 4 fs. A pair list distance of 11.5 A was used to generate

a pair list and the list was updated every 20 fs.
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The systems were simulated at the physiological temperature of 37 °C using
periodic boundary conditions with flexible cells. A constant particle number, constant
pressure, constant temperature (NPT) ensemble was generated by an extended system
method. For the pressure and temperature control, the Nosé-Hoover Langevin piston
method was used with group pressure scaling and a target pressure of 1.0 bar, and the
Langevin target temperature was set to 37 °C. Additional Langevin dynamics parameters
include a piston period time scale of 1.0 ps, a piston decay time scale of 1.0 ps, and a
damping time constant of 1.0 ps”'. With all atoms in the DPC micelle and the peptide
harmonically constrained with a force constant of 1.0 kcal mol! 10\'2, the MD simulations
were started by heating the systems from 50 to 310 K over 5 ps and then equilibrating at
310 K for 145 ps. An additional equilibration of 200 ps was performed with only the
atoms in the peptide harmonically constrained. The simulations were then continued
without any constraints, and totally produced a 22 ns trajectory for the antagonist and a
25 ns trajectory for glucagon. The trajectories of both simulations were sampled every 1
ps rendering 22,000 and 25,000 snapshots for the glucagon antagonist and glucagon itself,
respectively.

The simulations were performed on a Beowulf Linux cluster of personal computer
workstations (4 CPUs) and on Lemieux at the Pittsburgh Supercomputing Center (92
CPUs). The calculations required about 7 days for glucagon or 6 days for the glucagon
antagonist for an 1 ns trajectory using all of the 4 CPUs on our cluster. However, with 92
CPUs on Lemieux at PSC, each system described abov.e required only about 12 hours of

wallclock time for an 1 ns trajectory.
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3.2.2 Data analysis

For the data analysis, the first 1 ns trajectory in both simulations was discarded,
giving totally 21 ns for the antagonist and 24 ns for glucagon. The trajectories were then
down sampled to 100 ps per frame, giving 210 and 240 frames, respectively, for the two
peptides. The Periodic Boundary Condition (PBC) unit cell was first centered at the
center of mass (COM) of the peptide/micelle complex. The VMD script, PBCWrap,
obtained from http://www .ks.uiuc.edu/Research/vmd/script_library (the official VMD
website of the University of Illinois at Urbana-Champaign), was then used to wrap all the
atoms around the PBC cell boundaries. To obtain the backbone N-H autocorrelation
functions for the internal motions of the peptides, all frames in the trajectory of each
peptide were superimposed onto the first frame using the backbone atoms, thus removing
the N-H vector reorientation due to the diffusion or rotation of the peptide. All the
backbone N-H vectors of each peptide along the trajectories were then obtained and
normalized, from which the second Legendre polynomial (P,) autocorrelation functions
were calculated using a code written in Matlab. To estimate the upper limit of order
parameters associated with each N-H vector due to the internal motions, we used the
average of the last 10 points with an assumption that all the P2 correlation series were

converged.
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3.3 Results and Discussion

From the MD trajectories, the autocorrelation functions of the backbone N-H
vector in the molecular frame were calculated to study the internal dynamics of the
peptides. The autocorrelation functions for internal molecular motions are defined by:

Ci(t) = (P2[u(0) « p()]) = (B ([(0) « W(OT?) - 12 = (3 {cos’(6)) ~ 1)/2
where P; is the second Legendre polynomial, i a unit N-H bond vector in the molecular
frame, &, the angle between the N-H vectors at time 0 and ¢, and the brackets represent the
time average. Thus, the autocorrelation functions are essentially memory functions
reflecting the time constant during which a vector loses the memory of its previous state.
The N-H vector autocorrelation functions can be obtained by >N NMR relaxation studies
through the model-free approach,44 bridging the experimental and theoretic studies. The
autocorrelation functions of the glucagon antagonist and glucagon are shown in Figure
3.1. As can be seen from Figure 3.1, all the C/(7) functions decay very rapidly due to fast
vibrational motions. The decay continues and often reaches a plateau value, from which
the order parameters S? can be obtained.** If two internal motional modes exist and their
correlation times differ by at least one order of magnitude, the autocorrelation functions
reach an intermediate plateau value and then continue to level off at the total order
parameter.'  Autocorrelation functions of most N-H vectors in both the antagonist and
glucagon converged to a value above 0.8 (Figure 3.1), representing the highly ordered
helical segments. Some autocorrelation functions, however, reached a much lower value,

indicating the significant mobility in the regions corresponding to these N-H vectors.
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Figure 3.1 Autocorrelation functions for the backbone N-H vectors of (a) the glucagon

antagonist and (b) glucagon itself.
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These regions belong to the both terminal ends of the peptides as well as the hinge, as
exhibited by the order parameters shown in Figure 3.2. It was interesting to note that
glucagon, though a single helical structure in the crystal state,” has substantial mobility
around the residues 13-15. Further examination of the glucagon structure along the MD
trajectory showed that the single helix somewhat unraveled within this region during the
simulation, leading to the low order parameters for these residues. Such a helix
unraveling process must be very slow, beyond what we can simulate with the limited
computing power. However, analysis of how the unraveling was initiated may help
understand what drives the folding of the single helix in the crystal into the two helical
segments connected by a hinge in the middle in solution. A comparison of the order
parameters between the antagonist and glucagon indicated that the point where the helix
unravels shifts to the N-terminal in glucagon (Figure 3.2). Although the difference in the
helix breaking point (between residues 16 and 17 for the antagonist, but residues 15 and
16 for glucagon) was implied by the H" CSD plots (Figure 2.4), these breaking points are
not exactly reflected in the order parameters. The inconsistency may imply that the
mobility at one residue may be manifested by the HY CSD values of other residues
nearby. In addition to the difference in the order parameters found for the hinge residues
between the two peptides, the order parameters of the residues in the N- and C-terminal
ends were very different (Figure 3.2). The difference indicated that both termini in the
glucagon antagohist are much more highly ordered than those in glucagon. In the C-
terminus, glucagon has a free carboxylate group, while the antagonist is NHs-capped.

The higher order in the antagonist can be attributed to the amidation of the C-terminal
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end which gives more helicity.”6’“7 In the N-terminus, a H-bond between Ser” and Glu’
was observed in our simulation, which may contribute to the highly ordered structure of

the antagonist, as suggested by the order parameters (Figure 3.2).

3.4 Concluding Remarks

In molecular dynamics simulations of the glucagon antagonist and glucagon, we
found different backbone dynamics around the N- and C-terminal ends as well as the
hinge region. Although glucagon was found to adopt a single helix structure in the
crystal state,” the simulation depicted how the helix started to unravel around the region
approximately corresponding to the hinge region in our glucagon antagonist NMR
structure. In addition, we found that the residues in the two termini of glucagon are more
flexible, as indicated by the lower order parameter values of these residues than those in
the antagonist. The difference in the dynamics can be attributed to the structural
modifications made when converting glucagon to the antagonist. Further analysis of the
MD trajectories including the radial distribution functions of the water and peptide
molecules around the micelles, fluctuations of the shape of the micelles, and structural
fluctuations of the N-terminal residues in both peptides is in progress and more results

will be reported elsewhere.
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CHAPTER 4
NMR STRUCTURE DETERMINATION OF o-MELANOCYTE

STIMULATING HORMONE ANALOGUES IN SOLUTION

4.1 Intreduction

The melanotropin peptides including o-, B-, and y-melanocyte stimulating
hormone (MSH) and adrenocorticotropin (ACTH) are produced by posttranslational
processing and modification of the proopiomelanocortin (POMC) prohormone.118 These
endogenous neuropeptides interact with five subtypes of known human melanocortin G-

protein-coupled receptors (AMCIR-AMC5R) and play an important role in skin

119,120 121,

. . . . 2 . .
pigmentation, adrenal cortical function,”® energy homeostasis, 22 feeding

3.124 5 26

behavior,"” sexual function,’” exocrine gland function,””® and many others.
Elucidation of the interactions between the melanotropin peptides and their receptors is of
key importance to the understanding of the structural basis of these biological functions,
thus facilitating the rational design of more potent and receptor selective analogues.
Earlier studies on the structure-activity relationships of o-MSH (a linear
tridecapeptide, Ac-Ser'-Try*-Ser’-Met*-Glu® -Hisﬁ-Phe7-A1rgx—Trp9—Gly1O—Lys1 LPro'-
Val'>-NH,) have identified the minimal active tetrapeptide sequence His-Phe-Arg-

127,128

Trp, which also exists in the other natural melanocortin agonists and has been

termed the “message sequence”.”g’129 These residues are the most crucial to binding and
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receptor activation of the melanotropin peptides. Discovery of the highly potent and
prolonged acting [Nle’, D-Phe’Ja-MSH (NDP-MSH)*"* in conjunction with the known

effects of D-amino acids on peptide turn structures'* 2

previously led us to speculate on
occurrence of reverse turns within the message sequence, and this led to the development
of the first cyclic analogue, c[Cys", Cys'’Ja-MSH, to potentially enhance such a putative
turn structure.'> This cyclic analogue was a more potent but not as prolonged acting
agonist as the linear NDP-MSH.'* Based on the conformational properties observed for
o-MSH and the NDP-MSH in molecular dynamics simulations, a highly potent and
prolonged acting cyclic analogue Ac-Nle*-c[Asp’, D-Phe’, Lys'*Jo-MSHy.10-NH, (MTID)
was designed and synthesized.”™' Replacement of D-Phe at position 7 in MTII with a
bulky aromatic amino acid residue D-Nal(2') afforded an antagonist for the AMC3R and
the AMCA4R, but an agonist for the AMCIR and the RMC5R.P* A further study5 2 yielded
an hMC3R selective antagonist ¢[(O)C-CH,-CH,-CHy-C(O)-His®-D-Nal(2")-Arg®-Trp’-
Lys'°-NH, (MK9) and an hMC4R selective agonist c[(O)C-CH,-CH,-C(O)-His’-D-
Phe7—Arg8-Trp9-Lysw]-NH2 (VIHOS85). Successful development of these potent cyclic

119

analogues supports the structural hypothesis™ ~ that a reverse turn may exist within the

message sequence region.

Extensive theoretical and experimental studies on the biologically active
conformations of o-MSH and its analogues were conducted while a variety of
biologically significant o-MSH derivatives were being developed. The NMR chemical
shift variations obtained for Ac-[Nle*Jo-MSH,.1;-NH; analogues with the D-His®, D-Phe’,

D-Arg®, and D-Trp’ replacements suggested the predominant B-like structures for the
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core residues at positions 6 through 9 (i.e. ¢ = -139°, y = 135° for L-amino acids; ¢ =
139°, y = -135° for D-amino acids) and a left-handed turn of the backbone.'*'* The
results of energy calculations for o-MSH and the c[Cys*, Cys'“lo-MSH showed that the
Glu® and Arg8 side chains are in close proximity and that a salt bridge between the two
side chains may stabilize the biologically active conformation of o-MSH.""'* In a later
study on o-MSH and its cyclic analogues, Nikiforovich et al'¥ proposed a
conformational model for binding and signal transduction where the side chains of His®,
L/D-Phe’, and T1p9 residues form a continuous hydrophobic surface and the Arg8 side
chain is oriented away from them. This amphiphilic character around the message

sequence in oi-MSH also was observed by Pettitt and coworkers'**'*!

in their molecular
dynamics simulations. In addition, a distinct type I B-turn'* spanning His®-Phe’ in o-
MSH was identified.'*' On the other hand, the NMR structure of o-MSH in solution'*’
showed a hairpin loop conformation in the region from Glu® to Trpg. In the same and
similar NMR studies'*'** on the linear analogues of MTII containing substitutions at
position 6, a type I B-turn'® for Asp’-His®-D-Phe’-Arg® and a type I' B-turn'* for Asp’-
GIn®-D-Phe’-Arg® were observed. This is rather unusual due to the requirements of a
negative ¢ torsion angle at D-Phe’ for the type 1 B-turn and of a positive ¢ torsion angle at

PLI2I19 However, observation of a type T1 B-turn for Asp’-

Gln® for the type I' B-turn.
Hisﬁ—D-Phe7—Arg8 in MTII by Al-Obeidi et al. 16 is consistent with the torsion angle

requirements (a negative ¢ at His® and a positive ¢ at D-Phe’) for this particular turn type.

Nonetheless, it is noteworthy that, regardless of the turn type, a reverse turn structure
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occurs at positions 6 and 7 in all these cases, though possible turns at other positions‘ﬂ’146

17 showed a

also were reported. More recently, a study by NMR and molecular modeling
possible turn structure and in particular a “V” shaped structure around the residues
Nal’/Phe’-Arg®-Trp’ in cyclic o-MSH analogues in methanol. It was also noted that the
NMR structure'®® of a proline-substituted MTII analogue'® did not show any classical
turn structures. From most, but not all, studies described above, it can be seen that the
existence of a reverse turn structure in the region of the o-MSH message sequence is
supported, though the exact position and the type of the turn may differ.

Although conformations of o-MSH and its analogues have been extensively
investigated, the underlying mechanism by which these peptides interact with their
receptors as agonists or antagonists remains unclear. Further studies also are required to
obtain insights into the possible conformational differences responsible for the receptor
selectivity of o-MSH analogues. In this study, solution structures of the ZAMC3/4R
agonist MTIL>>' KMC4R selective agonist VIH085,” AMC3/4R antagonists
SHU9119,** KMC3R agonist/AMCAR partial agonist MK5, and AMC3R selective
antagonist MK9™* (Figure 4.1 shows the structures of these analogues) were determined
by 2D NMR spectroscopy in conjunction with the torsion angle dynamics (TAD)*%
simulated annealing method. Due to its superior convergence capability and efficient
sampling of conformational space, the TAD approach has been increasingly used in
NMR structure calculations and is well suited for biological molecules like peptides with

41

a low experimental restraint density.” The NMR structures found in our study for these

lead peptide ligands may also be useful to the further design of more potent and receptor
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selective peptides and peptidomimetics, as evident from the development of MTII™ and

. . s qs 48,15
other peptide mimetic hgands.1 8130
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Figure 4.1 Structures of the melanotropin analogues examined in this study.
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4.2 Materials and Methods
4.2.1 Peptide synthesis

All the peptides used in this study were manually synthesized by the solid-phase
method of Fmoc chemistry and purified by reversed-phase semi-preparative HPLC as

. . 50,52,134
described previously. 3

4.2.2 Sample preparation

NMR samples were dissolved in 90% H,O0/10% D,O solution at pH 4.5
containing 50 mM sodium acetate-d; and 1.0 mM NaN; with a peptide concentration of

approximately 10 mM.
4.2.3 NMR spectroscopy

All 2D NMR spectra were acquired on a Bruker DRX-600 spectrometer at 25 °C
using a Nalorac triple-resonance single-axis gradient 5 mm probe, processed using the
Bruker software XWINNMR, and analyzed within Felix2000 (Accelrys Inc., San Diego,
CA). A combination of water flip-back sequence,””' radiation damping suppression using
weak bipolar gradient pulses during the # evolution,"” 2 and an excitation sculpting pulse

module’™"* for further reducing the residual water signal was used for solvent
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suppression in both TOCSY and ROESY experiments.”> Proton chemical shifts were
feferenced directly to internal 3-(trimethylsilyl)propionate-2,2,3,3-d4 (TSP) at 0.00 ppm.

TOCSY** spectra were acquired for all samples using a DIPSI-2 mixing
sequetlcf:,]56'157 with a mixing time of 62 ms at an average spin-lock power level of 8.33
kHz. The DIPSI-2 sequence was flanked by simultaneously switched spin-lock and

gradient pulses15 i

to obtain pure absorption signals for coupling constant
measurements.'>  States-TPPI method'® was used for quadrature detection in the 1
dimension. Spectra were acquired with 4096 time domain data points in #, and 512
complex data points in #; with a spectral width of 7184 Hz in both dimensions. The size
of the final matrices was 4096 (F;) x 1024 (F) points.

ROESY** spectra were acquired in the TPPI mode® for quadrature detection in
the t; dimension with 2048 time domain data points in #, and 560 real data points in t;
with a spectral width of 7184 Hz in both dimensions. A mixing time of 200 ms was used
at an average spin-lock power level of 3.57 kHz. The size of the final matrices was 2048
(F>) x 1024 (Fy) points.

A polynomial algorithm with a polynomial degree of 2 to 5, as implemented
within XWINNMR, was used for baseline correction of all 2D spectra. To measure the
3 Jin-ro coupling of a residue, the row corresponding to its H* proton resonance in the F;
dimension of the TOCSY spectrum was extracted. The in-phase 1D spectrum was then
inversely Fourier transformed and then zero-filled to 16 K real data points. A Gaussian

function with a line-broadening (LB) of typically -3 to -5 Hz and a Gauss-broadening

(GB) parameter of 0.5 was used prior to Fourier transform. The digital resolution of the
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resulting ID spectrum was 0.44 Hz. The coupling constant was then measured from the
doublet peak at the resonance of the H" proton. Similarly, the ° Juo-np coupling constants
were obtained for residues Asp, His, D-Phe, D-Nal(2'), and Trp at the resonances of their

HP protons.
4.2.4 Determination of y; rotamer populations

The 3JHoz-H[s coupling constants were used to calculate the side chain rotamer

populations along the y; angles using the following equations:'®'"'**

Jrowpt = Pr ®uonp + (1 - Pr) *Juonp

3JH0L—HBZ = P; ®Jugnp + (1 - P2) “Jaaup
where P; and P, are rotamer populations for the antiperiplanar (ap) arrangements of H"-
HP! and H*-H spins, respectively. In terms of the 7; conformations, these two
populations correspond to the trans and gauche(-) for L-amino acids, or the frans and
gauche(+) for D-amino acids. However, no differentiation between trans and gauche in
either case could be made wunless the prochiral f-methylene protons were
stereospecifically assigned. The population for the gauche(+) for L-amino acids or the
gauche(-) for D-amino acids (P; = 1 - P; - P;) was then readily calculated. The values

, 161-164

aPJHa-Hg = 13.9 Hz for aromatic residues and 13.6 Hz for aliphatic residues were

used for the antiperiplanar relationship between H* and HP. For the synclinal (sc)
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relationship between the two spins, the values SCJHQ_HB = 3.55 Hz for aromatic residues

161-164

and 2.6 Hz for aliphatic residues were used.

4.2.5 Amide proton temperature coefficients

The temperature coefficient (AJAT) of an amide proton was extracted by linear

fitting of its chemical shifts observed at 5 °C intervals from 15 to 35 °C.

4.2.6 Structure calculations

39,40

The torsion-angle dynamics (TAD) protocol in conjunction with a specific

simulated annealing method as described by Nilges et al.'® was used to calculate the
structures of all the peptides using the software ARIA'® interfaced with CNS.' To
avoid biasing the structure calculation, only unambiguous ROESY cross peaks manually

assigned were used in the initial structure calculation. The calibration procedure

1'165

described by Nilges et a was used to automatically convert the volumes of ROESY

cross peaks to distance restraints in ARIA. The floating chiralityw’m8

approach was used
to assign non-degenerate non-stereospecifically assigned methylene group resonances
during the structure calculations. For methyl and equivalent aromatic protons, the r° sum

averaging method'®

was applied. In addition to the distance restraints, ¢ torsion angle
restraints derived from 3JHN_Ha coupling constants were set to —60 % 30° for 3 JuNHe < 6

Hz, and to —120 + 30° for 3JHN-Ha > 8 Hz. For residues with 6 Hz < 3JHN_HO( <8 Hz a



82
negative (or positive for D-amino acids) ¢ torsion angle restraint was used only if the
NOE between the amide proton of the residue and the H” proton of the preceding residue
was clearly stronger than the intraresidue NOE between the amide proton and the H*
proton.®®

The modified PARALLHDG force field™®'®"° including energy terms of bond
lengths, bond angles, dihedral angles, improper angles, and non-bonded interactions with
the PROLSQ non-bonded par.’;lmeters171 was used. For unnatural residues (e.g. D-Nal(2')
and Nle) or fragments (e.g. various linkers used in VJHO085, MKS5, and MK9), relevant
parameters were derived either from the existing PARALLHDG parameters for similar
chemical fragments in natural residues or from the X-ray structures of the unnatural
residues found in the Cambridge Structure Database. Patch residues for linking the side
chain amino group in Lys to the carbonyl group in the side chain of Asp or in various
linkers were created and added to the TOPALLHDG topology file. The force field
parameters for the lactam structure were set to the same values for a frans peptide bond.

The following values were used for the structure calculations. The time step was
2 fs for Cartesian MD and 14 fs for torsion angle dynamics (a TAD factor of 7). The
initial temperature for torsion angle dynamics was set to 2000 K. The force constants of
10 kcal mol™ A and 5 kcal mol™ rad™ were used in this high temperature TAD for the
NOE distance and dihedral angle restraints, respectively. After running for 80 ps at 2000
K, the tempefature was decreased to 1000 K during the first cooling stage over 40 ps.
The force constant for the NOE distance restraints increased from 10 to 50 kcal mol™ A™

and a constant but larger force constant (25 kcal mol™ rad'z) was used for the dihedral
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angle restraints during this cooling period. During the second cooling stage, an MD
simulation in the Cartesian space was performed with the force constants of 50 kcal mol™
A? and 200 kcal mol™ rad® for the NOE distance and dihedral angle restraints,
respectively, and the temperature was finally decreased to 50 K over 32 ps. A 200 step
Powell minimization followed. Totally nine iterations (100 structures generated for the
ninth iteration and 50 structures for the other iterations) were performed. Structures were
sorted using restraint energies. In the last iteration, the 50 lowest restraint energy
structures were further refined using Cartesian MD in CNS with an explicit water model
using the OPLS/CSDX hybrid non-bonded parameters.' > The 20 lowest restraint energy
structures after the refinement in water were used to represent the ensemble of the NMR
structures for each peptide. Molecular visualization and alignments were carried out in
the software VMD1.8.”° All calculations were performed on a Beowulf Linux cluster of

dual processor personal computer workstations.
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4.3 Results

4.3.1 Chemical shift assignments
The bioactive peptides examined for their conformational properties are given in
Figure 4.1. The 'H chemical shifts of these peptides, assigned using standard

5,12

methods,”™ ~ as well as the amide proton temperature coefficients(AJAT), are listed in

Table 4.1. The deviation of the backbone H" or H* chemical shifts from the random coil
shift values generally can be attributed to formation of specific secondary

BIMTILTE hich will be discussed in detail below. In contrast, the chemical

structures,
shift deviation of side chain protons in peptides from the random coil values may be due
to some interactions between side chains, e.g. shielding or deshielding of protons in
proximity to aromatic groups, though it may be difficult to rationalize such effects in
peptides due to the anisotropic nature of the magnetic fields produced by the aromatic
groups. The side chain chemical shift values reported for the natural amino acids within
a linear tetrapeptide context at pH 7.0'" were used to examine the deviations. For His®,
its side chain chemical shifts in all the peptides were compared with those in the

protonated form (i.e. &ya)'”

due to the lower pH value (4.5) in our study. It was found
that the side chain protons in most residues had similar chemical shifts to the random coil
values. - In particular, the side chains of Trp9 in all the peptides had almost identical
chemical shifts to the random coil values. However, the H*' proton (reference shift value:

8.61 ppm'”) of His® in the D-Nal(2’)’-containing peptides SHU9119, MK35, and MK9

was shifted 0.45-0.48 ppm upfield, while a smaller upfield shift (0.1-0.16 ppm) was
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found for the same. proton in the D-Phe’-containing peptides MTI and VJHO085 (Table
4.1). It also was noted that an upfield shift occurred to the H* proton (reference shift
value: 7.35 ppm'”) of His® in all the peptides, but the shift was found to be slightly larger
in SHU9119 and MKS5 than in MTTI, VJH085, and MK9 (Tat?le 4.1). In the side chain of
Arg8 of all the peptides (Table 4.1), all protons exhibited an upfield shift to a different
extent. The largest upfield shift (ranged from 0.39 to 0.81 ppm) was observed for the H’
protons of Arg®. Tt is also noteworthy that the upfield shifts of the side chain protons of
Arg8 in the D-Nal(2')’-containing peptides were all larger than those in the D-Phe’-

containing peptides (Table 4.1).
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Table 4.1 'H chemical shifts“ (ppm) and amide temperature coefficients of MTII,
VJIHO085, SHU9119, MKS5, and MK9 at pH 4.5 and 25 °C

peptides
residue  proton MTID  VJHO85 SHU9119  MK5 MK9
Ac CH, 1.99 - 1.96 - -
Nle* HY 8.22 - 8.16 - -
H* 4.20 . 4.15 - :
P 1.62%° - 1.59% ; ;
HY 1.23% . 1.22% - ;
H° 1.23* - 1.20% - -
HE 0.83 - 0.80 y §
AJAT (ppb/°C) 9.1 - 8.4 - -
Asp>  HY 8.54 - 8.47 - -
H* 4.61 . 4.59 - -
3 2.88,2.67 § 2.85,2.62 - _
AJAT (ppb/°C) 8.3 - 8.1 - ;
His® gy 8.52 8.42 8.44 8.39 8.35
H* 4.38 4.44 4.38 4.42 457
1P 3.21,3.04 3.09,2.98 3.14,2.96 3.08,2.93 3.09,2.97
H% 7.08 7.05 6.94 6.94 7.02
H 8.51 8.45 8.13 8.16 8.14
AJAT (ppb/°C) 5.8 6.9 5.6 6.7 -8.1
D-Xaa' HN 8.40 8.38 8.50 8.30 8.46
H* 4.58 4.57 4.71 4.67 4.68
HP 3.15,2.87 3.09,2.90 3.28,3.04 3.20,3.10 3.19,3.08
H3(D-Phe’) 7.21 7.15 - ; ]
HE(D-Phe’) 7.34 7.29 - - -
H%D-Phe”) 7.29 7.23 - _ -
HY(D-Nal(2")') - - 7.37 7.20 7.33
H®(D-Nal(2')) - - 7.64 7.61 7.64
HEY(D-Nal(2"))) - - 7.84 7.67 7.85
H(D-Nal(2")") - - 7.84 7.81 7.86
H"(D-Nal(2")") - - 7.90 7.85 7.91
H™(D-Nal(2")") - - 7.55 7.54 7.56
H%D-Nal(2")") - - 7.54 7.53 7.55
AJAT (ppb/°C) 8.3 8.6 -8.4 -8.6 -11.3
Arg®  HY 7.87 7.84 7.93 7.7 8.03
H* 4.29 4.23 4.21 4.19 4.11
P 1.58* 1.52% 1.47% 1.39*  1.46,1.30
HY 1.31% 1.23% 1.06* 1.02% 0.89+*
H® 3.07* 3.02% 2.85% 2.82% 2.73%
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Table 4.1 (Continued)

HE 7.08 7.05 6.91 6.88 6.83
AJAT (ppb/°C) -6.3 6.9 7.7 7.6 -10.9

Trp’ HY 8.44 8.35 8.40 8.33 8.23
H 4.64 4.62 4.62 4.60 4.62
e 3.29% 3.31% 3.27* 3.30* 3.28%*
B 7.27 7.27 7.23 7.29 7.26
HE! 10.15 10.15 10.13 10.15 10.14
H% 7.67 7.69 7.61 7.70 7.67
H* 7.49 7.49 7.47 7.46 7.47
> 7.17 7.18 7.13 7.17 7.15
H" 7.24 7.24 7.22 7.21 7.22
AJAT (ppb/°C) 95 8.9 94 9.0 -10.5

Lys’®  HY 8.05 8.01 7.97 8.01 8.14
H® 421 4.23 422 4.24 4.18
P 1.73,1.57 176,158 1.74,1.58 1.76,1.59 1.75,1.58
HY 1.30,1.22  1.25% 1.24% 1.23%  1.32,1.23
H® 1.50,1.39  1.43* 149,139  1.39* 1.44%
H* 3.08%  3.22,3.09  3.17*  3.20,3.05  3.13%
H°(Lactam NH)  7.92 7.80 7.92 7.73 7.89
-NH, cap 6.83,6.64 6.85,6.65 6.85,6.69 689,678 6.82,6.60
AJAT (ppb/°C) 5.9 6.0 49 6.5 74

Linker®

-(CHp)- H" - 2.42% - 2.30,2.47
15 2.51% 2.17%

«(CHp)s- H“ - - - - 2.20%
HP 1.74%
HY 2.04%

“ The chemical shifts were referenced to the internal TSP at 0.00 ppm.
> Asterisks indicate degenerate 'H chemical shifts.
“ The following atom identifiers for D-Nal(2') are used:

4 The linker hydrogens are named as follows:
O

' i B linked to Lys N
tinked to His N 1 in VIHO85 and MKS5

0]
O 0O

)J\/ﬁ\/”\ n MKS
linked to His N linked to Lys N°

o Y
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4.3.2 1Y temperature coefficients (AJAT) and H" CSD-AFAT correlation

It has been shown that the temperature dependence of the amide proton chemical
shift, measured by the temperature coefficient (AJAT, in ppb/°C), correlates with
existence of an intramolecular hydrogen bond or other solvent shielding factors in
peptides and proteins.'”®'”7 A temperature coefficient less negative than -4.6 ppb/°C has
been suggested as a criterion'’*!"" for identifying the solvent shielded amide protons due
to hydrogen bonding or other effects. In all the peptides under study, no amide proton
temperature coefficients (Table 4.1) were less negative than this cutoff value, implying
that no intramolecular hydrogen bonds occurred. It is also interesting to note that all
amide protons in MK9 showed larger temperature dependence than those of
corresponding residues in the other peptides, as evident from the distinguishably more
negative temperature coefficient of this peptide.

Though temperature coefficients may serve as reasonable indicators of hydrogen
bonded amide protons in proteins, for partially folded peptides with conformational
averaging, the temperature coefficient (AJAT) was found to significantly correlate with
the amide proton chemical shift deviation (CSD = &b - Oy, Where dobs is an observed
chemical shift and &, a “random coil” reference value), making the temperature
coefficient criterion unreliable.”® The amide proton CSD-AJAT correlation plot has been
proved to more accurately evaluate hydrogen bonding in peptides.94 The correlation plots
in the format recommended by Andersen and coworkers™ for all the peptides in this

study are illustrated in Figure 4.2. The chemical shift deviations were derived from the
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spectra acquired at the lowest temperature (15 °C) in this study. The random coil shift
values are for 25 °C** and were corrected using the average “coil state” amide proton
temperature coefficient (-7.6 ppb/"C).178 Good correlation (correlation coefficient R =
0.77) was obtained for VJH085 but less correlation (R = 0.54-0.57) for MTII, SHU9119
and MK35 with the slopes of the least-squares line equal to -2.1 to -3.8 ppt/°C (Figure 4.2).
The least correlation with a similar slope (R = 0.39, slope = -3.8 ppt/°C) in which the
point corresponding to the Arg8 amide proton was an extreme outlier was found for MK9
(Figure 4.2e). However, the correlation (R = 0.997) improved tremendously and the
slope (-12.4 ppt/°C) became much steeper if the outlier point was excluded (Figure 4.2¢e).
To identify any case of hydrogen bond formation, we used the cutoff line defined by
AJAT = -2.11 — (CSD-2.4) which provided the best differentiation of hydrogen bonded or
other sequestered amide protons.94 No entries in all the peptides lie below this line, again
suggesting that no hydrogen bonds occurred in our peptides. However, the amide proton
of His® in MTII lies below the less strict cutoff line corresponding to AJAT = -4.4 —
(CSD-7.8),”* implying that the His® amide proton in MTII might be involved in hydrogen

bonding or shielded from solvent due to other effects.
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4.3.3 Analysis of structural elements

In addition to the temperature coefficients discussed above, structural insights can
also be obtained from coupling constants *Jun.ne NOE connectivity patterns between

94174 or chemical shift indices

backbone protons, and chemical shift deviations (CSD)
(CSI)%’173 of backbone protons. However, care must be taken in deriving structural
information for peptides from these NMR parameters which are usually significantly
averaged. Inconsistency between these NMR parameters may occur due to the strongly
non-linear geometry dependence of the motional averaging of different NMR

® Nonetheless, these data can be readily obtained and are still widely used

parameters.'’
in studies of protein and peptide structures.

For all the peptides in this study, the H™ and H" chemical shift deviations were
calculated using the random coil chemical shift values reported by Andersen and co-

24150 and are plotted in Figure 4.3. It must be pointed out that to the best of our

workers
knowledge, no reference values have been reported for D-Phe and D-Nal(2'). However,
it was found that the random coil values of D-Pro were essentially the same as those of L-
Pro in the small random coil peptides Ala-L/D-Pro-Ala (unpublished data, N. H.
Andersen, personal communication). It thus should be reasonable to use the reference

values of L-Phe for D-Phe. The same values were also used for D-Nal(2'), which may

result in less accurate CSD values for this unnatural residue.
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Figure 4.3 Chemical shift deviations (CSD) from the random coil shift values for (a) S
and (b) H* resonances at 25 °C: filled bars: MTII; cross hatched bars: VIJHO85;
downward hatched bars: SHU9119; upward hatched bars: MKS; open bars: MK9. The

considerable non-zero H" and H* CSD values indicate the non-random, though not

standard, structures of these peptides.
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Using the criteria’ for assigning the secondary structure through the H* CSI
values, no standard o-helix or B-sheet structures were found in these peptides, as can be
seen from Figure 4.3b. Nonetheless, it is noticeable that the H" and H* chemical shifts of
a number of residues in these peptides displayed considerable deviations from the random
coil values as shown in Figure 4.3, indicating existence of nonrandom, though not
standard, structures in these small but conformationally constrained cyclic peptides.

The temperature effect of the H" chemical shift deviations of all the peptides in
this study is shown in Figure 4.4. At temperatures other than 25 °C, the H" random coil
reference values were corrected using a gradient of -7.6 ppb/"C.178 As can be seen from
Figure 4.4, for the D-Phe’-containing melanocortin agonists MTII and VJHO8S, the H~
CSD values of residues D-Phe’, Arg®, Trp’, and Lys'® uniformly move toward zero with
increasing temperature. The same temperature dependence pattern was obtained for Trp9
in all D-Nal(2')’-containing analogues and for D-Nal(2")’ in the "IMC3/4R antagonists
SHU9119 and AMC3R antagonist MK9, but not in the hAMC4R partial agonist MKS.
However, a very different pattern was found for Arg8 in SHU9119, MKS5, and MK9. As
temperature increases, not much change occurred to the H" chemical shift deviations of
Arg® in SHU9119 and MKS5 (Figure 4.4c,d), while the H" chemical shift deviations of

Arg® in MK9 continuously and dramatically moved away from zero (Figure 4.4e).
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Figure 4.4 Effect of temperature upon the HY
chemical shift deviations of (a) MTII, (b)
VJHOS8S5, (c) SHU9119, (d) MK5, and (e) MKO9:
filled bars: 15 °C; cross hatched bars: 25 °C;
upward hatched bars: 35 °C; open bars: 55 °C.
Prior to calculating the CSD values at
temperature other than 25 °C, the random coil
values for each residue were corrected using a
gradient of -7.6 ppb/°C. It is evident that the
Arg® effect the D-Phe’-
MTI and VIJHO85
different from that in the D-Nal(2')’-containing

analogues SHU9119, MK35, and MKO9.

temperature in

containing agonists is
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The sequential NOE connectivity and the 3JHN~H(1 coupling constants of all the
peptides are illustrated in Figure 4.5. No unambiguous medium- or long-range backbone
NOE connectivities were found in the ROESY spectra of these peptides. However, all
don(i,i + 1) and most dpn(i,i + 1) NOEs were observed with different intensities. It must
be noted that no peptides showed a dun(i,i + 1) NOE between His® and D-Phe’/D-Nal(2')’,
which is expected with a medium intensity for the two central residues in the type I or
type I' turn.’™  This clearly indicates that if a turn spans these two residues, the turn is
unlikely to be in the type I family, though this turn type was reported for other MTII
analog:»;ues.143 144 Observation of a strong dun(i,i + 1) NOE between His® and D-Phe’ and
a medium dnn(i,i + 1) NOE between D-Phe’ and Arg8 in MTII (Figure 4.5) is consistent

" of an ideal type II B—turn,142 but more evidence is required to

with the NOE pattern18
clearly define the turn type at this position.

As can be seen from Figure 4.5, the *Jun.no coupling constants for all residues
except Nie* in SHU9119 and Lys® in all the peptides were within the range of 6 to 8 Hz.
This may be due to either the conformational averaging of the peptides in solution'®* or
adoption by the peptide backbones of the torsion angles giving coupling constants within

this range. It is thus very difficult to derive any reliable structural information from these

3 Janue values without other data.
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Figure 4.5 Diagram of 3]}1;\;_}1Oc coupling constants and sequential NOE connectivities
observed in the ROESY spectra for (a) MTIIL, (b) VIHO8S, (c) SHU9119, (d) MKS5, and
(e) MK9. No unambiguous medium or long-range NOEs were observed. The thickness

of the boxes indicates the relative intensities of the ROESY cross peaks.
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4.3.4 %1 Rotamer population distribution

Using the equations described in MATERIALS AND METHODS, the side chain
x1 rotamer populations were calculated for residues whose 3 JHo-np coupling constants can
be measured in our study. The results are listed in Table 4.2. The population for the
trans conformation cannot be differentiated from that for the gauche(-) in L-amino acids
or the gauche(+) in D-amino acids. This is because the stereospecific assignments of 2k
protons9 cannot be unambiguously made on the basis of 3JHQ_H(5 coupling constants and
intraresidue NOEs involving the H", H*, and HP protons due to either overlap of the
relevant ROESY cross peaks or observation of incompatible NOE patterns and SJHQ.Hﬁ

coupling constants with those expected for ideal ); conformations.

Table 4.2 Population of side chain rotamers along the % angles

rotamer population (%)“

MTII VJHO85 SHU9119 MK35 MK9
residue t/g- g+ tlg- g+ tlg- g+ tlg- g+ tlg- g+
Asp’  44/32 24 - - 44/36 20 - - - -
His® 46/29 25 46/29 25 42/16 42 42/29 29 42/33 25
Trp’ 40/38 22 46/38 16 42/21 37 55/38 7 41/39 20

t/g+ g- tlg+ g- tlg+ g- Hg+ g- tg+ g-
D-Phe’  59/25 16 4229 29 - - _ - _ _
D-Nal(2")’ - - - - 63/25 12 46/29 25 49/44 7

“ t stands for the trans rotamer along the y, angle, g- for gauche(-), and g+ for gauche(+).

t/g- or t/g+ indicates that no differentiation was made between the two rotamers.
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Without the differentiation between the trans and the gauche(-) or the gauche(+),
care must be taken in comparing the rotamer population distributions shown in Table 4.2.
Although most residues displayed an apparently similar rotamer population distribution
in different analogues within the estimated experimental error (+5%), the similarity must
be further examined. For His® in SHU9119, two rotamers were equally populated, while
a conformational preference for either trans or gauche(-) was obtained for this residue in
the other peptides. For Trp9 in MKS5, the gauche(+) conformation was insignificantly
populated (only 7%), as was the D-Nal(2")’ in MK9. For the residue at position 7, the
trans or gauche(+) were more populated in MTII and SHU9119 than in the other peptides,
but no significant difference in rotamer populations for trans/gauche(+) versus gauche(-)
was found between D-Phe’ in MTII and D-N 211(2’)7 in SHU9119. Overall, the data shown
in Table 4.2 suggest side chain flexibility in these residues due to rotation around the %,

angles.

4.3.5 Structure determination and description

The number and type of NOE distance restraints are summarized in Table 4.3. On
average, there were 15 to 17 distance restraints per residue available for structure
determination. In addition, dihedral angle restraints including one “extended” ¢ angle (-
150 to -90°) for Lys', several “negative” ¢ angles (-179 to -1°) for L-amino acids, and
one “positive” ¢ angle (1 to 179°) for D-Phe’ or D-Nal(2")” were used in all the peptides.

No NMR experimental evidence for a cis-peptide bond was found in these analogues. In
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the force field used for the structure calculation, the peptide bond was constrained to the
trans-configuration by improper angles with a large force constant (500 kcal mol™ rad™).
As a result, no additional ® dihedral angle restraints were needed in the structure

calculation.

Table 4.3 Summary of NOE distance restraints for melanotropin analogues

MTII VJHO85 SHU9119 MK5 MK9

intraresidue 80 70 87 82 82
sequential 18 15 18 16 15
medium 3 1 3 1 0
long” 3 2 2 3 5

total 104 88 110 102 102
restraints/residue” 15 15 16 17 17

“ The long range NOEs were between Asp® and Lys'® in MTII and SHU9119 or between
the linkers and Lys'®, which were actually connected with each other through a lactam
structure. They are thus essentially sequential NOE:s. ’ The linkers in VIH085, MK3,

and MK9 were counted as one residue.

For each peptide, the 20 structures with the lowest restraint energies after the
Cartesian MD refinement in a water box were used to represent its structure in solution.
Statistics for these NMR structures of each peptide are given in Table 4.4. The average
NOE restraint violation energies are very low (from 0.1 to 1.0 kcal mol"). No NOE
distance violation greater than 0.3 A occurred and only a very small number of violations
between 0.1 to 0.3 A were obtained (Table 4.4). The angular order parameters S(¢) and

S(y) of the backbone dihedral angles (¢, \[!)95 are plotted for each residue of all the

peptides in Figure 4.6. The S(¢) values for each residue in different peptides were similar,
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as can be seen in Figure 4.6a. However, the S(y) values for several residues in SHU9119,
D-Nal(2')’ in MKS5, and Arg® in MK9 shown in Figure 4.6b were very low, indicating
less order of the backbone in the D-Nal(2')’-containing peptides. To investigate the
effects of replacing D-Phe’ with D-Nal(2")’ on the side chain topographical properties,
the angular order parameters S(x;) and S()2) of the side chain dihedral angles ()1, X2) for
D-Phe’ or D—Nal(2')7 also were calculated in a similar manner. The results are shown in
Figure 4.7. A decrease in the angular order parameters of both S(j1) and §()2) is evident
from the D—Phe7—containing analogues (MTII and VJHO8S) to the D-Nal(2’)7—c0ntaining
analogues (SHU9119, MKS5, and MK9). These observations reveal that the substitution
of D-Phe’ by D-Nal(2')" resulted in less order of the aromatic side chain at position 7 in
the cyclic o-MSH analogues.

The 20 lowest restraint energy structures of MTIL, VIH085, SHU9119, MKS35, and
MKO9 are illustrated in stereo in Figure 4.8, superimposed on the minimized mean
structure of each peptide using the backbone heavy atoms of His® through Trpg. The
structures within the message sequence were well defined, as indicated by the low (rmsd)

values of the superimposition.
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Table 4.4 Structural statistics for melanotropin analogues

MTH VIHO085 SHU9119 MKS5 MK9
rms deviation from distance restraints (A)

all NOEs 0.014 £0.002 0.011£0.001 0.016+0.003 0.003+0.002 0.011+0.002
NOE distance restraint violations (A)

>0.1 A 0.35£0.57 0.05£0.22 0.10£0.30 0 0.15£0.36
>03A 0 0 0 0 0
rms deviation from ideal geometry
bond (A) 0.0033 0.0034 0.0034 0.0033 0.0036
1 0.0002 +0.0003 +0.0002 + 0.0002 + 0.0003

angle (°) 0.37x0.05 0.37+0.03 0.43 £0.06 0.39+0.05 0.44 +0.06
impr (°) 0.90+0.25 0.79 £ 0.28 1.22+0.30 0.91 +£0.26 094 +0.34
Energies (kcal mol™)”

NOE’ 1.0£0.3 0.5+0.1 1.5+0.5 0.1£0.1 0.6%0.2
bond 1.6+0.2 1.4+0.2 1.8+0.3 1.4+£0.2 1.7+0.3
angle 57%1.6 45+08 8.1+2.3 54%1.5 6.9+1.8
impr 13.0+64 9.1+x6.5 26.2+13.2 13.0+7.1 14.7 £10.7
dihedral 345%+19 27214 36.2+2.1 268+ 1.1 30023
vdW* -51.1%1.8 42.1%+1.7 -52.8+2.5 -42.8+ 1.7 -44.1 £ 3.1
elec 2006 £11.5 -156.7+93 -1935%x156 -1456%+94 -141.4%+99
total -196.9 £ 13.7 -1565+£122 -173.9+217 -1419+123 -132.0+154
Atomic rms deviation (Z\) from average for backbone atoms (N, C%, C")
all res. 1.45 +£0.69 0.62+£0.22 1.39 £ 045 0.47+0.10 0.54+£0.15
Atomic rms deviation (A) from average for all non-hydrogen atoms
all res. 1.89 +£0.55 1.73 £0.35 3.03+0.92 2.03+£0.52 2.35+0.48

“ Calculated using the modified PARALLHDG force field™ " in ARIA1.2.
b Calculated with a force constant of 50 kcalmol™! A2, ¢ Calculated with a full Lennard-

Jones potential using the hybridized OPLS/CSDX non-bonded param«:ters.172
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Figure 4.6 Angular order parameters for (a) ¢ and (b) y for all residues of the peptides in
this study: open circles: MTII; open squares: VIHO85; open diamonds: SHU9119;
crosses: MKS5; open triangles: MK9. The angular order parameters for a given dihedral
angle o are defined as S(a) = N [Z;04| where j = 1, ... N indicates the various structures,
and o is a 2D unit vector whose phase 1s equal to the dihedral angle.”® The overall lower

S(y) values suggest the less backbone order of the D-Nal(2")-containing analogues.
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Figure 4.7 Angular order parameters for y; (filled bars) and %, (upward hatched bars) for

the residue at position 7 of all the peptides, which were calculated in the same manner as

described above for the backbone angular order parameters. It is evident that the side

chain of D-Phe’ in MTII and VJHO85 is more highly ordered than that of D-Nal(2')” in

SHU9119, MK35, and MKS9.
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Figure 4.8 (To be continued)
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D-Nal(2)’

Figure 4.8 Stereo diagrams of the 20 ensemble backbone structures with the lowest
restraint energy for (a) MTII (rmsd = 0.35 £ 0.14 A), (b) VIHO85 (rmsd = 0.53 £0.19 A),
(c) SHU9119 (rmsd = 0.79 £ 0.33 A), (d) MKS5 (rmsd = 0.58 + 0.12 A), and (¢) MK9
(rmsd = 0.87 + 0.10 A), aligned on the minimized averaged structure using the backbone
heavy atoms of His®, D-Phe’/D-Nal(2’)’, Arg®, and Trp®. For clarity, the side chains, the
ring closure, and the hydrogen atoms are not displayed. Due to the fraying end in the N-
termini of the SHU9119 structures, the backbone atoms of N le* in 14 structures only with
consensus orientations are shown in panel (c). The carbon atoms are shown in cyan,
nitrogen atoms in blue, and oxygen atoms in red. The structures around the message
sequence is reasonably well defined and the B-turn structures are evident. The figure was

produced using VMD?® and Raster3D.”’
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4351 MTI

The backbone structures of MTII are shown in Figure 4.8a. Reverse turns may be
defined'® as four consecutive non-helical residues that have a C*()-C%(i + 3) distance
less than 7 A. With this definition, a reverse turn structure that involves Asp’ to Arg® can
be clearly identified in MTII because the distance between the C* atoms of the two
residues in the ensemble structures is below 6 A. Examination of the backbone dihedral
angles at His® and D-Phe’ in the 20 ensemble structures of MTII showed that this turn
structure most closely resembled a type II B—tum,142 though deviations from the standard
dihedral angles for this type of B-turn occurred, as exemplified by the dihedral angles (¢
=-108°, ys = 109°, ¢ = 84°, y7 = 0°) in its lowest restraint energy structure. In addition,
no hydrogen bond between the amide hydrogen of Arg8 and the carbonyl oxygen of Asp5
was found using the default criteria (N-O distance cutoff 3.0 A and N-H-O angle cutoff
20°) in the software VMD,96 consistent with the results from the amide proton CSD-
AJAT correlation analysis™ described above. However, a hydrogen bond involving His®
H", implied from the same analysis using the less strict cutoff line, did not occur in the
ensemble structures. It is noteworthy that the position of the B-turn in our MTII
structures agrees with that previously reported for o-MSH, 118 MTT, %™ and other

143,144

melanotropin analogues in various studies.

For turns in peptides and proteins, the side chain orientations can be considered

142

with respect to the pseudo-plane defined by the turn backbone. ™ In a type I B-turn, the

side chains of the two central residues (i + 1 and i + 2) are oriented equatorially and
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axially down." Analysis of our structures showed that this was the case for residues
His® and D-Phe’ and that a good stacking of the two aromatic side chain groups was
obtained, as illustrated by the lowest restraint energy structure of MTII in Figure 4.9.
The side chains of Arg® and Trp® are located at the opposite sides of the plane, with the
Arg® side chain pointing up and the Trp’ side chain down (Figure 4.9). These side chain
dispositions result in an amphiphilic molecular surface around the message sequence in
MTII, which agrees with the biologically active conformational model™*' previously

proposed for o-MSH and its analogues.

Figure 4.9 Stereo ribbon representation of the lowest restraint energy structure of MTII
with the side chain heavy atoms of the message sequence residues displayed. The
stacking between His® and D-Phe’ aromatic rings and the amphiphilic arrangement of the
message sequence side chain groups are clearly illustrated. The figure was produced

using VMD?®® and Raster3D.”
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4.3.5.2 VJHO085

The backbone structures of VIHO85 are shown in Figure 4.8b. The sequence of
this peptide slightly differs from MTII only at the N-terminus. Both peptides contain a
23-membered ring. If we consider the succinyl linker in VIHOS8S as a special residue (an
Asp without the amino group attached to the C* atom) and use the C*()-C*(i + 3)
distance (< 7 A) criteria'® for reverse turns, this analogue also has a reverse turn
structure spanning His® and D-Phe’. The backbone dihedral angles for the two residues
in the lowest restraint energy structure of VIHO85 were ¢ = -141°, yg = 105°, ¢; = 90°,
and y; = 31°, deviating more than those in MTII from an ideal type II B-turn.'* In the
absence of Nle* and other groups at the N-terminus of VJHOS8S5, the succinyl linker is
presumably more flexible than the corresponding residue Asp’ in MTII, which may lead
to the significant difference in the ¢ angles of His® between the two peptides. It is also
noteworthy that the side chain orientation of His® in VIHO85 differs from that in MTIL
Totally 18 structures out of 20 were found to adopt the trans conformation along the
angle of His® in VIHO85, while the gauche(-) conformation is more preferred in MTII (12
out of 20), which may be consistent with the calculated populations shown in Table 4.2.
This leads to a better stacking between the His® and D-Phe’ aromatic rings in VIHO85
than in MTIL Despite these differences between the two analogues, the overall backbone
structures and side chain dispositions are still quite similar. The backbone rmsd between

the two peptides for residues His® through Trp9 is reasonably low (1.05 A). The
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amphiphilic side chain arrangement of the message sequence residues in MTII also

remains in VJHOS85.

4.3.5.3 SHU9%119

The backbone structures of SHU9119 are shown in Figure 4.8c and can be best
described in comparison to the MTI structures in Figure 4.8a. The alignment of the
lowest restraint energy structures of the two peptides using the backbone atoms of His®,
D-Phe’/D-Nal(2'y’, Argg, and Trp9 is illustrated in Figure 4.10a. The backbone rmsd for
these residues between the two peptides is quite low (0.43 A), suggesting a similarity in
the overall backbone conformations of the two analogues around the message sequence
region. As in MTIIL, a reverse turn involving His® and D-Nal(2")’ was obtained in
SHU9119 with some dihedral angle deviations (¢ = -90°, Y = 49°, ¢y = 82°, and Y7 = 6°
in its lowest restraint energy structure) from a standard type II B-turn.'** As evident from
Figure 4.10a, however, the backbone orientation of Nle* and Asp’ of SHU9119 differs
from that of MTIL. This structural difference can be attributed to the stronger
hydrophobic interactions between the side chains of Nle* and D-Nal(2')” in SHU9119, as
supported by the observation of several ROESY cross peaks between the side chain
hydrogens in these two residues. As a result, the relative spatial orientations of the His®
and D-Nal(2’)7 side chains in most structures of SHU9119 were different from those in

MTII and the stacking between the two aromatic groups in MTII was not observed in

SHU9119. It also was found that the side chains of Nle* and D-Nal(2')’ are located on
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the same side of the B-turn pseudo-plane as the TI'p9 side chain in most structures, though

on the other side with Arg® in the other few structures of the SHU9119 ensemble.
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Figure 4.10 Comparison of the lowest restraint energy structures of (a) SHU9119 (carbon
atoms in orange) and MTII (carbon atoms in cyan; rmsd = 0.43 A), (b) MK5 (carbon
atoms in orange) and VJHO85 (carbon atoms in cyan; rmsd = 0.62 A), and (c) MK9
(carbon atoms in orange) and SHU9119 (carbon atoms in cyan; rmsd = 1.89 A), aligned
on backbone heavy atoms of residues 6 to 9. The nitrogen atoms are colored in blue and
oxygen atoms in red. Residues Nle* through Trp’ only are shown in panel (a), while
residues His® through Trp9 only are shown in panels (b) and (c). The figure was

produced using VMD?® and Raster3D.”’
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4.3.5.4 MK3S

The backbone structures of MKS5 are shown in Figure 4.8d. As SHU9119
resembles MTIL, MKS5 differs from VIHOS8S5 only at position 7 with D-Phe replaced by D-
Nal(2'), providing another example of how such replacement affects the structures. A
structural comparison between MK5 and VIHO85 showed that both peptides have similar
backbone structures, as suggested by the backbone rmsd (0.62 A) for His® through Trp’
between the two peptides (Figure 4.10b). A distorted type IT B-turn spanning His® and D-
Nal(2')7 (d6 = -106°, ye = 102°, ¢7 = 95°, and Y7 = 14° in the lowest restraint energy
structure) was observed in MKS. However, the side chain relative orientations between
residues 6 and 7 in MKS5 considerably differed from those in VJHO085. Although the
gauche(+) conformation dominated for D—Phe7/D—Nal(2’)7 in both analogues, the trans
and gauche(-) conformations were preferred for His® in VIH085 and MKS5, respectively.
These side chain conformations may agree with the 3JHa-HB—derived side chain
preferences shown in Table 4.2. As a result, no stacking between the two aromatic
groups was obtained. The lowest restraint energy structure of MKS was also compared to
that of SHU9119 around the message sequence region. The comparison did not show a

significant difference in both the backbone and the side chain conformations.
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4.3.5.5 MK9

The backbone structures of MK9 are shown in Figure 4.8e. Different from the
other analogues under study, this cyclic peptide has a larger ring (24 members). The
increase in the ring size presumably results in more flexibility of the peptide. As evident
from Figure 4.8e, two distinct backbone structures with a different population were
obtained for Argg. Nonetheless, if we consider the linker as a special residue, a reverse
turn can be identified to span His® and D-Nal(2')’ in both populated structural families.
The dihedral angles (¢ = -73°, We = 31°, ¢; = 121°, and y; = -82° in its lowest restraint
energy structure) of the turn fit the criteria for a type IV B-turn defined by Scheraga and

¥ Examination of the side chain orientations did not show a good stacking

coworkers.!
between the two aromatic rings at positions 6 and 7. As can be seen from the structural
alignment between MK9 and SHU9119 in Figure 4.10c (backbone rmsd for residues His®
through Trp9 = 1.89 A), the side chain dispositions of several residues in MKO9
appreciably differ from those in SHU9119. In comparison to the D-Nal(2")’ side chain
orientations in SHU9119 and MKS5, more structures in the ensemble of MK9 have the D-

Nal(2')” aromatic ring orienting toward the same direction of the Arg8 side chain, leading

to the most upfield shift observed for the Arg® HY protons in MK9 (Table 4.1).
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4.4 Discussion

4.4.1 Relationships between the calculated structures and NMR observables

The structures of all the peptides shown in Figure 4.8 contain B-turns spanning
His® and D-Phe’/D-Nal(2')’, which agrees with the findings in other

studjes, 141143 144,146,184 Though the turn in MKO9 can be classified as a type IV B-turn,]83

the turn in the other peptides best fits the criteria for an ideal type II B-tum142 with some
backbone dihedral angle deviations to different extents in the different peptides. Such
turn structures agree with the absence of a dnn(i,i + 1) NOE between His® and D-Phe’/D-
Nal(2)’ (Figure 4.5), the two central residues in a type II B—tum.lSl However, it is noted
that the NOE connectivity patterns around the turn residues observed for all the peptides

' This is not

(Figure 4.5) do not completely fit the ideal pattern for a type 1l B-turn.'®
unusual in peptides undergoing conformational averaging. In the calculated structures of
all the peptides, no i + 3 — i hydrogen bond was found for the turn structure centered at
His® and D-Phe’/D-Nal(2")’, which is consistent with the hydrogen bonding results from
the amide proton CSD-AJAT correlation analysis.”® The turn structure distortion is not
unusual because the examination of many protein crystal structures'® has shown that B-
turns do not always follow the hydrogen-bonding requirements and that considerable

BLI28 often occur. In the case of all the

dihedral angle deviations from ideality
peptides under study, this distortion may be responsible for not observing the dn(i,i + 2)

NOE between His® and Arg® (Figure 4.5) expected for an ideal B-turn.'® The absence of
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such NOE in other type Il B-turn structured peptides at high temperature also was
reported, which was attributed to a decreased population of the structured forms or to a
lowered residence time in the B-turn structure.'®®

A more upfield shift was observed for the H*' proton of His® in all the D-Nal(2")'-
containing analogues SHU9119, MKS5, and MK9 than in the D-Phe’-containing peptides
MTII and VJHO085, while the H proton was shifted upfield to a similar extent in all the
peptides (Table 4.1). These upfield shifts of the His® side chain protons can be attributed
to the ring current effects of the proximal aromatic group at position 7. The difference in
the upfield shift patterns between the H*' and H® protons of these analogues suggested a
different relative orientation between the aromatic rings of His® and D—Phe7/D-Nal(2')7,
though it is difficult to obtain any clearer spatial relationships from these chemical shift
data. Observation of the aromatic stacking between His® and D-Phe’ in the D-Phe’-
containing peptides MTII and VIHO85, but not between His® and D-Nal(2") in the D-
Nal(2’)’-containing peptides SHU9119, MKS5, and MK, is consistent with the implied
difference in the side chain dispositions. Further insights into the side chain orientation
of D-Nal(2')’ may be obtained from the larger upfield shift of the Arg® side chain protons
(particularly HY protons) in the D-Na1(2')7-containing analogues than in the D-Phe’-
containing analogues. It is particularly striking to note that an upfield shift as large as
0.81 ppm was found for the H' protons in MK9. Although the difference in the extent of
the upfield shift between the D-Nal(2'y’- and D-Phe’-containing peptides may be due to a
larger ring current produced by D-Nal(2")’ than D-Phe’, examination of our NMR

ensemble structures indicated that structures with the D—Nal(?.’)7 side chain orienting
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toward the Arg8 side chain (i.e. trans rotamers) were somewhat populated in MKS5, and
largely populated in SHU9119 and MK9. However, such a side chain orientation was not
obtained for D-Phe’ in MTII and VIHO85. 1t is worthy of mention that similar upfield
shifts of the Arg® HY protons have been previously reported for other a-MSH analogues
in D,0,">"* but not for MTI and SHU9119 in methanol.'*’ The D-Phe’/D-Nal(2')’ side
chain orientations in our calculated structures are in general agreement with the chemical
shift deviations of the side chain protons as discussed above.

To investigate what interactions may be responsible for the side chain
topographical difference between D-Nal(2’)’ and D-Phe’ described above, we also

calculated %1/y> potential energy surfaces for Ac- D-Nal(2')-NHMe and Ac-D-Phe-

NHMe (data not shown). It is interesting to note that the %1/%» potential energy surfaces
for these two amino acids were almost identical, indicating no difference in the intrinsic
topographical properties of the two aromatic residues. It can thus be concluded that the
side chain topographical difference between D-Nal(2")' and D-Phe’ observed in our
peptides results from different interactions of D-Nal(2)’ or D-Phe’ with other residues
due to their different size and hydrophobicity.

It has been suggested that the best HY CSD-AJAT correlation is obtained if
structuring which leads to chemical shift deviations from random coil values is easily lost
upon Warming.94 This is usually the case for peptides (e.g. endothelin and apamin
analogues,”* R > 0.70 and slope = -6.5 to -8.2 ppt/°C) undergoing conformational
averaging between a cooperatively formed single structure and a random coil state.” For

proteins and rigid peptides in which structuring is not so temperature dependent, much
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less correlation with smaller slopes is found.”* In MTII, SHU9119, and MKS5, low
correlation coefficients (R = 0.54-0.57) with small slopes (-2.1 to -3.8 ppt/°C) were
obtained, implying the least temperature dependent structure tramsition upon warming.
However, better correlation (R = 0.77) was found in VIHO85. In MKS9, the correlation
was much poorer due to the extreme outlier from Arg8 (Figure 4.2e). The outlier may
result from the D—Nal(2')7 aromatic ring conformational transitions which do not lead to
the random coil value at Arg® with increasing temperature.94 This is in agreement with
the observation of the significantly more negative CSD value (moving away from zero)
for Alrg8 in MK9 upon warming (Figure 4.4e). Exclusion of the point from Arg® yielded
a much steeper line (slope = -12.4 ppt/°C) with much better correlation (R = 0.997,
Figure 4.2e), suggesting conformational averaging between a single structure and a
random coil state in MK9. This may explain why MKO9 has at least two distinct backbone
structures populated in its NMR ensemble (Figure 4.8e). It is interesting to note that the
slight increase in the ring size leads to very different conformational averaging modes of

the peptides.

4.4.2 Structure activity relationships

The observation of a B-turn in both melanocortin agonists and antagonists
supports the structural hypothesis of a reverse turn within the message sequence region as
previously proposed,’™!* and suggests the importance of the turn structure in

melanocortin receptor-ligand interactions. The amphiphilic molecular surface around the
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139-141
L,

message sequence residues, consistent with the previous mode presumably

facilitates the electrostatic interactions between Arg® in the a-MSH analogues and the

2

complementary residues of the receptors (e.g. the TM3 residue of As.p12 in the
AMC4AR' 8y and  the hydrophobic interactions'™ between the ligands and the
melanocortin receptors. The B-turn structure also leads to a good stacking between His®
and D-Phe’ aromatic rings in the D-Phe’-containing agonists MTII and VJHO085 (Figure
4.9), but not between His® and D-Nal(2’)7 aromatic rings in the D—Na1(2’)7—containing
partial agonist and antagonists (Figure 4.10c), which agrees with the difference in the
side chain orientations suggested by the His® and Arg8 side chain chemical shift
variations (Table 4.1). These results indicate that very different side chain dispositions of
residues at positions 6 and 7 due to the replacement of D-Phe by the bulkier aromatic
residue D-Nal(2') at position 7 may be responsible for the partial agonist or antagonist
activities for the AMC3/4R of the D-Nal(2")’-containing peptides. The decreased order of
the side chain in D-Nal(2')’ in comparison to D-Phe’ (Figure 4.7) and the overall lower
S(y) angular order parameters (Figure 4.6b) for the D—Nal(2’)7-containing analogues
imply that not only the side chain structural but also the backbone and side chain
dynamics differences may contribute to the different biological activities of the a-MSH
analogues, consistent with the idea that agonists and antagonists interact differently with
the same receptor. It is particularly noteworthy that the temperature effect of the Arg® HY
CSD values in the D—Na1(2')7-containing analogues is considerably different from that in
the agonists MTII and VIHO85 (Figure 4.4), which may be due to the difference in the

side chain conformational equilibria of D-Nal(2")’ and D-Phe’.
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The K; values of VIHO85 are 77, 5.7, and 660 nM at the A/MC3R, IMC4R, and
hMCS5R, respectively,’” leading to higher AMC4R selectivity than MTIL In comparison
to MTII, VJHOS85 has a similar backbone structure, but more structures in the VIHO85
ensemble adopted the frans conformation around the His® 7, angle to produce a side
chain stacking between His® and D-Phe’, implying that the His® side chain orientation
leading to a stacking with the aromatic ring at position 7 may result in the AMC4R

selectivity. This supports the hypothesis suggested previously'®®

that the receptor
selectivity is modulated by the side chain orientations at position 6. Similarly, the
AMC3R selectivity of the antagonist MK9 may be explained by the more preferred
orientations of D-Nal(2')” toward the Arg® side chain. The receptor selectivity of the
antagonists may also be affected by other factors. Our data suggest that MK9 is more
flexible than the other peptides. This increased flexibility may allow the AMC3R to

induce the MK9 structure more easily for best binding than the other human melanocortin

receptors.
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4.5 Conclusion

Similar backbone structures with a reverse turn spanning His® and D-Phe’/D-Nal(2')” and
an amphiphilic molecular surface around the message sequence region of the cyclic o-
MSH analogues were obtained in our study. In the agonists MTII and VJHO8S, the turn
structure leads to a stacking between the aromatic rings of His® and D-Phe’, while such
stacking is absent in the D-Nal(2')'-containing antagonists and partial agonist. These
results found in our NMR structures are consistent with the different side chain
dispositions suggested by the different upfield shift patterns of His® H*! and H™ protons
between the D-Phe’- and D—Nal(2')7-containing analogues and the more upfield shift of
the Arg® HY proton in the D-Nal(2')’-containing analogues (Table 4.1). The side chain
topographical difference may be responsible for the agonist activity of the D-Phe’-
containing peptides MTII and VJHO8S and the reduced potency or antagonist activity of
the D-Nal(2')’-containing peptides SHU9119, MKS5, and MK9. The side chain
orientations as well as the side chain and backbone dynamics difference may also
modulate the receptor selectivity of the melanocortin ligands. The information found in
this study will be useful to the further design of novel melanotropin peptides and

peptidomimetic ligands.
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CHAPTER 5
NMR STRUCTURE-BASED DESIGN AND SYNTHESIS

OF NOVEL MELANOTROPIN PEPTIDES

5.1 Background

The idea of applying conformational constraints to flexible peptides has
revolutionized peptide-based molecular design.lgg'191 However, information on how and
where to apply the constraints is not always readily available and must specifically
depend on the peptides under study. This is where insights from structural studies of
peptides using NMR and other techniques come into play.’ LIBI92 The NMR structures
of MTII and others described in Chapter 4 can be useful to design new o-MSH analogues.
Despite the conformational difference observed, most of the melanotropin peptides were
found to contain a type II B-turn structure spanning residues 6 and 7 distorted to a
different extent. In principle, the design of new analogues should target mimicking not
only the conformations of the backbones, but also the dispositions of the side chains in
the melanocortin agonists and antagonists. However, it should be noted that it is
generally much easier to control the backbone conformations in peptide design, and that
the backbone structures often interplay with the side chain dispositions, leading to a
somewhat deterministic effect of the backbone conformations on the side chain

orientations. It thus was reasonable to focus the design on mimicking the backbone
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structures of the lead peptide ligands for melanocortin receptors. The peptides chosen in
our previous study do not exhibit much selectivity for certain receptor subtypes in the
melanocortin system.52 As a result, little information was available on the ligand
structures preferred by the different subtypes of the melanocortin receptors, presenting a
challenge in the design of new peptides with high receptor selectivity. In general,
however, the structure preference of one receptor over another still may be differentiated
and probed by designing new more rigid peptides containing stronger conformational
constraints (e.g. further ring contractions of cyclic peptides). The NMR structure-based
design and synthesis of new 0-MSH analogues thus may serve as not only a test of our
structural model of melanocortin ligands, but also a way to search new biologically

unique and receptor selective peptides.

5.2 NMR Structure-Based Design of New Peptides
5.2.1 Design of new a-MSH analogues with a disulfide bridge

A careful examination of the MTII NMR structure showed that the H? protons of
Asp5 and Arg® were in close proximity in space (Figure 5.1), as verified by observation of
the weak inten’esiduaerOESY cross peaks between these protons. It thus was reasonable
to replace one of the two hydrogen atoms in each residue with a sulfur atom, and then to

use a disulfide bridge for the conformational restriction, in place of the original
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conformational constraint via the lactam bridge in MTIL As a result, Asp5 became Cys5 ,
while the Arg derivative (3R)-thio-Arg® instead of Arg® was needed. The design led to
the 5-residue 14-member cyclic peptide, Ac-c[Cys-His-D-Phe-(3R)-thio-Arg]-Trp-NH» 1
(Figure 5.2), a smaller cyclic peptide with a more rigid ring than MTI. The lowest
energy structure of peptide 1 in the Monte Carlo conformational search was compared to
the MTII NMR structure as shown in Figure 5.3. The low backbone rmsd value for the
superposition using the backbone atoms of the message sequence residues (0.76 A)
suggested a structural similarity between peptide 1 and MTII. Unfortunately, a multi-step
synthesis (more than 10 steps from Sharpless asymmetric oxidation) and 4 orthogonal
protecting groups are required to synthesize P-thio-arginine. Thus, it would not be easy
to synthesize a large amount of this chimeric amino acid using the methods previously

. 193,194
developed in our group. 9319
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Figure 5.1 The representative NMR structure of MTII (the backbone is represented in
ribbon and the side chain atoms in ball-and-stick). It can be clearly seen that the HP

atoms (colored in white) in Asp’ and Arg® are in close proximity in space. The figure

was produced using Molscriptloo and Raster3D.”
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Figure 5.2 The structure of peptide 1 designed based on the MTII NMR structure.

Figure 5.3 The lowest energy backbone structure of peptide 1 (carbon atoms colored in
orange) obtained in the Monte Carlo conformational search superimposed onto the NMR
structure of MTII (carbon atoms in cyan) using the message residue backbone atoms with
an rmsd value of 0.76 A. The nitrogen atoms are colored in blue, oxygen in red, and

sulfur in yellow. The figure was produced in Maestro (Schrédinger, Portland, OR).
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An alternative design would be to use Cys for residue 8 and add Arg at the C-
terminus, resulting in a different peptide, Ac-c[Cys-His-D-Phe-Cys]-Trp-Arg-NH, 2. In
this design, the conformation still was constrained via the disulfide bridge between Cys’
and Cys®, while the pharmacophore group originally in Arg8 was shifted to the C-
terminus, which may possibly fold back to reach the desired region in space. However,
peptide 2, synthesized on a solid phase support, did not exhibit any binding affinity for
the melanocortin receptors at a concentration as high as 10 uM, presumably due to the
difficulty for the Arg side chain group at the C-terminal end to reach the position in space
required by the receptors. This problem may be overcome by another possible design, in
which we still used Cys at position 8 of the peptide for a disulfide bridge as the
conformational constraint, but alkylated the N* atom of Cys8 with the guanidinylbutyl
group to mimic the Arg side chain group. This design led to a peptide with the following
sequence: Ac-c[Cys-His-D-Phe-N"-guanidinylbutyl-Cys]-Trp-NH, 3 (Figure 5.4).
Unlike peptide 1, peptide 3 may be synthesized on a solid phase support without resort to
any unnatural amino acids which are difficult to obtain either commercially or

synthetically.
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Figure 5.4 The structure of peptide 3.

Guided by the MTII NMR structure, the design described above should reach the
conformational space close to what MTII represents. However, it often has been seen
that a small change in the chemical structure of a peptide may lead to a large difference in
its biological properties. The design of a single peptide molecule thus may not be
sufficient to pin down the structural requirements of the melanocortin receptors, and the
conformational space nearby also must be explored using a library of peptides with a
similar chemical structure. Fortunately, there were several ways to modify peptide 3 for
such a purpose: altering the N”-alkylation position (e.g. residue 8 or 9) or inverting the
chirality of the C* atom of the residue to be N-alkylated (e.g. use of L- or D-Cys at
position 8). It is particularly noteworthy that, due to the N*-alkylation of a residue, the
backbone conformational and dynamics properties of that residue can be significantly
different from the same residue without N*-alkylation. This clearly justified the use of

not only L-, but also D- amino acids for the N”-alkylated residue. These considerations
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and modifications gave the following three new peptides with slightly different chemical
structures from peptide 3:

Ac-c[Cys-His-D-Phe-N"-guanidinylbutyl-D-Cys]-Trp-NH, 4
Ac-c[Cys-His-D-Phe-Cys]-N*-guanidinylbutyl-Trp-NH, 5

Ac-c[Cys-His-D-Phe-Cys]-N*-guanidinylbutyl-D-Trp-NH, 6

5.2.2 Design of new o-MSH analogues with a lactam bridge

An isosteric analogue of peptide 3 would be obtained if we substituted Asp and
Dapa (o.,B-Diaminopropionic Acid) for Cys residues at positions 5 and 8, respectively,
followed by a cyclization using a lactam structure. The design yielded a peptide with the
general sequence Ac-c[X-His-D-Phe-N*-guanidinylbutyl-Y]-Trp-NH,, where X = Asp
and Y = Dapa 7. In this alternative design, there were 16 possible combinations which
can give a large number of peptides with a slightly different primary structure: X = Asp
or Glu for position 5 and Y = Dab (o, y-DiAminoButyric acid), Dapa, Ormn, or Lys for
position §; or X = Dab, Dapa, Orn, or Lys for position 5 and Y = Asp or Glu for position
8. Another 16 peptides can be obtained if a D-amino acid was used for residue 8 where
the N%-alkylation occurs. In addition, it also was possible to apply the N%-alkylation to
Trp’ instead .of residue 8 where the cyclization occurs, giving more possible peptides.
Although these possible variations provided a good approach to extensively exploring the
conformational space close to that of MTII, it was prohibitively time-consuming to

synthesize all the peptides. The Monte Carlo conformational search followed by a
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structural comparison with MTII allowed us to select the following two representative
peptides which most closely mimicked the MTII NMR structure:

Ac-c[Glu-His-D-Phe-N"-guanidinylbutyl-Dab]-Trp-NH, 8

Ac-c[Glu-His-D-Phe-N"-guanidinylbutyl-Orn]-Trp-NH, 9

5.2.3 Design by constraining the tetrapeptide with the minimal message sequence

The designs discussed so far were very close to each other, and in all the
analogues the pharmacophore in Arg8 was mimicked via the N”-alkylation of a certain
residue with the guanidinylbutyl group. To further explore the conformational space
nearby, different approaches to constraining the conformation needed to be considered.
The tetrapeptide containing only the 4 message residues (His-D-Phe-Arg-Trp) of the
melanotropin peptides has been reported to be biologically active at the AMC4R"’ and
various mouse melanocortin receptors.196'197 Here we might use the structural insights
from our NMR study to constrain the tetrapeptide around the conformation of MTII to
improve its potency and receptor selectivity. To find good ways of restricting the
conformation, we started from the MTI NMR structure with a focus only on its
backbone arrangements of the message residues (His®, D-Phe’, Argg, and Trpg). It was
found that various linkers connecting the N* atoms of His® and Arg® may fulfill the
conformational restriction. Such an approach to applying the conformational constraint

required no substitution of Arg® and thus no mimicking of its pharmacophore group. The
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structures of the two peptides 10 and 11 designed using this approach are shown in

Figure 5.5.

Ac —N*-His-D-Phe-N*-Arg-Trp-NH, 10
(CH2)4

NP-His-D-Phe-N*-Arg-Trp-NH, 11
Lc(oycHy

Figure 5.5 The structures of the two representative peptides designed to constrain the

conformation of the tetrapeptide with the minimal message sequence.

5.2.4 From peptide to non-peptide: design of non-peptide ligands

Small molecules can often be designed to mimic the function of biologically
active peptides. Such small molecule ligands for melanocortin receptors have been
previously found."**1>*1% The MTII NMR structure, if shown to be useful by testing the
peptides designed so far, could be used to develop non-peptide mimetics of o-MSH
peptides. In principle, a small molecule with the pharmacophore groups of the
melanotropin message sequence (His®, D-Phe’, Argg, and Trpg) properly oriented in space
to give desired distances between these groups might be found. By searching the
Cambridge Structural Database (CSD), but we found none. We thus used the distances
between the CB atoms (5.8-7.8 A) of D—Phe7, Argg, and Trp9 in the MTII NMR structure
as the input structural constraints, and then mounted the relevant function groups onto

these carbon atoms. His® was not considered because recent studies showed that it was
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188.195

not really critical in o-MSH peptides. The search gave numerous hits, among

2'% in Figure 5.6 was most reasonable and easiest to further

which we found compound 1
design. For synthetic ease, the ring at the right side and two methyl groups were removed,
giving a simpler scaffold 13. The three pharmacophore groups in MTII were then
mounted onto the appropriate methyl groups, leading to compound 14. To mimic the
amphiphilic arrangement of Alrg8 and Trp9 in MTIIL, one of the chiral centers was inverted
(15). Conformational studies showed that the amphiphilic feature was further enhanced
by replacing the oxygen with a nitrogen and moving the nitrogen to the other side of the
aliphatic ring followed by acetylation (16, Figure 5.6). In the final design of the non-
peptide ligand 16, a biphenyl moiety was instead employed for both conformational and
synthetic reasons. A Monte Carlo conformational search was used to obtain the molecule
with the best fit with the MTII NMR structure. The lowest energy conformation of
compound 16 superimposed onto the MTII NMR structure using the 3 C? atoms is shown
in Figure 5.7. The low rmsd value (0.45A) for the superposition suggested that this
molecule may reasonably mimic MTII. Compound 16 may serve as the first generation

of the non-peptide mimetics of melanotropin peptides. Several synthetic approaches

were then proposed for this target molecule.
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Figure 5.6 Schematic representation of the MTII NMR structure-based design of non-

peptide mimetic 16.

Figure 5.7 The lowest energy structure of compound 16 (carbon atoms colored in orange)
obtained in the Monte Carlo conformational search superimposed onto the NMR
structure of MTII (carbon atoms in cyan) using the C? atoms of D-Phe’, Arg® and Trp9
with an rmsd value of 0.45 A. The nitrogen atoms are colored in blue, oxygen in red, and

sulfur in yellow. The figure was produced in Maestro (Schrodinger, Portland, OR).
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Except for peptides 10 and 11 and the non-peptide mimic 16, the other 6
analogues (peptides 3-6, 8, and 9) were successfully synthesized using solid phase
peptide synthesis and purified using RP-HPLC. The syntheses and biological assay

results are discussed below in detail.

5.3 Results and Discussion

A library of peptides was designed based on the NMR structures of MTII, a lead
0-MSH analogue. The solid phase syntheses of these peptides were challenging due to

many problems.

5.3.1 Synthetic strategy

It was a key design in the syntheses of all the peptides to utilize a Mitsunobu

- 200,201
reaction 00,20

to alkylate the o-amino group of a relevant residue using N,N “diBoc-
guanidinylbutanol202 or other primary alcohols as various linkers for either mimicking the
pharmacophore in Arg® of the melanotropin peptides or linking the N* atoms of two
residues as a conformational constraint. Prior to the alkylation, the o-amino group was
protected by the 2-nitrobenzenesulfonyl (oNBs) group which can be removed under mild

.. 203,2 . . . -
conditions.””** Formation of such a sulfonamide made the amide proton acidic enough

to be deprotonated easily by the azo compound. The nitrogen anion thus formed became
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a good nucleophile in the subsequent Mitsunobu reaction. The Mitsunobu alkylation is
well suited for a synthesis on a solid phase support.’®% Tt thus was possible to design
all the steps for synthesizing each peptide in solid phase, as exemplified by the synthesis

of peptide 3 shown in Scheme 5.1.
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Scheme 5.1 Synthesis of a representative peptide (peptide 3) on a solid phase support
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5.3.2 Synthetic challenges

Because of the mild conditions for removing the 2,4-dinitrobenzenesulfonyl
(DNBs) group,206 sulfonylation of the free o-amino group of Cys® with 24-
dinitrobenzenesulfonyl chloride (3 eq) and pyridine (3 eq) in dry DCM (Scheme 5.2) was
first used for the synthesis of peptide 3, prior to the N*-alkylation via a Mitsunobu
reaction. However, an intramolecular nucleophilic aromatic substitution under the mild
basic conditions for the sulfonylation was found to occur via a mechanism shown in
Scheme 5.2.”7 Such a substitution resulted in the migration of the aromatic ring from the
sulfur atom to the nitrogen atom and the subsequent loss of SO, (Scheme 5.2). The
rearrangement falls into the group of reactions collectively known as Smiles
rearrangements207 originally described by Smiles and coworkers™® in 1931. It must be
noted that the rearranged product in Scheme 5.2, a secondary amine, still was acidic
enough to allow the N*-alkylation to take place under the Mitsunobu condition to yield a
tertiary amine, as suggested by the mass change after the Mitsunobu reaction.
Presumably, the acidity of the secondary amine obtained after the rearrangement can be

attributed to the electron-withdrawing effect of the two nitro groups.
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Scheme 5.2 Smiles rearrangement occurred in the synthesis of peptide 3
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A consequence of the rearrangement was that a removable protecting group had
been changed into one whose removal was impractical. In the Kaiser test after the
sulfonylation, brown resin beads were observed, indicating the presence of a secondary
amine. The rearrangement also was confirmed by the mass difference between the
compound obtained and the target product after the sulfonylation step and the Mitsunobu
alkylation reaction, respectively. The products from the Smiles rearrangement can be
further characterized using a heteronuclear multiple bond correlation (HMBC)*® NMR
experiment due to the change in the number of bonds between the aromatic carbons and
the H* and H" protons.

The rearrangement seemed to be sequence dependent. Under similar conditions,
it occurred with DNBs-N%-Dab(Alloc)-Trp(Boc)-Resin, DNBs-N*-Orn(Alloc)-Trp(Boc)-

Resin, and DNBs-N"-Arg(Boc),-Trp(Boc)-Resin, but not with DNBs-N*-Trp(Boc)-Resin
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and DNBs-N*-Arg(Pbf)-Trp(Boc)-Resin. It also was found that a change in the side
chain protecting group of Cys® in Scheme 5.2 from trityl to acetamidomethyl (Acm)
completely avoided the rearrangement. In addition, we noted that no rearrangement was
observed for DNBs-N"-Cys(Trt)-OMe which was synthesized in solution phase. These
observations implied that a steric effect rather than an electronic effect may have led to a
conformation more favorable to the rearrangement shown in Scheme 5.2. Although use
of the Acm group for protecting the thiol group in Cys® of peptide 3 was a plausible
solution to the Smiles rearrangement problem, this protecting group is stable in the TFA
cocktail cleavage solution. An additional step is required to remove the Acm group. In
order to use the trityl group for the side chain protection of Cys in the synthesis, other
synthetic strategies were thus sought.

During sulfonylation of the o-amino groups with 2-nitrobenzenesulfonyl (oNBs)

chloride and pyridine in DCM,**

no Smiles rearrangement was found in our study
regardless of the peptide sequence. This may be attributed to the fact that removal of the
para-nitro group reduced the electrophilicity of the aromatic carbon at position 1/,
making the nucleophilic attack of the «-nitrogen atom at the aromatic carbon
significantly unfavored. To remove the 2-nitrobenzenesulfonyl group,203 however,
conditions (DBU and 2-mercaptoethanol, Scheme 5.1) which were harsher than those
needed to remove the 2,4-dinitrobenzenesulfonyl group206 were required. Fortunately, no
detectable racemization was observed in the analytical HPLC of the dipeptide samples

cleaved from the resin after the deprotection step in the syntheses of peptides 3, 4, 8 and

9. In addition, the 2-nitrobenzenesulfonamides were as easily alkylated as the rearranged
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products of the 2.4-dinitrobenzenesulfonamides in our study. Thus, the 2-
nitrobenzenesulfonyl group instead of the 2,4-dinitrobenzenesulfonyl group was used
throughout the final syntheses of all the target peptides in this study.

The alkylation of the sulfonamides with N,N “diBoc-guanidinylbutanol for the
syntheses of peptides 3-6, 8, and 9 was readily achieved using the Mitsunobu reaction
(diisopropyl azodicarboxylate (DIAD), PhsP, THF, 0 °C, 10 min, then room temperature,
15 h). The reaction was monitored by analytic HPLC and mass spectrometry after
periodic resin cleavage, and was complete in 15 h. Rew and Goodman®” reported that
use of diethyl azodicarboxylate (DEAD) instead of DIAD in the Mitsunobu reaction
always gave the ethylated by-product in high yield (>40%), in addition to the target
alkylation product. We also tried to use DEAD for the Mitsunobu alkylation in the
synthesis of peptide 3 and found that the reaction was not clean (>35% side product,
presumably the ethylated product). The ethylated product may be due to the formation of
ethanol in the hydrolysis of DEAD, and thus competition of ethanol with the primary
alcohol in the starting materials during the reaction.”® As reported,”®” when DIAD was
used, no isopropylated side product was seen in our study. The clean reaction can be
attributed to the fact that isopropanol, if formed due to the hydrolysis of DIAD, cannot
compete with the primary alcohol in the starting materials used for the Mitsunobu
alkylation. Thus, DIAD is superior to DEAD in the solid phase Mitsunobu reaction, and
was used for the Mitsunobu alkylation throughout this study.

In the synthesis of peptide 11, the Mitsunobu reaction to alkylate the sulfonamide

in DNBs-N*-Arg(Pbf)-Trp(Boc)-Resin with methyl 4-hydroxybutyrate did not occur.
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This may be due to a side reaction between PhsP and methyl 4-hydroxybutyrate, giving y-
butyrolactone (Ndungu, J. and Hruby, V. J., unpublished data) (Figure 5.8). When 4-
(tert-butyldimethylsilyl)oxy-1-butanol was used to alkylate the same sulfonamide for the
synthesis of peptide 10 under the same Mitsunobu conditions, no similar side reaction
between PhsP and 4-(fert-butyldimethylsilyl)oxy-1-butanol was possible. However, no
detectable alkylation was observed and the starting material was always recovered, as
indicated by the analytical HPLC and mass spectrum of the peptide cleaved after the
Mitsunobu reaction. Thus the failure in alkylation of the sulfonamide also may be due to
some other effects. In the synthesis of peptide 11, we also tried to use diisopropylamine
(DIEA) to deprotonate the sulfonamide for alkylation with either methyl 4-iodobutyrate
or ethyl 4-bromobutyrate. Unfortunately, no alkylated products were obtained. The
failure in alkylating the sulfonamide in DNBs-N*-Arg(Pbf)-Trp(Boc)-Resin via the
Mitsunobu reaction or nucleophilic displacement led us to speculate that the problem may
be steric effects at the reaction site. To test this hypothesis, a change in the Arg side
chain protecting group from Pbf to diBoc was made. Interestingly, the alkylation of the
sulfonamide in DNBs-N*-Arg(Boc),-Trp(Boc)-Resin via the Mitsunobu reaction with 4-
(tert-butyldimethylsilyl)oxy-1-butanol was successful, although about 50% of Smiles
rearrangement product also was found. Encouraged by this result, we tried to perturb the
structure in a different way. Considering that Fmoc-Arg(Boc),-OH is very expensive,
Fmoc-Arg(Pbf)-OH Was still used in the synthesis. However, instead of changing the
Arg side chain protecting group, we changed the sulfonyl protecting group to the 2-

nitrobenzenesulfonyl group to give a different sulfonamide, oNBs-N”-Arg(Pbf)-
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Trp(Boc)-Resin. It was remarkable that the Mitsunobu alkylation of this sulfonamide
with 4-(tert-butyldimethylsilyl)oxy-1-butanol was successful, yielding the desired
product without the Smiles rearrangement. These results supported our speculation about
the sterically hindered reaction site in DNBs-N"-Arg(Pbf)-Trp(Boc)-Resin. It is possible
that a hydrogen bond between the para-nitro group as an acceptor and the guanidinyl
group as a donor may be formed such that the sulfonamide became inaccessible to the
proton-extracting and/or alkylating reagents in the reactions delineated above for
alkylating DNBs-N"-Arg(Pbf)-Trp(Boc)-Resin. Removal of this nitro group or use of a
different guanidine protecting group in Arg may effectively disrupt such a steric

arrangement, leading to a more exposed reaction site for a successful alkylation.

+/5Ph ,FEPh
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HO —>Ho_~ q
OMe u OMe +OH
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4 + -
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CO("'OMe .
” H +  MeOH
O O

Figure 5.8 The side reaction between PhsP and methyl 4-hydroxybutyrate, the two

starting materials in the Mitsunobu alkylation.

As methyl 4-hydroxybutyrate cannot be used in the Mitsunobu reaction due to the
side reaction with PhsP (Figure 5.8), other approaches such as reductive alkylation*'**'

had to be explored to synthesize peptide 11. The alkylations of various 2-

nitrobenzenesulfonamides required for the syntheses of peptide 3, 4, 5, 6, 8, 9, and 10
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were all achieved using the Mitsunobu reaction with either N,N “diBoc-guanidinylbutanol
or 4-(tert-butyldimethylsilyl)oxy-1-butanol as the starting material. As discussed above,
no Smiles rearrangement was observed during the syntheses of these peptides provided
that the 2-nitrobenzenesulfonyl group was employed for formation of the sulfonamide.
After the 2-nitrobenzenesulfonyl group was removed, coupling to the next amino acid
followed. The syntheses till this step were clean for all these peptides.

It turned out that the coupling between the secondary amines and the next amino
acid (particularly Fmoc-D-Phe-OH) was very difficult. The difficulty can be appreciated
from the fact that it took much longer time (at least one to several hours) than the
standard chloranil test time (10 min) for the free secondary amine to display a blue color
at room temperature. This is presumably because the large steric hindrance in these
secondary amines limits their exposure to the test reagents. Thus, the chloranil test was
performed at around 50 °C. In order to search for a good coupling method, a variety of
conditions were tested. We tried to activate this amino acid using HOAt ester, acid
bromide, acid chloride, acid fluoride, and symmetrical anhydride in different solvent
systems (THF, DMF, toluene, dichlorobenzene, or mixtures of them) at different
temperatures (rt, 50 °C, or 80 °C). In some of the couplings, A chaotropic salt such as
LiBr was used to perturb the peptide secondary structures, if any, for a better coupling.
However, no satisfactory coupling (maximum yield of all these trials <20%) to Fmoc-D-
Phe-OH was o‘btained.

The coupling was finally achieved using Fmoc-D-Phe-OH (6 eq), 2-chloro-1,3-

dimethylimidazolidium hexafluorophospate (CIP, 5.9 eq), 2,4,6-collidine (18 eq), and
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213215 To form Fmoc-D-Phe-Cl in situ for

HOAt (1.5 eq) in DCM at room temperature.
the coupling, CIP was preferred to 2-chloro-1,3-dimethylimidazolidium chloride. This is
because the reaction, after the activation by 2,4,6-collidine, became homogenous in DCM
when CIP was used, while 2,4,6-collidinium chloride precipitated out in DCM. Under
the above coupling conditions, in the syntheses of peptides 8-10, the chloranil test
became negative and the starting secondary amines disappeared as clearly indicated in the
low resolution mass spectra of the crude products. However, HPLC analysis showed that
the coupling reactions were not clean, and no desired molecules were found in the mass
spectra.  When the coupling under the above condition was conducted for a short time
(1.25 h), the reaction was clean and yielded the desired product, although the coupling
was not complete. Thus, we repeated the coupling 7 more times (equivalent total
coupling time 10 h) and it was found that about 90% of the secondary amine, depending
on the peptide sequence, was successfully coupled. No detectable racemization was
observed during the repetitive coupling.

When Fmoc-Cys(Trt)-OH was coupled to the secondary amines formed in the
syntheses of peptides 5 and 6 under the above condition for the successful coupling of
Fmoc-D-Phe-OH, the reaction was not as clean as in the case of Fmoc-D-Phe-OH
coupled to the secondary amine in the syntheses of peptides 3, 4, and 8-10. A better
result was obtained using the HBTU/DIEA procedure (5.5.7), followed by another
coupling using the symmetric anhydride of Fmoc-Cys(Trt)-OH in THF (5.5.7). This may

be due to the too high activity of the acid chloride.
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The syntheses of peptides 3-6, 8, and 9 hereafter was relatively straightforward,
although the cyclization of these peptides via a disulfide or lactam bridge was slow
(Experimental Section, 5.5.8 and 5.5.10). The high resolution MS molecular masses and
the calculated masses of these peptides are shown in Table 5.1. The final crude peptides
3-6 were not very clean. However, peptides 8 and 9 were found to be above 85% in their
crude products and majority of the impurity was the linear analogue of the two peptides
due to the incomplete cyclization. Peptide 10 was successfully synthesized due to the
problems in macrocyclization via a Mitsunobu reaction shown in Scheme 5.3. It was
noted that washing with 10% acetic acid in DMF provided a proton source and was
critical in the deprotection of the #-butyldimethylsilyl (TBDMS) group. The cyclization
was not clean and majority of the linear starting material with a free hydroxyl group was
recovered after the overnight reaction at 90 °C. Only a small portion of the linear starting
peptide proceeded to give the desired cyclic product (A in Scheme 5.3) as well as the side
product (B in Scheme 5.3) with an approximately 1:1 ratio. The side reaction typical of a

216217 oecurred when the hydroxyl group was activated with

Mitsunobu reaction
PhsP/DIAD to form a phosphonium ion, but the sulfonamide, even if deprotonated,
cannot attack the phosphonium ion due to the unfavorable steric or conformational effects.
As a result, an anion formed from the azo compound (DIAD) in the Mitsunobu reaction
attacked the phosphonium ion to yield side product B in Scheme 5.3, whose mass was

observed in the mass spectrum of the crude product. Further study is needed to achieve

the cyclization via the Mitsunobu reaction in the synthesis of peptide 10, although a
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successful example of the Mitsunobu cyclization on a solid phase support has been

reported.ﬂ7

Table 5.1 High resolution MS results of the peptides developed in this study

no peptide sequence obsd calcd
3 Ac-c[Cys—His—D—Phe—N“—guanidinylbutyl—Cys]—Trp—N H, 847.3539  847.3496
4  Ac-c[Cys-His-D-Phe-N"-guanidinylbutyl-D-Cys]-Trp-NH,  847.3571  847.3496
5  Ac-c[Cys-His-D-Phe-Cys]-N*-guanidinylbutyl-Trp-NHa 847.3482  847.3496
6 Ac-c[Cys-His-D-Phe-Cys]-N*-guanidinylbutyl-D-Trp-NH,  847.3518  847.3496
8 Ac-c[Glu-His-D-Phe-N"-guanidinylbutyl-Dab]-Trp-NH, 854.4456  854.4426
9  Ac-c[Glu-His-D-Phe-N*-guanidinylbutyl-Orn]-Trp-NH, 868.4548 868.4582

Scheme 5.3 Synthetic strategy for cyclization of peptide 10 via the Mitsunobu reaction

and its side reaction

oNBs-N*-His-D-Phe-N*-Arg-Trp-@ oNBs-N"-His-D-Phe-N®-Arg-Trp-@

1) 0.1 M TBAF, THF, 30 min x 2

i1) washed with 10% AcOH in DMF

TBDMS”

/

oNBs-N*-His-D-Phe-N"-Arg-Trp-@

SeqPhP. DIAD, THF  oNBs-N"-His-D-Phe-N"-Arg-Tp4)  +

90 °C Overnight (CHy)y

s

o—\(() NMN77—0

O
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5.3.3 Bioassay results and structure-activity relationships

The binding affinities of MTII and the peptides developed in this study to various
human melanocortin receptors (tMMCI1R, AMC3R-AMC5R) are summarized in Table 5.2.
Intracellular cAMP accumulation assays to study the biological functions of these
peptides are in progress and the results will be reported elsewhere. It can be seen from
Table 5.2 that all the peptides exhibited high binding affinities (ICsp = 10.6-34.2 nM) for
the AMC4R, although the affinities were about 4- to 10-fold lower than that of MTIL
Unlike MTII, a potent but nonselective agonist of all four melanocortin receptors, it is
remarkable that none of these new peptides showed any binding affinity for the AMC3R
at concentrations as high as 10 uM (Table 5.2). This suggested about 1000-fold binding
selectivity of these peptides for the AIMC4R versus hMC3R. 1t also must be noted that
high binding selectivity (about 1000-fold) for the AMC4R versus hMCIR was observed
for peptides 6, 8, and 9 (Table 5.2). However, peptides 3-5 were found to bind to the
hMC4R versus hMCIR with only about 10- to 40-fold selectivity, but were still more
selective than MTII (Table 5.2). Except for peptide 5 with essentially no selectivity
between the AMC4R and the AMCSR, all the other analogues (peptides 3, 4, 6, 8, and 9)
presented significantly higher binding selectivities for the AMC4R versus AMC3R than
MTII (Table 5.2). However, the binding selectivity between the AMC4R and the AIMC5R
was lower than the binding.selectivity between the AMC4R and the AMC1/3R in the case

of peptides 6, 8, and 9 (Table 5.2). To the best of our knowledge, the peptides developed
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based on the NMR structure of MTII in this study are the most selective peptide-based
ligands to date for the human melanocortin-4 receptor.

These peptides displayed close, though not identical, biological profiles in terms
of their binding affinities for various melanocortin receptors of our interest. This may be
due to the minor differences in their chemical structures, resulting in similar spatial
arrangements of the pharmacophore groups in the message residues or the mimic of such
a residue. Except for peptide 6, the peptides 3-5 cyclized via a disulfide bridge exhibited
lower selectivity for the AMC4R versus hMCIR than peptides 8 and 9 with a lactam
bridge (Table 5.2). Although the latter peptides have a larger ring size, the lactam bridge
generally poses more rigidity than a disulfide bridge to the ring structure. This may be
responsible for the lower selectivity between the AIMC4R and the other receptor subtypes
observed for those cyclic peptides with a disulfide bridge. It also is noteworthy that the
C” stereochemistry of the residue to which N*-alkylation occurred is not very critical to
the binding affinity, partiéularly when such a residue is within the ring structure (peptides
3 and 4). This may be due to the strong conformational constraints achieved by the small
ring, leading to backbone conformations and side chain orientations independent of the
stereochemistry. However, when the N%alkylated residue is located outside the ring
structure (peptides 5§ and 6), the stereochemistry of that residue may make a large

difference in the binding affinity (Table 5.2).



Table 5.2 Binding affinity (ICso, nM) of the peptides developed in this study to various human melanocortin receptors

no peptide sequence hMCIR hMC3R hMC4R hMCSR
MTI 0.8 2.2 3.1 7.0

3 Ac-c[Cys-His-D-Phe-N"-guanidinylbutyl-Cys]-Trp-NH, 500 >10,000 13.1 >1000
4  Ac-c[Cys-His-D-Phe-N"-guanidinylbutyl-D-Cys]-Trp-NH, 200 >10,000 14.2 >1000
5  Ac-c[Cys-His-D-Phe-Cys]-N"-guanidinylbutyl-Trp-NH, >1000 >10,000 25.8 10.0

6 Ac-c[Cys-His-D-Phe-Cys]-N*-guanidinylbutyl-D-Trp-NH, >10,000 >10,000 10.6 >1000
8 Ac-c[Glu-His-D-Phe-N®-guanidinylbutyl-Dab]-Trp-NH, >10,000 >10,000 34.2 >1000
9  Ac-c[Glu-His-D-Phe-N"-guanidinylbutyl-Orn]-Trp-NH, >10,000 >10,000 14.9 >1000

8vl
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5.4 Summary

A library of new o-MSH analogues and non-peptide mimetics was designed
based on the MTII NMR structure. In these peptide analogues (peptides 3-6, 8, and 9), a
disulfide or lactam bridge with macrocyclization was used as a conformational constraint,
while the pharmacophore group in Arg8 was mimicked via N%-alkylation of a certain
residue with the guanidinylbutyl group. All 6 peptides were successfully synthesized on
a solid phase support. The Mitsunobu reaction was used to achieve the N”-alkylation for
mimicking the Arg8 pharmacophore group in these syntheses. Alternatively, we also
designed peptides 10 and 11 containing the minimal tetrapeptide sequence constrained by
connecting the N atoms of His® and Arg® by various linkers, in which no mimicry of the
Arg8 side chain function group was necessary. However, cyclization in peptide 10 and
N"-alkylation in peptide 11 via the Mitsunobu reaction were not successful and further
studies are needed to synthesize the two peptides. Receptor binding assays on peptides 3-
6, 8, and 9 showed that these new a-MSH analogues exhibited high binding selectivities
for the human melanocortin-4 receptor. The selectivity may be due to the strong
conformational constraint via ring contraction as compared to MTIl. The MTII NMR
structure-based design thus not only examined the structural model of melanocortin

ligands, but also yielded new biologically unique o-MSH analogues.
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5.5 Experimental and Computational Procedures

5.5.1 General procedures for solid phase peptide synthesis

All the peptides were manually synthesized using the solid-phase method of Fmoc
chemistry. A certain amount of Rink amide AM resin (0.63 mmol/g) was swollen in
DMF for one hour. After carefully washing the resin with DMF, the Fmoc protecting
group of the resin or N*-Fmoc peptidyl resin was removed using 50% (or 25% when a
sensitive residue such as Cys was involved) piperidine in DMF (2 min X 1 and 20 min X
1). The resin was washed with DMF, 1.0 M HOBt in DMF, 1.0 M HOBt in DMF with 1-
2 drops of 0.001 M bromophenol blue in DMF as an indicator, and DMF. For coupling
between a primary amine and an amino acid, the N“-Fmoc protected amino acid (3 eq of
the resin used in the synthesis) with appropriate side chain protection was first activated
by the formation of HOBt ester (0.25 M) using HOBt (3 eq) and DIC (3 eq) in THF, and
then mixed with the Fmoc deprotected resin or peptidyl resin. For amino acids such as
Fmoc-N*-His(Trt)-OH that are not very soluble in THF, a mixture of DMF and THF (1:1)
instead of THF was used. The blue resin slurry was gently stirred on a shaker until the
slurry became yellow or until a negative Kaiser test was obtained (generally 1-3 h).
When the coupling was achieved, the resin was washed with DMF. The same procedure
for deprotection and coupling was repeated for the next amino acid until all amino acids
in the sequence were attached. The experimental procedures for the N*-alkylation and

the coupling of a secondary amine with an amino acid are discussed below in detail. The
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o-amino group of the last residue in the N-terminus of a peptide, after removal of its
Fmoc group, was acetylated using 50% acetic anhydride in pyridine (4 min X 1 and 20
min X 1).

The peptidyl resin was thoroughly washed with DCM before the peptide was
cleaved. Two different cleavage solutions were chosen depending on the sequence of the
peptide. For peptides containing a trityl protecting group, a mixture (10 mL/g resin) of
trifluoroacetic acid (91%), water (3%), 1,2-ethandithiol (3%), and thioanisole (3%) was
injected into the resin. For peptides with no trityl protecting group, the cleavage mixture
consisted of trifluoroacetic acid (95%), water (2.5%), and triisopropylsilane (2.5%). In
cither case, the cleavage cocktail was stirred for 3 h at room temperature. After
precipitating the peptide with cooled ethyl ether followed by washing and centrifuging 3
times, ethyl ether was decanted and the peptide was further dried. To remove the residual
Boc group from the Trp side chain, the peptide was dissolved in 10% acetic acid aqueous
solution for 3-5 h and then lyophilized. The sample was then purified using HPLC.

Rink amide AM resin (200-400 mesh, 0.6-0.7 mmol/g), N*-Fmoc-D-Trp(Boc)-
OH, N%Fmoc-D-Phe-OH, and N®Fmoc-His(Trt)-OH were purchased from
Novabiochem; N*-Fmoc-Dab(Alloc)-OH, N%Fmoc-Om(Alloc)-OH, and N®-Fmoc-
Glu(Allyl)-OH from NeoSystem; N*Fmoc-Trp(Boc)-OH and N*-Fmoc-Arg(Pbf)-OH
from SynPep; N®-Fmoc-Cys(Trt)-OH from American Peptide Company; N”-Fmoc-
Cys(Acm)-OH from Bachem; N*-Fmoc-D-Cys(Trt)-OH and HBTU from Advanced
ChemTech; N*-Fmoc-Arg(Boc),-OH and piperidine from Chem-Impex International;

pyridine from Mallinckrodt; 2-chloro-1,3-dimethylimidazolidium hexafluorophosphate
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and sodium diethyldithiocarbamate trihydrate from Fluka; HOAt from AnaSpec Inc.;
DMF, DCM, ethyl ether, and acetonitrile from EMD Chemicals Inc.; anhydride THF
from DriSolv; bromophenol blue from Sigma; acetic acid from EM Science;
tetrakis(triphenylphosphine)palladium(0) from Strem Chemicals Inc.; DIC from ACROS;
and trifluoroacetic acid from Du Pont. All the other reagents were purchased from
Aldrich. Reagents and solvents were used as packaged and no further purification was
performed. The structures of the pure peptides were confirmed by ESI-MS (Finnigan,
Thermoelectron, LCQ classic) and high resolution FAB-MS (JEOL HX-110A sector
instrument) at the University of Arizona Mass Spectrometry and Protein Sequencing
Facility. Thin-layer chromatography (TLC) was performed with Merck silica gel 60 Fos4
(0.25 mm layer thickness). Flash liquid chromatography was performed with 230-400

mesh size silica gel which was purchased from Aldrich.
5.5.2 Preparation of 2-nitrobenzenesulfonamide

After the N*-Fmoc group was removed, the resin was washed with DMF (10
ml/g resin X 3) and DCM (10 mL/g resin X 3). A solution of 2-nitrobenzenesulfonyl
chloride (4 eq) and pyridine (4 eq) in dry DCM (0.3 M) was added. The resin slurry was
stirred for 3 h at room temperature. The reaction was repeated until a Kaiser test became
negative, which usuallky took about 10-15 h. The resin was finally washed with DCM (10

mL/g resin X 3) and THF (10 mL/g resin X 3) for the next step.
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5.5.3 Preparation of N,N “diBoc-guanidinylbutanol

To the solution of 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea (5.0
mmol) in THF (10 mL) was added 4-amino-1-butanol (1.5 eq) at room temperature. The
reaction was then heated to 50 °C and thin-layer chromatography (TLC) was used to
monitor the completion of the reaction in about 2 h. The solvent was first removed via
evaporation in vacuo and the product was redissolved in DCM. The HCl aqueous
solution (1.0 M) was used to extract the residual starting material 4-amino-1-butanol 4
times. The organic phase was finally washed with the brine solution and dried over
MgSO, prior to evaporation in vacuo. Instead of this workup procedure, flash column
chromatography sometimes was carried out to improve the product purity and yield using

the solvent mixture (1:1 hexane/ethyl acetate) as indicated by TLC.

5.5.4 N*-Alkylation via a Mitsunobu reaction

To the 2-nitrobenzenesulfonamide peptidyl resin pre-washed with THF were
added N,N “diBoc-guanidinylbutanol (3 eq) and triphenylphosphine (3 eq) in dry THF.
The resin slurry was cooled to 0 °C and diisopropyl azodicarboxylate (DIAD, 3 eq, 15%
in dry THF, also cooled to 0 °C) was injected into the resin slurry. The amount of
solvent was used such that the reactants had concentrations of 0.23 M. The reaction was

stirred at room temperature for 15 h.
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5.5.5 Removal of a 2-nitrobenzenesuifonyl group

After the N%-alkylation described above, the resin was washed with THF (10
ml/g resin X 3) and DMF (10 mL/g resin X 3), to which were added 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU, 5 eq) and 2-mercaptoethanol (10 eq) in DMF (10
ml/g resin). The reaction was stirred at room temperature for 2 min and repeated for 20

min. The resin was finally washed with DMF (10 mL/g resin X 3) and DCM (10 mL/g

resin X 3) before the next coupling reaction.

5.5.6 Coupling of a secondary amine with N*-Fmoc-D-Phe-OH

To the peptidyl resin with a free secondary amine were added N°-Fmoc-D-Phe-
OH (6 eq), 2-chloro-1,3-dimethylimidazolidium hexafluorophosphate (CIP, 5.9 eq),
HOAt (1.5 eq), and 2,4,6-collidine (18 eq) in dry DCM with drops of DMF for better
solubility of the reagents (amino acid concentration: 0.3 M). The reaction was stirred for
1.25 h and repeated 7 times (equivalent to a total coupling time of 10 h) at room
temperature. The chloranil test was performed after each coupling period to qualitatively
monitor the amount of the residual secondary amine. The resin was washed with DCM
(10 mL/g resin X 3) and DMF (10 mL/g resin X 3) for the further deprotection and

coupling cycle described in 5.5.1.
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5.5.7 Coupling of a secondary amine with N*-Fmoc-Cys(Trt)-OH

To the peptidyl resin with a free secondary amine were added N*-Fmoc-Cys(Trt)-
OH (4 eq), HBTU (3.8 eq), and DIEA (4 eq) in DMF (0.4 M). The resin slurry was
stirred for 45 min and the coupling was repeated one more time at room temperature.
Another coupling using the symmetrical anhydride of N*-Fmoc-Cys(Trt)-OH (0.2 M, 4
eq amino acid activated using 2 eq DIC) in THF was carried out at room temperature.
The chloranil test was performed after each coupling period to gualitatively monitor the
amount of residual secondary amine. The resin was washed with THF (10 mL/g resin X 3)
and DMF (10 mL/g resin x 3) for the further deprotection and coupling cycle described in

5.5.1.

5.5.8 Cyclization via a disulfide bridge”'®

After the cleavage from the resin, the peptide was dissolved in ammonium
bicarbonate buffer (0.01 M) with a peptide concentration of about 0.08 M. A small
amount of acetonitrile (0.3%) was added to the solution. The mixture was then
vigorously stirred at room temperature in a flask open to the air for 1-2 days until the
cyclization was completed as periodically analyzed using HPLC. To the solution was
added 10% acetic acid (in excess to the amount of NH;HCOj5 used) and the reaction was
then concentrated by removing water via evaporation in vacuo at 50 °C prior to

lyophilization.
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5.5.9 Deprotection of allyl and alloc groups

After all amino acids were coupled and the N-terminus was capped via acetylation,
the peptidyl resin was washed with DCM (10 mL/g resin X 3), to which were added
tetrakis(triphenylphosphine)palladium(0) (0.2 eq) and phenylsilane (25 eq) in dry DCM
(10 mL/g resin).*’***® The reaction was stirred for 30 min at room temperature and the
deprotection was repeated one more time. The resin was then washed with DCM (10
mlL/g resin X 3), sodium diethyldithiocarbamate trihydrate (0.5%) in DMF (10 mL/g resin

X 6), DMF (10 mL/g resin X 3), and THF (10 mlL/g resin X 3).

5.5.10 Cyclization via a lactam bridge

To the resin-bound peptide with free side chain amino and carboxylic groups were
added HOBt (3 eq) and DIC (3 eq) in THF (0.28 M). The reaction was stirred for 16 h at
room temperature. The resin was then washed with DMF (10 mL/g resin x 3). HOAt
(1.2 eq) and DIC (1.2 eq) in DMF/THF (1:1, 0.13 M) were then used for the further
coupling at room temperature for 24 h. After the washing with DMF (10 mL/g resin X 3),
the coupling was carried out by adding HOAt (1 eq), DMAP (2 eq), PyBrop (1 eq) in
DMF (0.13 M) at room temperature for 20 h. Finally, HOAt (1 eq) and DIC (1 eq) in
DMF (0.13 M) was used for the coupling at room temperature for 28 h. A Kaiser test

was performed after each step to estimate the completion of the cyclization.
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5.5.11 Purification of peptides by RP-HPL.C

The crude peptides were first dissolved in water (with an addition of <I5%
acetonitrile in case of poor solubility) to give a concentration of 5 mg/mL. The peptide
solutions were then filtered through a 0.45 micron cellulose acetate filter (Aerodisc) to
remove insoluble impurities. The crude peptides were then purified using a Hewlett-
Packard 1100 series HPLC instrument with a semi-preparative Vydac reverse-phase Cis-
bonded column (10 x 220 mm, 10 pm, 300 A, Vydac, Hesperia, CA, Catalog No.
218TP1010). Peptides were eluted with a linear acetonitrile/0.1% TFA aqueous solution
gradient at a flow rate of 3.0 mL/min. The separation was monitored at 220, 254 and 280
nm with a Hewlett-Packard 1100 series of UV detector. The injection volume and the
gradient depended on the resolution of the peptide peak from impurities and the retention

time of the target peptide.

5.5.12 Receptor binding assay

Competition binding experiments were performed on whole cells. Transfected
HEK293 cell lines with AMCR cells were seeded on 24-well plates, 48 h before the assay,
100,000 celis/well. For the assay, the medium was removed and cells were washed twice
with a freshly prepared binding buffer containing 100% minimum essential medium with
Earle’s salt (MEM; GIBCO, Carlsbad, CA, USA), 25 mM HEPES (pH 7.4), 0.2% bovine

serum albumin, | mM 1,10-phenanthrolone, 0.5 mg/L leupeptin, 200 mg/L bacitracin.



158
Cells were then incubated with different concentrations of an unlabeled peptide and

labeled [*T]-[Nle*.D-Phe’]-0-MSH (100,000 cpm/well, 0.1386 nm; Perkin-Elmer Life
Science, Freemont, CA, USA) for 40 min at 37 °C. The medium was subsequently
removed and each well was washed twice with the assay buffer. The cells were lysed by
the addition of 500 yL of 0.1 M NaOH and 500 uL of 1% Triton X-100. The lysed cells
were transferred to the 12 X 75 mm glass tubes and the radioactivity was measured by
Wallac 1470 WIZARD Gamma Counter (Wallac, Jefferson, NY, USA). Data were

analyzed using Graphpad Prism 3.1 (Graphpad Software, San Diego, CA, USA).

5.5.13 General procedure for the conformational study

The molecular dynamics simulated annealing and Monte Carlo multiple-minimum
(MCMM) conformational search methods were used to explore the low energy
conformations of the designed peptides using the MacroModel 8.1 software package
within Maestro 5.1 (Schrodinger, Portland, OR). The OPLS-AA force field, no cutoff for
non-bonded interactions, constant dielectric constant (¢ = 1.0) for the electrostatic
treatment, and generalized-Born/surface-area solvation model for water were applied in
all the calculations.

Starting from the MTII NMR structure described in Chapter 4, the target peptides
were built in Maestro 5.1 by modifying the covalence structure of MTII. A 2000 step
Polak-Ribier conjugate gradient minimization was performed to optimize the structures.

In the simulated annealing run, the starting structure was fully minimized in 5000 steps.
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The temperature was increased from 50 to 1000 K over 30 ps, followed by a 20 ps
equilibrium run at 1000 K. The molecule was then cooled down to 500 K in 30 ps, and
finally to 50 K over 500 ps. The SHAKE protocol was used to constrain all the bonds to
a hydrogen atom to their natural values. The time step was set to 1.0 fs for the heating,
equilibrating, and the first cooling runs, but to 2.0 fs for the final cooling run. In all the
heating and cooling steps, the system was coupled to a thermal bath of the target
temperature with a bath time constant of 5 ps.

The lowest energy conformations obtained in the simulated annealing calculations
were compared to the MTII NMR structure. If the backbone structures were close to
each other, the conformations of the designed peptides were further studied using the
MCMM search. In each MCMM conformational search, torsional variations were
automatically set up in MacroModel. The conformational search was broken up into 4
blocks. In each block, a 5000 step Monte Carlo conformational search was conducted
with an energy window value of 25 kJ/mol. Each new conformation generated in the
search was minimized using 2000 step Polak-Ribier conjugate gradient minimization
with a gradient convergence threshold of 0.05. After the search in each block was
completed, conformations found in the search were further minimized using the same
minimization method for 5000 steps to ensure that all conformations were converged.
The searches in each block were seeded with the conformations from the previous block,
but with a different starting value for the random number generator.

All results were analyzed within the Maestro graphical interface. All calculations

were performed on a Beowulf Linux cluster of personal computer workstations.
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CHAPTER 6

SUMMARY AND PROSPECTIVE REMARKS

6.1 Concluding Remarks

Using NMR spectroscopy and computational techniques, we studied the structure
and dynamics of the glucagon antagonist and a number of melanotropin peptide
analogues. The insights obtained from the study were used to interpret the conformation-
activity relationships of these peptides, and to further develop new analogues with high
potency and receptor selectivity.

Glucagon and its analogues may adopt very different conformations under
different environments, suggesting the importance of using membrane mimics in
structural studies of these peptides. Although a single helix was obtained in the X-ray
crystal structure of glucagon,65 the glucagon antagonist was found to have two helices (7-
14 and 19-29) approximately perpendicular to each other and connected by a hinge (15-
18) in DPC micelles. The similarity in the NMR CSD values of glucagon, the glucagon
antagonist, and GLP-1-(7-36)-NH, in DPC micelles (Figure 2.4) suggested a similar
backbone structure. More importantly, the fit between the CSD patterns and our
glucagon antagohist NMR structure implies that the structure may serve as a model for
glucagon and its analogues in DPC micelle solution. The single helix in the glucagon X-

ray structure unraveled in our MD simulations around the region close to the hinge region






