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ABSTRACT 

 
In nature, non-covalent interactions are as important and dynamic as they are 

elusive.   As such, the study of non-covalent interactions both in vivo and in vitro has 

proven to be challenging.  Given the potential benefits of elucidating protein-protein, 

ligand-receptor, and other biologically relevant interactions, the development of 

methodologies for the study of non-covalent interactions is an attractive goal. 

Biologically encoded protein and peptide libraries that connect the genotypic 

information with the expressed phenotype have emerged in recent years as powerful 

methods for studying non-covalent interactions.  One of the quintessential platforms for 

the creation of such libraries is phage display.  In phage display, the connection between 

genetic information and the corresponding protein allows for the iterative isolation and 

amplification of library members that possess a desired function.  Hence, an in vitro 

selection can be used to isolate epitopes that bind to desired targets or display specific 

attributes. 

We have sought to develop novel phage display methodologies that have the 

potential to expand the scope of this in vitro selection platform.  Specifically, we 

developed a method for the non-covalent attachment of a small molecule ligand to a 

cyclic peptide library.  This system localizes the phage display library to the ligand 

binding site, thus allowing for the translation of the selected cyclic peptides to a 

covalently tethered bivalent inhibitor.   

The first class of biological molecules that we chose to target with our 

methodology is the biologically and therapeutically important class of enzymes called 
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protein kinases.  In the first demonstration of this strategy, we were able to isolate cyclic 

peptide ligands for the model kinase PKA (cAMP-dependent protein kinase), which were 

subsequently translated to a bivalent inhibitor.  This inhibitor showed both increased 

affinity and selectivity for PKA in relation to other protein kinases. 

In a separate project, we sought to develop a method for the isolation of small 

molecule-responsive mutants of a well-characterized protein scaffold from a phage 

display library.  During these investigations, we discovered interesting homologous 

single-point mutations of the protein that resulted in large spherical oligomers that may 

mimic species relevant to the study of protein misfolding diseases such as Alzheimer’s. 
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CHAPTER 1 
 
 

Conjugation of Synthetic Molecules to Biological Libraries 
 
 
 

1.1 Introduction 

The development of specific, high affinity ligands for biological molecules 

remains one of the most intriguing and rewarding challenges in the biological and 

chemical fields.  Ligands for proteins such as cellular receptors and enzymes have 

yielded tools for the dissection of the complicated metabolic and cellular signaling 

pathways that are central to life, as well as providing pharmaceuticals for the 

modification and regulation of those pathways1,2.  In general, the affinity and specificity 

of a ligand can often be improved by the extension of binding surfaces, whether by 

design or diversification. 

One approach to enhancing the affinity of known ligands is the design of 

bisubstrate or multisubstrate analog inhibitors, in which two or more known substrates 

are covalently attached in a non-cleavable manner.  Multisubstrate analog inhibitors 

originated from transition state analogue design of enzyme inhibitors.  Pauling3 and 

others4 theorized that enzymes would bind with very high affinity to molecules that 

mimic the transition state of the reactions that they catalyze.  In a bimolecular reaction, 

the transition state can often be mimicked by covalently attaching the substrates with the 

proper orientation and spacing.5,6  The theoretical basis for this approach was described 

by Jencks,7-9 who asserted that the free energy of binding for a bivalent ligand, 0
AB∆G , 

could be described as: 
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si
B

i
A

0
AB ∆G∆G∆G∆G ++=  

where i
A∆G  and i

B∆G  are the observed intrinsic binding energies of the separate 

moieties, and s∆G  is a “connection free energy” term describing the change in binding 

resulting from the connection of the two moieties.   The inclusion of the empirical s∆G  

term ( )/ln(∆G s
BAAB KKKRT= ) avoids the nonsensical implications of the equation in 

its absence (i.e. KAKB = KAB, which produces an incorrect equality of units: (M-1)2 = M-

1).  According to Jencks, the s∆G  is primarily an entropic term that can vary widely (<1 

M to 108 M ).9  However, the contributions of various sources of entropy to the binding 

of bivalent ligands have been difficult to ascertain,7,9-12 but is likely affected by linker 

composition, enzyme dynamics (cooperativity), and conformational requirements of the 

ligand.10  Though these treatments have been developed to describe bisubstrate and 

multisubstrate inhibitors, they are equally applicable to other multivalent inhibitor 

systems.10,13,14 

A general strategy for developing bivalent ligands targeting proteins is a method 

known as fragment-based ligand discovery15-23.  In this approach, a known ligand’s 

interactions with a target molecule are extended by addition of chemical moieties, either 

by a semi-rational design, or by screening of a combinatorial library of small molecules.  

One example of this is “extended tethering”, in which a lead compound is site 

specifically immobilized on the surface of a protein or enzyme target and a library of 

other compounds containing a chemical handle is screened against the complex.  The 

chemical handle is then captured by the immobilized lead compound, thus producing a 
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bivalent inhibitor (Figure 1.1).  The first example of extended tethering was done by 

Erlanson, et al., targeting cysteine aspartyl protease-3 (caspase-3)17.  In this work, the 

authors covalently attached an “extender” (a small molecule ligand with low affinity) to a 

specific cysteine residue.  This extender molecule contained a protected thiol that was 

subsequently released to allow capture from a library of disulfide-exchangeable small 

molecules.  Translation of the isolated ligands to non-disulfide-containing molecules 

produced drug-like inhibitors that demonstrated in vivo activity in the low µM range. 

Though a powerful methodology, current manifestations of fragment-based ligand 

discovery suffer from the limitations of other screening approaches: the small size of the 

accessible libraries and the difficulty in characterizing small amounts of isolated ligand.  

Many forms of fragment-based ligand discovery also rely heavily on structural 

information that is not readily available for all biological molecules of interest.  The 

utilization of biologically encoded libraries in fragment-based systems would enable 

access to much larger library sizes while providing direct routes to ligand amplification 

and identification. 
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Figure 1.1 Extended tethering.  An initial lead molecule, dubbed an “extender” is site-
specifically tethered to a target protein.  The extender is then deprotected to provide a 
free thiol, which is allowed to react under dynamic redox conditions with a library of 
disulfide-containing small molecules.  The small molecules that bind to the protein target 
adjacent to the free thiol are favored to undergo disulfide exchange with the immobilized 
extender.  The isolated small molecule pairs can then be translated to a non-disulfide-
containing bivalent inhibitor. 
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1.2 Chemical and Biological Selection 

In vitro selection strategies, such as those employing phage display24,25, mRNA 

display26, ribosome display27, and SELEX (Systematic Evolution of Ligands by 

EXponential enrichment)28 hold the potential to generate ligands for countless molecular 

targets such as proteins, enzymes, nucleic acids as well as other materials.  The key 

feature of in vitro selections that distinguish them from screening strategies is the 

physical connection between the molecule being screened (phenotype) and its amplifiable 

genetic information (genotype).  In phage display (Figure 1.2A), this connection comes in 

the form of a bacteriophage virus particle that contains the genetic information of a 

protein or peptide fused to a native coat protein on the surface of the particle.  Many 

variations of phage display have been developed, but most display the biomolecule of 

interest with a low valency on the pIII coat protein or in a multivalent manner on the 

pVIII coat protein of M13 or fd filamentous bacteriophage25.   

The connection between genotype and phenotype has been made in other ways as 

well, such as the direct connection between mRNA and the encoded polypeptide.  Two 

examples of this include the covalent fusion between encoding mRNA and the nascent 

polypeptide (mRNA display, Figure 1.2B) and the non-covalent interaction of the two 

mediated by the ribosome itself (ribosome display, Figure 1.2C).  Other variations have 

been explored, such as cell surface display29, CIS display30, in vitro 

compartmentalization31, and DNA templated synthesis32, which all rely on a physical 

connection between genotype and phenotype.  SELEX, on the other hand, is a method for 
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developing nucleic acid ligands, which contain both the genotypic and phenotypic 

information in the same chemical species28.  
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Figure 1.2 In vitro selection platforms. A) Phage display consists of a bacteriophage 
virus particle upon which recombinant proteins can be displayed, either with low valency 
on the pIII surface coat protein, or with high valency on the pVIII surface coat protein.  
The connection between the genotype and phenotype is preserved through the encoding 
recombinant DNA within the individual phage particles. B) In ribosome display, a non-
covalent complex is formed between a nascent peptide chain, the translating ribosome, 
and the mRNA that encodes the peptide.  The complex results from a lack of a stop codon 
in the encoding mRNA and is often stabilized by the selection conditions used.  C) 
mRNA display depends on a covalent linkage between a peptide or protein and its 
encoding mRNA.  The bond is formed by a reaction between the antibiotic puromycin, 
which is incorporated into a synthesized DNA linker 1.1, and the nascent peptide chain 
(R).  This reaction is facilitated by the stalling of the ribosome at the end of the encoding 
mRNA chain.  Reverse transcription allows for the formation of a RNA/DNA duplex to 
sequester the encoding mRNA, thereby minimizing undesirable interactions.   
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Figure 1.3  A typical phage display selection.  Phage display is a prototypical in vitro 
selection methodology that entails of i) exposure of a phage library to an immobilized 
target of interest, ii) removal of the phage particles that do not bind to the target, iii) 
elution of the bound phage, and iv) amplification of the selected phage.  The amplified, 
selected phage can then be used as an input for the next round of selection.  Most in vitro 
selection methodologies follow similar screening and amplification steps. 
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Common to all forms of in vitro selection is the opportunity for the facile 

isolation, amplification, and identification of the selected entities.  Iterative screening and 

amplification steps mimic, in practice, the principle of natural selection (hence in vitro 

selection is often referred to as “directed evolution”).  As with natural selection, however, 

in vitro selection has been limited, until recently, to the most fundamental toolbox of 

nature: nucleic and amino acids.  While considerable chemical diversity can be achieved 

using amino acid and nucleic acid building blocks, one can look to the vast array of  

natural products to see that many other chemical possibilities exist beyond those 

encompassed by polypeptides and nucleic acids.  It is clear that the expansion of the 

chemical space available to in vitro selection methodologies would provide the 

opportunity to discover ligands for systems that are not directly amenable to binding by 

peptides, proteins, or nucleic acid ligands, such as the small ATP binding clefts of protein 

kinases.33  Strategies targeting both an enzyme active site along with the enzyme surface 

would particularly benefit from a methodology that allows one to tether biological 

libraries to small molecules.  Hence, extension of in vitro selection methodologies to 

encompass molecules beyond those of unmodified amino acids or nucleic acids is a very 

attractive goal.   

 

1.3 Conjugation of Synthetic Molecules to Phage Particles via Self-Assembly 

 Some of the earliest examples of conjugation of synthetic molecules to in vitro 

selection platforms were developed for the directed evolution of enzymes, based on their 

ability to convert substrate to product.34  All of these directed enzyme evolution platforms 
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share a common profile in which an enzyme library is displayed on the surface of a phage 

particle (usually as pIII fusion proteins) along with a means of attachment for a synthetic 

substrate.  To reduce background activity, the substrates are usually attached to the 

enzyme library after purification of the phage.  Selection procedures are designed such 

that the product of a successful enzymatic reaction will be captured but the unreacted 

substrate will not (Figure 1.4).  Conjugation of the phage particle to the product ensures 

that the genotype of the enzyme variants with the desired function will be selected over 

inactive enzyme variants.   
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Figure 1.4 General overview of phage display enzyme selection.  To connect the 
genotypic information of an enzyme with a successfully formed product of the desired 
enzymatic reaction, the substrate must be covalently or non-covalently attached to the 
phage particle.  Selection conditions must be chosen to ensure that the reaction will be 
carried out only on attached substrate, and that the product will be specifically captured 
in the presence of the substrate starting material. 
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One of the first strategies in this area, pioneered by Schultz and coworkers,35 

consists of an enzyme library displayed on one copy of the phage’s pIII coat protein 

along with one half of a coiled-coil dimerization domain on other copies of the pIII 

protein.  The substrate for the displayed enzyme is attached to the other half of the coiled-

coil that is produced synthetically.  Mixing of the synthetic substrate/coiled-coil construct 

with the phage allows self assembly of the coiled-coil to occur (Figure 1.5).  Conserved 

cysteine (Cys) residues on both the synthetic and phage displayed coiled-coil halves serve 

to covalently crosslink the substrate to the surface of the phage particle.  In this strategy, 

the coiled-coil domain is used to mediate the formation of the disulfide bonds by bringing 

the conserved Cys residues in close proximity, thus ensuring a specific, high yield cross-

linking reaction.  Though some examples of non-specific substrate labeling of the 

phage’s surface proteins have been reported36-38, the specific localization of the synthetic 

molecule to the close proximity of the enzyme is preferable in many systems. 

 To demonstrate this approach, Schultz and coworkers expressed functional SNase 

(a Ca2+-dependent nuclease)  as a pIII fusion on the surface of phage and showed that it 

could react specifically with a tethered substrate35.  They used the coiled-coil domain to 

localize a DNA oligonucleotide with a 3’ biotin group to other copies of the pIII protein.  

Exposure to a streptavidin-coated resin immobilized the phage complex via the biotin 

group, while the activity of the SNase was suppressed by the absence of Ca2+.  SNase 

activity recovered upon addition of Ca2+ and the DNA oligonucleotide was cleaved, 

thereby eluting the phage from the resin.  This demonstrated that the active enzyme and 

substrate were co-localized on the surface of phage.   
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Figure 1.5 Substrate association by coiled-coil self-assembly-assisted disulfide bond 
formation.  A) Schultz and coworkers developed a method for the immobilization of a 
substrate onto the surface of phage by forming two disulfide bonds (red) upon self-
assembly of a coiled-coil domain, half of which was expressed and the other half of 
which was synthesized.  The desired substrate could be conjugate onto the synthetic half 
of the coiled-coil, while an enzyme library was coexpressed on the surface of the phage 
particles.  B) In a demonstration of this system, an active RNA polymerase was selected 
from a library of mutants of a DNA polymerase.  The selection was achieved as follows: 
i) The polymerase reaction was allowed to occur with ribonucleotides on a 3’ DNA 
overhang with a biotinylated nucleotide to be site-specifically incorporated into the 
RNA/DNA duplex, ii) the active mutants were isolated by biotin capture with 
immobilized streptavidin, and iii) phage particles displaying these active mutants were 
isolated by DNase I cleavage of the newly formed duplex. 
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The same group used a similar strategy to develop an enzyme that carried out a 

much different reaction: RNA polymerization39.  In this work, Schultz, Romesberg, and 

coworkers converted a DNA polymerase to an efficient RNA polymerase using the 

coiled-coil tethering of a synthetic oligonucleotide substrate.  They expressed a library of  

DNA polymerase mutants as pIII fusion proteins, with a synthetic DNA oligonucleotide 

tethered as before.  The selection scheme necessitated the efficient incorporation of RNA 

bases into the tethered DNA oligonucleotide, as templated by a DNA primer, with the last 

base being a biotin-labeled uracil 1.2.  Only efficient incorporation of the RNA bases 

labeled the complex with biotin, which was then captured on streptavidin resin.  After 

elution with DNase, the phage particles containing the genetic information for the mutant 

polymerase enzymes were isolated, amplified, and subjected to further rounds of 

selection.  The selection resulted in multiple active RNA polymerases. 

In a further work, a similar strategy was utilized to develop kinases with 

orthogonal phosphate donor recognition.  Coiled-coils were used to tether a synthetic 

peptide substrate to the surface of phage particles in close proximity to a library of 

tyrosine kinase mutants40.  The synthetic peptide acted as a substrate for the kinase, 

however, the only source of phosphate present during the selection was a modified ATP 

derivative.  Kinase mutants that were able to use the modified ATP as a phosphate source 

were captured by biotin-labeled anti-phosphotyrosine antibodies.  While kinase mutants 

that recognized the ATP derivative were discovered, substrate promiscuity was a 

significant problem for the selected enzymes. 
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Figure 1.6 Calmodulin-mediated immobilization of a substrate.  The non-covalent 
connection of a substrate to a phage displayed enzyme was achieved by exploiting the 
interaction between calmodulin and a calmodulin-binding peptide, which has a low 
picomolar dissociation constant (Kd = 2 pM) and a slow off rate (koff  < 10-4 s-1).  This 
system was used in the selection of active BirA and trypsin mutants.  A) In the case of 
BirA, a successful reaction consisted of the biotinylation of the lysine in the peptide 
substrate (shown in orange), B) while active trypsin mutants cleaved the substrate after 
the HR residues, allowing for specific isolation of the N-terminal DYKDE motif (italics) 
by a biotinylated antibody. 
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Neri and coworkers have developed another clever method for directly 

conjugating synthetic molecules to phage.41  In their approach, the covalently tethered 

coiled coils were replaced by an interaction between calmodulin and a calmodulin-

binding peptide (Figure 1.6).  According to the authors, the extremely tight binding of 

these partners (Kd = 2 pM) and the slow off rate (koff  < 10-4 s-1) precluded the need for a 

covalent connection between substrate and enzyme.  The addition of EDTA provides a 

convenient method to elute the phage particles since the calmodulin/peptide interaction is 

modulated by Ca2+ and is disrupted when the anion is chelated by EDTA.  Furthermore, 

the system is simplified by the fact that only one fusion to a phage coat protein is 

necessary, since the enzyme library and calmodulin are both expressed on the same copy 

of the pIII protein.  The authors demonstrated the approach with a model system 

consisting of glutathione-S-transferase41 as well as selections that isolated catalytically 

active biotin ligase and trypsin mutants42. 

 

1.4 Conjugation of Synthetic Peptides  to Phage via Native Chemical Ligation 

 Several groups have taken a different routes that do not require self assembly 

domains for the conjugation of synthetic molecules to the surface of phage.  For example, 

Kossiakoff and coworkers used native chemical ligation to conjugate a synthetic peptide 

with a non-natural amino acid onto a protein library displayed on either the pVIII or pIII 

phage coat proteins43.  In this work, the authors synthesized the N-terminal half of the 

protease inhibitor eglin with a non-natural amino acid (kynurenine or norvaline) at 

position 25 along with a C-terminal thioester.  At the same time, they expressed the other 
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half of the protein on the surface of phage particles with the 52nd and 54th positions 

randomized to enable selection for residues that pack well with the non-natural amino 

acids.  Also, a Ser41Cys mutation was incorporated into the phage displayed half of the 

protein to allow for thiophenol catalyzed native chemical ligation of the two halves.  The 

full length ligated protein was then selected for Genenase binding; various functional 

eglin mutants were discovered.  Though this approach was used to select a biosynthetic 

protein, native chemical ligation could possibly be adapted to conjugate a small molecule 

ligand to a biological library. 

 

1.5 Enzymatic Conjugation of Synthetic Molecules to Phage 

 In recent work centered around combinatorial screening, Walsh and coworkers 

recently reported the specific, monovalent conjugation of small molecules to phage that 

carried a DNA “barcode”.44  Rather than exploiting biological diversity on the surface of 

the phage, this work focused on the ease with which the identity of the phage can be 

discovered through amplification of genetic material.  The conjugation of the small 

molecules was carried out by the Sfp phosphopante-theinyl transferase mediated coupling 

of small molecules labeled with coenzyme A to a conserved peptidyl carrier protein 

(PCP) fusion on the pIII phage protein.  Screens could then be carried out in a 

monovalent (rather than multivalent38) manner, with the output molecules being 

identified by their phage encapsulated DNA “barcode”. 
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1.6 Direct Conjugation of Synthetic Molecules to Phage Particles 

 In the past, there have been some examples of the direct conjugation of synthetic 

molecules to the coat proteins of phage particles,36-38 though this mode of coupling is 

non-specific and would not be appropriate for the development of bivalent ligands or 

functional enzymes.35  The lack of specificity of the conjugation reactions stems from the 

fact that many use Cys as the reactive species.  Though orthogonal reactions with 

cysteine’s free thiol are known, the problem remains that there are many Cys residues 

present in the various phage coat proteins, both buried and exposed.  Mutation of the 

exposed cysteines, while possible, does not preclude extensive non-specific reactions35.  

Therefore, the specific, direct conjugation of small molecules to the surface of phage 

particles necessitates a unique, orthogonal reaction site. 

 One such unique site can be achieved by incorporation of a selenocysteine (Sec)  

residue into a phage coat protein.  Sec has a lower pKa than Cys (5.2 vs. 8)45 and the 

selenolate anion is more nucleophilic than the thiolate anion of Cys.  These attributes 

make Sec an attractive option for bio-orthogonal reactions.  Examples of this can be seen 

in various applications were Sec has been utilized, including native chemical ligation.46,47  

Since it is not one of the common naturally occurring 20 amino acids, selenocysteine 

does not have a pre-assigned codon in the standard genetic code.   In prokaryotic systems, 

Sec incorporation can be achieved by suppression of the opal (TGA) stop codon mediated 

by a stem loop, which is called the selenocysteine insertion sequence (SECIS)45. 

 Noren and coworkers have expressed selenocysteine on the N-terminus of pIII 

phage coat protein and have shown it to be accessible for specific conjugation to 



 

36 

iodoacetyl-LC-biotin (Figure 1.7), particularly at low pH48.  Though this approach 

required supplementation of the growth media with sodium selenite and incorporation of 

a stem loop into the pIII gene, it is likely that the incorporation of Sec on the surface of 

phage will be compatible with a randomized library.  Furthermore, the authors claim that 

the viability of the phage particles is not hindered by the expression of Sec or the reaction 

conditions required for conjugation.  In related work49, Sec expression was combined 

with the display of an active enzyme on a separate copy of the pIII phage coat protein.  

Though a selection was not carried out, the authors demonstrated the activity of the 

expressed enzyme, as well as the reactivity of the expressed Sec residue.  This system 

could provide an alternative approach for the directed evolution of enzymes and may also 

provide a route to the conjugation of synthetic small molecules to biological libraries for 

use in bivalent ligand discovery. 
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Figure 1.7  Phage display of selenopeptides.  A phage displayed selenocysteine residue 
was reacted specifically with the biotin reagent 1.3 in the presence of a co-displayed, 
active MurG enzyme.  Capture of the immobilized biotin allowed isolation of viable 
phage particles. 
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 Another powerful method that provides a bio-orthogonal reaction handle is the 

expression of non-natural amino acids on the coat proteins of phage.  In recent years, the 

Schultz group has pioneered the expression of non-natural amino acids in various 

biological systems50.  One such system is the pentavalent display of non-natural residues 

on surface of phage particles51.  Using an amber stop (TAG) suppressor tRNATyr and a 

mutant tyrosyl-tRNA, the authors expressed several non-natural Tyr derivatives on the 

pIII protein of phage (Figure 1.8A).  Direct conjugation of a synthetic small molecule to 

the phage (Figure 1.8B) was achieved using the p-azidophenylalanine-displaying variant 

utilizing a copper mediated [3 + 2] cycloaddition with an alkyne derivative of a 

fluorescein dye 1.5.  The same p-azidophenylalanine residue was later used in the 

Staudinger ligation under very mild reaction conditions52 to conjugate a fluorescein 

derivative 1.6.  The expression of non-natural amino acids specifically on the surface of 

phage is perhaps one of the most promising approaches to the conjugation of small 

molecules to biological libraries.  Indeed, the molecule of interest could even be 

incorporated as a non-natural amino acid, rather than relying on post translational 

modification.  This particular approach, however, has yet to be demonstrated in the 

desired monovalent display format, or in the context of a randomized library. 
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Figure 1.8 Phage display of non-natural amino acids.  A) The pentavalent display of 
several non-natural amino acids was achieved using an amber suppressor tRNATyr and a 
mutant tyrosyl-tRNA synthetase in E. coli.  B) Using the non-natural amino acid 1.4, the 
authors were able to carry out i) a Cu mediated cycloaddition with the dye 1.5 and ii) a 
modified Staudinger ligation53 with 1.6. 
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1.7 Direct Conjugation of Small Molecules to mRNA Displayed Peptide Libraries 

 Another new approach to the conjugation of small molecules to an in vitro 

selection platform involves the use of mRNA display26.  Unlike phage display, there are 

no obligatory Cys or free thiols included in the mRNA selection platform.  Therefore,  

a Cys residue expressed in the translated peptide provides a selective, orthogonal 

chemical handle to which small molecules can be conjugated through maleimide 

chemistry.  mRNA display has been exploited to allow post-translational modification of 

peptides54, translation of non-natural amino acids site-specifically55, as well as other 

applications56.   In practice, however, there are a few considerations that have to be taken 

into account when carrying out chemistry in the context of an mRNA displayed library.  

For instance, the reaction conditions required for small molecule conjugation to a 

conserved Cys may be harsh or produce a poor conjugation yield.  Also, in the context of 

a randomized peptide or protein library Cys codons have to be systematically excluded at 

the randomized positions otherwise multivalent small molecule mutants are inevitable.  

One important example of a small molecule conjugated to an mRNA displayed 

peptide library was recently reported by Li and Roberts57 (Figure 1.9).  The objective of 

this work was to develop a peptide-drug conjugate to serve as an inhibitor for 

Staphylococcus aureus penicillin binding protein 2a (PBP2a), which is responsible for 

drug resistance in the methicillin-resistant bacterium.  Increasing the affinity of a 

penicillin derivative to this protein should provide a drug with restored anti-biotic 

activity.  The goal was therefore to select a peptide/drug conjugate from the mRNA 

displayed library that could bind to PBP2a better than penicillin alone.  
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Figure 1.9 In vitro selection of peptide-drug conjugates.  Unlike phage particles with 
multiple cysteines, mRNA display platforms displaying cysteines can be reacted directly 
with thiol modifying reagents, though with low yields.  In an example of this strategy, 
authors reacted a penicillin derivative (1.7) with a conserved cysteine residue in a linear 
peptide library mRNA display library and carried out a selection against the penicillin 
binding protein (PBP2a).  PBP2a forms a covalent complex with the penicillin derivative, 
thus enabling isolation of weakly binding peptides.  One peptide/drug conjugate that the 
authors isolated produced an IC50 of 7 mM, which constituted a major improvement over 
the peptide (IC50 > 35 mM) or the drug (IC50 > 500 mM) alone. 
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Towards this end, the authors constructed a ten residue mRNA display random 

peptide library of the form M(X)5-C-(X)5GG… where X is any of the 20 natural amino 

acids.  The conserved Cys residue was conjugated to 6-bromoacetyl penicillanate, which 

was determined to react cleanly, though with only a 20% yield.  A selection was then 

carried out against PBP2a with the mRNA-displayed peptide-penicillin conjugate.  After 

9 rounds of selection, there were no specific motifs that dominated the output, however, 

the percentage of the library bound to the target resin stabilized and there was little 

background binding.  One mutant that was discovered in the output (LRNSNCIRHFF) 

showed a 7 mM IC50 when conjugated to the penicillin derivative, demonstrating a 

significant improvement over both the unconjugated peptide (IC50 > 35 mM) and a 

related penicillin derivative (IC50 > 500 mM).  These results are very significant in that 

they show the potential for harnessing the power of in vitro selection to improve upon 

small molecule ligands for biologically relevant targets. 

 

1.8 Conjugation of  Small Molecules to RNA Libraries by Non-Covalent Self-Assembly 

  Another in vitro selection strategy that has been used to discover biological 

molecules with properties of interest is SELEX.28  In SELEX, randomized nucleic acid 

libraries are selected against biological or small molecule targets.  Since nucleic acids 

serve as both the genotype and the phenotype, the amplification and isolation of selected 

mutants is often streamlined compared to polypeptide selection methodologies.  

However, this simplicity comes with the sacrifice of the greater chemical diversity 
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afforded by the amino acids of proteins and peptides.  Therefore, a strategy to expand the 

chemical space available to SELEX would be beneficial to this approach. 

 In an effort to develop RNA-based inhibitors of human neutrophil elastase (hNE), 

Smith and coworkers used an irreversible inhibitor to direct the RNA library to the active 

site of the enzyme in an approach they called “blended SELEX”.58  The synthetic 

inhibitor, a diphenyl phosphonate derivative of valine (1.8), was attached to a short 

stretch of DNA and non-covalently tethered to a SELEX library by means of a conserved 

complementary region of RNA (Figure 1.10).  After 10 rounds of selection, they saw no 

further increase in hNE inactivation by the library output, though no clear consensus was 

achieved.  After analysis of the sequences from the library, about half of the studied 

clones contained a perfect hairpin, with stems varying from 4 to 9 base pairs (7 was the 

most common) and loops from 4 to 7 bases.  Still, there seemed to be no sequence 

consensus in either region from mutant to mutant.  Surprisingly, the conjugation of the 

Val diphenyl phosphonate derivative to DNA, as well as the self-assembly of the small-

molecule/DNA conjugate to random RNA, significantly increased the inhibitor’s affinity 

for hNE (~10- and ~15-fold, respectively).  Still, selected mutants produced even better 

affinity when conjugated to the small molecule inhibitor: 100 - 300-fold increase in 

affinity compared to the unconjugated inhibitor.  More importantly, though,  the 

completely assembled inhibitor showed significant activity against hNE in a rat lung 

model, whereas the RNA and the small molecule conjugated DNA showed little activity 

by themselves.  Further success was achieved by utilizing an enantiomerically pure form 

of the valyl phosphonate, rather than the racemic version used in the preliminary study.59 
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Figure 1.10  Blended SELEX.  i) The valyl phosphonate/DNA conjugate 1.8 was 
annealed to a conserved stem region of a SELEX library, ii) which was then exposed to 
human neutrophil elastase (hNE).  A covalent bond was formed between the synthetic 
molecule 1.8 and the target, hNE.  Several rounds of selection produced RNA aptamers 
that displayed in vivo activity against hNE in a model system.  
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1.9 Other Non-Natural Amino Acid In Vitro Selection 

In addition to the methodologies mentioned above, very interesting work is being 

done to expand the scope of in vitro selection.  For instance, Liu and coworkers32,60 have 

used DNA templated synthesis to produce a library that can be used for in vitro selection.  

The scope of DNA templated synthesis61-63 suggests that a wide range of chemical 

species beyond peptides, proteins, or nucleic acids will be accessible using this method.  

In a very recent example, a separate group (Harbury and coworkers) demonstrated the 

utility of DNA templated synthesis for in vitro selection by isolating novel peptoidal 

ligands for the SH3 domain of Crk from a 100 million member library.64  Libraries 

constructed with this approach would also be uniquely amenable to fragment based 

bivalent ligand discovery due to the vast chemical space available and the amplifiable 

nature of the library.   

Another method that has expanded of chemical space available to in vitro 

selection platforms is the development of “encodamer” libraries by Roberts and 

coworkers.56,65  In this application of mRNA display, the authors reassign the genetic 

code to incorporate unnatural amino acids into the peptide library.  Like the phage 

display of non-natural amino acids mentioned above, judicious choice of non-natural 

residues could provide a facile bioorthogonal route for the attachment of known small 

molecule ligands.  Non-natural amino acids could also be used directly in mRNA display 

for fragment based discovery if a known ligand could be incorporated into the library. 

The successes of the small molecule directed mRNA selection against the 

penicillin binding protein57  and the blended SELEX selection against human neutrophil 
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elastase58  demonstrate that the association of a small molecule with a biological library 

can produce biologically relevant inhibitors.  This localization of the selection platform to  

a specific site on a target helps guide the function of the selected ligands.  Given the 

multitude of methods for attaching synthetic molecules to biologically encoded libraries, 

it is certain that future examples of small molecule directed in vitro selection will be 

successful.   

Besides the increase of affinity afforded by multivalent inhibitors, the selectivity 

of these compounds could also be enhanced.  A bivalent or multivalent inhibitor with 

appropriately spaced binding moieties should bind in an additive, if not synergistic 

fashion.10  However, the chances of several biological molecules presenting multiple 

binding sites in a topographically similar orientation is much less likely than their sharing 

only one common site.  Therefore, a ligand that binds to two or more sites on a target 

should be much more selective, in general, than a monovalent ligand.66  Hence, 

methodologies designed to isolate bivalent ligands by in vitro selection have great 

potential to provide selective, high affinity ligands that will be both biochemically and 

therapeutically relevant. 
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CHAPTER 2 
 
 

Active-Site Directed Phage Display Mediated by Non-Covalent Self Assembly of a 
Coiled-Coil Domain 

 

 

 

2.1  Introduction and Research Strategy 

 

2.1.1 Introduction 

 With the goal of providing a viable method for the discovery of bivalent ligands 

using in vitro selection, we have developed a small molecule directed phage display 

system utilizing coiled coil heterodimerization (Figure 2.1).  One of the coiled coil 

partners (the leucine zipper Fos) is displayed on the surface of a phage particle adjacent 

to a peptide library.  The cognate coiled coil partner (the leucine zipper Jun) is 

synthesized with a small molecule conjugated to its N-terminus.  Our strategy is similar 

to the one used by Schultz, et al., for the selection of active enzymes, however, we do not 

utilize intermolecular disulfide bonds to covalently attach the coiled coils.  This enables 

us to use a disulfide constrained cyclic peptide library67 as well as allowing for potential 

thermodynamic control during selection.  The difference is critical as cyclic peptide 

ligands are known to often bind their targets with vastly increased affinity compared to 

their linear analogs.68  This is due, in part, to a minimization of non-productive 

conformations that are accessible to the linear peptides but are “locked out” upon 

cyclization.  Furthermore, the non-covalent nature of the coiled coil domain creates a 

dynamic system69 where the ligand and the phage display library are allowed to 

equilibrate.  Unlike previous examples of small molecule directed bivalent selections,57,58 
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the library members can reach equilibrium thereby increasing the chances of finding the 

most thermodynamically favorable small-molecule/peptide pairs. 
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Figure 2.1 Directed in vitro selection overview.  In our approach, phage particles are 
localized to the active site of an enzyme by a small molecule ligand that is attached to the 
library by non-covalent self assembly of a coiled-coil domain.  Half of the coiled-coil 
domain is expressed on the surface of the phage adjacent to a randomized cyclic peptide 
library, while the other half of the coiled-coil is synthesized and covalently linked to the 
small molecule ligand.  The non-covalent nature of the interactions allows for a dynamic 
system that can equilibrate to produce the most thermodynamically favorable small-
molecule/peptide pairs.  The selected peptides can then be covalently linked to the 
synthetic small molecule to produce bivalent inhibitors of the targeted enzyme. 
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Our system is also preferable to those mentioned above because the chemistry 

needed to conjugate the small molecule to the phage particle is carried out a priori, thus 

preventing side reactions with phage particles.  This way, purification is simplified, 

conjugation is stoichiometric, and the small molecule ligand can be easily interrogated 

for retained function.  Additionally, it is possible to use the coiled-coil domain to 

assemble the selected peptides with the small molecule ligand to screen for function of 

the selection output.  Even though the eventual goal is to develop a covalently tethered 

bivalent inhibitor, the non-covalently tethered complex should be able to validate the 

selection in an non-phage context.  This may be facilitated by the fact that the coiled-coil 

peptide conjugates can be over-expressed in E. coli, allowing for the interrogation of 

binding without the necessity of synthesizing each peptide.  

 We believe that our approach towards the development of bivalent ligands via 

directed in vitro selection will enable the discovery of specific, high affinity small-

molecule/peptide pairs for various biologically relevant targets, thus constituting a 

significant contribution to the field. 

 

2.1.2 Research Strategy 

As highlighted in Chapter 1, site-directed ligand discovery15,18 and fragment-

based drug discovery16,19-23 have emerged in recent years as powerful combinatorial 

methodologies for identifying high affinity ligands for targeting biological 

macromolecules of therapeutic relevance.  These approaches begin with a small molecule 

ligand that is localized to a specific site on the surface of the target protein.  
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Subsequently, a library is screened to identify additional moieties that attenuate the 

activity of the initial ligand.  This ability to re-engineer the function of a ligand provides 

a direct route to high affinity chemical reagents for probing the biology of signaling 

cascades and elucidation of pharmaceutical leads.  

One variation of fragment-based ligand discovery is the covalent connection of 

multiple substrates to form non-cleavable transition state analog inhibitors for 

multisubstrate enzymes.  The simplest of these inhibitors target enzymes that catalyze 

bisubstrate reactions, such as aspartate transcarbamylase,70 estrogen sulfotransferase,71 

catechol-O-methyltransferase,72 and many others;5 but perhaps the most exciting 

examples can be found in the arena of protein kinases.6,73-80  These enzymes are 

particularly amenable to bisubstrate analog inhibition because there are a number of 

known small molecule inhibitors for one of the substrates common to most protein 

kinases: ATP.  The virtual universality of ATP binding by protein kinases tends to cause 

these inhibitors to lack specificity across the kinase complement of the human genome 

(kinome).81  On the other hand, protein kinases tend to interact with their protein 

substrates much more specifically.  Hence, peptides that mimic the protein substrates of 

certain kinases (“pseudosubstrates”) have produced some very specific inhibitors.82,83  

Many groups recognized that the conjugation of these peptide substrate analogs to non-

specific ATP competitive inhibitors could increase the affinity and potentially 

selectivity66 of each inhibitor separately.  Several examples of bisubstrate analog 

inhibitors of protein kinases have followed, many showing increased affinity and 

selectivity for their designed targets.   In one example, Cole and coworkers designed a 
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bisubstrate analog inhibitor of the insulin receptor protein tyrosine kinase (IRK) based on 

a dissociative transition state by attaching a peptide substrate to ATPγS.6  In this case, the 

dissociative transition state is defined as <50% bond formation occurring between the 

nucleophilic hydroxyl of the tyrosine and the phosphorus before the leaving group 

phosphorus bond (ADP) is at least 50% broken. The authors therefore constructed an 

inhibitor that spanned the requisite distance between the pseudo-substrate tyrosine and 

the ATP analog, which produced an inhibitor that was competitive with both the peptide 

substrate and ATP.  This bisubstrate inhibitor demonstrated significantly enhanced 

affinity compared to either substrate analog alone.  

When designing bisubstrate and multisubstrate analog inhibitors, one must take 

into account several factors, including the mechanism of the enzyme being targeted,6 the 

structural dynamics of the enzyme upon substrate binding,84 substrate specificity,75 and 

(in the case of peptide- or protein-based ligands) the secondary structure of the peptide 

substrate.79  Indeed, the phosphorylation targets of many biologically and therapeutically 

relevant protein kinases are not known or are non-reducible, architecturally complex 

proteins.  Schepartz and coworkers addressed this issue while targeting the cAMP 

dependent kinase (PKA) by incorporating secondary structural elements of peptide 

substrate into a bivalent ligand.79  PKA has a known pseudo-substrate peptide inhibitor, 

PKI, that adopts a specific α-helical structure.  Using protein grafting, Schepartz and 

coworkers moved PKI residues that are important in binding PKA to an α-helical mini-

protein scaffold.  Conjugation of this construct to a high affinity active site targeted 

ligand produced a bisubstrate analog inhibitor with defined secondary structure in its 
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peptide moiety.  The resulting bivalent inhibitor showed increased selectivity for its 

designed target, however, its increase in affinity was minimal.  This solution, while 

innovative, is only applicable to kinases whose protein substrates contain known 

secondary structures that can be mimicked.   

To address the issues inherent in design approaches, we sought to develop a 

methodology that would combine the benefits of bisubstrate analog inhibitors with a 

fragment-based strategy, while utilizing the significantly larger epitope space accessible 

with in vitro selection, as outlined in Chapter 1.  This strategy should produce bivalent 

ligands for protein kinases that are reminiscent of bisubstrate analog inhibitors, without a 

limitation to the substrate binding site.  

  

2.2 Results and Discussion 

2.2.1 Design and Synthesis of JunAdoC and JunStaur 

 We chose the Fos-Jun coiled coil heterodimerization domain to non-covalently 

tether an active site directing small molecule to a phage displayed cyclic peptide library 

(Figure 2.2, Table 2.1).  Fos and Jun comprise a well characterized parallel coiled coil 

dimer85 with a dissociation constant in the low nanomolar range.86-88  The non-covalent 

interaction utilized in our system provides a dynamic library that can potentially 

equilibrate to promote the isolation of the most thermodynamically favorable 

peptide/small-molecule pairs.69  We chose to attach the peptide libraries to Fos, which 

has a low affinity for forming homodimers in order to prevent the cysteine containing 

cyclic peptide library from undergoing disulfide exchange if in close proximity. This 
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necessitated the conjugation of our ATP competitive small molecules to Jun to provide 

the active site directing warhead (Figure 2.2).    
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Figure 2.2 Directed in vitro selection of bivalent inhibitors.  In our approach, the Fos 
leucine zipper dimerization domain was expressed on the surface of a phage particle, 
adjacent to a randomized cyclic peptide library.  The other half of the coiled coil domain, 
the Jun leucine zipper, was synthesized and covalently conjugated to an active site 
directing small molecule (2.2b or 2.4).  During the in vitro selection process, the two 
halves of the coiled coil domains were mixed and allowed to self assemble on the surface 
of the phage particles.  The complex was then exposed to an enzyme target (cAMP 
dependent protein kinase, PKA) after a negative selection step.  The selected cyclic 
peptides were then translated to a potent, selective, covalently linked bivalent small 
molecule inhibitor of PKA (see Chapter 4). 
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Table 2.1  Amino Acid Sequences of Various Components of Active Site Directed Phage 
Display 

Fos LTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFILA 

Jun RIARLEEKVKTLKAQNSELASTANMLREQVAQLKQKVA 
  

Library C(X)6C-GGGGAAALTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFILA-Phage 
  

HTB1 TFKLIINGKTLKGEITIEAVDAAEAEKIFKQYANDNGIDGEWTYDDATKTFTVTE-Phage 
  

JunAdoC (2.2b2.2b2.2b2.2b)-βAGG-RIARLEEKVKTLKAQNSELASTANMLREQVAQLKQKVA 
JunStaur (2.42.42.42.4)-βAGG-RIARLEEKVKTLKAQNSELASTANMLREQVAQLKQKVA 
LinkJuna 

C-(PEO)2-RIARLEEKVKTLKAQNSELASTANMLREQVAQLKQKVA  
a Contains two ethylene oxide linker residues (Novabiochem, product #01-63-0141) 
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Promiscuity of the active site directing small molecule is a key feature of our 

design because it facilitates the generalization of this methodology to other kinases.  A 

carboxylated analog of adenosine (AdoC, 2.2b) was chosen as a promiscuous low affinity 

active site directing ligand.  Loog, et al. have previously utilized this moiety in a 

designed bisubstrate approach against PKA,75 where the unfunctionalized adenosine was 

shown to inhibit several kinases with ~100-300 µM IC50 values.  Furthermore, adenosine 

was attractive because its weak binding mimics the conditions often used in fragment-

based ligand discovery, where the initial “hit” often has low affinity for the target.16  

The second active site directing small molecule, staurosporine, was chosen 

because it is known to be a promiscuous, high affinity inhibitor of many protein 

kinases.81  The higher affinity of this inhibitor provided an opportunity to modulate the 

active site directing pressure applied to the selection system.  Staurosporine, 2.3, has been 

modified in the past with various functional groups at the methyl amino position.89  The 

desired carboxylated modification, 2.4, reduces the affinity of staurosporine for PKA by 

~50 fold to the mid nanomolar range, likely due to the loss of one or more hydrogen 

bonds, as seen in the crystal structure of PKA in complex with staurosporine.90,91  

Moreover, Schepartz and coworkers have recently utilized a staurosporine-like natural 

product, K252a, with a chemical modification at a similar position for the bivalent 

inhibition of PKA.79  Thus 2.2 and 2.4 would potentially provide us with targeting 

warheads whose affinities span three orders of magnitude (~150 nM – ~150 µM). The 

adenosine derivative (AdoC, 2.2) was obtained by oxidation of protected adenosine 

(Scheme 2.1) under known conditions.92  In the case of staurosporine, the secondary 
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amine was acylated with succinic anhydride to provide 2.4 (Scheme 2.1).  Both of the 

carboxyl-containing compounds were coupled to the N-terminus of synthesized Jun, via a 

short linker, to produce JunAdoC and JunStaur, respectively (Table 2.1).  After coupling 

the small molecules to synthesized Jun, the conjugates were cleaved from the solid phase 

synthesis resin and globally deprotected.  We verified that both small molecules retained 

affinity for PKA when conjugated to Jun, with JunAdoC having an IC50 of 21 ± 2 µM 

and JunStaur with an IC50 of 78 ±11 nM (Figure 2.3) thus providing our necessary small 

molecule tethers (Figure 2.2). 
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Scheme 2.1  Synthesis of Jun-conjugated small molecules. 

JunStaur 

JunAdoC 
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Figure 2.3  Inhibition of PKA with the Jun constructs.  Kinase activity (normalized) of 
PKA was interrogated with [γ-32P]ATP and the Kemptide substrate in the presence of 
varying concentrations of A) JunAdoC and B) JunStaur.  Lines indicate the calculated 
best fit equation for the determination of the IC50 values.  Each data point is the average 
of at least two experiments and the error bars indicate the standard deviation. 
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2.2.2 Construction of the Phage Display Fos-Conjugated Cyclic Peptide Library 

To complete the other half of our small-molecule directed selection system, a 6 

residue cyclic peptide library with a conserved coiled-coil dimerization domain (Fos) was 

constructed in the phagemid vector pCANTAB-5E.68  The diversity positions were 

encoded by the NNS mixed codon system, where N is either A, T, G or C, while S is G or 

C.  This codon usage allowed for all 20 amino acids at each position in the library.  After 

transformation into E. coli, the library size was found to be: 1.1 x 109 CFU (theoretical 

library size: 1.07 x 109 members).  The complete library sequence can be found in Figure 

2.4. 

 

2.2.3 Phage Display Competition Assay. 

In our proposed strategy (Figure 2.1) the ability of the Fos coiled-coil domain to 

effectively dimerize with Jun in the context of phage display is vital to the success of the 

system.  To demonstrate the ability of the Fos leucine zipper domain to dimerize with its 

partner Jun, we carried out a model competition assay between the phage displayed 

library and an excess of a phage displayed mini-protein (HTB1)93 against the leucine 

zipper Jun.  The HTB1 mini-protein does not bind to Jun, hence the Fos-containing 

library should out-compete it in a selection.  Jun was synthesized by solid phase peptide 

synthesis, and a cysteine was attached to its N-terminus via an ethylene glycol derived 

linker (Novabiochem, product #01-63-0141).  This peptide was immobilized onto a 

maleimide-coated 96-well plate through the cysteine residue.  A mixture of the phage 

particles displaying either the peptide library or the HTB1 mini-protein (1:10) was 
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exposed to the Jun-immobilized well or a blank maleimide-coated well.  After washing 

the wells and elution of the phage particles, there was no change in the output 

composition in the blank well which maintained the 1:10 starting ratio of phage, 

however, the Jun immobilized well produced a significant 9-fold enrichment of the Fos 

tethered peptide library (Figure 2.5).  These results are an important consideration as they 

demonstrate that the Fos dimerization domain is accessible for binding Jun on the surface 

of the phage particles, thus validating our choice of the coiled-coil dimerization domain 

for our small-molecule tethered library approach in this model system. 
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B)  Di-cysteine constrained cyclic peptide library: 
 gtg  aaaaaattattattcgcaattcctttagttgttcctttctatgcggcccagccggccatg 

  V(M) K  K  L  L  F  A  I  P  L  V  V  P  F  Y  A  A  Q  P  A  M  

ggttgcnnsnnsnnsnnsnnsnnstgcggtggaggcggtgctgcagcgcttactgatactcttcaa 

 G  C  X  X  X  X  X  X  C  G  G  G  G  A  A  A  L  T  D  T  L  Q  

gctgaaactgatcaacttgaagatgaaaaaagtgctcttcaaactgaaattgctaatcttcttaaa 

 A  E  T  D  Q  L  E  D  E  K  S  A  L  Q  T  E  I  A  N  L  L  K  

gaaaaagaaaaacttgaatttattcttgctggtgcggccgcaggtgcgccggtgccgtatccggat 

 E  K  E  K  L  E  F  I  L  A  G  A  A  A  G  A  P  V  P  Y  P  D  

ccgctggaaccgcgtgccgcatagactgttgaaagttgtttagcaaaacctcatacagaaaattc… 

 P  L  E  P  R  A  A  -  T  V  E  S  C  L  A  K  P  H  T  E  N  S… 

 

Gene III signaling sequence 

Cyclic peptide library 

Fos coiled-coil domain 

E-TAG 

gIII phage protein 

 

Figure 2.4  Phage display peptide library.  A) Cartoon of the Fos-conjugated phage 
display cyclic peptide and B) the DNA and amino acid sequences in the pCANTAB 
phagemid vector. 

 

A)  
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Figure 2.5 Phage display competition assay.  A) Phage displaying the mini-protein HTB1 
were mixed in a 10:1 ratio with library phage.  The coiled-coil-containing library phage 
should be able to out-compete the non-binding HTB1 phage.  B) The results indicate that 
the library can out-compete the HTB1 mini protein only in the presence of immobilized 
Jun, thus demonstrating the ability of the leucine zippers to self assemble on the surface 
of the phage particles.  
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2.2.4 Active Site Directed In Vitro Selection Against PKA 

 Having demonstrated the feasibility of the model coiled-coil selection system and 

having shown that both Jun/small-molecule conjugates inhibit PKA, we turned towards 

the active site directed selection against PKA (Figure 2.6).  Under conditions similar to 

those of Dalby, et al.
94 we biotinylated the catalytic subunit of PKA, followed by 

immobilization onto NeutrAvidin coated 96-well plates.  PKA immobilization was 

confirmed to be 1 pmol of active enzyme per well by a kinase assay (Section 2.3.5).  As a 

separate control, we also characterized background binding peptides in our library against 

NeutrAvidin coated plates,68 which resulted in a clear consensus of NeutrAvidin-binding 

cyclic peptides (see Chapter 3 for a more detailed description of this selection).  This 

important control illustrates that it is necessary to consider that our library may also be 

enriched for NeutrAvidin binders while panning against PKA, and thus a pre-incubation 

step against NeutrAvidin is desirable. Interestingly, the background selections also 

demonstrated that all of our characterized NeutrAvidin-binding peptides needed to be 

cyclic,68 suggesting that peptide cyclization proceeds efficiently for our library in the 

context of phage. 
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Figure 2.6 Active site directed selection strategy.  The phage displayed cyclic peptide 
library with the conserved Fos domain is mixed with Jun conjugated to the active site 
directing small molecule staurosporine.  After hetero-dimerization on the surface of the 
phage particles, the complex is pre-incubated with a NeutrAvidin-coated well to remove 
background-binding phage.  The unbound phage particles are then transferred to a well 
containing PKA.  After washing to remove weakly bound phage, the tightly bound phage 
particles are eluted. 
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 With the above reagents and controls in place, we carried out our first selections 

against PKA utilizing our Fos conjugated library in the presence of 50 µM JunAdoC as 

our active site directing moiety.  Despite the pre-incubation with a NeutrAvidin-coated 

well before every round of selection, the library converged after only 4 rounds (Table 

2.2) to the same sequences found in a control selection against NeutrAvidin-coated plates 

(Table 2.3, see Chapter 3 for details).  These results suggest that a mid to low micromolar 

PKA targeting ligand is insufficient for isolating Fos-tethered cyclic peptides that bind 

PKA under our phage display conditions. We next carried out a similar selection with the 

higher affinity active site directing coiled-coil conjugate, JunStaur.  As with the selection 

employing JunAdoC, standard phage display protocols were followed with selections 

carried out in the presence of 2 µM JunStaur. Anticipating tight JunStaur binding to 

PKA, elution conditions were modified such that bound phage particles were eluted with 

a low pH wash in the presence of free staurosporine (11 µM) and 10% DMSO. 

After six rounds of selection, consensus motifs emerged (Table 2.4).  Importantly, 

we did not observe any of the previously characterized NeutrAvidin-binding peptide 

sequences as we did with the JunAdoC mediated selection.  The most frequently 

occurring motif was CTFRVFGC, while a second sequence contained a single amino acid 

change, Leu to Phe, in the fourth position (CTFRVLGC).  This possibly indicates that the 

fourth position in this motif may be variable but possibly hydrophobic.  Another potential 

motif was also observed, though with considerably larger sequence variation.  This motif 

consisted of hydrophobic residues in the first two positions (Met, Val, Leu, or Ile), Pro in 

the third position, followed by an Arg and Trp in varying configurations in the second 
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half of the peptide.  The observed variations in the second motif indicate that these 

sequences are perhaps too similar in binding affinity to be easily differentiated by phage-

display.  Interestingly, none of the selected peptides were identical to known 

physiological substrates of PKA.95 
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Table 2.2  Results of the 
JunAdoC-mediated phage 
display selection against PKA 

Peptide # Clonesa,b 

  

Round 4:  
CDRATPYC 9 
CDRASPYC 4 
CDPASPYC 4 
CDRASPWC 3 
CDLASPWC 3 
CDAASPYC 1 
CDLSTPYC 1 
CRQHRMQC 1 
CLYSAGQC 1 

  

Round 5:  
CDRATPYC 8 
CDLSTPYC 1 
CDPASPYC 1 

  
a 27 clones sequenced after 
four rounds of selection 
b 10 clones sequenced after 
five rounds 
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 Table 2.3  Control for the 
JunAdoC-mediated selection 
against NeutrAvidin   

Peptide # Clonesa,b 

  

Round 4:  
CDRATPYC 5 
CDLASPWC 2 
CDLSTPYC 1 
CDLSAPYC 1 

  

Round 5:  
CDRATPYC 6 
CDPASPYC 1 
CRTGMPYC 1 

  
a 9 clones sequenced after four 
rounds of selection 
b 8 clones sequenced after five 
rounds of selection 
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Table 2.4  Results of the JunStaur-mediated 
phage display selection against PKA  

Name Peptide # Clonesa 

   

BS6-3 CTFRVFGC 6 
BS6-22 CTFRVLGC 1 

   

BS6-1 CMLPRFWC 4 
   

BS6-45 CLLPSRWC 2 
BS6-86 CILPSRWC 2 

   

BS6-10 CVESQRVC 3 
   

BS6-24 CILPWRHC 2 
BS6-30 CVLPRWFC 2 
BS6-65 CILPWSRC 2 
BS6-12 CIGPRWWC 2 
BS6-63 CLLPWRAC 1 
BS6-82 CILPRAWC 1 
BS6-2 CVLGWRWC 2 
BS6-51 CVFMRPFC 2 
BS6-52 CLLRGPWC 2 
BS6-72 CRWPLILC 2 
BS6-80 CVRFWPWC 2 

   
a 77 clones were sequenced after the sixth 
round of selection 
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2.2.5 Evaluation of Selected Cyclic Peptides 

 Since no single variant of the second motif dominated the output, we chose a 

representative example, BS6-45, along with more frequently isolated sequences for our 

characterization efforts.  Hence, the selected peptides BS6-3, BS6-1, BS6-45, and BS6-10 

were synthesized and subsequently cyclized by the formation of intramolecular disulfide 

bonds to provide cyclo(CTFRVFGC)G, cyclo(CMLPRFWC)G, cyclo(CLLPSRWC)G, 

and cyclo(CVESQRVC)G, respectively.  The peptides were assayed for their ability to 

inhibit PKA mediated phosphorylation.  Except for BS6-10, the peptides all showed 

activity in the mid micromolar range (Figure 2.7): IC50 for BS6-3 was 79 ± 2 µM, BS6-1 

was 99 ± 3 µM, and BS6-45 was 310 ± 19 µM.  An accurate IC50 value for BS6-10 could 

not be determined, though it was >1 mM.  The success of the first three peptides in 

inhibiting PKA indicates that this new ligand guided selection strategy was able to enrich 

the library for peptides that bind to PKA.  Comparing the JunAdoC (IC50 = 21 ± 2 µM) 

and JunStaur (IC50 = 78 ±11 nM) directed selections suggests that high affinity active site 

directing ligands are necessary to out-compete background binding motifs,68 even when a 

negative selection step is incorporated. It is also likely that tuning the coiled-coil affinity 

may similarly impact our fragment based selection approach. 
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Figure 2.7 Inhibition of PKA with selected peptides.  Synthesized cyclic peptides A) 
BS6-3 [cyclo(CTFRVFGC)G], B) BS6-1 [cyclo(CMLPRFWC)G], C) BS6-10 
[cyclo(CVESQRVC)G], and D) BS6-45 [cyclo(CLLPSRWC)G] were interrogated for 
their ability to inhibit PKA. E) Kinase activity was measured at each inhibitor 
concentration in two separate experiments and the normalized data was averaged.  The 
lines represent the best fit for the IC50 calculation and the error bars indicate standard 
deviation.  An accurate IC50 value for BS6-10 could not be determined. 

E)  
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2.2.6 Conclusions 

 The localization of phage displayed peptides to the active site of a protein kinase 

provides a new strategy for targeting this class of enzymes in a bivalent fashion utilizing 

biological selection and is complementary to designed bivalent approaches. This 

proximal orientation creates the possibility (Chapter 4) of covalently tethering the two 

binding moieties into a single molecule that could act synergistically, as demonstrated for 

bisubstrate inhibitors of kinases.6 The important distinction between our approach and 

existing bisubstrate analog strategies is that we require no prior knowledge of the 

structure of the kinase or the chemical structure of the substrate. Moreover, our approach 

has the potential to uncover kinase inhibitors with new mechanisms of action such as 

those serendipitously discovered for p38 MAP kinase.96  The promiscuous nature of 

many small molecule kinase inhibitors81 suggests that our selection strategy could be 

directly applied to most protein kinases to uncover new reagents for studying their 

biology.  Furthermore, the active site directed strategy that we demonstrate in the context 

of cyclic peptides displayed on phage should be applicable to other biological library 

selection systems, such as ribosome,27 mRNA,26 and cell-surface display29 and should 

allow for targeting any biological target with known small molecule ligands.   

 

2.3 Experimental Procedures 

 M13KO7 Helper phage and enzymes were purchased from New England Biolabs; 

peptide synthesis reagents and resin were purchased from Novabiochem; staurosporine 

was purchased from LC Laboratories (Woburn, MA); DNA primers were obtained from 



 

75 

IDT (Integrated DNA Technologies); all other reagents, unless otherwise noted, were 

purchased from Sigma.  Synthesis of the BS6-10 peptide was carried out by graduate 

student Carolyn Shomin, and syntheses of the BS6-1 and BS6-45 peptides were carried 

out by research assistant Lucinda Begay. 

 

2.3.1 Synthesis of AdoC, 2.2a, and Carboxylated Staurosporine, 2.4. 

 Protected AdoC, 2.2a, was synthesized essentially as described by Epp and 

Widlanski92 and characterized by 1H NMR and mass spectrometry (see below).  For the 

synthesis of 2.4, staurosporine (24 µmol) was added to succinic anhydride (36 µmol, 1.5 

molar equivalents) and DMAP (1.2 µmol, 5 mol %) in 1 mL DMSO, and the reaction was 

protected from light, at room temperature.  The progress of the reaction was monitored by 

TLC (91.6% chloroform, 8% methanol, 0.4% ammonium hydroxide).  After 30 hours, 

staurosporine was no longer detectible in the reaction mixture.  The product was 

precipitated in 45 mL of 0.1% TFA in water, isolated by centrifugation, and further 

purified by trituration in 0.1% TFA.  The product 2.4 was dried under high vacuum and 

characterized by 1H NMR and mass spectrometry (2.2a: expected 321.3 g/mol, found 

322.1 m/z; 2.4: expected 566.2 g/mol, found 566.22 m/z). 

 

1H NMR  of Protected AdoC [2.2a]: (600 MHz, DMSO-d6) δ 8.32 (s, 1H), 8.07 (s, 1H), 

7.26 (s, 2H), 6.32 (s, 1H), 5.46 (d, J = 6.0 Hz, 1H), 5.53 (dd, J = 1.8 Hz, J = 6.0 Hz, 1H), 

4.68 (d, J = 1.8, 1H), 1.51 (s, 3H), 1.34 (s, 3H) 
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1H NMR  of Carboxylated Staurosporine [2.4]: (600 MHz, DMSO-d6) δ 9.27 (d, J = 7.8 

Hz, 1H), 8.58 (s, 1H), 8.04 (d, J = 8.3 Hz, 1H), 7.98 (d, J = 8.3 Hz, 1H), 7.66 (d, J = 8.3 

Hz, 1H), 7.47 (t, J = 7.8 Hz, 2H), 7.35 (t, J = 7.6 Hz, 1H), 7.29 (t, J = 7.3 Hz, 1H), 7.03 (t, 

J = 7.6 Hz, 1H), 4.99 (s, 3H), 4.21 (s, 1H), 2.81 (s, 3H), 2.76 (s, 3H), 2.67 (d, J = 11.9 Hz, 

1H), 2.57 (m, 2H), 2.33 (s, 3H), 2.22 (dt, Jd = 6.7 Hz, Jt = 13 Hz, 1H) 

 

2.3.2 Synthesis of Jun conjugates via solid phase peptide synthesis. 

 Jun (Table 2.1) was synthesized using standard Fmoc protection strategies for 

solid phase peptide synthesis.  Rink Amide AM resin (0.43 mmol/g) was used as the solid 

phase matrix with BOP (3 equivalents), HOBt (3 equivalents), and DIEA (6 equivalents) 

as the coupling reagents with the appropriate Fmoc protected amino acid residue (3 

equivalents).   

For the phage display competition assay in the model system, immobilization of 

Jun was carried out on a maleimide functionalized plate.  To facilitate this, two ethylene 

glycol-based amino acid linker residues (Novabiochem, product #01-63-0141) followed 

by a Cys were conjugated to the N-terminus of Jun to form LinkJun (Table 2.1). 

Cleavage was carried out with 94% TFA, 2.5% EDT, 2.5% water, and 1% TIPS for 2 

hours.  The peptide was precipitated out of solution by the addition of chilled diethyl 

ether, isolated by centrifugation, and  triturated with more chilled ether.  HPLC 

purification (10% to 50% acetonitrile gradient in water with 0.1% TFA) afforded the pure 

peptide, which was characterized by mass spectrometry (LinkJun: expected 5034 g/mol, 

found 5033.7 m/z). 
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Synthesis of JunAdoC and JunStaur (Table 2.1) were carried out by attaching a 

linker of two glycine residues and one β-alanine on the N-terminus of Jun.  With separate 

aliquots of resin, the β-alanine was coupled to the adenosine derivative 2.2a or the 

staurosporine derivative 2.4 under conditions identical to those used for previous amino 

acids.  Cleavage of each peptide was carried out with 94% TFA, 2.5% EDT, 2.5% water, 

and 1% TIPS for 2 hours.  The peptides were precipitated by the addition of chilled 

diethyl ether, isolated by centrifugation, and triturated with more chilled ether.  HPLC 

purification on a Vydac C18 column (JunAdoC: 10% to 60% and JunStaur: 25% to 65% 

acetonitrile gradient in water with 0.1% TFA) afforded the pure peptides, which were 

characterized by mass spectrometry (JunAdoC: expected 4742 g/mol, found 4742.4 m/z; 

JunStaur: expected 5027 g/mol, found 5029.2 m/z). 

 

2.3.3 Construction of the phage display library 

The six residue di-sulfide constrained cyclic peptide library was constructed N-

terminal to Fos and the gene III fusion protein encoded by the phagemid vector 

pCANTAB-5E (Amersham Biosciences).  A gene encoding Fos and containing an 

internal PstI restriction site was first cloned into pCANTAB-5E between SfiI and NotI 

restriction sites to produce pCANTAB-Fos using the following forward and reverse 

primers: 

scmFosFwd:  GCTGTTGACGCTGCAGAACTGACCGACACTCTGCAAGCT-
GAAACCGATCAGCTGGAAGACGAGAAATCCGCTCTGCAAACCGAAAT  
 
scmFosRev:  CGGCGCACCTGCGGCCGCAGCCGCCAGGATGAACTCCAG-
CTTTTCTTTCTCTTTCAGCAG-GTTTGCGATTTCGGTTTGCAGAGCGGA 
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After transfection into E. coli and subsequent isolation of the amplified 

pCANTAB-Fos, a gene encoding the cyclic peptide library was cloned into the SfiI and 

PstI sites of the vector. The gene was constructed using overlapping primers.  The 

synthesized oligonucleotide library contained the NNS mixed codon set for randomized 

positions, where N corresponds to G, C, A, or T; and S corresponds to G or C. 

LibFwd1: CGATGCGGCCCAGCCGGCCATGGGTTGCNNSNNSNNSNNS-
NNSNNSTGCGGTGGAGGC 
 
LibRev1: GCAAGCGCTGCAGCACCGCCTCCACCGCA 

The primers were extended to the full duplex DNA by mutually primed synthesis with the 

Klenow fragment of Escherichia coli DNA polymerase I.  The insert was purified and 

digested with SfiI and PstI and subsequently ligated into digested pCANTAB-Fos.  The 

library was then transformed into XL1-Blue E. coli cells (Stratagene) via electroporation.  

The library size was estimated by titration of the transformation mixture on ampicillin- 

and glucose-containing LB agar plates, and was found to be 1.1 x 109 CFU.  The 

phagemid DNA from the transformation mixtures was isolated after amplification in E. 

coli and was re-transformed into XL1-Blue cells, which were grown overnight with 

ampicillin and tetracycline selection in the presence of glucose.  The E. coli that 

contained the library were stored in glycerol (20%) at –78°C.   

 

2.3.4 Phage competition assay 

For the competition assay, XL1-Blue E. coli containing the phagemid library 

vector were grown from glycerol stocks in 5 mL of 2xYT media with glucose and 

ampicillin selection at 37°C.  Titered M13KO7 helper phage (5 x 109  pfu) were added 
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when the culture reached an OD600 of 0.8 and was incubated for 1 hour.  The culture was 

then pelleted via centrifugation, the cells were resuspended in 2xYT with ampicillin and 

kanamycin, and allowed to grow overnight.  After 10 hours of incubation, the culture was 

again pelleted by centrifugation and the supernatant was filtered through a 0.45 µm sterile 

filter to remove trace E. coli.  The phage were isolated from the supernatant by PEG 

(polyethylene glycol) precipitation.  1 mL of 20% PEG in 2.5 M NaCl was added to the 5 

mL of filtered media.  The resulting precipitate was isolated by centrifugation at 18,000 

rcf.  The phage pellet was resuspended in 5 mL of Tris Buffer A (20 mM Tris-HCl, 150 

mM NaCl, and 0.05% Tween 20 at pH = 7.4).  The phage were then re-precipitated with 

1 mL PEG/NaCl, isolated via centrifugation, and resuspended in 1 mL of Tris Buffer A.  

Phage particles displaying a mini-protein (HTB1),97 known not to bind to the leucine 

zipper Jun, were prepared in the same manner.  Both populations of phage were 

quantified by UV absorbance at 268nm98 and the two were mixed at a ratio of 10:1 

HTB1:Library.  

The free cysteine of LinkJun (Table 2.1) was reacted with a maleimide 

functionalized Reactibind polystyrene 96-well plate (Pierce) at 100 µM for 2 hours.  

After immobilization, the Jun-containing well was thoroughly rinsed with Tris Buffer A, 

as was a control well with nothing immobilized.  Both wells were then blocked with 1% 

βME for 1 hour, and again thoroughly washed with Tris Buffer A.  One aliquot of the 

library/HTB1 phage solution was added to each well and allowed to incubate for 2.5 

hours.  After thorough washing, the bound phage particles were eluted with 10 µM Jun 
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for 1 hour.  Standard phage elution conditions of glycine (pH= 2) were not appropriate 

since the Fos/Jun dimer is stable under a wide range of pH conditions.85 

The input phage and the phage eluted from both wells were then used to infect 

three 5 mL tetracycline-selected cultures of XL1 Blue E. coli (OD600 = 0.8).  After 1 

hour, 20 µL of ten-fold serial dilutions of each culture were plated on LB agar plates 

containing ampicillin and were allowed to grow overnight.  Ratios of the library to HTB1 

for the samples were determined by PCR screening of the E. coli colonies using the 

LibRev1 and QEF primers:  

QEF(Fwd):  CGGATAACAATTTCACACAG 

LibRev1:  GCAAGCGCTGCAGCACCGCCTCCACCGCA 

Since LibRev1 is not complementary to any sequence in the HTB1 gene, only library 

colonies produced a PCR product with a fragment of DNA at the correct size.  DNA from 

a representative set of colonies was sequenced to verify the screening procedure and each 

sequence corresponded to the identity predicted by the screen. 

 

2.3.5 Biotinylation of PKA 

 PKA (Promega) was non-selectively biotinylated at surface lysine residues using 

sulfo-NHS-LC-LC-biotin (Pierce).  The reaction was carried out in the presence of ATP 

to block the potential reaction of the active site lysine.94,99  80 µL of the catalytic domain 

of PKA (2 nmol) was mixed with 6 µL of 1 M NaOH (to adjust the pH to >7.2), 9 µL of 

10 mM ATP (0.94 mM final), and 1 µL of 10 mM (5 molar equivalents) sulfo-NHS-LC-

LC-biotin.  After 3 hours at 4 ºC, the reaction was quenched by the addition of 15 mL of 
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Tris Buffer A (20 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20 at pH = 7.4).  The 

enzyme was then concentrated in a 5000 MWCO centrifuge concentrator (Amicon Ultra, 

Millipore), and rediluted in Tris Buffer A.  This process was repeated until the theoretical 

concentration of the biotinylation reagent was <100 nM and the PKA concentration was 1 

µM.  A kinase assay was run to determine the extent of PKA immobilization (see Section 

2.3.6 for immobilization conditions).  Reaction conditions were identical to those 

described in section 2.3.8 below, but twice the volume (60 µL) was used per reaction.  

Upon immobilization onto a NeutrAvidin coated 96-well plate, the equivalent of 1 pmol 

of active kinase was detected per well (Figure 2.8). 
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Figure 2.8  Quantification of biotinylated PKA immobilized on NeutrAvidin coated 
plates.  A) PKA was non-specifically biotinylated with the sulfo-NHS-ester biotinylation 
reagent 2.5. B) Biotinylated PKA was then immobilized onto a 96-well NeutrAvidin-
coated plate and kinase reactions were run to quantitate the amount of immobilized 
enzyme.  Control reactions were run under conditions similar to those used in the PKA 
immobilized well.  The readings for the immobilized well were used to calculate the 
amount of active PKA using the following best-fit equation to the control PKA reactions:  
y = 6.57E16x – 1.02E4, where y is the amount of observed radioactive decay in counts 
per minute and x is the total number of moles of PKA in the reaction.  Control PKA and 
immobilized PKA reactions and were run in duplicate.  Error bars indicate standard 
deviation. 

B)  



 

83 

2.3.6 Active site directed phage displayed peptide selection against PKA. 

 To begin each round of active site directed phage display against PKA, 

biotinylated PKA (from above, 100 µL, 500 nM) was placed in one well of a 

NeutrAvidin coated 96-well plate (Pierce) on ice.  After 1 hour, the excess PKA was 

removed and the well was washed thoroughly with Tris Buffer A.   

For the JunAdoC-directed selection, the phage solution was mixed with JunAdoC 

(50 µM final) and stored on ice for 30 minutes.  The JunAdoC/phage solution was 

exposed to a pre-washed blank NeutrAvidin well for 1 hr to remove NeutrAvidin-binding 

phage.  After this pre-incubation, the phage solution was transferred to the well 

containing the immobilized PKA, and allowed to equilibrate for 2 hr.  The weakly bound 

phage were washed away with Tris Buffer A (containing 25 µM JunAdoC) six times for 

2 minutes each.  After washing, the phage were eluted by adding 0.2 M glycine (pH = 

2.0) for 10 minutes.  The elution mixture was then transferred to a tube containing 2M 

Tris base (pH = 11) to neutralize the solution. 

In the JunStaur selection, the phage solution was mixed with JunStaur (2 µM final 

concentration) and was stored on ice for 30 minutes.  The JunStaur/phage solution was 

pre-incubated in a NeutrAvidin well for 30 minutes and then transferred to the well 

containing immobilized PKA for an additional 30 minutes.  The weakly bound phage 

particles were washed with Tris Buffer A in increasing time intervals during subsequent 

rounds of selection.  During the first round of selection, the well was washed 5 x 1 

minute per wash.  With each subsequent round of selection, the soaking time was 

increased by 2 minutes.  After washing, the phage were eluted by  adding 100 µL of 0.2 
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M glycine (pH = 2.0) with 11 µM staurosporine in a 10% DMSO aqueous solution.  After 

a 10 minute equilibration, the elution solution was transferred to a tube with 40 µL of 2M 

Tris base (pH = 11).  Treating control phage with these conditions showed no significant 

loss in viability.   

The input phage and eluted phage were then used to infect two 5 mL tetracycline-

selected cultures of XL1 Blue E. coli (OD600 = 0.8).  After 1 hour, the cells were pelleted 

and resuspended in 5 mL of 2xYT with ampicillin and glucose.  To estimate the number 

of input and output phages, 20 µL of ten-fold serial dilutions of each culture were plated 

on LB agar plates that contained ampicillin.  The rest of the output culture was grown 

overnight, at which point 1 mL was used to start the next round of selection, while the 

other 4 mL were stored in glycerol (20%) at –78°C.  DNA from colonies from the LB 

agar plates was isolated for DNA sequencing. 

 

2.3.7 Synthesis of Selected Cyclic Peptides. 

 The variable regions of the selected peptides (C(X)6CG) were synthesized, 

cleaved from the resin, and initially purified in the same manner as Jun (Section 2.3.2).  

After purification by HPLC, the peptides were cyclized by the oxidation of the two 

conserved Cys residues to form intramolecular disulfide bonds.  To achieve this, each 

peptide was dissolved in phosphate buffered saline (PBS, pH = 7.4) with 20% DMSO 

and allowed to shake for 48 hours at 37 ºC. The extent of cyclization was monitored with 

Ellman’s reagent (see Chapter 3 for details).  The cyclized peptides were characterized by 

MALDI mass spectrometry (BS6-1 expected: 1109.3 g/mol, found: 1109.4 m/z; BS6-3 
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expected: 986.1 g/mol, found:  986.4 m/z; BS6-10 expected: 977.1 g/mol, found: 977.5 

m/z; BS6-45 expected: 1031.2 g/mol, found: 1031.4 m/z) and amino acid analysis. 
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Table 2.5  Amino acid analysis results 

 BS6-1 BS6-3 BS6-10 BS6-45 
Sequence CMLPRFWCG CTFRVFGCG CVESQRVCG CLLPSRWCG 

Glx   2.12 (2)  
Phe 1.07 (1) 2.1 (2)   
Gly 1.13 (1) 2.0 (2) 1.06 (1) 1.12 (1) 
Leu 1.06 (1)   2.08 (2) 
Met 0.70 (1)    
Pro 1.01 (1)   1.00 (1) 
Arg 1.03 (1) 0.97 (1) 0.97 (1) 1.01 (1) 
Ser   0.73 (1) 0.78 (1) 
Thr  0.92 (1)   
Val  0.97 (1) 2.12 (2)  
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2.3.8 PKA Inhibition Assay. 

 The ability of Jun conjugates and the selected cyclic peptides to inhibit PKA was 

interrogated via a kinase assay utilizing [γ-32P]ATP (30 µM) as the phosphate source and 

Kemptide as the peptide substrate (LRRASLG, 30 µM).  The assays (30 µL) were carried 

out at room temperature for 6 minutes in 40 mM Tris-HCl, 20 mM magnesium acetate 

(pH = 7.4), and 0.01% BSA with an enzyme concentration of 26 nM.  Cyclic peptide 

assays were run in the presence of 2.5% DMSO.  Each assay mixture was quenched with 

20 µL of 0.85% phosphoric acid and 30 µL was spotted on P81 phosphocellulose paper 

(Upstate).  The samples were then washed 3 x 0.85% phosphoric acid and 1 x ethanol for 

5 minutes each.  The amount of 32P labeling of the peptide substrate was quantified using 

a Beckman LS 6000IC liquid scintillation counter.  Data were normalized to reactions 

containing no inhibitors, which were run in triplicate.  The inhibition data were compiled 

as an average of at least two separate experiments and fit to the following equation: 

n

IC

x

C
y









+

=

50

max

1

 

where y is the normalized counts per minute of radioactive decay, x is the concentration 

of the inhibitor, Cmax is the maximum observed signal, and n is the slope.  Best fit 

equations were calculated using KaleidaGraph (Synergy Software). 
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CHAPTER 3 
 
 

Highly Selective Cyclic Peptide Ligands for NeutrAvidin and Avidin  
Identified by Phage Display 

 

 

 

3.1 Introduction 

Some of the most interesting advances in science come from serendipitous 

discoveries.100-104  When further investigated in a scientifically rigorous manner, these 

discoveries have often taken researchers in unexpected, yet fruitful, directions.  While 

carrying out a control selection against the NeutrAvidin-coated polystyrene plates utilized 

in the immobilization of our kinase target in Chapter 2, we discovered a very interesting 

consensus motif.68  Upon review of the literature, we discovered that this motif was not 

known despite the widespread use of NeutrAvidin and related proteins in biochemical 

and biotechnological applications.  The persistence of the motif in our selections, the 

utility of the motif’s apparent  target (NeutrAvidin and related proteins), and the unique, 

intriguing nature of the peptide sequences, led us to pursue the characterization of the 

selected peptides. 

Selection methodologies, such as phage display,25,105 ribosome display,27 and 

mRNA display,26 rely on immobilization of target proteins on solid surfaces that are 

amenable to panning procedures.  One immobilization method of choice is the use of 

known biological interactions.  The glycoprotein avidin has an affinity for the small 

molecule biotin (3.2, Figure 3.1) that is one of the strongest non-covalent interactions 

known, with a Kd of 10-15 M.106  As such, avidin, as well as the related protein 
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streptavidin, is routinely used with biotin for immobilization in combinatorial library 

screenings and in vitro selections.107  The (strept)avidin-biotin interactions allow for very 

specific immobilization, generally with low backgrounds, even from complex biological 

mixtures.108   

One of the important methodologies to which biotin-binding proteins have been 

applied is phage display.25  In phage display, avidin and streptavidin have been used for 

both direct immobilization and solution phase capture of targets.109  A number of groups 

have also used streptavidin, not for immobilization, but rather as a target itself.110-116  One 

of the earliest phage display selections was carried out by Devlin, et al.,110 and targeted 

streptavidin.  While this target provided a convenient demonstration of the phage display 

methodology, the authors also recognized the importance of identifying peptides that 

bound streptavidin.  Knowing streptavidin binding motifs allows for the identification of 

background sequences in screenings and selections that can be easily identified as off-

target binders.  Similar studies have characterized peptides that demonstrate other off-

target interactions, such as plastic-binding peptides.117 

Streptavidin and avidin also serve as model receptors in library screenings and 

drug discovery.  Since streptavidin is well studied and accessible, it has been used as a 

target to demonstrate drug discovery methodologies, such as phage display,110 peptide 

library screening,116 and ligand-receptor interaction analysis.118  The differences in avidin 

and streptavidin also give insight into ligand specificity of receptors, since both proteins 

bind biotin with very high affinity, yet share only 33% sequence identity.106  It has been 

shown that peptides containing the ubiquitous consensus motif for streptavidin (HPQ) do 
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not bind avidin in its native or deglycosylated state.111  Furthermore, streptavidin and 

avidin differ in their affinities for the biotin-competitive, environmentally sensitive dye, 

HABA (4’-hydroxyazobenzene-2-carboxylic acid, 3.1, Figure 3.1) by more than an order 

of magnitude (streptavidin Kd = 100 µM, avidin Kd = 7 µM at a pH of 7).119  Studying the 

different modes of peptide binding between two similar receptors (streptavidin and 

avidin) that share a common ligand (biotin) provides a useful model system and allows 

for new insight into other systems that display high homology, such as protein kinases120 

and GPCR families.121 
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Figure 3.1  HABA binding to avidin.  i) 4-hydroxyazobenzene-2-carboxylic acid 
(HABA, 3.1) is an environmentally sensitive dye that is yellow when free in solution 
(λmax = 348 nm), ii) but changes to a red-orange color when bound to avidin (λmax = 500 
nm).  iii) Upon addition of the colorless small molecule biotin 3.2, which has a much 
tighter binding constant for avidin than does HABA (Kd = 10-15 M for biotin vs. 7 × 10-6 
M for HABA), the dye is competed out of the biotin binding pocket, thus diminishing the 
red color.  The HABA-avidin complex is often used to quantitate the amount of biotin in 
solution based on the loss of absorbance at 500 nm with increasing biotin concentrations. 
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Streptavidin has gained wider use than avidin, both as a model receptor and in 

other biological applications, despite the abundance of avidin.  This is because avidin, 

which can be readily isolated from hen egg white,122 has the unfavorable characteristic of 

diminished specificity due to its high isoelectric point (pI = 10) and its glycosylated 

native state.106  The oligosaccharide of glycosylated avidin has been shown to interact 

with lectin-like molecules and its positive charge at neutral pH facilitates electrostatic 

interactions with negatively charged species.123  On the other hand, streptavidin is not 

glycosylated and has a relatively neutral isoelectric point (pI = 5-6).106  However, 

streptavidin is not entirely free of non-specific interactions, exemplified by its motif Arg-

Tyr-Asp, that mimics Arg-Gly-Asp, the universal recognition site in fibronectin and other 

adhesion molecules.124 Apart from this biotin-independent binding, streptavidin has the 

additional disadvantage of being more expensive to produce than avidin.  In an effort to 

address these concerns, useful commercial variants of avidin, including a chemically 

deglycosylated form of the protein, called NeutrAvidin (Pierce), have been produced.  

Chemical modifications also reduce the isoelectric point of NeutrAvidin to a more neutral 

pH (pI = 6.3).  These modifications reduce non-specific interactions for NeutrAvidin,125 

while maintaining its biotin binding ability,126 thereby providing an alternative to 

streptavidin for drug discovery and biological applications. 

To our knowledge, a monovalent peptide selection against avidin or NeutrAvidin 

has not been reported to date.113  Thus, consensus motifs obtained from phage display 

selection against NeutrAvidin will help map the off-target sequences for combinatorial 

peptide library screening and in vitro selections like phage display.  Additionally, 
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peptides that bind NeutrAvidin can be used in bioconjugation applications similar to 

those of the streptavidin-binding peptide, Strep-tag.127  Small peptides such as the Strep-

tag can easily be expressed as fusions with larger proteins for use in purification128 or 

other bio-conjugation applications.127  The availability of labeled streptavidin, as well as 

streptavidin immobilized on solid supports, has made these peptides extremely useful.  

The ability to use NeutrAvidin in similar situations will provide valuable new tools for 

drug discovery and biological applications.   

With the goals of a) providing known background motifs for in vitro selections 

and screenings, b) developing new reagents for NeutrAvidin technologies, and c) 

studying ligand differentiation in model receptors, herein is presented the results of an in 

vitro selection with a phage display cyclic peptide library (described in Chapter 2) against 

NeutrAvidin.  The resulting peptides’ affinities for NeutrAvidin were characterized via a 

competition assay with the biotin-competitive dye, HABA 3.1, and the specificities of the 

peptides for NeutrAvidin were explored by analogous assays with avidin and 

streptavidin. 

 

3.2 Results and Discussion 

The easy availability and low non-specific binding of NeutrAvidin make it an 

excellent choice for use in immobilization for various applications, especially in vitro 

selection.  However, before selections are carried out, it is prudent to characterize the 

background binding of the immobilization matrix.  To date, the most thoroughly studied 

biotin-binding protein is streptavidin, and therefore we felt that a detailed characterization 
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of NeutrAvidin-binding peptides was warranted.  In the case of streptavidin, the early 

work by Devlin, et al.110 found a unique consensus motif, HPQ, which has been 

confirmed in numerous studies.111-116  Although most of the studies reported HPQ as a 

major consensus motif, the flanking sequences varied widely.  We were curious to see if 

the motif that we discovered in the control selection described in Chapter 2 was likewise 

preferred strongly in the NeutrAvidin system.  Furthermore, in streptavidin-binding 

studies done with cyclic peptide libraries, cyclization of the selected peptides led to an 

increase in binding affinity.129,130  A similar differential binding between the linear and 

cyclic peptides derived from our Fos-conjugated library would indicate that the peptides 

were most likely displayed on the surface of phage in their cyclic rather than linear states.  

With these questions in mind, we carried out a selection against NeutrAvidin, without the 

conditions necessitated by our active site directed approach outlined in Chapter 2 to 

provide a potentially useful reagent for biotechnological applications. 

 

3.2.1 Library construction and phage display selection of NeutrAvidin binding peptides. 

While performing the directed in vitro selection against PKA, we discovered an 

interesting peptide epitope in our control selections (See Chapter 2).  We felt that this 

motif likely bound to NeutrAvidin rather than another component of the selection 

apparatus, since polystyrene binding peptides have been thoroughly characterized.117  The 

rapid and complete convergence to this novel motif encouraged us to repeat the selection 

against NeutrAvidin-coated plates under streamlined conditions; if the selection proved 

reproducible, we would characterize the selected peptides more fully.  The selection 
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utilized a six residue cyclic peptide library constrained with a disulfide bond from two 

conserved cysteines.67  The library size was chosen to enable complete coverage (1.1 × 

109 unique nucleotide sequences encoding for 6.4 × 107 unique peptides) and a cyclic 

architecture was chosen because of the increase in affinity that cyclization provides 

relative to linear peptides.129,130  The library was expressed as a fusion to the gene III 

protein of M13 filamentous bacteriophage, C-terminal to the periplasmic signaling 

sequence and N-terminal to a peptide linker and the rest of the gene III protein (See 

Chapter 2 for details).  Phage display selection rounds were carried out against 

NeutrAvidin-coated polystyrene plates without further preparation.   

Conditions during the selection were similar to those outlined in Chapter 2, 

however, no negative selection step, immobilized kinase, nor small-molecule/Jun 

conjugate was present.  After only three rounds of selection, the same striking motif 

emerged (Table 3.1).  The motif is of the general form DXaAXbPXc, where Xa = R or L; 

Xb = S or T; and Xc = Y or W.  After two more rounds, the selection slightly favored the 

peptide DRASPY.  The consensus sequences all have Asp in the first position, Ala in the 

third position, and Pro in the fifth position.  It is worth noting that even in the positions of 

variability, close consensus was maintained.  For instance, the fourth position strictly 

requires a hydroxyl containing residue (Ser or Thr) and the sixth position requires an 

aromatic amino acid (Tyr or Trp).  The second position allows the most drastic change 

within the motif, with Arg as the favored residue, but Leu being tolerated.  
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Table 3.1  Results of the phage display selection against NeutrAvidin 

Peptide # Clonesa Peptide # Clonesb Peptide # Clonesc 

      

Round 3:  Round 4:  Round 5:  
CDRASPYC 4 CDRASPYC 12 CDRASPYC 19 
CDLASPWC 4 CDRATPYC 7 CDLASPWC 7 
CDRATPYC 3 CDLASPWC 3 CDRATPYC 4 
CDRASPWC 3 CDRASPWC 2 CDRASPWC 2 
CDRSTPYC 1 CDLSTPYC 2 CDFASPWC 2 

      
a 15 clones sequenced after three rounds of selection 
b 26 clones sequenced after four rounds 
c 40 clones sequenced after five rounds 
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3.2.2 Synthesis of NeutrAvidin binding peptides 

Previous studies targeting streptavidin have found consensus sequences with the 

motif HPQ.110  Other reported streptavidin binding motifs include: GDF/WXF, PWXWL, 

EPDWF/Y, and DVEAWL/I.131  It has been shown that HPQ does not bind avidin in its 

native132 or deglycosylated state;111 still, it is noteworthy that neither this motif nor any of 

the minor motifs were seen in the selection results.  As for avidin, an in vitro screen of a 

pentapeptide library produced a consensus motif of HPY/FP,132 while a NeutrAvidin 

binding epitope, VPEY, was selected in a multivalent context in a different approach.113  

However, none of the peptides from our selection appeared in previous reports.  The 

novelty of the selected epitopes, along with their relatively early appearance and the 

reproducible nature of the selection, led us to further investigate the binding of these 

peptides to NeutrAvidin.  In light of the fact that all of the selected peptides fell into the 

general motif of DXaAXbPXc, we decided to synthesize the three most frequently 

observed peptides for further characterization, namely DRASPY, DLASPW, and 

DRATPY. 

The peptides were synthesized via standard Fmoc strategies and consisted of a C-

terminal glycine, the consensus sequence, and two flanking cysteines (CDXaAXbPXcCG).  

All of the consensus peptides readily cyclized upon overnight shaking in PBS with 10% 

DMSO, as monitored by quantification of the free thiol content using Ellman’s reagent.133  

MALDI mass spectrometry confirmed both the monomer status of the peptides, as well as 

their cyclization state.  The composition and concentration of the peptides were 

confirmed via amino acid analysis (Table 3.2).  
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Table 3.2  Amino acid analysis results 

Sequence CDRATPYCG CDRASPYCG CDLASPWCG 
Ala 0.93 (1) 0.96 (1) 1.01 (1) 
Asx 0.95 (1) 0.98 (1) 1.03 (1) 
Gly 0.99 (1) 1.02 (1) 1.06 (1) 
Leu   1.06 (1) 
Pro 1.27 (1) 1.27 (1) n.d. 
Arg 0.96 (1) 0.99 (1)  
Ser  0.82 (1) 0.84 (1) 
Thr 0.95 (1)   
Trp   n.d. 
Tyr 0.94 (1) 0.97 (1)  
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3.2.3 HABA binding to NeutrAvidin. 

A common method for the quantification of biotin in solution is a competition 

assay with the dye HABA, which was developed by Green134 (Figure 3.1).  The binding 

of HABA 3.1 to avidin causes a significant increase in absorbance of light at 500 nm.  

Since HABA binds avidin in a biotin-competitive manner, it is possible to quantify the 

amount of biotin 3.2 in a solution based on the loss of absorbance at 500 nm of the 

HABA/avidin complex119.  As Green noted, the extent to which HABA can be out-

competed by a biotin analogue is dependent upon the binding affinity of the 

competitor134.  With the goal of applying this assay to NeutrAvidin, which had not been 

reported to date,  we examined NeutrAvidin’s HABA-binding ability to enable the 

characterization of the selected peptides through a competition assay.  Therefore, 

increasing amounts of HABA was titrated into a fixed concentration of NeutrAvidin in 

PBS, and the absorbance of the solution was monitored at 500 nm.  As expected, we 

found that NeutrAvidin binds HABA with a corresponding increase in absorbance at 500 

nm (Figure 3.2).  The resulting curve was fit to equation 3.1 (see below), which produced 

a dissociation constant of 14 µM for the HABA/NeutrAvidin complex compared to the 

literature value of 7 µM for the HABA-avidin complex. 119 
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Figure 3.2 Binding isotherm of HABA to NeutrAvidin.  HABA was titrated into a fixed 
concentration (45 µM) of NeutrAvidin.  The concentration of the HABA-NeutrAvidin 
complex was calculated based on the molar absorptivity of bound HABA at 500 nm.  The 
dotted line is the best fit to equation 3.1, which produces a Kd of 14.1 µM. 



 

101 

3.2.4 HABA-competitive binding determination of selected peptides. 

  Since the phage display selections against NeutrAvidin did not have any 

bias towards the biotin-binding site of the protein, we could not expect a priori that the 

selected peptides would compete with HABA.  However, since a previously discovered 

HPQ-containing peptide was shown to bind in the biotin/HABA pocket of streptavidin135, 

we felt that it was likely that the peptides from our selection might bind the analogous 

site in NeutrAvidin.  Therefore, we titrated increasing amounts of our selected peptides 

into a complex of HABA and NeutrAvidin and monitored the decrease in absorbance at 

500 nm (Figure 3.3).  The decrease in absorbance at 500 nm observed upon addition of 

the peptide ligands indicates that they bind in a HABA competitive fashion.  Since 

HABA and biotin are known to bind to the same pocket136, it is likely that the selected 

peptides also bind in a similar manner.   

It is interesting to note that all of the selected peptides assayed for HABA-

competitive binding to NeutrAvidin showed affinity, though not in the order of consensus 

(Table 3.3).  The tightest binder according to the competition assay, DRATPY, was not 

the major consensus sequence from the selection.  These results suggest either a) the 

selection does not discriminate peptides within a 5-fold affinity variation or b) the extent 

of cyclization is inconsistent between the peptides on the surface of the phage during the 

selection.  

 



 

102 

 

Figure 3.3  Competitive ligand binding analysis of the selected cyclic peptides with the 
HABA-Neutravidin complex. Protein-HABA complexes were 50 µM in concentration 
and the absorbance was measured at 500 nm and normalized to the 50 µM HABA-protein 
complex alone.  Error bars indicate the standard deviation of three separate assays and 
lines indicate the best-fits to equation 3.2. which produced IC50 values.  These IC50 values 
were then used to calculate Kds base on equation 3.3. 



 

103 

 

 

 

 

 

Table 3.3  Cyclic peptide binding constantsa
 

Peptide NeutrAvidin Avidin Streptavidin 
    

cyclo(CDRASPYC)G 31.5 ± 4.4 44.9 ± 2.3 >5,000 
cyclo(CDRATPYC)G 12.5 ± 0.7 28.1 ± 0.9 >5,000 
cyclo(CDLASPWC)G 62.8 ± 10.8 46.2 ± 3.7 >5,000 

    
a 
Kd values are in units of µM 
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Our assumption, based on literature precedence, was that peptides displayed on 

the surface of phage with two conserved cysteines would spontaneously cyclize under the 

phage preparation conditions67,109.  To test the necessity of cyclization for the selected 

peptides to bind NeutrAvidin, a competition assay was carried out with the uncyclized 

peptides (Figure 3.4).  All three peptides that were assayed showed a marked decrease of 

binding to NeutrAvidin in their uncyclized states.  The increase of affinity between 

receptors and peptides in the cyclized form has been well documented129,130.  

Having established that the selected peptides indeed bound NeutrAvidin, we 

wanted to investigate whether or not they could bind avidin (the glycosylated parent of 

NeutrAvidin) or streptavidin.  Therefore, streptavidin and avidin were interrogated for 

peptide binding using the same conditions as the HABA-competitive NeutrAvidin assay 

(Figure 3.5, Table 3.3).  The similarity of the biotin binding pockets of avidin and 

streptavidin would seem to indicate that peptides binding these sites would not 

discriminate well between streptavidin and avidin.  However, our results show that the 

NeutrAvidin-selected peptides do not bind streptavidin in a HABA-competitive manner 

with any measurable affinity (Figure 3.5).  Indeed, it has been shown previously that 

some HPQ-containing peptides that bind streptavidin tightly do not bind avidin111,132, 

indicating that mutually exclusive recognition may be a common theme for these 

proteins.  Avidin, on the other hand, does show significant binding to the NeutrAvidin 

selected peptides (Table 3.3).  This indicates that the chemical modifications carried out 

on avidin to produce NeutrAvidin are outweighed in this system by the similarity in 

primary structure of the two proteins.  The similarity in binding constants (Table 3.3) 



 

105 

implies that the binding of the selected peptides is generally independent of the 

glycosylation state of avidin as well as the pI differences and surface modifications. 
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Figure 3.4  Competitive ligand binding analysis of the selected linear peptides with the 
HABA-Neutravidin complex.  The uncyclized peptides did not produce binding curves 
that could be fit to a binding isotherm. 
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Figure 3.5 Competitive ligand binding analysis of the selected cyclic peptides with (A) 
the avidin-HABA complex and (B) the streptavidin-HABA complex.  The avidin binding 
data in (A) was fit to equation 3.2 as indicated by the lines, while error bars indicate the 
standard deviation between the repeated data. 
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The demonstrated selectivity for avidin and NeutrAvidin is remarkable for the 

selected peptides, though the DXaAXbPXc motif (where Xa = R or L; Xb = S or T; and Xc 

= Y or W)  is itself interesting in a number of ways.  First, the Pro that is absolutely 

conserved at position 5 suggests that the peptides assume a turn motif.  Interestingly, the 

variations seen in positions 4 and 6 are logical substitutions of similar amino acid 

residues.  The appearance of Ser and Thr at position 4 indicate that this residue might be 

involved in a hydrogen bond, though it is not tightly packed since either residue enables 

binding.  Likewise, the allowance of both Trp and Tyr at position 6 indicates some 

potential π-π interaction.  For the absolutely conserved Asp at position 1, it is interesting 

that no Glu was seen.  This might indicate that Asp forms an essential interaction that is 

very size or distance dependent.  The conserved Asp residue might also be the source of 

specificity for NeutrAvidin vs. streptavidin.  If one compares the aligned structures of 

avidin and streptavidin (Figure 3.6),137,138 the similarity of the binding pocket is striking, 

considering that the two complete proteins only share 33% identity.  However, there are 

two lysines (Lys 45 and Lys92) and two arginines (Arg114 and Arg100)  residues near 

the binding pocket of avidin (within 12 Å of biotin), that are not present in streptavidin.  

These lysines or arginines could form a salt bridge with the conserved Asp in position 1 

of the selected epitopes.   
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Figure 3.6  Structure analysis of avidin and streptavidin.  The 3D structure of (A) avidin 
(PDB ID: 1AVD)137 and (B) streptavidin (PDB ID: 1STP)138 bound to biotin (illustrated 
as black spheres within the interior of each protein). Amino acids represented as light 
spheres are conserved residues within 12 Å of the biotin molecule. Amino acids 
represented as dark sticks are divergent residues within the same area.  The positively 
charged Arg114, Lys92, and Lys45, are labeled in (A) (Arg100 is not visible).  The 
analogous residues from streptavidin, Leu124 and Asn105, (Leu56 and Thr111 are not 
visible) are labeled in (B).   
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3.2.5 Conclusion 

We have discovered a new NeutrAvidin/avidin binding cyclic peptide motif that 

was reproducibly selected by phage display.  Members of this motif, DXaAXbPXc (where 

Xa = R or L; Xb = S or T; and Xc = Y or W), were characterized by a competition with the 

biotin-competitive dye HABA and found to have binding constants between 12 µM and 

63 µM for both NeutrAvidin and avidin.  Furthermore, the cyclic peptides were shown to 

be >1000 fold more selective for NeutrAvidin/avidin vs. streptavidin.  Interestingly, 

previous studies on streptavidin-selected HPQ epitopes were found to not bind avidin132 

nor NeutrAvidin.111  This specificity suggests that the two classes of peptides could be 

used in mixed systems where orthogonal recognition of NeutrAvidin and streptavidin 

could be beneficial. 

Besides being an interesting off-target consensus motif for NeutrAvidin 

immobilized screenings and in vitro selections, this epitope presents an alternative to the 

HPQ sequences used in a variety of applications.  For instance, the DXaAXbPXc motif 

could be used for immunoassays and blots127 or as an immobilization tag for protein 

purification, which we have since demonstrated.139  NeutrAvidin could also replace or 

complement streptavidin as a model receptor for novel in vitro selections115  and in new 

screening116 strategies.   

In summary, we have discovered, through cyclic peptide phage display, a novel 

avidin/NeutrAvidin-specific motif that binds to these proteins in a HABA-competitive 

manner.  The newly identified epitopes will not only help in identification of false 



 

111 

positives from in vitro selections, but they will also serve as new reagents for drug 

discovery and biotechnology. 

 

3.3 Experimental procedures 

M13KO7 Helper phage and all enzymes were purchased from New England 

Biolabs; NeutrAvidin, avidin and  streptavidin were obtained from Pierce; peptide 

synthesis reagents and resin were purchased from Novabiochem; all other reagents, 

unless otherwise noted, were obtained from Sigma.   The phage display selection under 

the streamlined conditions reported below, the synthesis of the cyclic peptides, the 

HABA-competition assays with the peptides, and data analyses were carried out by the 

undergraduate researcher Thomas Gaj.68,139   

 

3.3.1 Phage display selection of NeutrAvidin binding peptides. 

XL1-Blue E. coli containing the phagemid library vector were grown from 

glycerol stocks in 5 mL of 2xYT media with glucose and ampicillin selection at 37°C.  

Titered M13KO7 helper phage (5 x 109  pfu) was added when the culture reached an 

OD600 of 0.8 and was incubated for 1 hour.  The culture was then pelleted via 

centrifugation, the cells were resuspended in 2xYT with ampicillin and kanamycin, and 

allowed to grow overnight.  After 10 hours of incubation, the culture was again pelleted 

by centrifugation and the supernatant was filtered through a 0.45 µm sterile filter to 

remove trace E. coli.  The phage was isolated from the supernatant by PEG (polyethylene 

glycol) precipitation.  1 mL of 20% PEG in 2.5 M NaCl was added to the 5 mL of filtered 
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media.  The resulting precipitate was isolated by centrifugation at 18,000 rcf.  The phage 

pellet was resuspended in 5 mL of Tris Buffer A (20 mM Tris-HCl, 150 mM NaCl, and 

0.05% Tween 20 at pH = 7.4).  The phage was then re-precipitated with 1 mL PEG/NaCl, 

isolated via centrifugation, and resuspended in 1 mL of Tris Buffer A.  

100 µL of the phage solution was then exposed to a well of a NeutrAvidin coated 

polystyrene plate (Pierce) that had been previously rinsed with Tris Buffer A.  After 1 

hour of incubation, the phage solution was discarded and the well was washed six times 

for 10 minutes each with 200 µL of Tris Buffer A.  Bound phage was eluted with 200 µL 

of 0.2 M glycine (pH = 2.0) by incubation for 10 minutes, followed by neutralization 

with 40 µL of 2 M Tris base (pH = 11).  The input phage and eluted phage were then 

used to infect two 5 mL tetracycline-selected cultures of XL1 Blue E. coli (OD600 = 0.8).  

After 1 hour, the cells were pelleted and resuspended in 5 mL of 2xYT with ampicillin 

and glucose.  To estimate the number of input and output phages, 20 µL of ten-fold serial 

dilutions of each culture were plated on LB agar plates that contained ampicillin.  The 

rest of the output culture was grown overnight, at which point 1 mL was used to start the 

next round of selection, while the other 4 mL were stored in glycerol (20%) at –78°C.  

DNA from colonies from the LB agar plates was isolated for DNA sequencing. 

 

3.3.2 Synthesis of NeutrAvidin binding peptides. 

The selected NeutrAvidin-binding peptides were synthesized via standard Fmoc 

solid-phase peptide synthesis strategy on RinkAmide-AM resin.  All peptides were 

synthesized with an C-terminal glycine and two cysteines flanking the consensus 
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sequences (i.e. CXXXXXXCG).  Cleavage from RinkAmide resin with TFA 

(trifluoroacetic acid) left an amide bond on the C-terminal carbonyl of the peptide.  After 

cleavage and global deprotection with 94 % TFA, 2.5% water, 2.5% 1,2-ethanedithiol 

and 1% triisopropylsilane, the peptides were purified essentially as described in Chapter 

2.  Briefly, the peptides were precipitated three times in chilled ether, and the dried 

peptides were further purified by HPLC in 0.1% TFA with a gradient of 10% - 20% 

acetonitrile in water.  The peptides were lyophilized and either stored at –20°C for direct 

use as a linear peptide, or were cyclized before characterization. 

 Peptide cyclization was carried out by oxidation of the two cysteines to form an 

intramolecular disulfide bond.  The peptides (500 µM) were shaken in PBS (phosphate 

buffered saline, pH = 7.4)  with 10% DMSO (dimethyl sulfoxide) for 8 hours at 37°C.  

Extent of the disulfide bond formation was monitored as a loss of free thiol using 

Ellman’s reagent, as we reported previously133.  Reflective phase MALDI mass 

spectrometry confirmed the peptides’ molecular masses, as well as their cyclization 

states.  Results for the cyclized peptides are as follows: CDRASPYCG, expected: 968.0 

g/mol, found: 968.4 m/z; CDLASPWCG, expected: 948.0 g/mol, found: 948.0 m/z;  

CDRATPYCG, expected: 982.1 g/mol, found: 981.8 m/z.  Amino acid analysis was also 

carried out on the cyclized peptides (W.M. Keck Facility, Yale University). 

 

3.3.3 HABA binding to NeutrAvidin. 

 Binding of  HABA to NeutrAvidin was determined similarly to the method used 

by Green134.  Increasing concentrations of HABA were titrated into a fixed concentration 
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of NeutrAvidin (45µM) in phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, 2 mM KH2PO4, pH = 7.4), and the absorbance of each sample was 

taken at 500 nm on a Beckman DU 520 UV/Vis spectrophotometer.  Readings at the 

appropriate concentrations of HABA were used as background and were subtracted from 

the raw HABA/NeutrAvidin values.  The concentration of the HABA-NeutrAvidin 

complex was calculated based on absorbance.  Absorbance caused by non-specific 

interactions of HABA with NeutrAvidin were measured by addition of an excess (1 mM) 

of biotin.  These values were indistinguishable from the background HABA readings.  

 The binding isotherms from the HABA saturation studies were fit as a rectangular 

hyperbola using, 
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where [LR] is the concentration of the HABA-biotin binding protein complex, 

[Rt] is the total concentration of receptor sites and [L] is free ligand concentration.   

 

3.3.4 HABA-competitive binding determination of selected peptides.   

For the competition assays between the NeutrAvidin-selected peptides and 

HABA, increasing amounts of peptide were titrated into an equimolar complex of HABA 

and NeutrAvidin, avidin, or streptavidin (50 µM final concentrations) in PBS.  After 

reaching equilibrium (60 minutes), the absorbance of the complex was monitored at 500 

nm.  To calculate the IC50s of the selected peptides, the average of three separate trials 

were fitted to the Hill equation, 
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where [L] is the total ligand concentration, [L]F is free ligand concentration, [L]B is 

bound ligand concentration and nH is the Hill coefficient.140  Only the NeutrAvidin and 

avidin data could be fit to equation 2  (Figure 3.3 and 3.5).  The dissociation constants of 

the peptides were then determined using: 
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where [L1] is the HABA concentration, KL1 is the dissociation constant of the complex of 

HABA and the biotin-binding protein, and KL2 is the dissociation constant of the selected 

peptide for the biotin-binding protein.141  We used our calculated value of 14 µM for the 

dissociation constant of the HABA-NeutrAvidin complex, and the literature value of 7 

µM for the HABA-avidin complex.119  Best fit equations were calculated using 

KaleidaGraph (Synergy Software). 
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CHAPTER 4 
 
 

Tethering Small Molecules to a Phage Display Library:  
Discovery of a Selective Bivalent Inhibitor of Protein Kinase A 

 
 
 
4.1 Introduction 

With over 500 members in the human genome, protein kinases comprise one of 

the most important classes of enzymes.142  The majority of protein kinases catalyze the 

transfer of the γ-phosphate from ATP to the hydroxyl side chain of specific amino acid 

residues of a protein target.  Kinases can be broadly characterized into tyrosine kinases 

and serine/threonine kinases and are further divided into eight groups based on sequence 

homology of their catalytic domains, as well as function, and structure.142 These groups 

consist of AGC (named after group members protein kinases A, C, and G), CAMK 

(calcium and calmodulin-dependent protein kinases), CKI (named after group member 

casein kinase I), CMGC (containing the CDK, MAPK, GSK3, CLK families), STE 

(contains homologs of yeast Sterile 7, Sterile 11, Sterile 20 kinases), TK (tyrosine 

kinase), TKL (tyrosine kinase-like), and aPK (atypical protein kinases).  The 

phosphotransfer reactions catalyzed by protein kinases propagate the signal transduction 

that guides cellular function.  It follows that the misregulation of kinases is implicated in 

various disease states including cancer, diabetes, and inflammation.  As such, protein 

kinases constitute important targets for therapeutics and biochemical studies.1,143 

The mapping of the kinase complement of the human genome (the kinome, Figure 

4.1) has highlighted the complicated and detailed relationships between protein 
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kinases.142  These complex pathways can be elucidated by modulation of the activity of 

specific kinases, however, this requires selectivity within the closely related groups, 

families, and isoforms of the 500+ protein kinases.  In nature, kinase substrate specificity 

is governed by many factors including regulatory domains,84 active site architecture, local 

and distal substrate/kinase interactions, substrate complex formation, enzyme localization 

and error correction mechanisms.144  With all of the complex mechanisms governing 

kinase substrate recognition, it is not surprising that specific targeting of protein kinases 

for inhibition has proven challenging.81,145   
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Figure 4.1  The Human Kinome.  In this map of the protein kinase complement of the 
human genome, kinases are grouped by sequence homology and structure of their 
catalytic domains.142  Kinases that are the closest in the phylogenetic tree show the most 
sequence similarity. 
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A source of difficulty in the specific inhibition of protein kinases is their 

similarity in structure and function, but this challenge is exacerbated by the locale that 

many inhibitors target.  A large proportion of protein kinase inhibitors bind to, or in the 

vicinity of, the ATP-binding site.1,143,146  Since ATP is the phosphate source for most 

kinases, the phenomenon that many of their inhibitors are ATP-competitive seems 

counterintuitive.  However, the ATP-binding clefts of kinase active sites possess 

pharmacologically favorable properties, thus producing high affinity, yet promiscuous 

inhibitors.81,145  Some researchers have circumvented this problem by attempting to 

stabilize inactive kinase conformations,147 by binding novel allosteric sites,148 or by 

targeting other regions of the kinase, such as regulatory domains.149  Though these 

approaches have met with success,1 the specificity of the resulting kinase inhibitors is 

often less than perfect81 and the strategies lack generality.  Even kinase inhibitors 

approved for clinical use, such as Gleevec and Iressa, inhibit multiple off-target protein 

kinases under presumably therapeutic conditions (Figure 4.2).  Therefore, the 

development of novel methodologies for the selective targeting of kinases remains an 

attractive yet incredibly challenging goal. 
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Figure 4.2  The Kinome-wide selectivity of two clinically approved kinase inhibitors.  
The kinase inhibitors Gleevev (targeting ABL kinase) and Iressa (targeting EGFR) that 
are approved for clinical use (primary targets circled in blue) were screened along with 
other inhibitors against a panel of 119 kinases from across the human genome.81  Both 
inhibited off-target protein kinases with high affinity, thus demonstrating the general lack 
of specificity often seen with small molecule kinase inhibitors (Copyright Nature 
Publishing Group, 2005). 
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In a non-therapeutic setting, successful attempts have been made to regulate 

protein kinases with chemical genetics to more fully determine their functions.150  Shokat 

and coworkers151-154 have applied chemical genetics to the study of protein kinases by 

designing151 or selecting40 kinase mutants that complement the modification of a known 

inhibitor152,153 or phosphate source.151,154  These mutants contain morphological changes 

within the ATP binding site based on the existence of “gateway” residues in many protein 

kinases.  The mutation of the bulky gateway residue to a glycine or alanine often allows 

for the complementary addition of a bulky group to the substrate or inhibitor (Figure 4.3).  

The resulting substrate/ or inhibitor/kinase pair can then be selectively activated or 

deactivated by addition of the modified substrate or inhibitor, respectively.  Since none of 

the wild-type kinases contain a similar mutation, the inhibitor or substrate is ostensibly 

single-kinase-specific.  While this strategy has produced very specific inhibition and 

activation of some kinases, it requires the modification of the enzyme, thereby perturbing 

the native system.  Additionally, chemical genetics is currently confined to the 

elucidation of gene product function and is not applicable directly to the therapeutic 

inhibition of kinases. 
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Figure 4.3  The ATP binding site of a mutant protein kinase in a chemical genetics 
approach.  A) Crystal structure of the Hck kinase (PDB ID: 1QCF)155 used by Shokat and 
coworkers as a model of v-Src kinase.  The “gatekeeper” residue that was mutated to a 
glycine is shown in red.  B) A schematic view152 (rotated about the z-axis relative to the 
view in A)) of the mutation of the Ile gatekeeper residue (red) to a glycine that creates 
enough room in the binding pocket for the added benzene ring of the modified inhibitor.  
These complementary modifications create an orthogonal kinase/inhibitor pair for use in 
chemical genetic analysis. 
 
 

A) 

B) 
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Another approach to targeting protein kinases is fragment-based ligand discovery, 

a detailed discussion of which can be found in Chapters 1 and 2.  While this approach has 

worked well against some kinases156 like cSrc16 and p38α157, there remains the inherent 

problem that small molecule kinase inhibitors tend to bind to conserved regions of the 

enzyme, such as the ATP-binding cleft.  This leads to a potential loss in specificity across 

the protein kinase super-family for many small molecule kinase inhibitors as recently 

demonstrated by Fabian et al.81  In order to target kinases outside the ATP pocket, a 

biological selection approach, phage display, has been used to target the larger and flatter 

sites on a protein kinase, Erk2.94  This in vitro selection approach produced a mid to low 

µM peptide inhibitor that bound to the protein substrate site of Erk2. 

A methodology that has been successfully applied to the inhibition of protein 

kinases is the design of bisubstrate analog inhibitors.74-76,78,79,158  This approach 

covalently couples ATP-competitive molecules with peptide substrate analogs to produce 

higher affinity and more selective inhibitors.  In an elegant example, Cole and coworkers 

designed a bisubstrate analog inhibitor of the insulin receptor protein tyrosine kinase 

(IRK) by attaching a known peptide substrate to ATPγS,76 resulting in an inhibitor that 

was competitive with both the peptide substrate and ATP, while demonstrating 

significantly enhanced affinity compared to either substrate.  In another variation, 

Schepartz and coworkers targeted PKA with a known peptide substrate analog 

conjugated to a high affinity active site targeted ligand.79  Residues from the known 

peptide substrate mimic were grafted onto a scaffold that stabilized the secondary 

structure exhibited by the wild-type substrate upon binding to PKA. 
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As outlined in Chapter 1, the theoretical basis for bivalent approaches such as 

these was described by Jencks,7-9 who asserted that the free energy of binding for a 

bivalent ligand, 0
AB∆G , could be described as: 

si
B

i
A

0
AB ∆G∆G∆G∆G ++=   (4.1) 

where i
A∆G  and i

B∆G  are the observed intrinsic binding energies of the separate 

moieties; s∆G  is a “connection free energy” term describing the change in binding 

resulting from the connection of the two moieties, which is primarily an entropic term 

that can vary widely (<1 M to 108 M ).9  Excluding the s∆G  term is not valid in a 

rigorous treatment of bivalent systems, but the resulting equation (KAB = KAKB) can 

serve as a gauge to estimate the optimization of the ligand in question.76  For instance, 

Whitesides and coworkers designed a trivalent system with vancomycin and its receptor 

in which the properly designed trivalent system produced a binding constant of 4 × 10-17 

M.159  This is in contrast to the monomeric system where the binding constant was 1.6 × 

10-6 M, thus constituting a 4 × 1010-fold improvement upon trimerization.  The above 

treatment of binding constants would give an approximate theoretical trivalent constant 

of 4.1 × 10-18 M ([1.6 × 10-6]3), which is within an order of magnitude of the observed 

value.  Cole also observed a similar phenomenon in his bisubstrate analog inhibitor 

design.  The Km values for the substrates of the targeted kinase were 71 µM (7.1 × 10-5 

M) and 280 µM (2.8 × 10-4 M) for ATP and the peptide substrate, respectively.76  

However, the designed bisubstrate analog inhibitor produced a Kd of 370 nM (3.7 × 10-7 
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M), which is comparable to the calculated value of 2.0 × 10-8 M and almost a 200-fold 

improvement over either substrate alone. 

Though the designed, structure-guided approaches exemplified by Cole and 

Schepartz are valuable, there remain disadvantages to the bisubstrate analog strategy.  

Firstly, the design of bisubstrate analog inhibitors must rely heavily on structural 

information, which is not available for numerous kinases. Secondly, kinases can undergo 

conformational changes upon ligand binding that cannot be anticipated a priori.  Finally, 

and perhaps most importantly, the phosphorylation targets of many biologically and 

therapeutically relevant protein kinases are not known or are non-reducible, 

architecturally complex proteins.  To address these issues, we sought to develop a 

complementary methodology that would combine the benefits of bisubstrate analog 

inhibitors and fragment-based selections, while utilizing the significantly larger epitope 

space accessible with biological selection. 

Our approach, described in Chapter 2, consists of the attachment of a known 

small molecule ligand of a protein kinase to a phage display peptide library followed by 

the in vitro selection against a kinase target of interest.  We demonstrated the feasibility 

of our methodology by successfully targeting the cAMP dependent protein kinase, PKA, 

which has been widely used as a model kinase.  However, it remains to be demonstrated 

that the peptides selected with this approach will be amenable to translation to bivalent 

peptide/small-molecule inhibitors. 

In this chapter I describe the translation of the selected, PKA-binding cyclic 

peptides to bivalent constructs with a derivative of the small molecule staurosporine 
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(4.2).  We constructed bivalent kinase inhibitors via non-covalent and covalent 

interactions and tested them for PKA inhibition (Figure 4.4).  The covalently tethered 

kinase inhibitor derived from a peptide described in Chapter 2 showed both increased 

affinity and selectivity compared to its separate parts.  Our site directed in vitro selection 

system thus constitutes a method to discover bivalent inhibitors of protein kinases 

possessing favorable characteristics that may lead to useful biochemical and therapeutic 

reagents.  Although demonstrated with phage display, this methodology could be applied 

with any of the existing biological in vitro selection platforms.  Furthermore, we could 

extend this approach from kinases to a wide range of other biologically relevant macro 

molecules with known small molecule ligands. 
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Figure 4.4  Bivalent inhibition of PKA.  The selected cyclic peptides were attached to the 
small molecule kinase inhibitor staurosporine derivative (4.2) by non-covalent self 
assembly mediated by the Fos/Jun coiled-coil domain, and via a covalent tether.  The 
synthetic linker will be optimized for length and composition to maximize the bivalent 
chelate effect. 
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4.2 Results and Discussion 

As described in Chapter 2, an active site directed in vitro selection was carried out 

against PKA.  In each round of selection, the JunStaur conjugate was mixed with the 

phage-displayed library conjugated to Fos and the complex was exposed to immobilized 

PKA.  After six rounds of selection, several peptides were isolated and characterized for 

PKA inhibition.  The cyclic peptide CTFRVFGC was the most abundant sequence 

identified from the selection and was also found to be the most active in initial assays 

against PKA, with IC50 values in the mid micomolar range (Chapter 2).  

While our eventual goal was to translate the selected peptides into covalently 

tethered bivalent inhibitors, we initially sought to develop a rapid screening strategy to 

characterize the peptide binding in the presence of the small molecule staurosporine.  

After exploring the possibility of utilizing the Fos/Jun coiled-coil dimerization domain to 

non-covalently dimerize the selected peptides with the small molecule kinase inhibitor, 

we then turned to covalently tethering the two moieties.  Characterization of the resulting 

bivalent kinase inhibitor showed both increased affinity and selectivity for the target 

protein PKA. 

 

4.2.1 Non-Covalent Conjugation of JunStaur and Selected Peptides 

The need to evaluate the relative inhibitory capability of the peptides in the 

context of bivalent ligands was underscored by the lack of a single clear consensus 

sequence and the possibility that the affinity of the peptides alone would not be reflective 

of their affinity when conjugated to staurosporine.  With the JunStaur conjugate in hand 
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(see Chapter 2 for details), we decided to use the Fos/Jun coiled-coil domain to generate 

non-covalently tethered bivalent inhibitors.  Since some Fos-conjugated peptides have 

been over-expressed in E. coli in the past, we thought that this approach would facilitate 

the process of selected peptide characterization.  In addition to the relative ease with 

which recombinantly expressed peptides can usually be isolated, the coiled-coil self 

assembly approach avoided the synthesis of a staurosporine conjugate for each peptide. 

We choose to express BS6-1, BS6-2, BS6-3, BS6-10, and BS6-45, which were 

the most frequently observed mutants in the selection output (though BS6-45 was chosen 

from the group of closely related variants described in Chapter 2).  The selected peptides 

were cloned into expression vectors as Fos fusions with C-terminal 6 × His-tags to 

produce the corresponding Fos conjugates (Table 4.1).  After over-expression in E. coli, 

the peptides were purified and a Trp residue engineered into the C-terminal portion of 

Fos was used to quantify peptide concentrations. 
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Table 4.1  Amino acid sequences of the selected Fos-conjugated peptides 

BS6-1 MGCMLPRFWC-G4AAALTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFILAGGWEF(H)6 

BS6-2 MGCVLGWRWC-G4AAALTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFILAGGWEF(H)6 

BS6-3 MGCTFRVFGC-G4AAALTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFILAGGWEF(H)6 
BS6-10 MGCVESQRVC-G4AAALTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFILAGGWEF(H)6 
BS6-45 MGCLLPSRWC-G4AAALTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFILAGGWEF(H)6 
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Unfortunately, only BS6-2, BS6-3, and BS6-10 could be isolated in amounts 

sufficient for characterization after expression in BL-21 E. coli.  Likewise, we were not 

able to isolate the Fos domain without a cyclic peptide moiety.  Furthermore, the 

solubilities of the Fos-conjugates were too low (in the low µM range) to directly 

interrogate their PKA inhibition.  Future studies in different expression systems could 

prove to overcome these problems; however, we decided to carry out the inhibition of 

PKA with BS6-2, BS6-3, and BS6-10, since they constituted a wide range of cyclic 

peptide affinities for the kinase (mid µM for BS6-3 to >1 mM for BS6-10, see Chapter 2, 

Section 2.2.5 for details). 

To probe the non-covalent, bivalent effect of the selected peptides, we carried out 

inhibition assays of PKA with a fixed concentration of each Fos-conjugated peptide (960 

nM) while varying the concentration of JunStaur. This concentration of Fos-conjugated 

peptide was the maximum possible given their low solubility, though it still allowed us to 

maintain an excess of each Fos-conjugated peptide at all JunStaur concentrations tested 

(Figure 4.5).  The JunStaur/BS6-3-Fos combination produced an IC50 value of 38 ±3 nM, 

a relative binding increase of 2-fold when compared to JunStaur (78 ±11 nM) alone.  

BS6-2-Fos caused less of an affinity increase, though still significant (IC50 of 47 ± 3 nM).  

The lower affinity BS6-10 peptide showed a much smaller effect: the JunStaur/BS6-10-

Fos combination (IC50 of 61 ±12 nM) is equivalent to JunStaur alone within the error of 

our experiments. 
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Figure 4.5  The effect of the cyclic peptide-Fos conjugates on the IC50 of JunStaur for 
PKA.  A)  To determine if the selected peptides would inhibit PKA in a bivalent manner, 
coiled-coil dimerization was utilized to non-covalently assemble the cyclic peptide-Fos 
conjugates with JunStaur.  B) PKA activity was measured in the presence of a fixed 
concentration of BS6-2, BS6-3-Fos, or BS6-10-Fos (960 nM) while the JunStaur 
concentration was varied.  Each assay was run in duplicate with the error bars 
representing the standard deviation and lines indicating best fit IC50 calculations. 
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Though the relative magnitude of change in the JunStaur IC50 for PKA upon 

complexation with the selected Fos-conjugated peptides reflects the order of binding 

affinities of the isolated cyclic peptides, the results were less than overwhelming.  

According to theory (see Section 4.1), the expected increase in affinity can be 

approximated by multiplying the binding affinities of the two moieties (without taking 

into account the additional energy factor consisting of entropy change along with other 

factors).  Therefore, the expected increase in JunStaur affinity would be in the low 

picomolar range (78 nM × 79 µM = 6 pM), a theoretical increase of >10,000-fold, rather 

than the observed 2-fold increase. 

The results of this assay are difficult to analyze given the complexity of the 

system.  The affinities of the separate ligands (the staurosporine derivative and the cyclic 

peptide) are inevitably affected by conjugation to the coiled-coil domain.  For instance, 

the carboxylated version of staurosporine (4.2) showed an IC50 of 243 nM compared to 

JunStaur’s IC50 of 78 nM.  This increase in affinity upon conjugation to Jun could be due 

to the lack of the negative charge at neutral pH, however, the Jun peptide could also bind 

to PKA itself, thus causing JunStaur to act as a bivalent inhibitor.  In the second case, the 

sequestration of the Jun moiety by the Fos derivative could mitigate the potential gain 

that would be observed with the binding of the selected peptide.  Additionally, the 

dimerization of JunStaur with the Fos-peptide conjugates or their homodimerization 

could not be directly interrogated by the preferable method, circular dichroism (CD), due 

to the low solubility of the Fos conjugates, as well as the low availability of JunStaur.  

However, the success of Fos/Jun dimerization could be inferred from the observed 
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increase, moderate though it was, observed upon addition of the Fos-conjugated peptide 

to the JunStaur assay (Figure 4.5).  A control assay of the staurosporine derivative (4.2) 

in the presence of the cyclic peptide BS6-3 showed no such increase in affinity for the 

non-conjugated moieties (Figure 4.6), thus implying that a connection between the two 

moieties is essential.  With these results, we decided to proceed to the covalent 

conjugation of the staurosporine derivative (4.2) to the selected peptide BS6-3, 

cyclo(CTFRVFGC)G.  This peptide was chosen because it was the most frequently 

observed in the selection outputs (Chapter 2, Table 2.5), it produced the highest affinity 

when assayed alone (Chapter 2, Figure 2.5), and it increased the affinity of JunStaur for 

PKA the most (Figure 4.5). 
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Figure 4.6  Effect of the cyclic peptide BS6-3, 4.3, (cyclo(CTFRVFGC)G) on the 
inhibition of PKA with the staurosporine derivative 4.2. 
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4.2.2 Synthesis of Covalently Conjugated Bivalent Inhibitors of PKA 

The initial linker chosen to covalently conjugate the selected peptides to the 

staurosporine derivative 4.2 was an ethylene-glycol-based amino acid linker from 

Novabiochem (product #01-63-0141).  This particular linker was chosen to span an 

intermediate distance (30 Å) within the range of the calculated distances (11-42 Å) 

accessible to the Fos/Jun tethered complex.  The calculated values were based on the 

fully extended molecules and do not reflect a particular low energy species accessible in 

solution, but rather a maximum range that the bivalent inhibitor could theoretically 

sample.  An ethylene-glycol-based linker was used as opposed to an aliphatic one due to 

solubility concerns; the small molecule staurosporine itself is minimally soluble prior to 

the attachment of an extended hydrophobic linker. 

Thus, the bivalent molecule 4.4 was synthesized by covalently coupling 4.2 to the 

selected cyclic peptide cyclo(CTFRVFGC)G (4.3) through a PEG-derived linker (Figure 

4.7).  As with the synthesis of JunStaur, standard solid phase peptide synthesis conditions 

were used, though with a smaller excess of the staurosporine derivative 4.2.  The use of 

less of the small molecule did not affect the reaction yield (based on the purity of the 

final product), but enhanced the efficiency of the synthesis relative to the staurosporine 

starting material.  After cleavage from the solid phase synthesis resin, the cyclization of 

the peptide moiety was carried out as before by the formation of the intramolecular 

disulfide bond at pH = 7.4 in the presence of DMSO.   
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Figure 4.7 A bivalent inhibitor of PKA.  Carboxy staurosporine (2) was synthesized from 
staurosporine (1).  Subsequently, the bivalent inhibitor (4) was synthesized via solid-
phase peptide synthesis utilizing carboxy staurosporine (2). 
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4.2.3 Inhibition of PKA with Covalently Conjugated Bivalent Ligands 

With the molecules in hand, PKA inhibition was interrogated.  Given the tight 

binding of the bivalent inhibitor 4.4, the amount of PKA used in the assay was reduced.  

Under conditions where the enzyme concentration approaches the IC50 value, the 

following equation160 becomes pertinent: 

[ ] app

iKEIC +=
2
1

50   (4.2) 

where [E] is the concentration of enzyme, and app

iK  is the apparent Ki, related to actual Ki 

by factors involving substrate concentration and Km.  The consequence of this 

relationship is that different tight-binding inhibitors will have artificially similar IC50 

values.  Therefore, the concentration of enzyme was reduced 10-fold to ~2.6 nM and 

inhibition assays were carried out (Figure 4.8).  Under these conditions, the cyclic peptide 

4.3 showed inhibition (IC50 = 57 ± 3 µM) similar to that observed under previous 

conditions, while the modified staurosporine derivative 4.2 displayed high nanomolar 

inhibition (IC50 = 243 ± 16 nM).  Importantly, the proposed bivalent inhibitor 4.4 

produced considerably increased inhibition (IC50 = 2.6 ± 0.3 nM), with a >90-fold and 

>21,000-fold increase when compared to the staurosporine derivative 4.2 or the cyclic 

peptide 4.3, respectively.  According to equation 4.2, the app

iK  for the bivalent inhibitor 

4.4 would be approximately 1.3 nM, and as such, the phenomenological value of IC50 

should be reflective of the true binding affinity of the inhibitor for PKA under these 

conditions. 
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Figure 4.8  Inhibitory activity of bivalent PKA inhibitor.  Inhibition of PKA with 4.2, 
4.3, and 4.4. 
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4.2.4 Selectivity of a Covalently Conjugated Bivalent Kinase Inhibitor 

With a potent bivalent inhibitor in hand, we set out to address the important 

question: does this approach enhance the selectivity of the inhibitor?  Hence, the 

selectivity of the bivalent inhibitor 4.4 was compared to that of the starting ligand 4.2 via 

a kinase activity screen (Kinase Profiler, Millipore).  A panel of five distinct kinases 

chosen specifically for their distribution across the human kinome,142 their ability to bind 

staurosporine at concentrations comparable to PKA,81 and their availability.  According 

to the kinome-wide screen of known protein kinase inhibitors preformed by Fabian et al., 

the app

dK  value of staurosporine for PKA is 50 nM, which is within the range of other 

reported values (IC50 = 15 nM,161 40 nM,162 121 nM,163 15 nM,89 10 nM (our data); Ki = 8 

nM,91 35 nM164).  Using 50 nM as a starting value, we chose kinases from different 

groups across the kinome that bound to staurosporine with similar affinity: ASK1 (STE 

group, app

dK  = 120 nM), CaMKIIβ (CAMK group, app

dK  = 3 nM), cSrc (TK group, app

dK  

= 100 nM), EphA5 (TK group, app

dK  = 150 nM), and Mnk2 (CAMK group, app

dK  = 22 

nM).  It is important to note that we did not choose the kinases based on their similarity, 

or lack thereof, to PKA.  Furthermore, the similarities in staurosporine binding imply that 

any selectivity observed would be due to the presence of the peptide substrate and not an 

artifact of the kinases chosen. 

The likely source of specificity for the bivalent kinase inhibitor 4.4 will come 

from the binding of non-conserved residues on the surface of the kinase by the inhibitor’s 

peptide moiety.  Separate sequence alignments of the catalytic domains of the five chosen 

protein kinases with PKA were mapped onto the crystal structure of the catalytic domain 
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of PKA (Figure 4.9).  The resulting structures indicate that the active sites (ATP and 

protein substrate) are surprisingly similar, however, there are a number of dissimilar 

surface sites that could be responsible for imparting specificity to the bivalent inhibitor.  

Though we do not know the location on PKA that the peptide moiety of the bivalent 

inhibitor 4.4 binds, the likelihood of binding to a non-conserved region is possible, if not 

probable.  
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Figure 4.9  Sequence identity analysis of screened kinases.  Sequence alignments 
(bl2seq)165 of PKA with the kinases from the selectivity screen mapped onto the structure 
of PKA bound to staurosporine91 (PDB ID: 1STC).  Identical residues between kinases are 
represented in red; other residues are green; and staurosporine is seen in the ATP binding 
pocket (black sticks). 
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The concentration of inhibitors 4.2 and 4.4 in the selectivity assays was chosen to 

be 100 nM.  According to our PKA inhibition data (Figure 4.8), this was the 

concentration at which the greatest difference between the carboxylated staurosporine 4.2 

and the bivalent inhibitor 4.4 would be seen.   

The results of the kinase activity screen (Figure 4.10) clearly demonstrated that 

the bivalent inhibitor 4.4 displays significantly enhanced activity against PKA as 

compared to the parent inhibitor 4.2, however, none of the other kinases show a similar 

increase.  This indicates that the bivalent inhibitor 4.4 is indeed selective for PKA when 

compared to this panel of kinases.  Interestingly, the attachment of our cyclic-peptide 

caused a decrease in the activity of the bivalent inhibitor 4.4 compared to the parent 

inhibitor 4.2 in the case of CaMKII and cSrc.  This decrease in activity could be due to 

the increase in steric interaction upon addition of the peptide moiety, the loss in a 

favorable interaction between the negative charge of 4.2 and the kinase, or a non-

productive binding orientation of the peptide with the off-target kinase. 
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Figure 4.10  Selectivity of the bivalent PKA inhibitor.  A kinase activity screen of PKA, 
ASK1, CaMKIIβ, cSrc, EphA5, and Mnk2 was carried out by Millipore.  The results 
show significantly increased inhibition at 100 nM by the selected bivalent inhibitor 4.4 
compared to 4.2 for PKA.  A similar increase in inhibition was not seen with any of the 
other kinases screened (the increase in affinity seen for EphA5 is within experimental 
error). 
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The results of the kinase activity screen, taken with our detailed PKA inhibition 

data, clearly demonstrate that the phage display selected peptide 4.3 can impart increased 

affinity and considerable selectivity to the small molecule ligand 4.2.  Our active site 

directed in vitro selection strategy outlined in Chapter 2 therefore has the ability to 

identify inhibitors of protein kinases with enhanced selectivity (Figure 4.10) as well as 

increased affinity (Figure 4.8).  Furthermore, this bivalent inhibitor was developed with 

minimal reliance on structural or substrate information for the kinase target. 

Future studies will probe the dependence of the bivalent inhibitors’ affinity on 

linker length and composition.  Once the optimal linker distance and composition for 

PKA inhibition is found, the improved bivalent inhibitor will again be screened for 

selectivity.  The effect of the optimized linker on selectivity is difficult to predict.  A 

shorter linker would likely lead to similar or increased selectivity because the smaller 

area accessible to the inhibitor would decrease the likelihood of serendipitous binding to 

a second site on another kinase.  A longer linker, on the other hand, could increase the 

chances of bivalent binding to off-target kinases, however, this possibility would 

probably be outweighed by the enhanced binding to PKA.  The selectivity screens could 

also be extended to a greater diversity of protein kinases, thus providing a more accurate 

representation of the selection across the entire kinome. 

The mode of inhibition (competitive, non-competitive, or uncompetitive) of the 

bivalent inhibitors with respect to both of PKA’s substrates (the peptide and ATP), will 

also be elucidated.  Standard kinetic78 or IC50 analysis160 will be used to determine both 

the modes of inhibition as well as Ki values for the inhibitors.  We would also like to 
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obtain structural information for the inhibitor/PKA complex, which could provide 

insights into potential designed modifications and further optimizations.  While co-

crystalization of enzymes with inhibitors can be challenging, PKA has been crystallized 

several times by other groups.33  Active PKA has also been expressed recombinantly in 

E. coli in the past166 and we are currently pursuing this objective. 

In the future, we would like to apply the active site directed in vitro selection 

approach to more pharmacologically relevant kinase targets.  Outside of the kinase field, 

this method could also be applied to a number of biological systems with a number of 

selection platforms.  The ability to incorporate other synthetic small molecule ligands 

during in vitro selection could extend this bivalent ligand discovery strategy to targets 

such as cellular receptors,167 various transferase enzymes,72,168 or potential drug targets.57-

59  This method could provide a general strategy for the discovery of bivalent ligands for 

numerous biological systems that display increased affinity, and more importantly, 

selectivity for their given target. 

 

4.3 Experimental Procedures 

Cloning enzymes were purchased from New England Biolabs; peptide synthesis 

reagents and resin were obtained from Novabiochem; staurosporine was purchased from 

LC Laboratories (Woburn, MA); DNA primers were obtained from IDT (Integrated DNA 

Technologies); PKA was purchased from Promega; all other reagents, unless otherwise 

noted, were obtained from Sigma.   
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4.3.1 Expression of the Selected Peptide-Fos Conjugates. 

 Mutants from the sixth round of the JunStaur selection were cloned out of the 

pCANTAB library vector.  The reverse primer incorporated a C-terminal Trp to assist in 

concentration determination and an EcoRI restriction site 3’ to the Fos gene, while the 

forward sequencing primer (QEF) allowed use of an NcoI restriction site 5’ to the library 

peptide gene encoded in the pCANTAB vector.  BS6-10 contained an amber stop codon, 

which was substituted by a codon for Gln using a designed forward primer.  The primer 

sequences were as follows: 

QEF(Fwd): CGGATAACAATTTCACACAG 

BS6-10-Fwd: GCTAGACCATGGGTTGCGTCGAGAGCCAGCGGGTCTGCG-
GTGGAGGCGGTGCTGCAGCGCTTGC 
 
FosRevW: CGGTGATGGAATTCCCAGCCACCAGCAAGAATAAATTC 

The peptide-Fos constructs were cloned into the first multiple cloning site of a 

modified version of the pRSF-Duet plasmid between the NcoI and EcoRI restriction 

enzyme sites.  This vector places a 6 x His-tag on the C-terminus of the construct, along 

with N-terminal Met and Gly residues.  After digestion and ligation into the vector, the 

pRSF-Duet expression plasmids were transformed into BL21 E. coli via electroporation.  

Single colonies from an overnight plate were sequenced and isolated plasmid DNA was 

retransformed into BL21 E. coli.  Sequence-confirmed colonies were grown overnight in 

50 mL cultures of 2xYT media with kanamycin selection and were used to inoculate 1 L 

cultures (starting OD600 = 0.05).  Over-expression was induced with 1 mM IPTG when 

the cultures reached an OD600 of 0.7-0.8.  The over-expression continued for 10 hrs, at 

which time the cells were pelleted via centrifugation.  Lysis was carried out by 
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resuspension in 40 mL of 8 M urea, 100 mM sodium phosphate, and 10 mM Tris-HCl 

(pH = 8.0).  The expressed peptides were purified from the cleared cell lysate on a nickel 

agarose column (Qiagen).  After binding to the column, the peptides were eluted with a 

pH gradient (final pH = 4.5).  Peptides were further purified by HPLC using a gradient of 

20% to 65% acetonitrile in water with 0.1% TFA, and characterized by MALDI mass 

spectrometry (BS6-2-Fos: expected (-Met) 7235 g/mol, found: 7234.8 m/z;  BS6-3-Fos: 

expected (-Met) 7145 g/mol, found 7159.1 m/z; BS6-10-Fos expected (-Met) 7106 g/mol, 

found 7123.5 m/z).   

 

4.3.2 Effect of the Selected Cyclic Peptide/Fos Conjugate on JunStaur Binding of PKA 

 The ability of JunStaur to inhibit PKA with and without the selected cyclic 

peptides conjugated to Fos was interrogated via a kinase assay with conditions identical 

to those used in Chapter 2, section 2.3.8.  For the assays determining the effect of the 

Fos/cyclic peptide on JunStaur binding, a fixed concentration (960 nM) of each conjugate 

was used at each JunStaur concentration.  The concentrations of the Fos/cyclic peptide 

conjugates were determined by absorbance at 280 nm with calculated molar 

absorptivities.  The data from the PKA inhibition assays were normalized to reactions 

containing no inhibitors or the fixed concentration of the cyclic peptide/Fos conjugates, 

and best fit IC50 equations were calculated as in section 4.3.4 below. 
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4.3.3 Synthesis of cyclo(CTFRVFGC)G Staurosporine Conjugate, 4.4 

The peptide CTFRVFGCG (4.3) was synthesized with standard Fmoc protection 

strategies for solid phase peptide synthesis (see Chapter 2, section 2.3.2).  After 

completion of the peptide sequence, an ethylene glycol derived linker (Novabiochem, 

product #01-63-0141) was attached to the N-terminus using identical reaction conditions.  

The carboxylated staurosporine derivative 4.2 was attached to the linker under slightly 

modified conditions: 1.5 equivalents of the carboxylated staurosporine derivative, 2 

equivalents of  pyBOP, and 4 equivalents of DIEA.  The reaction was allowed to proceed 

until the kaiser test of a small portion of the resin produced negative results (2 hours).  

Cleavage and initial purification was carried out as in Chapter 2, section 2.3.2.  After 

cleavage, the peptide was protected from light exposure due to the sensitivity of 

staurosporine to light.  HPLC purification (40% to 65% acetonitrile gradient in water 

with 0.1% TFA) afforded the pure staurosporine/linear-peptide hybrid.   

Cyclization of the peptide was achieved through the oxidation of the two Cys 

residues to form an intramolecular disulfide bond.  The staurosporine/linear-peptide 

conjugate was dissolved in phosphate buffered saline (PBS, pH = 7.4) with 10% DMSO 

and allowed to shake for 48 hours at 37 ºC.  After cyclization, the peptide/staurosporine 

conjugate was resubjected to HPLC purification under the same conditions as above.  The 

resulting product was characterized by MALDI mass spectrometry (expected: 1853 g/mol  

found: 1853.2 m/z) and amino acid analysis (Thr (1) 0.95; Gly (2) 2.2; Val (1) 0.89).  

Due to interference in the HPLC trace during the amino acid analysis caused by the 

staurosporine derivative and linker, Phe and Arg could not be accurately quantified.  
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4.3.4 PKA Inhibition by the Carboxylated Staurosporine Derivative 4.2, Cyclic Peptide 

4.3, and Bivalent Inhibitor 4.4 

As discussed in section 4.2.3 above, the concentration of enzyme was reduced for 

the bivalent inhibitor 4.4 assay against PKA.  Along with the bivalent inhibitor 4.4, the 

modified conditions were also used to determine the IC50s for the peptide 4.3 and the 

small molecule 4.2.  For these assays, 2.6 nM PKA was used for each reaction.  As 

before, the reactions were run with [γ-32P]ATP (30 µM) as the phosphate source and 

Kemptide as the peptide substrate (LRRASLG, 30 µM).  The assays (30 µL) were carried 

out at room temperature for 6 minutes in 40 mM Tris-HCl, 20 mM magnesium acetate 

(pH = 7.4), and 0.01% BSA in the presence of 2.5% DMSO.  Each assay mixture was 

quenched with 20 µL of 0.85% phosphoric acid and 30 µL was spotted on P81 

phosphocellulose paper (Upstate).  The samples were then washed 3 x 0.85% phosphoric 

acid and 1 x ethanol for 5 minutes each.  The amount of 32P labeling of the peptide 

substrate was quantified using a Beckman LS 6000IC liquid scintillation counter.  Data 

were normalized to reactions containing no inhibitors, which were run in triplicate.  The 

inhibition data were compiled as an average of at least two separate experiments and fit 

to the following equation: 

 

     (4.3) 

 

where y is the normalized counts per minute of radioactive decay, x is the concentration 

of the inhibitor, Cmax is the maximum observed signal, and n is the slope.  Best fit 
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equations were calculated using KaleidaGraph (Synergy Software).  The concentrations 

of inhibitors containing peptide components were determined by amino acid analysis, 

while the concentration of carboxylated staurosporine 4.2 was determined 

spectroscopically (ε292 = 57.4 mM-1cm-1). 

 

4.3.5. Millipore Kinase Profiler Screen 

The Kinase Profiler service offered by Millipore (formerly Upstate) has been 

utilized recently to determine the selectivity of inhibitors over a range of protein 

kinases.80  The kinases we chose for the interrogation of the selectivity of our inhibitors 

were: ASK1 (Official Symbol: MAP3K5, GenBank Accession #NM_005923); CaMKIIβ 

(Official Symbol: CAMK2B, GenBank Accession #AF081572); cSrc (Official Symbol: 

SRC, GenBank Accession #K03218); EphA5 (Official Symbol: EPHA5, GenBank 

Accession #NM_004439); Mnk2 (Official Symbol: MKNK2, GenBank Accession 

#NM_017572); PKA (Official Symbol: PRKACA, GenBank Accession #X07767).  The 

concentrations of inhibitors were determined as above, and the following protocols were 

used by Millipore (http://www.upstate.com/features/kp_protocols.asp), according to 

company literature: 

 

ASK1 (h):  In a final reaction volume of 25 µL, ASK1 (h) (5-10 mU) is incubated with 8 

mM MOPS pH 7.0, 0.2 mM EDTA, 0.33 mg/mL myelin basic protein, 10 mM 

MgAcetate and [γ-33P-ATP] (specific activity approx. 500 cpm/pmol, concentration as 

required).  The reaction is initiated by the addition of the MgATP mix. After incubation 
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for 40 minutes at room temperature, the reaction is stopped by the addition of 5 µL of a 

3% phosphoric acid solution.  10 µL of the reaction is then spotted onto a P30 filtermat 

and washed three times for 5 minutes in 75 mM phosphoric acid and once in methanol 

prior to drying and scintillation counting. 

 

CaMKIIβ (h):  In a final reaction volume of 25 µL, CaMKIIβ (h) (5-10 mU) is incubated 

with 8 mM MOPS pH 7.0, 0.2 mM EDTA, 0.5 mM CaCl2, 16 µg/mL calmodulin, 250 

µM KKLNRTLSFAEPG, 10 mM MgAcetate and [γ-33P-ATP] (specific activity approx. 

500 cpm/pmol, concentration as required). The reaction is initiated by the addition of the 

MgATP mix. After incubation for 40 minutes at room temperature, the reaction is 

stopped by the addition of 5 µL of a 3% phosphoric acid solution. 10 µL of the reaction is 

then spotted onto a P30 filtermat and washed three times for 5 minutes in 75 mM 

phosphoric acid and once in methanol prior to drying and scintillation counting. 

 

cSRC (h):  In a final reaction volume of 25 µL, c-SRC (h) (5- 10 mU) is incubated with 8 

mM MOPS pH 7.0, 0.2 mM EDTA, 250 µM KVEKIGEGTYGVVYK (Cdc2 peptide), 10 

mM MgAcetate and [γ-33P-ATP] (specific activity approx. 500 cpm/pmol, concentration 

as required). The reaction is initiated by the addition of the MgATP mix. After incubation 

for 40 minutes at room temperature, the reaction is stopped by the addition of 5 µL of a 

3% phosphoric acid solution. 10 µL of the reaction is then spotted onto a P30 filtermat 

and washed three times for 5 minutes in 75 mM phosphoric acid and once in methanol 

prior to drying and scintillation counting. 
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EphA5 (h):  In a final reaction volume of 25 µL, EphA5 (h) (5-10 mU) is incubated with 

8 mM MOPS pH 7.0, 0.2 mM EDTA, 2.5 mM MnCl2, 0.1 mg/mL poly (Glu, Tyr) 4:1, 10 

mM MgAcetate and [γ-33P-ATP] (specific activity approx. 500 cpm/pmol, concentration 

as required). The reaction is initiated by the addition of the MgATP mix. After incubation 

for 40 minutes at room temperature, the reaction is stopped by the addition of 5 µL of a 

3% phosphoric acid solution. 10 µL of the reaction is then spotted onto a Filtermat A and 

washed three times for 5 minutes in 75 mM phosphoric acid and once in methanol prior 

to drying and scintillation counting. 

 

Mnk2 (h):  In a final reaction volume of 25 µL, Mnk2 (h) (5- 10 mU) is incubated with 8 

mM MOPS pH 7.0, 0.2 mM EDTA, 0.33 mg/mL myelin basic protein, 10 mM 

MgAcetate and [γ-33P-ATP] (specific activity approx. 500 cpm/pmol, concentration as 

required).  The reaction is initiated by the addition of the MgATP mix. After incubation 

for 40 minutes at room temperature, the reaction is stopped by the addition of 5 µL of a 

3% phosphoric acid solution. 10 µL of the reaction is then spotted onto a P30 filtermat 

and washed three times for 5 minutes in 75 mM phosphoric acid and once in methanol 

prior to drying and scintillation counting. 

 

PKA (h):  In a final reaction volume of 25 µL, PKA (h) (5- 10 mU) is incubated with 8 

mM MOPS pH 7.0, 0.2 mM EDTA, 30 µM LRRASLG (Kemptide), 10 mM MgAcetate 

and [γ-33P-ATP] (specific activity approx. 500 cpm/pmol, concentration as required).  
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The reaction is initiated by the addition of the MgATP mix. After incubation for 40 

minutes at room temperature, the reaction is stopped by the addition of 5 µL of a 3% 

phosphoric acid solution. 10 µL of the reaction is then spotted onto a P30 filtermat and 

washed three times for 5 minutes in 50 mM phosphoric acid and once in methanol prior 

to drying and scintillation counting. 
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CHAPTER 5 
 
 

Efforts Towards the Phage Display Selection of Small-Molecule Responsive Proteins 
 
 
 

5.1 Introduction 

 The tightly controlled three dimensional structure of a protein’s polypeptide chain 

is essential to its function.  Unlike nucleic acids, which form secondary structure from the 

intramolecular interactions of 4 different monomer subunits, proteins’ spatial architecture 

are governed by the complex interactions of more than 20 amino acid monomer subunits 

(including post-translationally modified amino acids and uncommon ones like 

selenocysteine45).  In general, protein structures consist of a hydrophobic core of buried 

amino acid residues surrounded by more polar, hydrophilic residues.  These surface 

residues often carry out the function of the protein, such as enzymatic catalysis of 

chemical  reactions,169 molecule transport,170 or structural roles.171  Since most functions 

of proteins require the precise spatial alignment of various functional groups, it follows 

that the accurate control of the three dimensional structure of a protein (its fold) is 

essential for the correct execution of its function.  In fact, protein misfolding has been 

implicated in a number of human diseases172 including those as diverse as cystic fibrosis, 

scurvy, and cancer.173  Some misfolded proteins also have the ability to cause infectious 

disease in the form of prions.  

 Protein folding is thus a fundamental aspect of biological science and as such has 

attracted a vast amount of research.174-179  Much is known, in general, about the 

mechanism by which proteins fold.  For instance, the burial of the hydrophobic residues 
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in the core of the protein is thought to play a major role in most cases.  “Hydrophobic 

collapse,” in which the hydrophobic residues are buried from the aqueous solvent, is 

governed both by favorable hydrophobic and electrostatic interactions, as well as the 

entropically favorable exclusion of water from the hydrophobic residues.  This burial is 

entropically favorable because in the unfolded state, water molecules must form specific 

ordered structures around the hydrophobic residues.  Upon burial of these residues, the 

ordered solvent structures are no longer necessary.  Thus the favorable entropy change 

from burial of the hydrophobic residues partially offsets the unfavorable formation of the 

much more structured, fully folded protein.180 

It follows that a well-packed hydrophobic core stabilizes a protein’s fold and that 

mutations in the hydrophobic core tend to disrupt the folded state.  In an example by 

Sauer and coworkers, the mutation of hydrophobic core residues in the N-terminus of λ 

domain disrupted this protein’s fold, though not completely.181  The mutations did not 

lead to totally unfolded proteins, but rather to partially folded structures or “molten 

globules.”  The destabilization of the fold rather than complete elimination of it implies 

that mutations in the hydrophobic core can cause destabilization that is perhaps  

recoverable in some cases. 

Even when a protein adopts a stable three dimensional fold, its shape, and 

therefore its function, can be affected by the binding of small molecules.  One important 

example of this can be found in nature in the form of the estrogen receptor, ERα.167,182  

Upon binding of the small molecule hormone 17β-estradiol, inactive ERα undergoes a 

structural change that causes homodimerization of the receptor.  This active ERα then 
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binds to DNA and mediates cis-activated transcription.167  There are other examples of 

native systems that are governed by small molecule-induced conformational changes (too 

numerous to mention here), however, the examples of designed systems incorporating 

small molecule control of protein structures are much fewer. 

 In an important work by Mathews, et al.,183,184 a naturally occurring cavity in the 

T4 lysozyme protein was expanded by multiple mutations.  The resulting enlarged 

cavities decreased the stability of the protein by disrupting the hydrophobic packing of 

the core.184  However, some of the stability of the protein could be recovered upon 

addition of benzene to the solution.  When the expanded cavities were big enough, the 

benzene molecules bound to the pocket and mediated hydrophobic packing, thus 

stabilizing the fold.183  A co-crystal structure with one of the T4 lysozyme mutants and 

benzene confirmed that the molecule was indeed bound to the expanded cavity, 

displaying multiple van der Waals interactions with various side chains.  This work 

demonstrated that it could be possible to design a protein whose three dimensional 

structure could be stabilized by incorporating a small molecule binding site. 

 Another example of using hydrophobic small molecules to modulate protein 

function was done by Alber and coworkers.185  In a vein similar to that of the T4 

lysozyme work, researchers mutated an asparagine residue in the GCN4 coiled coil 

domain to alanine to create a potential hydrophobic pocket.  It was known that the 

mutation of the same asparagine to a more hydrophobic residue caused formation of a 

three helix bundle, instead of the wild-type homodimeric coiled coil.  It was expected, 

therefore, that the three helix bundle would form upon addition of a hydrophobic 



 

158 

molecule, such as benzene or cyclohexane.  Using analytical ultracentrifugaton, the 

authors showed that the mutant GCN4 domain formed a stable dimer by itself, but shifted 

to approximately a trimer upon addition of saturating concentrations of benzene.  The 

authors also saw an increase in helix stability in the presence of benzene as observed in 

CD melting studies.  Indeed, crystallization of the mutant GCN4 with benzene showed 

the formation of a cavity containing a single benzene molecule, thus confirming the mode 

of binding. 

 In a study that involved designed small molecule modulation of a protein-protein 

interaction instead of protein structure,  Schultz and coworkers modified the interaction 

between human growth hormone (hGH) and its receptor (hGHbp).186  At the protein-

protein interface between hGH and hGHbp is a tryptophan and threonine pair, which 

upon mutation to alanine and glycine, respectively, decrease binding affinity by > 3 × 

106-fold.  The investigators then used phage display and screened a library of indole 

derivatives and structurally related compounds in an attempt to recover the protein-

protein interaction.  One small molecule was able to induce substantial binding between 

the mutant hGH and its mutant receptor, however, the interaction was still ~1000-fold 

weaker than the wild-type interaction. 

 Rather than modifying the residues at the interface of a protein-protein 

interaction, we sought to take advantage of the structure/function relationship of proteins.  

Our idea was to select mutants of a small, well characterized protein that do not fold by 

themselves, however, in the presence of a small molecule, they would fold, and hence 

regain function.  We chose to investigate this strategy with the designed 
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hyperthermophilic variant of the B1 domain of streptococcal protein G (HTB1) (Figure 

5.1).93  This protein is a thermostable variant of the well studied wild-type protein 

(GB1),187 which is known to bind to the non-variable heavy chain region of human IgG 

with affinity in the mid-nanomolar range.188,189  In addition to the well-characterized 

nature of the GB1/IgG interaction, extensive mutational studies have been carried out on 

the B1 domain,93,190-195 and we have used the HTB1 variant as a scaffold for targeting 

various protein and peptide surfaces in our lab.196-198  
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Figure 5.1 The core mutant HTB1 library for the selection of small molecule responsive 
proteins.  Two orientations of a ribbon diagram of HTB1 from an ensemble of NMR 
structures93 (PDB ID: 1GB4) is shown with the residues mutated for the core library 
highlighted as red spheres.  The amino acid sequence of the core HTB1 library is also 
shown with the mutated residues highlighted. 
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 Since disruption of hydrophobic core residues in the GB1 domain is known to 

disrupt its fold, we created a library of core mutants of HTB1 for our small molecule 

controlled refolding selection (Figure 5.1).  Initially, we conceived of a two step process 

to select for HTB1 mutants with evolved small molecule dependent refolding (Figure 

5.2).  In the first step, a negative selection would be carried out, where the phage display 

library of HTB1 mutants would be exposed to an excess of immobilized IgG.  Instead of 

isolating the bound phage particles as is done in most in vitro selections, we would 

collect the non-bound phage, which would contain mutations that disrupt binding to IgG.  

Since the library mutations are located in the hydrophobic core of HTB1 rather than on 

the IgG-binding surface, the disruption of the HTB1/IgG interaction would likely be 

caused by a misfolding of the HTB1 motif rather than direct disruption of the surface 

interaction.  Once the non-functional IgG mutants were isolated, a positive selection 

could be carried out to evolve new function for the HTB1 mini-protein by changing the 

selection conditions (Figure 5.2B).  For instance, the addition of a small molecule to the 

selection could theoretically refold some of the HTB1 mutants, thus allowing them to 

regain the ability to bind IgG.  These mutants with small molecule dependent function 

would be selected by exposure to immobilized IgG with the modified conditions. 
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Figure 5.2 Initial selection strategy for the development of HTB1 mutants with small 
molecule protein control.  For the preliminary strategy, a two step selection process was 
envisioned. A)  A negative selection step included the exposure of phage to immobilized 
IgG and the isolation of the non-bound phage supernatant, rather than the captured phage.  
The unbound phage (presumably non-folded/non-functional) would be amplified and 
subjected to further rounds of selection.  B) After several rounds of negative selection, 
the phage pool would be subjected to a positive selection under different conditions (i.e. 
the addition of a small molecule to induce protein refolding).  Thus, in the presence of a 
small molecule absent in the negative selection, the phage would be exposed to 
immobilized IgG, but the bound phage would be isolated, amplified, and carried on in 
further rounds of selection. 
 
 

A) 

B) 
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 The selected HTB1 mutants would provide a solution to designed small molecule 

dependent protein refolding.  This, in turn, could provide insight into the aspects of 

protein structure that need to be considered when designing small molecule responsive 

protein folds.  The potential exists to apply the principles discovered in this system to 

other systems where the control of a protein’s fold state, and therefore its function, is 

beneficial.  For instance, one could imagine that the controlled refolding, unfolding, or 

misfolding of a protein domain could be invaluable in the study of amyloidogenic or 

prion199 diseases.  Also, since we are currently developing HTB1 mutants to bind to other 

biological targets,196,198 we could potentially graft mutations that impart small molecule 

dependence onto the modified HTB1 structures.  This is possible because the core 

mutations used in the refolding study do not overlap with the surface mutations that we 

used to target other biological molecules. 

 The first “small molecule” that we chose as the potential switch for the HTB1 fold 

was zinc.  Since many amino acid side chains are known to interact with the zinc ion and  

it had been used to unfold mutants of GB1 in the past,200-202 Zn2+ seemed to be a good 

choice for the selection of small molecule dependent HTB1 mutants.  In an effort to 

characterize the binding of selected HTB1 mutants to IgG, we adapted an assay 

developed by Sloan and Hellinga based on environmentally sensitive fluorescence of a 

dye-labeled HTB1 mutant.188,189  With this assay, we were able to characterize HTB1 

mutant binding to IgG both for this selection as well as for other selections carried out in 

our laboratory.   
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5.2 Results and Discussion 

5.2.1 Construction of the HTB1 Core Mutant Library 

In the design of HTB1 by Mayo, et al., the authors identified the core and 

boundary residues of the mini-protein,93 all of which are distinct from the IgG binding 

residues.189  We chose to randomize four of the core positions (Phe31, Ala35, Phe53, and 

Val55), and a bordering tryptophan residue (Trp44).  Modification of these positions, we 

reasoned, would likely disrupt the “native” fold of the designed HTB1 mini-protein, thus 

providing the possibility of global structural switching of selected mutants, rather than 

the knob and hole surface interactions already demonstrated by Schultz and coworkers.186  

For positions Phe31, Trp44, Phe53, and Val55 we used the NNS mixed codon set, where 

N is any nucleotide and S is either G or C.  This codon set codes for all 20 amino acids 

and the amber stop codon.  To favor mutants that could be refolded easily, we chose a 

narrow set of residues for the Ala35 position at the start of the α-helix, since it is known 

that residues at the termini of helices affect the formation of this secondary structural 

element greatly.203  Therefore, we wanted to bias that position to residues that 

demonstrate a propensity to form α-helices.203,204  The mixed codon set SHC (where H 

corresponds to either A, T, or C) provided such a bias, with the possible residues being:  

Ala, Asp, Leu, Val, Pro, and His.  The limitation of possible residues at this position also 

diminished our library size, which facilitated the construction of a representative library 

pool.  As with the cyclic peptide library described in Chapter 2, Section 2.2.2, the HTB1 

core library was constructed via Klenow extension of mutually primed synthetic DNA 

oligonucleotides.   
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5.2.2 Initial Phage Display Selection of HTB1 Mutants Susceptible to Small Molecule 

Control  

 The initial strategy that we devised was a dual in vitro selection, with the first 

isolating HTB1 mutants that did not fold or function (Figure 5.2).  These non-

folding/non-functioning mutants would be isolated after several rounds of selection and 

then taken on in a second selection under different conditions.  The isolation of a pool of 

non-folding mutants would allow us to investigate many different refolding conditions 

without the necessity of repeating the negative selection step.  To quantify the progress of 

our negative selection, we decided to allow a disproportionately high amount of the 

parent HTB1 to exist within the library.  By monitoring the disappearance of the parent 

HTB1, which should be functional, we would be able to gauge the progress of the 

negative selection.   

 Despite numerous attempts, the negative selections that we carried out against 

IgG were not able to produce a reduction in the amount of parent HTB1 observed in the 

library.  The isolation of phage in an average selection is generally 0.1% - 1% of the total 

input.  While a contributing factor to the low yield could be the harsh washing conditions 

used, the majority of viable phage loss most likely comes from the inefficiency of the 

phage display of properly folded proteins.  It has been estimated98 that the efficiency of 

properly displayed recombinant proteins on the surface of phage is about 1% for the 

phagemid system that we utilized.  This means that 99% of the phage, while possibly 

containing library DNA, do not display a properly folded HTB1 mutant on their surface 

(Figure 5.3).  That, coupled with the potential inefficiency of capture for even the 
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correctly folded proteins, precluded a complete negative selection prior to the anticipated 

positive selection of refolded HTB1 mutants.  These factors led us to reexamine the 

selection protocol and adopt procedures that were more likely to produce small molecule 

dependent protein folds. 
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Figure 5.3 Failure of the initial selection strategy.  Since the display of correctly folded 
recombinant proteins on the pIII surface of M13KO7 phage is ~1%, the separate negative 
selection to remove folded HTB1 mutants failed to decrease the parent protein present in 
the library pool.  This is presumably because the DNA for the parent and parent-like 
mutants was carried through during the selection in phage particles that did not display 
the protein, or did not display it in a functional orientation.  In this way, the connection 
between the phenotype and genotype (outlined in Chapter 1) was disrupted.  The low 
efficiency of correctly displayed proteins does not effect positive selections in the same 
way, because the phage with incorrectly displayed proteins become background that are 
removed in the washing steps.  
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5.2.3 An Integrated Selection Strategy for the Discovery of HTB1 Mutants Susceptible to 

Small Molecule Control 

 The simplest remedy for the negative selection problem was the integration of that 

step within the protocol of the positive selection for refolding HTB1 mutants (Figure 

5.4).  This integration of the negative selection meant that only one refolding molecule 

could be interrogated for each library pool.  While limiting the conditions that we could 

feasibly investigate, the incorporation of the negative and positive selections was the only 

option that did not require a significantly redesigned library and selection protocol.  Thus 

we adapted an integrated negative and positive selection strategy with the preliminary 

refolding “molecule”, Zn2+.   
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Figure 5.4 Modified selection of small molecule controllable HTB1 mutants.  In this 
integrated approach, the negative selection is carried out during each round of selection.  
This is in contrast to the original strategy where several rounds of the negative selection 
would have been carried out prior to the positive selection.  i) For the modified selection 
strategy, the phage library is first exposed to IgG, ii) to remove fully formed and 
functional HTB1 mutants.  iii) The non-bound phage particles are then isolated and 
exposed to a small molecule to attempt to refold and thus regain function.  A fresh aliquot 
of IgG was then used to select HTB1 mutants that had refolded.  Background phage that 
carry an intact genotype with no correctly folded HTB1-like phenotype are lost during 
the washing step.  iv) The bound phage are then isolated, amplified, and resubjected to 
selection conditions. 
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As mentioned in Section 5.1, Zn2+ was used as a the first “small molecule” switch 

for HTB1 mutant refolding.  The zinc ion seemed poised to provide the greatest 

likelihood of a solution to the folding problem.  In fact, many naturally occurring proteins 

rely on the presence of zinc to stabilize their folds.  For instance, the DNA binding 

domains of many transcription factors, known as “zinc fingers”, rely on coordination of 

the metal for proper fold and function.205  

 Following the strategy outlined in Figure 5.4, we carried out selections against 

IgG, immobilized in a method similar to that used by Baker, et al. on streptavidin coated 

magnetic beads.206  Reversing the IgG complex utilized by Baker’s group, biotinylated 

protein L was first immobilized onto the beads.  Protein L binds to the light chain region 

of IgG, which is orthogonal to HTB1 binding on the heavy chain.  This method was used 

instead of direct immobilization of IgG because Baker’s group noted a lack of success 

while directly immobilizing biotinylated IgG in their system.  Previously, IgG has been 

immobilized onto MaxiSorp polystyrene plates (Nunc), however, the theoretical binding 

capacity of the streptavidin-coated beads was much higher.  This high level of IgG 

immobilization was needed to ensure removal of the maximum number of folded HTB1 

mutants during the negative selection step. 

 After immobilization of IgG, the HTB1 phage display library was exposed to the 

magnetic beads to remove functional mutants (Figure 5.4).  The phage supernatant was 

then isolated and mixed with a zinc chloride solution (500 µM final concentration).  The 

HTB1 mutants were allowed to refold and the phage solution was then exposed to new 
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immobilized IgG.  After washing, the phage were eluted with a low pH wash and 

propagated as previously described (Chapter 2, Section 2.3.6). 

 Within four rounds of selection, the randomized library had out-competed the 

parent HTB1 doped into the input pool and had converged to two consensus sequences 

(Figure 5.5).  Surprisingly, both consensus sequences contained only single point 

mutations of either Phe53�Asp (HTB1D) or Phe53�Glu (HTB1E).  We reasoned that 

results indicated one or more of the following scenarios: a) the core of HTB1 was not 

amenable to any perturbation other than at position 53, b) this mutant had a particularly 

strong selective advantage, or c) the selection conditions were not optimal for isolation of 

proteins susceptible to Zn2+ mediated folding (assuming that the single point mutations 

were insufficient to impart such a property). 
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Figure 5.5  Pooled results from the HTB1 refolding selection.  The electropherograms of 
the randomized portions of the HTB1 core mutant library from the pooled output of the 
refolding selection.  Amino acid residues of the parent HTB1 (~50% of the initial library) 
are shown at the top of the figure, with the corresponding codons below.  After 5 rounds 
of selection, all randomized residues in the library converged to the parent HTB1 except 
for the first position that converged to either Asp or Glu (represented by the codon GAS, 
where S is either G or C). 
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5.2.4 Phage Display Competition Between HTB1 and HTB1E 

 Upon inspection of our selection conditions, it was discovered that EDTA was 

present in the phage display buffer.  This meant that the refolding conditions consisted of 

chelated Zn2+ rather than the presumed free ion.  While it was still possible that the HTB1 

core mutants would bind to the chelated form of zinc, or that they would competitively 

chelate Zn2+ themselves, the likelihood of either of these occurrences seemed low.  

Therefore, we decided to interrogate the necessity of zinc for the isolated mutants to out-

compete the parent HTB1 in a phage display setting.  To that end, a competition assay 

was set up between the parent HTB1 and the mutant HTB1E both in the presence and 

absence of Zn2+.  The results indicate that HTB1E out-competes HTB1 whether or not 

zinc is present during the selection (Figure 5.6). 
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Figure 5.6 Phage display competition between HTB1 and HTB1E.  Portions of the 
electropherograms (green = A, blue = C, black = G, and red = T) are shown for the phage 
input and the output for the phage competition assays with and without zinc.  The results 
show that HTB1 (represented by the codon TTC) was out-competed by the HTB1E 
mutant (represented by the GAG codon) both in the presence and absence of zinc. 
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5.2.5 IgG Binding Assay 

5.2.5.1 Adaptation of the IgG Binding Assay  

Since the mutant HTB1E appeared to be able to out-compete the parent HTB1 in 

a phage display setting, though not in a zinc dependent manner, we decided to interrogate 

its binding to IgG.  To do this, we adapted a method first developed by Sloan and 

Hellinga for the determination of GB1 binding to IgG.188  In this method, different 

residues on the IgG binding surface of GB1 were mutated individually to cysteine 

residues and were labeled with multiple environmentally sensitive fluorescent dyes.  The 

authors tested various residue and dye combinations to optimize fluorescent signal while 

not vastly perturbing IgG binding.  For the GB1/IgG system, a cysteine mutant at position 

33 (Gln33�Cys) labeled with the environmentally sensitive dye acrylodan, produced the 

best signal to noise ratio with the least amount of change in IgG binding.188  Inspection of 

the co-crystal structure of the wild-type GB1 with the Fc region of IgG indicates that the 

labeled residue would be at the protein-protein interface (Figure 5.7A).  The increase in 

hydrophobicity of the environment experienced by the conjugated dye upon binding to 

IgG increases the observed fluorescence signal (excitation λmax = 392 nm and emission 

λmax = 480 nm for this system), thus providing a probe for the interaction.  Competition 

with an unlabeled ligand that binds competitively to the Fc region of IgG would lead to a 

decrease in fluorescence, allowing for the determination of a binding constant between 

the GB1-competitive ligand and IgG.189   

 To apply this assay to the HTB1/IgG interaction, the equivalent HTB1 mutant 

(Gln33�Cys) was constructed and recombinantly over-expressed in E. coli.  This 
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cysteine mutant was purified and then labeled with acrylodan dye.  The labeled mutant 

(FHTB1) was then interrogated for direct IgG binding (Figure 5.7B); the resulting curve 

was fit to an isotherm that produced a Kd value of (320 ± 5 nM).  We also wanted to 

determine whether or not this assay was only valid for the isolated Fc portion of IgG, or if 

full human IgG could be used.  To this end, we titrated the Fc portion or full IgG into a 

fixed concentration (300 nM) of labeled FHTB1 with identical assay conditions.  The 

results show that the data sets overlay well, thus validating the use of the full human IgG 

in the binding assay (Figure 5.7C).  With the labeled HTB1 mutant in hand and the full 

IgG validated, non-labeled mutants could be interrogated in a competitive binding 

assay.189 
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Figure 5.7  Binding of labeled FHTB1 to IgG. A) The crystal structure of the GB1/IgG-
Fc complex is shown with the environmentally sensitive dye acrylodan modeled as green 
spheres.  B) The binding of the dye-labeled FHTB1 to IgG produced an increase in 
fluorescence at 480 nm (excitation at 392 nm), which was expressed as normalized 
fluorescence intensity. C) Once the stoichiometry of the Fc region and full IgG are taken 
into account, the data overlay well for the FHTB1 direct binding assays, indicating that 
full IgG can be used instead of the isolated Fc portion as done by Sloan and Hellinga.188 
 

A) B) 

C) 
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5.2.5.2 IgG Binding of Purported Refolding HTB1 Mutant, HTB1E  

 The preliminary objective in the development of the IgG binding assay was to 

quantify the ability of the HTB1 mutants from the refolding selection to bind to the native 

target, thus reflecting the presence of a native-like fold.  To this end, we titrated HTB1E 

and the parent HTB1 into a preformed complex of the Fc portion of IgG (3.5 µM) and 

FHTB1 (5 µM).  Though HTB1 was able to out-compete the labeled FHTB1 at high 

concentration, the mutant HTB1E was not (Figure 5.8).97  The binding of the selected 

mutant HTB1E to IgG was not affected by the addition of zinc to the solution, though at 

higher concentrations, significant precipitation occurred upon addition of Zn2+ to HTB1E 

solutions.  These results indicate that the selective pressure that led to the isolation of the 

HTB1E and HTB1D mutants was not the result of zinc-mediated refolding.  Along with 

the presence of EDTA in the selection buffer, the lack of IgG binding indicated that the 

isolation of the observed mutants was most likely an artifact of the selection.  However, 

the complete convergence of the HTB1 core library to HTB1E and HTB1D led us to 

carry out a full physical characterization of these interesting mini-proteins (see Chapter 

6).  Meanwhile, the IgG binding assay developed for this purpose was also utilized to 

confirm the retention of tertiary structure for other HTB1 mutants discovered in our 

laboratory. 
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Figure 5.8 IgG binding competition assay for HTB1 and HTB1E.  Addition of unlabeled 
HTB1 or HTB1E to the complex of labeled FHTB1 and the Fc fragment of IgG enables 
interrogation of IgG binding.  The unoptimized conditions of this assay (concentration of 
IgG-Fc = 3.5 µM and FHTB1 = 5 µM) allow for a qualitative determination of FHTB1-
competitive binding to the Fc region of IgG.  Results indicate that, while the parent 
HTB1 competed with the labeled FHTB1, no binding was observed for the mutant 
HTB1E at concentrations up to 25 µM.   
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5.2.5.3 IgG Binding of Thrombin-selected and Aβ-selected HTB1 Mutants 

Others in the Ghosh laboratory have developed a methodology to target protein 

surfaces with residues displayed in a defined manner on a mini-protein scaffold, 

HTB1.196,197  Surface residues on the β-sheet portion of HTB1, known to not bind IgG, 

were randomized in a phage display library.  The library was first screened against 

immobilized IgG (“structural selection”) to ensure native-like function, and thus a native-

like fold.  The output phage from that selection were then used to discover mutants with 

affinity for novel targets (“functional selection”).  This “dual surface selection” allows 

for the isolation of mini-proteins that display residues in a defined three dimensional 

orientation, due to the conservation of the native-like fold, while binding a non-native 

target evolved during the functional selection.196  To verify that the structural selection 

step against IgG caused the selected mini-proteins to retain their ability to bind IgG, we 

turned to the IgG binding assay. 

For the dual surface selection methodology, two preliminary targets were chosen 

(the serine protease thrombin196 and the β-amyloid (Aβ) peptide198) for very different 

reasons.  Thrombin is a large globular protein that is involved in the clotting cascade and 

can be implicated in arterial and venous thrombosis.  Perhaps more importantly for our 

purposes, thrombin possesses a number of known protein-protein interaction sites, and 

therefore offers multiple potential binding solutions.  On the other, Aβ is a peptide that 

forms β-hairpins that readily aggregate to form the insoluble fibrils associated with 

Alzheimer’s disease.  We envisioned that the randomized residues on the β-sheet portion 
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of the HTB1 library could associate with the β-hairpin structure of the growing fibrils, 

thus potentially disrupting the fibril formation pathway. 

For both of the dual surface selections, the HTB1 β-sheet library was first selected 

against immobilized IgG to ensure retention of a native-like fold.  The output phage pool 

from this round of selection was then amplified and split into separate but equivalent 

aliquots.  These aliquots were then selected against either immobilized thrombin or an 

immobilized mixture of Aβ that contained various species along the fibrilization 

pathway.  After several rounds of selection, a number of thrombin-binding196 and Aβ-

binding198 HTB1 mutants were discovered, cloned and expressed in E. coli.  Following 

other biochemical characterization, the mutants were subjected to the IgG binding assay 

outlined in Section 5.2.5.1 above.   

The Aβ-binding HTB1 mutant, TJ10, was interrogated in a qualitative manner 

similar to HTB1E (Figure 5.9A).  The resulting binding curve clearly indicates that TJ10 

has retained its ability to bind to IgG.  Using a quantum dot internal standard, as well as 

modified conditions, we were able to determine IgG binding constants for a number of 

the selected thrombin-binding HTB1 mutants (Figure 5.9B).  The thrombin-binding 

mutants 9sr4, 9sr15, and 9sr19 were assayed and all demonstrated significant FHTB1-

competitive binding of IgG.  On the basis of the Kd of FHTB1 and IgG (320 ± 5 nM), the 

binding constants the interaction between IgG and the selected mini-proteins were: 2.1 

µM for 9sr4, 2.2 µM for 9sr15, and 3.9 µM for 9sr19.  This demonstrated ability of the 

HTB1 mutants to bind IgG strongly suggests retention of tertiary structure. 
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In addition to binding IgG, the HTB1 mutants were subsequently shown by other 

group members to bind their designated targets.  Several of the thrombin-binding mutants 

displayed low micromolar inhibition of this serine protease.  A minimal structural motif 

was then identified from the selected mutants and transferred onto small molecule 

scaffolds.  The justification for the transfer of this structural information was based upon 

the retention of native-like structure of the HTB1 mutants, as evidenced by their binding 

of IgG demonstrated by the above assay.  As designed, the minimalist constructs also 

inhibited thrombin as long as the structural constraints identified by modeling were 

met.197  This work was done by fellow graduate student Srivats Rajagopal.  

One mutant that was discovered from the selection against Aβ produced very 

exciting results as well.  The mutant TJ10 inhibited β-sheet fibril formation of the Aβ 

peptide as determined by Thioflavin T binding, TEM, and DLS.  Since the native-like 

IgG-binding function of the HTB1 mutant (TJ10) was retained, it is likely that structure 

was also retained.  This allows for the argument that TJ10 probably contains an in-tact β-

sheet structure that could potentially interact with the predominantly β-sheet species 

along the Aβ fibril formation pathway.198  This work was done primarily by 

undergraduate researcher T.J. Smith and subsequently by Cliff Stains. 
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Figure 5.9  IgG binding of mutant HTB1 mini-proteins.  A) Increasing amounts of 
unlabeled HTB1 (■) and TJ10 (▲) were titrated into a complex of human IgG (1.75 µM, 
3.5 µM Fc) and FHTB1 (5 µM).  Fluorescence at 480 nm was normalized to the complex 
with no inhibitor.  B) Unlabeled thrombin-binding HTB1 mutant proteins were added to 
the IgG/FHTB1 complex (300 nM), and the decrease in fluorescence emission, relative to 
a quantum dot internal standard, was measured as a function of competitor concentration. 
 

B) 

A) 



 

184 

5.3 Experimental Procedures 

5.3.1 Construction of the HTB1 Core Mutant Library 

A phagemid library of HTB1 core mutants was prepared by cassette mutagenesis 

in the pCANTAB-5E vector containing the HTB1 protein construct.197 The parent HTB1 

was previously cloned into the pCANTAB vector between the Sfi I and Not I sites, with a 

unique PstI site incorporated into the sequence allowing for facile cassette mutagenesis. 

The library-containing cassette was constructed from two overlapping primers that 

covered the requisite codons corresponding to positions Phe31, Ala35, Trp44, Phe53, and 

Val55 in HTB1. The synthesized oligonucleotide library contained the NNS mixed codon 

set for positions 31, 44, 53, and 55, and the SHC mixed codon set for position 35, where 

N corresponds to either G, C, A, or T; S corresponds to G or C; and H corresponds to 

either A, T, or C.  

Forward primer: GCTGATGCTGCAGAAGCTGAAAAAATCNNSAAACAGT-
ACSHCAACGACAACGGTATCGACGGTGAANNSACCTACGACGACGCT-
ACCAAGACC 
 
Reverse primer: GCATAGTCTAGCGGCCGCTTCGGTSNNGGTSNNGGTCT-
TGGTAGCGTCGTCGTAGG 
 
The primers were extended to the full duplex by mutually primed synthesis 

utilizing the Klenow fragment of Escherichia coli DNA polymerase I. The insert was 

purified and subsequently digested with Not I and Pst I and cloned into a pCANTAB-5E 

vector containing the digested parent HTB1. After electroporation of XL-1 blue cells, the 

total library size was 6.3 × 106.  
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5.3.2 Phage-Display Selection of Zinc Dependent HTB1 Variants.  

Phage were prepared from the HTB1 core library in the pCANTAB–5E phagemid 

vector.  XL-1 Blue E. Coli cells containing the library were inoculated with M13K07 

helper phage for 15 hours.  Phage particles were isolated from the culture supernatant via 

PEG precipitation. 

 The panning target IgG was prepared on streptavidin coated magnetic beads.206  

Biotinylated Protein L was incubated with the beads for 30 minutes in PBS (phosphate 

buffered saline) with 1 mM EDTA and 0.05% Tween-20.  The beads were then blocked 

with 0.1% BSA (bovine serum albumin), and subsequently incubated with human 

immunoglobulin G (IgG) for 30 minutes.  After washing with 0.1% BSA and the PBS 

buffer, the beads were incubated with HTB1 library phage.  Unbound phage particles 

were removed after 30 minutes and Zn2+ was added to a concentration of 500µM  

(because of the EDTA in solution, the approximate concentration of free Zn2+ was ~30 

fM). 

The zinc-exposed phage were then incubated with a fresh aliquot of IgG on 

magnetic beads for 30 minutes.  After extensive washing with the PBS solution 

(including 500 µM zinc) the bound phage particles were eluted with glycine buffer at pH 

= 2.2.  The recovered phage solution was then neutralized with 2 M Tris base solution, 

and used to infect freshly prepared XL-1 Blue E. Coli.  These output phage were then 

used as the input for the next round of selection.  Single colonies from the plated 

selection output were sent for DNA sequencing along with the pooled output after each 

round. 



 

186 

5.3.3 Phage Display Competition Between HTB1 and HTB1E 

XL-1 Blue E. Coli cells were transformed with HTB1 and HTB1E, respectively, 

in pCANTAB-5E.  Phage were then produced, as above, from the transfected E. Coli.  

The two phage solutions were mixed in a 1:1 ratio in the PBS solution, as above.  To half 

of this solution was then added zinc chloride to a final concentration of 500 µM.  The two 

phage solutions were added to IgG immobilized streptavidin coated beads (see above), 

and allowed to incubate for 1 hour.  After washing, the phage particles were eluted with 

glycine and neutralized, as above.  Infection of fresh E. Coli cells showed an input of 

~2x107 cfu for both the zinc and non-zinc competitions, and an output of ~1x105 cfu for 

each.  The DNA from the pooled outputs for both groups of phage was purified and 

sequenced.  

 

5.3.4 Expression and Labeling of FHTB1 (HTB1-Q33C) 

The extent to which the mutants could bind HTB1’s native target, IgG, was 

measured via an assay first developed by Hellinga and Sloan.  The Q33C mutant of 

HTB1 was labeled with the environmentally sensitive dye, acrylodan: 4.7 mg (21 µmol) 

of acrylodan (Molecular Probes) was dissolved in 1 mL of dimethyl sulfoxide, which was 

then added to 1.05 µmol of the Q33C mutant in 15 mL of PBS buffer (70 µM final 

concentration). The reaction vessel was shaken for 2 h, at which point the reaction was 

quenched with 20 µL of β-mercaptoethanol. The labeled protein, FHTB1, was first 

purified on a nickel-agarose affinity column (Qiagen), and then on a NAP-10 Sephadex 

G-25 column (Amersham Pharmacia). Labeling of the protein was confirmed by 
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visualization of an SDS-PAGE gel by UV fluorescence and coomassie blue staining 

(Figure 5.10).  The molecular weight of FHTB1 was confirmed via MALDI mass 

spectrometry (expected mass: 8571 g/mol; found: 8569 m/z). 
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Figure 5.10 Poly-acylamide gel electrophoresis (PAGE) of labeled FHTB1.  A) UVA 
visualized FHTB1 PAGE gel prior to staining and B) the same gel stained by Coomassie 
blue.  The co-localization of the bands demonstrate the successful labeling of the mutant 
FHTB1. 

B) 

A) 
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5.3.5 IgG Binding Assay 

5.3.5.1 IgG binding Assay with HTB1E and TJ10 

To determine the binding affinity of FHTB1 to the Fc portion of IgG, whole 

human IgG was added in increasing concentrations to FHTB1 (with a final FHTB1 

concentration of 300 nM). The results with whole IgG (from human serum, Sigma) 

correspond well with those obtained using the Fc portion of human IgG, assuming two Fc 

regions per IgG molecule.  Since every IgG molecule contains two Fc regions, the 

stoichiometry of binding was adjusted accordingly.   

For the initial competition assay, a preformed complex of whole human IgG (1.75 

µM, 3.5 µM Fc) and FHTB1 (5 µM) in 20 mM Tris-HCl at pH = 7.4, was mixed with 

increasing amounts of either TJ10, HTB1E, or the parent HTB1.  The decrease in 

fluorescence emission at 480 nm (excitation = 392 nm) was monitored on a PTI (Photon 

Technology International) fluorimeter (814 photomultiplier detection system and LPS-

220B lamp power supply) as a function of increasing competitor concentration. This 

competition between FHTB1 and the HTB1 mutants for IgG binding demonstrates the 

ability of the mutants to bind IgG. 

 

5.3.5.2 IgG binding Assay with Thrombin-Binding Mutants 

For the thrombin-binding HTB1 mutants, IgG binding assays were run with an 

internal standard of a 20 nM water soluble quantum dot solution (λmax = 595 nM, Evident 

Technologies).  Increasing amounts of the selected thrombin binders were premixed with 

FHTB1 (300 nM), and human IgG was added (500 nM putative Fc concentration).  
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Fluorescence emission of the labeled FHTB1 was monitored at 480 nm after a 30 minute 

reaction time and expressed as a fraction of the quantum dot emission intensity.  The 

resulting binding curves were fit to the following equation:  
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where F is the measured fluorescence, F0 is the initial fluorescence reading, Ff is the final 

fluorescence reading, [FHTB1] is the concentration of FHTB1, 1FHTB

DK  is the dissociation 

constant of FHTB1 for IgG, [B1mut] is the concentration of the selected thrombin-binding 

mutant, and mut

DK  is the dissociation constant of the thrombin binders for their interaction 

with IgG. 
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CHAPTER 6 
 
 

Single-Site Mutations in a Hyperthermophilic Variant of the B1 Domain of Protein G 
Result in Self-Assembled Spherical Oligomers 

 
 

 
6.1 Introduction 

Self-assembly or oligomerization is a fundamental organizing force in both 

biological and nonbiological systems207 and is observed in systems as diverse as the 

organization of cellular membranes or viral capsids. Self-assembly has also been 

implicated in amyloidogenic diseases, where proteins can form homooligomers that adopt 

β-sheet-rich fibrillar structure.172,208  A newly characterized self-assembling structure is 

that of large spherical (soluble) oligomers (LSOs) of over 5 nm in diameter, which are 

stable, unlike similar oligomers in amyloid fibrilization pathway.172  This architecture has 

been observed in the heterogeneous assemblies identified in small heat-shock proteins, 

amelogenin and ring domain proteins. The small heat shock proteins, such as αA or αB-

crystallin, form soluble oligomers  that demonstrate conformational flexibility and range 

from 8 to 20 nm in size.209  The amelogenins, on the other hand, form larger temperature 

dependent assemblies of 15-70 nm.210,211  The zinc binding, RING-domain proteins such 

as BRCA1 assemble into heterogeneous soluble oligomers of 50 nm in diameter, which 

form functional polyvalent scaffolds for protein presentation.212,213  More recently, a non-

RING-domain E7 viral oncoprotein of HPV16, has been shown to assemble into 

spherical oligomers of 50 nm in diameter.214  In other studies, soluble oligomeric 

intermediates of >4 nm in diameter have been implicated in the cellular toxicity of 
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amyloidogenic proteins.215-218  Anti-amyloid antibodies have been identified that 

specifically recognize the common oligomeric β-sheet-rich structure of a variety of self-

assembling proteins including amyloid-β, -synuclein, prion1-35, human insulin, and 

polyglutamine.219   

These recent examples of soluble oligomers in the literature point to the need for 

the continued identification and biophysical characterization of proteins that are capable 

of forming such assemblies.  In the process of searching for metal-responsive mutants of 

the mini-protein HTB1, we discovered two single point mutants (HTB1D and HTB1E) 

that demonstrated the ability to form large soluble oligomers.97  Herein is presented the 

biophysical characterization of the serendipitously discovered soluble oligomers from the 

homologous single-point core mutations in the hyperthermophilic variant of the B1 

domain of protein G (Figure 6.1).  
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Figure 6.1 Overview of the HTB1 core mutants.  (A) Ribbon model of HTB1 showing 
site of the single mutations in gold and the randomized residues in red found in HTB1D 
and HTB1E. (B) Sequences of HTB1, HTB1D, and HTB1E showing the randomized 
library sites in red and the site of mutation in gold. (C) The sequences of wild-type GB1 
(WTGB1), tetrameric (TetB1), and dimeric B1 (DimB1) variants are shown below for 
comparison. The core mutations in the B1 sequence that lead to the change in quaternary 
structure are shown as dark blue in (C). 
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The immunoglobulin-binding domain B1 of the streptococcal protein G (GB1) is 

one of the most extensively utilized model systems for protein folding and design.187,220-

225  The B1 domain belongs to the ubiquitin superfamily and contains an α-helix that lies 

across a four-stranded β-sheet187,226 (Figure 6.1).  Gronenborn and co-workers have 

recently shown that five core mutations in the B1 domain result in the formation of 

domain swapped tetramers,227 whereas four core mutations result in domain swapped 

dimmers (Figure 6.1C).192,228  Another protein with a similar fold, the B1 domain of 

protein L, has been shown by Baker and co-workers to form domain swapped dimeric 

structures.229  Regan and co-workers have also identified destabilized mutants of the B1 

domain that form amyloid like fibrils.230,231  However, no spherical oligomers of the B1 

mutants or the ubiquitin fold family have been reported to date.  

The B1 domain of protein G was computationally redesigned by Mayo and co-

workers to afford a hyperthermostable variant (HTB1) by the incorporating six mutations 

throughout the sequence.  These modifications resulted in stabilization over the parent by 

4.3 kcal/mol, which corresponds to an increase in melting temperature to > 100 °C. 

During our efforts to select metal-responsive mutants of HTB1 (Chapter 5), we 

unexpectedly isolated only two core mutants from our phage displayed library with either 

an Asp or Glu at position 31 in place of a Phe (Figure 6.1). Both these mutations arose 

spontaneously and were not encoded in our starting library, prompting us to further 

investigate the physical properties of these variants.  To this end we utilized circular 

dichroism, fluorescence, histological dye binding, and dynamic light scattering to 

characterize the homologous HTB1 core mutants. Our results demonstrate that these 
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single mutations of an acidic residue in place of a buried hydrophobic residue result in 

the formation of discrete soluble oligomers of either 5 or 30 nm in size. The stable 

soluble oligomers of 30 nm in diameter are capable of binding both Thioflavin T and 

Congo Red in a manner reminiscent of an emerging class of proteins that undergo β-

sheet-mediated oligomerization.  

 

6.2 Results and Discussion 

 As discussed in Chapter 5, the phage display in vitro selection for metal 

responsive HTB1 variants from a core library led to the discovery of two homologous 

single-point mutants.  The mutations corresponded to the codons GAG or GAC in place 

of the original TTC codon of Phe31 in the parent HTB1.  Both of these codons 

corresponded to amino acids with acidic side chains: Asp or Glu.  Interestingly, besides 

mutations at amino acid position 31, the codon usage at all other randomized sites 

corresponded to the parent HTB1. Since our starting library does not incorporate the 

observed codons, this suggests that the mutations corresponding to Phe31 to either Glu31 

(HTB1E) or Asp31 (HTB1D) were spontaneous and presented an opportunity for careful 

characterization.  

 

6.2.1 Physical Characterization of Core Mutants: SDS-PAGE, Gel Filtration 

Chromatography, MALDI Mass Spectrometry  

HTB1E and HTB1D were both easily expressed (36 mg/L) and purified from the 

soluble fractions of XL-1 blue cells after sonication. Interestingly, neither protein was 
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observed in the insoluble fractions, which would have indicated possible aggregation-

driven inclusion body formation.  Previously, expression in insoluble inclusion bodies 

has been observed with aggregation-prone de novo designed proteins that predominantly 

form β-sheets.232   

Upon purification by immobilized metal affinity chromatography over a Ni-NTA 

column, both HTB1E and HTB1D were found to migrate anomalously by SDS-PAGE 

(Figure 6.2A) in comparison to the parent HTB1 protein.  The abnormal migration 

suggested the possibility that these mutants could perhaps undergo domain swapping as 

observed for GB1 core variants192,193,227 and in the B1 domain of protein L.229,233  An 

SDS-stable domain-swapped dimer could possibly correspond to a dimeric species.  

However, when either the IMAC-purified HTB1E or HTB1D was subjected to gel 

filtration on a Superdex 75 column (with a molecular cutoff of 70,000 Da), a single peak 

eluting at the void volume was observed.  The parent HTB1, however, eluted at the 

expected monomer retention volume (Figure 6.2B).  Elution in the void volume 

suggested that HTB1E and HTB1D were larger than 70,000 Da rather than the putative 

dimeric species observed by SDS-PAGE; however, prolonged centrifugation at 6000 × g 

did not result in any observable precipitation. The absence of any oligomer below 70,000 

Da suggests that dissociation constant for the oligomerization of HTB1E and HTB1D 

must be below the micromolar concentration employed during repeated gel filtration 

trials. Both proteins were further characterized by MALDI mass spectrometry to verify 

their molecular weight and were found to correspond to their predicted molecular mass 

(Figure 6.2C). 



 

197 

 

Figure 6.2 Physical characterization of HTB1E and HTB1D. (A) Denaturing SDS-PAGE 
analysis of HTB1 (lane 2); HTB1E (lane 3), and HTB1D (lane 4) with molecular weight 
markers in lane 1. (B) Gel-filtration chromatography of HTB1 and HTB1E on a Superdex 
75 HR 10/30 column. (C) MALDI mass spectrum of HTB1E and HTB1D. 



 

198 

Since these HTB1 variants contain His-tags, we attempted to cleave the His-tag 

with Genanase at a designed site incorporated into the recombinantly expressed protein. 

Interestingly, Genanase easily cleaves the His-tag attached to the N-terminus of HTB1, 

but the His-tags for both HTB1E and HTB1D could not be cleaved under any of the 

conditions attempted. This lack of Genanase cleavage suggested that HTB1E and HTB1D 

exist in a significantly different conformation than HTB1. To eliminate artifacts from the 

His-tag, HTB1 containing the His-tag was used as a control for all subsequent 

experiments. As mentioned in Chapter 5 (Section 5.2.5.2), we also probed the capability 

of HTB1E and HTB1D to bind the Fc portion of IgG by a functional test developed by 

Hellinga and co-workers.188,189  Utilizing this assay, we found that neither core mutants 

HTB1E or HTB1D had any measurable effect upon the acrylodan-labeled-HTB1-Fc 

complex at up to 25 µM concentrations. These results all pointed to significant structural 

rearrangement of HTB1 upon a single-point core mutation.  

 

6.2.2 Gel-Filtration Chromatography 

To further characterize the oligomeric species of both HTB1E and HTB1D, we 

employed a gel-filtration column with a larger molecular weight cutoff (2 000 000 Da) 

and successfully separated two oligomeric species (Figure 6.3 A,B). The relative ratios of 

the oligomeric species corresponding to peak1 (HTB1Ep1) and peak2 (HTB1Ep2) of 

HTB1E were found to be 1.6:1, whereas the relative ratios of the peaks corresponding to 

peak1 (HTB1Dp1) and peak2 (HTB1Dp2) of HTB1D were found to be 1.4:1. After 

separation of the sample, the peaks corresponding to the two oligomers, either HTB1Ep1 
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and HTB1Ep2 or HTB1Dp1 and HTB1Dp2 were stored at room temperature and 

analyzed after 1 day or 1 week. Upon reinjection of the samples we found that there was 

almost no observable equilibration of the two distinctly sized oligomeric species under 

our experimental conditions (Figure 6.3C-F). To further investigate the relative ratios of 

the two peaks, we refolded HTB1E at four different concentrations from 50 to 200 µM, 

and quite surprisingly, we did not observe a concentration-dependent preference for 

either of the two observed oligomeric species (Figure 6.4). The relative ratios of 

HTB1Ep1 and HTB1Ep2 were found to be constant under these conditions, suggesting 

that these oligomers may arise from distinct folding pathways that are equally 

concentration dependent.  

To estimate the molecular weight of the two species, we generated a standard 

curve utilizing protein molecular weight standards (Figure 6.5). The smaller of the two 

species, HTB1Ep2 and HTB1Dp2, were found to elute with retention volumes 

corresponding to molecular masses of 75,000 and 83,000 Da, respectively.  However the 

larger peaks, HTB1Ep1 and HTB1Dp1, eluted in the void volume of the column that 

suggests a molecular mass larger than 2,000,000 Da.  
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Figure 6.3 Size exclusion chromatography of HTB1E and HTB1D. The core mutants 
HTB1D (A) and HTB1E (B) were purified on a Superdex 200 HR 10/30 size exclusion 
column. After 1 week, none of the isolated species (HTB1D peak1 (C), HTB1E peak1 
(D), HTB1D peak2 (E), and HTB1E peak2 (F)) reequilibrated to the corresponding 
species.  
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Figure 6.4 Concentration dependence of oligomer distribution during protein refolding. 
HTB1D was refolded at various concentrations and the resulting samples were analyzed 
by gel filtration chromatography. Peaks corresponding to HTB1Dp1 (gray) and 
HTB1Dp2 (white) were integrated and compared to obtain a relative ratio of the two 
oligomeric species. 
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B) Molecular Weight 
protein peak 1 (kDa) peak 2 (kDa) native (kDa) 
HTB1   8.3 

HTB1E >700 75  
HTB1D >700 83  

 

Figure 6.5 Molecular weight determination from gel filtration chromatography. A) 
Calibration of the gel filtration was carried out with thyroglobulin (670 kDa), beta-
amylase (200 kDa), alcohol dehydrogenase (150 kDa), BSA (66 kDa), and carbonic 
anhydrase (29 kDa) as protein standards. HTB1Dp1 and HTB1Dp2 (open red triangles) 
and HTB1Ep1 and HTB1Ep2 (closed blue triangles) with their elution volumes are 
projected on a linear fit of the standard curve.  B) The resulting calculated molecular 
weights are shown in units of kilo-Daltons. 
 

A) 
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6.2.3 Dynamic Light Scattering 

To further study the oligomerization properties of these mutants, we turned to 

DLS, which provides a convenient way to measure particles in the 10 nm to 5 µm range.  

DLS been useful for studying large soluble oligomers of β-amyloid, small heat-shock 

proteins, ring-domain proteins, β-lactoglobulin, and the E7 protein of HPV-16. The DLS 

results show (Figure 6.6) that the soluble oligomers of both HTB1D and HTB1E form 

large particles with two distinct size ranges that agree well with the results from gel-

filtration chromatography. HTB1Ep1 has a distribution of diameters centered at 34 nm 

and HTB1Ep2 is centered at 5.6 nm. Samples containing HTB1Dp1 showed similar size 

distribution to HTB1Ep1, with an average diameter of 25 nm, while HTB1Dp2 

corresponded to HTB1Ep2 with a diameter of 5.1 nm.  Samples of HTB1D and HTB1E 

left standing at room temperature over a 4-week period and showed no change in size or 

oligomer distribution by DLS or gel-filtration chromatography compared to freshly 

refolded samples. These results suggest that these soluble particles do not undergo time-

dependent aggregation that is often observed in proteins prone to amyloidogenesis.  

 According to the gel filtration chromatography data, the smaller of the 

oligomers, HTB1Ep2 and HTB1Dp2, had an average size that corresponds to 70,000-

80,000 Da.  Assemblies of this size would result from the formation of decamers.  In 

comparison, the larger soluble oligomers eluted in the void volume and would occupy a 

volume greater than that for a protein corresponding to 2,000,000 daltons. DLS 

experiments clearly showed that the larger oligomers of HTB1Ep1 and HTB1Dp1 exist 

as a mixture of large oligomers with an average diameter of 34 and 25 nm, respectively. 
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Thus, the DLS and size-exclusion data together support the existence of large soluble 

oligomers that are similar to those thought to be on the fibril formation pathway of other 

proteins.  Several naturally occurring soluble oligomers have been seen in connection 

with a variety of proteins implicated in amyloidosis.  

The large soluble oligomers of HTB1Dp1 (25.2 nm) and HTB1Ep1 (34.4 nm), if 

modeled as a solid sphere, will correspond to assemblies of 600 monomers and 1500 

monomers, respectively. Alternatively, if the soluble oligomers form a hollow single-

layer sphere, the HTB1Dp1 oligomers will correspond to an assembly of 300 monomers, 

whereas the HTB1Ep1 oligomers will correspond to an assembly of 600 monomers.  
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Figure 6.6 Dynamic light scattering of HTB1D and HTB1E. The volume-based 
populations of the isolated HTB1Dp1 (A), HTB1Ep1 (B), HTB1Dp2 (C), and HTB1Ep2 
(D) are shown as determined by dynamic light scattering. 
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6.2.4 Circular Dichroism Spectroscopy 

Both oligomeric species for HTB1D and HTB1E were characterized by far-UV 

CD spectroscopy to establish compare the secondary structures of HTB1E and HTB1D to 

that of the parent HTB1 protein (Figure 6.7). The CD spectra of peak2 of HTB1E and 

HTB1D both appear to be less structured than the parent HTB1 protein as indicated by a 

65% lower overall mean residue ellipticity at 222 nm.  When compared to their 

respective second peaks, the species corresponding to peak1 of HTB1D and HTB1E both 

display significant minima at 218 nm.  These minima suggest that both of the first peaks 

show considerable β-sheet structure for both mutants.  Overall, the second peaks appear 

to be less structured than the peak1 of both HTB1D and HTB1E.  These data indicate  

that both HTB1 mutant proteins form two discrete soluble aggregate populations each 

that appear to possess distinct secondary structure.  
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Figure 6.7  Far UV circular dichroism of HTB1D and HTB1E species. The CD spectra 
of HTB1Dp2 (small red circles), HTB1Dp1 (large open red circles), HTB1Ep2 (small 
blue circles), and HTB1Ep1 (large open blue circles) are shown with HTB1 (open black 
circles). 
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6.2.5 Fluorescence Spectroscopy 

The parent HTB1 and our two variants contain a single tryptophan at position 44, 

which is partially buried in the native structure (Figure 6.1). This tryptophan provides a 

sensitive conformational probe that enables the comparison of the burial of this residue in 

the three proteins (Figure 6.8). The fluorescence emission spectra of the two oligomeric 

species of HTB1E and HTB1D show that the tryptophan environment is distinctly 

different from that of the parent HTB1.  The mutants both have center of spectral mass in 

the emission spectrum centered at 348-349 nm for the smaller oligomers and at 344-345 

nm for the larger oligomers.  When compared to the tryptophan emission spectra of the 

parent HTB1 protein (348 nm), the emission spectra of HTB1Dp2 and HTB1Ep2 appear 

to be considerably quenched (Figure 6.8).  This quenching could be caused by the 

proximal acidic mutation at position 31 (Figure 6.1).  In comparison to peak2, the 

tryptophan emission in the larger oligomers, corresponding to HTB1Dp1 and HTB1Ep1, 

is blue-shifted by 5 nm. This blue shift points to a more buried environment for the Trp, 

which is consistent with the increased β-sheet structure seen in the circular dichroism 

spectra.  
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Figure 6.8 The tryptophan fluorescence and center of spectral mass of HTB1D and 
HTB1E. (A) HTB1Dp1 (solid red), HTB1Dp2 (dashed maroon) tryptophan fluorescence 
spectra compared to HTB1 (solid green). (B) HTB1Ep1 (solid blue) and HTB1Ep2 
(dashed blue) compared to HTB1 (green). The excitation wavelength for all experiments 
was 290 nm.  (C) Center of spectral mass was calculated as <λ*> = ∑(λiFi)/∑(Fi) were F 
is the fluorescence intensity at a given wavelength (λ) over the range 300 < λ < 400 nm. 
 

C) Center of Spectral Mass 
Protein Peak 1 (nm) Peak 2 (nm) Native (nm)  
HTB1    348  
HTB1E  344  349   
HTB1D  345  349   
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6.2.6 Thioflavin T and Congo Red Binding 

The increase in thioflavin T fluorescence emission upon excitation at 446 nm is a 

sensitive probe for the detection of aggregated β-sheet structures and is the method of 

choice for quantifying in vitro amyloid aggregation. Similarly, the shift in absorbance in 

the dye Congo Red also provides evidence for β-sheet rich amyloid-like secondary 

structure.  To confirm the β-sheet structure observed in CD, we turned to thioflavin T and 

Congo Red binding assays.  For other spherical aggregates, these dyes have been utilized 

in the study of the E7 protein of HPV-16 214 and β-lactoglobulin.234  We thought that β-

sheet-mediated self-assembly might be a reasonable pathway for HTB1E and HTB1D to 

form the observed higher-order aggregates. 

Both HTB1Dp1 and HTB1Ep1 showed similar ThT dependent fluorescence that 

was significantly stronger than the parent HTB1 and ThT controls (Figure 6.9). 

Furthermore, the change in fluorescence for both of the larger oligomers was similar to 

that observed for a fibrillar β-amyloid (1-40) preparation used as a control. In comparison 

to the larger soluble oligomers, the smaller oligomers (HTB1Dp2 and HTB1Ep2) did not 

show thioflavin T binding, thus pointing to distinct structural features for these species. 

The change in Congo Red absorbance (Figure 6.10) followed similar trends as the 

thioflavin T fluorescence changes.  Compared to the parent HTB1, the larger oligomers 

(HTB1Ep1 and HTB1Dp1) clearly bind Congo Red, whereas the smaller oligomers show 

no appreciable increase in binding.  
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Figure 6.9 Thioflavin T binding of HTB1D and HTB1E. Thioflavin T-dependent 
fluorescence emission of (A) HTB1Dp1 (open red circles), HTB1Dp2 (solid red circles) 
as compared to HTB1 (dashed black) and β-amyloid (black squares). Thioflavin T 
fluorescence of (B) HTB1Ep1 (open blue circles), HTB1Ep2 (solid blue circles) with 
HTB1 (dashed black) and β-amyloid (black squares). Thioflavin T-dependent emission 
was monitored by excitation of 446 nm. 
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Figure 6.10 Congo Red binding of HTB1D and HTB1E. The graph shows the relative 
increase in absorbance at 542 nm of each added oligomeric species in comparison to 
Congo Red in buffer alone. 
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6.2.7 Conclusion 

The observed single mutations in the HTB1 domain that lead to two distinct 

oligomeric species are very interesting from a protein design and folding perspective, 

where most single mutations in protein cores, although often destabilizing, have little 

effect upon tertiary structure.235-238  However, recent examples of dramatic structural 

switches to stable structures by single-point mutations have been observed in the B1 

domain of protein G,229 protein L,192 and in the Arc repressor mutants,239 although 

perhaps none of these examples is as dramatic as the present case.  

In summary, we have demonstrated that single-point core mutations in a 

monomeric thermostable protein of the ubiquitin fold can result in significant structural 

rearrangement that results in two distinct species, comprising a structurally reorganized 

oligomer of 5 nm dimensions and of large spherical oligomers of 25-40 nm diameter. Our 

results suggest that the formation of alternately folded oligomers and large spherical 

oligomers may be a general feature of proteins with a partially destabilized native fold. 

The observed soluble oligomers are also interesting from the perspective of biomaterials 

design, where many different classes of self-assembling biological assemblies are under 

study for materials templating and construction.240-243  The soluble oligomers that we 

have characterized are reminiscent of many naturally occurring heterogeneous self-

assembled structures that have been observed in β-amyloid and related fibril forming 

proteins, small heat shock proteins, RING-domain proteins, viral E7 protein, amelogenin, 

and β-lactoglobulin. Thus, this emerging class of large spherical oligomers may very well 
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present alternate low energy minima on the protein folding landscape similar to the self-

assembled β-sheet-rich fibrillar structures observed in diverse proteins.172 

 

6.3 Experimental Procedures 

6.3.1 Cloning, Expression, and Purification of HTB1, HTB1D, and HTB1E 

The parent HTB1 and selected mutants HTB1D and HTB1E were PCR amplified 

out of pCANTAB-5E using designed primers with appropriate restriction sites and an N-

terminal Genenase cleavage site for cloning into the 6xHis-tag expression vector pQE-30. 

The designed primers were obtained from IDT.  

Forward primer: cgcggatccgcagctcattatatgaccttcaagcttatcatcaac  

Reverse primer: gtatctcccgggctattcggtaacggtgaaggttttg  

HTB1, HTB1D, and HTB1E were then grown in XL-1 Blue E. coli and induced with 1 

mM IPTG (isopropyl D-thiogalactoside). The soluble fraction from the cell lysate was 

bound to nickel agarose resin in a 50 mM Na2HPO4 and 300 mM NaCl buffer at pH = 

8.0. The proteins were then washed and eluted with increasing imidazole concentrations, 

with the mutants eluting at 500 mM imidazole. The IMAC purified proteins remained 

clear for > 2 months at room temperature or at 4 °C. Gel filtration chromatography was 

carried out on Superdex 75 HR 10/30 or a Superdex 200 HR 10/30 column attached to an 

Amersham FPLC system, in 20 mM Tris-HCl and 150 mM NaCl at pH = 7.4 at 100 µM 

to 2 mM protein concentrations. MALDI mass spectra were acquired on Bruker Reflex-

III MALDI/TOF. Purified protein samples were dissolved in 50% CH3CN in H2O with 

0.1% TFA that contained either sinapinic acid as the matrix.  
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6.3.2 Genanase Cleavage  

The alternate conformation of the core mutations does not allow for Genenase-

mediated cleavage of the His-tag at all conditions attempted, whereas the parent HTB1 is 

easily cleaved. Thus, all biophysical studies were conducted in the presence of the His-

tag for all studied proteins, including HTB1, HTB1E, and HTB1D. The His-tag and 

Genenase cleavage site adds the amino acids MRGSHHHHHHGSAAHY-MAQ before 

the amino acid sequences shown in Figure 6.1.  

 

6.3.3 Determination of Molecular Weights via Gel Filtration 

Calibration of the gel filtration was carried out with thyroglobulin (670 kDa), 

beta-amylase (200 kDa), alcohol dehydrogenase (150 kDa), BSA (66 kDa), and carbonic 

anhydrase (29 kDa) as protein standards.  All samples were run on a Superdex HR 200 

10/30 gel filtration column in 20 mM Tris-HCl and 150mM NaCl at pH = 7.4 and 4°C. 

 

6.3.4 Dynamic Light Scattering 

Dynamic light scattering (DLS) data of the mutants were recorded at 25 °C in 20 

mM Tris-HCl and 150 mM NaCl (pH = 7.4) on a Malvern Instruments Ltd. Zetasizer 

3000HS. The concentration of the each sample was 15-30 µM; no adjustment of 

concentration was carried out after gel filtration purification. Concentration was 

calculated by taking the absorbance at 290 nm of a 1:10 dilution in 8 M guanidine-HCl 

using the calculated molar absorptivity of 9530 M-1cm-1. The absorbance spectra of both 

a heated (95 °C, 10 min) and non-heated samples were taken in triplicate.  
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6.3.5 Circular Dichroism Spectroscopy 

Circular dichroism measurements of HTB1, HTB1E, and HTB1D were taken at 

15-30 µM on a Aviv 62A-DS spectropolarimeter with a 0.1-cm path length in 20 mM 

Tris-HCl, 150 mM NaCl at pH = 7.4 and 25 °C. The proteins were neither diluted nor 

concentrated prior to acquisition of the spectra, and concentrations were calculated as 

discussed above. The mean residue ellipticity (MRE) = (θ * 103/(0.1 cm * [P] * n), where 

n is the number of residues, [P] is the monomer protein concentration (µM), θ is in units 

of (degree * cm2/dmol), and the spectra were acquired in a 0.1 cm path-length cell.  

 

6.3.6 Trp Fluorescence Spectroscopy 

Tryptophan fluorescence emission spectra were taken on a Photon Technology 

International (PTI) spectrofluorometer with an excitation wavelength of 290 nm. The 

excitation and emission slit widths were 2 and 4 nm, respectively. Measurements were 

taken at 15-30 µM in 20 mM Tris-HCl and 150 mM NaCl at pH = 7.4 and 25 C.  

 

6.3.7 Thioflavin T Binding and Congo Red Binding 

To interrogate binding to thioflavin T, 15-30 µM solutions of HTB1, HTB1E, and 

HTB1D in 20 mM Tris-HCl and 150 mM NaCl (pH = 7.4) were added to thioflavin T 

solutions for a final concentration of 5 µM protein and 25 µM thioflavin T. A 25 µM 

sample of aggregated β-amyloid (1-40) was used as a reference standard. Readings were 

immediately taken on the Photon Technology International (PTI) spectrofluorometer with 

an excitation at 446 nm (4 nm excitation and 8 nm emission slit widths).  
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For the Congo Red assay, 100 µL of a 50 µM Congo Red solution in PBS with 

10% ethanol was added to 900 µL of 15-30 µM solutions of the HTB1 mutants in 20 mM 

Tris-HCl and 150 mM NaCl (pH = 7.4). Readings were taken after 30 min on a UV-Vis 

spectrometer. All readings were compared to a blank of Congo Red prepared in the same 

buffer system as the other samples.  
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APPENDIX A: HPLC Traces, Mass Spectra, 1H NMR Spectra 
 
Linker-Jun 

10-50% acetonitrile in water with 0.1% TFA 
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Protected AdoC (2.2a) 
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JunAdoC 

10-60% acetonitrile in water with 0.1% TFA 
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Staurosporine
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Carboxylated Staurosporine (2.4, 4.2) 
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Carboxylated Staurosporine (2.4, 4.2) − continued 
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JunStaur 

 
(analytical, 10-90%; prep: 25-65% acetonitrile in water with 0.1% TFA) 
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BS6-3 Peptide (cyclo(CTFRVFGC)G, 4.3) 

10-50% acetonitrile in water with 0.1% TFA 
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DRATPY Reduced (Linear) 
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DRATPY Cyclized 
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BS6-2-Fos 
 

 
20% to 65% acetonitrile in water with 0.1% TFA 
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BS6-3-Fos 
 

 
20% to 65% acetonitrile in water with 0.1% TFA 
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BS6-10-Fos 
 

 
20% to 65% acetonitrile in water with 0.1% TFA 
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Bivalent Inhibitor (4.4) 

40% to 65% acetonitrile in water with 0.1% TFA 
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APPENDIX B: Plasmid Maps and Sequences 
 
pCANTAB-5E with Fos and the Cyclic Peptide Library 
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pCANTAB-5E with Fos and the Cyclic Peptide Library 

 

    1 GACGAAAGGG CCTCGTGATA CGCCTATTTT TATAGGTTAA TGTCATGATA 

   51 ATAATGGTTT CTTAGACGTC AGGTGGCACT TTTCGGGGAA ATGTGCGCGG 

  101 AACCCCTATT TGTTTATTTT TCTAAATACA TTCAAATATG TATCCGCTCA 

  151 TGAGACAATA ACCCTGATAA ATGCTTCAAT AATATTGAAA AAGGAAGAGT 

  201 ATGAGTATTC AACATTTCCG TGTCGCCCTT ATTCCCTTTT TTGCGGCATT 

  251 TTGCCTTCCT GTTTTTGCTC ACCCAGAAAC GCTGGTGAAA GTAAAAGATG 

  301 CTGAAGATCA GTTGGGTGCT CGAGTGGGTT ACATCGAACT GGATCTCAAC 

  351 AGCGGTAAGA TCCTTGAGAG TTTTCGCCCC GAAGAACGTT TTCCAATGAT 

  401 GAGCACTTTT AAAGTTCTGC TATGTGGCGC GGTATTATCC CGTATTGACG 

  451 CCGGGCAAGA GCAACTCGGT CGCCGCATAC ACTATTCTCA GAATGACTTG 

  501 GTTGAGTACT CACCAGTCAC AGAAAAGCAT CTTACGGATG GCATGACAGT 

  551 AAGAGAATTA TGCAGTGCTG CCATAACCAT GAGTGATAAC ACTGCGGCCA 

  601 ACTTACTTCT GACAACGATC GGAGGACCGA AGGAGCTAAC CGCTTTTTTG 

  651 CACAACATGG GGGATCATGT AACTCGCCTT GATCGTTGGG AACCGGAGCT 

  701 GAATGAAGCC ATACCAAACG ACGAGCGTGA CACCACGATG CCTGTAGCAA 

  751 TGGCAACAAC GTTGCGCAAA CTATTAACTG GCGAACTACT TACTCTAGCT 

  801 TCCCGGCAAC AATTAATAGA CTGGATGGAG GCGGATAAAG TTGCAGGACC 

  851 ACTTCTGCGC TCGGCCCTTC CGGCTGGCTG GTTTATTGCT GATAAATCTG 

  901 GAGCCGGTGA GCGTGGGTCT CGCGGTATCA TTGCAGCACT GGGGCCAGAT 

  951 GGTAAGCCCT CCCGTATCGT AGTTATCTAC ACGACGGGGA GTCAGGCAAC 

 1001 TATGGATGAA CGAAATAGAC AGATCGCTGA GATAGGTGCC TCACTGATTA 

 1051 AGCATTGGTA ACTGTCAGAC CAAGTTTACT CATATATACT TTAGATTGAT 

 1101 TTAAAACTTC ATTTTTAATT TAAAAGGATC TAGGTGAAGA TCCTTTTTGA 

 1151 TAATCTCATG ACCAAAATCC CTTAACGTGA GTTTTCGTTC CACTGAGCGT 

 1201 CAGACCCCGT AGAAAAGATC AAAGGATCTT CTTGAGATCC TTTTTTTCTG 

 1251 CGCGTAATCT GCTGCTTGCA AACAAAAAAA CCACCGCTAC CAGCGGTGGT 

 1301 TTGTTTGCCG GATCAAGAGC TACCAACTCT TTTTCCGAAG GTAACTGGCT 

 1351 TCAGCAGAGC GCAGATACCA AATACTGTTC TTCTAGTGTA GCCGTAGTTA 

 1401 GGCCACCACT TCAAGAACTC TGTAGCACCG CCTACATACC TCGCTCTGCT 

 1451 AATCCTGTTA CCAGTGGCTG CTGCCAGTGG CGATAAGTCG TGTCTTACCG 

 1501 GGTTGGACTC AAGACGATAG TTACCGGATA AGGCGCAGCG GTCGGGCTGA 

 1551 ACGGGGGGTT CGTGCATACA GCCCAGCTTG GAGCGAACGA CCTACACCGA 

 1601 ACTGAGATAC CTACAGCGTG AGCATTGAGA AAGCGCCACG CTTCCCGAAG 

 1651 GGAGAAAGGC GGACAGGTAT CCGGTAAGCG GCAGGGTCGG AACAGGAGAG 

 1701 CGCACGAGGG AGCTTCCAGG GGGAAACGCC TGGTATCTTT ATAGTCCTGT 

 1751 CGGGTTTCGC CACCTCTGAC TTGAGCGTCG ATTTTTGTGA TGCTCGTCAG 

 1801 GGGGGCGGAG CCTATGGAAA AACGCCAGCA ACGCGGCCTT TTTACGGTTC 

 1851 CTGGCCTTTT GCTGGCCTTT TGCTCACATG TTCTTTCCTG CGTTATCCCC 

 1901 TGATTCTGTG GATAACCGTA TTACCGCCTT TGAGTGAGCT GATACCGCTC 

 1951 GCCGCAGCCG AACGACCGAG CGCAGCGAGT CAGTGAGCGA GGAAGCGGAA 

 2001 GAGCGCCCAA TACGCAAACC GCCTCTCCCC GCGCGTTGGC CGATTCATTA 

 2051 ATGCAGCTGG CACGACAGGT TTCCCGACTG GAAAGCGGGC AGTGAGCGCA 

 2101 CGCAATTAAT GTGAGTTAGC TCACTCATTA GGCACCCCAG GCTTTACACT 

 2151 TTATGCTTCC GGCTCGTATG TTGTGTGGAA TTGTGAGCGG ATAACAATTT 

 2201 CACACAGGAA ACAGCTATGA CCATGATTAC GCCAAGCTTT GGAGCCTTTT 

 2251 TTTTGGAGAT TTTCAACGTG AAAAAATTAT TATTCGCAAT TCCTTTAGTT 

 2301 GTTCCTTTCT ATGCGGCCCA GCCGGCCATG GGTTGCNNNN NNNNNNNNNN 

 2351 NNNNTGCGGT GGAGGCGGTG CTGCAGCGCT TACTGATACT CTTCAAGCTG 

 2401 AAACTGATCA ACTTGAAGAT GAAAAAAGTG CTCTTCAAAC TGAAATTGCT 

 2451 AATCTTCTTA AAGAAAAAGA AAAACTTGAA TTTATTCTTG CTGGTGCGGC 

 2501 CGCAGGTGCG CCGGTGCCGT ATCCGGATCC GCTGGAACCG CGTGCCGCAT 

 2551 AGACTGTTGA AAGTTGTTTA GCAAAACCTC ATACAGAAAA TTCATTTACT 
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 2601 AACGTCTGGA AAGACGACAA AACTTTAGAT CGTTACGCTA ACTATGAGGG 

 2651 CTGTCTGTGG AATGCTACAG GCGTTGTGGT TTGTACTGGT GACGAAACTC 

 2701 AGTGTTACGG TACATGGGTT CCTATTGGGC TTGCTATCCC TGAAAATGAG 

 2751 GGTGGTGGCT CTGAGGGTGG CGGTTCTGAG GGTGGCGGTT CTGAGGGTGG 

 2801 CGGTACTAAA CCTCCTGAGT ACGGTGATAC ACCTATTCCG GGCTATACTT 

 2851 ATATCAACCC TCTCGACGGC ACTTATCCGC CTGGTACTGA GCAAAACCCC 

 2901 GCTAATCCTA ATCCTTCTCT TGAGGAGTCT CAGCCTCTTA ATACTTTCAT 

 2951 GTTTCAGAAT AATAGGTTCC GAAATAGGCA GGGTGCATTA ACTGTTTATA 

 3001 CGGGCACTGT TACTCAAGGC ACTGACCCCG TTAAAACTTA TTACCAGTAC 

 3051 ACTCCTGTAT CATCAAAAGC CATGTATGAC GCTTACTGGA ACGGTAAATT 

 3101 CAGAGACTGC GCTTTCCATT CTGGCTTTAA TGAGGATCCA TTCGTTTGTG 

 3151 AATATCAAGG CCAATCGTCT GACCTGCCTC AACCTCCTGT CAATGCTGGC 

 3201 GGCGGCTCTG GTGGTGGTTC TGGTGGCGGC TCTGAGGGTG GCGGCTCTGA 

 3251 GGGTGGCGGT TCTGAGGGTG GCGGCTCTGA GGGTGGCGGT TCCGGTGGCG 

 3301 GCTCCGGTTC CGGTGATTTT GATTATGAAA AAATGGCAAA CGCTAATAAG 

 3351 GGGGCTATGA CCGAAAATGC CGATGAAAAC GCGCTACAGT CTGACGCTAA 

 3401 AGGCAAACTT GATTCTGTCG CTACTGATTA CGGTGCTGCT ATCGATGGTT 

 3451 TCATTGGTGA CGTTTCCGGC CTTGCTAATG GTAATGGTGC TACTGGTGAT 

 3501 TTTGCTGGCT CTAATTCCCA AATGGCTCAA GTCGGTGACG GTGATAATTC 

 3551 ACCTTTAATG AATAATTTCC GTCAATATTT ACCTTCTTTG CCTCAGTCGG 

 3601 TTGAATGTCG CCCTTATGTC TTTGGCGCTG GTAAACCATA TGAATTTTCT 

 3651 ATTGATTGTG ACAAAATAAA CTTATTCCGT GGTGTCTTTG CGTTTCTTTT 

 3701 ATATGTTGCC ACCTTTATGT ATGTATTTTC GACGTTTGCT AACATACTGC 

 3751 GTAATAAGGA GTCTTAATAA GAATTCACTG GCCGTCGTTT TACAACGTCG 

 3801 TGACTGGGAA AACCCTGGCG TTACCCAACT TAATCGCCTT GCAGCACATC 

 3851 CCCCTTTCGC CAGCTGGCGT AATAGCGAAG AGGCCCGCAC CGATCGCCCT 

 3901 TCCCAACAGT TGCGCAGCCT GAATGGCGAA TGGCGCCTGA TGCGGTATTT 

 3951 TCTCCTTACG CATCTGTGCG GTATTTCACA CCGCATATAA ATTGTAAACG 

 4001 TTAATATTTT GTTAAAATTC GCGTTAAATT TTTGTTAAAT CAGCTCATTT 

 4051 TTTAACCAAT AGGCCGAAAT CGGCAAAATC CCTTATAAAT CAAAAGAATA 

 4101 GCCCGAGATA GGGTTGAGTG TTGTTCCAGT TTGGAACAAG AGTCCACTAT 

 4151 TAAAGAACGT GGACTCCAAC GTCAAAGGGC GAAAAACCGT CTATCAGGGC 

 4201 GATGGCCCAC TACGTGAACC ATCACCCAAA TCAAGTTTTT TGGGGTCGAG 

 4251 GTGCCGTAAA GCACTAAATC GGAACCCTAA AGGGAGCCCC CGATTTAGAG 

 4301 CTTGACGGGG AAAGCCGGCG AACGTGGCGA GAAAGGAAGG GAAGAAAGCG 

 4351 AAAGGAGCGG GCGCTAGGGC GCTGGCAAGT GTAGCGGTCA CGCTGCGCGT 

 4401 AACCACCACA CCCGCCGCGC TTAATGCGCC GCTACAGGGC GCGTACTATG 

 4451 GTTGCTTTGA CGGGTGCAGT CTCAGTACAA TCTGCTCTGA TGCCGCATAG 

 4501 TTAAGCCAGC CCCGACACCC GCCAACACCC GCTGACGCGC CCTGACGGGC 

 4551 TTGTCTGCTC CCGGCATCCG CTTACAGACA AGCTGTGACC GTCTCCGGGA 

 4601 GCTGCATGTG TCAGAGGTTT TCACCGTCAT CACCGAAACG CGCGA 
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pCANTAB-5E with HTB1



 

236 

pCANTAB-5E with HTB1 

 

    1 GACGAAAGGG CCTCGTGATA CGCCTATTTT TATAGGTTAA TGTCATGATA 

   51 ATAATGGTTT CTTAGACGTC AGGTGGCACT TTTCGGGGAA ATGTGCGCGG 

  101 AACCCCTATT TGTTTATTTT TCTAAATACA TTCAAATATG TATCCGCTCA 

  151 TGAGACAATA ACCCTGATAA ATGCTTCAAT AATATTGAAA AAGGAAGAGT 

  201 ATGAGTATTC AACATTTCCG TGTCGCCCTT ATTCCCTTTT TTGCGGCATT 

  251 TTGCCTTCCT GTTTTTGCTC ACCCAGAAAC GCTGGTGAAA GTAAAAGATG 

  301 CTGAAGATCA GTTGGGTGCT CGAGTGGGTT ACATCGAACT GGATCTCAAC 

  351 AGCGGTAAGA TCCTTGAGAG TTTTCGCCCC GAAGAACGTT TTCCAATGAT 

  401 GAGCACTTTT AAAGTTCTGC TATGTGGCGC GGTATTATCC CGTATTGACG 

  451 CCGGGCAAGA GCAACTCGGT CGCCGCATAC ACTATTCTCA GAATGACTTG 

  501 GTTGAGTACT CACCAGTCAC AGAAAAGCAT CTTACGGATG GCATGACAGT 

  551 AAGAGAATTA TGCAGTGCTG CCATAACCAT GAGTGATAAC ACTGCGGCCA 

  601 ACTTACTTCT GACAACGATC GGAGGACCGA AGGAGCTAAC CGCTTTTTTG 

  651 CACAACATGG GGGATCATGT AACTCGCCTT GATCGTTGGG AACCGGAGCT 

  701 GAATGAAGCC ATACCAAACG ACGAGCGTGA CACCACGATG CCTGTAGCAA 

  751 TGGCAACAAC GTTGCGCAAA CTATTAACTG GCGAACTACT TACTCTAGCT 

  801 TCCCGGCAAC AATTAATAGA CTGGATGGAG GCGGATAAAG TTGCAGGACC 

  851 ACTTCTGCGC TCGGCCCTTC CGGCTGGCTG GTTTATTGCT GATAAATCTG 

  901 GAGCCGGTGA GCGTGGGTCT CGCGGTATCA TTGCAGCACT GGGGCCAGAT 

  951 GGTAAGCCCT CCCGTATCGT AGTTATCTAC ACGACGGGGA GTCAGGCAAC 

 1001 TATGGATGAA CGAAATAGAC AGATCGCTGA GATAGGTGCC TCACTGATTA 

 1051 AGCATTGGTA ACTGTCAGAC CAAGTTTACT CATATATACT TTAGATTGAT 

 1101 TTAAAACTTC ATTTTTAATT TAAAAGGATC TAGGTGAAGA TCCTTTTTGA 

 1151 TAATCTCATG ACCAAAATCC CTTAACGTGA GTTTTCGTTC CACTGAGCGT 

 1201 CAGACCCCGT AGAAAAGATC AAAGGATCTT CTTGAGATCC TTTTTTTCTG 

 1251 CGCGTAATCT GCTGCTTGCA AACAAAAAAA CCACCGCTAC CAGCGGTGGT 

 1301 TTGTTTGCCG GATCAAGAGC TACCAACTCT TTTTCCGAAG GTAACTGGCT 

 1351 TCAGCAGAGC GCAGATACCA AATACTGTTC TTCTAGTGTA GCCGTAGTTA 

 1401 GGCCACCACT TCAAGAACTC TGTAGCACCG CCTACATACC TCGCTCTGCT 

 1451 AATCCTGTTA CCAGTGGCTG CTGCCAGTGG CGATAAGTCG TGTCTTACCG 

 1501 GGTTGGACTC AAGACGATAG TTACCGGATA AGGCGCAGCG GTCGGGCTGA 

 1551 ACGGGGGGTT CGTGCATACA GCCCAGCTTG GAGCGAACGA CCTACACCGA 

 1601 ACTGAGATAC CTACAGCGTG AGCATTGAGA AAGCGCCACG CTTCCCGAAG 

 1651 GGAGAAAGGC GGACAGGTAT CCGGTAAGCG GCAGGGTCGG AACAGGAGAG 

 1701 CGCACGAGGG AGCTTCCAGG GGGAAACGCC TGGTATCTTT ATAGTCCTGT 

 1751 CGGGTTTCGC CACCTCTGAC TTGAGCGTCG ATTTTTGTGA TGCTCGTCAG 

 1801 GGGGGCGGAG CCTATGGAAA AACGCCAGCA ACGCGGCCTT TTTACGGTTC 

 1851 CTGGCCTTTT GCTGGCCTTT TGCTCACATG TTCTTTCCTG CGTTATCCCC 

 1901 TGATTCTGTG GATAACCGTA TTACCGCCTT TGAGTGAGCT GATACCGCTC 

 1951 GCCGCAGCCG AACGACCGAG CGCAGCGAGT CAGTGAGCGA GGAAGCGGAA 

 2001 GAGCGCCCAA TACGCAAACC GCCTCTCCCC GCGCGTTGGC CGATTCATTA 

 2051 ATGCAGCTGG CACGACAGGT TTCCCGACTG GAAAGCGGGC AGTGAGCGCA 

 2101 ACGCAATTAA TGTGAGTTAG CTCACTCATT AGGCACCCCA GGCTTTACAC 

 2151 TTTATGCTTC CGGCTCGTAT GTTGTGTGGA ATTGTGAGCG GATAACAATT 

 2201 TCACACAGGA AACAGCTATG ACCATGATTA CGCCAAGCTT TGGAGCCTTT 

 2251 TTTTTGGAGA TTTTCAACGT GAAAAAATTA TTATTCGCAA TTCCTTTAGT 

 2301 TGTTCCTTTC TATGCGGCCC AGCCGGCCAT GGCCCAGACC TTCAAGCTTA 

 2351 TCATCAACGG TAAAACCCTG AAAGGTGAAA TCACCATCGA AGCTGTTGAC 

 2401 GCTGCAGAAG CTGAAAAAAT CTTCAAACAG TACGCTAACG ACAACGGTAT 

 2451 CGACGGTGAA TGGACCTACG ACGACGCTAC CAAAACCTTC ACCGTTACCG 

 2501 AAGCGGCCGC AGGTGCGCCG GTGCCGTATC CGGATCCGCT GGAACCGCGT 

 2551 GCCGCATAGA CTGTTGAAAG TTGTTTAGCA AAACCTCATA CAGAAAATTC 
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 2601 ATTTACTAAC GTCTGGAAAG ACGACAAAAC TTTAGATCGT TACGCTAACT 

 2651 ATGAGGGCTG TCTGTGGAAT GCTACAGGCG TTGTGGTTTG TACTGGTGAC 

 2701 GAAACTCAGT GTTACGGTAC ATGGGTTCCT ATTGGGCTTG CTATCCCTGA 

 2751 AAATGAGGGT GGTGGCTCTG AGGGTGGCGG TTCTGAGGGT GGCGGTTCTG 

 2801 AGGGTGGCGG TACTAAACCT CCTGAGTACG GTGATACACC TATTCCGGGC 

 2851 TATACTTATA TCAACCCTCT CGACGGCACT TATCCGCCTG GTACTGAGCA 

 2901 AAACCCCGCT AATCCTAATC CTTCTCTTGA GGAGTCTCAG CCTCTTAATA 

 2951 CTTTCATGTT TCAGAATAAT AGGTTCCGAA ATAGGCAGGG TGCATTAACT 

 3001 GTTTATACGG GCACTGTTAC TCAAGGCACT GACCCCGTTA AAACTTATTA 

 3051 CCAGTACACT CCTGTATCAT CAAAAGCCAT GTATGACGCT TACTGGAACG 

 3101 GTAAATTCAG AGACTGCGCT TTCCATTCTG GCTTTAATGA GGATCCATTC 

 3151 GTTTGTGAAT ATCAAGGCCA ATCGTCTGAC CTGCCTCAAC CTCCTGTCAA 

 3201 TGCTGGCGGC GGCTCTGGTG GTGGTTCTGG TGGCGGCTCT GAGGGTGGCG 

 3251 GCTCTGAGGG TGGCGGTTCT GAGGGTGGCG GCTCTGAGGG TGGCGGTTCC 

 3301 GGTGGCGGCT CCGGTTCCGG TGATTTTGAT TATGAAAAAA TGGCAAACGC 

 3351 TAATAAGGGG GCTATGACCG AAAATGCCGA TGAAAACGCG CTACAGTCTG 

 3401 ACGCTAAAGG CAAACTTGAT TCTGTCGCTA CTGATTACGG TGCTGCTATC 

 3451 GATGGTTTCA TTGGTGACGT TTCCGGCCTT GCTAATGGTA ATGGTGCTAC 

 3501 TGGTGATTTT GCTGGCTCTA ATTCCCAAAT GGCTCAAGTC GGTGACGGTG 

 3551 ATAATTCACC TTTAATGAAT AATTTCCGTC AATATTTACC TTCTTTGCCT 

 3601 CAGTCGGTTG AATGTCGCCC TTATGTCTTT GGCGCTGGTA AACCATATGA 

 3651 ATTTTCTATT GATTGTGACA AAATAAACTT ATTCCGTGGT GTCTTTGCGT 

 3701 TTCTTTTATA TGTTGCCACC TTTATGTATG TATTTTCGAC GTTTGCTAAC 

 3751 ATACTGCGTA ATAAGGAGTC TTAATAAGAA TTCACTGGCC GTCGTTTTAC 

 3801 AACGTCGTGA CTGGGAAAAC CCTGGCGTTA CCCAACTTAA TCGCCTTGCA 

 3851 GCACATCCCC CTTTCGCCAG CTGGCGTAAT AGCGAAGAGG CCCGCACCGA 

 3901 TCGCCCTTCC CAACAGTTGC GCAGCCTGAA TGGCGAATGG CGCCTGATGC 

 3951 GGTATTTTCT CCTTACGCAT CTGTGCGGTA TTTCACACCG CATATAAATT 

 4001 GTAAACGTTA ATATTTTGTT AAAATTCGCG TTAAATTTTT GTTAAATCAG 

 4051 CTCATTTTTT AACCAATAGG CCGAAATCGG CAAAATCCCT TATAAATCAA 

 4101 AAGAATAGCC CGAGATAGGG TTGAGTGTTG TTCCAGTTTG GAACAAGAGT 

 4151 CCACTATTAA AGAACGTGGA CTCCAACGTC AAAGGGCGAA AAACCGTCTA 

 4201 TCAGGGCGAT GGCCCACTAC GTGAACCATC ACCCAAATCA AGTTTTTTGG 

 4251 GGTCGAGGTG CCGTAAAGCA CTAAATCGGA ACCCTAAAGG GAGCCCCCGA 

 4301 TTTAGAGCTT GACGGGGAAA GCCGGCGAAC GTGGCGAGAA AGGAAGGGAA 

 4351 GAAAGCGAAA GGAGCGGGCG CTAGGGCGCT GGCAAGTGTA GCGGTCACGC 

 4401 TGCGCGTAAC CACCACACCC GCCGCGCTTA ATGCGCCGCT ACAGGGCGCG 

 4451 TACTATGGTT GCTTTGACGG GTGCAGTCTC AGTACAATCT GCTCTGATGC 

 4501 CGCATAGTTA AGCCAGCCCC GACACCCGCC AACACCCGCT GACGCGCCCT 

 4551 GACGGGCTTG TCTGCTCCCG GCATCCGCTT ACAGACAAGC TGTGACCGTC 

 4601 TCCGGGAGCT GCATGTGTCA GAGGTTTTCA CCGTCATCAC CGAAACGCGC 

 4651 GA 
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 pRSF-Duet with BS6-3-Fos 
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pRSF-Duet with BS6-3-Fos 
 
    1 GGGGAATTGT GAGCGGATAA CAATTCCCCT GTAGAAATAA TTTTGTTTAA 

   51 CTTTAATAAG GATATACCAT GGGTTGCACG TTCCGGGTGT TCGGGTGCGG 

  101 TGGAGGCGGT GCTGCAGCGC TTACTGATAC TCTTCAAGCT GAAACTGATC 

  151 AACTTGAAGA TGAAAAAAGT GCTCTTCAAA CTGAAATTGC TAATCTTCTT 

  201 AAAGAAAAAG AAAAACTTGA ATTTATTCTT GCTGGTGGCT GGGAATTCCA 

  251 TCACCATCAT CACCACTAAT AAAAGCTTGC GGCCGCATAA TGCTTAAGTC 

  301 GAACAGAAAG TAATCGTATT GTACACGGCC GCATAATCGA AATTAATACG 

  351 ACTCACTATA GGGGAATTGT GAGCGGATAA CAATTCCCCA TCTTAGTATA 

  401 TTAGTTAAGT ATAAGAAGGA GATATACATA TGGCAGATCT CAATTGGATA 

  451 TCGGCCGGCC ACGCGATCGC TGACGTCGGT ACCCTCGAGT CTGGTAAAGA 

  501 AACCGCTGCT GCGAAATTTG AACGCCAGCA CATGGACTCG TCTACTAGCG 

  551 CAGCTTAATT AACCTAGGCT GCTGCCACCG CTGAGCAATA ACTAGCATAA 

  601 CCCCTTGGGG CCTCTAAACG GGTCTTGAGG GGTTTTTTGC TGAAACCTCA 

  651 GGCATTTGAG AAGCACACGG TCACACTGCT TCCGGTAGTC AATAAACCGG 

  701 TAAACCAGCA ATAGACATAA GCGGCTATTT AACGACCCTG CCCTGAACCG 

  751 ACGACAAGCT GACGACCGGG TCTCCGCAAG TGGCACTTTT CGGGGAAATG 

  801 TGCGCGGAAC CCCTATTTGT TTATTTTTCT AAATACATTC AAATATGTAT 

  851 CCGCTCATGA ATTAATTCTT AGAAAAACTC ATCGAGCATC AAATGAAACT 

  901 GCAATTTATT CATATCAGGA TTATCAATAC CATATTTTTG AAAAAGCCGT 

  951 TTCTGTAATG AAGGAGAAAA CTCACCGAGG CAGTTCCATA GGATGGCAAG 

 1001 ATCCTGGTAT CGGTCTGCGA TTCCGACTCG TCCAACATCA ATACAACCTA 

 1051 TTAATTTCCC CTCGTCAAAA ATAAGGTTAT CAAGTGAGAA ATCACCATGA 

 1101 GTGACGACTG AATCCGGTGA GAATGGCAAA AGTTTATGCA TTTCTTTCCA 

 1151 GACTTGTTCA ACAGGCCAGC CATTACGCTC GTCATCAAAA TCACTCGCAT 

 1201 CAACCAAACC GTTATTCATT CGTGATTGCG CCTGAGCGAG ACGAAATACG 

 1251 CGGTCGCTGT TAAAAGGACA ATTACAAACA GGAATCGAAT GCAACCGGCG 

 1301 CAGGAACACT GCCAGCGCAT CAACAATATT TTCACCTGAA TCAGGATATT 

 1351 CTTCTAATAC CTGGAATGCT GTTTTCCCGG GGATCGCAGT GGTGAGTAAC 

 1401 CATGCATCAT CAGGAGTACG GATAAAATGC TTGATGGTCG GAAGAGGCAT 

 1451 AAATTCCGTC AGCCAGTTTA GTCTGACCAT CTCATCTGTA ACATCATTGG 

 1501 CAACGCTACC TTTGCCATGT TTCAGAAACA ACTCTGGCGC ATCGGGCTTC 

 1551 CCATACAATC GATAGATTGT CGCACCTGAT TGCCCGACAT TATCGCGAGC 

 1601 CCATTTATAC CCATATAAAT CAGCATCCAT GTTGGAATTT AATCGCGGCC 

 1651 TAGAGCAAGA CGTTTCCCGT TGAATATGGC TCATACTCTT CCTTTTTCAA 

 1701 TATTATTGAA GCATTTATCA GGGTTATTGT CTCATGAGCG GATACATATT 

 1751 TGAATGTATT TAGAAAAATA AACAAATAGG CATGCAGCGC TCTTCCGCTT 

 1801 CCTCGCTCAC TGACTCGCTA CGCTCGGTCG TTCGACTGCG GCGAGCGGTG 

 1851 TCAGCTCACT CAAAAGCGGT AATACGGTTA TCCACAGAAT CAGGGGATAA 

 1901 AGCCGGAAAG AACATGTGAG CAAAAAGCAA AGCACCGGAA GAAGCCAACG 

 1951 CCGCAGGCGT TTTTCCATAG GCTCCGCCCC CCTGACGAGC ATCACAAAAA 

 2001 TCGACGCTCA AGCCAGAGGT GGCGAAACCC GACAGGACTA TAAAGATACC 

 2051 AGGCGTTTCC CCCTGGAAGC TCCCTCGTGC GCTCTCCTGT TCCGACCCTG 

 2101 CCGCTTACCG GATACCTGTC CGCCTTTCTC CCTTCGGGAA GCGTGGCGCT 

 2151 TTCTCATAGC TCACGCTGTT GGTATCTCAG TTCGGTGTAG GTCGTTCGCT 

 2201 CCAAGCTGGG CTGTGTGCAC GAACCCCCCG TTCAGCCCGA CCGCTGCGCC 

 2251 TTATCCGGTA ACTATCGTCT TGAGTCCAAC CCGGTAAGAC ACGACTTATC 

 2301 GCCACTGGCA GCAGCCATTG GTAACTGATT TAGAGGACTT TGTCTTGAAG 

 2351 TTATGCACCT GTTAAGGCTA AACTGAAAGA ACAGATTTTG GTGAGTGCGG 

 2401 TCCTCCAACC CACTTACCTT GGTTCAAAGA GTTGGTAGCT CAGCGAACCT 

 2451 TGAGAAAACC ACCGTTGGTA GCGGTGGTTT TTCTTTATTT ATGAGATGAT 

 2501 GAATCAATCG GTCTATCAAG TCAACGAACA GCTATTCCGT TACTCTAGAT 

 2551 TTCAGTGCAA TTTATCTCTT CAAATGTAGC ACCTGAAGTC AGCCCCATAC 
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 2601 GATATAAGTT GTAATTCTCA TGTTAGTCAT GCCCCGCGCC CACCGGAAGG 

 2651 AGCTGACTGG GTTGAAGGCT CTCAAGGGCA TCGGTCGAGA TCCCGGTGCC 

 2701 TAATGAGTGA GCTAACTTAC ATTAATTGCG TTGCGCTCAC TGCCCGCTTT 

 2751 CCAGTCGGGA AACCTGTCGT GCCAGCTGCA TTAATGAATC GGCCAACGCG 

 2801 CGGGGAGAGG CGGTTTGCGT ATTGGGCGCC AGGGTGGTTT TTCTTTTCAC 

 2851 CAGTGAGACG GGCAACAGCT GATTGCCCTT CACCGCCTGG CCCTGAGAGA 

 2901 GTTGCAGCAA GCGGTCCACG CTGGTTTGCC CCAGCAGGCG AAAATCCTGT 

 2951 TTGATGGTGG TTAACGGCGG GATATAACAT GAGCTGTCTT CGGTATCGTC 

 3001 GTATCCCACT ACCGAGATGT CCGCACCAAC GCGCAGCCCG GACTCGGTAA 

 3051 TGGCGCGCAT TGCGCCCAGC GCCATCTGAT CGTTGGCAAC CAGCATCGCA 

 3101 GTGGGAACGA TGCCCTCATT CAGCATTTGC ATGGTTTGTT GAAAACCGGA 

 3151 CATGGCACTC CAGTCGCCTT CCCGTTCCGC TATCGGCTGA ATTTGATTGC 

 3201 GAGTGAGATA TTTATGCCAG CCAGCCAGAC GCAGACGCGC CGAGACAGAA 

 3251 CTTAATGGGC CCGCTAACAG CGCGATTTGC TGGTGACCCA ATGCGACCAG 

 3301 ATGCTCCACG CCCAGTCGCG TACCGTCTTC ATGGGAGAAA ATAATACTGT 

 3351 TGATGGGTGT CTGGTCAGAG ACATCAAGAA ATAACGCCGG AACATTAGTG 

 3401 CAGGCAGCTT CCACAGCAAT GGCATCCTGG TCATCCAGCG GATAGTTAAT 

 3451 GATCAGCCCA CTGACGCGTT GCGCGAGAAG ATTGTGCACC GCCGCTTTAC 

 3501 AGGCTTCGAC GCCGCTTCGT TCTACCATCG ACACCACCAC GCTGGCACCC 

 3551 AGTTGATCGG CGCGAGATTT AATCGCCGCG ACAATTTGCG ACGGCGCGTG 

 3601 CAGGGCCAGA CTGGAGGTGG CAACGCCAAT CAGCAACGAC TGTTTGCCCG 

 3651 CCAGTTGTTG TGCCACGCGG TTGGGAATGT AATTCAGCTC CGCCATCGCC 

 3701 GCTTCCACTT TTTCCCGCGT TTTCGCAGAA ACGTGGCTGG CCTGGTTCAC 

 3751 CACGCGGGAA ACGGTCTGAT AAGAGACACC GGCATACTCT GCGACATCGT 

 3801 ATAACGTTAC TGGTTTCACA TTCACCACCC TGAATTGACT CTCTTCCGGG 

 3851 CGCTATCATG CCATACCGCG AAAGGTTTTG CGCCATTCGA TGGTGTCCGG 

 3901 GATCTCGACG CTCTCCCTTA TGCGACTCCT GCATTAGGAA ATTAATACGA 

 3951 CTCACTATA 
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pRSF-Duet with BS6-2-Fos 
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pRSF-Duet with BS6-2-Fos 
 
    1 GGGGAATTGT GAGCGGATAA CAATTCCCCT GTAGAAATAA TTTTGTTTAA 

   51 CTTTAATAAG GATATACCAT GGGTTGCGTC TTGGGGTGGC GGTGGTGCGG 

  101 TGGAGGCGGT GCTGCAGCGC TTACTGATAC TCTTCAAGCT GAAACTGATC 

  151 AACTTGAAGA TGAAAAAAGT GCTCTTCAAA CTGAAATTGC TAATCTTCTT 

  201 AAAGAAAAAG AAAAACTTGA ATTTATTCTT GCTGGTGGCT GGGAATTCCA 

  251 TCACCATCAT CACCACTAAT AAAAGCTTGC GGCCGCATAA TGCTTAAGTC 

  301 GAACAGAAAG TAATCGTATT GTACACGGCC GCATAATCGA AATTAATACG 

  351 ACTCACTATA GGGGAATTGT GAGCGGATAA CAATTCCCCA TCTTAGTATA 

  401 TTAGTTAAGT ATAAGAAGGA GATATACATA TGGCAGATCT CAATTGGATA 

  451 TCGGCCGGCC ACGCGATCGC TGACGTCGGT ACCCTCGAGT CTGGTAAAGA 

  501 AACCGCTGCT GCGAAATTTG AACGCCAGCA CATGGACTCG TCTACTAGCG 

  551 CAGCTTAATT AACCTAGGCT GCTGCCACCG CTGAGCAATA ACTAGCATAA 

  601 CCCCTTGGGG CCTCTAAACG GGTCTTGAGG GGTTTTTTGC TGAAACCTCA 

  651 GGCATTTGAG AAGCACACGG TCACACTGCT TCCGGTAGTC AATAAACCGG 

  701 TAAACCAGCA ATAGACATAA GCGGCTATTT AACGACCCTG CCCTGAACCG 

  751 ACGACAAGCT GACGACCGGG TCTCCGCAAG TGGCACTTTT CGGGGAAATG 

  801 TGCGCGGAAC CCCTATTTGT TTATTTTTCT AAATACATTC AAATATGTAT 

  851 CCGCTCATGA ATTAATTCTT AGAAAAACTC ATCGAGCATC AAATGAAACT 

  901 GCAATTTATT CATATCAGGA TTATCAATAC CATATTTTTG AAAAAGCCGT 

  951 TTCTGTAATG AAGGAGAAAA CTCACCGAGG CAGTTCCATA GGATGGCAAG 

 1001 ATCCTGGTAT CGGTCTGCGA TTCCGACTCG TCCAACATCA ATACAACCTA 

 1051 TTAATTTCCC CTCGTCAAAA ATAAGGTTAT CAAGTGAGAA ATCACCATGA 

 1101 GTGACGACTG AATCCGGTGA GAATGGCAAA AGTTTATGCA TTTCTTTCCA 

 1151 GACTTGTTCA ACAGGCCAGC CATTACGCTC GTCATCAAAA TCACTCGCAT 

 1201 CAACCAAACC GTTATTCATT CGTGATTGCG CCTGAGCGAG ACGAAATACG 

 1251 CGGTCGCTGT TAAAAGGACA ATTACAAACA GGAATCGAAT GCAACCGGCG 

 1301 CAGGAACACT GCCAGCGCAT CAACAATATT TTCACCTGAA TCAGGATATT 

 1351 CTTCTAATAC CTGGAATGCT GTTTTCCCGG GGATCGCAGT GGTGAGTAAC 

 1401 CATGCATCAT CAGGAGTACG GATAAAATGC TTGATGGTCG GAAGAGGCAT 

 1451 AAATTCCGTC AGCCAGTTTA GTCTGACCAT CTCATCTGTA ACATCATTGG 

 1501 CAACGCTACC TTTGCCATGT TTCAGAAACA ACTCTGGCGC ATCGGGCTTC 

 1551 CCATACAATC GATAGATTGT CGCACCTGAT TGCCCGACAT TATCGCGAGC 

 1601 CCATTTATAC CCATATAAAT CAGCATCCAT GTTGGAATTT AATCGCGGCC 

 1651 TAGAGCAAGA CGTTTCCCGT TGAATATGGC TCATACTCTT CCTTTTTCAA 

 1701 TATTATTGAA GCATTTATCA GGGTTATTGT CTCATGAGCG GATACATATT 

 1751 TGAATGTATT TAGAAAAATA AACAAATAGG CATGCAGCGC TCTTCCGCTT 

 1801 CCTCGCTCAC TGACTCGCTA CGCTCGGTCG TTCGACTGCG GCGAGCGGTG 

 1851 TCAGCTCACT CAAAAGCGGT AATACGGTTA TCCACAGAAT CAGGGGATAA 

 1901 AGCCGGAAAG AACATGTGAG CAAAAAGCAA AGCACCGGAA GAAGCCAACG 

 1951 CCGCAGGCGT TTTTCCATAG GCTCCGCCCC CCTGACGAGC ATCACAAAAA 

 2001 TCGACGCTCA AGCCAGAGGT GGCGAAACCC GACAGGACTA TAAAGATACC 

 2051 AGGCGTTTCC CCCTGGAAGC TCCCTCGTGC GCTCTCCTGT TCCGACCCTG 

 2101 CCGCTTACCG GATACCTGTC CGCCTTTCTC CCTTCGGGAA GCGTGGCGCT 

 2151 TTCTCATAGC TCACGCTGTT GGTATCTCAG TTCGGTGTAG GTCGTTCGCT 

 2201 CCAAGCTGGG CTGTGTGCAC GAACCCCCCG TTCAGCCCGA CCGCTGCGCC 

 2251 TTATCCGGTA ACTATCGTCT TGAGTCCAAC CCGGTAAGAC ACGACTTATC 

 2301 GCCACTGGCA GCAGCCATTG GTAACTGATT TAGAGGACTT TGTCTTGAAG 

 2351 TTATGCACCT GTTAAGGCTA AACTGAAAGA ACAGATTTTG GTGAGTGCGG 

 2401 TCCTCCAACC CACTTACCTT GGTTCAAAGA GTTGGTAGCT CAGCGAACCT 

 2451 TGAGAAAACC ACCGTTGGTA GCGGTGGTTT TTCTTTATTT ATGAGATGAT 

 2501 GAATCAATCG GTCTATCAAG TCAACGAACA GCTATTCCGT TACTCTAGAT 

 2551 TTCAGTGCAA TTTATCTCTT CAAATGTAGC ACCTGAAGTC AGCCCCATAC 
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 2601 GATATAAGTT GTAATTCTCA TGTTAGTCAT GCCCCGCGCC CACCGGAAGG 

 2651 AGCTGACTGG GTTGAAGGCT CTCAAGGGCA TCGGTCGAGA TCCCGGTGCC 

 2701 TAATGAGTGA GCTAACTTAC ATTAATTGCG TTGCGCTCAC TGCCCGCTTT 

 2751 CCAGTCGGGA AACCTGTCGT GCCAGCTGCA TTAATGAATC GGCCAACGCG 

 2801 CGGGGAGAGG CGGTTTGCGT ATTGGGCGCC AGGGTGGTTT TTCTTTTCAC 

 2851 CAGTGAGACG GGCAACAGCT GATTGCCCTT CACCGCCTGG CCCTGAGAGA 

 2901 GTTGCAGCAA GCGGTCCACG CTGGTTTGCC CCAGCAGGCG AAAATCCTGT 

 2951 TTGATGGTGG TTAACGGCGG GATATAACAT GAGCTGTCTT CGGTATCGTC 

 3001 GTATCCCACT ACCGAGATGT CCGCACCAAC GCGCAGCCCG GACTCGGTAA 

 3051 TGGCGCGCAT TGCGCCCAGC GCCATCTGAT CGTTGGCAAC CAGCATCGCA 

 3101 GTGGGAACGA TGCCCTCATT CAGCATTTGC ATGGTTTGTT GAAAACCGGA 

 3151 CATGGCACTC CAGTCGCCTT CCCGTTCCGC TATCGGCTGA ATTTGATTGC 

 3201 GAGTGAGATA TTTATGCCAG CCAGCCAGAC GCAGACGCGC CGAGACAGAA 

 3251 CTTAATGGGC CCGCTAACAG CGCGATTTGC TGGTGACCCA ATGCGACCAG 

 3301 ATGCTCCACG CCCAGTCGCG TACCGTCTTC ATGGGAGAAA ATAATACTGT 

 3351 TGATGGGTGT CTGGTCAGAG ACATCAAGAA ATAACGCCGG AACATTAGTG 

 3401 CAGGCAGCTT CCACAGCAAT GGCATCCTGG TCATCCAGCG GATAGTTAAT 

 3451 GATCAGCCCA CTGACGCGTT GCGCGAGAAG ATTGTGCACC GCCGCTTTAC 

 3501 AGGCTTCGAC GCCGCTTCGT TCTACCATCG ACACCACCAC GCTGGCACCC 

 3551 AGTTGATCGG CGCGAGATTT AATCGCCGCG ACAATTTGCG ACGGCGCGTG 

 3601 CAGGGCCAGA CTGGAGGTGG CAACGCCAAT CAGCAACGAC TGTTTGCCCG 

 3651 CCAGTTGTTG TGCCACGCGG TTGGGAATGT AATTCAGCTC CGCCATCGCC 

 3701 GCTTCCACTT TTTCCCGCGT TTTCGCAGAA ACGTGGCTGG CCTGGTTCAC 

 3751 CACGCGGGAA ACGGTCTGAT AAGAGACACC GGCATACTCT GCGACATCGT 

 3801 ATAACGTTAC TGGTTTCACA TTCACCACCC TGAATTGACT CTCTTCCGGG 

 3851 CGCTATCATG CCATACCGCG AAAGGTTTTG CGCCATTCGA TGGTGTCCGG 

 3901 GATCTCGACG CTCTCCCTTA TGCGACTCCT GCATTAGGAA ATTAATACGA 

 3951 CTCACTATA 
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pRSF-Duet with BS6-10-Fos 
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pRSF-Duet with BS6-10-Fos 

 
    1 GGGGAATTGT GAGCGGATAA CAATTCCCCT GTAGAAATAA TTTTGTTTAA 

   51 CTTTAATAAG GATATACCAT GGGTTGCGTC GAGAGCCAGC GGGTCTGCGG 

  101 TGGAGGCGGT GCTGCAGCGC TTACTGATAC TCTTCAAGCT GAAACTGATC 

  151 AACTTGAAGA TGAAAAAAGT GCTCTTCAAA CTGAAATTGC TAATCTTCTT 

  201 AAAGAAAAAG AAAAACTTGA ATTTATTCTT GCTGGTGGCT GGGAATTCCA 

  251 TCACCATCAT CACCACTAAT AAAAGCTTGC GGCCGCATAA TGCTTAAGTC 

  301 GAACAGAAAG TAATCGTATT GTACACGGCC GCATAATCGA AATTAATACG 

  351 ACTCACTATA GGGGAATTGT GAGCGGATAA CAATTCCCCA TCTTAGTATA 

  401 TTAGTTAAGT ATAAGAAGGA GATATACATA TGGCAGATCT CAATTGGATA 

  451 TCGGCCGGCC ACGCGATCGC TGACGTCGGT ACCCTCGAGT CTGGTAAAGA 

  501 AACCGCTGCT GCGAAATTTG AACGCCAGCA CATGGACTCG TCTACTAGCG 

  551 CAGCTTAATT AACCTAGGCT GCTGCCACCG CTGAGCAATA ACTAGCATAA 

  601 CCCCTTGGGG CCTCTAAACG GGTCTTGAGG GGTTTTTTGC TGAAACCTCA 

  651 GGCATTTGAG AAGCACACGG TCACACTGCT TCCGGTAGTC AATAAACCGG 

  701 TAAACCAGCA ATAGACATAA GCGGCTATTT AACGACCCTG CCCTGAACCG 

  751 ACGACAAGCT GACGACCGGG TCTCCGCAAG TGGCACTTTT CGGGGAAATG 

  801 TGCGCGGAAC CCCTATTTGT TTATTTTTCT AAATACATTC AAATATGTAT 

  851 CCGCTCATGA ATTAATTCTT AGAAAAACTC ATCGAGCATC AAATGAAACT 

  901 GCAATTTATT CATATCAGGA TTATCAATAC CATATTTTTG AAAAAGCCGT 

  951 TTCTGTAATG AAGGAGAAAA CTCACCGAGG CAGTTCCATA GGATGGCAAG 

 1001 ATCCTGGTAT CGGTCTGCGA TTCCGACTCG TCCAACATCA ATACAACCTA 

 1051 TTAATTTCCC CTCGTCAAAA ATAAGGTTAT CAAGTGAGAA ATCACCATGA 

 1101 GTGACGACTG AATCCGGTGA GAATGGCAAA AGTTTATGCA TTTCTTTCCA 

 1151 GACTTGTTCA ACAGGCCAGC CATTACGCTC GTCATCAAAA TCACTCGCAT 

 1201 CAACCAAACC GTTATTCATT CGTGATTGCG CCTGAGCGAG ACGAAATACG 

 1251 CGGTCGCTGT TAAAAGGACA ATTACAAACA GGAATCGAAT GCAACCGGCG 

 1301 CAGGAACACT GCCAGCGCAT CAACAATATT TTCACCTGAA TCAGGATATT 

 1351 CTTCTAATAC CTGGAATGCT GTTTTCCCGG GGATCGCAGT GGTGAGTAAC 

 1401 CATGCATCAT CAGGAGTACG GATAAAATGC TTGATGGTCG GAAGAGGCAT 

 1451 AAATTCCGTC AGCCAGTTTA GTCTGACCAT CTCATCTGTA ACATCATTGG 

 1501 CAACGCTACC TTTGCCATGT TTCAGAAACA ACTCTGGCGC ATCGGGCTTC 

 1551 CCATACAATC GATAGATTGT CGCACCTGAT TGCCCGACAT TATCGCGAGC 

 1601 CCATTTATAC CCATATAAAT CAGCATCCAT GTTGGAATTT AATCGCGGCC 

 1651 TAGAGCAAGA CGTTTCCCGT TGAATATGGC TCATACTCTT CCTTTTTCAA 

 1701 TATTATTGAA GCATTTATCA GGGTTATTGT CTCATGAGCG GATACATATT 

 1751 TGAATGTATT TAGAAAAATA AACAAATAGG CATGCAGCGC TCTTCCGCTT 

 1801 CCTCGCTCAC TGACTCGCTA CGCTCGGTCG TTCGACTGCG GCGAGCGGTG 

 1851 TCAGCTCACT CAAAAGCGGT AATACGGTTA TCCACAGAAT CAGGGGATAA 

 1901 AGCCGGAAAG AACATGTGAG CAAAAAGCAA AGCACCGGAA GAAGCCAACG 

 1951 CCGCAGGCGT TTTTCCATAG GCTCCGCCCC CCTGACGAGC ATCACAAAAA 

 2001 TCGACGCTCA AGCCAGAGGT GGCGAAACCC GACAGGACTA TAAAGATACC 

 2051 AGGCGTTTCC CCCTGGAAGC TCCCTCGTGC GCTCTCCTGT TCCGACCCTG 

 2101 CCGCTTACCG GATACCTGTC CGCCTTTCTC CCTTCGGGAA GCGTGGCGCT 

 2151 TTCTCATAGC TCACGCTGTT GGTATCTCAG TTCGGTGTAG GTCGTTCGCT 

 2201 CCAAGCTGGG CTGTGTGCAC GAACCCCCCG TTCAGCCCGA CCGCTGCGCC 

 2251 TTATCCGGTA ACTATCGTCT TGAGTCCAAC CCGGTAAGAC ACGACTTATC 

 2301 GCCACTGGCA GCAGCCATTG GTAACTGATT TAGAGGACTT TGTCTTGAAG 

 2351 TTATGCACCT GTTAAGGCTA AACTGAAAGA ACAGATTTTG GTGAGTGCGG 

 2401 TCCTCCAACC CACTTACCTT GGTTCAAAGA GTTGGTAGCT CAGCGAACCT 

 2451 TGAGAAAACC ACCGTTGGTA GCGGTGGTTT TTCTTTATTT ATGAGATGAT 

 2501 GAATCAATCG GTCTATCAAG TCAACGAACA GCTATTCCGT TACTCTAGAT 

 2551 TTCAGTGCAA TTTATCTCTT CAAATGTAGC ACCTGAAGTC AGCCCCATAC 
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 2601 GATATAAGTT GTAATTCTCA TGTTAGTCAT GCCCCGCGCC CACCGGAAGG 

 2651 AGCTGACTGG GTTGAAGGCT CTCAAGGGCA TCGGTCGAGA TCCCGGTGCC 

 2701 TAATGAGTGA GCTAACTTAC ATTAATTGCG TTGCGCTCAC TGCCCGCTTT 

 2751 CCAGTCGGGA AACCTGTCGT GCCAGCTGCA TTAATGAATC GGCCAACGCG 

 2801 CGGGGAGAGG CGGTTTGCGT ATTGGGCGCC AGGGTGGTTT TTCTTTTCAC 

 2851 CAGTGAGACG GGCAACAGCT GATTGCCCTT CACCGCCTGG CCCTGAGAGA 

 2901 GTTGCAGCAA GCGGTCCACG CTGGTTTGCC CCAGCAGGCG AAAATCCTGT 

 2951 TTGATGGTGG TTAACGGCGG GATATAACAT GAGCTGTCTT CGGTATCGTC 

 3001 GTATCCCACT ACCGAGATGT CCGCACCAAC GCGCAGCCCG GACTCGGTAA 

 3051 TGGCGCGCAT TGCGCCCAGC GCCATCTGAT CGTTGGCAAC CAGCATCGCA 

 3101 GTGGGAACGA TGCCCTCATT CAGCATTTGC ATGGTTTGTT GAAAACCGGA 

 3151 CATGGCACTC CAGTCGCCTT CCCGTTCCGC TATCGGCTGA ATTTGATTGC 

 3201 GAGTGAGATA TTTATGCCAG CCAGCCAGAC GCAGACGCGC CGAGACAGAA 

 3251 CTTAATGGGC CCGCTAACAG CGCGATTTGC TGGTGACCCA ATGCGACCAG 

 3301 ATGCTCCACG CCCAGTCGCG TACCGTCTTC ATGGGAGAAA ATAATACTGT 

 3351 TGATGGGTGT CTGGTCAGAG ACATCAAGAA ATAACGCCGG AACATTAGTG 

 3401 CAGGCAGCTT CCACAGCAAT GGCATCCTGG TCATCCAGCG GATAGTTAAT 

 3451 GATCAGCCCA CTGACGCGTT GCGCGAGAAG ATTGTGCACC GCCGCTTTAC 

 3501 AGGCTTCGAC GCCGCTTCGT TCTACCATCG ACACCACCAC GCTGGCACCC 

 3551 AGTTGATCGG CGCGAGATTT AATCGCCGCG ACAATTTGCG ACGGCGCGTG 

 3601 CAGGGCCAGA CTGGAGGTGG CAACGCCAAT CAGCAACGAC TGTTTGCCCG 

 3651 CCAGTTGTTG TGCCACGCGG TTGGGAATGT AATTCAGCTC CGCCATCGCC 

 3701 GCTTCCACTT TTTCCCGCGT TTTCGCAGAA ACGTGGCTGG CCTGGTTCAC 

 3751 CACGCGGGAA ACGGTCTGAT AAGAGACACC GGCATACTCT GCGACATCGT 

 3801 ATAACGTTAC TGGTTTCACA TTCACCACCC TGAATTGACT CTCTTCCGGG 

 3851 CGCTATCATG CCATACCGCG AAAGGTTTTG CGCCATTCGA TGGTGTCCGG 

 3901 GATCTCGACG CTCTCCCTTA TGCGACTCCT GCATTAGGAA ATTAATACGA 

 3951 CTCACTATA 
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pQE-30 with HTB1 
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pQE-30 with HTB1 

 
    1 CTCGAGAAAT CATAAAAAAT TTATTTGCTT TGTGAGCGGA TAACAATTAT 

   51 AATAGATTCA ATTGTGAGCG GATAACAATT TCACACAGAA TTCATTAAAG 

  101 AGGAGAAATT AACTATGAGA GGATCGCATC ACCATCACCA TCACGGATCC 

  151 GCAGCTCATT ATATGGCCCA GACCTTCAAG CTTATCATCA ACGGTAAAAC 

  201 CCTGAAAGGT GAAATCACCA TCGAAGCTGT TGACGCTGCA GAAGCTGAAA 

  251 AAATCTTCAA ACAGTACGCT AACGACAACG GTATCGACGG TGAATGGACC 

  301 TACGACGACG CTACCAAAAC CTTCACCGTT ACCGAATAGC CCGGGTCGAC 

  351 CTGCAGCCAA GCTTAATTAG CTGAGCTTGG ACTCCTGTTG ATAGATCCAG 

  401 TAATGACCTC AGAACTCCAT CTGGATTTGT TCAGAACGCT CGGTTGCCGC 

  451 CGGGCGTTTT TTATTGGTGA GAATCCAAGC TAGCTTGGCG AGATTTTCAG 

  501 GAGCTAAGGA AGCTAAAATG GAGAAAAAAA TCACTGGATA TACCACCGTT 

  551 GATATATCCC AATGGCATCG TAAAGAACAT TTTGAGGCAT TTCAGTCAGT 

  601 TGCTCAATGT ACCTATAACC AGACCGTTCA GCTGGATATT ACGGCCTTTT 

  651 TAAAGACCGT AAAGAAAAAT AAGCACAAGT TTTATCCGGC CTTTATTCAC 

  701 ATTCTTGCCC GCCTGATGAA TGCTCATCCG GAATTTCGTA TGGCAATGAA 

  751 AGACGGTGAG CTGGTGATAT GGGATAGTGT TCACCCTTGT TACACCGTTT 

  801 TCCATGAGCA AACTGAAACG TTTTCATCGC TCTGGAGTGA ATACCACGAC 

  851 GATTTCCGGC AGTTTCTACA CATATATTCG CAAGATGTGG CGTGTTACGG 

  901 TGAAAACCTG GCCTATTTCC CTAAAGGGTT TATTGAGAAT ATGTTTTTCG 

  951 TCTCAGCCAA TCCCTGGGTG AGTTTCACCA GTTTTGATTT AAACGTGGCC 

 1001 AATATGGACA ACTTCTTCGC CCCCGTTTTC ACCATGGGCA AATATTATAC 

 1051 GCAAGGCGAC AAGGTGCTGA TGCCGCTGGC GATTCAGGTT CATCATGCCG 

 1101 TTTGTGATGG CTTCCATGTC GGCAGAATGC TTAATGAATT ACAACAGTAC 

 1151 TGCGATGAGT GGCAGGGCGG GGCGTAATTT TTTTAAGGCA GTTATTGGTG 

 1201 CCCTTAAACG CCTGGGGTAA TGACTCTCTA GCTTGAGGCA TCAAATAAAA 

 1251 CGAAAGGCTC AGTCGAAAGA CTGGGCCTTT CGTTTTATCT GTTGTTTGTC 

 1301 GGTGAACGCT CTCCTGAGTA GGACAAATCC GCCCTCTAGA GCTGCCTCGC 

 1351 GCGTTTCGGT GATGACGGTG AAAACCTCTG ACACATGCAG CTCCCGGAGA 

 1401 CGGTCACAGC TTGTCTGTAA GCGGATGCCG GGAGCAGACA AGCCCGTCAG 

 1451 GGCGCGTCAG CGGGTGTTGG CGGGTGTCGG GGCGCAGCCA TGACCCAGTC 

 1501 ACGTAGCGAT AGCGGAGTGT ATACTGGCTT AACTATGCGG CATCAGAGCA 

 1551 GATTGTACTG AGAGTGCACC ATATGCGGTG TGAAATACCG CACAGATGCG 

 1601 TAAGGAGAAA ATACCGCATC AGGCGCTCTT CCGCTTCCTC GCTCACTGAC 

 1651 TCGCTGCGCT CGGTCGTTCG GCTGCGGCGA GCGGTATCAG CTCACTCAAA 

 1701 GGCGGTAATA CGGTTATCCA CAGAATCAGG GGATAACGCA GGAAAGAACA 

 1751 TGTGAGCAAA AGGCCAGCAA AAGGCCAGGA ACCGTAAAAA GGCCGCGTTG 

 1801 CTGGCGTTTT TCCATAGGCT CCGCCCCCCT GACGAGCATC ACAAAAATCG 

 1851 ACGCTCAAGT CAGAGGTGGC GAAACCCGAC AGGACTATAA AGATACCAGG 

 1901 CGTTTCCCCC TGGAAGCTCC CTCGTGCGCT CTCCTGTTCC GACCCTGCCG 

 1951 CTTACCGGAT ACCTGTCCGC CTTTCTCCCT TCGGGAAGCG TGGCGCTTTC 

 2001 TCATAGCTCA CGCTGTAGGT ATCTCAGTTC GGTGTAGGTC GTTCGCTCCA 

 2051 AGCTGGGCTG TGTGCACGAA CCCCCCGTTC AGCCCGACCG CTGCGCCTTA 

 2101 TCCGGTAACT ATCGTCTTGA GTCCAACCCG GTAAGACACG ACTTATCGCC 

 2151 ACTGGCAGCA GCCACTGGTA ACAGGATTAG CAGAGCGAGG TATGTAGGCG 

 2201 GTGCTACAGA GTTCTTGAAG TGGTGGCCTA ACTACGGCTA CACTAGAAGG 

 2251 ACAGTATTTG GTATCTGCGC TCTGCTGAAG CCAGTTACCT TCGGAAAAAG 

 2301 AGTTGGTAGC TCTTGATCCG GCAAACAAAC CACCGCTGGT AGCGGTGGTT 

 2351 TTTTTGTTTG CAAGCAGCAG ATTACGCGCA GAAAAAAAGG ATCTCAAGAA 

 2401 GATCCTTTGA TCTTTTCTAC GGGGTCTGAC GCTCAGTGGA ACGAAAACTC 

 2451 ACGTTAAGGG ATTTTGGTCA TGAGATTATC AAAAAGGATC TTCACCTAGA 

 2501 TCCTTTTAAA TTAAAAATGA AGTTTTAAAT CAATCTAAAG TATATATGAG 

 2551 TAAACTTGGT CTGACAGTTA CCAATGCTTA ATCAGTGAGG CACCTATCTC 
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 2601 AGCGATCTGT CTATTTCGTT CATCCATAGT TGCCTGACTC CCCGTCGTGT 

 2651 AGATAACTAC GATACGGGAG GGCTTACCAT CTGGCCCCAG TGCTGCAATG 

 2701 ATACCGCGAG ACCCACGCTC ACCGGCTCCA GATTTATCAG CAATAAACCA 

 2751 GCCAGCCGGA AGGGCCGAGC GCAGAAGTGG TCCTGCAACT TTATCCGCCT 

 2801 CCATCCAGTC TATTAATTGT TGCCGGGAAG CTAGAGTAAG TAGTTCGCCA 

 2851 GTTAATAGTT TGCGCAACGT TGTTGCCATT GCTACAGGCA TCGTGGTGTC 

 2901 ACGCTCGTCG TTTGGTATGG CTTCATTCAG CTCCGGTTCC CAACGATCAA 

 2951 GGCGAGTTAC ATGATCCCCC ATGTTGTGCA AAAAAGCGGT TAGCTCCTTC 

 3001 GGTCCTCCGA TCGTTGTCAG AAGTAAGTTG GCCGCAGTGT TATCACTCAT 

 3051 GGTTATGGCA GCACTGCATA ATTCTCTTAC TGTCATGCCA TCCGTAAGAT 

 3101 GCTTTTCTGT GACTGGTGAG TACTCAACCA AGTCATTCTG AGAATAGTGT 

 3151 ATGCGGCGAC CGAGTTGCTC TTGCCCGGCG TCAATACGGG ATAATACCGC 

 3201 GCCACATAGC AGAACTTTAA AAGTGCTCAT CATTGGAAAA CGTTCTTCGG 

 3251 GGCGAAAACT CTCAAGGATC TTACCGCTGT TGAGATCCAG TTCGATGTAA 

 3301 CCCACTCGTG CACCCAACTG ATCTTCAGCA TCTTTTACTT TCACCAGCGT 

 3351 TTCTGGGTGA GCAAAAACAG GAAGGCAAAA TGCCGCAAAA AAGGGAATAA 

 3401 GGGCGACACG GAAATGTTGA ATACTCATAC TCTTCCTTTT TCAATATTAT 

 3451 TGAAGCATTT ATCAGGGTTA TTGTCTCATG AGCGGATACA TATTTGAATG 

 3501 TATTTAGAAA AATAAACAAA TAGGGGTTCC GCGCACATTT CCCCGAAAAG 

 3551 TGCCACCTGA CGTCTAAGAA ACCATTATTA TCATGACATT AACCTATAAA 

 3601 AATAGGCGTA TCACGAGGCC CTTTCGTCTT CAC 
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pQE-30 with HTB1E  
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pQE-30 with HTB1E 

 
    1 CTCGAGAAAT CATAAAAAAT TTATTTGCTT TGTGAGCGGA TAACAATTAT 

   51 AATAGATTCA ATTGTGAGCG GATAACAATT TCACACAGAA TTCATTAAAG 

  101 AGGAGAAATT AACTATGAGA GGATCGCATC ACCATCACCA TCACGGATCC 

  151 GCAGCTCATT ATATGGCCCA GACCTTCAAG CTTATCATCA ACGGTAAAAC 
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 2001 TCATAGCTCA CGCTGTAGGT ATCTCAGTTC GGTGTAGGTC GTTCGCTCCA 

 2051 AGCTGGGCTG TGTGCACGAA CCCCCCGTTC AGCCCGACCG CTGCGCCTTA 

 2101 TCCGGTAACT ATCGTCTTGA GTCCAACCCG GTAAGACACG ACTTATCGCC 

 2151 ACTGGCAGCA GCCACTGGTA ACAGGATTAG CAGAGCGAGG TATGTAGGCG 

 2201 GTGCTACAGA GTTCTTGAAG TGGTGGCCTA ACTACGGCTA CACTAGAAGG 

 2251 ACAGTATTTG GTATCTGCGC TCTGCTGAAG CCAGTTACCT TCGGAAAAAG 
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 2551 TAAACTTGGT CTGACAGTTA CCAATGCTTA ATCAGTGAGG CACCTATCTC 



 

252 

 2601 AGCGATCTGT CTATTTCGTT CATCCATAGT TGCCTGACTC CCCGTCGTGT 
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 3451 TGAAGCATTT ATCAGGGTTA TTGTCTCATG AGCGGATACA TATTTGAATG 

 3501 TATTTAGAAA AATAAACAAA TAGGGGTTCC GCGCACATTT CCCCGAAAAG 

 3551 TGCCACCTGA CGTCTAAGAA ACCATTATTA TCATGACATT AACCTATAAA 

 3601 AATAGGCGTA TCACGAGGCC CTTTCGTCTT CAC 
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