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Abstract

Fibroblast growth factors (FGFs) serve numerous regulatory functions in complex

organisms, and their corresponding therapeutic potential is of growing interest to

academics and industrial researchers alike. However, applications of these proteins are

limited due to their low stability. Here we tackle this problem using a generalizable

computer-assisted protein engineering strategy to create a uniquemodified FGF2with

nine mutations displaying unprecedented stability and uncompromised biological

function. The data from the characterization of stabilized FGF2 showed a remarkable

prediction potential of in silico methods and provided insight into the unfolding

mechanism of the protein. The molecule holds a considerable promise for stem cell

research and medical or pharmaceutical applications.
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1 | INTRODUCTION

The structurally related and highly conserved polypeptides from the

family of FGFs are involved in a number of physiological processes in

diverse animal species including humans. There has been a consider-

able effort in investigating members of the FGF family for applications

in pharmacy and bioengineering (Beenken & Mohammadi, 2009).

Specifically, human FGF2 serves as a pleiotropic regulator of

proliferation, differentiation, migration, and survival in a variety of

cell types and has been studied as a promising agent in the treatment

of cardiovascular diseases (Seo, Yu, Suh, Kim, & Cho, 2013), cancer
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(Ilkow et al., 2015), and mood disorders (Turner, Clinton, Thompson,

Watson, & Akil, 2011). It has also been shown to have efficacy in the

ulcer, wound (Ortega, Ittmann, Tsang, Ehrlich, & Basilico, 1998; Sun,

Siprashvili, & Khavari, 2014), and epithelium healing (Song et al., 2015)

and is being routinely used as an essential component of cultivation

media for human embryonic stem cells (Levenstein et al., 2006).

The long-termmaintenance of growth factors in the tissue ormedia

is desirable for protein therapies and stem cell culturing, but is hindered

by the low thermal stability of the molecules and their limited half-life

(Beenken & Mohammadi, 2009; Buchtova et al., 2015; Chen,

Gulbranson, Yu, Hou, & Thomson, 2012). Stability of FGFs was shown

to be enhanced by co-administration with heparin (Furue et al., 2008),

conjugation to heparin-mimicking polymers (Nguyen et al., 2013;

Paluck, Nguyen, Lee, & Maynard, 2016), encapsulation in microspheres

(Lotz et al., 2013), or fusion with proteoglycan (Yoneda, Asada, Oda,

Suzuki, & Imamura, 2000). However, these strategies utilizing additives

possess various limitations. They might significantly affect protein

activity and are of prime concern from both safety and economic

standpoints. For instance, heparin is isolated from animal tissues, for

example, mucosa or bovine lungs, and is susceptible to batch-to-batch

variability and contamination. Fractionated heparin is associated with

fewer side effects, but the process of fractionation is often costly (Merli

& Groce, 2010). The use of heparin as an additive in cell culture media

may have adverse effects on the course of the biological process inside

the cells. Linget al. (2016) demonstrated that serialpassagingwitha low-

dose heparin had pleiotropic effects on signaling pathways essential to

human mesenchymal stem cell growth and differentiation. Moreover,

both heparin and heparinoids are susceptible to in vivo degradation by

heparinises. Heparin-like synthetic polymers offer a safer alternative to

heparin, however, their highproduction cost anduncertainty about their

biological effects limit their widespread applications. Taken together,

development of soluble, heparin-independent FGF analogues with

improved stability is clearly needed for broader use of these interesting

molecules (Beenken & Mohammadi, 2009).

Protein engineering is a powerful approach for protein stabilization

(Bornscheuer et al., 2012; Koudelakova et al., 2013). Stabilization by

engineering has been previously applied to highly unstable FGF1 and

resulted in improved mitogenic activity half-life by introducing

stabilizing mutations at N and C terminus β-strand interactions of a

β-barrel architecture (Blaber, Diaz, & Blaber, 2015; Dubey, Lee,

Somasundaram, Blaber, & Blaber, 2007). Triple (patent

US20120225479, Jeong S. S. 2012) and quintuple (patent

US20150284443, Nolle V. 2015) FGF2mutants with improved stability

and up to 10-fold prolonged activity in cell culture were recently

prepared by aligning protein sequences of wild-type FGF2 with

previously reported stabilized FGF1 mutants or by employing and

combining individual stabilizing mutations published elsewhere. Never-

theless, the true potential of cutting-edgeprotein engineering strategies

has not yet been exploited in the design of stable FGFs. Here, we

describe engineering and in vitro biophysical and biological characteri-

zation of a nine-point mutant of low molecular weight isoform FGF2

withmelting temperature (Tm) increasedby19 °Cand in vitro, functional

half-life at 37 °C improved from 10 hr to more than 20 days. This was

achieved by following a computer-assisted engineering strategy

combining energy- and evolution-based analyzes (Bednar et al., 2015)

with focused directed evolution and unique functional screening of

novel variants (Figure 1). Thermal and chemical denaturation experi-

ments verified stabilization and revealed a two-step unfolding mecha-

nism in studied FGF2 variants. We demonstrate that the developed

molecule holds a great promise for future applications.

2 | MATERIALS AND METHODS

2.1 | Prediction of stabilizing effect of single-point
mutations by evolution-based approach

The FGF2 isoform 3 protein sequence (UniProt identifier: P09038-2)

was used as a query for PSI-BLAST (Altschul et al., 1997) search against

nr database of NCBI. PSI-BLAST was performed with the

E-value thresholds of 10−1 for the initial BLAST search and the

threshold of 10−5 for the inclusion of the sequence in the position-

specific matrix. Sequences collected after three iterations of PSI-

BLAST were clustered by CD-HIT (Li & Godzik, 2006) at the 90%

identity threshold. Resulting dataset of 554 sequences was clustered

with CLANS (Frickey & Lupas, 2004) using default parameters and

varying p-value thresholds. Sequences clustered together with FGF2

at the p-value of 10−30 were extracted and aligned with the MUSCLE

program (Edgar, 2004). The alignment was refined manually in BioEdit

(Hall, 1994). All incomplete or diverged sequences were removed. The

final alignment comprising 238 sequences was used to estimate the

level of conservation of individual sites within the FGF2 related

proteins. Relative evolutionary rates for individual positions were

calculated by the Rate4Site v2.01 program (Pupko, Bell, Mayrose,

Glaser, & Ben-Tal, 2002) using the empirical Bayesian method

(Mayrose, Graur, Ben-Tal, & Pupko, 2004) and WAG model of

evolution (Whelan & Goldman, 2001). The evolutionary rates were

then converted to the ConSurf conservation scale (Landau et al., 2005).

The multiple sequence alignment comprising 238 FGF2 protein

sequences was used as an input for back-to-consensus analysis using

the simple consensus approach. The analysis was performed using the

consensus cut-off of 0.5, meaning that a given residuemust be present

at a given position in at least 50% of all analyzed sequences to be

assigned as the consensus residue. Stability effects of all possible

single-point mutations in FGF2 protein were estimated by free energy

calculations as described in the following section.

2.2 | Prediction of stabilizing effect of single-point
mutations by energy-based approach

Available structures of FGF2 with resolution higher than 2.20 Å

(PDB-ID codes: 1BFG, 4FGF, 2FGF, 1BAS, 1BFB, 1BFC, 1BFF,

1EV2, 1FGA) were downloaded from the RCSB Protein Data Bank

(Berman et al., 2000). The structures were visualized in PyMOL

molecular graphics system v 1.7.7.4 (Schrödinger, New York, NY)

and prepared for analyzes by removing ligands and water molecules.

Chain A was chosen in the case of multiple chain structure. Missing
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atoms in side chains were added by <RepairPDB> module of FoldX

(Guerois, Nielsen, & Serrano, 2002). Stability effects of all possible

single-point mutations were estimated using the FoldX <BuildMo-

del> module. Calculations were performed five-times for each

mutant following the recommended protocol (pH 7, temperature

298 K, ion strength 0.050M, VdWDesign 2). For each mutation, the

total ΔΔG value was calculated by averaging all ΔΔG values

obtained for a respective mutation in all analyzed FGF2-G0 crystal

structures. Repaired structures were minimized by the minimize_-

with_cst module of Rosetta (Kellogg, Leaver-Fay, & Baker, 2011)

with both backbone and side-chains optimization enabled

(--sc_min_only false), distance for full atom pair potential set to

9 Å (--fa_max_dis 9.0), standard weights for the score function and a

constraint weight of 1 (--constraint_weight 1.0). Output from the

minimization was used to constraint Cα atoms with harmonic

function within 0.5 Å distance from the initial position in the crystal

structure. Protocol 16 incorporating backbone flexibility within the

ddg_monomer module of Rosetta was applied according to Kellogg

et al. (2011). The soft-repulsive design energy function

(--soft_rep_design weights) was used for repacking side-chains

(--sc_min_only false). Optimization was performed on each whole

protein without distance restriction (--local_opt_only false). The

previously created constraint file was used during backbone

minimization (--min_cst true). Three rounds of optimization with

increasing weight on the repulsive term (--ramp_repulsive true) were

applied. The minimum energies from 20 iterations were used as the

final parameters describing the stability effects of single-point

mutations. Mutations predicted as stabilizing by either FoldX or

Rosetta tool (ΔΔG < −1.0 kcal mol−1) and not significantly con-

strained during evolution (Consurf conservation score < 8) were

selected for further analysis. Residues forming the FGF2/FGFR1

interface (PDB-ID code 1CVS) and FGF2/FGFR2 interface (PDB-ID

code 1EV2) were identified using the PISA server (Krissinel, 2015)

and were discarded from the selection.

2.3 | Construction and production of single point
FGF2-G1A variants

Twelve FGF2-G1A variants were commercially synthesized (GeneArt/

Thermo Fisher Scientific,Waltham,MA) and subcloned in theNdeI and

XhoI sites of pET28b-His-thrombin. Escherichia coli BL21(DE3) cells

were transformed with expression vectors and mutant proteins were

produced and purified by a single step affinity chromatography as

described in Supplementary Methods.

2.4 | Construction and screening of focused
site-saturation mutagenesis libraries

The pET28b-His-thrombin::fgf2was used as a template for randomiza-

tion using “Fixed Oligo” technology of GeneArt (Thermo Fisher

Scientific). Plasmid DNA was transformed into E. coli XJb (DE3)

Autolysis cells (Zymo Research, Irvine, CA). Cells were streaked on LB

agar plates with kanamycin and incubated overnight at 37 °C. Plates

with colonies carryingnegative control (emptypET28b), positive control

(plasmid pET28b-His-thrombin::fgf2-G2) and background control

(pET28b-His-thrombin::fgf2-G0) were prepared correspondingly. Crude

extracts with FGF2 variants for the screening were prepared in 96-well

plate format as described in Supplementary Methods.

Concentration of total soluble protein in crude extract in one well

with negative control, one well with positive control, one well with

background control and in six randomly selectedwells with new FGF2-

G1B mutants was determined for each plate containing one of the

libraries using Bradford reagent. Samples of crude extracts from the

same wells were loaded on 15% SDS polyacrylamide gels stained with

Coomassie Brilliant Blue R 250 dye (Sigma–Aldrich, St. Louis, MO). The

gels were analyzed using GS-800 Calibrated Densitometer (Bio-Rad,

Hercules, CA) and the content of FGF2 in the total soluble protein in

each sample was determined. The concentration of FGF2 in crude

extracts was calculated based on the obtained data.

FIGURE 1 The integrated strategy combining computational analyzes with focused directed evolution for engineering hyperstable FGF2.
The workflow starts with the template wild-type molecule FGF2-G0. Initially, 12 computationally designed point mutants (FGF2-G1A) were
constructed and tested leading to seven stabilizing substitutions at six different positions with ΔTm between 0.9 and 3.7 °C. Six selected
substitutions were recombined giving rise to the second generation mutant FGF2-G2 with ΔTm of 15 °C. Subsequently, 420 clones from 7
focused site-saturation mutagenesis libraries were screened for enhanced thermostability and retained biological activity (FGF2-G1B),
revealing 14 beneficial substitutions at 5 randomized positions with ΔTm between 0.3 and 2.9 °C. Guided by computational predictions, 5
substitutions from rational design were combined with 4 mutations from semi-rational design providing the third generation protein FGF2-G3
with ΔTm of 19 °C
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The high-throughput growth arrest screening assay with rat

chondrosarcoma (RCS) cells was performed in a 96-well plate format

with the cellular content determined by simple crystal violet staining.

Mediawithorwithoutbacterial crudeextractswithFGF2-G1Bvariants in

approximate concentration of 40 ngml−1 were incubated at 41.5 °C for

48hr andmixed every 12hr within this period. RCS cells were seeded in

concentration 250 cells per well in 96-well plate, 1 day before the

treatment. Cells were treated with pre-incubated FGF2 at a final

concentrationof20 ngml−1 for4days.CellswerewashedwithPBS, fixed

with 4% paraformaldehyde, washed again and stained with 0.025%

crystal violet for1 hr.Coloredcellswere three timeswashedwithdistilled

water. Color from cellswas dissolved in33%acetic acid. Absorbancewas

measured at 570 nm. E. coli clones containing FGF2 candidates were

refreshed from glycerol replica plates. For eachof positive hits, fourwells

with LBmedium in fresh 1ml 96-well PPmicrotiter platewere inoculated

and the whole screening procedure was repeated. For each of FGF2

candidates verified in thesecond roundof screening, 10ml of LBmedium

with kanamycin was inoculated with corresponding E. coli clone from

glycerol replica plate and the cells were grown overnight at 37 °C with

shaking. The overnight culture was used for isolation of plasmid DNA

using GeneJET Plasmid Miniprep kit (Thermo Fisher Scientific) and fgf2-

G1B genes were commercially sequenced by Sanger method (GATC

Biotech, Konstanz, Germany).

2.5 | Production and characterization of selected
FGF2-G1B mutants

E. coli BL21(DE3) cells were transformed with pET28b-His-thrombin::

fgf2x (where x represents one of 33 new mutant variants). Small scale

production and purification of mutants with MagneHis Protein

Purification System (Promega, Madison, WI) was conducted as

described in detail in Supplementary Methods. The thermal stability

of FGF2-G1B variants was verified by thermal shift assay (Lo et al.,

2004). FGF2-G0was used as a background control. Themeasurements

were conducted in MicroAmp Fast Optical 96-well Reaction Plate

(Thermo Fisher Scientific). Each reaction mixture of final volume of

25 µl was composed of 2 µl of SYPRO Orange Protein Gel Stain

(Thermo Fisher Scientific), purified FGF2 variant (2.5 mgml−1) and the

elution buffer (100mM HEPES, 500mM imidazole, and 500mM

NaCl, pH 7.5). The assay was performed using StepOnePlus Real-Time

PCR System (Applied Biosystems/Thermo Fisher Scientific) with

starting temperature of 25 °C (2 min initial equilibration) and ramping

up in increments of 1 °C to a final temperature of 95 °C. The Tm values

were determined from obtained data using Protein Thermal Shift

software (Applied Biosystems/Thermo Fisher Scientific).

2.6 | Biophysical analyzes

2.6.1 | Differential scanning calorimetry

The thermostability of FGF2 mutants (except for FGF2-G1B variants)

was determined by differential scanning calorimetry (DSC) assay.

Thermal unfolding of 1.0 mgml−1 protein solutions in 50mM

phosphate buffer (pH 7.5) with 750mM NaCl was followed by

monitoring the heat capacity using the VP-capillary DSC system (GE

Healthcare, Chicago, IL). The measurements were performed at the

temperatures from 20 to 80 °C or from 20 to 100 °C at 1 °Cmin−1

heating rate. Tm was evaluated as the top of the Gaussian curve after

manual setting of the baseline.

2.6.2 | Circular dichroism spectroscopy

Proper folding of selected mutants was verified by circular dichroism

(CD) spectroscopy. CDspectra ofmutants dialyzed in50mMphosphate

buffer pH 7.5 and diluted to the concentration of 0.2mgml−1 were

recorded at 20 °C using a spectropolarimeter Chirascan (Applied

Photophysics, Leatherhead, United Kingdom) equipped with a Peltier

thermostat. Data were collected from 200 to 260 nm, at 100 nmmin−1,

1 s response time, and 2 nm bandwidth using a 0.1 cm-quartz cuvette.

Each spectrum is the average of five individual scans and is corrected for

absorbance caused by the buffer. Collected CD data were expressed in

termsof themean residue ellipticity. Thermal unfoldingwas followed by

monitoring the ellipticity at 227 nmover the temperature range from20

to 80 °C at a heating rate 1 °Cmin−1. Recorded thermal denaturation

curves of FGF2 variants were normalized to represent signal changes

between approximately 0 and 1 and fitted to sigmoidal curves. The Tm

values were evaluated from the collected data as a midpoint of the

normalized thermal transition.

The structural integrity of FGF2-G0, FGF2-G2, and FGF2-G3

proteins of concentration of 0.2 mgml−1 in 25mM phosphate buffer

(pH 7.5) containing 750mM NaCl was followed by monitoring the

ellipticity over the wavelength range of 200–260 nm at the tempera-

ture 37, 50, 65, and 70 °C for 24 hr. Data were recorded in 2min

intervals with 1 nm bandwidth using a 0.1 cm quartz cuvette

containing the protein. Recorded denaturation curves (either single

exponential, double exponential or exponential linear combination

function) of tested FGF2 variants were globally fitted to exponential

decay curves using OriginPro8 software (OriginLab, Northampton,

MA). Half-life of FGF2 secondary structure (t1/2 defined as a time

required to reduce the initial value of ellipticity, as ameasure of protein

secondary structure, to 1/2 of the original value) was evaluated from

the collected data as a decay constant (τ) using the Eq. (1):

t1=2 ¼ lnð2Þ = λ ¼ τ⋅lnð2Þ

where λ is exponential decay constant. The t1/2 was evaluated from the

data collected at 227 nm,where all spectra showed the ellipticitymaxima.

2.7 | In vitro biological assays for comparison of
FGF2-G0, FGF2-G2, and FGF2-G3

The authors herein declare that all following experiments conducted

on human cells were carried out in accordancewith relevant guidelines

and regulations. All experimental protocols were approved by Faculty

of Medicine of Masaryk University and licensing committee of Czech

Ministry of Health.
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2.7.1 | Cell cultures

The human embryonic stem cells (hESC) employed in this study were

derived fromblastocyst-stage embryosobtainedwith informed consent

of donors. A well characterized human ESC line (International StemCell

Initiative et al., 2007) CCTL14 (Centre of Cell Therapy Line) in passages

65–75 was used. The hESC were maintained under feeder-free

conditions using MatrigelTM hESC-qualified Matrix (BD Biosciences,

San Jose, CA). Culturemedium required for propagation of hESC grown

on Matrigel was medium conditioned by mitotically inactivated mouse

embryonic fibroblasts (mEF). For preparation of standard conditioned

medium (CM), the complete hESCmedium containing 4 ngml−1 FGF2 is

usually conditionedbymitotically inactivatedmEFfor5–7daysandthen

supplemented by 10 ngml−1 of FGF2 to restore growth factor

concentration due to its degradation. In our experiments, to test the

long-termthermostabilityofFGF2, theCMwaspreparedout ofmedium

containing 10 ngml−1 of FGF2 with no supplementation afterward.

2.7.2 | Determination of biological activity half-life

To test the thermal stability of FGF2 variants, the hESC medium

prepared without FGF2 was supplemented with FGF2-G0, FGF2-G2,

or FGF2-G3 to the final concentration of 10 ngml−1 and pre-incubated

at 37 °C for 6 hr, 12 hr, 24 hr, 2 days, 4–20 days. FGF2-starved hESC

were treated with hESC medium containing pre-incubated FGF2 for

2 hr and Western blotted (Supplementary Methods) for phosphory-

lated ERK1/2. Two representative blots per each protein variant were

analyzed using ImageJ 1.50b (National Institutes of Health, Bethesda,

MD) and band densities were plotted as a function of pre-incubation

time. Data points were analyzed using single exponential decay Eq. (2):

A=A0¼ exp �t=τð Þ þ c

where A/A0 is the relative density at time t, τ is the time constant,

and c is steady state level of density offset, with help of OriginPro8

software (OriginLab) and the half-life (i.e., the time required for the

loss of one-half of the initial activity) was determined for FGF2-G0

protein variant.

2.7.3 | Proliferation assays

Cellswereplated into94-wellplatesandcultured in thepresenceofvarious

FGF2 for 6 days. Cells were then fixed in 4% paraformaldehyde (20min,

room temperature [RT]), stained with 0.1% crystal violet (60min, RT), and

destained with 33% acetic acid (20min with shaking). The absorbance of

the supernatant was then measured at 570 nm using plate reader.

2.7.4 | Immunocytochemistry

The hESC were fixed with 4% paraformaldehyde (20min, RT),

permeabilized with 0.1% Triton-X100 in PBS (20min, RT), and

incubated with primary antibodies at 4 °C overnight. Primary anti-

bodies included goat polyclonal anti-Oct4 (Santa Cruz Biotechnology,

Dallas, TX) and rabbit monoclonal anti-Nanog (Cell Signaling Technol-

ogy, Danvers, MA). Next day, incubations with secondary antibodies

conjugated to AlexaFluor488 or AlexaFluor594 (Thermo Fisher

Scientific) were carried out at RT for 1 hr. Coverslips were mounted

in DAPI-containing Mowiol (Sigma–Aldrich). Microscopic analysis was

performed using Confocal LSM 700 microscope (Carl Zeiss, Oberko-

chen, Germany).

2.7.5 | Evaluation of FGF2-G3 biological activity using
RCS growth-arrest assay

RCS cells were seeded in 24-well plated plates (1.5 × 104 cells/well)

(TPP, Trasadingen, Switzerland) and grown in DMEM media supple-

mented with 10% FBS and antibiotics (Thermo Fisher Scientific). Cell

numbers were determined using Z1 Coulter Counter (Beckman

Coulter, Indianopolis, IN).

3 | RESULTS AND DISCUSSION

3.1 | In silico design of single-point FGF2 mutants
and selection of positions for saturation mutagenesis

The strategy we applied for FGF2 stabilization consisted of several in

silico and in vitro steps (Figure 1). Initially, a computational protocol

was employed in order to (i) identify stabilizing single-point mutations

and (ii) select suitable positions for saturation mutagenesis (Figure 1

step I). In all designs, functionally relevant positions, namely those

residues within heparin or receptor binding sites, were excluded in

order to minimize occurence of mutations compromising protein

function.

For identification of potentially stabilized single-pointmutants, we

used our previously published FireProt method encompassing

evolution- and energy-based approaches (Bednar et al., 2015).

Evolution-based approach uses a back-to-consensus technique (for

details see section 2) which identifies conserved residues in multiple

alignment of related sequences that are not present in target protein

(Lehmann et al., 2002). Selected consensus residues were subse-

quently filtered by FoldX (Guerois et al., 2002) and Rosetta (Kellogg

et al., 2011) using a treshold of Gibbs free energy of the native state of

ΔΔG < 1 kcal mol−1 (Table S1). This step resulted in three single-point

mutants (V52T, N80G, and S109E) proposed for construction and

characterization. Using energy-based approach, all possible single

point mutants were constructed in silico and free energy change upon

mutation was evaluated by either FoldX or Rosetta. The pool of about

2,400 mutations was further reduced using various filters (for details

see Methods section). All destabilizing and neutral mutations

(ΔΔG > −1 kcal mol−1), highly conserved positions and residues with

important interactions were discarded. Nine mutants (R31L, R31W,

H59F, C78Y, L92Y, C96Y, R118W, T121K, and V125L) showed the

lowest energy and passed all the criteria (Table S2). Altogether, 12

single-point mutants were selected for construction and in vitro

characterization (Table 1 and Figures S1 and S2).
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In parallel, positions for saturation mutagenesis were identified

using Rosetta in order to seek for beneficial substitutions overlooked

by the rational approach. Every protein position was saturated by all

twenty proteinogenic amino acids and a number of stabilizing

mutations (ΔΔG < −1.0 kcal mol−1) was identified for each site.

Evolutionary conserved positions were discarded. Seven positions

with the highest number (>3) of stabilizing mutations (E54, C78, R90,

S94, C96, T121, and S152) were selected for saturation mutagenesis

(Table S2). Positions 31 and 59 were discarded from selection because

significant improvement in thermostability (ΔTm = 4 and 3 °C, respec-

tively) was verified experimentally for mutations R31L and H59F

(Table 1). Therefore, the probability of further considerable improve-

ment was negligible.

3.2 | Construction and characterization of single
point mutants and the first cumulative mutant
FGF2-G2

For the purpose of in vitro mutagenesis (Figure 1 steps II and IV), the

gene encoding wild-type FGF2 was subcloned into the vector pET28b

with cleavableN-terminal His tag giving rise to the recombinant variant

designated FGF2-G0 (Figure S2). The numbering of mutations used

herein corresponds to the original sequence of wild-type FGF2

(Figure S2C). The genes of 12 rationally designed single-point mutants

representing the first generation of engineered FGF2 (FGF2-G1A)

were synthesized. Twelve mutants were produced in soluble form in

Escherichia coli BL21(DE3) in quantities similar to that of FGF2-G0

(±5% of the total soluble protein) and purified using affinity

chromatography (Supplementary Methods). Circular dichroism (CD)

spectroscopy and differential scanning calorimetry (DSC; Figure 1 step

II) verified proper folding of all 12mutants and improved Tm for 7 out of

12 constructed variants (Table 1).

All mutations improving the Tm by at least 0.5 °C (R31L, V52T,

H59F, L92Y, C96Y, and S109E)were selected for in silico analysis using

Rosetta as described earlier (Figure 1 step III). In the case of two

stabilizingmutations on the sameposition, themutationwith the larger

effect was chosen. Selected mutations were then tested for potential

antagonistic effect. The additivity of stabilizing mutations was

evaluated by predicting the stability of variants with all pairs of

stabilizing single-point mutations (Table S3). Mutation pairs for which

the respective double-point mutants showed lower stability in the

comparison with the sum of both single-point mutants taken

separately would be considered as antagonistic. However, none of

the double-point mutants had the difference >1 kcal mol−1 suggesting

the absence of any significant antagonistic effects among the selected

mutations. Thus all mutations were combined into the 6-point

cumulative mutant designated FGF2-G2. The gene of multiple-point

mutant was commercially synthesized, subcloned into pET28b-His-

thrombin, expressed in E. coli BL21(DE3) and purified. The experimen-

tal Tm of properly folded FGF2-G2 (68.0 ± 0.2 °C) determined by DSC

was about 14.5 °C higher than Tm of FGF2-G0 (53.5 ± 0.5 °C). This

value corresponds well with the theoretical sum of contributions of

individual substitutions, suggesting strictly additive stabilizing effect of

mutations in FGF2-G2 (Tables 1 and S3).

3.3 | Randomization of FGF2 in pre-selected
positions, screening of libraries, and construction
of the second cumulative mutant FGF2-G3

In the next step, seven computationally pre-selected positions in

FGF2-G0 were randomized (Figure 1 step IV) using fixed oligo

technology, which reduced the screening effort needed to only 60

clones per library to achieve full coverage. Crude extracts of

individual E. coli clones were prepared in microtiter plates and used

to test simultaneously for biological activity and stability of FGF2

mutants in growth arrest assay with rat chondrosarcoma cells (RCS;

Figure S3). RCS is an immortalized, phenotypically stable cell line that

responds to minute concentrations of FGFs with potent growth

arrest accompanied by marked morphological changes and extracel-

lular matrix degradation (Krejci, Pejchalova, & Wilcox, 2007). FGF

receptor 3 (FGFR3) functions as a negative regulator of cell

proliferation in this cell line. In order to inhibit cell proliferation,

FGF variants have to specifically induce FGFR signal transduction

allowing the measuring of FGF activity reflected by the concentra-

tion dependence of induced growth arrest. The major advantage of

the RCS assay is the exclusion of toxic chemicals and false-positive

hits (Krejci et al., 2007). The more stable variant of FGF2 was present

in added crude extract, the more evident was the growth inhibition.

Samples causing more significant growth inhibition than samples

containing FGF2-G0 were considered as positive hits. Altogether, 33

new FGF2-G1B mutants were identified during the screening and

successfully produced in E. coli to the levels similar to that of

FGF2-G0. Thermal shift assays with purified proteins revealed 14

stabilizing amino acid substitutions in five out of seven randomized

positions (Table S4).

TABLE 1 Thermostability of FGF2-G1A mutants determined by the
differential scanning calorimetry

FGF2 variant ΔTm (°C) Design approach

R31W 1.3 Energy-based

R31L 3.7 Energy-based

V52T 2.0 Evolution-based

H59F 3.1 Energy-based

C78Y −0.5 Energy-based

N80G −1.1 Evolution-based

L92Y 1.3 Energy- and evolution-based

C96Y 0.9 Energy-based

S109E 0.9 Evolution-based

R118W −0.9 Energy-based

T121K −0.8 Energy-based

V125L −5.3 Energy-based

The mutations selected for construction of combined FGF2-G2 mutant are
highlighted in bold.
ΔTm, change in melting temperature upon mutation compared to FGF2-G0.
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Mutations from screening improving Tm by at least 1 °C (E54D,

S94I, C96N, and T121P) were selected for in silico analysis using

Rosetta as described earlier (Figure 1 step V). All double-point

mutant combinations of newly identified mutations with existing

mutations from stable variant FGF2-G2 (R31L, V52T, H59F, L92Y,

C96Y, and S109E) were constructed in silico to predict potential

additivity of these individual mutations (data not shown). Predicted

ΔΔG was compared with the sum of ΔΔG of individual mutations but

none of the double point mutants had the difference >1 kcal mol−1

again suggesting the absence of any antagonistic effects among

selected mutations. Consequently, the third generation 9-point

mutant FGF2-G3 was designed and constructed combining four

most stabilizing substitutions obtained from screening with five

substitutions from FGF2-G2 (Figure 1 step VI and Figure 2). In the

FGF2-G3 mutant, the substitution C96N was prioritized over C96Y

due to its higher individual stabilizing effect verified experimentally.

The gene of the multiple-point mutant was commercially synthe-

sized, subcloned into pET28b-His-thrombin, expressed in E. coli

BL21(DE3) cells and purified. FGF2-G3 exhibited a Tm of

72.2 ± 0.1 °C and ΔTm of 18.7 °C compared with FGF2-G0. Thus,

the additive stabilizing effect of all new mutations, precisely

predicted by the free energy calculation (theoretical ΔTm of

19.2 °C) was confirmed again. The epistatic effects of stabilizing

mutations have been reported in numerous studies (Starr &

Thornton, 2016). A consensus view, however, has not yet emerged.

Some authors conclude that epistatic effects are the primary factor

in protein evolution, whereas others claim that the frequency and

magnitude of epistasis are low such that it does not strongly affect

the patterns of substitution in evolving proteins.

FIGURE 2 Structural model of the most stable FGF2-G3 variant
with visualized amino acid substitutions originating from rational
(yellow spheres) and semi-rational (red spheres) steps of the
engineering strategy

FIGURE 3 Half-life of FGF2 secondary structure of selected FGF2 variants determined by CD spectroscopy. Structural stability of (a)
FGF2-G0 at 50 °C, (b) FGF2-G2 at 65 °C, and (c) FGF2-G2 and FGF2-G3 at 70 °C. The structural integrity of proteins of concentration of
0.2 mgml−1 in 25mM phosphate buffer (pH 7.5) containing 750mM NaCl was followed by monitoring the ellipticity over the wavelength
range of 200–260 nm at noted temperatures for 24 hr (the maximum time of measurement was limited by the capacity of the bomb with
compressed nitrogen used in the CD spectroscopy protocol). (d) The t1/2 was evaluated from the data collected at 227 nm where all the
spectra showed the ellipticity maxima. Solid lines represent the best fits. The exact values of t1/2 for FGF2-G0 at 65 and 70 °C were not
determined because the proteins were denatured immediately at the beginning of the measurement
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3.4 | Biophysical characterization of cumulative FGF2
mutants

Purified FGF2-G2 and FGF2-G3 were further characterized in vitro

using a spectrum of biophysical methods (Figure 1 step VII) and

compared with FGF2-G0. Proper folding of mutants was verified by

CD spectroscopy as described earlier (Figure S4). Their CD spectra

exhibited a broad positive peak centered near 227 nm and a minimum

at around 204 nm, characteristic for β-rich proteins of β-II type. The

structural integrity of FGF2-G0, FGF2-G2 and FGF2-G3 proteins was

followed by monitoring the ellipticity over the wavelength range of

200–260 nm at the temperature 37, 50, 65, and 70 °C for 24 hr

(Figure 3). Recorded denaturation curves of FGF2 variants were

globally fitted to the exponential decay curves and half-life (t1/2) of

FGF2 secondary structure (defined as a time required to reduce the

initial value of ellipticity, as a measure of protein secondary structure,

to 1/2 of the original value) was evaluated from the collected data as

described in section 2. FGF2-G3 clearly outperformed both FGF2-G0

and FGF2-G2, showing t1/2 of its secondary structure of >24 hr at

50 °C and 1.6 hr at 70 °C (Figure 3d).

The global fit of unfolding data obtained by DSC, CD

spectroscopy, equilibrium fluorescence, and differential scanning

fluorimetry revealed a two-step unfolding mechanism including one

intermediate for all the tested FGF variants (Figure 4a, Supplemen-

tary Methods, Table S5 and Figures S5 and S6). The measured

eightfold regime of concentration dependence showed no effect on

the main transition. The main difference in the variants lies in the

Gibbs energy barrier of the first irreversible step (ΔG‡
1) with the

value 111 ± 0.3 kJ mol−1 at 25 °C for the wild type FGF2-G0,

increased by 29.7 ± 0.9 and 35.7 ± 0.8 kJ mol−1 for the FGF2-G2 and

FGF2-G3, respectively (Figure 4b). The ΔΔG values obtained from

the computer modeling were 26 ± 10 and 30 ± 9 kJ mol−1 for the

FGF2-G2 and for FGF2-G3, respectively, in excellent agreement

with the experimental data. The stabilization achieved by computa-

tional approach is within a similar range, as the heparin-induced

stability (∼20 kJ mol−1) observed with FGF1 (Blaber et al., 2015). In

the case of FGF2-G3, a pre-transitional step (Table S5) and slightly

lower optimal pH range 6.0–7.5 for t1/2 was revealed when

compared with FGF2-G0 and FGF2-G2 variants, with their

optimal pH range 7.0–8.0.

To verify the demonstratedmodel and denaturation irreversibility,

we augmented the study of the unfolding mechanism by chemical

denaturation experiments measuring fluorescence and CD ellipticity in

urea (SupplementaryMethods). Both FGF2-G2 and FGF2-G3 unfolded

at higher urea concentrations than FGF2-G0, indicating a higher

stability (Figures 4c and S7). The obtained mu values were comparable

(1.0 for FGF2-G0, 1.2 for FGF2-G2, and 1.3 for FGF2-G3) which

suggests that change in surface exposure between native and

transition states is very similar among all three variants (Figure 4c).

Based on the spectra of refolded proteins (Figure S8), the observed

chemical unfolding was also irreversible. The difference in these

spectra between FGF2-G0 and engineered variants indicates a

reduced propensity toward oxidation, misfolding, or aggregation of

FGF2-G2 and FGF2-G3. Although the plots of observed kinetic rates

of chemical unfolding are linear (Figure 4c), the mismatch of the

transition regions in the fluorescence and CD spectroscopy data

(Figure S7) indicates the presence of at least one intermediate in the

chemical denaturation. The lower absolute values of the increase in

FIGURE 4 Thermal and chemical denaturation of FGF2-G0 (gray line or symbols), FGF2-G2 (blue line or symbols), and FGF2-G3 (red line
or symbols). (a) DSC measurements at the scan rate of 1 Kmin−1. (b) The schematic unfolding pathway of variants described by a two-step
model with the irreversible unfolding of native state (N) through one intermediate (I) to denatured protein (D) followed by formation of
aggregates (A). Gibbs free energies of the states depicted in pale gray were not quantified because of irreversibility. (c) Dependence of kinetic
rates of unfolding on the urea concentration derived from the kinetic unfolding experiments. (d) The estimated Gibbs energy barriers of
unfolding from the temperature (gray bars) and chemical denaturation (black bars)
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FIGURE 5 Determination of in vitro biological activity half-life of selected FGF2 variants by activation of ERK pathway. (a) Representative
Western blots for each of FGF2-G0, FGF2-G2, and FGF2-G3 variants. To verify equal loading, stripped membranes were blotted with
antibody recognizing all forms of the signaling proteins. (b) Densitometric analysis of Western blots performed using ImageJ software. Data
from analysis of two independent blots are shown for each of the protein variants as circles and squares. The optimal fit of two data sets is
shown as a black line

FIGURE 6 FGF2-G2 and FGF2-G3 support proliferation of human embryonic stem cells better than FGF2-G0 and repeated
supplementation of the conditioned media is not required. The hESC were propagated in conditioned medium in the presence of each of the
tested FGF2 variants, and (a) cell density and (b) morphology were recorded. Columns show means, error bars represent standard error of the
mean from three independent experiments. Scale bar 500 μm. Student's t-test, **p < 0.01, *p < 0.05
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case of chemical denaturation compared to the thermal denaturation

suggest the complex unfolding mechanism with intermediates as well

(Figure 4d) (Farruggia & Picó, 1999; Soulages, 1998). On thewhole, the

results of the thermal and chemical denaturation experiments agree

with each other, verifying the stability of the FGF variants and

revealing a two-step unfold.

3.5 | In vitro biological characterization of cumulative
FGF2 mutants

In vitro biological assays were employed to verify retained biological

activity of engineered molecules and confirm their enhanced stability

translated into prolonged functioning (Figure 1 step VII). FGF-

receptors and their downstream effectors including ERK1/2 are

activated upon treatment with FGF2, contributing to pluripotency of

human embryonic stem cells (hESC) (Dvorak et al., 2005; Eiselleova

et al., 2009). As the biological activity of FGF2 decreases at 37 °C,

ERK1/2 phosphorylation declines and hESC easily become primed to

differentiation. Specifically, the activity of FGF2-G0 in an ERK1/2

assay with hESC dropped to 50% within initial 10 ± 2 hr of pre-

incubation in conditioned medium at 37 °C (Figure 5), which is in good

agreement with the data obtained previously by different techniques

(Beenken & Mohammadi, 2009; Sprugel, McPherson, Clowes, & Ross,

1987). G2 and G3 mutants retained most of their activity for the full

length of the study period (20 days) at the physiological temperature.

In the second assay, the hESC were propagated in medium

conditioned with each of the tested FGF2 variants with no additional

supplementation, and the cell density andmorphology were recorded for

five consecutivepassages (Figure 6).While conditionedmediumprepared

with FGF2-G0 caused significant growth retardation, the cells incubated

in the medium with either G2 or G3 mutant gave rise to monolayers,

suggesting that repeated supplementation of the conditioned medium is

FIGURE 7 Stabilized FGF2-G2 and FGF2-G3 maintain pluripotency marker expression of hESC. The hESC were propagated as monolayers
on Matrigel and immunostained for pluripotency markers Oct-4 (red) and Nanog (green). All of the tested FGF2 equally supported expression
of Oct4 and Nanog. Scale bar 100 μm
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not required with these proteins. Immunostaining for Oct-4 and Nanog

after five passages on Matrigel proved that all tested FGF2 variants

support the expression of pluripotency markers (Figure 7).

Because RCS growth-arrest is a sensitive cell reporter for FGF

signaling (Krejci et al., 2007), we used this assay to gain more insight into

the way how stabilization improves FGF2 biological activity. Compared

to FGF2-G0, FGF2-G3 showed improved stability in culture media

conditioned by RCS cells for 72 hr (Figure 8a). This corresponded with

more pronounced growth-arrest in cells pulsed with 0.1–500 ngml−1

FGF2-G3 for 24 hr and counted 96 hr later (Figure 7b). The IC50 for the

growth-arrest phenotype, obtained in 11 independent experiments, was

2.5 ± 1.1 ngml−1 (average ± SD, n = 11) for FGF2-G3, and was signifi-

cantly lower (p < 0.001; Student's t-test) than the IC50 obtained for

FGF2-G0 (12.8 ± 6.2 ngml−1, n = 11). As the growth-arrest requires

prolonged activation of FGFR signaling, and is fully reversible upon the

FGF2 removal (Krejci et al., 2010),wealso determined theminimal FGF2

exposure timenecessary for theRCS cells growth arrest. Ligand-washing

experiments demonstrated that at least 6 hr of continuous treatment

with FGF2-G0 is necessary to cause significant (>40%) inhibition of RCS

growth 48 hr later. In contrast, even the minimal FGF2-G3 treatment

evaluated here (30min) produced more than 50% inhibition of RCS

growth 48 hr later (Figure 8c). Together, these data demonstrate that

both thepersistence and thebioactivityof FGF2-G3 inculturemediaand

on the cell surface (in cells where the media FGF2 was removed by

washing) is significantly improved when compared to FGF2-G0.

Potential effect of mutations on the affinity with its cognate

receptors is a key for practical applicability of engineered molecules.

The putative stabilizingmutationswere designed to avoid themotifs of

FGF2 sequence involved in FGFR and proteoglycan binding. It is

expected that binding of more stable FGF2 to FGFRs stabilized the

FGFR dimers, increasing their signaling efficiency. This is evidenced in

our previous article where both magnitude and duration of FGFR

activity correlated precisely with the thermodynamical stability of

multiple wild-type FGFs (Buchtova et al., 2015). Moreover, as

demonstrated by ligand-washing experiments (Figure 8), the stable

FGF2 associated for a longer time with FGFRs at the cell surface,

suggesting a greater stability of the FGFR dimers. Experiments

conducted thus far, therefore, provide no evidence for undesirable

changes in the biological activity. Crystallographic analysis of the

mutant proteins and in vivo specificity testing toward different

receptors are currently ongoing in our laboratory.

4 | CONCLUSIONS

In summary, we constructed a hyperstable nine-point mutant FGF2-G3

using a hybrid computational engineering strategy and focused directed

evolution by constructing only 14 mutants and testing only 420 clones.

The FGF2-G3 shows a 19 °C increase in melting temperature and

greater than 48-fold improved half-life at 37 °C, representing the most

thermostable FGF2 known to date. The introduced substitutions were

localized in the different regions of FGF2 structure except for

hydrophobic core and biologically relevant interfaces thatwere omitted

from the initial designs. We did not observe any general trend in

physicochemical properties of introduced amino acid residues that

FIGURE 8 Determination of FGF2 stability in culture media conditioned by RCS cells. (a) Cells were grown for 24 hr before FGF2 addition
into the culture media. The media was collected 72 hr later and the FGF2 was determined by Western blot. Control, no FGF2 added. Note
the increased stability of FGF2-G3 in the conditioned culture media. (b) RCS cultures were pulsed by FGF2 for 24 hr and the growth-arrest
was determined by cell counting at 96 hr. Graph compiles three independent experiments. Values are averages from six biological replicates
(each measured twice), with indicated SD, expressed as percentages of untreated controls (100%). Note the significant differences in the
extent of the growth-arrest phenotype, apparent at all used FGF2 concentrations. (c) Cells were treated with FGF2 (10 ngml−1) for indicated
times, followed by FGF2 wash off and cultivation up to 48 hr, when the cell amounts were determined. Values are averages from four
biological replicates (each measured twice), with indicated S.D., expressed as percentages of untreated controls in each experiment. Graph
compiles two independent experiments
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would suggest generalizable protocol applicable to growth factor

engineering. By applying thermodynamic evaluations and chemical

unfolding experiments we disclosed a two-step unfolding mechanism

including one intermediate for both FGF2-G0 and the stabilized protein.

Our hyperstable FGF2 is fully biologically active, as demonstrated by its

ability to engage FGFR downstream signaling pathways, to maintain

undifferentiated state of human embryonic stem cells, and to inhibit the

chondrocyte growth. The FGF2-G3 regulates all the latter phenotypes

to a significantly higher quantitywhen compared to thewild-type FGF2,

demonstrating that its biological activities are not compromised by

mutations, and are enhanced by stabilization.

We anticipate this construct will be directly applicable to stem cell

culturing (Lotz et al., 2013). Our next objective is to test performance

and immunogenicity of the stabilized molecule in vivo in order to

advocate its use in clinical human medicine (Beenken & Mohammadi,

2009; Nguyen et al., 2013) and veterinary medicine (Nagayasu-Tanaka

et al., 2015) and, cosmetics (du Cros, 1993; Nasto, 2007), or dietary

supplements. The successful demonstration of rapid protein stabiliza-

tion highlights the power of applied rational protein engineering

strategy and should encourage wider use of the described workflow

for stabilizing growth factors and other protein therapeutics that are

currently being tested for use in cancer treatment, regenerative

medicine, or in a number of metabolism-associated disorders (Beenken

& Mohammadi, 2009).
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