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ABSTRACT: Human fibroblast growth factor (FGF) 1 or hFGF1
is a member of the FGF family that is involved in various vital
processes such as cell proliferation, cell differentiation, angio-
genesis, and wound healing. hFGF1, which is associated with low
stability in vivo, is known to be stabilized by binding heparin
sulfate, a glycosaminoglycan that aids the protein in the activation
of its cell surface receptor. The poor thermal and proteolytic
stability of hFGF1 and the stabilizing role of heparin have long
been observed experimentally; however, the mechanistic details of
these phenomena are not well understood. Here, we have used
microsecond-level equilibrium molecular dynamics (MD) simu-
lations to quantitatively characterize the structural dynamics of
monomeric hFGF1 in the presence and absence of heparin
hexasaccharide. We have observed a conformational change in the heparin-binding pocket of hFGF1 that occurs only in the absence
of heparin. Several intramolecular interactions were also identified within the heparin-binding pocket that form only when hFGF1
interacts with heparin. The loss of both intermolecular and intramolecular interactions in the absence of heparin plausibly leads to
the observed conformational change. This conformational transition results in increased flexibility of the heparin-binding pocket and
provides an explanation for the susceptibility of apo hFGF1 to proteolytic degradation and thermal instability. This study provides a
glimpse into mechanistic details of the heparin-mediated stabilization of hFGF1 and encourages the use of microsecond-level MD in
studying the effect of binding on protein structure and dynamics. In addition, the observed differential behavior of hFGF1 in the
absence and presence of heparin provides an example, where microsecond-level all-atom MD simulations are necessary to see
functionally relevant biomolecular phenomena that otherwise will not be observed on sub-microsecond time scales.

■ INTRODUCTION

Thanks to the ever-increasing power of computers, improved
force fields, and high-throughput modeling, all-atom molecular
dynamics (MD) is now routinely used to simulate proteins in
simplified but explicit aqueous/membrane environments. MD
simulations combine the high spatial resolution of exper-
imental methods such as X-ray crystallography with the high
temporal resolution of experimental methods such as single-
molecule FRET spectroscopy.1,2 However, many MD studies
implicitly assume that local conformational transitions
observed in short, nanosecond-level simulations can be used
to describe global protein conformational transitions that
typically occur on microsecond or millisecond time scales.3,4

We have recently demonstrated that longer microsecond-level
simulations are essential for a more precise statistical
characterization of both local and global conformational
transitions.5 Here, we use microsecond-level unbiased MD
simulations to investigate the conformational and structural
dynamics of monomeric hFGF16 and the chemo-mechanical

coupling between hFGF1 and heparin, its glycosaminoglycan
(GAG) binding partner.
Fibroblast growth factors (FGFs) are signaling proteins that

are involved in an extensive variety of physiological
processes.7−9 The biological activity of FGFs is regulated
through interactions with linear anionic polysaccharides called
glycosaminoglycans (GAGs), which facilitate binding to
specific receptors on the cell surface (FGFRs).10−17 Human
acidic fibroblast growth factor (hFGF1) is an important
signaling molecule expressed in embryonic and adult tissues for
angiogenesis, cell proliferation and differentiation, tumor
growth, neurogenesis and wound healing.10,18 Glycosamino-
glycans (GAGs) consist of a class of negatively charged and
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large linear polysaccharides formed of repeating disaccharide
units in which a uronic acid (either glucuronic acid or iduronic
acid) moiety is combined with an amino sugar (either N-acetyl-
D-glucosamine or N-acetyl-D-galactosamine).19,20 Heparin is a
GAG made up of 2-O-sulfated iduronic acid and 6-O-sulfated,
N-sulfated glucosamine (IdoA(2S)-GlcNS(6S)), connected by
α-(1→4) glycosidic linkages.21 The anionic nature of GAGs
leads to electrostatic interactions with positively charged
(lysine-/arginine-rich) regions of their target proteins.19,20

The hFGF1−heparin complex is the most broadly studied
protein-GAG complex.22,23

The interaction of hFGF1 with specific heparin sulfate
proteoglycans may be influenced by the flexibility of the
heparin-binding pocket.24 In addition to the structural features
of hFGF1, GAG sulfation patterns also determine the
functionality and specificity of protein−GAG interactions.25,26

hFGF1 is known to selectively recognize the GlcNS-IdoA2S-
GlcNS sulfation motif.27 DiGabriele et al.28 crystallized a
dimeric hFGF1−heparin sandwich complex (Protein Data
Bank (PDB) entry: 2AXM) and showed that heparin binding
does not result in any global conformational changes within
hFGF1.28,29 Solution nuclear magnetic resonance (NMR) and
experimental binding studies suggest that a monomeric
hFGF1−heparin complex is also fully functional.23,30 apo
hFGF1 shows relatively low thermal stability and is known to
be susceptible to thermal degradation.31,32 Binding to heparin
sulfate proteoglycans is thought to protect hFGF1 against
proteolytic degradation.33,34

Our microsecond-level all-atom equilibrium MD simulations
reveal that a conformational change occurs in the heparin-
binding pocket of hFGF1 in the absence of heparin. We
postulate that this conformational change is responsible for the
susceptibility of unbound hFGF1 to thermal instability, as seen
in equilibrium unfolding experiments. We have also studied the
intermolecular interactions of the hFGF1−heparin complex
and the intramolecular interactions that are unique to heparin-
bound hFGF1 in order to obtain a clearer picture of the
heparin-mediated stabilization.

■ METHODS
Equilibrium Unfolding of hFGF1 with Heparin

Hexasaccharide. The temperature-based denaturation ex-
periment was conducted using the JASCO-1500 circular
dichroism spectrophotometer connected with a fluorescence
detector. hFGF1 was diluted with 10 mM phosphate buffer
containing 100 mM NaCl at pH 7.2 to get a concentration of
33 μM. The experiment was conducted with and without
heparin. For the measurements with heparin, protein to
heparin ratio of 1:10 was used. The fluorescence spectra were
collected in 5 °C intervals from 25 to 90 °C. The fraction of
denatured protein (Fd) at each temperature was determined as
Fd = (Y − YN)/(YD − YN), where Y, YN, and YD are the
fluorescence signals of the 305/350 nm fluorescence ratio at
the native state (25 °C), each consecutive temperature, and the
denatured state (90 °C) respectively. The data set was fit using
MS Excel. Tm, the temperature at which 50% of the protein
molecules exist in the denatured state(s), was calculated from
the fraction denatured protein population versus temperature
graph.
All-Atom Equilibrium MD Simulations. We have used

all-atom equilibrium MD simulations to characterize the
conformational dynamics of hFGF1 with and without heparin
hexasaccharide. Our simulations were based on the X-ray

crystal structures of the unbound hFGF1 monomer (PDB:
1RG8, resolution: 1.1 Å)6 and the dimeric complex with a
heparin hexasaccharide (PDB: 2AXM, resolution: 3.0 Å).28 We
built three different models: monomeric apo hFGF1 from
1RG8; monomeric heparin-bound hFGF1 (1RG8) using the
heparin hexasaccharide from the dimeric complex (2AXM)
(Model 1), and monomeric heparin-bound hFGF1 from the
dimeric complex (2AXM) (Model 2). Residues 12−137 in the
PDB files correspond to residues 26−151 in the experimental
sequence. The experiments were conducted using a truncated
version of hFGF1 (residues 13−154) which did not contain
the unstructured 12 amino acid N-terminal segment. The
unstructured N-terminal segment is not known to be involved
in receptor activation or heparin binding. The heparin
hexasaccharide consists of N,O6-disulfo-glucosamine and 2-
O-sulfo-alpha-L-idopyranuronic acid repeats.28

MD simulations were conducted using the NAMD 2.1335

simulation package with the CHARMM36 all-atom additive
force field.36 The input files for energy minimization and
production were generated using CHARMM-GUI.37,38 For
heparin-bound Model 1, the heparin hexasaccharide segment
from 2AXM was added to the 1RG8 structure using psfgen.
The models were then solvated in a box of TIP3P waters and
0.15 M NaCl. The heparin-bound systems had approximately
23 000 atoms, while the apo system had 27 000 atoms.
Initially, we energy-minimized each system for 10 000 steps

using the conjugate gradient algorithm.39 Subsequently, we
relaxed the systems using restrained MD simulations in a
stepwise manner (for a total of ∼1 ns) using the standard
CHARMM-GUI protocol.37 The initial relaxation was
conducted in an NVT ensemble, while all production runs
were conducted in an NPT ensemble. Simulations were carried
out using a 2 fs time step at 300 K using a Langevin integrator
with a damping coefficient of γ = 0.5 ps−1. The pressure was
maintained at 1 atm using the Nose−́Hoover Langevin piston
method.39,40 The smoothed cutoff distance for nonbonded
interactions was set to 10−12 Å, and long-range electrostatic
interactions were computed with the particle mesh Ewald
(PME) method.41 The initial production run for each model
lasted 15 ns, in which the conformations were collected every 2
ps. After each model was equilibrated for 15 ns, the production
runs were extended on the supercomputer Anton 2 (Pittsburgh
Supercomputing Center) for 4.8 μs each, with a time step of
2.5 fs. Conformations were collected every 240 ps.
VMD42 was used to analyze the simulation trajectories. The

root-mean-square deviation (RMSD) Trajectory tool42 was
used to calculate the RMSD and Cα atoms were considered for
these calculations. For internal RMSD, the region of interest
was aligned against its own initial configuration and RMSD
was calculated with respect to this configuration. The root-
mean-square fluctuation (RMSF) values of individual residues
were calculated using the Cα atoms by aligning the trajectory
against the crystal structure. The HBond42 and Salt Bridge42

plugins were used to generate the data for hydrogen bonding
and salt-bridge analysis, respectively. For all interactions of
interest, the number of frames with 1 or more hydrogen bonds
was counted to get the occupancy percentage. An occupancy
cutoff of 50%, a donor−acceptor distance cutoff of 4 Å, and an
angle cutoff of 35° were used to define hydrogen bond/salt
bridge interactions. The salt-bridge plugin42 was used to
calculate the distance between the two salt-bridge residues over
the course of the simulation, which is the distance between the
oxygen atom of the participating acidic residue and the
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nitrogen atom of the basic residue. The Timeline plugin42 was
used to analyze protein secondary structure. An internal
measurement method in VMD was used to count the number
of water molecules within 3 Å of the heparin-binding pocket.42

■ RESULTS AND DISCUSSION

The putative role of heparin is to prevent the degradation of
hFGF1. However, the specifics of this heparin-mediated
stabilization are still unclear. To address this issue, we have

used microsecond-level all-atom MD to compare and
characterize the apo and heparin-bound forms of hFGF1.
We have conducted three unbiased all-atom MD simulations

of monomeric hFGF1, each for 4.8 μs. One apo and two
heparin-bound models were simulated in the presence of
explicit water. The apo model and one of the heparin-bound
models (Model 1) are based on the crystal structure of
monomeric apo hFGF1 (PDB entry: 1RG8).6 In order to
examine the reproducibility of our results, we have also made a
second heparin-bound model of hFGF1. The second heparin-
bound model is extracted as a monomeric model from the
crystal structure of dimeric heparin-bound hFGF1 (PDB entry:
2AXM)28 (Figure S1). Both heparin-bound models use a
heparin hexasaccharide. The heparin-bound models are quite
similar and involve an hFGF1 monomer bound to heparin
hexasaccharide. As the only difference between the apo and
heparin-bound models is the presence or absence of heparin,
we can make meaningful comparisons between all three sets of
simulations (i.e., two holo and one apo models).

Conformational Change Occurs in the Heparin-
Binding Pocket of the apo Model. The most noticeable
observation in our simulations is that the heparin-binding
pocket (residues 126−142) of the apo model becomes
elongated and extends further outward and away from the
core beta-trefoil structure after approximately 2 μs (Figure

Figure 1. Conformational change in the heparin-binding pocket ofapohFGF1. (A, B) Cartoon representation of apo (red) and heparin-bound
(blue) hFGF1 at the beginning and end of the 4.8-μs simulations. The heparin-binding pocket (gold) moves away from the beta-trefoil core of the
apo protein. (C, D) RMSD time series for the apo (red) and heparin-bound (blue) models of hFGF1 protein (C) and its heparin binding pocket
(D). (E) RMSF estimations for the apo (red) and heparin-bound (blue) models of hFGF1. (F) Thermal denaturation data for hFGF1 in the
absence (red) and presence (blue) of heparin. The presence of heparin causes the Tm value to increase by around 20 °C, indicating that heparin
stabilizes the protein.

Figure 2. Cartoon representation of apohFGF1. The positively
charged residues of the heparin-binding pocket (gold) are shown
using stick representation. These residues are involved in both
intramolecular and intermolecular electrostatic interactions.
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1A). This conformational change is not observed in either of
the two heparin-bound models (Figures 1B and S2A).
Comparing the internal RMSD of the hFGF1 monomer
from each system reveals that the presence of heparin
hexasaccharide stabilizes the protein and prevents this
conformational change from occurring (Figures 1C and
S2A,B). All 3 models initially have internal RMSD values of
approximately 1 Å from their initial conformations, indicating
little flexibility at least within the first 2 μs of simulations. Both
heparin-bound models settle down into a stable conformation
within 0.5 μs (RMSD = 1.5−2 Å approximately) (Figures 1C
and S2A,B). However, the apo model clearly undergoes a
conformational change after 2 μs (RMSD = 3 Å approx.)
(Figure 1C,A). This new conformation then remains stable for
the remainder of the simulation (around 2.8 μs) (Figure
1C,A).
A comparison of the internal RMSD of the heparin-binding

pocket reveals that this region plays a key role in the
differential behavior of the apo (RMSD ≈ 4 Å) and heparin-

bound models (RMSD ≈ 0.5 Å) (Figures 1D and S2C,D).
This indicates that the absence of interactions with heparin
leads to the decreased stability of the apo model. These results
are also supported by the RMSF data for each model, which
was calculated for the Cα atoms of all protein residues (Figure
1E and S2E,F). All three models show similar trends in the
fluctuations for different regions, with the exception of the
heparin-binding pocket. As expected, the heparin-binding
pocket is much more flexible in the apo model than in the
heparin-bound models.
Thermal denaturation experiments were conducted on

monomeric hFGF1, in the absence and presence of heparin
hexasaccharide, to further validate our computational results.
The Tm value for the apo experimental model was
approximately 42 °C, while the Tm value for the heparin-
bound experimental model was approximately 62.5 °C (Figure
1F). The presence of heparin thus increases the Tm value by
around 20 °C, indicating that heparin stabilizes the protein.

Figure 3. Unique salt-bridge interactions facilitate the conformational change in the apo model. (A) K132 (blue) of the heparin-binding pocket
(gold) forms a salt-bridge with D84 of the beta-trefoil core in the apo model (red). This interaction does not form in the heparin-bound protein
(blue). (B) Time series of the D84-K132 donor−acceptor salt bridge distances in the presence (blue) and absence (red) of heparin. (C) K127
(blue) of the heparin-binding pocket (gold) forms a weak salt-bridge with D46 of the beta-trefoil core in the apo model (red). This interaction does
not form in the heparin-bound Model 1 (blue). (D) Time series of the D46-K127 donor−acceptor salt bridge distances in the presence (blue) and
absence (red) of heparin. (E) Table of intramolecular interactions unique to the heparin-binding pocket of heparin-bound hFGF1. (F) Time series
of water molecule count within 3 Å of the heparin-binding pocket.
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These observations are in qualitative agreement with the
computational RMSD/RMSF data.
Unique Salt-Bridge Interactions Facilitate the Con-

formational Change in the apo Model. The conforma-
tional change that occurs in the apo model is localized in the
heparin-binding pocket. Electrostatic interactions between
positively charged residues in the heparin-binding pocket
(Figure 2) and negatively charged residues in the beta-trefoil
core help stabilize the new conformation. We have identified
two salt bridge interactions that are unique to the apo model.
They do not form in the two heparin-bound models (Figure
3A−D and S3A−D). D84 of the beta-trefoil core interacts with
K132 of the heparin-binding pocket (Figure 2 and 3A,B), while
D46 of the beta-trefoil core interacts with K127 of the heparin-
binding pocket (Figures 2 and 3C,D). The destabilization of
the heparin-binding pocket is accompanied by the formation of
a weak salt bridge between D46 and K127 (Figure 3C−D),

followed by the formation of a stronger salt bridge between
D84 and K132 when the heparin-binding pocket becomes
elongated and is extended outward (Figure 3A,B) and away
from the beta-trefoil core. Both K127 and K132 are known to
interact with negatively charged heparin residues.30 Inter-
actions with negatively charged residues of the beta-trefoil core
possibly compensate for the absence of interactions with
heparin. Together, these salt bridges play a key role in
stabilizing the new conformation of the heparin-binding pocket
for almost 2.8 μs.
Hydration analysis of the heparin-binding pocket (quantified

by the number of water molecules within 3 Å of this domain)
provides additional evidence for a conformational change
within the heparin-binding pocket. Around 200 water
molecules are present throughout both heparin-bound
trajectories (Figures 3F and S3E,F). During the apo simulation,
however, the count of water molecules increases to 280 after 2

Figure 4. Cartoon representation of the final frames of the two heparin-bound trajectories. (A) Model 1 (blue): heparin hexasaccharide from PDB
entry 2AXM with monomeric hFGF1 from PDB entry 1RG8. (B) Model 2 (magenta): one monomer and heparin hexasaccharide from 2AXM
(dimeric). Six residues in the heparin-binding pocket (R136, K132, K126, K127, R133, and K142) were found to interact with heparin
hexasaccharide.
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μs (Figure 3F), thus coinciding with the observed conforma-
tional change.
Intramolecular Interactions within the Heparin-Bind-

ing Pocket Help Stabilize Heparin-Bound hFGF1. Thus,
far, we have shown that monomeric hFGF1 is destabilized in
the absence of heparin and that a conformational change
occurs within the heparin-binding pocket. This conformational
change does not occur in the heparin-bound models, which are
considerably more stable than the apo model. We have
identified several unique intramolecular interactions within the
heparin-binding pocket that contribute to the increased
stability of the heparin-bound hFGF1 models (Figures 3E
and S4). Hydrogen bond occupancies are quite similar in both
Models 1 and 2 (Figure 3E and S4). While these interactions
are also present briefly in the apo model, none of them meet
the occupancy criteria that would allow them to be described
as hydrogen bonds (Figure 3E). We propose that these
intramolecular interactions within the protein may form as a
consequence of intermolecular interactions between positively
charged residues of the heparin-binding pocket (Figure 2) and
negatively charged residues of heparin hexasaccharide. The
strength of these intramolecular interactions (occupancies
between 54 and 97% in Model 1 and 64−94% in Model 2)
might thus be a factor that prevents the conformational change
observed in the apo model from occurring in the heparin-
bound models. Among intramolecular hydrogen bonds
observed in the apo model, only one (L145−K142) involves
the heparin-binding pocket (occupancy: 84%). All of the
interactions observed in the apo model, including salt bridges
D46-R38 (90%), D53-R38 (87%), and E67-K114 (60%), also
occur in the heparin-bound models with similar occupancies.
Secondary structure analysis reveals that parts of the

heparin-binding pocket of the apo model become unstructured
and unravel into random coils when the conformational change
occurs (Figure S5A,B). This change in the secondary structure
is then maintained for the remaining 2.8 μs of the apo
trajectory. This change in the secondary structure is not
observed in the heparin-bound models (Figure S5C,D). The
lack of strong intramolecular interactions in the heparin-
binding pocket of the apo model (Figure 3E) could thus
account for the observed changes in the secondary structure.

Our findings are further validated by internal RMSD analysis
of the heparin-binding pocket of the apo (RMSD of ∼4 Å) and
heparin-bound (RMSD of ∼0.5 Å) models (Figures 1D and
S2C,D). This analysis demonstrates that the heparin-binding
pockets of apo and heparin-bound hFGF1 have different
internal conformations. Therefore, these observations confirm
the role of heparin-derived intramolecular interactions in
maintaining and promoting the structured nature of the
heparin-binding pocket.

Characterization of Intermolecular Interactions That
Contribute to the Stabilizing Effects of Heparin. The
heparin hexasaccharide in Model 1 fluctuates considerably
before it eventually undergoes a 180° rotation to settle down
into a more stable conformation (Figure S6A). This transition
occurs at the 1.25 μs mark and continues until the 2 μs mark
(Figure S6A). In contrast, the heparin molecule in Model 2
does not undergo any major positional changes and attains a
stable conformation very quickly (Figure S6B). As a result of
the differences in behavior and position of the heparin
hexasaccharide in each model, slightly different intermolecular
bond interactions occur in each model in terms of both
occupancy as well as the residues involved (Figure 4, Table 1).
Six residues in the heparin-binding pocket (R136, K132, K126,
K127, R133, and K142) were found to be involved in these
interactions (Figure 4A,B). With the exception of R133,
intermolecular hydrogen bonds involving these residues are
present in the dimeric crystal structure (PDB entry: 2AXM).28

R133 was found to interact with heparin only in Model 1
(Figure 4A), while K142 was found to interact with heparin
only in Model 2 (Figure 4B). Intermolecular interactions
involving N32, N128, and Q141 are also present in the dimeric
crystal structure28 but these residues only interact briefly
(hydrogen bond occupancies <35%) with heparin in our
simulation trajectories.
Occupancies are fairly similar for interactions involving

R136 and K126 in both models, while they are somewhat
different for interactions involving residues K132 and K127.
R133 and K142 only interact with heparin hexasaccharide in
Models 1 and 2, respectively. See Table 1 and Figure S7 for
more details. As discussed previously, we have also identified
six major intramolecular interactions within the heparin-
binding pocket that are unique to heparin-bound hFGF1
(Figures 3E and S4). The presence of heparin ostensibly leads
to the formation of these intramolecular hydrogen bonds,
which consequently contribute to the stabilization of heparin-
bound hFGF1. This is consistent with the thermal denatura-
tion experiments described above, where the Tm value
increases by around 20 °C upon heparin binding (Figure
1F), indicating an increase in the strength of protein
intramolecular interactions upon heparin binding.

■ CONCLUSIONS
In this study, we used microsecond-level MD simulations to
compare the behavior of hFGF1 in the absence and presence
of heparin hexasaccharide at the molecular level. These
simulations reveal a significant conformational difference
within the heparin-binding pocket in the absence and presence
of the ligand. We conclude that the conformational change
observed in the heparin-binding pocket of the hFGF1 model in
the absence of the heparin is directly linked to the thermal
instability displayed by unbound monomeric hFGF1 exper-
imentally. In addition to the intermolecular interactions
between hFGF1 and heparin hexasaccharide, we have

Table 1. Characterization of the hFGF1−Heparin
Intermolecular Interactions in the Heparin Binding Pocketa

Acceptor

donor Model 1 Model 2

R136 IDS4 (78%) IDS2 (91%)

K126
SGN5 (68%) SGN3 (75%)
IDS4 (51%) IDS4 (72%)

K132 SGN3 (53%)
SGN3 (66%)
IDS4 (52%)

K127
SGN3 (54%)

IDS4 (75%)
IDS2 (61%)

R133
IDS6 (57%)

none
SGN5 (64%)

K142 none
SGN5 (85%)
IDS6 (57%)

aIntermolecular hydrogen-bonding interactions observed in the last
microsecond of both heparin-bound trajectories. R133 interacts with
heparin only in Model 1, while K142 interacts with heparin only in
Model 2.
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identified several intramolecular interactions within the
heparin-binding pocket that are unique to the heparin-bound
models. Thermal denaturation experiments have revealed that
the Tm value for hFGF1 increases by approximately 20 °C
when bound to heparin. This suggests that the intramolecular
interactions play a key role in stabilizing monomeric hFGF1.
Further experimental and computational research is needed to
elucidate the functional relevance of these specific intra-
molecular interactions.
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