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Protein biopharmaceuticals are an important and growing area of human
therapeutics; however, the intrinsic property of proteins to adopt alternative
conformations (such as during protein unfolding and aggregation) presents
numerous challenges, limiting their effective application as biopharmaceu-
ticals. Using fibroblast growth factor-1 as model system, we describe a
cooperative interaction between the intrinsic property of thermostability
and the reactivity of buried free-cysteine residues that can substantially
modulate protein functional half-life. A mutational strategy that combines
elimination of buried free cysteines and secondary mutations that enhance
thermostability to achieve a substantial gain in functional half-life is
described. Furthermore, the implementation of this design strategy utilizing
stabilizing mutations within the core region resulted in a mutant protein
that is essentially indistinguishable fromwild type as regard protein surface
and solvent structure, thus minimizing the immunogenic potential of the
mutations. This design strategy should be generally applicable to soluble
globular proteins containing buried free-cysteine residues.
© 2009 Elsevier Ltd. All rights reserved.
Keywords: FGF-1; protein engineering; thermostability; protein half-life; free
cysteine
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Introduction

Although accounting for still a comparatively
small overall percentage, protein biopharmaceuti-
cals are the fastest-growing category of new drug
approvals and currently target over 200 human
diseases, including cancers, heart disease, Alzhei-
mer's disease, diabetes, multiple sclerosis, AIDS,
and arthritis.1,2 The impact of protein biopharma-
ceuticals on US healthcare and the economy is
substantial and growing rapidly; however, pro-
teins are a novel type of compound in comparison
to traditional small molecules, and they present
ress:
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new and significant challenges to the realization of
their full potential as therapeutic agents. One
unique property of proteins is that they are
capable of adopting different structural conforma-
tions, and this profoundly influences critically
important properties such as function, solubility,
bioavailability, half-life, aggregation, toxicity, and
immunogenicity.3–5 A key intrinsic property of
proteins in this regard is thermodynamic stability
(ΔGunfolding), which defines the equilibrium be-
tween native state and denatured state.
The thermodynamic stability of a protein is of

particular significance in therapeutic application
because unfolded or aggregated forms of a protein,
besides being nonfunctional, are potentially toxic or
immunogenic. For example, neutralizing antibodies
in patients treated with interferon-α2a were ob-
served when the protein was stored at room
temperature and formed detectable aggregates;
consequently, both formation of aggregates and
immunogenicity were reduced upon storage at 4 °C
(where ΔGunfolding increased

6). Persistent antibodies
were generated in patients treated with human
growth hormone with formulations containing 50–
70% aggregates; however, when the formulations
d.
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were modified to result in b5% aggregates, only
transient or no antibodies were observed.7 In
another study of recombinant clotting factor VIII
in mice, the formation of aggregates was associated
with the emergence of entirely novel immunogenic
epitopes.8 Thus, protein stability, denaturation,
aggregation, and immunogenicity are critical inter-
related properties that can determine the successful
application of proteins as biopharmaceuticals.
Free-cysteine residues are chemically reactive

thiols that are subject to covalent bond formation
with other reactive thiols. If present on the solvent-
accessible surface of a protein, a free cysteine can
potentially participate in a disulfide adduct while
the protein maintains its native conformation.
However, when present within the solvent-inac-
cessible core, substantial structural rearrangement
must occur to permit accessibility and reactivity.
Conversely, the formation of a disulfide adduct
involving a buried cysteine is typically structurally
incompatible with the native conformation; the
resulting misfolded forms can promote aggrega-
tion and increased immunogenicity. Due to the
negative consequences on protein structure caused
by thiol adduct formation of buried free cysteines,
mutational substitution of such residues is often
accompanied by a notable increase in functional
half-life.9–13
An analysis of a set of 131 nonhomologous single-

domain protein X-ray structures (1.95 Å resolution
or better) by Petersen et al. reported that the
prevalence of free-cysteine residues in proteins is
0.5% (or, typically, one free cysteine in an average
size protein); furthermore, 50% of these free
cysteines are buried within the protein interior.14

Thus, although potentially highly problematic for
protein therapeutic application, the presence of
buried free cysteines in proteins is a surprisingly
common occurrence; some familiar examples in-
clude fibroblast growth factors (FGFs), interleukin-
2, β-interferon, granulocyte colony-stimulating fac-
tor, and insulin-like growth factor-binding protein-1
(with the majority of these being approved human
therapeutics).
The above narrative highlights two properties of

proteins (low thermodynamic stability and buried
free-cysteine residues) that can confound successful
application of a protein as a biopharmaceutical. In
such cases, substantial effort is often exerted to
identify appropriate formulations to modulate these
intrinsic properties, often with mixed success. A case
in point is FGF-1. FGF-1 has poor thermodynamic
stability, with a melting temperature (i.e., midpoint
of thermal denaturation or Tm) that is marginally
above physiological temperature.15 Because of this
intrinsic property, FGF-1 is prone to both aggregation
and proteolysis. Furthermore, FGF-1 contains three
buried free-cysteine residues that limit functional
stability due to reactive thiol chemistry.11,16,17 How-
ever, FGF-1 is a “heparin-binding” growth factor;
upon binding heparin, its Tm increases by ∼20 °C.15

Subsequently, it exhibits reduced susceptibility to
denaturation-induced aggregation, thiol reactivity,
and proteolytic degradation.15,18 FGF-1 for use as a
protein biopharmaceutical (currently in phase II
clinical trials for pro-angiogenic therapy in coronary
heart disease; NCT00117936) is formulated with the
addition of heparin. However, heparin adds consid-
erable expense, has its own pharmacological proper-
ties (e.g., it is an anticoagulant), is derived from
animal tissues (with associated concerns regarding
infectious agents), and causes adverse inflammatory
or allergic reactions in a segment of the population.
Thus, formulation efforts to modulate the physical
properties of a protein are often difficult to achieve
and can introduce undesired additional cost or side
effects; an alternative approach to formulation is to
directly alter the physical properties of a protein by
chemical modification or mutagenesis.
Covalent attachment of polyethylene glycol (PEG; a

highly soluble, biocompatible polymer) can substan-
tially increase the molecular mass of a protein and
thereby reduce renal clearance (i.e., glomerular filtra-
tion of biomolecules is size dependent), substantially
increasing circulating half-life.19,20 Furthermore, the
attached PEGmolecule can physicallymask regions of
the protein that would otherwise be susceptible to
proteolytic attack or immune recognition, further
increasing the circulating half-life and reducing
immunogenicity.21,22 PEGylation typically does not
increase formal thermodynamic stability and has been
noted in some cases to reduce thermodynamic
stability;22,23 thus, the beneficial properties of PEGyla-
tion are primarily associated with modulation of renal
clearance and reduction of the irreversible pathways
associated with degradation and insolubility. One
detriment of PEGylation is that it typically interferes
with critical functional interfaces on the protein
surface, often reducing receptor/ligand affinity by
two ormore orders of magnitude; however, one of the
notable results from PEGylation studies is that
shielding epitopes on the protein surface can substan-
tially reduce or eliminate their immunogenic potential.
This has important ramifications for protein engineer-
ing, suggesting that mutations at solvent-inaccessible
positionswithin proteinsmay limit their immunogenic
potential.
Mutating proteins to improve properties for

human therapeutic application is a viable approach:
over 30 mutant forms of proteins have been
approved by the US Food and Drug Administration
for use as human biopharmaceuticals.24 These
include mutations that contribute to increased yields
during purification, increased in vivo functional half-
life, or increased specific activity. Examples include
mutations of buried free-cysteine residues in β-
interferon (Betaseron®) and interleukin-2 (Proleu-
kin®), as well as others hypothesized to increase
thermostability. Thus, a mutational approach to
improving the physical properties of proteins is a
viable route for developing “second-generation”
protein biopharmaceuticals. In this regard, muta-
tions within proteins that eliminate buried free
cysteines and increase thermostability are of partic-
ular interest, since they can directly influence key
physical properties that determine functional half-
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life, resistance to proteolytic degradation, solubility
and aggregation, and immunogenic potential.
In this report, we study the relationship between

protein stability and buried free cysteines in influ-
encing the functional half-life of FGF-1. The results
demonstrate a key interactive relationship between
thermostability and buried free cysteines in effec-
tively regulating protein functional half-life. Fur-
thermore, we explore a strategy for increasing
thermostability by introducing mutations within
the solvent-excluded interior of the protein that
eliminate or improve upon packing defects within
the wild-type structure. The results show that
significant stability gains can be realized using this
strategy, and that such increases in thermostability
can be achieved with minimal perturbation of the
overall wild-type protein structure, including sur-
face features and solvent structure. In a study of
combined mutations, we show how such stabilizing
core packing mutations can be combined with
mutations that eliminate buried free cysteines to
produce a 40-fold increase in functional half-life
while simultaneously maintaining wild-type surface
features and solvent structure. Such mutations
identify a general protein design strategy whereby
functional half-life can be manipulated while mini-
mizing immunogenic potential.
Table 1. Crystallographic data collection and refinement stat

Leu44→Trp Phe85→Trp Phe132→Trp V

Space group C2221 C2221 C2221
Cell constants (Å) a=73.8,

b=97.6,
c=108.8

A=74.2,
b=95.8,
c=109.6

a=74.4,
b=96.0,
c=108.9

Maximum resolution
(Å)

2.0 1.9 1.95

Mosaicity (o) 0.53 1.00 0.96
Redundancy 6.5 7.0 5.8
Molecules per

asymmetric unit
2 2 2

Matthew coefficient
(Å3/Da)

2.97 2.95 2.95

Total reflections 169,561 214,161 164,516
Unique reflections 25,975 30,761 28,568
I/σ (overall) 42.4 32.2 30.2
I/σ (highest shell) 7.3 3.6 3.6
Completion overall (%) 96.2 98.7 99.1
Completion highest

shell (%)
70.7 89.2 99.1

Rmerge overall (%) 6.2 7.9 6.2
Rmerge highest shell (%) 18.3 37.9 31.0
Nonhydrogen protein

atoms
2284 2278 2278

Solvent molecules/ion 174/17 238/15 235/12
Rcryst (%) 20.7 18.8 19.0
Rfree (%) 24.3 22.8 21.3
RMSD bond length (Å) 0.009 0.009 0.008
RMSD bond angle (°) 1.4 1.5 1.4
Ramachandran plot

Most favored (%) 90.4 92.5 93.4
Additionally
allowed (%)

9.2 7.5 6.6

Generously allowed
(%)

0.4 0.0 0.0

Disallowed (%) 0.0 0.0 0.0
PDB code 3FJC 3FJ9 3FJA
Results

Mutant protein purification

All mutant proteins were expressed and purified
to apparent homogeneity and with a yield similar to
that of the wild-type protein (20–40 mg/L).

X-ray structure determination

Diffraction-quality crystals were obtained for the
Leu44→ Trp , Phe85→ Trp , Phe132→ Trp ,
Val31→ Ile, and Cys117→ Ile point mutations; the
Leu44→Phe/Phe132→Trp double mutant; and the
Leu44 → Phe/Cys83 → Thr/Cys117 → Va l/
Phe132→Trp quadruple mutant. Each of these
mutant proteins crystallized in the wild-type ortho-
rhombic C2221 space group with two molecules in
the asymmetric unit and in each case yielded data
sets with 1.9–2.0 Å resolution. Crystal structures
were refined to acceptable crystallographic residuals
and stereochemistry (Table 1). A brief description of
each refined structure follows; however, in the
presentation of results, a description of packing
defects (i.e., cavities) within the core of the wild-type
protein is necessary. The wild-type FGF-1 protein
istics

al31→ Ile Cys117→ Ile

Leu44→
Phe/Phe132→

Trp

Leu44→Phe/Cys83→
Thr/Cys117→

Val/Phe132→Trp

C2221 C2221 C2221 C2221
a=73.9,
b=97.4,
c=108.8

a=74.7,
b=97.2,
c=108.1

a=73.2,
b=97.6,
c=108.5

a=74.4,
b=96.0,
c=108.4

2.0 2.0 1.9 1.95

0.44 0.50 0.60 0.68
5.6 9.0 12.9 13.2
2 2 2 2

2.97 2.98 2.94 2.93

146,083 242,167 398,874 368,957
26,232 26,839 30,802 27,994
32.0 30.4 35.7 56.2
3.7 3.3 3.8 8.6
97.2 99.4 99.3 97.3
95.6 94.5 91.9 78.6

7.8 9.1 7.3 5.6
28.8 38.7 35.0 19.4
2254 2276 2284 2288

186/10 187/15 199/14 224/14
19.9 19.8 19.0 20.6
23.3 23.1 22.1 23.8
0.010 0.009 0.009 0.006
1.5 1.5 1.4 1.3

89.5 89.5 92.5 90.4
9.6 10.1 7.0 9.6

0.9 0.4 0.4 0.0

0.0 0.0 0.0 0.0
3FJB 3FJ8 3FJD 3FGM



Fig. 1. Relaxed stereo ribbon diagram of wild-type FGF-1 (PDB code 1JQZ; molecule A) indicating the location of the
eight solvent-excluded cavities identified using a 1.2-Å-radius probe. Residues bordering the cavities are indicated in
single-letter amino acid codes, and underlined residues have solvent accessibility.
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[Protein Data Bank (PDB) code 1JQZ; molecule A]
contains eight cavities, which are detectable using a
1.2-Å-radius probe. These cavities are identified by
number (“cav1” through “cav8”), and details of
their volume and location are given in Fig. 1.
Leu44→Trp

The mutant Trp side chain at position 44 is
adopted with a χ1=−56° (similar to that of the
wild-type Leu44: χ1=−44°) and a χ2=90° (which
differs from that of the wild-type Leu44: χ2=165°)
(Fig. 2a). Cav4 lies adjacent to the side chain of
position 44, and the CΖ2 atom of the mutant indole
ring occupies this region and effectively fills this
cavity. The mutant Trp, however, introduces a
close contact with the adjacent Ile side chain at
position 25, which responds by rotating from a
gauche+ to a trans rotamer. In this orientation, the
Ile25 Cδ1 atom occupies the adjacent cav6. This
reorientation of the Ile25 side chain to accommo-
date the mutant Trp also involves a 1.0-Å shift of
the Ile25 main-chain Cα away from position 44,
leading to an apparent increase in the Ile25N-
His41O interchain H-bond distance from 3.1 to
3.3 Å. The nitrogen in the indole ring of the
mutant Trp H-bonds with the main-chain carbonyl
of residue Leu23 and is achieved with minimal
structural perturbation.
Phe85→Trp

Themutant Trp side chain at position 85 is adopted
with aχ1=−61° (essentially identical with that of the
Fig. 2. Relaxed stereo diagrams of the Leu44→Trp muta
Val31→ Ile mutant (d), and Cys117→ Ile mutant (e) overlaid o
gray). Also shown are cavities adjacent to these mutant position
1.2-Å-radius probe (see Fig. 1 for details).
wild-type Phe85: χ1=−65°) and a χ2=95° (identical
with that of the wild-type Phe) (Fig. 2b). Cav8 lies
adjacent to the side chain of position 85, and the CΖ3

atom of the mutant indole ring occupies this region
and substantially fills this cavity. Accommodation of
the mutant Trp is associated with minimal pertur-
bation of the surrounding structure. The nitrogen in
the indole ring of the mutant Trp H-bonds with the
main-chain carbonyl of residue Leu65 and is
achieved with minimal structural perturbation.
Phe132→Trp

The mutant Trp side chain at position 132 is
adopted with a χ1=−59° (similar to that of the
wild-type Phe132: χ1=−68°) and a χ2=85° (essen-
tially identical with that of the wild-type Phe132:
χ2=89°) (Fig. 2c). Two cavities are located adjacent
to position 132: cav2 lies beneath the aromatic ring
of Phe132 (and is the large central cavity character-
istic of the β-trefoil architecture25), and cav5 is
adjacent to the introduced Trp CΖ2 atom. The
mutant Trp side chain partially fills both these
cavities. Accommodation of the mutant indole ring
is associated with minimal perturbation of the
surrounding structure. There is a slight rotation of
the χ2 angle of adjacent Leu111, as well as slight
repositioning of the main-chain carbonyl of adjacent
residue Leu14; both of these structural adjustments
are in a direction away from the mutant indole ring.
The nitrogen of the indole ring in the mutant Trp H-
bonds with the main-chain carbonyl of residue
Val109 and is achieved with minimal structural
perturbation.
nt (a), Phe85→Trp mutant (b), Phe132→Trp mutant (c),
nto the wild-type FGF-1 (PDB code 1JQZ) structure (dark
s within the wild-type structure that are detectable using a



Fig. 2 (legend on previous page)
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Val31→ Ile

The mutant Ile side chain at position 31 adopts a
χ1=−55° (essentially overlaying the wild-type Val
side chain at this position) and a χ2=−60° (Fig. 2d).
Cav6 lies adjacent to the introduced Ile Cδ1 atom,
but is only partially filled. However, in response to
the introduction of the mutant Ile Cδ1 at position 31,
adjacent residue Ile25 shifts in a direction away from
position 31 such that the Cβ–Cβ distance between
these neighboring groups increases from 5.6 to 6.1 Å.
Thus, while the mutant Ile side chain partially fills
an adjacent cavity, its accommodation is associated
with positional adjustment of neighboring side
chains.
Cys117→ Ile

The mutant Ile side chain at position 117 adopts
a χ1=49° (essentially overlaying the mutant Ile
Cγ2 atom onto the wild-type Cys Sγ atom) and a
χ2=−175° (Fig. 2e). Cav5 is adjacent to position
117; however, the χ2 rotamer adopted by the
mutant Ile side chain positions its Cγ1 and Cδ1

atoms away from this cavity. The Ile mutation
therefore has no effect on the size of adjacent cav5.
Furthermore, this orientation for the mutant Ile
side chain positions the Cγ1 and Cδ1 atoms outside
of the core region, and these atoms become solvent
accessible.
Fig. 3. Relaxed stereo diagrams of the Leu44→Phe/P
Cys83→Thr/Cys117→Val/Phe132→Trp quadruple mutant
structure (dark gray). (a) also shows the location of the caviti
filled, in response to the Leu44→Phe/Phe132→Trp doublemu
overlay with the wild-type structure shows only the main-cha
Leu44→Phe/Phe132→Trp

The structural effects of the Leu44→Phe point
mutant have been previously reported.26 Briefly, the
introduced Phe aromatic ring essentially fills cav4,
and the adjacent Ile25 side chain retains its rotamer
orientation but shifts position away from Phe44 and
fills cav6. Positions 44 and 132 are not adjacent
packing neighbors, and residues Leu14 and Leu23 are
sandwiched between them. The structural effects of
the Phe132→Trp point mutant have been described
above, and the Leu44→Phe/Phe132→Trp double
mutant can be described as comprising the additive
effects of constituent point mutations. In this regard,
this combineddoublemutant effectively fills cav4 and
cav6 and partially fills cav 2 and cav5 (Fig. 3a).
Leu44→Phe/Cys83→Thr/Cys117→
Val/Phe132→Trp

The structural effects of the Cys117→Val point
mutant have been previously reported.27 Structural
and thermodynamic details of the Cys83→Thr
point mutant are discussed in our accompanying
report.28 However, briefly, the Cγ2 atom of the
mutant Thr83 side chain juxtaposes the wild-type
Cys Sγ atom and, in this orientation, the H-bond
interaction with the main-chain amide of position
Asn80 is lost, and this amide appears as an
unsatisfied H-bond donor. The Cys83→Thr point
he132→Trp double mutant (a) and the Leu44→Phe/
(b) overlaid onto the wild-type (PDB code 1JQZ) FGF-1
es (cav4, cav5, and cav6) that are either filled, or partially
tation (partially-filled cav2 is omitted for clarity). In (b), the
in atoms within 5 Å of positions 44, 83, 117, and 132.
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mutant thus destabilizes the protein by 5.2 kJ/mol.
The Leu44→Phe/Phe132→Trp double mutant has
been described above. None of these four positions
within the core region of the protein is an adjacent
packing neighbor, and the effects of the combined
mutations can be described as comprising the
additive effects of the constituent point mutations.
The Cys83→Thr and Cys117→Val mutations do
not affect any of the eight identified cavities in the
structure, and the cavity-filling properties of this
quadruple mutant are essentially identical with
those observed for the Leu44→Phe/Phe132→Trp
double mutant. These four mutations within the
core region are accommodated with essentially no
detectable change in the overall structural backbone;
an overlay of the set of all main-chain atoms within
5 Å of positions 44, 83, 117, and 132 yields an RMSD
of 0.23 Å (i.e., essentially the error of the X-ray data
set; Fig. 3b).

Isothermal equilibrium denaturation and
differential scanning calorimetry

The isothermal equilibrium data for the mutant
proteins in each case exhibited excellent agreement
with a two-state model. The Trp mutations at
positions 44, 85, and 132 exhibit differential effects
on protein stability: Leu44→Trp destabilizes the
protein by 3.4 kJ/mol, Phe85→Trp is essentially
neutral, while Phe132→Trp stabilizes the protein by
−1.6 kJ/mol (Table 2). Both the Val31→ Ile (4.0 kJ/
mol) mutation and the Cys117→ Ile mutation
(1.5 kJ/mol) destabilized the protein. The combined
double mutant of Leu44→Phe/Phe132→Trp stabi-
lized the protein by −3.9 kJ/mol and therefore
Table 2. Thermodynamic parameters for FGF-1 mutants d
GuHCl in ADA buffer

Protein
ΔG

(kJ/mol)

Reference proteins
Wild typeb 21.1±0.6
Cys117→Valb 21.0±0.3
Lys12→Val/Cys117→Valc 27.7±0.5

Cavity-filling core mutations
Leu44→Trp 15.1±0.9
Phe85→Trp 22.3±0.1
Phe132→Trp 26.1±0.4
Val31→ Ile 18.8±0.1
Cys117→ Ile 20.1±0.5
Leu44→Pheb 25.1±0.3
Leu44→Phe/Phe132→Trp 24.0±1.0

Buried free-cysteine removal mutations
Cys83→Thr/Cys117→Val 17.5±0.8
Leu44→Phe/Cys83→Thr/Cys117→

Val/Phe132→Trp
21.4±0.8

Lys12→Val/Cys83→Thr/Cys117→Val 24.1±0.5
a ΔΔG=(Cm wild type−Cm mutant)(mwild type+mmutant)/2, as described

stable mutation.
b Thermodynamic parameters reported by Brych et al.27
c Thermodynamic parameters reported by Dubey et al.29
yielded essentially additive effects on stability in
comparison to constituent point mutations.
As previously reported, the Cys117→Val muta-

tion, which effectively removes this buried free
cysteine, is only slightly destabilizing (1.2 kJ/mol),27

while the Cys83→Thr mutation significantly
(5.2 kJ/mol) destabilizes the protein.28 The combined
Cys83→Thr/Cys117→Val double mutant, which
eliminates two of the three buried free-cysteine
residues in the protein, destabilizes by 6.1 kJ/mol
(Table 2), essentially an additive effect of the
constituent point mutations. Notably, combining
the destabilizing Cys83→Thr/Cys117→Val double
mutant with the stabilizing Leu44→ Phe/
Phe132→Trp double mutant yields a quadruple
mutant whose stability is indistinguishable from
that of the wild-type protein (Table 2); thus, in the
Leu44 → Phe/Cys83 → Thr/Cys117 → Va l/
Phe132→Trp quadruple mutant, two of the three
buried free cysteines have been eliminated, while
wild-type-equivalent stability has been effectively
maintained. The Lys12→Val/Cys83→ Thr/
Cys117→Val triple mutant combines the destabiliz-
ing double-cysteine mutant with a point mutation
(Lys12→Val; located in a partially solvent-accessi-
ble surface position) that has been shown to stabilize
the protein by −7.8 kJ/mol (and fills adjacent
cav1).29 The resulting Lys12→Val/Cys83→Thr/
Cys117→Val triple mutant exhibits a stability
(−1.9 kJ/mol) that is slightly better than that of
wild-type FGF-1 and is essentially the sum of
individual point mutations; thus, this combined
mutant has also eliminated two of the three buried
free-cysteine residues but has improved upon wild-
type stability.
etermined from isothermal equilibrium denaturation by

m-value
(kJ/mol M) Cm (M)

ΔΔGa

(kJ/mol)

18.9±0.6 1.11±0.01 —
20.1±0.1 1.05±0.01 1.2
18.1±0.3 1.53±0.01 −7.8

16.5±0.7 0.92±0.02 3.4
19.7±0.3 1.13±0.01 −0.4
22.0±0.5 1.19±0.01 −1.6
20.7±0.1 0.91±0.00 4.0
19.6±0.3 1.03±0.01 1.5
20.4±0.2 1.23±0.01 −2.4
18.1±0.8 1.32±0.01 −3.9

21.7±0.9 0.81±0.01 6.1
18.9±0.6 1.13±0.01 −0.4

19.9±0.4 1.21±0.01 −1.9

by Pace and Scholtz.44 A negative value of ΔΔG indicates a more



Fig. 4. DSC endotherms for wild-type FGF-1,
Leu44→Phe, Phe85→Trp, and Phe132→Trp point
mutants, and for Leu44→Phe/Phe132→Trp double
mutant. Conditions of analysis are provided in Materials
and Methods.
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Differential scanning calorimetry (DSC) data were
collected for the Leu44→Phe, Phe85→Trp, and
Phe132→Trp point mutations, as well as for the
Leu44→Phe/Phe132→Trp double mutant (Fig. 4).
As reported previously for the wild-type protein, the
thermal denaturation was highly reversible (i.e.,
N80% in each case) and two state (i.e., ΔHcal/
ΔHvH∼1.0) when 0.7 M guanidine HCl (GuHCl)
was included in the buffer.30 The ΔΔG values
derived from DSC measurements (Table 3) are in
excellent agreement with isothermal equilibrium
denaturation data (Table 2). The results show that
both ΔH and ΔS increase for stabilizing mutations,
and both decrease for Phe85→Trp. The ΔΔG values
for these mutations positively correlate with ΔΔH
and negatively correlate with −T⁎ΔΔS in each case;
thus, the observed changes in stability for these
mutations reflect an enthalpy-driven process. The
DSC data are consistent with the introduction of
favorable van der Waals interactions for the
Leu44→Phe and Phe132→Trp mutants, but not
for the Phe85→Trp mutant. The DSC data also
confirm the isothermal equilibrium data by showing
that the effects on the melting temperature and ΔG
of the Leu44→Phe/Phe132→Trp double mutant
are essentially additive with respect to constitutive
point mutations.
Table 3. DSC data in ADA buffer in the presence of 0.7 M
GuHCl

Protein
ΔH

(kJ/mol)
ΔS

(kJ/mol K) Tm (K)
ΔTm
(K)

ΔΔG
(kJ/mol)

Wild type 275±2 0.88 312.9±0.1 — —
Leu44→Phe 327±2 1.03 316.0±0.1 3.1 −3.0
Phe85→Trp 266±4 0.85 312.6±0.4 −0.3 0.3
Phe132→Trp 289±2 0.92 314.1±0.1 1.3 −1.2
Leu44→Phe/

Phe132→Trp
330±4 1.04 317.0±0.1 4.2 −4.1
Mitogenic activity and functional half-life in
unconditioned medium

The mitogenic response of NIH 3T3 cells to wild-
type, Cys117→Val, Cys83→Thr/Cys117→Val,
Leu44 → Phe/Cys83 → Thr/Cys117 → Va l/
Phe132→Trp, and Lys12→Val/Cys83→Thr/
Cys117→Val mutant proteins, in the presence and
in the absence of heparin sulfate, is shown in Fig. 5.
Both the wild-type protein and the Cys117→Val
mutant protein exhibit a marked decrease in
mitogenic activity in the absence of (10 U/ml)
exogenously added heparin (Table 4); however, the
Cys83→ Thr/Cys117→ Val , Leu44→ Phe/
Cys83→Thr/Cys117→Val/Phe132→Trp, and
Lys12→Val/Cys83→Thr/Cys117→Val mutant
proteins exhibit substantial mitogenic potency
even in the absence of exogenously added heparin.
The mitogenic half-life of wild-type, Cys117→

Val, Cys83→Thr/Cys117→Val, Leu44→Phe/
Cys83→Thr/Cys117→Val/Phe132→Trp, and
Lys12→Val/Cys83→Thr/Cys117→Val mutant
FGF-1 proteins in response to preincubation in
unconditioned Dulbecco's modified Eagle's medi-
um (DMEM)/0.5% newborn calf serum (NCS) is
shown in Fig. 6. The wild-type protein displays a
Fig. 5. 3T3 fibroblast mitogenic assay of wild-type and
mutant forms of FGF-1 in the absence (top) and in the
presence (bottom) of 10 U/ml heparin.



Table 4.Mitogenic activity of mutant forms of FGF-1 in the absence and in the presence of 10 U/ml heparin against NIH
3T3 fibroblasts, protein functional half-life in unconditioned DMEM/0.5% NCS medium, and protein half-life with 200:1
trypsin digestion

Protein

EC50 (ng/ml) Unconditioned medium 200:1 trypsin digestion

(−) Heparin (+) Heparin Half-life (h) Half-life (min)

Wild type 58.4±25.4 0.48±0.08 1.0 9.8
Cys117→Val 18.0±12.9 0.61±0.12 9.4 9.1
Cys83→Thr/Cys117→Val 0.98±0.78 0.35±0.25 14.9 6.4
Leu44→Phe/Cys83→Thr/Cys117→Val/Phe132→Trp 0.74±0.19 0.51±0.15 42.6 12.4
Lys12→Val/Cys83→Thr/Cys117→Val 0.93±0.25 0.36±0.12 40.4 19.1
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preincubation half-life of 1.0 h; however, with the
inclusion of the Cys117→Val mutation, the half-life
increases to 9.4 h. Subsequent addition of the
Cys83→Thr mutation increases the preincubation
half-life to 14.9 h. When this Cys117→Val/
Cys83→Thr double mutant is modified further by
the addition of either the stabilizing Leu44→Phe/
Phe132→Trp double mutant or the stabilizing
Lys12→Val point mutant, the half-life increases
further to 42.6 and 40.4 h, respectively (Table 4).

Resistance to thiol reactivity, aggregation,
and trypsin proteolysis in Tris-buffered saline

The wild-type protein and, to a lesser extent, the
Cys117→Val mutant exhibited visible precipitation
after 24 and 48 h of incubation at 37 °C in Tris-
buffered saline (TBS). The wild-type protein exhibits
a general reduction in total soluble protein as a
function of incubation time in TBS (Fig. 7a).
Furthermore, nonreduced samples indicate the
formation of higher-molecular-mass forms, consis-
tent with disulfide-linked multimers, as a function
of time. The Cys117→Val mutant (Fig. 7b) yields a
slight improvement in the recovery of soluble
material as a function of incubation time (see
reduced lanes in Fig. 7b), although the presence of
Fig. 6. Inactivation rates of wild-type and mutant
forms of FGF-1 in unconditioned DMEM/0.5% NCS at
37 °C. The log of the percent initial mitogenic activity is
plotted as a function of incubation time prior to mitogenic
assay.
higher-mass disulfide-linked forms is evident (see
nonreducing lanes in Fig. 7b). The Cys83→Thr/
Cys117→Val double mutant improves on the
recovery of soluble protein (see reduced lanes in
Fig. 7c), and the majority of the soluble protein is
present as a monomeric form (see nonreducing lanes
in Fig. 7c). This mutant has a single Cys residue at
position 16; thus, the higher-mass form visible under
nonreducing conditions is consistent with the
formation of an intermolecular Cys16-Cys16 disul-
fide bonded dimer (∼36 kDa). The Leu44→Phe/
Cys83→Thr/Cys117→Val/Phe132→Trp (Fig. 7d)
and Lys12→Val/Cys83→Thr/Cys117→Val (Fig.
7e) mutant proteins show improvements in both
recovery of soluble material and fraction of mono-
meric form in comparison to the Cys83→Thr/
Cys117→Val mutant, with the Lys12→Val/
Cys83→Thr/Cys117→Val mutant yielding the
greatest recovery of soluble monomeric protein
after incubation.
Resistance to trypsin digestion for the wild-type,

Cys117→ Val , Cys83→ Thr/Cys117→ Val ,
Leu44 → Phe/Cys83 → Thr/Cys117 → Va l/
Phe132→Trp, and Lys12→Val/Cys83→Thr/
Cys117→Val mutant proteins is shown in Fig. 8.
The associated half-life of the intact protein is given
in Table 4. Lys12→Val/Cys83→Thr/Cys117→Val
exhibits the greatest resistance to trypsin digestion
(with a half-life of 19.1 min under the conditions
tested), while the Cys83→Thr/Cys117→Val mu-
tant exhibits the greatest susceptibility to trypsin
digestion (with a half-life of 6.4 min).
Discussion

The in vitro characterization of the functional half-
life of the FGF-1 protein demonstrates an interplay
between buried free-cysteine residues and the
thermodynamic stability of the protein. The previ-
ously reported X-ray structure of wild-type FGF-131

shows that the three free cysteines (at positions 16,
83, and 117) are each buried within the protein
interior and are 11–19 Å distal to each other (in some
crystal forms of FGF-1, Cys117 exhibits an alterna-
tive rotamer that is partially solvent accessible).
Formation of intermolecular or intramolecular di-
sulfide bonds therefore requires substantial struc-
tural rearrangement (as would occur with protein
unfolding) and is incompatible with native protein



Fig. 7. Coomassie-Brilliant-Blue-stained 16.5% Tricine
SDS-PAGE analysis of a time-course incubation of wild-
type FGF-1 (a), Cys117→Val (b), Cys83→ Thr/
Cys117→ Val ( c ) , Leu44 → Phe/Cys83→ Thr/
Cys117→Val/Phe132→Trp (d), and Lys12→Val/
Cys83→Thr/Cys117→Val (e) in TBS. Samples labeled
“reduced” were made in 4% β-mercaptoethanol prior to
gel loading.

Fig. 8. A time course of the proteolytic digest of wild-
type and mutant forms of FGF-1 by trypsin (200:1 molar
ratio, respectively) in TBS (pH 7.4) and at 37 °C and
quantified by scanning densitometry of Coomassie-Bril-
liant-Blue-stained Tricine SDS-PAGE.
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structure and function. The half-life study of wild-
type FGF-1 in unconditioned DMEM/0.5% NCS
indicates a functional half-life of 1.0 h. Although the
related incubation studies in TBS are not directly
comparable on the same timescale (due principally
to concentration differences utilized in these assays),
the TBS study identifies a physical basis for the
observed loss of function. In particular, the incuba-
tion study of wild-type FGF-1 in TBS demonstrates
loss of soluble monomeric protein as a function of
time due to irreversible aggregation; furthermore,
the soluble material recovered shows the formation
of higher-mass disulfide adducts.
The Cys117→Val mutant eliminates one of three

free-cysteine residues in FGF-1 and is associated with
an increase in functional half-life in unconditioned
DMEM/0.5% NCS from 1.0 to 9.4 h. This point
mutant is essentially neutral as regard effects on
thermostability; thus, the observed increase in
functional half-life is due exclusively to the elimina-
tion of a reactive thiol. The incubation of the
Cys117→Val mutant in TBS is associated with a
marked reduction in visible aggregation, and gel
assay shows an increase in the recovery of soluble
protein (although disulfide adducts involving Cys16
and Cys83 are clearly present; Fig. 7b). Elimination of
a second buried reactive thiol at position Cys83, with
the Cys83→Thr/Cys117→Val double mutant,
increases the half-life in unconditioned DMEM/
0.5% NCS to 14.9 h. The TBS incubation of this
mutant shows improved recovery of soluble mono-
meric protein, and the disulfide adduct is now
limited to intermolecular dimer formation involving
the remaining thiol at position Cys16. The
Cys83→Thr/Cys117→Val mutation is destabilizing
compared to the Cys117→Val mutant, and so the
observed increase in half-life of this double mutant is
due to the elimination of the second buried reactive
thiol and not due to an increase in thermostability.
The Cys117→Val and Cys83→Thr/Cys117→Val
mutants show that the elimination of buried free
cysteines within the structure is associated with a
substantial and combinatorial increase in in vitro half-
life. Accessibility of buried thiols requires unfolding
of the protein, and disulfide bond formation is an
irreversible pathway from the denatured state; such
pathways shift the folding equilibrium (via Le
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Chatelier's principle) in the direction of the dena-
tured state.
Comparison of the Cys83→Thr/Cys117→Val,

Leu44 → Phe/Cys83 → Thr/Cys117 → Va l/
Phe132→Trp, and Lys12→Val/Cys83→Thr/
Cys117→Val mutant proteins provides an opportu-
nity for evaluating the effects of increasing thermo-
stability under conditions where the number and the
type of buried reactive thiols are held constant (in this
case, to the single remaining Cys16 residue). In
comparison to the Cys83→Thr/Cys117→Val mu-
tant, the Leu44→Phe/Cys83→Thr/Cys117→Val/
Phe132→Trp mutant stabilizes the protein by
−6.5 kJ/mol, and the Lys12→Val/Cys83→Thr/
Cys117→Val mutant stabilizes the protein by
−8.3 kJ/mol. Both of these mutants increase the
functional half-life in unconditioned DMEM/0.5%
NCS in comparison to the Cys83→Thr/Cys117→Val
mutant by a factor of 3 (from 14.9 to 42.6 and 40.4 h,
respectively). This increase in functional half-life is
therefore due exclusively to the increase in thermo-
stability, as no changes to buried thiols have been
made. The incubation in TBS shows that this increase
in thermostability is associated with a reduction in the
formation of disulfide-bonded dimer and a
corresponding increase in the soluble monomeric
form of the protein (Fig. 7c–e). These results are
consistent with the hypothesis that denaturation is
necessary for buried free cysteines to become
available for disulfide bond formation, and increas-
ing protein stability shifts the folding equilibrium
towards the native state, thereby limiting the
availability of the buried thiol for reactivity.
The addition of heparin to FGF-1 is known to

stabilize the protein and to increase its melting
temperature by ∼20 °C.15 The addition of heparin
to wild-type FGF-1 increases its potency in the
3T3 fibroblast mitogenic assay by almost 2 orders
of magnitude (Table 4). However, the results show
that a similar enhancement in mitogenic activity is
achieved in the absence of added heparin for
those FGF-1 mutant proteins that include the
Cys83→Thr/Cys117→Val double mutation (Fig.
5). Furthermore, the Cys117→Val mutation alone
provides some enhancement in activity in the
absence of added heparin (although not to the
extent observed for the double Cys mutants or in
comparison to wild-type FGF-1 in the presence of
heparin). These results therefore indicate that one
of the major effects of the heparin-induced
stabilization of FGF-1 is effective curtailment of
buried thiol reactivity. We have previously
reported that point mutations that substantially
stabilize the FGF-1 protein can increase mitogenic
potency in the absence of added heparin;29 the
present results suggest that this stability effect on
mitogenic activity is due principally to the
abolishment of buried thiol reactivity.
Wild-type FGF-1 exhibits relatively poor thermal

stability15,30 and contains three free cysteines within
the solvent-excluded core region. The present results
demonstrate a functional connection between bur-
ied free cysteines and thermostability, such that
mutations affecting these properties can modulate
the functional half-life. The results show that, in
spite of potentially destabilizing effects, if buried
thiols are eliminated by mutation, a significant
increase in functional half-life is possible. Converse-
ly, if the protein were to realize a substantial gain in
thermostability (i.e., due to mutation), the contribu-
tion of buried free cysteines to limiting functional
half-life would be significantly diminished. Thus, in
FGF-1, the combination of relatively low thermal
stability and buried free-cysteine residues may
represent coevolved properties that cooperate to
effectively regulate functional half-life. Similarly,
these two properties might be intentionally manip-
ulated in protein design efforts to achieve a targeted
functional half-life, a refinement of the “buried free-
cysteine” half-life design principle.32

Other properties, including susceptibility to pro-
teolytic degradation, may contribute to the observed
3T3 fibroblast mitogenic half-life of mutant FGF-1
proteins. For the set of mutants tested, resistance to
trypsin digestion directly correlates with the ther-
modynamic stability of the protein (Tables 2 and 4).
Thus, in addition to limiting the accessibility of
buried reactive thiols, increasing thermostability
protects the FGF-1 protein from loss of function
due to proteolytic degradation. If mutation of buried
free cysteines lowers thermodynamic stability, it can
increase susceptibility to proteolytic degradation
and thereby contribute to a decrease in functional
half-life. In the case of Cys83 in FGF-1, a detailed X-
ray structure and thermodynamic study shows that
the local structural environment is optimized to
accept a cysteine at this position, and substitution
by other residues results in significant destabiliza-
tion (with the least disruptive mutation being
Cys83→Thr).28 Thus, combining mutations that
eliminate buried free-cysteine residues with muta-
tions that increase thermostability are synergistic in
their effect on functional half-life and may be
necessary to offset instability associated with
cysteine mutations.
Manipulation of thermostability and buried free

thiols is of particular interest in the design of
“second-generation” protein biopharmaceuticals;
however, immunogenic potential as a consequence
of mutational change is an important consideration.
In the present study, we have asked how substitu-
tion of buried free cysteines and stabilization of
secondary mutations can be made entirely solvent
inaccessible and accommodated with minimal per-
turbation of the overall wild-type structure, the
preferred goal being that the designed mutations
eliminate buried thiols and contribute to protein
stability but leave the protein's surface features,
including solvent structure, indistinguishable from
those of wild type. In attempting to achieve this
goal, we focused on the design of mutations to fill
core-packing defects and thereby to stabilize the
protein without introducing changes to the surface
structure. In evaluating a total of six core mutations,
we were successful with two (Phe132→Trp and a
previously described Leu44→Phe mutation) and



124 Thermostability and Free-Cysteine Control of Half-Life
“broke even”with one (Phe85→Trp) (Table 2). DSC
data indicate that a net gain in van der Waals
interactions was realized by the successful subset of
aromatic side chain mutations, but that the others
(i.e., Phe85→Trp) were accommodated with an
actual loss of favorable van der Waals interactions.
Thus, the disruption of local van der Waals
interactions to accommodate the larger aromatic
mutant side chains offset any gain from the
additional buried area.
The two successful core mutations were combined

to provide ∼4 kJ/mol of increased thermostability,
which offset an equivalent decrease incurred by the
elimination of two of the three buried free cysteines
(Cys83→Thr and Cys117→Val); thus, elimination
of two buried thiols was accomplished while
maintaining overall thermostability and resistance
to proteolysis and, most notably, achieving a ∼40×
increase in functional half-life and eliminating the
need for exogenously added heparin to achieve full
mitogenic potency. An overlay of the main-chain
atoms of this quadruple mutant with those of wild-
type FGF-1 from the X-ray structures yields an
RMSD of 0.25 Å, essentially identical with a similar
overlay involving only those positions within 5.0 Å
of the sites of mutation and equivalent to the
estimated error of the mutant X-ray data set.
Furthermore, a total of 87 conserved solvent
molecules distributed over the surface of the wild-
type and quadruple-mutant proteins are in essen-
tially identical positions when comparing the two
structures (Fig. 9). Thus, the designed mutations
within the solvent-excluded region of the protein
have been incorporated without perturbing the
wild-type surface features, including solvent struc-
ture; consequently, the immunogenic potential of
this mutant may be correspondingly minimized.
Fig. 9. Relaxed stereo diagram of an overlay of the
Cys117→Val/Phe132→Trp mutant (blue) with wild-type FG
set of 87 conserved solvent molecules. The mutant and wild-ty
that the increase in functional half-life provided by the mutat
overall protein surface or solvent structure.
This successful design principle—to modulate func-
tional half-life in a potentially immunopermissive
manner—is applicable to a broad range of globular
proteins that contain a buried free-cysteine residue
and core-packing defects.
Materials and Methods

Design, mutagenesis, expression, and purification of
recombinant proteins

All studies utilized a synthetic gene for the 140-amino-
acid form of human FGF-111,31,33,34 containing an addi-
tional amino-terminal six His tag, as previously
described.26 Mutations Val31→ Ile, Leu44→ Trp,
Phe85→Trp, Cys117→ Ile, and Phe132→Trp were iden-
tified as potentially able to fill a subset of existing cavities
(cav2, cav4, cav5, cav6, and cav8; Fig. 1) within the core of
wild-type FGF-1 by manual model-building methods
using wild-type FGF-1 X-ray coordinates (PDB code
1JQZ; molecule A). The QuikChange™ site-directed
mutagenesis protocol (Agilent Technologies, Santa Clara,
CA) was used to introduce all mutations and was
confirmed by nucleic acid sequence analysis (Biomolecu-
lar Analysis Synthesis and Sequencing Laboratory, Florida
State University). All expressions and purifications fol-
lowed previously published procedures.26 Purified pro-
tein was exchanged into 50 mM sodium phosphate, 0.1 M
NaCl, 10 mM (NH4)2SO4, and 2 mM dithiothreitol (DTT;
pH 7.5) (“crystallization buffer”) for crystallization stud-
ies, or into 20 mM N-(2-acetamido)iminodiacetic acid
(ADA), 0.1 M NaCl, and 2 mM DTT (pH 6.6) (“ADA
buffer”) for biophysical studies. The yield of most of the
mutant proteins was 20–40 mg/L. An extinction coeffi-
cient of E280 nm (0.1%, 1 cm)=1.2635,36 was used to
determine the protein concentration for wild-type and
mutant proteins, with the exception of those mutations
involving Trp substitutions. Due to the addition of a novel
main-chain atoms of the Leu44→Phe/Cys83→Thr/
F-1 (yellow). Also shown (spherical representation) are a
pe structures overlay with an RMSD of 0.25 Å, indicating
ions is accommodated with virtually no distortion of the
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Trp fluorophore in these proteins, their extinction coeffi-
cients were determined by densitometry analysis of
Coomassie-Brilliant-Blue-stained SDS-PAGE of serial
dilutions of purified mutant proteins normalized to
concentration standards of wild-type FGF-1 (data not
shown). The resulting E280 nm (0.1%, 1 cm) values utilized
for all studies were as follows: Leu44→Trp, 1.41;
Phe85→Trp, 1.55; Phe132→Trp, 1.58; Leu44→Phe/
Phe132→ Trp, 1.58; Leu44→ Phe/Cys83→ Thr/
Cys117→Val/Phe132→Trp, 1.58.
Crystallization, X-ray data collection, and refinement
of FGF-1 mutant proteins

Purified protein in crystallization buffer was concen-
trated to 9–13 mg/ml, and crystals were grown using the
hanging-drop vapor-diffusion method. Crystals suitable
for diffraction grew in 1 week at room temperature with
1.0 ml of reservoir solution containing 2.0–3.5 M sodium
formate and 0.1–1.0 M ammonium sulfate in crystalliza-
tion buffer. Crystals were mounted using Hampton
Research nylon-mounted cryoturns and frozen in a stream
of gaseous nitrogen at 100 K. Diffraction data were
collected using an in-house Rigaku RU-H2R rotating
anode X-ray source (Rigaku MSC, The Woodlands, TX)
equipped with Osmic Blue confocal mirrors (MarUSA,
Evanston, IL) and a Rigaku R-axis IIc image plate detector.
Diffraction data were indexed, integrated, and scaled
using the DENZO software package.37,38 His-tagged wild-
type FGF-1 (PDB code 1JQZ) was used as search model in
molecular replacement for all mutant structures using the
CNS software.39 Model building and visualization utilized
the O molecular graphics program.40 Structure refinement
utilized the CNS software, with 5% of the data in the
reflection files set aside for Rfree calculations. Coordinates
and structure factors have been deposited in the PDB
(coordinate file accession numbers are listed in Table 1).
Cavities within the structures were quantified using the
Molecular Surfaces Package software41 and a 1.2-Å-radius
probe. The choice of 1.2 Å for the probe radius is
slightly larger than the radius of a methyl group (1.1 Å)
and identifies cavities that are of significance for
possible aliphatic or aromatic point mutations.
Isothermal equilibration denaturation

Isothermal equilibrium denaturation by GuHCl was
performed using either fluorescence or circular dichroism
(CD) as spectroscopic probe, as previously described.42

FGF-1 contains a single buried tryptophan residue at
position 107, which exhibits atypically greater fluores-
cence quenching in the native state versus the denatured
state; this differential fluorescence is used to quantify the
unfolding process. Fluorescence data were collected on a
Varian Eclipse fluorescence spectrophotometer equipped
with a Peltier controlled-temperature regulator at 298 K
and using a 1.0-cm pathlength cuvette. Protein samples
(5.0 μM)were equilibrated in ADA buffer at 298 K in 0.1 M
increments of GuHCl. Triplicate scans were collected and
averaged, and buffer traces were collected, averaged, and
subtracted from the protein scans. All scans were
integrated to quantify the total fluorescence as a function
of denaturant concentration.
The Leu44→ Trp, Phe85→ Trp, Phe132→ Trp,

Leu44→ Phe/Phe132→ Trp, and Leu44→ Phe/
Cys83→Thr/Cys117→Val/Phe132→Trpmutations intro-
duce an additional tryptophan residue in the protein. This
additional tryptophan in each case exhibits greater
fluorescence quenching in the denatured state; when
combined with the endogenous Trp107, atypical fluores-
cence signal results in an overall fluorescence quenching
profile that offers little discrimination between native
state and denatured state. A previous study showed that
FGF-1 unfolding monitored by CD spectroscopy exhibits
an excellent agreement with results obtained by fluores-
cence spectroscopy and is a useful alternative spectro-
scopic probe in cases where fluorescence cannot be
utilized;42 therefore, the isothermal equilibrium denatur-
ation profile for the above mutants was characterized
using CD spectroscopy. Protein samples (25 μM) were
equilibrated in ADA buffer at 298 K in 0.1 M increments
of GuHCl. CD data were collected on a Jasco model 810
CD spectrophotometer (Jasco, Inc., Easton, MD) equipped
with a Peltier controlled-temperature regulator at 298 K
and using a 1-mm pathlength cuvette. For each sample,
triplicate scans were collected and averaged, and buffer
traces were collected, averaged, and subtracted from
sample traces. The unfolding process was monitored by
quantifying the change in CD signal at 227 nm with
increasing GuHCl.30 Both fluorescence and CD data were
analyzed using the general-purpose nonlinear least-
squares fitting program DataFit (Oakdale Engineering,
Oakdale, PA) implementing a six-parameter two-state
model:43

F =
F0N + SN D½ � + F0D + SD D½ �ð Þð Þe� DG0 + m D½ �ð Þ=RT

1 + e� DG0 + m D½ �ð Þ=RT ð1Þ

where [D] is the denaturant concentration; F0N and F0D
are the 0 M denaturant intercepts for the native and
denatured state baselines, respectively; and SN and SD
are the slopes of the native and denatured state
baselines, respectively. ΔG0 and m describe the linear
function of the unfolding free energy versus denaturant
concentration. The effect of a given mutation on the
stability of the protein (ΔΔG) was calculated by taking
the difference between the Cm values for wild-type
proteins and the Cm values for mutant proteins and
multiplying it by the average of the m values, as
described by Pace and Scholtz:44

DDG = CmWT−CmmutantÞðmWT +mmutantð Þ=2 ð2Þ

where a negative value indicates that the mutation is
stabilizing in relationship to the wild-type protein.

Differential scanning calorimetry

All DSC data were collected on a VP-DSC microcalorim-
eter (GE Healthcare, Piscataway, NJ), as previously
described.30 Briefly, 40 μM protein samples were equili-
brated at 298 K in ADA buffer without DTT and in the
presence of 0.7 M GuHCl. The inclusion of 0.7 M GuHCl
permits reversible two-state thermal denaturation. Protein
samples were filtered and degassed for 10 min prior to
loading. A scan rate of 15 K/h was used, and the sample
was maintained at 30 psi during the calorimetric run.
Protein samples were loaded, and all data were collected
without interruption of repeated thermal cycles. At least
three independent protein scans were collected and
averaged, the average of the buffer scans was subtracted,
and the resulting scan was normalized to the protein molar
concentration. The resulting molar heat capacity profiles
were analyzed using the DSCfit software package.45
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Mitogenic activity and functional half-life in
unconditioned medium

Purified protein was equilibrated in 0.14 M NaCl,
5.1 mM KCl, 0.7 mM Na2HPO4, and 24.8 mM Tris base
(pH 7.4) (“TBS buffer”), and mitogenic activity was
evaluated by a cultured fibroblast proliferation assay, as
previously described.29 Briefly, NIH 3T3 fibroblasts were
plated in DMEM (Invitrogen, Carlsbad, CA) supplemen-
ted with 0.5% (vol/vol) NCS (Sigma-Aldrich Corp., St.
Louis, MO) for 48 h at 37 °C with 5% (vol/vol) CO2.
Quiescent serum-starved cells were stimulated with
fresh medium supplemented with FGF-1 protein (0–
10 μg/ml) and incubated for an additional 48 h. After
this incubation period, the cells were counted using a
hemacytometer (Hausser Scientific, Horsham, PA).
Experiments were performed in quadruplicate, and cell
densities were averaged. The protein concentration
yielding one-half maximal cell density (EC50) was used
for a quantitative comparison of mitogenicity. To
evaluate the effect of exogenous heparin on mitogenic
potency, we added 10 U/ml heparin sodium salt
(Sigma-Aldrich Corp.) to the protein prior to cell
stimulation.
For functional half-life studies, the wild-type and

mutant FGF-1 proteins were preincubated in uncondi-
tioned DMEM/0.5%NCS at 37 °C for various time periods
(spanning 0–72 h, depending on the mutant) before being
used to stimulate 3T3 fibroblast mitogenic response, as
described above. Although the mitogenic assay spans
48 h, the stimulation of FGF receptor in the initial minutes
after FGF-1 addition principally dictates the magnitude of
the mitogenic response; thus, even comparatively short
preincubation periods (i.e., b1 h) can be quantified for loss
of functional activity.11
Resistance to thiol reactivity, aggregation, and trypsin
proteolysis in TBS

Wild-type and mutant proteins at a concentration of
0.25 mg/ml were incubated at 37 °C in TBS buffer and
evaluated for disulfide bond formation and aggregation.
Samples taken at time points of 0, 24, and 48 h were
centrifuged at 10,000g for 5 min, and the soluble fraction
was mixed with SDS sample buffer (both with and
without 4% β-mercaptoethanol), resolved on 16.5% N-[2-
hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine (Tricine)
SDS-PAGE, and visualized with Coomassie Brilliant
Blue staining. Stained gels were scanned, and the amounts
of soluble monomeric protein and disulfide-linked multi-
mers were quantified using UN-SCAN-IT densitometry
software (Silk Scientific, Orem, UT).
Wild-type and mutant proteins were incubated with

trypsin (Sigma-Aldrich Corp.) (200:1 molar ratio, respec-
tively) in TBS buffer at 37 °C to evaluate resistance to
proteolysis. Time points were taken at 0, 5, 15, and
30 min and resolved on 16.5% Tricine SDS-PAGE
visualized with Coomassie Brilliant Blue staining.
Stained gels were scanned, and the amount of intact
protein was quantified using UN-SCAN-IT densitometry
software (Silk Scientific).
Accession numbers

Coordinates and structure factors have been deposited
in the PDB with accession numbers 3FJC, 3FJ9, 3FJA, 3FJB,
3FJ8, 3FJD, and 3FGM.
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