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ABSTRACT OF THE DISSERTATION 

 

Beta-Hairpin Fusion to Alpha-Helical Domains for Exploring Recombinant Protein 

Stability in E. coli 

by 

Melissa E. Lokensgard 

 

Doctor of Philosophy in Chemistry 

 

University of California, San Diego, 2016 

San Diego State University, 2016 

 

Professor John Love, Chair 

 

Small α-helical domains isolated from larger multi-domain proteins, such as D. 

melanogaster Engrailed homeodomain (En) and Staphylococcal Protein A B domain 

(SpA) are recalcitrant to overexpression in BL21(DE3) E. coli hosts when using 

common cytosolic T7 inducible expression vectors, but they can be accumulated 
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sufficiently for preparative research by A) fusion to a stable N-terminal domain such 

as Ubiquitin (Ub) or Streptococcal Protein G β1 domain (Gβ1) or B) using a vector 

containing the N-terminal signal sequence pelB for periplasmic localization. This 

dissertation describes work to show that fusion of short β-hairpin sequences derived 

from Ub and Gβ1 is sufficient to enhance accumulation under the same vector and 

host conditions. Interestingly, the short β-hairpin sequence can enhance accumulation 

when fused to either terminus of En or SpA. Using circular dichroism and nuclear 

magnetic resonance spectroscopies, we find that the fusion proteins have added β 

content, and that the hairpin only subtly affects thermodynamic parameters of 

equilibrium unfolding. Thermally destabilized variants of the two helical domains also 

show enhanced accumulation upon fusion to β-hairpins. Microscale thermophoresis 

demonstrates that the hairpins affect the extent of binding to the ClpS aptamer of the 

ClpAP proteolytic complex. This finding leads to the speculation that these small 

structural motifs can be inhibitory to E. coli protein recycling pathways active during 

heterologous expression, either by direct reduction of recognition or by a more 

complex indirect mechanism. Additionally, by adding a structurally defined unit to the 

ends of a domain outside its native context in a larger protein, characteristics of 

unstructured inter-domain regions may be able to be examined, and this technique 

could be useful for producing domains with unknown structure or disordered 

boundaries.  



 

1 

Chapter 1: Introduction 
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1.2 Perspective 

As I see it, molecular biology can be divided into two fundamental pursuits: 

the elucidation of mechanisms, and the control of mechanisms. The layperson might 

be tempted to call the first one “science” and the second “applications.” The challenge 

of what we do as protein scientists is that we must exist in both realms simultaneously. 

We study the systems that appear to be important and reduce them to their smallest 

parts in order to reveal in great detail how they work, and frequently we substitute our 

designs for nature’s to test our understanding.  

The discovery side of molecular biology is constantly encountering peptides 

that are new and uncharacterized. In nature, peptides are used for myriad functions not 

only within but also between organisms. The discovery of new peptides leads to study 

of the mechanisms of their formation, properties and function. Synthetic chemistry 

plays a large role in this research, because often the types of molecules that are 

produced have potencies and activities such that they may not occur naturally in large 

quantities nor exist for long periods of time. An immense amount of human (and 

financial) capital can be required to produce synthetic versions of the molecules of 

interest found in nature, to enable production of sufficient quantities for further study. 

These efforts are then often broadened to modify potentially useful peptides found in 

nature so they can be used for specific applications, for example by enhancing their 

stability through structural modification. Molecules only rarely require trivial changes 

to improve their selectivity and activity. Additionally, the economics and patent laws 

of our pharmaceutical system tend to incentivize the development of new chemical 

entities over new processes. As a result, peptides and proteins that are eventually 
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developed into medicines can have very high cost. Reduction in cost of this type of 

research is paramount to generating therapeutics that satisfy the ethics of accessibility. 

The ultimate goal of our area of protein science is to use design-based engineering to 

alleviate some challenges of lead identification and materials production. 

In this chapter I discuss some of the criteria for producing heterologous 

proteins and peptides in E. coli from the point of view of the protein scientist. I am not 

addressing here the important prerequisite biochemical work of isolation, 

characterization and evaluation of a new protein candidate for further detailed in vitro 

study 

1.3 Target Definition 

From the perspective of protein design, the approach is often to begin with a 

desired amino acid sequence taken from a protein of interest. In this way, a sequence 

is often treated in similar ways to the structure of any organic molecule. From a 

primary sequence, much information can be immediately derived, and some can be 

inferred. 

A variety of tools are available for primary sequence analysis. For example, 

ExPASY ProtParam can return sequence length, molecular weight, amino acid 

composition, and estimates of properties such as isoelectric point and extinction 

coefficients(1). While tertiary structure and solvent environment are also important 

variables in determining physical parameters of proteins, computational tools like this 

allow for a starting point based on the amino acid sequence, which is generally 

relatively easy to obtain. Protein BLAST is another highly important tool, a database 

search algorithm that returns the sequences of known peptides/proteins with similarity 
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or regions of similarity(2). Finding similar primary sequences can help to identify 

domain architecture for putative domains of unknown function. Similarly, tools for 

taxonomical alignment of primary sequences can demonstrate sites or regions of 

conservation which may be important for retaining proper function or structure of the 

new protein. More recently, commercial and nonprofit vendors have begun collecting 

constructs from academic research in cloning vectors, and tested constructs may be 

already available (AddGene.Org). 

Combined, these tools provide good starting points when deciding how to 

parse a sequence of interest into domains that might be modified or eliminated to 

enhance or deemphasize certain properties and those that must be retained without 

modification. However, there are some important caveats to watch for when choosing 

a primary sequence for recombinant production. Varshavsky and others have studied 

in great detail a phenomenon known as the N-end rule, whereby a sequence’s amino-

terminus can influence the observed in vivo half-life(3-5). This work has identified 

certain amino acids as primary destabilizing and secondary destabilizing, and when 

such regions are present in a target molecule their elimination can be explored in 

pursuit of enhanced stability over the natural product. Use of such tools enables 

rational refinement of the natural product structure in efforts to enhance stability, 

potency, and ease of production.  

1.4 Four Small Domains for Protein Design 

This work is primarily concerned with four very well studied domains. The 

single thing these four domains have in common is that they are small. While they 

represent only a small subset of protein folding patterns, they have been used 
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extensively to study a wide variety of fundamental problems in protein science. The 

following sections will review the biophysical properties and biological functions of 

the IgG Fc binding domains of Staphylococcal Protein A and Streptococcal Protein G, 

the homeodomain from Drosophila Engrailed, and the highly conserved eukaryotic 

protein Ubiquitin. 

1.4.1 Protein A 

Staphylococcal protein A (UniProt P38507) is one of the earliest proteins 

identified for its importance in bacterial pathogenesis(6), and is also one of the most 

utilitarian scaffolds for both protein folding science and in practical applications. SpA 

is an extracellular membrane-anchored protein that contains five repeats of 

approximately 60 amino acids (Figure 1.1). 

This domain (hereafter SpA) binds with high affinity (KD < 10 nM) to the 

constant region (Fc) of immunoglobulin G antibodies(7). Binding is stronger to IgG1, 

IgG2, and IgG4, and stronger to human IgGs than other mammalian immunoglobulins. 

The function of this domain is to enable the organism to evade primary immune 

detection in blood, both by binding to Fc antibody regions and by interacting with 

several other host immune factors. The mode of binding to Fc is primarily along the 

interface formed between helices 1 and 2. Interacting residues include F5, Q9, Q10, 

N11, F13, Y14, and L17 on helix 1 and N28, I31, Q32, and K35 on helix 2 (Figure 

1.2).  

The primary industrial use of SpA is in affinity-based chromatographic 

purification of IgGs and antibody fragments(8). For these applications, the full length 

protein is typically purified from cultures of the organism and then covalently linked 



   

 

6 

to agarose or another support matrix.  

The use of SpA as a protein folding model has a long history. This domain is 

one of the fastest known folders (9) and has been used to validate a broad variety of 

techniques in spectroscopy and molecular dynamics. SpA is an attractive candidate for 

in vitro biochemical work because it has very high stability(10), is soluble in the 

native state under a variety of buffer conditions, and undergoes reversible unfolding. 

Additionally, the fold is quite insensitive to mutation(11). 

SpA has additional properties that make it suitable for intensive study as a 

model domain. Many spectroscopic experiments have been performed that have 

allowed detailed understanding of the folding pathway of this domain. Dissecting the 

structure into individual segments, it is possible to observe folding of the independent 

helices and reconstruct the folding pathway of the domain. Mutation at critical 

positions on the helix can alter the degree of binding to IgG, but in general SpA is a 

very stable fold. Point mutations and even helix-swapped mutants can fold into the 3-

helix bundle conformation. Detailed phi-value analysis has been undertaken 

experimentally to evaluate the importance of specific residues to the folding pathway. 

Because the native protein includes no tryptophan, a number of tryptophan mutants 

have been generated in order to monitor intrinsic fluorescence as either a primary or 

secondary means of detection for biophysical studies. The tryptophan mutant was 

created by substituting for isoleucine in helix 1 (Figure 1.3). This mutation allows for 

intrinsic fluorescence experiments, but results in a significant decrease in the thermal 

stability of the protein.  

1.4.2 Protein G 
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Protein G (UniProt P06654) has similar function to SpA. Its architecture and 

biological role is similar in that it contains extracellular repeats of a domain that can 

interact with the Fc region of immunoglobulin G folds in order to evade adaptive 

immune response (Figure 1.4). Like the SpA domains, Protein G β1 domain (Gβ1) is 

incredibly well studied as a model of protein structure and folding and is used in a 

variety of biotechnical applications. 

The IgG binding mode of Gβ1 is similar, but not identical to that of SpA. 

Important residues contacting the Fc region occur along the helix and edge of the third 

β-strand. Residues in contact with the antibody are E27, K28, K31, Q32, N35, D40, 

E42, and W43 (Figure 1.5). Gβ1 also has affinity for the Fab fragment, albeit at much 

weaker affinity. 

In high contrast to SpA, Gβ1 contains significant β structure. Both the amino- 

and carboxyl-terminal regions of the domain contain β-hairpins that form a β sheet on 

one face of the domain. The C-terminal hairpin is known to fold first in the folding 

pathway, followed by the helix and the N-terminal hairpin. The sequence of the C-

terminal β-hairpin, WTYDDATKTFTV, can fold natively in solution and has been 

used extensively as a model for designs of stable β-hairpins. Derivative peptides 

include TrpZip and others, which have been used as β-capping motifs for de novo 

designs and unstable folds. 

The thermal properties of Gβ1 make it attractive to computational chemists 

and scientists interested in designed proteins. Two designed variants of Gβ1, termed 

MonA and MonB, were generated from a de novo computational design method aimed 

at generating a heterodimeric interface that would take advantage of known contacts in 



   

 

8 

the Fc interaction. MonA turned out to be a hyperthermostable variant, while MonB 

was significantly destabilized. While the designed interface was not entirely stable, 

various groups have demonstrated that the domain can be engineered to form a stable 

homodimer. The MonA and MonB constructs have been used in John Love’s lab 

extensively as models for very stable and very unstable versions of Gβ1. Gβ1 has a 

thermal melting point of ~75 ºC, while MonA remains folded near 100 ºC, and MonB 

unfolds around 37 ºC. Previous students in the lab have demonstrated the TM can be 

manipulated without a global loss of architecture and, importantly, without 

significantly reducing the yield of protein produced recombinantly in E. coli. The C-

terminal β-hairpin is the source of much of the engineered stability and instability, as 

mutations of the native sequence have a great effect in this region. Notably, of all the 

constructs generated in the Love lab, none except MonA modifies the sequence of the 

N-terminal β-hairpin (Figure 1.6). 

1.4.3 Ubiquitin 

Ubiquitin (Ub) (Uniprot: )is a highly conserved eukaryotic domain. It is 

primarily a cellular arbiter of protein recycling, participating in the Ubiquitin-

Proteasome System (UPS), which consists of a larger number of protein elements 

responsible for regulating proteostasis for most cellular processes via targeting 

proteins for degradation.  

The Ub scaffold has been of great use in the protein folding, dynamics, and 

design fields. It is small and has a thermally stable but dynamic fold that can adopt a 

number of intermediate structures under various conditions. The strict conservation of 

the sequence suggests that the physical properties of Ub are of extreme importance to 
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its interactions in the cell. Ub folds occur in many other multidomain proteins. As a 

biotechnological tool, Ub and SUMO, a Ub-fold protein, are used as a means of scar-

less production of proteins, as they can be completely removed from a fusion construct 

with highly specific carboxy-terminal proteases such as Usp1 or UCHL1/UCHL3, and 

Ulp1. 

The Ub fold consists of a four-strand β sheet, an alpha helix, and two very 

short pieces of secondary structure classified as β and a 310 helix. The N-terminal β-

hairpin of Ub is of similar sequence to the β-hairpin in Gβ1. In fact, the two folds are 

similar and can be moderately aligned (Figure 1.7). This sequence, like the C-terminal 

hairpin of Gβ1, can adopt a native-like conformation in solution. 

1.4.4 Engrailed 

Segmentation polarity homeobox Engrailed (Uniprot: P02836) is a 

transcriptional regulator of mostly unknown structure that is required for correct 

central nervous system and body segmentation in the model organism Drosophila 

melanogaster. Only one domain of the 552 amino acid protein, the DNA-binding 

domain specific to the homeobox DNA sequence, has been structurally characterized. 

The remainder of the protein is presumed to be important in protein-protein 

interactions for other transcriptional machinery. The ortholog of En in humans are the 

EN1 and EN2 gene products, each of which contains a similar DNA-binding domain. 

Like other transcription factors, the EN1 and EN2 genes are of interest in researchers 

of cancer and disorders of neurological pathologies, such as autism and Parkinson’s 

disease.  

The En homeodomain is a small, three alpha-helix protein. The third helix 
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inserts in the major groove and makes contacts with the phosphate backbone at Y25, 

A43, K46, I47, W48, Q50, N51, and K55 (Figure 1.8). Mutation of Q50 changes the 

specificity for the DNA sequence. 

As a model domain for protein design, En is attractive because it has a function 

that can be measured and manipulated. Mutation of interior residues allows for 

destabilization of the domain (Figure 1.9).  
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Figure 1.1 Staphylococcal Protein A (SpA) 
The five extracellular 3-helix bundle domains superimposed Red, 1EDI; Orange, 
5CBO; Yellow, 4NPF; Green, 1BDC; Blue, 4NPD. 

 

1EDI      --AQHDEAQQNAFYQVLNMPNLNADQRNGFIQSLKDDPSQSANVLGEAQKLNDSQAPK-- 
5CBO      -----NKDQQSAFYEILNMPNLNEEQRNGFIQSLKDDPSQSTNVLGEAKKLNESQAPK-- 
4NPD      ADNKFNKEQQNAFYEILHLPNLTEEQRNGFIQSLKDDPSVSKEILAEAKKLNDAQAPK-- 
4NPF      ADNNFNKEQQNAFYEILNMPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNESQAPKAD 
1BDC      ADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPKA- 
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Figure 1.2 SpA IgG Fc contacts 
SpA (1BDC) backbone in red with Cα of residues in contact with IgG indicated with 
blue spheres. The amino-terminus is to the left and the carboxyl-terminus is to the 
right in this figure. 
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Figure 1.3 SpA and SpA(I17W) models 
Models of SpA (top) and SpA(I17W) (bottom). N-terminus (red sphere) and C-
terminus (blue sphere) backbone (grey cartoon) with hydrophobic core contacts (gray 
spheres) and I17/W17 (green spheres) indicate significant increase in core volume on 
tryptophan substitution. 
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Figure 1.4 Streptococcal Protein G 
The two extracellular IgG-binding domains superimposed Red, 3GB1; Blue, 2NMQ. 

 

37-1      LAKAKADALKEFNKYGVSDYYKNLINNAKTVEGIKDL 
37-2      LAEAKVLANRELDKYGVSDYHKNLINNAKTVEGVKEL 

 
3GB1      TYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE 
2NMQ      TYKLVINGKTLKGETTTKAVDAETAEKAFKQYANDNGVDGVWTYDDATKTFTVTE 
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Figure 1.5 Gβ1 IgG Fc contacts 
Gβ1 (3GB1) backbone in red with Cα of residues in contact with IgG indicated with 
blue spheres. The carboxyl-terminus is to the left and the amino-terminus is to the 
right in this figure.  
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Gβ1       MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE 
W43A      MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEATYDDATKTFTVTE 
W43V      MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEVTYDDATKTFTVTE 
W43Y      MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEYTYDDATKTFTVTE 
Y45A      MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTADDATKTFTVTE 
MonB      MTYKLILNGKTLKGETTTEAVDIATAADVFAQYAADNGVKGEWTADEATKTFTVTE 
MonB A45V MTYKLILNGKTLKGETTTEAVDIATAADVFAQYAADNGVKGEWTVDEATKTFTVTE 
MonB A45Y MTYKLILNGKTLKGETTTEAVDIATAADVFAQYAADNGVKGEWTYDEATKTFTVTE 
MonBORDES MTYKLILNGKTLKGETTTEAVDKATAKDVFAQYAADNGVKGEWTFDEATKTFTVTE 
MonA      MTYKLILNGKTLKGEFTAEAEDAALAEYIFRALAKAQGVDGEWTYDDATKTFTVTE 
 
Figure 1.6 Primary amino acid sequences of Love Lab Gβ1 variants 
Constructs as reported in (12). 
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Figure 1.7 Backbone alignment of Ub and Gβ1 domains 
Gβ1 (3GB1, magenta) and Ub (1UBQ, cyan) aligned in Pymol. C-termini are to the 
right in this figure.  
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Figure 1.8 En homeodomain DNA contacts 
En (2JWT) backbone in red with Cα of residues in contact with homeobox DNA 
indicated with blue spheres. The amino-terminus is to the bottom left in this figure.  



   

 

19 

Figure 1.9 En destabilized variants I41V and I41A 
Models of En (top), En (I41V) (middle), and En (I41A) (bottom). N-terminus (red 
sphere) and C-terminus (blue sphere) backbone (grey cartoon) with hydrophobic core 
contacts (gray spheres) and position 41 (green spheres) indicate significant decrease in 
core volume on substitution of valine or alanine for isoleucine.  
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Chapter 2: Fusion of β-hairpins to α-helical domains 

enhances recombinant expression accumulation by reducing 

effectiveness of host degradation stress response 
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2.1 Introduction 

The E. coli BL21(DE3) strain and its derivatives are commonly used in 

academic and industrial production of recombinant proteins and peptides. This system 

takes advantage of T7 RNA polymerase, often under control of an inducible promoter 

on a plasmid containing the lac repressor protein (1). Yields of recombinant protein in 

this system can be very high (g/L), especially in fermentation systems. Not all protein 

constructs are suited to this organism, especially those from higher eukaryotes that 

require complex assisted folding, disulfide bond formation, post-translational 

modifications, or membrane localization. For proteins without these limitations, there 

are nevertheless countless examples of constructs that prove to be challenging to 

produce. To generate these materials, a variety of derivative strains have been 

engineered (2), but frequently the simplest solution is to modify the protein construct 

to enable higher expression. Strategies for such modification have been reviewed 

extensively (3, 4). One need only peruse recent Protein Data Bank entries to conclude 

that strategies to enhance recombinant expression yield are of tremendous importance 

in structural biology and biochemical research. Of the 10 most recent PDB citations 

for eukaryotic proteins expressed in E. coli, two are recovered from insoluble 

inclusion bodies, three are subcellularly localized to the periplasmic space or outer 

membrane, three use N-terminal tags, one is a system co-expressing two binding 

partners, and one is expressed as a soluble monomer.  

The reasons for poor expression yields of soluble protein vary widely. 

Problems can occur with transcription or translation due to formation of mRNA 

secondary structure (5) or ribosomal stalling (6) (7), but computational tools and 
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modern molecular cloning methods provide relatively simple ways to circumnavigate 

these effects by changing the DNA sequence carried on the vector. Toxicity—usually 

signified by reduced transformation efficiency or culture density—is another routinely 

cited factor for poor yields (8), but except in the case of enzymes or inhibitors with 

obvious deleterious activity to normal cell functions, toxicity in these systems is not 

well-characterized on the molecular level. A number of studies have attempted to 

untangle the cellular responses to the stress of foreign protein expression, and most of 

them have unearthed upregulation of native factors with protein folding/unfolding and 

recycling functions, including GroEL, GroES, DnaK, ClpXP, ClpAP, ClpB, Lon, 

OmpT, and others involved in heat stress (9-12). The BL21(DE3) strain contains 

genetic modifications designed to reduce these effects, namely the deletion of lon and 

ompT, but toxicity can still result from protein misfolding. Aggregation of misfolded 

protein is common in recombinant expression, and indeed in the case of proteins that 

can be correctly refolded in vitro, inclusion body formation can be exploited (13). Co-

expression of chaperones is another tactic intended to increase the fraction of folded 

protein to prevent aggregation and proteolytic degradation (14, 15). N-terminal fusion 

with solubility-enhancing domains is a common technique, especially because many 

tags serve dual function as handles for affinity purification (16). Lastly, localization to 

the periplasm or outer membrane can succeed where many of these other techniques 

fail (17). All this knowledge of how to conquer recombinant expression challenges 

points to the importance of controlling the E. coli response to the demands of 

manufacturing foreign proteins, particularly cytosolic factors participating in protein 

folding and proteostasis. Of particular importance are the systems of Clp and Hsl, 



25 

   

 

which unlike Gro chaperones, do not enhance production when overexpressed (18) 

but, like Lon and OmpT, do not seem to improve matters when deleted (19). 

In this study we produced a suite of α-helical proteins containing added β-

hairpin motif sequences taken from larger domains commonly employed to enable 

high-yield recombinant expression in BL21(DE3). We used electrophoresis, circular 

dichroism, and fluorescence techniques to quantify and visualize the enhanced 

expression, examine the secondary structure and stability of these proteins, and 

interrogate differences in binding to potentially important in vivo factors responsible 

for differential expression levels. We find subtle differences in folding and binding 

parameters between wild-type and β -hairpin modified proteins. This research 

demonstrates that secondary structure elements can be used to enable production of 

high yields of small, soluble foreign proteins in E. coli, and that secondary structure 

elements play a critical role in determining cellular fate in the context of recombinant 

overexpression. These findings validate the importance of construct design and also 

provide both a method to further the production capacity of BL21(DE3) and similar 

strains and a means of interrogating cellular processes important in stress response to 

recombinant heterologous expression. 

2.2 Materials and Methods 

2.2.1 Molecular Cloning, Expression, and Purification 

Genes for Gb1, Ub, En, and SpA(I17W) were amplified from existing vectors 

(20). The ClpS gene was amplified from Top10 E. coli lysate. Genes for En(I14A), 

and SpA were generated using overlap extension PCR with Pfusion or Q5® 

polymerase (New England Biolabs). Constructs in pET21a were cloned between NdeI 
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and EcoRI restriction sites. Constructs in pET22b were cloned between NcoI and 

BamHI restriction sites. Q5 Site-directed mutagenesis kit (New England Biolabs) was 

used to construct Ub-ClpS (E79C) and Ub-(deltaNTE)ClpS (E79C). Primers for 

molecular cloning, overlap PCR and site-directed mutagenesis are listed in Table 2.1. 

Successfully ligated plasmids from restriction digest cloning and site-directed 

mutagenesis were isolated from cultures of TOP10 and sequence-verified (Retrogen) 

(Figure 2.1). Plasmids were transformed into expression strain BL21(DE3), and single 

colonies were used to inoculate LB cultures that were grown to OD600 of 0.6-0.8 and 

induced with 1 mM IPTG for three hours. Ub-fusion constructs were expressed and 

purified using immobilized metal affinity chromatography (IMAC), UCH-L3 

hydrolysis, and secondary IMAC as described previously (21). NH- and UH-fusions 

were expressed, harvested, pellets subjected to a freeze-thaw lysis, resuspended in a 

neutral low-salt extraction buffer, lyophilized, and purified by reversed-phase HPLC 

on a C8 Pursuit column (Varian) using a water-acetonitrile gradient with 0.1% TFA 

included as an ion-pairing agent. Eluted proteins were lyophilized, resuspended, 

exchanged into neutral buffer and stored in aliquots at -20 ºC. 

2.2.2 Expression Quantification 

6 mL cultures of BL21(DE3) in LB were grown to OD600 of 0.6 - 0.8. 1.2 mL 

was transferred to a second tube and the remaining 4.8 mL was induced with 1 mM 

IPTG for 3 hours.  After three hours, OD600 of the two tubes was measured and 1 mL 

each of uninduced and induced culture were used to prepare gels sample by adding 

200 µL 2X sample loading buffer and boiling for 7 minutes. Samples were loaded 

onto Tris-SDS-polyacrylamide gels and run in Tris-glycine-SDS running buffer. 
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Volumes of uninduced and induced gel samples loaded were normalized to endpoint 

cell density using the formula {Vload = 18 / OD600} Gels were stained with 

Coomassie R250 and imaged with a BioRad Gel Doc(TM) EZ Imager. Biorad 

ImageQuant Analysis software was used for densitometric analysis. Briefly, lanes and 

bands were selected and the software was used to determine the Rf of molecular 

weight markers and induced protein bands on the same gel. A linear regression was 

performed on the markers to determine the induced protein band apparent migration 

MW, and the intensity of the band relative to the sum of the intensity of all bands in 

the lane was calculated. Three replicate cultures were processed and run on the same 

gel to obtain average and standard deviation values for each construct. 

2.2.3 Circular Dichroism (CD) 

Far-UV circular dichroism spectra of Ub-En, En, En-NH, NH-En, Ub-SpA, 

SpA, SpA (I17W), SpA-NH, NH-SpA, SpA-UH, and UH-SpA proteins in transparent 

buffers were collected on an Aviv model 420 spectrophotometer from 260 to 185 nm 

(1 mm cuvette, 1 nm bandwidth, 0.5 nm increment, 1s averaging time). The average of 

multiple scans was corrected for the buffer baseline, smoothed, and converted to mean 

residue ellipticity using the calculated mean residue weight and the measured 

concentration of stock protein from the calculated extinction coefficient and 

absorbance at 280 nm (e = 1490 Lmol-1cm-1 for SpA, SpA-NH, NH-SpA, SpA-UH, 

UH-SpA; 6990 Lmol-1cm-1 for En, En-NH, NH-En; 8480 Lmol-1cm-1 Ub-En; 2980 

Lmol-1cm-1 Ub-SpA; 8480 Lmol-1cm-1 SpA (I17W)). Wavelength scans were uploaded 

to DiChroWeb service (22) and processed using the CDSSTR deconvolution 

algorithm to determine secondary structure component content (23). Thermal melts 
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were obtained in degassed 10 mM sodium phosphate pH 7 by monitoring the signal at 

222 nm between 15 ºC and 95 ºC. Thermal transition temperature was estimated from 

the fit of a two-state unfolding model using Igor Pro (24). All proteins for which 

thermodynamic parameters are reported demonstrated reversible unfolding as assessed 

by spectra of the re-cooled samples. Similar CD data for En, Ub-SpA, SpA, SpA 

(I17W) have been reported previously (20, 25, 26) and our parameters agree. 

2.2.4 Microscale Thermophoresis (MST) 

A construct of E. coli ClpS was engineered to remove the N-terminal extension 

(residues 1-26) to improve solubility. A surface cysteine was introduced via the 

mutation E79C using the NEB Q5® site-directed mutagenesis kit. The construct, His-

Ub- ClpS(E79C)ΔNTE, was expressed in E. coli BL21 (DE3) and purified by 

immobilized metal affinity chromatography on Ni-TED resin. Eluted fractions were 

pooled, concentrated, and exchanged into UCHL3 reaction buffer. His-UCHL3 was 

added and incubated at 37 ºC for 1.5 hours. The resulting His-UCHL3 and His-Ub 

were removed from the ClpS(E79C)ΔNTE construct by binding to fresh Ni-TED 

resin. Flow-through and wash fractions were concentrated and exchanged into F5M 

labeling buffer (50 mM HEPES pH 7.0 5 mΜ DTT). Fluorescein-5-maleimide (10 

mM in DMF) was added in a 20:1 stoichiometric ratio and reacted overnight at 4 ºC in 

the dark. The resulting labeled protein was separated from free dye on a desalting 

column, concentrated and exchanged into MST reaction buffer, and the degree of 

labeling determined from UV-Vis spectroscopy to be ~1:1. ClpS(E79C)ΔNTE-

fluorescein at a fixed concentration of 20 nM was incubated with increasing 

concentrations of protein in MST buffer (HEPES NaCl MgCl2 Tween 20) in 0.2 mL 
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tubes at RT for 15 minutes and spun down at 14,000 rpm in a microcentrifuge. 

Standard treated NanoTemper MST capillaries were loaded with the reactions and the 

fluorescence intensity and thermophoresis were measured as a function of time. 

2.2.5 Nuclear Magnetic Resonance 

Plasmids encoding constructs SpA-NH and NH-SpA were transformed to 

BL21(DE3) and grown at 37 ºC in minimal media (70 mM phosphate, pH 7.0, 17 mM 

sodium chloride, 18 mM 15N-ammonium sulfate, 11 mM 13C-glucose, 2 mM 

magnesium sulfate, 100 µM calcium chloride, 1X basal vitamin Eagle solution) to an 

OD of 0.6-0.8 at 600 nm. Culture was induced with 1 mM IPTG for 5 hours. Proteins 

were harvested and purified with the same procedure as unlabeled protein. Proteins at 

1 mM were dissolved in 50 mM sodium phosphate pH 6.0 50 mM sodium chloride, 

with 10 % 2H2O and 20 ppm sodium azide, and degassed under vacuum. 15N-1H 

HSQC, HNCACB, and CACB(CO)NH epxeriments were performed on Varian 600 

MHz spectrometer using Bruker TopSpin data acquisition software for both SpA-NH 

and NH-SpA. The spectra of SpA is published. Data were processed with NmrPipe 

(27). 
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Table 2.1 Primers used in subcloning of constructs 
Gene Forward Primer(s) Reverse Primer(s) 
SpA agacacaaacatatggcggataacaaattcaac (1) gcaatttagaattcattattttggtgcttgagcatc (2) 

SpA-CH 1 
agtcgcatcgtcgtaagtccattttggtgctt 

aactgtaaaggtcttagtcgcatcgtc 
gcaatttagaattcattaaactgtaaagg 

CH-SpA 
gactaagacctttacagttgcggataacaa 
tggacttacgacgatgcgactaagaccttt 
agacacaaacatatgtggacttacgac 

2 

SpA-NH 1 
tgttttaccattaaggattaattttggtgctt 
tgtttcgcctttcaatgttttaccatt (3) 

gcaatttagaattcattatgtttcgccttt (4) 

NH-SpA 
aaaacattgaaaggcgaaacagcggataacaa 
ccttaatggtaaaacattgaaaggcgaaac (5) 
cgagacacaaacatatgttaatccttaatgg (6) 

2 

SpA-UH 1 
gtcttaccagtaagtgtcttaacaaagatttgcatttttggtgcttgag 

gcaatttagaattcattagacttctaatgtaatagtcttaccagtaagtgtc 
(7) 

UH-SpA 
cttactggtaagactattacattagaagtcgcggataacaaattc 

gacgatagacatatgcaaatctttgttaagacacttactggtaagactattaca 
(8) 

2 

En agacacaaacatatgaccgctttctcctc (9) gcgggcaatttagaattcattagattttagcacg (10) 

En-NH 9 
tgttttaccattaaggattaagattttagcacg 

3 
4 

NH-En 
aaaacattgaaaggcgaaacaaccgctttc 

5 
6 

10 

En-UH 9 gtcttaccagtaagtgtcttaacaaagatttgcatgattttagcacg 
7 

UH-En cttactggtaagactattacattagaagtcaccgctttctcctcc 
8 10 
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SpA       MADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPK 
SpA-NH    MADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPKLILNGKTLKGET 
NH-SpA    MLILNGKTLKGETADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPK 
SpA-CH    MADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPKWTYDDATKTFTV 
CH-SpA    MWTYDDATKTFTVADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPK 
SpA-UH    MADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPKMQIFVKTLTGKTITLEV 
UH-SpA    MQIFVKTLTGKTITLEVADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPK 
SpA*      MADNKFNKEQQNAFYEWLHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPK 
SpA*-NH   MADNKFNKEQQNAFYEWLHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPKLILNGKTLKGET 
NH-SpA*   MLILNGKTLKGETADNKFNKEQQNAFYEWLHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPK 
SpA-NH*   MADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPKAILNGKTLKGET 
NH*-SpA   MAILNGKTLKGETADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPK 
 
En        MTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQIKIWFQNKRAKI 
En-NH     MTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQIKIWFQNKRAKILILNGKTLKGET 
NH-En     MLILNGKTLKGETTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQIKIWFQNKRAKI 
En-UH     MTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQIKIWFQNKRAKIMQIFVKTLTGKTITLEV 
UH-En     MQIFVKTLTGKTITLEVTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQIKIWFQNKRAKI 
En*-NH    MTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQVKIWFQNKRAKILILNGKTLKGET 
NH-En*    MLILNGKTLKGETTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQVKIWFQNKRAKI 
En**-NH   MTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQAKIWFQNKRAKILILNGKTLKGET 
NH-En**   MLILNGKTLKGETTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQAKIWFQNKRAKI 
 
ClpS      HisTag-Ubiquitin-SMYKVILVNDDYTPMEFVIDVLQKFFSYDVERATQLMLAVHYQGKAICGVFTACVAETK 
          VAMVNKYARENEHPLLCTLEKA 
 

Figure 2.1 Primary Amino Acid Sequences of Constructs 
The translated open reading frame between NdeI and EcoRI restriction sites in 
pET21a are listed beside the construct name. Bold residues are changes from the 
native sequence. Underlined residues represent mutations introduced with site-directed 
mutagenesis. HisTag represents the sequence MHHHHHHGGS. The HisTag-
Ubiquitin is removed in a purification step.  
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Figure 2.2 Sequences and secondary structures of parent domains 
Regions of secondary structure as reported from published structures over the primary 
amino acid sequences of their respective domains.  

GB1

Ub

SpAB

En
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2.3 Results 

2.3.1 Increased expression of helical constructs in BL21(DE3) cytosol with added 

b-hairpin sequence 

The constructs generated in this work were all tested for their relative 

expression by inducing a small volume culture of BL21(DE3) for three hours and 

visualizing the amount of induced protein in the lysates of culture pellets on 

Coomassie-stained SDS-PAGE. Densitometry was performed to quantitate the amount 

of target protein produced. Figure 2.3 and Figure 2.4 show gels of induced lysates of 

representative samples of a panel of SpA and En constructs, respectively and 

quantitated yield. When the sequences taken from N-terminal b-hairpins of Ub (UH) 

and Gb1 (NH) are fused to either terminus of SpA, the amount of induced protein as a 

fraction of the lane contents increases to that of the protein tagged with the full-length 

domain. Similarly, the amount of protein produced in BL21(DE3) cytosol increases 

from undistinguishable from the background (construct En) to approximately 20% of 

lane contents for En-UH and UH-En. The C-terminal b-hairpin of Gb1 is not effective 

in enabling the expression enhancement when fused C-terminally, as SpA-CH is not 

detected, but the N-terminal CH fusion is enhanced to a similar or greater degree as 

NH and UH. Destabilizing the helical domain does not significantly impede the 

expression yield enhancement (Figure 2.5).  
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Figure 2.3 Expression levels of β-hairpin fusions to SpA 
(Top) Representative Coomassie-stained 18% SDS-PAGE gel of lysates of induced 
cultures of variants SpA-CH (lanes 2-4), CH-SpA (lanes 5-7), and SpA-UH (lanes 8-
10). The quantity of the bottom-most band was normalized against the dark band at 
~37 kDa which appears in all E. coli BL21(DE3) lysates at an intensity proportional to 
the amount loaded. The migrations of the bottom-most band were calculated from a 
linear regression of the marker as CH-SpA 7.54 ± 0.43 kDa (CH-SpA, theoretical MW 
8.03 kDa) and 9.46 ± 0.49 kDa (SpA-UH, 8.50 kDa).  
(Bottom) Plot of data from gel densitometry of SpA variants listed. Error bars 
represent the standard deviation. 
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Figure 2.4 Expression levels of β-hairpin fusions to En 
(Top) Coomassie-stained 18% SDS-PAGE gel of lysates of induced cultures of lane 2-
empty vector lane 3-En(21a), lane 4-Ub-En, lane 5-En-NH, lane 6-NH-En, lane 7-En-
UH, lane 8, UH-En, lane 9-En(I41V)-NH, lane 10-NH-En(I41V), lane 11-En(I41A)-
NH, lane 12-NH-En(I41A). The quantity of the bottom-most band was normalized 
against the dark band at ~37 kDa which appears in all E. coli BL21(DE3) lysates at an 
intensity proportional to the amount loaded. The migrations of the bottom-most band 
were calculated from a linear regression of the marker as CH-SpA 7.54 ± 0.43 kDa 
(CH-SpA, theoretical MW 8.03 kDa) and 9.46 ± 0.49 kDa (SpA-UH, 8.50 kDa).  
(Bottom) Plot of data from gel densitometry of En variants listed. Error bars represent 
the standard deviation. 
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Figure 2.5 Expression levels of destabilized variants 
Plot of data from gel densitometry of destabilized variants listed. A*=SpA(I17W), 
En*=En(I41V), En**=En(I41A), NH*=Mutated L to A in residue 1 of hairpin. Error 
bars represent the standard deviation.  
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2.3.2 Helical domains with b-hairpins contain added b character 

Far-UV circular dichroism spectra of purified proteins Ub-SpA, SpA, 

SpA(I17W), SpA-NH, NH-SpA, SpA-UH, UH-SpA (Figure 2.6), Ub-En, En, En-NH, 

and NH-En (Figure 2.7) were collected to determine secondary structure content. 

Spectra were deconvoluted on the DichroWeb service into component spectra from 

reference set 6. To validate the DiochroWeb outputs, PDB entries for the elements of 

our proteins (SpA: 1BDC, En: 2JWT, NH: 3GB1, UH: 1UBQ) were evaluated using 

the STRIDE algorithm (28) (Figure 2.2). Table 2.2 summarizes the predicted and 

measured secondary structure contents for each protein. In general, we observed an 

increase in total b content detected for the chimeric proteins relative to the untagged 

protein of similar magnitude to the amount predicted if the added sequence adopts a 

conformation similar to the structure observed in its parent domain. 

To confirm the origin of the increased β content is due to the presence of the 

added sequence element, we performed a series of heteronuclear NMR experiments on 

uniformly 15N,13C-labeled constructs SpA-NH and NH-SpA. The 15N-1H HSQC 

spectra (Figure xx) of SpA-NH and NH-A overlay well with the literature spectrum 

for the wild-type domain (29) with subtle differences in the number and location of 

peaks. For SpA-NH (Figure 2.11) and NH-SpA (Figure 2.12) there is very little 

difference in the HSQC from the wild-type protein, but there are additional peaks in 

the upper right quadrant of the spectrum. The location of a few peaks do change, but 

globally the helical fold of SpA is clearly unperturbed. 
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Figure 2.6 Circular Dichroism spectra of SpA variants 
CD spectra at 25 °C of SpA variants at ~25 µM in transparent buffer. Top: SpA, SpA 
(I17W); Middle: SpA-NH, NH-SpA; Bottom: SpA-UH, UH-SpA 
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Figure 2.7 Circular Dichroism spectra of En variants 
CD spectra at 25 °C of En variants at ~16 µM in transparent buffer. Top: En, Ub-En; 
Bottom: En-NH, NH-En  
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Table 2.2 STRIDE and computed secondary structure components of hairpin 
fusion proteins 

 STRIDE 
α 

STRIDE 
β 

CDSSTR 
α 

CDSSTR 
β 

SpA 38 (65%) 0 (0%) 74 9 
SpA-NH 38 (54%) 4 (6%) 59 17 
NH-SpA 38 (54%) 4 (6%) 48 24 
SpA-UH 38 (51%) 10 (14%) 39 14 

UH-SpA 38 (51%) 10 (14%) 50 25 
En 39 (76%) 0 (0%) 59 12 

En-NH 39 (62%) 4 (6%) 59 17 
NH-En 39 (62%) 4 (6%) 64 15 
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2.3.3 Unfolding of helical domain is unaffected by added b-hairpins 

Thermal unfolding curves for SpA-NH, NH-SpA, SpA-UH, UH-SpA (Figure 

2.8), Ub-En, En, En-NH, and NH-En (Figure 2.9) were generated by monitoring CD 

signal at 222 nm between 15 and 95 ºC. For En variants, 208 nm and 222 nm yielded 

similar shaped curves with very similar calculated transition temperatures. The signal 

decrease was fit to a two-state unfolding model in Igor Pro and converted to fraction 

folded via established methods. Fits of the data have very low residual deviations from 

the experimental curves. The thermal transition temperatures of SpA and the variants 

including the b-hairpins are virtually identical at 222 nm (Table 2.3). Wavelength 

spectra at 25, 37, 50, 70, and 95 ºC taken during the melts show that all the proteins in 

our suite demonstrate features of a cooperative transition between a predominantly 

helical and predominantly random coil state, including isosbestic points at ~204 and 

239 nm (Figure 2.10). Reversibility of the thermal melts was verified by cooling the 

melted protein to 25 ºC, centrifuging, and acquiring another spectrum. Visible 

aggregation was present for Ub-SpA and Ub-En, but not for any other constructs. 
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Figure 2.8 Thermal denaturation curves of SpA variants. 
Raw data (open circles) and two-state fit (line) of CD signal at 222 nm as a function of 
temperature. 
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Figure 2.9 Thermal denaturation curves of En variants 
Raw data (open circles) and two-state fit (line) of CD signal at 222 nm as a function of 
temperature. 

  



44 

   

 

Table 2.3 Thermal melting temperatures of proteins 
 TM (ºC) 

SpA 72 

SpA (I17W) 46 

SpA-NH 73 

NH-SpA 73 

SpA-UH 73 

UH-SpA 75 

En 54 

En-NH 53 

NH-En 54 
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Figure 2.10 Spectral response to temperature of SpA variants 
Wavlength spectra of indicated constructs at 25 ºC (blue), 37 ºC (green), 50 ºC 
(yellow), 70 ºC (orange), and 95 ºC (red).  



46 

   

 

 
Figure 2.11 15N-1H HSQC spectrum of SpA-NH. 
Processed spectrum of [15N, 13C]-labeled SpA-NH.  
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Figure 2.12 15N-1H HSQC spectrum of NH-SpA. 
Processed spectrum of [15N, 13C]-labeled NH-SpA.  
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2.3.4 b-Hairpins influence interactions with E. coli ClpS  

One of the ultimate biological problems of this project is determining the 

origin of the expression enhancement effect observed when β-hairpin sequences are 

added to a helical protein that does not ordinarily express well by itself. Because the 

mechanism for protein production is essentially identical for the protein with and 

without hairpins, we presume that the change in the system results from a dramatic 

change in the degradation rate of the peptide by host protein recycling machinery, 

from extremely rapid to very slow. This may indicate that recognition events, which 

are protein-protein interactions, are reduced or absent. Unfortunately, it is very 

difficult to perform a search for a weak or non-existent protein-protein interaction 

using conventional interaction identification methods such as pull-downs or two-

hybrid screens. Thus our only hope for addressing this question would be to 

hypothesize and investigate a potential degradation system. 

E. coli BL21 (DE3), the strain in which we produce our recombinant proteins, 

have a limited number of protein recycling mechanisms. By process of elimination, we 

can hypothesize that the most likely system that can degrade our helical peptides 

without hairpins is the ClpAPS system. This strain is deficient in Lon, an ATP-

dependent serine protease. ClpAP and ClpXP are the remaining ATP-dependent 

proteases. ClpX partners with ClpP for degradation of ssrA-tagged substrates, which 

are generated during a ribosomal stall. The fact that the hairpin chimeras express well 

and contain the same mRNA sequence as the proteins without the hairpins would seem 

to indicate that the ribosome is unlikely to stall during translation of our sequence. 

Additionally, the DNA is optimized to prevent rare codon use and clusters, as well as 
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mRNA secondary structure, both of which could lead to ribosomal stalling. This 

leaves the ClpAP protease, which acts in conjunction with the ClpS adapter protein to 

find and process proteins or peptides with unfolded segments or that have N-end rule 

residues at their amino terminus. MST binding experiments demonstrate that the 

affinity of our ClpS construct is reduced for the SpA-NH and NH-SpA constructs by a 

factor of ~10-100 (Figure 2.15). 
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Figure 2.13 Raw MST traces of SpA variants 
Normalized fluorescent time traces of indicated SpA variants titrated against 20 nM 
fluorescein-labeled ClpS(E79C)-ΔΝΤΕ at infrared laser powers of 20 (left) and 40% 
(right). Gradient colors reflect concentration of titrant.  
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Figure 2.14 Raw MST traces of En variants 
Normalized fluorescent time traces of indicated En variants titrated against 20 nM 
fluorescein-labeled ClpS(E79C)-ΔΝΤΕ at infrared laser powers of 20 (left) and 40% 
(right). Gradient colors reflect concentration of titrant 
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Figure 2.15 MST Binding curves of SpA, SpA-NH, and NH-SpA 
Normalized fluorescence at steady state thermophoresis plotted against concentration 
of SpA (triangles), SpA-NH (closed circles), and NH-SpA (open circles).  



53 

   

 

2.4 Discussion 

2.4.1 Small helical domains can be vulnerable in the E. coli cytosol 

Access to unstructured regions of a polypeptide is important in proteostasis. In 

eukaryotic systems, ubiquitination of degradation targets frequently occurs at regions 

outside the domain or between domains in regions lacking secondary structure (30). 

Additionally, sequences promoting degradation (“degrons”) are much more likely to 

occur at termini (31). Although the bacterial mechanisms of degradation are less 

complex, there are analogous factors that promote preferential degradation of some 

substrates over others. Certain N-terminal amino acids are known to promote 

degradation in vivo. Of particular relevance to that phenomenon in this work are the 

constructs CH-SpA and NH-SpA. CH-SpA and its destabilized variant CH-

SpA(I17W) contain tryptophan as the amino acid following the initiator methionine, a 

strong signal for degradation recognition via the N-end rule pathway (32). 

Additionally, NH-SpA, NH-En and the three variants with helical-domain 

destabilizing mutations contain a leucine in this position and can be produced in high 

yield. 

Proteolysis by serine and cysteine proteases involves nucleophilic attack of a 

substrate and formation of a covalent intermediate. The mechanisms of specificity are 

generally well-characterized. It is also known that for specific proteases, such as 

thrombin, that dynamics are affected by substrate interactions (33). The fact that 

disorder can increase proteolytic rates explains why proteolytic complexes that operate 

in the cytosol include subunits with chaperone-like activity that serve to unfold 

substrates while simultaneously delivering them to the proximity of the proteolytic 
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active site (34). 

The small domains in our study have well characterized structures. The NMR 

solution structures indicate regions of disorder at both N- and C-termini for SpA (29), 

and at the N-terminus of En . Domains of similar size, such as Notch, Gβ1, Ub, 

SUMO, trx, and others have no expression recalcitrance in BL21(DE3), and within 

these structures flexibility at the termini is minimal or absent. In fact, all of these 

commonly used domains for N-terminal tagging contain β strands at the N-end of the 

protein which participate in antiparallel H-bonding to one or more strands in the 

domain. 

The parent domains in our study have kinetically favorable folding, with SpA 

one of the most rapid folders observed. Additionally, they exhibit cooperative 

unfolding for temperature induced unfolding and renature appreciably following 

denaturation. Thus, the thermodynamics of these domains are favorable to a folded 

state in vitro at a range of physiologically relevant temperatures and solution 

conditions. While we cannot rule out that the protein is not as equally well-folded in 

vivo, there does not seem to be evidence that either of these domains exhibit any kind 

of chaperone requirement for folding. However, although both domains have a high 

degree of helical content, their termini remain disordered and could be subject to 

proteolytic cleavage in vivo. 
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2.4.2 b-Hairpin sequences from stable domains can act as miniature tags without 

affecting protein architecture or stability 

The circular dichroism spectra demonstrate the helicity of En and SpA is not 

deteriorated by fusion with the β-hairpin sequences investigated. Compared to the 

wild-type domains, there is additional β content, and no corresponding decrease in 

helicity (Table 2.2). The circular dichroism melts at 222 nm show that the helical 

signal is lost in a similar manner for all the constructs, retaining cooperativity of 

unfolding and transition temperatures very similar to the parent domain. The 

resolution of this technique is not sufficient to elucidate the types of subtle differences 

in the unfolding pathways we might expect for these modifications, but dramatic 

changes that significantly modify the physical properties of the protein can be ruled 

out.  

The kinetics of the folding of different types of secondary structures result 

from the types of hydrogen bonding and nucleation required. In α helices, folding is 

rapid due to the close proximity of the backbone amide that participates in the i 

hydrogen bond to the i+4 carbonyl. In β sheets, on the other hand, there is not 

sequence proximity in the hydrogen bond pairs. β-hairpins are a special case where the 

hydrogen bonding partners in the turn nucleation site are comprised of residues in 

close sequence proximity. Folding rates for a helix are in the range of hundreds of ns, 

whereas β hairpins fold on a µs timescale. The β-hairpins in this study are small and 

amphipathic, having been isolated from parent domains Gβ1 and Ub. Both sequences 

contain one moderately hydrophobic and one moderately hydrophilic surface in their 

native conformations. Although the NH sequence itself has not been investigated by 
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NMR, the UH and CH sequences have been shown to fold appreciably in water (35, 

36) 

While we did not observe significant effects of adding the β-hairpin on the N- 

or C- terminus on the stability of SpA or En, other studies with similar systems have 

implied that the orientation of the domains can have consequences for physical 

properties. When En is tagged with eGFP, there is a destabilizing effect that is much 

more pronounced when the eGFP is fused on the N-terminus of En rather than the C-

terminus (37). This domain orientation effect is perhaps ameliorated with the β-hairpin 

fusion rather than larger domain.  
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2.5 Conclusions 

The choice of expression enhancement strategy is often empirical. 

Investigation into mechanisms inhibiting the production of a given construct is limited 

to solving the engineering problem. This gap in understanding the intricacies of the 

biology of heavily engineered systems like an inducible pET vector in BL21(DE3) 

leads to an increase in the labor required to produce material for investigation, 

especially for proteins of uncharacterized structure. Although it is of benefit to all to 

continue development of recombinant expression tags and strategies, it would be a 

boon to productivity to be able to predict one or more techniques that will successfully 

result in higher yield, rather than arriving at one by trial and error. It is well 

established that the biological mechanisms of proteostasis are sensitive to cellular 

stress. Control of these unwanted responses, even in such seemingly simple organisms 

as E. coli is a well-recognized need. More generally, these processes are of great 

importance in general biology and not merely critical for those scientists concerned 

with making proteins for molecular structure work. Ubiquitous use of molecular 

cloning to force cells to produce non-native constructs, particularly with the advent of 

facile genome-editing tools such as CRISPR/Cas9 must be coupled with concerted 

efforts to understand these cellular side effects. Systems such as the proteins in our 

work, which help to explore the minimal requirements for evading these 

consequences, can be of value as both biological and biotechnological tools. 

2.6 Future Direction 

There are three principal avenues of interest to future investigators of this 

system. Below are outlined the types of experiments that could be performed and what 
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answers they could contribute to the results of the current work. 

2.6.1 Nuclear Magnetic Resonance 

 To experimentally confirm the β-content of the β-hairpin fused helical motifs, 

experiments with resolution at the primary sequence level would be necessary. 

Nuclear magnetic resonance experiments have been performed on 13C,15N-labeled 

NH-SpA and SpA-NH that will confirm the secondary structure of individual residues 

within the protein. These two proteins are excellent candidates for NMR because both 

SpA and GB1 generate high quality spectra and it is likely that the fusion proteins, 

which behaved well under circular dichroism conditions, would be amenable to this 

technique. While there is compelling CD evidence that the helicity of SpA is not 

perturbed by fusion to a β-hairpin but rather the fusion protein acquires β-content that 

does not interfere with the helical unfolding mechanism, NMR would offer a more 

resolved and unambiguous picture of the secondary structure adopted by the added 

sequence. 

2.6.2 Full-length Fusions 

A previous project in our lab has examined the activity of the enzyme 

Ubiquitin Carboxy-terminal Hydrolase L3 (UCH-L3) toward a panel of artificial 

substrates generated from the N-terminal fusion of the full-length ubiquitin domain to 

both GB1 and SpA and variants thereof. The primary conclusion of that work is that 

the enzyme has higher activity toward substrates where the ubiquitin domain is fused 

to a destabilized variant of Gβ1 or SpA, and that there is a direct correlation between 

the increase in activity and the decrease in thermal stability. From this observation, 

two additional projects were proposed to elaborate on this phenomenon. First, to 
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attempt to fuse ubiquitin to a destabilized variant of itself, to see if the enzyme would 

gain activity towards linear diubiquitin hydrolysis, which is not a native function of 

the enzyme. A master’s student in the lab, Peter Suon, successfully demonstrated this 

hypothesis was correct by introducing destabilizing mutations to the second domain of 

a linear diubiquitin construct, which is able to be hydrolyzed by UCH-L3. The second 

idea was to engineer chimeras of SpA and Gβ1 with a flexible linker based on the 

sequence of the C-terminus of ubiquitin to see whether UCH-L3 behaves as a 

molecular sensor in the absence of the ubiquitin fold. Several undergraduates under 

my supervision cloned three constructs, SpA-RLRGG-Gβ1, SpA-RLRGG-

Gβ1(MonB, a destabilized variant) and SpA(I17W)-RLRGG-Gβ1. None of these three 

constructs were accumulated in pET21a. An additional undergraduate sub-cloned 

them to pET22b and all three constructs accumulated. This finding may validate our 

understanding of the necessity of immediately proximal secondary structure to the 

termini of SpA in order to enable cytosolic expression. The spacing of the short 

unstructured linker sequence RLRGG may be sufficient to separate the structural 

components of the domains such that additional β content no longer serves a 

protective function. Additionally, because the β-hairpins of Gβ1 are participating in 

their most native-like interactions, any non-native conformation they adopt in the 

context of the β-hairpin fusions may be thermodynamically inaccessible. 

While perhaps not immediately obvious, it is of great interest to explore this 

system in more detail. So much work has been done on these domains in isolation, but 

one of the areas of protein science where our understanding is incomplete is in the 

context of tandem domains and the inter-domain regions that tether them. This system 
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of two domains connected by a linker has a readout in both a biological and in vitro 

context, and so may serve as an ideal model system for testing hypotheses about 

regions in multidomain systems. 

2.6.3 Further explorations of the Clp system 

Our choice to explore interactions with ClpS was largely based on some 

assumptions about the N-end rule. ClpS participates in the canonical N-end rule 

pathway, and several of our constructs seemed to directly violate the idea that primary 

structure directly affects the in vivo lifetime of the protein. In particular, Construct 

CH-SpA and NH-SpA begin with tryptophan and leucine, respectively (following the 

initiator methionine) and the binding to ClpS is strongest, and ClpS-assisted ClpAP 

degradation fastest, for N-terminal residues L, W, and Y (38). It seemed that these two 

constructs would be favorable for N-end rule degradation unless the amino terminal 

residue were structurally inaccessible for binding to ClpS. The MST results support 

this. We did not investigate binding of CH-SpA to ClpS because the SpA-CH 

construct does not accumulate and was thus not easy to produce recombinantly, but it 

would be of interest to prepare a SpA-CH construct synthetically or use either the Ub-

fusion method or periplasmic localization and test if the ClpS binding hypothesis can 

be confirmed where the β-hairpin addition has higher aromatic content. Other groups 

have demonstrated significant allosteric enhancement of the Clp system when all 

components are present (39). The binding to ClpS of appropriate substrates is 

significantly higher in the presence of active ClpA, and the ClpS-ClpA binding is 

mediated by the flexible N-terminal extension on ClpS. We used a truncated ClpS in 

this study because the solubility was significantly better with the ClpA-interacting N-
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terminal extension removed. Furthermore, the highest affinity peptides for ClpS are 

fairly weak binders (KD ~10 µM), and our molecules were weaker still. Studies of the 

binding affinity for the full-length ClpS in the presence of ClpA may allow for better 

discrimination between affinity parameters. Additionally, although such experiments 

would be very challenging, it would be interesting to understand the difference in 

force and energy requirements of ClpA to unfold the variants with added β-hairpins. I 

would hypothesize that β-hairpins are more energy-intensive to unfold, and that a 

stable β-hairpin at the N-terminal end may have a greater effect on the eventual 

degradation of the peptide than the C-terminal end. This could arise from both the 

reduced affinity for ClpS, resulting in fewer molecules being delivered to ClpA, and 

from an increased energy requirement for unfolding the first segment of the construct. 

Such a study would help us understand the different expression levels of CH-SpA and 

SpA-CH. 
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3.1 Use of Circular Dichroism Spectroscopy to Assign Configurations of 

Atropisomeric Pyrrolopyrimidine Derivatives 

3.1.1 Introduction 

Many organic reactions utilized in the synthesis of natural products and other 

medicinal chemistry targets result in mixtures of products. Reactions lacking 

stereoselectivity result in racemic mixtures, and often each enantiomer displays a 

different biological activity. A classic example is L-3,4-dihydroxyphenylalanine, a 

neurotransmitter precursor used to treat Parkinson's disease, whose D-enantiomer does 

not have any therapeutic effect. In other pharmacological examples, such as cisplatin, 

an isomer can have significantly increased toxicity, and so must be removed. While 

stereoselectivity of some important reactions can be improved, for example, with 

chiral catalysis, there are some routes for which it is necessary to perform a 

nonstereoselective synthesis, and then separate the products.  

Mirror image molecules can often be separated and isolated by an appropriate 

chiral chromatography, and then the configuration of the isomers can be assigned 

using available information. For new molecular entities, however, an apparent 

difficulty in medicinal chemistry is the ability to assign absolute configuration. NMR 

in normal media is generally not able to distinguish between enantiomers, and NMR in 

chiral media is not commonly performed. The principal way to unambiguously assign 

configuration is x-ray crystallography, which requires that at least one isomer can be 

crystallized. Polarimetry can be used for assignment and calculation of enantiomeric 

excess for compounds of known rotation. In a combinatorial synthetic approach, 

however, it is more useful to perform optical rotary dispersion or circular dichroism 
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(CD) experiments. The latter is particularly useful for common pharmacophores, 

which have significant π-content and characteristic CD spectra at UV wavelengths.  

CD can be used to assign absolute stereochemistry for isomers with 

relationships through a mirror plane, which can otherwise only be directly assigned via 

X-ray crystallography. Atropisomers are isomers where the rotation of a single bond is 

restricted by a sufficiently high energy barrier such that two conformations can be 

isolated. In this study, we acquired the spectra of six molecules, of which only one had 

an absolute assignment from a crystal structure, and used the CD spectra to assign 

stereochemistry for the remaining 5 molecules. These scaffolds were then assessed for 

kinase inhibitory activity, to determine whether both specificity and potency were 

affected by stereochemistry of the inhibitor. The data demonstrated the utility of CD 

for nondestructive, solution state assignment of configuration for isomers used in 

biomedical research, and is one of very few such works reported for drug-like 

scaffolds that have non-interconverting atropisomeric properties. 

3.1.2 Methods 

Three pairs of atropisomeric pyrrolopyrimidine compounds (Figure 3.1), were 

synthesized and purified by chiral HPLC by D. Smith and I. Marquez, and the x-ray 

crystal structure of (R)-1 was solved by A. Rheingold as described (1). Solid samples 

of these compounds were dissolved in ethanol and diluted in the same solvent to a 

maximum absorbance of 0.8 in the spectral region. Spectra of the solvent and samples 

were collected in a 1 mm cuvette at 25 ºC on an Aviv model 420 CD 

spectrophotometer. Data were acquired from 340 to 200 nm at 1 nm intervals using a 1 

nm bandwidth and 1 s averaging time. The CD spectra were processed by averaging 
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multiple spectra, subtracting the background signal of the solvent and minor 

smoothing using the Aviv CDS auto-smoothing function. Detector voltage was 

converted to absorbance using Equation 3.1, and the value at 285 nm was used to 

normalize the two atropisomers of each pair to account for minor concentration 

differences. Spectra collected in mdeg are reported in standard CD units of molar 

ellipticity. 

Abs = log
Voltagesample

Voltagesolvent
*	7.4 

Equation 3.1  
 

3.1.3 Results and Discussion 

The C-C bond between the pyrimidine C5 and C1 on the phenyl group is not 

freely rotatable due to steric interference between the chlorine at pyrimidine C6 and 

the chlorine or bromine at C2 on the phenyl group (Figure 3.1). The two planar 

systems in the molecules are thus forced to remain approximately perpendicular to 

each other. The primary CD spectral feature for all six molecules is an asymmetrical 

peak at ~250 nm. The crystal structure of 1-(R) was solved, and because the 1-(R) CD 

spectrum contains a positive ellipticity at 250 nm, isomers of 2 and 3 with positive 

ellipticities for this feature were assigned an (R) configuration, and those with negative 

ellipticities were assigned an (S) configuration. All six molecules demonstrated an 

absorbance spectral feature at 285 nm in the CD solvent.  
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The CD spectra of the atropisomers display properties of a coupled-oscillator 

system (2). This phenomenon arises independently from the geometry of the 

chromophore and not from tertiary structure or intermolecular interactions, as in the 

case of nucleic acids. The asymmetry of the two predominant CD transitions can be 

explained by the different identities of the two chromophores; the methoxyphenyl 

system and the purine contribute unequally to the polarized transition moments. 

Electronically, the consequence for these molecules is that the conjugation of the 

system is apparently reduced between the two systems. If there were significant 

conjugation of the π system at this temperature, the CD signal would be significantly 

attenuated. This characterization agrees with both the crystal structure of (R)-1, in 

which the two rings are nearly perpendicular, and with DFT analysis performed to 

characterize the energy landscape of the barrier to rotation, in which the contribution 

of dihedral angles outside 90 º is minimal. Derivatives of these molecules with a 

profile more conducive to subtle rotations and less “locked” in the perpendicular 

position may have desirable consequences for their pharmacological properties, but 

may reduce the ability to interrogate the system with CD. 
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Figure 3.1 Pyrrolopyrimidine derivatives for investigational studies of kinase 
inhibition dependence on atropisomerism 
1 5-(2-bromo-5-methoxyphenyl)-6-chloro-7-cyclopentyl-7H-pyrrolo[2,3-
d]pyrimidin-4-amine 
2 7-(tert-butyl)-6-chloro-5-(2-chloro-5-methoxyphenyl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine 
3 5-(2-bromo-5-methoxyphenyl)-7-(tert-butyl)-6-chloro-7H-pyrrolo[2,3-
d]pyrimidin-4-amine 
  

1 2 3 
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Figure 3.2 CD detector voltage of 1-3 converted to absorbance 
Detector voltage was converted to absorbance using a logarithmic scaling factor. Red 
traces indicate (R)-atropisomers and blue traces are (S)-atropisomers. The value of 
absorbance at 285 nm was used to normalize the CD spectra. 
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Figure 3.3 UV circular dichroism spectrum of (R)-1 and (S)-1  
Raw baseline-subtracted (points) and smoothed (lines) CD spectra of (R)-1 (red) and 
(S)-1 (blue) in 1:1 hexanes:ethanol from 340 to 200 nm normalized to A285nm. 
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Figure 3.4 UV circular dichroism spectrum of (R)-2 and (S)-2  
Raw baseline-subtracted (points) and smoothed (lines) CD spectra of (R)-2 (red) and 
(S)-2 (blue) in 1:1 hexanes:ethanol from 340 to 200 nm normalized to A285nm. 
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Figure 3.5 UV circular dichroism spectrum of (R)-3 and (S)-3 
Raw baseline-subtracted (points) and smoothed (lines) CD spectra of (R)-3 (red) and 
(S)-3 (blue) in 1:1 hexanes:ethanol from 340 to 200 nm normalized to A285nm. 
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3.1.4 Conclusions 

Circular dichroism is a powerful form of spectroscopy due to its sensitivity and 

ease of use, and is under-utilized in the study of organic compounds with biological 

activity in modern research, although there is a significant volume literature alluding 

to its utility. Because the electronic absorptions of circularly polarized light are 

dependent on molecular orientations in space, mirror image molecules can be studied. 

We demonstrate that atropisomers, like enantiomers, exhibit a handedness 

characteristic under circularly polarized light, and take advantage of this to assign 

absolute configurations to the atropisomers of molecules 1-3. Information from CD 

The data in Figure 3.3, Figure 3.4, and Figure 3.5 appear in reference (1). 
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3.2 Circular Dichroism Spectroscopy for Thermodynamic Characterization of 

Novel Fluorescent Oligonucleotides 

3.2.1 Introduction 

Circular dichroism is an electronic spectroscopic technique that quantifies 

chiral interactions between an analyte and circularly polarized electromagnetic 

radiation. Many biomolecules and biomolecular scaffolds used in biochemical 

research are chiral and have characteristic peaks when interrogated by circularly 

polarized UV light. Because the absorbance of polarized light is highly sensitive to 

electronic environment, spectroscopic signatures can be indicative of conformational 

phenomena. CD is a widely-used analytical tool for the characterization of protein 

secondary structure, for example. Unlike X-ray crystallography and NMR, CD does 

not have atomic resolution. The principal advantage of CD is the ability to perform 

course-grained structural analyses without extensive sample preparation and with full 

sample recovery. 

CD has a long history of use for characterizing nucleic acid structure. In 

absorbance spectroscopy, differentiation of nucleic acid types is difficult due to the 

similar spectral appearance of free nucleotides, single stranded, and double stranded 

nucleic acids. While extinction coefficients can be estimated with some precision for a 

given sequence composed of standard nucleobases, UV-Vis spectroscopy is limited in 

utility for interrogation of structural phenomena that are easily distinguished by CD. 

Conformational information about DNA produced from CD data can be used 

to investigate both local and global architecture, as well as determine transitions 

between states. In this work, the CD spectra of 22 deoxyribonucleic duplexes were 
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collected to confirm their conformational integrity, and the CD spectra were also 

monitored as a function of temperature to calculate transition temperatures for strand 

separation.  Each duplex consisted of two complementary ten-base strands, 12 of 

which contained a fluorescent nucleobase on one strand, This information was used to 

further understand thermodynamic contributions to photophysical properties of the 

duplexes. 

3.2.2 Methods 

Oligonucleotides (Table 3.1) were prepared by equimolar dilution in 1X PBS 

(10 mM sodium phosphate pH 7.3, 27 mM KCl, 137 mM NaCl) to an approximate 

concentration of 5 µM with respect to each strand. All strands were duplexed to their 

complement, with the exception of AA:mismatch, where 8-DEA-tC or C is paired 

with A, and AA:AP, where this position lacks a nucleobase at the complementary 

position on the opposite strand. Concentrations were adjusted by adding 1X PBS to 

duplexes which exhibited UV absorbances of >0.8 AU at 280 nm. UV CD spectra of 

1X PBS and oligonucleotide sample solutions were acquired in a 1 cm path length 

semi-micro cuvette on an Aviv Model 420 CD spectrophotometer from 350 to 220 nm 

using a 1 nm bandwidth. Spectra were collected at 25 ºC for all duplexes. Spectra were 

buffer-subtracted and smoothed using the Aviv CDS auto-smoothing function. 

Florescent and native duplexes were internally normalized to A260nm as measured by 

detector voltage (Equation 3.1 and Figure 3.7A). CD at 255 nm as a function of 

temperature were recorded from 15 ºC to 75 ºC at 1 ºC increments. Melting curves 

were fit to a two-state unfolding model in Igor Pro (Figure 3.7B). 

3.2.3 Results and Discussion 
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The fluorescence of nucleobase analogues has been of interest to a number of 

groups, primarily for developing fluorescence-based spectroscopic methods of 

studying the chemistry and mechanisms of proteins and enzymes in nucleic acid 

modifying pathways. To this end Burns et al. have synthesized 8-DEA-tC, a derivative 

of tC (Figure 3.6) which demonstrates a marked increase in fluorescence in response 

to duplex formation (3). To study the impact of the addition of the modified 

nucleoside on tertiary structure, duplexes with and without the modification were 

studied using UV circular dichroism. All duplexes exhibited spectra consistent with B-

form helices (Figure 3.8) containing one strong (+) band at ~275 nm and one strong (-) 

band at ~245 nm. Oligonucleotides with a cytosine 5’ to 8-DEA-tC contain an 

additional (-) band at ~230 nm. Our spectra are similar to those previously reported (). 

CD was monitored as a function of temperature to obtain TM values (Figure 3.9). 

Cooperative, reversible strand separation was observed for all duplexes, confirming 

the 8-DEA-tC does not interfere with spontaneous duplex formation in PBS. The 

thermal stability is fairly dramatically affected by 8-DEA-tC incorporation, ranging 

from an almost 10 ºC increase for AA to a 14.5 ºC decrease for GC. All TM values are 

greater than those estimated from first principles and those previously reported for the 

native duplexes and parent tC oligonucleotides. Duplexes incorporating tC showed a 

somewhat general trend of increasing stability relative to the native duplex, however 

our experiments were conducted in a solvent containing significantly higher 

monovalent salt, which may result in more electrostatic shielding, increasing the 

observed TM. The hydrophobic effect will be more pronounced for 8-DEA-tC than tC, 

potentially resulting in a higher entropic cost for strand separation. 
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The thermal transition temperatures derived from the CD experiments allowed 

us to compare the difference in thermal stability to the empirical fluorescence increase 

on duplex formation. There is a clear positive correlation between decreased stability 

and increased fluorescence (Figure 3.10). Additionally, there is a clustering effect 

where the adjacent residue on the 5’ side of the fluorescent nucleobase is the primary 

determinant of fluorescence enhancement, with significantly greater enhancement for 

a 5’ purine than a 5’ pyrimidine. This implies that base-stacking interactions play a 

very important role in the fluorescence turn-on effect and in the thermodynamics of 

strand separation. 



81 

   

 

Figure 3.6 Structures of fluorescent nucleobases 
tC (top) and 8-DEA-tC (bottom).  
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Table 3.1 Measured thermal melting transition temperatures for fluorescent and 
native oligonucleotide duplexes 
 

 Name Sequence (5’-3’) CD TM (ºC) 

8-
D

E
A

-t
C

 

GA CGCAG[8-DEA-tC]ATCG 50.7 
CT CGCAC[8-DEA-tC]TTCG 54.7 
GC CGCAG[8-DEA-tC]CTCG 49.1 
CA CGCAC[8-DEA-tC]ATCG 57.4 
GG CGCAG[8-DEA-tC]GTCG 58.2 
CC CGCAC[8-DEA-tC]ATCG 60.2 
TA CGCAT[8-DEA-tC]ATCG 48.7 
TT CGCAT[8-DEA-tC]ATCG 48.5 
AA CGCAA[8-DEA-tC]ATCG 48.4 

AA:mismatch CGCAA[8-DEA-tC]ATCG 33.1 
AA:AP CGCAA[8-DEA-tC]ATCG 36.9 

tC
 

tC CGCAA[tC]ATCG 55.5 

N
at

iv
e 

C
 

GA CGCAGCATCG 55.8 
CT CGCACCTTCG 52.7 
GC CGCAGCCTCG 63.6 
CA CGCACCATCG 55.3 
GG CGCAGCGTCG 65.2 
CC CGCACCCTCG 53.5 
TA CGCATCATCG 50.3 
TT CGCATCTTCG 48.3 
AA CGCAACATCG 51.0 

AA:mismatch CGCAACATCG 23.5 
AA:AP CGCAACATCG n.d. 
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Figure 3.7 Examples of data processing steps for CD spectra and CD thermal 
melts 
A) CD detector voltage converted to absorbance of 5´-CGCAC[8-DEA-tC]ATCG-3´ 
(red) and 5´-CGCACCATCG-3´(black) annealed to 5´-CGATGGTGCG-3´ from 350 
to 220 nm at 25 ºC and 75 ºC. B) Thermal melting data at 255 nm (markers) and fits 
(lines) of 5´-CGCAG[8-DEA-tC]CTCG-3´ (red, left axis) and 5´-CGCAGCCTCG-
3´(black, right axis) annealed to 5´-CGAGGCTGCG-3´. 
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Figure 3.8 CD spectra of fluorescent (red) and native (black) oligonucleotide 
duplexes in 1X PBS 
Panel titles indicate neighboring 5´ and 3´ bases, respectively. Mismatch is AA 
duplexed with 5´-CGAAGATGCG-3´ and AP is AA duplexed with 5´-
CGAAG[abasic]TGCG-3´. tC contains neighboring bases AA. 
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Figure 3.9 CD melting curves at 255 nm for fluorescent (red) and native (black) 
oligonucleotide duplexes 
Panel titles indicate neighboring 5´ and 3´ bases, respectively. Mismatch is AA 
duplexed with 5´-CGAAGATGCG-3´ and AP is AA duplexed with 5´-
CGAAG[abasic]TGCG-3´. tC contains neighboring bases AA and is plotted against 
the same data for the native DNA as in panel AA. 
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Figure 3.10 Change in observed fluorescence upon duplex formation plotted 
against change in observed TM 
ΔTM represents difference between TM of 8-DEA-tC duplex from native duplex.  
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3.2.4 Conclusions 

Circular dichroism is of great utility for characterizing physical properties of 

nucleic acids. Because CD is sensitive to molecular orientation in a way that UV-Vis 

is not, subtle differences in structure can be easily observed. In the case of the nucleic 

acids in this study, tertiary structural integrity was of primary concern for the 

usefulness of these molecules in the future. In addition, tertiary structure information 

can be used in combination with fluorescence and computational data to hypothesize a 

mechanism for the quantum yield increase observed for these molecules, which will be 

useful when designing improved versions. The data in Table 3.1 and Figure 3.8, 

Figure 3.9, and Figure 3.10 appear in reference (3). 
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