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Abstract

Human acidic fibroblast growth factor (FGF-1) is a member of the�-trefoil hyperfamily and exhibits a
characteristic threefold symmetry of the tertiary structure. However, evidence of this symmetry is not readily
apparent at the level of the primary sequence. This suggests that while selective pressures may exist to retain
(or converge upon) a symmetric tertiary structure, other selective pressures have resulted in divergence of
the primary sequence during evolution. Using intra-chain and homologue sequence comparisons for 19
members of this family of proteins, we have designed mutants of FGF-1 that constrain a subset of core-
packing residues to threefold symmetry at the level of the primary sequence. The consequences of these
mutations regarding structure and stability were evaluated using a combination of X-ray crystallography and
differential scanning calorimetry. The mutational effects on structure and stability can be rationalized
through the characterization of “microcavities” within the core detected using a 1.0Å probe radius. The
results show that the symmetric constraint within the primary sequence is compatible with a well-packed
core and near wild-type stability. However, despite the general maintenance of overall thermal stability, a
noticeable increase in non-two-state denaturation follows the increase in primary sequence symmetry.
Therefore, properties of folding, rather than stability, may contribute to the selective pressure for asymmetric
primary core sequences within symmetric protein architectures.
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The�-trefoil family of proteins represents a diverse group
comprising a structural “hyperfamily” (Orengo et al. 1994).
Proteins with this structural fold (or that contain this struc-
tural fold) include the fibroblast growth factors (Ago et al.
1991; Zhu et al. 1991), interleukin-1� and� (Priestle et al.
1989), plant cytotoxins (Rutenber et al. 1991; Tahirov et al.
1995; Krauspenhaar et al. 1999), bacterial toxins (Lacy et al.
1998; Emsley et al. 2000), mannose receptor (Liu et al.
2000b), an actin binding protein (Habazettl et al. 1992), amy-

lase (Vallee et al. 1998), xylanase (Kaneko et al. 1999), and
Kunitz soybean trypsin inhibitors (Sweet et al. 1974; Onesti
et al. 1991; Song and Suh 1998). The�-trefoil structure is
composed of a six-stranded�-barrel closed off at one end
by three�-hairpin structures (Fig. 1). A detailed analysis of
the geometry and architecture of the�-trefoil fold was done
by Chothia and coworkers (Murzin et al. 1992). The arche-
type barrel has six strands tilted at∼ 56° to the barrel axis, a
barrel diameter of∼ 16Å, and a�-barrel shear number (i.e.,
the stagger of the strands in the barrel) of 12 (Murzin et al.
1992). As a�-trefoil structure, human acidic fibroblast
growth factor (FGF-1) exhibits a characteristic pseudo-
threefold axis of symmetry when viewed down the�-barrel
axis. The monomeric structural unit of this threefold sym-
metry consists of a pair of antiparallel�-sheets, referred to
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as a “�-trefoil fold” (Murzin et al. 1992). The amino and
carboxyl termini do not actually delineate the start and end
points of a�-trefoil fold; instead they are located within the
first �-turn region of one such element and are related by
the threefold symmetry to two surface loops in the “top” of
the�-barrel (Fig. 1). Thus, the threefold pseudosymmetry of
the �-trefoil structure can be described by “domain swap-
ping” (Bennett et al. 1995) between the consecutive�-tre-
foil fold structural elements. Alternatively, the�-trefoil ar-
chitecture of FGF-1 can also be described as a circular
permutation of three�-trefoil fold structural elements.
The �-trefoil fold has been identified as a monomeric

structural element in epidermal growth factor, as a dimeric
element in the structure of the protease inhibitor ecotine,
and as a trimeric arrangement in the�-trefoil hyperfamily
(Mukhopadhyay 2000; Ponting and Russell 2000). The
�-trefoil structure has therefore been hypothesized to have
evolved via a sequential series of gene duplication/fusion
events (Mukhopadhyay 2000; Ponting and Russell 2000). If
the primary sequence of FGF-1 is divided into three con-
secutive regions (representing the individual�-trefoil folds
of approximately 40 residues in length), a comparison of the
sequences results in 13 positions with two residues in com-
mon, and only one position with three residues in common
(Fig. 2). A random pairing of residue positions between
three independent polypeptide sequences has a 1 in 10prob-
ability, and an agreement between all three peptides at any
given position is a 1:400 probability. Thus, while evolution
of FGF-1 from gene duplication/fusion events is plausible,
it can be readily appreciated that the primary sequence has
diverged considerably, despite the retention of the symmet-
ric tertiary architecture.
How and why does FGF-1 exhibit such a high degree of

symmetry at the level of tertiary structure, and yet such a
low degree of symmetry at the level of the primary se-

quence? In particular, why do the set of core-packing resi-
dues in FGF-1 deviate from the threefold symmetry ob-
served in the tertiary architecture? Given that the hydropho-
bic effect is a driving force stabilizing the native state of
globular proteins (Tanford 1962), a mutation that results in
an increase in a spherically symmetric packing arrangement
of core residues (i.e., maximum desolvation) would be se-
lected for on the basis of increased stability (Eriksson et al.
1992; Baldwin et al. 1993; Chan et al. 1995; Yue and Dill
1995; Soyer et al. 2000; Walsh et al. 2001). Thus, a sym-
metric tertiary structure is consistent with one of the main
driving forces of protein folding in globular proteins. How-
ever, a symmetric constraint within the primary sequence
limits the available combinations of interacting residues.
With regard to the core, a more efficient packing arrange-
ment (and therefore greater stability) could be achieved with

Fig. 1. Ribbon diagram of human FGF-1 (Blaber et al. 1996) showing the location of the set of 15 core-packing residues. The
pseudo-threefold axis of symmetry runs vertically through the�-barrel in this orientation. A “�-trefoil fold” monomeric structural
element as defined by Chothia (Murzin et al. 1992) is indicated by the shaded region of the ribbon. The locations of the polypeptide
termini are indicated.

Fig. 2. Primary sequence of human FGF-1 aligned to show the threefold
tertiary symmetry relationship as well as the location of core-packing resi-
dues (23, 65, and 109), (31, 73, and 117), and (44, 85, and 132). Listed
beneath these positions are the consensus amino acid frequencies derived
from 19 different members of the�-trefoil hyperfamily.
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elimination of any symmetric constraint upon the primary
sequence. Likewise, considerations of function and folding
may provide a driving force for divergence from threefold
symmetry of core-packing (and other) residues within the
structure. With regard to folding, studies of proteins with
symmetric tertiary structures indicate that folding rates of
individual regions within the structure can vary (along with
the primary sequence). Such proteins can exhibit a sequen-
tial folding of subdomains that appears to prevent misfold-
ing (Varley et al. 1993; Makhatadze et al. 1994; Mayr et al.
1997; Estape and Rinas 1999).
We report here the effects of mutations within the core-

packing region of FGF-1, designed to introduce a threefold
symmetric constraint of the primary sequence consistent
with the characteristic symmetry of the�-trefoil tertiary
architecture. The results show that, for the positions evalu-
ated, a symmetric constraint upon core-packing residues is
compatible with efficient packing and a folding enthalpy
and stability similar to the wild-type protein. However, the
results indicate that this increase in the primary sequence
symmetry within the core results in deviation from two-state
denaturation, and the stabilization of a folding intermediate.
Thus, divergence of core residues from any archetype sym-
metric packing arrangement in FGF-1 appears to have been
driven by issues related to “foldability.”

Results

Purified mutant proteins were isolated with a yield (∼ 50mg/
L) similar to the wild-type his-tagged protein in each case.
All mutant proteins exhibited reversible thermal denatur-
ation with�90% repeatability upon subsequent scans under
the conditions tested. A summary of thermodynamic param-
eters is given in Table 1. With the exception of the
Leu44→ Phe point mutant and the Leu44→ Phe/
Leu73→ Val/Val109→ Leu triple mutant, all DSC data fit
a two-state model within the expected error of data collec-
tion (∼ 0.40 kJ mol−1K−1). The Leu44→ Phe point mutant
and the Leu44→ Phe/Leu73→ Val/Val109→ Leu triple
mutant exhibited deviations from a two-state model of 0.8
and 0.9 kJ mol−1K−1, respectively. The deviations from the

fit of a two-state model followed deviations from unity of
the van’t Hoff/calorimetric enthalpy ratios. The his-tagged
wild-type protein and Leu73→ Val point mutant exhibited
van’t Hoff/calorimetric enthalpy ratios near unity, as previ-
ously observed for the non his-tagged wild-type FGF-1
(Blaber et al. 1999). A modest deviation from unity (0.83)
was observed for the Val109→ Leu point mutant, and more
significant deviations of 0.70 and 0.72 were observed for
the Leu44→ Phe point mutant and Leu74→ Val/
Val109→ Leu double mutant, respectively. The
Leu44→ Phe/Leu73→ Val/Val109→ Leu triple mutant
exhibited the largest deviation from unity, with avan’t Hoff/
calorimetric enthalpy ratio of 0.50. The experimentally de-
rived excess heat capacity function for each protein is
shown in Figure 3.
All mutant FGF-1 proteins yielded crystals that diffracted

to 1.95Å or better, and high-resolution data sets were col-
lected in each case. All structures were refined to acceptable
crystallographic residuals and stereochemistry (Table 2).
Point mutations Leu73→ Val, Val109→ Leu, and the
Leu73→ Val/Val109→ Leu double mutant crystallized
isomorphous to the wild-type orthorhombic space group
(C2221). The Leu44→ Phe point mutant and Leu44→ Phe/
Leu73→ Val/Val109→ Leu triple mutant crystallized in
the monoclinic C2 space group, with the unique angle es-
sentially equal to 90°. This C2 space group represents a
lower-symmetry form of the wild-type orthorhombic space
group. The higher symmetry is broken due to a reorientation
of the His93 side chain (located within a surface turn) in two
of the four molecules in the asymmetric unit of the lower
symmetry space group. Details of the structural changes
accompanying each mutation, in reference to the his-tagged
wild-type protein, are provided below. Comparisons be-
tween mutant and wild-type structures are for the ‘A’ mol-
ecule of the asymmetric unit in each case.

Leu44→ Phe

The main chain atoms of this mutant overlay the wild-type
structure with a root mean square (r.m.s.) deviation of
0.18Å, and the central core-packing residues overlay with

Table 1. Thermodynamic parameters for His-tagged wild-type and mutant FGF-1 proteins

Mutation Tm
�H

(kJ/mol)
��Ga

(kJ/mol)
Std. errorb

(kJ/molK)
�HvH/�Hca1
(kJ/mol)

WT 313.2 ± 0.7 261 ± 14 — 0.4 0.90
Leu44→Phe 316.2 ± 0.1 320 ± 4 −2.9 ± 0.2 0.8 0.70
Leu73→Val 304.7 ± 0.5 187 ± 3 6.1 ± 0.4 0.3 1.05
Val109→Leu 309.9 ± 0.1 219 ± 1 2.4 ± 0.1 0.2 0.83
Leu73→Val/Val109→Leu 308.6 ± 0.2 233 ± 3 3.7 ± 0.2 0.4 0.72
Leu44→Phe/Leu73→Val/Val109→Leu 312.5 ± 0.7 257 ± 11 0.6 ± 0.6 0.9 0.50

a��G � �GWT − �GMUT determined at the Tm of wild type. A negative value for��G indicates a more stable mutation.
b Standard error is for the fit to a two-state model.
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an r.m.s. deviation of 0.19Å (Fig. 4A). The introduced Phe
side chain adopts a gauche+ rotamer with a�1 angle of −55°
and a�2 angle of 98°. This places the Phe C�2 atom in a
similar location as the wild-type Leu C�2 atom. This
gauche+ rotamer for the introduced Phe at position 44 is also
observed for both of the pseudosymmetry-related Phe resi-
dues at positions 85 and 132. The primary structural adjust-
ment to accommodate the introduced Phe residue at position
44 involves movement of an adjacent Ile side chain at po-
sition 25. This residue is displaced approximately 0.3Å
away from the Phe residue at position 44, primarily due to
van der Waalscontacts with the Phe C�2 atom.

Leu73→ Val

The main chain atoms of this mutant overlay the wild-type
structure with an r.m.s. deviation of 0.22Å, and the central
core-packing groups overlay with an r.m.s. deviation of
0.16Å (Fig. 4B). The introduced Val side chain adopts a�1
angle of 171°, which positions the Val C�2 atom in the
approximate location of the wild-type Leu C� atom. This
rotamer orientation is identical to that observed for the pseu-
dosymmetry-related Val 31 residue (the other residue being
the non-�-branched residue Cys 117). The side chain of
adjacent Cys 117 rotates slightly towards position 73 in
response to the loss of the Leu C�1 atom. There are also
detectable adjustments of the side chains of Val 31 and Leu
65 away from position 73 in response to the introduced Val
73 C�1 atom.

Val109→ Leu

The main chain atoms of this mutant overlay the wild-type
structure with an r.m.s. deviation of 0.11Å, and the central

core-packing groups overlay with an r.m.s. deviation of
0.15Å (Fig. 4C). The introduced Leu side chain adopts a�1
angle of 151° and a�2 of 65°. The C� atom of the intro-
duced Leu residue essentially overlays the C�1 atom of the
wild-type Val residue. The introduced Leu residue adopts a
trans rotamer, but with a deviation of nearly 30° from ideal
(180°). The pseudosymmetry-related Leu at position 23
adopts a similar rotamer (�1� −174°,�2� 69°) as does
the related Leu at position 65 (�1� 177°,�2� 67°). The
deviation from an ideal trans�1 angle for the introduced
Leu sidechain is due to avan der Waalscontact with the
C�1 atom of adjacent Leu 73. There is a rotation of the Phe
85 side chain towards position 109 in response to the loss of
the Val C�2 atom. Likewise, there are movements of adja-
cent residues Leu 73 and Tyr 97 away from position 109 in
response to the introduced� atoms of the Leu side chain.

Leu73→ Val/Val109→ Leu

The main chain atoms of this double mutant overlay the
wild-type structure with an r.m.s. deviation of 0.20Å, and
the central core-packing groups overlay with an r.m.s. de-
viation of 0.18Å (Fig. 4D). The structural changes observed
for this double mutant are essentially described by the sum
of the changes already described for the Leu73→ Val and
Val109→ Leu point mutants, with one noticeable excep-
tion. In this double mutant, the introduced Leu residue at
position 109 now adopts a more ideal�1 angle of 164°. This
is due to the elimination of thevan der Waalscontact with
the C�1 atom of adjacent Leu 73 in the wild-type structure
(being substituted by Val in this double mutant).

Leu44→ Phe/Leu73→ Val/Val109→ Leu

The main chain atoms of this triple mutant overlay the wild-
type structure with an r.m.s. deviation of 0.23Å, and the
central core-packing groups overlay with an r.m.s. deviation
of 0.26Å (Fig. 4E). The sum of the structural changes al-
ready detailed for the Leu44→ Phe point mutant and the
Leu73→ Val/Val109→ Leu double mutant essentially de-
scribe the structural changes observed for this triple mutant.
The main chain and side chain torsion angles for the site of
mutations, and their pseudosymmetry-related positions in
the Leu44→ Phe/Leu73→ Val/Val109→ Leu triple mu-
tant are given in Table 3.

Discussion

A rational design method, utilizing sequence homology and
an internal symmetry constraint, has been used to identify
one possible alternative arrangement of core-packing resi-
dues for FGF-1. A similar approach, utilizing sequence ho-
mology and structural alignment, has been successfully
used to identify thermostable mutants of a WW domain

Fig. 3. Experimental excess heat capacity data for his-tagged wild-type
FGF-1 (heavy solid line), Leu44→Phe point mutant (dashed line),
Leu73→Val point mutant (dash-dot-dash line), Val109→Leu (dash-dot-
dot-dash line), Leu73→Val/Val109→Leu double mutant (dotted line), and
the Leu44→Phe/Leu73→Val/Val109→Leu triple mutant (light solid line).
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protein (Jiang et al. 2001). Although our goal was not to
specifically increase the stability of FGF-1, one of the point
mutations (Leu44→ Phe) improved the thermostability of
FGF-1. Considering the relative hydrophobicity of Leu and
Phe side chains, as determined from partitioning in octanol,
the Phe mutation would be expected to stabilize the struc-
ture by −0.5 kJ mol−1 (Fauchere and Pliska 1983). Com-
parison with the experimentally determined value of −2.9 kJ
mol−1 for the��G of unfolding indicates that other struc-
tural effects are contributing approximately −2.4 kJ mol−1 to
the improvement in stability.
Effects upon structure and stability for small-to-large

substitutions within the core region of proteins have previ-
ously been detailed. Unlike the Leu44→ Phe mutation in
FGF-1, in the vast majority of cases such substitutions de-
stabilize the protein (Karpusas et al. 1989; Dao-pin et al.
1991; Sandberg and Terwilliger 1991; Hurley et al. 1992;
Lim et al. 1992, 1994; Liu et al. 2000a). This instability
appears to be due to the optimized packing of wild-type
residues within the core and the strain associated with ac-
commodating a larger mutant residue. In the case of wild-
type FGF-1 there is no detectable close contact or irregular
stereochemical parameter suggesting strain within position
Leu44 or the adjacent Ile25.
Cavity-filling mutations are well known to stabilize pro-

tein structures (Karpusas et al. 1989; Eriksson et al. 1992;

Lim et al. 1992). FGF-1 exhibits a centrally located cavity,
characteristic of the�-trefoil family of proteins (Priestle et
al. 1989; Graves et al. 1990; Ago et al. 1991; Eriksson et al.
1991; Zhu et al. 1991; Blaber et al. 1996). This cavity in the
wild type and Leu44→ Phe mutant protein are essentially
indistinguishable, with a volume of∼ 27Å3 as detected using
a 1.2Å probe radius. However, three “microcavities” within
the core region of the wild-type protein become apparent
when using a 1.0Å probe radius (Fig. 5A). A “peanut-
shaped” microcavity (18Å3) lies adjacent to residue Leu44,
a small (6Å3) microcavity lies adjacent to residue Ile25, and
a larger (15Å3) microcavity lies between residues Val109
and Leu111. The introduced Phe side chain at position 44
partially fills the adjacent “peanut-shaped” microcavity
(Fig. 5B). The presence of this microcavity allows the ac-
commodation of the mutant Phe sidechain with only a minor
positional adjustment (∼ 0.3Å) of the neighboring Ile residue
at position 25 (Fig. 4A). Subsequently, this movement of
Ile25 is in the direction of one other microcavity detectable
within the core, and Ile25 fills this microcavity. Analysis of
strain and cavities within the wild-type and Leu44→ Phe
mutant proteins indicates that this mutation is stabilizing
due to the filling of regional microcavities, with no intro-
duction of conformational strain.
Although the quantitation of such microcavities is subject

to substantial variation due to positional errors of atomic

Table 2. Crystallographic data collection and refinement statistics

Wild type Leu44→Phe Leu73→Val Val109→Leu
Leu73→Val/
Val109→Leu

Leu44→Phe/
Leu73→Val/
Val109→Leu

Crystal data
Space group C2221 C2 C2221 C2221 C2221 C2
a (Å) 74.1 96.9 73.3 73.6 74.2 96.5
b (Å) 96.8 73.8 97.9 97.4 97.9 73.9
c (Å) 109.0 109.1 108.7 109.0 108.7 108.9
� (°) — 90 — — — 90
Mol/ASU 2 4 2 2 2 4
Matthews constant 2.96 2.96 2.96 2.96 2.99 2.95
Max resolution (Å) 1.65 1.70 1.95 1.80 1.85 1.70

Data collection and processing
Total/unique 274,969/ 281,913/ 315,069/ 250,738/ 455,187/
reflections 72,647 27,633 35,538 32,924 71,811
% completion 88.1 98.8 95.4 99.5 87.6
% completion (highest shell) 68.4 87.5 85.1 92.8 78.1
I/	 26.6 22.2 32.3 22.8 31.5
I/	 (highest shell) 2.7 2.7 3.5 3.3 3.1
Wilson B (Å2) 17.0 16.7 19.1 14.6 14.1
Rmerge(%) 4.6 9.2 6.3 7.4 6.1

Refinement
Rcryst 19.3 21.4 19.8 19.9 19.2
Rfree 23.9 26.8 24.5 23.6 23.4
R.M.S. bond length dev (Å) 0.008 0.008 0.009 0.007 0.007
R.M.S. bond angle dev (°) 1.8 1.5 1.7 1.6 1.7
R.M.S. B factor dev (Å2) 2.4 2.5 2.6 2.4 2.2
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Fig. 4. Stereo diagram of an overlay of mutant core-packing residues with the wild-type FGF-1 structure (same orientation as in Fig.
1). The wild-type structure in each case is indicated in white, and the mutant structure is indicated in black. (A) Leu44→Phe; (B)
Leu73→Val; (C) Val109→Leu; (D) Leu73→Val/Val109→Leu double mutant; (E) Leu44→Phe/Leu73→Val/Val109→Leu triple
mutant.
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positions, in the present case their identification provides a
compelling rationale for the structural interpretation of the
effects upon stability. Since none of the microcavities was

detected using a 1.2Å probe radius, we will discuss the
structural effects upon stability for all mutant proteins in
terms of the microcavity environment within the core de-
tectable using a 1.0Å radius probe.
The microcavity environment within the core region sug-

gests that wild-type FGF-1 is “predisposed” to readily ac-
cept a Phe residue at position 44. Within the�-trefoil family
of proteins, interleukin-1� and � have a Phe residue at
position 44, in addition to the symmetry-related positions 85
and 132. Thus, although an apparent symmetric constraint,
Phe residues at these positions appear to be an optimum
arrangement with regard to the stability of the�-trefoil
structure.
An analysis of the Leu73→Val mutant shows that the

6Å3 microcavity next to residue Ile25 has been eliminated
due to the presence of the introduced Val C�1 atom (Fig.
5C). However, a microcavity (16Å3) is now introduced be-
tween positions 73 and 85, and the microcavity adjacent to

Table 3. Main chain and side chain torsion angles for the site
of mutations, and their symmetry related positions, in the
Leu44→Phe/Leu73→Val/Val109→Leu triple mutant

Residue 
 � �1 �2

Phe44 −126 151 −58 91
Phe85 −128 146 −64 84
Phe132 −119 151 −67 86
Leu109 −83 133 162 74
Leu23 −58 142 −177 71
Leu65 −65 137 −174 75
Val73 −81 132 177
Val31 −121 133 −177
Cys117 −71 146 −84

Fig. 4D, E
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Fig. 5. Stereo diagram of the central core region of mutant and wild-type FGF-1 structures (same orientation as in Figs. 1 and 2)
detailing the location and shape of interior cavities detectable using a 1.0Å probe radius. (A) His-tagged wild-type FGF-1; (B)
Leu44→ Phe point mutant; (C) Leu73→ Val point mutant; (D) Val109→ Leu point mutant; (E) Leu73→ Val/Val109→ Leu double
mutant; (F) Leu44→ Phe/Leu73→ Val/Val109→ Leu triple mutant.
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Fig. 5 D–F
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Leu111 increases from 15Å3 to 24Å3, due to the elimination
of the side chain� atoms at position 73. This mutation
exhibits the largest interior microcavity volume, and is also
the most destabilizing mutation. The difference in octanol
partitioning between the wild-type Leu and mutant Val side
chains should destabilize this mutant by 2.74 kJ mol−1.
Thus, the observed destabilization of 6.1 kJ mol−1 suggests
that approximately 3.4 kJ mol−1 is contributed by either an
increase in cavity volume or conformational strain. Since
little if any structural changes are observed in response to
this mutation, the destabilization is associated primarily
with the observed increase in microcavity volume within the
core.
The Val109→Leu mutation eliminates detection of both

the large 35Å3 central cavity and the 15Å3 microcavity
between residues Val109 and Leu111 (Fig. 5D). The two
microcavities adjacent to positions 44 and 25 remain, al-
though the “peanut-shaped” cavity adjacent to position 44 is
reduced from 18Å3 to 9Å3. The Val109→Leu mutation
does, however, result in the creation of a new microcavity of
6Å3 between residue positions 109 and 85 in response to the
elimination of the side chain C�2 atom of Val109. Thus,
while a Leu residue at position 109 is accommodated with
conformational strain (due tovan der Waalscontact with
residue Leu73), it also results in a net reduction of micro-
cavities within the core. Presumably due to these offsetting
effects on stability, the Val109→ Leu mutation exhibits
only a modest destabilization (Table 1). The structure and
stability results observed for the Leu73→Val and
Val109→Leu point mutations are consistent with previous
studies of small-to-large and large-to-small mutations
within the core region of a protein—namely that small-to-
large mutations are generally less destabilizing than cavity-
forming mutants (Baldwin et al. 1996).
The stability of the Leu73→Val/Val109→Leu double

mutant is 4.8 kJ/M more stable than the expected sum of the
individual point mutations (Table 1). This double mutant
represents a complementary swapping of Leu and Val side
chains at these two positions. The individual mutations ei-
ther increase the cavity space (Leu73→ Val) or introduce
conformational strain within the core (Val109→ Leu). The
double mutant tends to negate these deleterious effects of
the individual point mutations. However, some conforma-
tional strain remains apparent for Leu109 in this double
mutant. Furthermore, the microcavity environments of the
wild type and double mutant are distinctly different. In par-
ticular, the Leu73→Val/Val109→Leu double mutant en-
larges a microcavity adjacent to positions 73 and 85 that is
introduced with the Leu73→Val point mutant. This enlarge-
ment results in a connection to an adjacent microcavity that
is outside of the defined core region (Fig. 5E). This adjacent
microcavity is present in all structures; however, only in the
double mutant does it form a continuous connection with a
core microcavity. Thus, while the rational design approach

has identified a compensating pair of mutations, they are
less than optimal for stability within the context of the wild-
type core.
The stability of the Leu44→Phe/Leu73→Val/

Val109→Leu triple mutant is almost identical to the sum of
the stability of the Leu44→Phe point mutant and
Leu73→Val/Val109→Leu double mutant (Table 1). Micro-
cavity analysis shows that the characteristic cavities adja-
cent to residue positions Leu44 and Ile25 in the wild-type
protein (Fig. 5A) are largely unperturbed in the
Leu73→Val/Val109→Leu double mutant (Fig. 5E). The
microcavity environment within the triple mutant (Fig. 5F)
therefore follows the sum of the effects observed for the
Leu44→Phe and Leu73→Val/Val109→Leu mutants and
provides a rationale for the observed additive effect upon
stability.
The Leu44→Phe, Leu73→Val and Val109→Leu muta-

tions increased the threefold symmetric constraint within
the primary sequence of FGF-1. However, was this symme-
try of the primary sequence reflected within the structural
details of the native protein? Analysis of the X-ray crystal-
lographic data for the Leu44→Phe/Leu73→Val/
Val109→Leu triple mutant demonstrates that these muta-
tions within the core of FGF-1 resulted in a threefold sym-
metric constraint for both rotamer orientation and main
chain 
, � angles (Table 3). In fact, the introduced side
chains adopted similar�1 and�2 angles as the wild-type
residues. The conservation of wild-type rotamer angles by
mutant side chains is consistent with a previous observation
of core-packing mutations (Gassner et al. 1996). Therefore,
while threefold symmetry is not present within the primary
sequence,it is apparent in the rotamer orientations of the
wild-type amino acids. Thus, in addition to the symmetry at
the level of the tertiary structure, a symmetric constraint
upon side chain rotamer orientations has been retained, or
converged upon, during the evolution of FGF-1.
The Leu44→Phe/Leu73→Val/Val109→Leu triple mu-

tant represents an alternative core-packing arrangement
with a net reduction of cavity space within the core (Fig.
5A, F). Despite this reduction in cavity volume within the
core, the triple mutant is slightly destabilizing overall. Thus,
we conclude that the alternative set of mutations is accom-
modated with some strain in the structure. Leu109 exhibits
a �1 value that remains approximately 18° away from an
ideal rotamer conformation in the triple mutant. Since the
core-packing group comprises 15 residues, a set of six po-
sitions remains to be studied. More optimal packing inter-
actions may yet be identified with retention of the current
symmetric mutations. However, overall, the rational design
principle behind the choice of these mutations has worked
quite well. In a core-packing study of phage T4 lysozyme
that utilized random mutagenesis and genetic selection at
five positions with no imposed symmetric constraint, the
most stable alternative packing arrangement (involving
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three substitutions) was 4.6 kJ mol−1 less stable than the
wild-type protein (Baldwin et al. 1993). Additionally, ideal
juxtaposition of the core-packing residues may be deter-
mined in part by the architecture of other parts of the pro-
tein. FGF-1 has several regions of insertions or deletions
when comparing the threefold internal symmetry (Fig. 2).
Thus, a symmetric set of core-packing residues may pack
asymmetrically, with associated strain, due to asymmetry in
these other regions.
Although this alternative core-packing arrangement dis-

plays an overall stability and folding enthalpy very similar
to the wild-type protein, and fewer microcavities, it exhibits
a fundamental difference with regard to two-state folding
behavior. Formation of a folding intermediate, or folding
pathways involving a well-defined intermediate, have been
reported for�-trefoil proteins under various experimental
conditions of temperature and pH (Varley et al. 1993; Hei-
dary et al. 1997; Sanz and Gimenez-Gallego 1997; Blaber et
al. 1999; Chi et al. 2001). The results of the present study
show that introducing a symmetric constraint within the
primary sequence of the core can potentially alter the fold-
ing pathway under conditions where it would otherwise ex-
hibit two-state denaturation. These results also suggest that
divergence of core residues from a symmetric constraint
after gene fusion events may produce a more “foldable”
protein.

Materials and methods

Design of core mutations

The hydrophobic core region of FGF-1 is comprised of 15 residue
positions (14, 23, 25, 31, 44, 56, 65, 67, 73, 85, 97, 109, 111, 117,
and 132), with five residues contributed by each of the three “�-
trefoil fold” structural elements and related to the others by ap-
proximate threefold symmetry (Fig. 1). Thus, residue positions
(14, 56, and 97), (23, 65, and 109), (25, 67, and 111), (31, 73, and
117) and (44, 85, and 132) constitute the five sets of threefold
symmetry-related positions that comprise the core-packing region.
We have focused on positions (23, 65, and 109), (31, 73, and 117)
and (44 85, and 132) in the present study. The amino acids at
positions 44, 85, and 132 in FGF-1 are Leu, Phe, and Phe, respec-
tively. In a comparison of 19 different members of the�-trefoil
family, Phe is the most common residue at the equivalent position
to residue 44 in FGF-1 (Fig. 2). Thus, a Phe mutation at position
44 is highly conserved and would result in this set of residue
positions in FGF-1 being constrained by threefold symmetry. Resi-
due positions 23, 65, and 109 in FGF-1 are Leu, Leu, and Val,
respectively. In a comparison of the�-trefoil family, Leu is the
most common residue at positions 23 and 65 and is the second
most common residue (after Ile) at position 109 (Fig. 2). Thus, a
Leu mutation at position 109 is similarly highly conserved and
would result in these residue positions in FGF-1 being constrained
by threefold symmetry. Residue positions 31, 73, and 117 in
FGF-1 are Val, Leu, and Cys, respectively. In a comparison of the
�-trefoil family, Val is the most common residue at the equivalent
position 31 and the second most common residue at both positions
73 and 117 (Fig. 2). Model building of the wild-type FGF-1 struc-

ture indicated that positions 109 and 73 are neighboring residues
and that the Val109→Leu mutation would potentially introduce a
close contact with the� atoms of Leu at position 73. However, this
close contact would be avoided if position 73 were a Val. Further-
more, the Cys at position 117 in the wild-type X-ray structure
exhibits multiple rotamer conformations, suggesting that a
�-branched side chain would be well accommodated at this posi-
tion. For these reasons, Val was chosen as the most appropriate
mutation to make at position 73. This mutation introduces an ad-
ditional symmetry constraint within positions 31, 73, and 117 (Val,
Val, and Cys), and was viewed as a possible compensating muta-
tion with regard to packing interactions with the planned
Val109→Leu mutation.

Mutagenesis and expression

All studies utilized a synthetic gene for the 141 amino acid form of
human FGF-1 (Gimenez-Gallego et al. 1986; Linemeyer 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.
The QuikChange™ site-directed mutagenesis protocol (Strata-
gene) was used to introduce the point mutations Leu44→Phe,
Leu73→Val, and Val109→Leu using mutagenic oligonucleotides
of 25 to 31 bases in length (Biomolecular Analysis Synthesis and
Sequencing Laboratory, Florida State University). The
Leu73→Val/Val109→Leu double mutant was constructed by in-
troduction of the Val109→Leu point mutation into the
Leu73→Val mutant gene. Similarly, the Leu44→Phe/
Leu73→Val/Val109→Leu triple mutant was constructed by intro-
duction of the Leu44→Phe point mutation into the Leu73→Val/
Val109→Leu mutant gene. All forms of FGF-1 were expressed
using the pET21a(+) plasmid/BL21(DE3)Escherichia colihost
expression system (Invitrogen) as previously described for non-
his-tagged forms of FGF-1 (Blaber et al. 1999; Culajay et al.
2000).

Protein purification

Wild-type and mutant forms of FGF-1 were purified using an
identical procedure involving sequential chromatographic steps of
nickel-nitrilotriacetic acid (Ni-NTA) resin (QIAGEN) and heparin
Sepharose CL-6B affinity resin (Pharmacia Biotech). The cell ly-
sate from 1L fermentation in minimal media was loaded directly
into a 2.5cm × 15cm column of nickel-nitrilotriacetic acid (Ni-
NTA) (QIAGEN). Elution was accomplished by a step gradient of
200mM imidazole. The fractions were pooled and loaded directly
onto a 1.5cm × 10cm column of heparin Sepharose CL-6B affinity
resin (Pharmacia Biotech). Elution from this column was achieved
by a linear gradient of NaCl, with the FGF-1 protein eluting be-
tween 1.2 and 1.4M NaCl. The protein pool from the heparin
Sepharose CL-6B column was purified to apparent homogeneity as
judged by Coomassie blue-stained sodium dodecylsulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). The purified protein
was dialyzed against either 20mM N-(2-acetamido)iminodiacetic
acid (ADA), 100mM NaCl, pH 6.60 for spectroscopic and calori-
metric studies (Blaber et al. 1999) or 50mMNaPO4, 100mMNaCl,
10mM (NH4)2SO4, 2mM DTT, 0.5mM EDTA, pH 5.8 for crys-
tallographic studies (Blaber et al. 1996). A molecular mass of 16.8
kD and an extinction coefficient of E280nm (0.1%, 1cm)� 1.26
were used to calculate protein concentrations for the his-tagged
wild-type FGF-1 and all mutants. This extinction coefficient is
identical to the non-his-tagged wild-type protein (Zazo et al. 1992;
Tsai et al. 1993). Because the amino acid residues that primarily
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influence absorbance at 280nm include Trp, Tyr, and Cys (Edel-
hoch 1967; Gill and von Hippel 1989), no significant change to the
wild-type extinction coefficient was anticipated for any of the
mutant proteins.

Differential scanning calorimetry

All calorimetric studies were performed on a VP-DSC microcalo-
rimeter (MicroCal) as previously described (Blaber et al. 1999).
Briefly, it has been shown that the thermal denaturation of FGF-1
is two-state, reversible, and in equilibrium in 20mM ADA, 100mM
NaCl, pH 6.60 in the presence of 0.7M guanidine hydrochloride
(GuHCl) and utilizing a scan rate of 15K/hr (Blaber et al. 1999).
Protein concentrations were 0.04mM in each case; samples were
degassed for 10 min and kept at 30 psi during the calorimetric run.
The average of at least three initial calorimetric scans was used for
the determination of thermodynamic parameters, with the subse-
quent upscans being used to quantitate repeatability. Deconvolu-
tion of the calorimetric data was performed using the DSCFit
software package (Grek et al. 2001). This program implements a
statistical mechanics-based two-state model (Freire and Biltonen
1978; Kidokoro and Wada 1987) in combination with an opti-
mized nonlinear least-squares fitting routine.

X-ray crystallography

Purified protein was concentrated to 9–12 mg/mL, and crystal
growth was accomplished using the vapor-diffusion hanging drop
method with 1 mL reservoirs of 3.4–4.4M sodium formate, 1.0–
1.2M ammonium sulfate in the crystallization buffer, and incuba-
tion at either 4°C or 10°C. Crystals suitable for X-ray diffraction
grew within 1 week. Diffraction data was collected using a Rigaku
RU-H2R rotating anode X-ray source equipped with an Osmic
Blue confocal mirror system (MarUSA) and Rigaku R-Axis IIc
image plate detector (Rigaku/MSC). The crystals were mounted
using Hampton Research nylon cryoloops (Hampton Research),
and the crystals were frozen and maintained in a stream of liquid
nitrogen at 103K during data collection. Diffraction data were
indexed, integrated, and scaled using the software package
DENZO (Otwinowski 1993; Otwinowski and Minor 1997). Mo-
lecular replacement searches for mutations that crystallized in non-
isomorphous spacegroups were carried out using the software
package MRCHK (Zhang and Matthews 1994). His-tagged wild-
type FGF-1 was used as the search model in each case. After rigid
body refinement, 10% of the reflections were randomly removed
from the working set to comprise the test set for free R calculations
during subsequent model building and refinement (Brunger 1992).
All structures were refined using the TNT least-squares software
package with knowledge-based thermal factor restraints (Tronrud
et al. 1987; Tronrud 1992, 1996). Model building was accom-
plished using the graphics program O (Jones et al. 1991).

Cavity calculations

Determination of interior cavities with the wild-type and mutant
structures was determined using the software package MSP (Con-
nolly 1993). Potential solvent accessible cavities were identified
using probe radii of either 1.2 or 1.4Å. The presence of “micro-
cavities” within the core region that could accommodate newly
introduced side chain atoms with minimal structural rearrange-
ments was identified using a probe radius of 1.0Å.
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