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INTRODUCTION

T
he increasing resistance of bacteria to antibiotics con-

tinues to be a serious global emergency for human

health.1–5 To counteract this threat, researchers are

seeking and studying novel alternatives, including

antimicrobial agents that are unaffected by acquired

resistance. In particular, antimicrobial peptides (AMPs) rep-

resent a viable approach to solve this problem.6–10 AMPs

evolved as the first chemical defense mechanism of eukaryo-

tic cells against bacteria, protozoa, fungi, and viruses; they

show broad spectra of activity, and represent potential chem-

ical templates for developing antibiotics.11–16 Some AMPs

are already in use to treat topical infections and have been

commercialized by pharmaceutical companies.17–19

Therefore, there is an increasing need to elucidate struc-

tural information on AMPs alone and during interactions in

membrane environments, to better understand their mecha-

nisms of action and to improve their design for potential

therapeutic applications.

NMR spectroscopy has played a major role in research on

AMPs in model membrane systems, and has inspired the de-

velopment of new AMPs with increased potencies and selec-

tivities by comparison to those that occur naturally.20–22 In

addition, antimicrobial polymers have been designed and

synthesized.23,24 Both liquid- and solid-state NMR have been
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applied.25–31 Solid-state NMR can give structural and

dynamic information about the large-size complexes formed

by lipid bilayers with peptides.26,32–35 Since the appropriate

NMR techniques generally require milligram amounts of iso-

topically labeled peptides, there has been a significant effort

to develop efficient procedures to obtain sufficient quantities

of such peptides.

The present report focuses on distinctin, a 47-residue pep-

tide originally extracted from Phyllomedusa distincta, a tree

frog that lives in the forests of Brazil.36 Distinctin preferen-

tially interacts with negatively charged membranes and is

active against Gram-positive and Gram-negative bacteria.37–39

According to recent findings on murine models, this peptide

may be successfully used to treat topical infections and for

embedding of medical devices.37,40 Structurally, distinctin

consists of two linear chains of 22 (A chain) and 25 (B chain)

residues, linked by a disulfide bridge that connects Cys19 of

the A chain with Cys23 of the B chain (Figure 1). Previous

synthetic schemes to create distinctin relied on air oxidation

to form the crosslinking disulfide.38,39 Such methods suffer

from the drawback that, in addition to the desired A–B heter-

odimeric distinctin, the A–A and B–B homodimers are also

produced, in a molar ratio corresponding to the relative ther-

modynamic stabilities. Since all three species have similar

HPLC retention times, the required purification step poses

difficulties. Furthermore, nonselective air oxidation results in

substantial diversion of material into undesired homodimeric

by-products.

In contrast, we report here the chemical synthesis of dis-

tinctin by using a directed disulfide synthetic strategy that

creates only the wanted heterodimeric product. Our overall

strategy, and the specific tactics to implement it, allows for

the efficient and cost-effective production of material that

incorporates stable isotopic labels at discrete positions along

the polypeptide chains, as is needed for conformational stud-

ies and investigations on the interactions between distinctin

and lipid membranes by solid-state NMR spectroscopy.35

MATERIALS AND METHODS

General
All solvents were of HPLC grade. DIEA and TFA were of Sequalog/

peptide synthesis grade from Fisher. Fmoc amino acids, HBTU, and

HOBt were from AnaSpec. Preloaded Fmoc-AA-PEG-PS resins were

purchased from Applied Biosystems. Isotopically labeled amino

acids with N-Fmoc protection were from Cambridge Isotopes. All

other reagents were from Sigma-Aldrich. Analytical and preparative

RP-HPLC was conducted with water and CH3CN solvent mixtures,

each containing 0.1% TFA on Vydac 218TP54 C18 columns, 4.6

mm 3 250 mm, 5.0 l particles.

Peptide Synthesis
SPPS of Distinctin Chains. Linear sequences were assembled on

PEG-PS resins, with HBTU/DIEA as the coupling reagent, on a

CEM Liberty peptide synthesizer with the default instrument Fmoc-

based SPPS protocols. Isotopically labeled amino acids were double

coupled using one equivalent of the Fmoc derivative for each cycle,

mediated by the BOP reagent (1.0 eq.) and DIEA (2.0 eq.) as base.

Subsequently, a single coupling with unlabeled Fmoc-amino acid 4.0

equiv) was run to react any remaining amine groups. For the chain

that contained the isotopic labels, FmocCys(Trt) was used, while

FmocCys(Acm) was incorporated into the unlabeled chain. The N-

terminal Fmoc group was removed in the last instrument cycle.

Distinctin A Chain Containing Cys(Scm) (3). To convert

Cys(Acm) to Cys(Scm) on-resin, the peptide-resin (220 mg, 25

lmol) was first swollen by extensive washing in CH2Cl2. After the

peptide-resin was suspended in CH2Cl2 (4 mL), neat methoxycarbo-

nylsulfenyl chloride (3.0 lL, 33 lmol) was added, and the mixture

was shaken for 3 h. The peptide-resin was then washed with CH2Cl2
(3 3 5 mL) and dried. The peptide was cleaved from the resin with

freshly prepared reagent K41 [TFA�phenol�thioaniso-

le�water�ethanedithiol (82.5:5:5:5:2.5 v/v)] (5 mL) under argon for

2 h, precipitated with ether (80 mL), and centrifuged to collect a pel-

let which was washed twice with ether. The crude peptide was dis-

solved in 0.1% aqueous TFA (20 mL), filtered, and purified by RP-

HPLC. Yield: 12.1 mg (18%);Tr ¼ 43 min; purity by RP-HPLC: 98%;

deconvoluted ESI-MS: calculated mass 2615.4, observed mass 2615.4.

Distinctin B Chain Containing 15N, 13C-G5, 15N-L6, 15N-Y12,
15N-L13 (4). The peptide was cleaved from the resin with freshly

prepared reagent K (5 mL) under argon for 3 h, precipitated with

ether (80 mL), and centrifuged to form a pellet which was washed

twice with ether. The crude peptide was dissolved in 0.1% aqueous

TFA, filtered, and purified by RP-HPLC. Yield: 8.0 mg (9%); Tr ¼
40 min; purity by RP-HPLC: 95%; deconvoluted ESI-MS: calculated

mass 2957.7, observed mass 2956.5.

Distinctin (5) by Directed Disulfide Formation. The peptides

were dissolved in 0.1% aqueous TFA at 1.0 mg/mL: [A chain] ¼
0.38 mM, [B chain] ¼ 0.34 mM. Zn(OAc)2 dihydrate (3.0 mg, 13.5

lmol, 5.0 equiv) was added to the B chain solution (8.0 mL, 2.7

lmol), followed by the A chain solution (7.4 mL, 2.8 lmol, 1.05

equiv); at this point, the homogeneous solution had a pH value of

about 2. To start the reaction, 0.10M acetate buffer (pH ¼ 5.0, 1.0

mL) was added, and the pH of the reaction was adjusted into the

range of 5.0–5.5 by careful dropwise addition of 1.0N aqueous

NaOH. The reaction was monitored by HPLC and judged to be

FIGURE 1 Primary structure and disulfide bridging of distinctin.

Both N-termini are amino groups, and both C-termini are carboxyl

groups.
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complete within 1 h (Figure 2). The pH was then lowered into the

range of 2–3 by addition of neat TFA, the reaction was filtered, and

purification by RP-HPLC followed. Yield: 6.7 mg (45%); Tr ¼ 43

min; purity by RP-HPLC: 92%; deconvoluted ESI-MS: calculated

mass 5484.6, observed mass 5483.4. For the syntheses of distinctin

A chain containing free cysteine residue and distinctin B chain

containing Cys(Scm), see Supporting Information.

RESULTS AND DISCUSSION
We report here a directed disulfide synthesis strategy for the

unambiguous and cost-effective production of heterodimeric

distinctin molecules needed for NMR structural investiga-

tions. The application of directed methods to the peptide

field dates to independent pioneering work of Kamber and

Hiskey42,43 in the 1970s, and the overall principles and prac-

tices have been reviewed several times.44–46 Our preferred

method of directed disulfide formation is to react two chains,

the first containing a free cysteine thiol, and the second con-

taining an activated Cys(Scm) residue, with one another in

solution.47–50 In turn, we have found that the most robust

and effective way to introduce the needed Cys(Scm) activa-

tion is to first carry out solid-phase peptide synthesis (SPPS)

for assembly of a chain that incorporates a Cys(Acm) residue,

and then treating the completed peptide-resin with methoxy-

carbonysulfenyl chloride to effect the Acm to Scm transfor-

mation (Scheme 1).49,51 This procedure has several advan-

tages, including (i) potential side reactions such as sulfenyla-

tion of Tyr or His residues52–54 are avoided, because the

peptide-resin is still globally protected at this stage; (ii) reac-

tion stoichiometry is much easier to control during on-resin

conversion, with respect to corresponding reactions in solu-

tion; and (iii) an intermediate purification step for isolation

of the Cys(Acm)-containing peptide is no longer necessary,

thus increasing the overall yield. The Scm group is stable

throughout the standard acid/scavenger conditions used to

release peptides from the support after SPPS, as well as dur-

ing RP-HPLC purification. Moreover, peptides that contain a

Cys(Scm) residue can be readily lyophilized and then stored

FIGURE 2 (A) RP-HPLC monitoring of directed disulfide formation reaction (Scheme 2).

Red trace: initial mixture of the reacting peptides at pH * 2, before the pH was adjusted to ini-

tiate the reaction. Note starting 3 and 4. Black trace: peptide mixture after 1 h of reaction follow-

ing pH adjustment to a value of 5.3; chromatogram shows formation of 5 and complete con-

sumption of limiting 3. (B) RP-HPLC of distinctin (5), after purification. All chromatograms

involve a gradient from 10 to 50% (B), over 40 min, flow 1.0 mL/min.

SCHEME 1 On-resin conversion of Cys(Acm) to Cys(Scm) in

protected distinctin A-chain resin (N-terminus free from Fmoc re-

moval step, conventional Wang-type handle), and subsequent cleav-

age from the resin with reagent K.
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at 08C for several weeks. For the synthetic work reported

here that is directed towards distinctin, we have found that

on-resin conversion of Cys(Acm) to Cys(Scm) worked

equally well on either the A or B chains (data not shown); we

choose to install the Cys(Scm) residue in whatever chain did

not contain isotopic labels. Even though the Cys(Acm) resi-

dues that were to be converted in each case occur rather close

to the respective C-termini in the sequences of greater than

20 residues, and one might be concerned a priori with hypo-

thetical accessibility problems, this turned out to not be an

issue in the actual practice.

In previous work, we found that further transformations

of the Cys(Scm) group on full length peptides while still

attached to the solid support, be they reduction with DTT or

thiolytic displacement, gave varying results that seemed to

depend on the location of the Cys(Scm) group in the

sequence.51 Thus, we elected to carry out the directed disul-

fide reaction in solution, where it can be monitored readily

by RP-HPLC. In our experience, the solution directed disul-

fide formation step (Scheme 2) is best conducted under

mildly acidic conditions with Zn2+ catalysis,50 building on a

precedent of Naider for alkylation of cysteine-containing

peptides.55 Under such acidic reaction conditions, unwanted

side reactions such as air oxidation of chains (leading to

homodimers) and disulfide exchange (scrambling of chains)

are minimized or avoided entirely. The reaction of the

Cys(Scm)-containing A chain (3) with the isotopically la-

beled B chain (4) was observed to proceed cleanly and with

good kinetics in the pH range of 5.0–5.5, as established by an

acetate buffer (Figure 2A). Distinctin (5) was the major prod-

uct formed, and the reaction reached completion without fur-

ther side product formation once the limiting reagent, the

Cys(Scm)-containing A chain, was consumed. Because pri-

marily 5 was produced in this reaction, with negligible levels

of the two possible symmetrical disulfide-linked homodimers,

RP-HPLC purification was straightforward (Figure 2B).

The synthetic strategy reported here is particularly condu-

cive to the production of materials required for NMR stud-

ies. To conserve expensive 13C and/or 15N-labeled amino

acids during chain assembly by stepwise SPPS, the appropri-

ate Fmoc-amino acids were double coupled on a Liberty

microwave synthesizer by using only one equivalent per

cycle. A third coupling reaction followed with unlabeled

Fmoc-amino acid was performed, so that acylation would go

to completion, thereby preventing the formation of deletion

peptides missing a residue at those positions that were to be

labeled. When using this plan for the synthesis of the distinc-

tin B chain, where four residues were labeled, we found upon

electrospray mass spectrometry that a mass that was lower by

about one atomic mass unit was reported for the product.

This result means that incorporation of labels in each posi-

tion was not quite quantitative. However, the 1H-15N HSQC

NMR spectrum of the purified distinctin product showed

four distinct alpha cross peaks of approximate equal intensity

(Figure 3). This result validates our overall strategy, which

will now allow us to move forward with planned solid-state

NMR experiments.

CONCLUSIONS
We report here a new synthesis for the AMP distinctin that

features directed disulfide bridge formation. Unlike the pre-

vious synthetic method that generated a statistical mixture of

homodimers along with desired heterodimer, our scheme

makes possible the ready isolation of milligram quantities of

pure distinctin, including variants with site-specific incorpo-

ration of isotopic labeled residues. Synthetic distinctin con-
SCHEME 2 Directed disulfide formation strategy for synthesis of

distinctin, as catalyzed by Zn(OAc)2 at pH 5.0–5.5.

FIGURE 3 [1H-15N]-HSQC spectrum of purified distinctin in

aqueous buffer. The sample contained the following isotopic labels

in the B chain: 15N, 13C-G5, 15N-L6, 15N-Y12, and 15N-L13. All of

the expected resonances appeared in the peptide fingerprint.
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taining several 15N-amino acids was characterized by NMR.

A high-quality [1H-15N]-HSQC spectrum was obtained, in-

dicative of a well-folded polypeptide. Our overall synthetic

process is straightforward, economical, and likely generaliz-

able to the synthesis of other unsymmetrical disulfide-con-

taining molecules of both peptidic and nonpeptidic nature.

Our laboratory is now poised to address further structural

characterization of distinctin by solution and solid-state

NMR, including studies of how the peptide interacts with

membrane-mimetic systems.
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