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Summary 

 

Protein 3° structure symmetry is a defining feature of nearly a third of protein folds and is 

generally thought to result from a combination of gene duplication, fusion, and truncation 

events. Such events represent major replication errors, involving substantial alteration of protein 

3° structure as well as causing regions of exact repeating 1° structure, both of which are 

generally considered deleterious to protein folding. Thus, the prevalence of symmetric protein 

folds is counterintuitive and suggests a specific, yet unexplained, robustness.  Using a designed 

ȕ-trefoil protein, we show that purely symmetric 1° structure enables utilization of alternative 

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

major replication errors producing 1° structure symmetry can conserve foldability. The results 

provide an explanation for the prevalence of symmetric protein folds, and highlight a critical role 

for 1° structure symmetry in protein evolution. 
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Graphical abstract 
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Highlights 

 

 Evolution of symmetric protein folds involves duplicated regions of 1° structure, including 

folding nuclei 

 Structural rearrangement of a purely-symmetric protein does not perturb folding kinetics   

 Symmetry can maintain foldability despite major structural rearrangements in evolution 
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Introduction 

 

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

rotational symmetry (e.g., TIM barrel, ȕ-propeller, ȕ-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 

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 foldingó

namely, gross structural rearrangement, and extensive 1° structure symmetry?   
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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). Furthermore, an experimentally-demonstrated 

pathway through foldable sequence space, involving sequential gene duplication and fusion 

events, between an extant symmetric protein fold (the ȕ-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. 

 

-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 recent -

value analysis of fibroblast growth factor-1 (FGF-1) (Longo et al., 2012), a ȕ-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 architectureópostulated to occur via gene duplication, 

fusion, and truncation replication errors (Jeltsch, 1999; Peisajovich et al., 2006)ócan 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 
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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 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 (Fig. 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 ȕ-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 (Fig.S1), 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).  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.  

 

Results 

 

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 1; Fig. S2); each permutant is significantly more thermostable 

than FGF-1 (ǻGu=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 ǻǻG 

values range from 13.8 ñ 18.8 kJ/mol.  The folding and unfolding kinetic data demonstrate that 

Symfoil-4T, and each permutant, exhibit essentially indistinguishable folding kinetics (Fig. 2), 
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while the unfolding kinetics for the permutants increases, in each case, by two-orders of 

magnitude (Fig. 2, Table 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 (Fig. 2). 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 ȕ-strand 

interaction as a region of structural weakness (Bernett et al., 2004). Additionally, these 

structurally-adjacent ȕ-strands have the greatest possible separation in the 1° structure; thus, 

their formation is associated with the largest possible entropic penalty among all ȕ-strand 

interactions. It is plausible that these strands fold last, and unfold first, in the folding/unfolding 

pathway. The terminal ȕ-strands in each permutant are uniquely different, and the differential 

proclivity for ìfrayingî may account for the subtle differences in curvature of the unfolding arms 

of the chevron plot for each protein (Fig. 2). 

 

Symfoil-4T permutant X-ray structures 

 

X-ray structures (1.32 ñ 2.20 Å resolution) were solved for each Symfoil-4T circular 

permutant (Table 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 (Fig. 3) with a root mean square deviation (RMSD) of 0.3-0.6 Å for 

main chain atoms, and each permutant successfully produces an intact ȕ-trefoil fold.  A ìsideî 

view of Symfoil-4T, Permutant #1, #2 and #3 is also shown in the right hand side of Fig. 1 

(clockwise, respectively from the upper left structure). 

 

Permutation of FGF-1 

 

Circular permutation of FGF-1 at turns #1 and #10 (outside of the critical folding nucleus 

as determined from -value analysis (Longo et al., 2012) and denatured-like in the folding 



9 
 

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 ǻǻG=19.1 

kJ/mol stabilizing background K12V/P134V double mutation was incorporated into the 

permutant design strategy, and combined with the intrinsic ǻGu of FGF-1 (21.1 kJ/mol (Blaber et 

al., 1999)) provides ~40 kJ/mol of thermostability.  However, none of the stabilizing mutant FGF-

1 permutants yielded foldable proteins. 
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Discussion 

 

Experimental studies of the interaction between protein symmetry and folding have 

provided compelling support for a ìconserved architectureî 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 ȕ-turn to yield a total of 4 unique termini 

definitions (Fig. S1). While the asymmetric 1° structure of the related FGF-1 ȕ-trefoil structure 

involves a complete set of 11 permutants at surface turn positions (Fig. 4, panel a), the exact 

symmetry of Symfoil-4T enables a complete set with only three permutants (Fig. 4, panel b).  In 

each case, Symfoil-4T and permutants adopt superimposable X-ray structures (Fig. 3); 

remarkably, the set of permutants has essentially unperturbed folding kinetics (Fig. 2, Table 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 -values (Fig. 4, panels c and d).  The results also 

indicate that the entire protein does not participate in the folding nucleus, echoing earlier studies 

on ȕ-trefoil proteins which reveal that only a key subset of residues (spanning approximately 50-

66% 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 
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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), Į-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 (Fig. 4, panel 

d). Thus, the results support the idea that a purely symmetric -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 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 -value study (Lee et al., 2011; Longo et al., 2012). Specifically, Symfoil-4T retains an 

intact sequence for turns #2, #3 and #5 of FGF-1. -value analysis of FGF-1 (Longo et al., 2012) 

indicates each of these turns has native structure in the folding transition state (Fig. 4, 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 structureóspecifically; if an equivalent alternative definition of a 

critical folding nucleus is regenerated within each permutant (Fig. 4, panel d). By comparison, -

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 (e.g., turns #2 and #5) 
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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 -value analysis of FGF-1 is borne out by circular 

permutation studies of interleukin-1ȕ, a ȕ-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 

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 rearrangementsóbut 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 

(Fig. 1). 
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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 ìerrorsî 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.  

 

Experimental Procedures 

 

Symfoil-4T mutant construction and protein purification 

 

Construction of Symfoil-4T, a synthetic symmetric ȕ-trefoil protein derived from human 

acidic fibroblast growth factor (FGF-1) via ìsymmetric deconstructionî, 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 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 ȕ-trefoil 

architecture comprises 11 ȕ-turns and a 12th ìinterrupted turnî 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 (ìcrystallization bufferî) for 

crystallization studies or ADA buffer for biophysical studies. An extinction coefficient of E280nm 
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(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). 

 

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 

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 ñ 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 (ǻǻG) 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.  

 

Folding/unfolding kinetic analysis and -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 

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 
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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 -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, -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 -folding values are reported at 0M 

denaturant.  Both -folding and -unfolding values are reported at the average midpoint of 

denaturation (Cm) for the mutant and reference proteins ñ the value of denaturant where the ǻG 

from isothermal equilibrium denaturation is most accurately determined and where extrapolated 

values of ǻG from folding and unfolding kinetic analyses are minimized. 

 

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 (Ȝ = 1.00 Å) of the National Synchrotron Light 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 
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(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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Table 1. Isothermal equilibrium denaturation data for Symfoil-4T and permutation mutants. See 

supplementary figure S1 for details of the primary structure of each permutant and 

supplementary figure S2 for the denaturation curves. 

Protein 

ǻG  

(kJ/mol) 

m-value  

(kJ/mol/M) 

Cm  

(M) 

ǻǻG  

(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) 

ǻG is the difference in Gibbís energy between the denatured state and the native state; positive 

values denote spontaneous folding.  

m-value is the linear sensitivity of ǻG to denaturant concentration.  

Cm is the midpoint of denaturation, the concentration of denaturant at which ǻG = 0.  

ǻǻG is the change in ǻG upon permutation at the average Cm of the reference protein and the 

permutant; positive values of ǻǻG indicate destabilization relative to Symfoil-4T.  

Errors are reported as standard deviations.
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Table 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/M
2
) 

Cm (M) f,0M f,avg Cm 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.  

f,0M is the -folding value in the absence of denaturant; f,avg Cm and u,avg Cm are the -folding and -unfolding values, respectively, at 
the average Cm of Symfoil-4P and the permutant.   

Errors are reported as standard deviations 

 

 

  



25 
 

 

Table 3. Crystallographic data collection and refinement statistics. 
 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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Figure Legends 

 

Fig. 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 ȕ-trefoil symmetric oligomer structure is the 

Monofoil homo-trimer (Lee and Blaber, 2011; Lee et al., 2011). 

 

Fig. 2 

 

Folding and unfolding kinetics ìchevronî 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. 

 

Fig. 3 

 

Relaxed stereo ìribbonî 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 ȕ-trefoil fold. The structures shown in the right-hand side of Fig. 1 

are, in fact, Symfoil-4T and permutants #1, #2, and #3, and provide an independent and 

alternative ìside viewî orientation of each structure. 

 

Fig. 4 

 

The availability of equivalent alternative folding nuclei in a purely-symmetric protein fold. 

Panel a: Secondary structure of the ȕ-trefoil fold colored to indicate an asymmetric 1° structure 

(the circled numbers indicate the location of all possible circular permutants occurring at 
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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 ȕ-trefoil fold shaded to 

indicate regions contributing to the folding nucleus (black) as determined from -value analysis 

(Longo et al., 2012).  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 ȕ-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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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Supplemental Information (SI) 

Figure S1, supporting Table 1. 

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 ȕ-trefoil 

fold. The yellow regions indicate the reverse turns utilized in -value analysis (Longo et al., 

2012) and permutation. 

 

  



33 
 

Figure S2, supporting Table 1. 

Isothermal equilibrium denaturation curves for Symfoil-4T and each permutant protein. 

 

 


