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Symmetric Primary and Tertiary Structure Mutations
within a Symmetric Superfold: A Solution, not a
Constraint, to Achieve a Foldable Polypeptide
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In previous studies designed to increase the primary structure symmetry
within the hydrophobic core of human acidic fibroblast growth factor
(FGF-1) a combination of five mutations were accommodated, resulting in
structure, stability and folding kinetic properties similar to wild-type
(despite the symmetric constraint upon the set of core residues). A sixth
mutation in the core, involving a highly conserved Met residue at position
67, appeared intolerant to substitution. Structural analysis suggested that
the local packing environment of position 67 involved two regions of
apparent insertions that distorted the tertiary structure symmetry inherent
in the b-trefoil architecture. It was postulated that a symmetric constraint
upon the primary structure within the core could only be achieved after
these insertions had been deleted (concomitantly increasing the tertiary
structure symmetry). The deletion of these insertions is now shown to
permit mutation of position 67, thereby increasing the primary structure
symmetry relationship within the core. Furthermore, despite the imposed
symmetric constraint upon both the primary and tertiary structure, the
resulting mutant form of FGF-1 is substantially more stable. The apparent
inserted regions are shown to be associated with heparin-binding
functionality; however, despite a marked reduction in heparin-binding
affinity the mutant form of FGF-1 is surprisinglyw70 times more potent in
3T3 fibroblast mitogenic assays. The results support the hypothesis that
primary structure symmetry within a symmetric protein superfold
represents a possible solution, rather than a constraint, to achieving a
foldable polypeptide.
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Introduction

Analysis of the structural databank indicates that
the overwhelming majority of protein structures
can be classified as belonging to one of a very
limited number of fundamental protein architec-
tures (currently comprising ten such “super-
superfolds”).1,2 These architectures represent a
kinetic and thermodynamic solution to the protein
folding problem, and their limited number suggests
that the evolution of functionality within the
ublished by Elsevier Ltd.
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proteome is achieved primarily through modifi-
cation of existing protein architectures, rather than
entirely new designs. Experimental and theoretical
studies of protein stability and function relation-
ships suggest that novel functionality is typically
achieved at the expense of stability (i.e. the
“stability/function tradeoff” hypothesis).3–6

Together, these results suggest that an important
property of the ten fundamental superfolds is the
ability to accommodate a wide variety of mutations,
yet remain stably folded. Thus, the ten fundamental
protein architectures likely share a basic property;
namely, the potential for substantial thermo-
dynamic stability.
The majority of the fundamental superfolds

exhibit some form of tertiary structure symmetry,



770 Symmetric Redesign of Human FGF-1
the postulated result of gene duplication and fusion
events during the evolutionary process.7–13 Despite
this tertiary structure symmetry, such proteins may
exhibit little if any related primary structure
symmetry, indicating that substantial divergence
must have occurred following the presumed
ancient gene duplication/fusion events. Based
upon the stability/function trade-off hypothesis,
some fraction of the observed divergence is associ-
ated with the emergence of novel functionalities,
but at the expense of stability. This leads to the
intriguing hypothesis that it may be possible to
redesign a protein, belonging to a symmetric
superfold, by enforcing a symmetric primary
structure constraint, and yet, have the resulting
mutant protein increase thermodynamic stability.
Such design solutions would have obvious import-
ance in elucidating the process of protein evolution,
and also have practical applications in de novo
protein design.

Human acidic fibroblast growth factor (FGF-1),
one of 23 known members of the FGF family, is a
member of the b-trefoil superfold and exhibits a
characteristic 3-fold tertiary structure symmetry14–17

(Figure 1). However, as is often the case, this
structural symmetry does not extend to the level
of the primary structure, which is marginally above
random identity when comparing the symmetry-
related structural subdomains18 (Figure 1). In
previous reports we have investigated the struc-
tural, thermodynamic and kinetic consequences of
redesigning the hydrophobic core region with the
imposition of a 3-fold symmetric constraint upon
Figure 1.Upper panel: relaxed stereo ribbon diagram of FG
symmetry, and with the locations of the loop deletions indic
Lower panel: amino acid sequence alignment (using the sing
Shaded residues indicate the locations of the loop deletions in
acids located at the iC3 position in local b-turn secondary st
the primary structure.18,19 These results showed
that an alternative core packing group could be
identified that exhibited similar kinetic and thermo-
dynamic properties as wild-type. Although no
more stable than wild-type it was nonetheless
striking that the core could be efficiently repacked
despite the 3-fold symmetric constraint upon the
primary structure. This alternative core did not,
however, involve the entire set of 15 core residues.
In particular, it was observed that position 67 (a Met
residue) appeared intolerant to substitution (e.g.
DDG for Met67/Ile wasC9.4 kJ/mol, although the
other two symmetry-related positions could readily
adopt an Ile side-chain).19 This Met side-chain,
which is conserved in 22 of the 23 members of the
FGF family, was observed to pack against two
adjacent loop structures. Both of these loops, in
relationship to their 3-fold symmetry mates, con-
tained insertions within their primary structures
(involving residue positions 104–106 and 120–122;
Figure 1). These insertions, and their local packing
interactions, were postulated as the structural basis
for the requirement of the invariant Met at position
67.19 It was further postulated that if the insertions
within these two loops were deleted, that position
67 would exhibit a structural environment similar
to its 3-fold symmetry mates, and might therefore
accommodate an Ile side-chain.19 However, it was
noted that these loops had functions attributed to
them; the loop involving residues 104–106 was a
reported low-affinity receptor-binding site, and the
loop involving residues 120–122 was part of a
heparin-binding site.15,17,20,21 Thus, while the
F-1 (PDB accession 2AFG) oriented down the 3-fold axis of
ated. The amino and carboxyl termini are also indicated.
le-letter code) for the three trefoil subdomains in FGF-1.
the third domain. The boxed residues indicate Gly amino
ructure.



Table 1. Nomenclature for mutant forms of FGF-1

Acronym Mutations

WT* Wild-type (His-tagged)
SYM5 Leu44/Phe/Leu73/Val/Val109/Leu/Leu111/Ile/Cys117/Val
SYM6 Leu44/Phe/Met67/Ile/Leu73/Val/Val109/Leu/Leu111/Ile/Cys117/Val
D104–106 Ala103/Gly/DGlu104/DLys105/DAsn106
D120–122 Arg119/Gly/DGly120/DPro121/DArg122
DD D104–106/D120–122
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proposed loop deletions would increase the struc-
tural symmetry, they might simultaneously reduce
the activity of specific functionalities.19

Here, we describe the biophysical and functional
analysis of deletion mutations within the two loops
that surround the Met residue at position 67, in
combination with an Ile mutation at this position.
The results show that the interactions between the
loop deletion mutations and position 67 substi-
tution mutation, are highly cooperative and the
combination of all three increases the protein
stability by a substantial 16.1 kJ/mol. The biophysi-
cal characterization of the combination mutant
indicates that the heparin-binding affinity has
been markedly reduced. Surprisingly, however,
this combination mutant exhibits w70-fold greater
mitogenic potency in comparison to the wild-type
protein.

The background form of FGF-1 used for these
mutations is the previously reported “SYM5”
highly-symmetric core mutant form of FGF-1
(involving five point mutations; Table 1).19 Thus,
the final mutagenized form of FGF-1 resulting from
the current study is the most symmetric (at both the
tertiary and primary structure level) form of FGF-1
produced to date (involving a total of eight
substituted positions combined with six deleted
positions). The results therefore provide support for
the postulate that a symmetric primary structure
within a symmetric protein superfold represents
a possible solution to the problem of achieving a
highly thermostable folded polypeptide, derivable
from gene duplication/fusion events, and useful
for subsequent diverse functional adaptive
radiation.
Table 2. Thermodynamic parameters for WT* and mutant F
denaturation in guanidine HCl and monitored by CD signal

Protein DG0 (kJ/mol) m-value (kJ/

WT* 21.3G0.8 20.1G0
SYM5 18.4G0.4 17.5G0
SYM5/D104–106 25.3G0.9 17.2G0
SYM5/D120–122 16.6G0.5 16.6G0
SYM5/DD 34.2G1.2 18.1G0
SYM6b 10.4G0.8 19.3G1
SYM6/D104–106 20.5G0.5 16.9G0
SYM6/D120–122 15.7G0.2 20.0G0
SYM6/DD 33.9G0.6 17.7G0

a DDGZ ðCm WT�KCm mutantÞ ðmWT�CmmutantÞ=2 as described by
relationship to the wild-type protein. All errors are stated as standar

b Previously reported isothermal equilibrium data monitored by fl
Results
Mutant protein production and purification

All mutant proteins, with the exception of the
SYM6mutant were expressed at levels similar to the
WT* protein (i.e.w30–100 mg/l). The SYM6 mutant
exhibited a substantially reduced yield, and a
tendency to precipitate during purification. The
His-tag provides the WT* and mutant FGF-1
proteins with nickel-binding affinity, and FGF-1
naturally has a heparin-binding site.22,23 These two
affinity sites were employed in a purification
scheme utilizing sequential nickel-NTA and
heparin Sepharose affinity chromatography
resins.18 However, mutant forms of FGF-1 involving
the D120–122 mutation lacked heparin-binding
affinity. These mutants were therefore purified by
the substitution of gel-filtration chromatography for
the heparin Sepharose affinity chromatography. The
extinction coefficients used for concentration deter-
mination were E280 nm (0.1%, 1 cm)Z1.26 for WT*

and other mutations not involving deletions or the
Leu44Phe point mutation,24,25 E280 nm (0.1%,
1 cm)Z1.29 for non-deletion mutations involving
Leu44Phe, and E280 nm (0.1%, 1 cm)Z1.31 for all
deletion mutations (determined by dithionitro-
benzoate titration of cysteine residues).
Isothermal equilibrium thermodynamic analysis

Previous studies of the stability and folding of
FGF-1 have been performed by monitoring the
fluorescence signal of the single buried Trp107 in
FGF-1.18,19,26,27 This Trp in the WT* structure is
GF-1 proteins as determined by isothermal equilibrium
at 227 nm

mol M) Cm (M) DDGa (kJ/mol)

.5 1.06G0.01 0.0

.3 1.05G0.01 0.2

.5 1.47G0.01 K7.6

.5 1.00G0.02 1.1

.7 1.89G0.01 K15.9

.9 0.54G0.01 10.2

.5 1.21G0.01 K2.8

.2 0.79G0.01 5.4

.4 1.91G0.02 K16.1

Pace.59 A negative value indicates a more stable mutation in
d error from multiple data sets.
uorescence signal.19
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somewhat unusual, in that it is more highly
quenched in the native state than in the denatured
state.27,28 The D120–122 deletion mutant was
observed to perturb the fluorescence quenching of
Trp107, thus, circular dichroism (CD) spectroscopy
was utilized to monitor denaturation for all
mutants. The structure of FGF-1 indicates that
Trp107 is quenched by Pro121 in the native
structure,17 and the deletion of Pro121 diminishes
this quenching. We have previously compared the
fluorescence and CD spectroscopic response of
FGF-1 to denaturation by GuHCl and shown
essentially indistinguishable results for both His-
tagged and non-His-tagged forms.26,27 A tabulation
of the mutant thermodynamic data from isothermal
equilibrium denaturation, monitored by CD signal,
is listed in Table 2. The data in this Table for the
SYM6 mutant are from a previously published
isothermal equilibrium denaturation study moni-
tored by fluorescence.19
Table 4. Thermodynamic binding parameters for WT*

and SYM6/DD mutant FGF-1 to sucrose octasulfate as
determined by isothermal titration calorimetry

Protein
Stoichi-

ometry (n) Kd (M) DH (kJ/mol)

WT* 1.22G0.03 3.5G0.3 K6.7G0.3
SYM6/DD 1.00G0.09 40.6G2.5 K8.9G1.2
Folding and unfolding kinetics

Due to the relatively weak differential CD signal
of native and denatured FGF-1, the folding kinetics
study required relatively high protein concen-
trations (O5 mg/ml). While readily soluble in
high concentrations of GuHCl, subsequent rapid
dilution into the lower GuHCl concentration regime
resulted in precipitation for some mutant proteins
(i.e. the least stable mutants). Thus, the refolding
rate constants were not obtainable below certain
denaturant concentrations for these mutants. In
addition, the SYM6 mutant typically precipitated
during concentration necessary for analysis, and we
were unable to obtain any useful kinetic data for
this mutant. The SYM6/D120–122 mutant is sub-
stantially destabilized relative to the WT* protein
(Table 2) and presents a relatively short “folding
arm” in the chevron plot, for this reason there is
greater uncertainty associated with the folding
kinetics determined for this mutant. Unfolding
studies presented no problems associated with
precipitation and exhibited single-exponential kin-
etic properties for each mutant under all denaturant
concentrations. Details of the folding and unfolding
kinetics of WT* FGF-1 in GuHCl denaturant have
Table 3. Folding and unfolding kinetic parameters for WT* an
plot) fit using guanidine hydrochloride as the denaturant

Protein kf (s
K1) mf (M

K1) ku (1!10K3 sK1)

WT* 3.31 K6.05 0.69
SYM5 2.57 K6.44 0.25
SYM5/D104–106 2.00 K3.70 0.62
SYM5/D120–122 7.29 K6.44 1.60
SYM5/DD 40.4 K4.57 0.88
SYM6b – – –
SYM6/D104–106 30.1 K5.41 3.33
SYM6/D120–122 17.3 K9.45 7.95
SYM6/DD 74.0 K4.40 1.90

a Calculated in reference to the WT* protein; a positive value indic
b Low protein solubility prevents accurate analysis.
been reported.26 WT* FGF-1 exhibits mono-expo-
nential folding behavior over a wide range of
denaturant concentrations but deviates to bi-expo-
nential folding behavior (exhibiting a “fast” and
“slow” phase) under low denaturant concentrations
(!w0.7 M).19,26 The folding kinetics for all
mutants, with the notable exception of SYM5/DD
and SYM6/DD, followed similar folding behavior.
The SYM5/DD and SYM6/DD, mutants exhibited
single-exponential folding behavior under all dena-
turant concentrations evaluated, and the combi-
nation of the loop mutations appears to have
eliminated the slow-folding phase observed for
WT* under low denaturant conditions. The folding
and unfolding kinetic data are listed in Table 3. We
have previously reported folding and unfolding
kinetic data for WT* monitored by fluorescence, and
note that the data presented here for folding and
unfolding, as monitored by CD signal, are in
excellent agreement with the prior data.19,26
Affinity for sucrose octasulfate determined by
isothermal titration calorimetry

FGF-1 mutants that included the D120–122
mutation exhibited a substantially reduced
heparin-binding affinity to the heparin Sepharose
chromatography matrix utilized in purification. To
quantify the reduced affinity for heparin (a poly-
sulfonated polysaccharide) we determined the
affinity for sucrose octasulfate, a structural mimic
of a heparin dimer,29–31 by isothermal titration
calorimetry. As part of this evaluation, we com-
pared both WT* and the SYM6/DD mutant, which
includes the D120–122 mutation. The thermodyn-
amic binding parameters for these proteins are
listed in Table 4. We note that our results for the
d mutant FGF-1 proteins derived from the global (chevron

mu (MK1) DDG‡-D (kJ/mol)a DDG‡-N (kJ/mol)a

0.47 0 0
0.57 K0.63 K2.51
0.95 K1.25 K0.25
0.80 1.96 2.10
0.66 6.20 0.61
– – –

0.94 5.47 3.91
0.86 4.10 6.07
0.69 7.70 2.52

ates a decrease in the associated activation barrier energy.



Figure 2. Relaxed stereo image of WT* FGF-1 (PDB accession 1JQZ) in the vicinity of Met67 (CPK colored wireframe
representation) with the local loop structures (gray ribbon representation) and indicating the locations of residues 104–
106 and 120–122 (deleted regions in the D104–106 and D120–122 mutations; dark ribbon shading). Overlaid with this are
the regions surrounding the symmetry-related positions Ile25 (green color) and Leu111 (blue color) in WT* FGF-1.
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titration of WT* FGF-1 with sucrose octasulfate are
nearly identical with other published studies.32
Mitogenic activity of WT* and mutants of FGF-1

Mitogenic activity towards NIH 3T3 fibroblasts
was determined for WT*, SYM5, SYM5/D104–106,
SYM5/D120–122, and SYM6DD mutants. These
mutations are all either more stable or near-WT* in
stability, and permit an evaluation of the effects of
the loop deletion mutations uponmitogenic activity
without concern for false-negatives due to instabil-
ity effects. The NIH 3T3 fibroblast proliferative
Figure 3. Mitogenic activity assay of WT* and mutant
FGF-1 proteins against NIH 3T3 fibroblasts. WT* (C),
SYM5/D104–106 ($), SYM5/D120–122 (B), and
SYM6DD (,) mutants exhibit EC50 values of 60, 115,
2.1, and 0.84 ng/ml, respectively. Standard deviations of
the measurements are indicated by the error bars.
activity of WT* FGF-1 yielded an effective concen-
tration for 50% maximal stimulation (EC50) of
60 ng/ml (Figure 3). The SYM5 mutant showed
results essentially identical with WT* (data not
shown). The SYM5/D104–106 mutant exhibited an
EC50 of 115 ng/ml, or approximately twofold less
mitogenic activity in comparison to WT*. Surpris-
ingly, the SYM6DD mutant exhibited an EC50 of
0.84 ng/ml, corresponding to an approximately
70-fold increase in mitogenic activity in comparison
to the WT* protein. The SYM5/D120–122 mutant
exhibited an EC50 of 2.1 ng/ml, an approximately
30-fold increase in mitogenic activity compared to
WT*, indicating that the increase in mitogenic
activity observed for the SYM6DD mutant was
primarily the consequence of the D120–122
mutation.
Discussion

In a previous study attempting to constrain the
core region of FGF-1 to a symmetric primary
structure, a highly conserved Met at position 67
was found to be essential for stability.19 Since the
positions symmetry-related to Met 67 (positions 25
and 111, Figure 1) comprised Ile and Leu side-
chains, respectively, the requirement for Met at
position 67 was postulated to be due to a unique
structural environment surrounding position 67.19

In particular, it was noted that two loop regions that
pack against position 67 contain apparent insertions
(i.e. residue positions 104–106 and 120–122) in
comparison to the corresponding symmetry-related
regions (Figure 2). Furthermore, Met 67 adopts an
alternate side-chain c1 angle (trans) in relationship
to either Ile25 or Leu111 (which are both gaucheC),
and consequently orients its side-chain towards the



Figure 4. Graphical representation of the effects upon
stability for the individual D104–106, D120–122 and
SYM5/SYM6 (i.e. Met67/Ile) mutations when con-
structed in different background forms of FGF-1. The red
arrows indicate the effect of the D104–106 mutation, the
blue arrows indicate the effect of the D120–122 mutation,
and the green arrows indicate the effect of the Met67/Ile
mutation (i.e. SYM5/SYM6). The DDG values (kJ/mol)
for the mutagenic steps are provided, where a negative
value indicates that the mutation is stabilizing.
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structural “aneurism” produced by the aforemen-
tioned insertions. Analysis of the FGF-1 structure
indicated that an Ile or Leu substitution at position
67 (as is observed at the symmetry-related positions
25 and 111, respectively) would result in a sub-
stantial cavity within the core region, adjacent to the
loop insertions.19 Thus, it was concluded that
simple substitutions were insufficient to achieve a
satisfactory alternative symmetric core-packing
arrangement, and that modification of the tertiary
structure (i.e. deletion of the insertions) was
required.

Another previous report, studying the role of Gly
residues in stabilizing type I b-turns, investigated
the deletion of residue positions 104–106 in FGF-1
and conversion of the local structure into a type I
4 : 6 b-turn.26 This report identified an essential
contribution of a Gly residue at the iC3 position
within type I b-turns to overall stability. Thus, the
104–106 deletion by itself in the WT* structure
resulted in a slightK1.5 kJ/mol increase in stability,
but the subsequent Ala103/Gly mutation resulted
in a further increase in stability ofwK6.0 kJ/mol.26

This study showed that design changes within a
protein that result in the formation of a type I b-turn
must take into account the nature of the residue
at the iC3 position within the b-turn (and, in
particular, ensure that it is a Gly residue). Using the
symmetry-related positions within FGF-1 as a
structural guide, the deletion of residue positions
120–122 was similarly postulated to result in the
formation of an adjacent b-hairpin turn (involving
residue positions 116–119). Residue 119 would
correspond to the iC3 position in the nascent
b-turn. A comparison of the residues symmetry-
related to this position (i.e. positions 33 and 75)
demonstrated conserved Gly residues in each case
(Figure 1). Thus, the 120–122 deletion was com-
bined with an Arg119/Gly mutation in an
approach similar to that taken with the 104–106
deletion mutation.26

A convenient illustration, representing a series
of “double-mutant cycles”,33 of the stability con-
sequences of the combination of each of the two
loop deletions and the position 67 substitution
mutation is shown in Figure 4. If we start with
SYM5 and introduce the D104–106 deletion mutant
(i.e. the red arrows in Figure 4), it results in a
K7.3 kJ/mol increase in stability (essentially iden-
tical with the results in the WT* protein26).
However, if the D120–122 deletion mutation is first
introduced into SYM5, the D104–106 deletion
mutant is now observed to increase the stability
by K15.4 kJ/mol. Similarly, if position 67 has
already been mutated to Ile (to convert SYM5 to
SYM6), the D104–106 deletion mutant is now
observed to increase the stability by K12.1 kJ/
mol. Finally, if both the D120–122 deletion mutation
and the position 67 Ile mutation have already been
introduced (i.e. SYM6/D120–122 as the background
protein), the D104–106 deletion mutant is now
observed to increase the stability by K21.1 kJ/mol.

When considering the effects of the D120–122
deletion mutation (the blue arrows in Figure 4),
unlike the D104–106 deletion mutation, the D120–
122 deletion mutation is not stabilizing when
introduced into the SYM5 protein (it exhibits a
slight destabilization of C0.9 kJ/mol). However, if
the D104–106 deletion mutation has already been
introduced into SYM5, the D120–122 deletion
mutant is now observed to increase the stability
byK7.4 kJ/mol. Similarly, if position 67 has already
been mutated to Ile (i.e. SYM6 as the background
protein), the D120–122 deletion mutant is now
observed to increase the stability by K4.9 kJ/mol.
Finally, if both the D104–106 deletion mutation and
the position 67 Ile mutation have already been
introduced (i.e. SYM6/D104–106 as the background
protein), the D120–122 deletion mutant is now
observed to increase the stability by K12.1 kJ/mol.

When considering the effects of the Met67/Ile
mutation (the green arrows in Figure 4), as
previously reported, the Met67/Ile mutation
destabilizes the SYM5 protein by C9.4 kJ/mol.19

However, if the D104–106 deletion mutation has
already been introduced into SYM5, the Met67/Ile
mutation destabilizes the structure by only
C4.4 kJ/mol. Similarly, if the D120–122 deletion
mutation has already been introduced into SYM5,
the Met67/Ile mutation destabilizes the structure
by only C3.8 kJ/mol. Finally, if both the D104–106
and D120–122 deletionmutations have already been
introduced (i.e. SYM5/DD as the background
protein), the Met67/Ile mutation is now observed
to actually increase the stability by a modest
K0.4 kJ/mol. The effect of combining the two loop
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deletions is that the Met residue at position 67 is no
longer required for stability (i.e. mutation by Ile is
essentially a neutral substitution).

The above analyses indicate a high degree of
cooperativity between the two loop deletion
mutations and the position 67 substitution. If one
considers the SYM5DD protein as a starting frame of
reference, the simple sum for the insertion of both
loop regions (producing the SYM5 protein) would
predict a destabilizing effect of C22.8 kJ/mol;
however, the resulting effect on stability is only
C15.0 kJ/mol. Similarly, if one considers a related
analysis for the SYM6DD protein, the simple sum of
the two loop insertions would predict a destabiliz-
ing effect of C33.2 kJ/mol when producing the
SYM6 protein; however, the actual effect on stability
is C25.3 kJ/mol. Thus, not only is the Met67
residue helping to mitigate the destabilizing effects
of both loop insertions, but also the loops them-
selves are interacting to minimize destabilization.

A simple sum of the individual mutational effects
predicts that, if starting with SYM5, the SYM5DD
combination mutant should be destabilizing by
C3.0 kJ/mol (K7.3C0.9C9.4), whereas, the actual
combination mutant is K15.1 kJ/mol more stable
than the SYM5 protein. Thus, the three structural
elements have co-evolved to optimize the stability
of their interactions. However, despite these co-
operative interactions, the deletion of both loop
insertions results in a substantial increase in protein
stability of approximately K15 kJ/mol. Thus,
regardless of the cooperativity, the protein would
be far more stable without these insertions.
A reduction in loop length is expected to stabilize
the structure due to entropic considerations. The
turns at the symmetry-related positions to residues
104–106 are both type I 4 : 6 turns (i.e. four residues
within the turn), whereas, the turns at the sym-
metry-related positions to residues 120–122 are both
type I 3 : 5 turns (i.e. three residues within the turn).
The expected stability gain from entropic con-
siderations would therefore be approximately
K1.5 kJ/mol (for a seven residue to four residue
loop conversion) andK2.5 kJ/mol (for a six residue
to three residue loop conversion) based upon the
loop insertion study by Nagi and Regan.34 Thus,
the approximately K15 kJ/mol increase in stability
for the combined loop deletions appears to be
primarily enthalpically driven, and represents
optimization of non-covalent interactions within
the turns and adjacent secondary structure. The
stability/function trade-off hypothesis suggests
that functional considerations may be associated
with the substantial stability penalty associated
with adopting the loop insertions.

The lack of affinity for heparin Sepharose by
FGF-1 mutants that include the D120–122 mutation
demonstrates that heparin-binding functionality is
contributed by this region. The ITC study of
binding to sucrose octasulfate indicates that the
binding affinity to this heparin dimer analogue is
diminished by an order of magnitude, although it
is not completely eliminated (Table 4). Structural
and biochemical studies of FGFs identify a key role
for heparin in forming a functional signal transduc-
tion complex of FGF with its receptor (FGFR).21,35–40

Thus, it came as a surprise to find that the SYM6DD
mutant exhibits an EC50 value that is almost two
orders of magnitude more potent in comparison
to WT* FGF-1 (Figure 3). A comparison with other
FGF-1 mutants involving only a single loop deletion
indicates that this increase in potency is associated
with the D120–122 mutation. Why should the
diminution of affinity for heparin increase the
apparent potency of FGF-1? One possibility is a
“free concentration” effect; the majority of FGF-1
added to cells in culture may be sequestered by
heparan proteoglycan on the cell surface and may
not be directly available for binding to the receptor.
However, the D120–122 mutation would not be
effectively sequestered by heparan proteoglycan
(judging from the behavior on heparin Sepharose)
and the effective free concentration may therefore
be substantially higher than an equivalent concen-
tration of added WT*. The residual heparin-binding
affinity (as shown by the ITC data) appears
sufficient for formation of an effective FGF/FGFR/
heparin signaling complex. Thus, the in vivo
functionality associated with the loop 120–122
region may be related to sequestering or storage
of FGF-1 in heparan proteoglycan on the cell
surface, or heparin in the extracellular matrix,
rather than relevance to formation of the signaling
complex. Such a stored form of FGF-1 could be
released during subsequent degradation of the
extracellular matrix, as in wound formation or
tissue remodeling.41–44

The loop 104–106 does not appear to be directly
related to heparin binding, and its deletion has little
effect upon mitogenic activity (Figure 3). Thus, the
loop 104–106 insertion, along with the Met67
residue, may be a mutational response to accom-
modate the instability associated with the heparin-
binding functionality afforded by the insertion of
residues 120–122. The SYM6DD mutant exhibits
greater mitogenic activity than the sum of the effects
of the individual loop deletion mutations exhibited
within the SYM5 background. Since cooperative
effects upon stability are observed for the loop
deletions in combination with the position 67
substitution, this may contribute to the observed
non-additive increase in mitogenicity via a stability-
based mechanism.
The relationship between the folding and unfold-

ing rate constants with denaturant concentration
(i.e. chevron plot) for the SYM5 loop mutations is
shown in Figure 5. These results illustrate that
either loop deletion results in both faster folding
and unfolding rates for the mutant FGF-1 protein
(in the case of the D104–106 deletion the rate of
unfolding is increased to a much greater extent than
the rate of folding, the net result being an overall
destabilization of the protein). This generalized
vertical shift of the chevron plot is indicative of a
stabilization of the folding transition state ensemble
(TSE)45 (Table 3). Thus, the organization of the local



Figure 5. Folding and unfolding rate constants as a
function of GuHCl denaturant (i.e. chevron plots) for
SYM5 mutants and demonstrating the effects of the loop
deletions and position 67 substitution. SYM5 (C),
SYM5/D104–106 (>), SYM5/D120–122 (B),SYM5DD
(6), and SYM6DD (,) mutants.
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structure involving loops 104–106, 120–122 and
Met67 has a key (unfavorable) influence upon the
energetics of the TSE in the WT* protein. The
observed changes in the energy barrier associated
with the TSE (i.e. DDG‡-D and DDG‡-N, Table 3)
highlights the cooperativity between position 67
and the 104–106 and 120–122 loop regions. Further-
more, these results also identify a specific contri-
bution of the Met residue at position 67 in
destabilizing the TSE. When comparing the SYM5
loop deletion mutants (containing Met67) with the
SYM6 loop deletion mutations (containing Ile67),
the Met67 substantially decreases the folding and
unfolding rate (Table 3). FGF-1 and other members
of the FGF family of proteins are unusual, in that
they have no identifiable secretion signal46,47 and
are secreted in an endoplasmic reticulum-indepen-
dent manner.48,49 FGF-1 is known to have generally
low thermal stability,27,28 and a partially folded
form (i.e. kinetically trapped intermediate) of FGF
has been postulated to be able to directly insert and
translocate across the lipid bilayer.50–52 The influ-
ence on the energetics of the TSE by the 104–106
region, 120–122 region, and Met67, indicates that
they may contribute a functional role in the unusual
secretion mechanism of FGF-1. In this regard, we
postulate that the SYM6DD mutant in vivo may
exhibit an impaired ability to translocate across
lipid bilayers and, therefore, might not be secreted if
expressed within cells. The results also highlight the
influence that specific turn regions can exert upon
the TSE energetics and, therefore, the overall
folding and unfolding kinetics of a protein.53

The SYM5 mutant was originally constructed to
test the hypothesis that the core of a symmetric
superfold could be effectively redesigned with a
symmetric primary structure constraint.18,19 This
design goal achieved a measure of success, but
reached an apparent impasse when attempting to
mutate a highly conserved Met at position 67. The
solution to this impasse was postulated to require
adjustments to the tertiary structure, involving
deletions of two apparent structural insertions.
Thus, the goal of increasing the primary structure
symmetry appeared to be linked to a concomitant
increase in the tertiary structure symmetry. The
deletion of regions 104–106 and 120–122 has
eliminated the structural requirement of Met at
position 67, and an Ile mutation at this position can
now be accommodated. Thus, the core region in the
SYM6DD mutant is comprised of a total of four
triplets of identical residue positions related by the
3-fold structural symmetry: Leu at positions 23, 65,
and 109; Ile at positions 25, 67 and 111; Val at
positions 31, 73, and 117; and Phe at positions 44, 85,
and 132. There remains a single triplet regionwithin
the core to constrain to 3-fold symmetry, involving
residues Leu14, Ile56 and Tyr97. In deleting these
loop regions we have also increased the tertiary
structure symmetry of FGF-1. In the FGF-1 structure
each trefoil subdomain is a different length. The
combined loop deletion (i.e. DD) mutants result in
trefoil subdomains 2 and 3 being exactly 41 amino
acid residues in length, while the first domain
remains 42 amino acid residues in length (ignoring
the details of the flexible amino terminus residues).
Thus, there remains a modification of the first trefoil
domain to produce a completely symmetric tertiary
structure. In addition to the above-described core
positions constrained to 3-fold symmetry, the
substitution of the two Gly residues at positions
103 and 119 results in the symmetry-related
residues at positions 20, 62 and 103, and 33, 75
and 119, being constrained to the same residue
(Gly). Therefore, while WT* FGF-1 exhibits only a
single triplet (positions 29, 71, and 115) with
identical residues (Gly), the SYM6DD mutant has
six additional positions. As noted, this symmetric-
constraint redesign of FGF-1 has been accomplished
with an w16 kJ/mol increase in stability in com-
parison to WT*. Although this increase in stability
was unexpected, it has led us to propose the
hypothesis that a primary structure symmetric
constraint, within a symmetric protein superfold,
might represent a solution to, rather than constraint
upon, the stability and foldability of the polypep-
tide. We are pursuing additional core and turn
mutations to increase the primary and tertiary
structure symmetry of FGF-1 to test this hypothesis
further.
Materials and Methods
Design of mutations

A prior structural and mutational analysis of a
conserved Met residue at position 67 in FGF-1 indicated
that it was intolerant of substitution and also resided
within a unique packing environment that was not
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conserved at the 3-fold symmetry-related positions of
Ile25 and Leu111.19 The local packing environment of
Met67 includes two regions of apparent insertions,
involving residue positions 104–106 and 120–122, in
comparison to the symmetry-related positions (Figures 1
and 2). Deletion of these insertions was postulated to be a
structural precondition to permit successful mutation of
the Met67 residue. However, deletion was also postulated
to result in the formation of adjacent b-turn structures,
with a requirement of a Gly residue at positions 10326 and
119, respectively (see Discussion for additional details).
The 104–106 deletion in the present study thus includes
an Ala103/Gly substitution mutation, and the 120–122
deletion mutation includes an Arg119/Gly substitution
mutation. For brevity, the nomenclature for these deletion
mutations is simply D104–106, and D120–122, respec-
tively (Table 1). The combination of both deletion
mutations is referred to as the DD mutation. The SYM5
and SYM6 core mutations have previously been
described, and are designed to constrain the primary
structure symmetry within the core to reflect the 3-fold
tertiary structure symmetry.19 The SYM5 mutant contains
a total of five such core mutations, and the SYM6 mutant
contains six (Table 1). The D104–106, D120–122, and DD
mutations were constructed within the background of
both the SYM5 and SYM6 core mutations.

Mutagenesis and expression

All studies utilized a synthetic gene for the 140 amino
acid residue form of human FGF-154–56 with the addition
of an amino-terminal six residue His-tag to facilitate
purification using nickel nitrilotriacetic acid (Ni-NTA)
affinity resin (QIAGEN, Valencia CA).18 The Quik-
Changee site-directed mutagenesis protocol (Stratagene,
La Jolla CA) was used to introduce mutations, individu-
ally or in combination, using mutagenic oligonucleotides
of 25–31 bases in length (Biomolecular Analysis Synthesis
and Sequencing Laboratory, Florida State University).
For deletions involving residues 104–106 and 120–122,
mutagenic oligonucleotides were used to delete these
positions as well as simultaneously create point
mutations Ala103/Gly and Arg119/Gly, respectively.
For the construction of the combination deletion mutants,
the D104–106 mutation was introduced into the D120–122
mutant background (in either SYM5 or SYM6 parental
constructs). All FGF-1 mutants were expressed using the
pET21a(C) plasmid/BL21(DE3) Escherichia coli host
expression system (Invitrogen Corp., Carlsbad CA).
Mutant construction, expression and purification fol-
lowed previously described procedures.18,27,57 Proteins
containing the D120–122 mutation required substitution
of Sephadex G-50 size-exclusion gel chromatography
for the normally employed heparin Sepharose affinity
chromatography step, since this mutation was deficient
in heparin-binding functionality (see Results and
Discussion).

Isothermal equilibrium denaturation

Protein samples were equilibrated overnight in 20 mM
N-2-(acetamido)iminodiacetic acid (ADA), 100 mM NaCl
(pH 6.60) at 298 K in 0.1 M increments of guanidine HCl
(GuHCl). All samples contained a final protein concen-
tration of 25 mM. An Aviv model 202 circular dichroism
spectrometer (Proterion Corp., Piscataway, NJ) equipped
with a Peltier-controlled temperature unit maintaining a
constant temperature of 298 K was used for all spectro-
scopic measurements. For each sample, triplicate scans
were collected and averaged. Buffer traces were collected,
averaged and subtracted from the sample traces. Data
smoothing was performed prior to buffer subtraction
using a five-point Fourier transform filter. The denatura-
tion process was monitored by observing the change in
CD signal at 227 nm with increasing GuHCl.27 The
general purpose non-linear, least-squares fitting program
DataFit (Oakdale Engineering, Oakdale, PA) was used to
fit the change in molar ellipticity at 227 nm versus GuHCl
concentration to a six-parameter two-state model:58

F ¼ ðF0N þ SN½D� þ F0D þ SD½D�Þ

eKððDG0þm½D�Þ=RTÞ=1þ eKððDG0þm½D�Þ=RTÞ
(1)

where [D] is the denaturant concentration, F0N and F0D
are the 0 M denaturant molar ellipticity intercepts for the
native and denatured states, respectively, and SN and SD
are the slopes of the native and denatured state baselines,
respectively. DG0 andm 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 (DDG) was calculated by taking the difference
between the Cm values for WT* and mutant, and
multiplying by the average of the m values, as described
by Pace and Scholtz:59

DDGZ ðCm WT� KCm mutantÞðmWT� CmmutantÞ=2 (2)
Folding kinetics measurements

Due to signal-to-noise considerations, relatively high
protein concentrations (O100 mM) of FGF-1 were
required for kinetic studies monitored by CD. At these
concentrations protein precipitation occurred in ADA
buffer. Therefore, a different buffering system was chosen
for the kinetic studies to permit higher protein concen-
trations without precipitation. Protein samples were
dialyzed against 50 mM sodium phosphate, 100 mM
NaCl, 10 mM ammonium sulfate, 2 mM DTT, and
typically 2.5, 3.0 or 3.8 M GuHCl (pH 7.5) overnight at
298 K prior to data collection (higher concentrations of
GuHCl were required to ensure complete denaturation
for some stabilizing mutations). Protein samples were
degassed for ten minutes prior to analysis. Refolding was
initiated by a 1:10 dilution of protein solutions into 50 mM
sodium phosphate, 100 mM NaCl, 10 mM ammonium
sulfate, 2 mM DTT (pH 7.5) containing either 0.1 M or
0.05 M increments of GuHCl up to the midpoint of
denaturation. All data were collected using an Aviv
model SF305 stopped-flow system. Data collection times
for each protein were designed to quantify the CD signal
over five half-lives, or O96% of the total expected
amplitude.
Unfolding kinetics measurements

Protein samples (300 mM)were dialyzed against 50 mM
sodium phosphate, 100 mM NaCl, 10 mM ammonium
sulfate, 2 mM DTT (pH 7.50) buffer overnight at 298 K,
and degassed for ten minutes prior to data collection.
Unfolding was initiated by 1:10 dilution of the native
protein into 50 mM sodium phosphate, 100 mM NaCl,
10 mM ammonium sulfate, 2 mM DTT (pH 7.5) buffer
with final GuHCl concentration in the range of 1.5–5.5 M
in 0.5 M increments. The unfolding process was quanti-
fied by following the change in CD signal at 227 nm, and
data collection times for each protein were designed so as
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to monitor the CD signal over three to four half-lives, or
O93% of the total expected amplitude.

Folding and unfolding kinetics analysis

Triplicate scans were collected for both folding and
unfolding kinetic data at each GuHCl 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 CD signal using a single-
exponential model:

IðtÞZA expðKktÞCC (3)

where I(t) is the intensity of CD signal at time t, A is the
corresponding amplitude, k 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):45

lnðkobsÞZ lnðkf0 expðmkfDÞCku0 expðmkuDÞÞ (4)

where kf0 and ku0 are the folding and unfolding rate
constants, respectively, extrapolated to 0 M denaturant,
mkf and mku are the slopes of the linear functions relating
lnðkfÞ and lnðkuÞ, respectively, to D, the denaturant
concentration. Changes in activation barriers upon
mutation were calculated using a modified version of
transition state theory:60

DDG‡KD ZRT lnðkf Mut=kf WT�Þ and DDG‡KN

ZRT lnðku Mut=ku WT�Þ (5)

where kf Mut, ku Mut, kf WT* and ku WT* are the folding and
unfolding rates for mutant and WT*, respectively, in
water. DDG‡-D and DDG‡-N are the changes in the
activation barrier for folding and unfolding, respectively,
between mutation and WT*. A positive value for DDG‡-D

orDDG‡-N indicates a decrease in the associated activation
barrier energy.

Isothermal titration calorimetry

All ITC data were collected on a VP-ITC microcalori-
meter (MicroCal LLC, Northampton, MA). Titrations
were performed at 298 K and all samples were equili-
brated in 20 mMADA, 100 mMNaCl (pH 6.60) buffer. All
samples were filtered and degassed for ten minutes prior
to loading. For WT* and SYM6/DD, 20 mM and 47 mM
protein concentrations were used with sucrose octasulfate
concentrations of 400 mM and 930 mM, respectively. The
samples were titrated against 40 injections, at 4 ml per
injection, of sucrose octasulfate. Each injection was
performed over an eight seconds time-frame, with a
post-injection equilibration period of 300 seconds. The
titration curves were fit using the manufacturer’s soft-
ware (MicroCal Origin) employing a model with a single
ligand-binding site.

Cell proliferation assay

NIH 3T3 fibroblasts were initially plated in Dulbecco’s
modified Eagle’s medium (DMEM) (American Type
Culture Collection, Manassas, VA) supplemented with
10% (v/v) newborn calf serum (NCS) (Sigma, St Louis,
MO), 100 units of penicillin, 100 mg of streptomycin,
0.25 mg of Fungizonee and 0.01 mg/ml of gentamicin
(Gibco, Carlsbad CA) (“serum-rich” medium) in T75
tissue culture flasks (Fisher, Pittsburgh PA). The cultures
were incubated at 37 8C and all cell growth was
performed with 5% CO2 supplementation. At 80% cell
confluence, the cells were washed with 5 ml of cold TBS
(0.14 M NaCl, 5.1 mM KCl, 0.7 mM Na2HPO4, 24.8 mM
Trizmaw base, pH 7.4) and subsequently treated with 5 ml
of a 0.025% trypsin solution (Invitrogen Corp., Carlsbad
CA). 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 Fungizonee
and 0.01 mg/ml of gentamicin (“starvation” medium).
The cells were seeded in T25 tissue culture flasks (Fisher,
Pittsburgh, PA) at a cell density of 3.0!104 cells/cm2

(representing w20% confluence). Duplicate flasks were
used for each protein concentration. Cultures were
incubated for 48 hours at 37 8C, the medium was then
decanted and replaced with fresh medium supplemented
with the appropriate concentration of FGF-1 protein, and
incubated for an additional 48 hours. After this incu-
bation, the medium was decanted and the cells were
washed with 1 ml of cold TBS (pH 7.4). 1 ml of 0.025%
trypsin was then added to release the cells from the flask
surface, and 2 ml of serum-rich medium were added to
dilute and inhibit the trypsin. The cells was counted
using a hemacytometer (Hausser Scientific Partnership,
Horsham, PA). Experiments were performed in quadru-
plicate and the cell densities were averaged. The
relationship between the cell number and log concen-
tration of added growth factor was fit to a sigmoidal
function.
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