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ABSTRACT 

Buried free Cys residues can contribute to an irreversible unfolding pathway that 

promotes protein aggregation, increases immunogenic potential, and significantly 

reduces protein functional half-life.  Consequently, mutation of buried free Cys residues 

can result in significant improvement in the storage, reconstitution, and pharmacokinetic 

properties of protein-based therapeutics.  Mutational design to eliminate buried free Cys 

residues typically follows one of two common heuristics: either substitution by Ser (polar 

and isosteric), or substitution by Ala or Val (hydrophobic); however, a detailed structural 

and thermodynamic understanding of Cys mutations is lacking.  We report a 

comprehensive structure and stability study of Ala, Ser, Thr and Val mutations at each 

of the three buried free Cys positions (Cys16, Cys83, and Cys117) in fibroblast growth 

factor-1 (FGF-1).  Mutation was almost universally destabilizing, indicating a general 

optimization for the wild-type Cys, including van der Waals and H-bond interactions. 

Structural response to Cys mutation characteristically involved changes to maintain, or 

effectively substitute, local H-bond interactions -- by either structural collapse to 

accommodate the smaller oxygen radius of Ser/Thr, or conversely, expansion to enable 

inclusion of novel H-bonding solvent.  Despite the diverse structural effects, the least 

destabilizing average substitution at each position was Ala, and not isosteric Ser.  
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while the single letter amino acid code is utilized in figures. 

  



INTRODUCTION 

Among the least abundant amino acids found in proteins1, Cys satisfies a 

number of unique and critically important structural and functional roles--including 

disulfide bonds, structurally important H-bonds, metal coordination, activity regulation 

via posttranslational modification, and redox-active as well as non-redox catalysis1,2. A 

statistical analysis of Cys residues from a set of 378 non-redundant protein X-ray 

structures reported that Cys occupies 0.73% of all positions3. Free Cys residues (i.e., 

those not involved in disulfide bonds) are approximately evenly distributed between 

solvent-exposed and buried positions within proteins1. Free Cys residues have a 

reactive sulfhydryl group, which in buried positions is structurally protected from redox 

reactions that can result in thiol adducts or other oxidized derivatives. However, due to 

the dynamic nature of protein structures (e.g., transient global unfolding or localized 

structural dynamics) buried free Cys residues can become exposed and undergo redox 

chemistry. Oxidized derivatives of free Cys residues, including formation of thiol adducts 

or cysteic acid, can effectively block refolding--resulting in an irreversible pathway that, 

by Le Chatelier�s principle, will continuously drive protein unfolding. Consequently, 

buried free Cys residues can play a key role in regulating protein functional half-life4-8.  

The presence of buried free Cys residues in protein biopharmaceuticals, notably 

monoclonal antibodies, is problematic because they can effectively limit shelf-life as well 

as induce immunogenic aggregates9-12. A recent study of IgG1 and IgG2 antibodies 

showed that roughly one third of recombinant antibody molecules from a standardized 

industrial preparation contain a single open disulfide bond (that is, two free Cys residues 

that should form a disulfide bond in the native state structure)9,12. In addition, all free 



Cys residues within monoclonal IgG�s are buried in the hydrophobic core and mediate 

aggregation in response to agitation stress (as can occur during shipment)12. CyssSer 

mutation is a common approach to substitute Cys because Ser is isosteric (substituting 

the Ser Oけ for the Cys Sけ). Several engineered protein therapeutics have successfully 

introduced CyssSer mutations to improve shelf life, including interleukin-2 (Proleukin®), 

interferon く1b (Betaseron®), and granulocyte colony-stimulating factor (Neulasta�)13. 

Studies have shown that while CyssSer mutations in FGF-1 can significantly reduce 

protein stability, the mutant proteins nonetheless exhibit increased functional half-

life4,5,8. However, Cys residues have a comparatively high hydrophobicity index, similar 

to Met, Phe and Tyr, which suggests chemical compatibility if buried within the 

hydrophobic core environment3. Thus, it is not clear whether CyssSer mutation is the 

best de facto substitution to effectively eliminate buried free Cys residues, or whether 

small hydrophobic amino acids such as Ala or Val (isovolumetric to Cys) might be more 

appropriate substitutions. Indeed, an analysis of statistically-preferred mutations of Cys 

among related proteins (e.g. BLOSUM45, NCBI) identifies Ala, Ser, Thr, and Val as the 

most common naturally substituted amino acids. An important unresolved question in 

engineering protein therapeutics is whether there is a universally preferred substitution 

for buried free Cys residues, or whether each situation must be considered as uniquely 

different.  

We address this question by performing detailed structure and thermodynamic 

analyses of Ala, Ser, Thr, and Val mutations at three buried free Cys positions (Cys16, 

Cys83, Cys117; numbering scheme of the 140 amino acid form) in fibroblast growth 

factor-1 (FGF-1). FGF-1 has therapeutic potential to accelerate wound healing but has 



low thermostability and a proclivity to unfold, form mixed thiols, and aggregate14-18. The 

side chains of Cys16 and Cys83 are fully buried in the protein interior, while Cys117 

exhibits two conformers in which one is buried and the other is partially exposed to 

solvent (~12 Å2 accessible surface area)19,20. In a previous report, Cys83sAla, Ser, 

Thr, and Val substitutions were constructed in FGF-1 and subjected to both X-ray 

structure and thermodynamic analyses5. In the present report, Ala, Ser, Thr, and Val 

substitutions are characterized at positions Cys16 and Cys117. Combined with the prior 

Cys83 data, the present results provide insight into the diverse structural and stability 

properties of buried free Cys residues. The results show that there is a general 

structural optimization to accommodate Cys in the wild-type (WT) protein. Such 

optimization is described by a set of local H-bond interactions involving the buried Cys, 

combined with a general structural rigidity, such that all of the (longer) H-bond 

interactions involving the WT Cys Sけ cannot be effectively maintained by the Oけ in Ser 

or Thr mutations. Consequently, the protein response to Cys mutation follows one of 

two general solutions in an attempt to satisfy local H-bond interactions: the first is a 

limited structural collapse able to maintain a subset of the local H-bond distances, and 

the other is expansion to permit introduction of a buried solvent to serve as a novel H-

bond partner.  In this regard, expansion appears to be more energetically costly as 

regards mutant protein stability. While the most stable mutation was different for each of 

the three buried Cys positions in FGF-1, the best average mutant as regards 

thermostability was Ala. 

  



MATERIALS AND METHODS 

Materials 

All chemicals used in this work were of reagent grade or higher quality. Mutations 

were performed using the QuikChangeTM site-directed mutagenesis protocol (Agilent 

Technologies, Santa Clara, CA). Ni-NTA affinity resin was purchased from Qiagen  

(Valencia CA) and heparin Sepharose resin was purchased from GE Life Sciences 

(Pittsburgh PA). Flourescence spectroscopy data were collected on a Varian Eclipse 

spectrophotometer (Varian Medical Technologies, Palo Alto, CA). Crystallization 

reagents and cryoloops were purchased from Hampton Research (Aliso Viejo, CA). 

METHODS 

Protein mutagenesis and expression  

 A codon-optimized synthetic gene encoding 140 amino acids form of human 

FGF-1 with an N-terminal six His tag was cloned into the pET21a(+) expression vector 

(the His tag has shown no influence upon stability and mitogenic activity)21. Residue 

Cys16 and Cys117 were mutated to Ala, Ser, Thr, or Val using the QuikChangeTM site-

directed mutagenesis protocol (Agilent Technologies, Santa Clara, CA), and each 

mutation was confirmed by DNA sequencing (Biomolecular Analysis Synthesis and 

Sequencing Laboratory, Florida State University). Recombinant WT FGF-1 and mutant 

proteins were expressed from pET21a(+)/BL21(DE3) E. coli. After induction with 1mM 

Isopropyl-く-D-thio-galactoside (IPTG), the incubation temperature was decreased from 

37°C to 16°C for overnight expression. The expressed protein was purified utilizing 

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



heparin Sepharose resin (GE Life Sciences, Pittsburgh PA). Purified protein was buffer 

exchanged into "crystallization buffer" (50 mM sodium phosphate, 100 mM sodium 

chloride, 10 mM ammonium sulfate, and 2 mM dithiothreitol (DTT) pH 7.5) using an 8 

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

Falls, WI). The resulting proteins were judged to be >98% pure as determined by gel 

densitometry of Coomassie blue stained SDS PAGE. 

Isothermal equilibrium denaturation  

 FGF-1 contains a single buried tryptophan residue (Trp107) whose fluorescence 

is internally quenched in the native state, and quenching is subsequently released upon 

denaturation, thereby providing a spectroscopic probe of unfolding. Isothermal 

equilibrium denaturation by guanidine hydrochloride (GuHCl) was quantified by probing 

fluorescence intensity. WT FGF-1 and mutant protein samples were equilibrated 

overnight in crystallization buffer at 298 K in 0.1 M increments of GuHCl with final 

protein concentration of 5 µM. Triplicate scans were collected and averaged; buffer 

background was collected and subtracted from the protein scans. Fluorescence scans 

were integrated to quantify the total fluorescence as a function of denaturant 

concentration. Data were analyzed using a six parameter two-state model22: 

 

where [D] is the denaturant concentration, F0N and F0D are the 0M denaturant intercepts 

for the native and denatured state baselines, respectively, and SN and SD are the slopes 

of the native and denatured state baselines, respectively. G0 and m describe the linear 
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function of the unfolding free energy versus denaturant concentration. The effect of a 

given mutation upon the stability of the protein (∆∆G) was calculated by taking the 

difference between the Cm values for WT and mutant proteins and multiplying by the 

average of the m values, as described by Pace and Scholtz23: 

G = (Cm WT � Cm mutant)(mWT + mmutant)/2 

Where Cm is the denaturant concentration at the midpoint of denaturation, and m is the 

slope of 〉Gunfolding as a function of denaturant. A negative value of 〉〉G indicates the 

mutation is stabilizing in comparison to the reference (i.e. WT) protein. 

 

Crystallization, X-ray data collection and structural refinement of FGF-1 mutant 

proteins –  

 FGF-1 mutant protein in crystallization buffer was concentrated to 6-10 mg/ml for 

crystallization trials. Crystals were grown in a 25 °C incubator using the hanging drop 

vapor diffusion method (combining 5.5 µl of protein and 2.5 µl of mother liquor). 

Diffraction quality crystals of mutant Cys16sThr, Cys117sAla, and Cys117sSer were 

obtained from a reservoir solution containing 0.7-1.0 M sodium citrate and 0.1 M 

imidazole pH 8.0-pH 8.5. Mutant Cys16sAla and Cys16sSer were crystallized from a 

reservoir solution containing 3.4 M and 1.8 M sodium formate. Mutant Cys117sThr was 

crystallized from two different reservoir solutions: one containing 0.9 M sodium citrate 

with 0.1 M imidazole pH 8.0, and the other containing 4.0 M sodium formate with 0.45 M 

ammonium sulfate. 



 Crystals were briefly dipped in their reservoir solution formulated with 25% 

glycerol as a cryoprotectant, subsequently mounted using Hampton Research (Aliso 

Viejo, CA) cryoloops, and frozen either directly in liquid nitrogen or in a stream of 

nitrogen gas at 100 K. Diffraction data for all mutant proteins except for mutant 

Cys117sAla were collected at the Southeast Regional Collaborative Access Team 

(Ser-CAT) 22-BM beam line at the Advanced Photon Source at Argonne National 

Laboratory using a MarCCD225 detector (MarUSA, Evanston IL). Diffraction of mutant 

Cys117sAla was performed using an in-house Rigaku RU-H3R rotating-anode X-ray 

source (Rigaku, The Woodlands, TX) equipped with Osmic Blue confocal mirrors and a 

Rigaku R-axis IV++ image plate detector (Rigaku, The Woodlands, TX). Diffraction data 

were indexed, integrated and scaled using the HKL200024 software package. 

 WT FGF-1 (PDB code 1JQZ) was used as search model in molecular 

replacement for all mutant X-ray data using the PHENIX25 software package. Structure 

refinements utilized the PHENIX software package with 5% of the data in the reflection 

files set aside for Rfree calculations. Model building and visualization utilized the COOT26 

molecular graphics software package. All structure factors and refined X-ray structures 

have been deposited in the Protein Databank (PDB accession 4Q91, 4Q9G, 4Q9P, 

4QAL, 4QC4, 4QBC, and 4QBV). 

  



RESULTS 

Isothermal equilibrium denaturation 

 Isothermal equilibrium denaturation profiles for all mutant and reference proteins 

are shown in Fig. 1; and the derived thermodynamic quantities are listed in Table 1. 

Isothermal equilibrium denaturation by Guanidine hydrochloride is reversible in each 

case, with no evidence of significant aggregation. 

Cys16sXxx mutations 

 The Cys16sXxx (Xxx=Ala/Ser/Thr/Val) mutations constructed in the WT FGF-1 

background were significantly destabilizing in each case, as evidenced by substantial 

precipitation during purification, and were therefore constructed within a stabilizing 

background mutant form of FGF-1. The stabilizing background form of FGF-1 utilized 

was the triple mutant, Lys12sVal/Cys117sVal/Pro134sVal27. This mutant is ~18.6 

kJ/mol more stable than WT FGF-1 and thus permits folding of highly destabilizing 

mutations. Furthermore, positions 12, 117, and 134 are distal to site 16 and form no 

direct packing interactions; thus, the position 12, 117, and 134 stabilizing mutations are 

considered essentially independent of the position 16 mutations. 〉〉G values for the 

Cys16sXxx mutations ranged between +9.1 to +13.8 kJ/mol, significantly destabilizing 

in each case, and with a stability range of 4.7 kJ/mol when comparing between this set 

of mutants (Table 1). The least destabilizing substitution of Cys16 is Ser, while the most 

destabilizing is Thr. The folding cooperativity m-value of the position 16 mutations is 

essentially conserved in comparison to the stabilized FGF-1 reference protein, the 



exception being the Val16 mutation whose m-value decreased significantly from 18.3 to 

15.8 kJ mol-1 M-1 (Table 1).  

Cys83sXxx mutations 

 The Cys83sXxx (Xxx=Ala/Ser/Thr/Val) mutations have previously been 

described5 and are included here for purposes of comparison to positions Cys16 and 

Cys117.  The Cys83 mutations were destabilizing in each case (〉〉G ranging from +4.1 

to +11.1 kJ/mol; Table 1), and with a stability range of 7.0 kJ/mol when comparing 

between this set of mutants. Soluble folded protein could be purified, for each mutant, 

when constructed in the WT FGF-1 background. The least destabilizing substitution of 

Cys83 is Thr (which is essentially isoenergetic to Ala); the most destabilizing mutation is 

Val. The folding cooperativity m-value of the position 83 mutations is essentially 

conserved, in each case, in comparison to the WT FGF-1 reference protein. 

Cys117sXxx mutations 

The Cys117sXxx mutants exhibited generally minor effects upon stability (〉〉G 

ranging from a slightly destabilizing +1.3 kJ/mol to slightly stabilizing -1.8 kJ/mol; Table 

1) and with a stability range of 3.1 kJ/mol when comparing between this set of mutants. 

The most stable mutation of Cys117 is Ala, being slightly more stable than the WT FGF-

1 reference protein (〉〉G = -1.8 kJ/mol). The most destabilizing mutation was Thr (〉〉G 

= +1.3 kJ/mol). The folding cooperativity m-value of the position 117 mutations is 

essentially conserved, in each case, in comparison to the WT FGF-1 reference protein. 

Crystallization and X-ray structure determination 



Cys16sXxx mutations 

Crystals were grown for the Cys16sAla, Cys16sSer and Cys16sThr mutants. 

The Cys16sVal mutant protein exhibited reduced solubility with a practical 

concentration limit of approximately 1.3 mg/mL in crystallization buffer. No crystallization 

condition was found for the Cys16sVal mutant despite screening several hundred 

conditions. The aberrantly low m-value and low solubility of the Cys16sVal mutant 

suggests the possibility of a region of non-native structure, or partial unfolding, in 

response to this mutation. The Cys16sAla and Cys16sSer mutants crystallized in 

space group C2221, isomorphous with the His-tagged form of WT FGF-1 (PDB 

accession 1JQZ), while the Cys16sThr mutant crystallized in a novel P41212 space 

group. High resolution diffraction data sets (≤1.80 Å), with excellent completion, were 

collected for each mutant. A molecular replacement search using the WT FGF-1 X-ray 

coordinates (PDB accession 1JQZ) was successful in each case, and all structures 

refined to acceptable stereochemistry and crystallographic residual (Table 2). 

Cys83sXxx mutations 

 X-ray structures for Cys83sAla, Cys83sSer, Cys83sThr and Cys83sVal, with 

resolution ranges of 1.90 � 2.10 Å and each crystallizing isomorphous to the WT C2221 

space group, have previously been described5 and are included here for purposes of 

comparison with positions Cys16 and Cys117. 

Cys117sXxx mutations 

Crystals were grown for the Cys117sAla, Cys117sSer, and Cys117sThr 

mutants; the crystal structure of the Cys117sVal mutant has previously been 



reported28. All Cys117 mutants crystallized in space group C2221, isomorphous with the 

His-tagged form of WT FGF-1. The Cys117sThr mutant crystallized both from formate 

and citrate precipitants. High resolution diffraction data sets (≤1.52 Å), with excellent 

completion, were collected for each mutant (the previously reported Cys117sVal 

mutant structure was solved to 1.70Å). A molecular replacement search using the WT 

FGF-1 X-ray coordinates was successful in each case, and all structures refined to 

acceptable stereochemistry and crystallographic residual (Table 2). 

Structural details of WT and mutant proteins at positions 16, 83, and 117 

 Cys residues are capable of participating in H-bond interactions, either as a 

donor or acceptor29. Due to the larger atomic radius of the Sけ, Cys H-bond interaction 

distances are characteristically longer than H-bonds between N, O, and solvent groups. 

The average Cys Sけ H-bond donor distance to a main chain carbonyl, and Cys H-bond 

acceptor distance to a main chain amide, are both ~3.50 ± 0.25 Å29. This distance is 

~0.7 Å longer than ideal N, O H-bond distances (i.e., 2.80 ± 0.35 Å). In the absence of 

neutron diffraction (which can distinguish H-atom positions) the identification of donor or 

acceptor for the Cys Sけ is assigned based upon the specific neighbor atom, or is 

ambiguous. In the case of an interaction with a main chain carbonyl the Cys Sけ is the 

donor; in the case of an interaction with a main chain amide the Cys Sけ is the acceptor. 

Interactions with solvent and hydroxyl groups are ambiguous with regard to 

donor/acceptor identification. In describing the general local structure perturbation in 

response to mutation, r.m.s.d. values involving CĮ groups within a 4 Å radius are 

reported (an r.m.s.d. value <0.25 Å is considered �minimal�, 0.25 to 0.50 is considered 

�minor�, and >0.50 is considered �modest� structural perturbation). 



Position 16 

WT FGF-1: 

The WT Cys16 residue is fully buried and participates in three H-bond 

interactions: 1) as a donor to the main chain carbonyl of Ala129, 2) as a donor to the 

main chain carbonyl of Leu111, and 3) as an acceptor to the main chain amide of Asn18 

(Fig. 2a; Table S1). Cys16 is the sole H-bond partner for the main chain amide of 

Asn18. The main chain carbonyl of Ala129 has a second H-bond partner with the main 

chain amide of Leu111. The main chain carbonyl of Leu111 has a second H-bond 

partner with the side chain Nh2 of Asn18.  

Cys16Ala mutation (ǻǻG = +11.1 kJ/mol): 

 Substitution of the WT Cys16 residue by Ala (Fig. 2b) results in minor positional 

shifts of the local structure; the r.m.s.d. for all main chain Cg groups within a 4.0 Å 

sphere is 0.35 Å. The most significant structural change of the local atoms is the mutant 

Ala16 Cȕ which shifts 0.8 Å. This shift is not consistent with a collapse towards the 

former Cys16 Sけ--rather, movement away from this position.  This shift of the mutant 

Ala16 Cȕ facilitates the introduction of a novel buried water (Sol 65) overlaying 

approximately the position of the former Cys16 Sけ (although 1.6 Å distal). Sol65 makes 

H-bond interactions with the main chain carbonyl of Ala129 and the main chain amide of 

Asn18; thus, effectively regenerating two of the three former H-bond interactions 

involving the WT Cys16 Sけ. However, Sol65 is too distal (4.15 Å) to make an H-bond 

interaction with the main chain carbonyl of Leu111; thus, the H-bond requirements of 

this group appear unsatisfied with the Cys16Ala mutation.  



Cys16Ser mutation (ǻǻG = +9.1 kJ/mol): 

 Substitution of the WT Cys16 residue by Ser (Fig. 2c) results in minor positional 

shifts of the local structure (r.m.s.d. for all main chain Cg groups within a 4.0 Å sphere is 

0.39 Å). The Ser mutation at position 16 adopts a similar rotamer as the WT Cys; 

however, there is positional adjustment of the Ser16 Cg-Cく vector essentially identical 

to that observed in the above-described Ala16 mutation. This shift, combined with the 

shorter Cく-Oけ bond length (1.43 Å) in Ser compared to the Cく-Sけ bond length (1.82 Å) 

in Cys, results in the introduced Ser Oけ atom residing 1.4 Å distal to the position of the 

original Cys16 Sけ atom. Consequently, the mutant Ser16 is only able to participate in an 

H-bond interaction with the main chain amide of Asn18; and former Cys H-bond 

interactions with the main chain carbonyls of Leu111 and Ala129 are lost. However, as 

with the Ala mutation, a novel buried water (Sol 17) is observed making the same set of 

H-bond interactions as Sol 65 in the Ala mutation. Sol 17 and Ser16 Oけ together 

provide a bifurcated H-bond for the main chain amide at position Asn18. The introduced 

Ser16 also makes an H-bond with adjacent Sol38 (equivalent to Sol204 in the WT 

structure). 

Cys16Thr mutation (ǻǻG = +13.8 kJ/mol): 

 Substitution of the WT Cys16 residue by Thr (Fig. 2d) results in more substantial 

positional shifts of the local structure; in comparison to the Ala or Ser mutations the 

r.m.s.d. for all main chain Cg groups within a 4.0 Å sphere is 0.59 Å. The rotamer of the 

mutant Thr16 residue approximately overlays its Oけ2 atom with the WT Cys Sけ (being 

1.6 Å distal). There is also positional adjustment of the Thr16 Cg-Cく vector; however, in 



this case it is a shift opposite in direction as observed with the Ala and Ser mutations. 

Consequently, the Thr16 Oけ1 atom is closer (0.88 Å) to the position of the novel Sol 

65/Sol 17 in the Ser/Ala mutant structures than it is to the Cys Sけ (1.16 Å) in the WT 

structure. The mutant Thr16 H-bonds with the main chain amide of position Asn18. 

However, both H-bonds with the carbonyl of Ala129 and the carbonyl of Leu111 are 

lost. This position of the mutant Thr16 side chain precludes the introduction of a novel 

solvent to recover H-bonds lost by Cys mutation; thus, the former H-bonds with the 

main chain carbonyls of Leu111 and Ala129 are both compromised. In response to 

introduction of the bulkier Thr side chain the neighboring residues Leu131 and Phe132 

shift away from position 16 by ~0.7 Å; consequently a novel buried water (Sol30) 

intercalates between the main chain carbonyl of Leu131 and the main chain amide of 

Ser17 thus maintaining this H-bond interaction as a water-mediated H-bond. 

 

Position 83 

WT FGF-1: 

Cys83 is completely buried and is present in the gauche+ rotamer (Fig. 3a). 

Cys83 makes H-bond interactions with the main chain amide of Asn80, the side chain 

Oh1 of Asn80, and the main chain carbonyl of Thr78. Cys83 is the exclusive H-bond 

partner to the main chain amide of Asn80; whereas, both the side chain Oh1 of Asn80, 

and the main chain carbonyl of Thr78 have additional H-bond partners (Fig. 3). 

Cys83Ala mutation (ǻǻG = +4.5 kJ/mol): 



The Cys83sAla mutation is accommodated with limited structural perturbation 

(Fig. 3b); the main chain Cg atoms within a 4 Å radius of position 83 overlay the WT 

FGF-1 structure with an r.m.s.d. of 0.27 Å. However, the majority of this average 

structural deviation is contributed by the main chain region of residue positions 78-80.  

The most substantial movement is that of adjacent Pro79--whose main chain Cg moves 

0.53 Å towards the location of the former Cys83 Sけ thereby effectively preventing cavity 

formation due to the deleted Sけ. No new solvent structure is formed in response to the 

deletion of the Cys83 Sけ; consequently, the H-bond interactions with the main chain 

amide of Asn80, the side chain Oh1 of Asn80, and the main chain carbonyl of Thr78 are 

lost. As mentioned above, the side chain Oh1 of Asn80, and the main chain carbonyl of 

Thr78 each have secondary H-bond partners; however, the main chain amide of 

position Asn80 appears unsatisfied in its H-bond potential in the Ala mutation. 

Cys83Ser mutation (ǻǻG = +5.6 kJ/mol): 

The Cys83sSer mutation adopts the same gauche+ rotamer as the WT Cys83 

(Fig. 3c). The r.m.s.d. of main chain Cg groups within 4 Å is 0.37 Å indicating minor 

structural changes. The mutant Oけ group overlays within 0.19 Å of the WT Cys83 Sけ--

indicating that a minor positional shift of position 83 has occurred that tends to conserve 

the position of the H-bonding け atom. However, the largest positional shifts are 

observed for the Asn80 main chain amide (0.25 Å) and Asn80 side chain Oh1 (0.95 Å) 

which both move towards the mutant Ser Oけ--indicating a detectable structural collapse 

in response to the Ser mutation. These positional shifts result in the H-bonds between 

the Asn80 main chain amide and Asn80 side chain Oh1 with the position 83 け atom 

being effectively maintained with the Ser83 mutation. In this regard, the largest change 



in H-bond distance is with Asn80 Oh1: in the WT Cys83 the H-bond distance is 3.43 Å, 

and in the mutant Ser83 this is reduced to 2.68 Å.  Although the above-described 

structural shift effectively retains two H-bond interactions, the former H-bond between 

Cys83 and the main chain carbonyl of Thr78 is too distal (3.85 Å) to be maintained with 

the Ser83 mutation. 

Cys83Thr mutation (ǻǻG = +4.1 kJ/mol): 

The Cys83sThr mutation adopts a rotamer that overlays its Cけ2 atom (and not 

Oけ1) with the WT Cys83 Sけ (Fig. 3d). The r.m.s.d. of main chain Cg groups within 4 Å is 

0.18 Å--indicating accommodation with only minimal structural change. The mutant Oけ1 

group is oriented towards the side chain of adjacent Tyr55, and this ring swings away 

from position 83 by 0.54 Å to avoid a close contact. The mutant Thr83 Oけ1 group 

consequently establishes two novel H-bond interactions: the first is with the main chain 

amide of position Asn80 and effectively regenerates the former H-bond provided by the 

WT Cys83 Sけ; the second novel H-bond is with the main chain carbonyl of Glu81. Thus, 

with minimal structural perturbation the mutant Thr83 maintains the exclusive H-bond 

with the main chain amide of Asn80, consequently, the local structure can provide two 

H-bond interactions to satisfy the H-bond requirements of the introduced Thr83 Oけ1. 

The former H-bond between the Thr78 main chain carbonyl and WT Cys83 Sけ is not 

maintained by the Thr83 mutation; however, Thr78 O has an additional H-bond partner 

with Ser76 Oけ that is conserved.  

Cys83Val mutation (ǻǻG = +11.1 kJ/mol): 



The Cys83sVal mutation adopts the same rotamer as the Cys83sThr mutant 

(Fig. 3e). The r.m.s.d. of main chain Cg groups within 4 Å is 0.25 Å indicating minor 

structural changes. The mutant Val83 is unable to preserve any of the H-bond 

interactions seen with the WT Cys83 Sけ atom, and no novel solvent structure is 

observed. Thus, while there is limited structural perturbation (i.e., the most significant is 

a >1 Å movement of the side chain aromatic ring of Y55 away from the introduced Val83 

Cけ2 to avoid a steric clash) there is effective elimination of three H-bond interactions--

including the unique H-bond partner to the main chain amide of Asn80. 

 

Position 117 

WT FGF-1: 

 The WT FGF-1 Cys117 residue exhibits two alternative conformations--a solvent 

excluded (i.e., buried) gauche+ (ぬ1 = -60°) rotamer, and a partially solvent accessible 

gauche- (ぬ1 = +60°) rotamer (Fig. 4a). The buried gauche+ rotamer of Cys117 

participates in a single H-bond interaction with the main chain carbonyl of Val31. Cys16 

is not the only H-bond partner for this Val31 carbonyl as it also H-bonds with Sol1258 

and Sol1273. The solvent accessible gauche- rotamer is able to maintain an H-bond 

with the main chain carbonyl of Val31, and also has several additional H-bond 

interactions with solvent molecules, including Sol1273, Sol1258, Sol1232, and Sol1234. 

Cys117Ala mutation (ǻǻG = -1.8 kJ/mol): 



 Elimination of the Cys117 Sけ by mutation to Ala results in minimal perturbation of 

the local structure (r.m.s.d. for Cg within a 4Å sphere is 0.19 Å) (Fig. 4b). Loss of the 

Cys117 Sけ results in alteration of local solvent structure, and Sol1234 in WT FGF-1 is 

replaced by two solvents (Sol315 and Sol108) in Cys117Ala. The equivalent of 

Sol1258 of the WT structure, which H-bonds with Cys117 Sけ, has no counterpart in the 

Ala mutant, suggesting that the presence of this Sol principally satisfies the H-bond 

requirement of the WT Cys residue.  Thus, all essential H-bond interactions appear to 

be effectively maintained with the Ala mutation. 

Cys117Ser mutation (ǻǻG = +1.0 kJ/mol): 

 The mutant Ser residue adopts the solvent exposed gauche- rotamer and with 

minor alteration of the local structure (r.m.s.d. for Cg within a 4Å sphere is 0.25 Å) (Fig. 

4c). The mutant Ser Oけ overlays that of the WT Sけ within 0.38Å; consequently, minor 

positional shifts of local solvent result in all H-bonds observed with the Cys117 gauche- 

rotamer being effectively conserved with the Ser mutation. The mutant Ser in the 

gauche- rotamer is able to H-bond with the main chain carbonyl of Val31--effectively 

substituting for the H-bond interaction observed for the WT Cys in the gauche+ rotamer. 

Thus, all essential H-bond interactions also appear to be effectively maintained with the 

Ser mutation. 

Cys117Thr mutation (ǻǻG = +1.3 kJ/mol): 

The mutant Thr residue adopts a rotamer orientation that positions the Oけ1 group 

with the solvent exposed WT Cys gauche- rotamer, and the Cけ2 group with the buried 

WT Cys gauche+ rotamer (Fig. 4d).  The Thr mutant side chain is accommodated with 



minimal alteration of the local structure (r.m.s.d. for Cg within a 4Å sphere is 0.16 Å). 

Minor positional shifts of local solvent result in all H-bonds observed with the Cys117 

gauche- rotamer being effectively conserved with the Thr mutation. 

Cys117Val mutation (ǻǻG = 0.0 kJ/mol): 

 The mutant Val residue does not adopt a rotamer isosteric with Thr (Fig. 4e). 

While the mutant Val Cけ2 atom overlays with the WT buried Cys Sけ gauche+ rotamer, 

the mutant Val Cけ1 adopts a unique trans orientation. However, the Val mutant side 

chain is accommodated with minimal alteration of the local structure (r.m.s.d. for Cg 

within a 4Å sphere is 0.14 Å). The local solvent structure is essentially unperturbed, and 

all local H-bonds are effectively conserved with the Val117 mutation. 

  



DISCUSSION: 

 Despite the importance and utility of mutation of buried free Cys residues in the 

development of improved protein therapeutics there are limited structural and 

thermodynamic studies to inform mutant design. Magliery and coworkers utilized a cell-

based activity screen to evaluate Ala/Ala, Val/Val, Ser/Ser and Ala/Val double mutants 

in the Rop protein at positions Cys38 and Cys5430. Of these two free Cys residues, 

Cys38 is fully buried. The Ala38/Val54 double mutant was identified as the most active 

and therefore potentially least destabilizing. X-ray structure studies showed that with 

mutation Ala38 a novel solvent overlays approximately the Cys Sけ, largely preserving 

local H-bond interactions. This structural response is very similar to that observed for 

the Cys16Ala mutation. Thermodynamic studies by this group of the Ala38/Val54 

double mutant indicated a substantial overall destabilization of +20.9 kJ/mol. Pl_ckthun 

and coworkers generated a Cys free form of kappa opioid receptor, mutating 10 free 

Cys residues31. Total Ala or Ser mutations were both inactive; however, an active 

mutant was identified using a combination of Ala, Met and Leu mutations. No structural 

or thermodynamic data was reported. Iwakura and coworkers performed 

comprehensive point mutations, combined with an activity screen, to identify the best 

substitutions for Cys85 and Cys152 of E. coli dihydrofolate reductase32. Of these two 

positions Cys85 is fully buried, while Cys152 is partially exposed. Activity assays 

identified Cys85Ala and Cys152Ser as the best substitutions. X-ray structure 

determination showed that Cys85 participates as a donor to a local main chain carbonyl, 

and is the only H-bond interaction. Substitution by Ala results in collapse, no 

introduction of novel solvent, and loss of this WT H-bond. This structural response is 



very similar to that observed for the Cys83Ala mutation. Cys152 participates in 

several local H-bond interactions. The mutant Ser152 adopts an alternative 

conformation and the mutant Oけ does not overlay the WT Cys152 Sけ. However, a novel 

solvent is observed at the approximate position of the WT Cys Sけ, conserving all local 

H-bond interactions. This structural result is therefore most like the Cys16Ser 

mutation. Remarkably, this group reported essentially no stability change with the 

Cys83Ala/Cys152Ser double mutant. 

Each of the three WT FGF-1 buried free Cys residues in the present study 

participate in H-bond interactions; each acting as a donor, and in two cases (Cys16, 

Cys83) also participating as an acceptor. In no case does the buried Cys act as an 

exclusively hydrophobic (i.e., aliphatic) amino acid. Evaluation of the structural details of 

Ser and Thr mutations serves to support hydrophilic aspects of the environment local to 

each of the buried Cys residues. The Cys16Ser and Cys83Ser mutations each 

overlay the mutant Oけ with the WT Cys Sけ. Deviation from this general polar behavior 

was observed for the Cys83Thr mutation (which overlays the mutant Thr Cけ2 with the 

WT Cys Sけ); however, in this conformation the mutant Thr Oけ1 was able to maintain 

critical local H-bonds that compensated for deleted Cys Sけ H-bonds. Since position 

Cys117 adopts two alternative rotamers (one buried, one exposed) the 

hydrophobic/hydrophilic environment of Cys at this position is potentially ambiguous; 

however, mutant Ser and Thr side chains position their Oけ and Oけ1 groups, 

respectively, towards solvent; and both the Thr Cけ2 and Val Cけ2 mutant methyl groups 

overlay with the buried Cys117 rotamer. Thus, position 117 may be a more hydrophobic 

environment for the buried Cys117; however, in this rotamer the buried Cys does make 



one local H-bond interaction. The results therefore show that each buried Cys is acting 

as a buried polar residue, typically participating in several H-bond interactions. Thus, 

making Ala or Val mutations with the expectation of maintaining the "hydrophobic" 

nature of Cys appears to be structurally unsupported in the present work and much of 

the available published work in this area. 

In several instances, the donor or acceptor role of the buried Cys Sけ is observed 

to be the sole H-bond partner for an adjacent polar group (e.g., main chain amide or 

carbonyl); and the lack of an available secondary H-bond partner upon mutation of Cys 

identifies such interactions as potentially important for stability. H-bonds involving sulfur 

are characteristically ~0.5 Å longer than those involving oxygen (i.e., measuring the 

S/O---donor/acceptor distance) due to the larger atomic radius of sulfur29. Thus, in the 

absence of a localized structural collapse, substitution of the WT Cys Sけ by mutant Ser 

Oけ or Thr Oけ1 cannot effectively maintain local H-bond interactions. Localized structural 

collapse can also prevent formation of cavity space upon mutational loss of the large Sけ 

atom. Such a local collapse was observed for the Cys83Ser mutation; however, this 

collapse permitted only two of the three WT H-bond interactions to be maintained upon 

Ser substitution, and was therefore not entirely successful. In the absence of ability to 

structurally collapse (as might be the case with a well-packed local environment), to 

maintain H-bonds with CysSer mutation, another potential structural solution is the 

introduction of a novel buried solvent. However, such introduction may require 

expansion of the local structure to provide requisite space. Such a situation is observed 

with position Cys16Ala and Cys16Ser mutations.  



Of these two types of general structural responses (collapse or expansion), 

which (if any) is more destabilizing? On average, position 16 mutations (expansion) 

were observed to be more destabilizing (〉〉G = +11.7 ± 2.1 kJ/mol) than position 83 

mutations (collapse) (〉〉G = +6.3 ± 3.2 kJ/mol). Furthermore, the Cys83Val mutation 

is unique in presenting with structural expansion to accommodate the mutant Val; thus, 

if Cys83Val is grouped with the expansion type mutations the stability effects are 〉〉G 

= +11.6 ± 1.8 kJ/mol, while the collapse type stability effects are +4.7 ± 0.8 kJ/mol. 

Position 117 mutations (essentially neutral in energetics) appear to make no critical 

buried H-bonds and have neither expansion nor collapse structural effects.  

  



CONCLUSIONS 

The current data, along with limited available other reports, indicate that 

predicting, or designing, mutations to eliminate buried free Cys residues is remarkably 

complex. Considering Ser as a simple isosteric substitution, and to consider Ala as an 

appropriate hydrophobic substitution at sites of buried Cys residues, are over-simplified 

models that do not capture the complexity of the structural role of buried Cys residues. 

Rather, a full description must include characterization of the number and type of H-

bond interactions the Cys Sけ participates in, as well as the potential for the local 

structure to collapse to maintain such H-bonds, or to expand and accommodate a novel 

solvent and thereby maintain H-bonds. That the response of a protein to substitution of 

buried free Cys residues is complex is supported by simple desolvation considerations. 

Water/hydrophobic solvent transfer free energy values, as well as experimental values 

for AlasSer and ValsThr polar substitutions at hydrophobic (i.e. buried) positions in 

proteins, indicate an upper value of 〉G ~+12 kJ/mol for effective desolvation of such 

polar groups 33,34. Thus, if the buried environment surrounding a Cys residue is non-

polar, mutation to Ser may be expected to be destabilizing by up to 12 kJ/mol (while Ala 

might be neutral); conversely, if the wild-type Cys is buried in a polar environment, 

desolvation considerations of mutation to Ser and Ala would have the opposite stability 

effect (i.e. Ala destabilizing, and Ser potentially neutral). The mutational results in the 

present study, in each case, do not follow simple desolvation effects. For example, 

when comparing Cys16sAla vs. Cys16sSer, and Cys16sVal and Cys16sThr 

mutations, each is equivalently destabilizing � and with a magnitude (~12 kJ/mol) 

indicating potentially significant desolvation effect in each case). Thus, the present 



results suggest that proteins are likely structurally optimized at buried Cys positions, 

and destabilization upon mutation can be expected. In this regard, collapse-type 

structural responses appear to be the least deleterious. Curiously, while Ala may seem 

to be the mutation that would permit the greatest collapse, it is also the mutation most 

likely to permit space for the introduction of a novel solvent--leading to structural 

expansion. In other words, collapse appears most useful in the case of Ser or Thr 

mutation where the mutant hydroxyl can potentially substitute the Cys Sけ in maintaining 

H-bond interactions (Ala having no H-bonding group). Three different amino acids, Ser, 

Thr, and Ala, were identified as the best choice from a stability standpoint to substitute 

for Cys at positions 16, 83, and 117, respectively. However, the best average 

substitution for the set of three positions is Ala, while the worst choice is Val (Ala, Ser, 

Thr, Val 〉〉G = 4.6, 5.2, 6.4, 8.0 kJ/mol, respectively). This observation appears to 

reflect the collapse vs. expansion effects associated with such mutations and 

maintenance of local H-bond interactions. Although mutation of buried free Cys residues 

might generally be expected to be destabilizing, such mutations can be combined with 

secondary stabilizing mutations, thereby yielding a Cys-free protein with overall 

enhanced thermostability. 
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Table 1. Isothermal equilibrium denaturation parameters for position Cys16, Cys83 and 
Cys117 mutations. 

Protein 
G 

(kJ/mol) 

m-value 
(kJ mol-1 M-1)

Cm 
(M) 

Ga 
(kJ/mol) 

Reference proteins 

FGF-1 25.6  0.2 20.8  0.2 1.23  0.01 - 

FGF-1/Lys12sVal/Cys117sVal/Pro134Val 39.9 ± 0.4 18.3 ± 0.2 2.18 ± 0.01 - 

Position Cys16 Mutationsb 

Cys16sAla 28.5 ± 0.5 18.2 ± 0.3 1.57 ± 0.01 11.1 

Cys16sSer 30.7 ± 0.5 18.3 ± 0.2 1.68 ± 0.01 9.1 

Cys16sThr 28.1 ± 0.4 19.4 ± 0.3 1.45 ± 0.01 13.8 

Cys16sVal 22.5 ± 0.3 15.8 ± 0.1 1.42 ± 0.02 12.9 

Position Cys83 Mutationsc 

Cys83sAlad 20.8 ± 0.7 20.5 ± 0.3 1.01 ± 0.02 4.5 

Cys83sSerd 20.0 ± 0.8 20.9 ± 0.7 0.96 ± 0.01 5.6 

Cys83sThrd 20.5 ± 0.9 19.8 ± 0.6 1.03 ± 0.02 4.1 

Cys83sVald 14.7 ± 0.5 20.9 ± 0.7 0.70 ± 0.01 11.1 

Position Cys117 Mutationsc 

Cys117sAla 27.0 ± 0.4 20.5 ± 0.3 1.32 ± 0.01 -1.8 

Cys117sSer 24.7 ± 0.6 20.8 ± 0.4 1.19 ± 0.01 1.0 

Cys117sThr 24.1 ± 0.3 20.6 ± 0.4 1.17 ± 0.01 1.3 

Cys117sVal 26.3 ± 0.3 21.4 ± 0.2 1.23 ± 0.01 0.0 
a  ∆∆G = (Cm WT � Cm mutant)(mWT + mmutant)/2 as described by Pace and Scholtz23. A negative value of 
〉〉G indicates a more stable mutation (error is stated as the standard deviation from 3 independent 
experiments). 
b The reference protein is FGF-1/Lys12sVal/Cys117sVal/Pro134sVal. 
c The reference protein is FGF-1. 
d From5. 

 

 

  



 

Table 2. X-ray diffraction data collection, processing and structure refinement of Cys mutations. 

Mutant 
Cys16 
ĺAlaa 

Cys16 
ĺSera 

Cys16 
ĺThra 

Cys117
ĺAla 

C117 
ĺSer 

Cys117 
ĺThr 

(formate) 

Cys117
ĺThr 

(citrate) 

Data collection and processing 

Space Group C2221 C2221 P41212 C2221 C2221 C2221 C2221

Cell 
constants 

a (Å) 74.1 75.4 53.7 73.7 73.5 72.7 73.2

b (Å) 97.1 97.3 53.7 95.3 95.2 95.4 95.0

c (Å)  108.2  108.2 218.0 106.0 106.0 106.6 106.0

g (°) 90 90 90 90 90 90 90

く (°)  90 90 90 90 90 90 90

け (°)  90 90  90 90 90 90 90

Max Resolution (Å) 1.80 1.55 1.80 1.50 1.50 1.52 1.50

Mosaicity range (°) 0.433 0.549 0.409 0.467 0.535 0.454 0.389

Redundancy 6 13.7 16.3 14.4 14.1 11.4 13.1

Mol/ASU 2 2 2 2 2 2 2

Matthews coeff. (Å3/Da) 2.93 2.99 2.36 2.80 2.79 2.78 2.76

Total reflections 219,370 761,099 479,620 854,871 854,455 654,323 775,305

Unique reflections 36,360 55,669 29,447 59,288 60,601 57,173 59,219

I/s (overall) 43.1 58.1 78.6 67.4 70.6 60.6 68.6

I/s (highest shell) 4.3 5.4 8.9 11.5 10.0 8.8 11.9

Completion overall (%) 99.4 97.0 95.5 99.9 99.9 99.8 99.9

Completion highest shell 
(%) 

98.0 90.5 73.7 99.3 99.7 98.1 99.8

R-merge overall (%) 5.3 8.1 5.6 9.2 10.1 7.7 8.8

R-merge highest shell 
(%) 

33.7 41.4 20.1 32.1 38.4 32.6 30.0

Refinement 

Nonhydrogen protein 
atoms 

2284 2311 2187 2321 2334 2323 2323

Solvent molecules/ion 350 393 280 454 437 415 423

Rcryst (%) 16.7 17.0 17.3 16.0 16.2 17.0 14.9

Rfree (%) 18.6 19.9 21.2 19.0 18.2 19.9 16.8

R.M.S.D. bond length (Å) 0.008 0.020 0.003 0.017 0.012 0.011 0.017

R.M.S.D. bond angle (°) 1.128 1.761 0.82 1.625 1.259 1.172 1.434

Ramachandran: 
favored (%) 

95.7 95.1 96.7 95.8 96.2 96.1 96.5

outliers (%) 0.4 1.1 0.4 0.3 0.0 0.4 0.0

PDB accession 4Q91 4Q9G 4Q9P 4QAL 4QC4 4QBC 4QBV
aConstructed in the stabilizing Lys12sVal/Cys117sVal/Pro134sVal FGF-1 background 

 

  



Figure legends 

Figure 1 

 Isothermal equilibrium denaturation profiles for Ala, Ser, Thr, and Val mutations 

at buried free Cys positions 16, 83 and 117 in FGF-1. See Table 1 for derived 

thermodynamic constants. 

Figure 2 

Relaxed stereo diagram of the X-ray crystal structures of WT FGF-1 (PDB 

accession 1JQZ) and position 16 mutants centered at position 16 and including 

structural features within 4.0 Å radius. (a) WT FGF-1 in CPK coloring. (b) Cys16sAla 

(PDB accession 4Q91, in CPK coloring) overlaid onto WT FGF-1 (in grayscale). (c) 

Cys16sSer (PDB accession 4Q9G, in CPK coloring) overlaid onto WT FGF-1 (in 

grayscale). (d) Cys16sThr (PDB accession 4Q9P, in CPK coloring) overlaid onto WT 

FGF-1 (in grayscale). Hydrogen bonds in mutant structures are indicated by green 

color; hydrogen bonds in WT FGF-1 for panels B-D are indicated are in grayscale. 

Figure 3 

Relaxed stereo diagram of the X-ray crystal structures of WT FGF-1 (PDB 

accession 1JQZ) and position 83 mutants5 centered at position 83 and including 

structural features within 4.0 Å radius. (a) WT FGF-1 in CPK coloring. (b) Cys83sAla 

(PDB accession 3FJH, in CPK coloring) overlaid onto WT FGF-1 (in grayscale). (c) 

Cys83sSer (PDB accession 3FJE, in CPK coloring) overlaid onto WT FGF-1 (in 

grayscale). (d) Cys83sThr (PDB accession 3FJF, in CPK coloring) overlaid onto WT 



FGF-1 (in grayscale). (e) Cys83sVal (PDB accession 3FJJ, in CPK coloring) overlaid 

onto WT FGF-1 (in grayscale). Hydrogen bonds in mutant structures are indicated by 

green color; hydrogen bonds in WT FGF-1 for panels B-E are indicated are in 

grayscale. 

 

Figure 4 

Relaxed stereo diagram of the X-ray crystal structures of WT FGF-1 (PDB 

accession 1JQZ) and position 117 mutants centered at position 117 and including 

structural features within 4.0 Å radius. (a) WT FGF-1 in CPK coloring. (b) Cys117sAla 

(PDB accession 4QAL, in CPK coloring) overlaid onto WT FGF-1 (in grayscale). (c) 

Cys117sSer (PDB accession 4QC4, in CPK coloring) overlaid onto WT FGF-1 (in 

grayscale). (d) Cys117sThr (PDB accession 4QBC, in CPK coloring) overlaid onto WT 

FGF-1 (in grayscale). (e) Cys117sVal (PDB code 1JY0) (in CPK coloring) overlaid onto 

WT FGF-1 (in grayscale). Hydrogen bonds in mutant structures are indicated by green 

color; hydrogen bonds in WT FGF-1 for panels B-E are indicated are in grayscale. 
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SUPPLEMENTARY INFORMATION 

Table S1. H-bond interaction summary for position 16 

Donor Acceptor Distance (Å) Angle (°) Angle Definition 

WT FGF-1 

Cys16 Sけ Ala129 O 3.39 131 Cys16Cく-Cys16Sけ...Ala129O 

Cys16 Sけ Leu111 O 3.90 126 Cys16Cく-Cys16Sけ..Leu111O 

Asn18 N Cys16 Sけ 3.48 111 Cys16Cく-Cys16Sけ...Asn18N 

Leu111 N Ala129 O 2.98 131 Leu111N...Ala129O-Ala129C 

Asn18 Nh2 Leu111 O 2.86 138 Asn18Nh2...Leu111O-Leu111C 

Cys16ĺAla mutation 

Sol65 (29.0b) Ala129 O  2.89 105 Sol65...Ala129O-Ala129C 

Asn18N Sol65 (29.0b) 3.06 108 Asn18C-Asn18N...Sol65 

Leu111 N Ala129 O 3.06 128 Leu111N...Ala129O-Ala129C 

Asn18 Nh2 Leu111 O 3.02 137 Asn18Nh2...Leu111O-Leu111C 

Cys16ĺSer mutation 

Ser16 Oけa Sol17a (18.1b) 2.57 103 Ser16Cく-Ser16Oけ...Sol17 

Ser16 Oけa Sol38a (18.2b) 2.96 93 Ser16Cく-Ser16Oけ...Sol38 

Asn18 N Ser16 Oけ 3.03 128 Ser16Cく-Ser16Oけ...Asn18N 

Leu111 N Ala129 O 3.01 132 Leu111N...Ala129O-Ala129C 

Asn18 Nh2 Leu111 O 2.97 138 Asn18Nh2...Leu111O-Leu111C 

Sol17 (18.1b) Ala129 O  2.75 114 Sol17...Ala129O-Ala129C 

Sol17 (18.1b) Leu131 O 2.73 129 Sol17...Leu131O-Leu131C 

Cys16ĺThr mutation 

Thr16 Oけ1 Lys128 O 2.76 141 Thr16Cく-Thr16Oけ2...Lys128O 

Asn18N Thr16 Oけ2 3.06 126 Thr16Cく-Thr16Oけ2...Asn18N 

Leu111 N Ala129 O 3.06 131 Leu111N...Ala129O-Ala129C 

Asn18 Nh2 Leu111 O 2.86 140 Asn18Nh2...Leu111O-Leu111C 

Sol30 (24.8b) Leu131 O 2.54 137 Sol30...Leu131O-Leu131C 

Ser17 N Sol30 (24.8b) 2.80 116 Sol30...Ser17N-Ser17Cg 
 a Ambiguous donor/acceptor assignment 
b B-factor (Å2) 

 

  



 

Table S2. H-bond interaction summary for position 83 

Donor Acceptor Distance (Å) Angle (°) Angle Definition 

WT FGF-1 

Cys83 Sけ Thr78 O 3.85 136 Cys83Cく-Cys83Sけ...Thr78O 

Asn80 N Cys83 Sけ 3.39 91 Cys83Cく-Cys83Sけ...Asn80N 

Cys83 Sけ Asn80 Oh1 3.43 108 Cys83Cく-Cys83Sけ...Asn80Oh1 

Ser76 Oゃ Thr78 O 2.56 117 Ser76Cく-Ser76Oゃ...Thr78O 

Glu82 N Asn80 Oh1 2.69 144 Glu82N...Asn80Oh1-Asn80Cけ 

Cys83ĺAla mutation 

Ser76 Oゃ Thr78 O 2.64 107 Ser76Cく-Ser76Oゃ...Thr78O 

Glu82 N Asn80 Oh1 2.71 135 Glu82N...Asn80Oh1-Asn80Cけ 

Cys83ĺSer mutation 

Asn80 N Ser83 Oけ 3.27 91 Ser83Cく-Ser83Oけ...Asn80N 

Ser83 Oけ Asn80 Oh1 2.68 113 Ser83Cく-Ser83Oけ...Asn80Oh1 

Cys83ĺThr mutation 

Asn80 N Thr83 Oけ1 3.19 116 Thr83Cく-Thr83Oけ1...Asn80N 

Ser76 Oゃ Thr78 O 2.74 114 Ser76Cく-Ser76Oゃ...Thr78O 

Glu82 N Asn80 Oh1 2.79 136 Glu82N...Asn80Oh1-Asn80Cけ 
Thr83 Oけ1 Asn80 O 2.69 120 Thr83Cく-Thr83Oけ1...Asn80O 

Cys83ĺVal mutation 

Ser76 Oゃ Thr78 O 2.69 118 Ser76Cく-Ser76Oゃ...Thr78O 

Glu82 N Asn80 Oh1 2.72 141 Glu82N...Asn80Oh1-Asn80Cけ 
 

  



 

Table S3. H-bond interaction summary for position 117 

Donor Acceptor Distance (Å) Angle (°) Angle Definition 

WT FGF-1 

Cys117 Sけ (gauche+) Val31 O 2.94 127 Cys117Cく-Cys117Sけ...Val31O 

Cys117 Sけ (gauche-) Val31 O 3.52 102 Cys117Cく-Cys117Sけ...Val31O 

Cys117 Sけ (gauche-)a Sol1273 (38.0b) 3.03 102 Cys117Cく-Cys117Sけ...Sol1273 

Cys117 Sけ (gauche-)a Sol1258 (42.6b) 3.44 146 Cys117Cく-Cys117Sけ...Sol1258 

Cys117 Sけ (gauche-)a Sol1232 (22.3b) 3.16 94 Cys117Cく-Cys117Sけ...Sol1232 

Cys117 Sけ (gauche-)a Sol1234 (49.3b) 3.21 110 Cys117Cく-Cys117Sけ...Sol1234 

Cys117ĺAla mutation 

Sol71 (17.7b) Val31 O 2.73 147 Cys117Cく-Cys117Sけ...Val31O 

Cys117ĺSer mutation 

Ser117 Oけ  Val31 O 3.04 95 Ser117Cく-Ser117Oけ...Val31O 

Ser117 Oけa Sol25 (14.5b) 2.72 111 Ser117Cく-Ser117Oけ...Sol25 

Ser117 Oけa Sol74 (20.4b) 3.15 105 Ser117Cく-Ser117Oけ...Sol74 

Cys117ĺThr mutation 

Thr117 Oけ1a Sol37 (18.3b) 2.82 99 Thr117Cく-Thr117Oけ1...Sol37 

Thr117 Oけ1a Sol286 (32.3b) 3.00 133 Thr117Cく-Thr117Oけ1...Sol286 

Thr117 Oけ1a Sol323 (29.0b) 2.61 122 Thr117Cく-Thr117Oけ1...Sol323 

Cys117ĺVal mutation 

Sol1273 (29.4b) Val31 O 2.90 145 Cys117Cく-Cys117Sけ...Val31O 
a Ambiguous donor/acceptor assignment 
b B-factor (Å2) 

 

 

 


