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Turn secondary structure is essential to the formation of globular protein
architecture. Turn structures are, however, much more complex than either
α-helix or β-sheet, and the thermodynamics and folding kinetics are poorly
understood. Type I β-turns are the most common type of reverse turn, and
they exhibit a statistical consensus sequence of Asx-Pro-Asx-Gly (where
Asx is Asp or Asn). A comprehensive series of individual and combined
Asx mutations has been constructed within three separate type I 3:5 G1
bulge β-turns in human fibroblast growth factor-1, and their effects on
structure, stability, and folding have been determined. The results show a
fundamental logical OR relationship between the Asx residues in the motif,
involving H-bond interactions with main-chain amides within the turn.
These interactions can be modulated by additional interactions with
residues adjacent to the turn at positions i+4 and i+6. The results show that
the Asx residues in the turn motif make a substantial contribution to the
overall stability of the protein, and the Asx logical OR relationship defines a
redundant system that can compensate for deleterious point mutations. The
results also show that the stability of the turn is unlikely to be the prime
determinant of formation of turn structure in the folding transition state.
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Introduction

Of the three fundamental types of protein second-
ary structure, only the reverse turn is nonlinear and
permits formation of globular protein architecture.
Reverse turns are also unique in that they are not
described by a repetitive characteristic value of
backbone ϕ,ψ angles, but rather, each category of
reverse turn is defined by a unique sequential set of
such angles. Richardson has characterized the β-
turn as having six distinct types (I, I′, II, II′, VIa, and
VIb), as well as a miscellaneous category (IV), based
on main-chain ϕ,ψ angles.1 If a β-turn connects two
β-strands that form an antiparallel β-sheet, then it is
known as a β-hairpin turn. Sibanda et al. developed
an X:Y shorthand for β-hairpin structures, whereby

X identifies the number of residues required for the
turn and Y identifies the hydrogen-bonding pattern
in the closure of the turn (X equals Y when the
closure involves two backbone hydrogen bonds,
whereas Y=X+2 if closure involves one hydrogen
bond).2 Sibanda et al. noted that the number of
residues in β-hairpin turns typically comprises two
to seven residues (X=2–7) and can be further clas-
sified according to different patterns of backbone
hydrogen bonding. This complexity distinguished
β-turns from the other types of secondary structure.
The type I 3:Y (Y=3 or 5) β-turn is one of the most

prevalent types of β-turns in protein structures, re-
presenting approximately one-third of all β-turns.2,3

The type I turn is defined by a characteristic set of
sequential main-chain ϕ,ψ angles that result in an
approximately 180° change in the direction of the
peptide chain. Of the various subtypes in this cate-
gory, the most common is the type I 3:5 G1 bulge β-
turn. The initial residue in the turn is defined as
residue i, and subsequent residues in the turn are
indexed accordingly (i+1, i+2, etc.). In this turn, the
residue at position i has main-chain angles typical of
β-sheet secondary structure; residue i+1 is located
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within the right-handed α-helical region; residue i+
2 is located within the right-handed γ-helical region;
residue i+3 is located within the left-handed γ-
helical region; and residue i+4 has main-chain
angles typical of β-sheet secondary structure. The
shorthand for the characteristic type I 3:5 G1 bulge
β-turn conformation is therefore sometimes given as
“βαRγRγLβ.”

1,2

A study of the positional frequency of amino acids
in different turn types has identified statistical pre-
ferences for side-chain residues within type I
turns.4,5 These preferences include Asx (Asp or
Asn) at position i, Pro at position i+1, Asx at
position i+2, and Gly at position i+3. The Asx
residues may be structurally important in the type I
β-turn because they can participate in hydrogen-
bonding interactions with specific backbone amides.
An Asx residue at position i in a type I turn can
satisfy the hydrogen-bonding requirement of the
main-chain amide at positions i+2 and i+4 if it
adopts a rotamer ofχ1=+60° (gauche

−). Similarly, an
Asx residue at position i+2 in a type I turn can
satisfy the hydrogen-bonding requirement of the
main-chain amide at position i+4 if the Asx adopts a
gauche− rotamer (however, it cannot also satisfy the
hydrogen-bonding requirement of the main-chain
amide at position i+2). Furthermore, if Asx residues
are present at both positions i and i+2, they cannot
simultaneously adopt gauche− rotamers due to a
steric clash.
The importance of the statistically preferred Asx

residues at positions i and i+2 in type I 3:5 G1 bulge
β-turns has been studied by several groups with
regard to the contribution to protein or peptide
stability and folding. As part of an effort to develop
a useful β-turn “toolkit”, Blandl et al. substituted the
Pro-Asp-Gly tripeptide sequence into a 2:2 turn
region of a disulfide-cyclized peptide that sponta-
neously folds into a β-hairpin.6 NMR data indicated
that the mutant turn adopted a type I 3:5 G1 bulge
β-turn structure. Wan and Milner-White performed
a statistical study of the most common types of
hydrogen-bonding interactions between side-chain
carboxylate/amide groups and main-chain groups.7

The majority of such interactions can be character-
ized as involving Asx side chains in a hydrogen-
bonding arrangement with the main-chain amide
group's carboxy-terminus to the Asx. They identi-
fied six general categories of such “Asx motifs”;
among these was the type I 3:5 G1 bulge β-turn. In
this case, the Asx residue is present at position i and
hydrogen bonds to the main-chain amide of turn
positions i+2 and i+4. Another of the six identified
categories of Asx motifs was the “Asx β-turn.” In
this arrangement, an Asx residue at position i
hydrogen bonds to the main-chain amide of
residue i+2. This structure is indistinguishable
from an Asx at position i+2 in a type I 3:5 G1
bulge β-turn hydrogen bonding to the main-chain
amide of turn position i+4. Thus, type I 3:5 G1
bulge β-turns can potentially incorporate one of
two characterized Asx motifs. De Alba et al. and
Santiveri et al. have studied two designed peptides

that incorporate a centrally located Asn-Ser-Asp-
Gly sequence.8–10 NMR data indicate that these
peptides form a β-hairpin structure, although the
β-turn appears to interconvert between a type I 4:4
and a type I 3:5 G1 bulge β-turn. Molecular
dynamics simulations of the same peptide
sequences indicate a rapid collapse to a β-hairpin-
like conformation, and that β-hairpin formation is
initially driven by the bending propensity of the
turn sequence.10 These studies suggest that an Asx-
Xxx-Asx-Gly sequence favors a β-turn conforma-
tion and is a key structural nucleation event that
drives the folding of β-hairpin-containing proteins.
In related work, de Alba et al. identified important
electrostatic effects for the i+2 Asp in stabilizing
the β-bulge turn structure, although the magnitude
of the energetics was not determined.11 Zerella et al.
have studied a peptide representing the amino-ter-
minal β-hairpin structure of ubiquitin, and forma-
tion of the native type I 3:5 G1 bulge β-turn
structure within this region is thought to be an
important early folding event.12 In this regard, the
wild-type (WT) turn sequence is Thr-Leu-Thr-Gly,
and these investigators observed that mutation to
Thr-Leu-Asp-Gly stabilized the β-turn structure
substantially (from ∼18% formation to ∼64%
formation). Jager et al. replaced the unusually
long loop 1 within the Pin WW domain by a
shorter sequence with a statistically preferred type I
G1 bulge conformation (Asp at position i+2). They
observed designed mutants exhibiting increased
thermodynamic stability, with increased folding
kinetics.13 The above studies highlight important
roles for the folding and stability of Asx residues at
positions i and i+2 in type I 3:5 G1 bulge β-turns.
These results show that Asx residues at positions i
and i+2 are key elements for this type of turn to
fold autonomously, function as a folding nucleus,
or increase the overall rate of folding. Despite their
critical contribution to protein folding and stability,
details of the folding kinetics and thermodynamic
contribution of Asp versus Asn, at both positions i
and i+2 within such turns, are not known.
Fibroblast growth factor-1 (FGF-1) is a member of

the β-trefoil superfold (exhibiting a characteristic 3-
fold tertiary structure symmetry). It is composed of
β-strand and turn secondary structure that can be
described as forming a six-stranded β-barrel closed
off at one end by three β-hairpins.14,15 The β-hairpin
structures that close off the end of the β-barrel (i.e.,
turns 2, 6, and 10; Fig. 1) each contain a solvent-
exposed type I 3:5 G1 bulge β-turn. The Gly residue
at position i+3 within these turns (residue positions
29, 71, and 115) is highly conserved in the FGF
family of proteins (87–100% conserved among 23
members). This degree of conservation likely reflects
the important role of the Gly residue in stabilizing
the type I 3:5 G1 bulge β-turn. However, apart from
the i+3 Gly, the primary structures within turns 2, 6,
and 10 of FGF-1 are different and consist of Leu-Pro-
Asp-Gly (LPDG), Asp-Thr-Asp-Gly (DTDG), and
Lys-Lys-Asn-Gly (KKNG), respectively. Thus, while
no individual turn contains the type I β-turn

1252 A Logical OR Redundancy in a Type I β-Turn



Author's personal copy

consensus sequence of Asx-Pro-Asx-Gly, each turn
contains various elements of the consensus
sequence, and all contain a consensus Asx-Gly at
positions i+2 and i+3, respectively.
These three type I 3:5 G1 bulge β-turns in FGF-1

have been subjected to a comprehensive series of
Asp and Asn mutations at positions i and i+2 (in-
cluding Ala reference mutations), and the effects on
structure, stability, and folding have been deter-
mined. For each turn, the following mutants were
studied: four single mutants (NA, AN, DA, and AD),
four double mutants (NN, ND, DN, and DD), and
the double Ala reference mutant (AA), where the
first letter (using the single-letter amino acid code)
denotes the residue at position i and the second letter
denotes the residue at position i+2. In all the
mutants, the corresponding WT i+1 and i+3
residues were maintained. The results, while com-
plex, indicate that the fundamental interaction bet-
ween the Asx residues at positions i and i+2 can be
described by a logical OR relationship,modulated by
potential interactions specific for the Asx at position
i, with residues at positions i+4 and i+6 adjacent to
the turn. Furthermore, the results show that the
thermodynamic contribution of the Asx residues
within such turns is substantial in comparison to the
overall Gibbs energy of folding, such that mutational
events within such turns are potentially catastrophic
for protein stability and folding. The logical OR
relationship between the Asx residues in the Asx-
Pro-Asx-Gly turn motif, however, can contribute
redundancy that can negate the impact of such
mutations. Such protective redundancy is de-
monstrated for the WT turn 6 DTDG sequence in
FGF-1.

Results

Mutant protein purification

The majority of the mutant proteins behaved
similarly to WT FGF-1 in the purification protocol;
however, several turn 10 mutants exhibited
reduced heparin-binding affinity due to mutation
of Lys112 (at position i within turn 10), which

contributes to the heparin-binding functionality of
FGF-1.16,17 These mutants were therefore purified
by substituting gel filtration for heparin Sepharose
affinity chromatography. The three double Ala
mutations (APAG, turn 2; ATAG, turn 6; and
AKAG, turn 10) exhibited extensive precipitation
upon purification due to substantial destabilization.
These mutations were therefore constructed within
a more thermostable mutant form of FGF-1 contain-
ing Lys12Val and Pro134Val mutations.18 This
mutant form of FGF-1 is −19.1 kJ/mol more stable
than WT FGF-1 (essentially doubling the stabilizing
Gibbs energy), and the sites of mutation are distal
to the turn 2, turn 6, and turn 10 regions. Within
this background, each of the double Ala mutations
yielded soluble natively folded protein. All mutant
proteins were purified to apparent homogeneity on
Coomassie-blue-stained SDS-PAGE with a yield of
30–60 mg/L.

Isothermal equilibrium denaturation

The thermodynamic parameters determined by
isothermal equilibrium denaturation for the FGF-1
mutants are listed in Table 1. The standard error of
ΔG from multiple analyses is approximately 1.0 kJ/
mol (0.24 kcal/mol), which is also the typical mag-
nitude of the standard deviation of the fit to the two-
state model (data not shown). Thus, mutational
effects on stability can be reliably measured for
valuesN1.0 kJ/mol, consistentwith previous reports.
When normalized against the appropriate double

Ala reference protein, the stability effect for the in-
troduction of an Asx residue at position i is in-
creased stability in each case, but the magnitude of
the increase varies considerably (Fig. 2). Within turn
2, there is a differential effect between Asp and Asn,
with Asn stabilizing the double Ala background by
−7.6 kJ/mol andwith Asp providing only a −3.0 kJ/
mol increase in stability. In contrast, there is little
differential effect between Asp and Asn at position i
in turn 6 or turn 10; however, the introduction of an
Asx at position i in turn 6 stabilizes the protein by
−15.1±0.3 kJ/mol, while the same Asx mutation at
position i in turn 10 stabilizes the protein by −9.1±
0.1 kJ/mol.

Fig. 1. Ribbon diagram of FGF-1 from side view (left panel) and bottom view (middle panel) showing the location of
type I 3:5 G1 bulge β-turns 2, 6, and 10 (dark regions). A main-chain overlay of these turns (showing H-bonds and turn
positions) is shown in the right panel.
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When normalized against the appropriate double
Ala reference protein, the stability effects for the
introduction of an Asx residue at position i+2 wi-
thin turns 2, 6, and 10 are notably consistent (Fig. 2).
The introduction of an Asx at position i+2 in turn 2
stabilizes the protein by −9.7±1.3 kJ/mol, of an Asx
at position i+2 in turn 6 stabilizes the protein by
−11.0±0.5 kJ/mol, and of an Asx at position i+2 in
turn 10 stabilizes the protein by −10.2±0.2 kJ/mol.
The stability effects of the single Asx point muta-

tions at positions i and i+2 in turns 2, 6, and 10 are
compared to the corresponding double mutants in
Fig. 3. This comparison shows that the stability of a
subset of the double Asx mutations is essentially a
simple sum of the stability contribution of the cons-
tituent point mutations, while other double Asx
mutations are nonadditive and less stable than ex-
pected for a simple sum. In turn 2, the NPNG and
NPDG double mutants are essentially additive
when compared to their constituent Asx point mu-
tants; however, the DPNG and DPDG double mu-
tants are significantly less stable than the sum of

their constituent point mutations. Furthermore,
when considering the nonadditivity observed for
the DPNG and DPDG double mutants, the stability
of DPNG (ΔΔG=−6.9 kJ/mol, in reference to the
double Ala mutant) appears most similar to the
APNG point mutant (ΔΔG=−8.4 kJ/mol), and the
stability of the DPDG double mutant (ΔΔG=−8.7
kJ/mol, in reference to the double Ala mutant)
appears most similar to the APDG point mutant
(ΔΔG=−11.0 kJ/mol). The turn 6 double Asx mu-
tants are substantially nonadditive and less stable
than the sum of their constituent point mutations;
however, their stability appears to reflect more
closely the stability of the position i single Asx
mutation (thus, the NTNG double mutant stability is
most similar to the NTAG single Asxmutation, etc.).
In turn 10, the NKNG and NKDG mutants are es-
sentially additive in comparison to their constituent
Asx point mutations; however, the DKNG and
DKDG double mutants exhibit significant nonaddi-
tivity (i.e., reduced stability) in comparison to the
sum of their constituent single Asx mutations. Since

Table 1. Isothermal equilibrium denaturation data for Asxmutations at positions i and i+2 within β-turns 2, 6, and 10 of
FGF-1

Protein
ΔG

(kJ/mol)
m-value

(kJ/mol M) Cm (M)
ΔΔGa

(kJ/mol)
ΔΔGb

(kJ/mol)Mutant Sequence

WT*c 28.6±0.1 19.8± 0.1 1.45± 0.01
K12V/P134V/C117V 37.6±0.6 18.5±0.3 2.03±0.01

Turn 2 LPDG
L26A/D28Ad APAG 26.4±0.9 20.3±0.7 1.30±0.01 14.2 0.00
D28A LPAG 20.0±0.8 18.9±0.7 1.06±0.01 7.5 −6.6
L26D/D28A DPAG 16.1±0.2 18.7±0.4 0.86±0.01 11.2 −2.8
L26N/D28A NPAG 23.3±0.5 20.8±0.5 1.12±0.01 6.6 −7.5
L26A APDG 25.9±0.8 20.2±0.6 1.28±0.01 3.2 −10.8
L26A/D28N APNG 24.0±0.9 20.7±0.8 1.16±0.02 5.8 −8.3
L26D DPDG 21.5±0.3 18.6±0.3 1.16±0.02 5.5 −8.6
L26D/D28N DPNG 19.3±0.3 18.2±0.3 1.06±0.02 7.3 −6.8
L26N NPDG 30.8±0.4 18.4±0.4 1.67±0.02 −4.4 −18.4
L26N/D28N NPNG 29.0±0.6 19.3±0.3 1.50±0.01 −1.1 −15.1

Turn 6 DTDG
D68A/D70Ad ATAG 21.8±0.6 17.8±0.4 1.23±0.01 14.7 0.00
D70A DTAG 28.0±0.8 19.3±0.3 1.45±0.02 −0.1 −14.5
D68N/D70A NTAG 27.0±0.1 18.2±0.1 1.48±0.01 −0.7 −15.1
D68A ATDG 24.6±0.4 19.2±0.3 1.28±0.01 3.2 −11.2
D68A/D70N ATNG 25.1±0.4 20.3±0.3 1.24±0.01 4.2 −10.3
WTc DTDG 28.6±0.1 19.8±0.1 1.45±0.01 0.0 −14.5
D70N DTNG 29.7±0.7 18.9±0.3 1.57±0.01 −2.5 −16.8
D68N NTDG 28.4±0.3 18.6±0.1 1.53±0.01 −1.6 −16.1
D68N/D70N NTNG 27.3±0.7 19.2±0.3 1.42±0.02 0.4 −13.9

Turn 10 KKNG
K112A/N114Ad AKAG 26.5±0.6 17.4±0.3 1.52±0.01 9.1 0.0
N114A KKAG 17.4±0.6 17.0±0.4 1.02±0.01 7.7 −1.2
K112D/N114A DKAG 27.8±0.3 19.4±0.4 1.43±0.02 0.2 −8.8
K112N/N114A NKAG 28.2±0.5 19.5±0.5 1.44±0.01 0.0 −9.0
K112A/N114D AKDG 29.2±0.9 19.6±0.6 1.49±0.02 −0.9 −9.9
K112A AKNG 30.0±0.9 19.9±0.6 1.50±0.02 −1.3 −10.1
K112D/N114D DKDG 30.0±0.5 18.9±0.5 1.59±0.01 −2.8 −11.9
K112D DKNG 30.7±0.4 18.4±0.1 1.67±0.01 −4.3 −13.4
K112N/N114D NKDG 35.2±0.3 18.5±0.1 1.90±0.01 −8.8 −17.8
K112N NKNG 33.9±0.6 19.0±0.6 1.78±0.02 −6.6 −15.6
a ΔΔG=(Cm WT−Cm mutant)(mWT+mmutant)/2, as described by Pace and Scholtz.19 WT* reference refers to the His93Glymutant of FGF-

1, except for double Ala mutations where the Lys12Val/Pro134Val/Cys117Val mutant of FGF-1 is the reference. A negative value ofΔΔG
indicates a more stable mutation.

b Values calculated in reference to the Ala-Xxx-Ala-Gly mutant for that turn.
c All mutations, except double Ala, were constructed in the His93Gly mutant of FGF-1.20
d Double Ala mutations were constructed in the Lys12Val/Pro134Val/Cys117Val mutant of FGF-1.18
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the constituent single Asxmutations for these double
mutants (i.e., DKAG, AKNG, and AKDG) exhibit
near-identical ΔΔG values, it is not clear from the
stability data alone which single Asxmutant is most
similar in stability to the DKNG and DKDG double
mutants.

Folding and unfolding kinetics

A summary of the folding and unfolding kinetics
values is given in Table 2. A comparison of the ΔΔG
values determined from the folding and unfolding
kinetics data with those determined from the iso-
thermal equilibrium data is given in Fig. 4. Overall,
there is excellent agreement between the two me-
thods; therefore, the stability effects of the mutations
can be interpreted in terms of the differential effects
on folding and unfolding kinetics.
The effects of the Asx mutations on ΔΔGf and

ΔΔGu (calculated in reference to the Ala-Xxx-Ala-
Gly background) are shown in Fig. 5. In turn 2, the
introduction of Asx residues at positions i and i+2
serves to increase the folding rate constant, with
essentially no effect on the unfolding rate constant.
The double Asx mutations NPNG and NPDG (i.e.,
those with Asn at position i) are essentially additive
in terms of the energetic effects associated with
increases in the folding rate constant. In contrast, the
double Asx mutations DPNG and DPDG (i.e., those
with Asp at position i) are nonadditive in compar-
ison to their respective point mutations; their folding
behavior is more like the constituent APNG and
APDG point mutants.

In turn 6, the introduction of Asx mutations at
positions i and i+2 is associated, in all cases, with
both an increase in the folding rate constant and a
decrease in the unfolding rate constant. The double
Asx mutations are nonadditive and, in each case,

Fig. 2. The effects on stability of the introduction of
Asx point mutations at either position i (left panel) or
position i+2 (right panel) in reference to the double Ala
background (i.e., Ala-Xxx-Ala-Gly) at turns 2, 6, and 10 in
FGF-1. Asn mutations are indicated in black, and Asp
mutations are indicated in gray. Mutations at position i
are indicated using filled columns, and mutations at
position i+2 are indicated using hatched columns. The
specific turn location is indicated by the x-axis label. ΔΔG
values are taken from the isothermal equilibrium
denaturation data, and negative values indicate increased
stability.

Fig. 3. Stability data (in reference to Ala-Xxx-Ala-Gly
background) for single Asx mutations at position i (light
gray) and position i+2 (dark gray) in turns 2, 6, and 10
(summation of point mutations as stacked columns), and
experimental values for corresponding double Asx
mutants (black). ΔΔG values are taken from the isother-
mal equilibrium denaturation data, and negative values
indicate increased stability.

1255A Logical OR Redundancy in a Type I β-Turn
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Table 2. Folding and unfolding kinetics parameters for WT and mutant FGF-1 proteins

Protein

kf (s
−1)

mf
(kJ/mol M)

ku
(1×10−3 s−1)

mu
(kJ/mol M)

m-value
(kJ/mol M)

Cm
(M)

ΔΔGa

(kJ/mol)
ΔΔGu

(kJ/mol)
ΔΔGf

(kJ/mol)
ΔΔGb

(kJ/mol)
ΔΔGf

b

(kJ/mol)
ΔΔGu

b

(kJ/mol) ϕf ϕuMutant Sequence

WT*c 55.1 −18.4 0.44 1.2 19.6 1.49
K12V/P134V/
C117V

125 −15.0 0.09 2.1 17.2 2.04

Turn 2 LPDG
L26A/D28Ad APAG 2.06 −16.6 0.18 1.6 18.2 1.28 13.6 −0.8 12.8 0.0 0.0 0.0
D28A LPAG 1.42 −15.5 0.35 1.3 16.8 1.23 4.7 0.4 5.1 −8.9 −7.7 1.2 1.05 −0.07
L26D/D28A DPAG 1.35 −17.6 0.77 1.0 18.6 1.00 9.3 −1.2 8.2 −4.2 −4.6 −0.4 0.74 0.11
L26N/D28A NPAG 3.52 −17.5 0.36 1.3 18.8 1.21 5.2 0.3 5.5 −8.4 −7.3 1.1 1.29 −0.09
L26A APDG 18.3 −19.2 0.52 1.1 20.3 1.28 4.1 −0.3 3.8 −9.5 −9.0 0.5 1.01 0.15
L26A/D28N APNG 2.89 −17.6 0.50 1.1 18.7 1.15 6.4 −0.2 6.2 −7.2 −6.5 0.6 1.59 0.07
L26D DPDG 6.90 −17.2 0.89 1.0 18.2 1.22 5.0 −1.5 3.5 −8.6 −9.3 −0.7
L26D/D28N DPNG 4.19 −16.8 0.84 1.1 17.9 1.18 5.7 −1.5 4.2 −7.9 −8.6 −0.7
L26N NPDG 66.4 −16.7 0.36 1.3 18.0 1.67 −3.4 0.2 −3.2 −17.0 −16.0 1.0
L26N/D28N NPNG 27.9 −17.3 0.36 1.3 18.5 1.50 −0.4 0.3 −0.1 −14.0 −12.8 1.1

Turn 6 DTDG
D68A/D70Ad ATAG 0.15 −8.3 0.77 2.7 11.0 1.19 12.0 −6.2 5.8 0.0 0.0 0.0
D70A DTAG 33.9 −17.8 0.51 1.0 18.8 1.47 0.4 −0.1 0.3 −11.6 −5.6 6.1
D68N/D70A NTAG 52.2 −17.2 0.61 1.3 18.4 1.53 −0.8 −1.0 −1.7 −12.8 −7.6 5.2
D68A ATDG 17.9 −17.2 1.09 1.5 18.7 1.29 3.8 −2.7 1.1 −8.3 −4.8 3.5 0.33 0.85
D68A/D70N ATNG 21.8 −17.3 1.29 1.4 18.7 1.29 3.8 −3.0 0.8 −8.3 −5.1 3.2 0.19 0.71
WTc DTDG 55.1 −18.4 0.44 1.2 19.6 1.49 0.0 0.0 0.0 −12.0 −5.8 6.2
D70N DTNG 71.9 −17.0 0.61 1.1 18.1 1.60 −2.1 −0.7 −2.8 −14.1 −8.7 5.5
D68N NTDG 71.2 −17.0 0.71 1.3 18.3 1.56 −1.4 −1.4 −2.8 −13.4 −8.6 4.8
D68N/D70N NTNG 33.6 −16.9 0.79 1.2 18.1 1.46 0.6 −1.5 −1.0 −11.5 −6.8 4.6

Turn 10 KKNG
K112A/N114Ad AKAG 27.0 −12.5 0.72 4.0 16.5 1.58 7.8 −8.6 −0.7 0.0 0.0 0.0
N114A KKAG 6.23 −12.2 9.39 2.2 14.4 1.12 6.2 −8.9 −2.7 −1.6 −1.9 −0.3 −0.35 1.15
K112D/N114A DKAG 51.7 −15.7 1.26 1.4 17.1 1.54 −0.9 −3.0 −3.9 −8.7 −3.1 5.6
K112N/N114A NKAG 60.3 −16.0 1.71 1.3 17.3 1.50 −0.2 −3.6 −3.8 −8.1 −3.0 5.0
K112A/N114D AKDG 39.9 −17.2 0.40 1.0 18.3 1.56 −1.4 0.4 −1.0 −9.3 −0.3 9.0
K112A AKNG 40.9 −16.4 1.01 1.2 17.6 1.49 −0.2 −2.1 −2.2 −8.0 −1.5 6.5
K112D/N114D DKDG 42.2 −16.0 0.49 1.2 17.2 1.64 −2.8 −0.3 −3.1 −10.6 −2.4 8.2
K112D DKNG 92.0 −17.3 0.70 1.0 18.3 1.60 −2.1 −1.0 −3.1 −9.9 −2.3 7.6
K112N/N114D NKDG 93.0 −17.4 0.09 0.9 18.3 1.87 −7.4 4.4 −3.1 −15.3 −2.3 13.0
K112N NKNG 47.5 −15.2 0.26 1.1 16.3 1.84 −6.4 1.5 −4.9 −14.2 −4.2 10.0
a ΔΔG=(Cm WT−Cm mutant)(mWT+mmutant)/2, as described by Pace and Scholtz.19 WT* reference refers to the His93Gly mutant of FGF-1, except for double Ala mutations where the Lys12Val/

Pro134Val/Cys117Val mutant of FGF-1 is the reference. A negative value of ΔΔG indicates a more stable mutation.
b Values calculated in reference to the Ala-Xxx-Ala-Gly mutant for that turn.
c All mutations, except double Ala, were constructed in the His93Gly mutant of FGF-1.20
d Double Ala mutations were constructed in the Lys12Val/Pro134Val/Cys117Val mutant of FGF-1.18
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closely resemble the folding and unfolding kinetics
behavior of the constituent point mutation at
position i.
In turn 10, the introduction of Asx mutations at

positions i and i+2, in each case, is associated pri-
marily with a decrease in the unfolding rate con-
stant, with only a minimal increase in the folding
rate constant. For the NKNG andNKDG double Asx
mutations (i.e., where position i is an Asn), the ener-
getic effects associated with changes in both folding
and unfolding rate constants are essentially addi-
tive. For the DKNG and DKDG double Asx muta-
tions, the effects are nonadditive in comparison to
the constituent point mutations.

X-ray structures

Diffraction quality crystals were obtained for a
total of 12 mutant proteins, and high-resolution
(2.00–1.50 Å) data sets were collected in each case.
Mutant structures refined to excellent crystallo-
graphic residual and stereochemistry (Table 3).
Details of the individual crystal, diffraction data
set, and refinement statistics are provided in Sup-
plementary Tables 1–3. The X-ray structure of the
WT protein has previously been reported,21 and this
provides structural details of the WT turn 2 (LPDG),
turn 6 (DTDG), and turn 10 (KKNG) regions. Turn 6
is located near a crystal contact in the WT space
group C2221 [see Protein Data Bank (PDB) accession
number 1JQZ], and mutations in this turn proved
difficult to crystallize. One mutant in turn 6 (D70A)
did yield diffraction quality crystals, but crystallized
in a different space group (space group P21; see
Supplementary Table 3). Thus, structural data for
mutations in turn 6 are limited, presumably due to
crystal contact effects.

Discussion

A comparison of the NPAG (turn 2), DPAG (turn
2), DTAG (turn 6), and NKAG (turn 10) structures
provides information regarding the preferred rota-

Fig. 5. Differential effects on ΔΔGf and ΔΔGu values
for single and double Asx mutants at turns 2, 6, and 10, in
reference to the double Ala mutant background (Ala-Xxx-
Ala-Gly). Light gray bars show the effects on ΔΔGf for
single Asxmutations; gray bars show the effects on ΔΔGu
for single Asx mutations; dark gray bars show the effects
on ΔΔGf for double Asx mutations; and black bars show
the effects on ΔΔGu for double Asxmutations. A negative
value for ΔΔGf and a positive value for ΔΔGu contribute
to stabilization (i.e., ΔΔG=ΔΔGf−ΔΔGu).

Fig. 4. A comparison of the ΔΔG values from isother-
mal equilibriumand foldingkineticsdata in reference to the
WT*protein for turn 2 (circles), turn 6 (squares), and turn 10
(triangles) mutants. Negative values for ΔΔG indicate
increased stability.
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mer orientation of an Asx residue at position i when
position i+2 is occupied by an Ala. With the
exception of the NPAG (turn 2) structure, in each
case, the Asx at position i adopts a gauche− rotamer
and H-bonds with the main-chain amide of turn
residues i+2 and i+4 (Fig. 6a). Conversely, the Asn
in the NPAG (turn 2) structure adopts a gauche+

rotamer and H-bonds with the i+6 Asp side chain
(with solvent providing the H-bond partner for the
main-chain amide at position i+2, and no obvious
H-bond partner for the i+4 main-chain amide).
Furthermore, turn 2 appears unique in that deletion
of the WT Leu side chain (by mutation to Ala) at
position i is associated with 3.2 kJ/mol of destabi-
lization (in contrast, the Ala substitution of the WT
Lys residue at position i in turn 10 is essentially
neutral; Table 1). The Leu at position i in this turn
adopts a gauche+ rotamer (like the Asn point mutant)
and makes extensive van der Waals contacts with
the aliphatic chain of the adjacent i−2 Arg (see Fig.
6b). These adjacent H-bond and van der Waals
interactions appear to stabilize the Asn side chain in
the NPAG turn 2 sequence in the atypical gauche+

rotamer. Since an Asp cannot participate as an H-
bond donor, and also due to potential charge
repulsion, an Asp at position i will not be similarly
stabilized in the gauche+ rotamer. The structural data
therefore provide a rationale for the atypical gauche+

Asn rotamer and for the Asp/Asn stability differ-
ential favoring Asn at position i in turn 2.
A comparison of the LPDG (turn 2), APDG (turn

2), APNG (turn 2), and KKNG (turn 10) structures
(Fig. 6b) provides details of the preferred rotamer

orientation of an Asx residue at position i+2 when
position i is occupied by an Ala (or non-Asx residue
as in the LPDG and KKNG structures). In each case,
the Asx at position i+2 adopts a gauche− rotamer
and H-bonds with the main-chain amide of turn
residue i+4. The solvent provides the H-bond
partner for the main-chain amide at the turn position
i+2. Overall, therefore, the structural data show that
individual Asx residues at both positions i and i+2
in type I β-turns exhibit a preferred gauche− rotamer
that provides H-bond acceptor interactions for
specific main-chain amides within the turn and
forms the basis for the observed −10- to −15-kJ/mol
increase in stability in reference to Ala.
A key question is related to the simultaneous

presence of Asx residues at positions i and i+2,
since both residues cannot simultaneously adopt
the preferred gauche− rotamer due to steric contact
between them (e.g., compare Fig. 6a and b). In the
absence of local interactions, the stability data
suggest that the Asx at position i is likely to be
“dominant” to that at i+2 due to its participation
in two main-chain amide H-bonds (with turn
amides i+2 and i+4), as compared to a single
interaction for an Asx at position i+2 (with amide
i+4). Furthermore, if these stabilizing interactions
are mutually exclusive, then the stability effects
should be nonadditive and primarily reflect the
contribution of the dominant Asx residue
(whether it be at position i or position i+2).
As noted above, an exception to the preferred

gauche− rotamer was seen in the X-ray structure of
the NPAG turn 2 mutant (Fig. 6a). A comparison of
the NPAG, APDG, and NPDG double mutants
shows that the structural details of the NPDG
double mutant are a composite of those of the
individual NPAG and APDG point mutants (Fig.
7a). The gauche+ rotamer of the Asn at position i and
the gauche− rotamer of the Asp at position i+2 are
compatible, since no steric hindrance exists between
them. The stability and folding effects are likewise
essentially additive (Tables 1 and 2; Figs. 3 and 5). A
comparison of the X-ray structure of the NPNG
double mutant with those of the NPAG and APNG
single mutants is essentially an identical analysis, as
are the additive effects on stability and folding
(Tables 1 and 2; Figs. 3 and 5).
The DPAG, APDG, and DPDG X-ray structures

(Fig. 7b) permit comparison of individual and
combined Asp mutations at positions i and i+2 for
a combination that is nonadditive in stability effects
(Tables 1 and 2; Figs. 3 and 5). Both of the single Asp
mutants adopt the preferred gauche− rotamer. In the
double Asp mutant, the Asp at position i changes to
a trans rotamer, and the gauche− rotamer of the i+2
Asp is retained; thus, in this case, the Asp at position
i+2 is dominant. The stability and folding kinetics
data also indicate that the DPDG double mutant
principally inherits the properties of the APDG
single mutant (Figs. 3 and 5). Although the Asp at
position i can participate in two main-chain H-bond
interactions when in the gauche− rotamer, the X-ray
structure shows that the Thr side chain at position

Table 3. Summary of X-ray structure data for Asx mu-
tants at positions i and i+2 in turns 2, 6, and 10 of FGF-1

Mutation
Turn

sequence
Resolution

(Å)
Rcryst
(%)

Rfree
(%)

PDB
accession

code

Turn 2
WTa LPDG
Leu26Asn NPDG 1.55 19.4 21.1 3BAO
Asp28Ala LPAG 1.75 19.5 23.2 3BA5
Leu26Asn/
Asp28Ala

NPAG 1.60 19.5 22.5 3BA7

Leu26Ala APDG 1.80 19.3 21.6 3BAQ
Leu26Asp/
Asp28Ala

DPAG 1.60 20.5 23.3 3BAU

Leu26Ala/
Asp28Asn

APNG 1.62 19.3 21.8 3BAV

Leu26Asn/
Asp28Asn

NPNG 1.55 19.1 20.0 3B9U

Leu26Asp/
Asp28Asn

DPNG 1.50 19.8 22.8 3BB2

Leu26Asp DPDG 1.80 18.9 21.9 3BA4
Turn 6
WTa DTDG
Asp70Ala DTAG 2.00 21.3 25.3 3BAD
Turn 10
WTa KKNG
Lys112Asn/
Asn114Ala

NKAG 1.75 19.4 22.4 3BAG

Lys112Asn NKNG 1.65 18.7 20.5 3BAH
a PDB accession code 1JQZ.21
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i+4 rotates to H-bond with the Asp at position i+2.
Thus, interactions with the adjacent i+4 Thr residue
contribute to make the i+2 Asp dominant in this
turn. The DPAG, APNG, and DPNG mutant struc-
tures permit a similar analysis when position i+2 is
Asn instead of Asp. Analysis of these structures in-
dicates an identical result as with the APDG struc-
ture (data not shown), and the stability and folding
data exhibit similar behaviors as seen with the
APDG mutant.
A comparison of DTAG, ATDG, and DTDG X-ray

structures permits a similar evaluation for dual Asp
mutations in turn 6. X-ray structures are available
for the DTAG and DTDG turn sequences, but a
structure for the ATDG mutant was not obtained.
However, based upon available Ala-Xxx-Asx-Gly X-
ray structures, a gauche− rotamer for the i+2 Asx is
presumably adopted. In the DTAG single Asp X-ray
structure, the Asp at position i adopts the preferred
gauche− rotamer and participates as an H-bond
acceptor for the main-chain amides at positions i+2
and i+4 (Fig. 7c). In the DTDG double Asp X-ray
structure, the gauche− rotamer of the Asp at position
i is retained, and the Asp at i+2 adopts a gauche+

rotamer; thus, in this turn, the Asp at position i is
dominant. In contrast to turn 2, the turn 6 sequence
does not have a Thr (or Ser) at position i+4; there-
fore, an additional H-bond with the Asp at position
i+2 (in the gauche− rotamer) is not possible. This
provides a structural rationale for the dominance of
the i Asp in turn 6. The stability and folding data
show that the DTDG double Aspmutant inherits the
stability and folding properties of the DTAG single

Asp mutant (Figs. 3 and 5), in agreement with the
available X-ray structure data showing that the
dominant Asp is at position i. Although additional
structural data are not available for other mutations
in turn 6, the stability and folding data are consistent
with the position iAsx dominance in each case (Figs.
3 and 5).
The NKAG and NKNG X-ray structures permit a

comparison of the effects of combining Asn muta-
tions at positions i and i+2 in turn 10. As previously
detailed, the single Asn mutant at position i in the
NKAG structure adopts the preferred gauche− rota-
mer and provides H-bond acceptors to the main-
chain amides at positions i+2 and i+4 (Fig. 7d). Al-
though a structure for the AKNG mutant was not
determined, all available data indicate that the Asn
at position i+2 likely adopts the preferred gauche−

rotamer. In the NKNG double Asn mutant, the i+2
Asn adopts the preferred gauche− rotamer, but the
Asn at position i shifts from gauche− to gauche+.
However, in the gauche+ rotamer, the Asn at posi-
tion i provides an H-bond donor to the Ser at posi-
tion i+4, which in turn adopts an alternate rotamer
(gauche−) to participate in this interaction. Addi-
tionally, in the gauche+ rotamer, the Asn at position i
provides an H-bond acceptor to the Lys side chain
at position i+6 in the turn. Finally, with the Asn at
position i adopting the gauche+ rotamer, the solvent
provides the H-bond acceptor to the main-chain
amide at position i+2 (thus, both i+2 and i+4 main-
chain amide H-bond requirements are maintained).
The stability and folding of both the NKNG and the
NKDG double mutants are largely additive in na-

Fig. 6. (a) Overlay of mutant X-
ray structures NPAG (turn 2), DPAG
(turn 2), DTAG (turn 6), and NKAG
(turn 10) mutant structures. These
structures evaluate the orientation of
Asx at position iwhen position i+2 is
Ala. With the exception of the NPAG
structure, in each case, the Asx at
position i adopts a gauche− rotamer
and H-bonds with the main-chain
amide of turn residues i+2 and i+4.
The Asn in the NPAG structure
adopts a gauche+ rotamer and H-
bonds with the i+6 Asp side chain.
(b) Overlay of mutant X-ray struc-
tures APDG (turn 2), APNG (turn 2),
KKNG (turn 10), and WT turn 2
structure LPDG. These structures
evaluate the orientation of Asx at
position i+2 when position i is Ala
(or non-Asx as in the KKNG and
LPDG structures). In each case, the
Asx at position i+2 adopts a gauche−

rotamer and H-bonds with the main-
chain amide of turn residue i+4. The
solvent provides the H-bond partner
for the main-chain amide at the turn
position i+2.

1259A Logical OR Redundancy in a Type I β-Turn



Author's personal copy

ture; thus, the alternate gauche+ rotamer adopted by i
Asn in the double Asx mutant may be energetically
similar to the preferred gauche− interaction observed
in the single Asn mutant.

The results identify a complex interplay between
the Asx residues in the statistically preferred Asx-
Pro-Asx-Gly motif in type I β-turns. Individual Asx
residues at positions i and i+2 are able to satisfy the

Fig. 7. (a) Overlay of mutant
NPAG, APDG, and NPDG (turn 2)
X-ray structures. These structures
evaluate the orientation of the dou-
ble Asxmutant in comparison to the
corresponding single Asx muta-
tions. In the double Asx mutant,
the gauche+ rotamer of the iAsn and
the gauche− rotamer of the i+2 Asp
are retained. Both the structural and
the stability effects of the individual
Ala mutations are also observed to
be additive. (b) Overlay of mutant
X-ray structures DPAG, APDG, and
DPDG (turn 2). These structures
evaluate the orientation of the dou-
ble Asp mutant at positions i and
i+2 in comparison to the corre-
sponding single Asp mutations. As
single Asp mutants, both Asp resi-
dues adopt the gauche− rotamer;
however, these are mutually exclu-
sive due to steric contact. In the
double Asp mutant, the Asp at po-
sition i adopts a trans rotamer, and
the gauche− rotamer of the i+2 Asp
is retained. (c) Overlay of mutant
DTAG andWTDTDG (turn 6) X-ray
structures. These structures evaluate
the orientation of the double Asp
mutant at positions i and i+2 in
comparison to the corresponding
single Asp mutation at position i. In
the double Asp mutant, the gauche−

rotamer of the i Asp is retained, and
the Asp at i+2 adopts a gauche+ ro-
tamer. (d) Overlay of mutant NKAG
and NKNG (turn 10) X-ray struc-
tures. In the double Asn mutant, the
gauche− rotamer of the i+2 Asn is
retained, but the Asn at position i
shifts from preferred gauche− to
gauche+. However, in the gauche+ ro-
tamer, the Asn at position i provides
an H-bond donor to the Ser at posi-
tion i+4, which adopts an alternate
rotamer to participate in this inter-
action. The stability and folding of
both the NKNG and the NKDG
double mutants are largely additive
in nature; thus, the alternate rotamer
of Asn imay be energetically similar
to the preferred gauche− interaction.
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H-bonding requirement of the main-chain amide at
position i+4. Furthermore, if the Asx is at position i,
it can simultaneously satisfy the H-bond require-
ment of the main-chain amide at position i+2 (if the
Asx is instead located at position i+2, then the
solvent provides the H-bond partner for the i+2
main-chain amide). The main-chain amides require
an H-bond acceptor as a partner; therefore, either
Asp or Asn can fulfill this role. The stabilization free
energy associated with the Asx/main-chain amide
H-bond appears substantial: as much as −15 kJ/mol
provided by the Asx at position i and −10 kJ/mol
provided by the Asx at position i+2. However, in
the absence of interactions with the local turn envi-
ronment, the Asx residues at positions i and i+2
participate in a “logical OR” relationship. The pre-
ferred gauche− rotamer for Asx residues to partici-
pate in main-chain amide H-bond interactions
positions i and i+2 is mutually exclusive due to
steric considerations. Therefore, if both Asx residues
are present in the turn sequence, one of them is
dominant and provides the main-chain H-bond to
the i+4 amide. The other Asx must adopt an alter-
native rotamer (either trans or gauche+). If the Asx at
position i+2 adopts an alternate trans or gauche+

rotamer, it orients towards the solvent, and the sta-
bility and folding effects for the double Asx se-
quence are essentially identical with those of the
single Asx mutant at position i. However, if the Asx
at position i adopts a gauche+ rotamer, it has the
possibility of H-bonding with amino acid side
chains at residue positions i+4 (e.g., Thr or Ser)
and i+6 (e.g., Asp or Lys) within the turn, and these
interactions can modulate the stability effects such
that stability and folding contributions of both i and
i+2 Asx residues in the turn can become additive. If
the Asx at position i adopts a trans rotamer, it can H-
bond with the main-chain amide at position i+2, but
it loses its interaction with the main-chain amide at
position i+4. This may involve some strain and may
not provide optimal H-bond interactions or stability.
As described above, the energetic contribution of

Asx residues in the β-turn is shown to be substantial.
The Gibbs energy of unfolding for FGF-1, for
example, is 21.1 kJ/mol; thus, the mutational loss
of an Asx within any one of the 11 β-turns in the
structure could be catastrophic to the foldability of
the protein. However, the logical OR relationship of
the Asx residues provides potential redundancy,
such that the mutational loss of a single Asx residue
can be compensated for by the second. The primary
structure of turn 6 in FGF-1 (DTDG) is unique in
having Asx residues at both positions i and i+2, and
a thermodynamic cycle involving single Ala muta-
tions demonstrates the logical OR redundancy
present within the turn that can protect the protein
from such mutations (Fig. 8).
The results highlight both the magnitude and the

complexity of β-turn structure in contributing to a
foldable polypeptide, and also the difficulty in elu-
cidating the basis of the statistically preferred se-
quences comprising such turns. For example, the
logical OR relationship between Asx residues means

that mutational analyses will produce substantially
different results depending upon whether one or
both Asx residues are present. Furthermore, the
results show that a complete understanding of the
stability effects associated with the β-turn sequence
requires knowledge of potential interactions with
residues adjacent to the turn (especially i+4 and
i+6).
A completely unexpected result from the present

report is that although the three turns being studied
are related by the 3-fold structural symmetry of the
β-trefoil architecture (Fig. 1), the kinetics data indi-
cate that they have dramatically different properties
as regard contribution to the folding transition state
structure. ϕ value analysis can be applied for Ala
point mutations and where ΔΔG values are signifi-
cantly above the standard deviation.22,23 In compar-
ison to the WT* protein, ϕ values can therefore be
determined for the LPAG, DPAG, NPAG, APDG,
and APNG mutants in turn 2, the ATDG and ATNG
mutants in turn 6, and the KKAG mutant in turn 10.
These ϕ values suggest that positions i and i+2 in
turn 2 are as folded in the transition state as they are
in the native state. The analysis is limited for muta-
tions in turns 6 and 10; however, the data suggest
that position i+2 in turn 10 is as unstructured in the
transition state as it is in the denatured state, and
position i in turn 6 falls midway between these two
extremes, indicating that this position in turn 6 is
partially structured in the transition state or that
there are different folding pathways—some where
this position is structured in the transition state and
others where it is unstructured. A comparative ana-
lysis of the ΔΔGu and ΔΔGf values for all mutants
(Fig. 5) is entirely consistent with the ϕ value ana-
lysis for both positions i and i+2 in each turn and
indicates that turn 2 is structured in the transition
state, turn 10 is unstructured, and turn 6 is partially
structured (or there are multiple folding pathways
where it is either structured or unstructured) in the
transition state. Thus, despite the symmetric rela-
tionship in the tertiary structure, these turns make
uniquely different contributions to the transition
state structure in the folding pathway. This property
suggests that the local turn sequence, while a
primary determinant of stability, is not the primary
determinant of turn structure in the folding transi-
tion state.

Fig. 8. Thermodynamic cycle for Ala mutations in the
WT FGF-1 turn 6 (DTDG) structure that illustrates the
logical OR relationship of the Asx residues that provides
for redundancy in stability.
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Materials and Methods

Mutagenesis and expression

Mutant construction and expression followed pre-
viously described procedures.21,24,25 Briefly, all studies
utilized a synthetic gene for the 140-amino-acid form of
human FGF-1,15,26–28 with the addition of an amino-
terminal six residue “His-tag” to facilitate purification.21

WT FGF-1 exhibits a characteristically low thermal
stability.24,29 In the present study, a His93Gly mutant
form of FGF-1 was chosen as a stabilizing background
protein for biophysical studies and is referred to herein as
WT*. The His93Gly mutation provides an additional
−6.6 kJ/mol of stability in comparison to WT FGF-1,20

therefore permitting moderately destabilizing mutations
to be isolated and characterized. For purposes of crystal
growth, His93Gly, Lys12Val, and WT FGF-1 were used as
the background proteins (depending upon crystal screen-
ing results). The His93Gly and Lys12Val mutations in the
FGF-1 structure are distal to the turn locations being
studied.
The QuikChange™ site-directed mutagenesis protocol

(Stratagene, La Jolla, CA) was used to introduce
individual or combination mutations using mutagenic
oligonucleotides of 25–31 bases in length (Biomolecular
Analysis Synthesis and Sequencing Laboratory, Florida
State University). All FGF-1 mutants were expressed
using the pET21a(+) plasmid/BL21(DE3) Escherichia coli
host expression system (Invitrogen Corp., Carlsbad, CA).
Mutant proteins were purified as previously described21

using nickel-nitrilotriacetic acid chromatography fol-
lowed by affinity purification using heparin Sepharose
chromatography (GE Healthcare, Piscataway, NJ).

Isothermal equilibrium denaturation

Isothermal equilibrium denaturation by guanidine HCl
(GuHCl) was quantified using fluorescence as the spectro-
scopic probe. FGF-1 contains a single buried tryptophan
residue (Trp107) that exhibits greater fluorescence quench-
ing in the native state versus the denatured state.15,24 The
differential fluorescence between the native state and the
denatured state has been used to quantify the unfolding of
FGF-1, in excellent agreementwith unfolding asmonitored
by CD spectroscopy.24,30 Fluorescence data were collected
on a Varian Eclipse fluorescence spectrophotometer equip-
ped with a Peltier controlled-temperature regulator at
298 K and using a 1-cm path-length cuvette. Protein sam-
ples (5 μM) were equilibrated overnight in 20 mM N-(2-
acetamido)iminodiacetic acid (ADA), 100 mM NaCl, and
2 mM DTT (pH 6.6) (“ADA buffer”) at 298 K in 0.1 M
increments of GuHCl. Triplicate scans were collected and
averaged, and buffer traces were collected and subse-
quently subtracted from the protein scans. All scans were
integrated to quantify the total fluorescence as a function of
denaturant concentration. The general purpose nonlinear
least squares fitting program DataFit (Oakdale Engineer-
ing,Oakdale, PA)was used to fit the change in fluorescence
versus GuHCl concentration data to a six-parameter two-
state model:31

F ¼ F0N þ SN½D� þ ðF0D þ ðSD½D�ÞÞe�ðDG0þm½D�Þ=RT

1þ e�ðDG0þm½D�Þ=RT ð1Þ

where [D] is the denaturant concentration; F0N and F0D are
the 0-M denaturant molar ellipticity intercepts for the

native state and the denatured state baselines, respectively;
and SN and SD are the slopes of the native state and the
denatured state baselines, respectively. ΔG0 and m
describe the linear function of the unfolding free energy
versus denaturant concentration. The effect of a given mu-
tation on the stability of the protein (ΔΔG) was calculated
by taking the difference between the Cm value for WT*
proteins and the Cm value for mutant proteins and mul-
tiplying by the average of the m values, as described by
Pace and Scholtz and forwhich a negative value indicates a
stabilizing mutation:19

DDG ¼ ðCm WT � Cm mutantÞðmWT þmmutantÞ=2 ð2Þ

Folding kinetics measurements

Initial studies using manual mixing indicated that the
relaxation times for folding were more appropriate for
stopped-flow data collection. Denatured protein samples
were prepared by overnight dialysis against ADA buffer
containing 2.5 M GuHCl. All folding kinetics data were
collected using a KinTek SF2000 stopped-flow system
(KinTek Corp., Austin, TX). Folding was initiated by a
1:10 dilution of 40 μM denatured protein into ADA buffer,
with denaturant concentrations varying in increments of
0.05 M or 0.1 M, to the midpoint of denaturation as
determined by the above described isothermal equili-
brium denaturation measurements. The data collection
strategy was designed to span approximately five half-
lives, or N97% of the expected fluorescence signal change
between the fully denatured state and the native state.

Unfolding kinetics measurements

Unfolding kinetics measurements were performed
using a manual mixing technique. Protein samples
(∼30 μM) were dialyzed against ADA buffer overnight
at 298 K. Unfolding was initiated by a 1:10 dilution into
ADA buffer with a final GuHCl concentration of 1.5–5.5 M
in 0.5-M increments. All unfolding data were collected
using a Varian Eclipse fluorescence spectrophotometer
equipped with a Peltier controlled-temperature unit at
298 K. Data collection times for each proteinwere designed
so as to quantify the fluorescence signal over three to four
half-lives, or N93% of the total expected amplitude.

Folding and unfolding kinetics analysis

The folding and unfolding characteristics of FGF-1 have
previously been described in detail.20 Briefly, the unfold-
ing kinetics data exhibit an excellent fit to single expo-
nential decay at all denaturant concentrations. The folding
kinetics data also exhibit an excellent fit to a single
exponential model, but only for denaturant concentrations
above approximately 0.6 M GuHCl. Below this concentra-
tion, the folding kinetics data exhibit biexponential pro-
perties, with the slow phase being generally independent
of denaturant concentration. The fast phase of this bi-
exponential folding regime lies on the extrapolated region
of the single-exponential folding data. Thus, the folding
constant is derived from a fit to the monoexponential
region and the fast phase of the biexponential region.
Studies with WT FGF-1 have shown that the ΔG values
derived from the folding and unfolding kinetics data are
in excellent agreement with the values obtained from
isothermal equilibrium denaturation data (monitored by
fluorescence and circular dichroism), as well as differential
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scanning calorimetry under varying concentrations of
GuHCl denaturant.20

Both folding and unfolding kinetics data were collected
in triplicate at each GuHCl concentration; data from at
least three separate experiments were averaged in each
case. The kinetics rates and amplitudes versus denaturant
concentration were calculated from the time-dependent
change in tryptophan fluorescence using a single expo-
nential model:

IðtÞ ¼ Aexpð�ktÞ þ C ð3Þ
where I(t) is the intensity of fluorescent signal at time t, A
is the corresponding amplitude, k is the observed rate
constant for the reaction, and C is a constant correspond-
ing to the asymptotic signal limit. Folding and unfolding
rate constant data were fitted 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:32

lnðkobsÞ ¼ lnðkf0expðmkfDÞ þ ku0expðmkuDÞÞ ð4Þ
where kf0 and ku0 are the folding and unfolding rate
constants, respectively, extrapolated to 0 M denaturant;
and mkf and mku are the slopes of the linear functions
relating ln(kf) and ln(ku), respectively, to denaturant
concentration [D]. The Gibbs energy changes ΔΔGf and
ΔΔGu associated with mutational effects on the folding
and unfolding kinetics constants, respectively, were
determined by:

DDGf ¼ �RTlnðkf WT=kf mutantÞ ð5Þ
and

DDGu ¼ �RTlnðku WT=ku mutantÞ ð6Þ
where kf and ku kinetics constants are determined at the
average midpoint of denaturation for the reference and
mutant proteins, respectively. ϕ value analysis followed
the procedure of Fersht et al.:22

/f ¼ DDGf=DDG ð7Þ

/u ¼ DDGu=� DDG ð8Þ

whereΔΔG is determined from the isothermal equilibrium
data (Eq. (2)).

Crystallization of FGF-1 mutants, X-ray data
collection, and refinement

Purified protein for crystallization trials was dialyzed
against 50 mM sodium phosphate, 100 mM NaCl, 10 mM
ammonium sulfate, and 2 mM DTT (pH 7.5) (“crystal-
lization buffer”), and concentrated to 10–20 mg/ml
depending on the solubility of themutant protein. Crystals
were grown at room temperature using the hanging-drop
vapor-diffusion method with 8 μl drop size and 1 ml of
reservoir solution. Diffraction quality crystals typically
grew within 1–2 weeks. The Leu26Asn/Asp28Asn/
His93Gly mutant was crystallized in 18% polyethylene
glycol 4000, 0.1 M Na Hepes (pH 7.5), and 12% iso-
propanol. Crystals of Asp70Ala/His93Gly were obtained
from 25% polyethylene glycol 4000 and 0.1 M Bicine (N,N-
bis(2-hydroxyethyl)glycine; pH 9.5). All other mutant pro-
teins were crystallized from 2.5 to 4.0M sodium formate in
the presence of 0.2–1.0 M ammonium sulfate.

Diffraction data were collected at either the Southeast
Regional Collaborative Access Team (SER-CAT) 22-BM
beam line (λ=1.00 Å) at the Advanced Photon Source,
Argonne National Laboratory, using a MarCCD225 de-
tector (Mar USA, Evanston, IL), or at the X25 beam line of
the National Synchrotron Light Source at Brookhaven
National Laboratory, using an ADSC Q315 CCD detector.
In all cases, crystals were mounted and maintained in a
stream of gaseous nitrogen at 100 K. Data were integrated
and scaled with HKL2000 software.33,34 His-tagged WT
FGF-1 (PDB code 1JQZ) and His93Gly mutant of FGF-1
(PDB code 1K5U) were used as the search models in mole-
cular replacement using the CNS software suite.35 Model
building and visualization utilized the O molecular gra-
phics program.36 Structure refinement utilized the CNS
software suite, with 5% of the data in the reflection files set
aside for Rfree calculations.
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Protein Bank accession numbers

Coordinates and structure factors have been deposited
in the PDB with accession numbers 3BAO, 3BA5, 3BA7,
3BAQ, 3BAU, 3BAV, 3B9U, 3BB2, 3BA4, 3BAD, 3BAG, and
3BAH.
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