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ABSTRACT 

Most amino acid sequences are predicted to specify a single three-dimensional protein structure.  

However, the identification of “metamorphic” proteins, which can adopt two folds from a single 

amino acid sequence, has challenged the one sequence/one structure paradigm.  Polar-to-

hydrophobic substitutions have been suggested computationally as one mechanism to decrease 

structural specificity, allowing the population of novel folds.  Here, we experimentally 

investigate the role of polar-to-hydrophobic substitutions on structural specificity in the 

homodimeric ribbon-helix-helix protein Arc repressor.  Previous work showed that a single 

polar-to-hydrophobic surface substitution in the strand region of Arc repressor (Arc-N11L) 

populates the wild-type fold and a novel dimeric “switch” fold.  In this work, we investigate an 

Arc repressor variant with the N11L substitution plus two additional polar-to-hydrophobic 

surface substitutions (Arc-S-VLV).  We determine that this sequence folds into at least three 

structures: both dimer forms present in Arc-N11L, and a novel octamer structure containing 

higher stability and less helicity than the dimer folds.  We are able to isolate and stabilize a core 

of the S-VLV octamer by limited trypsinolysis and deletion mutagenesis (Arc-VLV 4-44).  The 

shortened construct contains only the octameric structure by removing disordered C-terminal 

segments nonessential for this fold.  A two-dimensional NMR spectrum of VLV 4-44 and 

subsequent trypsinolysis of this construct suggests that at least two types of subunits comprise 

the S-VLV octamer: subunits structured from residues 4 to 44 and subunits structured from 

residues 4 to 31.  Crystal trials of trypsinolyzed Arc-VLV 4-44 yielded several leads, suggesting 

that obtaining a high resolution structure of the S-VLV octamer is possible.  Relatedly, we 

determine that the proline residues flanking the Arc repressor strand act in concert as 

“gatekeepers” to prevent aggregation in the S-VLV sequence.  We also find that three highly 

hydrophobic surface substitutions in the Arc repressor strand region are necessary and sufficient 

to promote higher-order oligomer formation.  In summation, this work reveals in an experimental 

context that progressive increases in polar-to-hydrophobic surface substitutions populate 

increasingly diverse, structurally degenerate folds.  These results suggest that “metamorphic” as 

well as “polymetamorphic” proteins, which adopt numerous folds, are possible outcomes for a 

single protein sequence. 
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CHAPTER ONE:  

PROTEIN CONFORMATIONAL SPECIFICITIY:  

CLASSICAL VIEWS AND RECENT ADVANCES 

 

Part 1: The Protein Sequence/Structure Relationship: An Overview.   

At the molecular level, proteins are the basic functional units of all organisms on Earth, 

facilitating metabolic transport, repair, body structure, and homeostasis, among thousands of 

other roles (1).  After synthesis, proteins, which are made up of linear chains of amino acid 

residues, must fold into compact, three-dimensional structures in order to carry out their cellular 

functions (Figure 1-1).  The process of a newly-synthesized, disordered chain adopting an 

ordered, three-dimensional structure is termed protein folding (2).  Determining how a given 

sequence, composed of combinations of twenty possible amino acid types, encodes a specific 

three-dimensional structure is the basis of the protein folding problem (2).  The protein folding 

problem can be broken into two components.  The first component, protein stability, focuses on 

the question of why a protein folds into a compact, three-dimensional structure (2).  The second 

component, conformational specificity, asks why a given amino acid sequence specifies a 

particular three-dimensional structure, qualitatively described as its fold, over another, and which 

amino acids within the sequence control this preference (2).  The central question presented in 

this dissertation concerns the determinants of conformational specificity in the Arc repressor 

protein, and the characterization of the multiple forms of the protein when conformational 

specificity is reduced.  The first section of this introduction (Part 1) highlights general issues 

regarding protein folding and fold switching.  The second section (Part 2) focuses on sequence 
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hydrophobicity as a determinant of stability, conformational specificity, and nonnative 

aggregation.  The third section (Part 3) addresses the conformational specificity question 

specifically in the Arc repressor protein as a basis for the experimental work described in 

Chapters 2 through 4 of this dissertation.  Finally, the last section (Part 4) provides an overview 

of the results presented in subsequent chapters. 
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Figure 1-1: The possible pathways of a newly-synthesized amino acid chain.  Following synthesis on 

the ribosome, a nascent polypeptide chain adopts a partially folded state, which may contain secondary 

structure elements and a partial hydrophobic core.  In proper folding, this partially folded state assembles 

into the native fold.  The native fold may oligomerize to form quaternary structures.  The partially folded 

ensemble may also fold into a second, alternate stable fold, which may exchange with the native fold.  If 

the partially folded core does not fold properly, two outcomes are possible: formation of a disordered 

aggregagte or (ordered) pre-amyloid oligomer.  The pre-amyloid oligomer form may contain similar 

protein oligomers of multiple sizes with a repeating morphology.  These oligomers can then rearrange to 

form amyloid fibrils.  Adapted from Stefani and Dobson J Mol Med 2003 (3). 
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Protein folding: The sequence-to-structure transition. 

Within the yellow box in Figure 1-1, the protein folding process is shown in three general stages.  

Anfinsen determined that the sequence of different types of amino acids alone contains all of the 

assembly instructions for forming a three-dimensional protein structure from a linear chain (4), 

and as shown in the figure, the chain itself governs folding.  In this process, an unfolded, newly-

synthesized polypeptide chain initially forms some partial structure.  This partially folded 

structure can then rearrange to yield a fully-folded three dimensional structure, the native fold.  

Thermodynamically, the native fold usually represents the lowest energy state for the protein 

sequence, in which an optimal number of interactions between the peptide backbone and amino 

acid side chains are satisfied (5).  A folded protein structure contains multiple levels of 

interaction between amino acids, classified by whether the interactions are between residues that 

are nearby or far apart (1).  Secondary structure is comprised of interactions between amino 

acids nearby in sequence.  These interactions form regular motifs stabilized by hydrogen bonding 

such as α-helices and β-strands, as shown in the partially folded structure (6). Tertiary structure 

is comprised of interactions between amino acids far apart in sequence that help to stabilize the 

global protein fold (6).  Both levels of structure are essential for a well-folded protein, and which 

interactions are formed first during the folding process depends on the amino acid sequence (5).   

In some proteins, a native structure can join with other folded proteins to form quaternary 

structure, as shown to the right in Figure 1-1.  Oligomers are a result of multiple amino acid 

chains forming a higher-order structure.  In the diagram, the amino acid chains are made up of 

identical sequences; this type of oligomer is termed a homo-oligomer.   
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In some cases (discussed in more detail below) a protein sequence can fold into multiple stable 

or degenerate folds, as suggested by the orange structure in Figure 1-1.  A single protein 

sequence may be able to adopt two folds, allowing the alternate and native fold to exchange with 

one another, as suggested in the figure.  A single protein sequence which is able to adopt a single 

native fold is defined as having conformational specificity or low structural degeneracy, while a 

sequence able to adopt multiple folds is not conformationally specific, and instead contains high 

structural degeneracy.  We will return to the issue of conformational specificity shortly. 

During the folding process, a number of misfolding events can occur, which cause a protein to 

deviate from adopting its native fold.  One outcome is the formation of a disordered aggregate 

(Figure 1-1).  In this state, some feature(s) of the amino acid sequence or environment cause the 

protein to fold improperly, preventing it from reaching its native three-dimensional state. 

Generally, misfolded aggregates are targeted for degradation by cellular machinery (1).  Another 

example of misfolding is the pre-amyloid oligomer (Figure 1-1).  Unlike disordered aggregates, 

which are usually less stable than the native fold, pre-amyloid oligomers can be highly stable (7).  

These regularly-repeating structures can adopt multiple sizes and conformations (8, 9), and can 

rearrange further to form amyloid fibrils, insoluble protein super-structures.  We will resume a 

discussion of amyloid proteins in Part 2, below. 

Returning to the general protein folding process in the yellow box in Figure 1-1, folding is not a 

one-way process, as indicated by the forward and reverse arrows between steps.  Instead, a 

natively-folded protein structure can be returned to a linear, unfolded chain of amino acids by 

high temperature, transient unfolding events, or certain denaturing solvents such as urea or 

guanidine (10, 11).  In many cases, a protein structure which is unfolded by one of these 



23 

 

mechanisms will refold to the same structure when the denaturants are removed.  This supports 

Anfinsen’s assertion that protein structure is specified by the sequence alone (4).   

The unfolding-to-folding transition and its reverse can be described in some cases with a two-

state equilibrium model of folded and unfolded populations.  Classically, small sequence changes 

that destabilize a native fold push the equilibrium toward unfolding, not toward another fold (2).  

The results of small-scale mutational events, such as single substitutions, have been shown to 

produce a minimal effect on the stability and global topology of a protein fold in many cases 

(12), although in key regions controlling protein function or structure, such mutations can be 

devastating to protein activity or folding, respectively (13, 14).   The mutational robustness 

(defined in a biochemical context as resistance to fold change and global unfolding) of many 

sequences suggests that each protein is locked into a unique structure, which is only sparsely 

connected to other folds in the space of all possible sequences (15). Therefore, although many 

native protein structures are possible, the native structure of any given protein is relatively 

immutable with respect to conditions and evolution of the sequence through mutation. As we 

discuss below, however, some proteins can actually be remolded into a different fold.  Thus, the 

question of how a sequence specifies one protein fold over another and how this specificity can 

be reduced is quite important. 

 

Proteins that switch folds. 

In 1993, Lattman and Rose identified the key determinants of protein conformational specificity 

as the stereochemical code within a sequence of amino acids which specifies one protein fold 

over another (2).   The particular amino acids in a given sequence that specify a protein fold are 



24 

 

not obvious: they may be distributed throughout the sequence or localized in one particular area, 

and there may be many residues which play a role in folding or only a few (2).  Early 

experimental evidence suggested that many (but not all) protein structures were relatively 

tolerant (also defined as structurally robust) to mutation, even permitting large cavities to be 

formed in the interior without causing global rearrangement (16, 17).  Experiments on the Arc 

repressor protein suggested that 50% of its sequence specified its homodimeric fold; thus, many 

sequence changes could be introduced without altering the structure (18, 19).  A detailed study of 

protein sequence conservation by Bashford and colleagues in the globin family indicated that 

while the globin fold was conserved across the family, the sequences of the individual proteins 

varied in length and composition. Thus, in the globin family, protein sequences can drift 

considerably yet still adopt the same topology (20). 

The “mutationally robust” view of protein structure space is shown in Panel A of Figure 1-3.  

Here, three different protein structures are relatively unaffected by mutation, illustrated by the 

three ellipses, with different sequences which adopt a given fold indicated by the area within 

each ellipse.  These ellipses are far apart in space, suggesting that many mutations are necessary 

to convert one fold into another.  Additionally, these ellipses are non-overlapping, suggesting 

that a sequence must pass through an unfolded state “no man’s land” to access a different fold. 

To investigate the question of whether one structure could be transformed into another through 

the accumulation of small-scale mutation events, Rose and Creamer issued the Paracelsus 

Challenge in 1994, which proposed the following task to the protein science community: 
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Starting with two proteins of known structure, having similar composition and sequence 

length but differing folds…find the minimum number of residue substitutions needed to 

switch one conformation to the other (16).  

The number of residues needed to switch the fold was stipulated to of 50% of the total sequence 

or less, supporting the idea that many sequence changes may be necessary to alter a structure. 

The two proteins unveiled by Regan and coworkers three years later suggested that protein 

design based on local and global interactions between amino acids was an effective approach to 

move between two folds (21).  Starting with the mixed α+β B1 domain of streptococcal protein 

G, the researchers engineered a homodimeric four-helix bundle protein (Rop) by substituting 

approximately 50% of the sequence with a pattern favoring amphipathic helices (21).  These 

structures are shown in Figure 1-2 Panel A, with the sequence changes for each fold in blue.   

Additional work in the area of conformational specificity by Orban and Bryan identified key 

structural determinants of conformational specificity in two related domains of protein G (22-

24).  The 3α GA domain and mixed α+β GB domain can be swapped in fold and function by a 

particular set of substitution mutations.  The authors were able to progressively reduce the 

number of substitutions necessary for the fold switch, resulting in a pathway that was detailed 

enough to isolate individual changes that switched the fold (25).  The two structures that require 

a single amino acid change to switch the fold are shown in Figure 1-2 Panel B, with the single 

substitution (L45 in GA and Y45 in GB) shown in orange.  In this series of experiments, the 

authors also identified a structure which populated both folds from a single sequence (25), 

similar to the native and alternate folds shown in Figure 1-1.  

Relatedly, Tuinstra and coworkers identified two distinct structures present in equilibrium in the 
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Figure 1-2: Some examples of proteins that switch folds.  Fold switches which illustrate dramatic 

changes in protein structure.  (A) The proteins from the Paracelsus Challenege: these two proteins 

switched folds with about 50% of the sequence substituted (shown in blue) (21).  (B) A single residue 

controls a fold switch (shown in orange) in two domains of Protein G (25).  (C) One sequence produces 

two distinct folds of lymphotactin (monomer and dimer with different topologies), which interconvert in 

solution (26).  (D) Cro proteins Xfaso1 and Pfl6 which are related by 40% sequence identity but contain 

different central folds (27). 
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protein lymphotactin (26).  One fold is monomeric and adopts a chemokine fold (3 β-strands and 

a C-terminal α-helix).  A second fold is a dimeric, all β-sheet structure (Figure 1-2 Panel C, 

colored by secondary structure). In solution, these two structures interconvert rapidly, and the 

intermolecular contacts formed in one structure are completely different from the other structure, 

suggesting a global rearrangement in backbone and side chains as the structure changes (26).  

Additionally, these two proteins bind different targets, suggesting their interconversion is 

essential to carry out multiple cellular functions (26).  Multiple structures arising from a single 

sequence as described above can be termed “bridge” (28, 29) or “metamorphic” (30) proteins.  

Such sequences connect two different protein structures in hypothetical protein sequence space, 

so that a few mutations in one direction stabilize one native fold over the other.  In further 

support of these findings, some modeling studies have also found close approaches or paths 

between different structures in sequence space (31-34).   

This emerging view of different protein structures as more connected in sequence space is 

represented in Panel B of Figure 1-3.  Here, two ellipses representing two different native folds 

overlap, suggesting that a small set of mutations are necessary to convert one fold to another.  

The area of overlap between the structures could represent a protein containing and connecting 

multiple topologies.  However, structures of such proteins are rare, since requirements for 

efficient and correct folding may focus evolution toward sequences with large energy gaps 

between a unique native state and differently folded alternatives (35).   

Work in the Cro protein system has identified different structures in two evolutionarily-related 

proteins with 40% sequence identity (27).  Both Xfaso1 and Pfl6 contain helix-turn-helix motifs 

characteristic of this protein family; however, the C-terminus forms helices in Xfaso1 and β-

strands in Pfl6.  In dimeric representations of both proteins, the outer helices are structurally 
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similar, only the central region representing the subdomain that forms the dimer interface is 

different (Figure 1-2 Panel D, colored by these regions) (27).  The fold of Xfaso1 is ancestral to 

Pfl6 (27), suggesting that the Cro system may have passed through a metamorphic or 

intermediate structure during this conversion from helix to sheet topology.  Research to identify 

a structural bridge or intermediate fold between Xfaso1 and Pfl6 is currently ongoing in the 

Cordes laboratory (36). 

Many other studies have identified fold switches within diverse protein systems. For example, a 

directed evolution study by Yadid et. al. recently isolated fragments of tachylectin-2, a monomer, 

which form pentamers that have a single overall structure but contain three different backbone 

topologies (37).  And some natural proteins other than lymphotactin have been shown to switch 

folds as a function of oligomerization or posttranslational modification (38, 39).  Limited 

mutagenesis of small natural proteins also populates alternate folds in certain cases (28, 40, 41), 

and as in the case of the Cro proteins above, accumulation of simple mutations can lead to 

evolution of new folds (41, 42).  

The emergence of examples of protein fold switching suggests a high level of connectedness 

between some folds in sequence space.  Panel C of Figure 1-3 shows an extreme level of 

connectedness: a sequence "supernetwork" (43, 44) that spans multiple protein folds.  These 

structures contain many regions of overlap, suggesting a large number and variety of protein 

sequences can bridge the structures.  This view also suggests the existence of mutational paths 

that continuously preserve stability when moving between folds.  This high level of 

connectedness has been suggested as one explanation for permitting structural evolution, since 

the accumulation of simple mutations allows a “walk” of small sequence changes from one well- 

folded structure to the next (12, 27).   
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Figure 1-3: Traditional and emerging views of protein structure space.  The ellipses represent groups 

of sequences encoding  a single fold, and the white background represents unfolded protein sequences.  

The area within the ellipse signifies the range of mutations which can be made while still preserving the 

native fold.  (A) A classical view of protein structure space.  Here, the ellipses are separated by distances 

in sequence space, so that a single fold requires many mutations, some through unfolded regions, to reach 

a novel fold.  (B)  An emerging view of structure space.  Here, two structures (ellipses) overlap.  The 

region between these sequences can be filled by a metamorphic structure, which adopts both folds or an 

intermediate structure between the two folds.  Here, the third structure is distant from the other two. (C) A 

sequence “supernetwork,” in which the three structures share considerable overlap.  In this representation, 

there may be multiple metamorphic structures, some of which adopt more than two folds.  This view also 

suggests a continuous mutational path between multiple native structures.   
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While the fold switches identified above point to key subsets of residues controlling fold type in 

a variety of protein systems, there have been few systematic attempts to generalize the 

determinants of conformational specificity.  Thus, the sequence requirements for fold switching 

are not obvious, but fold switching is possible in a variety of proteins.  Below, we discuss a 

feature of folding stability which also plays a role in conformational specificity and aggregation. 

 

Part 2: The Importance of Hydrophobic Interactions in Protein Stability, Conformational 

Specificity, and Nonnative Aggregation.   

Hydrophobic interactions  are an important factor in protein stability, native fold specificity, and 

aggregation.  Early protein folding experiments from Kauzmann (45) established that while the 

protein sequence itself is important in folding, interaction of the protein molecule with the 

solvent is also important.  During protein folding, tertiary structure can form as a result of 

favorable interactions between multiple hydrophobic amino acids that are distant in sequence.  

Kauzmann characterized this behavior as the hydrophobic effect, the tendency of nonpolar amino 

acids to group together and associate away from solvent during protein folding (45). These 

interactions together lead to the formation of a hydrophobic core to the protein structure, in 

which many hydrophobic residues are protected from the solvent.  The formation of a 

hydrophobic core is one requirement for correct and efficient folding of a sequence into its native 

structure.   In a well-structured hydrophobic core, many hydrophobic residues are buried in the 

interior of a protein structure and many polar residues contact the solvent. However, some 

exposed hydrophobic residues (46) and buried polar residues (47) are common in most proteins, 

thus hydrophobic core formation is not always a straightforward “bury the surface” collapse. 
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In this section, we investigate the role of sequence hydrophobicity, or the content and 

arrangement of nonpolar amino acids in a protein sequence, on protein structure.  A number of 

scales have been developed to measure the relative hydrophobicity of the twenty amino acids.  In 

this dissertation, we define relative hydrophobicities in accordance with the Kyte-Doolittle scale 

(48) (shown in Appendix A Figure A-1). 

The role of sequence hydrophobicity can be seen as a Goldilocks problem: too little or too much 

hydrophobicity can be a hindrance to protein folding.  In computational modeling studies, Dill 

and colleagues studied the conformational space available to a 14-residue peptide which could 

contain zero to fourteen hydrophobic residues (the remaining residues would be polar) (49).  

This peptide model formed single, compact, folded structures only when the sequence contained 

no fewer than four or more than ten hydrophobic residues (49) (Figure 1-4 Panel A).  From this 

analysis, approximately 30-70% of a generic protein sequence must be hydrophobic in order for 

a protein to stably fold into a single, specific three-dimensional structure (49).   

The following sections will describe what may happen when a protein sequence contains too few 

hydrophobic residues, slightly too many hydrophobic residues, or an excessive amount of 

hydrophobic residues, in terms of protein stability, conformational specificity, and nonnative 

aggregation.  

 

Hydrophobic interactions and protein stability:  A threshold of hydrophobicity.  

Protein stability is defined as the ability of a protein sequence to form a compact three 

dimensional structure.  The formation of a hydrophobic core (and thus, protein stability) depends 

chiefly on the presence and distribution of hydrophobic amino acids in a protein sequence; and 
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Figure 1-4: Sequence hydrophobicity is an important determinant of protein folding.  This figure 

represents a simple exact lattice model analysis of a 14-residue peptide.  (A) A representation of the 

hydrophobic content of sequences that encode stable, compact structures of singly-degenerate folded 

states.  In this analysis, no fewer than 4 or more than 10 hydrophobic residues comprise the sequence.  

Instead, approximately 30-70% of the sequence must be hydrophobic for the sequence to fold into a 

single, compact structure.  (B) In a peptide of the same length, structural degeneracy increases with an 

increasing number of hydrophobic residues.  Adapted from Chan and Dill J. Chem. Phys. 1991 (50). 
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for proper folding to occur, there must be a minimal amount of these residues.   

Uversky has shown that known natively unfolded proteins generally contain low sequence 

hydrophobicity (44).  These proteins do not adopt ordered structure under physiological 

conditions, suggesting that a lower bound of hydrophobicity is necessary to form a stable, 

compact structure.   Otherwise, a range of transient topologies with few hydrophobic contacts are 

possible (44). 

The solvent accessible surface area of an amino acid is generally, but not always, correlated with 

hydrophobicity.  In order to determine whether buried or solvent-accessible residues were more 

tolerant to substitution Sauer and colleagues exposed each position in the sequence of λ repressor 

to substitution with any of the twenty amino acids (51).  More solvent-accessible positions 

(commonly polar)  tolerated a larger variety of substitutions, while core positions (commonly 

hydrophobic) tolerated fewer substitutions, and usually only conservative substitutions of similar 

residue types (51).  This result suggests that a baseline level of hydrophobicity is required for a 

protein to stably adopt its native structure, and that the buried, hydrophobic residues are often the 

structural underpinnings of proper folding. 

In a related study, Arnold and co-workers utilized directed evolution to increase the stability of 

p-nitrobenzyl esterase from B. subtilis to the level of a thermophilic esterase, without a 

significant loss of protein activity (52).  Eight key residues were identified that together resulted 

in a 14 °C stability increase (52).  Seven of these residues were solvent accessible, and in 

general, introduced relatively neutral substitutions from the starting sequence.  This experiment 

suggests that while a baseline level hydrophobicity was maintained in the esterase to preserve a 

well-defined core and prevent unfolding, solvent-accessible residues may provide subtle, 



34 

 

additive increases in protein stability.  Additionally, thermostable proteins do not seem to require 

a higher baseline quantity of hydrophobic residues to maintain stability at high temperatures, 

suggesting that once a minimal requirement of hydrophobicity is satisfied, other residue types in 

a protein sequence bolster stability beyond the minimal threshold. 

While many factors contribute to protein stability, the formation of a hydrophobic core is central 

to proper protein folding.  Too few hydrophobic residues in a given sequence may prevent 

hydrophobic collapse, resulting in a disordered or poorly-folded three-dimensional structure, 

lacking a well-defined hydrophobic central core (5, 45, 53, 54).  Once the hydrophobic core is 

established, other sequence changes (within limits) are permitted, although the contributors to 

protein structural stability are not always obvious (55).  While it can be shown generally that 

substitutions of similar size/shape/charge will have the least effects on global stability, there are 

also counterexamples (17), pointing to a complex relationship between protein sequence and 

structure  with hydrophobicity intertwined.  The next two sections focus on the opposite extreme: 

outcomes of highly hydrophobic sequences. 

 

Hydrophobic interactions and structural specificity: A reduction in conformational 

specificity from too much of a good thing. 

As mentioned in the previous part, conformational specificty deals with the question of why a 

given protein sequence adopts one particular three-dimensional structure over another.  This 

question is tied to sequence hydrophobicity in that a reduction in conformational specifity may 

arise from an excess of hydrophobic residues in a given protein sequence. 
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A simplified view of the protein folding process can be modeled using the simple exact lattice 

models of Dill and coworkers (5, 12).  These models break an amino acid sequence into a binary 

code of polar (P) and hydrophobic (H) residues in order to predict a generic two- or three-

dimensional fold (5).  In these representations, amino acids are represented as heteropolymeric 

beads on a string of connecting bonds, with the convention of black beads as hydrophobic (H) 

residues and white beads as polar (P) residues.  Like a “dot game,” the residues adopt adjacent 

positions on a grid but cannot overlap, and nonlocal H-H pairings can be observed directly.  A 

two-dimensional representation is shown in Figure 1-5.  The only “rule” of the lattice models is 

to maximize nonlocal (topological) hydrophobic-hydrophobic contacts, which yield negative 

(favorable) free energy under folding conditions (12, 56).  Thus, a maximum number of H-H 

contacts represents the lowest energy or native folded state.  Since these simple exact models 

focus only on favorable H-H contacts, surface hydrophobic residues are included in this 

classification, as opposed to a focus on hydrophobic burial alone (57).  

For most sequences, several possible arrangements yielding a hydrophobic core of comparable 

free energy are possible (referred to by Dill et. al. as degenerate states or alternate folds (56)). 

This suggests that other factors, described in more detail below, also play a role in obtaining a 

single native state, as observed in most real proteins.  Dill and colleagues analyzed how many 

possible degenerate structures could be formed in a 14-residue peptide, containing zero to 

fourteen hydrophobic residues (Figure 1-4 Panel B).  Note that in Figure 1-4 Panel A, Dill and 

colleagues found that an intermediate number of hydrophobic residues were necessary for a 

sequence to adopt a single, compact folded state.  In the second panel, however, sequences 

containing greater than seven hydrophobic residues are able to adopt multiple folds or have 

higher degeneracy.  Thus, a protein with a high hydrophobic content, 70%, for example, has 
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Figure 1-5: Illustration of structural degeneracy from simple exact lattice models.  A short peptide 

chain of 13 amino acids can be coded by the binary pattern of polar (open circles) and hydrophobic (filled 

circles) residues.  The wild-type structure maximizes H-H contacts (in this diagram 6 H-H contacts) and 

hydrophobic burial.  A polar-to-hydrophobic substitution of residue 9 retains the wild-type structure and 

the 6 H-H contacts.  A polar-to-hydrophobic substitution of residue 10, however, produces two 

structurally degenerate folded states with the same number of H-H contacts as the wild-type structure 

Adapted from Lau and Dill PNAS. 1990 (12). 
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a higher likelihood of adopting multiple structures, since there would be multiple avenues for 

burying the hydrophobic content of the sequence (49).  Together, these results suggest that an 

optimal level of hydrophobicity is necessary for structural specificity, and that this range is much 

narrower than >30% sequence hydrophobicity required for protein stability.   

Figure 1-5 presents a simple exact lattice models view of increasing structural degeneracy from 

increasing sequence hydrophobicity.  The sequence of 13-residue peptide is shown at the top of 

the figure.  This sequence contains seven hydrophobic residues, for a total hydrophobic content 

of 54%.  As suggested by Figure 1-4 Panel A, this protein sequence can adopt a compact two-

dimensional structure with hydrophobic residues predominantly buried in the protein interior.  A 

single polar-to-hydrophobic substitution in residue 9 does not change the fold of the protein, and 

maintains the same number of H-H contacts.  A single polar-to-hydrophobic substitution in 

residue 10, however, allows the protein two additional arrangements to retain the same number 

of H-H contacts.  These two new arrangements are structurally degenerate states, with a similar 

energy but different topology than the native fold.  Moreover, the additional substitution pushed 

this sequence over the cusp of single degeneracy (now 8 out of 13 positions are hydrophobic), as 

in Figure 1-4 Panel B.  However, not all increases in hydrophobicity result in structural 

degeneracy, as demonstrated by the position 9 mutant.  Instead, only substitutions which allow a 

comparable number of H-H contacts in the alternate structure(s) yield stable, degenerate folds. 

In keeping with the idea that hydrophobicity is a major determinant of fold specificity, Lau and 

Dill modeled the effects of substitutions on protein structures using 13-residue sequences (3263 

single substitutions).  Of all possible types of substitutions, hydrophobic-to-polar core 

substitutions appear to be primarily destabilizing, whereas polar-to-hydrophobic surface 

substitutions appear to be neutral (12).  As in natural protein sequences, these computational 
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results suggest that protein structures are relatively tolerant of a variety of substitutions, even 

between amino acids with vastly different properties.  The authors define a “Continuity 

Principle,” suggesting that the most common outcome of a substitution results in a minimal 

effect on the native structure.  This principle also suggests that small changes in sequence lead to 

small changes in structure, while large or multiple changes in sequence lead to large changes in 

structure (12).   

High sequence hydrophobicity appears to favor sequence degeneracy, however most natural 

proteins with moderate sequence hydrophobicity are conformationally specific to a single fold.  

Natural proteins are able to increase their fold specificity through strategically-placed polar 

residues, in an approach described as negative design (58).  Bolon and Mayo showed that  polar 

residues in a protein core are generally unfavorable, but when they form intermolecular hydrogen 

bonds or electrostatic interactions, polar residues contribute to fold specificity in thioredoxin 

(59).  Polar core residues are particularly important in larger proteins, which generally contain a 

similar ratio of polar and hydrophobic residues as smaller proteins, but bury more polar surface 

area (59, 60).  Surface polar residues can also play a role in fold specificity.  Hill and DeGrado 

identified a single, surface glutamate residue in the designed 4-helix bundle α2D which did not 

directly stabilize the native state but affected the balance between the native and non-native 

folded states (61).   

Thus, both hydrophobic and polar residues play a role in specifying a particular fold, and these 

two types can contribute in different manners to conformational specificity.  Next, we address 

the issue of an excessive amount of sequence hydrophobicity, and its occasionally catastrophic 

implications for protein folding. 
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Hydrophobic interactions and amyloid-like aggregation: when hydrophobicity goes too far. 

Although in most proteins 30-70% of the residues must be hydrophobic for formation of a stable, 

specific three-dimensional structure (Figure 1-4 Panel A) (12), those residues are generally 

distributed throughout a protein sequence.  Database analysis of protein sequences and structures 

suggests that high local sequence hydrophobicity is uncommon in most globular proteins (62). 

Binary lattice model simulations have suggested that hydrophobic runs are more aggregation-

prone than other sequences (62), although high local sequence hydrophobicity is one of many 

mechanisms of misfolding and aggregation.   

As suggested earlier, one possible outcome of protein folding is misfolding into a pre-amyloid 

oligomer structure (Figure 1-1), which can continue onward to form an insoluble amyloid fibril 

through an aggregation cascade.  The misfolding/aggregation pathway varies depending on the 

system, but contains general themes (7, 63).  Many disease-related proteins begin as natively-

folded or unstructured assemblies (7) that somehow (the mechanisms of how are not currently 

well understood and may differ depending on the system) change their fold (63). This fold 

change allows these misfolded assemblies to be stabilized by oligomerization (7, 64).  The 

oligomers can exhibit many sizes and morphologies (9), eventually rearranging to form insoluble 

fibrils, some of which have been shown to exhibit toxicity (65).  

While not the only factor in amyloid aggregation, hydrophobicity appears to be important.  A 

number of diverse short sequences have been identified as promoting amyloid formation, some 

of which contain five to fifteen residues with high local sequence hydrophobicity, including the 

Aβ peptide (KLVFFA) involved in Alzheimer’s disease (66-68), IAPP ((NN)FGAIL) involved 

in Type II diabetes (69, 70), and α-synuclein (VTGVTAVAQKTV and GAVVTGVTAVA) 
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involved in Parkinson’s disease (71, 72).    (An exhaustive list of these fragments can be found in 

Table 1 of Harrison et. al. (73))  Interestingly, Kim and Hecht showed that replacing the 

amyloidogenic portions of the Aβ protein with other hydrophobic residues still promotes 

aggregation (74).  Therefore, the hydrophobicity of the residues and not the sequence itself 

appears responsible for aggregation at least in some of these systems. 

In addition, non-disease associated proteins have been shown to exhibit amyloid-like properties 

as a result of amyloid sequence insertions (75-77), suggesting that most natural sequences are 

susceptible to amyloid formation under the right set of conditions. Natural proteins which have 

turned to the amyloid “dark side” share the features of high sequence hydrophobicity and low net 

charge, indicating that these two factors are important contributors to protein misfolding (78). 

Natural proteins can also become amyloidogenic as a result of conditions in vitro.  Oliveberg and 

colleagues showed that the relatively soluble protein superoxide dismutase can be directed 

toward amyloid fibril formation by agitation (79), a relatively common technique for amyloid 

fibril growth in disease-associated proteins (80, 81).  The authors also show, rather surprisingly, 

that the cytotoxic species in this pathway is neither pre-amyloid oligomers, nor amyloid fibrils, 

but instead is the soluble, apo-form of the protein (82). 

Thus, any protein is just a set of hydrophobic mutations or alteration of conditions away from 

adopting a nonnative amyloid-like fold.  While an initial baseline of sequence hydrophobicity is 

required for formation of a stable, well-folded protein structure, high sequence hydrophobicity 

may populate degenerate states, and in an extreme case, highly hydrophobic sequences may 

encounter another type of trouble: formation of an incorrectly folded structure.   
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The work described in this dissertation focuses on the effects of sequence hydrophobicity on fold 

specificity in an experimental protein system.  In this study, we explore the effects of progressive 

increases in polar-to-hydrophobic surface substitutions in the P22 Arc repressor protein.  This 

system and previous work relevant to our study is described in more detail below. 
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Part 3: P22 Arc repressor: A Model for Investigating the Sequence-Structure Relationship. 

An investigation of whether polar-to-hydrophobic substitutions lead to structural degeneracy in 

natural proteins has taken place over the past twenty years using the Arc repressor protein as a 

model system.  Arc repressor is a 53-residue homodimeric ribbon-helix-helix transcriptional 

repressor from Salmonella bacteriophage P22.  It is encoded by one of two immunity regions in 

P22, and regulates expression of the ant gene during lytic growth (83, 84).  Since the Arc 

repressor structure was solved by crystallography (83, 84) and solution NMR (85, 86) twenty 

years ago, this protein has served as a model to study folding kinetics (87, 88), functional affinity 

for target DNA sequences (84, 89), protein stability (90-92), and sequence mutability (93-96).  

The wild-type Arc repressor structure shown in Figure 1-6 reveals that each single chain of Arc 

repressor contains the following structural features: a disordered N-terminus from residues 1-7; a 

β-ribbon from residues 9-14, which pairs with the strand from the other subunit to form an 

antiparallel β-sheet; Helix A from residues 16-29, a short loop from residues 30-32; Helix B 

from residues 33-47; and a loop/coil C-terminus.  Overall, the protein is approximately 50% 

helical.  The hydrophobic core is formed by the interaction of the two subunits; thus, Arc 

repressor is commonly dimeric when folded in solution (83).   The protein tetramerizes upon 

binding to operator DNA, and contacts the operator site through surface polar residues Q9, N11, 

and R13 in the β-strand region (84).  In keeping with its role as a DNA binding protein, Arc 

repressor is positively charged at physiological pH, with a pI of 9.60.  Wild-type Arc repressor is 

also fairly stable, with a Tm of 62 °C at 50 µM concentration, and exhibits a reversible, apparent 

two-state melt from 20-80 °C (ΔGu of 11.0 kcal/mol at 25 °C) (13). 
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Figure 1-6: The wild-type Arc repressor protein, colored by structural element.  The sequence and 

structure of wild-type Arc repressor (1ARQ), with structural elements coded by color.  Residue P8 is 

colored as part of the strand region for aesthetic purposes in the figure, but acts as a cap to the strand. 
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Alanine scanning: General studies on Arc tolerance to sequence substitutions. 

In order to determine the relative stability contribution of individual residues in the Arc repressor 

sequence, each residue was individually substituted with alanine (13).  For each alanine mutant, 

thermal and chemical denaturation profiles were compared to the wild-type protein (13).  The 

authors separated the Arc repressor alanine mutants into four categories: mutants with increased 

stability relative to wild-type, mutants with similar stability to wild-type, mutants with reduced 

stability relative to wild-type, and mutants that were unfolded (13).  A summary of these results 

is shown in Figure 1-7. 

Arc-P8A was the only variant to show a significant increase in stability (ΔΔGf   -2.9 kcal/mol, Tm 

increase of 15 °C  at 10 µM), by extending the β-strand by one residue in each direction (13, 89).  

(A related substitution mutant developed later, Arc-P8L, also showed a stability increase over the 

wild-type protein (89); additional work on these two mutations is discussed in Chapter 4, Section 

1.)  Alanine substitutions at solvent-exposed positions, particularly located on the surface of the 

strand and in Helix A, showed similar stability to wild-type Arc (13).  Variants with reduced 

stability (ΔΔGf +1.6 to +4.6 kcal/mol) contained substitutions at buried positions in the strand or 

helices, and included those which would otherwise be involved in salt bridges or hydrogen 

bonding (13).  Five alanine substitution variants produced unfolded proteins.  Four of the five 

unfolded variants contain alterations in Helix B, suggesting that this region (and in particular the 

hydrophobic core) is perhps the most critical region for Arc folding and stability (13).  This 

study demonstrated that the Arc repressor protein is relatively tolerant to mutation, and that most 

residues contribute a small to moderate amount to the overall energy of the protein fold. 

A related functional study using DNA footprinting of Arc repressor alanine scanning mutants 

showed that there were several portions of the Arc repressor sequence critical for function (14).   
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Figure 1-7: Arc repressor alanine substitutions: effects on stability, colored by secondary structure. 

Summary of alanine substituiton results in wild-type Arc repressor from Milla et. al. NSB 1994 (13).  The 

four categories of stabilities as described in Milla et. al. are shown vertically, with residues colored by 

structural elements in wild-type Arc repressor.  Residues without color are located in loops or flexible 

regions of the structure.   
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Substitution of residues which directly bind DNA; Q9, N11, and R13; caused a large decrease in 

DNA binding, along with residues M4, S5, or R23, which also contact the bases (14).  Residues 

M1, K2, G3, K6, M7, P8, R31, and N34 decrease Arc repressor function by causing a change in 

the protein conformation, charge, or cooperativity/linkage contacts (14).  Substitutions of S32 

and V33 increase activity, presumably by altering the protein conformation to make it more 

amenable to binding target DNA (14).  All other substitutions produced a minimal effect on 

activity (14).  This study suggested that functional integrity is maintained by a number of 

residues, many near the N-terminus and strand region.  Additionally, these residues are different 

from those critical for structural integrity, in particular, the hydrophobic core and Helix B. 

 

Studies of Arc repressor tolerance to substitutions that increase sequence hydrophobicity 

in the helices.  

Since the alanine scanning results in Arc repressor suggested that the surface residues of the 

helices can be readily substituted with alanine without a large cost to protein folding or stability 

or function (13, 14), these regions were substituted with a variety of hydrophobic residues in an 

attempt to determine the maximum number of polar-to-hydrophobic substitutions that could be 

tolerated in each helix.  Using cassette mutagenesis, positions 17, 20, 24, 27, and 28 on Helix A 

and 39, 43, 46, and 47 on Helix B were substituted with a combination of leucine, valine, 

glutamine, and glutamate (93).  (All of these positions except for K47 displayed near-wild-type 

stability in the alanine scanning experiments.)   

When the five positions on Helix A are substituted, mutants were inactive if more than two 

positions were substituted with hydrophobic amino acids (93).  Additionally, these two 
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hydrophobic substitutions were highly position-dependent; only hydrophobic substitutions at 

positions 24 and 27 produced active variants (93).  These active variants were less thermally 

stable than wild-type Arc, but tryptophan fluorescence emission spectra and similar melt profiles 

suggest that these mutants do not undergo significant structural changes.  Substitutions of the 

four positions in Helix B with hydrophobic amino acids produced active variants if the sequences 

contained three of the four possible hydrophobic substitutions (93).  Like the results in Helix A, 

the substitutions seem to be position-dependent, favoring positions 39, 43, and 46 for full activity 

(93).  When all four positions in Helix B were substituted with hydrophobic amino acids, the 

protein retains partial activity (93).   These results are summarized in Figure 1-8. 

These results suggested that a small number of polar-to-hydrophobic surface substitutions could 

be tolerated in both helices; however, these mutations had variable and context-dependent effects 

on stability and folding reversibility (93).  Notably, none of these substitutions produced an 

effect on structural degeneracy by populating detectable alternate folds.   

 

Alternate folds as a consequence of high local sequence hydrophobicity in the Arc represor 

strand region.  

Substitution of the strand region of Arc repressor with hydrophobic residues produced very 

different effects from the surface substitutions in the helical regions.  The wild-type Arc 

repressor β-strand contains buried hydrophobic residues and surface polar residues in an 

alternating pattern characteristic of a amphipathic strand; therefore, like the helical regions, the 

polar surface residues could be collectively or individually substituted with hydrophobic amino 

acids.  Similarly to the helix study, leucine and valine were substituted into the strand for polar 
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Figure 1-8: Summary of Helix A and Helix B polar-to-hydrophobic surface substitutions. Location 

and identity of surface polar-to-hydrophobic substitutions in Helix A and Helix B from Cordes and Sauer 

Protein Science 1999 (93).  Note that sequence identities are listed by the mutable positions, and polar-to-

hydrophobic changes are shown in bold.  Thermal stability compared to wild-type is measured in °C.  
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residues Q9, N11, and R13 (97).  These three residues bind DNA in the wild-type form; 

therefore, the engineered hydrophobic mutants were predicted to be nonfunctional, and were not 

tested for in vivo activity, as in the previous study.   Two triple hydrophobic mutants, Arc-S-LLL 

and Arc-S-VLV, were designed by introducing three polar-to-hydrophobic mutations in the 

strand region (97).  Arc-S-LLL produced a far UV circular dichroism spectrum slightly different 

from wild-type Arc, suggestive of a alternate fold (97).  Arc-S-LLL also displayed a biphasic, 

partially irreversible melt particularly at higher concentrations (97).  (A representative thermal 

melt of Arc-S-LLL is shown in Figure 4-20 in Chapter 4 and will be discussed in more detail in 

that chapter.)  Arc-S-VLV also showed a similar melt profile (Figure 1-10).  Analytical 

ultracentrifugation of S-VLV suggested that “concentration-dependent, heat-induced 

aggregation” was responsible for the biphasic behavior of these mutants (97).   

 

Characterization of Arc-LLQL: A precursor for switch Arc.  

To enhance the stability of the potentially novel fold detected in Arc-S-LLL and destabilize the 

wild-type structure, Cordes et. al. modeled the β-strand from residues 9-14 replaced by an α-

helix (97).  In this model, L12 is located on the surface of the protein, instead of in the 

hydrophobic core as in the wild-type protein.  In order to break up the stretch of six hydrophobic 

residues (L9 F10 L11 L12 L13 W14) in S-LLL, leucine 12 was substituted with glutamine (97).  

The resulting S-LLQL mutant did not display heat-induced aggregation but retained a far UV 

spectrum similar to S-LLL (97).  Two and three-dimensional NMR experiments on Arc-S-LLQL 

suggested that a helix was present from residues 9-13 (97).  From side chain solvent exposure 

determinations, L11 and Q12 had swapped their roles relative to the wild-type structure: in this 
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novel fold, L11 was buried in the protein’s interior and Q12 was solvent-exposed (97).  

Additionally, both L9 and L13 appeared to be solvent-exposed in the model and so these residues 

were back-mutated to Q9 and R13 for future studies (97).  

 

Detailed characterization of switch Arc.   

In wild-type Arc, residue 11 is an asparagine, which is similar in structure and polarity to 

glutamine, therefore Arc-N11L/L12Q was converted into Arc-N11L/L12N (97).  Since the polar 

and hydrophobic residues as positions 11 and 12 respectively in the wild-type fold are swapped 

in Arc-N11L/L12N, this variant was named “Switch Arc” (97, 98).  Switch Arc contains the 

same structure as S-LLQL by NMR, but certain resonances for residues L11 and W14 were 

visible at 30 °C, allowing these residues to be assigned (97).  Determination of the secondary 

structure of residues 9-13 shows that the region is remodeled into an irregular 310 helix (97, 98).  

Switch Arc contains a well-packed hydrophobic core and is similar in stability to wild-type Arc, 

indicating that the remodeling is not significantly unfavorable (97, 98).  

 

Arc-N11L: Two structures from a single sequence.   

In order to determine whether a single polar-to-hydrophobic substitution was sufficient to 

populate the switch fold, Cordes et. al. back-mutated residue 12 to leucine (99).  The resulting 

mutant, Arc-N11L, contained a single substitution in the solvent exposed position in the center of 

the β-strand in the wild-type structure.  By two-dimensional NMR, residues 9-14 broadened and 

resharpened from 15 °C to 35 °C, indicating that two conformations were in intermediate 
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exchange, on the order of 2200 sec
-1

 at 25 °C (99).  Thus, a single polar-to-hydrophobic 

substitution populated two folds, while an additional hydrophobic-to-polar substitution in residue 

12 stabilized the novel switch fold of Arc repressor. This mutational work is summarized in 

Figure 1-9.   

To determine whether both folds could be populated from other polar-to-hydrophobic 

substitutions, other hydrophobic residues (Gly, Ala, Val Ile, Met, Tyr) were introduced into 

position 11 (94).  All the variants are folded with similar stabilities, as determined by thermal 

denaturation (94). In an L12N background (favoring the switch fold (97)), all mutants adopt 

switch-like folds, whereas in a P8L background (favoring the wild-type fold (89)), all mutants 

adopt wild-type-like folds, as evidenced by near UV circular dichroism and NMR (94).  In a 

wild-type background, the substitution variants are able to adopt both folds, in an equilibrium 

dependent on solution conditions and the particular substitution (94).  N11I and N11V contain 

the highest percentage of wild-type structure (95%), followed by N11F (75%), N11M (65%), and 

N11Y (60%) (94).  N11A, N11G, and N11L contain approximately 30% wild-type structure 

under the same conditions, suggesting that the identity of the side chain is an important 

determinant of the predominant fold; β-branched residues in particular favor the wild-type fold 

(94).  Thus, the structural degeneracy observed in the N11L mutant is not completely specific to 

leucine; a wide variety of other polar-to-hydrophobic substitutions at position 11 are also able to 

populate the switch topology. 

 

The importance of a novel fold.   

The N11L/switch Arc work is of particular import because it suggested that single substitution 
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Figure 1-9: Substitutions and structures from wild-type Arc repressor to switch Arc.  Models of 

wild-type Arc (1ARQ, top) and switch Arc (1NLA, bottom) with stick representation of residues 9-14, 

coded by hydrophobicity.  Hydrophobic residues are shown in blue, and polar residues are shown in red.  

The sequence of the intermediate fold Arc-N11L, which can adopt both forms, is shown between the two 

structures. 
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events, not just numerous, distributed substitutions, could be responsible for fold switching.  This 

is similar to the single fold switch determined by Orban and Bryan (25), but located in a natural 

protein.  Since this substitution was a polar-to-hydrophobic surface substitution, Arc-N11L also 

validated the suggestion from simple exact model that increasing sequence hydrophobicity 

promotes structural degeneracy.  In Arc-N11L, a second fold is populated in the more 

hydrophobic variant while still retaining the original wild-type fold (99). Thus, some, but not all, 

hydrophobic substitutions are able to promote structural degeneracy; however, the region of Arc 

repressor from residues 9-14 appears to be one location where polar-to-hydrophobic substitutions 

unlock novel folds. 

 

Back to the triple strand region mutants: Arc-S-VLV revisited.   

In this final section, we present some preliminary data which forms the basis of all the 

dissertation work presented in subsequent chapters.  This work concerns the question of whether 

additional polar-to-hydrophobic substitutions in the strand region of Arc repressor might yield 

different or additional novel folds.  To pursue this idea, we returned to the biphasic behavior 

observed in the triple hydrophobic strand mutants Arc-S-LLL and Arc-S-VLV (97).  The heat-

induced aggregation detected in these mutants may represent the population of an alternate fold, 

different from both wild-type and switch Arc.  To establish the basic procedure which underlies 

preparation and characterization of Arc-S-VLV, key preliminary results are discussed below, 

which serve as the underpinnings of the data presented in subsequent chapters.  

Initial purification and characterization of the Arc-S-VLV mutant confirmed the biphasic 

behavior discussed previously (97).  S-VLV displayed two thermal transitions: a reversible, low 
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temperature transition at approximately 50 °C, and an irreversible, high temperature transition at 

approximately 90 °C (Figure 1-10).  (Like other Arc repressor variants, melting temperatures are 

concentration dependent and these results reflect a 50 µM protein concentration.)  In order to 

bias S-VLV toward the potential novel fold, we incubated purified S-VLV at 80 °C in a hot 

water bath to bring about the irreversible phase of the thermal transition.  This process will 

subsequently be referred to as a “heat annealing” or “heat treatment” step.  Surprisingly, S-VLV 

tolerated heat annealing well, remaining in solution during a heat treatment period of several 

hours.  Following heating, no precipitation or aggregate was observed in the sample regardless of 

protein concentration (data not shown).  Analytical size exclusion chromatography of samples 

heated for different lengths of time determined an optimal length for the heat annealing process, 

in which all visible S-VLV is converted to the higher-order form.  In the absence of a heat 

annealing step, S-VLV populates a higher-order species (discussed in Chapters 2 and 3) and a 

second species with a size consistent with dimeric protein.  Heat annealing steps of any length 

dramatically reduce the size of the dimer peak, allowing S-VLV to populate more of the higher-

order oligomer form.  We determined that a heat treatment of four hours was sufficient to 

convert over 99% of the protein to the higher-order oligomer form regardless of buffer or protein 

concentration conditions (discussed in more detail in Chapter 3).  Therefore, we utilized a four-

hour heat treatment to facilitate octamer formation from this point forward.  A representative 

chromatogram in NH4OAc (pH 7.0) is shown in Figure 1-11.   
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Figure 1-10: A thermal melt of Arc-S-VLV contains two transitions: one reversible, one 

irreversible.  Thermal melt of 25 µM unheated Ni-NTA-pure Arc-S-VLV in 0.05 M Tris (pH 7.5) 0.25 

M KCl (SB250) buffer in a 2.0 mm path length cuvette with 2 minute equilibration time, 25 s integration 

time, and 2 degree step size. An irreversible transition occurs at approximately 50 °C and a reversible 

transition occurs at approximately 90 °C. 
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Figure 1-11: Four hours of heat treatment converts all visible Arc-S-VLV to the higher-order 

oligomer form.  150 µM Arc-S-VLV in 0.1 M NH4OAc (pH 7.0) heated for the specified time at 80 °C, 

cooled to room temperature and analyzed immediately on a Superdex 75 size exclusion column. Note that 

both in this buffer and in SB250 (see Figure 2-3), a 4 h heat treatment effectively eliminates the dimer 

form, although dimer repopulation can occur over hours to days, depending on conditions, as described in 

Chapter 3 Part 1. (Methods for this experiment listed in Materials and Methods of Chapter 2). 
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Part 4: Detailed Layout of the Data Chapters within this Dissertation 

This dissertation investigates the role of polar-to-hydrophobic surface substitutions in the strand 

region of Arc repressor and the implications for protein folding and conformational specificity in 

general.  Chapters 2 and 3 focus on a variant of Arc repressor, Arc-S-VLV, with three polar-to-

hydrophobic surface substitutions in residues 9, 11, and 13.  This variant was previously 

identified and preliminarily characterized by Cordes et. al. (97).  Chapter 2 discusses the basic 

identity of the higher-order oligomer and dimer peaks observed by size exclusion, and Chapter 3 

focuses on the isolation and characterization of the higher-order oligomer form of Arc-S-VLV. 

Chapter 4 investigates the Arc repressor sequence features that allow the population of a higher-

order structure, in part through characterization of related substitutions in the strand region.   

 

Chapter 2: A Polymetamorphic Protein. 

In Chapter 2, we characterize Arc-S-VLV by size exclusion, and identify two clear peaks 

representing two distinct oligomeric states.  The lower-order state elutes at the same volume as 

the wild-type and switch dimer, suggesting that this state is dimeric.  We prepare a 
15

N-labelled 

sample of dimeric S-VLV and compare its chemical shifts to wild-type Arc, switch Arc, and 

Arc-N11L to determine that S-VLV adopts both the wild-type and switch folds.   We employ 

sedimentation equilibrium and ESI-MS to determine that a heat-treated higher-order oligomer is 

octameric.  (Interestingly, an 80 °C heat treatment shifts the oligomeric state from dimer towards 

octamer, and the unheated higher-order species appears to be heptamer rather than octamer.)  We 

also characterize the isolated, heat-treated octamer by near and far UV circular dichroism and 

identify a novel topology, which contains half the helicity of the wild-type and switch folds.  A 
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thermal melt of the S-VLV octamer confirms that it folds reversibly with a high Tm at 

approximately 90 °C.  Taken together, Arc-S-VLV populates at least three distinct states.  These 

states represent an extension of the fold switch observed in the single polar-to-hydrophobic 

strand mutant Arc-N11L, suggesting that two additional polar-to-hydrophobic substitutions in 

the strand region allow Arc repressor to populate additional novel folds. 

 

Chapter 3: Toward a Structure of the S-VLV Octamer. 

Chapter 3 continues the characterization of the S-VLV octamer, in order to define how it differs 

from the two known dimeric Arc folds and to establish the structural basis of  its formation.  We 

determine that the populations of dimer and higher-order oligomer depend on refolding 

conditions, including temperature, protein concentration, and buffer salt by size exclusion.  Both 

mixed samples (observed by size exclusion timecourses) and isolated higher-order oligomer or 

dimer samples (observed by NMR timecourses), exchange with the other species at room 

temperature on the hours-to-days timescale.  Because the quality of the NMR spectra for the 

octamer are not well-dispersed enough for higher-order structural characterization, we expose S-

VLV to limited trypsinolysis.  A protease-resistant core with a shortened C-terminus persists in 

S-VLV, and this core exhibits an improved NMR spectrum.  In order to limit the influence of the 

dimer form and stabilize the protease-resistant core of S-VLV, we design a shortened construct 

of Arc-S-VLV by deletion mutagenesis, and characterize the variants at each step.  The resulting 

construct, Arc-VLV 4-44, contains a sequence shortened by 12 residues.  This construct exhibits 

improved NMR spectral quality, but the sample still contains some apparent structural 

heterogeneity or disorder.  We trypsinolyze Arc-VLV 4-44 in an attempt to improve the spectral 

quality further.  Three sequence fragments persist following trypsinoloysis: full-length VLV 4-
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44, residues 4-31, and residues 4-24.  We determine that only the 4-44 fragment can adopt into a 

higher-order octamer structure, which suggests that the VLV 4-44 octamer is composed of 

subunits with different degrees of foldedness, some of which must include residues 4-44, but 

others which can be shorter.  A 
15

N-labelled version of trypsinolyzed VLV 4-44 shows the best 

spectral quality to date, but may not be sufficient to determine the subunit configuration of the 

octamer.  Crystallographic investigations of this construct have produced several leads, but high 

resolution structure determination is still ongoing.  As a result of this work, we have determined 

that the higher-order octamer structure is not just a collection of dimers but instead a complex, 

novel arrangement.  The subunits comprising the octamer may be fully or partially folded and 

may come together to form dimers.  Residues 9-14, which make up the strand region in wild-type 

Arc, are particularly important in the octamer due to their resistance to proteolysis and may 

represent a core region, arranged in a β-barrel or β-sandwich topology.  

 

Chapter 4: Hydrophobicity Determinants of Structural Specificity in the Strand Region of 

the Arc repressor Protein. 

Chapter 4 explores the basis for octamer formation and determines the sequence elements that 

permit octamer formation in S-VLV.   In order to address the octamer formation question, we 

note that residues 9-14 are flanked by two proline residues at positions 8 and 15.  We substitute 

these prolines with alanine both independently and together in S-VLV and assess the effects by 

size exclusion, far UV circular dichroism and thermal denaturation.  Substitution of proline 8 in 

S-VLV stabilizes the dimer form of the S-VLV relative to the oligomer, and does not cause 

aggregation.  Substitution of P15 decreases the Tm of S-VLV but does not result in nonspecific 
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aggregation by size exclusion.  When both P8 and P15 are substituted, the protein does not 

express well and heat treatment at 80 °C causes large-scale precipitation.  An unheated sample 

contains a peak at the void volume of the size exclusion column, indicative of aggregation.  

Substitution of P8 and P15 in a wild-type background forms only stable dimer, suggesting that 

these proline residues are particularly important in hindering nonnative aggregation when 

flanking highly-hydrophobic sequences but are otherwise non-essential to maintenance of the 

native structure.  To test whether any hydrophobic sequence in the strand region would cause 

aggregation, we substitute residues 9-13 with the sequence LVFFA, which is a slightly modified 

version of the amyloidogenic region of the protein Aβ.  Surprisingly, this “Arc-Aβ” construct 

forms dimer exclusively by size exclusion.  By NMR, Arc-Aβ contains an ambiguously-

structured strand region, but the other parts of the protein resemble the chemical shifts of wild-

type and switch Arc.  Thus, even known amyloidogenic sequences from other proteins produce a 

stable variant when substituted in the strand region of Arc repressor.  To probe the specific 

determinants of higher-order olgiomerization, we substitute one or two residues at positions 9, 

11, and/or 13 with hydrophobic residues.  All single and double mutants are dimeric by size 

exclusion and contain secondary structure similar to wild-type and switch Arc by far UV circular 

dichroism.  Interestingly, double mutants with the N11L substitution adopt both the wild-type 

and switch folds by NMR.   When all three positions are substituted with hydrophobic residues, 

at least two products are visible by size exclusion in most variants, representing higher-order 

oligomer and dimer-like forms.  A correlation emerges that more highly hydrophobic 

substitutions, such as isoleucine and valine, produce a larger amount of higher-order oligomer 

whereas less hydrophobic substitutions, such as alanine and methionine, populate mainly dimeric 

structures.  Thus, as long as the proline residues flanking the strand region are in place, a vast 
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array of hydrophobic residues can be substituted into residues 9-13, producing a variety of 

higher-order oligomer products.  As suggested by simple exact lattice models, an increasing 

number of polar-to-hydrophobic surface substitutions in the strand region populate a variety of 

stable degenerate states with novel topologies in Arc repressor. 

This dissertation characterizes a novel form of the Arc repressor protein, Arc-S-VLV, with 

particular focus on the heat-induced higher-order octamer state.  Additionally, the rationale 

behind higher-order oligomerization and structural degeneracy from polar-to-hydrophobic 

substitutions in residues 9-14 is explored.  Ultimately, this work in the Arc repressor system 

validates the predictions from the computational simple exact lattice models that increasing 

surface polar-to-hydrophobic substitutions increases structural degeneracy. 
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CHAPTER TWO:  

A POLYMETAMORPHIC PROTEIN 

 

 

Overview: Sequence Hydrophobicity and Structural Degeneracy in Arc repressor. 

Chapter 1 introduced the sequence-structure relationship and the importance of sequence 

hydrophobicity in facilitating structural degeneracy, as described in the simple exact lattice 

models of Dill and colleagues (12).  We also introduced the Arc repressor system, which will be 

utilized to test the assertions of the simple exact lattice models experimentally.  In this and the 

following chapter, we describe an Arc repressor variant containing three polar-to-hydrophobic 

surface substitutions which adopts multiple folds.   

 “Metamorphic” proteins have been defined as proteins which can exhibit multiple structures 

from a given sequence (30).  These proteins can switch folds as a result of ligand binding (26), 

solution conditions (38), or disulfide rearrangement (100), among other factors.  The Arc-N11L 

protein is one example of a metamorphic protein which switches its topology based on solution 

conditions and the presence of DNA (favored by the wild-type fold) (28).  The Arc-N11L 

metamorphism results from a polar-to-hydrophobic surface substitution, which Lau and Dill (12) 

have suggested as one cause of structural metamorphism in general.   

Metamorphic proteins are rare within the network of protein structures investigated, but their 

existence suggests some level of connectedness between protein folds (see Figure 1-3 Panels B 

and C).  Here we present an example in Arc repressor of a sequence at the intersection of three 

folds.  To date, most proteins defined as metamorphic contain two distinct folds; therefore we 

call our protein “polymetamorphic” to signify the multiplicity of states.  This set of states can be 
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accessed by an incremental increase in the number of polar-to-hydrophobic surface substitutions 

in the ribbon region of Arc repressor protein. 

As discussed in Chapter 1, a single polar-to-hydrophobic substitution (N11L) in the Arc 

repressor homodimer led to the population of an alternate dimeric fold in which two 310 helices 

replaced a two-stranded β-sheet ((28) and Figure 2-1). A second Arc variant known as switch 

Arc (N11L/L12N) formed the alternate dimer exclusively, allowing determination of its structure 

(97, 98). While residue 11 is located on the solvent-exposed face of the β-sheet in the native 

dimer, it flips into the protein’s interior in the alternate dimer (97).  The same series of studies 

included variants in which all three surface polar residues in the β-sheet were replaced by 

hydrophobic residues (97).  One such variant, Q9V/N11L/R13V (S-VLV), included the N11L 

mutation plus two valine substitutions (Figure 2-1).  S-VLV showed an unusual thermal 

denaturation profile (Figure 1-10) and formed higher-order oligomers, but was not studied in 

detail (97). We will now show that, while the single hydrophobic substitution in N11L populates 

an alternative dimeric fold with increased helical content, the two additional substitutions in S-

VLV preserve both dimeric folds but also populate a thermally stable octamer with about half the 

helicity of the wild-type dimer.  Thus, a single sequence can encode at least three folds with 

wide-ranging secondary structure content, and progressive increases in local sequence 

hydrophobicity progressively reduce fold specificity.   We also suggest that switches in native 

folding topology involving oligomerization can be part of a near continuum of structural changes 

that includes amyloid aggregation.  In the following two chapters, we describe the 

characterization of Arc-S-VLV.  This chapter describes an initial characterization of the multiple 

forms of S-VLV, while Chapter 3 provides a more detailed analysis of higher-order oligomer 

form. 
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Parts of this work have been previously published as:  Stewart KL, Dodds ED, Wysocki VH, 

Cordes MH (2013) A polymetamorphic protein. Protein Sci 22:641-649.  

This chapter is a slightly modified version of that work.  Experimental work was performed by K. 

Stewart and E. Dodds (nESI-MS), and the manuscript was written by M. Cordes, E. Dodds, V. 

Wysocki, and K. Stewart. 
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Figure 2-1: Hydrophobicity mutations and structural changes in the β-sheet of Arc repressor.  In 

the wild-type Arc repressor homodimer (top left), residues 9-14 of each subunit alternate between polar 

(red) and hydrophobic (cyan) residues and interact to form a two-stranded β-sheet.  A hydrophobic 

surface mutation at residue 11 (Arc-N11L) populates an alternate fold in which the β-sheet is replaced by 

310 helices (top right; determined in the switch Arc variant, which forms this fold exclusively). . Two 

additional polar-to-hydrophobic substitutions produce a fully hydrophobic strand region in Arc-S-VLV.   
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S-VLV contains two dimeric folds.  

Arc-S-VLV was expressed in hexahistidine-tagged form, purified by denaturing nickel affinity 

chromatography, and refolded by dialysis into 0.05 M MES (pH 5.5), 0.05 M KCl. Size 

exclusion chromatograms of S-VLV at 300 µM loading concentrations (Figure 2-2 Panel A) 

showed both an apparent dimer (~15 kDa) and a second oligomer, larger than dimer but smaller 

than the column exclusion limit of ~100 kDa, indicated by the void volume V0.  By contrast, we 

observed only dimer for comparable preparations of wild-type Arc, Arc-N11L and switch Arc.  

MALDI spectra of the higher and lower molecular weight size exclusion fractions of S-VLV 

give identical subunit masses (7600.9 Da), confirming that they represent different oligomeric 

states of the same protein.  In addition, the two separated forms undergo slow exchange over 

hours to days as measured by size exclusion (discussed in more detail in Chapter 3). 
15

N-
1
H 

NMR correlation spectra (Figure 2-2 Panel B) of size-exclusion purified, uniform 
15

N-labeled 

VLV dimer are dominated by signals from the dimer, presumably due to rapid transverse 

relaxation and slow repopulation rate of the higher order oligomer. 

The S-VLV dimer spectra show characteristics similar to those of Arc-N11L, indicating the 

presence of both dimeric Arc folds.  Previous NMR lineshape studies on Arc-N11L (28) showed 

relatively rapid exchange at 25 °C (kex=2200 ± 500 s
-1

 under slightly different solution 

conditions) between the β-sheet and 310-helical dimeric folds, both of which are significantly 

populated.  For residues with small but significant chemical shift differences between wild-type 

and switch Arc, the resonances in Arc-N11L are in fast exchange between the two folds, and 

each shows a single peak with an intermediate chemical shift value (e.g. Asn 29, Ser 32 and Ser 

35, inset in Figure 2-2 Panel B).  Resonances with larger chemical shift changes are on the edge 

of the intermediate exchange regime and show limited exchange broadening with attenuation of 
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Figure 2-2: Characterization of the dimeric folds of Arc-S-VLV by two-dimensional NMR.  (A) Size 

exclusion chromatograms of Arc-S-VLV (orange), switch Arc (lavender), Arc-N11L (green), and Arc-

WT (red), at 300 µM protein concentration in 0.05 M MES (pH 5.5), 0.05 M KCl.  Switch Arc, Arc-

N11L, and WT migrate as dimers with elution volumes of 13.0 ± 0.1 mL, while Arc-S-VLV migrates as a 

mixture of dimer (13.0 mL) and higher-order oligomer (9.9 mL). V0 (dashed line) indicates the void 

volume of the column, measured using blue dextran. (B) Overlay of HSQC spectra for the four Arc 

variants at 25 °C, colored as in panel A.  Black lines track chemical shift changes for equivalent 

resonances. For all resonances shown, Arc-N11L and S-VLV have intermediate chemical shift values, 

indicative of two different Arc dimer folds in fast conformational exchange. 
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signal intensity (e.g. Ala 26 and Val 33).  Significantly, equivalent resonances of the S-VLV 

dimer show very similar intermediate behavior except that the resonances are closer to the 

positions observed in wild-type Arc; while the resonances in Arc-N11L are closer to the switch 

Arc positions (Figure 2-2 Panel B).  We conclude that S-VLV, like Arc-N11L, exists in two 

dimeric folds that exchange on the millisecond to microsecond time scale; in addition, the 

resonance positions suggest that the equilibrium in S-VLV favors the β-sheet fold by about 3:1, 

while the equilibrium in Arc-N11L favors the helical fold by a similar ratio. 

   

S-VLV also forms an octamer.  

When refolded in a different, higher ionic strength buffer (SB250 buffer; 0.05 M Tris (pH 7.5), 

0.25 M KCl, 0.2 mM EDTA), S-VLV almost exclusively formed a higher order oligomer. Any 

residual dimer could be removed by a heat annealing treatment at 80 °C (Figure 1-11; although 

dimer is significantly repopulated in lower ionic strength buffers, as discussed further in Chapter 

3.)  After the heat annealing treatment, the oligomer remained stable over time.  By analytical 

size exclusion chromatography (Figure 2-3), the heat-annealed S-VLV eluted at a volume 

consistent with a molecular weight of 65 kDa, much larger than the wild-type Arc homodimer 

(15.0 kDa, apparent molecular weight) and suggestive of an octamer or nonamer. 

Sedimentation equilibrium analysis of heat-treated S-VLV (Figure 2-4 and Table 2-1) suggests 

an octamer.  We fitted radial absorbance curves to models that assume a single ideal species, 

across a threefold range of loading concentrations and three rotor speeds.   At the three rotor 

speeds shown, the average apparent molecular weight (Mw,app) for heated S-VLV corresponded 

to approximately 58 kDa over the average of three protein concentrations (30, 60, and 90 µM).
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Figure 2-3: Molecular weight determination of Arc-S-VLV by isocratic size exclusion.  Size 

exclusion chromatograms of wild-type Arc (blue solid trace) and heated S-VLV (orange solid trace), both 

at 350 µM loading concentration, along with calibration standards (green dashed trace) labeled with 

molecular weights in kDa in SB250 (0.05 M Tris (pH 7.5), 0.25 M KCl). The column void volume (V0) is 

measured as the elution volume of blue dextran.   The inset shows a calibration plot for estimation of 

molecular weight of S-VLV (65 kDa based on the regression) and wild-type Arc (15 kDa based on the 

regression, with an actual dimeric size of 15.4 kDa). 
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Figure 2-4: Molecular weight and oligomeric state determination of Arc-S-VLV by sedimentation 

equilibrium.  Representative sedimentation equilibrium curve for heated S-VLV at 60 µM concentration 

in SB250 at 20 °C at 10000 rpm.  The curve shows data fitted to a single ideal species model, with 

residuals at bottom.  This fit yielded an apparent molecular weight of 57432 Da (see also Table 2-1).  

 

 



71 

 

 

 

Table 2-1: Apparent molecular weights of heated and unheated Arc-S-VLV from sedimentation 

equilibrium.  Apparent molecular weights from sedimentation equilibrium experiments on heated S-

VLV and unheated S-VLV averaged from three concentrations (30 µM, 60 µM, 90 µM) and shown at 

three rotor speeds (10000 rpm, 13000 rpm, 15000 rpm). The number of subunits is calculated using the 

monomer molecular weight of Arc-S-VLV of 7.60 kDa. 
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The sedimentation data are consistent with a single octameric species but do not exclude a 

mixture of multiple species of similar oligomeric state, e.g. a heptamer and octamer.   Nor can 

we rigorously exclude such a mixture on the basis of the observation of a single peak in the size 

exclusion trace.  Unheated S-VLV produced lower average apparent molecular weights than 

heated S-VLV, suggesting a single heptameric species.  

Native nano-electrospray ionization mass spectrometry (nESI-MS) of heat-treated S-VLV in 0.1 

M ammonium acetate (pH 7.4) confirmed the presence of a specifically octameric species 

(Figure 2-5).  Peaks observed at mass-to-charge ratios (m/z) > 3,500 corresponded to the charge 

state envelope of a distinct octamer (charge deconvoluted Mw of 60.8216 ± 0.0028 kDa, or 

8.00309 ± 0.00036 subunits; mean ± 99% confidence interval for n = 5 measurements) rather 

than a mixture of multiple higher oligomeric states.  The narrow charge state envelope of the 

octamer (only three charge states observed) and the octamer charge states themselves (which fall 

below the Rayleigh-limited maximum charge of z = 20 predicted for a native complex of this 

molecular weight) are consistent with an ordered, native-like structure (101).  Tandem mass 

spectrometry (MS/MS) via collision-induced dissociation (CID) further corroborated the 

octameric stoichiometry of the high m/z signals, with the octamer dissociating to yield monomer 

(charge deconvoluted Mw of 7.60068 kDa, or 1.00012 subunits) and the complementary 

heptamer (charge deconvoluted Mw of 53.2226 kDa, or 7.00319 subunits) in accord with the 

typical CID behavior of protein complexes (102).  The high m/z peaks observed for S-VLV were 

completely absent in the mass spectrum of wild-type Arc.  Both wild-type Arc and S-VLV 

spectra also showed peaks originating from dimeric and monomeric forms.  Size exclusion traces 

of S-VLV in the ammonium acetate buffer indicated a small population of dimeric S-VLV under 

these conditions (data not shown).   
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Figure 2-5: Oligomeric state determination of heated Arc-S-VLV by native ESI-MS.  Native nESI-

MS of wild-type Arc and S-VLV, each at 50 µM protein in 0.1 M ammonium acetate (pH 7.4), and CID 

of the S-VLV octamer.  Under native MS conditions, wild-type Arc shows peaks for monomeric (M) and 

dimeric (D) states, while S-VLV contains peaks for monomer, dimer, and octamer (O); note that relative 

intensities do not directly reflect relative abundances of different oligomeric states because of instrument 

discrimination at higher m/z.  CID of the S-VLV octamer (z = 17) produced highly charged monomer 

(consistent with the commonly expected oligomer CID pathway that involves unfolding and release of 

one subunit) and complementary heptamer (H).  Charge states are indicated by superscripts.   
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Figure 2-6: Oligomeric state determination of unheated Arc-S-VLV by native ESI-MS.  Native 

nESI-MS of unheated wild-type Arc and S-VLV, each at 50 µM protein in 0.1 M ammonium acetate (pH 

7.4), and CID of the S-VLV heptamer observed in unheated preparations.  As in the heated samples, 

native MS of wild-type Arc shows peaks for monomeric (M) and dimeric (D) states; however, unlike the 

heated preparations, S-VLV contains peaks for monomer, dimer, and heptamer (H) when no heat 

treatment was performed.  Note that relative intensities do not directly reflect relative abundances of 

different oligomeric states because of instrument discrimination at higher m/z.  The heptamer has a charge 

deconvoluted Mw of 53.2052 ± 0.0009 kDa, or 7.00090 ± 0.00012 subunits; mean ± 99% confidence 

interval for n = 5 measurements).  CID of the S-VLV heptamer (z = 15) produced highly-charged 

monomer (consistent with the commonly expected oligomer CID pathway that involves unfolding and 

release of one subunit) and complementary hexamer (S).  The charge deconvoluted Mw for the 

monomeric and hexameric CID products were 7.60028 kDa (or 1.00001 subunits) and 45.6165 kDa (or 

6.00236 subunits), respectively.  Charge states are indicated by superscripts. 
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Figure 2-7: A closer examination of the oligomeric state determination of heated and unheated Arc-

S-VLV by native ESI-MS. Native nESI-MS of Arc S-VLV, unheated and heated, at 50 µM 

concentration.  Close examination of the higher oligomer m/z region allows distinction of the heptameric 

(H) and octameric (O) states observed without and with heat treatment, respectively. Theoretical m/z 

values for heptamers (at z = 13, 14, 15, and 16) are indicated by gray bars in the upper trace. In the lower 

trace, the gray bars indicate theoretical m/z values for octamers (at z = 15, 16, 17, and 18). Charge states 

are indicated by superscripts. 
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Surprisingly, nESI-MS spectra of S-VLV in the absence of heat treatment show mostly heptamer 

rather than octamer (Figures 2-6 and 2-7).  As discussed above, sedimentation equilibrium data 

from unheated samples also yield reduced apparent molecular weights largely consistent with 

heptamer (Table 2-1), though greater populations of dimer in such samples could also produce 

this effect.  Size exclusion traces of unheated and heated samples have no systematic variation in 

elution volume within experimental error.  However, the clear appearance of heptamer and 

octamer in nESI-MS of unheated and heat-treated samples, respectively, indicates that S-VLV 

can fold into multiple oligomers of similar size and suggests that an octamer is likely the most 

thermodynamically stable quaternary structure.  Slow formation of a very stable octamer upon 

heating may also explain why heat-treated samples of S-VLV are less prone to repopulation of 

dimer.  (Although, as discussed in Chapter 3, dimer repopulation does occur after standing 

following heat treatment under certain conditions.) 

 

The octamer is highly stable and differently folded from either dimer.  

We next analyzed the secondary structure content of heat-treated S-VLV oligomers using far 

ultraviolet circular dichroism (Figure 2-8 Panel A).  Wild-type Arc has two α-helices per 

monomer and approximately 50% total helical content based on the native sequence plus the 

affinity tag (84).  Signals characteristic of helical structure (208 nm and 222 nM) were less 

intense for S-VLV than for wild-type Arc, with the 222 nm signal in particular being about half 

as strong, suggesting major loss of α-helical content.   The spectrum of S-VLV does not, 

however, have the strong signal at 200 nm expected for a disordered or unfolded structure.  

Secondary structure analysis using CONTINLL (103) and SELCON3 (104) (Table 2-2) indicated
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Figure 2-8: Charcterization of the Arc-S-VLV octamer by circular dichroism.  (A) Far UV circular 

dichroism spectra of wild-type Arc (blue), heated S-VLV (orange), and Switch Arc (green) in SB250 (100 

µM protein, 0.1 mm pathlength, 20 °C), (B) Near ultraviolet circular dichroism spectra of wild-type Arc 

(solid line), heated S-VLV (dashed line), and switch Arc (dotted line) at 50 µM protein concentration in 

SB250 in a 1.0 cm pathlength cuvette at 20 °C.  (C) Thermal denaturation of wild-type Arc (blue) and 

heated S-VLV (orange) monitored at 222 nm (50 µM protein, 2.0 mm pathlength), with forward melts 

shown as solid lines and reverse melts shown as dashed lines.   
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Table 2-2: Secondary structure content prediction of Arc-S-VLV from far UV circular dichroism.  

Secondary structure content of wild-type Arc and S-VLV, estimated by CONTINLL and SELCON3 

based on circular dichroism spectra shown in Figure 5A. 
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an average of 56% helical content for wild-type Arc and 32% helical content for S-VLV, 

consistent with loss of one of the two helices present in the wild-type structure.  These methods 

also calculate that the lost helical content is replaced by a mixture of absolute increases in β-

strand (12%), turn (5%) and disordered content (5%), indicating that S-VLV is folded, but very 

differently both from the wild-type Arc dimer and the alternate dimer switch Arc (Figures 2-1 

and 2-8 Panel A).  Near ultraviolet spectra (Figure 2-8 Panel B) confirm significant but distinct 

tertiary and quaternary interactions for heat-treated S-VLV. 

To investigate the folding stability of the S-VLV octamer, we monitored thermal denaturation by 

circular dichroism at 222 nm (Figure 2-8 Panel C).  The dynamic range of the S-VLV melt was 

reduced relative to wild-type Arc, due to the lower magnitude ellipticity of S-VLV at 222 nm.  

Surprisingly, the thermal denaturation midpoint (Tm) of S-VLV occurred near 90 °C, more than 

25 °C higher than that of wild-type Arc at the same protein concentration (50 µM).  S-VLV 

unfolded and refolded reversibly, while wild-type Arc refolded only partially in a reverse melt 

under these conditions.  Thus, the structure of S-VLV exhibits remarkable ability to refold and 

resistance to thermal denaturation.   

A thermal melt of unheated S-VLV which has not been size exclusion purified for higher-order 

oligomer resembles Figure 1-10, and contains two transitions: an irreversible low temperature 

transition (presumably due to dimer conversion to octamer through heat-treatment) and a 

reversible high temperature transition (presumably due to the higher-order oligomer).  A size 

exclusion purified octamer sample as shown in Figure 2-8 Panel C contains only the reversible 

high temperature transition, suggesting that a four hour heat-treatment prior to thermal 

denaturation is sufficient to convert dimeric protein to octamer under these conditions. 
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Conclusions: Overlap of multiple stable folds in sequence space.   

We have shown that the accumulation of polar-to-hydrophobic substitutions in the Arc repressor 

β-sheet first populates a more helical dimer with one mutation (Arc-N11L), and then a much less 

helical higher-order oligomer with three mutations (S-VLV) (28, 98). In S-VLV, all three forms 

coexist under the same solution conditions (Figure 2-2 Panel A). The oligomer is not a 

nonspecific aggregate: it is an octamer following a heat annealing treatment, though a heptamer 

may initially form under kinetic control during refolding by dialysis.  The heat-annealed S-VLV 

octamer is at least partially ordered and highly stable, but the low helicity implies that some, and 

possibly all, of its subunits fold differently from the predominantly helical subunits in either 

dimer.  Thus, S-VLV has at least three folds that represent an extreme level of protein structural 

plasticity and loss of fold specificity with respect to simple changes in amino-acid sequence.  

The S-VLV octamer structure will be examined in more detail in Chapter 3. 

This work shows that multiple (more than two) stable folds may be connected by overlapping 

regions in sequence space (Figure 1-3 Panels B and C), and promotes the view that evolution of 

new folds from preexisting folds is not strongly hindered by the requirement for continuous 

preservation of folding stability (105-107).  S-VLV is in effect a three-way bridge or three-fold 

switch (15), capable in principle of acting as a hub for mutational traffic between at least three 

stable folding patterns related by nontrivial changes in secondary structure. Proteins that exhibit 

radical structural polymorphism involving simultaneous or successive population of more than 

two specific folded backbone topologies in a single sequence or a series of variants, might 

reasonably be called “polymetamorphic proteins (30).”  
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The three hydrophobic mutations appear to increase the overall folding stability of Arc even as 

they lower the fold specificity. Arc-N11L, a two-way bridge sequence, has a higher melting 

temperature than wild-type Arc (41); S-VLV, a three-way bridge sequence, has a higher melting 

temperature than Arc-N11L.  The multimerization of S-VLV may provide a mechanism for the 

protein to maintain and even increase stability while undergoing structural rearrangement (108).  

In general, it may be more common for bridge sequences to have lower native state stability than 

sequences with a single native structure (33). 

In a survey of the number of subunits in quaternary structures from e. coli, octameric proteins 

represent about 3% of known protein structures (109), and comprise a total of 1.7% of structures 

in the PDB currently (588 structures) (110).  An isolated octamer structure would provide 

valuable insight into the transition from dimer to higher-order oligomer in Arc repressor, which, 

based on the far UV circular dichroism data presented here (Figure 2-8) suggests a structural 

rearrangement.  This avenue will be explored further in the next chapter. 

The sequence determinants of native state conformational specificity are not well understood, 

despite an eloquent call by Lattman and Rose for efforts in this direction nearly two decades ago 

(2).  Some previous computational and experimental work points to the importance of 

hydrophobicity. Simple exact models predict that proteins with a unique, compact native state 

will have intermediate sequence hydrophobicity, because low hydrophobicity hinders 

compactness and high hydrophobicity increases structural degeneracy (49).  Hydrophobic 

mutations to proteins do reduce structural specificity in some cases, producing a molten, gemisch 

state (59, 61) or even an alternate fold in the case of Arc-N11L (28). The behavior of S-VLV 

now shows for the first time that progressive increases in hydrophobicity lead to progressively 

higher structural degeneracy in the form of multiple, different folding patterns.  
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Materials and Methods. 

Mutagenesis, protein expression and affinity purification: A plasmid encoding the Arc repressor 

triple mutant S-VLV was constructed by QuikChange (Stratagene; Santa Clara, CA) site-directed 

mutagenesis of the synthetic arc-st11 gene in plasmid pET800 (13). The arc-st11 gene includes 

the coding sequence for the st11 C-terminal extension (H6KNQHE) to stabilize the proteins 

against degradation during expression and to allow for affinity purification (111).   Wild-type 

Arc and S-VLV proteins were overexpressed in Escherichia coli strain BL21 (λDE3) cells 

transformed with the appropriate variant of pET800, and purified by Ni
2+

-NTA affinity 

chromatography under denaturing conditions by loading cleared cell lysates in 0.1 M NaH2PO4 

(pH 8.0), 0.01 M Tris, 6 M guanidine hydrochloride, 0.01 M imidazole onto 3 mL Ni
2+

-NTA 

resin per liter of culture, washing with 40, 40, and 20 mL fractions of the same lysis/loading 

buffer, and eluting with low pH using 6 M guanidine hydrochloride containing 0.2 M acetic acid.  

After elution, proteins were refolded by dialysis into SB250 buffer [0.05 M Tris (pH 7.5), 0.25 

M KCl, 0.2 mM EDTA] for 48 h at 4 °C, with one buffer change after 24 h.   

 

Heat treatment timecourse: (This method refers to Figure 1-11 in Chapter 1, but is listed here in 

the first materials and methods section.)  Affinity-purified, Arc-S-VLV was refolded in 0.1 M 

NH4OAc (pH 7.0) and heat treated by incubation in a water bath at 80 °C.  Following heat 

treatment, samples were cooled to room temperature, spun at 12000 xg for 10 m, injected onto a 

Superdex 75 size exclusion column (HR 10/30, GE Healthcare) at 150 µM loading 

concentrations (0.5 mL loading volume), and eluted isocratically in 0.1M NH4OAc buffer.   

 



83 

 

NMR Spectroscopy: For the structural comparisons of S-VLV, Arc-N11L, wild-type and switch 

Arc (Figure 2-2), expression plasmids were transformed into Escherichia coli strain BL21 

(λDE3) cells and grown in M9T minimal media with 0.8 g/L 
15

N-labelled 
15

NH4Cl as sole 

nitrogen source.  Proteins were purified by Ni
2+

-NTA affinity chromatography under denaturing 

conditions as described above, refolded by dialysis into 0.05 M MES (pH 5.5), 0.05 M KCl, and 

further purified by size exclusion chromatography in the same buffer with a Superdex 75 HR 

10/30 column (GE Healthcare).  Wild-type Arc, Arc-N11L, and switch Arc each eluted as single 

peaks at 13.0 mL, while S-VLV eluted in two peaks corresponding to dimer (13.0 mL) and a 

higher oligomer (9.9 mL).  Dimer-containing fractions for all four proteins were diluted to a low 

protein concentration (87 µM) to allow maintenance of the dimeric state in S-VLV, and brought 

to 10% D2O (v/v) and 0.01% sodium azide (w/v).   For heptamer and octamer comparison 

(Figure 2-8), S-VLV was prepared in the same manner as above with M9T growth, 
15

N-labelling, 

and denaturing Ni
2+

-NTA affinity chromatography.  Following refolding into 0.05 M MES (pH 

5.5), 0.05 M KCl, Arc-S-VLV was subjected to a 2 h heat treatment at 80 °C or no heat 

treatment.  Fractions of heated or unheated protein were subsequently purified by size exclusion, 

concentrated, and brought to 10% D2O (v/v) and 0.01% sodium azide (w/v).  By size exclusion, 

peak maxima between heated and unheated oligomer samples varied by ±0.3 mL, which may be 

a result of column error or structural differences upon heating.  For all preparations listed above, 

NMR experiments were performed on a Varian Inova 600 MHz spectrometer equipped with a 

1
H/

15
N/

13
C cryogenic probe. 

15
N-

1
H correlation (HSQC) spectra were collected in 5 °C 

increments from 5 °C to 25 °C. Data were processed with NMRPipe (NIH) and analyzed with 

SPARKY (UCSF). 
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Size exclusion chromatography: Affinity-purified, refolded wild-type Arc and S-VLV proteins 

were injected onto a Superdex 75 size exclusion column (HR 10/30, GE Healthcare) at 350 µM 

loading concentrations and eluted isocratically with SB250 buffer.  Two sharp peaks were 

typically visible in the resulting S-VLV chromatogram: a large peak at 9.9 mL elution volume, 

representing oligomeric S-VLV, and a smaller peak (up to approximately 10% the integrated 

area of the larger peak) at 13.0 mL, representing dimeric S-VLV. When heat-annealed S-VLV 

was loaded onto the size exclusion column, only the putative oligomer peak was visible.  The 

size exclusion fraction (1 mL) containing this peak was collected and centrifugally concentrated 

(Amicon Ultra) for use in further analyses.  All characterization experiments, unless otherwise 

noted, were performed with heat annealed, size-exclusion purified S-VLV.  The void volume of 

the Superdex column was determined using the elution volume of blue dextran (1 mg/mL; 2000 

kDa) (Sigma-Aldrich).  The molecular weight of S-VLV was estimated by a linear regression 

analysis using the elution volumes of low molecular weight protein calibration standards (Sigma-

Aldrich) including aprotinin (3 mg/mL; 6.5 kDa), cytochrome c (2 mg/mL; 12.4 kDa), carbonic 

anhydrase (2 mg/mL; 29.0 kDa), bovine serum albumin (5mg/mL; 66.0 kDa).  All standards and 

protein samples were injected at 0.5 mL volume at 25 °C.  

 

Sedimentation equilibrium:  S-VLV protein at three loading concentrations (30 µM, 60 µM, and 

90 µM ) in SB250 was analyzed at three rotor speeds (10000 rpm, 13000 rpm, and 15000 rpm) at 

20 °C in a Beckman XL-I analytical ultracentrifuge to generate radial distribution curves.  

Absorbance was monitored at 280 nm with a radial spacing of 0.001 cm.  At each rotor speed, 20 

replicate scans were collected.  The apparent molecular weight of S-VLV was determined by 

fitting sedimentation curves to a standard single species model using Kaleidagraph (Synergy 
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Software; Reading, PA).  Buffer density and partial specific volume were estimated using 

SEDNTERP (J. Philo; Thousand Oaks, CA) The apparent molecular weight estimated in 

Kaleidagraph was used to determine the apparent number of subunits using the isotopically 

averaged molecular weight for st11-tagged S-VLV (7599.7 Da). 

 

Mass spectrometry: Wild-type Arc and S-VLV proteins were refolded and dialyzed into 1.0 M 

ammonium acetate (pH 7.0) following denaturing Ni
2+

-NTA affinity purification.  Each sample 

was diluted to 50 µM concentration and buffer exchanged into 0.1 M ammonium acetate, pH 7.4, 

using size exclusion spin columns (BioRad, Hercules, CA).  Mass spectra were acquired using a 

Waters Synapt G2 quadrupole time-of-flight instrument (Manchester, UK).  Typical operating 

conditions for analysis of protein complexes using this instrument have been described in detail 

recently (112).  Briefly, native nESI was performed using home-pulled borosilicate emitters 

loaded with 10 µL of buffer exchanged protein solution and fitted onto a custom nESI source.  

Instrument parameters were optimized for preservation of non-covalent protein complexes.  Most 

critically, the inlet pressure was raised to approximately five times the normal level to provide 

collisional ion cooling, while DC offsets throughout the instrument were reduced to the lowest 

practical values to prevent unwanted ion activation.  Charge state envelopes were deconvoluted 

to neutral masses using MagTran (113). 

 

Circular dichroism:  Far ultraviolet circular dichroism spectra of wild-type Arc, S-VLV, and 

switch Arc were obtained in SB250 at 20 °C using 100 µM size exclusion-pure protein in a 0.1 

mm path length cuvette on a Olis DSM-20 CD spectrometer.  Scans were collected using a 10 

second integration time per scan and signal averaging of 3 scans measured at 1 nm increments 
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from 260 nm to 195 nm.  Thermal denaturation profiles of wild-type Arc and S-VLV were 

obtained in SB250 using 50 µM size exclusion-pure protein samples in a 2.0 mm pathlength 

cuvette.  Samples were heated from 20 °C to 100 °C with a 3 minute sample equilibration time, 2 

°C step size, and 60 s data collection time while ellipticity was monitored at 222 nm. Reverse 

melts utilized the same parameters as the forward melts.  Near UV circular dichroism spectra of 

wild-type Arc, S-VLV, and switch Arc were obtained in SB250 at 20 °C using 50 µM size 

exclusion-purified protein in a 1.0 cm pathlength cuvette.  Scans were collected using a 20 

second integration time per scan and signal averaging of 3 scans measured at 1 nm increments 

from 305 nm to 260 nm. 
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CHAPTER THREE: 

TOWARD A STRUCTURE OF THE S-VLV OCTAMER 

 

Overview: In Search of the Octamer Structure of Arc-S-VLV. 

As described in Chapter 2, Arc-S-VLV represents one example of a “polymetamorphic” protein 

containing at least three structures from a single amino acid sequence.  Specifically, three polar-

to-hydrophobic surface substitutions in the ribbon region of the wild-type Arc repressor protein 

(Arc-S-VLV) lead to the concurrent population of two dimer and two higher-order oligomer 

folds.  These degenerate states continue a pathway from a single ribbon-helix-helix wild-type 

structure, through two dimeric folds in Arc-N11L, to multiple folds in Arc-S-VLV, including 

higher-order oligomer folds that are less helical than the dimer folds.  Since the structures of the 

two dimer forms are known, determining the structure of the higher-order oligomer(s) would be 

particularly enlightening, especially if it represents one or more novel folded structures.   

As noted briefly in the preceding chapter, Arc-S-VLV is actually capable of folding into two 

possible oligomeric states, octamer and heptamer, depending on the application of an 80 °C heat 

treatment.  These two oligomers differ in molecular weight by 7.5 kDa, and are indistinguishable 

by size exclusion on a Superdex 75 column.  However, both sedimentation equilibrium and ESI-

MS (Figure 2-4 and 2-5) suggest that an octamer, possibly exclusively, is formed when Arc-S-

VLV is heated to 80 °C. Since the octamer seems to represent the lowest energy conformation, 

which is accessible by the application of a heat treatment, we chose this form as a target for 

higher-order characterization.  At approximately 60 kDa in size, the Arc-S-VLV octamer is too 

small to be well-resolved by electron microscopy; however it is a possible target for high-

resolution NMR and crystallography studies.  The tasks of isolating the octamer, developing a 
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construct that minimizes protein size and disordered regions, and attempting high-resolution 

structural studies comprise this chapter. 

As discussed in the preceding chapter, high-resolution octameric structures make up less than 2% 

of the PDB (110), although oligomers of some type are formed in 50-70% of proteins (109).  

Smaller oligomers are more commonly solved than larger ones, with homodimer structures 

vastly more common than other oligomers (109, 110). Additionally, homomer structures, like S-

VLV, are more common than heteromers (110).  An estimate for the conservation of quaternary 

structures during evolution suggests that at a sequence identity level of 90% (Arc-S-VLV shares 

94% sequence identity with wild-type Arc), 93% of proteins will exhibit the same symmetry type 

(109), although in Arc repressor, as shown here, high sequence identity does not necessarily 

correspond to the same oligomeric state.  Wild-type Arc is a homodimer with 2-fold symmetry.  

While the simplest symmetry type for the S-VLV octamer would be an 8-fold symmetric protein, 

the prediction above suggests--but does not dictate--a lower-symmetry homooctamer.  The 

symmetry of the S-VLV octamer is one aspect of the pursuit of a high resolution structure, which 

will be investigated in this chapter. 

First, we identify the components that affect the relative oligomer and dimer populations upon 

initial refolding and following isolation, showing that higher-order oligomer is in exchange with 

the dimer forms, even following heat treatment.  We also show that the dimer form of S-VLV 

shows good resonance dispersion by NMR at low temperatures following separation from the 

higher-order oligomer, but slowly converts to higher-order oligomer over a period of hours to 

days.  At higher temperatures, well-dispersed resonances from the octamer are present in the 

NMR spectrum, suggesting that the octamer contains a well-ordered specific structure (Part 1).  

Using limited proteolysis, we determine that Arc-S-VLV contains a protease-resistant core, and 
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can be reduced in size while still maintaining the higher-order oligomer fold, mainly by removal 

of residues from the C-terminus of the protein.  An NMR spectrum of the S-VLV trypsin-

resistant core contains the same dispersed peaks present in a high temperature full-length S-VLV 

sample, suggesting that the proteolysis improves the spectral quality of the octamer at low 

temperature by reducing its size.  Using the proteolysis-resistant core as a guide, we develop a 

shortened, purely higher-order oligomer construct, Arc-VLV 4-44, through deletion mutagenesis 

and characterization with circular dichroism and size exclusion.  Arc-VLV 4-44 contains 

chemical shift dispersion by NMR similar to trypsinolyzed S-VLV, but contains some poorly-

dispersed, strong peaks, which we are able to assign to the C-terminal segment of the protein, 

suggesting some subunits of Arc-VLV 4-44 are partially disordered before residue 44 (Part 2).    

From this new starting point, we perform additional limited proteolysis experiments in 

combination with further NMR characterization and crystal screens/trials in order to progress 

toward a three-dimensional structure of the S-VLV octamer (Part 3).  Although at the time of this 

writing we have not obtained a high-resolution structure of the octamer, the progress described 

here provides some insight into the organization and topology of the octamer and suggests 

obtaining a high-resolution structure is an attainable goal in the near future.  The results 

presented herein suggest that the octamer structure contains lower than eightfold symmetry and 

that the octamer is comprised of at least two subunits with different degrees of order, both with 

less ordered C-termini than wild-type Arc.  

 

This work currently forms a dissertation chapter only, although it may constitute the foundations 

of a paper if a detailed structure is obtained from diffracting crystals or some other method.  All 

work was performed by K. Stewart. 
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Part 1: Exchange between the Multiple Forms of Arc-S-VLV.   

Chapter 2 of this dissertation focused primarily on the higher-order octamer form of Arc-S-VLV.  

However, the dimer form is also populated to a lesser extent in both high and low salt buffers 

across a moderate pH range. The amount of dimer is diminished by a heat annealing treatment at 

80 °C for four hours, rendering dimer effectively absent for samples analyzed immediately 

following heating.  This section addresses what happens following initial refolding of Arc-S-

VLV and isolation of the oligomer or dimer forms by size exclusion. 

 

Buffer salt concentration, but not pH, affects the oligomer-to-dimer ratio in Arc-S-VLV.   

The higher-order oligomer forms of Arc-S-VLV can be readily resolved from the dimer forms by 

size exclusion, allowing for a semi-quantitative assessment of the oligomer-to-dimer ratio, since 

there are no additional detectable impurities present in a size exclusion chromatogram of Arc-S-

VLV due to high expression levels of the protein (Figure 2-2 Panel A).   As discussed in Chapter 

2, an 80 °C heat annealing treatment for four hours causes almost complete conversion of Arc-S-

VLV to the octameric form in 0.05 M Tris (pH 7.5), 0.25 M KCl (SB250), as detected by size 

exclusion chromatography (Figure 2-3).  For the NMR and ESI-MS experiments discussed in 

Chapter 2 (Figure 2-2 Panel B and Figures 2-5 through 2-7), Arc-S- VLV was purified under 

denaturing conditions by Ni
2+

-NTA affinity chromatography and refolded by dialysis at 4 °C into 

0.05 M MES (pH 5.5) and 0.05 M KCl for NMR experiments and 0.1 M NH4OAc (pH 7.0) for 

ESI-MS experiments. Prior to heat annealing, we noticed that Arc-S-VLV adopted different 

ratios of oligomeric versus dimeric protein in different buffers at similar protein concentrations 

by size exclusion chromatography, following dialysis refolding (Figure 3-1 and Table 3-1).   
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Figure 3-1 and Table 3-1: The Arc-S-VLV oligomer-to-dimer ratio is affected by buffer properties 

following dialysis refolding.  200 µM unheated Arc-S-VLV in 6 M guanidine was refolded by dialysis at 

4 °C into the three buffers shown above.  Refolded proteins were then chromatographed on a Superdex 75 

size exclusion column immediately after removal from dialysis.  In the figure above, “SB250” is 0.05 M 

Tris (pH 7.5) 0.25 M KCl, “MES/KCl” is 0.05 M MES (pH 5.5) 0.05 M KCl, and “NH4OAc” is 0.1 M 

(pH 7.0).  In all chromatograms, the earlier elution peak represents the higher-order oligomer form and 

the later elution peak represents the dimer form of Arc-S-VLV.    
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In order to determine whether salt concentration, pH, or both factors were responsible for the 

changes in the oligomer-to-dimer ratio between buffers, we refolded identical concentrations of 

Arc-S-VLV by dialysis at 4 °C into buffers with varying salt concentrations (50, 150, 250 µM) 

and pH (over a range of 2 pH units per buffer).  We measured the area of the oligomer and dimer 

curves as compared to the total area of the chromatogram, which corrects for small errors in 

protein concentrations between samples (Figure 3-2 and Table 3-2).  S-VLV refolded into high 

salt buffer contained a larger percentage of higher-order oligomer than S-VLV refolded into low 

salt buffer.  While the low salt buffer still favored higher-order oligomer over dimer, these 

samples contained a larger percentage of dimer than the high salt samples in both Tris and MES 

buffers.  High salt favors the higher-order oligomer fold, suggesting that electrostatic repulsions 

may be worse in the octamer, but are diminished by an increase in ionic strength.  Variations in 

pH, unlike salt concentration, do not seem to affect the oligomer-to-dimer ratio: across a range of 

two pH units, the oligomer-to-dimer ratio in both buffers remains relatively constant.  While this 

is not an exhaustive study of conditions, it does suggest that more dimer form is present in low 

salt S-VLV samples, although in all samples, the higher-order oligomer remains the dominant 

species (when the protein concentration is above ~100 µM). 

 

Exchange between the higher-order oligomer and dimer forms requires days to occur.   

Arc-S-VLV initially refolded at 4 °C begins to exchange from dimer to higher-order oligomer 

progressively over time if incubated on the benchtop at 25 °C.  (Figure 3-3 and Table 3-3).  This 

trend is observed in both heated and unheated samples in Tris, MES, and ammonium acetate 

buffers.  A kinetics curve fitted to this data produces an exponential-decay relationship that does  
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Figure 3-2 and Table 3-2: The Arc-S-VLV oligomer-to-dimer ratio is affected by buffer salt 

concentration, but not pH following dialysis refolding.   150 µM unheated Arc-S-VLV was refolded by 

dialysis into the listed buffer at 4 °C.  In (A) and (B), KCl concentration is varied in Tris and MES 

buffers.  In (C) and (D), pH is varied in Tris and MES buffers.  In all chromatograms, the earlier elution 

peak represents the higher-order oligomer form and the later elution peak represents the dimer form of 

Arc-S-VLV.     
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not fit a simple rate law: when fit to an exponential decay equation, this data appears to fit a 12
th

 

order rate (Figure 3-3, inset).  Considering the dimer to higher-order oligomer transition alone, 

we know from far UV circular dichroism (Figure 2-8 and Table 2-2) that a reduction in helicity 

and increase in strand content accompanies this fold change.  Previous work determined that the 

unfolding rate of Arc-N11L, which adopts both dimer folds, is  0.06sec
-1

 (97).  This is faster than 

the rate suggested for S-VLV dimer to higher-order oligomer conversion, indicating that dimer 

unfolding or partial unfolding could take place prior to higher-order oligomer conversion from 

dimer, although initial refolding is partitioned between dimer and higher-order oligomer.  

Another rationale for this complex rate may be that the reverse exchange process is important for 

the conversion, which would explain the poor fit to an exponential decay rate discussed above.  

As detailed below, exchange can occur in the dimer-to-oligomer or oligomer-to-dimer direction, 

dependent on protein concentration and solution conditions.   At present, however, the molecular 

details of the conversion are unclear. 

Relatedly, if dimer or higher-order oligomer is isolated by size exclusion chromatography, the 

isolated form will slowly repopulate the opposite species.  Even a sample of heat annealed, 

isolated octamer repopulates a small amount (3%) of dimer almost immediately, and this 

percentage increases on the hours-to-days timescale (Figure 3-4 and Table 3-4).  Thus, the 

octamer, heptamer, and dimer form(s) are all presumably capable of exchange under appropriate 

conditions.  

As a second means to monitor exchange, we separated dimer from higher-order oligomer by size 

exclusion chromatography, then visualized the conversion from dimer to higher-order oligomer 

over a period of days to weeks by collecting HSQC spectra over time at 25 °C.  A companion 

sample of separated higher-order oligomer showed poor dispersion at 25 °C, due to the fact that 
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Figure 3-3 and Table 3-3: The Arc-S-VLV dimer form converts to higher-order oligomer on the 

hours-to-days timescale at 25 °C.  450 µM unheated Arc-S-VLV in 0.05 M MES (pH 5.5), 0.05 M KCl 

was refolded at 4 °C, incubated at 25 °C for listed time, and chromatographed on a Superdex 75 column 

in the same buffer.  The inset graphs the decrease in dimer percentage over time from the table.  This 

exchange does not obey a simple first or second order kinetics rate law.  Note that the minor shifts in 

elution volumes between samples are within the range of error for the column and correspond to the same 

oligomeric states.  
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Figure 3-4 and Table 3-4: Isolated, heated Arc-S-VLV higher-order oligomer converts to dimer on 

the hours-to-days timescale at 25 °C.  200 µM Arc-S-VLV was heated for 4 h at 80 °C in 0.05 M MES 

(pH 5.5), 0.05 M KCl, then immediately chromatographed on the Superdex 75 in the same buffer to 

isolate the higher-order oligomer form of the protein.  Samples were then re-run over the column 

following incubation at 25 °C as described above.  As the incubation time increases, the dimer species is 

repopulated, with a small amount of dimer repopulated initially following higher-order oligomer isolation.  

The inset graphs the increase in dimer percentage over time from the table. 
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ordered regions of the oligomer may exhibit rapid transverse relaxation because of the large 

molecular size of the octamer. As a result, only resonances in poorly ordered regions are visible 

(data not shown, but similar to the four day spectrum from Figure 3-5).  The higher-order 

oligomer occupies the center of the spectrum throughout the multi-day time course, and lacks 

any well-dispersed peaks at 25 °C.  By contrast, the initial dimer spectrum shows good chemical 

shift dispersion, although a large group of poorly dispersed residues is present in the center of the 

spectrum, perhaps reflecting some initial repopulation of the higher-order oligomer species 

(Figure 3-5).  After four days, the spectra of dimer and oligomer overlay almost identically (data 

not shown), suggesting that a portion of dimer is gradually converted to higher-order oligomer.  

This experiment confirms the exchange from dimer to oligomer seen via size exclusion, and also 

reveals distinct NMR spectral properties of the dimer and oligomer(s). 

 

High temperature NMR spectra reveal well-dispersed resonances for the S-VLV higher-

order oligomer.   

Since the large size of the higher-order oligomer complicated our ability to visualize this form at 

low temperatures as a result of transverse relaxation, we incrementally increased the temperature 

of the separated S-VLV oligomer sample and collected HSQC spectra in TROSY mode (Figure 

3-6). At 25 °C, the oligomer is poorly dispersed, and contains some level of dimer resonances, 

similar to the spectra shown in Figure 3-5.  When the temperature is increased to 35 °C, weak 

peaks begin to appear in the region from 9.0-11.0 ppm, indicating the emergence of ordered 

regions of the higher-order oligomer.  The signals for these peaks increase further as the 

temperature is increased by another 10-15 °C, until they are quite prominent at 45-50 °C.  In this  
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Figure 3-5: The S-VLV dimer slowly converts to oligomer at 25 °C: dispersed peaks diminish by 

NMR.  2D 
1
H-

15
N correlation spectra of 0.5 mM Arc-S-VLV separated dimer in 0.05 M MES (pH 5.5), 

0.05 M KCl, collected at 25 °C at the time points indicated above.  Note the reduction in intensity of well-

dispersed peaks by four days.  
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temperature regime, the dimer resonances diminish due to either a lower dimer concentration or 

exchange broadening due to global unfolding.  At low temperatures, the dimer can be observed, 

while high temperatures cause the dimer signal to diminish and the higher-order oligomer to be 

visualized.  This heat-dependent transition indicates that well-dispersed dimer resonances are 

apparent in an S-VLV spectrum at low temperatures.  Resonances from the higher-order 

oligomer are also well-dispersed, but must be viewed at high temperatures, due to the larger size 

of the octamer.  At 45 °C and 50 °C in particular, the higher-order oligomer contains dispersed 

peaks indicative of a well-folded core, which may be potentially solvable by NMR.  However, a 

large group of poorly-dispersed residues persists in the center of the higher-order oligomer 

spectrum, suggesting some disordered regions of the protein are also present.  An additional 

complication is that dimer signal is diminished greatly at high temperature, but is still present at 

low levels, potentially adding additional chemical shifts to the spectrum.   Thus, while obtaining 

the structure of the higher-order oligomer does appear to be a potentially feasible goal by 

performing high temperature experiments in TROSY mode, eliminating the disordered regions of 

the S-VLV octamer and the interference of dimer would help to improve the spectral quality. 

 

Conclusions: Conversion between forms in a polymetamorphic protein.   

The results presented here suggest that the oligomer-to-dimer ratio in Arc-S-VLV is affected by 

buffer salt concentration, but not pH.  Once refolded, higher-order oligomer and dimer exchange 

on the hours-to-days timescale.  Even upon isolation, higher-order oligomer will repopulate 

dimer population slowly under certain conditions.  The reverse is also true.  By NMR, dimeric S-

VLV contains more well-dispersed resonances than higher-order oligomer at 25 °C, but these 

well-dispersed peaks diminish after a period of hours, presumably as a result of conversion to  
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Figure 3-6: Higher temperatures increase the relative resonance intensity of the S-VLV octamer 

over the S-VLV dimer.  One portion of a 2D 
1
H-

15
N correlation spectra of 1.3 mM heat-treated Arc-S-

VLV collected at increasing temperatures in 0.05 M MES (pH 5.5) in TROSY mode.  Well-dispersed 

resonances, presumably representing peaks from the higher-order oligomer species, begin to appear in the 

region shown at 35 °C. 
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higher-order oligomer.  However, well-dispersed resonances corresponding to the higher-order 

oligomer are present in S-VLV at high temperature, suggesting that the higher-order oligomer 

contains both mobile regions (low temperature poorly-dispersed patch) and a folded core (high 

temperature well-dispersed resonances).  This folded core could potentially be isolated for high-

resolution structural studies. 

Returning to the kinetics of higher-order oligomer and dimer conversion, an analysis of the 

exchange process is complicated by three, potentially four, forms of the protein that are able to 

interconvert.  The brief analysis we have conducted reveals nothing about the mechanism of 

interconversion between the forms, though the rate of dimer to oligomer conversion is consistent 

with a requirement for prior unfolding of dimer.  A technique that is able to differentiate protein 

species based on shape as well as size, such as ion mobility spectrometry coupled to electrospray 

ionization mass spectrometry (ESI-IMS-MS), could help answer this question (114).  ESI-IMS-

MS measures the cross-sectional area (Ω) of protein species and is able to differentiate multiple 

forms of the same oligomeric state; a timecourse of Arc conversion between dimer and higher-

order oligomer could be tracked by ESI-IMS-MS, and would suggest relative populations of the 

multiple forms over a period of exchange.  This information would provide valuable insight into 

the higher-order oligomer structures by suggesting the initial template for their formation from 

the dimer folds.   

This exchange work provides a starting point for characterization of the higher-order oligomer, 

suggesting that isolation of the higher-order oligomer from the dimer and removal of the 

disordered regions of the S-VLV octamer could provide a pathway toward a high-resolution 

structure. 
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Part 2: A Minimal Sequence Construct for Higher-Order Oligomer Formation.  

An NMR spectrum of the Arc-S-VLV higher-order oligomer at 25 °C is poorly-dispersed; 

however, a spectrum at high temperature, which limits dimer interference and transverse 

relaxation, suggests that the higher-order oligomer also contains well-structured elements (Figure 

3-6).  Although a significant improvement, the high temperature spectrum still contains poorly-

dispersed resonances suggestive of disordered regions in the octamer and some residual 

interference from the dimer form.  Removing these elements is the focus of this section. 

 

Limited proteolysis of Arc-S-VLV reveals a trypsin-resistant core that is not present in 

wild-type Arc.   

In order to improve the spectral quality of the S-VLV octamer by eliminating the disordered 

regions of the structure, we exposed an Arc-S-VLV sample to limited trypsinolysis.  A limited 

proteolysis should reduce the strong peaks of poorly-ordered regions and improve spectral 

linewidths of ordered regions by reducing the overall size of the oligomer, yielding an improved 

spectrum.  Following four hours of incubation with a range of trypsin concentrations, a stable 

core persists in Arc-S-VLV (Figure 3-7).  This protease-resistant core is not detected in wild-

type Arc, suggesting that a region of S-VLV is more resistant to trypsin, and may be structured 

differently than the wild-type protein (Figure 3-7).  In an SDS gel comparison of wild-type Arc 

and S-VLV, full-length wild-type Arc persists longer than full-length S-VLV, but is completely 

digested to fragments < 3 kDa within 120 m with 0.2 mg/mL trypsin. By contrast, full-length S-

VLV is digested almost immediately, but two smaller fragments persist through the remainder of 

the proteolysis (240 m).  A comparison of the bands to the gel standards suggests approximately 
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Figure 3-7: Limited trypsinolysis of Arc-S-VLV yields a protease-resistant core not present in wild-

type Arc.  100 µM wild-type Arc and Arc-S-VLV in SB250 digested with 0.2 mg/mL trypsin for 0 to 240 

minutes.  Low molecular weight standards are shown in the first lane.  The “no” lane represents the 

protein without exposure to trypsin.  The * represents the status of trypsinolysis at the point where 

MALDI-MS samples were collected: 20 m in Tables 3-6 and 3-7, and 120 m in Table 3-8.  Note that 

wild-type Arc is completely digested by trypsin in 120 m, while two protease-resistant fragments persist 

in Arc-S-VLV.   
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wild-type Arc:

 

Table 3-5: Trypsinolysis of wild-type Arc yields fragments showing both N- and C-terminal 

cleavage.  MALDI-MS fragments from 100 µM wild-type Arc trypsinolyzed for 20 m in 0.05 M MES 

(pH 5.5), 0.05 M KCl.  These fragments are mapped onto the protein sequence in red.  Percent error 

represents the difference between the theoretical mass and the observed MALDI-MS mass. 

 

Arc-S-VLV (20 m):

 

Arc-S-VLV (120 m): 

 

Tables 3-6 and 3-7: Trypsinolysis of Arc-S-VLV yields a protease-resistant core containing the 

strand and helix A regions.  MALDI-MS fragments from 100 µM Arc-S-VLV trypsinolyzed 20 m in 

0.05 M MES (pH 5.5), 0.05 M KCl (above) and 100 µM 
15

N Arc-S-VLV trypsinolyzed 120 m in 0.05 M 

MES (pH 5.5) (below).  These fragments are mapped onto the protein sequence in red.  Percent error 

represents the difference between the theoretical mass and the observed MALDI-MS mass. 
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6 kDa and 4 kDa fragments. 

To quantify the differences in the rate of digestion and the fragments produced between wild-

type Arc and S-VLV, we analyzed trypsinolyzed samples by MALDI-MS (Tables 3-5 and 3-6). 

A set of wild-type and S-VLV samples were incubated with trypsin for 20 m, which allowed 

partial digestion of both proteins.  The wild-type Arc sample contained a variety of fragments, 

with major cut sites at residues K6, R23, R31, K47, and R50.  In this protein, trypsin is able to 

cleave from both the N- and C-termini.  Arc-S-VLV contained a smaller number of fragments 

from a 20 m digest.  The strongest peaks correspond to residues 1-50 (5.9 kDa) and 1-31 (3.6 

kDa), suggesting that these fragment lengths represent the two strong bands in the SDS gel.  A 

strong peak is also present for residues 32-47, but at 1.9 kDa, this fragment would likely be too 

small to be resolved by SDS-PAGE.  All of the fragments present in the S-VLV proteolysis are 

also present in wild-type Arc, except a fragment for residues 1-40, which may represent a partial 

proteolysis of the S-VLV 1-31 fragment, since the 1-31 fragment persists in the 120 m sample, 

but the 1-40 fragment does not.  The major cut sites in S-VLV occur at residues R31, K47, and 

R50.  Interestingly, there is no cut site in S-VLV at residue K6.  This suggests that the N-

terminal region of S-VLV is either folded differently in S-VLV than in wild-type Arc (and 

protected from proteolysis), or that the oligomerization interface of S-VLV somehow protects 

this region from proteolysis.  

In order to further assess the identity of the persistent fragments in S-VLV, we analyzed a 120 m 

trypsin digest sample of S-VLV with MALDI-MS (Table 3-7).  In this sample, cleavage occurs 

at K2 and a variety of positions near the C-terminus which are also observed in the 20 m digest.  

Thus, some proteolysis of the S-VLV N-terminus occurs over time but it is much slower than the 

C-terminal cleavage.  As in the 20 m sample, there is no trypsinolysis at residues K6 or R16, 
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suggesting that the strand region is important for the higher-order oligomer fold. This result also 

confirms that the 1/3-50 and 1/3-31 fragments persist throughout proteolysis and may represent 

minimal sequence constructs for eliminating disordered regions of the S-VLV octamer. 

We prepared a 
15

N-labeled sample of the protease-resistant core of Arc-S-VLV to assess whether 

the NMR spectral quality of Arc-S-VLV was improved by the trypsinolysis.  Indeed, a non-

TROSY spectrum of trypsinolyzed S-VLV obtained at 25 °C shows comparable dispersion and 

overall spectral quality to full-length S-VLV at 45-50 °C in TROSY mode (Figure 3-8).  The 

trypsinolysis spectrum suggests that the S-VLV spectral quality can be improved through the 

removal of disordered regions, eliminating the necessity of high temperature HSQC experiments 

for visualizing the well-dispersed octamer.  

From this set of experiments, we determined that Arc-S-VLV contains a well-folded protease-

resistant core.  This core is not present in wild-type Arc, suggesting that the Arc-S-VLV 

oligomer forms a novel structure different than a simple multiplicity of wild-type or switch 

dimers. Instead, two fragments made up of residues 1/3-31 and 1/3-50 resist trypsin digest in S-

VLV, but are short-lived in wild-type.  These two fragments may represent two different subunit 

lengths which comprise the octamer structure or two different octamer forms which can be 

assembled from subunits of the same length.  An NMR spectrum of the protease-resistant core 

resembles the full-length protein, indicating that the S-VLV octamer can be proteolyzed to a 

smaller, well-folded structure without significantly affecting the global octamer fold.  The 

protease-resistant core can be studied at room temperature without TROSY mode, reducing the 

demands of obtaining data with good spectral quality.   
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Figure 3-8: Proteolysis of S-VLV improves spectral quality over full-length S-VLV, suggesting some 

disordered regions have been removed in the digest.  2D 
1
H-

15
N correlation spectra of full-length 

(orange) and trypsinolyzed (green) Arc-S-VLV.  The full-length sample is 1.3 mM heat-treated, size 

exclusion purified Arc-S-VLV in 0.05 M MES (pH 5.5) collected at 50 °C with TROSY.  The 

trypsinolysis sample is 0.9 mM size exclusion purified Arc-S-VLV in 0.05 M MES (pH 5.5), 

trypsinolyzed with 0.6 mg/mL trypsin and TLCK quench, collected at 25 °C without TROSY. 
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Deletion mutagenesis yields a minimally-disordered, exclusively higher-order oligomer 

form of Arc-S-VLV.   

We aimed to design a shortened construct of Arc-S-VLV that contained the well-structured core 

indicated by trypsinolysis, and minimized poorly dispersed regions.  Previous alanine scanning 

results on wild-type Arc repressor suggested that some of the most critical residues for folding of 

the native homodimer were located in the Helix B region of the protein (13).  (Four of the five 

alanine substitutions which caused unfolding in wild-type Arc repressor are located in Helix B 

(Figure 1-7).)  Additionally, trypsinolysis results from S-VLV suggest that the C-terminus 

(residues 45-53) can be removed in some constructs, yielding a protease-resistant core which still 

adopts a higher-order oligomer fold.  Therefore, removing the C-terminal region from the Arc-S-

VLV oligomer should destabilize dimer formation and preserve higher-order oligomer 

formation.   

In order to form a minimal sequence construct, we removed residues from the N- or C-terminus 

of Arc-S-VLV in three-residue blocks by deletion mutagenesis.  (The C-terminal st11 tag was 

left intact for purification of the shortened constructs.)  In Arc repressor, poor protein expression 

correlates with poor folding and stability (91, 111), therefore a qualitative assessment of the 

protein yield following preparation, denaturing Ni
2+

-affinity purification, and dialysis refolding 

into high salt buffer can suggest the limits of the construct size initially from the purification 

(Table 3-8, 3
rd

 column).  Yield of soluble refolded protein decreases dramatically beyond a 12-

residue C-terminal deletion, and significantly beyond a 3-residue N-terminal deletion.  Following 

purification, all truncation mutants were characterized by size exclusion chromatography and 

circular dichroism to determine whether the approximate secondary structure of the S-VLV 

oligomer remains intact, whether folding and stability are maintained, and whether dimer forms  
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Table 3-8: Yield of refolded protein and thermal stabilities for N- and C-terminal truncation 

mutants indicates potential minimal sequences for Arc-S-VLV.  This table describes the apparent 

refolded protein yield and melting temperatures of Arc-S-VLV truncation mutants.  Note in particular that 

the yield of soluble purified protein is greatly reduced when 15 or more residues are removed from the C 

terminus.  Thermal melts of truncation mutants were collected at 50 µM protein concentration in SB250 

buffer from 0 to 100 °C with a 2 degree step size and 2 minute equilibration time in a 2.00 mm path 

length cuvette.  Note that all melts except for -15C and 6N/9C were reversible, similarly to full-length 

Arc-S-VLV.   

† Following growth as a 1 L culture in LB, harvesting and lysis, denaturing Ni
2+

-NTA purification, 

collection of 10 mL purified protein and refolding by dialysis into SB250 buffer, as described in the 

materials and methods.  The concentration measurements can be expected to vary approximately ±20% 

due to several sources of error which include cell density at time of induction and increases in protein 

volume during dialysis. 

*Due to the high Tm values for most melts, reported values are ± 3 °C. 
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Figure 3-9: Characterization of three-residue Arc repressor deletion mutants by far UV circular 

dichroism and size exclusion to arrive at a minimal sequence for the S-VLV oligomer.  (A) 25 µM 

Arc-S-VLV truncation mutants in SB250 in a 1.00 mm path length cuvette at 20 °C.  Names of mutants 

are designated by the number of residues removed followed by the terminus of removal.  (B) 150 µM 

unheated C-terminal truncation mutants in 0.05 M MES (pH 5.5) 0.05 M KCl.  Note that some dimer is 

still formed in VLV-6C, and a small peak with a late elution volume is present in both VLV-9C and 

VLV-12C, and appears to increase in size with increasing truncation.  Wild-type Arc and heated S-VLV 

are shown as dashed lines for comparison.  The variations in the oligomer elution volume between the 

truncation mutants and heated Arc-S-VLV can be attributed to the removal of residues, which increases 

the apparent elution volume. 
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are present (Table 3-8 and Figure 3-9). These characterization results agreed well with the 

protein yield results.  For example, VLV-15C, which expressed poorly, also shows no thermal 

folding transition (Table 3-8).   

When we removed residues 1-3 of Arc-S-VLV (MKG; Arc-VLV-3N), the overall structure of 

the higher-order oligomer appeared unchanged from the full-length construct in stability, 

secondary structure, and the presence of the dimer in an unheated sample (Table 3-8 and Figure 

3-9).  Removal of the next three residues (MKGMSK; Arc-VLV-6N) produced a variant which 

yielded considerably less protein than Arc-VLV-3N following initial refolding (Table 3-8).  The 

far UV circular dichroism profile and elution volumes of the oligomer and dimer peaks by size 

exclusion of VLV-6N differed from the S-VLV oligomer and other truncation variants, 

suggesting that this deletion is too close to residues 9-14 and may disrupt the oligomer structure 

(data not shown).  An NMR sample of VLV-6N suggested some structural differences from S-

VLV, but was not studied in detail (data not shown).  The minimal N-terminal truncations 

tolerated in S-VLV are also supported by Arc-S-VLV trypsinolyzed for 120 m (Table 3-7), 

which suggested that the first three, but not six, residues can be removed, despite the presence of 

a lysine residue at position 6.   

We next removed residues from the C-terminus of Arc-S-VLV beginning with six residues 

(EGRIGA; Arc-VLV-6C).  By size exclusion chromatography, a small amount of dimer was still 

detectable (Figure 3-9 Panel B) in this sample, although the far UV profile and melting 

temperature of VLV-6C appeared unaffected by the truncation (Table 3-8 and Figure 3-9).  Since 

VLV-6C was highly stable and well-folded, we removed an additional 3 residues 

(FKKEGRIGA; Arc-VLV-9C).  The VLV-9C truncation removed the F45 residue which was 

required for dimer folding in the wild-type alanine scanning experiment (13).  In this mutant, the 
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melt profile remained reversible but contained a relatively minor 5 °C temperature reduction 

relative to full-length Arc-S-VLV.  However, VLV-9C showed no presence of dimer in heated 

and unheated samples, in both SB250 and MES/KCl buffers (MES/KCl buffer shown in Figure 

3-9 Panel B).  A small peak at an elution volume of 14.9 mL representing 2% of the total peak 

area (at 150 µM in MES/KCl) suggested that a small amount of disordered/monomeric protein 

was populated, possibly as a result of the truncation.  We then removed the next three C-terminal 

residues (MESFKKEGRIGA; Arc-VLV-12C).  A melt of VLV-12C revealed that it was 

reversibly folded with a Tm of approximately 71 °C, about 10 °C below VLV-9C (Table 3-8).  

Arc-VLV-12C shows higher amounts of the putative disordered monomer, approximately 19% 

of the total area in MES/KCl, which suggested a reduction in the structural integrity of this 

variant.  Additionally, Arc-VLV-12C elutes later than the other deletion variants by size 

exclusion, suggesting some possible column interaction.  To be certain that VLV-12C was not a 

structural anomaly, we also produced an S-VLV variant with a fifteen residue C-terminal 

deletion (QRVMESFKKEGRIGA; Arc-VLV-15C).  This variant expresses poorly, shows no 

thermal unfolding transition, and does not form oligomer by size exclusion (Table 3-8 and Figure 

3-9), suggesting that residues in the region of 41-44 are necessary for oligomer formation.   

We then combined the VLV-3N construct with the VLV-9C construct to form Arc-VLV 4-44.  

We also eliminated the st5 tail, leaving six C-terminal histidine residues for purification, further 

reducing the sequence length, and eliminating additional disorder from the C-terminus of the 

protein.  This minimal construct represents 41 of the original 53 residues in the protein (not 

including C-terminal affinity tag), chiefly by removing a portion of the B Helix that is critical for 

dimer formation.  A schematic of the truncated sequence shown on the wild-type structure of the 

protein is shown in Figure 3-10. 
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Figure 3-10: Comparison of full-length Arc-S-VLV and Arc-VLV 4-44 sequences.  Truncation sites 

are mapped on to the wild-type Arc repressor sequence and structure.  Truncated regions absent in the Arc 

4-44 construct (including part of the B-helix) are shown in pink, with arrows indicating the new termini.  

C-terminal affinity tags are also present in both constructs, but are not shown in the figure. 
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Characterization of the Arc-VLV 4-44 higher-order oligomer.   

To ensure that the Arc-VLV 4-44 construct structurally resembled the full-length higher-order 

oligomer, we characterized the shortened construct using techniques similar to those employed 

for the full-length S-VLV octamer (115).  Both heated and unheated VLV 4-44 elute similarly by 

size exclusion chromatography, as a single peak with an elution volume of 10.8 mL for heated 

protein and 10.9 mL for unheated protein (Figure 3-11). (The elution difference is within the 

range of error for the column.) When plotted against calibration standards, these elution volumes 

correspond to 45 kDa for heated VLV 4-44 and 44 kDa for unheated VLV 4-44, or an average of 

8.0-7.8 subunits if this value is divided by eight subunits for a putative octamer structure.  A 

theoretical octamer would be 45 kDa from eight subunits with actual molecular weights of 5.659 

kDa. 

In the full length construct, heat treatment affected the oligomeric state of the higher-order 

species, which converted from a heptamer when unheated to an octamer when heated.  We 

wanted to determine whether this was also true for the shortened construct, since this seemed 

unclear from size exclusion alone.  Using sedimentation equilibrium, we compared 30, 60, and 

90 µM heated and unheated VLV 4-44 in SB250 buffer at 10000 rpm, 13000 rpm, and 15000 

rpm.  For all samples, the data fit well to a single species model (Figure 3-12).  As in the case of 

full-length S-VLV, heat treatment of VLV 4-44 shifts the apparent oligomeric state from 

heptamer toward octamer (Table 3-9).  For heated VLV 4-44, the average apparent number of 

subunits is 7.8 at three concentrations over three rotor speeds.  By contrast, the average apparent 

number of subunits for unheated VLV 4-44 is 7.0 at three concentrations over three rotor speeds.  

These values approach whole numbers of subunits more closely than the sedimentation 

equilibrium results for full-length S-VLV (Table 2-1) possibly due to a lack of dimer interference 
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Figure 3-11: Molecular weight determination of Arc-VLV 4-44 by isocratic size exclusion still 

corresponds to an octamer. 175 µM Arc-VLV 4-44 in SB250 with calibration standards shown to 

determine molecular weight.  Heated Arc-VLV 4-44 has an apparent molecular weight of 45 kDa  and 

unheated Arc-VLV 4-44 has an apparent molecular weight of  44 kDa from the regression shown in the 

upper right; the theoretical molecular weight for a VLV 4-44 octamer is 45 kDa.  Note that heated and 

unheated VLV 4-44 elute in similar manner, within the range of experimental error for the column. 
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Figure 3-12: Molecular weight and oligomeric state determination of Arc-VLV 4-44 by 

sedimentation equilibrium suggests an octamer upon heat-treatment.  A representative curve from 

sedimentation equilibrium analysis of Arc-VLV 4-44 in SB250 is shown above for heated 60 µM Arc-

VLV 4-44 in SB250 at 10000 rpm and 25 °C.  The curve is fit to a single ideal species. 
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Table 3-9: Apparent molecular weights of heated and unheated Arc-VLV 4-44 from sedimentation 

equilibrium suggested heated VLV 4-44 is octameric and unheated VLV 4-44 is heptameric.  

Molecular weights determined by sedimentation equilibrium of both heated and unheated Arc-VLV 4-44 

in SB250 at three protein concentrations and three rotor speeds.  The number of subunits is calculated 

using the monomer molecular weight of Arc-VLV 4-44 of 5.7 kDa. 
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in VLV 4-44, which presumably decrease the apparent molecular weight of the higher-order 

oligomer when fitting the curves to a single species.  Even without dimeric protein, the Arc-S-

VLV oligomer initially forms as heptamer, but through a heat treatment at 80 °C, adopts the 

apparently more thermodynamically stable octamer form.  This result reinforces the idea that the 

higher-order oligomer forms represent a different structural arrangement than the wild-type or 

switch dimer folds, rearranging some subunits to fit the higher-order structures and not 

incorporating fully-folded dimers directly into the higher-order oligomer interface. 

By far UV circular dichroism, the VLV 4-44 construct is similar in overall spectral shape to full-

length S-VLV, although the absolute intensity of VLV 4-44 is less (Figure 3-13 Panel A).  The 

limited trypsinolysis and alanine scanning experiments on wild-type Arc suggested that wild-

type Arc cannot be significantly truncated and still fold, since the exclusively dimeric fold would 

be destabilized (Figure 3-7 and Table 3-5).  To test this prediction, we prepared a construct of 

wild-type Arc containing only residues 4-44 (WT 4-44).  WT 4-44 appears unfolded by far UV 

circular dichroism (Figure 3-13 Panel A) and displays no change in 222 nm ellipticity upon heat 

treatment, suggesting no measurable temperature transition (Figure 3-13 Panel C).  As suggested 

from the truncation work, Arc-VLV 4-44, by contrast, folds reversibly with a Tm of 82 °C at 50 

µM concentration (Figure 3-13 Panels B and C).  While this Tm is approximately 10 °C lower 

than full-length S-VLV, this construct still remains well-folded and stable.  A comparison of WT 

4-44 to VLV 4-44 by size exclusion (Figure 3-13 Panel D) shows WT 4-44 eluting at a size 

smaller than the wild-type dimer; both the melt and far UV spectrum of WT 4-44 suggest it is 

poorly folded.  The results from WT 4-44 suggest that the three polar-to-hydrophobic 

substitutions in residues 9, 11, and 13 in Arc-S-VLV permit C-terminal truncations that 

destabilize the dimer fold, which are not tolerated in the wild-type protein. 
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Figure 3-13: Characterization of Arc-VLV 4-44 by circular dichroism suggests a well-folded single 

species that still behaves like full-length S-VLV.  (A) Far UV circular dichroism of 25 µM unheated 

Arc-VLV 4-44 in SB250 in a 1.00 mm path length cuvette at 20 °C with other variants shown for 

comparison.  Note that the ellipticity of VLV 4-44 is reduced relative to full-length VLV due to truncation 

of the B-helix.  (B) Thermal melt of 50 µM unheated Arc-VLV 4-44 in SB250 in a 2.00 mm path length 

cuvette.  (C) Comparison of thermal melts at 50 µM protein concentration in 2.00 mm path length 

cuvettes.  Note that wild-type 4-44 does not show a melt transition, indicating that it is unfolded.  (D) 

Comparison of size exclusion data for 50 µM unheated Arc-VLV 4-44 and 50 µM wild-type 4-44 in 

SB250.  Heated full-length S-VLV and wild-type are shown for comparison. 
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We prepared a 
15

N-labeled sample of VLV 4-44, to determine whether this truncation mutant 

resembled the protease-resistant core of S-VLV by NMR.  The VLV 4-44 spectrum compares 

well to the trypsinolyzed S-VLV spectrum, with similar peak dispersion and the same apparent 

folded core (Figure 3-14).  Some dominant, strong peaks near the center of the spectrum remain 

in both cases, suggesting that the sequence shortening does not completely eliminate the 

disordered regions.  Using three-dimensional NOESY and TOCSY spectra, we were able to 

assign the strongest peaks in the VLV 4-44 spectrum as residues 29-44 (Figure 3-15 and 

Appendix C).  A chemical shift comparison of the HN and Hα resonances for residues 29-44 to 

random coil chemical shifts suggests that these resonances occupy positions similar to disordered 

residues but may also contain some transient helicity (Appendix C).   Therefore, the C-terminal 

region of the VLV 4-44 sequence in particular comprises the disordered regions observed in the 

spectrum.  S-VLV proteolysis showed that a smaller 1/3-31 fragment also persisted following 

trypsinolysis. The presence of this fragment implies that the 4-44 sequence can be truncated back 

further in some but not all octamer subunits (since VLV-15C, which was truncated to residue 38 

in all subunits, yielded unfolded, poorly expressed protein which did not oligomerize).   

Another feature of the Arc-VLV 4-44 spectrum (Figure 3-14) is that the number of peaks present 

appears to be larger than the number of residues in the protein.  In particular, the region near 110 

ppm in the 15N dimension typically dominated by glycine resonances (blue box in Figure 3-14), 

contains at least three discernable peaks, despite the fact that only one glycine residue (Gly30) is 

present in VLV 4-44.  (It is also possible that serine residues may occupy this area.)  The sheer 

number of peaks and continued presence of disordered regions in the spectrum suggests one or 

both of the following: 

(1)  Arc-S-VLV is an octamer made up of multiple subunits that contain structural 
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Figure 3-14: The Arc-VLV 4-44 oligomer appears asymmetric by NMR.  2D 
1
H-

15
N correlation 

spectra of 1.7 mM unheated Arc-VLV 4-44 in 0.05 M MES (pH 5.5), 0.05 M KCl at 45 °C in TROSY 

mode, overlaid with 0.9 mM trypsinolyzed Arc-S-VLV in 0.05 M MES (pH 5.5) at 25 °C without 

TROSY.  VLV 4-44 contains similar dispersion to the trypsinolyzed sample.  However, for VLV 4-44, 

the glycine region (blue box) contains at least three peaks, although this protein contains a single glycine 

residue.  Additionally, more than 50 peaks are present in both spectra, suggesting a low symmetry 

oligomer. 
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Figure 3-15: Assignment of disordered residues in Arc-VLV 4-44 indicates that C-terminal residues 

are disordered in some S-VLV subunits.  Center region of 2D 
1
H-

15
N correlation spectra of 1.7 mM 

Arc-VLV 4-44 in 0.05 M MES (pH 5.5), 0.05 M KCl at 45 °C in TROSY mode, with strong (presumably 

disordered) peaks shown in purple with assignments, determined by strip plot analysis of companion 3D-

NOESY and 3D-TOCSY spectra of the VLV 4-44 sample.  The assignment for G30 was also determined, 

but is not visible in this figure.  Chemical shifts for these residues are summarized in Appendix C.   
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differences, resulting in less than eight-fold symmetry as indicated by the large number of 

resonances. 

(2)  There are multiple octameric species with distinct structures which are not 

distinguishable by size exclusion or sedimentation equilibrium. 

There is also the added possibility that some peaks are a result of interference from another 

oligomeric species such as heptamer.  We have not eliminated the possibility that residual 

heptamer is present in the heat-treated samples of S-VLV 4-44 used in this analysis.  However, at 

least some of the spectral complexity appears due to asymmetry in the octamer or multiple forms 

of octamer. 

 

Conclusions: A minimal construct, with improvements and limitations. 

In this section, we shortened the Arc-S-VLV sequence to forty-one residues, chiefly by removing 

C-terminal residues critical for dimer stability.  Characterization of Arc-VLV 4-44 suggests an 

unheated form of the protein is heptameric, while a heated form is octameric, similar to the full-

length protein.  VLV 4-44 is reversibly and stably folded, with a secondary structure 

arrangement presumably similar to full-length S-VLV.  An NMR spectrum of VLV 4-44 

resembles the trypsinolyzed full-length sample, suggesting preservation of a similar core with 

good resonance dispersion in the deletion mutant, although the large number of resonances 

suggests asymmetry in the octamer structure or multiple arrangements of octamers.  Wild-type 

Arc repressor is unfolded when truncated, and thus cannot access the higher-order oligomeric 

states.  The VLV 4-44 oligomer represents a shorter version of the full-length oligomer without 

interference from exchange with dimer, and with portions of the N- and C-terminus not essential 



124 

 

for folding removed by NMR.  However, additional trypsinolysis must be employed to further 

improve the spectral quality, and to determine the cause of the spectral complexity. 
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Part 3: Toward a Construct for a High-Resolution Structure of the S-VLV Octamer. 

One possible avenue to improve the spectral quality of the VLV 4-44 construct is to attempt to 

increase the symmetry of the octamer or stabilize one octamer form over others by changing the 

residues at position 9, 11, and/or 13, which drive octamer formation and thus play a role in core 

packing of the octamer.  Another option is to remove additional disordered regions of the 

protein.  Here, we describe efforts to further reduce and manipulate the VLV 4-44 construct.  

First, we develop core packing mutants, with different residues at positions 9, 11, and 13 in the 

4-44 background, and determine their similarity to VLV 4-44 by circular dichroism, size 

exclusion, and NMR. Returning to the VLV 4-44 construct, we trypsinolyze the protein further 

and analyze the three minimally-structured peptide fragments presumably comprising the S-VLV 

octamer.  These peptides provide clues as to the cause of structural heterogeneity in the VLV 4-

44 spectrum.  Through trypsinolysis of VLV 4-44, we arrive at a further shortened construct of 

the octamer, which remains our best hope for obtaining a high-resolution structure of the Arc-S-

VLV higher-order oligomer. 

 

Core packing variants of S-VLV:  characterization of Arc VLI 4-44 and Arc-ILV 4-44.   

The apparent structural heterogeneity in the VLV 4-44 HSQC spectrum (Figure 3-14) suggests 

that changes in side chain packing might favor one specific structure among several or might 

produce a symmetric octamer.  To test this, we prepared two triple substitution variants with 

valine substituted with isoleucine at position 9 or 13 in the 4-44 construct background.  Similarly 

to Arc-VLV 4-44, Arc-VLI 4-44 and Arc-ILV 4-44 show no difference in peak profile or elution 

volume between an unheated and heat-treated form by size exclusion, and show far UV circular  
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Figure 3-16: More examples of related (but not simpler) oligomers: packing variants Arc-VLI 4-44 

and Arc-ILV 4-44.  (A) 200 µM heated Arc-VLI 4-44 and heated Arc-ILV 4-44 in SB250.  Unheated 

size exclusion curves showed similar elution volumes to the heated samples shown here.  (B) 50 µM 

unheated protein in SB250 at 20 °C in a 1.00 mm path length cuvette.  (C) 50 µM protein in SB250 in a 

2.00 mm path length cuvette.  Both the melts and spectra of VLI 4-44 and ILV 4-44 appear similar to 

Arc-VLV 4-44.   
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Figure 3-17: Arc-VLI 4-44 and Arc-ILV 4-44 also appear asymmetric by NMR, similar to VLV 4-

44. 2D 
1
H-

15
N correlation spectra of 1.6 mM unheated Arc-VLI 4-44 and 1.6 mM unheated Arc-ILV 4-44 

in 0.05 M MES (pH 5.5) 0.05 M KCl at 45 °C in TROSY mode, compared to 1.7 mM Arc-VLV 4-44 in 

0.05 M MES (pH 5.5) 0.05 M KCl at 45 °C in TROSY mode.  Note that the number of peaks for each 

protein appears to be more than the number of residues, indicating multiple or asymmetric protein 

structures, similar to Arc-VLV 4-44. (A) Comparison of the full HSQC spectra of Arc-VLV 4-44, Arc-

VLI 4-44, and Arc-ILV 4-44.  (B) Comparison of dispersed downfield resonances in the three 4-44 

variants.  Note some differences in chemical shifts for these residues, probably as a result of core packing.  

(C) Comparison of the center region of the spectrum at low contour levels, which shows similar strong, 

disordered peaks for all three variants.  
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dichroism profiles suggestive of low-helicity higher-order oligomers (Figure 3-16).  

Additionally, these mutants display reversible melts with high denaturation midpoints similar to 

Arc-VLV 4-44.  HSQC spectra of both Arc-VLI 4-44 and Arc-ILV 4-44 indicated asymmetry 

similar to Arc-VLV 4-44 (Figure 3-17).  In particular, like VLV 4-44, the spectra contain more 

peaks than expected for the number of amino acids in this sequence (greater than 50), and a 

similar arrangement of strong, disordered peaks in the center of the spectrum (Figure 3-17 Panel 

C).  Arc-VLI 4-44 and Arc-ILV 4-44 also contain some well-dispersed residues in the region 

from 9.5-11.5 ppm.   However, there are some shifts in resonance positions, perhaps due to slight 

alterations in core-packing as a result of the substitutions (Figure 3-17 Panel B).  Thus, the 

apparent asymmetry of the higher-order oligomer does not seem to be particularly sensitive to 

subtle changes in packing of the mutated residues.   

 

Limited proteolysis of the VLV 4-44 oligomer identifies a protease-resistant core comprised 

of three different trypsinolysis fragments.   

Assignment of the dominant peaks of Arc-VLV 4-44 spectrum suggested that residues 29-44 

may be disordered in some subunits (Figures 3-14 and 3-15), and that removal of these residues 

would eliminate additional disordered regions in the Arc-S-VLV spectrum.  Relatedly, limited 

trypsinolysis of full-length S-VLV yielded a fragment formed by residues 1/3-31 (Figure 3-7, 

Tables 3-6 and 3-7), suggesting that further truncations of S-VLV may be allowable in some 

subunits.  Since the subunits of the VLV 4-44 construct were quite a bit larger than this 

fragment, and probably still contained some disordered regions based on the NMR spectrum, we 

attempted to truncate the VLV 4-44 octamer back further using limited proteolysis.   

 



129 

 

 

 

 

Figure 3-18 and Table 3-10: Trypsinolysis of Arc-VLV 4-44 yields a folded core containing three 

fragments by MALDI-MS.  Trypsinolysis of 100 µM Arc-VLV 4-44 yielded three fragments, shown 

above in red.  All three fragments appear within one hour of trypsin incubation at 25 °C and persist over 

multi-hour proteolysis and multiple trypsin additions (data not shown), suggesting that the larger 

fragments are not simply incompletely trypsinolyzed forms of the smallest fragment.  The N-terminal Met 

is retained in all observed fragments. 
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Trypsinolysis of VLV 4-44 yielded three principal fragments made up of residues 4-50 (full-

length 4-44 with the hexa-histidine tag), 4-31, and 4-24 (Figure 3-18 and Table 3-10).  These 

three fragments persisted over 24 hours of incubation with 0.6 mg/mL trypsin, and through 

multiple trypsin additions, suggesting that they are stable, well-folded fragments and not just 

shorter fragments which are partially proteolyzed (data not shown).  Later trypsin digests of 

VLV 4-44 using a different method (Mag-Trypsin) did not yield any 4-24 fragments by MALDI-

MS, suggesting this fragment may be an artifact from incomplete quenching of the trypsin digest.  

We also see no evidence for this fragment in the full-length proteolysis, although the 1/3-31 and 

1/3-50 fragments are clearly visible. 

As observed in the full-length proteolysis, the VLV 4-44 truncations occur most rapidly from the 

C-terminus, suggesting the N-terminal region is protected from proteolysis.  This fragmentation 

pattern suggested that octamers may be composed of subunits with two or more fragment sizes, 

or that multiple, symmetric octamers, which are not readily distinguishable by size exclusion, are 

formed from eight monomers of the same subunit structure.   

In order to determine which of these scenarios was most plausible, we analyzed synthetic 

peptides of the three fragment sizes: 4-24, 4-31, and 4-44.  (These peptides did not contain the 

additional 6-residue affinity tag.)  Following refolding by dialysis into SB250 buffer, we 

characterized the ability of the peptides to form oligomers by size exclusion (Figure 3-19 Panel 

A).  Of the three peptides, only the 4-44 peptide clearly formed higher-order oligomer.  Both the 

4-31 and 4-24 peptides produced multiple broad peaks by size exclusion, suggesting that they do 

not independently form stable octamer structures.  However, 4-31 produced a broad profile that 

includes a small amount of high molecular weight species, suggesting that this peptide may 

weakly form an oligomer, which may be dissociating during size exclusion.  
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Figure 3-19: Synthetic peptides corresponding to the trypsinolysis fragments suggest that some 4-44 

sequences are necessary for higher-order oligomer formation.  (A) 50 µM unheated peptides refolded 

in SB250 at 4 °C and chromatographed on a Superdex 75 size exclusion column with 50 µM unheated 

Arc-S-VLV shown for comparison.  (B)  50 µM unheated peptides in SB250 in a 1.00 mm path length 

cuvette at 20 °C with 50 µM Arc-VLV 4-44 shown for comparison. 
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Combining the 4-31 and 4-24 peptides in solution did not yield higher-order oligomers (data not 

shown), confirming that the 4-44 sequence is key for higher-order oligomer formation.  Far UV 

circular dichroism spectrum of the 4-44 peptide resembles the VLV 4-44 construct with the 

affinity tag.  The 4-31 peptide displays some partial folding, although the identity of this folded 

form is unclear from size exclusion.  The 4-24 peptide shows no apparent folding, indicating that 

it must be combined with the larger fragments in order to adopt a folded topology, or is an 

artifact as suggested above (Figure 3-19 Panel B).   

These results suggest that the octamer fold of VLV 4-44 is made up of subunits containing 

different degrees of order: one or more of the octamer subunits must be the well-folded 4-44 

fragment, while some may contain a small degree of C-terminal disorder (4-31) and possibly a 

larger degree of C-terminal disorder (4-24).  It does not appear possible to form octamers from 

the smaller-sized fragments alone, ruling out the hypothesis of symmetrical octamers of 

identically structured fragments.  Instead, the sequence corresponding to the wild-type Helix B 

can be completely removed in some but not all octamer subunits.  This result indicates a large-

scale structural rearrangement in the octamer fold from the original wild-type and switch dimer 

structures, although whether one or more arrangements of subunits exist remains unclear. 

 

Limited proteolysis of VLV 4-44 yields a shortened oligomer.   

Since additional limited proteolysis of VLV 4-44 was possible, we wanted to see whether 

application of this technique would further reduce the size of VLV 4-44 through removal of the 

disordered regions in some subunits, and in doing so, reduce the complexity of its HSQC 

spectrum.  We incubated purified, heated Arc-VLV 4-44 with a Mag-trypsin solution in 
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MES/KCl buffer for four hours at 25 °C, then removed the Mag-trypsin by magnetic separation 

and size exclusion purified the protein on a Superdex 75 column.  The resulting trypsinolyzed 

oligomer showed a far UV circular dichroism signal with a 208/222 ratio similar to VLV 4-44 

(Figure 3-20).  The overall ellipticity of trypsinolyzed VLV 4-44 is less negative than VLV 4-44, 

presumably due to further reduction of regions that are not essential for folding in some subunits.  

A thermal melt of trypsinolyzed VLV 4-44 indicated that the protein was reversibly folded, 

suggesting that even in spite of further truncation, this construct remains relatively stable.  The 

Tm of trypsinolyzed VLV 4-44 is 72 °C, which is approximately 10 °C less stable than VLV 4-

44.  Since this protein began with such high stability in the full-length construct (91 °C), this 

truncation is quite tolerable, and should still allow for NMR experiments to be performed at 

moderately high temperatures (30-45 °C).  Size exclusion purification of this heated construct 

produced a large peak at 11.9 mL indicative of higher-order oligomer. The single, narrow peak 

for trypsinolyzed VLV 4-44 in this chromatogram supports the single asymmetric species model, 

since multiple species with different-sized folding cores would produce multiple or broadened 

peak(s) by size exclusion.  Additionally, multiple trypsinolyzed samples prepared in the same 

manner elute at a similar volume, further supporting a single asymmetric octamer.  This elution 

volume corresponds to an apparent molecular weight of 32 kDa, an overall size reduction of 13 

kDa relative to uncut VLV 4-44.  This apparent molecular weight corresponds to many possible 

ratios of 4-44 to 4-31 subunits comprising the octamer within the experimental range of error for 

the size exclusion column, including 4:4, 3:5, 5:3, 2:6, and 6:2 subunits.  Multiple arrangements 

may also be possible.  The size exclusion spectrum of truncated protein after digestion but before 

purification of the trypsinolyzed oligomer contained a small peak at 17.1 mL.  This peak 

presumably represents cut fragments or fragmented subunits unable to form octamer and denotes  
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Figure 3-20: Analysis of the trypsinolyzed core of VLV 4-44 by circular dichroism suggests a 

shortened but well-folded construct. (A) 50 µM heated size-exclusion pure trypsinolyzed VLV 4-44 in 

0.05 M MES (pH 5.5), 0.05 M KCl at 20 °C in a 1.00 mm path length cuvette. (B) 50 µM heated, size-

exclusion pure Arc-VLV trypsinolyzed product in 0.05 M MES (pH 5.5), 0.05 M KCl in a 2.00 mm path 

length cuvette.  (C) 350 µM heated Arc-VLV 4-44 and trypsinolyzed (4h at 25 °C digest) heated VLV 4-

44 in 0.05 M MES (pH 5.5), 0.05 M KCl.  The peak at long elution volume presumably represents 

peptides removed during proteolysis. 
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about 15% of the total peak area of a given trypsinolyzed sample (Figure 3-20 Panel C).  To 

observe the trypsinolyzed VLV 4-44 structure in more detail, we prepared a 
15

N-labeled version 

of the protein for NMR.  We found that the sample was stable for at least several days when 

incubated at 35 °C, and thus satisfactory for three-dimensional NMR experiments. An overlay of 

full-length S-VLV and trypsinolyzed VLV 4-44 (Figure 3-21 Panel A) indicated a large 

improvement in spectral quality obtainable from the combination of mutagenic sequence 

truncation and limited proteolysis.  And a comparison between trypsinolyzed VLV 4-44 and 

uncut VLV 4-44 shows similar resonance dispersion (Figure 3-21 Panel B).  It is apparent from 

this overlay that there are fewer peaks in the disordered region of the trypsinolyzed VLV 4-44 

spectrum, suggesting that many of the disordered resonances representing residues 29-44 in the 

VLV 4-44 spectrum are removed by proteolysis.  Thus, the trypsinolyzed VLV 4-44 sample 

represents the smallest well-folded construct of the Arc-S-VLV octamer containing a minimal 

amount of disorder.  This trypsinolyzed Arc repressor variant reduces the NMR spectral 

complexity by eliminating dimer interference and disordered regions of the oligomer, and also 

improves the visibility of ordered regions by reducing molecular size. 

Preparation of a double or triple-labeled sample of trypsinolyzed VLV 4-44 would improve the 

spectral quality further; however, the quantity of protein necessary for a sample of this nature 

would require potentially four liters of labeled protein. Assignments of a single subunit of the 

octamer may be possible with this data; however, connecting adjacent subunits and determining 

the overall topology and arrangement of the octamer would be difficult.   

Throughout this investigation, we pursued X-ray crystallography as a parallel path to a high-

resolution structure of the S-VLV octamer, and turn to that method in more detail below. 



136 

 

 

Figure 3-21: HSQC of heated, isolated proteolysis resistant core of Arc-VLV 4-44 compared to 

related Arc-S-VLV samples indicates spectral improvement.  (A)  2D 
1
H-

15
N correlation spectra of 

0.8 mM heated trypsinolyzed Arc-VLV 4-44 at 35 °C in 0.05 M MES (pH 5.5) 0.05 M KCl and 1.3 mM 

heated full-length Arc-S-VLV at  50 °C in 0.05 M MES (pH 5.5) both in TROSY mode.  (B) 2D 
1
H-

15
N 

correlation spectra of 0.8 mM heated trypsinolyzed Arc-VLV 4-44 at 35 °C in 0.05 M MES (pH 5.5) 0.05 

M KCl and 1.7 mM Arc-VLV 4-44 at 45 °C in 0.05 M MES (pH 5.5) 0.05 M KCl both in TROSY mode. 
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Crystal screens of truncated VLV 4-44 yield several leads.   

We prepared a sample of trypsinolyzed VLV 4-44 using Mag-trypsin digestion followed by size-

exclusion purification as described above for the NMR sample and shipped it to the Hauptmann-

Woodward Institute (HWI) for an exhaustive crystal screen of 1500 conditions, using the 

microbatch-under-oil screen preparation method.  Of these conditions, we obtained six potential 

leads within three weeks of screening, summarized in Figure 3-22.  The largest crystals from the 

screen (condition B) were rod-shaped and grew incrementally over the screening period.  A 

sample of uncut VLV 4-44 screened under the same HWI screening conditions produced a single 

lead, with heterogeneous crystals that were not able to be replicated in-house (data not shown).  

In-house trials of trypsinolyzed VLV 4-44 lead conditions A-F (Figure 3-22) prepared using the 

hanging-drop preparation method yielded precipitation within several days but no identifiable 

crystals.  Additional variations in the protein concentration and screening conditions may be 

necessary to obtain growing, diffracting crystals.  Additionally, use of different crystal screening 

setups may provide better parallels to the microbatch-under-oil technique. 

Pursuit of in-house crystallization conditions continues currently and remains the most promising 

avenue for obtaining a high-resolution structure of the Arc-S-VLV octamer.  Such a structure 

would provide valuable insight about the nature of the individual subunits, their interaction in 

forming the octamer, and the global topology of this unusual oligomer. 
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Figure 3-22: Crystallography leads from heated, trypsinolyzed VLV 4-44 suggest that the construct 

may be amenable to crystallization.  12 mg/mL heated trypsinolyzed VLV 4-44 under various 

crystallization conditions from an HWI screen utilizing the microbatch-under-oil crystallization method 

after three weeks (except F, which is 4 weeks) incubation at 25 °C.  (A)  1.0 M MES monohydrate (pH 

5.6) (B) 0.1 M sodium thiosulfate pentahydrate 0.1 M TAPS (pH 9.0) 40% PEG 400 (C) 0.2 M zinc 

acetate dihydrate (pH 6.4) 20% PEG 3350 (D) 0.04 M potassium phosphate monbasic 16% PEG 8000 

20% glycerol (E) 0.1 M potassium chloride 0.1 M CAPS (pH 10.0) 40% PEG 8000. (F) 0.2 M 

magnesium chloride hexahydrate 0.1 M Tris (pH 8.5) 3.4 M 1,6-hexanediol. 
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Conclusions and speculations about the S-VLV octamer structure.   

The Arc-S-VLV octamer contains a structure which is less helical than the dimer forms of Arc 

repressor as determined by far UV circular dichroism.  In both S-VLV and VLV 4-44, the C-

terminus of the sequence can be truncated by limited trypsinolysis without a major reduction in 

oligomer folding or thermal stability.  Together, these results suggest that Helix B of the protein 

is unfolded, partially folded, or transiently folded in some octamer subunits.  If one assumes 

complete unfolding of Helix B in most subunits of Arc-S-VLV, this would correspond to a 

helicity reduction of one-half of the wild-type helicity by far UV circular dichroism (Figure 2-8).  

Limited trypsinolysis also indicates that the strand region is resistant to proteolysis in both the 

full-length and VLV 4-44 forms, suggesting that this region is well-folded and protected from 

trypsin cuts, despite the presence of trypsin-cleavable residues at positions K6 and R16.  

Additionally, the fact that most subunits appear to be resistant to proteolysis between residues 16 

and 31 indicates that Helix A must be partially or completely structured in these subunits.  The 

octamer structure does not seem able to incorporate eight fully-folded dimer subunits, most 

likely because it is sterically difficult.  Instead, at least some subunits require partial unfolding in 

order to be incorporated into the final structure.  The octamer may adopt a β-barrel or β-

sandwich topology, in which the strand region of the sequence plus part or all of Helix A forms a 

central core of the protein and oligomerization interface, while a partially or completely unfolded 

Helix B forms the cleavable outer portion.  Limited proteolysis also indicated at least two clear 

fragment sizes in VLV 4-44: full-length fragments and 4-31 fragments, suggesting some subunits 

are more structured than others.  NMR spectra of both VLV 4-44 and trypsinolyzed VLV 4-44 

suggest a greater number of resonances than residues which could be a result of an asymmetrical 

arrangement of these two subunit types.  The fact that at least three peaks are detected in all 
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NMR spectra for residue G30 suggests that the symmetry of the octamer is lower than eight-fold 

and probably lower than four-fold.  The subunit arrangement of the octamer has not been 

determined, so it is possible that octamers may be comprised of one or more arrangements of the 

subunits, further complicating high-resolution structural analysis.  

A simplified schematic of possible eight-subunit configurations around a central core is shown in 

Figure 3-23.  This model employs two subunit types: the fully-structured VLV 4-44 subunits and 

the 4-31 subunits, which contain C-terminal disorder that can be removed by trypsinolysis.  In a 

trypsinolyzed construct, the two subunits would be different sequences and thus are described as 

“homodimers” or “heterodimers” in the model depending on whether they are made up of one or 

more of the different fragment lengths.  This disordered region would likely point toward the 

outside of the barrel, while residues 9-14 would be located near the hydrophobic core at the 

center of the barrel in this type of three-dimensional structure, although a sandwich structure (not 

shown) may be equally plausible.    

“Alternating Heterodimers” is a four-fold symmetric option in which the octamer is made up of 

four dimers.  Each dimer contains one 4-44 subunit and one 4-31 subunit, arranged in an 

alternating pattern.  As stated above, there are at least three peaks present for G30, suggesting if 

an alternating pattern is present in the octamer, it is probably lower than four-fold symmetrical.  

Another option is “Two Dimer Sets” in which the octamer is comprised of two 4-44 dimers and 

two 4-31 dimers, arranged in an alternating pattern.  This form is two-fold symmetric, and 

therefore more in line with the NMR data.  It is possible that both of these configurations may be 

concurrently populated or that not all of the subunits dimerize, which would explain the ease in 

incorporating a single additional subunit upon heating in the transition from heptamer to 

octamer. 
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Figure 3-23: Two of many possible arrangements of an asymmetrical, trypsinolyzed Arc-S-VLV 

octamer, comprised of subunits with at least two degrees of foldedness.  Some possible topologies for 

the S-VLV octamer assuming a barrel-like global fold around a central hydrophobic core.  (Note that a 

sandwich fold may also be possible, as may other fold types.)  NMR and limited proteolysis data suggest 

that the octamer is a low symmetry structure, with four-fold or lower symmetry.  More than 2 free 

subunits in some arrangement are also possible (4, 6, or 8), but are not shown for the sake of simplicity.  

Note that 4-44 and 4-31 symbols in each image can be interchanged to produce different structures; the 

exact stoichiometry of these two subunits is unknown and the depiction is purely conjecture regarding the 

dominant species.   Note that the term “heterodimer” used above refers to monomers with different 

lengths of folded sequence.  After proteolysis, the 4-31 and 4-44 sequences are heterologous, hence the 

terminology utilized above. 
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Analytical ultracentrifugation and ESI-MS results indicate that both Arc-S-VLV and Arc-VLV 

4-44 appear to form octameric structures when heat-treated for 4 hours at 80 °C and heptameric 

structures when not heated.  This relationship suggests that the overall structure of both S-VLV 

and the shortened VLV 4-44 are able to easily incorporate an additional, single subunit upon heat 

treatment.  An NMR comparison of heated and unheated size-exclusion purified full-length 

oligomer at 25 °C (data not shown) indicated no clearly identifiable differences between heated 

and unheated samples, suggesting that the final subunit does not change the overall structure of 

the oligomer.  This work was performed in a temperature regime in which only the less ordered 

regions of the structure were visible, which may limit the validity of the comparison.  Based on 

this result, however, a structure like a β-barrel may be able to denature slightly upon heating, 

allowing an additional subunit to add in the transition from heptamer to octamer.   

The characterization of VLV 4-44 suggests that it is a low symmetry octamer with some β-

character.  This result confirms the prediction of evolutionary symmetry conservation, which 

suggested that the most common symmetry type of the octamer based on the wild-type 

homodimer was two-fold (109).  The number and distribution of peaks, in the Gly region in 

particular, by NMR supports two-fold or lower symmetry in the octamer.  The proteolysis data 

suggests at least two degrees of subunit foldedness, which would also support a lower symmetry 

structure.  The size exclusion results from trypsinolyzed VLV 4-44 support a discrete folded 

structure, and agree with the picture of a single, low-symmetry structure.  Some subunits 

presumably contain poorly folded C-termini; however, the number of partially-folded versus 

fully-folded subunits in a given octamer structure is unclear.  Multiple arrangements of subunits 

in the octamer may also be present, so that there is more than one possible three-dimensional 

protein structure of a similar size.  Again, a technique which is able to detect differences in 
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structural arrangements within a given oligomeric state, such as ESI-IMS-MS, small-angle X-ray 

scattering (SAXS), or to a lesser extent, dynamic light scattering may be able to provide some 

insight into the heterogeneity question of the octamer structures. 

 

Conclusions from an Analysis of the S-VLV Octamer Structure.   

This chapter describes the manipulation of the Arc-S-VLV sequence in order to obtain a minimal 

sequence capable of adopting the octamer structure but lacking disordered regions and 

interference from dimer.  The resulting trypsinolyzed Arc-VLV 4-44 structure is reversibly 

folded, octameric, and represents a size reduction of approximately one-half over full-length S-

VLV.  Although an HSQC of this construct shows significant improvements in linewidth and 

spectral resolution over full-length S-VLV, the asymmetrical nature of the octamer still poses 

difficulties for high-resolution structural determination.    

Analysis of the structure of this octamer suggests a novel topology relative to wild-type Arc with 

a central core incorporating residues 9-14 and subunits possessing differing degrees of 

foldedness, with disordered regions that can be removed by proteolysis.  At least two classes of 

subunits within the structure results in a low symmetry octamer, which complicates high-

resolution structural characterization.  Importantly, the octamer has some region of specifically 

folded structure as judged by strong chemical shift dispersion in the amide region, and is not just 

a “molten globule (116)” with a nonspecifically-formed core.  This structure represents a 

departure from the homodimeric wild-type and switch folds observed in N11L, suggesting that 

two relatively straightforward substitutions can have a dramatic effect on global topology.  This 
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analysis also echoes the outcome of Chapter 2, that increasing sequence hydrophobicity truly 

increases structural degeneracy in the Arc repressor system. 

In addition to promoting structural degeneracy, high local sequence hydrophobicity also may 

promote amyloid aggregation (117). In S-VLV the localized hydrophobic mutations lead to a 

continuous hydrophobic stretch from 9-14 (VFLLVW).  The aggregation propensity analysis 

program TANGO (118) predicts this region to be highly amyloidogenic in S-VLV but not in 

N11L or wild-type Arc (Figure 4-7).  In the experiments reported here, we found no evidence of 

highly aggregated forms of S-VLV, neither precipitates nor soluble aggregates that run at the 

void volume of the size exclusion column in the full-length or truncated constructs.  (This 

observation will be explored further in Chapter 4.)  Therefore, it is possible that the S-VLV 

octamer represents an arrested form of pre-amyloid oligomer.  Amyloid fibril formation can 

proceed through a series of oligomeric precursors, and  under some conditions, these species 

have been isolated, characterized, and found to have specific structures, such as the “cylindrin” 

hexamers for αβ crystallin (119) and Δ6N B2-microglobulin (120)
 
. These pre-amyloid oligomers 

and the S-VLV higher-order oligomer assemble by topological rearrangement of the starting fold 

into stable, discrete structures with β-character. Amyloid precursor oligomers are generally 

cytotoxic and can be recognized by precursor-specific antibodies (121). Neither of these 

properties has yet been tested for S-VLV, and it remains possible that the S-VLV oligomers are 

akin to a particularly stable, long-lived amyloid precursor species. 

The Arc-S-VLV octamer represents an interesting example of a well-folded, novel structure 

assembled as a result of three polar-to-hydrophobic substitutions in a key region of the protein 

sequence.  While the experiments discussed here have brought a high-resolution structural 

picture of this fold closer to reality, additional work must be performed to arrive at a final, 



145 

 

complete view of the S-VLV octamer and its relationship to dimeric wild-type Arc repressor.  

Future work in the directions of kinetics, crystallography, and potentially three-dimensional 

NMR could provide insight into the continuum between a single dimeric fold, through a 

rearranged dimer fold, to octameric and heptameric folds as a result of successive polar-to-

hydrophobic substitutions. 
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Materials and Methods. 

Mutagenesis, protein expression and affinity purification:  A plasmid encoding the Arc repressor 

triple mutant Arc-S-VLV was prepared as previously described (115).   Arc-S-VLV constructs 

containing three-residue truncations (VLV-3N, VLV-6C, VLV-9C, VLV-12C, VLV-15C) were 

prepared by removing residues three at a time from the full length arc-VLV-st11 pET800 plasmid 

with QuikChange mutagenesis (Stratagene), while preserving the intact C-terminal st11 tail.  The 

minimal sequence construct Arc-VLV 4-44 contains a C-terminal deletion of the st5 tail present 

in the other constructs (but preserved the hexahistidine tail), which was also constructed by 

QuikChange mutagenesis.   Arc proteins were overexpressed in Escherichia coli strain BL21 

(λDE3) cells and purified by Ni
2+

-NTA affinity chromatography under denaturing conditions as 

previously described (115).  After elution, proteins were refolded by dialysis into an appropriate 

buffer for 48 h at 4 °C, with one buffer change after 24 h.   

 

Initial refolding experiments:  Following Ni
2+

-NTA affinity chromatography under denaturing 

conditions, 2 mL of protein from a single prep was refolded from 0.2 M acetic acid, 6 M 

guanidine-HCl into buffers as described in Figures 3-1 and 3-2 for 48 h at 4 °C with one buffer 

change after 24 h.  The concentration of protein samples was checked by a Cary-50 UV/Vis 

spectrometer prior to injection on a Superdex 75 size exclusion column (HR 10/30, GE 

Healthcare) at 25 °C with loading concentrations described in the figure legends.  All protein 

samples were injected at 0.5 mL volume, and no samples were heated prior to injection.   

 

Higher-order oligomer/dimer exchange timecourse:  Unheated Arc-S-VLV was purified by Ni
2+

-

NTA affinity chromatography under denaturing conditions and refolded into 0.05 M MES (pH 

5.5) 0.05 M KCl at 4 °C.  Aliquots of 450 µM protein were incubated on the benchtop at 25 °C 
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prior to loading onto a Superdex 75 size exclusion column (HR 10/30, GE Healthcare).  All 

protein samples were injected at 0.5 mL volume, and no samples were heated prior to injection.   

 

NMR spectroscopy:  Expression plasmids were transformed into Escherichia coli strain BL21 

(λDE3) grown in M9T minimal media with 0.8 g/L 
15

N-labelled 
15

NH4Cl as sole nitrogen source.  

Proteins were purified by Ni
2+

-NTA affinity chromatography under denaturing conditions as 

described above, refolded by dialysis into 0.05 M MES (pH 5.5), 0.05 M KCl, heat treated at 80 

°C, and further purified by size exclusion chromatography in the same buffer with a Superdex 75 

HR 10/30 column (GE Healthcare) at 25 °C.  For exchange experiments, fractions of dimer and 

oligomer were collected separately, centrifugally concentrated (Amicon Ultra), and brought to 

10% D2O (v/v) and 0.01% sodium azide (w/v).   Protein samples were analyzed immediately and 

at daily intervals (with incubation at 25 °C between runs).  Other protein samples were prepared 

similarly by dialysis into MES/KCl, size exclusion purification, centrifugal concentration and 

addition of 10% D2O (v/v) and 0.01% sodium azide (w/v).   Additional details for proteolyzed 

sample preparation are described below.  All samples were analyzed on a Varian Inova 600 MHz 

spectrometer equipped with a 
1
H/

15
N/

13
C cryogenic probe. 

15
N-

1
H correlation (HSQC) spectra 

were collected at temperatures specified in the figure legends. Data were processed with 

NMRPipe (NIH) and analyzed with SPARKY (UCSF).   

 

Limited proteolysis and MALDI spectroscopy: 0.2 mg/mL (w/v) trypsin was added to 100 µM 

size exclusion purified heated Arc-S-VLV, unheated wild-type Arc, and heated VLV 4-44 in a 

1:50 (v/v) ratio and incubated at 25 °C for a variety of time lengths.  Samples for SDS gels were 

quenched on ice for 2 minutes, then cold SDS buffer was added in a 1:1 ratio, and samples were 
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boiled immediately for 10 minutes.  MALDI-MS and S-VLV protease-resistant core samples 

were quenched by addition of 1 mg/mL TLCK in MES/KCl in a 1:2 (v/v) inhibitor to sample 

ratio, following 1 h digestion with trypsin at 25 °C.  For high-resolution NMR and 

crystallography samples of VLV 4-44, Mag-trypsin beads (ClonTech) were added to heated 

VLV 4-44 in a 1:3 (v/v) trypsin to protein ratio and incubated with inversion at 25 °C for 4 

hours.  Trypsin was removed by magnetic separation prior to size exclusion purification on a 

Superdex 75 HR 10/30 column (GE Healthcare).  Samples at a concentration of 10 µL were 

analyzed by MALDI-MS with a lower limit range of 1500 m/z to 2000 m/z, depending on the 

sample using a Bruker Reflex-III MALDI-TOF instrument with a water-based matrix. 

 

Circular dichroism: Far ultraviolet circular dichroism spectra of S-VLV 4-44 and related 

variants were obtained in SB250 at 20 °C using 25 µM (truncation mutants, WT 4-44, VLV 4-

44) or 50 µM (peptides, trypsinolyzed VLV 4-44) size exclusion-pure protein in a 1.0 mm path 

length cuvette on a Olis DSM-20 CD spectrometer.  Scans were collected using a 25 second 

integration time per scan and signal averaging of 3 scans measured at 1 nm increments from 260 

nm to 205 nm.  Thermal denaturation profiles of S-VLV 4-44 and related variants were obtained 

in SB250 using 50 µM size exclusion-pure protein samples in a 2.0 mm pathlength cuvette.  

Samples were heated from 20 °C to 100 °C with a 2 m sample equilibration time, 2 °C step size, 

and 60 s data collection time while ellipticity was monitored at 222 nm. Reverse melts utilized 

the same parameters as forward melts.   

 

Size exclusion chromatography:  Affinity-purified, refolded (in MES/KCl buffer) truncation 

mutants; affinity-purified, refolded (into SB250 buffer) heated and unheated S-VLV 4-44; and 
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affinity-purified, refolded (into SB250 buffer) unheated wild-type Arc 4-44 were injected onto a 

Superdex 75 size exclusion column (HR 10/30, GE Healthcare) at 150, 175, and 50 µM loading 

concentrations, respectively.  All protein samples were injected at 0.5 mL volume.  The 

standards used to generate calibration curve in Figure 3-11 were described previously (115).  For 

VLV 4-44, the size exclusion fraction (1 mL) containing this peak was collected and 

centrifugally concentrated for use in further analyses.   

 

Sedimentation equilibrium:  Heated and unheated S-VLV 4-44 at three loading concentrations 

(30, 60, and 90 µM ) in SB250 were analyzed at three rotor speeds (10000, 13000, and 15000 

rpm) at 20 °C in a Beckman XL-I analytical ultracentrifuge to generate radial distribution curves.  

Absorbance was monitored at 280 nm with a radial spacing of 0.001 cm.  At each rotor speed, 20 

replicate scans were collected.  The apparent molecular weight of S-VLV 4-44 was determined 

by fitting sedimentation curves to a standard single species model using Kaleidagraph (Synergy 

Software; Reading, PA).  Buffer density and partial specific volume were estimated using 

SEDNTERP (J. Philo; Thousand Oaks, CA) The apparent molecular weight estimated in 

Kaleidagraph was used to determine the apparent number of subunits using the isotopically 

averaged molecular weight for S-VLV 4-44 + 6 His (5659 Da). 

 

Peptide characterization: 2 mg Arc-S-VLV peptides comprising residues 4-44, 4-31, and 4-24 

(GenScript) were solubilized in 10% acetic acid and dialyzed into SB250 at 4 °C for 48 h with 

one buffer change after 24 h, using Spectra/Por dialysis membrane with 1.0 kDa molecular 

weight cutoff.  50 µM peptides were then characterized by circular dichroism and size exclusion 

as described above. 
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CHAPTER FOUR: 

HYDROPHOBICITY DETERMINANTS OF STRUCTURAL SPECIFICITY 

IN THE STRAND REGION OF THE ARC REPRESSOR PROTEIN 

 

Overview: Polar-to-Hydrophobic Substitutions in Fold Degeneracy and Aggregation. 

Chapters 2 and 3 of this dissertation focused primarily on the S-VLV mutant of the Arc repressor 

protein, which adopts three or more distinct folds from a single amino acid sequence.  In Chapter 

4, the causes for the multiple structures of Arc-S-VLV are investigated by detailed substitution 

of the strand region.  The ability of this highly hydrophobic sequence to form discrete higher-

order oligomers without evidence of gross aggregation is unusual.  Therefore, we investigated 

the properties of the sequence which govern higher-order oligomer formation.  In Part 1, we 

investigate the proline residues at positions 8 and 15 flanking the strand region and their role in 

aggregation avoidance.  Part 2 explores the aggregation-avoidance limits of residues 9-14 by 

substituting an aggregation-prone sequence into this region.  Finally, in Part 3 we determine 

whether polar-to-hydrophobic substitutions at one or two positions in the strand region yield 

higher-order oligomers, and whether other sets of three substitutions besides valine, leucine, and 

valine also produce higher-order oligomers. 

Gradual, residue-by-residue substitutions and small insertions and deletions (indels) have been 

shown to play a role in protein fold evolution (27, 36) and a small number of substitutions have 

been shown to have a dramatic effect on some protein folds (25, 26, 61, 122, 123).  In the case of 

Arc repressor, confirming the predictions from computational simple exact models (124), polar-

to-hydrophobic substitutions in particular have been shown to increase structural degeneracy, 

allowing the population of novel folds (115).  Thus, each amino acid in a protein sequence is not 
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an island: a particular residue can often exert diverse effects on the fold and stability of the 

overall three-dimensional structure, governed by the complex requirements of that position in 

local and global interactions. As a result, substituting amino acids in a protein sequence can 

sometimes produce unexpected results, even when positions seem relatively tolerant to mutation 

and the substitutions themselves are conservative.  Here, we explore a variety of substituions in 

the strand region of Arc repressor which exert diverse and dramatic effects on protein topology 

and conformational specificity. 

As discussed in Chapters 2 and 3, the polymetamorphic protein Arc-S-VLV shows no tendency 

to aggregate, even under a variety of harsh heat treatment and buffer conditions (115).  We have 

suggested that S-VLV may represent a trapped pre-amyloid oligomer (Chapter 3).  Here, we 

examine that perspective in more detail by pushing the limits of the Arc repressor sequence near 

the site of the S-VLV substitutions in order to determine the conditions for higher-order 

oligomerization in S-VLV and what forces within the protein sequence prevent misfolding or 

aggregation.  Figure 4-1 compares the hydrophobicity pattern of residues 9-14 in wild-type Arc 

and Arc-S-VLV, which forms the basis for the work in this chapter.  The sequence analysis 

program TANGO (118) predicted an aggregation propensity of 98% for residues 9-13 of Arc-S-

VLV, compared to no apparent aggregation propensity in wild-type Arc repressor, suggesting 

that some elements within the protein sequence may be working to prevent aggregation in these 

hydrophobic mutants (Part 1 of this Chapter).  Relatedly, the hydrophobic stretch of the Aβ 

sequence responsible for amyloid formation (residues 16-21, KLVFFA) (125) has been inserted 

into a natively-folded, non-disease associated protein sequence, causing aggregation (126).  We 

determined whether introduction of this same sequence into the strand region of Arc repressor 

also caused aggregation (Part 2 of this Chapter).  Although leucine and valine are quite 
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hydrophobic, we also investigated whether other hydrophobic residues substituted at positions 9, 

11, and 13 could populate higher-order oligomer states similarly to Arc-S-VLV. In the helices of 

Arc repressor, the effect of polar-to-hydrophobic substitutions on protein function and stability 

were highly position-dependent (93); therefore perhaps particular substitution sites among the 

three surface positions on the strand were more amenable to, or necessary for, higher-order 

oligomer formation.  Similarly, we probed the limits of structural degeneracy through the 

population of higher-order oligomer folds: would similar hydrophobic strand region mutants, 

particularly those with fewer than three substitutions, sidechains with lower hydrophobicity, and 

sidechains larger or smaller than valine and leucine also produce higher-order oligomeric states? 

(Part 3 of this Chapter)  Together, these experiments explore the bounds of higher-order 

oligomerization on the continuum from native fold to aggregate in the Arc repressor protein.  

 

This work forms the basis of a Protein Science manuscript in preparation, authored by K. 

Stewart and M. H. J. Cordes.  Experimental work was performed by K. Stewart.   
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Figure 4-1: Polar-to-hydrophobic substitutions introduced in the strand region of Arc repressor.  

Polar residues Q9, N11, and R13 (blue) and hydrophobic residues F10, L12, and W14 (red) in wild-type 

Arc are shown on a diagram of the strand region.  Hydrophobic substitutions in S-VLV for residues 9, 11, 

and 13 are shown in red below.  Proline residues flanking the strand at positions 8 and 15 are shown in 

purple. 
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Part 1: Gatekeeper Residues: Protection Against Nonnative Aggregation in Highly 

Hydrophobic Sequences 

Stretches of three or more consecutive hydrophobic amino acids are underrepresented in natural 

protein sequences, even in buried secondary structure elements (127-129).  Sequences containing 

high local hydrophobicity have a higher propensity for nonnative aggregation and misfolding 

which can outcompete the native fold (3).  Proline and glycine residues are often conserved in 

highly hydrophobic sequences, and have been described as “gatekeepers” because of their role in 

mitigating aggregation (130, 131).  The Arc-S-VLV strand region contains a stretch of 6 

hydrophobic residues from residues 9-14 (VFLLVW), but does not aggregate under any 

conditions tested. Interestingly, the β-strand region is flanked by two proline residues at positions 

8 and 15 which may trap the Arc-S-VLV higher-order oligomer characterized in Chapter 3 in a 

soluble structure which does not aggregate despite its high local sequence hydrophobicity.  In 

order to determine whether the proline residues in Arc repressor act as gatekeepers, we 

substituted these residues independently and together with alanine.  If one or both of the proline 

residues act as a gatekeeper, we would expect aggregation to occur upon their removal.  As a 

control, we also substituted both proline residues with alanine in a wild-type background, which 

does not contain high local sequence hydrophobicity. 

 

Substitution of proline 8 stabilizes the dimeric folds of Arc-S-VLV. 

We first substituted the proline residue at position 8 with alanine.  We expected that if proline 8 

acts as a gatekeeper, we would observe aggregation upon its removal.  Instead, we observe a loss 

of higher-order oligomer formation in favor of dimeric protein. In the VLV-P8A mutant, a single 

product elutes at an identical volume to the wild-type dimer, and no protein is observed eluting 
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in the volume where octamer typically elutes (9.9 mL) or at the void volume of the column (8.1 

mL) suggestive of aggregation, even upon heat-treatment (Figure 4-2 Panel A, yellow curve).  

Arc-VLV-P8A produces a far UV circular dichroism curve with similar shape and 222 nm / 208 

nm minima to the isolated Arc-S-VLV dimer, suggesting that in spite of the P8A substitution, its 

structure remains intact and resembles a dimer (Figure 4-2 Panel B).  This dimeric construct 

displays a monophasic melting curve with a high Tm value; this melt is different than the 

biphasic melt observed for unheated S-VLV, and instead probably reflects a highly stable dimer 

state (Figure 4-2 Panel C).  Previous alanine scanning results on the wild-type Arc repressor 

sequence indicated that substituting proline 8 with alanine stabilized the Arc repressor dimer by 

extending the β-strand by an additional residue per subunit, increasing the melting temperature of 

the protein by 15 °C  at 10 µM concentration, and increasing the unfolding free energy by 2.9 

kcal/mol at 25 °C (13).  We also seem to observe an increase in dimer stability upon introduction 

of the P8A substitution in the S-VLV context. 

We also substituted position 8 with leucine, since a structure had been solved of Arc-P8L, which 

forms two new hydrogen bonds in the β-strand at the expense of DNA binding affinity in the 

wild-type protein (89).  In an S-VLV background, the leucine mutation still permits higher-order 

oligomer and apparent dimer formation (Figure 4-2 Panel A), with no evidence for nonnative 

aggregation.  Upon heat treatment the low molecular weight species converts to approximately 

70% higher-order oligomer.  By contrast, Arc-S-VLV converts to approximately 98% oligomer 

upon heating under the same conditions.  The elution profile of the VLV-P8L construct differs 

slightly from the elution volumes for the full-length S-VLV and VLV-P8A, suggesting a shape 

difference or interaction between the protein and size exclusion column which does not occur in 

other variants, resulting in a later elution volume.  Other substitutions of one or more bulky side 
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Figure 4-2: The P8A and P8L substitutions in Arc-S-VLV favor the dimer forms of the protein and 

maintain overall stability.  (A) Size exclusion chromatogram of 150 µM Arc-VLV-P8A and Arc-VLV-

P8L in SB250 buffer. Dashed lines designate unheated protein while solid lines designated protein heat 

annealed for 4h at 80 °C. Elution volumes of heated Arc-S-VLV and wild-type Arc in SB250 buffer are 

shown as brown dashed lines for comparison.  (B) 25 µM unheated proteins in SB250 in a 1.00 mm path 

length cuvette at 20 °C.  (C) 25 µM unheated Arc-VLV-P8A in SB250.  (D) 25 µM unheated Arc-VLV-

P8L in SB250  Melts (C-D) were collected with a 2 degree step size from 20-100 °C in a 2.00 mm path 

length cuvette. 
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chains into the strand region (see below) produce a slightly longer elution volume comparable to 

the effect observed with VLV-P8L.  Therefore, column interaction is likely responsible for the 

elution difference rather than a novel oligomeric state, although it cannot be ruled out 

completely.  Arc-VLV-P8L is mainly a lower-order structure by size exclusion, but its far UV 

spectrum is in-between the Arc-S-VLV isolated dimer and isolated octamer spectra, suggesting 

perhaps a contribution in the spectrum from the small amount of higher-order oligomer present 

in the size exclusion trace (Figure 4-2 Panel B).  The thermal melt of Arc-VLV-P8L is biphasic, 

similarly to unheated Arc-S-VLV and in contrast to VLV-P8A, with similar transition ranges 

(Figure 4-2 Panel D). In VLV-P8L, the upper transition appears to reflect a stable oligomer, 

rather than stable dimer as in VLV-P8A.  However, thermal melts of both VLV-P8A and VLV-

P8L suggest highly stable proteins, comparable to the Tm value of 91 °C measured for Arc-S-

VLV (which oligomerizes upon heating).  Due to the high melting temperatures, an exact value 

is difficult to obtain since the maximum temperature for the melt is near the apparent Tm.    

Based on the results of both the P8 mutants, the difference of a few methyl groups (size/shape 

differences between alanine and leucine) is sufficient to significantly alter the oligomer-to-dimer 

ratio in the S-VLV background, suggesting that the side chain at this position plays a role in 

higher-order oligomer formation.  In general, the proline residue at position 8 seems to favor 

higher-order oligomer formation in Arc-S-VLV.  Substitution of this residue does not allow for 

population of the higher-order oligomer to a level observed in S-VLV, and results instead in an 

increase of dimer population, particularly in the case of the P8A substitution, which forms dimer 

exclusively.  Similarly, the absence of aggregation in the size exclusion traces, and reversibility 

of at least one of the thermal denaturation unfolding transitions suggests that proline 8 plays an 
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important role in higher-order oligomer versus dimer formation in S-VLV.  P8 does not act, 

however, as a single critical gatekeeper against gross nonnative aggregation. 

 

Substitution of proline 15 destabilizes Arc-S-VLV. 

Next, we substituted proline 15 with alanine. In the S-VLV construct, P15A is destabilizing, 

resulting in low protein expression, a lower Tm value for the upper transition of the thermal melt, 

and a complicated size exclusion chromatogram.  In spite of these observations, Arc-VLV-P15A 

is still able to populate the higher-order oligomer fold particularly upon heating.  When 

unheated, Arc-VLV-P15A appears heterogeneous, and contains a large, broad peak with a late 

elution volume (12.2 mL).  However, a heat annealing treatment pushes the size distribution 

strongly toward the oligomeric form, producing a size exclusion profile with a peak at 9.9 mL 

representing higher-order oligomer.  The higher-order oligomer also produces a range of low 

molecular weight species, which may represent unfolded or disordered fragments by size 

exclusion (Figure 4-3 Panel A).  As in the P8 mutations, no species with a larger elution volume 

is detected, suggesting that higher-order aggregation does not occur in the absence of the proline 

residue. Far UV circular dichroism characterization of Arc-VLV-P15A indicates a profile 

between the isolated Arc-S-VLV dimer and isolated Arc-S-VLV octamer, consistent with both 

higher and lower molecular weight forms detected in the size exclusion trace (Figure 4-3 Panel 

B).  Unlike the proline 8 mutation, P15A reduces the stability of the Arc-S-VLV reversible 

thermal transition by 15 °C (Figure 4-3 Panel C).  In the alanine scanning experiment, 

substitution of proline 15 in wild-type Arc repressor was found to be slightly destabilizing by 

approximately 2 kcal/mol, with a Tm value 12.5 °C lower than wild-type at 10 µM concentration 

(13), which is comparable to the reduction in thermal stability observed in S-VLV. 
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Figure 4-3: The P15A substitution in Arc-S-VLV is destabilizing, but does not cause catastrophic 

aggregation. (A) Size exclusion chromatogram of 35 µM Arc-VLV-P15A in SB250 buffer.  The dashed 

line designates unheated protein while solid line designates protein heat annealed for 4h at 80 °C. Elution 

volumes of ¼ scaled 100 µM heated Arc-S-VLV and wild-type Arc in SB250 buffer are shown as brown 

dashed lines for comparison.  (B) 25 µM unheated proteins in SB250 in a 1.00 mm path length cuvette at 

20 °C.  (C) 25 µM unheated Arc-VLV-P15A in SB250.  Melt was collected with a 2 degree step size from 

20-100 °C in a 2.00 mm path length cuvette. 
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Although substitution of proline 15 reduces the stability of Arc-S-VLV, its removal does not 

cause wholesale aggregation (although it does cause a reduction in expression and stability), 

suggesting that P15 does not act alone as a gatekeeper to prevent misfolding in Arc-S-VLV.   

 

Together, substitution of proline 8 and proline 15 leads to cell growth arrest and heat-

induced aggregation in Arc-S-VLV.    

Substitution of P8 and P15 resulted in dramatic effects on the structure and stability of Arc-S-

VLV.  When both proline 8 and proline 15 are substituted with alanine, the net consequences for 

Arc-S-VLV are severe for protein expression and aggregation.  Purification of this construct is 

complicated by the fact that expression is poor and arrests cell growth.  In a comparison of 

growth for S-VLV and VLV-P8A-P15A, both cultures grew similarly until induction.  Then, 

VLV-P8A-P15A entered growth arrest, remaining at an OD600 of 0.6 up to three hours post-

induction, whereas Arc-S-VLV reached an OD600 of 1.6 three hours post-induction.  In addition 

to cell growth arrest, SDS-PAGE analysis of expression indicates that per cell (per OD) 

production of VLV is much higher than production of VLV-P8A-P15A.  Due to both of these 

factors, the post-purification yield of VLV-P8A-P15A is 30 times lower than that of S-VLV 

(Figure 4-4). 

Once refolded, Arc-VLV-P8A-P15A adopts an ambiguous size exclusion structural profile prior 

to heat annealing (Figure 4-5 Panel A).  The complex chromatogram for unheated VLV-P8A-

P15A contains a peak at the void volume of the column suggesting higher-order aggregation. 

Additionally, a large, broad peak at a late elution volume suggests the presence of a large amount 

of low molecular weight species. It is unclear whether any of the peaks present in the unheated 

sample represent the two common forms of Arc-S-VLV or some impurities, since due to the low 
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Figure 4-4: Poor expression following induction results in low protein yields in Arc-VLV-P8A-

P15A.  A comparison of 1 L cell growth, induction, lysis, and denaturing protein purification from whole 

cell lysates of Arc-VLV-P8A-P15A (Panel A) and Arc-S-VLV (Panel B).  Lanes from left to right 

correspond to: ladder; protein expression level at 0 h, 1.5 h, and 3 h post-induction normalized for per cell 

expression; (S) supernatant in Buffer A following cell lysis, and centrifugation; denaturing Ni-NTA 

column purification (L) load, (W) wash, and (E) eluted protein in Buffer F; (D) dialysate yield following 

overnight dialysis and refolding into SB250 buffer. 
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Figure 4-5: Evidence for gatekeepers: Substitution of both P8 and P15 in Arc-S-VLV causes some 

higher-order aggregation. (A) Size exclusion chromatogram of 35 µM Arc-VLV-P8A-P15A in SB250 

buffer. Dashed line designates unheated protein while solid line designates protein heat annealed for 4h at 

80 °C. Elution volumes of ¼ scaled 100 µM heated Arc-S-VLV and wild-type Arc in SB250 buffer are 

shown as brown dashed lines for comparison.  (B) 25 µM unheated protein in SB250 in a 1.00 mm path 

length cuvette at 20 °C.  (C) 25 µM unheated Arc-VLV-P8A-P15A in SB250.   
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expression of the construct, the size exclusion results were collected at a concentration just above 

the baseline of detection (35 µM).  Heat treatment is also detrimental to VLV-P8A-P15A, and 

causes insolubility with visible precipitation, as indicated by the low absorbance for the heated 

sample by size exclusion.  By far UV circular dichroism, VLV-P8A-P15A resembles dimeric S-

VLV, which suggests that despite the complex size-exclusion chromatogram, VLV-P8A-P15A is 

successfully folded in some form following dialysis (Figure 4-5 Panel B).  However, this species 

could represent the only folded species present, and thus may dominate the spectrum.  

Additionally, since the size exclusion spectrum was collected at a relatively low concentration, 

the aggregate product may represent a small percentage of the total protein concentration.  The 

thermal denaturation profile of Arc-VLV-P8A-P15A shows a sharp, irreversible transition 

consistent with irreversible aggregation (Figure 4-5 Panel C).  This observation is consistent with 

the visible aggregation observed in heat-annealed sample discussed above. The apparent Tm 

value occurs at 55 °C, approximately 35 °C below the melting temperature of Arc-S-VLV.  The 

data suggest that unfolding of VLV-P8A-P15A probably occurs readily upon heating and is 

accompanied by catastrophic aggregation.   

Even though both VLV-P8A and VLV-P15A variants fold reversibly, removal of both P8A and 

P15A together causes irreversible unfolding upon heat treatment in VLV-P8A-P15A, suggesting 

that both proline residues act in concert to allow S-VLV to adopt both a dimer and higher-order 

oligomer structure without any higher-order aggregation.   
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In a background with low local sequence hydrophobicity, substitution of P8 and P15 

minimally affects protein folding and stability. 

As a control, we substituted both proline residues with alanine in a wild-type background.  If the 

proline residues are structurally essential for the formation of the strand region, we would expect 

the sequence to express poorly, aggregate, or misfold if the proline residues are removed.  By 

contrast, if the proline residues act predominantly as gatekeepers in a highly hydrophobic context 

only, we would expect to see little change in the stability and dimer structure of the wild-type 

sequence, since this strand region contains alternating polar and hydrophobic residues at 

positions 9-14 (QFNLRW), unlike the six hydrophobic residues present in S-VLV (VFLLVW). 

Wild-type Arc-P8A-P15A expresses well and does not experience the growth arrest effects 

observed in VLV-P8A-P15A (data not shown).  By size exclusion, Arc-P8A-P15A elutes at the 

same volume as wild-type Arc and the S-VLV isolated dimer (12.8 mL), suggesting that this 

construct is purely dimeric (Figure 4-6 Panel A).  Some concentration-dependent heat-induced 

aggregation occurs in this variant when heat annealed at 80 °C, however the soluble protein 

following heating is chiefly dimeric by size exclusion (data not shown).  The far UV circular 

dichroism profile of Arc-P8A-P15A is also consistent with wild-type Arc dimer (Figure 4-6 

Panel B). A melt of Arc-P8A-P15A resembles wild-type Arc, with a monophasic, mostly 

reversible profile (Figure 4-6 Panel C).  The Tm value of P8A-P15A is also similar to the wild-

type protein: 58 °C, compared to 61° C for wild-type Arc at the same concentration.   

Arc-P8A-P15A behaves similarly to wild-type Arc repressor, suggesting that P8 and P15 are not 

essential to the overall stability of the protein, and that their removal is not sufficient to cause 

higher-order aggregation.  Thus, these proline residues are not required to perform their  
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Figure 4-6: Removal of the proline residues in a wild-type background (Arc-P8A-P15A) does not 

affect Arc repressor dimer formation.  (A) Size exclusion chromatogram of 380 µM unheated Arc-

P8A-P15A. Elution volumes of heated Arc-S-VLV and wild-type Arc in SB250 buffer are shown as 

brown dashed lines for comparison. (B) 50 µM unheated protein in SB250 in a 1.00 mm path length 

cuvette at 20 °C, with related curves at 50 µM concentration shown for comparison.  (C) 50 µM unheated 

Arc- P8A-P15A in SB250 buffer, collected from 20-100 °C with a 2 degree step size in a 2.00 mm path 

length cuvette. 
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gatekeeper roles until a number of hydrophobic residues are inserted into the strand region; then 

either one or both are able, and apparently required, to effectively block aggregation. 

 

Conclusions: Proline protection against aggregation in Arc-S-VLV. 

The proline residues at positions 8 and 15 flanking the strand of Arc repressor appear to each act 

independently and redundantly as gatekeepers to prevent misfolding and aggregation in the Arc-

S-VLV construct.  Removal of either one alone does not cause aggregation, but removal of both 

is necessary and sufficient to cause catastrophic aggregation in Arc-S-VLV, but not in a wild-

type background, which contains low local sequence hydrophobicity.  These conclusions must be 

tempered by the fact that poor protein expression has made assessing the effects of VLV-P15A 

and VLV-P8A-P15A quite difficult.  We suggest that the growth arrest observed in these 

constructs is correlated to misfolding and aggregation (91, 111), although VLV-P15A shows 

some evidence for growth arrest but not aggregation. 

A number of natural proteins have been shown to produce amyloid-like aggregates under 

specific conditions, with an appearance by electron microscopy and response to thioflavin T 

fluorescence indistinguishable from disease-causing amyloid (3, 75). A logical follow-up to this 

work would be to compare the thioflavin T fluorescence for Arc-VLV-P8A-P15A, Arc-P8A-

P15A, and Arc-S-VLV.  One could also visualize these proteins by electron microscopy; 

however, the low expression of Arc-VLV-P8A-P15A may prevent obtaining sufficient quantities 

of protein needed for such an analysis, and distinguishing the protein of interest from low 

amounts of impurities would be difficult. 
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In addition to proline residues, glycine, lysine and arginine residues may also act as 

“gatekeepers” (132, 133), but these residues add flexibility or positive charge to a polypeptide 

chain while prolines add rigidity.  Although the substitution of P8 and P15 in Arc-S-VLV with 

alanine was suggestive of aggregation, it would be interesting to substitute these positions in S-

VLV with glycine or a positively charged residue to determine if the manner in which proline 

and these other residues are able to act as gatekeepers is based on structural context. 

The importance of the formation of intermolecular contacts by a highly hydrophobic region of 

protein sequence has also been suggested as a safeguard against amyloid formation (134).  The 

dimer interface of wild-type Arc repressor forms early during protein folding since it is necessary 

for hydrophobic core formation (135).  The ribbon region participates in the dimer interface by 

engaging in hydrogen bonding across the antiparallel β-sheet, linking the two subunits together, 

although this occurs late in the folding process.  Therefore, proper folding of the octamer may 

also be maintained in part due to the interactions between the dimer interface.  Removal of the 

two proline residues does eliminate higher-order oligomer formation and promote aggregation, 

suggesting that if these intermolecular interactions do play a role in stabilizing the oligomer 

structure, they also require the presence of at least one proline residue to completely prevent 

misfolding and/or aggregation.  In Arc repressor, the local sequence itself, rather than 

intermolecular contacts, is probably the driving force toward aggregation. 

Importantly, this work also suggests that inserting highly hydrophobic sequences between P8 and 

P15, even those predicted to be highly aggregation-prone like Arc-S-VLV, may allow the 

population of multiple, novel oligomeric states without the added complication of poor 

expression, protein misfolding, and large-scale aggregation.  As a test of this assumption, Parts 2 

and 3 of this chapter involve the substitution of a variety of other hydrophobic sequences into the 
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strand region, none of which show apparent aggregation, in keeping with the idea that proline 8 

and proline 15 are able to mitigate aggregation in Arc repressor. 

 



169 

 

Part 2: Substitution of Known Amyloidogenic Sequences for the Arc repressor β-Strand 

Does Not Induce Aggregation. 

In order to test the limits of high local sequence hydrophobicity in populating folded structures 

without aggregation in Arc repressor, we replaced residues 9-13 (QFNLR in wild-type Arc and 

VFLLV in Arc-S-VLV) with LVFFA, residues 17-21 in the Aβ protein.  Residues 17-20 

(KLVFF) from Aβ have been implicated in amyloid formation (125), but in keeping with the 

idea of high local sequence hydrophobicity in the strand region, we substituted residues 17-21 

(LVFFA) from Aβ into Arc repressor.  This 5-residue sequence is part of a 10-residue segment 

that is sufficient for amyloid fibril formation (67) and has been utilized as a target for small 

molecule inhibition of Aβ (136, 137).   

When a closely related sequence, KLVFFA, was  introduced into the disordered N-terminus of 

the SH3 domain of natively folded α-spectrin, the protein became amyloidogenic (126).  

However, when KLVFFA was inserted into the β-strand near the C-terminus of the SH3 domain, 

the protein did not aggregate, suggesting that this region of the protein is protected from 

aggregation by incorporating the KLVFFA sequence into the native fold.  We wondered whether 

the insertion of LVFFA into the structurally mutable strand region of Arc repressor would cause 

population of a novel folded state, as in the case of Arc-S-VLV, or widespread aggregation, as in 

the case of the N-terminal insertion in the SH3 domain, or some other effect, such as global 

unfolding. TANGO (118) predicted that Arc-Aβ would be highly aggregation- prone in the 

strand region (88% average for the region), but not as aggregation prone as Arc-S-VLV (98%, 

Figure 4-7).  We predicted that since the sequence insertion was hydrophobic, albeit not as 

hydrophobic as S-VLV, that it was possible that this construct would adopt a higher-order 

oligomer fold or multiple folds, similarly to Arc-S-VLV. 
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Figure 4-7: TANGO predicts an amyloidogenic sequence when LVFFA is substituted into the 

strand region.  TANGO predicts an 80% aggregation propensity when the LVFFA sequence of Aβ is 

substituted into the strand region of Arc repressor.  While this is a high propensity, S-VLV is predicted to 

have an aggregation propensity of 98%, but this variant does not aggregate.  Comparatively, the strand 

region of wild-type Arc shows no propensity for aggregation.  On the figure, one-letter codes for residues 

9-13 are written out for all three proteins.  (The shoulder on the large peaks represents W14.) 
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We expressed and purified an Arc repressor variant containing the sequence LVFFA substituted 

for residues 9-13, which we designated “Arc-Aβ”.  By size exclusion chromatography, Arc-Aβ 

eluted as a single peak at the same volume as wild-type Arc dimer with or without a four hour 

heat treatment, suggesting that the protein was exclusively dimeric (Figure 4-8). There was no 

evidence of protein at the void volume of the column or partitioning of the protein into an 

insoluble state during refolding or heat treatment, as would be expected in aggregate formation.  

The far UV circular dichroism spectrum of Arc-Aβ is similar to wild-type, particularly 

containing strong minima at 222 nm and 208 nm, suggesting retention of all or most of Helices A 

and B in the mutant.  Arc-Aβ also displays a mostly reversible monophasic melt with a Tm of 68 

°C at 25 µM concentration, approximately 5 °C more stable that wild-type Arc at the same 

concentration.  These results suggest, surprisingly, that introduction of the LVFFA sequence 

causes neither oligomer formation nor wholesale aggregation, but instead is accommodated 

readily as a stable dimer structure. 

In order to assess the detailed structural changes between Arc-Aβ and the wild-type dimer, we 

prepared a uniform 
13

C-
15

N-labeled sample of the protein and assigned 92% of the backbone 

resonances using standard heteronuclear and triple resonance NMR assignment approaches.  The 

helical regions in Arc-Aβ have similar chemical shift values to both wild-type and switch Arc, 

allowing NH chemical shift assignments to be relatively straightforward (Figure 4-9 and 

Appendix D).  The peaks for residues 9-14, however, appear broadened relative to the rest of the 

structure and are clustered in the region from 8.25-7.6 ppm and 121-125 ppm. A Hα chemical 

shift comparison between published Hα shifts of wild- type Arc, switch Arc, and Arc-Aβ 

suggests that the secondary structure of the strand region more closely resembles switch Arc, 

although the Hα shifts for all strand residues have lower values for Arc-Aβ than switch Arc 
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Figure 4-8: Arc-Aβ folds stably as a dimer.  (A) Size exclusion chromatogram of 200 µM unheated 

Arc-Aβ in SB250 buffer. Elution volumes of Arc-S-VLV and wild-type Arc in SB250 buffer are shown 

as brown dashed lines for comparison.  (B) 25 µM unheated proteins in SB250 in a 1.00 mm path length 

cuvette at 20 °C.  (C) 25 µM unheated Arc-Aβ in SB250 from 20-100 °C with a 2 °C step size and 2 

minute equilibration time in a 2.00 mm path length cuvette. 
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Figure 4-9: Assigned 
1
H-

15
N HSQC of Arc-Aβ.  A representative spectrum of 3.5 mM unheated Arc-Aβ 

in 50 mM MES (pH 5.5), 50 mM KCl at 25 °C.  Amide N and NH resonance assignments are listed on 

figure.  Assigned chemical shifts for residues 9-14 are circled in magenta.  These and additional NMR 

chemical shifts are summarized in Appendix D.   
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 (Figure 4-10).  A more complete chemical shift analysis of Arc-Aβ from collected CO, Cα, and 

Hα resonances suggests that the strand region is disordered, since the shifts for most of these 

atoms closely resemble random coil chemical shifts, while residues found in wild-type Helix A 

and B regions appear helical (Figure 4-11).  TALOS analysis of Arc-Aβ using the NH, Cα, and 

Hα chemical shift values in Appendix D also suggests that the structure of the strand region is 

ambiguous, although residues 9-14 do not seem to show a strongly suggestive random coil index 

(RCI) value (Figure 4-12).  Taken together, these results indicate that the overall structure of 

Arc-Aβ contains Helix A and Helix B in an arrangement similar to wild-type and switch Arc and 

that the strand region does not seem to possess a well-defined, regular secondary structure. 

In order to further probe the structure of the strand region, we performed T1 and T2 
15

N 

relaxation experiments (138) on Arc-Aβ (Figure 4-13).  The ordered regions of Arc repressor 

contains a relatively long T1 (longitudinal) relaxation time of 800 ms, while the termini have a 

shorter T1 relaxation time of 500 ms, causing polarization to return most quickly at the termini 

of the protein, which are less ordered.  If disordered regions are present, their T1 relaxation 

should also be relatively rapid.  The strand region does not contain particularly low T1 values, 

suggesting no detectable difference in dynamics between the strand and Helix A and B regions 

of the sequence, at least by this measure.  T2 (transverse) relaxation decay should be highest at 

the ends of the protein, since this parameter designates loss of coherence, which occurs faster in 

disordered regions and termini.  A disordered region should have a relatively high T2 value, 

which the strand region does not.  In fact, the T2 values in the strand region are shorter than the 

helix regions.  The shortened T2 values for residues 9-14 relative to the rest of the protein may 

suggest millisecond to microsecond conformational exchange in this region (139), or that 

multiple conformations are in exchange on the NMR timescale.  Taken together, these 
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Figure 4-10: Hα chemical shift comparison between wild-type Arc, switch Arc, and Arc-Aβ suggest 

that the structure of Arc-Aβ is most similar to switch Arc.  Chemical shifts of Hα peaks for wild-type 

Arc (blue), switch Arc (red) and Arc-Aβ (yellow) compared to random coil values.  Positive values 

correlate to strand topology, while negative values correlate to helix topology.  Note that all three proteins 

appear to have Helix A (residues 17-30) and Helix B (residues 32-44) intact, although there are 

differences in the strand region (residues 9-14). 
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Figure 4-11: Secondary chemical shifts for Arc-Aβ suggest an ambiguous topology for residues 9-

14.  A more detailed look at the chemical shifts of CO, Cα, and Hα chemical shifts for Arc-Aβ compared 

to random coil values.  In CO and Cα, negative values correspond to strand topology, while positive 

values correspond to helix topology.  In Hα, positive values correspond to strand topology, while negative 

values correspond to helix topology.  All three panels depict intact Helices A and B. 
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Figure 4-12: Predicted secondary structure from TALOS+ suggests that the Arc-Aβ strand region 

is probably disordered or in exchange.  (A) TALOS + output results from random coil index (RCI) 

analysis using the chemical shift values presented in Appendix D.  In this representation a low S
2 

value 

represents a residue with a high likelihood of a random coil conformation, while a high S
2
 value 

(approaching 1) represents a structured residue. (B)  TALOS+ secondary structure prediction by residue.  

Here, negative values represent helical topology and positive values represent strand topology.  Residues 

with predicted secondary structure close to zero represent ambiguous or disordered regions.  Note that this 

is the same secondary structure convention as Hα resonances in Figure 4-11, and the same predicted 

results.   
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Figure 4-13: 
15

N relaxation analysis for Arc-Aβ.  A 2.5 s relaxation delay was used for both T1 and T2 

experiments. (A) T1 relaxation time by residue. Mixing times of 0, 30, 60, 120, 240, 480, and 750 msec 

were used for T1 relaxation.  (B) T2 relaxation time by residue.  Mixing times of 10, 30, 50, 70, 90, 130, 

and 170 msec were used for T2 relaxation. Note that outlier residues in the poorly-dispersed region of the 

spectrum which contained overlapping resonances (S5, V22, R31, N34, and Q39) were not included in 

this analysis. 
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experiments suggest that the strand region is complex and at least partially ordered in Arc-Aβ, 

although the helical regions of the protein appear to remain intact and resemble the switch Arc 

and wild-type Arc arrangements. 

 

Summary of Arc-Aβ Characterization. 

The detailed characterization of Arc-Aβ suggests that when the LVFFA sequence is introduced 

into the Arc repressor protein, the resulting structure is a stably folded dimer with a 

conformationally dynamic strand region.  The Arc-Aβ results also indicate that the S-VLV 

higher-order oligomer requires a specific hydrophobic sequence to form, rather than being 

encoded by any very hydrophobic sequence in residues 9-13.  Thus, although hydrophobic 

substitutions in S-VLV promote novel oligomeric folds, not all highly hydrophobic sequences in 

this region do so.  On the other hand, the relaxation data leave open the possibility that Arc-Aβ 

has multiple local structures within the dimer, similar to Arc-N11L.   

Substitution of this amyloidogenic sequence into the Arc repressor protein is not sufficient to 

promote aggregation.  This conclusion speaks again to the context-dependence on amyloid 

formation as in the SH3 domain insertion (126) and points to the importance of gatekeeper 

residues P8 and P15 in preventing aggregation in this and the S-VLV sequence.  Relatedly, 

substitution of the LVFFA sequence and C-terminus in native Aβ with other hydrophobic 

residues causes the protein to aggregate regardless of the number of and precise nature of the 

substitutions (74), suggesting that hydrophobicity itself, and context rather than precise 

sequence, drives these instances of aggregation.  However, neither S-VLV nor Arc-Aβ 

aggregate, suggesting a variety of hydrophobic substitutions, even those predicted to be 
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detrimental, are tolerated in this region.  The limits of this observation in the context of S-VLV 

are explored in the following section. 
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Part 3: Requirements for Oligomer Formation in the Strand Region of Arc Repressor- 

Characterization of Single, Double, and Triple Polar-to-Hydrophobic Mutants. 

Simple exact models predict that an increase in sequence hydrophobicity will increase structural 

degeneracy (12, 124), and this prediction was experimentally validated by the structures 

observed with an increasing number of polar-to-hydrophobic substitutions from wild-type Arc 

repressor, through Arc-N11L, to Arc-S-VLV (28, 115).  In the simple exact models that 

predicted this relationship, amino acids are designated by binary assignments of either polar or 

hydrophobic (5, 12), therefore, other hydrophobic substitutions than valine, leucine, and valine in 

Arc repressor should theoretically produce degenerate states based on this model.  The Arc-Aβ 

protein developed in Part 2 of the chapter contained lower overall sequence hydrophobicity than 

Arc-S-VLV and produced only dimer.  However, it is possible that other more hydrophobic 

sequences may be capable of forming higher-order oligomers like Arc-S-VLV.  In order to probe 

the specific determinants of structural specificity and oligomerization in the Arc repressor strand 

region, we characterized a variety of mutants, some which were briefly studied by Cordes et. al. 

(28, 97), through substitutions of residues 9, 11, and 13, spanning the continuum of 

hydrophobicity.  

 

One or two polar-to-hydrophobic substitutions in the strand region populate dimeric wild-

type or both wild-type and switch folds. 

To probe the basic requirements for oligomer formation, we produced all possible variants 

containing either one or two of the hydrophobic substitutions present in S-VLV.  Like wild-type 

Arc, the melt profiles of the single and double mutants show incomplete reversibility due in all 

likelihood to the high upper limit temperature (100 °C) used in the experiment (Figure 4-14).   
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Figure 4-14: Thermal melts of single and double Arc repressor strand mutants.  50 µM unheated Arc 

single and double polar-to-hydrophobic substitution mutants in SB250. Melts were analyzed from 20-100 

°C with a 2 degree step size and 2 minute equilibration time in a 2.00 mm path length cuvette. Substituted 

residues are indicated in bold.  Tm values for the mutants are indicated in Table 4-1.  Note that Arc-QLR 

by this nomenclature is the same mutant as Arc-N11L, which has been previously studied. 
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The single mutants all have Tm values slightly higher than wild-type Arc at 50 µM concentration, 

ranging from 65-69 °C, compared to 63 °C for wild-type Arc (see Chapter 2).  The double 

mutants possessed similar melt profiles, but all had melting temperatures higher than wild-type 

Arc by a slightly larger margin than the single mutants (ranging from 68-77 °C, Table 4-1).  In 

all cases, the resulting proteins were dimeric by size exclusion even upon heat annealing, 

suggesting that unlike Arc-S-VLV, no higher-order oligomer state is accessible for single and 

double mutants (Figure 4-15 Panel A).  Far UV circular dichroism spectra of all single and 

double mutants resemble the wild-type and/or switch folds of the protein (Figure 4-15 Panel B).  

It is difficult to distinguish whether the single and double mutants fold predominately into the 

wild-type or switch fold from far UV circular dichroism alone.  In switch Arc, the “shoulder” 

from 230-240 nm is wider than in wild-type, which seems to be the case in double mutants Arc-

QLV and Arc-VLR, which both contain the asparagine to leucine mutation at position 11 known 

to populate the alternate dimer (98).  

Both Arc-N11L and Arc-S-VLV contain the wild-type and switch dimer folds in temperature-

dependent intermediate to fast exchange.  To determine whether one or both forms of the dimer 

were present in the double mutants, we prepared 
15

N-labelled samples of the three double mutant 

variants, and evaluated the presence of one or more dimeric forms in a manner similar to S-VLV 

(see Chapter 2, Figure 2-2 Panel B).  One key element which showed broadening in N11L and S-

VLV, but not in wild-type or switch at 25 °C was the Ɛ1 peak of W14, which moves its position 

rather drastically in the sheet versus helix structure, and is exchanged-broadened severely 

broadened at 25 °C due to the presence of both folds in millisecond time-scale exchange.  

Furthermore, this resonance is well-resolved from other resonances in both the wild-type and 

switch folds, appearing in the region from 10.5-9.5 ppm, and is free from overlap and thus 
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Figure 4-15:  Single and double Arc repressor strand mutants by size exclusion and far UV circular 

dichroism.  (A) 300 µM heat annealed Arc repressor single and double polar-to-hydrophobic substitution 

mutants in SB250.  The three letter mutant nomenclature signifies positions 9, 11, and 13 in the strand 

region.  Hydrophobic substitutions are indicated in bold. (B) 25 µM unheated single and double Arc 

repressor strand mutants in SB250 in a 1.00 mm path length cuvette at 20 °C.  Note that Arc-QLR by this 

nomenclature is the same mutant as Arc-N11L, which has been previously studied. 
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Figure 4-16: Double mutants Arc-QLV and Arc-VLR appear to adopt both the wild-type and 

switch dimer folds, and Arc-VNV resembles wild-type.  
15

N-
1
H HSQC of 

15
N-labeled 87 µM double 

mutants in 0.05 M MES (pH 5.5), 0.05 M KCl at 25 °C shown overlaid with wild-type Arc and switch 

Arc.  Of particular interest is the lack of a peak for QLV and VLR in the 10.5-9.5, 130-125 region where 

the Ɛ1 peak of W14 is present for VNV, wild-type, and switch Arc.  (B) is a close-up of a region of the 

spectrum with a line connecting equivalent resonances. 
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ambiguity with other resonances.  Spectra of 
15

N-Arc-QLV and 
15

N-Arc-VLR lack peaks in the 

W14 Ɛ1 portion of the spectrum, indicating that these mutants are alternating between the wild-

type and switch folds at 25 °C. (Figure 4-16).  
15

N-Arc-VNV, however, does contain a peak in 

the W14 Ɛ1 region of the spectrum (9.6 ppm, 126.5 ppm), suggesting that this double mutant 

adopts a single fold.  The location of the resonances in Arc-VNV aligns most closely with the 

wild-type chemical shifts, indicating that Arc-VNV likely adopts the wild-type fold (Figure 4-

16).  Based on these results, the central leucine at position 11 is essential and sufficient for the 

switch fold to be populated.  Thus, L11 acts as a doorway, opening up a new avenue of structure 

space.   

 

Three highly hydrophobic polar-to-hydrophobic substitutions in the strand region are 

sufficient to produce higher-order oligomers. 

We substituted positions 9, 11, and 13 simultaneously with a variety of residues, ranging from 

highly hydrophobic to relatively neutral and encompassing small to bulky side chains (Table 4-

1).  When all three surface positions were substituted with highly hydrophobic residues: a 

combination of isoleucine, valine, leucine, and phenylalanine; higher order oligomer formation 

was detected by size exclusion (Figures 4-17 and 4-18).  The population of higher-order 

oligomers occurred in a temperature-dependent manner, with a longer heat annealing time 

corresponding to a greater percentage of higher-order species, similarly to Arc-S-VLV (Figure 1-

11).  While there are differences in relative elution volume of the major peaks between the triple 

mutants, most show two distinguishable differently-sized states, similarly to Arc-S-VLV.  

Whether these peaks in the triple mutants correspond to the same oligomer sizes as S-VLV 

cannot be accurately determined from the size exclusion data alone.  The exceptions to this two- 
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Figure 4-17: Heating highly hydrophobic Arc repressor triple mutants favor higher-order oligomer 

formation (1 of 2). Size exclusion of 300 µM triple polar-to-hydrophobic variants in SB250 buffer.  

Curve color represents length of heat annealing treatment: green for unheated, yellow for 2 h at 80 °C, 

and red for 4 h at 80 °C. Elution volumes of heated Arc-S-VLV (orange dashed line) and wild-type Arc 

(cyan dashed line) are shown for comparison. 
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Figure 4-18: Heating highly hydrophobic Arc repressor triple mutants favor higher-order oligomer 

formation (2 of 2). Size exclusion of 300 µM triple polar-to-hydrophobic variants in SB250 buffer.  

Curve color represents length of heat annealing treatment: green for unheated, yellow for 2 h at 80 °C, 

and red for 4 h at 80 °C. Elution volumes of heated Arc-S-VLV (orange dashed line) and wild-type Arc 

(cyan dashed line) are shown for comparison. 



189 

 

state pattern are Arc- LLL, which suggests at least three different oligomer sizes, and at the 

opposite end of the continuum, Arc-AAA and Arc-TTT, which suggest a single oligomer size, 

most likely dimer.  The extent of higher-order oligomerization also varied depending on the 

particular amino acid substitutions.  For example, Arc-FFF produced a different oligomerization 

pattern from Arc-LLL, both with and without heat treatment.  None of the variants tested showed 

evidence of aggregation although the highly hydrophobic variants in particular were predicted to 

be strongly aggregation prone by TANGO, similarly to Arc-S-VLV (Table 4-1).  Three variants 

including those which contained moderate hydrophobic substitutions (Arc-AAA and Arc-MMM) 

and slightly polar substitutions (Arc-TTT), adopt primarily dimeric folds even upon heating 

(Figure 4-18). This pattern suggests that as the hydrophobicity of the substitutions increases, the 

Arc mutants are more likely to populate higher-order oligomers.  The homotypic mutants in 

Figure 4-17 suggest that the most hydrophobic mutants Arc-VVV and Arc-III form the highest 

percentage of oligomer initially, followed by Arc-LLL and Arc-FFF with an intermediate 

percentage, and finally Arc-MMM and Arc-AAA with little to no higher-order oligomer 

formation.  Thus, not all residues grouped into the binary hydrophobic category in simple exact 

models terminology are able to produce multiple structurally degenerate states (particularly 

higher-order oligomer) in Arc repressor.  It is also worth noting that the variants showing the 

highest percentage of oligomer contain β-branching, which affected the wild-type versus switch 

fold populations in previously studied position 11 mutants (94). 

We also analyzed mutants with mixed amino acid substitutions (Figure 4-18).  These triple 

mutants also showed a higher oligomerization propensity with higher sequence hydrophobicity 

(compare the unheated spectra of Arc-VIV and Arc-FLF).  However, the highly hydrophobic 

mixed variants show almost complete conversion to higher-order oligomer upon heating.  This 
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analysis contains two outliers: the polar sequence Arc-TTT for comparison to hydrophobic 

mutants, and Arc-YYV, a mostly-polar variant with bulky sidechains.  While Arc-YYV can still 

form some higher-order oligomer upon heating, probably as a result of the valine side chain, 

Arc-TTT is completely dimeric, suggesting only the most four to five most hydrophobic amino 

acids are able to induce higher-order oligomer formation in Arc repressor.  In particular, those 

with mixed polar/nonpolar character show a tendency to adopt the higher-order fold in some, but 

not all, cases.  

A comparison of heated and unheated far UV circular dichroism spectra of the triple mutants 

reflects the pattern observed in Arc-S-VLV (Figure 4-19).  The mutants shown in Figure 4-19 

that populate higher-order oligomeric states by size exclusion show a reduction in helicity 

following an 80 °C heat treatment, similar to S-VLV.  In these mutants, the loss of negative 

ellipticity at 222 nm in heated samples is greater in the cases where a larger transition in 

oligomeric state upon heating occurs (Arc-LLL and Arc-III).  Arc-TTT, which shows little to no 

structural transition upon heating by size exclusion, suggests a heating-independent far UV 

profile.  The higher-order oligomer forms of the triple mutants, while potentially different in 

oligomeric composition than Arc-S-VLV, show similar effects from heating in their far UV 

profiles, suggestive of a similar structural rearrangement to reach the higher-order oligomer state. 

The melt profiles of the triple mutants suggest highly stable proteins similar to Arc-S-VLV 

(Figures 4-20 and 4-21).  Like Arc-S-VLV, many of the melts are partially reversible, some 

clearly showing biphasic transitions (Arc-ILI and Arc-VIV), while others show a gradually 

sloping transition with a high Tm (Arc-III and Arc-VVV).  As in the case of Arc-S-VLV, 

determining Tm values for many of these variants is complicated by the fact that the Tm value is 

close to the upper limit of the thermal melt (100 °C) in some variants and/or cannot be fit to a 
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Figure 4-19: Heated and unheated comparison of selected triple Arc repressor strand mutants by 

far UV circular dichroism indicates a reduction in helicity accompanies higher-order oligomer 

formation.  50 µM triple polar-to-hydrophobic variants in SB250, both unheated and heat annealed for 4 

hours at 80 °C.  Spectra were collected at 20 °C in a 1.00 mm path length cuvette.  For most triple 

mutants, helicity at 208 nm and 222 nm is reduced upon heat treatment. 
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Figure 4-20: Thermal melts of triple Arc repressor strand mutants indicate reversibly folded 

proteins (1 of 2).  50 µM Arc triple polar-to-hydrophobic variants in SB250.  Melts were analyzed from 

20-100 °C with a 2 degree step size and 2 minute equilibration time in a 2.00 mm path length cuvette. 

Approximate Tm values for each variant are indicated in Table 4-1. 
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Figure 4-21: Thermal melts of triple Arc repressor strand mutants indicate reversibly folded 

proteins (2 of 2). 50 µM unheated Arc triple polar-to-hydrophobic variants in SB250.  Melts were 

analyzed from 20-100 °C with a 2 degree step size and 2 minute equilibration time in a 2.00 mm path 

length cuvette. Approximate Tm values for each variant are indicated in Table 4-1. 
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simple two-state model.  However, all the highly hydrophobic triple mutants are quite stable, 

with approximate Tm values similar to S-VLV.  The more conservative triple mutants (Figures 4-

20 and 4-21) possess lower apparent Tm values, consistent with their limited ability to adopt 

highly stable higher-order oligomer states.  The melt profiles of these triple mutants qualitatively 

confirm that variants which are able to form higher-order oligomer also possess a stability 

increase relative to those that are largely dimeric, although this stability increase is difficult to 

quantify for some mutants. 

Taken together, the triple substitution mutants suggest that a combination of three highly 

hydrophobic amino acids substituted at positions 9, 11, and 13 is necessary and sufficient to 

promote higher-order oligomer formation.  Additionally, these oligomers may vary in size and 

distribution depending on the particular substitutions at these positions.  However, most triple 

mutants seem to have two clear species: a higher-order oligomer populated upon heating and a 

dimer-like lower-order oligomer.  The higher-order oligomers seem to be similar to Arc-S-VLV 

in that they are promoted by heat treatment, are highly stable, and show a reduction in helical 

content relative to lower-order species. 

 

Conclusions: High sequence hydrophobicity populates higher-order oligomer structures. 

Arc-N11L provided a dramatic example that a single polar-to-hydrophobic substitution in 

position 11 was sufficient to populate a second well-folded and more helical dimer structure of 

Arc repressor (28).  In the double polar-to-hydrophobic mutants shown here, the N11L 

substitution governs whether the protein is able to adopt one or both of the dimer folds present in 

Arc-N11L; Arc-QLV and Arc-VLR appear populate both the switch and wild-type folds at 25  
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Table 4-1: TANGO aggregation propensities and thermal melt data collected for Arc repressor 

strand mutants show increasing stability and aggregation propensity with increasing polar-to-

hydrophobic substitutions. TANGO scores reflect aggregation propensity averaged between residues 9-

13.  The apparent oligomeric state determination is based on the size exclusion profile of heated samples.  

All thermal denaturation experiments were performed with 50 µM unheated protein.  The hydropathy sum 

was calculated for residues 9-13 from Kyte, J. Doolittle, RF.  JMB 1982 (48). 

*Due to the high Tm values and/or gradual melt profile for most melts presented here, reported values are 

± 3 °C.  For melts with Tm values near 90 °C, the reported values are most likely lower limit values. 
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°C.  By contrast, Arc-VNV appears to adopt a single fold.  Arc-S-VLV, with three polar-to-

hydrophobic substitutions, populates a higher-order oligomer state.  Oligomer states larger than 

dimer are not accessible if fewer than three polar-to-hydrophobic substitutions are introduced in 

the strand region.  Additionally, these substitutions must be relatively hydrophobic in nature; 

triple threonine and triple alanine variants do not appear to form species larger than dimer.  

Increasing the number of hydrophobic substitutions in the sequence increases the thermal 

stability of Arc repressor, with triple hydrophobic mutants possessing stability of 90-100 °C, an 

average of 30 °C higher than wild-type Arc repressor.  This result indicates that whatever 

oligomeric state(s) the triple mutants may possess, they incur a stability advantage to that variant 

(at least at the micromolar concentrations tested).  The ratio of higher- to lower-order of 

oligomeric states detected by size exclusion vary considerably based on the specific residue 

substitutions, suggesting at least minimal position dependence for given substitutions, similarly 

to the surface positions in the Arc repressor helices (93).  All of the higher-order oligomer 

forming triple mutants undergo transitions towards the higher-order state over a period of four 

hours of heat treatment at 80 °C, similar to Arc-S-VLV.  Additionally, a comparison of the far 

UV spectra for heated and unheated triple mutants indicate that the transition to higher-order 

oligomer involves a reduction of helicity, similar to the dimer-to-octamer transition in Arc-S-

VLV.  These results suggest that the higher-order oligomers formed by the array of triple 

mutants appear broadly similar in structure to the Arc-S-VLV octamer.  Although Arc-S-VLV is 

not the only triple polar-to-hydrophobic mutant to populate higher-order oligomer(s), the triple 

mutant studies shown here indicate a general trend of higher-order oligomer population with 

increasing polar-to-hydrophobic substitutions.  
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Conclusions on Hydrophobicity and Structural Specificity in Arc repressor. 

Although the Arc repressor protein has been studied extensively for the past thirty years, the 

work presented here represents the first instance in which oligomerization of an order greater 

than tetramer in this natively-dimeric protein was extensively investigated (13, 83, 93, 95, 140, 

141).  The results presented in this chapter suggest that proteins with a single native state and 

two-state folding transition may contain local mutational “tender spots” which can yield a cache 

of novel structures (2).  Since the accumulation of straightforward point mutations are one of the 

main driving forces behind protein structural evolution, the question is not if such positions exist, 

but rather where they reside in a given protein sequence, and in which proteins are they present.  

In the case of Arc repressor, the substitution of residue 11 is enough to produce a fold change, 

while additional substitutions in residues 9 and 13 open up a novel, higher-order oligomer 

structures, which vary depending on the particular substitutions. 

The simple exact lattice models which underpin the investigations presented in this dissertation 

suggest that polar-to-hydrophobic substitutions are one mechanism for promoting structural 

degeneracy.  When the strand region of Arc-S-VLV is substituted with other hydrophobic 

residues, most substitutions yield higher-order oligomers when all three positions are substituted.  

In the case of Arc-AAA and Arc-TTT (and Arc-MMM to a lesser extent), higher-order 

oligomers are not produced even upon heat annealing, presumably because these residues are 

only moderately hydrophobic or moderately polar.  Thus, while polar-to-hydrophobic 

substitutions do promote structural degeneracy in many cases, there are limits to how 

hydrophobic these residues must be in order to populate higher-order oligomers in S-VLV.   
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In the Arc repressor strand region, polar-to-hydrophobic substitutions yield a variety of folds and 

oligomeric states, none of which show evidence of nonnative aggregation, even when the 

amyloidogenic LVFFA sequence from Aβ is introduced.  Removal of both P8 and P15 flanking 

this region provides some evidence that this region can be radically remodeled so long as at least 

one proline residue remains in place to act as a gatekeeper.  Studies of amyloidogenic proteins 

and inserts suggest that the context of an amyloidogenic region is an important factor in its 

ability to aggregate.  For example, amyloidogenic sequences in well-folded regions of a protein 

(β2m (120), SH3-α-spectrin (126)) often do not form amyloid because the folded protein 

“protects” them against multimerization.  In Arc repressor, perhaps the sequence of the strand 

region itself, including the flanking proline residues, safeguards against aggregation. 

In Arc repressor, the strand region of Arc-S-VLV and related mutants oligomerize to form a 

central core of a discrete size of octamer or smaller, with a different arrangement than dimeric 

protein, and this oligomerization pathway seems central to the aggregation-avoidance observed 

in this system.  Oligomerization has been suggested as a safeguard against aggregation (108) and 

many disease-related native proteins pass through an intermediate oligomeric phase (63, 119) 

before adopting a final cross-β morphology.  Therefore, it is possible that Arc-S-VLV and related 

strand region hydrophobic mutants represent “trapped” oligomeric forms of a protein on the 

pathway to aggregation.  This is not the first instance of isolating a trapped pre-amyloid 

oligomer:  in β2-microglobulin, removal of the disordered 6-residue N-terminus confines the 

protein in a rearranged nonamyloidogenic state that precedes fibril formation (120) and a short 

segment of αB-crystallin can be used to form a β-barrel oligomer termed a “cylindrin” (119).   

Based on the similarity between the triple mutants analyzed here and Arc-S-VLV, these variants 

may represent different arrangements of a similar structure.  If this structure could be 



199 

 

determined, it would provide valuable evidence about the rearrangement of a native protein that 

has been slated for aggregation.   
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Materials and Methods. 

Mutagenesis, protein expression and affinity purification: A plasmid encoding the Arc repressor 

triple mutant S-VLV was constructed by QuikChange (Stratagene; Santa Clara, CA) site-directed 

mutagenesis of the synthetic arc-st11 gene in plasmid pET800 . The arc-st11 gene includes the 

coding sequence for the st11 C-terminal extension (H6KNQHE) to stabilize the proteins against 

degradation during expression and to allow for affinity purification (111).   Arc repressor strand 

substitution proteins were overexpressed in Escherichia coli strain BL21 (λDE3) cells 

transformed with the appropriate variant of pET800, and purified by Ni
2+

-NTA affinity 

chromatography under denaturing conditions by loading cleared cell lysates in 0.1 M NaH2PO4 

(pH 8.0), 0.01 M Tris, 6 M guanidine hydrochloride, 0.1 M imidazole onto 3 mL Ni
2+

-NTA resin 

per liter of culture, washing with 40, 40, and 20 mL fractions of the same lysis/loading buffer, 

and eluting with low pH using 6 M guanidine hydrochloride containing 0.2 M acetic acid. After 

elution, proteins were refolded by dialysis into SB250 buffer (0.05 M Tris (pH 7.5), 0.25 M KCl, 

0.2 mM EDTA) for 48 h at 4 °C, with one buffer change after 24 h. 

 

Size exclusion chromatography: Affinity-purified, refolded Arc repressor strand substitution 

proteins were injected onto a Superdex 75 size exclusion column (HR 10/30, GE Healthcare) and 

eluted isocratically with SB250 buffer at 25 °C.  Heat annealed Arc repressor strand substitution 

proteins were prepared by heating the samples to 80 °C for 2 h to 4 h in a hot water bath and 

cooling the samples to room temperature. Following cooling, samples were centrifuged at 13000 

xg for 10 m to remove any precipitate formed during heating, and then injected immediately on 

the size exclusion column to prevent unwanted exchange between multiple species (if present).  
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For temperature comparisons in Figures 4-12 and 4-13, proteins were concentrated to 0.3 mM 

prior to heating, since protein concentration affected the oligomer-to-dimer ratio of these variants 

similarly to the effects discussed in Chapter 3 for the multiple forms of Arc-S-VLV.   All protein 

samples were injected at 0.5 mL volume.  The void volume of the Superdex column and elution 

volumes for Arc-S-VLV and wild-type Arc were determined previously and are used as 

comparison standards for analysis, with elution volumes consistent with the values previously 

determined (see Materials and Methods in Chapters 2 and 3.)   

 

Circular dichroism: Far ultraviolet circular dichroism spectra of Arc repressor strand substitution 

proteins were obtained in SB250 buffer at 20 °C using either 25 µM affinity-purified protein 

(Arc-S-VLV proline substitutions, single and double strand substitutions, Arc-Aβ), or 50 µM Ni-

NTA-pure protein (Arc-P8A-P15A, triple strand substitutions).  Proteins were not size exclusion 

purified to allow multiple oligomeric states to be present in spectra.  Heated triple strand 

substitution proteins (Figure 4-14) were prepared as above, and analyzed by circular dichroism 

within 2 h of heat treatment and cooling.  All Arc repressor strand substitution proteins were 

analyzed in a 0.1 mm path length cuvette on a Olis DSM-20 CD spectrometer.  Scans were 

collected using a 30 second integration time per scan and signal averaging of three scans 

measured at 1 nm increments from 260 to 205 nm. Thermal denaturation profiles of Arc 

repressor strand substitution proteins were obtained in SB250 buffer using either 25 µM Ni-

NTA-pure protein (Arc-S-VLV proline substitutions, Arc-Aβ) or 50 µM Ni-NTA-pure protein 

(Arc-P8A-P15A, single, double, and triple strand substitutions) in a 2.0 mm pathlength cuvette. 

Samples were heated from 20 to 100 °C with a 2 min sample equilibration time, 2 °C step size, 
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60 s data collection time, and 50 s integration time with ellipticity monitored at 222 nm. Reverse 

melts consisted of the same parameters as the forward melts.  

 

Protein expression time course: Expression plasmids of Arc-S-VLV and Arc-VLV-P8A-P15A 

were transformed into Escherichia coli strain BL21 (λDE3) cells and plated on LB-amp agar.  

After overnight growth at 37 °C, single colonies were picked into 40 mL LB media containing 

50 µg/mL (w/v) ampicillin.  Both cultures were grown at 37 °C and 250 rpm until they reached 

an OD600 of 0.6. Cultures were centrifuged and the pellets were resuspended in 1 L LB media 

with 50 µg/mL (w/v) ampicillin.  Cultures were induced with 100 µg/mL (w/v) IPTG at an 

OD600 of 0.6.  OD600 readings and 1 mL culture aliquots were collected at 0, 1.5, and 3 h post-

induction.  Aliquots of 1 mL of Arc-S-VLV and Arc-VLV-P8A-P15A were also collected 

following cell lysis, throughout denaturing Ni
2+

-NTA purification, and following post-refolding 

into SB250 buffer.  Aliquots were mixed 1:1 with SDS gel loading buffer, boiled 10 m, and 

centrifuged at top speed for 5 m.  For eluate lane, the aliquot was diluted 1/10 prior to mixing 

with SDS buffer, since this sample contained Buffer F, which due to its high ionic strength 

diminishes electrophoretic resolution. 10 µL of each sample was loaded onto a 15% tris-tricine 

gel and run at 120 V.  Gels were stained for 1 h in 10% acetic acid and Coomaisse Brilliant Blue 

R-250 and destained overnight in 10% acetic acid. 

 

NMR spectroscopy: Uniform 
15

N-labelled Arc repressor double strand substitution proteins were 

prepared as described for  S-VLV, Arc-N11L, wild-type and switch Arc in Chapter 2 for Figure 

2-2 Panel B, resulting in 87 µM size-exclusion purified protein, with 10% D2O (v/v) and 0.01% 
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sodium azide (w/v) in 0.05 M MES (pH 5.5), 0.05 M KCl buffer.  As previously, NMR 

experiments were performed on a Varian Inova 600 MHz spectrometer equipped with a 

1
H/

15
N/

13
C cryogenic probe. 

15
N-

1
H correlation (HSQC) spectra were collected at 25 °C. 

Uniform 
13

C/
15

N-labelled Arc-Aβ was expressed as above, but grown in M9T minimal media 

with 0.8 g/L 
15

N-labelled 
15

NH4Cl as sole nitrogen source and 2.5 g/L 
13

C-labelled glucose as the 

sole carbon source. Arc-Aβ was purified under denaturing conditions as described above, 

refolded by dialysis into 0.05 M MES (pH 5.5), 0.05 M KCl, and further purified by size 

exclusion chromatography in the same buffer with a Superdex 75 HR 10/30 column (GE 

Healthcare). The protein was centrifugally concentrated (Amicon Ultra) to a protein 

concentration of 3.5 mM and brought to 10% D2O (v/v) and 0.01% sodium azide (w/v).   

Sequence-specific resonance assignments were obtained from analysis of 3D NOESY and 3D 

TOCSY spectra, performed on the Varian Inova 600 MHz spectrometer described above at 25 

°C, in TROSY mode where applicable. 

In Figure 4-13, a 2.5 s relaxation delay was used for both T1 and T2 experiments.  Mixing times 

of 0, 30, 60, 120, 240, 480, and 750 msec were used for T1 relaxation experiments and mixing 

times of 10, 30, 50, 70, 90, 130, and 170 msec were used for T2 relaxation experiments. All 

NMR data collected were processed with NMRPipe (NIH) and analyzed with SPARKY (UCSF). 

 

Chemical Shift Analysis, TALOS and RCI: Referenced chemical shifts for Arc-Aβ (listed in 

Appendix D) were compared to random coil values for each residue found in the BMRB (142).  

Chemical shift data for Arc-Aβ in NMR-Star format was loaded into the TALOS+ web server 

(http://spin.niddk.nih.gov/bax/nmrserver/talos/).  
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Prediction of Aggregation Propensity: Arc repressor strand substitution protein sequences were 

submitted to the TANGO server (http://tango.crg.es/ L. Serrano, EMBL).  Aggregation 

propensity is predicted based on a variety of factors including β-strand propensity (higher 

likelihood to aggregate), overall charge (lower charge more aggregation-prone), and residue 

burial in a two-window sampling approximation (118).  The average aggregation propensity 

values listed in Table 4.1 were calculated by averaging the individual aggregation propensities 

for residues 9-13 given in the TANGO output file.  For all variants analyzed, the rest of the Arc 

repressor sequence contained an aggregation propensity of 1% or lower.  

http://tango.crg.es/
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CHAPTER FIVE: 

CONCLUSIONS & FUTURE WORK 

 

Part 1: General Conclusions from this Study 

We have shown the importance of polar-to-hydrophobic substitutions on structural specificity 

using the Arc repressor protein as a model system.  In Chapter 1, we reviewed the protein 

sequence-to-structure relationship, and in particular the importance of sequence hydrophobicity 

on protein structure.  We also detailed previous studies on the effects of polar-to-hydrophobic 

surface substitutions in the helices and strand of the Arc repressor protein, which laid the 

foundation for the work presented here.  In Chapters 2 and 3, we explored the multiple folded 

states of Arc-S-VLV, an Arc repressor variant with three polar-to-hydrophobic surface 

substitutions at positions 9, 11, and 13 of the wild-type β-strand region.  Arc-S-VLV populates at 

least three topologies concurrently: wild-type dimer, switch dimer, and octamer (115).  We 

developed a truncated version of the octamer, Arc-VLV 4-44, that removes some of the C-

terminal disordered regions present in full-length S-VLV and isolates the octamer fold.  We 

characterized the VLV 4-44 octamer in detail, determining that it is a complicated mix of at least 

two subunit conformations with different degrees of foldedness, and is not the simple addition of 

one or both of the dimer states.  Trypsinolysis of this construct yielded a stable protein which 

produced several leads in crystal trials.  In Chapter 4, we examined the causes behind the lack of 

fibrillar aggregation in S-VLV, since the strand region is labeled as highly aggregation-prone by 

TANGO, yet S-VLV does not aggregate under any conditions tested.  Proline residues flanking 

the strand region at positions 8 and 15 appear to act as “gatekeepers” to prevent misfolding, 

allowing a vast array of hydrophobic residues to occupy positions 9, 11, and 13 and form higher-
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order oligomers and/or stable dimers but not gross aggregates.  This final chapter briefly 

discusses the implications of the findings from previous chapters, and suggests future 

experiments in the area of Arc repressor polar-to-hydrophobic substitutions.   

 

Folds in sequence space are closer than they might appear for the Arc repressor system.   

The robustness of many protein structures to small-scale mutation events has suggested that each 

protein is locked in one highly-stable three-dimensional structure (15).  However, some protein 

structures have been shown to switch folds, indicating groups of structures in sequence space 

may be closer than they classically appeared (26, 28).  The characterization of “bridge” (28, 29) 

or “metamorphic” (30) proteins in particular has shown that a few well-placed mutational events 

may allow proteins to adopt multiple folds or switch their structure to a different fold.  The Arc-

S-VLV variant represents one case of a bridge sequence which connects three different folds, 

and thus has been termed a “polymetamorphic” protein (115).   

Figure 5-1 depicts a view of protein sequence-structure space summarizing the Arc repressor 

work described here.  This representation shows three ellipses containing sequences encoding the 

wild-type dimer, switch dimer, and S-VLV octamer structure.  These three ellipses share points 

of overlap signifying sequences that can adopt multiple structures.  The S-VLV sequence is at 

the overlap point of three structures, allowing this single sequence to populate multiple folds.  In 

this representation, overlap between the octamer fold and each dimer fold independently is also 

shown.  Although we have not isolated these sequences, we cannot rule out their existence; there 

may still be novel sequence/structure patterns in this Arc repressor system.  Additionally, the 

VLV 4-44 sequence, which forms the higher-order oligomer folds exclusively, is shown within   
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Figure 5-1: A hypothetical view of protein sequence-structure space containing the Arc-S-VLV 

strand region mutants.  The Arc repressor structures are shown as ribbon diagrams, and as in Figure 1-

3, groups of sequences encoding these structures are shown as ellipses.  The region of overlap between 

wild-type Arc and switch Arc represents contains the Arc-N11L sequence.  The region of overlap 

between all three structures contains the Arc-S-VLV sequence.  Arc-VLV 4-44, which stabilizes the 

octamer fold, is shown in a region that adopts the octamer fold exclusively.  The octamer structure shown 

here is a hypothetical β-sandwich with partially structured helices derived from a model by M. Cordes.  

As suggested in the text, this figure also depicts bridges between the octamer fold and one dimer fold 

exclusively.  We have not yet encountered evidence for such sequences in the present work, although 

such structures may be possible.   
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the octamer structure. 

Bridge sequences are inherently difficult to study because they are predicted computationally to 

be on average less robust than the two native structures being connected (33).  However, the Arc 

repressor work here provides a counterexample.  A single substitution in residue 11 provides an 

increase in stability to the bridge protein Arc-N11L relative to the wild-type protein (28).  The 

two additional valine substitutions in the multi-way bridge Arc-S-VLV result in a further 

increase in stability of approximately 20 °C relative to wild-type Arc (115).  This Arc repressor 

continuum suggests that bridges can be more stable than the sequences encoding the individual 

folds that they connect, but this pattern may be the exception rather than the rule.  Although the 

stability of Arc repressor increases greatly in S-VLV, this comes at a cost to function.  Residues 

9, 11, and 13 are all involved in DNA binding in the wild-type protein (14, 84).  While the 

binding ability of the S-VLV octamer has not been tested, we assume that this variant adopts a 

novel fold at the expense of its ability to bind DNA.  (In Arc-N11L, the protein is able to bind 

DNA, but only through the wild-type fold (28).)  Perhaps the S-VLV octamer is able to perform 

a novel function, although this remains unclear from our work so far. 

Another interesting feature of this Arc repressor study involves the types of folds that are 

connected in structure space.  In Arc-N11L, a more helical fold is populated by a single 

substitution; a strand becomes a 310 helix (28).  In S-VLV, however, these two dimer structures 

are populated in addition to a less helical octamer, with approximately half the helical content as 

the wild-type dimer (115).  Thus, not only are similar folds close in structure space but diverse 

folds can be only a few substitutions away.  As suggested in Chapter 3, some subunits may 

require partial unfolding in order to be readily incorporated into an octamer structure, 

particularly the subunits with structure in residues 4-31.  In silico models of the octamer with a 
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hydrophobic core region containing residues 9, 11, and 13 have suggested that a structured Helix 

B sterically hinders the incorporation of eight identical fully-folded subunits (data not shown).  

Thus some subunits must contain partial unfolding and/or rearrangement of the Helix A and B 

region relative to the wild-type fold.  A high-resolution structure of the octamer would allow us 

to confirm this hypothesis experimentally. 

The Arc repressor system also presents an interesting conclusion about folding control.  As 

described in Chapter 1, the Arc repressor sequence has been studied extensively and subjected to 

a wide variety of mutational events.  Nonetheless, the Arc repressor triple hydrophobic strand 

substitutions represent the only known instance of higher-order oligomer formation in this 

system, beyond tetramerization of wild-type Arc repressor upon binding DNA (84).  All other 

mutational events resulted in dimeric proteins (except a specifically-engineered monomeric 

construct (141)) (28, 89, 90).  Lattman and Rose suggest that some protein structures are 

regulated by “centralized” folding control, in which a few key residues are responsible for 

protein structure (2).  In protein structures with centralized control, substitutions in the key 

residues controlling folding can yield a conformational “catastrophe.”  In Arc repressor, the 

centralized control for higher-order oligomer formation is localized in the β-strand region, but 

instead of yielding a conformational catastrophe, substitutions in this region allow the population 

of novel folds, which is its own form of conformational “catastrophe”.  Thus, in Arc repressor, 

locating the few key residues that specify folding control opened up new avenues of protein 

structure. 
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The importance of sequence hydrophobicity to protein structure, specifically in the Arc 

repressor system. 

To return to Part 2 of Chapter 1, increasing local sequence hydrophobicity in the Arc repressor 

system results in changes that affect protein stability and structural specificity.  These specific 

outcomes are discussed in detail below. 

In Arc-S-VLV, polar-to-hydrophobic surface substitutions increase stability of the protein 

structure.  The three substitutions progressively increase stability (Table 4-1), resulting in an 

overall stability increase of more than 20 °C in S-VLV relative to wild-type Arc.  Thus, in Arc 

repressor, local sequence hydrophobicity is correlated to stability, and modest increases in 

hydrophobicity produce dramatic increases in protein stability. 

The three substitutions introduced into positions 9, 11, and 13 of the Arc repressor in S-VLV 

increase the overall sequence hydrophobicity.  Based on a binary model of hydrophobicity, the 

wild-type Arc repressor sequence is 33% hydrophobic, which is on the low end of the Chan and 

Dill range for hydrophobic content in a hypothetical short sequence (Figure 1-4 Panel A) (49).  

Three hydrophobic substitutions increase the overall hydrophobicity to 40% in S-VLV.  This 

modest increase results in a sequence hydrophobicity that is predicted to produce entirely singly 

degenerate folds (Figure 1-4 Panel B).  However, this prediction was made on a short protein 

sequence, folded into two-dimensional space.  Longer, more complex peptides perhaps do not 

require as high levels of global sequence hydrophobicity in order to produce degenerate states 

particularly if they contain regions of high local sequence hydrophobicity.  In keeping with this 

conclusion, S-VLV contains extremely high local sequence hydrophobicity in the strand region.  

The Chan and Dill models shown in Figure 1-4 do not stipulate between global and local 



211 

 

hydrophobicity in their analysis, most likely because the short peptide length prevents such 

stipulations.  In the case of S-VLV, however, it is local sequence hydrophobicity which promotes 

structural degeneracy, even though global sequence hydrophobicity remains moderate. 

 

The benefits and drawbacks of simple exact lattice models.   

One of the goals of this work was to experimentally verify the computational predictions from 

Lau and Dill which suggested that increasing polar-to-hydrophobic substitutions leads to 

population of alternate, degenerate folds (12).  As discussed in Chapter 1, polar-to-hydrophobic 

surface substitutions in the helices of Arc repressor did not validate this viewpoint, and instead 

suggested that a limited number of hydrophobic substitutions could be introduced, but affected 

the solubility and folding reversibility of the protein (93).  A single residue surface substitution 

in position 11 in the strand region of wild-type Arc repressor suggested that one polar-to-

hydrophobic substitution was sufficient to populate an alternate fold (28), presumably by altering 

the side chain pattern within the protein core.  In this work, we show that two additional surface 

substitutions allow the protein to populate additional novel folds.  Polar-to-hydrophobic 

substitutions were predicted to increase structural degeneracy in the simple exact lattice models 

(see in particular Figure 1-4 Panel B), and the results presented here agree with that 

computational prediction (12).  The S-VLV octamer suggests a more dramatic rearrangement of 

the hydrophobic core than the switch form of Arc repressor detected in N11L, suggesting that 

adding hydrophobic residues to a sequence alters the protein core but still yields stable folds in 

the strand region of Arc repressor. 
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The caveat of these results is that these substitutions must be well-placed; progressive 

substitutions in the helices of Arc repressor have been shown not to produce a fold change (93).  

Similarly, other systems may not have the tolerance for multiple polar-to-hydrophobic 

substitutions.  The proline residues flanking the Arc repressor strand region incur a selective 

advantage to this construct for tolerating hydrophobic substitutions without loss of stable folding.  

Thus, context is an important element to consider when determining whether a particular protein 

sequence will produce structurally degenerate states.    

In the simple exact lattice models, Dill et. al. utilize a binary terminology, designating residues 

as either polar (P) or hydrophobic (H) (5, 124).  In the case of Arc repressor, we have shown that 

different degrees of hydrophobicity in the particular substitutions at positions 9, 11, and 13 affect 

the amount and type of higher-order oligomers produced.  Substitution of positions 9, 11, and 13 

with very hydrophobic residues (by the Kyte-Doolittle definition (48)) like isoleucine produce 

almost exclusively higher-order oligomer, while substitution with alanine produces exclusively 

dimer.  These residues would both be classified as hydrophobic according to the binary 

definition, and yet their results in our system are dramatically different.  This result in S-VLV is 

similar to the results obtained by Anderson et. al. with substitutions at position 11 in Arc 

repressor (94).  Different ratios of switch Arc to wild type Arc were obtained depending on the 

particular substitution at position 11, and significantly different ratios were obtained from 

residues with a similar degree of hydrophobicity (in this case, side chain β-branching was found 

to favor one fold over another) (94). 

Thus, a revision of the simple exact models terminology could include a measure of relative 

hydrophobicity to reflect these differences.  Expanding the binary patterning to four groups: 

highly hydrophobic (H) moderately hydrophobic (h), moderately polar (p), and highly polar (P) 
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would make the models somewhat less simple, but would better express the spectrum of 

hydrophobicity.  Four-parameter models have been developed by others (143-145), improving 

predictions of protein folding beyond the binary model. 

Lau and Dill also define a “Continuity Principle” from their work, which suggests that small-

scale mutations should lead to small changes (or no changes) in fold, while large-scale mutations 

should lead to large changes in fold (12).  Based on the alanine scanning results (13) and helix 

substitutions of Arc repressor (93), this principle appears to be valid for our system.  The strand 

substitutions also support this assertion, since both Arc-N11L and Arc-S-VLV retain the wild-

type fold, in addition to populating novel topologies rather than undergoing a complete fold 

switch.  Thus, many of the results presented here validate the simple exact lattice model claims, 

although these claims can be nuanced with a few additional observations regarding variability 

within a binary definition. 

 

Similarities of the Arc repressor structural transition to pre-amyloid oligomers.  

The centralized folding control observed in Arc repressor is also present in some amyloidogenic 

proteins (73).  In these sequences, stretches of five to fifteen amino acids are responsible for 

misfolding and aggregation.  The first step in the amyloidogenesis process, the formation of pre-

amyloid oligomers, shares similarities with the Arc-S-VLV octamer.   

Some amyloidogenic proteins contain regions of high local sequence hydrophobicity and low net 

charge that are protected from misfolding and aggregation by the arrangement or length of the 

native fold (7).  While not all amyloidogenic sequences contain high local sequence 

hydrophobicity, some do; most notably regions in Aβ (66-68), IAPP (69, 70), and α-synuclein 
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(71, 72).  In Arc repressor, the polar residues at positions 9, 11, and 13 in the β-strand face the 

solvent.  However, substitution with hydrophobic residues likely changes this arrangement, 

instead protecting these positions from solvent in S-VLV.   

One obvious difference between pre-amyloid oligomers and the S-VLV oligomer is the fact that 

pre-amyloid oligomers usually adopt a wide spectrum of sizes (9, 64), while S-VLV adopts only 

two known higher-order oligomer states, heptamer and octamer.  In pre-amyloid oligomers, 

different structural arrangements comprised of the same number of subunits may coexist (9); we 

have not yet determined if this is also the case for the S-VLV oligomers.   Most pre-amyloid 

oligomers ultimately result in low energy amyloid fibrils (7), and although some pre-amyloid 

oligomers have been characterized (119, 120, 146), they remain challenging to study due to their 

transiency and heterogeneity.  In Arc-S-VLV by contrast, the octamer form appears to represent 

the lowest energy state.  Unlike amyloid fibrils, the S-VLV octamer remains soluble and does 

not form rod-like polymerized structures.  For these reasons, we have recently suggested that S-

VLV may represent an example of a trapped pre-amyloid oligomer (115).  We have not tested S-

VLV or related variants for cytotoxicity at this point, although such an analysis would add depth 

to this argument (Part 2, below). 

Above all, the study shown here verifies experimentally that polar-to-hydrophobic surface 

substitutions are one method to unlock degenerate folded states, exposing fold switches and 

bridge sequences.  In Arc repressor, the novel higher-order oligomer states may describe a novel 

folding process which is more similar to pre-amyloid oligomer formation than the wild-type Arc 

dimer structure.  Further work, described below, can provide a more definitive answer to this 

question. 
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Part 2: Future work on the Arc repressor Strand Region 

In this final section, we present several remaining or follow-up experiments which can be used to 

bolster the data presented here on the nature of the polymetamorphic protein S-VLV.   

  

A high-resolution structure of the Arc-S-VLV octamer.   

One obvious drawback of the work presented here was our inability to solve a three-dimensional 

structure of the S-VLV octamer.  The shortened construct VLV 4-44 and trypsinolyzed product 

aided in the isolation of the smallest, well-folded protein unit.  However, trypsinolysis of VLV 4-

44 indicated that subunits of the octamer could contain at least two different degrees of 

foldedness.  From these results, we were unable to predict the ratio of fully-folded to partially 

folded subunits making up each octamer, and even whether each octamer contained the same 

arrangement of subunits.  A sensitive, conformation-dependent technique such as ESI-MS could 

be used to determine whether one or multiple subunit arrangements are present for the S-VLV 

octamer.  However, subtle differences between multiple octamer forms may fall below the 

sensitivity level of this technique.  A purified sample of heated trypsinolyzed VLV 4-44 

produced some crystal leads in the HWI microbatch-under-oil trials, but these crystals were not 

able to be replicated during in-house hanging drop trials.  Perhaps repeating these conditions 

using the microbatch-under-oil technique in-house would eliminate this problem (preliminary 

trials using this approach were unsuccessful at yielding crystals).  Additionally, the sitting drop 

method has been used to successfully reproduce microbatch-under-oil conditions in some cases 

where hanging drop trials have failed (M. McEvoy, personal communication).  High-resolution 

structure determination should be the prime focus of future work, since this outcome would 
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greatly enhance our knowledge about the S-VLV octamer, particularly the structural reasons for 

its formation from three hydrophobic substitutions. 

Short of a high-resolution structure, determining the subunit layout of the S-VLV octamer would 

also be a useful avenue of future work.  Cross-linking or selective isotope labeling may provide 

details of the subunit arrangement and conformations.  Additionally, NMR could be utilized to 

assign the structured regions of the subunits, although this would not provide a layout for the 

octameric structure.  Determining the resonance assignments for one or more subunits could also 

provide information on the secondary structure of the octamer, answering, for example, if the 

octamer structure is β-rich, as suggested by circular dichroism.  Determining the resonance 

assignments and secondary structure of one or more subunits of the octamer would be the next 

best option if a high-resolution structure of the S-VLV octamer could not be obtained. 

 

Octamer versus heptamer. 

As mentioned in the conclusion of Chapter 3, the structural similarity between the octamer and 

heptamer structures was not thoroughly investigated in a high temperature regime where 

resonances in ordered regions of the structure would be visible.  Comparison of the two 

structures by NMR at 25 °C showed no major structural differences, although at this 

temperature, only sharp resonances caused by disordered regions are visible. It would be useful 

to repeat this investigation with heated and unheated 
15

N-labelled samples of both full-length S-

VLV and VLV 4-44 in order to determine whether structural differences are present between 

these two higher-order oligomers.  Relatedly, an ESI-MS analysis of VLV 4-44 would bolster the 
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sedimentation equilibrium results which suggest that a heptamer form is present in unheated 

VLV 4-44 samples, while an octamer form is found in heated samples. 

In this work, the exchange between heptamer and octamer forms of the protein was difficult to 

study.  While the ESI-MS results from Chapter 2 suggest that the higher-order oligomer form of 

S-VLV is exclusively octameric, we do not know whether octamer persists indefinitely after 

heating or exchanges with heptamer.  Relatedly, we do not know if heptamer is able to convert to 

octamer without the application of a heat treatment.  A dedicated ESI-MS investigation could 

strengthen our knowledge on these two folds, and perhaps also be used to determine structural 

differences between these two forms.  ESI-MS was recently utilized to differentiate between 

wild-type and switch Arc (112), therefore detecting slight structural differences between 

heptamer and octamer may be possible with this technique. 

 

Is S-VLV a trapped pre-amyloid oligomer? 

As mentioned previously, a determination of the cytotoxicity and/or similarity of S-VLV and 

related variants to pre-amyloid oligomers should also be undertaken in the future.  In particular, a 

comparison of S-VLV and the proline-substituted mutants discussed in Chapter 4 Part 1 may 

provide some useful details on the aggregate species detected by size exclusion in the Arc-VLV-

P8A-P15A construct.  Relatedly, substitution of proline 8 and proline 15 with glycine or lysine, 

two types of gatekeeper residues that function differently than proline, incurring flexibility and 

positive charge, respectively, could provide an additional angle on gatekeeper residues.  This 

experiment would provide context for the study presented in Chapter 4: proline may be the only 
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gatekeeper able to prevent aggregation in the context of the S-VLV strand, or other types of 

residues may be able to take the place of proline in prevention of aggregation. 

 

Final Comments 

While this work answers many of the questions about multiple polar-to-hydrophobic protein 

surface substitutions in the strand region of Arc repressor, there are still a number of follow-up 

experiments to be completed, most notably determining a high-resolution structure of the S-VLV 

octamer.  With that piece of data, we will be able to show a progression from dimer to octamer 

structures with increasing substitutions and present a new, impressively stable bridge between 

disparate folds in protein structure space. 
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APPENDIX A: 

KYTE-DOOLITTLE HYDROPATHY SCALE 

 

 

Figure A-1: The Kyte-Doolittle hydropathy scale assigns positive values for hydrophobic residues, and 

negative values for hydrophilic residues.  The relative positions of amino acids are shown to the right of 

the scale.  Based on Kyte, J. Doolittle, RF.  JMB 1982. 
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APPENDIX B: 

CHEMICAL SHIFTS OF ARC-N11L 

Table B-1: Chemical shift comparison of wild-type Arc (published), switch Arc (published), and 

Arc-N11L. 

The following table contains chemical shift values for Arc-N11L collected on a single-labelled 87 µM 

size-exclusion purified protein sample in 0.05 M MES (pH 5.5), 0.05 M KCl analyzed on a Varian 600 

MHz equipped with a cold probe at 25 °C, as shown in Figure 2-2.  These shifts constitute assignment for 

92% of the protein sequence (excluding the st11 tail).  Note however that the switch interface at residues 

11-12 is not visible in this buffer within this temperature regime.  The wild-type Arc and switch Arc 

chemical shift values are published literature values from the BMRB.  However, the published wild-type 

Arc structure does not have reported amide shifts.  A 0.1 ppm chemical shift is applied to the published 

wild-type shifts for the table below, to compensate for referencing differences. This is the first published 

record of Arc-N11L chemical shift values, and  is particularly relevant for Chapter 2 and a comparison of 

previous reported shifts to Arc-Aβ in Chapter 4, Part 2. 
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APPENDIX C: 

RANDOM COIL CHEMICAL SHIFTS OF RESIDUES 29-44 OF ARC-VLV 4-44 

Table C-1: Chemical shift assignments and comparison for residues 29-44 of Arc-VLV 4-44.  

Below are the chemical shift values for Arc-VLV 4-44 collected on a 1.7 mM size-exclusion purified, 

heat treated 
15

N-labelled sample in 0.05 M MES (pH 5.5), 0.05 M KCl analyzed on a Varian 600 MHz 

equipped with a cold probe at 45 °C in TROSY mode, as shown in Figure 3-15.  These shifts constitute 

assignment for 40% of the protein sequence (excluding the st6 tail), from residue N29 to S44.  The 

chemical shift values were compared to random coil shifts from Wishart and Nip Biochem. Cell Biol. 

1998 (147).  Chemical shift differences (residue specific chemical shift – residue specific random coil 

shift  =  diff.) between Arc-VLV 4-44 and random coil residue-specific shifts for  H
N
 and Hα are shown 

in the purple columns.  The chemical shift differences are <0.4 ppm for most H
N
 and Hα resonances, 

suggesting that many of these residues may be disordered in at least some subunits of VLV 4-44. 
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APPENDIX D: 

CHEMICAL SHIFTS OF ARC-Aβ 

Table D-1: Chemical shift assignments for Arc-Aβ  

The following table contains chemical shift values for Arc-Aβ collected on a 3.5 mM size-exclusion 

purified, unheated double-labelled sample in 0.05 M MES (pH 5.5), 0.05 M KCl analyzed on a Varian 

600 MHz equipped with a cold probe at 25 °C, as shown in Figure 4-9.  These shifts constitute 

assignment for 90% of the protein sequence (excluding the st11 tail).  This protein is discussed 

extensively in Chapter 4, Part 2 of this dissertation. 
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APPENDIX E: 

CHARACTERIZATION OF ARC VARIANTS WITH MYL SUBSTITUTIONS 

C-terminal hydrophobic substitutions allow for higher-order oligomer formation in the Arc 

repressor S-VLV mutant. 

A variant of Arc repressor, “Arc-MYL” designed by Waldburger and Sauer (1995) replaced a 

buried salt bridge with hydrophobic interactions by substitution of three residues in Arc 

repressor: R31M, E36Y, R40L (90, 96).  These substitutions are in the loop region between 

Helix A and Helix B and in the structure of Helix B, respectively, and result in a hyperstable 

variant.  Based on the mutational work discussed in Chapter 4, we investigated whether Arc-S-

VLV with the –MYL substitution would form higher-order oligomer.  Since this mutant involved 

polar-to-hydrophobic substitutions outside the strand region, this set of experiments has been 

assigned to the appendix. 

As described previously, polar-to-hydrophobic surface substitutions could be employed to 

increase hydrophobicity in the helical regions of Arc repressor to a point (93).  However, none of 

these substitutions resulted in higher-order oligomer formation as in the case of Arc-S-VLV.  

Although the Arc-S-VLV results suggested the importance of local sequence hydrophobicity, 

were similar structural effects possible by  increasing global sequence hydrophobicity? One 

possible outcome was that adding additional hydrophobicity would overwelm the protein and 

cause it to misfold or remain unfolded.  While these substitutions still keep the global sequence 

hydrophobicity under the 70% hydrophobic threshold required for proper folding in most 

proteins (12), both the S-VLV and MYL substitutions were known to affect the global stability 

and folding of Arc repressor.   
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Figure E-1: Characterization of Arc repressor MYL variants by size exclusion and far UV circular 

dichroism.  (A) 300 µM Arc variants in 0.05 M MES (pH 5.5) 0.05 M KCl, with unheated Arc-S-VLV 

shown for comparison.   Note that MYL and N11L-MYL run at a volume comparable to dimeric S-VLV.  

(B) 50 µM Arc-MYL variants in a 1.00 mm path length cuvette at 20 °C. 
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In order to test these questions, we engineered the R31M, E36Y, and R40L substitutions into 

wild-type Arc repressor, Arc-N11L, and Arc-S-VLV backgrounds by mutagenesis. We purified 

the resulting constructs and analyzed the proteins by size exclusion chromatography, far UV 

circular dichroism, and thermal denaturation.  Both Arc-MYL and Arc-N11L-MYL folded 

predictably as dimers, in keeping with previous results (Figures E-1 and E-2).  These variants 

also acquired a significant stability increase as a result of the MYL substitution.  The Tm values 

are difficult to determine accurately, since the transitions are near the maximum temperature of 

100 °C.  When the MYL substitution is introduced into an Arc-S-VLV background, only higher-

order oligomer species are produced.  An unheated sample of Arc-VLV-MYL contains a broader 

size exclusion peak than S-VLV, suggesting multiple, similar-sized species.  Heated Arc-VLV-

MYL contains a sharper peak with an elution volume later than the S-VLV octamer, suggestive 

of a lower-order oligomer such as hexamer (Figure E-1 Panel A).  Unlike the large structural 

transition accompanying the heating of S-VLV, the far UV profile of VLV-MYL does not 

change significantly upon heating, suggesting the arrangement of the higher-order oligomer is 

not significantly stabilized by a heat treatment (Figure E-1 Panel B).  This conclusion is further 

supported by the fact that a melt of Arc-VLV-MYL does not exhibit an irreversible heating 

transition like unheated S-VLV (Figure E-2); instead, this melt is fully reversible, but appears 

biphasic.  It is unclear whether the MYL substitution incurrs a stability increase in the S-VLV 

background, since the Tm of this variant is near 90 °C, the upper limit of predictability in this 

temperature range. However, it is worth noting that this substitution is not destabilizing.  Based 

on what is know about the S-VLV higher-order oligomer from Chapters 2 and 3, these 

substitutions are near the C-terminal end of the folded, shortened construct (which ends at 

residue 44).  When truncating the Arc-S-VLV construct, we observed a significant increase in  
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Figure E-2: Melts of Arc repressor MYL variants suggested highly stable proteins.  50 µM Arc-

MYL variants in a 2.00 mm path length cuvette with a 2 degree step size and 2 minute sample 

equilibration time. 
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poorly folded products when the C-terminus was shortened by 12 residues (Figure 3-9).  This 

result combined with the MYL information here suggests that perhaps residues of the sequence 

through residue 40 are involved in higher-order oligomer stabilization, and a truncation at 

residue 41 significantly compromised this interface.  Relatedly, truncation back to residue 38 

produced an unfolded variant, probably as a result of removal of part of the buried C-terminal 

salt bridge made up of residues 31, 36, and 40.   

It is plausible that the higher-order oligomer state in Arc-VLV-MYL represents a species smaller 

than octamer, and such a result would add an interesting angle to the S-VLV characterization.  

Initial results from a ESI-MS collaboration with E. Dodds from the University of Nebraska 

suggest both heated and unheated samples of Arc-VLV-MYL contain tetramer and hexamer, 

with a greater percentage of hexamer in the heated sample when both proteins are at 100 µM 

concentration in an ammonium acetate buffer (different conditions than shown in Figure E-1).  

Interestingly, there is no apparent dimer peak in either heated or unheated Arc-VLV-MYL.  In 

the alanine scanning study of wild-type Arc repressor (13), substitution of R31 and R40 led to a 

reduction in stability, while substitution of E36 led to complete unfolding.  However, substitution 

of these three positions with a buried hydrophobic interaction appears to favor higher-order 

oligomer formation at the expense of dimer stability.  Taken together, these results indicate that 

the global Arc repressor sequence is relatively tolerant to polar-to-hydrophobic substitutions, and 

again, that the accumulation of such mutations, even throughout the protein sequence, may lead 

to the population of novel folds. 
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