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Abstract

This paper reports the design, synthesis, and characterization of a family of cyclic peptides that mimic
protein quaternary structure through p-sheet interactions. These peptides are 54-membered-ring
macrocycles comprising an extended heptapeptide p-strand, two Hao B-strand mimics [JACS 2000,
122, 7654] joined by one additional a-amino acid, and two 8-linked ornithine -turn mimics

[JACS 2003, 125, 876]. Peptide 3a, as the representative of these cyclic peptides, contains a
heptapeptide sequence (TSFTYTS) adapted from the dimerization interface of protein NuG2 [PDB
ID: 1mio]. H NMR studies of aqueous solutions of peptide 3a show a partially folded monomer in
slow exchange with a strongly folded oligomer. NOE studies clearly show that the peptide self-
associates through edge-to-edge B-sheet dimerization. Pulsed-field gradient (PFG) NMR diffusion
coefficient measurements and analytical ultracentrifugation (AUC) studies establish that the
oligomer is a tetramer. Collectively, these experiments suggest a model in which cyclic peptide 3a
oligomerizes to form a dimer of 3-sheet dimers. In this tetrameric 3-sheet sandwich, the macrocyclic
peptide 3a is folded to form a B-sheet, the B-sheet is dimerized through edge-to-edge interactions,
and this dimer is further dimerized through hydrophobic face-to-face interactions involving the Phe
and Tyr groups. Further studies of peptides 3b—3n, which are homologues of peptide 3a with 1-6
variations in the heptapeptide sequence, elucidate the importance of the heptapeptide sequence in
the folding and oligomerization of this family of cyclic peptides. Studies of peptides 3b—3g show
that aromatic residues across from Hao improve folding of the peptide, while studies of peptides
3h-3n indicate that hydrophobic residues at positions R3 and Ry of the heptapeptide sequence are
important in oligomerization.

Introduction

B-Sheet interactions occur widely in protein folding and in protein-protein interactions: While
intramolecular B-sheet interactions are important in protein secondary and tertiary structures,
intermolecular B-sheet interactions are important in protein quaternary structure, protein
molecular recognition, and protein aggregation.1 Intermolecular interactions are involved in
HIV2 and cancer,3 and in neurodegenerative diseases such as Alzheimer’s, Huntington’s, and
prion protein diseases.# These interactions are also essential for the activity of many normal
mammalian proteins, such as the Met repressor5 and defensin HNP-3,8 which function as B-
sheet dimers.

Studies of B-sheet interactions using model systems have mostly focused on mimicking the
secondary and tertiary structures of proteins with peptides that fold into B-sheet structures.
Studies on B-hairpins, as the simplest B-sheet structures, have enhanced the general knowledge
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about the kinetics and thermodynamics of -sheet folding in proteins.7 Large peptides that fold
into larger B-sheet structures have been created either through de novo design or by employing
the lessons learned from studying B-hairpins.7v8 Peptides that fold into B-sheet structures have
also been created by combining amino acids and peptidomimetic templates that mimic p-turns
and B-sheets.779

The mimicry of B-sheet quaternary interactions with simple model systems has received
relatively little attention, despite the importance of these interactions in protein quaternary
structure and molecular recognition. The design of simple model systems that participate in
well-defined intermolecular B-sheet interactions is particularly challenging, because the p-
strands that comprise B-sheets can uncontrollably assemble. Each B-strand presents two edges
bearing “sticky” hydrogen-bonding groups, as well as two faces bearing side chains that can
participate in additional interactions. For this reason, contemporary studies of B-sheet
interactions have generally focused on creating large supramolecular assemblies or aggregates
involving extended edge-to-edge and face-to-face interactions.10;

A number of peptidic model systems that mimic B-sheet quaternary structure through the
formation of dimers have been developed.12'13 Most of these systems dimerize in
noncompetitive organic solvents and are designed to allow hydrogen bonding from only one
edge of the B-sheet, with the other edge being blocked to avoid uncontrolled aggregation. The
development of systems that form p-sheet dimers or other small well-defined oligomers in
water has proven more challenging. In agueous solution, hydrogen bonding between water
molecules and the main-chain amide groups of small peptides strongly competes with the
hydrogen bonding involved in intermolecular B-sheet interactions. In contrast to proteins, small
peptides lack the large contact areas that can assist dimerization or oligomerization through
numerous stabilizing side-chain interactions. Larger peptides can form larger contact areas but
often form aggregates, rather than well-defined quaternary structures.

The de novo designed 33-mer Bpep peptides, developed by Mayo and coworkers, arguably
provide the most successful mimicry of protein B-sheet quaternary structure.8d:14 These 33-
mer peptides exhibit a monomer-dimer-tetramer equilibrium, in which hydrophobic
interactions stabilize a tetrameric p-sheet sandwich. This tetramer has a long dimerization
sequence and forms as a heterodimer of two dimers that have identical sequence but different
monomer-monomer interface alignments. A 21-mer peptide developed by Imperiali and
coworkers also mimics some elements of protein B-sheet quaternary structure.19 This peptide
folds into an a-helix joined to a B-hairpin and forms a homotetramer in which the four helices
create a stabilizing hydrophobic core. To better understand and control the B-sheet quaternary
structure and interactions of proteins, smaller and simpler water-soluble peptides that
participate in well-defined B-sheet interactions are needed.

The Nowick research group’s efforts to mimic protein intermolecular B-sheet interactions have
focused on developing B-sheet models that dimerize, because dimerization constitutes the
simplest form of intermolecular B-sheet interaction and occurs widely among proteins.lzv16
We have previously introduced the unnatural amino acid Hao, which behaves as a three-amino
acid B-strand mimic and forms hydrogen bonds from only one edge.12b Peptides containing
Hao, such as 1, fold into well-defined p-sheet structures and dimerize in weakly competitive
organic solvents.12C We have used these peptides to probe sequence selectivity,
fenantioselectivity, and aromatic interactions in molecular recognition between B—sheets.lZd‘
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The Nowick research group has also introduced 3-linked ornithine (30rn) as a new p-turn
mimic.126.17 we have recently used the Hao and 8Orn turn units to create cyclic peptides 2
that form B-sheet structures in aqueous solution. 18,19 These 42-membered- -ring cyclic peptides
consist of one Hao unit, two 30rn turn units, and a pentapeptide p-strand. These peptides do
not form edge-to-edge B-sheet dimers in water, even though the related peptides 1, which also
contain a pentapeptide B-strand, do dimerize in organic solvents. Cyclic peptides 2 appear to
be too small to dimerize in water and may lack sufficient side-chain contacts and hydrogen-
bonding groups to form well-defined dimers in aqueous solution.
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To achieve dimerization in water, we have now designed larger macrocyclic B-sheets 3
containing a heptapeptide p-strand, two Hao units joined by an additional a-amino acid, and
two ®0rn turn units. We hypothesized that cyclic peptides 3, which comprise a 54-membered
ring, would dlmerlze through additional stabilizing interchain 3-sheet interactions and
hydrogen bonds.20 Here, we describe the design, synthesis, and evaluation of these (3-sheets.
Many of these cyclic peptides form tetramers composed of two edge-to-edge B-sheet dimers
in water at millimolar concentrations. NOE studies show well-defined folding and dimer
formation, while PFG NMR diffusion measurements and analytical ultracentrifugation studies
establish the formation of tetramers, and in some cases higher oligomers.
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Results and Discussion

This section describes the design, synthesis, and study of peptides 3. Peptide 3a constitutes the
archetype of these 54-membered-ring cyclic B-sheets, while peptides 3b—3n constitute variants
that permit the investigation of the effect of sequence on folding and oligomerization (Table
1). Subsection I describes studies of peptide 3a, while subsection Il describes studies of
peptides 3b-3n.
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I. Design, Synthesis, and Study of Macrocyclic Peptide 3a

Design of peptide 3a—We designed macrocyclic peptide 3a with two Hao units connected
by a lysine in the “lower” strand, an extended heptapeptide sequence in the “upper” strand,
and two ®0rn turn units connecting the two strands. We adapted the heptapeptide sequence
(TSFTYTS) from the redesigned protein G variant NuG2 (TTFTYTT, Figure 1), which forms
a dimer in the solid state.2 To simplify the NMR studies of the synthetic cyclic peptide, we
replaced two of the Thr residues of NuG2 with Ser. We chose lysine as the amino acid
connecting the two Hao units to enhance the solubility of the cyclic peptide in water.

Synthesis of peptide 3a—Peptide 3a was easily prepared by synthesis of the corresponding
linear peptide 4a on PS-PEG-trityl resin followed by solution-phase cyclization, side-chain
deprotection, and purification. Scheme 1 summarizes the synthesis. The amino acid derivative
Boc-Orn(Fmoc)-OH was first loaded on the PS-PEG-trityl chloride resin with i-Pr,NEt in
CH,Cl,. 2 protected linear peptide 4a was then assembled on the resin by standard automated
Fmoc solid-phase peptide synthesis and was cleaved from the resin under mildly acidic
conditions. Peptide 4a was cyclized to protected cyclic peptide 5a by slow addition to HBTU
and HOBLt in dilute DMF solution. Deprotection with TFA followed by RP-HPLC purification
gave peptide 3a as the trifluoroacetate salt in 15-30% overall yield, based on the loading of
the resin with Boc-Orn(Fmoc)-OH. Typically, a 0.1-millimole-scale synthesis affords about
30-60 mg of pure cyclic peptide 3a. The peptide exhibits good solubility in water (> 10 mM),
and solutions of the peptide are clear and do not form precipitate over time.

An acyclic control—To determine the effect of cyclicity and the Hao templates in 3a, we
synthesized linear peptide 6 as a control. Peptide 6 may be thought of as a homologue of the
“upper” peptide strand of 3a. It contains the heptapeptide sequence TSFTYTS and two ®0rn
units, but lacks the “lower” strand.

F‘Thr PheH Tyr Rser
HaN% J\WN¢ ATH, )\WN\)L )\m o
HQC Ser (0] RThr Rhr
ch j\ CH2
HoC- HoN A
N 6 (TFA salt) 2N N
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Folding and oligomerization of peptide 3a in water—H NMR spectra of aqueous
solutions of peptide 3a show two sets of resonances in proportions that change with
concentration (Figure 2). This result indicates the presence of at least two species that exchange
slowly on the NMR time scale and suggests that the sets of resonances correspond to monomer
and oligomer. 23 The o- proton resonances of the oligomer exhibit substantial downfield
shifting. While the chemical shifts of the a-proton resonances of the monomer and control
peptide 6 are similar to those of amino acids in random coil conformations, those of the
oligomer appear 0.5-1.0 ppm downfield. Figure 3 gresents the deviation of the a-proton
chemical shifts from published random coil values24 (ASH,, = observed 8H,, - random coil
dH,,) for the oligomer, the monomer, and control peptide 6.2 i The downfield shifting suggests
that the oligomer adopts a B-sheet structure and that the monomer is largely unstructured. The
aromatic resonances of the Phe and Tyr residues of the oligomer shift upfield relative to those
of the monomer (Figure 2). The upfield shifting suggests aromatic interactions and possibly
the formation of a hydrophobic core in the oligomer.

The difference in the chemical shifts of the diastereotopic 8-protons of a 80Orn turn unit
(AS%0rn) reflects the degree of folding of the turn unit, and hence the peptlde 7 \We have
previously observed that a AS%0rn value of about 0.6 ppm corresponds to complete folding in
water for related peptides. 17,18 Both 30rn turn units of peptide 3a exhibit A3%0rn values of
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0.15 ppm for the monomer and 0.69 ppm for the oligomer. The small A3°0rn value for the
monomer indicates only partial folding of the turn units, while the large value for the oligomer
indicates predominant or complete folding. In contrast, control peptide 6 exhibits AS°Orn
values of 0.00 and 0.05 ppm, indicating essentially no folding of these units.

1H NMR concentration studies show a concentration dependence of oligomerization that is not
consistent with a monomer-dimer system, but rather with a monomer and a higher oligomer.
Figure 4 illustrates this concentration dependence. The relative concentrations of the peptide
3amonomer and oligomer were determined at 280 K by integrating the corresponding 1H NMR
resonances. The mole fraction of the oligomer was then calculated and plotted against the total
concentration of peptide 3a. The sigmoidal shape and inflection of the curve indicate that
oligomerization is cooperative and that the oligomer must be at least a trimer. A simulated
isotherm for a monomer-dimer equilibrium (also shown in Figure 4) lacks the sigmoidal shape
and inflection and does not fit the data.

NOESY and ROESY studies of the oligomer in D,0O and H,O-D50 (90:10) reveal an extensive
network of NOEs associated with folding and edge-to-edge dimerization through antiparallel
B-sheet formation. These experiments were carried out at 280 K and at high concentrations of
peptide 3a (8.5 mM) to increase signal from the oligomer, reduce signal from the monomer,
and minimize interference from overlap of these signals. Figure 5 summarizes the key NOEs
between the protons that make up the backbone of the peptide chains (CH,, NH, and Hao-

Hg).

Figure 6 illustrates the five key NOE cross-peaks that are observed in D,0O (those not involving
NH groups). The intramolecular NOEs between the a-protons of Thr4 and Lys8 (T4,/K8,),
between the a-proton of Ser2 and Hg of Hao2 (S2,/Hao2-Hg), and between the a-proton of
Thr6 and Hg of Haol (T6,/Haol-Hg) indicate folding. The intermolecular NOESs between the
a-protons of Thrl and Ser7 (T1,/S7,) and between the a-protons of Phe3 and Tyr5 (F3,/
Y5,) indicate edge-to-edge dimerization. Additional NOEs involving NH groups, which
further demonstrate folding and dimerization, are observed in HoO-D,0. (The Supporting
Information provides additional details.) Collectively, these NOEs establish that macrocyclic
peptide 3a folds to form B-sheets and that the B-sheets dimerize through edge-to-edge
interactions.

In contrast to the oligomer, the monomer of peptide 3a shows only weak long-range NOEs,
indicating incomplete folding. 800 MHz NOESY studies of the monomer at submillimolar
peptide concentrations show weak cross-peaks associated with several of the key
intramolecular interresidue contacts in Figure 5 (e.g., S2,/Hao2-Hg, T4,/K8,, and T6,/Haol-
Hg). (The Supporting Information provides additional data.) A weak NOE between the -
proton of Tyr5 and Hg of Haol (Y5,/Haol-Hg) is also present, suggesting the presence of a
minor alternate conformer. In conjunction with the small ASH,, values and small AS®Orn values,
the weak NOEs indicate partial -sheet folding of the monomer.

The aromatic side chains of Phe3 and Tyr5 likely enhance folding of the monomer through
interaction with the aromatic rings of the Hao units. Evidence for these aromatic interactions
in the monomer of peptide 3a include upfield shifting of the aromatic protons of Phe3 and Tyr5
(0.25-0.35 ppm relative to control peptide 6) and interstrand NOESs between the aromatic
protons (F3/Hao2 and Y5/Haol).

Not surprisingly, control peptide 6 exhibits no long-range NOEs at concentrations up to 8 mM
(Supporting Information). The absence of long-range NOEs establishes that control peptide
6 neither folds nor forms a distinct dimer.

J Am Chem Soc. Author manuscript; available in PMC 2008 December 6.
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Oligomerization state of peptide 3a—The NOE data clearly show that peptide 3a forms
an oligomer composed of edge-to-edge dimers, but do not establish whether it is a simple dimer,
a dimer of dimers (tetramer), a higher oligomer, or a mixture of oligomers.26 To elucidate the
oligomeric state of peptide 3a and determine if the NMR resonances of the oligomer result
from a single species or from multiple oligomeric species in rapid equilibrium on the NMR
time scale, we performed pulsed-field gradient NMR (PFG NMR) diffusion measurements and
analytical ultracentrifugation (AUC) experiments.

PFEG NMR diffusion measurements.zl-ﬁ:_Diffusion coefficients (D) provide insight into
the molecular weights and association states of molecules and oligomers in solution. 8 PFG
NMR diffusion studies are particularly well suited to measuring diffusion coefficients, because
they permit the diffusion coefficients to be determined using the same NMR sample and
conditions used for structural studies.28P In PFG NMR diffusion techniques, a magnetic field
gradient is first encoded across the NMR tube, the molecules are then allowed to diffuse during
a delay, and the magnetic field gradient is subsequently decoded. The diffusion coefficient is
then determined by measuring the attenuation of the NMR signal, which results from diffusion.
28C \We measured the diffusion coefficients of the monomer and the oligomer of peptide 3a
by using an sLED pulse sequence at 800 MHz and observing the attenuation of the signals
from these species. 28a (The Supporting Information provides experimental details.)

Measurement of the diffusion coefficients of peptide 3a as a function of concentration shows
that the NMR resonances of the oligomer result from a single species and not from multiple
oligomeric species in rapid chemical exchange. We carried out these measurements by varying
the total concentration of peptide 3a from 0.1 to 10 mM in D20 solution at 298 K and were
able to measure the diffusion coefficients of the monomer from 0.1-2 mM and the oligomer
from 2-10 mM.29 The diffusion coefficients of the monomer and the oligomer do not vary
significantly over the range of concentrations studied (Figure 7). If the oligomeric species
consisted of smaller and larger oligomers in rapid exchange, increasing the concentration of
peptide from 2 to 10 mM would shift the equilibrium toward the larger oligomers and would
decrease the observed diffusion coefficient of the oligomeric species.

Measurement of the diffusion coefficients of peptide 3a as a function of temperature (T) reveals
that the oligomerization states of the monomer and the oligomer do not vary over the
temperature range of 280-298 K. In dilute solutions of proteins and peptides, in which the
viscosity of the solution is almost identical to that of water, log(D) for a species with a single
oligomerization state varies linearly with 1/T. The slope of the linear relationship is the same,
regardless of the species, and reflects the activation energy of the self-diffusion of water.

Lifthe oligomerization state changes with temperature, the relationship between log(D) and
1/T deviates from linearity. The diffusion coefficients of the monomer and the oligomer of
peptide 3a were respectively measured in 2 and 10 mM D,0 solutions of the peptlde from
280-298 K and compared to those of lysozyme, ubiquitin, and gramicidin S. 30 Figure 8
illustrates the relationship between log(D) and 1/T for these species. The linear plots with
similar slopes reflect that the oligomerization states of the monomer and the oligomer do not
change significantly over the temperature range studied. 30

The ratio of the diffusion coefficients of the ollgomer and the monomer (Doligomer/Dmonomer)
helps establish the oligomerization state. 283,32 1f poth the monomer, and the oligomer are
envisioned as compact (spherlcal) structures, then Dollgomer/Dmonomer should be 0.63 for a
tetramer and 0.79 for a dimer.33 I, on the other hand, the tetramer is envisioned as either a
tetrahedral or a square planar array of hard spheres, the ratio should be 0.62 or 0.58,
respectlvely 2 With this hard- -sphere model, the ratio should be 0.75 for a dimer. Over the
temperature range of 280-298, the ratio of the diffusion coefficients for peptide 3a is 0.60 £
0.03. This ratio of diffusion coefficients is consistent with a tetrameric oligomer.
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Analytical ultracentrifugation studiesﬁ:_To corroborate the tetramer formation of peptide
3a and to check for any aggregate invisible by NMR techniques (e.g., very large aggregates),
we conducted analytical ultracentrifugation studies comprising both sedimentation velocity
analysis and sedimentation equilibrium experiments. All studies were performed in 200 mM
aqueous (H»0) NaCl solutions to avoid non-ideal behavior associated with repulsion between
the charged peptide5.35 The velocity experiments were performed at 60 000 rpm, while the
equilibrium experiments were performed at 50 000, 55 000, and 60 000 rpm. Both sets of
experiments were performed at 293 K. The partial specific volume of peptide 3a was estimated
to be 0.706 cm3/g.36.37,38

We conducted the sedimentation velocity experiments at 39 uM and 413 uM loading
concentrations to observe both the monomer and the oligomer. The 39 uM experiment was
performed using UV-absorbance at 280 nm; the 413 uM experiment was performed using
Rayleigh interference. Enhanced van Holde-Weischet analysis39 of the data from the low-
concentration experiment results in a single major peak (Figure 9).40 The high-concentration
experiment gives two peaks with a diffuse reaction boundary: a smaller peak at the same
position as the low-concentration experiment and a second larger peak from an oligomeric
species (Figure 9). Collectively, these two experiments show a monomer and an oligomer in
equilibrium and exclude the formation of high-molecular weight aggregates. Equilibration of
the monomer and the oligomer on the time scale of the sedimentation velocity experiment may
result in the poor resolution of the two species in the 413 uM experiment.

We performed the equilibrium analytical ultracentrifugation studies on 15 uM, 1.5 mM, and
9.0mM solutions of peptide 3a to assure good signals from both the monomer and the oligomer.
Data were collected by UV-absorbance scans at 15 uM and by Rayleigh interference
measurements at 1.5 and 9.0 mM and were fit globally. Global fitting of data observed under
multiple conditions, such as multiple rotor speeds and multiple loading concentrations
enhances the confidence in each fitted parameter value.4L In such a fit, parameters such as the
monomer molecular weight and the association constants are considered global parameters and
are forced to be the same for all included data sets. Multiple models were attempted to fit the
experimental data, including: (1) a single ideal species, (2) a two-component, non-interacting
species model, (3) a fixed molecular weight distribution between 100-10,000 Dalton, (4)
reversibly associating monomer-trimer, monomer-tetramer, and monomer-pentamer systems,
and (5) a reversible monomer-dimer-tetramer model. Table 2 lists the results from these fits.

The data from the 15 pM experiment fit well to a single monomeric species, indicating that at
low concentration peptide 3a is essentially all monomer. The data from the 1.5 and 9.0 mM
experiments do not fit a single-component model, indicating the presence of a second
component. Fitting with a two-component, ideal-species model suggests that the second
component has the molecular weight of a tetramer. A fixed-molecular-weight-distribution
model382 further confirms this analysis, giving a bimodal molecular weight distribution, with
average molecular weight species consistent with a monomer-tetramer model (Supporting
Information). This result is entirely consistent with the bimodal sedimentation distribution
observed in the 413 pM velocity experiment shown in Figure 9. The model for the reversibly
self-associating monomer-tetramer system produces a monomer molecular weight in excellent
agreement with the actual monomer molecular weight (1.62 kD measured, 1.61 kD actual).
Figure 10 shows a plot of the residuals and overlays for the monomer-tetramer fit.

Other reversible self-association models that we tried also support the monomer-tetramer
model by returning variances higher than the monomer-tetramer model and resulting in
unreasonable monomer molecular weights. The monomer-trimer model results in a monomer
molecular weight approximately 700 Dalton higher than the actual monomer molecular weight,
while a monomer-pentamer model results in a monomer molecular weight about 400 Dalton

J Am Chem Soc. Author manuscript; available in PMC 2008 December 6.
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lower than the actual monomer molecular weight. In both cases, the variance is 1.5-2.5 fold
higher than the variance for the monomer-tetramer model. A reversible monomer-dimer-
tetramer model produces identical results to the monomer-tetramer model, with essentially no
signal from a monomer-dimer association, and a similar variance as the monomer-tetramer
model.

Collectively, the AUC results corroborate that peptide 3a participates in a monomer-tetramer
equilibrium. Monte Carlo analysis of the monomer-tetramer fit gives a molecular weight of
1.624 kD (95% confidence intervals: 1.619/1.629 kD) and a monomer-tetramer equilibrium
constant (Ky 4) of 3.76 x 109 M3 (95% confidence intervals: 3.66 x 109 M~3/3.87 x 10°
M~3). With this equilibrium constant, 50% of the peptide is tetramer at 0.8 mM and 293 K in
100 mM aqueous NaCl. The determined monomer molecular weight of 1.624 kD is in excellent
agreement with the 1.614 kD actual molecular weight of peptide 3a.

Working model for the tetramer of peptide 3a—In conjunction with the NOE studies
and the upfield shifting of the Phe and Tyr aromatic resonances, the PFG NMR experiments
and analytical ultracentrifugation studies suggest a model in which the macrocyclic peptide
3a oligomerizes to form a dimer of B-sheet dimers (Figure 11). In this tetrameric B-sheet
sandwich, the macrocyclic peptide 3a is folded to form a p-sheet, the p-sheet is dimerized
through edge-to-edge interactions, and this dimer is further dimerized through hydrophobic
face-to-face interactions involving the Phe and Tyr groups. (This description is just hierarchical
and is not a chronological organization of events.) In this structure, the side chains of Thrl,
Phe3, Tyr5, and Ser7 are on the interior, while those of Ser2, Thr4, Thr6, and Lys8 are on the
exterior. The hydrophobic residues Phe3 and Tyr5 comprise a hydrophobic core.

The self-assembly of peptide 3a into a tetrameric B-sheet sandwich significantly enhances the
folding of the peptide. The ability of self-assembly to promote folding is common to a variety
of systems. Examples include human transthyretin, which folds as a B-sheet tetramer but is less
folded as the monomer,43 honeybee melittin, which folds as an a-helical tetramer but is
unfolded as the monomer,"’4 and Mayo’s Bpep peptides, which form well-structured -
sandwich tetramers, molten globule-like $-sandwich dimers, and unfolded monomers.14 The
cooperativity between self-assembly and folding in these peptides and small proteins
constitutes a fundamental natural principle for creating secondary and tertiary structures
through quaternary structure and is akin to the highly cooperative folding of larger proteins.

II. Effect of the Heptapeptide Sequence on Folding and Oligomerization of the Monomer

The tetrameric B-sheet sandwich model shown in Figure 11 suggests that the nature and location
of the side chains, and the face upon which they are displayed, should have profound effects
on the folding and the oligomerization of the macrocyclic B-sheets. The side chains at positions
Ry, R4, and Rg of the heptapeptide sequence are on the exterior surface of the tetramer. The
side chains at positions R, and Rg are directly across from the aromatic rings of Hao units,
while the side chain at position Ry is across from the side chain of Lys8. Interactions between
these groups should affect the folding and oligomerization of the monomer. The side chains at
positions R1, R3, Rs, and Ry are on the interior of the tetramer, and those of Rz and Rg comprise
a hydrophobic core. Interactions between the interior side chains should affect the hydrophobic
core and thereby the stability of the tetramer.

We designed macrocyclic peptides 3b—3n to evaluate the roles of different interactions (e.g.,
polar, electrostatic, aromatic, and hydrophobic interactions) in folding and oligomerization.
Peptides 3b—3n, which are homologues of peptide 3a with 1-6 variations in the heptapeptide
sequence, were synthesized in an analogous fashion to peptide 3a. We studied the folding of
the monomers of these peptides by 1H NMR spectroscopy in D,0 solution at low total
concentrations (0.4-1.5 mM) to minimize signal from the oligomers. In these studies of the
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monomers, we calculated the average of the ASH,, values for the residues at positions R1—R7
and the average of the A5®0rn values for the two 0rn turn units.4> Figure 12 and Figure 13
present these average values; the individual a-proton chemical shifts and A3%Orn values are
tabulated in the Supporting Information. We also studied the oligomerization properties of
these peptides by TH NMR spectroscopy in D,O solution at higher concentrations. Table 3
summarizes the folding of the monomers and the oligomerization properties of peptides 3a—
3n.

Variation in positions Ry, R4, and Rg—We synthesized and studied peptides 3b-3g to
determine the effect of the side chains at positions Ry, R4, and Rg of the heptapeptide sequence
on the folding and oligomerization of the monomers. In peptides 3b, 3c, and 3d, we replaced
the polar residue Thr4 of peptide 3a with the polar residue Glu, the hydrophobic residue Leu,
and the aromatic residue Tyr. In peptide 3e, we replaced the polar residues Ser2 and Thr6 of
peptide 3a with the hydrophobic residues Leu and Val. In peptide 3f, we replaced these residues
with aromatic residues Tyr and Phe. In peptide 3g, we replaced these residues with Tyr.

The average A8H,, values and the average A3%0rn values reveal substantially more folding in
the monomers of peptides 3f and 3g than those of peptides 3a—3e (Figure 12 and Figure 13).
46 The average AdH,, values for the monomers of peptides 3f and 3g are large (0.35 ppm%,
while those for the monomers of peptides 3a—3e are essentially zero (—0.03-0.06 ppm).4
Consistent with this trend, the average A5%0rn values for the monomers of peptides 3f and
3g are large (0.48 ppm), while those for the monomers of peptides 3a—3e are small (0.13-0.22
ppm). The relatively large ASH,, and ASH3Orn values for peptides 3f and 3g reflect the better
folding of these peptides.

1H NMR studies indicate that the enhanced folding of the monomers of peptides 3f and 3g
arises from additional aromatic interactions between the Hao units and the aromatic residues
at positions R, and R6.49 The aromatic resonances of the side chains at positions R, and Rg
of these peptides are shifted upfield by several tenths of a ppm relative to those in simple
peptides.5 NOEs between these side chains and the Hao units provide additional evidence of
interaction between these groups.

Peptides 3f and 3g form tetramers at substantially lower concentrations (higher Ky 4) than
peptides 3a—3e. Figure 14 compares the concentration-dependent oligomerization of peptides
3a and 3f at 298 K. At 2 mM total peptide concentration, less than 20% of 3a is tetrameric,
while ca. 50% of 3f is tetrameric. Peptides 3b—3e show concentration-dependent
oligomerization properties similar to peptide 3a, while peptide 3g shows concentration-
dependent oligomerization properties similar to peptide 3f. The enhanced oligomerization of
peptides 3f and 3g likely arise from their preorganization as well-folded monomers.

Collectively, these studies of variation at positions Ry, R4, and Rg suggest that aromatic
residues at positions R, and Rg improve folding of the monomer and that better-folded
monomers oligomerize at lower concentrations (with higher association constants).

Variation in positions R1, R3, Rg, and R7—We first synthesized and studied peptides
3h and 3i to determine the effect of the side chains at positions R, Rs, R, and Ry of the
heptapeptide sequence on oligomerization. In peptide 3h, we replaced the polar residues Thrl
and Ser7 of peptide 3a with the polar and charged residues Glu and Lys.4 In peptide 3i, we
replaced the aromatic residues Phe3 and Tyr5 of peptide 3a with the hydrophobic residues Leu
and Val. The results from these peptides subsequently prompted us to synthesize and study
peptides 3j—3n.
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Comparison of the ASH,, and A80rn values of the monomers of peptides 3h and 3i to those
of peptide 3a suggests that these variants have less B-strand character and less folded 80rn
turns than peptide 3a (Figure 12 and Figure 13).45 At 298 K, the average ASH,, of peptides
3h and 3i are —0.04 and —0.01 ppm, respectively, while that of peptide 3a is 0.00 ppm (Figure
12). The A3%0rn values for peptides 3h and 3i are 0.15 and 0.07 ppm, respectively, while that
of peptide 3a is 0.16 ppm (Figure 13).

NMR studies of peptides 3h and 3i show little or no tetramer in water. Peptide 3h shows no
tetramer at low concentrations and only traces of the tetramer at high concentration and low
temperature (10 mM, 280 K).47 The poor folding of the monomer and the charged side chain
of Lys7, which can destabilize the hydrophobic core of the tetramer, likely contribute to the
decreased tetramer formation of this peptide. Peptide 3i does not show any oligomer at
concentrations up to 8 mM and temperatures of 280-298 K. The weak folding and the absence
of oligomerization in peptide 3i may result from the absence of aromatic residues at positions
R3 and Rs. Although peptide 3i lacks aromatic residues at positions Rz and R, it instead has
hydrophobic residues Leu and Val. Even though these residues should stabilize the
hydrophobic core of a tetrameric 3-sheet sandwich, the poor folding of the monomer may
impede oligomerization.

To determine whether the poor folding of the monomer or the lack of aromatic interactions at
positions Rz and Rs prevents the oligomerization of peptide 3i, we synthesized and studied
peptides 3j—3m. Like peptide 3g, these peptides have Tyr residues at positions R, and Rg,
which should favor folding of the monomer. Peptide 3j contains two hydrophobic residues (lle
and Val) at positions R3 and Rs, while peptide 3m contains two polar residues (Ser and Thr)
at these positions. Peptides 3k and 31 each contains one hydrophobic residue and one polar
residue at positions Rz and Rs: Peptide 3k contains the hydrophobic residue lle at position
R3 and the polar residue Thr at position Rs, while peptide 31 contains the polar residue Ser at
position R3 and the hydrophobic residue Val at position Rs.

NMR studies show that the monomers of peptides 3j—3m fold slightly better than that of peptide
3a (Figure 12 and Figure 13), but that only peptides 3j and 3k form oligomers with distinct
NMR resonances. 48 Peptide 3j, with two hydrophobic residues at positions R3 and Rs,
oligomerizes at substantially lower concentrations than peptide 3k, with only one hydrophobic
residue. Peptide 3l and peptide 3m each exhibits only one set of H NMR resonances, which
broaden and shift slightly with increasing concentration and decreasing temperature.51 The
failure of peptides 3l and 3m to form distinct oligomers may reflect their paucity of stabilizing
hydrophobic interactions.

It is interesting that peptide 3l does not form a distinct oligomer, while peptide 3k does. Both
peptides have one hydrophobic residue (Val or lle) and one hydrophilic residue (Ser or Thr)
at positions R3 and Rs. The difference in oligomerization properties may reflect the greater
hydrophobicity of the lle and Thr residues in peptide 3k. The oligomerization properties of
peptides 3a and 3h—3m suggest that macrocyclic peptides with folding comparable to or greater
than that of peptide 3a can oligomerize if the residues at positions Rz and Rg can participate
in hydrophobic interactions that stabilize the oligomer.

To further investigate the effect of the placement of hydrophobic residues on the folding and
oligomerization of the macrocyclic B-sheets, we synthesized and studied peptide 3n. Peptide
3n is a sequence isomer of peptide 3f in which the Phe and Tyr residues at positions R3 and
Rs have been swapped with the Thr and Ser residues at positions Ry and R;. 1H NMR studies
in D,0 reveal significant differences in the folding and oligomerization properties of peptides
3f and 3n. In contrast to the monomer of peptide 3f, which is well folded, peptide 3n is only
partially folded. The average A6H,, value of peptide 3n is about 0.39 ppm lower than that of
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peptide 3f, and the average A3%0rn is about 0.24 ppm lower (Figure 12 and Figure 13). Unlike
peptide 3f, which exhibits distinct NMR resonances corresponding to the monomer and the
tetramer even at low concentrations, peptide 3n exhibits only one set of NMR resonances,
which broaden slightly with increasing concentration and decreasing temperature. These
differences in the folding and oligomerization properties of peptides 3f and 3n further support
that aromatic residues at positions Rz and Rg of the macrocyclic B-sheets promote folding of
the monomer and that they assist oligomerization by creating a stabilizing hydrophobic core.

Collectively, these studies of variation at positions R1, Rz, Rs, and R7 suggest that aromatic
residues at positions Rz and Rs improve folding of the monomer and that peptides with folding
comparable to or greater than that of peptide 3a are able to form oligomers with distinct NMR
resonances if the peptides can form a stabilizing hydrophobic core. Other factors, such as p-
sheet propensities of the residues and the packing of side chains, might also be important in
oligomerization but have not been investigated here.

Conclusion

Combination of a suitable heptapeptide strand, two Hao p-strand mimics, two &-linked
ornithine turn units, and one additional a-amino acid gives water-soluble macrocyclic peptides
3 that mimic the quaternary p-sheet structure of proteins. Many of these peptides self-associate
in water through edge-to-edge and face-to-face intermolecular B-sheet interactions to form
tetramers. Aromatic residues at positions Ry, R3, Rz, and Rg improve the folding of the
monomers through aromatic interactions with the Hao aromatic rings. Hydrophobic residues
(including aromatic residues) at positions Rz and Rg are essential to the formation of the
oligomers through stabilizing hydrophobic interactions. The folding and self-association of
these peptides is cooperative. In peptides with partially folded monomers, the formation of -
sheet secondary and tertiary structures is intimately linked to the formation of B-sheet
quaternary structure. These partially folded monomers self-associate to form strongly folded
oligomers. In peptides with better-folded monomers, the formation of oligomers occurs with
greater facility.

The formation of edge-to-edge dimers does not appear to occur without further self-association
(e.g., tetramer formation) through face-to-face interactions. The need for further self-
association and the formation of a hydrophobic core in these structures likely reflects the frailty
of hydrogen bonds alone in water. Indeed, B-sheets almost never occur in proteins without
being buttressed in against additional structures.>2

Macrocyclic B-sheet peptides 3 represent a new class of model system with which to study p-
sheet formation in water. Unlike prior aqueous model systems, which have largely focused on
fB-sheet secondary and tertiary structures, these peptides provide a window into B-sheet
quaternary structure. The studies described in this paper illustrate how this model system can
be used to evaluate the role of hydrophobic interactions in stabilizing B-sheet quaternary
structure. In future studies, we will explore the -sheet quaternary interactions of these systems
with proteins and peptide B-sheet aggregates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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49. We have observed similar improvements in the folding of the 42-membered-ring macro%lclic peptides

2 upon placing Phe across from the aromatic ring of Hao. For details, see reference 18

50. Wiithrich, K. NMR of Proteins and Nucleic Acids. New York: Wiley; 1986. p. 17

51. Increasing the concentration of a DO solution of peptide 3l from 1.2 mM to 10.0 mM results in an
average downfield shifting of the a-proton resonances by ca. 0.05 ppm at 298 K. Increasing the
concentration of a D70 solution of peptide 3m from 1.0 mM to 16.0 mM results in similar downfield
shifting.

52. For a notable exception, see: (a) Li H, Dunn JJ, Luft BJ, Lawson CL. Proc. Natl. Acad. Sci. USA
1997;94:3584-3589. [PubMed: 9108020] (b) Koide S, Huang X, Link K, Koide A, Bu Z, Engelman
DM. Nature 2000;403:456-460. [PubMed: 10667801]
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Figure 1.
Views from the front and back sides of the crystallographic NuG2 dimer illustrating the
heptapeptide p-strand dimerization interface TTFTYTT (PDB ID: 1mio).21
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Figure 2.
1H NMR spectra of peptide 3a at concentrations of 1.0 mM (a) and 6.0 mM (b) in D,0 at 500
MHz and 280 K.
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Deviation of the a-proton chemical shifts from published random coil values24 (ASH, =
observed 8H,, - random coil 3H,,) for the oligomer, the monomer, and control peptide 6. 1H
NMR studies were performed on 8.5 mM and 1.0 mM solutions of peptide 3a and on an 8.0
mM solution of control peptide 6 in D,O at 280 K.
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Figure 4.

Concentration dependence of oligomer formation of peptide 3a: mole fraction of oligomer vs.
total peptide concentration. The relative concentrations of the monomer and oligomer were
determined in D,0 at 280 K by integrating the corresponding 1H NMR resonances. A simulated
isotherm for a monomer-dimer equilibrium (Kq » = 500 M~1), which is shown for comparison,
does not fit the data.
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o AN /T/ N /';/H\O PN
R

Figure 5.
Key NOEs involving main-chain inter-residue contacts in the B-sheet dimer of peptide 3a.
Dashed double-headed arrows represent weak or ambiguous NOEs.
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Figure 6.

Selected expansions of the NOESY spectrum of the peptide 3a oligomer in DO illustrating
key NOEs resulting from folding and edge-to-edge dimerization in the oligomer. NOESY
studies of an 8.5 mM solution of peptide 3a were performed at 800 MHz and 280 K with a 75-
ms mixing time.
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Figure 7.

The diffusion coefficients of the oligomer and the monomer of peptide 3a at various total
concentrations of the peptide. The diffusion coefficients were measured in D,0O at 298 K by
using an sLED pulse sequence?82 on an 800 MHz *H NMR spectrometer.
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Figure 8.

Comparison of the temperature dependence of the diffusion coefficients of the monomer and
the oligomer of peptide 3a to those of lysozyme, ubiquitin, and gramicidin S in D,0O. The
diffusion coefficients were measured at 280, 285, 291, and 298 K by using an sSLED pulse
sequencezgf’1 on an 800 MHz 1H NMR spectrometer. The diffusion coefficients of these species
were measured at the following concentrations: 3a monomer, 2 mM; 3a oligomer, 10 mM;

lysozyme, 1.4 mM; ubiquitin, 1.0 mM; and gramicidin S, 1.1 mM.
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Figure 9.

Van Holde-Weischet distributions of sedimentation velocity experiments of peptide 3a
measured with UV absorbance at 280 nm at 39 uM (black line) and with Rayleigh interference
at 413 uM (grey line).
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Figure 10.

Sedimentation equilibrium data for peptide 3a fitted to a monomer-tetramer equilibrium model.
Residuals of the fit are shown on the top, overlays on the bottom. Grey points represent
experimental data at (a) 9 mM and 60 000 rpm, (b) 9 mM and 55 000 rpm, (c) 9 mM and 50
000 rpm, (d) 1.5 mM and 60 000 rpm, (e) 1.5 mM and 55 000 rpm, (f) 1.5 mM and 50 000
rpm, (g) 15 uM and 60 000 rpm, and (h) 15 pM and 55 000 rpm.42 Black curves represent the
fitted model.

J Am Chem Soc. Author manuscript; available in PMC 2008 December 6.



Page 27

Khakshoor et al.

8

, S . 2

TR g B RONSN 5
Vo ) 2NY £ 2 AR % N\ o

Qo pﬂv/ﬁmuwﬂﬂ b e ) S 0 2

S 2y ENY S X Ty g

ARy, R, NS o TR g SR =
2k R Do, ooy, X 5

W Oy, X Oy, %, | Yok e
0., % QAN RTQ J A T A\ S
O REFL Y &ép.m A 5
Hzﬂz,c,\/a "y, ¥ ¥Ry, O o
¥ Vg O I TO0Ry, N £
M R X, 7

S PR WO J OUA/ S8
V30 R 5

't AW 2

2 X 5

NIH-PA Author Manuscript

Figure 11.

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Am Chem Soc. Author manuscript; available in PMC 2008 December 6.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Khakshoor et al.

0.4

Page 28

o o o
—_ N w
1 1 1

average AdH, values (ppm)

o
o
!

3a 3b 3c 3d 3e 3f 3g 3h 3i

3j

3k 3l

3m 3n

-0.1

Figure 12.

Average AdH,, values of the residues at positions R1—R7 for peptide 3a—3n monomers at 298

K in D,0.45
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Average A3%0rn values for peptide 3a—3n monomers at 298 K in D20.45
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Figure 14.

Comparison of the concentration-dependent oligomerization of peptides 3a and 3f: mole
fraction of oligomer vs. total peptide concentration. The relative concentrations of the monomer
and oligomer were determined in D,0 at 298 K by integrating the corresponding 1H NMR
resonances.
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Scheme 1.
Synthesis of peptide 3a
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Global fitting results for various models to a combination of sedimentation equilibrium data from 15 pM, 1.5 mM, and

9.0 mM experiments.

Model Variance MW onomer MW ligomer K

single-component (15 uM data only) 1.222x 107 1.62 kD nla nla

single-component 8.332x 103 4,67 kD n/a nla

two-component 1.096 x 1074 1.52 kD 6.17 kD n/a

fixed MW distribution 1.022 x 107* 167kD 2 5.76 kD& n/a

monomer-trimer 4,021 x 107 2.37kD nla Ky3=1.04x10° M2
monomer-tetramer 1.656 x 107 1.62 KD nfa Kis=376x10° M2
monomer-pentamer 2.586 x 107 1.25 kD nfa K, 5=9.05x 1022 M™*
monomer.dimer.tetramerb 1.656 x :I.O74 1.62 kD n/a K1:4 =3.75 % 109 M73

aWeig,]ht—average measurements of each mode in a bimodal distribution. The Supporting Information provides further details.

Essentially no signal from a dimeric species is observed, and no monomer-dimer equilibrium constant (K1, 2) can be determined.
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Table 3
Folding of the monomers and oligomerization properties of peptides 3a—3n.
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Peptide Folding of the monomer Oligomerization properties
3a partial tetramer?®
3b partial tetramerb
3c partial tetramerb
3d partial tetramerb
3e partial tetramer
3f good tetramer (with a K, 4 higher than 3a)°
39 good tetramer (with a K, 4, higher than 3a)d
3h partial tetramer (with a K, , lower than 3a)®
3i partial _f
3 partial hexamer or octamer?
3k partial hexamer or octamer9
3l partial f
3m partial —f
3n partial _f

&I'he oligomerization state was determined by PFG NMR diffusion measurements and AUC experiments.

bThe oligomerization state was inferred from similar oligomerization behavior as peptide 3a in concentration-dependent 1H NMR studies.
CThe oligomerization state was determined by PFG NMR diffusion measurements 48 and 1H NMR concentration studies.

dThe oligomerization state was inferred from similar oligomerization behavior as peptide 3f in concentration-dependent 1H NMR studies.
eThe oligomerization state was determined by PFG NMR diffusion measurements 47 and 1H NMR concentration studies.

fSome self-association without distinct oligomer formation was observed by concentration-dependant 1H NMR studies.

gThe oligomerization state was determined by PFG NMR diffusion measurements.48
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