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Abstract 

 

Transcription factors (TFs) control gene expression by recognizing specific DNA 

sequences, thereby regulating most, if not all, aspects of cellular function. As such, many cancers 

are hallmarked by deregulation of TFs, which makes them ideal targets for cancer therapy. 

However, direct inhibition of the DNA binding of TFs remains largely untapped due to technical 

challenges in targeting protein-protein and protein-DNA interactions. In particular, c-Myc, a 

protooncogenic TF of the basic helix-loop-helix family, is deregulated in up to 70% of cancers but 

its inhibitor development has eluded researchers for decades.  

Here we developed a modular platform to create fully synthetic miniproteins derived from 

bHLH TFs. As a proof-of-concept study, synthesis of heterodimeric, stabilized DNA-binding 

helices derived from Myc/Max yielded synthetic DNA-binding domains (sDBDs) that recapitulate 

the DNA binding activity of full-length TFs. Lead sDBDs showed increased structural stability, 

cellular uptake, and promising intracellular target accessibility. Extensive studies into the 

stabilization of secondary and tertiary structures provided insights into their structure activity 

relationship, and further optimizations of sDBDs led to the development of new orthogonal 

chemistries.  

Next, we applied the synthetic platform to a synthetic transcription factor (STF) scaffold 

derived from the basic and leucine zipper domains of Max. STFs showed superior binding affinity 

and specificity to target DNA, and effectively competed with bHLH proteins in vitro. Vigilant 

stabilization of secondary, tertiary and quaternary structural elements in STFs simultaneously 

preserved biochemical activity and significantly improved structural, thermal and proteolytic 
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stability. Lead STFs are cell permeable, distribute throughout the cytosol and nucleus intact, and 

directly bind Myc target genes. We also solved the crystal structure of an STF-DNA complex, 

confirming that STFs assemble and recognize DNA in a manner similar to full length bHLH TFs.  

Finally, we conducted thorough studies into the synthesis of dimeric STFs (dSTFs) using 

the multidimensional orthogonal chemistries in our platform. dSTFs possess enhanced activity and 

stability compared to STFs, and represent the largest stabilized miniprotein that have been made 

to date.  

Collectively, these results validated the modularity and robustness of our synthetic 

platform, and multiple functional miniproteins from the platform, enabling the development of 

new solutions for every unique TF. Additionally, lead functional miniproteins that have emerged 

from our screens, possess great potentials for direct inhibition of Myc DNA binding, representing 

a critical first step towards overcoming the grand challenge of targeting Myc.  
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Chapter 1 

Introduction 

 

 

 

1.1 Transcription factors as targets for cancer therapy   

Transcription factors (TFs) are proteins that bind to specific DNA promoter and enhancer 

sequences and subsequently control the transcription of genetic information from DNA to 

messenger RNA (mRNA), resulting in either activation or repression of target genes1. Although 

there are over 1,600 human transcription factors, their protein sequences, regulatory regions, and 

physiological roles are often deeply conserved2, 3. Given the central role served by TFs in all 

aspects of cellular function, aberrant TF activity is widely and unambiguously implicated in human 

disease. In 2002, Darnell identified a limited list of transcription factors are overactive in most 

human cancer cells4. This has been followed by a plethora of studies elucidating the important role 

that the deregulation of TFs plays in cancer5. Many cancers are hallmarked by direct genetic 

alteration of TFs by amplification, deletion, translocation or mutation6, 7. Additionally, cancers that 

do not harbor these direct alterations to TFs invariably rely on dysregulated upstream signaling 

pathways that ultimately impinge on TF function and gene expression programs6. As such, TFs 

are the most direct and hopeful targets for cancer therapy. The increased validation of TF targets 

has made. It clear that interrogation of their activity has substantial therapeutic potential, not only 

for cancer but for other human diseases as well.  
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Notwithstanding their great promise, TFs have proven to be particularly difficult to 

manipulate pharmacologically and been historically regarded as “undruggable”. This view arises 

from the challenges associated with targeting either the protein-protein or protein-DNA 

interactions that mediate their function. The smoother surface and lack of more tractable binding 

pockets make them difficult targets for any small molecule drug development. In fact, only a small 

subset of TFs, nuclear hormone receptors, including estrogen receptor, androgen receptor, retinoic 

acid receptor and glucocorticoid receptor, have been routinely targeted by cell-permeable small 

molecules8, due to the presence of binding sites for endogenous effector metabolites. On the other 

hand, large biomolecules, such as antibodies, are capable of blocking certain protein-protein 

interfaces, but their therapeutic values in targeting TFs are severely compromised, due to their 

large molecular size and hence their inability to pass through cell membranes. The significant gap 

in our therapeutic tools has consequently led to the historical lack of success by existing classes of 

molecules.  

Meanwhile, multiple efforts have been made to target TFs via other avenues, which include 

modulating the expression of TFs, blocking essential protein-protein interactions in the TF 

complex, and promoting their proteasomal degradation. Nevertheless, considering that DNA 

binding is of vital importance to TFs’ function and direct inhibition of such interactions would 

sequester TFs from their targets, there is a frustrating paucity of inhibitors that directly target the 

DNA binding of TFs. To date, the only class of synthetic molecules that has demonstrated a general 

capacity to directly target DNA, and by extension TF activity, is the engineered “polyamide” class 

introduced by Dervan et al. in the 1990s9. These molecules have been validated as direct 

competitors to TF-DNA binding interactions10, as well as capable of reactivating gene expression 

near repetitive target sites in the genome11. However, polyamides function as minor groove DNA 
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binders 12, 13 in both open and closed chromatin, whereas most TFs employ archetypal DNA-

interacting motifs of an α-helix oriented in the major groove. This discrepancy in mechanism is 

likely to lead to undesirable cellular activities, such as off-target effects14. Since their initial 

development, no significant progress has been made to demonstrate their clinical applicability. 

Therefore, this unifying common feature of major groove binding, which requires defined 

secondary, tertiary, and/or quaternary structures, must be considered in future ligand designs.  

 

1.2 Myc is a proto-oncogenic transcription factor  

1.2.1 Regulation of Myc/Max/Mad network and its role in cancer progression  

Of the “undruggable” TFs that contain a widely conserved DNA binding domain, the c-

Myc oncoprotein (or simply Myc hereafter) represents a prototypical and notorious driver of 

proliferation in numerous cancers15, 16. Myc is a part of the Myc/Max/Mad transcriptional network 

and belongs to a family of TFs that possess the basic helix-loop-helix (bHLH) motif17, 18. All three 

proteins form heterodimer or homodimer with Max via interactions between the leucine zipper 

domains. The dimerized bHLH domains recognize E-box DNA containing the sequence 5’-

CANNTG-3’. Despite their structural similarities, Myc, Mad and Max trigger different effects in 

gene expression. In particular, upon binding to E-box, Myc activates transcription by associating 

its N-terminal transactivation domain with TRRAP, a member of the HAT complex SAGA19. 

Conversely, the recruitment of yeast transcriptional repressor Sin3 to the N-terminus of Mad, or 

lack of any N-terminal domains in Max, results in either active or passive transcriptional 

repression20, 21.  

As a TF, Myc acts as a global regulator of transcription and influences up to 15% of 

genes22. As such, Myc is often considered a master regulator of cellular functions. Over the past 
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two decades, development of high throughput screening techniques such as microarrays23, 24, serial 

analysis of gene expression (SAGE)25, and chromatin immunoprecipitation (ChIP)26, 27 have 

generated a plethora of information regarding Myc responsive and target genes. In particular, Myc 

regulates specific classes of genes that are involved in cell cycle regulation, metabolism, ribosome 

biogenesis, cell adhesion, protein synthesis, mitochondrial function, and apoptosis22, 28. However, 

the target genes that distinguish between physiologic and tumorigenic functions of Myc remain 

largely elusive.  

Table 1.1 Select Myc target genes and their functions 

Gene Function References 
ARF Apoptosis 29 
BIN1 DNA repair 30 
CCNB1 Cell cycle 31 
CCND1 Cell cycle 32, 33 
CCND2 Cell cycle 34 
CDK4 Cell cycle 35 
COL1A1 Adhesion 36 
E2F Transcription 37 
eIF4E Translation 38 
GLUT1 Metabolism 39 
HK2 Metabolism 40 
LDHA Growth and metabolism 41 
RPL proteins Ribosomal biogenesis and protein synthesis 42, 43 
SHMT Metabolism 44 

 

Since its discovery in the 1970s45-47, numerous studies have been conducted to understand 

the Myc signaling pathway and its role in human cancer15. Under normal circumstances, the MYC 

oncogene is highly regulated as a downstream transduction pathway for receptor signaling. In 

particular, WNT receptor48 and receptor tyrosine kinase49 indirectly activate MYC expression via 

the β-catenin and MAPK pathway, respectively, whereas its expression is directly induced by T-

cell receptors50 or indirectly suppressed by TGF-β receptor51. The expression of MYC produces 

the Myc protein, a TF that regulates transcription of genes involved in cell growth and proliferation 

(Figure 1.1A). In case of an acute expression of MYC, checkpoints including Arf and p53 are 
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triggered, acting as tumor suppressors. In tumor cells, however, Myc frequently becomes 

independent of such regulations. For example, Myc-induced lymphomagenesis usually leads to a 

loss of functional checkpoint through mutations of p53 or Arf, unlocking Myc’s full tumorigenic 

potential29, 52 (Figure 1.1B). Myc deregulation can occur at any given stage of its expression, 

including gene amplification via retroviral insertion53 or chromosomal translocation54, mRNA 

stabilization, Myc protein stabilization due to mutations, and loss of upstream regulators. In fact, 

Figure 1.1 Myc regulates cell growth and proliferation 
(A) The MYC oncogene is highly regulated by a series in normal cells. (B) Acute Myc expression triggers checkpoint 
regulation by tumor repressors Arf and p53. Loss of such checkpoints leads to tumorigenesis.  
 
 

TGF-β receptor

GSK3β/APC β-catenin ERK/MAPK SMADs

MYC gene

CANNTG target genes

Myc
Max

TFIIH
RNA pol

Cell growth and proliferation

Plasma

Nucleus

WNT receptor
Receptor tyrosine kinase

T-cell receptor

MYC gene

CANNTG target genes

Myc
Max

TFIIH
RNA pol

Cell growth and proliferation

Arf, p53

A

B



 6 

Myc oncogene is deregulated in up to 70% of human cancers15, and this deregulation is frequently 

associated with poor prognosis and unfavorable patient survival.  

 

1.2.2 Therapeutic strategies targeting Myc and their limitations 

Due to its deregulation and crucial role in most, if not all, human cancers, Myc is widely 

recognized as an ideal target for cancer therapy. However, just as many other TFs, targeting Myc 

poses significant pharmacological challenges and no Myc inhibitors have reached the clinic to 

date. Aside from the abovementioned technical issues, historical claims that Myc inhibition would 

cause catastrophic side effects such as inhibition of proliferation of normal tissues dominated the 

field for long until recent studies suggested otherwise. Particularly, in 2008, Soucek et al. used a 

transgenic mouse model expressing Omomyc, a dominant negative mutant, as way to model 

systemic Myc inhibition. In this proof-of-concept study, they demonstrated that Myc inhibition by 

Omomyc triggers rapid tumor regression while being reversable and well tolerated by normal 

tissues55. Since then, research interests in Myc inhibition have grown rapidly56.  

To date, numerous efforts have been made to target multiple stages in the Myc signaling 

pathway. These strategies generally fall into three large categories: blocking Myc expression, 

interfering with its transactivation, and inducing its degradation (Table 1.2).  

Blocking the expression of Myc expression aims to reduce its production and can be 

achieved by targeting its transcription or translation, either in a direct or indirect manner. Examples 

for direct inhibition include G-quadruplex stabilizers57, antisense oligonucleotides, and siRNA. G-

quadruplex stabilizers are a class of small molecule ligands that stabilize G-quadruplexes in the 

MYC gene and thus repress its transcription. By contrast, antisense oligonucleotides58, 59 and 

siRNA60, 61 prevent Myc translation by interfering with the MYC mRNA.  



 7 

On the other hand, indirect inhibition of Myc expression instead focuses on targeting other 

regulatory factors of Myc. For example, in 2011, Delmore et al. conducted a study using JQ1 for 

BET bromodomain inhibition in multiple myeloma and unexpectedly observed the downregulation 

of MYC transcription. This study identified BRD4 as a regulator of MYC expression, and its 

inhibition led to robust inhibition of Myc, causing cell-cycle arrest, and cellular senescence, as 

well as resulting in significant anti-tumor activity in mouse models of multiple myeloma, and 

xenograft models of Burkitt’s lymphoma and acute myeloid leukemia, diseases in which the MYC 

gene is amplified62.  

Interfering with Myc transactivation instead focuses on interrogating the protein-protein or 

protein-DNA interactions in the Myc/Max TF, which has led to a handful of developments of small 

molecule inhibitors. Lead candidates include 10058-F4, 10074-G5, and JY-3-094, which 

reportedly interfere with Myc/Max heterodimerization63-65, and KSI-3716, which specifically 

inhibit Myc binding to DNA66, 67. Although a wide range of efficacy has been reported in vitro, 

these small molecule inhibitors’ applicability in vivo has so far been limited by poor 

bioavailability, rapid metabolism, inadequate target site penetration, unclear inhibitory 

mechanism,  and lack of specificity and selectivity in cells.  

In addition to the development of small molecule inhibitors, miniproteins derived from the 

Myc family, as opposed to small molecule inhibitors, have demonstrated great efficacy in vivo. 

Particularly, Omomyc has been well characterized for its in vivo efficacy. Omomyc is a dominant 

negative mutant that comprises the bHLH domain of Myc with four key mutations that alter its 

dimerization specificity.  Aside from dimerizing with Max, it also heterodimerizes with Myc as 

well as homodimerizes. As a result, Omomyc is capable of inhibiting Myc/Max DNA binding by 

sequestering Myc away from DNA and occupying the E-box with transcriptionally inactive 
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dimers55, 68. Multiple studies in mouse models of cancer demonstrated Omomyc’s therapeutic 

impact in different types of cancer with minimal side effects69-72. Despite its proven efficacy, the 

large size of Omomyc (>60 amino acids) poses significant challenges on its cellular uptake, 

limiting their potential applicability other than gene therapy. Intriguingly, a recent study reveals 

that Omomyc penetrates lung cancer cells and reverts Myc-driven transcription, possibly via an 

adenosine triphosphate-dependent uptake mechanism73, suggesting such DNA-binding 

miniproteins in conjunction with robust cellular uptake can deliver great pharmacological 

potentials.  

Efforts to induce the degradation of Myc have been made by targeting ubiquitinases or 

phosphatases. Examples in this category include inhibiting the deubiquitinases that help stabilize 

Myc, such as USP28, USP38, and USP3674, or triggering proteasomal degradation by inducing 

FBW7-mediated Myc breakdown75. Alternatively, inhibitors of SET and CIP2A have also been 

explored to activate the tumor suppressor protein phosphatase 2A76, 77, which targets Ser62 of Myc 

and causes its destabilization78.  

Table 1.2 Existing efforts to target Myc 

Strategy Mechanism Examples References 

inhibiting MYC 
expression 

prevent MYC transcription G-quadruplex stabilizers such as CX-
3543 

57, 79 

prevent MYC translation antisense oligonucleotides; siRNA & 
microRNA 

58-61 

indirectly prevent MYC transcription by 
inhibiting BET bromodomains  JQ1 and other derivatives 62 

inhibiting Myc 
transactivation  

interfere with protein-protein interaction 
between Myc and Max   

small molecules such as 10058-F4, 
10074-G5, and JY-3-094 

63-65 

interfere with DNA binding of Myc KSI-3716  66, 67 
disrupt Myc function with its dominant 
negative form Omomyc  55, 68-73 

inducing Myc 
degradation 

target deubiquitinases that stabilize 
Myc  

USP28, USP38, and USP36 
inhibitors 

74 

target Aurora family proteins that 
protect Myc from proteasomal 
degradation  

MLN8237, MLN8054 80, 81 

activate protein phosphatase 2A  SET & CIP2A inhibitors 76, 77 
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Although remarkable progress has been achieved in the field of Myc, there is no reason to 

stay complacent. Many of the abovementioned approaches did not progress in early clinical 

studies, and other active areas are accompanied with intrinsic issues, ranging from low 

bioavailability and in vivo efficacy, lack of clear understanding mechanism, and poor cellular 

uptake. In particular, there is a paucity of inhibitors that target the protein-DNA interaction, a 

strategy that has shown great in vivo applicability in multiple transgenic models. As such, we 

believe more systemic and modular attempts need be made in this area in order to better identify 

opportunities to eventually overcome the grand challenge of targeting Myc.  

 

1.3 Therapeutic potential of synthetic DNA-binding peptides and miniproteins  

Containing our discussion at the end of 1.1, deliberately designed molecules directly 

targeting TFs’ defined structures have potentials of successful direct inhibition of DNA binding of 

TFs. Synthetic biologics are an ideal solution to the creation of such synthetic scaffolds. As the 

name suggests, synthetic biologics are a class of scaffolds with synthetic accessibility. Emerged 

over the past two decades, synthetic biologics have demonstrated potentials of modulating a wide 

range of protein-protein interactions without compromising cell permeability, fulfilling the unmet 

therapeutic needs82-85. Their therapeutic potentials are the results of their distinct properties—The 

stabilized scaffolds, which often mimic large biomolecules, enable direct interrogation of protein-

protein interactions not accessible by small molecules. On the other hand, their moderate, tunable 

size makes them capable of penetrating cell membranes via endocytosis or other mechanisms. An 

outstanding candidate among them is stapled peptides, developed by Grubbs86 and Verdine87 in 

the late 1990s and early 2000s. Featuring a covalent linkage (“staple”) between two side chains, 

these peptide macrocycles have been shown to have improved structural stability, target binding 
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affinity and cell penetrability, making this stabilization strategy particularly relevant for clinical 

applications. The most classic example among all stapling techniques88 is hydrocarbon stapling,  

which involves a ring-closing metathesis between two olefin-containing residues. As a proof-of-

concept study, in 2004, Walensky et al. developed a series of BH3 peptides with stabilized α-helix 

structure and further demonstrated that lead peptides showed positive cell uptake, bound the 

intracellular BCL-2 family targets and induced the apoptosis of cancer cells89. Since then, the 

stapling technology has been applied to a wide variety of peptide families, enabling the study of 

many other PPIs using stapled peptides including cancer targets such as p5390, β-catenin91, 

NOTCH192, MCL-1 BH393, PUMA BH394, and RAB2595. Lead candidates of p53 stapled peptides 

inhibiting MDM2/MDMX have been actively investigated in multiple clinical trials by Aileron 

Therapeutics82, proving their strong therapeutic potentials.  

In spite of the early successes in targeting oncogenic protein-protein interactions by stapled 

peptides, very few studies have reported their direct interrogation of protein-DNA interfaces of 

TFs96, 97. One major caveat is that many TF functions involve cooperative DNA binding by 

multiple domains/proteins, which is intractable even by traditional peptidomimetic strategy. In the 

case of bHLH TFs, the added complexity from both protein-protein and protein-DNA interactions 

makes it particular challenging for proper inhibition by a single stapled peptide. In 2016, Edwards 

et al. designed a series of stapled peptides in an attempt to target OLIG2, a member of bHLH 

TFs98. Despite an exhaustive list of stapled α-helices that cover the entire HLH domain, inhibition 

of OLIG2-DNA interactions was not achieved. This study revealed key pitfalls to consider in 

developing such inhibitors and demonstrated the necessity for better designs.  

Alternatively, in our search for potential inhibitors that target the protein-DNA interface, 

we have looked into the core architecture of TFs. Seminal studies have demonstrated that many 
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DNA binding domains are inherently modular, which permits retention of potent and specific DNA 

binding activity when domains are separated from the rest of their parent TF99, or when grafted on 

to entirely new proteins100, 101. These early studies suggest that molecules that mimic the structural 

features of DNA binding domains could serve as minimal TF mimetics capable of interfering with 

or replacing endogenous TF activity. Based on our initial analysis, the outstanding gap between a 

single α-helix and full-length, functional proteins is the presence of multiple structural components 

such as leucine zipper, which do not directly interact with DNA but instead help form a proper 

tertiary structure that orients the DNA-binding helices for cooperative, sequence-specific DNA 

recognition. Therefore, we believe that more sophisticated designs encompassing both secondary 

and tertiary structures into consideration should theoretically proceed further along towards 

recapitulating the activity of full bHLH proteins and thus be capable of inhibiting the protein-DNA 

interaction. The resulting DNA-binding peptides or miniproteins, including their design, synthesis 

and deep understanding of their activities, have thus drawn our strong interest.  Additionally, the 

development of such synthetic DNA-binding peptides and miniproteins may also be modular, 

wherein variation of DNA-binding residues within a core structural architecture could allow for 

specific targeting of alternative DNA sequences, thereby serving as a platform that sidesteps the 

development of new solutions for every unique TF.  

 

1.4 Scope of this dissertation  

In summary, synthetic biologics, particularly stabilized peptides and miniproteins, have 

huge potential for direct inhibition of TF-DNA due to their versatility and have drawn my 

particular interest during my doctoral studies. In this dissertation, I will primarily focus on three 

different areas:  
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1) Designing a series miniprotein scaffolds that attempt to mimic the DNA-binding helices 

of Myc/Max and other bHLH TFs.  

2) Developing a modular platform for the de novo synthesis of miniprotein scaffolds with 

novel, orthogonal synthetic tools.  

3) Establishing an assay pipeline to understand the in vitro and cellular activity of such 

synthetic miniproteins, extrapolating their structure activity relationship as guidelines for 

optimization and further designs.  

Chapter 2 presents a proof-of-concept study of stabilization of both secondary and tertiary 

structures derived from the two basic helices of Myc/Max. These synthetic DNA-binding domains 

recapitulate full-length protein activity in vitro and possess positive cellular activities.  

Chapter 3 uses guided approaches to optimize the design around the core structure of 

synthetic DNA-binding domains and further develops orthogonal chemistries in our platform to 

expand the scope of synthetic targets.  

Chapter 4 presents an alternative scaffold that features proper alignment of basic and 

leucine zipper helices.  These self-associating synthetic transcription factors show superior binding 

activity and recognize DNA in a similar fashion to bHLH proteins.  

Chapter 5 describes a series of attempts to synthesize the dimeric synthetic transcription 

factors, the largest stabilized miniprotein scaffold we have ever made. Early results show 

significant improvement in activity and stability over their monomeric counterparts.  
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Chapter 2 

Synthetic DNA-Binding Domains 

 

 

 

2.1 Design and synthesis of sDBDs  

In Chapter 1, we have discussed early attempts to target bHLH TFs. In particular, few 

successful examples have been reported as effective means for direct inhibition of bHLH DNA 

binding due to the technical challenges in using small molecules to inhibit protein-DNA 

interactions. Miniproteins, by contrast, have shown great promise1, 2 but their large size poses 

challenges both synthetically and pharmacologically. Therefore, when creating synthetic DNA-

binding scaffolds, we seek the opportunity to interrogate the entire protein-DNA interfaces by 

effective means of mimicking the basic DNA-binding domain with the smallest possible size. On 

the other hand, mere stabilization of an individual α-helix would likely be insufficient due to lack 

of tertiary structure and binding cooperativity. An early study reveals that a short peptide dimer 

derived from GCN4, a bZIP TF, binds DNA in a sequence-specific manner similar to the full-

length proteins3. Inspired by this design concept, we aim to stabilize the basic DNA-binding 

helices of Myc and Max, respectively, and link the two helices in a proper way that resembles the 

full DNA recognition domain. We expect the resulting scaffold, which we call synthetic DNA-

binding domain (sDBD), to be fully functional in vitro and have the potential for targeting 

Myc/Max and other bHLH TFs in situ and in vivo.  
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2.1.1 Structural considerations  

To come up with initial designs for sDBDs, we started by analyzing the protein-protein and 

protein-DNA interactions present in the crystal structure of the Myc/Max and Max/Max DNA 

complexes4, 5. The core structure of Myc/Max contains a leucine zipper helix connected to a basic 

DNA-binding helix through a flexible loop. The two proteins form a heterodimer through the 

leucine zipper helices, resulting in the formation of a stable tetrahelix core that orients two basic 

DNA-binding helices for interaction with the major groove of DNA (Figure 2.1A). This domain 

architecture is conserved across hundreds of bHLH TFs. The conserved and modular structure of 

this DNA binding domain suggested that it may be possible to create fully synthetic mimics of the 

basic DNA-binding region through synthetic preservation of 1) tertiary domain construction of 

dimeric, oriented DNA-binding helices (Figure 2.1B) and 2) local α-helix stabilization to retain or 

augment affinity, specificity and stability (Figure 2.1C). Therefore, by deconstructing the elements 

that result in productive DNA-binding, we hypothesized that synthesis of peptides containing the 

two minimal DNA-binding helices in a covalently dimerized and properly oriented form should 

be capable of DNA recognition. The proposed sDBD scaffold fully recapitulates the basic DNA-

binding region of the Myc/Max heterodimer and thus should preserve the sequence-specific 

binding activity of the full-length proteins (Figure 2.1D).  



 24 

 

Figure 2.1 Structural analysis of Myc/Max-DNA complex leads to the initial design of sDBDs 
(A) Crystal structure of Myc/Max proteins bound to target DNA (PDB ID: 1NKP). (B-C) Closer look of 
interhelix orientation and individual α-helices. (D) Proposed sDBD scaffold featuring stabilization of both 
secondary and tertiary structures.  
 

Our initial hypothesis is that proper stabilization of the individual DNA-binding helices 

(secondary structure) as well as their orientation (tertiary structure) is critical to the DNA binding 

activity of sDBDs. To introduce stabilizing elements with minimal interference with the sDBD-

DNA interactions, we first identified multiple residues on each α-helix with no direct contact with 

the DNA. These positions, spaced four residues or one helical turn apart, are pointing away from 

the DNA major groove (on the “back face”) and can be used in different combinations to 

incorporate an i,i + 4 staple (Figure 2.2A, C). Meanwhile, helix orientation can be resembled by 

creating a linker between Phe374 and Phe43 of Myc and Max, respectively. The hydrophobic and 

π-π interactions between these two residues, along with several others in the loop and leucine 

zipper region, play a key role in properly orienting the helices6, and their close proximity make 

them ideal anchor positions for linking the two helices (Figure 2.2B-C).  

synthetic DNA-binding domain
(sDBD)

D

C

BA

covalent dimerization 
with proper orientation

individually stabilized
α-helices

secondary structure (individual α-helix)

tertiary structure (interhelix orientation)

Myc

E-box DNA

Max

leucine zipper helix

transactivation domain

loop

DNA-binding helix



 25 

 

Figure 2.2 Further analysis reveals positions for incorporating stabilizing elements 
(A) Back face of both Myc and Max proteins at the DNA binding site. Residues not directly involved in binding 
are depicted in green. (B) Two phenylalanine residues on both proteins are in close proximity and play a role in 
the formation of tertiary structure. (C) Possible positions for peptide stapling (green) and interhelix conjugation 
(navy).  
 

2.1.2 Chemical considerations  

The grand scheme of the sDBD design requires two types of stabilizing elements to be 

separately incorporated. The orthogonality of chemistries used in peptide and protein synthesis is 

thus very important and needs to be thoroughly considered. For individual α-helix stabilization, 

we elected a classic i,i + 4 hydrocarbon staple by ring-closing metathesis of two (S)-2-(4’-

pentenyl)alanine residues, which has proven to be robust and fully compatible with solid phase 

peptide synthesis. The conjugation of the two helices, on the other hand, can be achieved by the 

ligation between two synthons on the C-termini (Figure 2.3A). The chemistry for such ligation 

needs to meet the following requirements: 1) Heterofunctionality: this ensures the 

heterodimerization of two different helices. 2) Biorthogonality and no cross reactivity with any 

natural amino acid side chains. 3) Compatibility with ring-closing metathesis. 4) High efficiency 
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with mild conditions. Among several candidates that are widely used in bioconjugation7 (Figure 

2.3B), we chose the thiol-maleimide Michael conjugation for this purpose, mainly because it can 

be conveniently incorporated into peptide synthesis schemes. A cysteine residue can provide the 

thiol group. Although the maleimide group may not be fully compatible with ring-closing 

metathesis due to the presence of the carbon-carbon double bond, it can be coupled onto a 

selectively deprotected amine on a lysine residue after peptide stapling.  

 

Figure 2.3 Orthogonal conjugation chemistries create the tertiary structure 
(A) General synthetic strategy to conjugate two individually stapled peptides. (B) Potential reactive pairs.  
 

2.2 Results 

2.2.1 Synthesis of the initial sDBD library with increased structure and thermal stability 

All things considered, we developed a two-step process for the preparation of sDBDs: 1) 
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ring-closing metathesis. Both helices contain a C-terminal reactive group that allows covalent 

heterodimerization. In particular, Myc-derived peptides feature a thiol group from cysteine, 

whereas Max-derived ones contain a C-terminal 4-monomethoxytrityllysine (Mmt-lysine) that is 

selectively deprotected on resin and then coupled with an N-hydroxylsuccinimide ester containing 

a maleimide (Figure 2.4A-B). The cyclohexane linker has moderate rigidity and an arm length of 

8.3 Å, which is close to the modeled distance between the two residues (8.2 Å). 2) Upon cleavage 

and purification, the two peptides were conjugated in pH-neutral aqueous solution with high 

efficiency and quantitative yield (Figure 2.4C). The purity and molecular weight of the final sDBD 

product was confirmed by LC-MS (Figure 2.5).   

With different stapling positions, we generated one version with the unmodified sequence 

and three stapled ones for both Myc- and Max-derived peptides. The different combinations of 

monomeric peptides yielded an initial library of one unmodified and nine stapled sDBDs, the 

sequences of which are listed in Table 2.1.  
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Figure 2.4 Synthetic scheme for sDBDs 
(A-B) Solid phase synthesis of stapled peptides containing a C-terminal reactive group. (C) Conjugation of two stapled 
helices creates the sDBD scaffold.  
 
 

 

Figure 2.5 LC-MS characterization of a representative sDBD 
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Table 2.1 Sequences of the initial sDBD library 

Monomer Sequence Net charge Helicity (%) 
Myc series 

RTD-1 AcWβKRRTHNVLERQRRNELKRSβC +6 18 
RTD-6 AcWβKRS5THNS5LERQRRNELKRSβC +5 48 
RTD-4 AcWβKRRTHNS5LERS5RRNELKRSβC +6 41 
RTD-5 AcWβKRRTHNVLERS5RRNS5LKRSβC +7 55 

Max series 
RTD-3 AcWβKRAHHNALERKRRDHIKDSβKMmt +4 15 
RTD-8 AcWβKRS5HHNS5LERKRRDHIKDSβKMmt +4 31 
RTD-2 AcWβKRAHHNS5LERS5RRDHIKDSβKMmt +3 37 
RTD-7 AcWβKRAHHNALERS5RRDS5IKDSβKMmt +3 44 

C/KMmt: interhelix conjugation sites 
S5: (S)-2-(4’-pentenyl)alanine 
β: β-alanine 

 

The presence of the hydrocarbon stapled should improve the α-helicity and augment the 

structural stability of sDBDs. To confirm this effect, we employed circular dichroism (CD) 

spectroscopy to characterize the secondary structure of the individual α-helices. The data suggest 

that both unmodified peptides RTD-1 and RTD-3 is largely unstructured. The addition of the 

hydrocarbon staple significantly increases the helical content, resulting ellipticity minima at 208 

and 222 nm (Figure 2.6A). In both cases, a staple at the C-terminus resulted in the highest helicity, 

whereas no specific correlations were observed for the other positions. Furthermore, we performed 

temperature-dependent CD and found that the all stapled sDBDs retained some level of α-helicity 

at up to 95 °C whereas RTD-31 remained unstructured throughout the wide temperature range 

(Figure 2.6B). Collectively, these results indicate significant improvement of secondary structure 

as well as thermal stability of stapled sDBDs over the unmodified version.   
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Figure 2.6 CD spectra of select sDBDs 
(A) CD spectra of all monomeric peptides in both Myc and Max series. (B) Temperature-dependent CD scans 
indicating a change in secondary structure for unmodified (RTD-31) and stapled (RTD-75) sDBDs. 
 

2.2.2 sDBDs bind E-box DNA with potency comparable to bHLH proteins  

As the first step of our in vitro screening, we performed the electrophoretic mobility shift 

assays (EMSAs) to determine the DNA binding affinity of the sDBD library. An E-box-containing, 

infrared dye labeled 19-mer oligonucleotide was used as the fluorescent probe. We started with 

recombinant Myc/Max heterodimer and Max/Max homodimer, both of which showed stably 

bound DNA complex in a wide range of concentrations (Figure 2.7A). The apparent KD’s for both 

Myc/Max and Max/Max were 10–20 nM, consistent with existing studies8-10.  

We then proceeded with the entire sDBD library. While some compounds, notably those 

containing either RTD-2 or RTD-6, did not show meaningful binding with DNA, to our delight, 

several candidates, such as RTD-74, RTD-75, RTD-84, and RTD-85, gave gel shift patterns that 

resemble the ones for recombinant proteins, at comparable apparent KD’s in the low nanomolar 
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range (Figure 2.7B). For comparison, we also assayed RTD-1, RTD-4, and RTD-31. Despite 

reports that unmodified or “stapled” basic domain helices alone can specifically bind DNA11-13, 

we found that neither RTD-1 nor RTD-4 showed any appreciable binding to E-box DNA. On the 

other hand, RTD-31, which features a conjugation of unstabilized DNA-binding helices, yielded 

smeared bands indicative of labile interactions (Figure 2.7C). These results suggest that both 

peptide stapling and conjugation, featured in our design rationale, are crucial to the DNA-binding 

activity.  

We then move on to testing the inhibitory effects of sDBDs in a competitive format. In the 

presence of recombinant Myc/Max and oligonucleotide probe, where stable shifted bands were 

formed, increased concentrations of sDBDs resulted in diminishing protein-DNA binding (Figure 

2.8A). the most potent among them are RTD-85, RTD-74, RTD-84, with IC50’s of 300–600 nM 

(Figure 2.8B). This is consistent with the abovementioned results that they are also the strongest 

DNA binders in the library.  
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Figure 2.7 EMSA screening of bHLH TFs and sDBD library 
(A-C) Representative EMSA gel images of recombinant bHLH proteins and sDBDs. (D) Quantification results for 
apparent KD across different sDBDs.  
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Figure 2.8 Competition of sDBD with Myc/Max protein 
(A) The addition of sDBDs diminishes the shifted band that corresponds to Myc/Max-DNA complex. (B) 
Quantification of competition.  
 

The kinetic profile of sDBD-DNA interaction was next evaluated using surface plasmon 

resonance (SPR). We immobilized a 5’-biotinylated E-box duplex on a NeutrAvidin-coated sensor 

chip surface which was then exposed to increasing concentrations of various peptides. The dose-

dependent response data were best fit to a Langmuir kinetic model (Figure 2.9). The fitted results 

indicate uniformly rapid association rates (ka) across the library, whereas dissociation rates (kd) 

vary by orders of magnitude and hence contribute to the difference in activity of sDBDs (Table 

2.2). The fact that dissociation rates play a larger role in differentiating the overall KD is in 

accordance with DNA binding for most transcription factors revealed by existing studies14, 15.  

RTD-4

RTD-31

RTD-84

RTD-85

RTD-86

RTD-74

  10                                                                             5000 (nM)
(-)

sDBD

0.01 0.1 1 10
0.0

0.5

1.0

[Compound] ( M)

M
yc

/M
ax

 c
om

pl
ex

RTD-4
RTD-31
RTD-84
RTD-85
RTD-86
RTD-24
RTD-26
RTD-74
RTD-75
RTD-76

A B



 34 

 

Figure 2.9 SPR sensorgrams of unmodified and stapled sDBDs 

 

Table 2.2 sDBD binding kinetics from fitting of SPR curves 

sDBD ka (104 M–1·s–1) kd (10–3 s–1) KD (10–8 M) 
RTD-31 7.10 268 377 
RTD-84 3.61 2.25 6.24 
RTD-85 3.54 8.58 24.2 
RTD-86 6.91 87.1 126 
RTD-74 3.19 2.63 8.26 
RTD-75 3.18 0.651 2.04 
RTD-76 5.64 76.5 136 
RTD-24 5.39 56.3 104 
RTD-26 7.59 92.3 122 

 

Having demonstrated the DNA binding potency of sDBDs, we then focused on whether 

they process a comparable level of sequence specificity to that of recombinant proteins. We 

employed EMSA in a competitive format by adding non-fluorescently labeled oligonucleotides, 

either containing an E-box consensus or a mutated sequence, to see if the shifted fluorescent band 

can be diminished by the competitors. As shown in Figure 2.10, Myc/Max is highly specific. 

Addition of unlabeled competitor E-box consensus oligonucleotide (E-BoxC1, 5’-CACGTG-3’) 

led to a diminishing shifted fluorescent band bound by the protein. A non-canonical E-box 

sequence (E-boxCM2, 5’-CATATG-3’) with two internal mutations showed far less competition 

compared to the canonical E-box consensus sequence, whereas a random mutation (E-boxCM3, 

5’-ATATAT-3’) could not compete with the shifted band. The shifted band of RTD-84, on the 
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not necessarily preclude the possibility of sDBDs’ sequence-specific binding in other experimental 

setup and biological context, such as in a cellular environment with multiple binding sites, they 

provide some evidence that the sequence specificity of sDBDs may not be as robust as full-length 

TFs.  

 

Figure 2.10 EMSA specificity assay results of Myc/Max protein and RTD-84 
(A) Myc/Max and (B) RTD-84. Unlabeled competitor oligonucleotides of different sequences were added to sequester 
the fluorescent shifted band.  
 

2.2.3 Altering the C-terminal dimerization motif affects DNA binding activity 

The initial sDBD library delivered promising DNA binding results, validating our design 
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separated from the main sequence by a β-alanine, which breaks the α-helix and adds some 

structural flexibility on the C-terminus. To examine whether any subtle changes to the dimerization 

motif lead to differences in activity, we created two additional designs that are listed in Table 2.3. 

The first series, RTD-84g, replaces the β-alanine with a glycine, and consequently keeps the 

dimerization position within the α-helix. The added glycine residue, however, over-rotates both α-

helices by 1/3.6 of a turn and thus leads to a misorientation of the DNA-binding surfaces. The 

second series, RTD-913, removes the β-alanine spacer and results in a somewhat rigid, properly 

oriented helix dimer (Figure 2.11A). EMSA results for these two compounds are consistent with 

our design rationale. RTD-84g showed a loss of binding affinity to E-box DNA due to the 

misorientation. Deletion of the glycine residues, on the other hand, restored the binding affinity in 

RTD-913. Furthermore, due to a more rigid orientation, RTD-913 appeared to be more potent than 

RTD-84 despite a narrower dynamic range, as characterized by a shifted band formation at 25–50 

nM and lack thereof at higher concentrations.  

 

Table 2.3 Sequences of sDBDs with altered C-terminal structure 

sDBD Sequence 
RTD-84 
 RTD-4 AcWβKRRTHNS5LERS5RRNELKRSβC 
 RTD-8 AcWβKRS5HHNS5LERKRRDHIKDSβKMmt 
RTD-84g 
 RTD-4g AcWβKRRTHNS5LERS5RRNELKRSGC 
 RTD-8g AcWβKRS5HHNS5LERKRRDHIKDSGKMmt 
RTD-913 
 RTD-13 AcWβKRRTHNS5LERS5RRNELKRSC 
 RTD-9 AcWβKRAHHNALERS5RRDS5IKDSKMmt 
C/KMmt: interhelix conjugation sites 
S5: (S)-2-(4’-pentenyl)alanine 
β: β-alanine 
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Figure 2.11 Altering the tertiary structure impacts sDBD activity 
(A) Changes in helix orientation lead to expected loss of gain of activity. (B) Rigidity and arm length of the maleimide 
linker have an impact on the binding potency and dynamic range.  
 

Because the increased rigidity leads to seemingly higher sensitivity to the linker structure, 
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cyclohexane linker, a more flexible alkane linker resulted in a decrease in activity, regardless of 

the arm lengths. An increase in linker rigidity with proper arm length, as in the case of an m-

benzene ring, yielded a better binding profile with a wider dynamic range from low to mid 

nanomolar concentrations (Figure 2.11B). Collectively, these results suggest a strong correlation 

between the tertiary structure and the in vitro activity of sDBDs.  
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2.2.4 sDBDs are cell permeable and show nuclear localization 

Stabilized peptides and cell-penetrating proteins interact with and enter cells via different 

mechanisms compared to many cell-permeable small molecules. Attributes such as secondary 

structure, charge, hydrophobicity, solubility and proteolytic stability have been shown to be 

important for productive cellular uptake and cytosolic access for different classes of stabilized 

peptides16-19. However, a potential issue arises that cell uptake for sDBDs may be impeded by their 

complex scaffold and increased size (over 6 kDa). By contrast, recent studies have reveal no direct 

correlation between the size of the peptides and their cell permeability17. To fully address these 

concerns, we used fluorescence microscopy to test the cell penetration of fluorescein isocyanate 

(FITC)-labeled sDBDs. To accurately assess the intracellular distribution of sDBDs, we also used 

4’,6-diamidino-2-phenylindole (DAPI) and Alexa Fluor 488 labeled wheat germ agglutinin 

(WGA) to stain the nuclei and cell membrane, respectively. As shown in Figure 2.12A, the images 

confirmed that the unmodified FITC-RTD-31 showed decent amount of FITC signal within the 

cells after 10 hours, despite its large size and lack of any secondary structure stabilization. Due to 

its predominant positive charge, it is plausible that it is able to translocate through the cell 

membrane via a mechanism similar to that of cell-penetrating peptides that are rich in arginine and 

lysine residues. FITC-RTD-84, on the other hand, showed far superior cellular uptake, with nearly 

six-fold increase in FITC signal compared to FITC-RTD-31 (Figure 2.12B). These results suggest 

that the incorporation of hydrocarbon staples on both helices significantly enhances cell 

penetration, and also indicate that sDBDs, despite their large size and structural complexity, can 

still engage in the endocytosis pathway that is responsible for stapled peptide internalization. 

Time-dependent experiments further revealed that higher cellular uptake for FITC-RTD-84 was 

associated with longer treatment (Figure 2.12C). Furthermore, in terms of the intracellular 
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localization of sDBDs, a moderate amount of FITC signal (green) overlapped with the nuclei 

(DAPI, blue), indicating that FITC-RTD-84 can further pass through the nuclear membrane and 

access the chromatin, which is critical to target binding and in situ effects sDBDs.  

 

Figure 2.12 Fluorescent microscopy images of HeLa cells after treatment with FITC-labeled sDBDs 
(A) Comparisons between unmodified FITC-RTD-31 and stapled FITC-RTD-84. (B) Quantification of fluorescent 
signal of the FITC channel across three conditions. (C) Time-dependent treatment with FITC-RTD-84.  
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specific E-box promoters and enhancers in numerous cell lines20, 21. Guided by these datasets, we 

performed ChIP-qPCR assays in HeLa cells to quantify the occupancy of Myc protein at five 

validated regions—FBXW8, RPL37, CASP8, TOR1A, and MRPS15—all of which showed 

significant enrichment over both the negative control regions (intergenic and SNTG2) and the 

isotype control (immunoprecipitated by IgG, Figure 2.13A)21. Upon treatment with 10 μM RTD-

84 for 8 hours, we found that the occupancy of Myc across all five regions decreased by up to 

50%, indicating that RTD-84 is capable of competing with the DNA binding of endogenous Myc 

at these loci (Figure 2.13B). To fully assess the kinetics and dose-response of the competition, we 

further examined a wide range of RTD-84 concentrations and different time points. In the time-

dependent experiments, we observed decreased Myc occupancy in target regions as early as 2 

hours, which further increased over time and remained steady after 8 hours of treatment (Figure 

2.13C). In terms of dose-response, higher doses of RTD-84 showed more effective Myc 

competition, but as the concentration exceeded 5 μM, no insignificant improvement were observed 

(Figure 2.13D). We also evaluated three other lead compounds in the sDBD library and found that 

with the exception of RTD-74, both RTD-75 and RTD-85 resulted in competition profiles similar 

to RTD-84 (Figure 2.13E). Finally, to determine whether the competition was specific to Myc TF, 

we performed the competition ChIP experiment for estrogen receptor α and found no significant 

decrease in enrichment at its target locus, pS2/TFF1. Collectively, these data confirm that the lead 

sDBDs from our initial screening can access intracellular compartments and effectively compete 

with endogenous Myc for certain E-box-containing targets in the genome with some level of 

selectivity.  
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Figure 2.13 ChIP-qPCR in HeLa cells with various sDBD treatment conditions 
(A) Validation of ChIP assay and Myc binding targets. (B) Treatment with RTD-84 decreases the enrichment level 
across all five Myc targets. (C-E) Time-, dose- and compound-dependent ChIP-qPCR experiments. (F) RTD-84 
shows no significant competition with the target binding of ERα.  
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2.2.6 Some sDBDs are cytotoxic due to membrane disruption  

Having confirmed that sDBDs can penetrate cell membrane and compete with endogenous 

Myc, we were interested in whether such effects could lead to any Myc-dependent downstream 

cellular responses. Given Myc’s association with cell proliferation, we performed CellTiter-Glo 

viability assays to assess the compound’s effects on viability. To begin with, we treated HeLa cells 

with varying concentrations of RTD-84 and RTD-85. RTD-84 showed no meaningful effects at up 

to 10 μM, whereas RTD-85 significantly reduced cell viability with an estimated IC50 of 4 μM. 

We further tested both compounds in a diverse set of cancer cell lines with varying levels of Myc 

regulation, and surprisingly found that such viability effects were nearly identical across multiple 

cell lines. We then questioned whether the observed cytotoxicity of RTD-85 was due to Myc-

dependent transcriptional response or merely some universal effects. To confirm this hypothesis, 

we conducted LDH release assays to measure the cell membrane disruption of both compounds, a 

phenomenon that has been observed for some specific stabilized peptides and other cell penetrating 

peptide classes. While RTD-84 did not lead to the release of LDH above DMSO control at up to 

10 μM, RTD-85 significantly increased LDH activity at low micromolar concentrations. Further 

screening of other sDBDs revealed similar results, namely any RTD-5-containing molecules 

resulted in higher LDH release. Interestingly, RTD-5 is the most helical and positively charged 

helix in the series, suggesting a possible correlation between α-helicity, excessive positive charge, 

and membrane disruption, which has been reported for other stapled peptide families in previous 

studies18.  
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Figure 2.14 CellTiter-Glo viability assay results of sDBDs in a variety of cancer cell lines 
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Figure 2.15 LDH release assay showed membrane disruption of select sDBDs 
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Figure 2.16 Recapitulating DNA binding activity of full-length proteins in a stepwise, fragment-based 

stabilization process 

 

A deeper dive into the structure-activity relationship of sDBDs also provides important 

insights. In terms of secondary structure stabilization, for example, we have identified a strong 

correlation between α-helicity and in vitro binding activity, in accordance with the general notion 

that higher structure stabilization often leads to tighter target binding22 (Figure 2.17). Perhaps the 

most noteworthy is that one particular data point—RTD-31—dominates the overall correlation, 

without which the trend would be less significant. This indicates that instead of a strict monotonic 
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Figure 2.17 Correlation of sDBD activity with percent helicity 

 

Table 2.4 Structure activity relationship of sDBDs with varying stabilizing elements 

Representative 
sDBD Description KD (μM) Complex formation 

RTD-31 Unmodified dimeric helices >1.0 Labile 

RTD-84 Flexible spacer, randomly-
oriented dimeric helices ~0.2 Stable 

RTD-84G Rigid spacer, disoriented 
dimeric helices ~0.4 Labile → aggregation 

RTD-913 with 
m-benzene linker 

No spacer, well-oriented 
dimeric helices ~0.15 Stable 
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differentiation of E-box consensus from other DNA sequences is contrary to our expectations that 

the specific component of the interactions would prevail and lead to higher affinities.  

Second, while sDBDs are capable of competing with Myc and interfering with the 

formation of the Myc-DNA complex, we have yet to elucidate the exact mechanism of such 

competition. Ideally, we would expect a 1:1 ligand replacement at those binding sites, but as the 

additional of sDBDs led to the disappearance of the Myc/Max-DNA complex band on the EMSA 

gels, we did not observe any new bands that corresponded to the formation of stable sDBD-DNA 

complex. These results suggest that the competitive behavior of sDBDs is more complicated than 

a simple ligand replacement scheme and may involve the formation of nonspecific, higher-order 

complexes that could not be resolved by gel electrophoresis.  

Third, the structural basis of sDBD-DNA interactions remains largely unknown. We have 

attempted to crystallize the DNA complexes of several lead sDBDs and solve their structure by X-

ray crystallography. We were able to consistently obtain sizable crystals from multiple rounds of 

crystallization screening for RTD-84, but diffractions by these crystals failed to provide any 

meaningful structural information at <3 Å resolution. We suspect that the absence of other 

structural components, such as the loop and the leucine zipper region, resulted in a weakly packed 

crystal lattice with too much molecular movement within, which did not survive long enough upon 

exposure to the beam.  

Finally, although preliminary data suggest that sDBDs are capable of penetrating cell 

membrane and compete with endogenous Myc, we have not revealed any direct connections 

between such in-situ properties and the downstream biological effects on the Myc-dependent 

transcriptome, proteome, and phenotypes. We developed an extensive biological assay pipeline to 

probe such effects, including luciferase reporter assay, reverse transcription PCR, and quantitative 
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proteomics, but concluded that lead sDBDs did not result in significant changes in Myc-dependent 

gene expression or proteome. Additionally, the lack of viability effects in a variety of cancer cell 

lines suggests that sDBDs are unlikely to cause phenotypic changes.  

Taken all together, we believe that the above-mentioned limitations strongly suggest 

further improvements and optimizations are necessary. Instead of being complacent about current 

designs and hovering around more screenings, we decided to pivot to optimize the initial designs 

in search of more functional sDBDs.  

 

2.4 Materials and methods 

Solid phase peptide synthesis. All peptides were synthesized manually or by automated 

peptide synthesizer (Gyros Protein Technologies) using standard Fmoc-peptide chemistry on rink 

amide MBHA resin (EMD Millipore). Ring-closing metathesis of unnatural amino acids 

containing pentenyl side-chains was performed twice using 0.2 equivalents of Grubbs-I catalyst 

dissolved in dichloroethane under nitrogen for 2 hours. For Max peptides, C-terminal modification 

was achieved by selective deprotection of Mmt-lysine using 1% trifluoroacetic acid (TFA) in 

dichloromethane (DCM) for 5 × 5 min, followed by coupling with 2 equivalents of SMCC and 4 

equivalents of N,N-diisopropylethylamine (DIPEA) in N,N-dimethylformamide (DMF). Prior to 

cleavage, peptides were subjected to one final round of deprotection and capping by standard 

methods with acetic anhydride, fluorescein isothiocyanate (FITC) or otherwise stated linkers. After 

completion, crude peptide was cleaved using 95:2.5:2.5 TFA/water/triisopropylsilane, dissolved 

in 1:1 acetonitrile/water, and purified by reverse-phase high-pressure liquid chromatography 

(HPLC) using a C18 column (Agilent). Compound identification and purity was assessed using 

coupled liquid chromatography mass spectrometry (LCMS) (Agilent).  
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Covalent conjugation of peptides. After purification by HPLC, thiol-containing Myc 

peptide and maleimide-containing Max peptide were mixed in equal amount in 4:1 

water/acetonitrile with 0.1 M phosphate and pH 7.2. The reaction was monitored using LCMS and 

the final product was purified by HPLC.  

Circular dichroism spectroscopy. A circular dichroism spectrometer (Jasco J-1500) was 

used to determine the a-helical content of all monomeric and dimeric peptides. Peptides were 

dissolved into 10 mM potassium phosphate buffer at pH 7.4 to a final concentration of 25–250 

mM in a quartz cuvette with a path length of 0.1 cm. Ellipticity values were taken at 1 nm intervals 

between 180 and 260 nm. The percentage helicity was calculated from the ellipticity at 222 nm 

using helical models as previously reported.  

Protein expression and purification. Human Myc (residues 355–434) and Max (residues 

22–102) proteins were expressed with a N-terminal hexahistidine tag in Escherichia coli strain 

BL21(DE3) using a pET28c vector. Transformed bacteria was grown at 37°C and induced with 

0.5 mM isopropyl-β-D-thiogalactoside (IPTG) at an A600 = 0.8. Cells were pelleted 14 h after 

induction and lysed in lysis buffer (100 mM NaH2PO4, 10 mM Tris, 300 mM NaCl, 8 M urea, 10 

mM imidazole, pH 8.0) with cOmplete EDTA-free Protease Inhibitor (Roche) by sonication. The 

lysate was centrifuged to clear insoluble matter before loading onto Ni-NTA resin (Qiagen). After 

being washed once with lysis buffer and three times with wash buffer (50 mM NaH2PO4, 300 mM 

NaCl, 8 M urea, 20 mM imidazole, pH 8.0), column-bound protein was eluted using elution buffer 

(50 mM NaH2PO4, 300 mM NaCl, 8 M urea, 250 mM imidazole, pH 8.0) and quantified using 

Bradford assay. The eluted Myc and Max proteins were then mixed in equal amount, dialyzed into 

desired buffers suitable for downstream applications, and further concentrated by centrifugation 

using a 10-kDa exclusion filter.   
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Electrophoretic mobility shift assay (EMSA). Recombinant protein or synthetic peptides 

were diluted to desired concentrations varying from 1 to 500 nM. A 5’-infrared dye-labeled 

double-stranded DNA oligonucleotide with the E-box consensus binding site is then added (5’-

ACCCCACCACGTGGTGCCT-3’). The mixture was incubated at 4°C for 30 min. Final 

concentrations were: 20 mM HEPES (pH 8.0), 150 mM NaCl, 2 mM MgCl2, 1 mM EDTA, 1 mM 

DTT, 1 mg/mL BSA, 5% glycerol, and 5 nM oligonucleotide probe. Complexes were resolved on 

6% acrylamide gels (40 mM Tris, 45 mM borate, 1 mM EDTA, pH 8.3), and gels were scanned 

using an infrared imager (Li-Cor Odyssey). Gel images were analyzed using ImageJ software and 

binding results were plotted and fitted using GraphPad Prism 7.  

Surface plasmon resonance. A ProteOn XPR36 Protein Interaction Array System (Bio-

Rad) was used for all SPR-binding measurements. A 5’-biotin labeled double stranded DNA 

oligonucleotide with the E-box consensus binding site (5’-ACCCCACCACGTGGTGCCT-3’) 

was diluted to 500 nM in binding buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 5 mM 

MgCl2, 0.05% polysorbate-20, pH 7.6) and injected onto a ProteOn NLC sensor chip (Bio-Rad) at 

a flow rate of 30 µL/min for 2 min, reaching approximately 200 response units. Increasing 

concentrations of proteins or peptides (blanks followed by 25–400 nM) were subsequently injected 

at a flow rate of 30 µL/min for 2 min, followed by dissociation of 4 min. After each injection the 

sensor surface was regenerated with 1 M NaCl and 0.002% SDS to remove all bound analytes. A 

Langmuir binding model was applied to the processed dataset to determine kinetic parameters of 

the protein-DNA and peptide-DNA interactions.  

Fluorescence microscopy. HeLa cells were plated on glass coverslips in RPMI-1640 

media containing 10% FBS at 37°C under 5% CO2 and allowed to settle overnight. Cells were 

washed with PBS twice prior to in situ treatment with DMSO control or 1 µM FITC-labeled 
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peptides in fresh growth media. After incubation for the indicated time, cells were washed four 

times with PBS and fixed at 25°C for 15 min in 3.7% methanol-free paraformaldehyde in PBS. 

Fixed cells were then stained with DAPI (Sigma Aldrich), Alexa Fluor 633-labeled wheat-germ 

agglutinin (Molecular Probes) according to manufacturers’ recommendations for 1 h at 25°C. For 

image acquisition, processed coverslips were mounted on microscope slides and confocal images 

were acquired on a DSU spinning disk confocal microscope (Olympus) and analyzed using ImageJ 

software.  

Cell culture. All cell lines were purchased from ATCC and cultured in RPMI-1640 with 

10% FBS and 1% penicillin/streptomycin. All cell culture was performed under 37°C with 5% 

CO2. 

Chromatin immunoprecipitation (ChIP). HeLa cells were seeded in 200-mm dishes. 

After reaching 70% confluent, cells were treated with DMSO control or peptides in fresh growth 

media for the specified time. Upon completion, cells were crosslinked with 1% formaldehyde, 

fragmented by sonication, and incubated with c-Myc antibody (9E11, Abcam) overnight. The 

mixture was then immunoprecipitated with protein A beads (GenScript, pre-treated with 1% BSA 

for 1 hour) for 1 hour. Immunoprecipitated complexes were successively washed with Low Salt 

Wash Buffer I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, 150 mM NaCl, pH 

8.0), High Salt Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, 500 

mM NaCl, pH 8.0), and LiCl Wash Buffer (250 mM LiCl, 1% NP-40, 1% Sodium Deoxycholate, 

1 mM EDTA, 10 mM Tris-HCl, pH 8.0). All washes were performed at RT for 8 min on a rotator. 

The complexes were eluted with 1% SDS at 30°C for 15 min, and then incubated at 65°C overnight 

to reverse crosslink protein-DNA complexes. After decrosslinking, DNA was purified using 

QIAQuick PCR Purification Kit (Qiagen) according to the manufacturer's instructions.  
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Cell viability assay. Approximately 2,000 cells were seeded in 50 µL media in a 96-well 

plate and let settle overnight. 25 µL media containing 3x compound or DMSO vehicle were added 

to experimental wells and the plate was incubated for the indicated time of experiment. Upon 

completion of treatment, 75 µL CellTiter-Glo reagent (Promega) was added to each well and the 

plate was gently shaken at room temperature for 10 minutes before luminescence signal was read 

on a plate reader.  

LDH release assay. Approximately 5,000 HeLa cells were seeded in a 96-well plate. The 

following day an equal volume of media containing 2x compound or DMSO vehicle were added 

to experimental wells and the plate was incubated for the indicated time of experiment. A 2x 

volume of lysis buffer was added to additional wells 45 minutes prior to the final time-point and 

LDH activity in treatment medium was measured using the Pierce LDH Cytotoxicity Assay Kit 

according to manufacturer protocol.  
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Chapter 3 

Further Optimization of sDBDs and the Development of Orthogonal 

Peptide Chemistry 

 

 

3.1 Rationale for further optimization of sDBDs  

Before we came up with any specific optimizations and alternative designs of sDBDs, we 

would like to revisit the basic principles of protein-DNA interaction. A better understanding 

towards how certain proteins, especially bHLH TFs, interact and recognize particular DNA 

sequences would provide useful insights and guidelines into further structural optimizations. As a 

simplistic view, protein-DNA interactions can be segregated into nonspecific and specific 

components1. To facilitate the search of its specific DNA targets, a protein often associates with 

any nonspecific sequences and then diffuses along the DNA until specific contacts are formed2, 3. 

Therefore, most proteins are intrinsically involved in more or less nonspecific DNA interactions. 

Natural proteins have evolved to preserve the desired balance between nonspecific and specific 

interactions to ensure their functionality. In the case of sDBDs, however, the absence of additional 

structural components usually leads to greater molecular flexibility, and consequently, more 

nonspecific and/or less specific interactions with the target DNA compared to their natural 

counterparts. Therefore, one particular optimization strategy aims to disproportionately reduce 

non-specific interactions, which theoretically could lead to higher specificity to target DNAs.  



 56 

From a thermodynamic point of view, protein-DNA binding events are associated with the 

decrease in total free energy in the system (ΔG < 0). A favorable change in either the enthalpy (ΔH 

< 0) or the entropy (ΔS > 0) can contribute to the overall magnitude of the binding free energy. 

Therefore, we consider enthalpy and entropy the two driving forces for protein-DNA binding. The 

contributions of enthalpy and entropy to the binding free energy are usually inversely linked, a 

phenomenon known as the enthalpy-entropy compensation4. For example, a large negative 

enthalpy change due to the formation of multiple favorable interactions is usually accompanied by 

a negative entropy change due to the restriction of flexibility of the binding partners. Conversely, 

an enthalpic penalty is often necessary to disrupt interactions to achieve an increase in entropy. 

Previous studies have revealed that the DNA binding of bHLH proteins is primarily enthalpically 

driven throughout the physiological temperature range and characterized by an induced folding 

transition upon binding to the DNA5. These thermodynamic aspects provide us with two additional 

insights into how to optimize sDBD designs. First, we may increase the magnitude of the favorable 

enthalpic change by introducing additional contacts and interactions between the sDBD and the 

DNA. Second, we may use additional structural elements to induce the folding of the sDBD prior 

to binding to minimize the entropic penalty.   

In this chapter, we will focus on the three optimization strategies identified above. Table 

3.1 summarizes their rationale and synthetic considerations. While these strategies appear to be 

straightforward from a design perspective, their synthesis and the incorporation of new 

functionalities often require additional chemistries and thus pose significant challenges to our 

platform. Therefore, we also aim to expand our existing peptide chemistry repertoire as we create 

new designs and modifications of sDBDs.  
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Table 3.1 Strategies for sDBD optimizations 

Strategy Design approach Synthetic considerations 
Reduce nonspecific interactions 
while retaining specific interactions 

Change peptide sequence to reduce 
nonspecific contacts with DNA Existing synthetic tools can be used 

Increase the magnitude of enthalpic 
change 

Incorporate an additional DNA-
binding motif to further lower the 
energy 

Covalent coupling of a different motif 
onto sDBD, either on resin or in 
solution 

Reduce the entropy penalty  Add a second linker to constrain the 
binding conformation  

Additional orthogonal conjugation 
pair is likely required to add a second 
linker 

 

 

3.2 Results  

3.2.1 Altering peptide sequence reduces nonspecific interactions  

The predominant nonspecific interactions between sDBDs and DNA are the electrostatic 

forces between the positively charged macromolecule and the negatively charged DNA, as well as 

specific hydrogen bonding between the side chains of polar amino acid residues and the 

phosphodiester backbone of the DNA. In Chapter 2, we have identified four residues on the back 

face of each helix are not predicted to directly contact DNA, which can be replaced with S5 to 

create the hydrocarbon staple. In one effort to reduce nonspecific interactions by these residues, 

we synthesized a modified version of RTD-8 with mutations Lys11Ala and His15Ala. The 

resulting peptide, RTD-8M was then conjugated with RTD-4 to create RTD-84M, an sDBD with 

presumably lower nonspecific interactions than RTD-84. In a side-by-side comparison, to our 

surprise, RTD-84M showed no significant gain or loss of affinity compared to RTD-84, generating 

an almost identical EMSA binding profile, which suggests that mutations of two polar residues in 

such a large molecule are not significant enough to have a meaningful impact on its activity.  
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Table 3.2 Sequences with mutations on the back face 

Monomer Sequence 
RTD-8 AcWβKRS5HHNS5LERKRRDHIKDSβKMmt 
RTD-8M AcWβKRS5HHNS5LERARRDAIKDSβKMmt 
KMmt: interhelix conjugation site 
S5: (S)-2-(4’-pentenyl)alanine 
A: alanine mutations 
β: β-alanine 

 

 

 

Figure 3.1 Affinity comparison of RTD-84 and RTD-84M 
(A) EMSA gel images of both sDBDs binding to E-box DNA probe. (B) Quantification of affinity as measured in 
both free probe and fraction bound.  
 

To test another extreme case, we wondered what would happen if we only kept the residues 

that are essential for DNA binding and recognition and replaced all others with alanine. I analyzed 

the crystal structure of Myc/Max-DNA complex and found that nine residues are in direct contact 

with target DNA through electrostatic interactions, hydrogen bonding and hydrophobic 

interactions. Intriguingly, these residues are also found to be highly conserved in multiple bHLH 

proteins across different species, indicating their critical role in target engagement. We constructed 
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both unstabilized and stapled polyalanine α-helices with these nine residues occupying the desired 

positions, which theoretically should only bind E-box consensus DNA due to the minimized 

nonspecific interactions from polar side chains. To confirm whether these artificially designed 

peptides remain in α-helical form, we performed CD spectroscopy and found that both showed 

about 60% α-helicity, even higher than their natural counterparts. Moreover, the introduction of 

the hydrocarbon staple did not increase α-helicity, which is not surprising given the high helical 

propensity of alanine. We then dimerized the individual polyalanine helices via a disulfide bond 

formation of the C-terminal cysteine, and tested the homodimers’ DNA-binding activity in EMSA. 

The unstabilized homodimer had an apparent KD of 5 µM, a nearly 30-fold decrease in affinity 

comparted to original sDBDs; the smeared shape of the shifted DNA band also indicates a very 

labile binding interaction. On the other hand, the stapled counterparts did not show any meaningful 

binding events at up to 10 µM despite a similar content. To further understand why the 

hydrocarbon staple caused a complete loss of affinity, we tested the stapled homodimer on SPR, 

which revealed a very fast dissociation rate. It is plausible that the increased hydrophobicity and 

lack of conformational flexibility from the hydrocarbon staple leads to poor solvation and 

unfavorable contacts between the sDBD and the DNA, destabilizing the complex.  
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Figure 3.2 Structural analysis reveals residues responsible for DNA binding and recognition 
(A) Closer look of the protein-DNA interface with contact points labeled. (B) Summary of interactions between the 
Myc DNA-binding helix and E-box DNA. Contacting residues are labeled green. (C) Key contacting residues are 
highly conserved in bHLH proteins across species.  
 

Table 3.3 Sequences of the polyalanine-based sDBDs 

Monomer Sequence 
pA AcWβAAAKRAAHNAAERARRAALAAAβC 

st-pA AcWβAAAAAAKRAAHNS5AERS5RRAALAAAβC 
C: interhelix conjugation site 
S5: (S)-2-(4’-pentenyl)alanine 
A: alanine mutations 
β: β-alanine 
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Figure 3.3 Characterization and activity of polyalanine-based sDBDs 
(A) CD spectra and (B) EMSA gel images of both pA-sDBD and st-pA-sDBD.  
 

Collectively, these preliminary results suggest that manipulating the primary sequence can 

result in substantial changes in the binding affinity of sDBDs. The magnitude of the changes 

depends on the number of residues being replaced. The results also indicate that replacing some 

residues will not only reduce nonspecific interactions, but also weaken the binding kinetics and 

stability of the complex—The crystal structure only captures a snapshot of the thermodynamic 

equilibrium; however, DNA binding is a dynamic process with molecular movements and 

conformational changes. Moreover, certain “back face” residues can also interact with water 

molecules and thus contribute significant solvation energy. Therefore, to find a balance between 

the competing effects and determine the optimal design, a more rigorous screening scheme to alter 

the peptide sequence, such as alanine scanning, will be necessary.  

 

3.2.2 Additional binding motif expands the DNA interacting surface  

Given that the bHLH-DNA interaction is already enthalpically driven, it would be 
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incorporated into the sDBD core structure (Figure 3.4). The additional motif can either be a non-

specific weak DNA binder, such as a DNA intercalator, or other structures targeting specific 

sequences.  

 

Figure 3.4 Proposed sDBD scaffold with an additional binding motif 
 

The combination of sDBD and the additional motif should in theory create a stronger 

interaction with the DNA, similar to a fragment-based ligand design process. In theory, the added 

motif should serve as an anchor point that help dock the sDBD to the major groove, stabilizing the 

complex.  

As a proof-of-concept study, we chose proflavine as the additional motif. Proflavine is an 

acriflavine derivative which is a disinfectant bacteriostatic against many gram-positive bacteria6. 

It binds to DNA by intercalating between nucleic acid base pairs with micromolar affinity7. We 

hypothesize the incorporation of this weak interaction would not dominate the DNA binding of 

the resulting molecule but still have meaningful impact on the activity.  
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Figure 3.5 Synthetic scheme for proflavine-sDBDs 
(A) Chemical synthesis of proflavine carboxylic acid. (B) Coupling of proflavine onto the N-terminus of the Myc-
thiol peptide. The proflavine molecule and main helix is separated by a long PEG3 linker with enough spacing.  
 

To couple the proflavine moiety on to the peptide, we chemically synthesized a Boc-

protected carboxylic acid derivative of proflavine, Boc-Pf-Suc-OH, which is fully compatible with 

solid phase peptide synthesis and can be easily coupled on to the N-terminal of a stapled peptide, 

such as RTD-4. We utilized a PEG3 linker, consisting of a 13-atom long chain, which should give 

the proflavine molecule enough length and flexibility to “loop back” and bind to adjacent minor 

groove base pairs.   

We performed EMSA to directly compare RTD-84 with proflavine-containing sDBD, Pf-

RTD-84. Interestingly, the addition of proflavine resulted in a completely different binding profile 

(Figure 3.6), with labile interactions at lower concentrations and complete loss of stable complex 

as the concentration increases, usually an indication of narrower dynamic range and higher 

tendency for aggregation. While this preliminary result does not preclude better compounds may 

emerge in the future, it reveals pitfalls to consider in future trials. Adding a random DNA-binding 

motif doesn’t represent an easy solution and more deliberate, rational designs are needed.  
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Figure 3.6 EMSA gel images of RTD-84 and Pf-RTD-84 

 

3.2.3 Adding a second interhelix linker requires a rigorous design of new chemistry and 

constrains the binding conformation  

As discussed in 3.1, the DNA binding of bHLH TFs is enthalpically favored but 

entropically disfavored. In the case of sDBDs, we would expect an even greater entropy penalty 

due to the absence of other structural domains that would otherwise help the basic DNA binding 

region fold into the proper confirmation. As depicted in Figure 3.7, the two basic helices covalently 

linked at the C-termini need to adopt a scissor-like cis-conformation for DNA binding, resulting 

in a loss of entropy. To mitigate this problem, we proposed to add another covalent linker at the 

adjacent helix turn, which can prevent the two helices from freely rotating and orient the sDBD 

into the desired cis-conformation. Consequently, such doubly linked sDBDs would not need to 

undergo the entropically disfavored conformational change upon DNA binding, and thus have 

higher binding affinity.  
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Figure 3.7 Proposed doubly linked sDBDs with constrained cis-conformation 

 

The need of a second covalent linker poses additional synthetic challenges. The chemistry 

for such a transformation needs not only to be easy to incorporate into solid-phase peptide 

synthesis, but also compatible with ring-closing metathesis and thiol-maleimide conjugation. After 

careful considerations, we decided to utilize the copper(I)-catalyzed alkyne-azide cycloaddition 

(CuAAC) due to its versatility and wide applications in bioconjugations.  

When incorporating CuAAC into our synthetic platform, we first attempted to identify any 

compatibility issues and explore alternative synthetic schemes. First of all, although unnatural 

amino acids containing a terminal alkyne group are commercially available, they are likely to 

interfere with the on-resin ring-closing metathesis due to the presence of a carbon-carbon triple 

bond. Therefore, we aimed to incorporate the alkyne group via post-metathesis modification on 

resin. We first synthetized a stapled peptide containing S-(tert-butylthio)cysteine, which was then 

selectively deprotected on resin under reductive conditions. The free cysteine then underwent an 
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SN2 alkylation to incorporate a terminal alkyne. In an effort to expand the scope of the alkyne 

group, we tested a series of alkyne-containing bromides with varying lengths and found that with 

the exception of propargyl bromide, all other primary bromides yielded unsatisfactory conversion 

due to their low reactivity (Figure 3.8A). With further optimizations, we found that the addition of 
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sodium iodide significantly catalyzed the alkylation with primary bromides and drove it to 

completion within 12 hours.  

Due to a limited number of existing studies suggesting that azide group is compatible with 

olefin metathesis8, we then questioned whether the commercially available Nε-azidolysine can be 

directly used in stapled peptide synthesis. To confirm its compatibility, we performed ring-closing 

metathesis on a peptide containing a C-terminal Nε-azidolysine and observed significant reduction 

of the azide group before the metathesis was complete (Figure 3.8B). These results suggest that 

the ruthenium complex leads to the reduction of the azide moiety—likely via a Staudinger reaction 

with the phosphine or a light-induced mechanism9—and that the azide functional group also needs 

to be incorporated after peptide stapling. Having already demonstrated that we can selectively 

deprotect Mmt-lysine in Chapter 2, we performed an on-resin diazotransfer reaction on the free 

amine to convert it to an azide group via as previously reported10-12. The reaction successfully went 

to completion after 3 hours.  

After resolving the compatibility issue of CuAAC with ring-closing metathesis, we then 

prepared a series of monomeric peptides containing a combination of thiol/maleimide and 

alkyne/azide in an attempt to synthetize the doubly linked sDBDs. Intriguingly, in cases where 

azide and maleimide are groups present on the same peptide, we observed significant 

intramolecular reaction between the two groups, which was characterized by a loss of maleimide 

group (confirmed by addition of 2-mercaptoethanol) and a shift in LC retention time (Figure 3.8C). 

Therefore, when designing the precursors for doubly linked sDBDs, these two groups need to be 

placed on different peptides to prevent such cross-reactivity.  

Taken all findings together, we created a robust scheme for the synthesis of doubly linked 

sDBDs, as shown in Figure 3.9. The Myc-derived peptide contains a thiol and an azide, whereas 
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the Max-derived one contains a maleimide and an alkyne. The two purified peptides first 

underwent a thiol-maleimide conjugation in pH-neutral buffer, and then CuAAC upon addition of 

the copper catalyst to complete the synthesis of doubly linked sDBDs.  

 

Figure 3.9 Synthetic scheme for doubly linked sDBDs 
(A-B) Solid phase synthesis and modification of stapled peptides with orthogonal reactive groups. (C) Two-step 
conjugation creates two linkers between helices.  
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Under the developed scheme, we synthetized the doubly linked version of RTD-84, 

featuring an additional helical turn and a CuAAC triazole linker at the C-termini beyond the thiol-

maleimide linker. Interestingly, the addition of a second linker did not improve RTD-84’s activity; 

instead, the EMSA revealed that dlRTD-84 showed somewhat inferior binding affinity and did not 

form stable DNA complexes at up to 150 nM. It remains unclear why the doubly linked sDBDs 

did not improve the activity as expected. One possible explanation is that the stapled sDBD already 

has a more rigid secondary structure in place and thus is very sensitive to subtle changes to tertiary 

structures. Similarly, sDBDs may also require some level of flexibility to access their DNA target. 

A strict constraint on its conformation, although entropically favored in the binding equilibrium, 

may create undesirable effects on the kinetics, such as preventing proper association. We must 

also acknowledge that the in vitro results were based on one particular design and did not preclude 

any better compounds that may emerge from future designs. Therefore, an extensive screening of 

the length and rigidity of both covalent linkers might be necessary.  

 

Figure 3.10 EMSA gel images of RTD-84 and dlRTD-84 

 

3.3 Discussion 

In summary, we have explored three different strategies to alter the activity of sDBDs by 

manipulating the primary sequence, extra binding motif and tertiary structure stabilizations. Early 

results suggest that these changes significantly altered the binding activity of sDBDs. However, 
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the compounds presented in this chapter have not been extensively explored in biochemical assays, 

and activity results were too preliminary for us to devise any meaningful structure activity 

relationships for these new sDBD designs. Rigorous studies of more compounds are thus necessary 

for elucidating their properties and providing guiding principles for further optimizations.  

Although we have not yielded more functional sDBDs, we have further expanded our 

synthetic platform in our effort to prepare these newly designed scaffolds. In particular, we have 

established an additional dimension of orthogonality in our synthetic platform by incorporating 

CuAAC into our repertoire. Despite wide applications and presumable robustness of these 

biorthogonal chemistries, our study suggest that their use in stapled peptide and miniprotein 

synthesis, especially in combination, can raise a series of complications not known before and 

requires a trial and error learning process. Additionally, the development of new orthogonal 

chemistries is likely to have far-reaching impact on stapled peptide and miniprotein synthesis. To 

the best of our knowledge, no existing studies have extensively explored the modification and 

conjugation of hydrocarbon stapled peptides. The orthogonal synthetic tools we have developed 

in our platform are highly modular and robust, and provide access to a variety of different peptide 

and protein scaffolds beyond the scope of sDBDs and bHLH TFs.  

 

3.4 Materials and methods  

Solid phase peptide synthesis. All peptides were synthesized manually or by automated 

peptide synthesizer (Gyros Protein Technologies) using standard Fmoc-peptide chemistry on rink 

amide MBHA resin (EMD Millipore). Ring-closing metathesis of unnatural amino acids 

containing pentenyl side-chains was performed twice using 0.2 equivalents of Grubbs-I catalyst 

dissolved in dichloroethane under nitrogen for 2 hours. For Max peptides, C-terminal modification 
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was achieved by selective deprotection of Mmt-lysine using 1% trifluoroacetic acid (TFA) in 

dichloromethane (DCM) for 5 × 5 min, followed by coupling with 2 equivalents of SMCC and 4 

equivalents of N,N-diisopropylethylamine (DIPEA) in N,N-dimethylformamide (DMF). Prior to 

cleavage, peptides were subjected to one final round of deprotection and capping by standard 

methods with acetic anhydride, fluorescein isothiocyanate (FITC) or otherwise stated linkers. After 

completion, crude peptide was cleaved using 95:2.5:2.5 TFA/water/triisopropylsilane, dissolved 

in 1:1 acetonitrile/water, and purified by reverse-phase high-pressure liquid chromatography 

(HPLC) using a C18 column (Agilent). Compound identification and purity was assessed using 

coupled liquid chromatography mass spectrometry (LCMS) (Agilent).  

Covalent conjugation of peptides. After purification by HPLC, thiol-containing Myc 

peptide and maleimide-containing Max peptide were mixed in equal amount in 4:1 

water/acetonitrile with 0.1 M phosphate and pH 7.2. The reaction was monitored using LCMS and 

the final product was purified by HPLC.  

Circular dichroism spectroscopy. A circular dichroism spectrometer (Jasco J-1500) was 

used to determine the a-helical content of all monomeric and dimeric peptides. Peptides were 

dissolved into 10 mM potassium phosphate buffer at pH 7.4 to a final concentration of 25–250 

mM in a quartz cuvette with a path length of 0.1 cm. Ellipticity values were taken at 1 nm intervals 

between 180 and 260 nm. The percentage helicity was calculated from the ellipticity at 222 nm 

using helical models as previously reported.  

Electrophoretic mobility shift assay (EMSA). Recombinant protein or synthetic peptides 

were diluted to desired concentrations varying from 1 to 500 nM. A 5’-infrared dye-labeled 

double-stranded DNA oligonucleotide with the E-box consensus binding site is then added (5’-

ACCCCACCACGTGGTGCCT-3’). The mixture was incubated at 4°C for 30 min. Final 
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concentrations were: 20 mM HEPES (pH 8.0), 150 mM NaCl, 2 mM MgCl2, 1 mM EDTA, 1 mM 

DTT, 1 mg/mL BSA, 5% glycerol, and 5 nM oligonucleotide probe. Complexes were resolved on 

6% acrylamide gels (40 mM Tris, 45 mM borate, 1 mM EDTA, pH 8.3), and gels were scanned 

using an infrared imager (Li-Cor Odyssey). Gel images were analyzed using ImageJ software and 

binding results were plotted and fitted using GraphPad Prism 7.  

Synthesis of Boc-Pf-Suc-OH. The synthesis of Boc-proflavine was performed as 

previously reported1. To a solution of di-tert-butyldicarbonate (4.4 mL, 19.12mmol) in dry acetone 

(150 mL), proflavine (2 g, 9.56 mmol) was added. The reaction mixture was heated at reflux for 8 

hours and then concentrated up to dryness. The crude product thus obtained was purified by flash 

column chromatography using silica gel as adsorbent. With hexane-ethyl acetate (1:1) as eluent, 

followed by ethyl acetate and then ethyl acetate-acetone-triethylamine (5:5:1), (6-amino-3-

acridinyl)carbamic acid tert-butyl ester (Boc-proflavine) was obtained (2.3 g,  59%). Boc-

proflavine was then dissolved in DMF and added succinic anhydride (1.1 eq) and triethylamine (2 

eq). The mixture was stirred at room temperature for 12 hours. Upon completion, the reaction was 

worked up with acidic aqueous solution and extracted with ethyl acetate. The combined organic 

phase was then concentrated and purified by flash column chromatography using ethyl acetate as 

eluent to obtain Boc-Pf-Suc-OH.  

On resin S-alkylation. On a peptide containing S-(tert-butylthio)cysteine on resin, 

selective deprotection was achieved by agitating the resin under nitrogen flow with 2-

mercaptoethanol/DMF/DIPEA (1:1:0.2) for 2 × 2 hours. Upon deprotection, alkyl bromide (10 

eq.), DIPEA (20 eq.), sodium iodide (optional, 1 eq. when using primary alkyl bromide) and DMF 

were added to the resin and agitated under nitrogen flow for 12 hours.  
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Synthesis of imidazole-1-sulfonyl azide hydrochloride (ISA•HCl). The synthesis was 

performed as previously described12. Sulfuryl chloride (16.1 mL, 200 mol) was added drop-wise 

to an ice-cooled suspension of NaN3 (13.0 g, 200 mmol) in MeCN (200 mL) and the mixture stirred 

overnight at room temperature. Imidazole (25.9 g, 380 mmol) was added portion-wise to the ice-

cooled mixture and the resulting slurry stirred for 3 hours at room temperature. The mixture was 

diluted with EtOAc (400 mL), washed with H2O (2 × 400 mL) then saturated aqueous NaHCO3 (2 

× 400 mL), dried over MgSO4 and filtered. A solution of HCl in EtOH [obtained by the drop-wise 

addition of AcCl (21.3 mL, 300 mmol) to ice-cooled dry ethanol (75 mL)] was added drop-wise 

to the filtrate with stirring, the mixture chilled in an ice-bath, filtered and the filter cake washed 

with EtOAc (3 × 100 mL) to give ISA•HCl as colorless needles (26.4 g, 63%).  

On resin diazotransfer. A previously reported protocol was modified for stapled peptides 

for this purpose11. On a peptide containing Mmt-lysine on resin, selective deprotection was 

achieved by treating the resin with 1% TFA in DCM for 5 × 5 min. The deprotected resin was then 

swollen with DMSO, before the addition of ISA·HCl (3 eq.), DIPEA (9 eq.), and CuSO4 (0.01 

eq.). The reaction mixture was gently agitated under nitrogen flow for 3 hours.  
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Chapter 4 

Beyond the DNA-Binding Domain: Synthetic Transcription Factors1

 

 

 

4.1 Structural importance of the tetrahelix bundle and design of synthetic 

transcription factors  

Up to this point, our core sDBD design shares a common scheme for tertiary structure 

stabilization—a covalent C-terminal linker, or two for doubly linked sDBDs, helps orient the two 

helices that bind to target DNA in a cooperative manner. Our studies suggest that the activity of 

sDBDs are highly sensitive to their tertiary structure, which can be hard to modulate by a single 

covalent linker. Although tertiary structure stabilization can theoretically be precisely controlled 

by proper use of two covalent linkers, our early results suggest that the reduced conformational 

flexibility may have adverse impact on sDBD’s activity.  

In an effort to explore alternative ways to program tertiary structure stabilization, we would 

like to revisit the way natural proteins behave. In Myc/Max and other bHLH proteins, the proper 

orientation of two DNA-binding helices is prompted by the formation of a tetrahelix core. A closer 

look into the protein-protein interfaces identified a number of hydrophobic residues buried in the 

 
1 The work presented in this chapter is currently in preparation for publication. Dr. Thomas Speltz and the author 
contributed equally to this work. Dr. Thomas Speltz, Dr. Raymond Moellering and the author contributed to the design 
and synthesis of all compounds, performed biochemical and cellular experiments, analyzed data, and wrote the 
manuscript for publication. Mr. Zeyu Qiao and Dr. Sean Fanning performed biochemical experiments, collected X-
ray structure data, and analyzed data.  
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interior of the tetrahelix bundle, where they pack together and exhibit strong van der Waals 

interactions that stabilize the structure of homo- or heterodimers1. With these insights, we 

considered an alternative approach for assembling the tertiary structure, where shorter peptides 

encompassing the basic (B) and minimal leucine zipper (Z) helices are synthesized and then ligated 

to build the larger B-Z conjugate. Due to the preservation of the key hydrophobic residues in the 

resulting scaffold, which we call synthetic transcription factors (STFs), we hypothesize that it 

would be capable of forming a tetrahelix core via self-association in a similar fashion to bHLH 

TFs.  

 

4.2 Results  

4.2.1 Conjugation positions have a large impact on STF activity 

Since Max can form DNA-binding homodimers2, we synthesized a “natural” mimic, 

M1BZ, where the intervening loop between B and Z helices from the same monomer is replaced 

by an orthogonal interhelix linker between functionalized sidechains at specific locations. In 

parallel, we considered a non-natural approach, where B and Z helices from opposing monomers 

are connected at specific sites not involved in binding, resulting in a “cross-dimer” bHLH mimic 

that should self-associate in a sandwich fashion to recreate the tetrahelix core (Figure 4.1A). 

Functionally, we also predict that natural bHLH mimics could theoretically act as Max dominant-

negatives by affecting both protein-protein and protein-DNA interactions, whereas the cross-dimer 

mimetics would be incapable of interfering with protein-protein interactions within the extended 

Myc/Max interaction network.  
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Figure 4.1 Design of STFs from Max 
(A) Convergent ligation of leucine zipper (Z) and basic (B) helices from the same Max monomer (M1BZ, left) should 
dimerize to form the natural tetrahelix homodimeric DNA binding domain. Cross-dimer ligation of Z and B helices 
from opposing monomers (B-Z, right) would result in non-natural mimics that should assemble the tetrahelix bundle 
in a “sandwich” dimer. (B) Representative EMSA gel showing binding of an E-box containing oligonucleotide across 
a dose range of the natural and cross-dimer mimics M1BZ and B-Z, respectively. (C) EMSA gel showing binding of 
the cross-dimer mimic with AP-1 consensus probe, in a comparison with E-box consensus probe to show specificity.  

 

Prototypes of each design were synthesized and tested by EMSA. Strikingly, we observed 

potent and stable DNA binding by the non-natural, cross-dimer B-Z mimic, whereas the natural 

bHLH M1BZ mimic did not show any appreciably binding in a similar concentration range (Figure 

4.1B). Furthermore, as a basis to quantify specific DNA binding, we employed EMSA using a 

consensus E-box oligonucleotide and a control oligonucleotide that contained the unrelated AP-1 

consensus binding site. To our delight, the basic-zipper helix hybrid containing no helix stabilizing 

elements (B-Z) potently bound E-box containing DNA with an apparent KD of 16 nM, and no 

stable binding was observed with the control AP-1 oligonucleotide (5’-TGA C/G TCA-3’, Figure 

4.1C). These preliminary results indicate the STF scaffolds may possess superior DNA binding 
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affinity and sequence specificity compared to sDBDs, which represent important new avenues of 

further investigation.  

 

4.2.2 STFs show superior affinity and specificity and effectively compete with Myc/Max DNA 

binding 

Based on these results, and the potentially unique DNA-targeting capacity of the cross-

dimer compounds, we devised synthetic schemes to create B-Z mimics with both secondary and 

tertiary domain stabilization, which was enabled by our established synthetic platform. Similar to 

the synthesis of sDBDs, each helix features an i,i + 4 hydrocarbon staple as well as an orthogonal 

conjugation synthon, which in this case included a thiol on the Z helix and a maleimide on the B 

helix. Convergent synthesis and modification of each stabilized helix followed by interhelix 

ligation in aqueous solution produce an STF of approximately 6 kDa (Figure 4.2).   

 

Figure 4.2 LC-MS characterization of a representative STF 

 

We then undertook a focused medicinal chemistry campaign to understand the structural 

elements required for tight and specific DNA binding around the cross-dimer, B-Z domain 

architecture. We synthesized two parallel libraries of basic and zipper helices with promising 

stapling positions, peptide lengths and suitable modifications for stability (Table 4.1). Each 

individual modified zipper or basic helix peptide in the library was ligated with the corresponding 
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unstapled helix partner (B or Z alone) for controlled comparison of individual structural changes 

and corresponding changes in DNA binding.  

Table 4.1 Sequences of STF library 

Monomer Sequence 
Basic helix 

B AcKRAHHNALERKRRDHIKDSFHKMmtLRDSVP  
B1 AcKRS5HHNS5LERKRRDHIKDSFHKMmtLRDSVP  
B2 AcKRAHHNALERKRRDHIKDSFS5KMmtLRS5SVP 
B3 AcKRAHHNALERS5RRDS5IKDSFHKMmtLRDSVP  
B4 AcKRAHHNS5LERS5RRDHIKDSFHKMmtLRDSVP 
B5 AcKRS5HHNS5LERAibRRDHIKDSFHKMmtLRDSVP 
B6 AcKRS5HHNS5LERkRRDHIKDSFHKMmtLRDSVP  
B7 AcKRAibHHNS5LERS5RRDHIKDSFHKMmtLRDSVP 
B8 AcKRAibHHNALERS5RRDS5IKDSFHKMmtLRDSVP  
B9 AcHNALERKRRDHIKDSFHKMmtLRDSVP  

BLI1 AcPRFQSAADKRAHHNALERKRRDHIKDSFHKMmtLRDSVP  
B11 AcPRFQSAS5DKRS5HHNALERKRRDHIKDSFHKMmtLRDSVP  

Zipper helix 
Z AcSRAQILCKATEYIQYNLRRKN 
Z1 AcSRAS5ILCS5ATEYIQYNLRRKN 
Z2 AcSRAQILCKATEYIQS5NLRRS5N 
Z3 AcSRAQILCQATEYIQS5NLRRS5N 
Z4 AcSRAibQILCKATEYIQS5NLRRS5N 
Z5 AcSRAQILCKATEYIQYNLR 

ZLI1 AcSRAQILCKATEYIQYNLRRKNHTHQQDIDDLK 
Z6 AcSRAibQILCKATEYIQS5NLRRS5LHTHE 
Z8 AcSRAQILCKATEYIQYLRS5KIHS5LE 

C/KMmt: interhelix conjugation sites 
S5: (S)-2-(4’-pentenyl)alanine  
Aib: 2-aminoisobutyric acid  
NL: norleucine  
k: D-lysine 

 

Within the basic helix library, we found that truncation of even a few N-terminal residues 

(B9) abrogated DNA-binding, whereas N-terminal extension alone (BLI1) did not significantly 

alter affinity. The location of i,i + 4 staples on the back face of the basic helix significantly 

impacted binding affinity. The most N- and C-terminal staple positions largely maintained tight 

binding affinity, and central staples reduced affinity by 10- to 20-fold (Figure 4.3A). Within the 

zipper helix library, truncation of the C-terminal residues (Z5), or introduction of the side chain 

staples around the inter-helix ligation site (Z1) significantly reduced affinity, whereas peptides 
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with C-terminal extension (ZLI1) or introduction of staples at other positions largely retained tight 

binding (Figure 4.3B).  

Using these structure-activity relationship determinants as a guide, we subsequently 

synthesized a library of STFs that contained stabilizing modifications in both helices, and 

identified several lead compounds for further study (Figure 4.3C). These included B1-Z2, which 

was based on and had a similar binding affinity to the original unmodified B-Z scaffold. B6-Z4, 

with a key mutation on the B helix as discussed above, only showed a slight decrease in binding 

affinity compared to B1-Z2, which may have significant impact on its in situ and in vivo activity 

and stability. Meanwhile, the helix-templating Aib residue did not seem to improve the binding 

affinity. Notably, two additional leads, B11-Z6 and B11-Z8, encompassed changes predicted to 

preserve or improve binding and augment metabolic stability, as discussed below. Notably, B11-

Z6 had almost identical affinity to the progenitor B-Z (KD = 18 nM), whereas B11-Z8 exhibited 

more potent binding (KD = 3 nM) that is equivalent to reported affinities for full-length Myc/Max  

and Max/Max to E-box DNA3-5. The gain of activity in B11-Z8 is likely due to an elongation and 

a shift in staple positions at both ends (N-terminus of B and C-terminus of Z). The additional 

residues beyond the essential binding region have been reported to create positive impact on 

binding activity and complex stability6. Moreover, moving the two hydrocarbon staples further 

away from the interacting region possibly minimizes their disruptions to the binding surface, 

increasing the activity while still maintaining stabilized α-helical form. 

Taken together, all these lead STFs showed potent binding across a wide dynamic range, 

with apparent KD at low nanomolar concentrations, a significant improvement over sDBDs.  
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Figure 4.3 EMSA binding curves of the STF library 
(A–B) Independent screening of each individual basic or zipper helix by quantifying the E-box DNA bound by their 
corresponding STF. (C) Binding curves of the lead STFs that emerged from the independent helix screening with their 
apparent KD. The numbers in parentheses represent 95% C.I. from n = 3 independent replicates.  
 

To test the sequence specificity of the STF library, we also employed EMSA in a 

competitive format similar to what we have used for sDBDs. Addition of unlabeled competitor E-

box oligonucleotide (E-boxC1) confirmed specific binding of four B-Z, B1-Z2, B11-Z6, and B11-

Z8 to the fluorophore-labeled E-box probe (Figure 4.4). Competitor DNA containing two 

mutations in the E-box site (E-boxCM2) or replacement of the E-box sequence entirely (E-

boxCM2) showed greatly reduced competition for all four STFs, confirming that these STFs, 

unlike sDBDs, exhibit specific DNA binding that is comparable to full-length bHLH proteins. In 

summary, these structure activity relationship studies confirmed that stabilization of secondary and 

tertiary structure on both B and Z helices to template the formation of oriented DNA-binding 

helices is a more successful design compared to the original sDBDs.  

25 (14-35)

18 (16-20)
18 (14-23)
3.5 (3.0-4.0)

16 (14-19)

26 (22-29)
40 (37-43)
57 (49-66)

Apparent KD (nM)

1 10 100 1000
0.0

0.5

1.0

[STF] (nM)

Fr
ac

tio
n 

bo
un

d B-Z
B1-Z
B2-Z
B3-Z
B4-Z
B7-Z
B8-Z
B9-Z

1 10 100 1000
0.0

0.5

1.0

[STF] (nM)

Fr
ac

tio
n 

bo
un

d B-Z
B-Z1
B-Z2
B-Z3
B-Z4
B-Z5

A B

0.1 1 10 100 1000
0.0

0.5

1.0

[STF] (nM)

Fr
ac

tio
n 

Bo
un

d B-Z

B1-Z2

B6-Z4
B1-Z4

BLI1-ZL1

B11-Z4
B11-Z6
B11-Z8

C



 82 

 

Figure 4.4 Competition EMSA gels of STFs binding to E-box oligonucleotide probe in the presence of 
unlabeled competitor DNAs 

 
 

We next tested whether lead STFs can compete for E-box consensus with bHLH proteins. 

To determine their competitive properties, we added STFs in increasing concentration to the 

mixture of Myc/Max and E-box probe. Some STFs, such as B-Z and B1-Z2, despite their high 

affinity and specificity, did not show appreciable competition with Myc/Max at up to 1000 nM. 

By contrast, two lead STFs featuring extended helices, yielded promising competition pattern, as 

characterized by gradual replacement of Myc/Max-bound shifted band by STF-bound shifted 

band. The most effective compound, B11-Z8, with an IC50 of 165 nM, also happens to be the one 

with the lowest apparent KD. Collectively, the results from direct DNA binding and Myc/Max 

competition experiments reconcile and indicate that the elongation designs we employed here 

significantly improved the potency of resulting STFs, making them promising inhibitors of bHLH-

DNA binding in vitro.  
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Figure 4.5 Competition of STFs with Myc/Max protein 
(A) Dose-dependent competition of STF with Myc/Max-bound DNA. (B) Side-by-side comparison of four lead 
STFs in competition with Myc/Max. (C) Competition curves quantified from the dose-dependent competition. 
The IC50’s were determined by a nonlinear fitting of the disappearance of the Max-bound shifted band. The 
numbers in parentheses represent 95% C.I. from n = 3 independent replicates.  
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CD confirmed high thermal stability of the stabilized B1-Z2 hybrid, which showed little change 

across a wide temperature range and remained predominantly helical even at 85 °C (Figure 4.6B).  

 

Figure 4.6 Secondary structure of STFs characterized by CD spectroscopy 
(A) CD spectra of lead STFs. (B) Temperature-dependent CD scan indicating change in secondary structure and their 
thermal stability.  
 

To ascertain how the structural stability impacts biological stability and activity, we 

performed a series of experiments aimed at quantifying the chemical and proteolytic sensitivity of 

unmodified and stabilized STFs. To start, we employed a kinetic trypsin stability assay, which we 

expected to be very active against arginine- and lysine-rich DNA binding domains. The wild-type 

B-Z hybrid was rapidly proteolyzed in this assay, with a measured half-life (t1/2) of approximately 

33 seconds (Figure 4.7). Mass spectrometry analysis of the resulting proteolysis products revealed 

that many trypsin sites were susceptible to cleavage in B-Z, consistent with largely disordered 

structure. Introduction of side-chain staples clearly protected internal and adjacent cleavage sites 

in stabilized molecules, leading to increases of 4–10 fold in half-life, however some distant sites 
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remained susceptible to cleavage. Targeted helix-stabilizing substitutions, such as 2-

aminoisobutyric acid (Aib) or synonymous mutations not recognized by trypsin, further reduce 

proteolytic sensitivity. Some changes, such as replacement of Ala with Aib and Lys-to-Gln near the 

N-terminus of the zipper helix (e.g., B1-Z4), minimally affected binding, but protected adjacent 

sites from proteolysis. Combining these approaches, we found that introduction of a D-lysine into 

the same position—thereby generating a macromolecule that only differs from the precursor at one 

chiral center—significantly reduced proteolytic sensitivity of the helix core while largely 

maintaining strong binding affinity (B6-Z4, t1/2 = 1,583 sec). The more potent lead molecules B11-

Z6 and B11-Z8 embodied a combination of stabilizing modifications balanced with retained or 

improved binding affinity. Particularly, B11-Z6 demonstrated a nearly 10-fold improvement in 

proteolytic stability relative to the unstapled B-Z. Together these proteolytic data confirm that 

global and local stabilization of STF structure can significantly alter proteolytic stability, however 

these targeted modifications must be balanced with subtle changes in structure that can impact 

DNA-binding.  

 

Figure 4.7 LC-MS quantification of STF stability to trypsin 
The curves and t1/2 were determined using a nonlinear one-phase decay fit. The numbers in parentheses represent 95% 
C.I. from n = 2 independent replicates.  
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While recombinant protease assays can pinpoint sensitive positions within the STF 

structure, it is not clear whether trypsin-like or other proteolytic activity in the cellular environment 

will be as robust as in this in vitro assay. Therefore, we studied the chemical and proteolytic 

stability of these molecules directly in the cellular environment. Previous studies employing thiol-

maleimide conjugate chemistry, for example in antibody-drug conjugates, have reported 

appreciable hydrolysis and cleavage in physiologic environments7, 8. Incubation of B-Z and B1-

Z2 in media supplemented with 10% fetal bovine serum (FBS) confirmed ring-opening hydrolysis 

after extended periods of time, however, we did not observe any cleavage of the B- and Z-helices, 

and hydrolysis did not affect DNA binding activity. To directly determine whether any proteolytic 

activity or hydrolysis encountered in conditioned media may impact the biochemical activity of 

these molecules, we directly assayed the STFs exposed to prolonged incubation in conditioned 

media for DNA binding activity (Figure 4.8A). Unmodified (B-Z) and stabilized (B1-Z2) STFs 

largely retained DNA binding activity after 24 hours in conditioned media. Extended incubation 

timepoints further highlighted marked differences between compounds, with B-Z losing all 

binding activity by 48 hours, which contrasted with the retention of active molecule after 72 hours 

for B1-Z2. Intriguingly, B11-Z6 and B11-Z8, both with strong potency and effective Max/Max 

competition, also showed increased stability in conditioned media with retention of activity after 

days of exposure (Figure 4.8B). Together, these data confirm that vigilant introduction of local 

and global stabilizing modifications can yield STFs with potent DNA binding activity and vastly 

improved protease resistance.  
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Figure 4.8 Conditioned media stability assay of STFs 
(A) EMSA gels showing E-box DNA binding activity of B-Z after incubation in HeLa cell media for 0, 24, 48, or 72 
hours. (B) Relative quantification of binding activity of B-Z, B1-Z2, B11-Z6, and B11-Z8 over incubation time.  
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compared to increased cellular and nuclear localization for B1-Z2-FITC (Figure 4.9B). We 
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stability, endosomal escape and potential DNA binding activity.  
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Figure 4.9 Fluorescent microscopy of STFs 
(A) Representative images from confocal fluorescence microscopy of HeLa cells treated with B-Z-FITC, B1-Z2-FITC 
or DMSO for 12 hours. (B) Quantification of FITC signal for both compounds over time.  
 

However, fluorescence imaging data alone cannot report on the discrete structure(s) present 

within cells. To directly determine whether intact B-Z-FITC and B1-Z2-FITC are present in 

cells—and at what relative concentrations—we extracted the intracellular contents of cells after 

treatment with each compound for visualization by gel electrophoresis. Full length B1-Z2-FITC 

was observed in cells after 24 hours of treatment, likely at concentrations in the 100–500 nM range 

based on comparison to a standard curve of purified B-Z-FITC (Figure 4.10). We observed two 

bands for B-Z-FITC at the same timepoint, suggesting that an appreciable fraction of the molecule 

is being proteolyzed in cells, and that full-length B-Z-FITC is present at much lower 

concentrations. This pattern was more pronounced at 48 hours, when full-length B1-Z2-FITC, but 

not B-Z-FITC, was still readily observed in cells.   
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Figure 4.10 Cellular penetration and in situ stability of B-Z-FITC and B1-Z2-FITC measured by fluorescence 
gel analysis 

Whole cell lysate from FITC-STF treated U2OS cells was resolved on an SDS-PAGE gel and imaged at 495 nm (FITC 
channel; technical duplicates are shown for each). A titration of purified B-Z-FITC is included for comparison. Graph 
on the right depicts relative fluorescence intensity of the intact FITC-STF band matched to concentrations in the pure 
dilution series.  
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RPL37 being the most robust for both endogenous Myc protein and Bio-B1-Z2 (Figure 4.11). 

Collectively, these data confirm that B1-Z2 can access intracellular compartments intact and 

specifically engage target E-box sites in the genome.  
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Figure 4.11 ChIP-qPCR quantification of endogenous Myc and Bio-B1-Z2 occupancy at control and E-box-
containing target genes in HeLa cells 

Enrichment values are calculated on a per-locus basis relative to mock enrichment from DMSO-treated cells. 
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Figure 4.12 Viability effects of lead STFs on P493-6 cells under different levels of Myc expression  
(A) Western blot analysis of c-Myc protein level and (B) cell proliferation curves of P493-6 cells under Myc-on and 
Myc-off states. (C) P493-6 cell viability after 72 hours of dose-dependent treatment with B11-Z6 and B11-Z8 under 
Myc-on and Myc-off states.  
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between inter-unit tetrahelix bundles and single base pair overhangs of adjacent oligonucleotide 

duplexes. As expected, the zipper and basic sequences in each B-Z STF monomer were completely 

α-helical and connected by a well-ordered glycyl-maleimide-cysteine adduct on the “back face” 

of each helix (Figure 4.13A). The interhelix crosslink was closely packed by surrounding residues 

on each helix, effectively locking the B and Z helices into a defined register relative to one another. 

In support of our non-natural cross-dimer design, each B-Z monomer forms a “sandwich-like” 

homodimer to create the tetrahelix bundle and orient the basic helices for sequence specific DNA 

binding (Figure 4.13B). The interface formed between the pseudo-symmetric homodimer buries 

approximately 1590 Å2, and is mediated by extensive contacts between residues in both the B and 

Z helices. Anchoring this interface is an extensive hydrophobic core in the tetrahelix interior 

formed by bIle39, bLys40, bPhe43, bLeu46, bArg47, bVal50, bPro51, zArg60, zIle63, zLeu64, 

zAla67, zThr68, zTyr70, zIle71, zNle74 and zArg75, where b and z refer to the basic and zipper 

helix numbering from the parent Max protein (Figure 4.13C). Supporting this core is an additional 

layer of solvent exposed hydrophobic and polar contacts that contribute to the intermolecular 

tertiary and quaternary structure, including close packing between zTyr70 and zNle74 with bVal50 

and bPro51.  

Like full length Myc and Max, the dimerized B-Z complex binds the E-box target DNA 

with each monomer interacting with half of the 5’-CACGTG-3’ recognition sequence. Each basic 

helix makes numerous contacts to the phosphodiester backbone of DNA, as well as four sequence-

specific contacts deep in the major groove. Backbone contacts are made by residues throughout 

the entire basic helix and encompass a 12 nucleotide span surrounding the E-box. These contacts 

include a bHis27-PO4 contact 3 nucleotides outside of the E-box, and bArg25, bAsn29, bArg33, 
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bArg36, bLys40, zSer59 and zArg60 all making contacts to phosphates within the core E-box 

sequence (Figure 4.13D-E).  Each monomer makes hydrogen bond-mediated, sequence-specific 

contacts with both strands of the 5’-CAC-3’ half-site (Figure 4.13F). The “antisense” contacts 

include bHis28 and N7/C6 carbonyl of Guanosine-6 and bArg36 with N7/C6 carbonyl of 

Figure 4.13 X-ray crystal structure of an STF:E-box DNA ternary complex 
(A) Structure of B-Z monomer (left) with the basic and zipper helices colored in pink and blue, respectively. 
The glycylmaleimide interhelix linker is shown as green spheres (left) and as 2mFo-DFc difference map 
contoured to 1.5s (right). (B) Structure of the B-Z dimer bound to duplex DNA containing a central 5’-
CACGTG-3’ consensus sequence. One monomer is shown as helix cartoon, with the second monomer shown 
as a transparent surface. Overall ternary complex formation is highly similar to full length Max/Max and 
Myc/Max bound to DNA. (C) The B-Z dimeric interface involves extensive hydrophobic and polar interactions, 
highlighted in yellow and labeled, to form the intermolecular tetrahelix core. “Opened” view of the individual 
monomers reveals a sandwich like dimerization process to juxtapose the two DNA-binding helices. (D) B-Z 
DNA-binding helices interrogate the E-box major groove and make defined contacts to the backbone and E-box 
core. (E) Schematic of contacts between an individual B-Z monomer and the E-box containing oligonucleotide. 
Red and grey dashes denote polar sequence-specific and backbone contacts, respectively; double wedges denote 
Van der Waals interactions.  (F) Individual sequence-specific B-Z:E-box contacts are shown in insets, with the 
relevant target nucleotides highlighted in the corresponding consensus sequence. 
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Guanosine-4’. On the “sense” strand, bGlu32 makes close contact with N6 of Adenosine-2, N4 of 

Cytosine-3 and potentially N7 of the 5’-Guanosine outside of the E-box in this sequence (Figure 

4.12F). Superimposing the B-Z and Max/Max structures reveals a striking congruence between 

the DNA binding residues, with an overall RMSD of 0.847 Å for the backbone of the entire DNA 

binding domain held in common (2.3 Å for entire bHLH structure). The interface between DNA 

binding domain of B-Z (1781 Å2) is also comparable to that of Max homodimer (1726 Å2).  

Taken together, these data confirm that the hybrid STF architecture mimics the overall 

structure and sequence-specific DNA binding function of a full length transcription factor. 

Additionally, the crystal structure of STF-DNA complex also reveals, in retrospect, key drawbacks 

in our sDBD designs. Contrary to our original hypothesis, the Z helix, which is missing in the 

sDBD designs, plays an important role in DNA recognition and complex stabilization. In 

particular, the polar and hydrophobic residues on the Z helix, as shown in Figure 4.13C, help the 

formation of the “sandwich-like” homodimer and proper orientation of the B helix, which is crucial 

for sequence-specific binding. Additionally, several Z helix residues, such as zSer59 and zArg60, 

make direct contact with the DNA backbone, and thus stabilize the structure of the complex. The 

structural differences between the two designs explain the superior activities that we have observed 

in STFs.  

 

4.3 Discussion  

Here we developed a novel class of STFs derived from the bHLH protein Max. These non-

natural, “cross-dimer” STFs recapitulate the cooperative association of individual DNA binding 

helices, as found in hundreds of known transcription factors. However, their hybrid architecture 

suggests they should not interfere with protein-protein interactions between endogenous bHLH 
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proteins. An extensive in vitro screening also confirmed that STFs have better DNA binding 

affinity and sequence specificity in a wider dynamic range than sDBDs, which highlights the 

importance of the leucine zipper helix for high affinity and specific DNA recognition. Notably, we 

observed comparable specificity, but not increased affinity, of the most active stapled hybrids (e.g., 

B1-Z2, B6-Z4, and B11-Z6) relative to the non-stapled progenitor B-Z. Combined with the fact 

that the stapled versions are considerably more helical and thermally stable than B-Z, these data 

reinforce published models of disordered-to-ordered search and binding by the basic helices as 

being integral to forming tight, specific complexes with DNA12. Preorganization of the individual 

helices may result in a thermodynamic trade-off between avoiding the energetic cost of folding to 

bind the major groove versus the restrictions on subtle conformational adjustments for optimal 

binding, which may be more accessible to non-stapled versions13. Most importantly, STFs based 

on the minimal B-Z core were incapable of competing with Myc/Max or Max/Max for E-box DNA 

binding. Optimized derivatives of this scaffold, including B11-Z6 and B11-Z8, were potent 

competitors with the full-length bHLH domain of both Myc/Max and Max/Max. This finding 

suggests that kinetic factors may be important determinants of effective competition, as B11-Z6 

and B-Z have identical KD values for E-box binding, but only the former competed with Max and 

formed a stable complex with DNA. Future efforts to understand these contributions and further 

optimize the dimer and DNA-binding interfaces, which were not a specific focus here, are 

warranted. To our knowledge, these are the most potent Myc and/or Max inhibitors reported to 

date, and the only molecules with unequivocal mechanism of action in targeting bHLH TF-DNA 

binding. 

In addition to improved biochemical properties, we found that activity-guided stabilization 

of tertiary and secondary elements led to significant increases in structural and proteolytic stability 



 96 

of several STFs. Targeted modification at and around sites of proteolysis within these molecules 

correlated with protection from proteolysis, however these changes had to be balanced with 

preservation of DNA binding. The net result of this enhanced stability for optimized STFs such as 

B11-Z6, at least as explored here, was enhanced protease resistance, cellular penetration and DNA 

binding activity and activity in cellular models. These data also suggest that DNA binding peptide 

domains comprised of canonical amino acids alone, which we confirmed here are largely 

unstructured and highly sensitive to proteases, are likely to suffer significant degradation inside 

and outside of cells. More generally, our data support the notion that modular synthesis of 

secondary and tertiary domain epitopes can be used to generate pharmacologically active 

mimetics, such as those targeting DNA in this study, and likely other proteins and biomolecules in 

the future.  

What was most striking about the application of activity-guided stabilization of tertiary and 

secondary elements were the drastic increases in structural and proteolytic stability. CD 

spectroscopy, protease sensitivity, and cellular assays all confirmed the increased stability of STFs 

containing helix staples at optimized positions. These data also suggest that protein mimetics 

containing DNA binding peptide domains comprised of canonical amino acids alone, which we 

confirmed here are largely unstructured and sensitive to proteases, are likely to suffer significant 

degradation inside and outside of cells. More generally, our data support the notion that modular 

synthesis of secondary and tertiary domain epitopes can be used to generate pharmacologically 

active mimetics, such as those targeting DNA in this study, and likely other proteins and 

biomolecules in the future.  

This iterative optimization approach enabled us to identify lead STF candidates with 

desirable biophysical and biochemical properties for potential downstream applications (Figure 
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4.14). Original designs such as B-Z and B1-Z2, showed promising E-box affinity but 

unsatisfactory results in terms of Myc/Max competition and proteolytic stability. The activity-

guided optimization process significantly increased the stability (B11-Z6) or biochemical potency 

(B11-Z8) in later candidates without compromising other properties. The structure-activity 

relationship identified from this process can be further leveraged to  optimize and search more 

well-rounded STFs in future iterations.  

 

Figure 4.14 Petal charts for multiple activity features of representative STFs  
 

Last but not least, preliminary cell-based assay results suggest that lead STFs, such as B11-

Z6 and B11-Z8, lead to Myc-dependent phenotypic response in cancer cells, possibly by 

antagonizing Myc/Max in the cellular context. Future investigations are necessary to determine 

the role of STFs in the Myc signaling pathway in cancer cells and tumors. An extensive pipeline 

of cellular assays to probe the effect of STFs on the genome, transcriptome, proteome, and 

phenotypes is currently under way.  
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4.4 Materials and methods  

Cell culture. HeLa and U2OS cells were purchased from ATCC. P493-6 cells were kindly 

provided by Dr. Sarki Abdulkadir from Northwestern University. HeLa and P493-6 cells were 

cultured in RPMI-1640 with 10% FBS and 1% penicillin/streptomycin. U2OS cells were cultured 

in DMEM with 10% FBS and 1% penicillin/streptomycin. All cell culture was performed under 

37°C with 5% CO2. 

STF synthesis and purification. A Symphony X automated peptide synthesizer was used 

to prepare linear peptides on Rink amide MBHA resin. Fmoc-based solid phase chemistry, ring 

closing metathesis, and N-terminal modifications were carried out as previously described14, 15. 

Lysine residues bearing monomethoxy trityl (Mmt) side chain protecting groups were incorporated 

at cross-linking positions of basic helices. On-resin Mmt deprotection was carried out for 5 × 2 

min consecutive cycles of 1% TFA/DCM solution mixed by N2 bubbling. Deprotected lysine 

residues were functionalized with maleimide by 2 hours. treatment with a 0.1 M solution of 2-(2,5-

dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetic acid (Mal-Gly-OH) (5 eq), HCTU (4.8 eq), and DIPEA 

(10 eq.) in DMF. Crude peptides cleaved from resin were purified on a Waters preparatory HPLC 

system using an Xbridge Prep C18 5µ OBN (19.5 × 150 mm) column; solvent A (0.1% TFA in 

H2O); solvent B (MeOH); and a 10-min method with the following gradient (flowrate 30 mL/min): 

35% B over 1 min; 35-85% B over 7 min; 95% B over 1 min; 35% B over 1 min. STF monomer 

ligation was performed in 50 mM sodium phosphate buffer pH 7.2 + 25% ACN as follows: a 

purified basic sequence bearing a maleimide (0.5 mL, 0.5 mM) and a purified zipper sequence 

with a free thiol (0.5 mL, 0.5 mM) were combined in a microcentrifuge tube and mixed by rotation 

for 2 hours at room temperature. The reaction mixture was diluted into 3 mL of 50% ACN/H2O + 

0.1% TFA and the ligated STF was purified using the same HPLC method as for individual 
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monomers. STF purity was confirmed by LC-MS using an Agilent system equipped with a 

Phenomonex C18, 5 µm (5.0 x 50 mm) column; solvent A (95:5:0.1 H2O/ACN/TFA) and solvent 

B (95:5:0.1 ACN/H2O/TFA); 0.5 ml min-1 flowrate, 0-2 min (0% B), 2-16 min (0-75% B), 16.5-

18.5 min (100% B), 19 min (0% B). STF concentrations were quantified using 280 nm absorbance 

readings and compounds were stored as lyophilized powder or DMSO stocks.  

Electrophoretic mobility shift assay (EMSA): For direct DNA binding experiments, STF 

were serial diluted (3-fold increments) at 2x concentration in 20 µL of 1X binding buffer (20 mM 

HEPES pH 8.0, 150 mM NaCl, 5% glycerol, 1 mM EDTA, 2 mM MgCl2, 0.5 mg/mL BSA, 1 mM 

DTT, 0.05% NP-40). 20 µL of 10 nM IRD700-labled E-box probe in 1x binding buffer was added 

and samples were incubated for 30 min at RT followed by 15 min at 4°C. 3.5 µL of each reaction 

was loaded on an 8% acrylamide, 0.5X TBE gel equilibrated to 4°C. Electrophoresis was carried 

out for 60 min at 110 V and 4°C with 0.5x TBE + 1 mM MgCl2 running buffer. Gels were pre-run 

at 110 V for 60 min prior to sample loading. For competition experiments, 40 nM STF and 5 nM 

labeled E-box probe were incubated with 0, 5, 25, 125, or 625 nM unlabeled competitor oligo for 

30 min at RT followed by 15 min at 4°C.  

Gels were imaged using an Odyssey Li-COR. ImageJ was used to quantify band intensity 

and fraction bound DNA was calculated by dividing band intensity of bound DNA by the band 

intensity of the free DNA from a vehicle treated lane. A four-parameter dose-response curve fit to 

a plot of normalized fraction bound DNA vs. log B-Z concentration yields an IC50 which was 

reported as the apparent KD. Mobility shift data were excluded from analysis when higher order 

binding species were observed.  

Protein expression and purification. Human Myc (residues 355–434) and Max (residues 

22–102) proteins were expressed with a N-terminal hexahistidine tag in Escherichia coli strain 
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BL21(DE3) using a pET28c vector. Transformed bacteria was grown at 37°C and induced with 

0.5 mM isopropyl-β-D-thiogalactoside (IPTG) at an A600 = 0.8. Cells were pelleted 14 hours after 

induction and lysed in lysis buffer (100 mM NaH2PO4, 10 mM Tris, 300 mM NaCl, 8 M urea, 10 

mM imidazole, pH 8.0) with cOmplete EDTA-free Protease Inhibitor (Roche) by sonication. The 

lysate was centrifuged to clear insoluble matter before loading onto Ni-NTA resin (Qiagen). After 

being washed once with lysis buffer and three times with wash buffer (50 mM NaH2PO4, 300 mM 

NaCl, 8 M urea, 20 mM imidazole, pH 8.0), column-bound protein was eluted using elution buffer 

(50 mM NaH2PO4, 300 mM NaCl, 8 M urea, 250 mM imidazole, pH 8.0) and quantified using 

Bradford assay. The eluted Max protein was then dialyzed into desired buffers suitable for 

downstream applications, and further concentrated by centrifugation using a 10-kDa exclusion 

filter.   

Circular dichroism spectroscopy. Lyophilized STF samples were resuspended in 20 mM 

phosphate buffer pH 7.4 and diluted to 20 µM. Circular dichroism spectra were obtained on a Jasco 

J-170 using a 0.1 cm quartz cuvette with the following settings: wavelength, 260-180 nm; data 

pitch, 1.0 nm; scan rate, 50 nm min-1; accumulations, 3; temperature, 25-85°C with 6°C 

increments. Means-Movement smoothing at the lowest setting was applied to the recorded data.  

In vitro trypsin stability assay. Each STF, 30 µM, was dissolved in 330 µL of 20 mM 

phosphate buffer pH 7.4 in a microcentrifuge tube and heated to 37°C on a tabletop shaker (500 

rpm). 30 µL of the reaction mixture was added to 60 µL of quenching solution (ACN + 3% formic 

acid with 500 nM Fmoc-lysine internal standard) for 0 s timepoint sample. Thermo-Pierce MS-

Grade Trypsin was added to a final concentration of 0.5 µg/ml and additional 30 µL aliquots were 

quenched at indicated timepoints. Quenched samples were cooled to 4°C and centrifuged at 20,000 

× g for 3 min. Sample injections of 35 µL were analyzed by LC-MS using an Agilent system 
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equipped with a Phenomonex C18 5µ (5.0 × 50 mm) column; solvent A (95:5:0.1 H2O/ACN/TFA) 

and solvent B (95:5:0.1 ACN/H2O/TFA); 0.5 ml min-1 flowrate, 0-2 min (5% B), 2-8.8 min (5-

95% B), 9-11 min (95% B), 11.1 min (5% B). Intact STF was calculated by normalizing the 

background subtracted integrated area under the curve for the EIC of (M + 4H+)/4, ± 0.5 mass 

units to the integrated area under the curve for the A280 peak of the internal standard. Fraction intact 

STF was calculated by dividing the intact STF by the normalized STF signal in the initial 0 s 

sample. GraphPad Prism was used to plot fraction intact STF vs time, and the proteolytic half-life 

was derived using a non-linear one-phase decay with the plateau constant set equal to 0. 

Conditioned media binding assay. Approximately 6 × 104 HeLa cells were seeded into a 

24-well plate and grown overnight. The media was aspirated, the cells were washed with 0.5 mL 

PBS and the treated with 10 µM STF in 0.5 mL fresh media. At 0, 24, 48 and 72 hours, treatment 

media (2 µL) was diluted into 38 µL of 1x EMSA binding buffer containing 5 nM E-box probe. 

DNA binding was measured using an electrophoretic mobility shift assay. Fraction bound to E-

box probe was calculated by dividing the band intensity of bound DNA by the sum of the bound 

DNA + free DNA.   

LDH membrane leakage assay. Approximately 5,000 HeLa cells were seeded in a 96-

well plate. The following day an equal volume of media containing 2x compound or DMSO 

vehicle were added to experimental wells and the plate was incubated for the indicated time of 

experiment. A 2x volume of lysis buffer was added to additional wells 45 minutes prior to the final 

time-point and LDH activity in treatment medium was measured using the Pierce LDH 

Cytotoxicity Assay Kit according to manufacturer protocol (Thermo Scientific, #88953).  

Fluorescence microscopy and quantitative analysis. HeLa cells were seeded in the 12-

well chamber slide with 2500 cells per well (Ibidi, #81201). Cells at 80-90% confluency were 
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treated either with DMSO as the negative control or 10 µM FITC-labeled STF for indicated 

duration. Cells were washed with phosphate buffer saline (PBS) for three consecutive times, fixed 

by 4% formaldehyde in PBS at room temperature for 10 mins, and then washed twice with PBS. 

Cells were then stained by diluted DAPI (Thermo, #D1306) in PBS at room temperature for 3 

mins, and washed twice with PBS. Rubber frame was then removed, and slide was dried in the 

dark at room temperature, covered with cover glass (Fisher, #12–545 M), mounted with 50 µL 

anti-fade mounting solution (Life technology, #P36961), and sealed with nail polish. Leica SP8 

Laser Scanning Confocal was used to image a single focal plane to accurately detect the DAPI and 

FITC signal location using HyD detectors. Identical microscope acquisition parameters were set 

and used within experiments. Post-acquisition processing was performed using ImageJ software 

(NIH). Lossless TIFF files were employed to quantify fluorescence intensity. To simplify the 

image processing workflow, a Macro script to automatically process all images was created. The 

workflow was as follows: open all channels for each field of view; designate a color for each 

channel; adjust brightness/contrast for all channels (applying the same levels for all conditions 

within and between experiments to allow for direct comparison); merge the channels together; 

adjust the image unit from pixel to micrometer; add scale bars; export the processed TIFF files for 

quantification. For quantitative analysis, single-cell boundaries were identified manually using the 

DIC image. Then the “ROI Manager” tool in ImageJ was exploited to add all the cell outlines as a 

collection and overlay with the DAPI and FITC channel to measure per-cell fluorescence intensity. 

Typical quantitative comparisons were made using data from three or more independent fields of 

view per independent biological replicate condition. 

SDS-PAGE gel analysis of STF uptake. Approximately 1 × 105 U2OS cells were seeded 

in each well of a 12-well plate. Cells were treated for 24 and 48 hours. with 10 µM B-Z-FITC or 



 103 

10 µM B1-Z2-FITC. After the indicated treatment time, media was aspirated, cells were washed 

with PBS (2 x 1 mL) and treated with 0.25% trypsin (0.2 mL) for 5 min at 37°C. The trypsin was 

quenched with the addition of 1 mL of media and the detached cells were transferred to a 

microcentrifuge tube and centrifuged at 500 × g for 4 min. The media was aspirated, 20 µL of 

RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.25% deoxycholate, 1% NP-40, 1 mM EDTA) 

was added and cells were incubated in RIPA buffer for 10 min on ice. After lysis, 6.6 µL of 4x 

SDS loading buffer was added, samples were heated to 95°C for 10 minutes, cooled to RT and 

analyzed by SDS-PAGE using a tris-glycine buffer system with a 15% acrylamide gel. 

Chromatin immunoprecipitation (ChIP). Myc ChIP: HeLa cells were seeded in 200-

mm dishes. After reaching 70% confluence, cells were crosslinked with 1% formaldehyde, 

fragmented by sonication, and incubated with c-Myc antibody (9E11, Abcam) overnight. The 

mixture was then immunoprecipitated with protein A beads (GenScript, pre-treated with 1% BSA 

for 1 hour) for 1 hour. Immunoprecipitated complexes were successively washed with Low Salt 

Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, 150 mM NaCl, pH 

8.0), High Salt Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, 500 

mM NaCl, pH 8.0), and LiCl Wash Buffer (250 mM LiCl, 1% NP-40, 1% Sodium Deoxycholate, 

1 mM EDTA, 10 mM Tris-HCl, pH 8.0). All washes were performed at room temperature for 8 

min on a rotator. The complexes were eluted with 1% SDS at 30°C for 15 min, and then incubated 

at 65°C overnight to reverse crosslink protein-DNA complexes. After decrosslinking, DNA was 

purified using QIAQuick PCR Purification Kit (Qiagen) according to the manufacturer's 

instructions.  

Bio-STF ChIP: HeLa cells were seeded in 200-mm dishes. After reaching 70% confluent, 

cells were treated with DMSO control or biotinylated STF in fresh growth media for the specified 
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time. Upon completion, cells were crosslinked with 1% formaldehyde, fragmented by sonication, 

and incubated with streptavidin beads (Invitrogen, pre-treated with 1% BSA for 1 hour) for 4 

hours. Immunoprecipitated complexes were successively washed with Wash Buffer I (2% SDS), 

Wash Buffer II (50 mM HEPES pH 7.5, 500 mM NaCl, 0.1% Deoxycholate, 1% Triton X-100, 1 

mM EDTA), Wash Buffer III (10 mM Tris-HCl pH 8.1, 250 mM LiCl, 0.5% NP-40, 0.5% 

Deoxycholate, 1 mM EDTA,) and TE buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA). All washes 

were performed at room temperature for 8 min on a rotator. SDS Elution Buffer (50 mM Tris-HCl 

pH 8.0, 10 mM EDTA, 1% SDS) was added and incubated at 65°C overnight to reverse crosslink 

protein-DNA complexes. After decrosslinking, DNA was purified using QIAQuick PCR 

Purification Kit (Qiagen) according to the manufacturer's instructions. 

qPCR: ChIP DNA from both experiments was quantified using quantitative PCR on a 

LightCycler 480 (Roche). The sequences of the qPCR primers are listed in the supplemental table. 

Fold of enrichment for each target gene was normalized to the intergenic region negative control.  

Cell viability assay. Approximately 2,000 cells were seeded in 50 µL media in a 96-well 

plate and let settle overnight (not necessary for suspension cell lines). 25 µL media containing 3x 

compound or DMSO vehicle were added to experimental wells and the plate was incubated for the 

indicated time of experiment. Upon completion of treatment, 75 µL CellTiter-Glo reagent 

(Promega) was added to each well and the plate was gently shaken at room temperature for 10 

minutes before luminescence signal was read on a plate reader.  

X-Ray crystallography and structural refinement. Purified peptide B-Z was dissolved 

in 50 mM HEPES pH 6.0, 200 mM NaCl and 10 mM MgCl2 to yield a 200 µM solution. To this 

solution, 16-mer oligonucleotides (2.5 mM) containing E-box site in duplex buffer (100 mM 

potassium acetate, 30 mM HEPES, pH 7.5, Integrated DNA technologies, Lot #11-05-01-12)  were 
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added to make the final concentration of oligonucleotides 100 µM. Co-crystals were generated 

using hanging drop vapor diffusion where 1 µL of complex solution was mixed with 1 µL well 

solution. Clear rectangular crystals emerged in 50 mM Tris pH 7.0, 30% 2-Methyl-2,4-

pentanediol, 50 mM NaCl and 10 mM MgCl2. Diffraction data was collected at the Advanced 

Photon Source, Argonne National Laboratories, Argonne, Illinois, at the SBC 19-BM beamline 

(0.97 Å). Data were indexed, scaled and merged using HKL-30001616. Molecular replacement was 

performed in Phenix using PDB: 1HLO as the search model with ligand removed17. The model 

was refined using iterative rounds of Phenix Refine and manual inspection with Coot18. Ligand 

constraints for interhelix were generated using Elbow. Final structure will be deposited in the 

Protein Data Bank upon publication (Accession: 6XRD). All x-ray crystal structure images were 

generated using PyMol.  
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Chapter 5 

Pushing the Limit of Peptide Synthesis: Dimeric Synthetic 

Transcription Factors 

 

 

5.1 Chemical complications of building a tetrahelix scaffold  

In Chapter 4, we have developed a library of STFs that feature a “cross dimer” conjugation 

of two individually stabilized B and Z helices. Activity-guided optimizations and extensive studies 

revealed numerous structure-activity relationships that shed light on the design of better, more 

functional miniprotein scaffolds. One critical aspect of STFs’ activity is their ability to self-

associate via a number of hydrophobic residues on both B and Z helices, which enables the 

formation of a dimeric, tetrahelix core that binds the major groove of the E-box consensus, in a 

similar fashion to bHLH TF. Given its indispensable role in the DNA recognition process, we 

aimed to create a conjugate of two STF molecules at the C-termini (dimeric STF or dSTF) and 

hypothesize that the pre-dimerization guarantees a close proximity between two STFs, which in 

theory would facilitate the DNA binding and further improve the affinity (Figure 5.1). Moreover, 

dSTF’s preorganized dimeric structure would also lead to better folding of the scaffold and lower 

protease accessibility, and consequently higher target specificity and stability.  
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Figure 5.1 Proposed dSTF scaffold by covalently dimerizing two STF molecules at the C-termini 

 

The synthesis of such dSTF scaffolds, however, is much more challenging than 

conventional peptide and protein synthesis. As we have learned from Chapter 3, novel miniprotein 

scaffolds, especially with added covalent conjugation and structural complexity, is usually 

accompanied by significant chemical complications. First, similar to our attempts to introduce a 

second covalent linker, the pre-dimerized tetrahelix scaffold requires at least three conjugation 

steps—one for each side of B-Z linkage, and one between the two zipper helices at the C-termini. 

Due to possible compatibility issues, the choice of chemistries and the order of ligations need to 

be carefully considered. Figure 5.2 lists two possible scenarios. Particularly, in the case where B-

Z helices are identical on both sides (symmetric dSTFs), we can first create the C-terminal linker 

between two Z helices, followed by another conjugation with excess B helix. On the other hand, 

for a scaffold that consists of four completely distinct helices (asymmetric dSTFs), we need to 

conjugate the different B-Z pairs respectively before creating a linker at the C-termini.  
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Figure 5.2 Different conjugation strategies for the synthesis of symmetric and asymmetric dSTFs 

 

Second, even though we have so far established sufficient dimension of orthogonality in 

our synthetic platform, the size of the target poses significant challenges to our synthesis. dSTFs, 

even in their simplest form, are a 13-kDa, artificially designed miniprotein, a major test for the 

efficiency of peptide synthesis and the robustness of the orthogonal chemistries. Furthermore, the 
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overall yield may decrease with more linear steps. The solubility issue, as we have already 

observed in some STFs, may deteriorate due to increased folding. The separation and purification 

on C18-based reverse phase HPLC may also be problematic. Therefore, in efforts to create such a 

scaffold, we also need to strictly control reaction buffer conditions and sample handling and 

workup, which is often less of an issue for smaller peptides.  

In the remainder of this chapter, we will primarily focus our discussion on the chemistries 

and synthetic strategies that we have employed in an attempt to prepare dSTFs, with some 

preliminary findings on the activity and stability of the resulting miniproteins.  

 

5.2 Synthetic trials and findings  

5.2.1 Symmetric dSTFs  

To begin with, we aim to synthesize the symmetric dSTF scaffold that resembles the 

Max/Max homodimer. We opt for a two-step conjugation scheme for two main reasons. First, the 

overall yield will be higher with fewer conjugation steps. Additionally, the precursor peptides, 

each of which are approximately 4 kDa in size, are usually easier to handle compare to the 

alternative scheme with 6-kDa synthons.  

Due to the symmetry of the zipper helix dimer, we chose a synthetic route toward a 

branched peptides featuring two identical Z helices. Due to the wide use of lysine in branched 

peptide synthesis1-3, we first incorporated a C-terminal Mmt-lysine onto the resin. Subsequent on-

resin deprotection of both Nα-Fmoc and Nε-Mmt groups generated two free amino groups, which 

were then used as starting points for the solid phase synthesis of two identical zipper helices. Under 

regular SPPS coupling protocols, the synthesis was less efficient, resulting in <10% yield with too 

many side products that could not be resolved and purified by HPLC, mainly due to the steric 
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hindrance between the two branches in close proximity. However, the yield and efficiency 

significantly improved with a modified coupling protocol by increasing the temperature to 65 °C 

with IR heating. The resulted branched peptide with a free cysteine on each Z branch was then 

conjugated with two equivalent of maleimide-containing B helix to form the dSTF-B-Z scaffold 

(Figure 5.3).  

 

Figure 5.3 Synthetic scheme for dSTF-B-Z 

 

In an attempt to extend the same synthetic scheme to dSTFs with stapled B and Z helices, 

such as dSTF-B1-Z2, we found unsatisfactory results even at higher coupling temperature. We 

believe that the added bulkiness from the bis-alkylated S5 significantly reduces the efficiency and 

synthetic value of this branched synthesis route. Instead, we started with a single Z2 helix 

containing a C-terminal free cysteine and an internal S-(tert-butylthio)-cysteine and performed 

homodimerization at the C-terminal free cysteine in solution using a bis-maleimide linker. The 

disulfide bonds were then reduced to deprotect the internal cysteines, which then similarly 

underwent a conjugation with two equivalent of maleimide-containing B1 helix to form the stapled 

dSTF-B1-Z2 scaffold (Figure 5.4).  
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Figure 5.4 Synthetic scheme for dSTF-B1-Z2 

 

In both cases, we were able to use reverse phase HPLC to separate the final dSTF product 

with reasonable purity, and ESI-MS confirmed their molecular mass of approximately 13 kDa 

(Figure 5.5), which were comparable to a small sized protein. Unlike recombinant proteins 

expressed from live organisms, our platform enables the de novo synthesis of chemically pure 

macromolecules with artificially designed structural components, a major breakthrough in 

miniprotein synthesis. Furthermore, with four stapled helices, deliberately oriented tertiary 

structure and a size of 13 kDa, dSTF represents the largest stabilized miniprotein scaffold that has 

ever been made to date, which further indicates that our platform is pushing the limit of peptide 

synthesis and expanding the scope of synthetic targets.   

 

Figure 5.5 LC-MS characterization of dSTF-B-Z 
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5.2.2 Asymmetric dSTFs  

Having solved the challenges for symmetric dSTFs, we aim to further explore the 

feasibility for asymmetric dSTF scaffolds derived from two different STF molecules. The 

heterodimeric structure makes them are an appealing synthetic target for various reasons.  

First of all, unlike self-associating STFs, asymmetric dSTFs represent a preorganized 

heterodimeric structure with significant biological effects that differ from STFs. In Chapter 4, we 

have proposed a mechanism that some STFs preferentially target Max/Max homodimer, possibly 

because the homodimeric form better mimics the Max/Max structure. On the other hand, many 

other bHLH TFs, such as Myc/Max, are in a heterodimeric form. Synthetic assess to asymmetric 

dSTFs mimicking such structures thus will enable more specific and precise interrogation of these 

targets.  

Moreover, the ability to “mix and match” different B and Z combinations on each side 

would allow us to create engineered scaffolds that bind different DNA sequences. For example, 

by selectively altering the DNA-recognizing sequences on one side, the resulting dSTF may bind 

non-palindromic DNA sequences4. It may also enable artificially designed combinations of TFs 

from different families5, such as bHLH/zinc finger, bHLH/bZIP. Such combinations may possess 

intriguing properties that are not present in natural TFs.  

With our existing orthogonal chemistries and lessons learned from earlier chapters, we 

proposed a synthetic scheme that utilizes two Z helices featuring a cysteine on the N-terminus and 

an alkyne or azide on the C-terminus. The bifunctional Z helices would be synthesized using the 

post-stapling modifications we have developed in Chapter 3. Once purified, each Z helix would 

be ligated with the corresponding B helix via thiol-maleimide conjugation. A final CuAAC 

conjugation at the C-termini would result in the desired asymmetric dSTF scaffold (Figure 5.6).  
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Figure 5.6 A proposed scheme for the synthesis of asymmetric dSTF scaffold 

 

Under the proposed scheme, we were able to proceed to the penultimate step, generating 

alkyne- and azide-containing STF with high efficiency and purity. However, the final step was 

problematic. Similar to what we have observed for the synthesis of doubly linked sDBDs, the 

CuAAC conjugation did not work as expected. No conversions were observed after 6 hours with 

up to 2 equivalents of copper(I) catalyst, an amount which is sufficient for catalyzing the reaction 

between the shorter Z helices. We suspect that the lysine and arginine residues on the B helix 

interfere with the reaction by chelating the copper(I) catalyst. Further increasing the catalyst 

amount, on the other hand, resulted in precipitation of the peptides, possibly due to the formation 
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of insoluble complexes between excessive copper(I) ion and the polar residues, exposing the 

hydrophobic surface. Despite CuAAC’s numerous applications in bioconjugation6, such as in 

antibody-drug conjugates, our unsuccessful trials indicate that it is not as robust for our specific 

purpose of linking stabilized, amphipathic miniprotein scaffolds. Further condition optimization 

or different chemistries may be necessary for the synthesis of asymmetric dSTF scaffolds.  

 

5.3 Pre-dimerization of STFs enhances activity and stability 

 With asymmetric dSTFs in hand, we proceeding to testing their DNA binding activity in 

EMSA. Remarkably, both the unstapled dSTF-B-Z and stapled dSTF-B1-Z2 showed potent DNA 

binding with an apparent KD of 1–2 nM, a 10-fold increase compared to their monomeric 

counterparts (Figure 5.7). Given that the observed KD is at the detection limit of the assay, the 

actual affinity of these dSTFs may be even higher. EMSA experiments with non-fluorescently 

labeled competitor oligonucleotides also revealed that the sequence specificity of both dSTFs, with 

the shifted fluorescent band being significantly competed by E-boxC1 but to a much less extent 

by either E-boxCM2 or E-boxCM3 (Figure 5.8).  
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Figure 5.7 Direct comparison between STF and dSTF in EMSA 
(A) EMSA gel images of both STFs and dSTFs binding to E-box DNA probe. (B) Quantification of EMSA results 
and comparison of potency between B-Z and dSTF-B-Z.  
 

 

Figure 5.8 Competition EMSA gel image for dSTF-B-Z DNA binding specificity 
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some candidates with potent and specific DNA binding, such as B1-Z2, showed minimal 

competition with Max/Max homodimers. Given that the DNA binding of dSTFs no longer requires 

a self-associating, cooperative manner, we predict that it would lead to a significant stabilization 

effect of the dSTF-DNA complex, which would in turn make dSTFs compete with bHLH TFs 

more effectively. To confirm this hypothesis, we set up a competition EMSA assay. While dSTF-

B-Z did not show appreciable competition with Max/Max, we observed a promising competition 

pattern for the stapled dSTF-B1-Z2, as characterized by the conversion of the Max/Max-DNA 

band into the dSTF-DNA band. These results suggest that the pre-dimerization of B1-Z2 enhances 

its ability to compete with Max/Max. Given that more candidates, such as B11-Z6 and B11-Z8, 

have emerged from additional screenings as more capable of competition with Max/Max, it would 

be intriguing to see if dSTFs derived from those monomers would possess any further enhanced 

activity. The results also confirm that, even though the hydrocarbon staples in B1-Z2 did not result 

in observable improvements in DNA binding affinity and specificity over the unmodified B-Z, the 

contributions from the secondary structure stabilization are likely to be what differentiates dSTF-

B1-Z2 from dSTF-B-Z in their bHLH competition, highlighting the importance of stabilizing 

multiple structural components.  

 

Figure 5.9 Competition of STFs and dSTFs with Max/Max protein 
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we have discussed in Chapter 4, B-Z was rapidly proteolyzed with a half-life of approximately 33 

seconds. By contrast, dSTF-B-Z showed a prolonged half-life of approximately 90 seconds, a 3-

fold increase. The increased stability is most likely a result of the increased protection of the 

proteolytic sensitive sites at the C-terminus, which represents roughly 30% of the cleavable sites. 

The presence of the C-terminal linker, in close proximity to the “RRK” motif, effectively prevents 

the protease from properly accessing these site, and thus improves the overall proteolytic stability.   

 

Figure 5.10 LC-MS quantification of STF and dSTF stability to trypsin 
The curves and t1/2 were determined using a nonlinear one-phase decay fit. The numbers in parentheses represent 95% 
C.I. from n = 2 independent replicates.  

 

5.4 Discussion 

In summary, we have developed synthetic schemes for the C-terminal dimerization of 

STFs. The resulting scaffolds, dSTFs, have shown significant improvement in their in vitro 

activity. Notably, pre-dimerization of both unmodified and stapled STFs increased their DNA 

binding affinity by at least 10 fold. Given that the EMSA conditions we employed could not 

precisely determine subnanomolar affinity, alternative conditions or assays with lower detection 

limit thus are needed to accurately quantify the improvement in affinity. What was most intriguing 

was that the C-terminal covalent dimerization resulted in a gain of function in terms of competition 

with bHLH TF DNA binding, validating our approach to further increase the potency of STFs. 
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Additionally, the preorganized folding from dimerization resulted in a better protection of residues 

prone to proteolysis, increasing its resistance to protease in vitro. While a library of dSTF has not 

yet been extensively explored, we believe that dSTFs derived from other lead STFs with better 

properties, such as B11-Z6 and B11-Z8, could possess stronger target affinities, higher 

propensities for competition with bHLH TFs, and better structural stability.  

Despite enhanced properties in vitro, one particular concerns for dSTFs is their increased 

size, which may pose challenges in their cellular uptake and target accessibility. While there has 

been no evidence suggesting a hard size cutoff for cell penetration of stabilized peptides, existing 

studies have primarily focused on shorter stapled peptides much smaller than dSTFs7, raising 

questions that would further test the limit of endocytosis-related cell penetration, an area worth 

future investigation.  

From a synthetic perspective, with four individually stabilized α-helices and three 

interhelix linkers, dSTFs represent by far the largest and most complex stabilized miniprotein 

scaffolds that have been made to date. Continuous additions of orthogonal chemistries to our 

platform enabled modular and robust synthesis of such complex scaffolds, further pushing the limit 

of peptide synthesis. Although we have not yet established a viable route towards asymmetric 

dSTFs, a synthetic target with strong chemical and biological significance, alternative synthetic 

strategies are actively being explored in our lab.   

 

5.5 Materials and methods 

General Peptide Synthesis and Purification. A Symphony X automated peptide 

synthesizer was used to prepare linear peptides on Rink amide MBHA resin. Fmoc-based solid 

phase chemistry, ring closing metathesis, and N-terminal modifications were carried out as 
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previously described8, 9. Lysine residues bearing monomethoxy trityl (Mmt) side chain protecting 

groups were incorporated at cross-linking positions of basic helices. On-resin Mmt deprotection 

was carried out for 5 × 2 min consecutive cycles of 1% TFA/DCM solution mixed by N2 bubbling. 

Deprotected lysine residues were functionalized with maleimide by 2-hour treatment with a 0.1 M 

solution of 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetic acid (Mal-Gly-OH) (5 eq), HCTU (4.8 

eq), and DIPEA (10 eq) in DMF. Crude peptides cleaved from resin were purified on a Waters 

preparatory HPLC system using an Xbridge Prep C18 5µ OBN (19.5 × 150 mm) column; solvent 

A (0.1% TFA in H2O); solvent B (MeOH); and a 10-min method with the following gradient 

(flowrate 30 mL/min): 35% B over 1 min; 35-85% B over 7 min; 95% B over 1 min; 35% B over 

1 min. STF monomer ligation was performed in 50 mM sodium phosphate buffer pH 7.2 + 25% 

ACN as follows: a purified basic sequence bearing a maleimide (0.5 mL, 0.5 mM) and a purified 

zipper sequence with a free thiol (0.5 mL, 0.5 mM) were combined in a microcentrifuge tube and 

mixed by rotation for 2 hours. at room temperature. The reaction mixture was diluted into 3 mL of 

50% ACN/H2O + 0.1% TFA and the ligated dSTF was purified using the same HPLC method as 

for individual monomers. dSTF purity was confirmed by LC-MS using an Agilent system 

equipped with a Phenomonex C18, 5 µm (5.0 × 50 mm) column; solvent A (95:5:0.1 

H2O/ACN/TFA) and solvent B (95:5:0.1 ACN/H2O/TFA); 0.5 ml min-1 flowrate, 0-2 min (0% B), 

2-16 min (0-75% B), 16.5-18.5 min (100% B), 19 min (0% B). dSTF concentrations were 

quantified using 280 nm absorbance readings and compounds were stored as lyophilized powder 

or DMSO stocks.  

Branched peptide synthesis. Nα-Fmoc-Nε-Mmt-lysine was coupled onto rink amide 

MBHA resin. The resin was then subsequently treated with 20% piperidine/DMF (2 × 10 min) and 

1% TFA/DCM (5 × 5 min) to deprotect both amino groups. The resulting peptide then was put on 
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a Symphony X automated peptide synthesizer with IR heating. The coupling of each subsequent 

amino acid was performed with 5 eq. Fmoc-amino acid, 4.8 eq. HCTU, 10 eq. DIPEA at 65 ºC for 

10 minutes.  

Electrophoretic mobility shift assays (EMSAs). For direct DNA binding experiments, 

dSTFs were serial diluted (3-fold increments) at 2x concentration in 20 µL of 1x binding buffer 

(20 mM HEPES pH 8.0, 150 mM NaCl, 5% glycerol, 1 mM EDTA, 2 mM MgCl2, 0.5 mg/mL 

BSA, 1 mM DTT, 0.05% NP-40). 20 µL of 10 nM IRD700-labled E-box probe in 1x binding 

buffer was added and samples were incubated for 30 min at RT followed by 15 min at 4°C. 3.5 µL 

of each reaction was loaded on an 8% acrylamide, 0.5x TBE gel equilibrated to 4°C. 

Electrophoresis was carried out for 60 min at 110 V and 4°C with 0.5x TBE + 1 mM MgCl2 running 

buffer. Gels were pre-run at 110 V for 60 min prior to sample loading. For competition 

experiments, 2 nM dSTF and 5 nM labeled E-box probe were incubated with 0, 5, 25, 125, or 625 

nM unlabeled competitor oligo for 30 min at RT followed by 15 min at 4°C.  

Gels were imaged using an Odyssey Li-COR. ImageJ was used to quantify band intensity 

and fraction bound DNA was calculated by dividing band intensity of bound DNA by the band 

intensity of the free DNA from a vehicle treated lane. A four-parameter dose-response curve fit to 

a plot of normalized fraction bound DNA vs. log B-Z concentration yields an IC50 which was 

reported as the apparent KD. Mobility shift data were excluded from analysis when higher order 

binding species were observed.  

Max Protein Expression and Purification. Human Max (residues 22–102) protein was 

expressed with a N-terminal hexahistidine tag in Escherichia coli strain BL21(DE3) using a 

pET28c vector. Transformed bacteria was grown at 37°C and induced with 0.5 mM isopropyl-β-

D-thiogalactoside (IPTG) at an A600 = 0.8. Cells were pelleted 14 h after induction and lysed in 
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lysis buffer (100 mM NaH2PO4, 10 mM Tris, 300 mM NaCl, 8 M urea, 10 mM imidazole, pH 8.0) 

with cOmplete EDTA-free Protease Inhibitor (Roche) by sonication. The lysate was centrifuged 

to clear insoluble matter before loading onto Ni-NTA resin (Qiagen). After being washed once 

with lysis buffer and three times with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 8 M urea, 20 

mM imidazole, pH 8.0), column-bound protein was eluted using elution buffer (50 mM NaH2PO4, 

300 mM NaCl, 8 M urea, 250 mM imidazole, pH 8.0) and quantified using Bradford assay. The 

eluted Max protein was then dialyzed into desired buffers suitable for downstream applications, 

and further concentrated by centrifugation using a 10-kDa exclusion filter.   

In vitro trypsin stability assay. STF or dSTF, 30 µM, was dissolved in 330 µL of 20 mM 

phosphate buffer pH 7.4 in a microcentrifuge tube and heated to 37°C on a tabletop shaker (500 

rpm). 30 µL of the reaction mixture was added to 60 µL of quenching solution (ACN + 3% formic 

acid with 500 nM Fmoc-lysine internal standard) for 0 s timepoint sample. Thermo-Pierce MS-

Grade Trypsin was added to a final concentration of 0.5 µg/ml and additional 30 µL aliquots were 

quenched at indicated timepoints. Quenched samples were cooled to 4°C and centrifuged at 20,000 

xG for 3 min. Sample injections of 35 µL were analyzed by LC-MS using an Agilent system 

equipped with a Phenomonex C18 5µ (5.0 × 50 mm) column; solvent A (95:5:0.1 H2O/ACN/TFA) 

and solvent B (95:5:0.1 ACN/H2O/TFA); 0.5 ml min-1 flowrate, 0-2 min (5% B), 2-8.8 min (5-

95% B), 9-11 min (95% B), 11.1 min (5% B). Intact STF/dSTF was calculated by normalizing the 

background subtracted integrated area under the curve for the EIC of (M + 4H+)/4 (for STF) or (M 

+ 12H+)/12 (for dSTF), ± 0.5 mass units to the integrated area under the curve for the A280 peak of 

the internal standard. Fraction intact STF/dSTF was calculated by dividing the intact STF/dSTF 

by the normalized STF/dSTF signal in the initial 0 s sample. GraphPad Prism was used to plot 
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fraction intact STF/dSTF vs time, and the proteolytic half-life was derived using a non-linear one-

phase decay with the plateau constant set equal to 0.  
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