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ABSTRACT:

Macrocycles are interesting molecules because their topo-

logical features and constrained properties significantly

affect their chemical, physical, biological, and self-

assembling properties. In this report, we synthesized

unique macrocyclic peptides composed of both an a-helix

and a polyproline segment and analyzed their conforma-

tional properties. We found that the molecular stiffness of

the rod-like polyproline segment and the relative orienta-

tion of the two different helical segments strongly affect the

efficiency of the macrocyclization reaction. Conformational

analyses showed that both the a-helix and the polyproline

II helix coexisted within the macrocyclic peptides and that

the polyproline segment exerts significant effect on the

overall helical stability and conformation of the a-helical

segment. VC 2013 Wiley Periodicals, Inc. Biopolymers 101:

279–286, 2014.
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INTRODUCTION

P
eptides have been used, as isolated monomeric mol-

ecules or as basic building blocks for self-assembly

into nanostructures, to mimic the functions of natu-

ral proteins. Peptides have several advantages in that

they can be relatively easily synthesized and have

broader chemical diversity than natural proteins.1,2 However,

peptides typically have unstable molecular conformations

due to their lack of the multiple stabilizing interactions pro-

vided by a folded protein environment.3,4 Such conforma-

tional instability can significantly limit the affinity and

selectivity of peptide epitopes for target receptors. Therefore,

the maintenance and stabilization of the actively folded form

of peptides are important for increasing their biomacromo-

lecular recognition capabilities.

The a-helix is a secondary structure element of proteins

and is well known to play an important role in specific bioma-

cromolecular recognition processes, such as protein–protein,

protein–RNA, and protein–DNA interactions. a-Helical struc-

tures are stabilized within the context of well-folded protein

structures; however, when isolated from the intact protein, the

stability of the helical motif is compromised and is rarely heli-

cal in solution.3 Because the stabilization of the active molecu-

lar conformation of a peptide is a crucial factor for

maintaining the unique functions of a protein, extensive

research into stabilized a-helical peptides has been conducted.

Such studies include side chain crosslinking, hydrogen-bond

surrogates, metal coordination, salt bridge formation, and syn-

thetic a-helix receptor approaches.5–8

Macrocycles, which have a cyclic structure, are interest-

ing molecules because their topological features signifi-

cantly affect their chemical, physical, biological, and self-

assembling properties.9–13 Macrocycles have superior pro-

teolytic stability and often display enhanced biological

activity because of their increased affinity toward target

receptors. Macrocycles can maintain more rigid and
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conformationally constrained structures than their linear

counterparts. It has been shown that that macrocyclization

of the N- and C-termini of an a-helical peptide with a rigid

crosslinker helps stabilize an otherwise unstable a-helix.14

One notable example of the stabilization of an a-helical

peptide by macrocyclization is the peptide stapling

method.5,15 In this approach, side chains at the same face

of an a-helix are crosslinked by covalent bonds, and the

formation of this intramolecular covalent bridge can

decrease the conformational entropy of the unfolded state.

This approach yields a stabilized a-helical peptide in

monomeric form. In addition to this single molecule

approach, there are multimeric approaches in which supra-

molecular peptide assemblies are constructed.16 It has been

reported that nanostructures with multiple stabilized a hel-

ices can be fabricated by using macrocyclic peptides.17,18

The formation of multiple stabilized helices was made pos-

sible by the self-assembly-mediated coil-to-rod transition

in the self-assembling b-sheet segment within the macrocy-

clic peptide, which constrains and subsequently stabilizes

the a-helices.

The polyproline helix is one of the common secondary

structures found in natural proteins. Proline oligomers

tend to adopt the polyproline II (PPII) conformation in

aqueous solution.19,20 The PPII conformation is character-

ized by a left-handed helix with three residues per turn,

i.e., every third residue is stacked on top of one another.

Amide bonds in the PPII conformation exist in a trans con-

formation. The PPII conformation has been recognized to

form rigid rod-like structures in aqueous solutions.21–23 In

organic solvents, polyproline adopts the polyproline I

(PPI) conformation, a right-handed helix with all amide

bonds in a cis conformation.

Here, we report the synthesis of macrocyclic peptides con-

sisting of both an a-helix and a polyproline segment and the

analysis of their conformational properties. Syntheses of mac-

rocycles from large peptides are often extremely difficult

because of the entropic penalty associated with intramolecular

cyclization. We found that rigid polyproline-containing pep-

tides display an orientation-dependent structural effect during

the head-to-tail cyclization reaction. Macrocyclic peptides con-

taining both an a-helix and a polyproline helix represent a

unique class of cyclic molecules because two different types of

peptide helices are contained within a single constrained cyclic

scaffold. We analyzed whether the rigid PPII helix could assist

the stabilization of the potential a-helix segment and examined

how these two different helices affect each other (Figure 1C).

To accomplish this goal, we employed an a-helix moiety

derived from the Rev protein of the human immunodeficiency

virus type-1 (HIV-1).24

RESULTS AND DISCUSSION

Design and Synthesis of Macrocyclic Peptides

The macrocyclic peptides designed for this study consist of a

segment with high a-helix propensity, a PPII helix, and two

linker segments that connect the two different helical segments

(Figure 1). The a-helix segment is derived from the HIV-1 Rev

protein. A short stretch of amino acids within Rev, called the

arginine-rich motif (ARM; approximately 14–17 amino acids),

is known to mediate specific binding to the cognate Rev-

response element (RRE) RNA in an a-helical conforma-

tion.25,26 Although Rev-ARM has a high propensity to form

a-helical structures, it is not structured under ambient condi-

tions, similarly to most short peptides.27 Because both helical

segments are rigid and are contained in the constrained cyclic

structure, it was of interest to investigate how they mutually

influence each other. Moreover, we envisioned that the rigid

PPII helix might stabilize an otherwise unstructured Rev-ARM

segment by further constraining and thereby lowering the con-

formational entropy of the unfolded state of Rev-ARM.

Linear peptides were synthesized on Rink amide MBHA

resin. A cysteine protected with highly acid labile methoxytrityl

(Mmt) was placed at the C-terminus to enable an orthogonal

deprotection scheme. Because we aimed to obtain macrocyclic

peptides with very large rings of 32–34 amino acid residues,

the cyclization reaction was a challenging one (Figure 1A). As

an initial attempt, we synthesized the a-helical segment first

from the resin and then subsequently elongated the linker and

polyproline segments. Then, bromoacetic acid was coupled to

the N-terminal portion of the peptide chain. To achieve a

pseudo-dilution effect, the cyclization reaction was performed

while the protected peptide was still bound to the resin.28 Fol-

lowing selective deprotection of the Mmt group using 1% tri-

fluoroacetic acid (TFA) while side chains for other amino

acids were protected, an intramolecular SN2 reaction (S-alkyla-

tion of a cysteine thiol for cyclic thioether formation) was

commenced by adding a base, N,N-diisopropylethylamine

(DIPEA), in N-methyl-2-pyrrolidone (NMP). A small portion

of the resin was sampled occasionally and treated with cleavage

cocktail. Monitoring the progress of the reaction by mass spec-

trometry revealed that the cyclization reaction did not occur

under these conditions, even after several days of extensive

reaction.

The N- and C-termini must meet for effective intramolecu-

lar cyclization to take place. We speculated that the long per-

sistence length of the rigid polyproline rod might reduce the

total possible degrees of freedom for reactive encounters (Fig-

ure 1B; left). Therefore, we examined whether reversing the

placement of the two helical segments could alleviate this prob-

lem. We speculated that if the stiff polyproline segment is

280 Choi et al.

Biopolymers



located near the resin, the other flexible segments might move

freely until head-to-tail reactive encounters have taken place

(Figure 1B; right). Indeed, investigation of the reaction pro-

gress revealed that the cyclized peptide could be obtained when

this reverse approach was employed (Supporting Information

Figure S1). Therefore, the results indicate that molecular stiff-

ness strongly affects the efficiency of the macrocyclization

reaction.

The cyRP1 peptide contains a minimal Rev-ARM sequence

of 14 amino acids. The cyRP2 peptide has two additional glu-

tamic acid residues at the N-terminus of Rev-ARM. These

negatively charged glutamic acids were attached to stabilize

the helix macrodipole.26 Moreover, a short stretch of alanines

was appended to the C-terminus of Rev-ARM for both the

cyRP1 and cyRP2 peptides to exert an additional a-helix stabi-

lization effect.26,29

Conformational Analysis of the Macrocyclic Peptides
We examined the secondary structures of the synthesized pep-

tides using circular dichroism (CD) spectroscopy. As shown in

Figures 2A and 2B, the P10 peptide displayed a CD profile typ-

ical of a conventional PPII helix, with a strong negative mini-

mum of ellipticity at 205 nm and a weak positive maximum of

FIGURE 1 A: Sequences of the peptides used in this study. B: Effect of the segmental arrangement

of the rigid polyproline rod on the efficiency of intramolecular S-alkylation reactions. C: Molecular

model depicting the ideal structure of cyRP1.
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ellipticity at 227 nm, regardless of the applied temperature

(25�C or 4�C). In contrast, the Rev-ARM peptide displayed

temperature-dependent conformational changes. At ambient

temperature (25�C), the Rev-ARM peptide was mostly unstruc-

tured, with a strong negative band at 203 nm, although a weak

negative band at 222 nm indicated that a small portion of a-

helical structure exists in solution (Figure 2A). a-Helix forma-

tion is an enthalpy-driven process, where the helicity increases

with decreasing temperature.29 Because the Rev-ARM peptide

possesses a high helix propensity, it showed a CD profile closer

to that of a typical a-helix at 4�C (negative minima at 206 and

222 nm and a [h]222/[h]208 ratio that increased from 0.49 at

25�C to 0.72 at 4�C, Figure 2B). The [h]222/[h]208 ratio is sensi-

tive to backbone dihedral angles and has been used as a mea-

sure of a-helicity, which increases as the helicity increases.30

The [h]222/[h]208 ratio for the fully stabilized a-helix is approxi-

mately 0.86.31 We then investigated the conformation of the

macrocyclic peptides. The CD spectra of both cyRP1 and

cyRP2 are characterized by a single strong negative band at 203

nm (Figure 2C). The characteristics of the PPII helix (maxi-

mum at 227 nm) and the a-helix (minimum at 222 nm) that

appeared in the respective CD spectra of the P10 and Rev-ARM

peptides could not be observed in those of cyRP1 and cyRP2.

This suggests that the positive maximum of the PPII helix at

227 nm and the negative minimum of the a-helix at 222 nm

cancel each other out to zero. The signature of the a-helix at

222 nm could not be observed even when the measurements

were performed at 4�C, possibly due to the strong cancellation

of the signal by the PPII helix. Therefore, it was difficult to

assess whether the rigid PPII rod might assist the stabilization

of the Rev-ARM a-helix and/or how the two differential helix

segments affect each other using CD measurements alone.

FIGURE 2 CD spectra of various peptides at (A) 25�C, (B) 4�C, (C) 25�C, (D) 4�C. Peptides con-

centration was 20 lM in 20 mM potassium phosphate, 150 mM KF, pH 7.4. The widely oscillating

data at the lower wavelength range (less than 197–198 nm) are unreliable due to the strong UV

absorption of salt ions.
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Based on the results described above, we questioned whether

the a-helix conformation is disrupted rather than stabilized by

the rigid PPII rod. Moreover, we asked whether it is possible to

differentiate the a-helix and PPII signals in a macrocycle that

contains both helical segments. The FTIR spectrum of the Rev-

ARM peptide displayed the intense absorptions at 1654 cm21

(amide I) and 1546 cm21 (amide II) that correspond to the sig-

nature of an a-helix (Figure 3A).32 The P10 peptide displayed

the signature of a PPII conformation with a strong absorption

at 1646 cm21 (Figure 3B).33 The FTIR spectrum of the cyRP1

peptide revealed strong bands at 1652 cm21 and 1548 cm21,

confirming that both a-helix and PPI helix structures are simul-

taneously present in the macrocyclic peptide (Figure 3C). Simi-

lar to cyRP1, the spectrum of cyRP2 is characterized by bands

at 1652 cm21 and 1548 cm21 (Figure 3D). Taken together,

although it is difficult to quantitate the relative abundance and/

or stability of both helical species, FTIR studies confirmed that

a-helix and PPII helix coexist in the macrocyclic peptides.

Differential Sensitivity to Helix Stabilizers
Organic solvents can induce conformational changes in pep-

tides. For example, alcohols such as trifluoroethanol (TFE)

and hexafluoroisopropanol (HFIP) can stabilize a-helical con-

formations in unfolded proteins and peptides, and HFIP is

usually more effective than TFE.34 The PPI conformation is

typically preferred over PPII in organic solvents and in many

alcohols, including 1- and 2-propanol.19,20 However, PPII is

favored in TFE, benzyl alcohol, and organic acids, and there is

also a chain-length dependence of the conformational stabil-

ity.35 The conformational preference of polyproline in HFIP is

not well documented to our knowledge. Because HIFP is a

strong stabilizer of a-helix conformation, we hypothesized that

the Rev-ARM and P10 segments in the macrocyclic peptide

might have differential susceptibility to HFIP, which might

help deduce additional structural information about the rela-

tive stability of the a-helix and the polyproline helix within the

macrocycle.

As the concentration of HFIP increased, there was a gradual

increase in a-helix content for the Rev-ARM peptide as

expected (Figure 4A). Unexpectedly, the P10 peptide showed

unusual behavior upon increasing the HFIP concentration

(Figure 4B). The spectrum with a negative band at 205 nm did

not change at all when the HFIP concentration was increased

to 4%; however, there was an abrupt decrease in overall signal

intensity at HFIP concentrations of 8 and 10%. A further

FIGURE 3 FTIR spectra of (A) Rev-ARM peptide, (B) P10 peptide, (C) cyRP1 peptide,

(D) cyRP2 peptide.
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increase in HFIP concentration to 15–25% led to the reappear-

ance of the strong negative band, and there was a concomitant

blue shift of the negative minimum to 203 nm. This peculiar

behavior was reconfirmed by the independent experiments.

Therefore, this result suggests that there is a certain conforma-

tional change in the P10 peptide around HFIP concentrations

of 8–10%. A detailed investigation of the HFIP-dependent con-

formational change in polyprolines should be the subject of

further investigation.

In sharp contrast to the Rev-ARM peptide, both macrocy-

clic peptides showed discrete changes in CD spectra upon

increasing the HFIP concentration (Figures 4C and 4D). To

systematically interpret these unique phenomena, we plotted

the [h]222/[h]208 ratio as a function of HFIP concentration

(insets in Figures 4C and 4D). As expected, there was a gradual

increase in the [h]222/[h]208 ratio for the Rev-ARM peptide

when the HFIP concentration was increased, which then pla-

teaued at high HFIP concentrations. For the macrocyclic

FIGURE 4 HFIP titration experiment. CD spectra of (A) Rev-ARM peptide, (B) P10 peptide,

(C) cyRP1 peptide, and (D) cyRP2 peptide at various HFIP concentrations. Plots of [h]222/[h]208 as

a function of HIFP concentration are shown as insets in (C) and (D). Spectra were recorded at pep-

tide concentrations of 10 lM at 25�C in 150 mM KF.

284 Choi et al.

Biopolymers



peptides cyRP1 and cyRP2, the [h]222/[h]208 ratio initially

increased, but a discontinuous change around an HFIP con-

centration of 8–10% was observed, which coincides with the

HFIP concentration at which the abrupt change in the CD

spectra of the P10 peptide arose. Taking all the data into con-

sideration, the polyproline segment in the context of macrocy-

clic peptides exerts a significant effect on the overall helical

stability of the Rev-ARM segment.

CONCLUSIONS
In this study, we have synthesized peptides that contain both a

potential a-helix and a polyproline helix segment in a single

macrocyclic scaffold. We expected that the rigid PPII helix

might assist the stabilization of the potential a-helix segment

when they are located within a single macrocyclic scaffold.

Because the macrocycles were very large and have a rigid poly-

proline segment, the head-to-tail cyclization reaction was a

challenging one. We found that the molecular stiffness and the

relative orientation of two different helical segments strongly

affect the efficiency of macrocyclization reaction. Conforma-

tional analyses showed that both the a-helix and the PPII helix

coexisted in the macrocyclic peptides. We found that there

existed a previously unnoticed conformational transition in

the polyproline peptide at HFIP concentrations of 8 and 10%.

More in-depth structural studies are necessary to uncover this

peculiar behavior of polyprolines. Although it was not possible

in this study to quantify the extent of the a-helix stabilization

effect exerted by the rigid PPII rod segment, it was revealed

that the polyproline segment has a significant effect on the

overall helical stability and conformation of the Rev-ARM seg-

ment. Because this study demonstrated the possibility of con-

trolling the conformational stability of an a-helix using a rigid

polyproline rod, further fine-tuning the structure of the

macrocyclic peptide might lead to the development of highly

stabilized bioactive a-helical peptides that can control bioma-

cromolecular interactions.

MATERIALS AND METHODS

Materials
Fmoc-amino acids and resins for peptide synthesis were purchased

from Novabiochem (Germany) and Anaspec (USA). All other

reagents and chemicals are commercially available.

Peptide Synthesis and Cyclization
The linear peptide was synthesized on Rink Amide MBHA resin LL

(Novabiochem) using standard Fmoc protocols in a Tribute peptide

synthesizer (Protein Technologies, Inc).36 Standard amino acid pro-

tecting groups were employed except for cysteine, for which an acid-

labile Mmt group was used for orthogonal deprotection. For cycliza-

tion, the resin attached with a fully synthesized linear peptide (20

lmol of N-terminal amine groups) was swollen in NMP for 30 min.

Bromoacetic acid was then coupled to the N-terminal portion of the

resin-bound peptide. Before addition to the resin, a mixture of bro-

moacetic acid (28 mg, 200 lmol) and N,N 0-diisopropylcarbodiimide

in NMP was incubated for 10 min for carboxyl activation. Following

the addition of this mixture to the resin, the reaction was allowed to

continue for 1 h with shaking at room temperature in a 6-mL poly-

propylene tube with a frit. The resin was then washed successively

with NMP, N,N-dimethylformamide (DMF), and dichloromethane

(MC). For orthogonal removal of the Mmt protecting group from the

cysteine, the resin was treated with 1% TFA/5% triisopropylsilane

(TIS) in MC several times (1 min 3 �7 times). The intramolecular

cyclization reaction was performed in 3 mL of 1% DIPEA in NMP

with shaking at room temperature for 2 days. The resins was then suc-

cessively washed with NMP, DMF, and tetrahydrofuran (THF) and

dried under reduced pressure. For cleavage and final deprotection, the

resin was treated with a cleavage cocktail (95:2.5:2.5 TFA:1,2-ethanedi-

thiol:thioanisole) for 3 h and was triturated with tert-butyl methyl

ether (TBME). The peptides were purified by reverse-phase high-per-

formance liquid chromatography (HPLC; water–acetonitrile with

0.1% TFA). The molecular weight was confirmed by matrix-assisted

laser desorption/ionization time-of-flight mass spectrometry

(MALDI-TOF MS). The peptide concentration was determined spec-

trophotometrically using the molar extinction coefficient of trypto-

phan (5500 M21 cm21) at 280 nm.

Circular Dichroism Spectroscopy
CD spectra were acquired using a ChirascanTM Circular Dichroism

Spectrometer equipped with a peltier temperature controller (Applied

Photophysics). Spectra were recorded from 260 nm to 190 nm using a

2-mm path length cuvette. Scans were repeated five times and aver-

aged. Molar ellipticity was calculated per amino acid residue. Peptide

samples were clearly soluble in distilled water, potassium phosphate-

buffered saline solution, and in HFIP at least up to 25%.

Fourier Transform Infrared Spectroscopy
Prior to Fourier transform infrared (FTIR) spectroscopy analysis, the

lyophilized peptide was dissolved in D2O. Then 50 lL of the peptide

sample (150 lM) was cast onto a ZnSe window. FTIR spectra were

acquired on a Bruker Vertex 70 FTIR spectrometer.
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