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ABSTRACT 

The properties of proteins with reduced sequence complexity--either in the form of primary 

structure symmetry or restricted amino acid alphabets--are controversial.  Studies of protein 

biophysics and sequence analyses suggest that simplified proteins lack fundamental features of 

foldability and stability (generally considered to be prerequisites for functional protein 

structures). Conversely, models of protein emergence and evolution freely invoke simplified 

proteins and presume them to be stable, foldable, and structured.  To resolve this apparent 

contradiction, two model proteins with key features of sequence simplification were developed 

and their folding properties analyzed.  The first model protein is characterized by a symmetric 

sequence and is derived from the folding nucleus of a human protein, fibroblast growth factor-1.  

The second model protein, which also has a symmetric sequence, is greatly enriched for the 

amino acids that were present at the origin of life.  Studies of the stability, folding, and structure 

of these model proteins suggest that (1) the folding nucleus is a key element of protein evolution 

and design, (2) symmetric sequences are compatible with protein folding, and can confer 

robustness to structural reengagements that facilitate protein structure evolution, and (3) the 

amino acid diversity present on the early earth was likely sufficient to encode complex protein 

architecture, especially within a halophile environment.  In total, the data presented here support 

a crucial role for proteins with sequence symmetry or amino acid alphabet simplification in key 

biological processes. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Significance 

Simplified protein sequences are traditionally viewed as being incompatible with folding 

and stability and therefore of limited value as protein design targets (Borgia et al., 2011; 

Fortenberry et al., 2011; Levy et al., 2005; Seitz et al., 2007; Wright et al., 2005; Yadid and 

Tawfik, 2011). In stark contrast to this view, accepted models of protein emergence and 

evolution hinge on the action of well-folded proteins with simplified sequences (Lang et al., 

2000; Peisajovich et al., 2006; Ponting and Russell, 2000; Richter et al., 2010). This work 

endeavors to explore the apparent contradiction surrounding simplified proteins by developing 

model systems with which to test specific hypotheses regarding their structure, stability, and 

folding.   

The studies reported here highlight the hazards of generalizing negative design results to 

elucidate features of protein sequence-structure space.  Most sequences do not encode stable 

proteins and early efforts in computational protein engineering reveal that foldable protein 

sequences are nontrivial to design--even with reasonable hydrophobic-polar patterning and 

secondary structure propensities.  The current view is that sequence-structure space is rife with 

structural holes (sequences that do not encode structured proteins in aqueous solvent) and the 

straightforward consequence of this fact is that mistakes during the design process will strongly 

favor unfolded proteins.  Thus, the observation that many symmetric sequences fail to fold 

merely indicates that the selected design approach is flawed, and should not be cited as evidence 

that symmetric sequences are antagonistic to foldability more generally.  A related argument can 

be made for amino acid alphabet simplification, though with the caveat that there likely does 
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exist some necessary limit of alphabet complexity to achieve folded structures.  Furthermore, the 

observation of even a single folded protein structure in a given region of sequence-structure 

space (e.g., proteins composed of prebiotic amino acids, proteins with symmetric sequences) 

suggests the existence of many more; otherwise, the act of observing such a protein structure 

would be infinitesimal (unless a “perfect” design approach were available). 

Chapters 2-4 study the repetition of sequence elements within the context of a symmetric 

architecture (a central feature of the gene duplication and fusion model of protein evolution) and 

conclude that: 

 

1. Efficient protein folding is entirely compatible with symmetric protein sequences. 

2. Symmetric architectures with sequence repetition are uniquely robust to structural 

reorganization. 

3. The folding nucleus is the key structural element of symmetric protein evolution and 

design. 

These studies represent the first experimental demonstration of an advantage to sequence 

symmetry and provide strong experimental support for the plausibility of gene duplication and 

fusion as a mechanism of symmetric protein evolution. Indeed, the barrier to symmetric protein 

evolution is lower than previously thought, consistent with the ubiquity of symmetric 

architectures in the proteomes of extant organisms.  In addition, a novel approach to symmetric 

protein design, dubbed Folding Nucleus Symmetric Expansion, is demonstrated. The resulting 

protein (Phifoil) is characterized by vastly superior biophysical properties than its naturally-

evolved progenitor (fibroblast growth factor-1).  Notably, Phifoil is the first demonstration of 

protein design guided explicitly by φ-value analysis.  At its core, Folding Nucleus Symmetric 
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Expansion unifies the gene duplication and fusion model of symmetric protein evolution with the 

nucleation-condensation model of protein folding. 

Chapters 5-7 seek to probe the biological process of proteogenesis (the origin of structured 

proteins) by engineering a model prebiotic protein. The results from these chapters indicate that: 

 

4. The prebiotic amino acids can likely encode stable protein structures; that is, they 

comprise a “foldable set.” 

5. Prebiotic protein folding is most plausible in a halophilc environment. 

Although a number of protein simplification studies have been reported, the selection of amino 

acids that compose the reduced alphabet has been based largely on convenience. As such, 

aromatic amino acids (which are not members of the prebiotic set) are a key feature of virtually 

every simplified protein design study to date.  The design of PV2 (primitive version #2) reported 

here, however, is the first study to systematically choose an amino acid alphabet grounded in 

established patterns of prebiotic amino acid synthesis (Chapter 5).  By clearly detailing the 

selection of amino acids, this work has set a new standard in the field of prebiotic protein design 

by requiring that each amino acid choice be explicitly backed by a plausible synthetic 

mechanism--a feature that is surprisingly absent from earlier protein simplification efforts, 

despite claims of prebiotic relevance.  In addition, studies of PV2 mark the first experimental 

evidence that the prebiotic set of amino acids supports protein folding under conditions of high 

salt. The halophilic environment--once thought to be a curious niche that life adapted into--is 

now recognized for its ability to promote amino acid polymerization as well as prebiotic protein 

folding.  If proteogensis is believed to be a key event in abiogenesis (the origin of life), the 

halophile milieu is becoming increasingly relevant.  The data presented here support a crucial 
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role for proteins with sequence symmetry or amino acid alphabet simplification in key 

biological processes.   

 

1.2 Research Overview 

1.2.1.  Chapter 2 

The acquisition of function is often associated with destabilizing mutations, giving rise to 

the stability-function tradeoff hypothesis (Schreiber et al., 1994; Shoichet et al., 1995). To test 

whether function is also accommodated at the expense of foldability, fibroblast growth factor-1 

(FGF-1) was subjected to a comprehensive φ-value analysis (Fersht and Sato, 2004; Goldenberg 

et al., 1989; Serrano et al., 1992) at each of the 11 turn regions. FGF-1, a β-trefoil fold, 

represents an excellent model system with which to evaluate the influence of function on 

foldability.  Because of the threefold axis of symmetry intrinsic to the β-trefoil fold, analysis of 

FGF-1 allows for direct comparisons between symmetry-related regions of the protein that are 

associated with function to those that are not; thus, a structural basis for regions of foldability 

can potentially be identified. The resulting φ-value distribution of FGF-1 is highly polarized, 

with the majority of positions described as either folded-like or denatured-like in the folding 

transition state. Regions important for folding are shown to be asymmetrically distributed within 

the protein architecture; furthermore, regions associated with function (i.e., heparin-binding 

affinity and receptor-binding affinity) fold after barrier crossing (late in the folding pathway). 

These results provide experimental support for the foldability-function tradeoff hypothesis in the 

evolution of FGF-1. Notably, the results identify the potential for folding redundancy in 

symmetric protein architecture with important implications for protein evolution and design. 
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1.2.2.  Chapter 3 

Models of symmetric protein evolution typically invoke gene duplication and fusion 

events (McLachlan, 1972; Ohno, 1970), in which repetition of a structural motif generates 

foldable, stable symmetric protein architecture. Success of such evolutionary processes suggests 

that the duplicated structural motif must be capable of nucleating protein folding. If correct, 

symmetric expansion of a folding nucleus sequence derived from an extant symmetric fold may 

be an elegant and computationally tractable solution to de novo protein design.  Reported here is 

the efficient de novo design of a β-trefoil protein by symmetric expansion of a β-trefoil folding 

nucleus, previously identified by φ-value analysis (Chapter 2). The resulting protein, having 

exact sequence symmetry, exhibits superior folding properties compared to its naturally evolved 

progenitor--with the potential for redundant folding nuclei. In principle, folding nucleus 

symmetric expansion can be applied to any given symmetric protein fold (that is, nearly one-

third of the known proteome) provided information of the folding nucleus is available.  

 

1.2.3.  Chapter 4 

 Protein tertiary structure symmetry is a defining feature of nearly one-third of protein folds 

(Jung and Lee, 2001) and is generally thought to result from a combination of gene duplication, 

fusion, and truncation events (McLachlan, 1972; Ohno, 1970). Such events represent major 

replication errors, involving substantial alteration of protein tertiary structure and causing regions 

of exact repeating primary structure, both of which are generally considered deleterious to 

protein folding (Borgia et al., 2011; Fortenberry et al., 2011; Levy et al., 2005; Seitz et al., 2007; 

Wright et al., 2005; Yadid and Tawfik, 2011). Thus, the prevalence of symmetric protein folds is 

counterintuitive and suggests a specific, yet unexplained, robustness. Using a designed β-trefoil 
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protein, is it shown that purely symmetric primary structure enables utilization of alternative 

definitions of the critical folding nucleus in response to gross structural rearrangement. Thus, 

major replication errors producing primary structure symmetry can conserve foldability. The 

results provide an explanation for the prevalence of symmetric protein folds and highlight a 

critical role for primary structure symmetry in protein evolution. 

  

1.2.4.  Chapter 5 

 “Proteogenesis” (the origin of proteins) is a likely key event in the unsolved problem of 

abiogenesis (the origin of life). The raw material for the very first proteins comprised the 

available amino acids produced and accumulated upon the early earth via abiotic chemical and 

physical processes. A broad consensus is emerging that this prebiotic set is likely composed of 

Ala, Asp, Glu, Gly, Ile, Leu, Pro, Ser, Thr, and Val. A key question in proteogenesis is whether 

such abiotically-produced amino acids comprise a “foldable” set. Current knowledge of protein 

folding identifies properties of complexity, secondary structure propensity, hydrophobic-

hydrophilic patterning, core-packing potential, among others, as necessary elements of 

foldability. None of these requirements excludes the prebiotic set of amino acids from being a 

foldable set. Moreover, nucleophile and metal ion/mineral binding capabilities also appear 

present in the prebiotic set. Properties of the prebiotic set, however, likely restrict foldability to 

the acidophilic/halophilic environment.  This chapter explicitly identifies which amino acids have 

prebiotic relevance and develops the hypothesis to be tested experimentally in Chapter 6. 
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1.2.5.  Chapter 6 

A compendium of different types of abiotic chemical syntheses identifies a consensus set 

of 10 “prebiotic” α-amino acids. Before the emergence of biosynthetic pathways, this set is the 

most plausible resource for protein formation (i.e., proteogenesis) within the overall process of 

abiogenesis. An essential unsolved question regarding this prebiotic set is whether it defines a 

“foldable set”--that is, does it contain sufficient chemical information to permit cooperatively 

folding polypeptides? If so, what (if any) characteristic properties might such polypeptides 

exhibit? To investigate these questions, two “primitive” versions of an extant protein fold (the β-

trefoil) were produced by top-down symmetric deconstruction, resulting in a reduced alphabet 

size of 12 or 13 amino acids and a percentage of prebiotic amino acids approaching 80%. These 

proteins show a substantial acidification of pI and require high salt concentrations for 

cooperative folding. The results suggest that the prebiotic amino acids do comprise a foldable set 

within the halophile environment.  

 

1.2.7.  Chapter 7 

The halophile environment has a number of compelling aspects with regard to the origin 

of structured polypeptides (i.e., proteogenesis) and, instead of a curious niche that living systems 

adapted into, the halophile environment is emerging as a candidate “cradle” for proteogenesis 

(See Chapter 6). In this viewpoint, a subsequent halophile-to-mesophile transition was a key step 

in early evolution. Several lines of evidence indicate that aromatic amino acids were a late 

addition to the codon table and not part of the original “prebiotic” set comprising the earliest 

polypeptides. The hypothesis that the availability of aromatic amino acids could facilitate a 

halophile-to-mesophile transition by hydrophobic core-packing enhancement is tested. The 
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effects of aromatic amino acid substitutions were evaluated in the core of a “primitive” designed 

protein enriched for the 10 prebiotic amino acids (A,D,E,G,I,L,P,S,T,V)--having an exclusively 

prebiotic core and requiring halophilic conditions for folding. The results indicate that a single 

aromatic amino acid substitution is capable of eliminating the requirement of halophile 

conditions for folding of a “primitive” polypeptide. Thus, the availability of aromatic amino 

acids could have facilitated a critical halophile-to- mesophile protein folding adaptation--

identifying a selective advantage for the incorporation of aromatic amino acids into the codon 

table.   
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CHAPTER TWO 

EXPERIMENTAL SUPPORT FOR THE FOLDABILITY-FUNCTION 
TRADEOFF HYPOTHESIS: SEGREGATION OF THE FOLDING 

NUCLEUS AND FUNCTIONAL REGIONS IN FIRBROBLAST GROWTH 
FACTOR-1 

2.1 Introduction 

Protein function typically relies on the precise alignment of specific main chain or side 

chain groups within the folded structure.  Active conformations often require that functional 

residues be constrained by the global fold to adopt energetically suboptimal arrangements, such 

as solvent-exposed hydrophobic patches (Clackson and Wells, 1995), regions of high charge 

density, strained conformations (Herzberg and Moult, 1991), and buried polar/charged groups 

(Warshel, 1978; Warshel et al., 1988).  Numerous researchers have reported successful enzyme 

stabilization by active-site redesign, at the expense of function (Beadle and Shoichet, 2002; 

Meiering et al., 1992; Schreiber et al., 1994; Shoichet et al., 1995).  Careful analysis of active 

site mutagenesis data has led to the hypothesis that optimization of functional activity is often 

accommodated at the expense of thermostability; that is, there exists a fundamental ‘stability-

function tradeoff’ (Schreiber et al., 1994; Shoichet et al., 1995). In this viewpoint, enzymes pre-

organize a small subset of residues for efficient function by enforcing structurally strained 

conformations within the active site, and this is offset by favorable interactions distributed over 

the remaining majority of the protein structure (Nagatani et al., 2007; Richards, 1974; Tokuriki 

and Tawfik, 2009; Wang et al., 2002; Warshel, 1978; Warshel et al., 1988). 

 Computational studies have provided strong support for an additional but distinct 

foldability-function tradeoff hypothesis, which suggests that native state strain is only one 

manifestation of the burden imposed by the acquisition of function.  In this viewpoint, the 

requirements of function enforce structural features that are unlikely to also be optimal to 
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nucleate protein folding (that is, they will fold after barrier crossing and be denatured-like in the 

folding transition state) or are more likely to form intermediates before folding properly 

(requiring folding “back-tracking”).  For example, Gō-type simulations paired with molecular 

dynamics simulations revealed that the functional β-bulge of interleukin-1β (Iδ-1β) undergoes 

significant backtracking (proper folding preceded by a misfolding/unfolding event) prior to 

folding correctly--a computational result that was subsequently confirmed using real-time 

refolding NMR experiments (Capraro et al., 2008; Gosavi et al., 2006; Gosavi et al., 2008).  

Thus, the foldability-function tradeoff hypothesis posits that regions contributing to specific 

function in a protein are likely to be segregated from regions contributing to efficient folding. 

Folding and stability are entangled properties, in that stability defines thermodynamics (but not 

kinetics of folding), while folding defines kinetics (but from which thermodynamic stability can 

be derived). 

Experimental support for the stability-function tradeoff has been well-established  

(Beadle and Shoichet, 2002; Clackson and Wells, 1995; Herzberg and Moult, 1991; Meiering et 

al., 1992; Richards, 1974; Schreiber et al., 1994; Shoichet et al., 1995; Warshel, 1978; Warshel 

et al., 1988), in part owing to the relative simplicity of characterizing protein stability and 

functional activity in response to active site mutation.  Similar experimental support for a 

foldability-function tradeoff, however, remains scarce, reflecting a more recent postulate as well 

as the more significant demands of characterizing a protein’s folding pathway.  φ-value analysis 

(Fersht and Sato, 2004; Goldenberg et al., 1989; Serrano et al., 1992), although labor-intensive, 

remains one of the few direct experimental techniques with which to identify key positions 

contributing to formation of the folding transition state; thus, experimental evaluation of the 

foldability-function tradeoff hypothesis can be directly tested using φ-value analysis in 
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combination with functional data.  Furthermore, by selecting a protein fold having internal (i.e., 

rotational) symmetry, regions of function can be compared directly to symmetry-related 

positions of the protein that are not associated with function but adopt the same general structure 

to ask whether they make equivalent contributions to the folding transition state.  In essence, the 

protein provides an internal standard that explicitly demonstrates the folding potential (or lack 

thereof) of a given structural element. If symmetry related positions do not fold concurrently, 

with one folding early and another folding late, it suggests that sequence divergence between 

symmetry-related sub-domains (either by evolution of function or neutral drift) has diminished 

the foldability at specific sites.  Furthermore, probing the foldability of symmetry-related regions 

in symmetric protein architecture can elucidate the potential for folding redundancy. Thus, 

although φ-value studies have been performed on a variety of proteins, analysis of symmetric 

protein folds provides unique and valuable information about protein folding, symmetric 

redundancy thereof, and with important implications for protein evolution and design.   

 Fibroblast growth factor-1 (FGF-1) is a heparin-binding protein that adopts the β-trefoil 

fold, a common protein fold that exhibits a threefold rotational symmetry at the tertiary structure 

level (McLachlan, 1979; Murzin et al., 1992). This architecture is comprised of three repeating 

“trefoil-fold” sub-domains (40-50 amino acids in length) each comprised of a pair of anti-parallel 

-hairpin structures. Thus, within the structure are a total of 12 -strands (numbered #1-12) and 

11 reverse turns (numbered #1-11)(Figure 2.1).  The primary structure of FGF-1, however, does 

not directly reflect the higher-order (i.e., tertiary structure) symmetry of the β-trefoil architecture:  

only a single amino acid position is conserved across the three repeating trefoil-fold sub-

domains.  Such sequence asymmetry may reflect not only genetic drift but also functional and 

folding regions distributed asymmetrically in the primary structure.  
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Turns are the principle secondary structure element that permit 180° changes in the 

polypeptide direction and are thus a requirement for globular protein architecture (i.e., -helix 

and -strand secondary structure are linear structural elements).  For efficient folding, 

approximate turn structure is likely formed early in the folding pathway to allow for structural 

collapse, and several studies have characterized the importance of turns to both folding (as 

folding nuclei) (Jager et al., 2001; Marcelino and Gierasch, 2008; Petrovich et al., 2006) and 

stability(Lee et al., 2008).  We report a comprehensive φ-value analysis for each of the 11 turns 

of FGF-1, involving a total of 44 residue positions within the 140 amino acid FGF-1 protein.  

The folding transition state of FGF-1 is shown to be highly polarized, with the majority of turns 

adopting either native-like or denatured-like structure in the folding transition state.  However, 

symmetry related turns do not fold concurrently, indicating that structures important for 

foldability are asymmetrically distributed over the protein structure.  Turns associated with 

heparin binding functionality, and receptor-binding sites, appear largely unstructured in the 

folding transition state.  Functionally important residues are therefore highly segregated from the 

regions of the protein optimized for foldability, in support of the foldability-function tradeoff 

hypothesis. 

2.2 Results 

The isothermal equilibrium denaturation data for all turn mutations utilized in the φ-value 

analysis of FGF-1 are given in Table 2.1. FGF-1 is a weak mesophile as regards thermostability 

(Gunfolding = 21.1 kJ/mol) (Blaber et al., 1999; Copeland et al., 1991) and certain turn mutations 

can destabilize the protein by a magnitude approaching the overall ΔGunfolding; thus, stabilizing 

background mutations were necessary for a subset of mutations. Of the 44 positions evaluated, 

28 yielded ΔΔG ≥ |2.0 kJ/mol| (i.e., > 3 σ for ΔΔG measurements) and were therefore of 
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sufficient magnitude to permit accurate φ-value analysis (Fersht and Sato, 2004).  Complete 

folding and unfolding kinetic data were collected for this set of mutations (Table 2.2). A 

comparison of ΔΔG values determined from isothermal equilibrium denaturation (ΔΔGiso) and 

folding kinetic data (ΔΔGkin) are in good agreement (Figure 2.2, upper panel) supporting the 

two-state denaturation assumption (Blaber et al., 1999). A plot of the derived φ-values (Figure 

2.2, lower panel) indicates that FGF-1 has a highly polarized transition state, with the vast 

majority of evaluated positions having φ-values clustered around 1.0 or 0.0 (and are therefore 

either fully native-like or denatured-like in the folding transition state, respectively).    Thus, a 

specific subset of turn positions in FGF-1 makes a critical contribution to the folding pathway, 

while others make little contribution. Despite the threefold internal symmetry characteristic of 

the β-trefoil architecture (involving three repeated trefoil-fold sub-domains of 42-45 amino acids 

having a r.m.s.d. for main chain atoms of 1.3 Å (Blaber et al., 1996)), the key regions identified 

for folding are asymmetrically distributed in the FGF-1 structure (Figure 2.3, upper panel). For 

example, turns #1, #5, and #9 are related by the threefold internal symmetry; however, turn #1 is 

unstructured in the folding transition state, while turn #5 is natively structured, and turn #9 is 

partially structured.  Notably, there is no set of symmetry-related positions that fold concurrently.  

The general regions that contribute to the folding transition state appear essentially contained 

within the second half of the first trefoil-fold sub-domain, and most of the second trefoil-fold 

sub-domain (i.e., comprising approximately 50% of the protein structure). In contrast, the other 

regions (including essentially all of the third trefoil-fold sub-domain) contribute little to the 

folding transition state (and therefore fold late in the folding pathway). 

2.3 Discussion 

Heparin and membrane-bound heparan (heparan sulfate proteoglycan; HSPG), with a 
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large negative charge density, are known to bind FGF-1 with high affinity (Gospodarowicz et al., 

1984; Lobb and Fett, 1984).  The role of HSPG binding appears crucial for the proper biological 

function of FGF-1. Increased tissue levels of HSPG restrict the distribution of signaling 

molecules such as FGF-1, can regulate concentration gradients of such signaling molecules, and 

may play a role in pattern formation in embryogenesis; conversely, decreased levels of HSPG in 

vasculature promote long range transport of such signaling molecules (Hacker et al., 2005). 

Thus, HSPG binding is postulated to be a key determinant of the pharmacokinetic properties of 

FGF-1 (Hondermarck et al., 1990; Rosengart et al., 1989; Zinn et al., 2000). Furthermore, the 

competent signal transduction complex of FGF-1 involves a ternary interaction between FGF-1, 

FGF receptor, and HSPG (Hecht et al., 2001; Pantoliano et al., 1994; Pellegrini et al., 2000; 

Schlessinger et al., 2000). The addition of soluble heparin to FGF-1 confers resistance to thermal 

denaturation, chemical denaturation, and proteolysis (Copeland et al., 1991; Gospodarowicz and 

Cheng, 1986; Rosengart et al., 1988), and inclusion of heparin in the formulation of FGF-1 

greatly improves its potency, stability, storage, and reconstitution properties (Copeland et al., 

1991). Thus, heparin binding represents a key functionality that regulates the tissue distribution, 

pharmacokinetics, and receptor signaling of FGF-1.   

A large body of published work, involving numerous investigators and wide-ranging 

methodologies, has unambiguously identified amino acid positions associated with heparin-

binding and receptor-binding functionality in FGF-1. For example, there are 9 different 

molecular structures (7 X-ray, 2 NMR) of FGF-1 in complex with receptor and/or heparin 

analogues (PDB accession 1EVT, 1DJS, 1E0O, 1RY7, 2ERM, 1HKN, 1RML, 1AFC, 1AXM) 

that serve to identify structural details of the regions of FGF-1 associated with both receptor and 

heparin binding. A large number of functional studies (involving chemical modification, point 
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mutations, deletion mutations, homologous substitution mutations, and peptide binding 

competition studies) in combination with analytical ultracentrifugation, surface plasmon 

resonance, and affinity chromatography, validate the above structural data (Brych et al., 2004; 

Harper and Lobb, 1988; Patrie et al., 1999; Seddon et al., 1995; Springer et al., 1994). Heparin 

binds a specific cluster of basic residues with positive charge density and comprised mostly from 

the first β-hairpin and the last two-thirds of the third trefoil-fold sub-domain (Figure 2.3, lower 

panel).  Furthermore, within such regions, heparin-binding and receptor-binding functionality is 

associated with local structural deviations from ideal threefold symmetry.  For example, 

positions 120-122 in turn #11 (which contribute significantly to heparin-binding functionality 

(Brych et al., 2004)) represent a structural insertion in comparison to the symmetry-related turns 

#3 and #7 (which are not involved in heparin-binding function). Additionally, residue positions 

104-106 in turn #9 (which contribute to the low-affinity receptor binding site) are another 

apparent structural insertion in comparison to the symmetry-related turns #1 and #5 (Pellegrini et 

al., 2000; Springer et al., 1994).  Previous studies on forms of FGF-1 mutated to have increased 

primary sequence symmetry have observed a significant stability-function tradeoff in this region:  

deletion of the insertions at positions 104-106 and 120-122 (part of turns #9 and #11, 

respectively), increases protein stability by a substantial 16 kJ/mol (i.e., increasing by 50% the 

Gunfolding of the protein) but diminish heparin binding affinity (i.e., KD for sucrose octasulfate) 

by an order of magnitude (Brych et al., 2004). Notably, deletion of residues in these heparin-

binding regions increases the folding rate constant by a factor of 20, while the unfolding rate 

constant is largely unaffected(Brych et al., 2004). Thus, although this region is not part of the 

folding nucleus in wild-type FGF-1, structural optimization of this region may permit it to 

nucleate protein folding. Heparin-binding functionality is accommodated at the expense of 
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thermostability and the kinetic basis of such thermostability is principally upon foldability (i.e., 

folding kinetics). 

Strikingly, the regions associated with heparin affinity are, without exception, observed 

to be denatured-like in the folding transition state (Figure 2.3).  Sites known to support receptor 

binding and positions identified as being denatured in the transition state are largely coincident, 

with limited exceptions.  Notably, turns related by symmetry to the heparin-binding site, but do 

not participate in heparin-binding or receptor binding functionality, are observed to be folded in 

the transition state (e.g., turn 5 compared to turn #1 or turn #9; turn #2 compared to turn #10, 

turn #7 compared to turn #11), critically demonstrating that the inherent architecture of these 

positions is compatible with foldability.  On the basis of the above data, we conclude that 

formation of the heparin binding site, and the majority of the receptor binding site, necessitates 

specific physicochemical properties (i.e., positive charge density repulsion or strain associated 

with structural insertions that provide for molecular recognition) which preclude such regions 

from also efficiently participating in protein folding nucleation.  The folding nucleus of FGF-1 

appears largely localized to the second trefoil-fold sub-domain; a region of the protein with a 

role that appears principally structural rather than functional.  Taken together, our results show a 

general asymmetric segregation (despite the threefold symmetric tertiary structure) of critical 

folding and functional elements in FGF-1; thus, supporting the foldability-function tradeoff 

hypothesis. 

 Seven of 11 total turn regions in FGF-1 are observed by φ-value analysis to possess 

native structure in the folding transition state, a result that underpins the importance of turn 

formation early in the folding of FGF-1.  As highlighted by Meiering and coworkers (Liu et al., 

2002) the folding of FGF-1 was thought to differ from the folding pathways of both hisactophilin 
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and IL-1β.  The basis for this conclusion was a report that probed the folding of FGF-1 using 

NMR H/D exchange studies and identified the association of the N- and C- termini as the first 

step in the folding pathway (Samuel et al., 2001).  The φ-value analysis presented here is 

inconsistent with this proposed folding pathway:  both turns #1 and #11 are observed to fold after 

barrier crossing and neither turn is part of the folding nucleus (which approximately spans turns 

#2 - #8).  In the absence of significant residual structure, termini closure as the first step in 

folding seems unlikely from an entropic standpoint, as it would require association of the two 

most distal structural elements of the protein.  Indeed, the success of relative contact 

order(Plaxco et al., 1998), a measure of topological complexity, to predict folding rates is based 

on the preference of nearest-neighbor interactions to form first, which then support the formation 

of more distal interactions (so called, ‘zipping and assembly’(Dill et al., 2008)).  Finally, 

refinement of anisotropic displacement parameters from a 1.10 Å X-ray diffraction dataset 

suggest that the N- and C-terminal regions of FGF-1 do not form a rigid body; instead, the N- 

and C-termini appear to be sliding past one another, suggestive of a tenuous interaction (even 

when stabilized by the folded structure) (Bernett et al., 2004).  Thus, our analysis of the folding 

of FGF-1 is inconsistent with the published report of Yu and coworkers (Samuel et al., 2001), 

but is in general agreement with the folding studies of other β-trefoil proteins in which the 

central strands of the protein are observed to fold faster than those on the periphery (Heidary et 

al., 1997; Liu et al., 2002; Varley et al., 1993).   

Only a key subset of structural elements (turns #2 - #5 and turn #7, spanning ~50% of the 

overall protein) appears necessary to confer efficient foldability to FGF-1.  The entire protein is 

not (and apparently does not need to be) optimized for foldability; the regions not contributing to 

formation of the folding transition state instead segregate to regions of HSPG and receptor-
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binding functionalities.  In the case of FGF-1, the structural regions that are observed to fold late 

(i.e., have decreased foldability) do so not because of a structurally-intrinsic inability to 

efficiently fold:  in every case, at least one symmetry-related position is observed to be part of 

the folding nucleus (and folds early).  Therefore, the inability of regions to efficiently fold 

appears due to differences in the primary structure or the presence of symmetry-breaking 

structural insertion. Thus, if the requirement for function is relaxed, regions associated with 

functionality could instead be optimized for foldability (for example, by substitution of the 

primary structure of the symmetry-related regions that comprise the folding nucleus; as discussed 

in Chapter 3).  The resulting protein would exhibit exact primary sequence symmetry and 

contain a foldable structural element at each of the symmetry-related positions. It has been 

postulated that such a protein might exhibit inefficient folding (due to folding frustration 

involving regions of identical primary structure)(Borgia et al., 2011; Wright et al., 2005); or 

conversely, might possess highly redundant, overlapping folding nuclei, thereby promoting 

folding cooperativity (Haglund et al., 2008).  We note that a protein with folding pathway 

redundancy might, in principle, retain efficient folding despite a localized deleterious mutation 

due to compensation by the folding-competent symmetry-related positions. Recent reports of de 

novo designed purely symmetric -trefoil proteins that efficiently fold and are hyperthermophile 

in stability (Broom et al., 2012; Lee and Blaber, 2011; Lee et al., 2011), demonstrate that pure 

primary structure symmetry does not necessarily result in folding frustration, and therefore 

supports the hypothesis of redundant foldability. If folding redundancy is a property of purely 

symmetric proteins (i.e., as would result from gene duplication and fusion replication errors 

(McLachlan, 1972; Ohno, 1970; Tang et al., 1978)), it highlights a critical advantage of 

symmetric protein architecture over asymmetric architecture in protein evolution and de novo 
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design; namely, an intrinsic ability to tolerate diverse functional mutation and retain efficient 

foldability (as discussed in Chapter 4). 

 

2.4 Materials and Methods 

2.4.1 Mutant Construction and Protein Purification 

Ala point mutations in FGF-1 for φ-value analysis were constructed using the 

Quikchange® site-directed mutagenesis method and wild-type FGF-1 as a template. Kinetic 

parameters and φ-values of several Ala mutations were previously reported using wild-type 

FGF-1, H93G, or K12V/C117V/P134V as a template depending on the requirement of a 

stabilizing background.  Mutant protein expression and purification procedures were reported 

previously (Brych et al., 2004).  Purified mutant protein was exchanged into 20 mM N-(2-

acetamido)iminodiacetic acid (ADA), 0.1 ε NaCl, pH6.6 (“ADA buffer”) with the addition of 

2mM DTT.  An extinction coefficient of E280nm (0.1 %, 1 cm) = 1.26 (Brych et al., 2001) was 

used for FGF-1 and mutants thereof. 

 

2.4.2 Isothermal Equilibrium Denaturation 

Isothermal equilibrium denaturation by guanidine HCl (GuHCl) for Ala point mutations 

was performed as previously described (Brych et al., 2003) using fluorescence as the 

spectroscopic probe.  Briefly, fluorescence data were collected on a Cary Eclipse fluorescence 

spectrophotometer (Agilent Technology, Santa Clara CA) equipped with a Pelletier controlled-

temperature regulator at 298 K and using a 1.0 cm path length cuvette. 5.0 ε protein samples 

were equilibrated overnight in ADA buffer at 298 K in 0.1 M increments of GuHCl. Samples 
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were excited at 295 nm and emission was measured from 304 – 500 nm. Scans were collected in 

triplicate, averaged, and buffer-subtracted. Isothermal equilibrium denaturation of the G71A 

mutation was measured by circular dichroism (CD) due to its abnormal fluorescence profile. CD 

data of 25 M samples were collected on a Jasco model 810 CD spectrophotometer (Jasco Inc, 

Easton MD) equipped with a Pelletier controlled-temperature regulator at 298 K and using a 1 

mm path length cuvette. The unfolding process was monitored by quantifying the change in CD 

signal at 227 nm with increasing GuHCl. Data were analyzed using the general purpose non-

linear least- squares fitting program DataFit (Oakdale Engineering, Oakdale PA) implementing a 

six parameter, two-state model (Eftink, 1994).  The effect of a given mutation upon the stability 

of the protein (ΔΔG) was calculated at the average Cm following the method of Pace and Scholtz 

(Pace and Scholtz, 1997) and where a negative value indicates the mutation is stabilizing relative 

to the reference protein. 

 

2.4.3 Folding/Unfolding Kinetic Analysis 

Folding and unfolding kinetic measurements of FGF-1 Ala point mutations followed 

previously described methods (Kim et al., 2003).  Briefly, denatured protein samples for folding 

kinetics measurements were prepared by adding GuHCl to 2.0 M followed by overnight 

incubation to permit equilibration. All folding kinetic data were collected using an Applied 

Photophysics SX20 stopped-flow system (Applied Photophysics Ltd., Surrey, United Kingdom) 

at 298 K with excitation wavelength at 295 nm and emission at 350 nm. Folding was initiated by 

a 1μ10 dilution of 40 ε denatured protein into ADA buffer with denaturant concentrations 

increasing in increments of 0.05 M up to the midpoint of denaturation as determined by 
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isothermal equilibrium denaturation measurements. The data collection strategy was designed to 

span approximately five half-lives, or >97% of the expected fluorescence signal change between 

the fully denatured and native states. Due to the comparatively slower kinetics, unfolding 

kinetics measurements for Ala point mutations were performed using manual mixing.  Protein 

samples (~30 ε) were dialyzed against ADA buffer overnight at 2λ8 K. Unfolding was 

initiated by a 1:10 dilution into ADA buffer with a final GuHCl concentration of 1.5 to 5.5 M in 

0.5 M increments. All unfolding data were collected using a Cary Eclipse fluorescence 

spectrophotometer (Agilent Technology, Santa Clara CA) equipped with a Pelletier controlled 

temperature unit at 298 K. Data collection times for each protein were designed so as to quantify 

the fluorescence signal over 3-4 half-lives, or >93% of the total expected amplitude. 

The kinetic rates and amplitudes versus denaturant concentration were calculated from 

the time dependent change in fluorescence using a single exponential model (or double 

exponential model under low GuHCl concentrations).  Folding and unfolding rate constant data 

were fit to a global function describing the contribution of both rate constants to the observed 

kinetics as a function of denaturant (chevron plot) as described by Fersht (Fersht, 1999): 

ln(kobs) = ln(kf0exp(mkf[D]) + ku0exp(mku[D]))      (1) 

where kf0 and ku0 are the folding and unfolding rate constants, respectively, extrapolated to 0 M 

denaturant; and mkf and mku are the slopes of the linear refolding and unfolding arms, 

respectively, of the chevron plot. Changes in the free energy barrier to folding, ∆∆Gf, and 

unfolding, ∆∆Gu, were calculated from the global fit of the kinetic data: 

ΔΔGf = -RTln(kf ref/kf mutant)    (2) 
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ΔΔGu = -RTln(ku ref/ku mutant)    (3) 

where kf and ku are calculated at the average midpoint of denaturation for the reference and 

mutant proteins. 

 

2.2.4 φ-value Analysis 

Alanine scanning was performed at each position of the eleven turns that comprise the β-

trefoil architecture of FGF-1. Only mutants with a |∆∆G |> 2.0 kJ/mol were considered suitable 

for φ-value analysis (i.e., >3 in the error of the G measurement). φ-values were calculated 

following the procedure established by Fersht and coworkers (Fersht et al., 1992): 

φf = ΔΔGf/ΔΔG        (4)  

φu = ΔΔGu/-ΔΔG        (5) 

where ∆∆G is derived from equilibrium experiments as described above. Note that all reported 

φ-values are at the average midpoint of denaturation for the mutant and reference proteins (Lee 

et al., 2008). 
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Figure 2.1 Crystal structure of FGF-1. Left panel:  Ribbon diagram view of FGF-1 (PDB ID: 
1RG8) oriented parallel to the threefold axis of rotational symmetry. The N-terminal β-trefoil 
subdomain is indicated by black shading.  Right panel:  a side view of FGF-1 with identical 
shading to indicate the N-terminal β-trefoil subdomain. 
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Figure 2.2 Validation and distribution of φ-values of FGF-1 turn mutants. Top panel: a plot 
of mutant ΔΔGiso (Table 2.1) vs. Gkin (Table 2.2) values.  The good agreement between these 
ΔΔG values supports the two-state denaturation model (Blaber et al., 1999).  Bottom panel, 
foregroundμ  ΔΔGiso values plotted against φf-values for turn mutations.  φf-values were 
calculated according to the equation φf = 1- φu, due to the greater accuracy with which unfolding 
kinetic parameters can be measured for FGF-1.  The φf-values are colored using a heat map 
ranging from blue to red (see Figure 2.3) and indicate whether the position has denatured-like or 
native-like structure in the folding transition state, respectively.  Bottom panel, background 
shadingμ the histogram of φf-value distribution is bimodal with a peak around φf = 0.15 
(unfolded-like) and φf = 1 (folded-like).  These data are consistent with a polarized transition 
state. 
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Figure 2.3 Foldability-function tradeoff in FGF-1. Upper panelμ φf-value heat map for 
reverse turn regions in FGF-1 plotted upon a flattened ribbon diagram of the β-trefoil 
architecture. φf-value colors range from blue to red and indicate whether the position has 
denatured-like or native-like structure in the folding transition state, respectively. Light gray 
indicates positions where |ΔΔG| < 0.2 kJ/mol and therefore φf cannot be accurately determined. 
As before, φf-values reported above were calculated using φu according to the equation φf = 1- 
φu.  Lower panel: similar representation of FGF-1 where light green corresponds to those 
positions involved in heparin binding and magenta denotes positions critical for receptor binding 
and determined from X-ray structure data of the FGF-1/FGF receptor/heparin fragment ternary 
complex (Hecht et al., 2001; Pantoliano et al., 1994; Pellegrini et al., 2000; Schlessinger et al., 
2000). 
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Table 2.1 Isothermal equilibrium denaturation data for FGF-1 turn mutants 

Protein  Turn # ΔG (kJ/mol) m-value (kJ/mol M) Cm (M) ΔΔG (kJ/mol) 
      

FGF-11  21.1 + 0.6 18.9 + 0.6 1.11 + 0.01  
FGF-1/K12V/ 
C117V/P134V2 

 
37.6 + 0.6 18.5 + 0.3 2.03 + 0.01  

FGF-1/H93G3  28.6 + 0.1 19.8 + 0.1 1.45 + 0.01  
S17A 1 26.6 + 0.1 19.8 + 0.1 1.34 + 0.01 -4.5 
N18A 1 16.7 + 0.1 18.0 + 0.2 0.93 + 0.00 3.5 
G19A 1 16.8 + 0.2 20.0 + 0.4 0.84 + 0.01 5.5 
G20A 1 12.9 + 0.2 17.8 + 0.3 0.72 + 0.01 7.3 
L26A 2 15.7 + 0.1 18.4 + 0.1 0.85 + 0.01 5.0 
P27A 2 16.8 + 0.4 19.9 + 0.5 0.84 + 0.02 5.3 
D28A 2 12.5 + 0.4 18.0 + 0.4 0.69 + 0.01 7.8 
G29A4 2 29.8 + 0.6 19.9 + 0.7 1.50 + 0.02 10.3 
D36A 3 14.2 + 0.1 18.3 + 0.1 0.78 + 0.00 6.3 
R37A 3 21.2 + 0.4 19.4 + 0.2 1.09 + 0.02 0.5 
S38A 3 19.1 + 0.1 18.3 + 0.2 1.04 + 0.01 1.5 
D39A 3 15.3 + 0.2 17.3 + 0.3 0.88 + 0.01 4.2 
E49A 4 22.0 + 0.3 19.9 + 0.4 1.11 + 0.01 0.2 
S50A 4 21.6 + 0.5 18.9 + 0.4 1.14 + 0.01 -0.3 
V51A 4 21.0 + 0.5 18.8 + 0.6 1.12 + 0.01 0.0 
G52A 4 15.3 + 0.4 18.7 + 0.4 0.82 + 0.01 5.6 
T59A 5 21.7 + 0.3 19.3 + 0.3 1.13 + 0.01 -0.1 
E60A 5 26.3 + 0.1 20.5 + 0.2 1.28 + 0.01 -3.3 
T61A 5 14.6 + 0.1 20.9 + 0.3 0.70 + 0.01 8.3 
G62A5 5 15.1 + 0.7 19.2 + 0.9 0.79 + 0.01 6.1 
D68A 6 15.7 + 0.4 18.1 + 0.1 0.87 + 0.02 4.6 
T69A 6 22.8 + 0.4 17.9 + 0.2 1.27 + 0.02 -2.8 
D70A7 6 28.0 + 0.8 19.3 + 0.3 1.45 + 0.02 -0.1 
G71A4,6 6 16.9 + 0.7 17.7 + 0.8 0.96 + 0.02 19.4 
N80A 7 16.5 + 0.2 19.7 + 0.3 0.84 + 0.01 5.4 
E81A 7 18.0 + 0.6 17.1 + 0.6 1.06 + 0.01 1.1 
E82A 7 19.2 + 0.1 18.5 + 0.2 1.04 + 0.01 1.6 
C83A 7 18.1 + 0.5 21.5 + 0.6 0.84 + 0.00 5.5 
E90A 8 22.2 + 0.1 20.2 + 0.1 1.10 + 0.01 0.4 
E91A 8 22.7 + 0.3 19.4 + 0.3 1.17 + 0.01 -0.9 
N92A 8 17.5 + 0.3 18.9 + 0.1 0.93 + 0.01 3.6 
H93A5 8 19.3 + 0.1 20.4 + 0.3 0.95 + 0.02 3.1 
K100A 9 21.0 + 0.3 19.0 + 0.3 1.11 + 0.01 0.3 
K101A 9 17.7 + 0.2 15.9 + 0.2 1.11 + 0.01 0.0 
H102A 9 12.6 + 0.4 17.1 + 0.4 0.74 + 0.01 6.8 
A103G5 9 19.4 + 0.6 19.4 + 0.3 1.00 + 0.01 2.1 
K112A7 10 30.0 + 0.9 19.9 + 0.6 1.50 + 0.02 -1.3 
K113A7 10 28.1 + 0.4 18.5 + 0.4 1.52 + 0.01 -1.3 
N114A7 10 17.4 + 0.6 17.0 + 0.4 1.02 + 0.01 7.7 
G115A4 10 21.7 + 0.8 16.6 + 0.5 1.31 + 0.02 12.7 
H124A 11 21.9 + 0.1 18.5 + 0.1 1.19 + 0.00 -1.2 
Y125A 11 12.5 + 0.4 17.9 + 0.3 0.70 + 0.02 7.7 
G126A 11 16.3 + 0.2 20.1 + 0.3 0.81 + 0.00 6.0 
Q127A 11 15.0 + 0.3 20.2 + 0.3 0.74 + 0.00 7.3 

1 (Blaber et al., 1999; Dubey et al., 2007; Kim et al., 2003). 2 (Dubey et al., 2007). 3 (Kim et al., 2003). 4 Reference 
protein is FGF-1/K12V/C117V/P134V. 5 (Kim et al., 2003). 6 Thermodynamic parameters measured by CD due to 
atypical fluorescence signal. 7 Reference protein is FGF-1/H93G(Lee et al., 2008) 
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Table 2.2      Folding and unfolding kinetic data for FGF-1 turn mutants 

Protein 
Turn 

# 

kf 

(s-1) 

mf 

(kJ/mol M) 

ku 

(1x10-6 s-1) 

mu 

(kJ/mol M) 

m-value 

(kJ/mol M) 

Cm 

(M) 

ΔΔG 

(kJ/mol) 
φf φu 

FGF-1  3.74 -16.4 808 1.1 17.5 1.19    
FGF-1/K12V/ 
C117V/P134V 

 
9.01 -13.0 58 2.2 15.2 1.57    

FGF1/H93G  55.1 -18.4 440 1.2 19.6 1.49    
S17A 1 2.65 -15.9 162 1.4 17.2 1.40 -3.5 -0.04 0.83 
N18A 1 4.49 -17.5 2,640 1.4 18.9 0.98 3.9 0.20 0.93 
G19A 1 0.96 -13.5 4,370 1.5 15.0 0.89 4.9 0.08 0.83 
G20A 1 1.06 -16.9 3,980 1.1 17.9 0.77 7.5 0.49 0.54 
L26A 2 1.10 -18.8 732 1.1 19.9 0.91 5.3 1.12 -0.06 
P27A 2 0.57 -16.1 1,170 1.1 17.2 0.89 5.2 0.82 0.16 
D28A 2 0.06 -14.8 767 1.1 15.9 0.68 8.6 1.12 -0.02 
G29A1 2 0.90 -13.0 58 2.2 15.2 1.57 7.7 0.83 -0.08 
D36A 3 0.24 -15.2 992 1.1 16.2 0.84 6.0 0.88 0.07 
D39A 3 0.42 -15.1 1,034 1.1 16.2 0.92 4.6 0.95 0.14 
G52A 4 0.57 -17.6 895 1.0 18.6 0.86 6.0 1.05 0.03 
E60A 5 5.26 -15.4 837 1.1 16.6 1.31 -2.0 0.63 -0.03 
T61A 5 0.21 -16.9 865 1.2 18.1 0.75 7.8 0.92 0.02 
G62A2 5 0.96 -18.7 820 1.2 14.0 0.88 6.1 0.92 0.01 
D68A 6 2.24 -18.6 1,937 1.3 20.0 0.88 6.0 0.77 0.52 
T69A3 6 6.20 -16.1 1,414 1.2 17.3 1.20 -1.5 0.56 -0.53 
G71A 6 0.12 -7.7 109 3.4 11.1 1.05 14.0 0.30 0.42 
N80A 7 0.17 -15.1 678 1.3 16.3 0.84 6.0 1.17 -0.06 
C83A 7 0.32 -15.7 808 1.2 16.9 0.88 5.4 0.97 0.01 
N92A 8 0.90 -16.4 1,507 1.1 17.4 0.91 5.0 0.97 0.42 
H93A2 8 2.43 -17.8 117 1.0 18.9 1.00 3.1 0.79 0.24 
H102A 9 0.57 -17.0 186 1.1 18.1 0.79 7.2 0.76 0.30 
A103G2 9 2.21 -14.4 172 1.1 15.6 1.14 2.1 -0.44 0.84 
N114A4 10 6.23 -12.2 172 2.2 14.4 1.12 7.7 -0.35 1.15 
G115A1 10 23.4 -12.2 915 4.9 17.0 1.48 9.7 -0.07 0.83 
Y125A 11 0.57 -19.2 1,457 1.0 20.2 0.73 8.8 0.96 0.18 
G126A 11 0.48 -11.7 5,928 1.1 12.8 0.85 5.2 0.04 0.82 
Q127A 11 2.21 -15.3 7,891 1.5 16.8 0.83 6.2 0.03 0.82 

1 Background is FGF-1/K12V/C117V/P134V. 2 (Kim et al., 2003).  3 Excluded due to non-two-state behavior.  4 Background is FGF-1/H93G (Lee et al., 2008) 
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CHAPTER THREE 
 

EVOLUTION AND DESIGN OF PROTEIN STRUCTURE BY FOLDING 
NUCLEUS SYMMETRIC EXPANSION 

 

3.1 Introduction 

Although a detailed understanding of protein folding, evolution, and design remains 

elusive, it is generally acknowledged that gene duplication and fusion is the likely evolutionary 

process responsible for the emergence of common symmetric protein architecture from simpler 

peptide motifs (McLachlan, 1972; Ohno, 1970) (see Chapter 4). Symmetry is also a strategy to 

substantially simplify and parameterize computational methods for efficient de novo protein 

design (Bellesia et al., 2010; Fortenberry et al., 2011; Kuhlman et al., 2003; Lehmann and Saven, 

2008; Richter et al., 2010) and exact symmetry of protein 1° and 3° structure has been 

experimentally shown to confer robust foldability in the face of major structural rearrangements 

(Longo et al., 2013b).  Despite the prevalence of symmetry in protein 3° structure, a clear 

understanding of the role of symmetry in protein evolution, as well as the development of 

practical symmetric design principles (e.g., principles that can leverage the simplifying power of 

symmetry with the nucleation condensation mechanism of protein folding) are lacking. 

The gene duplication and fusion hypothesis for the evolution of symmetric protein 

architectures implies that the emergence of symmetric protein folds was a consequence of major 

errors of DNA replication in which DNA segments encoding short peptide motifs were 

duplicated and concatenated (McLachlan, 1972; Ohno, 1970).  Theoretical and experimental 

studies have supported a model of symmetric protein evolution in which the extant symmetric 

architecture likely emerged from a homo-oligomeric assembly of a smaller, archaic peptide motif 

via gene duplication and fusion events (Alsenaidy et al., 2012; Lang et al., 2000; Lee and Blaber, 
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2011; Ponting and Russell, 2000).  From the standpoint of protein folding, for such a model to be 

feasible, the archaic peptide motif must have been capable of supporting protein foldability; that 

is, this first motif must have acted as an efficient folding nucleus.  This folding nucleus was 

subsequently expanded by the symmetry intrinsic to the gene duplication and fusion evolutionary 

process, thereby obviating the need for oligomerization to form complex symmetric protein 

architecture and, importantly for enabling functional adaptive radiation, resulting in subsequent 

asymmetric divergence.  Thus, it is reasonable to hypothesize that the “building block” of 

evolution early in the emergence of symmetric protein folds was the folding nucleus.  If this 

hypothesis is correct, the folding nucleus represents the critical element in de novo protein design 

of symmetric protein architecture.   

Studies of the folding nucleus of extant protein folds indicate that the nucleus typically 

comprises 1/3 - 1/2 of the overall polypeptide chain of single-domain, globular proteins (Bradley 

and Barrick, 2006; Courtemanche and Barrick, 2008; Fowler and Clarke, 2001; Kim et al., 2000; 

Lindberg et al., 2006; Liu et al., 2002; Longo et al., 2012; Saeki et al., 2004; Went and Jackson, 

2005) (See Chapter 2). Furthermore, due to divergence subsequent to gene duplication and 

fusion, the folding nucleus may be a cryptic region--not defined by exon boundaries or contained 

neatly within one of the apparent structural repeating motifs. φ-value analysis is one means by 

which the folding nucleus can be experimentally identified via its contribution to formation of 

the folding transition state (Fersht and Sato, 2004). Thus, while the presence of an efficient 

folding nucleus appears to be a critical design requirement, there is no clear principle for the 

efficient utilization of a folding nucleus in protein design, as well as how to complete the design 

of the remaining majority of the polypeptide, to produce a robustly-folding protein. 
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Folding nucleus symmetric expansion (FNSE; Figure 3.1) is a novel protein design 

approach that exploits evolutionary principles and experimental identification of a folding 

nucleus to rapidly generate a completely symmetric globular protein using a remarkably simple 

design principle.  FNSE is based on the hypothesis that a purely symmetric protein (that is, a 

protein with both 1° and 3° structure symmetry) can be created by expanding the 1° structure of 

the folding nucleus according to the intrinsic structural symmetry of the target architecture--

independent of structural repeat definitions.  Thus, with this simple design rule, a nucleation-

condensation design principle is neatly combined with a solution to the completion of the entire 

polypeptide sequence.  Furthermore, the properties of the resulting purely symmetric sequence 

may exhibit folding that is robust to subsequent diverse mutational change due to the potential 

presence of redundant folding nuclei (Chapter 4).  In this regard, such a protein would be an 

ideal scaffold for functional engineering studies, an approach that has demonstrated feasibility 

(Farid et al., 2013; MacDonald et al., 2010; Parmeggiani et al., 2008).   

As a test of the FNSE method we have applied it to the de novo design of a β-trefoil 

architecture (a common single-domain globular protein fold having threefold symmetric tertiary 

structure).  Previously, the folding nucleus of fibroblast growth factor-1 (FGF-1; a β-trefoil 

protein) was identified (Longo et al., 2012) by φ-value analysis (Fersht and Sato, 2004; 

Goldenberg et al., 1989; Serrano et al., 1992) (Figure 2.3, Chapter 2).  The 1° structure of the 

FGF-1 folding nucleus was subsequently internally propagated using a threefold symmetry 

operator to all equivalent positions throughout the entire β-trefoil tertiary structure to generate a 

purely symmetric protein scaffold in a single design step (Figure 3.2).  The resulting protein 

(dubbed Phifoil for “φ-value analysis derived β-trefoil”) is an efficiently folding polypeptide that 

correctly adopts the β-trefoil target architecture.  Furthermore, Phifoil is more thermostable and 
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significantly less aggregation prone during thermal unfolding than FGF-1.  Phifoil, unlike FGF-

1, is exceptionally well described by cooperative two-state models of protein folding.  Notably, 

the exact threefold symmetry of the 1° structure within Phifoil provides the potential for 

redundant (i.e., two intact and one interrupted, or three circularly permuted) folding nuclei--any 

one of which may be sufficient for foldability.   

A key finding of the present study is that FNSE can provide a remarkably simple and 

straightforward design strategy to efficiently produce robustly-folding complex protein 

architecture.  Taken together, the results highlight an underlying connectedness between the 

folding nucleus and protein evolution, symmetry, and design.  

 

3.2 Results 

3.2.1 Primary Structure Characteristics 

The sequence of Phifoil was extracted directly, with no mutational change, from the 

folding nucleus region of wild-type FGF-1 based on a previously reported φ-value analysis 

(Figure 2.3) (Longo et al., 2012).  As a consequence of the FNSE design (Figure 3.1), all three 

structural subdomains (“trefoil-folds”) of Phifoil exhibit 100% sequence identity (Figure 3.2); 

conversely, there is only one symmetry-related position in FGF-1 in which all three subdomains 

share the same amino acid--a Gly residue at positions 29, 71, 115.  Although unintended, the size 

of the amino acid alphabet employed by Phifoil is reduced:  only 15 of the 20 amino acid types 

present in FGF-1 are contained within the Phifoil sequence (Asn, Cys, Met, Phe, and Trp are 

excluded). Thus, Phifoil contains both exact 1° structure symmetry and a reduced amino acid 

alphabet, feature which will be exploited in Chapter 5, 6, and 7 to generate a model “prebiotic” 

protein. 
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3.2.2 Isothermal Equilibrium Denaturation  

Chemical denaturation by guanidinium hydrochloride (GuHCl) of both FGF-1 and Phifoil 

is well described by a two-state unfolding model (Figure 3.3a, Table 3.1).  The unfolding 

transition of both proteins is highly cooperative, although Phifoil exhibits a ~7% reduction in m-

value compared to FGF-1, presumably reflecting its smaller size (LPhifoil = 126 residues, LFGF-1 = 

140 residues).  Indeed, the predicted m-value (Geierhaas et al., 2007) for Phifoil based on the 

number of ordered residues in the crystal structure is consistent with, albeit slightly lower than, 

the experimentally determined value (mpred = 16.1 kJ/mol/M, mobs = 17.5 kJ/mol/M), suggesting 

that the Phifoil unfolding reaction spans a well-ordered native state and a highly unstructured 

unfolded state.  Both proteins possess essentially identical stability at 25 °C in the absence of 

denaturant, with ΔGunf = 21.1  0.6 kJ/mol (Blaber et al., 1999) and 20.7   0.3 kJ/mol for FGF-

1 and Phifoil, respectively. 

 

3.2.3 Differential Scanning Calorimetry 

The thermal unfolding of Phifoil is markedly dissimilar to that of FGF-1 (Figure 3.3, 

Table 3.2) as assessed by differential scanning calorimetry (DSC).  Unfolding of FGF-1 is non-

cooperative and characterized by significant aggregation near the unfolding transition, manifest 

as an exothermic signal subsequent to unfolding (apparent negative ΔCp) and with visible 

precipitation in recovered samples.  As such, thermodynamic parameters describing the thermal 

denaturation of FGF-1 without denaturant cannot be directly determined (Blaber et al., 1999).  In 

contrast, Phifoil denaturation is well described by a two-state model of protein unfolding, with 

ΔHvan’t Hoff/ΔHcal equal to unity.  Furthermore, Phifoil unfolding is associated with a significant 

positive ΔCp, as expected for exposure of hydrophobic residues to solvent upon denaturation 
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(Privalov, 1963).  The predicted value of ΔCp (Tm) for Phifoil unfolding based on the m-value 

from isothermal equilibrium denaturation (Geierhaas et al., 2007) is in good agreement with the 

experimentally determined constant pressure heat capacity (ΔCp,pred = 10.1 kJ/mol/K, ΔCp,obs = 

9.5 kJ/mol/K), again highlighting the two-state nature of the Phifoil unfolding reaction.  

Although it is not possible to accurately compare the unfolding temperatures of FGF-1 and 

Phifoil (due to FGF-1 precipitation), the temperature of the excess enthalpy peak of the Phifoil 

endotherm occurs ~20 °C higher than that of FGF-1, indicating that Phifoil is substantially more 

robust to thermal unfolding.  

Previously it was demonstrated that the thermal unfolding of FGF-1 is two-state in the 

presence of 0.7 M GuHCl, thereby permitting calculation of thermodynamic parameters (Blaber 

et al., 1999).  Under this condition, both proteins exhibit agreement with a two-state model of 

protein unfolding and ΔHvan’t Hoff / ΔHcal is close to unity.  In 0.7 M GuHCl, the melting 

temperature (Tm) of Phifoil is ~8.5 C higher than that of FGF-1, again indicating that Phifoil is 

more robust to thermal unfolding.  The enthalpy of unfolding of Phifoil is smaller than that of 

FGF-1 by ~19% in 0.7M GuHCl.  ΔCp (Tm) for FGF-1 in the presence of 0.7M GuHCl and 

higher (where two-state folding is observed) is 9.3 kJ/mol/K – essentially identical to that of 

Phifoil (in the absence of denaturant), suggesting that the unfolded states of the two proteins are 

equally unfolded. 

 

3.2.4  Empirical Phase Diagrams 

pH vs. temperature empirical phase diagrams (EPDs (Fan et al., 2007)) for FGF-1 and 

Phifoil were determined (Figure 3.4) (the FGF-1 EPD is a new diagram that includes prior 

published data (Alsenaidy et al., 2012)).  Probes were chosen to monitor several key aspects of 
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protein structure:  circular dichroism (CD) was selected to probe secondary structure formation, 

8-anilinonaphthalene-1-sulfonic acid (ANS) binding was included as a probe of partially folded 

or molten globule states, and static light scattering (SLS) was used as a probe of protein 

aggregation.  Taken together, these data provide a comprehensive view of the structural state 

occupied by the protein at any given pH and temperature.   

Phifoil, unlike FGF-1, exhibits a cooperative unfolding transition as seen by CD at every 

pH tested.  Under conditions where FGF-1 also exhibits a cooperative unfolding CD transition, 

Phifoil is significantly more thermostable in each case.  The unfolding of Phifoil appears two-

state over a much wider range of pH compared to FGF-1; for example, from pH 6 to pH 8, the 

unfolding transition of Phifoil is not associated with either aggregation or ANS binding.  In 

contrast, there is no pH at which FGF-1 undergoes a two-state transition; unfolding of FGF-1 is 

always associated with both ANS binding and aggregation.  In cases where Phifoil does exhibit 

ANS binding and aggregation, these signals occur subsequent to or concurrent with the unfolding 

event (Figure 3.4 and Figure 3.5) whereas with FGF-1, ANS binding (and to a lesser extent, 

aggregation) are observed prior to secondary structure melting.  Aggregation of Phifoil is 

observed only at pH 4 and pH 5 near the calculated isoelectric point (pIPhifoil = 4.63).  In total, the 

EPDs reveal that Phifoil is better described by a two-state unfolding process, is more 

thermostable, less aggregation-prone, and less likely to adopt partially folded or molten globule 

states across a wide range of pH and temperature compared to FGF-1. 

 

3.2.5  X-ray Crystallography 

An X-ray structure of Phifoil was solved to 2.15 Å (Figure 3.6; see Table 3.3 for 

refinement statistics); the crystal structure for human FGF-1 has been previously reported 
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(Bernett et al., 2004; Blaber et al., 1996).  Phifoil adopts an idealized (i.e., purely-symmetric) β-

trefoil architecture with the major structural differences compared to FGF-1 localized to regions 

of relative insertions/deletions (RMSDCα for conserved regions = 1.0 Å).  Structural analysis of 

the β-trefoil fold highlights 15 key positions that form a solvent-excluded central hydrophobic 

packing group (core-packing data provided in Table 3.4).  In Phifoil these positions are 

completely excluded from solvent (as determined by a 1.2 Å radius probe), whereas in FGF-1, 

this set demonstrates a partial solvent accessible surface area of 15.9 Å2 (the principle 

contributors being Leu14, Val109, and Cys117).  Overall core volumes (calculated from the side 

chain volumes and ignoring partial accessibilities) are 2,497 Å3 for FGF-1 and 2,387 Å3 for 

Phifoil.  Thus, the Phifoil core buries ~110 Å3 (~4%) less hydrophobic volume than FGF-1, a 

modest reduction in hydrophobicity.  Cavity calculations using a 1.2 Å radius probe identify a 

~30 Å3 central cavity in the FGF-1 structure that is absent in Phifoil.  Although cavities are 

identified in the Phifoil structure, they are distributed and do not form a large central cavity and 

have a combined volume of ~18 Å3; that is, 12 Å3 less than the central cavity of FGF-1.  Thus, 

despite a 4% loss in hydrophobic volume, Phifoil packs its core more efficiently than FGF-1, as 

evidenced by the reduction in cavity size and the lack of exposed hydrophobic surface area.  The 

preceding observation is explained principally by the fact that Phifoil lacks two functional 

insertions (positions 104-106 and 120-122) that are present in the third trefoil-fold subdomain of 

FGF-1.  These insertions provide for heparin-binding functionality in FGF-1 but distort the 

threefold symmetry of the central barrel (Brych et al., 2004).   
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3.2.6  “Trefoil-fold” Structural Subdomain Symmetric Expansion 

The regions comprising residue positions 10-52, 53-93, and 94-140 define the three 

repeating “trefoil-fold” subdomains in FGF-1 (Figure 3.2).  As a control experiment three 

different β-trefoil constructs were prepared by symmetric expansion of these domains (i.e., 

utilizing a structure-based motif, not a folding nucleus-based motif).  This structure-based motif 

approach reflects a common strategy in attempts to design symmetric protein architectures such 

as β-propeller (Yadid and Tawfik, 2007; Yadid and Tawfik, 2011) and (β/α)8-barrel (i.e., TIM 

barrel) (Hocker et al., 2004; Richter et al., 2010) proteins--although such studies have met with 

limited success. Expression and purification of these three β-trefoil proteins (i.e., symmetric 

expansion of regions of FGF-1 not containing an intact folding nucleus) was attempted but failed 

in each case (data not shown).  The constructs derived from the first β-trefoil subdomain and the 

third β-trefoil subdomain precipitated completely upon cell lysis; the construct derived from the 

second β-trefoil subdomain failed to express. 

 

3.3 Discussion 

The prevalence of symmetric protein folds is something of a conundrum as their 

evolutionary emergence would appear to involve two consequences for protein folding that are 

each typically considered lethal.  The first is that gene duplication and fusion represents a major 

replication error--producing gross structural alterations to protein structure. Proteins have a 

delicate thermodynamic balance in favor of the native structure, and while conservative point 

mutations can often be accommodated, major alterations invariably tip this balance in favor of 

unfolding.  The second is that gene duplication and fusion yields extensive regions of exact 

repeating primary structure--a situation postulated to frustrate folding pathways, resulting in 

kinetically-trapped misfolded forms (Borgia et al., 2011; Wright et al., 2005). The present 
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results, however, suggest robust biophysical properties of folding for the Phifoil protein 

produced by symmetric expansion of the folding nucleus.   

FNSE provides a straightforward approach by which knowledge of the folding nucleus--

determined either experimentally or computationally--can be used to simply and rapidly generate 

an intact symmetric protein fold.  Motivated by hypotheses regarding symmetric protein 

evolution, FNSE should, in principle, be applicable to any common protein architecture 

characterized by internal symmetry (i.e., approximately 1/3 of known protein architectures).  

FNSE highlights a fundamental relationship between protein evolution, folding, and design by 

rebranding the critical folding nucleus as the key evolutionary building block and de novo design 

element.  Proteins generated by FNSE will exhibit exact symmetry; that is, both the primary and 

tertiary structures of the resulting architecture will be symmetric.  The fitness for folding of such 

exact symmetry has previously been contested (Borgia et al., 2011; Wright et al., 2005; Yadid 

and Tawfik, 2011), although recent reports have unambiguously demonstrated that exact 

symmetry is compatible with efficient foldability (Alsenaidy et al., 2012; Hocker et al., 2009; 

Lee and Blaber, 2011) and that symmetric sequences can maintain foldability in the face of 

major structural rearrangement (Longo et al., 2013b).  Indeed, symmetric sequences built from 

FNSE would make ideal protein “scaffolds” since they potentially contain built-in folding 

pathway redundancy, robust to diverse subsequent functional mutation (Chapter 4). 

The success of FNSE helps to elucidate the failure of structural motif-based symmetric 

protein design, as well as provides a possible explanation why proteins sharing a common 

symmetric fold do not necessarily share a related folding nucleus (Jennings et al., 1998; Liu et 

al., 2002; Longo et al., 2012).  A number of experimental attempts have been made to leverage 

structural symmetry to simplify the protein design process, since symmetry provides a means to 
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efficiently parameterize the protein design problem.  In the majority of these studies, the 

repeating structural subdomain (i.e., typically defined beginning with the N-terminus) is utilized 

as a building block and expressed as a fragment, or expanded as a multimer according the 

symmetry of the fold, with the goal of generating a foldable symmetric target architecture.  Such 

approaches have proven largely unsuccessful, and were similarly unsuccessful in the present 

study when utilizing the different trefoil-fold repeat definitions in FGF-1 as building blocks. The 

key shortcoming of this structural motif-based approach is that it tacitly assumes that the critical 

folding nucleus is neatly contained within one of the repeating structural motifs.  In the φ-value 

analysis of FGF-1 (Chapter 2) this assumption is clearly false; the folding nucleus is not neatly 

encapsulated within any of the three trefoil-fold repeating motifs. Furthermore, the folding 

nucleus is not neatly contained within any of the three exons of FGF-1.   Thus, the folding 

nucleus of FGF-1 is a cryptic region using either structure-based or exon-based definitions as a 

probe (Figure 3.1).  

Top-down symmetric deconstruction (TDSD) (Lee et al., 2011) has previously been used 

to successfully generate a purely symmetric β-trefoil architecture (the Symfoil protein) starting 

from the highly-asymmetric FGF-1 β-trefoil protein.  The TDSD approach relies on the iterative 

experimental identification of mutations that can increase the symmetry of the protein and 

incorporates a thermostability and folding cooperativity screen; as such, TDSD is labor intensive, 

difficult to implement computationally, and requires significant user expertise.  In contrast, 

FNSE is straightforward to implement once knowledge of the folding nucleus is obtained; thus, 

computational formulation of FNSE is feasible (and can potentially be exclusively computational 

if the folding nuclei can be computationally identified).  Critically, the success of TDSD appears 

due to the conceptual framework identified by FNSE:  Symfoil-4T, the final product of TDSD of 
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FGF-1 to generate a symmetric β-trefoil protein, shares 77% sequence identity with Phifoil, 

indicating that TDSD was successful because it effectively isolated the cryptic folding nucleus of 

FGF-1 (which, at the time, was unknown). 

The FNSE results, furthermore, suggest that the earliest symmetric proteins (i.e., the 

immediate product of duplication and fusion events) may have enjoyed built-in folding 

redundancy by virtue of having multiple--potentially overlapping--folding nuclei present within a 

single sequence.  This condition is intrinsic to a gene duplication and fusion evolutionary process 

and comes with clear evolutionary advantages, as it may permit foldability in the face of major 

structural rearrangement (Longo et al., 2013b) (Chapter 4), and subsequent acquisition of 

mutations that may disrupt folding of one nucleus while still maintaining overall protein 

foldability through the presence of one or more redundant folding nuclei.  This latter postulate 

explains why symmetric proteins distantly related by evolution need not exhibit the same folding 

nucleus location within the sequence.  Related to this point is the observation that the folding 

nucleus of FGF-1 is not localized to any individual trefoil-fold subdomain, and is thus an 

apparent circular permutation of the presumed archetypical trefoil-fold subdomain.  Circular 

permutation can result from gene duplication and fusion events also involving truncations--such 

that the apparent structural repeat domain no longer defines the folding nucleus.  Thus, it is 

unclear whether the original β-trefoil building block may have utilized an alternate termini 

definition; however, is seems more likely that multiple nucleating sequences present in a single 

structure may be eroded by evolution to preserve only what is necessary to maintain folding--

with no selective pressure to observe repeating motif or exon demarcations. The failure of repeat 

domain-based symmetric expansion highlights the essentially irreversible evolutionary process 

associated with such mutational “erosion”, i.e., that the folding nucleus in a symmetric protein is 
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no longer constrained to reside neatly within the apparent repeating structural motif. As will be 

discussed in Chapter 4, circular permutation of a related symmetric β-trefoil protein (with 

permutations at all possible surface turn positions) showed that alternative definitions for the N- 

and C-termini, in comparison to the native termini definitions, are destabilizing in each case 

(Longo et al., 2013b). Fragmentation studies of a related symmetric β-trefoil solution also 

showed that the native termini definitions constitute a foldable solution for a putative ancient 42-

mer peptide motif (Lee and Blaber, 2011). Furthermore, alternative termini definitions that occur 

at position 23 and 64 (that is, spanning the folding nucleus identified in Chapter 2) do not residue 

within an exposed surface turn, but rather, within the central region of a β-strand--with an 

expectation of major destabilization resulting for termini location. Thus, the folding nucleus of 

FGF-1 is a centrally-located structural element, but beyond this appears to have minimal 

association with current boundary definitions of the structural repeat, exons, or putative ancient 

progenitor motif. 

The improved biophysical properties of Phifoil compared to FGF-1 are an additional 

demonstration of the burden of function on foldability, stability, and solubility.  It has been 

shown that functional regions of FGF-1 are highly segregated from the region that comprises the 

folding nucleus (Longo et al., 2012) (Chapter 2); thus, the construction of Phifoil, which was 

built from a region of FGF-1 devoid of any known function, may help disentangle which 

biophysical properties of FGF-1 are the consequence of functional mutation.  Perhaps the most 

striking difference between Phifoil and FGF-1 is the fact that Phifoil is dramatically less prone to 

aggregation (only aggregating near the pI), suggesting that functional acquisition has negatively 

impacted the folding and aggregation properties of FGF-1. In this regard, while the construction 

of Phifoil using the folding nucleus of FGF-1 has captured the essential stability of FGF-1, the 
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precipitation of FGF-1 during unfolding is due to the (functional) regions outside the essential 

folding nucleus.  

FNSE is a novel approach to rapidly design a stable protein scaffold with favorable 

biophysical properties useful for subsequent mutational engineering.  The success of this 

approach underpins the evolutionary emergence of symmetric protein folds, and highlights 

symmetry as a structural property linking the evolution, folding, and efficient design of complex 

protein architecture with the critical folding nucleus. 

 

3.4 Materials and Methods 

3.4.1 Protein Design by Folding Nucleus Symmetric Expansion (FNSE) 

Residue positions identified by φ-value analysis as contributing to the folding nucleus of 

FGF-1 span the region from turn #2 (position 26) through turn #7 (position 83)--approximately 

46% of the basic β-trefoil architecture (58 amino acids out of 132 amino acid positions) of FGF-

1 (Longo et al., 2012)(Chapter 2).  However, turn #6 (positions 68-71) within this region exhibits 

φ-values indicative of folding after the transition state (i.e., φ-values 0.30 – 0.77).  Additionally, 

symmetric expansion requires a region comprising precisely one-third of the basic β-trefoil 

architecture.  To achieve this length requirement, and to capture the major folding nucleus 

region, the region comprising turns #2-#5 was selected as the folding nucleus.  Several amino 

acids before turn #2 and after turn #5 were incorporated in the final construct, as these positions 

are also likely key contributors to the folding nucleus.  Thus the design element used to create 

Phifoil spans residues 23-64 or, equivalently, residues 24-65 (an indistinguishable solution 

(Figure 3.2)).  Although this 42-residue region is smaller than the entire folding nucleus 

identified by φ-value analysis the symmetric expansion of this sequence to structurally 

equivalent positions means that the “missing” parts of the experimentally determined folding 
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nucleus are regenerated by structurally equivalent residues from positions residing within the 

folding nucleus.  Alternative definitions involving minor variation in the precise start point may 

serve equally well as efficient folding nuclei.  The final Phifoil construct was generated by 

symmetric expansion of the region 23-64 (24-65) folding nucleus but retaining the wild-type β-

trefoil N- and C-terminus definitions (which is probably the most stable termini configuration 

(Longo et al., 2013b) (Chapter 4)) (Figure 3.1 and Figure 3.2).  Thus, the Phifoil protein contains 

two intact folding nuclei from FGF-1 as well as one interrupted folding nucleus (partial regions 

of which are located at the N- and C-termini). Alternatively, if the original longer 58 amino acid 

definition of the FGF-1 folding nucleus is effectively regenerated by the symmetric expansion, 

there are two intact and overlapping larger folding nuclei. 

 

3.4.2 Phifoil Expression and Purification 

Synthetic genes were ordered from Integrated DNA technologies (Coralville, IA) and 

sequenced prior to protein expression. The Phifoil sequence includes an amino-terminal 6xHis-

tag to permit efficient purification. The E. coli BL21 (DE3) (Novagen, Darmstadt, Germany) 

expression system was used, as previously described (Blaber et al., 1999; Kim et al., 2002).  

Cells were lysed by passage through a French pressure cell and were clarified by centrifugation 

(7,500 x g for 15 min).  Purification by nickel affinity chromatography followed by gel filtration 

on a 26/60 Superdex 75 preparative column, and resolved using an AKTA FPLC system (GE 

Healthcare, Little Chalfont, United Kingdom), resulted in sample purities greater than 98% (as 

assessed by densitometry of Coomassie blue stained 15% sodium dodecyl sulfate-

polyacrylamide gels).  Purified protein yield of Phifoil was ~60 mg per liter of culture.  The 

extinction coefficient of Phifoil was determined to be 0.474 mL/mg/cm following the method of 
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Gil and Von Hipple (Gill and von Hippel, 1989).  For characterization, protein samples were 

dialyzed into “Phosphate Buffer” (50 mε NaPi, 100 mM NaCl, 10 mM (NH4)2SO4, pH 7.5) for 

crystallization efforts, “ADA Buffer” (20 mε N- (2-Acetamido)iminodiacetic acid, 100 mM 

NaCl, pH 6.6) for isothermal equilibrium denaturation and differential scanning calorimetry 

studies, and “CP Buffer” (20 mε citrate-phosphate buffer, ionic strength=0.15 (adjusted with 

NaCl), pH 3.0-8.0) for empirical phase diagram determination. 

 

3.4.3 X-ray Crystallography 

Purified Phifoil in Phosphate Buffer was concentrated to ~12 mg/mL and crystal 

conditions were screened using the hanging-drop vapor diffusion method at 25 °C.  Diffraction 

quality crystals grew in ~1 month from vapor diffusion against 800 mM (NH4)2SO4, 100 mM 

citric acid, pH 4.0.  A crystal was mounted using a Hampton Research nylon cryo-loop and 

cooled in a stream of gaseous nitrogen to 100 K.  Diffraction data were collected using an in-

house Rigaku RU-H3R rotating anode X-ray source (Rigaku, Tokyo, Japan) equipped with 

Osmic confocal mirrors (Osmic Inc., Troy, MI) and a MarCCD165 (Rayonix, Evanston, IL) 

detector.  The data were indexed, integrated, and scaled using the HKL2000 software package 

(Otwinowski, 1993; Otwinowski and Minor, 1997).  Molecular replacement and model building 

utilized the PHENIX software package(Zwart et al., 2008), with 5% of the data in the reflection 

files set aside for Rfree calculations(Brunger, 1992). Symfoil-1 (PDB accession 3O49) was used 

as the search model in molecular replacement.  Model building and visualization utilized the 

COOT molecular graphics software package (Emsley and Cowtan, 2004). 
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3.4.4 Isothermal Equilibrium Denaturation 

10 M samples of Phifoil in ADA Buffer were incubated for ~20 h at 25 °C in the 

presence of 0.0-2.6 M GuHCl (i.e., 2 x Cm) in 0.1 M increments.  The folding of Phifoil was 

monitored by fluorescence on a Cary Eclipse fluorospectrophotometer equipped with a Peltier 

temperature control unit (Agilent, Santa Clara, CA).  Samples were loaded into a 1.0 cm path 

length quartz cuvette and were incubated for 4 min prior to collecting spectra.  Tyr fluorescence 

was excited at 277 nm, emission was monitored from 284-410 nm, and slit-widths were set to 5 

nm.  Each sample was scanned in triplicate and the resulting spectra were averaged, buffer 

subtracted, and integrated to generate an unfolding curve.  The resulting unfolding curve was fit 

to a 6-parameter, two-state model of protein unfolding(Eftink, 1994) using the non-linear, least 

squares fitting program, DataFit (Oakdale Engineering, Oakdale, PA).  Reported errors are the 

standard deviation of three independent experiments.  

 

3.4.5 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was performed on samples of 40 ε Phifoil in 

ADA Buffer using a VP-DSC microcalorimeter (GE Healthcare, Little Chalfont, United 

Kingdom).  Samples were scanned from 10-95 °C under 2.3 bar, with a pre-scan equilibration 

time of 10 min and a scan rate of 0.25 °C / min (Blaber et al., 1999).  Prior to protein loading, 

buffer-buffer scans were collected until thermal history was established.  Buffer-subtracted, 

concentration-normalized endotherms were analyzed using the DSCFit software package(Grek et 

al., 2001) and standard deviations result from three consecutive protein loads.  
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3.4.6 Preparation of Empirical Phase Diagrams 

Temperature vs. pH empirical phase diagrams (EPDs) (Fan et al., 2007)were generated 

using three probes of protein structure:  circular dichorism (CD), static light scattering (SLS), 

and extrinsic fluorescence.  Temperatures ranged from 10.0-87.5 °C; pH values ranged from pH 

3.0-8.0.  Each probe at each pH was measured in triplicate and averaged to yield the final data 

for EPD determination.  Three-index EPDs were constructed as previously described using the 

MiddaughSuite software package (Kim et al., 2012; Maddux et al., 2011). 

Circular dichroism was performed using a Chirascan-plus CD spectrometer (Applied 

Photophysics Ltd, Leatherhead, UK) equipped with a 4-cuvette position Peltier temperature 

controller (Quantum Northwest, Liberty Lake, WA).  Far-UV CD spectra were collected in the 

range of 260-200 nm in 1 nm steps and a 0.5 s sampling time at each wavelength.  Quartz 

cuvettes (0.1 cm path length) sealed with teflon stoppers (Starna Cells Inc., Atascadero, CA) 

were used.  The CD signal at 230 nm was monitored as a function of temperature from 10.0-

87.5ºC at 2.5ºC intervals.  The heating rate was 1 ºC/min, and the equilibration time at each 

temperature was 1 min.  The ellipticity of the buffer was subtracted from all measurements.  All 

data were subjected to a 3-point Savitzky-Golay smoothing filter using the Chirascan software 

(Applied Photophysics Ltd, Leatherhead, UK).    

Light scattering was measured by exciting tyrosine at 280 nm and measuring the 

scattered light at the excitation wavelength.  Experiments were performed using a PTI QM-40 

spectrofluorometer (Photon Technology International, Birmingham, NJ) equipped with a 4-cell 

position Peltier temperature controller (Quantum Northwest, Liberty Lake, WA).  Samples were 

heated from 10.0-87.5 ºC in 2.5 ºC increments with a 2 min equilibration time at each 
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temperature.  Excitation and emission slits were set at 2 and 0.25 nm, respectively.  The light 

scattering intensity of the buffer was subtracted from all measurements prior to data analysis.  

Accessibility of hydrophobic moieties as a function of temperature was assessed using 8-

anilino-1-naphthalenesulfonate (ANS; Sigma-Aldrich, St. Louis, MO). ANS solubilized in 

DMSO was added to Phifoil at a 15:1 molar ratio and incubated in the dark for at least 5 min at 

10 ºC.  Samples were measured using an excitation wavelength of 372 nm and the emission 

spectrum was monitored from 400 to 600 nm as a function of temperature (10.0 - 87.5 ºC). The 

excitation and emission slits were both set at 3 nm.  Step size and integration time were 1 nm and 

0.5 s, respectively.  The spectra were collected at 2.5 ºC intervals with a 2 min equilibration time 

at each temperature.  One cm quartz cuvettes were used in all experiments.  Fluorescence 

intensity at 480 nm was plotted as a function of temperature and emission of the buffer 

containing ANS was subtracted from all measurements. 
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Figure 3.1 Scheme for folding nucleus symmetric expansion (FNSE) applied to the β-trefoil 
symmetric protein fold.  Panel a: secondary structure schematic of FGF-1 with the repeating 
"trefoil-fold" structural subdomains indicated by different colors and associated secondary 
structure elements (arrows indicate β-strands, cylinders helices, and grey bar loops/surface 
turns). The amino acid numbering scheme of the 140 amino acid form of FGF-1 is used 
throughout.  Panel b:  intron-exon structure of the FGF-1 gene.  Panel c:  location of critical 
folding nucleus of FGF-1 as determined from experimental φ-value analysis (Chapter 2).  Panel 
d:  Phifoil design based on the folding nucleus of FGF-1 expanded by the threefold symmetry of 
the β-trefoil target architecture (and associated secondary structure elements derived from FGF-
1). 

 

 

 

Figure 3.2 1° structures of Phifoil and FGF-1.  The 1° structures of Phifoil and FGF-1 
(single-letter code) are arranged according to the three repeating trefoil-fold structural 
subdomains (Figure 3.1, panel a). The numbering scheme is based upon FGF-1 (relative gaps or 
insertions are indicated). The red shading of contiguous amino acid positions 23-64 identify the 
folding nucleus of FGF-1 that was expanded by the threefold symmetry of the β-trefoil 
architecture to construct the Phifoil protein (Figure 3.1, panel c). Additional pink shaded 
positions identify identical amino acids between FGF-1 and Phifoil in the remaining regions of 
the protein--showing that the 1° structure of the folding nucleus exhibits minimal identity with 
the other symmetry-related positions in FGF-1. 
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Figure 3.3 Unfolding of FGF-1 and Phifoil.  Panel a:  Isothermal equilibrium denaturation by 
GuHCl of FGF-1 (solid line) and Phifoil (dashed line). The lines are the two-state model fit to 
the indicated experimental data points.  Panel b: Differential scanning calorimetry endotherms of 
FGF-1 (solid line) and Phifoil (dashed line).  Fitted parameters for isothermal equilibrium 
denaturation and differential scanning calorimetry are provided in Table 3.1 and Table 3.2, 
respectively. 

 

 

 

Figure 3.4 pH vs. temperature empirical phase diagrams (EPDs) of FGF-1 and Phifoil.  EPDs 
(Kim et al., 2012) were constructed using three structural probes:  circular dichroism (CD), in 
which red color indicates native-like secondary structure; ANS binding, in which green color 
indicates partially folded or molten-globule-like states; and static light scattering (SLS), in which 
blue color indicates protein aggregation.  Individual contributions from each probe are shown on 
the right; with the large images showing the additive overlay of all probe data (panel a:  FGF-1; 
panel b: Phifoil).  Source data used to generate the Phifoil EPD is shown in Figure 3.5. 
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Figure 3.5 Source data for the Phifoil empirical phase diagram. Panel a:  circular dichroism.  
Panel b: ANS binding.  Panel c: static light scattering. 
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Figure 3.6 Main chain ribbon diagram of FGF-1 and Phifoil crystal structures.  Panel a: 
Ribbon diagram of FGF-1 (side view, left; top view [i.e., parallel to the threefold axis of 
rotational symmetry], right) and with the blue region identifying the threefold repeating trefoil-
fold structural sub-domain (PDB accession 2AFG). Panel b: A ribbon representation for Phifoil 
(same orientations as the FGF-1 ribbon diagrams) and with the red region identifying residue 
positions 23-64–the folding nucleus extracted from FGF-1 and expanded by the intrinsic 
threefold symmetry to generate the purely-symmetric Phifoil 1° structure. The N- and C-termini 
positions are indicated. 
 
Table 3.1      Isothermal equilibrium denaturation of FGF-1 and Phifoil 

Protein ΔGunf (kJ/mol) 
m-value 

(kJ/mol/M) 
Cm (M) 

     FGF-1a 21.1 ± 0.6 18.9 ± 0.6 1.11 ± 0.01 
Phifoil 20.7 ± 0.3 17.5 ± 0.3 1.18 ± 0.01 

a(Brych et al., 2001) 
 
 
 
Table 3.2      DSC data for the thermal denaturation of FGF-1 and Phifoil 

Protein 
ΔH (Tm)  

 (kJ mol-1) 
Tm  

 (°C) 
ΔHvan’t Hoff/ΔHcal 

0 M GuHCl    
     FGF-1a pptb ppt ppt 
     Phifoil 269 ± 2 56.0 ± 0.1 1.00 ± 0.03 
0.7 M GuHCl   

FGF-1a 257 ± 3 39.4 ± 0.1 1.08 
Phifoil 217 ± 11 47.9 ± 0.7 1.00 ± 0.15 

a (Blaber et al., 1999) 
b Precipitation 
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Table 3.3      Phifoil crystallographic data collection and refinement statistics 

 Phifoila 
Space Group P212121 
Cell constants (Å) 
 

a=52.9 
b=68.6 
c=76.0 
=90 
=90 
=90 

Max Resolution (Å) 2.15 
Mosaicity  (°) 0.48 
Redundancy 2.2 
Mol/ASU 2 
Matthews coeff. (Å3/Da) 2.50 
Total reflections 27,752 
Unique reflections 12,829 
I/ (overall) 18.8 
I/ (highest shellb) 4.1 
Completion overall (%) 81.7 
Completion highest shellb (%) 86.9 
Rmerge overall (%) 8.0 
Rmerge highest shellb (%) 19.6 
Nonhydrogen protein atoms 1939 
Solvent molecules/ion 132/1 
Rcryst (%) 22.8 
Rfree (%) 26.7 
R.M.S.D. bond length (Å) 0.005 
R.M.S.D. bond angle (°) 0.94 
Ramachandran plot: 
    most favored (%) 
    additional allowed (%) 
    generously allowed (%) 
    disallowed region (%) 

 
97.5 
2.5 

0 
0 

PDB accession 4OW4 
a800 mM (NH4)2SO4, 100 mM citric acid, pH 4.0 
bHighest shell 2.21 - 2.15 Å 
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Table 3.4      Core packing comparison of Phifoil and FGF-1 

Position 
FGF-1 

 (2AFG) 
Side chain 

Access (Å2) a 
Side chain 
vol (Å3)b 

Phifoil 
Side chain 
Access (Å2) 

Side chain 
vol (Å3)b 

14 Leu 2.7 167.4 Ile 0.0 167.9 
23 Leu 0.3 167.4 Leu 0.0 167.4 
25 Ile 0.0 167.9 Ile 0.0 167.9 
31 Val 0.0 125.1 Val 0.0 125.1 
44 Leu 0.0 167.4 Leu 0.0 167.4 
56 Ile 1.0 167.9 Ile 0.0 167.9 
65 Leu 0.4 167.4 Leu 0.0 167.4 
67 Met 0.7 172.6 Ile 0.0 167.9 
73 Leu 0.4 167.4 Val 0.0 125.1 
85 Phe 0.0 215.4 Leu 0.0 167.4 
97 Tyr 0.1 221.4 Ile 0.0 167.9 
109 Val 2.6 125.1 Leu 0.0 167.4 
111 Leu 0.0 167.4 Ile 0.0 167.9 
117 Cys 7.4 82.1 Val 0.0 125.1 
132 Phe 0.3 215.4 Leu 0.0 167.4 

Total:  15.9 2,497.3  0.0 2,387.1 
a Calculated using EDPDB software (Zhang and Matthews, 1995) 
b Calculated from partial molar volumes (Hackel et al., 1999) 
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CHAPTER FOUR 

ALTERNATIVE FOLDING NUCLEI DEFINITIONS FACILITATE THE 
EVOLUTION OF A SYMMETRIC PROTEIN FOLD FROM A SMALLER 

PEPTIDE MOTIF 

 

4.1 Introduction 

Analysis of protein folds has revealed a high prevalence of structures having 3° structure 

rotational symmetry (e.g., TIε barrel, β-propeller, β-trefoil, etc.), with symmetric folds 

encompassing approximately one-third of all protein architectures (Jung and Lee, 2001).  

Symmetric protein folds are postulated to have arisen via gene duplication, fusion, and truncation 

events; i.e, major errors in DNA replication (Dwulet and Putnam, 1981; Holm et al., 1984; 

McLachlan, 1979; Tang et al., 1978). The prevalence of symmetric folds suggests that structural 

symmetry may confer some evolutionary selective advantage. If symmetric protein folds evolved 

through processes involving potentially lethal major replication errors, a possible selective 

advantage is the capacity of symmetric folds to maintain protein viability (i.e., folding and 

therefore function) undeterred by major structural rearrangements.  

Regardless of the preponderance of symmetric protein 3° structures, no naturally 

occurring symmetric protein with appreciable 1° structure symmetry has been detected (despite 

the presence of numerous homo-oligomers in the genomes of extant species).  Furthermore, 

evolved multi-domain proteins exhibit limited inter-domain sequence similarity (Wright et al., 

2005), hypothesized to avoid "folding frustration" via domain-swapping mediated misfolding 

(Borgia et al., 2011). These observations have been extended to explain misfolding properties of 

proteins, both naturally evolved and designed, having a high degree of 1° structure repetition 

within a single, cooperatively folding domain (Fortenberry et al., 2011; Levy et al., 2005; Seitz et 
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al., 2007; Yadid and Tawfik, 2011).  Taken together, these studies suggest that despite the 

prevalence of 3° structure symmetry, 1° structure symmetry is a significant constraint upon 

efficient protein folding (Borgia et al., 2011; Wright et al., 2005).  However, gene duplication 

and fusion models of symmetric protein evolution involve intermediate forms (i.e., occurring at 

the moment of gene duplication and fusion) having pronounced 1° structure symmetry (Lang et 

al., 2000; Peisajovich et al., 2006; Ponting and Russell, 2000; Richter et al., 2010). Thus, the 

hypothesis that 1° structure symmetry is a constraint upon protein folding not only calls into 

question the validity of gene duplication and fusion evolutionary model (McLachlan, 1972; 

Ohno, 1970; Tang et al., 1978), but also the application of symmetry in simplifying de novo 

protein design (Fortenberry et al., 2011; Lowe and Itzhaki, 2007). Therefore, a major unsolved 

question is why symmetric protein folds are commonly observed when their emergence involves 

the simultaneous combination of two potentially major deleterious events upon protein folding--

namely, gross structural rearrangement, and extensive 1° structure symmetry?   

Recent successes in the design of purely symmetric single-domain proteins suggest that 

exact 1° structure symmetry is not de facto incompatible with efficient folding (Broom et al., 

2012; Lee and Blaber, 2011; Lee et al., 2011)(Chapter 3). Furthermore, an experimentally-

demonstrated pathway through foldable sequence space, involving sequential gene duplication 

and fusion events, between an extant symmetric protein fold (the β-trefoil) and a structurally-

equivalent homo-oligomer comprised of a simplified peptide motif, has been demonstrated (Lee 

and Blaber, 2011; Lee et al., 2011). Such results support a key role for gene duplication and 

fusion in the evolution of symmetric protein folds via a "conserved architecture" model (Lee and 

Blaber, 2011; Lee et al., 2011; Yadid et al., 2010). However, these studies do not provide an 

explanation for a possible selective advantage of symmetric protein folds. 
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φ-value analysis is an analytical technique whereby residue positions having native-like 

structure in the folding transition state can be identified; thus, pinpointing regions of the protein 

contributing to the folding pathway (Fersht and Sato, 2004; Petrovich et al., 2006). A φ-value 

analysis of fibroblast growth factor-1 (FGF-1) (Longo et al., 2012)(Chapter 2), a β-trefoil fold 

exhibiting threefold rotational symmetry (but essentially absent any 1° structure symmetry), 

demonstrated that the entire protein sequence is not optimized for foldability; rather, only about 

one-half of the protein is well structured in the folding transition state (Longo et al., 2012).  This 

critical folding nucleus in FGF-1 is essentially segregated from functional regions; similarly, the 

1° structure asymmetry in FGF-1 indicates that the sequence of the key folding nucleus has 

diverged and is essentially absent in the functional regions (despite 3° structure symmetry) 

(Longo et al., 2012).  

Circular permutation of protein architecture--postulated to occur via gene duplication, 

fusion, and truncation replication errors (Jeltsch, 1999; Peisajovich et al., 2006)--can result in 

dramatic changes in sequence separation (and thus, separation in physical space) between 

residues participating in key native state and folding pathway interactions.  Upon circular 

permutation, residues that were initially adjacent in the amino acid sequence (an entropically 

favorable condition) can become distal (entropically unfavorable) and vice versa; consequently, 

the entire energy landscape for protein folding is restructured via changing entropy terms.  

Consistent with this view, permutants of several evolved symmetric and non-symmetric protein 

folds (lacking appreciable 1° structure symmetry in each case) have been shown to adopt novel 

folding pathways, exhibit altered folding kinetics, or in other cases fail to fold altogether 

(Capraro et al., 2012; Haglund et al., 2008; Lindberg et al., 2002; Viguera et al., 1996). Failure to 

fold in response to circular permutation can indicate cleavage of a region comprising a key 
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folding nucleus, or that the native state has been rendered unstable. We hypothesize that purely-

symmetric protein sequences may confer folding robustness during protein structure evolution by 

virtue of alternate definitions of a key folding nucleus that is effectively regenerated upon gross 

structural rearrangement associated with major replication errors (Figure 4.1). Such 

characteristics highlight the structural plasticity of subdomains of symmetric protein folds in 

response to major structural rearrangement (Lee and Blaber, 2011; Yadid et al., 2010). 

To test this hypothesis, a purely-symmetric designed β-trefoil protein (Symfoil-4T, 126 

amino acids) (Lee and Blaber, 2011; Lee et al., 2011) was subjected to all possible circular 

permutations at reverse-turn regions (Figure 4.2), thereby mimicking plausible gene 

duplication/fusion/truncation error events associated with its evolutionary emergence from a 

simple repeating 42-mer peptide motif (i.e., the Monofoil peptide).  Symfoil-4T shares significant 

sequence homology to Phifoil (Chapter 3) and difference between these two proteins are the 

result of directed stabilization efforts.  The set of permutants was characterized with regard to 

structure, stability, and folding.  Remarkably, the entire set of Symfoil-4T permutants is shown 

to have an unperturbed folding rate in comparison to the Symfoil-4T wild-type termini 

definition, as would be expected if an identical folding nucleus was preserved or regenerated 

upon varied structural rearrangements. The results provide a clear illustration of how major DNA 

replication errors involving events of gene duplication, fusion and truncation can interact with 

the fundamental biophysical properties of symmetric 1° structure to maintain protein foldability, 

thereby retaining protein viability. This hypothesized role of symmetry in protein evolution 

provides one possible explanation for the broad representation of symmetric protein folds in the 

extant proteome.  
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4.2 Results 

4.2.1 Symfoil-4T Permutant Thermostability and Folding/Unfolding Kinetics 

Circular permutation of Symfoil-4T, in each case, yields a foldable protein that retains 

substantial thermostability (Table 4.1; Figure 4.3); each permutant is significantly more 

thermostable than FGF-1 (ΔGu=20.1 kJ/mol (Blaber et al., 1999)), for example. The permutants 

are, however, destabilized in comparison to the Symfoil-4T wild-type termini definition, and 

destabilizing ΔΔG values range from 13.8 – 18.8 kJ/mol.  The folding and unfolding kinetic data 

demonstrate that Symfoil-4T, and each permutant, exhibit essentially indistinguishable folding 

kinetics (Figure 4.4), while the unfolding kinetics for the permutants increases, in each case, by 

two-orders of magnitude (Figure 4.4, Table 4.2).  Thus, the destabilization of each permutant is 

due exclusively to an increase in the unfolding rate constant, consistent with an increase in Gibbs 

energy of the folded (native) structure, but no change in the relative Gibbs energy of the critical 

folding transition state in comparison to the denatured state.  

The Symfoil-4T and permutant proteins exhibit different degrees of curvature in the 

unfolding arm (Figure 4.4). A previous study of correlated B-factor motion in an atomic-

resolution (1.10Å) X-ray structure of the related FGF-1 protein identified the N- and C-termini 

β-strand interaction as a region of structural weakness (Bernett et al., 2004). Additionally, these 

structurally-adjacent β-strands have the greatest possible separation in the 1° structure; thus, their 

formation is associated with the largest possible entropic penalty among all β-strand interactions. 

It is plausible that these strands fold last, and unfold first, in the folding/unfolding pathway. The 

terminal β-strands in each permutant are uniquely different, and the differential proclivity for 

“fraying” may account for the subtle differences in curvature of the unfolding arms of the 

chevron plot for each protein (Figure 4.4). 
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4.2.2  Symfoil-4T Permutant X-ray Structures 

X-ray structures (1.32 – 2.20 Å resolution) were solved for each Symfoil-4T circular 

permutant (Table 4.3).  X-ray structures for the Symfoil-4T and FGF-1 proteins have been 

previously reported (Bernett et al., 2004; Blaber et al., 1996; Lee and Blaber, 2011). Permutant 

#2 crystallized in the same space group as Symfoil-4T; however, permutants #1 and #3 

crystallized in a novel tetragonal and orthorhombic space group, respectively. With the exception 

of structural details localized to the site of permutation (i.e., the novel N- and C-termini), the X-

ray structures of the permutants are, in each case, essentially superimposable with the Symfoil-

4T structure (Figure 4.5) with a root mean square deviation (RMSD) of 0.3-0.6 Å for main chain 

atoms, and each permutant successfully produces an intact β-trefoil fold.  A “side” view of 

Symfoil-4T, Permutant #1, #2 and #3 is also shown in the right hand side of Figure 4.1 

(clockwise, respectively from the upper left structure). 

 

4.2.3  Permutation of FGF-1 

Circular permutation of FGF-1 at turns #1 and #10 (outside of the critical folding nucleus 

as determined from φ-value analysis (Longo et al., 2012)(Chapter 2) and denatured-like in the 

folding transition state) and turns #2 and #5 (located within the critical folding nucleus and 

native-like in the folding transition state) were constructed and expressed but failed to produce 

foldable polypeptides.  To compensate for potential destabilizing effects of permutation, a 

ΔΔG=1λ.1 kJ/mol stabilizing background K12V/P134V double mutation was incorporated into 

the permutant design strategy, and combined with the intrinsic ΔGu of FGF-1 (21.1 kJ/mol 
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(Blaber et al., 1999)) provides ~40 kJ/mol of thermostability.  However, none of the stabilizing 

mutant FGF-1 permutants yielded foldable proteins. 

 

4.3  Discussion 

Experimental studies of the interaction between protein symmetry and folding have 

provided compelling support for a “conserved architecture” model of symmetric protein 

evolution, whereby tandem duplications are a viable evolutionary pathway leading from 

symmetric oligomer assemblies of a simple peptide motif to yield a larger and more complex 

symmetric single domain protein fold (Broom et al., 2012; Lee and Blaber, 2011; Lee et al., 

2011; Longo et al., 2012). In such an evolutionary scheme, immediately after a gene 

duplication/fusion event, the resultant polypeptide exhibits exact 1° structure symmetry, 

although the repeated domains subsequently diverge in response to selective forces and drift. 

Emergent 1° structure asymmetry can segregate regions of folding from function (Gosavi et al., 

2006; Gosavi et al., 2008; Schreiber et al., 1994; Shoichet et al., 1995).  Thus, exact 1° structure 

symmetry is an evolutionarily transient feature, co-temporal with the major replication error 

responsible for its emergence (but subsequently lost).  Therefore, in evolutionary models of 

symmetric protein folds involving gene duplication/fusion events, symmetric 1° structure must 

not only be compatible with folding, but--given the prevalence of symmetric folds--provide some 

selective advantage associated with its co-temporal occurrence with a major replication error 

causing gross structural rearrangement. 

Symfoil-4T was circularly permuted at each β-turn to yield a total of 4 unique termini 

definitions (Figure 4.2). While the asymmetric 1° structure of the related FGF-1 β-trefoil 

structure involves a complete set of 11 permutants at surface turn positions (Figure 4.6, panel a), 
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the exact symmetry of Symfoil-4T enables a complete set with only three permutants (Figure 4.6, 

panel b).  In each case, Symfoil-4T and permutants adopt superimposable X-ray structures 

(Figure 4.5); remarkably, the set of permutants has essentially unperturbed folding kinetics 

(Figure 4.4, Table 4.2), consistent with conservation of an equivalent folding nucleus upon 

permutation.  These results support the hypothesis that the folding pathway of a symmetric 1° 

structure within a cooperatively folding single domain symmetric architecture is robust to 

permutation, as is consistent with a structural analysis of φ-values (Figure 4.6, panels c and d).  

The results also indicate that the entire protein does not participate in the folding nucleus, 

echoing earlier studies on β-trefoil proteins which reveal that only a key subset of residues 

(spanning approximately 50% of the overall fold) seem to be essential for protein folding (with 

such nuclei characteristically localized to the central region of the protein fold) (Liu et al., 2002; 

Longo et al., 2012). This percentage of the protein participating in the key folding nucleus 

appears typical of other evolved protein folds with polarized transition states, including 

ribosomal S6 protein (symmetric; ~50%) (Lindberg et al., 2006), ubiquitin (asymmetric, ~50%) 

(Went and Jackson, 2005), α-lactalbumin (asymmetric, ~33%) (Saeki et al., 2004), tumor 

suppressor p16 (symmetric, ~50%), notch ankyrin (symmetric, ~43%) (Bradley and Barrick, 

2006), Internalin B (symmetric, ~30%) (Courtemanche and Barrick, 2008), protein L 

(symmetric, ~50%) (Kim et al., 2000) and immunoglobulin domain (asymmetric, ~50%) (Fowler 

and Clarke, 2001).  In response to permutation, alternative definitions for the same folding 

nucleus (but critically provided by different repeating sub-domains) are possible within exact 

repeating 1° structure (Figure 4.6, panel d). Thus, the results support the idea that a purely 

symmetric β-trefoil protein is able to conserve a central folding nucleus despite diverse structural 

perturbation and that the protein tends to fold from the middle and unfold from the ends in each 
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case. This hypothesis is also consistent with the possible basis (described above) for the 

curvature of the unfolding arms of the chevron plots, which generally increases in magnitude 

with destabilization of the native structure. 

Symfoil-4T is a designed protein, generated from FGF-1 by top-down symmetric 

deconstruction (Lee et al., 2011). This process enforced a symmetric constraint upon the 1° 

structure of FGF-1 utilizing a folding cooperativity and thermostability screen. The Symfoil-4T 

protein exhibits enhanced thermostability compared to FGF-1, while the folding cooperativity is 

maintained (i.e., largely unchanged compared to FGF-1). The resulting 42-mer repeating 1° 

structure in Symfoil-4T retains 71% identity to the critical folding nucleus identified in FGF-1 

from a φ-value study (Lee et al., 2011; Longo et al., 2012)(Chapter 2). Specifically, Symfoil-4T 

retains an intact sequence for turns #2, #3 and #5 of FGF-1. φ-value analysis of FGF-1 (Longo et 

al., 2012) indicates each of these turns has native structure in the folding transition state (Figure 

4.6, panel c). Since the symmetry mates of turn #5 are turns #1 and #9, turns #1, #2, and #3 in 

Symfoil-4T (i.e., all reverse turns within the repeating 42-mer peptide motif) are thus derived 

from regions of FGF-1 that are natively-structured in the folding transition state, and contribute 

to the critical folding nucleus. Due to the exact 1° structure symmetry, all turns in Symfoil-4T 

are therefore predicted to contribute to formation of the folding transition state. However, folding 

rate data show that none of the Symfoil-4T permutants perturbs the folding rate (indicating that 

none of the turns are individually critical for folding). This apparent conundrum is resolved if a 

redundancy exists within the structure--specifically; if an equivalent alternative definition of a 

critical folding nucleus is regenerated within each permutant (Figure 4.6, panel d). By 

comparison, φ-value analysis of FGF-1 reveals that the folding nucleus of FGF-1 is 

asymmetrically distributed across the sequence, and thus permutation within the folding nucleus 
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(e.g., turns #2 and #5) would be predicted to strongly retard the folding rate compared to 

permutation at other sites outside the folding nucleus (e.g., turns #1, and #10).  None of the FGF-

1 permutants yielded a foldable protein. For the FGF-1 turn #2 and #5 permutants, a lack of 

foldable protein is consistent with significant reduction in folding rate; however, the inability of 

the FGF-1 turn #1 and #10 permutants to yield folded proteins also indicates a potential for 

substantial destabilization of the native state (where lack of folded protein is due to increased 

rate of unfolding). The prediction based on the φ-value analysis of FGF-1 is borne out by circular 

permutation studies of interleukin-1β, a β-trefoil with an asymmetric primary sequence, in which 

permutation has dramatic effects on both the rate of folding and unfolding (Capraro et al., 2012). 

The hypothesis that robustness to structural rearrangement is an inherent property of 

symmetric sequences (present transiently at the moment of gene duplication and subsequently 

lost upon divergence) is supported by the present results. The principle advantage of replication 

errors resulting in structural symmetry is that alternative definitions of the folding nucleus can 

exist and survive intact despite a wide variety of structural rearrangements. The use of 

alternative folding nuclei for linear repeat proteins (i.e., having no long-range inter-domain 

interactions) in response to stability mutations within specific repeats has been reported (Lowe 

and Itzhaki, 2007). Such results suggest that while the 1° structure of such repeats has diverged, 

the potential for each repeat to form an efficient folding nuclei still exists with appropriate 

stabilizing mutation(s).   The dominant model of symmetric protein evolution--gene duplication 

and fusion--predicts the existence of evolutionary intermediates with a high degree of 1° 

structure symmetry.  In identifying a benefit (as opposed to hypothesized drawbacks) of 

symmetric sequences, the present data provide strong support for the gene duplication and fusion 

model of symmetric protein evolution:  At a key point in the evolution of symmetric protein 
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architectures, when structural rearrangements occur, symmetric sequences robust to structural 

rearrangements are generated.  In this view, the evolving symmetric protein does not merely 

tolerate symmetric sequences and structural rearrangements—but rather, the symmetric sequence 

is compensatory to the ill-effects of structural rearrangement by protecting the integrity of an 

efficient folding nucleus, preserving the critical foldability (and therefore function) of the 

polypeptide.  Subsequent asymmetric divergence of the 1° structure can enable much greater 

functional exploration in comparison to the more restrictive primitive symmetric oligomer 

(Figure 4.1). 

In conclusion, the barrier to symmetric protein evolution appears much lower than 

previously assumed, but consistent with the observed enrichment of symmetric proteins in the 

known proteome.  Most strikingly, these results provide a clear illustration of how major DNA 

replication “errors” can interact with the fundamental biophysical properties of symmetric amino 

acid sequences to maintain foldability and thereby avoid loss of protein viability and potential 

organismal lethality; subsequently, symmetric single domain architecture permits asymmetric 

divergence with associated broad functional potential.  

 

4.4  Materials and Methods 

4.4.1  Symfoil-4T Mutant Construction and Protein Purification 

Construction of Symfoil-4T, a synthetic symmetric β-trefoil protein derived from human 

acidic fibroblast growth factor (FGF-1) via “symmetric deconstruction”, has been previously 

reported (Lee and Blaber, 2011; Lee et al., 2011). Symfoil-4T contains an amino-terminal (His)6 

tag as well as amino acids 1-10 of FGF-1 prior to Pro11 (according to the numbering of 140 

amino acid form of FGF-1).  Three circularly-permuted forms of the Symfoil-4T were 
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constructed and evaluated (there are 4 total within the trefoil-fold; the native N- and C-termini 

define one of these; thus, there will be three uniquely different circularly-permuted forms to 

evaluate). To introduce novel termini at the central location of surface turns, Gly20, Gly29 and 

Asp39 were located as the novel N-terminal residue for permutation #1, #2 and #3 respectively 

followed by Gly11 (His-tag and initial 10 residues of Symfoil-4T were kept prior to the novel N-

termini to assist purification and possibly enable crystallization). Construction of the three 

Symfoil-4T permutations involved complete gene synthesis utilizing the Symfoil-4T sequence. 

The β-trefoil architecture comprises 11 β-turns and a 12th “interrupted turn” defined by the 

adjacent N- and C-termini (see Fig. 4). Considering the 1° structure symmetry of the Symfoil-4T 

protein, circular permutation at turn #1 is equivalent to a permutation at turn #5 or turn #9, and 

similarly for turns #2, #3 and #4.  Thus, the Symfoil-4T protein and permutations #1, #2 and #3 

describe all possible circular permutations at surface turn positions. 

Expression and purification of recombinant proteins followed previously published 

procedures (Brych et al., 2001; Brych et al., 2004). Purified protein was exchanged into 50 mM 

sodium phosphate, 0.1 M NaCl, 10 mM (NH4)2SO4, pH 7.5 (“crystallization buffer”) for 

crystallization studies or ADA buffer for biophysical studies. An extinction coefficient of E280nm 

(0.1 %, 1 cm) = 1.26 (Zazo et al., 1992) was used for FGF-1 and mutants thereof, and 0.32 was 

used for all Symfoil-4T mutants (Lee and Blaber, 2011; Lee et al., 2011). 

 

4.4.2  Isothermal Equilibrium Denaturation 

Fluorescence data were collected on a Cary Eclipse fluorescence spectrophotometer 

(Agilent Technology, Santa Clara CA) equipped with a Pelletier controlled-temperature regulator 

at 298 K and using a 1.0 cm path length cuvette. 5.0 µM protein samples were equilibrated 
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overnight in ADA buffer at 298 K in 0.1 M increments of GuHCl. For Symfoil-4T and 

permutants, the proteins were excited at 280 nm and emission between 290 – 490 nm was 

monitored because Symfoil-4T and permutants do not contain a Trp residue which serves as a 

main fluorophore in FGF-1 mutants (Lee et al., 2011). Scans were collected in triplicate, 

averaged and buffer-subtracted. Data were analyzed using the general purpose non-linear least-

squares fitting program DataFit (Oakdale Engineering, Oakdale PA) implementing a six 

parameter, two-state model as previously described (Blaber et al., 1999). The effect permutation 

upon the stability of the protein (ΔΔG) was calculated by the method of Pace and Scholtz (Pace 

and Scholtz, 1997) in which a negative value indicates the mutation is stabilizing in reference to 

the reference protein.  

 

4.4.3 Folding/Unfolding Kinetic Analysis and φ-value Analysis  

Folding and unfolding kinetic measurements of Symfoil-4T and permutants followed 

previously described methods (Kim et al., 2003). Briefly, denatured protein samples for folding 

kinetics measurements were prepared by adding GuHCl to 2.5 M followed by overnight 

incubation to permit equilibration. All folding kinetic data were collected using an Applied 

Photophysics SX20 stopped-flow system (Applied Photophysics Ltd., Surrey, United Kingdom) 

at 298 K with excitation wavelength at 280 nm and emission at 350 nm. Folding was initiated by 

a 1:10 dilution of 22 µM denatured protein into ADA buffer with denaturant concentrations 

increasing in increments 0.1 M up to the midpoint of denaturation as determined by isothermal 

equilibrium denaturation measurements. Due to the comparatively slower kinetics, unfolding 

kinetics measurements were performed using manual mixing. However, all of the permutations 

exhibit substantially faster unfolding rates. In particular, the unfolding rates of permutant #2 and 
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permutant #3 were too fast to monitor with manual mixing. Thus, unfolding kinetics of these two 

proteins were measured by stopped-flow. Protein samples (~30 µM) were dialyzed against ADA 

buffer overnight at 298 K. Unfolding was initiated by a 1:10 dilution into ADA buffer with a 

final GuHCl concentration of 1.5 to 5.5 M in 0.2 M increments. All unfolding data were 

collected using either a Cary Eclipse fluorescence spectrophotometer (Agilent Technology, Santa 

Clara CA) equipped with a Pelletier controlled temperature unit at 298 K or an Applied 

Photophysics SX20 stopped-flow system (Applied Photophysics Ltd., Surrey, United Kingdom). 

The kinetic rates and amplitudes versus denaturant concentration were calculated from 

the time dependent change in fluorescence using a single exponential model (or double 

exponential model under low GuHCl concentrations (Blaber et al., 1999)). Folding and unfolding 

rate constant data were fit to a global function describing the contribution of both rate constants 

to the observed kinetics as a function of denaturant (chevron plot) as described by Fersht  

(Fersht, 1999). Curvature in the chevron plot was described using the broad transition state 

model and φ-values were calculated following the analysis of Scott and Clarke (Scott and Clarke, 

2005). Although the present data cannot determine the mechanism resulting in chevron plot 

curvature, φ -values are robust to the model chosen, provided the fit to the data is of high quality 

and extrapolation is kept to a minimum (Otzen and Oliveberg, 2002; Scott and Clarke, 2005; 

Seeliger et al., 2003).  To minimize extrapolation, only φ -folding values are reported at 0M 

denaturant.  Both φ -folding and φ -unfolding values are reported at the average midpoint of 

denaturation (Cm) for the mutant and reference proteins --the value of denaturant where the ΔG 

from isothermal equilibrium denaturation is most accurately determined and where extrapolated 

values of ΔG from folding and unfolding kinetic analyses are minimized. 
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4.4.4  X-ray Crystallography 

Purified mutant proteins in crystallization buffer were concentrated to 10-17 mg/ml and 

crystal screening was performed using the hanging-drop vapor diffusion method at room 

temperature. Diffraction quality crystals of permutant #1 and permutant #2 grew in one week 

from vapor diffusion against 1.2-1.9 M ammonium sulfate, 0.2 M lithium sulfate and 0.1 M Tris 

pH7.0. Crystals of permutant #3 grew in 1 M sodium citrate, 0.1 M sodium cacodylate pH 6.5. 

Crystals were mounted using Hampton Research nylon mounted cryo-turns and cryo-cooled in a 

stream of gaseous nitrogen at 100 K. Diffraction data of permutant #2 and permutant #3 were 

collected at the X25 beam line (  = 1.00 Å) of the National Synchrotron δight Source at 

Brookhaven National Laboratory, using an ADSC Q315 CCD detector. Diffraction data for 

permutant #1 was collected using an in-house Rigaku RU-H2R rotating anode X-ray source 

(Rigaku MSC, The Woodlands, TX) equipped with an Osmic confocal mirrors (MarUSA, 

Evanston, IL) and a MarCCD165 detector. Each dataset was collected from a single crystal 

except permutant #2. Data sets from three crystals of permutant #2 were combined for better 

completion and redundancy.  Diffraction data were indexed, integrated and scaled using the 

HKL2000 software package (Otwinowski, 1993; Otwinowski and Minor, 1997). Molecular 

replacement and model building utilized the PHENIX software package (Zwart et al., 2008), 

with 5% of the data in the reflection files set aside for Rfree calculations (Brunger, 1992). Model 

building and visualization utilized the COOT molecular graphics software package (Emsley and 

Cowtan, 2004). Symfoil-4T (PDB code: 3O4B) was used as the search model in molecular 

replacement. Model coordinates for the refined structures have been deposited in the Protein 

Databank as listed in Table 3. Crystal structure of the Symfoil-4T protein has previously been 

reported (Lee and Blaber, 2011). 
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Figure. 4.1 An evolutionary mechanism for the emergence of symmetric protein folds. The 
prevalence of symmetric protein folds in the proteome is generally held to be due to major 
replication errors involving gene duplication, fusion, and truncation. Although major replication 
errors are generally deleterious to protein fitness, purely-symmetric protein sequences may 
confer folding robustness during protein structure evolution by virtue of repeated instances of a 
key folding nucleus that is effectively regenerated with gross structural rearrangement; thus, 
yielding a foldable polypeptide. The putative ancient β-trefoil symmetric oligomer structure is 
the Monofoil homo-trimer (Lee and Blaber, 2011; Lee et al., 2011). 
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Figure 4.2 Amino acid sequences (single letter code) of FGF-1, Symfoil-4T, and Symfoil-4T 
permutants. (Symfoil-4T and permutant sequences are numbered to correspond with FGF-1.)  
The sequences are aligned according to the threefold rotational structural symmetry of the β-
trefoil fold. The yellow regions indicate the reverse turns utilized in φ-value analysis (Longo et 
al., 2012)(Chapter 2) and permutation. 
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Figure  4.3 Isothermal equilibrium denaturation curves for Symfoil-4T and permutant 
proteins. 

 

 

 

 

Figure. 4.4 Folding and unfolding kinetics “chevron” plot for Symfoil-4T and permutant 
proteins. While permutation affects native state stability, and consequently the rate of unfolding, 
the folding rates for the set of all permutants are essentially identical to that of Symfoil-4T, 
indicating that an equivalent folding nucleus is utilized in each case. 
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Figure 4.5 Relaxed stereo ribbon diagram of an overlay of the crystal structures of Symfoil-
4T and permutant proteins. The locations of the N- and C-termini defining the Symfoil-4T 
protein (black) and each permutant (P1 - red, P2 - blue, and P3 - green) is indicated. The 
permutation, in each case, yields an undistorted β-trefoil fold. The structures shown in the right-
hand side of Figure 4.1 are, in fact, Symfoil-4T and permutants #1, #2, and #3, and provide an 
alternative “side view” orientation of each structure. 
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Figure. 4.6 The availability of equivalent alternative folding nuclei in a purely-symmetric 
protein fold. Panel aμ Secondary structure of the β-trefoil fold colored to indicate an asymmetric 
1° structure (the circled numbers indicate the location of all possible circular permutants 
occurring at reverse-turn regions). Panel b: A similar representation for symmetric 1° structure 
(as occurs with the Symfoil-4T protein); Panel c: Secondary structure of the FGF-1 β-trefoil fold 
shaded to indicate regions contributing to the folding nucleus (black) as determined from φ-value 
analysis (Longo et al., 2012) (Chapter 2).  The circled numbers with black lettering indicate the 
location of all possible circular permutants occurring at reverse-turn regions, while the inverse 
lettering indicates specific β-strand secondary structure elements. Panel d: Permutants 2-7 within 
the asymmetric FGF-1 1° structure disrupt the contiguous regions forming the folding transition 
state. In a symmetric 1° structure, an alternative definition exists for the folding transition state 
and it remains intact in all possible permutants. 
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Table 4.1 Isothermal equilibrium denaturation data for Symfoil-4T and permutation mutants 

Protein 
ΔG  

(kJ/mol) 

m-value  

(kJ/mol/M) 

Cm  

(M) 

ΔΔG  

(kJ/mol) 

Symfoil-4T1 43.2 ± 0.3 17.4 ± 0.1 2.48 ± 0.01 - 
Permutant #1 29.0 ± 0.3 17.2 ± 0.1 1.68 ± 0.01 13.8 
Permutant #2 28.5 ± 0.4 19.5 ± 0.3 1.46 ± 0.01 18.8 
Permutant #3 28.3 ± 0.5 18.4 ± 0.6 1.54 ± 0.02 16.9 

1From (Lee et al., 2011) 
ΔG is the difference in Gibb’s energy between the denatured state and the native state; positive 
values denote spontaneous folding.  
m-value is the linear sensitivity of ΔG to denaturant concentration.  
Cm is the midpoint of denaturation, the concentration of denaturant at which ΔG = 0.  
ΔΔG is the change in ΔG upon permutation at the average Cm of the reference protein and the 
permutant; positive values of ΔΔG indicate destabilization relative to Symfoil-4T.  
Errors are reported as standard deviations.
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Table 4.2. Kinetic data for Symfoil-4T and permutation mutants 

Protein kf (s-1) mf  
(kJ/mol/M) 

ku  
(1x10-7 s-1) 

mu  
(kJ/mol/M) 

m'  
(kJ/mol/M2) 

Cm 
(M) φ f,0M φ f,avg Cm φ u,avg Cm 

Symfoil-4T 45.3 ± 1.1 -11.29 ± 0.09 3.0 ± 1.2 6.84 ± 0.32 -0.49 ± 0.03 2.58 - - - 
Permutant #1 82.3 ± 2.9 -13.26 ± 0.07 29000 ± 2200 1.11 ± 0.05 01 1.77 -0.10 ± 0.02 0.04 ± 0.05 0.94 ± 0.15 

Permutant #2 38.0 ± 0.3 -9.36 ± 0.01 3400 ± 330 10.02 ± 0.19 -1.11 ± 0.03 1.49 0.03 ± 0.01 
-0.05 ± 

0.03 
1.13 ± 0.13 

Permutant #3 36.5 ± 0.1 -9.65 ± 0.01 5400 ± 160 8.29 ± 0.02 -0.86 ± 0.01 1.54 0.04 ± 0.01 
-0.07 ± 

0.03 
1.18 ± 0.11 

1Defined as 0; equivalent to the two-state model (linear chevron plot). 
kf and ku are the folding and unfolding rate constants in the absence of denaturant.  
The parameters mf, mu, and m' describe the dependence of the folding and unfolding rate constants on denaturant concentration; m' is 
the second order term and accounts for the observed curvature on the chevron plot.  
φf,0M is the φ-folding value in the absence of denaturant; φf,avg Cm and φu,avg Cm are the φ-folding and φ-unfolding values, respectively, 
at the average Cm of Symfoil-4T and the permutant.   
Errors are reported as standard deviations 
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Table 4.3.      Crystallographic data collection and refinement statistics for Symfoil-4T and 
permutation mutants 
 Symfoil-4T* Permutant #1 Permutant #2 Permutant #3 
Space Group I222 P43 I222 P212121 
Cell constants (Å) 
 

a=50.6 
b=53.5 
c=85.0 

a,b=56.7 
c=81.1 

a=50.9 
b=53.3 
c=84.5 

a=46.9 
b=57.7 
c=61.4 

Max Resolution (Å) 1.80 2.20 1.32 1.35 
Mosaicity  (o) 0.99 1.22 0.40 0.29 
Redundancy 9.7 7.2 35.8 12.0 
Mol/ASU 1 2 1 1 
Matthew coeff. (Å3/Da) 1.81 2.04 1.80 2.60 
Total reflections  86,989 979,374 432,798 
Unique reflections  12,051 27,352 36,190 
I/ (overall)  32.5 106.5 61.7 
I/ (highest shell)  4.6 3.4 6.3 
Completion overall (%)  92.0 99.7 96.9 
Completion highest shell 
(%) 

 57.9 95.7 94.1 

R-merge overall (%)  8.4 5.7 3.6 
R-merge highest shell (%)  33.1 36.8 37.2 
Non-hydrogen protein 
atoms 

 
1,933 984 966 

Solvent molecules/ion  72/4 149/2 181/0 
Rcryst (%)  19.9 14.6 14.6 
Rfree (%)  25.7 17.8 16.6 
R.M.S.D. bond length (Å)  0.003 0.005 0.006 
R.M.S.D. bond angle (°)  0.57 0.96 1.11 
Ramachandran plot: 
    most favored (%) 
    additional allowed (%) 
    generously allowed (%) 
    disallowed region (%) 

 

 
97.4 
2.0 
0.6 
0.0 

 
99.2 
0.8 
0.0 
0.0 

 
99.2 
0.8 
0.0 
0.0 

PDB accession 3O4B 3SNV 3P6I 3P6J 
* (Lee and Blaber, 2011)     
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CHAPTER FIVE 

PROTEIN DESIGN AT THE INTERFACE OF THE PREBIOTIC AND 
BIOTIC WORLDS 

 

5.1 Introduction 

Abiogenesis is one of the grand unsolved problems in science, and likely requires the 

combined knowledge of biology, cosmology, chemistry, geology, and physics to solve. 

“Proteogenesis” (the origin of proteins) is a key part of abiogenesis principally because proteins 

are uniquely capable of performing the diverse chemistry necessary to maintain living systems. 

A consensus opinion is emerging that a limited set of α-amino acids was present in the prebiotic 

earth, produced or delivered by abiotic chemical and physical processes. Such prebiotic amino 

acids provided the raw material for the very first polypeptides (i.e., proteogenesis) prior to the 

emergence of any biosynthetic pathway. Advances in the area of protein folding can shed light 

upon, or frame important unanswered questions about, the “proteogenic potential” of the 

prebiotic set of amino acids. For example, does the prebiotic set of amino acids contain members 

that can promote formation of the three fundamental types of protein secondary structure (i.e. α-

helix, β-strand, and reverse-turn)? Does it contain members that can support hydrophobic-

hydrophilic patterning essential for defined structure in aqueous solution? Does it contain the 

necessary complexity to enable efficient folding pathways of simple globular proteins (i.e., is the 

prebiotic set of amino acids intrinsically capable of providing a solution to δevinthal’s paradox 

(Levinthal, 1969))? In short, a major unanswered question in proteogenesis is whether the 

prebiotic set of amino acids comprises a “foldable” set. This chapter is intended to evaluate the 

consensus prebiotic set of amino acids in terms of current knowledge of protein folding and 
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design. It will be argued that the prebiotic set of amino acids likely comprises a foldable set, one 

that is especially suited to proteogenesis within an acidophile/halophile environment.  Using the 

set of amino acids identified in this Chapter, simplification of a Phifoil derivative (Chapter 3) 

will be attempted to generate a model system for prebiotic protein folding (Chapters 6 and 7). 

 

5.2 General Aspects of Abiogenesis and the Prebiotic Amino Acids 

The earth’s hydrosphere is postulated to have formed ~4.3-4.2 Gya in the Hadean period 

due to out-gassing of water, sulfur dioxide, carbon dioxide, hydrogen, and other volatiles from 

volcanic eruptions (Cavosie et al., 2005). The earliest fossil record of microorganisms 

(filamentous archae) occurs ~3.5 Gya in the early Archean period (Schopf, 1993). Thus, a ~700 

million year period likely comprises the processes of abiogenesis, emergence of the last universal 

common ancestor (LUCA), and subsequent evolution of filamentous archae (Figure 5.1). 

Organic compounds produced by abiotic processes, which served as the raw material for 

abiogenesis, are postulated to have included the products from atmospheric (lightning) discharge, 

hydrothermal vent chemistry, as well as organics delivered by comets and meteorites during the 

late heavy bombardment (LHB; 3.8-4.1 Gya). Sampling of the present atmosphere or 

hydrothermal vents to identify prebiotic organics is not feasible due to widespread 

“contamination” of the present earth by biotic molecules and the dramatic chemical changes such 

molecules have caused upon both the hydrosphere and mineralogy (Hazen et al., 2008). 

However, Miller-Urey spark discharge experiments (Johnson et al., 2008; Miller, 1953; Parker et 

al., 2011) and related experiments simulating hydrothermal vent chemistry (Hennet et al., 1992; 

Holm and Andersson, 2005; McCollom and Seewald, 2007) are experimental approaches to 

elucidate plausible abiotic chemical synthesis products present in the prebiotic earth. 
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Furthermore, present day analyses of pristine comet and meteorite samples can provide data on 

the organic compounds synthesized in deep space and delivered to the earth’s surface during the 

LHB (Cronin and Moore, 1971; Engel and Nagy, 1982; Glavin et al., 2008; Shimoyama et al., 

1979). Such diverse analyses identify a limited, but remarkably consistent, set of α-carboxylic 

and α-amino acids, postulated to be produced via Strecker type synthesis (Huber and 

Wachtershauser, 2006; Lerner et al., 1993; Wolman et al., 1972), with less evidence for 

nitrogenous bases. Thus, raw material for abiogenesis appears much more supportive of 

proteogenesis (i.e., a “protein first” view of abiogenesis) than nucleogenesis. The analyses of 

potential sources of abiotic organics identify a consensus set of 10 racemic α-amino acids (Doi et 

al., 2005; McDonald and Storrie-Lombardi, 2010) including Ala, Asp, Glu, Gly, Ile, Leu, Pro, 

Ser, Thr, and Val (using the three-letter code) (Table 5.1). An early report on the incubation of 

anhydrous ammonia with hydrogen cyanide at room temperature identified the presence of Lys, 

Arg, and His α-amino acids (in addition to Asp, Thr, Ser, Glu, Gly, Ala, Val, Ile, and Leu) 

(Matthews and Moser, 1967); however, the identification of basic amino acids has not been 

observed in the broader range of studies of abiotic synthesis (Table 5.1). A key question for 

abiogenesis is the proteogenic potential of the prebiotic set of amino acids. 

 

5.3 Does the Prebiotic Set of Amino Acids Contain the Necessary Information to Encode a 

Foldable Polypeptide? 

 Protein folding is widely held to occur on a funnel-shaped energy landscape (Leopold et 

al., 1992) in which the native state (i.e., folded) structure is a limited ensemble of closely related 

conformations that represent the unique, global minimum of the Gibbs energy surface (Anfinsen, 

1973).  Mechanistically, movement along this energy surface is thought to proceed either by 
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“zipping and assembly” (Dill et al., 2008), “nucleation-condensation” (Fersht, 1995, 1997), or a 

combination of the two.  Cooperativity, the observation that proteins often fold in a concerted 

“all-or-nothing” fashion, is considered a hallmark of protein folding. Folding cooperativity 

results from a delicate balance between distal and proximate interactions within the folded 

structure, thereby producing a “well-funneled” energy landscape (Onuchic and Wolynes, 2004).  

Thus, a rigorous definition for the proteogenic potential of a given set of amino acids requires the 

ability to cooperatively fold into a unique conformation without becoming kinetically trapped. 

 

5.3.1  Sequence Complexity 

A diversity of interactions is thought to be required to support native-like protein folding 

(Wolynes, 1997) and suggests that some minimum alphabet size of amino acids is required for 

foldability.  Proteins with high α-helical content have proven amenable to significant reduction 

in sequence complexity: the DHP1 protein (“designed helical protein 1”) was constructed using a 

set of 7 different amino acids (Schafmeister et al., 1997); the Sauer group’s QδR proteins (based 

upon Gln, Leu, and Arg residues) contain a total of 9 different amino acids (Davidson et al., 

1995); and a functional form a AroQ chorismate mutase was constructed also using a total of 9 

different amino acids (Walter et al., 2005).  Efforts to simplify α/β proteins have also been 

successful: Akanuma and coworkers redesigned a functional orotate phosphoribosyltransferase 

using only 13 amino acids for all 218 positions (Akanuma et al., 2002). Baker and coworkers 

were able to redesign the SH3 domain using a set of 14 amino acids (but predominately enriched 

for a 5 amino acid alphabet) (Riddle et al., 1997). Theoretical approaches support the above 

resultsμ Romero and coworkers used Shannon’s entropy as a formal measure of sequence 

complexity and concluded that the lower bound for a foldable alphabet size was approximately 
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10 different types of amino acids (Romero et al., 1999).  Both Murphy and coworkers (Murphy 

et al., 2000) and Wang and coworkers (Fan and Wang, 2003) assessed the information content of 

reduced amino acid alphabets by their ability to identify homologs in protein database searches 

and concluded that ~10 amino acids is the minimum alphabet size that did not suffer from a 

significant loss of physicochemical information.  Taken together, these results indicate 

redundancy within the set of 20 common amino acids, and suggest a minimal set of about 7-13 

amino acids with appropriate physicochemical properties is sufficient to achieve a foldable set 

for a wide variety of protein architectures. With 10 amino acids, the prebiotic set of amino acids 

lies within the proposed limits of amino acid alphabet complexity for foldability.  Therefore, on 

the grounds of sequence complexity alone, the prebiotic set of amino acids may potentially 

comprise a foldable set; the key question being whether the physicochemical properties of the 

amino acids in the prebiotic set are appropriate for protein folding, and if so, what would be the 

general properties of resultant polypeptides?   

 

5.3.2  Secondary Structure Propensity    

As highlighted in Table 2, there exists a broad representation within the prebiotic set of 

amino acids of specific residues that favor the formation of each fundamental type of protein 

secondary structure, including α-helices (Ala, Leu, Glu) (Pace and Scholtz, 1998), as well as the 

helix capping box residues (Ser, Asp, Thr and Glu) which have been shown to have a profound 

effect on helix stability and fraying (Harper and Rose, 1993), β-strands (Ile, Thr, Val) (Street and 

Mayo, 1999), and reverse-turns (Asp, Gly, Pro) (Gunasekaran et al., 1997; Hutchinson and 

Thornton, 1994).  Although the role of secondary structure propensity is considered modest 

when compared to hydrophobic-hydrophilic patterning and core packing effects, the importance 
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of secondary structure optimization becomes pronounced in proteins with marginal 

thermodynamic stability or when considered across the protein as a whole (Cordes et al., 1996).  

For example, the observation that the prebiotic set of amino acids contains the consensus 

sequence for Type-1 β-turns (the most common type of reverse-turn) is notable.  Turn secondary 

structure can serve as critical folding nuclei, especially for proteins with high β-sheet content 

(Jager et al., 2001; Marcelino and Gierasch, 2008; Petrovich et al., 2006) and the favorable 

energy contribution from turns has been shown to be critical for efficient folding (Lee et al., 

2008). Furthermore, reverse-turn secondary structure is essential to the formation of globular 

protein architecture since the α-helix and β-strand are essentially linear (i.e., fibrous) structural 

elements. Therefore, amino acids within the prebiotic set appear capable of forming each of the 

fundamental secondary structure elements, including structural features known to nucleate 

protein folding, as well as enable globular architecture. 

 

5.3.3  Hydrophobic-Hydrophilic Patterning  

Patterning of hydrophobic-hydrophilic residues is a critical determinant of protein 

structure in aqueous solution.  It is well established that maximization of solvent entropy by 

burial (i.e., desolvation) of hydrophobic side chains is a fundamental driving force for protein 

folding (Dill, 1990).  Analysis of protein secondary structure elements has revealed characteristic 

hydrophobic-hydrophilic patterning motifs (West and Hecht, 1995).  Indeed, studies that enforce 

α-helical patterning schemes but use residues with high β-sheet propensities observe signatures 

of α-helical structure, suggesting that hydrophobic-hydrophilic patterning is the primary 

determinant of the general protein architecture (Bellesia et al., 2010; Xiong et al., 1995).  

Computational efforts echo this result:  the success of simplified models of protein folding, most 
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notably the hydrophobic-hydrophilic lattice model pioneered by Dill (Dill, 1985), is dependent 

on the fact that simplifying protein folding into just hydrophobic and hydrophilic residues can 

capture a fundamental aspect of the folding reaction.  Detailed analyses of amino acid 

interactions further justify this observation: Wang and Wang observed that the dominant 

eigenvector--and thus, the major interaction term--of the Miyazawa-Jernigan interaction matrix 

(Miyazawa and Jernigan, 1996) corresponds roughly to an index of hydrophobicity (Chan, 1999; 

Wang and Wang, 1999).  It appears essential therefore that for any set of amino acids to 

comprise a foldable set it must support hydrophobic-hydrophilic patterning. As shown in Table 

5.2, residues that are rated as being highly hydrophobic (Ile, Leu, Val), hydrophilic (Ser, Thr, 

Ala), and charged (Glu, Asp) are all members of the prebiotic set of amino acids. Therefore, the 

prebiotic set appears intrinsically capable of supporting hydrophobic-hydrophilic patterning 

essential to the design of foldable polypeptides in aqueous solution.  It should be noted, however, 

that reduction of the amino acid alphabet to just two residues, a generic H (hydrophobic) and P 

(polar, or hydrophilic), appears insufficient to reproduce many of the properties considered to be 

native-like.  Simplified “proteins” generated with these models often have marginally funneled 

rugged energy landscapes and fail to exhibit signatures of cooperative folding (Buchler and 

Goldstein, 1999; Shakhnovich, 1998; Wolynes, 1997).  Computational studies show that, in 

general, larger alphabets with a greater diversity of interactions are needed to reproduce native-

like folding characteristics (Wolynes, 1997). Thus, hydrophobic-hydrophilic patterning is 

necessary, but not sufficient, to code for foldable proteins.   
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5.3.4  Hydrophobic Core Packing 

Although the prebiotic set of amino acids contains the majority of hydrophobic amino 

acids present in the set of 20 common amino acids it is notably devoid of the large aromatic 

residues (i.e., Phe, Trp, and Tyr), suggesting that prebiotic core-packing efficiency may be 

reduced (i.e., may contain significant packing defects) compared to typical evolved protein cores 

(Eriksson et al., 1993; Eriksson et al., 1992b; Shortle et al., 1990).  Evidence from core 

repacking and sequence minimization studies, however, shows that core-packing arrangements 

for foldable proteins can be accomplished in the absence of the large aromatic residues.  Walter 

and coworkers were able to select for a metabolically competent form of AroQ chorismate 

mutase without inclusion of aromatic residues within the core (Walter et al., 2005).  Indeed, 

numerous α-helical proteins, including DHP1 (Schafmeister et al., 1997), QLR proteins 

(Davidson et al., 1995), Rop (Munson et al., 1994), α4 (Regan and DeGrado, 1988) and phage 

434 Cro (Desjarlais and Handel, 1995) have been constructed with minimized core complexity, 

often without aromatic residues.  Similar design efforts with β-sheet proteins have enjoyed less 

success, although some encouraging results have been reported (Jumawid et al., 2009; Lazar et 

al., 1997).  Thus, although there has been significant debate about the importance of structural 

complementarity within the hydrophobic core (Chothia et al., 1981; Crick, 1953; Kauzmann, 

1959), a general picture has emerged in which structural complementarity is often stabilizing but 

is not strictly required for the acquisition of complex architecture (and defects in core packing 

may play an important role in protein dynamics (Eriksson et al., 1992b; Morton and Matthews, 

1995)).  A notable example was provided by Matthews and coworkers (Gassner et al., 1996) in 

which T4 Lysozyme was found to accommodate 10 methionine substitutions in the hydrophobic 

core, indicating that the exact identity of a hydrophobic residue is often less critical than 
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hydrophobic-hydrophilic patterning.  Successful core repacking of a variety of proteins supports 

the suggestion that the core has flexible design requirements (Axe et al., 1996; Baldwin et al., 

1993; Lim and Sauer, 1991). Concentrated salt solutions, e.g. 1.0 - 4.0 M, are known to stabilize 

hydrophobic interactions by an excluded volume effect (Record et al., 1998) and solution 

conditions of high salt can therefore relax the requirement for precise structural complementarity 

in core packing, thereby promoting effective folding behavior despite core-packing defects. 

Thus, although proteins comprised of the prebiotic set of amino acids are not capable of the full 

range of hydrophobic packing interactions observed in extant proteins, repacking studies suggest 

that the hydrophobic residues available to prebiotic protein design will be sufficient to code for 

native-like proteins, especially in the context of a stabilizing, high salt environment. 

 

5.3.5  Salt Bridges and Electrostatic Potential 

The prebiotic set of amino acids is generally acknowledged as being devoid of basic 

residues (Doi et al., 2005; McDonald and Storrie-Lombardi, 2010) (see also Table 5.1), and de 

facto cannot provide salt bridges (excluding potential interactions with the N-terminus)--

potentially the strongest type of non-covalent interaction.  Due to the low dielectric of the 

hydrophobic core region, buried salt bridges can be major contributors to evolved protein 

stability, while surface exposed salt bridges appear less significant (due to the substantially 

higher dielectric constant of solvent) (Dao-pin et al., 1991; Sali et al., 1991). Despite the 

significant contribution to protein stability provided by buried salt bridges, hydrophobic 

substitutions have been shown theoretically and experimentally to effectively compensate 

(Hendsch and Tidor, 1994; Waldburger et al., 1995).  Separate from the lack of salt-bridges, the 

most significant electrostatic challenge facing prebiotic protein folding potential is the large 
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negative charge bias that is generated in the absence of basic residues.  In particular, at neutral 

pH, prebiotic polypeptides would be expected to carry a highly negative charge bias and protein 

folding would be disfavored due to a sharp increase in like-charge density upon collapse.  

However, while almost all extant proteomes exhibit a biphasic distribution of pI values (with one 

peak at pI ~5.0 and another at pI ~10.0) the halophile proteome is unique in containing only a 

single pI distribution centered at pI~4.5 (Kennedy et al., 2001; Oren et al., 2005) due to a general 

lack of basic amino acids. Halophile proteins are soluble and stable in high salt solutions due to 

selective binding of hydrated salt cations by a high surface density of carboxylate groups 

(provided by the acidic amino acids Asp and Glu) as well as salt stabilization of hydrophobic 

core-packing interactions (Eisenberg et al., 1992). Moreover, acidophile conditions (e.g. pH 2 - 

5) could further support the folding of prebiotic proteins via a significant reduction in overall net 

charge due to substantial protonation of carboxylic acid groups. Thus, the halophile and 

acidophile environments appear favorable for the folding of polypeptides generated using the 

prebiotic set. 

 

5.3.5  Previous Prebiotic Protein Design Efforts   

Several experimental studies to elucidate the folding potential of the prebiotic set of 

amino acids have been reported, although this is an area of research that is in its infancy. In an 

effort to assess the foldability of prebiotic proteins, Doi and coworkers generated a random 

sequence library utilizing Ala, Gly, Val, Asp, and Glu, a subset of the prebiotic set of amino 

acids.  Although folded proteins were not detected from this random library, the authors did note 

that a significant number of the constructs were nonetheless soluble.  The buffer conditions were 

not identified in this report; however, if neutrality and low salt are assumed, such prebiotic 
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proteins would approximate polyanionic peptides, which are characteristically observed to be 

soluble but unstructured.  In related studies, Brack and coworkers reported that the addition of 

salts could induce the formation of secondary structure, both α-helical and β-sheet, in 

polydisperse peptides composed primarily of Glu and Leu (Bertrand and Brack, 1997; Bertrand 

et al., 1997). Consequently, these results cannot be used to exclude the possibility of prebiotic 

protein folding in an acidophile and/or halophile environment.  Chakrabartty and coworkers 

found that a simple peptide (the “KIA7” peptide) composed primarily of δys, Ile and Ala, adopts 

substantial α-helical structure in solution (Boon et al., 2004; Frost et al., 2005; Lopez de la Osa et 

al., 2007), and concluded that the prebiotic set of amino acids had significant design potential.  

This result supports α-helix forming potential for the prebiotic set of amino acids. There is some 

question, however, as to the inclusion of Lys (indeed, any basic amino acid) as a member of the 

prebiotic set (see Table 5.1); moreover, in plants and bacteria Lys is synthesized from Asp and 

Arg is synthesized from Glu (McClendon, 1999).  Therefore, conclusions based upon prebiotic 

protein design studies utilizing basic residues or aromatic residues as key structural elements are 

to be considered with some caution. 

 Overall, the considerations of sequence complexity, secondary structure propensities, 

hydrophobic-hydrophilic patterning potential, hydrophobic core-packing potential, and 

electrostatic properties do not identify any issue that would preclude the prebiotic set of amino 

acids from comprising a foldable set; in fact, current evidence points to quite the opposite: a 

remarkably broad potential for the prebiotic set of amino acids as a protein design “toolkit”. 

However, one possible restriction in this regard is the exclusively acidic nature of the prebiotic 

set of amino acids, as well as the lack of large aromatic hydrophobic residues, potentially 

necessitating an acidophile and/or halophile environment to promote protein folding. Of 
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additional note, the prebiotic set of amino acids contains several residues (Ser, Thr, Asp, and 

Glu) that can serve as nucleophiles, and can thus provide chemical functionality. 

 

5.4 Conclusions, Unsolved Problems, and Future Directions 

The knowledge gap about abiogenesis is being bridged from both the left hand and right 

hand sides in Figure 5.1. From the right hand side, recent “top-down” studies of protein structure 

have focused upon the role of symmetry in the evolution of complex protein architecture (Blaber 

and Lee, 2012)(Chapters 1 -4). The majority of fundamental protein superfolds exhibit various 

forms of rotational symmetry (Cn; n typically 2-8) in their tertiary structure (Thornton et al., 

1999) and this has been postulated to be the result of gene duplication and fusion in their 

evolution from smaller polypeptides (Lang et al., 2000; McLachlan, 1972; Soding and Lupas, 

2003). Fragmentation studies of proteins with symmetric folds have yielded comparatively 

simple polypeptides (~35-50 amino acids) with the ability to oligomerize and regenerate the 

complex symmetric protein architecture (Akanuma and Yamagishi, 2008; Lang et al., 2000; Lee 

and Blaber, 2011; Lee et al., 2011; Richter et al., 2010; Yadid and Tawfik, 2007; Yadid and 

Tawfik, 2011). These studies tend to support a specific evolutionary model (the “conserved 

architecture” model (Blaber and Lee, 2012; Lee and Blaber, 2011)) whereby organisms having a 

simple genome can nonetheless achieve complex protein architectures via oligomeric assembly 

of simple peptide motifs.  However, a general lack of examples of such oligomeric assembly in 

extant organisms suggests that this hypothesized evolutionary stage precedes the LUCA (Lee and 

Blaber, 2011; Richter et al., 2010); thus, such studies potentially probe evolutionary processes 

earlier than ~3.5 Gya. The properties of such archaic polypeptides are a matter of conjecture, but 

key features would likely include an appropriate chemical patterning (i.e. hydrophobic-
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hydrophilic  (Kamtekar et al., 1993; Roy and Hecht, 2000)) to enable higher order protein 

folding. Among the major unsolved problems is how such patterning was achieved and how 

condensation reactions to create a peptide bond in aqueous solution could have occurred without 

high-energy amino acid intermediates. 

 Progress from the left hand side of the abiogenesis knowledge gap (as regards 

proteogenesis) includes the demonstration that high-salt conditions can promote condensation 

reactions yielding peptide bonds from amino acids (known as “salt-induced peptide formation” 

or SIPF) (Rode, 1999). Under high-salt conditions the metal cation can be unsaturated in its H-

bond interactions with water, thereby driving condensation reactions (such as peptide bond 

formation). A related issue is the need to concentrate sparse amino acids in the prebiotic 

environment to promote condensation into peptides. Since amino acids are non-volatile 

compounds, evaporation processes will result in their concentration (and simultaneously, 

increase salt concentration to promote SIPF). It is feasible that regions of the hydrosphere that 

produced key prebiotic organics (e.g. hydrothermal vents), were separate from regions where 

oligomerization or synthesis into more complex molecules took place (e.g., evaporative lakes). 

An intimate role for minerals in the process of abiogenesis is becoming increasingly compelling. 

εineral “evolution” and abiogenesis have been postulated as concurrent interrelated events 

(Hazen et al., 2008). Mineral surfaces can serve to adsorb and concentrate organic compounds, 

and can chemically activate peptides and amino acids thus promoting peptide bond formation 

(Bujdak et al., 1996; Schreiner et al., 2008). Furthermore, such adsorption and chemical activity 

can include stereo-selective binding and deamination of specific amino acid isomers (Siffert and 

Naidja, 1992). Mineral crystals are regular (periodic) arrangements of constituent molecules; 

thus, they can potentially serve as templates for patterning of chemically different amino acids 
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on their surface, and conversely, such peptides can promote specific crystal nucleation of 

minerals (DeOliveira and Laursen, 1997). Thus, in the “grey zone” between the inanimate and 

animate in abiogenesis, specific minerals and early biopolymers might form complexes that 

template reciprocal propagation. Peptides that selectively bind minerals characteristically utilize 

the carboxylic acid residues Glu and Asp (Bolander et al., 1988; DeOliveira and Laursen, 1997; 

Peckauskas, 1976; Shimizu et al., 1989); and intriguingly, certain extant mineral-binding 

polypeptide sequences are almost exclusively comprised of amino acids from the consensus 

prebiotic set of amino acids (Bolander et al., 1988) . Thus, another property potentially intrinsic 

to the prebiotic set of amino acids, and also possibly key for abiogenesis, is mineral-binding 

functionality.  

 The above discussion of progress in filling in the gaps in understanding of abiogenesis 

suggests tremendous progress is being made, through efforts of scientists in diverse disciplines, 

in solving this major unsolved problem. There appears to be no fundamental limitation to 

protein folding potential that can be identified for the prebiotic set of amino acids and apparent 

environmental restrictions to enable foldability (i.e., high salt/low pH) may actually serve to 

frame detailed hypotheses regarding key proteogenic processes and environments.  Proteogenesis 

therefore appears to be one of the most promising avenues with which to understand abiogenesis, 

and elucidating the deterministic properties of the prebiotic set of amino acids in proteogenesis 

appears feasible and likely have a major impact upon our understanding of the potential for 

abiogenesis elsewhere in the universe.  The following chapter will explicitly test the foldability 

of a protein biased for the prebiotic amino acids. 
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Figure 5.1 A timeline of key events in the Earth’s formation and abiogenesis (the gap 
between the inanimate (blue) and animate (red)). The formation of proteins (proteogenesis) is a 
key element of abiogenesis
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Table 5.1      Sources of prebiotic α-amino acids (relative levels) from the analysis of comets/meteorites, Miller Urey type spark 
discharge, and hydrothermal vent experiments. 

 Comet/Meteorite Spark discharge Hydrothermal Summary 

A.A. 

Wild 2 

(Glavin 

et al., 

2008) 

Murchison 

(Engel and 

Nagy, 

1982) 

Murchison 

(Cronin and 

Moore, 

1971) 

Murray 

(Cronin 

and 

Moore, 

1971) 

Yamato 

(Shimoy

ama et 

al., 

1979) 

 

(Wo

lman 

et 

al., 

1972

) 

 

(Par

ker 

et 

al., 

2011

) 

 

(Joh

nson 

et 

al., 

2008

) 

with FeS/H2S 

(Keefe et al., 

1995) 

 

(Henn

et et 

al., 

1992) 

 (Huber 

and 

Wachte

rshause

r, 

2006) 

Comet/ 

meteorite 

Spark 

discharge 
Hydrothermal 

Consensus 

(Doi et al., 

2005; 

McDonald 

and Storrie-

Lombardi, 

2010) 

Ala + ++ ++ ++ ++ +++ +++ +++ +++ ++ ++ ++ +++ ++ +++ 

Cys                

Asp + ++ + ++ + ++ + ++ + ++  + + + ++ 

Glu + ++ ++ ++ ++ ++ ++ ++ +++ +  ++ ++ + + 

Phe        +     +   

Gly +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 

His                

Ile  +   +  +  + +  + + + + 

Lys                

Leu  +   +  +  ++   + +  ++ 

Met                

Asn                

Pro  ++ + +  +      + +  + 

Gln                

Arg                

Ser +    +  ++ ++ +++ +++ + + ++ ++ + 

Thr     +  ++     + +  + 

Val  + + + ++ ++ +++ ++ ++   + ++  ++ 

Trp                

Tyr                
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Table 5.2      Physicochemical properties of the prebiotic set of amino acids (consensus from Table 

5.1). 

 Hydrophobic Hydrophilic 
Charged 

(acidic) 

Charged 

(basic) 

α-helix 

propensity 

(Pace and 

Scholtz, 1998) 

β-strand 

propensity 

(Street and 

Mayo, 1999) 

Reverse turn 

propensity 

(Guruprasad and 

Rajkumar, 2000; 

Hutchinson and 

Thornton, 1994)  

Nucleophile 

potential 

Ala +    +    

Asp   +    + + 

Glu   +     + 

Gly       +  

Ile +     +   

Leu +    +    

Pro       +  

Ser  +      + 

Thr  +    +  + 

Val +     +   
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CHAPTER SIX 

SIMPLIFIED PROTEIN DESIGN BIASED FOR PREBIOTIC AMINO 
ACIDS YEILDS A FOLDABLE, HALOPHILIC PROTEIN 

 

6.1 Introduction 

Proteins play a central role in the metabolic processes that enable living systems; thus, 

proteogenesis (the origin of proteins) is a key event within the grander process of abiogenesis 

(the origin of life).  Strikingly, the majority of studies designed to reproduce abiotic chemical 

syntheses in the early Earth, as well as compositional analyses of comets and meteorites (pristine 

remnants of the early solar system), report the significant presence of α-amino and α-carboxylic 

acids--and with typically greater abundance than nucleobases or riboses (Chapter 5) (Longo and 

Blaber, 2012)).  A consensus set of prebiotic amino acids has emerged from a compendium of 

such studies and comprises Ala, Asp, Glu, Gly, Ile, Leu, Pro, Ser, Thr, and Val (Doi et al., 2005; 

Longo and Blaber, 2012; McDonald and Storrie-Lombardi, 2010).  The close correspondence 

between spark discharge-type experiments, thermal vent chemistry, and analyses of comets and 

meteorites suggests a possible common synthetic mechanism, such as Strecker synthesis (Huber 

and Wachtershauser, 2006; Lerner et al., 1993; Wolman et al., 1972).  

Prior to the establishment of biosynthetic pathways yielding novel amino acids, the first 

polypeptides were likely composed only of those amino acids freely available in the environment 

(the prebiotic set).  In a “protein first” view of abiogenesis, the prebiotic set of amino acids 

possesses properties sufficient and necessary to permit the emergence of polypeptides capable of 

supporting simple metabolic or biosynthetic reactions.  One of the most fundamental yet 

demanding properties of such polypeptides is the ability to support cooperative folding, such that 
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defined structure (and a concomitant functionality) is possible with the earliest polypeptides. 

Stated differently, a key question for proteogenesis is whether the set of prebiotic amino acids is 

capable of providing a solution to δevinthal’s paradox (Levinthal, 1969). Viewed in terms of this 

requirement, the prebiotic set is remarkable in containing high-propensity amino acids for each 

of the basic types of protein secondary structure (Gunasekaran et al., 1997; Hutchinson and 

Thornton, 1994; Pace and Scholtz, 1998; Street and Mayo, 1999), as well as hydrophobic and 

hydrophilic amino acids with the potential to support patterning essential for specific secondary 

and tertiary structure organization (Bellesia et al., 2010; Xiong et al., 1995); furthermore, the 

prebiotic set contains amino acids capable of functioning as catalytic nucleophiles. However, the 

barrier to prebiotic protein folding appears steep, as the characteristics of a purely prebiotic 

protein present a stark deviation from the majority of extant proteins, since:  (a) the prebiotic 

amino acid alphabet contains only 10 letters--thereby reducing the potential diversity of 

interactions that can be encoded to that of currently proposed theoretic limits for foldability (Fan 

and Wang, 2003; Murphy et al., 2000; Romero et al., 1999) (thus, to be able to support protein 

foldability, the 10 prebiotic amino acids would need to be a remarkably efficient selection) (b) 

aromatic residues, key contributors to extensive van der Waals interactions in hydrophobic cores 

that serve as a driving force for protein collapse, are absent in the prebiotic alphabet, and (c) 

there are no basic amino acids in the prebiotic set, thus restricting protein design to acidic 

polypeptides--limiting the presence of salt bridge interactions and resulting in acidic pI (Longo 

and Blaber, 2012; McDonald and Storrie-Lombardi, 2010).   

To date, there has been no experimental demonstration that the prebiotic set of amino 

acids comprises a foldable set; additionally, there has been no elucidation of any intrinsic 

property of a polypeptide constructed from the prebiotic set. Recent “top-down” protein design 
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studies have successfully identified relatively small peptide building blocks (i.e., 40-50 amino 

acids) capable of spontaneous assembly into common symmetric protein folds, and in the 

process, support plausible evolutionary pathways starting from simple peptide motifs and 

traversing foldable sequence space (for a review see (Blaber and Lee, 2012)). A simplified β-

trefoil protein (“Symfoil-4P”) having a reduced amino acid alphabet size of 16 letters, and 

enriched in prebiotic amino acids (to 71%), was constructed in our laboratory using the top-down 

symmetric deconstruction method (Lee et al., 2011). Using this simplified β-trefoil protein as a 

departure point, two “primitive” β-trefoil proteins, (“PV1” and “PV2” for primitive version 1 and 

2, respectively) were constructed with reduced amino acid alphabets and further enrichment of 

prebiotic amino acids.  The PV1 and PV2 proteins reduce the alphabet size to 13 and 12 amino 

acids, respectively. Notably, the entire core region (involving a total of 21 amino acid positions) 

in PV2 is reduced to an alphabet of only three amino acids and is entirely prebiotic. Enrichment 

for the exclusively acidic prebiotic alphabet subsequently increases the negative charge bias, and 

PV1 and PV2 have pI values and surface electrostatic charge distributions typical of halophilic 

proteins. Stability studies demonstrate a significant halophilic property, especially for PV2 

(which is shown to be an obligate halophile). Our experimental results provide support for the 

hypothesis that the prebiotic set of amino acids defines a foldable set, and furthermore, that such 

foldability is most compatible with the halophile environment.  
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6.2  Results 

6.2.1  Mutant Sequence Characteristics 

PV1 and PV2 (Figure 6.1) are comprised of a reduced set of amino acids (13 and 12 

amino acid alphabet size, respectively) and biased for the prebiotic alphabet (74% and 79% 

prebiotic, respectively) (Figure 6.2).  PV1 contains six aromatic amino acids: 3 Phe residues 

within the central hydrophobic core (positions 44, 85, and 132) and an additional three within 

isolated “mini-core” regions (positions 22, 64, and 108) (Dubey et al., 2005). In PV2 all 6 buried 

Phe residues have been mutated to Leu to generate a protein devoid of aromatic residues.  In 

contrast to FGF-1 (which has a charge bias of +5 and a pI of 7.88) the Symfoil-4P protein is 

more acidic (charge bias -5 and pI of 4.70) (Figure 6.2). PV1 and PV2 substantially extend such 

acidity (charge bias -9 and pI 4.36, in both cases) in response to the acidic bias of the prebiotic 

set.  Despite the amino acid compositional changes due to the restrictions of the prebiotic 

alphabet, plots of β-sheet propensity, β-turn propensity, and hydropathy for FGF-1, PV1, and 

PV2 show that PV1 and PV2 preserve the essential secondary structure and hydrophobic-polar 

patterning characteristics intrinsic to the β-trefoil architecture (Figure 6.3). 

 

6.2.2  X-ray Crystallography 

Both PV1 and PV2 produced diffraction-quality crystals, and all crystals grew from 1.5 

M ammonium sulfate, ~0.1M lithium sulfate, and 0.1 M Tris buffer pH 7.0-7.4 (Table 6.1). 

Global differences between the structures of PV1 and PV2 are small, as demonstrated by a Cα 

r.m.s.d. of 0.38 Å.  Structural perturbations near the sites of mutation are largely restricted to 

minor movement of local side chains (Cα r.m.s.d. values within 4.5 Å (~12 residues) of the 

mutation sites are <0.3 Å). An overlay of PV1 or PV2 onto Symfoil-4P yields Cα r.m.s.d. values 
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between 0.5 – 0.6 Å, indicating general structural conservation in response to the increase in 

prebiotic amino acids. The core region of the β-trefoil fold, including the main central core and 

the three peripheral mini-cores, comprises 21 positions (Figure 6.4) (Blaber et al., 1996; Dubey 

et al., 2005). In FGF-1 this group has an alphabet of seven different types of amino acids, 

burying 96 carbons in total, and having 67% prebiotic amino acid composition (Figure 6.5). The 

Symfoil-4P protein has a reduced core-packing alphabet size of five amino acids--due principally 

to the elimination of buried free thiols, as well as elimination of asymmetric secondary structure 

involving Met67 (Lee and Blaber, 2011; Lee et al., 2011). The Symfoil-4P core-packing group 

buries a total of 99 carbons, or three more than the FGF-1 protein.  However, compared to FGF-

1, Symfoil-4P exhibits a significant reduction in core-packing defects (due principally to the 

imposition of tertiary structure symmetry; Figure 6.4). The Symfoil-4P core-packing group also 

increases the percentage of prebiotic amino acids of this region to 83%. The PV1 mutant reduces 

the core-packing alphabet size further to four amino acids, and compared to Symfoil-4P, has no 

reduction in total number of carbons, has an essentially equivalent core-packing efficiency, and 

has an unchanged percentage of core prebiotic amino acids (83%). In contrast, the PV2 mutant 

core packing is achieved with an alphabet size of only three amino acids (comprising Leu, Ile, 

and Val), and is exclusively prebiotic (Figure 6.5). The PV2 core buries 81 carbons--a substantial 

reduction from the 99 in PV1. The calculated loss of side chain volume for a total of six 

PheLeu mutations is 139 Å3 (Zamyatnin, 1972). The PV2 crystal structure (solved under high 

salt conditions) shows that the protein cannot adjust completely to avoid packing defects--a 

number of cavities within the core of PV2 are detectable using 1.2Å probe radius, with a 

combined volume of 57 Å3 (Figure 6.4).  
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6.2.3  Differential Scanning Calorimetry 

Stability studies using DSC were performed in both low (0.1 M) and high (2.0 M; i.e., 

33% saturated) NaCl solutions.  Both conditions provide sufficient ionic strength to screen 

electrostatic interactions; thus, the differential salt stability evaluates Hofmeister effects. Thermal 

denaturation of FGF-1 in 0.1 M NaCl occurs concomitant with irreversible precipitation as 

evidenced by sharp exothermic signal subsequent to initial denaturation endotherm (resulting in 

large apparent negative ΔCp), and visible turbidity of the sample (Blaber et al., 1999). Although 

soluble in 2.0 M NaCl, FGF-1 similarly precipitates upon thermal denaturation; however, 2.0 M 

NaCl stabilizes FGF-1 by ~+16 °C (as determined from the difference in apparent endotherm 

peak) (Table 6.2). Symfoil-4P is a hyperthermophile with a melting temperature of 85 °C in 0.1 

M NaCl buffer. In the presence of 2.0 M NaCl the melting temperature of Symfoil-4P increases 

by ~+15 °C to 100.4 °C (essentially at the limit of the DSC analysis). Symfoil-4P exhibits good 

agreement with the two-state denaturation model under low salt conditions; however, under high 

salt conditions the post-transition (i.e., denatured state) baseline is not accessible within the 

temperature limit of the instrument; thus, it is not possible to accurately determine ΔCp. The PV1 

protein is soluble and exhibits good agreement with a two-state denaturation model under both 

low- and high-salt conditions. In reference to Symfoil-4P the PV1 mutant is destabilized (by -

14.3 °C in 0.1 M NaCl and -12.1 °C in 2.0 M NaCl).  Similar to FGF-1 and Symfoil-4P, the 

high-salt condition stabilizes the PV1 mutant (by ~+18 °C). The PV2 protein is soluble upon 

thermal denaturation under both low- and high-salt conditions, and exhibits good agreement with 

the two-state denaturation model. In reference to Symfoil-4P the PV2 mutant is drastically 

destabilized (ΔTm is a substantial -50.8 °C in 0.1 M NaCl and -35.9 °C in 2.0 M NaCl). In the 

low-salt buffer PV2 is partially unfolded (0.81 fractionally native state) even at 19.8 °C--the 
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temperature of maximum stability (i.e., where ΔS=0). Compared to 0.1 ε NaCl, PV2 is 

stabilized in 2.0 M NaCl by a substantial +30.3 °C (with Tm increasing to 64.5 °C). The 

temperature of maximum stability for PV2 under high-salt conditions is 43.8 °C, and in contrast 

to the low-salt condition, the protein is >0.99 fractional native state. 

  

6.3  Discussion 

NaCl is the most common salt dissolved in the Earth’s hydrosphere. In the Hoffmeister 

series both Na+ and Cl- ions define the boundary between kosmotrope (salting-out, or stabilizing) 

and chaotrope (salting-in, or denaturing) ions. With the primary Hofmeister property contributed 

by the anion, Cl- is considered a weak chaotrope (Broering and Bommarius, 2005; Collins and 

Washabaugh, 1985; Zhang and Cremer, 2006). Perhaps because of its central position in the 

Hofmeister series, NaCl exhibits stabilizing, destabilizing, or neutral effects upon stability 

depending upon the specific protein (Bagel'ova et al., 2008; Inouye et al., 1998; von Hippel and 

Wong, 1964). FGF-1 (historically known as “acidic FGF”) is stabilized by high NaCl (Figure 

6.6); however, it is not an obligate halophile in that it is essentially fully folded in low salt buffer 

(although thermal denaturation is irreversible). 

The exclusively prebiotic hydrophobic core design in the PV2 protein was accomplished 

with a substantial loss of hydrophobic volume and corresponding introduction of packing defects 

(i.e., voids) within the core (Figure 6.4). In this regard, the core packing of PV2 can be 

considered as highly-inefficient, as might be expected for the earliest proteins that have yet to 

undergo any evolutionary optimization.  Consequently, in low salt buffer PV2 is only 

fractionally folded even at its temperature of maximum stability.  However, high salt stabilizes 

the PV2 protein, shifting its Tm into the region of high-mesophile/low-thermophile stability and 
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exhibiting >99% fractional native state; thus, by the criteria of efficient foldability PV2 is an 

obligate halophilic protein. While high salt also stabilizes PV1, it is not essential for folding 

stability as the aromatic residues in the core result in efficient hydrophobic packing within the β-

trefoil architecture. Halophile proteins are characterized as having reduced hydrophobicity, and 

denaturation under low salt conditions (Hutcheon et al., 2005; Paul et al., 2008), descriptions that 

characterize PV2. 

The PV1 and PV2 proteins exhibit a high negative surface charge density (Figure 6.7)--a 

consequence of the exclusively acidic nature of the prebiotic set of amino acids. A high negative 

surface charge density is a characteristic feature of halophilic proteins, enabling them to remain 

soluble in high salt via carboxylate binding of solvated metal cations (Eisenberg et al., 1992). 

The pI of the halophile proteome is unique in having an exclusively acidic distribution with a 

median value of ~4.5 whereas all other proteomes have both an acidic (pI ~5.0) and basic (pI 

~10.0) distribution (Kennedy et al., 2001; Oren et al., 2005).  The pI of the PV1 and PV2 

proteins is 4.36 (in both cases), resulting from a proportional increase in the prebiotic Asp and 

Glu amino acids, and falls within the halophile regime. Overall therefore, when comparing the 

properties of PV1 and PV2 to the original mesophile FGF-1 protein, distinct halophile features of 

acidic pI and negative surface charge density have emerged, and in the case of PV2, an obligate 

requirement of high salt for efficient foldability has emerged. This experimental result supports a 

previous hypothesis that prebiotic proteins would most likely be halophilic (Longo and Blaber, 

2012).   

In the present study, we have produced a protein (PV2) that contains prebiotic amino 

acids at ~80% of positions (100% in the core region) and successfully reduced the amino acid 

alphabet, including elimination of aromatic residues, while retaining foldability. The PV2 design 
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also maintains both the essential hydrophobic/hydrophilic patterning and the secondary-structure 

propensity profile characteristic of the β-trefoil fold (as represented by FGF-1) (Figure 6.3). 

Thus, the present results suggest that the set of 10 prebiotic amino acids contains all sufficient 

and necessary chemical information to enable protein folding, and is a remarkable result given 

that 10 amino acids is at the theoretical minimum limit for a foldable set. The present results also 

suggest an environmental requirement for such foldability; namely, the halophile environment.  

Further investigation into prebiotic protein design may therefore identify a critical role for the 

halophile environment in early proteogenic, and therefore biogenic, events.  

 

6.4  Materials and Methods 

6.4.1  Protein Design 

The Symfoil-4P protein (Figure 6.1), a synthetic, symmetric -trefoil protein derived 

from FGF-1 by the method of top-down symmetric deconstruction (Lee and Blaber, 2011; Lee et 

al., 2011), was utilized as the starting point for development of mutant forms having a reduced 

amino acid alphabet enriched for prebiotic amino acids. Briefly, top-down symmetric 

deconstruction is a protein design methodology that begins with a foldable protein having 

identifiable structural symmetry and attempts to simplify the protein structure by mutational 

“transforms” (targeting different types of secondary structure or regions of the protein) that 

enforce a symmetric constraint; a basic principle of the method is to begin in foldable sequence 

space and not deviate from such space during mutation (Blaber and Lee, 2012). Symfoil-4P is 

comprised of a 16-amino acid alphabet (being devoid of Ala, Cys, Met, and Trp residues), with 

10 of these amino acids belonging to the prebiotic set (Figure 6.2). The least-frequent residues in 
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Symfoil-4P (with single examples at threefold symmetry related positions) include Phe, His, Lys 

and Tyr residues. 

For PV1 the goal was to reduce the alphabet further to 13 amino acids, and also enrich for 

prebiotic amino acids, by substituting all Lys residues (positions 15, 57, and 98) to Arg (alphabet 

reduction), substituting all Tyr residues (positions 22, 64 and 108) to Phe (alphabet reduction), 

and substituting all His residues (positions 41, 82 and 129) to Gly (prebiotic enrichment). The 

LysArg and TyrPhe substitutions were considered conservative substitutions with likelihood 

of minimum structural perturbation. The HisGly mutations occur within a solvent-exposed 

turn position where Gly is a common residue (Lee et al., 2008). Overall, the design of PV1 

involved a significant reduction in alphabet size (from 16 to 13 amino acids) combined with an 

increase in fraction of prebiotic amino acids from 71% (Symfoil-4P) to 74% (Figure 6.2).  

The primary design goal for PV2 was to create an entirely prebiotic core-packing group 

at the 21 buried positions in the β-trefoil fold, with further reduction in alphabet size and increase 

in fraction of prebiotic amino acids compared to PV1. The PV2 protein utilized PV1 as a 

background and introduced either Leu, Ile, or Val mutations simultaneously at positions 22, 44, 

64, 85, 108, and 132. These positions are all aromatic residues in Symfoil-4P (Phe and Tyr) and 

PV1 (Phe) (Figure 6.1). Val mutations at these core positions resulted in a non-folded and 

insoluble protein. Ile mutations yielded some soluble protein; however, the yield of soluble 

protein appeared notably higher with the Leu mutations; thus, Ile and Val mutations were not 

pursued further. Overall, the design of PV2 involved a further reduction in alphabet size 

compared to PV1 (from 13 to 12 amino acids) combined with an increase in fraction of prebiotic 

amino acids from 74% (PV1) to 79% (Fig. 2). Propensity plots for β-turn and β-sheet formation 
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were calculated using values reported by Levitt (Levitt, 1978), and Chou and Fasman (Chou and 

Fasman, 1978), respectively. 

 

6.4.2  Protein Mutagenesis, Expression and Purification 

The PV1 and PV2 mutants were constructed in the background of the de novo designed 

Symfoil-4P synthetic gene (Lee and Blaber, 2011). The constructs contained an additional 

amino-terminal (His)6 tag but deleted residues 1-10 of the Symfoil-4P protein. These deleted 

residues are not part of the fundamental -trefoil architecture but comprise an unstructured N-

terminal extension and were deleted to promote crystallization and reduce the biotic amino acid 

composition. The numbering scheme of the FGF-1 protein is retained in the PV1 and PV2 

mutants for purposes of comparison (Fig. 1).  The QuikChangeTM site directed mutagenesis 

protocol (Agilent Technologies, Santa Clara CA) was used to introduce all mutations, which 

were confirmed by nucleic acid sequence analysis (Biomolecular Analysis Synthesis and 

Sequencing Laboratory, Florida State University). Expression and purification of recombinant 

proteins followed previously published procedures (Brych et al., 2001) and utilized Ni-NTA 

chelation and Superdex 75 size-exclusion chromatography (GE Healthcare, Piscataway NJ). 

Purified protein was exchanged into 50 mM sodium phosphate, 0.1 M NaCl, 10 mM (NH4)2SO4, 

pH 7.5 (“crystallization buffer”) for crystallization studies or 20 mε N-(2-

acetamido)iminodiacetic acid (ADA), 0.1 ε or 2.0 ε NaCl, pH6.6 (“ADA buffer”) for all 

biophysical studies. The extinction coefficients for FGF-1 and Symfoil-4P mutant form were 

determined by the method of Gill and von Hippel (Gill and von Hippel, 1989); concentration of 

PV1 and PV2 were determined by bicinchoninic acid assay in reference to a known Symfoil-4P 

(Lee and Blaber, 2011; Lee et al., 2011) concentration standard. 
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6.4.3  Differential Scanning Calorimetry (DSC) 

All DSC data were collected on a VP-DSC microcalorimeter (GE Healthcare, Piscataway 

NJ) as previously described (Blaber et al., 1999). Briefly, 40 M protein samples in ADA buffer 

containing 0.1 M or 2.0 M NaCl were analyzed at a scan rate of 15 K/hr. Triplicate runs were 

collected and molar heat capacity data were analyzed using the DSCfit software package (Grek et 

al., 2001).  

 

6.4.5  X-ray Crystallography 

Model coordinates for the refined PV1 crystal form #1 (PDB accession 3Q7W) and form 

#2 (PDB accession 3Q7X), as well as PV2 (PDB accession 4D8H) have been deposited in the 

Protein Databank. Purified mutant protein in crystallization buffer was concentrated to 10-15 

mg/mL and crystal screening was performed using either the hanging-drop or sitting-drop vapor 

diffusion method at room temperature. Two different orthorhombic crystal forms of the PV1 

mutant grew from 1.5 M (NH4)2SO4, 0.10 M Li2SO4, and either 0.1 M HEPES pH 7.4 (form #1) 

or 0.1 M Tris pH 7.0 (form #2). An orthorhombic crystal form of the PV2 mutant grew from 1.5 

M (NH4)2SO4, 0.11 M Li2SO4, 0.1 M Tris pH 7.0. Crystals were mounted using Hampton 

Research nylon mounted cryo-turns and cryo-cooled in a stream of gaseous nitrogen at 100 K. 

Diffraction data for both PV1 crystals were collected at the X25 beam line of the National 

Synchrotron Light Source at Brookhaven National Laboratory, using an ADSC Q315 CCD 

detector.  Diffraction data for PV2 were collected in-house, using a Rigaku RU-H2R rotating 

anode X-ray source (Rigaku MSC, The Woodlands, TX) equipped with an Osmic confocal 

mirrors (MarUSA, Evanston, IL) and a MarCCD165 detector.  A single-crystal diffraction data 
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set was collected in each case and diffraction data were indexed, integrated, and scaled using the 

DENZO or HKL2000 software package (Otwinowski, 1993; Otwinowski and Minor, 1997). 

Molecular replacement and refinement utilized the PHENIX software package (Zwart et al., 

2008), with 5% of the data in the reflection files set aside for Rfree calculations (Brunger, 1992).  

The structure was solved by molecular replacement, in which the Symfoil-4P de novo designed 

protein (PDB code: 3O4D) was used as the search model for PV1; subsequently, PV1 was used 

as the search model for PV2.  Model building and visualization utilized the COOT molecular 

graphics software (Emsley and Cowtan, 2004). 

 

 

Figure 6.1 Amino acid sequence of FGF-1, Symfoil-4P, PV1, and PV2 mutants (single letter 
code). The sequences are aligned by the threefold axis of rotational symmetry internal to the β-
trefoil fold (i.e., each line is one trefoil-fold repeat element within the overall β-trefoil structure). 
The numbering of Symfoil-4P, PV1, and PV2 amino acids is based upon corresponding positions 
in FGF-1. The shaded positions identify amino acids belonging to the prebiotic set. 
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Figure 6.2 Amino acid composition of FGF-1, Symfoil-4P, PV1, and PV2 mutants. Also 
shown are the alphabet size, sequence entropy (Shannon, 1948), charge bias, pI, number of 
aromatic residues, and % prebiotic amino acids for each protein. The shaded positions identify 
amino acids belonging to the prebiotic set. 
 

 

 

 

Figure 6.3 Hydropathy, β-turn propensity, and β-strand propensity plots for FGF-1, PV1, and 
PV2 mutant proteins.  
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Figure 6.4 Ribbon diagrams of FGF-1, Symfoil-4P, PV1, and PV2 proteins. The view in 
each case is parallel to the threefold axis of internal rotational symmetry characteristic of the β-
trefoil fold. The set of 21 hydrophobic packing groups are indicated by (light gray) stick 
representation, and six positions associated with aromatic side chains substituted by Leu in PV2 
are indicated (dark gray). Also shown are the solvent excluded cavities (red) within each 
structure identified using a 1.2 Å probe radius.   
 

 

 

Figure 6.5 The 21 solvent-excluded core-packing positions in FGF-1, Symfoil-4P, PV1, and 
PV2 mutant proteins. Also shown are number of carbons, alphabet size and percent prebiotic 
amino acids in these sets. The shaded positions identify amino acids belonging to the prebiotic 
set. 
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Figure 6.6 Surface electrostatic charge distribution of FGF-1 and PV2 proteins. Beneath each 
surface representation is an associated ribbon diagram in the same orientation. The left-most 
image of each pair is a “side” view, and the right-most image is rotated 90° about the horizontal 
axis to provide a “bottom” view of the overall -barrel structure. Positive charge density is 
indicated by blue, and negative by red. The (a)symmetric features of each protein can be 
appreciated in the right-most (bottom) view in each case. The acidic nature of the prebiotic set of 
amino acids is evident with the enrichment of such residues in the PV2 protein.  
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Figure 6.7 DSC endotherms collected in the presence of low (0.1 M) and high (2.0 M) NaCl.  
All proteins exhibit increased thermal stability under the high salt condition. However, while the 
FGF-1 protein is insoluble upon thermal denaturation under both low and high salt conditions, 
the Symfoil-4P, PV1, and PV2 proteins remain soluble. Under low salt conditions the PV2 
protein, although soluble, is partially unfolded; however, under high salt conditions the PV2 
protein is essentially fully folded. Thus, PV2 exhibits characteristics of an obligate halophile. 
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Table 6.1      Crystallographic data collection and refinement statistics for PV1 and PV2 
 PV1a PV1b PV2c 

Space Group P212121 P212121 P212121 

Cell constants (Å) 
 

a=38.5 
b=46.6 
c=63.9 

a=46.7 
b=48.7 
c=67.6 

a=46.6 
b=48.7 
c=64.9 

Max Resolution (Å) 1.50 1.40 1.90 
Mosaicity  (°) 0.43 0.40 0.49 
Redundancy 6.4 12.8 12.3 
Mol/ASU 1 1 1 
Matthews coeff. (Å3/Da) 1.98 2.65 2.30 
Total reflections 120,892 398,211 247,513 
Unique reflections 18,903 31,023 12,167 
I/ (overall) 43.4 65.9 38.2 
I/ (highest shell) 6.2 8.0 3.8 
Completion overall (%) 99.6 99.9 97.2 
Completion highest shell (%) 99.7 99.9 76.2 
Rmerge overall (%) 8.0 7.4 9.5 
Rmerge highest shell (%) 34.9 30.1 34.2 
Nonhydrogen protein atoms 1,009 1,031 974 
Solvent molecules/ion 154/10 217/13 177/1 
Rcryst (%) 16.7 18.2 16.5 
Rfree (%) 21.1 20.5 21.4 
R.M.S.D. bond length (Å) 0.006 0.006 0.006 
R.M.S.D. bond angle (°) 1.08 1.10 1.07 
Ramachandran plot: 
    most favored (%) 
    additional allowed (%) 
    generously allowed (%) 
    disallowed region (%) 

 
93.5 

6.5 
0.0 
0.0 

 
95.7 

4.3 
0.0 
0.0 

 
100.0 

0.0 
0.0 
0.0 

PDB accession 3Q7W 3Q7X 4D8H 
a 1.5 M (NH4)2SO4, 0.1 M HEPES pH7.4, 0.10 M Li2SO4 
b 1.5 M (NH4)2SO4, 0.1 M Tris pH 7.0, 0.10 M Li2SO4 
c 1.5 M (NH4)2SO4, 0.1 M Tris pH 7.0, 0.11 M Li2SO4 
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Table 6.2      DSC data for the thermal denaturation of FGF-1, Symfoil-
4P,  PV1, and PV2 mutant proteins in 0.1 M and 2.0 M NaCl 

Protein 
ΔH(Tm) 

(kJ mol-1) 
Tm 

(°C) 
ΔHvan’t Hoff/ 

ΔHcal 

ΔTm  
2.0-0.1M NaCl 

(°C) 
0.1 M NaCl 

FGF-1 PPT    
Symfoil-4P a 599±10 85.0±0.1 1.05±0.07  
PV1 490±3 70.7±0.1 0.96±0.08  
PV2 157±5 34.2±0.2 0.87±0.19  

2.0 M NaCl 
FGF-1 PPT   16.3b 
Symfoil-4P 726±2 100.4±0.1 1.13±0.01 15.4 
PV1 620±9 88.3±0.2 0.88±0.07 17.6 
PV2 357±2 64.5±0.1 0.84±0.04 30.3 
a Referenced from (Lee et al., 2011) 
bApparent ΔTm determined from endotherm peak 
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CHAPTER SEVEN 

A SINGLE AROMATIC CORE MUTATION CONVERTS A DESIGNED 
“PRIMATIVE” PROTEIN FROM HALOPHILE TO MESOPHILE 

FOLDING 

 

7.1 Introduction 

Abiogenesis (the origin of living systems) is hypothesized to have employed the simple 

chemical building blocks that were freely available in the prebiotic environment (the Oparin-

Haldane “heterotroph hypothesis”).  A number of abiotic processes have been proposed to 

generate the critical organic compounds required for life to develop, including spark discharge 

chemistry (Miller, 1953), hydrothermal vent chemistry (Hennet et al., 1992), high energy particle 

synthesis (Kobayashi et al., 1998) and deep space chemistry with subsequent delivery to the 

Earth’s surface by comets and meteorites (Chyba et al., 1990; Wolman et al., 1972).  Strikingly, 

these processes produce a consistent set of 10 of the 20 common α-amino acids (termed the 

“prebiotic set”) comprised of A, D, E, G, I, L, P, S, T, and V (Longo and Blaber, 2012, 2014) 

(Chapter 5).  Notably, this set has also been confirmed in recently reanalyzed original spark 

discharge samples of Miller (Parker et al., 2014).  

The prebiotic set of α-amino acids has several remarkable and compelling features as 

regards potential fitness for proteogenesis. For example, while the set resides at the theoretical 

minimum of complexity required for foldability (Murphy et al., 2000; Romero et al., 1999) it 

contains amino acids having among the highest propensity values for formation all three types of 

common protein 2° structure (i.e., α-helix, β-strand, reverse turn). With regard to 

hydrophobic/hydrophilic patterning essential for folding of soluble globular proteins (Kamtekar 

et al., 1993), the prebiotic set contains five hydrophobic and five hydrophilic amino acids. The 
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prebiotic set is also U.V. transparent--indicating the potential for persistence and accumulation in 

a high-U.V. flux environment, as would be present prior to development of oxygen/ozone in the 

atmosphere (Cockell and Airo, 2002). Given the above, and the ubiquity of proteins as the 

molecular workhorses in all extant life, it is likely that polypeptides were incorporated early in 

the abiogenic process; that is; proteogenesis (the origin of polypeptides) was a key event in the 

overall process of abiogenesis.   

Consistent with the proteogenic hypothesis is recent experimental evidence that the 

prebiotic set of amino acids likely defines a “foldable set” (i.e., is supportive of protein folding) 

within a halophilic (high salt) environment (Longo et al., 2013a) (Chapter 6).  The compatibility 

of prebiotic protein folding and the halophilic environment is due to the unique composition of 

the prebiotic amino acid alphabet, which is devoid of both basic and aromatic amino acids and is 

also a distinctive hallmark of halophile proteomes (Kennedy et al., 2001; Longo and Blaber, 

2014; Oren et al., 2005; Paul et al., 2008). High salt serves to stabilize protein structure having 

reduced hydrophobic packing volume, shields surface acidic charges, and promotes solubility 

through carboxylate binding of hydrated Na+ cation. Salt-induced peptide formation (SIPF) also 

promotes favorable condensation reactions of peptide bonds in aqueous solution (Rode, 1999). 

Thus, rather than being a curious niche that life adapted into, the halophile environment has been 

proposed as the likely site of origin of both proteogenesis and abiogenesis (Dundas, 1998; Longo 

et al., 2013a; Rode, 1999). 

The general consensus that aromatic amino acids (both canonical and non-canonical) 

were essentially absent when life first emerged is supported by several observations. The 

aromatic amino acids are the largest and most complex of the common α-amino acids (Cleaves, 

2010) and prebiotic aromatic amino acid synthesis appears highly inefficient (with most abiotic 
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chemical syntheses failing to yield aromatics altogether) (Longo and Blaber, 2012, 2014). 

Furthermore, due to an essential lack of ozone in the atmosphere, abiotically-generated aromatic 

compounds (i.e., aromatic amino acids and nucleic acid bases having absorption wavelengths 

falling within the U.V. range) would have been highly susceptible to photodegradation.  As such, 

the concentrations of aromatic amino acids in unprotected surface environments on the early 

Earth are expected to have been marginal and accumulation unlikely (Cockell and Airo, 2002).  

Attempts at reconstructing the order of amino acid incorporation into the genetic code are in 

agreementμ  coevolution theory identifies the aromatics as being part of the “Phase 2” amino 

acids (that is, those amino acids incorporated well after establishment of the genetic code) 

(Wong, 2005). A detailed multifactorial analysis by Trifonov identifies the 3 aromatic amino 

acids (F,Y, and W) as being the last amino acids to be incorporated into the genetic code (along 

with aliphatic M) (Trifonov, 2000).  Evolutionary analysis of W biosynthesis strongly suggests 

that biosynthetic pathways for this aromatic amino acid evolved only once and spread between 

species by horizontal gene transfer, sometime after the last universal common ancestor (LUCA) 

(Merino et al., 2008).  An evolutionary analysis of F and Y biosynthesis was unable to establish 

whether the LUCA could synthesize these amino acids, though synthesis of chorismate (a key 

metabolic precursor to the aromatic amino acids) was possible (Hernandez-Montes et al., 2008).  

Taken together, the above data identify aromatic amino acid biosynthesis as a key adaptation 

acquired sometime after the emergence of life, separate from the initial 

proteogenesis/abiogenesis event, and concurrent with, or preceding, the LUCA. 

A reasonable assumption is that aromatic amino acids provided a selective advantage, 

initially as metabolites, and subsequently upon incorporation into polypeptides.  As metabolites, 

aromatic amino acids could have provided protection from damaging U.V. radiation (as in the 
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aqueous humor of avian eyes (Ringvold et al., 2000)) enabling nascent living systems to move 

from protective environments (i.e., physically shielded from U.V. radiation) to more open 

expanses.  Subsequent incorporation of aromatic amino acids into polypeptides may have 

provided a selective advantage by their ability to stabilize proteins via improved core packing 

(through increased hydrophobic volume and combinatorial packing efficiency). Increased 

stability would enable broader functional mutations (which typically occur at the expense of 

stability) (Beadle and Shoichet, 2002; Longo et al., 2012) or to adapt to novel (destabilizing) 

environments that would otherwise be inaccessible.  To date, however, there has been no 

formalism or testable hypothesis of how aromatic amino acids might have affected protein 

evolution.   

In this study we test the hypothesis that the availability of aromatic amino acids could 

have played a major role in protein evolution by enabling a halophile to mesophile adaptive 

transition in protein folding.  In testing this hypothesis the effects are evaluated of incorporating 

aromatic amino acids into a “primitive” designed protein that is highly-enriched for the prebiotic 

amino acids, devoid of aromatics, and is an obligate halophile with regard to foldability (Longo 

et al., 2013a)(Chapter 6).  Previous studies of the primitive protein model system showed that a 

mesophile/halophile folding transition occurred concomitant with six simultaneous substitutions 

of buried aromatic amino acids. The requirement of multiple simultaneous substitutions is a steep 

barrier to evolutionary change in comparison to a single substitution. In the present study we test 

whether incorporation of only a single aromatic amino acid can obviate the need for halophile 

conditions for the efficient folding of a “primitive” obligate halophile protein. The results show 

this to be the case, supporting the hypothesis that incorporation of a Shikimate-like pathway into 

the genome of early HaloArchea could relax the requirement of salt for protein foldability, 
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thereby facilitating expansion into a low-salt mesophile environment, and demonstrating a 

plausible biophysical basis for the evolutionary selection of the “Phase 2” aromatic α-amino 

acids. 

 

7.2 Results 

7.2.1  Mutant Sequence Characteristics 

The design of the “primitive” protein (“PV2”) utilized in this study has previously been 

described (Longo et al., 2013a) (Chapter 6).  PV2 is a small β-trefoil protein made up of three 

identical repeats of 42-amino acids, comprising an amino acid alphabet of only 12 amino acids. 

PV2 is highly-enriched (~80%) for the prebiotic set of amino acids (Longo and Blaber, 

2012)(Chapter 6), is devoid of aromatic amino acids, and has an acidic pI = 4.36. Importantly, 

the hydrophobic core of PV2 (21 of 126 residues total, or 17% of amino acid positions) is 

entirely prebiotic (i.e., comprised of only L, I, and V).  PV2 was designed by Top-Down 

Symmetric Deconstruction (See Chapter 3 for related approach by folding nucleus symmetric 

expansion) and, as a consequence, the identical sequences of the three 42-amino acid structural 

subdomains that form the β-trefoil architecture define a threefold rotational symmetry that 

substantially simplifies mutational design (Figure 7.1) (Lee et al., 2011; Longo et al., 2014).   

The aromatic amino acids F, Y, or W were incorporated at two buried locations within 

the PV2 scaffold known to exhibit a high statistical preference for aromatic amino acids in the β-

trefoil fold (Broom et al., 2012):  symmetry-related positions 22, 64, and 108 (comprising three 

independent hydrophobic “mini-core” regions) and symmetry-related positions 44, 85, 132 

(participating in a cooperatively-packing central hydrophobic core).  LV mutation at the mini-

core and central core positions resulted in markedly reduced expression and solubility and were 

not perused further. LI mutation was tolerated in both the mini-core and central core, but was 
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less stable than δ in both cases (data not shown).  Constructs denoted “6xAro” incorporate the 

indicated aromatic amino acid at all six positions (e.g., 6xF indicates a combined F mutation at 

positions 22, 64, 108, 44, 85, 132 in the PV2 protein).  Other constructs are named according to 

the number of aromatics, the type of aromatic amino acid incorporated, and the positions of 

incorporation (e.g., 2xF(22,108) has an F residue incorporated at positions 22 and 108 in PV2). 

 

7.2.2  Differential scanning calorimetry 

Incorporation of aromatic residues F, Y, or W in the mini-core region of PV2 (as 

3xAro(22,64,108)) is stabilizing in each case.  Compared to PV2, the Aro3x(22,64,108) mutants 

(2.4% aromatic amino acid incorporation) display an increase in Tm (i.e., ΔTm) ranging from 

+27.8 (W) to +33.0 °C (Y).  This increase is essentially equivalent to the increase in Tm exhibited 

by PV2 in response to a high salt environment (ΔTm = +30.3 °C in 2.0 M versus 0.1 M NaCl) 

(Figure 7.2, Table 7.1).  Likewise, all 6xAro constructs are more thermostable than PV2, with 

increases in Tm ranging from +14.7 (Y) to +40.4 (W) °C (Figure 7.2, Table 7.1).  Comparisons 

between the 3xAro(22,64,108) and the 6xAro series indicate that while F or W incorporation into 

the central core is stabilizing, the Y mutation is destabilizing, and the melting temperature of 

6xY is lowered by 18.3 °C relative to 3xY(22,64,108). 

To determine how many aromatics are necessary to achieve essentially complete 

fractional folding (i.e., >0.99) of PV2, 1xF and 2xF constructs were evaluated.  F was selected 

for further study because it is less complex and more resistant to photodegradation than either Y 

or W; additionally, F is considered the earliest aromatic amino acid acquisition in Trifonov’s 

analysis (discussed above).  Each of the three mini-core positions 22, 64, and 108 was mutated 

independently to probe for differential effects on stability.  The melting temperatures and 
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enthalpies of unfolding of 1xF(22), 1xF(64), and 1xF(108) are essentially indistinguishable, 

indicating that all three of the mini-core positions are structurally equivalent in the native and 

unfolded states.  Likewise, a plot of the number of F residues in the mini-core versus ΔGunf is 

linear (Figure 7.3), as expected if the mini-core sites are non-interacting.  Melting temperature, 

however, is non-linear with respect to the number of incorporated F residues (Figure 7.4) and it 

is the first F mutation that results in the greatest increase in Tm, with subsequent F mutations 

having diminished effects.  At its temperature of maximum stability and in a low (i.e., 

mesophile) salt condition, PV2 is only 0.81 fractionally folded; in contrast, the 1xF mini-core 

variants achieve fractional folding of ≥0.λλ at their respective temperatures of maximum stability 

in low salt (Figure 7.5). A comparison of 3xY and 3xW mini-core mutant stability with 3xF 

shows that the Y mutation is more stable, while W is essentially isoenergetic with F.  Thus, with 

incorporation of just a single aromatic amino acid (that is, at 0.8% of positions--an ~11-fold 

reduction in the typical percentage of aromatic residues found in extant, mesophile proteins 

(Dyer, 1971; King and Jukes, 1969)), involving either F, Y or W, the requirement of high salt 

concentrations for essentially complete folding is eliminated.  

 

7.2.3  X-ray Crystallography 

Crystal structures for 6xY and 6xW were solved to a resolution of 1.70 - 1.75 Å (Table 

7.2); crystal structures of PV2 and 6xF have been previously reported (Longo et al., 

2013a)(Chapter 6).  Each mutant demonstrates the predicted β-trefoil architecture and, despite a 

difference of 30 buried carbons between PV2 and 6xW, there is no evidence of any significant 

global structural expansion or collapse.  Indeed, the main chain RMSD values for the 6xAro 

constructs range from 0.48 (6xF) to 0.56 Å (6xY) in comparison to PV2. 
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Position 22 mutations (“mini-cores”) 

Residue positions L13 and I42, along with the aliphatic chains of R15 and R37, form a 

hydrophobic environment around residue position 22 (Figure 7.6).  This hydrophobic “mini-

core” is a distinct packing environment from the central hydrophobic core-packing group, and is 

replicated by the threefold symmetry of the β-trefoil structure at equivalent positions 22, 64, and 

108. The introduced F, W, and Y aromatic residues at position 22 are accommodated with 

remarkably minimal structural perturbation. Each aromatic residue adopts an identical χ1 angle 

as the parental L22 residue in PV2.  In response to the presence of the bulkier aromatic rings at 

position 22, the adjacent Arg15 side chain adopts an alternative rotamer in each case to avoid a 

close contact (Figure 7.6); all other neighbor residues are unchanged. The mutant Y hydroxyl 

extends into partial solvent accessibility, and its hydrogen bonding requirement is satisfied by 

two novel water molecules (Sol77 and Sol60, Figure 7.6). Similarly, the mutant W N 1 nitrogen 

of the pyrrole ring achieves partial solvent accessibility, and its hydrogen bonding requirement is 

satisfied by a novel water molecule (Sol33, Figure 7.6). 

 

Position 44 mutations (central core) 

Residue positions V12, L14, L23, and I25 form a hydrophobic environment around 

residue position 44 (Figure 7.6). This region comprises part of the main central hydrophobic 

packing group, and is replicated by the threefold symmetry of the β-trefoil structure at equivalent 

positions 44, 85, and 132. The F, W and Y aromatic residues introduced at position 44 are 

accommodated with minimal positional changes, or alternate rotamer conformations, of the 

adjacent residues. The introduced aromatic side chains, in each case, adopt the same χ1 angle as 
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the parental L44 residue in PV2. The substitution of L44 by aromatic amino acids eliminates the 

δ44 C 1 atom (the mutant aromatic rings are coplanar with the C 2 atom in each case). In 

response to the loss of the δeu44 C 1 atom the adjacent δeu14 adopts an alternative rotamer to 

effectively fill this space (Figure 7.6). The bulkier F Cζ carbon and W C 2 carbon introduce a 

close contact with δ23, which is relieved by adoption of an alternate χ2 angle rotamer of δ23. In 

the case of mutant Y44 the much longer OH group results in an alternative χ1 angle rotamer of 

L23 to avoid a close contact.  The aromatic rings also result in a positional shift (~1.0 Å) of 

adjacent I25 C 1; in response to the bulkier indole ring of the introduced W44 the adjacent I25 

residue adopts an alternative χ1 angle rotamer to avoid a steric clash.  The hydrogen-bonding 

requirement of the mutant Y OH hydroxyl is provided by the main chain carbonyl of L23 with 

minimal (0.5 Å) positional shift (Figure 7.6). Similarly, the hydrogen-bonding requirement of the 

mutant W N 1 is also provided by the main chain carbonyl of Leu23 with minimal (0.3 Å) 

positional shift. 

Refined coordinates and structure factors for the 6xW and 6xY mutants have been 

deposited in the Protein Databank (accession numbers 4QKS and 4QKR, respectively). 

 

7.2.4  Empirical Phase Diagrams 

Circular dichroism (CD), differential scanning calorimetry (DSC), and optical density at 

360 nm were used to construct a temperature vs. [NaCl] empirical phase diagram for PV2 and 

1xF(64) (Figure 7.7; raw data given in Figure 7.8).  Taken together, these probes provide a 

comprehensive view of the conformational state occupied by the protein, in which CD monitors 

secondary structure, DSC is sensitive to the heat capacity change associated with conformational 

phase transition, and OD360 monitors protein aggregation.  The OD360 data show that neither PV2 
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nor 1xF(64) aggregated, even at high temperatures and in the presence of 2.0 M NaCl.  Based on 

both DSC and CD, 1xF(64) is more thermostable than PV2, and differences in Tm as a function 

of salt concentration are greatest at low concentrations of NaClμ  ΔTm (0.1 M) = +14.3 °C and 

ΔTm (2.0 M NaCl) = +7.0 °C (Figure 7.7, panel c). 

 

7.3  Discussion 

Although abiogenesis is one of the great unsolved problems in biochemistry, practical 

hypotheses are notoriously difficult to formulate and test. Among the challenges is the evaluation 

of key physical or chemical processes that took place over geological time scales, as well as 

assumptions regarding uncertain conditions. Furthermore, it is highly improbable that a single 

experiment will arrive at a solution; as with other major scientific problems, elucidating 

abiogenesis will be achieved through a series of individual advances--identifying what is 

possible, plausible, or implausible for key aspects of the overall abiogenic process.  The Miller-

Urey gas discharge experiments, along with recent related studies, have identified a consensus 

set of 10 of the common α-amino acids (the "prebiotic set") that were plausibly available in the 

prebiotic soup as raw material for the very first peptides (Doi et al., 2005; Longo and Blaber, 

2012; McDonald and Storrie-Lombardi, 2010). A testable hypothesis is whether this restricted 

“abiotic” set comprises a foldable set--i.e., able to support complex, stably folded polypeptide 

architecture (Longo and Blaber, 2012). Basic and aromatic amino acids are notably absent from 

the prebiotic set, thus, salt bridges and aromatic core packing interactions are not feasible 

structural features to promote foldability in the earliest polypeptides.  Successful studies of 

simplified protein design have been reported whereby foldable proteins have been constructed 

from a reduced α-amino acid alphabet (Riddle et al., 1997; Walter et al., 2005), and relevance for 
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proteogenesis have been described. However, such studies have focused exclusively upon 

achieving minimization of the alphabet size, without regard to the prebiotic relevance of the 

included amino acid alphabet. Thus, without exception, such minimal foldable proteins have 

depended upon critical aromatic amino acids within the core, as well as stabilizing salt bridges 

(dependent upon basic amino acids), to achieve a stable structure. Thus, more work is needed to 

elucidate the critical question of whether the prebiotic amino acids form a foldable set; however, 

there is compelling evidence to support the prebiotic foldable set hypothesis, with such studies 

indicating a dependency of such foldability on a halophile environment (Longo et al., 2013a; 

Longo and Blaber, 2012, 2014).   

Use of the β-trefoil architecture as a model of early folded proteins is motivated by 

several factorsμ  First, the β-trefoil fold is comprised of β-strands and β-turns, which organize 

into β-hairpins and a β-barrel.  Both the architecture itself and the structural motifs contained 

within it are common to every domain of life.  Second, the structural evolution of the β-trefoil is 

well characterized, including an experimental demonstration of structural emergence by homo-

oligomeric self-assembly (from a much simpler 42-mer peptide subdomain).  Such data include a 

detailed experimentally-validated path through stable, foldable sequence space linking an 

evolved β-trefoil protein (human fibroblast growth factor-1) to a simple 42 residue peptide 

“building block” (εonofoil-4P) (Lee and Blaber, 2011; Lee et al., 2011).  Furthermore, sequence 

simplification (a recognized feature of ancient proteins) was accomplished with the development 

of the PV2 protein, comprised of an alphabet of only 12 different amino acids types. Although a 

number of protein simplification studies have reported stable folded structure using reduced 

amino acid alphabets, such simplified proteins fail to achieve prebiotic relevance because they 

depend upon non-prebiotic amino acids for structure and stability--notably involving aromatic or 
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basic amino acids.  As such, the observation that such simplified proteins can fold within a 

mesophile environment does not contradict the present results.  Given that the β-trefoil is a 

common architecture with a unique robustness to sequence simplification, we conclude that 

PV2--which is entirely devoid of aromatic amino acids, with a purely prebiotic protein core--

represents one of the best model systems currently available for studies of folding potential of 

the prebiotic set of amino acids.  

The positions selected for evaluating the effects of introducing aromatic residues in PV2 

(22, 44, 64, 85, 108, and 132) have the property of residing within buried hydrophobic 

environments and being positions statistically preferred by aromatics in consensus sequence 

analyses of the β-trefoil fold (Alsenaidy et al., 2012; Brych et al., 2001; Murzin et al., 1992). 

The large hydrophobic aromatic amino acids have long been known as major contributors 

to efficiently-packed protein cores, providing substantial stabilization Gibbs energy (Eriksson et 

al., 1992a; Hecht et al., 1984; Shortle et al., 1990). There are two structural challenges to 

aromatic amino acid accommodation within a protein core: First, the adjacent residues must be 

able to adjust in response to the larger bulk of the aromatic amino acids, otherwise unfavorable 

strain (“overstuffing”) among core residues will result (Lim et al., 1992).  The choice of the core 

and mini-core positions used in this study minimizes the potential for overstuffing as it is already 

known that these sites can accommodate an aromatic amino acid. Second, the protein must 

provide an appropriate hydrogen-bonding partner to the polar groups of Y (OH) and W (N 1).  In 

this regard, Y has both donor and acceptor requirements, while W requires only an acceptor.  

The X-ray structure analysis of the aromatic mutants shows that these positions in the β-trefoil 

have a plasticity that facilitates ready accommodation of essentially any of the aromatic amino 

acids.   
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As expected, the added bulk of the aromatic amino acids are accommodated with minor 

adjacent side chain rotamer adjustments and no substantial main chain perturbations.  At 

positions 22, 64, 108 the hydrogen-bonding requirements of Y and W are achieved by solvent--

two solvent molecules (one apparent donor, one apparent acceptor) in the case of Y and one (an 

acceptor) in the case of W.  At positions 44, 85, 132 the protein architecture itself provides an 

appropriate acceptor in the main chain carbonyl 23O (as a second donor interaction, 23O has an 

H-bond donor partner in an adjacent buried solvent).  No donor is observed interacting with the 

Y OH; thus, while the hydrogen-bonding requirements of the introduced W may be fully 

satisfied, those of the introduced Y appear to be incomplete. Water/hydrophobic solvent transfer 

free energy values, as well as experimental values for A→S and V→T polar substitutions at 

hydrophobic (i.e., buried) positions in proteins, indicate an upper value of ΔG ~+12 kJ/mol for 

effective desolvation of such polar groups with no corresponding novel H-bond partner (Blaber 

et al., 1993; Wolfenden et al., 1981). The derived ΔΔG value for an FY point mutation at 

symmetry-related positions 44, 85, and 132 is ~+10 kJ/mol per mutation, in agreement with the 

expected destabilization of an unsatisfied H-bonding requirement. The stability data is consistent 

with the structural data:  the added hydrophobic bulk of the buried aromatics provide substantial 

increased stability regardless of type of aromatic amino acid, with the exception of Y at positions 

22, 44, 85.  Thus, at the two buried environments evaluated, the protein achieves significant 

stability gains with a general introduction of aromatic amino acids (i.e., with 15 of 18 possible 

aromatic substitutions). The stability increase in response to aromatic substitution is not due to π-

stacking or π-cation interactions as the prebiotic design is devoid of basic and aromatic amino 

acids within the core.  The stability increase is due to a combination of hydrophobic effect 

(solvent entropy gain upon aromatic burial) and more extensive van der Waals interactions 
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within the core, combined with a structural ability of the basic β-trefoil architecture to satisfy H-

bond requirements of the aromatics Y and W. Subsequently, the aromatic substitutions--

potentially as point mutations--have the ability to move the folding properties of the PV2 protein 

from halophilic to mesophilic conditions.  This ability of the β-trefoil architecture to 

accommodate and thermodynamically benefit from aromatic substitutions (primarily involving a 

main chain architecture able to provide necessary hydrogen-bonding interactions without 

perturbation) suggests a plausible selective advantage for this fold upon the evolutionary 

availability of aromatic amino acids. 

Protein design studies suggest that a halophilic environment may have been involved in 

supporting protein folding early in abiogenesis (i.e., before the incorporation of amino acid 

biosynthesis) (Longo et al., 2013a; Longo and Blaber, 2012).  Consistent with this view is the 

observation that peptide bond formation is promoted by high NaCl concentrations (Rode, 1999; 

Schwendinger and Rode, 1989). This demonstrates that polymerization (an otherwise 

thermodynamically unfavorable condensation reaction in water) of a key class of biopolymer is 

achievable under plausible prebiotic conditions.  These studies suggest that the cradle of life may 

have resided within evaporative salt ponds, within which non-volatile metabolites--in this case, 

amino acids--would have been concentrated and undergone chemical condensation to form 

polypeptides.  Thus far, NaCl has been assumed to be the most appropriate salt of the halophile 

environment. Other salts are of interest to study, both as potential co-salts in halophile 

environments and as probes to understand the biophysical basis of enhanced stability in more 

detail (e.g., effects of the Hoffmeister series); such studies are currently in progress.  Although it 

is known that co-polymers (e.g., PEG, Dextran, and Ficoll) as well as various sugars can stabilize 
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proteins, these additives (unlike simple salts) lack prebiotic relevance and their accumulation in 

the environment to concentrations that would significantly affect folding appears improbable. 

If high salt conditions are a requirement for stable folding of the earliest polypeptides, 

then a key question is how life could have adapted out of such halophilic environments.  

Previously, it was shown that a construct with a combined total of six F residues can shift folding 

requirements from the halophile to mesophile environment. However, if six F substitutions are 

simultaneously required for a halophile-mesophile shift in folding, it would be evolutionarily 

implausible. We show here that incorporation of a single aromatic amino acid can effectively 

convert a foldable “prebiotic” polypeptide from an obligate halophile to a stable mesophile (i.e., 

with fractional folding of ≥0.λλ in the absence of high concentrations of salt). Notably, the 

stability data demonstrate that potentially any of the aromatic amino acids (F, Y, or W) 

substituted into PV2 (involving the mini-core position) could enable this folding transition, and 

that the first aromatic amino acid yields the greatest increase in melting temperature.  These 

results are consistent with the observation that aromatic amino acids are significantly more 

common in the proteomes of mesophiles than in halophiles (Kennedy et al., 2001; Longo and 

Blaber, 2014; Oren et al., 2005; Paul et al., 2008), perhaps due to the alleviated need for 

optimized core packing in a halophile context. Therefore, incorporation of aromatic amino acids 

into early proteins may have facilitated a critical halophile to mesophile transition.  Subsequent 

incorporation of multiple aromatic groups within protein core regions can provided additional 

stability gains, enabling further adaptation into more demanding (i.e., extremophile) 

environments for protein folding, such as physical extremes of temperature or pH. 
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7.4  Materials and Methods 

7.4.1  Protein Expression and Purification 

Synthetic genes and mutagenesis primers were ordered from Integrated DNA 

technologies. The 1xF and 2xF mutant proteins were constructed via site-directed mutagenesis 

following the Quikchange (Agilent Technologies, Santa Clara, CA) protocol.  DNA sequences 

were verified before expression in E. coli BL21(DE3) competent cells.  Transformed cells were 

grown in M9 media cultures, induced with 1mM IPTG, and expressed for 8-10 h at 27 °C.  Cells 

were harvested via centrifugation at 5400 × g for 15 minutes at 4 °C using and stored at -20 ˚C.  

Cell pellets were resuspended in 5 mM imidazole, 50 mM NaPi, 500 mM NaCl, 0.01% Tween-

80, pH 7.5.  The cell suspension was lysed by passage through a French pressure cell at 1000 psi 

and the cell lysate was clarified by centrifugation at 29600 × g for 60 min at 4 °C.  Expressed 

proteins contained an N-terminal (His)6x tag which has shown no influence upon stability or 

folding properties (Brych et al., 2001). The supernatant was loaded onto a packed nickel affinity 

(Ni-NTA) chromatography column and the protein was eluted with 100 mM Imidazole, 500 mM 

NaCl, 50 mM NaPi, pH 7.5.  Samples were further purified by gel filtration on a Superdex 75 

column (GE Healthcare, Buckinghamshire, United Kingdom).  The extinction coefficients for 

mutants containing W or Y residues were obtained by the Gill and von Hippel method (Gill and 

von Hippel, 1989).  Concentrations for all other mutant proteins were obtained using a 

bicinchoninic acid (BCA) assay using a standard curve generated against known concentrations 

of PV2.  The purified protein was dialyzed against either phosphate buffer (100 mM NaCl, 10 

mM (NH4)2SO4, 50 mM NaPi pH 7.5) for crystallization studies or ADA buffer (20 mM N-(2-

acetamido) iminodiacetic acid solution, 100 mM NaCl, pH 6.6.) for biophysical characterization 

and empirical phase diagram preparation.  
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7.4.2  X-ray Crystallography 

Purified protein was concentrated to 10-15 mg/mL in phosphate buffer.  Crystal 

conditions were screened by the hanging drop vapor diffusion method at 25 ˚C.  6xW crystals 

grew in 1.4 M (NH4)2SO4, 0.1 M Tris, 0.07 M Li2SO4, pH 7.0; 6xY crystals grew in 30% (w/v) 

PEG 8,000, 0.1 M Imidazole HCl, 0.2 M NaCl, pH 8.0. Both crystals exhibited the same space 

group (P212121), however the crystal cell dimensions differ.  6xLeu (PV2; PDB ID code 4D8H) 

and 6xF (PDB ID code 3QYX) crystal structures have been previously reported (Longo et al., 

2013a). Crystals were mounted using Hampton Research nylon cryo-loops and were cryo-cooled 

to 100 K by gaseous N2 using an Oxford cryo-system (Oxford, UK). Crystals were diffracted in-

house with a Rigaku RU-H3R rotating anode X-ray source (Rigaku, Tokyo, Japan) equipped 

with Osmic confocal mirrors (Osmic Inc., Troy, MI) and a MarCCD165 detector (Rayonix, 

Evanston, IL). Data sets were analyzed with the DENZO software package to integrate, index, 

and scale all reflections. Molecular replacement for 6xW and 6xY was conducted using PV1 

(PDB ID code 3QYX) as a search model with the PHENIX software program (Zwart et al., 

2008). 

 

7.4.3  Differential Scanning Calorimetry 

Differential scanning calorimetry data was collected using a VP-DSC calorimeter (GE 

Healthcare, Buckinghamshire, United Kingdom). Three buffer-buffer scans were collected prior 

to protein loads to establish proper thermal history. 40 µM protein samples in ADA Buffer were 

scanned from 10 °C to 95 °C at a rate of 0.25 °C/min under 34 psi. Analysis of the resulting 
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endotherms was performed using the DSCfit software package (Grek et al., 2001). 

 

7.4.5  Empirical Phase Diagrams 

Circular dichroism was performed using a Chirascan-plus CD spectrometer (Applied 

Photophysics Ltd, Leatherhead, UK) equipped with a 4-cuvette position Pelletier temperature 

controller (Quantum Northwest, Liberty Lake, WA) and a solid-state detector.  The lamp, 

monochromator, and sample chamber were continually purged with N2.  Far-U.V. CD spectra of 

triplicate samples at 0.75 mg/mL were collected in the range of 260-200 nm in 1 nm steps and a 

0.5 s sampling time using a quartz cuvette (0.1 cm path length) sealed with a Teflon stopper 

(Starna Cells Inc., Atascadero, CA).  The CD signal at 230 nm was monitored as a function of 

temperature from 10 to 87.5 °C at 2.5 °C intervals.  The heating rate was 1 °C/min, and the 

equilibration time at each temperature was 1 min.  The ellipticity of the buffer was subtracted 

from all measurements.  All data were subjected to a 3-point Savitzky-Golay smoothing filter 

using the Chirascan software (Applied Photophysics).  

To quantify turbidity the optical density at 360 nm was measured as a function of 

temperature (10.0 - 87.5 °C) using a Cary-100 U.V.-Vis spectrophotometer equipped with a 12 

cell-temperature controlled Pelletier (Agilent Technologies, Santa Clara CA).  A 1 °C/min 

heating rate, a 2 s integration time, and a 2 min equilibration time at each temperature were used.  

Samples were diluted in ADA Buffer to 0.2 mg/mL using a 1 cm path length quartz cuvette.  The 

optical density of buffer alone was subtracted from all measurements.   

Differential scanning calorimetry was performed using an Auto-VP capillary differential 

scanning calorimeter (MicroCal/GE Health Sciences) equipped with Tantalum sample and 
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reference cells.  Two water-water scans were taken prior to the reference and sample scans.  

Scans were completed from 10-90 °C using a scanning rate of 15 °C/h and a concentration of 1 

mg/mL.  Reference subtraction and concentration normalization were performed using the 

instrument software.    

Three-index EPDs were constructed as described (Kim et al., 2012) using the 

MiddaughSuite software.  The DSC data was interpolated from 10.0 - 87.5 °C at 2.5 °C 

increments and integrated prior to EPD construction. 

 

 

 

Figure 7.1 The 1° structure of the PV2 protein (single letter code) aligned to reflect the 
threefold symmetric architecture of the β-trefoil fold. The boxed positions comprise the 
hydrophobic core packing group. The shaded positions are the locations where aromatic amino 
acids were substituted as point mutations or in various combinations (see Table 7.1). 
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Figure 7.2 Differential scanning calorimetry of PV2 derivatives with aromatic amino acids at 
mini-core and central core positions.  3xAro constructs have the stated aromatic amino acid 
packed at positions 22, 64, 108.  All data was collected under low salt conditions (0.1 M NaCl) 
except where noted (red curve). 
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Figure 7.3 Additive stabilization by F incorporation at mini-core sites.  Each F is associated 
with ~11.8 kJ/mol stabilization at 51 °C (the average melting temperature of the mutants) 
indicating that the positions are equivalent and non-interacting. 
 

 

  

 

Figure 7.4 Nonlinear improvement in melting temperature by F incorporation at mini-core 
sites.  The first F residue incorporated into the mini-core has the greatest effect on the melting 
temperature, with subsequent mutations having diminished effects. 
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Figure 7.5 Stability of PV2 and 1xF(22) as a function of temperature.  Stability curves were 
generated from fitted DSC parameters. Ff is the fraction folded at the temperature of maximum 
stability (i.e., ΔS = 0). 
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Figure 7.6 X-ray crystal structure overlays of aromatic substitutions in the PV2 protein. 
Upper panel: relaxed stereo diagram overlay of PV2 (yellow) with the 6xF (blue), 6xW (red), 
and 6xY (green) X-ray structures in the region of the position 22 mutations. Residue positions 
I42, δ13 and the aliphatic side chains of R15 and R37 form a hydrophobic “mini-core” region 
around position 22. Lower panel: a similar overlay in the region of position 44 mutations. 
Residue positions L23, I25, V12 and L14 form a hydrophobic region around position 44 – 
comprising part of the central hydrophobic core. 
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Figure 7.7 Temperature vs. salt concentration empirical phase diagrams of PV2 and 1xF(64).  
Empirical phase diagrams were generated using circular dichroism (a measure of secondary 
structure formation; red color indicates native-like structure), differential scanning calorimetry 
(monitors heat associated with unfolding; intensity of green color corresponds integrated DSC 
signal, in which green color is assigned to the pre-transition signal) and OD360 (turbidity; blue 
color).  Phase diagrams are generated with an additive color scheme; thus, yellow color indicates 
that both CD and DSC report native-like interactions whereas black color indicates an unfolded 
protein that does not aggregate.  A difference DSC EPD (c) was generated by subtracting the 
interpolated, integrated DSC signals of PV2 from that of 1xF(64); green indicates regions where 
1xF(64) has a greater population of folded molecules than PV2. 
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Figure 7.8 Raw data used for empirical phase diagram generation of PV2 and 1xF(64).  CD 
(a and d), DSC (b and e), and turbidity (c and f) for PV2 and 1xF(64), respectively. 
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Table 7.1     DSC data for the thermal denaturation of PV2 and mutant proteins. 
Protein† ΔH(Tm) (kJ mol-1) Tm (°C) ΔHvan’t Hoff/ΔHcal ΔTm (°C) 

PV2* 157 ± 5 34.2 ± 0.2 0.87 ± 0.19 - 

PV2 (2.0 M NaCl)* 357 ± 2 64.5 ± 0.1 0.84 ± 0.04 30.3 

Mini-core Mutants     

     1xF(22) 306 ± 3 48.5 ± 0.1 0.71 ± 0.01 14.3 

     1xF(64) 302 ± 3 48.3 ± 0.2 0.74 ± 0.02 14.1 

     1xF(108) 300 ± 2 48.2 ± 0.1 0.74 ± 0.01 14.0 

     2xF(22,108) 401 ± 2 56.9 ± 0.1 0.71 ± 0.01 22.7 

3xF(22,64,108) 446 ± 3 63.2 ± 0.1 0.81 ± 0.02 29.0 

3xY(22,64,108) 437 ± 1 67.2 ± 0.1 1.12 ± 0.01 33.0 

3xW(22,64,108) 414 ± 3 62.0 ± 0.1 1.03 ± 0.02 27.8 

Central Core and Mini-core Mutants    

6xF* 490 ± 3 70.7 ± 0.1 0.96 ± 0.08 36.5 

6xY 301 ± 1 48.9 ± 0.1 1.04 ± 0.02 14.7 

6xW 544 ± 1 74.6 ± 0.1 0.99 ± 0.01 40.4 

*From ref. (Longo et al., 2013a) 
†Buffer contains 0.1M NaCl unless otherwise noted. 
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Table 7.2      Crystallographic data collection and refinement statistics for 
6xW and 6xY 

 6xWa 6xYb 
Space Group P212121 P212121 
Cell constants (Å) a=47.1 

b=48.5 
c=69.7 

 

a=34.8 
b=46.8 
c=67.6 

Max Resolution (Å) 1.70 1.75 
Mosaicity  (°) 0.76 0.63 
Redundancy 7.5 7.3 
Mol/ASU 1 1 
Matthews coef. (Å3/Da) 2.68 1.87 
Total reflections 135,200 85,201 
Unique reflections 17,987 11,690 

 58.0 54.3 
 4.1 4.3 

Completion overall (%) 98.8 98.3 
Completion highest shell (%) 99.9 99.6 
Rmerge overall (%) 7.6 5.2 
Rmerge highest shell (%) 40.2 31.1 
Nonhydrogen protein atoms 1005 1023 
Solvent molecules/ion 136/2 116/1 
Rcryst (%) 19.5 18.7 
Rfree (%) 23.2 21.6 
RMSD bond length (Å) 0.007 0.007 
RMSD bond angle (°) 1.04 1.10 
Ramachandran plot: 
    favored (%) 
    allowed (%) 
    outlier (%) 
    

 
97.5 
2.5 
0.0 

 

 
100.0 

0.0 
0.0 

 
PDB accession 4QKS 4QKR 
a 1.4 M (NH4)2SO4, 0.1 M Tris pH 7.0, 0.07 M Li2SO4 
b 30% PEG 8,000, 0.1 M Imidazole HCl pH 8.0, 0.2 M NaCl 
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CHAPTER EIGHT 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

The data presented here support a crucial role for proteins with sequence symmetry or 

amino acid alphabet simplification in key biological processes and have laid the groundwork for 

several future studies.  It remains an open question whether or not Phifoil/Smfoil-4T have access 

to multiple folding pathways.  Thus, effort to probe Phifoil / Symfoil-4T for multiple folding 

nuclei by φ-value analysis may well establish yet another benefit to symmetric protein 

sequences.  Surprisingly, the aggregation properties of Phifoil/Symfoil-4T are dramatically 

improved relative to FGF-1.  If the aggregation pathway of FGF-1 can be elucidated, it may be 

possible to better understand why a symmetric sequence yielded a two-state protein.  

(Theoretically, symmetric sequences are capable of native-like interactions between non-adjacent 

domains, and these interactions have been proposed to promote aggregation.)  Finally, it is 

critical that the remaining non-prebiotic amino acids from PV2 be designed out, thereby 

unambiguously demonstrating the folding potential of the prebiotic set of amino acids. Once 

these studies have been completed, attempts at engineering function--the fundamental promise of 

protein engineering--should be attempted.  
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