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ABSTRACT 

 

Beyond Rule of 5 Drug Discovery: 

Investigating the Drug-like Properties of Cyclic Peptide Natural Products and 

PROTACs 

Victoria Gail Klein 

 

Drug discovery efforts have favored small molecules that can be described by 

Lipinski's "Rule of 5" (Ro5). Compounds that fit into the Ro5 are under 500 in 

molecular weight (MW), have an octanol-water partition coefficient of less than five, 

have fewer than five hydrogen bond donors (HBDs), and fewer than ten hydrogen bond 

acceptors (HBAs). While some have published variations on the Ro5 since its 

description by Lipinski in 1997 and though the Ro5 was simply a summary of orally 

active drugs at the time, the Ro5 has often been used as design parameters in drug 

discovery. Drugs that conform to the Ro5 are typically likely to be orally bioavailable 

and have favorable ADME properties (absorption, distribution, metabolism, and 

excretion). However, confining drug design to fit into this set of criteria restricts drug 

targets to proteins with well-defined active sites and leaves a large portion of the 

proteome "undruggable." To expand the druggable proteome, there has been a recent 

surge in antibody-based drugs. Antibodies are larger and able to target proteins without 

a well-defined active site. However, these expensive molecules are not orally 

bioavailable, and they are so large that they are only capable of targeting extracellular 

receptors. In this drug paradigm, intracellular protein disease targets either lacking 



xv 
 

small molecule binding sites or participating in protein-protein interaction are left 

without treatment. 

Further and critical expansion of the druggable proteome can be achieved with 

both natural product-inspired cyclic peptides and degradation-triggering proteolysis 

targeting chimeras (PROTACs). The intermediate size of these types of compounds 

lends the ability to affect intracellular disease targets while maintaining cellular 

permeability and oral bioavailability. Both molecule types can also bind to their protein 

targets at sites other than a deep pocket, overcoming this limitation common to typical 

small molecule drugs. The overall goal of my dissertation is to investigate the 

biological activity and physicochemical properties of these two "beyond Rule of 5" 

(bRo5) therapeutics capable of targeting previously "undruggable" protein targets.  

Chapter one investigates the bioactivity and permeability of the cyclic peptide 

natural product cordyheptapeptide A and several synthetic derivatives. These natural 

product-inspired derivatives reveal that it is crucial to consider both bioactivity and 

permeability when optimizing a natural product. Additionally, using a combination of 

high-content screening and biochemical assay, I identify the intracellular target of 

cordyheptapeptide A as the eukaryotic translation elongation factor eEF1α. This is a 

critical disease target that is upregulated in many cancers and has yet to be successfully 

inhibited by a small molecule that adheres to the Ro5. Importantly, this work highlights 

that cyclic peptides dominated by aromatic and lipophilic sidechains, like 

cordyheptapeptide A, have the capacity to inhibit intracellular drug targets with sub-

micromolar potencies. 
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In chapters two and three, I explore the physicochemical properties of 

PROTACs. These heterobifunctional molecules catalytically trigger the degradation of 

a protein target. PROTACs are typically more specific, more potent, and produce fewer 

off-target effects than typical Ro5 small molecule drugs. Our knowledge of PROTAC 

bioactivity is rapidly growing, but there is an urgent need to better understand these 

compounds' physicochemical properties. Chapter two uses two label-free mass 

spectrometry related assays to determine the passive permeability of several previously 

published PROTACs and examine how different structural features contribute to this 

permeability. I also demonstrate that amide-to-ester substitutions increase PROTAC 

permeability, PROTACs can form intramolecular hydrogen bonds that could be 

important for their permeability, and that PROTAC bioactivity is affected by 

permeability. However, strong target binding and ternary complex formation can 

overcome permeability deficits.  

Chapter three expands on the findings from chapter two and investigates 

permeability improvements gained from an amide to ester substitution in compounds 

with a wide range of calculated lipophilicities and several different linkers. I describe 

how esters increase the permeability of PROTACs over a broad range of linkers and 

lipophilicities, but not for compounds that already have high lipophilicities (>4.5) that 

are moving into the range of lacking aqueous solubility. We also discovered that while 

amide-containing PROTACs are the most stable in plasma, ester-containing 

compounds in which the ester is near a larger drug-like side chain see only minimal 

hydrolysis in plasma. Combined, chapters two and three offer design guidelines for 
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developing permeable PROTACs, insights into how their structural features affect their 

permeability, and strategies to improve these compounds' permeabilities.  

Overall, this dissertation emphasizes the need to 1) consider the relationship 

between bioactivity and permeability when optimizing new drug compounds and 2) 

expand our current drug discovery efforts to include bRo5 compounds to treat 

previously "undruggable" diseases.  
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Abstract 

 

Originating from the widely prized Cordyceps fungal genus, cordyheptapeptide 

A is a lipophilic cyclic peptide with significant therapeutic potential. While its target 

was previously unidentified, this natural product has been shown to be cytotoxic in 

multiple cancer cell lines. To better understand its bioactivity and physicochemical 

properties, we developed several synthetic cordyheptapeptide derivatives. Based on 

these derivatives, we identified a number of strategies to improve cyclic peptide 

permeability. Furthermore, we demonstrate that removing a backbone N-methyl can 

improve bioactivity without drastically affecting membrane permeability when a new 

intramolecular hydrogen bond is formed. Additionally, we identified the mechanism of 

action and major target of cordyheptapeptide A. This cyclic peptide diminishes protein 

and DNA synthesis through inhibition of the cancer-relevant eukaryotic translation 

elongation factor eEF1A. This work offers a strategy to study and improve cyclic 

peptide natural products while highlighting the ability of these lipophilic compounds 

to effectively inhibit intracellular disease targets. 

  



3 
 

1.1 Introduction 

Macrocycles have long been pursued for their rich structural diversity and 

continue to provide a bountiful source of bioactive scaffolds.1-3 Significant work has 

gone into understanding and improving both the biochemical and physiochemical 

properties of macrocycles with a recent emphasis on their uses as therapeutics.4,5 Many 

cyclic peptide natural products are highly active in mammalian cells, prompting studies 

by our group and others into the factors that govern cell permeability in these large, 

non-“druglike” molecules.6-9 In the course of our investigations into the relationship 

between molecular size and cell permeability,7,8 we synthesized and investigated the 

properties of cordyheptapeptide A (1) (Figure 1-1). Originally isolated from 

Cordyceps, a fungal genus widely valued for its pharmaceutical potential,10 the 

cordyheptapeptide family, including cordyheptapeptide B (2) and C, are reported to 

show toxicity toward bacteria, fungi, as well as a variety of cancer cell lines.11-13 While 

a crystal structure11 of 1 and its solution-phase total synthesis have been reported,13 its 

biological target(s) and mechanism of action remain unknown.  

During an image-based screening effort on a variety of natural and synthetic 

cyclic peptides, we identified an interesting and potent phenotypic activity of 1 in HeLa 

cells. This observation prompted us to develop an efficient solid-phase synthesis 

approach to 1 and several derivatives, enabling the investigation of structure-activity 

and structure-permeability relationships in the cordyheptapeptide family. Using NMR 

coupled with molecular dynamics simulations, we demonstrate that small 

modifications to the backbone of a cyclic peptide can drastically affect both the 
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permeability and bioactivity of a cyclic peptide. Additionally, by combining two high-

content screening assays with targeted pull-down assays, we identified its cellular 

target as the translation elongation factor eEF1A.  

 

1.2 Results 

1.2.1 Improved total synthesis 

The solution-phase total synthesis of cordyheptapeptide A (1, Figure 1-1 A) 

have been reported previously.13 We developed a total synthesis for 1 using solid-phase 

peptide synthesis (SPPS), allowing for rapid, automated linear synthesis using Fmoc 

chemistry, N-methylated amino acid monomers, and in-sequence, on-resin N-

methylation14 (Supplementary Scheme 1). This higher-throughput synthesis was 

essential for generating a library of compounds to investigate structure-activity and 

structure-permeability relationships.  

 

 
 

Figure 1-1: Cordyheptapeptide structure and activity (A) chemical structure of 

cordyheptapeptides A (1). (B) Effect of 1 on cell proliferation in HCT 116 cells after 

72 h. Error bars are one SD. N =3 
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1.2.2 Bioactivity optimization 

Since its isolation in 2006, 1 and its derivatives have shown cytotoxicity in a 

variety of cancer cell lines, with IC50 values in the mid- to low-µM range.11 Using a 

72-h resazurin-based cell proliferation assay,  we confirmed literature results for 1 in 

HCT 116 cells  (IC50 = 0.1 μM, Figure 1-1 B, Supplementary Figure 1-S1). The 

reported IC50 of cordyheptapeptide B (2, NMeTyr-2-NMePhe) also falls in the low-µM 

range in many cells lines and is often less potent than 1 when compared by cell line.11-

13 Our cell proliferation results in HCT 116 cells also showed 2 to be much less active 

than 1 (IC50 = 35 µM, Supplementary Figure 1-S1).  

Using the modularity of our new cordyheptapeptide synthesis, we generated a 

variety of structural variants aimed at probing structure-permeability and structure-

activity relationships (SAR). Though 1 and 2 differ by only one hydroxyl at the Tyr2 

(1)/Phe2 (2) position, these two compounds have a 350-fold difference in 

antiproliferative activity in HCT 116 cells (Table 1-1). To further investigate this SAR 

and potentially improve the bioactivity of 1, we generated a series of derivatives by 

varying each of its seven residues. Many noteworthy observations emerged from this 

SAR study (Table 1-1).  

First, we performed an alanine scan15 of the natural product (1), which revealed 

that all side chains are critical to its antiproliferative activity (3 – 9,  IC50 > 75 μM, 

Table 1-1, Supplementary Figure 1-S1), suggesting that that each residue is essential 

to either target engagement, secondary structure, or cellular permeability. Next, since 

there are a wide variety of commercially available, non-proteinogenic L-Phe and D-
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Phe derivatives including fluorine, chlorine, and heterocyclic substitutions, we 

synthesized a small SAR series based on variations at Phe3 and D-Phe6. All 

compounds from this initial SAR series (19 – 26) were less potent than 1, ranging from 

moderately active (IC50 = 1 µM) to inactive (IC50 > 75 μM) (Table 1-1, Supplementary 

Figure 1-S1).  
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Table 1-1: Comparison of potency and properties between cordyheptapeptides A 

and B and synthetic derivatives. The compounds are compared by ALogP, IC50, 

PAMPA permeability, and aqueous solubility. The features are colored on a log scale 

ranging from white (weakest potency, poorest permeability/solubility) to dark (highest 

potency, best permeability/solubility). Dark colors indicate the lowest values in the IC50 

column and indicate the highest values in the permeability and solubility columns. The 

IC50 of a compound was determined by 72-h cell proliferation in HCT 116 cells. 

Notation “*” = data reported in Naylor et al. (2018)7 “n.d.” = none detected, and “--” 

indicated no measurement was taken. (See Supplementary Table 1-S1 for IC50 95% 

confidence intervals) 

 
 

Pe  x 10
-6

 
(cm/s)

1 Ile MeTyr Phe Sar Pro MeDPhe Leu 4.2 0.1 1.2* 4

2 Ile MePhe Phe Sar Pro MeDPhe Leu 4.5 35 2.3* 2

VK03 (3) Ala MeTyr Phe Sar Pro MeDPhe Leu 2.9 > 75 0.2* 10

VK04 (4) Ile MeAla Phe Sar Pro MeDPhe Leu 2.9 > 75 5.9* 16

VK05 (5) Ile MeTyr Ala Sar Pro MeDPhe Leu 2.7 > 75 1.2* 17

VK06 (6) Ile MeTyr Phe Sar Ala MeDPhe Leu 3.9 > 75 2.5* --

VK07 (7) Ile MeTyr Phe Sar MeAla MeDPhe Leu 4.1 > 75 7.8* 37

VK08 (8) Ile MeTyr Phe Sar Pro MeDAla Leu 2.7 > 75 1.3* n.d.

VK09 (9) Ile MeTyr Phe Sar Pro MeDPhe Ala 3 > 75 2.2 9

VK10 (10) Ile Tyr Phe Sar Pro MeDPhe Leu 4 8 1.6 25

VK11 (11) Ile MeTyr Phe Gly Pro MeDPhe Leu 4 0.5 1.6 7

VK12 (12) Ile MeTyr Phe Sar Pro DPhe Leu 4 28 0.7 37

VK13 (13) Ile Phe Phe Sar Pro MeDPhe Leu 4.3 > 75 1.7 14

VK14 (14) Ile MePhe Phe Gly Pro MeDPhe Leu 4.3 17 0.9 2

VK15 (15) Ile MePhe Phe Sar Pro DPhe Leu 4.3 > 75 3.9 23

VK16 (16) MeAla MeTyr Phe Sar Pro MeDPhe Leu 4.4 37 6.7 56

VK17 (17) Ile MeTyr MePhe Sar Pro MeDPhe Leu 4.4 > 75 2.4 230

VK19 (19) Ile MeTyr Phe(2-F) Sar Pro MeDPhe Leu 4.4 11 2.5 --

VK20 (20) Ile MeTyr Phe(3-Cl) Sar Pro MeDPhe Leu 4.9 34 1 3

VK21 (21) Ile MeTyr Phe(4-Cl) Sar Pro MeDPhe Leu 4.9 3.6 1.5 0.3

VK22 (22) Ile MeTyr Phe(4-F) Sar Pro MeDPhe Leu 4.4 1.8 1.9 8

VK23 (23) Ile MeTyr Ala(β-2-fur) Sar Pro MeDPhe Leu 3.3 > 75 3.4 58

VK24 (24) Ile MeTyr Ala(β-3-pyr) Sar Pro MeDPhe Leu 3.1 > 75 n.d. 516

VK25 (25) Ile MeTyr Phe Sar Pro MeDPhe(4-Cl) Leu 4.9 28 1 0.5

VK26 (26) Ile MeTyr Phe Sar Pro MeDPhe(4-F) Leu 4.4 3.4 3.4 4

VK27 (27) Ile MeTyr Phe(2-F) Gly Pro MeDPhe Leu 4.2 0.3 0.9 156

VK28 (28) Ile MeTyr Phe(3-Cl) Gly Pro MeDPhe Leu 4.7 0.2 1.3 0.8

VK29 (29) Ile MeTyr Phe(4-Cl) Gly Pro MeDPhe Leu 4.7 0.5 1.5 0.9

VK30 (30) Ile MeTyr Phe(4-F) Gly Pro MeDPhe Leu 4.2 0.1 0.9 2

VK31 (31) Ile MeTyr Ala(β-2-fur) Gly Pro MeDPhe Leu 3.1 > 75 1.6 20

VK32 (32) Ile MeTyr Ala(β-3-pyr) Gly Pro MeDPhe Leu 2.9 > 75 n.d. 5

VK33 (33) Ile MeTyr Phe Gly Pro MeDPhe(4-Cl) Leu 4.7 19 0.8 0.8

VK34 (34) Ile MeTyr Phe Gly Pro MeDPhe(4-F) Leu 4.2 0.3 1.3 10

VK35 (35) Ile MeTyr Phe(4-F) Gly Pro MeDPhe(4-F) Leu 4.4 28 0.7 19

VK36 (36) Ile MeTyr(OAc) Phe Sar Pro MeDPhe Leu 4.2 2.9 0.4 5

VK37 (37) Ile MeTyr(OMe) Phe Sar Pro MeDPhe Leu 4.4 > 75 n.d. 14

VK38 (38) Ile MeTyr(OMe) Phe Gly Pro MeDPhe Leu 4.2 5.6 0.9 6

VK39 (39) Ile MePhe(4-F) Phe Sar Pro MeDPhe Leu 4.7 -- n.d. 11

VK40 (40) Ile MePhe Phe(4-F) Gly Pro MeDPhe Leu 4.5 1.5 0.9 23

VK41 (41) Ile MeTyr Phe(4-F) β-Ala Pro MeDPhe Leu 4.3 28 2.7 3

VK42 (42) Nva MeTyr Phe Sar Pro MeDPhe Leu 4.4 22 1.9 18
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Since these initial SAR studies yielded no compounds with improved potency 

over the parent natural product, and because 1 showed only modest permeability (Pe = 

1.2 x 10-6 cm/s ) and low aqueous solubility (3.9 μM) (Table 1-1), we considered 

whether potency could be improved by increasing the compound’s membrane 

permeability, aqueous solubility, or both. As backbone N-methylation causes a 

complex interplay of both local and global effects on permeability and bioactivity,16-19 

we synthesized and tested a variety of backbone N-methyl variants of 1. Indeed, 

changes in backbone N-methylation had varying effects on both the bioactivity and the 

physiochemical properties of 1. N-methylating a non-N-methylated position at Phe3 in 

1, while it produced a slight increase in permeability, dramatically decreased 

bioactivity (17, IC50 > 75 µM). Although the solid-state conformation does not 

necessarily represent its target-bound state, the crystal structure of 1 shows that the NH 

groups at positions 3 and 7 are both involved in intramolecular hydrogen bonds, 

demonstrating the potential importance of these NH groups in determining the overall 

conformation of the molecule.7,11 

 Removal of any individual N-methyl from 1 led to a decrease in potency, 

although the severity of this loss depended on the position. The Sar4 position (11) was 

most tolerant of N-Me removal (IC50 = 0.5 μM), followed by Tyr2 (10, IC50 = 8 μM), 

and then D-Phe6 (12, IC50 = 35 μM). However, whereas removal of the N-Me at 

MeDPhe6 also diminished permeability significantly, N-Me removal at MeTyr2 did not 

affect permeability. Interestingly, while removal of the N-Me at Sar4 (11) also had no 
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impact on permeability, this substitution saw only a 5-fold loss in potency (IC50 = 0.5 

µM). We hypothesized that introducing amino acids with more conformational 

freedom, for example, substituting Pro5 for a MeAla, might allow for an alternative 

conformation with higher permeability. Indeed, the substitution of Pro5 for MeAla (7), 

which does not substantially change the calculated lipophilicity of the compound, 

resulted in a significant increase in permeability from 1.2 x 10-6 cm/s to 7.8 x 10-6 cm/s. 

This suggests that the Pro-containing natural product has a more restricted 

conformational landscape, thereby limiting access to nonpolar conformations in the 

membrane's low dielectric. Similarly, substituting Sar4 for a the more flexible β-alanine 

(41) slightly improved permeability (2.7 x 10-6 cm/s) over 1.  Though both the Pro5-to-

MeAla and Sar4-to-β-alanine were more permeable, these modifications also 

eliminated antiproliferative activity in HCT 116 cells.  

Since the Sar4-to-Gly4 substitution had no deleterious effect on permeability 

and only a modest decrease in potency (11, IC50 = 0.5 µM), we reasoned that the 

resulting increase in backbone flexibility could yield an SAR series with more 

opportunity for side chain optimization than the more rigid, natural backbone afforded. 

Thus, compounds 27 – 35 were synthesized, which had the same side chain 

modifications at positions 3 and 6 previously described for 19 – 26 (Table 1-1). 

Notably, except for the compounds that remained inactive in both sets, the Gly-

containing compounds were consistently more active than their Sar matched pairs, with 

a 2- to 170-fold improvement in IC50 (Supplementary Figure 1-S2, Supplementary 

Table 1-S4). Considering that the Gly compounds had similar solubilities and similar 
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or slightly lower permeabilities compared to their Sar-containing matched pairs, the 

improved bioactivity may be derived from increased access to conformations that 

interact favorably with the target. Furthermore, 30 (Phe3-to-Phe[4-F] and Sar4-to-Gly) 

was equipotent to 1 and had comparable permeability and solubility. Applying the same 

modifications in 30 to cordyheptapeptide B (2) yielded a 23-fold increase potency (IC50 

= 1.5 μM) and a 10-fold increase in solubility (40). Given that amide cis-trans 

isomerism in Pro and N-Me residues can dramatically change a cyclic peptide's overall 

conformation, the preservation (and in some cases, enhancement) of biological potency 

in the Gly4 series compared to their Sar4 congeners suggests that in the bioactive, 

target-bound state of 1, the omega torsion at this position is likely trans. 

 

1.2.3 Molecular dynamics simulations 

To explore the hypothesis that conformational flexibility and/or cis-tran 

isomerism at Sar4 impacts properties as well as the observed SAR in this series, we 

studied the conformations of 1 and 11 in low- and high-dielectric media using 

multicanonical molecular dynamics (MCMD) simulations. MCMD20-22 randomly 

samples a potential energy space, thereby overcoming large energy barriers such as cis-

trans isomerization of Pro and N-methylated amino acids. After a production MCMD 

run, canonical ensembles between low- and high-temperature states are obtained by 

reweighting or resampling methods. In this study, canonical ensembles at T = 300 K 

were obtained for each solvent and compound. The AMBER ff03 force field was used 



11 
 

for amino acids,23 and ForceField NCAA was used for N-methylated amino acids.24 

Solvents were treated explicitly.  

The MD-derived free energy landscapes of 1 and 11 showed that 11 populates 

a wider variety of conformational states and was more flexible compared to the parent 

natural product, 1 (Figure 1-2 A-B, Supplementary Figure 1-S2 A). For example, in 

membrane-like chloroform, 1 adopted one major conformer with two intramolecular 

hydrogen bonds (IMHBs) for 47.4% of the MD simulation. On the other hand, the more 

flexible 11 had two major conformers each with three IMHBs for a combined total of 

68.1% (Supplementary Figure 1-S2 B). Importantly, the newly exposed NH at position 

4 partipated in this new third IMHB in 11. This suggests that 11 can access multiple 

conformation in which the additional HBD is not solvent exposed, providing a potenial 

explanation as to why removal of this N-methyl did not cause a significant loss in 

permeability. Additionally, based on an average from 5,000 conformers, 1 and 11 have 

broadly compareable polar surface areas (PSA) in chloroform (159 ± 11 Å2 and 164 ± 

18 Å2, respectively), supporting the conclusion that the Gly -NH is shielded from 

solvent. NMR temperature coefficient experiments in chloroform also showed 

significant changes in the chemical shift of this newly exposed amide NH suggesting a 

conformational change and increased access to multiple conformations (Supplementary 

Figures 1-S4 and 1-S5). 

While 11 is more flexible in a hydrophobic environment and has access to 

greater conformational space according, the major MCMD-derived conformers of 11 

and 1 are similar in water, with an average backbone RMSD of 0.5 Å (Figure 1-2 D). 
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Though these conformations do not necessarily reflect the target-bound state for either 

compound, the similarities of the major conformers for the two compounds suggest that 

the more flexible 11 could still interact with the same target binding site as 1. Increased 

scaffold flexibility within the Gly series likely accounts for the generally increased 

potency compared to Sar matched pairs (Table 1-1, Supplementary Table 1-S4) as the 

more flexible Gly scaffolds may be capable of accessing conformations with improved 

binding interactions. 

 

 

Figure 1-2: Molecular dynamics results comparing cordyheptapeptide A (1) and 

VK-11 (A-B) Principle component (PC) analysis of free energy landscapes in 

chloroform (CHCl3) and water (H2O) for (A) cordyheptapeptide A (1) and (B) VK11 

(11) that has a Sar4 to Gly substitution. “A” in cyan denotes the mirror-imaged X-ray 

structure (CCDC 287376). Green numbers within each plot indicate representative 

structures in each solvent. (C) Major MD simulated conformer of 1 in chloroform. (D) 

Overlay of the major conformer in water for 1 (in green) and VK-11 (in purple). (E) 

Major MD simulated conformer of VK-11 in chloroform. 
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To corroborate our MD results and the compared number of HBDs between 1 

and 11, we used a lipophilic permeability efficiency (LPE) metric. Developed by our 

group, LPE uses an experiemntal decadiene-water partition coefficient (LogDdec/w) to 

assess passive permeability normalized to calculated ALogP. This is a conformation-

independent lipophilicity metric that roughly reflects the maximum polarity achievable 

in aqueous solution.7 Each exposed HBD is expected to reduce LPE by 1.5 – 2 units. 

For example, compounds 1 and 2 differ in only one hydroxyl HBD (Tyr2 vs. Phe2, 

respectively), causing an LPE drop of 1.4 in 1 (LPE 1 = 2.3, LPE 2 = 3.7). A similar 

LPE difference of 1.9 value is observed between 11 and 14 for the same exposed Tyr 

(LPE 11 = 2.0, LPE 14 = 3.9). However, the small LPE differences between 1 and 11 

(LPE = 2.3 and 2.0, respectively) and between 2 and 14 (LPE = 3.7 and 3.9, 

respectively) reinforce the MD prediction that the new NH at position four is not 

exposed but is hidden within an IMHB, masking its polarity while passively crossing 

the lipophilic cell membrane (Supplementary Figure 1-S3, Supplementary Table 1-S3). 

 

1.2.4 NCI COMPARE and Cytological Profiling: Mechanism of action 

determination 

The pattern of cytotoxicity for the cordyheptapeptides has been well 

established, but its target and mechanism of action (MOA) have remained obscure. To 

investigate the MOA of 1, we obtained an independent phenotypic profile of 1 using 

the NCI60 human tumor cell line assay from the DTP at the National Cancer Institute 

and its associated analysis algorithm, COMPARE.25,26 The NCI60 assay has commonly 
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been used to identify mechanisms of action of bioactive compounds.27 Briefly, The 

growth inhibitory activity and cytotoxicity of 1 was measured in the NCI60 panel of 59 

cell lines. The results were compared against the NCI “Standard Agents” library of 

reference compounds using the COMPARE algorithm.26,28 Compounds with highly 

correlated COMPARE signatures are suggested to have similar mechanisms of action. 

The NCI60 activity profile of 1 correlated most highly with that of 1 was 

phyllanthoside, a known eukaryotic protein synthesis inhibitor that binds directly to the 

80S ribosome and blocks translation elongation.28,29 Other compounds with similar, 

albeit lower, COMPARE correlations to 1 included microtubule poisons, DNA 

intercalators, and other eukaryotic protein synthesis inhibitors (Figure 1-3 A). 
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Figure 1-3: COMPARE results and cytological profiling dendrogram fingerprint 

(A) Top ten results from COMPARE analysis ordered by COMPARE correlation to 1 

(B) Compound 1 was compared to DMSO controls across 254 features normalized with 

features represented on a scale from -1 (blue, below DMSO control) to +1 (yellow, 

above DMSO control) with black indicating no difference between compound and 

DMSO for that feature. Compounds were clustered by similarity to a reference library 

of 25 bioactive compounds with known mechanisms of action at three concentrations 

(50 µM, 10 µM, 2 µM). 
 

To orthogonally augment the COMPARE data, we used cytological profiling 

(CP). This is a high-content screening platform that uses automated fluorescence 

microscopy and unbiased image analysis to correlate the cordyheptapeptide phenotype 

with that of compounds from a reference library of known drugs.30-32 Briefly, HeLa 

cells were incubated with the compound of interest for 18 h and then stained with 

fluorescent probes for DNA (Hoechst), S-phase (EdU), and mitotic cells (anti-phospho-
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histone H3), actin (phalloidin), and tubulin (anti-tubulin mAb). Computational analysis 

of the combined images yielded 254 cytological features, normalized to DMSO 

controls, to provide a fingerprint for each compound (Figure 1-3 B). Similar to 

COMPARE, compounds with a similar mechanism of action have similar fingerprints 

and cluster together. Our reference library contained 25 compounds with MOAs 

including protein synthesis inhibitors, DNA synthesis modulators, cell cycle 

modulators, and microtubule poisons (see Supplementary Figure 1-S8 for full list) at 

three concentrations (50 µM, 10 µM, and 2 µM). Across all three concentrations, 

compound 1 clustered most closely to a variety of eukaryotic protein synthesis 

inhibitors, including bouvardin, phyllanthoside, cycloheximide, didemnin B, ternatin, 

anisomycin, and ansatrienin A (Figure 1-3 B). Moreover, 1 was further distinguished 

from the microtubule poisons and DNA synthesis inhibitors which clustered more 

closely to 5, a much less active cordyheptapeptide derivative (Figure 1-3 B, 

Supplementary Figure 1-S8).  These corroborating results pointed toward protein 

synthesis inhibition as a likely MOA of 1. 

The fluorescent microscopy images from CP also allow us to directly eliminate 

microtubule poison (suggested by the COMPARE analysis) as the MOA of 

cordyheptapeptide. The COMPARE results for 1 showed a correlation with three 

microtubule poisons that are known to cause mitotic arrest (vinorelbine, vinblastine, 

and paclitaxel).33-35 In contrast, 1 caused a decrease in the percentage of mitotic cells 

compared to a DMSO control as measured by the anti-phospho-histone H3 mitotic 
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marker (Supplementary Figure 1-S6), providing strong evidence that 1 does not act as 

a classic antimitotic drug.  

NCI60 results from specific cell lines also allowed us to eliminate of poly(ADP-

ribose) polymerase (PARP) inhibition as a potential mechanism of action. PARP 

inhibitors like olaparib have been shown to be synthetically lethal with BRCA1-

negative breast cancer cell lines.36 However, the NCI60 dose-response assay showed 1 

to have similar IC50s in both BRCA1 positive and negative breast cancer cell lines 

(Supplementary Figure 1-S7). Therefore, the NCI60 COMPARE data do not support 

PARP inhibition as an MOA for 1. The fingerprint of 1 was also distinguished from the 

PARP inhibitor Olaparib in the CP clustering. Thus, the combination of CP and 

COMPARE allowed us to eliminate both microtubule cytoskeleton and PARP as 

potential targets.  

 

1.2.5 Quantification of protein synthesis and DNA synthesis 

Protein synthesis was measured using the bioorthogonal noncanonical amino 

acid tagging (BONCAT) method, a radiation-free alternative to the classic 35S-

methionine incorporation assay.37 BONCAT quantifies protein synthesis based on the 

addition of a pulse of the methionine-mimetic L-homopropargyl glycine (L-HPG), 

which, when incorporated into proteins, provides a handle for covalent linkage to 

rhodamine-azide using Cu(I)-catalysis.38 Cells are incubated with a compound of 

interest followed by a Met-depletion in Met-free cell culture medium and a 1-h pulse 

of L-HPG. The cells are fixed, stained, and imaged using fluorescent microscopy. A 
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24-h treatment with compound 1 caused a dose-dependent decrease in protein 

synthesis as measured by BONCAT in HeLa cells (IC50 = 0.1 µM, Figure 1-S4 A-C).  

 
 

Figure 1-4: Effects of cordyheptapeptide A on  protein synthesis and DNA 

synthesis (A-B) Representative images of HeLa cells stained for the following features: 

nuclei (Hoechst, blue), protein synthesis (BONCAT, green) after a 24-h incubation 

with (A) DMSO or (B) 100 nM 1 in 96-well plates. (C) Effect of 1 on normalized cell 

average BONCAT intensity in HeLa cells after a 3-h or 24-h incubation at 37 °C in 96-

well plates. (D-E) Representative images of HeLa cells stained for the following 

features: nuclei (Hoechst, blue), and S-phase cells (EdU, yellow) after a 2-h incubation 

at 37 °C with (D) DMSO or (E) 0.6 μM 1 in 96-well plates. (F) Effect of 1 on 

normalized EdU intensity in HeLa cells after a 2-h or 24-h incubation at 37 °C in 96-

well plates. Scale bars: 211 µm. Error bars are one SD. 

 

 Compound 1 also produced phenotypic changes in cellular DNA content in 

out CP assay. Similar to BONCAT, the rate of DNA synthesis is measured by treating 

cells with a 1-h pulse of ethynyl-deoxyuridine (EdU), a propargylated-thymidine 

mimic which is incorporated into DNA during S-phase and can subsequently be 
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quantified by reaction with rhodamine-azide using Cu(I)-catalysis.39 Overall, 1  

caused both a dose-dependent increase in the percentage of EdU-positive cells and a 

decrease in the average EdU intensity in the EdU-positive cells after a 24 h treatment 

in HeLa cells (IC50 = 0.2 µM, Figure 1-S4 D-F). This suggests a decrease in the rate 

of DNA synthesis, resulting in a build-up in the number of cells in S-phase.  

Inhibition of protein synthesis has been shown to cause a decrease in the rate 

of DNA synthesis,28 which could account for our observation that, in addition to its 

effect on protein synthesis, 1 caused a significant decrease in the rate of DNA 

synthesis as measured by EdU uptake. However, to confirm that the effect on DNA 

synthesis was secondary to its effect on protein synthesis, we performed the 

BONCAT assay after a 3-h treatment with 1. Even at this shorter time point, 1 

inhibited protein synthesis and had a more potent effect on protein synthesis than 

DNA synthesis. This result suggests that 1 likely acts as a direct protein synthesis 

inhibitor, which, in turn, has a secondary effect on DNA synthesis, consistent with 

both CP and NCI60 results (Figure 1-3 B). 

 

1.2.6 Identification of eEF1A as the intracellular target of 1 

To identify candidate targets related to the protein synthesis inhibition activity 

of 1, we performed photo-affinity labeling experiments with a cordyheptapeptide 

derivative (43), which contains a propargyl glycine residue and a diazirine-proline 

derivative (Figure 1-5 A). Similar to photo-leucine,40 the diazirine-containing “photo-

proline” forms a carbene intermediate when irradiated with UV light and reacts with 
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an amino acid residue in close proximity. Briefly, 43 was incubated with HeLa cells 

then irradiated with UV with a filter with a max intensity at 365 nm to attach 43 to its 

cellular target covalently. After cell lysis, the propargyl was used to covalently connect 

rhodamine-biotin-azide to 43, which effectively fluorescently tags the cellular target of 

43. Streptavidin-conjugated magnetic beads were used to concentrate the target protein 

from the cell lysate. The proteins were then separated by gel electrophoresis and 

imaged for rhodamine fluorescence. Shown in Figure 1-5 B, a fluorescent band just 

above 44 kDa is present and is darker in our experiment lane than in any of our negative 

control wells. This result suggested the molecular weight of our target is between 44 

and 50 kDa. 

 

 

Figure 1-5: Molecular weight determination and target identification (A) 

Structure of cordyheptapeptide derivative (43) used for photo-crosslinking 

experiments. This derivative has a Pro-5 to photo-Pro substitution for photo-

crosslinking and an Ile-1 to propargyl glycine substitution for click chemistry. (B) 

HeLa cells were incubated with 43 for 3 h at 37°C followed by UV irradiation (360 

nm, 150 W, 10 minutes). Cells were then frozen overnight and lysed with RIPA 

buffer at 0 °C. Samples treated with TAMRA-biotin-azide, separated with magnetic 

streptavidin beads, eluted, separated by gel-electrophoresis, and imaged for 

fluorescence. (C) eEF1A WT HCT 116 cells and eEF1A A399V HCT 116 cells 

were incubated with 1 for 72 hours. Cell proliferation was measured with and 

Alamar blue assay. Error bars are one SD. 
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Based on these results, we postulated that the target could be eEF1A, the 50-

kDa protein elongation factor that is involved in the recruitment of aminoacyl-tRNA to 

the A-site of the 80S ribosome. The protein eEF1A is essential for protein synthesis in 

eukaryotes, and among its known inhibitors are the cytotoxic cyclic peptide natural 

products didemnin B and ternatin (including its more potent analog ternatin-4). Like 

the cordyheptapeptides, ternatin is a head-to-tail cyclized heptapeptide with 

predominantly aliphatic side chains. Although the cordyheptapeptides and ternatin (and 

its more potent variant, ternatin-4) have different stereochemical and N-methylation 

patterns, their overall structural and physicochemical similarities, along with the results 

from the photoaffinity experiments, prompted us to test whether the inhibition of 

protein synthesis by 1 was also due to a direct interaction with eEF1A. In their 

confirmation of eEF1A as the cellular target of ternatin and its improved variant 

ternatin-4, Carelli et al., showed that a point mutation in eEF1A (A399V) confers 

complete resistance.41 A variety of structurally unrelated eEF1A inhibitors are also 

inactive against this mutant cell line.41 While  1 caused a dose-dependent reduction in 

wildtype HCT 116 cell proliferation (IC50 ~ 0.2 μM), this effect was dramatically 

reduced in the A399V eEF1A mutant cells by more than 20-fold (IC50 ~ 7 μM, Figure 

1-5 C). This “gold-standard” genetic evidence strongly suggests that eEF1A is the 

direct intracellular target of cordyheptapeptide A. 
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1.3 Discussion and Conclusion 

Overexpression of eEF1A is associated with several cancer types, including 

prostate, breast, colon, and lung cancer.42 While one traditional druglike molecule, 

gamendazole, has been shown to bind eEF1A, this is a non-specific inhibitor pursued 

more for its antispermatogenic and antifertility effects than its anticancer properties.43 

Conversely, cordyheptapeptide A is yet another macrocyclic natural product shown to 

bind to eEF1A and inhibit protein synthesis. This list of structurally diverse natural 

products includes ternatin (a cyclic heptapeptide),41 didemnin B (a lariat 

depsipeptide),44 plitidepsin (a natural didemnin B derivative),45 cytotrienin A (a 

macrocyclic lactam), ansatrienin B (a macrocyclic lactam), nannocystin A (a hybrid 

peptide-polyketide macrocycle),46  and ansatrienin B (a polyketide).41 While there are 

major differences in their overall structures, the above compounds are all large, 

hydrophobic molecules. Our study adds to the mounting evidence that successful 

inhibition of this target requires a large, “beyond-Rule-of-5” (bRo5) molecule. The 

high potencies of these compounds support the continuation of work to investigate the 

design and synthesis of natural product-like drug molecules dominated by 

hydrophobic- and aromatic-rich side chains.18,47,48 Additional investigation of these 

compounds could lead to a better understanding of the binding mechanisms of eEF1A 

and allow for faster MOA identification of novel natural products that fit into this class 

of protein synthesis inhibitors.  

The synthetic and natural cordyheptapeptides in this study showed weak to 

moderate passive permeability coefficients in PAMPA ranging from 0.2 x 10-6 cm/s to 
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7.8 x 10-6 cm/s. The seven compounds with sub-micromolar cellular activities, 

including the parent natural product 1, were not among the most permeable in this 

study, with Pe values ranging from 0.9 x 10-6 to 1.3 x 10-6 cm/s. Many of the backbone-

modifying substitutions in this series led to enhanced permeability, including the 

substitution of Pro with Ala (6) or MeAla (7), addition of a backbone N-Me (16, 17), 

removal of a backbone N-Me (15), or substitution of an - with a -amino acid (41). 

The impact of these substitutions on permeability is perhaps not surprising given the 

established sensitivity of passive permeability to backbone conformation. 

Unfortunately, each of these substitutions caused a dramatic decrease in cellular 

potency, highlighting the difficulty of optimizing permeability in cyclic peptide 

scaffolds without abrogating biochemical efficacy.49,50   

The effect of backbone-altering substitutions on solubility also followed 

interesting trends. While removal of the N-Me from position six enhanced solubility 

(12 vs. 1 and 15 vs. 2), backbone N-methylation increased aqueous solubility at 

positions one (16 vs. 3) and three (17 vs. 1), N-methylation at position four caused a 

variable response in which either the Gly or Sar derivative was more slightly soluble 

depending on the compound. However, the solubilities of the matched pairs were 

broadly comparable. This paradoxical effect of N-methylation on solubility, as well as 

its positional dependence, has been observed in other cyclic peptide systems7,51 and 

suggests that the effect of backbone modifications on properties is highly scaffold-

dependent.  
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Changing the N-methylation pattern of the cyclic peptide backbone can also 

dramatically modulate its bioactivity.49,50 This is most evident when the removal of the 

N-Me at position four was combined with halogenating a Phe (19 – 26 vs. 27 – 34) in 

which the Gly compounds (27 – 34) are active than the Sar derivatives despite generally 

having similar permeabilities and solubilities as their Sar-containing counterparts (19 

– 26). The more flexible Gly-compounds could allow for conformations yielding 

increased access to favorable halogen-to-target binding. Alternatively, it is also 

possible that this increased bioactivity is derived from a new intermolecular hydrogen 

bond between the newly exposed -NH at position four and the protein target, eEF1A. 

This hypothesis is supported by recent reviews which have suggested that cyclic 

peptide backbone amides are responsible for a significant a significant portion of target 

binding.52  

This study highlights the interwoven nature of macrocycle bioactivity and 

physicochemical properties, and a strategy to optimize these properties simultaneously 

via classical synthetic techniques such as alanine, N-methyl, and isostere scanning. In 

particular, a demethylation at position a yielded new scaffolds (27, 28, and 30) with 

maintained potency and permeability relative to cordyheptapeptide A (1), and a two-

fold increase in bioactivity for another (40) relative to cordyheptapeptide B (2). 

Furthermore, this modification, in conjunction with a fluorine substitution, improved 

the activity of 2 to nearly that of 1, the more active natural product. Consequently, 

modifications to the N-methylation pattern of a cyclic peptide scaffold offer effective 

strategies to improve the potency and oral bioavailability of bRo5 molecules in addition 
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to the inclusion of more exotic, “druglike” side chains. This work improves our 

understanding of the physicochemical properties of cyclic peptide natural products. 

Additionally, it confirms that lipophilic macrocycles can inhibit intracellular proteins 

responsible for cellular growth. Therefore, our study motivates further investigation of 

cyclic peptides as potential cancer therapeutics, and modulators of protein targets once 

thought to be “undruggable”. 
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1.4 Supplementary Schemes, Figures, and Tables 

1.4.1 Supplementary Scheme 1-S1: Solid-phase synthetic pathway to cyclic, N-

methylated heptapeptides 
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1.4.2 Supplementary Figure 1-S1: Cell proliferation IC50 dose-response curves  
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Cell proliferation IC50 dose-response curves Dose-response curves for compounds 

effects on cell proliferation in HCT 116 cells after a 72-h compound incubation time. 

Cell proliferation was measured using an Alamar blue assay. Error bars represent one 

standard deviation around the mean. Results were normalized to DMSO which is 

represented as a concentration of -10 on the x-axis. Error bars are one SD. 

 



30 
 

1.4.3 Supplementary Figure 1-S2: Gly and Sar matched pair analysis 

 

(a) Structure of matched compound pairs (b) Plot showing the pIC50 for the matched 

compound pairs. Gray dashed line represents the pIC50 for cordyheptapeptide A (1). 

Error bars are a 95% confidence interval. (n = 3) 

  



31 
 

1.4.4 Supplementary Figure 1-S3: Molecular dynamics simulations for VK11 

(11) 

 

 

Intramolecular hydrogen bond pattern for the top five conformers in cyclohexane 

(CHX), chloroform (CHCl3), and water (WAT) for (A) cordyheptapeptide A (B) 11. 
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1.4.5 Supplementary Figure 1-S4: NMR temperature coefficient graphs for 

VK11 (11) 

 

 

 

(Top) 1H-NMR of 11 at six temperatures from 300 K to 323 K. Spectra show four amide 

bond peaks (labeled 1 – 4). The amide hydogen #3 moves to the right as the temperature 

increase 500 MHz in CDCl3; (Middle) Temperature shift coefficients for (i) amides 1 

– 4, (ii) chemical shift of amide peak -NH peak, (iii) coupling constant of amide -NH 

peak (iv) temperaure shift coeffieient in ppb; (Bottom) 2D-NMR COSY at 300 K 

confirming that hydrogen #3 is the Gly NH at postion four; rt, 500 MHz, CDCl3. 

Amide
i

Shift
ii

J NH-Ha
iii Dppb/K

iv

1 8.45 9.87 -1.56

2 8.00 8.42 -1.80

3 7.07 10.13 -16.25

4 6.04 8.44 -0.97
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1.4.6 Supplementary Figure 1-S5: NMR temperature coefficient graphs for 

VK14 (14) 

 

 

 

(Top) 1H-NMR of 14 at six temperatures from 300 K to 323 K. Spectra show four amide 

bond peaks (labeled 1 – 4). The amide hydogen #3 moves to the right as the temperature 

increase 500 MHz in CDCl3; (Middle) Temperature shift coefficients for (i) amides 1 

– 4, (ii) chemical shift of amide peak -NH peak, (iii) coupling constant of amide -NH 

peak (iv) temperaure shift coeffieient in ppb; (Bottom) 2D-NMR COSY at 300 K 

confirming that hydrogen #3 is the Gly NH at postion four; rt, 500 MHz, CDCl3.  

Amide
i

Shift
ii

J NH-Ha
iii Dppb/K

iv

1 8.39 9.94 -0.86

2 7.97 8.38 -1.34

3 6.96 10.52 -16.00

4 5.99 8.31 -0.77
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1.4.7 Supplementary Figure 1-S6: Effects of cordyheptapeptide A on DNA 

synthesis and mitosis 

 

Representative images of HeLa cells stained for the following features: nuclei 

(Hoechst, blue), S-phase cells (EdU, yellow), and mitotic cells (anti-phospho-histone 

H3, pink) after an 18-hour incubation with (A) DMSO or (B) 9 nM 1 in 384-well plates. 

Scale bar = 211 µm. 
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1.4.8 Supplementary Figure 1-S7: NCI60 percent growth data for three 

breast cancer cell lines  

 

Effect of cordyheptapeptide A on the percent growth of three breast cancer cell lines 

(one with no BRCA1 loss and two with BRCA1 allelic loss) from the NCI60 five-dose 

screen. The overlap of the data suggests that cordyheptapeptide A is not synthetically 

lethal with any of the cell lines in this figure.  
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1.4.9 Supplementary Figure 1-S8: Cytological profiling dendrogram 

fingerprint for follow-up CP library with full list of compounds 

 

Compound 1 was compared DMSO controls across 254 features normalized with 

features represented on a scale from -1 (blue, below DMSO control) to +1 (yellow, 

above DMSO control) with black indicating no difference between compound and 

DMSO for that feature. (A) Compounds were clustered by similarity to a reference 

library of 2035 bioactive compounds with known mechanisms of action. (B) 

Cytological profiling was used to compare compound 1 to a smaller, follow-up set of 

25 reference compounds at three concentrations with known mechanisms of action. 
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1.4.10 Supplementary Table 1-S1: IC50 confidence intervals  

HCT 116 cell proliferation IC50 data 95% confidence intervals for data reported in 

Table 1 of the main text. 

 

 
* estimated graphically 

N/A = not appliable 

N.D. = not determined  

1 0.1 0.07 - 0.3

2 35* N.D.

VK03 (3) > 75 N/A

VK04 (4) > 75 N/A

VK05 (5) > 75 N/A

VK06 (6) > 75 N/A

VK07 (7) > 75 N/A

VK08 (8) > 75 N/A

VK09 (9) > 75 N/A

VK10 (10) 8 4.5 - 14

VK11 (11) 0.5 0.3 - 0.9

VK12 (12) 28* N.D.

VK13 (13) > 75 N/A

VK14 (14) 17 9.0 - 33

VK15 (15) > 75 N/A

VK16 (16) 37 10 - 118

VK17 (17) > 75 N/A

VK19 (19) 11 5.4 - 24

VK20 (20) 34 8.6 - 445

VK21 (21) 3.6 2.3 - 5.6

VK22 (22) 1.8 0.8 - 4.3

VK23 (23) > 75 N/A

VK24 (24) > 75 N/A

VK25 (25) 28* 20 - N.D.

VK26 (26) 3.4 0.7 - 140

VK27 (27) 0.3 0.09 - 0.8

VK28 (28) 0.2 0.1 - 0.4

VK29 (29) 0.5 0.3 - 1.0

VK30 (30) 0.1 0.009 - 0.5

VK31 (31) > 75 N/A

VK32 (32) > 75 N/A

VK33 (33) 19* N.D.

VK34 (34) 0.3 0.2 - 0.6

VK35 (35) 28 5.8 - N.D.

VK36 (36) 2.9 1.0 - 7.5

VK37 (37) > 75 N/A

VK38 (38) 5.6 1.7 - 18

VK39 (39) -- N/A

VK40 (40) 1.5 0.5 - 4.2

VK41 (41) 28* N.D.

VK42 (42) 22 9.0 - 66

IC50 

(µM)

95% confidence interval 
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1.4.11 Supplementary Table 1-S2: NCI60 COMPARE results  

The effect of cordyheptapeptide A (1) on 59 cancer cell lines was compared to NCI60 

“Standard Agents” based on growth inhibition. The compounds with the top ten 

average correlations to cordyheptapeptide A are shown here. 

  

Compound Mechanism of action 
COMPARE 

correlation to 1 

phyllanthoside Protein synthesis inhibitor28 0.80 

vinorelbine tartrate Microtubule poison53 0.73 

bisantrene hydrochloride DNA intercalating agent54 0.70 

chromomycin A3 

DNA binding agent,55  

RNA synthesis inhibitor56 0.70 

actinomycin D DNA intercalating agent57 0.68 

bruceantin Protein synthesis inhibitor58 0.66 

vinblastine sulfate Microtubule poison59 0.62 

didemnin B Protein synthesis inhibitor60 0.61 

paclitaxel Microtubule poison61 0.61 

echinomycin DNA intercalating agent62 0.60 
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1.4.12 Supplementary Table 1-S3: Log D(dec/w) and LPE Results 

Table showing Log D(dec/w) and LPE for the natural poducts 1 and 2 and their Sar4-to-

Gly derivatives VK-11, and VK-14.  

 

  

Compound LogD(dec/w) ALogP LPE

cordyheptapeptide A (1) 1.3 4.2 2.3

VK11 (11) 0.8 4.0 2.0

cordyheptapeptide B (2) 3.0 4.5 3.7

VK14 (14) 2.9 4.3 3.9
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1.4.13 Supplementary Table 1-S4: Gly and Sar derivative bioactivity 

Comparison of the between glycine-containing cordyheptapeptide derivatives and their 

sarcosine-substituted matched pairs 

 

  

Coumpound 

number
IC50 (µM)

Coumpound 

number
IC50 (µM)

1 VK27 (27) 0.3 VK19 (19) 11 37

2 VK28 (28) 0.2 VK20 (20) 34 170

3 VK29 (29) 0.5 VK21 (21) 3.6 7

4 VK30 (30) 0.14 VK22 (22) 1.8 13

5 VK33 (33) 19 VK25 (25) 28 1

6 VK34 (34) 0.3 VK26 (26) 3.4 11

Matched pair

Fold 

improvement 

in IC50

Gly-containing compound Sar-containing compound
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1.5 Methods 

1.5.1 General Synthetic Information and Procedures 

Commercially available chemicals were used without further modification 

unless otherwise specified. Reagents and solvents were purchased from Fisher 

Scientific. HATU was purchased from Combi-Blocks or Chem-Impex. Amino acids 

were purchased from Combi-Blocks, Chem-Impex, Sigma-Aldrich, or Oakwood unless 

otherwise stated. Piperidine and 1,9-decadiene were purchased from Spectrum 

Chemical and TCI Chemicals, respectively. Polystyrene 2-chlorotrityl resin was 

purchased from Rapp-Polymere (H10033). Antibodies were purchased from Thermo 

Scientific and Sigma Aldrich. LCMS compound purity analysis was performed on a 

Thermo Scientific Ultimate 3000 UPLC system with a Thermo Scientific OrbiTrap 

VelosPro mass spectrometer. This system used a Thermo Hypersil GOLD C18 (30 mm 

x 2.1 mm, 1.9 µm particle size) column eluting in water/acetonitrile with 0.1% formic 

acid. NMR spectra were recorded on a Bruker Advance III HD 500 MHz 5 mm BBO 

Smart Probe in CDCl3. 

 

1.5.2 Statistical Parameters 

Unless otherwise noted, replicates were reported as averages with errors listed 

as standard deviations. Error for IC50 calculations are reported as a 95% confidence 

interval. 
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1.5.3 Cell Culture 

Unless otherwise noted cell culture was performed using Dulbecco's Modified 

Eagle's medium (DMEM) (Corning 10013CVMP) supplemented with 10% fetal 

bovine serum (FBS) (Corning 35-015-CV) and penicillin (100 U/mL)/streptomycin 

(100 µg/mL) (Gibco, ThermoFisher Scientific 15070063). Cells were maintained with 

phosphate-buffer saline (PBS) (Gibco 14190235) and a solution of 0.25% trypsin with 

2.21 mM EDTA (Corning 25-053-CI). All cells were cultured at 37°C in a 5% CO2 

atmosphere. For mutant cell line proliferation used in target ID, HCT116 (ATCC, 

Manassas, VA) and HCT116-417 (mutant) cells were maintained in McCoy’s 5A 

media (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (Axenia 

Biologix, Dixon, CA), 100 units/mL penicillin, and 100 ug/mL streptomycin (Gibco). 

 

1.5.4 Synthetic Methods 

1.5.4.1 Solid phase peptide synthesis (SPPS) 

Solid phase peptide synthesis (SPPS) was carried out using standard Fmoc 

chemistry on pre-loaded 2-chlorotrityl resin (loading values: 0.8 – 1.2 mmol/g). Manual 

SPPS was performed using a Boekel Scientific Shake ‘N’ Bake shaking incubator 

(model: 136400) at 50 °C. Automatic SPPS was performed using a Gyros Protein 

Technologies Prelude X Multiple Synthesizer with induction heating. 
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1.5.4.2 Manual SPPS amino acid coupling 

Four eq of Xaa, 8 eq of DIPEA, and 4 eq of HATU were dissolved in DMF and 

added to the resin. The reaction was shaken for 60 minutes at 50 °C, then drained. The 

resin was washed with DMF (3 x 2 mL), 3:1 DCM:DMF (3 x 2 mL), and DCM (3 x 2 

mL). Reaction completion was monitored by LCMS. 

 

1.5.4.3 Manual SPPS Fmoc deprotection 

A solution of 2% DBU and 2% piperidine in DMF was added to the resin, then 

drained. The solution was added to the resin again. The reaction was shaken for 15 

minutes at 50 °C, then drained. The resin was washed with DMF (3 x 2 mL), 3:1 

DCM:DMF (3 x 2 mL), and DCM (3 x 2 mL). Reaction completion was monitored by 

LCMS. 

 

1.5.4.4 Automatic SPPS amino acid coupling 

Four eq of Xaa, 6 eq of DIPEA, and 3.8 eq of COMU were added to the resin 

in DMF. The reaction was shaken for 10 minutes at 90 °C, then drained. The resin was 

washed with DMF (4 x 2 mL), DCM (3 x 2 mL), and DMF (2 x 2 mL).  

 

1.5.4.5 Automatic SPPS N-terminal capping 

The resin was capped between amino acids during automatic SPPS. A solution 

of 10% DIPEA and 10 % acetic acid in DMF was added to the resin. The resin was 

shaken for 5 minutes at room temperature, then drained. The resin was washed with 

DMF (6 x 2 mL), DCM (3 x 2 mL), and DMF (2 X 2 mL).  
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1.5.4.6 Automatic SPPS Fmoc deprotection 

A solution of 2% DBU and 2% piperidine in DMF was added to the resin. The 

reaction was shaken for 2 minutes at 90 °C, then drained. This step was repeated twice. 

The resin was washed with DMF (4 x 2 mL), DCM (3 x 2 mL), and DMF (2 X 2 mL).  

 

1.5.4.7 On-resin addition of an N-terminal TFA protecting group 

The resin was rinsed with DCM (3 x 2 mL). A solution of 12 eq of DBU and 10 

eq of ethyl trifluoroacetate in THF was added to the resin containing an n-terminal 

deprotected amino acid. The reaction was shaken at room temperature for 60 minutes, 

then drained. The resin was washed with DMF (3 x 2 mL), 3:1 DCM:DMF (3 x 2 mL), 

and DCM (3 x 2 mL). Reaction completion was monitored by LCMS. 

 

1.5.4.8 N-alkylation using Mitsunobu conditions 

The resin was rinsed with dry THF under inert conditions (3 x 3 mL). Five eq of 

triphenylphosphine were dissolved in dry THF and added to the resin. Ten eq of dry 

methanol was then added. Five eq of DIAD (stored over molecular sieves) was added 

dropwise to the resin mixture while vortexing the reaction tube. Reaction completion 

was monitored by LCMS and repeated till no more starting material was observed. The 

resin was washed with DMF (3 x 2 mL), 3:1 DCM:DMF (3 x 2 mL), and DCM (3 x 2 

mL). 
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1.5.4.9 On-resin removal of an N-terminal TFA protecting group 

A 1:1 solution of dry EtOH and dry THF was added to the resin. Twenty eq of 

sodium borohydride was added to the resin solution. The mixture was left open to the 

atmosphere for 60 minutes, stirring occasionally. Reaction completion was monitored 

by LCMS and repeated till no more starting material was observed. The resin was 

washed with methanol (3 x 3 mL), DMF (3 x 2 mL), 3:1 DCM:DMF (3 x 2 mL), and 

DCM (3 x 2 mL). 

 

1.5.4.10 Peptide cleavage from resin 

The finished linear peptide was cleaved off resin using three resin volumes of 

30% HFIP in DCM, shaking for 60 minutes, after which the solution was collected. 

The resin was rinsed twice with 2 mL of DCM, collected in the same vial. The cleave 

was repeated allowing the reaction to shake for 30 minutes. Followed by another DCM 

rinse. The HFIP/DCM mixture was removed under N2. The cleaved peptide was then 

dissolved in acetone and evaporated under reduced pressure (x2) to remove any 

residual HFIP. 

 

1.5.4.11 Cyclization with COMU 

The linear peptides were dissolved in 5 mL ACN, then 5 eq of DIPEA was added. 

This mixture was added dropwise to a solution of ACN with 1.2 eq of COMU. The 

final concentration of this reaction mixture was 1 mg of linear peptide per mL of ACN. 

The reaction was stirred at room temperature for 16 -24 hours until the reaction was 
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complete, monitored by LCMS. The solution was then evaporated under reduced 

pressure to prepare the crude cyclic peptide for purification. 

 

1.5.4.12 Cyclization with PyBOP and HOAt 

The linear peptides were dissolved in 5 mL ACN, then 10 eq of DIPEA was 

added. This mixture was added dropwise to a solution of ACN with 4 eq of PyBOP and 

5 eq of HOAt. The final concentration of this reaction mixture was 1 mg of linear 

peptide per mL of ACN. The reaction was stirred at room temperature for 16 -24 hours 

until the reaction was complete, monitored by LCMS. The solution was then 

evaporated under reduced pressure to prepare the crude cyclic peptide for purification. 

 

1.5.4.13 Purification of peptides 

The cyclized peptides were purified on a Biotage Isolera Prime system using a 

KP-C18-Ultra 30g column eluting with ACN/H2O with 0.1% TFA. Fractions were 

checked for purity by LCMS, then evaporated under reduced pressure. 

 

1.5.4.14 Removal of acid-labile side chain protecting groups 

The peptides were dissolved in a solution of 95:5 TFA:TES and allowed to react 

for 60 minutes at room temperature, stirring occasionally. The solution was removed 

under N2. The cleaved peptide was then dissolved in acetone and evaporated under 

reduced pressure (x2) to remove any residual TFA. 
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1.5.5 Cell proliferation 

Adherent HCT 116 cells were plated at a density of 1,200 cells/well at 30 μL 

per well in a 384-well plate (Greiner Bio-One 781090) and allowed to adhere overnight. 

The following day, compounds were added using a PerkinElmer Janus MDT pinning 

robot from a 384-well DMSO compound stock plate giving a range of concentrations 

in the assay plate from 4.5 nM to 75 μM in 1:2 dilutions. The cells were incubated for 

72 hours at 37 °C and 5% CO2.  Five μL of a 0.7 mg/mL resazurin stock solution 

(sodium salt, in PBS) was added using an Finstruments Multidrop 384 automatic 

dispenser for a final resazurin concentration of 0.1 mg/mL per well. The cells were for 

an additional 90 minutes at 37 °C and 5% CO2  ̧after which a Perkin Elmer EnVision 

plate reader (2103 Multilabel Reader) was used to quantify fluorescence. Cell 

proliferation fluorescence was normalized to the average fluorescence of control cells 

incubated with DMSO in each assay plate. This assay was performed in biological and 

technical triplicate (n = 3) taken from distinct samples. IC50 values were calculated with 

GraphPad Prism (v 8.4.1) except for compounds 2, 12, 25, 33, and 41 which were 

estimated graphically. 

 

1.5.6 Cytological profiling (CP) 

Cytological profiling (CP)30,31 was performed following the procedure 

described in Schulze et al32 with the following modifications. Adherent HeLa cells 

were plated at a density of 3,600 cells/well at 100 μL per well in a 384-well plate and 

allowed to adhere overnight. The following day, compounds were added using a 
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PerkinElmer Janus MDT pinning robot from a compound stock plate giving a range of 

concentration in the 384-well plate (Greiner Bio-One 781090) from 4.5 nM to 75 μM. 

The cells were incubated with compound for 18 hours at 37 °C and 5% CO2. Prior to 

fixing and staining, cells were incubated with 20 μM EdU in DMEM for 45 minutes at 

37 °C. Cells were fixed in a 4% formaldehyde in PBS for 20 minutes at room 

temperature. Cells were washed three times with a BioTek automatic plate washer. 

Next, to permeabilize the cell membrane, cells were incubated in PBS with 0.5% Triton 

X for 10 minutes followed by another set of three washes on the plate washer.  

To prepare cells for antibody treatment, they were blocked with a solution of 

2% BSA in PBS for 20 minutes at room temperature then washed again. Click 

chemistry was performed by adding a master mix of click reagents to the cells (4mM 

CuSO4, 2mg/mL sodium ascorbate, and 0.1 mM rhodamine azide in 100 mM Tris 

buffer pH 7.4). This master mix was made just before adding it to the cells which were 

then incubated for one hour at room temperature in the dark. The cells were washed, 

and the appropriate primary antibodies (rabbit anti-phospho histone-H3 (9H12L10, 

ThermoFisher Scientific 701258) or FITC-anti-tubulin (Sigma Aldrich F2043)) were 

added in PBS with 2% BSA and incubated at 4 °C for 18 hours. The following day, the 

cells were washed with PBS to remove excess primary antibody. Then the secondary 

antibody (chicken anti-rabbit Alexa Fluor 647, ThermoFisher scientific A-21443) was 

added along with rhodamine-phalloidin and Hoechst 33342 (Anaspec Inc 83218) stain 

in PBS with 2% BSA. The cells were incubated for 1 hour at room temperature in the 

dark. Cells were washed with PBS on the automatic plate washer. After which, the 
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plates were imaged using an ImageXpressMicro XLS epifluorescent microscope 

(Molecular Devices). The resulting images were analyzed using MetaXpress (v. 

6.2.1.704, Molecular Devices) and built-in multi-wave cell scoring. These values were 

converted to feature scores and clustered and analyzed using Cytoscape (v 3.7.0, 

Pearson absolute correlation, maximum linkage).  (n = 1) 

 

1.5.7 Bioorthogonal Non-canonical Amino Acid Tagging (BONCAT) Assay 

Adherent HeLa cells were plated at a density of 10,000 cells in 100 μL DMEM 

per well in 96-well plates and allowed to adhere overnight. Compounds were added as 

DMSO stocks dissolved in DMEM in 1:3 dilutions in concentrations from 34 nM to 75 

μM for 1 and 9 nM to 22 μM for didemnin B, a positive control. DMSO was used as a 

negative control.  

For the 24 hr time point, cells were incubated with compounds for 24 hours in 

DMEM at 37 °C and 5% CO2. The media was removed and replaced with 100 μL of 

media without methionine (“DMEM –Met”) (Thermo Fisher catalog #21013024, with 

added 1mM sodium pyruvate, 0.584 g/L glutamine, penicillin (100 

U/mL)/streptomycin (100 µg/mL)) was added to each well. The plates were incubated 

for 1 hr at 37 °C and 5% CO2. After this, 10 µL of 1 mM  L-homopropargylglycine (L-

HPG) in DMEM –Met was added to each well. Again, the plates were incubated for 1 

hour 37 °C and 5% CO2. For the 3 hr time point, cells were incubated with compound 

for 1.5 hours in “DMEM –Met” at 37 °C and 5% CO2. After this, 10 µL of 1 mM of L-

HPG in DMEM -Met was added to each well and incubated for another 1.5 hours 37 
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°C and 5% CO2. This assay was performed in technical triplicate (n = 3) taken from 

distinct samples. 

For both time points, cells were fixed in a 4% formaldehyde in PBS for 20 

minutes at room temperature. Cells were washed three times with a BioTek automatic 

plate washer. Next, to permeabilize the cell membrane, cells were incubated in PBS 

with 0.5% Triton X for 10 minutes followed by another set of three washes on the plate 

washer. To prepare cells for antibody treatment, they were blocked with a solution of 

2% BSA in PBS for 20 minutes at room temperature then washed again. Click 

chemistry was performed by adding a master mix of click reagents to the cells (4mM 

CuSO4, 2mg/mL sodium ascorbate, and 0.1 mM rhodamine azide in 100 mM Tris 

buffer pH 7.4). This master mix was made just before adding it to the cells which were 

then incubated for one hour at room temperature in the dark, then washed. After which, 

Hoechst was added in PBS with 2% BSA. Cells were incubated for 20 minutes in the 

dark at room temperature, and then washed. After which, the plates were imaged using 

an ImageXpressMicro XLS epifluorescent microscope (Molecular Devices). The 

resulting images were analyzed using MetaXpress (v. 6.2.1.704, Moleular Devices) and 

built-in multi-wave cell scoring. 

 

1.5.8 NCI COMPARE Analysis 

Testing was performed by the Developmental Therapeutics Program, Division 

of Cancer Treatment and Diagnosis, National Cancer Institute (http://dtp.cancer.gov). 

Cordyheptapeptide A (NSC number: S812201) was sent to the Developmental 

http://dtp.cancer.gov/


51 
 

Therapeutics Program (DTP) at the National Cancer Institute (NCI) to be analyzed in 

their human tumor cell line assay. Details of this assay protocol can be found in related 

publications on the DTP website.25,26,63 Briefly, 59 human tumor cell lines were 

screened against 1 and analyzed for total growth inhibition (TGI), GI50 (concentration 

of 1 that causes 50% of growth inhibition), and LC50 (concentration of 1 at which half 

of the cells are killed). Using the NCI60 COMPARE algorithm, the GI50 of 1 in these 

cell lines was compared to the GI50 of the DTP’s list of “Standard Agents” using the 

following parameters: minimum correlation (0.2), count results to return (50), 

minimum count common cell lines (40), and minimum standard deviation (0.05). The 

compounds were rank ordered by correlation from highest to lowest. If duplicate 

reference compounds were in the top 50 results, the average correlation is reported. The 

top 10 compounds are reported here with their COMPARE correlation value to 1 and 

a brief description of their mechanism of action. GI50 was chosen for follow-up studies 

because 1 was more highly correlated to other compounds from the “Standard Agent” 

set by this metric than either TGI or LC50.  

 

1.5.9 Photo-crosslinking pull down assay 

A cordyheptapeptide derivative (43) was synthesized using the above methods 

including an Fmoc-L-propargylglycine and an Fmoc-L-photo-proline (Iris Biotech 

GMBH) amino acids. (n = 1).  
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1.5.10 Cell proliferation in mutant eEF1a cell line 

HCT116 or HCT116-417 cells were briefly trypsinized and repeatedly pipetted 

to produce a homogenous cell suspension. 2,500 cells were seeded in 100 uL complete 

growth media per well in 96-well clear-bottom plates. After allowing cells to 

grow/adhere overnight, cells were treated with 25 uL/well 5x drug stocks (0.1% DMSO 

final) and incubated for 72 hours. AlamarBlue (Life Technologies, Grand Island, NY) 

was used to assess cell viability per the manufacturer’s instructions. Briefly, 12.5 uL 

alamarBlue reagent was added to each well, and plates were incubated at 37°C. 

Fluorescence intensity was measured every 30 min to determine the linear range for 

each assay (Ex 545 nm, Em 590 nm, SPARK, Tecan Austria GmbH, Austria). 

Proliferation curves were generated by first normalizing fluorescence intensity in each 

well to the DMSO-treated plate average. Normalized fluorescence intensity was plotted 

in GraphPad Prism (GraphPad, La Jolla, CA), and IC50 values were calculated from 

nonlinear regression curves. The reported IC50 values represent the average of at least 

three independent determinations (n = 3, ±SD). 

 

1.5.11 Parallel artificial membrane permeability assay (PAMPA) 

PAMPA64,65 was used to determine the passive permeability of these 

compounds with modifications and calculations as described in Naylor et al.7 and here. 

Replicates were taken from distinct samples (n = 4). PAMPA was carried out in a 96-

well donor plate (Millipore MAIPNTR10) and a 96-well Teflon acceptor plate 

(Millipore MSSACCEPTOR). Analyte solutions were prepared from a 200 μM DMSO 
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compound stock solution, 200 μM propranolol in DMSO (control), and PBS pH 7.4 for 

a final concentration of 1 μM compound, 1 μM propranolol, and 5% DMSO by volume 

in PBS. The membrane of each donor well was prepared by adding 5 μL of 1% (w/v) 

lecithin (soybean, 90%) in n-dodecane to the underside of the membrane surface. Plate 

was then left to sit for 5 minutes to allow the lipids to adsorb to the membrane. The 

sample plates were prepared by adding 300 μL of 5% DMSO in PBS buffer (v/v) to the 

acceptor plate. Using a multichannel pipette, 150 μL of the 1 μM analyte solutions were 

added to the donor plate. The donor plate was then slowly lowered into the acceptor 

plate, avoiding bubbles. The assembly was placed in a dark, humid container and 

allowed to sit for 14 – 16 hours. The plates were separated, recording the time. Samples 

were prepared for LCMS by adding 50 μL of solution from the plate to 50 μL of 

methanol in a 96-well plate (Coring, COSTAR 3357). Relative concentrations of the 

samples were analyzed by LCMS. Integration and ion counts were calculated using 

automatic analysis of LCMS data using a lab-developed python program.  PAMPA 

permeability was calculated using the following parameters and formulae:  

 

Active surface area of membrane (mm2): MSA = 240 

Volume of acceptor well (μL): VA = 300 

Volume of donor well (μL): VD = 300 

Assay run time (s): TS 

Donor intensity: ID 

Acceptor intensity: IA 

Recovery intensity: IR 
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[1] 𝐴𝑛𝑎𝑙𝑦𝑡𝑒 𝐸𝑞𝑢𝑙𝑖𝑏𝑟𝑖𝑢𝑚: 

𝐴𝑛𝑎𝑙𝑦𝑡𝑒𝐸𝑞𝑢𝑖𝑙 =
(𝐼𝐴 ∗ 𝑉𝐴) + (𝐼𝐷 ∗ 𝑉𝐷)

𝑉𝐴 + 𝑉𝐷
 

 

[2] 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑒 (𝑑𝑖𝑠𝑐𝑎𝑟𝑑 𝑑𝑎𝑡𝑎 𝑖𝑓 𝑇 𝑖𝑠 > 0.95): 

𝑇 =  
𝐼𝐴

𝐴𝑛𝑎𝑙𝑦𝑡𝑒𝐸𝑞𝑢𝑖𝑙
 

 
[3] % 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦  

(𝑙𝑜𝑤 𝑣𝑎𝑙𝑢𝑒𝑠 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑙𝑜𝑠𝑠, 𝑒𝑖.  𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑐𝑒): 

%𝑅 =
(𝐼𝐴 ∗ 𝑉𝐴) + (𝐼𝐷 ∗ 𝑉𝐷)

𝐼𝑅 + 𝑉𝐷
∗ 100% 

 

[4] 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡: 

𝐶 =
(𝑉𝐷 ∗ 𝑉𝐴)

(𝑉𝐷 + 𝑉𝐴) ∗ 𝑀𝑆𝐴 ∗ 𝑇𝑆 
 

 

[5] 𝑃𝑒 (𝑥 10−6) 𝑜𝑓𝑡𝑒𝑟 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑒𝑑 𝑜𝑛 𝑙𝑜𝑔 𝑠𝑐𝑎𝑙𝑒: 
𝑃𝑒 = (−𝐶 ∗𝑙𝑛 𝑙𝑛 (1 − 𝑇) ) ∗ 10−6 

 

1.5.12 Thermodynamic solubility 

From a 15 mM DMSO stock of the compound, 16.7 μL of compound was 

added to a 96 well plate. DMSO was evaporated under reduced pressure at 60 °C in a 

Genevac EZ-2 Plus centrifugal evaporator. To the evaporated film/solid, 125 μL of 

PBS, pH 7.4, was added to make a 2 mM solution. Plates were heat sealed, sonicated 

for 1 hour, and then shaken at 37 °C for 16 hours. The solution was filtered using a 

0.7 μm glass fiber filter. Filtrate collected and diluted 1:10 in ACN. The solution was 

centrifuged at 1000x G for 10 minutes at room temperature and pressure. The 

supernatant was analyzed by LCMS, comparing the single ion chromatogram count to 
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a standard curve created using injections at known concentrations at 100uM, 10uM, 

1uM, 0.1uM. Integrations were calculated using an in-lab developed peak integrating 

python program. (n = 1) 

 

1.5.13 LogD(dec/w) shake flask partition coefficient assay 

This assay was carried out following procedures described in Naylor et al.7 

with modification as described in Klein et al.66 Replicates were taken from the same 

shake-flask experiment. Four samples were removed from each shake-flask 

experiment and four separate calculations were averaged (n = 4). 

1.5.14 ALogP calculations 

 ALogP was calculated according to previously described methods.67 

 

1.5.15 Lipophilic permeability efficiency (LPE) metric calculations 

LPE was calculated following previously described procedures7 using the 

following equation: LPE = LogD – 1.06(ALogP) + 5.47. 

 

1.5.16 Temperature shift coefficient calculations 

NMR temperature shift coefficient experiments were used to determine solvent 

exposure of amide bond -NH.18,68-70 Peptide samples were dissolved in deuterated 

chloroform. A proton NMR was taken at temperatures of 300 K, 305 K, 310 K, 315 K, 

320 K, and 323 K. Measurements were taken from the same sample following a period 

of thermal equilibration (n = 1). Samples were processed and analyzed using 
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MestReNova (v. 12.0.2). At each temperature, amide peaks were integrated, and the 

chemical shift and the coupling constant (J NH-HA) were calculated. Amide peaks 

were tracked by their coupling constant as the peaks shifted. The temperature shift 

coefficient was calculated using a linear regression of the change in chemical shift 

against the change in temperature. This value was then multiplied by 1000 to get values 

in ppb. Temperature shift coefficient < –4 ppb/K was considered solvent exposed.18,68 

In some cases, not at all amide peaks were located at each temperature due to overlap 

with other proton peaks in the NMR. The temperature shift coefficient for a given 

amide was only calculated if its proton peak couple be located in the proton NMR from 

at least two different temperatures.  

 

1.5.17 Molecular dynamics simulations 

The initial conformer was built using the Molecular Operating Environment 

(MOE)1 protein builder, and LowModeMD71 implemented in MOE was used to search 

for the most stable conformer in vacuo. PACKMOL72 was used to solvate the system, 

where the numbers of water, chloroform, and cyclohexane molecules are 2000, 450, 

and 300, respectively.  The AMBER ff03 force field was used for amino acids23 and 

ForceField_NCAA was used for N-methylated amino acids.24 The initially solvated 

system was minimized by steepest descent, followed by 50,000 steps of NVT 

calculation. The system was then equilibrated by NPT calculation at atmospheric 

pressure by applying the Berendsen barostat73 for 500,000 steps. A positional restraint 
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was imposed on Cα atoms during equilibration. The resultant system was used as an 

initial structure for the following simulations. 

Virtual-system-coupled Trivial Trajectory Parallelization of Multicanonical 

Molecular Dynamics (TTP-V-McMD)21,74 simulations were adopted to effectively 

sample conformations of cyclic peptides. A total of 336 pre-TTP-V-McMD runs were 

initiated with random velocities for each atom at T = 300 K. Then the systems were 

heated to T = 1503 K with 5,000 steps, followed by 495,000 steps at T = 1503 K to 

randomize the initial structures. Flat potential energy distributions between T=280 K 

and 1503 K were obtained by iterating TTP-V-McMD simulations for seven times with 

eight virtual states. The cut-off distance for Coulombic and van der Waals interactions 

was 1.0 nm, and PME was used to calculate the long-range electrostatic interaction. 

The NVT ensemble was used for all TTP-V-McMD simulations using the velocity 

rescaling method (Bussi thermostat).75 The LINCS algorithm was used to constrain the 

bonds with a hydrogen atom, enabling a time step of 2.0 fs. For each solvent, 1.0 × 107 

steps × 336 production runs (aggregating 6.72 μs) were performed. The structure and 

potential energy were stored every 2 ps. The virtual states were exchanged in every 

5,000 steps. A resampling method was used to extract the canonical ensemble at T = 

300 K, where structures were drawn from the simulated ensemble with relative 

probabilities according to their Boltzmann weights. Typically, ⁓ 20,000 conformers 

were obtained from the resampling method, and then 5,000 conformers were randomly 

selected to use for further cluster analysis. All 3.36 million conformers were taken into 

account to determine the free energy landscape by a potential of mean force (PMF) 
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calculation; W = −kBT ln ρ, where kB is the Boltzmann constant and ρ is the density of 

state. An in-house implemented TTP-V-McMD using GROMACS version 5.1.4 was 

used for the simulations. 
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1.5.18 Spectra for synthesized compounds 

1.5.18.1 NMR and LC/MS data for cordyheptapeptide A (1) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.58 (d, J = 9.8 Hz, 1H), 8.19 (d, J = 9.0 Hz, 1H), 

7.45 – 7.25 (m, 6H), 7.19 – 7.09 (m, 4H), 7.11 – 7.01 (m, 1H), 6.52 (d, J = 8.1 Hz, 2H), 

6.24 (d, J = 8.2 Hz, 2H), 5.88 (d, J = 9.6 Hz, 1H), 5.56 (dd, J = 11.6, 4.8 Hz, 1H), 5.41 

(d, J = 17.4 Hz, 1H), 5.36 (ddd, J = 11.6, 9.8, 3.9 Hz, 1H), 4.93 (ddd, J = 11.9, 9.1, 2.4 

Hz, 1H), 4.45 (dd, J = 9.6, 3.1 Hz, 1H), 4.39 (dd, J = 9.3, 3.4 Hz, 1H), 3.77 (ddd, J = 

12.0, 7.7, 4.3 Hz, 1H), 3.61 (dt, J = 11.8, 7.6 Hz, 1H), 3.43 – 3.25 (m, 3H), 3.17 (t, J = 

12.0 Hz, 1H), 3.11 – 3.00 (m, 1H), 3.04 (s, 4H), 2.90 (s, 3H), 2.86 – 2.76 (m, 1H), 2.76 

– 2.66 (m, 1H), 2.62 (s, 3H), 2.52 – 2.40 (m, 1H), 2.32 (dtt, J = 10.3, 6.8, 3.3 Hz, 1H), 

2.08 – 2.00 (m, 1H), 1.95 – 1.85 (m, 1H), 1.85 – 1.77 (m, 1H), 1.56 (dtd, J = 10.4, 6.6, 

3.5 Hz, 1H), 1.42 – 1.29 (m, 3H), 1.05 – 0.91 (m, 3H), 0.90 (dd, J = 6.8, 3.2 Hz, 7H), 

0.84 (d, J = 6.5 Hz, 3H), 0.13 (ddd, J = 13.7, 10.7, 2.4 Hz, 1H); LCMS (m/z): calculated 

exact mass: 879.4895, experimental [M+H]+ : 880.4951.  
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1.5.18.2 NMR and LC/MS data for cordyheptapeptide B (2) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe-MePhe-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.55 (d, J = 9.8 Hz, 1H), 8.19 (d, J = 9.1 Hz, 1H), 

7.40 (t, J = 7.4 Hz, 2H), 7.32 (dq, J = 16.7, 9.2, 8.1 Hz, 4H), 7.20 (d, J = 29.7 Hz, 1H), 

7.17 – 7.08 (m, 5H), 7.04 (t, J = 7.3 Hz, 3H), 6.43 (d, J = 7.4 Hz, 2H), 5.88 (d, J = 9.5 

Hz, 1H), 5.55 (dd, J = 11.6, 4.8 Hz, 1H), 5.40 (d, J = 17.4 Hz, 1H), 5.33 (ddd, J = 12.9, 

10.5, 3.8 Hz, 1H), 4.93 (td, J = 10.3, 9.4, 2.3 Hz, 1H), 4.45 (dd, J = 9.5, 3.0 Hz, 1H), 

4.39 (dd, J = 9.3, 3.4 Hz, 1H), 3.77 (ddd, J = 12.1, 7.8, 4.3 Hz, 1H), 3.61 (dt, J = 11.9, 

7.8 Hz, 1H), 3.49 (dd, J = 11.4, 4.4 Hz, 1H), 3.46 (s, 0H), 3.38 – 3.30 (m, 1H), 3.30 – 

3.25 (m, 1H), 3.25 – 3.17 (m, 1H), 3.04 (s, 4H), 3.13 – 2.97 (m, 2H), 2.90 (s, 3H), 2.81 

(ddd, J = 16.4, 12.3, 4.1 Hz, 2H), 2.65 (s, 3H), 2.47 (dq, J = 12.6, 9.5 Hz, 1H), 2.32 (tt, 

J = 7.1, 3.6 Hz, 1H), 2.17 (s, 1H), 2.04 (ddt, J = 11.8, 7.1, 4.0 Hz, 1H), 1.90 (qd, J = 

7.1, 2.8 Hz, 1H), 1.80 (q, J = 10.8, 9.9 Hz, 1H), 1.57 (td, J = 6.7, 3.6 Hz, 1H), 1.44 – 

1.24 (m, 3H), 0.98 (dt, J = 10.7, 6.7 Hz, 1H), 0.92 (dd, J = 9.8, 6.6 Hz, 6H), 0.88 (d, J 

= 6.8 Hz, 3H), 0.86 – 0.69 (m, 5H), 0.14 (dd, J = 14.2, 11.0 Hz, 1H); LCMS (m/z): 

calculated exact mass: 863.4945, experimental [M+H]+ : 864.5011. 
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1.5.18.3 NMR and LC/MS data for VK-03 (3) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe-MeTyr-Ala) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.61 (d, J = 9.8 Hz, 1H), 8.17 (d, J = 9.1 Hz, 1H), 

7.46 – 7.31 (m, 6H), 7.21 – 7.13 (m, 4H), 7.07 (t, J = 7.0 Hz, 1H), 6.52 (d, J = 8.2 Hz, 

2H), 6.21 (d, J = 8.3 Hz, 2H), 5.85 (d, J = 8.6 Hz, 1H), 5.57 (dd, J = 11.6, 4.8 Hz, 1H), 

5.43 (d, J = 17.4 Hz, 1H), 5.39 – 5.31 (m, 1H), 4.92 (t, J = 10.1 Hz, 1H), 4.53 (p, J = 

7.6 Hz, 1H), 4.42 (dd, J = 9.2, 3.4 Hz, 1H), 3.80 (ddd, J = 11.8, 7.6, 4.3 Hz, 1H), 3.63 

(dt, J = 11.9, 7.8 Hz, 1H), 3.39 (d, J = 8.0 Hz, 1H), 3.36 (d, J = 3.0 Hz, 1H), 3.32 (dd, 

J = 15.1, 11.6 Hz, 1H), 3.18 (t, J = 12.0 Hz, 1H), 3.11 – 2.98 (m, 1H), 3.06 (s, 4H), 

2.95 (s, 3H), 2.86 – 2.70 (m, 3H), 2.62 (s, 3H), 2.53 – 2.43 (m, 1H), 2.11 – 2.03 (m, 

1H), 1.92 (s, 1H), 1.83 (dq, J = 18.7, 8.1 Hz, 1H), 1.47 (d, J = 7.3 Hz, 3H), 1.42 – 1.32 

(m, 1H), 0.90 (dd, J = 21.9, 6.5 Hz, 6H), 0.25 – 0.16 (m, 1H); LCMS (m/z): calculated 

exact mass: 837.4425, experimental [M+H]+ : 838.4487. 
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1.5.18.4 NMR and LC/MS data for VK-04 (4) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe-MeAla-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.54 (d, J = 9.8 Hz, 1H), 8.34 (s, 0H), 8.27 (d, J 

= 9.1 Hz, 1H), 7.35 – 7.28 (m, 1H), 7.28 – 7.00 (m, 9H), 5.89 (d, J = 9.6 Hz, 1H), 5.59 

(dd, J = 11.5, 4.9 Hz, 1H), 5.48 – 5.35 (m, 2H), 4.92 (ddd, J = 12.0, 9.1, 2.4 Hz, 1H), 

4.43 (ddd, J = 12.6, 9.3, 3.2 Hz, 2H), 3.79 (ddd, J = 11.9, 7.7, 4.3 Hz, 1H), 3.63 (dt, J 

= 11.7, 7.7 Hz, 1H), 3.47 (q, J = 6.9 Hz, 1H), 3.40 (d, J = 17.3 Hz, 1H), 3.29 (dd, J = 

15.1, 11.5 Hz, 1H), 3.19 (s, 2H), 3.11 – 2.98 (m, 5H), 2.94 (s, 3H), 2.83 – 2.74 (m, 1H), 

2.70 – 2.57 (m, 1H), 2.48 (ddd, J = 12.6, 9.7, 7.0 Hz, 1H), 2.07 (dq, J = 12.7, 3.7 Hz, 

1H), 1.91 (td, J = 7.6, 3.9 Hz, 1H), 1.88 – 1.78 (m, 1H), 1.50 (s, 1H), 1.38 (d, J = 7.0 

Hz, 3H), 1.34 (s, 1H), 1.34 – 1.26 (m, 1H), 1.07 – 0.96 (m, 1H), 1.00 (s, 1H), 0.99 – 

0.75 (m, 13H), 0.69 (s, 1H), 0.44 (dd, J = 14.9, 6.9 Hz, 1H), 0.10 (ddd, J = 14.0, 10.8, 

2.5 Hz, 1H); LCMS (m/z): calculated exact mass: 787.4632, experimental [M+H]+ : 

788.4703. 
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1.5.18.5 NMR and LC/MS data for VK-05 (5) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Ala-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.36 (d, J = 9.9 Hz, 1H), 7.89 (d, J = 9.2 Hz, 1H), 

7.24 – 7.11 (m, 4H), 7.05 (d, J = 8.3 Hz, 2H), 6.87 – 6.81 (m, 2H), 5.96 (d, J = 9.1 Hz, 

1H), 5.49 (dd, J = 11.2, 5.0 Hz, 1H), 5.39 (d, J = 17.5 Hz, 1H), 5.25 – 5.14 (m, 1H), 

4.94 – 4.86 (m, 1H), 4.76 (s, 1H), 4.40 (td, J = 8.6, 3.2 Hz, 2H), 3.77 (ddd, J = 12.0, 

7.7, 4.5 Hz, 1H), 3.71 (dd, J = 9.7, 6.5 Hz, 1H), 3.61 (dt, J = 11.8, 7.7 Hz, 1H), 3.43 

(dd, J = 13.3, 9.7 Hz, 1H), 3.35 (d, J = 17.5 Hz, 1H), 3.26 (dd, J = 15.0, 11.2 Hz, 1H), 

3.21 – 3.11 (m, 1H), 3.13 – 3.04 (m, 1H), 3.03 (s, 3H), 2.98 (s, 3H), 2.94 (s, 3H), 2.71 

(s, 1H), 2.52 – 2.43 (m, 1H), 1.30 (dd, J = 11.7, 7.3 Hz, 1H), 1.26 – 1.14 (m, 4H), 0.98 

– 0.87 (m, 4H), 0.79 (dd, J = 18.5, 6.8 Hz, 8H), 0.09 (d, J = 12.4 Hz, 1H); LCMS (m/z): 

calculated exact mass: 803.4582, experimental [M+H]+ : 804.4645. 
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1.5.18.6 NMR and LC/MS data for VK-06 (6) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Ala-Sar-Phe-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.52 (d, J = 9.9 Hz, 1H), 8.26 (d, J = 9.1 Hz, 1H), 

7.43 (t, J = 7.4 Hz, 2H), 7.38 (d, J = 7.2 Hz, 1H), 7.32 (d, J = 7.5 Hz, 3H), 7.21 – 7.13 

(m, 4H), 7.04 (t, J = 7.0 Hz, 1H), 6.69 (s, 1H), 6.55 – 6.50 (m, 2H), 6.31 (d, J = 8.1 Hz, 

2H), 5.94 (d, J = 9.5 Hz, 1H), 5.55 (dd, J = 11.3, 4.8 Hz, 1H), 5.41 (d, J = 17.3 Hz, 

1H), 5.40 – 5.31 (m, 1H), 5.11 – 5.02 (m, 1H), 4.44 (dd, J = 9.5, 3.1 Hz, 1H), 4.38 (dd, 

J = 9.1, 3.4 Hz, 1H), 3.79 (ddd, J = 12.0, 7.6, 4.3 Hz, 1H), 3.63 (dt, J = 11.8, 7.7 Hz, 

1H), 3.45 (dd, J = 11.7, 4.1 Hz, 1H), 3.36 (d, J = 17.4 Hz, 1H), 3.32 – 3.13 (m, 3H), 

3.09 (s, 3H), 3.12 – 3.05 (m, 1H), 3.00 (t, J = 12.2 Hz, 1H), 2.92 (s, 3H), 2.81 – 2.73 

(m, 2H), 2.69 (s, 3H), 2.51 – 2.42 (m, 1H), 2.09 – 2.02 (m, 1H), 1.38 (ddd, J = 11.9, 

7.4, 4.1 Hz, 1H), 1.28 (s, 1H), 1.07 – 1.00 (m, 1H), 0.97 (s, 1H), 0.95 (d, J = 7.3 Hz, 

2H), 0.92 (d, J = 6.9 Hz, 3H), 0.86 (d, J = 7.1 Hz, 3H); LCMS (m/z): calculated exact 

mass: 853.4738, experimental [M+H]+ : 854.4800. 
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1.5.18.7 NMR and LC/MS data for VK-07 (7) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-MeAla-Sar-Phe-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 7.77 (d, J = 9.0 Hz, 1H), 7.37 (d, J = 8.3 Hz, 1H), 

7.30 – 7.21 (m, 4H), 7.24 – 7.14 (m, 3H), 7.14 – 7.04 (m, 2H), 6.97 – 6.92 (m, 2H), 

6.73 – 6.68 (m, 2H), 6.64 (d, J = 7.8 Hz, 1H), 5.62 (dd, J = 9.4, 7.0 Hz, 1H), 5.35 (q, J 

= 6.6 Hz, 1H), 5.02 – 4.95 (m, 2H), 4.76 – 4.68 (m, 2H), 4.58 (s, 1H), 4.30 (dd, J = 8.9, 

6.9 Hz, 1H), 3.21 (dd, J = 13.1, 9.4 Hz, 1H), 3.16 (s, 3H), 3.02 – 2.92 (m, 5H), 2.86 – 

2.78 (m, 1H), 2.72 (s, 3H), 2.65 (s, 3H), 2.38 (dd, J = 13.5, 7.2 Hz, 1H), 2.09 (ddd, J = 

28.7, 13.7, 7.1 Hz, 2H), 1.35 – 1.15 (m, 2H), 1.12 – 0.95 (m, 5H), 0.86 (dd, J = 16.4, 

6.6 Hz, 6H), 0.79 (t, J = 7.3 Hz, 6H); LCMS (m/z): calculated exact mass: 867.4895, 

experimental [M+H]+ :  . 
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1.5.18.8 NMR and LC/MS data for VK-08 (8) 

 
 

Sequence: Cyclo-(Leu-MeDAla-Pro-Sar-Phe-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.58 (d, J = 9.9 Hz, 1H), 8.30 (d, J = 9.2 Hz, 1H), 

7.41 – 7.34 (m, 2H), 7.30 (d, J = 13.9 Hz, 6H), 6.60 (d, J = 8.2 Hz, 2H), 6.53 (d, J = 

8.2 Hz, 2H), 6.02 (d, J = 9.3 Hz, 1H), 5.30 – 5.16 (m, 4H), 4.84 (s, 2H), 4.49 (ddd, J = 

15.8, 9.2, 3.2 Hz, 2H), 3.78 (ddd, J = 12.0, 7.8, 4.4 Hz, 1H), 3.63 – 3.52 (m, 2H), 3.37 

(t, J = 11.8 Hz, 1H), 3.31 (d, J = 17.5 Hz, 1H), 3.11 (dd, J = 12.9, 10.0 Hz, 1H), 3.02 

(d, J = 20.0 Hz, 6H), 2.96 – 2.84 (m, 2H), 2.82 – 2.71 (m, 4H), 2.47 (dd, J = 11.5, 8.5 

Hz, 1H), 2.40 (td, J = 6.8, 3.4 Hz, 1H), 2.13 – 2.02 (m, 1H), 1.96 – 1.88 (m, 1H), 1.84 

(s, 2H), 1.43 (s, 1H), 1.37 (t, J = 12.2 Hz, 1H), 1.25 (d, J = 6.7 Hz, 3H), 1.13 (d, J = 

6.7 Hz, 3H), 1.06 (d, J = 6.5 Hz, 3H), 0.99 (t, J = 7.2 Hz, 3H), 0.93 (d, J = 6.9 Hz, 3H); 

LCMS (m/z): calculated exact mass: 803.4582, experimental [M+H]+ : 804.4653. 
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1.5.18.9 NMR and LC/MS data for VK-09 (9) 

 
 

Sequence: Cyclo-(Ala-MeDPhe-Pro-Sar-Phe-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 7.53 (d, J = 9.1 Hz, 1H), 7.25 (d, J = 7.2 Hz, 5H), 

7.22 – 7.14 (m, 7H), 7.01 (d, J = 8.3 Hz, 3H), 6.96 (d, J = 7.3 Hz, 2H), 6.84 (t, J = 6.7 

Hz, 0H), 6.75 (t, J = 9.1 Hz, 3H), 6.12 (s, 1H), 6.01 (s, 1H), 5.79 (dd, J = 17.8, 7.8 Hz, 

1H), 5.62 (dd, J = 11.4, 5.6 Hz, 1H), 5.00 – 4.89 (m, 1H), 4.78 (p, J = 6.5 Hz, 1H), 4.62 

(d, J = 16.0 Hz, 1H), 4.38 (s, 1H), 4.38 – 4.32 (m, 1H), 4.16 (s, 1H), 3.52 – 3.39 (m, 

1H), 3.36 – 3.22 (m, 2H), 3.12 (d, J = 10.5 Hz, 2H), 3.07 (s, 1H), 2.99 (dd, J = 23.0, 

15.0 Hz, 10H), 2.76 (s, 3H), 2.77 – 2.64 (m, 4H), 2.00 (d, J = 14.4 Hz, 1H), 1.91 (s, 

1H), 1.57 (d, J = 7.1 Hz, 1H), 1.32 (d, J = 6.7 Hz, 1H), 1.30 (s, 1H), 1.27 (d, J = 9.7 

Hz, 3H), 1.21 (dd, J = 13.9, 7.2 Hz, 1H), 1.07 – 0.97 (m, 1H), 1.00 – 0.93 (m, 2H), 0.96 

– 0.87 (m, 6H), 0.89 – 0.80 (m, 2H), 0.78 – 0.67 (m, 9H), 0.36 (s, 6H); LCMS (m/z): 

calculated exact mass: 837.4425, experimental [M+H]+ : 838.4492. 
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1.5.18.10 NMR and LC/MS data for VK-10 (10) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe-Tyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.75 (d, J = 9.5 Hz, 1H), 7.63 (d, J = 8.9 Hz, 1H), 

7.42 – 7.23 (m, 6H), 7.23 – 7.16 (m, 1H), 7.18 – 7.13 (m, 2H), 7.13 (d, J = 7.8 Hz, 2H), 

7.11 – 7.04 (m, 1H), 6.78 (d, J = 7.3 Hz, 1H), 6.68 – 6.58 (m, 2H), 6.55 – 6.49 (m, 2H), 

6.46 – 6.39 (m, 2H), 5.57 (dd, J = 11.4, 5.1 Hz, 1H), 5.34 (d, J = 16.4 Hz, 1H), 4.91 

(ddd, J = 11.7, 8.8, 2.4 Hz, 1H), 4.82 (ddd, J = 11.6, 9.6, 3.9 Hz, 1H), 4.53 (dd, J = 

10.4, 3.5 Hz, 1H), 4.28 (dd, J = 9.2, 3.0 Hz, 1H), 4.19 (s, 1H), 3.77 (ddd, J = 12.0, 7.9, 

4.2 Hz, 1H), 3.70 – 3.58 (m, 1H), 3.57 (tt, J = 7.2, 3.6 Hz, 1H), 3.30 – 3.21 (m, 3H), 

3.17 (d, J = 4.2 Hz, 1H), 3.12 (dd, J = 15.1, 5.1 Hz, 1H), 3.06 (dd, J = 13.1, 11.6 Hz, 

1H), 3.02 (s, 3H), 2.81 (dd, J = 13.0, 4.6 Hz, 1H), 2.74 (dd, J = 13.2, 3.9 Hz, 1H), 2.67 

(s, 3H), 2.48 – 2.33 (m, 1H), 2.19 (ddt, J = 10.2, 6.8, 3.4 Hz, 1H), 1.99 (ddd, J = 13.0, 

6.9, 3.5 Hz, 1H), 1.90 – 1.76 (m, 1H), 1.38 – 1.21 (m, 2H), 1.25 (s, 1H), 1.07 – 0.80 

(m, 16H), 0.80 (dd, J = 6.5, 3.0 Hz, 1H), 0.52 (q, J = 8.0 Hz, 2H), 0.19 (ddd, J = 13.9, 

10.9, 2.4 Hz, 1H); LCMS (m/z): calculated exact mass: 865.4738, experimental [M+H]+ 

: 866.4789. 
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1.5.18.11 NMR and LC/MS data for VK-11 (11) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Gly-Phe-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.60 (d, J = 9.7 Hz, 1H), 8.23 (d, J = 8.6 Hz, 1H), 

7.86 (d, J = 9.8 Hz, 1H), 7.40 (t, J = 7.4 Hz, 2H), 7.37 – 7.22 (m, 4H), 7.15 (d, J = 5.6 

Hz, 4H), 7.07 (td, J = 6.0, 2.9 Hz, 1H), 7.00 (ddd, J = 27.7, 19.1, 9.4 Hz, 1H), 6.62 (s, 

12H), 6.58 (d, J = 7.9 Hz, 2H), 6.36 (d, J = 7.9 Hz, 2H), 6.13 (d, J = 8.2 Hz, 1H), 5.51 

(dd, J = 11.6, 4.5 Hz, 1H), 5.27 (td, J = 10.6, 3.9 Hz, 1H), 4.99 (dd, J = 17.9, 9.9 Hz, 

1H), 4.90 – 4.82 (m, 1H), 4.35 (ddd, J = 15.9, 8.6, 3.2 Hz, 2H), 4.21 (d, J = 2.3 Hz, 

1H), 3.99 (s, 3H), 3.74 (ddd, J = 12.0, 7.6, 4.2 Hz, 1H), 3.67 (d, J = 17.8 Hz, 1H), 3.60 

– 3.53 (m, 1H), 3.52 (s, 4H), 3.49 (dd, J = 11.1, 5.1 Hz, 1H), 3.27 (dd, J = 14.9, 11.6 

Hz, 1H), 3.16 (t, J = 11.6 Hz, 1H), 3.10 (s, 3H), 3.08 (d, J = 7.2 Hz, 1H), 3.06 – 2.95 

(m, 2H), 2.93 (s, 0H), 2.84 (dd, J = 12.2, 5.1 Hz, 1H), 2.78 (dd, J = 12.9, 3.9 Hz, 1H), 

2.54 (s, 3H), 2.36 – 2.24 (m, 2H), 2.08 – 1.97 (m, 2H), 1.85 (ddt, J = 37.2, 19.8, 9.4 

Hz, 3H), 1.51 – 1.41 (m, 2H), 1.37 (d, J = 18.0 Hz, 2H), 1.11 – 0.86 (m, 15H), 0.81 

(dd, J = 17.9, 6.4 Hz, 5H), 0.54 (q, J = 7.9 Hz, 2H), 0.36 (td, J = 12.6, 11.5, 5.9 Hz, 

1H); LCMS (m/z): calculated exact mass: 865.4738, experimental [M+H]+ : 866.4791. 
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1.5.18.12 NMR and LC/MS data for VK-12 (12) 

 
 

Sequence: Cyclo-(Leu-DPhe-Pro-Sar-Phe-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.12 (d, J = 7.5 Hz, 1H), 7.54 (d, J = 9.5 Hz, 1H), 

7.38 – 7.14 (m, 12H), 7.16 – 7.05 (m, 1H), 7.03 (d, J = 8.6 Hz, 1H), 6.71 (d, J = 8.2 

Hz, 2H), 6.63 (t, J = 6.6 Hz, 2H), 6.51 (dd, J = 16.6, 8.1 Hz, 1H), 6.02 (dd, J = 18.0, 

6.9 Hz, 1H), 5.02 (dtd, J = 17.7, 9.1, 8.7, 5.2 Hz, 1H), 4.91 (ddd, J = 9.4, 7.4, 5.8 Hz, 

1H), 4.78 (d, J = 16.9 Hz, 1H), 4.52 – 4.34 (m, 2H), 4.27 (dd, J = 7.4, 3.2 Hz, 1H), 3.72 

(q, J = 7.1, 6.5 Hz, 1H), 3.54 (q, J = 7.3 Hz, 1H), 3.23 (s, 2H), 3.29 – 3.15 (m, 2H), 

3.07 – 3.01 (m, 1H), 3.03 – 2.99 (m, 1H), 3.01 – 2.92 (m, 2H), 2.87 (dt, J = 10.0, 6.6 

Hz, 1H), 2.69 (t, J = 7.0 Hz, 1H), 2.66 (s, 3H), 2.62 (d, J = 13.3 Hz, 1H), 2.56 (dt, J = 

13.3, 6.3 Hz, 1H), 2.29 (ddt, J = 11.4, 7.7, 4.1 Hz, 1H), 2.03 (dp, J = 12.6, 6.6 Hz, 1H), 

1.99 – 1.75 (m, 3H), 1.50 – 1.30 (m, 2H), 1.06 – 0.93 (m, 4H), 0.95 – 0.83 (m, 8H), 

0.82 – 0.67 (m, 3H); LCMS (m/z): calculated exact mass: 865.4738, experimental 

[M+H]+ : 866.4794. 
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1.5.18.13 NMR and LC/MS data for VK-13 (13) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe-Phe-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.72 (d, J = 9.5 Hz, 1H), 7.55 (d, J = 8.9 Hz, 1H), 

7.43 – 7.36 (m, 2H), 7.39 – 7.32 (m, 1H), 7.35 – 7.26 (m, 2H), 7.27 (d, J = 1.7 Hz, 1H), 

7.24 – 7.11 (m, 6H), 7.13 – 7.03 (m, 3H), 6.68 – 6.58 (m, 4H), 5.57 (dd, J = 11.4, 5.1 

Hz, 1H), 5.40 (s, 1H), 5.34 (d, J = 16.3 Hz, 1H), 4.91 (ddd, J = 11.8, 8.9, 2.5 Hz, 1H), 

4.82 (ddd, J = 11.5, 9.5, 3.9 Hz, 1H), 4.53 (dd, J = 10.4, 3.5 Hz, 1H), 4.49 – 4.40 (m, 

0H), 4.27 (dd, J = 9.2, 3.0 Hz, 1H), 3.77 (ddd, J = 12.0, 7.9, 4.1 Hz, 1H), 3.68 – 3.55 

(m, 2H), 3.34 (t, J = 12.4 Hz, 1H), 3.25 (dd, J = 15.5, 11.2 Hz, 2H), 3.21 – 3.04 (m, 

3H), 3.02 (s, 3H), 2.94 – 2.83 (m, 2H), 2.75 (dd, J = 13.1, 3.8 Hz, 1H), 2.66 (s, 3H), 

2.42 (dtd, J = 12.8, 9.8, 7.1 Hz, 1H), 2.26 – 2.13 (m, 1H), 1.99 (ddd, J = 12.8, 7.0, 3.6 

Hz, 1H), 1.87 (s, 1H), 1.79 (s, 1H), 1.40 – 1.26 (m, 1H), 1.25 (s, 3H), 1.07 – 0.81 (m, 

14H), 0.84 – 0.75 (m, 1H), 0.19 (ddd, J = 14.0, 11.0, 2.4 Hz, 1H); LCMS (m/z): 

calculated exact mass: 849.4789, experimental [M+H]+ : 850.4852. 
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1.5.18.14 NMR and LC/MS data for VK-14 (14) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Gly-Phe-MePhe-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.40 (d, J = 9.9 Hz, 1H), 7.98 (d, J = 8.5 Hz, 1H), 

7.41 – 7.24 (m, 6H), 7.18 (q, J = 7.0, 5.5 Hz, 2H), 7.16 – 7.08 (m, 6H), 7.06 (d, J = 6.8 

Hz, 1H), 6.66 (d, J = 7.5 Hz, 2H), 6.00 (d, J = 8.3 Hz, 1H), 5.52 (dd, J = 11.6, 4.7 Hz, 

1H), 5.31 (td, J = 10.5, 4.4 Hz, 1H), 4.94 (dd, J = 17.8, 9.9 Hz, 1H), 4.73 (td, J = 9.4, 

4.5 Hz, 1H), 4.42 (td, J = 17.1, 14.6, 10.3 Hz, 1H), 4.19 (ddd, J = 20.8, 8.8, 3.2 Hz, 

2H), 3.74 (ddd, J = 12.1, 7.7, 4.5 Hz, 1H), 3.59 – 3.46 (m, 3H), 3.31 (t, J = 11.5 Hz, 

1H), 3.23 (s, 1H), 3.21 (dd, J = 14.9, 11.4 Hz, 1H), 3.10 (d, J = 15.7 Hz, 4H), 3.08 – 

2.95 (m, 2H), 2.89 – 2.74 (m, 2H), 2.63 (s, 3H), 2.37 – 2.28 (m, 1H), 2.24 (s, 1H), 2.17 

(d, J = 1.4 Hz, 4H), 2.02 (d, J = 14.8 Hz, 2H), 1.89 – 1.81 (m, 2H), 1.53 (ddd, J = 14.8, 

10.1, 5.5 Hz, 1H), 1.48 – 1.33 (m, 2H), 1.25 (s, 2H), 0.97 (s, 1H), 1.02 – 0.86 (m, 7H), 

0.83 (d, J = 7.0 Hz, 4H), 0.78 (d, J = 6.4 Hz, 3H), 0.70 (ddd, J = 13.6, 8.5, 4.7 Hz, 1H); 

LCMS (m/z): calculated exact mass: 849.4789, experimental [M+H]+ : 850.4868. 
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1.5.18.15 NMR and LC/MS data for VK-15 (15) 

 
 

Sequence: Cyclo-(Leu-DPhe-Pro-Sar-Phe-MePhe-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.46 (d, J = 9.9 Hz, 0H), 8.27 (s, 1H), 8.07 (s, 

1H), 7.98 (d, J = 9.5 Hz, 0H), 7.50 (s, 1H), 7.37 (dt, J = 8.3, 6.5 Hz, 3H), 7.34 – 7.27 

(m, 8H), 7.30 – 7.22 (m, 10H), 7.24 – 7.16 (m, 7H), 7.14 (qd, J = 8.2, 2.4 Hz, 2H), 7.07 

– 6.96 (m, 3H), 6.83 (s, 3H), 6.54 (dd, J = 20.8, 8.9 Hz, 1H), 6.45 – 6.40 (m, 1H), 5.93 

(s, 1H), 5.81 (s, 1H), 5.28 (s, 1H), 5.06 – 4.99 (m, 3H), 4.92 (dt, J = 9.7, 6.8 Hz, 2H), 

4.80 (d, J = 16.2 Hz, 2H), 4.56 (dd, J = 8.8, 3.9 Hz, 1H), 4.47 – 4.41 (m, 4H), 4.37 (td, 

J = 10.3, 9.8, 4.1 Hz, 1H), 4.29 (dd, J = 7.7, 3.5 Hz, 2H), 4.15 (d, J = 7.1 Hz, 1H), 3.82 

(d, J = 16.5 Hz, 1H), 3.81 – 3.76 (m, 1H), 3.65 – 3.55 (m, 2H), 3.28 – 3.15 (m, 9H), 

3.14 (s, 2H), 3.15 – 3.09 (m, 1H), 3.09 – 2.96 (m, 7H), 2.96 – 2.86 (m, 3H), 2.83 (ddd, 

J = 16.3, 7.4, 4.4 Hz, 1H), 2.74 – 2.68 (m, 1H), 2.67 (s, 4H), 2.66 (s, 1H), 2.64 – 2.52 

(m, 3H), 2.40 – 2.28 (m, 1H), 2.22 (t, J = 7.6 Hz, 1H), 2.08 (tq, J = 13.0, 7.3, 6.9 Hz, 

2H), 2.04 – 1.93 (m, 1H), 1.99 (s, 2H), 1.90 (s, 5H), 1.83 (d, J = 9.5 Hz, 1H), 1.62 (d, 

J = 7.6 Hz, 2H), 1.54 – 1.41 (m, 2H), 1.35 – 1.25 (m, 2H), 1.25 (s, 2H), 1.21 – 1.15 (m, 

1H), 1.01 – 0.86 (m, 19H), 0.89 – 0.69 (m, 13H); LCMS (m/z): calculated exact mass: 

849.4789, experimental [M+H]+ : 850.4853. 
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1.5.18.16 NMR and LC/MS data for VK-16 (16) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe-MeTyr-MeAla) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.52 (d, J = 10.0 Hz, 1H), 7.38 – 7.21 (m, 7H), 

7.12 (d, J = 7.1 Hz, 2H), 7.06 (t, J = 7.5 Hz, 2H), 6.98 (t, J = 7.9 Hz, 3H), 6.76 – 6.69 

(m, 2H), 5.56 (dd, J = 11.5, 5.1 Hz, 1H), 5.45 – 5.34 (m, 2H), 5.26 (q, J = 7.2 Hz, 

1H), 4.83 (ddd, J = 11.8, 9.2, 2.1 Hz, 1H), 4.69 (dd, J = 11.9, 4.7 Hz, 1H), 4.28 (dd, J 

= 9.3, 3.3 Hz, 1H), 3.76 (ddd, J = 12.0, 7.8, 4.3 Hz, 1H), 3.60 (dt, J = 11.8, 7.8 Hz, 

1H), 3.38 (d, J = 17.4 Hz, 1H), 3.29 – 3.20 (m, 1H), 3.24 (s, 3H), 3.14 – 2.98 (m, 4H), 

2.97 (s, 3H), 2.95 (s, 4H), 2.92 (dd, J = 12.5, 4.7 Hz, 1H), 2.88 (s, 3H), 2.75 (dd, J = 

13.0, 4.3 Hz, 1H), 2.70 (s, 3H), 2.43 (dtd, J = 12.8, 9.6, 7.0 Hz, 1H), 2.24 (s, 3H), 

2.08 – 1.99 (m, 1H), 1.92 – 1.78 (m, 1H), 1.78 (s, 1H), 1.42 – 1.30 (m, 1H), 1.32 – 

1.24 (m, 1H), 1.11 (d, J = 7.3 Hz, 3H), 0.78 (dt, J = 10.4, 5.1 Hz, 8H); LCMS (m/z): 

calculated exact mass: 851.4582, experimental [M+H]+  
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1.5.18.17 NMR and LC/MS data for VK-19 (19) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe(2-F)-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.54 (d, J = 9.8 Hz, 1H), 8.14 (d, J = 9.1 Hz, 1H), 

7.35 (d, J = 6.6 Hz, 1H), 7.22 (s, 1H), 7.20 – 7.09 (m, 7H), 7.06 – 6.97 (m, 2H), 6.68 

(d, J = 7.9 Hz, 0H), 6.52 (d, J = 8.0 Hz, 2H), 6.32 (d, J = 8.0 Hz, 2H), 5.88 (d, J = 9.6 

Hz, 1H), 5.55 (dd, J = 11.3, 4.8 Hz, 1H), 5.46 (td, J = 10.6, 3.8 Hz, 1H), 5.40 (d, J = 

17.4 Hz, 1H), 5.29 (s, 1H), 4.99 – 4.91 (m, 1H), 4.45 (dd, J = 9.7, 3.0 Hz, 1H), 4.37 

(dd, J = 9.0, 3.4 Hz, 1H), 4.25 (s, 4H), 4.18 (s, 1H), 3.77 (ddd, J = 11.9, 7.6, 4.3 Hz, 

1H), 3.69 – 3.56 (m, 1H), 3.51 – 3.40 (m, 2H), 3.42 (s, 3H), 3.35 (d, J = 17.3 Hz, 1H), 

3.31 – 3.16 (m, 2H), 3.20 (s, 2H), 3.15 – 3.06 (m, 1H), 3.05 (s, 4H), 3.03 – 2.95 (m, 

1H), 2.89 (s, 3H), 2.86 – 2.73 (m, 2H), 2.70 (s, 3H), 2.50 – 2.41 (m, 1H), 2.36 – 2.29 

(m, 1H), 2.08 – 2.01 (m, 1H), 1.92 – 1.84 (m, 1H), 1.81 (s, 1H), 1.55 (q, J = 7.0 Hz, 

1H), 1.47 – 1.39 (m, 1H), 1.37 (dd, J = 22.3, 8.9 Hz, 1H), 1.26 (s, 4H), 0.99 – 0.85 (m, 

16H), 0.84 (d, J = 6.5 Hz, 4H), 0.81 (s, 6H), 0.81 – 0.69 (m, 1H), 0.59 (t, J = 8.4 Hz, 

1H), 0.52 (q, J = 8.0 Hz, 4H), 0.19 (t, J = 12.6 Hz, 1H); LCMS (m/z): calculated exact 

mass: 897.4800, experimental [M+H]+ : 898.4862. 
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1.5.18.18 NMR and LC/MS data for VK-20 (20) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe(3-Cl)-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.52 (d, J = 9.8 Hz, 1H), 8.09 (d, J = 9.1 Hz, 1H), 

7.34 (d, J = 4.6 Hz, 2H), 7.30 (s, 1H), 7.24 – 7.08 (m, 5H), 7.04 (t, J = 7.0 Hz, 1H), 

6.56 (s, 1H), 6.55 (s, 1H), 6.35 (d, J = 8.2 Hz, 2H), 5.88 (d, J = 9.5 Hz, 1H), 5.53 (dd, 

J = 11.6, 4.7 Hz, 1H), 5.39 (d, J = 17.4 Hz, 1H), 5.29 (td, J = 10.9, 9.9, 3.8 Hz, 1H), 

4.94 (ddd, J = 11.9, 9.2, 2.4 Hz, 1H), 4.83 (s, 1H), 4.44 (dd, J = 9.5, 3.1 Hz, 1H), 4.38 

(dd, J = 9.2, 3.4 Hz, 1H), 4.24 (s, 2H), 3.77 (ddd, J = 11.9, 7.7, 4.3 Hz, 1H), 3.69 – 3.56 

(m, 1H), 3.46 (dd, J = 11.6, 4.3 Hz, 1H), 3.36 (s, 1H), 3.34 – 3.27 (m, 1H), 3.27 – 3.18 

(m, 2H), 3.17 (s, 1H), 3.20 – 3.12 (m, 0H), 3.05 (s, 3H), 3.02 (dd, J = 15.9, 10.6 Hz, 

2H), 2.96 (t, J = 12.3 Hz, 1H), 2.90 (s, 3H), 2.75 (ddd, J = 28.5, 12.4, 4.2 Hz, 2H), 2.69 

(s, 3H), 2.51 – 2.41 (m, 1H), 2.38 – 2.29 (m, 1H), 2.07 – 2.01 (m, 1H), 1.90 (s, 1H), 

1.89 – 1.80 (m, 1H), 1.80 (s, 1H), 1.49 – 1.38 (m, 0H), 1.38 – 1.28 (m, 3H), 1.26 (s, 

2H), 0.94 (d, J = 8.2 Hz, 11H), 0.90 (d, J = 14.9 Hz, 7H), 0.89 – 0.80 (m, 4H), 0.83 – 

0.71 (m, 1H), 0.63 – 0.56 (m, 1H), 0.52 (q, J = 7.9 Hz, 6H), 0.20 (t, J = 12.3 Hz, 1H); 

LCMS (m/z): calculated exact mass: 913.4505, experimental [M+H]+ : 914.4569. 
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1.5.18.19 NMR and LC/MS data for VK-21 (21) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe(4-Cl)-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.61 (d, J = 9.8 Hz, 1H), 8.21 (d, J = 9.0 Hz, 1H), 

7.41 – 7.36 (m, 2H), 7.23 (d, J = 7.9 Hz, 2H), 7.21 – 7.09 (m, 4H), 7.03 (t, J = 7.2 Hz, 

1H), 6.61 – 6.54 (m, 2H), 6.31 (d, J = 7.9 Hz, 2H), 5.89 (d, J = 9.3 Hz, 1H), 5.53 (dd, 

J = 11.6, 4.7 Hz, 1H), 5.40 (d, J = 17.5 Hz, 1H), 5.33 – 5.25 (m, 1H), 4.91 (q, J = 11.8, 

11.1 Hz, 1H), 4.42 (ddd, J = 24.5, 9.5, 3.2 Hz, 3H), 4.23 (s, 1H), 3.77 (ddd, J = 12.0, 

7.7, 4.1 Hz, 1H), 3.61 (dt, J = 11.8, 7.8 Hz, 1H), 3.49 (dd, J = 11.6, 4.3 Hz, 1H), 3.39 

(d, J = 17.5 Hz, 1H), 3.29 (dd, J = 15.0, 11.7 Hz, 1H), 3.18 (q, J = 13.7, 12.0 Hz, 1H), 

3.04 (dd, J = 15.2, 4.7 Hz, 1H), 3.04 (s, 3H), 2.96 (t, J = 12.2 Hz, 1H), 2.91 (s, 3H), 

2.76 (ddd, J = 16.7, 12.5, 4.9 Hz, 2H), 2.66 (s, 3H), 2.51 – 2.41 (m, 1H), 2.31 (ddt, J = 

10.7, 7.1, 3.6 Hz, 1H), 2.04 (ddd, J = 11.2, 6.9, 3.1 Hz, 1H), 1.90 (tt, J = 7.4, 4.1 Hz, 

1H), 1.84 – 1.77 (m, 1H), 1.59 – 1.50 (m, 1H), 1.39 – 1.24 (m, 3H), 1.04 – 0.94 (m, 

1H), 0.96 – 0.86 (m, 10H), 0.84 (d, J = 6.5 Hz, 3H), 0.52 (q, J = 7.9 Hz, 1H), 0.19 (t, J 

= 12.6 Hz, 1H); LCMS (m/z): calculated exact mass: 913.4505, experimental [M+H]+ 

: 914.4566. 
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1.5.18.20 NMR and LC/MS data for VK-22 (22) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe(4-F)-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.54 (d, J = 9.8 Hz, 1H), 8.12 (d, J = 9.1 Hz, 1H), 

7.15 (d, J = 7.4 Hz, 2H), 7.10 (dt, J = 12.0, 7.8 Hz, 4H), 7.02 (t, J = 7.3 Hz, 1H), 6.54 

(d, J = 8.1 Hz, 2H), 6.34 (d, J = 8.0 Hz, 2H), 5.88 (d, J = 9.5 Hz, 1H), 5.54 (dd, J = 

11.5, 4.7 Hz, 1H), 5.39 (d, J = 17.4 Hz, 1H), 5.32 – 5.23 (m, 1H), 4.93 (t, J = 10.0 Hz, 

1H), 4.44 (dd, J = 9.4, 3.1 Hz, 1H), 4.38 (dd, J = 9.1, 3.4 Hz, 1H), 4.25 (s, 3H), 3.77 

(ddd, J = 11.9, 7.8, 4.4 Hz, 1H), 3.69 – 3.56 (m, 1H), 3.51 – 3.43 (m, 1H), 3.35 (d, J = 

17.4 Hz, 1H), 3.29 (dd, J = 15.1, 11.6 Hz, 1H), 3.24 – 3.16 (m, 2H), 3.15 – 3.08 (m, 

1H), 3.04 (s, 3H), 3.08 – 2.95 (m, 2H), 2.99 (s, 1H), 2.90 (s, 3H), 2.75 (ddd, J = 23.9, 

12.6, 4.3 Hz, 2H), 2.69 (s, 3H), 2.49 – 2.43 (m, 1H), 2.39 – 2.29 (m, 3H), 1.90 (s, 1H), 

1.85 – 1.77 (m, 1H), 1.47 – 1.38 (m, 1H), 1.32 (s, 2H), 1.26 (s, 3H), 1.05 – 0.86 (m, 

15H), 0.89 – 0.78 (m, 3H), 0.60 (p, J = 7.6 Hz, 1H), 0.52 (q, J = 7.9 Hz, 3H), 0.16 (t, J 

= 12.6 Hz, 1H); LCMS (m/z): calculated exact mass: 897.4800, experimental [M+H]+ 

: 898.4861. 
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1.5.18.21 NMR and LC/MS data for VK-23 (23) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Ala(β-2-fur)-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.54 (d, J = 9.9 Hz, 1H), 8.16 (d, J = 9.0 Hz, 1H), 

7.44 (s, 1H), 7.26 (s, 3H), 7.15 (dq, J = 13.1, 6.9, 6.4 Hz, 5H), 6.70 (s, 3H), 6.40 (dt, J 

= 3.1, 1.5 Hz, 1H), 6.07 (d, J = 3.1 Hz, 1H), 5.92 (d, J = 9.4 Hz, 1H), 5.51 (dd, J = 11.5, 

4.8 Hz, 1H), 5.48 – 5.35 (m, 2H), 4.88 (dd, J = 11.9, 8.7 Hz, 1H), 4.43 (dd, J = 9.3, 3.1 

Hz, 1H), 4.39 (dd, J = 9.4, 3.4 Hz, 1H), 4.23 (s, 1H), 3.94 (s, 8H), 3.76 (ddd, J = 11.9, 

7.6, 4.2 Hz, 1H), 3.65 – 3.53 (m, 2H), 3.41 – 3.32 (m, 1H), 3.29 (dd, J = 11.8, 8.1 Hz, 

1H), 3.23 (dd, J = 20.7, 11.9 Hz, 1H), 3.17 – 3.09 (m, 1H), 3.06 (dd, J = 12.6, 7.7 Hz, 

1H), 3.02 (s, 3H), 2.91 (s, 3H), 2.88 (dd, J = 13.1, 8.0 Hz, 1H), 2.82 – 2.71 (m, 4H), 

2.50 – 2.43 (m, 1H), 2.32 – 2.24 (m, 1H), 2.11 – 1.99 (m, 1H), 1.89 (s, 1H), 1.84 – 1.77 

(m, 1H), 1.27 (q, J = 11.7, 9.8 Hz, 3H), 1.01 – 0.93 (m, 1H), 0.88 (dt, J = 28.6, 6.7 Hz, 

9H), 0.82 – 0.70 (m, 4H), 0.09 (t, J = 12.5 Hz, 1H); LCMS (m/z): calculated exact mass: 

869.4687, experimental [M+H]+ : 870.4747. 
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1.5.18.22 NMR and LC/MS data for VK-24 (24) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Ala(β-3-pyr)-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.80 (d, J = 5.2 Hz, 1H), 8.74 (s, 1H), 8.52 (d, J 

= 9.8 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.80 (d, J = 6.9 Hz, 1H), 7.75 (d, J = 9.2 Hz, 

1H), 7.26 (s, 16H), 7.23 (s, 2H), 7.15 (d, J = 7.5 Hz, 2H), 7.06 (t, J = 7.7 Hz, 2H), 6.95 

(t, J = 7.5 Hz, 1H), 6.61 (d, J = 8.0 Hz, 2H), 6.33 (d, J = 7.8 Hz, 2H), 5.99 (d, J = 9.1 

Hz, 1H), 5.47 (dd, J = 11.3, 4.6 Hz, 1H), 5.38 (d, J = 17.6 Hz, 1H), 5.25 – 5.18 (m, 

1H), 5.01 (t, J = 10.5 Hz, 1H), 4.76 (s, 1H), 4.44 – 4.31 (m, 3H), 4.24 (s, 6H), 3.77 

(ddd, J = 12.0, 7.7, 4.5 Hz, 1H), 3.66 – 3.54 (m, 2H), 3.49 (s, 1H), 3.43 (d, J = 17.0 Hz, 

1H), 3.35 (d, J = 17.6 Hz, 1H), 3.29 – 3.15 (m, 3H), 3.12 – 3.01 (m, 4H), 2.99 (t, J = 

11.7 Hz, 2H), 2.94 (s, 3H), 2.88 (dd, J = 12.2, 5.3 Hz, 1H), 2.84 – 2.72 (m, 1H), 2.71 

(s, 3H), 2.50 (t, J = 10.4 Hz, 1H), 1.92 (s, 2H), 1.85 – 1.78 (m, 2H), 1.64 – 1.59 (m, 

1H), 1.45 – 1.33 (m, 1H), 1.28 (s, 1H), 1.26 (s, 3H), 1.23 (d, J = 3.8 Hz, 1H), 1.09 – 

0.98 (m, 1H), 0.98 – 0.80 (m, 14H), 0.40 (t, J = 12.4 Hz, 1H); LCMS (m/z): calculated 

exact mass: 880.4847, experimental [M+H]+ :  . 
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1.5.18.23 NMR and LC/MS data for VK-25 (25) 

 
 

Sequence: Cyclo-(Leu-MeDPhe(4-Cl)-Pro-Sar-Phe-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.56 (d, J = 9.8 Hz, 1H), 8.24 (d, J = 9.0 Hz, 1H), 

7.41 (t, J = 7.3 Hz, 2H), 7.35 (dd, J = 12.9, 7.1 Hz, 3H), 7.21 (s, 1H), 7.12 (s, 4H), 6.52 

(d, J = 8.2 Hz, 2H), 6.25 (d, J = 8.0 Hz, 2H), 5.88 (d, J = 9.5 Hz, 1H), 5.55 (dd, J = 

11.5, 5.0 Hz, 1H), 5.44 – 5.34 (m, 2H), 4.94 (ddd, J = 11.9, 9.0, 2.4 Hz, 1H), 4.45 (dd, 

J = 9.5, 3.1 Hz, 1H), 4.37 (dd, J = 9.3, 3.4 Hz, 1H), 3.76 (ddd, J = 12.1, 7.7, 4.3 Hz, 

1H), 3.69 – 3.56 (m, 1H), 3.41 (dd, J = 11.7, 4.1 Hz, 1H), 3.35 (d, J = 17.4 Hz, 1H), 

3.27 (dd, J = 15.1, 11.5 Hz, 1H), 3.18 (t, J = 12.0 Hz, 1H), 3.09 (t, J = 12.1 Hz, 1H), 

3.05 – 2.97 (m, 1H), 3.01 (s, 3H), 2.90 (s, 3H), 2.84 (dd, J = 12.6, 3.9 Hz, 1H), 2.77 – 

2.66 (m, 2H), 2.64 (s, 3H), 2.50 – 2.40 (m, 1H), 2.32 (ddt, J = 10.3, 7.0, 3.6 Hz, 1H), 

2.07 – 2.00 (m, 1H), 1.88 (ddt, J = 11.3, 7.0, 4.4 Hz, 1H), 1.85 – 1.74 (m, 1H), 1.58 

(ddd, J = 13.8, 6.7, 3.5 Hz, 1H), 1.48 – 1.29 (m, 2H), 1.28 (s, 4H), 1.25 (s, 2H), 1.04 – 

0.87 (m, 9H), 0.85 (d, J = 6.5 Hz, 3H), 0.84 (s, 7H), 0.12 (ddd, J = 13.8, 10.6, 2.5 Hz, 

1H); LCMS (m/z): calculated exact mass: 913.4505, experimental [M+H]+ : 914.4579. 
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1.5.18.24 NMR and LC/MS data for VK-26 (26) 

 
 

Sequence: Cyclo-(Leu-MeDPhe(4-F)-Pro-Sar-Phe-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.57 (d, J = 9.8 Hz, 1H), 8.24 (d, J = 9.0 Hz, 1H), 

7.40 (t, J = 7.3 Hz, 2H), 7.36 (d, J = 7.0 Hz, 1H), 7.32 (d, J = 7.4 Hz, 2H), 7.13 (dd, J 

= 8.3, 5.3 Hz, 2H), 6.84 (t, J = 8.4 Hz, 2H), 6.53 (d, J = 8.1 Hz, 2H), 6.26 (d, J = 8.1 

Hz, 2H), 5.89 (d, J = 9.5 Hz, 1H), 5.53 (dd, J = 11.4, 5.1 Hz, 1H), 5.41 – 5.33 (m, 2H), 

4.94 (ddd, J = 11.9, 9.0, 2.5 Hz, 1H), 4.52 (s, 6H), 4.45 (dd, J = 9.5, 3.1 Hz, 1H), 4.38 

(dd, J = 9.3, 3.4 Hz, 1H), 3.76 (ddd, J = 12.0, 7.8, 4.1 Hz, 1H), 3.69 – 3.56 (m, 1H), 

3.42 (dd, J = 11.6, 4.1 Hz, 1H), 3.35 (d, J = 17.4 Hz, 1H), 3.26 (dd, J = 15.1, 11.4 Hz, 

1H), 3.18 (t, J = 12.0 Hz, 1H), 3.14 – 2.97 (m, 2H), 3.02 (s, 3H), 2.90 (s, 3H), 2.82 (dd, 

J = 12.6, 3.9 Hz, 1H), 2.74 (dd, J = 12.3, 4.2 Hz, 1H), 2.64 (s, 3H), 2.51 – 2.40 (m, 

1H), 2.33 (ddt, J = 10.4, 7.1, 3.7 Hz, 1H), 2.03 (ddt, J = 11.0, 7.1, 3.6 Hz, 1H), 1.94 – 

1.73 (m, 2H), 1.66 – 1.54 (m, 1H), 1.50 – 1.29 (m, 2H), 1.26 (d, J = 8.6 Hz, 2H), 1.24 

(s, 1H), 1.06 – 0.87 (m, 9H), 0.85 (d, J = 6.4 Hz, 3H), 0.15 (ddd, J = 13.8, 10.8, 2.5 Hz, 

1H); LCMS (m/z): calculated exact mass: 897.4800, experimental [M+H]+ : 898.4867. 
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1.5.18.25 NMR and LC/MS data for VK-27 (27) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Gly-Phe(2-F)-MeTyr-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.43 (d, J = 9.9 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 

7.34 (dtd, J = 8.0, 6.0, 5.5, 2.6 Hz, 1H), 7.29 (d, J = 15.2 Hz, 1H), 7.26 – 7.19 (m, 1H), 

7.19 – 7.12 (m, 6H), 7.12 – 6.95 (m, 3H), 6.75 (d, J = 8.4 Hz, 1H), 6.64 (d, J = 8.1 Hz, 

2H), 6.58 (d, J = 8.1 Hz, 2H), 6.05 (d, J = 8.1 Hz, 1H), 5.53 (dd, J = 11.3, 4.8 Hz, 1H), 

5.45 (td, J = 9.9, 5.0 Hz, 1H), 5.02 – 4.93 (m, 1H), 4.75 (td, J = 9.3, 4.6 Hz, 1H), 4.41 

(s, 1H), 4.23 (dd, J = 8.1, 3.2 Hz, 1H), 4.17 (dd, J = 8.9, 3.2 Hz, 1H), 3.80 – 3.67 (m, 

2H), 3.61 – 3.44 (m, 3H), 3.25 (ddd, J = 30.8, 13.8, 10.9 Hz, 2H), 3.12 (d, J = 21.6 Hz, 

5H), 3.09 – 3.03 (m, 1H), 2.96 (dd, J = 12.5, 5.5 Hz, 1H), 2.92 – 2.85 (m, 2H), 2.84 – 

2.73 (m, 1H), 2.67 (d, J = 12.3 Hz, 4H), 2.36 – 2.22 (m, 2H), 2.05 – 1.96 (m, 2H), 1.91 

– 1.78 (m, 1H), 1.83 (s, 2H), 1.54 (ddd, J = 14.8, 10.0, 5.6 Hz, 1H), 1.50 – 1.34 (m, 

2H), 1.30 (s, 1H), 1.28 (s, 4H), 1.28 (s, 4H), 1.23 (tt, J = 8.1, 4.0 Hz, 1H), 1.08 – 0.91 

(m, 4H), 0.94 – 0.72 (m, 13H); LCMS (m/z): calculated exact mass: 883.4644, 

experimental [M+H]+ : 884.4713. 
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1.5.18.26 NMR and LC/MS data for VK-28 (28) 

 

 

 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Gly-Phe(3-Cl)-MeTyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.45 (d, J = 9.8 Hz, 1H), 7.93 (d, J = 8.5 Hz, 1H), 

7.35 (s, 1H), 7.30 (t, J = 3.7 Hz, 4H), 7.19 (q, J = 5.9, 4.4 Hz, 2H), 7.14 (q, J = 3.2, 1.9 

Hz, 5H), 7.07 (td, J = 5.8, 2.8 Hz, 1H), 6.91 (d, J = 5.9 Hz, 0H), 6.61 (d, J = 8.0 Hz, 

2H), 6.52 (d, J = 8.1 Hz, 2H), 6.05 (d, J = 8.2 Hz, 1H), 5.48 (dd, J = 11.5, 4.6 Hz, 1H), 

5.24 (td, J = 10.6, 4.1 Hz, 1H), 4.97 (dd, J = 17.9, 9.9 Hz, 1H), 4.75 (td, J = 9.7, 4.1 

Hz, 1H), 4.24 (dd, J = 8.3, 3.1 Hz, 1H), 4.18 (dd, J = 8.9, 3.3 Hz, 1H), 3.73 (ddd, J = 

12.1, 7.7, 4.5 Hz, 1H), 3.60 – 3.37 (m, 4H), 3.29 – 3.14 (m, 2H), 3.12 (s, 3H), 3.10 (s, 

2H), 3.03 (ddd, J = 15.6, 12.0, 7.7 Hz, 3H), 2.94 – 2.84 (m, 2H), 2.73 (dd, J = 13.2, 4.2 

Hz, 1H), 2.67 (s, 1H), 2.56 (s, 3H), 2.27 (dddd, J = 13.7, 10.9, 8.4, 6.0 Hz, 2H), 2.07 – 

1.94 (m, 2H), 1.89 – 1.75 (m, 3H), 1.48 (ddt, J = 17.4, 11.9, 6.0 Hz, 1H), 1.45 – 1.29 

(m, 1H), 1.31 (s, 3H), 1.25 (s, 1H), 1.19 (s, 1H), 1.02 (ddt, J = 13.0, 9.5, 6.7 Hz, 1H), 

0.92 (dd, J = 22.2, 7.0 Hz, 10H), 0.85 (dd, J = 10.5, 6.5 Hz, 1H), 0.80 (d, J = 6.5 Hz, 

4H), 0.62 (ddd, J = 13.6, 9.0, 4.2 Hz, 1H); LCMS (m/z): calculated exact mass: 

899.4348, experimental [M+H]+ : 900.4423. 
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1.5.18.27 NMR and LC/MS data for VK-29 (29) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Gly-Phe(4-Cl)-MeTyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.44 (d, J = 9.9 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 

7.35 (d, J = 8.1 Hz, 2H), 7.31 – 7.18 (m, 3H), 7.20 – 7.11 (m, 1H), 7.14 (s, 2H), 7.12 

(d, J = 7.7 Hz, 1H), 7.09 – 6.97 (m, 2H), 6.89 (d, J = 8.1 Hz, 1H), 6.60 (d, J = 8.1 Hz, 

2H), 6.49 (d, J = 8.1 Hz, 2H), 6.03 (d, J = 8.3 Hz, 1H), 5.49 (dd, J = 11.5, 4.7 Hz, 1H), 

5.24 (td, J = 10.6, 4.3 Hz, 1H), 5.01 – 4.92 (m, 1H), 4.73 (td, J = 9.4, 4.5 Hz, 1H), 4.39 

(s, 1H), 4.23 (dd, J = 8.2, 3.1 Hz, 1H), 4.16 (dd, J = 8.8, 3.3 Hz, 1H), 3.73 (ddd, J = 

12.2, 7.8, 4.5 Hz, 1H), 3.60 – 3.48 (m, 2H), 3.45 (dd, J = 10.7, 5.2 Hz, 1H), 3.41 (s, 

1H), 3.28 – 3.14 (m, 2H), 3.12 (s, 3H), 3.04 (ddd, J = 17.1, 12.9, 7.8 Hz, 3H), 2.95 – 

2.85 (m, 2H), 2.74 (dd, J = 13.1, 4.4 Hz, 1H), 2.57 (s, 3H), 2.32 – 2.21 (m, 2H), 2.04 – 

1.95 (m, 2H), 1.83 (ddd, J = 14.9, 11.0, 7.6 Hz, 2H), 1.53 – 1.42 (m, 1H), 1.42 – 1.32 

(m, 1H), 1.29 (dd, J = 11.0, 4.6 Hz, 1H), 1.26 (s, 3H), 1.01 (ddt, J = 12.4, 9.3, 6.6 Hz, 

1H), 0.92 (dd, J = 15.8, 8.5 Hz, 5H), 0.90 – 0.79 (m, 7H), 0.78 (d, J = 6.6 Hz, 3H), 0.67 

(ddd, J = 13.5, 8.7, 4.4 Hz, 1H); LCMS (m/z): calculated exact mass: 899.4348, 

experimental [M+H]+ : 900.4426. 

 

 
 



86 
 

1.5.18.28 NMR and LC/MS data for VK-30 (30) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Gly-Phe(4-F)-MeTyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.42 (d, J = 9.9 Hz, 1H), 7.94 (d, J = 8.5 Hz, 1H), 

7.30 – 7.25 (m, 2H), 7.25 – 7.18 (m, 0H), 7.20 – 7.11 (m, 4H), 7.13 – 7.03 (m, 3H), 

6.91 (d, J = 7.0 Hz, 1H), 6.58 (d, J = 8.0 Hz, 2H), 6.48 (d, J = 8.0 Hz, 2H), 6.04 (d, J = 

8.3 Hz, 1H), 5.49 (dd, J = 11.5, 4.7 Hz, 1H), 5.22 (td, J = 10.5, 4.3 Hz, 1H), 4.97 (dd, 

J = 17.9, 9.8 Hz, 1H), 4.75 (td, J = 9.5, 4.4 Hz, 1H), 4.24 (dd, J = 8.3, 3.1 Hz, 1H), 4.17 

(dd, J = 8.9, 3.3 Hz, 1H), 3.72 (ddd, J = 12.1, 7.7, 4.6 Hz, 1H), 3.59 – 3.46 (m, 2H), 

3.43 (dd, J = 10.8, 5.1 Hz, 1H), 3.29 – 3.14 (m, 2H), 3.12 (s, 2H), 3.08 (s, 0H), 3.03 

(dd, J = 15.1, 11.3 Hz, 2H), 2.93 – 2.84 (m, 1H), 2.73 (dt, J = 12.5, 6.1 Hz, 1H), 2.53 

(s, 2H), 2.26 (ddd, J = 13.4, 9.6, 6.6 Hz, 2H), 2.02 – 1.95 (m, 1H), 1.90 – 1.76 (m, 2H), 

1.53 – 1.35 (m, 1H), 1.34 – 1.24 (m, 2H), 1.02 (ddt, J = 13.0, 9.2, 6.6 Hz, 1H), 0.89 

(dtd, J = 22.3, 15.7, 15.0, 6.6 Hz, 9H), 0.79 (t, J = 6.3 Hz, 3H), 0.65 (ddd, J = 13.6, 8.8, 

4.5 Hz, 1H); LCMS (m/z): calculated exact mass: 883.4644, experimental [M+H]+ : 

884.4712. 
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1.5.18.29 NMR and LC/MS data for VK-31 (31) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Gly-Ala(β-2-fur)-MeTyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.38 (d, J = 10.1 Hz, 1H), 7.89 (t, J = 7.4 Hz, 

1H), 7.41 (s, 1H), 7.20 (s, 4H), 7.20 – 7.14 (m, 1H), 7.11 (d, J = 6.8 Hz, 6H), 7.00 (qt, 

J = 18.2, 8.7 Hz, 3H), 6.86 – 6.80 (m, 3H), 6.74 (t, J = 8.9 Hz, 4H), 6.37 (dd, J = 3.3, 

1.8 Hz, 1H), 6.08 (d, J = 3.1 Hz, 1H), 6.01 (dd, J = 14.1, 8.4 Hz, 2H), 5.49 (dd, J = 

12.1, 4.4 Hz, 1H), 5.41 (td, J = 10.0, 5.4 Hz, 1H), 4.99 – 4.87 (m, 1H), 4.57 (dt, J = 

12.8, 6.5 Hz, 1H), 4.53 (s, 1H), 4.41 (s, 1H), 4.14 (ddd, J = 18.6, 8.5, 3.2 Hz, 1H), 

4.09 – 4.01 (m, 1H), 3.96 (d, J = 5.9 Hz, 1H), 3.89 – 3.65 (m, 3H), 3.58 (d, J = 19.6 

Hz, 1H), 3.56 – 3.52 (m, 1H), 3.52 (s, 1H), 3.50 (d, J = 9.6 Hz, 1H), 3.41 – 3.30 (m, 

1H), 3.22 – 3.13 (m, 2H), 3.11 (d, J = 9.7 Hz, 6H), 3.07 (s, 7H), 3.05 – 2.95 (m, 2H), 

2.92 (s, 1H), 2.86 (d, J = 11.4 Hz, 4H), 2.83 – 2.77 (m, 1H), 2.74 (s, 2H), 2.65 (s, 

2H), 2.28 (dd, J = 12.2, 8.5 Hz, 1H), 2.06 – 1.99 (m, 1H), 1.99 (s, 4H), 1.92 (p, J = 

7.1 Hz, 1H), 1.79 (s, 8H), 1.63 (q, J = 7.6 Hz, 1H), 1.46 – 1.27 (m, 3H), 1.25 (s, 4H), 

1.24 (s, 6H), 1.20 (dd, J = 9.3, 6.3 Hz, 1H), 1.13 (dt, J = 13.4, 6.8 Hz, 1H), 0.89 (dt, J 

= 11.8, 6.7 Hz, 10H), 0.88 – 0.80 (m, 8H), 0.83 – 0.67 (m, 12H) ; LCMS (m/z): 

calculated exact mass: 855.4531, experimental [M+H]+ :  
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1.5.18.30 NMR and LC/MS data for VK-32 (32) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Gly-Ala(β-3-pyr)-MeTyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.55 (d, J = 5.7 Hz, 1H), 8.40 – 8.31 (m, 2H), 

7.80 (dd, J = 8.0, 5.7 Hz, 1H), 7.36 – 7.26 (m, 2H), 7.26 (s, 4H), 7.21 (t, J = 8.8 Hz, 

4H), 6.93 (d, J = 8.1 Hz, 2H), 6.87 (d, J = 8.1 Hz, 2H), 6.46 (d, J = 9.6 Hz, 1H), 6.26 

(d, J = 8.2 Hz, 1H), 5.90 (d, J = 3.9 Hz, 1H), 5.77 (s, 1H), 4.47 (ddt, J = 21.5, 13.4, 4.2 

Hz, 3H), 4.25 – 4.15 (m, 4H), 4.01 – 3.90 (m, 2H), 3.88 (s, 1H), 3.53 – 3.35 (m, 3H), 

3.19 – 3.02 (m, 4H), 2.95 (s, 3H), 2.90 (s, 3H), 2.83 (dd, J = 16.6, 6.9 Hz, 1H), 2.82 – 

2.71 (m, 1H), 2.53 (dd, J = 14.1, 4.2 Hz, 1H), 2.28 – 2.18 (m, 1H), 2.01 (d, J = 16.8 

Hz, 1H), 1.95 – 1.87 (m, 1H), 1.85 – 1.78 (m, 0H), 1.56 (t, J = 7.4 Hz, 1H), 1.49 – 1.34 

(m, 3H), 1.27 – 1.10 (m, 2H), 1.05 (ddd, J = 13.7, 8.3, 5.0 Hz, 1H), 0.97 – 0.89 (m, 

7H), 0.86 (d, J = 6.4 Hz, 4H), 0.80 (d, J = 6.4 Hz, 4H) ; LCMS (m/z): calculated exact 

mass: 866.4691, experimental [M+H]+ : 867.4749. 
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1.5.18.31 NMR and LC/MS data for VK-33 (33) 

 
 

Sequence: Cyclo-(Leu-MeDPhe(4-Cl)-Pro-Gly-Phe-MeTyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.40 (d, J = 9.9 Hz, 1H), 8.04 (d, J = 8.4 Hz, 1H), 

7.41 – 7.34 (m, 2H), 7.32 (q, J = 4.0, 3.4 Hz, 3H), 7.29 – 7.21 (m, 1H), 7.19 (s, 1H), 

7.17 (d, J = 9.9 Hz, 1H), 7.11 (q, J = 8.2 Hz, 4H), 6.97 (dd, J = 15.9, 7.8 Hz, 1H), 6.58 

(d, J = 8.0 Hz, 2H), 6.45 (d, J = 8.0 Hz, 2H), 6.04 (d, J = 8.2 Hz, 1H), 5.49 (dd, J = 

11.3, 4.9 Hz, 1H), 5.34 (td, J = 10.4, 4.4 Hz, 1H), 4.95 (dd, J = 17.8, 9.8 Hz, 1H), 4.75 

(td, J = 9.3, 4.7 Hz, 1H), 4.23 (dd, J = 8.3, 3.1 Hz, 1H), 4.15 (dd, J = 8.9, 3.4 Hz, 1H), 

3.84 (s, 6H), 3.72 (ddd, J = 12.0, 7.7, 4.4 Hz, 1H), 3.57 (d, J = 17.3 Hz, 1H), 3.56 – 

3.46 (m, 1H), 3.41 (dd, J = 10.8, 5.0 Hz, 1H), 3.29 – 3.11 (m, 2H), 3.10 (s, 3H), 3.09 – 

2.97 (m, 2H), 2.86 (td, J = 15.9, 14.3, 4.8 Hz, 2H), 2.55 (s, 3H), 2.26 (dtd, J = 11.7, 

8.8, 8.2, 5.8 Hz, 2H), 2.07 (dq, J = 14.1, 6.1 Hz, 0H), 2.02 – 1.94 (m, 1H), 1.82 (tq, J 

= 15.3, 5.9 Hz, 2H), 1.57 (ddd, J = 14.8, 10.1, 5.5 Hz, 1H), 1.46 – 1.33 (m, 2H), 1.35 

– 1.21 (m, 3H), 1.01 (ddt, J = 12.8, 9.4, 6.7 Hz, 1H), 0.93 (dt, J = 7.4, 4.0 Hz, 6H), 0.89 

(d, J = 7.0 Hz, 3H), 0.83 (t, J = 7.1 Hz, 4H), 0.73 (ddd, J = 13.7, 8.6, 4.8 Hz, 1H); 

LCMS (m/z): calculated exact mass: 899.4348, experimental [M+H]+ : 900.4406. 
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1.5.18.32 NMR and LC/MS data for VK-34 (34) 

 
 

Sequence: Cyclo-(Leu-MeDPhe(4-F)-Pro-Gly-Phe-MeTyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.41 (d, J = 9.9 Hz, 1H), 8.04 (d, J = 8.5 Hz, 1H), 

7.34 (dt, J = 28.3, 7.5 Hz, 4H), 7.26 – 7.20 (m, 1H), 7.11 (dd, J = 8.3, 5.3 Hz, 2H), 6.96 

(q, J = 9.2, 8.5 Hz, 1H), 6.87 – 6.71 (m, 2H), 6.57 (d, J = 8.0 Hz, 2H), 6.45 (d, J = 8.0 

Hz, 2H), 6.05 (d, J = 8.2 Hz, 1H), 5.48 (dd, J = 11.3, 5.0 Hz, 1H), 5.31 (td, J = 10.4, 

4.5 Hz, 1H), 4.95 (dd, J = 17.9, 9.9 Hz, 1H), 4.76 (td, J = 9.3, 4.9 Hz, 1H), 4.23 (dd, J 

= 8.3, 3.1 Hz, 1H), 4.15 (dd, J = 8.9, 3.3 Hz, 1H), 3.71 (ddd, J = 12.0, 7.7, 4.5 Hz, 1H), 

3.56 (d, J = 17.5 Hz, 1H), 3.56 – 3.45 (m, 1H), 3.40 (dd, J = 10.8, 5.1 Hz, 1H), 3.27 – 

3.20 (m, 1H), 3.20 – 3.12 (m, 1H), 3.10 (s, 3H), 3.06 – 2.95 (m, 1H), 2.91 – 2.79 (m, 

2H), 2.53 (s, 2H), 2.26 (dqd, J = 13.5, 9.4, 8.4, 5.4 Hz, 2H), 1.97 (ddt, J = 12.4, 7.8, 4.1 

Hz, 1H), 1.89 – 1.72 (m, 2H), 1.57 (ddd, J = 14.7, 10.0, 5.5 Hz, 1H), 1.46 – 1.30 (m, 

1H), 1.24 (h, J = 6.6 Hz, 1H), 1.02 (ddt, J = 12.7, 9.1, 6.6 Hz, 1H), 0.96 – 0.83 (m, 9H), 

0.85 – 0.72 (m, 4H); LCMS (m/z): calculated exact mass: 883.4644, experimental 

[M+H]+ : 884.4707. 
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1.5.18.33 NMR and LC/MS data for VK-35 (35) 

 
 

Sequence: Cyclo-(Leu-MeDPhe(4-F)-Pro-Gly-Phe(4-F)-MeTyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.34 (dd, J = 10.0, 3.8 Hz, 1H), 8.00 – 7.95 (m, 

1H), 7.26 (d, J = 13.8 Hz, 1H), 7.18 (dd, J = 20.6, 7.7 Hz, 1H), 7.12 (d, J = 5.4 Hz, 

1H), 7.12 – 6.98 (m, 3H), 7.00 – 6.87 (m, 2H), 6.85 – 6.73 (m, 3H), 6.65 – 6.57 (m, 

2H), 6.53 (d, J = 8.3 Hz, 1H), 6.02 (d, J = 8.2 Hz, 1H), 5.48 (dt, J = 11.4, 4.0 Hz, 1H), 

5.26 (tt, J = 9.8, 4.7 Hz, 1H), 4.92 (dd, J = 17.9, 10.0 Hz, 1H), 4.75 (qd, J = 9.3, 5.0 

Hz, 1H), 4.41 (q, J = 7.1 Hz, 1H), 4.40 (s, 6H), 4.20 (td, J = 8.8, 8.4, 3.2 Hz, 1H), 4.14 

(td, J = 9.1, 3.2 Hz, 1H), 3.76 – 3.66 (m, 1H), 3.71 (s, 1H), 3.58 – 3.44 (m, 3H), 3.27 

(dd, J = 12.6, 9.6 Hz, 1H), 3.24 – 3.13 (m, 1H), 3.11 (d, J = 1.3 Hz, 4H), 3.02 (ddd, J 

= 19.2, 10.6, 5.5 Hz, 2H), 2.98 – 2.90 (m, 1H), 2.90 – 2.74 (m, 2H), 2.71 (s, 1H), 2.65 

(d, J = 14.5 Hz, 3H), 2.36 – 2.26 (m, 1H), 2.04 (s, 0H), 1.83 (ddd, J = 17.4, 11.1, 6.9 

Hz, 1H), 1.59 – 1.48 (m, 0H), 1.48 – 1.39 (m, 1H), 1.42 – 1.36 (m, 1H), 1.39 – 1.29 

(m, 7H), 1.32 (s, 6H), 1.32 – 1.27 (m, 1H), 1.26 (s, 3H), 1.24 (s, 1H), 1.09 – 0.95 (m, 

1H), 0.98 – 0.88 (m, 6H), 0.88 (s, 1H), 0.88 – 0.81 (m, 4H), 0.80 (dd, J = 6.5, 1.2 Hz, 

3H) ; LCMS (m/z): calculated exact mass: 901.4550, experimental [M+H]+ :   
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1.5.18.34 NMR and LC/MS data for VK-36 (36) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Sar-Phe-MeTyr(OAc)-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.51 (d, J = 9.9 Hz, 1H), 8.11 (d, J = 9.1 Hz, 1H), 

7.77 (d, J = 7.5 Hz, 1H), 7.54 (d, J = 7.5 Hz, 1H), 7.45 – 7.29 (m, 8H), 7.19 – 7.10 (m, 

4H), 7.12 – 7.00 (m, 1H), 6.79 – 6.73 (m, 2H), 6.40 – 6.34 (m, 2H), 5.85 (d, J = 9.6 Hz, 

1H), 5.55 (dd, J = 11.6, 4.8 Hz, 1H), 5.47 – 5.29 (m, 2H), 5.02 (d, J = 4.7 Hz, 1H), 4.94 

(ddd, J = 11.9, 9.1, 2.4 Hz, 1H), 4.69 (s, 2H), 4.45 (dd, J = 9.6, 3.1 Hz, 1H), 4.38 (dd, 

J = 9.3, 3.5 Hz, 1H), 4.23 (d, J = 5.5 Hz, 1H), 3.77 (ddd, J = 12.0, 7.7, 4.3 Hz, 1H), 

3.60 (dt, J = 11.8, 7.6 Hz, 1H), 3.44 (dd, J = 11.8, 3.9 Hz, 1H), 3.36 – 3.21 (m, 3H), 

3.04 (s, 3H), 3.12 – 2.99 (m, 2H), 2.90 (s, 3H), 2.79 (dt, J = 12.1, 4.1 Hz, 2H), 2.67 (s, 

3H), 2.47 (dtd, J = 12.6, 9.6, 7.1 Hz, 1H), 2.34 (tt, J = 6.8, 3.3 Hz, 1H), 2.30 (s, 3H), 

2.10 – 2.00 (m, 1H), 1.89 (dq, J = 11.4, 3.5, 2.9 Hz, 1H), 1.81 (dt, J = 20.4, 10.0 Hz, 

1H), 1.44 – 1.31 (m, 2H), 1.26 (s, 1H), 1.07 – 0.96 (m, 1H), 0.94 (d, J = 7.0 Hz, 2H), 

0.91 (d, J = 7.0 Hz, 6H), 0.90 – 0.78 (m, 4H), 0.67 (s, 1H), 0.14 (ddd, J = 13.9, 10.8, 

2.4 Hz, 1H) ; LCMS (m/z): calculated exact mass: 921.5000, experimental [M+H]+ : 

922.5062. 
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1.5.18.35 NMR and LC/MS data for VK-40 (40) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-Gly-Phe(4-F)-MePhe-Ile) 

 
1H NMR (500 MHz, Chloroform-d) δ 8.41 (d, J = 9.9 Hz, 1H), 7.96 (d, J = 8.7 Hz, 1H), 

7.65 (dd, J = 10.0, 1.8 Hz, 1H), 7.32 – 7.25 (m, 1H), 7.27 – 7.16 (m, 3H), 7.19 – 6.99 

(m, 10H), 6.97 – 6.83 (m, 1H), 6.65 – 6.59 (m, 2H), 6.03 (d, J = 8.5 Hz, 1H), 5.48 (dd, 

J = 11.6, 4.7 Hz, 1H), 5.23 – 5.14 (m, 1H), 4.92 (dd, J = 17.9, 10.0 Hz, 1H), 4.80 (ddd, 

J = 10.9, 8.7, 3.8 Hz, 1H), 4.25 (dt, J = 8.5, 3.2 Hz, 2H), 4.07 (s, 4H), 3.71 (ddd, J = 

12.1, 7.8, 4.4 Hz, 1H), 3.58 – 3.48 (m, 3H), 3.35 – 3.18 (m, 2H), 3.09 (s, 3H), 3.10 – 

2.92 (m, 4H), 2.70 (dd, J = 13.1, 4.1 Hz, 1H), 2.61 (s, 3H), 2.41 – 2.28 (m, 1H), 2.24 

(ddh, J = 10.5, 7.0, 3.5 Hz, 1H), 2.03 (ddt, J = 12.6, 6.5, 3.8 Hz, 1H), 1.82 (dddd, J = 

29.3, 12.5, 9.9, 5.8 Hz, 2H), 1.49 – 1.28 (m, 3H), 1.04 – 0.91 (m, 1H), 0.92 (s, 1H), 

0.94 – 0.84 (m, 6H), 0.86 – 0.76 (m, 7H), 0.48 (ddd, J = 13.4, 9.2, 3.7 Hz, 1H); LCMS 

(m/z): calculated exact mass: 867.4695, experimental [M+H]+ : 868.4769. 
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1.5.18.36 NMR and LC/MS data for VK-41 (41) 

 
 

Sequence: Cyclo-(Leu-MeDPhe-Pro-βAla-Phe(4-F)-MeTyr-Ile) 
 

1H NMR (500 MHz, Chloroform-d) δ 8.15 (d, J = 9.9 Hz, 1H), 7.97 (d, J = 8.0 Hz, 1H), 

7.59 (dd, J = 8.7, 4.2 Hz, 1H), 7.29 – 7.23 (m, 1H), 7.23 – 7.13 (m, 2H), 7.14 – 7.08 

(m, 3H), 7.05 (t, J = 8.6 Hz, 2H), 6.66 – 6.60 (m, 2H), 6.57 – 6.52 (m, 2H), 6.03 (d, J 

= 7.3 Hz, 1H), 5.26 (td, J = 10.4, 5.0 Hz, 2H), 4.71 (q, J = 7.8 Hz, 1H), 4.19 (p, J = 7.6 

Hz, 1H), 4.01 (dd, J = 7.3, 3.3 Hz, 1H), 3.94 (dd, J = 8.6, 3.1 Hz, 1H), 3.79 (s, 8H), 

3.74 (ddd, J = 12.2, 7.5, 5.1 Hz, 1H), 3.55 – 3.44 (m, 2H), 3.23 (dd, J = 12.6, 10.5 Hz, 

1H), 3.22 (s, 3H), 3.15 – 3.00 (m, 3H), 2.99 – 2.86 (m, 1H), 2.78 (ddd, J = 14.2, 10.2, 

4.2 Hz, 1H), 2.73 – 2.67 (m, 1H), 2.67 (s, 3H), 2.55 (dd, J = 13.2, 6.9 Hz, 1H), 2.43 – 

2.35 (m, 1H), 2.31 – 2.13 (m, 2H), 2.00 – 1.93 (m, 1H), 1.81 (dq, J = 11.1, 7.2, 6.2 Hz, 

2H), 1.64 (dt, J = 13.5, 7.7 Hz, 1H), 1.53 – 1.37 (m, 2H), 1.25 (s, 1H), 1.17 – 1.00 (m, 

2H), 1.00 – 0.91 (m, 7H), 0.94 – 0.83 (m, 6H), 0.80 (d, J = 6.5 Hz, 3H), 0.52 (q, J = 

7.9 Hz, 2H) ; LCMS (m/z): calculated exact mass: 897.4800, experimental [M+H]+ : 

898.4856. 
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1.5.18.37 NMR and LC/MS data for VK-42 (42) 
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1.5.18.38 NMR and LC/MS data for VK-43 (43) 

Sequence: Cyclo-(Leu-MeDPhe-PhotoPro-Sar-Phe-MeTyr-Pra) 
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1.6 Abbreviations 

ACN: acetonitrile; BONCAT: Bioorthogonal Non-canonical Amino Acid 

Tagging; BSA: Bovine serum albumin; COMU: (1-Cyano-2-ethoxy-2-

oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate; 

CP: cytological profiling; DBU: 1,8-Diazabicyclo[5.4.0]undec-7-ene; DCM: 

dichloromethane; DIAD: diisopropyl azodicarboxylate; DIPEA: N,N-

diisopropylethylamine; DMEM: Dulbecco's Modified Eagle's medium; DMF: N,N- 

dimethylformamide; DMSO: dimethyl sulfoxide; DTP: Development Therapeutics 

Program (at the National Cancer Institute); EdU: 5-ethynyl-2´-deoxyuridine; eEF1A: 

eukaryotic translation elongation factor 1-alpha; EtOH: ethanol; FBS: fetal bovine 

serum; FITC: fluorescein isothiocyanate; Fmoc: fluorenylmethoxycarbonyl protecting 

group; GI50: concentration at which a compound causes 50% of growth inhibition; 

HATU: 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxide hexafluorophosphate; HFIP: hexafluoroisopropanol; LC50: concentration of 

compound at which half of the cells are killed (lethal dose); L-HPG: L-

homopropargylglycine; LogD(dec/w): shake-flask partition coefficient between 1,9-

decadiene and water; LPE: lipophilic permeability efficiency; MD: molecular 

dynamics; MOE: molecular operating environment; NCI: National Cancer Institute; 

PAMPA: parallel artificial membrane permeability assay; PBS: phosphate-buffered 

saline; SPPS: solid-phase peptide synthesis; TES: triethyl silane; TFA: trifluoroacetic 

acid; TGI: total growth inhibition; THF: tetrahydrofuran; TIC: total ion chromatogram; 

Xaa: unspecified amino acid 
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Chapter Two 

 

Understanding and Improving the Membrane Permeability of 

VH032-Based PROTACs 
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Abstract 

 

Proteolysis targeting chimeras (PROTACs) are catalytic heterobifunctional 

molecules that can selectively degrade a protein of interest by recruiting a ubiquitin E3 

ligase to the target, leading to its ubiquitylation and degradation by the proteasome. 

Most degraders lie outside the chemical space associated with most membrane-

permeable drugs. Although many PROTACs have been described with potent activity 

in cells, our understanding of the relationship between structure and permeability in 

these compounds remains limited. Here, we describe a label-free method for assessing 

the permeability of several VH032-based PROTACs and their components by 

combining a parallel artificial membrane permeability assay (PAMPA) and a lipophilic 

permeability efficiency (LPE) metric. Our results show that the combination of these 

two cell-free membrane permeability assays provides new insight into PROTAC 

structure-permeability-relationships and offers a conceptual framework for predicting 

the physicochemical properties of PROTACs in order to better inform the design of 

more permeable and more effective degraders. 
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2.1 Introduction 

Proteolysis targeting chimeras (PROTACs) enhance our ability to drug 

biologically relevant targets through selective degradation.76-78 These 

heterobifunctional compounds include an E3 ligase-binding ligand and a protein-

targeting ligand connected by a linker. PROTACs facilitate proteasomal degradation 

by recruiting the target protein to an E3 ligase, leading to ubiquitination and subsequent 

degradation of the targeted protein.79-81 Unlike traditional inhibitors, PROTACs are 

catalytic and have increased target-specificity derived largely from ternary complex 

protein-protein contacts.82-84 While our understanding of the bioactivity of PROTACs 

is rapidly increasing, the physiochemical properties of these molecules have received 

relatively little attention.85,86  

Due to the interest in PROTAC therapeutics, there is a clear need to better 

understand their physicochemical properties. Given their high molecular weight  (MW 

> 800) and the presence of multiple hydrogen bond donors (HBDs) and acceptors 

(HBAs), PROTACs are expected to have low membrane permeability.8,87-89 A recent 

study that used the label-based chloroalkane penetration assay (CAPA)90 showed very 

low permeabilities for PROTACs relative to their individual components.91 While this 

assay provides relative cell permeabilities across a large dynamic range, it does not 

provide permeability coefficients that can compared to other datasets. Also, CAPA 

requires a chloroalkane tag and therefore does not directly measure the permeability of 

the parent compound. Establishing a label-free method to quantify the permeability of 

PROTACs provides greater flexibility in compound design without needing to 
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synthesize a second set of CAPA tag-containing molecules. While there are some mass 

spectrometry approaches to quantify the intracellular concentration of unlabeled 

compounds, these indirect studies do not inform on oral bioavailability and some do 

not differentiate between membrane-trapped compounds  and those free for target 

binding.91-94 The VHL-NanoLuc Fusion assay95 offers label-free assessment of cell 

permeability, but results are confounded by their dependence on variable VHL-binding 

affinities. Here we report a label-free approach for studying the passive permeability 

of von Hippel-Lindau (VHL)-based PROTAC molecules using the parallel artificial 

membrane permeability assay (PAMPA) and lipophilic permeability efficiency (LPE).7 

These simple, high-throughput assays correlate strongly with cell-based permeabilities 

and oral bioavailability while being relatively inexpensive.65 PAMPA quantifies 

orders-of-magnitude differences in PROTAC permeabilities with a low limit of 

quantitation. LPE provides insight as to how structural changes affect permeability.  
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2.2 Results and Discussion 

We tested the membrane permeabilities of JQ-1 (1), four model compounds 

(SL-X series) (3 – 6), and 11 previously published VHL-PROTACs.96,97 These 

PROTACs include four series: MZ (7 – 9),81,82,98 AT (15 – 17),82 CM/CMP (12 – 14),99 

and MZP (10 – 11),98 grouped according to the target-binding ligand and attachment to 

the VHL-recruiting ligand (Figures 2-2 and 2-5). Most previously published PROTACs 

have MWs ranging from 900 to 1200 and between four and six HBDs. Based on 

traditional criteria of drug-likeness, these compounds are expected to have low 

membrane permeability. This is indeed what we found. The highest PAMPA 

permeability measured for this set was Pe = 0.6 x 10-6 cm/s, slightly below the standard 

for “modest” permeability (Pe = 1 x 10-6 cm/s). Notably, we were able to quantify 

permeabilities for all our compounds with coefficients as low as 0.002 x 10-6 cm/s.  
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Figure 2-1: Physiochemical properties of protein-targeting small molecules and 

model compounds Cmpd = compound; PAMPA units: x 10-6 cm/s; LogD(dec/w): 1,9-

decadiene and PBS pH 7.4 shake flask partition coefficient; LPE = LogD(dec/w) - 

1.06(ALogP) + 5.47; “--” = not determined 

 

From our initial set of amide-containing compounds, the most permeable 

compound was 4 (Pe = 8.6 x 10-6 cm/s, 2.1), an N-terminally capped VH032 analog 

with a phenylacetamide acting as a simple protein-targeting model. Compound 4 was 

43-fold more permeable than a similar compound, 6, with a 3-unit PEG linker between 

the VH032 and the phenylacetamide. Strikingly, 4 was 4000-fold more permeable than 

the two least permeable compounds, 17 and 14 (Figures 2-2 and 2-5, respectively). 
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Furthermore, among all 11 PROTACs tested, there was a 300-fold difference between 

the most permeable compound, 7, and least permeable compounds, 14 and 17. In the 

MZ series alone (7 –  9, Figure 2-2), there was a 100-fold difference between the most 

(7, Pe = 0.6 x 10-6 cm/s) and least (9, Pe = 0.006 x 10-6 cm/s) permeable derivatives. 

Combined, these data demonstrate the large dynamic range of PAMPA and support its 

use for unlabeled, quantitative measurements.  

 

Figure 2-2: Physiochemical properties of “AT” and “MZ” PROTACs Cmpd = 

compound; PAMPA units: x 10-6 cm/s; LogD(dec/w): 1,9-decadiene and PBS pH 7.4 

shake flask partition coefficient; LPE = LogD(dec/w) - 1.06(ALogP) + 5.47 
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 MW and solvent-exposed HBDs can significantly affect membrane 

permeability.87 Permeability generally decreases as MW increases,100 leading to a 

significant reduction in permeability beyond MW = 1000.8,101 All else being equal, the 

relatively high MWs (900-1200 Da) of the PROTACs represent a predicted size-

dependent permeability cost of approximately one log unit compared to typical small 

molecules of the same lipophilicity (MW < 600).7,8 However, because the PROTACs 

in this study are all in a similar MW range, comparisons between them reflect 

differences in their physical properties separate from the size penalty.  Recent reviews 

argue that MW effects should not be considered alone because factors like 

hydrophobicity and HBDs affect permeability more prominently than MW.102,103  

Supporting this conclusion, our two least permeable PROTACs, 14 and 17, had the 

highest and lowest MWs, respectively. Furthermore, 16 and 8 have nearly the same 

MW (1005 and 1003, respectively), the same calculated octanol-water partition 

coefficients (ALogP), and the same number of HBDs and HBAs, yet their 

permeabilities differ by 10-fold (Figure 2-2). Likewise, 15 and 7 are similar in terms of 

MW, ALogP, and HBAs/HBDs, but 7 is 120-fold more permeable than 15 (Figure 2-

2). As expected, the compounds that had lower MW and fewer HBDs/HBAs, including 

1, 3, and 4, were significantly more permeable (Pe ≥ 5 x 10-6 cm/s, Figure 2-1) than the 

PROTACs. 

Permeability data alone provide little information on how structural features 

affect permeability. Therefore, we measured lipophilic permeability efficiency (LPE).7 
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Originated by our group, LPE quantifies the efficiency with which a compound 

achieves passive membrane permeability at a given lipophilicity based on the 

experimental hydrocarbon-water partition coefficient (LogD(dec/w)) and ALogP. 

Combining PAMPA and LPE represents a powerful method for assessing how 

structural features contribute to compound permeability.  

This is most evident when comparing the two matched pairs from the AT and 

MZ series: 15 vs. 7 and 16 vs. 8. These compounds have the same ALogP, the same 

number of HBDs/HBAs, and MWs within 2 Da. Yet, the MZ compounds, 7 and 8, are 

significantly more permeable than their counterparts from the AT series, 15 and 16, 

respectively. These AT and MZ compounds differ only in the connection between their 

linker and VH032 ligand. In 7 and 8, the VH032 ligand has an N-terminal tert-Leu 

connected to a linker through an amide bond. Alternatively, 15 and 16 have a 

penicillamine group in place of the tert-Leu which is attached to the linker through a 

thioether in place of the amide bond (Figure 2-2). 

Clearly, the chemical environment surrounding HBDs affects the PAMPA 

permeability of these PROTACs, similar to the effects observed in other compounds in 

this MW range.51,104 The LPE values of these compounds provide insight into the 

potential for these flexible molecules to adopt conformations capable of shielding 

HBDs. Typically, the addition of a solvent-exposed HBD reduces LPE by 1.8.7 The 

tert-Leu-containing 7 has an LPE of 0.4, and its penicillamine counterpart, 15, has an 

LPE of -2.3, suggesting that 15 has at least one additional exposed HBD compared to 

7. The same pattern is seen with 8 and 16 that have LPE values of 0.1 and -2.6, 
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respectively. These LPE data show that switching the tert-Leu for a penicillamine 

group exposes an -NH to solvent which likely contributes to the lower permeability of 

these AT compounds.   

The crystal structure of 8 in a ternary complex with VHL and Brd4 further 

supports the presence of a shielded -NH in the MZ compound series.82 Inspection of 

this structure shows that the tert-Leu amide -NH of 8 is in a position to be shielded 

from solvent by the tert-Leu side chain, and is within a short contact distance to the 

PEG oxygen, likely participating in an intramolecular hydrogen bond (IMHB) capable 

of shielding the -NH polarity from solvent (Figure 2-3).  Co-crystal structures of binary 

complexes of VHL with bound ligands provide additional evidence for this 

phenomenon showing an oxygen (in a similar position to the PEG ether in 8) that points 

in towards the tert-Leu -NH, potentially close enough to form an IMHB.105 While the 

membrane permeating conformation is not necessarily the same as the target-bound 

conformation, these crystal structures provide a possible explanation for the difference 

in solvent-exposed HBDs between the MZ and AT compounds. 
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Figure 2-3: MZ1 ternary complex with VHL and Brd4 (PDB:5T35)82 Crystal 

structure showing the ternary complex of MZ1 (colored by element) with Brd4 (pink) 

and VHL (orange). The VHL ligand tert-Leu -NH (blue arrow) is shielded by the tert-

Leu side chain and is within hydrogen bonding distance of the VHL ligand PEG oxygen 

(red arrow). 

 

This relationship between the MZ and AT compounds supports reducing the 

number of exposed HBDs to increase permeability. The extensive structural 

information on VHL ligand co-crystal structures have shown that the tert-Leu amide 

does not form a direct hydrogen bond with the VHL protein.96,97,105 Hence, we 

hypothesized that removing an HBD by substituting an amide for an ester would lead 

to increased permeability, without detrimentally comprising VHL binding affinity. To 

test this, we synthesized 3 and 5, ester derivatives of 4 and 6, respectively, in which the 

N-terminal tert-Leu amide was replaced by an ester (Figure 2-1). As predicted, the ester 

derivatives were more permeable than their amide counterparts. Compound 3 was 2-

fold more permeable than 4, and 5 was 1.5-fold more permeable than 6. Thus, the 

amide-to-ester substitution provides a viable option to increase the permeability of 



111 
 

these types of compounds, though with the caveat of the ester’s potential susceptibility 

to intracellular esterase hydrolysis.  

 

 

Figure 2-4: Fluorescence polarization (FP)-derived Kd of amide to ester 

substitution in SLX compounds (A) VH298, a small molecule inhibitor of the E3 

ubiquitin ligase VHL, used as a positive control for high-affinity binding. (B) FP data 

for compounds 3, 4, and 18.  

 

The LPE of the amide compounds (4 and 6) is nearly the same as the LPE of 

their ester compound counterparts (3 and 5, respectively), suggesting that the tert-Leu 

is likely shielding the polarity of the HBD in the amide-containing compounds as has 

be observed with beta-branched amino acids.51,104 The relatively modest increase in 

permeability observed with these amide-to-ester substitutions reflects the unusually 

low desolvation penalty for the shielded amide NH – consistent with what observed in 
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the MZ series. Therefore, it is possible that substituting a more exposed amide with an 

ester could lead to even greater improvement of membrane permeability. Using a 

competitive fluorescence polarization (FP) assay, we found that the ester-containing 3 

was still capable of binding its target protein, VHL, with a Kd only 1.7-fold higher than 

that of the amide-containing 4 , albeit >10-fold higher than the potent VHL inhibitor 

VH298 (18, Figure 2-4).105 The Kd increase in the ester compound further advocates 

for trying similar substitutions farther away from the VHL-binding ligand to maintain 

binding capacity while improving permeability.  

Consistent with Foley et al.,91 we found that permeability increased with 

decreasing linker length. This was expected, as increasing the length of the linker 

usually results in an increase in one or more of the MW, HBDs, or HBAs. For the AT 

and CM/CMP series, compound permeability was reduced by half with one or two 

additional PEG units in the linker, respectively (cf. 15 vs. 16, and 12 vs. 13, Figures 2-

2 and 2-5). This effect was more prominent in the MZ series as 7 (2-unit PEG linker) 

was 20-fold more permeable than 8 (3-unit PEG linker). A 2-fold difference in 

permeability was also seen in the MZP compounds (11, 4-unit PEG linker, and 10, 2-

unit PEG linker, Figure 2-5). These results indicate that shorter linkers typically 

produce more permeable compounds. Moreover, for all but the MZP series, the 

compounds with shorter PEG linkers had higher LPE values, suggesting that 

compounds with shortened linkers were more efficient at permeating the membrane for 

their given lipophilicity.  
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Figure 2-5: Physicochemical properties of “MZP” and “CM/CMP” PROTACs 

Cmpd = compound; PAMPA units: x 10-6 cm/s; LogD(dec/w): 1,9-decadiene and PBS pH 

7.4 shake flask partition coefficient; LPE = LogD(dec/w) - 1.06(ALogP) + 5.47 

 

Previous studies have advocated for the use of short alkyl linkers over PEG 

linkers to reduce total polar surface area to improve permeability.91 Our results diverge 

in this respect, as we found that our only compound bearing an alkyl linker, 17, was 

the least permeable (Pe = 0.002 x 10-6 cm/s). This compound was 2.5-fold less 

permeable than 15, which has a 1-unit PEG linker. Compound 17 has one fewer HBA 

in this linker than 15 which could reduce solubility and therefore affect permeability. 

While PAMPA allows us to quantify the differences in permeabilities directly, 

analyzing LPE enable us to predict which structural features cause the permeability 

changes. Increasing the number of PEG units in the PROTAC linker reduces the LPE 
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of that compound (cf.15 and 16). If the HBAs in these PEG linkers were not 

contributing to IMHB, substituting the PEG linker in 15 with an alkyl linker as in 17 

(removing HBAs) should have little effect on LPE. However, this is not what we 

observed. Instead, the LPE of alkyl-linked 17 is 0.8 lower than its PEG counterpart 15, 

suggesting that the ether oxygen in the PEG linker of 15 is capable of shielding HBD, 

possibly the linker amide bond -NH (adjacent to JQ-1) in a manner similar to that 

observed for MZ1 (Figure 2-3). As the ΔLPE between 15 and 17 is less than the 1.8-

unit difference expected for a fully exposed HBD, it is likely that the PEG ether 

provides only partial shielding by way of IMHB formation.  

 The same phenomenon is present in the SL-X series (3-6, Figure 2-1). 

Compounds 5 and 6 have an additional amide and 3-unit PEG linker compared to 3 and 

4, respectively. If no additional IMHBs were present in 5 and 6, the inclusion of these 

additional HBAs and HBD should cause a decrease in LPE of at least 1.8, compared to 

3 and 4. Yet, the LPE values of 5 and 6 are only moderately lower than 3 (ΔLPE = 0.8) 

and 4 (ΔLPE = 0.4), respectively. Thus, the PEG linker is likely involved in IMHBs 

responsible for shielding some polarity. Moreover, using a linker capable of forming 

IMHB could shield the polarity of important HBDs responsible for target engagement, 

a feature that would not be possible with an alkyl linker. Therefore, the best linker type 

for a given PROTAC is likely scaffold dependent, further highlighting the need to 

examine the overall lipophilicity of the molecule when designing a PROTAC.   

Comparing PAMPA and LogD(dec/w) to ALogP allows us to analyze 

permeability trends and predict permeability improvements. For compounds with 
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ALogPs up to ~4, there is a positive linear correlation between ALogP and 

permeability.7 As lipophilicity increases beyond ALogP ~ 4-5, compounds become 

insoluble or membrane-retained, and their effective membrane permeabilities diminish 

(Figure 2-6A). Therefore, designing PROTACs to have an ALogP below 5.0 could bias 

these compounds towards higher permeabilities. The CM/CMP compounds have low 

permeabilities and lower ALogPs (<1) than the other PROTACs. As permeability 

typically increases with ALogP from 0 – 4, a lipophilicity increase , such as increasing 

the number of -CH2- groups relative to oxygens in the linker, could greatly improve 

CM/CMP permeability.106  

Plotting LogD(dec/w) vs. ALogP creates a visualization of the LPE metric which 

offers potential strategies to improve permeability (Figure 2-6B). For example, in the 

MZ series, 7 and 8 have low permeabilities (>0.6 x 10-6 cm/s) and moderately low LPE 

(>0.5). As 7 and 8 already have ALogP values close to 4.0, further increasing 

lipophilicity would likely push these compounds into the insoluble region and cause a 

further decrease in their membrane permeability (Figure 2-6A).  Also, the addition of 

a Phe residue to 8 to generate 9 leads to a 1.2-unit decrease in LPE due to the addition 

of an amide NH (which is less than the 1.8-unit cost expected for the addition of an 

amide group, indicating partial IMHB). This decrease in LPE between 8 and 9 is 

partially offset by an increase in ALogP of 1.1 units, leading to a 5-fold decrease in 

permeability and putting 9 over the edge of the solubility cliff. This analysis suggests 

that the decreased degrader activity observed in cells for 9 compared to 8,81 could be, 

in part, due to these poor physiochemical properties. Both the decrease in LPE and a 



116 
 

significant increase in ALogP contribute to the very poor permeability of 9. An 

alternative solution to improving the permeability of 7 and 8 would be to replace the 

amide linkage to the bromodomain warhead with a group (such as an ester) that does 

not contribute an HBD.  

 

Figure 2-6: PROTAC permeability and LPE Graphs showing the (A) permeability 

vs. ALogP and the (B) LogD(dec/w) vs. ALogP for compounds 1-17. Dashed line on (A) 

shows the linear correlation between PAMPA and ALogP for ALogP from 0 – 4 (R2 = 

0.9581). Dashed lines on (B) represent LPE classes, m = 1.06. LPE values (grey) are 

LPE averages for compounds that fall on or near the line.  
 

The effect of structural features on permeability and bioactivity can be 

significant. Generally, the bromodomain-targeting compounds (MZ, AT, MZP), with 

extremely low permeabilities (≤0.006 cm/s), were less active in relevant cellular anti-

proliferation assays than compounds with higher permeabilities (≥0.03 cm/s, SI table 

2.2).98 Specifically, 9 was both less permeable and less bioactive than 7 and 8. This 

decreased bioactivity is likely attributed to the decreased permeability (Figure 2-2, SI 
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table 2-2), as binding affinities with the target proteins were broadly comparable.81,96 

Similarly, the AT compounds were the least active compounds tested, consistent with 

their much lower permeability (Figure 2-2, SI table 2-2). However, the related 

PROTAC, AT1, exhibited a 5-fold lower bind affinity for the VHL protein and formed 

less stable ternary complexes compared to 8,82,107 which could also contribute to the 

significant loss of cellular potency in the AT series. Conversely, the formation of a 

cooperative and stable ternary complex can override the impact of permeability.107 For 

example, 8 forms a more stable complex with its targets, Brd4 and VHL, than 

compound 7, leading 8 to be one log unit more active, despite being 20-fold less 

permeable than 7 (Figure 2-2, SI table 2-2).98 Similarly, in the CM/CMP series, 13 is 

two log units more active than 12 in a cellular protein degradation assay despite being 

slightly less permeable (0.005 cm/s vs 0.009 cm/s, Figure 2-5).99 This suggests that 

differences in efficacy between these two compounds are likely due to the relative 

stability of their respective ternary complexes99 rather than differences in their 

extremely low permeabilities. These results suggest that efforts to improve the 

permeability should be monitored in conjunction with effects on ternary complex 

formation. 

 

  



118 
 

2.3 Conclusion 

In this study, we have demonstrated that combining PAMPA and LPE provides 

insight into PROTAC structure-permeability relationships. These label-free assays 

model only passive permeability without the confounding effects of active transport. 

PAMPA and LogD(dec/w) are established methods, therefore comparisons can be made 

to data previously gathered using these methods. With this simple method for 

measuring the permeability of PROTACs in hand, a more systematic study on 

PROTAC permeability and pharmacokinetics is required. While this study provides 

some evidence, assessing the permeability of PROTACs over a complete range of 

ALogP values would allow us to develop a more detailed lipophilicity window to guide 

the design of PROTACs biased towards higher permeability. As esters are generally 

more prone to hydrolysis than amides, additional studies are required to assess the 

viability of amide-to-ester substitutions.  

Finally, VH032-based PROTACs have a high number of HBDs and HBAs 

often present on both protein-binding domains of the molecule that are typically 

connected by a long flexible linker. This arrangement of HBDs and HBAs lends itself 

to the formation of IMHBs capable of shielding some of the PROTACs’ polarity, 

enhancing permeability.  The recently reported macrocyclization of PROTACs108 could 

also prove beneficial in this regard by taking advantage of the IMHBs and HBD-

shielding often achieved by cyclic peptides. Future studies on the permeability of these 

compounds, and expansion of these studies to include other PROTAC classes such as 

those based on cereblon-binding ligands, are warranted as they could create 
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opportunities to model and predict a network of IMHBs and fine-tune these interactions 

to produce more permeable and more bioactive PROTACs. 
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2.4 Supplementary Tables 

2.4.1 Supplementary Table 2-S1: Compiled physicochemical data 

Combined data for all compounds and conditionally formatted for PAMPA 

permeability, LogD(dec/w), and LPE. Dark colors represent better values for each column 

and the worst value is in white for each column. 

 
a: HBD = hydrogen bond donor 

b: HBA = hydrogen bond acceptor 

c: 1,9-decadiene and PBS pH 7.4 shake flask partition coefficient 

d: LPE = LogD(dec/w) - 1.06(ALogP) + 5.47 

“--” = value not determined 

  

Compound
Molecular 

weight
ALogP

Number of 

HBDs
a

Number of 

HBAs
b

PAMPA 

permeability   

(x 10
-6 

cm/s)

LogD(dec/w)
c

LPE
d

JQ1 (1) 457 5.0 0 5 5.6 ± 1.7 2.0 2.2

I-BET726 (2) 435 4.6 2 4 -- -- --

SL-X-9A (3) 550 3.3 2 6 16.1 ± 1 0.3 2.3

SL-X-9B (4) 549 2.6 3 5 8.6 ± 0.7 -0.7 2.0

SL-X-11C (5) 753 2.2 3 10 0.3 ± 0.1 -1.6 1.6

SL-X-11D (6) 752 1.6 4 9 0.2 ± 0.03 -2.2 1.6

MZ4 (7) 959 3.7 4 11 0.6 ± 0.1 -1.1 0.5

MZ1 (8) 1003 3.6 4 12 0.03 ± 0.01 -1.6 0.1

MZ3 (9) 1150 4.7 5 13 0.006 ± 0.002 -1.6 -1.1

MZP61 (10) 993 4.6 5 10 0.3 ± 0.1 -0.7 -0.1

MZP55 (11) 1081 4.3 5 12 0.16 ± 0.14 -0.7 0.2

CM9 (12) 1091 0.9 6 14 0.009 ± 0.004 -3.8 0.8

CM11 (13) 1179 0.6 6 16 0.005 ± 0.001 -4.3 0.6

CMP98 (14) 1179 0.6 6 16 0.002 ± 0.0002 -3.2 1.7

AT3 (15) 961 3.7 4 11 0.005 ± 0.003 -3.8 -2.2

AT6 (16) 1005 3.6 4 12 0.003 ± 8.4x10
-5

-4.3 -2.6

AT2 (17) 945 4.5 4 10 0.002 ± 0.0003 -3.8 -3.1
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2.4.2 Supplementary Table 2-S2: PROTAC Bioactivity 

Effects of MZ, AT, and MZP compounds on cell proliferation in two relevant BET-

sensitive cell lines (MV4:11 and HL60) compared to the PAMPA permeabilities of 

these compounds 

 

 
a: pEC50 measured after 48 h treatment 

b: BLQ = below limit of quantitation 

*: These data were previously reported in Chan et al. 2018 (ref98) 

  

Compound
pEC50

a 

(MV4;11)

pEC50
a    

(HL60) 

PAMPA 

permeability   

(x 10
-6 

cm/s)

MZ4 (7) 6.75* 5.84* 0.6

MZP61 (10) 6.24* 6.17* 0.3

MZP55 (11) 7.08* 6.37* 0.16

MZ1 (8) 7.57* 6.8* 0.03

MZ3 (9) 6.34 5.38 0.006

AT3 (15) 5.14 4.9 0.005

AT6 (16) 6.16 BLQ
b

0.003

AT2 (17) 6.21 BLQ
b

0.002
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2.5 Methods 

2.5.1 General Synthetic Information and Procedures 

Reagents, compounds, and solvents were used without further modification 

unless otherwise stated. Reagents and solvents were purchased from Fisher Scientific. 

HATU was purchased from Combi-Blocks or Chem-Impex. Previously published 

PROTAC compounds were supplied by the Ciulli research group and used without 

further modification. I-BET726 (catalog #16872-1) and (+)-JQ1 (catalog #11187-1) 

were purchased from Cayman Chemical Company. Amino acids and linkers were 

purchased from Combi-Blocks or Oakwood. SynPhase polystyrene lanterns were 

purchased from Mimotopes. For PAMPA and LogD(dec/w) experiments, LC/MS samples 

were analyzed on a Thermo Scientific Ultimate 3000 UPLC system and Thermo 

Scientific Orbitrap VelosPro mass spectrometer with a Thermo Hypersil GOLD C18 

30 x 2.1 (1.9 µm) column eluting with 5-95% ACN in H2O with 0.1 % formic acid. 

Relative amount in each layer was quantified using an in-house python program to 

integrate the single ion chromatogram for the exact mass of each compound. 

2.5.2 Synthetic Methods 

2.5.2.1 Loading SynPhase polystyrene L-series lanterns 

The following compound (19) was synthesized according previously published 

procedures.96  
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19 

Compound 19 was conjugated to SynPhase polystyrene L-series lanterns (alkyl 

tethered diisopropylarylsilane linker, 22 µM, catalog # MIL10431000) that were 

previously treated with excess trifluoromethanesulfonic acid as previously described to 

make the following compound (20).109 Note: Use caution while handling 

trifluoromethanesulfonic (aka triflic) acid. This is a strong acid that can cause severe 

burns and is strongly exothermic with polar solvents. 

 
20 

 

2.5.2.2 Solid phase synthesis of compound 3 

 

A SynPhase lantern conjugated to compound 20 was treated with 2 mL of a 

solution of 2% DBU and 2% piperidine in DMF for 15 min at room temperature to 

remove the Fmoc protecting group. The lantern was rinsed 3x with 2 mL of DMF and 

3x with 2 mL DCM. Next, a solution of a solution of (S)-2-hydroxy-3,3-
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dimethylbutanoic acid (21) (19.8 mg, 0.15 mmol, 7 eq), HATU (57 mg, 0.15 mmol, 7 

eq), and DIPEA (40 µL, 0.225 mmol, 10 eq) in DMF was added per lantern. Reaction 

was shaken on a linear shaker for 1 h at room temperature yielding compound 22. The 

lantern was rinsed 3x with 2 mL of DMF and 3x with 2 mL DCM. Next, a solution of 

phenylacetic acid (50 mg, 0.37 mmol, 17 eq), DIC (48 µL, 0.44 mmol 20 eq), and 

DMAP (1 mg, 0.008 mmol, 0.4 eq) in 1 mL dry DCM was added to the lantern with 

compound 22 and shaken at room temperature for 1 h. Lantern was washed 3x with 2 

mL of DMF and 3x with 2 mL DCM. Compound 3 was cleaved off the lantern with 

5% HF/pyridine in THF and quenched with methoxytrimethylsilane according to 

literature procedures.109 Compound 3 was purified on Waters mass-directed preparative 

HPLC system with an XBridge BEH130 5µm 19 x150 C18 column eluting with 10 – 

100% ACN in water both with 0.1% formic acid. Sample identity was confirmed by 

LCMS. Note: Use extreme caution while handling HF/pyridine solution. Hydrogen 

fluoride (HF) forms hydrofluoric acid upon contact with water in the air or human 

tissue. Hydrofluoric acid is both highly corrosive and toxic. See hydrogen fluoride 

safety data sheet (SDS) before using HF/pyridine. 

 

2.5.2.3 Solid phase synthesis of compound 4 

 

A SynPhase lantern conjugated to compound 20 was treated with 2 mL of a 

solution of 2% DBU and 2% piperidine in DMF for 15 min at room temperature to 
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remove the Fmoc protecting group. Lanterns were rinsed 3x with 2 mL of DMF and 3x 

with 2 mL DCM. A solution of Fmoc-L-Tle-OH (53 mg, 0.15 mmol, 7 eq), HATU (57 

mg, 0.15 mmol, 7 eq), and DIPEA (40 µL, 0.225 mmol, 10 eq) in DMF was added per 

lantern. Reactions vial containing the lanterns was mixed on a linear shaker for 4 h at 

room temperature to produce compound 23. Lantern was washed 3x with 2 mL of DMF 

and 3x with 2 mL DCM. The Fmoc protecting group on 23 removed with 2 mL of a 

solution of 2% DBU and 2% piperidine in DMF for 15 min at room temperature. 

Lantern was washed 3x with 2 mL of DMF and 3x with 2 mL DCM. Next, a solution 

of phenylacetic acid (50 mg, 0.37 mmol, 17 eq), HATU (140 mg, 0.37 mmol, 17 eq), 

and DIPEA (96 µL, 0.44 mmol, 20 eq) in 1 mL DMF was added to the lantern and 

shaken at room temperature for 4 h. Lantern was washed 3x with 2 mL of DMF and 3x 

with 2 mL DCM. Compound 4 was cleaved off the lantern with 5% HF/pyridine in 

THF and quenched with methoxytrimethylsilane according to literature procedures.109 

Compound 4 was purified on Waters mass-directed preparative HPLC system with an 

XBridge BEH130 5µm 19 x150 C18 column eluting with 10 – 100% ACN in water 

both with 0.1% formic acid.  Sample identity was confirmed by LCMS. Note: Use 

extreme caution while handling HF/pyridine solution. Hydrogen fluoride (HF) forms 

hydrofluoric acid upon contact with water in the air or human tissue. Hydrofluoric acid 

is both highly corrosive and toxic. See hydrogen fluoride safety data sheet (SDS) before 

using HF/pyridine. 
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2.5.2.4 Solid phase synthesis of compound 5 

 

To a SynPhase lantern conjugated to compound 22, a solution of Fmoc-12-

amino-4,7,10-trioxadodecanoic acid (24) (67 mg, 0.15 mmol, 7 eq), DIC (48 µL, 0.44 

mmol 20 eq), and DMAP (1 mg, 0.008 mmol, 0.4 eq) in 1 mL of dry DCM was added 

to a single lantern. Reactions vial containing the lanterns was mixed on a linear shaker 

for 4 h at room temperature to produce compound 25. Lantern was washed 3x with 2 

mL of DMF and 3x with 2 mL DCM. The Fmoc protecting group on 25 removed with 

2 mL of a solution of 2% DBU and 2% piperidine in DMF for 15 min at room 

temperature. Lantern was washed 3x with 2 mL of DMF and 3x with 2 mL DCM. Next, 

a solution of phenylacetic acid (50 mg, 0.37 mmol, 17 eq), HATU (140 mg, 0.37 mmol, 

17 eq), and DIPEA (96 µL, 0.44 mmol, 20 eq) in 1 mL DMF was added to the lantern 

and shaken at room temperature for 4 h. Lantern was washed 3x with 2 mL of DMF 

and 3x with 2 mL DCM. Compound 5 was cleaved off the lantern with 5% HF/pyridine 

in THF and quenched with methoxytrimethylsilane according to literature 

procedures.109 Sample identity was confirmed by LCMS. Note: Use extreme caution 

while handling HF/pyridine solution. Hydrogen fluoride (HF) forms hydrofluoric acid 

upon contact with water in the air or human tissue. Hydrofluoric acid is both highly 

corrosive and toxic. See hydrogen fluoride safety data sheet (SDS) before using 

HF/pyridine. 
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2.5.2.5 Solid phase synthesis of compound 6 

 

A SynPhase lantern conjugated to compound 23 was treated with 2 mL of a 

solution of 2% DBU and 2% piperidine in DMF for 15 min at room temperature to 

remove the Fmoc protecting group. Lanterns were rinsed 3x with 2 mL of DMF and 3x 

with 2 mL DCM. A solution of Fmoc-12-amino-4,7,10-trioxadodecanoic acid (24) (67 

mg, 0.15 mmol, 7 eq), HATU (57 mg, 0.15 mmol, 7 eq), and DIPEA (40 µL, 0.225 

mmol, 10 eq) in DMF was added to a single lantern. Reactions vial containing the 

lanterns was mixed on a linear shaker for 4 h at room temperature to produce compound 

26. Lantern was washed 3x with 2 mL of DMF and 3x with 2 mL DCM. The Fmoc 

protecting group on 26 removed with 2 mL of a solution of 2% DBU and 2% piperidine 

in DMF for 15 min at room temperature. Lantern was washed 3x with 2 mL of DMF 

and 3x with 2 mL DCM. Next, a solution of phenylacetic acid (50 mg, 0.37 mmol, 17 

eq), HATU (140 mg, 0.37 mmol, 17 eq), and DIPEA (96 µL, 0.44 mmol 20 eq) in 1 

mL DMF was added to the lantern and shaken at room temperature for 4 h. Lantern 

was washed 3x with 2 mL of DMF and 3x with 2 mL DCM. Compound 6 was cleaved 

off the lantern with 5% HF/pyridine in THF and quenched with methoxytrimethylsilane 

according to literature procedures.109 Sample identity was confirmed by LCMS. Note: 

Use extreme caution while handling HF/pyridine solution. Hydrogen fluoride (HF) 

forms hydrofluoric acid upon contact with water in the air or human tissue. 
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Hydrofluoric acid is both highly corrosive and toxic. See hydrogen fluoride safety data 

sheet (SDS) before using HF/pyridine. 

2.5.2.6 Synthesis of compound 7 – 17  

 

Compounds 7 – 17 were prepared as described in previously published 

literature, for compounds  7 – 9,81,82,98 for compounds  10 – 11,98 for compounds  12 – 

14,99 and for compounds 15 – 17.82 Compound identity data (i.e. LC/MS and NMR) 

for these previously published compounds can be found in their associated citations as 

well. 

 

2.5.3 Parallel artificial membrane permeability assay (PAMPA) 

PAMPA64,65 was used to determine the passive permeability of these 

compounds with modifications and calculations as described in Naylor et al. 20187 and 

here. Briefly, pure compound stocks (150 µL, 1 µM, 5% DMSO in phosphate-buffer 
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saline (PBS) pH 7.4) were added to a 96-well donor plate with 0.45 µm hydrophobic 

Immobilon-P membranes (Millipore MAIPNTR10) pre-soaked with a 1% solution of 

lecithin in n-dodecane. The donor plate was loaded in to a 96-well Teflon acceptor plate 

(Millipore MSSACCEPTOR) with 300 µL of PBS with 5% DMSO.  After a ~15 h for 

compounds 7 – 17 or ~7 h for compounds 1 and 3 – 6, the acceptor and donor plates 

were separated, and 50 µL was collect from each well. Samples were diluted with 50 

µL methanol and analyzed by LC/MS as described above. Samples were run in 

quadruplicate with 1 µM propranolol as a control. Exact time in seconds was used in 

the calculations.  Error was calculated as standard deviation. 

 

2.5.4 LogD(dec/w) shake flask partition coefficient assay  

Prior to performing this assay, 1,9-decadiene was saturated with H2O by 

vortexing equal parts 1,9-decadiene and PBS (pH 7.4). The reagents are ready for use 

once the emulsion is fully separated. Three µL of a 200 µM DMSO stock was added to 

a 1.5 mL microcentrifuge tube. To this tube, 300 µL of H2O-saturated 1,9-decadiene 

and 300 µL of PBS pH 7.4 were added. The final concentration of DMSO is 0.5%. The 

tubes were closed, sealed, and vortexed for 20 minutes. Tubes were then sonicated for 

30 minutes, and centrifuged for 10 minutes at 14,000 x g. From each layer, 150 µL was 

removed and transferred to a costar 96-well plate (Coring, COSTAR 3357). To avoid 

contamination when samples from the water layer, a small air bubble was expelled from 

the pipette tip to displace any decadiene that accumulated in the pipette tip while 

moving from the organic layer to the lower aqueous layer. The solvent was evaporated 
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from the 96-well plate overnight using an EZ-2 Plus series Genevac centrifugal 

evaporator at 60 ºC. To each evaporated sample, 150 µL of DMSO was added. The 96-

well plate was sealed and sonicated for 30 minutes. Samples were analyzed by LC/MS 

as described above. Assay was run in quadruplicate. 

2.5.5 Lipophilic permeability efficiency (LPE) metric calculations  

The experimental 1,9-decadiene-water partition coefficient, LogD(dec/w), is 

highly sensitive to a molecule’s net minimum hydrogen bond acidity in the membrane 

environment and reflects its ability to sequester HBDs. Whereas the calculated octanol-

water partition coefficient ALogP is a knowledge-based 2-dimensional descriptor that 

reflects a compound’s net overall lipophilicity in the aqueous environment (where polar 

groups are maximally exposed). By normalizing membrane partitioning by a 

compound’s overall lipophilic character, LPE provides a measure of the permeability 

that is achievable at its maximum ALogP-defined lipophilicity. Beyond this, the 

addition of aliphatic character incurs solubility penalties, leading to, among other 

liabilities, diminished permeability. Because differences in LPE reflect free energy 

relationships derived from simple physical processes, group contributions are additive; 

any deviation from additivity can provide a sensitive indicator of scaffold effects on 

net polarity (i.e., HBD exposure) in the membrane environment. LPE was calculated 

following the procedure described by Naylor et al.7 using the following equation:  

LPE = LogD(dec/w) – 1.06(ALogP) + 5.47. 
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2.5.6 Fluorescence Polarization (FP) assay 

Fluorescence Polarization (FP) competitive binding assays were performed as 

described previously,110 with all measurements taken using a PHERAstar FS (BMG 

LABTECH) with fluorescence excitation and emission wavelengths (λ) of 485 and 520 

nm, respectively.  Assays were run in triplicate using 384-well plates, with each well 

solution containing 15 nM VCB protein, 10 nM FAM-labeled HIF-1α peptide (FAM-

DEALAHypYIPMDDDFQLRSF, “JC9”) and decreasing concentrations of compound 

(14-point 2-fold serial dilution starting from 100 μM VH298 or 300 μM test 

compound).  All components were dissolved from stock solutions using 100 mM Bis-

Tris propane, 100 mM NaCl, 1 mM TCEP, pH 7.5, to yield a final assay volume of 15 

μL. DMSO was added as appropriate to ensure a final concentration of 1% v/v. Control 

wells for zero displacement (VCB, JC9, no compound) and maximum displacement 

(JC9 and no protein) were also included. Percentage displacement values obtained by 

normalization to controls were plotted against Log[Compound], and IC50 values were 

determined for each titration using nonlinear regression analysis with Prism (v. 8.0.1, 

GraphPad).  Ki values were back-calculated from the Kd for JC9 (3 nM, determined 

from direct binding) and fitted IC50 values, as described previously.105,110 

 

2.5.7 Cell proliferation assay 

Cell proliferation data were collected as described in Chan et al. 2018 pg. 511 titled 

“Cell Viability Assay”.98 
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2.5.8 Spectra for synthesized compounds 

2.5.8.1 LC/MS trace for compound 3 

 

Molecular formula: C30H35N3O5S 

Exact mass: 549, mass required (M+H): 550 mass found: 551, retention time 3.9 min 
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2.5.8.2 LC/MS trace for compound 4 

 

Molecular formula: C30H36N4O4S 

Exact mass: 548, mass required (M+H): 549 mass found: 550, retention time 3.7 min 
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2.5.8.3 LC/MS trace for compound 5 

 

 

Molecular formula: C39H52N4O9S 

Exact mass: 752, mass required (M+H): 753 mass found: 754, retention time 3.7 min 
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2.5.8.4 LC/MS trace for compound 6 

 

 

Molecular formula: C39H53N5O8S 

Exact mass: 751, mass required (M+H): 752 mass found: 753, retention time 3.6 min 
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2.6 Abbreviations 

ACN: acetonitrile; CAPA: Chloroalkane Penetration Assay; DBU:  1,8-

Diazabicyclo[5.4.0]undec-7-ene; DCM: Dichloromethane; DIC: N,N′-

Diisopropylcarbodiimide; DIPEA: N,N-Diisopropylethylamine; DMAP: 4-

Dimethylaminopyridine; DMF: N,N- Dimethylformamide; FP: Fluorescence 

polarization; HATU: 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxide hexafluorophosphate; HBA: hydrogen bond acceptor; HBD: 

hydrogen bond donor; HF/pyridine: Hydrogen fluoride pyridine; IMHB: 

intramolecular hydrogen bond; LPE: lipophilic permeability efficiency; MW: 

molecular weight; PAMPA: parallel artificial membrane permeability assay; 

PROTAC: Proteolysis targeting chimera; TFA: Trifluoroacetic acid; THF: 

Tetrahydrofuran; VHL: von Hippel-Lindau 
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Chapter Three 

 

Amide-to-Ester Substitutions improve PROTAC permeability 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter contains text and figures from the following manuscript: Klein, V. 
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Abstract 

Proteolysis targeting chimeras (PROTACs), also known as targeted degraders, 

are heterobifunctional compounds that harness the power of the cells E3 ubiquitin 

ligase proteasomal degradation pathway to degrade their target catalytically and 

selectively. Since their initial development in the early 2000s, PROTACs have been 

used to target a wide range of targets, but their development remains difficult and time 

consuming. As these types of compounds move towards the clinic, it is crucial to 

understand their physicochemical properties so that these hard to make degraders are 

not triaged for their poor pharmacokinetic properties. Here, we investigate the effects 

of an amide-to-ester substitution on PROTAC permeability, plasma stability, and 

lipophilic permeability efficiency (LPE) over a broad range of calculated lipophilicities 

and several linker types. We discovered that this amide-to-ester substitution improves 

permeability over the common PROTAC lipophilicity range and these ester containing-

compounds remain stable in plasma when the ester is close to a bulky, drug-like side 

chain. This study offers design suggestions to bias PROTACs towards better 

physicochemical properties.  
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3.1 Introduction 

Targeted degraders, also known as Proteolysis Targeting Chimeras 

(PROTACs), are becoming a widespread source of lead compounds aimed at 

expanding the “druggable” proteome and improving existing drugs.79-81,98,111 

PROTACs are heterobifunctional molecules typically contain a protein of interest 

(POI)-targeting ligand (or warhead) and a E3 ubiquitin ligase-targeting ligand 

connected by a flexible linker.112,113 These degraders trigger catalytic and targeted 

degradation by recruiting both the POI and an E3 ubiquitin ligase, inducing ternary 

complex formation, ubiquitylation, and consequent proteasomal degradation of the 

POI.114 Due their catalytic activity and creation of ternary complex formation, 

PROTACs overcome certain small molecule limitation and offer higher potency, 

higher selectivity, and fewer off-target effects compared to other drug compounds.83,115 

Furthermore, unlike traditional small molecule drugs, PROTAC activity is not 

dependent on the presence of a well-defined active site.115,116 It is clear that PROTACs 

are an area of great interest in drug discovery. The number of publications is rapidly on 

the rise and there have been over 40 targets degraded thus far.111 Notably, two 

PROTACs (ARV-110 and ARV-147) have recently moved into clinical trials.117  

 While numerous papers and reviews tout the benefits of the PROTAC strategy 

for targeted degradation, recent papers have also cited concerns over the potentially 

poor physicochemical properties of these “beyond rule of 5” compounds.86,118,119 

Similarly, others highlight the importance of investigating the physicochemical and 

pharmacokinetic properties of PROTACs as is key with other types of drug 
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molecules.85,120 Recently, we and others have established that several highly potent 

PROTACs have very low permeabilities compared to other bioactive compounds and 

their individual degrader components.66,91,121 Now that the low permeability of these 

compounds has been established, we were interested in improving the permeability of 

these compounds in an effort to improve their bioactivity.  

In our previous work, we demonstrated that an amide-to-ester substitution at 

the tert-Leu of the von Hippel–Lindau (VHL)-recruiting ligand can increase membrane 

permeability.66 While effective, these ester modification yielded only a modest increase 

in permeability over their amide counterparts due to the relatively high shielding at this 

position from the β-branched amino acid sidechain.51 We suggested that substituting 

the amide connecting the linker to the POI warhead for and ester would cause a more 

dramatic increase in permeability. Therefore, to build on our proof-of-concept study, 

we developed a systematic set of compounds to test this hypothesis across a wide range 

of lipophilicities (ALogP) and linker lengths. In this study, we demonstrate that amide-

to-ester substitutions increase PROTAC considerably at low to moderate 

lipophilicities. Furthermore, ester-containing compounds with drug-like side chains 

experienced only moderately reduced plasma stability compared to the amide parent 

compounds. These new physicochemical insights establish lipophilicity design 

parameters for the development of permeable PROTACs and offer strategies for 

improving PROTAC permeability. 
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3.2 Results and Discussion 

3.2.1 PROTAC permeability increases with lipophilicity up to a threshold 

Lipophilicity is key in the design of drugs with favorable ADMET (absorption, 

distribution, metabolism, excretion, and toxicity) properties.122 While suggested 

optimal lipophilicity ranges exist for typical small molecule drugs123 and “beyond Rule 

of 5” compounds,7 design parameters for PROTAC ideal lipophilicity remains unclear. 

In this paper, we performed a systematic investigation into the effect of lipophilicity on 

permeability for a set of seven model VHL-based PROTAC compounds (1 – 7, Figure 

3-1). All the compounds had a VHL-based E3 ligase ligand (VH032) and a linker.  

 

 
Figure 3-1: PROTAC liposcan compound structures Compounds are composed of 

a VH032 (VHL-targeting) ligand and a short alkyl linker which is connect to the 

warhead (POI-targeting) ligand (R) with either and amide (1 – 7) or and ester (8 – 14) 

(X)    
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We modulated the compounds’ lipophilicities by using a variety of simple POI-

targeting group mimics for a range of calculated lipophilicities (ALogP) from 1.2 – 6.0. 

As permeability can be affected by physicochemical properties like molecular weight 

(MW) and the number of hydrogen bond donors (HBDs) and acceptors (HBAs), we 

kept these values in a relatively small range (MW = 600 – 800, HBD = 3 – 4, HBA = 

6 – 8, Table 3-1). Furthermore, we used a short alkyl linker for all of these compounds 

to eliminated permeability-affecting intramolecular hydrogen bonds (IMHBs) that can 

be formed between PEG linkers and amide -NHs in other parts of the molecule.66 

 

Table 3-1: Physical properties of amide liposcan compounds Table showing the 

molecular weight (MW), calculated lipophilicity (ALogP), and the number of HBDs 

and HBAs of the first seven liposcan compounds that have an amide bond linking their 

POI-targeting mimic to their linker 

 
a: Cmpd = compound 

b: MW = molecular weight 

c: HBD = hydrogen bond donor 

d: HBA = hydrogen bond acceptor 

 

We first investigated the effects of PROTAC lipophilicity on permeability using 

PAMPA, a high-throughput permeability assay that is cheaper, faster, and well 

correlated to cell-based permeability assays.65 Our group has also shown that PAMPA 

is beneficial for studying compounds with low expected permeabilities as the PAMPA 

Cmpd
a

MW
b ALogP # of HBDs

c
# of HBAs

d

VK-P01 (1) 616 1.2 4 7

VK-P02 (2) 614 2.6 4 6

VK-P03 (3) 662 3.2 4 6

VK-P04 (4) 654 3.6 4 6

VK-P05 (5) 720 4.1 4 6

VK-P06 (6) 752 4.9 4 6

VK-P07 (7) 796 6.0 4 7

VK-P08 (8) 617 1.9 3 8

VK-P09 (9) 615 3.2 3 7

VK-P10 (10) 663 3.8 3 7

VK-P11 (11) 655 4.3 3 7

VK-P12 (12) 721 4.7 3 7

VK-P13 (13) 753 5.6 3 7

VK-P14 (14) 797 6.6 3 8
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due to the assays low limit of detection.66 Similar to other types of previously studied 

compounds,7 PROTACs permeability increased with ALogP up to an ALogP of around 

4.1 (cf. 1 – 5, Figure 3-2, SI Table 3-S1). Above an ALogP of 4, permeability decreased 

as ALogP increased (cf. 6 – 7) with no detectable permeability for 7 which had an 

ALogP of 6.0 (SI Table 3-S1). At these higher ALogP values (>4 – 5), compounds 

begin to lose aqueous solubility and become membrane retained, both of which can 

reduce passive membrane permeability.124 This compound series suggests that 

PROTACs should be designed with an ALogP between 3 – 5 to bias them towards 

higher permeability.  Moreover, relationship between lipophilicity and permeability 

offers a route to improving the permeability of PROTACs by making small 

modifications to increase ALogP up to ~4-5.  

 

 

Figure 3-2: PAMPA permeability of liposcan matched pairs Comparison of amide- 

(blue) vs. ester-containing (green) liposcan compound PAMPA permeability (Pe) 

grouped by their lipophilicity-tuned warhead. Compounds are ordered by their 

calculated lipophilicity (ALogP). The start (*) over compounds 7 and 14 (7 v 14) 

indicates that there was no detectable signal in the acceptor well. N = 4. Error bars are 

±SD. 
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3.2.2 Amide-to-ester substitutions improve permeability over a broad ALogP 

range 

In addition to lipophilicity, the number of HBDs in compounds is a crucial 

determinate of permeability.103,125 Reducing the presence of solvent-exposed HBDs 

though N-methylation or occlusion from solvent by β-branching or other steric 

shielding are common methods to increase a compound’s membrane 

permeability.51,70,126,127 In our previous investigation on PROTAC permeability, we 

demonstrated that substituting the VH032 ligand’s tert-Leu amide with an ester 

improved PROTAC permeability by about 2-fold.66 Though a viable approach to 

improving permeability, substituting this amide for an ester only conferred a modest 

increase in permeability, likely due to the fact that the -NH was partial shielded from 

solvent by the adjacent β-branched α-carbon, limiting the permeability reducing effects 

of this HBD.51,66 Additionally, substituting this amide (connecting the VHL ligand to 

the linker) for an ester reduced its affinity for the VHL protein.66 Therefore, we created 

a new set of compounds with an amide to ester substitution at the other end of the linker 

in order to more strongly improve permeability while maintaining binding to the VHL 

E3 ligase.  

 We made a second set of liposcan compounds (8 – 14) to test if these ester-

containing compounds were more permeable across a broad ALogP range of 1.9 – 6.6 

than the amide derivatives (Figure 3-1, Table 3-2). These compounds were identical to 

the previous amide-containing compounds except for one amide to ester substitution at 
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the connection between the linker and the protein-targeting ligand model, creating 7 

matched pairs for permeability analysis.  

 

 

Table 3-2: Physical properties of ester liposcan compounds Table showing the 

molecular weight (MW), calculated lipophilicity (ALogP), and the number of HBDs 

and HBAs of the second seven liposcan compounds that have an ester bond linking 

their POI-targeting mimic to their linker 

 
a: Cmpd = compound 

b: MW = molecular weight 

c: HBD = hydrogen bond donor 

d: HBA = hydrogen bond acceptor  

 

Over an ALogP range of 1 – 4, the ester-containing compounds were 4- to 65-fold more 

permeable than their amide-containing counterparts (Figure 3-2, SI Table 3-S1). 

Substituting an amide for an ester not only removes an HBD, but also increases the 

ALogP by about 0.6. Both the reduction of HBDs and increase in ALogP are likely to 

lead to increased permeability at this ALogP range.7,51,128 However, over an ALogP of 

~4, the ester compounds were less permeable than their amide counterpart (Figure 3-2, 

SI Table 3-S1). This is likely due to the inverse relationship between permeability and 

lipophilicity as the ALogP increases over 4 due to a decreased aqueous solubility.129 

Furthermore, it is possible that the additional HBD present in the amide compounds 

could confer increased solubility over the ester derivatives. Similar to the amide-

Cmpd
a

MW
b ALogP # of HBDs

c
# of HBAs

d

VK-P08 (8) 617 1.9 3 8

VK-P09 (9) 615 3.2 3 7

VK-P10 (10) 663 3.8 3 7

VK-P11 (11) 655 4.3 3 7

VK-P12 (12) 721 4.7 3 7

VK-P13 (13) 753 5.6 3 7

VK-P14 (14) 797 6.6 3 8

E
s

te
r
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containing 7 (ALogP = 6), its ester-containing counterpart, 14, (ALogP = 6.6) had no 

detectable permeability (Figure 3-2, SI Table 3-S1). Overall, amide-to-ester 

substitution offers a potential mechanism to improve PROTAC permeability.  

 

3.2.3 Amide-to-ester substitutions increase permeability across a range of linkers 

Previous works have suggested that short alkyl linkers may be better for 

PROTAC permeability as these linkers help to minimize the already high TPSA and 

number of hydrogen bond acceptors present.91,121 However, we have shown that effect 

of the linker on PROTAC permeability can be confounded by hydrogen bonding and 

the overall lipophilicity.66 For this study, we designed a systematic set of four 

compounds to isolate the effects of the linker on permeability by reducing the protein 

targeting group to a simple phenyl group attached by an amide. The linkers included a 

short alkyl linker (3) and three PEG linkers ranging from one to three PEG units in 

length (15 – 17, respectively) (Figure 3-3 A). The alkyl-containing 3 had the highest 

permeability, and permeability decreased with increasing PEG chain linker length with 

17 (3 PEG unit linker) showing no detectable permeability (Figure 3-3 B, SI Table 3-

S2). This decrease in permeability is likely due to a combined effect of increased 

HBAs, increased MW, and decreased ALogP due to the increasing PEG chain length. 

As an amide-to-ester substitution improved the permeability of the liposcan model 

compounds across a broad range of lipophilicities, we made a second set of compounds 

with an amide to ester substitution between the linker and the protein-targeting ligand 

(Figure 3-3 A, 10, 18 – 20).  
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Figure 3-3: Structures and PAMPA permeabilities of PROTACs with varied 

linkers (A) Compounds are composed of a VH032 (VHL-targeting) ligand and phenyl 

ring acting as a warhead mimic which are connected by one of four linkers. The 

warhead (POI-targeting) ligand is connected to the linker with either and amide (3, 15 

– 17) or and ester (10, 18 – 20). (B) Comparison of amide- (blue) vs. ester-containing 

(green) compound PAMPA permeability (Pe) grouped by their linker type. The start (*) 

over compound 17 indicates that there was no detectable signal in the acceptor well for 

this compound. N = 4. Error bars are ±SD. 

 

 

As with the liposcan series of compounds, the ester-containing PROTACs were 

all had detectable permeabilities and were 8 – 19-fold more permeable than their amide-

containing counterparts (Figure 3-3 B, SI Table 3-S2). Unlike the amide containing 

compounds which all had a permeability below Pe = 1 x 10-6 cm/s, all the ester 
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compounds had permeabilities in the modest to good range (Pe > 1 x 10-6 cm/s). Thus, 

an amide-to-ester substitution not only improves permeability, but also offers more 

flexibility in compound design as a wider range of ester linkers are more likely to be 

permeable compared to their amide counterparts. This design flexibility in crucial since 

small modifications to the linker significantly affect PROTAC bioactivity, ternary 

complex formation, and subsequent targeted degradation.81,130,131 

 

3.2.4 PROTACs exhibit ligand-to-linker intramolecular hydrogen bonds 

The basic structure of PROTACs, two small molecules connected by a flexible 

linker, lends itself to the formation of intramolecular hydrogen bonds (IMHBs). This 

important feature allows for polar atoms to be shuttled across the lipophilic cell 

membrane. It is difficult to determine the presence of IMHBs by looking at the 2D 

chemical structure alone. However, measuring the lipophilic permeability efficiency 

(LPE) of matched pairs indicates differences in the number of exposed HBDs.7,66 LPE 

is a metric developed by our lab that balances aqueous solubility (calculated ALogP) 

and membrane partitioning (experimental LogD(dec/w)) to determine the efficiency with 

which a compounds crosses a membrane at a given lipophilicity.  This metric is 

particularly helpful in determining differences in solvent-exposed HBDs between 

compounds. Compounds with similar LPE values are likely to have the same number 

of solvent exposed HBDs. While a ΔLPE of 1.8 suggests the that the compound with a 

lower LPE has an additional exposed HBD compared to the compound with the higher 

LPE.  
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For the majority of the liposcan compound pairs (2 – 6 vs. 9 – 13, respectively), 

the ester compounds had higher LPEs than their counterpart amide compounds (Table 

3-3). The ΔLPEs of between 1.1 – 1.8, suggests that the additional HBD in the amide 

compounds is partially to fully solvent exposed. Interestingly, for the majority of the 

amide compounds with a HBA four atoms away from the amide -NH, the LPEs of the 

matched pairs were more similar (1 vs. 8, 15 vs. 18, and 17 vs. 20, Table 3-1). Similar 

to previous work,66 this suggests that the HBD in the amide compounds is making and 

IMHB with the oxygen in the PEG linker or warhead which we have shown in the past. 

Therefore, while ester bonds and alkyl linkers are better for permeability, when used in 

combination, a PEG linker and amide bond could be used to shield the polarity of 

important HBDs that are crucial to the bioactivity or solubility of the overall molecule. 

  

Table 3-3: PROTAC lipophilic permeability efficiency (LPE) Table comparing 

amide and ester matched compound pairs. LPE = LogD(dec/w) - 1.06(ALogP) + 5.47. 

 
 

VK-P01 2.0 1.8 VK-P08

VK-P02 0.5 1.6 VK-P09

VK-P03 0.6 2.3 VK-P10

VK-P04 0.3 2.1 VK-P11

VK-P05 1.0 2.8 VK-P12

VK-P06 -0.1 1.5 VK-P13

VK-P07 0.1 N/A VK-P14

VK-P03 0.6 2.3 VK-P10

VK-P15 2.2 2.7 VK-P18

VK-P16 1.4 2.5 VK-P19

VK-P17 2.0 2.4 VK-P20
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Amide Ester
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3.2.5 Relative plasma stability of amide and ester compounds 

While amide-to-ester substitutions offer increased permeability leading to 

increased flexibility in compound design, esters are also typically more susceptible to 

plasma-mediated hydrolysis which can lead to low in vivo efficiency.132  For these ester 

substitutions to be a viable option in drug development, it is important to assess the 

differential stability of ester and amide compounds. To test this, we incubated 1 – 20 

in human plasma at 37 ºC for 0, 15, 30, and 90 minutes. Overall, the amide-containing 

compounds were more stable in plasma than their ester-containing counterparts for the 

compounds that had small. This effect was more pronounced for the compound pairs 

with the smaller warheads with 10% or less compound loss of the amide compounds 

(1 – 4) compared the their ester counterparts (8 – 11) which had 60 – 90% compound 

loss at 90 minutes (SI Figure 3-S1). Ester compounds with larger warheads (12 – 14), 

and likely more steric shielding around the susceptible ester, had much less compound 

loss at 90 minutes (4 – 10%, SI Figure 3-S1). This reduced hydrolysis with bulkier 

sides that are more similar to typical protein-targeting groups present on PROTACS 

suggests that amide-to-ester substitutions could be used to increase PROTAC 

permeability with only mild reduction in the compound’s in vivo activity. 
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3.3 Discussion and Conclusions 

Composed to two small molecules and a linker, targeted degraders typically fall 

in “beyond Rule of 5” space.37 Drugs discovery has been shifting away from designing 

drugs in the traditional Ro5 model27,38 as more beyond Ro5 compounds are shown to 

be orally bioavailable.39,40 However, having some kind of guideline for 

physicochemical design parameters for beyond Ro5 compounds, like PROTACs, is 

critical to reduce high attrition rates of compounds that are lost to poor ADME 

properties in the clinic.41 In response to this pressing need, some have attempted to 

improve permeability, solubility, and to decrease efflux ratios through linker 

modifications,42 while other have attempted to reduce the number of remove amide 

bonds (HBDs) to improve the physicochemical properties of PROTACs.43 We and 

others have attempted to develop systematic studies of PROTAC physicochemical 

properties and new methods to studying these properties.16,18-20 

Here, we used a systematic investigation of linker lengths and lipophilicity in 

combination with amide-to-ester substitutions to improve PROTAC permeability. We 

demonstrated the PROTACs achieve the highest permeability at moderate 

lipophilicities (2 – 4) and that, within this range, increasing the lipophilicity of a 

compound leads to increased permeability, as has been seen with other beyond Ro5 

compounds.24 Recent medicinal chemistry reviews have cited lipophilicity as one of 

the most important features molecular properties, and that designing compounds in this 

range (that we have found to contain more permeable compounds) is also likely to 

reduce toxicity.41 We also demonstrate that amide-to-ester substitutions increase 
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PROTAC permeability in this ALogP range as well. Therefore, ester-containing 

compounds in this lipophilicity range are likely to have better overall pharmacokinetic 

properties than amide compounds or those with higher lipophilicities. Finally, though 

esters are more prone to hydrolysis and therefore tend to be less stable in plasma, we 

discovered that adding steric bulk to the chemical space surrounding the area (i.e. near 

the warhead) drastically reduces degradation in the plasma. Therefore, amide-to-ester 

substitutions remain a viable option for PROTAC pharmacokinetic improvement as 

long as the benefits in permeability outweigh the slight decrease in stability, leading to 

more compound reaching its protein target. 

PROTACs have very low permeability but remain highly potent in part due to 

their catalytic activity and degradation of their target.18-20 We have previously 

determined that ROTACs with extremely low permeability were less active than similar 

PROTACs with better permeability.18 Therefore, a simple strategy to improve 

PROTAC bioactivity would be to improve PRTOAC permeability in subtle ways that 

do not affect complex PROTAC binding and ternary complex formation. The amide-

to-ester substitution explored here is one possible avenue to achieve this goal. Further 

analysis and compounds should be developed to test this method on previously 

published PRTOACs to determine if improving permeability does in fact improve 

bioactivity. 
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3.4 Supplementary Figures and Tables 

3.4.1 Supplementary Table 3-S1: Combine PROTAC physicochemical data 

Table showing the physicochemical properties of all the compounds tested in this 

study. This includes calculated properties (MW, ALogP, HBD, and HBA), 

experimental results (PAMPA, LogD), and an efficiency metric (LPE). 

 

a: Cmpd = compound 

b: MW = molecular weight 

c: HBD = hydrogen bond donor 

d: HBA = hydrogen bond acceptor  

e: PAMPA = Pe x 10-6 cm/s 

f: 1,9-decadiene and PBS 7.4 partition coefficients 

g: LPE = LogD(dec/w) - 1.06(ALogP) + 5.47 

 
 

  

Cmpd
a

MW
b ALogP # of HBDs

c
# of HBAs

d
PAMPA

e LogD 

(dec/w)
f LPE

g

VK-P01 (1) 616 1.2 4 7 0.07 -2.2 2.0

VK-P02 (2) 614 2.6 4 6 0.1 -2.2 0.5

VK-P03 (3) 662 3.2 4 6 0.8 -1.5 0.6

VK-P04 (4) 654 3.6 4 6 1.1 -1.4 0.3

VK-P05 (5) 720 4.1 4 6 6.8 -0.2 1.0

VK-P06 (6) 752 4.9 4 6 3.6 -0.3 -0.1

VK-P07 (7) 796 6.0 4 7 0 1.0 0.1

VK-P08 (8) 617 1.9 3 8 0.7 -1.7 1.8

VK-P09 (9) 615 3.2 3 7 6.5 -0.5 1.6

VK-P10 (10) 663 3.8 3 7 6.5 0.8 2.3

VK-P11 (11) 655 4.3 3 7 4.4 1.1 2.1

VK-P12 (12) 721 4.7 3 7 0.2 2.4 2.8

VK-P13 (13) 753 5.6 3 7 0.6 1.9 1.5

VK-P14 (14) 797 6.6 3 8 0 BLD --

VK-P15 (15) 664 1.8 4 7 0.3 -1.4 2.2

VK-P16 (16) 708 1.7 4 8 0.2 -2.3 1.4

VK-P17 (17) 752 1.6 4 9 0 -1.9 2.0

VK-P18 (18) 665 2.5 3 8 5.8 -0.2 2.7

VK-P19 (19) 709 2.3 3 9 3.2 -0.5 2.5

VK-P20 (20) 753 2.2 3 10 1.9 -0.7 2.4
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3.4.2 Supplementary Figure 3-S1: Plasma Stability Assay Graphs 
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Graphs showing the percent of compound remaining for each compound after a 0, 15, 

30, and 90 min incubation in pooled human plasma at 37 ºC relative to the amount of 

compound at a 0 min incubation time point. Error bars = ±SD.  
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3.5 Methods 

3.5.1 General Synthetic Information and Procedures 

Unless otherwise stated, purchased solvents and reagents were used without further 

modification. Solvents were purchased from Fisher Scientific. General reagents were 

purchased from Fisher Scientific except for the following: HATU (Chem-Impex or 

Combi-Blocks), amino acids and linkers (Combi-Blocks or Oakwood), and SynPhase 

polystyrene lanterns (Mimotopes). A Thermo Scientific Ultimate 3000 UPLC system 

and Thermo Scientific Orbitrap VelosPro mass spectrometer were used to run LC/MS-

based assays (PAMPA and LogD(dec/w)) eluting with 5 – 95% ACN in H2O with 0.1% 

formic acid. This system was fitted with a Thermo Hypersil GOLD C18 (30 mm x 2.1 

mm, 1.9 µm particle size) column. LC/MS purity traces were collected using a Thermo 

Finnigan Surveyor HPLC system and Thermo Fisher Scientific Finnigan LTQ mass 

spectrometer. These samples were eluted with 10 – 100% ACN in H2O with 0.1% 

formic acid on an Agilent Poroshell 120 EC-C18 (30 mm x 2.1 mm, 2.7 µm particle 

size). NMR samples were collected on Bruker 500 MHz NMR with a 5 mm BBO Smart 

Probe in deuterate chloroform unless otherwise stated. 

3.5.2 Synthetic Methods 

3.5.2.1 Loading SynPhase polystyrene L-series lantern 

                                   
                      26           27 
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Compound 26 was synthesized and conjugated onto SynPhase polystyrene L-

series lanterns (alkyl tethered diisopropylarylsilane linker, 22 µM, catalog # 

MIL10431000) following previously published protocols to generate compound 

27.66,96,109 

 

3.5.2.2 Solid phase synthesis of compound 28 

 
28 

 

Compound 28 was synthesized according to Klein et al. (2020)66 on SynPhase 

lanterns using Fmoc deprotection and an addition of Fmoc-Tle-OH with HATU and 

DIPEA in DMF.  
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3.5.2.3 Solid phase synthesis of compounds 1 – 7  

 

 

Compounds 1 – 7 were synthesized using solid phase synthesis on SynPhase 

polystyrene lanterns. Procedure is described for synthesis on one lantern each for 1 – 

7. A lantern with 28 Fmoc-deprotected using 2 mL of a solution of 2% piperidine and 

2% DBU in DMF for 15 minutes at room temperature. The deprotection solution was 

drained, and the lantern was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM 

(30 seconds per wash). Next, a solution of Fmoc-6-aminohexanoic acid (31 mg, 0.088 

mmol, 4 eq), HATU (34 mg, 0.088 mmol, 4 eq), and DIPEA (613 µL, 0.176 mmol, 8 

eq) in 3 mL of DMF were added to the lantern. Reaction was mixed on a linear shaker 

at room temperature for 4 – 16 hours. The reaction mixture was drained, and the lantern 

was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM (30 seconds per wash). 
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The lantern was Fmoc-deprotected using 2 mL of a solution of 2% piperidine and 2% 

DBU in DMF for 15 minutes at room temperature. The deprotection solution was 

drained, and the lantern was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM 

(30 seconds per wash). Then, a solution of the capping agent (listed below) (0.088 

mmol, 4 eq), HATU (34 mg, 0.088 mmol, 4 eq), and DIPEA (613 µL, 0.176 mmol, 8 

eq) in 3 mL of DMF was added to the lantern. The reaction was mixed on a linear 

shaker for 4 – 16 hours at room temperature. Capping agents: 1 (methoxyacetic acid, 

6.8 µL); 2 (butyric acid, 8.0 µL); 3 (phenylacetic acid, 12 mg); 4 

(cyclohexanecarboxylic acid, 11.3 mg); 5 (2-(adamantan-1-yl)acetic acid, 17.1 mg); 6 

(3,3-diphenylpropionic acid, 19.9 mg); 7 (4-butoxy-4'-biphenylcarboxylic acid, 23.8 

mg). The reaction mixture was drained, and the lantern was rinsed 3x with 2 mL of 

DMF and 3x with 2 mL of DCM (30 seconds per wash). Compounds 1 – 7 were cleaved 

from the lantern with 5% HF/pyridine in THF and quenched following previously 

published procedures with methoxytrimethylsilane.109 The quenched cleavage solution 

was evaporated under reduced pressure, and the compounds were purified on a Biotage 

Isolera Prime flash chromatography system with a 30 g C18 column eluting with 10 – 

100% ACN in H2O, both with 0.1% TFA. Sample identify was confirmed by LC/MS. 
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3.5.2.4 Solid phase synthesis of compounds 15 – 17 

 

Compounds 15 – 17 were synthesized using solid phase synthesis on SynPhase 

polystyrene lanterns. Procedure is described for synthesis on one lantern. A lantern with 

28 Fmoc-deprotected using 2 mL of a solution of 2% piperidine and 2% DBU in DMF 

for 15 minutes at room temperature. The deprotection solution was drained, and the 

lantern was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM (30 seconds per 

wash). Next, a solution of a linker (0.088 mmol, 4 eq), HATU (34 mg, 0.088 mmol, 4 

eq), and DIPEA (613 µL, 0.176 mmol, 8 eq) in 3 mL of DMF were added to the lantern. 

Linker was as follows: 15 (Fmoc-6-amino-4-oxahexanoic acid, 31 mg); 16 (Fmoc-9-

amino-4,7-dioxanonanoic acid, 35 mg); 17 (Fmoc-12-amino-4,7,10-trioxadodecanoic 

acid, 39 mg). The reaction was mixed on a linear shaker at room temperature for 4 – 

16 hours. The reaction mixture was drained, and the lantern was rinsed 3x with 2 mL 

of DMF and 3x with 2 mL of DCM (30 seconds per wash). The lantern was Fmoc-
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deprotected using 2 mL of a solution of 2% piperidine and 2% DBU in DMF for 15 

minutes at room temperature. The deprotection solution was drained, and the lantern 

was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM (30 seconds per wash). 

Then, a solution of phenylacetic acid (12 mg, 0.088 mmol, 4 eq), HATU (34 mg, 0.088 

mmol, 4 eq), and DIPEA (613 µL, 0.176 mmol, 8 eq) in 3 mL of DMF was added to 

the lantern. The reaction was mixed on a linear shaker for 4 – 16 hours at room 

temperature. The reaction mixture was drained, and the lantern was rinsed 3x with 2 

mL of DMF and 3x with 2 mL of DCM (30 seconds per wash). Compounds 15 – 17 

were cleaved from the lantern with 5% HF/pyridine in THF and quenched following 

previously published procedures  with methoxytrimethylsilane.109 The quenched 

cleavage solution was evaporated under reduced pressure, and the compounds were 

purified on a Biotage Isolera Prime flash chromatography system with a 30 g C18 

column eluting with 10 – 100% ACN in H2O, both with 0.1% TFA. Sample identify 

was confirmed by LC/MS. 
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3.5.2.5 Solid phase synthesis of compounds 8 – 14  

 

(Check linker addition steps in Yi’s notebook) 

Compounds 8 – 14 were synthesized using solid phase synthesis on SynPhase 

polystyrene lanterns. Procedure is described for synthesis on one lantern. A lantern with 

28 Fmoc-deprotected using 2 mL of a solution of 2% piperidine and 2% DBU in DMF 

for 15 minutes at room temperature. The deprotection solution was drained, and the 

lantern was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM (30 seconds per 

wash). Next, a solution of 6-hydroxy-hexanoic acid (11.6 mg, 0.088 mmol, 4 eq), 

HATU (34 mg, 0.088 mmol, 4 eq), and DIPEA (613 µL, 0.176 mmol, 8 eq) in 3 mL of 

DMF were added to the lantern. Reaction was mixed on a linear shaker at room 

temperature for 4 – 16 hours. The reaction mixture was drained, and the lantern was 
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rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM (30 seconds per wash). Then, 

a solution of the capping agent (listed below) (0.22 mmol, 10 eq), DIC (34 µL, 0.22 

mmol, 10 eq), and DMAP (0.7 mg, 0.0055 mmol, 0.25 eq) in 2 mL of dry DCM was 

added to the lantern. The reaction was mixed on a linear shaker for 4 – 16 hours at room 

temperature. Capping agents: 8 (methoxyacetic acid, 6.8 µL); 9 (butyric acid, 8.0 µL); 

10 (phenylacetic acid, 12 mg); 11 (cyclohexanecarboxylic acid, 11.3 mg); 12 (2-

(adamantan-1-yl)acetic acid, 17.1 mg); 13 (3,3-diphenylpropionic acid, 19.9 mg); 14 

(4-butoxy-4'-biphenylcarboxylic acid, 23.8 mg). The reaction mixture was drained, and 

the lantern was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM (30 seconds 

per wash). Compounds 1 – 7 were cleaved from the lantern with 5% HF/pyridine in 

THF and quenched following previously published procedures  with 

methoxytrimethylsilane.109 The quenched cleavage solution was evaporated under 

reduced pressure, and the compounds were purified on a Biotage Isolera Prime flash 

chromatography system with a 30 g C18 column eluting with 10 – 100% ACN in H2O, 

both with 0.1% TFA. Sample identify was confirmed by LC/MS. 
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3.5.2.6 Solid phase synthesis of compounds 18 – 20  

 

Compounds 18 – 20 were synthesized using solid phase synthesis on SynPhase 

polystyrene lanterns. Procedure is described for synthesis on one lantern. A lantern with 

28 Fmoc-deprotected using 2 mL of a solution of 2% piperidine and 2% DBU in DMF 

for 15 minutes at room temperature. The deprotection solution was drained, and the 

lantern was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM (30 seconds per 

wash). Next, a solution of a linker (0.088 mmol, 4 eq), HATU (34 mg, 0.088 mmol, 4 

eq), and DIPEA (613 µL, 0.176 mmol, 8 eq) in 3 mL of DMF were added to the lantern. 

Linker was as follows: 18 (3-(2-Hydroxyethoxy)propanoic acid, 12 mg); 19 (3-[2-(2-

Hydroxyethoxy)ethoxy]propanoic acid, 16 mg); 20 (3-(2-[2-(2-

Hydroxyethoxy)ethoxy]ethoxy)propanoic acid, 20 mg). The reaction was mixed on a 

linear shaker at room temperature for 4 – 16 hours. The reaction mixture was drained, 



167 
 

and the lantern was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM (30 seconds 

per wash). Then, a solution of phenylacetic acid (30 mg, 0.22 mmol, 10 eq), (0.22 

mmol, 10 eq), DIC (34 µL, 0.22 mmol, 10 eq), and DMAP (0.7 mg, 0.0055 mmol, 0.25 

eq) in 2 mL of dry DCM was added to the lantern. The reaction was mixed on a linear 

shaker for 4 – 16 hours at room temperature. The reaction mixture was drained, and the 

lantern was rinsed 3x with 2 mL of DMF and 3x with 2 mL of DCM (30 seconds per 

wash). Compounds 18 – 20 were cleaved from the lantern with 5% HF/pyridine in THF 

and quenched following previously published procedures with 

methoxytrimethylsilane.109 The quenched cleavage solution was evaporated under 

reduced pressure, and the compounds were purified on a Biotage Isolera Prime flash 

chromatography system with a 30 g C18 column eluting with 10 – 100% ACN in H2O, 

both with 0.1% TFA. Sample identify was confirmed by LC/MS. 

 

3.5.2.7 Solid phase synthesis of compounds 21  

 

3.5.3 Parallel artificial membrane permeability assay (PAMPA) 

PAMPA64,65 was used to determine the passive membrane permeability as 

described in Naylor et al.7 and Klein et al. (2020).66 

 

3.5.4 MDCK–MDR1 cell permeability assays 

MDCK-MDR1 cell permeability data was collected by the CRO Quintara 

Discovery Inc. (QDI) in Hayward, CA.  
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3.5.5 LogD(dec/w) shake flask partition coefficient assay  

The shake flask partition coefficient of each compound was determined 

following the procedure described in Klein et al. (2020).66 

 

3.5.6 Lipophilic permeability efficiency (LPE) metric calculations  

LPE was calculated using the protocol described in Naylor et al.7 using the 

following equation: LPE = LogD(dec/w) – 1.06(ALogP) + 5.47. 

 

3.5.7 Plasma Stability Assay 

In a 1.2 mL cluster tube, test compounds (1 µL of a 1 mM DMSO stock, final 

DMSO concentration = 1%) were incubated in prewarmed human pooled 

plasma diluted to 80% with PBS pH 7.4 (100 µL) for three time points (15, 30, 

and 90 min) and prewarmed PBS pH 7.4 (100 µL) for a 0 min time point. At 

the specified time point, the reaction was terminated by protein precipitation 

with 400 µL of ACN. The cluster tubes were separated and vortexed for 1 min. 

Then, the tubes were vortexed for 15 min at 4 ºC and 12,700 rpm. The 

supernatant was removed and analyzed by LC/MS. Peaks were integrated using 

an in-house python program. The percent of compound remaining at each time 

point compared to the amount of compound in the 0 min time point is reported. 

Assay was run in triplicate. Positive control (known to degrade in plasma) and 

negative control (known to be stable in plasma) compounds were run alongside 

the test compounds as well. 
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3.5.8 Spectra for synthesized compounds 

3.5.8.1 NMR and LC/MS spectra for VK-P01 (1) 

 

Exact mass: 615.31; Observed mass: 616.93 
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1H NMR (500 MHz, Chloroform-d) δ 8.82 (s, 1H), 7.43 – 7.34 (m, 4H), 6.59 (s, 1H), 

6.15 (d, J = 8.7 Hz, 1H), 4.78 (td, J = 8.0, 4.3 Hz, 1H), 4.61 (dt, J = 14.9, 6.3 Hz, 1H), 

4.52 (dd, J = 18.6, 8.7 Hz, 1H), 4.41 – 4.33 (m, 1H), 4.15 (d, J = 11.2 Hz, 1H), 3.98 – 

3.83 (m, 2H), 3.63 (ddd, J = 11.2, 7.3, 3.6 Hz, 1H), 3.43 (d, J = 9.1 Hz, 3H), 3.29 (q, J 

= 6.8 Hz, 1H), 2.69 – 2.56 (m, 1H), 2.56 (s, 3H), 2.23 (dtt, J = 22.0, 14.4, 7.5 Hz, 2H), 

1.66 (ddq, J = 28.3, 13.9, 7.1 Hz, 1H), 1.52 (p, J = 7.6, 7.2 Hz, 1H), 1.34 (s, 1H), 1.38 

– 1.28 (m, 1H), 1.28 (s, 1H), 0.97 (d, J = 6.5 Hz, 8H). 
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3.5.8.2 NMR and LC/MS spectra for VK-P02 (2) 

 

Exact mass: 613.33; Observed mass: 615.01 
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1H NMR (500 MHz, Chloroform-d) δ 8.81 (s, 1H), 7.37 (s, 3H), 7.36 (d, J = 6.6 Hz, 

2H), 6.14 (d, J = 8.8 Hz, 1H), 5.60 (s, 1H), 4.79 – 4.71 (m, 1H), 4.59 (ddd, J = 15.0, 

6.7, 2.7 Hz, 1H), 4.54 (s, 1H), 4.50 (dd, J = 16.9, 8.7 Hz, 1H), 4.35 (ddd, J = 14.8, 9.6, 

5.2 Hz, 1H), 4.15 (t, J = 12.1 Hz, 1H), 3.63 – 3.56 (m, 1H), 3.22 (dt, J = 7.9, 6.3 Hz, 

1H), 2.75 (s, 7H), 2.61 – 2.51 (m, 1H), 2.54 (s, 3H), 2.29 – 2.09 (m, 4H), 2.16 (s, 1H), 

1.72 – 1.54 (m, 3H), 1.47 (p, J = 7.1 Hz, 2H), 1.34 – 1.24 (m, 2H), 0.96 – 0.89 (m, 

12H). 
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3.5.8.3 NMR and LC/MS spectra for VK-P03 (3) 

 

Exact mass: 661.33; Observed mass: 662.99 
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1H NMR (500 MHz, Chloroform-d) δ 8.85 (s, 1H), 7.39 – 7.27 (m, 8H), 7.27 – 7.21 

(m, 2H), 6.17 (d, J = 8.7 Hz, 1H), 5.52 (s, 1H), 4.73 (t, J = 8.1 Hz, 1H), 4.58 (dd, J = 

15.0, 6.6 Hz, 1H), 4.53 – 4.49 (m, 2H), 4.34 (dd, J = 15.0, 5.3 Hz, 1H), 4.13 – 4.07 (m, 

1H), 3.58 (dd, J = 11.4, 3.3 Hz, 1H), 3.54 (s, 2H), 3.24 (s, 8H), 3.17 (q, J = 6.8 Hz, 

2H), 2.53 (s, 3H), 2.56 – 2.47 (m, 1H), 2.22 (dt, J = 14.3, 7.1 Hz, 1H), 2.17 (d, J = 7.5 

Hz, 1H), 2.17 – 2.10 (m, 1H), 1.68 – 1.48 (m, 2H), 1.44 – 1.34 (m, 2H), 1.27 – 1.17 

(m, 3H), 0.94 (s, 9H). 
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3.5.8.4 NMR and LC/MS spectra for VK-P04 (4) 

 
Exact mass: 653.36; Observed mass: 665.04 
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1H NMR (500 MHz, Chloroform-d) δ 8.83 (s, 1H), 7.39 (s, 1H), 7.37 (s, 4H), 6.20 (d, 

J = 8.7 Hz, 1H), 5.57 (s, 1H), 4.76 (t, J = 8.1 Hz, 1H), 4.59 (dd, J = 15.0, 6.6 Hz, 1H), 

4.53 (t, J = 7.0 Hz, 2H), 4.37 (dd, J = 15.0, 5.3 Hz, 1H), 4.14 (d, J = 11.5 Hz, 1H), 3.60 

(dd, J = 11.4, 3.4 Hz, 1H), 3.28 – 3.14 (m, J = 6.5 Hz, 2H), 3.05 (s, 8H), 2.58 – 2.49 

(m, 1H), 2.53 (s, 3H), 2.29 – 2.14 (m, 3H), 2.04 (tt, J = 11.8, 3.4 Hz, 1H), 1.85 – 1.73 

(m, 5H), 1.66 (dd, J = 13.7, 7.6 Hz, 2H), 1.59 (td, J = 14.4, 7.2 Hz, 1H), 1.49 – 1.42 

(m, 2H), 1.44 – 1.29 (m, 2H), 1.31 – 1.21 (m, 4H), 1.24 – 1.14 (m, 2H), 0.94 (s, 9H). 
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3.5.8.5 NMR and LC/MS spectra for VK-P05 (5) 

 
Exact mass: 719.41; Observed mass: 721.15 
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1H NMR (500 MHz, Chloroform-d) δ 8.92 (s, 1H), 7.43 – 7.34 (m, 5H), 6.28 (d, J = 

8.7 Hz, 1H), 5.56 (s, 1H), 4.76 (t, J = 8.1 Hz, 1H), 4.61 (dd, J = 15.1, 6.6 Hz, 1H), 4.54 

(d, J = 8.9 Hz, 2H), 4.37 (dd, J = 15.1, 5.2 Hz, 1H), 4.15 (d, J = 11.4 Hz, 1H), 3.76 (s, 

3H), 3.68 (s, 6H), 3.62 (dd, J = 11.3, 3.4 Hz, 1H), 3.29 – 3.14 (m, J = 7.0 Hz, 2H), 2.54 

(s, 3H), 2.57 – 2.47 (m, 1H), 2.31 – 2.21 (m, 1H), 2.21 (s, 1H), 2.21 – 2.15 (m, 1H), 

1.95 (s, 3H), 1.91 (s, 2H), 1.70 (s, 1H), 1.66 (d, J = 11.7 Hz, 3H), 1.62 (dd, J = 13.4, 

10.1 Hz, 5H), 1.46 (p, J = 7.1 Hz, 2H), 1.30 (s, 2H), 1.33 – 1.24 (m, 2H), 0.95 (s, 8H), 

0.85 (s, 1H). 
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3.5.8.6 NMR and LC/MS spectra for VK-P06 (6) 

 
Exact mass: 751.38; Observed mass: 753.18 
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1H NMR (500 MHz, Chloroform-d) δ 8.89 (s, 1H), 7.37 (d, J = 1.9 Hz, 4H), 7.29 (d, J 

= 8.5 Hz, 1H), 7.30 – 7.20 (m, 5H), 7.22 – 7.14 (m, 4H), 6.16 (d, J = 8.7 Hz, 1H), 5.46 

(s, 1H), 4.73 (t, J = 8.1 Hz, 1H), 4.59 (dd, J = 15.1, 6.7 Hz, 1H), 4.55 – 4.49 (m, 3H), 

4.35 (dd, J = 15.1, 5.2 Hz, 1H), 4.12 (d, J = 11.4 Hz, 1H), 3.59 (dd, J = 11.4, 3.4 Hz, 

1H), 3.06 (hept, J = 6.7 Hz, 2H), 2.87 (d, J = 7.9 Hz, 2H), 2.54 (s, 4H), 2.56 – 2.48 (m, 

1H), 2.13 (ddt, J = 28.9, 14.6, 7.4 Hz, 3H), 1.50 (ddt, J = 41.5, 13.9, 7.2 Hz, 2H), 1.27 

– 1.17 (m, 4H), 1.10 – 1.01 (m, 3H), 0.95 (s, 9H). 
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3.5.8.7 NMR and LC/MS spectra for VK-P07 (7) 

 
Exact mass: 795.40; Observed mass: 797.13 
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1H NMR (500 MHz, Chloroform-d) δ 8.81 (s, 1H), 7.79 (d, J = 8.2 Hz, 2H), 7.63 – 7.49 

(m, 5H), 7.35 (s, 4H), 6.97 (d, J = 8.7 Hz, 2H), 6.33 (d, J = 6.0 Hz, 1H), 6.14 (d, J = 

8.7 Hz, 1H), 4.73 (t, J = 8.1 Hz, 1H), 4.56 (dd, J = 15.0, 6.6 Hz, 1H), 4.51 (d, J = 8.6 

Hz, 2H), 4.33 (dd, J = 15.1, 5.2 Hz, 1H), 4.11 (d, J = 11.4 Hz, 1H), 4.01 (t, J = 6.5 Hz, 

3H), 3.57 (dd, J = 11.4, 3.4 Hz, 1H), 3.45 (q, J = 6.6 Hz, 2H), 2.54 (s, 3H), 2.51 (dd, J 

= 8.4, 4.7 Hz, 1H), 2.32 – 2.11 (m, 3H), 1.84 – 1.75 (m, 1H), 1.74 – 1.46 (m, 6H), 1.39 

(s, 2H), 1.26 (s, 6H), 1.15 (s, 1H), 0.99 (t, J = 7.4 Hz, 4H), 0.94 (s, 9H), 0.88 (t, J = 6.2 

Hz, 2H), 0.84 (s, 3H), 0.76 (s, 1H). 
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3.5.8.8 NMR and LC/MS spectra for VK-P08 (8) 

 
Exact mass: 616.29; Observed mass: 617.29 
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1H NMR (500 MHz, Chloroform-d) δ 8.87 (s, 1H), 7.38 (s, 3H), 7.34 – 7.26 (m, 1H), 

7.20 – 7.14 (m, 1H), 6.86 – 6.81 (m, 1H), 6.11 (d, J = 8.7 Hz, 1H), 4.72 (t, J = 8.0 Hz, 

1H), 4.61 (dd, J = 15.0, 6.6 Hz, 1H), 4.55 (s, 1H), 4.50 (d, J = 8.7 Hz, 1H), 4.36 (dd, J 

= 15.0, 5.2 Hz, 1H), 4.21 – 4.11 (m, 2H), 4.02 (d, J = 0.9 Hz, 1H), 3.80 (s, 2H), 3.61 

(dd, J = 11.4, 3.5 Hz, 1H), 3.43 (s, 2H), 2.56 (ddd, J = 12.7, 7.9, 4.5 Hz, 1H), 2.23 (dd, 

J = 7.4, 4.4 Hz, 1H), 2.23 – 2.12 (m, 1H), 1.70 – 1.59 (m, 1H), 1.47 – 1.30 (m, 1H), 

1.35 (s, 1H), 1.27 (d, J = 14.3 Hz, 1H), 0.94 (s, 6H). 
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3.5.8.9 NMR and LC/MS spectra for VK-P09 (9) 

 
 

Exact mass: 614.31; Observed mass: 
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3.5.8.10 NMR and LC/MS spectra for VK-P10 (10) 

 
Exact mass: 662.31; Observed mass: 663.26 
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1H NMR (500 MHz, Chloroform-d) δ 8.81 (s, 1H), 7.40 – 7.30 (m, 4H), 7.33 – 7.26 

(m, 3H), 6.01 (d, J = 8.5 Hz, 1H), 4.72 (t, J = 7.9 Hz, 1H), 4.58 (dd, J = 15.0, 6.7 Hz, 

1H), 4.53 (s, 1H), 4.47 (d, J = 8.6 Hz, 1H), 4.34 (dd, J = 14.9, 5.1 Hz, 1H), 4.12 (d, J 

= 11.6 Hz, 1H), 4.07 (t, J = 6.6 Hz, 2H), 3.60 (s, 2H), 3.61 – 3.55 (m, 1H), 2.62 – 2.55 

(m, 1H), 2.55 (s, 3H), 2.21 – 2.09 (m, 2H), 1.60 (p, J = 7.1 Hz, 4H), 1.33 – 1.24 (m, 

4H), 0.93 (s, 8H). 
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3.5.8.11 NMR and LC/MS spectra for VK-P11 (11) 

 
Exact mass: 654.35; Observed mass: 655.20 
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1H NMR (500 MHz, Chloroform-d) δ 8.85 (s, 1H), 7.38 (s, 4H), 7.28 (s, 1H), 6.07 (d, 

J = 8.6 Hz, 1H), 4.74 (t, J = 7.9 Hz, 1H), 4.60 (dd, J = 15.0, 6.7 Hz, 1H), 4.55 (s, 1H), 

4.49 (d, J = 8.6 Hz, 1H), 4.36 (dd, J = 14.9, 5.1 Hz, 1H), 4.15 (d, J = 11.5 Hz, 1H), 4.03 

(td, J = 6.6, 1.1 Hz, 2H), 3.60 (dd, J = 11.4, 3.5 Hz, 1H), 2.62 – 2.54 (m, 1H), 2.55 (s, 

3H), 2.27 (ddt, J = 11.3, 7.7, 3.6 Hz, 1H), 2.22 (t, J = 7.5 Hz, 2H), 1.87 (d, J = 13.0 Hz, 

2H), 1.76 – 1.70 (m, 2H), 1.62 (dt, J = 14.4, 7.5 Hz, 5H), 1.42 (s, 1H), 1.41 – 1.31 (m, 

2H), 1.31 – 1.27 (m, 1H), 1.26 (s, 2H), 1.24 – 1.17 (m, 1H), 0.94 (s, 8H). 
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3.5.8.12 NMR and LC/MS spectra for VK-P12 (12) 

 

 
Exact mass: 720.39; Observed mass: 721.39 
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1H NMR (500 MHz, Chloroform-d) δ 8.92 (s, 1H), 7.38 (s, 4H), 6.07 (d, J = 8.6 Hz, 

1H), 4.74 (t, J = 8.0 Hz, 1H), 4.60 (dd, J = 15.1, 6.7 Hz, 1H), 4.55 (s, 1H), 4.49 (d, J = 

8.7 Hz, 1H), 4.36 (dd, J = 15.1, 5.1 Hz, 1H), 4.15 (d, J = 11.5 Hz, 1H), 4.03 (td, J = 

6.7, 1.2 Hz, 2H), 3.60 (dd, J = 11.4, 3.5 Hz, 1H), 2.57 (s, 3H), 2.62 – 2.53 (m, 1H), 

2.25 – 2.11 (m, 4H), 2.04 (s, 2H), 1.96 (s, 4H), 1.71 (s, 1H), 1.70 – 1.61 (m, 9H), 1.59 

(d, J = 2.7 Hz, 7H), 1.36 (qd, J = 8.7, 8.2, 5.3 Hz, 2H), 1.26 (s, 4H), 0.94 (s, 9H), 0.88 

(t, J = 6.9 Hz, 0H). 
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3.5.8.13 NMR and LC/MS spectra for VK-P13 (13) 

 

 
Exact mass: 752.36; Observed mass: 753.24 
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1H NMR (500 MHz, Chloroform-d) δ 8.80 (s, 1H), 7.37 (d, J = 1.6 Hz, 4H), 7.30 – 7.14 

(m, 11H), 6.02 (d, J = 8.6 Hz, 1H), 4.72 (t, J = 8.0 Hz, 1H), 4.63 – 4.45 (m, 5H), 4.34 

(dd, J = 14.9, 5.2 Hz, 1H), 4.13 (d, J = 11.5 Hz, 1H), 3.95 (t, J = 6.6 Hz, 2H), 3.59 (dd, 

J = 11.4, 3.5 Hz, 1H), 3.04 (d, J = 8.1 Hz, 2H), 2.58 (ddd, J = 12.9, 7.8, 4.6 Hz, 1H), 

2.54 (s, 3H), 2.17 – 2.08 (m, 3H), 1.49 (dq, J = 38.0, 7.2, 6.8 Hz, 4H), 1.26 (s, 1H), 

1.21 – 1.12 (m, 2H), 0.93 (s, 9H). 
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3.5.8.14 NMR and LC/MS spectra for VK-P14 (14) 

VK-P14 

 

 
 

Exact mass: 796.39; Observed mass: 797.26 
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1H NMR (500 MHz, Chloroform-d) δ 8.88 (s, 1H), 8.13 – 8.05 (m, 1H), 8.04 (d, J = 

8.5 Hz, 2H), 7.67 – 7.50 (m, 7H), 7.37 (s, 4H), 7.02 – 6.96 (m, 4H), 6.09 (d, J = 8.5 

Hz, 1H), 4.73 (t, J = 8.0 Hz, 1H), 4.59 (dd, J = 15.1, 6.6 Hz, 1H), 4.54 (s, 1H), 4.49 (d, 

J = 8.6 Hz, 1H), 4.38 – 4.29 (m, 3H), 4.15 (d, J = 11.3 Hz, 1H), 4.02 (t, J = 6.5 Hz, 

4H), 3.60 (dd, J = 11.4, 3.5 Hz, 1H), 3.14 (s, 1H), 2.96 (s, 1H), 2.56 (s, 3H), 2.36 (t, J 

= 7.6 Hz, 1H), 2.26 (t, J = 7.4 Hz, 3H), 2.18 – 2.10 (m, 1H), 1.81 (q, J = 7.2 Hz, 5H), 

1.53 (dt, J = 15.1, 7.4 Hz, 4H), 1.48 (s, 2H), 1.45 (d, J = 6.7 Hz, 1H), 1.26 (s, 11H), 

1.06 – 0.96 (m, 10H), 0.93 (s, 9H), 0.88 (t, J = 6.9 Hz, 1H). 
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3.5.8.15 NMR and LC/MS spectra for VK-P15 (15) 

 
Exact mass: 663.31; Observed mass: 664.22 
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1H NMR (500 MHz, Chloroform-d) δ 8.80 (s, 1H), 7.40 – 7.26 (m, 7H), 6.98 (d, J = 

8.9 Hz, 1H), 6.88 (t, J = 5.9 Hz, 1H), 6.75 (s, 1H), 4.68 (t, J = 8.0 Hz, 1H), 4.53 (d, J = 

8.8 Hz, 1H), 4.41 (dd, J = 15.0, 6.5 Hz, 1H), 4.27 (dd, J = 15.0, 5.5 Hz, 1H), 4.08 (d, J 

= 11.4 Hz, 1H), 3.67 – 3.55 (m, 4H), 3.58 – 3.42 (m, 3H), 3.39 – 3.32 (m, 1H), 2.53 (s, 

3H), 2.52 – 2.36 (m, 2H), 2.18 – 2.10 (m, 0H), 1.54 (t, J = 7.0 Hz, 1H), 1.45 (d, J = 6.6 

Hz, 1H), 1.26 (s, 2H), 0.96 (s, 9H). 
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3.5.8.16 NMR and LC/MS spectra for VK-P16 (16) 

 
Exact mass: 707.34; Observed mass: 709.23 
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1H NMR (500 MHz, Chloroform-d) δ 10.90 (s, 1H), 8.77 (s, 1H), 8.07 (s, 1H), 7.78 

(dd, J = 7.5, 1.0 Hz, 1H), 7.65 – 7.59 (m, 1H), 7.44 – 7.34 (m, 1H), 7.37 – 7.29 (m, 

6H), 7.30 (d, J = 0.9 Hz, 1H), 7.27 (s, 2H), 7.00 (d, J = 8.3 Hz, 1H), 6.33 (s, 1H), 4.67 

(t, J = 8.1 Hz, 1H), 4.57 (dd, J = 15.0, 6.7 Hz, 1H), 4.52 – 4.46 (m, 2H), 4.32 (dd, J = 

15.0, 5.2 Hz, 1H), 4.09 – 4.02 (m, 2H), 3.76 – 3.61 (m, 3H), 3.64 – 3.46 (m, 9H), 3.37 

(ddt, J = 14.0, 8.8, 4.0 Hz, 2H), 3.11 (qd, J = 7.4, 4.2 Hz, 2H), 2.52 (s, 3H), 2.46 (h, J 

= 4.1 Hz, 3H), 2.19 – 2.10 (m, 1H), 1.50 – 1.34 (m, 13H), 1.26 (s, 3H), 0.95 (s, 9H). 
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3.5.8.17 NMR and LC/MS spectra for VK-P17 (17) 

 

3.5.8.18 NMR and LC/MS spectra for VK-P18 (18) 

 

3.5.8.19 NMR and LC/MS spectra for VK-P19 (19) 

 
 Exact mass: 708.32; Observed mass: 709.22 
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1H NMR (500 MHz, Chloroform-d) δ 8.90 (s, 1H), 7.36 (s, 3H), 7.35 – 7.26 (m, 4H), 

7.07 (d, J = 7.9 Hz, 1H), 4.73 (t, J = 8.0 Hz, 1H), 4.58 (dd, J = 15.1, 6.7 Hz, 1H), 4.52 

(s, 1H), 4.43 (d, J = 8.0 Hz, 1H), 4.37 – 4.18 (m, 3H), 4.15 (d, J = 11.5 Hz, 1H), 3.70 

(t, J = 5.6 Hz, 2H), 3.69 – 3.62 (m, 4H), 3.60 (s, 3H), 3.60 – 3.55 (m, 1H), 2.56 (dd, J 

= 13.6, 5.0 Hz, 3H), 2.56 – 2.46 (m, 2H), 2.13 (dd, J = 13.6, 8.0 Hz, 1H), 1.26 (s, 2H), 

0.94 (s, 9H), 0.85 (s, 1H). 
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3.5.8.20 NMR and LC/MS spectra for VK-P20 (20) 

 

Exact mass: 752.35; Observed mass: 753.31 
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1H NMR (500 MHz, Chloroform-d) δ 8.77 (s, 1H), 7.39 – 7.25 (m, 9H), 7.00 (d, J = 

7.9 Hz, 1H), 4.74 (t, J = 8.0 Hz, 1H), 4.57 (dd, J = 14.9, 6.7 Hz, 1H), 4.51 (s, 1H), 4.42 

(d, J = 7.9 Hz, 1H), 4.33 (dd, J = 15.0, 5.2 Hz, 1H), 4.25 (td, J = 4.4, 1.5 Hz, 2H), 4.17 

(d, J = 11.4 Hz, 1H), 3.71 (dd, J = 5.5, 2.5 Hz, 1H), 3.72 – 3.63 (m, 2H), 3.63 (d, J = 

7.5 Hz, 6H), 3.58 (s, 3H), 3.61 – 3.52 (m, 1H), 2.51 (d, J = 17.0 Hz, 6H), 2.14 (dd, J = 

13.6, 8.2 Hz, 1H), 1.26 (s, 2H), 0.94 (s, 9H), 0.89 (d, J = 12.6 Hz, 1H). 
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3.5.8.21 NMR and LC/MS spectra for VK-P21 (21) 
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3.6 Abbreviations 

ACN: acetonitrile; DBU:  1,8-Diazabicyclo[5.4.0]undec-7-ene; DCM: 

Dichloromethane; DIC: N,N′-Diisopropylcarbodiimide; DIPEA: N,N-

Diisopropylethylamine; DMAP: 4-Dimethylaminopyridine; DMF: N,N- 

Dimethylformamide ; HATU: 1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate; HF/pyridine: Hydrogen 

fluoride pyridine; TFA: Trifluoroacetic acid; THF: Tetrahydrofuran; TMS-ethanol: 2-

(Trimethylsilyl)ethanol 
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