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Protein-protein interactions (PPIs) are intimately involved in almost all biological processes and are linked to many human diseases. Therefore,
there is a major effort to target PPIs in basic research and in the pharmaceutical industry. Protein-protein interfaces are usually large, flat, and
often lack pockets, complicating the discovery of small molecules that target such sites. Alternative targeting approaches using antibodies have
limitations due to poor oral bioavailability, low cell-permeability, and production inefficiency.

Using peptides to target PPI interfaces has several advantages. Peptides have higher conformational flexibility, increased selectivity, and

are generally inexpensive. However, peptides have their own limitations including poor stability and inefficiency crossing cell membranes. To
overcome such limitations, peptide cyclization can be performed. Cyclization has been demonstrated to improve peptide selectivity, metabolic
stability, and bioavailability. However, predicting the bioactive conformation of a cyclic peptide is not trivial. To overcome this challenge, one
attractive approach it to screen a focused library to screen in which all backbone cyclic peptides have the same primary sequence, but differ in
parameters that influence their conformation, such as ring size and position.

We describe a detailed protocol for synthesizing a library of backbone cyclic peptides targeting specific parasite PPIs. Using a rational design
approach, we developed peptides derived from the scaffold protein Leishmania receptor for activated C-kinase (LACK). We hypothesized that
sequences in LACK that are conserved in parasites, but not in the mammalian host homolog, may represent interaction sites for proteins that
are critical for the parasites' viability. The cyclic peptides were synthesized using microwave irradiation to reduce reaction times and increase
efficiency. Developing a library of backbone cyclic peptides with different ring sizes facilitates a systematic screen for the most biological active
conformation. This method provides a general, fast, and facile way to synthesize cyclic peptides.

Video Link

The video component of this article can be found at https://www.jove.com/video/53589/

Introduction

Protein-protein interactions (PPIs) play a pivotal role in most biological processes, from intracellular signal transduction to cell death’. Hence,
targeting PPlIs is of fundamental importance to basic research and therapeutic applications. PPIs can be regulated by specific and stable
antibodies, but antibodies are expensive and difficult to manufacture and have poor bioavailability. Alternatively, PPIs can be targeted by

small molecules. Small molecules are easier to synthesize and inexpensive compared to antibodies; however, they are relatively less flexible
and fit better to small cavities than to large protein-protein interfaces 3 Diverse studies have demonstrated that peptides, which are simpler
and cheaper than antibodies and more flexible than small molecules, can bind protein interfaces and regulate PPIs*®. The global therapeutic
peptide market was valued around fifteen billion dollars in 2013 and is growing 10.5% annuallye. Furthermore, there are more than 50 marketed
peptides, around 270 peptides in different phases of clinical testing, and about 400 peptides in advanced preclinical phases7. Although numerous
peptides are being used as drugs, peptides still pose several challenges that limit their widespread application including poor bioavailability

and stability, inefficiency in crossing cell membranes, and conformational flexibilitya’g. One alternative to surmount these drawbacks is to apply
different modifications such as local (D-amino acid and N-alkylation) and global (cyclization) constraints®'®"?, These modifications also occur
naturally. Forg)ﬁmple, cyclosporin A, an immunosuppressant cyclic natural peptide, contains a single D-amino acid and undergoes N-alkylation
modifications ™ .

Modification of natural amino acids to induce local constraints, such as D- and N-alkylation, often affects the peptide's biological activity.
However, cyclization, in which the sequence of interest can remain the same, is more likely to preserve biological activity. Cyclization is a highly
attractive way to restrict peptide conformational space by reducing the equilibrium between different conformations. It usually increases biological
activity and selectivity by restricting the peptide to the active conformation that mediates only one function. Cyclization also improves peptide
stability by keeping the peptide in a conformation that is less recognized by degrading enzymes. Indeed, cyclic peptides were shown to have
improved metabolic stability, bioavailability, and selectivity compared to their linear counterparts“—"1 .
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However, cyclization can be a double-edged sword since in some cases the restriction may prevent the peptides from achieving a bioactive
conformation. To overcome this hurdle, a focused library in which all peptides have the same primary sequence and consequently constant
pharmacophores can be synthesized. Peptides in the library differ in parameters that influence their structure, such as ring size and position, in
order to subsequently screen for the most bioactive conformation®®,

Peptides can be synthesized both in solution and by a solid-phase peptide synthesis (SPPS) approach, which is now the more prevalent peptide
synthesis approach and will be discussed further. SPPS is a process by which chemical transformations are performed on a solid support via

a linker to prepare a wide range of synthetic compounds19. SPPS enables assembling peptides by consecutive coupling of amino acids in a
stepwise manner from the C-terminus, which is attached to a solid support, to the N-terminus. The N-a-amino acid side-chains must be masked
with protecting groups that are stable in the reaction conditions used during peptide elongation to ensure the addition of one amino acid per
step. In the final step, the peptide is released from the resin and the side-chain protecting groups are concomitantly removed. While the peptide
is being synthesized, all soluble reagents can be removed from the peptide-solid support matrix by filtration and washed away at the end of
each coupling step. With such a system, a large excess of reagents at high concentration can drive coupling reactions to completion and all the
synthesis steps can be performed in the same vessel without any transfer of material®® .

Although SPPS has some limitations such as the production of incomplete reactions, side reactions, impure reagents, as well as difficulties
monitoring the reaction21, the advantages of SPPS have made it the "gold standard" for peptide synthesis. These advantages include the option
to incorporate non-natural amino acids, automation, easy purification, minimized physical losses, and the use of excess reagents, resulting in
high yields. SPPS has been shown to be extremely useful in the synthesis of difficult sequence321’22, fluorescent modificationszs, and peptide
libraries®*?. SPPS is also very useful for other poly-chain assemblies such as oIigonucIeotide326’27, oligosaccharides28'29, and peptide nucleic
acids®®'. Interestingly, in some cases, SPPS was shown to be advantagseous for synthesizing small molecules that are traditionally made in
solution®?%. SPPS is used both in small scale for research and teaching 435 as well as large scale in industry™ ™",

Two synthesis strategies that are mainly used in SPPS methodology for the synthesis of peptides are butyloxycarbonyl (Boc) and 9-
fluorenylmethoxycarbonyl (Fmoc). The original strategy introduced for SPPS was Boc, which requires strong acid conditions to remove side-
chain protecting groups and cleave the peptide from the resin. Fmoc-based peptide synthesis, however, utilizes moderate base conditions and is
a milder alternative to the acid-labile Boc protocolsg. The Fmoc strategy utilizes orthogonal t-butyl (tBu) side-chain protection that is removed in
the last step of the synthesis while cleaving the peptide from the resin under acid conditions.

The general principle for peptide synthesis on solid support is presented in Figure 1. The initial amino acid, masked by a temporary protecting
group on the N-a-terminus, is loaded onto the resin from the C-terminus. A semi-permanent protecting group to mask the side chain is also used
if necessary (Figure 1, Step 1). The synthesis of the target peptide is assembled from the C-terminus to the N-terminus by repetitive cycles of
deprotection of the N-a-temporary protecting group (Figure 1, Step 2) and coupling of the next protected amino acid (Figure 1, Step 3). After
the last amino acid is loaded (Figure 1, Step 4), the peptide is cleaved from the resin support and the semi-permanent protecting groups are
removed (Figure 1, Step 5).
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Figure 1. General scheme of solid phase peptide synthesis. The N-a-protected amino acid is anchored using the carboxyl group via a

linker to the resin (Step 1). The desired peptide is assembled in a linear fashion from the C-terminus to the N-terminus by repetitive cycles of
deprotection of the temporary protecting group (TPG) from the N-a (Step 2) and amino acid coupling (Step 3). After accomplishing the synthesis
(Step 4), the semi-permanent protecting groups (SPG) are deprotected during peptide cleavage (Step 5). Please click here to view a larger

version of this figure.

After assembly of the complete peptide chain, cyclization can be achieved by several alternatives: (A) head-to-tail cyclization — this is a
convenient way but limited since it provides only one option for cyclization (Figure 2A), (B) cyclization using the amino acids from the sequence
of interest that contain bioactive functional groups — however, the use of these amino acids may influence the biological activity (Figure 2B),
and (C) cyclization by adding amino acids (or other building blocks) without disturbing the bioactive sequence. Introducing these molecules is
widespread as it allows production of focused libraries without modifying the sequence of interest (Figure 2C).
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Figure 2. Alternative peptide cyclization strategies. (A) head to tail cyclization, through a peptide bond between the C-terminus and N-
terminus; (B) cyclization between functional groups such as a disulfide bond between cysteine residues (1), or an amide bond between the side
chains of lysine to aspartic/glutamic acid (2), or side chain to N- or C-terminus (3-4); (C) cyclization by adding extra amino acids or amino acid
derivatives or small molecules, for example before (R0) and after (R7) the bioactive sequence. Please click here to view a larger version of this
figure.
Microwave-assisted synthesis uses microwave irradiation to heat reactions, thus accelerating organic chemical transformations*®*'. Microwave
chemistry is based on the ability of the reagent/solvent to absorb the microwave energy and convert it to heat*2. Before the technology became
widespread, major drawbacks had to be overcome, including the controllability and reproducibility of synthesis protocols and lack of available
systems for adequate temperature and pressure controls®** The first report of microwave-assisted peptide synthesis was done using a
kitchen microwave to synthesize several short peptides (7-10 amino acids) with significant improvement of the coupling efficiency and purity .
Moreover, microwave energy was shown to decrease chain aggregation, reduce side reactions, limit racemization, and improve coupling rates,
which are all critical for difficult and long sequences*®®,

Currently the use of microwave irradiation for the synthesis of peptides or related compounds on a solid support is extensive, including

(A) synthesis in water instead of organic solvent54; (B) synthesis of peptides with common post-translational modifications, such as
glycopeptidesss'58 or phosphopeptidessg'm, whose synthesis is typically difficult due to the low coupling efficiency of sterically hindered amino
acid derivatives; (C) synthesis of peptides with modification in the backbone, such as azapeptides, which can be formed by the replacement of
the C(Scx of an amino acid residue with a nitrogen atomsz, or peptoids, whose side chain is connected to the amide nitrogen rather than the Ca
atom®®4; (D) synthesis of cyclic peptide365'71; and (E) synthesis of combinatorial libraries®""2. In numerous cases, the authors reported higher
efficiency and reduced synthesis time using microwave irradiation as compared to the conventional protocol.

Using a rational design73'75, we developed anti-parasitic peptides that were derived from the scaffold Leishmania's receptor for activated C-
kinase (LACK). LACK plays an important role in the early phase of Leishmania infection’®. Parasites expressing lower levels of LACK fail to
parasitize even immune-compromised mice’’ as LACK is involved in essential parasite signaling processes and protein synthesis78. Therefore,
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LACK is a key scaffold protein79 and a valuable drug target. Focusing on sequences in LACK that are conserved in the parasites, but not in the
host mammalian homolog RACK, we identified an 8 amino acid peptide (RNGQCQRK) that decreased Leishmania sp. viability in culture.

Here, we describe a protocol for the synthesis of backbone cyclic peptides derived from the LACK protein sequence described above. The
peptides were synthesized on a solid support using microwave heating by SPPS methodology with Fmoc/tBu protocol. Peptides were conjugated
to a TAT47.57 (YGRKKRRQRRR) carrier peptide through an amide bond as part of the SPPS. TAT-based transport of a variety of cargoes into
cells has been used for over 15 years and delivery of the cargo into subcellular organelles has been confirmed®. Four different linkers, succinic
and glutaric anhydride as well as adipic and pimelic acid, were used to perform the cyclization to generate carboxylic acid linkers of two to five
carbons. Cyclization was done using microwave energy, and the final cleavage and side-chain deprotection steps were done manually without
microwave energy. The use of an automated microwave synthesizer improved the product purity, increased the product yield, and reduced

the duration of the synthesis. This general protocol can be applied to other studies that utilize peptides to understand important molecular
mechanism in vitro and in vivo and further develop potential drugs for human diseases.

1. Equipment and Reagents Preparation

1. Preparing equipment

1. Perform all steps inside a fume hood using proper personal protective equipment.

2. Chemically synthesize peptides on solid support using a Microwave Peptide Synthesizer with an additional module of Discover
equipped with a fiber-optic temperature probe for controlling the microwave power delivery in a Teflon reaction vessel (30 ml, with a
glass frit) or in a disposable polypropylene cartridge (12 ml, with a coarse frit).

3. For proper mixing, connect nitrogen supply to the reaction vessel, or alternatively seal both ends of the polypropylene cartridge, and
place on a rotary shaker.

4. To drain reaction mixtures or washes, connect to the house vacuum via a waste trap.

5. Place the fiber-optic probe into the reaction vessel.

2. Preparing reagents

Prepare the resin by weighing Rink Amide AM resin 100-200 mesh (0.204 mg), add 5 ml of 1:1 mixture of N,N-dimethylformamide
(DMF)/dichloromethane (DCM) to the reaction vessel/polypropylene cartridge to wash the resin down, shake for 2-4 hr to swell
properly, and drain.

2. Prepare 0.2 M 9-fluorenylmethoxycarbonyl (Fmoc)-amino acid solutions by dissolving the corresponding Fmoc-amino acid in DMF and
vortex the mixture until the amino acids are dissolved (Table 1).

3. Prepare 0.45 M activator solution mix by dissolving 18.96 g O-(benzotriazol-1-yl)-N,N,N',N*-tetramethyluronium hexafluorophosphate
(HBTU) in 100 ml DMF and vortexing the mixture until the solid is dissolved (Table 1).

4. Prepare 2 M activator base solution mix by combining 34.8 ml N,N-diisopropylethylamine (DIEA) with 65.2 ml 1-methyl-2-pyrrolidinone
(NMP) (Table 1).

5. Prepare 0.1 M deprotection solution mix by dissolving 3.37 g 1-hydroxybenzotriazole hydrate (HOBt) in 250 ml of a 20% v/v solution of
piperidine in DMF and vortexing the mixture until the solid is dissolved (Table 1).

2. Fmoc-protected Amino Acid Coupling

1. Amino acid coupling
1. Add amino acid (2.5 ml)/activator (1 ml)/activator base (0.5 ml) to reaction vessel/polypropylene cartridge and let the reaction proceed
for 300 sec (25 W, 75 °C, Table 2). Drain the solution.
2. Wash the resin with DMF. Add DMF to the resin for 120 sec (7 ml, 0 W, RT) and drain the solution. Repeat five times.

2. Fmoc deprotection

1. Add 7 ml of 20% piperidine in DMF with 0.1 M HOBt to reaction vessel/polypropylene cartridge and incubate for 30 sec (45 W, 75 °C,
Table 2).

2. Drain the reaction mixture.

3. Add 7 ml of 20% piperidine in DMF with 0.1 M HOBt to reaction vessel/polypropylene cartridge and incubate for 180 sec (45 W, 75 °C,
Table 2).

4. Drain the reaction mixture.

5. Wash the resin with DMF. Add DMF to the resin for 120 sec (7 ml 0 W, rt) and drain the solution. Repeat five times.
Note: Optionally, pause the procedure here and resume at a later date.

3. After amino acid coupling step, wash the resin with DCM and store for at least several days at 4 °C (for a longer period store the resin at - 20
°C).
1. Move the resin from the reaction vessel to a polypropylene cartridge.
2. Wash the resin with DCM. Add DCM to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat three times.
3. Seal the polypropylene cartridge tightly with a top cap and stopcock.
4. Before starting a new synthesis, swell the resin for 3-4 hr in DMF (7 ml).

4. Monitoring the synthesis
1. Use the Kaiser (ninhydrin) test or Chloranil test to quickly determine the progress of the synthesis. Optionally, perform a small-scale
cleavage reaction to determine the purity and mass of the synthesized peptide. See section 9.
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Note: For further troubleshooting see Table 3.

5. Repeat steps 2.1 and 2.2 as desired to synthesize targeted peptide: Arg(Pbf)-Asn(Trt)-Gly-GIn(Trt)-Cys(Trt)-GIn(Trt)-Arg(Pbf)-Lys(Boc)-
Lys(Mtt)-Gly-Gly-Tyr(But)-Gly-Arg(Pbf)-Lys(Boc)-Lys(Boc)-Arg(Pbf)-Arg(Pbf)-GIn(Trt)-Arg(Pbf)-Arg(Pbf)-Arg(Pbf).

3. Anhydride/Acid Coupling

1. Anhydride coupling
1. Wash the resin with NMP. Add NMP to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat three times.
2. Dissolve 10 equivalents of the corresponding anhydride in NMP (5 ml), add 1 equivalent 4-Dimethylaminopyridine (DMAP) and 10
equivalents DIEA to the solution (Table 1).
3. Add a 10:1:10 mixture of anhydride/DMAP/DIEA to the resin and incubate for 300 sec (25 W, 75 °C, Table 2). Drain the solution.
4. Wash the resin with NMP. Add NMP to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat three times.

2. Acid coupling
1. Wash the resin with DMF. Add DMF to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat three times.
2. Dissolve 10 equivalents of the corresponding dicarboxylic acid in DMF (5 ml). Add 1 equivalent DMAP and 10 equivalents N,N*-
Diisopropylcarbodiimide (DIC) to the solution (Table 1).
3. Pre-activate the mixture by mixing for 30 min.
4. Add the mixture to the resin and incubate for 300 sec (25 W, 75 °C, Table 2) and drain the solution.
5. Wash the resin with DMF. Add DMF to the resin for 120 sec (7 ml, 0 W, rt) and drain solution. Repeat step three times.

4. N-methyltrityl (Mtt) Protecting Group Deprotection

Note: The Igsine side chain was protected with N-methyltrityl (Mtt)m, a protecting group that can be deprotected selectively under acid labile
conditions®®2, Deprotect Mtt protecting group manually on a shaker without microwave energy.

1. Transfer the resin to a polypropylene cartridge equipped with cap plug and stopcock.
2. Wash the resin with DCM. Add DCM to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat three times.
3. Add 15-25 ml of a mixture of 1% Trifluoroacetic acid (TFA), 5% Triisopropylsilane (TIS), and 94% DCM to the polypropylene cartridge per one
gram of resin.
Note: TFA is a strong acid and corrosive and is extremely irritating to the skin, eyes, and lung tissue.
1. Keep concentrated solutions of TFA in the hood at all times.
2. Use proper personal protective equipment (eye protection, a lab coat and gloves) and work in a well-ventilated hood. Change gloves
promptly if they come in contact with TFA and immediately clean-up any spills. If skin or eyes come in contact with the acid, flush the
affected area immediately with water and wash for additional 15 min.

Place the polypropylene cartridge on a shaker and shake for 5 min at RT.

Drain the solution from the polypropylene cartridge by applying vacuum.

Repeat steps 4.3-4.5, three times.

Wash the resin with DCM. Add DCM to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat five times.

Noos

5. Cyclization of the Linear Peptide

Wash the resin with DCM. Add DCM to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat five times.

In a 50 ml polypropylene tube, dissolve 5 equivalents Benzotriazole-1-ly-oxy-tris-pyrrolidinophosphonium hexafluorphosphate (PyBOP) in
Dibromomethane (DBM, 5 ml) and add 10 equivalents DIEA to the solution (Table 1).

3. Add the mixture to the resin and incubate for 300 sec (25 W, 75 °C, Table 2). Drain the solution.

4. Wash the resin with DCM. Add DCM to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat three times.

N =

6. Cleavage and Deprotection of Side-chain Groups

1. Wash the resin with DCM and diethyl ether.
1. Add DCM to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat two times.
2. Add diethyl ether to the resin for 120 sec (7 ml, 0 W, rt) and drain the solution. Repeat two times.

2. Dry the resin in vacuum desiccator at RT for at least 3 hr over potassium hydroxide (KOH, 1-10 g).

3. Weigh the dried resin and transfer it to a polypropylene cartridge.

4. Add 10 ml of a pre-cooled trifluoroacetic acid (TFA) cleavage cocktail (e.g., 90% TFA, 2.5% water, 2.5% TIS and 5% phenol) to every one
gram of resin.

5. Shake for 3 hr at RT.

6. Collect the TFA cleavage solution by filtering the resin into a 50 ml polypropylene tube. For the filtration, use the frit that is in the 12 ml
polypropylene cartridge.

7. Add cold diethyl ether (35 ml) to the tube.

8. Centrifuge for 5 min at 1,207 x g at 4 °C.

9. Decant the ether layer.
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10. Repeat Step 6.7-6.9, five times.

7. Drying the Backbone Cyclic Peptide

Keep the precipitated peptide in the same tube and dry it in a hood for 30 min.
Dissolve the peptide in a 1:1 mixture of water and acetonitrile (ACN).

Freeze the final product solution in liquid nitrogen.

Lyophilize the final product.

PN

8. Characterizing the Backbone Cyclic Peptide

Dissolve a small sample (1 mg) of the product in water (400 pl).

Inject tarle dissolved peptide (10-200 pl) to a reverse phase high-performance liquid chromatography (RP-HPLC) system to test the peptide

purity =,

3. Check the mass of the peptide using mass spectrometry matrix-assisted laser desorption ionization (MS-MALDI) 8

1. Mix 1 pl (100 pM) peptide in a 1:1 (v/v) mixture of acetonitrile:water with 1 pl of matrix (5 mg/ml, a-cyano-4-hydroxycinnamic acid) in a
1:1 (v/v) mixture of acetonitrile:water with TFA (0.1%).

2. Spot 1 pl on the MS-MALDI plate.

3. Dry the sample and place it in the mass spectrometer.

N =

4. Weigh the peptide and calculate the percent yield.
5. Store at-20 °C.

9. Monitoring the Synthesis

1. Kaiser (ninhydrin) test &
1. Prepare the reagent solutions.
1. Prepare Solution A by dissolving 16.5 mg of Potassium cyanide (KCN) in 25 ml of distilled water. Dilute 1 ml of the above
solution with 49 ml of pyridine.
2. Prepare Solution B by dissolving 1 g of ninhydrin in 20 ml of ethanol.
3. Prepare Solution C by dissolving 40 g phenol in 20 ml ethanol.

2. Use the Kaiser test to check the completion of amino acid coupling or the deprotection of the protecting group.
1. Transfer a few beads from the resin to a test tube.
2. Add three drops (~ 100 pl) of each solution (A, B and C) and mix.
3. Heat the test tube on a heating block at 110 °C for 5 min.
Note: Blue colored beads (positive result) indicate incomplete coupling reaction or deprotection of Fmoc protecting group.

2. Chloranil test %
1. Prepare the following reagents fresh for each test.
1. Prepare a solution of 2% Chloranil in DMF, solution A.
2. Prepare a solution of 2% acetaldehyde in DMF, solution B.

2. Perform the Chloranil test to check the completion of amino acid coupling or the deprotection of the protecting group.
1. Mix 100 pl of solution A with 100 pl of solution B in a 1.5 ml tube.
2. Drop the beads in and gently shake for 5 min.
Note: Dark brown colored beads (positive result) indicate deprotection of the Fmoc protecting group or an incomplete coupling
reaction.

3. Small scale cleavage reaction

Remove a small amount of resin to a 3 ml polypropylene cartridge equipped with cap plug and stopcock.

Treat with a 2 ml mixture of 95% TFA, 2.5% water and 2.5% TIS.

Shake the mixture for 30 min at RT.

Remove the resin by filtration using the frit of the polypropylene cartridge and evaporate the solvents by a stream of nitrogen.
Dissolve the residue in water and analyze the product using HPLC and/or MS.

aorwb=

10. Leishmania donovani Promastigote Viability in Culture Assay

1. Leishmania donovani (L. donovani) growth and treatment conditions
1. Culture L. donovani promastigotes in Dulbecco's Modification of Eagle's Medium (DMEM) with 4.5 g/L glucose, L-glutamine, and
sodium pyruvate at 26 °C .
2. Treat the L. donovani promastigotes with cyclic peptides (100 uM) for 24 hr at 26 °C.

2. Leishmania donovani (L. donovani) viability assay
1. Assess parasite viability with 20 pl alamarBlue according to manufacturer's protocol.
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2. Determine alamarBlue reduction by measuring fluorescence (at 570 nm excitation and 590 nm emission). Higher fluorescence values
indicate greater metabolic activity and increased parasite viability.

Representative Results

Here we describe the development of a focused small library of backbone cyclic peptides that specifically target vital PPIs of the Leishmania
parasite and act as antiparasitic agents (for review about peptides that target PPIs as antiparasitic agentsg7). Through the synthesis of novel
backbone cyclic peptides, pharmacophores are conserved in a scaffold of extendable size. The strength of the focused library proposed here is
the ability to vary peptide scaffold sizes while allowing a restricted degree of conformational freedom through cyclization. The entire synthesis of
the backbone cyclic peptides was done using an automated microwave synthesizer on solid support, following the Fmoc/tBu protocol. Cyclization
was performed by creating an amide bond between the linker, anhydride/acid, and the side-chain amine of lysine. The final cleavage and
side-chain deprotection were carried out manually without microwave energy (for synthesis scheme and final products structure see Figure

3). The product was analyzed by preparative HPLC to yield 25 mg of white powder stored at -20 °C. A sample of the product was checked

by MS (Figure 4) and its degree of purity was determined using analytical HPLC (Figure 5). A sample of each cyclic peptide was sent for
biological screening. One of the four cyclic peptides (pL1) was active against Leishmania donovani (L. donovani), a parasite causing visceral
leishmaniasis, the most severe leishmaniasis in humans. Peptide pL1 reduced parasite viability by 75% as compared with the control treatment

(Table 4).
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Figure 3. Synthesis scheme and structure of the backbone cyclic peptide synthesized in this study. Reagents and conditions: (i) Amino
acid coupling: 300 sec, 25 W, 75 °C, using 1.1:1:2.2 amino acid/activator/activator base. (ii) Fmoc deprotection: 30 sec and 180 sec both at 45
W, 75 °C, using 20% piperidine in DMF + 0.1 M HOBL. (iii) Anhydride coupling: 300 sec, 25 W, 75 °C, using 10:10:1 anhydride/DIEA/DMAP in
NMP. (iv) Mtt deprotection: 3 * (300 sec, 0 W, rt) using 1:5:94 TFA/TIS/DCM. (v) Cyclization: 300 sec, 25 W, 75 °C, using 5:10 PyBOP/DIEA in
DBM. (vi) Cleavage and deprotection: 3 h, 0 W, rt, using 90:2.5: 2.5:5 TFA/TIS/H,O/Phenol. Peptides were conjugated to a TAT47.57 (Tyr-Gly-Arg-
Lys-Lys-Arg-Arg-GIn-Arg-Arg-Arg) carrier peptide through an amide bond as part of the solid phase synthesis. Please click here to view a larger
version of this figure.
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Figure 4. MALDI-TOF mass spectroscopy trace of representative backbone cyclic peptide. The observed mass, 2853.456 is in close
agreement to the calculated mass, 2854.271. Please click here to view a larger version of this figure.
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Figure 5. Analytical reverse phase HPLC trace of representative backbone cyclic peptide. The analytical HPLC traces of the crude (A) and
purified (B) backbone cyclic peptide are shown. The solvent systems used were A (H,O with 0.1% TFA) and B (CH3CN with 0.1% TFA). A linear
gradient of 5-50% B at 1 ml/min in 15 min at 40 °C with a C18, 5 ym, 150 mm column was applied and the detection was at 215 nm. Please click
here to view a larger version of this figure.

Solution Reagent MW (g/mol) d (g/ml) Volume (ml) Concentration (M) | Total Amount

- Amino acid Alanine amino acid |311.34 0.2 6.23 g

solution -

0.2 M of amino DMF 100 100 ml

acid in DMF
An example for alanine amino acid, but the same calculation should be done for each amino acid, with the appropriate MW.
To prepare a 100 ml amino acid solution dissolve 6.23 g of alanine amino acid in 100 ml DMF. Store at 4 °C.

- Deprotection HOBt 135.1 0.1 3.37¢g

solution -
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20% vl/v solution of |Piperidine 50 50 ml
piperidine in DMF
with 0.1M HOBt

DMF 200 200 ml

Deprotection is used for removal of the Fmoc N® - protecting group. To prepare a 250 ml deprotection solution dissolve 3.37 g

HOBt in 200 ml DMF and add 50 ml piperidine. Store at 4 °C.

- Activator solution |HBTU 379.24 0.45 18.96 g
0.45 M HBTU in DMF 100 100 ml
DMF

Activator is used with the activator base to activate the amino acid before the coupling reaction. To prepare a 100 ml activator

solution dissolve 18.

96 g HBTU in 100 ml

DMF. Store at 4 °C.

- Activator base DIEA 129.24 0.742 2 34.80 ml
solution -
2 M DIEA in NMP  |NMP 65.20 ml

Activator base is used with the activator to activate the amino acid before the coupling reaction. To prepare a 100 ml activator

base solution mix 34.8 ml DIEA and 65.2

ml NMP. Store at 4 °C.

Solution Reagent MW (g/mol) d (g/ml) Volume (ml) Eq Total Amount
Anhydride solution | Glutaric/Succinic 114.1/100.07 10 0.11/0.10 g
—10:1:10 anhydride
anhydride/DMAP/
DIEA in NMP DMAP 122.2 1 0.01g
DIEA 129.24 0.742 10 0.09 mi
NMP 5 5ml
Dissolve 0.11/0.10 g of glutaric/succinic anhydride in 5 ml NMP, add 0.01 g of DMAP and 0.09 ml of DIEA to the solution.
Prepare a fresh solution.
Acid solution — Adipic/Pimelic acid |146.14/160.17 10 0.15/0.16 g
10:1:10 acid/
DMAP/DIC in DMF |PMAP 1222 ! 0.019
DIC 126.2 0.806 10 0.16 ml
DMF 5 5ml

Dissolve 0.15/0.16 g of Adipic/Pimelic acid in 5 ml DMF, add 0.

fresh solution.

01 g of DMAP and 0.

16 ml of DIC to the solution. Prepare a

Cyclization solution
— 5:10 PyBOP/
DIEA in DBM

PyBOP 520.3 5 0.26g
DIEA 129.24 0.742 10 0.09 ml
DBM 5mil 5mil

Dissolve 0.26 g PyBOP in 5 ml DBM and add 0.09 ml of DIEA to the solution. Prepare a fresh solution.

Table 1. Reagents and solutions for the backbone cyclic peptide synthesis. List of the solutions and reagents for the synthesis is provided.

deprotection

Microwave cycle Power (Watts) Temp (°C) Time (sec)

1 Coupling amino acids 25 75 300

2 Deprotection of Fmoc | (a) Initial deprotection |45 75 30
protecting group (b) Complete 45 75 180

Table 2. Microwave cycles for coupling and deprotection. Microwave cycles for amino acid coupling and Fmoc-deprotection. (1) Coupling of
amino acids. (2) Deprotection of the Fmoc masking group is done in two steps: (a) initial and (b) complete deprotection.

Problem

Possible reason

Solution

Kaiser or Chloranil tests are positive after
amino acid coupling

The amino acid coupling is incomplete

Repeat the coupling step

supernatant

Peptides are not efficiently separated from the

Excess amount of TFA

Evaporate the sample using a stream of

nitrogen
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Presence of deletion sequences in the product

Fmoc removal is incomplete

Monitor the deprotection by Kaiser or Chloranil
tests and/or small scale cleavage, in case the
Fmoc removal is incomplete repeat the step

Amino acid coupling is incomplete

Monitor the coupling by Kaiser or Chloranil
tests and/or small scale cleavage, in case the
amino acid coupling is incomplete repeat the
step and/or use longer reaction time

Table 3. Troubleshooting advice List of solutions for the most common synthetic challenges is provided.

Peptide Sequence n MS. Cal. MS Obs. HPLC Yield Parasite
viability

pL1 RNGQCQRK-GG-YGRKKRRQRRR 2 2854.321 2853.456 98% 86% 25%

pL2 RNGQCQRK-GG-YGRKKRRQRRR 3 2868.348 2868.808 98% 87% 100%

pL3 RNGQCQRK-GG-YGRKKRRQRRR 4 2882.375 2881.823 96% 89% 97%

pL4 RNGQCQRK-GG-YGRKKRRQRRR 5 2896.402 2895.603 97% 85% 98%

Table 4. Characterization and bioactivity of the peptides in this study. n refers to the number of methylenes in the alkyl spacer (see Figure 3
for structure). MS was done using MALDI technique and purity was determined by analytical HPLC. Peptides were added to Leishmania donovani
promastigotes and the viability of parasites was assessed and expressed as percent survival relative to control cultures incubated in the absence
of peptide. Only pL1 had high Leishmanicidal activity. The observer was blinded to the experimental conditions. Data are representative of three
independent experiments.

The synthesis of a focused library of backbone cyclic peptides derived from the LACK protein of the Leishmania parasite using a fully automated
microwave synthesizer is described. A focused library of cyclic peptides was developed with conserved pharmacophores and various linkers.
Addition of various linkers such as glutaric anhydride, succinic anhydride, adipic acid, pimelic acid, lysine, ornithine, and other building blocks
can be used to increase the variety of the conformational space of the cyclic peptides. The synthesis of a focused cyclic peptides library allows
researchers to screen for the optimal conformational space. Since the conformation of cyclic peptides varies depending on parameters such

as ring size and position, diverse analogs with different conformations can be generated, which may be useful in biological structure-activity
relationship studies®.

A main challenge in SPPS is diagnosing the synthetic progress and problem-solving since no intermediates are isolated. Therefore, several
colorimetric tests can be used to monitor the reaction, such as those that identify free amines by Kaiser and Chloranil tests. If the Kaiser or
Chloranil tests are not indicative (e.g., proline and hydroxy-proline do not react with ninhydrin in the same way as the other amino acids because
their alpha amino group is part of a five membered ring), a small scale cleavage reaction and mass spectrometry analysis may be applied to
monitor synthesis progress.

Cleavage time and the cleavage cocktail can be modified based on the chemical properties and number of the protecting groups used. It is
recommended that an initial trial cleavage using a small amount of the resin (1-10 mg) be performed to verify the proper conditions. King et al.
have tested different cleavage cocktails for various peptides and their detailed guidelines can be used to optimize reaction conditions®®. For
backbone cyclic peptides, incubation for at least 3 hr is recommended as a default for full cleavage. However, peptides containing a high number
of protecting groups or difficult protecting groups (e.g., t-butyl ester or pentamethyl-2,3-dihydrobenzofuran-5-sulfonyl) should be incubated for a
longer time to ensure complete deprotection. Herein, we have not systematically studied the optimal cleavage time or cocktail. Nevertheless, we
found that a short cleavage time (less than 2 hr) resulted in incomplete cleavage of some protecting groups.

The standard microwave peptide synthesis protocol is a generally applicable method for the synthesis of a variety of peptides. In most cases,
the use of an automatic microwave synthesizer reduces the synthesis duration and increases the yield and purity of the products. Furthermore, it
decreases side reactions such as racemization and aspartimide formation. Although we have not done a side-by-side comparison of microwave
and conventional synthesis in this stud)l/, based on our and other labs' experience, it was shown that the use of microwave-assisted synthesis is
superior to the conventional protocolm' ®. Aimost all activators and resins can be effectively used in microwave SPPS and the general method
can also be apgolied to the synthesis of a variety of modified peptides, such as, glycopeptides, phosphopeptides, azapeptides, peptoids, and
cyclic peptides™.

Cyclization is a convenient way to enhance the potency and stability of linear precursors. Cyclic peptides can obtain a desirable constrained
conformation that may contribute to increased binding affinity and selectivity . Furthermore, linear peptides can be modified to contain multiple
cyclic loops, enabling them to possibly target multiple endogenous protein binding interfaces o, However, it is important to note that cyclization
does not necessarily lead to improvements in all or sometimes any of these properties. Certain cyclic peptides can result in conformations that
are not recognized by targeted receptors (for examplegz’%).Therefore, a focused library of cyclic peptides is necessary to screen for bioactivity.
In conclusion, synthetic cyclic peptides exhibit desirable pharmacological characteristics, are small enough to cross the cell membrane, and are
large enough to have high selectivity. High potency, specificity, and safe profile contribute to cyclic peptides' promise as drug candidates.
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