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Chapter 1. Introduction: a-Helical Peptidomimetics and y-Amino

Acids as New Building Blocks



1.1 a-Helix-mimicry

Protein-protein interactions (PPls) that regulate a variety of cellular processes
are mediated by helical interfaces." Several examples of clinically interesting helix-
mediated interactions are shown in Figure 1.1. In each case, disruption of the

interaction could be therapeutically beneficial.

HIV gp41 hexameric coiled-coil
(1AIK) Estrogen receptor/co-activator

(2Qz0)

Figure 1.1 a-Helix-mediated protein-protein interactions (A) p53/hDM2 (tumour protein
53—human double minute 2) interaction (PDB ID: 1YCR), key residues of p53 segment
involved in binding shown in pink. (B) Bcl-xL/BIM (B-cell lymphoma 2) interaction (PDB
ID: 1PQ1), key residues involved in binding shown in pink. (C) Top and side view of HIV
gp41 hexameric coiled-coil fusion complex (PDB ID: 1AIK). (D) Estrogen receptor/co-
activator interaction (PDB ID: 2QZ0).

To serve as therapeutically useful helical peptidomimetics, synthetic oligomers
must mimic the spatial arrangement of functional groups in the original a-helix to retain

target affinity, and should be stable in physiological environments to be able to reach



3
their targets. Important physical parameters include solubility, resistance to proteolytic

degradation, and membrane permeability for intracellular targets. Employing small
molecules (molecular weight < 500) to modulate helix-mediated interactions is very
challenging, due to the large contact area involved at helical interfaces. Non-small
molecule strategies for designing helical peptidomimetics have been extensively
explored.?* Systems examined include terphenyls, peptoids, miniproteins, p-peptides,

o/B-peptides, and o-helices stabilized by cross-linked side-chains or backbone

1,34

(hydrogen bond surrogate, HBS) (Figure 1.2).

side chain crosslinked
a-helices
35

KZ:
B-peptides < q"

/f

X

Figure 1.2 Strategies for non-natural helix mimetic design and a-helix stabilization.
Green circles indicate functional groups. The image was reproduced with permission
from reference 3 [Molecular Biosystems 2009, 5, 924-926.] Copyright [2009] Royal
Society of Chemistry.



1.2 o/p Foldamers to mimic a-helices

A critical limitation of canonical a-peptides for biomedical applications is their
rapid proteolytic degradation under physiological conditions. The Gellman group has
developed foldamers, unnatural oligomers with well-defined folding behavior, containing
non-natural backbone subunits such as p-amino acids (Figure 1.3).°7 Foldamers
containing B-amino acids have been shown to adopt helical conformations with
significantly increased resistance to proteolysis relative to analogous .>'" Thorough
structural analyses of B-peptides (containing exclusively p-residues) and o/p-peptides
(heterogeneous backbone with a- and B-residues) have led to the successful design of
a/B-peptide foldamers to manipulate PPIs involving helical interfaces (Figure 1.3).'%"®
Selective incorporation of five-membered ring-constrained f-amino acids into helical
o/B-peptides has been shown to enhance affinity for the target proteins, presumably due
to the pre-organization of the helical backbone caused by ring-constraints on the f-
amino acid residues (Figure 1.3)."""%' One example of o/p-peptide foldamers
mimicking a-helical peptide function is shown in Figure 1.3.° The a/B-peptide 1.1 was
derived from the CHR domain of HIV protein gp41 and is an effective inhibitor of HIV
infection in a cell-based assay. This activity presumably results from effective
biomimicry of the long a-helix formed by the gp41 CHR domain. o/p 1.1 presented an
improved stability to proteolytic degradation compared to the corresponding a-peptide
T-2635, and exhibited a reasonable affinity for gp41-5, an engineered five-helix bundle

protein that contains three NHR segments and two CHR segments (Figure 1.3).



(A) K, (nM) t,, (min)
(T-2635) Ac-TTWEAWDRAIAEYAARIEALIRAAQEQQEKNEAALREL-NH, <0.2 0.7
2
(/B 1.1) Ac-PTWEXWDZAIABYAXRIEXLIZAAQEQOBKNEXALZEL-NH, 9 200
(B a-residue pi-residue cychc B-residues

Ho § H
N o N % %N ;g—(_fk;
aés‘ag/\,r O)L

ACPC(X) N APC(2)

o (N36) + o (T-2635) o (N36) + o/p

(N36) Ac-SGIVQQOONNLLRATEAQQHLLOLTVWGIKQLOARIL-NH,

Figure 1.3 a-Helix mimicry using an o/p-peptide. (A) Sequences of a-peptide T-2635
and o/p-peptide 1.1, dissociation constants (K;) for binding to the protein gp41-5 as
determined by competition FP experiments, and half-life (ti2) of a 20 uM solution of
peptide in TBS in the presence of 10 ug/mL proteinase K. (B) Structures of an a-amino
acid residue, the corresponding B> residue analogue, and cyclic p residues ACPC and
APC. (C and D) Crystal structure of the six-helix bundles formed by NHR a-peptide N36
in complex with a-peptide T-2635, PDB 3F4Y, and N36 with the o/p-peptide 1.1, PDB
3043. Blue for B3, peach for cyclic p residues. °



1.3 y-Amino acids as new building blocks for helical foldamers

Other building blocks besides -amino acids for a non-natural peptide might also
display discrete conformational properties, which may result in useful function. y-Amino
acids are appealing extension beyond B-amino acid building blocks.?>* The study of y-
residue-containing foldamers lags behind the study of B-residue-containing foldamers,

perhaps due to the challenges of synthesizing enantiopure y-amino acids.

Ho o, O H o) H 0 H B O
N A &(N\./\/u\ ﬁ(”\./\‘/u\ g/”\./k(u\;
‘z“ 4 2 é! = v‘! H «’é H
R R R R R
GABA Y y24 Y234

Figure 1.4  Structures of acyclic y-amino acids.

Several research groups have examined helical foldamers containing acyclic y-
amino acids in organic solvents (Figure 1.4). In the 1990’s Hanessian et al. and
Seebach et al. reported in separate studies that y-peptides containing y*-, y**-, or y*3*-
amino acid residues adopt helical conformations in organic solvents. These helices
contain 14-membered C=0(i)--H-N(i+3) hydrogen bonds, and are therefore referred to

2123 % _Amino acids, such as y*-

as 14-helices based on H-bond ring size (Figure 1.4).
hAla, y*-hLeu, and y*-hPhe, contain side chains at the y-position, and can be viewed as
analogous to L-a-amino acids in canonical peptides. This type of y residues have been

incorporated into a/y-peptides by Balaram et al. and Gopi et al.. These o/y-peptides

adopt helical conformation in organic solvents.?*?® However, analogous structural
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evaluations have not been yet performed in water. Studies in water require substantial

conformational stability and are important for biological applications of foldamers.
The Gellman group has developed ring-constrained y-amino acids (Figure 1.5).2%
% One central hypothesis is that in the absence of ring-constraints on y-residues,
peptides containing acyclic y-residues may be too flexible to adopt a helical
conformation in water.>"* The Gellman group has developed five- and six-membered
ring-constrained f-amino acids, and the residues exhibited excellent ability to promote
helical folding of a/p-peptides.®**” Using ring-constrained p-amino acids as inspiration,

we are interested in y-amino acids containing a five- or six-membered-ring on the Cp-Cy

bond or the Ca-Cf bond, with either cis- or trans-ring configuration (Figure 1.5A).

(A) TR o R O
! ! P
Lo
L | 1

R = Et, Me, »-Pr, /Pr, 7-Bu, n-Hex, c-Hex, CH,CH,Ph, (CH,),N(Boc),

(B)

o)
N
N i
EtACHA: (S, S, S)-a-ethyl-cis-2-aminocyclohexaneacetic acid
Figure 1.5 (A) Structures of constrained y-residues of interest. Configurations are not

shown since all the possible configurations are worthy of evaluation for their folding
propensities. (B) Structure of EtACHA.>3¢
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Among the various y-amino acids shown in Figure 1.5A, several constrained y-

amino acids have been successfully synthesized in enantiopure form by Guo and by
Giuliano (Figure 1.5B). "¢ Giuliano et al. prepared y-amino acids containing trans-
cyclopentyl or trans-cyclohexyl ring-constraints across the Ca-Cp bond (Figure 1.5A, Il
and IV) by organo-catalyzed Michael addition of nitroalkanes to o/p-unsaturated
aldehydes (Figure 1.6B). These y-residues, containing trans rings on the Ca-Cf bonds,
have been incorporated into peptide with a 1:1 oy alteration. The resulting a/y peptides
display distinct helical folding with alternating H-bond directionalities. In contrast, H-
bonded helices in a-peptides feature a uniform H-bonding directionality, N-terminal side
C=0 to C-terminal side NH.*"**

Guo et al. synthesized constrained y-amino acids with cis or trans cyclohexyl
rings on the CpB-Cy bond and R groups on the Ca position (Figure 1.5A, 1) by organo-
catalyzed Michael addition of aldehydes to nitroalkenes (Figure 1.6A). The cis ring-
constrained y-amino acids consistently support helical structures in a pure y-amino acid
backbone* and for 1:1 a/y- and 1:1 B/y-backbones.®*® X-ray crystallographic results
revealed that y-, a/y-, and p/y-peptides containing EtACHA (Figure 1.7) resembled an o-
peptide 31¢ helix in terms of hydrogen bonding pattern, with 14-atom, 12-atom, and 13-

atom-ring C=0(i)/H-N(i+3) hydrogen bonds, respectively (Figure 1.7).343¢



Et,
?,. Ph ON )

[ .
PhOTMS 20 mol % 3 H
-

O,N ©“000H 10 mol %

(B)

CHO

dr=16:1:1
major diastereomer
87% yield, 99% ee

dr =3.5:1:0.4:0.1

major diastereomer
92% yield, 97% ee

0
[
OZN\\\ °TMS 20 mol % I,
4
5mol % PhCO,H ON—/3

15mol % NMM Et

Figure 1.6 Key steps for the syntheses of ring constrained y amino acids (types | and Il
shown in Figure 1.5). (A) Catalytic Michael addition of butanal to 1-nitrocyclohexene to
yield a y-nitro aldehyde to lead to cis type | residue, with R = ethyl (EtACHA).*® (B)
Catalytic Michael addition of 1-nitropropane to the enal yields a y-nitro aldehyde to lead
to frans type Il residue, with R = ethyl.>** (NMM: N-methylmorpholine)

(A) Y-peptide (C) B/y-peptide

(B) o/y-peptide

Figure 1.7 Crystal structures of (A) a y-peptide, (B) a a/y-peptide, and (C) a B/y-peptide

containing EtACHA (cyclic y). Green is y, yellow is o, cyan is p residue.
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1.4 Helical a/B/y-peptide

Sawada and Gellman found that an o/B/y-peptide containing ring-constrained f3-
and y-residues in an oayoopfa hexad pattern yielded a stable a-helix-like
conformation.?®*° The ayaapo hexad design is based on the idea that the number of
backbone atoms from three a-amino acid residues corresponds to the number found in
one pB- and one y-amino acid residue collectively (9 atoms = a+a+a =g +y). This
relationship replaces seven a-residues in the a-peptide heptad repeat with one -, one
y-, and four o-residues in the o/p/y-peptide hexad repeat (Figure 1.8A). The ayaopa
pattern is intended to align - and y-residues along one side of the helix, allowing the a-
residues (a, d, e and g positions on the helical wheel) to define the other face of the
helix. Thus, the ayaapoa pattern is proposed to allow mimicry of the recognition surface

of a natural a-helix (Figure 1.8).

abcdefg aydefg
a-residue heptad ayoopa hexad
l Helix l Helix
formation formation

4
4=

B+y=a+a+a

Figure 1.8 (A) Helical wheel diagrams of an aocaaoaao heptad (a-helix) and an ayaofo
hexad (a/B/y-helix).*°
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To test the hexad concept, Sawada and Gellman designed o/p/y-peptide 1.2,

which incorporates ring-constrained p- and y-residues in an ayoofo pattern. The
analogous a-peptide 1.3 was not helical in aqueous solution. For the o/p/y-peptide 1.2,
however, numerous medium-range NOEs (Nuclear Overhauser Effect) from non-
adjacent residues were detected in water (acetate buffer), and the NMR structure based
on the NOE-restraints showed an a-helix-like conformation (Figure 1.9B and C).2°4°

(A)  Ac-EG)ARE) ¥ AGw) Q AG) K-Nm, 12 oyoafa

AccELEARQY Aormne Q AF K-NH, 1.3

S S VI
A %J\,« S_N""&\g ¥IY T
\ :
e L

NH3
oo) =EtACHA (B = ACPC om Nle

( B) NOEs between non adjacent residues (C)

Figure 1.9 (A) Sequence of a/B/y-peptide 1.2, and structures of cyclic y- and cyclic -
amino acids. (B) Helical wheel diagram of 1.2 with non-adjacent NOEs shown as curved
arrows; plain curve-strong NOEs, dashed curve-medium NOEs (8 mM peptide in 9:1
H.O/D,0, 100 mM acetate buffer, pH 3.8). (C) NMR structures calculated based on the
NOE-restraints. *°
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1.5 Foreword to Thesis Work

Further characterization of a-helix-mimicking o/f/y-peptides is necessary to
pursue biomedical applications of these potential peptidomimetics. This thesis details
development of a-helix-like o/p/y foldamers. Chapters 2 and 3 discuss biophysical
investigations of helical a/f/y-peptides. Chapter 4 discusses efforts to establish an a
+ o/p/y coiled-coil system for use in thermodynamic analysis of a + o/pB/y coiled-coil
folding propensities, and Chapter 5 discusses efforts toward developing functional o/f/y-

peptides to modulate apoptosis-regulating protein-protein interactions.
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Chapter 2: Effects of Ring Constrained y- and p-residues on Helical

a/pB/y-Peptides

Portions of this chapter were published as:
Shin, Y.-H.; Mortenson, D. E.; Satyshur, K. A_; Forest, K. T.; Gellman, S. H., “Differential Impact of § and y
Residue Preorganization on o/p/y-Peptide Helix Stability in Water”, Journal of the American Chemical

Society, 2013, 135, 8149.
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2.1 Introduction

2.1.1 Helical peptidomimetics

The surfaces of folded proteins often bear identifying information that is encoded
in specific side chain arrangements and recognized by other proteins.’ Oligomers that
can mimic these molecular messages while displaying superiority to conventional
peptides in other aspects (e.g., diminished susceptibility to enzymatic degradation,
enhanced conformational stability) can be useful as antagonists of specific protein-
protein associations or agonists of polypeptide-activated receptors.*® Gellman et al.
have previously shown that o/f-peptides generated from a prototype sequence by
replacing 25-33% of the original a-amino acid residues with f-amino acid residues, at
sites that are dispersed along the backbone, can adopt a conformation very similar to
the a-helix and bind tightly to recognition surfaces that evolved to bind natural o-
helices.'®" In some cases, affinity can be enhanced by use of cyclic f residues,
presumably because the extra backbone bond introduced with each a—>f replacement
raises the entropic cost of folding unless that bond is appropriately constrained.’®'® The
effective a-helix mimicry manifested by these o/p-peptides is somewhat surprising
because they contain at least one additional backbone atom per helical turn relative to a

true a-helix.

2.1.2 Helical a/B/y-peptide
Sawada and Gellman proposed that the recognition surface of a natural a-helix
could be mimicked by replacement of a heptads, which form two full helical turns, with

ayaapo hexads (Figure 2.1A)."" The B- and y- residues, collectively, contain the same
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number of backbone atoms as the three a-residues they replace. This design

strategy built upon pioneering studies of the folding of y-residue-containing oligomers by
other groups.'®3" The ayaopa arrangement allows the a-residues to define one face of
the helix. 2D NMR data showed that o/p/y-peptide 12-mer 2.1 in aqueous solution
adopts a conformation resembling an a-helix, and that this conformation is considerably
more stable than the true a-helix formed by analogous o-peptide 14-mer 2.2." Sawada
and Gellman originally postulated that this high conformational stability in water arises
from the backbone preorganization of both the - and y- residues provided by the five-
and six-membered rings, respectively. Here we test this hypothesis and show it to be

only partially correct.

2.2 Peptide design for this study

To evaluate the contribution of the f-residue and y-residue preorganization
independently, we prepared three o/f/y-peptide analogues of 2.1 (Figure 2.1B and C).
In 2.3, the y-residue constraints have been relaxed, because y*-hAla occurs in place of
the two cyclohexane-based residues of 2.1. In 2.4, the p-residue constraints have been
relaxed,  because  p*>hGIn and  p>-hPhe  replace  the  trans-2-
aminocyclopentanecarboxylic acid (ACPC) residues. In 2.5, the - and y-residues

constraints are relaxed simultaneously (Figure 2.1).
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Figure 2.1 (A) Helical wheel diagrams for the caaoaoaa heptad and the ayaofo hexad.
(B) Structures of p-and y-amino acids. (C) Sequences of o/p/y-peptides and a-peptide
2.2. Superscript ‘c’ indicates a ring-constrained residue. (D) Backbones of
ayoopa hexads from o/p/y-peptides; p- and y- residues are shown in blue and red,

respectively.
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2.3 Experimental Analysis

2.3.1 Circular Dichroism

Circular Dichroism

o
g 5
'o P —
w 0 (nm)
| .
‘:D . 5 m . 0
— 0
X E -10 1
o D Preorganized = 2.1
NE -15 Relax y — 2.3
]
:no 220 - Relax p -— 24
% Relaxp+y ~—— 25

(Aqueous buffer, pH 7.5, 100 uM)

Figure 2.2 Circular dichroism data for a/p/y-peptides 2.1 and 2.3-2.5 measured in PBS
buffer, pH 7.5 at 20 °C. Peptide concentration is 0.1 mM for all spectra.

Circular dichroism was used for an initial comparison of new o/f/y-peptides 2.3-
2.5 with 2.1 in aqueous buffer (Figure 2.2). The strong minimum at 204 nm seen for 2.1
was previously assigned to the a-helix-like conformation because 2D NMR data reveal
a network of medium-range NOEs consistent with this conformation under the same
conditions."” For a/p/y-peptide 2.5, the very limited CD intensity suggests little or no
helix formation, as we expected for a backbone lacking - or y- residue constraints.
Similar behavior is observed for 2.4, which indicates that the § -residue constraint
provided by the ring in ACPC is important for helical folding; this observation is
consistent with previous demonstrations that incorporation of ACPC or similar cyclic p-

residues is crucial for helical folding of o/p-peptides in aqueous media.'® 13103233 The
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CD data for 2.3, however, were surprising: the strong minimum near 202 nm implies

a significant population of peptide in a helical conformation, despite the absence of y-

residue constraints.
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Figure 2.3 Circular dichroism data for (A) o/p/y-peptide 2.1, (B) a-peptide 2.2 (C) o/p/y-
peptide 2.3, and (D) o/p/y-peptide 2.4 measured in 50% MeOH/ 50% H,O at varied
temperatures from 10 °C to 90 °C. Peptides concentration is 0.1 mM for all spectra.
Previous thermal denaturation study of o/f/y-peptide 2.1 showed that 6-
membered-ring constrained y-amino acids and 5-memebred-ring $-amino acids together
yielded a very stable helical conformation (Figure 2.3A)."”” To compare the
conformational stability of ring-relaxed o/B/y-peptides to ring-constrained o/p/y-peptide
2.1, the helicities of 2.1, 2.2, 2.3 and 2.4 were monitored by CD upon varying the

temperature from 10 °C to 90 °C in 50% methanol/water solution (Figure 2.3). Because
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o-peptide 2.2 did not show helical folding in water based on CD, 50% methanol/water

solution was used, in order to induce and thermally denature a helical conformation of
o-peptide 2.2. As expected, thermal denaturation behavior was shown by peptides 2.1 -
2.4: helical folding at low temperature, with decreased helicity as temperature
increases. Peptide 2.3 containing ring-relaxed y-residues presented considerably
reduced CD minima intensities at higher temperature, implying that the helical
conformation of 2.3 is not as rigid as that of 2.1 (Figure 2.3A and C). Peptide 2.4,
containing cyclic y-residues but without ring-constraints on p-residues, did not fold into a
helical structure even in 50 % methanol solution at low temperature, and no change was
observed in CD spectra while increasing temperature (Figure 2.3D).

To encourage increased helicity in o/p/y-peptides 2.3-2.5, trifluoroethanol (TFE),
which promotes secondary structures of peptides with debatable mechanisms, was
added to peptide solutions®, and changes were monitored by CD (Figure 2.4).
Interestingly, we could not observe significant changes in CD intensity for o/p/y-peptide
2.1, whereas improved helicity was observed for 2.3, 2.4 and 2.5. These data suggest
that o/p/y-peptide 2.1, which has ring-constraints on both - and y-residues, is almost
fully folded into a helical structure in water. The rigid folding deduced for 2.1 could be
desirable for helical peptidomimetics; however, 2.3, which manifests significant helicity
in water despite the lack of constrained y residues, might be also promising for future

design of o/B/y peptidomimetics.
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Figure 2.4 Circular dichroism data for a/f/y-peptides 2.1 and 2.3-2.5 measured in 0 %
to 60 % of TFE in PBS buffer (pH 7.5) at 20 °C. Peptide concentration is 0.1 mM for all
spectra.
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2.3.2 2D-NMR studies of 2.3

NMR analysis was undertaken to probe the behavior of o/p/y-peptide 2.3 in more
detail (Figure 2.5), because CD can provide only low-resolution insight on molecular
structure. Previously, the fully preorganized o/f/y-peptide 2.1 was found to display
numerous NOEs between protons from residues with i, i+2 and i, i+3 sequence
relationships in both aqueous buffer and methanol; these medium-range NOEs were all
consistent with an a-helix-like conformation. For 2.3, in which the cyclic y-residues
have been replaced by unconstrained y*-hAla residues, a smaller set of i, i+2 and i, i+3
NOEs was observed in methanol relative to 2.1 in methanol, and an even smaller set of
medium-range NOEs was detected for 2.3 in aqueous solution (Figure 2.5). However,
the NOEs observed for 2.3 in water included both of the possible y-residue CyH(i) — -
residue NH(/+3) NOEs and both y-residue CyH(i) — a-residue NH(i+2) NOEs, which
provides strong evidence for a significant population of the helical state. Thus, the 2D
NMR data indicate that removing the y-residue constraints, to generate 2.3, causes
some diminution in helix population relative to fully preorganized 2.1, but that the
unconstrained y*-hAla residues nevertheless manifest a significant helical propensity,

more so than unconstrained p*-residues.
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Figure 2.5 NOEs observed between nonadjacent residues for o/f/y-peptide 2.3 in
CD3OH (blue and pink, peptide concentration 6 mM), or in water (blue, peptide
concentration 2 mM) at 10 °C. Medium (2.6~3.5 A) and weak (3.6~5.5 A) NOEs are

shown as curved arrows on the peptide structure and on the helical wheel diagram.
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2.4 Crystallography

2.4.1 Peptide design based on GCN4-pLI model

In order to gain higher-resolution insight regarding accommodation of the
ayoopa motif in an a-helix-like conformation, we designed oligomers intended to
provide crystallographic data. The 12-mer o/p/y-peptides 2.1 and 2.3 did not provide
high quality crystals for X-ray crystallography (Figure 2.6). GCN4-pLl is a 33-residue a-
peptide derived from the dimerization domain of the yeast transcriptional regulator
GCN4.* The pLI version forms a very stable tetrameric a-helix bundle, while the native
sequence prefers lower oligomerization states.***” Many o/p-peptides derived from
GCN4-pLI have been crystallized in four-helix bundle assemblies that are remarkably
similar to the quaternary structure of GCN4-pLI itself."®%% We therefore prepared a
series of a/B/y-peptides based on this sequence, which contain varying numbers of

ayoapo hexads in different locations (Figure 2.7).

Figure 2.6 Peptide 2.1 was observed to crystallize with a thin, plate-like morphology.
Even after extensive optimization attempts, these crystals were found to be unsuitable
for collection of useful X-ray diffraction data.
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Figure 2.7 (A) Sequences of a/p/y-peptides derived from GCN4-pLI. Peptides 2.6 and
2.7 are marked with green stars (B) Structures of - and y-amino acids (C) Helical
wheel diagrams for the aoaooaaoa heptads of GCN4-pLI and the ayoaopfo hexads version
of GCN4-pLl.
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The a/p/y-peptides 2.8 and 2.11 could not be synthesized by SPPS, due to the

low coupling efficiency of the cyclic y-residue, EtACHA (Figure 2.7). The other o/B/y-
peptides (2.6, 2.7, 2.9, 2.10, 2.12, 2.13) were successfully synthesized and purified
(Figure 2.7). CD was used to investigate the secondary structures of four of the 31-mer
or 32-mer o/p/y-peptides 2.7, 2.9, 2.10, and 2.12, which have one or two hexads repeat
with cyclic or acyclic y-amino acids (Figure 2.8). In 50% TFE, all four peptides showed
a-helix-like structures with characteristic minima between 205 nm and 210 nm of similar
intensities. In water, however, the peptides with acyclic y-residues (2.9 and 2.10)
exhibited decreased CD intensity compared to peptides with cyclic y-residues (2.7 and
2.12). These data indicate that both cyclic- and acyclic y-residues can support helical
folding by GCN4-pLl-derived o/f/y-peptides in aqueous and/or organic-aqueous
solutions. Since our purpose in using the GCN4-pLI sequence was to facilitate the
crystallization of o/p/y-peptides, we did not focus on CD observations in this chapter.
Efforts to quantify the ring constraint effect of y-residues on helicity were pursued with
the backbone thioester exchange (BTE) method (Chapter 4).

All the oligomers synthesized were screened for crystallization by the hanging
drop method, and two of the screened oligomers provided high-quality crystals from
aqueous solution (Figure 2.7, peptide 2.6 and 2.7). The resulting structures show that
an apooyoopa unit can indeed adopt an a-helix-like conformation when either a cyclic-

or acyclic- y-residue is used (Figure 2.9 and 2.10, peptide 2.6 and 2.7).
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Figure 2.8 Circular dichroism spectra from peptides containing cyclic y-amino acids (2.9
and 2.10) and peptides containing acyclic y-amino acids (2.7 and 2.12), measured in
PBS buffer pH 7.5 and in 50 % trifluoroethanol at 20 °C. Peptide concentration is 50 pM
for all spectra.
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Ac-RMKQIEDKLEEILSKLYHIHDEI(c,JIKYLLGER-OH 2.6

G/B/Y - Yellow, C-terminus of 2.6

o, - Gray, PDB 1GCL
resolution: 1.25 A

PDB 4HJB

Figure 2.9 (A) Four-helix bundle formed by 2.6 (PDB 4HJB) as determined via x-ray
crystallography (B) Overlaid structures of C-terminal o/B/y-region of 2.6 and the
analogous a-region of GCN4-pLI (PDB 1GCL). Structures are simplified for the clear
view; hydrophobic core side chains and ring constraints are shown. - and y-residues
are highlighted in cyan and purple, respectively.
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Ac-RMKQIEDKLEEIL®KLy*h2IEXELARIKKLLYER-OH 2.7

(B)

o/B/y - Green, o/B/y region of 2.7
o, - Gray, PDB 1GCL
resolution: 1.70 A

PDB 4HJD

Figure 2.10 (A) Four-helix bundle formed by 2.7 (right, PDB 4HJD), as determined via
x-ray crystallography (B) Overlaid structures of o/f/y-region of 2.7 and the analogous a-
region of GCN4-pLI (PDB 1GCL). Structures are simplified for the clear view;
hydrophobic core side chains and ring constraints are shown. p- and y-residues are
highlighted in cyan and purple, respectively.
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2.4.2 Structural analysis

2.4.2.1 Hydrogen bonding

The H-bonding pattern among backbone amide groups within the o/p/y segments
of 2.6 and 2.7 is somewhat more complex than the H-bonding pattern of the canonical
a-helix, which features i, i+4 C=0--H-N H-bonds (13-atom rings). All backbone carbonyl
groups in the o/p/y segments of 2.6 and 2.7 form i, i+3 C=0--H-N H-bonds, which occur
in 10-, 11- or 12-atom rings, depending upon the types of residues between the amide
groups (Figure 2.11). Such H-bonds are typically identified based on O--N distances,

with 3.3 A as a standard upper limit;*°

in the o/p/y segments of 2.6 and 2.7, a few i, i+3
O--N distances exceed this limit (3.5-3.9 A) (Table 2.1 and 2.2). Some backbone
carbonyls in 2.6 and 2.7 participate in bifurcated H-bonds, involving i, i+4 C=0--H-N

interactions (14-atom rings) in addition to the i, i+3 interactions (Figure 2.12).
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Peptide 2.6 Ac-RMKQIEDKLEEILSKLYHIHQEI(o ) KYLLGER-OH

Peptide 2.7 Ac-RMKQIEDKLEEILEKLyhaIEQELARIKKLLYER-OH
11 14

e 10 "~ 12

— i—->i+4
—» j->i+3

Figure 2.11. Hydrogen bonds identified in the crystal structures of 2.6 (top) and 2.7
(bottom) shown on the peptide structures. H-bonding distances (O--N distances) with
3.3 A as upper limit are shown as plain curves; H-bonding distances between 3.5 and
3.9 A are shown as dashed curves.
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Peptide 2.6 Peptide 2.7

Black:i=>i +3
Blue:i =2i +4

Figure 2.12 Hydrogen bonds from crystal structures of 2.6 (left) and 2.7 (right).
Bifurcated H-bonds are highlighted by red circles. i,i+3 and i,i+4 H-bonds are shown as
black and blue dashed lines, respectively. a-Residue side chains are omitted for clarity.



Table 2.1 Hydrogen bond distances (O--N distance) from the four independent

36

molecules in the crystal structure of peptide 2.6. Distances from each chain and
averaged values (A) are shown.

Peptide 2.6, B(21), 7(24), B(27)

# of atoms
(0] NH i+n between A B C D Avg.
H-bonding atoms

a 19 o 22 j+3 11 3.3 3.3 3.3 3.4 3.3
23 i+4 14 2.9 2.9 3 3 3.0

a 20 23 i+3 11 3.6 3.4 3.4 3.6 3.5
24 j+4 14 3.7 3.5 3.6 3.8 3.7

B 21 24 j+3 10 3.6 3.8 3.5 3.6 3.6
25 i+4 15 5.1 5.2 5.2 5.3 5.2

o 22 a 25 j+3 12 3 2.9 2.9 29 2.9
26 i+4 15 5.3 5.3 5.3 5.3 5.3

o 23 o 26 +3 12 2.8 2.8 2.9 2.8 2.8
B 27 i+4 15 4.9 4.7 4.9 4.9 4.9

Y 24 B 27 i+3 10 3 2.9 2.9 29 2.9
28 i+4 14 4.6 4.7 4.8 4.7 4.7

o 25 28 i+3 11 3 2.9 2.9 3 3.0
29 i+4 14 4.7 4.6 4.7 4.7 4.7




Table 2.2 Hydrogen bond distances (O--N distance) from the two independent
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molecules in the crystal structure of peptide 2.7. Distances from each chain and
averaged values (A) are shown.

Peptide 2.7, B(15), 1(18), p(21)

# of atoms between

0 NH i+n H-bonding atoms A B AVg'
a 13 a 16 i+3 11 3.3 3.3 3.3
17 i+4 14 2.9 3 3.0

a 14 17 i+3 11 3.8 3.9 3.9
18 i+4 14 4 4.2 4.1

B 15 18 i+3 10 3.1 3 3.1
19 i+4 15 5 5 5.0

a 16 a 19 i+3 12 3 3.1 3.1
20 i+4 15 5.4 5.5 5.5

a 17 a 20 i+3 12 3 3.1 3.1
B 21 i+4 15 4.8 5.4 5.1

Y 18 B 21 i+3 10 3.5 29 3.2
a 22 i+4 14 3.2 4 3.6

a 19 22 i+3 11 3.4 3.4 3.4
a 23 i+4 14 2.9 3 3.0

2.4.2.2 Comparison: NOEs from NMR in solution and H-H distances from crystallographic

data

The crystallographic data show that NOEs detected in solution and attributed to

the a-helix-like conformation are associated with pairs of backbone hydrogen atoms that

are brought into proximity in this folded state, including the two medium range NOEs

mentioned above for 2.3 in aqueous solution (Figure 2.5, Table 2.3).

In 2.6, the

distance between the y-residue CyH (position 24) and the g-residue NH at position 27 is

3.0 A, while in 2.7, the distance between the y-residue CyH (position 18) and the p-

residue NH at position 21 is 2.9 A (H--H distance). In 2.6, the distance between the y-
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residue CyH (position 24) and the o-residue NH at position 26 is 2.5 A, and the same

separation is observed in 2.7 between the y-residue CyH (position 18) and the a-
residue NH at position 20. We note, however, in 2.7, the backbone (i, i+2) H-H distance
between the p-residue CBH (position 15) and the o-residue NH at position 17 in the
crystal structures do not give rise to NOEs for 2.3 in aqueous solution, perhaps because

this conformation is only partially populated (Table 2.3).

Table 2.3 Average H-H distances in crystal structures of peptides 2.6 and 2.7
corresponding to medium/weak-range NOEs of peptides 2.1 and 2.2, respectively.

. Distance (A NOEs from
NOE type residue # o stal strugtlzre 2D-NMR
2.6 o-residue CaH(i) — a-residue NH(+3)  20-23(4)° 3.7 weak
p-residue CpH(i) — y-residue NH(i+3) 21-24(4) 3.4 medium
a-residue CaH(i) — a-residue NH(i+2) 23-25(4) 29 weak
y-residue CyH(i) — a-residue NH(i+2) 24-26(4) 25 medium
y-residue CyH(i) — p-residue NH(i+3) 24-27(4) 3.0 strong - medium
2.7 o-residue CoH(i) — a-residue NH(j+3) 14-17(2) 3.8 weak
B-residue CpH(i) — a—residue NH(i+2) 15-17(2) 3.6 -
p-residue CpH(i) — y-residue NH(i+3) 15-18(2) 3.3 medium
a-residue CaH(i) — a-residue NH(i+2) 17-19(2) 2.8 weak
y-residue CyH(i) — a-residue NH(i+2) 18-20(2) 25 medium
y-residue CyH(i) — p-residue NH(i+3) 18-21(2) 29 medium

NOE range from 2D-NMR: Weak (3.6-5 A), Medium (2.6-3.5 A), Strong (2-2.5 A)
@ Number of measurements in crystal chains shown in parentheses.

2.4.2.3 Helix parameters

The crystal structures allow a detailed comparison of o/p/y-peptide hexads with o
heptads. In addition, the crystallographic data for 2.6 and 2.7 enable comparisons with
several recently reported crystal structures of peptidic oligomers that contain y-residues
and display C=0(i)--H-N(/+3) H-bonded helical secondary structures. Table 2.4

compares the standard helix parameters determined for the afaayo hexads in 2.6 and



39
in 2.7 with analogous parameters for the o-helix (as represented by GCN4-pL|; PDB

1GCL), for a canonical 310-helix,”° for a-helix-mimetic o/p-peptides (PDB 3043, 3F87
and 3C3H), and for various oligomers containing either the cyclic y-residue we have
employed*™ or y*-residues.***° Although all of these helices have generally similar

geometries, the afaaya unit does best at matching the a-helix radius.

Table 2.4 Helical parameters for o/p/y-, y-, o/p— and a-peptides.

Peptide Pattern rise/turn, p (A)  radius, r (A)

o/p/y- 2.6, 2.7 apooyo 57 2.3
ye b Y 5.5 2.9
a/ye ¢ oy 6.1 25
o/y*d oy 5.3 2.1
Be/yee Py 5.4 2.5

a/p’ aap, oapacop 5.2-5.4 2.4-25
ad GCN4pLlI 54 2.3
310-helix 5.8 2.0

Helical parameters were calculated as previously described (ref 15a)
ref 15a, “ref 15e, ref 15b, “PDB 3043, ° PDB 3F87, " PDB 3C3H, Y PDB 1GCL

2.4.2.4 y Residue torsion angles

Table 2.5 compares the four backbone torsion angles of cyclic y-residues and y*-
residues in various helical contexts. As might be expected, the cyclohexane-based y-
residue generally prefers gauche torsion angles (~60°) about the backbone Ca-Cp and
CB-Cy bonds, T and 6, respectively.*™ The a-helix-like conformation observed in a/f/y-
peptide 2.6, however, seems to require a somewhat smaller CB-Cy torsion angle (45.9°)
in the cyclohexyl ring. Crystal structures of helical o/y-peptides containing y*-residues

that have recently emerged from the Gopi*’*° and Balaram***° |aboratories show that in
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these cases, the Cp-Cy torsion angles are frequently in the range of 50°, but an even

smaller torsion angle is observed for the corresponding backbone bond in the y*-hAla
residue of 2.7 (38.9°). The relatively small 6 backbone torsion angles for the y-residues
in 2.6 and 2.7 raise the possibility that the cyclohexyl-constrained y backbone may not

be optimally suited to an a-helix-mimicking conformation.

Table 2.5 Backbone torsion angles (degrees) for y-residues in various peptides.

peptides ¢ 0 C P
o/Bc/ye- 2.6 -135.5 45.9 56.9 -118.6
o/Byt- 2.7 -132.9 38.9 64.7 -107.3

ye @ -154.5 60.2 59.5 -126.8
o/ye b 143.7 -56.6 -52.5 111.7
o/yte -125.8 50.8 61.9 -118.9
oyt d -124.1 53.6 65.1 -136.2
o/ o d -126.7 51.0 59.6 -120.9
Be/yee -134.7 60.1 59.8 -121.0

o9 )0

Y = J’\N o
H L

@ ref 15a, © ref 15b, ° ref 16a, “ ref 17a, °ref 15d

2.5 Efforts toward synthesis of 5-membered ring-constrained y-amino acids
EtACHA, containing a cis-cyclohexyl ring constraint for the Cp-Cy bond, can be

incorporated into an a-helix-like conformation in o/p/y-peptides, but the crystal structure

of 2.6 suggests that the 0 torsion angle deviates from the intrinsic preference for ~ 60°

when EtACHA participates in such a helix (Table 2.5). As an alternative y-amino acid, in
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light of the initial computational results (see experimental session), we sought to

prepare the analogous y-amino acid with a cis-cyclopentyl ring constraint for the Cp-

Cy bond (Figure 2.13).

a-ethyl-cis-2-aminocyclohenxaneacetic acid  a-ethyl-cis-2-aminocyclopentaneacetic acid
(S, S, S) EtACHA (S, S, S) EtACPA

Figure 2.13 Structures of y-amino acids, Et-ACHA and Et-ACPA.

Efforts to synthesize the (S,S,S) a-ethyl-cis-2-amino cyclopentaneacetic acid
(ACPA) involved Michael additions of n-butanal to 1-nitrocyclopentene, with catalysis L-
proline®® or the Hayashi-Jorgenson catalyst*® (Figure 2.14). However, the Michael
products were difficult to purify owing to poor diastereomeric selectivity or rapid
epimerization. Reduction of crude aldehydes to alcohols, or oxidation to carboxylic
acids, eliminated the epimerization problem, but the stereoisomer mixtures remained
inseparable. Carful purification of the aldehyde Michael product using a silica gel
column, followed immediately by oxidizing the aldehyde to the carboxylic acid, seemed
to afford one pure product. However, the stereochemistry has not been identified, and

optimization of this process will be necessary.
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%.(9)

o )
(A) . L-proline 15 mol % 9% (s - oHo
H ~"mommmmmmmmmemmeees »
Na,SO,, DMSO

r.t. 90mins

(B) [ MR) Ph %
O,N o] N PﬁhOTMS 20 mol % ON, /—CHO
ISR T - 5
02N©COOH 10 mol %
DCM, r.t. 36 hr

Figure 2.14 Initial efforts toward preparation of Et-ACPA (A) using L-proline *° (B) using
Hayashi-Jorgenson catalyst **.

2.6 Conclusions

The results suggest that - and y*-amino acid residues, which bear a single side
chain and are therefore homologous to a-amino acid residues, differ in their intrinsic
tendencies to adopt helical secondary structure, with y*-residues displaying a higher
propensity than |33-residues. Previous work has shown that short peptidic oligomers
containing p-residues or y*-residues, either exclusively or in combination with -
residues, can adopt helical conformations in the crystalline state or in organic
solvents. 83147495153 Aqueous solution represents a more challenging environment in
terms of peptidic secondary structure formation, and we have used comparisons in
water to show that cyclic p-residues display substantially higher helical propensities
than p°-residues.'®®°**" Considering this precedent, the relatively large helical
propensity of y*-residues revealed by our comparisons among o/p/y-peptides 2.1 and
2.3-2.5 in aqueous solution is unexpected. The helical propensity of the cyclic y-residue

in 2.1 appears to be somewhat superior to that of y4-hAIa, but the relatively small 6
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backbone torsion angles documented crystallographically for the y-residues in 2.6

and 2.7 raise the possibility that the cyclohexyl-constrained y backbone may not be
optimally suited for the a-helix mimetic conformation. In the future, alternative types of
y-residue constraints should be explored in pursuit of improved stability of the a-helix-

like conformation available to o/B/y-peptides.

2.7 Experimental
2.7.1 Materials

Fmoc a-amino acids and resin for solid phase peptide synthesis were purchased
from Novabiochem or Chem-Impex, and coupling reagents and additives, O-
benzotriazole-N,N,N’,N’-tetramethyluronium  hexafluorophosphate  (HBTU), O-(7-
azabenzotriazol-1yl)-N,N,N,N’-tetramethyluronium  hexafluorophosphate(HATU), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI),
hydroxybenzotriazole (HOBt), 1-hydroxy-7-azabenzotoriazole) (HOAt), were purchased
from Chem-Impex. Other reagents and solvents were purchased from Sigma Aldrich.

Fmoc B- and y- amino acids were prepared according to previous reports.*>>®

2.7.2 Peptide synthesis

All peptides were synthesized on 25 umol scale by previously reported
microwave-assisted solid-phase methods."” Microwave irradiation was carried out with a
CEM MARS microwave reactor with a microtiter plate turnable, fiber-optic temperature
probe and magnetic stirrer. NovaPEG rink amide resin (NovaBiochem) was used for

peptides 2.1-2.5, and Fmoc-Arg(Pbf) loaded NovaSyn TGA resin (NovaBiochem) was
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used for peptides 2.6 and 2.7. Peptides 2.6 and 2.7 were prepared as C-terminal

acids via a combination of microwave method (for o/f/y-region) and room-temperature

peptide synthesis methods (for a-region).

2.7.3 Purification and characterization of peptides

All peptides were purified on a Shimadzu SCL-10A liquid chromatograph fitted
with a C18-functionalized reverse-phase column. The binary solvent system used
H,O:CF3CO2H (100:0.1 v/v) as A solvent and CH3CN:CF3;CO2H (100:0.1 v/v) as B
solvent. Following purification, fractions were lyophilized. Polypeptide identity was
confirmed using matrix-assisted laser desorption ionization-time of flight (MALDI-TOF)
mass spectrometry (Bruker REFLEX Il). Purity was determined by analytical HPLC, and

was greater than 95 % for all peptides described below.



Peptide 2.1

Ac-E (jor) A RBerd Y AQJerd Q Aey) K-NH,

Calc. 1533.9 Found 1533.7

Purification condition: 34-44 % MeCN, 20 min
HPLC purity check: 10-60 % MeCN, 50 min
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0 5 10 15 20 25 30 35
Minutes

Peptide 2.2
AccE LEAROQ Y Aornnie Q A F K-NH,

Calc. 1722.9 Found 1721.8
Purification condition:18-28 % B, 20 min
Purity check: 10-60 % B, 50 min
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mVolts

500

0 5 10 15 20 25 30 35
Minutes



Peptide 2.3

Ac-E y*na A RBeyd Y A y%na Q K-NH,
Calc. 1397.8 Found 1397.7

Purification condition: 18-29 % B, 20 min
Purity check: 10-60 % B, 50 min
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Peptide 2.4

Ac-E AR %o Y A(yeyd Q A yonr K—NH,
Calc. 1615.0 Found 1614.8

Purification condition: 25-35 % B, 20 min
Purity check: 10-60 % B, 50 min
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50
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55

1000
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0 5 -]
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Peptide 2.5

Ac-E y4na A R Y°h0 Y A y4ha Q A y°nr K-NH,
Calc. 1478.8 Obsd. 1478.7

Purification condition: 15-25 % B, 20 min
Purity check: 10-60 % B, 50 min

1

15001 — e
1000
500

0

-

0 5 10 15 20 25 30 35 40 45 50

Peptide 2.6
Ac-RMKQIEDKLEEILSKLYHIHZEL(»)IKPLLGER-OH

Calc. 4000.1 Obsd. 4002.1
Purification condition: 30-45 % B, 30 min (purified twice)

%*

— Crude

6004

1 10-60 % MeCN, 50 min

4004

Calc. 4000.1 oo
Obsd. 4002.1 i

400

Epimerized product =>

2004

04

0 5 10 15 20 25 30 35 40 45 50 55

Purity check: 10-60 % B, 50 min
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150

100

50

0 5 10 15 20 25 30 35 40 45 50 55
Minutes

60




Peptide 2.7
Ac-RMKQIEDKLEEILQKLy*:IEQELARIKKLLYER-OH

Calc. 4004.2 Found 4005.8

Purification condition: 35-45 % B, 20 min (purified twice)
Crude 10-60 % MeCN, 50 min

750 *

500

2501

0 5 10 15 20 25 30 35 40 45 50 55 60
Minutes

Purity check 10-60 % MeCN, 50 min

1000+

04—~ "
0 5 10 15 20 25 30 35 40 45 50 55 60
Peptide 2.9
Ac-RMKQIEDKLEEIL@KL(;»)IEPELARIKKLLYER-OH
Calc. 4074.3 Found 4076.5
Crude 10-60 % MeCN, 50 min *
400
2004
5 10 15 20 25 30 35 40 45 50 55
Purity check 10-60 % MeCN, 50 min
400 F40(
200 F20(
0 T 0

48
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Peptide 2.10

Ac-RMKQIEDKLEEILZKL()IEDEL(DIKDLLYER-OH

Calc. 3998.2 Found 3999.9
Crude 10-100 % MeCN, 90 min

3004 *

200

100

S

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Minutes

Purity check 10-60 % MeCN, 50 min

4004 F40
2004 F20
0 - - 0
0 5 10 15 20 25 30 35 40 45 50 55 60
Peptide 2.12

Ac-RMKQIEDKLEEIL@KLy*»IEDELy*,IKPLLYER-OH
Calc. 3862.1 Found 3864.3

Crude 10-60 % MeCN, 50 min *

750+
500+
250+

0 5 10 15 20 25 30 35 40 45 50 55 6C
Minutes

Purity check  10-60 % MeCN, 50 min

4004

2004

0 5 10 15 20 2% 30 35 40 45 50 55 60
Minutes
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Peptide 2.13
Ac-RMKQIEDKLEEILYKLy*2I BQELy* I KLLy*2R—-0H

Calc. 3718.0 Found 3719.5

Crude 10-60 % MeCN, 50 min
1000+ *

500 Jt
0 e

0 5 10 15 20 25 30 35 40 45 50 55 60
Minutes

Purity check 10-60 % MeCN, 50 min

400 400
200 \ £ 200
o} ¥ Fo
5 10 15 20 25 30 35 40 45 50 55

Ac-RMKQIEDKLEEILYKLGOIE@QELG»OIKPLI(;DR-0H 2.11

=Y

3004 crude| 10.60 % MeCN, 50 mins

200+

100+

0 p—rtentd
5 10 15 20 25 30 35 40 45 50 55 60

Figure 2.15 HPLC trace of crude stock of peptide 2.11. Due to the low yield, 2.11 could
not be purified.
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2.7.4 Circular Dichroism Spectroscopy

CD spectra were measured on an AVIV circular dichroism spectrometer model
420. Spectra were recorded in a 1 mm quartz cell with a wavelength step size of 1 nm
and an averaging time of 5 sec for each measurement. Variable-temperature
measurements were carried out at 10 °C intervals with an equilibration time of 10 min at

each new temperature.

2.7.5 2D-NMR analysis
Two-dimensional NMR spectra were recorded on a Varian INOVA 600 MHz

spectrometer equipped with a Varian 5 mm "H/'*C/"®N, 3-axis PFG probe. Data were
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processed using Varian VNMR 6.1 software. All NMR samples were prepared with

total volumes of approximately 0.35 mL in 5 mm Shigemi tubes. Lyophilized peptides
were dissolved in 9:1 H,O/D,0O, or CD3OH solvent. 2,2-Dimethyl-2-silapentane-5-
sulfonate (DSS) sodium salt was used as internal standard for chemical shifts. The 'H
chemical shift assignments were achieved by sequential assignment procedures using
gCOSY, TOCSY, and ROESY measurements.®® TOCSY and ROESY spectra were
acquired using watergate suppression. All experiments were performed by collecting
2048 points in f2 and 300-600 points in f1. TOCSY experiments employed a standard
MLEV-17 spin lock sequence with a spin lock field of 7-8 KHz and mixing time of 100
ms. ROESY experiments used spin-locking fields of ~3 kHz’s and mixing times of 150-
250 ms. The 2D NMR spectra data were analyzed using the program Sparky.®' Residue

designations and chemical shift data are summarized in Table 2.7 and 2.8.

Table 2.6 Chemical shift data for peptide 2.3 in CD3OH (10 °C).

Residue NH "H-o. H-p "Hy

1 Glu 8.449 4.187
2 v*hAla 7931 2.280,1.996 1.483 3.889 CHs=1.111
3 Ala 8.459 4.041
4 Arg 8.624 4.122

CH,=1.987,
5 ACPC 7.735 2.700 4.179 1650
6 Tyr 8.147 4.206
7 Ala 8.130 4.185
8 v*hAla 7361 2.129,2.251 1.635 3.843 CH5=1.121
9 Gln 8.381 4.019
10 Ala 8.735 4175

CH,=2.001,
11  ACPC 7.754 2.668 4.256 1662

12 Lys 8.072 4.151




Table 2.7 Chemical shift data for peptide 2.3 in 90% H,0O/ 10% D,O (10 °C).

Residue  NH H-a 'H-p  "Hy
1 Glu 8413 4.143

. 1.876, _
2 y'hAa 799  ,or> 1644 3.790 CHa=1.134
3 Ala 8371  4.148
4 Arg 8457 4154

CH,=2.032, 1.934.

5 ACPC 7.788 2632  4.168 a1 564
6 Tyr 8233  4.445
7 Ala 8113 4185
8  yhAla 7494 1.89 2303 1661 3.776 CHa=1.122
9 Gin 8375 4179
10  Aa 8513 4178
11 ACPC 7.874 2655  4.248 CH2=2iog§A1.759,
12 Lys 8359 4238

64

Figure 2.16 Sequential NOEs from o/B/y-peptide 2.3 in CD;OH at 10 °C. Medium
(2.6~3.5 A) and weak (3.6~5.5 A) NOEs are shown as plain and dashed curves,

respectively.
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“00C

Figure 2.17 Sequential NOEs from o/f/y-peptide 2.3 in 90% H,O/ 10% D,O at 10 °C.
Medium (2.6~3.5 A) and weak (3.6~5.5 A) NOEs are shown as plain and dashed
curves, respectively.

2.7.6 Peptide Crystallization and Diffraction Data Collection
(Mortenson, D. E. and Satyshur, K. A involved in collecting the diffraction data and solving the structures)

Crystallization experiments involving o + o/f/y-peptides were carried out using
the hanging-drop vapor diffusion method in 24-well Linbro-style plates (Hampton). For
all crystallizations, 1 uL of a 10 mg/mL aqueous peptide stock solution was mixed with 1
uL of precipitant solution on a silanized glass slide and allowed to equilibrate over a well
containing 700 uL of precipitant solution. Optimized crystals of peptide 2.6 were
obtained from a precipitant solution containing 0.2 M NaCl, 0.1 M sodium acetate, pH
4.6 and 30% (v/v) 2-methyl-2,4-pentanediol (MPD). These crystals were cryoprotected
by transferring to a precipitant solution supplemented with MPD (44% total v/v) before
flash freezing in liquid nitrogen. For peptide 2.7, optimized crystals were obtained from a
precipitant solution containing 0.1 M sodium acetate, pH 4.6, and 8% v/v PEG 4000.
Crystals of peptide 2.7 were cryoprotected by transferring to a precipitant solution

supplemented with PEG4000 (24 % total v/v) before flash freezing in liquid nitrogen.
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Diffraction data were collected using synchrotron radiation (A = 0.97872 A; LS-

CAT 21-ID-F) at 100 K. Data collected from crystals of peptides 2.6 and 2.7 were
indexed, integrated and scaled using the XDS software package.®? Five percent of
reflections distributed randomly across resolution shells were flagged for calculation of
Rfree during model refinement.

Structures of peptides 2.6 and 2.7 were determined by molecular replacement in
Phaser®® using the structure of GCN4-pLI (PDB 1GCL)* as a starting model in both
cases. Following structural solution, manual rebuilding of the models was carried out in

t.°* The monomers y*-homoalanine and Et-ACHA were built using the PRODRG

Coo
server.®® Refinement of both models was carried out via maximum likelihood methods in
Refmac5®® using anisotropic temperature factors and riding hydrogen atoms. Data
processing and model refinement statistics for structures of peptides 2.6 and 2.7 are

listed in Table 2.9.



Table 2.8 Data collection and refinement statistics.
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Peptide 2.6 (cyclic y)

Peptide 2.7 (acyclic vy)

PDB accession code 4HJB 4HJD
Data Collection Temp. (K) 100 100
Beamline/Detector 21-ID-F 21-ID-F
Wavelength (A) 0.97872 0.97872
Resolution range 46.29 — 1.25 17.62-1.70
(1.28 — 1.25) (1.70-1.74)
Unique reflections 27036 (1056) 6350 (477)
Completeness (%) 89.1 (47.5) 98.3 (98.8)
Rsym 0.050 (0.324) 0.034 (0.346)
llo 28.8 (4.05) 23.4 (3.76)
Redundancy 11.3 (1.8) 3.7 (3.7)
Wilson B-factor (A?) 12.9 28.8
Space group P2 C2
Unit cell parameters
(a, b, c) 34.2,46.3, 34.9 46.9, 51.5, 31.0
(/B /Y) 90.0/91.3/90.0 90.0/ 128.9/ 90.0
Water content (%) 37.2 34.6
Refinement:
# Non-H Atoms 1097 559
Resolution range (A) ? 16..2289—_ 11.é255) (1 17.%642: 11.%70())
R(work) 0.139 (0.166) 0.251 (0.343)
R(free) 0.191 (0.222) 0.295 (0.322)
RMS bond length (A) 0.025 0.005
RMS bond angle (°) 29 0.9
Coordinate ESU (A) 0.04 0.11
Mean B Value (A? 21.0 22.6
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Table 2.9 H-H distances from the crystal structure of peptide 2.6 corresponding to
NOEs recorded in solution-phase measurements. Distances from each chain and

averaged values (A) are shown.

Peptide 2.6 Distance from crystal structure (A)

NOE type residue# | A B C D avg
o-residue CaH(i) — a-residue NH(i+2) 20-23 37 34 34 34 | 35
p-residue CBH(i) - a-residue NH(i+2) 21-23 36 38 36 36 | 37
B-residue CBH(/) - y-residue NH(i+3) 21-24 32 34 34 35| 34
o-residue CaH(j) - a-residue CaH(i+3) 21-24 47 49 50 50| 49
o-residue CaH(i) — a-residue NH(i+3) 22-25 41 40 41 40 | 41
o-residue CaH(i) — a-residue NH(i+2) 23-25 28 30 30 30| 30
y-residue CyH(i) — a-residue NH(i+2) 24-26 23 26 25 23| 24
y-residue CyH(/) - p-residue NH(i+3) 24-27 28 30 32 30| 3.0

Table 2.10 H-H distances from the crystal structure of peptide 2.7 corresponding to
NOEs recorded in solution-phase measurements. Distances from each chain and

averaged values (A) are shown.

Peptide 2.7 Distance from crystal structure (A)

NOE type residue# | A B avg
o-residue CaH(i) — a-residue NH(i+3) 14-17 3.7 3.8 3.8
B-residue CBH(/) - a-residue NH(i+2) 15-17 36 3.5 3.6
B-residue CBH(/) - y-residue NH(i+3) 15-18 33 32 3.3
o-residue CaH(/) - y-residue NH(i+2) 16-18 39 37 3.8
o-residue CaH(i) — a-residue NH(i+3) 16-19 42 42 4.2
o-residue CaH(i) — a-residue NH(i+2) 17-19 26 29 2.8
o-residue CaH(i) — a-residue NH(i+3) 17-20 3.7 41 3.9
y-residue CyH(/) — a-residue NH(i+2) 18-20 27 22 25
y-residue CyH(/) - p-residue NH(i+3) 18-21 27 3.1 3.3




Table 2.11 Backbone torsion angles (degrees) for the a/p/y-peptides 2.6 and 2.7.

# residue (0 0 C P
Peptide 2.6 21 B -115.2 785 -100.1
avg(4) 24 Y -135.5 459 569 -118.6
27 B -107.2  83.9 -78.6
Peptide 2.7 15 B -1251  82.0 -103.7
avg(2) 18 Y -1329 389 64.7 -107.3
21 B -113.8  79.7 -109.4

Table 2.12 RMSD from peptide 2.6 to a-peptide GCN4-pLI.

RMSD (A)  Atoms used for alignments

Chain A 0.521 182
Chain B 0.578 167
Chain C 0.637 157
Chain D 0.528 174

Table 2.13 RMSD from peptide 2.7 to a-peptide GCN4-pLlI.

RMSD (A)  Atoms used for alignment
Chain A 0.570 175
Chain B 0.726 180

Table 2.14 RMSD from peptides 2.6 and 2.7 to a-peptide GCN4-pLI for the apaayo-

hexad region.

RMSD (A)  Atoms used for alignments

2.6 chain A to GCN4-pL| 0.347 27
2.7 chain A to GCN4-pL| 0.507 25
2.7(13-19) to 2.6 (19-25) 0.264 41

69
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Figure 2.18 Four-helix bundle formed by peptide 2.6 as determined via x-ray
crystallography (PDB 4HJB); p- and y- residues are highlighted in cyan and purple,
respectively. In these images the helical ribbons are based on the structure of GCN4-
pLI itself (PDB 1GCL), but the sticks are from the new structures. This image is
intended primarily to illustrate the positions of the  and vy -residues within the four-helix
bundle.
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Figure 2.19 Four-helix bundle formed by peptide 2.7 as determined via x-ray
crystallography (PDB 4HJD); p and vy -residues are highlighted in cyan and purple,
respectively. In these images the helical ribbons are based on the structure of GCN4-
pLI itself (PDB 1GCL), but the sticks are from the new structures. This image is
intended primarily to illustrate the positions of the  and vy -residues within the four-helix
bundle.
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Figure 2.20 Overlaid structures of peptide 2.6 (yellow), 2.7 (cyan) and GCN4-pLlI (gray).
Structures are simplified for the clear view; hydrophobic core side chains and ring
constraints are shown. Ring-constrained residues are highlighted in magenta.
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Ac-RMKQIEDKLEEIL@KLy»IEQELARIKKLLYER-OH 27

- ‘ yhs2213A

™

Figure 2.21 Crystal picture from peptide 2.7 under microscope, crystallized from the
solution containing 0.1M Sodium acetate trihydrate pH 4.6, w/v PEG 4,000 and cryo-
protected with PEG 4,000 up to about 24%.

Ac-RMKQIEDKLEEIL@ZKLy*»IB2ELy*»IKPLLYER-OH 212
yhs2223A

Figure 2.22 Crystal picture from peptide 2.12 under microscope, crystallized from the
solution containing 0.12 M Sodium acetate trihydrate pH 4.6, 2.0 M sodium formate and
cryo-protected with PEG 400 up to about 22%. However, these crystals only provided
poor X-ray diffraction data.
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Ac-RMKQIEDKLEEILZKLDIBQEL(DIKPLLYER-OH 2.10

yhs2213C

Figure 2.23 Crystal picture from peptide 2.10 under microscope, crystallized from the
solution containing 0.2 M Sodium citrate tribasic dihydrate, 0.1 M Tris hydrochloride pH
8.5, and 30% PEG 400. However, we could not optimize the crystallization.

2.7.7 Torsion angles of different cyclic y-residues predicted by computational
analysis

To estimate what alternative types of y-residue constraints might potentially lead
to improved stability of the a-helix-like conformation available for o/p/y-peptides, HF/6-
31G* and then B3LYP/6-31G* levels of ab initio MO theory were initially applied for
calculations using X-ray o/f/y-structures (PDB 4HJB, 4HJD) as starting models.
Potentially interesting y-amino acids are those in which either the Ca-Cp bond or the
Cp-Cy bond is constrained by a cyclohexyl or a cyclopentyl ring with cis- or frans-

configuration (Table 2.15).
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Based on the backbone torsion angles of the most stable helices of o/p/y-

peptides calculated, y-amino acids with a cis-cyclopentyl ring on the Cp-Cy bond, or with
a trans-cyclopentyl ring on the Ca-Cf bond showed promise in promoting an a-helix-like
conformation in o/p/y-peptides with similar torsion angles to that found in our crystal
structures (Table 2.15). The y-amino acid containing a trans-cyclopentyl ring on the Ca-
Cp bond has been synthesized and examined in a/y-peptides by Dr. Giuliano, but the y-

residue yielded o/y-peptides with flexible helical folding estimated by 2D NMR studies.*
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Table 2.15 Backbone torsion angles of the most stable helices of a/p/y-peptides at
the B3LYP/6-31G* level of ab initio MO theory (prior to B3LYP/6-31G*, initial models
were calculated by applying HF/6-31G*). Estimated 6 and T angles close to those from
the crystal structures are marked by red squares, and of those cyclopentyl ring
constrained y-residues chemical structures are shown below the table.

¢ 8 [ P
Crystal structure
6ring i (fstgcsflg) 135 a4 59 119
y*hAla -131 35 68 -108
B3LYP, 6-31G(d)
6-ring cis EtACHA -135 52 56 -120
GABA -126 51 59 -124
5-ring cis  4S,3S,2S-Et  -128 44 60 -120
cis 48,3S -119 40 65 -127
trans 48, 3R -129 BT 79 -114
cis 3R, 2S -132 59 47 -112
trans 35,28 -123 43 76 -123
For the calculation, p= ACPC R _4 . \
f’ N B
o(Nes i LA L
AREGY LYY
H P e ,/' ' I

EtACHA M e e ¢
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H COOH

O.N
2 0 L-proline 15 mol % O.N CHO H,Cr,0, O.N CO.H
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Figure 2.24 Scheme for synthesis of EtACPA
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Figure 2.25 "H-NMR of oxidized intermediate, nitro-cyclopentaneacetic acid.
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Figure 2.26 "H-NMR of Fmoc protected amino-cyclopentaneacetic acid.

Juuy

4500

4000

r3500

3000

2500

2000

+1500

1000

500

r-500

78



79
2.8 References
(1)  Arkin, M. R.; Wells, J. A. Small-molecule inhibitors of protein-protein interactions:
Progressing towards the dream. Nature Reviews Drug Discovery 2004, 3, 301-317.
(2) Jochim, A. L.; Arora, P. S. Assessment of helical interfaces in protein-protein
interactions. Molecular Biosystems 2009, 5, 924-926.
(3) Bullock, B. N.; Jochim, A. L.; Arora, P. S. Assessing Helical Protein Interfaces for
Inhibitor Design. Journal of the American Chemical Society 2011, 133, 14220-14223.
(4) Azzarito, V.; Long, K.; Murphy, N. S.; Wilson, A. J. Inhibition of alpha-helix-
mediated protein-protein interactions using designed molecules. Nature Chemistry
2013, 5, 161-173.
(5)  Guichard, G.; Huc, I. Synthetic foldamers. Chemical Communications 2011, 47,
5933-5941.
(6) Goodman, C. M.; Choi, S.; Shandler, S.; DeGrado, W. F. Foldamers as versatile
frameworks for the design and evolution of function. Nature Chemical Biology 2007, 3,
252-262.
(7)  Schafmeister, C. E.; Brown, Z. Z.; Gupta, S. Shape-Programmable
Macromolecules. Accounts of Chemical Research 2008, 41, 1387-1398.
(8)  Yin, H.; Hamilton, A. D. Strategies for targeting protein-protein interactions with
synthetic agents. Angewandte Chemie-International Edition 2005, 44, 4130-4163.
(9) Horne, W. S. Peptide and peptoid foldamers in medicinal chemistry. Expert
Opinion on Drug Discovery 2011, 6, 1247-1262.
(10) Johnson, L. M.; Gellman, S. H.: alpha-Helix Mimicry with alpha/beta-Peptides. In
Methods in Protein Design; Keating, A. E., Ed.; Methods in Enzymology, 2013; Vol. 523;
pp 407-429.
(11) Horne, W. S.; Johnson, L. M.; Ketas, T. J.; Klasse, P. J.; Lu, M.; Moore, J. P;
Gellman, S. H. Structural and biological mimicry of protein surface recognition by
alpha/beta-peptide foldamers. Proceedings of the National Academy of Sciences of the
United States of America 2009, 106, 14751-14756.
(12) Johnson, L. M.; Mortenson, D. E.; Yun, H. G.; Horne, W. S.; Ketas, T. J.; Lu, M,;
Moore, J. P.; Gellman, S. H. Enhancement of alpha-Helix Mimicry by an alpha/beta-



80
Peptide Foldamer via Incorporation of a Dense lonic Side-Chain Array. Journal of the

American Chemical Society 2012, 134, 7317-7320.

(13) Boersma, M. D.; Haase, H. S.; Peterson-Kaufman, K. J.; Lee, E. F.; Clarke, O.
B.; Colman, P. M.; Smith, B. J.; Horne, W. S.; Fairlie, W. D.; Gellman, S. H. Evaluation
of Diverse alpha/beta-Backbone Patterns for Functional alpha-Helix Mimicry: Analogues
of the Bim BH3 Domain. Journal of the American Chemical Society 2012, 134, 315-323.
(14) Lee, E. F.; Smith, B. J.; Horne, W. S.; Mayer, K. N.; Evangelista, M.; Colman, P.
M.; Gellman, S. H.; Fairlie, W. D. Structural Basis of Bcl-x(L) Recognition by a BH3-
Mimetic alpha/beta-Peptide Generated by Sequence-Based Design. Chembiochem
2011, 12, 2025-2032.

(15) Horne, W. S.; Boersma, M. D.; Windsor, M. A.; Gellman, S. H. Sequence-based
design of alpha/beta-peptide foldamers that mimic BH3 domains. Angewandte Chemie-
International Edition 2008, 47, 2853-2856.

(16) Price, J. L.; Hadley, E. B.; Steinkruger, J. D.; Gellman, S. H. Detection and
Analysis of Chimeric Tertiary Structures by Backbone Thioester Exchange: Packing of
an alpha Helix against an alpha/beta-Peptide Helix. Angewandte Chemie-International
Edition 2010, 49, 368-371.

(17) Sawada, T.; Gellman, S. H. Structural Mimicry of the alpha-Helix in Aqueous
Solution with an Isoatomic alpha/beta/gamma-Peptide Backbone. Journal of the
American Chemical Society 2011, 133, 7336-7339.

(18) Hanessian, S.; Luo, X. H.; Schaum, R.; Michnick, S. Design of secondary
structures in unnatural peptides: Stable helical gamma-tetra-, hexa-, and octapeptides
and consequences of alpha-substitution. Journal of the American Chemical Society
1998, 120, 8569-8570.

(19) Hintermann, T.; Gademann, K.; Jaun, B.; Seebach, D. gamma-peptides forming
more stable secondary structures than alpha-peptides: Synthesis and helical NMR-
solution structure of the gamma-hexapeptide analog of H-(Val-Ala-Leu)(2)-OH.
Helvetica Chimica Acta 1998, 81, 983-1002.



81
(20) Seebach, D.; Brenner, M.; Rueping, M.; Schweizer, B.; Jaun, B. Preparation

and determination of X-ray-crystal and NMR-solution structures of gamma(2,3,4)-
peptides. Chemical Communications 2001, 207-208.

(21) Baldauf, C.; Gunther, R.; Hofmann, H. J. Helix formation in alpha,gamma- and
beta,gamma-hybrid peptides: Theoretical insights into mimicry of alpha- and beta-
Peptides. Journal of Organic Chemistry 2006, 71, 1200-1208.

(22) Claudon, P.; Violette, A.; Lamour, K.; Decossas, M.; Fournel, S.; Heurtault, B.;
Godet, J.; Mely, Y.; Jamart-Gregoire, B.; Averlant-Petit, M.-C.; Briand, J.-P.; Duportail,
G.; Monteil, H.; Guichard, G. Consequences of Isostructural Main-Chain Modifications
for the Design of Antimicrobial Foldamers: Helical Mimics of Host-Defense Peptides
Based on a Heterogeneous Amide/Urea Backbone. Angewandte Chemie-International
Edition 2010, 49, 333-336.

(23) Karle, I. L.; Pramanik, A.; Banerjee, A.; Bhattacharjya, S.; Balaram, P. omega-
amino acids in peptide design. Crystal structures and solution conformations of peptide
helices containing a beta-alanyl-gamma-aminobutyryl segment. Journal of the American
Chemical Society 1997, 119, 9087-9095.

(24) Araghi, R. R.; Jaeckel, C.; Coelfen, H.; Salwiczek, M.; Voelkel, A.; Wagner, S. C.;
Wieczorek, S.; Baldauf, C.; Koksch, B. A beta/gamma Motif to Mimic alpha-Helical
Turns in Proteins. Chembiochem 2010, 711, 335-339.

(25) Hagihara, M.; Anthony, N. J.; Stout, T. J.; Clardy, J.; Schreiber, S. L. Vinylogous
Polypeptides- An Alternative Peptide Backbone. Journal of the American Chemical
Society 1992, 114, 6568-6570.

(26) Baldauf, C.; Gunther, R.; Hofmann, H. J. Helix formation and folding in gamma-
peptides and their vinylogues. Helvetica Chimica Acta 2003, 86, 2573-2588.

(27) Farrera-Sinfreu, J.; Zaccaro, L.; Vidal, D.; Salvatella, X.; Giralt, E.; Pons, M
Albericio, F.; Royo, M. A new class of foldamers based on cis-gamma-amino-L-proline.
Journal of the American Chemical Society 2004, 126, 6048-6057.

(28) Sharma, G. V. M.; Jadhav, V. B.; Ramakrishna, K. V. S.; Jayaprakash, P;
Narsimulu, K.; Subash, V.; Kunwar, A. C. 12/10- and 11/13-mixed helices in

alpha/gamma- and beta/gamma-hybrid peptides containing C-linked carbo-gamma-



82
amino acids with alternating alpha- and beta-amino acids. Journal of the American

Chemical Society 2006, 128, 14657-14668.

(29) Khurram, M.; Qureshi, N.; Smith, M. D. Parallel sheet structure in cyclopropane
gamma-peptides stabilized by C-H center dot center dot center dot O hydrogen bonds.
Chemical Communications 2006, 5006-5008.

(30) Baruah, P. K.; Sreedevi, N. K.; Gonnade, R.; Ravindranathan, S.; Damodaran,
K.; Hofmann, H.-J.; Sanjayan, G. J. Enforcing periodic secondary structures in hybrid
peptides: A novel hybrid foldamer containing periodic gamma-turn motifs. Journal of
Organic Chemistry 2007, 72, 636-639.

(31) Sharma, G. V. M.; Chandramouli, N.; Choudhary, M.; Nagendar, P.;
Ramakrishna, K. V. S.; Kunwar, A. C.; Schramm, P.; Hofmann, H.-J. Hybrid Helices:
Motifs for Secondary Structure Scaffolds in Foldamers. Journal of the American
Chemical Society 2009, 131, 17335-17344.

(32) Horne, W. S.; Price, J. L.; Gellman, S. H. Interplay among side chain sequence,
backbone composition, and residue rigidification in polypeptide folding and assembly.
Proceedings of the National Academy of Sciences of the United States of America
2008, 705, 9151-9156.

(33) Schmitt, M. A.; Choi, S. H.; Guzei, I. A.; Gellman, S. H. Residue requirements for
helical folding in short alpha/beta-peptides: Crystallographic characterization of the 11-
helix in an optimized sequence. Journal of the American Chemical Society 2005, 127,
13130-13131.

(34) Roccatano, D.; Colombo, G.; Fioroni, M.; Mark, A. E. Mechanism by which 2,2,2-
trifluoroethanol/water mixtures stabilize secondary-structure formation in peptides: A
molecular dynamics study. Proceedings of the National Academy of Sciences of the
United States of America 2002, 99, 12179-12184.

(35) Harbury, P. B.; Zhang, T.; Kim, P. S.; Alber, T. A Switch Between 2-Stranded, 3-
Stranded and 4-Stranded Coiled coils in GCN4 Leucine-Zipper Mutants. Science 1993,
262, 1401-1407.

(36) Oshea, E. K.; Klemm, J. D.; Kim, P. S.; Alber, T. X-Ray Structure of the GCN4
Leucine Zipper, a 2-Stranded, Parallel Coiled coil. Science 1991, 254, 539-544.



83
(37) Oshaben, K. M.; Salari, R.; McCaslin, D. R.; Chong, L. T.; Horne, W. S. The

Native GCN4 Leucine-Zipper Domain Does Not Uniquely Specify a Dimeric
Oligomerization State. Biochemistry 2012, 51, 9581-9591.

(38) Price, J. L.; Horne, W. S.; Gellman, S. H. Structural Consequences of beta-
Amino Acid Preorganization in a Self-Assembling alpha/beta-Peptide: Fundamental
Studies of Foldameric Helix Bundles. Journal of the American Chemical Society 2010,
132, 12378-12387.

(39) Horne, W. S.; Price, J. L.; Keck, J. L.; Gellman, S. H. Helix bundle quaternary
structure from alpha/beta-peptide foldamers. Journal of the American Chemical Society
2007, 129, 4178.

(40) Barlow, D. J.; Thornton, J. M. HELIX GEOMETRY IN PROTEINS. Journal of
Molecular Biology 1988, 201, 601-619.

(41) Guo, L.; Zhang, W.; Reidenbach, A. G.; Giuliano, M. W.; Guzei, |. A.; Spencer, L.
C.; Gellman, S. H. Characteristic Structural Parameters for the gamma-Peptide 14-
Helix: Importance of Subunit Preorganization. Angewandte Chemie-International Edition
2011, 50, 5843-5846.

(42) Guo, L.; Almeida, A. M.; Zhang, W.; Reidenbach, A. G.; Choi, S. H.; Guzei, I|. A;;
Gellman, S. H. Helix Formation in Preorganized beta/gamma-Peptide Foldamers:
Hydrogen-Bond Analogy to the alpha-Helix without alpha-Amino Acid Residues. Journal
of the American Chemical Society 2010, 132, 7868.

(43) Guo, L.; Chi, Y.; Almeida, A. M.; Guzei, |. A.; Parker, B. K.; Gellman, S. H.
Stereospecific Synthesis of Conformationally Constrained gamma-Amino Acids: New
Foldamer Building Blocks That Support Helical Secondary Structure. Journal of the
American Chemical Society 2009, 131, 16018.

(44) Basuroy, K.; Dinesh, B.; Shamala, N.; Balaram, P. Structural Characterization of
Backbone-Expanded Helices in Hybrid Peptides: (alpha gamma)(n) and (alpha beta)(n)
Sequences with Unconstrained beta and gamma Homologues of L-Val. Angewandte
Chemie-International Edition 2012, 51, 8736-8739.

(45) Basuroy, K.; Dinesh, B.; Shamala, N.; Balaram, P. Promotion of Folding in Hybrid

Peptides through Unconstrained gamma Residues: Structural Characterization of



84
Helices in (alpha gamma gamma)(n) and (alpha gamma alpha)(n) Sequences.

Angewandte Chemie-International Edition 2013, 52, 3136-3139.

(46) Dinesh, B.; Basuroy, K.; Shamala, N.; Balaram, P. Structural characterization of
folded pentapeptides containing centrally positioned beta(R)Val, gamma(R)Val and
gamma(S)Val residues. Tetrahedron 2012, 68, 4374-4380.

(47) Bandyopadhyay, A.; Jadhav, S. V.; Gopi, H. N. alpha/gamma(4)-Hybrid peptide
helices: synthesis, crystal conformations and analogy with the alpha-helix. Chemical
Communications 2012, 48, 7170-7172.

(48) Jadhav, S. V.; Bandyopadhyay, A.; Gopi, H. N. Protein secondary structure
mimetics: crystal conformations of alpha/gamma(4)-hybrid peptide 12-helices with
proteinogenic side chains and their analogy with alpha- and beta-peptide helices.
Organic & Biomolecular Chemistry 2013, 11, 509-514.

(49) Jadhav, S. V.; Misra, R.; Singh, S. K.; Gopi, H. N. Efficient Access to Enantiopure
gamma(4)-Amino Acids with Proteinogenic Side-Chains and Structural Investigation of
gamma(4)-Asn and gamma(4)-Ser in Hybrid Peptide Helices. Chemistry-a European
Journal 2013, 19, 16256-16262.

(50) Stevenson, B.; Lewis, W.; Dowden, J. Expedient Route to an Amine Precursor of
Halichlorine and Pinnaic Acid from Nitrocyclopent-1-ene. Synlett 2010, 672-674.

(51) Seebach, D.; Overhand, M.; Kuhnle, F. N. M.; Martinoni, B.; Oberer, L.; Hommel,
U.; Widmer, H. beta-peptides: Synthesis by Arndt-Eistert homologation with concomitant
peptide coupling. Structure determination by NMR and CD spectroscopy and by X-ray
crystallography. Helical secondary structure of a beta-hexapeptide in solution and its
stability towards pepsin. Helvetica Chimica Acta 1996, 79, 913-941.

(52) Seebach, D.; Ciceri, P. E.; Overhand, M.; Jaun, B.; Rigo, D.; Oberer, L.; Hommel,
U.; Amstutz, R.; Widmer, H. Probing the helical secondary structure of short-chain beta-
peptides. Helvetica Chimica Acta 1996, 79, 2043-2066.

(53) Daniels, D. S.; Petersson, E. J.; Qiu, J. X.; Schepartz, A. High-resolution
structure of a beta-peptide bundle. Journal of the American Chemical Society 2007,
129, 1532.



85
(54) Cheng, R. P.; Gellman, S. H.; DeGrado, W. F. beta-peptides: From structure to

function. Chemical Reviews 2001, 101, 3219-3232.

(55) Appella, D. H.; Barchi, J. J.; Durell, S. R.; Gellman, S. H. Formation of short,
stable helices in aqueous solution by beta-amino acid hexamers. Journal of the
American Chemical Society 1999, 121, 2309-2310.

(56) LePlae, P. R.; Fisk, J. D.; Porter, E. A.; Weisblum, B.; Gellman, S. H. Tolerance
of acyclic residues in the beta-peptide 12-helix: Access to diverse side-chain arrays for
biological applications. Journal of the American Chemical Society 2002, 124, 6820-
6821.

(57) Raguse, T. L.; Lai, J. R.; Gellman, S. H. Environment-independent 14-helix
formation in short beta-peptides: Striking a balance between shape control and
functional diversity. Journal of the American Chemical Society 2003, 125, 5592-5593.
(58) LePlae, P. R.; Umezawa, N.; Lee, H. S.; Gellman, S. H. An efficient route to
either enantiomer of trans-2-aminocyclopentanecarboxylic acid. Journal of Organic
Chemistry 2001, 66, 5629-5632.

(59) Giuliano, M. W.; Maynard, S. J.; Almeida, A. M.; Reidenbach, A. G.; Guo, L;
Ulrich, E. C.; Guzei, I. A.; Gellman, S. H. Evaluation of a Cyclopentane-Based gamma-
Amino Acid for the Ability to Promote alpha/gamma-Peptide Secondary Structure.
Journal of Organic Chemistry 2013, 78, 12351.

(60) K. Wathrich, NMR of Proteins and Nucleic Acids, Wiley-Interscience, New York,
1986.

(61) T.D. Goddard, D. G. Kneller, Sparky 3, University of California, San Francisco.
(62) Kabsch, W. Acta Cryst. 2010, D66, 125.

(63) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn, M. D.; Storoni, L.
C.; Read, R. J. J. Appl. Cryst. 2007, 40, 658.

(64) Emsley, P.; Cowtan, K. Acta Cryst. 2004, D60, 2126.

(65) Schuttelkopf, A. W.; van Aalten, D. M. F., Acta Crystallogr. 2004, D60, 1355.

(66) Murshudov, G. N.; Vagin, A. A.; Dodson, E. J. Acta Cryst. 1997, D53, 240.



86

Chapter 3. Helical a/p/y-Peptides: Exploration of Achiral/Acyclic y-Residues and

Different Patterns
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3.1 Introduction

Previously, 12-mer o/p/y-peptides were examined with an ayoafa hexad
backbone pattern (Figure 3.1)."? a/p/y-Peptide 3.1A is maximally pre-organized in that
both p- and y-residues are ring-constrained, and adopted an a-helix-like conformation in
water according to CD and 2D NMR studies. Surprisingly, o/p/y-peptide 3.1, without
ring-constraints on the y-residues also showed substantial helicity in water, which is a
challenging environment compared to organic solvents in terms of peptidic secondary
structure formation. However, the helical conformation of 3.1 was not as highly
populated as that of 3.1A (Figure 3.1)."? These surprising results suggest that ring-
constraints on y-residues might not be essential for helical stability of a/f/y-peptides,
and that y*-residues have substantial intrinsic tendencies to adopt helical secondary

structure.

o
p (5

o .. OS=s OIS

(C) 2c-E@=)A R@exd Y A(er) Q ARey) K-NH, 314
Ac-E yna AR(Beyd Y A y'ma Q K-NH, 31
Ac-E AR Y Q A B K-NH, 3.8
Ac-E yna AR %o Y A y'na Q A 33 K-NH, 3.1C

Figure 3.1 (A) Structures of cyclic- and acyclic - and y-residues (B) Helical wheel
diagrams for the aocoaaoo heptad and the ayaofo hexad (C) Sequences of o/B/y-
peptides 3.1A, 3.1, 3.1B and 3.1C. - and y- residues are highlighted in blue and red,
respectively. Ring constrained residues are marked by circles.
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The importance of y residue substitution pattern of ao/f/y-peptide helicity was

initially studied using EtACHA and y*hAla within an ayaofa hexad pattern. We want to
deepen our understanding of the residue-structure relationship in helical o/f/y-peptides,
especially to understand the impact of acyclic y-residue identities on helicity. Herein,
o/B/y-peptides containing achiral and acyclic y-amino acids have been investigated.
vhGly (also known as y-aminobutyric acid, GABA) and y*hAib (geminal dimethyl
substitution at the y-carbon) have been examined in 12-mer a/f/y-peptides.? Further, we
have investigated the effect of varying a-p-y backbone patterns on o/g/y-peptide helical

propensities.

3.2 Exploration of achiral and acyclic y-amino acid in an ayaofpa hexad
3.2.1 Peptide design

In this chapter, we focused on acyclic and achiral residues, GABA and y*hAib,
which are analogous to the a-amino acids glycine (Gly) and 2-aminoisobutyric acid
(Aib), respectively. GABA and y*hAib are particularly interesting because the a-residue
Gly destabilizes o-helical folding due to the flexibility that comes from a lack of
sidechain,® whereas the o residue Aib is a strong promoter of helical folding because of
its geminal dimethyl substitution®. GABA and y*hAib were incorporated into 12-mer
o/p/y-peptides, to enable comparison with previous studies (Figure 3.2A). o/p/y-Peptides
containing GABA (peptide 3.1D) and y*hAib (peptide 3.1E) were prepared by SPPS,

and their conformational behavior was investigated by CD and 2D-NMR.
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(A) Ac-E yna A RBeyd Y A y%na Q K-NH, 3.1
Ac-E casa A R(Beyd Y A casa Q K-NH, 3.1D

Ac-E y'naib A RBeyd Y A y'nain Q A(Beyd K-NH, 3.1E

B Hoa R AR KL H M
YN vy Yy Q’L

GABA v3-hAla v*-hAib Beye (ACPC)

Figure 3.2 (A) Sequences of a/B/y-peptides 3.1 (y= y*hAla), 3.1D (y= yhGly), and 3.1E
(v= v*hAib). (B) Structures of y- and - amino acids.

3.2.2 Circular Dichroism and 2D-NMR experiments

Conformations of 3.1D (y=GABA) and 3.1E (y=y*hAib) were initially examined by
circular dichroism in water and 60% TFE/water solution. The CD signature of 3.1
(y=y*hAla) is a benchmark that indicates a helical population, which was previously
characterized by 2D NMR, and CD spectra of 3.1C (y- and - residues are acyclic) is a
negative control, which indicates a lack of structure.? The CD signals presented by 3.1D
and 3.1E in water and 60% TFE were not strong enough to conclude that these
peptides significantly populate a helical conformation. The overall intensities of the CD

curves of 3.1D and 3.1E were between those of 3.1 and 3.1C, suggesting that 3.1D and

3.1E might be slightly helical in aqueous buffer (Figure 3.3A).
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Ac-E yna A RBeyd Y A y%na Q K-NH, 3.1
Ac-E yha AR %o Y A y'na Q A 3nr K-NH, 3.1¢

Ac-E caea A R Y A casa Q A(Bcyd K-NH, 3.1D
Ac-E y'naib A R(Beyd Y A yénaib Q A(Beyd K-NH, 3.1E

(A) (B) Peptide 3.1D (GABA)
‘Tﬂl
3 0 1 (nm) » 0 T 1 (nm)
@ 250 .8 220 230 240 250
- )
= £ — 3.1 (y*hAla) 2% 20°C
— 20 1 — 3.1D (GABA) =5 20 -
o 3.1E (y*hAib) E —
S 30 1 — 3.1C (y*hAla with acyclic 3) & -30 1 p—
® — 10°C
©

Figure 3.3 (A) Circular dichroism spectra of o/f/y-peptides 3.1, 3.1C, 3.1D and 3.1E
measured in PBS buffer pH 7.5, 20°C. (B) CD data for o/p/y-peptide 3.1D (y = yhGly)
measured in 50% MeOH/50% H»O at varied temperature from 10 °C to 90 °C. Peptide
concentration is 0.1 mM for all spectra.

Because the CD signals of 3.1D and 3.1E were very similar to each other, we
chose 3.1D for further study. Water is a very challenging environment for peptide
folding.® Helix formation involves intramolecular hydrogen bonding from residues in i,i+3
and i,i+4 sequence relationships®, and in an aqueous environment, these hydrogen
bonds must compete with hydrogen bonding to water molecules. Addition of an organic
co-solvent, such as TFE or methanol, encourages formation of internally H-bonded
peptide secondary structure.” To encourage helical folding of 3.1D, we used 50%
methanol/water solution for CD measurements (Figure 3.3B). In 50% methanol, the CD
signature of 3.1D showed a slightly increased intensity relative to pure water. When the

temperature was varied from 10°C to 90°C in 50% methanol/water, the CD intensity

decreased as the temperature increased, indicating that 3.1D becomes unfolded at
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higher temperatures (Figure 3.3B). This thermal denaturation result indirectly

suggests that 3.1D might be partially structured in PBS buffer, because the CD intensity
in PBS buffer lies between the CD intensities observed at 10°C and 90°C in 50%
methanol/water.

The CD data for 3.1D in 50% methanol cannot provide decisive insight on helical
folding of 3.1D. To further probe the conformation of 3.1D in 50% methanol, we
performed 2D-NMR experiments. We used 100% methanol (CD3;OH) for the 2D-NMR
solvent, which is expected to induce a greater helical population than 50%
methanol/water. Several critical non-adjacent NOEs indicative of helical folding were

observed between residues in i,i+2 and i,i+3 relationships (Figure 3.4).

Ac-E casa A RBeyd Y A casa Q A(Beyd K-NH,  3.1D
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Figure 3.4 NOEs observed between non-adjacent residues for o/p/y-peptide 3.1D.
Peptide concentration is 8 mM in CD3OH at 10 °C. Medium intensity NOEs are shown
as curved arrows on the peptide structure and on the helical wheel diagram.
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Overall, these results indicate that either removing the methyl side chain of

v*hAla (> GABA) or adding another methyl at C4 (>y*hAib) causes a decline in helical
propensity. The findings for y*hAib contrast with the known behavior of Aib, which is a
strong promoter of a-peptide helicity.4 The retention of a low level of helicity for 3.1D,
which contains highly flexible “glycine-like” y residues, is intriguing, given the low o-

helical propensity of Gly itself.?
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3.3 Exploration of different substitution patterns in a/p/y-peptides

3.3.1 Peptide design

The o/B/y-peptide family is potentially very large, with many possible backbone
combinations of a-, #-, and y- residues. Among the possible patterns, the ayaapa hexad
has been studied previously.! 2D-NMR and X-ray crystallographic results clearly
showed that the ayoofa hexad pattern aligns - and y-residues along one face of the
o/p/y-helix, allowing o-residues displayed at the other face to interact with helical
interfaces (Figure 3.5).2 However, studies of helical o/p peptidomimetics have found
that non-natural B-residues with side chains also could participate favorably in target
binding.®? Because various acyclic y*-amino acids analogous to o-amino acids
containing side chains are available, an investigation of different o/p/y-backbone
combinations is necessary for the future development of function-based o/p/y

peptidomimetics.

Interface
residues

OLOLOLOLOLOLOL ayoopa

Figure 3.5 Helical wheel diagrams of the a-helix, and o/p/y-helix in ayaapo hexads.
Shadowed area indicates a hypothetical interface with a partner protein. In each case
this surface is dominated by a residues.
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(A) @ y acBala y aaBal (B) ac-E vha A RBeyd Y A y%na Q A(Beyd K-NH, 34
la vy aBaalea y aBaal Ac-E vna A@R Y A y%a Q@A K-NH, 3.2
le y aBaclaBa y aal Ac-E y%na A@R Y A@ Q y*ha A K-NH, 3.3
Ia y Baa a| y caoalfB ql Ac-E yﬁm@R AY yvvna AQ A K-NH, 34
lo Yy B y Bacacoaaad Ac-E yna(Beyd yna(Beyd Y RAQ A AK-NH, 35
le y Ba y Baaaaaad Ac-E yuaBeyd R yn2(Beyd Y AQ A AK-NH, 36
o y aBa Yy aB aaaal Ac-E y'sa ABeyd R ynn Y(Beyd Q A A K-NH, 37

Figure 3.6 (A) Representatives of different o/p/y-backbone combination of 12-mer o/p/y-
peptide (B) Sequences of o/p/y-peptides 3.1-3.7 based on backbone patterns shown in
(A).

12-mer o/p/y-peptide 3.1, with two hexad repeats (about four helical turns), was
chosen as the parent peptide for investigating the effect of backbone pattern variation
on the helicity of o/p/y-peptides (Figure 3.6). The number of arrangements with eight o-
amino acids, two f-amino acids, and two y-amino acids in 12 positions is nearly 3000
(i.e., 12/(2! x 2! x 8!) = 2970). This number is too great to permit study of all possible
patterns. Seven different isomeric peptides, 3.1-3.7, were selected. Peptide 3.1 was
previously reported to be helical (Figure 3.6B).? Peptide 3.2 has one fewer o residue
between y and p in the hexad repeat compared to peptide 3.1. Peptide 3.3 was
designed by inverting positions of § and y in the C-terminal hexad relative to peptide 3.2.
Locations of § and y residues are scrambled in peptide 3.4. Design of peptides 3.5-3.7
begins from (o/p/y+a)-chimeric peptide 3.5. Peptides 3.6 and 3.7 have different
numbers of a-residues between (- and y-residues relative to peptide 3.5 (Figure 3.6).

Since acyclic y*residues have been shown to support helical structure of a/f/y-

peptides?, we prepared 7 different a/p/y-peptides using acyclic y- with cyclic f-amino
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acids (Figure 3.6B). The use of y*hAla facilitates the preparation of a series of a/p/y-

peptides because y*hAla is more successfully coupled onto growing peptides during
solid phase peptide synthesis compared to six-membered-ring constrained y-amino acid

EtACHA."? This difference presumably reflects differences in steric hindrance.

3.3.2 Circular dichroism

The conformational behavior of the seven o/p/y-peptides was evaluated by CD in
PBS buffer and in 60% trifluoroethanol (TFE)/40% PBS buffer solution at neutral pH
(Figure 3.7). CD spectra of 3.1-3.7 measured in 60% TFE presented minima around
203-205 nm with strong intensities, indicative of helical structure for an a/p/y-peptide.’?
In water, CD intensities were decreased compared to those observed in 60% TFE,
possibly due to a lack of secondary structure-promoting TFE, as is often observed for a-
peptides. Based on the CD signature of peptide 3.1, which was previously characterized
by 2D NMR to be at least partially helical in aqueous solution, we might conclude that
3.2-3.7 are all partially helical in water, regardless of the backbone patterns (Figure

3.7).2
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Figure 3.7 Circular dichroism data of (A) peptides 3.1-3.4 in PBS buffer pH 7.5, 20°C,
(B) peptides 3.1-3.4 in 60% TFE/40% PBS buffer, (C) peptides 3.1, 3.5-3.7 in PBS
buffer pH 7.5, 20°C and (D) peptides 3.1, 3.5-3.7 in 60% TFE/40% PBS buffer. Peptide
concentration is 0.1 mM for all measurements.
3.3.3 2D-NMR studies

To test the hypothesis that an o/f/y-peptide with a non-ayaapfo backbone pattern
adopts helical conformations in aqueous or aqueous-TFE solutions, we investigated
NOEs of 3.4B in water as well as in 60% CF3;CD,OH/40% water by 2D-NMR
experiments. Peptide 3.4B is analogous to 3.4, but two alanines have been replaced
with glutamine (positon 5) and norleucine (position 8) to facilitate 2D-NMR resonance
assignments (Figure 3.8B). Peptide 3.4 was chosen as a representative of non-ayoofa
systems because 3.4 had the most random backbone pattern among the analogues

experimented by CD. By overlaying results from gCOSY, wgTOCSY and wgROESY, we

could assign all resonances from backbone amide N-Hs and backbone C-Hs of peptide
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3.4B. Numerous non-sequential NOEs that are indicative of helical folding were

detected in 60% TFE (Figure 3.8A and C). In contrast, in pure water, although the
chemical shift dispersion among amide N-Hs and o, , or y backbone C-Hs was
sufficient for unambiguous resonance assignment, we could not clearly assign any of
non-adjacent NOEs crosspeaks due to significant peak overlaps. In random coil or
unfolded peptides, it is very hard to observe good peak dispersion in backbone amide
N-Hs and aC-Hs regions due to peak overlaps. In helical conformation, chemical shifts
of backbone amide N-Hs and aC-Hs tend to be up-field shifted relative to their random
coil values, due to helix-stabilizing intra H-bonds, and this results in a dispersion of
backbone resonance peaks.”® When a peptide is partially helical in water, it is very
challenging to clearly assign NOEs from non-adjacent residues because of the
dynamics of peptide folding. Taking these factors into account, 2D NMR results of 3.4B
in water suggest that 3.4B is slightly helical in water.

It is unambiguous that 3.4B (or 3.4) is helical in 60% TFE/40% PBS buffer based
on the CD and 2D NMR results. 3.4B (or 3.4) is considered to be partially helical in
water based on the CD and 2D NMR results; 1) 3.4B and 3.4 displayed a similar CD
signature to 3.1, which was previously characterized to be helical by 2D NMR, 2) a good
2D NMR peak dispersion has been shown in backbone amide N-H and a.C-H region for
clear resonance assignments. With a most random backbone pattern, 3.4B (or 3.4)
manifested helicity in 60% TFE/40% PBS buffer and partially helical conformation in
water (PBS buffer). The partial helicity of 3.4 implies that other o/p/y-peptides 3.2-3.7
with non-ayaafa backbone patterns are also perhaps partially helical in water based on

their similar CD characteristics in PBS buffer (Figure 3.7).
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Figure 3.8 NOEs observed between non-adjacent residues for o/p/y-peptide 3.4B
(peptide concentration 8 mM) in 60% CF3zCD>0H/30% H20/10% D20 mixture (shown in
pink) at 4 °C. Medium strong and medium weak NOEs are shown as plain curved
arrows (A) on the peptide structures and (C) on the helical wheel diagrams. (B) Circular
dichroism spectra from 3.4 (green) and 3.4B (red) in PBS buffer pH 7.5 (solid line) and
60% TFE/40% PBS buffer (dashed line), 20°C. Peptide concentration is 0.1 mM for all
measurements. For NOE assignments see the experimental session.
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We pursued 2D-NMR analysis of other o/p/y-peptides. Peptides 3.2 and 3.5-

3.7 were investigated by gCOSY, wgTOCSY and wgROESY in water and in 50~60%
CF3;CD,OH/water mixtures (Table 3.1, Figure 3.9). All the resonances of backbone
amide N-Hs and a, 8, or y backbone C-Hs were assigned for each residue in peptides
3.2, 3.6 and 3.7, except for those of two alanines from 3.5 in water, which were
indistinguishable. Interestingly, several non-adjacent NOEs between residues in i,i+2
and i,i+3 relationships were identified from (o/B/y+a)-chimeric peptides 3.5-3.7 in water
as well as in 50-60% TFE. CD data in water for peptides 3.1-3.7 were very similar, and
peptide 3.7 exhibited the weakest CD signal in water (Figure 3.7). Based on the fact that
even 3.7 presented NOEs indicative of helix formation in water, we conclude that the
partial helicity of 3.4B (or 3.4) in water is supported. Although the helicity of o/p/y-
peptides with acyclic y*- and 5-membered-ring constrained p-amino acids might vary
somewhat depending on the backbone substitution pattern, partial helical folding in

water appears to occur regardless of the arrangement of a, 3, and y residues.



Table 3.1 NOEs from non-adjacent residues for peptides 3.2, 3.5, 3.6 and 3.7

100

measured in water and 50-60% TFE at 4 °C. Here listed non-adjacent NOEs only from

backbone hydrogens.

90% H,0/10% D,0

peptide type dis(tzr)'ce
3.5 v*hAla(04)HG-Tyr(06)HN i,i+2 3.8
3.6 v*hAla(02)HG-Arg(04)HN i,i+2 3.3
v*hAla(05)HG-Tyr(07)HN i,i+2 35
3.7 v*hAla(02)HG-ACPC(04)HN i,i+2 3.3
v*hAla(06)HG-ACPC(08)HN i,i+2 3.7

50-60% CF3CD,0H/10% D,0 in H,0

peptide type dis(tzr)'ce
3.2 Glu(01)HA-ACPC(04)HN i,i+3 4.8
3.5 v*hAla(02)HA-ACPC(05)HN i,i+3 4.3
v*hAla(04)HG-Tyr(06)HN i,i+2 3.8
3.6 v*hAla(02)HG- y*hAla(05)HN i,i+3 3.9
v*hAla(02)HG-Arg(04)HN i,i+2 3.9
3.7 v*hAla(02)HG-ACPC(04)HN i,i+2 3.5
v*hAla(06)HG-ACPC(08)HN i,i+2 3.4
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Figure 3.9 NOEs from non-adjacent residues for peptides 3.2, 3.5, 3.6 and 3.7
measured in 60% CF3CD,0H/30% H20/10% D20 (shown in pink) or in 90% H20/10%
D,O (shown in blue) at 4 °C (Peptide concentration 5-8 mM). Medium NOEs are shown
as plain curved arrows on the peptide structures.
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3.4 Effect of cyclic y- and B-residues on the helicity of a/f/y-peptides in

various backbone patterns
3.4.1 Adding ring-constraints at y-residues

Previous studies with o/p/y-peptide 3.1A showed that 6-membered-ring
constrained y-amino acids and 5-membered-ring constrained f-amino acids together
yielded a structurally stable a-helix-like conformation.” We wondered what effect a 6-
membered-ring constrained y-amino acid would have in o/p/y-peptides with backbone
patterns other than ayoaopfo hexad repeat. Peptides 3.2A and 3.4A were prepared by
incorporating EtACHA at positions where y4hAIa were in 3.2 and 3.4B, and the helix-
forming propensities of 3.2A and 3.4A were assessed by CD and 2D-NMR.

In 60% TFE, 3.2A and 3.4A, which contain cyclic y-residues, showed very similar
CD signatures to 3.2 and 3.4B, which contain acyclic y-residues (Figure 3.10B and C).
However, in water, 3.2A showed reduced CD intensity relative to 3.2, while 3.4A
exhibited a similar CD intensity relative to 3.4B. The CD minima of 3.4A and 3.2A in
water were slightly red-shifted compared to 3.4B and 3.2, respectively. A shift of the CD
minimum in water incurred by changing y-residues from acyclic to cyclic has also been
observed for peptides 3.1 and 3.1A, which are known via 2D NMR to be helical in
aqueous solution (Figure 3.10A). The CD result shown by 3.2A is our first empirical
observation that implies the cyclohexyl constrained y amino acid (EtACHA) does not
improve helical folding of an o/p/y-peptide than y*hAla. This is consistent with our

previous prediction that EtACHA might not provide optimal torsion angles to promote



103
helical folding of a/B/y-peptides, based on the analyses of torsion angles in EtACHA

from the X-ray crystal structure of GCN4-PLI derived o/p/y-peptides.?

(A) 2c-E@)ARED ¥ AGE) Q AGD) K-35, 314 (B) 2c-E@@) AGR ¥ AG) QF=) A K-N8, 3.2A
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Figure 3.10. Circular dichroism data from (A) peptides 3.1A (black) and 3.1 (red), (B)
peptides 3.2A (black) and 3.2 (red), (C) peptides 3.4A (black) and 3.4B (red) in PBS
buffer (solid line) and in 60% TFE/40% PBS (dashed line) at pH 7.5, 20 °C. Peptide
concentration is 0.1 mM for all measurements.

2D-NMR data for 3.4A in 60% TFE/40% water showed numerous i,i+2 and i,i+3
non-adjacent NOEs indicative of helix formation (Figure 3.11). Even in water, several of
the NOEs were observed (Figure 3.11). The 2D-NMR analysis indicates that a

cyclohexyl ring-constrained y-residue can consistently be used in helical o/f/y-peptides

regardless of backbone o/f/y pattern. However, EtACHA does not appear to
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significantly enhance helical folding compared to an acyclic y*-residue. Considering

the time necessary to synthesize EtACHA, its low coupling efficiency in SPPS and the
difficulties in incorporating side chain functional groups, we conclude that using v*-
amino acids could be beneficial for function-based o/p/y-peptidomimetic development,

especially at the initial evaluation stage.

Ac-E R Q Y(jeyd nie Q A(Beyd K-NH, 3.4A

HN

—» NOEs in 9:1 H,0/D,0
— NOEs in 60 % CF,CD,OH

Figure 3.11 NOEs observed between non-adjacent residues for o/f/y-peptide 3.4A
(peptide concentration 1.5 mM) in 60% CF;CD,0OH/30% H20/10% D20 (shown in pink)
or in 90% H,0/10% D,0 (shown in blue) at 4 °C. Medium strong (2.5 A ~ 3.5 A) and
medium weak (3.5 A ~ 4.0 A) NOEs both are shown as plain curved arrows on the
peptide structures and on the helical wheel diagrams. For NOE assignments see the
experimental session.
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3.4.2 Removing ring-constraints on p-residues

12-mer o/p/y-peptides 3.1B and 3.1C, which have an ayaafa pattern and lack
ring-constraints on the p-residues, were mostly unstructured in water (Figure 3.1).2 We
examined whether ring-constraints on p-residues are essential for folding of o/f/y-
peptides with non-ayaoafo residue patterns when there is no ring-constraint on y-
residues. The ring-constraints on p-residues were relaxed in peptides 3.2, 3.5, and 3.6,
resulting in 3.2B, 3.5A, and 3.6A. Peptides 3.5A and 3.6A were potentially because of
their (o/p/y+a)-chimeric backbones. The CD spectra of 3.2B, 3.5A, and 3.6A in water
(Figure 3.12) clearly showed that these peptides, which do not contain helical backbone
pre-organizing residues, are unstructured. In 60% TFE, significantly reduced CD
intensities were exhibited by 3.2B, 3.5A and 3.6A compared to 3.2, 3.5, and 3.6,
suggesting diminished helicity of 3.2B, 3.5A and 3.6A compared to the analogous
peptides containing cyclic p residues.

Previously, we have shown that o/f/y-peptides without ring-constraints on , but
with ring-constraints on y-residues (Figure 3.1, peptide 3.1B), are not structured in
aqueous environments.? These results highlighted the critical role of cyclic p residues
for helicity in o/f/y-peptides, and a strong helical structure-adopting ability of y*-residues
in o/B/y-peptides.? Since the cyclohexyl ring-constraint on y residues did not significantly
enhanced helical folding of 3.1A, 3.2A and 3.4A (Figure 3.10), we assume that the o/p/y
analogues with different residue patterns will show similar trends in folding behavior to

the trend among analogues of 3.1 (i.e., 3.1A, 3.1, 3.1B, and 3.1C). We have not
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examined the helicity of a/f/y-analogues with different residue patterns containing

cyclic y and acyclic § residues, but we expect them not to be helical.

(A) Ac-E yoa AR(Bod ¥ A yer Q ABo) K-NE, 3.4 (B) Ac-E yvsa AB=JR Y A y'2n Q@=d A K-NH, 32

Ac-E yen AR P Y A yv'na Q A Bon K-KH, 34¢ Ac-E y=a ABa R Y A vux Q Bna A K-NH; 32B
g o 0+ (nm)
2 S 250

. 8 3
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(C) Ac-E vuaBd verB9 YRAQ AAK-NH, 35 (D) Ac-E yua(f9R yua(Bo) Y AQ A AK-NH, 36

Ac—E yua B vea Baa Y R AQ A A K-NH, 354 Ac-E v B%a R ya foa Y A Q A A K-NH, 36A
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Figure 3.12 Circular dichroism data from (A) peptides 3.1 (red) and 3.1C (blue), (B)
peptides 3.2 (red) and 3.2B (blue), (C) peptides 3.5 (red) and 3.5A (blue), (D) peptides
3.6 (red) and 3.6A (blue) in PBS buffer (solid line) and in 60% TFE/40% PBS buffer
(dashed line) at pH 7.5, 20 °C. Peptide concentration is 0.1 mM for all measurements.

3.5 Conclusions
Helical o/p/y-peptides with different acyclic y residues and with various backbone
patterns were explored. Achiral and acyclic yhGly and y*hAib could accommodate

helical folding in o/p/y-peptides but with reduced helicity compared to y*hAla. Further,
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variations in residue arrangement in the backbone of a/f/y-peptides were examined

using acyclic y*hAla and cyclic p residues, and helical folding was observed for all
arrangements tested. When y residues were constrained with a cyclohexyl ring
(EtACHA), peptides were helical, but helicity was not improved compared to analogous
a/B/y-peptides with acyclic y*-residues. Without pre-organized f residues, however the
12-mer o/p/y-peptides were mostly unstructured in water, suggesting a critical role of
ring-constrained p residues for o/p/y-peptide helicity. With addition of helix-promoting
TFE, o/p/y-peptides with acyclic  residues showed helical folding, but with significantly
reduced helical population compared to analogous o/B/y-peptides containing cyclic
residues.

The results from this study suggest that as long as cyclically constrained -amino
acids are incorporated into o/f/y-peptides, the o/f/y-peptide helical propensity is not
very sensitive to the nature of the acyclic y-amino acids used (although y*-amino acids
are the best helix-adopting acyclic residues) or the pattern of residues within the

backbone. This study broadens the collection of possibly useful o/f/y-peptides.

3.6 Experimental
3.6.1 General

Fmoc a-amino acids and resin for solid phase peptide synthesis were purchased
from Novabiochem or Chem-Impex, and coupling reagents and additives, O-
benzotriazole-N,N,N’,N’-tetramethyluronium  hexafluorophosphate  (HBTU), O-(7-

azabenzotriazol-1yl)-N,N,N,N’-tetramethyluronium hexafluorophosphate (HATU), 1-
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ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI),

hydroxybenzotriazole (HOBt), 1-Hydroxy-7-azabenzotoriazole) (HOAt), were purchased
from Chem-Impex. Fmoc p-amino acids such as Fmoc-(1S,2S)-2-aminocyclopentane
carboxylic acid and acyclic Fmoc f3-amino acids were purchased from Chem-Impex.
Acyclic y-amino acids were purchased from Polypeptide group. Ring constrained y-
amino acid, EtACHA, was synthesized according to previous reports.”” Other reagents

and solvents were purchased from Sigma-Aldrich.

3.6.2 Peptide Synthesis and Purification
3.6.2.1 Syntheses of a/B/y-peptides (SPPS)

All of the o/p/y-peptides described here were synthesized on Nova PEG rink
amide resin (25-50 pmol scale) by microwave-assisted solid-phase method using a
CEM MARS microwave reactor."?'? For a- and cyclic/acyclic f-amino acids coupling
reactions, Fmoc-amino acids were pre-activated in a separated vial (4 equiv. of Fmoc-
amino acids, 3.95 equiv. of HBTU, 8 equiv. of DIEA, 0.1 M HOBT in DMF solution) for 1-
2 minutes, then the solution was added to resin in a filter tube, reacted under microwave
irradiation (2 min ramp to 70 °C, 4 min hold at 70 °C for a-residues, 12 min hold for p-
residues). For acyclic y-amino acids coupling reactions, the same condition to 3-amino
acid coupling was applied but DIEA was added right before starting microwave
irradiation in order to avoid intra-cyclization reaction of y-amino acids. Cyclic y-residue
(EtACHA) coupling reactions were performed by pre-activating 4 equiv. of Fmoc-amino
acid with 4 equiv. of EDCI and 8 equiv. of DIEA in 0.1M HOAt in DMF, then the mixture

solution was added to resin and reacted for 14 hours at room temperature while gently
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shaking. Fmoc deprotection reactions were carried out using 20 % piperidine in

DMF under microwave irradiation (2 min ramp to 80 °C, 2 min hold at 80 °C). Upon
completion of couplings, the N-terminus amine was capped by acetylation using Ac,0 in

DMF and DIEA."

3.6.2.2 Cleavage, Deprotection, HPLC Purification, and Characterization

Peptides were globally deprotected and cleaved from the resin by suspending in
cleavage cocktail (95% trifluoroacetic acid (TFA), 2.5 % water, and 2.5 %
triisopropylsilane) for 4~5 hours. After filtering out the TFA cleavage solution from the
resin, peptides were precipitated from the TFA solution by adding cold diethyl ether,
centrifuged to get a peptide pellet, and the crude peptide was purified by reverse-phase
HPLC using a C18 column. Peptides identity was confirmed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF-MS) mass spectrometry. Peptides

purity was checked on analytical reverse-phase HPLC.
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3.1D

Ac-E casa A R(Beyd Y A casa Q A(Beyd K-NH,
Estimated 1369.8, Found 1369.5

Purification condition: 13-24 % MeCN, 20 min
Purity check: 10-40 % MeCN, 30 min
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3.2

Ac-E y'na ABeyd R Y A y%na Q(Beyd A K-NH,
Estimated 1397.8, Found 1397.8

Purification condition: 17-27 % MeCN, 20 min
Purity check: 10-45 % MeCN, 35min
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3.4

Ac-E yaBeyd R A Y y%na A Q A(Beyd K-NH,
Estimated 1397.8, Found 1397.9

Purification condition: 17-27 % MeCN, 20 min
Purity check: 10-45 % MeCN, 35 min
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1000

500

0b—. L |

5 10 15 20 25 30 35 40
Minutes




3.6

Ac-E ynaBeyd R ynaBeyd Y A Q A A K-NH,
Estimated 1397.8, Found 1397.9

Purification condition: 17-27 % MeCN, 20 min
Purity check: 10-45 % MeCN, 35 min
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ac-E () AG) R ¥ A() 00 A K-ng,
Estimated 1533.9, Found 1534.0

Purification condition: 30-40 % MeCN, 20 min
Purity check: 10-60 % MeCN, 50 min
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3.4A

Ac-E RQY nle Q A(Beyd K-NH,
Estimated 1633.0, Found 1632.6
Purity check: 15-45 % MeCN, 30 min
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Ac-E y'na °a y'na f°na Y R A Q A A K-NH,
Estimated 1345.8, Found 1345.8

Purification condition: 13-23 % MeCN, 20 min
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Elipticity spectra of wavelength scans (260 nm - 190 nm) were recorded in a

1 mm quartz cell with an averaging time of 6 sec for each step (1 nm step size) in pH
7.5 PBS buffer, in 50% MeOH/water mixture, and in 60% TFE/water mixture at 20 °C
(AVIV circular dichroism spectrometer model 420). Thermal stability of o/p/y-peptides
was tested by variable-temperature measurements (10 °C - 90 °C) with 10 °C intervals

with an equilibration time of 10 min at each new temperature.

Plain line: CD measurements in PBS buffer pH 7.5
Dashed line: CD measurements in 60% TFE/40% PBS buffer
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Figure 3.13 CD measurement repeats for 3.2-3.7, 3.2A and 3.4B in PBS buffer at pH
7.5 (solid line) and in 60% TFE/40 % PBS buffer (dashed line) at 20 °C. Peptide
concentration is 0.1 mM for all CD measurements. Repeat experiments have been
carried out by preparing new peptide stock solutions using lyophilized peptides.
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3.6.4 2D-NMR

Two-dimensional NMR study was performed on a Varian INOVA 600 MHz
spectrometer equipped with a Varian 5 mm or 3 mm "H/**C/"®N, 3-axis PFG probes in 5
mm Shigemi tubes or in 3 mm tubes at 10 °C or at 4 °C. Peptides NMR samples were
prepared as 2-8 mM in 90% H,0/10% D,0O, in CD3OH, or in 60 % CF3;CD,OH/ 30 %
H2O/ 10% D20 with 2,2-Dimethyl-2-silapentane-5-sulfonate (DSS) sodium salt as an
internal standard. gCOSY, wgTOCSY, and wgROESY (watergate suppression) data
were processed and analyzed using Varian VNMR 6.1 software’ and Sparky',

respectively.

Table 3.2 Chemical shift data for peptide 3.1D in CD;OH (10 °C).

Res # aa NH 'H-a "H-B "H-y

1 Glu 8.39 424

2 GABA 8.11 2.28 3.383, 3.029
3 Ala 8.43 4.08

4 Arg 8.48 415

5 ACPC 7.77 2.65 418

6 Tyr 8.12 4.34

7 Ala 8.14 4.28

8 GABA 7.55 2.33 1.888, 1.786 3.363, 3.034
9 GIn 8.39 411

10 Ala 8.55 4.20

11 ACPC 7.84 2.64 4.25

12 Lys 8.14 422




Table 3.3 Chemical shift data for peptide 3.2 in 90% H,0/10% D,O (4 °C).

Res# aa NH 'H-o  'H-B  'Hvy
1 Glu 838 4.15

2 v’Ala  8.05 221 3.77
3 Ala 832 4.8

4 ACPC 837 260 4.23

5 Arg 7.09 4.07

6 Tyr 842 455

7 Ala 793 4.14

8 v’Ala 763 227 3.80
9 GIn 829 4.5

10 ACPC 837 260 4.15

11 Ala 843 424

12 Lys 841 425

Table 3.4 Chemical shift data for 3.2 in 60 % CF3CD,0OH/30 % H,0/10% D,0 (4 °C).

Res # aa NH 'H-a 'Hp 'Hy
1 Glu 8.02 4.15

2 v'‘Ala 738 2.31 3.89
3 Ala 7.95 4.28

4 ACPC 835 255 428

5 Arg 8.09 3.96

6 Tyr 8.39 4.60

7 Ala 8.23  4.23

8 v'‘Ala 759 2.31 3.89
9 Gln 7.99 4.25

10 ACPC 836 261 4.30

11 Ala 819 4.18

12 Lys 841 4.31
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Table 3.5 Chemical shift data for peptide 3.4A in 90% H,0/10% D,O (4 °C).

Res # aa NH 'H-a 'H$ 'Hvy
1 Glu 8.46 4.25

2 EtACHA 7.94 4.03
3 ACPC 8.19 247 4.03

4 Arg 8.45 412

5 GIn 8.85 4.31

6 Tyr 8.18 4.63

7 EtACHA 7.46 3.90
8 Nle 7.92 415

9 GIn 873 419

10 Ala 7.92 416

11 ACPC 7.82 2.64 4.26

12 Lys 8.41 4.21

Table 3.6 Chemical shift data for 3.4A in 60 % CF3CD,0OH/30 % H,0/10% D,0 (4 °C).

Res # aa NH H-a  "H-p  "Hy
1 Glu 8.21 4.29

2 EtACHA 7.23 419
3 ACPC 7.79 2.60 4.32

4 Arg 8.55 4.00

5 GIn 8.68 4.42

6 Tyr 8.26 4.58

7 EtACHA 8.01 412
8 Nle 7.79 3.87

9 GIn 8.40 4.08

10 Ala 7.86 4.30

11 ACPC 781 279 428
12 Lys 8.29 4.14




Table 3.7 Chemical shift data for peptide 3.4B in 90% H,0/10% D,O (4 °C).

Res# aa NH 'Ha 'Hp 'Hy
1 Glu 844 417

2 v'Ala  8.11 3.82
3 ACPC 804 265 4.17

4 Arg 852 4.20

5 Gin 858  4.27

6 Tyr 815 447

7 v'‘Ala  7.78 3.73
8 Nle 820 4.5

9 Gin 865 4.24

10 Ala 820 4.20

11  ACPC 8.01 426 4.26

12 Lys 843 4.24
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Table 3.8 Chemical shift data for 3.4B in 60 % CF3CD,0OH/30 % H,0/10% D,0 (4 °C).

Res# aa NH 'Ha 'Hp 'Hy
1 Glu 8.00 4.29

2 v'‘Ala 763 2.18 3.93
3 ACPC 777 264 4.25

4 Arg  8.32 4.02

5 Gin 850 4.35

6 Tyr  8.08 4.56

7 v’Ala  7.82 233 3.94
8 Nle 7.99 4.03

9 Gin 875 4.13

10 Ala 7.82 4.29

11 ACPC 760 276 4.30

12 Lys 822 4.19
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Table 3.9 Chemical shift data for peptide 3.5 in 90% H,0/10% D,0O (4 °C).

Res# aa NH 'H-a  'Hp  'Hy
1 Glu 845 417

2 v'‘Ala  8.15 3.77
3 ACPC 805 248 428

4 v'‘Ala  8.02 3.83
5 ACPC 815 265 4.20

6 Tyr 845 447

7 Arg 820 4.21

8 Ala-a 8.39 4.26

9 GIn 840 4.24

10a Ala-b 8.38 425

11b  Ala-c 826 4.19

12 Lys 837 4.24

Table 3.10 Chemical shift data for 3.5 in 60 % CF3;CD,OH/30 % H>0/10% D20 (4 °C).

Res# aa NH 'H-a  'HB  'Hvy
1 Glu 808 423
4 759 2.276, 3.89
2 yAa 2172
3 ACPC 776 252 440
4 v'‘Ala 769 228 4.08
5 ACPC 820 276 428
6 Tyr 864 427
7 Arg 8.35 418
8 Ala 804 419
9 GIn 823 414
10 Ala 806 4.17
11 Ala 785 426
12 Lys 779 424
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Table 3.11 Chemical shift data for peptide 3.6 in 90% H>0/10% DO (4 °C).

Res # aa NH "H-a 1H—[S 1H-\(
1 Glu 846 4.18

2 v’‘Ala  8.13 3.81
3 ACPC 809 267 420

4 Arg 846 4.14

5 v’‘Ala  8.03 3.85
6 ACPC 803 258 4.14

7 Tyr 835 450

8 Ala 828 4.29

9 GIn 824 425

10a Ala 8.39 427

11b Ala 832 426

12 Lys 837 4.24

Table 3.12 Chemical shift data for 3.6 in 60 % CF3;CD,OH/30 % H>0/10% D,O (4 °C).

Res # aa NH H-a "H-p "Hy
1 Glu 8.08 4.24

2 v'‘Ala 748 227 3.95
3 ACPC 766 267 4.28

4 Arg 8.36 4.09

5 v'‘Ala  8.16  2.29 4.10
6 ACPC 792 260 4.22

7 Tyr 831 423

8 Ala 814 4.25

9 Gin  8.01 4.18

10 Ala 836 4.16

11 Ala 798 4.18

12 Lys 7.68 4.24




Table 3.13 Chemical shift data for peptide 3.7 in 90% H,0/10% D,O (4 °C).

Res# aa NH 'H-a  'Hp  'Hy
1 Glu 843 4.18

2 v'‘Ala  8.07 223 3.80
3 Ala 825 4.14

4 ACPC 830 262 4.18

5 Arg 830 4.15

6 v’Ala  8.03 2.20 3.77
7 Tyr 811 4.38

8 ACPC 821 245 418

9 GIn 838 425

10 Ala 845 414

11 Ala 819 4.21

12 Lys 825 4.21
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Table 3.14 Chemical shift data for 3.7 in 60 % CF3;CD,OH/30 % H>0/10% D20 (4 °C).

Res# aa NH 'H-a  'Hp  'Hy
1 Glu 806 4.25

2 v'‘Ala 750 2.30 3.90
3 Ala 795 417

4 ACPC 823 262 426

5 Arg 806 4.13

6 v’Ala  8.08 2.29 3.92
7 Tyr 794 433

8 ACPC 828 252 424

9 GIn  8.33  4.04

10 Ala 852 4.21

11 Ala 796 420

12 Lys 7.84 4.24
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Ac-E RQY nie Q A(Beyd K-NH, 3.4A

(A)

(B)

Figure 3.14 Sequential NOEs from o/f/y-peptide 3.4A in (A) 60 % CF3;CD,0OH/30 %
H,0/10% D,O (shown as pink), and (B) 90% H>0/10% D,O (shown as blue), at 4 °C.
Medium (2.6~3.5 A) and weak (3.6~5.5 A) NOEs are shown as plain and dashed
curves, respectively.
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Ac-E y%ha R QY y%a n1e Q A J K-NH, 3.4B
2

Figure 3.15 Sequential NOEs from o/f/y-peptide 3.4B in (A) 60 % CF3CD,OH/30 %
H,0/10% D,O (shown as pink), and (B) 90% H>0/10% D,O (shown as blue), at 4 °C.
Medium (2.6~3.5 A) and weak (3.6~5.5 A) NOEs are shown as plain and dashed
curves, respectively.
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Table 3.15 Sequential NOEs from 3.2, measured in 60 % CF3;CD,0H/30 % H,0
/10% D,0 and 90% H,0/10% D0 at 4 °C.

60 % CF?%?,ZODZVS’O ©HO g 90% H,0/10% DO A
GIu(01)HG~y"hAla(02)HN 34 | Glu(01)HA-7hAa(02HN 2.9
v*hAla (02)HA-Glu(01)HN 44 | y'hAIa(02HG-GIUOTHN 36
v*hAla (02)HA-Ala(03)NH 34 | y'hAla(02)HN-GIU(OTHN 3.5
ACPC(04)HA-Arg(05)HN 32 | y'hAla(02)HA-Ala(03)NH 3.3
Ala(07)HA-y*hAla (08)HN 3.2 | ACPC(04)HA-Arg(05)HN 2.5
v*hAla (08)HN-Ala(07)HN 3.5 Tyr(06)HA-Ala(07)NH 3.2
GIn(09)HN-ACPC(10)HN 3.0 Ala(07)NH-Tyr(06)HN 3.1
ACPC(10)HA-Ala(11)NH 29 | Ala(07)HA-v*hAIa(08)HN 2.8

Ala(11)HA-Lys(12)HN 42 | yhAIa08)HN-Ala(07)NH 3.5
NHa(13)NH-Lys(12)HN 32 | y'hAla(08)HA-GIN(09)HN 2.9
ACPC(10)HA-Ala(11)HN 2.5

Lys(12)HA-NH,(13)HN 3.3

NHa(13)NH-Lys(12)HN 3.4

Table 3.16 Sequential NOEs from 3.5, measured in 60 % CF3;CD,0H/30 % H,0
/10% D20 and 90% H,0/10% D,0 at 4 °C.

60 % CF";fO'?,/iOng’O o HO g 90% H,0/10% D,0 A
GIu(01)HA-y'hAIa(02)HN 2.6 | ACPC(03)HA-y"hAla(04)HN 2.6
v*hAla(02)HN-GIu(01)HN 34 | ACPC(03)HB-y'hAla(04)HN 3.1

*hAIa(02)HA-ACPC(03)HN 3.1 ACPC(05)HA-Tyr(08)HN 2.8

ACPC(03)HA- y*hAla(04)HN 2.7 Tyr(06)HA-Arg(07)HN 27

ACPC(03)HB- y*hAla(04)HN 3.0 Tyr(06)HB-Arg(07)HN 3.9
ACPC(05)HA-Tyr(06)HN 3.2 Lys(12)HA-NH,(13)HN 3.2

Ala(08)HN-Arg(07)HN 3.6 Lys(12)HN-NHa(13)HN 3.9
Ala(10)HN-GIn(09)HN 3.4
Ala(11)HN-Ala(10)HN 3.9
Lys(12)HA-NH,(13)HN 3.7
NHa(13)HN-Lys(12)HN 3.6




Table 3.17 Sequential NOEs from 3.6, measured in 60 % CF3;CD,0H/30 % H,0
/10% D20 and 90% H,0/10% D0 at 4 °C.

60 % CF3CD20H/30 % H20

110% D0 A 90% H,0/10% D,0 A
Glu(01)HA- y*hAla(02)HN 3.0 | Glu(01)HA-y*hAla(02)HN 2.5
v*hAla(02)HN-Glu(01)HN 34 | ACPC(03)HA-Arg(0O4)HN 2.7
ACPC(03)HA-Arg(04)HN 3.3 | ACPC(06)HA-Tyr(07)HN 2.6

yv*hAla(05)HA-ACPC(06)HN 3.8 Tyr(07)HA-Ala(08)HN 3.9

ACPC(06)HA-Tyr(07)HN 3.3 Lys(12)HA-NH(13)HN 3.0
Ala(10)HN-GIn(09)HN 3.8
Ala(10)HN-Ala(11)HN 3.9
Lys(12)HN-Ala(11)HN 4.0
Lys(12)HA-NH(13)HN 3.5
NH,(13)HN-Lys(12)HN 4.0

Table 3.18 Sequential NOEs from 3.7, measured in 60 % CF3;CD,0H/30 % H,0
/10% D,0 and 90% H,0/10% D0 at 4 °C.

60 % CF3CD20H/30 % H20

110% DaO A 90% H,0/10% D,0 A
v*hAla(02)HN-GIu(01)HN 35 | y*hAla(02)HN-Glu(01)HN 3.4
Glu(01)HA- y*hAla(02)HN 3.0 | Glu(01)HA-y*hAla(02)HN 3.4
Ala(03)NH-ACPC(04)HN 42 | +v*hAla(02)HG-Ala(03)HN 4.4
ACPC(04)HA-Arg(05)HN 3.0 v*hAla(02)HA-Ala(03)HN 2.8
ACPC(08)HA-GIn(09)HN 3.0 | Arg(05)HA- y*hAla(06)HN 3.9

Ala(10)CHs-Tyr(07)HD 3.2 | y*hAla(06)HN-Arg(05)HN 3.4
GIn(09)HB-Ala(10)HN 3.8 v*hAla(06)HA-Tyr(07)HN 2.9
Ala(11)HN-Ala(10)HN 3.5 Tyr(07)HD-ACPC(08)HN 4.3
Lys(12)HA-NH(13)HN 3.5 Tyr(07)HA-ACPC(08)HN 2.6
NH,(13)HN-Lys(12)HN 3.6 Tyr(07)HB-ACPC(08)HN 3.4
ACPC(08)HA-GIn(09)HN 2.8

GIn(09)HG-Ala(10)HN 3.7

GIn(09)HA-Ala(10)HN 3.1

Ala(11)HN-Ala(10)HN 3.7

NHa(13)HN-Lys(12)HN 3.6

Lys(12)HA-NH(13)HN 3.1
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Partial wgROESY spectra of 3.1D in CD3;OH (10 °C)
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Partial wWgROESY spectra of 3.2 in 90% H,0/10% D,0 (4 °C)
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Partial wWgROESY spectra of 3.2 in 60 % CF3;CD,0H/30 % H,0/10% D,0 (4 °C)
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Partial wWgROESY spectra of 3.4A in 90% H.0/10% D,0O (4 °C)
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Partial wgROESY spectra of 3.4A in 60 % CF;CD,0OH/30 % H,0/10% D,0 (4 °C)
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Partial wWgROESY spectra of 3.4B in 90% H.0/10% D,0O (4 °C)
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Partial wgROESY spectra of 3.4B in 60 % CF;CD,0OH/30 % H,0/10% D,0 (4 °C)
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Partial wWgROESY spectra of 3.5 in 90% H,0/10% D,O (4 °C)
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Partial wWgROESY spectra of 3.5 in 60 % CF3;CD,0H/30 % H,0/10% D,O (4 °C)
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Partial wWgROESY spectra of 3.6 in 90% H,0/10% D,O (4 °C)
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Partial wWgROESY spectra of 3.6 in 60 % CF3;CD,0H/30 % H,0/10% D,O (4 °C)
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Partial wWgROESY spectra of 3.7 in 90% H,0/10% D,O (4 °C)
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Partial wWgROESY spectra of 3.7 in 60 % CF3;CD,0H/30 % H,0/10% D,0 (4 °C)
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Partial gCOSY spectrum of 3.1D in CD3OH (10 °C)
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Partial gCOSY spectrum of 3.2 in 60 % CF3CD,OH/30 % H,0/10% D,0O (4 °C)
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Partial gCOSY spectrum of 3.4A in 60 % CF3CD,0OH/30 % H,0/10% D,0O (4 °C)
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Partial gCOSY spectrum of 3.4B in 60 % CF3CD,0OH/30 % H,0/10% D,0O (4 °C)
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Partial gCOSY spectrum of 3.5 in 60 % CF3CD,OH/30 % H,0/10% D,0O (4 °C)
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Partial gCOSY spectrum of 3.6 in 60 % CF3CD,OH/30 % H,0/10% D,0O (4 °C)
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Partial gCOSY spectrum of 3.7 in 60 % CF3CD,OH/30 % H,0/10% D,0O (4 °C)
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Chapter 4: Efforts to Develop a Coiled-coil System for Thermodynamic Study of

o/pB/y-Peptide Helix Stability via Backbone Thioester Exchange (BTE)
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4.1 Introduction

4.1.1 Helical a/B/y-peptide in ayaafa hexads

Helical peptidomimetics have been extensively developed to regulate
pharmacologically important protein-protein interactions (PPIs) involving helical
interfaces.' The utilization of foldamers containing unnatural backbone subunits that
show discrete conformational propensities serves as a promising strategy for the
development of helical peptidomimetics.*® To develop therapeutically useful helical
foldamers that can bind to specific sites on target proteins in vivo, it is essential to
examine secondary structures of designed foldamers and to further characterize the
tertiary and quaternary structures formed by interactions between the foldamers

themselves and with canonical a-peptides.

(A) &
S)\_i
0
(*-amino acid (3¢ ACPC
QW@ y i
.x” N ¥
OLOLOLOLOLOLOL ayaaBa ,
y*-amino acid vC: EtACHA

Figure 4.1 (A) Helical wheel diagrams of a heptads and ayoopa hexads. (B) Structures
of cyclic/acyclic- f- and y- amino acid residues.

Recently, we have found that an o/f/y-peptide with an ayoaopa hexad repeat
pattern exhibited a-helix-like folding in water (Figure 4.1).”® The ayaapa hexad mimics

the natural a-helix heptad by positioning - and y-residues along one face of the helix,
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allowing the a residues to define the other face of the helix (Figure 4.1A). The p-

and y- residues, collectively, contain the same number of backbone atoms as the three
o residues they replace, resulting in a hexad repeat in helical o/p/y-peptides that
accurately mimics the heptad repeat of natural a-helical peptides.”

The cyclopentyl-constrained - and cyclohexyl-constrained y-residues together
promote helical folding of o/p/y-peptides (Figure 4.1B).” Interestingly, acyclic y*-amino
acids also show same propensity to promote a helical structure in o/f/y-peptides when
ring-constrained p-residues are used.® The helical secondary structure of o/p/y-peptides
is clearly supported by circular dichroism (CD), 2D-NMR and X-ray crystallographic
data.® However, those methods do not allow us to quantitatively evaluate relative helix
stabilities of the o/p/y-peptides with varying the identities of the p- and y-residues.
Herein, we pursue quantification of the contributions of cyclic - and y-residues to o/p/y-
peptide helical stability using the backbone thioester exchange (BTE) method in an

o+a/B/y chimeric coiled-coil system.
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4.1.2 Thermodynamic analysis of tertiary structural stability using the BTE

method (Backbone Thioester Exchange)

Quantitative analysis of peptide or protein conformational stability in solution has
been commonly pursued by methods such as thermal and chemical denaturation,
monitored by CD, and hydrogen-deuterium exchange experiments, monitored by 2D-
NMR.® However, these methods rely on a massive empirical database of a-peptides
and proteins and thus cannot be readily extended to unnatural foldamers.

Previously, Woll and Gellman'®'" developed the backbone thioester exchange
(BTE) experiment to probe the stability of a-peptide secondary and tertiary structures,
and this strategy has also been successfully applied to measurement of the
thermodynamic stability of a+o and o+a/p antiparallel coiled-coils.’'* Our aim is to use
the BTE strategy to investigate the stability of the o-helix-like conformation of o/f/y-

peptides using an a+o/p/y chimeric antiparallel coiled-coil system.

4.1.2.1 Introduction to BTE

In the BTE experiment, thermodynamic stability of polypeptide folding (AGroiq)
can be derived by indirectly measuring the equilibrium constant of polypeptide folding
(Kroia) (Figure 4.2). In order to measure Kgqq for a coiled-coil structure (helix-loop-helix),
one replaces one amide bond in the loop region with a thioester bond. The resulting
thiodepsipeptide (NtC: N-terminal segment and C-terminal segment linked by a
thioester bond) is added to a solution containing a small thiol peptide (nsY: thiol on a
Tyr-derived small peptide). nsY participates in thiol-thioester exchange reaction with

NtC, liberating the C-terminal thiol peptide (1sC) and generating new thioester peptide



170
N7Y (N-terminal segment and Tyr-derivative linked by thioester bond) (Figure 4.2).

When a thioester exchange reaction reaches equilibrium, the reaction mixture is
characterized by analytical HPLC to determine the populations of four species, nsC,
NtY, N1C, and nxsY. Each species contains one Tyr residue, enabling them all to be
detected by UV-Vis absorption at 275 nm. The relative concentration of each species at
equilibrium is determined by comparing the integrated peak areas, which are used to
calculate the equilibrium constant (Kgte). The Krog is determined from the simple
relationship Kroig = Kete — 1 (Figure 4.3, eq 4.5).

The relationship Kroiq = Kete— 1 is based on the hypothetical condition expressed
in eq 4.4 ([usY]INTCul/[NTY][1sC]=1). Eq 4.4 is based on a few key assumptions
concerning the model system. 1) The thioester bonds in NtY and NtCy are iso-
energetic. 2) The Tyr-derived segment in NtY does not engage in energetically
significant packing interactions with the rest of the molecule. 3) The full-length thioester

peptide NtCr does not self-associate intermolecularly.
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Figure 4.2 (A) A coiled-coil model NtC in a two-state folding equilibrium. (B) Cartoon
depicting a thioester exchange assay. Parentheses show a two-state folding equilibrium
for thiodepsipeptide. (C) Representative analytical HPLC profile for a thioester
exchange assay. Peaks are labeled as part (B) of the figure.
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KBTE KFoId
N;Y +,C —— [N,C, = N,C.| + usY

Kere= ([N7C:I+[NCyl) [1sY]

[N ¥1T,C] (4.1)

Keoa= [N1CI/INLC,] (4.2)

Kare= (Koot 1) [usYIINCy] (4.3)
[N, ¥][,sC]

%] -1 (4.4)

Kare= Kegg + 1 (4.5)

AGq, 4= - RT In(K,,,q) (4.6)

Figure 4.3 Derivation of the relationship between Kgte and Krog.

-Terminology summary-

nsY: a tyrosine-containing small thiol peptide

NtY: a thioester helical peptide containing a small Tyr derivative, which becomes the N-
terminal helix of NtC

nsC: a thiol helical peptide, which becomes a C-terminal helix of NtC

N+C: a coiled-coil thiodepsipeptide resulted from a BTE reaction between NtY and ysC.
In this chapter, numbering designation of NtC peptides corresponds to numbering of
usC. (e.g., NrC10 is generated from BTE between NtY and ysC10.)

N+Ce: folded state of NtC

NtCy: unfolded state of NtC
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Those conditions must be verified by control experiments. To assess the first

and second conditions, we perform BTE experiments with NtY and small thiol
molecules other than ysY that cannot form significant non-covalent interactions with the
N-terminal helix in NtY (e.g., methyl thioglycolate). In this case the expected equilibrium
constant is near 1 (Figure 4.4A). To assess adherence to the third condition, we carry
out analytical ultracentrifugation experiments (AU, sedimentation equilibrium test) on a
full-length NAC peptide to determine whether the peptide is monomeric when the BTE
reaction is executed." A full-length NAC peptide contains an amide bond instead of a
thioester bond in the loop region of NtC (Figure 4.4B). The NtC peptide cannot be
analyzed by AU, a process that requires several days, due to slow thioester hydrolysis.

Prior to AU analysis, the similarity of NAC and N+1C is evaluated by CD measurements.
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Figure 4.4 (A) A representative control BTE experiment to determine whether the Tyr
fragment engages in energetically significant packing interactions with the rest of the
molecule within NtY. The expected equilibrium constant is 1. (B) Representative
sequences of NTC and NaC analogues. NAC is used for AU analysis because the
thioester bond in NtC is slowly hydrolyzed during AU analysis, which requires several
days of sample centrifugation.
4.1.2.2. Antiparallel a-helical coiled-coils

The a-helical coiled-coil is a common structural motif found in protein tertiary and
quaternary structure.' In order to elucidate the factors that control interhelical affinity in
coiled-coils, Hadley and Gellman designed an antiparallel helix-loop-helix coiled-coil
model and performed BTE studies (Figure 4.5).">' Coiled-coil dimerization is driven

largely by the “knobs-into-holes” interdigitation of hydrophobic side chains at the coiled-

coil interface.’ Hydrophobic residues are placed at core a and d positions within the
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abcdefg heptad repeat to drive a dimeric association. In the design used by Hadley

and Gellman, charged residues were placed at the other positions (b, ¢, e, fand g) to
stabilize the secondary- and tertiary-structures by intrahelical- and interhelical-

)."® To prevent intermolecular

electrostatic interactions, respectively (Figure 4.5
assembly, one Leu at a core position was replaced with Arg (Figure 4.5, R4 in a N-
terminal helix).14 The central six Gly residues form a flexible interhelical loop, and in
NtC, the fourth Gly is replaced with a thioglycolic acid (sC) residue, which enables a

thiol-thioester exchange.

Succ-EELRRRLEELRRRRGGGI%IGGLEEELRRLEEELRRY-NH2 NCa 1

favorable
intra-helical
electrostatic
interactions

favorable inter-helical
electrostatic interactions

Figure 4.5 a+a Thiodepsipeptide NtCa1, which can form an anti-parallel coiled-coill
tertiary structure. The sequence of NtCa1 is shown with thioglycolic acid highlighted in
a rectangle. The helical wheel diagram indicates the anti-parallel coiled-coil model of
NtCa1. Stabilizing inter- and intra-helical electrostatic interactions are shown by curved
arrows. Residues at a and d’ positions in the hydrophobic core of the coiled-coil
(marked in pink circles) were systematically substituted with different residues (Leu, lle,
Val, Ala, and Asn).
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The relationship between sequence and structural stability within the

antiparallel coiled-coil was examined by comparing AGgqqg values derived from BTE
experiments, in which hydrophobic interface residues at a and d’ positions were
systematically substituted with different residues (Leu, lle, Val, Ala, and Asn) (Figure
4.5). The BTE strategy was shown to provide data that correlated well with the results

found by bioinformatic analysis of coiled-coil interactions.''%%!

4.1.2.3. (o + a/p) Coiled-coil design for BTE analysis

Price et al. demonstrated that o+a/f chimeric coiled-coil packing could be
studied using the BTE method." This a+o/p BTE study was motivated by the finding
that backbones containing alternating o- and f-residues can adopt an a-helix-like
conformation that is designated the 14/15-helix.?*?* The design of the o+a/p antiparallel
coiled-coil model was based on the a+a coiled-coil model used by Hadley to explore
sequence-stability relationships among coiled-coils via BTE (Figure 4.6)."*™ In the
NtCap thiodepsipeptide the N-terminal segment is an a-helical fragment containing only
o-residues and identical to the N-terminal segment of the previous o+a BTE model. The
C-terminal segment is an o/p-peptide fragment designed to form a 14/15-helix, which is
expected to pack against the N-terminal a-helix. The N-terminal a-helix and C-terminal
o/B-peptide helix are connected by a linker that contains five Gly residues and one
thioglycolate (sG) residue, which allows the BTE reaction occur (Figure 4.6). The results
from the BTE analysis of NtCap suggested that AGrqq = -1.1 kcal/mol, which indicates

that at equilibrium about 85% of the peptide NtCog is in the folded state (a+o/p coiled-
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coil packing), and that a+o/p helix packing is favored by 1.1 kcal/mol relative to a

lack of such packing.'? This value is comparable to AGroq from the analogous a+o

coiled coil model, -1.4 kcal/mol.™

(A)

Succ-EELRRRLEELRRRRGGGSGGGLEEELRRLEEELRRY-NH; N;Cal

Succ-EELRRRLEELRRRRGGGSGGGEEEXLZELEXELRZY-NH, N;Cop1

H 0 H
( B) ‘?{n,_‘ i %{N’OF;S‘ ?N\:/\g/‘g s"\s/\n/‘?i
> ~ °

X (ACPC) Z (APC) L (B3-hLeucine) sG (thioglycolic acid)

(C)

Figure 4.6 (A) Sequences of a-peptide antiparallel coiled-coil NtCa1 and chimeric (o +
o/pB)-peptide NtCap1. (B) Structures of p-amino acids and thioglycolic acid. (C) Helical
wheel diagrams of the antiparallel coiled-coil for NtCag1 (acyclic p- in blue, cyclic p- in

red).
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4.2 Efforts to design an a+ a/f/y coiled coil model system for BTE studies

4.2.1 |Initial a+ a/B/y coiled coil model 1: not suitable for BTE study

4 )
G-6—P™

o H\/?L HNHLS/\IJ - ‘s:"?.

A o s s " K. 0
T 9 Ko |0 H S P
. l0:> Y9 . + ° D

A t g (Y

N ﬂ HN o g OH
S ) [ o 3

) [ o la HSY
N;Y C i,
T HS™afy o3 [
) ‘j
yellow : o residue N:Copy ~

cyan: B residue
magenta: y residue

Figure 4.7 Cartoon depicting a thioester exchange assay using an o/f/y-thiol peptide
designs. Parentheses show the two-state folding equilibrium for the thiodepsipeptide.

To quantitatively evaluate contributions of ring-constraints on - and y-residues to
o/B/y-peptide helix stability, we sought to conduct thermodynamic analyses of the folded
vs. unfolded equilibria of (a-helix--loop--a/B/y-helix)-peptides (Figure 4.7). Our o+a/B/y
coiled-coil model design was based on the previously reported coiled-coil system
NtCa1," and uses positively charged, or uncharged cyclic f-residues, APC and ACPC,
and an uncharged cyclic y-residue, EtACHA (Figure 4.8)." We used ACPC on the f
position near the loop region because the ring nitrogen of APC has been shown to carry
out nucleophilic attack on the thioester bond. However, these o> p or y replacements

cause local and global changes in charge and charge distribution between the C-
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terminal segment of NtCa1 and the C-terminal segment of NtCagy1 (Figure 4.8). To

minimize charge inequality between the corresponding C-terminal a-peptide and o/p/y-
peptide segments, we chose a coiled-coil system that switches the charged residues at
the C- and N-termini, resulting in NtCapy2 (Figure 4.8).

In the a+a/B/y chimeric thiodepsipeptide NtCaBy2, the N-terminal segment is
identical to the N-terminal a-helix-forming segment of NtCa2, and the C-terminal portion
is an o/p/y-peptide with an ayoaopa motif analogous to the C-terminus of NtCa2 (Figure
4.8). The central glycine-rich segment is positioned to form a flexible interhelical loop.
The C-terminal segment can be varied systematically by incorporating different § and y

residues, with and without ring constraints.
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(A) (- charged)
Succ-EELRRRLEELRRRRGGGSGGGLEEELRALEEELRRY-NH, N.Cal
Succ-EELRRRLEELRRRRGGG®GGGLE XEL(|LE[Z]ELY Y-NH, N, Capy 1

(+ charged)

(+ charged)
Succ-RRLEEELRRLEEEEGGGGGGRRRRLUEELRARRLEEY-NH; N,Ca2
Succ-RRLEEELRRLEEEEGGGGGGRRXRIUYLAZRLY Y-NH, N, Cay 2

(+ charged)
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H
Y (EtACHA) X (ACPC) Z (APC)

Figure 4.8 (A) Sequences of a+a and a+o/p/y thiodepsipeptides in the NtC series
(sG=thioglycolic acid). (B) Helical wheel diagrams of the anti-parallel coiled-coil tertiary
structures that should be available to NtCa1, NrCa2, and NtCafy2.
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Several control experiments are necessary to determine whether the a+o/p/y

model system is suitable for BTE analysis. The coiled-coil should adhere to the key
relationship in eq. 4.4 ([usY][NTCul/[NTY][hsC]=1), the full-length NtC should not self-
associate, and nsY should not have a favorable interaction with the N-terminal helix
NtY. For an a+a/f/y model system, another critical control experiment is required in
order to determine whether the coiled-coil folding is exclusively driven by the six Leu
residues that are intended to form the hydrophobic core (at positions 3, 7, 10, 25, 27,
and 31, Figure 4.8). These control experiments include testing analogous a+a coiled-
coil models. A positive control a+a. coiled-coil model, which contains six Leu residues in
the intended hydrophobic core of the tertiary structure, is expected to show favorable
coiled-coil folding, with AGgqg < -1 kcal/mol. A negative control a+a coiled-coil model,
which contains one hydrophilic Asn and five Leu residues in the intended hydrophobic
core, is expected to show little tendency for coiled-coil forming (AGroiq = 0 kcal/mol).'?™

In previous BTE coiled-coil model systems with a+a and a+o/p peptides, a single
core substitution from Leu to Asn in the C-terminal helix resulted in a drastic coiled-coll
destabilization, with a AGroq increase of about 1 kcal/mol compared to the analogous
system without the Asn substitution (Figure 4.9).'*™ A similar trend is expected for an

a+0o/B/y coiled-coil model if the full-length thioester peptide folding depends on packing

within the intended hydrophobic core.
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Leu(21) AG;, 4= -1.4 kcal/mol Leu(25) AG;, 4= -1.1 kcal/mol
Asn(21) AGq, = 0.2 kcal/mol Asn(25) AG;, 4= -0.2 kcal/mol

Figure 4.9 Coiled-coil disruption by replacing Leu with Asn in hydrophobic interface. (A)
a+o thiodepsipeptide model'. (B) a+a/p thiodepsipeptide model?.

To establish a positive control a+a model based on the a+a/p/y model NrCapy 2,
we used two Ala to substitute for one y, one Ala for ACPC, and one Arg for APC (Figure
4.10). The resulting a+a model, NtCa3, and the analogous negative control a+oa model,
NtCa3_L27N, which contains one Asn at position 27, were tested by BTE experiments.
BTE with NtCa3_L27N resulted in AGroq = -1 kcal/mol, indicating that the intended
negative control NtCa3_L27N experiences a significant driving force for association of
the N- and C- terminal segments (Figure 4.10). This unexpected result may rise
because since five of the charged residues in NtCa2 (Figure 4.8A) are substituted with
Ala residues in NtCa3_L27N, and the Ala-rich “back face” of the C-terminal helix may
engage in hydrophobic association with the Leu-rich face of the N-terminal helix or with
other molecules in the system. These control experiments indicate the a+a/p/y model
NtCaBy2 is not suitable for BTE study. Indeed, several preliminary BTE experiment
using C-terminal o/p/y-peptides usCopy3, nsCopy4, and usCoapy4_L27N all resulted in

AGroig = -1 kcal/mol (Figure 4.10). These results suggest that the back face of the C-
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terminal o/B/y-peptide helix, where 3 and y residues are dominant, can participate in

hydrophobically driven packing against the N-terminal a-helix.

N-Copy 2 i (26), y (32) : EtACHA
(A) +Capy G/G,NJLS/T\G\G Y Y )
:’\HQ J .
B (23): ACPC
B (29): APC
H (o]
H 0 _N,
"{Na. .1" c(_f%‘
l ; N+
H,
X (ACPC) Z (APC)
N;Ca3_L27N From N;Ca 3, Leu at 27 is replaced by Asn
(C) G
21 25 27 31 (kcal/mol)
nsCa2 sG G GRRRR|L|E E|[L|RRR|L|[E E Y -1.4
| usCa3 127N sG G G R R A R[L|A A/IN/R R R|IL|/A A Y -1.1
AG¢oid
( D) 21 25 27 31 (kcal/mol)
wCapr3 s6 6 G R R[X|R[L|  [L[R|[Z|R[L| A ¥ -13
wsCapy4 sG G G R R BA R|L| A [L|RBR R|L| y*A Y -1.1
usCapy4_L27ZN sG G G R R BA R|L| +*A |[N|(RBR R|L| +*A Y -0.9

Figure 4.10 (A) Helical wheel diagrams of the anti-parallel coiled-coil tertiary structures
for NrCapy2 and the a analogue. (B) NtCa3; Leu at 27 position is replaced by Asn for
the negative control a analogue NtCa3_L27N. (C) Sequences of thiol peptides ysCa.2
and usCa3_L27N, and AGrqq values from BTE assays using them. (D) Sequences of
thiol o/p/y-peptides nsCapy3, nsCapy4 and ysCaPy4 _L27N, and AGgqqg values from
BTE assays using them.
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4.2.2 a+ a/f/y Coiled coil model 2: not suitable for BTE study

In order to try to generate a suitable a+a/p/y coiled-coil model, in which folding is
solely driven by the intended hydrophobic core interactions, we sought to introduce
charged residues on the back face of the C-terminal o/p/y helix. For charged cyclic p
residues, APC could not be used because of its tendency to carry out nucleophilic
attack on the thioester bond. Instead, a 5-membered-ring-constrained p-residue
containing a guanidinium group, gAPC, was chosen (NtCapy5) (Figure 4.11A). If this
substitution does not prevent the back face of the C-terminal helix from engaging in
hydrophobic interactions, then an anionic 6-membered-ring constrained y residue could
be incorporated (NTCapy6) (Figure 4.11A).

The a+a coiled-coil peptides analogous to the new a+ao/p/y coiled-coil models are
NtCa5 and NtCab (Figure 4.11B and C). However, the negative control a+o systems
NtCa5_L25N and NrCa6_L25N, which contain Asn at position 25, both showed only
small changes in AGrqq relative to NfCab and NtCa6, respectively (Figure 4.11D).
AGrog values for NfCa5_L25N and NtCa6_L25N were ~ -1.3 kcal/mol, suggesting
significant packing between the N- and C-terminal segments (Figure 4.11D). These
results suggest that the intended hydrophobic core interaction was minimally disrupted
by single replacement with a hydrophilic residue at position 25, indicating that the
analogous a+a/B/y coiled-coil NtCapy5 and NtCapy6 are not suitable as coiled-coil

models for BTE studies (Figure 4.11).
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v (26): EtACHA
v (32) : EtACHA

B (23): ACPC
B (29): APC

v(26): EtACHA
v(32) : EtACHA

B (23): gAPC
B (29): APC
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gZ (gAPC)

Y (26): chc'D
Y (32) : chc'D

B (23): gAPC
B (29): APC

(D) AGyoiq AGyorq AGgoiq
(kcal/mol) (kcal/mol) (kcal/mol)

N;Ca5 -1.9 N;Cab6 -1.7

N;Ca3_L25N -1.2 N:Ca5_L25N -1.4 N:Ca6_L25N -1.3

Figure 4.11 (A) Representative helical wheel for NtCapy, and structures of cyclic § and
y residues. (B) NtCaBy 3, 5, and 6. (C) Helical wheel diagrams of C-terminal thiol a-
peptides ysCa 3, 5, and 6, which are analogous to C-terminal o/p/y-helices of NtCapy 2,
5, and 6, respectively. Leu25 is replaced by Asn in negative control a analogues. (D)
AGroig Values from positive and negative control peptides.



186
4.2.3 at a/B/y Coiled-coil model 3

Since we could not find a functional model system from the a-sequences
containing negatively charged residues at the e and g heptad positions of the N-terminal
helix and positively charged residues at these positions of the C-terminal helix, we
turned to refining the original a+oa coiled-coil system with the opposite heterodimer-
specifying charged residues (Figure 4.12). To maximize charge density on the back
face of the C-terminal o/p/y helix, we used charged - and y-residues, including the
guanidinium-containing cyclic $ (gAPC), [53—hArg, anionic cyclic y (yeye-D), and y4—hAsp.
For the analogous control a+a models, the C-terminal a-helix that corresponds to the
o/B/y helix Capy7 is Ca7 (Figure 4.12). AGroq values measured for NtCa7 and
NtCa7_L25N were about -0.8 and -0.1 kcal/mol, respectively. These results suggest
that this a+a model may fold driven by the intended hydrophobic core interaction, and
thus encouraging the further use of this sequence as a starting point for BTE studies
(Figure 4.12).

We performed preliminary BTE experiments using analogous o/p/y-thiol peptides
containing acyclic - and acyclic y-residues (usCa.py8), which might have limited helicity
due to the lack of constrained residues (Figure 4.12). The resulting AGrqq values for
NtCaBy8 and negative control NtCopy8_L25N were about 0.2 and 0.4 kcal/mol,
respectively. Since the C-terminal segment within NrCapy8 is not expected to be very
helical, and thus the coiled-coil folding is not expected to be favorable, the AGrqq value
of 0.2 kcal/mol for NtCaBy8 is reasonable. The negative control, NrCapy8_L25N,

lacking a hydrophobic residue in the expected core, also resulted in a reasonable AGroq
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value of 0.4 kcal/mol. The current coiled-coil model system could be adequate for

BTE study with a helical o//y motif. However, it is important to determine if the full-
length thioester peptide NtCapy8 is monomeric. The possibility of self-association will
be addressed by analytical ultracentrifugation (AU) experiments using the analogous

full-length amide peptides NaCapy8.

NyCopy 7 N;Cospy 8
7 (26): yoyc-D v (26): y*hD
Y(32) 174D y(32):y*hD
B (23): gAPC B (23): BhR
B (29): APC B (29): B*hR
(B) 1 /n\/\)ol\
A, L, YY"y
N _
o zro
chc'D 'Y4hD
&) 0 L N
o "
\ (o]
|-|2Nf§l'\.l.H2 &
N ¢
H
gAPC B3hR
C
( ) AGsoig AGgoig
(kcal/mol) (kcal/mol)
N;Ca7 -0.8 N;Cofy 8 0.2
NTCa7=L25N -0.1 N;Cafy 8=L25N 0.4

Figure 4.12 (A) Representative helical wheel diagrams of the anti-parallel coiled-coill
tertiary structures for NtCapy, and designation of NtCaBy7, and 8. (B) Helical wheel
diagram of NtCa7. Leu25 is replaced by Asn in negative control. (D) AGroq Values from
positive and negative control peptides.
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4.3 Conclusions and Future directions

In order to quantitatively evaluate the contributions of ring constraints to o/p/y
peptide helix stability, we attempted to modify an a+a coiled-coil model that had been
previously used for BTE studies. However, in our initial o/f/y design, one y-residue
replaces two charged a-residues on the back face of the C-terminal helix, sacrificing two
charges per one y-replacement. This caused the back face of the C-terminal helix to be
quite hydrophobic, which might cause unexpected interactions with the N-terminal helix.

To maximize charge density on the back face (b’,c’, and f' positions) of the o/p/y-
peptide helix, guanidinium-containing cyclic - and anionic cyclic y- residues can be
incorporated in C-terminal o/p/y helix.?* Negative control BTE experiments have been
carried out with different a+a and a+a/f/y coiled-coil models using acyclic - and y-
residues, i.e., y*hAsp and p*hArg. One Leu at the hydrophobic interface on the C-
terminal helix was substituted with Asn to destabilize coiled-coil folding. After several
trials, we found one system that was significantly destabilized by Leu - Asn
substitution in the a+a system, NtCa7 and NtCa7_L25N, analogous to a+a/B/y system
NtCaBy7, which might thus be suitable for future BTE studies.

In the future, AU analysis must be performed for NaACapy7 and NaCay8; if the
o+o and a+o/p/y full-length peptides (containing all-amide backbone) from this system
are monomeric, the model is appropriate for BTE analysis. However, if the full-length
molecules self-associate as determined by AU, we should search further for a BTE
system. Ongoing BTE studies will allow us to quantitatively evaluate the effect of cyclic

vs. acyclic - and y-residues on o/p/y-peptide helix folding and stability. These studies



189
will improve our understanding of a/p/y-peptidomimetics and enable their use to

control specific protein-protein interactions.

44 Experimental
4.4.1 General

Fmoc a-amino acids and resin for solid phase peptide synthesis were purchased
from Novabiochem or Chem-Impex, and coupling reagents and additives, O-
benzotriazole-N,N,N’,N’-tetramethyluronium  hexafluorophosphate (HBTU), O-(7-
azabenzotriazol-1yl)-N,N,N,N’-tetramethyluronium hexafluorophosphate (HATU), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI),
hydroxybenzotriazole (HOBt), 1-Hydroxy-7-azabenzotoriazole) (HOAt), were purchased
from Chem-Impex. Fmoc p-amino acids such as Fmoc-(1S,2S)-2-aminocyclopentane
carboxylic acid and acyclic Fmoc f3-amino acids were purchased from Chem-Impex.
Acyclic y-amino acids were purchased from Polypeptide group. Ring constrained y-
amino acid, EtACHA, was synthesized according to previous reports.?* Other reagents

and solvents were purchased from Sigma-Aldrich.

4.4.2 Peptide Synthesis and Purification
4.4.2.1 Synthesis of thiol peptide (1sC)

All of the a- and o/p/y-peptide thiols described here were synthesized on Nova
PEG rink amide resin (25-50 pymol scale) by microwave-assisted solid-phase method

using a CEM MARS microwave reactor.”®? For a- and cyclic/acyclic p-amino acids
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coupling reactions, Fmoc-amino acids were pre-activated in a separated vial (4

equiv. of Fmoc-amino acids, 3.95 equiv. of HBTU, 8 equiv. of DIEA, 0.1 M HOBT in
DMF solution) for 1-2 minutes, then the solution was added to resin in a filter tube,
reacted under microwave irradiation (2 min ramp to 70 °C, 4 min hold at 70 °C for a-
residues, 12 min hold for p-residues). For acyclic y-amino acids coupling reactions, the
same condition to -amino acid coupling was applied but DIEA was added right before
starting microwave irradiation in order to avoid intra-cyclization reaction of y-amino
acids. Cyclic y-residue (EtACHA) coupling reactions were performed by pre-activating 4
equiv. of Fmoc-amino acid with 4 equiv. of EDCI and 8 equiv. of DIEA in 0.1M HOALt in
DMF, then the mixture solution was added to resin and reacted for 14 hours at room
temperature while gently shaking. Fmoc deprotection reactions were carried out using
20 % piperidine in DMF under microwave irradiation (2 min ramp to 80 °C, 2 min hold at
80 °C). The N-terminal thiols were obtained by the coupling of S-trityl-thioglycolic acid
as the last residue. Peptides were globally deprotected and cleaved from the resin by
suspending in cleavage cocktail (95% trifluoroacetic acid (TFA), 2.5 % water, and 2.5 %
triisopropylsilane) for 4~5 hours. After precipitating peptides in cold diethyl ether,

peptides were purified by HPLC.

4.4.2.2 Synthesis of thioester peptide (N7Y)

To prepare thioester peptides NtY(1) and NtY(2), Ntg(1) and Ntg(2) were

26,27
d%®

synthesized by safety catch metho on H-Gly-sulfamyl-butyryl Nova Syn TG resin

(50 pmol scale) by microwave-assisted solid-phase method using a CEM MARS
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microwave reactor.”®? Cleaved and purified Ntg(1) and Ntg(2) were reacted with

usY to yield NrY(1) and NtY(2).

o)
H
N\/U\/

+ Hs’\g’i N

- “

H H 9 o
- ~N
Succ-RRLEEELRRLEEEEGG/N\/U\S’\P;N\E)LH + Hs’jg

H 9
Succ-RRLEEELRRLEEEE GG~ s™y°
(o}

N.:(1)
OH

N,Y(1)

OH

Succ-EELRRRLEELRRRRGGJ\j\S/\g’O\
Nre(2)

For a-amino acids coupling reactions, Fmoc-amino acids were pre-activated in a
separated vial (4 equiv. of Fmoc-amino acids, 3.95 equiv. of HBTU, 8 equiv. of DIEA,
0.1 M HOBT in DMF solution) for 1-2 minutes, then the solution was added to resin in a
filter tube, reacted under microwave irradiation (2 min ramp to 70 °C, 4 min hold at 70
°C for a-residues, 12 min hold for B-residues). Fmoc deprotection reactions were carried
out using 20 % piperidine in DMF under microwave irradiation (2 min ramp to 80 °C, 2
min hold at 80 °C). Upon completion of couplings, the N-terminus amine was reacted
with mono-tert-butyl succinate under the same condition for the a-amino acid couplings.
A sulfonamide nitrogen was alkylated by reacting the resin with iodoacetonitrile (180 uL,
50 equiv., filtered through basic alumina prior to use) and 1.0 M DIEA in DMF (6 mL)
under microwave irradiation (1 hour at 50 °C). The reaction was washed with DMF. To

cleave the peptide from the resin, methyl thioglycolate (54 uL, 12 equiv.) and DMF (1
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mL) were added to the resin and reacted under microwave (1 hour at 50 °C) The

liquid was filtered into a flask, and the resin was then washed three times with CH2Cl2 (5
mL), and the combined filtrate was rotary evaporated. Peptides were globally
deprotected by suspending in cleavage cocktail (95% trifluoroacetic acid (TFA), 2.5 %
water, and 2.5 % triisopropylsilane) for 4~5 hours. After precipitating peptides in cold
diethyl ether, peptides were purified by HPLC to give Ntg(1) and Ntg(2).

Nte(1) and Nr1g(2) were combined with peptide thiol usY (~ 10 fold excess) in
aqueous (pH 7, 50 mM phosphate buffer, 2 mM triscarboxyethyl phosphine) solution,
which allowed thioester exchange. After 2 hours of exchange at room temperature,

N1Y(1) and NtY(2) were collected by HPLC.

4.4.3 Backbone thioester exchange
4.4.3.1 BTE method

Thioester exchange assays were performed by mixing 200 uM of an N-terminal
a-peptide thioester (N7Y) and 200 uM of a C-terminal a- or a/f/y-peptide thiol (4sC) in
BTE buffer composed of 50 mM sodium phosphate and 2 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) to allow 100 uM BTE reaction condition.
Each peptide stock solution was prepared in BTE buffer and quantified by UV. Two
peptides (NtY and usC) were combined to give 200 uM solution, and mixed thoroughly.
About 30 uL of the BTE reaction mixture was injected onto an analytical HPLC, and the
equilibrating species (usC, NtY, N1C, and usY) were detected by UV-Vis absorption at
275 nm. The relative concentration of each species at equilibrium is determined by

comparing the integrated peak areas, which are used to calculate the equilibrium
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constant (Kgte). The Kgre allows to determine Kroiq and AGrqiq from the relationships

KFoId = KBTE— 1 (Figure 4.3, eq 45) and AGFo|d = -RT|nKF0|d.

4.4.3.2 BTE data (HPLC traces and MALDI-MS)

Sequences of peptides used for BTE assays and AGgq 4 (kcal/mol) values

3 7 10 14
N.Y(1) succ R R|LJE E EJL|[R R]JL|J]E E E|J]E[]G G G sY-N-Me
AGsord
21 25 27 31 (kcal/mol)
nsCa2 sG G G|R|[R R R[L|E E[L|R R R|[L|E E Y -1.4
wsCa3_L27N sG G G|R|R A R|L|A A|[N|R R R|L|A A Y -1.1
wsCa3_L25N sG G G|R|R A R|N|A A|[L|R R R|L|A A Y -1.2
wsCa5 sG G G|R|[R R R[L[A A[L[R R R[L[A A Y -1.9
wsCa5_L25N sG G G|R|R R R|[N|A A|[L|{R R R|L|A A Y -1.4
nsCaé sG G G|R|R R R|[L|E A[L|[R R R[L|A E Y -1.7
wsCa6_L25N sG G G|R|R R R|N|E A|L|R R R|L|A E Y -1.3
usCopy3 sG G G|R|R X R|L| ,¢ [L|{R Z R|L| %A Y -1.3
wsCapy4 sG G G|R|R BA R|L| ,®A |[L|R BR R|L| y*A Y -1.1
nsCopy4_L27ZN sG G G|R|R BA R|L| +*A |[N|R BR R|L| +*A Y -0.9
3 7 10 14

N.¥(2) succ E E[LJR R R]L|J|E EJL][R R R|JR|[G G G sY-N-Me
AGsolq
21 25 27 31 (kcal/mol)

nsCa7 sG G G|E|[E R E[L[A E[L]JE R EJL[E A Y -0.8
wsCa7_L25N sG G G|E|E R E|[N|A E|L|E R E|L|E A Y -0.1
wsCapy8 sG G G|E|E BR E|L| °p |L|E BR E|L| 4D Y 0.2
nsCopy8_L25N sG G G|E|E BR E|N| +*p |L|E BR E|L| v*D Y 0.4




Table of BTE data in AGroiq (kcal/mol) values

Runl | Run2 | Run3 [ Run4 [ Run5 | Run6 | Run7 | Avg Std

nsCa2 -1.31 | -1.28 | -1.37 | -1.36 | -1.40 | -1.43 | -1.36 | -1.4 | 0.05

| usCa3_L27N | -1.30 | -1.11 | -0.99 | -1.10 | -0.99 -1.1 0.13

| usCa3_L25N | -1.11 | -1.17 | -1.13 | -1.26 -1.2 | 0.06

nsCa5 -1.90 | -2.00 | -1.87 -1.9 [ 0.07

| nsCo5_L25N | -1.47 | -1.45 | -1.39 | -1.39 -1.4 | 0.04

nsCab -1.65 | -1.74 | -1.70 | -1.65 -1.7 | 0.04

usCo6_L25N | -1.38 | -1.20 | -1.28 -1.3 [ 0.09

usCafy 3 -1.29 | -1.27 | -1.38 | -1.23 -1.3 [ 0.06

nsCofy 4 -1.07 | -1.13 | -1.10 | -1.13 -1.1 0.03

usCofy4_L27N | -0.78 | -0.96 | -0.95 -0.9 [ 0.10

nsCa? -0.83 | -0.65 | -0.81 | -0.90 -0.8 [ 0.11

| usCa7_L25N | -0.08 | -0.11 | -0.07 | -0.19 | -0.25 -0.1 0.08

usCofy8 0.34 | -0.03 [ 0.10 [ 0.40 0.2 0.20

| usCafy8_L25N | 0.41 | 0.20 [ 0.64 0.4 0.22
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Representative HPLC traces for thioester exchange assays
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Chapter 5: Functional a/B/y peptides: Efforts toward BH3 domain/Bcl-xL protein-

protein interaction modulation
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5.1 Introduction

5.1.1 Regulation of apoptosis by Bcl-2 family of proteins "

Apoptosis, or programmed cell death, is a crucial mechanism for balancing cell
death and life. Misregulation leads to severe human diseases due to excessive cell
accumulation (e.g., neoplasia, autoimmune disorders, etc.) or excessive loss (e.g.,
neurodegenerative diseases)."™ Apoptosis is activated through extrinsic (started from a
ligation of specific cell-surface death receptors) or intrinsic (mitochondrial) pathways,
both of which result in the activation of members of the caspase family, leading to cell
death (Figure 5.1). Most cell death in vertebrates proceeds through the intrinsic
apoptotic pathway and is achieved by the permeabilization of the mitochondrial outer
cell membrane (Figure 5.1)."2

The intrinsic signaling pathway is known to be regulated by three subsets within
the B-cell lymphoma 2 (Bcl-2) family of proteins: 1) effector pro-apoptotic proteins such
as Bax (Bcl2-associated X protein) and Bak (Bcl-2-antagonist/killer protein), 2) anti-
apoptotic proteins such as Bcl-2, Bcl-xL (B-cell lymphoma-extra large), Mcl-1 (myeloid
cell leukemia sequence-1), Bcl-2/Bcl2L2 (Bcl-2-like protein-2), and 3) Bcl-homology 3
domain (BH3)-only proteins such as Bim (Bcl-2-interacting mediator of cell death), Bid
(BH3-interacting-domain death agonist), Bad (Bcl-2-associated death promoter), Noxa
(the latin word for damage), Puma (p53-upregulated modulator of apoptosis), and
others (Figure 5.1).2 In unstressed cells, inactive killer protein Bak (or Bax) is loosely
associated with the outer mitochondrial membrane (or with anti-apoptotic proteins such
as Bcl-xL and Mcl-1), preventing apoptosis.2'4’5 In response to death signals, the BH3-

only members (i.e., Bim, Bid, Puma, etc) bind to the anti-apoptotic proteins, releasing
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and activating pro-apoptotic proteins such as Bak and Bax, which go on to initiate

apoptosis (Figure 5.1)."3
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Figure 5.1 Intrinsic and extrinsic pathways of caspase activation and apoptosis. The
interactions between Bcl-2 family proteins, which we aim to intervene for therapeutic
purposes, are highlighted by a blue box.? (Figure is adapted from Ref.3)

The anti-apoptotic proteins display a hydrophobic cleft that can accommodate the
a-helical BH3 domain of a pro-apoptotic protein or a BH3-only proteins (Figure 5.2).
Many peptidic/oligomeric and small molecule mimics of a-helical BH3 domains have
been developed to regulate the interactions between pro- and anti-apoptotic proteins,

but further improvements are necessary for designed mimetics to be functional

therapeutics.®®
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Co-crystallized structure of
Bcl-xL and Bim 26-mer

Figure 5.2 (A) a-Helical wheel diagram of the Bim BH3 domain. Important residues for
binding to Bcl-xL are highlighted in pink. (B) Co-crystal structure of Bim 26mer bound to
Bcl-xL (PDF 3FDL).
5.1.2 Bim mimic a/f peptidomimetics

All BH3-only proteins share structural similarities required for binding to the
hydrophobic cleft of the anti-apoptotic proteins of Bcl-2 family; however, each BH3-only
protein has its own selectivity among the different anti-apoptotic members.?'® Some
BH3-only proteins, such as Bim, Bid and Puma, promiscuously bind to all anti-apoptotic
members of the Bcl-2 family, whereas others bind only to specific anti-apoptotic
proteins. For example, Bad binds to Bcl-xL and Bcl-2, but not to Mcl-1; Noxa binds to
Mcl-1, but not to Bcl-xL and Bcl-2. A limitation of ABT-737, a small molecule inhibitor
developed by Abbott Laboratories, is that it does not bind to Mcl-1, even though it binds
tightly to other anti-apoptotic proteins (Ky < 1 nM)."

A critical limitation of canonical a-peptides is their rapid proteolytic degradation in
physiological environments (Figure 5.3, a-peptide Bim 26-mer half-life is less than 1

minute). The Gellman group has developed unnatural oligomers with well-defined
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folding behavior, or so called foldamers, containing non-natural backbone subunits

such as fB-amino acids. Foldamers, such as fB-peptides (containing exclusively f-
residues) and o/p-peptides (heterogeneous backbone with a- and p-residues), have
been shown to adopt helical conformations with significantly increased resistance to
proteolysis.'*"® Function-based a/B-peptides have been developed that mimic a-helical
BH3 domains, and bind to the BHS3-recognition cleft of both Bcl-xL and Mcl-1.
Sadowsky et al. evaluated hundreds of p-peptides and o/f-peptides for their ability to
mimic a-helical BH3 domains, and developed the (o/pf+a)-chimeric peptide with a strong
affinity for Bcl-xL (K; = 5 nM by Fluorescent Polarization (FP) assay); however, the o-
segment at the C-terminus was susceptible to proteolytic digestion.’ Horne et al.
designed o/p-foldamers containing f3-amino acids in an aapacap heptad pattern based
on the Puma sequence, and showed that by aligning p-residues on one side of the
helix, the amphipathic a-helix could be effectively mimicked (K; < 1 nM for Bcl-xL, K; =
150 nM for Mcl-1, by FP)."”

Boersma et al. have explored Bim-derived o/p-peptides with different patterns
(i.e., aopaaap, aop and acof) incorporating p>-amino acids (Figure 5.3).° A Bim 18-
mer-derived o/B-peptide (peptide a/p 2, Figure 5.3B) with one of the four possible aaaf
patterns binds to both Bcl-xL and Mcl-1 (K; = 50 nM for Bcl-xL, K= 130 nM for Mcl-1, by
FP), and the analogous Bim 26-mer o/p-peptide (peptide a/f 4, Figure 5.3B) binds with
high affinity to both Bcl-xL and Mcl-1 (ICso = 7.5 nM for Bcl-xL, 1Cs0 = 2.4 nM for Mcl-1,
by SPR).9 Bim 18-mer-derived o/p-peptides in aopaaaf pattern (a/f 1), and aoof

pattern (a/p 2) were co-crystallized with Bcl-xL (PDB ID; a/p1 with Bel-xL: 4A1U, a/p2
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with Bel-xL: 4A1W, Figure 5.3A).° Both two structures show that these o/p-peptides

form a network of contacts with Bcl-xL that mimics remarkably well those of the natural
Bim BH3 domain. Later, Peterson-Kaufman and Hasse incorporated ring-constrained f3-
residues (ACPC and APC) to enhance helical propensity of the o/p-foldamers
(Peterson-Kaufman dissertation, Chapter 3; Hasse dissertation Chapter 4). By using
anionic 5-membered-ring-constrained B-residues in selected positions, and by altering
several a-residues, these workers developed a Bim 18-mer derived o/p-foldamer with
the aafaaaf pattern that displayed improved binding relative to the analogous o/f-
foldamer containing acyclic p*-residues (Figure 5.3). The a/f-peptide and protein
interaction model based on the interactions among Bcl-2 family proteins has provided
crucial information and guiding principles to help develop successful o/p-

peptidomimetics for other protein-protein interaction targets.''¢202"
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Figure 5.3 (A) Bcl-xL and Bim-derived a/B-peptides wtih aofacaf and aaap patterns.®
f in blue, a in yellow, Bcl-xL in gray (B) Sequences of the Bim-derived o/p-peptides wtih
aopacof and aocop patterns. f Residues are in blue color. K; values determined by FP
competition assay or SPR (marked as °K;), and the half-life values (t12) determined by
proteolysis assay are shown. Proteolysis: 50 uM solutions of peptides in the presence of
proteinase K (10 ug/mL) in TBS buffer, pH 7.5, with 5% DMSO.® (C) Structures of cyclic
-amino acids.
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5.1.3 a-Helix-like a./B/y-peptides

We have shown that an o/p/y-peptide containing ring-constrained 3 residues with
the ayaofa hexad repeat pattern adopts a stable, helical secondary structure in water
whether cyclic- or acyclic- y residues are used (Figure 5.4).%>?® The helix formed by the
ayoopa hexad pattern was designed to mimic the recognition surface of a natural a-
helix, with - and y-residues aligned along one side of the helix, allowing the a-residues
to define the other face of the helix (Figure 5.4). Structural data from X-ray and 2D-NMR
showed that an a/f/y-helix can mimic a canonical a-helix with bifurcated C=0O(i)/H-
N(i+3) and C=O(i)/H-N(i+4) hydrogen bonds.?? Herein, as an extended study of the
structural analysis for the helical o/p/y-peptides, we have examined the application of
helical o/p/y-peptidomimetics to modulate protein-protein interactions. We designed
o/p/y-foldamers to mimick helical BH3 domain peptides, and we assessed the design

strategy by measuring binding to Bcl-xL (Figure 5.4C).
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Figure 5.4 Helical wheel diagrams of a heptad and ayaopo hexad. (B) Structures of
cyclic and acyclic - and y- amino acid residues (C) Co-crystal structure of the Bim-
derived “B-stripe” o/p-peptide bound to Bcl-xL (PDB ID: 4A1U) °, and helical wheel
diagram of o/p/y-helix. The design of the Bim-derived o/p/y-peptides is intended to
parallel the design of Bim-derived “B-stripe” a/p-peptides.
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5.2 Bim mimic a/f/y-peptides containing cyclic - and cyclic y-residues

Initially, Dr. Tomohisa Sawada screened helical a/p/y-peptides based on the Bim
BH3 15-mer sequence, a Bim segment containing five residues important for binding to
Bel-xL (lle, Leu, lle, Asp and Phe; shown as pink, Figure 5.5). The Bim mimic 13-mer
o/P/y-peptides were designed by systematically replacing a-residues of Bim 15-mer with
ring-constrained pB- and y- residues in an ayaopo pattern (Figure 5.5). The binding of
o/B/y-peptides to Bcl-xL was evaluated by competition FP assay using a fluorescently
labeled Bak-derived 16-mer peptide (Bodipy-GQVGRQLAIIGDDINR-NH,) as the ligand
to be displaced. The FP results showed that the a/B/y-peptides tested did not effectively
inhibit binding of the Bak-tracer to Bcl-xL. The Bcl-xL binding constant (K;) of 5.3 was
about two orders of magnitude weaker than for the analogous a-Bim 15-mer peptide
(Bim K; = 0.15 uM; 5.3 K; = 13 uM; values from Dr. Sawada), and 5.1 did not bind at all
to Bcl-xL. Peptide 5.2 showed a better binding to Bcl-xL than 5.1 and 5.3 at lower
concentrations (< 10 uM); however, the binding was limited in that the FP curve of 5.2
only could reach 50% of the inhibition before aggregation with the tracer peptide
occurred (> 10 uM).

We considered several hypotheses for the poor binding exhibited by o/p/y-
peptides 5.1, 5.2, and 5.3. 1) Absence of the Asp on back face of the a/f/y-helix
weakened affinity for Bcl-xL. 2) Incorporation of the ring-constrained p- and y-amino
acids distorted the helical structure. 3) a/f/y-Peptides caused partial distortion of Bcl-xL

cleft upon binding. To test these hypotheses, we have examined Bim-mimicking o/p/y-
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peptides that contain cyclic and acyclic p- and y- residues with different side chain

functional groups.

(A) Ac-WIAQELRRIGDEF NA-NH, Bimismer Yeye= ;\N%)‘Lf
Ac-WI(xdEL@RI(ex) E F(Q A-NH, 5.1 "
Ac-W I A(eydL R@ I Gy F N@-NH, 52 T
Ac-WI A@QEL(DI G@E F(e)-NH, 53

Figure 5.5 (A) Sequences of a-Bim 15-mer and o/p/y-peptides 5.1-5.3 analogous to a-
Bim 15-mer (B) Helical wheel diagrams of a-Bim 15-mer and o/f/y peptides 5.1-5.3.

5.3 Bim-derived a/B/y-peptides containing acyclic y-residues
5.3.1 Incorporation of acyclic y-residues

To test the hypothesis that the absence of Asp on back face of the a/f/y-helix
formed by 5.1-5.3 led to weak affinity for Bcl-xL, we incorporated acyclic y“—hAsp or [33-
hAsp to restore the carboxylate side chain. Sequence alignment of the Asp region for
the Bim 15-mer and o/p/y-peptides containing y*-hAsp and p*-hAsp suggests that the
ayoopa register of 5.1 may cause the carboxylate group position to deviate from the

position in the analogous Bim 15-mer (Figure 5.6). o/p/y-Peptides 5.4 and 5.5,
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containing y*-hAsp, and 5.6-5.9, containing p>-hAsp, were designed based on the

ayaofo registers of 5.2, and 5.3, respectively. We also varied the number of ring-
constrained y-residues in o/p/y-peptides 5.4-5.9 to test if acyclic y*-residues can
substitute cyclic y-residues in this system, which have been reported to promote helical
conformations in a/p/y-peptides (Figure 5.7). %

The Bcl-xL competition binding FP assay revealed that o/p/y-peptides 5.4 and 5.5
are relatively promising candidates for inhibiting interaction of Bak and Bcl-xL although
Ki values of 5.4 and 5.5 could not be calculated because the FP curves did not reach to
the full inhibition (Figure 5.7). 5.2 (two EtACHA) and the analogue 5.5 (one y*-hAsp, and
one EtACHA) exhibit similar binding to Bcl-xL by FP at lower peptide concentrations (<
10 uM). However, 5.2 aggregates with the tracer peptide at higher concentrations (>10
uM) under the FP assay conditions whereas 5.5 does not. The similar affinity for Bcl-xL
observed for 5.2 and 5.5 suggests that the lack of a side chain carboxylate group might
not be a major factor in the weak binding of 5.2 to Bcl-xL. However, since y4—hAsp (5.5)
does not decrease Bcl-xL binding compared to EtACHA (5.2), and more importantly
since y*-hAsp helps prevent aggregation, we decided to continue to refine Bcl-xL binding

o/B/y-peptides starting from 5.5 (Figure 5.7).
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Figure 5.6 (A) Sequences of a-Bim 15-mer and the analogous o/p/y-peptides 5.1-5.3.
The Asp region in each peptide is highlighted with a rectangular box. (B) Peptide
sequence alignments of the regions containing y4-hAsp and [33-hAsp in peptides 5.1-5.3
compared to the a-Bim 15-mer.
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(A) Ac-WI AQELRRIGDEFNA-NH, Bim15-mer
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Figure 5.7 (A) Sequences of a-Bim 15-mer and the analogous o/p/y-peptides 5.4-5.9.
(B) Structures of cyclic and acyclic - and y-amino acid residues. (C) Helical wheel
diagrams of a-Bim 15-mer and o/p/y-peptides 5.4-5.9 (D) Inhibition curves from the Bcl-
XL competition binding FP assays using a-Bim 15-mer and o/p/y-peptides 5.4-5.9.
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5.3.2 a/fB/y-Peptides with extended lengths

To further expand on o/p/y-peptide 5.5, o/p/y-peptides derived from the a-Bim 18-
mer and 26-mer were prepared (5.11-5.16; Figure 5.8A). The Bim a-peptide 26-mer
displayed far tighter binding to Bcl-xL than the analogous 18-mer a-peptide (K; = 23 nM
for a-Bim 18-mer, K; < 3 nM for a-Bim 26-mer, by FP)*?*2?° and thus longer versions of
o/B/y-peptides were expected to result in higher affinity for Bcl-xL than o/f/y-peptides
derived from the Bim 15-mer. Importantly, enhanced binding from the longer peptides
would suggest that the o/p/y-peptides fold into secondary structures similar to an a-
helix.

Bim 18-mer-derived o/p/y-peptides 5.12 and 5.13 with an ayoofa pattern,
showed improved affinity for Bcl-xL compared to 5.5, though only three residues were
added relative to 5.5 (13-mer) to generate 5.12 or 5.13 (16-mers) (Figure 5.8B). K;
values of 5.12 and 5.13 could not be calculated because the FP curves did not reach
full inhibition of the Bcl-xL/Bak-tracer interaction. The FP data suggest that at the
highest a/B/y-peptide concentration (10 uM) 5.5 reached 50% inhibition, and 5.12 and
5.13 reached 70% inhibition. Peptide 5.13, which contains an uncharged ACPC in place
of positively charged APC near the N-terminus of 5.12, showed a similar FP curve to
that of 5.12, implying that the charge of the residue incorporated where Ala is found in
the a-Bim 18-mer does not significantly affect the interaction of a/f/y-peptides and Bcl-
XL, at least for this set of Bim-derived o/p/y-peptides.

Interestingly, when the ring constraint on a y-residue near the C-terminus of the

o/p/y-peptide is relaxed (5.14 vs. 5.11-5.13), binding to Bcl-xL was significantly
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diminished (Figure 5.8B). This observation implies that the rigid helical folding

achieved by using EtACHA and ACPC together in o/f/y-peptides 5.12 and 5.13 is
beneficial for binding of the a/f/y-peptides to Bcl-xL. o/p/y-Peptide 5.11, containing Trp
instead of ACPC near the N-terminus, aggregated.

Before inserting p- and/or y-residues into Bim 26-mer analogues, we evaluated
o/B/y-peptides extended using only a-resides, as shown in 5.15 and 5.16. If Bim 26-mer
analogue (a+o/p/y)-chimeric peptides show good affinity for Bcl-xL, then elongation of
an o/p/y-Bim 18-mer analogue to an o/p/y-Bim 26-mer analogue using an ayoafo
pattern in the C- and N-terminal extensions should be the next step. One limitation of
the peptide backbone transformation from a heptads to ayoaofa hexads is the difficulty
of mimicking longer a-peptide sequences. Conversion of a heptads to o/f/y hexads
causes a loss of one side chain per one repeating unit, and side chain functionality is
further lost in incorporating EtACHA and ACPC in ayaoafo hexads.

Bim 26-mer derived (a+a/p/y)-chimeric peptide 5.16 showed slightly increased
affinity for Bcl-xL relative to 5.12 and 5.13 (Figure 5.8C; FP curves of 5.12 and 5.13
reached 70% inhibition, and FP curve of 5.16 reached 80% inhibition). However, the
affinity improvement shown by 5.16 was minimal considering that longer a-Bim peptides
exhibited substantial affinity increases compared to shorter analogues (K; = 350 nM for
o-Bim 15-mer, K; = 23 nM for 18-mer, K; < 3 nM for 26—mer)9, indicating that the current
o/p/y-design is not suitable for Bcl-xL binding. This problem may indicate that the a/p/y-

peptide helix is an imperfect mimic of the a-helix, or the problem may arise because of
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the loss of side chain functional groups caused by replacement of a-amino acid

residues with cyclic - or y- amino acid residues.

(A) Ac-WI AQELRRIGDEF NA-NH, Bim15mer
Ac-W I A(ex) L R@D I G y'mo F N(D-NH, 5.5
Ac-WI AL R@I G ywo F N®-nNH, 510

Ac-IWIAQELRRIGDEFNAY Y-NH, Bim18-mer
Ac-I WI A(jerdL R@I G yno F N K Y-NH, 5.1
Ac-I®I AGxdL R@I Gymo F N K Y-NH, 5.12
Ac-I®I A(dLR®I Gy F N@KY-NH, 5.13
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Ac-DMRPEIWIAQELRRIGDEFNAYYARR-NH, Bim26-mer

Ac-DMRPEI WIAG)LR®IGymw FNQ®KY AR R-NH, 5.15
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Figure 5.8 (A) Sequences of a-Bim and the analogous o/f/y-peptides 5.10-5.16. (B)
Bcl-xL competition binding FP data converted to % inhibition for 16-mer o/p/y-peptides
5.11-5.14, and (C) for 24-mer o/p/y-peptide 5.16. Inhibition curves from the Bim 15-mer
and o/p/y-peptide 5.5 are overlaid in these graphs (B and C) for the comparison with
other o/p/y-peptides. (FP data for 5.15 in Figure 5.12.)
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5.4 o/p/y-Peptides containing acyclic g-residues

The previous study of Bim-derived o/p-foldamers by Boersma et al. indicates that
Arg residues at positions 8 and 9 (Bim 18-mer, Figure 5.9B) are important for binding to
Bcl-xL.° In a//y-peptide 5.17, p>-hArg replaced APC from 5.5 to recover the Arg side
chain of the parent a-Bim 15-mer (Figure 5.9A). However, without B-residue ring
constraints, o/p/y-peptides show diminished helical propensities.?? Surprisingly,
however, Bim 15-mer derived o/f/y-peptide 5.17 showed slightly improved binding to
Bcl-xL relative to 5.5 (Figure 5.9A; FP curve of 5.5 reached 50% inhibition, while FP
curve of 5.17 reached to 80% inhibition).

Starting from 5.17, we varied the number of ring constraints at y positions in Bim
18-mer-derived o/p/y-peptides 5.18-5.20 (Figure 5.9B). 5.18 showed affinity for Bcl-xL
comparable to that of the a-Bim 15-mer (Figure 5.9, K; of Bim 15-mer = 370 nM, K; of
5.18 = 640 nM). Since 5.18 bound with higher affinity to Bcl-xL than did the analogue
5.13, which contains APC at the site corresponding to [33—hArg in 5.18, we conclude that
the side chain p*-hArg in 5.18 is favorably positioned to interact with Bcl-xL, whereas
cyclic B residue APC cannot form these favorable contacts.

Without a ring constraint on the y-residue near the N-terminus of the o/B/y-
peptide, 5.20 showed significantly decreased binding to Bcl-xL relative to 5.18 (FP curve
of 5.20 reached only 30% inhibition), suggesting that the low helical propensity of 5.20
is due to the flexibility of the backbone containing acyclic - and y- residues (Figure

5.9B).
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Ac-WI AQELRRIGDETFN A-NH, Bim 15-mer
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Figure 5.9 (A) Bcl-xL competition binding FP data converted to % inhibition for Bim 15-
mer-derived o/B/y-peptides 5.5 and 5.17 containing p*-hArg and y*-hAsp. (B) FP data for
Bim 18-mer-derived o/p/y-peptides 5.18-5.20.

Encouraged by the success of o/p/y-peptide 5.18, we prepared Bim 26-mer-
derived o/f/y-peptides 5.21-5.23 by extending 5.18 using o-residues (5.21), or by

incorporating acyclic y-residues near the C-terminus (5.22) or near both the C- and N-
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termini (5.23) (Figure 5.10). The results from a Bcl-xL competition binding FP assay

using 5.21, however, showed weaker binding compared to 5.18 (Figure 5.10, K; of 5.18
= 640 nM, the FP curve of 5.21 reached 80% inhibition). FP assays for 5.22 and 5.23
showed even worse binding (FP curves of 5.22 and 5.23 reached 40-45% inhibition),
possibly because of the lack of helicity caused by incorporation of the flexible acyclic y-
residue, or the loss of side chains.

Perhaps the origin of the weak binding to Bcl-xL by a/f/y-peptides discussed here
could be elucidated if a co-crystal structure of Bcl-xL and o/p/y-peptide 5.18 were
available. Such a structure might enable us to improve o/f/y-peptide affinity by rational

design.

Ac-WIAQELRRIGDEF N A-NH, Bim 15-mer
Ac-I®)TI AQxdL RPnr I G yno F N(® K Y-NH, 5.18

Ac-DMRPEIWIAQELRRIGDEFNAYYARR-NH, Bim26-mer
Ac-DMRPEIQ®IAQ)LRPurI Gyno F NQKY ARR-NH, 521
Ac-DMRPEIQ®I AGedL RpwrI G yuo F N(® K Y yna R-NH, 5.22
Ac-DMyma EI®I AGed L RPHrI G ywo F N(® K Y yna R-NH,  5.23
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Figure 5.10 Bcl-xL competition binding FP data converted to % inhibition for the Bim 15-
mer, 5.18, and Bim 26-mer-derived o/p/y-peptides 5.21-5.23.
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Acc-WI AQELRRIGDEFNA-NH, Bim 15-mer
Acc-IWIAQELRRIGDEFNAY Y-NH, Bim18-mer
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Figure 5.11 Bcl-xL competition binding FP data converted to % inhibition for the a-Bim
18-mer, the a-Bim 15-mer and o/B/y-peptide 5.18 (analogous to the Bim 18-mer).
5.5 Aggregation from Bim derived a/f/y-peptides containing Trp

While evaluating the Bcl-xL binding of Bim-derived o/B/y-peptides by FP assays,
5.11, 5.15, and 5.19, each of which contains Trp near the N-terminus, showed
increases of FP signal at higher concentrations (> 10 uM) (Figure 5.12). When a low
molecular weight tracer peptide, such as BODIPY™R-Bak, is bound to a large, slowly
rotating molecule, such as Bcl-xL, high FP is observed. If an inhibitor molecule, such as
a Bim-derived o/p/y-peptide, displaces the tracer peptide from the large binding partner
(Bcl-xL), then the freed tracer peptide rotates rapidly, resulting in a low FP signal. FP
assays using 5.11, 5.15, and 5.19 give rise to datasets in which the apparent %
inhibition first increases and then decreases as the o/p/y-peptide concentration
increases. This behavior indicates that the tracer peptide (BODIPY™R-Bak) tumbles

more slowly at higher competitor concentration, suggesting that the tracer peptide
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aggregates with each o/p/y-peptide at high concentrations of the latter. Bim 15-mer-

derived o/p/y-peptides 5.5 and 5.17 did not show any evidence of aggregation with the
tracers, unlike the analogous Bim 18-mer-derived 5.11 and 5.19, implying that extension
from 15-mer-derived to 18-mer-derived o/p/y-peptides by incorporating an lle next to the
Trp at the N-terminus of 5.5 and 5.17, made the peptides significantly more hydrophobic
and prone to aggregation. Bim-derived peptides have been previously shown to
aggregate; Peterson-Kaufman found that some Bim-derived o/f-peptides interact with

the BODIPY™R.Bak tracer peptides (Peterson-Kaufman dissertation, Chapter 3.4.1,

page 72).
Ac-WIAQELRRIGDEF N A-NH, Bim 15-mer
Ac-I WI A(jexdL R@ I G ymo F N(Q K Y-NH, 5.11
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Figure 5.12 Bcl-xL competition binding FP data for a-Bim 15mer and o/p/y-peptides
5.11, 5.14 and 5.19, suggesting that the o/p/y peptides aggregate with the tracer at
higher peptide concentration (> ca. 10 uM).
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Figure 5.13 (A) Bcl-xL direct-binding FP data for Flu-Bim and Flu-5.11 (B) Bcl-xL
competition binding FP data for a/p/y-peptide 5.11.

To prevent aggregation with the tracer peptide, a direct binding FP assay with
Bcl-xL was attempted using a fluorescein-labeled derivative of o/p/y-peptide 5.11.
However, aggregation could not be avoided as indicated by the high mP values
observed at all concentrations of Bcl-xL in Figure 5.13A. Flu-5.11 in Figure 5.13 showed
self-aggregating behavior, which was tested by measuring FP of this peptide alone. We
could not identify any o/p/y-peptides that do not aggregate when the o/p/y-peptide is

derived from the Bim 18-mer or longer a-peptide, and contains Trp.

5.6 Proteolysis assay with Bim derived a/f/y-peptides
The heterogeneous backbone in peptides containing p-residues offers
therapeutic promise owing to its a-helix-like folding propensity and its proteolytic stability

in physiological environments.® To test the susceptibility of the Bim-derived o/p/y-



239
peptides to enzymatic cleavage, o-Bim and the analogous o/p/y-peptides were

incubated with a promiscuous protease, proteinase K, and the cleavage process was
monitored by HPLC.

o-Bim 15-mer, as expected, was rapidly degraded in the presence of proteinase
K, with a half-life of approximately 3 minutes (Figure 5.14B and C). We did not observe
any degradation of o/p/y-peptide 5.5 after about 20 hours of exposure to proteinase K
(Figure 5.14D). The Bim 18-mer-derived o/p/y-peptide 5.13 did not show any significant
proteolytic degradation within 92 hours (Figure 5.14E). 5.18 may have given rise to
trace cleavage products after 92 hours (Figure 5.14F). If we assume the half-lives of
o/p/y-peptides are at least 15 hours, and the half-life of the a-Bim peptide is 3 minutes,
then the half-life of the a/B/y-peptides is 300-fold longer than that of the a-peptide,
suggesting that an o/p/y-heterogeneous backbone could be useful as a basis for the

design of peptide-mimics that display long-term activity in vivo.
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Figure 5.14 (A) Sequences of the a-Bim 15-mer and o/p/y-peptides 5.5, 5.13, and 5.18.
(B) Curve resulting from proteolysis of a-Bim 15-mer in the presence of proteinase K as
a function of time; the data were fit to an exponential decay model in GraphPad Prism.
HPLC traces of (C) the a-Bim 15-mer, (D) 5.5 (E) 5.13 and (F) 5.18 at different time
points during incubation in proteinase K solution. No noticeable degradation was
observed from the solutions of 5.5, 5.13 and 5.18 in the presence of proteinase K within
~ 30 hours.
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5.7 Circular dichroism analysis

We have previously shown that a CD spectrum with a minimum around 203-205
nm is indicative of helical structure in a/p/y-peptide.?>* The folding of Bim-derived a/p/y-
peptides 5.13, 5.18, 5.19 and the a-Bim 15-mer were examined by CD.

o/B/y-Peptides 5.13 and 5.18 were compared to evaluate the effect of replacing
cyclic APC with acyclic p>-hArg on helical propensity. a/p/y-Peptides 5.13 and 5.18
display similar CD behavior in PBS buffer and in 50% methanol solution, with an
ellipticity minimum around 205 nm, indicating helical folding (Figure 5.15). Replacing a
cyclic B (5.13) with an acyclic § residue (5.18) does not cause a noticeable change in
the extent of helix formation based on the CD results. However, 5.18 is a tighter binder
to Bcl-xL than 5.13, suggesting that the acyclic [33-hArg in 5.18 is superior to the cyclic
APC in 5.13 for binding to Bcl-xL.

Although 5.19 seemed to aggregate with the tracer peptide during FP assays, we
were interested in its folding behavior since 5.19 showed resonable binding at non-
aggregating concentrations (< 8 uM) in the FP assay (Figure 5.15C). a/f/y-Peptide 5.19
shows a significant CD signal around 220 nm in PBS buffer and in 50% methanol/PBS
solution (Figure 5.15). Tryptophan residues have been reported to cause a CD signal in
the regions 280-300 nm and 220-230 nm due to the indole rotation.?® Even if the signal
around 220-230 nm was due to the Trp residue however, the CD spectra of 5.19 in PBS
buffer and 50 % methanol seem to suggest a-helix-like folding. Therefore, it might be

productive to evaluate the binding of 5.19 to Bcl-xL using tools other than FP assay.
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Figure 5.15 Circular dichroism spectra of the a-Bim 15-mer and o/p/y-peptides 5.13,
5.18, and 5.19 (A) in PBS buffer pH 7.4 and (B) in 50% MeOH at 20 °C. (C) Bcl-xL
competition binding FP data for the a-Bim 15-mer and o/p/y-peptides 5.13, 5.18, and
5.19. For circular dichroism measurements, concentrations of o/p/y-peptides 5.13, 5.18,
and 5.19 were 50 uM, and of the Bim 15-mer was 100 uM.
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Figure 5.16 (A) o/p/y-Peptide 5.4-5.9 used for the hMcl-1 binding FP assays (B) hMcl-1
direct-binding FP data for the Flu-Bim 15-mer (Bim 15-mer: WIAQELRRIGDEFNA). (C)
hMcl-1 competition-binding FP data for the a-Bim 15-mer (D) hMcl-1 competition-
binding FP data for a/p/y-peptides 5.4-5.9.
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5.8 a/p/y-Peptides mimicking Bim do not bind to hMcl-1

Some BH3-only proteins, such as Bim, Bid and Puma, promiscuously bind to all
anti-apoptotic members of the Bcl-2 family, whereas others bind only to specific anti-
apoptotic proteins either Bcl-xL or Mcl-1 .2'° To test the specificity of Bim-derived a/p/y-
peptides to the anti-apoptotic proteins, we evaluated the affinity of Bim 15-mer derived
o/B/y-peptides 5.4-5.9 for hMcl-1 by competition FP assay using a fluorescein-Bim (15-
mer) tracer peptide (Figure 5.16). However, none of o/f/y-peptides 5.4-5.9 showed
significant binding to hMcl-1, suggesting the current o/p/y-peptide strategy needs to be

applied to different parent sequences to find hMcl-1 and Bcl-xL binding o/f/y-peptides.

5.9 Effort toward Co-crystallization of Bcl-xL with a/p/y-peptide 5.18

Among the Bim-derived o/p/y-peptides, 5.18 showed the highest affinity for the
Bcel-xL. A co-crystal structure of the complex between o/f/y-peptide 5.18 and Bcl-xL
would elucidate their interaction at the atomic level. To facilitate Bcl-xL protein
crystallization, a “loop-deleted” form of human Bcl-xL (A27-82 and without membrane
anchor), which forms an a-1 domain-swapped dimer yet retains BH3 domain binding
activity, was used.??”?° The plasmid for the “loop-deleted” form of Bcl-xLA27-82 (from
here abbreviating to Bcl-xLA) was obtained from the Fairlie lab in Australia, and was
expressed in RIPL Escherichia coli cells, and purified.

The proper folding of Bcl-xLA was confirmed by direct binding FP assay using

BODIPY™R-Bak peptide (Figure 5.17A). The Bcl-xLA competition binding FP assay
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with a-Bim 15-mer was consistent with results from full-length Bcl-xL; however,

o/B/y-peptides 5.13 and 5.18 showed somewhat reduced binding to Bcl-xLA relative to
full-length protein (Figure 5.17B and C). While valuable insights that would be gained
from a co-crystal structure of the Bcl-xLA/5.18 complex, the diminished affinity of 5.18
for Bel-xLA will likely make crystallizing the complex quite challenging. Therefore, this

effort was abandoned.
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(A Ac-WIAQELRRIGDEF N A-NH, Bim 15-mer
Ac-I®I AQrdL R@I Gymo F NQK Y-NH,  5.13
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Figure 5.17 (A) Sequences of the a-Bim 15-mer and o/p/y-peptides 5.13 and 5.18. (B)
Loop-deleted Bcl-xLA direct-binding FP data for BODIPY™R-Bak. (C) Loop-deleted Bcl-
XLA competition-binding FP data for the a-Bim 15-mer and o/p/y-peptides 5.13 and
5.18. (D) Full length Bcl-xL competition-binding FP data for the a-Bim 15-mer and o/f/y-
peptides 5.13 and 5.18.
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5.10 Future Directions

There are several problems to address in the future of this project. 1)
Aggregation of Bim 18-mer- or 26-mer-derived o/p/y-peptides containing Trp was
always observed during FP assays. 2) Bcl-xL-binding o/p/y-peptides did not show
affinity for hMcl-1. 3) Longer o/p/y-peptides based on the sequence of 5.18 did not
present improved affinity to Bcl-xL. 4) The results of FP assays from the original form of
Bcl-xL and loop-deleted Bcl-xLA with o/p/y-peptides 5.13 and 5.18 are not consistent.

Since Bim-derived a/B-peptides also have shown aggregation problems, it might
be easier to avoid this problem by designing o/p/y-peptides based on the Puma
sequence.'”” A Puma-derived o/p-foldamer with a aoafacof pattern, which places f-
residues along one face of the helix, showed high affinity for both Bcl-xL and hMcl-1,
and the analogous o/B/y-peptide might show similar behavior to the Puma-derived o/f-
peptides.'’ Alternatively, because the pattern of - and y- incorporation in o/p/y-peptides
does not require use of a specific replacement pattern, it may be worth optimizing Bim-
derived o/p/y-peptides by placing - and y-residues in different patterns than the ayoofa

hexad repeat.

5.11 Conclusions

Herein, we explored o/B/y-peptides for functionally mimicking a-helices using a
model interaction between Bcl-xL and the a-helical BH3 domain peptide Bim. Starting
from the Bim 15-mer-derived o/p/y-peptides containing cyclic § (APC, ACPC) and cyclic

vy residues (EtACHA), we modified o/p/y-peptides by varying the length, and by
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incorporating acyclic f and y residues containing side chain functional groups

considered to be important for binding to Bcl-xL. The most promising Bim 18-mer-
derived o/p/y-peptide, 5.18, showed comparable K; values to the a-Bim 15-mer for Bcl-
xL binding by FP assay (Figure 5.18). Bim-derived o/f/y-peptides exhibited significant
resistance to enzymatic digestion. To gain a more detailed understanding of the
interaction between Bim-derived o/p/y-peptides and Bcl-xL, co-crystallization of their

complex should be pursued.

(C) K;(nM)
Bcel-xL
Bim 15-mer Ac-WIAQELRRIGDEF N A-NH, 370
5.5 Ac-W I A(jxdL R I G yno F N@-NH,
5.17 Ac-W I A(edL R pnr I G yuo F N(D-NH, (1300)
Bim 18-mer AccIWIAQELRRIGDEFNAY Y-NH, 29
5.13 Ac-I(®I AGxdL R@I G ymo F N® K Y-NH,
5.18 Ac-I®I A(wdL Rpnr I G yoo F N} K Y-NH, 640

520 AccDMRPEI®I AL RB5rI Gy F N KY ARR-NH, (3000)

Figure 5.18 Summary of Bim-derived o/p/y-peptides. (A) Helical wheels of a-Bim and
an analogous o/p/y-helix. Important residues for binding to Bcl-xL are highlighted in pink.
(B) Structures of cyclic y- and p-residues. (C) Sequences of Bim-derived o/p/y-peptides
and K; values obtained from the Bcl-xL competition binding FP assays. K; values in
parentheses are approximate.
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5.12 Experimental

5.12.1 Materials

Fmoc a-amino acids and resin for solid phase peptide synthesis were purchased
from Novabiochem or Chem-Impex, and coupling reagents and additives, O-
benzotriazole-N,N,N’,N’-tetramethyluronium  hexafluorophosphate  (HBTU), O-(7-
azabenzotriazol-1yl)-N,N,N,N’-tetramethyluronium  hexafluorophosphate(HATU), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI),
hydroxybenzotriazole (HOBt), 1-hydroxy-7-azabenzotoriazole) (HOAt), were purchased
from Chem-Impex. 6-((4,4-Difluoro-1,3-dimethyl-5-(4-methoxyphenyl)-4-bora-3a,4a-
diaza-s-indacene-2- propionyl)amino)hexanoic acid, succinimidyl ester (BODIPY-TMR-
X-SE) was purchased from Invitrogen. Other reagents and solvents were purchased
from Sigma Aldrich. Fmoc - and y- amino acids were prepared according to previous

reports.30

5.12.2 Peptides synthesis and purification

All the a- and o/p/y-peptides described in this chapter were synthesized on Nova
PEG rink amide resin (25-50 pymol scale) by microwave-assisted solid-phase method
using a CEM MARS microwave reactor.?>?*3 For - and cyclic/acyclic f-amino acids
coupling reactions, Fmoc-amino acids were pre-activated in a separated vial (4 equiv. of
Fmoc-amino acids, 3.95 equiv. of HBTU, 8 equiv. of DIEA, 0.1 M HOBT in DMF
solution) for 1-2 minutes, then the solution was added to resin in a filter tube, reacted
under microwave irradiation (2 min ramp to 70 °C, 4 min hold at 70 °C for a-residues, 12

min hold for B-residues). For acyclic y-amino acid coupling reactions, the same condition
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with B-amino acid coupling was applied but DIEA was added just before starting

microwave irradiation in order to avoid intra-cyclization reaction of y-amino acids. Cyclic
y-residue (EtACHA) coupling reactions were performed by pre-activating 4 equiv. of
Fmoc-amino acid with 4 equiv. of EDCI and 8 equiv. of DIEA in 0.1M HOAt in DMF,
then the mixture solution was added to resin and reacted for 14 hours at room
temperature while gently shaking. Fmoc deprotection reactions were carried out using
20 % piperidine in DMF under microwave irradiation (2 min ramp to 80 °C, 2 min hold at
80 °C). Upon completion of couplings, the N-terminus amine was capped by acetylation
using Ac;0 in DMF and DIEA.*?

Peptides were globally deprotected and cleaved from the resin by suspending in
cleavage cocktail (95% trifluoroacetic acid (TFA), 2.5 % water, and 2.5 %
triisopropylsilane) for 4~5 hours. After filtering out the TFA cleavage solution from the
resin, peptides were precipitated from the TFA solution by adding cold diethyl ether,
centrifuged to get a peptide pellet.

BODIPY™R.Bak (BODIPY ™R-GQVGRQLAIIGDDINR-NH,)

Flu-Bim (6-carboxyfluorescein- WIAQELRRIGDEFNA-NH,)

Flu-5.11 (6-carboxyfluorescein- IWIAy .,.LRZIGy*DFNXKY-NH,)

Peptides Bak, Bim and 5.11 were prepared as described above and labeled with
BODIPY-TMR or Fluorescein using previously reported methods."” For labeling 5.11,
peptide 5.11 was synthesized, and as a last step 6-carboxyfluorescein was coupled
overnight at room temperature with the same coupling condition for the a-amino acid

couplings. For BODIPY labeling, Bak was synthesized with N-terminus as free amine,
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cleaved, purified and lyophilized. Bak and BODIPY-TMR-SE were dissolved in 0.1

M NaHCOg;, and reacted for 8 hours on mechanical shaker.

Crude peptides were purified by reverse-phase HPLC using a C18 column.
Peptides identity was confirmed by matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF-MS) mass spectrometry. Peptides purity was checked on analytical

reverse-phase HPLC.

Mass Mass
expected | measured
5.4 Ac-W I A yua LR® I G ymo F N@-ng, 1596.8 1596.8
55 Ac-W I AG)L R@I G ywo F N(@-NH, 1664.9 1664.8
5.6 Ac-WI A@EL y4a I Gpwo E F yna—NH, 1557.7 1557.7
5.7 Ac-WI A@E LG9 I G p'wo E F(Yer)-NH, 1693.7 1693.7
5.8 Ac-W I AQE L({z)I G o E F y'na-NH, 16260 | 1626.0
5.9 Ac-WI A@EL ysa I Gpuo E F(yey)-NH, 1626.5 1626.5
5.10 Ac-W I AGedL R@I G yno F N@-nH, 1664.0 1663.7
5.11 Ac-I WI AG)L R@I G ymo F N@ K Y-NH, 2069.2 2069.2
5.12 Ac-I®I AG)L R@I G ymo F N@K Y-NH, 1944.2 1944.1
513 Ac-I®I AG=)L R@I Gy F N K Y-NH, 1993.2 1993.3
5.14 Ac-I®@I Aysa LR@I G ywo F N@K Y-NH, 1925.1 1924.8
515 Ac-DMRPEIWIA(Go)LR@IG y»FNPKYARR-NH, |3079.7 3079.0
5.16 Ac-DMRPEI®I AG)LR@IGywoF N®YKARR-NH, | 3004.7 3004.2
517 Ac-W I A(w)L R pnr I G yno F N(@-Nu, 1723.0 1723.1
5.18 Ac-I®I A(a)L Rpnr I G ymo F NQ K Y-NH, 2051.2 2051.1
5.19 Ac-I WI A(o)L RfnrI G yno F N K Y-NH, 2126.2 2127.0
5.20 Ac-I®I Aysa LRBur I G yoo F N K Y-NH, 1983.2 1983.0
5.21 Ac-DMRPEIR®I AG) LRI G yuo F N K Y A R R-Ni | 3062.7 3062.0
5.22 Ac-DMRPEIQ®I AG)LREHxI G yno F N K Y yna R-NH | 2034.7 2934.2
5.23 Ac-DM ysa EI®I AGe) LR pr I G o F N K Y yna R-NH, | 2780.6 2780.2
Flu-511 | Flu-I WI AGe)L R@I G yuo F N@ K Y-NH, 2418.4 2418.4
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Purity check: 10-60 % MeCN, 50 min
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Purity check: 10-70 % MeCN, 35 min
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Purity check: 10-60 % MeCN, 50 min
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Purity check: 10-80 % MeCN, 70 min
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Purity check: 10-80 % MeCN, 70 min

Ac-DMRPEIR®I AQGrdL RPurI G yno F N K Y y'na R-NH, 5.22

400] T
300
200
100 e
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Minutes

Purity check: 10-80 % MeCN, 70 min

Ac-D M yna EI(QI AGed L RPsr I G yoo F N(® K Y y'na R-NH, 5.23

250

200
150
100

50

Purity check: 15-75 % MeCN, 60 min

Flu-I WI AGeydL R@I G ywo F N K Y-NH, Flu-5.11

1000

500




a.i. | 5 4
] .
1 @
3500 | o
=1 )
1 0w
3000 l\l
2500
2000
1500
1000
500
lad i "
0o -
L o o L e i o e e T BN A e e e e e e e S B A LI A s e e
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 m/z
5.4
a.i
@0 00 00
©r~wo
Lo le e )
wnwn
3000 | e
2500 |
2000
1500
1000
N U\M
v‘¢w—[\[\J /\MMAh/\/\/\/\N\/—ﬂ/MJV\/\f\/
0 T T T T T e T e e B e o
1590 1600 1610 1620 1630 m/z

263



1800

1600

1400

1200

1000

800

600

400

200

00 00
<+ )
ww
w

-

5.5

i — T Ji
T - — — T T — T
500 1000 1500 2000 2500 3000 m/z
s ] 5.5
L]
1800 coco
1 ~
N ©w
w w
1600 - -
1400
1200
1000
800
600
400
200
I - - th’ s
0 — ———— : T —
1610 1660 1710 1760 1810 m/z

264



1800

1600

1400

1200

1000

800

600

400

200

1800

1600

1400

1200

1000

800

600

400

200

Y

M~ r~ o
~oo o
oW
wwnw

1 NN

5.6

500

L B S S L B S S L e T T T T T

1000 1500

2000 2500 3000 3500 4000 4500 5000 5500 6000 m/z

5.6

265



1800

1600

1400

1200

1000

800

600

400

200

1800

1600

1400

1200

1000

800

600

200

] 5.7

S S L S L e B S B S S B S ) N

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 m/z
5.7
~r~r~ r~ o
e s} w0
oo -
©ww©o ~r~

)

T T T T T T T
1670 1690 1710 1730 1750 1770 m/z

266



2500

2000

1500

1000

500

2500

2000

1500

1000

500

5.8

ooocoocoocOoOooO
OO FND —
NN N 1) O €O 00 00
(O (O (O (O O O O W WO O

SUR)PER

bl

L L B o e B S L L S T T T LN e

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 m/z

Z 5.8

coo coo co oo
© I~ oo <+ o -
7 NN = 0 W W 0 00
©www© W w© ww 0w

Loy Nl

T T T T T T T T T T T T T T T T T T T T T T T

T
1620 1640 1660 1680 1700 1720 1740 m/z

267



2500

2000

1500

1000

500

2500

2000

1500

1000

500

nnwn
©or~o
SRR
©0ww

5.9

T T

500

1000

T LA e e B L L B S T T T L

1500 2000

eltalie}
w0~ 00
e ey
0 W W

N

2500

3000 3500 4000 4500 5000 5500 6000 m/z

5.9

1630

T
1680 1730 m/z

268



1800

1600

1400

1200

1000

800

600

400

200

5.10

Il

I~ 00 00
M
O © W
©ww

1800

1600

1400

1200

1000

800

600

400

200

T
1400

1000 1200 1600 1800 m/z
| 5.10
- ~ 00 @
M n
. ©w©
©w©
t»&u»h&n~n~WﬁmwmnMuMwwpwume»v~vJ &%m«M~MMMMLMLJMM
— T — L—
1630 1680 1730 1780 m/z

269



3500

3000

2500

2000

1500

1000

500

3500

3000

2500

2000

1500

1000

500

5.11

AL

500

R

1000

T T T AL B B e e T T
1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 m/z

5.11

2069.2

270



3500

3000

2500

2000

1500

1000

500

3500

3000

2500

2000

1500

1000

500

R Togte]
D oo
Do,

L .J

5.12

e

T e |

L e e | e e AL A B e S m T T

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 m/z

TRl
oo,
oo

: N

5.12

2010 2030 m/z

271



3500

3000

2500

2000

1500 -

1000

L

M S O MMM D
MY U O M D O 00 M 00 O
DI OO O = e M) D

OO OODCO OO
- e e OO O NN NN

W

L

5.13

0 T

T ™ T T

T

T

500 1000 1500 2000 2500 3000 3500 5500 m/z
5.13
(]

4 MM O MM ekl

3500 T mvmcon\ VWO~ ~o o

1 oo oo - — M

4 oo oocoo coo

————— o e ey NN
2500
2000
1500 -
1000
500

[ T T d T

2000

2020

2040

m/z

272



Intens. [a.u]

273
5.14

Intens. [a.u.]

©
i ‘
3000
| |
| |
i
‘ ‘
2000 |
|
® \
g |
1000 W |
| | l
4 \
| ~ B ~
0 T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 35097\/:
5.14
© (
8
3000 I
2000 ’
1000 J \
l \
) \} '\f \\J i \ - o )
0 v — T S A U L | - v U T —
1918 1920 1922 1924 1926 1928 1930 1932 1934 miz



274
5.15

ER S
o g |
e
2 |
£ :
3000 §
o
Q
b
|
2000 |
1
|
1000 b
8
|
ol
ha «©
§ %3
0 A‘“ m_;;l T Jidontm. S,
! ' T T T T 1 T v 1 T T
500 1000 1500 2000 2500 3000 3500,
5.15
3 - —
S,
3000 -

—3085.1
&‘“
,lfl ?
=
,\\
—
/_
=
s
—
<

YA

u/ M

ARV AP PRV

e B T e S S B SR R

S T — T
3074 3076 3078 3080 3082 3084 3086 3088



275
5.16

L] N
a g 1
" | 3 |
8
£ { |
|
3000 ‘
j s |
g \
‘ \
2000 ‘
| . -
| .7
©
2l
=)
{ g
|

Intens. [a.u.]

3000
o~
2000 é
A,
1000 | \
f\ ]\A )J\l W
ANAVAR \\r'
A / \j - i \N\\/‘/\\/\J.A’
MNA A pent NS AN A
' U A— ey T U — T T | T T -
3002 3004 3006 3008 3010 3012 3014 3016

miz



ai ] 5.17
L]
1800 A
T M0
| NN
4 ~sr~
1600 - T
1400
1200 T
1000
800 -
600
400 -
200
0 Ty T T T — T — Ty
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 m/z
aie ] 5.17
i [ ]
1800 AR
Mo
h oNoNoN
M~~~
1600 T
1400
1200
1000

800

600

400 7

200

276



3500

3000

2500

2000

1500

1000

500

3500

3000

2500

2000

1500

1000

500

|

5.18

-—Oo -
—am
wn

ocoo
ooy

L

500

1000

T
1500

1
2000 2500 3000 3500

T

5.18

—o—
-
wOW

coo
NN

W

4000

4500

5000

5500

—
6000

m/z

—r T

T

2030

LI B e e s s e

2040

2050

2070

m/z

277



2500

2000

1500

1000

500

2500

2000

1500

1000

500

ol

5.19

— 2127.0

L e

T L L e e N | T T T T T

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 m/z
5.19
=}
~
o~
~
.LAAJ - . —
— L e e e L B M N L i L L |
1900 2000 2100 2200 2300 2400 m/z

278



1800

1600

1400

1200

1000

800

600

400

200

1800

1600

1400

1200

1000

800

600

400

200

5.20

o
™~
@
o
PV PR | NP YO
e e R R EEEEae T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500 S000 5500 6000 m/z
5.20
o
L2}
©
o
™ P
T T T T T T T T
1800 2000 2200 m/z

279



[a.u]

Intens.
H
8
o

3000

2000

1000

5.21

32249

-2764.1

—3025.3

31519

2927.0

Intens. [a.u.]

4000

3000

2000

1000

0

/
o/

f\\“ /\N\U\ A A p o ' »/\‘ AW f\\{/ \/ /\/\ \Aq

3062.0

h,f..,\w R

s

A\

R B B B B e e I SR B L S e S S s S S B S s

30875 30800 30625 30850 30875  3070.0  3072.5 30750 30775 iz

o



Intens. [a.u.]

Intens. [a.u.]

6000

4000

2000

6000 -

4000 -

2000 -

5.22

2934.2

2897.5

2746.2

2835.2
———2882.9

©
g 1.
500 1000 1500 2000 2500 3000 3500
5.22

]

3

o

AN
N

- Rt J‘/\"‘/ N \\‘“/ \—\,/-”\\A\_Jk-xﬂ,vwx.\__
U LU LI T A S L L
203 2034 2038 2938 2940 2942 2044 2946 .

281



282
5.23

Intens. [a.u.]

- o T - T N B T T o~ - . -
s g
& o~
<
2
£
6000
4000
2000
g
a§ é
2
N N 5
© - ~
3 3 i B :
0 A i 1 [ hoally
== e e
500 1000 1500 2000 2500 3000 3500
5.23
6000 -
o
2
~
4000 §
2000 -
e et N AT \\f\‘/v\ S S SO
i A A S A S A S T T T T T T T T - T M
2776 2778 2780 2782 2784 2786 2788 2790 2792 2794

miz



Intens. [a.u]
:

6000

4000

2000

Flu-5.11

[N

Intens. [a.u.]

3000 -

2000

1000

A A A W NS

. - T - |
1200 14:00 1600 1800

Flu-5.11

24204

24184

Ad ,r"\‘m

- S

1 U LA S T
2414 2416 2418 2420

S A —
2000 2200

e —

2422

T
2424

2440.4

«
o
3|«
o
H
©
3
@ -
o .
g g
T 1 T — T T
2400 2600 2800 miz
©
wn
g
24 2428 243
2426 2428 4. miz

283



284
5.12.3 Protein expression and purification

Bel-xL (plasmid: human His-EK-Bcl-xL, residue 1-196) and Mcl-1 (plasmid: human
His-TEV-Mcl-1, residue 171-327) were expressed in BL21(DE3) E. coli cells, and
purified using Ni-NTA agarose (Qiagen) column and FF Q column (GE healthcare) as
previously described."

A “loop-deleted” form of human Bcl-xL (A27-82 and without membrane anchor),
which forms an a-1 domain-swapped dimer yet retains BH3 domain binding activity,
was prepared as previously described.??”?° The plasmid for the “loop-deleted” form of
Bcl-xLA27-82 (from here abbreviating to Bcl-xLA) was obtained from the Fairlie lab in
Australia, and was expressed in RIPL Escherichia coli cells, and purified. RIPL E. coli
cells were grown in Luria Broth with 10 pyg/mL ampicillin to an ODeggo of 0.6-0.9. Cells
were induced with 1.0 mM isopropyl-D-thiogalactoside (IPTG) and incubated for 4 hr.
After harvesting, cells were lysed in 50 mM Tris pH 8.0, 150 mM NaCl, 2 mM
dithiothreitol (DTT) (buffer 1) and centrifuged. The supernatant was applied to
glutathione sepharose column, and washed with buffer 1. The GST-tag was cleaved on
the column by adding prescission protease (GE Healthcare) and incubated 2 days in
cold room. The filtrate was further purified on a Superdex 75 column in 20 mM Tris pH

8.0, 150 mM NaCl, 2 mM DTT.

Bel-xL

MHHHH HHSSG LVPRG SGMKE TAAAK FERQH MDSPD LGTDD DDKAM S//MSQS
NRELV VDFLS YKLSQ KGYSW SQFSD VEENR TEAPE GTESE METPS AINGN
PSWHL ADSPA VNGAT GHSSS LDARE VIPMA AVKQA LREAG DEFEL RYRRA



285
FSDLT SQLHI TPGTA YQSFE QVVNE LFRDG VNWGR IVAFF SFGGA LCVES

VDKEM QVLVS RIAAW MATYL NDHLE PWIQE NGGWD TFVEL YG

Bcl-xLA27-82
GPLGS MSQSN RELVV DFLSY KLSQK GYSWS QMAAV KQALR EAGDE FELRY
RRAFS DLTSQ LHITP GTAYQ SFEQV VNELF RDGVN WGRIV AFFSF GGALC
VESVD KEMQV LVSRI AAWMA TYLND HLEPW IQENG GWDTF VELYG NNAAA
ESRKG QER

Mcl-1

MGSHH HHHHH HGSDY DIPTT ENLYF QGSED ELYRQ SLEIl SRYLR EQATG
AKDTK PMGRS GATSR KALET LRRVG DGVQR NHETA FQGML RKLDI KNE D
DVKSL SRVMI HVFSD GVTNW GRIVT LISFG AFVAK HLKTI NQESC IEP LA ESITD
VLVRT KRDWL VKQRG WDGFV EFFHV EDLEG G

5.12.4 Fluorescence polarization assays

Fluorescence polarization (FP) assays were conducted at room temperature in
384-well, black polystyrene plates (Costar). Competitive and direct binding FP assays
were conducted as reported previously.® Briefly, for direct binding, binding affinity (Ky) of
a tracer peptide for protein was measured by titrating a fixed concentration (10 nM) of
tracer (BODIPY™R-Bak, Flu-Bim) with increasing concentrations (0.019 — 625 nM) of
protein (Bcl-x, Mcl-1, and Bcl-xLA) in assay buffer (60 mM NaCl, 16.2 mM NazHPOy4,
3.8 mM KH2PO4, 0.15 mM NaNs, 0.15 mM EDTA, 0.5 mg/mL Pluoronic-F68, pH 7.5) in
a total volume of 50 uL per well. The binding reaction was allowed to equilibrate in for
~5 hours, and analyzed on an Envision 2100 plate reader. The data were fit using

|.33

Graphpad Prism to a FP direct binding model.” The resulting Ky values were used for
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the calculation of inhibitor dissociation constant (K;) values after the competition FP

assays.

For competition FP assays using Bcl-x,. (or Bcl-xLA,), the final concentrations of
BODIPY-TMR-Bak tracer and Bcl-x_ (or Bcl-xLA) was 3 nM and 2 nM, respectively in FP
buffer, and was added 2 uL aliquots of serial dilutions of a- or a/B/y- Bim mimic peptides
in DMSO with final concentrations ranging from 1.7 nM to 100 uM. For Mcl-1
competition FP assays, the final concentrations of Flu-Bim tracer and Mcl-1 were 10 nM
each. The binding reaction was allowed to equilibrate in for ~5 hours, and plates were
analyzed on an Envision 2100 plate reader. Inhibition constants (K;) were determined by
a competitive binding model using Graphpad Prism.** % Inhibition curves were plotted

as previously described."’
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Figure 5.18 Bcl-xL competition binding FP data for a-Bim 15-mer and o/p/y-peptides
5.11-5.16. The curves result from fitting experimental data to the competitive binding
model in GraphPad Prism.** (K; values from 5.5 are not reliable because the FP curves

did not reach the fully bound state)
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Figure 5.19 Bcl-xL competition binding FP data for a-Bim 15-mer and 18-mer, and
o/p/y-peptides 5.17-5.23. Curves result from fitting experimental data to the competitive

binding model in GraphPad Prism.**
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(A) FP-direct binding ( B) FP-competition binding
Bcl-xL / BODIPY-Bak Bcl-xL / tracer: BODIPY-Bak
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[BODIPY-TMR-BAK] = 10 nM Bcl-xL: 2 nM, Tracer: 3 nM

Figure 5.20 (A) Bcl-xL direct binding FP data for BODIPY ™R |abeled Bak 16-mer (Bak
16-mer: GQVGRQLAIIGDDINR). Curves result from fitting the experimental data to
analytical expressions for FP direct binding.*® (B) Bcl-xL competition binding FP data for
o-Bim 15-mer and o/f/y-peptides 5.4 and 5.9. Curves result from fitting experimental
data to the competitive binding model in GraphPad Prism.**

5.12.5 Circular dichroism spectroscopy

Elipticity spectra of wavelength scans (260 nm - 190 nm) were recorded in a 1
mm quartz cell with an averaging time of 6 sec for each step (1 nm step size) in pH 7.5
PBS buffer and in 50 % methanol/50% PBS buffer at 20 °C (AVIV circular dichroism
spectrometer model 420). Peptides were prepared as 50-100 uM for the CD

measurements.
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