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Abstract

Human fibroblast growth factor-1 (FGF-1) has broad therapeutic potential in regenerative
medicine but has undesirable biophysical properties of low thermostability and 3 buried cysteine
(Cys) residues (at positions 16, 83, and 117) that interact to promote irreversible protein unfolding
under oxidizing conditions. Mutational substitution of such Cys residues eliminates reactive buried
thiols but cannot be accomplished simultaneously at all 3 positions without also introducing
further substantial instability. The mutational introduction of a novel Cys residue (Ala66Cys) that
forms a stabilizing disulfide bond (i.e., cystine) with one of the extant Cys residues (Cys83)
effectively eliminates one Cys while increasing overall stability. This increase in stability offsets
the associated instability of remaining Cys substitution mutations and permits production of a Cys-
free form of FGF-1 (Cys16Ser/Ala66Cys/Cys117Ala) with only minor overall instability. The
addition of a further stabilizing mutation (Pro134Ala) creates a Cys-free FGF-1 mutant with
essentially wild-type biophysical properties. The elimination of buried free thiols in FGF-1 can
substantially increase the protein half-life in cell culture. Here, we show that the effective cell
survival/mitogenic functional activity of a fully Cys-free form is also substantially increased and is
equivalent to wild-type FGF-1 formulated in the presence of heparin sulfate as a stabilizing agent.
The results identify this Cys-free FGF-1 mutant as an advantageous “second generation” form of
FGF-1 for therapeutic application.
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Introduction

Cysteine (Cys) residues in proteins can have a pronounced effect on folding equilibrium.
Oxidation of 2 Cys residues in close proximity, and with appropriate stereochemistry, in the
native state can form a covalent bond (a cystine). Cystines prevent complete unfolding due
to residual structure in the denatured state, thus substantially reducing the entropy of the
denatured state (while having minimal consequences on the native state).2:2 In such cases,
the folding rate constant can be significantly increased, whereas the unfolding rate constant
may be largely unperturbed (thereby shifting the folding equilibrium in favor of the native
state).

In contrast, buried reduced Cys residues can have an opposite effect on the folding
equilibrium. Cys residues are subject to chemical modification (e.g., oxidation) that can
substantially alter their physical properties of size and charge. In the native state, a buried
residue is largely protected from chemical modification by agents in bulk solvent; however,
in the denatured state such buried residues are freely exposed and can readily participate in
chemical modification. In the case of Cys residues, the alteration of size and charge
associated with oxidative modification can preclude their accommodation within the buried
environment of the native state. For example, exposed Cys residues can react to form a
mixed disulfide with a thiol compound present in solution. Effective refolding would require
that the added bulk of the thiol adduct be successfully accommodated within the core of the
protein. Because most protein cores are efficiently packed,? it is unlikely that such
accommodation is possible without significant structural and stability perturbation.*® Cys
residues can also oxidize to form various acidic forms (e.g., sulfenic, sulfinic, and cysteic
acid); thus, refolding would require accommodation of a novel acidic charge within the core
of the protein. However, the accommaodation of an unpaired charge within the hydrophobic
core region is associated with substantial destabilization—in the range of 20—24 kJ/mol.®
Chemical modification of a buried Cys residue is therefore likely to result in an irreversible
unfolding pathway. Such irreversibility shifts the folding equilibrium (by Le Chatelier’s
principle), continuously driving it toward the unfolded state, and substantially reducing
functional half-life.”?

Buried Cys residues are commonly found in proteins,10:11 and their oxidation has long been
known to lead to protein inactivation.”-12-14 Fibroblast growth factor-1 (FGF-1) is a small
protein (with a 140 amino acid “mature” form), with therapeutic potential in regenerative
medicine,1®-18 and contains 3 buried Cys residues (at positions 16, 83, and 117).1% A prior
study of Cys positions in wild-type (WT) FGF-1 demonstrated that the functional half-life of
FGF-1 in cell culture media can be increased as much as 40-fold by mutational substitution
of Cys residues.? A detailed structural and thermodynamic study also showed that FGF-1 is
structurally optimized to accept Cys residues at 2 of these buried positions (Cys16,
Cys83)20:21: thus, their mutational substitution is associated with significant thermodynamic
destabilization. Unfortunately, WT FGF-1 is characterized by very low overall
thermostability?2:23; thus, it is unable to accommodate any significantly destabilizing
mutation and remain folded. Consequently, it is not feasible to generate a Cys-free form of
FGF-1 by simple point mutation at each Cys position and retain a favorable folding
equilibrium 2124
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Sequence and structure analysis of the FGF family indicates that one of the Cys residues
(Cys83) in FGF-1 can be considered a vestigial half-cystine—such that an Ala66—Cys
mutation (Ala66Cys; for facilitation of reading the single letter amino acid code will be used
when describing combination mutations) can create a novel cystine with Cys83.2° A query
of the UNIPROT database indicates that this novel cystine is not present in any FGF-1 of
any species. Although the Ala66Cys mutation introduces an additional Cys residue, the
resulting Cys66-Cys83 cystine effectively eliminates one of the 3 native buried Cys residues
in WT FGF-1 while simultaneously stabilizing the protein. Based on thermodynamic data
for Ala, Val, Ser, and Thr point mutations at the remaining 2 buried Cys positions (Cys16
and Cys117)2! it appeared feasible that point mutations that eliminate Cys residues at
positions Cys16 and Cys117, although destabilizing overall, could potentially be combined
with the stabilizing Ala66Cys disulfide mutation to generate a Cys-free form of FGF-1 with
minimal overall thermodynamic perturbation. Such a mutation should entirely eliminate
irreversible unfolding due to modification of buried Cys residues.

In the present report, we describe thermodynamic, biophysical, structural, and functional
characterization of a Cys-free mutant form of FGF-1. We show the combination mutant
C16S/A66C/C117A achieves an overall thermostability essentially indistinguishable from
WT FGF-1, while effectively eliminating all Cys residues. This mutant does, however,
manifest acidic (pH 5.0) sensitivity to unfolding that is not apparent in WT FGF-1. An
additional point mutation, Pro134Ala, has only a modest increase in thermostability but less
acidic pH sensitivity. Assays of cell survival and mitogenicity, using both a BaF3 cell system
expressing FGF receptor-1c (FGFR-1c) and 3T3 fibroblasts, demonstrate up to a 3-order of
magnitude increase in functional potency for various Cys-free mutants compared to WT
FGF-1.

Materials and Methods

Mutant Design

Based on our previous studies,?® the introduction of an Ala66Cys mutation yields a novel
cystine with Cys83 and also provides ~10kJ/mol gain in overall protein stability. However,
no equivalent cystine-forming mutations were identified adjacent to positions Cys16 and
Cys117. A systematic mutational analysis of substitutions of Cys16 in WT FGF-1 indicated
that the least destabilizing amino acid substitution is Ser, albeit with a loss of ~10 kJ/mol in
overall stability.21:24 In contrast, position Cys117 is largely neutral to mutation, although
Cys117Ala appears the best choice and provides ~2 kJ/mol increase in stability.21:26 With
simple additivity of mutational effects, the combination of Cys16Ser, Ala66Cys, and
Cys117Ala offers the possibility of a completely Cys-free form of FGF-1 with minimal
perturbation of WT FGF-1 stability. The C16S/A66C/C117A combination mutation was
constructed to test this design strategy. Further stability gains were investigated by
combining this Cys-free mutant design with additional stabilizing mutations Pro134Ala and
Pro134Val.2” Mutant pl values were calculated from the ExPASy Compute pl/Mw tool .28
Major histocompatibility complex 1 (MHC-1) binding predictions were made using the
IEDB analysis resource Consensus tool.2° The average predicted affinity for a given non-
apeptide centered at the site of mutation was calculated for all MHC alleles. The predicted
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aggregation potential for WT FGF-1 and the C16S/A66C/C117A/P134A mutant were
calculated from the X-ray structures (WT FGF-1 PDB accession 1JQZ) using the AggreScan
3D server.30

Protein Expression and Purification

Recombinant protein expression used a pET21a(+) expression vector (EMD Millipore,
Billerica, MA) with a codon-optimized synthetic gene encoding the 140 amino acid
“mature” form of human WT FGF-1 and with an N-terminal 6x His tag. The
QuickChange™ site-directed mutagenesis protocol (Agilent Technologies, Santa Clara, CA)
was used to introduce all FGF mutations and were confirmed by DNA sequencing
(Biomolecular Analysis Synthesis and Sequencing Laboratory, Florida State University).
Recombinant WT FGF-1 protein was expressed from pET21a(+)/BL21(DE3) Escherichia
colias previously described.3! Recombinant disulfide mutants were expressed from SHuffle
T7 Express £ coli (New England BioLabs, Ipswich, MA) and Luria broth media. The £ coli
culture was incubated at 30°C until ODggg = 0.6, at which point the temperature was shifted
to 20°C and 1 mM isopropyl-p-D-thio-galactoside was added to induce protein expression
with overnight incubation. The expressed protein was purified using sequential column
chromatography on Ni-nitrilotriacetic acid affinity resin (Qiagen, Valencia, CA) and heparin
Sepharose resin (GE Life Sciences, Pittsburgh, PA). Protein purity was evaluated by gel
densitometry of Coomassie blue—stained SDS-PAGE. An extinction coefficient of Exggnm
(0.1 %, 1 cm) = 1.2631 was used for concentration determination of WT FGF-1 and all
mutant proteins.

5,5-Dithiobis-(2-Nitrobenzoic Acid) Assay

A 5,5’ -dithiobis(2-nitrobenzoic acid) (DTNB) assay was used to determine the molarity of
Cys in each purified mutant protein and thereby quantify the extent of cystine formation.
Assays were performed by mixing 100 pL of 0.1-mM (1.6 mg/mL) purified protein with
400-pL DTNB reaction solution (0.75-mM DTNB, 0.1-M sodium phosphate, 7.5-M
guanidinium hydrochloride [GUHCI], 1-mM EDTA, pH 8.0). The DTNB reaction mixtures
were incubated at room temperature for 15 min, and the absorbance at 412 nm was
measured to quantify the amount of reduced 2-nitro-5-thiobenzoate (TNB™) product released
(using an extinction coefficient of 13,700 M~1). WT FGF-1 was also assayed as a control
(i.e., 3 mol Cys per molar protein basis). In each mutant case, the mole fraction of Cys is 2.0
and the % oxidized cystine was calculated as:

(1—(mol Cys/2)/mol protein) x 100 (1)

Analytical Heparin Sepharose Chromatography

The chromatographic profiles of purified WT FGF-1 and C16S/A66C/C117A/P134A mutant
proteins were characterized on an analytical heparin Sepharose chromatography column.
One hundred micrograms of each protein in 2.0 mL of crystal buffer was loaded onto a 10-
mL heparin Sepharose CL-6B (GE Healthcare BioSciences AB, Uppsala, Sweden) column
(1.6 cm x 5.0 cm) equilibrated to crystal buffer. The column was resolved with a linear
gradient of 0—-2.0 M NaCl (in crystal buffer) over 20 column volumes, with a flow rate of 1.0
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mL/min, using an AKTA FPLC chromatography workstation (GE Healthcare Life Sciences,
Pittsburgh, PA).

Empirical Phase Diagrams

Sample Preparation—Purified WT and mutant FGF-1 proteins were dialyzed into 20-
mM citrate-phosphate buffer (pH 3.0-8.0) with an overall ionic strength of 0.15 M (by
adjusting NaCl concentration) using an 8 kDa molecular weight cutoff membrane tubing
(Spectrum Industries Inc., Chippewa Falls, WI). The effects of 3-fold mass addition of
heparin sulfate on thermal stabilization of WT FGF-1 and mutant C16S/A66C/C117A/
P134A at pH 7.0 were also evaluated by empirical phase diagram (EPD) analysis.

Intrinsic Fluorescence Spectroscopy—All fluorescence (FL) experiments were
performed using a PT1 QM-40 spectrofluorometer (Photon Technology International,
Birmingham, NJ) equipped with a 4-cell position temperature-controlled Pelletier (Quantum
Northwest, Liberty Lake, WA), a 75 W Xe lamp, and a R1527 photomultiplier tube. The
samples were excited at 280 nm and FL emission was monitored from 290 to 380 nm in 1-
nm increments and a 1 s integration time at each wavelength. All experiments were
performed using 1-cm quartz cuvettes and 0.1 mg/mL protein concentration. Excitation and
emission slits were set to 3 and 4 nm, respectively. The spectrum of the buffer was
subtracted from all measurements and theratio of the intensityat305 nm to the intensity at
330 nm was plotted as a function of temperature.

Extrinsic Fluorescence Spectroscopy—Accessibility of hydrophobic moieties of
FGF-1 as a function of temperature was assessed using 8-anilino-1-naphthalenesulfonate
(ANS; Sigma, St. Louis, MO). ANS (suspended in dimethylsulfoxide) was added to FGF-1
at a 15:1 molar ratio and incubated in the dark for at least 5 min at 10°C. The samples were
measured using an excitation wavelength of 372 nm and the emission spectrum was
monitored from 400 to 600 nm as a function of temperature (10°C-87.5°C). The excitation
and emission slits were set at 3 and 4 nm, respectively. Step size and integration time were 1
nm and 0.5 s, respectively. The spectra were collected at 2.5°C intervals with a 2-min
equilibration time at each temperature. Instrument and cuvette setup were identical to the
intrinsic FL experiments. FL intensity at 480 nm was plotted as a function of temperature
and emission of the buffer-containing ANS was subtracted from all measurements.

Static Light Scattering—L.ight scattering was measured at 280 nm and quantifying the
scattered light at the same wavelength. Data were acquired concurrent with the intrinsic FL
emission using another photomultiplier tube oriented 180° from the FL photomultiplier.
Excitation and emission slits were set at 3 and 0.25 nm, respectively. The light scattering
intensity of the buffer was subtracted from all measurements before data analysis.

EPD Construction—An EPD is a colored map representing the protein structural changes
as a function of environmental conditions (i.e., pH and temperature). Protein unfolding was
monitored by different methods including intrinsic FL, FL dye binding, and static light
scattering (SLS). The color changes correspond to spectroscopic signal changes and are
plotted as a function of pH and temperature. Three-index EPDs were constructed as
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described?® using the MiddaughSuite software. Extrinsic FL values were normalized by
min/max normalization before EPD construction.

Isothermal Equilibrium Denaturation

Purified proteins were buffer exchanged into 50-mM sodium phosphate, 100-mM sodium
chloride, 10-mM ammonium sulfate, pH 7.5 (“crystallization buffer”) using an 8 kDa
molecular weight cutoff membrane tubing (Spectrum Industries Inc., Chippewa Falls, WI).
WT FGF-1 contains a single buried Trp residue (Trp107) whose FL is internally quenched in
the native state; Trp107 quenching is relatively diminished on denaturation, thereby
providing a spectroscopic probe of unfolding.1923 WT FGF-1 and mutant proteins were
equilibrated overnight in crystallization buffer with and without 2-mM dithiothreitol at 298
K in 0.1-M increments of GUHCI (final protein concentration 5 uM) to evaluate the effects
of cystine formation on stability. FL intensity was quantified using a Varian Eclipse FL
spectrophotometer (Varian Medical Technologies, Palo Alto, CA). Triplicate scans were
collected and averaged, and buffer background was collected and subtracted from the protein
scans. FL scans were integrated to quantify the total FL as a function of denaturant
concentration. Data were analyzed using a 6 parameter 2-state model32:

F,

o Fon +8y [ DI+ (Fyp +(S, [D]) e (A0t mIDD/RT

1+67(AGo+m[D])/RT (2)

where [D] is the denaturant concentration, /ypand Fypare the 0 M denaturant intercepts for
the native and denatured state baselines, respectively, and Sy and Sp are the slopes of the
native and denatured state baselines, respectively. AGy and /m describe the linear function ()~
intercept and slope, respectively) of the unfolding free energy versus denaturant
concentration. The effect of mutation on the stability of the protein (AAG) is calculated
taking the difference between the GUHCI concentration at the midpoint of denaturation (i.e.,
Cny) for WT and mutant protein and multiplying by the average /m-value, as described by
Pace and Scholtz33:

AAG= (Cm WT me mut) (TrLWT +m’lﬂﬂu‘c)/z (3)

where a negative value indicates the mutation is stabilizing in comparison to the WT protein.

Crystallization, X-Ray Diffraction Data Collection and Processing, and Structural

Refinement

Mutant proteins were concentrated to 6 mg/mL in crystallization buffer for crystallization
trails. Diffraction quality crystals were obtained at 4°C and 25°C incubation from solutions
containing 0.7 M-1.0 M sodium citrate, 0.1-M imidazole, pH 8.5, using the hanging drop
vapor diffusion method. Crystals were mounted by dipping in the mother liquor mixed with
25% glycerol as cryoprotectant and frozen immediately in liquid nitrogen. Mutant C16S/
AB66C/C117A/P134A diffraction data were collected at the Southeast Regional Collaborative
Access Team 22-1D beam line at the Advanced Photon Source at Argonne National
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Laboratory using a Mar300 detector (MarUSA, Evanston, IL). Diffraction data were
indexed, integrated, and scaled using the HKL.2000 software package.3* Other mutants grew
as single plate crystals, but diffraction data indicated that all crystals were multi-nucleated,
and no single crystals suitable for diffraction were obtained.

The C16S/A66C/C117A/P134A mutant structure was solved by molecular replacement
using the PHENIX software package3® and WT FGF-1 coordinates (PDB code 1JQZ) as a
search model. The Coot molecular graphics software package3® was used for model building
and visualization. Structure refinement was performed using PHENIX and with 5% of
reflection data set aside as the test data for free R calculation.3” Refined atomic coordinates
and reflection data have been deposited in the RCSB data bank (accession 4YOL).

BaF3/FGFR-1c Cell Culture and Cell Survival/Mitogenic Stimulation

BaF3 murine lymphoid cells were transfected to express the single FGFR-1c isoform so that
specific FGFR-1c activation can be quantified.38 Cells were maintained in Roswell Park
Memorial Institute 1640 media (Sigma Chemical, St. Louis, MO) supplemented with 10%
newborn bovine serum (Sigma Chemical), 50-uM B-mercaptoethanol, 0.5 ng/mL murine
recombinant interleukin-3 (PeproTech Inc, Rocky Hill, NJ), 2-mM L-glutamine, penicillin-
streptomycin (“BaF3 culture medium”), and G418 antibiotic (600 pg/mL). FGFR-1c
expressing BaF3 cells were washed twice in BaF3 “assay media” (“culture media” lacking
both murine recombinant interleukin-3 and B-mercaptoethanol) and plated at a density of
30,000 cells per well in a 96-well assay plate in assay media containing heparin sulfate (1
pg/mL) and concentrations of recombinant WT FGF-1 and Cys-free mutants ranging from
0.02 to 5 nM (3.18 x 102-7.95 x 105 pg/mL). The cells were incubated for 36 h, and DNA
synthetic activity was determined by adding 1 uCi of 3H-thymidine in 50 UL of BaF3 assay
medium to each well. Cells were harvested after 4 h by filtration through glass fiber paper.
Incorporated 3H-thymidine was counted on a MicroBeta plate scintillation counter
(PerkinElmer, Waltham, MA).

3T3 Fibroblast Mitogenic Stimulation

The mitogenic activity of WT FGF-1 and C16S/A66C/C117A/P134A mutant protein toward
NIH 3T3 fibroblasts was performed following a previously described procedure.2” In
contrast to BaF3 cells, NIH 3T3 fibroblast cells express heparan sulfate (HS) proteoglycan,
and no heparin sulfate was added in this assay. Briefly, NIH 3T3 fibroblasts were plated in
Dulbecco’s Modified Eagle’s Medium high glucose 1x (Gibco, Carlshad, CA) supplemented
with 10% (vol/vol) newborn calf serum (Sigma), 100 units/mL of penicillin, 100 pg/mL of
streptomycin, 10 pg/mL of gentamicin, and 4 mM L-Glutamine (Gibco) (“serum-rich
medium”) in T75 tissue culture flasks (Fisher, Pittsburgh, PA). Cultures were incubated at
37°C with 5% (vol/vol) CO, supplementation. At ~80% cell confluence, the cells were
washed with 5 mL of Tris buffered saline (TBS) (0.14-M NacCl, 5.1-mM KClI, 0.7-mM
NayHPO4, 24.8-mM Trizma base, pH 7.4) and subsequently treated with 5 mL of TrypLE
Express™ (Gibco). The trypsinized cells were seeded in T25 tissue culture flasks at a density
of 3.0 x 10* cells/cm? (representing ~20% confluence). Cell quiescence was initiated by
serum starvation in high glucose 1x supplemented with 0.5% newborn calf serum, 100
units/mL of penicillin, 100 pg/mL of streptomycin, 10 pg/mL gentamicin, and 4 mM L-
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Glutamine (*“serum starvation media”). Cultures were incubated for 48 h at 37°C. The
medium was then aspirated, washed twice with 5-mL TBS, and replaced with fresh serum
starvation medium supplemented with WT or mutant FGF-1 protein from 0.006 to 630 nM
(1.0 x 10%-1.0 x 107 pg/mL, the traditional concentration units for FGF-1 mitogenic assays)
and the cultures incubated for an additional 48 h. After this incubation, the medium was
aspirated, and the cells were washed twice with 5 mL of TBS. One milliliter of TrypLE
Express™ was added to release the cells from the flask surface; subsequently, 2 mL of
serum-rich medium was added to dilute and inhibit the trypsin. Triplicate cell samples were
counted using a Coulter Counter (Beckman Coulter, Brea, CA). Dose response experiments
were performed in quadruplicate, and the cell counts were averaged and normalized to %
maximal stimulation.

Mutant Protein Design, Expression, Purification, and Oxidization

Predicted pl values for all mutants were within 0.05 pH units of the WT FGF-1 protein
(Supplementary Table 1), indicating that the mutations had minimal effect on overall charge.
The analysis of predicted MHC-1 affinities for all nonapeptide epitopes within FGF-1 is
shown in Supplementary Figure 1. All epitopes involving sites of mutation are predicted to
have average MHC-1 affinities of >2 x 10% nM (i.e., medium-to-low affinity). The various
point mutations used in construction of Cys-free FGF-1 were characterized for their effect
on MHC-1 binding affinity and were predicted to have a minimal effect in each case
(Supplementary Fig. 1). Mutation sites are located at solvent inaccessible positions, and the
predicted aggregation potential in response to mutation, in each case, indicated minimal
effect (Supplementary Fig. 2).

The SHuffle T7 Express £ coliis a genetically engineered strain with an oxidative
intracellular environment that promotes cystine formation in expressed proteins. The DTNB
assay showed that the C16S/A66C/C117A and C16S/A66C/C117A/P134A mutant proteins
each had 2 mol equivalents of Cys—indicating essentially 100% cystine formation. Mutant
C16S/A66C/C117A/P134V had ~60% cystine formation. SDS-PAGE analysis of mutants
C16S/A66C/C117A and C16S/A66C/C117A/P134A under nonreducing conditions showed
a single protein band corresponding to a uniformly oxidized state. However, SDS-PAGE for
mutant C16S/A66C/C117A/P134V under nonreducing conditions exhibited a doublet
indicating a mixture of oxidized and reduced forms (with the slower-migrating band being
the reduced form). Subsequently, mutant C16S/A66C/C117A/P134V was air oxidized at
room temperature for 2 weeks, resulting in >90% disulfide formation by DTNB assay.

Analytical Heparin Sepharose Chromatography

The elution peak of WT FGF-1 from analytical heparin Sepharose chromatography occurred
at 1.26 M NaCl; whereas, the elution peak of the C16S/A66C/C117A/P134A mutant
occurred at 1.18 M NaCl (Supplementary Fig. 3).
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Crystallization and X-Ray Structure Determination

Crystals for each Cys-free mutant were obtained; however, single crystals suitable for
diffraction studies were obtained only for the C16S/A66C/C117A/P134A mutant. A 1.97 A
resolution data set, with excellent signal-to-noise and data completion, was collected (Table
1). This mutant crystallized in C-centered orthorhombic space group C222; with 2
molecules in the asymmetric unit—as observed for WT FGF-1 (PDB code: 1JQZ). A
straightforward molecular replacement solution was found using the 1JQZ WT FGF-1
structure as the search model. The 2Fo-F¢ difference electron density map at each site of
mutation permitted unambiguous assignment of the specific mutant rotamer, and formation
of the Cys66-Cys83 cystine was confirmed. The mutant X-ray structure refined to excellent
crystallographic residual and stereochemistry (Table 1).

A comparison of the refined 1.97 A resolution X-ray structure of the C16S/A66C/C117A/
P134A mutant with WT FGF-1 (PDB accession 1JQZ) shows that FGF-1 is largely
unperturbed in response to the mutations (Fig. 1). An overlay of the mutant main chain atom
coordinates with WT FGF-1, over residue positions 11-137 (i.e., the fundamental p-trefoil
structure, omitting the N-terminal His tag and flexible N-terminal residues 1-10), yields a
root mean square deviation of 0.28 A (Table 2). An examination of main chain atom
perturbation within a 6 A radius from the site of mutation indicates that the structural
environment surrounding each mutation is similarly unperturbed. The greatest structural
perturbation is not associated with a mutation site, per se, rather it is associated with the
oxidized half-cystine that is created at position Cys83. Specifically, residue positions 76-80
(adjacent to position Cys83) exhibit a root mean square deviation of 0.51 A (i.e., the largest
positional deviation of any region of the mutant structure). Furthermore, a comparison of Ca
B-factors for mutant and WT FGF-1 indicates a conservation of values over the entire
structure with the exception of a general increase in Ca B-factors over the region 75-80

(Fig. 2).

Isothermal Equilibrium Denaturation

Thermodynamic data for both reduced and oxidized forms of the different Cys-free mutants
were determined by isothermal equilibrium denaturation using GuHCI (Table 3). Included in
this table are previously reported thermodynamic data for WT FGF-139 and point mutants
Cys16Ser,2* Ala66Cys (under oxidizing condition),2> Cys117Ala,2! and Pro134Val .27 A
comparison of the stability data for reduced and oxidized forms of all mutants shows a
decrease in the midpoint of denaturation C,, and AAG values on chemical reduction—
indicating loss of a stabilizing cystine between Cys66 and Cys83 (consistent with the X-ray
structure data of C16S/A66C/C117A/P134A and previously reported X-ray structure of
oxidized Ala66Cys2®). The slope of the thermodynamic /m-values (i.e., the sensitivity of AG
to denaturant) is lower for all oxidized mutant forms; whereas, the m-value of all reduced
forms approximates the n+value of the (fully unfoldable) WT FGF-1 protein. Thus, the
decreased m-value of the oxidized forms is due to residual structure in the denatured state
(due to cystine formation) that prevents complete unfolding. There is good agreement
between the experimental AAG values for the C16S/A66C/C117A and C16S/A66C/C117A/
P134V combination mutations and the simple sum of previously reported AAG values for the
individual point mutations, indicating that the sites of mutations are largely independent of
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each other (consistent with the nonlocalized distribution of the mutation sites in the X-ray
structure; Fig. 1).

Empirical Phase Diagram

EPDs for WT FGF-1 and mutant proteins were determined over a pH range of 3.0-8.0 and a
temperature range of 10°C-85°C, quantifying intrinsic FL, extrinsic FL. (ANS binding), and
SLS properties (Fig. 3). Taken together, the 3 different probes provide a comprehensive view
of the protein structural state, including unfolding, molten globule structure, and
aggregation, over a broad regime of temperature and pH.

Intrinsic FL of the aromatic residues in WT FGF-1 and Cys-free mutants was used as a
probe of change in tertiary structure. The ratio between FL intensity at 305 nm and 330 nm
(1305/1330) was quantified as a function of temperature. The FL signal for WT FGF-1 at pH
3.0-4.0 exhibits no clear temperature-induced transition, indicating that the protein is
unfolded under low pH conditions. For Cys-free mutants, the FL signal suggests that these
proteins are also completely unfolded between pH 3.0-4.0. The FL signal of WT FGF-1
between pH 5.0-8.0 indicates a highly cooperative unfolding transition in the region of
40°C-47.5°C, with a pH of maximum stability around 7.0 (although the unfolding transition
temperature is a relatively constant value over pH 6.0-8.0). At pH 5.0, the C16S/A66C/
C117A/P134A mutation exhibits an FL signal more similar to native WT FGF-1; however,
the other mutations exhibit an FL signal characteristic of unfolded protein.

ANS is a fluorophore that can bind to protein in apolar regions in the molten globule state
and provides a useful probe highlighting the unfolding transitions during thermally induced
unfolding. The binding properties of ANS are similar for WT FGF-1 and the mutant
proteins. Over the range of pH 3.0-4.0, ANS binds weakly to unfolded protein at low
temperature and subsequently dissociates from the protein as temperature elevates. Greater
than pH 5.0-8.0, ANS does not bind to folded protein at low temperature, which results in a
low extrinsic FL signal. As temperature increases, ANS binds to partially heat-denatured
protein and the FL signal increases. This process is followed by a subsequent decrease in the
signal as the ANS dissociates from fully unfolded protein at high temperature.

Heat-induced protein aggregation is monitored by SLS. There is no significant change in
light scattering for WT FGF-1 and mutant proteins at pH 3.0 and pH 4.0, indicating that the
acid-induced unfolding state does not aggregate with temperature (consistent with visual
inspection of all proteins). Greater than pH 5.0-8.0, as temperature elevates above the
cooperative unfolding transition, there is a significant increase in light scattering
corresponding to aggregate formation for all proteins. This is followed at even higher
temperature by a reduction in light scattering as macroscopic protein aggregation takes
place.

EPDs for WT FGF-1 and mutant C16S/A66C/C117A/P134A in the presence and absence of
3-fold mass heparin sulfate were determined at pH 7.0 (i.e., the pH in the EPD profile
closest to the physiological condition) (Supplementary Fig. 4). The EPD data indicate a
similar magnitude of thermal stabilization for both proteins in response to heparin sulfate
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complexation; however, the SLS data suggest a reduced potential for thermally induced
aggregation with the C16S/A66C/C117A/P134A mutant.

BaF3/FGFR-1c Cell Survival/Mitogenic Stimulation

The cell survival/mitogenic response of BaF3 cells expressing FGFR-1c toward WT FGF-1
and mutant proteins, in the presence of stabilizing heparin sulfate (and excluding reducing
agent in the media) is shown in Figure 4. The assay is able to quantify cell survival/
mitogenic response of WT FGF-1 and mutant proteins over a concentration range of ~20—
5000 pM (3.18 x 102-7.95 x 104 pg/mL). The BaF3 cells have increasing survival/mitogenic
response with increasing WT FGF-1 protein concentration, with maximum stimulation
occurring at the highest-tested concentration. The Cys-free mutants as a group exhibited
~15-fold greater activity compared to WT FGF-1, and the BaF3 cells approach maximum
survival/growth stimulation with mutant protein concentrations of ~320 pM (5.0 x 103 pg/
mL).

3T3 Fibroblast Mitogenic Stimulation

The mitogenic activity of WT FGF-1 and mutant C16S/A66C/C117A/P134A is shown in
Figure 4. Unlike BaF3 cells, 3T3 fibroblasts express cell surface HS, and therefore, there is
no need for exogenous heparin sulfate for formation of the FGF-1/FGFR/HS ternary signal
transduction complex. However, exogenous heparin sulfate has a pronounced effect on WT
FGF-1 mitogenic activity—increasing the effective mitogenic activity by ~3-orders of
magnitude.® The mitogenic activity of the C16S/A66C/C117A/P134A mutant in the absence
of exogenous heparin sulfate approximates that of WT FGF-1 in the presence of added
heparin sulfate. Over the concentration range of ~60-250 pM (1 x 1034 x 103 pg/mL), the
C16S/A66C/C117A/P134A mutant has ~100-fold greater mitogenic activity than WT FGF-1
formulated in the absence of heparin sulfate.

Discussion

Although WT FGF-1 has diverse potential in regenerative medicine, its utility as a practical
therapeutic is negatively impacted by its intrinsic biophysical properties. Specifically, the
combination of low thermodynamic stability (AGynfolding = 21.3 kJ/mol in the absence of
phosphate or sulfate ion23 and 26.6 kJ/mol in the presence of such ions2%) and 3 buried Cys
residues (i.e., reactive thiols) results in an oxidation-driven irreversible denaturation pathway
that significantly reduces the effective functional half-life.914.24.40 Heparin sulfate binds
FGF-1 and stabilizes its thermal unfolding by approximately 20°C (~20 kJ/mol).22 The
addition of porcine heparin sulfate to FGF-1 has been a widely practiced formulation
solution to counteract the low stability of FGF-1. Heparin sulfate, however, has a number of
drawbacks including cost, heterogeneity, potential for infectious agents, allergic response,
stimulation of bleeding, and thrombocytopenia.*142 Point mutations are an obvious means
by which to eliminate such buried Cys residues; however, the structure of WT FGF-1 is
highly optimized to accommodate Cys residues at positions 16 and 8320 such that a
combination of optimal point mutations at these 2 positions (i.e., Cys16Ser and Cys83Thr)
destabilizes the protein by 13.2 kJ/mol?! (Cys117 substitutions by Ala, Ser, Val, or Thr are
essentially neutral). Thus, fully one-half of the stabilizing free energy is lost by point
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mutation to eliminate buried thiols in WT FGF-1 resulting in a highly destabilized and
aggregation-prone protein.

The discovery that Cys83 can participate as a half-cystine on mutation of adjacent residue
Ala66 to Cys, with an overall increase in stability of ~10 kJ/mol,2 provides an opportunity
to effectively eliminate all buried reactive thiols in FGF-1 while maintaining near-WT
thermostability. The simplest manifestation of mutant design to achieve this goal is the
C16S/A66C/C117A combination mutation. The current report tests this design hypothesis,
and the resulting thermodynamic analysis of this mutation indicates an essentially neutral
overall effect on thermodynamic stability (i.e., AAG = 0.8 kJ/mol [Table 3]). Comprehensive
analysis of the effect of pH and temperature on protein conformation (EPD analysis)
identifies an apparent increase in acid denaturation sensitivity (at pH 5.0) for this mutation.
Subsequently, additional stabilizing mutations at position 134 (Pro134Ala and Prol134Val)
were added to the C16S/A66C/C117A mutant to evaluate possible recovery of stability at
pH 5.0. The C16S/A66C/C117A/P134A combination mutant exhibits improvement of pH
5.0 stability (approaching that of WT FGF-1) and an overall increase in thermostability of
2.4 kJ/mol. Addition of the Pro134Val mutation increased stability by 10.0 kJ/mol, but pH
5.0 sensitivity was surprisingly unaltered. The most likely basis for observed differences in
acid stability between the Pro and Ala residues at position 134 is an alteration in solvent
structure in the region of position 134 because neither Pro nor Ala alters H-bond or charge in
this region. However, Pro could also affect the local p-strand structure compared to Ala and
this may also influence local solvent/H-bond effects; further work is needed to understand
this effect.

The design of the C16S/A66C/C117A/P134A Cys-free FGF-1 mutant followed a
hierarchical process. The best mutant substitution (as regards thermodynamic stability) for
each individual Cys residue was identified and combined (including a novel cystine
mutation). Additional thermodynamic stability was achieved by combining with stabilizing
point mutations located at solvent inaccessible positions. Thus, the combination mutations
were engineered so as to limit alteration in surface properties of the protein, thereby
minimizing changes in aggregation potential. Alteration in the potential MHC-1 binding
affinity of mutant epitopes was also characterized and determined to be minimal. This
general design strategy may be readily adapted to other proteins.

FGF-1 is a pan-FGFR activator (able to activate all FGFR splice variants) and the structural
dynamics of WT FGF-1 have been implicated in this functional property.*344 A relationship
often exists between thermodynamic stability and the structural dynamics of a protein, such
that thermostable proteins require higher temperatures for equivalent functional dynamics
compared to their mesophile counterpart.#>46 Thus, a Cys-free mutant form of FGF-1 that
retains overall WT stability and dynamics is desirable. In this regard, the C16S/A66C/
C117A/P134A mutant is only slightly more stable than WT FGF-1 and possesses a very
similar EPD profile. X-ray structure data for this mutant indicates accommodation of
mutations with only minor structural perturbation, including limited B-factor changes. These
limited structural perturbations are associated with formation of the cystine at position
Cys83. In this regard, the efficiency of formation of this cystine from the SHuffle T7
Expression host was only 60% with the most thermostable C16S/A66C/C117A/P134V

J Pharm Sci. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xia et al.

Page 13

mutant. To investigate this effect further, an additional stabilizing mutation, Lys12Val, was
added to this mutation. This point mutation should provide an additional 9.3 kJ/mol of
thermostability.2’ Subsequent expression of this stabilizing mutation yielded only 30%
efficiency in formation of the cystine bond. Thus, efficient formation of the Cys66-Cys83
cystine requires structural dynamics best achieved by WT equivalent thermostability.

Although none of the mutations in the present study involve positions known to interact with
HS, the analytical heparin Sepharose chromatography indicates a modest reduction in HS
affinity for the C16S/A66C/C117A/P134A mutant (i.e., a reduction in the elution peak from
1.26 to 1.18 M NaCl; Supplementary Fig. 3). Thus, the aforementioned alteration in
structural dynamics, involving an increase in B-factors and minor structural perturbation of
positions 75-80, may influence the HS-binding site structure. In this regard, the region 75—
80 is essentially antipodal to the HS-binding site of WT FGF-1; thus, such influence is an
unexpected distal structural effect. The slight reduction in HS affinity for the C16S/A66C/
C117A/P134A mutant does not appear to be significant as regards the BaF3/FGFR-1c and
3T3 fibroblast functional assays. Additionally, EPD analysis of the effects of heparin sulfate
on protein stabilization shows an essentially equivalent stability effect when comparing WT
FGF-1 and the C16S/A66C/C117A/P134A mutant (Supplementary Fig. 4).

Cys mutation eliminates thiol-mediated irreversibility and extends the functional half-life of
WT FGF-1.9 In the present report, we evaluate the practical implications for the effective
functional activity in cell culture—using 2 different cell systems and with particular focus on
the C16S/A66C/C117A/P134A combination mutant (which largely avoids the pH 5.0
sensitivity of the other mutant forms while maintaining overall WT FGF-1 thermostability
and efficient cystine formation). The BaF3/FGFR-1c assay indicates an increase of ~100-
fold in functional activity for the C16S/A66C/C117A/P134A mutant; whereas, the 3T3
fibroblast assay indicates an increase of ~15-fold in activity. The discrepancy between these
functional assays is likely due to the BaF3/FGFR-1c assay responding to both increased cell
survival and mitogenic response; whereas, the 3T3 fibroblast assay is a measure of
mitogenic response. WT FGF-1 exhibits substantially different mitogenic activity in the 3T3
fibroblast assay depending on whether heparin sulfate is added. Heparin sulfate stabilizes
WT FGF-1 by approximately 20°C, or ~20 kJ/mol®22:23 and minimizes oxidized thiol-
induced unfolding and sensitivity to proteases. The C16S/A66C/C117A/P134A mutant in
the absence of added heparin sulfate exhibits a mitogenic activity in the 3T3 fibroblast assay
similar to WT FGF-1 in the presence of heparin sulfate. Because the stability of the C16S/
AB6C/C117A/P134A mutant is increased by only 2 kJ/mol in comparison to WT FGF-1, the
increase in mitogenic potency is consistent with the elimination of reactive thiols and an
associated increase in functional half-life.

Overall, a Cys-free form of FGF-1 (C16S/A66C/C117A/P134A) was developed with
minimal structural and thermodynamic perturbation. This mutant exhibits broad biophysical
properties (as quantified by EPDs) that are essentially indistinguishable from WT FGF-1.
The elimination of buried Cys residues results in a mitogenic potency in the absence of
exogenously added heparin sulfate that approximates that of the WT FGF-1 formulated in
the presence of heparin sulfate. The results therefore identify this mutant as an excellent
candidate as a “second generation” FGF-1 for therapeutic application.
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Figure 1.
Relaxed stereo ribbon diagram overlay of WT FGF-1 and C16S/A66C/C117A/P134A

mutant X-ray structures. The C16S/A66C/C117A/P134A mutant structure (light gray) is
overlaid onto the WT FGF-1 structure (black). The images include a “side” view (top panel)
and a “top” view (parallel to the pseudo 3-fold axis of cyclic symmetry; bottom panel). Also
shown are space-filling representations of the mutant residues Cys16Ser, Ala66Cys,
Cys117Ala, and Prol34Ala.
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Figure 2.

X-ray structure B-factor comparison of WT FGF-1 and C16S/A66C/C117A/P134A mutant.
Left panel: an overlay of Ca B-factors for WT FGF-1 (1JQZ, molecule A; black line) and
C16S/A66C/C117A/P134A (molecule A; gray line). The location of the mutation sites (as
well as the oxidized half-cystine at Cys83) is indicated. Right panel: a AB-factor plot scaled
by the WT FGF-1 B-factor ((mutant-WT FGF-1)/WT FGF-1). The 2 graphs demonstrate
broad conservation of Ca B-factors in response to mutation, with the exception of a
demonstrable increase in B-factors for the region 75-80 in the C16S/A66C/C117A/P134A
mutant.
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Figure 3.
pH versus temperature EPDs of WT FGF-1 and Cys-free disulfide mutants. EPDs were

determined for WT FGF-1, C16S/A66C/C117A, C16S/A66C/C117A/P134A, and C16S/
AB66C/C117A/P134V Cys-free mutants. EPDs as a function of pH and temperature were
constructed from FL, ANS dye binding, and SLS data in citrate-phosphate buffer for the
indicated proteins (see Methods). In this tricolor diagram, the red color indicates the regime
of temperature and pH stability of the native state.
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Figure 4.
Biological activity of WT FGF-1 and Cys-free mutants in BaF3/FGFR1c cell survival/

mitogenic and NIH 3T3 fibroblast mitogenic assays. The induced cell survival/proliferation
in the BaF3/FGFR-1c cell assay is quantified by radioactive 3H-thimidine incorporation
(CPM). The mitogenic activity in the NIH 3T3 cell assay is determined by cell count and
normalized to maximum mitogenic activity. The protein concentration is plotted as log
(pg/mL) in both assays. The BaF3/FGFR-1c cell system lacks HS proteoglycan, and the
assay is performed in the presence of heparin sulfate (see Methods). The NIH 3T3 cell
system expresses HS proteoglycan, and the assay for WT FGF-1 was performed in the
presence and absence of heparin sulfate (see Methods). The single letter amino acid code is
used in this figure. Error bars are standard deviation values.
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Table 1

X-ray Diffraction Data Collection, Processing, and Structure Refinement of Mutant C16S/A66C/C117A/
P134A

Data Collection and Processing

Space group C222,
Cell constants
a(A) 75.6
b (A) 97.8
¢ (R) 107.9
By () 90
Max resolution (A) 1.97
Mosaicity range (°) 0.69
Redundancy 9.7
Mol/ASU 2
Matthews coeff. (A3/Da) 2.98
Total reflections 272,211
Unique reflections 28,191
I/o (overall) 39.1
I/ (highest shell) 9.0
Completion overall (%) 97.7
Completion highest shell (%) 99.2
R-merge overall (%) 9.4
R-merge highest shell (%) 40.5
Refinement
Nonhydrogen protein atoms 2374
Solvent molecules/ion 334
Reryst (%) 0.160
Riree (%) 0.199

RMS deviation bond length (A) 0.007

RMS deviation bond angle (°) 1.06
Ramachandran favored (%) 95.9
Ramachandran outliers (%) 0.8
PDB accession 4YOL

RMS, root mean square.
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Table 2

Page 22

Main Chain Atom Deviation in the C16S/A66C/C117A/P134A X-ray Structure Compared to WT FGF-1

Position RMS deviation (A)2
Cys16Ser 0.34
Ala66Cys 0.25
Cys83 (ox) 0.29
Cys117Ala 0.20
Prol34Ala 0.25
Residues 76-80  0.51
Residues 11-137  0.28

aRoot mean square (RMS) deviations are calculated for all main chain atoms within 6 A of the indicated positions.
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