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ABSTRACT 

 
The structure of human acidic fibroblast growth factor (FGF-1) is classified a β-

trefoil structure, one of the fundamental protein superfolds.  The x-ray crystal structures 

of wild type and various mutants of FGF-1 have been solved in five different space 

groups: C2, C2221, P21 (4 molecules/asu), P21 (3 molecules/asu) and P212121.  These 

structures reveal two characteristically different conformations for the β8/β9 β-hairpin 

comprising residue positions 90-94.  This region in the wild-type FGF-1 structure (P21, 

four molecules/asu), a His-tagged His93→Gly mutant (P21, three molecules/asu) and a 

His-tagged Asn106→Gly mutant (P212121) adopts a 3:5 β-hairpin known as a type I (1-4) 

G1 β−bulge (containing a type I turn).  However, a His-tagged form of wild-type FGF-1 

(C2221) and a His-tagged Leu44→Phe mutant (C2) adopt a 3:3 β-hairpin (containing a 

type I' turn) for this same region.  A structural feature that distinguishes these two types 

of β-hairpin structures is the number and location of side chain positions with eclipsed 

Cβ  and main chain carbonyl oxygen groups (Ψ ≅ +60°).  The effects of glycine mutations 

upon stability, at positions within the hairpin, have been used to identify the most likely 

β-hairpin structure in solution.  The results indicate that the 3:3 β-hairpin containing a 

type I' turn in some FGF-1 crystal forms is adopted due to the effects of crystal packing 

interactions.  Type I' turns in the structural data bank are quite rare, and a survey of these 

turns reveals that a large percentage exhibit crystal contacts within 3.0Å.  The results 

suggest that many of the type I' turns in x-ray structures may be adopted due to crystal 

packing effects.  However, the results also suggest that type I' turns may identify 

structurally dynamic regions within proteins. 

Specific residues in a polypeptide may be key contributors to the stability and 

foldability of the unique native structure.  Identification and prediction of such residues 

is, therefore, an important area of investigation in solving the protein-folding problem.  

Atypical main chain conformations can help identify strain within a folded protein, and 

by inference, positions where unique amino acids may have a naturally high frequency of 

occurrence due to favorable contributions to stability and folding.  Non-Gly residues 



 x 

located near the left-handed α-helical region (L-α) of the Ramachandran plot are a 

potential indicator of structural strain.  Although many investigators have studied 

mutations at such positions, no consistent energetic or kinetic contributions to stability or 

folding have been elucidated.  Here we report a study of the effects of Gly, Ala and Asn 

substitutions found within the L-α region at a characteristic position in defined β-hairpin 

turns within FGF-1, and demonstrate consistent effects upon stability and folding 

kinetics.  The thermodynamic and kinetic data are compared to available data for similar 

mutations in other proteins, with excellent agreement.   The results have identified that 

Gly at the i+3 position within a subset of β-hairpin turns is a key contributor towards 

increasing the rate of folding to the native state of the polypeptide while leaving the rate 

of unfolding largely unchanged. 

Turn 4 and turn 8 regions are two turns related by the β−trefoil 3- fold axis of 

symmetry within FGF-1.  These two turns have different turn conformations, even though 

there are no insertions or deletions within turn regions.  By using Nuclear Magnetic 

Resonance (NMR) and Gly substitutions, we prove that the double conformation of turn 4 

is not from the crystal-packing artifact.  We also prove that the turn 4 region is a low-

energy conformation with little associated structural strain by using Gly screening and 

turn sequence swapping using the turn 8 sequence into the turn 4 sequence.  We also 

show that the turn 8 region has a structural strain based on the significant effects upon 

both the protein stability and rate of folding or unfolding.  By using three turn 4 mutant 

crystal structures and one turn 8 mutant analyzed by NMR, we show that the variable turn 

sequences within turn regions do no t affect the structure.  Rather we find the adjacent 

residue to turn region 8 (Leu89) is the key residue for determining the turn structure.  

 Previously, we demonstrated that by adding one more criterion (requiring the 

position to be the i+3 residue within a type I β-hairpin), we could identify a consistent 

stability effect for Gly and Ala substitutions within the L-α of the Ramachandran plot.  

We extended our target turn region to three additional 3:5 type I turn in FGF-1 to see the 

consistent results of previous chapter.  We substituted each i+3 residues (all Gly) of three 

turn regions with Ala.  The stability data of two-turn regions GlyàAla substitution was 

consistent with what we expected (~10 kJ/mol destabilization effect).  One mutant 
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(Gly71àAla), however, showed an extra destabilization effect (~15 kJ/mol).  We found 

this additional effect came from a bad contact of non-Gly residue with neighboring atoms.  

Nonetheless, we could identify a single structural property, independent of local sequence 

or neighboring effects, with a predictable effect upon protein stability.                
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CHAPTER 1 

 

 

INTRODUCTION 

 

Understanding how a protein folds to its native structure and what is the main 

contributor to the folding process have been major challenges not only as a basic 

scientific question, but also as a contributing cause of various diseases.  Most of the 

known protein folds exhibit a structural symmetry.  This symmetry suggests a mechanism 

by which complex protein structure may evolve from ancient gene duplication/fusion 

events of simpler structural units.  Such symmetric folds show a conservation of tertiary 

structure, however this symmetric relationship between simpler structural units is almost 

absent at the primary sequence level.  The overall goal of this project is to find out the 

consequences of the symmetry at the primary sequence level to protein folding and 

stability.  To address this question, we are going to use human acidic fibroblast growth 

factor (FGF-1) that comprises one of the known symmetric structural superfolds, the β-

trefoil.  More specifically, we are going to focus our attention on turn regions, which 

connect adjacent secondary structures.  A combination of methodologies will be used in 

this investigation, including mutagenesis, thermodynamic analysis of stability, protein 

folding kinetics, NMR and structural determination by X-ray crystallography.  This 

comprehensive study will help understand the role of symmetry on turn regions upon 

protein stability, folding, protein structure and functionality.  
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1.1  Background 

 

The FGFs constitute a family of at least 23 (most recent count (Strewler, 2001)) 

structurally related polypeptides that are potent modulators of cell proliferation, motility, 

differentiation and survival.  FGFs were first isolated in the 1970s from brain extracts 

based on their mitogenic activities (Armelin, 1973; Gospodarowicz, 1974; 

Gospodarowicz, 1975).  FGFs form a family of structurally related polypeptide growth 

factors, and are produced during development of four tissue types (epithelia, muscle, 

connective, and nervous tissues).  FGFs regulate cell-survival, apoptosis, proliferation, 

differentiation, matrix composition, chemotaxis, cell adhesion, migration, and growth of 

cell proliferation.  FGF signaling contributes to the all organ development.  As a 

consequence of various activities, FGFs are major modulators of organ morphogenesis.   

There are three major components in FGF complex; FGF, receptor tyrosine kinase 

and heparan sulphate proteoglycan (HSPG).  FGF members bind to four closely related 

receptors that contain a split tyrosine kinase domain in cytosol, then is activated upon 

binding of FGF to the extracellular domain.  The selectivity between FGFs and FGF 

receptors is determined by three Ig loops of extracellular domain of receptors (Ornitz et 

al., 1996).  HSPGs are important factors that regulate specific FGF-FGFR interaction and 

determine which biological activity of an FGF prevails.  The crystal structures of 

different combinations between three components (FGFs, FGFRs, HSPGs) were solved 

in different groups (DiGabriele et al., 1998; Faham et al., 1996; Pellegrini et al., 2000; 

Plotnikov et al., 1999; Stauber et al., 2000).  The complex is assembled around a central 

heparin connecting two FGF-1 molecules into a dimer that bridges between two receptor 

chains.  The asymmetric binding of heparin to only one receptor chain in the crystal 

supports the stepwise assembly of FGF complex.   

The signal transduction of FGF is initiated by binding of FGF to FGFR with the 

aid of heparin and subsequence autophosphorylation of tyrosine within the dimer.  Seven 

phosphorylation sites have been mapped in FGFR-1 (Mohammadi et al., 1996).  

Mutations in cysteines in the extracellular region of FGFRs result in constitutively 

signaling receptors, if those cysteines make intermolecular disulfide bonds.  FGFR 
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triggers activation of at least two pathways, a Ras-dependent and a phospholipase C-γ-

dependent protein kinase C pathway.  Both pathways converge on a common RAF-1 and 

then activate MAPK signaling cascade and mitogenesis.   

 Unlike other members of FGF family, FGF-1 and FGF-2 do not have consensus 

secretory signal sequences but can be secreted from cells.  FGF-1 and one isoform of 

FGF-2 are shown to be released by an ER-Golgi independent exocytosis pathway (Friesel 

& Maciag, 1995).  A tightly regulated non-conventional secretion pathway exists to 

regulate the extracellular residence of FGF in vivo (Friesel & Maciag, 1995).  The 

plausible explanation of FGF-1 secretion is that FGF-1 is released as a homodimer 

formation after the heat shock, then the reducing environment of extracellular region 

makes the active monomer form of FGF-1.  Then, FGF-1 is dimerized again with the help 

of heparin.       

The thermal stability of FGF-1 may provide a critical regulatory mechanism in the 

membrane translocation and secretion.  The low thermal stability of FGF-1 may be 

related to the ability to form the molten globular structure that can directly translocate 

across cellular membrane.  Therefore, modulation of the stability of FGF-1 is an essential 

aspect of its regulation in secretion and function.  Despite the importance of stability of 

FGF-1 upon the regulation and function, detailed thermodynamic parameters of 

unfolding were determined in our lab recently (Blaber et al., 1999).  Subsequent 

biophysical studies combined with mutagenesis of key residues would elucidate the 

relation of marginal stability of FGF-1 upon the function and regulation.    

 Many proteins have shown symmetric tertiary architectures (Orengo et al., 1994).  

Their complex three-dimensional architectures might be described as the symmetric 

assembly of simpler motifs that are repeated in the polypeptide chain.  Gene duplication 

and fusion events have been proposed in various symmetric proteins (Getzoff et al., 1989; 

Gibbs & Dugaiczyk, 1994; Volbeda & Hol, 1989; Wright et al., 1984).  The domain 

swapping following turn duplication and fusion may be a possible mechanism to produce 

homo-multimeric structures (Bennett et al., 1994; Bennett et al., 1995; Ireton et al., 2000; 

Ogihara et al., 2001).  Gene duplication and fusion also has been used in de novo protein 

design (Hill et al., 2000; Houbrechts et al., 1995; Predki & Regan, 1995; Richardson & 
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Richardson, 1989; Tanaka et al., 1994).  The above studies have demonstrated the critical 

role of turns in the protein architecture. 

 β-turns are the most common type of nonrepetitive structure in proteins and 

comprise ~25% of the residues (Kabsch & Sander, 1983).  Turns have an important role 

in proteins providing a directional change, protein-protein recognition, folding and 

stability.  Since turns were first recognized (Venkatachalam, 1968), considerable effort 

has been devoted to their analysis (Chou & Fasman, 1974; Lewis et al., 1973; Richardson, 

1981).  Thornton and colleagues cataloged various types of turns and their frequencies in 

protein data base (Hutchinson & Thornton, 1994; Sibanda et al., 1989; Sibanda & 

Thornton, 1985; Wilmot & Thornton, 1990).  Recently, several papers from Baker and 

colleagues dealt with the role of β-turn symmetry in a small protein (Gu et al., 1997; 

Kuhlman et al., 2002).  However, the symmetry in turn regions regarding to stability and 

folding has yet to be clearly elucidated.  The main reason for this uncertainty is the 

difficulty of separating the contribution of symmetry upon folding and stability from 

contributions of other factors.  Other factors include the amount of burial, interactions of 

intra and inter-chain and interactions with solvents.  In this matter, FGF-1 is an excellent 

model system to study the symmetry of turns.  Each symmetric related turn in FGF-1 has 

a similar environment that makes it possible to separate the impact of primary sequence 

symmetry from other interactions.  This gives unique opportunities to elucidate the 

consequences of variability of primary sequences in turn region upon folding and stability.       

 

 

1.2 The Main Research Goals 

 

FGF-1 is a broad-specificity human mitogen (Jaye et al., 1992; Johnson et al., 

1991) and angiogenic factor (Gospodarowicz et al., 1978; Thomas, 1993; Thomas et al., 

1985; Unsicker et al., 1993) that has the three-fold symmetry characteristic of the β-

trefoil hyperfamily (Murzin et al., 1992).  The symmetry observed at the tertiary level of 

FGF-1 is not conserved at the level of primary sequence.  One plausible explanation for 

this divergence at the primary sequence level is the selective pressure during gene 
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duplication/fusion events for FGF-1.  This divergence in primary sequence level has led 

to changes in the folding rates in individual regions.  This different folding rate of sub-

domains may prevent the misfolding of the protein.  However, drift may represent a type 

of “drift within limitation” since it is consistent with conservation of the tertiary structure.  

Functionality is one obvious selective pressure for primary sequence divergence.   

 The symmetry can be studied in two different regions: Core and Turn regions.  

The symmetry in turn regions is very hard to analyze because many different factors can 

contribute asymmetry primary sequence level in turn regions.  For example, there can be 

an insertion or deletion in turn regions with the functional region that can break the 

symmetry in turn regions.  Furthermore, each turn has a unique environment including an 

interaction between neighboring residues, the amount of burial and so on.  Fortunately, 

FGF-1 has a very high symmetry of structure in turn regions to study the relationship 

between the primary sequence and tertiary structure.   

 Four main topics in the thesis project include the following.   

i) The X-ray crystal structures of wild type and various mutants of FGF-1 have been 

solved in five different space groups.  These structures showed two possible turn 

conformations for turn 8 comprising residues 90-94.  We tried to find out the 

nature of the alternative conformations and possible functional reasons. 

ii) Atypical main-chain conformations can help identify strained regions within the 

structure that can be closely related to protein stability and foldability.  We 

focused upon the role of specific residue positions within defined β-turns in FGF-

1 on protein structure, stability and folding.  Gly, Ala and Asn screening at the i+3 

residue in type I β  hairpin was utilized to elucidate the specific role of this key 

position within β-hairpin in FGF-1.  

iii)  The turn comprising residues 49-52 in FGF-1 has a unique turn conformation that 

has a possible functional relevance to receptor binding.  The symmetry related 

turn, β8/β9, has a typical type I β  hairpin.  Furthermore, residue 49 is often found 

at a region of the Ramachandran plot that is indicative of the potential strain.  Gly 

screening was utilized to investigate any involvement of strain in both of these 
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turn regions.  The sequence of these symmetry-related turn regions was swapped 

to identify any sequence dependency in protein stability and foldability.   

iv) Turn 2, 6 and 10 (Figure 1.1) in FGF-1 have the same turn conformation, same 

length and similar primary sequences.  We investigated the role of the i+3 residue 

of each of these turns using Ala substitution.   

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Primary sequence alignment of FGF-1 to indicate the internal three-fold 
symmetry characteristic of the β-trefoil fold.  The shaded region indicates turn regions. 
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CHAPTER 2 

 

ALTERNATIVE TYPE I AND I’ TURN CONFORMATIONS IN THE β 8/β 9 β -

HAIRPIN OF HUMAN ACIDIC FIBROBLAST GROWTH FACTOR 

 

 
 

2.1 Introduction 

 

Human acidic fibroblast growth factor (FGF-1) is a member of a family of 

heparin-binding mitogens and hormones (Jaye et al., 1992; Johnson et al., 1991).  FGF-1 

exhibits a β-trefoil structure, one of the fundamental protein superfolds (Orengo et al., 

1994). This fold contains six two-stranded β-hairpins (for a total of 12 β-strands), three 

that form an "upper" β-barrel structure and three that form a "lower" β-hairpin triplet, or 

triangular array, that caps the barrel at one end (Murzin et al., 1992).  The β-barrel region 

is involved mainly in binding to FGF receptors and the triangular array contains a heparin 

binding region (Baird et al., 1988; Blaber et al., 1996; DiGabriele et al., 1998; Pantoliano 

et al., 1994; Pellegrini et al., 2000; Springer et al., 1994; Stauber et al., 2000).  The 

arrangement of the secondary structure gives FGF-1 a pseudo three-fold internal 

symmetry (Figure 2.1).  

The turn located between the β8/β9 strands of FGF-1, involving residue positions 

90-94 (Figure 2.1), has importance with regard to the dimerization of some members of 

FGF family of proteins (Hecht et al., 2001).  Furthermore, a glycine point mutation 

within this turn of FGF-1, at position 93 (a histidine in the wild-type structure) has been 

reported to increase the half- life of the protein (Arakawa et al., 1993; Baird et al., 1988).  

In the course of studying stability and structure relationships in human FGF-1 we have 

solved x-ray structures of wild type and mutant FGF-1 proteins in a total of five different 

space groups.  Two uniquely different conformations for the β8/β9 β-hairpin in FGF-1 
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have been identified.  In some space groups a 3:3 β-hairpin containing a type I' turn is 

observed.  In other crystal forms a 3:5 β-hairpin known as a type I (1-4) G1 β−bulge, 

containing a type I turn, is observed.  Based on the stereochemical features unique to 

each type of turn, glycine mutagenesis in combination with stability studies has been 

employed to identify the most likely form of this β-hairpin in solution.  A statistical 

survey of the structural databank has also been undertaken to evaluate whether the 

relatively rare type I' turns in crystal structures have uniquely close crystal contacts that 

could influence their conformation.  

  

 

2.2 Materials and Methods  

 

2.2.1 Mutagenesis and protein preparation 

All studies utilized a synthetic gene for the 140 amino acid form of human FGF-1 

(Blaber et al., 1996; Gimenez-Gallego et al., 1986; Linemeyer et al., 1990; Ortega et al., 

1991) with the addition of an amino-terminal six His tag to facilitate purification (Brych 

et al., 2001).  The QuikChangeTM site directed mutagenesis protocol (Stratagene, La 

Jolla, CA) was used to introduce all point mutations, and all mutations were confirmed by 

nucleic acid sequence analysis (Biomolecular Analysis Synthesis and Sequencing 

Laboratory, Florida State University).  All expression and purification followed 

previously published procedures (Brych et al., 2001).  Purified protein was exchanged 

into 20mM N-(2-acetamido)iminodiacetic acid (ADA), 100mM NaCl, 2mM DTT, pH 

6.60 ("ADA buffer") for biophysical studies. 

 

 2.2.2 Crystallization of FGF-1  

 Pure FGF-1 solutions were filtered through 0.2 µm filters (Pall Life Sciences, 

Ann Arbor, MI) immediately before crystallization.  X-ray diffraction quality crystals of 

WT* grew within 1 week at 10 °C in 10 µl hanging drops by vapor diffusion against 1 ml 

reservoirs of 4.3 – 4.5 M formate in crystallization buffer. H93G* crystals were obtained 

within 3 weeks (2 weeks at 4 °C and 1 week at RT) in 10 µl hanging drops by vapor 
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diffusion against 0.9 ml 20 % PEG 4,000, 10 % 2-propanol, 0.1 M HEPES (pH 7.5) and 

0.1 ml 30 % PEG 400, 0.2 M magnesium Chloride, 0.1 M HEPES (pH 7.5). N106G* 

crystals were obtained within 2 weeks in 10µl hanging drops by vapor diffusion against 

0.9 ml 20 % PEG 20,000, 0.1 M MES (pH 6.5). 

 
2.2.3 Data collection, molecular replacement, and refinement 

Diffraction data was collected using a Rigaku-automated X-ray Imaging System 

II (R-Axis II).  The crystals were mounted using Hampton Research nylon mounted cryo-

turns and the frozen in a cryo stream of liquid nitrogen.  Diffraction data was indexed, 

integrated and scaled using the DENZO software package (Otwinowski, 1993; 

Otwinowski & Minor, 1997). Molecular replacement was carried out using the MRCHK 

program (Zhang & Matthews, 1994).  Wild type FGF-1 was used as the search model for 

WT* and WT* was used as the search model for H93G* and N106G*.  All structures 

were refined with the TNT least-squares software package (Tronrud, 1992; Tronrud, 

1996; Tronrud et al., 1987) and the O molecular graphics program (Johnson et al., 1991).  

Analysis of turn types within the structure was accomplished using the PROTMOTIF 

software program (Hutchinson & Thornton, 1996). 

 

2.2.4 Differential scanning calorimetry 

Calorimetric analyses were performed on a MicroCal model VP-DSC high 

sensitivity differential scanning calorimeter (DSC) (MicroCal, Inc., Northampton, MA).  

The protein sample (0.04 mM) in 0.7 M GuHCl in ADA buffer was degassed for 15 min 

prior to analysis.  The temperature range of the thermal scan was from 278 to 353 K, with 

a scan rate of 15 K/h.  For each experiment, buffer and protein scans were run in 

triplicate.  Deconvolution of the calorimetric data was performed using the DSCFit 

software package (Grek et al., 2001).  
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Figure 2.1 Relaxed stereo digram of human FGF-1 (Blaber et al., 1996) showing the 
location of the β8/β9 turn region and the 90-94 β-hairpin (dark grey).  The view is down 
the pseudo-three-fold axis of symmetry present in the β-trefoil architecture.  Region 90-
94 is related to the N- and C-termini by this internal symmetry. 
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2.2.5 Close contact search 

Protein structures containing type I’  turns were identified using published data 

(Hutchinson & Thornton, 1994) and additional data kindly provided by Dr. E. G. 

Hutchinson, University of Reading. A total of 98 proteins and 139 type I’  turns were 

analyzed.  Relevant symmetry operators were applied to each coordinate file and the 

distance between the type I’  turn region and symmetry related molecules was measured 

using the EDPDB software package (Zhang & Matthews, 1995). 

 

 

 

2.3 Results 

 

His-tagged wild-type FGF-1 (WT*) crystals suitable for diffraction crystallized 

with vapor diffusion against 4.0 - 4.5M formate. These crystals were relatively radiation 

insensitive, tolerating over 140 hours of x-ray exposure with minimal decay and 

diffracting to better than 1.65Å.  The spacegroup was identified as C2221 with two 

molecules in the asymmetric unit (Table 2.1).  This is a different space group than the 

non-his-tagged wild-type protein (WT, space group P21).  Molecular replacement 

solutions for both molecules in the asymmetric unit of this new space group were found 

using molecule A of the WT structure (2AFG) as a search model.   Initial 2Fo-Fc maps 

indicated generally good agreement between the model and experimental data, with the 

exception of the turn involving residue positions 90-94 in both molecules.  Omit maps 

provided unambiguous density for each of these turns, and indicated they had a type I' 

conformation, instead of the type I observed in the WT structure.  The model refined to 

acceptable crystallographic residual and stereochemical parameters (Table 2.1). 

The his-tagged His93→Gly point mutant (H93G*) crystallized with vapor 

diffusion against solutions of PEG 4000.  The space group of this crystal form was 

identified as P21, but was distinctly different from the P21 WT spacegroup.  In particular, 

the H93G* crystal form contained three molecules in the asymmetric unit (Vm = 1.85) 

compared to four for the WT spacegroup (Vm = 2.1).  Molecular replacement solutions 

for each of the three molecules in the asymmetric unit were found using molecule A of 
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the refined WT* structure.  While the initial 2Fo-Fc maps indicated generally good 

agreement between the model and experimental data, it was clear that the turn involving 

residues 90-94 in all three molecules differed from the WT* search model.  Again, omit 

maps provided unambiguous density with which to rebuild these turn regions.  Two of 

these turns had reverted to type I, and the third was identified as a type IV (miscellaneous 

type). The model refined to acceptable crystallographic residual and stereochemical 

parameters (Table 2.1).   

The N106G* mutant protein crystallized with vapor diffusion against solutions of 

PEG 20,000.  The space group was identified as P212121 with two molecules in the 

asymmetric unit. Molecular replacement solutions for each of the two molecules in the 

asymmetric unit were found using molecule A of the refined WT* structure. As with the 

H93G* structure, initial 2Fo-Fc maps indicated generally good agreement between the 

model and experimental data, but it was clear that the turn involving residues 90-94 for 

both molecules in the asymmetric unit differed from the WT* search model.  Similarly, 

omit maps provided unambiguous density with which to rebuild these turn regions.  One 

of the turns was identified as type I and the other type  

IV (miscellaneous).  The model refined to acceptable crystallographic residual and 

stereochemical parameters (Table 2.1). 

Analysis of the β-hairpin involving residues 90-94 in the WT structure indicates 

that all four molecules in the asymmetric unit adopt a type I turn with the φ, ψ angles of 

positions i+1 (residue 91) and i+2 (residue 91) located within the AA region (preferred 

α-helical) of the Ramachandran plot (Table 2.2).  Likewise, the A and C molecule of 

H93G* adopt a type I turn within this β-hairpin, but the B molecule is a type IV (Table 

2.2).  However, the i+1 and i+2 φ, ψ angles for this type IV turn are located within the 

Aa region (allowed α-helical) and can therefore be defined as a slightly distorted type I 

turn.  Similarly, the A molecule in the N106G* crystal structure adopts a type I turn 

within this β-hairpin, while the B molecule is of type IV, but can be considered as 

essentially a distorted type I (Table 2.2). In contrast, the two molecules of the WT* 

structure contain a type I' turn within this β-hairpin, with the i+1, i+2 φ,ψ angles located 

within the LL region (left-handed α-helical).  Likewise, all four molecules of the L44F* 
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structure are defined as β-turn type I’  with the i+1, i+2 φ,ψ angles located within the LL 

region (Table 2.2).   

Differential scanning calorimetry studies of glycine point mutants at positions 91, 

92 and 93 in the WT* protein show that glycine substitutions at positions 91 and 92 have 

virtually no effect upon stability (Table 2.3).  However, a glycine substitution at position 

93 results in a substantial increase of 8.3 kJ/mol in the stability of the protein (Table 2.3).  

In each case, the denaturation is observed to be two-state and reversible, as with the wild-

type protein (Blaber et al., 1999) and within the expected error of data collection (~0.40 

kJ/mol*K).   

 

2.4 Discussion 

 

Turn structures (that reverse the general direction of the polypeptide chain) are the 

most common type of non-repetitive structure in proteins (Kabsch & Sander, 1983).  

Venkatachalam first identified categories of turns while studying favorable 

conformations of short peptides (Venkatachalam, 1968). Three turn conformations (type 

I, II and III) were identified that form intra-chain hydrogen bonds between the main chain 

carbonyl at position i and the main chain amide at position i+3. Three mirror images of 

these turns (type I’ , II’  and III’ ) were also identified as sterically unfavorable.  Lewis and 

coworkers later found that 25% of turns do not contain the hydrogen bond 

Venkatachalam used in the definition of such turns (Lewis et al., 1973).  They proposed 

instead that a turn be defined by a distance of 7Å or less between the Cα at positions i and 

i+3, and involve non-helical main chain φ, ψ  angles for the set of residues comprising the 

turn.  Lewis and coworkers also calculated conformational energies for various types of 

turns and found that the type I’  turn is 27 kJ/mol higher in energy than the type I turn 

(Lewis et al., 1973). Richardson subsequently defined turns on the basis of φ, ψ angles 

and defined six distinct categories as well as a miscellaneous category (the type IV turn) 

(Richardson, 1981).  This definition of turn types is the most common definition in use 

today.   
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Table 2.1 Crystallographic data collection and refinement statistics. 
 WT* H93G* N106G* WTa L44F*b 

Crystal Data 

Space Group C2221 P21 P212121 P21 C2 

a (Å) 74.1 33.6 46.6 37.1 96.9 

b (Å) 96.8 97.7 60.1 111.7 73.8 

c (Å) 109.0 57.5 101.3 64.0 109.1 

β  (°) - 104.3 - 90.5 90.0 

Mol/ASU 2 3 2 4 4 

Matthews’  constant 2.96 1.85 2.15 2.10 2.96 

Max resolution (Å) 1.65 2.0 2.1 2.0 1.70 

Data Collection and Processing 

Total/unique reflections 254,402/ 

45,684 

102,705/ 

21,128 

245,767/ 

17,287 

  

% compl. 97.6 90.6 97.4   

% compl. (highest shell) 83.5 75.2 94.6   

I/σ (overall) 41.7 29.4 44.1   

I/σ (highest shell) 5.5 3.5 10.9   

Wilson B (Å2) 16.2  24.2 26.9   

R merge (%) 5.3 6.2 5.0   

Refinement 

Rcryst (%) 20.0 22.5 22.6   

Rfree (%) 24.1 30.0 30.8   

R.M.S. bond len. dev.(°) 0.008 0.006 0.008   

R.M.S. bond ang. dev.(°) 1.7 1.6 1.6   

R.M.S. B factor dev(°)  3.3 1.8 2.0   

PDB ID 1JQZ 1K5U 1K5V   
a(Blaber et al., 1996). b(Brych et al., 2001) 
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The distribution and types of turns in protein structures have been analyzed and 

classified by Thornton and coworkers (Wilmot & Thornton, 1988).  Turn definitions do 

not include information regarding the types of secondary structure that precede and 

follow the turn.  However, "β-hairpins" refer to turns that connect anti-parallel β-sheet 

secondary structures. β-hairpins can be grouped into four general classes (A, B, C and D) 

that refer to the number of residues required to complete the turn (Milner-White & Poet, 

1986; Sibanda et al., 1989).  The "tightest" hairpins (class A require just two residues to 

accomplish a reversal of the polypeptide chain direction and form the first hydrogen bond 

in the anti-parallel β-sheet.  Class B requires three residues, class C requires four and 

class D requires five.  Each of these general classes of β-hairpins can be further 

subdivided into one of two subclasses depending upon whether one or two hydrogen 

bonds form in the closure of the turn.  A shorthand for β-hairpin structures, which 

communicates the relevant structural details for the different types, has been developed 

by Thornton and coworkers (Sibanda et al., 1989).  In this shorthand an integer prefix 

identifies the number of residues required for the turn.  This is followed by a colon and an 

integer suffix that identify the hydrogen bonding pattern in the closure of the turn (the 

general formula being that if two hydrogen bonds are formed at the closure, then the 

suffix = prefix.  However, if only one hydrogen bond forms the closure, then the suffix = 

prefix + 2).  Thus, a 2:2 β-hairpin has two residues in the turn and two hydrogen bonds in 

the turn closure.  A 3:5 β-hairpin has three residues in the turn and a single hydrogen 

bond in the turn closure.   

The β-hairpin nomenclature does not provide information regarding the type of 

turn conformation within the turn region, as this is identified using the previously 

described turn formalism of Richardson (e.g. type I, II, I', II', etc.). For example, 

Thornton and coworkers found that more than 50% of known 2:2 β-hairpin structures 

contain type I' turns (Sibanda et al., 1989; Sibanda & Thornton, 1985).  
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Table 2.2 Turn classification for the β8/β9 β-hairpin in WT and mutant FGF-1 
proteins. 

Protein Molecule 

in ASU 

Turn typea i+1 (91) 

(φ/ψ) 

i+2 (92) 

(φ/ψ) 

φψ  

regiona 

WT A I -54.0/-29.8 -82.4/3.7 AA 

 B I -61.5/-37.1 -79.7/9.2 AA 

 C I -54.5/-13.0 -93.1/19.5 AA 

 D I -74.7/-15.6 -89.0/21.8 Aa 

WT* A I’ 53.4/33.1 53.7/29.3 LL 

 B I’ 52.4/33.6 55.9/26.5 LL 

H93G* A I -60.5/-32.7 -80.8/-1.6 AA 

 B IV -52.8/-32.3 -56.9/-30.4 AA 

 C I -48.3/-42.3 -76.3/16.0 Aa 

L44F* A I’ 54.7/30.9 66.6/-9.2 LL 

 B I’ 55.2/35.1 55.1/23.7 LL 

 C I’ 51.2/31.4 66.8/-6.6 LL 

 D I’ 49.9/37.0 54.4/23.8 LL 

N106G* A I -54.9/-34.4 -62.6/-4.9 AA 

 B IV -49.7/-32.8 -51.0/-51.3 AA 
aProtmotif v2.0(Hutchinson & Thornton, 1996). 
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The tight 2:2 turn requires a twisting orientation for the main chain, which the type I' turn 

can readily accommodate (Chothia, 1973; Sibanda et al., 1989).  Amino acid positional 

preferences in the type I’  turn have been analyzed using 205 well-defined protein 

structures (Hutchinson & Thornton, 1994).  Glycine is commonly found in the first 

residue of the turn, and almost exclusively at the second position of the turn.  The main 

chain φ,ψ  angles for both residues place them within the left-handed α-helical region of 

the Ramachandran plot.  In this region of φ,ψ  space ψ = +60° and results in the Cβ 

eclipsing the main chain carbonyl group and is an energetically unfavorable orientation.  

The preference for glycine at these positions in a type I' turn reflects the avoidance of this 

steric clash by the elimination of the Cβ  group in this side chain.  While 50% of known 

2:2 β-hairpin structures contain type I' turns, only 3% of all turns are type I' (Hutchinson 

& Thornton, 1994).  Thus, type I' turns represent highly-specialized turns in protein 

structures. 

The characteristic alternative type I and type I' turn conformations for region 90-

94 observed in the different space groups of FGF-1 are illustrated in a Ramachandran 

plot, using the representative WT (P21) and WT* (C2221) structures (Figure 2.2).  In the 

type I turn structure, residue positions Glu91 (i+1) and Asn92 (i+2) are located in the 

right-handed α-helical region, whereas position His93 (i+3) is located in left-handed α-

helical region (ψ ≅ +60°).  In this conformation the Cβ  of the His side chain at position 

93 is eclipsed with the main chain carbonyl group, whereas the side chains of positions 

91 and 92 are not (Figure 2.3). However, in the type I' turn residue position 93 is now 

within the right-handed α-helical region, whereas residue positions 91 and 92 are in the 

left-handed α-helical region (ψ ≅ +60°).  This conformation eliminates the eclipsed steric 

interaction at position 93, but introduces such interactions at positions 91 and 92 (Figure 

2.3).  The β-hairpin containing the type I turn is formally known as a type I (1-4) G1 

β−bulge (Sibanda et al., 1989).  Statistical preferences of amino acids for different 

positions within this type of turn indicate a preference for glycine at the i+3 position 

(Sibanda et al., 1989), reflecting the steric interaction between the main chain Cβ  and 

carbonyl oxygen groups. 
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Which type of turn, I or I', predominates at positions 90-94 in FGF-1 in the 

absence of crystal packing influences?  To answer this question we evaluated the effects 

of Gly mutations at positions 91, 92 and 93.  Gly point mutations at positions 91 or 92 

had essentially no effect upon the stability of the protein (Table 2.3).  Likewise, a double 

Gly mutant at positions 91 and 92 was essentially additive and, consequently, exhibited 

minimal effects upon stability (Table 2.3).  However, a Gly point mutation at position 93 

resulted in a dramatic increase in stability of 8.3 kJ/mol (Table 2.3).  These results are 

consistent with residue position 93 being in the left-handed α-helical region of the 

Ramachandran plot, where removal of the side chain Cβ group would eliminate the 

conformational strain associated with ψ ≅ +60°.  Likewise, the results suggest that 

positions 91 and 92 are not experiencing conformational strain associated with ψ ≅ +60°, 

since removal of the side chain Cβ group has essentially no effect upon stability.  

Therefore, the thermodynamic data indicates region 90-94 adopts principally the type I 

turn in solution.   

Modeling the type I turn (from WT) into the WT* space group (C2221) results in 

a close contact of 0.8Å between the His93 side chain and itself in a symmetry-related 

molecule.  Similar analyses indicate that the type I turn cannot be accommodated in any 

of the space groups where the type I' turn is observed.  Conversely, the type I' turn can be 

accommodated in all spacegroups where the type I turn is observed. Thus, we conclude 

that the type I' turn observed for region 90-94 in some spacegroups appears to be a 

consequence of crystal packing interactions (i.e. a high-energy conformation offset by 

favorable lattice energy).  NMR data for the solution structure of FGF-1 has also been 

reported (Lozano et al., 2000).  Of the 24 energetically favored structures, two exhibit a 

type I turn for region 90-94, while the remaining 22 structures exhibit undefined turn 

types, with no type I' turns present. Thus, the NMR data also suggests that the solution 

structure of FGF-1 favors the type I turn, rather than type I', for positions 90-94. 
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Figure 2.2 Ramachandran plot showing the main chain φ, ψ  angle distributions for 
the β-hairpin structures defined by residue position 90-94 in both WT (solid line) and 
WT* (broken line) structures.
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Figure 2.3 (Upper panel) Relaxed stereo diagram of region 90-94 from the wild-type 
FGF-1 crystal structure (2AFG).  The polypeptide chain forms a 3:5 β-hairpin known as a 
type I (1-4) G1 β-bulge, containing a type I turn. Residue position 93 is located in the LL 
region of the Ramachandran plot (Ψ ≅ +60°) and the side chain Cβ  is eclipsing the main 
chain carbonyl oxygen. The single hydrogen bond that defines the closure of this turn is 
indicated.  (Lower panel) Region 90-94 from the refined his-tagged wild-type FGF-1 
(WT*) structure.  The polypeptide chain forms a 3:3 β-hairpin containing a type I' turn. 
Residue positions 91 and 92 are located in the LL region of the Ramachandran plot and 
the side chain Cβ  groups of these residues eclipse their main chain carbonyl oxygens. 
The double hydrogen bonds that define the closure of this turn are indicated. 
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The energy difference between type I and type I’  turns has been calculated by 

Lewis and coworkers using energy minimization of N-acetyl N'-methyl ala tetrapeptide 

models (Lewis et al., 1973).  These studies determined that the type I turn is 27 kJ/mol 

more stable than the type I' turn.  These calculations, however, did not include potential 

solvent effects. Structurally, the two turns differ in the number of eclipsed configurations 

involving side chain Cβ and main chain carbonyl oxygen atoms: the type I turn has one 

such interaction (residue 93) and the type I' turn has two such interactions (residues 91 

and 92).  Given that the region 90-94 adopts a type I turn in solution, the Gly mutation at 

position 93 eliminates the conformational strain associated with an eclipsed Cβ 

interaction.  Thus, this conformational strain can be assigned the experimentally derived 

value of 8.3 kJ/mol.  Therefore, to a first approximation, 8.3 kJ/mol would also represent 

the energetic difference between type I and type I' turns, which also differ by a single 

eclipsed interaction (i.e. one versus two).  The experimentally derived value of 8.3 kJ/mol 

for the energetic difference between type I and I' turns is somewhat less than the 27 

kJ/mol calculated by Lewis and coworkers (Lewis et al., 1973), however, as mentioned 

previously, the calculated value did not take into account solvent effects. 

Type I' turns are a relatively rare type of turn in proteins, comprising an estimated 3% of 

all turn types (Hutchinson & Thornton, 1994).  A total of 137 examples of type I' turns 

were identified in the structural data bank, from 98 different proteins.  The structural 

environment adjacent to these turns was evaluated to determine whether nearby crystal 

contacts exist.  Of the 137 examples of type I' turns, 19 could not be analyzed further due 

to uncertainties in space group identification, or other considerations.  Of the remaining 

118 examples, 51 (43.2%) had type I' turns exhibiting crystal contacts of 3.0Å or less 

(Figure 2.4).  These striking results suggest that adjacent crystal packing contacts exist 

for a large percentage of type I' turns in the structural data bank.  Therefore, many type I' 

turns identified in the structural data bank may be stabilized by favorable lattice energy, 

and the actual incidence of type I' turns in proteins may be lower than the statistics 

derived from x-ray crystal structures. 
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Table 2.3 Thermodynamic parameters for WT* and mutant proteins  
Protein Tm 

(K) 

∆H 

(kJ/mol) 

∆∆Ga 

(kJ/mol) 

Std. Errorb 

(kJ/mol*K) 

WT* 313.2 ± 0.7 261.0 ± 14.0  0.4 

E91G* 312.3 ± 0.1 248.4 ± 1.5 0.8 ± 0.1 0.2 

N92G* 312.9 ± 1.4 249.3 ± 19.0 0.2 ± 1.1 0.4 

H93G* 321.8 ± 0.1 351.6 ± 16.0 -8.3 ± 0.2 0.5 

E91G/N92G* 312.0 ± 0.5 247.7 ± 15.0 1.2 ± 0.4 0.4 

 a∆∆G = ∆GWT  - ∆GMUT determined at the Tm of wild type.  A negative value for ∆∆G 
indicates a more stable mutant. bStandard error is for the fit to a two-state model. 
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Type I' turns are uncommon structural elements and it is of interest to ask what 

structural or functional role might they play in proteins. FGF-9, a member of the FGF 

family of proteins, has been shown to dimerize in the absence of receptor binding (in 

contrast to other members of this family) (Hecht et al., 2001). The dimerization interface 

in FGF-9 actually involves the β8/β9 β-hairpin.  In FGF-9 this region adopts a type I' 

turn, and this conformation has been proposed as the structural basis for the ability of 

FGF-9 to dimerize (Hecht et al., 2001).  Thus, the potential dynamics of the alternative 

conformations of this turn identified in FGF-1 may be related to the process of 

dimerization and receptor binding.  A different example of a type I' turn is also found in 

the apo-form of 2,5-diketo-D-gluconate reductase (1HW6).  In the holo-form of this 

enzyme the type I' turn undergoes a dramatic conformational change into an extended 

sheet structure, resulting in up to 8Å movements of active site residues (Khurana et al., 

1998; Sanli & Blaber, 2001).  Within the structural data bank four examples (1LZ1, 

2DRI, 2SAR and 3DFR) were found of type I' turns directly involving active site residues 

in various enzymes.  Thus, we propose that type I' turns may also represent useful 

structural markers identifying conformationally dynamic regions in protein structures. 
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Figure 2.4 Distribution of the contact distances between type I’  turns and crystal 
contacts from 116 type I’  turns in the structural databank. 
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CHAPTER 3 

 

IDENTIFICATION OF A KEY STRUCTURAL ELEMENT FOR PROTEIN 

FOLDING WITHIN β -HAIRPIN TURNS 

 

 
3.1 Introduction 

 

Non-Gly residues located in the left-handed α-helical region (L-α) of the 

Ramachandran plot (0°<φ< +90°, 0°<ψ< +90) have attracted attention due to the potential 

for structural strain between side chain Cβ and main chain groups (Gu et al., 1997; Kim & 

Frieden, 1998; Kimura et al., 1992; Masumoto et al., 2000; Nicholson et al., 1989; Stites 

et al., 1994; Takano et al., 2001a).  Evaluation of strain has been experimentally 

quantitated by comparing equivalent Gly and Ala mutations at these positions, however, 

no consistent contribution to the overall stability of the protein has been demonstrated.  

Likewise, no clear understanding has emerged of the contribution of such structural 

features to protein folding. In this report we have focused upon the contribution to 

stability and folding of residues in the L-α position of the Ramachandran plot that are 

located at the i+3 position in type I β-hairpin turns of either the 3:5 or 4:6 type. Thornton 

and coworkers have developed the shorthand for β-hairpin structures, which 

communicates the relevant structural details for the different types (Sibanda et al., 1989).  

In this shorthand an integer prefix identifies the number of residues required for the turn.  

This is followed by a colon and an integer suffix that identify the hydrogen bonding 

pattern in the closure of the turn (the general formula being that if two hydrogen bonds 

are formed at the closure, then the suffix = prefix.  However, if only one hydrogen bond 

forms the closure, then the suffix = prefix + 2).  Thus, a 2:2 β-hairpin has two residues in 

the turn and two hydrogen bonds in the turn closure.  A 3:5 β-hairpin has three residues 
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in the turn and a single hydrogen bond in the turn closure. The β-hairpin nomenclature 

does not provide information regarding the type of turn conformation within the turn 

region, as this is identified using the turn formalism of Richardson (Richardson, 1981) 

(e.g. type I, II, I', II', etc.). A comprehensive analysis of protein structures derived from x-

ray data with resolution better than 2.5Å (derived from CATH Sreps v2.4) identified 

43,323 β  turns of which 14,391 (33.2%) are type I.  Of these 14,391 type I β-turns 11,863 

occur as single turns, with the remaining forming part of two or more overlapping turns. 

Of these 14,391 single type I β  turns, 1,435 have the i+3 residue in the left handed α-

helical conformation (9.97%) with 461 (32.9%) of these being Gly. This analysis 

indicates that there are more than 900 i+3 non-Gly residues located in the L-α region 

(personal communication with Dr. E.G. Hutchinson). 

Matthews and coworkers studied the effects of Gly substitutions at two positions 

(Asn55 and Lys124) in phage T4 lysozyme that are located in the L-α region of the 

Ramachandran plot (Nicholson et al., 1989).  Position 55 is located at the i+1 position of 

a type I' β-turn (not part of a β-hairpin) and residue position 124 is not part of any defined 

β-turn.  A Gly mutation at position 55 was essentially identical in stability to the wild-

type protein, whereas a Gly mutation at position 124 destabilized the protein by 

approximately 2.1 kJ/mol. 

Nakamura and coworkers identified a stabilizing Gly mutation at position 95 in T. 

thermophilus ribonuclease HI in comparison to a Lys residue at the same position in E. 

coli ribonuclease (Kimura et al., 1992).  This residue is located at a surface exposed i+3 

position in a type I 3:5 β-hairpin turn, and is located in the L-α region of the 

Ramachandran plot.  A Gly mutation at this position resulted in the stabilization of the E. 

coli ribonuclease by 7.5 kJ/mol in comparison to Ala.  Additionally, an Asn substitution 

at this position stabilized the protein by approximately 3.3 kJ/mol in comparison to Ala. 

Stites and coworkers studied the effects of Gly and Ala mutations at residue 

positions in staphylococcal nuclease that exhibit atypical φ, ψ angles in the 

Ramachandran plot (Stites et al., 1994).  Among this set of residue positions are 10 that 

occur in the L-α region.  Two of the ten positions are located within type II turns, two are 

in type IV turns, two are in overlapping type I' and type IV turns, one is in a type I turn 
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and three are not within any defined turn type.  Only two of the 10 positions comprise β-

hairpin turns and these are both type IV 2:2 "tight" β-hairpin turns. Ala→Gly mutations 

for the set of 10 positions resulted in a wide range of effects upon stability, from 2.5 

kJ/mol destabilizing to 18.4 kJ/mol stabilizing (Stites et al., 1994). 

Baker and coworkers have studied the effects upon stability, folding and domain 

swapping of Gly→Ala mutations within two β-hairpins in the B1 domain of Protein L 

from Peptostreptococcus magnus (Gu et al., 1997; O'Neill et al., 2001).  The first β-

hairpin (residues 12-15) is classified as a type I 3:5 β-hairpin and contains a Gly residue 

at the i+3 position that is located in the left-hand α-helical region of the Ramachandran 

plot.  The second β-hairpin (residues 52-55) is classified as a 4:4 β-hairpin but there is no 

defined β-turn type, and Zhang and coworkers describe it as a distorted type I' turn (Gu et 

al., 1997; O'Neill et al., 2001).  Residues 53, 54 and 55 are in the L-α region of the 

Ramachandran plot with residue i+3 (position 55) a Gly in this turn also.  Stability 

studies of Gly→Ala mutations indicate that an Ala mutation at position 15 destabilizes 

the protein by 6.7 kJ/mol, and an Ala mutation at position 55 destabilizes the protein by 

8.8 kJ/mol.  Kinetic studies of these mutations indicate that the type I 3:5 β-hairpin 

(residues 12-15) is formed at the folding transition state, while the 4:4 β-hairpin (residues 

52-55) is not.  Furthermore, the Ala mutation at position 15 decreased the folding rate, 

but had little effect upon the unfolding rate.  In contrast, the Ala mutation at position 55 

increased the unfolding rate and had minimal effect upon the folding rate (Gu et al., 

1997). 

Frieden and coworkers reported a study of "turn-scanning" mutations in nine 

different turn regions between β-strands of Intestinal Fatty Acid Binding Protein (IFABP) 

(Kim & Frieden, 1998).  These turns included three type II', two type I, one each of type 

I', II, and IV, and one undefined turn type.  One of the type I turns comprised a 4:6 β-

hairpin with the i+3 residue in the L-α region of the Ramachandran plot.  Although no 

Ala mutations were studied, conversion of the i+3 positions within each of these turns to 

Val resulted in a range of effects upon stability, varying from 2.3 kJ/mol destabilizing to 

9.6 kJ/mol stabilizing.  The substitution of the wild-type i+3 Gly residue in the type I 4:6 
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β-hairpin (i+3 L-α) to a Val destabilized the protein by 10.5 kJ/mol (Kim & Frieden, 

1998). 

Ueda and coworkers studied a series of Ala mutations at five positions within hen 

egg white lysozyme that were Gly in the wild-type structure, located in the L-α region of 

the Ramachandran plot, and on the surface of the structure (Masumoto et al., 2000).  Two 

of these positions were the i+1 residue in a type IV turn, two were the i+2 residue in a 

type II turn and one was the i+3 residue in a type I 3:5 β-hairpin turn (the only β-hairpin 

example in the study).  Gly→Ala mutations at these positions resulted in a diverse set of 

effects upon stability, ranging from 0.1 kJ/mol stabilizing to 7.9 kJ/mol destabilizing. 

Yutani and coworkers constructed a series of Gly and Ala substitutions at six 

different residue positions in human lysozyme that are located within the L-α region of 

the Ramachandran plot (Takano et al., 2001b).  Three of the six positions are located in a 

type I turn, one is within a type I' turn, one is in a type IV turn and the other position is 

not located in an identifiable turn type.  Of the three type I turns, two are type 4:4 β-

hairpins and the other is not a β-hairpin type turn.  Of the two type I 4:4 β-hairpins one is 

almost completely solvent inaccessible (Gln58) and the other partially accessible 

(Arg50).  ∆∆G values for corresponding Ala→Gly substitutions at these two positions 

indicated that a Gly substitution at position 50 destabilized the structure by 0.7 kJ/mol, 

whereas a Gly substitution at position 58 stabilized the structure by 4.0 kJ/mol (Takano et 

al., 2001b).  The remaining positions studied either stabilized or destabilized the structure 

over a range of 1.4 kJ/mol.  This group reported an additional study of ten Gly→Ala 

substitutions in human lysozyme of which six were located within the L-α region of the 

Ramachandran plot (Takano et al., 2001a).  Of these six positions, one is located at the 

i+1 position of a type I' turn, two are located at the i+2 position of a type II turn, and 3 

are not within an identifiable turn type.  None of the type I' or II turns are β-hairpin turns.  

The effects of an introduced Ala side chain at these positions generally destabilized the 

protein, with ∆∆G values ranging from 1.2 to 7.5 kJ/mol, however, one Ala mutation 

resulted in an increase in stability of 0.6 kJ/mol (Takano et al., 2001a).  

The above studies highlight the difficulty in predicting the contribution to protein 

stability of residues located within the L-α region of the Ramachandran plot, and 
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indicates that other structural determinants must be considered in order to understand the 

effects upon stability and folding.  

The model system employed in this study is human acidic fibroblast growth factor 

(FGF-1), whose thermodynamic and structural properties have been previously described 

(Blaber et al., 1996; Blaber et al., 1999). FGF-1 is a member of a family of heparin-

binding mitogens and hormones (Johnson et al., 1992; Johnson et al., 1991) and exhibits 

a β-trefoil structure, one of the fundamental protein superfolds (Orengo et al., 1994).  

This fold contains six two-stranded β-hairpins (for a total of 12 β-strands), three that 

form an "upper" β-barrel structure and three that form a "lower" β-hairpin triplet, or 

triangular array, that caps the barrel at one end (Murzin et al., 1992) (Figure 3.1).  The β-

barrel region is involved mainly in binding to FGF receptors and the triangular array 

contains a heparin binding region (Baird et al., 1988; Blaber et al., 1996; DiGabriele et 

al., 1998; Pantoliano et al., 1994; Pellegrini et al., 2000; Springer et al., 1994; Stauber et 

al., 2000).  The arrangement of the secondary structure gives FGF-1 a pseudo three-fold 

internal symmetry.  There are eleven turn regions in FGF-1 and nine of them are defined 

as type I β  turns (Figure 3.2).    

We have been able to identify a consistent effect of Ala→Gly substitutions upon 

the stability and folding kinetics for positions located with the L-α region of the 

Ramachandran plot and within a type I β-turn.  Furthermore, we have extended the 

stability studies to include an analysis of the contribution of these positions towards 

folding and unfolding kinetic constants and the transition state (φ value).  The kinetic data 

show that Gly residues at these positions are key residues contributing to the "foldability" 

of the polypeptide, and φunf value analysis indicates that these positions are essentially as 

structured in the folding transition state as they are in the native state. We have tested the 

predictability of the thermodynamic and kinetic effects of a Gly residue at the i+3 

position in a type I β-hairpin turn by engineering such a turn into the structure of FGF-1, 

and these results are in close agreement with the data from the other turns. 
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Figure 3.1 Ribbon diagram of FGF-1 (Blaber et al., 1996), the view is approximately 
normal to the 3-fold axis of the β-barrel. Also indicated are the locations of β-hairpin 
turns at positions 62, 93 and 103. 
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Figure 3.2 Primary sequence alignment of FGF-1 to indicate the internal three-fold 
symmetry characteristic of the β-trefoil fold.  Also indicated are the locations and types 
of identified β-turns.  For each turn the shaded region identifies the i through i+3 position 
within the turn. 
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3.2 Materials and Methods  

 

3.2.1 Isothermal equilibration denaturation 

Protein samples (40 to 10µM) in various concentrations of GuHCl/ADA buffer 

were allowed to equilibrate overnight at room temperature (298K).  This study makes use 

of the fluorescence signal of the single endogenous Trp residue at position 107. This 

residue is ~90% buried in the native structure (Blaber et al., 1996).  Complete details of 

the instrumentation, data collection and analysis procedure have been previously reported 

(Blaber et al., 1999).  Briefly, the fluorescence signal of FGF-1 is atypical in that Trp107 

exhibits greater quenching in the native state rather than the denatured state.  Excitation 

at 295nm provides selective excitation of Trp107 in comparison with the six Tyr residues 

that are present in the structure (Blaber et al., 1999; Brych et al., 2001).  Triplicate scans 

were collected and averaged.  Buffer traces were collected and subsequently subtracted 

from protein scans.  All scans were integrated to quantitate the total fluorescence as a 

function of denaturant concentration.  The data was analyzed using a general purpose 

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

implementing a six parameter, two-state model (Eftink, 1994): 
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where the denaturant concentration is given by [D], the native state (0M denaturant) 

fluorescence intercept and slope are F0N and SN, respectively, the denatured state 

fluorescence intercept and slope are F0D and SD, respectively, and the free energy of 

unfolding function intercept and slope are ∆G0 and m, respectively.  The ∆G0 and m 

values describe the linear function of the free energy of unfolding as a function of 

denaturant under isothermal equilibrium conditions. The midpoint of the transition, i.e. 

the denaturant concentration where ∆G = 0, is defined as Cm.  The effect of a given 

mutation upon the stability of the protein (∆∆G) was calculated by taking the difference 
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between the Cm values for wild-type and mutant and multiplying by the average of the m 

values, as described by Pace (Pace & Scholtz, 1997). 

 

3.2.2 Unfolding kinetic measurements 

Prior to analysis native protein samples were dialyzed against 20mM ADA 

100mM NaCl, 2mM DTT, pH 6.60 overnight at 298K. Unfolding was initiated by a 1:10 

dilution of 25µM protein into 20mM ADA, 100mM NaCl pH 6.60 with concentrations of 

GuHCl between 1.5M to 5M. The fluorescence signal associated with protein unfolding 

was quantitated using a Varian Eclipse fluorescence spectrophotometer, with a 

wavelength of 295nm for excitation and 350nm for emission, and maintained at 298K 

with a temperature controlled Peltier cell holder (Varian Inc., Palo Alto CA).  The 

unfolding kinetics exhibited relaxation times that were appropriate for manual mixing 

techniques.  The data collection strategy was designed to span approximately 2-3 half-

lives, or >80% of the expected fluorescence signal change between the fully native and 

denatured states.  

 

3.2.3 Folding kinetic measurement 

Prior to analysis protein samples were dialyzed overnight against 20mM ADA, 

100mM NaCl, 2mM DTT, pH 6.60 containing either 2.5M or 3.0M GuHCl.  Under these 

conditions the protein is essentially completely denatured (Blaber et al., 1999).  Initial 

studies indicated that the relaxation times for the folding process were more appropriate 

for stopped-flow data collection.  All folding kinetic data was collected using a Kintek 

SF2000 stopped-flow system (Kintek Corp., Austin TX).  Folding was initiated by a 1:10 

dilution of 40µM denatured protein into 20mM ADA, 100mM NaCl pH 6.60 with 

denaturant concentrations varying from 0.25M GuHCl, in increments of 0.05M, to the 

midpoint of denaturation as determined by the above described isothermal equilibrium 

denaturation measurements. The data collection strategy was designed to span 

approximately 5 half- lives, or >97% of the expected fluorescence signal change between 

the fully denatured and native states.   
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3.2.4 Kinetic analysis 

Both folding and unfolding kinetic data was collected in triplicate at each 

denaturant concentration, with typically six runs per sample and all data being averaged.  

The kinetic rate constants and amplitudes, as a function of denaturant concentration, were 

determined from the time-dependent change in fluorescence intensity implementing a 

single exponential model: 

 

I(t) = A*exp(-k*t) + C   (2) 

 

where I(t) is the intensity of fluorescent signal at time t, A is the corresponding 

amplitude, k is the observed rate constant for the reaction and C is a constant 

corresponding to the asymptotic signal limit.  If the residuals from the single exponential 

fit exhibited systematic deviations greater than expected instrument error, a fit to a bi-

exponential model was evaluated: 

 

I(t) = A1*exp(-k1*t) + A2*exp(-k2*t) + C   (3) 

 

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(kf0*exp(mkf*D) + ku0*exp(mku*D))   (4) 

 

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

to 0M denaturant, mkf and mku are the slopes of the linear functions relating ln(kf) and 

ln(ku), respectively, to denaturant concentration, and D is denaturant concentration. φ 

value analysis followed the procedure of Fersht and coworkers (Fersht et al., 1992):  

 

∆∆G‡-F = -R*T*ln(ku w.t./ku mut) (5) 
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φunf = ∆∆G‡-F/∆∆GU-F  (6) 

 

where ∆∆GU-F is determined from the isothermal equilibrium data (using the above 

described method of Pace).   

 

 

3.4 Results 

 

Each mutant protein expressed at a level typical of the recombinant wild-type 

protein (approximately 50-100mg/L) and exhibited characteristic chromatographic 

profiles during purification.  No unusual aggregation or precipitation properties were 

observed for any of the mutant proteins.   

The results of the isothermal equilibrium denaturation analysis are listed in Table 

3.1.  We have previously reported a comprehensive stability study of wild-type (non-his-

tagged) FGF-1 utilizing both differential scanning calorimetry and isothermal equilibrium 

denaturation monitored by both fluorescence and circular dichroism spectroscopy (Blaber 

et al., 1999).  This study demonstrated excellent cross-validation of the ∆Gu values 

determined using these different methods and a two-state assumption.  Analysis of the 

isothermal equilibrium data for the his-tagged wild-type protein yields a ∆G0 value of 

21.1 kJ/mol, with an m value of -18.9 kJ/molM and a Cm value of 1.11 M (Table 3.1).  

This compares favorably with the values previously reported for the non-his-tagged wild-

type protein of ∆G0 = 21.3 kJ/mol, m value = -18.8 kJ/molM and Cm = 1.13 M (Blaber et 

al., 1999).  An overlay of the ∆Gu versus denaturant concentration data for isothermal 

equilibrium denaturation of both wild-type and his-tagged wild-type FGF-1 is essentially 

indistinguishable (data not shown).  We conclude, therefore, that the addition of the 

amino-terminal his-tag has had no discernable effect upon the thermodynamic properties 

of FGF-1. 

The results of the folding and unfolding kinetic analysis are listed in Table 3.2.  

The unfolding kinetic data, in every case, exhibited an excellent fit to a single exponential 

decay model.  The folding kinetic data also exhibited an excellent fit to a single 
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exponential decay model, but only for concentrations of denaturant greater than 

approximately 0.6M.  At denaturant concentrations below this critical level, a bi-

exponential decay model fit the data with acceptable values for the residuals.  The fast 

phase of this bi-exponential region of folding followed the linear trend of ln(kf) versus 

denaturant concentration characteristic of the single exponential region of folding.  A 

predicted folding rate constant function was generated using the Keq values from the 

isothermal equilibrium denaturation data in conjunction with the unfolding rate constant 

data.  In all cases this predicted function followed closely the fast phase of the bi-

exponential region (data not shown).  In contrast, folding rate constants within the slow 

phase of the bi-exponential region were generally independent of denaturant 

concentration, and describe a "roll-over" region in the chevron plot (Figure 3.3).  The 

above-described features of the folding of FGF-1 are shared by all other members of the 

β-trefoil family, including FGF-2 (basic FGF) (Estape & Rinas, 1999), interleukin-1β 

(Heidary & Jennings, 2002; Varley et al., 1993) and hisactophilin (Liu et al., 2002) and 

have also been described for FGF-1 with urea denaturant (Samuel et al., 2001).  The 

folding and unfolding rate constants for each mutant listed in Table 3.2 were therefore 

determined using the entire unfolding data, in combination with the single exponential 

region of folding, and the fast phase of the bi-exponential region of folding, as a global 

fit.  Folding involving dilution into the lowest concentrations of denaturant in the study 

(i.e. 0.25M GuHCl) exhibited a transient increase in the fluorescence signal, detectable 

within the first 150 msec (Figure 3.4).  This initial region of the folding data was 

therefore omitted prior to model fitting.   

The folding and unfolding kinetic data permit a calculation of the expected 

equilibrium constant for unfolding as a function of denaturant, and therefore, the value of 

∆Gu as a function of denaturant.  The ∆∆Gu values for the mutations can likewise be 

determined in comparison to the wild type or other reference mutant.  The ∆∆Gu values, 

generated from the kinetic data are listed in Table 3.2 and can be compared to the ∆∆Gu 

values derived from the isothermal equilibrium denaturation data in Table 3.1.  The 

standard deviation for the agreement between the two sets of ∆∆Gu values is 0.5 kJ/mol, 

or similar to the deviation of the values of ∆G0 determined by isothermal equilibrium 
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denaturation (Table 3.1) and to the deviation observed when comparing ∆G0 values 

determined by DSC and isothermal equilibrium experiments (Blaber et al., 1999).  Thus, 

the isothermal equilibrium and kinetic measurements are in good agreement (Figure 3.5), 

and 0.5 kJ/mol is taken to be the standard deviation of ∆Gu determinations regardless of 

method.  Given that the unfolding kinetic data follows a simple exponential decay model 

in each case, determination of φunf is expected to be a more accurate metric of mutational 

effects upon the transition state energy than φf (Fersht et al., 1992).  If φunf = 1.0 then ∆G‡ 

= ∆GU and the region of the mutation is as unfolded in the transition state as in the 

unfolded state, likewise, if φunf = 0 then ∆G‡ = ∆GF and the region of the mutation is as 

folded in the transition state as in the native state (Fersht et al., 1992). The φunf values for 

the various mutations are listed in Table 3.2. 

 

 

3.5 Discussion 

 

In a previous study (Blaber et al., 1999) we have shown that FGF-1 undergoes 

two-state reversible thermal denaturation in the presence of a critical concentration (i.e. 

>0.6M) of added GuHCl.  Below this concentration the thermal denaturation does not fit 

a two-state model and thermally induced aggregation can occur with lower denaturant 

concentrations.  The present kinetic study supports these prior results and demonstrates 

that at [GuHCl] <0.6M the folding of FGF-1 exhibits a fast and slow phase.  The slow 

folding phase relaxation time of 10.4 seconds is independent of the introduced mutations 

and therefore suggests a shared phys ical basis. The slow folding phase below a critical 

denaturant concentration is observed in all members of the β-trefoil family of proteins 

that have been characterized to date, including FGF-1 (Samuel et al., 2001), FGF-2 (basic 

FGF) (Estape & Rinas, 1999), interleukin-1β  (Heidary & Jennings, 2002; Varley et al., 

1993) and hisactophilin (Liu et al., 2002).  However, the nature of the slow folding phase 

in this family of proteins (the β-trefoils) is a matter of some debate.  Yu and coworkers 

have proposed that the slow refolding phase in FGF-1 is consistent with Pro 

isomerization (Samuel et al., 2001).   
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Table 3.1 Thermodynamic parameters for WT FGF-1 and mutant proteins 
determined from isothermal equilibrium denaturation. 

Protein ∆G0 

(kJ/mol) 

m-value 

(kJ/molM) 

Cm 

(M) 

∆∆Ga 

(kJ/mol) 

WT 21.1 ± 0.6 -18.9 ± 0.6 1.11 ± 0.01 - 

Asn106→Gly 22.7 ± 0.5 -20.7 ± 0.9 1.10 ± 0.02 0.2 

His93→Gly 28.6 ± 0.1 -19.8 ± 0.1 1.45 ± 0.01 -6.6(-9.7)b 

His93→Ala 19.3 ± 0.1 -20.4 ± 0.3 0.95 ± 0.02 3.1 

His93→Asn 22.3 ± 0.3 -19.8 ± 0.1 1.13 ± 0.02 -0.4 

Gly62→Ala 15.1 ± 0.7 -19.2 ± 0.9 0.79 ± 0.01 6.1 

Gly62→Asn 17.8 ± 0.6 -20.5 ± 0.8 0.87 ± 0.01 4.7 

Ala103→Gly 19.4 ± 0.6 -19.4 ± 0.3 1.00 ± 0.01 2.1 

∆EKN 22.0 ± 0.4 -18.6 ± 0.4 1.19 ± 0.01 -1.5 

∆EKN/Ala103→Gly 26.8 ± 0.8 -17.9 ± 0.6 1.49 ± 0.01 -7.0 (-5.5)c 

∆EKN/Ala103→Asn 24.5 ± 0.5 -19.0 ± 0.7 1.29 ± 0.02 -3.4 (-1.9)c 

a∆∆G = (Cm wild type - Cm mutant)*(mwild type + mmutant)/2 (Pace & Scholtz, 1997). A negative 
value for ∆∆G indicates a more stable mutant. bValues in parentheses are in relationship 
to the His93→Ala mutant. cValues in parentheses are in relationship to the ∆EKN 
mutant.  All errors are listed as standard error of multiple data sets. 
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Figure 3.3 Folding (filled circles) and unfolding (filled squares) kinetic data for wild-
type FGF-1 in guanidine hydrochloride denaturant.  The slow phase of the bi-exponential 
region of refolding is indicated by the open circles, and the fast phase by the circles with 
a central dot.  The fit shown was determined from the isothermal equilibrium data and the 
unfolding kinetic data and indicates the predicted folding kinetic behavior assuming a 
two-state model. 
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Figure 3.4 Folding kinetic data for FGF-1 into 0.25M guanidine hydrochloride 
denaturant indicating an initial increase in fluorescence (τ=66msec) of Trp107 due to 
desolvation (see text). 
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Figure 3.5 ∆Gu values for wild-type FGF-1 at 298K using guanidine hydrochloride as 
denaturant as determined by isothermal equilibrium denaturation monitored by 
fluorescence (circles), kinetics monitored by fluorescence (crosses), isothermal 
equilibrium denaturation monitored by circular dichroism (square) (Blaber et al., 1999) 
and differential scanning calorimetry (up triangles) (Blaber et al., 1999). 
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However, Estape and Rinas have argued that the low activation enthalpy of refolding 

observed for the slow folding phase of FGF-2 is inconsistent with Pro isomerization 

(Estape & Rinas, 1999).  Furthermore, hisactophilin exhibits the slow folding phase, 

however, its primary sequence is devoid of Pro residues (Liu et al., 2002).  Quenched-

flow deuterium/hydrogen exchange experiments have identified secondary structure 

elements that form early and late in the folding pathway for the various β-trefoil proteins, 

however, these results demonstrate that there is no conserved folding pathway. For 

example, the earliest folding event in FGF-1 is the β-sheet formation between the amino 

and carboxyl termini (β-strands I and XII), with the slowest fold ing events involving 

strands II, III, VI-VIII and XII (Samuel et al., 2001).  The earliest folding event in 

interleukin-1β  involves strands VI-X, with the slowest involving strands I-III, V and XI 

(Varley et al., 1993).  In histactophilin strands IV-VIII fold first, while strands I-III and 

X-XII fold last (Liu et al., 2002).  With regard to the slow folding phase rate constants, 

hisactophilin appears to be the fastest (kslow ~ 1.0 sec-1), with FGF-1 intermediate in rate 

(kslow ~ 0.1 sec-1) and interleukin-1β  the slowest (kslow ~ 0.03 sec-1).  We note that there is 

a general relationship between these rates and the compactness or proximity within the 

native structure of the slowest folding regions (e.g. hisactophilin exhibits the fastest 

kinetics for the slow refolding phase and strands I-III and X-XII form a contiguous region 

in the native structure).  The nature of the slow folding phase remains a matter for further 

investigation. 

In the present study we were able to identify an increase in fluorescence signal 

within the first 150 msec of folding.  Trp 107 is buried in the native state and is more 

efficiently quenched than in the denatured state.  This residue in the native state packs 

against His 102 and Pro 121 (Blaber et al., 1996) (Figure 3.6) and these interactions 

contribute to the efficient quenching in the native state.   Thus, the atypical quenching of 

Trp 107 requires formation of a native- like assembly of residues 102, 107 and 121.  In the 

denatured state Trp 107 is solvent exposed, and although not as efficiently quenched as in 

the native state, is still quenched to a certain extent by solvent.  It is reasonable to assume 

that during the folding of FGF-1 Trp 107 must initially desolvate prior to formation of 

buried native-like interactions between His 102 and Pro 121.  Thus, the increase in the 
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fluorescence signal observed in the first 150 ms (τ = 66msec) is consistent with an "on 

pathway" initial desolvation event for Trp 107 rather than representing an "off-pathway" 

burst phase.  Observation of this initial desolvation event of Trp 107 in the folding of 

FGF-1, and determination of the associated relaxation time, has not been described.   

 

Folding and unfolding kinetics of L-α  region Gly residues at the i+3 position in type 

I 3:5 β -hairpin turns    

We have previously reported a Gly scanning stability study of the turn region 

comprising residues 91-93 in FGF-1 (Pace & Scholtz, 1997).  This turn is a type I 3:5 β-

hairpin turn (Richardson, 1981; Sibanda et al., 1989) in the FGF-1 structure where the 

i+3 residue (position 93) is located in the L-α region of the Ramachandran plot.  X-ray 

structure and stability studies demonstrated that a Gly residue at the i+3 position 

stabilized the protein by elimination of steric interactions between the side chain Cβ and 

main chain atoms in the native structure (Kim et al., 2002).  The kinetic data in the 

present study shows that the basis of the 9.7 kJ/mol increase in stability for an Ala→Gly 

mutation at position 93 is due to an approximately 23-fold increase in the rate of folding, 

with only a 2.7-fold increase in the rate of unfolding (Table 3.2, Figure 3.7).   Positions 

62 and 106 provide relevant comparisons to position 93.  In the case of residue 62, the 

wild-type Gly is located at the i+3 position in a Type I 4:6 β-hairpin and is located in the 

L-α region of the Ramachandran plot. The kinetic data shows that the basis of the 6.1 

kJ/mol increase in stability for an equivalent Ala→Gly mutation at this position is due to 

an approximately 4-fold increase in the rate of folding, and essentially no change in the 

rate of unfolding (Table 3.2, Figure 3.7).  Residue Asn106 is likewise located in the L-α 

region, however, it is not part of a β-hairpin turn and is not within an identifiable turn 

type.  There is essentially no change in the stability for an equivalent Ala→Gly mutation 

at this position, and both the folding and unfolding kinetic constants remain unchanged 

(Table 3.2, Figure 3.7).  Baker and coworkers have reported thermodynamic and kinetic 

parameters comparing Ala and Gly residues at position 15 in peptostreptococcal Protein 

L (Gu et al., 1997).  This residue is also located at the i+3 position in a type I 3:5 β-

hairpin and is in the L-α region.  An equivalent Ala→Gly mutation at this position 
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stabilizes the protein by 6.7 kJ/mol and is due to an 8.5-fold increase in the rate of folding 

with only a 1.4-fold increase in the rate of unfolding (Gu et al., 1997).  Nakamura and 

coworkers reported stability studies for an equivalent Ala→Gly mutation at position 95 in 

Ribonuclease HI. This residue is also located at the i+3 position in a type I 3:5 β-hairpin 

and is in the L-α region.  This group reported an increase in stability of 7.5kJ/mol for an 

Ala→Gly mutation at this position, although no kinetic data was determined.  Udea and 

coworkers determined the effect upon stability for a Gly→Ala mutation at position 49 in 

hen egg white lysozyme (Masumoto et al., 2000).  This residue is likewise the i+3 

position in a type I 3:5 β-hairpin turn.  The ∆∆G value for the equivalent Ala→Gly 

mutation at this position was reported to be 7.9 kJ/mol.  The thermodynamic and kinetic 

properties of Ala→Gly mutations at each of these structurally equivalent positions are 

remarkably consistent (Table 3.3) despite the fact that they occur within distinctly 

different protein folds.  Although φunf values can be directly compared only for the 

Protein L and FGF-1 studies, they are quite similar (0.1 and 0.2, respectively) and 

indicate that in both cases the site of mutation is largely in the native conformation in the 

folding transition state.  Although a φunf value was not reported for the Ribonuclease HI 

study, the similar effects of the Ala→Gly mutation upon the folding and unfolding 

kinetics suggests that it would have a similar φunf value. It is also important to note that 

the local sequences within each of these type I 3:5 β-hairpin turns is different, with the 

exception of a conserved Asx residue at the i+2 position (Table 3.3). While the 

thermodynamic and kinetic features of the above four sites are remarkably similar, they 

are substantially different from the Ala→Gly mutation at position 106 in FGF-1 (Tables 

3.1 and 3.2), which shares no other structural feature other than a similar location in the 

Ramachandran plot.  
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Figure 3.6 The quenching environment of fluorophore (Trp107) showing His102 and 
Pro121 are quenching Trp107 in the native state. 
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Table 3.2 Folding and unfolding kinetic parameters and derived thermodynamic 
parameters for WT FGF-1 and mutant proteins 

Protein kf 

(sec-1) 

mf 

(M-1) 

ku 

(1 x 10-3 sec-1) 

mu 

(M-1) 

φunf 
a∆∆G 

(kJ/mol) 

WT 3.74 -6.61 0.808 0.46 - - 

Asn106→Gly 3.65 -6.40 0.850 0.49 0.63 -0.4 

His93→Gly 55.05 -7.43 0.439 0.47 0.19 (0.21)b -5.4 (-8.9)b 

His93→Ala 2.43 -7.19 1.170 0.42 0.29 3.5 

His93→Asn 5.95 -6.86 0.716 0.48 0.77 -0.6 

Gly62→Ala 0.96 -7.55 0.820 0.48 0.01 5.9 

Gly62→Asn 1.67 -7.50 0.999 0.45 0.11 4.8 

Ala103→Gly 2.21 -5.82 1.720 0.46 0.89 0.9 

∆EKN 3.16 -5.73 0.811 0.70 - -1.6 

∆EKN/Ala103→Gly 13.63 -5.31 0.522 0.70 (0.20)c -8.1 (-6.5)c 

∆EKN/Ala103→Asn 4.88 -5.88 0.474 0.66 (0.71)c -3.8 (-2.2)c 

a∆∆G = (Cm wild type - Cm mutant)*(mwild type + mmutant)/2 (Pace & Scholtz, 1997), where all 
parameters are derived from the kinetic data. A negative value for ∆∆G indicates a more 
stable mutant. bValues in parentheses are calculated in relationship to the His93→Ala 
mutant. cValues in parentheses are calculated in relationship to the ∆EKN mutant. 
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Figure 3.7 Folding and unfolding kinetic data and "chevron plot" global fit for Ala 
(circles), Asn (triangles) and Gly (squares) at positions 93 (top panel), 62 (middle panel) 
and 103 (in ∆EKN background; lower panel). The slow phase of the bi-exponential 
region of refolding is indicated by the open symbols. 
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Folding and unfolding kinetics of L-α  region Gly residues at the i+3 position in type 

I 4:6 β -hairpin turns   

We also studied an Ala→Gly mutation at position 62 in FGF-1, which is the i+3 

position in a type I 4:6 β-hairpin, and is located in the L-α region of the Ramachandran 

plot.  The effects upon stability, folding and unfolding rates for an Ala→Gly mutation at 

this position have already been discussed. The φunf value analysis for this mutation also 

indicates that this position is in the native conformation in the folding transition state 

(Table 3.3).  Frieden and Kim reported thermodynamic and kinetic results for a Gly→Val 

substitution in IFABP at position 99, which is also the i+3 position in a type I 4:6 β-

hairpin, and is located in the L-α region of the Ramachandran plot (Kim & Frieden, 

1998).  An equivalent Val→Gly substitution at this position stabilizes the protein by 10.5 

kJ/mol.  However, this is the extrapolated value at 0M denaturant and the wild type and 

mutant proteins have significantly different m values (Kim & Frieden, 1998), therefore, 

we have recalculated the value of ∆∆G as 7.5kJ/mol using the method of Pace (Pace & 

Scholtz, 1997) (Table 3.3).  Although Frieden and Kim did not report a φunf value and ku 

for this mutant, the value of kf was reported and indicates that the equivalent Val→Gly 

substitution resulted in a 45-fold increase in the rate of folding.  Thus, the primary effect 

of the mutation appears to be on kf.  

FGF-1 exhibits an internal three-fold symmetry characteristic of the β-trefoil 

family of proteins (Murzin et al., 1992). Residue Ala103 is related to Gly62 by this 

internal symmetry (Figure 3.2).  However, although region 100-103 is identified as a type 

I turn, it does not adopt a defined β-hairpin in the wild-type structure.  In comparison to 

the symmetry related positions, there appears to be a three-amino acid insertion after 

position 103 (Figure 3.2).  We postulated that region 100-103 may not adopt the 

characteristic type I 4:6 β-hairpin due to this three-amino acid insertion.  A deletion 

mutation (∆EKN) was constructed to remove these three amino acids (residues 104-106).  

An Ala→Gly mutation at position 103 in the wild-type structure destabilizes the structure 

by 2.1 kJ/mol, and this is due to a 1.7-fold decrease in the rate of folding and a 2.1 

increase in the rate of unfolding (Table 3.2).  The φunf value for the Ala→Gly mutation at 
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position 103 in the wild-type structure is 0.89, indicating that the site is essentially as 

unfolded in the transition state as it is in the denatured state. However, in the ∆EKN 

deletion mutation an Ala→Gly mutation now stabilizes the structure by 5.5 kJ/mol.  This 

stabilization is due to a 4.3-fold increase in the rate of folding and only a 1.5-fold 

decrease in the rate of unfolding.  Furthermore, the φunf value for the Ala→Gly mutation 

at position 103 in the ∆EKN deletion mutation has now shifted to a value of 0.20, 

indicating that this site is essentially as structured in the native state as it is in the 

transition state (Table 3.2).  These results are consistent with the expected formation of a 

type I 4:6 β-hairpin due to this three-amino acid deletion.  The two type I 4:6 β-hairpin 

structures studied, and the results reported by Kim and Friedman (Kim & Frieden, 1998), 

thus yield consistent results for thermodynamic and kinetic effects associated with 

Gly→Ala mutations. Furthermore, the relative ∆∆G values and effects upon kf and φunf 

values are consistent between the type I 3:5 and type I 4:6 β-hairpin structures (Table 

3.3).  As with the type I 3:5 β-hairpin turns, the amino acid sequences and protein folds 

are quite different and the thermodyna mic and kinetic effects appear to be a consequence 

primarily of the conformation.   

Yutani and coworkers have reported thermodynamic parameters for Gly→Ala 

substitutions in human lysozyme at the i+3 position in type I 4:4 β-hairpin turns, with the 

i+3 position in the L-α region (Takano et al., 2001b).  The ∆∆G values for these 

mutations are 4.0 kJ/mole stabilizing (position 58) and -0.7 kJ/mol destabilizing (position 

50) (Table 3.3).  While the position 58 results are similar to the results observed here for 

3:5 and 4:6 β-hairpin turns, the position 50 results are inconsistent.  It may be that the 

type I 4:4 β-hairpin turns do not exhibit the same thermodynamic and kinetic properties 

as the 3:5 and 4:6 β-hairpin turns, or that there is some other structural feature affecting 

the position 50 results.  In FGF-1 we have previously reported that the turn involving 

residue position 93 can adopt either a type I or type I' configuration depending upon 

crystallization conditions (i.e. different space groups).  Gly scanning mutagenesis 

identified the type I turn as most likely to be populated in solution (Kim et al., 2002).    
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Table 3.3 Comparison of thermodynamic and kinetic parameters for Ala→Gly 
mutations at the i+3 position within type I 3:5 and 4:6 β-hairpin turns.  

Protein Turn Seq Turn Type i+3 Ala →  Gly 

∆∆G (kJ/mol) 

i+3Ala→ Gly  

φunf 

FGF-1 90   91   92   93 

Glu Glu Asn His 

Type I 3:5 β-hairpin 

i+3 in L-α 

-9.7 0.2 

Protein L 

B1 domaina 

12  13   14   15 

Phe Ala Asn Gly 

Type I 3:5 β-hairpin 

i+3 in L-α 

-6.7 0.1 

Ribonuclease HIb 92  93   94   95 

Thr Ala Asp Lys 

Type I 3:5 β-hairpin 

i+3 in L-α 

-7.5 - 

Hen egg white 

lysozymec 

46   47   48   49 

Asn Thr Asp Gly 

Type I 3:5 β-hairpin 

i+3 in L-α 

-7.9 - 

FGF-1 59   60   61   62 

Thr Glu Thr Glu 

Type I 4:6 β-hairpin 

i+3 in L-α 

-6.1 0.01 

Intestinal Fatty 

Acid Binding 

Proteind 

96    97   98   99 

Val Asp Asn Gly 

Type I 4:6 β-hairpin 

i+3 in L-α 

-7.5e 

(Val→Gly) 

- 

FGF-1 

∆(EKN) 

100 101 102 103 

Lys Lys His Ala 

Type I 4:6 β-hairpin 

i+3 in L-α 

-5.5 0.2 

a (Gu et al., 1997; O'Neill et al., 2001). b (Kimura et al., 1992). c (Masumoto et al., 2000). 
d (Kim & Frieden, 1998). eCalculated using the method of Pace (Pace & Scholtz, 1997) 
and the data reported by Kim and Frieden (Kim & Frieden, 1998).  
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We have crystallized FGF-1 in five different space groups P21 (2 molecules/asu), P21 

(three molecules/asu), P212121, C2 and C2221 (Brych et al., 2001).  In each case, the 

structural features (turn types) involving residue positions 62, 103 and 106 are identical. 

Thus, there is no ambiguity in the assignment of the turn types for the positions studied in 

FGF-1.  Furthermore, due to the nature of strand register in β-sheet structures it would 

require dramatic structural rearrangements (i.e. inversion of core-packing and surface 

residues) for 3:5 turns to convert to either tight 2:2 type hairpins or 4:6 turns (and vice 

versa).   

 

Folding and unfolding kinetics of L-α  region Asn mutations    

As part of the present study we have included a series of Asn mutations at 

position 62, 93 and 103 (in the ∆EKN background). Asx residues are known to adopt 

conformations in the L-α region of the Ramachandran plot more readily than any other 

amino acid beside Gly (Chou & Fasman, 1974; Srinivasan et al., 1994).  Blundell and 

coworkers have determined that the side chain carbonyl of 80% of such residues are 

frequently within 4Å of their backbone carbonyl, or the backbone carbonyl of the 

preceding residue (Deane et al., 1999).  This carbonyl-carbonyl interaction provides an 

energetic rationale for the frequency of Asx residues observed in the L-α region.  A 

comparison of equivalent Ala→Asn mutations at the positions studies in FGF-1 indicates 

that this mutation can stabilize the structure by 1.4 kJ/mol (position 62), 3.5 kJ/mol 

(position 93) and 3.4 kJ/mol (position 103 in the ∆EKN mutant).  These values agree well 

with the 3.3 kJ/mol increase in stability reported by Nakamura and coworkers for an 

equivalent Ala→Asn mutation at residue 95 in ribonuclease HI (also an i+3 position in a 

type I 3:5 β-hairpin) (Kimura et al., 1992).  These results support the hypothesized 

stabilizing carbonyl:carbonyl interaction proposed for Asx residues in the L-α region and 

suggest an average stabilizing energy of approximately 3.0 kJ/mol.  This stabilization 

arises from the favorable interaction between the partial positive charge on the carbon-

oxygen dipole of one carbonyl with the partial negative charge on the oxygen-carbon 

dipole of the neighboring carbonyl. 
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These results show that the effects upon protein stability and folding for residue 

positions in the L-α of the Ramachandran plot can only be accurately understood with the 

inclusion of additional structural information.  In particular, a consistent pattern of 

thermodynamic and kinetic properties are obtained for these residues if they are at 

characteristic i+3 positions in type I 3:5, or 4:6, β-hairpin turns. In this regard, the role of 

Gly is to permit faster folding but to leave the rate of unfolding largely unaffected. 
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CHAPTER 4 

 

CONTRIBUTIONS OF TURN SEQUENCES TO PROTEIN STABILITY AND 

FOLDABILITY 

   

 

4.1  Introduction 

 

 Three types of secondary structures are recognized in proteins: helix, sheet and 

turn.  Among the regular secondary structures, the turn has received the least attention 

due to their wide conformational variability and lack of simple model systems.  A few β-

hairpin designs have been successful to date, including monomeric β-hairpins (de Alba et 

al., 1999a; Stanger & Gellman, 1998), and turns associated with a three-stranded 

antiparallel β-sheet (de Alba et al., 1999b; Kortemme et al., 1998; Schenck & Gellman, 

1998).  With these model systems, a close relationship between turn stability and turn 

sequence is observed.  However, this correlation is observed only in a particular turn type.  

More than 50% of turns have at least one residue in common with related turn types 

(Hutchinson & Thornton, 1994).  Therefore, these exits the potential of applying β-turn 

propensity values in predicting the effects of different turn sequences upon the stability 

and folding properties of proteins.  

FGF-1 has a total of 11 β  turn regions (12 if you consider the adjacent N- and C- 

termini as a discontinuous “turn”).  Among these regions, turn 4 (β4/β5) and turn 8 

(β8/β9) are related by the three-fold tertiary structure symmetry (Figure 4.1).  Turn 8 is 

defined as a type I β-turn plus G1-type β-bulge by automated secondary analysis with the 

program Promotif (Hutchinson & Thornton, 1996).  This turn type is found in a total of 

four turn regions within FGF-1; turn 1 (residues 16-20), turn 2 (residues 26-29), turn 6 

(residues 68-71) and turn 8 (residues 90-93).  The last residue within each of these turns 
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is terms as “bulged” due to its characteristic main chain angles and subsequent disruption 

of the typical hydrogen bonding pattern observed in more typical β-hairpin turns.  This 

bulge is associated with a main chain conformation that permits a 180° change in the 

direction of β  strand over the length of residues that comprise the turn.  The β8/β9 turn 8 

region has a His residue at the bulged position, where as Gly is statistically strongly 

preferred.  A His93àGly mutant was described in chapter 2 and was found to stabilize 

the protein by 6.6 kJ/mol.  

Turn 4 in FGF-1 has double overlapping conformations: a type IV turn spanning 

residue positions 48-51 and a type II turn spanning residue positions 50-53.  However, 

based on the crystal structure, residue positions 49-52 within the turn 4 region are 

actually the corresponding residues to positions 90-93 within turn 8.  In this regard, there 

are no insertions or deletions when comparing the main chain regions that comprise turn 

4 and 8.  Yet these turns exhibit significantly different turn conformations.  The questions 

that arise in relationship to these turns are: 1) Are the different turn conformations a 

consequence of the different amino acid sequences within these regions? 2) Are the 

different turn conformations associated with different effects upon stability and folding of 

the protein?  In an attempt to answer the first question, we have constructed a series of 

mutations designed to substitute the local turn sequences of turn 4 into turn 8, and vice 

versa.  Furthermore, we have constructed a series of Gly mutations within these turn 

regions to evaluate the nature of strain inherent within these turns.  We have employed 

several biophysical methodologies, including folding kinetics, stability studies, X-ray 

crystallographic and NMR in order to quantitated the nature of these turns. 

 

 

4.2 Materials and Methods  

  

4.2.1 Crystallization of FGF-1  

 Purified FGF-1 solutions (~13 mg/ml) were filtered through 0.2 µm filters (Pall 

Life Sciences, Ann Arbor, MI) immediately before crystallization.  X-ray diffraction 

quality crystals of S50G/V51G grew within 1 week at RT in 10 µl hanging drops by 



 55 

vapor diffusion against 1 ml reservoirs of 3.0 – 3.2 M Formate and 0.9 M Ammonium 

Sulfate in crystallization buffer.  V51N and S50E/V51N crystals were obtained within 1 

week at RT in 10 µl hanging drops by vapor diffusion against 3.4 – 3.6 M Formate. 

 

4.2.2 Data collection, molecular replacement, and refinement 

X-ray diffraction data was collected using a Rigaku RU-H2R rotating anode X-

ray source (Rigaku MSC, The Woodlands, TX) equipped with Osmic Blue, or Purple, 

confocal mirrors (MarUSA, Evanston, IL) coupled with either a Rigaku R-axis IIc image 

plate or MarCCD 165 detector.  The crystals were mounted using Hampton Research 

nylon mounted cryo-turns and frozen in a cryo stream of liquid nitrogen.  Diffraction data 

was indexed, integrated and scaled using the DENZO software package (Otwinowski, 

1993; Otwinowski & Minor, 1997).  His-tagged wild type FGF-1 was used as the search 

model in molecular replacement for all three structures.  Model refinement was carried 

out with CNS (Brunger et al., 1998) using the maximum likelihood target function.  

Model building and visualization utilized the O molecular graphics program (Johnson et 

al., 1991).   

 

4.2.3 NMR studies 

NMR samples of FGF-1 in 100 mM phosphate buffer, 200 mM ammonium 

sulfate and 2 mM DTT (pH 6.0) were labeled uniformly with 15N or 13C using conditions 

described by Chi and coworkers (Chi et al., 2002).  Protein was concentrated to 1 mM 

and dried by lyophilization.  The dried sample was dissolve in 10% D2O containing 10 

mM phosphate buffer with 90% H2O.  The two and three-dimensional NMR experiments 

were performed on a 600 MHz Varian Unityplus equipped with waveform generators and 

pulsed field gradient accessories at 30 º C .  Individual spin systems of the wild type 

protein were identified via TROSY experiment s and then confirmed by 3D HNCACB 

and CBCA(CO)NH.  Individual spin systems of mutant proteins were assigned by HSQC 

and 3D 15N TOCSY-HSQC experiment.  3D HNHA experiments of wild type and mutant 

protein were carried out to measure homonuclear HN-Ha J couplings from the equation 

Scross/Sdiag = -tan2(2pJHH?), where S is an intensity of either cross peak or diagonal peak 

and ? is 13.05 ms (Vuister & Bax, 1993).  



 56 

 

 

 

 

 

 

 

 

Figure 4.1 Top: Digram of human FGF-1 showing the location of turn 4 (β4/β5), and 
turn 8 (β8/β9) (dark grey).  Bottom: The sequence alignment of FGF-1 with the 12 β  
strands of the tertiary structure.  Each turn is identified with the shaded region. 
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The calculated  HN-Ha J couplings were fitted to Karplus equation (Vuister & Bax, 1993).  

2D, and 3D NOESY of mutant proteins were collected to determine the turn type using 

characteristically different NOE patterns for each turn type (Wuthrich et al., 1984). 

 

4.2.4 Turn sequence propensity 

The sequence propensities for the 3:5 bulge turn beta hairpins was calculated using 

Sreps (Sequence family Representative) from the latest CATH (Class, Architecture, 

Topology, Homology) list (3285 domains – CATH version 2.4).  There were 99 bulge 

turns in this dataset. Turn position potential for residue j at position i in 3:5 turn is  

Pi(j)=fi(j)/<fi>, where fi(j)=(number of residues j at position i of the hairpin)/(total 

number of residue j in the whole protein dataset) and <fi>= (total number of residues at 

position i of hairpin)/(total number of residues in protein dataset) (personal 

communication with Dr. Hutchinson, Reading University, UK).   

 

 

4.3 Results 

 

4.3.1 Glycine screening in turn 4 and turn 8 

 Three different combinations Gly mutations (Glu49àGly, 

Ser50àGly/Val51àGly and Glu49àGly/Ser50àGly/Val51àGly) were created in the 

turn 4 region.  The thermo-stability of each mutant was characterized by isothermal 

equilibrium denaturation experiment using Trp107 as a probing fluorophore (Table 4.1).  

All three mutants marginally stabilized the protein with ∆∆G values ranging from –0.28 

to –1.34 kJ/mol.  The folding kinetics for each of these mutants was also characterized 

(Table 4.2).  The unfolding rate of all three mutants was largely unaffected and modest 

increases in stability are due primarily to slight increases in the rate of folding (Table 4.2).  

A His93àGly was previously described in chapters created in chapters 2 and 3.  

A Glu91àGly/Asn92àGly/His93àGly triple Gly mutant was created within the turn 8 

region.    In reference to the His93àGly background, the introduction of these additional 

Gly residues at positions 91 and 92 destabilized the protein by 4.2 kJ/mol (Table 4.1).  
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This destabilization is due to an 8.5-fold decrease in the rate of folding, combined with a 

1.7-fold increase in the rate of unfolding (Table 4.2). 

 

4.3.2 Substitution of the turn 8 sequences into turn 4  

A series of mutations were constructed that stepwise substituted the turn 8 

sequences into the turn 4 region, including Val51àAsn, Gly52àHis, 

Ser50àGlu/Val51àAsn, and Ser50àGlu/Val51àAsn/Gly52àHis.  The Val51àAsn 

point mutant and the Ser50àGlu/Val51àAsn double mutant had no effect upon either 

the protein stability or folding kinetics (Table 4.1, 4.2).  The Gly52àHis point mutation 

destabilized the protein by 5.6 kJ/mol, essentially due to a 4-fold reduction in the folding 

rate (Table 4.2).  The Ser50àGlu/Val51àAsn/Gly52àHis triple mutant destabilized the 

protein by 3.6 kJ/mol, thus, in reference to the Gly52àHis background, the introduction 

of Gly residues at position 50 and 51 resulted in a slight increase in stability of 2.0 kJ/mol 

(due primarily to a 2-fold increase in the rate of folding: Table 4.1) 

 

4.3.3 Substitution of the turn 4 sequence into turn 8 

 The Glu91àSer/Asn92àVal double mutant destabilized the protein by 5.8 

kJ/mol (Table 4.1).  This destabilizing effect is due to both a 5-fold reduction in the rate 

of folding and a 3-fold increase in the rate of unfolding (Table 4.2).  The 

Glu91àSer/Asn92àVal/His93àGly triple mutant destabilized the protein by 2.8 kJ/mol 

in reference to the wild type protein, and 9.4 kJ/mol using His93àGly as a reference.  

The destabilization in comparison to the wild type protein is associated with a 2-fold 

reduction in the rate of folding and only a minor effect upon the rate of unfolding (Table 

4.2).  In comparison to the His93àGly reference, the reduction in stability is associated 

with a substantial 18-fold reduction in the rate of folding and a 3.5-fold increase in the 

rate of unfolding (Table 4.2). 
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Table 4.1 Thermodynamic parameters for WT FGF-1 and mutant proteins 
determined from isothermal equilibrium denaturation. 

Protein ∆G  

(kJ/mol) 

∆∆Ga  

(kJ/mol) 

M-value  

(kJ/mol*M) 

Cm (M) 

Wild Type 21.07 ± 0.6 --- -18.93 ± 0.6 1.11 ± 0.01 

E49G 22.00 ± 0.6 -0.28 -19.51 ± 0.4 1.13 ± 0.01 

S50G/V51G 22.92 ± 0.1 -1.34 -19.37 ± 0.1 1.18 ± 0.01 

E49G/S50G/V51G 22.92 ± 0.5 -0.83 -19.83 ± 0.4 1.16 ± 0.01 

H93G 28.59 ± 0.2 -6.38 -19.82 ± 0.1 1.45 ± 0.01 

E91G/N92G/H93G 25.92 ± 0.3 -2.44 (4.16)b -20.98 ± 0.3 1.24 ± 0.01 

V51N 23.50 ± 0.2 -0.15 -20.97 ± 0.4 1.12 ± 0.01 

G52H 17.15 ± 1.1 5.63 -20.69 ± 1.0 0.83 ± 0.02 

S50EV51N 21.54 ± 0.5 0.41 -19.73 ± 0.8 1.09 ± 0.02 

S50E/V51N/G52H 19.10 ± 0.1 3.62 -20.55 ± 0.4 0.93 ± 0.02 

E91S/N92V 18.02 ± 0.2 5.81 -21.77 ± 0.1  0.83 ± 0.01 

E91S/N92V/H93G 19.83 ± 1.2 2.81 (9.41)b -20.44 ± 0.6 0.97 ± 0.01 

a∆∆G = (Cm wild type - Cm mutant)*(mwild type + mmutant)/2 (Pace & Scholtz, 1997). A negative 
value for ∆∆G indicates a more stable mutant. bValues in parentheses are in relationship 
to the His93→Gly mutant.  
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Table 4.2 Folding and unfolding kinetic parameters and derived thermodynamic 
parameters for WT FGF-1 and mutant proteins 

Protein kf 

(sec-1) 

mf 

(M-1) 

ku  

(1x10-4s-1) 

mu 

(M-1) 

∆∆Ga 

Wild Type 3.75 -6.61 8.09 0.47  

E49G 6.71 -6.80 8.61 0.46 -1.29 

S50G/V51G 4.34 -6.43 7.71 0.50 -0.49 

E49G/S50G/V51G 7.17 -6.58 8.24 0.47 -1.57 

H93G 55.05 -7.43 4.39 0.47 -8.9 

E91G/N92G/H93G 6.51 -6.17 7.80 0.54 -1.47 (7.43)b 

V51N 3.47 -6.17 9.10 0.46 0.47 

G52H 0.91 -5.96 9.41 0.45 0.70 

S50EV51N 4.03 -6.20 9.00 0.48 0.08 

S50E/V51N/G52H 2.05 -7.14 9.97 0.39 1.91 

E91S/N92V 0.77 -5.83 22.69 0.42 6.49 

E91S/N92V/H93G 3.08 -6.69 15.37 0.35 2.07 (10.97)b 

a∆∆G = (Cm wild type - Cm mutant)*(mwild type + mmutant)/2 (Pace & Scholtz, 1997), where all 
parameters are derived from the kinetic data. A negative value for ∆∆G indicates a more 
stable mutant. bValues in parentheses are calculated in relationship to the His93→Ala 
mutant.   
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4.3.4 NMR analysis 

 All the residues except Glu81 of wild type FGF-1 were assigned in the TROSY 

spectrum (Appendix).  J coupling values of wild type FGF-1 and 

Glu91àSer/Asn92àVal/His93àGly were fitted against main chain F  value by the 

Karplus equation (Vuister & Bax, 1993) (Figure 4.2): 

   

J = A cos2 (F  - 60) + B cos (F  - 60) + C 

  

The fitting of the wild type FGF-1 J coupling value resulted in a r.m.s.d of 0.50 

(A = 4.48, B = -0.53, C = 2.02).   The fitting of Glu91àSer/Asn92àVal/His93àGly 

FGF-1 resulted in a r.m.s.d of 0.62 (A = 4.69, B = -0.47, C = 2.32).  The Overhauser 

enhancement (NOE) of the Glu91àSer/Asn92àVal/His93àGly triple mutant was 

acquired from 2D and 3D NOSEY spectra.  An intense NOE between Gly52 and Glu53 

was observed, but not between Val51 and Gly52 (Figure 4.3).  An intense NOE between 

Ser91 and Val92 and also between Val92 and Gly93 was also observed (Figure 4.4). 

 

 

4.4 Discussion 

 

In chapter II, turn 8 in FGF-1 was identified as exhibiting alternative type I or 

type I’ conformations in different space groups.  Furthermore, using Gly mutations and 

stability studies, the type I turn was identified as the likely turn in solution and type I’ 

turn appeared to be due to crystal packing effects.  A similar question can be asked in 

regard to the structure of turn 4 in FGF-1; Are the overlapping type IV and type II β-turns 

in turn 4 a crystal packing artifact?  Direct evidence for solution structure can be from 

NMR spectroscopy.  Both helix and β  sheet secondary structures contain a dense network 

of short 1H-1H distances.  The NOE pattern from 2D and 3D NOSEY can be used for 

determination of the secondary structure in small protein (Wuthrich et al., 1984).  In 

particular, unambiguous turn conformation can be obtained for β-hairpin structures.  
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Figure 4.2 Measured J coupling values obtained from the 3D HNHA spectrum, 
plotted as a function of backbone φ angle.  Blue line indicates the fitting to the Karplus 
equation (see material and method).  (A) Values obtained from wild type FGF-1.  (B) 
Values obtained from Glu91àSer/Asn92àVal/His93àGly mutant of FGF-1.  
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The type II conformation within the turn 4 region should not have an intense NOE 

between i+1 (Val51) and i+2 (Gly52), but should exhibit an NOE between i+2 (Val52) 

and i+3 (Glu53).  The NOE pattern within the turn 4 region exhibits these NOE features, 

and therefore the turn 4 conformation in solution is consistent with that observed in the x-

ray crystal structures (Figure 4.3). 

The stability and folding kinetic data of the Gly mutations within the turn 4 and turn 

8 regions, in addition to the sequence-swapping mutations within these turns, provides 

supplemental evidence that the turn 4 and turn 8 regions are distinctly different in 

structure.  Gly substitutions at the i+1 and i+2 positions of turn 4 had only a minor effect 

upon stability (resulting in a slight increase in stability of 1.3 kJ/mol).  However, 

corresponding Gly mutations at the i+1 and i+2 positions in turn 8 region resulted in a 

significant destabilization of approximately 4.2 kJ/mol (using the His93àGly mutant as 

the background protein; Table 4.1).  These results show that when comparing turn 4 and 

8, equivalent positions exhibit distinctly different energetics, and this result is consistent 

with the turn having different structural conformations.  The different conformations for 

the symmetry-related turn 4 and 8 may reflect different types of strain within these 

structures.  As demonstrated in chapters 2 and 3 for turn 8, Gly substitution provides a 

means to eva luate strain within turn regions. With regard to effects upon stability and 

folding kinetics, if strain is released upon Gly substitution, then the stability of the protein 

should increase and result either an increase in the rate of folding, or a decrease in the 

rate of unfolding.  For all single, double and triple Gly mutations within the turn 4 region 

no significant increase in either the stability or rate of folding or unfolding was observed.  

These results suggest that the conformation of the wild type turn 4 region is a low-energy 

conformation with little, if any, associated structural strain.  In contrast to the turn 4 

results, Gly mutations within the turn 8 region exhibited significant effects upon both the 

protein stability and rate of folding or unfolding.  The His93àGly mutation stabilized the 

protein with an approximately 2-fold reduction in the rate of unfolding- indicating a 

reduction in structural strain.  The effect of combined Gly mutations at position 91 and 92 

can be evaluated by comparing the Glu91àGly/Asn92àGly/His93àGly triple 

mutations to the His93àGly point mutant.   
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Figure 4.3 2D-NOSEY spectrum of the Glu91àSer/Asn92àVal/His93àGly mutant 
of FGF-1 at pH 6.0 and 303K.  (A) Inner box shows NOE between Val51 (8.2 ppm) and 
Gly52 (8.9 ppm).  (B) NOE between Gly52 and Glu53 (8.1 ppm). 
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Figure 4.4 3D-NOSEY spectrum of the Glu91àSer/Asn92àVal/His93àGly mutant 
of FGF-1 at pH 6.0 and 303K.  (A) Inner box shows NOE between Glu91 (7.0 ppm) and 
Asn92 (8.2 ppm).  (B) NOE between Asn92 and His93 (7.6 ppm). 
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In this regard, the introduction of Gly mutations at positions 91 and 92 destabilize the 

protein by 7.4 kJ/mol, the effects of which are associated with an approximate 10-fold 

reduction in the rate of folding and a 2-fold increase in the rate of unfolding (Table 4.2).  

There is not much data in the literature to aid in the interpretation of folding and 

unfolding rate changes in response to mutations.  However, in a study of core-packing 

mutations in spectrin SH3 domain, Serrano and coworkers suggested a direct correlation 

between reduction of strain and decreased rates of unfolding, as well as a relationship 

between increased van der Waals contacts and increased rates of folding (Ventura et al., 

2002).  Since each of the residues in both turn structures are solvent accessible, the 

primary contributor to changes in stability and folding kinetics would appear to be 

structural strain. 

The substitution of the turn 8 sequence into the turn 4 region exhibited virtually no 

effect upon stability or folding kinetics (Table 4.1 and 4.2).  This result suggests that the 

Ser50àGlu, Val51àAsn and Gly52àHis mutations are not introducing any 

significantly different structural strain or van der Waals interactions within the turn 4 

region.  This is not the case with the corresponding substitution of the turn 4 sequence 

into the turn 8 region.  Substitution mutations at positions 91 and 92 destabilize the 

protein by 6.5 kJ/mol with a corresponding approximately 3-fold increase in the rate of 

unfolding and 3-fold decrease in the rate of folding.  The substitution mutation at position 

93 stabilizes the protein by approximately 9 kJ/mol.  If the combined effects of these 

mutations at positions 91-93 were additive, the substitution of the turn 4 sequence into 

the turn 8 region should stabilize the structure by 2.5 kJ/mol, however, the actual 

combined mutation destabilizes the protein by 2.1 kJ/mol.  This non-additive effect, 

contributing to in stability, is indicative of structural strain associated with side chain 

interactions. 

Despite the importance of β-sheet structures in proteins, the principles underlying 

their formation and stability are not well understood.  There are two different views 

regarding the contributions of residues within turn regions upon the turn conformation.  

One view is that turn residues can determine β-hairpin conformation (deAlba et al., 1997).  

The other view is that turn regions in protein may be able to maintain their conformation 
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despite variations in the turn sequence (Searle et al., 1995).  Several groups have 

examined the influence of the turn sequences on the formation and stability of β-hairpins 

(Blanco et al., 1998; Chen et al., 2001; de Alba et al., 1999b; Griffiths-Jones et al., 1999; 

Ramirez-Alvarado et al., 1997).  However, these studies used a small peptide or synthetic 

peptide for the study, and thus the effects of regions outside of the turn region (as would 

be present in larger globular proteins) could not be determined.  In the present study 

involving two turns within FGF-1, three mutant structures were solved involving either 

Gly mutations or “swapping” mutations within turn 4 region (Val51àAsn, 

Ser50àGly/Val51àGly and Ser50àGlu/Val51àAsn) (Table 4.3).  All three mutant 

structures in the turn 4 region resemble the wild type structure (Table 4.4).  These data 

indicate Gly substitution or sequence swapping of turn 8 into turn 4 did not affect the 

local turn structure.  To investigate the corresponding types of mutations upon the turn 8 

conformation, we used NMR to analyze the turn 8 structure of the 

Glu91àSer/Asn92àVal/His93àGly triple mutant.  The intense NOE between residue 

91 (i+1) and 92 (i+2) eliminates the possibility that turn 8 adopts a type II or type II’ 

conformation.  Likewise, the intense NOE between 92 (i+2) and 93 (i+3) eliminates the 

possibility that a type I’ is formed in turn 8 (Figure 4.4).  Thus, this data is consistent  

with the interpretation that the turn 4 sequence introduced into turn 8 did not alter its wild 

type conformation.  These results support the general hypothesis of Searle et al. with 

regard to turn sequences and structures.  

What is the basis of the different β-hairpin structures observed at turns 4 and 8 if 

it is not due to the residues within the turn regions themselves?  A structural overlay of 

the β-hairpin regions associated with turn 4 and 8 indicates that the main chain region 

outside of the turns is essentially identical in structure (Figure 4.5), therefore, the 

different turn conformations do not appear to be due to main chain structural differences 

that define the start and end points of the turn.  When the corresponding side chains are 

evaluated for the overlaid β-hairpins, however, it becomes clear that a Leu residue at 

position 89 in the turn 8 (equivalent to position 48 in turn 4) would have a close contact 

(2.67 Å) with the main chain carbonyl of position 50 in turn 4 (equivalent to position 91 

in turn 8).  In other words, it would appear that the low energy structural conformation of 
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turn 4 would not be possible if position 89 (just outside of the turn region) was a Leu.  In 

turn 4, the equivalent residue at this position is Ala, and eliminates any such bad contact.  

The rotamer of the Leu residue (trans) at position 89 may be determined by packing 

interactions with side chains on the same face of the β-hairpin, including residue  position 

Glu87, Asn 95, and Tyr97 (Figure 4.6).  Thus, we hypothesize that the structure of turn 8 

is influenced by residue 89, just prior to the beginning of the turn.  In this regard, an Ala 

mutation at this position may allow turn 8 to adopt the turn 4 configuration.  Alternatively, 

substitution by smaller residues at position 87, 95 and/or 97 may allow the Leu at 

position 89 to adopt an alternative rotamer (gauche+) that will eliminate a close contact 

with the main chain carbonyl at position 91, thus turn 8 adopt the turn 4 conformation.  

This hypothesis will form the basis of further studies.   
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Table 4.3 Crystallographic data collection and refinement statistics. 
 WTa V51N S50G/V51G S50E/V51N 

Crystal Data 

Space Group C2221 C2221 C2221 C2221 

a (Å) 74.1 74.77 74.9 74.4 

b (Å) 96.8 96.8 97.0 96.3 

c (Å) 109.0 108.0 108.0 109.1 

Matthews’  constant 2.96 2.96 2.97 2.96 

Max resolution (Å) 1.65 2.00 2.05 1.80 

Data Collection and Processing 

Total/unique reflections  334,966/ 

26,820 

330,387/ 

25,055 

145,475/ 

36,350 

% compl.  99.9 99,9 99,0 

% compl. (highest shell)  99.9 100.0 95.1 

I/σ (overall)  35.6 30.0 21.6 

I/σ (highest shell)  4.3 3.6 2.2 

Wilson B (Å2)  12.8 11.9 9.7 

R merge (%)  5.9 7.9 5.8 

Refinement 

Rcryst (%)  19.0 19.7 18.5 

Rfree (%)  22.7 22.7 21.4 

R.M.S. bond len. dev.(°)  0.008 0.007 0.008 

R.M.S. bond ang. dev.(°)  1.5 1.5 1.5 

PDB ID  1PZZ 1Q03 1Q04 

a(Brych et al., 2001)
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Figure 4.5 Overlay of Turn 4 (residues 45-57) and Turn 8 regions (residues 86-98).  
The distance is between Ser50 and Leu89 side chain. 
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Figure 4.6 Relaxed stereo diagram close up of the overlay of turns 4 and 8 with side 
chain residues indicated.
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Table 4.4 The main chain φ, ψ angle comparison between wild type FGF-1 and three 
mutant structures.  The red colored indicates the mutated position. 

   48 (A) 49 (E) 50 (S) 51 (V) 52 (G) 53 (E) 

WT A φ -101.8 -86.2 -100.0 -59.9 85.2 -110.4 

 B  -89.5 -114.5 -86.7 -57.7 86.3 -108.5 

V51N A  -88.2 -94.0 -148.0 -59.3 83.6 -109.1 

 B  -93.4 -110.5 -84.3 -56.2 82.2 -110.7 

S50G/V51G A  -78.9 -109.6 -64.3 -62.4 80.6 -103.5 

 B  -92.0 -114.4 -76.5 -64.8 69.5 -107.1 

S50E/V51N A  -90.6 -116.9 -77.6 -56.5 86.8 -104.7 

 B  -90.5 -120.9 -83.2 -56.7 85.9 -107.5 

WT A ψ 136.8 -87.6 172.8 128.1 -4.0 134.5 

 B  157.0 -102.3 173.7 128.6 -1.4 136.4 

V51N A  127.9 -39.3 167.5 124.2 -7.6 134.7 

 B  148.6 -105.0 169.3 133.6 -4.3 136.1 

S50G/V51G A  129.7 -119.6 -179.3 118.8 -2.6 145.8 

 B  144.3 -110.7 -172.1 129.2 8.8 145.5 

S50E/V51N A  153.1 -111.8 169.5 129.0 -6.5 144.6 

 B  157.9 -107.9 169.7 133.4 -5.0 143.0 
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CHAPTER 5 

 

ASYMMETRIC BEHAVIOR AMONG SYMMERIC β -TURNS  

 

 

5.1 Introduction 

  

Non-Gly residues located in the left-handed α-helical region (L-α) of the 

Ramachandran plot (0°<φ< +90°, 0°<ψ< +90) have attracted attention due to the potential 

for structural strain between side chain Cβ and main chain groups (Gu et al., 1997; Kim & 

Frieden, 1998; Kimura et al., 1992; Masumoto et al., 2000; Nicholson et al., 1989; Stites 

et al., 1994; Takano et al., 2001).  Evaluation of strain has been experimentally 

quantitated by comparing equivalent Gly and Ala mutations at these positions, however, 

no consistent contribution to the overall stability of the protein has been demonstrated.  

However, in the chapter 3, we demonstrated that by adding one more criteria (requiring 

the position to be the i+3 residue within a type I β-hairpin), we can identify a consistent 

stability effect for Gly and Ala substitutions within the L-α of the Ramachandran plot 

(Kim et al., 2003).   

In this chapter, we extended the result to three additional 3:5 type I turn regions in 

FGF-1 (turn II (residues 26-29), VI (residues 68-71) and X (residues 112-115)).  

Although differing in primary sequence, these turns are identical in length, related by the 

three-fold symmetry of the tertiary structure, and are all identified as type I β-hairpin 

turns and contain a Gly residue at the i+3 position of the turn.  GlyàAla substitutions 

were introduced at the i+3 position in each of these turns in order to identify any 

consistency with the previous results. 
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5.2 Materials and Methods  

 

5.2.1 Circular Dichroism 

 Samples of FGF-1 in ADA buffer were allowed to equilibrate to different GuHCl 

concentration overnight at 4°C.  Circular dichroism measurements were carried out with 

a model 62A DS circular dichroism spectrometer (AVIV, Burlington, MA), fitted with a 

thermoelectric cuvette holder and interfaced with a model CFT-33 refrigerated 

recirculator (NESLAB).  Isothermal (298 K) CD spectra were acquired by scanning from 

260 nm down to 210 nm in 1-nm increments with a 1-nm bandwidth.  A 1-mm pathlength 

cuvette was used to minimize the absorption effect from ADA buffer in the far UV range.  

Triplicate scans were recorded and averaged.  After subtraction of buffer from protein 

spectra, the data were converted to molar elipticity (deg.cm2.dmol-1).  A difference CD 

spectrum for FGF-1, comparing native and denatured states, exhibits a maximum at 227 

nm.  The CD data at 227 nm were analyzed using a six-parameter, two state model.    

   

 

5.3 Result 

 

Neither the Gly71àAla, nor the Gly115àAla point mutations could be isolated 

due to excessive aggrega tion during purification.  Such aggregation can reflect a 

significantly reduced stability for the introduced mutations.  Subsequently, both point 

mutations were introduced into a mutant form of FGF-1 with residues 104-106 deleted 

and incorporating an Ala103àGly mutation.  This mutant background (G∆EKN) 

increases the stability of the FGF-1 protein by 7 kJ/mol.  The Gly115àAla point mutant 

could be isolated in this background, however, the Gly71àAla point mutation still 

exhibited substantial aggregation and could not be isolated.  In an effort to isolate the 

Gly71àAla point mutant, we incorporated an additional stabilizing mutation into the 

G∆EKN background of His93àGly.  This point mutation increases the stability of the 

wild type protein by 6.6 kJ/mol.  The introduction of the His93àGly mutation into the 

G∆EKN background was anticipated to provide additional increase in stability of 
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approximately 14 kJ/mol.  Point mutations Gly71àAla, as well as Gly29àAla, were 

subsequently introduced into the His93àGly/G∆EKN background.  The Gly29àAla 

mutation in this background was isolated with typical yield (~40mg/ml).   

 

5.3.1 Isothermal equilibrium denaturation 

Analysis of the isothermal equilibrium denaturation of the His93àGly/G∆EKN 

FGF-1 mutant indicated a 15.6 kJ/mol increase in stability (Table 5.1).  The effect of the 

His93àGly mutation with the G∆EKN background is, therefore, largely additive.  In 

comparison to the His93àGly/G∆EKN background protein, the Gly29àAla point 

mutation resulted in a 10.2 kJ/mol decrease in stability (Table 5.1).   

The isothermal equilibrium denaturation of the Gly115àAla point mutation 

constructed in the G∆EKN background exhibited an unusual reduction in the 

fluorescence signal upon the additional of low concentration of denaturant (i.e. 0-0.2 M 

GuHCl).  With the exception of these initial few points, the data exhibited excellent 

agreement with the two-state model of denaturation.  In comparison to the G∆EKN 

background, the introduced Gly115àAla point mutation resulted in 11.5 kJ/mol decrease 

in stability (Table 5.1).   

The Gly71àAla point mutation in the His93àGly/G∆EKN background protein 

exhibited an atypical fluorescence profile in response to an added denaturant (Figure 5.1).  

In particular, the quenching of the Trp107 fluorophore under low denaturant conditions 

was abolished.  In response to the added denaturant, the fluorescence intensity actually 

decreased (the opposite of the behavior of the native protein and all other studied to date) 

and exhibited a redshift in wavelength.  Analysis of the redshift as a function of 

denaturant was characteristic of a cooperative transition (Figure 5.2) with thermodynamic 

values given in Table 1. 
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Table 5.1 Thermodynamic parameters for WT FGF-1 and mutant proteins 
determined from isothermal equilibrium denaturation. 

Protein ∆G0 

(kJ/mol) 

m-value 

(kJ/molM) 

Cm 

(M) 

∆∆Ga 

(kJ/mol) 

WT 21.1 ± 0.6 -18.9 ± 0.6 1.11 ± 0.01 - 

His93àGly 28.6 ± 0.1 -19.8 ± 0.1 1.45 ± 0.01 -6.6 

∆EKN/Ala103àGly 26.8 ± 0.8 -17.9 ± 0.6 1.49 ± 0.01 -7.0 

His93àGly/∆EKN/Ala103àGly 33.9 ± 0.1 -17.1 ± 0.1 1.98 ± 0.01 -15.6 

Gly29àAla/ 

His93àGly/∆EKN/Ala103àGly 

23.7 ± 0.8 -17.1 ± 0.6 1.38 ± 0.01 -4.9 (10.2)b 

Gly115àAla/ 

∆EKN/Ala103àGly 

17.1 ± 0.7 -19.5 ± 0.7 0.88 ± 0.02 4.5 (11.5)c 

Gly115àAla/ 

∆EKN/Ala103àGly (CD) 

17.2 ± 2.6 -18.1 ± 2.9 0.95 ± 0.07 3.0 (9.8)c 

G71àAla/His93àGly 

/∆EKN/Ala103àGly 

18.9 -21.3 0.89 2.2 (15.0)c 

a∆∆G = (Cm wild type - Cm mutant)*(mwild type + mmutant)/2 (Pace & Scholtz, 1997). A negative 
value for ∆∆G indicates a more stable mutant. bValues in parentheses are in relationship 
to the  H93G/∆EKN/A103G mutant. cValues in parentheses are in relationship to the 
∆EKN/A103G mutant.  All errors are listed as standard error of multiple data sets. 
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5.3.2 Circular Dichroism 

 As previously mentioned, the Gly115àAla mutation in the G∆EKN FGF-1 

mutant background exhibited a slight increase in quenching of the fluorescence signal 

upon addition of low concentrations of denaturant.  This fluorescence behavior may 

indicate an effect upon stability, or a change in the local environment of the Trp107 

fluorophore (although position 115 is ~18Å distal to position 107).  To distinguish 

between these possibilities, isothermal equilibrium denaturation was monitored us ing 

circular dichroism (CD) at 227 nm.  Analysis of the molar elipticity at 227 nm as a 

function of denaturant was characteristic of a cooperative transition (Figure 5.3) with 

thermodynamic values given in Table 1.  The CD signal is a composite of contributions 

from all the secondary structure in the protein and is less sensitive to local structural 

perturbations.  The CD analysis indicates that the Gly115àAla mutation destabilized the 

protein by 9.8 kJ/mol in comparison to the G∆EKN background, and agrees well with the 

isothermal equilibrium as monitored by fluorescence signal (11.5 kJ/mol destabilizing) 

(Table 5.1). 

 

 

5.4  Discussion 

 

 In chapter 3, we found there is a remarkable consistency in protein stability for 

the i+3 residue position in type I turns located within the L-α region.  We hypothesized 

that this consistency effect will be found for any protein as long as the residue in question 

satisfies the requirement of being located at the i+3 position within a type I β-hairpin turn.  

To test this hypothesis, we analyze three more turn regions in FGF-1 that are 

symmetrically related and also type I turns.  These turns are located at positions 26-29 

(turn II), 68-71 (turn VI) and 112-115 (turn X) and are related to each other by the three-

fold symmetry of the tertiary structure.  Each of these turns differ with regard to the local 

sequence, however, all contain a Gly residue at the i+3 position, and this residue is 

located in the L-α region of the Ramachandran plot (Figure 5.4). 
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Figure 5.1 Florescence intensity change upon adding the denaturant (GuHCl) of 
Gly71àAla with His93àGly/G∆EKN background.  The intensity of native state and 
denatured state are marked. 
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Figure 5.2 Redshift against different denaturant (GuHCl) concentration of 
Gly71àAla with His93àGly/G∆EKN background.  Blue curve is the fitting to two-state 
model. 
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Figure 5.3 The molar elipticity at 227 nm of Gly115àAla with G∆EKN as a 
background.  Blue curve is the fitting to two-state model. 
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For the present study, we substituted Ala residues at each of these positions.  If the results 

follow our previous study, we expect that the Ala mutation should destabilize the proteins 

by approximately 10 kJ/mol.  It should be noted that the local amino sequence involving 

residue position 29, 71 and 115 are not conserved (and neither are they identical to the 

turn sequence previously studies).  Furthermore, the accessibility of the turn regions 

involving positions 29, 71 and 115 are substantially reduces in comparison to the 

previous turn region (Table 5.2).  Therefore, if results from the present set of mutations 

generally agree with the prior results, it will identify a uniquely key position with regard 

to the folding and stability of protein structures. 

 In quantitating the stability effects of the Ala mutations at positions 29, 71 and 

115, we employed thermostable mutant   forms of FGF-1.  Due to the relatively low 

stability of wild type FGF-1, the introduced mutations appear to have destabilized the 

structure to the extent that recovery of appropriate of natively folded protein was not 

possible with the wild type background.   However, since the stability the effects of 

thermostable forms of FGF-1 has been determined, we can directly compare the effects of 

the introduced Ala mutations to the appropriate background protein in order to 

quantitated the effects of the Ala mutations alone. 

 The Gly29àAla mutation destabilized the structure by 10.2 kJ/mol and is similar 

in magnitude to the effects on stability seen for other GlyàAla mutations at the i+3 

position in type I turns (Chapter III).  Similarly, the Gly115àAla mutation destabilized 

the protein by 11.5 kJ/mol (monitored by fluorescence) or 9.8 kJ/mol (monitored by CD).   

If the denaturation is two-state, we expect different spectroscopic methods to yield 

identical results (within experimental error).  In a comparison of various biophysical 

methods of determining stability for wild type FGF-1 (i.e. isothermal equilibrium 

denaturation, differential scanning calorimetry and folding kinetics), we have observed 

excellent cross-validation, with a standard error of typically 1kJ/mol (~200 cal/mol).  

Thus, the results of the fluorescence and CD analysis are in generally good agreement.  

Due to the global nature of the CD signal, we expect that it is a more accurate value of 

the stability in this case.  Thus, the value of 9.8 kJ/mol destabilization for the 

Gly115àAla mutation is in good agreement with the value of 10.2 kJ/mol for the 

Gly29àAla mutation (at a symmetry related turn position). 
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Figure 5.4 Ramachandran plot showing the main chain φ, ψ  angle distributions for 
Gly29, 71, and 115 in wild type FGF-1.   
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Table 5.2 Solvent accessibility calculation of non-His tagged wild type FGF-1 
4mol/ASU) using 1.4 Å probe  

Residue Molecule N Ca C O Total 

29 A 0.66 13.35 2.62 1.28 17.91 

 B 0 9.41 2.97 1.92 14.3 

 C 0.36 8.74 1.78 4.97 15.85 

 D 0 11.32 2.81 4.5 18.63 

62 A 1.77 22.37 1.54 5.65 31.33 

 B 2.03 20.95 0 5.26 28.24 

 C 1.85 17.52 1.03 5.26 25.66 

 D 1.56 24.7 1.55 4.07 31.88 

71 A 0 0 0 0.03 0.03 

 B 0 0 0 0.07 0.07 

 C 0 0 0 0 0 

 D 0 0 0 0 0 

93 A 0 0 0.54 5.22 5.76 

 B 0 0 0 9.36 9.36 

 C 0.39 7.61 0 4.55 12.55 

 D 0.03 1.67 0 6.61 8.31 

115 A 0 1.03 2.72 0.03 3.78 

 B 0 2.53 2.26 0 4.79 

 C 0 1.69 2.61 0 4.3 

 D 0 6.84 1.25 0 8.09 
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The Gly71àAla mutation destabilizes the protein by 15.0 kJ/mol, and is 

destabilizing to a greater extent than the other mutations.  The environment around 

position 71 is uniquely different from position 29 or 115.  In particular, modeling studies 

indicate that an Ala mutation at position 71 will cause a close contact of 2.6Å with the 

proline side chain of position 121.  This is a unique interaction for position 71 that is not 

shared by the symmetry related positions 29 or 115.  Pro121 is located within a 3 amino 

acid “insertion” involving position 120-122, that is not present at symmetry related 

positions in the tertiary structure.  This close contact with Pro121 will necessitate 

adjustment of the structure in this region.  Since Pro121 is a packing neighbor of Trp107 

(the fluorophore in these spectroscopic studies), perturbation of these residues in response 

to the Ala mutation at position 71 provides a structural rationale for the dramatic changes 

in the fluorescent signal observed with this mutation (Figure 5.5).  Our original 

hypothesis regarding an expected ~10 kJ/mol decrease in stability with the presence of a 

non-Gly residues at the i+3 position of a type I turn, regardless of local sequence or 

structure, should therefore be modified to be an expected lower limit.  Larger effects 

upon stability (up to 15 kJ/mol in the case of position 71 in FGF-1) can be expected for 

situation in which local packing can introduce bad contacts when a non-Gly residues is 

substituted (even one as small as Ala).  Nonetheless, it is a dramatic result to be able to 

identify a single structural property, independent of local sequence or neighboring effects, 

with such a predictable effect upon protein stability. 
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Figure 5.5 Modeling of Gly71àAla.  The diagram shows the close contact between 
Ala71 Cβ and Pro121 (2.6 Å). 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE STUDIES 

 

The broad objectives of the project were to investigate the consequences of 

primary sequence identity on turn regions of FGF-1 between the elementary structural 

units that comprise one of known fundamental protein folds: the β-trefoil.  The more 

specific goal was to understand the consequences of introducing symmetry at the level of 

the primary sequence or the length within turn regions upon protein stability and 

foldability.  A combination of methodologies was used for the project including; 

mutagenesis, structure determination by x-ray crystallography, thermodynamic analysis 

of protein stability, analysis of protein folding kinetics, and structure determination by 

NMR.      

The x-ray crystal structures of wild type and various mutants of FGF-1 had been 

solved in five different space groups: C2, C2221, P21 (4 molecules/asu), P21 (3 

molecules/asu) and P212121.   These structures revealed two characteristically different 

conformations for the β8/β9 β-hairpin comprising residue positions 90-94. This region in 

the wild-type FGF-1 structure (P21, four molecules/asu), a his-tagged His93→Gly mutant 

(P21, three molecules/asu) and a his-tagged Asn106→Gly mutant (P212121) adopted a 3:5 

β-hairpin known as a type I (1-4) G1 β−bulge (containing a type I turn).  However, a his-

tagged form of wild-type FGF-1 (C2221) and a his-tagged Leu44→Phe mutant (C2) 

adopted a 3:3 β-hairpin (containing a type I' turn) for this same region.  The effects of 

glycine mutations upon stability, at positions within the hairpin, had been used to identify 

the most likely β-hairpin structure in solution. The results indicated that the 3:3 β-hairpin 

containing a type I' turn in some FGF-1 crystal forms was adopted due to the effects of 

crystal packing interactions.  Type I' turns in the structural data bank were quite rare, and 

a survey of these turns revealed that a large percentage exhibited crystal contacts within 



 87 

3.0Å.  The results suggested that many of the type I' turns in x-ray structures might be 

adopted due to crystal packing effects.  We also propose that type I’ turns may also 

represent useful structural markers identifying conformationally dynamic regions in 

protein structures.   

Specific residues in a polypeptide may be key contributors to the stability and 

foldability of the unique native structure.  Identification and prediction of such residues 

is, therefore, an important area of investigation in solving the protein-folding problem.  

Atypical main chain conformations can help  identify strain within a folded protein, and 

by inference, positions where unique amino acids may have a naturally high frequency of 

occurrence due to favorable contributions to stability and folding.  Non-Gly residues 

located near the left-handed α-helical region (L-α) of the Ramachandran plot are a 

potential indicator of structural strain.  Although many investigators have studied 

mutations at such positions, no consistent energetic or kinetic contributions to stability or 

folding have been elucidated.  We report a study of the effects of Gly, Ala and Asn 

substitutions found within the L-α region at a characteristic position in defined β-hairpin 

turns within human acidic fibroblast growth factor, and demonstrate consistent effects 

upon stability and folding kinetics.  The thermodynamic and kinetic data are compared to 

available data for similar mutations in other proteins, with excellent agreement.   The 

results have identified that Gly at the i+3 position within a subset of β-hairpin turns is a 

key contributor towards increasing the rate of folding to the native state of the 

polypeptide while leaving the rate of unfolding largely unchanged. 

We demonstrated that by adding one more criteria (requiring the position to be the 

i+3 residue within a type I β-hairpin), we could identify a consistent stability effect for 

Gly and Ala substitutions within the L-α of the Ramachandran plot.  We extended our 

target turn region to three additional 3:5 type I turn in FGF-1 to see the consistent results.  

We substituted each i+3 residues (all Gly) of three turn regions with Ala.  The stability 

data of two-turn regions GlyàAla substitution matched to what we expected (~10 kJ/mol 

destabilization effect) from previous studies.  One mutant (Gly71àAla), however, 

showed extra destabilization effect (~15 kJ/mol).  We found this additional effect might 

from the bad contact of non-Gly residue with neighboring atoms (Pro121).  Nonetheless, 
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we could identify a single structural property, independent of local sequence or 

neighboring effects, with a predictable effect upon protein stability.                 

The turn 4 and turn 8 region of FGF-1 has a different turn conformations, even 

though there is no insertions or deletions.  By using NMR and Gly substitutions, we 

prove that the double conformation of turn 4 is not from the crystal-packing artifact.  We 

also prove that the turn 4 region is a low-energy conformation with little associated 

structural strain by using Gly screening and swapping turn 8 sequences into turn 4 

sequences.    We also show that turn 8 region has a strain based on the significant effects 

upon both the protein stability and rate of folding or unfolding.  By using three turn 4 

mutant structures and one turn 8 mutant NMR analysis, we show that the variable turn 

sequences within turn regions do not affect the structure, rather we find the adjacent 

residue to turn region (Leu89) is the key residue for determining the turn structure.      

We demonstrated that type I’ turn can be introduced by a crystal packing artifact 

and also can be used as a marker to identify conformationally dynamic regions in protein 

structures (chapter 2).  We identified a key structural element for protein folding within 

β-hairpin turns (chapter 3).  We also observed the additional destabilization effect of 

Gly71àAla mutation (chapter 4).  We hypothesized that this effect is from the bad 

contact of non-Gly residue with neighboring atoms (Pro121).  By constructing 

Gly71àAla with a ∆121 background, we could test this hypothesis.  We also 

hypothesized the adjacent residue (Leu89) of turn region is the key factor determining the 

turn conformation (chapter 5).  By swapping Leu89 with an equivalent residue (Ala48), 

we could test this hypothesis. 

We accomplished many goals related turn regions of FGF-1 upon stability, 

foldability and structure.  However, there are still many unanswered questions remain.  

Originally, we hypothesized the unique sequences in turn regions may have been selected 

for on the basis of efficient folding and avoiding kinetically trapped intermediate.  By 

increasing the symmetry of sequences and lengths within symmetric related turn regions, 

we could test our original hypothesis.  Furthermore, by combining the turn studies and 

the hydrophobic core studies, we could elucidate consequences of increased sequence 

symmetry upon the protein stability and folding.      
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Residues HN N HA CA CB 

Y8 8.31 120.49 4.68 58.12 39.09 

K9 8.16 121.05 4.24 57.94 33.52 

K10 8.08 119.98 4.69 54.60 33.38 

K12 9.47 119.35 5.03 54.18 38.00 

L13 9.05 117.69 4.89 53.37 44.14 

L14 10.43 125.35 4.96 54.63 43.29 

Y15 8.62 125.96 4.64 57.44 40.58 

C16 9.35 130.30 4.12 58.23 29.63 

S17 8.28 122.77 3.86 60.55 64.66 

N18 7.47 119.48 4.35 54.98 38.33 

G19 8.54 120.73 4.71   

G20 7.23 109.55 3.16 46.94  

H21 6.42 113.87 4.06 57.01 34.54 

F22 9.40 120.80 5.37 57.31 40.43 

L23 8.56 125.13 4.27 57.31 43.95 

R24 9.46 127.04 4.68 55.92 35.41 

I25 7.09 121.17 4.54 60.61 39.60 

L26 9.05 128.20 4.15 54.33 41.35 

D28 7.53 114.24 4.49 54.09 40.23 

G29 8.53 109.42 4.60 45.93  

T30 8.00 117.16 4.42 64.11 70.09 

V31 7.93 123.44 5.05 60.93 34.64 

D32 9.04 131.43 4.28 53.56 41.48 

G33 8.02 102.65 5.49 44.77  

T34 8.65 112.94 5.16 59.46 70.00 

R35 9.10 127.65 4.63 57.68 30.52 

D36 8.46 121.19 4.62 54.19 41.36 

R37 8.42 126.37 3.57 57.66 31.14 

S38 8.52 114.03 4.37 58.64 64.48 

D39 7.21 125.11 4.25 55.81 44.27 

Q40 8.92 125.20 4.00 58.03 29.38 
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Residues HN N HA CA CB 

H41 9.78 117.46 4.79 59.02 29.06 

I42 6.82 108.85 5.08 60.98 38.77 

Q43 7.18 120.06 4.23 57.69 28.02 

L44 9.21 127.95 5.28 54.01 44.98 

Q45 9.68 120.89 4.60 54.43 32.03 

L46 9.06 131.97 5.46 55.76 43.44 

S47 8.68 115.91 4.64 57.58 65.61 

A48 8.49 125.87 5.00 52.02 20.23 

E49 8.62 125.78 4.42 57.41 31.04 

S50 8.15 114.03 4.49 57.59 64.36 

V51 8.22 121.37 3.82 65.58 31.78 

G52 8.95 115.86 4.26 46.38  

E53 8.11 121.70 5.40 55.46 32.19 

V54 9.68 116.65 5.48 59.52 36.43 

Y55 8.56 117.78 5.26 57.08 42.10 

I56 10.65 123.38 4.31 62.35 40.51 

K57 8.64 126.15 4.95 53.96 37.54 

S58 9.03 117.84 4.64 57.74 63.75 

T59 8.47 123.42 3.98 65.45 68.25 

E60 8.49 122.21 4.29 58.63 31.17 

T61 7.82 103.21 4.65 61.31 71.77 

G62 7.78 111.04 4.11 46.30  

Q63 7.29 115.93 4.30 56.62 33.18 

Y64 9.38 119.68 4.79 57.31 41.42 

L65 9.25 123.82 4.12 56.05 43.25 

A66 8.71 127.19 5.09 51.23 23.99 

M67 7.64 117.06 5.48 55.01 37.75 

D68 9.27 128.52 5.03 54.24 42.12 

T69 8.08 107.77 4.12 65.30 69.54 

D70 8.48 120.08 4.93 54.67 42.61 

G71 8.40 109.42 3.34 45.65  

L72 8.74 124.16 4.51 54.87 43.28 
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Residues HN N HA CA CB 

L73 7.56 124.45 5.67 54.49 43.28 

Y74 9.37 120.68 4.98 56.84 41.58 

G75 9.02 105.86 4.65 44.26  

S76 9.73 120.14 4.94 56.35 65.66 

Q77 9.43 127.49 4.26 58.86 29.80 

T78 7.66 108.48 4.82 58.00 70.75 

N80 7.45 119.36 4.71 52.76 39.84 

E81      

E82 8.68 119.31 4.18 58.99 28.79 

C83 7.85 113.96 5.39 58.44 28.78 

L84 6.37 118.35 4.51 54.52 44.92 

F85 9.20 122.64 5.12 57.63 43.27 

L86 10.08 122.30 5.17 53.91 41.53 

E87 8.32 126.13 4.79 55.25 33.71 

R88 8.96 129.59 4.70 55.07 33.36 

L89 8.45 125.99 4.86 55.16 43.14 

E90 9.19 125.76 4.76 55.05 31.62 

E91 8.89 120.54 4.13 58.31 30.11 

N92 8.52 114.99 4.37 54.46 37.90 

H93 8.20 109.12 4.22 58.04 27.62 

Y94 7.74 117.98 4.81 58.86 41.36 

N95 9.95 119.19 5.79 51.81 42.79 

T96 8.53 108.83 5.08 60.11 73.55 

Y97 10.37 119.33 5.43 57.96 41.74 

I98 8.89 122.76 4.60 59.82 42.08 

S99 8.37 120.59 3.99 58.92 65.00 

K100 8.11 130.59 3.77 60.63 33.70 

K101 8.71 120.47 3.80 58.76 33.22 

H102 7.38 115.11 4.56 54.12 30.07 

A103 7.24 125.49 3.80 56.56 19.38 

E104 8.94 118.03 4.03 58.87 29.07 

K105 7.29 116.49 4.22 55.66 32.51 
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Residues HN N HA CA CB 

N106 7.97 113.89 3.74 55.03 37.98 

W107 6.48 116.41  55.90 31.04 

F108 8.14 124.31 5.34 58.03 41.92 

V109 8.61 120.46 3.90 63.61 33.21 

G110 9.10 114.79 5.23 46.66  

L111 8.24 119.40 4.92 53.96 45.98 

K112 8.95 119.12 4.19 56.77 33.97 

K113 9.12 122.34 3.63 60.35 32.55 

N114 7.49 113.05 4.67 52.25 37.88 

G115 7.78 110.11 3.34 44.93  

S116 7.43 112.55 4.72 57.80 65.37 

C117 9.17 120.10 4.39 60.53 28.65 

K118 8.22 128.67 4.35 54.80 33.72 

R119 8.69 124.85 4.23 57.00 31.78 

G120 9.54 107.04 3.19 48.54  

R122 8.19 116.32 4.48 54.61 29.76 

T123 7.77 111.99 5.16 61.30 72.76 

H124 7.22 113.01 4.85 55.95 31.93 

Y125 9.09 122.84 3.90 61.49 38.45 

G126 8.14 116.89 4.35 45.34  

Q127 7.11 118.48 4.24 55.32 30.16 

K128 8.60 121.53 3.77 58.99 32.39 

A129 7.65 116.51 3.92 55.09 21.41 

I130 5.91 101.40 5.13 60.02 38.37 

L131 6.86 121.73 4.56 54.43 42.24 

F132 9.35 122.05 5.60 57.35 44.47 

L133 10.06 125.40 5.26 51.73 46.25 

L135 9.80 129.40 5.01 52.29 44.86 

V137 8.10 118.45 3.78 64.06 32.52 

S138 7.97 116.43 4.53 57.87 64.73 

S139 8.48 118.38 4.46 58.71 64.52 

D140 8.04 127.60 4.38 56.35 42.57 
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Residues Cross Diagonal 
J 

(Intensity) Cross Diagonal 
J 

(Volume) 

Y8 2.42 7.57 6.27 79.11 189.31 7.00 

K9 1.77 7.97 5.38 61.92 217.67 5.98 

K10 3.88 14.76 5.78 146.39 313.06 7.31 

K12 1.73 3.78 7.25 62.62 102.21 8.10 

L13 1.37 4.93 5.92 51.52 284.31 4.91 

L14 0.75 2.17 6.47 17.46 55.17 6.25 

Y15 0.52 11.97 2.51 50.72 409.89 4.13 

C16 0.66 2.56 5.75 20.19 63.89 6.25 

S17 0.47 6.83 3.12 1.77 156.77 1.29 

N18 0.84 12.60 3.09 17.31 389.76 2.53 

G19 2.56 8.07 6.25 86.53 160.59 7.72 

G20 0.33 2.36 4.35 2.22 58.38 2.35 

H21 1.16 3.49 6.37 41.58 70.64 7.98 

F22 0.85 1.82 7.30 23.26 189.16 4.11 

L23 0.18 3.57 2.72 0.89 81.00 1.27 

R24 1.12 3.05 6.63 38.82 101.45 6.76 

I25 1.07 1.86 7.91 41.20 66.04 8.15 

L26 0.81 4.22 5.04 21.48 109.18 5.09 

D28 3.05 9.90 6.18 107.14 317.32 6.42 

G29 1.60 6.82 5.51 58.68 132.18 7.17 

T30 1.29 5.75 5.40 41.90 92.26 7.23 

V31 2.61 5.61 7.30 103.12 122.84 9.05 

D32 1.10 7.60 4.43 28.99 182.77 4.62 

G33 1.06 3.47 6.16 30.99 99.44 6.21 

T34 1.63 4.55 6.59 60.26 123.18 7.44 

R35 1.02 3.36 6.13 32.94 75.23 7.13 

D36 1.22 6.20 5.09 42.03 270.43 4.58 

R37 0.78 10.72 3.22 15.06 525.00 2.05 

S38 4.14 9.64 7.07 143.51 183.90 8.82 

D39 0.52 9.10 2.85 2.54 220.86 1.30 



 95 

 

Residues Cross Diagonal J Cross Diagonal J 

Q40 0.58 5.49 3.83 5.98 118.61 2.69 

H41 1.05 2.81 6.70 34.28 64.08 7.70 

I42 0.76 2.05 6.67 19.48 49.28 6.84 

Q43 1.03 4.58 5.39 33.69 103.14 6.33 

L44 1.34 2.69 7.49 53.63 76.38 8.51 

Q45 1.86 4.64 6.88 72.92 116.10 8.17 

L46 1.37 3.32 6.96 44.54 111.60 6.87 

S47 2.47 6.11 6.91 102.32 136.22 8.71 

A48 3.06 14.16 5.31 213.37 882.36 5.57 

E49 4.42 12.16 6.62 185.92 412.98 7.21 

S50 6.16 28.56 5.30 118.56 487.62 5.59 

V51 1.03 22.48 2.57 23.74 557.25 2.48 

G52 1.14 6.47 4.86 43.16 175.26 5.62 

E53 5.81 13.56 7.07 230.90 519.58 7.17 

V54 2.67 6.25 7.06 99.42 131.14 8.74 

Y55 1.58 2.92 7.74 60.03 76.15 8.86 

I56 0.53 1.50 6.52 6.64 36.66 4.91 

K57 2.08 10.16 5.18 81.12 353.08 5.45 

S58 0.81 7.28 3.93 16.73 318.25 2.75 

T59 0.84 6.93 4.09 18.90 144.80 4.23 

E60 1.22 7.84 4.58 42.93 167.32 5.72 

T61 1.26 2.50 7.54 34.42 62.24 7.80 

G62 0.79 5.05 4.59 16.69 121.78 4.32 

Q63 0.49 3.70 4.27 12.36 84.88 4.45 

Y64 0.42 2.63 4.63 24.25 81.81 6.08 

L65 0.26 3.39 3.31 6.46 90.55 3.18 

A66 1.52 4.12 6.65 58.02 110.43 7.65 

M67 1.88 4.72 6.86 68.97 103.30 8.36 

D68 0.81 3.45 5.50 21.48 87.33 5.61 

T69 0.49 6.94 3.16 4.78 187.42 1.93 

D70 3.32 7.24 7.26 127.71 163.93 8.82 

G71 0.73 3.49 5.22 16.40 75.72 5.31 
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Residues Cross Diagonal J Cross Diagonal J 

L72 2.73 8.84 6.19 92.99 168.62 7.79 

L73 0.88 4.77 4.94 19.45 101.60 5.03 

Y74 1.41 5.98 5.51 47.20 197.65 5.54 

G75 0.78 3.50 5.39 19.36 88.01 5.35 

S76 1.65 3.55 7.30 58.57 70.94 9.00 

Q77 0.67 5.51 4.10 13.13 126.55 3.80 

T78 3.98 8.77 7.23 160.18 198.81 8.92 

N80 2.27 12.84 4.86 80.95 338.85 5.54 

E82 1.74 7.77 5.40 64.18 185.03 6.49 

C83 1.48 4.22 6.52 53.53 164.70 6.32 

L84 1.62 5.58 6.03 58.42 122.19 7.38 

F85 1.74 3.11 7.84 69.43 113.73 8.09 

L86 0.94 2.82 6.39 27.25 78.68 6.49 

E87 1.75 5.03 6.50 77.82 256.05 6.14 

R88 1.96 4.07 7.40 79.94 92.98 9.12 

L89 2.55 11.78 5.31 170.63 851.43 5.13 

E90 1.11 2.99 6.67 44.01 74.84 7.98 

E91 0.12 1.04 3.99 0.12 22.12 0.90 

N92 0.22 0.22 9.47 1.26 1.88 8.36 

H93 1.17 4.60 5.70 43.31 119.10 6.62 

Y94 0.61 1.68 6.62 10.48 54.07 5.06 

N95 1.76 4.05 7.11 65.87 94.85 8.47 

T96 1.33 3.77 6.54 47.94 265.85 4.90 

Y97 0.56 1.27 7.13 5.69 33.71 4.75 

I98 1.30 3.08 7.03 49.83 84.55 7.99 

S99 0.28 4.25 3.06 4.50 190.22 1.86 

K100 0.15 2.68 2.84 0.76 64.05 1.33 

K101 0.28 5.02 2.83 5.04 146.50 2.24 

H102 2.17 3.45 8.18 80.07 71.45 9.93 

A103 0.13 6.38 1.73 0.25 166.71 0.47 

E104 0.72 7.70 3.61 11.76 221.82 2.76 

K105 1.76 3.92 7.20 73.69 95.41 8.79 
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Residues Cross Diagonal J Cross Diagonal J 

N106 1.64 6.36 5.73 59.18 181.79 6.32 

F108 0.50 1.52 6.35 6.66 38.25 4.82 

V109 0.56 3.32 4.74 5.72 238.15 1.88 

G110 0.63 2.99 5.23 13.84 75.55 4.93 

L111 1.85 4.37 7.04 67.17 94.78 8.53 

K112 0.57 4.01 4.39 7.77 115.50 3.09 

K113 0.24 4.86 2.67 2.36 137.62 1.59 

N114 2.52 9.86 5.71 131.03 430.75 6.15 

G115 1.05 5.51 5.02 33.54 124.51 5.84 

S116 3.25 19.91 4.68 147.80 627.07 5.51 

C117 0.59 12.70 2.59 7.59 280.11 1.99 

K118 1.50 3.87 6.79 53.21 102.86 7.60 

R119 0.71 9.30 3.29 9.42 235.22 2.41 

G120 0.24 2.63 3.61 4.85 74.83 3.04 

R122 2.68 5.20 7.59 105.48 119.05 9.21 

T123 1.77 4.92 6.60 70.28 119.69 7.97 

H124 1.59 8.02 5.11 55.86 169.81 6.35 

Y125 0.12 6.22 1.67 1.20 189.81 0.97 

G126 0.72 1.88 6.75 14.85 48.43 6.17 

Q127 1.63 12.60 4.21 57.20 389.76 4.46 

K128 0.54 4.78 3.94 7.03 100.46 3.15 

A129 0.15 7.93 1.67 0.80 210.85 0.75 

I130 0.33 1.07 6.15 6.25 23.20 5.84 

L131 1.33 4.43 6.10 45.12 102.30 7.15 

F132 1.33 2.69 7.48 51.51 64.07 8.91 

L133 0.94 2.72 6.48 35.90 66.85 7.71 

L135 1.18 2.91 6.91 44.67 73.97 8.06 

V137 2.37 13.18 4.89 91.24 256.60 6.56 

S138 9.09 23.17 6.83 267.10 433.82 8.11 

S139 2.76 8.05 6.46 89.07 152.62 7.96 

D140 35.67 97.19 6.64 857.78 1446.00 8.00 
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Residues Cross Diagonal 
J 

(Intensity) Cross Diagonal 
J 

(Volume) 

Y8 3.80 10.93 6.50 84.49 265.25 6.27 

K9 2.53 11.71 5.31 49.15 346.77 4.39 

K10 2.40 9.78 5.60 50.16 186.94 5.83 

K12 1.35 2.80 7.41 27.92 62.74 7.17 

L13 1.00 2.90 6.47 17.19 160.81 3.85 

L14 0.38 0.58 8.29 0.38 14.09 1.98 

Y15 0.52 6.37 3.39 5.38 377.25 1.45 

C16 0.56 1.92 6.02 5.00 47.72 3.82 

S17 0.43 5.02 3.49 1.34 122.14 1.27 

N18 0.73 13.57 2.78 8.11 301.37 1.98 

G19 5.02 12.49 6.89 99.84 300.97 6.37 

G20 0.28 1.72 4.69 5.31 46.81 3.96 

H21 1.06 2.52 7.01 19.34 52.84 6.64 

F22 0.73 5.70 4.20 11.39 136.22 3.43 

L23 0.16 2.22 3.18 0.56 89.84 0.96 

R24 0.80 2.27 6.52 12.60 132.61 3.65 

I25 0.89 2.01 7.15 16.67 52.88 6.24 

L26 0.58 3.41 4.76 8.88 85.32 3.81 

D28 3.69 17.14 5.30 65.27 328.23 5.12 

G29 1.41 3.39 6.98 29.16 130.61 5.38 

T30 1.28 4.52 5.96 20.10 170.78 4.03 

V31 2.30 4.84 7.35 54.26 102.98 7.66 

D32 1.28 6.31 5.16 21.81 163.75 4.27 

G33 0.94 2.55 6.65 21.05 70.74 6.09 

T34 1.32 2.90 7.23 27.57 75.20 6.64 

R35 0.89 2.41 6.66 14.49 74.80 5.06 

D36 1.31 2.86 7.25 31.10 145.14 5.29 

R37 0.63 7.67 3.41 9.53 360.86 1.96 

S38 4.14 4.44 9.36 85.75 155.81 7.78 

D39 0.43 4.64 3.60 2.86 149.70 1.68 
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Residues Cross Diagonal J Cross Diagonal J 

Q40 0.75 4.94 4.53 11.05 106.36 3.80 

H41 1.07 2.29 7.32 23.37 56.92 6.95 

I42 0.69 1.44 7.38 7.90 52.82 4.50 

Q43 0.70 2.46 5.95 10.85 67.77 4.64 

L44 0.82 1.15 8.56 12.43 40.63 6.16 

Q45 1.66 3.11 7.70 42.11 92.24 7.25 

L46 1.09 5.42 5.15 22.21 159.94 4.35 

S47 2.54 2.99 9.08 55.18 113.54 7.42 

A48 0.83 1.59 7.63 15.69 112.43 4.36 

E49 4.81 8.53 7.85 94.80 298.32 6.26 

S50 8.46 24.13 6.52 145.27 501.26 6.02 

V51 1.22 18.46 3.07 20.54 706.50 2.06 

G52 0.45 2.68 4.75 4.35 60.78 3.19 

E53 4.03 8.52 7.35 92.34 250.14 6.66 

V54 2.51 5.22 7.39 58.10 109.60 7.68 

Y55 1.52 2.54 8.02 32.99 77.01 7.07 

I56 0.38 0.97 6.78 0.73 26.18 2.02 

K57 1.79 3.44 7.62 42.00 157.27 5.82 

S58 0.61 6.15 3.71 6.40 321.64 1.71 

T59 0.78 5.87 4.26 11.98 108.23 3.92 

E60 1.44 4.76 6.14 25.19 122.34 5.20 

T61 1.33 1.86 8.55 24.51 42.71 7.91 

G62 0.90 4.32 5.22 17.51 90.11 5.06 

Q63 0.43 2.53 4.78 11.36 78.17 4.44 

Y64 0.75 1.39 7.74 11.13 47.72 5.49 

L65 0.13 2.18 2.92 0.57 52.86 1.26 

A66 1.59 3.51 7.22 29.98 72.84 6.96 

M67 1.50 5.33 5.95 34.68 176.68 5.09 

D68 0.76 2.42 6.25 7.82 59.87 4.23 

T69 0.46 6.18 3.24 3.56 133.67 1.97 

D70 4.27 4.91 9.15 78.60 131.27 8.03 

G71 0.54 2.56 5.25 7.59 80.55 3.63 
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Residues Cross Diagonal J Cross Diagonal J 

L72 2.23 6.49 6.47 48.00 135.56 6.55 

L73 0.56 3.26 4.79 6.76 77.14 3.51 

Y74 1.29 5.70 5.42 24.83 136.22 4.92 

G75 0.48 2.73 4.85 3.79 62.27 2.95 

S76 1.29 2.77 7.30 26.53 73.13 6.61 

Q77 1.04 6.18 4.74 16.56 147.65 3.94 

T78 5.55 10.44 7.68 103.67 176.03 7.98 

N80 2.58 13.57 5.01 49.02 301.37 4.68 

E82 1.93 6.83 5.96 37.40 138.47 5.85 

C83 1.38 3.41 6.90 26.67 96.63 5.90 

L84 1.87 6.32 6.07 35.96 109.64 6.34 

F85 1.40 2.34 8.02 29.21 120.07 5.59 

L86 0.73 1.92 6.76 15.84 46.17 6.46 

E87 1.25 3.51 6.55 30.21 136.98 5.35 

R88 0.63 1.15 7.75 11.66 25.08 7.30 

L89 3.30 13.02 5.69 62.27 450.96 4.34 

E90 1.06 2.72 6.81 26.48 72.96 6.61 

N95 1.37 3.01 7.24 29.20 72.63 6.89 

T96 1.31 3.75 6.51 31.51 76.22 6.97 

Y97 0.41 0.77 7.67 2.02 17.16 4.03 

I98 0.99 1.95 7.55 18.60 47.05 6.84 

S99 0.22 2.62 3.46 1.03 264.47 0.76 

K100 0.19 2.38 3.33 1.22 46.40 1.96 

K101 0.16 3.28 2.68 0.60 162.28 0.74 

H102 1.99 2.57 8.81 44.65 72.04 8.13 

A103 0.14 7.16 1.72 0.84 217.28 0.76 

E104 0.96 6.91 4.36 13.12 169.20 3.31 

K105 2.05 3.93 7.63 47.10 105.16 7.19 

N106 1.07 4.02 5.81 19.70 106.11 4.96 

F108 0.40 1.60 5.65 0.79 53.60 1.47 

V109 0.46 2.43 5.00 5.69 104.16 2.80 

G110 0.42 2.40 4.81 0.80 51.65 1.51 
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Residues Cross Diagonal J Cross Diagonal J 

L111 1.40 2.72 7.60 32.60 67.67 7.40 

K112 0.58 2.39 5.60 6.74 59.23 3.97 

K113 0.21 3.54 2.94 1.03 143.72 1.03 

N114 3.31 8.29 6.87 99.70 335.30 6.09 

G115 0.95 3.66 5.74 20.31 97.23 5.23 

S116 3.00 25.37 4.04 68.15 545.69 4.14 

C117 0.67 11.90 2.85 8.67 244.37 2.27 

K118 1.13 3.30 6.46 22.97 70.08 6.34 

R119 0.76 7.91 3.66 12.19 182.42 3.09 

G120 0.14 2.12 3.02 0.14 50.10 0.63 

R122 2.64 4.02 8.31 71.08 96.37 8.65 

T123 1.67 3.43 7.43 36.11 85.01 7.04 

H124 1.65 7.50 5.35 29.45 144.12 5.18 

Y125 0.12 3.70 2.18 0.55 137.78 0.77 

G126 0.30 0.43 8.52 16.04 14.87 9.81 

Q127 1.59 6.65 5.55 31.95 126.96 5.67 

K128 0.53 3.98 4.27 4.51 88.78 2.70 

A129 0.13 7.03 1.64 0.39 203.06 0.53 

I130 0.50 0.73 8.46 4.14 8.92 7.30 

L131 1.15 4.16 5.91 20.44 89.75 5.43 

F132 1.07 1.89 7.85 21.35 45.05 7.35 

L133 0.95 2.32 6.94 18.28 51.60 6.55 

L135 0.32 0.74 7.13 7.34 19.75 6.68 

V137 1.62 6.84 5.52 30.89 254.59 4.09 

S138 9.48 22.95 6.97 176.57 441.58 6.88 

S139 7.02 15.51 7.22 103.75 267.88 6.79 

D140 62.89 144.01 7.12 770.73 1674.04 7.27 
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