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Abstract: Acidic fibroblast growth factor-1 (FGF-1) is an angiogenic protein which requires binding
to a polyanion such as heparin for its mitogenic activity and physicochemical stability. To evaluate
the extent to which this heparin dependence on solution stability could be reduced or eliminated,
the structural integrity and conformational stability of 10 selected FGF-1 mutants were examined
as a function of solution pH and temperature by a series of spectroscopic methods including
circular dichroism, intrinsic and extrinsic fluorescence spectroscopy and static light scattering.
The biophysical data were summarized in the form of colored empirical phase diagrams (EPDs).
FGF-1 mutants were identified with stability profiles in the absence of heparin comparable to that
of wild-type FGF-1 in the presence of heparin while still retaining their biological activity. In
addition, a revised version of the EPD methodology was found to provide an information rich, high
throughput approach to compare the effects of mutations on the overall conformational stability of

proteins in terms of their response to environmental stresses such as pH and temperature.
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Introduction

Acidic fibroblast growth factor-1 (FGF-1) is a potent
angiogenic factor being investigated as a pro-angio-
genic biopharmaceutical drug candidate for treat-
ment of ischemic disease, including wound healing
in diabetic ulcers, peripheral artery disease, and
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nontreatable (i.e. “no option”) coronary occlusions.’™

Significant hurdles, however, remain in the success-
ful realization of FGF-1 as a biopharmaceutical
drug, principally related to its intrinsically low ther-
modynamic stability® in conjunction with three reac-
tive cysteine residues (free thiols) buried within the
protein interior.® These features contribute to irre-
versible unfolding and aggregation of this 16 kDa
protein during production and storage, with associ-
ated negative consequences for shelf-life, potency,
and immunogenicity.

A substantial number of formulation studies
have been performed on FGF-1 with the goal of
identifying pharmaceutical excipients that can
stabilize the protein during long term storage and
administration.”® FGF-1 has significant affinity for
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polyanions such as heparin/heparan sulfate, which
as formulation additives can dramatically stabilize
FGF-1 against unfolding by both heat and extremes
of pH™ as well as against metal catalyzed oxidation
of free cysteine residues.”® Based on these observa-
tions, FGF-1 for human therapeutic use has been
formulated with the addition of both heparin and
antioxidants. The use of heparin as an excipient,
however, adds considerable complexity including
increased expense, its own pharmacological proper-
ties (e.g., as an anticoagulant), animal derived mate-
rial from pig tissues (with potential for infectious
contamination), and the possible induction of
adverse inflammatory or allergic reactions in a seg-
ment of the targeted patient population. Thus,
although heparin or related polyanions used as for-
mulation additives solve the FGF-1 stability issue,
they introduce other undesirable properties.

An alternative approach to the use of co-sol-
utes to increase protein stability is to directly alter
the protein’s physical properties by chemical modi-
fication or mutagenesis. One approach that has
been used to increase the circulating half-life of
proteins is “PEGylation” [covalent attachment of
polyethylene glycol (PEG), a biocompatible poly-
mer]. This increases the molecular mass of a pro-
tein and thereby reduces renal clearance (i.e., glo-
merular filtration of biomolecules is size
dependent) and substantially increases the circu-
lating half-life.’! Furthermore, the attached PEG
molecule can mask regions of the protein surface
that would otherwise be susceptible to proteolytic
attack or immune recognition, increasing the circu-
lating half-life and reducing immunogenicity.'?
PEGylation has either little effect or destabilizes
the thermodynamic stability of proteins®®; thus,
the beneficial properties of PEGylation are primar-
ily associated with modulation of renal clearance
and reduction of the irreversible pathways associ-
ated with degradation and insolubility. One prob-
lem with PEGylation is that it can interfere with
functional regions on the protein’s surface, reduc-
ing receptor/ligand affinity by two or more orders
of magnitude.?*

Mutating proteins to improve properties for
human therapeutic application is a practical
approach since over 30 mutant proteins have been
approved for use as human biopharmaceuticals.'®
These include mutations that contribute to increased
yields during purification, increased in vivo func-
tional half-life, or improved activity. Examples
include mutations of buried free-cysteine residues in
beta-interferon  (Betaseron®) and interleukin-2
(Proleukin®) as well as other mutations hypothe-
sized to increase thermostability. Thus, a mutational
approach to improve the physical properties of pro-
teins is a viable route to develop “second-generation”
protein biopharmaceuticals.

Alsenaidy et al.

In the present report, mutations are introduced
into human FGF-1 with the goal of altering the tem-
perature and pH stability profile to more closely
resemble that of FGF-1 in complexation with hepa-
rin. These mutations target increases in thermo-
stability as well as a reduction in the number of bur-
ied free cysteine residues. Furthermore, these
mutations select positions with limited surface
accessibility. Using empirical phase diagrams
(EPDs) to broadly assess the structural integrity of
proteins in response to variations in pH and temper-
ature, mutants of FGF-1 are identified to achieve
the design goal of matching, or exceeding, the pro-
tective effects of heparin as an additive.'®'” These
represent potential “second-generation”
forms of FGF-1 that may be successfully formulated
for use as a human therapeutic in the absence of
heparin.

We also take advantage of the revised EPD
approach used in this study to compare the relative
conformational stability of FGF-1 mutants to assess
the value and utility of this multidimensional vector
based approach as a novel analytical comparability
tool.181? Comparability assessments in biopharma-
ceutical development are conducted to determine the
similarities (and differences) of various preparations
of a biopharmaceutical drug used in clinical develop-
ment in terms of a protein drug’s physicochemical
properties as they relate to its safety and effi-
cacy.22! Currently, one of the major analytical chal-
lenges in this area is to identify new biophysical
approaches that complement in vitro/in vivo potency
assays to better assess higher order structure and
conformational stability of biopharmaceutical drug
candidates. Although the series of FGF-1 mutants
evaluated in this study are different molecular enti-
ties, the updated EPD data analytical approach used
in this study could potentially be applied to biophar-
maceutical comparability assessments of different
preparations of the same protein drug.

mutants

Results

Selection of FGF-1 mutants

A combination of wild-type (WT) and 10 different
FGF-1 mutants were chosen for analysis in this
study. The mutant proteins were developed via a se-
ries of protein stability and folding studies with
FGF-1 and were identified experimentally as having
enhanced stability, functional half-life, or mitogenic
activity.>222% The previously described thermody-
namic stability properties and available in vitro mi-
togenic activity as well as in vivo half-life values are
summarized in Table I. The rationale used for the
selection of mutants examined in this study is based
on the results in Table I (WT FGF-1 and mutants
are labeled A-L). For example, the L26D/H93G (C)
mutant (developed as part of a study evaluating the
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Table I. Summary of Stability Parameters and Biological Activity Values for WT' FGF-1 and 10 FGF-1 Mutants

AAG EC50 (ng/mL) EC50 (ng/mL) Half-life Heparin
FGF-1 protein (reference) Symbol (kJ/mol) (—) heparin (+) heparin (h) Binding
Group I
WT (without and with heparin) A and B — 58.4 + 254 0.48 + 0.08 1.0 Yes
L26D/H93G>® o) -0.9 N.A. N.A. N.A. Yes
C83T/C117V/K12V® D -19 0.93 + 0.25 0.36 = 0.12 40.4 Yes
P134V/C117V?* E -8.8 46.8 + 6.7 N.A. N.A. Yes
K12V/C117V* F -9.3 42+ 1.7 N.A. N.A. Yes
AB6C (oxi)2"46 G -10.2 5.43 * 3.96*¢ 0.36 = 0.20* 14.246 Yes
K12V/C117V/P134V?4 H -19.1 1.80 * 0.90 N.A. N.A. Yes
Group II
C83T/C117V/L44F/F132W* I —0.4 0.74 *= 0.19 0.51 = 0.15 42.6 Yes
SYM6AA/K12V/P134V? J -35 741 *+ 302 N.A. N.A. No
Symfoil-4P%¢ K —44.1 N.A. N.A. NA. No
SYM10AA%® L —47 N.D.29 N.A. N.A. No

Conformational stability (AAG), mitogenic activity (EC50), and in vivo half values are listed from the references provided.
FGF-1 proteins in Group I contain a single Trp residue which is quenched at the native state. FGF-1 proteins in Group II
contain either an unquenched Trp residue in the native state or do not contain the Trp residue. N.A., not available; N.D.,

not detected.

effect of the consensus B-turn motif Asx-Pro-Asx-Gly
on FGF-1 stability and folding®®) combines a destabi-
lizing mutation (L26D), and an essentially off-setting
stabilizing mutation (H93G), resulting in the overall
thermostability essentially unchanged in comparison
to WT FGF-1 (A) (AAG = 0.9 kdJ/mol). This mutant
is therefore a thermostability control for the EPD
analysis. Two of the FGF-1 mutants [SYM6AA/
K12V/P134V (J) and SYM10AA (L)] were selected to
evaluate the effect of significantly elevated thermo-
stability. These mutants (developed to test the effect
of symmetry on FGF-1 protein folding and
design???°) exhibit diminished mitogenic activity
towards 3T3 fibroblasts, which is postulated to be
due to an effect of enhanced stability which prevents
structure (dynamic) changes essential to the forma-
tion of receptor complexes.?? Alternatively, the
P134V/C117V (E) mutant has enhanced stability
(AAG = —9.3 kd/mol) yet exhibits similar mitogenic
activity in comparison to WT FGF-1 (A). Other
examples include K12V/C117V (F) and K12V/C117V/
P134V (H) which are stabilizing mutations that, in
the absence of heparin, achieve similar mitogenic po-
tency to that of WT formulated in the presence of
heparin (mutants E, F, and H were designed to sta-
bilize N- and C-termini pB-strand interactions, a
region of known structural weakness within FGF-
1?*) The mutants C83T/C117V/K12V (D), C83T/
C117V/L44F/F132W (I), and oxidized A66C (G) have
eliminated one or more free thiols, in comparison to
WT FGF-1 (A). These mutations substantially
increase their in vitro functional half-life with vary-
ing effects on thermostability (by mutating exclu-
sively at solvent-inaccessible positions, thereby limit-
ing immunogenic potential®??). Finally, Symfoil-4P
(K), a synthetic ultra stable B-trefoil protein
(designed as a hyperthermophile, purely symmetric
polypeptide?®29), was selected to evaluate its EPD
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profile in the context of its use as a nonfunctional
protein engineering “scaffold.”®® For the biophysical
characterization work performed in this study, the
FGF-1 mutants in Table I were subdivided into two
groups (I and II) due to the significant differences in
their intrinsic fluorescence behavior (see “Methods
section”).

Due to the large amount of biophysical stability
data generated in this work for WT FGF-1, both
with and without heparin, as well as the 10 mutants
of FGF-1, one mutant [K12V/C117V/P134V or (H) in
Table I] was selected as an example to be compared
with WT FGF-1 with heparin (B in Table I) and
without heparin (A in Table I) in the main text. The
data generated in this study for the other nine FGF-
1 mutants are provided in Supporting Information.
The biophysical characterization of WT FGF-1 in the
presence and absence of heparin by the original
EPD methodology has been determined previously,*°
but was repeated in this work to provide a direct
comparison to the FGF-1 mutants, especially in
terms of evaluating of stability profiles using the re-
vised EPD methodology.

Biophysical measurements of FGF-1 and
mutants

Circular dichroism. Far-ultraviolet (UV) circular
dichroism (CD) analysis was used to characterize
the secondary (and tertiary) structure of WT FGF-1
(A in Table I), WT FGF-1 with heparin (B in Table I),
and 10 mutants of FGF-1 (C-L in Table I). The
mutant K12V/C117V/P134V was selected as an exam-
ple to represent CD spectra at different solution pH
values (pH 3-8) at 10°C (Fig. 1A). The CD spectra of
K12V/C117V/P134V from pH 4 to 8 are similar in-
nature, with a broad positive peak at around 228 nm
and a strong negative peak mnear 205 nm.

EPD Approach to Investigate Conformational Stability
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Figure 1. Far UV CD analysis of WT FGF-1 and a representative FGF-1 mutant. (A) CD spectra of the K12V/C117V/P134V
mutant measured at 10°C at different pH values. (B-D) CD signal at 228 nm as measured as a function of temperature at
indicated pH values for (B) K12V/C117V/P134V, (C) WT FGF-1, and (D) WT FGF-1 with heparin. Data points are an average of
two independent analyses. Complete CD data sets for the other nine FGF-1 mutants are provided in Supporting Information
section. See Table | for a further description of each mutant including K12V/C117V/P134V (H in Table I). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

The negative peak near 205 nm is consistent with
the expected class II B-protein structure.>3° The
positive band at 228 nm is presumably a combina-
tion of contributions from pB-turns, loops and aro-
matic side chains®'™33 and is potentially tertiary
structure sensitive. At pH 3, the positive peak at
228 nm is greatly diminished, which suggests an
alteration of protein tertiary structure under acidic
conditions. Because significant secondary structure
still appears preserved, this suggests the possible
preserve of a molten globule state.?**®* WT FGF-1
(with and without heparin) display similar CD
spectra from pH 5 to 8 with a positive peak at 228
nm and a negative peak at 205 nm (Supporting In-
formation Figs. 1A and 2A). For WT FGF-1 without
heparin at pH 3 as well as WT FGF-1 with heparin
at pH 3-4, the CD spectra show a negative peak
broadened toward 215 nm, which could be

Alsenaidy et al.

explained by the formation of intermolecular
B-sheet structure.®"° At pH 4, WT FGF-1 without
heparin shows a CD spectrum similar to K12V/
C117V/P134V at pH 3, with only a negative peak at
205 nm (Supporting Information Fig. 1A).

To monitor structural changes of the proteins,
CD signals at 228 nm were collected as a function of
temperature from 10 to 90°C. At elevated tempera-
ture, the positive peak diminished under all pH con-
ditions examined, whereas the negative peak shifted
toward 215 nm (data not shown). As a result, at pH
5-8, the CD signals at 228 nm decreased from posi-
tive to negative as the temperature increased, as
shown in Figure 1C for mutant K12V/C117V/P134V,
Figure 1B for WT FGF-1, and Figure 1D for WT
FGF-1 with heparin. This structural transition
occurs between 40 and 50°C for WT FGF-1, 50-60°C
for K12V/C117V/P134V and 60-70°C for WT FGF-1

PROTEIN SCIENCE ‘ VOL 21:418-432 421
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Figure 2. Intrinsic fluorescence analysis of WT FGF-1 and a representative FGF-1 mutant. (A) Fluorescence emission spectra
(excited at 280 nm) of the K12V/C117V/P134V mutant measured at 10°C at different pH values. (B-D) Fluorescence intensity ratio
(Is05/1330) @s measured as a function of temperature at indicated pH values for (B) K12V/C117V/P134V, (C) WT FGF-1, and (D) WT
FGF-1 with heparin. Data points are an average of two separate experiments. Complete intrinsic fluorescence data sets for other
nine FGF-1 mutants are provided in Supporting Information section. See Table | for a further description of each mutant including
K12V/C117V/P134V (H in Table I). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

in the presence of heparin. Thus, K12V/C117V/
P134V shows a significantly higher thermal stability
than WT FGF-1, although it is still less stable than
WT FGF-1 with heparin.

The CD thermal transitions monitored at 228
nm at pH 34 are different when comparing K12V/
C117V/P134V, WT FGF-1, and WT FGF-1 with hepa-
rin, for example, for K12V/C117V/P134V at pH 4,
the CD signal at 228 nm shows a similar positive to
negative transition as pH 5-8, albeit at lower tem-
perature (30°C). In contrast, the CD signal at 228
nm for K12V/C117V/P134V at pH 3 does not show a
major structural transition. Similarly, WT FGF-1 at
pH 3-4 does not show any significant structural
transitions. In contrast, WT' FGF-1 with heparin at
pH 3—4 shows a transition from negative to less neg-
ative ellipticity, probably due to the precipitation of
protein out of solution.

422 PROTEINSCIENCE.ORG

Intrinsic fluorescence spectroscopy. Intrinsic
fluorescence spectra were used to monitor the terti-
ary structure of WT FGF-1 (with and without hepa-
rin) as well as the 10 FGF-1 mutants. Because the
WT FGF-1 contains eight Tyr and a single Trp resi-
due quenched in the native state, the proteins were
excited at 280 nm to simultaneously collect fluores-
cence from both Tyrosine and Trp residues. The
intrinsic fluorescence spectra of K12V/C117V/P134V
at 10°C are displayed in Figure 2A. The spectra
from the mutant at pH 5-8 have a single peak at
305 nm, which corresponds to the emission of Tyr
residues. In contrast, the spectra at pH 3 show a
major peak at 305 nm, but a significant broad
shoulder at 340 nm, which corresponds to the emis-
sion of the previously quenched Trp residues. Trp
fluorescence is not observed at pH 5-8 because when
the protein is properly folded at near neutral pH

EPD Approach to Investigate Conformational Stability



conditions, the fluorescence of the single Trp residue
is quenched by positive charges from neighboring
His and Lys residues.®®® At pH 3, the structure of
WT FGF-1 is altered, and the nearby His and Lys
side chains are moved away from the indole ring of
Trp, resulting in dequenching of Trp fluorescence.
The intrinsic fluorescence spectrum of the K12V/
C117V/P134V mutant at pH 4 show intermediate
behavior compared with pH 3 and 5-8. The intrinsic
fluorescence spectra of WT FGF-1 and WT FGF-1
with heparin at 10°C are shown in Supporting Infor-
mation Figures 1C and 2C, respectively. The fluores-
cence spectra for WT FGF-1 both with and without
heparin at pH 3—4 is composed of contributions from
Trp and Tyr, whereas Tyr contributions dominate as
described above for pH 5-8.

The ratio of the fluorescence intensity at 305 nm
and 330 nm (I3¢5/I330) has been shown to sensitively
monitor the change in FGF-1 tertiary structure as a
function of pH or temperature.’’ A higher value (~ 3)
of I305/I330 for proteins in Group I (see Table I) indi-
cates a more native-like, properly folded structure,
whereas a lower value (~1) indicates altered struc-
ture. Thus, intrinsic fluorescence spectra were
obtained from 10 to 90°C at 2.5°C intervals and
I305/I330 values were calculated and plotted as a func-
tion of temperature to monitor changes in tertiary
structure for the K12V/C117V/P134V mutant and WT
FGF-1 with and without heparin (Fig. 2B-D).

As shown in Figure 2B for the K12V/C117V/
P134V mutant at pH 3, the fluorescence intensity
ratio started at ~1 and increased gradually as the
temperature was increased, without any obvious
structural transition, indicating that the higher
order structure is already altered at pH 3 at 10°C.
In contrast, the fluorescence intensity ratio for pH
5-8 started at about 3 and then decreased to ~0.7.
The fluorescence intensity ratio for the mutant at
pH 4 is between the values observed at pH 3 and pH
5-8 (starting at ~2 and decreasing to ~1.1 between
25 and 40°C). The thermal transitions for the mu-
tant occurred between 20 and 55°C for pH 4-7, with
an apparent bi-phasic transition observed between
pH 5 and 8. The first transition is more gradual
than the second phase. For WT FGF-1 with and
without heparin, the fluorescence intensity ratio at
both pH 3 and 4 shows no obvious structural transi-
tions, indicating the expected structural alterations
in WT FGF-1 at both pH values. In contrast, for pH
5-8, the ratio quickly decreased from 3 to ~0.7. By
comparing the temperature at the completion of this
structural transition for pH 5-8, the transition
ended at ~45°C for WT FGF-1, ~55°C for the K12V/
C117V/P134V, and about 60°C for WT FGF-1 with
heparin.

For FGF-1 mutant proteins in Group II (see
Table I), however, the ratio of the fluorescence inten-
sity at 305 nm and 330 nm (I305/133¢) has a different
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biophysical meaning because these mutants contain
either an unquenched or missing Trp residue. Both
a His and Lys residue, which quench the Trp residue
in WT FGF, were deleted from SYMG6AA/K12V/
P134V (J in Table I) and SYM10AA (L in Table I).
Thus, the I5p5/l330 value is close to 1 even in the
native state of protein (Supporting Information Figs.
4F and 5F). In contrast, C83T/C117V/L44F/F132W (I
in Table I) has one extra Trp residue, which is not
quenched in the native state. As a result, the I305/
I330 value is below 1 across the temperature range
from pH 3 to 8 (Supporting Information Fig. 8F). In
the case of Symfoil-4P (K in Table I), the protein
contains no Trp residues but does have three Tyr
residues, so the I3g5/I33¢ value is above 3 up to 70—
80°C (Supporting Information Fig. 6F). Due to the
difference of Isg5/ls3¢9 values in the native state,
Symfoil-4P (K in Table I) has a different color
scheme in the EPDs (discussed below in Fig. 6) even
in the low temperature region compared with the
other mutants in Group II.

1-Anilino-8-naphthalnesulfonate

fluorescence. 1-Anilino-8-naphthalnesulfonate
(ANS) has been extensively used to detect the expo-
sure of apolar binding sites on the surface of pro-
teins and to detect the presence of molten globule-
like states.?372® At pH 3 and 4, substantial ANS
fluorescence was observed for K12V/C117V/P134V
(Fig. 3A), WT FGF-1 (Supporting Information Fig.
1H), and WT FGF-1 with heparin (Supporting Infor-
mation Fig. 2H) at 10°C. Above pH 5, however,
much less fluorescence is observed in the presence of
these samples at 10°C. Thus, ANS fluorescence spec-
tra indicate that the tertiary structure of FGF-1 is
altered in acidic condition even at low temperature,
consistent with CD and
results.

The ANS fluorescence intensity at 480 nm was
monitored from 10 to 90°C at 2.5°C intervals. K12V/
C117V/P134V manifested an increase in ANS fluo-
rescence intensity at ~40°C for pH 5 and ~50°C at
higher pH values (Fig. 3B). As shown in Figure 3C,
at pH 5-8, WT FGF-1 shows an increase in ANS flu-
orescence intensity starting at 20°C. By including
heparin with WT FGF-1, the onset temperature of
ANS binding was delayed to 55°C for pH 5-8 (Fig.
3D). At pH 3-4, the major trend is a decrease in
ANS fluorescence intensity as temperature increases
for all three proteins. At pH 4, the K12V/C117V/
P134V mutant shows slightly more neutral pH-like
structural transitions (compared with WT FGF-1
with and without heparin), probably because the
K12V/C117V/P134V mutant has more native-like
structure at pH 4.

intrinsic fluorescence

Static light scattering. Both acidic pH conditions

and elevated temperatures cause aggregation/

PROTEIN SCIENCE ‘ VOL 21:418-432 423
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Figure 3. ANS fluorescence analysis of WT FGF-1 and a representative FGF-1 mutant. (A) ANS fluorescence spectra of
K12V/C117V/P134V measured at 10°C at different pH values. (B-D) ANS fluorescence intensity ratio as measured as a
function of temperature at indicated pH values for (B) K12V/C117V/P134V, (C) WT FGF-1, and (D) WT FGF-1 with heparin.
Data points are an average of two independent experiments. The complete ANS fluorescence data sets for the other nine
FGF-1 mutants are provided in Supporting Information section. See Table | for a further description of each mutant including
K12V/C117V/P134V (H in Table I). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

precipitation of WT FGF-1.22 Due to the low protein
concentration used during dialysis, however, no
gross precipitation was observed after dialysis at pH
3—4. The temperature induced aggregation of FGF-1
was followed by the static light scattering (SLS) sig-
nal at 280 nm. As shown in Figure 4A, very little
scattering was observed at low temperatures for the
K12V/C117V/P134V mutant under all pH conditions.
An increase in light scattering intensity started at
~45°C for pH 5-8 and ~55°C for pH 4. No signifi-
cant aggregation could be detected by light scatter-
ing for pH 3 up to 90°C. A decrease in light scatter-
ing signal was observed for pH 5-8 above ~60°C due
to the precipitation of protein. For WT FGF-1 at pH
3, light scattering initiated at a higher level than
other pH conditions, probably due to acidic buffer
induced aggregation, although no obvious visible
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precipitation was observed. The onset of WT FGF-1
aggregation at pH 4-8 started at ~40°C. For WT
FGF-1 with heparin, the light scattering signal for
both pH 3 and 4 started at higher values than all
other pH conditions, immediately followed by a grad-
ual increase and then decrease. This aggregation
started at ~45°C for pH 5 and ~60°C for all other
pH values. At a solution pH between 6 and 8, pro-
tein aggregation started at 40°C, 45°C, and 60°C for
WT FGF-1, K12V/C117V/P134V, and WT FGF-1 with
heparin, respectively. Again, the K12V/C117V/P134V
mutant displayed improved stability under acidic
conditions.

Empirical phase diagrams. The EPD approach

has been developed to combine large amounts of
data from multiple measurements to evaluate the

EPD Approach to Investigate Conformational Stability
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Figure 4. Static light scattering analysis of WT FGF-1 and a representative FGF-1 mutant as a function of temperature at the
indicated pH values. (A) K12V/C117V/P134V, (B) WT FGF-1, and (C) WT FGF-1 with heparin. Data points are an average of two
independent experiments. The complete static light scattering data set for the other nine FGF-1 mutants is provided in
Supporting Information section. See Table | for a further description of each mutant including K12V/C117V/P134V (H in Table I).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

overall conformational stability of proteins and other
macromolecular systems under different environ-
mental stresses.'®!”3 As shown in Figures 5 and 6,
EPDs were generated for WT FGF-1 (with and with-
out heparin) and for the 10 different FGF-1
mutants. All of the measurements as a function of
temperature and solution pH (as described above
and in Supporting Information section) were sum-
marized into RGB color plots in a two-dimensional
space of pH and temperature using the revised EPD
approach described “Method section.” As
explained in more detail in “Method section,” the
EPDs for the FGF-1 mutants were generated in two
groups (I and II). Group I (Fig. 5) includes proteins
A-H in Table I and Group II (Fig. 6) includes pro-
teins I-L in Table I. Colors can be compared directly
within each group. A clustering method was then
used to generate three distinct regions for each
group of EPDs (not each EPD). The location of
boundary of the individual regions can be used to

in
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compare the conformational stability among and
between the two groups.

As shown in Figure 5, the EPD for WT FGF-1
(A) has two distinct regions, a blue area (Region 2)
and a green area (Region 1). The green region
(Region 1) covers the low temperature and neutral
pH range, which represents the native, most stable
form of the protein. A structural transition occurs at
~44°C for pH 6 and 7, which are the most stable pH
conditions for WT FGF-1 (A). Although a third light
blue region is present around the boundary between
Regions 1 and 2, which represents molten globule-
like behavior,>*> this subtle color difference was not
defined as a separate region by this clustering anal-
ysis. On the addition of heparin to WT FGF-1 (B), a
third region (pink) appears between Regions 1 and 2
as well as at low temperatures at pH 3 and 4. The
formation of this third region is primarily due to the
strong negative CD signal at low temperatures for
pH 3 and 4 and at high temperatures at pH 5-8
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Figure 5. Empirical Phase Diagrams (EPDs) for WT FGF-1 (A), WT FGF-1 with heparin (B), and 6 different FGF-1 mutants
without heparin (C-H). The EPDs were constructed based on intrinsic fluorescence intensity ratio at two wavelengths (/305//330
nm)» intrinsic fluorescence intensity, CD at 228 nm, static light scattering (SLS) and ANS fluorescence intensity at 480 nm. All

FGF-1 mutants in this Figure contain a single Trp residue which is quenched at the native state. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

(Fig. 1D). From inspection of the CD spectra of WT'  increased, protein aggregates started to form as indi-
FGF-1 with heparin (B) (Supporting Information  cated by increased light scattering (Fig. 4C), which
Fig. 2A), it is apparent that intermolecular B-sheet is followed by a slight decrease presumably due to
structure has formed at pH 3 and 4 at 10°C and pH  precipitation of protein. This third region in the
5-8 at higher temperatures. As the temperature @ EPD appears to be unique to WT FGF-1 with
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Figure 6. Empirical Phase Diagrams (EPDs) for four different FGF-1 mutants without heparin (I-L). The EPDs were
constructed based on intrinsic fluorescence intensity ratio at two wavelengths (l305//330 nm), intrinsic fluorescence intensity, CD
at 228 nm, static light scattering (SLS) and ANS fluorescence intensity at 480 nm. FGF-1 mutants in this Figure contain either
an unquenched Trp residue in the native state or do not contain the Trp residue. See Table | for description of each mutant.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

heparin (B). The structural transition between
Regions 2 and 3 for WT FGF-1 with heparin
occurred at 60°C, which is about 16°C more stable
than WT FGF-1 without heparin.

The EPDs for 6 of the FGF-1 mutants are also
shown in Figure 5. The EPDs for the mutants show
2 regions (green for Region 1 and blue for Region 2).
The K12V/C117V/P134V (H) mutant is most stable
at pH 6 and 7, with a transition at 52°C, which is
~8°C higher than WT FGF-1. At pH 4, structural
transitions are present at ~30°C, which differs from
WT FGF-1 and most of the other mutants where
transitions at pH 4 cluster with pH 3. Thus, K12V/
C117V/P134V (H) has enhanced resistance to acidic
unfolding. The K12V/C117V (F) mutant is similar to
K12V/C117V/P134V (H), except for a lower overall
thermal stability (~4°C less).

The EPDs for the other four mutants of FGF-1
are shown in Figure 6. The EPDs of C83T/C117V/
L44F/F132W (I), SYM6AA/K12V/P134V (J), and
SYM10AA (L) have Regions 1 (purple) and 2 (orange).
Region 2 is at low temperature and in the neutral pH
range. It thus represents the native, stable region.
Both SYM6AA/K12V/P134V (J) and SYMI10AA (L)
show a very high degree of enhanced physical stabil-
ity. In contrast, the EPD of Symfoil-4P (K) manifests
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a Regions 1 (purple) and 3 (light blue/green) due to
the difference in the I305/I330 value, as explained
above, where Region 3 represents the native stable
region. As expected, SYM10AA (L) and Symfoil-4P
(K), a synthetic ultra stable p-trefoil protein, are the
most conformationally stable mutants observed by
the EPD analysis. The EPDs and clustering of
the FGF-1 mutants are consistent with the thermody-
namic conformational stability data previously
obtained for the mutants (see Table I).

Discussion

The stability of FGF-1 is strongly dependent on com-
plexation with polyanions such as heparin.”® This
stabilization is important endogenously where the
biological activity of this (and many other) growth
factors requires interaction with polyanionic proteo-
glycans and protein receptors on the cell surface. In
addition, the use of FGF-1 as a therapeutic agent
requires the presence of heparin or other polyanions
because the protein is unstable during storage and
administration in its absence. In this work, we have
analyzed a series of FGF-1 mutants with the goal of
reducing or eliminating the need for exogenous hep-
arin by enhancing the protein’s intrinsic stability.
Refer to Table I for the description of each FGF-1
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mutant and Figures 5 and 6 for the summary of the
biophysical stability results which will be the focus
of the rest of this discussion. Rather than the usual
reliance on evaluating protein stability from a sin-
gle, unique biophysical technique (e.g., CD, intrinsic
and ANS fluorescence, light scattering, etc.), we
have evaluated the protein stability data from multi-
ple experimental methods holistically in the form of
a multivariable vector-based approach designated
the EPD to provide a broad picture of the physical
behavior of the FGF-1 mutants as a function of tem-
perature and pH.'"

Increases in stability in this context can be
viewed as an expansion of the apparent phase boun-
daries obtained in the EPD (i.e., the region of abrupt
color change). For example, when comparing WT
FGF-1 in the absence and presence of heparin, this
boundary is moved to significantly higher tempera-
ture (Fig. 5) with an accompanying dramatic
increase in biological activity (the EC50 is approxi-
mately 120x lower as shown in Table I). Several of
the mutants [e.g., Symfoil-4P (K), SYM6AA/K12V/
P134V (J), and SYM10AA (L)] display even greater
increase in conformational stability, but demonstrate
little biological activity. In contrast, a number of the
FGF-1 mutants [K12V/C117V (F), C83T/C117V/
L44F/F132W (I), A66C (G), and K12V/C117/P134V
(H)] display improved free energies of unfolding rela-
tive to WT, major increases in mitogenic activity in
the absence of heparin (Table I), with EPDs similar
to those of WT in the presence of heparin (Fig. 5).
Thus, these FGF-1 mutants seem to be good candi-
dates for future therapeutic applications from a sta-
bility and potency point of view.

Because the biophysical data for WT FGF-1
(with and without heparin) and the other six
mutants (Table I and Fig. 5) were mathematically
processed together as the same data set, the colors
from these EPDs can be directly compared with each
other. Different color regions within the same EPD
reflect different physical states of protein under the
indicated pH and temperature condition. Color
changes indicate transitions in these states. Note
that these are not necessarily thermodynamic states
because reversibility between them is frequently not
present. To facilitate the visualization of different
color regions in EPDs, a clustering method was used
to divide each EPD into different regions based on
the input data (see below for further discussion).

The FGF-1 mutants in Figure 6 have different
fluorescence ratios (Is05/I330 nm) 1N their native
states. This effect is due to the deletion of a lysine,
and thus the Trp fluorescence in SYM6AA/K12V/
P134V (J) and SYM10AA mutants (L) (see Table 1) is
not quenched in the native state. Thus, the I395/I339
profile for these two mutants is quite different from
the others (see Supporting Information Figs. 4F and
5F). C83T/C117V/L44F/F132W (I in Table I) has an
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additional Trp residue which is not quenched in the
native state. Symfoil-4P (L in Table I) does not have
any Trp residues. As a result, EPDs for these
SYM6AA/K12V/P134V  (J) and SYM10AA (L)
mutants were generated separately (Fig. 6), and
their colors are compared with each mutant within
this group. Nonetheless, the location of the cluster
boundaries for the phase transitions shown in the
EPDs for the various mutants can be compared with
each other.

FGF-1 is known to form molten globule-like
states under conditions of acidic pH as well as at
moderately elevated temperatures at higher pH.
This molten globule conformation is visually identi-
fied as a light blue region between the dark blue
(Region 2) and green (Region 1) areas identified by
the clustering boundary for the WT FGF and many
of the mutants’ EPDs in Figure 5. This observation
of the formation of a molten globule state for FGF-1
under environmental stress is consistent with previ-
ous work.'® It should be noted, however, that the
clustering methodology used in this work was not
able to identify this subtle color change. Thus, the
current version of the clustering analysis identifies
the transition region between large conformational
changes (e.g., between the native and unfolded,
aggregated states of the FGF-1 mutants) but is not
currently able to consistently identify the more
subtle color changes represented by the molten glob-
ule state. The clustering methodology used in this
work is a prototype version, and by exploring differ-
ent clustering methods (work in progress), automatic
clustering analysis might be able to identify the
more subtle color differences (e.g., the molten glob-
ule state for FGF-1) that are observed visually by
human sight in the future. Nonetheless, this version
of the clustering analysis was able to identify sev-
eral FGF-1 mutants, for example KI12V/C117V/
P134V (H), which display an expanded native state
(Region 1 in Fig. 5). These FGF-1 mutants are sta-
ble, bioactive forms of the growth factor that are not
heparin dependent.

A second purpose of this study was to test the
ability of EPDs to distinguish the conformational sta-
bility of a series of mutant proteins. We have previ-
ously successfully utilized the EPD method for the
development of stabilized pharmaceutical formula-
tions of macromolecular systems such as biopharma-
ceutical drugs and vaccines.'”®? Instead of relying on
one or only a few biophysical parameters, EPDs use a
two-dimensional “stimulation/response” color pattern
diagram. As is evident from Figures 5 and 6, both
dramatically different and highly similar EPDs are
produced with only a few mutational differences
between proteins. Thus, this approach offers a unique
methodology to compare proteins that is not based on
structure alone, but rather uses the way a protein
responds to environmental stress (e.g., pH and

EPD Approach to Investigate Conformational Stability



temperature) as a comparative principle. The EPD
approach is not limited to temperature and pH but
can also be used to evaluate the effect of protein con-
centration as well as solute and ionic strength among
other solution variables.!”3® We have recently shown
that use of methods sensitive to the internal motions
of proteins (e.g., isotope exchange, ultrasonic spectros-
copy, solute spectral quenching, etc.) in the context of
EPDs can also provide insight into more dynamic
aspects of a protein behavior. Thus, the EPD approach
would seem to offer an improved method to analyze
the effect of mutation on protein structure.

In addition, it should be possible in the future to
evaluate the revised EPD methodology developed in
this work to compare stability of different mutants, as
a new analytical approach to assess comparability.!8'°
During the pharmaceutical development of a protein
therapeutic drug candidate or vaccine, comparability
assessments are performed to determine if a protein’s
key physicochemical properties have changed (or not)
across different preparations used during clinical tri-
als. These analytical assessments typically involve a
combination of routine quality control tests (e.g., so-
dium dodecyl sulfate polyacrylamide gel electrophore-
sis, size exclusion-high performance liquid chromatog-
raphy, isoelectric focusing, etc.), more sophisticated
analysis using mass spectrometry and biophysical
methods (e.g., intact MW analysis, peptide and oligo-
saccharide maps, differential scanning calorimetry, an-
alytical ultracentrifugation, etc.), and stability profiles
under accelerated and storage temperature condi-
tions.2%?! It has recently been shown that comparison
of accelerated temperature stability profiles can be an
effective and sensitive way to perform comparability
assessments.?° Because the EPD methodology provides
a rapid, high throughput approach to collect and evalu-
ate conformational stability data under accelerated
conditions of temperature and pH, this approach could
potentially be useful as a comparability assessment
tool. The EPD method is currently being evaluated in
our laboratories for its utility in examining the confor-
mational stability of different preparations of the same
protein with modest changes in post translational mod-
ifications (e.g., glycosylation patterns).

In summary, the conformational stability of WT
and 10 different FGF-1 mutants was examined as a
function of temperature and solution pH by a series of
biophysical techniques, and the resulting data sets
were analyzed with an EPD methodology. The revised
version of the EPD methodology used in this work
resulted in effective and convenient comparisons of
the effect of temperature and solution pH on the struc-
tural properties of a wide range of FGF-1 mutants.
The conformational stability profiles of several of the
FGF-1 mutants were comparable to the WT FGF-1 in
the presence of heparin. Thus, candidate FGF-1
mutants were identified with enhanced stability pro-
files in the absence of heparin and can be considered
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promising second-generation therapeutic FGF-1 candi-
dates. These mutants are currently undergoing pre-
clinical pharmacokinetic studies in animals.

Materials and Methods

Materials

Recombinant FGF-1 proteins (WT and mutants, except
for Symfoil-4P) utilized a synthetic gene for the 140
amino acid form of human FGF-1*3 containing an
additional amino-terminal six His tag as previously
described.** The design strategy of the Symfoil-4P mu-
tant used complete gene synthesis and was reported
previously.2® The FGF-1 protein mutants used in this
study are listed in Table I. The QuikChange™ site
directed mutagenesis protocol (Agilent Technologies,
Santa Clara, CA) was used to introduce all point muta-
tions and was confirmed by nucleic acid sequence anal-
ysis (Biomolecular Analysis Synthesis and Sequencing
Laboratory, Florida State University). All expression
and purification protocols followed previously pub-
lished procedures involving sequential chromato-
graphic steps wusing Ni-NTA resin and heparin
Sepharose CL-6B affinity resin.** Three of the
mutant proteins, SYM6AA/K12V/P134V, SYM10AA
(=SYM7AA/K12V/P134V/H93G) and Symfoil-4P, which
have no affinity for heparin, were purified by Ni-NTA
chelation and Superdex 75 size exclusion chromatogra-
phy as reported previously.®?® The purified protein in
each case was exchanged into 50 mM sodium phos-
phate, 0.1 M NaCl, 10 mM ammonium sulfate, 2 mM
dithiothreitol (DTT), and pH 7.5 (‘crystallization
buffer”). The purified A66C mutant protein contains a
mixture of reduced and oxidized forms. To isolate the
fully oxidized form of A66C, the purified protein was
exchanged into crystallization buffer without DTT and
subsequently air oxidized at room temperature for 3
weeks. An extinction coefficient of Eogo nm (0.1%, 1 cm)
=1.26"*° was used to determine protein concentration
for FGF-1 with the exception of C83T/C117V/L44F/
F132W, SYM6AA/K12V/P134V, SYM10AA, and Sym-
foil-4P. Due to the variation in number of Trp and Tyr
residues in these mutants, the extinction coefficient
was determined by the method of Gill and von Hippel
or densitometry analysis as reported previously.&1%1!
The resulting Eogp nm (0.1%, 1 cm) values utilized were:
C83T/C117V/L44F/F132W, 1.58; SYM6AA/K12V/P134V
and SYM10AA, 1.31; Symfoil-4P, 0.32.

Heparin sodium salt, grade 1-A from porcine in-
testinal mucosa, was purchased from Sigma-Aldrich
(St. Louis, MO). All other chemicals were purchased
from Sigma—Aldrich (St. Louis, MO) or Fisher Scien-
tific (Pittsburg, PA).

Methods

Sample preparation. The purified FGF-1 proteins
(WT and mutants) were dialyzed against 20 mM
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citrate-phosphate buffers at pH 3-8 and adjusted to
an ionic strength of 0.15 M with NaCl, using a 3.5
kDa molecular-weight cutoff (Pierce, Rockford, IL)
membrane. The dialysis step was carried out over-
night at 4°C. A mixture of WT FGF-1 and heparin
was prepared by adding heparin to the protein solu-
tion to achieve a 3:1 (w/w) ratio of heparin to protein.
CD spectroscopy. Far-UV CD spectra were
recorded using either a Jasco J-810 (Tokyo, Japan) or
Chirascan (Applied Photophysics) instruments, both
equipped with a peltier type temperature controller.
The protein concentration used was 0.2 mg/mL using
a 0.1 cm path length quartz cuvette was used with a
total volume of 0.2 mL. Full CD spectra were col-
lected before and after temperature ramping at 10°C
for wavelengths ranging from 260 to 200 nm with a
resolution of 0.2 nm and a bandwidth of 1 nm over
the pH range 3-8 at one unit intervals. The CD sig-
nal intensity changes at 228 nm were followed as the
temperature was raised from 10 to 90°C at 2.5°C
intervals with a scanning speed of 15°C/h and 5 min
equilibration time at each temperature.

Intrinsic and
SLS.
recorded using a two-channel, four positions PTI
Quantum Master fluorometer (Brunswick, New Jer-
sey) equipped with a peltier temperature controlled
cell holder. Spectra were obtained using excitation
at 280 nm with emission spectra recorded between
290 and 390 nm at a resolution of 1 nm. Spectra
were also obtained from 10 to 90°C at 2.5°C inter-
vals in a 0.2 cm path length rectangular reduced vol-
ume cuvette containing 0.2 mL protein solution.
Buffer spectra were collected and subtracted from
the protein samples. Fluorescence emission peak
positions and intensities were determined by a
“dpoly” method using Origin 7.0 software. SLS inten-
sity for the same sample was followed by using a
right angle detector located 180° relative to the
other detector, and the peak intensity change at 280
nm was followed as the temperature was raised.

fluorescence spectroscopy
Intrinsic fluorescence measurements were

Extrinsic fluorescence spectroscopy. Measure-
ments were performed using ANS to detect exposure
of apolar regions of the protein as the temperature
was increased. A protein concentration of 0.08 mg/
mL was used, and ANS was added to the protein so-
lution to achieve an optimal ANS: protein molar ra-
tio of 10:1. The resulting mixture was excited at 374
nm, and the emission spectra were recorded from
400 to 600 nm with a resolution of 1 nm.

Empirical phase diagrams. EPDs are designed
to summarize and visualize physical characteriza-
tion data as a colored diagram with two-dimensional
axes of environmental stress conditions such as tem-
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perature and pH. The theory and calculation proce-
dures to create EPDs are described in detail else-
where.'®1” The EPDs of FGF-1 and its mutants
were constructed based on the following biophysical
measurements: intrinsic fluorescence intensity ratio
at two wavelengths (I305/I330 nm), intrinsic fluores-
cence peak intensity, CD at 228nm, SLS and ANS
fluorescence intensity at 480nm. Complete data sets
are presented in Supporting Information section.
Data from the individual biophysical measurements
(except for the I305/I330 nm fluorescence intensity ra-
tio) were normalized as described previously.'®!7 All
calculations were performed using MATLAB soft-
ware (The Mathworks Inc., Natick, MA).

Two revisions of the data analysis methodologies
are used in this work to improve the ability of EPDs
to compare the conformational stability profiles of
the FGF-1 mutants. First, the EPD data analysis
technique was extended to better pursue direct color
comparison of EPDs from multiple samples. Previ-
ously, regions of color transition, but not the color
itself, have been compared between EPDs. Similar
colors in different EPDs could not be interpreted,
even if proteins had similar conformational states,
because each EPD was generated separately using
an arbitrary RGB color mapping scheme. In con-
trast, the colors of EPDs made with the revised
methodology can be directly compared with each
other, assuming the meaning of the results from the
different biophysical measurements is consistent
between different samples. In brief, experimental
data sets are represented as n-dimensional vectors
where n refers to the number of experiment techni-
ques (five in this case). The condition space of the
original EPD method consists of two environmental
conditions (typically temperature and solution pH)
whereas in this revised version the space is
extended to incorporate multiple samples. Therefore,
a sample condition space is defined with three com-
ponents: sample, temperature, and solution pH. For
a total of m conditions (=number of samples x num-
ber of temperature measurements x number of pH
measurements), singular value decomposition of the
m x n experimental data matrix is calculated to
extract three orthogonal basis vectors associated
with the three largest singular values, which are
then mapped to RGB colors and visualized as EPDs.

The EPDs generated in this way are considered
to display similar conformational behaviors across
the different proteins based on an assumption that
the collected experimental data represents similar
physical behavior. If, however, the same data values
represent different conformational states, these pro-
teins are not processed together to generate EPDs for
comparison purposes. For this reason, we divided WT
FGF1 with and without heparin, as well as the 10
mutants into two groups (I and II) to generate EPDs
(Table I), due to the significant differences in their
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intrinsic fluorescence behavior (see Supporting Infor-
mation). This evaluation was done manually by vis-
ual assessment of the fluorescence data from each
protein. Group I proteins include WT FGF-1 (A), WT
FGF-1 with heparin (B), and the mutants L26D/
H93G (C), C83T/C117V/K12V (D), P134V/C117V (E),
K12V/C117V (F), A66C (G), and K12V/C117V/P134V
(H). Group II proteins include C83T/C117V/L44F/
F132W (I), SYM6AA/K12V/P134V (J), Symfoil-4P (K),
and SYM10AA (L). Mutants in Group I contain a sin-
gle Trp residue which is quenched in the protein’s
native state. Mutants in Group II contain either an
unquenched Trp residue in the native state or do not
contain a Trp residue. These differences lead to differ-
ent fluorescence peak positions and intensities and
the data sets cannot be directly compared. In sum-
mary for this work, the EPDs for FGF-1 proteins in
each group (I and II) were created together as can be
seen in Figures 5 and 6, respectively; therefore, the
colors of EPDs should be compared directly within
these two groups but not between the two groups.

The second revision implemented with the EPD
methodology is the application of mathematical clus-
tering analysis to computationally identify regions of
structural transitions (e.g., color changes). Previ-
ously, structural transitions in the EPDs were esti-
mated by visual inspection of the EPD with compari-
sons to the individual biophysical data sets. The
subtle or gradual change in colors often presented in
the EPD, however, makes the location of the transi-
tions difficult to be determined visually. Therefore,
clustering analysis that utilizes the same m x n ex-
perimental data matrix as the EPD can provide com-
plementary information for structural transitions.

In this research, k-means clustering algorithm
was chosen for the clustering analysis and imple-
mented using a MATLAB toolbox downloaded from
http://www.dcorney.com/ClusteringMatlab.html. The
performance of various clustering algorithms will be
the subject of future work.

k-Means clustering is a mathematical procedure
in which a number (m) of experimental observations
are partitioned into k2 groups or clusters. Clusters
are based on the proximity of observations to proxi-
mate means. Observations are defined as n-dimen-
sional vectors (a1, as, ..., a,). The method then par-
titions m observations into k-sets (¢ < n) P = [Py,
P,, ...P;] to minimize the “within-cluster sum of
squares”. More formally:

k
argmin ¥ 3 fla; - (1)

i=1 a;eP;

in which p; is the mean of point in P;.

The number of clusters (k) is determined after
several diagnostic runs with various integral num-
bers. Generally, £ = 2-5 works well for protein char-
acterization data because & should, to a first approx-

Alsenaidy et al.

imation, correspond to the number of conformational
states portrayed in the EPD. When constructing an
EPD, the clustering results are used to draw the
boundary between different clusters. The clustering
results identify regions of conformational changes in
FGF-1 mutants (due to environmental stresses such
as temperature and pH), and help to identify and
compare regions displaying native state behaviors,
and can be used to compare mutant FGF-1 proteins
across the two groups, even though the two groups
of EPDs display two different color sets.
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