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 This thesis details the work I have conducted in the past year that I have spent in 

the Blaber Lab, focusing on discovering the structure and characterizing the behavior of 

the folding nucleus of the engineered Fibroblast Growth Factor-1 derivative, Symfoil-4T. 

Entering the lab this past January, I did not expect the wealth of opportunities presented 

to me. My PI, Dr. Blaber, and Susie (graduate student who I closely worked under and 

graduated this past October 2015) were fantastic mentors who not only trusted me with 

professional-grade research that most undergraduates would never be allowed to 

perform, but gave me the opportunity to earn a place on two publications by the 

conclusion of just one year of research. I am immensely grateful to them and would like 

to publicly thank them for my experiences. In addition, I would also like to the rest of the 

Blaber Lab for their generosity, kindness, and words of advice. As my research career 

comes to a close and I prepare for medical school, I have an immense appreciation for 

the scientists who work so diligently on these projects, day-in and day-out. 

Understanding the science and procedures I performed with only a singe semester of 

Biochemistry classes was challenging, to say the least. The individuals who dedicate 

their entire lives to understanding such microscopic details about biology deserve 

applaud, as they truly set the foundation for medicine. I would also like to say thank you 

to Dr. Gaffney and Dr. Keller for agreeing to serve on my thesis committee, as well as 

the Florida State University Office of Undergraduate Research for providing such a 

unique and rewarding opportunity to participate in during my time here at Florida State.  

 



	

ABSTRACT 

A critical consideration in the process of de novo protein architecture design and 

protein evolution is the folding pathway and behavior a protein undertakes in 

transitioning to its functional tertiary structure. Of particular interest is a cryptic element 

within protein primary structure that enables an efficient folding pathway, and is 

postulated to be a heritable element in the evolution of protein architecture, the “folding 

nucleus” (FN). However, almost nothing is known regarding how the FN changes as 

simpler peptide motifs join to form more complex polypeptides. To this effect, the 

structure and folding properties of foldable intermediates along the evolutionary 

trajectory of the β-trefoil protein type were tested. This study specifically used and 

compared data from Symfoil-4T (an engineered β-trefoil protein) to several mutants to 

show that the FN is acquired during gene fusion events, incorporating novel turn 

structure generated by gene fusion. Furthermore, the FN of β-trefoils are adjusted by 

circular permutation in response to destabilizing functional mutations to allow the 

survival of FN (which is made possible by the intrinsic C3 cyclic symmetry of β-trefoil 

architecture) identifying a selective advantage that helps explain extant cyclic structural 

symmetry in the proteome.  

 

 

 

 



INTRODUCTION 

 

 One of the foundations to understanding protein evolution and design is 

considering how proteins transition from their primary structure (linear sequence of 

amino acids) to their final tertiary structure (the final three-dimensional conformation). In 

order to classify protein behavior in quantitative terms, two separate but sometimes 

interconvertable types of data, kinetic and thermodynamic, are used to derive 

conclusions about protein structure, function, and stability. According to Transition State 

Theory, the rate limiting step in protein folding kinetics is the formation of the folding 

transition state ensemble 1,2. The “nucleation-condensation” model of protein folding 

states that this transition state ensemble is described by a subset of amino acid 

positions adopting a native-like structure, typically involving short-range and high 

contact density interactions, and able to serve as a nucleation template for subsequent 

rapid condensation of the folded structure 3-6. In action, this model essentially describes 

protein folding as the formation of a small portion of the primary sequence as a primitive 

secondary structure, after which point the rest of the protein folds in response to the 

formation of this structure. The primary structure amino acid positions adopting a native-

like structure in the transition state describe the “folding nucleus” 5 so the FN is 

consequently a critical component of primary structure that promotes an efficient protein 

folding pathway.  

 Although the FN seems to be a main promoter of protein folding, it is poorly 

understood. In order to quantify this cryptic quality in an analyzable form, the φ-Value 

analysis was created which uses both thermodynamic and kinetic data to describe the 



	

contribution of individual amino acids in primary structure to the folding nucleus 

transition state 1,7. This analysis was created primarily because it was almost impossible 

to predict FN location and structure computationally; the FN seems to change position 

and character from protein-to-protein, even when they are within the same 

family/superfamily and share a homologous three-dimensional structure 8. The 

components of a φ-Value analysis are described in the Materials and Methods portion of 

this report.  Previous φ-Value analyses have shown that the position of the FN is not de 

facto delineated by apparent structural sub-domains, intron-exon boundaries, or other 

obvious sequence landmarks 9-13 although the FN is likely segregated from localized 

regions of functionality14-18. This introduces a fundamental theory in protein design and 

evolution, the Foldability-Functionality Tradeoff: folding stability is sacrificed at the 

expense of functionality and vice versa. The FN is typically classified as a region of high 

local contact density in the native state, yet not all such positions present in the native 

state contribute to the FN 19-23. 

 Of particular interest to this study is what the FN looks like for an engineered 

protein, Symfoil-4T. Symfoil-4T is a symmetric β-trefoil single-domain globular protein 

derived from natural Fibroblast Growth Factor-1 (FGF-1) via top-down symmetric 

deconstruction, in which cleavage of FGF-1 into thirds and aligning sequences allowed 

conserved sequences to observed in an effort to make purely symmetric tandem 

repeats 24,25. Symfoil-4T is comprised of three repeats of a fundamental polypeptide 

motif (42-mer), with one 42-mer comprising a “monofoil” structure and two tandem 42-

mers (creating an 84-mer) comprising a “difoil.” Each of these designed polypeptides 

are functionless and therefore unaffected by the function/foldability tradeoff described 



	

above, so the comparison of folding behavior describes properties intrinsic to the β-

trefoil protein architecture 26,27. The folding properties of the Monofoil, Difoil, and 

Symfoil-4T polypeptides describe a “conserved architecture” model of evolution for the 

the β-trefoil fold via sequential gene duplication and fusion events 8,25,28. The 42-mer 

monofoil peptide has previously demonstrated possession of a FN that folds into a β-

trefoil structure via oligomerization (in turns I and II out of its total three turns), in 

addition to the difoil unit demonstrating a unique FN different from the monofoil peptide 

(at turn IV of its total seven turns) 8,25,28; determining if Symfoil-4T has three equivalent 

FN associated with each each monofoil unit, or one difoil FN & one monofoil FN, or a 

separate FN entity altogether is one of the main goals of this analysis.  

 

MATERIALS AND METHODS46 

 

Reverse turns are a fundamental type of protein secondary structure critical to 

globular protein architecture, associated with high local contact density, and is a 

common contributor to folding nucleation. Thus, φ-value analysis of positions within turn 

regions is an effective sparse sampling method to characterize structural details of the 

folding transition state ensemble. 

 

Symfoil-4 T mutant construction   

Symfoil-4T is a β-trefoil protein having exact 1° structure symmetry and is one of 

a series of closely-related "Symfoil" proteins designed by top-down symmetric 

deconstruction (TDSD) using fibroblast growth factor-1 (FGF-1) as a starting point 24,25. 



	

The Symfoil-4T construct utilized in this study contains an N-terminal (His)6 tag and 

flexible linker sequence derived from the first 10 amino acids of the 140 amino acid form 

of FGF-1. The N-terminal (His)6 tag/10 amino acid FGF-1 linker sequence is 

unstructured in both FGF-1 and Symfoil-4T24,25 and has no effect upon protein stability 

or folding, but does permit efficient purification by Ni-NTA affinity chromatography.  

The β-trefoil architecture is comprised of 12 β-strands and 11 reverse turns (see 

Fig. 1, panel C). φ-value analysis of Symfoil-4T in this report focuses upon locations 

within each reverse turn in order to identify those turn positions contributing to the 

folding transition state. Ala mutations were introduced at the i+4 position in each of the 

11 β-turns in Symfoil-4T (i.e., turns I – XI), including positions Gly20, Gly29, Asp39, 

Gly52, Gly62, Gly71, Asp80, Gly93, Gly103, Gly115, and Asp127. Mutants were 

constructed using the QuikChangeTM site-directed mutagenesis kit (Agilent 

Technologies, Santa Clara CA) and the pET21a(+) expression vector, and each 

mutation was confirmed by DNA sequencing (Biomolecular Analysis Synthesis and 

Sequencing Laboratory, Florida State University). 

 

Protein expression and purification   

Recombinant proteins were expressed from BL21(DE3) E. coli and purified by 

sequential chromatography on Ni-NTA affinity resin (Qiagen, Valencia CA) and 

Superdex 75 size exclusion chromatography (GE Life Sciences, Pittsburgh PA) as 

previously described44. Protein purity was evaluated by gel densitometry of Coomassie 

blue stained SDS-PAGE. Purified proteins were dialyzed into 20 mM N-(2-

acetamido)iminodiacetic acid (ADA), 0.1 M NaCl, pH 6.6 (“ADA buffer”) using an 8 kDa 



	

molecular weight cutoff membrane tubing (Spectrum Industries Inc., Chippewa Falls 

WI). An extinction coefficient of E280nm (0.1%, 1 cm) = 0.32 was utilized for concentration 

determination of all proteins24,25. 

 

Isothermal equilibrium denaturation (IED)   

Symfoil-4T and mutant proteins do not contain Trp residues but do contain 3 Tyr 

residues that serve as a spectroscopic probe of protein unfolding. Protein samples (10 

µM final concentration) were equilibrated in ADA buffer at 298 K in 0.1 M increments of 

GuHCl for >24 hr. Fluorescence data scans were collected in triplicate on a Cary 

Eclipse fluorescence spectrophotometer (Agilent Technology, Santa Clara CA) with 

excitation wavelength at 277 nm and emission wavelength from 284 – 410 nm. 

Averaged fluorescence scans with buffer background subtracted were integrated to 

quantify the total fluorescence as a function of denaturant concentration. The GuHCl 

denaturant concentration over which to perform IED was designed to span both sides of 

the denaturation midpoint (Cm) equally; thus, IED analyses ranged from 0 - 4.6 M 

GuHCl for all mutants and 0 - 5.0 M GuHCl for Symfoil-4T. Protein IED data were 

analyzed using a six parameter two-state model47 to derive thermodynamic ∆G0 and m-

value (dependence of ∆∆G upon denaturant) parameters. ∆∆G, the effect of a given 

mutation upon the stability of the protein in reference to Symfoil, was calculated at the 

average midpoint of denaturation of Symfoil-4T and mutant proteins by the method of 

Pace and Scholtz48 (in which a positive value indicates a destabilizing mutation). 

 

 



	

Folding and unfolding kinetics   

For determination of folding kinetics Symfoil-4T and mutant proteins (at 33 µM 

final concentration) were initially unfolded by incubating in 3.5 M GuHCl for >24 h to 

permit equilibration (based on the IED data Symfoil-4T and mutant proteins are >99% 

denatured in 3.5M GuHCl). Dilution into ADA buffer to initiate folding was performed at 

0.35 M GuHCl final concentration, and in increments of 0.15 M GuHCl up to near the 

midpoint of denaturation (as determined from IED data). Folding kinetics data were 

collected at 298 K using a Jasco J815 CD/fluorescence spectrophotometer (Jasco 

International Co. Ltd., Tokyo, Japan) with a Bio-Logic SFM-20/S stopped-flow 

attachment (Bio-Logic, Claix, France) with excitation wavelength set to 277 nm and 

emission wavelength selected by a 295 nm long-pass filter. Once the measured folding 

kinetics half-life (t1/2) exceeded 60 s the folding data were collected by manual mixing 

on a Cary Eclipse fluorescence spectrophotometer (Agilent Technology, Santa Clara 

CA) with excitation wavelength set to 277 nm and emission wavelength set to 302 nm (5 

nm bandwidth) utilizing a temperature controlled cuvette at 298 K.  

For quantitation of unfolding kinetics, Symfoil-4T and mutant protein in ADA 

buffer (final protein concentration 5 µM) were diluted by manual mixing into GuHCl/ADA 

buffer. The highest GuHCl concentration for unfolding was 6.5 M; lower concentrations 

of GuHCl were sampled at 0.5 M intervals down to the approximate midpoint of 

denaturation (as determined from IED data). Determination of the ku0 parameter of the 

unfolding arm involves the greatest extrapolation, and consequently the most 

substantial standard error of the model fit; therefore, the range of denaturant over which 

to determine unfolding kinetics was extended (in comparison to the IED data) in an 



	

effort to minimize error (6.5 M GuHCl was a practical upper limit in manual mixing 

unfolding experiments).  All unfolding kinetics data were collected using a Cary Eclipse 

fluorescence spectrophotometer as described for folding studies. 

Folding kinetics data for all proteins in the denaturant range of ~0.35 – ~0.95 M 

exhibited bi-exponential kinetics, having both "fast" and "slow" phases (with major and 

minor components of the overall signal amplitude, respectively) (Fig. S1). Data 

collection times were selected to span at least 10x t1/2 of the slow phase, thus capturing 

>99.9% of the amplitude of the slow folding component. The slow phase of the folding 

kinetics was determined by a bi-exponential fit to data over this time regime. However, 

for the majority of proteins the difference in rate between the fast and slow folding 

phases resulted in >100 x t1/2 of the fast component over the slow phase collection 

period. Therefore, the fast folding phase data were truncated to 10 x t1/2 of the fast 

phase and were fit to a bi-exponential rate equation to quantify the fast folding kinetics 

(discarding the under-sampled slow folding phase kinetics fit). Folding kinetics data at 

denaturant concentrations > ~1.4 M exhibited single exponential folding kinetics; data 

spanning 10 x t1/2 of the single component folding kinetics were collected and 

quantified.  A possible dependence of the folding kinetics of Symfoil-4T upon protein 

concentration was evaluated by determination of kinetic parameters at 4.0, 16.0, 64.0 

and 256 µM Symfoil-4T in 0.35 M GuHCl.   

Chevron plots   

Fitting of folding and unfolding kinetics data for Symfoil-4T with a Chevron plot 

equation having a linear relationship of ln(kobs) vs [GuHCl] resulted in systematic 

deviation describing curvature (i.e., "rollover") in both the folding and unfolding arms. 



	

Such rollover indicates Symfoil-4T deviates from a simple two-state kinetic model (i.e., 

Symfoil-4T folding exhibits potential Hammond behavior) 32. A modified equation for all 

Chevron plots was therefore utilized that included a second-order polynomial term for 

the ln(kobs) vs [GuHCl] function: 

ln(kf) = ln(kf0) + mf * X + m’ * X2  (1) 

ln(ku) = ln(ku0) + mu * X + m’ * X2  (2) 

ln(kobs) = ln(kf0 * exp(mf * X + m’ * X2) + ku0 * exp(mu * X + m’ * X2))  (3) 

Where kf and ku are the measured folding and unfolding rate constants, 

respectively, at a given concentration X of GuHCl; kf0 and ku0 are the values of the 

folding and unfolding rate constants, respectively, at 0 M GuHCl; mf and mu are the 1st 

order term (i.e., the slope at 0 M GuHCl) of the ln(kf) and ln(ku) functions, respectively, 

and m’ is the 2nd order polynomial term (i.e., curvature) common to both the ln(kf) and 

ln(ku) functions. This two-state folding with curvature (Hammond) model for the Chevron 

plot was implemented using the DataFit non-linear least squares software (Oakdale 

Engineering, Oakdale PA). Chevron plots were constructed using the area of data 

markers to indicate the relative amplitude through both the fast and slow kinetics 

phases for those regions of the plot exhibiting bi-exponential folding behavior (Chevron 

"amplitude" plot; Fig. S1). 

φ-value analysis   

ΔGN-‡ and ΔG‡-D were calculated by: 

ΔGN-‡ = R*T*(ln(kB*T/h) - ln(ku))  (4) 

ΔG‡-D = -R*T*(ln(kB*T/h) - ln(kf))  (5) 

Where kB is the Boltzmann constant, h is the Planck constant, ku is the unfolding rate 
constant and kf is the folding rate constant. 

φ-values were calculated by: 



	

φf = ΔΔG‡-D / ΔΔGN-D (6) 

φu = ΔΔGN-‡ / ΔΔGN-D (7) 

Where φf is the "φ-folding" parameter and a value of 1.0 indicates that the mutant 

position is as structured in the folding transition state ("‡-state") as it is in the native 

state ("N-state") at the specified denaturant concentration. φu is the "φ-unfolding" 

parameter and a value of 1.0 indicates that the mutant position is as unstructured in the 

‡-state as it is in the denatured state ("D-state") at the specified denaturant 

concentration. ΔΔGN-D is the stability effect of a mutation in reference to the Symfoil-4T 

protein (determined from IED); ΔΔGN-‡ is the differential unfolding Gibbs energy for the 

mutant compared to Symfoil-4T; similarly, ΔΔG‡-D is the differential folding Gibbs 

energy. φf and φu parameters are quoted at the average midpoint (Cm) of denaturation of 

the Symfoil-4T and mutant proteins as determined from IED (the Cm being the 

denaturant concentration where the thermodynamic and (un)folding kinetic parameters 

for a given protein are most accurately determined). 

 

RESULTS46 

 The results of this study can be considered in regards to the three aspects of the 

φ-Value analysis: Isothermal Equilibration Denaturation (IED) data, Folding/Unfolding 

Kinetic Data, and finally determination of φ-Values for Symfoil-4T and its mutants. It was 

observed that the standard deviation (when using fitted thermodynamic parameters) for 

individual IED sets is essentially equal to the standard deviation derived from the fit of 

the model to the averaged IED data set (0.2-0.6 kJ/mol). Thus, all Symfoil mutant 



	

proteins have IED data which are in overall excellent agreement with the implemented 

two state model. Additionally, the data reported here is in good agreement with 

previously reported IED values for Symfoil-4T 29. As shown in Table 1, it was found that 

all Alanine mutations at different turn positions resulted in a less stable mutant protein 

than Symfoil-4T; stabilization was measured in terms of ΔΔG for the different mutants in 

comparison to Symfoil-4T and it was found all mutations varied between 2-9kJ/mol (as 

determined at the midpoint of denaturation) and all mutants exhibited a ΔΔG value > 3 

standard deviations, thus all mutations satisfied the conditions for a φ-Value Analysis.  

 A remarkable consistency of mutational effect upon thermodynamic stability is 

apparent when the mutant positions are organized by C
3 symmetry relationships (Fig. 2, 

panel A). Ala mutations at symmetry-related positions 20, 62 and 103 (in turns I, V and 

IX, respectively) destabilize by 4.6 ± 0.2 kJ mol
-1

; mutations at symmetry-related 

positions 29, 71 and 115 (in turns II, VI and X, respectively) destabilize by 8.7 ± 0.3 kJ 

mol
-1

; mutations at symmetry-related positions 39, 80 and 127 (in turns III, VII and XI, 

respectively) destabilize by 2.1 ± 0.2 kJ mol
-1

; and mutations at symmetry-related 

positions 52 and 93 (in turns IV and VIII, respectively) destabilize by 4.0 ± 0.1 kJ mol
-1 

(Table 1). Thus, within the standard error of the IED measurements all symmetry- 

related positions exhibit a statistically identical stability effect in response to Alanine 

mutation, and the relative ranking from least destabilizing to most destabilizing 

mutations is: (turns III, VII, XI; 2.1 kJ mol
-1

) < (turns IV, VIII; 4.0 kJ mol
-1

) < (turns I, V, 

IX; 4.6 kJ mol
-1

) < (turns II, VI, X; 8.7 kJ mol
-1

).  



	

 

 In regards to the effects upon folding and unfolding kinetics for Symfoil-4T φ-

Value mutants, this analysis demonstrates that Symfoil-4T and all mutants follow bi-

exponential folding kinetics under relatively low (i.e. ~< 1.0 M) denaturant conditions, 

resulting in both “slow” and “fast” pathways (Fig. S1). Under this 1.0 M denaturant 

concentration, ~70-90% of the total folding amplitude occurs through the fast kinetic 

phase. In contrast, the slow folding component for all φ-value mutants undergoes an 

apparent sigmoid transition to the fast phase of a relatively narrow range of denaturant 

(~0.95 – 1.25 M) before the relative amplitudes transition between the folding phases as 

their kinetic constants merge. In a denaturant concentration greater than 1.25 M the 

folding (and unfolding) kinetics are mono-exponential.  

 Previously reported kinetic constants for Symfoil-4T 31, analyzed with a single 

exponential folding model, exhibit minor deviation with the fast phase of the bi-

exponential model data reported here. Using a curvature model (Hammond behavior 30-

31) to fit the resulting ln(Kobs) versus denaturant data yields derived thermodynamic 

parameters (Table 2) in excellent agreement with IED thermodynamic data (Table 1). 

Therefore, the utilization of the fast phase of the bi-exponential folding with Hammond 

behavior yields self-consistent thermodynamic and folding kinetic constants. Evaluation 

of the folding kinetic parameters in 0.35 M denaturant is not a function of protein 

concentration (4.0 – 256 µM) as there was no significant deviation of rate nor amplitude 

for the bi-exponential fit, so there is no evidence of intermolecular interactions 

frustrating folding (Figure S2).  

 It was found that the φ-Values for Symfoil-4T are highly polarized (typically 



	

having values of ~0 or ~1,0) with the sum of φ-folding (φf) and φ-unfolding (φu) at each 

position near unity (Table 2), providing additional evidence for self-consistent 

thermodynamic and folding kinetic parameters. In contrast to the symmetric relationship 

of the Ala mutations upon thermodynamic stability described above, the effects upon 

folding kinetics are highly-asymmetric as evidenced by the φ-values (Table 2) and 

Chevron plots (Fig.2, panel B) for symmetry-related positions. A “heat map” of the φ
f 

data readily illustrates both the highly-polarized and asymmetric nature of the folding 

transition state of Symfoil-4T (Fig. 3, panel A). In characterizing whether a turn position 

is structured (S), partially structured (P) or unstructured (U) in the FN, S is defined as φ
f 

≥ 0.80, P is defined as 0.30 < φ
f < 0.80, and U is defined as φ

f ≤ 0.30. Using this 

nomenclature, and comparing symmetry-related sets of turns, yields the following 

relationships: turns  (I,V,IX) (P,S,S); turns (II,VI,X) (U,S,P); turns (III,VII,XI) (U,S,U); 

turns (IV,VIII) (S,S). No correlation is observed between the magnitude of the ΔΔG of 

mutation and resultant φ-value. With this knowledge in hand, it has been determined 

that the Symfoil-4T folding nucleus is a region defined by six contiguous turn positions 

(turns IV-IX, Fig. 3, panel A) in a centrally-located position within the overall β-trefoil 

fold, and comprising approximately 50% of the overall structure. 

 

DISCUSSION 

 Evolutionary models that propose a pathway leading from simple polypeptide 

motifs to a complex protein fold are most compelling when all intermediates in such 

pathways are demonstrated to reside within foldable sequence space 31-40. As reported 



	

in the introduction section of this report, Symfoil-4T β-trefoil was created from FGF-1 by 

top down symmetric deconstruction. The process of creating Symfoil-4T involved 17 

intermediate mutant forms with each having a more progressive increase in primary 

structure C3 symmetry, and each residing in foldable sequence space. The result of 

fragmentation of the purely symmetric β-trefoil protein produced a 42-mer monofoil 

protein and an 84-mer difoil protein (Fig. 1). All of these proteins spontaneously fold to 

form a β-trefoil structure through oligomerization, however there are some key 

differences. 

 The 42-mer monofoil spontaneously oligomerizes as a homotrimer, folding into 

an integral β-trefoil architecture (Fig. 1, Panel A)24,25 with each of these Monofoil 

polypeptides in the oligomeric assembly adopting an identical structural motif known as 

a “trefoil-fold”41 which contains three reverse turns (identified as turns I,II, and III, Fig.1, 

Panel A). Cα density calculations (not shown in this report) established the highest local 

contact densities within the 42-mer trefoil-fold and are candidate elements of the FN27.  

 The 84-mer Difoil is a tandem repeat of the 42-mer and therefore models a 

duplication and fusion evolutionary event. Each difoil has seven turns (turns I-VII, Fig. 1, 

panel B) where turn IV is generated as a product between the two monofoil components 

(Turns I-III, V-VII) and does not share any homology with a turn in the monofoil protein. 

It also oligomerizes as a homotrimer, but forms two integral domain-swapped β-trefoil 

architectures24,25 (Fig. 1, panel B). This assembly is composed of the two Difoil 

polypeptides folding to create 2/3 of a β-trefoil, and the other Difoil polypeptide adopting 

a domain-swapped conformation that completes each of these two β-trefoils. In the non-



	

domain-swapped polypeptides the novel turn IV has a local contact density, making it a 

strong candidate for an element of the FN. However, the domain-swapped polypeptide 

(including turns III, IV, and VII) has uniquely different turn structure compared to the 

same turns in the non-domain swapped polypeptide conformation. Due to this 

alternative conformation of turns, these turns must either adopt native conformations 

late in the folding pathway or adopt an intermediate structure during the transition state 

which must “back-track” or unfold along the pathway in order to achieve the correct 

native structure late in the folding pathway14,42-44, so turn IV must adopt native structure 

late in the folding pathway.  

 Symfoil-4T is a β-trefoil protein which has a total of 11 turn structures (turns I-XI, 

Fig. 1, Panel C) with all symmetry-related positions sharing an identical 

conformation24,25. Turns IV and VIII result from the fusion of three monofoil 

polypeptides, or a difoil polypeptide and monofoil polypeptide24,33,25,35. However, unlike 

turn IV in Difoil, neither turn IV nor turn VIII in Symfoil-4T require back-tracking along the 

folding pathway to achieve its native conformation, as evidenced by the fact that φ-

values indicate both turns are natively structured in the FN (φf ~1.0). The φ-value 

analysis of Symfoil-4T identifies a contiguous FN region that spans turns IV-IX and 

includes novel turns IV and VIII (as identified by Cα density map, not shown). Initial 

questions about the FN of Symfoil-4T asked whether its behavior was the same as the 

three monofoil units put together, one monofoil unit and one difoil unit, or a separate FN 

entity altogether. Positions comprising the Symfoil-4T FN are not C3 symmetrically 

distributed along the primary structure and it is approximately centrally located, 

effectively eliminating the notion that it could be comprised of two monofoil FN. φ-Values 



	

also indicate that Symfoil-4T FN is much larger and more extensive than a monofoil FN. 

Additionally, the inclusion of turns IV and VIII in the Symfoil-4T FN eliminates the 

possibility of a simple instance of a difoil FN since a difoil structure contains only one 

such novel turn and this folds late in the folding pathway. Overall, the Symfoil-4T FN is 

larger and includes many novel turn structures that are the result of gene fusion events, 

with these novel turns creating the highest local contact densities in the β-trefoil 

architecture. This evolutionary metamorphosis was termed “Folding Nucleus Structural 

Acquisition” and may contribute to increased folding cooperativity, and also serves as 

one of the main conclusions of this paper. 

 In comparing the behavior of Symfoil-4T to FGF-1, the function-foldability tradeoff 

hypothesis must again be considered. This hypothesis states that optimal structural 

mutations are unlikely to exist in the presence of optimal functionality, so function is 

adopted at the expense of foldability 16,18,15. In creating Symfoil-4T via top-down-

symmetric-deconstruction, all functional regions (such as heparin binding) were 

eliminated which resulted in a 20-fold increase in the folding rate, and an 8-fold 

decrease in the unfolding rate25. FGF-1 has previously been characterized by φ-Value 

analysis using the same set of turn mutations used in this study18 and found that the FN 

encompasses turns II-VIII (with turn VI being partially structured in the FN), so like 

Symfoil-4T, the FN of FGF-1 is a contiguous region that spans six turns and accounts 

for approximately 50% of the structure. However, in comparison to Symfoil-4T, the FN 

of FGF-1 appears as a circularly-permuted version shifted toward the N-terminus (i.e. 

same size as Symfoil-4T, but initiating at turn II instead of turn IV). The destabilization of 

FGF-1 is provided by six amino acids which are responsible for function near the C-



	

terminus and therefore impact the folding rate29,45 and prevent the participation of turns 

IX-XI of the FGF-1 FN13. A previous study of all possible circular permutants of the N- 

and C-termini in Symfoil-4T reported differential effects upon stability, but an 

unperturbed rate of folding, effectively demonstrating that permutation of Symfoil-4T 

termini is not a barrier to an efficient folding pathway29. Thus, the C3 symmetry is 

hypothesized to enable different circularly-permuted definitions of the FN in response to 

destabilizing functional mutations resulting in alternative folding pathways29. This 

selective metamorphosis was termed “FN circular permutation” and serves as the 

second main conclusion of this paper.  

 These results provide several evolutionary explanations for the evolution of β-

trefoil proteins as well as directions for future protein design. From the present analysis, 

several conclusions can be drawn about the evolution of protein architecture: archaic 

simple peptide motifs of Cn protein folds are capable of nucleating folding pathways 

(can contain an effective FN), such folding involves oligomeric assembly to produce 

complex structures according to the conserved architecture evolutionary model8,24,25, 

gene duplication and fusion events can generate novel turn structure that provide new 

opportunities for high local contact densities and therefore evolution of a more extensive 

FN, and primary structure symmetry enables circular permutation of the FN that can 

permit movement along the primary structure, maintaining foldability while allowing 

other subdomains to functionally diverge. In regards to future protein design, the results 

of this φ-value analysis indicate that functional adaptation of larger polypeptides is now 

possible with sacrificing the least amount of stability. This may also explain why cyclic 

protein architectures are currently extant in the proteome.  



 

TABLES, FIGURES, AND SUPPLEMENTAL MATEIRALS46 

 

Table 1
50

. Isothermal equilibrium denaturation thermodynamic 

parameters for Symfoil-4T and mutant proteins 

Protein 
ΔG0 

kJ mol
-1

 

m-value 

kJ mol
-1

 M
-1

 

Cm 

M 

ΔΔG
*
 

kJ mol
-1

 

Symfoil-4T  43.7±0.4 17.6±0.2 2.48±0.02 -- 

Turns I, V and IX 

G20A 40.2±0.2 18.1±0.1 2.22±0.02 4.7 

G62A 40.2±0.3 18.1±0.1 2.22±0.02 4.7 

G103A  41.3±0.3 18.5±0.1 2.20±0.02 4.4 

Turns II, VI and X 

G29A 38.5±0.3 19.3±0.1 1.98±0.02 9.0 

G71A 38.3±0.3 19.1±0.1 2.01±0.02 8.7 

G115A 38.6±0.6 19.1±0.3 2.02±0.02 8.5 

Turns III, VII and XI 

D39A 42.1±0.3 17.7±0.2 2.35±0.02 2.0 

D80A 41.5±0.5 17.6±0.2 2.35±0.02 2.3 

D127A 41.5±0.5 17.5±0.2 2.37±0.02 1.9 

Turns IV and VIII 

G52A 40.2±0.4 17.9±0.2 2.25±0.02 4.1 

G93A 41.7±0.5 18.4±0.2 2.27±0.02 3.9 

* 
∆∆G=(CmREF–CmMUT)*((mREF + mMUT)/2) defines the ΔΔG value 

between the reference and mutant protein at the average Cm of 

both proteins 
80

.  

 



 

Table 2
46

. Folding and unfolding kinetic constants, derived thermodynamic parameters, and φ-values for Symfoil-4T and mutant proteins  

Protein 
kf0 

s
-1

 

mf 

kJ mol
-1

 M
-1

 

ku0 

s
-1

x10
-6

 

mu 

kJ mol
-1

 M
-1

 

m’ 

kJ mol
-1

 M
-2

 

∆G0 

kJ mol
-1

 

m-value 

kJ mol
-1

 M
-1

 

Cm 

M 

ΔΔG
*
 

kJ mol
-1

 
φf

*
 φu

*
 φf+φu 

Symfoil-4T  70.5±3.1 -12.6±0.1 1.31±0.51 5.15±0.37 -0.307±0.037 44.1 17.8 2.48 - - - - 

Turns I, V and IX 

G20A 74.2±10.1 -13.4±0.4 6.32±6.34 4.81±1.09 -0.330±0.114 40.4 18.2 2.22 4.8 0.39 0.64 1.03 

G62A 13.0±0.5 -13.0±0.1 1.92±0.46 5.04±0.27 -0.301±0.027 39.0 18.0 2.17 5.5 1.05 0.15 1.20 

G103A 24.9±2.3 -13.5±0.3 3.65±2.28 4.29±0.79 -0.218±0.082 39.0 17.8 2.19 5.2 0.94 0.23 1.17 

Turns II, VI and X 

G29A 81.7±12.3 -13.9±0.4 34.0±11.9 4.47±0.25 -0.305±0.027 36.4 18.4 1.98 9.0 0.27 0.73 1.00 

G71A 8.15±0.40 -13.4±0.1 1.26±0.24 6.66±0.27 -0.471±0.030 39.0 20.0 2.00 10.3 0.90 0.28 1.18 

G115A 18.9±1.9 -13.5±0.3 3.12±1.19 6.37±0.42 -0.484±0.047 38.7 19.9 1.94 10.2 0.73 0.47 1.20 

Turns III, VII and XI 

D39A 118±9.0 -13.2±0.2 5.85±3.07 4.46±0.60 -0.286±0.062 41.7 17.6 2.36 2.1 -0.04 1.09 1.05 

D80A 55.8±2.4 -13.6±0.1 3.74±1.33 4.28±0.35 -0.235±0.037 41.0 17.8 2.29 3.3 1.05 0.40 1.45 

D127A 69.1±5.7 -12.8±0.2 4.86±2.69 4.62±0.57 -0.291±0.059 40.8 17.4 2.34 2.4 0.17 1.08 1.25 

Turns IV and VIII 

G52A 18.9±0.5 -12.7±0.1 1.50±0.21 5.66±0.17 -0.359±0.017 40.5 18.4 2.21 4.9 0.90 0.30 1.20 

G93A 21.5±2.0 -12.8±0.2 2.48±0.78 4.88±0.62 -0.274±0.069 39.6 17.7 2.24 4.3 0.82 0.29 1.11 

*
Calculated at the average Cm of the Symfoil-4T reference and mutant protein.

 



 

 

 
Figure1

46
. Sequence and structure of polypeptides describing a “conserved architecture” model for the evolution of the β-

trefoil fold by gene duplication and fusion. Panel A: 1° structure, X-ray crystal structure ribbon diagram (PDB accession 3OL0), 



	

and 2° structure (showing general H-bond interactions) of the 42-mer “Monofoil” polypeptide 
24,29

.  The underlined regions of the 1° 

structure indicate reverse turns (identified by Roman numeral). Monofoil folds as a homo-trimer to yield an intact β-trefoil fold (X-ray 

crystal structure orientation is parallel to the C3 axis of symmetry). Panel B: 1° structure, X-ray crystal structure ribbon diagram (PDB 

accession 3OGF), and 2° structure of the 84-mer “Difoil” polypeptide 
24,29

. Difoil is a tandem repeat of the Monofoil peptide that folds 

as a homo-trimer to produce two intact β-trefoil folds in a domain-swapped structure. Panel C: 1° structure, X-ray crystal structure 

ribbon diagram (PDB accession 3O4B), and 2° structure of the “Symfoil-4T” polypeptide 
24,29

. Symfoil-4T is a triplet repeat of the 

Monofoil 42-mer polypeptide (with a P40T point mutation propagated at symmetry-related positions). The boxed positions of 1° 

structure are sites of Ala mutation for φ-value analysis. Symfoil folds as monomeric β-trefoil protein.  

 



	

 

Figure 2
46

. Symfoil-4T and mutant IED and folding kinetic data. Panel A: Overlays of normalized IED 

fluoresence data for symmetry-related turn positions compared to the Symfoil-4T protein. 

Indistinguishable mutational effects upon thermodynamic stability are apparent for symmetry-related turn 



	

positions. Panel B: The (un)folding kinetic data for symmetry-related turn positions compared to the 

Symfoil-4T protein. Differential effects upon folding or unfolding, in comparison to the Symfoil-4T protein, 

are apparent despite the symmetry relationships among the grouped mutant positions. The slow-folding 

phase of all proteins under low denaturant conditions is omitted for clarity. 

 

 

 

 

 

 

 

 

 



	

 

Figure 3
46

. φ-value heat map of Symfoil-4T and related polypeptides. Panel A: 2° structure 

representation of Symfoil-4T showing mutant positions utilized in φ-value analysis and colored to indicate 

the experimentally-derived φf values. Roman numerals identify the specific turn number. The gray scale 

shading of the 2° structure elements indicates 1° structure symmetry. Panel B: 2° structure representation 

of the Monofoil polypeptide with red-hatching indicating turn regions with the highest local contact density 

(and likely folding early in the folding pathway), and blue-hatching indicating turn positions where 

structural data indicates late folding (see text for analysis). Panel C: 2° structure representation of the 



	

Difoil polypeptide (with similar color hatching as described for panel B; see text for analysis). Panel D: 2° 

structure representation of FGF-1 showing mutant positions utilized in φ-value analysis and colored to 

indicate experimentally-derived φf values 
26

. Lack of shading of 2° structure elements indicates there is 

essentially no conserved 1° structure symmetry in FGF-1. 
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Fig. S146 

 

 



	

Figure S1
46

.  Chevron plot "amplitude" diagrams for Symfoil-4T and mutant proteins. Under low 

denaturant conditions both a fast and slow folding phase (i.e., bi-exponential folding kinetics) is present. 

The corresponding kinetic data points are scaled by the relative amplitude through each phase (see 

legend in Symfoil-4T panel). The solid line indicates the global fit of a Hammond model to the kinetic data 

(see Materials and Methods). 

  

Figure S246 

 

 

 

Figure S2
46

. Refolding rate data at 0.35 M GuHCl as a function of protein concentration.  The 

refolding kinetics of Symfoil-4T in 0.35 M GuHCl were evaluated over the protein concentration range of 

4.0 – 256 µM. Neither the rate nor amplitude of folding, for the fast or slow phase, shows any 

concentration-dependent behavior, indicating no inter-molecular domain-swapped interactions. 
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