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Abstract 
The Discovery and Chemical Synthesis of Peptides and Proteins that Cross 

Biological Barriers 
 

By 
Charlotte E. Farquhar 

 
Submitted to the Department of Chemistry on July 20, 2023 

In Partial Fulfillment of the Requirements for the  
Degree of Doctor of Philosophy in Chemistry 

 
Abstract: 

The precise delivery of therapeutic agents to specific tissues or cells remains a complex task. 
Cell-penetrating peptides (CPPs) and proteins are used as carrier modules, tissue targeting agents, and 
probes to better understand disease states. In this work, we first investigate CPPs for peptide-mediated 
delivery of macromolecules. Despite the existence of thousands of CPP sequences, none have been 
approved by regulatory authorities for macromolecule delivery. Here, we demonstrate a method for in-
cell penetration selection-mass spectrometry (in-cell PS-MS) to discover novel peptides from a 
synthetic library. These all-D, non-canonical peptides can deliver macromolecule cargo to the cytosol 
with high peptide stability and low toxicity. In-cell PS-MS introduces a method to discover unnatural 
synthetic peptides to delivery therapeutically relevant cargo into subcellular compartments.  

The chromatographic enrichment of a peptide library through cation-exchange 
chromatography also generates novel, non-canonical peptide sequences for delivery of 
macromolecular cargo. We developed a method based on testing fractionated or pooled peptide 
libraries for the discovery of novel peptides with low toxicity, which can be modified to produce novel 
CPPs for oligonucleotide delivery with efficacy at nanomolar concentrations. 

Cell penetrating peptides have also previously shown efficacy in crossing the blood-brain 
barrier (BBB), allowing a small, soluble peptide (BTP-7) to cross the BBB and target human 
glioblastoma (GBM). We demonstrate that conjugation of BTP-7 to camptothecin improves drug 
solubility in aqueous solutions, retains drug efficacy against patient-derived GBM stem cells, enhances 
BBB permeability, and enables therapeutic targeting to intracranial GBM, leading to higher toxicity in 
GBM cells compared to normal brain tissues, and ultimately prolongs survival in mice bearing 
intracranial xenografts of patient-derived GBM.  

Dipeptide repeat proteins (DPRs), are characteristic in amyotrophic lateral sclerosis and 
frontotemporal dementia. Synthesis of these proteins by biological or chemical means has previously 
proved difficult, due to their toxicity and propensity towards aggregation. Herein we report the 
chemical synthesis of four DPRs using automated fast-flow peptide synthesis. Structural assays 
demonstrate in-vitro aggregation, especially in proline-rich DPRs. Human neuroblastoma cells 
cultured with arginine-rich DPRs with longer repeat lengths show reduced cell viability, thereby 
reproducing the cytotoxic property of endogenous DPRs. This research demonstrates the potential of 
automated flow synthesis for synthesizing difficult-to-access proteins and gives us new insight into the 
behavior of arginine-rich DPRs at the cell membrane. Collectively, this work demonstrates successful 
approaches to address the cellular delivery of therapeutic modalities for the future development of 
novel therapeutics. 
 
Thesis Supervisor: Bradley L. Pentelute 
Pfizer-Laubach Career Development Professor of Chemistry  
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1.1 The development of peptides as therapeutics 
 

Since initial studies on peptide hormones such as oxytocin, insulin and vasopressin, 

peptides have been of great interest for their therapeutic value.1 The first chemical synthesis of 

oxytocin by solution-phase synthesis represented a milestone in our ability to synthetically access 

these peptides.2 Due to the inherent difficulties in solution-phase peptide synthesis, it took another 

twelve years before a biologically active form of the longer peptide hormone insulin was 

successfully synthesized.3 Merrifield’s development of solid-phase peptide synthesis, recognized 

with the Nobel Prize in Chemistry in 1984, reduced the time required for the assembly of insulin 

from months to weeks, marking a turning point in our ability to access peptides for therapeutic 

purposes. 

 

Subsequent innovations in peptide synthesis, including the development of Fmoc 

chemistry, acid-labile linkers such as Rink, and solid supports with improved handling properties, 

have since facilitated the synthetic preparation of peptides.4,5 Of particular relevance to this body 

of work, the development of flow-based peptide synthesis, both in semi-automated and automated 

setups, has opened the door to peptide and protein synthesis at a higher purity and on a shorter 

time scale than previous methods.6–8  

 

Taken together, these advances in peptide synthesis increase the convenience of generating 

peptides for therapeutic exploration. With the increasing synthetic accessibility of amide bonds, 

the therapeutic scope of peptides has also expanded. Apart from several analogs of insulin, more 

than 60 peptide drugs have been approved around the world. These drugs range from synthetic 

peptide hormones to sequences bearing non-natural modifications such as liraglutide.9,10 The 

therapeutic areas of these approved drugs include modulating the endocrine system, interfering 

with protein-protein interactions, and antimicrobial activity.1,9–11 Among the peptide therapeutics 

still in clinical development there is an even wider range of applications, which include delivery 

of small molecules and macromolecular drugs both through tissue targeting and by crossing 

biological barriers.12–14 
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A major challenge for the successful translation of preclinical peptide candidates is 

associated with their limited bioavailability, often due to insufficient stability in vivo or the 

inability to reach the target tissue.15–17 The proteolytic degradation of peptide drugs through intra- 

and extra-cellular proteases limits the half-life of peptides and thus quickly reduces the overall 

drug concentration. Strategies to make peptides more resistant against proteolytic degradation 

include protection of the N- and C-termini, substitution of unnatural or non-canonical amino acids, 

backbone modifications, or reversal of chirality.15,16,18–21 Among these strategies, the preparation 

of peptides incorporating D-amino acids is one of the most effective methods to increase 

proteolytic resistance.22 Throughout this body of work, we have applied these strategies, especially 

the synthesis of peptides with non-canonical and/or D-amino acids, to develop peptides with a 

higher resistance to proteases.  

 

 There are three main strategies to address the limited availability of peptide drugs in their 

target tissues: increasing peptide circulation time, modifying the peptide to become cell-

permeable, or targeting the peptide to its destination tissue. Peptide circulation time can be 

extended by increasing the overall molecule size or via binding to serum proteins to diminish renal 

clearance.18 Liraglutide represents a clinical success of this model: The fatty acid chain appended 

to the GLP1-like peptide extends the peptide half-life in vivo through reversible binding to 

albumin.10 

 

Alternatively, peptides that can cross the cell membrane, also known as cell-penetrating 

peptides (CPPs), can more rapidly enter biological tissues before proteolytic cleavage or renal 

clearance.23 Peptides ranging from cationic helices to non-polar cyclic peptides have the ability to 

enter cells, and increasing the cell permeability of peptide drugs is a highly active area of 

research.23–28 Finally, targeting a peptide to a specific tissue can increase the likelihood of that 

peptide exiting the bloodstream and entering a biological tissue of interest.12,29 Peptide cell 

permeability will be the focus of the remaining sections. proteins that can cross biological barriers 

represents the bulk of the work presented herein. 
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1.2 Cell-penetrating peptides  
 

As the interest in therapeutic peptides increases, there is an increasing need for peptides 

that can cross the plasma membrane, either to increase bioavailability in specific tissues or to reach 

a target within the cytosol. In the late 1980s, research into proteins that can cross the plasma 

membrane revealed protein transduction domains in the Tat protein of HIV-1 and the Antennapedia 

homeodomain, which were truncated into the two peptides TAT and penetratin, respectively.30–32 

These became the first cell-penetrating peptides (CPPs), which are herein defined as peptides of 

3-60 residues that can cross the plasma membrane with or without an attached cargo molecule.  

 

 Since the original discovery of penetratin and TAT from protein domains, more than one 

thousand different CPP sequences have been discovered.33 Many of these peptides were similarly 

derived from natural peptides or proteins, such as CPPs isolated from heparin-binding proteins,34 

DNA-binding proteins,35,36homeoproteins,37,38 and viral proteins responsible for cell entry.39,40 In 

addition to those sequences found within larger proteins, some CPPs are directly derived from 

natural peptides. Antimicrobial peptides (AMPs), which are found in venoms, toxins, and saliva 

represent natural CPPs, although many can damage the plasma membrane during translocation.41  

 

In the search for effective CPPs, many candidates emerged from rational design of natural 

CPPs such as the “penetramax” peptide derived from penetratin and a number of AMPs modified 

for reduced toxicity.42,43 Modifications can further include creating chimeric peptides that combine 

CPPs, signaling peptides, and/or localizing peptides for synergistic action.44,45 Further CPP design 

efforts include using synthetic molecular evolution to combine existing peptides46,47 or prediction 

of novel cell-penetrating peptides based on the properties of the existing peptides.48–52 

 

 Finally, and most relevant to this work, CPPs can be discovered de novo from large 

libraries. Phage display and related technologies have been used to successfully discover novel 

CPPs.53,54 While these are high-throughput methods for CPP discovery, these display methods 

often lack the ability to conjugate the cargo of interest directly to the CPPs during screening. The 

methods for CPP discovery described in Chapters 1 and 2 focus on screening synthetic peptide 
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libraries conjugated to the cargo of interest, presenting the next step in discovering CPPs from 

combinatorial libraries. 

 

Despite the large number and variety of existing CPPs, discovery efforts are still ongoing 

as the cell penetration of a CPP is highly dependent on the attached cargo. The CPPs discovered 

for small-molecule delivery may not effectively deliver larger cargoes,51,55,56 and CPP efficacy may 

differ even between various larger cargoes such as anti-sense oligonucleotides.52 The properties of 

the cargo can affect the propensity of a CPP towards different cell entry mechanisms, which in turn 

alters the overall cell penetration of the CPP-cargo conjugate. 57,58 

 

CPPs can enter cells through energy-dependent or energy-independent mechanisms. A 

given CPP can often enter through either method, depending on the concentration and the cargo 

attached. 57,59 The energy-independent mechanisms are particularly common for uncharged, cyclic 

peptides like cyclosporin. In these cases, the peptides are able to directly permeate the cell 

membrane much like smaller, more lipophilic drug-like molecules.25 For highly charged or 

amphipathic CPPs, energy-independent uptake more often results from interactions between the 

cationic residues and negatively charged phospholipid head groups and membrane sugars.60,61 

Cationic, energy-independent entry can also cause membrane disruption, involving the formation 

of particle-like compounds of CPP and membrane components,62 or the formation of pores in the 

plasma membrane.63 Energy-dependent cell penetration relies on various forms of endocytosis into 

the cell. Endocytosis can be receptor mediated, as in the case of clathrin or caveolin pits or peptides 

that rely on receptor internalization and recycling. Clathrin-mediated endocytosis is a common 

entry mechanism for CPP-oligonucleotide conjugates, and thus highly relevant for the work 

described in the following chapters.44,64,65 Receptor-independent mechanisms, such as 

micropinocytosis and lipid-raft-mediated endocytosis, are additional entry mechanisms for CPP 

conjugates.27 Interactions with membrane sugars, such as heparin sulfate, are likely to facilitate 

CPP clustering on the cell membrane to aide in triggering endocytosis.66 

 

Once endocytosed, peptides in the endosomes can face challenges such as rapid 

degradation by proteases and sequestration from the cytosol. 67 This leads to the next important 

factor for cell entry: endosomal escape. Especially for those peptides or peptide-drug conjugates 
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that must reach the cytosol or nucleus for therapeutic effect, endosomal escape can be just as 

crucial as endocytosis. Endosomal escape can involve direct disruption of the endosomal 

membrane, such as the pore-formation mechanism discussed above. There is additional evidence 

to suggest that the negatively charged phospholipid bis(monoacylglycero)phosphate, which is 

enriched in the late-stage endosome, may interact with CPPs to induce lipid mixing and membrane 

leakage.68 The low pH of the endosome, especially in the late stage, may also explain why these 

basic CPPs are more likely to disrupt the endosomal membrane than the plasma membrane.69 

Depending on the cargo and entry mechanism, CPPs can cause toxicity, often due to disruption of 

the plasma membrane.41,70,71 This is especially present in AMP-derived CPPs, many of which are 

known to lyse eukaryotic cells.41 Cationic, and especially arginine-rich CPPs are further associated 

with high toxicity as frequently observed in kidney samples from in vivo studies.70 Therefore, an 

important consideration in the discovery of novel cell-penetrating peptides for therapeutic cargo 

delivery is ensuring low toxicity. 

 

Herein we also discuss the C9orfDPRs, a series of dipeptide repeat proteins (DPRs) with 

the ability to enter neighboring cells when secreted.72 These proteins, however, are not in the 

category of peptides and proteins being studied for cargo delivery. Instead, they are being studied 

for their relevance to neurodegenerative disorders.73 In the case of these arginine-rich DPRs, their 

cell entry is paired with high toxicity.74 These peptides cause toxicity both after their endocytic 

cell entry and through direct disruption of the plasma membrane, which we demonstrate in Chapter 

5. While the synthesis and study of these DPRs is useful for better understanding the mechanisms 

behind the two disorders ALS and FTD, they also represent a type of peptide the CPP field is eager 

to avoid: peptides with high toxicity and membrane disruption during cell penetration. 
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1.3 Cell penetrating peptides for crossing the blood-brain barrier 
 

The limited bioavailability of peptide drugs within the target tissue is particularly crucial 

within the brain due to the added factor of the blood-brain barrier (BBB). Unlike other tissues, 

endothelial cells in the brain vasculature form tight junctions and have an extensive ensemble of 

transporters and efflux pumps to prevent molecules from crossing from the bloodstream into the 

brain.75,76 In order to reach tissues within the brain, such as neurons and glial cells, molecules must 

cross not only the endothelial cells at the capillaries, but also pericytes and astrocytic endfeet.75,77 

Taken together, these factors prevent most macromolecular therapeutics and more than 98% of 

existing small molecule drugs from reaching the brain.78 

 

 Due to the importance of macromolecular therapeutics such as antibody-drug conjugates 

and antisense oligonucleotides for treating disorders in the central nervous system, there has been 

much research into crossing the blood-brain barrier.79,80 Invasive technologies include direct brain 

injection and intrathecal injections, as well as deep brain stimulation and focused ultrasound.76,77 

Less invasive methods are under investigation, which include carrier-mediated processes that can 

transport a compound across the BBB after intravenous or oral dosing.81 These methods primarily 

rely on transcytosis across endothelial cells.  

 

Receptor-mediated transcytosis relies on attaching a carrier molecule to the therapeutic 

cargo that can be recognized by endothelial cells and transported across the BBB. This can involve 

covalent conjugation between carrier and cargo or encapsulation of the cargo within a liposome or 

nanoparticle. 76,77,82 Peptides often play a role as the receptor-recognition module, especially virus-

derived peptides or peptides that recognize the transferrin receptor.83,84 Transcytosis can also occur 

independent of a receptor through the process of adsorptive transcytosis. This method was 

proposed based on the increased ability of cationized albumin to cross the BBB over the native 

protein.85 The mechanisms of cationic adsorptive transcytosis are similar to those discussed above 

for CPPs,86 except that BBB-penetrating peptides must both enter and exit the endothelial cells, as 

well as the neighboring pericytes and astrocytes. This has opened a role for CPPs as BBB 

shuttles.87 Although not all CPPs can shuttle cargo across the BBB through transcytosis, many 

known CPPs have demonstrated CNS penetration.87,88  
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 In an effort to increase the number of therapeutics able to cross the BBB, a number of in 

vitro assays for BBB penetration have been developed. The transwell model is one of the simplest 

and most common models for BBB penetration. This assay assesses transport across a flat layer of 

endothelial cells or a co-culture of endothelial and other BBB cells. 89 Microfluidic models like the 

BBB-on-a-chip model incorporate the fluid flow that more closely resembles the capillary tissues. 

Cells are grown on a fabricated chip, and permeability across the BBB is measured by built-in 

sensors.90 Finally, co-culture models and organoids can more accurately model the BBB. 91,92 The 

BBB spheroid model used to measure BBB penetration relies on the co-culture of endothelial cells, 

pericytes, and astrocytes, and penetration is assessed by the quantity of compound reaching the 

center of the spheroid.88 These in-vitro assays, however, continuously fail to correlate with results 

from in vivo studies.88,91,92 Therefore, our approach to determine BBB penetration begins with the 

BBB-spheroid as an in vitro method, but is grounded mainly in a series of in vivo studies using a 

mouse model. The results from in vivo studies presented in Chapter 4 demonstrate more concretely 

that our glioma-targeting peptide crosses the BBB to enter the target tissue. 

 

 

 

 



 21 

1.4 Cell-penetrating peptides for oligonucleotide delivery 
 

Cell-penetrating peptides offer a promising solution to the challenging delivery of antisense 

oligonucleotides (ASOs). Antisense oligonucleotides first demonstrated therapeutic efficacy as 

potential antiviral compounds, inhibiting viral replication in vitro.93 Moreover, these synthetic 

nucleotide strands exhibit base-pairing with RNA that can be leveraged for gene-specific knock-

down, alternate splicing, and even gene activation.94 Subsequent chemical modifications of the 

ASO backbone have conferred additional features including stability, increased RNA 

hybridization, and reduced immunogenicity, resulting in a range of molecular structures within the 

ASO category. 94 

 

Among their many uses, ASOs have shown great therapeutic benefit over the past decade 

in modifying the splicing of pre-mRNA.95 Nusinersen, a modified oligonucleotide featuring 2’-O-

Methyl bases and phosphorothioate linkages (2’-MOE PS), oligonucleotide, is a clinically 

approved treatment for spinal muscular atrophy (SMA). This drug hybridizes to the pre-mRNA to 

block a splicing silencer element, leading to the increased inclusion of exon 7 in the mRNA 

transcript.79 Nusinersen requires intrathecal injection to cross the BBB and exhibits low 

accumulation in the nucleus due to poor cell permeability.  

 

Similarly, there are approved ASOs for splice correction in Duchenne Muscular Dystrophy 

(DMD). Eteplirsen, Golodirsen, Viltolarsen, and Casimersen are all FDA-approved therapeutics 

with a phosphorodiamidate morpholino oligomer (PMO) backbone, which is shown in Fig. 

1.1a.96,97 DMD stems from frameshift or nonsense mutations in the dystrophin gene that generate 

a non-functional copy of the dystrophin protein.98 Dystrophin is an important protein in muscle 

damage recovery, and patients with DMD face muscle weakening and early death.98 The PMO 

drugs approved for DMD treatments engage in exon skipping to restore the reading frame resulting 

in a truncated but functional copy of the dystrophin protein. Currently there are approved drugs 

for skipping exons 51, 53, and 45, with more ASO sequences currently in development.99 Like the 

drugs for SMA, however, these PMO drugs for DMD are not cell-permeable and require IV 

injections at high doses.100 
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There is an unmet and pressing need for more effective delivery of PMO drugs into the 

nucleus of muscle cells. Cell-penetrating peptides have demonstrated the ability to enhance PMO 

delivery both in murine models and in human clinical trials.101,102 Sarepta Therapeutics, which 

produced three previous PMO drugs, is moving forward with clinical trials of SRP-5051, a CPP-

PMO conjugate.102 While these peptide-PMO conjugates can increase the efficacy of PMO drugs, 

they can also generate potentially harmful or toxic effects. 101 There are no approved peptide-ASO 

conjugates for splice correction to date. There has, however, been extensive research into 

discovering novel CPPs for PMO conjugation. This led to the development of in vitro assays for 

PMO delivery, paired with assays to evaluate toxicity.103 While many assays for CPP discovery 

rely on fluorophore delivery or otherwise look for evidence of peptides crossing the plasma 

membrane, the discovery of effective CPP-PMO conjugates for gene therapy requires a more 

functional readout. Instead of looking for CPP penetration, these functional assays assess splice 

correction of a target gene product. 103 One commonly used in vitro assay relies on the HeLa 654 

cell line, which has been stably transfected with a coding sequence for enhanced green fluorescent 

protein (eGFP) that is interrupted by the IVS2-654 b-globin intron containing an aberrant splice 

site (Fig. 1.1b). Delivery of the 18-mer IV654 PMO antisense oligonucleotide to the nucleus 

restores eGFP fluorescence by covering the aberrant splice site, allowing correct splicing of the b-

globin intron out of the eGFP transcript. Delivery of PMO to the nucleus can be assessed by 

measuring eGFP fluorescence.51 This functional in vitro assay is used to evaluate the delivery 

efficiency of the Peptide-PMO conjugates discovered in Chapters 2 and 3. 
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Figure 1.1 A model in-vitro assay for nuclear PMO delivery.  
(a) The backbone structure of phosphorodiamidate morpholino oligonucleotides (PMOs), the delivery of 
which is the focus of Chapters 1 and 2. (b) An in vitro assay for PMO-mediated exon skipping. HeLa-654 
cells are stably transfected with an eGFP construct that contains a mutant intron with an aberrant splice site. 
In the absence of PMO, a nonfluorescent protein is expressed. If PMO IVS2-654 is present, it hybridizes to 
the mutant intron, blocks the aberrant splice site, alters pre-mRNA splicing, and produces functional mRNA 
that is translated into fluorescent eGFP. Fluorescence read by flow cytometry can then quantify PMO 
delivery to the nucleus. Figure 1.1 adapted from Wolfe and Fadzen et al.51 
 

The potential toxicity of CPP-cargo constructs must also be assessed in vitro, since both 

cargo and peptide can affect conjugate toxicity.55,56 Overall cell viability can be measured by 

assessing cellular metabolic activity. The MTT assay, cell-titer Glo assay, and others measure the 

number of active cells remaining in culture after CPP-PMO treatment (Fig. 1.2a).104 CPPs may 

also induce more acute membrane disruption, which can be measured through assessing the 

integrity of the plasma membrane. The lactate dehydrogenase leakage assay (Fig 1.2b) detects the 

presence of cytosolic proteins in the external cell media, indicating plasma membrane 

disruption.105 These cell assays are used throughout the following chapters to ensure that PMO-

CPP conjugates have low toxicity and membrane disruption. These in-vitro assays are also used in 

Chapter 5 to measure toxicity of arginine-rich DPR proteins, which demonstrate both acute toxicity 

at the cell membrane and long-term lowered cell viability.  

  

 

 
Figure 1.2 In-vitro assays for cell viability and membrane permeability.  
(a) The Promega LDH assay assesses membrane permeability by measuring the quantity of the cytosolic 
protein lactate dehydrogenase (LDH) in the external cell media. Through an enzyme-coupled assay, the 
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presence of LDH results in the production of formazan, which can be measured spectroscopically. (b) The 
MTT assay measures cell viability by quantifying metabolically active cells. Live cells have mitochondrial 
dehydrogenase, which can convert MTT to purple formazan crystals. Subsequent cell lysis and dissolution 
of the formazan crystals allows quantification of formazan spectroscopically. Figure 1.2B adapted from 
Promega CytoTox 96™ Nonradioactive Cytotoxicity Assay literature. 
 

 

 

 

Throughout these studies, we have discovered and assessed numerous PMO-CPP 

compounds for both efficacy and toxicity in vitro. Our work was aimed at the discovery of peptides 

with high delivery efficacy and low toxicity, and we have used sequence-activity relationships to 

increase the gap between efficacy and toxicity (also referred to as the therapeutic window) where 

necessary. We hope to see the results from in vitro assays translate to in vivo activity to improve 

the delivery of PMO drugs in patients affected by DMD.  
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1.5 Summary and outlook 
 

The contents of this thesis are aimed at the discovery of novel cell-penetrating peptides, 

and the novel synthesis of existing compounds that can cross the cell membrane. Chapter 1 

introduces therapeutic peptides with a special focus on peptides able to cross cell membranes and 

other biological barriers and the assays often used to measure peptide penetration and toxicity. 

Chapter 2 focuses on the in-cell penetration-selection mass-spectrometry platform, which enables 

the discovery of novel CPPs from within cells after treatment with a peptide library. Chapter 3 

centers on the cation-exchange pooling platform, which uses chromatographic separation of a 

peptide library to discover new CPPs. Chapter 4 converges on using the BTP-7 peptide, which 

penetrates the BBB and targets glioma cells, to deliver camptothecin into cancerous glioma tissues 

within the brain. Chapter 5 discusses the first chemical synthesis of 200-residue dipeptide repeat 

proteins (DPRs) to study their biophysical properties and toxicity in vitro. Finally, the appendix 

describes a mass-spectrometry-based platform to quantify endosomal entrapment and cytosolic 

entry of cell-penetrating peptides conjugated to an oligonucleotide cargo. 

 
In addition to these works within this thesis, I have also been involved in a number of 

additional projects as a collaborator. The work presented in Chapter 2 relies on protocols developed 

prior, especially the isoseramox cleavable linker and the gentle cell lysis to differentiate 

endosomally trapped peptides from those present in the cytosol (as discussed in the appendix).64, 

106,107 While Chapters 2 and 3 focus on delivery of PMO, CPPs are used to deliver a much wider 

variety of therapeutic cargoes. The delivery of peptide nucleic acids (PNAs) can be performed in 

a single-shot synthesis of a PNA-CPP construct, without a requirement for an additional linker 

between peptide and cargo.108 CPPs can also deliver antigens to dendritic cells and carry platinum 

drugs across the BBB into tumor cells.109,110 This ability of peptides to carry therapeutics across 

the BBB is discussed thoroughly in Chapter 4. The BTP-7 peptide is an effective Camptothecin 

delivery agent,111 and we have we have also previously studied BTP-7 for use as a tumor imaging 

agent.112 Beyond peptides, we have also studied proteins and larger compounds with targeting or 

cell-penetrating properties. Chapter 5 covers the synthesis of dipeptide repeat proteins,113 and we 

have also used synthetic protein or antibody conjugates as targeting modalities for small-molecule 

drugs.114 Taken together, the. chapters within this thesis represent those works to which I have 

made substantial contribution, but I have also been lucky to participate in a number of additional 
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projects relating to the discovery and chemical synthesis of peptides and proteins that cross 

biological barriers. 
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2.1 Introduction 
 

After 30 years of investigation, therapies involving cell-penetrating peptides (CPPs) are 

beginning to advance to late-stage clinical trials.1,2 These sequences, composed typically of fewer 

than 20 amino acids and endowed with diverse physicochemical properties, are able to penetrate 

the cellular membrane and at times deliver otherwise non-penetrant cargo.3 Because of these 

properties, CPPs have potential applications for the treatment of disease, including cancer, genetic 

disorders, inflammation, and diabetes. An example is SRP-5051, in which an antisense 

phosphorodiamidate morpholino oligomer (PMO) is conjugated to a CPP, and is currently under 

investigation in a Phase 2 clinical trial for splice-correction efficacy in Duchenne muscular 

dystrophy patients. 4 In addition, there have been recent FDA approvals for polycationic peptides, 

including Daxxify which includes a 35-mer cationic peptide sequence to stabilize botulinum toxin 

while it interacts with extracellular receptors.5 Despite these recent advances, to our knowledge no 

CPP-based therapy has reached the commercial market yet.6  

 

While there are several limitations that have slowed the clinical advancement of CPPs, one 

pressing challenge is the empirical design of novel, more efficient sequences. Historically, CPPs, 

also known as protein transduction domains, were derived from transmembrane portions of viral 

and transcriptional proteins. For example, the polyarginine peptide TAT was derived from the HIV-

trans-activator of transcription protein and was found to penetrate into the nucleus and target gene 

expression.7,8 From this and similar sequences, synthetic peptides could be designed, including 

some tailored for delivery of PMO cargo such as Bpep, which relies on a polyarginine sequence 

to improve uptake and the unnatural residues β-alanine and 6-amino-hexanoic acid to reduce 

endosomal trapping.9,10 Beyond empirical design using derivatives of polyarginine sequences, the 

rational design of new sequences remains challenging. Methods involving some rational design 

include synthetic molecular evolution11,12 and in silico methods.13–18 The latter include our own 

recent work that leverages machine learning to design new sequences using a model trained with 

a combinatorial library tested for the desired activity: nuclear localization.19–21 Finally, another 

common strategy involves screening platforms employing libraries from phage or mRNA 

display.22–25 For example, a screening platform identified several “phylomer” CPPs from bacterial 

and viral genomes that were then shown to deliver antisense cargo in vivo.26 Still, a persistent 
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limitation with these approaches is the difficulty of incorporating D-chiral or unnatural amino 

acids, the result of which is that current well-studied CPPs typically rely on canonical L-amino 

acids. While amino acid stereochemistry may or may not affect membrane penetration,27–30 

incorporation of unnatural residues would provide access to an augmented chemical space and 

additional protease stability.29,31 Unnatural amino acids are more easily incorporated into synthetic 

one-bead one-compound (OBOC) libraries, although discovery of CPPs by these methods often 

relies on lyposomes.32 Therefore, improved screening platforms are needed to discover enhanced, 

unnatural peptides to access greater chemical diversity and proteolytic stability, and require 

biologically relevant screening conditions, such as in-cell selection and inclusion of the specific 

cargo to be delivered.  

 

Classic affinity selection involves screening peptide ligands from synthetic libraries 

(OBOC), phage or mRNA display against immobilized protein targets, and decoding hits.33,34 

These methods advanced to biologically relevant conditions in on-cell selection platforms for the 

discovery of new ligands with affinity for the external surface of cells and tissues.35–37 Again, 

biological display techniques are restricted to the use of mostly natural amino acids, limiting the 

resulting library diversity and proteolytic stability38,39, and even those mirror image techniques 

that allow D-peptide discovery still have difficulty incorporating non-canonical residues.40,41 

Screening of a synthetic one-bead one-compound (OBOC) library eases the incorporation of non-

canonical and D-residues. Our group has recently demonstrated that in vivo affinity selection-mass 

spectrometry (AS-MS) could identify an erythrocyte-targeting D-peptide.42 Such label-free 

techniques applied to the cell surface can be used to discover novel, non-canonical, D-peptide 

binders without the addition of display scaffolds or encoding tags.  

 

While most works have focused on affinity screening at the cell surface, there has been 

some success pushing these techniques to discover peptides that cross the cell membrane. As 

mentioned, phage display and encoded peptide libraries have been used to discover novel cell 

penetrating peptides, but these methods have limited advancements for discovery of peptides that 

deliver cargo to subcellular compartments.23,26 Recently, the first example of a DNA-encoded 

small molecule library screen inside living cells resulted in several chemical motifs that bind the 
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over-expressed protein targets inside oocytes.43 This strategy of in-cell selection (rather than on-

cell) would be beneficial for discovery of peptides that can deliver macromolecules to the cytosol. 

 

Here we have combined CPP library design and AS-MS selection approaches into a new 

method: in-cell penetration selection-mass spectrometry (in-cell PS-MS, Fig. 2.1). Bringing 

together our expertise in both MS-based selection methodologies and in-cell localization, this 

technique enables direct recovery of “hit” peptides that deliver a specific type of antisense cargo 

into the cytosol of cells. Our PS-MS methodology allows the detection of non-canonical peptide-

cargo conjugates in-cell, with only the addition of a small biotin handle for extraction. Our library 

was composed of D amino acids as well as 10 noncanonical residues which enhance serum stability 

by avoiding endogenous proteases. In addition, the PS-MS platform allows spatial resolution, as 

we can extract peptides from the cytosolic fraction as well as from whole cell lysates, which 

includes endosomes.  Resulting peptides are tested in a validation assay that quantifies delivery of 

the cargo to the nucleus, providing an additional layer of spatial resolution. While the PMO-CPP 

library used in the screening demonstrated antisense delivery activity as an average of all PMO 

constructs within it, our in cell PS-MS method selects for individual sequences which enter the 

cell cytosol at higher concentrations. This method led to the discovery of an antisense delivery 

peptide, Cyto1a, isolated from the cytosol of cells. This peptide was more active and more 

efficiently localized to the nucleus compared to peptides that were isolated from the whole cell 

extracts, which include endosomes.  
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Figure 2.1 In-cell penetration selection—mass spectrometry identifies noncanonical peptides 
that access the cytosol.  
In-cell PS-MS identifies noncanonical peptides that carry macromolecular cargo into the cytosol of cells. A 
library of unnatural and D-chirality peptide-antisense conjugates are screened in live cells. Extracellular 
constructs are removed, and the cytosol and whole cell lysates are extracted. Internalized peptides are 
affinity captured, released, and identified by sequencing with tandem mass spectrometry. 
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2.2 Results and Discussion 
 
2.2.1 Library preparation 

 

The library was prepared with a “CPP-like” C-terminal sequence and six variable positions 

containing D- and unnatural amino acids (Fig. 2.2a). Split-and-pool synthesis afforded 0.016 µg 

of peptide per bead for a low-redundancy, 95,000-member library with a theoretical diversity 

greater than 108. A D-kwkk motif, derived from the established cell-penetrating peptide 

penetratin,44 was installed at the C-terminus to give the library a boost in activity. We have 

previously shown that these fixed constraints and C-terminal charge also increase peptide recovery 

in AS-MS.33,45 Unnatural amino acids were chosen to expand the chemical diversity and potentially 

enhance cell penetration and proteolytic stability of the library peptides. The unnatural residues 

included those with non-α backbones to promote endosomal escape (γ-aminobutyric acid and β-

alanine),9 residues with hydrophobic and aromatic functionality to increase membrane penetration 

(homoleucine, norleucine, naphthylalanine, and diphenylalanine),46,47 and additional charged 

residues and arginine analogues to enhance membrane penetration (diaminobutyric acid, 

aminopiperidine-carboxylic acid, aminomethylphenylalanine, and 2-amino-4-guanidinobutanoic 

acid)48,49 (Fig. 2.2b). The oxidative cleavable linker isoseramox was installed by reductive 

amination immediately following the variable region as previously reported,50 followed by a 

trypsin cleavage site to prevent the recovery of non-internalized peptides. Finally, azidolysine and 

biotin capped the N-terminus of the sequences to allow for PMO conjugation and affinity capture, 

respectively. Following cleavage from the resin, a portion of the library was conjugated by azide-

alkyne cycloaddition to a model PMO derivatized with dibenzocyclooctyne (DBCO), monitored 

by LC-MS. Quality control analysis of the library by Orbitrap nano-liquid chromatography-tandem 

mass spectrometry (nLC-MS/MS) confirmed successful synthesis and exhibited a range of 

incorporated residues (Fig. 2.2c). The canonical and noncanonical residues are evenly 

incorporated and distributed throughout the variable region, with the exception of guanidyl 

residues, which showed reduced incorporation consistent with previous observations in solid-

phase peptide synthesis.51 This library design ensured the isolation of 10-mer peptides with a native 

N-terminus, suitable for sequencing via tandem mass spectrometry.50 
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Figure 2.2 A combinatorial library was prepared with unnatural and d-amino acids.  
(a) Design of the library. An N-terminal biotin and azidolysine provide an affinity handle and conjugation 
handle, respectively. A trypsin-cleavable linker prevents isolation of extracellular conjugates, and 
isoseramox cleavable linker permits oxidative cleavage of native peptides for MS/MS analysis. Finally, 
there are six variable positions within the library peptides, with a “CPP-like” motif capping the C-terminus. 
(b) Structures of the unnatural monomers used. All natural-backbone monomers were in D-form. (c) Heat 
map of the quality control showing relative abundance of the various amino acids of the sequence up to the 
isoseramox linker. Positions 7-10 show the D-kwkk motif, with positions 1-6 showing the varied 
composition of the variable region. Abu (γ-aminobutyric acid), Bal (β-alanine), D-Hle (homoleucine), D-
Nle (norleucine), D-Nap (naphthylalanine), D-Dpa (diphenylalanine), D-Dab (diaminobutyric acid), Pip 
(aminopiperidine-carboxylic acid), D-Amf (aminomethylphenylalanine), and D-Gba (2-amino-4-
guanidinobutanoic acid). 
 

We then performed a series of in vitro experiments to confirm that the peptides within the 

library had nuclear-localizing activity. The phenotypic assay used detects the amount of active 

PMO delivered to the nucleus by resulting in corrective splicing to produce enhanced green 

fluorescent protein (EGFP), quantified by flow cytometry (Fig 2.3a). First, PMO-library aliquots 

demonstrated a concentration-dependent increase in activity (Fig. 2.3b). At the same time, the 

library at these concentrations did not exhibit any membrane disruption or toxicity as determined 

by a lactate dehydrogenase (LDH) release assay (Fig. 2.3c). We also found that testing the same 

concentrations of library aliquots containing an increased number of sequences, thereby increasing 
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diversity, showed no difference in activity as well as no demonstrated membrane toxicity as 

determined by the LDH release assay (Fig. 2.3d).  

 

The PMO delivery activity of the library is likely energy-dependent, similar to PMO-CPP 

conjugates previously investigated.19,20,52 A 1,000-member portion of the PMO-library was 

incubated with cells at 4 ˚C, conditions that arrest energy-dependent uptake. After incubation with 

the PMO-CPP conjugates, each well was washed extensively with PBS and heparin in order to 

disrupt and remove membrane-bound conjugates.28 The cells were warmed back up to 37 ˚C and 

the assay continued in standard format and analyzed by flow cytometry. The significant decrease 

in library PMO delivery relative to PMO alone at 4 ˚C for both 5 µM and 20 µM library incubation 

conditions suggests energy-dependent uptake for the PMO-CPPs (Fig. 2.3e). Previous PMO-CPPs 

discovered in our laboratory are hypothesized to enter cells via clathrin-mediated endocytosis, as 

demonstrated through incubation with a panel of chemical endocytosis inhibitors, suggesting this 

could be a likely mechanism of energy-dependent uptake for a PMO-CPP library. 19,20,52 To confirm 

this, a 1,000 member library was tested with a series of endocytosis inhibitors in a pulse-chase 

format EGFP assay, in which HeLa 654 cells were pre-incubated with the chemical inhibitors to 

arrest various endocytosis pathways before PMO-CPPs were added. Following 3 h co-incubation, 

cells were washed extensively with heparin to dissociate membrane-bound constructs.19,20,52 

Results from experimental conditions were compared with a no inhibitor control where the cells 

were incubated with the PMO-peptide also for 3h. Activity of the library sample was reduced by 

10 µM chlorpromazine (Fig. 2.3f), a known inhibitor of clathrin-mediated endocytosis.  
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Figure 2.3 The CPP library can deliver PMO regardless of member size and enters via active 
transport.  
(a) Graphic demonstrating the cell-based PMO activity assay. EGFP fluorescence correlates with the 
amount of PMO successfully delivered to the nucleus. (b) Bar graph showing EGFP fluorescence following 
HeLa 654 cell treatment with 5 or 20 µM of PMO-Library containing ~1000, ~2000, or ~4000 members 
for 22 h prior to flow cytometry. Results are given as the mean EGFP fluorescence of cells treated with 
PMO-peptide relative to the fluorescence of cells alone. PMO-Library samples show concentration-
dependent PMO delivery at all library sizes tested. (c) Bar graph showing LDH release following HeLa 654 
cell treatment with 5 or 20 µM PMO-Library for 22 h. Results are given as LDH release above vehicle 
relative to fully lysed cells. No compounds showed LDH release significantly above vehicle-treated cells. 
(d) Bar graph showing EGFP fluorescence following HeLa 654 cell treatment with 20 µM PMO-Library of 
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varying member sizes or 20 µM PMO alone for 22 h prior to flow cytometry. Results are given relative to 
the fluorescence of PMO-treated cells. There is no significant difference in EGFP fluorescence between the 
libraries of different sizes. (e) Bar graph showing EGFP fluorescence following HeLa 654 cell incubation 
at 4 ˚C or 37 ˚C for 30 min prior to treatment with 20 µM PMO-Library or 20 µM PMO alone for 2 h at the 
indicated temperature. After treatment, cells were washed with 0.1 mg/mL heparin and incubated in media 
for 22 h prior to flow cytometry. Results are given relative to the fluorescence of PMO-treated cells. There 
was a significant difference between the 4 ˚C and 37 ˚C treatment conditions at 5 µM (p = 0.017) and 20 
µM (p = 0.011) of PMO-library. (f) Bar graph showing EGFP fluorescence following HeLa 654 cell 
treatment with different endocytosis inhibitors. The cells were pre-incubated for 30 min with the inhibitors, 
then treated with 10 µM PMO-library (1,000 members) for 3 h. The cells were washed with 0.1 mg/mL 
heparin and the media was exchanged for fresh, untreated media for 22 h prior to flow cytometry. At 10 µM 
chlorpromazine, EGFP fluorescence significantly decreased (p = 0.004). Bars represent mean ± SD, N = 3. 
P-values determined by two-sided unpaired student’s t-test.  
 
2.2.2 In-cell penetration selection-mass spectrometry 
 

We subjected the library to the in-cell penetration selection-mass spectrometry platform 

(PS-MS) to discover sequences that are present in the cytosol, making them more likely to access 

the nucleus and the RNA target of the PMO cargo (Fig. 2.4). Our hypothesis is that while the 

peptides are screened in a mixture, meaning there is a possibility that some different sequences 

would act cooperatively with each other to enter the cell, this method would still reveal certain 

sequences that enter the cytosol at higher concentrations than others and thus have greater PMO 

delivery activity. The protocol for extracting biotinylated sequences was adapted from our recent 

method of profiling mixtures of PMO-D-CPPs from the cytosol and whole cell using MALDI-

ToF.30,53 Confluent HeLa cells in a 12-well plate were treated with 20 µM of biotin-library or PMO-

biotin-library (~103 members, 3.5 nmol individual peptide per bead) for 1 h, and washed with PBS 

and heparin to dissociate membrane-bound conjugates. Cells were then lifted and extracellular 

conjugates digested with Trypsin, pelleted, and washed with PBS. Cells were gently lysed using 

either RIPA buffer (for whole cell extraction) or digitonin buffer (for cytosolic extraction).30,54 

Digitonin extraction is selective to cholesterol-rich membranes, leaving endosomes and some 

organelles intact while permeabilizing the cell membrane and semi-permeabilizing the nucleus.55 

Exclusion of endosomes in the cytosolic fraction was confirmed by Western blot, in which the 

endosomal marker, Rab5, is absent (Appendix I). Half of the no-treatment lysates were spiked 

with library as positive controls. 

 

Biotinylated species in the lysates were affinity captured with magnetic streptavidin beads, 

and ultimately released by oxidative cleavage using brief incubation with sodium periodate. We 
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had previously used this cleavable linker to recover a single PMO-CPP conjugate from inside HeLa 

cells, and it was found to reliably cleave library peptides from streptavidin beads to isolate native 

peptides for sequencing by mass spectrometry.50 The isolated peptides were desalted by solid-

phase extraction and analyzed via Orbitrap tandem mass spectrometry using a mixed 

fragmentation method optimized for cationic peptides, consisting of electron-transfer dissociation 

(ETD), higher-energy ETD, and higher-energy collisional dissociation (HCD). Sequences 

matching the library design were then identified using a Python script.33,45  

 

 
Figure 2.4 Workflow of in-cell penetration selection-mass spectrometry.  
HeLa cells were treated with 20 µM PMO-biotin-library or biotin-library (1,000 members) for 1 h at 37 ˚C. 
Cells were then extensively washed with PBS and 0.1 mg/mL heparin before lysis with RIPA (whole cell 
extract) or digitonin (cytosolic extract). Lysates were incubated with magnetic streptavidin beads, and the 
C-terminal native peptides were cleaved from the beads under oxidative conditions. The peptides were 
desalted through solid-phase extraction and sequenced by LC-MS/MS. Hit PMO-delivering sequences were 
then identified as those peptides found only in the PMO-library fractions that do not overlap with peptides 
found in the cell only control or the samples treated with the biotin-library. 
 
2.2.3 Hit peptides identified from in cell PS-MS show nuclear PMO delivery, but are not 
solely responsible for the PMO delivery activity of the library  
 

Several hit peptides were selected for experimental validation and showed differential 

activities depending on the fraction in which they were found. We selected two sequences found 

exclusively in the cytosolic extract (Cyto1a, Cyto1b) and two from only the whole cell extract 

(WC1c, WC1d), with sequences shown in Fig. 2.5a-b. These peptides were synthesized via semi-

automated solid-phase fast-flow peptide synthesis56 with identical sequences to the library design 
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with the exception of a d-Ser residue to replace the isoseramox linker. These sequences were tested 

first in a concentration-response EGFP assay. The sequences extracted from the cytosol showed 

significantly increased activity compared to the sequences from the whole cell lysate, with Cyto1a 

showing an approximate EC50 of 25 µM compared to WC1c with EC50 of 400 µM (Fig. 2.5c). It 

was also confirmed that these sequences did not exhibit membrane toxicity at the concentrations 

tested (Fig. 2.5d). The peptides showed a positive correlation between charge and activity, with 

the highest performing peptide (Cyto1a) having a charge of +7, compared to WC1c with a charge 

of +2. This trend of positive charge correlating with PMO activity has been observed consistently 

in our lab.19–21,52 Although the hit peptides do not show higher activity than the parent peptide 

penetratin in its native l-form, they do show less toxicity than penetratin at 25 µM in an LDH 

release assay (Fig. 2.5d), demonstrating their potential utility as PMO delivery vehicles. We also 

compared Cyto1a and WC1c to the known endosomal escape peptide Bpep,30 composed of eight 

Arg residues interspaced with non-α-backbone residues β-alanine and 6-aminohexanoic acid, in 

its d-form which shows an EC50 closer to 3 µM (Fig. 2.5e). Interestingly, Cyto1a shares some 

similar motifs to Bpep, namely two Arg residues flanked by two non-α-backbone residues. If these 

motifs are responsible for endosomal escape, it is not surprising that Cyto1a was found in the 

cytosol and confirmed to have significant PMO delivery activity.  
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Figure 2.5 Candidate peptides from PS-MS demonstrate PMO delivery.  
Shown are the sequences of the four candidate peptides, grouped by their extraction from either (s) cytosol 
or (b) whole-cell lysate. On the N-terminus are biotin and PMO IVS2-654 linked through a 
dibenzocyclooctyne-azidolysine. The fixed residues of the sequence are shown within circles while the 
regions unique to each sequence are fully drawn structures. The isoseramox linker is cleaved during library 
screening, and is substituted for d-serine in the PMO-peptides synthesized for hit validation. (c) 
Concentration-response graphs showing increase in EGFP fluorescence following HeLa 654 cells treatment 
with 1, 2.5, 5, 10, 25, or 50 µM PMO-CPP for 22 h prior to flow cytometry. Results are given as the mean 
EGFP fluorescence of cells treated with PMO-peptide relative to the fluorescence of cells treated with 
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vehicle only. (d) Cell supernatant from (e) was tested for LDH release. Results are given as percent LDH 
release above vehicle relative to fully lysed cells. Only l-penetratin showed significant (p = 0.008) LDH 
release above vehicle-treated cells. (e) Concentration-response graphs showing increase in EGFP 
fluorescence following HeLa 654 cells treatment with 0.5, 1, 2.5, 5, 10, 25, or 50 µM PMO-CPP for 22 h. 
Based on the average of three biological replicates, Cyto1a has a significantly lower EC50 (25 µM) 
compared to WC1c with EC50 of approximately 400 µM (p = 0.0013) estimated by constraining Emax to 
the Emax of D-bpep and Cyto1a. Bars represent mean ± SD, N = 3.. 
 

The discovered sequences rely on their D-chirality and noncanonical nature for serum 

stability, but not for PMO delivery. Although the candidate peptides contain mostly D-peptides, the 

trypsin-cleavable GGKGG sequence contains an L-lysine which may be cleaved in cells. We 

compared activity, toxicity, and serum stability between analogs of Cyto1a and WC1c which were 

all D-chirality (including the trypsin cleavage site), all L-chirality, and all L- and canonical 

residues. The canonical analogs contained natural substitutions for their unnatural residues (i.e., 

Lys for Dab and Leu for Nle). These changes in chirality and small changes in structure did not 

significantly impact the PMO delivery or membrane toxicity of the peptide constructs (Fig. 2.6a-

b). In contrast, the serum stability of these sequences is greatly impacted. After a 9-hour incubation 

in 25% mouse serum, the L- and fully canonical sequences are significantly more degraded than 

the original an all D-sequences (Fig. 2.6c-d). This protease stability gives these newly discovered 

candidate peptides an advantage over the parent peptide penetratin, which is fully degraded in 

these conditions, and likely higher stability than other commonly used CPPs consisting of 

canonical L-amino acids. We would expect this additional stability to improve both the peptides’ 

lifetime inside the cell, as well as in the serum in future in vivo studies. 
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Figure 2.6 Candidate peptides Cyto1a and WC1c show higher protease stability than parent 
peptide penetratin or L/canonical versions of the candidate peptides. 
(a-b) HeLa 654 cells were treated with 1, 2.5, 5, 10, 25, or 50 µM PMO-CPP for 22 h prior to flow 
cytometry. Results are given as the mean EGFP fluorescence of cells treated with PMO-peptide relative to 
the fluorescence of cells treated with vehicle only. Bars represent mean ± SD, N = 3. Variants of Cyto1a (a) 
or WC1c (b) were tested. L- indicates a peptide synthesized with all L-amino acids, D indicates a peptide 
synthesized with all-D amino acids (including the lysine in the trypsin cleavable GGKGG linker), and 
Canonical indicates a peptide synthesized with L, canonical amino acids. PMO-peptide variants were 
incubated in 25% mouse serum for 9 hours before quenching in 4 M guanidine hydrochloride. Samples 
were run on LCMS and peptide remaining was quantified through the Extracted Ion chromatogram and % 
peptide remaining was calculated relative to sample present at the 0 h timepoint. Variants of Cyto1a (c) or 
WC1c (d) were tested. At 9 hours, the concentration of PMO-WC1c was significantly less than PMO-D-
WC1c (p = 0.0421) and significantly greater than PMO-L-WC1c, PMO-canonical WC1c, or PMO-
penetratin (p = 0.0101, p = 0.0019, and p = 0.0018 respectively). 
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2.2.4 Hit peptide demonstrates high endosomal escape activity and PMO delivery 
 

These PMO-CPPs likely enter the cell via clathrin-mediated endocytosis as we have found 

for previous constructs and the parent library. Cyto1a was tested with a series of chemical 

endocytosis inhibitors in the same pulse-chase format EGFP assay used to assess the endocytosis 

mechanism of the 1,000-member library sample. Activity of Cyto1a was impacted by 10 µM 

chlorpromazine (Fig. 2.7a). Chlorpromazine is a known inhibitor of clathrin-mediated 

endocytosis, indicating that this conjugate may participate in this pathway. It appeared that 

Cytochalasin D, Dynasore, and Wortmannin had no effect on activity. In addition to 

chlorpromazine, the 4 ˚C condition also significantly impacted the activities of each conjugate 

without causing toxicity, indicating that, like the entire library sample, uptake of the four hit 

peptides is energy-dependent, and the peptides are most likely entering the cells through 

endocytosis (Fig. 2.7b).  

 

  

 
Figure 2.7 Hit peptides likely deliver PMO via clathrin-mediated endocytosis.  
(a) Plot of EGFP mean fluorescence intensity relative to PMO for cells treated with different endocytosis 
inhibitors. The cells were pre-incubated for 30 min with the indicated compound and then 5 µM PMO-
Cyto1a was added. After treatment with the construct for 3 h, the cells were washed with 0.1 mg/mL heparin 
and the media was exchanged for fresh, untreated media for 22 h prior to flow cytometry. Results are given 
as the mean EGFP fluorescence of cells treated with PMO-peptide relative to the fluorescence of cells 
treated with 5 µM PMO. At 10 µM chlorpromazine, EGFP fluorescence significantly decreased (p = 0.001). 
(b) Plot of EGFP mean fluorescence intensity relative to PMO for cells incubated with PMO-CPPs at 4 ˚C 
or 37 ̊ C. The cells were pre-incubated for 30 min at 4 ̊ C or 37 ̊ C, followed by the addition of PMO-peptide 
conjugate to each well at a concentration of 5 µM. After incubation at 4˚C or 37 ˚C for 2 h, the cells were 
washed with 0.1 mg/mL heparin and the media was exchanged for fresh, untreated media for 22 h prior to 
flow cytometry. Results are given as the mean EGFP fluorescence of cells treated with PMO-peptide 
relative to the fluorescence of cells treated with 5 µm PMO at 37˚C. Bars represent mean ± SD, N = 3.   
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We further investigated the differences in PMO delivery activity and total uptake between 

the sequences found in the cytosol versus the whole cell lysate and compared them to a benchmark 

compound, PMO-D-Bpep, using flow cytometry.30 For this purpose, several SulfoCy5-labeled 

PMO-CPPs were generated and tested to ensure the fluorophore did not impact PMO delivery 

activity (Fig. 2.8a). Comparing the results of the EGFP assay of conjugates with and without the 

fluorophore, no significant differences were found between the constructs’ EC50 values (Fig. 2.8b-

d).  

 

After confirming the Cy5 label did not interfere with efficacy, we then looked at the uptake 

and nuclear delivery of the PMO-SulfoCy5-CPPs. This study was performed by monitoring both 

EGFP fluorescence elicited by nuclear-localized compound and Cy5 fluorescence to measure total 

cellular uptake of each analog. Each conjugate demonstrated similar concentration-dependent 

increases in both EGFP and Cy5 fluorescence without showing cytotoxicity (Fig. 2.8e-g). WC1c 

showed low fluorescence signal in both the EGFP and Cy5 channels. On the other hand, Cyto1a 

showed higher fluorescence signals in each channel, indicating greater uptake and nuclear 

localization compared to WC1c. Moreover, when comparing relative fluorescence between these 

two constructs, it appears that WC1c has poorer PMO activity compared to total uptake, while 

Cyto1a has greater PMO activity compared to total uptake. This property is seen even more 

dramatically with our positive control peptide Bpep, which has well-studied endosomal escape 

properties. This readout underscores the utility of the PS-MS methodology in identifying peptides 

that can efficiently escape endosomes.  
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Figure 2.8 SulfoCy5 label does not impact PMO delivery and reveals differential PMO 
delivery efficiency.  
(a) Sequences of PMO-SulfoCy5-CPP constructs, with the N-terminal cargo fully drawn out (Z). Lowercase 
letters denote d-amino acids. (b-d) HeLa 654 cells were treated with 1, 2.5, 5, 10, 25, or 50 µM PMO-CPP 
or PMO-SulfoCy5-CPP for 22 h prior to flow-cytometry. Results are given as the mean EGFP fluorescence 
of cells treated with PMO-peptide relative to the fluorescence of cells treated with vehicle only. (b) 
Treatment with d-Bpep constructs. (c) Treatment with Cyto1a constructs. (d) Treatment with WC1c 
constructs. Cyto1a showed no significant difference with the addition of SulfoCy5 at 5 µM and below (p 
<0.05), while WC1c and d-Bpep showed no significant difference between the SulfoCy5 and standard 
constructs at 25 µM and below (p <0.05). No peptides had significant differences in EC50 between 
SulfoCy5 and unlabeled constructs. Bal (beta-Alanine), Abu (γ-aminobutyric acid), Dab (d-diaminobutyric 
acid), Nle (d-Norleucine), Ahx (6-aminohexanoic acid). (e-g) HeLa 654 cells were treated with 1, 2.5, 5, 
10, 25, or 50 µM PMO-SulfoCy5-CPP for 22 h prior to flow cytometry. Results are given as the mean 
fluorescence of cells treated with PMO-SulfoCy5-peptide relative to the fluorescence of cells treated with 
vehicle only for each channel. (e) Treatment with d-Bpep constructs. (f) Treatment with Cyto1a constructs. 
(g) Treatment with WC1c constructs. Bars represent mean ± SD, N = 3. 
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The uptake of the fluorescent conjugates into HeLa cells was also evaluated via confocal 

microscopy. HeLa cells were treated with 5 µM or 25 µM of SulfoCy5-labeled conjugates for 30 

min, followed by a wash in complete media. This shorter incubation, compared to the 22 h PMO 

activity assay, is required here to view the early stages of uptake and endosomal escape, which 

occurs within the first hour of incubation. Hoechst and LysoTracker Green in complete media were 

added to the cells immediately prior to imaging. D-Bpep was again used as a control as it is a 

sequence known to efficiently escape the endosome and localize to the nucleus.30 Indeed, at both 

concentrations diffuse fluorescence was observed in the cytosol and nucleus of PMO-Bpep-treated 

cells, in addition to punctate fluorescence that co-localized with LysoTracker, suggesting 

accumulation in endosomes (Fig. 2.9). Cyto1a also demonstrated perinuclear localization, 

especially at the higher concentration (Fig. 2.9b). In contrast, WC1c showed significantly reduced 

overall fluorescence inside the cell, and exclusively as punctate fluorescence within endosomes. 

 



 55 

 

 
Figure 2.9 Cyto1a localizes to cytosol and nucleus.  
Confocal micrographs of HeLa cells treated with (a) 5 µM or (b) 25 µM PMO-SulfoCy5-Bpep, PMO-
SulfoCy5-Cyto1a, or PMO-SulfoCy5-WC1c. Hoechst labels the nuclei and Lyostracker Green labels the 
endosomes. SulfoCy5-labeled PMO-CPPs can be observed in the endosomes, cytosol, and nuclei of the 
cells.  
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2.3 Conclusions 
 

Affinity selection-mass spectrometry (AS-MS) techniques have traditionally been used to 

probe protein-protein interactions in vitro.34 Our group has recently shown that chemical libraries 

may reach the diversity of other display techniques for identification of peptide binders to 

proteins33, and that this strategy can be applied for cell-surface selection in vivo.42 In this work, 

we have added an additional spatial element to this strategy, by extracting the cytosol for in-cell 

selection of fully synthetic peptide libraries conjugated to a model antisense cargo. By comparing 

these sequences to those found in a whole cell extract, we can exclude sequences that accumulate 

in the endosomes.  

 
In-cell PS-MS combined with subcellular fractionation resulted in the identification of a 

novel, noncanonical peptide capable of accessing the cytosol and delivering PMO to the nucleus. 

Cyto1a, like the positive control peptide Bpep, was able to deliver PMO to the nucleus by escaping 

endosomes. Furthermore, Cyto1a does not appear to permeabilize the endosome to allow the 

escape of other endosomal cargo, nor does it demonstrate cell membrane toxicity at the measured 

concentrations in an LDH release assay. All peptides discovered through this novel platform 

demonstrated lower toxicity and higher protease stability than the CPP penetratin, which 

contributed the fixed “CPP-like” C-terminal region in the library. Endowed with lower toxicity, 

higher stability, and superior chemical diversity provided by the noncanonical residues, the 

peptides discovered with the in-cell PS-MS platform show advantages over the library’s parent 

peptide. The few active PMO-CPPs individually sequenced and validated are not solely 

responsible for the overall cell penetration of the library, however. In fact, it is more likely that the 

library’s overall cell penetration activity arises from the combined activity of a number of peptides 

at low concentration, including the hits discovered with our platform, despite the variable activity 

of the individual CPPs within the library. Cooperative activities of peptides in a mixture is an 

avenue that warrants further investigation. We hypothesized that screening a library of peptides 

for cytosolic penetration would identify certain sequences that accessed the cytosol with higher 

efficacy. Indeed, in cell PS-MS screening of the library resulted in the isolation of ~2% of the 

peptides from the cytosol, indicating that these specific sequences entered the cytosol at higher 

concentrations than other library members.  
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Current investigations in our laboratory aim to further combine this method with 

orthogonal approaches in order to better focus the selection on successful peptides. As such, we 

envisage using chromatographic fractionation of the peptide libraries to enrich for penetrant 

peptides within the library before conducting the PS-MS uptake assay. This chromatographic pre-

enrichment would allow for screening of an overall less active, but more diverse library, perhaps 

obviating the need for a pre-installed fixed C-terminal penetrating motif.  
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2.4 Experimental Section 
 
2.4.1 Reagents and Solvents 
 

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-sur-

Richelieu, Quebec, Canada) and 300 µm TentaGel resin was obtained from Rapp Polymere 

(Tuebingen, Germany). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3- 

oxid-hexafluorophosphate (HATU), Fmoc-L-Lys(N3), Fmoc-β-Ala-OH, Fmoc-norleucine, Nα-

Fmoc-Nγ-Boc-D-2,4-diaminobutyric acid, Fmoc-D-homoleucine, Fmoc-3,3-diphenyl-D-alanine, 

Fmoc-3-(1-naphthyl)-D-alanine, Fmoc-4-(Boc-aminomethyl)-D-phenylalanine, 1-Boc-piperidine-

4-Fmoc-amino-4-carboxylic acid, Fmoc-γ-aminobutyric acid, and 2-(Fmoc-amino)-4-(bis-Boc-

guanidino)-D-butyric acid were purchased from Chem-Impex International (Wood Dale, IL). 

Fmoc-protected D-amino acids (Fmoc-Arg(Pbf)-OH; Fmoc-Asn(Trt)-OH; Fmoc-Asp-(Ot-Bu)-

OH; Fmoc-Gln(Trt)-OH; Fmoc-Glu(Ot-Bu)-OH; Fmoc-Gly-OH; Fmoc-His(Trt)-OH; Fmoc-

Lys(Boc)-OH; Fmoc-Phe-OH; Fmoc-Pro-OH; Fmoc-Ser(But)-OH; Fmoc-Thr(t-Bu)-OH; Fmoc-

Trp(Boc)-OH), were purchased from the Novabiochem-line from MilliporeSigma. Sulfo-

Cyanine5 maleimide was purchased from Lumiprobe (Cockeysville, MD), and 7-

diethylaminocoumarin-3-carboxylic acid was purchased from AAT Bioquest (Sunnyvale, CA). 

Dibenzocyclooctyne acid was purchased from Click Chemistry Tools (Scottsdale, AZ). 

Cytochalasin D was obtained from Santa Cruz Biotech. Hoechst 33342 and LysoTracker™ Green 

were purchased from ThermoFisher Scientific (Walthan, MA). The LDH Assay kit was purchased 

from Promega (Madison, WI). PMO IVS2-654 was provided by Sarepta Therapeutics (Cambridge, 

MA). Peptide synthesis-grade N,N-dimethylformamide (DMF), CH2Cl2 (DCM), diethyl ether, and 

HPLC-grade acetonitrile were obtained from VWR International (Radnor, PA). All other reagents 

were purchased from Sigma-Aldrich (St. Louis, MO). Milli-Q water was used exclusively.       

 

2.4.2 Liquid chromatography-mass spectrometry 
 

LC-MS analyses were performed on an Agilent 6550 iFunnel Q-TOF LC-MS system 

(abbreviated as 6550) coupled to an Agilent 1290 Infinity HPLC system. Mobile phases were: 

0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). The 

following LC-MS method was used for characterization:  
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Method A: 1-61% B over 6 min, Zorbax C3 column (6550) 

LC: Agilent Zorbax C3 RRHD column: 2.1 × 50 mm, 1.8 μm, column temperature: 40 °C, gradient: 

0-1 min 1% B, 1-6 min, 1-61% B, 6-7 min, 91% B, 7-8 min, 1% B; flow rate: 0.5 mL/min.  

MS: Positive electrospray ionization (ESI) extended dynamic range mode in mass range 300–3000 

m/z. MS is on from 1 to 6 min.  

     Data were processed using the Agilent MassHunter software package. Y-axis in all 

chromatograms shown represents total ion chromatogram (TIC). 

  

 
 
2.4.3 General peptide preparation 
 

Fast-flow Peptide Synthesis. Peptides were synthesized using an automated fast-flow peptide 

synthesizer for L-peptides 59 and a semi-automated fast-flow peptide synthesizer for D-peptides 

and non-canonical L-peptides as previously reported.56 Briefly, all reagents were flowed at 40 

mL/min       over 150 mg of ChemMatrix Rink Amide Resin at 90ºC. Amino acids were activated 

with HATU or PYAOP and excess diisopropylethylamine. Fmoc was removed with 20% (v/v) 

piperidine, and extensive DMF washes were performed between each step.        

Peptide Cleavage, Deprotection, and Purification. Each peptide was deprotected and cleaved 

from resin by treatment with 5 mL of 94% trifluoroacetic acid (TFA), 2.5% thioanisole, 2.5% 

water, and 1% triisopropylsilane (TIPS) (v/v) at room temperature for 2 to 4 h. The cleaved peptide 

was triturated as previously reported.30  

Peptide Purification. The peptides were purified by mass-directed semi-preparative reversed-

phase HPLC as previously described, and peptide purity was confirmed by LC-MS.30       

Preparation of PMO-Peptides. PMO-peptides were prepared as previously described through 

an aqueous strain-promoted azide-alkyne cycloaddition between PMO-DBCO and azido-

peptides.30      The purity of the final construct was confirmed by LC-MS to be >95%. 

2.4.4 Preparation of peptide libraries  
 
The peptide library was prepared as previously described through split-and-pool solid-phase 

synthesis on 300 μm TentaGel resin (0.23 mmol/g) for a 95,000 member library.45       
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2.4.5 EGFP Assay 
HeLa 654 cells were obtained from the University of North Carolina Tissue Culture Core 

facility and assayed as previously described.30 Briefly, PMO-peptides were dissolved in PBS      

before being diluted in MEM to the target concentration and incubated on cells plated 18 hours 

prior at 5,000 cells/well in a 96-well plate for 22 hours.  Flow cytometry analysis was carried out 

on a BD LSRII flow cytometer. Cells that were positive for propidium iodide or fell outside of the 

main population in their forward/side scatter readings were excluded from analysis through gating.       

Flow cytometry data was analyzed using FlowJo and the mean fluorescence intensities of the 

samples were graphed and analyzed with Graphpad Prism7. 

 
2.4.6 Endocytosis Inhibition Assay 

Chemical endocytosis inhibitors were used to probe the mechanism of delivery of PMO by 

these peptides in a pulse-chase format. We have conducted such analyses on similar PMO-peptide 

constructs previously with comparable outcomes.52 18 h prior to treatment, HeLa 654 cells were 

plated at a density of 5,000 cells per well in a 96-well plate in MEM supplemented with 10% FBS 

and 1% penicillin-streptomycin. For the PMO constructs, cells were preincubated with various 

chemical endocytosis inhibitors for 45 minutes before treatment with PMO-CPP constructs for 

three hours. Treatment media was then replaced with fresh media and the cells were incubated for 

22 h at 37 °C and 5% CO2. Cells were then lifted as previously described and EGFP synthesis was 

measured by flow cytometry. The panel of endocytosis inhibitors included: 10, 20, and 80 µM 

chlorpromazine (CPZ), which is demonstrated to interfere with clathrin-mediated endocytosis; 20 

µM cytochalasin D (CyD), which inhibits phagocytosis and micropinocytosis; 200 nM 

wortmannin (Wrt), which alters various endocytosis pathways by inhibiting phosphatidylinositol 

kinases; 50 µM EIPA (5-(N-ethyl-N-isopropyl)amiloride), which inhibits micropinocytosis; and 

80 µM Dynasore (Dyn), which also inhibits clathrin-mediated endocytosis.60,61       

 

2.4.7 LDH Assay 
Cytotoxicity assays were performed on the same HeLa 654 cells used for flow cytometry 

as previously described.30 Cell supernatant following treatment for the PMO delivery activity 

assay was transferred to a new 96-well plate for analysis of LDH release with the CytoTox 96 

assay kit (Promega). The measurement of vehicle-treated cells was subtracted from each 
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measurement, and % LDH release was calculated as % cytotoxicity = 100 × Experimental LDH 

Release (OD490) / Maximum LDH Release (OD490). 

 

2.4.8 Serum Stability Assay 
Serum stability assays were performed by incubating the PMO-peptide in 25% mouse 

serum at 50 µM. Timepoints were taken in duplicate at 0, 1, 3, 9, and 27 h. Each timepoint was 

quenched in 4 M guanidine hydrochloride to dissociate peptide from serum proteins, and then 

diluted to 1 M guanidine hydrochloride for LC-MS analysis. 0.5 µL of each sample was injected 

onto the LCMS and analyzed by method B. For each compound, remaining peptide in serum was 

quantified by the Extracted Ion Chromatogram (EIC) using MassHunter software. The ion count 

was then normalized to the 0 h EIC to determine the % peptide remaining in serum.  

 
2.4.9 Microscopy 

HeLa cells were plated at a density of 8,000 cells/well in a 96-well cover glass-bottomed 

plate and incubated overnight in MEM supplemented with 10% (v/v) fetal bovine serum (FBS) 

and 1% (v/v) penicillin-streptomycin at 37 °C and 5% CO2. For standard localization imaging, 

cells were treated with PMO-Sulfo-Cy5-CPP conjugates at 5 µM or 25 µM for 30 min in      

supplemented MEM as above. Each well was washed with media and incubated in fresh media for 

1 h before 1.5 µM Hoechst (nuclear) and 50 nM Lysotracker Green (endosomal) fluorescent 

tracking dyes were added, and imaged immediately. The endosomal release experiment was 

adapted from a previously reported protocol.58 Cells were treated with 50 µM 7-

Diethylaminocoumarin-3-carboxylic acid (DEAC)-k5 for 1 h at 37 °C and 5% CO2 before being 

washed with media. Then, PMO-Sulfo-Cy5-CPP conjugates were added as before. Sytox Green 

was added immediately before imaging in order to exclude observation of nonviable cells. Imaging 

was performed at the Whitehead Institute’s Keck Imaging Facility on an RPI Spinning Disk 

Confocal Microscope at 40x objective.  

 
2.4.10 Uptake Assay 
Cell treatment 

HeLa cells in a 6-well or 12-well plate were co-incubated with library at 20 µM at 37ºC following 

a previously described procedure.30       
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Lysis 

To acquire whole cell lysate, 50 µL RIPA buffer, protease inhibitor cocktail, water was added to 

the cell pellet, mixed gently, and placed on ice for 1 h. To extract the cytosol, 50 µL digitonin 

buffer (0.05 mg/mL digitonin, 250 mM sucrose, PBS) was added to a cell pellet, pipetted up and 

down a single time to resuspend the cells, and placed on ice for 10 min. Cytosol or whole-cell 

extracts were then prepared as previously described.30 10µg protein from the untreated control 

samples was analyzed by SDS-PAGE gel electrophoresis and then transferred to a nitrocellulose 

membrane for immunostaining with anti-Erk1/2 and anti-Rab5.30       

 

Penetration Selection 

10 µL Dynabeads™ MyOne™ Streptavidin T1 (Thermo Fisher) were transferred to tubes in a 

magnet stand and washed with PBS. Cell extracts were added to the corresponding bead-

containing tube and rotated at 4 °C for 2 h. To two of the cell-only sample lysates was added each 

0.5 µL of PMO-biotin-library and 0.5 µL of biotin-library and was combined with 50 µL of 

Streptavidin beads. Following pulldown, the beads were washed with 6 M guanidinium chloride 

(GuHCl, pH 6.8, 2 x 200 µL) and suspended in 100 µL PBS. Then, NaIO4 (1 mM in H2O, 2 µL) 

was added and the beads incubated for 5 min in absence of light, followed by quench solutions: 

Na2SO3 (100 mM, 5 µL) and NH2OH (100 mM, 5 µL). The supernatants were transferred to new 

tubes and the beads were washed with 6 M GuHCl (2 x 100 µL). Pooled supernatant fractions were 

then desalted by solid-phase extraction (SPE) using C18 ZipTips, lyophilized, and rehydrated in 

10 µL 1 M GuHCl in water containing 0.1% formic acid.  

 

Orbitrap LC-MS/MS 

Analysis was performed on an EASY-nLC 1200 (Thermo Fisher Scientific) nano-liquid 

chromatography handling system connected to an Orbitrap Fusion Lumos Tribrid Mass 

Spectrometer (Thermo Fisher Scientific). The standard nano-LC method was run at 40 °C and a 

flow rate of 300 nL/min with the following gradient: 1% solvent B in solvent A ramping linearly 

to 41% B in A over 55 min, where solvent A = water (0.1% FA), and solvent B = 80% acetonitrile, 

20% water (0.1% FA). Fragmentation for secondary MS was carried out with higher-energy 

collisional dissociation and electron transfer/higher-energy collisional dissociation energy. 

Instrument parameters were set as previously described.33 
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De novo peptide sequencing and filtering 

De novo peptide sequencing of the acquired data was performed in PEAKS 8 (BioInformatics 

Solutions Inc.).  Using PEAKS, spectra were prefiltered to remove noise and sequenced. All non-

canonical amino acids were sequenced as post-translational modifications based on the canonical 

amino acid most closely matching their molecular mass. Norleucine and β-Alanine were sequenced 

as leucine and alanine, respectively. In addition, His-oxide and Trp-oxide were allowed as variable 

post-translational modifications. Twenty candidate sequence assignments were created for each 

secondary scan. 

An automated Python-based routine was used for postprocessing data analysis to eliminate noise, 

synthetic impurities, duplicates, resolve certain sequencing ambiguities, and to select the best 

candidate sequence assignment for each MS/MS scan.45 The script eliminates all sequence 

candidates of length other than 9 or 10 and all candidates not bearing the C-terminal KWKK motif.      

 

2.4.11 Statistics 
Statistical analysis and graphing were performed using Prism (Graphpad) or Excel 

(Microsoft). Concentration-response curves were fitted using Prism nonlinear regression. All 

experiments were performed in triplicate unless otherwise indicated, with at least two biological 

replicates. Significance for activities between constructs was determined using a student’s two-

sided, unpaired t-test. 
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2.6 Appendix 1: Full Western Blot images 
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2.7 Appendix II: Characterization of compounds 
 
 
PMO-DBCO 
Mass Expected: 6500.0 
Mass Observed: 6499.9 

 

 
 
PMO-Cyto1a 
Mass Expected: 8617.4 
Mass Observed: 8617.5 
Peptide sequence: Biotin-Azidolysine-G-G-K-G-G-s-βal-r-r-abu-dab-h-k-w-k-k 
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PMO-Cyto1b 
Mass Expected: 8532.4 
Mass Observed: 8532.4 
Peptide sequence: Biotin-Azidolysine-G-G-K-G-G-s-abu-G-n-nle-n-h-k-w-k-k 

 

 
 
PMO-WC1c 
Mass Expected: 8467.3 
Mass Observed: 8467.3 
Peptide sequence: Biotin-Azidolysine-G-G-K-G-G-s-nle-p-d-e-t-k-w-k-k 
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PMO-WC1d 
Mass Expected: 8367.2 
Mass Observed: 8367.2 
Peptide sequence: Biotin-Azidolysine- G-G-K-G-G-s-βal-abu-s-abu-hle-k-w-k-k 

 

 
 
 
 
PMO-library-peptide 
Mass Expected: 8437.1 
Mass Observed: 8437.1 
Peptide sequence: Biotin-Azidolysine-G-G-K-G-G-s-G-βal-n-d-p-βal-k-w-k-k 
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PMO-D-Bpep 
Mass Expected: 8871.9 
Mass Observed: 8871.8 
Peptide sequence: Biotin-Azidolysine-G-G-K-G-G-r-ahx-r-r-βal-r-r-ahx-r-r-βal-r 

 

 
 
PMO-L-Cyto1a 
Mass Expected: 8617.4 
Mass Observed: 8618.0 
Peptide sequence: Biotin-Azidolysine-G-G-K-G-G-S-βal-R-R-abu-Dab-H-K-W-K-K 
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PMO-Cannonical-Cyto1a 
Mass Expected: 8674.5 
Mass Observed: 8674.8 
Peptide sequence: Biotin-Azidolysine-G-G-K-G-G-S-A-R-R-G-G-K-H-K-W-K-K 
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PMO-D-Cyto1a 
Mass Expected: 8617.4 
Mass Observed: 8618.0 
Peptide sequence: Biotin-Azidolysine-G-G-k-G-G-s-βal-r-r-abu-dab-h-k-w-k-k 

 

 
 
PMO-L-WC1c 
Mass Expected: 8467.3 
Mass Observed: 8467.5 
Peptide sequence: Biotin-Azidolysine-G-G-K-G-G-S-Nle-P-D-E-T-K-W-K-K 
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PMO-Cannonical-WC1c 
Mass Expected: 8467.3 
Mass Observed: 8467.4 
Peptide sequence: Biotin-Azidolysine-G-G-K-G-G-S-L-P-D-E-T-K-W-K-K 
 
 

 

 
 
PMO-D-WC1c 
Mass Expected: 8467.3 
Mass Observed: 8467.4 
Peptide sequence: Biotin-Azidolysine-G-G-k-G-G-s-nle-p-d-e-t-k-w-k-k 
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PMO-Sulfo-Cy5-Cyto1a 
Mass Expected: 9485.6 
Mass Observed: 9485.7 
Peptide sequence: Biotin-Azidolysine-(Sulfo-Cy5)c-G-G-K-G-G-s-βal-r-r-abu-dab-h-k-w-k-k 
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PMO-Sulfo-Cy5-WC1c 
Mass Expected:9335.3 
Mass Observed:  9335.5 
Peptide sequence: Biotin-Azidolysine-(Sulfo-Cy5)c- G-G-K-G-G-s-nle-p-d-e-t-k-w-k-k 

 

 
 
 
 
PMO-Sulfo-Cy5-D-Bpep 
Mass Expected: 9739.9 
Mass Observed: 9739.8 
Peptide sequence: Biotin-Azidolysine-(Sulfo-Cy5)c-G-G-K-G-G-r-ahx-r-r-βal-r-r-ahx-r-r-βal-r 
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DEAC-k5 
Mass Expected: 900.591 
Mass Observed: 900.593 
Peptide sequence: DEAC-k-k-k-k-k 

 

 
 
 
 
PMO-Library (1,000 member) 
The libraries shown with greater than 1,000 members were produced by combining 1,000 member 
libraries. Two of the 1,000-member PMO-libraries are shown here. 
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3.1 Introduction 
 

Duchene muscular dystrophy (DMD) is the most prevalent genetic neuromuscular disorder, 

affecting more than 1 in 5,000 newborn boys.1 Mutations in the X-linked dystrophin gene lead to 

a loss in dystrophin expression, causing severe muscle wasting and eventual respiratory and 

cardiac failure.2 Exon-skipping antisense oligonucleotide drugs can restore dystrophin function by 

binding and covering a splice site on the pre-mRNA transcript, causing the spliceosome to remove 

the mutation-containing exon and produce an in-frame truncated but functional copy of 

dystrophin.3 The clinically approved exon-skipping drugs for DMD are nonnatural 

phosphorodiamidate morpholino oligonucleotides (PMO), which hybridize to pre-mRNA for 

splice-correction. Despite PMO efficacy in the cell, animal and human models consistently 

demonstrate that PMO drugs suffer from poor cell permeability and therefore must be given at 

frequent, large doses of at least 50mg/kg to reach full distribution to muscle tissues.4 This high 

dose requirement driven by poor cell penetration prevents more widespread use of PMO drugs. 

 

Cell-penetrating peptide (CPP) conjugates can greatly increase the delivery of antisense 

oligonucleotides,5,6 and conjugation of a PMO drug to an optimized CPP may improve cell-

penetration. More than one thousand CPP sequences have been discovered and applied to the 

effective delivery of cargoes including fluorophores, proteins, and anti-sense oligonucleotides.7 

Discovery efforts are still underway, however, because CPP efficacy is cargo-dependent8 and 

known CPPs are not universally effective at delivering a PMO cargo. As a result, there remains an 

unmet need for novel CPPs that can effectively deliver a PMO cargo into cells. 

 

To meet this need, we have developed an assay platform for the discovery of novel CPPs 

from a large library of diverse peptide sequences. It has been previously demonstrated that a library 

of different peptide sequences conjugated to PMO can deliver PMO to the cell nucleus.9 In this 

previous case, individual penetrant sequences were isolated from the cell and sequenced, 

generating the novel CPP Cyto1a. This previous study met difficulty, however, in the size of 

libraries able to be tested.  Because peptides had to be extracted from the cell prior to sequencing, 

the assay required treatment with a high concentration of each individual peptide to ensure enough 

material after cell lysis. However, the upper limit of total peptide concentration, above which cells 

may exhibit non-specific endocytosis,10 meant that the overall size of the library had to remain 
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small (<1,000 peptides).  The small library size of this previous experimental protocol may have 

limited the discovery of novel, diverse sequences.  

 

Instead of directly treating cells with a large library, we envisioned separating the library 

into smaller pools for testing. Studies on existing CPPs have demonstrated that positive charge, 

especially from arginine residues, improve CPP function by enabling interactions with negatively 

charged phosphate heads and sugars in the cell membrane.10–12 Because charge has an influence 

on penetration, we used this as the basis of separation to partition a large library into smaller library 

pools for testing. This fractionation of the library provides two major benefits: 1) resulting peptide 

pools can be sequenced prior to cell treatment, resulting in a much lower amount of each peptide 

needed for treatment and 2) partitioning a library into smaller segments by charge allows us to 

investigate whether the importance of charge in cell penetration applies to PMO-delivery, since 

CPP efficacy is cargo-dependent.8  

 

In order to most effectively separate a peptide library based on charge, a chromatographic 

resolution strategy was envisioned (Fig. 3.1). Using this platform, a diverse library, containing 

both canonical and non-canonical amino acids, could be chromatographically resolved by charge 

via high performance liquid chromatography with a strong cation exchange column. Each smaller 

pool of peptides would then be conjugated to PMO via strain-promoted azide-alkyne cycloaddition 

(SPAAC), and then subsequently assayed for PMO cargo delivery. Library fractions that show high 

PMO delivery into cells contain novel and effective cell-penetrating peptides, which are analyzed 

by de novo MS/MS sequencing to identify potential CPPs. This smaller number of sequences from 

the library can then be individually synthesized and tested for PMO delivery to validate novel 

CPPs. The application of this platform in HeLa cells with a PMO cargo resulted in four novel, non-

canonical and non-toxic CXP peptides for PMO delivery. Linearly combining these peptides and 

performing subsequent sequence-activity relationship studies produced CXD1B, a peptide with 

nanomolar in-vitro efficacy for nuclear PMO delivery. 
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Figure 3.1 Outline of the chromatographic resolution platform for discovering novel peptides 
for PMO delivery 
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3.2 Results and Discussion 
 
3.2.1 Library preparation 

 

We first designed and synthesized a diverse peptide library, following the construct design 

shown in Fig. 3.2. A conserved C-terminal KWKK motif, derived from the CPP penetratin, was 

incorporated into the library design to improve bulk properties of the peptides. The three positive 

charges improve binding to a cation exchange column, and the tryptophan serves to improve 

membrane penetration of cationic peptides and allows the library to be quantified through UV-VIS 

spectroscopy at 280 nm.13-15 The N-terminal 5-azidopentanoic acid allows the library to be coupled 

with PMO-DBCO through a strain-promoted azide-alkyne cycloaddition. The interior of the 

library would be composed of ten variable positions consisting of 16 natural amino acids, as well 

as 6 additional noncanonical amino acids (Fig. 3.2), which serve to expand the chemical space of 

the constructs.  

 
 

Figure 3.2 Library design and monomer set of the CPP library.  
The sequence in red is derived from the existing CPP penetratin, and the remaining library (represented by 
X) consists of a variable region containing any of the 22 monomers. The Glycine at the N-terminus separates 
the N-terminal azide from the variable region. The library is amidated at the C-terminus. Unnatural 
monomers include Dab (L-2,4-diaminobutyric acid), Cit (L-citrulline), Nap (3-(2-naphthyl)-L-alanine), 
Iph (4-iodo-L-phenylalaine), Pip (4-Aminopiperidine-4-carboxylic acid), and Pyr (3-(4'-pyridyl)-L-
alanine). 
 
3.2.2 Chromatographic resolution and initial uptake assay 

 

A library consisting of 3,000 individual peptide sequences was accessed through a split-

pool technique via solid-phase peptide synthesis.16 This 3,000-member library was then separated 

by cation-exchange chromatography with an ammonium acetate salt gradient, and peptides were 

collected in small fractions as they eluted off the column. The chromatogram of the separation is 
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shown in Fig. 3.3 in green. These smaller fractions were combined into 10 pools, each containing 

about 300 individual peptide sequences based on UV quantification of the tryptophan residue. 

These larger pools, numbered 01-10 based on their cation exchange elution time, were then 

conjugated to the PMO cargo via SPAAC, and the solvent and ammonium acetate salts were 

removed by lyophilization. 

 
The ten library pools, each containing approximately 300 different PMO-peptide 

sequences, were tested for PMO delivery in a cellular assay with HeLa 654 cells. The HeLa 654s 

cell line has been stably transfected with an eGFP coding sequence that is interrupted by the IVS2-

654 b-globin intron containing an aberrant splice site. The 18-mer IV654 antisense oligonucleotide 

restores eGFP fluorescence by sterically blocking the aberrant splice site, allowing correct splicing 

of the eGFP transcript.17 Measuring eGFP fluorescence through flow cytometry provides a 

functional readout of PMO delivery to the nucleus through splice-correction of an altered eGFP 

transcript. The PMO delivery of the ten library pools is shown in the blue bar graph in Fig. 3.3, 

relative to the nuclear PMO delivery of un-conjugated PMO. The five most cationic peptide pools 

(based on cation exchange retention time) showed significant delivery of the PMO cargo, with 

fraction 10 showing the highest delivery. 

 
Figure 3.3 eGFP fluorescence of HeLa 654 cells treated with 5 or 20 µM total PMO-peptide 
from the library fractions.  
The peptides were resolved through cation exchange chromatography (green chromatogram) in ammonium 
acetate buffer (pH 5) with a 20-500 mM gradient over 75 minutes. The x-axis represents time (minutes) for 
both the green chromatogram and the blur bar graphs. The eGFP fluorescence of each peptide-PMO fraction 
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relative to the fluorescence of 5 or 20 µM of PMO alone determined via flow cytometry is superimposed 
on the chromatogram from the CX separation of the library peptides. PMO-peptide fractions G through J 
improved PMO delivery significantly over the PMO-654 alone at 20 µM (p<0.05).  
 
 

The most penetrant pool of peptides, fraction J, was sequenced by MS/MS. Almost 100 

peptide sequences of high sequencing confidence were recovered. The peptide sequences with the 

highest sequencing fidelity and lowest arginine content, to avoid arginine-derived peptide toxicity, 

were selected for further testing.18 These nine peptides were named CXP, to designate that they 

came from cation-exchange pooling of a library. The pure peptides were generated via solid-phase 

peptide synthesis, conjugated to the PMO cargo, and tested for PMO delivery in HeLa 654 cells. 

All nine peptides showed significant delivery relative to unconjugated PMO at 20 µM (Fig. 3.4), 

which corroborates the high PMO delivery seen by treatment with fraction J.  

 

We have previously shown that the presence of a single highly active CPP does not change 

whether a 100-member peptide library delivers a PMO cargo into HeLa 654 cells.9 Based on these 

previous results, we would expect fraction J to contain numerous CPPs that contribute to the 

significant PMO delivery of the entire library pool.9 Indeed, all nine peptides tested showed 

significant PMO delivery. This correlates with the results of the previous study, suggesting that for 

a library pool to show significant PMO delivery, it must contain multiple cell-penetrating peptides. 

 
 

 
Figure 3.4 The PMO delivery of the eleven peptide sequences chosen from fraction J.  
The nine peptides were conjugated to PMO-DBCO via N-term azidopentanoic acid. The eGFP fluorescence 
of each peptide-PMO relative to the fluorescence of 20 µM of PMO 654 alone determined via flow 
cytometry. All PMO-peptides improved PMO delivery significantly over the PMO-654 alone at 20 µM 
(p<0.05). Penetratin, a known CPP, was included as a positive control.  
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3.2.3 Hit library peptides show high PMO delivery 

 

Four peptides in particular, CXP1, CXP2, CXP3, and CXP4, showed high levels of PMO 

delivery, and were brought forward for further testing. The peptides showed dose-dependent 

delivery of PMO (Fig. 3.5a) with no significant toxicity within the tested concentration range (Fig. 

3.5b). These four peptides demonstrate that the CXP assay platform allows for discovery of novel 

and efficacious sequences for PMO delivery. Although the peptides do not show PMO delivery as 

efficacious as the CPP penetratin, on which this library was based, CXP1 does approach this high 

PMO delivery. In addition, The CXP peptides all show lower toxicity at the membrane when 

compared to the parent penetratin peptide (Fig 3.5b). For therapeutic use, low toxicity can be as 

important as high PMO delivery.  

 
Figure 3.5 PMO delivery and membrane toxicity of the four most effective CXP peptides.  
(a) HeLa 654 cells were treated with 1, 2.5, 5, 10, 25, or 50 µM PMO-CPP for 22 h prior to flow cytometry. 
Results are given as the mean EGFP fluorescence of cells treated with PMO-peptide relative to the 
fluorescence of cells treated with vehicle only. Bars represent mean ± SD, N = 3. (b) Cell supernatant from 
(a) was tested for LDH release as a measure of membrane permeability. Results are given as percent LDH 
release above vehicle relative to fully lysed cells. 
 
3.2.4 Chimeric peptides demonstrate improved PMO delivery over parent CXP peptides 
 

It has been previously demonstrated that CPPs can more effectively deliver PMO as 

chimeras, a linear combination of multiple peptides.17 In the previous case, these chimeric peptides 

were highly efficacious, but also showed potent toxicity in cellular assays. Because the peptide 

CXP1 showed high PMO delivery and low toxicity, it became a strong candidate for a linear 

chimera. The chimeric versions of CXP1 in combination with CXP3 and CXP4, as well as a 
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CXP1-CXP1 dimer, were generated through SPPS (Fig. 3.6a). CXP2 was not included due to its 

increased toxicity at high doses (Appendix I). The dimeric peptide CXP1-CXP1 showed a nearly 

100-fold increase in PMO delivery efficacy compared to the CXP1 parent peptide (Fig 3.6b, blue), 

and the other CXP-based chimeras also showed a strong improvement in PMO delivery relative to 

their parent peptides (Fig. 3.6b, green and orange). While these chimeric peptides reach maximum 

efficacy in delivery before they begin to show significant membrane toxicity (Fig 3.6c), they do 

demonstrate toxicity at lower concentrations than the parent CXP peptides. Nevertheless, these 

chimeras show higher activity and less toxicity than those previously generated and tested for PMO 

delivery within the Pentelute lab.17  

 
 

 
Figure 3.6 Chimeric peptides show high efficacy for PMO delivery.  
(a) The sequence and structure of the chimeric PMO-CXP1-CXP1 (top) and singular PMO-CXP1 (bottom). 
(b) HeLa 654 cells were treated with 1, 2.5, 5, 10, 25, or 50 µM PMO-CPP for 22 h prior to flow cytometry. 
Results are given as the mean EGFP fluorescence of cells treated with PMO-peptide relative to the 
fluorescence of cells treated with vehicle only. Bars represent mean ± SD, N = 3. (c-e) Therapeutic windows 
of the three chimeric peptides. PMO-delivery was measured through the HeLa 654 EGFP assay, and toxicity 
was measured through LDH release at 18 hours in TH-1 renal cells. 
 
3.2.5 Sequence-activity relationship studies allow the rational design of two CXD1-derived 
peptides with high PMO delivery and lower toxicity 
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The relationship between the CXP1 sequence and PMO delivery was probed to further 

increase the efficacy of the constructs. Because small peptide segments have previously shown 

very low PMO delivery,19 we instead used a chimeric strategy to determine the functions of 

different segments of the CXP1 sequence. Short, overlapping segments (named SA, SB, SC, and 

SD) of the CXP1 sequence with a net 2+ charge were appended to PMO on the N-terminus via 

SPACC and the CXP1 sequence on the C-terminus, as shown in Fig. 3.7a. We tested each segment 

for PMO delivery and toxicity to determine which portions of the sequence contribute to the 

penetration and toxicity of the CXP1-CXP1 chimera. Segments A and B showed the highest PMO 

delivery (Fig. 3.7b), while peptide SA-CXP1 had the toxicity closest to the parent CXP1-CXP1 

peptide (Fig. 3.7c). This suggests that the “Iph-Gly-Arg” motif across segments A and B is likely 

important for penetration, while the “Gly-Pip” motif unique to segment A may be contributing to 

peptide toxicity.  

 
 

 
Figure 3.7 The segmented chimeras of CXP1 show key regions for efficacy and toxicity.  
(a) The sequence and structure of the chimeric PMO-SX-CXP1 peptides. (b) HeLa 654 cells were treated 
with 2.5 µM PMO-CPP for 22 h prior to flow cytometry. Results are given as the mean EGFP fluorescence 
of cells treated with PMO-peptide relative to the fluorescence of cells treated with vehicle only. Bars 
represent mean ± SD, N = 3. (c) Supernatant from cells treated in (b) was tested for LDH release at 25 µM 
as a measure of membrane permeability. Results are given as percent LDH release above vehicle relative 
to fully lysed cells.  
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The results of the sequence-activity relationship assays allowed the rational design of two 

new peptide sequences based on the original CXP1. These “CXD” cation-exchange designed 

peptide sequences are shorter than the CXP1-CXP1 chimera and lack the potentially toxic “Gly-

Pip” motif. These two sequences (Fig. 3.8) were synthesized and demonstrated high PMO delivery, 

especially the CXD1B sequence, which is longer and has a higher net charge. This peptide showed 

high PMO delivery and lower toxicity than the CXP1-CXP1 sequence, resulting in a wider 

therapeutic window. In designing CXD1B, we were able to apply the results from the sequence-

activity relationship study to rationally design a novel, cationic peptide for PMO delivery. 

 

 
Figure 3.8 The designed peptides CXD1A and CXD1B show high PMO delivery and lower 
toxicity than longer chimeras.  
(a) The sequence and structure of the chimeric PMO-SX-CXP1 peptides. (b) HeLa 654 cells were treated 
with 1 µM PMO-CPP for 22 h prior to flow cytometry. Results are given as the mean EGFP fluorescence 
of cells treated with PMO-peptide relative to the fluorescence of cells treated with vehicle only. Bars 
represent mean ± SD, N = 3. (c) Supernatant from cells treated in (b) was tested for LDH release at 50 µM 
as a measure of membrane permeability. Results are given as percent LDH release above vehicle relative 
to fully lysed cells.  
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3.3 Conclusions 
 

The chromatographic resolution of a peptide library into smaller pools enables novel 

peptide discovery. The library pools resolved by charge demonstrate the immense importance of 

positive charge to CPPs for PMO delivery, which we hope to integrate with machine learning 

models in the future to enable further discovery.20,21 The peptides sequenced from the most 

penetrant pool all demonstrated effective PMO delivery, and four CXP peptides showed 

efficacious delivery of the PMO cargo with low toxicity.  

 

The higher efficacy of the chimeric peptides underscores the effectiveness of the linear 

chimera strategy in generating CPPs. The CXD1B sequence demonstrated high PMO delivery with 

nanomolar efficacy and lower toxicity than previous chimeric PMO-peptide constructs. We hope 

that the wide therapeutic windows of the CXP1 and CXD1B peptides will enable in-vivo delivery 

of PMO cargoes. 
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3.4 Experimental section 
 
 
3.4.1 Reagents and Solvents 

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-sur-

Richelieu, Quebec, Canada) and TentaGel was obtained from Rapp Polymere (Tuebingen, 

Germany). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3- oxid-

hexafluorophosphate (HATU), Nα-Fmoc-Nγ-Boc-L-2,4-diaminobutyric acid, Fmoc-L-

Iodophenylalanine, Fmoc-3-(1-naphthyl)-D-alanine, 1-Boc-piperidine-4-Fmoc-amino-4-

carboxylic acid, Fmoc-L-citrulline, Fmoc-3-(4'-pyridyl)-L-alanine, and 5-azidopentanoic acid 

were purchased from Chem-Impex International (Wood Dale, IL). Fmoc-protected L-amino acids 

(Fmoc-Arg(Pbf)-OH; Fmoc-Asn(Trt)-OH; Fmoc-Asp-(Ot-Bu)-OH; Fmoc-Gln(Trt)-OH; Fmoc-

Glu(Ot-Bu)-OH; Fmoc-Gly-OH; Fmoc-His(Trt)-OH; Fmoc-Lys(Boc)-OH; Fmoc-Phe-OH; Fmoc-

Pro-OH; Fmoc-Ser(But)-OH; Fmoc-Thr(t-Bu)-OH; Fmoc-Trp(Boc)-OH), were purchased from 

the Novabiochem-line from MilliporeSigma. Dibenzocyclooctyne acid was purchased from Click 

Chemistry Tools (Scottsdale, AZ). Peptide synthesis-grade N,N-dimethylformamide (DMF), 

CH2Cl2 (DCM), diethyl ether, and HPLC-grade acetonitrile were obtained from VWR 

International (Radnor, PA). The LDH Assay kit was purchased from Promega (Madison, WI). All 

other reagents were purchased from Sigma-Aldrich (St. Louis, MO). Milli-Q water was used 

exclusively.  
 
 
 
3.4.2 General peptide preparation 
 
Fast-flow Peptide Synthesis:  

Peptides were synthesized on a 0.1 mmol scale using a semi-automated fast-flow peptide 

synthesizer as previously reported.45 1 mmol of amino acid was combined with 2.5 mL of 0.4 M 

HATU and 500 µL of DIEA and mixed before being delivered to the reactor containing resin via 

syringe pump at 6 mL/min. The reactor was submerged in a water bath heated to 70 ºC. An HPLC 

pump delivered either DMF (20 mL) for washing or 20% piperidine/DMF (6.7 mL) for Fmoc 

deprotection, at 20 mL/min.  

 

Peptide cleavage and deprotection:  
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Each peptide was subjected to simultaneous global side-chain deprotection and cleavage from 

resin by treatment with 5 mL of 94% trifluoroacetic acid (TFA), 2.5% thioanisole, 2.5% water, and 

1% triisopropylsilane (TIPS) (v/v) at room temperature for 2 to 4 h. The cleavage cocktail was 

first concentrated by bubbling N2 through the mixture, and cleaved peptide was precipitated and 

triturated with 40 mL of cold ether (chilled in dry ice). The crude product was pelleted by 

centrifugation for three minutes at 4,000 rpm and the ether was decanted. This wash step was 

repeated two more times. After the third wash, the pellet was dissolved in 50% water and 50% 

acetonitrile containing 0.1% TFA, filtered through a fritted syringe to remove the resin and 

lyophilized. 

 

Peptide Purification:  

The peptides were dissolved in water and acetonitrile containing 0.1% TFA, filtered through a 0.22 

μm nylon filter and purified by mass-directed semi-preparative reversed-phase HPLC. Solvent A 

was water with 0.1% TFA additive and Solvent B was acetonitrile with 0.1% TFA additive. A linear 

gradient from 5 to 45% B that changed at a rate of 0.5% B/min was used. Most of the peptides 

were purified on an Agilent Zorbax SB C18 column: 9.4 x 250 mm, 5 μm. Based on target ion 

mass data recorded for each fraction, only pure fractions were pooled and lyophilized. The purity 

of the fraction pool was confirmed by LC-MS.  

 

Preparation of peptide library:  

Split-and-pool synthesis was carried out on 180 μm TentaGel resin (0.28 mmol/g) for a 50,000 

member library. Splits were performed by suspending the resin in DCM and dividing it evenly (via 

pipetting) among 22 plastic fritted syringes on a vacuum manifold. Couplings were carried out as 

follows: solutions of Fmoc-protected amino acids (10 equivalents relative to the resin loading), 

PyAOP (0.38 M in DMF; 0.95 eq. relative to amino acid), and DIEA (1.1 eq. for histidine; 3 eq. 

for all other amino acids) were each added to individual portions of resin. Couplings were allowed 

to proceed for 60 min. Resin portions were recombined and washed with DCM and DMF. Fmoc 

removal was carried out by treatment of the resin with 20% piperidine in DMF (1x flow wash; 2x 

10 min batch treatments). Resin was washed again with DMF and DCM before the next split. 

After synthesis, the library was separated into 3,000-member portions by mass. Each portion was 

conjugated to 5-azidopentanoic acid through a coupling with PYAOP as described above. Library 
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peptides were then cleaved as described above and lyophilized to generate libraries of 3,000 

peptide sequences. 

 

Preparation of PMO-DBCO:  

PMO IVS2-654 (50 mg, 8 µmol) obtained from Sarepta Therapeutics was dissolved in 150 µL 

DMSO. To the solution was added a solution containing 2 equivalents of dibenzocyclooctyne acid 

(5.3 mg, 16 µmol) activated with HBTU (37.5 µL of 0.4 M HBTU in DMF, 15 µmol) and DIEA 

(2.8 µL, 16 µmol) in 40 µL DMF (Final reaction volume = 0.23 mL). The reaction proceeded for 

25 min before being quenched with 1 mL of water and 2 mL of ammonium hydroxide. The 

ammonium hydroxide hydrolyzed any ester formed during the course of the reaction. After 1 hour, 

the solution was diluted to 40 mL in water/acetonitrile and purified using reverse-phase HPLC 

(Agilent Zorbax SB C3 column: 21.2 x 100 mm, 5 µm) and a linear gradient from 2 to 60% B 

(solvent A: water; solvent B: acetonitrile) over 58 min (1% B / min). Using mass data about each 

fraction from the instrument, only pure fractions were pooled and lyophilized. The purity of the 

fraction pool was confirmed by LC-MS. 

 

Conjugation of PMO to peptides:  

PMO-DBCO (1 eq, 5 mM, water) was conjugated to azido-peptides (1 eq, 5 mM, water) or azido-

peptide library (1eq, 1mM, water) at room temperature for 2 h, or 12 hours for peptide library. 

Reaction progress was monitored by LC-MS and additional stock of azido-peptide was added until 

all PMO-DBCO was consumed. The purity of the final construct was confirmed by LC-MS to be 

>95%. 
 
3.4.3 Liquid chromatography—mass spectrometry 
 
LC-MS analyses:  

Analysis was performed on an Agilent 6550 iFunnel Q-TOF LC-MS system (abbreviated as 6550) 

coupled to an Agilent 1290 Infinity HPLC system. Mobile phases were: 0.1% formic acid in water 

(solvent A) and 0.1% formic acid in acetonitrile (solvent B). The following LC-MS method was 

used for characterization:  

1-61% B over 6 min, Zorbax C3 column (6550) 
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LC: Agilent EclipsePlus C18 RRHD column: 2.1 × 50 mm, 1.8 μm, column temperature: 40 °C, 

gradient: 0-1 min 1% B, 1-6 min, 1-61% B, 6-7 min, 91% B, 7-8 min, 1% B; flow rate: 0.5 mL/min.  

MS: Positive electrospray ionization (ESI) extended dynamic range mode in mass range 300–3000 

m/z. MS is on from 1 to 6 min.  

All data were processed using Agilent MassHunter software package. Y-axis in all chromatograms 

shown represents total ion current (TIC) unless noted.  

 

Orbitrap LC-MS/MS:  

Analysis was performed on an EASY-nLC 1200 (Thermo Fisher Scientific) nano-liquid 

chromatography handling system connected to an Orbitrap Fusion Lumos Tribrid Mass 

Spectrometer (Thermo Fisher Scientific). Samples were run on a PepMap RSLC C18 column 

(2 μm particle size, 15 cm × 50 μm ID; Thermo Fisher Scientific, P/N ES901). A nanoViper Trap 

Column (C18, 3 μm particle size, 100 Å pore size, 20 mm × 75 μm ID; Thermo Fisher Scientific, 

P/N 164946) was used for desalting. The standard nano-LC method was run at 40 °C and a flow 

rate of 300 nL/min with the following gradient: 1% solvent B in solvent A ramping linearly to 41% 

B in A over 55 min, where solvent A = water (0.1% FA), and solvent B = 80% acetonitrile, 20% 

water (0.1% FA). Positive ion spray voltage was set to 2200 V. Orbitrap detection was used for 

primary MS, with the following parameters: resolution = 120,000; quadrupole isolation; scan 

range = 150–1200 m/z; RF lens = 30%; AGC target = 250%; maximum injection time = 100 ms; 1 

microscan. Acquisition of secondary MS spectra was done in a data-dependent manner: dynamic 

exclusion was employed such that a precursor was excluded for 30 s if it was detected four or more 

times within 30 s (mass tolerance: 10.00 ppm); monoisotopic precursor selection used to select for 

peptides; intensity threshold was set to 2 × 104; charge states 2–10 were selected; and precursor 

selection range was set to 200–1400 m/z. The top 15 most intense precursors that met the preceding 

criteria were subjected to subsequent fragmentation. Two fragmentation modes— higher-energy 

collisional dissociation (HCD), and electron-transfer/higher-energy collisional dissociation 

(EThcD)—were used for acquisition of secondary MS spectra. Detection was performed in the 

Orbitrap (resolution = 30,000; quadrupole isolation; isolation window = 1.3 m/z; AGC 

target = 2 × 104; maximum injection time = 100 ms; 1 microscan). For HCD, a stepped collision 

energy of 3, 5, or 7% was used. For EThcD, a supplemental activation collision energy of 25% 

was used. 
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De novo peptide sequencing and filtering:  

De novo peptide sequencing of the acquired data was performed in PEAKS 8 (BioInformatics 

Solutions Inc.).  Using PEAKS, spectra were prefiltered to remove noise, and sequenced. All non-

canonical amino acids were sequenced as post-translational modifications based on the canonical 

amino acid most closely matching their molecular mass. Twenty candidate sequence assignments 

were created for each secondary scan. 
 
3.4.4 Library fractionation and pooling 
Library separation: 

The 3,000 member peptide library was dissolved in loading buffer (10mM ammonium acetate, pH 

5, 20% Acetonitrile). The peptides were then resolved on a Propac SCX-10 column (Thermo 

Fisher). 

Solvent A was 10mM ammonium acetate with 10% acetonitrile, pH 5, and Solvent B was 1M 

ammonium acetate with 10% acetonitrile, pH 5. A linear gradient from 1 to 75% B over 75 minutes 

was used, with a 10 minute hold at 1% B to allow compound to load onto the column. Fractions 

eluting off the column were collected every minute, with a total volume of 1mL. 

 

Library desalting:  

All fractions were lyophilized overnight, and then re-dissolved in 1 mL of water. Fractions were 

then frozen and re-lyophilized to remove remaining ammonium acetate buffer. This process was 

repeated for at least 3 lyophilization cycles to fully remove the volatile buffer.  

 

Library pooling:  

After desalting, the peptide concentration on each fraction was measure spectroscopically at 

280nM, based on the absorbance of the single tryptophan residue in each peptide library member. 

Neighboring peptide fractions were combined based on peptide concentration to generate 10 pools 

with approximately equal peptide concentration. This resulted in pools containing about 300 

peptide sequences, based on the original library of 3,000 peptide sequences. 
 
 
3.4.5 In-vitro evaluation of PMO-peptides 
EGFP Assay:  
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HeLa 654 cells obtained from the University of North Carolina Tissue Culture Core facility were 

maintained in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) 

penicillin-streptomycin at 37 °C and 5% CO2. 18 h prior to treatment, the cells were plated at a 

density of 5,000 cells per well in a 96-well plate in DMEM supplemented with 10% FBS and 1% 

penicillin-streptomycin.  

For individual peptide testing, PMO-peptides were dissolved in PBS without Ca2+ or Mg2+ at a 

concentration of 1 mM (determined by UV absorbance of the PMO) before being diluted in 

DMEM. Cells were incubated at the designated concentrations in triplicate for 22 h at 37 °C and 

5% CO2. Next, the treatment media was removed, and the cells were washed once before being 

incubated with 0.25 % Trypsin-EDTA for 15 min at 37 °C and 5% CO2. Lifted cells were 

transferred to a V-bottom 96-well plate and washed once with PBS, before being resuspended in 

PBS containing 2% FBS and 2 µg/mL propidium iodide (PI). Flow cytometry analysis was carried 

out on a BD LSRII flow cytometer. Gates were applied to the data to ensure that cells that were 

positive for propidium iodide or had forward/side scatter readings that were sufficiently different 

from the main cell population were excluded. Each sample was capped at 5,000 gated events.   

Analysis was conducted using Graphpad Prism 7 and FlowJo. For each sample, the mean 

fluorescence intensity (MFI) and the number of gated cells was measured. To report activity, 

triplicate MFI values were averaged and normalized to the PMO alone condition.  

 

 

LDH assay: 

Cytotoxicity assays were performed in HeLa 654 cells or TH-1 renal cells. TH-1 cells were 

maintained in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) 

penicillin-streptomycin at 37 °C and 5% CO2H-1. Cells were plated at 5,000 cells/well in a 96-

well plate 18-hours prior to treatment, and treated with PMO-peptide compounds as described 

above. HeLa cell LDH assays were performed concurrently on the cells treated for Flow cytometry, 

so all plating and treatment protocols match those described above.  

17 hours after cell treatment, the Promega CytoTox lysis solution was added to 3 wells of each 

plate as a fully lysed control (100% LDH-release). 18 hours after treatment, cell supernatant was 

transferred to a new 96-well plate for analysis of LDH release. To each well of the 96-well plate 

containing supernatant was added CytoTox 96 Reagent (Promega). The plate was shielded from 
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light and incubated at room temperature for 30 min. Equal volume of Stop Solution was added to 

each well, mixed, and the absorbance of each well was measured at 490 nm. The measurement of 

vehicle-treated cells was subtracted from each measurement, and % LDH release was calculated 

as % cytotoxicity = 100 × Experimental LDH Release (OD490) / Maximum LDH Release 

(OD490). 
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3.6 Appendix I: Therapeutic windows of selected PMO-peptides 
For all therapeutic window studies, PMO-delivery was measured through the HeLa 654 EGFP assay, and 
toxicity was measured through LDH release at 18 hours in TH-1 renal cells.  
 
PMO-CXP1 
Peptide sequence: 5azido-Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys 

 
 
PMO-CXP2 
Peptide sequence: 5azido-Gly-Asn-Phe-Lys-Gln-Nap-His-Ala-Gly-Dab-Arg-Lys-Trp-Lys-Lys 

 
 
 
PMO-CXP3 
Peptide sequence: 5azido-Gly-Dab-Val-Ala-Arg-Asn-Asn-Dab-Thr-Lys-Gly-Lys-Trp-Lys-Lys 
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PMO-CXP4 
Peptide sequence: 5azido-Gly-Cit-Met-Phe-Gly-Pip-Dab-Dab-Lys-Ala-Pro-Lys-Trp-Lys-Lys 

 
 
 
PMO-CXP1-CXP1 
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Peptide sequence: 5azido-Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys- Gly-
Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys 

 
PMO-CXP3-CXP1 
Peptide sequence: 5azido-Gly-Dab-Val-Ala-Arg-Asn-Asn-Dab-Thr-Lys-Gly-Lys-Trp-Lys-Lys- 
Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys 
 

 
 
PMO-CXP4-CXP1 
Peptide sequence: 5azido-Gly-Cit-Met-Phe-Gly-Pip-Dab-Dab-Lys-Ala-Pro-Lys-Trp-Lys-Lys- 
Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys 
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PMO-SA-CXP1 
Peptide sequence: 5azido-Gly-Iph-Gly-Arg-Gly-Pip-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-
Lys-Trp-Lys-Lys 

 
 
 
PMO-SB-CXP1 
Peptide sequence: 5azido-Gly-Lys-Thr-Ser-Iph-Gly-Arg-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-
Pip-Lys-Trp-Lys-Lys 
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PMO-SC-CXP1 
Peptide sequence: 5azido-Gly-Lys-Gln-Lys-Thr-Ser-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-
Lys-Trp-Lys-Lys 

 
 
 
PMO-SD-CXP1 
Peptide sequence: 5azido-Gly-Lys-Trp-Lys-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-
Lys-Lys 
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PMO-CXD1A 
Peptide sequence: 5azido-Gly-Lys-Thr-Ser-Iph-Gly-Arg-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Lys-
Trp-Lys-Lys 
 

 
 
 
PMO-CXD1B 
Peptide sequence: 5azido-Gly-5azido-Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Lys-Trp-Lys-Gln-
Lys-Thr-Ser-Iph-Gly-Arg-Lys-Trp-Lys-Lys 
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3.7 Appendix II: Characterization of compounds 
 
PMO-DBCO 
Mass Expected: 6500.0 
Mass Observed: 6499.9 

 

 
 
PMO-CXP1 
Mass Expected: 8512.10 
Mass Observed: 8512.06 
Peptide sequence: 5azido-Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys 

 

 
 
 
PMO-CXP2 
Mass Expected: 8506.32 
Mass Observed: 8506.35 
Peptide sequence: 5azido-Gly-Asn-Phe-Lys-Gln-Nap-His-Ala-Gly-Dab-Arg-Lys-Trp-Lys-Lys 
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PMO-CXP3 
Mass Expected: 8311.09 
Mass Observed: 8311.25 
Peptide sequence: 5azido-Gly-Dab-Val-Ala-Arg-Asn-Asn-Dab-Thr-Lys-Gly-Lys-Trp-Lys-Lys 

 

 
 
 
PMO-CXP4 
Mass Expected: 8385.29 
Mass Observed: 8385.33 
Peptide sequence: 5azido-Gly-Cit-Met-Phe-Gly-Pip-Dab-Dab-Lys-Ala-Pro-Lys-Trp-Lys-Lys 
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PMO-CXP5 
Mass Expected: 8333.13 
Mass Observed: 8333.10 
Peptide sequence: 5azido-Gly-Dab-Pro-Arg-Dab-Leu-His-Ser-Dab-Ala-Thr-Lys-Trp-Lys-Lys 

 

 
 
 
PMO-CXP6 
Mass Expected: 8535.16 
Mass Observed: 8535.16 
Peptide sequence: 5azido-Gly-Pro-Pip-Gly-Dab-Lys-Dab-Ser-Val-Iph-Nap-Lys-Trp-Lys-Lys 
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PMO-CXP7 
Mass Expected: 8663.27 
Mass Observed: 8663.24 
Peptide sequence: 5azido-Gly-Val-Gln-His-Iph-Arg-Dab-Lys-Glu-Lys-Asn-Lys-Trp-Lys-Lys 

 

 
 
 
PMO-CXP8 
Mass Expected: 8425.17 
Mass Observed: 8425.31 
Peptide sequence: 5azido-Gly-Asn-Phe-Asn-Asn-Arg-Ser-Dab-Gly-His-Lys-Lys-Trp-Lys-Lys 

 

 
 
 
PMO-CXP9 
Mass Expected: 8500.23 
Mass Observed: 8500.38 
Peptide sequence: 5azido-Gly-Ala-Arg-Ser-Glu-Gln-His-His-Nap-Ser-Dab-Lys-Trp-Lys-Lys 
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PMO-CXP1-CXP1 
Mass Expected: 10382.07 
Mass Observed: 10382.09 
Peptide sequence: 5azido-Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys- Gly-
Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys 

 

 
 
 
PMO-CXP3-CXP1 
Mass Expected: 10181.05 
Mass Observed: 10181.02 
Peptide sequence: 5azido-Gly-Dab-Val-Ala-Arg-Asn-Asn-Dab-Thr-Lys-Gly-Lys-Trp-Lys-Lys- 
Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys 
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PMO-CXP4-CXP1 
Mass Expected: 10255.25 
Mass Observed: 10255.28 
Peptide sequence: 5azido-Gly-Cit-Met-Phe-Gly-Pip-Dab-Dab-Lys-Ala-Pro-Lys-Trp-Lys-Lys- 
Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-Lys-Lys 

 

 
 
 
PMO-SA-CXP1 
Mass Expected: 9181.63 
Mass Observed: 9181.66 
Peptide sequence: 5azido-Gly-Iph-Gly-Arg-Gly-Pip-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-
Lys-Trp-Lys-Lys 
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PMO-SB-CXP1 
Mass Expected: 9314.78 
Mass Observed: 9314.82 
Peptide sequence: 5azido-Gly-Lys-Thr-Ser-Iph-Gly-Arg-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-
Pip-Lys-Trp-Lys-Lys 

 

 
 
 
 
PMO-SC-CXP1 
Mass Expected: 9084.78 
Mass Observed: 9084.80 
Peptide sequence: 5azido-Gly-Lys-Gln-Lys-Thr-Ser-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-
Lys-Trp-Lys-Lys 
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PMO-SD-CXP1 
Mass Expected: 8954.67 
Mass Observed: 8954.69 
Peptide sequence: 5azido-Gly-Lys-Trp-Lys-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Gly-Pip-Lys-Trp-
Lys-Lys 

 

 
 
 
PMO-CXD1A 
Mass Expected: 9131.58 
Mass Observed: 9131.67 
Peptide sequence: 5azido-Gly-Lys-Thr-Ser-Iph-Gly-Arg-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Lys-
Trp-Lys-Lys 

 

 
 
 
PMO-CXD1B 
Mass Expected: 9702.26 
Mass Observed: 9702.12 
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Peptide sequence: 5azido-Gly-Lys-Gln-Lys-Thr-Ser-Iph-Gly-Arg-Lys-Trp-Lys-Gln-Lys-Thr-Ser-
Iph-Gly-Arg-Lys-Trp-Lys-Lys 
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Chapter 4. A Tumor-Homing Peptide Platform Enhances Drug Solubility, 
Improves Blood–Brain Barrier Permeability and Targets Glioblastoma 
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4.1 Introduction 
 

High-grade gliomas, including grade III and grade IV glioblastoma (GBM), remain among 

the most difficult cancers to treat. GBM is the most common and deadliest primary malignant brain 

tumor, with a 5-year survival rate of only 5%.1 Current stand-ard-of-care which consists of surgery 

followed by chemotherapy and/or radiotherapy is non-curative, with almost all patients having 

recurrence with more aggressive tumors.2 There is no standard-of-care for recurrent GBM. 

Malignant GBM cells invade into sur-rounding brain tissues, often escaping surgical resection and 

radiotherapy. Additionally, although a defining feature of GBM is abnormal angiogenesis leading 

to disorganized and leaky blood vessels, a significant subgroup of GBM cells are protected from 

chemotherapeutics by the blood–brain barrier (BBB).3,4 

 

Most experimental GBM drugs from clinical trials over the past few decades have not made 

a major impact in limiting disease progression, and patients continue to suffer significant morbidity 

and death. The majority of therapies often fail clinically due to poor drug solubility,5 lack of tumor 

selectivity leading to undesired side effects [6], poor permeability across the blood–brain barrier 

(BBB), as well as extensive intra- and inter-tumor heterogeneity. The development of precision 

medicines with improved solubility and bioavailability, BBB penetrance, and the ability to target 

cancerous GBM cells selectively with minimal effect on healthy tissues would be a valuable 

strategy towards enhancing therapeutic efficacy.  

 

While GBM is well-known for cellular and genetic heterogeneity,7 the tumor extracellular 

matrix (ECM) has less spatial variability, making it an attractive target for therapeutic intervention 

strategies compared to specific membrane receptors that are only expressed on select tumor cell 

populations.8 An ECM glycoprotein expressed exclu-sively in the central nervous system (CNS) 

called brevican (Bcan) is upregulated in GBM,9-11 and is linked to increased tumor invasion and 

aggressiveness.12 The degly-cosylated isoform, called dg-Bcan, is only found in human high-grade 

glioma tissue samples,10,13 making it an attractive GBM-specific marker for the development of 

novel therapeutic targeting strategies. Previously, we have screened a combinatorial D-amino acid 

peptide library to identify an octameric dg-Bcan-Targeting Peptide, called BTP-7, that is stable in 

serum, binds dg-Bcan specifically, crosses the BBB, and prefer-entially homes to intracranial 
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GBM xenografts in mice established using patient-derived GBM stem cells (GSC).13 Positron 

emission tomography (PET) imaging using [18F]-radiolabeled BTP-7 reveals higher tumor-to-

brain uptake ratio (sustained over several hours) in comparison to values reported from similar 

studies evaluating clinical radiotracers such as [18F]FDG and [18F]FET.13 These studies highlight 

BTP-7 as a promising tumor-specific agent for delivery of functional cargoes to GBM, warranting 

further investigation and development.  

 

In this manuscript, we explore the potential of BTP-7 for the development of a targeting 

platform for GBM treatment. Camptothecin (CPT) is a potent topoisomerase I inhibitor that has 

shown promising results in preclinical models but failed to translate well in the clinic, mostly due 

to its insoluble nature.14,15 Here, we show that chemical functionalization of CPT with BTP-7 (a 

positively charged peptide under physiological conditions) yields a peptide–drug conjugate (BTP-

7-CPT) that is water-soluble and has BBB-penetrating properties. We demonstrate that BTP-7-

CPT exhibits potency against patient-derived GBM stem cells in vitro, increases drug delivery to 

tumors in an intra-cranial patient-derived xenograft (PDX) mouse model of GBM resulting in 

enhanced tumor toxicity compared to healthy brain tissues, and ultimately prolongs survival in 

animals. 
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4.2 Results 
 
4.2.1 Conjugation of CPT with BTP-7 enhances drug solubility 

 

BTP-7 has a high isoelectric point of 10 and is soluble in aqueous solution.13 Previously, 

we have observed that conjugation of Cy5.5, a hydrophobic fluorescent dye to BTP-7, enhances 

its water solubility.13 As a proof-of-concept that BTP-7 functionalization improves the solubility 

of hydrophobic drugs, we examine here the physiochemical effect of conjugating BTP-7 to CPT, 

an insoluble chemotherapeutic.14,15 

 

BTP-7 containing an aminohexanoic acid linker (X) and a cysteine at the C-terminus was 

attached to a thiol on CPT via a previously reported disulfide linker17 (workflow illustrated in Fig. 

4.1a). A detailed description of the synthetic route is provided as Supplementary Information. 

Within the reducing environment of the cellular cytosol, the disulfide linker is reduced to release 

the active CPT drug metabolite that is toxic to cells (Fig. 4.1b).21 Using the same synthetic route, 

a scrambled version of the peptide was conjugated to CPT (Scr-7-CPT) as a control conjugate to 

assess for specific binding of the BTP-7 conjugate. 
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Figure 4.1 Synthesis and cleavage of the BTP7-CPT drug construct.  
(a) Chemical synthesis workflow showing the conjugation of BTP-7 to camptothecin (CPT) and (b) 
cleavage mechanism to release active CPT drug upon cell internalization 
 

To test the solubility of each compound in aqueous solution, a 10 mM stock of each 

compound in pure DMSO was diluted in saline solution (0.9% sodium chloride in water) to a final 

concentration of either 100 µM or 1.3 mM. The samples were incubated at room temperature for 

5 min and centrifuged to remove any precipitate. The supernatant was analyzed by liquid 

chromatography–mass spectrometry (LC-MS). To quantify solubility, the extracted ion count from 

samples diluted in saline was normalized to samples diluted in pure DMSO. 
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As expected, the native unmodified CPT drug displayed low solubility, with 30% of soluble 

compound present in saline at 100 µM relative to in pure DMSO (Fig. 4.2a). CPT was practically 

undetectable in saline solution at a higher concentration of 1.3 mM (Fig. 4.2b). Conjugation of 

CPT to BTP-7 resulted in an increase in drug solubility at both concentrations (Fig. 4.2). Indeed, 

we demonstrated that BTP-7-CPT was more soluble than irinotecan (CPT-11) (Fig. 4.2a), a known 

water-soluble derivative of CPT that has been approved by the FDA for the treatment of advanced 

colorectal and pancreatic cancer.22 The scramble Scr-7-CPT conjugate was also soluble in aqueous 

solution, similar to that of BTP-7-CPT (Fig. 4.2). This result indicates that the enhanced solubility 

is attributed to the intrinsic amino acid composition of the peptide, and not its specific sequence. 

 
Figure 4.2 BTP-7 conjugation enhances drug solubility.  
(a) BTP-7 (and Scr-7) conjugation to CPT enhances drug solubility at 0.1 mM (low conc.) and (b) 1.3 mM 
(high conc.). CPT, CPT-11, BTP-7-CPT, and Scr-7-CPT stocks (in DMSO) were diluted in either DMSO 
or saline. Samples were centrifuged to pellet insoluble compound, and the resulting supernatant was 
analyzed by LC-MS. Solubility is measured by comparing the extracted ion chromatogram of the sample 
di-luted in saline vs. in DMSO. Statistical significance was determined using a two-way ANOVA and 
Tukey’s multiple comparisons test (** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not statisti-cally 
significant). 
 
4.2.2 BTP-7-CPT binds dg-Bcan Protein 

 

Next, we investigated BTP-7-CPT drug specificity and potency. Binding kinetics analyses 

using the Octet RED platform showed that BTP-7-CPT bound to purified re-combinant dg-Bcan 

protein (dissociation constant, KD = 6.1 μM) (Fig. 3.3b). This result is consistent with our previous 

observations which showed that BTP-7 was able to retain binding to dg-Bcan protein after being 

chemically linked to other molecules (i.e., a fluorophore, or radioisotope).13 As expected, 

unmodified CPT did not exhibit any af-finity to recombinant dg-Bcan (Fig. 3.3b). Altogether, these 
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findings further highlight BTP-7 as a promising agent for therapeutic functionalization to enable 

dg-Bcan targeting. 

 

 
Figure 4.3 Brevican binding and cytotoxicity of BTP-7-CPT.  
(a) Western blot showing expression of dg-Bcan in patient-derived GBM-X6 cells, as well as in Bcan-
overexpressing HEK cells (HEK-Bcan). (b) Steady-state binding kinetics analysis of BTP-7-CPT (red) and 
unmodified CPT (blue) to recombinant dg-Bcan protein using the Octet (ForteBio) platform. KD 
(dissociation constant) and Rmax (maximal response in response unit) were calculated using a non-linear 
regression (one site specific binding) fit in the Graphpad Prism software. (c) Luminescent cell viability 
(CellTiter-Glo) of GBM-X6 cells treated with BTP-7-CPT (nwells = 3) for 72 h. (d) Luminescent cell 
viability (CellTiter-Glo) of GS401 recurrent GBM cells treated with BTP-7-CPT (nwells = 3) for 72 h. All 
IC50 values were measured through the non-linear ‘log(inhibitor) vs. response—variable slope (four 
parameters)’ fit. Western blot (right) shows higher expression of dg-Bcan in GS401 cells than in GBM-X6. 
(e) CellTiter-Glo assay of GBM-X6 cells treated with BTP-7-CPT at 1, 4, or 20 μm (nwells = 3) over 5 
days. (f) CellTiter-Glo assay of HEK293 (red) or Bcan-overexpressing HEK (HEK-Bcan) cells (blue) 
treated with BTP-7-CPT at 0.015, or 41 μm (nwells = 3) over 3 days. (g,h) CellTiter-Glo assay of HEK-
Bcan cells (blue) and control HEK293 cells (red) in the presence of (g) BTP-7-CPT or (h) Scr-7-CPT after 
72 h. Statistical significance was determined using a two-way ANOVA, Sidak’s multiple comparisons test 
(* p < 0.05, *** p < 0.001, **** p < 0.0001). 
 
4.2.3 Cytotoxicity of BTP-7-CPT  
 

To evaluate BTP-7-CPT cytotoxicity in vitro, we used a well-characterized pa-tient-derived 

xenoline (GBM-X6 cells)23,24 and a recurrent GSC model (GS401 cells).13 Both GBM-X6 and 

GS401 cells express endogenous dg-Bcan (Fig. 4.3a,d). Using the CellTiter-Glo luminescent cell 

viability assay, we showed that BTP-7-CPT was toxic to GBM-X6 cells with potency comparable 

with unmodified CPT (IC50 = 23 μM) (Fig 4.3c). The recurrent GS401 cells, which have higher 
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dg-Bcan expression, were more sensitive to BTP-7-CPT cytotoxicity (IC50 = 0.023 μM) compared 

to GBM-X6 cells (Fig. 4.3c,d). These suggest that chemically linking CPT to BTP-7 did not alter 

the drug’s potency, and that increased drug sensitivity is correlated with higher dg-Bcan 

expression, likely due to greater cellular uptake as previously demonstrated.13 We further 

demonstrated that BTP-7-CPT was toxic to GBM-X6 cells in a dose- and time-dependent manner 

(Fig. 4.3e). To investigate BTP-7-CPT specificity, we measured drug response in human 

embryonic kidney (HEK293) cells that do not express endogenous brevican, as well as in 

engineered HEK293 cells with stable brevican overexpression (HEK-Bcan) using the same 

CellTiter-Glo assay. We found that both cell types responded to BTP-7-CPT in a dose- and time-

dependent manner, although HEK-Bcan cells displayed higher sensitivity to BTP-7-CPT treatment 

compared to HEK293 cells (IC50, HEK = 0.43 μM vs. IC50, HEK-Bcan = 0.03 μM) (Fig. 4.3f,g). 

No significant difference was observed with the scramble drug con-jugate Scr-7-CPT (Fig. 4.3h). 

These data further support the correlation of dg-Bcan ex-pression in cells and drug sensitivity. 

 
4.2.4 Analysis of BBB permeability 

 

We previously showed that BTP-7 conjugated to a fluorescent dye (Cy5.5) was able to 

cross the BBB in vitro using human BBB organoids and in vivo in mice.13 To examine the potential 

of BTP-7 for enhancing CPT delivery across the BBB, we employed the in vitro human BBB 

organoid model.19,20 CPT and its derivatives share a heterocyclic functional group that can be 

excited at 360 nm with fluorescence emission in the 440–700 nm range.25 Using confocal 

fluorescence microscopy, we measured the level of influx of each drug conjugate into the BBB 

organoids. BTP-7-CPT displayed the highest influx into the organoids, comparable to that of CPT-

11 which is known to cross the BBB (Fig. 4.4a,b).26 Consistent with previous findings,13 the influx 

of the scramble Scr-7-CPT conjugate into the organoids was lower than that of BTP-7-CPT, but 

higher than unmodified CPT (Fig. 4.4a,b). These data suggest that the enhanced BBB permeability 

observed is likely attributable to the intrinsic amino acid composition and/or structural properties 

of the peptide, although further studies to examine their specific mechanism of penetration are 

warranted. Finally, we demonstrated that the BBB organoids were able to restrict the entry of 

dextran (4.4 kDa) in the presence of these cytotoxic compounds (at 10 μM), in-dicating that the 

integrity of the organoids’ surface barrier remained intact for the du-ration of the experiment (Fig. 

4.4c). 
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Figure 4.4 Conjugation of BTP-7 to CPT enhances permeability in human BBB organoids.  
(a) Fluorescence images showing the level of influx (penetration across the organoid surface) of BTP-7-
CPT, Scr-7-CPT, CPT (camptothecin), and CPT-11 (irinotecan) (at 10 μM) in BBB organoids. Line profile 
(depicted by magenta line) showing the fluorescence (drug) level through the organoid. (b) Bar graph 
quantifying the mean fluorescence intensity of each drug conjugate, showing BTP-7-CPT had higher level 
of organoid influx compared to CPT and Scr-7-CPT (n = 8 organoids, t = 3 h). (c) Co-incubation of BBB 
organoids with each drug conjugate (from (b)) and 4.4 kDa TRITC-dextran (at 10 μg/mL) did not affect the 
level of dextran influx (all data were not significantly different compared to the vehicle control), indicating 
that the presence of the drug conjugate did not alter the organoid’s surface integrity (n = 6–8 organoids, t = 
3 h). Statistical significance was determined using a one-way ANOVA and Tukey’s multiple comparisons 
test (* p < 0.05, ** p < 0.01, **** p < 0.0001). 
 
 
4.2.5 Stability of peptide–drug conjugate in serum 

 

Prior to animal testing, we performed ex vivo serum stability assays to measure the stability 

of BTP-7-CPT, Scr-7-CPT, and CPT in mouse serum. We have previously demonstrated that the 

native BTP-7 peptide (composed entirely of D-amino acids) linked to an aminohexanoic acid 

linker at the C-terminus (BTP-7-X) and the scrambled variant, Scr-7-X, were stable in mouse 
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serum.13 We observed that the concentration of both BTP-7-CPT and Scr-7-CPT compound 

declined over the same time frame in 25% mouse serum compared to in PBS, with the scramble 

Scr-7-CPT drug conjugate showing a slightly longer half-life (half-lifemouse = 2.7 h) compared to 

BTP-7-CPT (half-lifemouse = 1.7 h) (Fig. 3.5a,b). We postulated that the source of BTP-7-CPT 

degradation in serum originated from the di-sulfide linkage connecting BTP-7 to CPT, which was 

primarily designed to be cleaved in the reducing environment of the cell to release the toxic CPT 

drug into the tumor. Indeed, we showed that while BTP-7-X was stable in 25% human serum, with 

approximately 40% of the peptide still intact after 24 h of incubation (half-lifehuman = 4.4 h) (Fig. 

4.5c,d),13 the addition of a cysteine (Cys) residue to the C-terminus of BTP-7-X (BTP-7-X-Cys) 

resulted in a rapid decline of detectable compound (half-lifehuman = 0.16 h) (Fig. 4.5c,d), likely due 

to the ability of Cys to form disulfides with serum proteins, which would result in the loss of BTP-

7-X-Cys in the supernatant after the purification step to remove serum proteins. Similarly, we 

observed a relatively rapid decrease in BTP-7-CPT and Scr-7-CPT level in human serum (half-

lifehuman = 0.25 and 0.45 h, respectively) compared to BTP-7-X (Fig. 4.5c,d), suggesting 

compound instability that could be attributed to the likelihood of di-sulfide exchange occurring 

between the drug conjugates and serum protein. 
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Figure 4.5 Stability of peptide–drug conjugates in serum.  
(a,b) LC-MS analysis showing the level of (a) BTP-7-CPT and (b) Scr-7-CPT detected (extracted ion count) 
in PBS and in 25% human serum over 12 h (n = 3). (c) Schematics of BTP-7 conjugated to an 
aminohexanoic acid linker (X) at the C-terminus (BTP-7-X), BTP-7-X functionalized with a cysteine (Cys) 
residue at the C-terminus (BTP-7-X-Cys), and BTP-7-CPT drug conjugate. (d) Stability of compounds from 
(c) in 25% human serum. All datasets were normalized to the EIC at t = 0 (n = 2). 
 

 

4.2.6 Delivery of CPT to intracranial GBM tumor using BTP-7 
 

To investigate the efficacy of BTP-7-CPT in an orthotopic GBM mouse model, a patient-

derived GBM-X6 tumor xenograft was established in the right hemisphere of the frontal lobe of 

each mouse. Tumor formation was confirmed by MRI at day 24 post xenotransplantation (Fig. 

4.6a). At day 25, mice were randomized into three treatment groups to receive either vehicle 

(control), Scr-7-CPT, or BTP-7-CPT therapy (intraperitoneal (i.p.) 10 mg/kg, every 2 days). At day 

47, we observed a decrease in tumor size in mice treated with BTP-7-CPT or Scr-7-CPT in 

comparison to vehicle (Fig. 4.6a). Ex vivo analysis of brain cryo-sections showed that tumor 

tissues in both treatment groups displayed a higher level of phospho-H2AX (p-H2AX), indicating 
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greater DNA damage in the treatment groups compared to the control (Fig. 4.6b–d). As expected, 

tumor tissues from the BTP-7-CPT group had a higher level of p-H2AX than the Scr-7-CPT group, 

underscoring the ability of BTP-7 to improve drug targeting to GBM (Fig. 4.6b–d). Importantly, 

both the treated groups showed negligible DNA damage in non-cancerous brain tissues from the 

left hemisphere of the brain (Fig. 4.6b–d).  

 

Next, we evaluated their therapeutic efficacy using either a late-stage (day 25–49) or early-

stage/long-duration (day 18–68) therapy intervention (i.p. 10 mg/kg, every 2 days). In both therapy 

regimens, treatment with BTP-7-CPT or Scr-7-CPT extended survival compared to the control 

animals that received only vehicle (Fig. 4.6e,f). Mice treated with BTP-7-CPT showed survival 

benefit over mice treated with Scr-7-CPT (late-stage (73 vs. 67 days, p < 0.01); early-stage/long-

duration (88 vs. 82 days, p < 0.05)) (Fig. 4.6e,f). We further verified the safety of BTP-7-CPT by 

administering healthy nude mice with higher drug doses (25, 50, or 100 mg/kg). All animals 

showed no signs of morbidity and maintained their weight over 14 days, demonstrating that BTP-

7-CPT is safe in mice even at higher therapeutic doses. Altogether, these results highlight that 

BTP-7-CPT is well-tolerated, preferentially targets patient-derived GBM xenograft in vivo without 

harming healthy brain tissues, and prolongs survival in mice. 
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Figure 4.6 BTP-7 enhances drug delivery to GBM and prolongs survival in orthotopic PDX 
mouse model of GBM.  
(a) Representative MRI scans (coronal view) of mouse brain showing GBM-X6 (delineated with blue lines) 
after orthotopic xenotransplantation of patient-derived GBM-X6 cells in the right frontal lobe of the mouse 
brain at day 24 (before treatment) and day 47 (after treatment). Both the BTP-7-CPT and Scr-7-CPT groups 
showed reduced tumor burden compared to the control vehicle group. (b,c,d) Ex vivo analysis of brain cryo-
sections from mice bearing GBM-X6 tumors after treatment. (b) Immunofluorescence staining for phospho-
H2AX in tumor and non-tumor areas of mice brains harvested at day 49 after 13 treatments (nuclei 
counterstained with Hoechst dye (blue)). Scale bar: 100 microns. (c) Quantification of phospho-H2AX 
signal within the tumor areas shown in (b) (n = 3, one-way ANOVA and Tukey’s multiple comparisons 
test). (d) Quantification of the number of nuclei positive for phospho-H2AX signal in the tumor and non-
tumor tissues of (b) (n = 3, two-way ANOVA and Sidak’s multiple comparison test (**** p < 0.0001, ** p 
< 0.01). (e,f) Kaplan–Meier survival plot of mice bearing GBM-X6 tumors that received (e) late-stage 
treatment (i.p.; 10 mg/kg dose starting at Day 25 to 49 post tumor implantation) or (f) early-stage and longer 
treatment duration (i.p.; 10 mg/kg dose starting from day 18 to day 68 post tumor implantation) with BTP-
7-CPT (blue), Scr-7-CPT (red), or vehicle (gray). Treatment was performed every 2 days. In both studies, 
a significant difference (late-stage p < 0.0092; early-stage p < 0.022) is observed between the BTP-7-CPT 
and Scr-7-CPT treatment group, as well as between the drug conjugate and vehicle group (p < 0.0001) as 
determined by the Log-rank (Mantel–Cox) test. (g) Graph showing the weights of the mice treated with 
BTP-7-CPT at 25, 50, and 100 mg/kg, indicating no decline in weight over more than 2 weeks. 
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4.3 Discussion 
 

Despite significant progress in understanding the molecular biology underlying GBM, few 

advances have been achieved over the past two decades in the development of efficacious therapies 

for treating this morbid disease.27 The poor prognosis and severe treatment side effects associated 

with GBM continue to drive efforts towards the development of new therapies. The precision 

medicine field has grown rapidly in recent years. However, clinical efficacy against GBM has been 

disappointing, mostly attributed to the significant inter- and intra-tumor genomic heterogeneity of 

GBM cells, limited delivery across the BBB, and the rapid development of resistant GBM 

phenotypes.28,29 While many relevant genomic variants continue to be attractive targets, none of 

them have been strongly linked with clear prognostic and predictive value.6  

 

Our efforts are focused on developing a peptide platform targeting the deglycosylated 

isoform of Bcan (dg-Bcan) that is found exclusively in the ECM of all high-grade glioma 

(including GBM) tissues analyzed to date. This isoform is also distributed throughout the 

tumor.10,13 The specificity, ubiquity, and accessibility of dg-Bcan in the GBM tumor 

microenvironment make it a very promising marker for the development of new targeted therapies. 

The biological roles of dg-Bcan remain to be fully investigated. Several studies have been reported 

on the major glycosylated isoform of the full-length Bcan protein that is expressed in normal CNS 

and is associated with synaptic stabilization and plasticity.30 Bcan is upregulated and secreted by 

malignant gliomas, and is implicated in tumor invasion, progression, and poorer prognosis.31-34 It 

has multiple isoforms produced by glycosylation, cleavage, and alternative splicing. However, 

only the dg-Bcan isoform is uniquely expressed in human high-grade gliomas and absent in non-

cancerous adult brain tissues.35  

 

The mechanism of action of each Bcan isoform is poorly understood, although cleavage of 

the full-length Bcan is known to be necessary to promote glioma progression.36 At the molecular 

level, Bcan and its cleaved products are secreted by the tumor cells, and activate EGFR/mitogen-

activated protein kinase (MAPK) signaling and fibronectin production in glioma cells to enhance 

cell adhesion, migration, and invasive characteristics.37 It is possible that the lack of glycosylation 

in dg-Bcan may regulate cleavage and signaling mechanisms, although these have not yet been 
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fully elucidated. It is also not clear why dg-Bcan is retained on the cell surface without being 

released as a soluble protein.10,13 However, this unique spatial expression provides an excellent 

and accessible target that is specific to GBM cells. Bcan is found to accumulate at the tumor 

invasion front.38 It has been reported that while normal brain tissues exhibit radiation-induced 

downregulation of Bcan, GBM cells retain or upregulate Bcan expression after irradiation.39,40 In 

another study, GBM tissues obtained from patients after receiving standard-of-care (maximal safe 

resection followed by radiotherapy/concomitant and maintenance temozolomide chemotherapy) 

and bevacizumab monotherapy upon tumor recurrence, exhibit high Bcan expression with no 

significant difference between the ‘poor’ or ‘better’ prognostic group.41 Indeed, we have previously 

observed a high level of dg-Bcan in both the primary and corresponding recurrent patient-derived 

GSC cultures,13 further highlighting this protein as an important marker for targeting strategies 

against both the primary GBM tumor and the disease recurrence. The expression of Bcan following 

other forms of therapy (i.e., immunotherapy or oncolytic viral therapy) and its role in therapeutic 

resistance and GBM recurrence warrant further investigations. 

 

Peptides are attractive tools for rationally designed targeting agents as they are small, cost-

effective, scalable, and can be easily modified to select for desirable properties. With respect to 

GBM, this would include enhanced tumor specificity and BBB penetration.42-43 They have 

significant potential for delivering therapeutics or diagnostics, while exhibiting faster diffusion 

and clearance rates.44 BTP-7 is a small hydrophilic BBB-permeable peptide, and is made up 

entirely of d-amino acid residues which confer resistance to proteolytic degradation, altogether 

ensuing high peptide bioavailability in vivo. Clinical trials with CPT were discontinued in the 

1970s due to its poor water solubility, high toxicity, and low response rate, leading to the 

development of CPT analogues with higher aqueous solubility (i.e., CPT-11) in the 1980s that were 

eventually approved by the FDA.45 We found that BTP-7-CPT conjugate was even more soluble 

than CPT-11 (Fig. 4.2a). Collectively, our data show that BTP-7 binds dg-Bcan specifically, is 

internalized by GBM cells, is able to penetrate the BBB, and enhances therapeutic targeting to 

GBM tumors leading to prolonged survival in a PDX mouse model of GBM.13 

 

In our efficacy studies in mice, we chose a treatment dose of 10 mg/kg, which is well below 

the highest dose tested (100 mg/kg) in our acute toxicity study, to ensure minimal risk of toxicity 
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over continuous administrations. Overall, BTP-7-CPT treatment appears safe and well-tolerated in 

mice. Both BTP-7-CPT and its scramble counterpart Scr-7-CPT showed efficacy in our PDX GBM 

model compared to the control mice that received the vehicle, although BTP-7 enabled a higher 

level of drug targeting to the tumor compared to Scr-7, leading to increased tumor toxicity relative 

to healthy brain tissues. The Scr-7 peptide was initially devised to investigate the amino acid 

sequence specificity of BTP-7. However, we found that Scr-7-CPT also reached the tumor, which 

is not surprising given the enhanced permeability and retention (EPR) effect of GBM, the ability 

of Scr-7-CPT to cross the BBB (albeit less permeable than BTP-7) (Fig. 4.4),13 as well as higher 

Scr-7-CPT stability in mouse serum compared to BTP-7-CPT (Fig. 4.5a,b). Nevertheless, the 

enhanced GBM-targeting properties of BTP-7-CPT compared to Scr-7-CPT offered some survival 

benefit in vivo.  

 

While native BTP-7 appears stable over 12 h in human serum,13 the BTP-7-CPT conjugate 

is completely degraded within 1 h (Fig. 4.5d), suggesting a high likelihood of premature 

degradation of the disulfide linker in the bloodstream prior to reaching the tumor, despite this 

strategy having been successfully utilized for antibody–drug conjugates (ADC) in other studies.46 

Even though our previous pharmacokinetics analysis of [18F]BTP-7 radiotracer using PET 

imaging indicated that BTP-7 was almost immediately taken up by the GBM tumor post 

intravenous administration, future studies will aim to improve the linker stability in human serum 

as we continue to develop potential BTP-7-derived therapeutics for GBM therapy. Enzyme-labile 

peptide linkers cleaved through lysosomal hydrolysis upon cell internalization represent one 

potential option. Specifically, the valine–citrulline linker is cleaved by the lysosomal protease 

Cathepsin B that is upregulated in GBM.47 This linker has been shown to have high serum stability 

and is used in several ADCs that are currently either in clinical trials or have been approved by the 

FDA.46 Alternatively, ester linkers that are cleavable by esterases inside cells could be investigated, 

as they are considered stable cleavable linkers and have been employed for targeted delivery of 

CPT derivatives that are currently on the market.48 We will also continue optimizing future 

therapeutic candidates based on the BTP-7 peptide platform for improved binding affinity to dg-

Bcan, BBB permeability, and potency.  
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We have described the design of the first BTP-7 therapeutic conjugate and shown that BTP-

7 could provide a robust platform for targeting various anti-cancer therapeutics to GBM. In 

addition to potent small molecules, other payloads that may be delivered with our platform include 

drug-loaded nanoparticles, radionuclides for targeted radiotherapy, or even potent lead candidate 

drugs that may have previously failed in clinical trials due to poor solubility. Taken together, BTP-

7 is a new modality that opens the door to possibilities for targeted therapeutic approaches for 

GBM. 
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4.4 Experimental Section 
4.4.1 Reagents and solvents 

For peptide synthesis, Nα-Fmoc protected D-amino acids (a.a., Fmoc-D-Ala-OH, Fmoc-D-

Arg(Pbf)-OH; Fmoc-D-Asn(Trt)-OH; Fmoc-D-Asp-(Ot-Bu)-OH; Fmoc-D-Cys(Trt)-OH; Fmoc-D-

Gln(Trt)-OH; Fmoc-D-Glu(Ot-Bu)-OH; Fmoc-D-His(Boc)-OH; Fmoc-D-Ile-OH; Fmoc-D-Leu-

OH; Fmoc-D-Lys(Boc)-OH; Fmoc-D-Lys(alloc)-OH, Fmoc-D-Met-OH; Fmoc-D-Phe-OH; Fmoc-

D-Pro-OH; Fmoc-D-Ser(t-But)-OH; Fmoc-D-Thr(t-Bu)-OH; Fmoc-D-Trp(Boc)-OH; Fmoc-D-

Tyr(t-Bu)-OH; Fmoc-D-Val-OH) and Fmox-L-Lys(biotin)-OH were purchased through Advanced 

ChemTech (Louisville, KY). Chem-Impex (Wood Dale, IL) and Peptides International (Louisville, 

KY). Nα-Fmoc protected L-amino acids (Fmoc-L-Ala-OH, Fmoc-L-Arg(Pbf)-OH; Fmoc-L-

Asn(Trt)-OH; Fmoc-L-Asp-(Ot-Bu)-OH; Fmoc-L-Cys(Trt)-OH; Fmoc-L-Gln(Trt)-OH; Fmoc-L-

Glu(Ot-Bu)-OH; Fmoc-Gly-OH, Fmoc-L-Ile-OH; Fmoc-L-Leu-OH; Fmoc-L-Lys(Boc)-OH; 

Fmoc-L-Met-OH; Fmoc-L-Phe-OH; Fmoc-L-Pro-OH; Fmoc-L-Ser(t-But)-OH; Fmoc-L-Thr(t-Bu)-

OH; Fmoc-L-Trp(Boc)-OH; Fmoc-L-Tyr(t-Bu)-OH; Fmoc-L-Val-OH;) were purchased from the 

Novabiochem-line through Millipore Sigma (Darmstadt, Germany). Fmoc-L-His(Boc)-OH was 

bought from CEM. Succinimidyl 4,4'-azipentanoate (NHS-Diazirine) was purchased from Thermo 

Fisher Scientific (Waltham, MA) (#26167). Amino acids in peptide sequences are abbreviated with 

one letter code; capitalized letters refer to L-amino acids, lowercase letters refer to D-amino acids. 

6-aminohexanoic acid, Irinotecan (CPT-11), and (S)-(+)-Camptothecin were purchased from 

ChemImpex (Wood Dale, IL).  

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-sur-

Richelieu, Quebec, Canada). 4-pentynoic acid, Fmoc-L-propargylglycine, 2-(1H-benzotriazol-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), and 2-(7-aza-1H-benzotriazole-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) were purchased from Chem Impex 

(Wood Dale, IL) and P3 Biosystems (Louisville, KY). (7-Azabenzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP) was purchased from P3 

Biosystems (Louisville, KY). AldraAmine trapping agents (for 1000–4000 mL DMF), N-methyl 

pyrrolidinone (NMP), triisopropylsilane (TIPS), t-butylmethyl ether (TBME),  

Diisopropylethylamine (DIEA; 99.5%, biotech grade), piperidine ( ACS reagent, ≥99.0%), 

trifluoroacetic acid (HPLC grade, ≥99.0%), triisopropylsilane (≥98.0%), formic acid (FA, 

≥95.0%), dimethyl sulfoxide (DMSO, HPLC grade, ≥99.7%) were purchased from Sigma-Aldrich. 
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N,N-Dimethylformamide (DMF), dichloromethane (DCM), and HPLC-grade acetonitrile were 

from EMD Millipore (Billerica, MA). All solvents used for HPLC-MS were purchased from EMD 

and Fluka (Darmstadt, Germany). Cy5.5-azide was obtained from Lumiprobe (Hallandale Beach, 

FL). All other chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO). Water 

was deionized using a Milli-Q Reference water purification system (EMD Millipore, Billerica, 

MA). Nylon 0.22 µm syringe filters were TISCH brand SPEC17984.  

The following molecular biology supplies and reagents were used in our experimental 

studies: Recombinant human brevican (R&D Systems Minneapolis, MN; Cat. # 4009-BC-050), 

Streptavidin-coated pink-fluorescent magnetic particles (2.0–2.9 µm, Spherotech, Lake Forest, IL; 

Cat. # FSVM-2058-2), O-glycosidase (Roche; 11347101001), Neuraminidase (Sialidase) (Sigma-

Aldrich, St. Louis, MO); Cat. # 10269611001), PNGase F (New England Biolabs, Ipswich, MA; 

Cat. # P0704S), Octet Ni-NTA Biosensors (Forte Bio, Fremont, CA; Cat. # 18-5101), CellTiter-

Glo 3D cell viability assay (Promega, Madison, WI; Cat. # G983); Heparin Solution (STEMCELL 

Technologies; Cat. # 07980); Phospho-H2AX (Cell Signaling Technology; Cat. # 9718), Hoechst 

dye (Life Technologies; Cat. # H3570), Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG 

(GE Healthcare; Cat. # NA934V), SuperSignal West Femto Maximum Sensitivity 

chemiluminescent substrate (Thermo Fisher Scientific; Cat. # 34096), clear-bottom black-well 96-

well plates (Greiner BIO-ONE; Cat. # 655090). 

 

4.4.2 Cell lines and culture conditions  
GBM stem cells (GSC) GBM-X6 were cultured as neurospheres in Neurobasal medium 

(Invitrogen, Carlsbad, CA) supplemented with 2% B27 (Invitrogen), 1% glutamine (Invitrogen), 

epidermal growth factor (EGF) (20 ng/ml; PeproTech, Rocky Hill, NJ), and fibroblast growth 

factor-2 (FGF) (20 ng/ml; PeproTech, Rocky Hill, NJ). The GBM-X6 cells used in our studies had 

been passaged once in a mouse brain, where the cells were implanted intracranially and allowed 

to form a solid tumor over 30 days. Then, the GBM-X6 tumor was excised, dissociated in a tissue 

culture flask and cultured in Neurobasal medium as above. Human embryonic kidney (HEK) cells 

was cultured in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% FBS. Cells were 

grown in T25 or T75 vented-cap tissue culture flasks (Sarstedt AG and Co). HEK-Bcan cells were 

generated by cloning hBCAN cDNA into the pcDNA3.1 vector and stably transfected in HEK293 

cells. Primary human astrocytes were purchased from Lonza Bioscience, Basel, Switzerland and 
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cultured in Astrocyte Growth Medium (AGM; Lonza Bioscience, Basel, Switzerland) (consisting 

of astrocyte basal medium supplemented with hEGF (human epidermal growth factor), insulin, 

ascorbic acid, GA-1000 (Gentamicin, Amphotericin-B), L-glutamine and 1% fetal bovine serum 

(FBS)). Astrocytes were grown in T75 Cell+ vented-cap tissue culture flasks (Sarstedt AG and Co, 

Nümbrecht Germany). Human brain microvascular pericytes (HBVP) (ScienCell Research 

Laboratories, Carlsbad, CA) were cultured in Pericyte Medium (ScienCell Research Laboratories, 

Carlsbad, CA) containing 2% FBS, pericyte growth supplement and penicillin-streptomycin. 

Immortalized human cerebral microvascular endothelial cells (hCMEC/D3) (Cedarlane 

Laboratories, Burlington, Canada) were maintained in culture in Endothelial Growth Medium 

(EGM-2) containing hEGF, hydrocortisone, GA-1000, FBS, VEGF, hFGF-B, R3-IGF-1, ascorbic 

acid and heparin (Lonza Bioscience, Basel, Switzerland). For BBB organoid formation in low-

attachment co-culture condition and functional assays, the organoids were maintained in EGM-2 

(Lonza Bioscience, Basel, Switzerland) supplemented with 2% human serum (Valley Biomedical, 

Winchester, VA; Cat. # HS1021) and with the elimination of VEGF supplementation (this media 

formulation will henceforth be known as ‘BBB working media’). All cells were cultured in a 

humidified incubator at 37 oC with 5% CO2, and 95% natural air. For cell dissociation, StemPro 

Accutase Cell Dissociation Reagent (Thermo Fisher Scientific, Waltham, MA; Cat. # A1110501) 

was used on GSC cultured as neurospheres, and Trypsin-EDTA (0.05% v/v, with phenol red) 

(Thermo Fisher Scientific, Waltham, MA; Cat. # 25300054) was used for detaching adherent cells. 

All cell lines were regularly tested for mycoplasma contamination. 

 
4.4.3 Liquid chromatography–mass spectrometry (LC-MS) 

For mass spectrometry analysis, the filtered peptide solution (10 μL of a 1mg/mL solution) 

was diluted in 50% acetonitrile in water with 0.1% TFA (90 μL) to a final concentration of 

approximately 0.1 mg/mL. LCMS chromatograms and associated high resolution mass spectra 

were acquired using an Agilent 6520 Accurate-Mass Q-TOF LCMS (abbreviated as 6520) or an 

Agilent 6550 iFunnel Q-TOF LCMS system (abbreviated as 6550). Solvent compositions used in 

the LCMS are water with 0.1% formic acid additive (solvent A) and acetonitrile with 0.1% formic 

acid additive (solvent B).  
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4.4.4 Mass-directed reversed-phase high performance liquid chromatography (RP-HPLC) 
For RP-HPLC purification, the crude lyophilized peptides were dissolved in water with 

0.1% TFA additive containing a minimal amount of acetonitrile for solubility (e.g. 5% acetonitrile). 

All samples were filtrated through a Nylon 0.22 µm syringe filter prior to purification. For all 

HPLC purifications, a gradient of acetonitrile with 0.1 % TFA additive (solvent B) and water with 

a 0.1% TFA additive (solvent A) was used unless otherwise noted. Specific purification conditions 

such as column and gradient are specified for each case.  

 

4.4.5 NMR Spectroscopy 
Proton nuclear magnetic resonance (1H NMR) spectra were recorded in 5 mm tubes on a 

Bruker Avance Neo spectrometer in deuterated solvents at room temperature. Chemical shifts (d 

scale) are expressed in parts per million (ppm) and are calibrated using residual protic solvent as 

an internal reference (DMSO: d = 2.50 ppm). Data for 1H NMR spectra are reported as follows: 

chemical shift (d ppm) (multiplicity, coupling constants (Hz), integration). Couplings are 

expressed as: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet or combinations 

thereof. Carbon chemical shifts (d  scale) are also expressed in parts per million (ppm) and are 

referenced to the central carbon resonance of the solvent (DMSO: d = 39.52 ppm). In order to 

assign the 1H and 13C NMR spectra, a range of 2D NMR experiments (COSY, HSQC, HMBC, 

NOESY) were used as appropriate. 

 

4.4.6 Octet binding kinetic analysis 
The FortéBio OctetRed384 was used to study the binding kinetics of each peptide to 

recombinant human brevican (in PBS and 0.1 mM EDTA, pH 6.8). The brevican protein was 

deglycosylated prior to experimental use as detailed above. All binding kinetics assays were 

performed within the OctetRed instrument under agitation at 1000 rpm in 0.9% NaCl irrigation 

with 0.05% Tween (working buffer). Assays were performed at 30°C in solid black 384-well plates 

(Geiger Bio-One). The final volume for all the solutions was 80 μl/well. Firstly, Ni-NTA biosensors 

were soaked for 10 min in working buffer. Before loading the protein onto each biosensor, a 

baseline was established in working buffer for 60 s. Deglycosylated brevican, dg-Bcan (50 μg/ml; 

His-tagged) was loaded on the surface of each biosensor for 180 s. Typical capture levels varied 

slightly between 0.5 and 2 nm, and variability within run did not exceed 0.1 nm. Reference 
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biosensors were exposed to the ‘de-glycosylation buffer’ lacking brevican protein during the 

loading step as internal controls. A 60 s biosensor washing step was applied. Then, biosensors were 

exposed to the analyte (peptide) in working buffer (ranging between 0–10 µM BTP) for 300 s 

during the ‘association’ step. Finally, the biosensors were exposed to working buffer (without 

peptide) during the ‘dissociation’ step for 600 s. Binding affinity of each peptide was assessed 

through steady state analysis, where the response unit was plotted over peptide concentration. All 

data was plotted and curves were fitted using the non-linear ‘one-site specific binding’ fit, and the 

dissociation constant (KD) value was calculated using the GraphPad Prism software.  

 
4.4.7 Cell Culture 

GBM-X6 is a xenoline that was established initially by direct implantation of freshly 

resected human GBM tissues into the flanks of immunocompromised athymic nude mice. GSCs 

are normally cultured and maintained as neurospheres in the absence of serum to preserve their 

stem-like state. GS401 is a GSC derived from a recurrent patient from Erasmus Medical Center 

[13]. We maintained both GBM-X6 and GS401 cultures in neurobasal (NB) supplemented with 

2% B27, 1% glutamine, 20 ng/mL of fibroblast growth factor-2 (FGF), and 20 ng/mL of epidermal 

growth factor (EGF) [16]. Human embryonic kidney (HEK) and dg-Bcan-overexpressing HEK 

cells (HEK-Bcan) were cultured in DMEM supplemented with 10% FBS. All cells were cultured 

in a 37 °C incubator with 5% CO2 and 95% natural air. 

 
4.4.8 Synthesis of BTP-7-CPT 

Disulfide-cleavable CPT prodrug was synthesized as described [17]. The pyridyldithiol 

arm of the prodrug allows for conjugation to free thiols via disulfide exchange, enabling CPT to 

be attached to a cysteine residue on BTP-7.  

 
4.4.9 Analysis of Compound Solubility 

Dried powder of each compound was first resuspended in pure dimethyl sulfoxide (DMSO) 

to form a 10 mM stock. Each stock was then diluted in saline (0.9% NaCl) to form an aqueous 

solution of 100 µM (final DMSO 1% (v/v)) or 1.3 mM (final DMSO 10% (v/v)) of each compound. 

The samples were incubated at room temperature for 5 min, then centrifuged at 10,000 rcf for 10 

min to pellet any precipitates. 5 µL of supernatant was diluted into LC-MS vials containing 100 µL 

of 50:50 water:acetonitrile with 0.1% TFA additive and analyzed by LC-MS. The presence of 
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soluble compound in each supernatant was determined by quantifying the ion count in the 

extracted ion chromatogram (EIC) using the MassHunter software. Solubility was measured by 

comparing the total EIC of the sample diluted in saline vs. in pure DMSO. Each sample was 

measured in duplicates.  

 
4.4.10 Western Blot Analysis 

Western blotting was performed as previously described [13]. GBM-X6 and GS401 cells 

cultured as neurosphere suspensions were collected from the culture flask using a pipette. HEK293 

and Bcan-overexpressing HEK293 (HEK-Bcan) cells cultured as adherent cells were harvested 

from their flask using a cell scraper. Cell lysates were extracted using NP40 cell lysis buffer, the 

samples were separated on an SDS-PAGE gel, and then transferred onto a polyvinylidene 

difluoride (PVDF) membrane by Western blotting. The pan-brevican (Bcan) primary antibody13 

was used to detect the deglycosylated isoform of the Bcan protein. Horseradish peroxidase (HRP)-

conjugated anti-rabbit IgG was used as a secondary antibody, and SuperSignal West Femto 

Maximum Sensitivity chemiluminescent substrate was used for enhanced chemiluminescence 

(ECL) detection.  

 
4.4.11 Cell Viability Assay 

The CellTiter-Glo® luminescent cell viability assay was used. GBM-X6 and GS401 glioma 

stem cells [18] (cultured in Neurobasal growth media), or HEK293 cells (cultured in supplemented 

DMEM media) were washed once with PBS, dissociated to form a single cell suspension using 

either StemPro Accutase for GBM-X6 and GS401 neurospheres, or 0.05% (v/v) Trypsin-EDTA 

for HEK293 cells, resuspended in the appropriate growth media, and then counted using a 

hemocytometer. Cells were seeded at the desired number (typically 30,000 GBM-X6 cells per 

well; 5000–20,000 HEK cells per well; 8000 GS401 cells per well) into clear-bottom black-well 

96-well plates in triplicates. Stock solutions (10 mM) of CPT, BTP-7-CPT, or scramble Scr-7-CPT 

were prepared in DMSO. A 1:3 serial dilution (in DMSO) of each stock was performed, and then 

1 µL of each compound was added onto cells in each well containing 99 µL of media (in triplicate), 

so that a final concentration range of 0–100 µM (1% v/v DMSO) was achieved. Vehicle (DMSO 

with no drug) was added as a control. The plates were returned into a 37 °C tissue culture incubator. 

At every 24 h after incubation, a plate was removed from the incubator and 100 µL of CellTiter-

Glo reagent was added to each well using a multi-channel pipette. The plate was incubated (in the 
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dark) for 10 min on a nutating mixer, and then analyzed in a luminescence plate reader (POLARstar 

Omega, BMG Labtech, Offenburg, Germany). Each dataset was normalized to the vehicle 

(control), and plotted using GraphPad Prism. IC50 values were obtained using a non-linear fit (four 

parameters). Each experiment was repeated 3 times to ensure reproducibility. 

 
4.4.12 Permeability Analysis In Vitro Using Human BBB Organoids 

Multicellular BBB organoids were established for 48 h as previously described [19,20]. 

Briefly, primary human astrocytes, primary human brain vascular pericytes (HBVP), and 

hCMEC/D3 brain endothelial cells were co-cultured in endothelial cell media (ECM) 

supplemented with 2% human serum in a sterile 96-well plate coated with 1% agarose. The cells 

were allowed to self-assemble into multicellular BBB organoids in a 37 °C incubator with 5% CO2 

and 95% natural air for 48 h. The organoids were then pooled together in a microfuge tube and 

incubated with each drug conjugate at a final concentration of 10 μM in EGM containing 2% 

human serum for 3 h in a 37 °C incubator under constant rotation (n = 6–8 organoids per group). 

To examine if the drug conjugate affects the overall integrity of the BBB organoid surface, the 

organoids were also co-incubated with fluorescent dextran (TRITC-dextran (4.4 kDa)) at a final 

concentration of 10 μg/mL. The organoids were then washed three times with 1 mL of BBB 

working medium (see Supplementary Materials and Methods) and fixed in 3.7% formaldehyde in 

PBS for 10 min at room temperature. The organoids were then washed three times with 1 mL of 

media, transferred onto a thin-well chambered cover glass and imaged by confocal fluorescence 

microscopy. Quantification of peptide and dextran permeability was performed using the Fiji 

software, where the mean fluorescence intensity of the core of each organoid (at a depth between 

50–90 μm) was measured and plotted using GraphPad Prism. 

 
4.4.13 Ex Vivo Serum Stability Assay 

Mouse serum was obtained from 8–10-week-old athymic female mice. Mice were 

euthanized by CO2 asphyxiation with secondary decapitation to ensure death. An incision was 

made from the neck to the abdomen and the thorax was cut to expose the heart. An amount of 100 

µL of heparin was then injected directly into the right atrium to prevent the blood from clotting. A 

cardiac puncture was performed by piercing the left ventricle with a 21G needle to remove 400–

1000 µL of blood. Blood from five mice was collected and combined in a 10-mL centrifuge tube 
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and centrifuged for 5 min at 500 rcf at 4 °C. The top layer containing the serum (opaque) was 

removed and stored at −20 °C.  

To test for serum stability, a 10 mM stock of BTP-7-CPT and Scr-7-CPT was prepared in 

DMSO. Each compound (1.4 µL) was transferred into a microcentrifuge tube containing 200 µL 

of PBS with 25% mouse serum, or in PBS alone, and incubated at 37 °C (final concentration 

70 µM). At timepoints of 0, 1, 3, 6, and 12 h, 10 µL of each sample was removed from the 

microcentrifuge tube and transferred to a different microcentrifuge tube containing 20 µL of a 

solution of 2 M guanidine hydrochloride (GuHCl). Then, 10 µL of the sample from each time point 

was purified via solid-phase extraction with Millipore C18 10 µL ziptips to separate remaining 

peptide from serum proteins. Samples containing the peptide were eluted with 10 µL of 70% 

acetonitrile in water containing 0.1% TFA into an LC-MS vial containing 20 µL of water with 

0.1% TFA additive and analyzed via LC-MS. The amount of intact compound was determined 

through quantifying the ion count in the extracted ion chromatogram (EIC) using the MassHunter 

software. Each timepoint was performed in duplicate.  

 
4.4.14 Intracranial GBM Implantation and Efficacy Studies 

All animal protocols were reviewed and approved by the in-house Institutional Animal 

Care and Use Committee (IACUC). GBM-X6 GSC (100,000 cells) resuspended in 2µL of PBS 

were inoculated into the right striatum of 6–8-week-old athymic female mice using a stereotactic 

frame as described. T2-weighted MRI of the brain was performed the day before treatment to 

ensure uniform tumor formation. The animals were then randomly assigned into groups and 

injected intraperitoneally (i.p.) with either BTP-7-CPT, Scr-7-CPT, or vehicle control (DMSO in 

0.9% NaCl) at 10 mg/kg (n = 6–7 mice). We employed either a late-stage treatment regimen (i.p. 

injection every 2 days from Day 25 to 49 post tumor implantation), or early-stage and longer 

treatment regimen (i.p. injection every 2 days from day 18 to day 68 post tumor implantation). At 

day 47 in the ‘late-stage’ therapy study, brains were imaged again by T2-weighted MRI. The 

Kaplan–Meier survival graph was plotted using GraphPad Prism. 

 
4.4.15 Ex Vivo Immunofluorescence Staining of GBM Tissue Sections 

At day 49 in the ‘late-stage’ therapy study, one animal from each treatment group was 

sacrificed by CO2 asphyxiation and transcardial perfusion. Brains were frozen and cryosectioned 

into 16 µm sections and immune-stained for phospho-H2AX. The rabbit anti-phospho-H2AX was 



 145 

used. Anti-rabbit Alexa-Fluor 647 secondary antibody (Invitrogen) and Hoechst dye were used for 

detection. Brain tissue sections were fixed with methanol for 1 min. The slides were then washed 

twice with PBS + 0.025% Triton X-100. Tissue sections were blocked with 10% normal goat serum 

diluted in PBS + 0.025% Triton X-100. Primary antibody against phospho-H2AX was added to 

the blocking solution (at 1:100 dilution) and the tissues were incubated overnight at 4 °C in a dark 

humidified box. The slides were then washed three times (2 min each) with PBS + 0.025% Triton 

X-100. Tissues were then incubated with Alexa Fluor secondary antibody and Hoechst 33,342 

(both at 1:1000 dilution) in blocking solution. Then, the slides were washed three times (2 min 

each) with PBS + 0.025% Triton X-100. Vectashield mounting medium for fluorescence was 

applied onto the tissues, and a coverslip was mounted onto the slide. The edges of the coverslip 

were sealed with clear nail polish, and the tissues were imaged using an epifluorescence 

microscope under a 20x objective (n = 10). 

 
4.4.16 Statistical Analysis 

All datasets are presented as means ± SD. Significance is indicated on each graph and the 

statistical tests performed are indicated in the figure legends. The significance is represented as 

follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 
4.4.17 Use of Human Specimens  

All patient-derived cells were obtained from patients who were undergoing surgical 

treatment at the Mayo Clinic in Rochester or Erasmus Medical Center. All subjects had provided 

informed consent and signed consent forms that were approved by the Institutional Review Board 

(IRB). Our lab received the cells in a de-identified manner. 
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4.6 Appendix I: Synthesis of Camptothecin-linker and conjugation to BTP-7 
 
4.6.1 2-(pyridin-2-yldisulfaneyl)ethan-1-ol (S2) 
 

 
2-Mercaptoethanol (500 µL, 7.10 mmol, 1 eq.) and 2,2’-dipyridyl disulfide (S1, 4.70 g, 

21.4 mmol, 3 eq.) were dissolved in DCM (20 mL) and stirred at room temperature for 3 hrs. 

Afterwards, the reaction mixture was concentrated under reduced pressure and flash column 

chromatography [hexanes/EtOAc, 10:1 to 2:1] afforded mixed disulfide S2 (1.01 g, 5.39 mmol, 

76%) as a yellow solid. 

Rf = 0.45 [hexanes/ethyl acetate, 1:1].  

1H NMR(500 MHz, DMSO-d6)  δ 8.50 – 8.42 (m, 1H), 7.88 – 7.75 (m, 2H), 7.24 (ddd, J = 6.6, 

4.8, 2.1 Hz, 1H), 4.99 (t, J = 5.5 Hz, 1H), 3.62 (q, J = 6.1 Hz, 2H), 2.92 (t, J = 6.3 Hz, 2H) ppm.  

13C NMR (500 MHz, DMSO-d6) δ 159.5, 149.5, 137.8, 121.1, 119.3, 59.1, 41.2 ppm. 

FTIR (thin film): ṽ = 3288 (br), 2920 (w), 2863 (w), 1574 (m), 1415 (s), 1043 (m), 754 (s) cm‒1.  

HRMS (ESI):  

calcd. for C7H10NOS2+: 188.0198 [M+H]+ 

found:    188.0269 [M+H]+. 

 

4.6.2 2-pyridinyldithioethyl carbonate Camptothecin (S4) 
 

 
Camptothecin (S3, 250 mg, 0.718 mmol, 1 eq.), triphosgene (82.6 mg, 0.278 mmol, 0.387 eq.) and 

4-dimethylaminopyridine (459 mg, 3.75 mmol, 5.21 eq.) were combined in dry DCM (10 mL), 

and after 15 min, mixed disulfide S2 was added (148 mg, 0.790 mmol, 1.10 eq.) and the reaction 
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was stirred at room temperature for 4 hrs.  Flash column chromatography [DCM:Acetone, 20:1 to 

4:1] afforded S4 (254 mg, 0.452 mmol, 63%). 

Rf = 0.27 [hexanes/ethyl acetate, 1:3].  

1H NMR (500 MHz, DMSO-d6) δ 8.68 (s, 1H), 8.39 (ddd, J = 4.8, 1.9, 0.9 Hz, 1H), 8.18 – 8.09 

(m, 2H), 7.85 (ddd, J = 8.5, 6.8, 1.5 Hz, 1H), 7.81 – 7.71 (m, 1H), 7.71 – 7.63 (m, 2H), 7.15 (ddd, 

J = 7.4, 4.8, 1.1 Hz, 1H), 7.09 (s, 1H), 5.52 (d, J = 2.0 Hz, 2H), 5.29 (s, 2H), 4.33 (t, J = 6.0 Hz, 

2H), 3.20 – 3.08 (m, 2H), 2.25 – 2.13 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H) ppm. 

13C NMR (500 MHz, DMSO-d6) δ 167.1, 158.6, 156.5, 152.7, 152.2, 149.6, 147.9, 146.3, 144.7, 

137.7, 131.6, 130.4, 129.8, 129.0, 128.5, 128.0, 127.8, 121.3, 119.4, 119.2, 94.4, 77.9, 66.5 66.8, 

50.3, 36.8, 30.3, 7.6 ppm.  

FTIR (thin film): ṽ = 2992.83 (w), 1748.22 (m), 1667.56 (m), 1748.22 (m), 1667.56 (m),1253.34 

(m), 666.08 (s) cm‒1.  

HRMS (ESI):  

calcd. for C28H23N3O6S2+: 562.1101 [M+H]+;  

found:     562.1104 [M+H]+. 

 

4.6.3 BTP-7-Camptothecin (S6) 
 

  
 

The pyridyldithiol arm of S4 allows for conjugation to free thiols via disulfide exchange, enabling 

S4 to be attached to BTP-7 with a C-terminal cysteine S5. To perform this conjugation, the peptide 

(S5, 50 mg, 32 μmol, 1.9 eq.) in 2-(N-morpholino)ethanesulfonic acid (MES, 0.1 M, pH 6, 14 mL) 
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was combined with S4 (9.5 mg, 17 μmol, 1 eq.) in DMSO (7 mL) and stirred at room temperature 

for 1 hr. The reaction was quenched with trifluoroacetic acid (0.20 mL, 2.6 mmol, 150 eq.). The 

camptothecin-BTP-7 (S6) conjugate was purified by RP-high-performance liquid chromatography 

(RP-HPLC) in 100 mM ammonium acetate buffer (pH = 5) and an acetonitrile gradient (15–30% 

over 75 min) (15 mg, 8.1 µmol, 48%). Purity of each RP-HPLC fraction was confirmed by LC-

MS.  

HRMS (LC-MS):   

calcd. for C76H103N19O18S2+: 817.8661 [M+2H]2+     

found:     817.8666 [M+2H]2+. 

 

4.6.4 Scrambled BTP-7-Camptothecin (S8) 
 

  
The conjugation and purification protocols given for S6 were used to conjugate the scrambled 

BTP-7 peptide (S7) to camptothecin to synthesize the camptothecin-scramble (S8) (18 mg, 

9.7 µmol, 58%). 

HRMS (LCMS):   

calcd. for C76H103N19O18S2+: 817.8661 [M+2H]2+ 

Found:     817.8669 [M+2H]2+. 
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4.7 Appendix II: Full Western Blot images 
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4.8 Appendix III: Characterization of compounds 
 
 
 
2-(pyridin-2-yldisulfaneyl)ethan-1-ol (S2) 
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Peptide: BTP-7-X (X = aminohexanoic acid) 

Sequence: tkwGhvnk-X 
Mass expected: 1080.6 Da 
Mass observed: 1080.6 Da 
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Peptide: BTP-7-X-C (X = aminohexanoic acid) 
Sequence: tkwGhvnk-XC 
Mass expected: 1183.6 Da 
Mass observed: 1183.6 Da 
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5.1 Introduction 
 

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are refractory 

neurodegenerative diseases in which ALS causes progressive muscle paralysis, and FTD causes 

personality and behavioral changes.1  These two diseases share many pathologic, genetic, and 

clinical features, where half of ALS patients are estimated to develop the aspects of FTD.2  The 

most common genetic cause of ALS and FTD is a mutation in the chromosome 9 open frame 72 

(c9orf72) gene with the expansion of the hexanucleotide (GGGGCC) repeat sequence.3,4  The 

mutated sequence is further translated by the non-canonical mechanism to produce five dipeptide 

repeat proteins (DPRs): poly-glycine-arginine (poly-GR), poly-proline-arginine (poly-PR), poly-

glycine-proline (poly-GP), poly-proline-alanine (poly-PA), and poly-glycine-alanine (poly-GA).5,6 

 

Since the discovery of DPRs, their neurogenerative properties have been extensively 

studied using DPR-expressing disease models.7–11 However, the fundamental physicochemical 

properties of DPRs remain largely unknown due to their limited availability. Although recombinant 

expression has been the most powerful approach to obtaining proteins, these techniques are limited 

by scale.  In addition, the expression of toxic peptides and proteins, such as highly cationic ones, 

is often challenging.12,13 Therefore, a synthetic approach to obtain such DPRs is of great 

importance to further understand the pathogenic mechanisms of ALS/FTD and to develop new 

therapies targeting DPRs.  In particular, the chemical synthesis of DPRs longer than 36 repeats (72 

amino acids) is crucial, as this has been described as the minimum length to exhibit toxicity in 

vivo.8,11  Although several groups have reported the chemical synthesis of DPRs, their maximum 

length is limited to up to 30 repeats (60 amino acids),14–16 which is reasonable considering the 

general difficulty of synthesizing peptides longer than 50 amino acids by standard solid-phase 

peptide synthesis (SPPS).17 Additionally, chemoselective ligation reactions would not be readily 

applicable to the synthesis of long DPRs due to the lack of reactive residues.18  We thus set the 

goal of this work to overcome these problems and to establish the chemical synthesis of long DPRs 

to investigate their properties. 
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5.2 Results and Discussion 
 
5.2.1 Synthesis of the DPRs 

 

Our research group has recently developed an automated fast-flow peptide synthesis 

(AFPS) system that can complete a single amide coupling reaction in 40 seconds and allow the 

direct production of peptide chains up to 164 amino acids in hours (Fig. 5.1a).19–22  Here, we 

performed AFPS of DPRs on a Rink amide resin following the previously optimized synthetic 

conditions.20  As activation reagents, we used hexafluorophosphate azabenzotriazole tetramethyl 

uronium (HATU) for coupling glycine and proline, and (7-azabenzotriazol-1-

yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyAOP) for alanine and arginine with 

extended coupling time.  Removal of fluorenylmethylmethoxy-carbonyl (Fmoc) groups was 

performed using piperidine, and the deprotection reaction was monitored by in-line ultraviolet-

visible detection of the eluent (Fig. 5.1b). 

 
Figure 5.1 Rapid flow synthesis of dipeptide repeat proteins  
(a) Schematic illustration of the automated fast-flow peptide synthesizer (AFPS) used in this study.  (b) 
Absorbance recorded at 310 nm during the synthesis of poly-GP.  (c) Normalized peak area of Fmoc 
deprotections obtained during the synthesis of five DPRs with 50 repeats (100 amino acids). 
 

Fig. 5.1c shows the normalized area of the deprotection peaks during the synthesis of five 

DPRs with 50 repeats (100 amino acids).  We found that the arginine-containing DPRs (GR)50 and 

(PR)50 showed relatively smaller peak areas compared to the DPRs variants without arginine 

(GP)50, (GA)50, and (PA)50, indicating the low coupling efficiency of arginine residues.  This 

observation is consistent with our previous machine learning study showing that arginine residues 

can have reduced coupling efficiency, probably due to their bulky aromatic 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) protective groups.23  Nevertheless, AFPS 

followed by purification using reverse-phase high-performance liquid chromatography (RP-

HPLC) allowed the isolation of (GR)50 and (PR)50 in 2% (7.2 mg) and 1% (4.4 mg) yields, 
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respectively, which were still sufficient for the subsequent physicochemical and biological studies.  

The purity of (GR)50, (PR)50, and their shorter repeats was confirmed by analytical RP-HPLC and 

electrospray-ionization time-of-flight (ESI-TOF) mass spectrometry (Fig. 5.2a,b).  For poly-GP 

and poly-PA, we were even able to synthesize and isolate (GP)100 and (PA)100 in 3% (11.3 mg) and 

5% (23.7 mg) yield, respectively.  Since poly-GP and poly-PA were poorly ionizable by ESI, we 

used matrix-assisted laser desorption ionization (MALDI)-TOF mass spectrometry and analytical 

RP-HPLC to confirm their purity (Fig. 5.2c,d).  We also attempted to synthesize poly-GA and 

isolated (GA)10 and (GA)20; However, we were unable to purify (GA)50 and (GA)100 due to their 

poor solubility.  However, MALDI-TOF mass spectra of crude samples clearly showed the target 

mass peaks, indicating that AFPS of poly-GA itself was also successful. 

 
Figure 5.2 Analytical RP-HPLC traces and mass spectra of DPRs.  
(a) (GR)50, (b) (PR)50, (c) (GP)100, and (d) (PA)100 ((GR)50 and (PR)50: ESI-TOF mass spectrometry, (GP)100 
and (PA)100: MALDI-TOF mass spectrometry). 
 

5.2.2 In-vitro structure and aggregation of the synthesized DRPs 
 

With the chemically synthesized DPRs in hand, we then performed circular dichroism (CD) 

spectroscopy of soluble DPRs (poly-GR, poly-PR, poly-GP, and poly-PA) in phosphate-buffered 

saline (PBS) at different temperatures to investigate their secondary structures.  Previously, the 

secondary structure of poly-GA has been extensively studied and its propensity to form fibrous 

aggregates through the formation of b-sheet structures has been reported.14,24–26 However, the 

structures of other DPRs have not been studied in detail.  As shown in Fig. 4.3a, (GR)50 exhibited 

featureless CD spectra regardless of the measurement temperature, indicating its random coil-rich 

structure, consistent with previous reports.10,24   
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We then measured CD spectra of (PR)50, (GP)100, and (PA)100 at 25 °C (Fig. 5.3b–3d, blue 

curves) and observed a negative peak at 200 nm, which has been previously characterized as 

flexible or random coil configurations.10,24,26  However, as we increased the temperature, the peak 

top showed a red shift associated with the decrease in intensity around 220–230 nm, with an 

apparent isodichroic point at 215 nm.  These results demonstrated that the proline-containing DPRs 

(PR)50, (GP)100, and (PA)100 do not simply adopt disordered structures but show a transition from 

one state to another upon heating.27,28  We then found that the observed thermal transition of 

(PR)50, (GP)100, and (PA)100 closely resembles the denaturation profile of collagens.29  It is 

noteworthy that approximately 1/3 of the constituent amino acids of collagens are prolines or 

hydroxyprolines, which contribute to their formation of polyproline II-like helical secondary 

structures.29,30  Thus, it is reasonable to assume that (PR)50, (GP)100, and (PA)100, whose half of 

the constituent amino acids are prolines, also adopt similar secondary structures.  In addition, we 

measured the CD spectra of proline-containing DPRs with shorter repeat lengths and found that 

they exhibited substantially the same spectral profiles. These results suggest that the secondary 

structures formed within poly-PR, poly-GP, and poly-PA might be present partially rather than 

entirely throughout the chains. 

 
Figure 5.3 CD spectra of the DPRs.  
(a) (GR)50, (b) (PR)50, (c) (GP)100, and (d) (PA)100 in PBS ([DPR] = 0.1 mg mL–1) upon heating from 25 °C 
(blue) to 95 °C (red).  Spectra were recorded at every 10 °C.  

 

In addition to the secondary structures, previous studies have also shown that DPRs can 

self-assemble into aggregates under physiological conditions.24,26 However, a comprehensive 

understanding has been lacking due to the unavailability of DPRs with variable repeat lengths.  

Here, we took advantage of AFPS, which allowed us to obtain the libraries of DPRs, and 

systematically investigated their aggregation property by size exclusion chromatography (SEC) 

using PBS as an eluent.   
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As expected, poly-GP, poly-PA, and poly-PR showed shorter retention times as their 

molecular weight increased (Fig. 5.4a–4c).  However, the SEC profiles of poly-GR did not show 

sharp peaks under the same analytical conditions, likely due to their strong interaction with the 

SEC matrix (agarose and dextran). We then evaluated the apparent molecular weight of poly-GP, 

poly-PA, and poly-PR based on the retention times of globular protein standards.  As shown in Fig. 

5.4d (red), poly-PR showed a linear correlation between the derived apparent molecular weight 

and the actual molecular weight (R2 = 0.97), indicating that poly-PR exists as a monomeric protein 

and adopts a globular shape.  Interestingly, the apparent molecular weight of poly-GP and poly-PA 

showed an exponential increase (R2 = 0.99, Fig. 5.4d purple and green).  Considering that CD 

spectral studies of poly-GP and poly-PA did not show any obvious length-dependent changes, the 

observed non-linear increase in the apparent molecular weight should not be due to the differences 

in protein folding but most likely to the enhanced aggregation property of longer DPRs through 

multivalent interactions.31,32 

 

 
Figure 5.4 SEC traces of the DPRs.  
(a) poly-GPs, (b) poly-PAs, and (c) poly-PRs at 25 °C ([DPR] = 1.0 mg mL–1 in PBS, eluent: PBS).   The 
molecular weights of the globular protein standards are (i) 670 kDa, (ii) 158 kDa, (iii) 44 kDa, (iv) 17 kDa, 
and (v) 1.35 kDa, respectively.  (d) Plots and their corresponding fitted curves of the actual molecular 
weight of DPRs as a function of their derived apparent molecular weight using protein standards. 
 

5.2.3 Cellular toxicity of exogenous DPRs 
 

Finally, we investigated the cytotoxicity that synthetic DPRs might possess.  Following the 

previously reported protocol,14 we performed the MTT cell viability assay using human 

neuroblastoma cells in the presence of synthesized poly-DPRs.  We pre-dissolved synthetic DPRs 

with different repeat length and concentration in cell media, added the solution of DPRs to BE(2)-
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C cells and incubated for 48 h, and then quantified the cell viability relative to untreated cells. As 

shown in Fig. 5.5a and 5.5b, poly-GR and poly-PR exhibited lower cell viability with increasing 

repeat length and concentration.  In contrast, poly-GP and poly-PA did not show significant 

changes in cell viability regardless of their repeat length and concentration (Fig. 5.5c,d).  This 

tendency is consistent with previous reports on endogenous DPRs expressed in vivo,8,9 indicating 

that the synthetic DPRs successfully reproduced their intrinsic cytotoxicity. 

 

 
Figure 5.5 Relative viability of human neuroblastoma BE(2)-C cells 48 h after treatment with 
DPRs.  
Cells were treated with media containing (a) poly-GR, (b) poly-PR, (c) poly-GP, and (d) poly-PA with 
different repeat length and concentrations.  The cell viability was quantified by MTT assay as percentage 
viable relative to untreated cells.  Bars represent the standard deviation of the mean based on n=2 replicates 
 

This tendency of the arginine-rich DPRs towards toxicity was further supported by a lactate 

dehydrogenase (LDH) release assay, which tests membrane integrity by measuring the amount of 

the cytosolic protein LDH in the external cell medium. As shown in Fig. 5.6a and 5.6b, poly-GR 

and poly-PR once again exhibited dose- and length- dependent toxicity. In contrast, the poly GP 

and poly-PA compounds showed no significant damage to the cell membrane. 
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Figure 5.6 Relative membrane integrity of human neuroblastoma BE(2)-C cells 8 h after 
treatment with DPRs.  
Cells were treated with media containing (a) poly-GR, (b) poly-PR, (c) poly-GP, and (d) poly-PA with 
different repeat length and concentrations. 8 hours after treatment, cell media was removed and LDH 
protein levels were measured. Results are given as LDH release above vehicle relative to fully lysed cells. 
 

 While the membrane leakage demonstrated in the LDH assay can correlate with overall 

reduced cell viability, it can also represent acute toxicity at the cell membrane.33 To further 

investigate this possibility, we repeated the LDH assay at two hours after treatment. The poly-GR 

peptides showed significant membrane disruption at 2-hours (Fig 5.7a), indicating an acute 

toxicity effect, and likely a disruption of the cell membrane. This effect was also present for the 

longer poly-PR compounds (Fig 5.7b). Intriguingly, by the long-term cell viability measurement 

in Fig. 5.5b the poly-PR series appears more detrimental to cell viability, while the poly-GR 

peptides seem to have a more acute toxicity at the membrane (Fig 5.7a). Arginine-rich DPRs have 

previously demonstrated the ability to damage neighboring, healthy cells.8-9, 34 While previous 

studies have focused on the DPRs entering cells via endocytosis, these results suggest that DPRs 

may have an additional toxic effect directly at the plasma membrane.  
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Figure 5.7 Relative membrane integrity of human neuroblastoma BE(2)-C cells 2 h after 
treatment with DPRs.  
Cells were treated with media containing (a) poly-GR and (b) poly-PR with different repeat length and 
concentrations. 2 hours after treatment, cell media was removed and LDH protein levels were measured. 
Results are given as LDH release above vehicle relative to fully lysed cells. 
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5.3 Conclusions 
 

In conclusion, we have successfully synthesized c9orf72 DPRs with up to 100 repeats (200 

amino acids) using AFPS.  CD spectroscopy of synthetic DPRs revealed that poly-PR, poly-GP, 

and poly-PA might adopt polyproline II-like helical secondary structures.  Furthermore, SEC 

analysis of synthetic DPRs showed that poly-GP and poly-PA form larger aggregates as their repeat 

length increases.  Finally, a cell viability assay using human neuroblastoma cells demonstrated the 

increased cytotoxicity of longer poly-GR and poly-PR. The LDH membrane permeability assay 

further demonstrated toxicity at the cell membrane on a much shorter timescale. We believe that 

this research has demonstrated the potential of AFPS to synthesize peptides and proteins with 

limited availability, which is necessary to study their pathogenic mechanisms in detail and to 

construct disease models for drug discovery. 
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5.4 Experimental Section 
5.4.1 Automated fast-flow synthesis of DPRs 

Automated fast-flow synthesis of DPRs was performed using Fmoc-protected amino acids 

(Fmoc-Gly-OH, Fmoc-Ala-OH, Fmoc-Pro-OH, and Fmoc-Arg(Pbf)-OH) on H-Rink Amide resin 

(ChemMatrix, 0.17 mmol g–1 loading, typical scale: 150 mg, 0.0255 mmol), following the 

previously established methods:20 flow-rate = 40 mL min–1, temperature = 90 °C, and 85−90 °C 

(reactor).  The 50 mL min–1 pump head pumps 400 μL of liquid per pump stroke; the 5 mL min–

1 pump head pumps 40 μL of liquid per pump stroke.  The standard synthetic cycle involves a first 

step of prewashing the resin at elevated temperatures for 60 s at 40 mL min–1.  During the coupling 

step, three HPLC pumps are used: a 50 mL min–1 pump head pumps the activating agent, a second 

50 mL min–1 pump head pumps the amino acid, and a 5 mL min–1 pump head pumps DIEA.  The 

first two pumps are activated for 8 pumping strokes in order to prime the coupling agent and amino 

acid before the DIEA pump is activated.  The three pumps are then actuated together for a period 

of 7 pumping strokes, after which the activating agent pump and amino acid pump are switched 

using a rotary valve to select DMF.  The three pumps are actuated together for a final 8 pumping 

strokes, after which the DIEA pump is shut off, and the other two pumps continue to wash the resin 

for another 40 pump strokes.  During the deprotection step, two HPLC pumps are used.  Using a 

rotary valve, one HPLC pump selects deprotection stock solution and DMF.  The pumps are 

activated for 13 pump strokes.  Both solutions are mixed in a 1:1 ratio.  Next, the rotary valves 

select DMF for both HPLC pumps, and the resin is washed for an additional 40 pump strokes. The 

coupling−deprotection cycle is repeated for all additional monomers. 

 
5.4.2 Cleavage of DPRs from resin 

After synthesis, the peptidyl resin was washed with dichloromethane (3 × 5 mL) and dried 

in a vacuum chamber overnight, and weighed.  Approximately 10 mL of cleavage solution (95% 

TFA, 2.5% water, 2.5% TIPS) was added to the peptidyl resin inside the fritted syringe.  The 

cleavage was kept at room temperature for 2–4 h, with occasional shaking.  After this time, the 

cleavage mixture was transferred to a tube (through the syringe frit, keeping the resin in the 

syringe), and the resin was washed with an additional 5 mL of TFA.  Ice cold diethyl ether (90 mL) 

was added to the cleavage mixture, and the precipitate was collected by centrifugation.  After the 

supernatant was discarded, residual ether was allowed to evaporate, and the peptide was dissolved 

in 50% acetonitrile in water with 0.1% TFA, frozen, and then lyophilized until dry. 
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5.4.3 Preparative RP-HPLC of DPRs 

Preparative reverse-phase high-performance liquid chromatography (RP-HPLC) was 

performed at 25 °C on an Agilent model 1260 Infinity system equipped with 1260 Prep Pumps, 

1260 MWD VL, 1260 FC-PS, and 6130 Quadrupole LC/MS using H2O/CH3CN gradient 

containing 0.1% TFA (v/v) as an eluent.  Purification of (GR)10, (GR)20, (GR)50, (PR)10, (PR)20, 

and (PR)50 was performed using an ACE 5 C18-AR column (10.0 x 250) at a flow rate of 4.0 mL 

min–1.  Up to 40 mg of crude dipeptide repeat proteins were dissolved in deionized H2O containing 

0.1% TFA (v/v, 5.0 mL) and filtered through 0.22 µm nylon filter prior to the injection. 

Purification of (GP)10, (GP)20, (GP)50, (PA)10, (PA)20, and (PA)50 was performed using a 

ZORBAX PrepHT 300SB-C18 column (C18 stationary phase, 7 µm, 300 Å pore size, 21.2 x 250 

mm) at a flow rate of 20.0 mL min–1.  Up to 100 mg of crude dipeptide repeat proteins were 

dissolved in deionized H2O containing 0.1% TFA (v/v, 5.0 mL) and filtered through 0.22 µm nylon 

filter prior to the injection. 

Purification of (GP)100 and (PA)100 was performed using a ZORBAX 300SB-C3 column 

(C3 stationary phase, 5 µm, 300 Å pore size, 9.4 x 250 mm) at a flow rate of 4.0 mL min–1.  Up to 

100 mg of crude dipeptide repeat proteins were dissolved in deionized H2O containing 0.1% TFA 

(v/v, 5.0 mL) and filtered through 0.22 µm nylon filter prior to the injection. 

Purification of (GA)10 and (GA)20 was performed using a ZORBAX PrepHT 300SB-C18 

column (C18 stationary phase, 7 µm, 300 Å pore size, 21.2 x 250 mm) at a flow rate of 20.0 mL 

min–1.  Up to 100 mg of crude dipeptide repeat proteins were dissolved in 200 µL of 

hexafluoroisopropanol (HFIP) at 60 °C, diluted with 5.0 mL of aqueous guanidinium chloride (6 

M) and filtered through 0.22 µm nylon filter prior to the injection. 

 

5.4.4 Analytical RP-HPLC of DPRs 
Analytical RP-HPLC was performed at 25°C on an Agilent model 1200 Series system 

equipped with G1322A degasser, G1311A quat pump, G1329A ALS, and G1365B MWD using 

H2O/CH3CN gradient containing 0.1% TFA (v/v) as an eluent.  Purified (GR)10, (GR)20, (GR)50, 

(PR)10, (PR)20, (PR)50 (GP)10, (GP)20, (GP)50, (PA)10, (PA)20, and (PA)50 were dissolved in 

deionized H2O containing 0.1% TFA (v/v) (10 µL, 1.0 mg mL–1) and analyzed by Kinetex® LC 

column (C18 stationary phase, 2.6 µm, 100 Å pore size, 2.1 x 100 mm) at a flow rate of 0.375 mL 

min–1. 
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For (GP)100 and (PA)100, purified samples were dissolved in deionized H2O containing 

0.1% TFA (v/v) (10 µL, 1.0 mg mL–1) and analyzed by ZORBAX 300SB-C3 column (C3 stationary 

phase, 5 µm, 300 Å pore size, 2.1 x 150 mm) at a flow rate of 0.5 mL min–1. 

 
5.4.5 Mass spectrometry of DPRs 

Electrospray ionization (ESI) mass spectrometry was performed on an Agilent model 6550 

iFunnel Q-TOF LC/MS spectrometer.  Matrix-assisted laser deposition ionization time-of-flight 

(MALDI-TOF) mass spectrometry was performed on a Brucker autoflex III smartbeam 

spectrometer. 

 

5.4.6 SEC of DPRs 
Size exclusion chromatography (SEC) was performed at 25 °C on an Agilent model 1290 

Infinity II system equipped with 1290 MCT, 1260 Bio-inert Pump, 1260 DAD WR, and 1260 Bio-

FC-AS using phosphate-buffered saline (PBS) as an eluent.  Purified (GR)10, (GR)20, (GR)50, 

(PR)10, (PR)20, (PR)50 (GP)10, (GP)20, (GP)50, (GP)100, (PA)10, (PA)20, (PA)50, and (GP)100 were 

dissolved in PBS (100 µL, 1.0 mg mL–1) and analyzed by SuperdexTM 75 Increase 12/300 GL 

column using PBS as an eluent at a flow rate of 0.8 mL min–1. 

 
5.4.7 CD spectroscopy of DPRs 

Circular dichroism (CD) spectra were recorded on a JASCO model J-1500 CD 

spectrometer.  Purified (GR)10, (GR)20, (GR)50, (PR)10, (PR)20, (PR)50 (GP)10, (GP)20, (GP)50, 

(GP)100, (PA)10, (PA)20, (PA)50, and (GP)100 were dissolved in PBS (350 µL, 0.1 mg mL–1) and 

their CD spectra were recorded using a quartz cell of 0.1 mm optical path length.  CD spectra were 

recorded from 300 to 190 nm with the scanning speed of 50 nm min–1 and data integration time of 

4 s.  Each spectrum was recorded for 3 times and averaged. 

 
5.4.8 MTT assay using human neuroblastoma BE(2)-C cells 

Human neuroblastoma BE(2)-C cells (ATCC, catalog no. CRL-2268) were incubated at 37 

°C under 5% CO2 and cultured in a 1:1 mixture of Eagles Minimum Essential Medium (EMEM) 

and F12 medium with 10% FBS. Twenty-four hours prior to treatment, cells were plated at a 

density of 40,000 cells/well in a 96-well plate in 1:1 EMEM:F12 with 10% FBS.  
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The media was discarded before treatment, and cells were washed twice in unsupplemented 

1:1 EMEM:F12. The dipeptide repeats were diluted from stock solutions (10mg/mL in PBS) to the 

target treatment concentrations in unsupplemented medium. Cells were treated in duplicate with 

100µL of dipeptide repeat in medium at the indicated concentration (10, 32, or 100 µg/mL), and 

then incubated for an additional 48 hours.  

For the MTT assay, 10uL of 5.5mg/mL MTT solution was added to the cells and incubated for an 

additional 3 hours. The medium was then removed, and DMSO (20µL) was added to lyse the 

formazan crystals. The plate was then read on a biotek Epoch Spectrophotometer at 590 nm. The 

measured background from the plate and DMSO alone was subtracted from each measurement, 

and % formazan production was calculated as % viability = 100 × Experimental formazan 

production (OD590) / formazan production in vehicle-treated cells (OD590). 

 
5.4.9 LDH assay using human neuroblastoma BE(2)-C cells 

Cytotoxicity assays were performed using the BE(2)-C cell line cultured and treated as 

above. 2 or 8 hours after treatment,  supernatant was transferred to a new 96-well plate for analysis 

of LDH release with the CytoTox 96 assay kit (Promega). The measurement of vehicle-treated 

cells was subtracted from each measurement, and % LDH release was calculated as % cytotoxicity 

= 100 × Experimental LDH Release (OD490) / Maximum LDH Release (OD490). 
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5.6 Appendix I: Characterization of compounds 

 
Analytical RP-HPLC traces of and ESI-TOF mass spectra of (a) (GR)10 and (b) (GR)20. 
 
 

 
Analytical RP-HPLC traces of and ESI-TOF mass spectra of (a) (PR)10 and (b) (PR)20. 
 

 



 180 

Analytical RP-HPLC traces of and MALDI-TOF mass spectra of (a) (GP)10, (b) (GP)20, and (c) 
(GP)50. 
 
 

 
Analytical RP-HPLC traces of and MALDI-TOF mass spectra of (a) (PA)10, (b) (PA)20, and (c) 
(PA)50. 

 
MALDI-TOF mass spectra of (a) purified (GA)10, (b) purified (GA)20, (c) crude (GA)50, and (d) 
crude (GA)100.   
Analytical RP-HPLC traces of poly-GAs could not be obtained due to their poor solubility. 
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A.1 Introduction  
 

Cell-penetrating peptides (CPPs) can help treat disease by enhancing the delivery of cell-

impermeable cargo. CPPs are a class of peptides that are capable of directly entering the cell 

cytosol.1–3 These sequences can deliver covalently bound cargo, offering therapeutic potential to 

macromolecules otherwise restricted to extracellular targets. Although CPPs have been widely 

studied since their discovery, the field lacks robust methodology to quantify cell entry and 

penetration efficacy. This dearth of knowledge is due to the complicated mechanisms of CPP cell 

entry and the many variables that affect CPP efficacy in any given assay—such as peptide 

concentration, cell type, temperature, treatment time, and cargo.4 For example, for the well-studied 

CPP penetratin (RQIKIWFQNRRMKWKK), the reported ratio between intracellular and 

extracellular concentration ranges from 0.6:1.0 to 95.0:1.0.5,6 In addition, it is challenging to 

determine subcellular localization once a peptide is internalized, despite advances in fluorescence, 

immunoblot, and mass spectrometry detection.7 The choice of CPP cargo adds an additional 

confounding factor, as studies in our laboratory have demonstrated that the cell-penetrating ability 

of more than ten common CPPs differs when bound to a cyanine dye versus a macromolecular 

drug, with no discernable trend.8 Therefore, effective development of CPPs requires new 

methodology for understanding CPP cell entry and subcellular localization that can be carried out 

on the CPP-cargo conjugate. 

 

A therapeutic macromolecule that would benefit from enhanced delivery is 

phosphorodiamidate morpholino oligomer (PMO), which has recently reached the market as an 

antisense “exon skipping” therapy for Duchenne muscular dystrophy (DMD). One of the drugs, 

eteplirsen, is a 10 kDa synthetic antisense oligomer that must reach the nucleus and bind pre-

mRNA for its therapeutic effect. However, studies have shown that two-thirds of eteplirsen is 

cleared renally within 24 h of administration.9,10  Several CPPs have been shown to increase PMO 

uptake, and recent clinical trial results have shown that once-monthly dosing of SRP-5051 resulted 

in higher muscle concentration, increased exon-skipping and dystrophin production at 12 weeks 

as compared to once weekly dosing of eteplirsen after 24 weeks in a different study.11 Although a 

wide variety of CPPs have been tested for PMO delivery, they have been limited to the native L-
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form and studied predominantly with an activity-based assay, forgoing quantitative information on 

the amount of material inside the cell.12 

 

Because PMO is proteolytically stable and invisible to the immune system,10 attachment to 

an L-peptide may disrupt the desirable characteristics of PMO; however, conjugates using mirror 

image peptides may retain these characteristics.13–15 D-peptides have been explored as CPPs and 

have been found to display at times greater activities to their L-counterparts, despite suggested 

chiral binding interactions between CPPs and the cell membrane.16,17 A study on TAT 

endosomalytic peptide analogs found that the full D-form decreased uptake, but enhanced 

endosomal escape and proteolytic stability compared to the native form.15,18 Another reported that 

a cyclic D-peptide, when co-administered with insulin, enhanced its oral bioavailability and 

therapeutic effect in the gut.19 Some reports are contentious as to whether mutations to D-amino 

acids are detrimental to CPP activity, and certainly CPPs that depend on a chiral interaction or 

highly ordered structure to enter the membrane would lose efficacy from D-amino acid 

substitutions.20,21 Previous studies have suggested that efficient CPPs for PMO delivery lack 

secondary structure and can enter the cell through clathrin-mediated endocytosis.22,23 While it has 

been found that PMO-D-CPPs have enhanced proteolytic stability over their L-counterparts,24 their 

PMO delivery activity has not been investigated. In addition to their underexplored potential, we 

are interested in studying D-CPPs as potential therapeutic carrier moieties because their fully 

noncanonical sequence is resistant to proteolysis and may go unrecognized by the host immune 

system.15,20 Despite this potential, mirror image peptides have not yet been fully explored for the 

delivery of PMO.  

 

The proteolytic stability of mirror image peptides would simplify their characterization 

after uptake into cells, providing orthogonal information to activity-based assays. Currently, the 

main method used to characterize PMO-CPP internalization is an in vitro assay in which successful 

delivery of the active oligomer to the nucleus results in green fluorescence.25 While this is an 

excellent assay to measure PMO-CPP activity, this assay does not give information on the quantity 

of material inside the cell. Especially for conjugates with a known endocytic mechanism, 

understanding endosomal escape is crucial. High concentrations of peptides trapped in the 

endosome would not be apparent by the activity assay alone, but this loss of active peptide could 
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be of great therapeutic detriment.26 Therefore, an additional assay that reveals relative quantities 

of material in different parts of the cell would provide a valuable metric of CPP delivery, in parallel 

with our current activity assay. This could be achieved by extracting the cytosolic fraction of 

treated cells using a mild detergent, such as digitonin, and comparison to the whole cell fraction.27 

Comparing activity and relative quantity would be a valuable metric for efficiency, where a high 

efficiency peptide is one with a high ratio of antisense activity to internal concentration. 

 

Existing methods to quantify uptake into cells include fluorescence, immunoblot, and mass 

spectrometry, but it is still challenging to distinguish between endosomal and cytosolic 

localization. Several assays can differentiate between endosomal and cytosolic localization using 

indirect quantification via a readout generated by a delivered cargo, including the chloroalkane 

penetration assay (CAPA),28 GFP complementation assays,29 and more recently the NanoClick30 

assay and SLEEQ31 assay. Direct quantification of the cytosolic concentration of a fluorescently-

labeled protein construct is possible using fluorescence correlation spectroscopy.32  

 

Mass spectrometry is a direct quantification tool that would give information about the 

concentration of peptides recovered from biological mixtures with limited labeling required. Past 

studies have illustrated how MALDI-TOF mass spectrometry is a practical tool for absolute and 

relative quantification of peptides and proteins. For example, using an internal standard of a similar 

molecular weight is sufficient for generation of a calibration curve.33 Quantitation of total uptake 

of L-CPPs was achieved using heavy atom-labeled internal standards.34,35 While this assay 

provided information regarding whole cell uptake of CPPs and CPP-peptide conjugates, it is 

limited by the need for heavy-atom labeling and the rapid degradation of L-peptides.36 A method 

for circumnavigating the need for spike-in of heavy atom-labeled standards was developed for the 

relative quantification of phosphopeptides.37 However, the proteolytic stability of D-peptides 

would facilitate their recovery and analysis as a mixture from inside cells and animals, allowing 

for the use of a new metric of antisense delivery efficiency. 

 

Here we report that compared to the native L-forms, the mirror image forms of several 

sequences were equally able to deliver antisense molecules to the nucleus, but their increased 

proteolytic stability simplified mass spectrometry-based characterization following cytosolic 
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delivery. Cytosolic delivery can be quantified based on the recovery of intact constructs from 

inside the cell. We profiled the uptake of biotinylated CPPs and PMO-CPPs to determine their 

relative concentrations in the whole cell and cytosol using careful extraction with digitonin and 

direct detection via MALDI-TOF. By comparing PMO delivery activity to relative internal 

concentration, we can derive a new metric for cargo delivery efficiency that may be useful for 

future development of CPPs for PMO delivery.  
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A.2 Results and discussion 
 
A.2.1 Mirror image peptides have same PMO delivery activity as native forms 

 

We first established that several mirror image peptides could deliver a model PMO 

molecule to the nucleus of cells with similar efficacy to their native L-forms. We selected 

commonly studied, cationic peptides with precedented PMO delivery activity, but not known for 

their dependence on secondary structure or receptor interaction, and synthesized them in their L 

and D-form. The first iteration of these constructs contained a biotin linked through a 6-

aminohexanoic acid residue and a trypsin-cleavable motif in between the peptide and the cargo. 

The cargo portion contained an azide for conjugation to PMO, and a biotin for use in affinity 

capture (Fig. A.1a). The second generation of these constructs did not include an aminohexanoic 

acid linker, and did include a single tryptophan residue for quantitation by UV-Vis (Fig. A.1c). The 

final constructs included cationic (all peptides), oligoarginine (R8, BPEP, Bac7, TAT, TATp), and 

amphipathic (Penetratin, Hell11-7, DPV6, DPV7, MPG)  sequences.  

 

 
 
Figure A.1 Mirror image cell-penetrating peptides have similar PMO delivery activity as 
their native counterparts. 
 (a) Construction of the first generation conjugates studied, including the eight studied CPP sequences. 
Macromolecular cargo PMO IVS2-654 is attached to the N-terminus of the peptides, along with a biotin 
handle for subsequent affinity capture. A trypsin-cleavable linker connects the cargo to the peptides, and a 
6-aminohexanoic acid moiety is between the biotin and the peptide. (b) Shown is activity data from the 
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EGFP 654 assay conducted with D- and L-forms of the first generation sequences at 5 µM. (c) Construction 
of the second generation conjugates used in subsequent experiments. The aminohexanoic acid linker was 
removed, and each peptide contains a single tryptophan residue for quantitation by UV-Vis. (b) Dose-
response curves of D- and L-forms of several sequences at varying concentrations. Bars and points represent 
mean ± SD, N = 3 distinct samples from a representative biological replicate.  Replicate experiments 
showed similar results and are shown in the SI. Statistical significance between the D- and L-samples at 
each concentration was determined using a two-tailed unpaired t-test and indicated by *p<0.01, with blank 
indicating not statistically significant.  
 

In total, fourteen PMO-peptide sequences were synthesized in their D- and L-form and 

tested in an activity-based in vitro assay.22,23 To synthesize the constructs, L-peptides were 

synthesized via automated fast-flow peptide synthesis, and D-peptides were synthesized using 

semi-automated fast flow peptide synthesis. Azido-lysine and biotin moieties were added to the N-

terminus of the peptides manually, and the peptides were simultaneously cleaved and deprotected 

before purification via RP-HPLC. PMO was modified with a dibenzocyclooctyne (DBCO) moiety 

and purified before attachment to the azido-peptides via strain-promoted azide-alkyne 

cycloaddition in water. Purified constructs were then tested using an activity-based readout in 

which nuclear delivery results in fluorescence. Briefly, HeLa cells stably transfected with an EGFP 

gene interrupted by a mutated intron of ß-globin (IVS2-654) produce a non-fluorescent EGFP 

protein. Successful delivery of PMO IVS2-654 to the nucleus results in corrective splicing and 

EGFP synthesis. The amount of PMO delivered to the nucleus is therefore correlated with EGFP 

fluorescence, quantified by flow cytometry. Activity is reported as mean fluorescence intensity 

(MFI) relative to PMO alone. This activity assay provides indirect information on how much active 

PMO is delivered to the nucleus.  
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Figure A.2 Schematic of how PMO-CPPs may enter the cell to perform exon-skipping 
activity. 
 While activity assays give information of how much active PMO reached its target, a mass spectrometry-
based assay may give information on the amount of PMO-CPP located in the cell and cytosol. Comparing 
these metrics provides a new estimate of CPP efficiency.  
 

Dose-response studies with sequences in the d- and l-form confirmed similar activities 

between mirror image CPPs. From our initial proof-of-concept experiment, involving eight 

sequences in l- and d-form tested at a single concentration (5 µM), there was not a significant 

difference between the activities of the mirror image peptides with the exception of Penetratin and 

Hel11-7 (Fig A.1b). The second generation constructs (Fig. A.1c) were tested at varying 

concentrations in the EGFP 654 assay, and the results further suggested that mirror image peptides 

shared nearly identical PMO delivery activities (Fig. A.1d). Interestingly, while PMO-d-R8 

showed similar activity to PMO-l-R8, it did not demonstrate the closeness of activity observed 

with the other sequences. The trend has been observed before, albeit without attached cargo, that 

l-R8 entered cells more efficiently than d.20 Though striking similarities were observed for the 

selected peptides, this similarity is certainly not expected for all CPPs and cargoes, including those 

that rely on secondary structure or receptor-mediated uptake. These activities correspond with how 

much PMO is delivered to the nucleus, but do not provide information regarding the total amount 

Relative Efficiency = PMO Activity
Relative cytosolic 

concentration

PMO Activity

Relative cytosolic 
concentration
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of material inside the cell. Relative efficiency of a PMO-CPP could be characterized by comparing 

activity to internal concentration, as discussed later (Fig. A.2). 

 

A.2.2 Mirror image peptides are proteolytically stable 
 

Our primary motivation for investigating mirror image peptides for transporting PMO was 

that the D-form would be stable against proteolysis and thus would match this property of the PMO 

cargo. D-peptides are indeed stable against degradation, illustrated by a time-course study in which 

both forms of PMO-CPPs were incubated in 25% human serum. While the studied PMO-D-CPPs 

remained intact 24 h later, the L-forms rapidly degraded into multiple fragments, leaving the parent 

construct as a minor product after only one hour of incubation (Fig. A.3). The major degradation 

products correspond to loss of C-terminal RRRPPQ and KKRRQRRRPPQ motifs of TATp 

(sequence: GGKGGWGRKKRRQRRRPPQ). This observation furthers the notion that L-peptides 

are not suitable for investigation using mass spectrometry after recovery from a biological setting. 

However, D-peptide conjugates can be recovered from a biological environment such as serum 

without suffering degradation, simplifying their characterization via mass-spectrometry.  

 

 
Figure A.3 Mirror image cell-penetrating peptides remain proteolytically stable.  
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Mass spectra of PMO-D- and L- conjugates following incubation with human serum. The L-variant is 
degraded within 1 h, while the D-variant is stable after 6 h.  
 
A.2.3 Mirror image PMO-peptides can be recovered from inside cells 

 

The proteolytic stability of d-peptides simplifies the recovery of mixtures of intact 

constructs after being internalized into cells. While MALDI-ToF has been used previously to 

analyze the quantity of l-peptides and protein-peptide conjugates recovered from inside cells, it 

has not yet been used to profile PMO-d-peptides, or mixtures of more than three conjugates at a 

time.34,35 MALDI-ToF has also been used to quantify many different delivered cargos, rather than 

the CPP.38–40 The use of d-peptides would facilitate the analysis of a mixture of conjugates, because 

without degradation, only the parent peak would be observed. Moreover, this platform has not yet 

been used to study peptides recovered from sub-cellular fractions. Through a series of experiments, 

we show that mixtures of intact PMO-d-CPPs can be recovered from the cytosol of cells and 

analyzed by MALDI-ToF to estimate their relative abundances without the need for isotope 

labeling or standard curves (Fig. A.4a).  

 

 
Figure A.4 Uptake assay reveals relative concentrations of intact construct inside the cell.  
(a) Workflow of the uptake assay; cells are treated with PMO-D-CPPs, washed, and lysed to extract the 
whole cell lysate or the cytosol. A trypsin-cleavable L-linker ensures extracellular constructs are not 
recovered. Constructs are immobilized on magnetic streptavidin beads, washed, and plated directly for 
MALDI analysis. Intensities of analytes compared to an equimolar standard provide relative concentrations. 
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(b) MALDI-TOF mass spectra displaying ions of intact biotinylated D-polyarginine peptides, isolated after 
internalization into HeLa cells. Spectra show ions corresponding to intact conjugates in the equimolar spike-
in (black) and the whole cell lysate of cells treated with equimolar mixture (red). (c) By comparing relative 
intensities in the equimolar standard, the response factor (F) was determined and used to calculate the fold 
change in concentration in the experimental samples, shown as bar graph, normalized to BKr4. Also shown 
is the equation used to determine relative concentration: I (intensity), [X] (sample concentration), F 
(response factor), X (sample), S (standard). 
 

Our first step was to recapitulate a known empirical trend that more Arg residues leads to 

greater uptake. We began our assay with a simple model system of four polyarginine peptides with 

a trypsin cleavable linker and a single biotin label. HeLa cells were incubated with biotin-K-D-

Arg4, D-Arg6, D-Arg8, and D-Arg10 for 1 h. The cells were then washed extensively with PBS and 

heparin and trypsinized to lift the cells as well as to cleave the L-linker on the extracellular 

constructs, preventing their recovery. The treatment with heparin is known to release peptides 

bound to the membrane but that are not internalized20, although it is possible that membrane-bound 

peptides are recovered in the whole cell lysate. The whole cell lysate was then prepared using RIPA 

buffer. Fully intact biotinylated peptides were captured with magnetic streptavidin Dynabeads, 

washed, and plated directly for MALDI analysis. Also plated were Dynabeads incubated in an 

equimolar mixture of the same constructs as determined by UV-Vis (Fig. A.4b).  

 

The relative concentration of peptides on the beads can be estimated by determining the 

analyte’s response factor (F) from the equimolar standard (Fig. A.4b). In the standard, each 

analyte’s concentration is 1 mM, and each analyte’s response factor (F) is determined by 

normalizing their intensities to an internal standard (S). Here, BKr6 was selected as the arbitrary 

standard, where F = 1. The response factor of each analyte should remain consistent across samples 

that contain the same analytes,33,37 and was used to calculate the fold change in concentration in 

the experimental samples. The relative concentrations [X] of the analytes, normalized to the 

‘internal standard’ BKr6 are shown as a bar graph (Fig. A.4c). There is a clear increase in 

concentration of the constructs with more Arg residues, with BKr10 having 40-fold greater 

concentration than BKr6. This trend of greater number of Arg residues leading to greater uptake is 

already well documented in the literature.41,42 

 

A.2.4 PMO-d-CPPs can be extracted from cytosol and analyzed by MADI 
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Next, we found that these PMO-CPP constructs likely enter via energy-dependent 

endocytosis. When evaluating CPP delivery efficiency, considering the mechanism of uptake and 

potential for endosomal entrapment is necessary. In contrast with CPPs alone which can enter via 

passive diffusion,41,43 we hypothesized that the uptake mechanism of these constructs was likely 

endocytosis, considering the size of the PMO cargo as well as previous studies that we have 

conducted on similar conjugates.22,23 Using a panel of chemical endocytosis inhibitors, we 

performed a pulse-chase EGFP 654 assay format in which cells were pre-incubated with inhibitors 

before treatment with the L- and D-forms of PMO-DPV7 and PMO-Bac7. Analysis by flow 

cytometry revealed that chlorpromazine reduced activity in a dose-dependent manner (Fig. A.5a). 

Chlorpromazine is an inhibitor of clathrin-mediated endocytosis and has previously been observed 

to inhibit activity of similar PMO constructs. While it is possible that multiple uptake mechanisms 

are occurring, these PMO-CPP conjugates are likely taken up by active transport.  

 

 
 
Figure A.5 PMO-D-CPPs enter via endocytosis, and can be detected in whole cell and 
cytosolic lysate by MALDI-TOF.  
(a) Shown are PMO activities from an EGFP 654 assay in which cells are treated in a pulse-chase format 
with chemical endocytosis inhibitors followed by PMO-conjugates at 5 µM. Chlorpromazine (CPZ) 
produces a dose-dependent inhibition of PMO activity. Bars represent group mean ± SD, N = 3 distinct 
samples from a single biological replicate. *p<0.05, **p<0.005 compared to cells treated without inhibitor. 
(b) Western blot demonstrating extraction of whole cell lysate and cytosolic fraction with RIPA and 
digitonin buffer, respectively. Erk 1/2 is a cytosolic marker, whereas Rab5 is a late endosomal marker. 
Lysates shown are from untreated cells, as well as cells treated with PMO-D-Bpep and PMO-D-R8. (c) and 
(d) show example MALDI spectra following uptake analysis of lysates from (B) containing PMO-d-Bpep 
and PMO-d-R8, respectively. Intact construct was detected in the whole cell (top) as well as cytosolic 
(bottom) fractions. 
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internalized into cells. Not all endocytosed compounds are able to escape the endosome, and 

endosomal entrapment would lead to less active PMO delivered into the cytosol, measured by a 

lower cytosolic concentration relative to whole-cell lysate. Therefore, we then extracted 

biotinylated PMO-CPPs from the cytosol as well as the whole cell lysate following internalization 

and detected them by Western blot and MALDI. Individually, we incubated PMO-D-R8 or PMO-

D-Bpep at 5 µM with HeLa cells in a 12-well plate for 1 h before washing with heparin and 

digesting with trypsin. The cytosol was extracted using Digitonin buffer, which selectively 

permeabilizes the outer membrane. RIPA buffer was used to prepare whole cell lysates. To confirm 

cytosolic extraction, a portion of each sample was analyzed via Western blot using a cytosolic 

marker (Erk 1/2) and a late-endosomal marker (Rab5). Samples of cytosolic extract from both 

treated and untreated cells have markedly reduced Rab5 while all samples contain Erk 1/2 (Fig. 

A.5a). Trace contamination of Rab5 is observed in the cytosolic extract although the amount is 

significantly reduced compared to the whole cell lysate. Finally, as with the biotinylated peptides, 

the PMO-CPPs were then extracted from the samples with Streptavidin coated magnetic 

Dynabeads, washed extensively, and analyzed via MALDI-TOF. We indeed detected PMO-D-R8 

and PMO-D-Bpep in their respective samples, presenting the first instance of an intact peptide-

oligonucleotide conjugate being extracted from cells and analyzed by mass spectrometry (Fig. 

A.5c-d). Moreover, we found that incubation at lower temperature appeared to inhibit cytosolic 

localization of PMO-D-CPPs, but resulted in equal relative concentrations between whole cell and 

cytosolic fractions for biotin-D-CPPs, which may be able to passively diffuse through the 

membrane. 

 

 
 
Figure A.6 Uptake of biotin-CPPs can be profiled in different cell lines.  

0

1

2

3

4

5

R8 TAT BPEP DPV7 TATp DPV6

R
el

at
iv

e 
C

on
ce

nt
ra

tio
n

0

0.5

1

1.5

2

2.5

3

R8 TAT BPEP DPV7 TATp DPV6

HeLa
biotin-CPP

R
el

at
iv

e 
C

on
ce

nt
ra

tio
n

C2C12
biotin-CPP Whole cell

Cytosol

Whole cell
Cytosol

BA



 198 

(a) Bar graph showing concentrations of biotin-CPPs relative to BPEP in the whole cell and cytosolic 
extracts of C1C12 mouse myoblast cells following 1 h treatment at 37 °C. (b) Bar graph showing 
concentrations of biotin-CPPs in the whole cell and cytosolic extracts of HeLa cells following 1 h treatment 
at 37 °C. Bars represent group mean ± SD N = 2 replicate samples. Relative concentration is normalized to 
Bpep. 
 

Next, we expanded the analytes tested and profiled the uptake of six biotin-D-CPPs in the 

cytosol of distinct cell lines. Biotin-D-R8, TAT, Bpep, DPV7, TATp, and DPV6 were profiled by 

MALDI in both HeLa (Fig. A.6a) and C2C12 mouse myoblast (Fig. A.6b) cell lines. We observed 

different uptake patterns between the two cell lines; polyarginine was significantly more abundant 

in the C2C12 cells compared to the other peptides, and DPV6 and DPV7 were not detected in the 

cytosol. In HeLa, polyarginine had the highest relative concentration in both cytosol and whole 

cell, and DPV7 was again not detected in the cytosol. However, TAT, TATp, and DPV6 all had 

similar relative cytosolic concentrations. With these experiments we demonstrated that this 

profiling platform could determine the relative concentration of six intact peptides extracted from 

whole cell and cytosol of two distinct cell lines.  

 

 
Figure A.7 Mass spectrometry-based profiling combined with activity gives new efficiency 
metric for PMO-CPPs.  
(a) Bar graph showing concentrations of PMO-biotin-CPPs relative to BPEP in the whole cell and cytosolic 
extracts of Hela cells. Relative concentration is normalized to BPEP. (b) Bar graph showing relative 
efficiency (PMO activity / relative cytosolic concentration) of PMO-CPPs. Bars show group mean ± SD, N 
= 2 distinct samples from a single biological replicate, except for the whole cell condition of (A) in which 
N = 2 distinct samples from two independent biological replicates. 
 
 

Finally, we profiled uptake of six PMO-D-CPPs. PMO-D-R8, TAT, BPEP, DPV7, TATp, 

and DPV6 were profiled in HeLa cells as usual. Extraction of cytosol was confirmed by Western 

blot (SI) and the samples were analyzed by MALDI. Relative concentrations were normalized to 

BPEP. In the whole cell extract, the relative concentrations were generally consistent across 
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peptides, with DPV6 having 1.5-fold higher relative concentration. On the other hand, relative 

concentrations in the cytosol were lower for the polyarginine peptides R8 and TAT, and highest for 

BPEP and DPV6 (Fig. A.7a). By comparing the relative cytosolic concentration to overall peptide 

activity, the relative efficiencies demonstrate an effective metric for determining which of the six 

CPPs can effectively deliver PMO for nuclear splice-correction activity (Fig. A.7b). 
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A.3 Conclusions 
 

Here we show that the all-D version of several known cell-penetrating peptides can deliver 

an antisense oligonucleotide to the nucleus of cells at the same efficiency as their native L-form. 

While the respective activities were nearly identical in cells, the D-forms were resistant to serum 

proteolysis. This stability enabled recovery and mass spectrometric analysis of the D-peptides from 

cytosolic and whole cell lysates. By comparing PMO activity to relative internalized 

concentrations, we obtained a metric for PMO delivery efficiency.  

 

While it would not be expected that the mirror image of all CPPs would retain delivery 

activity, the striking similarities observed for the mirror image peptides selected in this study 

suggests that D-peptides should be studied further. Despite similar activity in cells, the difference 

in proteolytic stability indicates the potential for differential activities in animals. Proteolytic 

degradation of peptide therapeutics has been considered a major weakness limiting therapeutic 

investigation.44 However, mutations to D-amino acids, or the study of entirely D-peptides, has the 

potential to improve pharmacokinetic properties of proteinogenic therapies. Avoidance of cleavage 

sites can enhance proteolytic stability and half-life in vivo, and can be achieved by integration of 

unnatural amino acids, including D-amino acids.45 An all-D polyproline CPP was shown to be 

efficacious in mice18, and PMO-D-CPPs were previously found to be the most stable among tested 

B-peptide analogs.15  Moreover, it is likely that intact PMO-CPP conjugates are able to enter the 

nucleus as opposed to a cleaved PMO only.22 Despite these promising findings, the activities of 

PMO-D-CPPs had not previously been explored. We found that in HeLa cells, several CPP 

sequences had nearly identical delivery activities in their D- and L-forms, while the D-form 

remained completely proteolytically stable.  

 

Besides potential in vivo applications, the proteostability of D-peptides also simplified their 

direct analysis by mass spectrometry following recovery from biological milieu. Previous reports 

demonstrated that biotinylated L-peptides could be recovered from inside whole cell lysate and 

quantified by MALDI-ToF, and cleavage products were identified and accounted for.7,34 Here, by 

focusing only on fully intact constructs, we analyzed a mixture of six individual biotinylated D-

peptides from inside cells by observing only the intact parent ions. Moreover, we demonstrated 

relative quantification of a mixture of biotinylated peptides recovered from cytosolic extract. 
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Analysis of the cytosolic portion is critical when studying and developing cell-penetrating 

peptides, considering that whole cell uptake does not correlate with cytosolic delivery due to the 

possibility of endosomal entrapment.  

 

Finally, we showed relative quantification of intact biotinylated PMO-D-CPPs in whole 

cell lysate. By combining relative internal concentrations with PMO delivery activity, we obtained 

a metric for relative delivery efficiency. Delivery efficiency would be a useful metric for 

comparing CPPs delivering active therapeutic cargo as it takes into account both the activity of the 

cargo as well as the internal concentration. A highly efficient peptide would have high activity with 

low internal concentration, and thus a high relative efficiency. This metric decouples activity 

measurements from endosomal escape, allowing the direct comparison of cytosolic concentration 

and activity. Using these metrics when investigating CPPs would be useful in narrowing the scope 

of sequences early in development to exclude sequences which accumulate in the endosomes or 

otherwise do not efficiently deliver active cargo.  

 

Exploration of mirror image CPPs would enter into a largely untapped chemical space. We 

recently described a machine learning-based platform for the discovery of nuclear-targeting 

peptides containing unnatural amino acids.23 While the unnatural residues included in this work 

were non-alpha-amino acids, future applications of this method could include D-amino acid 

substitutions, or fully mirror image CPPs in order to discover highly active, novel sequences that 

are completely stable. 
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A.4 Experimental Section 
A.4.1 Reagents and solvents 
 

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-sur-

Richelieu, Quebec, Canada). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium-3- oxid-hexafluorophosphate (HATU), 4-pentynoic acid, 5-azidopentanoic acid, 

Fmoc-b-Ala-OH, Fmoc-6-aminohexanoic acid, and Fmoc-L-Lys(N3) were purchased from Chem-

Impex International (Wood Dale, IL). PyAOP was purchased from P3 BioSystems (Louisville, 

KY). Fmoc-protected L-amino acids (Fmoc-Ala-OHxH2O, Fmoc-Arg(Pbf)-OH; Fmoc-Asn(Trt)-

OH; Fmoc-Asp-(Ot-Bu)-OH; Fmoc-Gln(Trt)-OH; Fmoc-Glu(Ot-Bu)-OH; Fmoc-Gly-OH; Fmoc-

His(Trt)-OH; Fmoc-Ile-OH; Fmoc-Leu-OH; Fmoc-Lys(Boc)-OH; Fmoc-Met-OH; Fmoc-Phe-

OH; Fmoc-Pro-OH; Fmoc-Ser(But)-OH; Fmoc-Thr(t-Bu)-OH; Fmoc-Trp(Boc)-OH; Fmoc-Tyr(t-

Bu)-OH; Fmoc-Val-OH), were purchased from the Novabiochem-line from Sigma Millipore. 

Fmoc-protected D-amino acids were purchased from Chem Impex (Wood Dale, IL). Peptide 

synthesis-grade N,N-dimethylformamide (DMF), CH2Cl2, diethyl ether, and HPLC-grade 

acetonitrile were obtained from VWR International (Radnor, PA). All other reagents were 

purchased from Sigma-Aldrich (St. Louis, MO). Milli-Q water was used exclusively.  

 
A.4.2 General method for peptide preparation 

Fast-flow Peptide Synthesis: Peptides were synthesized on a 0.1 mmol scale using an 

automated fast-flow peptide synthesizer for L-peptides and a semi-automated fast-flow peptide 

synthesizer for D-peptides. Automated synthesis conditions were used as previously reported.1 

Briefly, a 100 mg portion of ChemMatrix Rink Amide HYR resin was loaded into a reactor 

maintained at 90 ºC. All reagents were flowed at 40 mL/min with HPLC pumps through a stainless-

steel loop maintained at 90 ºC before introduction into the reactor. For each coupling, 10 mL of a 

solution containing 0.4 M amino acid and 0.38 M HATU in DMF were mixed with 600 μL 

diisopropylethylamine and delivered to the reactor. Fmoc removal was accomplished using 10.4 

mL of 20% (v/v) piperidine. Between each step, DMF (15 mL) was used to wash out the reactor. 

To couple unnatural amino acids or to cap the peptide (e.g. with 4-pentynoic acid), the resin was 

incubated for 30 min at room temperature with amino acid (1 mmol) dissolved in 2.5 mL 0.4 M 

HATU in DMF with 500 μL diisopropylethylamine. After completion of the synthesis, the resin 

was washed 3 times with dichloromethane and dried under vacuum.  
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Semi-automated synthesis was carried out as previously described.2 1 mmol of amino acid 

was combined with 2.5 mL 0.4 M HATU and 500 µL DIEA and mixed before being delivered to 

the reactor containing resin via syringe pump at 6 mL/min. The reactor was submerged in a water 

bath heated to 70 ºC. An HPLC pump delivered either DMF (20 mL) for washing or 20 % 

piperidine/DMF (6.7 mL) for Fmoc deprotection, at 20 mL/min.  

Peptide Cleavage and Deprotection: Each peptide was subjected to simultaneous global side-

chain deprotection and cleavage from resin by treatment with 5 mL of 94% trifluoroacetic acid 

(TFA), 2.5% thioanisole, 2.5% water, and 1% triisopropylsilane (TIPS) (v/v) at room temperature 

for 2 to 4 hours. The cleavage cocktail was first concentrated by bubbling N2 through the mixture, 

and cleaved peptide was precipitated and triturated with 40 mL of cold ether (chilled in dry ice). 

The crude product was pelleted by centrifugation for three minutes at 4,000 rpm and the ether was 

decanted. This wash step was repeated two more times. After the third wash, the pellet was 

dissolved in 50% water and 50% acetonitrile containing 0.1% TFA, filtered through a fritted 

syringe to remove the resin and lyophilized. 

Peptide Purification: The peptides were dissolved in water and acetonitrile containing 0.1% 

TFA, filtered through a 0.22 μm nylon filter and purified by mass-directed semi-preparative 

reversed-phase HPLC. Solvent A was water with 0.1% TFA additive and Solvent B was 

acetonitrile with 0.1% TFA additive. A linear gradient that changed at a rate of 0.5% B/min was 

used. Most of the peptides were purified on an Agilent Zorbax SB C18 column: 9.4 x 250 mm, 5 

μm. Using mass data about each fraction from the instrument, only pure fractions were pooled and 

lyophilized. The purity of the fraction pool was confirmed by LC-MS.  

 
 
 
A.4.3 PMO-DBCO synthesis 

PMO IVS-654 (50 mg, 8 µmol) was dissolved in 150 µL DMSO. To the solution was added 

a solution containing 2 equivalents of dibenzocyclooctyne acid (5.3 mg, 16 µmol) activated with 

HBTU (37.5µL of 0.4 M HBTU in DMF, 15 µmol) and DIEA (2.8 µL, 16 µmol) in 40 µL DMF 

(Final reaction volume = 0.23 mL). The reaction proceeded for 25 min before being quenched with 

1 mL of water and 2 mL of ammonium hydroxide. The ammonium hydroxide hydrolyzed any ester 

formed during the course of the reaction. After 1 hour, the solution was diluted to 40 mL in 

water/acetonitrile and purified using reverse-phase HPLC (Agilent Zorbax SB C3 column: 21.2 x 
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100 mm, 5 µm) and a linear gradient from 2 to 60% B (solvent A: water; solvent B: acetonitrile) 

over 58 min (1% B / min). Using mass data about each fraction from the instrument, only pure 

fractions were pooled and lyophilized. The purity of the fraction pool was confirmed by LC-MS. 

Conjugation to peptides 

PMO-DBCO (1 eq, 5 mM, water) was conjugated to azido-peptides (1.5 eq, 5 mM, water) at 

room temperature for 2 h. Reaction progress was monitored by LCMS and purified when PMO-

DBCO was consumed. Purification was conducted using mass-directed HPLC (Solvent A: 100 

mM ammonium acetate in water, Solvent B: acetonitrile) with a linear gradient that changed at a 

rate of 0.5% B/min, on an Agilent Zorbax SB C13 column: 9.4 x 250 mm, 5 μm. Using mass data 

about each fraction from the instrument, only pure fractions were pooled and lyophilized. The 

purity of the fraction pool was confirmed by LC-MS. 

 
 
A.4.4 EGFP assay 

HeLa 654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine serum 

(FBS) and 1% (v/v) penicillin-streptomycin at 37 °C and 5% CO2. 18 h prior to treatment, the 

cells were plated at a density of 5,000 cells per well in a 96-well plate in MEM supplemented with 

10% FBS and 1% penicillin-streptomycin.  

 

PMO-peptides were dissolved in cation-free PBS at a concentration of 1 mM (determined 

by UV) before being diluted in MEM. Cells were incubated at the designated concentrations for 

22 h at 37 °C and 5% CO2. The treatment media was removed, and the cells were washed once 

before being incubated with 0.25 % Trypsin-EDTA for 15 min at 37 °C and 5% CO2. Lifted cells 

were transferred to a V-bottom 96-well plate and washed once with PBS, before being resuspended 

in PBS containing 2% FBS and 2 µg/mL propidium iodide (PI). Flow cytometry analysis was 

carried out on a BD LSRII flow cytometer at the Koch Institute. Gates were applied to the data to 

ensure that cells that were positive for propidium iodide or had forward/side scatter readings that 

were sufficiently different from the main cell population were excluded. Each sample was capped 

at 5,000 gated events.   
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Analysis was conducted using Graphpad Prism 7 and FlowJo. For each sample, the mean 

fluorescence intensity (MFI) and the number of gated cells was measured. To report activity, 

triplicate MFI values were averaged and normalized to the PMO alone condition. 

 

A.4.5 Endocytosis inhibition assay 
Chemical endocytosis inhibitors were used to probe the mechanism of delivery of PMO by 

these peptides in a pulse-chase format. We have conducted such analysis on similar PMO-peptide 

constructs previously with comparable outcomes.3 For the PMO constructs, HeLa 654 cells were 

preincubated with various chemical inhibitors for 30 minutes before treatment with PMO-CPP 

constructs for three hours. The panel included: a panel of endocytosis inhibitors including: 

chlorpromazine (CPZ), which is demonstrated to interfere with clathrin-mediated endocytosis; 

cytochalasin D (CyD), which inhibits phagocytosis and micropinocytosis; wortmannin (Wrt), 

which alters various endocytosis pathways by inhibiting phosphatidylinositol kinases; EIPA (5-(N-

ethyl-Nisopropyl) amiloride), which inhibits micropinocytosis; and Dynasore (Dyn), which also 

inhibits clathrin-mediated endocytosis.4,5 Treatment media was then replaced with fresh media and 

the cells were incubated for 22 hours at 37 °C and 5% CO2. Cells were then lifted as previously 

described and EGFP synthesis was measured by flow cytometry.  

 
A.4.6 LDH assay 

Cytotoxicity assays were performed in HeLa 654 cells. Cell supernatant following 

treatment for flow cytometry was transferred to a new 96-well plate for analysis of LDH release. 

To each well of the 96-well plate containing supernatant was added CytoTox 96 Reagent 

(Promega). The plate was shielded from light and incubated at room temperature for 30 minutes. 

Equal volume of Stop Solution was added to each well, mixed, and the absorbance of each well 

was measured at 490 nm. The measurement of untreated cells was subtracted from each treated 

cell measurement, and % LDH release was calculated as % cytotoxicity = 100 × Experimental 

LDH Release (OD490) / Maximum LDH Release (OD490). 

 
 
A.4.7 Uptake assay 

The uptake assay was adapted from a previously reported protocol35 Briefly, cells were 

plated in a 12-well plate the evening before the experiment. On the day of, cells were treated at 
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varying concentrations of PMO-biotin-peptide or biotin-peptide at varying temperatures and 

durations. Treatment media was removed, and cells were washed with fresh media before 

incubated with porcine heparin for 5 min to dissociate membrane-bound peptide. Cells were lifted 

and membrane-bound peptide was cleaved by incubation in trypsin for 5 min. Collected cells were 

pelleted and washed before being digested with RIPA buffer (for whole cell extract) or digitonin 

buffer (for cytosolic extract) on ice. Supernatant was collected and protein concentration was 

quantified using a BCA protein assay kit. A portion of some samples were retained for analysis by 

Western blot. The remaining supernatant was incubated with magnetic streptavidin Dynabeads 

overnight at 4 °C.  

 

Dynabeads were washed with a series of buffers: 2 x 100 µL Buffer A (50 mM Tris-HCl 

(pH 7.4) and 0.1 mg/mL BSA), 2 x 100 µL Buffer B (50 mM Tris-HCl (pH 7.4), 0.1 mg/mL BSA, 

and 0.1% SDS), 2 x 100 µL Buffer C (50 mM Tris-HCl (pH 7.4), 0.1 mg/mL BSA, and 1 M NaCl), 

and 2 x 100 µL water. Washed beads were then resuspended in CHCA MALDI matrix and plated 

directly on a MALDI plate. The plate was analyzed using MALDI-ToF on a high-resolution Bruker 

Autoflex LRF Speed mass spectrometer in linear positive mode.  

 

Relative concentrations of peptides in the mixture were determined as follows. Analytes in 

a mixture ionize according to their response factor (F). F was determined by normalizing the 

intensities of each analyte to one analyte in the control sample, where the concentration of each 

analyte is arbitrarily set to 1. The values of F is then used in the experimental spectra containing 

the same mixture of analytes to determine their relative concentrations.  

 

A.4.8 Serum stability assay 
Each PMO-peptide was dissolved in PBS to a concentration of 1 mM, as confirmed by UV-

Vis. PMO-peptide was then added to a solution of either PBS or PBS containing 25% human serum 

to a final concentration of 50 µM and incubated at 37 °C. 10 µL aliquots were removed at varying 

timepoints (t = 0, 1h, 6 h, 24 h), and quenched with 20 µL 1M guanidinium hydrochloride and 50 

mM EDTA. 50 µL ice-cold acetonitrile was then added and the aliquots were flash frozen until 

LCMS analysis. Samples were thawed, and a portion of the aqueous layer was diluted before 
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analysis by LC-qTOF. The mass spectrum for the PMO-peptides was analyzed by deconvolution, 

to best demonstrated whether the analyte had stayed intact or degraded. 

 

A.4.9 Statistics 
Statistical analysis and graphing was performed using Prism (Graphpad) or Excel 

(Microsoft). Concentration-response curves were fitted using Prism using nonlinear regression. 

The listed replicates for each experiment indicates the number of distinct samples measured for a 

given assay. Significance for activities between constructs was determined using a student’s two-

sided, unpaired t-test. 
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A.6 Appendix I: Gel Images 
 
Full gel image corresponding to that shown in Figure A.4. 
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Full gel image corresponding to the experiment described in Figure A.5. 
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Full gel image. IR800 (left) and Chemiluminescence (right) 
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Full gel image  
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A.7 Appendix II: Compound characterization 
 
Peptide: Bio-D-TAT 
Sequence: Biotin-Lys(N3)-GGKGGWRKKRRQRRR 
Calculated monoisotopic mass: 2260.3 Da 
Observed monoisotopic mass: 2260.4 Da 
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Peptide: Bio-L-TAT 
Sequence: Biotin-Lys(N3)-GGKGGWRKKRRQRRR 
Calculated monoisotopic mass: 2260.3 Da 
Observed monoisotopic mass: 2260.4 Da 
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Peptide: Bio-D-TATp 
Sequence: Biotin-Lys(N3)-GGKGGWGRKKRRQRRRPPQ 
Calculated monoisotopic mass: 2639.5 Da 
Observed monoisotopic mass: 2639.5 Da 
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Peptide: Bio-L-TATp 
Sequence: Biotin-Lys(N3)-GGKGGWGRKKRRQRRRPPQ 
Calculated monoisotopic mass: 2639.5 Da 
Observed monoisotopic mass: 2639.5 Da 
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Peptide: Bio-D-DPV6 
Sequence: Biotin-Lys(N3)-GGKGGWGRPRESGKKRKRKRLKP 
Calculated monoisotopic mass: 2997.7 Da 
Observed monoisotopic mass: 2997.8 Da 
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Peptide: Bio-L-DPV6 
Sequence: Biotin-Lys(N3)-GGKGGWGRPRESGKKRKRKRLKP 
Calculated monoisotopic mass: 2997.7 Da 
Observed monoisotopic mass: 2997.8 Da 
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Peptide: Bio-D-DPV7 
Sequence: Biotin-Lys(N3)-GGKGGWKRKKKGKLGKKRDP 
Calculated monoisotopic mass: 2587.5 Da 
Observed monoisotopic mass: 2587.5 Da 
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Peptide: Bio-L-DPV7 
Sequence: Biotin-Lys(N3)-GGKGGWKRKKKGKLGKKRDP 
Calculated monoisotopic mass: 2587.5 Da 
Observed monoisotopic mass: 2587.5 Da 
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Peptide: Bio-D-BPEP 
Sequence: Biotin-Lys(N3)-GGKGGWRXRRBRRXRRBR 
Calculated monoisotopic mass: 2556.5 Da 
Observed monoisotopic mass: 2556.5 Da 
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Peptide: Bio-L-BPEP 
Sequence: Biotin-Lys(N3)-GGKGGWRXRRBRRXRRBR 
Calculated monoisotopic mass: 2556.5 Da 
Observed monoisotopic mass: 2556.5 Da 
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Peptide: Bio-D-R8 
Sequence: Biotin-Lys(N3)-GGKGGWRRRRRRRR 
Calculated monoisotopic mass: 2188.3 Da 
Observed monoisotopic mass: 2188.3 Da 
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Peptide: Bio-L-R8 
Sequence: Biotin-Lys(N3)-GGKGGWRRRRRRRR 
Calculated monoisotopic mass: 2188.3 Da 
Observed monoisotopic mass: 2188.3 Da 
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Peptide: PMO-Bio-D-TAT 
Sequence: Biotin-Lys(PMO)-GGKGGWRKKRRQRRR 
Calculated mass:8789.6 Da 
Observed mass: 8789.8 Da 
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Peptide: PMO-Bio-L-TAT 
Sequence: Biotin-Lys(PMO)-GGKGGWRKKRRQRRR 
Calculated mass: 8789.6 Da 
Observed mass: 8789.7 Da 
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Peptide: PMO-Bio-D-TATp 
Sequence: Biotin-Lys(PMO)-GGKGGWGRKKRRQRRRPPQ 
Calculated mass: 9169.0 Da 
Observed mass: 9169.1 Da 
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Peptide: PMO-Bio-L-TATp 
Sequence: Biotin-Lys(PMO)-GGKGGWGRKKRRQRRRPPQ 
Calculated mass: 9169.0 Da 
Observed mass: 9169.1 Da 
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Peptide: PMO-Bio-D-DPV6 
Sequence: Biotin-Lys(PMO)-GGKGGWGRPRESGKKRKRKRLKP 
Calculated mass: 9527.5 Da 
Observed mass: 9527.2 Da 
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Peptide: PMO-Bio-L-DPV6 
Sequence: Biotin-Lys(PMO)-GGKGGWGRPRESGKKRKRKRLKP 
Calculated mass: 9527.5 Da 
Observed mass: 9527.4 Da 
 
 
 

 

  



 231 

Peptide: PMO-Bio-D-DPV7 
Sequence: Biotin-Lys(PMO)-GGKGGWKRKKKGKLGKKRDP 
Calculated mass: 9117.1 Da 
Observed mass: 9117.1 Da 
 
 
 
 

 

 
 
 
 
 
 
  



 232 

Peptide: PMO-Bio-L-DPV7 
Sequence: Biotin-Lys(PMO)-GGKGGWKRKKKGKLGKKRDP 
Calculated mass: 9117.1 Da 
Observed mass: 9117.1 Da 
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Peptide: PMO-Bio-D-BPEP 
Sequence: Biotin-Lys(PMO)-GGKGGWRXRRBRRXRRBR 
Calculated mass: 9086.0 Da 
Observed mass: 9086.1 Da 
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Peptide: PMO-Bio-L-BPEP 
Sequence: Biotin-Lys(PMO)-GGKGGWRXRRBRRXRRBR 
Calculated mass: 9086.0 Da 
Observed mass: 9085.8 Da 
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Peptide: PMO-Bio-D-R8 
Sequence: Biotin-Lys(PMO)-GGKGGWRRRRRRRR 
Calculated mass: 8717.5 Da 
Observed mass: 8717.7 Da 
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Peptide: PMO-Bio-L-R8 
Sequence: Biotin-Lys(PMO)-GGKGGWRRRRRRRR 
Calculated mass: 8717.5 Da 
Observed mass: 8717.6 Da 
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