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Abstract: Fibroblast growth factor 20 (FGF20) is a member of the FGF family with potential for
use in several different therapeutic categories. In this work, we provide the first structural
characterization of FGF20 using a wide variety of approaches. Like other members of the FGF
family, FGF20 appears to possess a â-trefoil structure. The effect of pH on the conformation
and thermal stability of FGF20 is evaluated using far-UV circular dichroism (CD), intrinsic and
ANS fluorescence, and high-resolution derivative UV absorption spectroscopy. Empirical phase
diagrams are constructed to describe the solution behavior of FGF20 over a wide pH and
temperature range. The protein appears to be unstable at pH <5, with aggregation and
precipitation observed during dialysis. A major heat-induced conformational change also causes
aggregation and precipitation of FGF20 at elevated temperatures. The highest thermal stability
is observed near neutral pH (Tm ∼ 55 °C at pH 7). The effect of several high- and low-molecular
mass polyanions on the thermal stability of FGF20 is also examined using CD, intrinsic
fluorescence, and DSC analysis. Among these ligands, heparin exhibits the greatest stabilizing
effect on FGF20, increasing the Tm by more than 10 °C.

Keywords: Fibroblast growth factor; thermal stability; circular dichroism; fluorescence spectroscopy;
absorption spectroscopy; differential scanning calorimetry; empirical phase diagram

Introduction
Fibroblast growth factors (FGFs) constitute a large family

of structurally related proteins involved in a variety of
physiological, developmental, and pathological processes.
The FGF family consists of at least 22 members, exhibiting
distinct spatial and temporal expression patterns. Most FGFs
(except FGF11-FGF14) are either constitutively secreted
or transported in an unspecified manner to the extracellular
space.1 Secreted FGFs bind to several tyrosine kinase
receptors (FGFR) on the cell surface. The binding subse-

quently initiates the FGFR signal transduction pathway,
which has been implicated in the regulation of various
developmental events. Interactions between the FGFs and
their receptors are regulated by heparan sulfate proteoglycans
found on cell surfaces in the extracellular matrix.2

Several members of the FGF family have been shown to
exhibit only marginal stability under physiological condi-
tions.3,4 For example, a molten globule-like state of FGF1
has been observed in the physiological temperature range
with disrupted tertiary structure, while its native secondary
structure is maintained.5 It has been suggested that this
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partially unfolded state of FGF1 is involved in an ability to
translocate through cell membranes without a conventional
signal sequence.6,7 In some cases, polyanions such as heparin
and heparan sulfate can bind to FGF proteins and lock the
molecules in their native conformations, protecting them from
thermal unfolding as well as oxidative, proteolytic, and acidic
conditions.8-11 Besides polyanions, general protein stabilizers
such as sugars and amino acids have also been shown to
exhibit significant stabilizing effects on FGFs.12,13

FGF20 is a member of the FGF family preferentially
expressed in the substantia nigra of the brain.14-16 It shows
neurotrophic effects for dopaminergic neurons in the sub-
stantia nigra and may therefore be important in the treatment

of neurodegenerative pathologies such as Parkinson’s dis-
ease.17,18 The therapeutic potential of FGF20 has also been
explored for the treatment of acute intestinal inflammation
and chemotherapy-induced oral mucositis.19,20 Among the
members of FGF family, FGF9 has the highest degree of
amino acid sequence homology (70%) with FGF20.16 The
crystal structure of FGF9 has been determined,21 revealing
a core structure of aâ-trefoil fold which is preserved in the
FGF family.22,23It exists in cells as a dimer, which is formed
by interactions of the N- and C-terminal regions outside the
â-trefoil core. Potential heparin binding sites were also
identified on the surface of the protein. For FGF20, however,
no structural characterization or stability information has been
previously reported in literature, although the sequence is
known.14-16

The primary goal of this work is to provide a structural
characterization of FGF20 using a variety of biophysical
tools. The quaternary, tertiary, and secondary structure of
the protein is characterized over a wide pH and temperature
range using primarily spectroscopic techniques such as high-
resolution UV absorption spectroscopy, intrinsic and extrinsic
fluorescence, and far-UV circular dichroism (CD). The
results are summarized using an empirical phase diagram
approach described previously.24,25The effects of representa-
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tive polyanions on the protein’s thermal stability are further
evaluated using far-UV CD, intrinsic fluorescence spectros-
copy, and differential scanning calorimetry (DSC) in an
attempt to relate the properties of this protein to other
members of the FGF family.

Experimental Section
Materials. Highly purified recombinant FGF20 (CG53135)

was provided by CuraGen Corp. with a purity of>95% as
determined by SDS-PAGE. Sucrose octasulfate potassium
salt was obtained from Toronto Research Chemicals Inc.
(Toronto, ON). All other chemicals were purchased from
Sigma (St. Louis, MO).

Sample Preparation. The stock FGF20 samples were
dialyzed against 10 mM phosphate/10 mM citrate buffer
containing 200 mM sodium sulfate at pH 4.5, 5.0, 5.5, 6.0,
7.0, and 8.0. FGF20 exhibits limited solubility and stability
in aqueous solution. On the basis of previous results and
also since it is CD transparent, sodium sulfate was added to
stabilize the protein and to increase its solubility, allowing
protein concentrations sufficiently high to produce adequate
spectroscopic signals. Dialysis was performed overnight with
one 2 L buffer change. Gross precipitation of FGF20 was
observed during dialysis at pH 3-5.5, and therefore, the
protein was not studied over that pH range. The dialyzed
samples were filtered through a 0.45µm low protein-binding
filter (MILLEX-HV, Millipore) to remove insoluble ag-
gregates. The samples were diluted accordingly after dialysis
so that the final concentrations of samples were ap-
proximately 0.2 mg/mL. The protein concentration was
determined using an experimentally determined extinction
coefficient (E0.1%

1cm) of 0.97 at 280 nm.
Derivative UV Absorbance Spectroscopy.UV absor-

bance spectra of FGF20 were collected as a function of
temperature from 10 to 80°C with an Agilent (Palo Alto,
CA) 8453 UV-visible spectrophotometer at 2.5°C intervals.
The samples were allowed to equilibrate at each temperature
for 5 min (sufficient for equilibrium to be reached) with an
integration time of 25 s. The optical density at 350 nm was
monitored as a function of temperature in an effort to study
the aggregation behavior of the protein. Derivative data
analysis was performed with HP UV-Visible Chemstation.
Initial attempts to obtain the second-derivative spectra by
fitting the data to a third-order polynomial with a nine-point
Savitzky-Golay filter were made. The data were smoothed
using 99 interpolated points between each raw data point,
and the negative absorption peaks were identified using
Origin 6.0. Due to severe aggregation, the data at high
temperatures are quite noisy and peak positions cannot be
unambiguously identified in the second-derivative spectra.
Therefore, fourth-derivative spectra were obtained using the
same process except the data were fit to a fifth-order

polynomial and the positive peaks were monitored. Resolu-
tion of the spectra is much enhanced using the fourth-
derivative analysis. Seven absorption peaks resulting from
the various aromatic residues were followed throughout the
entire temperature range.

Fluorescence Spectroscopy.Fluorescence spectra of
FGF20 were obtained employing a PTI (Monmouth Junction,
NJ) Quanta Master spectrofluorometer, equipped with a
Peltier temperature-controlled four-cell sample holder. Quartz
cuvettes with a path length of 1 cm were used, and the slit
width for both excitation and emission was set at 4 nm. The
Trp fluorescence was monitored with an excitation wave-
length of 295 nm, and emission spectra were collected over
a wavelength range of 305-440 nm. To eliminate interfer-
ence by residual light scattering, a 309 nm filter was used
on the emission monochromator. For extrinsic ANS fluo-
rescence experiments, an optimal molar ratio of 20:1 (ANS:
protein) determined by preliminary titration experiments was
used. The samples were excited at 375 nm, while the
emission spectra were collected from 400 to 600 nm. The
weak emission spectrum of ANS in buffer alone was
subtracted as a blank. Both Trp and ANS fluorescence
emission spectra were collected from 10 to 80°C at 2.5°C
intervals with a 5 min equilibration time at each temperature
point. The emission peak wavelength was determined using
a “center of spectral mass” method, which locates peak
positions at a wavelength somewhat higher than that of the
actual spectra but produces enhanced reproducibility.

Circular Dichroism. Far-UV CD studies were performed
with a Jasco (Tokyo, Japan) 810 spectrophotometer using
cells with a path length of 0.1 cm. CD spectra were collected
from 195 to 260 nm under all pH conditions using a scanning
speed of 10 nm/min and a resolution of 0.1 nm at 10°C.
The CD signals at 207 and 227 nm were monitored as a
function of temperature from 10 to 80°C for samples at pH
5-8, with a resolution of 0.5°C and a heating rate of
15 °C/h.

Empirical Phase Diagrams. Data from the fourth-
derivative UV absorption spectra (seven absorption peaks)
were first used to generate a phase diagram from pH 4.5 to
8. Far-UV CD (molar ellipticities at 207 and 227 nm) and
intrinsic fluorescence (emission peak positions) data were
also used to generate a phase diagram only from pH 5 to 8,
since the sample concentration and light scattering problems
at pH 4.5 were not sufficient for CD and fluorescence
measurements. All mathematical analyses involving vector
and matrix operations were performed using Matlab (The
Mathworks Inc., Natick, MA). Details concerning the theory
and mathematical analysis can be found elsewhere.24,25

Basically, the experimental data are first converted into a
number ofN-dimensional vectors in a temperature-pH phase
space, with one vector generated at each specific combination
of pH and temperature. The dimension of the vectors,N,
refers to the number of variables included in the calculation
(i.e., number of different types of data). AnN × N density
matrix is then generated to combine the resultant multidi-
mensional vectors. The vectors are subsequently truncated

(25) Kueltzo, L. A.; Ersoy, B.; Ralston, J. P.; Middaugh, C. R.
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case study.J. Pharm. Sci.2003, 92 (9), 1805-20.
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into a smaller dimension (typically three) on the basis of
their eigenvectors and corresponding eigenvalues determined
from the density matrix. The resultant three-dimensional
vectors are converted into a color plot in the corresponding
temperature-pH region using an arbitrary color system of
red, green, and blue. Regions of similar colors represent pH
and temperature ranges within which the structural data of
the protein are substantially coherent.

Effect of Polyanions. Heparin, phytic acid (inositol
hexaphosphate), and sucrose octasulfate (SOS) were used
as representative compounds to study the effect of polyanions
on the thermal stability of FGF20. Each of these solutes was
used at a concentration of 50-fold weight excess (solute:
protein, w/w) in a pH 7, 100 mM phosphate buffer. A protein
concentration of 0.2 mg/mL was used for all the experiments
described below.

The same instrument and experimental procedure that are
described above were used for CD analysis. Intrinsic
fluorescence spectra of FGF20 in the presence and absence
of polyanions were collected using a Jasco FP-6500 spec-
trofluorometer. The samples were excited at 280 nm, and
emission spectra were collected from 295 to 400 nm.
Emission spectra were collected from 10 to 80°C at 2.5°C
intervals with a 5 min equilibration time at each temperature
point. Spectra of buffers containing different polyanions were
also collected and subtracted from the sample spectra as
blanks. The center of spectral mass method was also used
to determine the fluorescence emission maximum.

DSC thermograms were collected with a VP-DSC device
from Microcal LLC (Northampton, MA). Thermograms were
recorded from 10 to 90°C at a scan rate of 1°C/min under
a pressure of 25 psi. Buffers containing different polyanions
were also scanned, and these thermograms were subtracted
from the corresponding sample data as blanks. The data were
converted into molar heat capacity, and transition tempera-
tures were determined using Microcal Origin. Further
thermodynamic analysis was not attempted due to the
irreversibility of the observed transitions.

Results
Aggregation of FGF20.FGF20 aggregates and precipi-

tates from solution under acidic pH conditions. As mentioned
above, gross precipitation of FGF20 is observed during dial-
ysis at pH 3-5.5, with little protein remaining in solution at
pH 3-4.5. The optical density of FGF20 solutions at 350 nm
(OD350) was measured to monitor the protein’s aggregation
behavior induced by temperature increases between pH 5 and
8. As shown in Figure 1, increases in optical density at high
temperatures can be related to increased particle size due to
aggregation, while a later drop in the signal reflects gross pre-
cipitation (settling) of the protein. The heat-induced aggrega-
tion behavior of FGF20 is strongly pH dependent. At pH 5,
the maximum OD350 is observed at∼46 °C, which increases
to 52°C at pH 5.5 and further to∼60 °C at pH 6-8. At pH
5, the increase in OD can be detected as low as 30°C.

Tertiary Structure of FGF20. The intrinsic fluorescence
of the single Trp residue in FGF20 was monitored as a probe

for tertiary structure changes. The actual emission maximum
of 329 nm was observed for FGF20 over the entire pH range
of 5-8 at 10°C, suggesting no change in the microenviron-
ment of the Trp residue over this pH range. The Trp emission
peak position is plotted as a function of pH and temperature
in Figure 2A. Note the peak position data presented in the
plot are determined by a center of spectral mass method.
The emission maximum wavelengths determined by this
method are approximately 14 nm higher than the actual
values (i.e., 329 nm at 10°C). This method is used, however,
due to the better precision of the final data. The trends in
peak position changes as a function of temperature are still
described well by this approach. The emission maximum
shifts to a higher wavelength after the conformational change,
suggesting an increased level of exposure of the single Trp
residue to the solvent. Effects of pH on the thermal transition
temperature of FGF20 similar to those detected in turbidity
measurements and derivative UV absorption analysis are
observed (see below), with pH 5 manifesting the transition
at the lowest temperature (near 40°C).

ANS binds primarily to apolar sites on proteins, which
often results in an increase in the dye fluorescence intensity
and a shift of its emission maximum to a lower wavelength.
Electrostatic interactions may also be involved in the binding
since ANS molecules are negatively charged. Figure 2B
illustrates ANS fluorescence intensities at its emission
maximum as a function of pH and temperature. A temper-
ature-induced transition was detected at all pH values, with
ANS fluorescence intensity increasing at the transition. Thus,
FGF20 appears to undergo a conformational change as the
temperature increases, exposing apolar binding sites. The
transition temperatures detected with ANS fluorescence are
several degrees lower than those determined by the other
techniques. A pH dependence similar to that of the transition
temperatures, however, is still observed.

High-resolution derivative UV absorption spectroscopy
monitors changes in the microenvironment of all three

Figure 1. Aggregation behavior of FGF20. Optical densities
at 350 nm (OD350) are recorded as a function of temperature
for FGF20 at pH 5-8.
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aromatic residues, providing a more global picture of the
behavior of the tertiary structure than intrinsic fluorescence
since these residues are dispersed throughout the protein’s
structure. Structural changes of the protein can be probed
by monitoring shifts in the individual absorption peaks
resolved by derivative analysis.26 In this case, to better
resolve each individual absorption peak, fourth-derivative
absorption spectra were obtained instead of the more
commonly used second-derivative analysis. As illustrated in

Figure 3, seven positive peaks were identified corresponding
to Phe (253, 259, 264, and 269 nm), Tyr (278 nm), Tyr/Trp
(285 nm), and Trp (293 nm). The wavelength positions of
these peaks are followed as a function of pH and temperature
to detect potential conformational changes of the protein. A
major effect of pH on peak position was observed at pH 4.5
compared to the other pH conditions examined at 10°C
(Figure 4). A peak shift of∼0.5 nm is observed with the
peaks at 259 and 285 nm, while the Trp peak at 293 nm
exhibits an even larger change of nearly 2 nm. This suggests
a large alternation in the tertiary structure of FGF20 below
pH 5. Significant changes in peak position were also
observed at elevated temperatures due to temperature-induced

(26) Mach, H.; Volkin, D. B.; Burke, C. J.; Middaugh, C. R. Ultraviolet
absorption spectroscopy.Methods Mol. Biol.1995, 40, 91-
114.

Figure 2. Intrinsic and extrinsic fluorescence of FGF20. Trp
fluorescence emission peak positions of FGF20 at pH 5-8
are plotted as a function of temperature (A). The excitation
wavelength is set at 295 nm (>95% Trp fluorescence).
Emission peak positions are determined by a center of
spectral mass method. ANS fluorescence intensities at 480
nm of FGF20 are plotted as a function of temperature (B). A
molar ratio of 20:1 ([ANS]:[protein]) and an excitation wave-
length of 372 nm were used. Data are normalized to the
intensity at 10 °C at each pH value.

Figure 3. Representative UV absorbance spectrum of FGF20
(- - -) and its fourth derivative (s). Seven individual absorp-
tion peaks are resolved as positive peaks in the fourth-
derivative spectra. The spectrum was obtained at a protein
concentration of 0.2 mg/mL at 10 °C and pH 7.

Figure 4. Fourth-derivative UV absorption spectroscopy
analysis of FGF20. Absorption peak positions around 259
(Phe, A), 285 (Tyr/Trp, B), and 293 nm (Trp, C) for FGF20 at
pH 4.5 (squares) and pH 7 (circles) are plotted as a function
of temperature. Significant shifts in peak positions are ob-
served with these three peaks at low temperatures between
pH 4.5 and 7.
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conformational changes and subsequent aggregation of the
protein. Gross precipitation of the protein causes the data to
become very noisy after the major transition. These data are
better summarized using the empirical phase diagram ap-
proach described below.

Secondary Structure of FGF20.The far-UV CD spectra
of FGF20 manifest a positive peak at 227 nm and a negative
signal near 207 nm (Figure 5A), which is typical for proteins
of the FGF family.4 Other proteins that have extensive
â-trefoil structure such as hisactophilin also share the spectral
feature at 205-208 nm.27 Presumably, the positive peak at
227 nm arises from aromatic residues and reflects specific
tertiary structure features of the protein, while the secondary
structure component produces theâ-like negative signal at
207 nm.28,29At elevated temperatures, a broad minimum near
216 nm was observed with the CD spectra of FGF20. This
may reflect the presence of intermolecularâ-sheet formed
during protein association at high temperatures. The CD
signals at 207 and 227 nm were both monitored as a function
of temperature at different pH values (Figure 5B,C). A major
temperature-induced transition is seen, accompanied by
precipitation of the protein. A significant decrease in the
magnitude of the CD signals is observed at both wavelengths
throughout the entire pH range that was examined. There is
no significant difference between the transition temperatures
determined at these two different wavelengths. The protein
at pH 5 appears to be the most labile with a melting
temperature of∼40 °C.

Empirical Phase Diagram. To better summarize the
behavior of FGF20 under the pH and temperature conditions
that were investigated, an empirical phase diagram was
constructed from pH 4.5 to 8 using data from fourth-
derivative UV absorption spectra (the seven positive peak
positions were used as the initial seven components in
vectors). As illustrated in Figure 6A, two phases can be
identified in the low-temperature region. A major phase
corresponding to presumably the native state of the protein
exhibits a unified green region from pH 5 to 8. A second
phase exists at pH 4.5 from 10 to 30°C, suggesting the
altered structure of FGF20 under these conditions. A major
temperature-induced conformational change causes the pro-
tein to aggregate at elevated temperatures, which leads to
the third phase with varied colors. Gross precipitation of
FGF20 causes the solution to be less homogeneous, and the
absorption peak position data are quite noisy, which leads
to the color dispersion phenomenon observed in this phase.

The phase transition temperatures, at which abrupt color
changes occur in the phase diagram, indicate the relative

(27) Liu, C.; Chu, D.; Wideman, R. D.; Houliston, R. S.; Wong, H.
J.; Meiering, E. M. Thermodynamics of denaturation of hisacto-
philin, aâ-trefoil protein.Biochemistry2001, 40 (13), 3817-27.

(28) Woody, R. W.; Dunker, A. K., Aromatic and Cystine Side-Chain
Circular Dichroism in Proteins. InCircular Dichroism and the
Conformational Analysis of Biomolecules; Fasman, G. D., Ed.;
Plenum Press: New York, 1996; pp 109-58.

(29) Venyaminov, S. Y.; Yang, J. T. Determination of Protein
Secondary Structure. InCircular Dichroism and the Conforma-
tional Analysis of Biomolecules; Fasman, G. D., Ed.; Plenum
Press: New York, 1996; pp 69-109.

Figure 5. Far-UV CD analysis of FGF20. CD spectra of
FGF20 (A) at pH 7 are recorded at 10 (squares) and 70 °C
(circles). CD signals of FGF20 at 207 (B) and 227 nm (C) are
measured as a function of temperature. There is no significant
difference between the transition temperatures determined at
these two different wavelengths.
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thermal stability of the protein at different pH values. The
greatest thermal stability is observed near neutral pH.

Data from CD (molar ellipticity at 207 and 227 nm) and
intrinsic fluorescence (emission maximum) experiments were
used to generate a second phase diagram from pH 5 to 8
(Figure 6B). This includes information about both the
secondary and tertiary structure of the protein. Two major
phases with more uniform color are resolved using this
approach. The pH dependence of the transition temperature
is again well defined, with phase boundaries detected near
40 °C at pH 5, 48°C at pH 5.5, and up to 52°C at pH 6-8.

Effect of Polyanions.The effects of polyanions on the
conformation and thermal stability of FGF20 were first
examined using far-UV CD and intrinsic fluorescence
spectroscopy. Heparin is used as a typical high-molecular
mass polyanion, while phytic acid and sucrose octasulfate
(SOS) are used as representative low-molecular mass pol-
yanions. All solutes were used at a concentration of 50-fold
weight excess (solute:protein, w/w) in a pH 7, 100 mM
phosphate buffer. No apparent effects of these solutes on
the native conformation of FGF20 were observed on the basis
of CD and fluorescence experiments. As illustrated in panels
A and B of Figure 7, the presence of phytic acid and SOS
causes the apparentTm to increase by only 3-4 °C, while a
much greater stabilizing effect is observed in the presence
of heparin. In the fluorescence experiments, the decrease in
the emission maximum observed at high temperatures may
reflect the increased light scattering caused by aggregation
and precipitation of FGF20.

DSC was also used to study the effects of these polyanions
on the thermal stability of FGF20. As illustrated in Figure
7C, the DSC thermogram of FGF20 exhibits a broad
endothermic transition followed by an exothermic signal
corresponding to aggregation and precipitation of the protein.
The presence of polyanions significantly enhances the
thermal stability of FGF20, with heparin exhibiting the
greatest increase inTm (∼12 °C). An increase of ap-
proximately 1.5 °C is also observed when the buffer
concentration increases from 50 to 100 mM phosphate,
presumably due to either the stabilizing effect of phosphate
ions as polyanions or perhaps the increased ionic strength.

Discussion
Structure of FGF20. FGF20 is a 23 kDa protein of 211

amino acid residues. It is expected to exhibit structural
features similar to those of FGF9 on the basis of their
sequence homology. The secondary structure of FGF20
appears to be dominated byâ-sheet. Far-UV CD spectra of
FGF20 exhibit features typical for proteins containing
â-trefoil structure, which appears to be a common feature
of the FGF family. The necessary presence of sodium sulfate
in these studies causes the CD spectra below 205 nm to not
be resolvable, preventing an estimate of the amount of each
secondary structural component using computational meth-
ods. In contrast to that of FGF1 and some other members of
the FGF family, the intrinsic fluorescence of the single Trp
residue in FGF20 is not quenched in its native state, with
significant fluorescence intensity detected when the Trp
residue is selectively excited at 295 nm. The Trp residue
appears to sit in a different environment compared to that in
FGF1, which is confirmed by structure-based sequence
alignment among FGF1, FGF9, and FGF20, as well as the
lack of a quenching His residue in FGF20.16,21 Similar to
FGF9, FGF20 also appears to exist as a dimer, exhibiting
an approximate molecular mass of∼46 kDa (not illustrated).

Effects of pH, Temperature, and Polyanions.Like other
FGF family members, FGF20 appears to be unstable at acidic
pH. Adjusting the solution pH to values below 5 causes

Figure 6. Empirical phase diagrams of FGF20. Empirical
phase diagrams of FGF20 at pH 4.5-8 are first constructed
from UV absorption spectroscopy data using the seven
absorption peaks resolved by derivative analysis (A). Two
phases are observed in the low-temperature region at pH 4.5
and 5-8. A second phase diagram at pH 5-8 (B) is
constructed using CD (signals at 227 and 207 nm) and
intrinsic fluorescence (emission peak wavelength) data. Two
major phases at low and high temperatures are resolved.
Empirical phase boundaries are clearly seen as the temper-
ature and pH are varied. FGF20 at near-neutral pH exhibits
the highest thermal stability.
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severe aggregation and precipitation of the protein. No effect
of pH on the native structure of FGF20 is observed from
pH 5 to 8. FGF20 exhibits a major temperature-induced
structural transition followed by protein aggregation. Much
lower transition temperatures are observed at pH 5 and 5.5
compared to those at more neutral pH. Unlike some FGF
family members, FGF20 exhibits a transition temperature
significantly above physiological temperature under the
conditions of this study. ATm of ∼55 °C is seen for the
protein in a pH 7, 100 mM phosphate buffer using DSC
analysis.

Molten globule-like states are often observed with FGFs,
in which their native secondary structure is retained while
the tertiary structure is substantially altered. For example,
transition temperatures of FGF1 determined by CD signal
changes appear to be 5-7 °C higher than those determined
from fluorescence intensity changes,4 suggesting the presence
of a molten globular state. This phenomenon is not, however,
observed with FGF20 in this work. This could reflect the
stabilization provided by the presence of sodium sulfate. It
is also possible that the effects of severe aggregation and
precipitation immediately after the initial structural change
dominate the temperature-induced signal changes for both
CD and fluorescence measurements, preventing differences
in the apparentTm from being unambiguously detected. Thus,
partially unfolded states of FGF20 may still exist, but their
detection may require additional experimental approaches.

As illustrated by CD, intrinsic fluorescence, and DSC
analysis, interactions between polyanions and FGF20 can
significantly enhance its thermal stability like some of the
members of the FGF family. Previous studies of FGF9
suggest the presence of three potential heparin/polyanion
binding sites on its surface. The first site consists of Arg180,
Tyr163, and Arg 161. The three basic residues, Arg137,
Lys154, and Arg161, are involved in the second site, while
the third primarily contains Arg173 and Arg177.21 All eight
of these residues are conserved in FGF2016 and form clusters
of positively charged residues potentially available for
interaction with polyanions.

Empirical Phase Diagram.The empirical phase diagram
approach provides an intuitive way to visualize the ability
of FGF20 to respond to pH and temperature. The noisy peak
wavelength data from derivative analysis of absorption
spectra are summarized well in the phase diagram. Structural
alternations induced by a pH of<5 are manifested as a
distinct color change at low temperatures. Effects of pH on
the thermal stability of FGF20 are more clearly demonstrated
in the phase diagram constructed using CD and fluorescence
data, with empirical phase boundaries detected over different
temperature ranges at different pH values. For example,
unlike the phase diagram constructed from UV absorbance
data, the abrupt color change observed at pH 5.5 occurs at
a temperature∼8 °C higher than that detected at pH 5. These
apparent phase boundaries can be further used to determine
potential solution conditions in accelerated stability studies
of the protein. For FGF20, a pH of∼7 and a temperature
range of 45-50 °C can be chosen as initial conditions.

Figure 7. Effects of polyanions (phosphate, phytic acid,
sucrose octasulfate, and heparin) on the thermal stability of
FGF20. Effects of polyanions on the thermal stability of FGF20
at pH 7 are examined by CD (CD signals at 227 nm, A),
intrinsic fluorescence (emission peak positions, B), and DSC
(C) analysis in the presence and absence of three representa-
tive polyanions (at a 50-fold weight excess of polyanins to
protein). The greatest stabilizing effects are observed in the
presence of heparin.
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Techniques such as optical density and fluorescence mea-
surements can then be easily adapted to a microtiter plate
format and used to screen for potential stabilizers of FGF20.
Thus, the first structural analysis of this important growth

factor provides a tool for the development of pharmaceutical
formulations.
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