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Abstract

Previous reports detailing mutational effects within the hydrophobic core of human acidic fibroblast
growth factor (FGF-1) have shown that a symmetric primary structure constraint is compatible with
a stably folded protein. In the present report, we investigate symmetrically related pairs of buried
hydrophobic residues in FGF-1 (termed “mini-cores”) that are not part of the central core. The effect
upon the stability and function of FGF-1 mutations designed to increase primary structure symmetry
within these “mini-core” regions was evaluated. At symmetry-related positions 22, 64, and 108, the
wild-type protein contains either Tyr or Phe side chains. The results show that either residue can be
readily accommodated at these positions. At symmetry-related positions 42, 83, and 130, the wild-
type protein contains either Cys or Ile side chains. While positions 42 and 130 can readily accom-
modate either Cys or Ile side chains, position 83 is substantially destabilized by substitution by Ile.
Tertiary structure asymmetry in the vicinity of position 83 appears responsible for the inability to
accommodate an Ile side chain at this position, and is known to contribute to functional half-life. A
mutant form of FGF-1 with enforced primary structure symmetry at positions 22, 64, and 108 (all
Tyr) and 42, 83, and 130 (all Cys) is shown to be more stable than the reference FGF-1 protein. The
results support the hypothesis that a symmetric primary structure within a symmetric protein super-
fold represents a solution to achieving a foldable, stable polypeptide, and highlight the role that
function may play in the evolution of asymmetry within symmetric superfolds.

Keywords: fibroblast growth factor; B-trefoil; mini-core; protein engineering; de novo design; folding
kinetics; protein evolution

Human acidic fibroblast growth factor (FGF-1) is a
member of the fibroblast growth factor family that
comprises at least 23 structurally related polypeptides
(Strewler 2001). The FGFs are potent modulators of cell
proliferation, motility, differentiation, and survival.

Reprint requests to: Michael Blaber, 406 Kasha Institute of Molec-
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USA; e-mail: blaber@sb.fsu.edu; fax: (850) 644-7244.

Abbreviations: FGF-1, human acidic fibroblast growth factor;
GuHCI, guanidinium hydrochloride; CD, circular dichroism; DTT,
dithiothreitol.

Article published online ahead of print. Article and publication date
are at http://www.proteinscience.org/cgi/doi/10.1110/ps.051494405.

FGF-1 triggers mitogenic activity by binding and acti-
vating dimerized tyrosine kinase receptors (FGFRI1-
FGFR4) at the cell surface (Pellegrini et al. 2000;
Plotnikov et al. 2000). As a member of the B-trefoil
superfold (Murzin et al. 1992), FGF-1 exhibits a char-
acteristic pseudo-threefold symmetry when viewed down
the B-barrel axis (Fig. 1). The repeating structural unit
of this threefold symmetry comprises of a pair of anti-
parallel B-sheets, referred to as a “B-trefoil fold.” The
tertiary structure can be described as a six-stranded
B-barrel closed off at one end by a B-hairpin triplet.
The B-trefoil structure is hypothesized to have evolved
by successive gene duplication and fusion events, and
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Figure 1. Ribbon drawing of the FGF-1 structure (PDB accession no.
1JQZ) oriented so as to view down the threefold axis of symmetry
intrinsic to the B-trefoil superfold. Also indicated in wireframe repre-
sentation are the symmetry-related pairs of residue positions that
comprise the “mini-core” regions in the structure Phe22/I1e42, Tyr64/
Cys83, and Phel08/Ile130 (the view has been sectioned in the Z-axis so
as to make these residues more visible). Also indicated in dark shading
are the adjacent main-chain regions that pack against residues Ile42,
Cys83, and Ile130.

the B-trefoil has been identified as a monomeric struc-
tural element in epidermal growth factor, as a dimeric
element in the structure of the protease inhibitor ecotine
and as a trimeric arrangement in the B-trefoil superfold
(Mukhopadhyay 2000; Ponting and Russell 2000).

The threefold tertiary structure symmetry present in
FGF-1 is largely absent in the primary structure (Fig. 2).
This raises intriguing questions regarding the relation-
ship of tertiary and primary structure symmetry to pro-
tein stability, function, folding, evolution, and de novo
design (Richardson and Richardson 1989; Wolynes
1996; Lang et al. 2000; Heidary and Jennings 2002;
Brych et al. 2004). Prior studies from our laboratory

15 20 25

have shown that it is possible to successfully redesign
the central core packing group of FGF-1 using a sym-
metric primary structure constraint (Brych et al. 2001,
2003, 2004). Optimal symmetric packing interactions
within the core region of FGF-1 were achieved by
including several loop deletion mutations designed to
increase the tertiary structure symmetry. This highly
symmetric form of FGF-1, referred to as “SYMO6AA”
(Table 1) was shown to be substantially more stable
than the wild-type protein (Brych et al. 2004), albeit at
the expense of certain functionality. These results led to
the hypothesis that a primary structure symmetric con-
straint, within a symmetric protein superfold, is a solu-
tion to, rather than a constraint upon the stability and
foldability of the polypeptide (Brych et al. 2004) and
supports the “stability/function tradeoff” hypothesis of
protein evolution (Schreiber et al. 1994; Shoichet et al.
1995; Wang et al. 2002; Bloom et al. 2004).

In addition to the central core region, FGF-1 contains an
outer “mini-core” within each of the three B-trefoil folds.
Each “mini-core” comprises a pair of buried residues
(Phe22/I1e42, Tyr64/Cys83, and Phel08/Ile130) related by
the threefold symmetry of the tertiary structure (Fig. 1). The
Phe/Ile pairs are symmetric at positions 22/42 and 108,130,
however, the 64/83 pair is a uniquely different Tyr/Cys pair
(Fig. 2). In a continuation of our efforts toward understand-
ing the consequences of introducing primary structure sym-
metry within a symmetric superfold, we have studied effects
of mutations within the “mini-core” regions of FGF-1.
Positions 22, 64, and 108 are observed to tolerate either
Phe or Tyr mutations, although a symmetric Tyr mutant
form of FGF-1 is observed to be moderately more stable
than the reference protein. Positions 42 and 130 are similarly
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Figure 2. Primary structure of human FGF-1 aligned to show the relationship between the three trefoil fold subdomains. The
shaded regions indicate the residue positions that comprise the three “mini-core” regions in the structure. Beneath each of these
positions is listed the frequency of occurrence of amino acids for the 23-member FGF family of proteins. Residue positions 79
and 80 are in parentheses to indicate that they do not align structurally with positions 37-39 or 125-127.
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Table 1. Nomenclature of mutant forms of FGF-1

Acronym Mutations

WT* Wild-type (His tagged)

SYM6AA® Leud44—Phe/Met67—Ile/Leu73—Val/Alal03—Gly/
A104-106/Vall09—Leu/Leul 1 1—Ile/Cysl17—Val/
Argl19—Gly/A120-122

SYM7AA SYM6AA/Phe22—Tyr/Phel08—Tyr

SYMSAA SYM7AA/1e42—Cys/1le130—Cys

4 Brych et al. (2004).

observed to tolerate either Ile or Cys mutations; however,
position 83 is unable to accommodate an Ile mutation with-
out substantial destabilization. A symmetric combination
mutation, involving Tyr/Cys pairs at each “mini-core”
region is observed to be more stable than the asymmetric
parental sequence. The inability of position 83 to accom-
modate an Ile side chain is found to be due to asymmetry
within the tertiary structure forming the packing environ-
ment. Thus, the ability of position 83 to accommodate an Ile
residue is postulated to require further mutations to
improve the tertiary structure symmetry. The results sup-
port the hypothesis that a primary structure symmetric
constraint, within a symmetric protein superfold, is a solu-
tion to, rather than a constraint upon the stability and

foldability of the polypeptide, and highlight the role that
functionality may play in the observed asymmetry of pro-
teins belonging to a symmetric superfold.

Results

Mutant protein purification

All mutant proteins, except those containing the
Cys83—Ile mutation, were purified with high yield
(~50 mg/L). Mutants containing the Cys83—Ile muta-
tion were observed to be expressed in the form of inclu-
sion bodies. For these mutants, only the soluble fraction
was used for purification of the mutant protein. Thus, a
typical yield for the purification of a mutant containing
the Cys83—1le mutation was ~8-10 mg/L.

Isothermal equilibrium denaturation

The derived thermodynamic parameters for the mutant
proteins, in comparison to wild type and SYMG6AA are
summarized in Table 2. The thermodynamic stabilities
for wild type and SYM6AA are somewhat higher than
previously reported values determined in 20 mM N-
(2-acetamido)iminodiacetic acid (ADA), 100 mM NaCl,

Table 2. Thermodynamic parameters for FGF-1 mutants as determined by isothermal equilibrium denaturation using GuHCI

and monitored using CD spectroscopy

Mutant AG (kJ/mol) m-value (kJ/mol M) Cn (M) TAAG (kJ/mol)
SYM6AA 377 =238 19114 1.97 = 0.01 —
Group A:

142—C 352+ 1.3 18.0 = 0.6 1.95 = 0.01 0.7
C83—1 30.3 = 2.1 205+ 14 1.47 = 0.07 9.9
1130—C 352 *+1.2 174 = 0.6 2.02 = 0.01 -0.9
F22—Y 39.1 = 1.6 19.5 = 0.8 2.00 = 0.01 —0.6
Y64—F 32.6 =26 16.8 = 1.4 1.94 = 0.01 0.5
F108—Y 40.5 = 1.1 189 = 0.5 2.14 = 0.01 -32
Group B:

F22—Y/F108—Y (SYM7AA) 412 = 1.8 19.2 = 0.8 2.14 = 0.01 -33
F22—Y/142—C/F108—Y/I130—C

(SYMSAA) 41.1 £ 0.9 19.0 = 0.5 2.16 = 0.01 -3.7
Group C:

42—V 31.1 = 1.7 18.7 = 1.0 1.66 = 0.01 5.8
C83—V 31.2 = 1.1 21.1 = 0.8 1.47 = 0.01 10.1
1130—-V 323+ 1.0 19.0 = 0.6 1.70 = 0.01 5.1
Y55—L/C83—I1 323*+24 257+ 1.9 1.25 = 0.01 16.1
P79—G/C83—1 21.0 = 1.3 18.7 = 1.1 1.12 = 0.01 16.1
T78[G]/P79—G/C83—I 202 = 1.7 183+ 1.5 1.10 = 0.01 16.3
wWTP 26.6 = 0.9 20.3 = 0.7 1.29 = 0.01 13.4

All mutants were constructed in the SYM6 AA FGF-1 background protein (Table 1).

2 AAG = (CrerF — Cimmutant) (MREF + Mimutant) /2 as described by Pace and Scholtz (1997), and where the reference protein is SYM6AA.
A negative value of AAG indicates a more stable mutation, and error is stated as the standard error from multiple data sets.

®His-tagged wild-type FGF-1 in the same buffer conditions is included for reference.
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2 mM DTT (pH 6.60) (ADA buffer) (Brych et al. 2004;
Kim et al. 2004). The buffering system used in the present
study contains phosphate and sulfate ions, which permit
the higher protein concentrations necessary for CD stud-
ies. These ions are known to interact with FGF-1 within
the heparin-binding site (Blaber et al. 1996; Romero et al.
1996) and have also been shown thermodynamically to
have a stabilizing effect (Mach and Middaugh 1994;
Adamek et al. 1998).

The mutations within “Group A” of Table 2 are intended
to evaluate the effects of sequence-swapping point muta-
tions within the sets of symmetry-related positions at
(42, 83, 130) and (22, 64, 108). The wild-type Ile side
chains at symmetry-related positions 42 and 130 can
be substituted by Cys with little detectable effect
upon stability (i.e., |AAG| values < 1.0 kJ/mol). In
contrast, the Cys at position 83 exhibits a dramatic
destabilization of 9.9 kJ/mol when substituted by Ile.
Tyr substitutions at symmetry-related positions 22
and 108 are accommodated with a slight increase in
stability (position 22), or with a 3.2 kJ/mol increase in
stability (position 108). A Phe substitution at position
64 exhibits essentially no effect upon stability.

The mutations within “Group B” of Table 2 are designed
to probe the effects of combining appropriate point muta-
tions so as to constrain the primary structure at symmetry-
related positions (42, 83, 130) and (22, 64, 108) to the
threefold symmetry inherent in the tertiary structure. The
double mutant Phe22—Tyr/Phel08—Tyr (“SYM7AA”
mutant), constraining symmetry-related positions 22, 64,
and 108 to Tyr, is accommodated with a 3.3 kJ/mol increase
in stability (essentially, the additive contribution of the two
Tyr point mutations). With this as a background form of
FGF-1, the double-mutant Ile42—Cys/Ile130—Cys, con-
straining symmetry-related positions (42, 83 130) to Cys,
is accommodated with a 0.4 kJ/mol increase in stability
(essentially, the additive contribution of the two Cys
point mutations).

The mutations within “Group C” of Table 2 are an
attempt to elucidate the basis for the inability of position
83 to accommodate an Ile substitution. The Ile42— Val and
Ile130— Val point mutations probe the consequences of the
loss of the side-chain C®' group. The effects upon
stability are essentially identical for these symmetry-
related positions, with a net decrease in stability of
5.1-5.8 kJ/mol. The Cys83—Val point mutation
probes the effective addition of a side-chain CY!
group (forming a B-branched residue). The protein
is destabilized by a substantial 10.1 kJ/mol in
response to this mutation, almost exactly the same
amount as the Cys83—Ile mutation (Table 2). The
remaining “Group C” mutations were designed to
compensate for postulated structural strain in
response to a Cys83—Ile mutation. The Tyr55—Leu/

2318 Protein Science, vol. 14

Cys83—lle and Pro79—Gly/Cys83—Ile mutations were
designed to eliminate bad contacts with the Ile side chain
at position 83 and to permit greater flexibility of this region.
The Thr78[Gly]/Pro79— Gly/Cys83—Ile mutation includes
an inserted Gly residue after position 78 in an attempt to
increase the length of this adjacent structure to relieve
postulated structural strain due to the Ile side chain at
position 83. All of these mutations were, however,
substantially destabilizing (AAG ~ 6 kJ/mol) in relationship
to the Cys83—lle point mutant. Folding and unfolding
kinetic studies were performed on the SYM7AA mutant
and showed that the increase in stability is accomplished
primarily through a modest decrease in the rate of
unfolding and that there are minimal overall effects upon
the folding transition state intermediate (Fig. 3).

Mitogenic activity of His-tagged
wild type and mutants of FGF-1

Mitogenic activity was determined for His-tagged wild-type
FGF-1 (ECso = 60 ng/mL), SYM6AA (ECsy = 0.84 ng/
mL), Phe22—Tyr/SYM6AA (ECsy = 7.6 ng/mL), and
Tyr64—Phe/SYM6AA (ECso=0.92 ng/mL) mutants
(Fig. 4). As previously described, the SYM6AA mutant is
approximately two orders of magnitude more potent in
mitogenic activity than His-tagged wild-type FGF-1
(Brych et al. 2004). The Tyr64—Phe/SYMO6AA mutant
is essentially indistinguishable from the SYMOAA
mutant with regard to mitogenic activity, reflecting
the minimally destabilizing effect of this mutation
(Table 2). Conversely, although the Phe22—Tyr/
SYM6AA mutation is associated with a slight
increase in stability, the mitogenic assay indicates
that it exhibits only 10% of the mitogenic activity
of the SYM6AA protein (Fig. 4).
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Figure 3. Folding and unfolding kinetic data (“chevron plot”) for the
SYM7AA FGF-1 mutant (Q) and the SYM6AA FGF-1 reference
protein (@).
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Figure 4. Mitogenic activity assay of WT (@), Phe22—Tyr SYM6AA
(O), Tyr64—Phe SYM6AA (1), and SYM6AA (M) proteins toward
NIH 3T3 fibroblasts.

Discussion

Phe vs. Tyr residues at symmetry-related
positions 22, 64, and 108

A sequence analysis derived from a comparison of 23
members of the FGF family indicates that a Tyr resi-
due at position 64 is present with a frequency of occur-
rence of 82.6% (Fig. 2). The only other residue found
at this position (17.4% occurrence) is the related aro-
matic Phe side chain. A similar trend is observed at
symmetry-related position 108, where Tyr occurs with
47.8% frequency and Phe follows with 34.7% fre-
quency (with His, Ile, and Pro residues being present
at single-digit frequencies). In contrast, at symmetry-
related position 22, Phe occurs with a higher frequency
(30.4%) than Tyr (13.0%), and His is actually present
at a higher frequency (56.5%) than Phe. Thus, when
comparing symmetry-related positions 22, 64, and 108,
position 22 stands out as having an unusually high
occurrence of Phe in comparison to Tyr (in addition
to the high prevalence of His). A Phe residue is
observed at position 22 in FGF-1, and while there is
no apparent basis for the selection of Phe over Tyr in
terms of protein stability (Table 2), the mitogenic assay
indicates a substantial functional preference for Phe at
position 22 (Fig 3).

Position 22 has been described as forming part of an
interface between FGF-1 and domain D2 of FGF
receptor 2 ectodomain from the X-ray structure of an
FGF-1/FGFR2/heparin ternary complex (PDB acces-
sion no. 1E0O) (Pellegrini et al. 2000). This interface
includes residue positions Tyrl5, Gly20, Phe22, Tyr94,
Leul33, and Leul35 of FGF-1 with residues Lys164,
Leul66, Alal68, Vall69, and Prol70 of FGFR2 and
is, therefore, largely hydrophobic. Model building of a

Phe22—Tyr mutant into the 1E0O FGF-1/FGFR2/
heparin structure identifies a potential close contact
(2.2-2.7 A) between the Tyr O" and the N® moiety of
residue Arg37 within the same FGF-1 molecule. How-
ever, the B factors of the Arg37 N® moiety are in excess
of 100 A2 suggesting the potential for adjustment to
accommodate the introduced Tyr O"; furthermore, this
interaction has the potential of satisfying the hydrogen-
bonding requirement of the introduced Tyr side chain.
Despite these structural considerations, it is clear from
the mitogenic assay that maintaining the hydrophobic
nature of position 22 is critical for efficient receptor
complex formation.

As with position 22, position 64 can accommodate
either a Phe or Tyr residue with essentially no effect
upon overall stability (with Tyr being the naturally
occurring residue at this position). This position in
FGF-1 is distal to any receptor or heparin contacts in
the FGF-1/FGFR/heparin complex structure (Pellegrini
et al. 2000), and the mitogenic assay indicates that there
is no effect upon functional activity for the Tyr64—Phe
mutation (Fig. 4). Symmetry-related position Phel08
exhibits a 3.2 kJ/mol increase in stability. Analysis of
the wild-type structure (PDB accession no. 1JQZ) indi-
cates that the aromatic ring of the Phel08 side chain is
pointed toward an adjacent Tyr125 side chain. The aro-
matic rings of these two side chains are essentially
orthogonal, with the Phel08 C® positioned near the
center of the Tyrl125 aromatic ring. However, in the
wild-type structure, the Phel08 C® and the Tyrl25 aro-
matic ring are ~3.7 A distal; thus, a direct interaction of
the m electron orbital for these rings is unsupported.
However, the Phel08—Tyr mutation would position
the introduced side chain O" group within appropriate
hydrogen-bonding distance of the Tyr125 aromatic ring
7 electrons, and is therefore postulated as the basis for
the observed increase in stability for the Phel08—Tyr
mutation. In this regard, positions Arg37 and Thr78 are
the symmetry-related positions to Tyrl25, and there-
fore, similar stabilizing  electron interactions are not
possible with Tyr residues at positions 22 and 64.

Ile vs. Cys residues at symmetry-related
positions 42, 83, and 130

Analysis of sequence data for the FGF family of proteins
indicates that a Cys residue is present at position 83 with a
100% frequency of occurrence (Fig. 2). The other two
symmetry-related positions (42 and 130) exhibit a variety
of side chains, with the most commonly observed residues
being small (Ala, Ser, and Thr); however, there is no
example of Cys at either of these positions in any of the
23 members of the FGF family. Positions 42 and 130 in
FGF-1 are both Ile residues that also share identical
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rotamer orientations (x; = gauche-, x» = trans); thus,
they exhibit the threefold symmetric relationship inherent
in the B-trefoil architecture. Positions Ile42 and Ile130 are
highly tolerant to substitution by Cys, exhibiting essen-
tially no effect upon stability. However, the converse is
not true at symmetry-related position Cys83, and the
Cys83—1le mutation is substantially destabilizing (Table
2). Thus, despite their symmetric relationship within the
tertiary structure of FGF-1, there is an extreme disparity
of preferred amino acids at positions 42, 83, and 130, both
in terms of statistical frequency and stability effects upon
mutation. How are positions 42 and 130 able to structur-
ally accommodate either Cys or Ile residues, but position
83 cannot?

The structural environment surrounding Cys83 is
defined by the side chains of residue positions Tyr55,
Tyr64, Ala66, and the main-chain atoms of the region
Pro79-Asn80 (Fig. 5). Symmetrically equivalent side-
chain interactions are conserved in the packing environ-
ment of Ile42 (residue positions Leul3, Phe22, and
Arg24, respectively), but the adjacent main-chain inter-
actions involves the more extended region of Asp36—
Asp39. Likewise, symmetrically equivalent side-chain
interactions are conserved in the packing environment
of Ile130 (residue positions Thr96, Phel08, and Gly110,
respectively), but the adjacent main-chain interaction
also involves a more extended region, involving
His124-GIn127. Structurally, therefore, a significant
difference in the packing environment of Cys83 involves
main-chain region Pro79-Asn80. An overlay of these
symmetry-related main-chain regions indicates that the
C* of residue positions Asp36, Thr78, and His124 are
essentially juxtaposed, as are the C* of residue positions
GIn40, Glu81, and Lys128. Thus, the main-chain region
packing against Cys83 is structurally “one residue
shorter” than the symmetry-related regions. When

T96

Figure 5. Relaxed stereo diagram of an overlay of the packing envi-
ronments surrounding symmetry-related positions Ile42 (yellow),
Cys83 (blue), and Ilel130 (red). Close contacts between the main-
chain region 79-80 and Ile residues that would occupy the symmetry
related positions to residue 83 are indicated by broken lines.

2320 Protein Science, vol. 14

evaluating the consequences of the substitution of
Cys83 by Ile (and assuming that the adopted rotamer
is identical to that observed for Ile42 and Ilel130), a
series of close contacts are apparent between the intro-
duced I1e83 C”! and C®' moieties. These close contacts
include 2.3 A between position 79C* and an introduced
Ile C*', 2.3 A between position 80N and an introduced
Ile C?', 2.0 A between 800 and an introduced Ile Y,
and 2.8 A between 55C%! and an introduced Ile C®!
(Fig. 5).

The inferred flexibility of the main chain regions that
pack against positions Ile42, Cys83, and Ilel30 is
another structural difference. An Ile—Cys mutation
within a buried region is expected to destabilize the
structure due to the effective loss of van der Waals
interactions involving the side-chain C® and CY!
atoms. However, the effects upon stability can be mini-
mized if the structure is able to collapse to fill the
resulting void caused by the mutation (Eriksson et al.
1992). The ability of positions 42 and 130 to accommo-
date Ile—Cys mutations with essentially no effect upon
stability indicates that main-chain regions 36-39 and
124-127 exhibit a certain flexibility and are able to
adjust to avoid a resulting cavity (the ~5 kJ/mol desta-
bilization associated with Ile—Val mutations at these
positions suggests that only a partial collapse is possible
in response to Val mutations). Conversely, the substan-
tial destabilization of the Cys83—1Ile mutation indicates
that the main-chain region 79-80 is unable to accom-
modate the increase in the side-chain buried area with-
out causing strain; thus, this main-chain region appears
to possess greater rigidity than its symmetry-related
regions. The shorter apparent length, and the presence
of Pro79, may contribute to the apparent rigidity of this
main-chain region. Initial efforts to address this ques-
tion, first by the introduction of a Pro79—Gly point
mutation, and then by combining this with the insertion
of an additional residue (Gly) after position 78, failed to
stabilize a Cys83—Ile mutation (Table 2). The confor-
mation and flexibility of these main-chain regions is
therefore likely determined by more complex interac-
tions involving the side chains within these regions.
Ongoing studies are investigating this possibility.

FGF-1 contains three free Cys residues at positions 16,
83, and 117 (not related by the threefold structural symme-
try). These free Cys residues are each located at solvent-
inaccessible positions. Functional studies of Cys—Ser
mutations at positions 16 and 83 have shown an increase
in the protein half-life (in serum-free medium and in the
absence of heparin) from 0.26 to 13 h (Ortega et al. 1991).
Subsequent thermodynamic studies of these Ser mutants
indicated that the increase in functional half-life was not
due to an increase in stability, and in fact, individual Ser
mutations at these positions destabilized the structure by a
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significant 8—10 kJ/mol (Culajay et al. 2000). The increase in
functional half-life was attributed to the elimination of thiol-
mediated chemistry that promotes irreversible denatura-
tion, and buried free Cys residues were postulated to be
important regulators of functional half-life (Ortega et al.
1991; Culajay et al. 2000). Thus, the asymmetry of the
tertiary structure associated with the packing environment
of position 83 results in a stability-based structural require-
ment for a Cys residue at this position, which subsequently
regulates functional half-life. This result is similar to a pre-
viously reported heparin-binding functionality of residue
positions 120-122 in FGF-1 (Brych et al. 2004). These
residues appear as a structural insertion that disrupts the
tertiary structure symmetry of FGF-1, and while their exci-
sion stabilizes the structure, the ability to bind heparin is
substantially diminished (Brych et al. 2004). Furthermore,
an invariant Met residue at position 67 within the core of
FGF-1 is essential to stabilize the position 120-122 inser-
tion. Thus, it appears to be the case that several regions of
apparent asymmetry within the fundamentally symmetric
structure of FGF-1 are associated with the accommodation
of function.

Materials and methods

Mutagenesis and expression

All studies utilized a synthetic gene for the 140 amino acid
form of human FGF-1 (Gimenez-Gallego et al. 1986; Line-
meyer et al. 1990; Ortega et al. 1991; Blaber et al. 1996) with
the addition of an amino-terminal six residue “His-tag” to
facilitate purification (Brych et al. 2001). The reference protein
for the current set of mutations is the “SYM6AA” mutant form
of FGF-1 (Table 1). This mutant form exhibits a greater tertiary
and primary structure symmetry and is more stable (Table 2)
than the wild-type protein (Brych et al. 2004). The QuikChange
site-directed mutagenesis protocol (Stratagene) was used to
introduce individual or combination mutations using mutagenic
oligonucleotides of 25-31 bases in length (Biomolecular Analy-
sis Synthesis and Sequencing Laboratory, Florida State Univer-
sity). All FGF-1 mutants were expressed using the pET21a(+)
plasmid/BL21(DE3) Escherichia coli host expression system
(Invitrogen Corp.). Mutant construction and expression fol-
lowed previously described procedures (Blaber et al. 1999; Cula-
jay et al. 2000; Brych et al. 2001). All mutants were purified as
previously described using nickel-nitrilotriacetic acid (Ni-NTA)
chromatography, followed by FPLC purification on a Super-
dex-75 column (Brych et al. 2001).

Isothermal equilibrium denaturation

FGF-1 contains a single buried tryptophan residue (Trp107) that
exhibits atypically greater fluorescence quenching in the native
versus denatured state, and the X-ray structure of FGF-1 indicates
that this quenching of Trp107 fluorescence is due to an adjacent
proline residue (Pro121) (Blaber et al. 1996, 1999). The differential
fluorescence between the native and denatured states has been used
to quantify the unfolding of the FGF-1 protein, and has been

shown to be in excellent agreement with unfolding as monitored
by CD spectroscopy (Blaber et al. 1999; Brych et al. 2003). The
deletion of Pro121 in the SYM6AA mutant form of FGF-1 (uti-
lized as the background protein for the present mutational study)
diminishes the quenching of Trp107 and, subsequently, the differ-
ential fluorescence signal between native and denatured states
(Brych et al. 2004). Thus, isothermal equilibrium denaturation by
GuHCI was quantified using circular dichroism as the spectro-
scopic probe. CD measurements were collected on an Aviv model
202 circular dichroism spectrometer (Proterion Corp.) equipped
with a Peltier-controlled temperature unit maintaining a constant
temperature of 298 K, and using a 10-mm path-length cuvette.
Protein samples (25 wm) were equilibrated overnight in 50 mM
sodium phosphate, 100 mM NaCl, 10 mM ammonium sulfate,
2 mM DTT (pH 7.5) at 298 K in 0.1 M increments of guanidine
HCI (GuHCI). Buffer traces were collected, averaged, and sub-
tracted from the sample traces. Data smoothing was performed
prior to buffer subtraction using a 5-point fast Fourier transform
filter. The denaturation process was monitored by observing the
change in CD signal at 227 nm with increasing GuHCI. The
general-purpose nonlinear least squares fitting program DataFit
(Oakdale Engineering) was used to fit the change in molar ellip-
ticity at 227 nm versus GuHCl concentration data to a six-param-
eter two-state model (Eftink 1994):

_ Fow + Sx[D] + (Fop + (Sp[D])e- GO rPDIRT
- 1 + e—(AGo+m[D])/RT ( )

F

where [D] is the denaturant concentration, Fon and Fop are the
0 M denaturant molar ellipticity intercepts for the native and
denatured states, respectively, and Sy and Sp, are the slopes of
the native and denatured state baselines, respectively. AG, and
m describe the linear function of the unfolding free energy
versus denaturant concentration at 298 K. The effect of a
given mutation upon the stability of the protein (AAG) was
calculated by taking the difference between the C,, values for
wild-type and mutant and multiplying by the average of the m
values, as described by Pace and Scholtz (1997):

AAG = (Cm wT — Cn mulanl)(mWT + mmutanl)/2 (2)

Folding kinetics measurements

Folding and unfolding kinetic data was collected using previously
described methods (Brych et al. 2004). Protein samples (~150 uM)
were incubated overnight in 3.0 M GuHCI, 50 mM NaPi, 100 mM
NaCl, 10 mM (NH4)SO,, 2mM DTT (pH 7.5) at 298 K. Refolding
was initiated by a 1:10 dilution of protein solutions into 50 mM
sodium phosphate, 100 mM NaCl, 10 mM ammonium sulfate,
2mM DTT (pH 7.5) containing either 0.1 or 0.05 M increments of
GuHCI up to the projected midpoint of denaturation as deter-
mined by isothermal equilibrium denaturation experiments. All
data was collected using an Aviv model 202 CD spectrometer
equipped with a Peltier-controlled temperature unit maintaining
aconstant temperature of 298 K and an Avivmodel SF305 stopped
flow system. Data collection times for each protein were designed
so as to quantify the CD signal over five half-lives, or >96% of the
total expected amplitude.

Unfolding kinetics measurements

Protein samples (~300 uM) were dialyzed against 50 mM sodium
phosphate, 100 mM NaCl, 10 mM ammonium sulfate,2mM DTT
(pH 7.5) overnight at 298 K. Unfolding was initiated by 1:10
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dilution into 50 mM sodium phosphate, 100 mM NaCl, 10 mM
ammonium sulfate, 2 mM DTT (pH 7.5) with final GuHCI con-
centration in the range from 1.5 to 5.5 M in 0.5 M increments. The
unfolding process was quantified by following the change in CD
signal at 227 nm using an Aviv model 202 circular dichroism
spectrometer equipped with an Aviv model SF305 stopped flow
system and a Peltier-controlled temperature unit, maintaining a
constant temperature of 298 K. Data collection times for each
protein were designed so as to quantify the CD signal over three
to four half-lives, or >93% of the total expected amplitude.

Folding and unfolding kinetic analysis

Both folding and unfolding kinetic data were collected in
triplicate at each GuHCI buffer condition. In all cases, data
from at least three separate experiments were averaged. The
kinetic rates and amplitudes versus denaturant concentration
were calculated from the time dependent change in tryptophan
fluorescence using a single exponential model:

1(t) = Aexp(—kt) + C (3)

where /() is the intensity of fluorescent signal at time 7, 4 is
the corresponding amplitude, & is the observed rate constant
for the reaction, and C is a constant that is the asymptote of
the CD signal. Folding and unfolding rate constant data were
fit to a global function describing the contribution of both rate
constants to the observed kinetics as a function of denaturant
(“chevron” plot) as described by Fersht (1999):

In(kops) = ln(km exp(m/[DD + kyo CXp(mu[D])) 4)

where ky and k,, are the folding and unfolding rate constants,
respectively, extrapolated to 0 M denaturant; m, and m, are
the slopes of the linear functions relating In(k,) and In(k,),
respectively, to denaturant concentration; and [D] is the dena-
turant concentration.

Mitogenic assay

The mitogenic activity of various mutants was evaluated by a
tissue-culture based assay. NIH 3T3 fibroblasts were initially
plated in Dulbecco’s modified Eagle’s medium (DMEM) (Amer-
ican Type Culture Collection) supplemented with 10% (v/v) new-
born calf serum (NCS) (Sigma), 100 units of penicillin, 100 mg of
streptomycin, 0.25 mg of Fungizone, and 0.01 mg/mL of genta-
micin (Gibco) (“serum-rich” medium) in T75 tissue culture flasks
(Fisher). The cultures were incubated at 37°C with 5% CO2
supplementation. At 80% cell confluence, the cells were washed
with 5-mL cold TBS (0.14 M NaCl, 5.1 mM KCI, 0.7 mM
Na,HPO,, 24.8 mM Trizma base [pH 7.4]) and subsequently
treated with 5 mL of a 0.025% trypsin solution (Invitrogen
Corp.). The trypsinized cells were subsequently seeded in T25
tissue culture flasks (Fisher) at a cell density of 3.0 X 10* cells/
cm? (representing 20% confluence). Cell synchronization was
initiated by serum starvation in DMEM with 0.5% NCS, 100
units of penicillin, 100 mg of streptomycin, 0.25 mg of Fungizone,
and 0.01 mg/mL of gentamicin (“starvation” medium). Cultures
were incubated for 48 h at 37°C, the medium was then decanted
and replaced with fresh medium supplemented with FGF-1 (0-10
prg/mL), and the cultures were incubated for an additional 48 h.
After this incubation, the medium was decanted and the cells
were washed with 1 mL of cold TBS (pH 7.4). A total of 1 mL of
0.025% trypsin was then added to release the cells from the flask
surface, and 2 mL of serum-rich medium was added to dilute and
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inhibit the trypsin. The cells were counted using a hemacytometer
(Hausser Scientific Partnership). Experiments were performed in
quadruplicate and the cell densities were averaged. The relation-
ship between the cell number and log concentration of added
growth factor was fit to a sigmoid function.
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