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University of Washington
Abstract

SOLUTION-STATE CONFORMATIONAL
STUDIES OF ENDOTHELIN ANALOGS

by Gregory Mitchell Lee

Chairperson of the Supervisory Committee:
Professor Niels H. Andersen
Department of Chemistry

Endothelin-1 (ET-1), a 21-residue peptide hormone containing two disulfide
bridges, is the most potent endogenous mammalian vasoconstrictor known. Endothelin
binds, with high specificity, to a G-protein coupled transmembrane receptor, designated
ET,. Although a consensus NMR structure of the bicyclic core has been reached, the
conformation of the biologically important C-terminus remains a point of controversy.
An ET-1 analog, [Pen*'*-Nle’]-ET-1, henceforth Pen-1, is a potent ET, receptor agonist.
An N-methyl scan of the C-terminal residues yields a potent ET, receptor antagonist.

This analog, known as Pen-2, retains the previous substitutions of Pen-1 but includes an

[le?® > MMe]e? substitution.

NMR structure ensembles for the Pen-1 analog indicate that the bicyclic core
(residues 1-15) is more rigid than that of ET-1, and thus is considered to be a better model
of the bioactive state. Increased rigidity of the bicyclic core also stabilizes and lengthens
the helical region (from 9-16 in ET-1 to 9-18 in Pen-1). Abnormal methyl group
chemical shifts observed for the ET-1 analogs are attributed to hydrophobic clustering

between the sidechains of Ile' and Trp*. N-methylation of Ile” appears to create a



backbone conformation that enhances this hydrophobic interaction, restricts the positional

space of Trp*, and prevents ET, signaling.

A number of C-terminal ET-1 and Pen-2 analcgs were designed and synthesized

to (1) determine if the Cys residues are essential for the helix formation, (2) examine the

role of the Trp?' sidechain on the shift of the upfield 19y2 peak, and (3) probe the N-
methy! effect on the backbone conformation in the absence of other secondary structure.
NMR studies indicate the presence of a stable 7-residue helical segment in a linear Pen-2
C-terminal fragment. This segment represents one of the shortest stable helices {2 turns)
observed in a peptide. CD studies of the N-methylated fragments reveals an unusually
large negative band at 225 — 230nm which is absent in the non-N-methylated analogs.
The resulting CD difference spectra indicate the presence of a unique turn-like signature

that is thermally stable in the absence of other secondary structure.
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CHAPTER 1: INTRODUCTION

Macromolecules, specifically proteins and peptides, hold important roles in
biological functions. Some peptides and proteins act as ligands and generally undergo a
conformational change in order to effectively bind to receptor sites. Once bound to a
specific site, the ligand may activate the receptor, initiating a biological process. In other
cases, the ligand may bind to a different site on the same receptor, or a different receptor
entirely, decreasing the signal producing the biological process. Occasionally an
imbalance of these regulatory cycles occurs, resulting in a disease state. This is the stage
that has garnered great interest in the pharmaceutical research communities. By
understanding how the ligands adjust their conformation in order to activate or deactivate
receptors, analogs that are either able to inhibit or help regulate these biological processes
may be designed. This dissertation focuses on conformational studies one particular
ligand, endothelin-1, and its analogs using multidimensional NMR, CD and molecular

dynamics simulations.

1.1: PEPTIDE STRUCTURE

Proteins and peptides are amino acid polymers which can have four levels of
structure: primary, secondary, tertiary and quaternary. Due to their limited number of
amino acids and contact points, peptides have only primary and secondary structure.
Proteins may contain all four subtypes. As a result, it is more difficult to establish a
dominant conformation in peptides since they tend to be less structured and have more

conformational averaging than proteins.



1.1.1: PRIMARY STRUCTURE

Primary structure is defined as the linear amino acid sequence and specifies only

the covalent amide bonds between each residue (Figure 1.1). The peptide bond is planar

aCi+1

0i-1

Figure 1.1: The peptide backbone.



and has some double bond character, as well as a dipole, due to resonance. The peptide
unit is defined by six backbone atoms (N*, amide H, Cc, aH, C’ and O) with the side
chain functional groups bonded to the Ca atom. The a-carbon is also the chiral center for
most naturally occurring amino acids, usually of the L-configuration. As a result, the
peptide backbone is inherently asymmetric.

By convention, the peptide sequence is listed from N-terminus to C-terminus with
either a one or three letter code per residue. When describing interresidue relationships,
amino acids » residues apart from each other in the sequence are often referred to as
residues i/ and i+n. For example, an interaction between an atom of one amino acid and
an atom of a neighboring amino acid three positions higher in the sequence are described
as X;; = Y;.3 (also denoted x,y,.;)), where x and y correspond to specific atoms in the
respective residues. For convenience, a peptide or protein containing » amino acids in its

sequence is called an n-mer.

1.1.2: SECONDARY STRUCTURE MOTIFS
Secondary structure is the local folding of a short region of peptide backbone.
The most commonly observed motifs are helices, B-strands (or extended conformations),

turns, and B-hairpins (which combine the latter two features). Generally, short to
intermediate range interresidue interactions such as hydrogen bonds or side chain salt

bridges will help stabilize the conformation.

Three dihedrals define the conformation of the backbone (see Figure 1.1): ¢ to the
N-Cay;, bond, y to the Co-C';) bond, and @ to the C'(-N;., bond. Sidechain
conformations are defined by y torsional angles. The ¢ and y angles are variable
depending on the secondary structure formed; % is dependent on the side chain packing.

Due to steric factors, o is fixed to either 180° (trans peptide bond) or 0° (cis peptide bond)



with the former favored by a 1000:1 ratio. This ratio reduccs to 80:20 (trans:cis) when
residue i+/ is a proline. A “disordered” or “random coil” state usuaily applies tc a
backbone configuration that has no defined conformation. In this case, both ¢ and v
dihedrals sample all regions of conformational space counsistent with the steric

requirements of the local sidechains.

Tables 1.1 and 1.2 (Creighton, 1984) list the typical backbone dihedrals for the
major conformation types observed in protein and peptide structure. Dihedral angles of
the various secondary structure motifs generally have rigid local restrictions, owing to the
spatial arrangement of the backbone and side chain atoms. Ramachandran and co-
workers (1968) used hard-sphere models and fixed geometries to map the allowed ¢ and
v angles for various polypeptide structure types. These values are placed in a two-
dimensional plane (¢ vs. y), yielding the Ramachandran plot. A third dimension,
corresponding to potential energy or interatomic distances may also be added to the plot.
For most polypeptides that contain B-carbons, the allowed regions are rather narrow. In

the absence of a B-carbon, such as the case for polyglycine, the permitted ¢ and y values

are expanded dramatically.

Table 1.1: Secondary structure backbone dihedrals'

¢ (degrees) v (degrees) o (degrees)
antiparallel B-sheet -139 +135 -178
parallel B-sheet -119 +113 +180
right-handed a-helix -57 -47 +180
3,0 helix -49 -26 +180
poly(pro) I -83 +158 0
poly(pro) II -78 +149 +180

! Adapted from Creighton (1984), page 171.



1.1.2.1: wa-helices

Right-handed a-helices, which contain 3.6 residues per turn and with a 1.5A
translation per residue, are stabilized by interresidue hydrogen bonds between the
carbonyl oxygen of residue i and the amide hydrogen of residue i+4. These hydrogen
bonding interactions stack head-to-tail and align with the axis of the helix, generating a
net helix macrodipole (positively charged at the N-terminus, negative at the C-terminus).
In addition, this geometry allows the side chains of residue i to be situated close together
with those of residues i+3 and i-+4. Salt bridges or hydrophobic interactions between
these residues will often help stabilize a helix. In the case of an amphipathic helix,
charged residues will normally be aligned on one face of the helix and exposed to solvent.
Hydrophobic residues tend to lie on the opposite side of the helix and in proteins are

sometimes buried by a hydrophobic cluster formation.

1.1.2.2: 3, helices

The 3,, helix is a more tightly coiled, longer version of the a-helix. There are
three residues per turn extending to a length of 2.0A per residue. Hydrogen bonding
between the carbonyl oxygen of residue i and the amide hydrogen of residue i+3 is the
norm in a 3,, helix. Due to the tight backbone packing, 3,, helices are less stable than a-
helices and tend to occur less frequently in peptide and protein structures (Thornton,
1992). In proteins, 3,, helices typically consist of 3 to 5 residues and appear at the
termini of a-helices or as connections between B-strands in all-f proteins (Thornton,
1992, Millhauser, 1995). A survey of protein helices (Barlow and Thornton, 1988) had
indicated that most 3,, helices averaged 3.3 residues in length, while a-helices were
nearly four times longer (an average of 12.2 residues). In addition, a-helices are clearly
favored to form if the peptide sequence contains more than six residues. Short peptides

containing Aib (o-aminoisobutyric acid) residues favor formation of 3,, helices

(Millhauser, 1995).



Millhauser (1995) has alsc suggested that the 3,, helices may act as an
intermediate along the folding pathway of a coil to a-helix transition. Further studies
from this group (Millhauser, 1995; Fiori and Millhzuser, 1995; Millhauser et al., 1997)
have focused on Ala-rich reptides containing niiroxide spin-labels spaced either three or

four residues apart in the sequence. Taking advantage of through-space electron-electron
coupling, ESR spectroscopy was used to probe whether the peptides favored the 3,4 or a-
helix. In the case of the 3,, helix, the d(i — i+3) is much shorter than d(i — i+4), while

for the a-helix, both distances are nearly equivalent. Stronger coupling, indicative of

shorter distances, are manifested in broader ESR peaks. The results from these studies
demonstrated that the 3,, helix — a-helix transition is length dependent: a 16mer
containing three repeats of the AAAAK fragment showed stronger i — i+3 interactions,

while a 21mer composed of 4 fragment repeats had equivalent i — i+3 and i — i+4

interactions.

1.1.2.3: B-strands

The B-strand, also known as extended, conformations aren’t planar but have a
slight right-handed twist to the backbone. Each residue in the extended conformation
translates to 3.2 - 3.4A. Side chains of adjacent residues lie on alternating sides of the
strand. Because the side chains tend to line up well with each other, and conditions for
intrastrand hydrogen bonding between backbone amide hydrogens and carbonyl oxygens
are favored, aggregation may occur in the form of either parallel or antiparallel B-sheets.
Parallel B-sheets are structures in which one or more B-strands align head-to-tail
sequentially. In most parallel B-sheets, other long fragments of secondary structure, such
as a helix, separate the strands. Antiparallel B-sheets consist of one or more f-strands
which are separated by loops or small fragments, such as reverse turns. Here the strands

align in the opposite fashion of the parallel B-sheets. That is, the N-terminus of one



strand will line up with the C-terminus of its partner and vice versa. Both forms are more
commonly observed in proteins than in peptides. Individual strands of antiparallel B-
sheets contain alternating hydrophilic and hydrophobic residues in the sequence. This
would allow the former to be exposed to solvent while the later are buried in the
hydrophobic core of the protein. Parallel B-sheets are commonly observed in the solvent-
inaccessible interior of the protein. These strands are more likely to contain hydrophobic

residues throughout the sequence. With the exception of B-hairpins, B-sheet formation
for peptides is an intermolecular association that yields aggregates. This process often

limits the solubility of peptides.

1.1.2.4: Reverse turns and B-hairpins.
Three major types of B-turns (also known as reverse turns) have been identified in

proteins and peptides and are designated types I, II and III. The type I B-turn is slightly
more open than its type II counterpart. The type III turn is the first turn of a 3,, helix. All

of these forms are stabilized by a hydrogen bond between the carbonyl oxygen of residue

i and the amide hydrogen of residue i+3. Although the B-turns consist of four residues,
only the backbone dihedrals of the inner two are necessary to define the turn. The residue

at position 3 is important for both type I and type II turns. A type I B-turn cannot contain
a proline at residue 3, while a type II B-turn must have a glycine at position 3. All amino

acids are allowed at position 3 in a type III B-turn, however. The typeI’, II’ and III’ B-
turns are analogous to their non-primed counterparts but have dihedrals of opposite sign.

Table 1.2 lists the typical backbone dihedral values of the major B-turns. Other turn
types, designated IV — VII, have also been defined but will not be discussed here.

Beta-hairpins are a simple form of antiparallel B-sheets which help stabilize B-

turns. These structures are stabilized by intrastrand sidechain-sidechain interactions as



well as main chain (backbone) hydrogen bonding (Blanco et al., 1998). The B-hairpin

class of secondary structure has gain attention as de novo models for peptide and protein

Table 1.2: Typical backbone dihedrals for p-turns'

¢, (degrees) y, (degrees) ¢; (degrees) ; (degrees)

Typel -60 -30 -90 0
Type Il -60 +120 +80 0
Type I11 -60 -30 -60 -30

' Adapted from Creighton (1984), page 237.

folding (for example: deAlba et al.,, 1996; Ramiréz-Alvarado et al., 1996; Ramiréz-
Alvarado et al., 1997). Many of the simplest B-hairpin models consist of a minimum of
10 residues. However, NMR studies have indicated that these short B-hairpins are in
rapid equilibrium with a disordered conformation (Ramiréz-Alvarado et al., 1997). One
recent publication (Kortemme et al., 1998) reports the structure of a 20 residue
polypeptide which folds into a stable three-stranded B-sheet protein (two serial B-

hairpins) in aqueous media.

The conformation most commonly found in proteins utilizes either a type 3, or a
type By’ turn and is known as a 2:2 B-hairpin. Other major B-hairpin conformations are
the 3:5 type, which includes a B, turn and a bulge, and the 4:4 type, which consists of a 3,
turn. The classification system (Sibanda et al., 1989; Sibanda and Thornton, 1991) used
to describe the B-hairpins indicates the length of the B-strand segments and the extent of
interstrand hydrogen bonding. The first number corresponds to the number of strand
residues whose amide or carbonyl groups are involved in H-bonding. The second
indicates the number of strand residues whose amide and carbonyl groups participate in

the B-strand H-bonding network.



Another class of reverse turn is the y-turn, which is tighter than its § counterpart,
encompassing 3 residues in the sequence. A hydrogen bond between the carbonyl
oxygen of residue i and the amide hydrogen of residue i+2 stabilizes the conformation.
As a result, the dihedral angles for residue i+2 are the most critical for defining the turn.
Average values for a series of tripeptides that adopt a y-turn conformation (Ala, and Gly;)
are ¢, = +69° and y, = -61° (Némethy and Printz, 1972). The inverse y-turn contains

dihedrals with opposite sign.

1.1.2.5: Poly(Pro) conformations

Proline has long been known to disrupt helices and, to a lesser extent, B-strands,
primarily due to its lack of an amide proton and constraints to its backbone torsional
angles. Proline polymers, however, can form two extended helical structures. These
conformations are most often observed in proteins and peptides which have sequential
proline residues. The first, known as poly(Pro),, consists entirely of cis peptide bonds
and forms a right-handed helix (3.33 residues per turn, 1.9A translation per residue). This
conformation is generally observed in nonpolar media. The second, poly(Pro),, is the
more frequently occurring poly(Pro) conformer and consists entirely of trans peptide
bonds, forming a left-handed helix (3.0 residues per turn). This conformation is nearly as
extended as a P-strand (3.12A vs. 3.4A). The poly(Pro), conformation is primarily
observed in aqueous media. The typical dihedrals observed for both poly(Pro), (¢, -83°,
vy, +158°) and poly(Pro), (¢, -78°, v, +149°) conformations indicate that these structures
are local minima in the B-region of the Ramachandran plot (Creighton, 1984, Woody,
1992).

1.1.3: TERTIARY AND QUATERNARY STRUCTURE

Tertiary structure is distinguished from secondary structure in that the former

describes the global folding in a protein while the latter describes local interactions which
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make up protein or peptide conformations. Tertiary structure usually consists of
secondary structure subunits that interact with each other to form the overall protein fold.
The interior of tnese folding motifs is hydrophobic, while the solvent-exposed protein
exterior contain the polar residues. Long range interresidue hydrogen bonds,
hydrophobic interactions, or side chain salt and/or disulfide bridges between two residues
far apart in the sequence stabilize tertiary structure. For example, bovine pancreatic
trypsin inhibitor (BPTI), a small 58 residue protein, has three long range disulfide bridges
(Cys’-Cys*, Cys'*-Cys® and Cys*-Cys®") which help constrain the overall conformation
(Creighton, 1975). Even in the absence of covalent linkages, hydrophobic clustering can
yield stable tertiary folds for domains as small as 35-40 residues.

Quaternary structure involves non-covalent interactions between two or more
subunits (or domains) of tertiary structure, which may be homologous. Hemoglobin is a
protein that has quaternary structure, consisting of four separate domains. These domains
are separated into two homologous dimers, designated o'B' and o’f?, which are arranged
as a rough tetrahedron known as a heterologous tetramer. In this model, there are no
direct interactions between the al and a2 domains or the 1 and B2 domains. The al
domain interacts solely with B1 and B2, primarily through hydrophobic contacts between

each subunit. The a2 subunit has symmetrical contacts with the 32 and B1 chains.

1.1.4: FLUOROALCOHOL EFFECTS ON PEPTIDE FOLDING AND STABILITY

Fluoroalcohol (FA) addition is known to stabilize peptide structure, specifically
helices, in aqueous media (see Harris, 1993 and Cort, 1997 for a brief historic overview).
The most commonly used FAs in structure studies are 2,2,2-trifluoroethanol (TFE) and
1,1,1,3,3,3-hexafluoroisopropanol (HFIP). Several direct and indirect interaction models
have been proposed to explain the helix-promoting effects of the fluorinated alcohols.

The former generally involves a shift in the helix/coil equilibrium and reflects differences
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in FA binding to the two states (Jasanoff and Fersht, 1994; Bodkin and Goodfellow,
1955). The latter models are indicative of medium effects on the peptide. Since addition
of FA reduces the ability of the media to accept hydrogen bonds, the random coil state is
destabilized (Llinas and Klein, 1975; Storrs et al., 1992; Cammers-Goodwin et al., 1996).
A second indirect mechanism proposes the formation of micelle-like clusters of FAs upon
addition to aqueous media (Kuprin et al., 1995; Hirota et al., 1997). A more recent article
states that FA addition reduces the entropic cost of assembling a solvent shell around the
solvated helix (Walgers et al., 1998). Previous reports from the Andersen group
(Andersen et al., 1996) are consistent with various aspects of the indirect mechanisms,
suggesting that the intramolecular H-bonded state evident in helices are favored by
decreased stability of the coil state and by a solvophobic effect.

1.2: USE OF NMR IN PEPTIDE STRUCTURE ELUCIDATION

Although nuclear magnetic resonance (NMR) suffers from low sensitivity with
respect to other spectroscopic methods, it remains a powerful tool in peptide and protein
structure elucidation. With the advent of more powerful magnets, improved electronics
and sophisticated pulse sequences, larger, more complex proteins can be studied.
Incorporation of '*N and “’C labels, whether specific residues or uniformly over the entire
sequence, in proteins and larger peptides has become common practice. In such cases,
heteronuclear and 3D (and sometimes 4D) spectra are utilized in order to combat spectral
overlap problems encountered in homonuclear 2D NMR, thereby elucidating a more
accurate structure. However, with small to medium-sized peptides, where degenerate
chemical shifts are generally less problematic than in proteins, standard 2D homonuclear

methods are sufficient.
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1.2.1: HOMONUCLEAR 2-DIMENSIONAL NMR TECHNIQUES

A general strategy for studying small to medium sized peptides via solution-state
NMR has long been established (Wiithrich, 1986). COSY (correlated spectroscopy) (Aue
et al., 1976; Braunchweiler and Ernst, 1983) and TOCSY (total correlated spectroscopy
or homonuclear Hartman-Hahn) (Braunchweiler and Ernst, 1983; Bax and Davis, 1985b)
experiments are used to identify and assign chemical shifts of individual amino acids.
Both experiments rely on strong scalar coupling in order to effectively undergo
polarization transfer through bonds. Each amino acid residue in a peptide chain can be
considered an individual spin system due to weak scalar coupling through amide bonds.
Scalar coupling within each residue is strong and, in principle, one should be able to

easily progress down the side chain.

The primary difference between the COSY and TOCSY experiments is that in the
former, crosspeaks arise from coherence transfer between coupled spins, while the latter
uses a spin lock which induces isotropic mixing, to transfer magnetization between
multiple spins that are strongly coupled. Commonly used spin-lock sequences are the
MLEV-17 (Levitt et al., 1982; Bax and Davis, 1985b) and WALTZ-17 (Shaka et al,,
1983). As a result, COSY crosspeaks are usually limited to three bond coupling, while
TOCSY crosspeaks, given a long enough spin lock time, can be generated along the
entire spin system. For example, a COSY spectrum of a leucine residue would only show
crosspeaks between NH — aH, aH — BH’s, BH’s - yH and YH — 6H’s. In the
TOCSY, one should observe crosspeaks between the resonances of the amide NH and the
rest of the protons in the side chain. The side chain protons (a, B, ¥ and §) will have a

network of crosspeaks amongst themselves as well.

NOESY (nuclear Overhauser effect spectroscopy) (Jeener et al., 1979)
experiments rely on strong dipolar couplings in order to transfer magnetization through

space. NOE cross relaxation, or growth, rates (cy5) are inversely proportional to the sixth
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root of the distance between two spins (I and S) that experience dipolar coupling, as well
as the product of the Larmor frequency (w,) and the correlation time (t.), or tumbling rate
of the molecule. Therefore, for any given molecule (where ®, and t, are constant), o;s is
primarily dependent on the r® (where r is the distance between spins I and S). Spins
which are closer together in space will have faster initial growth rates, and, therefore,
stronger NOE intensities. Thus, the NOESY experiment is sensitive to the distance
between the dipolar coupled spins, having an effective range < SA, and can provide

insights regarding the secondary and tertiary structure of a peptide or protein.

However, NOE enhancements (1),5) between the two spins are not dependent only
upon r*, the w,t, factor needs to be considered. Large molecules, which tumble slowly
and have a long correlation time with respect to the Larmor frequency (o,t. >> 1), will
experience negative NOE enhancements. Small molecules, which tumble at a faster rate,
will have a short correlation time with respect to the Larmor frequency (®,t. << 1),
leading to a positive NOE enhancement. In a typical NOESY experiment, molecules
where ®,t, >> 1 will have strong crosspeaks of the same sign as the diagonal peaks.
Molecules where ®,t, << 1 will have weak crosspeaks of opposite sign to the diagonal

peaks.

Intermediate-sized molecules or small molecules in viscous solution (®,T. = 1)
may have NOE enhancements that crossover from positive to negative. For these cases
where the NOE intensities are effectively zero, ROESY (rotating frame Overhauser effect
spectroscopy, originally called CAMELSPIN) (Bothner-By et al., 1984; Bax and Davis,
1985a) experiments may be used. Whereas NOEs evolve during the mixing time (t,)
portion of the NOESY pulse sequence, a spin lock is used to observe ROEs. In the spin

lock condition, the effective Larmor frequencies are dependent on the much smaller spin

locking field strength. This results in positive enhancements for all values of o,t..
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1.2.2: SECONDARY STRUCTURE CHARACTERISTICS IN NMR
Three important pieces of information harvested from NMR data can lead to
insights regarding peptide secondary structure: NOEs, deuterium/hydrogen exchange

rates and NH-oH coupling constants. Since NOEs grow at a rate proportional to r and
have an effective range of < SA, NOESY and ROESY experiments contain diagnostic
crosspeak patterns corresponding to specific secondary structure motifs. Backbone
NH/D,0O exchange studies are also useful tools in determining secondary structure.
Those backbone amides that are solvent-exposed or disordered should display short
exchange half-lives (for Ala-Ala: 1.3min at pD 6.0 and T = 280K or ~20min at pD 3.6
and T = 302K). Backbone amide NHs that exhibit longer exchange half-lives are
involved in interresidue hydrogen bonding. The *Jy.x coupling constants (when
measurable) can lead to some insights regarding the backbone conformation. The
coupling constants are dependent upon the torsion angle defined by NH-N-Ca-aH (0).

For an L-amino acid, 8 is converted to ¢ by the following relationship, ¢ =0 + 60. Table
1.3 lists average distances and coupling constants for the major structure motifs.

Intense i/ — i+3 crosspeaks, specifically the oN;,; and o;B;,; interactions, are
observed for a-helices. A medium-sized aN,;,, crosspeak may also be observed.

Additionally, a-helices will have medium-to-strong N;N,,, and often detectable medium
N.N,,, interactions, although the latter are due to secondary NOEs in most NOESY

experiments. Due to the backbone dihedrals, intraresidue (o;N;) NOEs will be much
stronger than their sequential interresidue (o;N,.,) counterparts. For the more tightly
wound 3,, helix, medium i — i+2 interactions, such as a;N,,, and N\N,,,, are more
prevalent. Although the aN,,; crosspeak remains strong, the o,3;.; interactions are less
intense and the aN,,, is very weak or non-existent. The sequential interresidue NOE
(aN;,,) in this case becomes slightly more intense, but are still smaller than the

intraresidue oN;. Since a-helices contain intra-strand hydrogen bonds between CO,
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and NH,,,, all but the first four residues of the helix will exhibit long half-lives in 2 D,O
exchange study. In the case of the 3,, helix. where the intra-strand hydrogen bond exists

between CO,; and NH,,;, all but the first threc residues of the helix will have long half-

lives. Small *Jy.qy couplings are also diagnostic of helices. For a-helices, a series of
couplings circa 3.9Hz are present, while a 3,, helix would suggest couplings of 4.2Hz
(Wiithrich, 1986).

Table 1.3: Average interatomic distances and coupling constants'

crosspeak  q-helix 3, helix B-strand * B, turn * By turn *

N, 26-27X  26-27A 27-2384 ]

aN., 354 34A P:23A  23:34A  23:22A
AP:3.0A  3/4:32A  3/4: 324

aN,., 3.8A 36A 33A

aN,., 34A 33A 3.1-424* 38-47A°

a;N;., 42A

NN, 2.8A 2.6 A P:33A  23:26A  23:45A
AP:40A  3/4: 24A  3/4: 24A

NN, 44 A 41A 38A 43A

B, 25-44A°% 35-5.1A4%

H-bonds CO,—»NH,, CO,— NH,, alt. residues CO,—->NH,; CO,—-NH,,

bt 39Hz 4.2Hz P:89Hz  2/3: 4Hz 2/3: 4Hz
AP:9.7THz  3/4: 9Hz 3/4: 5Hz

! Adapted from Wiithrich (1986). * P = parallel B-sheet, AP = antiparallel B-sheet.
* 2/3 and 3/4 correspond to residues 2 — 4 in the p-turns.
* Dependent on . ° Dependent on y'.

The B- or extended conformation doesn’t have a large number of intermediate
range NOEs within its own strand. Here intraresidue (o)N,) crosspeaks are much less

intense than the sequential interresidue (oN;,,) interactions and the intraresidue N\N,,,

crosspeaks tend to be weak. The only medium-to-long range NOEs observed for this
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conformation are between the two (or more) strands of a parallel or antiparallel sheet. In
this case, the hydrogen bonding network would involve alternating residues. The
solvent-exposed strands would display alternating short and long NH half-lives during the
D,0/H,0 exchange study. When observable, extended structures also have larger than
average *Jy;,.oy couplings. For parallel B-strands, the couplings average 8.9Hz, while in
the antiparallel B-strands, the coupling is near the maximal value, 9.7Hz.

Hydrogen exchange and *J,.q; information are less reliable for determining the

presence of reverse turns. Since the turns generally appear between two sets of structural
motifs, B-strands for example, any distinct hydrogen bond pattern would be difficult to
establish. In the case of the B, turn, the coupling constants for the corner residues (2 and

3) are 4Hz and 9Hz, respectively. The same residues in a B, turn exhibit constants of
4Hz and 5Hz. Conversely, NOE interactions can yield important information in locating
turn regions. Since the dihedrals of the corner residues (2 and 3) define the turn, a

number of NOEs should be present from residues 2 — 4. In the B, case, strong

crosspeaks are observed for the N|N.,, of residues 2/3 and 3/4. The sequential o;N,,,
crosspeaks are generally of medium intensity, while a number of intermediate range
NOEs, for example o;N,,,, aN;,; and N|N,,,, have medium to weak intensities. For a B,
turn, the N\N,,, peak for residues 2/3 becomes very weak, while that of residues 3/4

remains strong. Unlike the B, turn, the type II version shows a strong ayN,,, NOE between
residues 2 and 3. Additionally, the intermediate range NOEs, with the exception of the

o;N,., peak, tend to be very weak at best. Peak intensities for both N\N,,, and a;N,,;

correspond to distances > 4A.

1.2.3: NOE RaTIOS
Large differences in NOE crosspeak intensities, especially between intra- and

sequential interresidue aN interactions, are diagnostic for a-helices and B-strands. For
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example, in an a-helix, the intraresidue (o;N;) crosspeak is always more intense than the
corresponding interresidue (oN;,,) crosspeak. For B-strands, the reverse is true. A plot
of these NOE “ratios” versus the sequence should, thus, be highly informative. These
ratios are represented as a difference in contour levels (Ancl) between the sequential

interresidue and intraresidue aH crosspeaks. Although no direct scanning of the
sequence is implied, these NOE ratios are essentially comparisons of the inter/intra

residue crosspeak intensities. The “N-line” examines the amide NH of residue i and its
crosspeaks to the preceding residue (i-/) and intraresidue (/) a-methine proton [(Nic;,) -
(Na,)]. The “a-line” focuses on the a-methine proton of residue i and its crosspeak to
the succeeding residue (i+/) and intraresidue (/) amide NH [(¢N,,,) - (@N;)]. For
example, if the N-line and a-line of residue 2 were examined, then one would calculate
the Ancl of (N,a, - N,a,) and (a,N; - a,N,), respectively. Assuming the contour levels in

the NOESY or ROESY spectrum were set to a geometric multiplier of 1.4, then:

int
merNOE] (Eqn. 1L1]

Ancl = IOg“[intra NOE

In the case of the «-line, secondary structure is easily identifiable: an
uninterrupted string of negative Ancl values indicates an a-helix while a string a positive
Ancl values denotes a B-strand. Capping residues display abrupt changes in the sign of
the Ancl. A portion of the sequence that is considered to be “100%” helical should have a
NOE ratio of -4, while a “100%” B-strand segment will have a value of +4. A string of
Ancl values of approximately +1.5 would indicate a disordered or random coil
conformation. The N-line of residue i and the a-line of residue i-/ should also have the
same sign since they both depend on the same backbone dihedral angle, y;,. However,

the N-line and a-line of the same residue may have opposite signs, depending on the ¢

torsional angle (Bradley et al., 1990; Andersen et al., 1992b). Care must be taken not to
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misinterpret peak intensities and/or volumes. For example, protons which have chemical
shifts near that of the solvent may experience a decrease in peak intensity due to solvent

suppression techniques.

1.2.4: CHEMICAL SHIFT DEVIATIONS

Another powerful, yet simple, tool used in the determination of local secondary
structure is the chemical shift deviation (CSD), which is based on the chemical shift
index (CSI) developed by Wishart et al. (1991, 1992). Both the CSD and CSI are NOE-
independent, and rely mostly on backbone dihedrals and H-bond interactions. CSDs are,
in general, more informative than the CSlIs since the former are “actual” chemical shift
differences while the latter are limited to three values (-1, 0 and +1). As a result, CSDs
are a more sensitive probe of secondary structure, especially when studying a peptide or
protein under various conditions. In this procedure, a residue’s “disordered” or “random
coil” reference values (Wishart et al., 1995; Merutka et al., 1995; Andersen et al., 1997) is
subtracted from the observed chemical shift. (For the current reference values used in the
Andersen group, see Appendix A of this dissertation.) Usually these methods are applied
to the backbone amide NH or the a-methine proton, but '*Ce, *C’ and backbone "N
values can also be used, although the '"N chemical shifts need nearest neighbor
corrections (Wishart, 1995). Upfield chemical shift deviations are observed as negative

values (Ad < 0) while downfield chemical shift deviations are observed as positive values

(AS > 0).

Since the observed chemical shifts of the a-methine are primarily dependent on
anisotropy contributions from the preceding backbone carbonyl (Wishart et al., 1991),

and, therefore, on the backbone dihedrals, patterns that correlate with the major secondary
structure motifs are evident in the aH-CSD plot. A continuous string of four or more

negative aH-CSDs would indicate the presence of an «-helix, with a value of -0.4ppm
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considered “100%” helical. A B-strand would exhibit a continuous string of three or
more positive aH-CSDs. A maximum value of +0.25ppm is expected for the outwardly
facing (i.e. exposed to solvent) a-methines or for stand-alone B-strands. Those a-protons
which are inwardly facing in a B-sheet have aH-CSD values approaching +0.8ppm. The
reverse turns, although undefined, normally display alternating positive and negative
values at the N- and C-termini of the tun. In small to medium-sized peptides, capping
residues generally have aH-CSDs which approach zero. Although the observed aH
chemical shift values are primarily determined by the backbone dihedrals, they are also

susceptible to ring current effects from neighboring aromatic residues.

However, less susceptible to neighboring ring current effects are the backbone
amide NHs. The hydrogen bonding strength experienced by the NH is more of a
determinant in the observed chemical shift than secondary structure (Wishart et al.,
1991). The shorter (and stronger) the H-bond, the more deshielded the amide, and the
more positive the observed NH-CSD. In the case of a-helices, amide NHs at the N-
terminus of the helix were discovered to have more positive NH-CSDs than those at the
C-terminus of the helix. Wishart et al (1991) proposed that this trend is due to the helix
macrodipole. The N-terminus has a net positive charge, which leads to deshielding

effects, and the C-terminus has a net negative charge, which leads to shielding effects.

1.2.5: NH-CSD vs. NH-TEMPERATURE GRADIENTS

A more recent tool used extensively in the Andersen group is the NH-CSD vs. NH
temperature gradient plots (Andersen et al., 1997). These were initially used as to
determine how the strength of hydrogen bonds experienced by the backbone NHs are
related to their temperature gradients. It was widely assumed in the peptide/protein NMR
community that those amide NHs which had shallow temperature gradients (usually
greater than -4ppb/°C) were always sequestered in a hydrogen bond, and therefore
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exchange protected. Those backbone NHs exposed to solvent displayed steeper gradients
(-6.0 — -8.5ppb/°C). While, in general, this is true for most proteins and highly
constrained peptides, this presumption can not be applied to conformationally averaged or
partially folded peptides.

This plot is presented such that increasing (downfield) NH chemical shift
deviations from random coil values lie on the left side of the x-axis and decreases (i.e.
moves upfield) towards the right. In all cases, the NH-CSD would correspond to the
values calculated for the lowest temperature studied. The NH temperature gradients are
arranged such that the largest negative values (i.e. those which display the largest upfield

shifts upon warming) are placed in the top portion of the y-axis.

The slope and correlation coefficient (R?) calculated from linear regression
analysis provides some useful information regarding the peptide or protein studied. The
slope is a measure of the decrease in the population of a structured state as the
temperature increases. The steeper the regression line, the more facile the thermal
“melting” of the folded state. The R? value is a measure of the cooperativity in the
folding (or unfolding) of the system in question. Assuming a structure <> disorder
transition, a large R? (= 0.75) would indicate high cooperativity in folding as the peptide
or protein fragment is cooled. Those amides with large CSDs and “abnormal”
temperature gradients (i.e. > Oppb/°C or < -9ppb/°C) would imply that partial structuring
of the system occurs at lower temperatures. As the temperature increases, so does

randomization of the conformation.

1.2.6: TRANSLATING NMR DATA TO MOLECULAR MODELS

Once interatomic distances have been estimated from NOE intensities, they are
used as constraints in high temperature molecular dynamics simulations. This method

involves defining a set of coordinates, a randomized linear structure for instance, then
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applying a force field based on energy terms and NOEs and solving Newton’s equations
of motion (Scheek et al., 1989). Throughout this procedure, NOE-derived distance
constraints are treated as pseudo-bonds between the two atoms and the energy penaity
(kye) for violating the pseudo-bond constraint can be varied. The high temperature
studies allow the molecule to sample all regions of conformational space. After several
rounds, the temperature is slowly reduced, a process known as simulated annealing.
During this process and the final energy minimization, the molecule is allowed to fall into
energy wells. Several refinement protocols are required for the molecule to move from a
local to the global energy well, which presumably represents the most highly populated
conformation of the peptide or protein. Also included in separate constraint sets are
backbone torsional angles derived from coupling constants and, to a lesser extent, aH-
CSD and NOE connectivity data. Torsional constraints, however, are generally given a
lower weight during structure calculations than the NOE distance constraints.

The program used for the present study, X-PLOR (Briinger, 1992), is based upon
a modified version of CHARMm (Brooks et al., 1983). The molecular dynamics portion
of X-PLOR solves the following equation:

o*x,
mi( o J ® =-VXEqora [Eqn. 1.2]

where m, is the defined atomic mass and x; is the x-coordinate of the atom. Other
Cartesian coordinates for the atom (y,, z) are processed in a similar manner. The energy
term is based on holonomic constraints which define characteristics that are inherent in
bonds, specifically amide bond planarity, bond angles and lengths, impropers, and van
der Waals interactions. The van der Waals terms are adjusted from purely repulsive (r''?)
terms during the initial energy minimizations to zero during the high temperature
dynamics runs. More realistic attractive (r)/repulsive (r'?) interactions are enforced

during the final annealing stages. This model is known as a Lennard-Jones potential.
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Since NOESY and ROESY crosspeaks reflect population weighted averaging of
the accessible conformers, NOE intensities and interactions may be misinterpreted when
converted to distance constraints. In regions of significant conformational averaging, for
instance small, non-crosslinked peptides, multiple attributions could be misassigned to
the major conformer. Eventually this could lead to sets of conflicting distance constraints
or sets which produce false energy minima. To correct for this, ambiguous constraints
may be placed in a low-weighted set or eliminated via an iterative approach which
concentrates on the final reported energies (dihedral, van der Waals, or impropers) or
NOE violations. An ensemble of structures is usually required to generate a sufficient
population for sampling. If the majority of the distance and dihedral constraints are
correct, the ensemble should be highly converged in the conformationally defined
portions of the peptide or protein.

1.3: USE OF CD IN PEPTIDE STRUCTURE ELUCIDATION

Circular dichroism (CD) spectropolarimetry takes advantage of the chiral nature
of peptide backbones. CD consists of linearly polarized light which is divided into two
distinct components of equal intensity, left- and right-handed polarized light, which
revolve about the propagation line, completing one revolution per wavelength. What the
spectropolarimeter measures is the difference in absorbance (AA) between the left-handed
(A)) and right-handed (Ay) light, which are directly proportional to their respective molar
extinction coefficients (g, and €;). When the Beer-Lambert law is considered, this gives

the relationship,
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where b is the cell path length and c is the sample concentration. The AA is then

converted into a measurement of ellipticity (0) by the following,
0 = 32.98AA [Eqn. 1.4]
However, most instruments report optical constants in terms of molar ellipticity, [6],

1000
[e] = “be = 3298A¢ [Eqn. 1.5]

whose units are deg-cm?*-dmol™. In order to convert the constant to terms of mean residue
ellipticity, as it is most frequently reported in the literature, [0] is divided by the total
number of backbone amide bonds in the peptide or protein (Woody, 1995).

1.3.1: SECONDARY STRUCTURE CHARACTERISTICS

Most backbone amides of peptides and proteins are located next to a chiral center
(the a-carbon, which in most cases is the L-conformation). As a result, this is the
chromophore which is most influenced by backbone configurations and is most easily
observed through CD. All amides have a n — n* transition at =220nm (g, = 100) and a
n — n* at =195nm (g, = 7000). The actual intensities and curve shapes are dependent
upon secondary structure. At best, CD spectroscopy can only provide an estimate of the
peptide’s net folding; no specific local structuring information can be deduced. CD is
essentially a snapshot of the mixture of conformers present with the more populated
conformers dominating the spectrum. The upper panel of Figure 1.2 shows four major

structure motifs.

The a-helix curve (Chen, 1974; Harris, 1993) contains an intense positive band at
192nm (m — m,*) and two minima of equal intensity at 207nm (= — w,*) and 222nm

(n —» nt*). The B-sheet (Cort et al., 1994) contains a maximum at 195nm and a minimum
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at 217nm. The intensities of the two bands have a ratio of approximately 2:1 (max:min).
The B-turns generally resemble the B-sheet signatures, but are blue-shifted 5-10nm. The
type-I B-turn (Brahms & Brahms, i980) has a maximum at 190nm and a minimum at
217nm. Unlike the B-sheet, these two bands are of equal intensity. Type-II B-turns are
believed to be red-shifted with respect to the B, turns (Brahms & Brahms, 1980; Harris,
1993). The disordered, or random coil, curve contains a strong minimum at 197nm
which is nearly as intense as the minima of the a-helix. A very weak positive band,
which may be due to the poly(Pro),; conformation (Woody, 1995), is also present at
217nm.

Monitoring changes in backbone structure is straightforward using CD. Typically one
can deduce significant changes by an initial survey of the CD spectra. For example, as
conditions are varied, a set of spectra displaying an isodichroic near 203nm will usually
indicate a two state equilibrium known as the helix-coil transition (Woody, 1995).
Increases or decreases in a specific band with respect to changes in experimental
conditions such as temperature or sample concentration are also measured. Addition of
denaturants (guanidinium chloride, urea) or structure-stabilizing solvents (HFIP, TFE) are
also used to affect the backbone conformation. In the case of the a-helix, the band at
220-222nm is the most commonly monitored feature. If an overall characterization of
backbone conformational changes upon media or temperature change is required,

difference (and sometimes double difference) CD spectra are calculated.

1.3.2: AROMATIC CHROMOPHORES IN CD SPECTRA
Problems in deducing secondary structure content from CD spectra can arise
when the peptide contains aromatic residues. As in the case of the backbone amides, the

aromatic side chains are linked to the nearby chiral a-carbon and, therefore, exhibit a CD

signal. The bottom panel of Figure 1.2 displays the CD spectra for disordered aromatic
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residue side chains. Both the Tyr and Trp curves (Brahms & Brahms, 1980; Harris,
1993; Andersen et al., 1995a) have a large positive band at 225 — 228nm. The Tyr
spectrum also has a large negative band at 190nm and a large positive band at 200nm.
The Trp signal contains a negative band at 198nm. The Phe spectrum (Brahms &
Brahms, 1980) is blue shifted and slightly less intense with respect to the Tyr curve.

On a molar ellipticity (per aryl) scale, these signal intensities are larger than those
of the secondary structure reference spectra. This may present complications in the
spectral interpretation of the CD data if the peptide contains a significant number of
aromatic residues in its sequence. Any aryl sidechain chromophores may interfere with
the backbone signals. The primary influence on the signal intensities of these bands is
the rotomeric preference of the aromatic sidechains. That is, the side chain torsion angle,
specifically x,, will favor a particular conformation in an unstructured peptide (Alder et
al., 1973; Kelly and Price, 1997).

1.4: ENDOTHELINS

Endothelin-1 (henceforth, ET-1, Table 1.4) is the most potent vasoconstrictive
mammalian peptide hormone known. Consequently, the endothelin (ET) family of
peptides has garnered a great deal of interest from the biochemical and medicinal
chemistry communities. Although nearly 9200 journal articles (as of March, 1999)
regarding the ET peptide family have been published since its characterization in 1988,
only a small fraction deal with structural preferences of ET-1 and its analogs. Originally
discovered in the culture supernatant of bovine aortic endothelial cells and termed an
endothelium-derived constricting factor, or EDCF (Hickey et al., 1985), ET-1 was
isolated, cloned and sequenced from porcine aortic endothelial cells (Yanagisawa et al.,
1988). The endothelium-derived relaxing factor (EDRF), later identified as nitric oxide
(NO), had been previously isolated (Furchgott and Zawadski, 1980; Palmer et al., 1988).



Table 1.4: Primary sequences of the endothelin isopeptides.

1 5 10 15 20
ET-1 CSCSS LMDKE CVYFC HLDII W
ET-2 CSCSS WLDKE CVYFC HLDII W
ET-3 CTCFT YKDKE CVYYC HLDII W
VIC CSCNS WLDKE CVYFC HLDII W
SRTX-6a CSCKD MTDKE CLNFC HQDVI W
SRTX-6b CSCKD MTDKE CLYFC HQDVI W
SRTX-6¢ CTCND MTDQE CLNFC HQDVI W
SRTX-6d CTCKD MTDKE CLYFC HQDII W
BTX CSCAD MTDKE CLYFC HQDVI W
Apamin CNCKA PETAL CARRC QQH-NH,

ETs, VIC, STRXs, BTX: disulfides at Cys'-Cys'* and Cys*-Cys"'
Apamin: disulfides at Cys'-Cys"' and Cys’-Cys"

Yanagisawa et al. (1988) reported that a feature of the endothelins, specificaily a
relatively short amino acid sequence containing multiple disulfide linkages, was novel for
bioactive mammalian peptides. This feature, the authors noted, was similar to the
configurations of a number of non-mammalian peptide toxins “such as apamin from bee
venoms, conotoxins from the venoms of fish-hunting sea snails and neurotoxins of
scorpion venom” (Yanagisawa et al., 1988). The endothelins also have high sequence
homology and similar functionality to mouse vasoactive intestinal contractor (VIC). In
addition, the endothelins are similar to the sarafotoxins (SRTX) and bibrotoxin (BTX),
peptide families of potent cardiotoxins isolated from the venom of Israeli (Artractaspis
engaddensis) and South African (Attractaspis bibroni) burrowing asps (Sokolovsky,
1992; Doherty, 1992; Cody and Doherty, 1995). Table 1.4 lists the primary sequences

for these isopeptides.
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1.4.1: ENDOTHELIN RECEPTORS

Early in vivo and in vitro studies demonstrated that the three known endothelin
isoforms, designated ET-1, ET-2 and ET-3, induce both vasoconstrictor and vasodilator
responses. The vasoconstriction has a rank order of potency (ET-1 > ET-2 >> ET-3),
while the vasodilation is essentially equipotent (ET-1 = ET-2 = ET-3), suggesting the
presence of two distinct endothelin receptors (Spokes et al., 1989; Takayanagi et al.,
1991). The selective vasoconstrictor receptor, which is located in vascular smooth
muscle cells, was termed ET,, while the nonselective vasodilator receptor, which is found
in the endothelium, was termed ET; (Rubanyi and Polokoff, 1994; Goto et al., 1996;
Webb and Meek, 1997). An ET-3 selective receptor, termed ET., has also been
discovered and cloned from the dermal melanophores of Xenopus laevis (Karne et al.,

1993).

Cloning and the subsequent sequence homology studies of the ET, and ET,
receptors indicated that they are members of the rhodopsin superfamily of transmembrane
G-protein coupled receptors (Arai et al., 1990; Sakurai et al., 1990; Bimbaumer et al.,
1990). Basic features of this superfamily include 1) a hydrophobic extracellular N-
terminal domain consisting of 75-100 amino acids, 2) seven amphipathic transmembrane
helices connected by three inter- and three extracellular loops, and 3) an intracellular C-
terminal domain. Among the members of the superfamily, only the transmembrane
helices have highly conserved sequences; the loops and both terminal domains have

highly diversified sequences (Rubanyi and Polokoff, 1994).

1.4.2: BIOLOGICAL ACTIONS OF ENDOTHELINS

Early in vitro studies indicated that the endothelins, especially ET-1, cause a
potent and long-lasting constrictive response in vascular and arterial cell cultures
(Yanagisawa et al., 1988). One hypothesis of the signal transduction involve the indirect

association of the endothelins to intracellular Ca®>" concentrations ([Ca®"],,), 2 major
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signal of contractility in smooth and cardiac muscles (Simmonson and Dunn, 1990;
Kochva et al., 1993). Binding to the ET, receptor leads to G-protein mediated activation
of phospholipase C, which hydrolyses phosphatidylinositol, forming inositol-1,4,5-
triphosphate (IP;) and 1,2-diacylglycerol (DAG). Accumulation of IP; and DAG causes
a prompt transient, followed by a long-lasting sustained, increase of [Ca®"],, in vascular
smooth muscle cells (Yanagisawa et al., 1988; Masaki and Yanagisawa, 1992; Rubanyi
and Polokoff, 1994; Kuwaki et al., 1997). Binding to the ETy receptor activates the
release of nitric oxide and prostacyclin (both vasodilators) in endothelial cells, which
implies a possible role for endothelin in the regulation of vascular tone. An imbalance in
this regulatory mechanism has been postulated to lead to vascular disorders such as

hypertension (Doherty, 1992; Rubanyi, 1994; Ferro and Webb, 1997).

Biological actions of endothelins aren’t limited to vascular smooth muscles.
Various studies have also demonstrated increased contractility of the heart and
constriction of non-vascular smooth muscles such as the intestines, trachea and uterus
(Doherty, 1992). Endothelins are also synthesized by and bind to receptors in various
internal organs such as the kidneys, liver and lungs, as well as the endocrine, nervous and
reproductive systems (Rubanyi and Polokoff, 1994). In addition, ET-1 mRNA is
expressed in human macrophage and cancer cell lines (Doherty, 1992). These pieces of
evidence would suggest that the endothelins are local, rather than circulating, hormones
and indicate that they have wide physiological significance in diseases other than

hypertension.

1.4.3: STRUCTURE-ACTIVITY RELATIONSHIPS OF ENDOTHELINS

The three known endothelin isoforms consist of 21 amino acids and contain a
bicyclic core defined by two disulfide bonds, Cys'"’ and Cys*!' (see Table 1.4). In

addition, all the endothelin, VIC, bibrotoxin and sarafotoxin isoforms, with the exception

of SRTX-6¢, include a cluster of charged amino acids from residues 8 — 10 (Asp®-Lys’-
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Glu') and a hydrophobic C-terminus consisting of six highly conserved residues
(Yanagisawa et al., 1988; Kimura et al., 1988; Cody and Doherty, 1995). Apamin, a
peptide isolated from bee venom, also has limited sequence homology to the ET/SRTX
family. In this case, the peptide contains 18 residues and the disulfide crosslinking is
switched (Cys'"!, Cys*"®) (Freeman et al., 1986).

A number of ET-1 solution state NMR studies have appeared since the peptide
was characterized in 1989 (for example: Endo et al., 1989; Saudek et al., 1989; Tamaoki
etal., 1991; Reily and Dunbar, 1991; Krystek et al., 1991; Andersen et al., 1992a). These
studies were performed using a variety of media (aqueous, organic, or mixtures thereof)
and a general consensus was reached regarding the conformational preferences of the
bicyclic core. Most of these studies indicate that in aqueous media (containing organic
co-solvents to prevent aggregation at neutral pHs), the peptide adopts a reverse turn from
Ser’ — Asp® and an irregular helix from Lys’ — Cys'*/His'®>. In DMSO, the helical
region was thought to encompass Leu® — Cys'' (Munro et al., 1991). An early CD study
(Calas et al., 1992) suggested that this region wasn’t helical, but instead contained a
series of B-turns. Other CD studies, however, have suggested that the intact peptide is
30-35% helical in aqueous media (Andersen et al., 1995a). Monocyclic analogs display
decreased helicity by both NMR (Coles et al., 1994) and CD (Harris, 1993; Andersen et
al., 1995a), suggesting that the disulfides limit the conformational versatility of

endothelins, with most accessible conformers being helical over the 9-15 span.

The conformation of the hydrophobic C-terminus (His'® — Tip*'), however, has
elicited a great deal of controversy. Although most NMR-derived models indicate that
this region is conformationally averaged, interaction between the rigid bicyclic core and
the C-terminus are unresolved. Any differences in conformational preferences are most
likely due to the solvent system used to study the peptide. In DMSO media, Saudek et al.
(1989) proposed that the tail turns back towards the core. Endo et al. (1989) and Munro



31

et al. (1991) observed no intermediate or long range NOE interactions between the C-
terminus and the bicyclic core. Krystek et al. (1991) and Andersen et al. (1992a) have
reported structures in which the C-terminus interconverts between two discreet
conformations in aqueous glycol media. In acetonitrile, the C-terminus undergoes rapid
conformational averaging (Reily and Dunbar, 1991). A crystal structure (Janes et al.,
1994) suggests that the helical region of the peptide extends along the sequence,
completely encompassing the C-terminus. A time-resolved fluorescence study of ET-1,
focusing on Trp?, failed to distinguish between the various conformations observed in

solution or crystalline form (Cowley and Pelton, 1995).

Several groups have shown the importance of the two disulfide bonds for
biological activity of endothelin-1 (Kimura et al., 1988; Nakajima et al., 1989; Hunt et
al., 1993). Reduction and carboxamidomethylation of the four cysteines, as well as
destruction of the loop region (Ser’-Asp®), led to endothelin analogs with notably
decreased potency (Kimura et al., 1988). An alanine scan of the cysteine residues showed
that the outer disulfide (Cys''®) was more important than the inner disulfide (Cys*''): the
monocyclic Ala*''-ET-1 analog demonstrated the highest in vivo potency among these
alanine mutants (Nakajima et al., 1989). This study also included an acyclic peptide,
Asu''®-Ala*'"-ET-1. which showed negligible activity. suggesting that flexibility. or a

reduction in helicity, in the core greatly diminishes potency.

Regioisomers of the disulfide bridges were also probed (Hunt et al., 1993). In this
study, two of the four cysteines were substituted with penicillamine (B,B-
dimethylcysteine) to create three endothelin analogs: (1) [Pen'''-Nle’]-ET-1, (2) [Pen*"-
Nle’}-ET-1, and (3) [Pen"'"’-Nle’}-ET-1. Equilibrium constants indicated that steric
factors favor a Pen-Cys disulfide bond over the Pen-Pen/Cys-Cys combination. For the
first two analogs studied, the 1-15, 3-11 (or “endomeric™) regioisomer was highly favored
over the 1-11, 3-15 (or *“apameric™) and 1-3, 11-15 regioisomers. The third peptide
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slightly favors the apameric over the endomeric form. The Met’ — Nle’ substitution had
earlier been shown not to affect the structure or biological activity of ET-1 (Aumelas et
al., 1991). Vasoconstrictor activity studies indicated that the apameric and 1-3, 11-15
regioisomers were less potent than the endomeric forms by at least a factor of two. Of the
endomeric analogs, [Pen*'*-Nle’]-ET-1 (henceforth, Pen-1) was shown to be a full and
potent agonist of the ET, receptor — the EC,, was identical to ET-1 while its binding
constant was five fold higher than the native peptide. The [Pen''-Nle’]-ET-1 and
[Pen'>-Nle’]-ET-1 analogs showed partial and very little agonism, respectively, although
the apameric form of the latter was slightly more effective than its endomeric counterpart

(Table 1.5).

Table 1.5: Peptide penicillamine substitution pattern, disulfide isomer and

biological activity’.
Peptide  Disulfidle EC,, (nM) % of ET K,(mM) 1-15, 3-11/1-11,3-15
Isomer Contraction ratio
ET-1 1-15, 3-11 0.94 0.15 3:1
Pen"!! 1-15, 3-11 7.50 30 4.50 >12:1
Pen*" 1-15, 3-11 0.89 100 0.70 >22:1
Pen'!’ 1-11, 3-15 880 100 87 1:4
Pen"! 1-15, 3-11 5 396 1:4

! Adapted from Hunt et al., 1993.
* At 10uM, produced 4.8 £ 2.5% of a maximal ET-1 contraction

The charged and aromatic residues located in the helical region of the peptide also
influence activity. Nakajima et al. (1989) noted that the side chain carboxylic acid groups
of Asp® and Glu'®, as well as the aromatic moiety of Phe'* are important. Mutation of
Asp® = Asn®, Glu'® — GIn'® and Phe"* — Ala" greatly reduced the biological activity of
the peptide. Another study (Panek et al., 1992) examined two ET-1 analogs: [Pro'*]-ET-1
and [Phe']-ET-1. The His'® — Phe'® mutation demonstrated good agonist activity and

some selectivity for the ET, receptor. The Val? — Pro"? mutant showed slightly
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decreased potency and selectivity for the ET, receptor. Since prolines are known to
disrupt helices and, based on numerous NMR studies, position 12 is the central residue of
the helix, the authors concluded that the helical region is not critical for binding and
(ETp) activity. However, a study of monocyclic ET-1 analogs (Andersen et al., 1995a)
indicated that helix propensity affects ET, receptor binding affinity and biological

activity.

Various ET-1 structure-activity studies have also demonstrated the importance of
the C-terminus (Kimura et al., 1988; Nakajima et al., 1989; Olsen et al., 1993).
Progressive deletion of the six C-terminal residues led to decreasing potency, with ET(1-
16) essentially inactive. The hexapeptide, ET(16-21), itself had no biological activity in
most mammalian cell cultures. Alteration or removal of Trp*' led to dramatic decreases
in contractility with respect to the intact ET-1. ET(1-20) was three orders of magnitude
less potent than ET-1, while the D-Trp* analog was less active by a factor of a hundred.
Successive deletions along the chain, however, led to less dramatic decreases in potency
(Kimura et al., 1988). Olsen et al. (1993) demonstrated that Ile*® was important as well:
hydrolysis of the peptide bond between Ile'” and Ile® lowered binding affinities to
negligible levels. Longer sequences, such as ET(1-39), known as big-ET-1, ET(1-25) and
ET-NH, also had lower biological activities. Proteolytic cleavage of the Trp?'-Val* bond
in big-ET increases contractility by over 100 fold (Yanagisawa and Masaki, 1989;
Nakajima et al., 1989).

Since the conformationally averaged C-terminus is known to be essential for ET,
receptor binding affinity and signaling, a backbone N-methyl scan was performed over
positions 17 -» 20 (Hunt, unpublished data; Harris, 1993), while keeping the Pen-1
sequence intact. Activity studies performed at the Bristol Myers Squibb Pharmaceutical
Research Institute (Princeton, NJ) indicated that the ™“Leu'” and ®™Asp'® analogs had

slightly reduced potency with respect to Pen-1. The ™“[le'® analog was less active than
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the N-methylated Leu'’/Asp'® peptides. N-methylation at Ile?® showed a dramatic change
in potency. The [Pen*'*-Nle’-®™[]e*]-ET-1 peptide, henceforth Pen-2, is a potent
antagonist of the ET, receptor. Pen-2 also had the most dramatic change in the CD data
observed for the N-methylated analogs (Harris, 1993). Difference CD of the intact
analogs suggested that N-methylation over residues 17 — 19 promotes the formation of a
reverse turn, possibly of type B;. The ACD curve for Pen-2 corresponds to a f,-type turn.
A recent article (Cody et al., 1997) has also confirmed the ET, receptor antagonism of a
6-mer containing ®™[le*®, Although relatively unstructured, the N-methyl group had a
large effect on the conformation. According to Cody et al. (1997), the peptide bond
between Ile'” and ®™<[le*® adopted a trans conformation in aqueous media. When the
6mer was studied in DMSO at basic pH, the same bond was reported to exclusively adopt

the cis configuration.

1.5: PROJECT GOALS

One of the primary goals of this doctoral project was to resolve major questions
concerning the three-dimensional structure of the endothelins and how these relate to
their biological activity. In order to study peptide hormones normally bound in
transmembrane receptors, a more rigid analog was designed and studied in aqueous
media containing organic co-solvents. This analog, [Pen*'*-Nle’]-ET-1 (Pen-1), not only
displayed a more rigid bicyclic core with respect to the native peptide, but was also a
potent ET, receptor agonist. Studies involving a backbone N-methyl scan of the
conformationally-averaged C-terminus gave rise to a second endothelin analog, [Pen’'*-
Nle’-®]e?]-ET-1 (Pen-2), which retained the rigid bicyclic core of Pen-1, but was

discovered to be a potent ET, receptor antagonist (Hunt, unpublished data).

These discoveries led to further studies in order to determine conformational

requirements for recognition versus those for signaling (i.e. agonism vs. antagonism).
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Specifically, questions regarding the structural preferences of ET-1, Pen-1 and Pen-2 led
to studies of various ET-1 and Pen-2 C-terminal analogs in order to determine: 1)
whether the two disulfide bridges of the ET-1 bicyclic core are required to stabilize helix
formation, 2) the importance of the C-terminal hydrophobic clustering and its relationship
to peptide signaling, and 3) the effect of the N-methyl group on the conformational

preferences of Pen-2 and its analogs.
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CHAPTER 2: INTACT ENDOTHELIN ANALOGS

2.1: INTRODUCTION: WHY STUDY PEN-1 AND PEN-2?

In their study of endothelin-1 regioisomer formation, Hunt et al. (1993)
synthesized an “endomeric™ (1-15, 3-11 crosslinked) analog that was later determined to
be a potent ET, receptor agonist. This analog, termed Pen-1 (Figure 2.1), had three
significant mutations in the peptide sequence. The first, Met’ — Nle’, was to help
prevent oxidative reactions associated with the methionine side chain. Previous NMR
studies had determined that this change did not significantly alter the overall structure of
ET-1 (Aumelas et al., 1991). The two other mutations, Cys’ — Pen® and Cys'* — Pen"’,
were used to insure the correct endomeric regioisomer formed in high yields upon
oxidation of the linear peptide (Hunt et al., 1993). Initial structure studies performed in
the Andersen group (Chen, 1992; Harris, 1993) determined that the Cys — Pen mutations
increased steric interactions within the bicyclic core. This created a more rigid core
which helped stabilize and extend the helix from Lys’ to Leu", or possibly Asp'®. As
with most other ET-1 solution structures, Pen-1 displayed rapid conformational motion at

the C-terminus.

Since the conformationally flexible C-terminus was known to be an important
signaling factor for the native peptide, several more structured C-terminal analogs were
studied. A backbone N-methyl scan of the C-terminal residues was performed at Bristol
Myers Squibb (Hunt, unpublished data; Harris, 1993). One mutant, denoted Pen-2
(Figure 2.1), retained the same substitutions as the Pen-1 analog but contained a N-
methylated isoleucine at position 20. Initial structural studies of the Pen-2 analog (Chen,
1992; Harris, 1993) showed that the bicyclic core retained the same general features as



Figure 2.1: Snake diagrams of ET-1, Pen-1 and Pen-2.
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that of Pen-1. However, the C-terminus was noted to be more rigid, possibly containing a

conformation resembling a B, type turn. Pharmacological studies indicated that the Pen-2
mutant was the most potent ET, receptor antagonist of the N-methyl scan analogs (Hunt,
unpublished data).

Two questions arise from these initial surveys. First, how does the addition of a
single methyl group affect the conformation of the C-terminus? Second, how does the
change in the structure affect the signaling? Specifically, how does the N-methylation of
a single residue in the C-terminus transform a potent ET, receptor agonist (Pen-1) to a
potent ET, receptor antagonist (Pen-2)? An ET-1 crystal structure (Janes et al., 1994),
whose overall conformation widely contrasted those derived from solution-state NMR
data was published after these preliminary analyses. This raised several questions
regarding the conformation of the C-terminus. This chapter completes the structural
studies of the intact ET-1 analogs started by Chinpan Chen (1992) and Scott Harris
(1993), as well as discusses how the solution-state conformation differs from the one

solid-state structure reported.

2.2: MATERIALS AND EXPERIMENTAL DETAILS

2.2.1: PEPTIDE SYNTHESIS AND SAMPLE PREPARATION

Isotope labeled [Pen*'*-Nle’]-ET-1 (7mg, FW = 2548.21) was acquired from the
Bristol Myers Squibb Pharmaceutical Research Institute (Princeton, NJ) and was used
without further purification. Synthesis is as previously described (Hunt et al., 1993) with
the following exception: '"N-Leu at positions 6 and 17, '*N-Phe at position 14, d,-Nle at
position 7, and dg-Val at position 12 were incorporated in the sequence during the
automated peptide synthesis. [Pen®’-Nle’-"™le*]-ET-1 (FW = 2542.12) was also
acquired from Bristol Myers Squibb and was used without further purification.
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Freshly prepared MilliQ® water was used to prepare the phosphate buffers.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc.
(Andover, MA). Due to the aggregation problem encountered in earlier NMR studies
(Chen, 1992), organic co-solvents were required to solubilize the samples. For the
isotope labeled Pen-1, the solvent mixture used for the initial NMR studies was a follows:
52% d,-formate/phosphate buffer (pH 3.5), 42% d,-ethylene glycol and 6% 80mM
aqueous d-trifluoroacetic acid (TFA) by volume; the nominal peptide concentration was
2.56mM. Aliquots of d,-hexafluoroisopropanol (HFIP) were added directly to the NMR
tube during the titration study such that volume percentages ranged from 3 to 15%. In the
deuterium exchange studies, the sample was lyophilized and reconstituted under the same
conditions as the original sample (0% HFIP) using 99.96% D,O during the preparation of
the buffers.

The unlabeled Pen-2 sample used in this study was lyophilized powder recovered
from initial NMR studies performed by Chinpan Chen (1992). These samples were
reconstituted in 5% d,-acetic acid (HOAc), 40% ds-ethylene glycol and 55% H,O by
volume. The concentration of the resulting solution was approximately 2.45mM. The
Pen-2 HFIP titration was performed as described for the isotope labeled Pen-1. However,

due to solubility problems, no deuterium exchange study was performed.

2.2.2: NMR EXPERIMENTS

Two Briiker Instruments AM-500 spectrometers (~11.74T, one tuned to 500.13
MHz, the second tuned to 499.87 MHz) equipped with Aspect 3000 computers were used
to acquire and collect NMR data for the isotope labeled Pen-1 and Pen-2 analogs. Most
spectra were acquired at temperatures ranging from 290 to 305K using 16K complex
points for 1D spectra. During the isotope-labeled Pen-1 temperature studies, spectra were
collected from 275 to 305K (280 to 310K for Pen-2) in 5K intervals. The temperature

was allowed to equilibrate for 20-30 minutes prior to acquisition. Data points in the
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deuterium exchange study were acquired at 300K. For the 2D experiments, 2048
complex t, points and > 500 t, increments were collected. In order to gain sufficient
signal-to-noise resolution, 64 to 128 scans per t, increment were acquired. Probe
temperatures were calibrated once every six months using degassed methazol in a sealed
NMR tube.

Pulse sequences for the TOCSY (Griesinger et al., 1984; Bax & Davis, 1985) and
NOESY (Bodenhausen et al., 1984) programs are the same as those found in the Ph.D.
dissertations of Bolong Cao (1993) and Scott Harris (1993). All TOCSY and NOESY
spectra were acquired using the time proportioned phase increment (TPPI) method.
Typical MLEV-17 (Levitt et al., 1982; Bax and Davis, 1985b) spin lock times for the
TOCSY experiments ranged from 45 to 50 ms while mixing times for the NOESY
experiments ranged from 80 to 300ms. The residual water signal was suppressed during
the recycle delay using a presaturation pulse sequence applied over an 8Hz range centered

on the solvent peak.

All NMR data were transferred to a Silicon Graphics 4D/20 or 4D/25 Personal Iris
computer for processing and analysis using Felix versions 2.0, 2.3 or 95.0 (Biosym
Research Inc., San Diego, CA). Prior to Fourier transformation, all 2D data sets were
zero filled to 2K data points and apodized with a skewed sine bell function. Where
applicable, baseline correction using a cubic spline function was also performed on the

2D data sets.

2.2.3: SPECTRAL ASSIGNMENT

The chemical shifts for all Pen-1 and Pen-2 spectra were calibrated with respect to
the trimethylsilylpropanoate (TSP) reference peak. Spectral assignment of the 2D
spectral set follows the strategy outlined in Wiithrich (1986). Individual spin systems

were located and assigned via the TOCSY, while sequential and intermediate range
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interactions were derived from the NOESY. Chemical shift deviations for both backbone
amide and a-methine protons were calculated using the disorder reference chcmical shifts
appearing in Appendix A. These reference values had recently been re-determined from
several laboratories (Wishart et al., 1995; Merutka et al., 1995; Andersen et al., 1997).
NOE ratios and peak intensities were determined directly from the NOESY spectra.
Inter- vs. intraresidue aN NOE ratios (Lee et al., 1994) are shown as differences in

crosspeak contour levels, with the N-line corresponding to (N;cx,,) - (N,o;) and the a-line
to (N;,;) - (N;a).

2.2.4: MOLECULAR DYNAMICS SIMULATIONS

Starting structures for modeling Pen-1 were created in the Sequence Builder
module of Quanta version 3.3 (Molecular Simulations Inc., San Diego, CA). One B-sheet
and one right handed a-helix starting structure were subjected to a 100 step CHARMm
energy minimization. Next, five to six sets of phi (¢) and psi (y) dihedral angles were
randomized at various positions to create 30 acyclic structures (10 derived from helices,

20 from strands) used for the initial refinement stages.

Molecular dynamics (MD) and simulated annealing (SA) experiments were
performed using X-PLOR version 3.1 (Briinger, 1988) on Silicon Graphics Indigo
workstations. Distance constraints were derived from NOESY data sets acquired in both
protic and deuterated media. These constraints were placed in different categories based
on the level of confidence in the NOESY crosspeak assignments and NOE intensities. A
complete listing of the Pen-1 distance and dihedral constraints appear in Appendix D. In
the case of the isotope labeled Pen-1 analog, more distance constraints could be used with
higher confidence due to the lack of spectral overlap in the backbone amide and methyl
regions. Distance constraints with high uncertainties were placed in a low-weighted

“trial” category. Dihedral (¢ and y) constraints were based on a-proton chemical shift
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deviations (aH-CSD) and local NOE ratio data (Andersen et al., 1995c). Where the B-
CH,s are resolved and prochirality can be assigncd, anti- and gauche- (aH or backbone

NH to PHs) constraints were included. Pen a-methine to y-methyl anti- and gauche-
assignments were also included in the constraint set. Modified topology files which
contained information pertaining to Pen and Nle residues were used to set bond lengths,
bond angles, improper angles, atomic charges, atomic masses, aromatic ring and amide

bond planarity, and force field energy constraints.

Several stages of X-PLOR calculations were required in order to allow the
structures to settle in a global energy minimum. Each round, in turn, required several
MD calculations prior to the simulated annealing. Typical X-PLOR protocols initially set
distance constraints in “soft” potential energy wells with low asymptotic slope values.
The structures were subjected to a 150 step Powell energy minimization, then
randomization of velocity vectors before undergoing a short high temperature molecular
dynamics calculation (100 steps, 1000.01K) which would enable the structures to sample
all allowable configurations. The weights of the distance constraints were increased
before a second MD run (2000 steps for the initial simulations, 8000 steps for the
refinement stages). A third MD calculation (100 steps) was simulated in which the
dihedral energy, van der Waals repulsion and asymptote slope values are ramped up.
Prior to a fourth MD calculation in which the temperature was ramped down from
1000.01K to 300K in 50K intervals, the higher weighted category constraint sets were
switched from a soft to square potential energy well. Simulated annealing allows the
structures to slowly fall into an energy well before the final Powell minimization is
performed. Timesteps of 2fs were used for all MD simulations with the exception of the
initial rounds (1fs per step).

Initial disulfide patching runs were performed with Lennard-Jones potentials
turned off. Long distance (nonsequential) and disulfide constraints were set to low
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weights and kept in soft energy wells until after the first simulated annealing calculation.
“Trial” category sets were kept in soft energy wells with shallow asymptotes at all times
to prevent uncertain constraints from having a largc influence in the initial simulations.
This primary stage was performed twice prior to bridging the disulfide bonds in the
model. The long distance and disulfide constraints were returned to their normal weights
during the third round of refinement calculations. All resolvable 3-CH, assignments were
wildcarded while stereospecific y-methyl assignments for Val'? were used throughout the
first three stages. Since the sidechain configuration of the Cys and Pen residues have
great influence over the conformation of the bicyclic core, determining the correct
stereochemical assignments was imperative. An iterative approach was utilized during
the refinement stages in order to establish prochiral assignments for the Pen methyl
groups, resulting in four permutations (60 models each) after the third stage. Structures
were discarded from ensembles based upon high NOE, improper, and/or van der Waals
energies, as well as poor convergence and large rms deviations of the superimposed
backbone over the helical portion of the molecule. However, convergence criteria were
not allowed to eliminate structures that have fully acceptable energies and NOE

violations.

Once a consensus distance constraint set was reached, the original 30 acyclic
structures were subjected to several refinement stages where only the stereochemical
assignments for the Pen’, Cys'!, Val"* and Pen" sidechains were enforced. All other
resolvable B protons were wildcarded at this stage. Lennard-Jones potentials were
applied during the last energy minimization step of the final refinement stages to more

accurately model attractive-repulsive interactions.

Purely repulsive van der Waals potentials were replaced with standard Lennard-
Jones potentials during the comparison study of the Pen-1 solution and ET-1 crystal
structures. Where the helical portions of the structure were emphasized, narrowly defined



44

¢ and y dihedral constraint ranges (+ < 10°) were used to test NOE compatibility with a
“regular” helical conformation. The NOE force constant (k,..) was also decreased so that
the E,. contribution in the total energy term was less than that of the dihedrals (k4,). For
the ensemble where tiic NOEs were emphasized, the dihedral constraints were allowed
their normal ranges (see Appendix D) and force constants while k,,. was increased.
Throughout this comparison, k.. and k. were adjusted so that their constraints

contributed equally to E,,,.

2.3: NMR STUDIES OF PEN-1 AND PEN-2

2.3.1: WHY USE IsoToPE LABELS ON PEN-1?

The initial Pen-1 survey (Chen, 1992) provided a first generation NMR structure
ensemble derived from the available TOCSY and NOESY spectra. However, a number
of degenerate chemical shifts in the backbone amide region resulted in overlapped and
indistinguishable NOESY crosspeaks. This lead to several misassignments or mis-
interpretations that were later translated into highly uncertain distance constraints. This
was especially problematic since these overlapping amides corresponded to those located
in the turn and helical regions of the peptide. For example, in 50% aqueous glycol at pH
3.5 (Figure 2.2, top), a number of overlapping resonances are evident: 4NH with 6NH,
14NH with 18NH (and possibly 9NH and 2I1NH) and 17NH with a number of other
amides (7NH, 8NH, 12NH, and 19NH). Since these amide proton chemical shifts could
not be sufficiently resolved by temperature or pH changes, any distance constraints
associated with these amides could not be used with high confidence during the structure

calculations.

To more accurately probe the conformational preferences of the Pen-1 analog,

isotope labels were placed in key regions of the peptide. Two '"N-labeled leucines were
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inserted into the sequence at positions 6 (the loop region) and 17 (the C-terminus), while
a '"N-Phe was placed at residue 14 (the helical region). Originally, N dynamics studies
to probe the mobility of these three regions and '"N-edited NOESYs to further
deconvolute the spectrum were planned. Unfortunately, these studies weren’t feasible
due to the low signal-to-noise resolution of the instrument at its then current
configuration (1993-1994). However, a standard NOESY reveals strong '*N-'H
couplings of circa 90Hz (Figure 2.2, bottom), which relieves some spectral overlap in the

amide region.

Due to the high number of fatty alkyl residues in the Pen-1 sequence (2 Leu, 1
Nle, 2 Ile, and 1 Val), the methyl region of the NOESY spectrum was overcrowded with
crosspeaks. Correct attribution of these upfield regions is critical since three of the
aliphatics (Leu'’, Ile'® and Ile*°) are located in the conformationally averaged C-terminus.
To help alleviate spectral crowding in the upfield region of the spectrum, two
perdeuterated residues, d,-Nle’ and d,-Val'?, were inserted into the sequence. Since the
deuteria in these two residues are unobserved in the proton spectrum, interactions

between the C-terminus and the bicyclic core, if any, should be more easily observed.

2.3.2: SPECTRAL ASSIGNMENT OF PEN-1.

2.3.2.1: Aqueous glycol media.

Spectral assignment of the isotope-labeled Pen-1 analog in 50% aqueous glycol
(pH 3.5) closely followed that of Chinpan Chen’s (1992) analysis. As expected, *N-'H
couplings of circa 90Hz and the effect of selective perdeuteration (in the form of absent
Nle’ and Val'? resonances) are clearly observed (Figure 2.2, bottom). A peak due to a

residual a-methine proton for the Nle’ is also present in the spectrum. Signals at circa

4.8ppm, such as the a-methine proton of Pen’, were bleached out due to solvent

suppression. Table 2.1 reports the final chemical shift assignments and backbone NH
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Table 2.1: Chemical shift assignments for Isotope-labeled [Pen*'*-Nle’}-
ET-1 in 50% aqueous ethylene glycol (pH 3.5) at 305K.

Chemical Shift (ppm)
Residue  HN [AS/AT] a BB’ Others
Cys 1 exchanged 4.341 3.405, 3.258
Ser2 8.600 [-4.559] 4.582 3.794, 3.794
Pen 3 8.248 [-7.293] bleached Y.y 1.595, 1.212
Ser 4 8.814 [-6.823] 4.394 3.925, 3.866
Ser 5 7.458 [+0.951] bleached ?
Leué6 * 8.829 [-9.324] 3.960 1.661, 1.583 y 1.703, §,6° 0.922,0.813
J=92Hz
Nle7 7 7.695 [-2.722] 4.080 n/a v,y na, 8,8 n/a, & n/a
Asp 8 7.644 [-0.692] bleached 3.263,2.708
Lys9 7.972 [-2.937] 3.849 1.831, 1.831 vy 1.572,1.474, 5,5 1.678,1.678
€, 3.002, 3.002
Glu 10 8.485 [-7.656] 4.084 2.123,2.123 Y,y 2.466,2.466
Cys 1l 7.319 [+0.682] 4.135 3.247,3.139
Val 12~  7.646 [-0.939] n/a n/a 7y na
Tyr 13 7.754 [-1.609] 4.161 2.993,2.993 5,5° 6.853, £,&° 6.664
Phe 14*  8.066 [-3.515] 4253 3.256, 3.200 8,6°1.311, e 7.373, ¢ ~7.373
J=92Hz
Pen 15 8.503 [-10.970] bleached vy 1.566, 1.406
His 16 7.870 [-2.552] 4412 3.291,3.291 5 7.256, € 8.602
Leul7*  7.661 [-2.303] 4.132 1.521,1.597  y 1.521, 8, 0.757,0.757
J=91Hz
Asp 18 8.078 [-0.491] 4.503 2.967,2.739
Ile 19 7.650 [-3.782] 4.076 1.734 ylyl® 1.371, 1.035
y2 0.649, & 0.750
Ile 20 7.773 [-5.499] 4.115 1.755 ylyl" 1.361, 1.059
y2 0.763, & 0.763
Trp 21 7.985 [-7.899] bleached 3.283,3.185 5 7.173, €1?, €3 7.559

£27.396, £3 7.050, 12 7.132

* 1SN, A perdeuterated side chains
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temperature gradients. A number of sequential and intermediate-range crosspeaks are
observed in the H,O and D,0 NOESYs (Figures 2.3 - 2.5). These are summarized in the
NOE ratio and connectivity plots (Figures 2.6 and 2.7).

Two major structure motifs are evident from these data sets: a turn encompassing
Ser’ —> Asp® and a helix from Lys® — Leu'”, possibly extended to Asp'®. The turm, which
caps the N-terminal portion of the helix, is primarily indicated by a number of weak-to-
medium o; — N,., NOEs for the residues ranging from Ser’ and Glu'®. Also observed in
the NOESY, but not listed in the NOE connectivity plot, are weak crosspeaks between the
5B methylene protons and 7NH. Sequential interresidue NOEs also help locate the turn:

medium o; — N,,, and weak N, — N,., crosspeaks are present for Ser’, Leu® and Asp®.
The corresponding crosspeaks for Nle’ are strong and unquantifiable, respectively. The

NOE ratio plot for this region is less helpful. Ser’ through Asp® display a number of

alternating positive and negative Ancl values for both the N- and a-lines.

The helix shows several strong to medium o; — N,,; interactions, extending from
Lys’ to Asp'®. These NOEs are strongest at the beginning of the helix and becomes

weaker as the sequence progresses, indicating that fraying occurs at the C-terminal end.
For example, an intense crosspeak is observed for 9o — 12NH, while 15a — 18NH
shows medium intensity. The 12a — 15NH crosspeak, which is observed in the non-
isotope case, is absent here. A crosspeak between 10cand 13NH is also present,
although it lies near the 19 — 20NH crosspeak. Other crosspeaks are broadened due to
"!N-'H coupling, specifically those corresponding to 11 = 14NH and 14a — 17NH.
The same pattern emerges for the oy — P,.; interactions. Other i — i+3 interactions
involving 10a and 1la and the aromatic side chains of residues 13 and 14 are also
present. The former (10cc — 1388°) is easily observed; the latter (1laa — 1488°) is

ambiguous due to the coincident chemical shifts of 11NH and the 143 protons.
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Sequential interresidue NOEs aiso help resolve this region: weak a; — N;,, and medium-
to-strong N, = N,., crosspeaks are observed from Lys’ to Asp'®. The N- and a-line of the
NOE ratio plot displays negative Ancl values approaching -4 for residues Glu'
through Pen', indicating that this region is nearly 100% helical.

Further evidence of the helix N-cap is present in the NOE ratio histogram. The
intense a-line of Asp® and N-line of Lys’, which both represent w,, indicates that the
interresidue aN crosspeaks are more intense than their intraresidue counterparts.
However, the abrupt change in the sign of the NOE ratios beginning with the a-line of
Lys’ indicates the reverse is true for residues 9 through 16 and that Asp® is the N-capping
unit of the helical region. The lack of any i — i+3 crosspeaks prior to Lys’ in the

sequence (as observed in the NOE connectivity plot) also confirms this conclusion.

Strong o; = N,., and B, = N,,, but weak N; — N,,, crosspeaks suggest that the N-
terminus (Cys' — Pen’) is extended. The NOE ratio plot shows strong positive Ancl
values for the N- and a-lines of Ser’ and Pen’, although the Pen® a-line is less well-
determined due to its proximity to the residual water peak. The C-terminus (Asp'®
through Trp?') is the least structured region of the peptide. The NOE ratios indicate an
extended conformation, as shown by the positive values approaching +4 for both the N-
and a-lines. However, sequential o; & N,,; and N; = N,,, crosspeaks have strong and
medium intensities, respectively. In addition, there are several i — i+2 interactions,

between Leu'’ and Ile", as well as Ile' and Trp*, indicating the possibility of a turn.

2.3.2.2: Deuterium exchange.
Expectation amide exchange rate ratios can be calculated from the available data
using Molday factors (Molday et al., 1972; Bai et al., 1995). The individual amide

reference values are dependent upon its own sidechain and that of the previous residue.
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Elevated temperatures, as well as acid or base catalysis, also accelerate exchange rates.
The minimum (slowest) rates for Ala occurs near pH 3 (Bai et al., 1995). A positive
Molday factor indicates an enhancement of exchange rates, relative to Ala; a negative
Molday factor represents retardation. Bai et al. (1995) reports the procedure for
calculating Molday factors and correcting disordered Ala exchange rates for both
temperature and pH effects. Once the reference t,, for the other residues in the peptide are
calculated [(ref t,)-10™], protection factors, which are a measurement of the relative

folding, are obtained from the quotient of the observed and predicted half-lives.

Table 2.2 reports the backbone amide exchange half-lives and protection factors
for Pen-1 in aqueous 50% ethylene glycol (pH 3.5) at 302K. At this pH and temperature,
base catalysis dominates the H-D exchange reaction. The chosen Molday factors (Bai et
al., 1995) reflect this condition. Cys' is omitted from the table since the N-terminal
residue is a free amine, and due to normal fast exchange with the solvent, is not observed
in the 'H spectrum. The Ser’ and Cys'' amide peaks are indistinguishable from the
aromatic protons. For Asp® and Asp' (pKa =~ 3.9), Molday factors for both Asp°® and
Asp™ were calculated. The Asp™ values were used to determine the slowest predicted t,,,

resulting in the minimum protection factor for residues 8/9 and 18/19.

The D,0 exchange data (Figures 2.8 and 2.9) confirms the location of the helical
region. The largest protection factors range between Glu'® and Leu'’ (all > 10). The
unexpectedly large protection factor for His'® appears to be an anomaly. Under the
current experimental conditions, the sidechain have been protonated, giving a predicted
exchange half-life of 45 seconds. Chen (1992) reports a t, between 5-20min under
comparable conditions; here it is nearly 2 hours. As expected, the N- and C-termini
(residues 2-4 and 19-21) are relatively unprotected: all have protection factors less than 2.
The turn (residues 5-8) appears to have some amide exchange protection, with Nle’

having the largest protection factor in this region.



Table 2.2: Pen-1 NH exchange half lives and estimated exchange
protection factors (302K, pH 3.5)
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Residue  Molday Factor’  Est. Predictedt, Observedt, Protection Factor
SQ) +0.83 0.50 min <5 min << 10.00
3 Pen (3) -0.40 8.52 min 10 min 1.17
S@) +0.23 2.00 min <5 min <2.50
S (%) +0.67 0.72 min unknown unknown
L (6) -0.28 6.46 min 10 min 1.55
‘Nle (7) -0.30 6.76 min 40 min 5.91
D (8) +0.49/-0.50 10.72 min 30 min >2.80
K (©9) +0.56/-0.22 5.63 min 20 min >3.55
E° (10) +0.36 1.48 min 15 min 10.14
cqanmn +0.94 0.39 min unknown unknown
V (12) -0.24 5.89 min 8 hrs 81.49
Y (13) -0.41 8.71 min 4 hrs 27.55
F (14) -0.19 5.25 min 1 hr 11.43
‘Pen (15) -0.64 14.80 min 4 hrs 16.22
H™ (16) +0.66 0.74 min 2 hrs 162.16?
LA7) +0.25 1.91 min 20 min 10.47
D% (18) +0.48/-0.51 10.97 min 10 min >0.91
1(19) -0.13/-0.91 27.55 min 5 min >0.18
1(20) -0.96 30.92 min 10 min 0.32
W (21) -0.64 14.80 min 5 min 0.34

! Ala is expected to have an exchange t,, of 3.39min in these conditions. Reference Ala

exchange rates (at 280K) used for the calculations were: log k, = 1.47, log k;
10.08, log k,, =-2.26, Ky = 15.65 (Rohl and Baldwin, 1994; Bai et al., 1995).

? Base catalyzed reaction dominates at these conditions (Bai et al., 1995).

? Val Molday factors used for Pen.

* Log average of Ala & Leu Molday factors used for Nle.
’ Assuming slowest exchange rates for Asp.
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Figure 2.8: Deuterium exchange study for the isotope-labeled Pen-1 in 50%
aqueous ethylene glycol at pH 3.5 (302K). Time points are 0 min, H,0 media
(A), 0 min D,0 media (B), 10 min (C), 20 min (D) and 40 min (E).
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Figure 2.9: Part 2 of the deuterium exchange study for the isotope-labeled
Pen-1 (pH 3.5, 302K). Time points are 1 hr (F), 2 hrs (G), 4 hrs (H), 8 hrs (I)
and 16 hrs (J).
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The amide proton of Val" displays the longest exchange rate (and has the largest
protection factor for the helical residues), indicating that it has the strongest (most
persistent) hydrogen bond. Incidentally, both its NH and a-methine protons have the
most upfield chemical shifts of the residues comprising the helical region. The upfield
NH is a bit of a paradox (Wishart et al., 1995; Andersen et al., 1997), since it would
suggest that the Val'? NH does not have a strong hydrogen bond (in theory, a strong
hydrogen-bond should deshield the proton). The upfield chemical shift of the a-methine
proton suggests that Val'? is the central residue of the helix (see also Section 2.3.4).
Evidence of helical fraying is also supported by the hydrogen exchange data: the amides
of Leu'” and Asp'® display shorter exchange half-lives than those of Val'? through His'
(see also, Figure 2.7). In contrast, residues 12 through 16 of ET-1 displayed much shorter
half lives (Chen, 1992), indicating the helix population of ET-1 is lower than that of Pen-
1. This is further evidence that the Pen-1 helix is more stable.

2.3.2.3: Information from D,O TOCSY AND NOESYs.
Deuterated media allowed for a clearly defined set of crosspeak assignments.

NOE intensities of the a-methines which were bleached due to solvent suppression, for
example 3o and 8a, are present and interpretable. In cases where the B protons are
resolvable, stereochemical assignments of the a-carbons were deduced from the NH

— BHs and aH — BHs crosspeaks and placed into the distance constraint sets.
Additional stereochemical insights were obtained from the D,O TOCSY (Figure 2.10).

In this case, several intraresidue o, — B, crosspeaks appear to have doublet-like character.
These would correspond to a large passive vicinal (Jog), comparable to the geminal (Jgg),

coupling indicative of the presence of a gauche configuration between the o and B
protons. (Driscoll et al., 1989). Those with the anti configuration would appear as normal
TOCSY crosspeaks. Stereochemical assignments for Ser’, Asp®, Cys'' and Trp* were
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Figure 2.10: The aH —» upfield region of the isotope-labeled Pen-1 D,0
TOCSY, acquired at 500MHz.
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determined from the D,O TOCSY in conjunction with the intraresidue aff and aN
NOESY crosspeak intensities. However, these stereospecific assignments, with the
exception of Cys'', were not used in the structure refinement since their corresponding

side chains probably do not influence the overall conformation of the peptide backbone.

The more useful stereochemical assignments were those corresponding to the Pen
residues since these side chains had more influence on the backbone configuration. One
of the major problems with the protic media was that the Pen’ a-methine chemical shift
was nearly coincident with the solvent peak. As a result, the Pen’ « proton was bleached
when solvent suppression was applied. The D,0 NOESY (see Figure 2.5), although
acquired in slightly different media (5% ethylene glycol and 95% acidic D,O buffer) than
the protic data, clearly shows the 3o crosspeaks, allowing for stereochemical
assignments.

2.3.2.4: Fluoroalcohol addition.

HFIP addition (Figures 2.11 and 2.12) affects local structuring. Downfield NH
shifts are observed (from 0% to 15% HFIP) in the helical region of the peptide,
specifically for Val'? through Leu'’. The most dramatic deviation occurred at Tyr"
(+0.400ppm). These would suggest that the hydrogen bonding interactions within the
helix strengthen upon fluoroalcohol addition. The amide chemical shift for Nle’ also
moves downfield (+0.099ppm), indicating that a hydrogen bond in the loop region may
also be stabilized by HFIP. Final chemical shift assignments for the 15% HFIP data set
are reported in Table 2.3, while Table 2.4 lists chemical shift differences for the backbone

amides. The upfield movement of the His'® €l peak with increasing fluoroalcohol
volumes (ranging from 8.587ppm at 0% HFIP to 8.444ppm at 15% HFIP) suggests that

the solution becomes less acidic as HFIP is added.
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Table 2.3: Chemical shift assignments for isotope-labeled [Pen*'*-Nle’]-

ET-1 in 15% HFIP, 42.5% aqueous ethylene glyce! at 292K.

Chemical Shift (ppm)
Residue HN [AS/AT] o B.B’ Others
Cys 1 exch. 4.382 3.356, 3.356
Ser 2 8.735 [-7.152]) 4.708 3.871, 3.871
Pen 3 8.211 [-6.337] 5.086 1.y 1.722,1.246
Ser4 9.015 [-4.517] 4.497 4.019, 3.979
Ser 5 7.350 [-0.468] ? 4.002, 3.619
Leu6 * 8.854 [-8.076] 4.044 1.70S5, 1.643 y 1.772, §,5° 0.963,0.861
J=94Hz
Nle 7 ~ 7.849(-2.653] 4.097 n/a v,y n/a, §,8° n/a, g€ n/a
Asp 8 7.710 [-3.094] 4.789 3.427,2.704
Lys9 7.876 [-1.852] 3.892 1.878,1.878 vy 1.574, 1.511, 85 1.750, 1.750
&€’ 3.895, 3.895
Glu 10 8.524 [-5.444) 4.051 2.164,2.164 v,y 2.505,2.505
Cys 11 7.270 [-0.075] 4.207 3.427,3.160
val 12~ 7.794 [-4.185] n/a n/a vy na
Tyr 13 8.271 [-4.629] 4.189 3.146,3.146 55 6911, g¢ 6.728
Phe 14 *  8.356 [-4.884] 4.305 3.347, 3.347 5,6 7.353, g 7.379, § ~7.379
J=93Hz
Pen 15 8.939 [-7.700] 4.695 vy 1.679, 1.492
His 16 8.092 [-0.678] 4.334 3.358,3.358 5 7.240, ¢ 8.444
Leul7*  7.799 (-2.278] 4.069 1.717, 1.613 y 1.520?, §,5° 0.806, 0.806?
J=94Hz
Asp 18 8.006 {-5.459] 4.507 3.026, 2.792
Ile 19 7.696[-3.375) 4.081 1.861 vl,yl” 1.534,1.150
12 0.794, & 0.794
Ile 20 7.659 [-5.602] 4.146 1.851 ylyl” 1.428,1.140
y2 0.789, & 0.789
Trp 21 7.992 [-7.396] 4.691 3.374,3.304 8§ 7230, £l 2, €3 7.644

€2 7.446, 3 7.126, n2 7.211

* 15N, ~ perdeuterated side chains
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Table 2.4: Amide chemical shifts for the HFIP titration of
the isotope-labeled [Pen*'*-Nle’]-ET-1 at 305K.

Residue 0% HFIP 15% HFIP A8 (15% - 0%)
Cys 1 exchanged exchanged n/a
Ser 2 8.595 8.649 +0.054
Pen 3 8.240 8.118 -0.122
Ser 4 8.807 8912 +0.105
Ser 5 7.439 7.343 -0.096
Leu6 * 8.827 8.737 -0.090
Nle 7 7.683 7.782 +0.099
Asp 8 7.639 7.654 +0.015
Lys9 7.973 7.863 -0.110
Glu 10 8.481 8.454 -0.027
Cys 11 7.313? 7.290? -0.023
Val 12 7.639 7.727 +0.088
Tyr 13 7.741 8.141 +0.400
Phe 14 * 8.061 8.279 +0.218
Pen 15 8.492 8.825 +0.333
His 16 7.859 8.039 +0.180
Leul7* 7.659 7.759 +0.100
Asp 18 8.063 7.971 -0.092
Ile 19 7.639 7.654 +0.015
Ile 20 7.650 7.588 -0.062
Trp 21 7.973 7.892 -0.081

Note: Ad > 0 and Ad < 0 indicate downfield and upfield chemical shift deviations with
increasing HFIP concentrations, respectively. Units are in ppm.
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Figure 2.11: Amide NH region of the isotope-labeled Pen-1 HFIP
titration, starting from 50% aqueous ethylene glycol, pH 3.5. Points in the
titration are 0% (A), 3% (B), 8% (C), and 15% HFIP (D) by volume.
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Figure 2.12: Methyl region of the isotope-labeled Pen-1 HFIP titration,
starting from 50% aqueous ethylene glycol, pH 3.5. Points in the titration
are 0% (A), 3% (B), 8% (C), and 15% HFIP (D) by volume.
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Figure 2.13: The amide — oH crosspeak region for the isotope-labeled
Pen-1 NOESY, acquired at S00MHz in aqueous 15% HFIP/42.5%
ethylene giycol.
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The NOESY spectrum (Figure 2.13) also shows that helix stability is enhanced.
Medium-range crosspeaks are more intense at i15% HFIP than in the aqueous glycol
mixture alone. A number of stronger i — i+3 NOEs are evident in this case, ranging
from the 9a —» 12NH (very strong) to the 15a — 18NH (medium-weak) crosspeaks.
Also present in the spectrum are medium-to-weak o, — N,,, NOEs: one observed
between 9a and 13NH, another between 11a and 15NH. Strong 10a — 1388° and 11la
—> 1488, as well as 10a. — 1486° crosspeaks are also observed in the NOESY.

The C-terminal residues are also affected by the HFIP titration, as shown by the
upfield region of the spectrum (Figure 2.12). The most obvious case, the Ile'® B-methyl
(y2) group, shows a diminution of the upfield shift deviation with increasing HFIP
concentrations. At 0% HFIP, the 19y2 peak has a chemical shift of 0.649ppm, while at
15% HFIP, it has a shift of 0.794ppm (a change of +0.145ppm). The upfield shifts in the
more aqueous case are most likely due to a hydrophobic interaction that positions the Ile'
aliphatic sidechain in the shielding cone of the Trp* indole ring. In Pen-1, this clustering

is strong in 50% aqueous glycol, but collapses when the solution becomes less polar.

2.3.3: SPECTRAL ASSIGNMENT OF PEN-2.

2.3.3.1: Differences between Pen-1 and Pen-2.

Although significant solubility problems occurred when the recovered Pen-2
sample was reconstituted in aqueous 5% acetic acid/40% ethylene glycol, a set of
NOESY and TOCSY spectra were acquired and analyzed. Table 2.5 lists the final
chemical shift assignments for Pen-2 in this solvent system. Assignment of the Pen-2
NOESY spectra was similar to that of Pen-1: the bicyclic core displayed the same

connectivity patterns and relative intensities for both peptides.
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Table 2.5: Chemical shift assignments for [Pen*"*-Nle’-™[1e?*°]-ET-1 in

5% HOAc, 40% ethylene glycol and 55% H,O at 290K.

Chemical Shift (ppm)
Residue  HN [A8/AT] o B.B° Others
Cys | exch. 4.388 unknown
Ser2 8.651 [-2.974] 4614 3.814,3.814
Pen 3 8.325 [-5.301] bleached vy 1.596, 1.217
Ser4 8.898 [-6.857] 4423 3.932, 3.874
Ser 5 7.4427 [7] 4.871 3.884,3.618
Leu6 8.933 [-6.327] 3.980 1.677, 1.575 y 1.718, 5,6° 0.923,0.811
Nle 7 7.741 [-2.189] 4.106 1.866, 1.610 vy 1.292,1.273, §,6° 0.879,0.879
€ ?
Asp 8 7.725 [-1.770] 4.796 3.308,2.777
Lys9 8.009 [-2.026] 3.842 1.834, 1.834 v,y 1.552,0.887, §,6° 3.018,3.018
gg" 1.693, 1.693
Glu 10 8.582 [-7.449] 4.101 2.140, 2.140 1.y  2.489,2.489
Cys 11 7.262 (7] 4201 3.301, 3.019
Val 12 7.716 [-1.847] 3.350 2.054 vy 1.024, 0.820
Tyr 13 7.865 [-0.235] 4.200 3.015, 3.015 5,5° 6.883, &£, 6.665
Phe 14 8.099 [-1.454] 4.300 3.303,3.204 8,0° 7.319, e, 7.352, ¢ ~7.352
Pen 15 8.567 [-8.378] 4.634 vy~ 1.582,1.398
His 16 7.893 [-4.929] 4.483 3.312,3.312 5 7.317, € 8.604
Leu 17 7.630 [+0.663] 4215 1.598, 1.403 y 1.510, §,8° 0.771,0.771
Asp 18 8.140 [-2.847] 4.533 2.994, 2.643
Ile 19 7.724 [-2.372] 4461 1.558 yl,yl” 1.389,0.924
¥2 0.290, 3 0.698
*Mel[le 20 n/a 4.699 2.003 ylLyl” 1.219,0.918, y2 0.867
5 0.779, NMe 2975
Trp 21 8.106 [-6.806] 4.524 3.300,3.105  § 7.165, €l 10.062, £3 7.553

g2 7391, £3 7.062, n27.150
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Figure 2.14: The methyl region of the isotope-labeled Pen-1 (top) and
Pen-2 (bottom), both in 50% aqueous ethylene glycol at pH 3.5.
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As expected, notable differences are observed for the C-terminal residues. This is
readily apparent in Figure 2.14, which displays the methyl region of the isotope-labeled
Pen-1 and the Pen-2 proton spectra. The most obvious difference between the two
peptides is the Ile'’ B-methyl (19y2) peak, which has a chemical shift of 0.290ppm, an
upfield deviation of 0.359ppm with respect to Pen-1. This upfield methyl shift would
suggest the hydrophobic clustering observed in the ET-1 and Pen-1 is even more
dominant in the case of Pen-2. The B-methyl group for residue 20 moves in the opposite
direction. N-methylation shifts the 20y2 resonance from 0.763ppm (Pen-1) to 0.867ppm
(Pen-2).

Dramatic downfield chemical shift deviations of the 19 and 20 a-methine protons
upon N-methylation of Ile? are readily observed. In the Pen-1 analog, 19aH has a
chemical shift of 4.076ppm, while in Pen-2, it is 4.461ppm, a change of +0.385ppm. The
difference between the 20 methines is even more dramatic: 4.115ppm for Pen-1 and
4.699ppm for Pen-2, a difference of +0.584ppm. The B-methine chemical shifts for these
two residues show opposite tendencies: 19H moves upfield (1.734ppm to 1.558ppm)
while 20BH moves downfield (1.755ppm to 2.003ppm). The other aliphatic sidechain
protons (y1, y1’, 8) of residues 19 and 20 don’t display dramatic shift differences between
Pen-1 and Pen-2.

An artifact of N-methylation is the emergence of a minor conformer (Figure 2.14),
which, based on signal intensities, represents 15% of the population. The minor
conformer can be explained by the N-methyl group at Ile?, which has the same effect on
the peptide backbone as a proline (Figure 2.15). Prolines are known to lower the energy

difference between the cis/trans peptide bond isomers. In most peptides and proteins

without prolines, the peptide bond favors the trans conformation (w = 180°) by a factor of
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1000. When prolines are incorporated into the sequence, the cis isomer (o = 0° is

observed approximately 20% of the time.

Proline Proline
Trans-conformation Cis-conformation

B
Ri He & Ri He (B
a
i
N-methylated N-methylated
Trans-conformation Cis-conformation
O
. fa Jo Q
,(C\N/CQ\ ;\ C\N,CHZG
AN K
Ri l-lm\jH3 ° Ri Hy f\?}&
R Bl
Strong NOE o
observed Weak NOE would be observed
between Ha (1) and N-methy!
group (2).

Strong NOE between Ha (1) and
Ha (2) would also be observed.

Figure 2.15: Proline and N-methyl effects on the peptide backbone.

2.3.3.2: HFIP titration of Pen-2.

The HFIP titration study of Pen-2 (Figures 2.16 and 2.17) shows similar effects in
the bicyclic core as for Pen-1. Final chemical shift assignments for the peptide in 15%
HFIP are listed in Table 2.6. Fluoroalcohol effects on the Pen-2 amide chemical shifts
for residues 13 through 17 (Table 2.7) are observed, suggesting that the hydrogen



72

bonding network is stabilized within the helical core. As with Pen-1, the Pen-2 Tyr"
amide displays the largest downfield shift deviation (+0.369ppm from 0% — 15% HFIP)
of the residues in the helical region. The methyl region of the proton spectrum also

illustrates the increasing helicity: the y-methyl peaks of Val'?, which were not observed in

the isotope-labeled Pen-1 spectra, move downfield upon increasing HFIP concentrations.

Evidence of the more rigid C-terminal hydrophobic cluster is observed for the
HFIP titration study. The Ile'® B-methyl shifted 0.145ppm downfield when 15% HFIP
was added to the solution in the case of Pen-1. Although a larger upfield CSD is evident,
the same titration performed on the Pen-2 sample resulted in only a 0.054ppm downfield
chemical shift deviation. Assuming the reference value for the Ile B-methyl group is
0.95ppm (Wiithrich, 1986), the CSD values for Pen-1 and Pen-2 in 15% aqueous HFIP
are -0.156 (a 48% loss of the original CSD) and -0.606ppm (an 8% loss), respectively. At
the higher fluoroalcohol levels, the hydrophobic interactions between the Ile'” and the
Trp?' sidechains are expected to be less favorable since HFIP addition makes the media
less lipophobic. This is refiected in the deviation observed for Pen-1. However, the
deviation observed for Pen-2 is smaller than expected, suggesting that N-methylation of
Ile”, possibly through steric interactions, increases the rigidity of the Pen-2 C-terminal
backbone. As a result, the Ile'? B-methyl group is less likely to move out of the shielding

cone of the Trp? indole ring.

The NOESY spectrum (Figures 2.18 and 2.19) displays much stronger crosspeak
intensities when HFIP is added to Pen-2. However, this is primarily an effect of the
peptide’s higher solubility in a less polar medium. At 0% HFIP, the peptide
concentration was low enough so as to make interpretation of crosspeak volumes difficult
due to insufficient signal-to-noise resolution. However, at 15% HFIP, the peptide

concentration was high enough to quantitate crosspeaks. As in the Pen-1 case, Pen-2 in
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Table 2.6: Chemical shift assignments for [Pen*'*-Nle’-™™*1e*]-ET-1 in
15% HFIP, 4.3% HOACc, 34% ethylene glycol and 46.7% H,O at 290K.

Chemical Shift (ppm)
Residue  HN [A8/AT] a B.B’ Others
Cys 1 exch. 4,422 not observed
Ser2 8.685 [-4.490] 4.736 3.879, 3.879
Pen 3 8.229 [-5.031] 5.035 v,y 1.712,1.255
Ser4 8.973 [-5.704] 4514 4.020, 3.965
Ser 5 7.367 [7] 4818 4.000, 3.698
Leu 6 8.839 [-6.194] 4.048 1.704, 1.642 vy 1.772, 3,8 0.958,0.857
Nle 7 7.822 [-3.378] 4.136 1.905, 1.669 v,y' 1.340,1.333, 5,5 0.909, 0.909
e 7,?
Asp 8 7.705 [-2.633] 4.857 3.442,2.755
Lys9 7.904 [+1.153] 3.898 1.871, 1.871 v,y' 3.053,3.055, 8,8 1.751,1.751
£, 3.047,3.047
Glu 10 8.519 [-4.469] 4.072 2.170, 2.170 v,y 2.509,2.509
Cys 11 7.253 [7) 4232 3.427,3.154
Val 12 7.770 [-3.633] 3.481 2247 v,y 1.117,0.924
Tyr 13 8.143[-7.776] 4213 3.118,3.118 5,6° 6.936, £ 6.727
Phe 14 8.304 [-3.526] 4.379 3.369, 3.369 8,6 7.350, e, 7.294, § ~7.294
Pen 15 8.851 [-8.296] 4.682 1y 1.681,1.475
His 16 8.055 [-2.408] 4.455 3.400, 3.352 5 7.322, £ 8478
Leu 17 7.683 [+0.857] 4.203 1.754, 1.539 y 1.641, 8,8 0.841,0.792
Asp I8 7.970 [-0.352] 4.601 3.058,2.708
lle 19 7.647 [-2.469] 4.487 1.586 yl,yl” 1.432, 1.003
y2 0.344, 5 0.745
(N\Melfle 20 n/a 4.702 2.061 yl,yl” 1.310, 1.310, y2 0.898
& 0.745, NMe 3.016
Trp 21 7.899 [-9.954] 4.633 3.348, 3.196 8 7.226, €1 9.874, €3 7.611

£2 7422, £3 7.109, n27.189
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Table 2.7: Amide chemical shifts for the HFIP titration of
[Pen®"*-Nle’-MMe)[}e?]-ET-1 at 305K.

Residue 0% HFIP 15% HFIP AS (15% - 0%)
Cys1 exchanged exchanged n/a
Ser 2 8.647 8.704 +0.057
Pen 3 8.323 8.229 -0.094
Ser 4 8.880 8.992 +0.112
Ser 5 unknown unknown unknown
Leu6 8.921 8.832 -0.089
Nle 7 7.734 7.835 +0.101
Asp 8 7.717 7.716 -0.001
Lys9 7.994 7.900 -0.094
Glu 10 8.570 8.505 -0.065
Cys 11 7.268 7.241 -0.027
Val 12 7.705 7.778 +0.073
Tyr 13 7.860 8.229 +0.369
Phe 14 8.087 8.316 +0.229
Pen 15 8.556 8.832 +0.276
His 16 7.871 8.063 +0.192
Leu 17 7.615 7.668 +0.053
Asp 18 8.131 7.963 -0.168
Ile 19 7.702 7.659 -0.043
®Melle 20 n/a n/a n/a
Trp 21 8.093 7.990 -0.103

Note: Ad > 0 and Ad < 0 indicate downfield and upfield chemical shift deviations with
increasing HFIP concentrations, respectively. Units are in ppm.
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Figure 2.16: The amide NH region of the Pen-2 HFIP titration, starting
from 5% aqueous acetic acid/40% ethylene glycol. Points in the titration
are: 0% (A), 2% (B), 5% (C), 8% (D), 12% (E) and 15% (F) by volume.
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Figure 2.17: The methyl region of the Pen-2 HFIP titration, starting from
5% aqueous acetic acid/40% ethylene glycol. Points in the titration are:
0% (A), 2% (B), 5% (C), 8% (D), 12% (E) and 15% (F) by volume.
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Figure 2.18: The amide NH — aH crosspeak region of the Pen-2
NOESY, acquired at S00MHz in aqueous 15% HFIP/4.3% acetic
acid/34% ethylene glycol.
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Figure 2.19: The amide NH — upfield region of the Pen-2 NOESY,
acquired at 500MHz in aqueous 15% HFIP/4.3% acetic acid/34% ethylene

glycol. Key i — i+2 NOEs between Ile" and Trp?' are indicated.
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15% HFIP displays some medium-iv-weak i — i+2 crosspeaks in the loop region (Ser’

— Asp®) and strong i — i+3 interactions for Lys’ through Asp'®.

Stronger i — i+2 interactions are observed between Ile'” and Trp*, mostly

between the aliphatic sidechain protons the isoleucine and the indole ring protons of the
tryptophan. For example, 19y2 — 218 and 198 — 21£2 crosspeaks are present in the
NOESY spectrum (Figure 2.19). Weaker interactions between 19y2 and 21NH, as well as
19p and 213 are also observed, indicating the close proximity between the two residues in

Pen-2. Two prominent peaks in the aH — upfield region of the NOESY spectrum
(Figure 2.20) verify that the conformation of the Ile'’-*le®® peptide bond. If the bond

adopts the trans configuration, then a strong NOE between 19a and the 20NMe group
should be present. However, if the bond had the cis conformation, then the 19«
— 20NMe crosspeak should be weak, while a strong crosspeak between 19aH and 20aH

would be present. Figure 2.20 clearly shows a strong interaction between 19a and

20NMe group. Not shown in this figure is the clear absence of any strong NOEs between

the a-methine protons of residues 19 and 20.

2.3.4: COMPARISON OF at-METHINE CHEMICAL SHIFT DEVIATIONS.

ET-1 is, as expected, structurally similar to both Pen-1 and Pen-2. A quick survey
of the aH-CSD histogram (Figure 2.21) shows positive CSD values for residues 1
through 3, indicating that all three peptides contain a relatively extended region at the N-
terminus. A number of alternating positive and negative CSDs for Ser*/Ser’/Leu’® and
Nle'/Asp*/Lys’ implies the presence of a turn encompassing residues 5 — 8. The C-
terminus (Ile'” — Trp*') appears to be disordered for all three peptides. In the case of
Pen-2, new reference values were used for Ile!” and ®™™“Ile* which reflect the N-

methylation effect as observed in smaller peptides (see Section 3.6.4).
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Several differences, however, are apparcnt in the aH-CSD plot. Overall, the data
indicate the presence of a stable helical region which, based on NOEs, is capped by Asp®.
In the case of ET-1, the helical region encompasses Lys’ through His'®, possibly Leu"".
The same residues of Pen-1 and Pen-2 display more negative cH-CSD values. The
helical regions for both mutants also appear to be extended out to Asp'®. The loop region
shows remarkable differences in the aH-CSD values of residues 5 — 7. The value for
Ser’ is three times as positive, while Leu® and Nle’ are nearly twice as negative for Pen-1,
relative to the native peptide. This may suggest that increased stability of the helix and
turn regions is coupled. That is, the fully helical conformer is also more structured at
residues 5 — 8. Comparable patterns are observed for Pen-2, although the aH of Ser’
appears to be further downfield (by nearly 0.100ppm) than Pen-1.

According to the aH-CSD data, fluoroalcohol addition doesn’t greatly effect
either the N-terminal or the C-terminal regions of Pen-1. Structural enhancements mainly
occur in the helix, with some effects in the turn region. Most of the turn residues are
affected by HFIP: for Pen-1, the aHs of residues 4 — 8 move upfield, with Ser* and Ser’
demonstrating the most dramatic adjustments. The same patterns for Pen-2 are also

observed, although the a-methines of Leu® and Asp® actually move downfield. For all

residues located in the helical region of the peptide, the aH-CSD becomes more negative,
indicating an upfield chemical shift deviation upon HFIP addition. The effect is more
dramatic at the C-terminal end of the helix: the aH-CSDs for residues 16 — 18 nearly
double in size. This indicates that HFIP not only stabilizes the helical region, but extends
it as well. An alternative explanation is that HFIP decreases the fraying at the C-terminus
by increasing the structural stability of the peptide. This pattern, however, isn’t as
dramatic for the same residues of Pen-2, suggesting that a structuring effect of the N-
methyl group limits the HFIP-induced structural changes in this span. The oa-methine
proton of Pen" has a nearly disordered CSD value. This is most likely an artifact of
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nearby aromatic residue sidechains which could deshield 15aH, rather than a kink in the

helical structure (as discussed in Section 2.3.2, several strong i — i+3 NOEs are present

in this segment of the peptide).

2.3.5: INFORMATION FROM PEN-1 AND PEN-2 NH-CSD/TEMPERATURE GRADIENT PLOTS.

NH-CSD/temperature gradient plots (Figure 2.22; see also Andersen et al., 1997)
provide useful information about fluoroalcohol effects on Pen-1 and Pen-2. Trendlines of
the helical regions for both 0% (solid line) and 15% (dashed lines) are presented. Table
2.8 reports the calculated slopes, which represent thermal stability, and correlation
coefficients, which indicate the level of folding cooperativity, for the entire peptide
(residues 1 — 21), as well as different helical lengths (residues 9 — 16 and 9 — 17).

Also included in the table are the non-helical residues (1-8, 17-21).

Table 2.8: Pen-1 and Pen-2 Amide NH temperature gradient/NH-CSD.

0% HFIP 15% HFIP
Residues Slope [R?] (pp/K) Slope [R*] (ppt/K)
Penl 1= 21 (all) 75,955 [0.811] 3,569 [0.561]
9 — 16 (helix) -7.337 [0.902] -4.512 [0.864]
9 — 17 (helix) -7.018 [0.883] ~4.516 [0.869]
1-8, 17-21 -5.765 [0.694] -3.029 [0.391]
Pen2 121 (all) 4.823 [0.629] 4.325 [0.412]
9 — 16 (helix) -6.847 [0.613] -7.210 {0.673]
9 — 17 (helix) -7.269 [0.690] -7.564 [0.754]
1-8, 17-21 -4.386 [0.698] -3.500 [0.294]

the helical regions: slope values for 9 — 16 and 9 — 17 are steeper than for 1 — 21 for

Upon first inspection, the entire peptide appears to be more thermally stable than
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Figure 2.22: NH-CSD vs. temperature gradient plot of Pen-1 (top) and Pen-2
(bottom) in 0% (filled symbols) and 15% HFIP (open symbols). Symbol legend:
diamonds (residues 1-4), squares (5-8), triangles (9-16), circles (17-21).
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both Pen-1 and Pen-2 at 0% and 15% HFIP. Differences between residues 9-16 and 9-17
don’t appear to be statistically significant. In both media, the helical region (9-16) has a
steeper slope and higher R’ values than the non-helical residues (1-8, 17-21). This would
suggest that the helix is less thermally stable, but has higher folding cooperativity, than
the N- and C-termini combined. The only exception is Pen-2 (0% HFIP), in which the
correlation coefficient for the non-helical residues (R? = 0.698) is slightly larger than that
of residues 9-16 (R? = 0.613).

The shallower slopes for Pen-2 at 0% HFIP indicate that the major folded state of
the peptide is more stable than for Pen-1, although at 15% HFIP, the opposite is
indicated. The lower correlation coefficients imply that Pen-2 demonstrates less
cooperative folding in both fluoroalcohol concentrations. The Pen-2 helical region is
initially comparable to that of Pen-1, although it demonstrates opposite trends when HFIP
is added: the slopes become slightly steeper and the R® values increase at 15% HFIP,
indicating that the helix becomes less thermally stable, but has higher cooperative
folding. This may imply that in an aqueous glycol medium, the N-methyl group at the C-
terminus initially stabilizes the fold of the peptide in the form of a hydrophobic cluster.
When the solution becomes less polar, as when fluoroalcohols are added, this cluster
begins to destabilize and appears to affect the helical region in terms of the thermal

stability and folding cooperativity.

2.4: PEN-1 SOLUTION STRUCTURE VS. ET-1 CRYSTAL STRUCTURE

2.4.1: WHY COMPARE PEN-1 TOET-1?

In most solution structures, ET-1 adopts a fairly regular helical conformation,
capped by Asp® and significantly frayed by Leu'’. However, the conformation of the C-
terminal region has generated a considerable amount of controversy since a consensus

structure for the solution state has not yet been reached. The biologically critical C-
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terminus adopts diverse conformations and has different interactions with the bicyclic
core in structure ensembles derived for different solvent systems (for example: Saudek et
al., 1989; Endo et al., 1989; Andersen et al., 1992a). The structure displayed in the upper
panel of Figure 2.23 (Andersen et al., 1992a) emphasizes the bicyclic core. Due to rapid

motion in solution, which generated multiple conformers, the C-terminal residues (Asp'®

— Trp®') are not displayed in this structure.

The authors of the X-ray structure (Janes et al., 1994) hoped to better define the
ET-1 C-terminal configuration by more accurately modeling the peptide in physiological
conditions (i.e. crystallized at neutral pH without the presence of organic co-solvents).
Since the ligand binding site is located within the transmembrane helical bundle of the
ET, receptor, ET-1 is believed to be more rigid in its bound-state than in solution alone.
Their conclusions, which contrasted those derived from NMR structures, further
contributed to the debate. The crystal structure (Figure 2.23, bottom; Janes et al., 1994)
displays an extended region at the N-terminus and a bulge between Ser’ and Met'.
However, unlike the solution structure, the crystalline form has an irregular helix
extending from Val'? to Trp?'. A loop defined by a CO, - NH,., hydrogen bond between
Met’ and Cys'' helps to distort the helix at its N-terminus. In the crystal structure, the N-
terminus of the helix appears to be either Val'? or Tyr'’. In solution-state NMR
ensembles, the helical region encompasses residues 9 — 15 (or 18), not residues 12 —»
21.

Steric interactions caused by the Pen B-methyl groups restricted conformational
motion of the Pen-1 bicyclic core. As a result, the Pen-1 solution structure is less
dynamic (Chen, 1992). Given that Pen-1 is a fully potent agonist, its solution structure
may be more representative of the bound state than ET-1. For this reason, the Pen-1
analog was chosen as a model for a comparison study between the solution and crystal

state conformations.



Figure 2.23: Stereoview of the ET-1 structures. Top, NMR solution
structure (PDB code: 1edp; Andersen et al., 1992a), bottom, X-ray crystal
structure (PDB code: 1edn; Janes, et al., 1994).
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2.4.2: INITIAL MOLECULAR DYNAMICS STUDIES Of PEN-1.

Several major differences between this structure calculation and that performed by
Chinpan Chen (1992) should be noted. First, '*N-labeling and selective perdeuteration
produced less complicated NOESY spectra. This allowed for more crosspeak
assignments. As a result, many distance constraints, such as those involving the "N-
labeled and perdeuterated residues, could be used with higher confidence in the molecular
dynamics simulations. Second, a larger number of structures were used in the initial
calculations, generally 60 models per refinement stage. This would help insure that a
sufficient population was available for sampling. Third, to probe the viability of the
available distance and dihedral constraints in the formation of the helix, no hydrogen
bond constraints were used in this calculation. Chen’s structures were calculated using
hydrogen bond constraints, which may have created an artificially rigid and well-defined
helix. Fourth, Chen’s initial Pen-1 models were highly refined bicyclic ET-1 structures.
Using a single family of starting structures as the initial set could, in effect, severely limit
sampling. Randomized starting structures from different classes, such as helices and
strands, would be better models from which to gage the effectiveness and accuracy of the
distance constraints. In addition, intact disulfide bonds could also have restricted
conformational sampling. Starting structures in this study were acyclic and randomized
from helices and strands. The latter two differences may cxplain the high backbone
convergence and rmsd (0.34A, over residues 9 through 17) reported in Chen’s
dissertation. The final constraint sets used for this study, which represents the peptide in

50% aqueous glycol at pH 3.5, appear in Appendix D.

2.4.3: EFFECTS OF ALTERED DISTANCE AND DIHEDRAL CONSTRAINT WEIGHTS.

The major difference between the solution-state and crystal-state endothelin
structures is the locus of the helical region. The NMR ensemble structures (Andersen et
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al., 1992) displays a helix from Lys’ — Cys" (or Asp'®), while the crystal structure
indicates a shift in its position, encompassing Val'? — Trp?'. Why is the 9 — 15 helix
not observed in the crystal structure? One possibility is that steric and covalent
constraints preclude the formation of a stable a-helix from residues 9 — 15 in either the
native peptide or the Pen-1 analog. If this were the case, the NMR data may reflect a
“dynamic helix” in which a non-helical segment appears at different loci in the resulting
solution-state conformational mixture. It is possible that one of these less helical
conformations is present in the crystal structure. Alternatively, the solid-state structure
may be the result of interactions not present in a monomeric solution-state
conformational mixture. In order to resolve this question, distance and torsional angle
weights for the Pen-1 models were probed to determine if a regular helix for residues 9
through 18 is consistent with the NOEs. To do so, force constants for the NOE (k) and
dihedral (k.y,) were adjusted so as to yield the same relative contributions to the total
energy (E...) during the molecular dynamics simulation. Structure ensembles that
resulted from these calculations are displayed in Figure 2.24. Figures 2.25 and 2.26
display the torsional angles for both ensembles. Energies and backbone overlay rms

deviations are reported in Table 2.9.

Any structural distortions caused by these constraints would appear exclusively in
the impropers and van der Waals energies (E;,,, and E,,,, respectively). Rmsd values for
the bond angles (+ 2.5°) and bond lengths (+ 0.007A) were nearly identical between the
two sets, indicating no significant deviation from normal geometry. The higher NOE rms
values observed for the constrained helix indicates that mutually inconsistent NOEs are
present due to residual dynamics in the solution state. The higher E;,, observed for the

weighted NOE ensemble indicates that some structural distortions are created as k. is

raised. The fit to the NOE data remains adequate at lower k.. values. These results

suggest that a regular helix from 9 — 18, which is not observed in the crystal structure,
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can explain all of the observed NOEs and does not introduce any steric problems for

endothelins.

Table 2.9: Effects of high helical torsion vs. NOE weights
on Pen-1 structure calculations.

Helical torsions High NOE weights

Energies and NOE violations

E ora (keal) 622.812 £ 6.986 632.825 £ 19.305
E,er (kcal) 0.390 £0.155 1.603 £ 0.415
E ow(kcal) -81.895 £5.255 -74.330 + 5.388
E, e (kcal) 29.226 £3.919 72.633 £13.510
E¢pw (kcal) 56.293 + 0.281 7.505+ 6.735
rms (NOE) 0.245 = 0.033A 0.160 + 0.020A
RMSD of key region overlays

rms (1-15) 1.377 £ 0.337A 1.459 £ 0.371A
rms (5-8) 1.123 £ 0.301A 1.151 £ 0.433A
rms (9-16) 0.448 + 0.151A 0.646 + 0.156A
rms (17-21) 1.828 + 0.464A 1.204 + 0.460A

The ensemble set in which the dihedral constraints are emphasized, as expected,
show better convergence over the helical region than the set with highly weighted NOEs.
In both ensembles the “source” structure used was the one which had the lowest E,,.
Presumably this would represent the most stable model. The “constrained to a helix” set,
superimposed over residues 9 through 16, has a rms deviation of 0.448 + 0.151A with
respect to the structure with the lowest E, .. The comparable set for the “highly weighted
NOEs” has a rmsd of 0.646 + 0.156A. Overlays of the intact bicyclic core (residues 1
through 15) and the loop region (residues 5 through 8) don’t demonstrate significant
statistical differences in the backbone rmsd values. Both sets indicate high

conformational flexibility at the C-terminus.



Figure 2.24: Structure ensembles superimposed over the backbones of residues 9
through 16. Top, highly weighted helix torsion angles (rms = 0.448 + 0.151A).
Bottom, highly weighted NOE constraints (rms = 0.646 + 0.156A).
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NMR ensemble, corresponding to the highly constrained helix set.
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2.4.4: EVIDENCE OF THE HELICAL PREFERENCE IN OTHER ET-1 ANALOGS.

Janes et al. (1994) suggested that key differences between the ET-1 crystal
structure and the various solution structures were due to the organic co-solvents used for
the NMR studies. However, a-methine CSDs histograms (Figure 2.27) reveal that ET-1,
as well as several monocyclic and intact mutants, adopts a stable helical conformation
from Lys’ through His'® in a variety of media. The top panel displays ET-1, the Pen-1
analog, and the monocyclic [Ala*'"'"-Nle’]-ET-1 analog in aqueous media. The peptides
are arranged in order of decreased helicity. The aH-CSDs also show that a lower helix
predominance over residues 9 through 15 correlates with a decreased structure in the loop
region. The monocyclic analog in which the 3-11 disulfide bond was removed shows

more disorder in both the loop and helical region.

Dalgarno et al. (1992) have reported the chemical shifts of two mutants, [Ala’]-
ET-1 (M7A) and [Ala*]-ET-1 (D8A) in 40% aqueous acetic acid. Coles et al. (1994)
studied a monocyclic ET-1 analog, [(«x-aminobutyric acid)"'*]-ET-1, in 10% aqueous
acetonitrile. These are displayed in the lower panel of Figure 2.27. The Pen-1 analogs
(with and without HFIP) appear to have an extended and less dynamic helical region than
ET-1. Although both monocyclic analogs indicate that removal of the 3-11 or 1-15
disulfide bond increases flexibility of the peptides, both are helical from residues 9
through 15. The M7A and D8A mutants also demonstrate the same tendencies. The
results for the DSA mutant are consistent with an important capping role for Asp®: all aH-
CSDs become less negative when the Asp® — Ala® substitution takes place. In addition,
the Ala® substitution also results in changes in the H-CSD for residues in the loop region

comparable to those observed for the monocyclic analogs.
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Figure 2.27: Alpha-CSD plots for ET-1 mutants. [Ala*!"'"-Nle’]-ET-1

from Andersen et al., 1995a. [Ala’]-ET-1 (M7A) and [Ala®]-ET-1 (D8A)
from Dalgarno et al., 1992. [Aba"'*]-ET-1 from Coles et al., 1994.

95



96

2.4.5: THEET-1 CRYSTAL STRUCTURE CAN NOT EXPLAIN THE SOLUTION-STATE

CONFORMATIONAL EQUILIBRIUM.

A quick survey of the calculated structures reveal that the crystal structure is a
poor fit to the ET-1 and Pen-1 solution structures. Table 2.10 compares rmsd values for
the ET-1 solution structure (PDB code: ledp; Andersen et al., 1992a), ET-1 crystal
structure (PDB code: ledn; Janes et al., 1994), and the two Pen-1 structure ensembles
(pnhx, constrained to a helix; apnhx, highly weighted NOEs). An overlay of the peptide
backbone for the bicyclic core (Cys' — Cys'’) generates high rmsd values for all models.
However, if the helical regions are superimposed, the fits dramatically improve. In the
case of the ET-1 and Pen-1 NMR ensembles, the rmsd values are nearly cut in half. This
would indicate that the N-terminal and/or the loop region experience high mobility in
solution. Moving the starting residue from Asp® to Lys’ in the procedure does not
significantly alter the fit between the ET-1 and Pen-1 structures. With the exception of
the C-terminal helical region (residues 13 — 16), the X-ray structure is significantly
different than the solution structures: over the key regions (residues 1-15, 8-16 and 9-16),
the crystal structure has rmsd values two to three times higher with respect to the solution

structures.

Several NOE contacts that are routinely observed in most ET-1 NMR studies are
not predicted by the crystal structure. Table 2.11 compares key distances observed by
NMR with those measured from the crystal structure. The most dramatic differences are
observed at the N- and C-terminal residues of the helix. An extensive web of strong i
— i+3 NOEs ranging from Lys’ to His'® are present in the ET-1 solution state. However,
due to the bulge present in the crystal structure, larger interatomic distances are predicted

between the residues at the N-terminus of the helical region. In addition, a number of

close contacts at the C-terminus (residues 19 — 21) that are predicted by NMR, have



Table 2.10: RMSD values for ET-1 analog model overlays.

97

Reference Target models overlay
model ledn pnhx apnhx regions
ledp 2.495A 1.996 £ 0.286A 1.959 £ 0.277A 1-15
1.950A 1.080 + 0.135A 1.062 + 0.156A 8-16
2.001A 1.056 £ 0.153A 1.030 £ 0.165A 9-16
1.308A 1.074 £ 0.150A 1.073 £ 0.186A 12-16
1.107A 1.025 £ 0.123A 1.084 + 0.198A 13-16
ledn 2.896 + 0.173A 2.964 + 0.185A 1-15
2.019 £ 0.129A 1.948 + 0.162A 8-16
2.013 £ 0.131A 1.960 + 0.153A 9-16
1.335 £ 0.099A 1.288 £ 0.135A 12-16
1.027 + 0.082A 1.028 £ 0.175A 13-16
2.202 + 0.425A 2.293 £ 0.323A 17-21
pnhx7 1.377 £ 0.337A 1.535 = 0.262A 1-15
0.563 £ 0.171A 0.782 £ 0.222A 8-16
0.448 = 0.151A 0.685 £ 0.209A 9-16
0.257 £ 0.112A 0.572 £ 0.187A 12-16
0.204 = 0.094A 0.509 £ 0.211A 13-16
1.828 + 0.464A 1.778 £ 0.324A 17-21
apnhx4 1.706 + 0.232A 1.459 £ 0.371A 1-15
0.788 £ 0.113A 0.766 + 0.206A 8-16
0.632 £ 0.114A 0.646 + 0.156A 9-16
0.470 = 0.093A 0.531+0.118A 12-16
0.398 £ 0.073A 0.491 £ 0.149A 13-16
1.399 + 0.370A 1.206 + 0.461A 17-21

ledp: ET-1 NMR structure (Andersen et al., 1992a). Note: ledp missing 18-21.
ledn: ET-1 X-ray structure (Janes et al., 1994).
pnhx: Pen-1 NMR structure ensemble, constrained to a helix (Lee et al., 1994).

apnhx: Pen-1 NMR structure ensemble, highly weighted NOEs (Lee et al., 1994).



Table 2.11: NMR-detected intermediate range contacts absent in the X-ray structure.

Connectivity NOE distance constraint’ (A)  X-ray structure distance’ (A)
Helical region
9a — 128 240-2.75 8.71
9o — 12y1* 2.55-3.25 9.19-10.58
9 — 12y2* 3.20-4.40 10.35-11.21
9o — 12NH 2.90-3.70 6.50
9a — 13NH 3.65-5.50 10.14
10a — 13NH 3.20-3.70 7.21
10 > 13p* 2.90 -3.65 5.77-7.33
10a — 14NH 3.55-4.35 6.51
1laa - 14NH 3.20-4.80 5.08
12a — 17NH 3.20-3.80 5.77
13a > 15NH 3.50-4.60 5.76
13a —» 16NH 3.35-3.90 6.02
Other regions
5NH - 11p* 3.10-3.90 8.46 - 8.79
5* —» 7NH 3.20-4.25 6.40-7.03
6a — 12y2* 2.60 - 3.50 7.29 — 8.65
12y1* —> 1682 3.00-4.00 5.23-6.95
19a — 20NH 2.05-2.55 3.55
19y2* — 21INH 3.35-4.75 6.29-17.75
Short distances in the X-ray structure
6a — 7TNH 2.80-345 2.13
7NH — 11p* none (> 5.00) 345-4.12
Ta— lla none (> 5.00) 4.36
7o — 11p* none (> 5.00) 1.49-2.78
SNH — 10NH none ( > 5.00) 4.73
12a — 14NH 3.60-4.70 2.09
12a — 13NH 3.30-3.65 1.84
13NH — 14NH 2.75-3.11 117

I Andersen et al., 1992a.

2 Janes et al., 1994.
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larger distances in the crystal structure. There are alsc a number of short distances
observed in the crystal structure which are not observed as NOEs or as NOEs that reflect
longer distances in the NMR ensembles. This is most noticeable in the loop/bulge region
of the crystal structure, for example, between Met” and Cys'".

These major structural differences between the two states may be due to the fact
that the ET-1 crystals were obtained from water without the presence of any organic co-
solvents, surfactants or buffers. Previous reports have indicated ET-1 aggregates in pure
water at concentrations exceeding 22uM (Bennes et al., 1990; Calas et al., 1992). This
aggregation effect was manifested in the intermolecular contacts observed in the crystal
structure. One extensive “dimeric contact”, which buries 800A? of surface area, partially
explains discrepancies in the helical region. The major feature of this ET-1 dimer was an
intermolecular hydrogen bond between the sidechain hydroxyl group of Tyr'’ and the
backbone carbonyl oxygen of Asp®. The structures presented by Janes et al. also suggest
that the aliphatic sidechains of Met’ and Val'? contribute to the contact region of the
dimer. This hydrophobic cluster may provide sufficient stabilization in the structure so as
to overcome the helical propensity of the Lys® — Tyr" span observed in the monomeric

state.

In summary, the crystal structure is a poor model for the solution state. However,
this is not to say that either the crystal or solution structures are the correct
conformations. The ET-1 peptide may require certain flexibility for effective receptor

binding and signaling.
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CHAPTER 3: NMR STUDIES OF ET-1 AND PEN-2 C-TERMINAL ANALOGS

3.1: INTRODUCTION: WHY STUDY C-TERMINAL ANALOGS?

Numerous studies in a variety of media (Saudek et al., 1989; Endo et al., 1989;
Andersen et al., 1992a) have determined the solution-state structure of the bicyclic core of
ET-1, but failed to reach a consensus regarding the conformationally flexible C-terminus.
Both regions, however, are known to be important ET, receptor binding and signaling
factors. Several monocyclic ET-1 analogs (Coles et al., 1994; Andersen et al., 1995a)
have also been analyzed as to the extent of their structuring in aqueous media. Most of
the monocyclic analogs lacked either the Cys'-Cys'® or Cys*-Cys'' disulfide bond. Both
reports conclude that even with one of the disulfides missing, the 21 residue analogs still
retained some helicity. However, several questions remain regarding the disulfide
bridges and induced helicity. Specifically, are the disulfides an absolute requirement in
the formation and stabilization of the helical segment? In addition, is the antiparallel
extended region (residues 1 — 3), which forms one side of the hydrophobic core of the

intact analogs, also a significant factor?

As discussed in the previous chapter, the Ile*® - ®™9[le*® mutation significantly
alters the conformational preferences of the C-terminus, as well as the biological activity
of the peptide. Large upfield chemical shift deviations of the Ile'’ y-methyl group and a
turn-like CD signature (Harris, 1993) suggests that presence of a local hydrophobic
cluster at the C-terminus, which may be further stabilized by the bicyclic core. These
initial conclusions led to further questions regarding the major conformation of the
agonist vs. that of the antagonist, as well as to the extent and importance of hydrophobic

interactions between the bicyclic core and the C-terminus, if any exist.
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To answer some of these questions, several C-terminal fragment analogs were
examined. Although studies of C-terminal fragments have recently appeared in the
literature (for example, Cody et al., 1997; Katahira et al., 1998), none have expressly
dealt with longer acyclic sequences in aqueous media. Cody et al. (1997) primarily
discuss a 6-residue ET, receptor antagonist in both aqueous and DMSO media. One
significant difference in their ®™“Ile? analog is the presence of a large unnatural aromatic
residue at position 16 which, the authors claim, greatly affects the peptide conformation
in DMSO: in aqueous media, the 19/20 peptide bond has the trans configuration, while
in DMSO, it isomerizes to the cis configuration. Katahira et al. (1998) present a number
of 14-residue ET receptor agonists studied in dipalmitoyl phosphatylcholine vesicles. In
that report, several ETy receptor agonists, all spanning residues 8 through 21 and N-
capped with either acetyl or succinyl groups, are examined in DPPC micelles. The
authors note that most of these peptides are helical through residue 15 or 16, and that the
conformation of the C-terminus (Ile'> — Trp®') is similar to a y-turn. In all the fragments
examined in this chapter, the bicyclic core is disrupted by both truncation of the sequence
(the largest of these analogs encompass residues 8 — 21) and incorporate Cys — Ala
mutations at residues 11 and 15. Fragments with and without the ™[le?® moiety are also

examined herein.

3.2: MATERIALS AND METHODS

3.2.1: PEPTIDE SYNTHESIS AND SAMPLE PREPARATION

Two C-terminal ET-1 peptide analogs (see Table 3.1, below) were received from
the Bristol Myers Squibb Pharmaceutical Research Institute (Princeton, NJ) and were
used without further purification. These samples were prepared using standard t-Boc
solid phase methods on a Bioresearch 9600 peptide synthesizer and characterized via

FAB mass spectrometry.
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Table 3.1: BMSQ Peptides

Sequence Name FW FAB-MS Data
HLDIIW 6mer (16-21) 794.93 none reported
VYFAHLDIIW 10mer (12-21) 1276.51 | [M+H}" 1277

All longer sequences were synthesized on an Applied Biosystems Model 430A
peptide synthesizer using the standard Fmoc solid phase coupling procedures (HOBt as
the coupling reagent). Wang resin (Wang, 1973) preloaded with Fmoc-Trp was
purchased either from Advanced ChemTech, Inc. (Louisville, KY) or Nova Biochem
Corp. (San Diego, CA). Coupling reagents and protected amino acids were purchased
from Advanced ChemTech. Peptides were purified via reversed-phase HPLC using a
Waters DeltaPak® semi-preparative C18 column and water/acetonitrile gradients. Major
HPLC fractions were collected and characterized on a Kratos HV-4 mass spectrometer
equipped with an electrospray ionization source. Further HPLC analysis using a Waters
uBondapak® analytical C18 column was required to determine sample purity prior to
NMR and CD studies.

Residues 19 to 21 of the peptides containing the I"™9IW moiety were manually
coupled using PyBrOP (Coste et al., 1994) as the coupling reagent. The procedure used
is slightly modified from that of Spencer et al. (1992) wherein the reaction time of the Ile-
®Melle coupling was expanded from 24 hours to approximately 72 hours. To confirm that
coupling was complete, 50 to 100mg of the peptide-resin complex were subjected to
another coupling cycle, either with Fmoc-Ala or protected Fmoc-Asp, to yield Ac-
AI™ITW or Ac-DI™W after N-capping and resin cleavage. These two peptides were
characterized via ESI-MS (Ac-AI®™IW, [M+H]" 558.3; Ac-DI®™IW, [M+H]" 602.6)
and 'H-NMR. Once the coupling was confirmed, approximately 0.25mmol portions
(300-400mg) of the Fmoc-I"™“IW-resin fragment were placed on the ABI 430A peptide
synthesizer to complete the sequences. Longer fragments used for this portion of the
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study are listed below in Table 3.2. All peptides lyophilize as fluffy white powder, with
purity > 90% as assessed by analytical HPLC.

Table 3.2: Peptides — Long Fragments

Sequence Name FW ESI-MS Data

GSHLDI IW | 8mer (14-21) 93999 | M™ 940.2 (Base)

[M+Na]’ 962.1 (24.8%)

[M+Na]** 481.9 (38.1%)
GSHLDI™IW | NMe-8mer 95445 | M 954.5 (2.3%)

(14-21) M* 478.1 (25.5%)
[M-TrpJ* 375.6 (Base)

Ac-GSHLDI™[W | AcNme-8mer 996.45 | M” 996.5 (56.9%)

(14-21) [M+H] 997.8 (19.7%)

[M+Na]** 509.9 (54.6%)

EAVYFAHLD 9mer (10-18) 1063.51 | M” 1107.2 (Base)

M 554.0 (40.4%)

EAVYFAHLDI IW | 12mer (10-21) 1477.71 | M** 738.5 (69.7%)
DAEAVYFAHLDI IW | l4mer (8-21) 1664.54 | M*" 831.3 (Base)
DAEAVYFAHLDI™™IIW | NMe-14mer 1678.54 | M** 839.3 (Base)
(8-21) [M+Na)** 850.4 (32%)

(M-Trp}* 737.2 (29.1%)

Ac-DAEAVYFAHLDI™IW | AcNMe-14mer 1718.83 | M* 858.8 (39.8%)
(8-21) M* 573.3 (Base)

Typical peptide concentrations for NMR studies ranged from 2 to SmM. Samples
for initial NMR studies were either dissolved in neat d,-DMSO or MilliQ® water
containing nominally 5 to 40% d,-acetic acid by volume. DMSO samples were further
titrated with water (2 to 5%) and d-TFA (up to 3 equivalents) to insure charged
sidechains were fully protonated. This sharpened the backbone amide signals to such a
degree so that *Jyqy coupling constants could be accurately determined from the one-
dimensional spectra. Aqueous samples were titrated with d-ethylene glycol (up to 30%)
and/or d,-HFIP (up to 40%). The longer peptides, specifically the NMe-14mer analogs
required up to 40% d,-acetic acid in order to solvate sufficient quantities for NMR

studies. No studies of the 14mer in aqueous media were performed due to peptide
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aggregation at concentrations greater than ImM. During the AcNMe-14mer D,0
exchange studies, the aqueous sample was lyophilized in the NMR tube and reconstituted
in a solvent mixiure containing 24% d,-HOAc/36% D,0/40% d,-HFIP. For the 'H
reincorporation, the same procedure was followed except where water replaces D,O in the

solution mixture.

3.2.2: NMR EXPERIMENTS

Except where otherwise noted, all NMR experiments were acquired on one of two
Briiker Instruments AM-500 spectrometers (one tuned to 500.13MHz, the other to
499.87MHz). Residual water peaks were suppressed using a presaturation pulse sequence
applied over an 8Hz range centered on the water signal. One- and two-dimensional NMR
experiments on samples in DMSO media were used to verify primary sequences, while

samples dissolved in aqueous media were used to analyze conformational preferences.

The major NMR experiments performed are the same as those noted in Section
2.4.2 of this dissertation. Due to the relatively smaller sizes of the fragment peptides, tppi
COSY (Aue et al., 1976; Braunchweiler and Ernst, 1983) and tppi ROESY (Bax and
Davis, 1985) experiments were used to assign chemical shifts and determine
conformational preferences. The pulse sequences for the tppi COSY and tppi ROESY are
the same as those found in the Ph.D. dissertations of Bolong Cao (1993) and Scott Harris
(1993). Typical spin lock times for the ROESY experiments ranged from 150 to 350ms.
Temperature gradients were obtained from 1D data collected in 5K intervals over a range
of 295 to 320K (DMSO media) or 285 to 320K (aqueous media). NMR spectra for the
BMSQ-synthesized peptides were acquired with TSP as the internal reference standard,
while DSS was used for the C-terminal fragment peptides synthesized in house.

For both the NMe-14mer and AcNMe-14mer, tppi NOESY (Bodenhausen et al.,
1984) experiments (t,, of 200ms and 240ms) were also acquired at 285K and 310K on a
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Briiker Instruments DMX-750 spectrometer (17.4T, tuned to 750.13MHz) equipped with
a Silicon Graphics Indigo2 workstation. D,O exchange and 'H reincorporation studies of
AcNMe-14mer in its most helical state (40% d,-HFIP/24% d,-HOAc/36% water) were
performed on a Britker Instruments DRX-500 spectrometer (11.74T, tuned to
499.87MHz) equipped with a Silicon Graphics O, workstation. For these experiments,
the residual water signal was suppressed using a pulse field gradient watergate (Piotto et
al., 1992; Sklenar et al., 1993) sequence centered on the solvent peak. All exchange data
was collected at ambient temperatures (~300K).

3.3: AQUEOUS MEDIA NMR STUDIES - THE 14MERS

Several ET-1 fragments were synthesized in order to determine the role of the
disulfides in helix formation and stability in aqueous media. All of these peptide lack the
rigidity of the bicyclic core: the longest of the sequences begin at Asp® and include Cys
— Ala substitutions at positions 11 and 15. Asp® was chosen as the starting position due
to its role as the N-capping residue of the ET-1 helical region (see also section 2.3.2).
Structural effects of the [le?*® — ®*)le*® mutation are also examined by inserting the N-

methylated Ile” in the sequence of the linear fragments.

3.3.1: UNEXPECTED AGGREGATION PROBLEMS.

Due to the hydrophobic nature of the peptides, the 14mer aggregated in aqueous
media at NMR concentrations. Addition of organic co-solvents such as acetic acid or
HFIP did not noticeably improve the solubility of this peptide. However, contrary to
expectations, the NMe-14mers (both with and without the acetyl N-cap) did not suffer
from the same aggregation problems. The hydrophobic cluster that forms in aqueous
media may partially explain the differences in solubility between these peptides. The

cluster is less compact in the case of the 14mer, resulting in a more flexible structure than
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the N-methylated 14mer analogs. This may allow the C-terminal region of the molecules

to more easily stack upon each other at high concentrations, producing aggregates.

3.3.2: SPECTRAL ASSIGNMENT OF THE 14MERS.

Due to a number of degenerate «H chemical shifts, as well as low signal-to-noise
resolution of the spectra acquired at S00MHz (prior to the spectrometer console and probe
upgrade), NOESYs were acquired at 750MHz. The higher field strength increased the
shift dispersion of the a-methine protons, while the newer spectrometer allowed for
higher overall signal-to-noise resolution in the spectra. Final chemical shift assignments
for NMe-14mer and AcNMe-14mer in aqueous 40% acetic acid are listed in Tables 3.3
and 3.4. One striking observation is that even in the absence of fluorinated alcohols, both
NMe-14mers display NOESY crosspeak patterns consistent with secondary structure. A
number of intermediate range NOESY crosspeaks are present for the NMe-14mer in 40%
aqueous acetic acid (Figure 3.1). For example, several strong o; — NH,.; interactions are
observed, beginning with 10acc & 13NH and ranging to 15a — 18NH. Also evident are
weak 10c — 138" and 11a — 1488” crosspeaks. Several of;,; crosspeaks are present in
the upfield region of the NOESY (Figure 3.2) ranging from 9o — 12p through 12a
— 15B. NOE interactions between 14a and the 17Bs may be also present; the a-methine
chemical shifts of Phe' and Ile' are degenerate. The most prominent peak in this region
is one between 19a. and 20NMe. This and the lack of any 19a — 20 interaction

indicates that the major conformer of the 19/20 peptide bond is trans.

As expected, the AcNMe-14mer in 40% aqueous acetic acid displays many of the
same features in the NOESY (Figures 3.3-3.5) as the non-capped analog. However,
capping the peptide with an acetyl group stabilizes the structure remarkably. Whereas
many NH; — NH,,, crosspeaks are weak in the case of the NMe-14mer (not shown), the
corresponding crosspeaks are medium-to-strong over the 9NH through 19NH region for
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the capped peptide (Figure 3.3). Greater a-methine shift dispersicz is observed,
presumably due to the increased helix stability. As a result, i — i+3 crosspeaks are more
clearly observed, especially in the upfield region of the NOESY spectrum (Figure 3.5)
where the o,p,., crosspeaks are observed from residues 8 through 17. Many of the *Jy;.qy
coupling constants (see Table 3.5) also provide evidence of helicity in the fragments: in
40% aqueous acetic acid for both peptides, residues 9 through 15 display coupling
constants less than 6Hz. More importantly, all of the NH/aH coupling constants decrease
with N-terminal acetylation, indicating a higher population of helical states in the

ensemble.

Table 3.3: Chemical shift assignments for DAEAVYFAHLDI™™IW in
40% acetic acid, 60% water at 285K

Chemical Shift (ppm)

Residue  HN [AS/AT] o B.B’ Others
Asp 8 exchanged 4428 3.196, 3.196
Ala9 8.771 [-6.238] 4.367 1.457
Glu 10 8.279 [-6.340] 4316 2.150, 2.069 Y.y 2.518,2.518
Alall 8.073 [-3.204] 4317 1.435
Val 12 7.800 [-4.534] 3.963 2.037 Y,y  0.926,0.815
Tyr 13 7.987 [-6.681] 4.466 2.955,2.92) 5,0° 6.893, g 6.717
Phe 14 8.058 [-7.704] 4.503 3.204, 2.994 5,6° 7272, g, 7343, ¢ 7.281
Ala 15 8.057 [-6.204] 4.268 1.402
His 16 8.151 [-2.795] 4.697 3.375,3.235 8 7.363, ¢ 8.659
Leu 17 7.982 [-1.773] 4.380 1.655, 1.568 y 1.581, §,5° 0.874,0.835
Asp 18 8.349 [-3.681] 4.746 2.927,2.774
Ile 19 7.902 [-5.488] 4.506 1.601 yl,yl” 1.437,1.015

¥2 0276, & 0.755
™Me)jle 20 n/a 4.761 2.026 vyl 1.261,0.942

y2 0.885, & 0.791, NMe 3.025
Trp 21 7.949 [-7.056] 4.647 3.373,3.190 5§ 7221, el 9.920, &3 7.599

02 7412, C3 7.092, 1127.166




Table 3.4: Chemical shift assignments for Ac-DAEAVYFAHLDI®™IW in 40%

acetic acid, 60% water at 285K
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Chemical Shift (ppm)

Residue  HN [AS/AT] o B.B’ Others
Asp 8 8.304 [-5.556] 4.775 2.991, 2.991 Ac-Me 2.081
Ala9 8.445 {-5.795] 4.212 1.452
Glu 10 8.207 [-5.693] 4.252 2.171,2.110 v,y 2.520,2.520
Alall 7.896 [-2.557] 4.270 1.484
Val 12 7.877 [-7.158] 3.867 2.067 v,y  0.952,0.847
Tyr 13 7.942 [-6.067] 4.392 2.991, 2.963 5,0 6.818, g, 6.685
Phe 14 8.143 [-8.385] 4.417 3.252,3.048 55 7.310, e 7.368, C ?
Ala 15 8.052 [-5.965] 4.269 1.437
His 16 8.033 [-1.432] 4.670 3.398, 3.240 8§ 7.375, & 8.648
Leu 17 7.819 [+0.307] 4.324 1.652, 1.565 vy 1.566, §,5° 0.842,0.813
Asp 18 8.259 [-2.591] 4.703 2.951,2.772
Ile 19 7.861 [-4.943] 4.489 1.598 vl,yl” 1.435,1.002

y2 0.270, & 0.751
MMeljle 20 n/a 4.746 2.020 ylLyl® 1.246,0.927

y2 0.879, & 0.787, NMe 3.025
Trp 21 7.954 [-6.067] 4.643 3.349,3.180 8 7.213, €l 9.900, €3 7.592

22 7.402, &3 7.087, 12 7.159




Table 3.5: Amide NH/a-methine coupling constants at 290K

NMe-14mer, 40% HOAc

AcNMe-14mer, 40% HOAc
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Residue s (HZ) *Janan (H2)
Asp’ n/a 6.9
Alad’ 4.3 ~40
Glu' 5.7 ~4.7
Ala" ~52 5.0
Val® 6.1 5.9
Tyr" unknown 4.6
Phe' ~52 ~4.7
Ala" ~52 unknown
His'® 7.0 unknown
Leu'’ unknown 6.0
Asp™® 7.5 6.0
Ile" 7.8 6.6
(NMe)[]o20 n/a n/a
Trp* unknown 6.4
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3.3.3: HFIP TITRATION.

3.3.3.1: Effects on backbone amide and methyl group chemical shifts.

For both the NMe-14mer and AcNMe-14mer, addition of HFIP significantly
stabilizes the overall structure. These spectra displayed higher signal-to-noise resolution
due to increased solubility of the peptides in a less polar medium. This allowed for some
previously weak crosspeaks to be more easily observed. Final chemical shift assignments
for the NMe-14mer and AcNMe-14mer in aqueous 40% HFIP/24% acetic acid are listed
in Tables 3.6 and 3.7. The amide region of the 1D-NMR spectra for both analogs
(Figures 3.6 and 3.7) display net downfield chemical shift deviations for residues 13
through 15 (Table 3.8), indicating that interresidue hydrogen bonding within the helical
region is strengthened. However, in the case of the NMe-14mer, the Tyr" amide initially
moves upfield prior to moving downfield at the higher HFIP concentrations. This artifact
is not observed for the N-capped analog and would account for the overall smaller
downfield deviation observed in the NMe-14mer (+0.045ppm from 0 — 40% HFIP,
essentially a negligible effect) versus the AcNMe-14mer (+0.207ppm). The central
residues of the helical region (Ala'' — Leu'’) also display larger downfield (or smaller
upfield) deviations in the case of the AcNMe-14mer. In both cases the NHs of Val
move upfield with increasing HFIP concentration. Another curious feature appears
during the HFIP titration: in the case of the NMe-14mer, the chemical shifts of 9NH and
10NH initially move downfield (from 0 — 20% HFIP), but then move upfield (from 20
— 40% HFIP). This may suggest that structuring effects, at least for the helix N-
terminus reach their maximum at 20% HFIP. However, since the intrinsic effect of HFIP
is to move chemical shifts upfield, it is more likely that HFIP-induced structuring effects
initially dominates. At the high HFIP concentrations, solvent effects on the 9NH and
10NH chemical shifts is the dominant factor. This trend is less dramatic for the

corresponding amides of the AcNMe-14mer. In this case, the N-terminus is already more
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structured than its non-capped analog in agueous medium. As a result, HFIP addition
would have smaller structuring effects, at least at the N-terminus.

Table 3.6: Chemical shift assignments for DAEAVYFAHLDI®™“IW in
40% HFIP, 24% acetic acid, 36% water at 285K

Chemical Shift (ppm)

Residue  HN [AS/AT] a B.B’ Others
Asp 8 exchanged 4444 3.371,3.252
Ala9 8.768 [-5.897] 4.295 1.491
Glu 10 8.251 [-5.420] 4.162 2.161, 2.161 1.y 2.580,2.541
Alall 7.837 [-1.057] 4.291 1.553
Val 12 7.556 [-2.829] 3.839 2.202 v,y  1.055,0.939
Tyr 13 8.032 [-9.681] 4.335 3.076, 3.030 5,6 6.848, £, 6.729
Phe 14 8.287 [-11.624] 4.403 3.307, 3.157 5,8° 1.334, g, 7.370, ¢ 7.319
Ala 15 8.185 [-8.522] 4.270 1.514
His 16 7.943 [-2.011] 4.603 3.450, 3.270 5 7.365, € 8414
Leu 17 7.763 [-0.170] 4.336 1.726, 1.578 y 1.606, 5,6° 0.878,0.825
Asp 18 8.116 [-2.454] 4.742 2.937,2.799
Ile 19 7.746 [-4.636] 4.534 1.595 ylyl® 1.452,1.025

¥2 0.323, & 0.791
NMefle 20 n/a 4.685 2.064 ylyl” 1.293,0.952

y2 0.890, & 0.815, NMe 3.043
Trp 21 7.605 [-3.750] 4.659 3.377,3.219 6 7.209, €l 9.487, €3 7.613

2 7401, C3 7.118, n2 7.190




Table 3.7: Chemical shift assignments for Ac-DAEAVYFAHLDI®™IW in 40%
HFIP, 24% acetic acid, 36% water at 285K
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Chemical Shift (ppm)

Residue  HN [AS/AT] a B.B’ Others
Asp 8 7.780 [-2.625) 4.836 3.060, 3.007 Ac-Me 2.077
Ala9 8332 [-5.113] 4.132 1.478
Glu 10 8.117 [-3.681] 4.121 2.189, 2.189 v,y 2.560,2.560
Alall 7.688 [-1.227] 4275 1.581
val 12 7.744 [-5.829] 3.776 2.203 vy’ 1.073,0.960
Tyr 13 8.149 [-8.726] 4.272 3.089, 3.089 5,5° 6.813, g 6.714
Phe 14 8.435 [-9.885] 4.348 3.322,3.202 5,8 7.380, eg” 7.389, £ 7.316
Alal5s 8.344 [-8.556] 4.255 1.540
His 16 7.914 [-2.148] 4.578 3.460, 3.267 5 7.378, € 8.382
Leul7 7.704 [-0.307] 4.290 1.727, 1.572 y 1.590, 6,5° 0.851,0.798
Asp 18 8.073 [-2.863] 4.712 2.947, 2.804
lle 19 7.732 [-4.329] 4.531 1.605 ylLyl’ 1.457,1.026

y2 0.320, & 0.791
(NMe)|e 20 n/a 4.667 2.063 yl,yl” 1.308, 0.965

y2 0.891, & 0.820, NMe 3.045
Trp 21 7.615[-3.681] 4.638 3.367,3.213 8 7.208, el 9.475, €3 7.614

22 7417, £3 7.120, 72 7.192
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Table 3.8: HFIP Titration — Amide NH chemical shift differences

NMe-14mer AcNMe-14mer
Residue AS (40% HFIP - 0% HFIP) AS (40% HFIP - 0% HFIP)

Asp® n/a -0.524
Lys’ -0.003 -0.113
Glu'® -0.028 -0.090
Ala" -0.236 -0.208
Val'? -0.244 -0.133
Tyr" +0.045 +0.207
Phe" +0.229 +0.292
Ala" +0.128 +0.292
His'® -0.208 -0.119
Leu" -0.219 -0.115
Asp'® -0.233 -0.186
Ile" -0.156 -0.129
(NMe) ]2 n/a n/a

Trp?! -0.344 -0.339

Table 3.9: HFIP Titration — Other reporter groups

NMe-14mer AcNMe-14mer
Residue AS (40% HFIP - 0% HFIP) Ad (40% HFIP — 0% HFIP)
Ala 9p +0.034 +0.026
Alallp +0.118 +0.097
Val 12yy’ +0.129, +0.124 +0.121, +0.113
Val 158 +0.112 +0.103
Leu 1786° +0.004, -0.010 +0.009, -0.015
Ile 19y2 +0.047 +0.050
Ile 196 +0.036 +0.040
NMel]le 2072 +0.005 +0.012

(NMelTle 208 +0.024 +0.033
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Figure 3.6: The amide NH region of the NMe-14mer HFIP titration.
Points in the titration are 0% (A), 10% (B), 20% (C), 30% (D) and 40%
HFIP (E) by volume.
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Figure 3.7: The amide NH region of the AcNMe-14mer HFIP titration.
Points in the titration are 0% (A), 10% (B), 20% (C), 30% (D) and 40%
HFIP (E) by volume.
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Figure 3.8: The methyl region of the NMe-14mer HFIP titration. Points in the
titration are 0% (A), 10% (B), 20% (C), 30% (D) and 40% HFIP (E) by volume.
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Figure 3.9: The methyl region of the AcNMe-14mer HFIP titration. Points in the
titration are 0% (A), 10% (B), 20% (C), 30% (D) and 40% HFIP (E) by volume.
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Also evident in the amide region of the spectra are the “2-effect” and “3-effect” of
N-capping. The 9NH is the furthest downfield of the backbone amides in the NMe-
14mer, with a chemical shift of 8.771ppm in 0% HFIP. The same proton has a chemical
shift of 8.332ppm in 0% HFIP, an upfield deviation of 0.439ppm in the N-capped
version. The chemical shifts of 10NH in 0% HFIP for the corresponding peptides are
8.279 and 8.207ppm, respectively, an upfield deviation of 0.072ppm. In 40% HFIP, the
“2-effect” is comparable (0.436ppm upfield with N-capping), while the “3-effect” nearly
doubles (0.134ppm upfield with N-capping).

The upfield region of the spectra (Figures 3.8 and 3.9) also clearly demonstrates
the HFIP effect on peptide structure. Those residues in the central portion of the helix are
more greatly affected by HFIP than either the N- or C-terminal regions of the peptide.
This can be probed using the methyl peaks, most of which move downfield with
increasing fluoroalcohol concentrations. As shown in Table 3.9, the sidechain methyl
groups of residues 11, 12 and 15 all have downfield chemical shift deviations greater than
or equal to 0.10ppm. Other residues on the periphery of the helix and the C-terminal
region do not have as dramatic adjustments in their methyl group chemical shifts. None
of the methyl groups for Ala’, Leu', Ile’” and ®™“Ile® shift more than 0.050ppm
downfield when the solution contains 40% HFIP.

In both NMe-14mer analogs, the hydrophobic clustering of the C-terminus is still
present at 40% HFIP. The slight downfield chemical shift deviation observed suggests
that the cluster slightly destabilizes upon increasing the concentration of the fluorinated
alcohols. As the medium becomes less “lipophobic”, hydrophobic interactions between
the Ile"® aliphatic sidechain and the Trp* indole ring become less important. As the
sidechain protons of Ile'?, specifically those of the B-methyl group, move away from the
shielding cone of the Trp? indole ring, their chemical shifts move downfield towards

nominal methyl group values. The relative positions of the Ile' and Trp* sidechains are
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shown in Figure 3.10, which displays one member of the Pen-1 NMR structure ensemble.

Although this structure doesn’t include the “™“Ile®, it does show that the 19y2 methyl
group lies within the shielding cone of the Trp® indole ring. In the case of the N-

methylated analog, this interaction is stronger (i.e. the sidechains are positioned closer

together), which is manifested by the unusual upfield chemical shift of 19y2.

3.3.3.2: HFIP effects on the NOESY spectra.

At 40% HFIP, a number of interresidue crosspeaks become more intense over a

greater portion of the sequence for the N-methylated analogs. Strong NH; — NH,,,
crosspeaks from Ala’ through Asp'® develop in the NOESY spectrum (Figures 3.11 and

3.12) for both peptides. Intermediate range NOEs also are apparent in the case of the
NMe-14mer (Figure 3.13), for example, weak i & i+2 (10ac — 12NH, 12a — 14NH and
140 — 16NH) crosspeaks appear. Over the entire helical region, which is extends from
Lys® through Asp'®, intraresidue aN; crosspeaks are more intense than their sequential
a,N,,, counterparts. In addition, i — i+4 (9o — 13NH and 10 — 14NH), as well as i
— i+3 interactions between aH and sidechain aromatic protons (10a — 1388’, 1la

— 1468’ and 13a — 160) are present.

The upfield region of the NOESY (Figure 3.14) display a number of intense of;.;
crosspeaks. Also notable in this portion of the spectrum is the strong 19a — 20NMe
crosspeak, which is more easily observed in 40% HFIP since the 14 and 19a chemical
shifts are no longer degenerate. Another prominent crosspeak between 19y2 and 2la,
provides further evidence of C-terminal hydrophobic cluster formation. Several
crosspeaks between 19y2 and the sidechain protons of Trp®' are also present (Figure
3.15).
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Figure 3.11: The amide NH crosspeak region of the NMe-14mer NOESY
in aqueous 40% HFIP/24% acetic acid, acquired at 7S0MHz. The
aromatic protons are omitted for clarity.
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Figure 3.16: The amide NH — aH crosspeak region of the AcNMe-14mer
NOESY in aqueous 40% HFIP/24% acetic acid, acquired at 7SOMHz.
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The acetylated NMe-14mer analog displays a more stable helical region, with
relatively stronger. and more extensive web of, i — i+3 and i — i+4 crosspeaks (Figures
3.16 and 3.17). As in the nion-capped analog, intraresidue o;N; crosspeaks are more
intense than their sequential oyN,,, counterparts over residues 9 through 18. NOE ratios
and connectivity data are summarized in Figures 3.18 and 3.19. Many of the same NOE
ratios are less intense, that is, the difference in contour levels between the intra- and
sequential interresidue aN crosspeaks are smaller, in the case of the NMe-14mer (data
not shown). Both plots clearly indicate the presence of a stable helix spanning Ala’

through Leu'’, capped on either end by aspartic acid residues.

3.3.3.3: HFIP induced structuring effects evidenced by aH-CSDs.

A comparison of the aH-CSDs (Figure 3.20, top) indicates that the NMe-14mer
fragments aren’t as structured as the intact ET-1 analogs. Although the helical region of
the peptides range from Lys’ through His'® in the fragments, most of the «H-CSD values
are less than half of those observed for the same residues of Pen-1 and Pen-2. In
addition, the helical region is more extended in the intact peptides (Lys® — Asp'®). This
would suggest that the disulfide bonds help stabilize, but are not essential for, helix
formation. The large difference in structuring may also be due to solvent effects. The C-
terminal residues (Ile'” through Trp*') aren’t as greatly affected by sequence truncation:
with the exception of 2la, the aH-CSD values for the N-methylated analogs are
completely within experimental error. Also observed in this plot is evidence that the
acetyl N-cap increases stability of the helical region of the fragments, as indicated by the
more negative oaH-CSD values of the AcNMe-14mer. Corrections for local N-
methylation shift effects were employed in Figure 3.20. Determination of these N-methyl

correction factors is described in Section 3.6.4.
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ET-1 Analogs in Aqueous Media
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Figure 3.20: The aH-CSD plot of the intact and large fragment ET-1
analogs with (top panel) and without (bottom panel) the presence of
fluoroalcohols. Residues 1 through 7 are removed for clarity.
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Notable differences are apparent in the aH-CSD values when the peptides are
studied in the presence of fluorinated alcohols (Figure 3.20, bottom). As with the intact
peptides, high concentrations of HFIP increase the stability of the helix, as well as
extending it to Asp'®. However, as in the 0% HFIP case, the NMe-14mer still appears to
be less structured than the AcNMe-14mer: for residues 9 through 18, the aH-CSDs are
more negative for the acetylated fragment. The large differences in the Asp® and Ala’
oH-CSD values between the NMe-14mer and AcNMe-14mer are solely due to the acetyl
N-cap. Residues in the center of the helical region of the fragments (13 — 15) now have
comparable values with respect to the intact peptides. With the exception of Glu'®, the
residues at the ends of the helix (Ala’ — Val'? and His'® — Asp'®) have aH-CSDs nearly
half of those corresponding to Pen-2. This would suggest that the ends of the helix
display greater fraying in the fragments.

A comparison of the temperature effects on the aH-CSD plots reveals an
interesting pattern. For both the ®™9Ile* analogs, most of the aH-CSDs move towards
their disorder reference values (Figure 3.21). However, the opposite trend is observed for
l1la, 19a and 20a. The latter two are artifacts of the 20NMe group, which appears to
enhance the hydrophobic interactions at the C-terminus. The larger CSD values observed
for 19aH and 20a.H may reflect an increase in the hydrophobic effect, which is known to
increase with temperature (Privalov, 1992). That is, the hydrophobic cluster, whose
backbone resembles a turn-like structure (Harris, 1993; Chapter 4, this dissertation), is

enhanced when the temperature is raised.

The trend observed for the Ala'' aH is most likely due to the Phe" sidechain
aromatic ring. As previously noted, 11a — 1488° NOESY crosspeaks are present at both

0% and 40% HFIP. The relative positions of the Ala" oH and the Phe'* phenyl ring are
shown in Figure 3.22 (this is the same structure presented in Figure 3.10). In this side
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view, 1la is co-planar with the phenyl ring, resulting in a strongly deshielded methine
proton. As the temperature is raised, the Phe'* side chain may experience increased
mobility, and the 11a proton becomes less deshielded. If Phe'* were substituted with a
non-aromatic residue, the Ala"' oH would most likely be further upfield than currently

observed.

3.3.4: D,O EXCHANGE AND H,0 RE-INCORPORATION.

A deuterium exchange study (Figure 3.23; see also Figure 3.19) was performed on
the most structured of the 14mer analogs, AcNMe-14mer in 40% aqueous HFIP/24%
acetic acid at 300K. Table 3.10 reports the exchange half-lives and protection factors.

Table 3.10: AcNMe-14mer NH exchange half lives and estimated
exchange protection factors (300K, pH ~ 2.3) /

Residue Molday Correction  Est. Predicted  Observed Protection
Factor ? Factor t, t, Factor *

- AQ) -0.12 1.00 (ref)  ~ 3.0 min ~ 3 min 1.00
E (10) -0.60 3.02 9.1 min ~ 5 min 0.55
A(11) -0.27 1.41 4.2 min ~7-10 min 1.67 -2.38
V(12) -0.74 4.17 12.5 min 25 min 2.00
Y (13) -0.71 3.89 11.7 min 18 min 1.54
F (14) -0.89 5.89 17.7 min 15 min 0.85
A (15) -0.43 2.04 6.1 min 12 min 1.97
H™ (16) -0.80 4.79 14.4 min <2 min 0.14
L17) -1.08 9.12 27.4 min ~ 7 min 0.26
D° (18) -1.03 8.13 24.4 min <2 min 0.08
[(19) -1.03 8.13 24.4 min <2 min 0.08

! See also Table 2.2 for some parameters.

? Acid catalyzed reaction dominates at these conditions (Bai et al., 1995).

7 This is the most conservative possible estimate; the actual protection factors could be as
much as 4 times as large.
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Figure 3.23: Deuterium exchange study of the AcNMe-14mer in aqueous
40% HFTP/24% acetic acid (pH ~ 2.3, 300K). Time points are 0 min, H,0
media (A), 0 min, D,0 media (B), 10 min (C), 20 min (D), 40 min (E) and 1
hour (F). Aromatic proton assignments are omitted for clarity.
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Figure 3.24: Hydrogen re-incorporation study of the AcNMe-14mer in aqueous
40% HFIP/24% acetic acid (pH ~2.3, 300K). Time points are 0 min, D,0 media
(A), 0 min, H,0 media (B), 10 min (C), 20 min (D), 40 min (E) and 1 hour (F).
Aromatic proton assignments are omitted for clarity.
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The estimated pH of the solution is 2.3, which indicates that acid catalysis dominates the
reaction. Since Bai et al. (1995) did not include N-capping effects on the Molday factors,
Asp?® is not included in the table. Although the peptide is relatively short, it does display
several exchange-protected backbone amides, further evidence that the peptide contains a
short helix that extends to at least Ala'>. The backbone amide of Val is the most
protected of the peptide, suggesting that it is the least frayed residue in the helical region.
Assuming the standard CO, - NH,,, hydrogen bond of an a-helix, Asp® is, thus, an
effective helix N-cap. Hydrogen re-incorporation (Figure 3.24) also helps verify the
location of the helical residue. As in the previous study, the exchange-protected

backbone amides correspond to Val'? through Ala'’.

Overall, exchange rates are much faster for the 14mers than for the intact. ET-1
and Pen-1 peptides. For example, residues Val'> — Ala'’ exchanged in little over an hour
for the AcNMe-14mer. However, Val? — Cys'*/Pen" of the intact 21mers required
between 6 and 16 hours to fully exchange. In addition, the protection factors for residues
9-15 of AcNMe-14mer are much smaller than those of Pen-1 (see also Table 2.2),
suggesting that the helical region is more stable in the intact 21mer. This is not
unexpected; a 6 to 8 residue helix with no covalent cross-links to stabilize it would not be

expected to be 95+% folded. The data implies a helix formation constant of 2 or more.

3.3.5: CoMPARISON OF NH-CSD/NH TEMPERATURE GRADIENT PLOTS.

The NH-CSD/NH temperature gradient diagrams (Figure 3.25) provide further
evidence of the stabilizing effects of both N-capping and fluoroalcohol. The backbone
NH-CSDs of NMe-14mer at 0% HFIP are clustered together, suggesting little, if any,
structure is present. Regression analysis is meaningless in this case with the correlation
coefficient of 0.043. In higher concentrations of HFIP, the numbers significantly

improve: the regression line has a slope of -14.166ppt/K and a correlation coefficient of
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Figure 3.25: The amide NH-CSD/temperature gradient plot for the NMe-14mer (top
panel) and AcNMe-14mer (bottom panel), collected in 0% (open circles) and 40%
HFIP (filled boxes). The regression line for the fluoroalcohol case is displayed. Also

shown are the data points corresponding to amides of Val'? - Ala".
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0.648. This would suggest that in the absence of HFIP, facile melting of structured states
occurs at low temperatures and that this process is not cooperative. However, when
fluorinated alcohols are added, both structural stability and peptide folding cooperativity

improve significantly.

In the case of the AcNMe-14mer, addition of HFIP doesn’t have as great affect on
the slope and correlation coefficients. In the absence of fluoroalcohol, the slope of the
regression line is -9.221ppt/K, with an R? = 0.313, while at aqueous 40% HFIP, the slope
is -9.153pptK (R? = 0.710). These data sets would indicate that the structure of the
AcNMe-14mer is more thermally stable than the non-capped analog. The AcNMe-14mer
displays significant folding cooperativity both with and without the presence of HFIP.

The location of the points corresponding to the deuterium exchanged-protected
backbone amides (Val'? — Ala'®) is a notable feature of these diagrams. Residue 12,
which has the longest t., is further upfield than would be expected for the most strongly
hydrogen bonded amide. Residues 13 — 15 demonstrate much larger temperature
gradients than would be expected. This is further evidence that temperature gradients
cannot accurately predict deuterium exchange protection factors in relatively structured
peptides (Andersen et al., 1997). In proteins, residues with long exchange half-lives
would be expected to display temperature gradients less negative than -4ppb/K.

3.3.6: EVIDENCE OF STRUCTURING IN DMSO?

Although DMSO was originally used to verify the sequences of the 14mers, some
evidence of structure is present in this denaturing solvent. Addition of 2-5% H,O and 3
equivalents of TFA were required to sufficiently sharpen the backbone amide peaks.
Final chemical shift assignments of the 14mers are reported in Appendix C. The aH-
CSD histogram of the 14mers (Figure 3.26, upper panel) display limited helicity from

Glu'® to Leu"”. The central residue of the helix is Val'2. The maximum negative value is
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Figure 3.26: The 14mers in DMSO, 2% H,0, 3 equivalents TFA. Top panel:
oH-CSD histogram. Bottom panel: NH-CSD vs. NH temperature gradient plot.
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Figure 3.27: The aH — upfield crosspeak region of the AcNMe-14mer
NOESY in DMSO, 2% H,0, 3 equivalents TFA. The spectrum was

acquired at 4999MHz. Note the strong 190 — 20NMe crosspeak.
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-0.15ppm over this span, suggesting that the helical conformation is not highly populated.
In the N-methylated analogs, this helix appears to extend to Ile'’, however the alternating
signs for the aH-CSD values of residues 19-21 suggests a turn-like feature. The
acetylated version has more negative values over a longer range of residues, indicating

that N-capping stabilizes the helix, even in DMSO.

The NH-CSD/NH temperature gradient plot (Figure 3.26, lower panel) suggests
neither folding cooperativity nor a highly structured state for any of these three peptides
in DMSO media. However, slight improvements in the correlation coefficients are
observed over the helical region (residues 9 through 16) in all cases. This would suggest

that more cooperative folding is present for the helical region of the peptides.

Further insights regarding the C-terminal hydrophobic cluster can also be gained
from the DMSO data using the 19y2 peak as a probe. The cluster is more stable when the
peptide contains the ®™[le? residue: the chemical shift of 19y2 is further downfield for
the 14mer (0.742ppm) relative to the NMe-14mer (0.567ppm). A comparison of data
acquired in both aqueous and DMSO media also indicates that the media affects the
stability of the cluster. In 40% aqueous acetic acid, the 19y2 peak of the NMe-14mer has
a chemical shift of 0.276ppm, an upfield deviation of 0.276ppm relative to that of the
peptide in DMSO. This would suggest that the hydrophobic cluster is more stable the
more polar (lipophobic) the medium. Unfortunately, the aggregation problems
encountered with the 14mer prevented a direct comparison of the aqueous and DMSO
media chemical shifts. The NMe-14mer and AcNMe-14mer display no significant

chemical shift differences over the C-terminal residues.

The ROESY and *Jy,.oy data would also suggest no significant structuring in
DMSO media for 14mer. The interresidue o; & NH,,, crosspeaks are stronger than their

intraresidue o; & NH, counterparts over the entire peptide. In addition, there are no o



149

— NH,,; or a; = B,,; crosspeaks in the spectrum. There are, however, a few small-to-
medium sized N,N,,, crosspeaks for residues 9/10, 13/14, 14/15, 19/20 and 20/21. With
few exceptions, the *Jy,ay coupling constants are greater than 7Hz, indicating an

averaged structure.

Both N-methylated analogs display the same lack of intermediate range ROESY
interactions as for the 14mer. However, one significant set of ROESY crosspeaks

corresponding to the 20NMe line is present for both the NMe-14mer and AcNMe-14mer

(Figure 3.27). The large 19a — 20NMe, as well as the absent 190 — 20a crosspeak
indicate that the trans conformation is present for the 19/20 peptide bond in DMSO. This
is contrary to the observations of the Parke-Davis group (Cody et al., 1997) who reported
the NMR structure of a six residue ET,/ETy receptor antagonist containing an unnatural
amino acid residue (D-Bhg'®) and an N-methylated Ile®®. The authors noted that in
aqueous media, the 19/20 peptide bond is 100% trans. However, when the peptide was
studied in DMSO media, the 19/20 peptide bond purportedly isomerizes to the cis
conformation. This discrepancy may be partially explained by the presence of the D-Bhg
residue, which contains a large aromatic moiety in the side chain. One author (Reily,
personal communication) suggests that a hydrophobic interaction between the D-Bhg'®

and Trp*' side chains may allow the 19/20 peptide bond to adopt the cis conformation.

3.4: AQUEOUS MEDIA NMR STUDIES: SHORT FRAGMENTS

A number of peptide fragments were originally synthesized at Bristol-Myers
Squibb to more fully understand the conformational preferences of the ET-1 C-terminal
region. To limit structural constraints induced by the bicyclic core, these fragments were
truncated so as to either remove the N-capping residues of the helix, or the helical region
itself. The analogs examined in this section, ET-1[16-21] and ET-1[12-21] (henceforth,
the 6mer and 10mer, respectively), contain the HLDIIW moiety (see also, Table 3.1).
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Both peptides retain free amine N-termini to insure that any structuring preferences

influenced by N-capping are eliminated.

However, other than an N-methyl scan of the Pen-1 C-terminus (Harris, 1993), no
other Pen-2 analogs were produced at Bristol-Myers Squibb. As a result, several ®™[le?
fragments (and their non-N-methylated counterparts were synthesized for the present
study. The initial syntheses resulted in the 8mer (GSHLDIIW) and the 12mer
(VYFAHLDIIW). In the case of the 8mer, the ™Ile? analog, with and without an
acetyl N-cap (the NMe-8mer and AcNMe-8mer, respectively) were also synthesized. The
major product isolated from the initial 12mer synthesis yielded an unexpected, yet useful,
deletion product, the 9mer. This was fortunate as this peptide lacked the three C-terminal
residues (Ile'” — Trp®'"), and, as a result, a portion of the helical region could be probed
without influences from the hydrophobic cluster. Final chemical shift assignments for the
peptides are listed in Appendix B.

3.4.1: BMSQ C-TERMINAL ANALOG STUDIES

Given their short sequences, the 6mer and 10mer chemical shifts were
unambiguously assigned from their COSY spectra. In DMSO, both structures appear to
be fully disordered. For the 6mer, the average aH-CSD value over the entire sequence is
-0.065 + 0.112ppm. (His'® has a large negative deviation due to its proximity to the
terminal ammonium ion. When only residues 17-21 are considered, the average deviation
is —0.015 + 0.050ppm.) The average aH-CSD in the case of the 10mer over residues 16
through 21 is -0.030 £ 0.040ppm. As expected, both the 6mer and 10mer DMSO
NOESY spectra (not shown) displays mostly intraresidue and sequential NOEs (where

oN; <<N,,,). No significant intermediate-range NOEs are observed for either peptide.
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ppm

Figure 3.29: The methyl group region of the HLDIIW (6mer) ethylene
glycol titration, acquired at 285K. Points in the titration are 10% (A), 20%
(B), 30% (C), 40% (D) and 50% glycol (E) by volume.
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Figure 3.30: The methyl group region of the 6mer temperature study,
acquired in 10% ethylene glycol.
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Figure 3.31: The methyl group region of the 6mer temperature study,
acquired in 30% ethylene glycol.
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The aH-CSD histogram (Figure 3.28) indicates that, as expected, none of the
fragments are as structured as Pen-1. Negative aH-CSDs over residues 14 — 16 suggest
that the 10mer may be slightly helical. However, the small values (maximum negative
values of -0.15ppm) and the fact that the 10mer does not display any NOESY crosspeak
patterns indicative of a helical structure suggests that only a small portion of the
conformer population samples local a; backbone torsional angles. The C-terminal
residues (Ile'® — Trp*") for the peptides display similar small aH-CSD values throughout,
indicating that this region is unstructured, or experiences extensive conformational
averaging in aqueous solution. Overall, the 10mer has comparable deviations with
respect to the monocyclic analogs, [Ala*'"'’-Nle’JET-1 (Andersen et al., 1995a) and
[Aba"'"*]ET-1 (Coles et al., 1994), although values are smaller at the N-terminus of the

helix due to sequence truncation.

As with the intact ET-1 analogs, both the 6mer and 10mer Ile'’-y2 peak displays
unusual upfield chemical shifts due to shielding effects of the Trp*' sidechain indole ring.
In the case of the 6mer, addition of ethylene glycol doesn’t appear to greatly affect the
stability of the hydrophobic cluster (Figure 3.29). At 0% aqueous glycol, the 19y2 peak
has a chemical shift of 0.545ppm, while at 50% glycol, it shifts downfield to 0.561ppm, a
difference of +0.016ppm. The other methyl groups, specifically those of Leu'” and Ile”,
as well as 195, have a slight upfield deviation with increasing glycol concentrations.
Temperature studies at 10% and 30% glycol (Figures 3.30 and 3.31) demonstrate
dramatic effects on the cluster: although the 19y2 peak moves downfield in both cases, it
has a steeper gradient in the higher glycol levels. At 10% aqueous glycol, the 19y2
chemical shift is 0.545ppm at 285K, with a gradient of +1.578ppb/K, while in 30%
aqueous glycol, the values are 0.549ppm and +2.054ppb/K, respectively. In 50% glycol
(data not shown), the chemical shift is 0.561ppm, with a gradient of +2.076ppb/K.

However, spectra were acquired at only two temperatures, so the latter value carries a
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high uncertainty. This data would suggest that increasing glycol concentrations partially

destabilizes the hydrophobic cluster. That is, the interaction between the 19y2 and the
Trp* sidechain becomes weaker (and more likely to unfold at higher temperaturcs) with

decreasing “lipophobicity” of the solution.

3.4.2: THE 8MERS.

The ROESY spectrum of the 8mer in 40% aqueous ethylene glycol (data not
shown) displays patterns consistent with a disordered structure. Strong o;N;,, crosspeaks
are present, while those corresponding to other intraresidue oN NOEs have very weak
intensities. Most of the *Jy,a, coupling constants in this medium are greater than 6.5Hz
at ambient temperatures. The oH-CSD histogram (Figure 3.32) also indicates a
disordered structure: the values for His'® — Trp®! are less than + 0.05ppm. The larger
positive values for Gly' and Ser'’ suggest a partially extended conformation. Addition of
HFIP does not seem to have much influence of the backbone conformation. At 15%
HFIP, the coupling constants are still greater than 6.5Hz and the aH-CSDs aren’t
significantly altered. However, an increase in the chemical shift of the 19y2 peak from

0.586ppm to 0.686ppm is observed as the hydrophobic clusters becomes less dominant.

The NMe-8mers in 30% glycol (with and without HFIP) do not display any

dramatic structural differences with respect to the 8mer for the N-terminal portion of the
sequence. The aH-CSDs for residues 14 through 18 are comparable for the three
peptides. The difference between the two ®™Ile® analogs at Gly" is solely due to the N-
acetylation effect. The aH deviations are more negative for residues 20 and 21, and
become more so as HFIP concentrations increase. The coupling constants also have
similar values with respect to the 8mer (*Jyq; > 6.0Hz), although those corresponding to
residue 21 are smaller in the N-methylated peptides. The ROESY spectra of the ™<}e*
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analogs (data not shown) display similar patterns to their Ile?® counterpart, especially in
the amide region. The o;N, crosspeak intensities are always smaller than those
corresponding to the o;N,,, interaction. However, the C-terminus, as expected, displays a
number of differences. For both NMe-8mers, the 19y2 peak is shifted further upfield than

the 8mer. Similar crosspeak patterns between 19a — 20NMe and 19y2 — 21a, which
are observed in the larger ®™]1e?° analogs, are present. This is further evidence that the

hydrophobic cluster can form without the presence of a stable helix.

3.4.3: THE 9MER AND 12MER: EVIDENCE OF STRUCTURE?

Contrary to the 8mers, both the 12mer and 9mer display evidence of limited
helicity. The aH-CSD (Figure 3.33) values are negative between Val'? and His'®. Values
for the C-terminal residues of the helix are comparable to those of the 10mer. As
expected, increasing concentrations of HFIP appears to slightly stabilize the helix.
However, the relatively small upfield chemical shift deviations (-0.15ppm, maximum)
compared to the longer fragments (see Figure 3.34) suggest that the helical region isn’t as
stable in the 9mer and 12mer. Even at high HFIP concentrations, the upfield deviations
for residues 12 through 14 of the 9mer and 12mer are only a quarter that of the AcNMe-
l4mer. This isn’t surprising considering that in the intact peptides the helical region is
capped by Asp®, while sequences of the 9mer and 12mer begin with Glu'. Since neither

fragment is N-capped, the terminal region is expected to have higher mobility.

The *J ey coupling constants also support the presence of a helical structure that
is stabilized by increasing concentrations of HFIP. At 0% HFIP, the 9mer displays
average coupling constant (J > 7.0Hz), with the exceptions of Ala'' and Ala'®, which have
values less than 6.0Hz at 285K. When the peptide is studied at 25% HFIP, the coupling
constants for residues 11 through 15 are less than 6.5Hz at 285K. Coupling constants for

the 12mer were more difficult to measure due to a number of degenerate amide chemical
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shifts in both 20% and 40% HFIP. However, at near ambient temperatures (295-300K),
residues 11, 16 and 17 display values less than 6.5Hz. Values for Val'? — Ala",

univrtunately, could not be accurately determined due to the aforementioned signal

overlap.

However, the NOESY spectra (data not shown) for both the 9mer and 12mer
(even at high fluoroalcohol concentrations) do not display any significant intermediate
range NOEs, suggesting that any structuring is only local. In both cases, the intraresidue
o;N; crosspeak is less intense than their sequential o;N;,, counterparts. A few NN,
crosspeaks are present in the 12mer NOESY, which is consistent for a helical
conformation, but no unambiguous i — i+3 crosspeaks are observed. Returning to the
aH-CSD histograms, the helical region of the 12mer appears to be less structured than
that of the 9mer, even in higher levels of fluoroalcohol. This suggests that the C-terminal

hydrophobic cluster may effect helix stability, independent of media.

3.5: UNUSUAL ILE” BETA-METHYL CHEMICAL SHIFTS

The 19y2 (B-methyl) group is the most easily recognizable peak of the 'H-NMR
methyl region for the ET-1 peptide series. Due to its location within the shielding cone of
the neighboring Trp*' sidechain indole ring, the 19y2 peak has a (sometimes) dramatic
upfield chemical shift. As a result, it can be effectively used as a probe for identifying
structural preferences of the conformationally averaged C-terminus. Table 3.11 reports
the 19y2 chemical shifts and temperature gradients for a series of ET-1 peptide analogs in
a variety of aqueous media. The data are arranged in order of decreasing 19y2 CSDs and
separated by groups (Ile®® or ®™9le* analogs). Table 3.12 summarized the average
deviations and temperature gradients according to species and conditions. General trends

are evident in this data set.



162

Table 3.11: Ile'>-y2 chemical shift deviations (normalized to 285K) and
temperature gradients in aqueous media '

Peptide Conditions 1992 CSD  AS8/AT  (AS/AT)/CSD

(ppm) (ppb/K) (PptK)
HLDIIW (6mer) 10% glycol -0.405 +1.578 -3.896
VYFAHLDIIW 8% HOACc/45% glycol -0.398 +1.829 -4.595
ET-1° 50% glycol -0.396 ~+2.480 -6.263
GSHLDIIW (8mer) 5% HOACc/40% glycol -0.392 +1.643 -4.191
HLDIIW (6mer) 30% glycol -0.385 +2.054 -5.335
EAVYFAHLDIIW 32% HOAc/20% HFIP -0.326 +2.188 -6.712
Pen-1* 50% glycol -0.321 +0.935 -2.913
GSHLDIIW (8mer) 34% glycol/15% HFIP -0.284 +1.286 -4.528
Ac-AllY 40% HOACc -0.273 +2.053 -7.520
EAVYFAHLDIIW 24% HOAc/40% HFIP -0.270 +1.843 -6.826
Ac-AllY 32% HOAc/20% HFIP -0.197 +1.712 -8.690
AcNMe-8mer 3.5% HOACc/30% glycol -0.727 +3.351 -4.609
NMe-8mer 3.5% HOAc/30% glycol  -0.719 +3.402 -4.732
AcNMe-8mer 5% HOACc -0.695 +2.725 -3.921
Pen-2 50% glycol -0.694 +2.173 -3.131
NMe-14mer 40% HOACc -0.693 +3.566 -5.146
AcNMe-14mer 40% HOACc -0.690 +3.494 -5.064
NMe-14mer 32% HOACc/20% HFIP -0.689 +4.473 -6.492
NMe-8mer 5% HOACc -0.689 +2.640 -3.832
AcNMe-14mer 32% HOACc/20% HFIP -0.683 +4.617 -6.760
AcNMe-8mer 25.5% glycol/15% HFIP  -0.675 +3.886 -5.757
NMe-8mer 25.5% glycol/15% HFIP  -0.662 +3.830 -5.785
Pen-2 15% HFIP -0.657 +2.519 -3.834
NMe-14mer 24% HOACc/40% HFIP -0.646 +4.557 -7.054
AcNMe-14mer 24% HOACc/40% HFIP -0.637 +4.736 -7.435
! All data acquired at S00MHz.

? For CSD calculations, using Ile y2 reference = 0.95ppm (Wiithrich, 1986).
? Data from Chen, 1992.

? The 19y2 chemical shifts of Pen-1 in 15% HFIP could not be accurately determined.
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Table 3.12: Average Ile'-y2 chemical shifts and temperature gradients
from Table 3.11

3 (ppm) CSD (ppm)  AS/AT (ppb/K)  (AS/AT)/CSD
Ile* analogs (n=11)
Overall 0.618+0.069 -0.332+0.069 +1.782+0.428 -5.588+1.754
HOAc & glycol  0.583 £0.050 -0.367+0.050 +1.796+0.485 -4.959= 1.551
HFIP 0.681 £0.054 -0.269+0.054 +1.757+0.373 -6.689+1.702

(NMe)lle® analogs (n = 14)

Overall 0.267 £0.025 -0.683 £0.025 +3.569+0.858 -5.254 +1.341
HOAc & glycol 0.249+£0.015 -0.701 £0.015 +3.050+0.536 -4.348 +0.741
HFIP 0.286 +0.019 -0.664+0.019 +4.088+0.779 -6.160+1.198

3.5.1: ILE® vs. "MO[LE? ANALOGS.

The 19y2 peak of the ®™¢[le? analogs are shifted further upfield and have steeper
temperature gradients than their [le?® counterparts. Assuming that the Ile B-methyl
random coil chemical shift is 0.95ppm (Wiithrich, 1986), the CSD values of the 19y2
methyl groups are -0.683 = 0.025ppm ("™lle analogs) and -0.332 £ 0.069ppm (Ile
analogs). The corresponding temperature gradients, as with the CSDs, are twice as large
for the ®™le®® analogs. Upon first inspection, this might suggest that the N-methylated
peptides have a more compact hydrophobic cluster (i.e., the 19y2 methyl group aligns
with the shielding cone of the Trp®' indole ring more efficiently) whose structure more
readily undergoes thermal “melting.” However, when the overall temperature gradient-
CSD correlations are examined, no significant differences arise between the two sets of
analogs. This suggests that, on average, the hydrophobic cluster of both the Ile* and

(™Mel[]e® peptides experience the same level of thermal melting.
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3.5.2: MEDIA EFFECTS.

The presence of fluorinated alcohols influences the 19y2 chemical shift, although
this effect appears to be more pronounced for the ®™“[le? analogs. A clear delineation
for both the Ile?*® and ™<]le? series is observed: the 19y2 peaks are shifted further
downfield in the presence of HFIP. The solvent effects on the average temperature
gradients and A8/AT-CSD correlations are statistically less significant, although in both
the Ile* and ™“le* analog set, the correlations are larger (more negative) in the
presence of HFIP. In the case of the N-methylated peptides, these correlations are more
clearly separated if only the fragments are considered (without HFIP: -4.551 =
0.560ppt/K, with HFIP: -6.547 + 0.678ppt/K). Trends in the glycol titration are less
predictable for the 19y2 CSDs. For the 6mer (HLDIIW), the 19y2 methy! group shifts
downfield at higher ethylene glycol levels. In the case of the (Ac)NMe-8mer, glycol
addition shifts the 19y2 peak upfield. However, in all three peptide systems, increasing
the glycol concentration results in larger (A3/AT)/CSD ratios. This would suggest that
the C-terminal hydrophobic cluster is more likely to form (and less likely to unfold with

increasing temperatures) the more polar (or “lipophobic™) the media.

3.5.3: EFFECT OF PEPTIDE LENGTH

A general trend emerges from the fragments in comparable media. The A&/AT-
CSD correlation of the 8mer (40% glycol, -4.191ppt/K) is smaller than that of the 10mer
(45% glycol, -4.595ppt/K). The 6mer in 30% glycol (-5.335ppt/K) and Ac-AllY in 40%
HOAc (-7.520ppt/K) have larger correlations than either the 8mer or 10mer. However,
this may reflect incomplete cluster formation in the shorter peptides. A more dramatic
difference is observed when HFIP is added. The 8mer (15% HFIP) and 12mer (20%
HFIP) have correlations of -4.528ppt/K and -6.712ppt/K, respectively. The slight

difference in HFIP concentrations is not expected to have a dramatic influence in the
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AS/AT-CSD ratios: the correlation of the 12mer in 40% HFIP is -6.826ppt/K. The ™Tle”
analogs also demonstrate the same trends in both aqueous glycol/HOAc and aqueous
HFIP conditions. Specifically, the (Ac)NMe-8mers have smaller (less negative)
temperature gradient-CSD correlations than the (Ac)NMe-14mers. This may suggest
that, in the absence of a rigid bicyclic core, an increase of the peptide length to include

the helical region decreases the thermal stability of the C-terminal hydrophobic cluster.

3.5.4: ET-1 vs. PEN-1 vs. PEN-2.

A cooperative structure-stabilizing effect is also observed between the helical and
C-terminal regions of the intact bicyclic 21mers. The penicillamine-containing peptides
(Pen-1 and Pen-2) have the shallowest temperature gradients of their respective groups.
Conversely, ET-1 has the largest gradient in the Ile®® series. In comparable conditions
(50% ethylene glycol), the 19y2 CSDs rank as follows: Pen-2 (-0.657ppm) >> ET-1
(-0.396) > Pen-1 (-0.321). The relative temperature gradients, however, have a different
order: ET-1 (+2.480ppb/K) > Pen-2 (+2.173) >> Pen-1 (+0.935). On first inspection,
there doesn’t appear to be a correlation between the two data sets. The 19y2 CSD would
suggest that Pen-2 has, by far, the strongest hydrophobic interaction between Ile'” and
Trp®, but its temperature gradient ranks in the middle of the series. The temperature
gradients indicate that ET-1 has the most thermally unstable hydrophobic cluster, but its
CSD falls between Pen-1 and Pen-2. In the case of Pen-1, the CSD and temperature
gradient appears to be contradict each other: the former indicates the weakest
hydrophobic interactions in the series, but the latter indicates the most thermally stable

cluster.

An examination of the (A8/AT)/CSD ratio is more enlightening. Here, ET-1 has
the largest value (-6.712ppt/K), followed by Pen-2 (-3.131) and Pen-1 (-2.913). The Pen

-methyl groups have already been shown to increase the rigidity of the bicyclic core (see
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Section 2.3.4), which also enhances and extends the helical region, regardless of media

effects. The aH-CSD data (see Section 2.3.4) also shows that the Pen-2 helix is less
stable than that of Pen-1 in both 0% and 15% HFIP. This would indicate that increased
rigidity of the bicyclic core, not necessarily the helix, enhances the thermal stability of the
C-terminal hydrophobic cluster.

3.6: N-METHYLATION AND TRP CHEMICAL SHIFT EFFECTS.

A notable problem was evident during the survey of the ™*Ile*® analogs: how to
correct a-methine proton shifts of residues i/ and i-/ with respect to the NMe group.
Proline correction factors (see Appendix A) were initially used to estimate the effect of an
N-methyl group on 19a and 20a. However, unusually large positive aH-CSD values
resulted even when these corrections were applied to residues 19 and 20. For example,
the NMe-14mer analogs displayed oH-CSDs of approximately +0.300ppm and
+0.600ppm for 19a and 20, respectively. This led to several questions. Previous
circular dichroism studies (Harris, 1993) had suggested the presence of a turn-like feature
at the C-terminus of Pen-2. Could these large downfield chemical shift deviations be due
to this turn or is this an artifact of inaccurately determined reference values? Also, what
is the true effect of the Trp? aromatic ring on the chemical shifts of Ile'® aliphatic
sidechain protons? Are upfield chemical shifts observed without the presence of the
tryptophan residue?  Finally, how does the N-methylated isoleucine influence

hydrophobic cluster formation?

No study regarding the backbone NH and oH chemical shift reference values of
N-methylated peptides has yet appeared in the literature. In order to more accurately
determine the N-methyl and Trp chemical shift effects on the C-terminal residues, several
smaller peptide fragments were synthesized (see also, Table 4.1). These peptides were
either 3 or 4 residues in length, small enough such that no stable conformation should be
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present. These small peptides would, however, retain ¢/y torsion limits imposed by N-
methylation alone. In addition, the 3- and 4mers were N-capped with an acetyl group to
negate 2- and 3-effects on the amide chemical shifts. The proton chemical shifts of
residues 19 and 20 were used to probe structural effects of the various mutations.

On a side note, minor conformers (circa 15% of the population) are readily
observed in the 1D spectra of the N-methylated 4mers. These would correspond to the
19/20 cis peptide bond. The identity of the major (frans) configuration was verified,
throughout, by the ROESY spectra (not shown), which displays the same intense 19a
—» 20NMe crosspeak observed in the larger fragments.

3.6.1: EFFECTS OF THE AsP'®* — ALA'® MUTATION.

In neat DMSO, the Asp'® amide peaks of the various fragments were broadened,
but sharpened considerably when molar equivalents of TFA were added to the medium.
This change in ionization heavily influenced the amide and a-methine proton chemical
shifts of the C-terminal residues. To negate sidechain ionization effects on chemical
shifts, an Asp — Ala mutation at position 18 was performed. An initial survey of
residues 19 and 20 (Table 3.13) indicate that the Asp — Ala substitution has negligible
effects: most of the differences in chemical shifts are no greater than £0.050ppm. In the
case of the ™[le? analog, the deviation for 19NH is slightly larger than experimental

C€ITor.

3.6.2: N-METHYL EFFECTS ON C-TERMINAL REPORTER GROUPS.

Table 3.14 lists the chemical shift deviations resulting from the Ile*® — ™[]
mutation. For comparative purposes, the intact ET-1 analogs (Pen-1 and Pen-2) and
3mers are included. Chemical shift deviations are generally larger for the intact peptides

than for the fragments. This is especially noticeable for the 19y2, 20a and 20 protons,
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and may suggest that the C-terminal hydrophobic cluster is partially stabilized by the
bicyclic core. In the case of the fragments, the deviations observed for the Ile'® protons
are less than £0.100ppm. The 19 and 19y2 are the exceptions to this trend, but are
greatly influenced by the presence of the tryptophan residue at position 21. For the Trp?*!
analogs, the CSD for the Ile'’ a-methine is +0.408 + 0.011ppm, while the Ala® mutant
displayed a larger difference (+0.476ppm). The large downfield deviation of the 19a
proton appears to be inherent in the Ile-™“Ile moiety. The 3mer, containing Ile'
— Gly"” and Trp* — Lys*' substitutions, shows less dramatic downfield shifts
(+0.184ppm). The smaller difference observed for the 3mer 19NH is possibly due to

increased mobility in the backbone.

Table 3.13: Asp'® — Ala'® substitution effects on the chemical shifts of
Ile' and Ile® in aqueous media.

Ac-DIXW (1) vs. Ac-AIXW (2)

residue ~"Mel[1e20 1120
AS (1-2) AS (1-2)
19 NH -0.071 -0.033
o +0.000 +0.022
B -0.005 +0.016
vl -0.033 -0.026
yl° -0.020 -0.018
) -0.012 +0.001
5 +0.037 -0.009
20 NH n/a +0.007
o -0.010 -0.013
B -0.007 +0.001
vl -0.002 +0.010
b’ -0.005 -0.004
2 +0.002 -0.003

5 +0.005 +0.002
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Table 3.14: Effects of N-methylation on the chemical shifts of Ile'® and

Ile? in aqueous media.

Ac-XI™IIX (1) vs. Ac-XIIX ()
residue (Pen-2) - D18, W21  Al18, W21 Al8,A21  [Ac-G™™IK] -
(Pen-1) AS (1-2) AS (1-2) AS (1-2) [Ac-GIK]

19 NH +0.074 +0.057 +0.095 +0.051 +0.019
a +0.385 +0.397 +0.419 +0.476 +0.184, +0.184
B -0.176 -0.093 -0.072 +0.021
vl +0.018 +0.039 +0.046 +0.082
y1’ -0.111 -0.006 -0.004 +0.027
72 -0.359 -0.276 -0.263 -0.008
3 -0.052 -0.008 -0.054 +0.021

20 NH n/a n/a n/a n/a n/a
o +0.584 +0.552 +0.549 +0.536 +0.510
B +0.248 +0.231 +0.239 +0.228 +0.190
71 -0.142 -0.165 -0.153 -0.203 -0.110
1’ -0.141 -0.181 -0.180 -0.186 -0.161
¥2 -0.141 +0.048 +0.043 -0.011 -0.009
s +0.016 -0.022 -0.025 -0.046 -0.012

The 19y2 peaks have large upfield CSDs (-0.270 + 0.007ppm) for the 4mers
containing Trp?'. However, the Ala®' analog shows negligible N-methylation difference
effects on the CSD. This indicates that the large upfield chemical shifts observed for

19y2 in the N-methylated analogs is primarily due to anisotropy effects from the

tryptophan sidechain indole ring. Once the Trp residue is replaced with Ala, the Ile'® B-

methyl group displayed nominal chemical shift values.

In the case of residue 20, the N-methyl group had its largest effect on the protons

closest to the backbone (i.e., the a, B, and, to a lesser extent, the y1 protons). The Trp*



170

— Ala® substitution doesn’t have as great an impact on the chemical shift deviations of
the 4mers. The CSDs for 20a (including the Ala® analog) is +0.546 + 0.007ppm, for
208, +0.233 + 0.005ppm. These deviations are somewhat smaller for the 3mer. These

results indicate that the N-methyl group, not deshielding effects irom neighboring
residues, has the greatest influence on the chemical shifts of residue 20.

3.6.3: TRYPTOPHAN EFFECTS ON C-TERMINAL REPORTER GROUPS.

The Trp* effect on the C-terminal reporter groups is also displayed in Table 3.15.
In the case of the ™<[le* analogs, the Trp?! — Ala® substitution has its greatest
influence on the Ile' chemical shifts: the deviations for all the mainchain and sidechain
protons are greater than +£0.100ppm. Conversely, the chemical shifts of the residue 20
protons do not vary by more than £0.090ppm between the two peptides. When the same
substitution is applied to the Ile? analogs, smaller CSDs are observed for the residue 19
protons, while those of residue 20 display comparable deviations within experimental
error. The Tyr®' - Ala* mutation displays even smaller deviations for the Ile' protons.
The deviations observed for Ile? are comparable with respect to the two previous cases.
An examination of the Trp*' — Tyr”' difference indicates that the substitution has a
greater effect on the Ile' chemical shifts (upfield deviations > 0.050ppm, except for
19NH and 19y1 '), but doesn’t greatly effect the chemical shifts of [le® (all deviations = +
0.010ppm).

This is further evidence that the hydrophobic cluster observed in the longer
peptide fragments is still formed in the 4mers and is enhanced by the N-methyl group.
The upfield chemical shift deviations observed in the Tyr* analog suggests that the 19y2
methyl group is located in the shielding cone of the tyrosine phenyl ring. The smaller
CSDs would indicate that the cluster is not as stable as in the case of the Trp*' analogs.

However, a more reasonable explanation is that the Trp sidechain has larger ring current
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effect on the chemical shift relative to that of Tyr. For the structure displayed in Figures
3.10 and 3.22, MOLMOL (Koradi et al., 1996) predicts an average upfield Trp

contribution of 0.535ppm to the 19y2 chemical shift. If the Trp residue is replaced with
Tyr, the predicted chemical shift contribution from the aryl ring is -0.330ppm.

Table 3.15: Residue 21 substitution effects on the chemical shifts of Ile'®
and Ile” in aqueous media.

Ac-AIXX (1) vs. Ac-AlIA (2)

residue  ®MO[20, W21 120, W21 120, Y21 Trp - Tyr effect
A8 (1-2) AS (1-2) AS (1-2)
19 NH +0.105 +0.061 +0.060 +0.001
o -0.238 -0.181 -0.097 -0.084
B -0.264 -0.171 -0.099 -0.072
vl -0.126 -0.090 -0.011 -0.079
0’ -0.129 -0.098 -0.071 -0.027
2 -0.592 -0.337 -0.189 -0.148
5 -0.151 -0.076 -0.023 -0.053
20 NH n/a -0.019 -0.012 -0.007
o -0.076 -0.089 -0.102 +0.013
B -0.087 -0.098 -0.097 -0.001
vl -0.078 -0.128 -0.118 -0.010
v’ -0.064 -0.070 -0.074 +0.004
2 -0.057 -0.111 -0.114 +0.003
& -0.044 -0.065 -0.063 -0.002

3.6.4: NME DiSORDER REFERENCE VALUES AND CORRECTION FACTORS.

Local structuring effects induced by the N-methyl group were more accurately
probed by comparing the NMR data from the several short C-terminal analogs and their
respective NH and aH “disorder” reference values. To verify that these 3 and 4 residue

peptides are relatively unstructured, the NH and aH-CSDs for the non-N-methylated
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analogs are also included. The NH-CSD results for both DMSO and aqueous acetic acid
media are listed in Table 3.16, while the aH-CSDs are reported in Table 3.17. Based on

their aH and NH-CSDs, the Ile”® analogs appear to be unstructured in both aqueous 5 to
10% acetic acid. The peptides in acidic DMSO also appear to have a disordered

conformation: the aH-CSDs are less than £0.100ppm. However, large deviations in the
amide chemical shifts are observed in DMSO media.

Table 3.16: NMe effects on NH-CSDs of residues 19 — 21.

DMSO0/2% H,0/3 equiv. TFA 5-10% HOAc/H,0

Peptide 19NH 20NH 2INH 19NH 20NH 2INH
Ac-G™IK -0.115 —_ +0.150 -0.132 — +0.301
Ac-DI™™IW -0.344 —_ +0.136 -0.006 —_ +0.161
Ac-AI™MIWY -0.178 —_— +0.138 +0.065 —_— +0.155
Ac-AINMIIA -0.170 —_ +0.168 -0.040 —_ -0.037
average -0.202 — +0.148 -0.028 —_ +0.145
std. dev. +0.086 +0.013 +£0.071 +0.120
average * -0.231 — +0.147 +0.006 —_ +0.093
std. dev. +0.080 +0.015 +0.044 +0.092
Peptide 19NH 20NH 21INH 19NH 20NH 2INH
Ac-GIK -0.013 -0.447 +0.214 -0.037 -0.015 +0.313
Ac-DIIW -0.573 -0.433 +0.099 -0.063 -0.045 +0.100
Ac-AllW -0414 -0.548 +0.078 -0.030 -0.052 +0.112
Ac-AllIA -0.387 -0.564 +0.169 -0.091 -0.033 +0.038
Ac-AllY -0.426 -0.580 +0.043 -0.145 -0.137 -0.046
average / -0.363 -0.514 +0.121 -0.073 -0.056 +0.103
std. dev. +0.186 +0.062 +0.062 +0.042 +0.042 +0.119
average ’ -0.450 -0.531 +0.097 -0.082 -0.067 +0.051
std. dev. +0.072 +0.058 +0.046 +0.042 +0.041 +£0.063

! Average + standard deviation including Ac-GXK.
? Average + standard deviation excluding Ac-GXK.
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Table 3.17: NMe effects on aH-CSDs of residues 19 — 21.

DMS0/2% H,0/3 equiv. TFA 5-10% HOAc/H,O
Peptide / 19 200t 2la 19 200 2l
Ac-G™IK  +0.262 +0.508 -0.194 +0.147 +0.551 -0.039

+0.126 +0.147
Ac-DINMITW  +0.227 +0.529 -0.136 +0.304 +0.557 -0.029
Ac-AI™™IIW 40222 +0.575 -0.140 +0.304 +0.567 -0.015
Ac-AI™™I1A 40,289 +0.535 -0.183 +0.542 +0.643 +0.066
average ’ +0.225 +0.537 -0.163 +0.289 +0.580 -0.004
std. dev. +0.055 +0.024 +0.026 +0.145 +0.037 +0.041
average ° +0.246 +0.546 -0.153 +0.383 +0.589 +0.007
std. dev. +0.030 +0.020 +0.021 0.112 +0.038 +0.042
Peptide 19a 20a 2la 19a 200 2la
Ac-GIK +0.008 +0.034 -0.122 -0.037 +0.041 +0.052
-0.041 -0.037
Ac-DIIW -0.018 +0.022 -0.072 -0.093 -0.035 +0.083
Ac-AlIW -0.069 +0.011 -0.093 -0.115 +0.018  bleached
Ac-AlIA -0.031 +0.011 -0.130 +0.066 +0.107 +0.089
Ac-AllY -0.078 -0.015 -0.111 -0.031 +0.075 +0.104
average ’ -0.038 +0.013 -0.106 -0.029 +0.041 +0.082
std. dev. +0.029 +0.016 +0.021 +0.064 +0.049 +0.019
average ° -0.049 +0.007 -0.102 -0.043 +0.041 +0.092
std. dev. +0.025 +0.014 +0.021 +0.070 +0.054 +0.009

! Ile oH reference values were used for the CSD calculations of the ™¢]le analogs.
? Average + standard deviation including Ac-GXK.
4 Average + standard deviation excluding Ac-GXK.

The ®™9le* analogs, in contrast, display large NH and oH-CSD values over
residues 19 through 21. In DMSO, where the C-terminal hydrophobic cluster is less
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likely to be observed, the effect on 19NH is especially dramatic for the Ile-Ile peptides. If
the 3mers are excluded from the data set, the average Ile'” NH-CSD are —0.231 +
0.080ppm and —0.450 + 0.072ppm for the ®™“Ile®’ and Ile®® analogs, respectively. The
averages in aqueous acetic acid are +0.006 + 0.044ppm [**]1e*°] and —0.082 + 0.042ppm
[Ile®]. The differences between the Gly' and Ile"” analogs are primarily due to the
increased mobility inherent in the glycine backbone. In both media, the N-methyl group
shifts the 19NH peak upfield and the 21NH peak downfield with respect to disorder
values. The CSDs for the 21NH, 19a and 20a peaks are similar in the two media. In the
case of the 19a proton, the CSD change approaches the currently used proline correction
factor (o,,: reference + 0.29ppm). This suggests that the N-methyl group imparts similar
structural constraints to the backbone as a proline residue. In contrast, the 2la
experiences an upfield deviation in both media, although the uncertainty is higher in the
aqueous acetic acid case. As expected, the N-methyl effect is greatest on its own aH.
The observed CSD in both media are greater than +0.500ppm (+0.537 £ 0.024ppm in
acidic DMSO, +0.580 = 0.037ppm in aqueous acetic acid). These deviations are far
stronger than those caused by a “normal” proline. For example, the difference in
reference values for a proline a-methine proton and an amino acid with an unbranched,

extended sidechain such as lysine is +0.070ppm in DMSO and +0.110ppm in water.

Can accurately determined correction factors be derived and applied to the longer
fragments? The answer is yes, but with a few caveats. The correction to 20c might only

be applicable to the N-methylated isoleucines. The case of the 19« appears to be
sequence dependent, at least in aqueous media: the CSD for the Gly'® analog is half of
those corresponding to the Ile'” peptides. This may be partially explained by the

increased backbone mobility of Ac-G™IK at residue 19.

Tentatively, the current reference values for the a-methine of ®™*le is 4.75ppm

in DMSO and 4.73ppm in aqueous media. The correction factor used for the aH of a
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residue preceding a proline appears to be sufficient for a residue immediately preceding
an ™9[le. However, this value may be slightly overestimated. General tendencies can
also be observed for the amide of the preceding residue, as well as the amide and a-
methine of the succeeding residue. In the case of the preceding amide, the chemical shift
moves upfield (-0.202 + 0.086ppm in DMSO, -0.028 + 0.071ppm in aqueous media).
The succeeding amide is downfield with respect to disorder values (+0.148 + 0.013ppm
in DMSO, +0.145 + 0.120ppm in water). The a-methine proton for the same residue has
a negative shift correction (-0.163 £ 0.026ppm in DMSO, -0.004 + 0.041ppm in water).
Noticeable differences in the chemical shift deviations are also observed between the
[®™e] and ™ moieties, although this most likely an artifact of increased backbone
mobility inherent in the Gly' residue and is more dramatic in aqueous media. For
example, both amides of the residues preceding and succeeding to the N-methylated Ile
experience larger deviations when residue 19 is a glycine (Tables 3.16 and 3.17). In

addition, the deviation for the 19aH is much smaller for the Gly'? series.
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CHAPTER 4: CD STUDIES OF ET-1 AND PEN-2 C-TERMINAL ANALOGS

4.1: INTRODUCTION: UNUSUAL CD SIGNATURES

The initial survey of intact and fragment ET-1 analogs (Harris, 1993) yielded
unusual CD signatures. This was observed in a series of intact N-methylated analogs,
which displayed larger than expected negative bands from circa 225 — 232nm. These
bands were less intense in the non-N-methylated counterparts. At the time, these bands
were attributed to a “B, turn-like” conformation at the C-terminus in the case of Pen-1 and
a “Bp turn-like” conformation for Pen-2. However, this region of the CD also
corresponds to the aromatic side chain transitions, specifically those of Trp and Tyr
(Brahms and Brahms, 1980). Given that, on a per residue basis, there are a relatively
high percentage of aromatic residues in the sequence (the 14mers contain 3 aromatic
residues, while the 4mers contain 1 aromatic residue), the sidechain moieties could

significantly effect the resulting CD signatures.

Although Brahms and Brahms (1980) had earlier determined the CD signatures of
random coil aromatic residues, no temperature studies (with or without fluorinated
alcohols) were completed. As a result, correction factors for use in calculating fractional
helicities were unavailable. Because of this, the true nature of the C-terminal backbone
conformation was unresolved. That is, there was high uncertainty whether the unusual
CD signatures are indicative of the N-methyl group or of the ™[ moiety, and whether
aromatic residues at position 21 enhance this CD signature.
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4.2: MATERIALS AND METHODS

4.2.1: PEPTIDE SYNTHESIS — SHORT SEQUENCES

All 3mers and 4mers (see Table 4.1) not containing the ®™Ile residue were
synthesized using standard solid phase “Fast-moc” (HBTU as the coupling reagent)
protocols on an Applied Biosystems 433A peptide synthesizer. All peptides containing
the Ile-®*Tle moiety were manually synthesized using PyBrOP (Coste et al., 1994) as
the coupling reagent with reaction conditions as previously described in Chapter 3.
HATU (Carpino, 1993) was used as the reagent for the Ac-G™IK synthesis, with
reaction times of 2 hours for both coupling cycles. HATU was purchased from
PerSeptive Biosystems (South San Francisco, CA). All purified peptides lyophilized as
white fluffy powder, except Ac-G®™9IK which appears as an oily bead.

Table 4.1: Peptides — Short Fragments

Sequence Name FW ESI-MS Data

Ac-GOMIIK 3mer #1 (19-21) 372.44 [M+H]" 373.1 (Base)

[M+H]** 187.3 (3.1%)

Ac-G IK 3mer #2 (19-21) 358.44 [M+H]" 359.6 (Base)
Ac-AITMOTW 4mer #1 (18-21) 557.32 [M+H]" 558.3 (16.9%)
[M+Na}]” 580.1 (67.5%)

Ac-Al W 4mer #2 (18-21) 543.67 [M+Na]" 566.2 (Base)
[M+Na)* 283.1 (10.0%)

Ac-DIMV W 4mer #3 (18-21) 601.31 [M+H]" 602.6 (8.1%)

Ac-DI IW 4mer #4 (18-21) 587.68 M*" 294.6 (7.9%)
Ac-AICMOA 4mer #5 (18-21) 442.26 [M+Na]” 465.0 (34.7%)

[M+H]" 442.8 (6.8%)

[M-Ala-OHJ" 354.1 (Base)

Ac-Al 1A 4mer #6 (18-21) 428.53 [M+K]* 467.7 (Base)
[M+Na] 451.6 (92.8%)
[M+H]" 429.7 (60.8%)
Ac-Al 1Y 4mer #7 (18-21) 520.29 (M+H] 524.9 (53.5%)

Peptides used for the determination of random coil Tyr and Trp signatures (KYK, KWK,
TYS, WA and APGW-NH,) were purchased from Sigma Pharmaceuticals (St. Louis,
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MO). Three other peptides (GHKW, GHKF and GHK) used in the early CD studies
(Harris, 1993) were gifts from ProCyte Corp. (Redmond, WA).

4.2.2: SAMPLE PREPARATION

Peptides were dissolved in 5SmM formate/acetate buffers to yield stock solutions,
with nominal concentrations between 0.5 to 1.5mM and pHs of 2.0 to 6.0. CD sample
concentrations were determined via UV spectroscopy, using the following extinction
coefficients: &,,, Tyr=1394 + 6 and Trp = 5341 = 8; €,,3 Tyr = 1260 £ 2 and Trp = 5554
+ 12. Due to the hydrophobic nature of the peptides, all samples were prepared in conical
microfuge tubes and centrifuged. The supernatant was transferred to another microfuge
tube and used for further study.

Two other peptides (Ac-GIK and Ac-G™“IK) were also synthesized to determine
temperature effects on the N-methyl group CD signature without interference from the
sidechains of aromatic residues. A modified version of the trinitrobenzene sufonic acid
(TNBS) assay (Satake et al., 1960; Fields, 1972; Sashidar et al., 1994), which is specific
for primary amines, was used to more accurately quantify these CD sample
concentrations. This procedure required a 0.1% TNBS (by weight) solution in 0.5M
borate/phosphate buffers (pH 8.5). Small aliquots of the CD stock solution (50-100uL) in
3mL TNBS buffer were incubated in a 45°C water bath for 45min to 1.5hr in the dark,
then immediately quenched with 3M phosphoric acid, bringing the nominal pH of the
solution to 2.2-2.4. The trinitrophenyl-amine (TNP-amine) conjugate solution was
allowed to equilibrate at ambient conditions prior to quantitative analysis in a dual beam
UV spectrophotometer. Absorbance values were recorded at 340 (g ~11498 £+ 1137/TNP-
amine) and 420nm (g <5029 + 463/TNP-amine). The value at 600nm was used as the

baseline absorbance value. Extinction coefficients at 340 and 420nm were calibrated

using several peptide and protein samples containing both Lys and aromatic (Trp or Tyr)



179

residues. However, due to the persistence of picric acid, which has a strong absorbance at

340nm (g ~8000). the 420nm band was used exclusively for the determination of peptide

concentrations.

4.2.3: CD SPECTROSCOPY

Aliquots of stock solutions were diluted 10 fold with either buffer, or buffers
containing various percentages of fluoroalcohol. CD sample concentrations were also
adjusted in order to make the solutions sufficiently transparent at wavelengths less than
190nm. All data whose corresponding dynode voltage (also known as the HT voltage)
was less than 650 volts were treated with high confidence. Cut off points for the buffers
and HFIP titration studies were generally 180-185nm.

All CD data was acquired on a JASCO Instruments Model 720
spectropolarimeter. Typical parameters for the CD experiments are as follows: range
185-270nm, step resolution 0.2nm, scan rate 100nm/min, number of scans 20, sensitivity
20-100mdeg, response time 0.25s, bandwidth 1lnm. All temperature studies were
acquired using a square quartz UV cell with a Imm pathlength, in circa 10K intervals,
starting from the low temperature and ranging from 273K to 333K. Temperatures were
adjusted using a VWR temperature controller filled with a 50:50 water/ethylene glycol
cryogen. The cryogen was pumped into a jacketed metal block that holds square quartz
UV cuvettes of various pathlengths. Temperatures were measured directly from a
thermometer placed in the metal block, located approximately lcm away from the UV
cell. The system was allowed to equilibrate for 5 - 10 minutes after reaching the desired
temperature prior to spectral acquisition. After data acquisition, the curves were noise
reduced, then converted to their corresponding optical constants and normalized at
260nm. To calculate the mean residue ellipticity, the curves were divided by the total

number of amide bonds in the peptide.
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An estimate of a peptide’s fractional helicity, <f,>, can be calculated from the
available CD data, using equation 4.1a or 4.1b (Andersen & Tong, 1997):

(f H>CD ((e(;‘”_ BCC)) [Eqn. 4.1a]
{feo =(§ _'ll)- ((2,“” - eef)) [Eqn. 4.1b]

where 0, is the observed mean residue ellipticity at 22Inm. In cases where the helix
spans only n of total of NV residues in the sequence, a ratio of (N-1)/(n-1) is applied to the
calculation (equation 4.1b). Typically, n is determined by NMR. The coil and 100%
helix reference values at 273K are represented by 6. and ©,, respectively. Aromatic
residues can influence the intensity of the 221nm band and do so differently depending on
whether they are in a helical or disordered segment (Andersen and Tong, 1997). Phe and
Tyr contribute positive increments while Trp contributes a negative increment within
helices (Chakrabarty et al., 1993). As a result, correction factors are applied to the

reference values. For a peptide with VN residues,

0. =+200 + —— ( ZAO (aryl) [Eqn 4.2]

9, =-42000 + ( ZAO (aryl) [Eqn 4.3]

where AO. and A6, represent the molar coil and 100% helix values of the individual

aromatic residues. The 6 correction is applied only when the aryl amino acid is located
in the helical span. Current values, which incorporates the coil reference values of
Brahms and Brahms (1980), are listed in Table 4.2 (see also Section 4.4.5). Prolines are
also included in Table 4.2 since the poly(Pro),; CD signature has a positive contribution to
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the 221nm band. The disorder value corrections for Phe, Tyr and Trp incorporate the CD
signatures determined in the present study.

Intensities of the CD curves, and therefore fractional helicities, are dependent on
accurately determined sample concentrations. Another method used to estimate helicity
from CD data is concentration-independent and relies on the relative intensities of the
maximum and double minima (Bruch et al., 1991; Mufioz et al., 1995). The first, known
as the R, parameter, is a ratio of 0,,,,/0,,,,, where 0_,, is the maximum (generally between
191 and 194nm) and the 0, is the global minimum (between 196 and 208nm). A
second, the R, parameter, is the ratio of 0,,,/0,,,, where 0,,, is the mean residue ellipticity
at 221nm. Consensus values of the R, ratio range between +0.7 (disorder) and -2.4
(100% helicity). The corresponding values for R, fall between ~0.2 (0% helicity) and
+1.05 (100% helicity). Muiioz et al. (1995) note that the relationship between the ratios
and percent helicity is non-linear and provide a third-order polynomial curve fit for R,.

Unfortunately, they don’t provide a similar relationship for the R, ratio.

Table 4.2: Molar correction factors for aromatic residues at 221nm.

Residue A8, (0% HFIP) A8 (30% HFIP) A0, (est.)’
Trp +24400 +22100 -44000
Tyr +21200 +13500 +66000
Phe * +14200 (+15300) +36000
Pro +9600 +15000

! From Andersen & Tong, 1997.
? Data for phenylalanine is less well-determined.
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4.3: CD STUDIES OF THE LONGER FRAGMENTS

4.3.1: THE 14MERS.

Due to the hydrophobic nature of the peptide, the 14mer (DAEAVYFAHLDIIW)
aggregated in purely aqueous solutions at NMR conditions. Addition of organic co-
solvents such as acetic acid and fluorinated alcohols did not significantly affect the
solubility of the sample (see also Chapter 3). Fortunately, the C-terminal hydrophobic
cluster of the ™]le”® analogs prevented sample aggregation in aqueous media during the
NMR studies. Although the N-methylated analogs displayed NOESY crosspeaks
diagnostic of an a-helix, it was unclear what effects the N-methyl group had on the
stability of the helical region relative to the 14mer. [A comparison of the Pen-1 and Pen-
2 aH-CSD histograms (Figure 2.21) had suggested that the N-methyl group disrupts the
C-terminal region of the a-helix.] As a result, CD studies were attempted to ascertain the
extent of structuring in aqueous media. Unfortunately, the 14mer and AcNMe-14mer
aggregated in purely aqueous media, while the NMe-14mer was sparingly soluble.
Addition of HFIP helped alleviate the aggregation problems observed in the N-
methylated analogs. The 14mer, however, was only soluble in aqueous 30% HFIP. The
initial CD studies were performed at pH 4.06 using a SmM formate-acetate buffer titrated
with dilute NaOH or KOH. The N-methylated peptides were also studied at pH 2.6
(comparable to NMR conditions) and at pH 6.0 (the point at which the intact bicyclic

21 mers start to aggregate in aqueous media).

The structuring effect of capping Asp® with an N-acetyl group is clearly evident:
the CD curve of the AcNMe-14mer is more intense (top panel, Figure 4.1), suggesting
that the NMe-14mer is less helical than its capped analog. As observed in the earlier Pen-
2 CD studies (Harris, 1993), the N-methylated 14mers display an unusually large
negative band between 225-230nm that is not observed in the 14mer. Since this artifact
masks the 220-222nm band of helices, a straightforward comparison of the relative
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helicities of the three peptides is not available. An additional complication is the Trp*
residue. According to previous CD studies (Brahms and Brahms, 1980; Harris, 1993),
the sidechain of a random coil Trp residue has an intense positive CD absorption betwcen

225-230nm. To help deconvolute the 0,,, band, difference spectra were calculated. The
spectra of Ac-DIIW and Ac-AIIW (see also Section 4.4) were subtracted from the 14mer,
while Ac-AI®™“TW was subtracted from both N-methylated analogs. This effectively
truncated the peptide such that the CD signatures represented residues 8 through 17
(lower panel, Figure 4.1). Table 4.3 reports the mean residue ellipticity values at 194,
207 and 221nm, as well as their respective initial temperature gradients for the corrected
spectra. Table 4.4 lists the fractional helicities calculated from Eqn. 4.1, as well as R, and

R, ratios, of the three 14mer analogs.

Table 4.3: CD optical constants and initial temperature gradients for residues 8-17
of the 14mers in aqueous 30% HFIP/5SmM buffer at 273K. The signature of the
terminal four residues was removed by subtracting the spectrum of Ac-XIXW.

Mean Residue Ellipticity

Peptide

e22lnm

e207nm

9194nm

14mer
pH 4.06 (vs. A'®)
pH 4.06 (vs. D'®)

NMel4mer
pH 2.60
pH 4.06
pH 6.00

AcNMe-14mer
pH 2.60
pH 4.06
pH 6.00

-11100 + 197T
-11700 + 192T

-19900 + 278T
-9630 + 154T
-6700 + 118T

-21500 + 185T
-13400 + 113T
-11400 + 118T

-14500 + 129T
-14300 + 136T

-22400 + 171T
-13700 + 118T
-13500 + 114T

-26200 + 182T
-18300 + 74T
-19000 + 103T

+48200 — 408T
+51100 - 434T

+88800 — 787T
+55500 - 472T
+46500 - 437T

+85400 - 554T
+61300 - 427T
+52800 — 432T
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Table 4.4: Fractional helicity, R, and R, values for the 14mers in aqueous 30%
HFIP/5mM buffer at 273K, based on the data in Table 4.3.

Peptide <fi>co (Eqn. 4.1) R, (6,../0.:) R, (6,,/6,;)
14mer

pH 4.06 5421 £1.10% -3.45+0.13% +0.80 £ 0.03%
NMeldmer

pH 2.60 85.35% -3.96 +0.89

pH 4.06 47.73% -4.05 +0.70

pH 6.00 37.00% -3.44 +0.50
AcNMe-14mer

pH 2.60 85.58% -3.26 +0.82

pH 4.06 57.38% -3.35 +0.73

pH 6.00 50.42% -2.78 +0.60

# Average values and standard deviations vs. the D'® and A'® analogs.

With the exception of a more intense maximum at 194nm, subtraction of the Asp'®
analog from the 14mer (thin solid line) was comparable to that of the Ala'® peptide (thin
dashed line). Initial temperature gradients (Figure 4.2) between the two sets are also
within experimental error. Based on the 8,,, ellipticity values and the calculated <fi>, the
NMe-14mer (thick dashed line, Figure 4.1) appears to be less helical than the 14mer,
lending further evidence that the N-methyl group disrupts the C-terminal region of the
helix. As expected, capping the NMe-14mer with an N-acetyl group (thick solid line,
Figure 4.1) increases helicity, as well as the thermal stability of the helical region: 0,,,
and <fi> values are larger, while the temperature gradient is smaller for the AcNMe-
14mer. The R, and R, ratios also fit the pattern, although the absolute R, values are much
larger than expected. This may indicate that there is incomplete subtraction at the 194nm
band or too much subtraction at the 207nm band. That is, the maximum at 194nm is too
intense and/or the minimum at 207nm is too weak. Other factors to consider are the

remaining aromatic residues, Tyr'"* and Phe". Although the CD spectra of disordered Tyr
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and Phe have large negative molar-residue ellipticity values in this region (Phe, 6 < 0 for

A < 191nm; Tyr, 6 <0 for A < 194nm) their ellipticity values at the far UV extrema to the
blue of 221nm are not known. On a molar scale, the two remaining aromatic residues
(out of 10) may have a significant collective effect on the 194nm CD band (and possibly
the 207nm band).

The CD signatures (Figure 4.3) also appear to be pH dependent in the case of the
NMe-14mers: the helix-like signal becomes more intense as the medium becomes more
acidic. The initial temperature gradients also appear to be steeper in the more acidic
conditions. However, in terms of percent signal lost per °C, some variance is observed
for the two peptides. In the case of the NMe-14mer, these values increase from 1.40% (at
pH 2.6) to 1.60% (at pH 4.06) to 1.76% (at pH 6.0) for the 0,,, band. The CD signature
for the AcNMe-14mer is more thermally stable at the same pH conditions: 0.86%, 0.84%
and 1.04% loss in signal, respectively. These changes may be attributed to the Asp®
ionization state. At pH 2.6, the Asp® sidechain is expected to be the neutral carboxylic
acid, while at pH 4.06 and 6.0, it would be a carboxylate anion. The former may be a
better helix capping unit (Andersen & Tong, 1997) than the latter. However, Asp™ should
stabilize the helix macrodipole more readily than Asp®. An examination of the fractional
helicities reveals the importance of the N-acetyl cap and the ionization state of the acidic
residue sidechains. At pH 2.6, both peptides have, within experimental error, the same
relative helicities (85.35% for the NMe-14mer vs. 85.58% for the AcNMe-14mer). The
NMe-14mer loses a greater amount of its helicity than the AcNMe-14mer as the medium
becomes less acidic. This suggests that in the more acidic medium, the backbone N-

acetyl group has a greater effect on helicity than sidechain ionization states.
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Figure 4.1: CD signatures of the 14mers in aqueous 30% HFIP, pH 4.06
(273K). Top panel, uncorrected curves. Bottom panel, difference spectra

(14mers — XIXW).
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4.3.2: THE 8MERS.

The 8mer (GSHLDIIW) displays a standard disordered coil CD spectrum in
purely aqueous media (Figure 4.4). Table 4.5 lists the mean residue ellipticity values and
initial temperature gradients of the 8mers. Addition of fluoroalcohols decreases the
intensities of the random coil CD signature (minimum at 197.2nm). The small maximum
at 225.6nm also decreases in intensity and experiences a red shift with 30% HFIP. The
NMe-8mer displays an unusual CD spectrum that doesn’t correspond to any of the
standard secondary structure motifs. In this case, an intense double minimum, centered at
the 198.0 and 230.0nm bands, is observed. Addition of HFIP decreases the intensity of
the minimum at 198nm; however, the second minimum at 230nm increases in intensity
and has a slight blue shift to 229nm. In terms of percent signal lost per °C, the CD

signatures of the 8mers are more thermally stable in the presence of HFIP.

Table 4.5: CD optical constants and initial temperature gradients of the
8mers in aqueous HFIP/5SmM buffer at 273K.

Mean Residue Ellipticity
Peptide 9lenm 9maxl emin eolhct
8mer
0% HFIP 67 - 66T 1760 - 42T -25300 + 154T
(225.6nm) (197.0nm)
30% HFIP -1200-12T -107-11T -16100 + 16T
(226.4nm) (197.0nm)
NMe-8mer
0% HFIP -6310 - 84T -18100 + 129T  -10800 -29T
(198.0nm) (230.0nm)
30% HFIP -8780 - 26T -10100 + 75T -12300 + 2T

(198.0nm) (229.0nm)
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Figure 4.4: CD spectra of the NMe-8mer and 8mer in aqueous media (top panel)
and aqueous 30% HFIP (lower panel) at pH 5.5.
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4.3.3: INTERMEDIATE PEPTIDES: 9MER, 10MER AND 12MER.

Other C-terminal fragments of various lengths were also available for study. The
10mer (VYFAHLDIIW) was a gift from Bristol Myers Squibb, while the 12mer
(EAVYFAHLDIIW) was synthesized for the current study. The initial 12mer synthesis
yielded a major deletion product, henceforth called the 9mer (EAVYFAHLD). Table 4.6
reports the mean residue ellipticity values and initial temperature gradients for the three
peptides. The 9mer has certain advantages over the 12mer. Since the Trp and two Ile
residues have been truncated from the peptide, the 9mer is less hydrophobic than the
12mer (and 14mer). The missing Trp residue is also beneficial to CD studies since the
large signals associated with a disordered Trp sidechain are eliminated. Fortunately, the
concentrations of the CD samples could be accurately quantified using the sidechain
chromophores of Tyr" and Phe'*. The CD spectrum of the 9mer in a purely aqueous
medium (pH 5.5) is a standard disorder signature (Figure 4.5, see also Table 4.6) at low
HFIP levels. At 25% HFIP, the coil spectrum is virtually gone. The spectral intensity in

25% HFIP was very weak (at 273K, 0,,, =-1590, corresponding to a <f;> of 12.77%).

The 12mer and the 14mer displayed aggregation problems in purely aqueous
media. As a result, serial dilutions of the stock solution, which contained 30% HFIP, was
attempted. The spectra at the lower HFIP levels (data not shown) suggest the presence of
an aggregate, specifically a high level of spectral noise and a weak CD signature
resembling a B-conformation. With the exception of a slight reduction in signal intensity,
as well as a slight red shift in the minimum, no significant changes in the spectra were
observed between 0% and 9% HFIP. In 30% HFIP, the 12mer displays a CD signature
(Figure 4.6) which fully resembles a B conformation. The initial temperature gradient of
the minimum (218nm) is shallow, indicating a thermally stable (presumably) oligomer

conformation. After 20°C, the 12mer undergoes rapid thermal melting or disaggregation.
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Table 4.6: CD optical constants and initial temperature gradients of the

intermediate peptides in aqueous HFIP/5SmM buffer at 273K.

Mean Residue Ellipticity
Pepﬁde eZZlnm emax 9min eo!her
10mer
0% HFIP +136 +2210 -4260
(228.0nm) (213.8nm)
3% HFIP -384 +2130 -3180
(228.6nm) (213.0nm)
8% HFIP -3520 +12600 -21900
(228.8nm) (212.0nm)
16% HFIP -2570 +7980 -16100
(228.4nm) (212.0nm)
32% HFIP -3070 -190 -6050
(229.2nm) (214.2nm)
50% HFIP -3300 -715 -5710
(~229.2nm) (~214.2nm)
9mer
0% HFIP 1990 - 77T 2360 - 87T -21600 + 177T
(224.4nm) (195.0nm)
10% HFIP 1170 - 113T 1730 - 92T -17400 +275T
(226.2nm) (196.0nm)
25% HFIP -1590 - 67T -4300-10T
(204.0nm)
12mer
30% HFIP -6580 + 6T 11600 -46T -7380-7T 1190 -3T
(194.4nm) (218.0nm) (235.4nm)
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Figure 4.5: The HFIP titration of the 9mer in aqueous buffer (pH 5.5) at 273K.
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Figure 4.6: The temperature CD study of the 12mer in aqueous 30% HFIP (pH 5.5).
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Figure 4.7: The HFIP titration of the 10mer in aqueous buffer (pH 4.09) at 298K.
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The 10mer displays an unusual pattern during the HFIP titration (Figure 4.7). At
the end points of the titration (32% and 50% HFIP), the spectrum is “coil-like” with a
slightly more intense “minimum” at circa 214nm. The intermediate points of the titration
(8% and 16% HFIP) display the most unusual feature: a maximum at 228.4nm (8 =
+12600 and +7980 at 8% and 16% HFIP, respectively). This value is much greater than
one-tenth of the molar ellipticity of a Trp residue at 226nm. In contrast, the “maxima” of
the high HFIP conditions are located at circa 229.2nm and have small negative ellipticity
values (-190 and -715 at 32% and 50% HFIP, respectively). The minimum has also blue
shifted to 212nm (0 = -21900 at 8% HFIP -16100 at 16% HFIP). These minima are 2.5-
3.5 times larger than those observed for the peptide at the high HFIP concentrations.
Because the 10mer is a hydrophobic peptide, aggregation of the B-strands is likely to
occur. At the intermediate HFIP levels, it appears that the Trp? sidechains of the
individual strands stack upon each other, leading to a dramatic increase in the signal
intensity. The blue shifted minimum may represent a combination of the B-strand and
disordered Trp sidechain absorptions. High concentrations of HFIP appear to destabilize
the intermolecular Trp sidechain-sidechain interactions, leading to a decrease in signal

intensity.

One question arises from these intermediate-sized peptides: why is there a
dramatic change in conformational preferences between comparable peptides of various
lengths? The 8mer was expected to be mostly disordered since it only contained three
residues whose positions placed them in the helical region of the intact 21mers. The
10mer would be more likely to form aggregates than the 8mer due to the addition of two
residues (Val'? and Tyr'"*) and two substitutions (Gly'* — Phe" and Ser'’ — Ala'’) which
made the peptide more hydrophobic. Differences between the 9mer and 12mer are solely
due to the deletion of the three hydrophobic C-terminal residues. As a result, the 9mer is

less likely to form B-aggregates. The dramatic changes in conformation between the
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14mer and 12mer may be linked to their respective capping units. Not only is the 14mer
two residues longer, and therefore incorporates a longer segment of the 21mer helical
region, but it contains an Asp rather than a Glu as its N-terminal residue. It has been well
established (for example: Andersen & Tong, 1997) that Asp, either in its ionic or neutral
form, is a better helix N-capping unit than Glu. In the absence of helicity, the

hydrophobic peptides appear to form oligomers.

An important note regarding the 12mer and 14mer: there is a slight pH difference
between the two samples. The 14mer was acquired in pH 4.06 buffer, while the 12mer
was solvated in pH 5.5 buffer. However, if the CD data for the corrected 14mer and
NMe-14mer spectra are comparable for all pHs, the 14mer should retain its helical CD
signature, although signal intensities would presumably be smaller.

4.4: DETERMINING THE N-METHYL EFFECT

4.4.1: AsP'®*TO ALA'®* MUTATION.

As observed with the 14mers, CD signal intensity appears to be dependent upon
the pH of the media. To avoid ionization effects in the 4mers, Asp'® was replaced with an
Ala residue. The CD data (data not shown) indicate that the two analogs display similar
disordered curve shapes. The difference spectrum between the Ac-DIIW and Ac-AllW
analogs (data not shown) shows no significant bands that would indicate structural
changes in the backbone. Any differences in the spectral intensity between the two
analogs may reflect ionization at residue 18. Addition of HFIP (30% by volume) leads to
a decrease in the poly(Pro), signal for both analogs: the minimum (195nm) and

maximum (225nm) decrease in intensity and have a slight red shift.



198

4.4.2: TRP* TO ALA* MUTATION.

The initial CD studies of the NMe-14mers yielded spectra with large negative
signals between 225 and 230nm. Since disordered Trp sidechain signals are located in
this region (albeit with the opposite sign), it was originally hypothesized that the N-
methyl group induces a conformational change in the backbone which effected the Trp
sidechain conformation. On a molar-residue basis, sidechains of aromatic residues have
intense signals which may overwhelm those caused by the backbone chromophores. In
order to completely rule out a Trp sidechain contribution, the 4-residue Ile” and ®™]le?

analogs were also synthesized with a Trp*' — Ala®' mutation, yielding Ac-AlIA and Ac-

AI®™TA. The major disadvantage in studying the two Ala®' peptides is that there are no
intense UV chromophores, such as a conjugated aromatic ring, that could be used to
quantify the concentrations of the stock solutions. Although the curve shapes are

accurate, the spectral intensities have a degree of uncertainty.

Qualitatively, there are dramatic differences between the spectra of Ac-AIIW and
Ac-AlIA (Figure 4.8, Table 4.7) even though both peptides are essentially disordered.
The most noticeable feature of the Trp analog is a positive band, with a maximum at ~
225nm. This feature is most likely due to the disordered Trp indole ring. In the case of
the Ala® mutant, this region shows only a negative shoulder. The two ™]le?* analogs
have similar features, specifically the large negative band centered at 225-230nm, and a
“maximum” between 205 and 210nm. This would indicate that the backbone
conformation represented by this CD signature is not dependent on residue 21. Any
significant difference in the overall curve shape is solely the result of the disordered Trp
residue. For instance, the minimum (225-230nm) of the Ala®' analog appears to be more
intense than that of the Trp” peptide. The maximum (205-210nm) is positive for Ac-
AI™9[A, but negative for Ac-AI™9IW. Addition of fluoroalcohol (up to 30% HFIP by

volume) to the samples appears to have the same effect observed in the 8mers: the
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minimum at 225-230nm becomes more intense with a loss of disorder, as indicated by a

decrease in the signal intensity at 195nm (which may reflect a loss of poly(Pro), signals).

Table 4.7: CD optical constants and initial temperature gradients

for Ac-XIIX in SmM buffer, pH 5.5

Mean Residue Ellipticity
Peptide enlnm 9n'lil'l emux
Ac-AllW
0% HFIP 3400 - 126T -42100 + 276T 4940 - 112T
(195.0nm) (224.6nm)
30% HFIP -1510 - 56T -21000 + 123T 573 - 25T
(196.0nm) (226.4nm)
Ac-DIIW
0% HFIP 4820 - 106T -40000 + 262T 5820 -66T
(195.0nm) (224.2nm)
30% HFIP -162 - 53T -27200 + 187T 1380 — 28T
(196.0nm) (225.6nm)
Ac-AllY
0% HFIP 3950 - 147T -56000 +467T 11800 -179T
(190.0nm) (201.4nm)
30% HFIP -248 — 149T -35400 + 488T 16600 - 113T
(188.0nm) (200.4nm)
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4.4.3: THE 3MERS.

Two three-rcsidue peptides were designed to determine whether the large negative
band between 225-230nm is found in all ®™“[le analogs or is specific to an Ile-™Ile
moiety. Their sequences, Ac-GXK (where X = Ile or ®™*]le) takes advantage of a Gly
residue at position 19, which would allow the peptides to more freely sample
conformational space. In addition, the peptides lack aromatic residues, which in their
disordered state, would greatly affect the CD signals. As a result, any unusual CD
signatures would be solely due to the N-methyl effect on the backbone chromophore.
The CD stock solution concentrations were quantified (to circa £10% error) by the TNBS
assay (Satake et al., 1960; Fields, 1972; Sashidar et al., 1994).

Table 4.8: CD optical constants and initial temperature gradients for the
Ac-GXK peptides in aqueous HFIP/SmM buffer (pH 5.5).

Mean Residue Ellipticity
Pepﬁde 922hun eo!her 6min
Ac-GIK
0% HFIP -1520 - 34T -12300 + 151T -2470-41T
(191.6nm) (215.0nm)
30% HFIP -2480 — 23T -7930 + 58T -3370 - 18T
(194.2nm) (215.0nm)
Ac-G™IIK
0% HFIP -19000 + 16T 12900 + 32T -19800 + 9T
(197.2nm) (223.0nm)
30% HFIP -19700 + 78T 4570 + 28T -21400 + 96T
(192.0nm) (225.0nm)
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Figure 4.9: The CD spectra of the Ac-GXK peptides ("™ Ile and Ile) in
aqueous HFIP (pH 5.5) at 273K.
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As expected, Ac-GIK displays a disordered spectrum (Figure 4.9, Table 4.8) with
a minimum at 191.6nm which decreases upon addition of HFIP (to 30%). The 0,

decreases in intensity and red shifts to 194nm. Both the 0,,, and the shoulder at 215nm
increase intensity. The CD spectrum of the Ac-G™™“IK peptide shows the same features

as all the other ®™Ile®® analogs, an intense minimum between 220-230nm.

4.4.4: ILE® TO ™™PILE*® MUTATION.

Difference CD spectra comparing the ®™]le?® and Ile*® analogs were used to
quantitate the N-methy!l effect on the CD (Figures 4.10 and 4.11). Based on their general
features (a positive lobe centered between 195-215nm and a negative lobe centered
between 225-230nm), it is clear that the unusual CD signatures inherent in the ®™[le
analogs are not greatly affected by the presence of a Trp residue at position 21. With the
exception of a distinct shoulder at 207nm and slight differences in signal intensities, the
CD difference spectra of the Trp* and Ala® 4mers were comparable. The shoulder
present in the Trp? analogs may represent incomplete subtraction of a Trp sidechain
contribution. In the case of the ®™9[le?® mutant, the stable hydrophobic cluster may
impart some structuring to the Trp residue, while for the Ile? peptide, the Trp should be
completely disordered. However, the Ala™ mutants also contain a small bulge near
207nm. Differences in signal intensities are mostly due to errors in the calculation of the
Ala® sample concentrations. Increasing the length of the peptide to 8 residues also
doesn’t significantly effect the overall shape of the difference spectra (Figure 4.12). The
difference spectra of the 8mers resemble that of the Ac-AIXW series. The top panel of
Figure 4.13 displays the averaged CD spectrum for these three families. The lower panel
of Figure 4.13 displays the averaged CD spectrum of the peptides in aqueous 30% HFIP.
Table 4.9 lists the molar optical constants and temperature gradients for the major CD
bands.



204

(Ac-AI™™ew) - (Ac-AlIW) in aqueous media (pH 5.5)
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Figure 4.10: Difference CD spectra of the Ac-AIXW peptides in purely
aqueous (top panel) and aqueous 30% HFIP (lower panel) media.
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Figure 4.11: Difference CD spectra of the Ac-AIXA peptides in purely
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that spectral intensities are estimated.
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Figure 4.12: Difference CD spectra of the 8mers in purely aqueous (top
panel) and aqueous 30% HFIP (lower panel) media.
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Average NMe effects in aqueous HFIP (pH 5.5)
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Table 4.9: CD optical constants for the average NMe-effect.

Molar Residue Ellipticity
Peptide 3100 0 e Oin Ooter
(NMe)I 1
0% HFIP -52200 + 159T  +50700 - 198T  -55800 + 123T
(192.6nm) (223.4nm)
30% HFIP -51900 +201T  +61200-219T -59400 + 237T
(193.0nm) (226.0nm)
[NMe) 2
0% HFIP -57100 + 81T +63100 - 72T -84300 + 27T +35700 - 54T
(196.4nm) (228.6nm) (207.0nm)
30% HFIP -61500 + 151T +59200 - 4T 90800 +212T +50900 - 95T
(197.0nm) (228.0nm) (207.0nm)
NMel4mer — 14mer
30% HFIP -51400 - 52T +125000 - 720T -98800 + 359T +49900 - 212T
(196.0nm) (229.0nm) (207.4nm)

! Data from the Ac-GXK difference spectra.
? Data acquired from the averaged difference spectra of the Ac-AIXX (W?' & A?) and

8mer peptides.

Difference spectra of all the systems in aqueous 30% HFIP leads to overall

increases in signal intensities, most notably at the minimum. However, the most dramatic

fluoroalcohol effects are observed on the temperature gradients (Figure 4.14). In a purely

aqueous medium (pH 5.5), the I®™™ peptides exhibit very shallow thermal gradients (for

example, at the minimum at 228.6nm, circa +27°/K, or 0.03%/K on a molar residue

basis), suggesting that the structure or feature responsible for the CD signature is

temperature invariant. However, in 30% HFIP, the minimum has a slight blue shift (to

228.0nm) and has a much larger temperature gradient (circa +212°K, or 0.23%/K). This
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would indicate that the “backbone conformation” induced by the N-methyl group

thermally melts more readily in the presence of fluoroalcohols.

Examination of the Ac-GXK differcnce spectra (top panel of Figure 4.15 and
Table 4.9), indicating that the I™®[ moiety is not required for the appearance of a large
negative 225-230nm band. However, these difference spectra do lack the shoulder at
207nm that appears in the Ac-AIXW and, to a lesser extent, the Ac-AIXA series. The

lle-Ile moiety may experience more limited conformational sampling due to the bulky, -
branched sidechains. The intensities at the minimum appear to be smaller for X™] vs.
[®™Me However, this could be due to an error in the concentration calculations using the
TNBS assay (accuracy of results, £ 10-15%). The difference spectra of the 3mers in 30%
HFIP (data not shown) display the same patterns shown by the 4mers and 8mers.
Specifically, signal intensities increase and temperature gradients (at the minimum)

become steeper in the presence of the fluorinated alcohol.

The 14mer difference spectra series (lower panel of Figure 4.15 and Table 4.9) is
an interesting case: the maximum at ~196nm is far more intense than those of the shorter
peptides by a factor of two. The maximum also experiences an extremely steep
temperature gradient compared to the corresponding wavelengths of the shorter peptides
in comparable conditions. This probably reflects the difference in helicity that occurs
with N-methylation. Another factor could be an increase in the disorder of the Phe" and

Tyr" sidechains (both have negative bands between 185 and 195nm).

The N-methylation effect difference spectra coincidentally resemble the CD
signature of a type II P-turn (Brahms & Brahms, 1980; Harris, 1993). However,
sidechain signatures of disordered aromatic residues cannot explain the discrepancies
since the Ac-GXK peptides display the same patterns. Katahira et al. (1998) suggest that
the C-termini of several 14 residue Ile? analogs may adopt y-turn conformations in DPPC
vesicles. The authors make this assertion from the available NMR data: the unusual
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upfield 19y2 chemical shift and several NOEs between the Ile' y2 methyl group and the

Trp” sidechain protons. N-methylation at Ile* could enhance such a conformational
preference, and the CD spectrum may represent a stable y-turn. The few examples of y-
turn CD studies that have been reported in the literature (for example: Lelj et al., 1992;
Jois et al., 1992; Li et al., 1998) suggest that the y-turns are red-shifted B turn signatures.
However, all of these studies involved highly constrained cyclic peptides (disulfide bonds

or cyclic backbones) and contained other CD signatures as well.

4.5: RE-DETERMINATION OF DISORDERED TRP, TYR AND PHE SIGNALS.

A re-determination of the aromatic residue (Trp, Tyr and Phe) sidechain signals
was necessary for this study since the current reference set only contained two spectral
sets [Brahms and Brahms (1980), which consisted of uncapped 2-residue peptides, and
Harris (1993), which made questionable assumptions in the calculation of the difference
spectra]. As previously mentioned, sidechains of disordered aromatic residues exhibit
large CD signals. On a molar scale, these signals are far more intense than those of the
backbone amides. Better defined reference spectra would therefore be useful in removing
signals representing disordered aromatic residues, as well as for calculating more accurate

<f> values.

The disordered aromatic residue signatures were primarily determined using the
3- and 4mers in aqueous media with various levels of added fluorinated alcohols. These
were calculated using several methods. The first method involves a direct calculation of
difference spectra. For example, subtraction of Ac-AllA from Ac-AIlW would yield the
signature for a disordered Trp sidechain (i.e. a Trp — Ala substitution), assuming that the
sample concentration of the Ala? mutant was accurately determined. Likewise,
subtraction of Ac-AlIA from Ac-AIlY would yield a Tyr sidechain spectrum. Since the
concentrations of the Ac-AllA samples were estimated, these difference spectra would
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have some uncertainty. A second method is related to the first. Since the peptides are of
different lengths, the spectra are initially converted to units of molar residue ellipticity
prior to subtraction. This was primarily used for the GHKX peptides. In this case, GHK
was subtracted from GHKW and GHKEF to yield one molar unit (backbone + sidechain)
of Trp and Phe.

The third method yields more accurate results. In this case, one unit of a
standardized “random coil” spectrum, which is corrected for temperature, is subtracted
from those of the 3mers. For example, KYK acquired at 273K was corrected with one
unit of coil, resulting in the one complete Tyr residue (backbone + sidechain). A fourth
method incorporates the latter two. Here, the standardized Tyr spectrum is subtracted
from Ac-AIlY to yield the spectrum of Ac-All, which, in turn, is subtracted from Ac-
AIIW. The difference spectrum represents a disordered Trp sidechain. In order to limit
uncertainty in the reference spectra, the various Tyr, Trp and Phe spectra, including those
reported by Brahms and Brahms (1980), are averaged. The CD difference curves with
higher confidence have higher weights in the calculation. Note that all resulting CD

signatures are in units of molar residue ellipticity.

The resulting averages representing both 0% and 30% HFIP are displayed in
Figure 4.16 and Table 4.10. The Trp (with and without fluorinated alcohols) is the set
with the highest confidence. Uncertainties for the Tyr and Phe spectra are higher due to
the limited population sampled. The error may also be larger for the Phe since CD
sample concentrations for GHKF and GHK were determined using the TNBS assay,
which would form TNP conjugates to both the Lys €-NH, and the N-terminal amine.
High fluoroalcohol levels don’t greatly effect the Trp spectrum: the extrema have the
same relative intensities and experience a slight blue shift. Both the Tyr and Phe spectra
appear to be more influenced by addition of HFIP or TFE.
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Table 4.10: CD optical constants and initial temperature gradients for average
disordered aromatic residues in aqueous HFIP/SmM buffer (pH 5.5) at 273K

Molar Residue Ellipticity
Residue ezzmm emaml emul emin
Trp
0% HFIP +24400 -204T  +31000 - 173T -50900 + 179T
(225.0nm) (198.6nm)
30% HFIP  +22100-127T +27800-121T -50700 + 182T
(224.6nm) (197.6nm)
Tyr
0% HFIP +21200-177T  +77300-328T  +26900 - 180T  -65700 + 308T
(200.8nm) (226.0nm) (188.0nm)
30% HFIP  +13500-117T +75500-294T +17700-108T -41800 + 356T
(199.8nm) (225.2nm) (187.4nm)
Phe
0% HFIP !/  +14200-509T +66600 - 188T  +24500 - 123T -93900
(196.6nm) (~215.0nm) (~185.0nm)
30% HFIP? +15300-944T +82000-292T +34300-231T unknown
(196.6nm) (~213.0nm)

’'Second Phe maximum is a shoulder, minimum is an estimate.
?Data for Phe in 30% HFIP less well-determined.
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Figure 4.16: Average CD signatures of disordered aromatic residue
sidechains in purely aqueous media (top panel) and aqueous 30% HFIP
(lower panel) at pH 5.5.
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CHAPTER §5: CONCLUSIONS AND OTHER INSIGHTS

5.1: REASSESSMENT OF PEN-1 AND PEN-2 STRUCTURES

Several conclusions regarding the solution-state structures of ET-1, Pen-1 and
Pen-2 can be ascertained from these studies. To recap: ET-1 displays a relatively
extended N-terminus (Cys' — Cys’), a loop (Ser’ — Asp®) and a helix (Lys’ — Cys"),
which is capped by Asp®. The six residue C-terminal region (His'® — Trp*) is
conformationally averaged. However, the Ile'® B-methyl group of both ET-1 and Pen-1
exhibits an upfield chemical shift deviation in aqueous media, suggesting the presence of
weak hydrophobic interactions involving the sidechains of Ile'” and Trp?'. In the case of
Pen-1, which is a potent ET, receptor agonist, the Cys — Pen substitutions at residues 3
and 15 added four methyl groups to the hydrophobic interior of the bicyclic core,
allowing it to become more rigid. Thc Pen-1 solution-state structure may, therefore, be a
better representative of the ET-1 bound state than the native peptide. The increased
rigidity of the core also extends and increases the structural stability of the helical region.

The Pen-2 analog, which differs from the Pen-1 mutant only by an Ile¥
— ®Me]e?® substitution, is a potent ET, receptor antagonist. The bicyclic core of Pen-2
retains the same increased rigidity present in the Pen-1 analog. However, the N-methyl
group appears to restrict helix propagation into the C-terminal region. The Pen-2 mutant
displays a dramatic upfield Ile'” B-methyl chemical shift deviation, as well as stronger
NOE interactions between residues 19 and 21, suggesting the presence of a hydrophobic
cluster. However, addition of ethylene glycol and/or HFIP diminishes the 19y2 upfield
chemical shift deviation, suggesting that the C-terminal hydrophobic interactions aren’t
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as strong in less “lipophobic” media. No significant NOE interactions between the

bicyclic core and the C-terminus were observed for any of the endothelins examined.

5.2: EFFECTS OF THE N-METHYL AND AROMATIC RESIDUES

5.2.1: CoNcLUSIONS FROM NMR DATA.

A previous study (Chen, 1992) did not account for the N-methyl effect on
chemical shifts. As a result, the early Pen-2 CSD calculations included significant errors
for the a-methines of Ile'’ and ®™[le*. Both protons have large downfield chemical
shift deviations relative to reference Ile values, resulting in large positive CSDs if left
uncorrected. A series of short 3 and 4 residue peptides (Ac-GXK, Ac-XIIX, Ac-
XI™MeIX) were used to determine the overall N-methyl correction factors for the aH of
the preceding (reference +0.29ppm, for aqueous media) and own residue (reference
+0.58ppm). These correction factors may only be applicable to N-methylated
isoieucines. Generai tendencies for the amide of residue i-/ and the amide and a-methine
of residue i+/ have also been observed, although correction factors for these groups have
not been applied in this study. Table 5.1 summarizes the correction factors, separated
into two sections. The first (A) reports the values for the Ile"’, Trp/Ala™ variant. The

second (B) lists the deviations observed for the Gly'®, Lys*! analog.

The oH-CSD values observed for the ®™[le in either DMSO or aqueous media
were greater (more downfield) than +0.500ppm, suggesting that the residues i-/ and i+/

doesn’t significantly influence the a-methine chemical shift of the N-methylated residue.
The amide and a-methine of the preceding residue display more dramatic chemical shift
deviations in both media. Analogs where residue i-1 is an isoleucine display large upfield
amide CSDs in DMSO (-0.231ppm), but a negligible value in aqueous media. The a-
methines have large downfield shifts: +0.246ppm in DMSO, +0.194ppm in aqueous
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media. Smaller shift deviations with respect to reference values are observed for the case
where residue i-/ is a glycine. This reflects differences in backbone conformational
sampling between the G™I and the ™I moieties. Due to steric factors inherent in p-
branched aliphatic residues, the I™] moiety is expected to have more conformational

restrictions in its backbone.

Table 5.1: N-methyl effects on neighboring NH and oH chemical shifts

residue i-/ NMe-Ille residue i+/
A B A B A B
DMSO
NH -0.231 -0.115 —_— _ +0.147 +0.150
+0.080 +0.015
oH +0.246 +0.194 +0.546 +0.508 -0.153 -0.194
+0.030 +0.068 +0.020 +0.021
aqueous
NH +0.006 -0.132 —_— —_— +0.093 +0.301
+0.044 +0.092
oH +0.383 +0.147 +0.589 +0.551 +0.007 -0.039
+0.112 +0.000 +0.038 +0.042

A: residue i-/ =Ile, residue i+/ = Trp or Ala
B: residue i-/ = Gly, residue i+/ =Lys

The unusual Ile'” B-methyl (y2) group chemical shift has also been examined in
detail. The 3 and 4-residue peptides indicated that a hydrophobic interaction with the
Trp® indole ring causes the upfield 19y2 chemical shift. The Trp* — Ala® substitution
resulted in an upfield 19y2 shift change of -0.337ppm between the Ile?® analogs. This
effect is enhanced upon N-methylation of Ile*: the same difference becomes more
negative (-0.592ppm). A comparison of the Ile®® — ™9[le® substitution also
demonstrates the same general trends: the Trp® analogs display upfield shift differences
more negative than -0.250ppm for the 19y2 peak while the Ala® analog had a negligible
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value. Molecular models of the Pen-1 analog indicated that the Ile'® y2 group sits within
the shielding cone of the Trp* indole ring. Although the NOESY and ROESY data for
this peptide displayed limited contacts between the sidechains of residues 19 and 21,
groups in the Ile”® analogs, the Pen-2 analogs show stronger 19 — 21 interactions. This
suggests that the N-methyl group produces a backbone conformational preference which
enhances the hydrophobic interaction the 19y2 group and the aromatic sidechain of
residue 21. In addition, a decrease in the stability of the cluster, as measured by a
downfield chemical shift deviation of the 19y2 peak, with decreasing solvent
“lipophobicity” is also observed for the short C-terminal fragments.

An examination of the 19y2 (A8/AT)/NH-CSD correlations reveal several trends.
First, the Ile?* & ®M9le? substitution does not significantly alter the ease of hydrophobic
cluster unfolding. Second, the more polar (or “lipophobic™) the media, the more likely a
thermally stable hydrophobic cluster forms. Third, in the case of the C-terminus of the
larger fragments, incorporation of a helical region disrupts the thermal stability of the
cluster. However, a rigid bicyclic core, such as those observed for Pen-1 and Pen-2,

enhances the cluster stability.

Finally, the NMR data indicates that the N-methyl group has similar effects on a
peptide bond (between residues i and i-/) as a proline. A strong 19aH — 20NMe NOE
(and the lack of a significant 19aH — 20aH NOESY crosspeak) indicates that the major
conformer of the 19/20 peptide bond is the trans configuration in both aqueous and
DMSO media. In the case of Ac-G™9IK, the ratio was approximately 85% trans:15%
cis for both media. The larger fragments and Pen-2, exhibit the same features. This
conclusion disagrees with that reported by Cody et al. (1997), who note that a six residue
ET, receptor antagonist, which includes an ®™*]le at residue 20, contains a 19/20 peptide
bond that isomerizes from 100% trans in aqueous media to 100% cis in DMSO.

However, this peptide also contained an unnatural aromatic amino acid (D-Bhg), which
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may also promote thc formation of a hydrophobic cluster, allowing the 19/20 peptide

bond to favor the cis conformer.

5.2.2: CONCLUSIONS FROM CD DATA.

The CD data of the longer fragments, specifically the 14mers, suggest the
presence of a helix. However, both the NMe-14mer and its N-acetyl capped analog
display larger than expected negative bands between 225 and 230nm. The large negative
225-230nm band isn’t solely a feature of the NMe-14mers. Difference spectra calculated
from the 8mers and 4mers all contain the same feature and resemble a type II B-turn:
positive bands between 195 and 210nm and negative bands between 225 and 230nm,
both of nearly equal intensity. The CD signatures are slightly affected by residue 21.
The difference spectra of the Trp*' analogs display a maximum at ~195nm and a
pronounced shoulder at circa 207nm. Although the Ala* analog CD spectra were
calculated using estimated concentrations, the overall N-methy! effect remains the same.
However differences in the intensities of the maximum at 195nm and the shoulder at
207nm is less dramatic. Any differences between the two series are likely due to a
disordered Trp signal, which has negative bands at 195 and 207nm. The N-methyl effect
on the 3mers, whose spectra were more accurately quantified using the TNBS assay, also
demonstrate that this signature is not attributed solely to the "™ moiety. However, this
signature lacks the shoulder at 207nm, indicating that the CD signatures of the Ile®™™[le

and Xxx™le moieties are different. This is not surprising since the backbone of two
sequential B-branched aliphatic residues (isoleucines) is expected to have more limited
conformational sampling than that of a single Ile residue. The signatures generated by
the three-residue peptides also suggest the formation of a y-turn. However, most
published reports of y-turn CD signatures (Lelj et al., 1992; Jois et al., 1992; Li et al.,
1998) also include other secondary structures.
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5.3: OTHER SIGNALING FACTORS

5.3.1: HELICAL REGION.

NMR data indicatc that the 14mers exhibit a surprisingly large helicity for a 7
residue span (Ala’ - Ala") in aqueous media. This is among the shortest stable helices
observed in a peptide. This indicates that the two disulfide bridges present in the intact
endothelins are not required for helix formation, but rather help stabilize it. HFIP
addition and N-capping of the disulfide-free peptide enhances the helix stability, although
not to the level of the intact 21mers. The NMe-14mer displays several i — i+3 NOEs,
even in the absence of fluoroalcohol. The AcNMe-14mer displays a more extensive web
of strong i — i+3 NOEs. Deuterium exchange data indicate that the Ala'"' — Ala'* span
has exchange protected NHs, with Val'? the most protected backbone amide. The a-
methine chemical shift deviation histograms for all three peptides also display values
consistent with a helix in both aqueous and DMSO media (although in the case of

DMSO, these values were very small).

Fractional helicities calculated from the difference spectra in which the CD
signatures of the 4mers (Ac-XIIX and Ac-XI™<IX) were subtracted from the 14mers
indicated that N-methylation of residue 20 reduces the helicity, while capping the N-
terminus with an acetyl group enhances helix stability. In 30% HFIP (pH 4.06, 273K),
the fractional helicities rank as follows: AcNMe-14mer (57.38%) > 14mer (54.21%) >
NMe-14mer (47.73%). In general, the helix is more stable the more acidic the media,
although more dramatic differences in <f,> are observed for the NMe-14mer vs. the
AcNMe-14mer. This would suggest that the ionization state of Asp® (the capping unit of
the helical region in both the intact and fragment peptides) and acetyl N-capping
influences helix stability, although the latter is more important.
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5.3.2: IMPLICATIONS OF STRUCTURAL CHANGES TO SIGNALING.

Endothelin-1 and its two intact bicyclic analogs, Pen-i and Pen-2, present an
interesting case where slight changes in the amino acid sequence lead to significant
differences in both structure and biological activity. Both mutants have the same overall
structural characteristics and have the same relative binding affinities to the ET, receptor
(Andersen et al., 1995a; Hunt, unpublished data) as the native peptide. In both Chen’s
(1992) and this study, the bicyclic core of Pen-1 was determined to be more rigid than

that of ET-1. This would indicate steric factors induced by the Pen residue B-methyl
groups have a direct effect on the hydrophobic interior of the bicyclic core and would
partially explain the increased binding affinity and biological activity. The residues in
the helical region of the peptide which are known to be important for receptor binding
and signal transduction (Asp®, Glu'® and Phe'*) may form better contacts to the binding

site when this bicyclic core becomes more rigid.

N-methylation of Ile* transforms the potent ET, receptor agonist into a potent
ET, receptor antagonist. NMR data suggests that the Ile*® — ™™9le*® substitution
enhances the hydrophobic clustering observed in ET-1 and Pen-1. The resulting
backbone conformational preferences produces a turn-like CD signature, which appears
to be unique for the N-methyl effect. Since residue 21 is known to be an important factor
in ET, receptor binding and biological activity (Kimura et al., 1988), the spectral data
suggests that the position of the Trp indole ring is vital to signaling. In both ET-1 and
Pen-1, the backbone of the C-terminal residues exhibits more conformational averaging
than Pen-2. An increase in the rigidity of the C-terminal region, which limits the
positional space of the Trp* sidechain, could explain the switch to antagonism observed

for the ®™™91e*° analog.



223

5.4: NEW DISORDERED AROMATIC RESIDUE CD SIGNATURES

Since fractional helicity calculations are based on 0,,, ellipticity values, the newly
determined disordered aromatic residue CD signatures (which, on a molar scale, have
large poéitive contributions at 221nm) are essential for accurate helicity calculations
when aryl amino acids are present. Other studies (Brahms & Brahms, 1980; Harris,
1993) had also obtained these CD signatures, but had not determined thermal and
fluoroalcohol effects. In addition, the earlier calculations performed in this group (Harris,
1993) had used the peptidles GHKX (X = Trp, Phe) and GHK. At the time,
concentrations of the 3mer were estimated, so intensities of the difference spectra had
high uncertainties. Later calculations (this study) used a series of short peptides (for
example: WA, KXK, GHKX, Ac-AlIX, Ac-AI™“IX) which were quantified by
sidechain aromatic and/or TNP-Lys chromophores. The new values for disordered Phe,

Tyr and Trp residues are reported in Table 5.2.

Table 5.2: Molar ellipticity values of the 221nm band and extrema for
disordered aromatic residue sidechains ’

Residue O210m O e Omin

Trp 0% HFIP +24000 +31000 (225.0nm)  -50900 (198.6nm)
30% HFIP +22100 +27800 (224.6nm)  -50700 (197.6nm)

Tyr 0% HFIP +21200 +77300 (200.8nm)  -65700 (188.0nm)
30% HFIP +13500 +75500 (199.8nm)  -41800 (187.4nm)

Phe’ 0% HFIP +14200 +66600 (196.6nm)  -93900 (185.0nm)
30% HFIP +15300 +82000 (196.6nm) unknown

"' See also, Table 4.10 for initial temperature gradients.
? Data for Phe in 30% HFIP is less well-determined.

These values should be of general validity, particularly when the aromatic amino acids

are not centrally located in a helical span.
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APPENDIX A: CSD REFERENCE VALUES (298K)
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Ho Reference Values HN Reference Values
residue aqueous media DMSO aqueous media DMSO
A (Ala) 432 4.32 8.21 8.04
C (Cys), 4.69 4.64 8.34 829
C (Cys™) 4.57 8.23

D (Asp) 4.65 4.63 8.29 8.21
E (Glu) 4.32 4.34 837 8.05
F (Phe) 4.61 4.56 8.25 8.14
G (Gly) 3.96 3.76 8.28 8.15
H" (His") 4.70 4.66 8.35 8.31
I (Ile) 4.15 4.21 8.08 8.26
K (Lys) 4.32 4.29 8.19 8.06
L (Leu) 4.32 4.37 8.17 7.95
M (Met) 4.48 4.41 8.25 8.07
Nle 4.32 4.30 8.22 8.10
N (Asn) / D° (Asp®) 4.72 4.61 8.40 8.14
P (Pro) 443 4.36
Pen (Pen), 4.65 4.70 8.26
Q (Gln) / E® (Glu®) 434 4.32 8.27 8.06
R (Arg) 4.34 4.38 8.24 8.07
S (Ser) 447 4.34 8.26 7.98
T (Thr) 4.37 422 8.15 7.83
V (Val) 4.10 4.18 8.08 7.88
W (Trp) 4.65 4.58 8.05 8.09
Y (Tyr) 4.56 4.46 8.13 8.04

Corrections to reference values (from the Andersen lab):

1) Ha effects:

a) NH;" terminal effect: aqueous media, pH <6.0-6.5, - 0.26ppm
DMSO, ~ -0.46ppm

b) C-terminal effects:

CO,, -0.17ppm

CO,H, CONH’, no correction
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¢) Xaa-Pro effect: Xaa = Gly, + 0.17ppm; Xaa = others, +0.29ppm

d) Media effects (volume %):
i) Fluoroalcohol effects:  4-6% HFIP (10-20% TFE), + 0.015ppm
10% HFIP (25-30% TFE), + 0.035ppm
12.5-16% HFIP (35-50% TFE), +0.05ppm
20% HFIP, + 0.065ppm
25-35% HFIP, + 0.075ppm

ii) Acetonitrile effects: < 15%, no correction
20-45%, -0.03ppm
50-80%, -0.07ppm

2) HN reference values in aqueous media:
a) Standard correction to locate structuring effects: correct reference values to
temperatures of experimental values by a gradient of -7.6ppb/°C

b) NH;" terminal effects:
i) “two effect”: to second residue, + 0.48ppm
ii) “three effect”: to third residue, + 0.20ppm

¢) CO, terminal effects: to C-terminal residue, -0.43ppm

3) Current aH reference value for ®™¢Ile used in the CSD calculations: 4.75ppm
(DMSO media) and 4.73ppm (aqueous media).



APPENDIX B: MISCELLANEOUS NMR TABLES - AQUEOUS MEDIA

Table B.1: HLDIIW in 10% ethylene glycol, 90% acidic water at 290K
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Chemical Shift (ppm)

Residue  HN [AS/AT] o BB Others
His 16 exchanged 4.304 3.389, 3.389 5 7.399, ¢ 8.697
Leu 17 8.739 [-7.453] 4410 1.588, ? y 1.574, §,86° 0.917,0.880
Asp 18 8.720 [-6.263] bleached 2.856,2.728
lle 19 8.054 [-8.830] 4.053 1.677 vl,yl” 1.358, 1.035

¥2 0.557, & 0.766
lle 20 8.066 [-8.204] 4.160 1.770 ylyl® 1.336, 1.093

y2 0.817, & 0.803
Trp 21 8.097 [-9.624] 4716 3.357,3.212 5 7.233, €l 10.102, €3 7.661

G2 7473, 3 7.148, n2 7.221

Table B.2: HLDIIW in 30% ethylene glycol, 10% acetic acid, 40% water at 290K

Chemical Shift (ppm)

Residue  HN [AS/AT] o B.B° Others
His 16 exchanged 4333 3.435,3.373 5§ 7432, € 8.743
Leu 1?7 8.746 [-5.270] 4419 1.605, 1.543 y 1.606, 8,5° 0.920, 0.886
Asp 18 8.759 [-6.539] 4.806 2.909,2.776
Ile 19 7.955 [-7.034] 4.092 1.683 yl,yl” 1.359, 1.023
_ ¥2 0.576, & 0.754
Ile 20 8.022 [-6.953] 4.185 1.767 yl,yl” 1.392, 1.087

2 0.819, & 0.796
Trp 21 8.099 [-8.288] 4.715 3.341,3.217 § 7.222, el 10.094, €3 7.604

C2 7.432, €3 7.103, n2 7.179
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Table B.3: VYFAHLDIIW in 45% ethylene glycol, 8% acetic acid, 47% water at 290K

Chemical Shift (ppm)

Residue  HN [AS/AT] a BB’ Others
Val 12 exchanged 3.716 2.051 vy’ 0.869, 0.840
Tyr 13 8.502 [-4.457] 4.585 2.869 5,6 7.032, &g 6.743
Phe 14 8.127 [-6.821] 4.545 3.008,2.819 5,8° 7.159, &g 7245, ¢ 7.2127
Ala 15 8.184 [-5.843] 4.169 1.285
His 16 8.367 [-4.829] 4.625 3.250, 3.158 8 7.290, £ 8.648
Leu 17 8.277 [-4.714] 4.335 1.609, 1.410 vy 1.534, 5,5 0.882,0.840
Asp I8 8.534 [-4.736] 4.718 2.891,2.742
Ile 19 7.897 [-4.543] 4.092 1.681 yl,yl” 1.339,0.999

¥2 0.563, & 0.744
Ile 20 8.031 [-5.529] 4.186 1.747 vl,yl” 1.380,1.072

y2 0.808, & 0.786
Trp 21 8.146 [-4.886] 4.679 3.318, 3.320 8§ 7.192, €l 10.138, €3 7.573

€2 7405, 3 7.071, n2 7.155

Table B.4: GSHLDIIW in aqueous 40% ethylene glycol, 5% acetic acid at 300K

Chemical Shift (ppm)

Residue  HN [AS8/AT] a BB’ Others
Gly 14 exch. 3.868, 3.868?
Ser 15 8.590 [-4.498] 4471 3.815,3.815
His 16 8.626 [-5.953] 4.720 3.274,3.162 S 7.310, ¢ 8.641
Leu 17 8.294 [-5.234] 4.321 1.576, 1.401 y 1.546, 8,8° 0.905, 0.857
Asp 18 8.478 [-5.602] 4.712 2.883,2.744
lle 19 7.841 [-5.267) 4.077 1.691 ylLyl” 1.342,1.012

72 0.586, & 0.752
lle 20 7.962 [-6.522] 4.165 1.760 ylyl® 1.377, 1.080

¥2 0.806, 5 0.794
Trp 21 8.065 [-7.475] 4.684 3.330,3.214 5 7.198, 1 10.124, €3 7.593

Q2 7.425, 3 7.091, n2 7.169



Table B.5: GSHLDIIW in aqueous 15% HFIP, 34% ethylene glycol, 2.5% acetic
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acid at 285K
Chemical Shift (ppm)

Residue  HN [AS/AT] a B.B’ Others
Gly 14 exch. 3.938, 3.938?
Ser 15 8.653 [-4.933] 4.552 3.891, 3.821?
His 16 8.637 [-5.987] 4,788 3.346, 3.218 5 7.358, € 8.673
Leu 17 8.328 [-5.585] 4.385 1.640, 1.640?  y 1.609, §,6° 0.953,0.910
Asp 18 8.466 [-5.870] 4.798 2.924, 2.802
fle 19 7.835 [-6.254] 4.142 1.772 ylyl® 1.417,1.084

2 0.686, & 0.819
Ile 20 7.826 [-4.632] 4224 1.821 yLyl” 1.432,1.122

y2 0.858, § 0.841
Trp 21 7.865 [-6.120] 4.757 3.377,3.276 5 7277, €l 9.986, €3 7.629

g2 7456, £3 7.127, 12 7.199

Table B.6: GSHLDI™9IW in aqueous 5% acetic acid at 285K
Chemical Shift (ppm)

Residue  HN [AS/AT] o B.B’ Others
Gly 14 exch. 3.887, 3.887?
Ser 15 8.727 [-5.996] 4482 3.832, 3.8327
His 16 8.813 [-7.334] 4.753 3.290, 3.184 § 7.300, £ 8.616
Leu 17 8.427 [-6.378] 4.343 1.597,1.597? ¢y 1.546, 5,5° 0.918,0.863
Asp 18 8.624 [-6.826] 4.705 2.853,2.735
Ile 19 8.139 [-9.436] 4442 1.599 ylyl® 1.227,1.027

¥2 0.261, & 0.792
lle 20 n/a 4732 2.000 ylyl” 1411, 1.049

v2 0.883, & 0.711, NMe 2982
Trp 21 8.352 [-10.362] 4.605 3.397,3.171 8 7.247, €1 10.173, €3 7.673

.2 7478, C3 7.147, n2 7.230



Table B.7: GSHLDI™“IW in aqueous 30% ethylene glycol, 3.5% acetic acid
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at 285K
Chemical Shift (ppm)

Residue HN [AS8/AT) a BB’ Others
Gly 14 exch. 3.876, 3.876?
Ser 15 8.703 [-5.435] 4.466 3.830, 3.809
His 16 8.777 [-7.135] 4.730 3.284,3.172 5 7.315, € 8.650
Leu 17 8.406 [-5.998] 4317 1.588, 1.588? y 1.526, 6,5" 0.909.0.858
Asp 18 8.598 [-6.386] 4.691 2.840,2.713
lle 19 8.064 [-8.094] 4.420 1.580 yl,yl” 1.402, 1.002

¥2 0.231, & 0.746
Ile 20 n/a 4.720 2.003 yl,yl” 1.218,0919

Y2 0.876, & 0.779, NMe 2.976
Trp 21 8.243 [-8.875] 4.576 3.365, 3.148 § 7.223, €l 10.203, €3 7.630

02 7.443, 3 7.114, n2 7.195

Table B.8: GSHLDI®™®IW in aqueous 15% HFIP, 25.5% ethylene glycol, 3% acetic

acid at 285K
Chemical Shift (ppm)

Residue HN [AS/AT] o B.B’ Others
Gly 14 exch. 3.948, 3.948?
Ser 15 8.741 [-5.909] 4.544 3.888, 3.888?
His 16 8.698 [-6.504] 4.808 3.372, 3.207 8 7.361, £ 8.684
Leul?7 8.397 [-6.167] 4.388 1.643, 1.643? y 1.601, §,8° 0.951,0.908
Asp 18 8.560 [-6.860] 4.828 2.886,2.769
lle 19 7.882 [-6.146] 4.487 1.583 vl,yl” 1.425,1.025

y2 0.288, & 0.775
Ile 20 n/a 4.698 2.063 yl,yl* 1.287,0.966

y2 0909, & 0.828 NMe 3.014
Trp 21 7.805 [-4.913] 4621 3.352,3.227 § 7248, =l 9.951, €3 7.630

£2 7.450, C3 7.129, 72 7211



Table B.9: Ac-GSHLDI®™IW in aqueous 5% acetic acid at 285K
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Chemical Shift (ppm)

Residue  HN [AS/AT] a B.B’ Others
Gly 14 8409 [-7.418]  3.950, 3.9507 AcMe
Ser 15 8.392 [-7.099] 4.428 3.832, 3.811
His 16 8.706 [-6.944] 4.724 3.306, 3.180 S 7.281, € 8.596
Leu 17 8.291 [-5.877] 4322 1.605, 1.605?  y 1.533, §,5° 0.915,0.879
Asp 18 8.579 [-6.570] 4.697 2.867, 2.746
Ile 19 8.113 [-9.102] 4444 1.596 yLyl” 1411, 1.029

y2 0.255, & 0.765
Ile 20 n/a 4.731 1.992 yLyl” 1.231,0.925

y2 0.860, 6 0.785, NMe 2.982
Trp 21 8.360 [-10.268] 4.594 3.394,3.164 8 7.246, €l 10.175, €3 7.668

2 7474, C3 7.144, n2 7.226

Table B.10: Ac-GSHLDI™IW in aqueous 30% ethylene glycol, 3.5% acetic

acid at 285K
Chemical Shift (ppm)

Residue  HN [AS/AT] o BB’ Others
Gly 14 8.394 [-6.751] 3.937,.3.937? AcMe 2.058
Ser 15 8.364 [-6.814] 4413 3.822,3.797
His 16 8.664 [-6.697] 4.699 3.359, 3.144 8 7.294, ¢ 8.626
Leul7 8.251 [-5.286] 4314 1.604, 1.604? y 1.531, §,6°0.912,0.853
Asp 18 8.539 [-6.052] 4.684 2.855,2.730
Ile 19 8.026 [-7.828] 4.427 1.579 ylLyl® 1.398, 1.000

y2 0.228, & 0.743
lle 20 n/a 4.716 1.994 ylyl’ 1.223,0919

v2 0.868, & 0.779, NMe 2.973
Trp 21 8.232 [-8.722] 4.565 3.302,3.178 8 7222, €1 10.197, 3 7.113

€2 7442, C3 7.627, n2 7.194



Table B.11: Ac-GSHLDI®™“IW in aqueous 15% HFIP, 25.5% ethylene glycol,
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3% acetic acid at 285K
Chemical Shift (ppm)
Residue  HN [AS/AT] o BB’ Others
Gly 14 8.314 [-6.454] 3.984, 3.984? AcMe 2.109
Ser 15 8.352 [-6.703] 4474 3.902, 3.862
His 16 8.577 [-5.863] 4.753 3.231, 3.356 8§ 7.336, € 8.650
Leu 17 8.211 [-4.822] 4.388 1.666, 1.666? y 1.592, §5,6° 0.955,0.904
Asp 18 8.467 [-6.036] 4.800 2901, 2.782
lle 19 7.847 {-5.690] 4.483 1.580 yl,yl” 1.427,1.014
¥2 0.275, & 0.771
lle 20 n/a 4.697 2.053 vl,yl” 1.295, 0.964
¥2 0.916, & 0.826, NMe 3.011
Trp 21 7.792 [-4.668] 4.616 3.373, 3.201 S 7.248, €l 9.936, &3 7.629

C2 7444, 3 7.127, n2 7.207

Table B.12: EAVYFAHLD in aqueous 30% ethylene glycol, 3 equivalents

TFA at 285K
Chemical Shift (ppm)

Residue  HN [AS/AT) a B.B’ Others
Glu 10 exch. 4.054 2.131, 2.131 v,y 2.542,2.542
Alall 8.766 [-5.982] 4.361 1.314
val 12 8.158 {-7.645] 3.999 1.901 vy’ 0.867,0.749
Tyr 13 8.206 [-7.905] 4512 2.885,2.885 5.5 6992, £ 6.730
Phe 14 8.008 [-5.686] 4.499 3.054, 2.885 5,0" 7.182, g,” 7.296, C 7.253
Ala 15 8.189 [-7.179] 4.157 1.292
His 16 8.375 [-6.079] 4.645 3.256, 3.160 5 7.282, £ 8611
Leu 17 8.355 [-8.471] 4.361 1.596, 1.596 vy 1.596, 8,8 0.908, 0.853
Asp 18 8.532[-7.210] 4.718 2.936, 2.936
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Table B.13: EAVYFAHLD in aqueous 25% HFIP, 17.5% ethylene glycol, 3

equivalents TFA at 285K
Chemical Shift (ppm)
Residue  HN [AS/AT] o B.B’ Others
Glu 10 exch. 4.143 2.215,2.215 1.y~ 2.606,2.606
Alall 8.746 [-6.497] 4.460 1.388
Val 12 8.008 [-7.425] 4.060 2.005 Y.y~ 0.926, 0.826
Tyr 13 7.841 [-5.323] 4.501 2.914,2914 56" 6994, £¢° 6.801
Phe 14 7.588 [-2.964] 4.542 3.160, 2.996 8,0° 7.215, " 7.356, C 7.303
Ala 15 7.887 [-6.066] 4.226 1.361
His 16 8.129 [-3.641] 4.720 3.352,3.201 8 7.303, £ 8.581
Leu 17 8.088 [-3.671] 4.433 1.710, 1.628 y 1.655, 5,5° 0.963,0.906
Asp I8 8.258 [-5.168] 4.788 2.969, 2.969

Table B.14: EAVYFAHLDIIW in aqueous 20% HFIP, 32% acetic acid at 285K

Chemical Shift (ppm)

Residue  HN [A8/AT] o B.B’ Others
Glu 10 exch. 4.180 2.198,2.198  yy' 2.598,2.598
Alall 8.670 [-5.962] 4.483 1.368
Val 12 8.055[-7.368] 4.127 1.944 v,y  0.894,0.777
Tyr 13 8.058 [-7.410] 4.624 2.921,2.860 55 6984, ce 6.764
Phe 14 7.894 [-6.436] 4.638 3.112,2.931 5,6 7.201, ge” 7.291, C 7.244
Ala 15 8.055 [-7.368] 4.276 1.359
His 16 8.258 [-5.540] 4.757 3.337,3.224 5 7.308, ¢ 8.624
Leu 17 8.164 [-5.387] 4.429 1.676, 1.560 y 1.592, §,6° 0.921,0.880
Asp 18 8.452 [-6.140] 4.833 2.950, 2.822
Ile 19 7.943 [-6.185] 4.159 1.753 ylyl” 1.756, 1.067

y2 0.624, & 0.804
Ile 20 7.902 [-6.968] 4.280 1.814 ylLyl” 1.817, 1.112

y2 0.860, 5 0.820
Trp 21 7917 [-6.643] 4.834 3.386, 3.283 S 7.198, el 9.731. €3 7.605

02 7.416, ¢3 7.108, 12 7.181
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Table B.15: EAVYFAHLDIIW in aqueous 40% HFIP, 24% acetic acid at 285K

Chemical Shift (ppm)

Residue  HN [A8/AT] o B8 Others
Glu 10 exch. 4.176 2.205, 2.191 Y.y 2.603, 2.603
Alall 8.587 [-5.355]) 4.499 1.380
Val 12 7.951 [-6.804] 4110 1.961 v,y’ 0.904, 0.795
Tyr 13 7.904 [-6.548] 4.589 2.896, 2.896 5,8° 6977, eg’ 6.777
Phe 14 7.711 [-5.144] 4.630 3.127,2.952 5,6° 7.189, g 7.307, § 7.254
Ala 15 7.890 [-6.148] 4259 1.364
His 16 8.113 [-4.338) 4.740 3.337,3.226 5 7.276, € 8.534
Leu 17 8.040 [-4.214] 4414 1.691, 1.590 y 1.604, 5,58 0.939,0.887
Asp 18 8.345 [-5.309) 4.864 2.938,2.831
Ile 19 7.862 [-5.234) 4.163 1.783 vlyl” 1.438, 1.081

y2 0.679, & 0.832
Ile 20 7.753 [-5.978] 4.259 1.824 yl,yl” 1.438,1.122

y2 0.863, & 0.832
Trp 21 7.725 [-6.150] 4.837 3.393,3.310 5 7.185, €1 9.514, €3 7.618

G2 7424, £3 7.132, n2 7.203
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APPENDIX C: MISCELLANEOUS NMR TABLES - DMSO MEDIA

Table C.1: DAEAVYFAHLDIIW in DMSO, 2% water, 3 equivalents TFA at 295K

Chemical Shift (ppm)

Residue  HN [A8/AT] o B.B’ Others
Asp 8 exch. 4.115 2.890, 2.694
Ala9 8.368 [-2.563] 4.344 1.266
Glu 10 8.155 [-3.620] 4.258 1.902, 1.761 vy 2.278,2.278
Alall 8.038 [-3.702] 4.299 1.166
val 12 7.778 [-3.624] 4.075 1.874 vy’ 0.726,0.726
Tyr 13 7.851 [-3.456] 4.425 2.827, 2.627 5,8" 6.969, e’ 6.613
Phe 14 8.037 [-4.478] 4.547 3.029, 2.805 5,8° 7.236, e, 7.254, § 7.206
Ala 15 8.216 [-5.684] 4.266 1.223
His 16 8.201 [-3.721] 4.632 3.119, 3.010 5 7.362, € 8.927
Leu 17 8.071 [-4.014] 4.342 1.472 y 1.597, 6,6° 0.872,0.845
Asp I8 8.527 [-3.963] 4.630 2.730, 2.515
Ile 19 7.584 (-3.015] 4.237 1.686 rl,yl” 1.369, 0.996

y2 0.742, 5§ 0.754
Ile 20 7.889 [-3.909] 4.233 1.723 ylyl® 1.405, 1.048

y2 0.810, & 0.797
Trp 21 8.208 [-5.684] 4.521 3.152, 3.055 5 7.146, el 10.833, €3 7.534

€2 7355, £3 7.005, n2 7.092



Table C.2: DAEAVYFAHLDI™W in DMSO, 2% water, 3 equivalents
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TFA at 300K
Chemical Shift (ppm)

Residue HN [AS/AT] a B.B" Others
Asp 8 exch. 4.120 2.893,2.701
Ala9 8.632 [-3.364] 4.348 1.271
Glu 10 8.142 [-4.754] 4.257 1.903, 1.774 vy 2.282,2.282
Alalil 8.018 [-4.744] 4.298 1.171
Vval 12 7.763 [-4.988] 4.073 1.875 vy 0.731,0.731
Tyr 13 7.847 {-4.572] 4430 2.830,2.631 5,6° 6.966, €. 6.613
Phe 14 8.016 [-5.843] 4.542 3.034,2.807 5,0° 7.245, gg ?, £ ?
Ala 15 8.192 [-7.052] 4.261 1.225
His 16 8.181 [-4.749] 4.628 3.132,3.014 5 7.361, £ 8917
Leu 17 8.043 [-4.869] 4.344 1.457, 1.457?  y 1.605, 5,5° 0.880, 0.855
Asp 18 8.454 [-4.878] 4.593 2.622,2.476
Ile 19 7.836 [-7.258] 4478 1.669 yl,yl” 1.438,0.979

y2 0.567, & 0.755
(\Melle 20 n‘a 4.762 1.934 yLyl” 1.197,0.874

y2 0.855, & 0.779, NMe 2.968
Trp 21 8.222 [-9.857] 4.457 3.154, 3.052 5 7.092, el 10.809, €3 7.511

€2 7.352, €3 7.008, 12 7.092
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Table C.3: Ac-DAEAVYFAHLDI™“IW in DMSO, 2% water, 3 equivalents

TFA at 295K
Chemical Shift (ppm)

Residue  HN [AS/AT] a B.B’ Others
Asp 8 8.276 [-4.635] 4.560 2.699, 2.499 Ac-Me 1.864
Ala9 8.101 [-4.529] 4.213 1.237
Glu 10 7.971 [-3.292] 4.223 1.917, 1.777 vy 2.281,2281?
Alall 7.942 [-4.740] 4.269 1.179
Val 12 7.737 [-5.280] 4.044 1.878 vy’ 0.738,0.718
Tyr 13 7.833 [-4.969] 4.397 2.822,2.622 5,6° 6.961, £, 6.608
Phe 14 8.007 [-6.345] 4.533 3.032,2.804 5,6° 7.251, eg” 7.251, C 7.203
Ala 15 8.201 [-7.516] 4.255 1.218
His 16 8.185 [-5.389] 4.626 3.121, 3.002 5 7.381, € 8.952
Leul?7 8.046 [-5.385] 4.342 1.458, 1.458? vy 1.597, §,86° 0.876, 0.850
Asp 18 8.463 [-5.208] 4.584 2.601, 2.457
Ile 19 7.891 [-8.452] 4.453 1.667 yl,yl® 1.444,0.978

¥2 0.564, & 0.745
™Melfle 20 n/a 4.776 1.929 yl.yl” 1.199,0.879

¥2 0.850, 6 0.779, NMe 2.971
Trp 21 8.296 [-10.401] 4.441 3.145, 3.042 5 7.088, €1 10.837, €3 7.511

¢2 7.349, C3 7.004, n2 7.088
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Table C.4: GSHLDIIW in DMSO, 5% water, 6% acetic acid, 0.5% TFA at 310K

Chemical Shift (ppm)

Residue  HN [AS/AT] a B.B° Others
Gly 14 exch. 3.2077, 3.207?
Ser 15 8.519 [-3.464] 4.429 3.650, 3.594
His 16 8.370 [-3.897] 4.638 3.187,3.027 5 7.339, ¢ 8.895
Leul? 8.030 [-3.690] 4.331 1.522, 1.470 v 1.608, §5,6° 0.888, 0.858
Asp 18 8.460 [-4.529] 4.638 2.754,2.538
lle 19 7.549 [-3.347] 4.230 1.707 vl,yl” 1.385, 1.011

¥2 0.755, & 0.778
Ile 20 7.829 [-4.240]) 4.233 1.738 ylyl” 1.414,1.057

¥2 0.809, & 0.798
Trp 21 8.097 [-6.198] 4.542 3.158, 3.071 5 7.144, €1 10.749, €3 7.537

€2 7.359, 3 7.002, n2 7.087

Table C.5: Ac-GSHLDIIW in DMSO, 2% water, 3 equivalents TFA at 315K

Chemical Shift (ppm)

Residue  HN [AS/AT] a B.B’ Others
Gly 14 8.144 [-3.780] 3.743, 3.743? Ac-Me 1.903
Ser 15 7.956 [-4.151] 4288 3.647, 3.600
His 16 8.193 [-3.398] 4.590 3.185, 3.032 S 7.326, € 8.877
Leu 17 7.896 [-3.086] 4.308 1.476, 1.476?  y 1.590, 5,5° 0.885, 0.851
Asp 18 8.356 [-4.197] 4619 2.746, 2.525
lle 19 7.493 [-3.019] 4219 1.700 ylyl” 1.379, 1.005

y2 0.747, & 0.756
fle 20 7.791 [-3.905] 4219 1.732 ylyl® 1405, 1.052

¥2 0.795, & 0.791
Trp 21 8.071 [-5.715] 4,529 3.156, 3.048 § 7.137, el 10.751, €3 7.529

€2 7.357, ¢3 7.000, n2 7.086
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Table C.6: GSHLDI™®IW in DMSO, 2% water, 3 equivalents TFA at 315K

Chemical Shift (ppm)
Residue HN [AS/AT] a BB’ Others
Gly 14 exch. 3.5927, 3.592?
Ser 15 8.476 [-3.923] 4.424 3.636, 3.605
His 16 8.320 [-4.405] 4.634 3.183, 3.022 & 7.334, ¢ 8.888
Leu 17 7.971 [-3.937] 4328 1.675, 1.675? y 1.609, 5,6° 0.897,0.867
Asp 18 8.368 [-4.692] 4.597 2.653,2.490
Ile 19 7.690 [-7.726] 4.499 1.678 yl,yl” 1.436,0.998
(NMelfle 20 n/a 4.752 1.951 ylLyl® 1.215,0.901
Trp 21 8.042 [-9.685] 4.485 3.154, 3.062 8 7.090, €l 10.734, £3 7.510

Table C.7: EAVYFAHLD in DMSO, 2% water, 3 equivalents TFA at 300K

Chemical Shift (ppm)
Residue  HN [AS/AT] a B.B’ Others
Glu 10 exch. 3.787 1.904, 1.889 Y,y 2.367,2.321
Alall 8.613 [-2.928] 4.380 1.167
Val 12 7.912 [-3.886] 4.092 1.851 Y.y’ 0.725,0.708
Tyr 13 7.871 [-3.458] 4428 2.801, 2.606 5,0° 6.956, €, 6.592
Phe 14 8.051 [-4.588] 4.542 3.002, 2.781 6,0° 7.225, e’ 7.225, £ 7.2257
Ala 15 8.219 [-5.516] 4.242 1.200
His 16 8.195 [-3.844] 4.603 3.101,2.989 & 7.343, € 8.900
Leu 17 8.056 [-4.039] 4.332 1.461,1.4617 v 1.601, 3,6° 0.871,0.834
Asp 18 8.452 [-4.873] 4.556 2.708,2.614
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Table C.8: Ac-EAVYFAHLD in DMSO, 2% water, 3 equivalents TFA at 305K

Chemical Shift (ppm)
Residue  HN [AS/AT] a B.B’ Others
Glu 10 8.088 [-3.148) 4.252 1.879, 1.754 Y.y 2.282,2.266, Ac-Me 1.883
Alall 8.137 [-3.355] 4274 1.185
Val 12 7.695 [-3.214] 4.043 1.871 vy~ 0.739,0.720
Tyr 13 7.803 [-3.292] 4,404 2.816, 2.632 5,8 6.961, £ 6.614
Phe 14 7.959 [-4.466) 4.532 3.037,2.813 5,6° 7.249, e’ 7.249?, £ 7.249?
Ala 15 8.139 [-5.453] 4.243 1.226
His 16 8.166 [-3.920] 4.622 3.133, 3.007 § 7.363, £ 8.909
Leu 1?7 8.025 [-3.905] 4,358 1.484,1.484? y 1.631, §,6° 0.891,0.857
Asp 18 8.425 [-4.689] 4.575 2.729, 2.621
Table C.9: EAVYFAHLDIIW in DMSO at 315K
Chemical Shift (ppm)

Residue  HN [A8/AT] o B.B’ Others
Glu 10 exch. 3.827 1.943,1.943? vy 2.369, 2.369
Alall 8.533 [-3.574] 4.442 1.203
Val 12 7.840 [-4.869] 4.136 1.895 v,y 0.762,0.762
Tyr 13 7.798 [-4.286] 4.463 2.840, 2.640 5,0° 6.964, £, 6.609
Phe 14 7.955 [-5.227] 4.581 3.038, 2.822 5,0° 7.229, €, 7.229?, § 7.2297?
Ala 15 8.101 [-6.656] 4.296 1.232
His 16 8.012 [-3.736] 4.550 3.034, 2959 S5 7.041, £ ?
Leu 17 7.920 [-5.284] 4.329 1.490 vy 1.561, §,6° 0.870, 0.832
Asp 18 8.572 [-6.761] 4.638 2.773,2.516
lle 19 7.441 [-2.991] 4.246 1.711 ylyl® 1.383,1.010

v2 0.764, § 0.764
Ile 20 7.748 [-5.122] 4247 1.738 ylyl" 1.424,1.070

y2 0.817, & 0.807
Trp 21 8.032 [-6.961] 4.541 3.155, 3.065 S 7.138, el 10.762, €3 7.534

£2 7.344. 3 6.991, n2 7.075



APPENDIX D: PEN-1 DISTANCE AND DIHEDRAL CONSTRAINTS

Final [Pen*'*Nle’]-ET-1 Distance Constraints, from Version 6.0
Pen-1 ET analog in 50% aqueous glycol at pH 3.5
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1# value is equilibrium value (d), 2™ value is negative correction (d-), 3™ value is positive

correction (d+)

CATEGORY 1:
remarks PEN1_CATI1.tbl

remarks NOE Classification: Key (category 1), version 6.0
remarks NOTE: All 3,15 gamma constraints in PEN_CAT1W.tbl

remarks NOTE: all beta/gamma H's wildcarded except 1,3,12,11,15
remarks created by GML 6-11-93

remarks edited 7-13-94

set echo=false end
set wrnlev=0 end

remarks Group 1: HNi/HNi+1

assign (resid 2 and name HN
assign (resid 3 and name HN
assign (resid 8 and name HN
assign (resid 10 and name HN
assign (resid 11 and name HN
assign (resid 14 and name HN
assign (resid 15 and name HN
assign (resid 16 and name HN

remarks Group 2: HNi/HNi+2
assign (resid 9 and name HN
assign (resid 10 and name HN
assign (resid 11 and name HN

remarks Group 4: HAIVHNi+1

assign (resid 1 and name HA
assign (resid 2 and name HA
assign (resid 8 and name HA

)(resid
)(resid
)(resid
)(resid
Xresid
)(resid
)(resid
)(resid

)(resid
)(resid
)(resid

)(resid
)(resid
)(resid

3 and name HN
4 and name HN
9 and name HN
11 and name HN
12 and name HN
15 and name HN
16 and name HN
17 and name HN

11 and name HN
12 and name HN
13 and name HN

2 and name HN
3 and name HN
9 and name HN

) 4.00 0.50 3.10
) 4.00 0.50 3.10
) 3.80 0.30 3.10
) 2.80 0.30 0.30
) 2.80 0.30 0.30
) 3.10 0.40 0.40
) 3.00 0.40 0.25
)3.50 0.30 3.10

)4.000.705.10
)4.000.705.10
) 4.000.705.10

)2.20 0.20 0.35
)2.200.20 0.35
) 2.30 0.20 0.45



assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

9 and name HA )(resid
10 and name HA )(resid
11 and name HA )(resid
12 and name HA )(resid
13 and name HA )(resid
14 and name HA )(resid
16 and name HA )(resid

remarks Group 5: HAi/HNi+2

assign (resid

8 and name HA )(resid

remarks Group 6: HA/HNi+3

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

9 and name HA )(resid
10 and name HA )(resid
12 and name HA )(resid
13 and name HA )(resid
14 and name HA )(resid
15 and name HA )(resid

remarks Group 9: HBi/HNi+1

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

1 and name HB* )(resid
2 and name HB* )(resid
8 and name HB* )(resid
9 and name HB* )(resid
10 and name HB* )(resid
11 and name HB* )(resid
12 and name HB )(resid
13 and name HB* )(resid
14 and name HB* )(resid
16 and name HB* )(resid

remarks Group 13: HAI/HBi+3

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

8 and name HA )(resid
9 and name HA )(resid
10 and name HA )(resid
11 and name HA )(resid
13 and name HA )(resid
15 and name HA )(resid
14 and name HA )(resid
16 and name HA )(resid

10 and name HN
11 and name HN
12 and name HN
13 and name HN

14 and name HN
15 and name HN
17 and name HN

10 and name HN

12 and name HN
13 and name HN
15 and name HN
16 and name HN
17 and name HN

18 and name HN

2 and name HN
3 and name HN
9 and name HN
10 and name HN
11 and name HN
12 and name HN
13 and name HN
14 and name HN
15 and name HN
17 and name HN

) 3.40 0.20 0.30
) 3.60 0.30 0.40
) 3.40 0.30 0.30
) 3.60 0.30 0.30
) 3.200.20 0.30
) 3.60 0.20 0.30
) 3.20 0.25 0.50

) 4.00 0.80 0.60

) 3.10 0.25 0.30
) 3.50 0.50 1.20
) 3.50 0.25 0.55
) 4.00 0.60 1.40
) 3.80 0.30 0.70
) 3.50 0.30 0.50

) 3.300.30 0.40
) 3.00 0.40 0.40
)4.000.303.10
) 3.00 0.40 0.40
) 2.800.30 0.60
) 3.00 0.30 0.40
)2.70 0.50 0.30
) 2.70 0.55 0.50
) 3.300.200.90
) 3.500.30 0.80

11 and name HB* ) 3.80 0.60 5.10

12 and name HB

) 2.55 0.40 0.35

13 and name HB* ) 3.15 0.45 0.40
14 and name HB* ) 3.50 0.50 1.40
16 and name HB* ) 3.40 0.55 0.50
18 and name HB* ) 3.30 0.30 0.50
17 and name HB* ) 3.50 0.50 0.80

19 and name HB

) 4.00 0.40 9.90
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remarks Group 15: HG/HNi
assign (resid 12 and name HG2* )(resid
assign (resid 12 and name HG1* )(resid

remarks Group 16: HGi/HNi+1

assign (resid 7 and name HG* )(resid
assign (resid 9 and name HG* )(resid
assign (resid 12 and name HG2* )(resid
assign (resid 12 and name HG1* )(resid

12 and name HN ) 2.60 0.40 0.40
12 and name HN ) 4.00 0.40 0.40

8 and name HN ) 4.00 0.40 9.90
10 and name HN ) 3.80 0.40 9.90
13 and name HN ) 3.800.30 0.70
13 and name HN ) 3.80 0.40 0.70

remarks Group 18: Miscellaneous Interresidue constraints

assign (resid 1 and name HB* )(resid 15and name HN )3.800.351.20
assign (resid 9 and name HA )(resid 12 and name HG1* ) 4.50 0.50 3.10
assign (resid 9 and name HA )(resid 12 and name HG2* ) 3.30 0.40 0.40
assign (resid 10 and name HA )(resid 13 and name HD* ) 3.30 0.30 0.60

remarks PEN1_CAT1W.tbl

remarks Model 1: 3GU=1 3GD=2 15GU=1 15GD=2

remarks created by GML 6-11-93
remarks edited 7-13-94

remarks Group 15: HGi/HNi

assign (resid 3 and name HG1* )(resid
assign (resid 3 and name HG2* )(resid
assign (resid 15 and name HG* )(resid

remarks Group 16: HGi/HNi+1
assign (resid 3 and name HG** )(resid
assign (resid 15 and name HG** )(resid

remarks Group 17: Pen Methyls

assign (resid 1 and name HB* )(resid
assign (resid 1 and name HB* )(resid
assign (resid 3 and name HG** )(resid
assign (resid 3 and name HG2* )(resid
assign (resid 12 and name HA  )(resid
assign (resid 12 and name HA  )(resid

3 and name HN ) 2.60 0.40 0.40
3 and name HN ) 4.200.20 0.40
15 and name HN ) 3.00 0.40 0.60

4 and name HN ) 3.40 0.60 0.50
16 and name HN ) 3.30 0.30 0.60

15 and name HG2* ) 3.50 0.30 1.20
15 and name HG1* ) 3.70 0.20 1.20

5and name HN ) 2.900.60 0.80
11 and name HB* ) 3.30 0.40 0.80
15 and name HG2* ) 3.40 0.80 0.80
15 and name HG1* ) 3.20 0.50 0.50
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CATEGORY 2:
remarks
remarks
remarks
remarks
remarks
remarks

PEN1_CAT2.tbl
NOE Classification: (category 2), version 6.0
NOTE: All 3,15 gamma constraints in PEN_CAT2X.tbl

NOTE: all beta/gamma H's wildcarded except 1,3,12,11,15
created by GML 6-11-93
edited 7-13-94

remarks Group 1: HNi/HNi+l

assign (resid
assign (resid
assign (resid
assign (resid

4 and name HN
5 and name HN
6 and name HN
9 and name HN

)resid
)(resid
)(resid
)resid

5 and name HN
6 and name HN
7 and name HN

10 and name HN

) 3.00 0.60 0.40
) 4.00 1.00 3.10
) 3.00 0.50 0.50
) 3.00 0.30 0.40

12 and name HN
13 and name HN

13 and name HN
14 and name HN

assign (resid
assign (resid

)(resid
Yresid

) 3.00 0.40 0.70
) 2.80 0.20 0.40

remarks Group 2: HNi/HNi+2
assign (resid 4 and name HN
assign (resid 8 and name HN
assign (resid 12 and name HN
assign (resid 13 and name HN
assign (resid 14 and name HN
assign (resid 15 and name HN
assign (resid 16 and name HN
assign (resid 17 and name HN
assign (resid 18 and name HN

6 and name HN
10 and name HN
14 and name HN
15 and name HN
16 and name HN
17 and name HN
18 and name HN
19 and name HN
20 and name HN

)resid
Yresid
)resid
)(resid
)resid
)(resid
)(resid
)(resid
)(resid

)4.000.70 5.10
)4.000405.10
)4.000.405.10
)4.000.405.10
)4.000.405.10
)4.000.405.10
)4.000.405.10
)4.000.705.10
)4.000.705.10

remarks Group 3: HAI/HNi

assign (resid 10 and name HA
assign (resid 11 and name HA
assign (resid 18 and name HA

10 and name HN
11 and name HN
18 and name HN

)(resid
)(resid
)(resid

)2.300.25 0.25
)2.800.300.25
) 2.300.25 0.25

remarks Group 4: HAVHNi+1
assign (resid 15 and name HA
assign (resid 19 and name HA

16 and name HN
20 and name HN

)(resid
)(resid

) 3.200.400.20
) 2.350.200.30

remarks Group 5: HAi/HNi+2
assign (resid 6 and name HA
assign (resid 9 and name HA
assign (resid 12 and name HA
assign (resid 13 and name HA

8 and name HN
11 and name HN
14 and name HN
15 and name HN

)(resid
)(resid
Y(resid
Y(resid

)3.300.40 0.20
)4.000.805.10
)4.000.405.10
)4.000.40 1.40



assign (resid
assign (resid

14 and name HA )(resid
15 and name HA )(resid

remarks Group 6: HAV/HNi+3

assign (resid
assign (resid

8 and name HA )(resid
11 and name HA )(resid

remarks Group 8: HBi/HNi

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

5 and name HB* )(resid
7 and name HB* )(resid
8 and name HB* )(resid
11 and name HB* )(resid
12 and name HB )(resid
13 and name HB* )(resid
14 and name HB* )(resid

remarks Group 10: HB/HNi+2

assign (resid

12 and name HB )(resid

remarks Group 11: HAi/HBI

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

5 and name HA )(resid
7 and name HA )(resid
8 and name HA )(resid
11 and name HA )(resid
12 and name HA )(resid

remarks Group 14: HAI/HGi

assign (resid
assign (resid

12 and name HA ) resid
12 and name HA )(resid

remarks Group 16: HGi/HNi+1
assign (resid 10 and name HG* )(resid 11 and name HN ) 3.800.70 0.50

remarks Group 20: Disulfides

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

1 and name CB )(resid
1 and name CB )(resid
1 and name SG )(resid
1 and name SG )(resid
3 and name CB )(resid
3 and name CB )(resid
3 and name SG )(resid

16 and name HN )4.00 0.40 5.10
17 and name HN ) 4.00 0.40 1.40

11 and name HN ) 4.00 0.60 9.90
14 and name HN ) 4.00 0.70 5.10

5 and name HN ) 2.70 0.20 0.25
7 and name HN )2.70 0.20 0.25
8 and name HN )2.700.20 0.35
11 and name HN )2.70 0.45 0.40
12 and name HN ) 2.50 0.20 0.20
13 and name HN ) 2.55 0.45 0.40
14 and name HN ) 2.60 0.45 0.50

14 and name HN )4.000.40 5.10

5 and name HB* ) 2.50 0.20 0.25
7 and name HB* ) 2.50 0.20 0.25
8 and name HB* ) 2.50 0.20 0.25
11 and name HB* ) 2.50 0.20 0.25
12 and name HB ) 3.000.20 0.15

12 and name HG2* ) 2.80 0.30 0.40
12 and name HG1* ) 3.10 0.40 0.50

15 and name CB ) 3.94 0.50 0.40
15 and name SG ) 3.050.150.32
15 and name CB ) 3.050.150.32
15 and name SG )2.02 0.06 0.05
11 and name CB ) 3.94 0.50 0.40
11 and name SG ) 3.050.150.32
11 and name CB )3.050.150.32

252



253

assign (resid 3 and name SG )(resid 11 and name SG ) 2.02 0.06 0.05

remarks PEN1_CAT2A.tbl

remarks Model 1,2: 15GU=2 15GD=1
remarks Model *: 1BU=* 1BD=*
remarks created by GML 8-19-93
remarks edited 7-13-94

remarks Group 9: HBi/HNi+1
assign (resid 1 and name HB* )(resid 2 and name HN ) 3.300.30 0.40

remarks Group 10: HBVHNi+2
assign (resid 1 and name HB* )(resid 3 and name HN )4.000.605.10

remarks Group 17: Pen Methyls
assign (resid 1 and name HB* )(resid 15 and name HG2* ) 3.40 0.40 0.50
assign (resid 1 and name HB* )(resid 15 and name HG2* ) 3.50 0.10 1.40

remarks Group 18: Miscellaneous Interresidue contraints
assign (resid 1 and name HB* )(resid 15 and name HN ) 3.80 0.60 1.40

remarks PEN1_CAT2B.tbl

remarks Model 1,3: 3GU=1 3GD=2
remarks Model D: 11BU=2 11BD=1
remarks created by GML 8-19-93
remarks edited 7-13-94

remarks Group 8: HBi/HNi
assign (resid 11 and name HB2 )(resid 11 and name HN )2.750.45 0.40
assign (resid 11 and name HB1 )(resid 11 and name HN )2.650.35 0.40

remarks Group 9: HBi/HNi+1
assign (resid 11 and name HB2 )(resid 12 and name HN ) 3.200.30 0.40
assign (resid 11 and name HB1 )(resid 12 and name HN ) 3.000.30 0.30

remarks Group 11: HAi/HBI
assign (resid 11 and name HA )(resid 11 and name HB2 )2.50 0.20 0.25
assign (resid 11 and name HA )(resid 11 and name HB1 ) 3.000.20 0.15



254

remarks Gioup 13: HAi/HBi+3
assign (resid 8 and name HA )(resid 11 and name HB1 ) 3.800.60 5.10
assign (resid 8 and name HA )(resid 11 and name HB2 ) 3.80 0.40 5.10

remarks Group 17: Pen Methyls
assign (resid 3 and name HG2* )(resid 11 and name HB2 ) 3.50 0.20 1.20
assign (resid 3 and name HG2* )(resid 11 and name HB1 ) 3.20 0.40 0.70

remarks PEN1_CAT2X.tbl

remarks Model 1: 3GU=1 3GD=2 15GU=1 15GD=2
remarks created by GML 6-11-93

remarks edited 7-13-94

remarks Group 14: HAiI/HGi

assign (resid 3 and name HA )(resid 3 and name HG2*) 2.80 0.30 0.40
assign (resid 3 and name HA )(resid 3 and name HG1*) 3.80 0.30 0.40
assign (resid 15 and name HA )(resid 15 and name HG2*) 3.40 0.40 0.70
assign (resid 15 and name HA )(resid 15 and name HG1* ) 3.20 0.40 0.70

remarks Group 15: HGi/HNi
assign (resid 15 and name HG2* )(resid 15 and name HN ) 2.80 0.40 0.40
assign (resid 15 and name HG1* )(resid 15 and name HN ) 3.25 0.20 0.55

remarks Group 16: HGi/HNi+1

assign (resid 3 and name HG2* )(resid 4 and name HN ) 3.40 0.60 0.50
assign (resid 3 and name HG1* )(resid 4 and name HN ) 3.80 0.40 0.50
assign (resid 15 and name HG1* )(resid 16 and name HN ) 3.50 0.30 0.70
assign (resid 15 and name HG2* )(resid 16 and name HN ) 3.30 0.30 0.60

remarks Group 17: Pen methyls

assign (resid 2 and name HA )(resid 15 and name HG** ) 3.70 0.50 0.80
assign (resid 3 and name HG1* )(resid 5 and name HN ) 3.00 0.60 0.40
assign (resid 3 and name HG2* )(resid 5 and name HN ) 4.40 0.60 9.10
assign (resid 3 and name HG1* )(resid 11 and name HN ) 4.40 0.30 9.10
assign (resid 3 and name HG1* )(resid 11 and name HB* ) 4.200.305.10

CATEGORY 3:
remarks PEN1_CAT3.tbl
remarks NOE Classification: category 3, version 6.0



remarks
remarks
remarks
remarks

remarks Group 1: HNi/HNi+1

assign (resid

7 and name HN

assign (resid 18 and name HN
assign (resid 19 and name HN
assign (resid 20 and name HN

remarks Group 2: HNi/HNi+2

assign (resid

4 and name HN

assign (resid 17 and name HN
assign (resid 18 and name HN

remarks Group 3: HAi/HNi

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

2 and name HA
4 and name HA
6 and name HA
7 and name HA
8 and name HA
9 and name HA

17 and name HA

remarks Group 4: HAi/HNi+1

assign (resid 17 and name HA
assign (resid 18 and name HA
assign (resid 20 and name HA

remarks Group 5: HAI/HNi+2

assign (resid
assign (resid

4 and name HA
5 and name HA

remarks Group 7: HAI/HNi4

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

9 and name HA

10 and name HA
11 and name HA
12 and name HA
13 and name HA
14 and name HA

)(resid
)(resid
)(resid
)(resid

)(resid
)(resid
)(resid

)(resid
)(resid
)(resid
)(resid
)(resid
)(resid
)(resid

Y(resid
)(resid
)(resid

)(resid
)(resid

)(resid
)(resid
)(resid
Nresid
)(resid
)resid

8 and name HN
19 and name HN
20 and name HN
21 and name HN

6 and name HN
19 and name HN
20 and name HN

2 and name HN
4 and name HN
6 and name HN
7 and name HN
8 and name HN
9 and name HN
17 and name HN

18 and name HN
19 and name HN
21 and name HN

6 and name HN
7 and name HN

13 and name HN
14 and name HN
15 and name HN
16 and name HN
17 and name HN
18 and name HN

NOTE: All 3,15 gamma constraints in PEN_CAT3Y.tbl

NOTE: all beta/gamma H's wildcarded except 1,3,12,11,15
created by GML 6-11-93
edited 7-13-94

)3.100.70 3.10
) 3.00 0.40 0.40
) 3.350.40 0.90
) 3.100.30 0.40

) 4.00 0.70 5.10
) 4.00 0.70 5.10
) 4.00 0.70 5.10

) 2.80 0.30 0.25
) 2.70 0.35 0.20
) 2.80 0.30 0.25
) 2.40 0.30 0.20
) 2.70 0.35 0.20
) 2.60 0.25 0.25
) 2.40 0.30 0.20

)2.35 0.40 0.30
) 2.40 0.30 0.30
)2.25 0.20 0.35

)4.000.305.10
) 3.70 0.60 0.90

) 4.00 0.60 9.90
) 4.00 0.70 9.90
) 4.00 0.60 9.90
) 4.00 0.70 9.90
) 4.00 0.70 9.90
) 4.00 0.60 9.90

255
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remarks Group 8: HBi/HNi

assign (resid 2 and name HB* )(resid
assign (resid 4 and name HB* )(resid
assign (resid 6 and name HB* )(resid
assign (resid 9 and name HB* )(resid
assign (resid 10 and name HB* )(resid
assign (resid 16 and name HB* )(resid
assign (resid 17 and name HB* )(resid
assign (resid 18 and name HB* )(resid
assign (resid 19 and name HB )(resid
assign (resid 20 and name HB )(resid
assign (resid 21 and name HB* )(resid

2 and name HN
4 and name HN
6 and name HN
9 and name HN
10 and name HN
16 and name HN
17 and name HN
18 and name HN
19 and name HN
20 and name HN
21 and name HN

) 3.45 0.45 0.60
) 3.35 0.45 0.50
) 3.50 0.70 0.80
) 3.15 0.45 0.50
) 2.60 0.50 0.50
) 2.55 0.25 0.70
) 2.45 0.45 0.35
) 2.90 0.40 0.40
) 2.60 0.40 0.40
) 2.60 0.40 0.40
) 2.65 0.20 0.25

remarks Group 9: HBi/HNi+1
assign (resid 6 and name HB* )resid
assign (resid 7 and name HB* )(resid

7 and name HN ) 3.80 0.40 0.60
8 and name HN ) 3.30 0.60 1.00

remarks Group 10: HBi/HNi+2

assign (resid 5 and name HB* )(resid
assign (resid 8 and name HA )(resid
assign (resid 9 and name HA )(resid
assign (resid 10 and name HA )(resid
assign (resid 11 and name HA )(resid
assign (resid 14 and name HA )(resid

7 and name HN ) 3.800.505.10
10 and name HB* ) 4.00 0.40 9.90
11 and name HB* ) 4.00 0.40 9.90
12 and name HB ) 4.00 0.80 5.00
13 and name HB* ) 4.00 0.40 9.90
16 and name HB* ) 4.00 0.40 9.90

remarks Group 11: HAi/HBi

assign (resid 14 and name HA )(resid 14 and name HB* ) 2.50 0.20 0.25

remarks Group 13: HAI/HBi+3

assign (resid 1 and name HA )(resid 4 and name HB* ) 4.00 0.40 9.90

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

2 and name HA
3 and name HA
4 and name HA
5 and name HA
6 and name HA
7 and name HA
17 and name HA
18 and name HA

)(resid
)(resid
)(resid
)(resid
)(resid
)(resid
)(resid
)(resid

remarks Group 14: HAI/HGi

5 and name HB*
6 and name HB*
7 and name HB*
8 and name HB*
9 and name HB*

) 4.00 0.40 9.90
) 4.00 0.40 9.90
) 4.00 0.70 9.90
) 4.00 0.40 9.90
) 4.00 0.40 9.90

10 and name HB* ) 3.80 0.60 5.10

20 and name HB

) 3.90 0.80 9.90

21 and name HB* ) 4.00 0.40 9.90



assign (resid

19 and name HA )(resid 19 and name HG2* ) 2.80 0.30 0.50

remarks Group 15: HGi/HNi

assign (resid
assign (resid
assign (resid

7 and name HG* )(resid 7 and name HN ) 3.00 0.40 0.40
10 and name HG* )(resid 10 and name HN ) 3.300.40 0.40
19 and name HG2* )(resid 19 and name HN ) 3.30 0.60 0.20

remarks Group 16: HGi/HNi+1

assign (resid

19 and name HG2* )(resid 20 and name HN ) 3.30 0.50 0.40

remarks Group 18: Miscellaneous Interresidue contraints

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign {resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

10 and name HA )(resid 13 and name HE* )4.500.70 3.10
11 and name HA )(resid 14 and name HD* ) 3.40 0.50 1.20
12 and name HG2* )(resid 13 and name HD* ) 4.50 0.40 9.90
12 and name HG1* )(resid 13 and name HD* ) 4.50 0.60 9.90
12 and name HG2* )(resid 13 and name HE* )4.00 0.35 0.80
12 and name HG1* )(resid 13 and name HE* )4.00 0.35 0.80
12 and name HG2* )(resid 16 and name HD2 ) 4.20 0.40 9.00
12 and name HG1* )(resid 16 and name HD2 ) 3.70 0.80 1.00
12 and name HG2* )(resid 16 and name HE1 ) 4.20 0.40 9.90
12 and name HG1* )(resid 16 and name HE1 ) 4.20 0.60 9.90
13 and name HE* )(resid 17 and name HD* ) 3.40 0.50 1.00
14 and name HA )(resid 17 and name HD* ) 4.00 0.80 1.40
17 and name HD* )(resid 18 and name HB* ) 4.00 0.30 9.00
18 and name HB* )(resid 21 and name HN ) 4.00 0.509.10

remarks Group 19: Miscellaneous Intraresidue contraints

assign (resid
assign (resid

13 and name HA )(resid 13 and name HD* ) 3.00 0.35 0.70
14 and name HA )(resid 14 and name HD* ) 3.20 0.40 0.80

remarks PEN1_CAT3Y.tbl

remarks Model 1: 3GU=1 3GD=2 15GU=1 15GD=2
remarks created by GML 6-11-93

remarks edited 7-13-94

remarks Group 17: Pen methyls

assign (resid
assign (resid
assign (resid
assign (resid

2 and name HN )(resid 15 and name HG2* ) 3.80 0.60 0.80
2and name HN )(resid 15 and name HG1* ) 4.50 0.40 4.50
3 and name HG2* )(resid 6 and name HN ) 4.00 0.70 5.00
3 and name HG1* )(resid 6 and name HN ) 4.00 0.50 9.90
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assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

CATEGORY 4:
remarks
remarks
remarks
remarks
remarks
remarks

3 and name HG2* )(resid
3 and name HG1* )(resid
3 and name HG1* )(resid
3 and name HG2* )(resid
3 and name HG2* )(resid
3 and name HG1* )(resid
3 and name HG1* )(resid
14 and name HD* )(resid
14 and name HD* )(resid
15 and name HG2* )(resid

PEN1_CAT4.tbl
NOE Classification: category 4, version 6.0
NOTE: All 3,15 gamma constraints in PEN_CAT4Z.tbl

NOTE: all beta/gamma H's wildcarded except 1,3,12,11,15
created by GML 6-11-93
edited 7-13-94

remarks Group 1: HNi/HNi+1
assign (resid 17 and name HN )(resid

remarks Group 2: HNi/HNi+2

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

2 and name HN
3 and name HN
6 and name HN
7 and name HN
19 and name HN

remarks Group 3: HA/HNi

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

12 and name HA
13 and name HA
14 and name HA
15 and name HA
16 and name HA
19 and name HA
21 and name HA

remarks Group 4: HAVHNi+1
assign (resid 5 and name HA )(resid

)(resid
)resid
Yresid
Nresid
)resid

Yresid
)resid
)(resid
)resid
)(resid
)resid
)(resid

8 and name HB* ) 3.40 0.40 1.40

8 and name HB* ) 4.000.40 3.10
12 and name HA )4.200.60 1.20
12 and name HG1* ) 3.50 0.30 3.20
12 and name HG2* ) 3.30 0.30 1.00
12 and name HG1* ) 3.40 0.30 3.20
12 and name HG2* ) 3.30 0.60 1.50
15 and name HG1* ) 3.80 0.60 0.40
15 and name HG2* ) 4.00 0.30 3.10
16 and name HD2 ) 3.600.30 1.00

18 and name HN

4 and name HN
5 and name HN
8 and name HN
9 and name HN
21 and name HN

12 and name HN
13 and name HN
14 and name HN
15 and name HN
16 and name HN
19 and name HN
21 and name HN

)3.100.40 0.55

) 4.00 0.40 5.10
) 4.00 0.40 5.10
) 4.00 0.40 5.10
) 4.00 0.40 5.10
) 4.00 0.40 5.10

) 2.50 0.35 0.25
) 2.50 0.35 0.25
) 2.60 0.35 0.25
) 2.80 0.20 0.25
) 2.80 0.20 0.25
) 2.45 0.30 0.25
) 2.80 0.30 0.25

6 and name HN ) 2.65 0.30 0.40
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assign (resid 6 and name HA )(resid
assign (resid 7 and name HA )(resid

remarks Group 5: HAVHNi+2
1 and name HA )(resid
assign (resid 2 and name HA )(resid
assign (resid 7 and name HA )(resid

assign (resid

remarks Group 6: HA/HNi+3

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

4 and name HA
5 and name HA
6 and name HA
7 and name HA
16 and name HA
17 and name HA
18 and name HA

remarks Group 7: HAi/Ni+4

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

1 and name HA
2 and name HA
4 and name HA
5 and name HA
6 and name HA
7 and name HA
15 and name HA
16 and name HA
17 and name HA

remarks Group 9: HBi/HNi+1
4 and name HB* )(resid
5 and name HB* )(resid
17 and name HB* )(resid
18 and name HB* )(resid

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

remarks Group 10: HBi/HNi+2

assign (resid
assign (resid
assign (resid
assign (resid

19 and name HB
20 and name HB

)resid
)(resid
Y(resid
)(resid
Y(resid
)(resid
)(resid

)(resid
)(resid
)(resid
)(resid
)(resid
)(resid
)(resid
)(resid
)(resid

)(resid
)resid

2 and name HB* )(resid
4 and name HB* )(resid
6 and name HB* )(resid
7 and name HB* )(resid

7 and name HN
8 and name HN

3 and name HN
4 and name HN
9 and name HN

7 and name HN
8 and name HN
9 and name HN
10 and name HN
19 and name HN
20 and name HN
21 and name HN

5 and name HN
6 and name HN
8 and name HN
9 and name HN
10 and name HN
11 and name HN
19 and name HN
20 and name HN
21 and name HN

5 and name HN
6 and name HN
18 and name HN
19 and name HN
20 and name HN
21 and name HN

4 and name HN
6 and name HN
8 and name HN
9 and name HN

)2.650.30 0.60
) 3.20 0.30 0.80

) 4.000.505.10
) 4.00 0.505.10
)4.200.504.10

) 4.00 0.60 5.10
) 4.00 0.60 5.10
) 4.00 0.60 9.90
) 4.00 1.00 9.90
) 4.00 0.40 9.90
) 3.50 0.40 5.10
) 4.00 0.40 9.90

) 4.00 0.60 9.90
) 4.00 0.60 9.90
) 4.00 0.60 9.90
) 4.00 0.80 9.90
) 4.00 0.60 9.90
) 4.00 0.80 9.90
) 4.00 0.60 9.90
) 4.00 0.60 9.90
) 4.00 0.80 9.90

) 3.50 0.80 0.65
) 4.00 0.80 9.90
) 3.60 0.80 0.50
) 3.50 0.30 0.50
) 3.30 0.60 0.50
) 3.30 0.60 0.50

) 4.00 0.60 5.10
) 4.00 0.60 5.10
) 4.000.705.10
)4.000.70 5.10
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assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

8 and name HB* )(resid
9 and name HB* )(resid
10 and name HB* )(resid
11 and name HB* )(resid
13 and name HB* )(resid
14 and name HB* )(resid
16 and name HB* )(resid
17 and name HB* )(resid

remarks Group 12: HAVHBI+2

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

2 and name HA
3 and name HA
4 and name HA
5 and name HA
6 and name HA
7 and name HA
15 and name HA
16 and name HA
17 and name HA
18 and name HA
19 and name HA

)resid
Nresid
)(resid
Xresid
)(resid
Nresid
)resid
)(resid
)resid
)(resid
)resid

remarks Group 15: HGi/HNi

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

6 and name HG )(resid
9 and name HG* )(resid
17 and name HG )(resid
19 and name HG1* )(resid
20 and name HG1* )(resid

remarks Group 16: HGi/HNi+1

assign (resid
assign (resid
assign (resid
assign (resid

17 and name HG )(resid
19 and name HG1* )(resid
20 and name HG1* )(resid
20 and name HG2* )(resid

10 and name HN
11 and name HN
12 and name HN
13 and name HN
15 and name HN
16 and name HN
18 and name HN
19 and name HN

) 4.00 0.60 5.10
) 4.00 0.60 5.10
) 4.00 0.80 5.10
) 4.00 0.60 5.10
) 4.00 0.60 5.10
) 4.00 0.60 5.10
) 4.00 0.60 5.10
) 3.60 0.40 5.10

4 and name HB* ) 4.00 0.40 9.90
5 and name HB* ) 4.00 0.40 9.90
6 and name HB* ) 4.00 0.50 9.90
7 and name HB* ) 4.00 0.40 9.90
8 and name HB* ) 4.00 0.40 9.90
9 and name HB* ) 4.00 0.70 9.00
17 and name HB* ) 4.00 0.40 9.90
18 and name HB* ) 4.00 0.40 9.90
19 and name HB ) 4.00 0.50 9.90
20 and name HB ) 4.00 0.40 9.90
21 and name HB* ) 4.00 0.40 9.90

6 and name HN
9 and name HN

)3.100.30 0.40
)3.300.303.10

20 and name HN

20 and name HN
21 and name HN
21 and name HN

17 and name HN
19 and name HN

) 3.50 0.50 0.60
) 3.30 0.30 0.50
) 3.30 0.30 0.50

18 and name HN ) 3.80 0.40 1.80
) 3.80 0.40 0.80
) 4.00 0.60 9.90

)4.000.80 1.00

remarks Group 18: Miscellaneous Interresidue contraints

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

4 and name HB* )(resid
4 and name HB* )(resid
4 and name HB* )(resid
5and name HN )(resid
5and name HA )(resid

7 and name HN ) 4.00 0.80 5.10
7 and name HB* ) 4.00 0.509.00
7 and name HG* ) 4.00 0.509.00
7 and name HG* )4.00 0.70 9.00
6 and name HG ) 4.00 0.60 9.00
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assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

remarks
remarks
remarks
remarks

7 and name HG*
6 and name HA
6 and name HA
8 and name HA
8 and name HB*
8 and name HB*
9 and name HA
9 and name HB*
9 and name HB*
9 and name HG*
9 and name HD*
9 and name HE*
9 and name HE*
10 and name HG*
10 and name HG*
12 and name HB
13 and name HD*
13 and name HD*
13 and name HD*
14 and name HD*
16 and name HA
16 and name HA
16 and name HD2
17 and name HD*
18 and name HN
18 and name HN

)(resid
)resid
)(resid
)(resid
)(resid
)resid
)(resid
)(resid
)(resid
)(resid
)resid
Yresid
) resid
)(resid
)resid
)resid
Xresid
)resid
Xresid
)(resid
)(resid
)(resid
)(resid
Xresid
)(resid
)(resid

19 and name HG2* )(resid

19 and name HD*

PEN1_CAT4Z.tbl
Model 1: 3GU=1 3GD=2 15GU=1 15GD=2
created by GML 6-11-93

edited 7-13-94

remarks Group 17: Pen methyls

assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

1 and name HA
1 and name HA
2 and name HN
2 and name HA

)(resid

Y(resid
)resid
)resid
)resid

3 and name HG1* )(resid

f and name HB* ) 4.00 0.309.00
12 and name HG1* ) 4.00 1.20 9.90
12 and name HG2* ) 3.70 0.50 1.00

9 and name HB* ) 4.00 0.60 9.00
10 and name HB* ) 4.00 0.509.00
11 and name HN ) 4.00 0.30 9.00
18 and name HB* ) 4.00 0.30 9.00
12and name HN ) 4.500.50 5.10
13 and name HB* ) 4.00 0.409.00
13 and name HD* ) 4.00 0.60 9.00
13 and name HD* ) 4.00 0.60 9.00
12and name HB ) 4.00 0.30 9.90
12 and name HG* ) 4.000.309.90
14 and name HD* ) 4.00 0.70 0.90
14 and name HE* ) 3.90 0.50 1.00
14 and name HD* ) 4.00 0.60 0.50
14 and name HN ) 3.80 0.50 0.80
14 and name HA ) 3.800.40 0.85
17 and name HD* ) 4.000.50 1.20
16 and name HE1 ) 4.00 0.50 9.00
19 and name HG1* ) 4.00 0.50 9.00
19 and name HD* ) 4.00 0.50 9.00
17 and name HD* ) 3.800.50 1.20
18 and name HN ) 4.00 0.60 5.10
19 and name HG1* ) 4.00 0.45 9.00
19 and name HG2* ) 4.00 0.30 9.00
21 and name HN ) 3.50 0.50 1.50
20 and name HN ) 4.00 0.50 5.10

3 and name HG2* ) 4.00 0.50 9.00
3 and name HG1* ) 4.00 0.50 9.00
3 and name HG1* ) 4.00 0.20 5.10
3 and name HG1* ) 4.00 0.50 9.00
12 and name HN ) 4.00 0.20 1.40
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assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid
assign (resid

3 and name HG2* )(resid

3 and name HG2* )(resid

3 and name HG** )(resid
12 and name HN  )(resid
12 and name HN  )(resid
12 and name HB  )(resid
12 and name HG** )(resid
12 and name HG1* )(resid
12 and name HG1* )(resid
12 and name HG2* )(resid
12 and name HG2* )(resid
15 and name HG1* )(resid
15 and name HG** )(resid
15 and name HG2* )(resid

set echo=true end
set wrnlev=5 end

Dihedral Constraints:
remarks: dih_v10
remarks: Dihedral Constraints Table for Pen3,15 Nle7 Et-1
remarks: edited by GML 7-17-93
remarks: Version 1.0

restraints dihedral

assign (resid 1 and namen)
( resid 1 and name ca)
(resid 1 and name ¢ )
(resid 2 and name n ) 80.0 150.0 40.0 2

assign (resid 1 and name ¢ )
(resid 2 and name n )
( resid 2 and name ca)
( resid 2 and name ¢ ) 20.0 -140.0 60.0 2

assign ( resid 2 and name n )
( resid 2 and name ca)
(resid 2 and name ¢ )
( resid 3 and name n ) 40.0 150.0 40.0 2

12 and name HN )3.600.50 1.10
12 and name HA ) 4.00 0.80 5.10
12 and name HB ) 4.40 0.40 9.00
15 and name HG2* ) 5.00 0.50 9.10
15 and name HG1* ) 4.50 0.40 9.10
15 and name HG1* ) 4.00 0.40 9.0C
15 and name HG** ) 3.70 0.40 1.20
15 and name HG1* ) 3.50 0.40 5.50
15 and name HG2* ) 3.70 0.40 1.20
15 and name HG1* ) 4.00 0.50 5.50
15 and name HG2* ) 4.00 0.80 5.50
16 and name HD2 )4.000.20 3.10
16 and name HE1 )4.00 0.40 5.10
18 and name HN ) 4.00 0.459.10

{phi 2}

{psi 2}
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assign ( resid 2 and name ¢ )
(resid 3 and name n )
( resid 3 and name ca)
(resid 3 and name ¢ ) 30.0 -160.0 40.0 2

assign ( resid 4 and name c )
(resid 5 and name n )
(resid 5 and name ca)
(resid 5 and name ¢ ) 40.0 -160.0 40.0 2

assign ( resid 5 and name n )
(resid 5 and name ca)
(resid 5 and name ¢ )
( resid 6 and name n ) 50.0 150.0 40.0 2

assign ( resid 5 and name c )
(resid 6 and name n )
( resid 6 and name ca)
( resid 6 and name ¢ ) 100.0 -20.0 80.0 2

assign ( resid 6 and name n )
( resid 6 and name ca)
(resid 6 and name ¢ )
(resid 7 and name n ) 100.0 20.0 60.0 2

assign ( resid 6 and name c )
(resid 7 and name n )
( resid 7 and name ca)
( resid 7 and name ¢ ) 40.0 -20.0 80.0 2

assign ( resid 7 and name n )
( resid 7 and name ca)
(resid 7 and name ¢ )
( resid 8 and name n ) 30.0 20.0 60.0 2

assign ( resid 8 and name n )
( resid 8 and name ca)
(resid 8 and name ¢ )
( resid 9 and name n ) 80.0 150.0 60.0 2

assign ( resid 8 and name c )

{phi 3}

{phi 4}

{psi 5}

{phi 6}

{psi 6}

{phi 7}

{psi 7}

{psi 8}

{phi 9}

263



(resid 9 and name n )
( resid 9 and name ca)
( resid 9 and name ¢ ) 150.0 -20.0 80.0 2

assign ( resid 9 and name n )
( resid 9 and name ca)
(resid 9 and name ¢ )
( resid 10 and name n) 150.0 10.0 60.0 2

assign ( resid 9 and name c )
(resid 10 and name n )
( resid 10 and name ca)
( resid 10 and name ¢ ) 60.0 -20.0 80.0 2

assign ( resid 10 and name n )
( resid 10 and name ca)
(resid 10 and name ¢ )
(resid 11 and name n ) 100.0 20.0 60.0 2

assign ( resid 10 and name ¢ )
(resid 11 and name n )
(resid 11 and name ca)
(resid 11 and name c ) 150.0 -20.0 80.0 2

assign ( resid 11 and name n )
(resid 11 and name ca)
(resid 11 and name ¢ )
(resid 12 and name n ) 100.0 20.0 60.0 2

assign ( resid 11 and name ¢ )
(resid 12 and name n )
( resid 12 and name ca)
(resid 12 and name ¢ ) 150.0 -10.0 60.0 2

assign ( resid 12 and name n )
( resid 12 and name ca)
(resid 12 and name ¢ )
(resid 13 and name n ) 150.0 10.0 50.0 2

assign ( resid 12 and name c )
(resid 13 and name n )

{psi 9}

{phi 10}

{psi 10}

{phi 11}

{psi 11}

{phi 12}

{psi 12}

{phi 13}

264



( resid 13 and name ca)
(resid 13 and name c ) 150.0 -20.0 80.0 2

assign ( resid 13 and name n )
(resid 13 and name ca)
(resid 13 and name c )
(resid 14 and name n ) 80.0 20.0 60.0 2

assign ( resid 13 and name ¢ )
(resid 14 and name n )
(resid 14 and name ca)
( resid 14 and name ¢ ) 100.0 -20.0 80.0 2

assign ( resid 14 and name n)
(resid 14 and name ca)
(resid 14 and name ¢ )
(resid 15 and name n ) 150.0 20.0 60.0 2

assign ( resid 15 and name n )
(resid 15 and name ca)
(resid 15 and name c )
(resid 16 and name n ) 60.0 20.0 60.0 2

assign ( resid 15 and name c )
(resid 16 and name n )
(resid 16 and name ca)
( resid 16 and name c ) 40.0 -20.0 80.0 2

assign ( resid 16 and name n )
( resid 16 and name ca)
(resid 16 and name ¢ )
(resid 17 and name n ) 40.0 0.0 60.0 2

assign ( resid 16 and name ¢ )
(resid 17 and name n )
( resid 17 and name ca)
(resid 17 and name ¢ ) 40.0 0.0 80.0 2

assign ( resid 17 and name n )
( resid 17 and name ca)
(resid 17 and name ¢ )

{psi 13}

{phi 14}

{psi 14}

{psi 15}

{phi 16}

{psi 16}

{phi 17}

{psi 17}

265



(resid 18 and name n ) 10.0 20.0 60.0 2

assign (resid 17 and name c )
(resid 18 and name n )
( resid 18 and name ca)
( resid 18 and name c ) 40.0 -20.0 80.0 2

assign ( resid 20 and name n)
( resid 20 and name ca)
( resid 20 and name c )
(resid 21 and name n ) 40.0 150.0 60.0 2

scale=$kcdi
end

{phi 18}

{psi 20}
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APPENDIX E: X-PLOR PROTOCOLS

NCTE: Part 1 (sequence builder) and Part 2 (patching protocols/coordinate builder)
corresponds to AcNMe-14mer models. Parts 3-5 (1%-3® dynamics runs)
correspond to Pen-1 models, but modified to include loops and remove
redundant distance constraint classes. Trial categories have also been removed
from the macro files. 1* stage protocol patches the disulfide bonds. 2™ stage
protocol begins with the patched disulfide bonds. 3™ stage protocol (refinement
stages) employs a longer high temp dynamics simulation (16ps at 1000K). Also
applies Lennard-Jones potentials during the final energy minimization.

PART 1: SEQUENCE BUILDER

remarks file generate/NMeET.inp
remarks Generate structure file and hydrogens for NMeET
topology @topallhdg_al.pro end {read topology file}
{defines residues/atoms}
parameter {read parameter file}
@parallhdg_al.pro {defines dihedrals/bonds}
improper ct ct ha ct 250.0 0 0.0 { impropers/angles/charges}
end
segment {sequence builder}
name="NMeET"
chain
LINK PEPT HEAD-* TAIL+* END
first prop tail + pro end
remark first nter tail + * end {N-term capped}

last cter head - * end
sequence ACE ASP ALA GLU ALA VAL TYR PHE ALA HIS LEU ASPILE ILE
TRP end
end
end

flags exclude vdw elec end
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write structure output=NMeET.psf end {writes protein structure file}
stop

PART 2: PATCHING PROTOCOL/COORDINATE BUILDER

remarks file temp_nme.inp

remarks Generates a "template” coordinate set for the NMeET analog.
remarks This produces an arbitrary extended conformation with
remarks ideal geometry.

remarks

remarks Author: Axel T. Brunger

remarks modified by GML 1-1-99

evaluate ($numgen=5) {number of structures created}
evaluate ($count=0) {initialize count}
evaluate ($rootname="NMeET") {initialize rootname}

evaluate ($psfin=$rootname +".psf™)

parameter @parallhdg_al.pro end {*Read parameters.*}

topology @topallhdg_al.pro end {Read topology files}

while ($count < $numgen) loop big {define main loop}
structure reset end {reset structure files}
coordinates initialize end {reset coordinate files}
evaluate ($count=$count+1) {counter}

evaluate ($pdbout=$rootname +"_"+ encode($count) +".pdb")

structure @@$psfin end {read psf}
vector ident (x) (all ) {initialize vectors}
vector do (x=x/10.) (all )

vector do (y=random(0.5) ) (all )
vector do (z=random(0.5) ) (all)

vector do (fbeta=50) (all) {*Friction coefficient, in 1/ps.*}
vector do (mass=100) (all) {*Heavy masses, in amus.*}
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parameter
nbonds
cutnb=5.5 rcon=20. nbxmod=-2 repel=0.9 wmin=0.1 tolerance=1.
rexp=2 irexp=2 inhibit=0.25
end
end

flags exclude * include bond angle vdw end

minimize powell nstep=50 nprint=10 end {first energy minimization}
flags include impr end

minimize powell nstep=50 nprint=10 end {second energy min.}
dynamics verlet {initial dynamics run at 300K}

nstep=50 timestep=0.001 iasvel=maxwell firsttemp= 300.
tcoupling = true tbath =300. nprint=50 iprfrq=0
end

parameter
nbonds
rcon=2. nbxmod=-3 repel=0.75
end
end

minimize powell nstep=100 nprint=25 end {third energy min.}

dynamics verlet {second dynamics run at 300K}
nstep=500 timestep=0.005 iasvel=maxwell firsttemp= 300.
tcoupling = true tbath =300. nprint=100 iprfrq=0

end

flags exclude vdw elec end

vector do (mass=1.) ( name h* )

hbuild selection=( name h* ) phistep=360 end
flags include vdw elec end

minimize powell nstep=200 nprint=50 end {final energy min.}
topology
presidue NME {N-methyl patching statement}

modify ATOM N TYPE=NH!1 CHARGE=-0.360 END
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add atom CN charge=-0.3 type=CT end
add atom HN1 charge=0.1  type=HA end
add atom HN2 charge=0.1  type=HA end
add atom HN3 charge=0.1  type=HA end
delete atom HN end

bond NCN bond CN HN1 bond CN HN2 bond CN HN3
angles N CN HN1 angles N CN HN2  angles N CN HN3
angles HN1 CN HN2 angles HN1 CN HN3 angles HN2 CN HN3

end
end
patch NME {apply patching statement}
reference=nil=( resid 13 ) { define patched residue}
end
write coordinates output=$pdbout end {* Write coordinates.*}
end loop big {end main loop}
stop

PART 3: 1°" STAGE DYNAMICS SIMULATION

remarks: file XPLOR3.1 com-file
remarks: st stage dynamics annealing starting from a non-cyclic
remarks: structure, ends with a patched cyclic structure

evaluate ($numgen=10) {number of structures generated}
evaluate ($count=0) {initialize count}
evaluate ($rootname="rhelix™) {initialize rootname}
evaluate ($psfin=$rootname + “xplor.psf™) {define input psf}
evaluate ($psfout=8rootname + “_1.psf™) {define output psf}
parameter (@parallhdg_al.pro end {initialize parameter files}
topology @topallhdg_al.pro end {initialize topology files}
while ($count < $numgen) loop main {start MAIN LOOP}
structure reset end
{reset structure file}

coordinates initialize end {reset coordinate files}



evaluate ($count = Scount+1)

{counter}

evaluate ($pdbin=$rootname + “_" + encode($count) + “.pdb”)
evaluate ($pdbout=$rootname+ “_ + encode($count) + “a.pdb™)

structure @@psfin end

coordinates @@pdbin.pdb

evaluate ($knoe = 10.0)
evaluate ($asym = 0.1)
evaluate ($asyt = 0.1)
evaluate ($kcdi = 0.1)
flags

exclude elec dihe

end

noe
reset
nrestraints = 1000
ceiling =100

class catl @penl_catl.tbl

averaging catl r-6
potential catl soft

scale catl $knoe
sqoffset catl 0.0
sqconstant catl 1.0
sqexponent catl 2
soexponent catl 1
asymptote catl $asym
rswitch catl 0.8

class cat2 @pen]_cat2.tbl
averaging cat2 r-6
potential cat2 soft
scale cat2 $knoe
sqoffset cat2 0.0
sqconstant cat2 1.0
sqexponent cat2 2
soexponent cat2 1
asymptote cat2 $asym

{read input psf}
{read input pdb}

{define initial NOE constant}
{define initial asymptote constant}

{define initial dihedral constant}

{define distance constraints weights}
{ set below/ switch parameters from}
{ soft to square energy wells}

{ different for each class}
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rswitch cat2 0.7

class cat3 @penl_cat3.tbl

averaging cat3 r-6
potential cat3 soft

scale  cat3 $knoe
sqoffset cat3 0.0
sqconstant cat3 1.0
sqexponent cat3 2
soexponent cat3 1

asymptote cat3 $asym
rswitch cat3 0.6

class cat4 @penl_cat4.tbl
averaging cat4 r-6
potential cat4 soft
scale  cat4 $knoe
sqoffset cat4 0.0
sqconstant cat4 1.0
sqexponent cat4 2
soexponent cat4 |
asymptote cat4 $asyt
rswitch cat4 0.5

end

@penl.dih

evaluate (Srcon = 0.0002)

parameters
nbonds
wmin = 0.01
cutnb= 4.5
tolerance 0.3
repel= 1.0
rexp = 2
irex =2
rcon=S$rcon
end

end

flags exclude noe cdih end
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{define dihedral constraints}



mini powell nstep=200 drop= 10 end
flags include noe cdih end

evaiuate ($rcon = 0.002)

parameters
nbonds
wmin = 0.01
cutnb= 4.5
tolerance 0.3
repel= 1.0
rexp = 2
irex = 2
rcon=$rcon
end

end

flags exclude noe cdih end
mini powell nstep=200 drop= 10 end
flags include noe cdih end

vector do (mass = 10.0) (all)
vector do (fbeta = 100.0) (all)
evaluate ($bath =1000.01)
constraints interaction (all) (all)
weights
angles 0.4
impropers 0.1
end
end

shake

reference = parameter bonds (all) (all)

tolerance = 1.0e-2
end
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{initial energy minimization}
{ $rcon set to 0.0002}

{2nd energy minimization}
{ $rcon set to 0.002}

{initialize vectors}

{define high temperature}

{shake algorithm}

remarks: In loop stgl dihedral weights ($kcdi) are increased while knoe values remain
remarks: low to favor known local geometry in the starting structure.

while ( $kedi < 0.6 ) loop stgl

evaluate ( $kedi = min(0.6, $kcdi + 0.1))

dynamics verlet

{Dynamics LOOP 1}

{ 0.05ps dynamics}
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nstep=100
timestep=0.0005
iasvel=current
tcoupling=true
tbath=$bath
nprint=50
iprfrqg=100
ntrfr=0
end
end loop stgl {end LOOP STG1}

remarks: the $kcdi values are then reduced to 15% of their maximal
remarks: values for 10 ps of 1000 dynamics with fully scaled knoe values

evaluate ( $kcdi=0.15)

noe {re-define NOE weights}
scale catl 100

scale cat2 60

scale cat3 40

scale cat4 25

end

dynamics verlet {Second dynamics run}
nstep=100 { 0.2ps dynamics}
timestep=0.002
iasvel=maxwell
firsttemperature = $bath
tcoupling = true
tbath = $bath
ntrfr = 999999999
nprint=50
iprfrg=100
end

evaluate ($kcdi=0.05)
while ($rcon <0.1) loop stg2 {Dynamics LOOP STG2}
evaluate ($asym = min(1.0, $asym + 0.10))
noe asymp all $asym end
evaluate ($kcdi = min(0.6, Skcdi + 0.10))
evaluate ($rcon = min(0.10001, $rcon * 1.3))
parameters
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nbonds repel 1.0 rcon $rcon end

end

dynamics verlet { 0.4ps dynamics}
nstep=200
timestep=0.002
iasvel=current
tcoupling = true
tbath = $bath
nprint=50
iprfrq=100
ntrfr=0

end

end loop stg2 {end LOOP STG2}

noe {switch from soft to square energy well}
potential catl square
potential cat2 square
potential cat3 square

end

evaluate ($kcdi=0.05)
while ($rcon < 0.1) loop stg3 {Dynamics LOOP STG3}
evaluate ($asyt = min(1.0, $asyt + 0.10)) { asym/asyt slopes increased}
noe asymp all $asyt end
evaluate ($kcdi = min(0.6, $Skcdi + 0.10)) {dihedral weights increased}
evaluate ($rcon = min(0.10001, $rcon * 1.3)) {rcon weights increased}
parameters
nbonds repel 1.0 rcon $rcon end
end
dynamics verlet { 0.4ps dynamics run}
nstep=200
timestep=0.002
iasvel=current
tcoupling = true
tbath = § bath
nprint=50
iprfrq=100
ntrfr=0
end
end loop stg3 {end LOOP STG3}



noe
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potential cat4 square {switch from soft to square energy well}

end

parameters { vanderWaal radii are reduced to 80% when the }
nbonds { kvdw value is increased}

repel 0.8
rconst 4
wmin 1.5
end
end

energy end
if ($grad > 100) then

mini powell nstep=25 drop=50 end

end if

while ($bath gt 300) loop stage4
dynamics verlet
nstep=60
timestep=0.002
iasvel=current
tcoupling = true
tbath = $bath
nprint=30 iprfrq = 30
ntrfrq=0
end
evaluate ($bath = $bath - 50)
end loop stage4

shake reset end
constraints interaction (all) (all)

weights
angles 1.0
impropers 1.0
end
end
noe
scale catl 50
scale cat2 30

{energy minimization}

{Dynamics LOOP STG4}
{ slow cooling with full value square well }
{ noe and torsion constraints}
{ 0.12ps dynamics each round}

{end LOOP STG4}

{redefine NOE weights for }
{ last energy min, half value}
{ wrt to dynamics run}



scale cat3 20
scale cat4 10
end

mini powell nstep=200 drop = 10.0 end
topology

presidue disu

group
delete atom 1HG1 end
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{final energy minimization}

{disulfide patching statement}

modify atom 1CB charge= 0.20 end
modify  atom 1SG charge=-0.20 end

group
delete atom 2HG1 end

modify atom 2CB charge= 0.20 end
modify atom 2SG charge=-0.20 end

add bond 1SG 2SG

add angle 1CB 1SG 2SG

add angle 1SG 2SG 2CB

add ic 1ICA 1CB 1SG 2SG 0.00.0 180.0 0.00.0

add ic ICB 1SG 2SG 2CB 0.0 0.0 180.0 0.00.0

add ic 1SG 2SG 2CB 2CA 0.00.0 180.0 0.00.0
end

patch disu

reference=1=( resid 1 ) reference=2=(resid 15 )
end
patch disu

reference=1=( resid 3 ) reference=2=(resid 11 )
end

write coordinates output=$pdbout end
print threshold=0.3 noe
end loop main

write structure output=$psfout end
stop

{apply patching statement}

{write coordinate file}
{print NOE violations}
{end MAIN LOOP}

{ Write new psf file}
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PART 4: 2" STAGE DYNAMICS SIMULATION

remarks: continuation of XPLOR3.1 file(=stage 2), also used as is for

remarks: constrainted dynamics beginning with previously cyclized

remarks:  structures.

remarks: this comfile is also used for the final refinement which includes

remarks: additional "low bounds only" constraints that represent nOes

remarks: predicted in noesy simulations but unobserved in any experimental

remarks: NOESY spectrum. This is called stage 2.

evaluate ($numgen=10) {number of structures generated}

evaluate ($count=0) {initialize count}

evaluate ($rootname="rhelix”) {initialize rootname}

evaluate ($psfin=8rootname + “_1.psf”) {define input psf}

evaluate ($psfout=$rootname + “_2.psf”) {define output psf}

parameter (@parallhdg_al.pro end {initialize parameter files}

topology @topallhdg_al.pro end {initialize topology files}

while ($count < $numgen) loop main {start MAIN LOOP}
structure reset end {reset structure file}
coordinates initialize end {reset coordinate files}
evaluate ($count = $count+1) {counter}

. evaluate ($pdbin=$rootname + “_" + encode($count) + “a.pdb™)
evaluate ($pdbout=$rootname+ “_" + encode($count) + “b.pdb™)

nbfix s s 462 13.6 462 13.6 end

structure @@psfin end {read input psf}
coordinates @@pdbin.pdb {read input pdb}
evaluate ($knoe = 10.0) {define initial NOE weight}
evaluate ($asym = 0.35) {define initial well slopes}
evaluate ($kedi = 0.1) {define initial dihedral weight}
flags

exclude elec dihe
end
noe

reset

nrestraints = 1000
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ceiling = 100

class cat! @penl_catl.tbl {define distance constraints}

averaging catl r-6

potential catl soft

scale catl $knoe

sqoffset catl 0.0

sqconstant catl 1.0

sqexponent catl 2

soexponent catl 1

asymptote catl $asym

rswitch catl 0.8

class cat2 @penl1_cat2.tbl
averaging cat2 r-6
potential cat2 soft
scale  cat2 $knoe
sqoffset cat2 0.0
sqconstant cat2 1.0
sqexponent cat2 2
soexponent cat2 1
asymptote cat2 $asym
rswitch cat2 0.7

class cat3 @penl_cat3.tbl
averaging cat3 r-6
potential cat3 soft
scale  cat3 $knoe
sqoffset cat3 0.0
sqconstant cat3 1.0
sqexponent cat3 2
soexponent cat3 1
asymptote cat3 $asym
rswitch cat3 0.6

class cat4 @penl_cat4.tbl
averaging cat4 r-6
potential cat4 soft
scale  cat4 $knoe
sqoffset cat4 0.0
sqconstant cat4 1.0



sqexponent cat4 2
soexponent cat4 1
asymptote cat4 $asym
rswitch cat4 0.5

end

@penl.dih

evaluate ($rcon = 0.002)

parameters

nbonds
wmin = 0.01
cutnhb= 4.5
tolerance 0.3
repel= 1.0
rexp = 2
irex = 2
rcon=38rcon
end

end

flags exclude noe cdih end
mini powell nstep=150 drop= 10 end
flags include noe cdih end

vector do (mass = 10.0) (all)
vector do (fbeta = 100.0) (all)
evaluate ($bath =1000.01)
constraints interaction (all) (all)
weights
angles 0.4
impropers 0.1
end

end
shake

reference = parameter bonds (all) (all)

tolerance = 1.0e-2
end

set seed=72494620 end
vector do (vx=maxwell(600)) (all)
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{define dihedral constraints}

{initial energy minimization}

{randomizer seed number}

{in some structures, noe deviations }
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vector do (vy=maxwell(600)) (all) {are lower and Enoe is insufficient }
vector do (vz=maxwell(600)) (all) {to warm system }

while ( $kcdi < 0.6 ) loop stgi {Dynamics LOOP STG1}

evaluate ( $kcdi = min(0.6, $kcdi + 0.1))

dynamics verlet
nstep=100 {as in previous non-cyclic example this }
timestep=0.001 {dynamics course enforces the torsion  }
iasvel=current {constraints while knoe is at a modest level }
tcoupling=true { 0.1ps dynamics run}
tbath=$bath
nprint=50
iprfrq=100
ntrfr=0

end

end loop stgl {end LOOP STG1}

evaluate ( $kcdi=0.30)

noe {reset NOE weights}
scale catl 100

scale cat2 60

scale cat3 40

scale cat4 25

end

dynamics verlet {2™ dynamics run}
nstep=2000 { 4ps dynamics run at high temp}
timestep=0.002
iasvel=maxwell
firsttemperature = $bath
tcoupling = true
tbath = $bath
ntrfr = 999999999
nprint=50
iprfrq=100
end

evaluate ($kcdi=0.05)

while ($rcon < 0.2) loop stg2 {Dynamics LOOP STG2}
evaluate ($asym = min(0.6, $asym + 0.05))
noe asymp all $asym end
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evaluate ($kcdi = min(0.6, $kcdi + 0.05))
evaluate ($rcon = min(0.20001, $rcon * 1.4))
parameters
nbonds repel 0.9 rcon $rcon end
end
dynamics verlet { 0.2ps dynamics run}
nstep=100
timestep=0.002
iasvel=current
tcoupling = true
tbath = $bath
nprint=50
iprfrg=100
ntrfr=0
end
end loop stg2 {end LOOP STG2}

noe {reset energy potentials}
potential catl square { from soft to square wells}
potential cat2 square
potential cat3 square

potential cat4 square

end

parameters
nbonds
repel 0.8
rconst 4
wmin 1.5
end
end
energy end
if ($grad > 100) then
mini powell nstep=25 drop=50 end {energy minimization}
end if
evaluate ($kcdi=0.30)

while ($bath gt 300) loop stage3 {Dynamics LOOP STG3}
dynamics verlet {simulated annealing steps}
nstep=60 { 0.12ps dynamics/each step}
timestep=0.002 {ps}



iasvel=current
tcoupling = true
tbath = $bath
nprint=30 iprfrq = 30
ntrfrq = 0
end
evaluate ($bath = $bath - 50)
end loop stage3

shake reset end
constraints interaction (all) (all)

weights
angles 1.0
impropers 1.0
end
end

evaluate($kcdi=0.15)

noe
scale catl 50
scale cat2 30
scale cat3 20
scale cat4 10
end

mini powell nstep=200 drop = 10.0 end
write coordinates output=$pdbout end
print threshold=0.3 noe

end loop main

write structure output=$psfout end
stop
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{end LOOP STG3}

{reset NOE weights for final}
{ energy minimization}

{final energy minimization}
{write coordinates}

{print NOE violations}
{end MAIN LOOP}

{write structure file: optional }

PART 5: 3*° STAGE DYNAMICS SIMULATION

remarks: continuation of XPLOR3.1 file(=stage 3), also used as is for
remarks: constrainted dynamics beginning with previously cyclized

remarks: structures.

remarks: this comfile is also used for the final refinement which includes



remarks: additional "low bounds only" constraints that represent nOes
remarks: predicted in noesy simulations but unobserved in any experimental
remarks: NOESY spectrum. This is called stage 3.

remarks: NOTE: contains Lennard-Jones Potentials

evaluate ($numgen=10)
evaluate ($count=0)
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{number of structures generated}

{initialize count}

evaluate ($rootname="rhelix”) {initialize rootname}

evaluate ($psfin=$rootname + “_2.psf”) {define input psf}

evaluate ($psfout=$rootname + *“_3.psf”) {define output psf}

parameter @parallhdg_al.pro end

topology (@topallhdg_al.pro end

while ($count < $numgen) loop main {start MAIN LOOP}
structure reset end {reset structure file}
coordinates initialize end {reset coordinate files}
evaluate ($count = $count+1) {counter}

evaluate (Spdbin=$rootname + “_" + encode($count) + “b.pdb”)
evaluate ($pdbout=$rootname+ “_" + encode($count) + *“c.pdb™)

nbfix s s 462 13.6 462 13.6 end

structure @@psfin end
coordinates @@pdbin.pdb

evaluate ($knoe = 10.0)
evaluate ($asym = 0.35)
evaluate ($kcdi = 0.1)
flags

exclude elec dihe
end

noe
reset
nrestraints = 1000
ceiling = 100

class catl @penl_catl.tbl
averaging catl r-6

{read input psf}
{read input pdb}

{define initial NOE weight}

{define initial well slopes}
{define initial dihedral weight}

{define distance constraints}
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potential catl soft
scale catl $knoe
sqoffset catl 0.0
sqconstant catl 1.0
sgexponent catl 2
soexponent catl 1
asymptote catl $asym
rswitch catl 0.8

class cat2 @penl_cat2.tbl

averaging cat2 r-6
potential cat2 soft

scale  cat2 $knoe
sqoffset cat2 0.0
sqconstant cat2 1.0
sqexponent cat2 2
soexponent cat2 1

asymptote cat2 $asym
rswitch cat2 0.7

class cat3 @penl_cat3.tbl
averaging cat3 r-6
potential cat3 soft
scale  cat3 $knoe
sqoffset cat3 0.0
sqconstant cat3 1.0
sgexponent cat3 2
soexponent cat3 1
asymptote cat3 $asym
rswitch cat3 0.6

class cat4 @penl_cat4.tbl

averaging cat4 r-6
potential cat4 soft

scale  cat4 $knoe
sqoffset cat4 0.0
sqconstant cat4 1.0
sqexponent cat4 2
soexponent cat4 1

asymptote cat4 $asym
rswitch cat4 0.5
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end
@penl.dih {define dihedral constraints}

evaluate ($rcon = 0.002)

parameters

nbonds
wmin = 0.0l
cutnb= 4.5
tolerance 0.3
repel= 1.0
rexp = 2
irex =2
rcon=%rcon
end

end

flags exclude noe cdih end
mini powell nstep=150 drop= 10 end {initial energy minimization}
flags include noe cdih end

vector do (mass = 10.0) (all)
vector do (fbeta = 100.0) (all)
evaluate ($bath =1000.01)
constraints interaction (all) (all)
weights
angles 0.4
impropers 0.1
end
end
shake
reference = parameter bonds (all) (all)
tolerance = 1.0e-2
end

set seed=72494620 end {randomizer seed number}
vector do (vx=maxwell(600)) (all)
vector do (vy=maxwell(600)) (all)
vector do (vz=maxwell(600)) (all)

while ( $kedi < 0.6 ) loop stgl {Dynamics LOOP STG1}



evaluate ( $kcdi = min(0.6, $kcdi + 0.1))

dynamics verlet
nstep=100
timestep=0.001
iasvel=current
tcoupling=true
tbath=8bath
nprint=50
iprfrq=100
ntrfr=0

end

end loop stgl

evaluate ( $kcdi=0.30)

noe
scale catl 100
scale cat2 60
scale cat3 40
scale cat4 25
end

dynamics verlet
nstep=8000
timestep=0.002
iasvel=maxwell

firsttemperature = $Sbath

tcoupling = true
tbath = $bath
ntrfr = 999999999
nprint=50
iprfrg=100

end

evaluate ($kcdi=0.05)

while ($rcon < 0.2) loop stg2
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{ 0.1ps dynamics run}

{end LOOP STG1}

{reset NOE weights}

{2" dynamics protocol}
{ 16ps dynamics run at high temp}

{Dynamics LOOP STG2}

evaluate ($asym = min(0.8, $asym + 0.08))

noe asymp all $asym end
evaluate ($kcdi = min(0.4, $kedi + 0.05))

evaluate ($rcon = min(0.20001, $rcon * 1.4))

parameters



nbonds repel 0.9 rcon $rcon end

end

dynamics verlet
nstep=100
timestep=0.002
iasvel=current
tcoupling = true
tbath = $bath
nprint=50
iprfrq=100
ntrfr=0

end

end loop stg2

noe
potential catl square
potential cat2 square
potential cat3 square
potential cat4 square
end

parameters
nbonds
repel 0.8
rconst 4
wmin 1.5
end
end
energy end

if ($grad > 100) then
mini powell nstep=25 drop=50 end
end if
noe
scale cat5 5
scale cat6 0.1
end
evaluate ($kcdi=0.20)

while ($bath gt 300) loop stage3
dynamics verlet
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{0.2ps dynamics run}

{end LOOP STG2}

{reset energy potentials from}
{ soft to square wells}

{Dynamics LOOP STG3}
{ simulated annealing}



nstep=60
timestep=0.002 {ps}
iasvel=current
tcoupling = true
tbath = $bath
nprint=30 iprfrq = 30
ntrfrq =0
end
evaluate ($bath = $bath - 50)
end loop stage3

shake reset end
constraints interaction (all) (all)
weights
angles 1.0
impropers 1.0
end
end
parameters
nbonds
wmin = 1.50
cutnb = 8.50
tolerance 0.50
ctofnb= 7.50
ctonnb = 6.50
repel = 0.00
vswitch
end
end
evaluate($kcdi=0.10)

noe
scale catl 50
scale cat2 30
scale cat3 20
scale cat4 10
end

mini powell nstep=500 drop = 10.0 end
write coordinates output=$pdbout end
print threshold=0.3 noe
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{ 0.12ps dynamics/each step}

{end LOOP STG3}

{Lennard-Jones Potential Parameters}
{ applied during last energy min.}

{reset NOE weights for final}
{ energy minimization}

{long energy min. protocol}
{write coordinates}
{print NOE violations}



end loop main

write structure output=$psfout end

stop
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{end MAIN LOOP}

{write structure file: optional}

PART 6: ANALYSIS PROTOCOL (PHI/PSI REPORT)

remarks: file phipsi.com -- used to report phi and psi dihedral angles
remarks: for pdb coordinate files. For use with X-PLOR ver 3.1

remarks: Created 3/8/94 by GM Lee

remarks: NOTE: user needs to customize the program by changing
remarks: values (for numgen, totres, rootname, and psf/pdb
remarks: suffixes). If the peptide contains an N-terminal
remarks: acyl group (or C-term amide), user needs to remark
remarks: the evaluate phi (or evaluate psi) statement at the
remarks: beginning (or end) of the program.

set display=phsi3ac2.Ist end {phi/psi display file}
set precision=5 end {number of sig. figs.}
evaluate ($numgen=60) {number of structures}
evaluate ($totres=21) {number of residues}
evaluate ($rootname="5p") {rootname of pdb/psf}
evaluate ($pdbsuffix="_3ac.pdb") {pdb suffix}

evaluate ($psfsuffix="1_3ac.psf™) {psf suffix}

evaluate ($count=0)

{initialize count}

evaluate ($remarks=" model  residue phi psi”)

evaluate ($dash="

display $remarks

display $dash

evaluate ($restotal=$totres - 1)

evaluate ($psfname=$rootname + $psfsuffix)

structure @@$psfname end {load psf file (only one)}

while ($count < $numgen) loop big {loop for multiple pdbs}

coordinates initialize end {initialize coordinates}
evaluate ($count=$count+1) {reassign count}

evaluate ($pdbfile=$rootname + encode($count) + $pdbsuffix)
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coordinates @@$pdbfile {load pdb files}
vector ident (store9) (name ca) {loads atoms}
set echo=off end {reduces lines in output}

set message=off end { file. This is optional }
evaluate ($pre_atom=0) {initialize n-1 residue}
evaluate ($pre_pre_atom=0) {initialize n-2 residue}
evaluate ($resnumber=0) {initialize residue number}

for $atom in id (name ca) loop small {loop for measuring dihedrals}

if ($resnumber = 1 ) then
pick dihedral
(byresidue (id $pre_atom) and name N)
(byresidue (id $pre_atom) and name CA) {psi for residue 1}
(byresidue (id $pre_atom) and name C)
(byresidue (id $atom) and name N)
geometry
evaluate ($psi=$result)
vector show element (resname) (byresidue (id $pre_atom) and name ca)
evaluate ($resname=3result)
evaluate ($phi="--START--")
display $pdbfile $resname $resnumber  $phi
$psi
end if

if ($pre_pre_atom > 0) then  pick dihedral
(byresidue (id $pre_pre_atom) and name C)
(byresidue (id $pre_atom) and name N) {phi}
(byresidue (id $pre_atom) and name CA)
(byresidue (id $pre_atom) and name C)
geometry
evaluate ($phi=S$result)

pick dihedral
(byresidue (id $pre_atom) and name N)
(byresidue (id $pre_atom) and name CA) {psi}
(byresidue (id $pre_atom) and name C)
(byresidue (id $atom) and name N)

geometry
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evaluate ($psi=$result)
vector show element (resname) (byresidue (id $pre_atom) and name ca)
evaluate ($Sresname=S$result)

display $pdbfile S$resname Sresnumber $phi $psi

end if

if ($resnumber = $restotal ) then exit small end if

evaluate ($pre_pre_atom=S$pre_atom) {reassign residue}

evaluate ($pre_atom=%atom) {numbers and names}

evaluate ($resnumber=$resnumber+1)
end loop small {end dihedral loop}
evaluate ($pre_pre_atom=$pre_atom) {reassigns residue numbers}
evaluate ($pre_atom=$atom) {and names for C-terminal}
evaluate ($resnumber=$resnumber+1) {residue}

if ($resnumber = $totres) then

end if

end loop big
stop

pick dihedral
(byresidue (id $pre_pre_atom) and name C)
(byresidue (id $pre_atom) and name N)
(byresidue (id $pre_atom) and name CA) {phi c-term residue}
(byresidue (id $pre_atom) and name C)
geometry
evaluate ($phi=Sresult)
vector show element (resname) (byresidue (id $pre_atom) and name ca)
evaluate ($resname=S8result)
evaluate ($psi= "--END--")

display $pdbfile $resname $resnumber $phi
$psi
display $dash

{end structure loop}

{terminates program}
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