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Abstract: Fibronectin is a multi-domain, extracellular matrix protein that plays a number of bi-
ological roles. As the adsorption of fibronectin onto the surface of implanted devices can lead to
an inflammatory response or bacterial colonisation, understanding the interaction of fibronectin
with material surfaces is important in the design of materials for biomedical applications. This,
however, relies on having knowledge of the molecular-scale behaviour of proteins, which is difficult
to investigate experimentally. In this paper, we used molecular dynamics simulations to investigate
the adsorption of heparin-binding fibronectin domains onto hydrophobic surfaces. Despite the high
similarity between these, their adsorption differs both in terms of the strength and the specificity of
this, indicating that relatively small changes in protein structure can lead to significant changes in ad-
sorption behaviour. This suggests that the interplay between protein structure and surface chemistry
is vital for understanding the protein adsorption process and the design of novel biomaterials.
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1. Introduction

Understanding protein adsorption is critical for the design of biomaterial surfaces that
can combine functionality with biocompatibility [1–3]. Protein adsorption onto surfaces,
which governs the biocompatibility of materials [4], is an incremental and dynamic process.
It depends on the properties of the surface and protein and can lead to interactions at
interfaces that could either trigger or prevent biological responses or stimuli. The effective
design of biomaterials with desired biological responses may be feasible by controlling
protein adsorption [5] but this relies on understanding the molecular details of the protein–
surface interaction [6].

As the protein adsorption process is multifactorial [4], understanding it requires elu-
cidation of the interplay between protein structure and surface properties. This would
allow for the modification or design of materials for specific applications, such as tissue
engineering [7], biomaterials [8] and drug delivery. This is required for the design of bioma-
terials for a wide range of applications, such as tissue engineering scaffolds, anticoagulants
and drug delivery vehicles. It would allow for the modification of biomaterial surfaces
to improve the process of cell adhesion, proliferation and differentiation towards design-
ing new biomaterials in the field of regenerative medicine and tissue engineering [9,10].
Protein adsorption onto material surfaces has gained much attention as it can determine
the biological response to synthetic materials, and so influences the design of biomaterial
surfaces for creating medical devices and biomedical implants.

While a wide variety of proteins have been investigated, fibronectin has attracted
much attention [11]. This is a ubiquitous, multidomain and adhesive protein present in the
extracellular matrix that influences cell behaviour during cellular exchange. Fibronectin
illustrates flexibility in terms of conformational adaptability [12], resulting in multiple
functions such as cell differentiation [13], growth [14] and proliferation [15]. It has been
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extensively used as a model protein for the investigation of protein adsorption at interfaces.
These studies have aimed to refine the bioactivity of biomaterial surfaces and control
the adsorption process at interfaces. As fibronectin is involved in diverse functions in
terms of cell regulation, it is preferably suitable for studying protein dynamics and typically
undergoes conformational changes that control its activity. Fibronectin exists as a dimer [11],
with each monomer being composed of three different types of repeat units, specifically the
Type-I, II and III domains [16]. While the number of these domains varies, the structure
of the domains is relatively consistent. The Type-III domains have attracted particular
attention for their role in binding to cells and other biomolecules [17].

Several experimental methods ranging from microscopy to spectroscopic approaches
have been used to investigate the protein adsorption process. These studies include the
characterisation of protein dynamics and the molecular architecture of protein–surface
interfaces. These aimed to give information that can be used to control the orientation
and conformation of proteins on surfaces and understand the bioactivity of surfaces,
which still remains ambiguous. Alternatively, molecular dynamics simulation and other
computational techniques can be used to study proteins near the surface [18]. These
focus on protein structure and motion on microscopic-length scales, which are difficult to
probe experimentally. The atomic-level interactions that can be resolved using molecular
dynamics simulation complement experimental studies by giving insight into molecular
details that affect protein adsorption, such as the role of bound water [19] or surface
structure [20–22].

Due to the experimental interest in the behaviour of fibronectin, its adsorption onto
surfaces has been the subject of a number of simulation studies [23–31]. These have
investigated the adsorption of different fibronectin domains onto surfaces, investigating
how surface chemistry affects protein conformation and adsorption. Commonly, these have
targeted fibronectin domains involved in cell recognition and binding (the Type-III 7-10
domains [32]), showing how the mechanism of protein adsorption onto different surfaces
is related to conformational changes and bioactivity, which can be exploited in developing
novel biomaterials.

In this manuscript, we investigated a number of fibronectin type-III domains, specifi-
cally the FnIII-12, FnIII-13 and FnIII-14 domains. These contain heparin-binding regions [33]
that are biologically important for different processes, such as cell adhesion, proliferation
and migration. This region also binds growth factors [17] and causes a compaction of the
fibronectin dimer by binding to the FnIII(2-4) domains [34]. Individual fragments of the
heparin-binding domain were investigated using a fully atomistic molecular dynamics sim-
ulation on a hydrophobic self-assembled monolayer surface to probe the protein–surface
interaction and identify structural features that drive adsorption. As well as being pre-
viously unstudied using simulation, an investigation of these three structurally similar
proteins will give insight into how small changes in protein structure can control their
adsorption onto material surfaces. Additionally the adsorption free energy was estimated
using MM-PBSA (molecular mechanics–Poisson–Boltzmann surface area) calculations [35]
to quantitively compare the adsorption of the different fragments.

2. Model and Methodology

The simulated systems contain a single protein fragment, consisting of either the 12th,
13th or 14th type-III domains of fibronectin. Initial structures of these were taken from the
X-ray structure of the 12–14th type-III domains (RCSB entry 3R8Q), with the individual
domains corresponding to residues 1–92 (FnIII-12), 93–184 (FnIII-13) and 182–271 (FnIII-
14). To construct a model hydrophobic surface, a regular lattice of C11H22SH alkylthiol
molecules was formed. These were arranged in the

√
3×
√

3 R30◦ geometry [36]. The
surface contained 224 molecules, placed in a 16×14 lattice in the x− y plane. To mimic the
strong binding of the ligands to an underlying surface, the sulphur and terminal hydrogen
atoms were held fixed. The simulation box size was 69.28 Å× 70 Å× 100 Å.
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The protein was initially placed approximately 20 Å from the surface, with its long axis
oriented along the x-axis. Four different simulations with different starting orientations
were performed for each domain; to generate these, the protein was rotated by 0, 90, 180
and 270 degrees around its long axis (illustrated in Figure 1). Lysine and arginine residues
and the N-terminus were protonated and aspartic acid and glutamic acid residues and the
C-terminus were deprotonated, as appropriate for pH = 7. Water and any counter-ions
needed to neutralise the protein were also added.

Figure 1. Illustration of initial simulation configuration for FnIII-12. Protein shown in New Cartoon
representation and surface ligands in liquorice (water omitted for clarity). The same orientation used
in all subsequent snapshots.

The proteins and surface ligands were modelled using the Charmm36m [37–39] and
Charmm general force fields [40], respectively. Water was modelled using the Charmm-
TIP3P model [41]. Van der Waals (VDW) interactions were evaluated with a cut off of 12 Å,
with corrections to the energy and pressure applied. Electrostatic interactions were evalu-
ated using a particle mesh Ewald sum [42] with a real space cut off of 12 Å and a reciprocal
space grid of 48 × 48 × 280. All simulations were performed using the Gromacs molecular
dynamics package (version 2018.4) [43–45]. The systems were energy-minimised using the
steepest descents algorithm, followed by short (10 ps) NVT simulations. Production simu-
lations were performed at 298 K, with temperature controlled using a velocity-rescaling
algorithm [46] with a relaxation time of 0.1 ps. For each system, simulations of 200 ns were
performed (with a timestep of 2 fs), with coordinates saved every 10 ps. Bonds involving
hydrogen atoms were constrained using the LINCS [47] algorithm and the geometry of
water molecules was held rigid using the SETTLE [48] algorithm. The system was periodic
in the x and y directions. To contain the system in the z-direction walls, interacting through
the integrated 9-3 LJ potential were used. Analysis of the simulations was performed using
standard Gromacs utilities and in-house Python scripts using the MDAnalysis library [49].
Simulation snapshots were generated using VMD (visual molecular dynamics) [50].
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To estimate the adsorption free energy (∆Gads), MM-PBSA calculations were used.
∆Gads was calculated according to

∆Gads = Gprotein−sur f − Gprotein − Gsur f (1)

where Gprotein−sur f is the free energy of the protein–surface system and Gprotein and Gsur f are
the free energies of the protein and surface on their own. The calculations were performed
using the single trajectory approach, where the free energies were calculated from a single
simulation of the system. The free energy for each system was calculated from the sum of
the molecular mechanics (EMM) and solvation (Gsolv) energies

G = EMM + Gsolv = EMM + GPB + GSA. (2)

where the solvation energy consists of polar solvation (GPB) and non-polar solvation (GSA)
contributions. Note that, in common with previous work, the conformation entropy was
neglected due to the inaccuracy associated with its calculation and the limited influence
that this has on the calculated values [51]. The molecular mechanics energy was given by

EMM = Eint + EVDW + Eelec (3)

where the terms are the internal (bonded), VDW and electrostatic energies. Note that, for
the single-trajectory method, the internal energy of the protein–surface complex is the same
as the internal energies of the protein and surface added together. The non-polar solvation
energy was calculated according to [52]

GSA = γSASA (4)

where SASA is the solvent-accessible surface area and γ = 0.005 kcal mol−1 Å−2 is the
surface tension. A probe radius of 1.4 Å was used in the calculation of SASA. The polar
solvation energy was calculated using a Poisson–Boltzmann solver, with internal and
external dielectric constants of 1 and 80. The MM-PBSA calculations were performed using
the MMPBSA.py script [53], part of the Amber package (version 18).

3. Results
3.1. Adsorption of Fibronectin Domains onto Hydrophobic Surface

With the exception of the third simulation run, FnIII-12 adsorbs onto the surface
within the simulation time scale (Figure 2a), suggesting strong adsorption. In some of the
simulations (runs one and two), periods of transient adsorption are seen before adsorption
at the end of the simulation. By contrast, for run four, only one adsorption event is
seen. Differences between the behaviour seen in the centre-of-mass and closest residue
separations show that these different adsorption events can involve different protein
orientations on the surface. While the closest residue z position is typically∼21 Å when the
protein is on the surface, consistent with the position of the terminal methyl-groups of the
surface ligands, the centre-of-mass z separation shows more variation. In particular, for
run two, while the position of the closest residue is largely constant after approximately
3 ns, there is a change in the centre-of-mass positions between approximately 67 and 90 ns,
suggesting a change in the adsorbed orientation.
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Figure 2. (a) Protein centre-of-mass (top) and closest residue (bottom) z-coordinates for FnIII-12. Black,
red, green and blue denote first, second, third and fourth simulation runs, respectively. (b) Residue
z positions against time for FnIII-12 run one, two, three and four (top to bottom). (c) Simulation
snapshots taken from FnIII-12 run one at times t = 0, 40 ns, 100 ns, 155 ns and 200 ns (left to right).
Residues in contact with surface at end of simulation (12–17 and 58–61) highlighted as opaque spheres.
For the t = 40 ns snapshot, residues in contact with surface (26–28) highlighted as pastel spheres.

The differences in adsorption for the different simulations can be seen by considering
the positions of each residue across the simulations (Figure 2b). While the residues involved
in the transient adsorption vary between the different runs, at the end of the simulations,
similar sets of residues are in contact with the surface. This suggests that FnIII-12 shows a
degree of specificity in its adsorption onto hydrophobic surfaces.

Due to the transient desorptions seen, it is useful to characterise different adsorp-
tion events throughout the simulations. These are found from intervals in which the
z-coordinate of the closest residue to the surface is less than 21 Å (approximately the VDW
diameter of a carbon atom from the edge of the surface); transient adsorption events (less
than 1 ns) are ignored, whereas adsorption events separated by less than 1 ns are considered
as single events. The residues in contact with the surface during each adsorption event are
given in Table 1. For permanent adsorption, residues in two regions of the FnIII-12 frag-
ment (approximately residues 15–16 and 60–61) are involved. These contain a number of
hydrophobic residues. They also contain a number of polar threonine residues, which may
have favourable interactions with the hydrophobic surface due to the methyl group in its
side chain. A largely polar three-residue motif (NVQ) is found in the transient adsorptions.



Biophysica 2023, 3 414

Table 1. Adsorbed residues (z < 21 Å) for each simulation run.

Fragment Run Interval (ns) Residues

FnIII-12 1 34.71–41.2 26–28: NVQ

76.13–83.41 26–28: NVQ

151.29–200 12–17: NVTPTS, 58–61: VVSG

2 2.84–65.38 30: T, 49–52: NLAP, 77–78: DT

66.84–88.47 26–28: NVQ

89.6–96.55 26–28: NVQ

102.6–200 15–16: PT, 60–64: SGLMV

4 131.12–200 15-17: PTS, 60-64: SGLMV

FnIII-13 1 19.22–22.7 183: I

80.76–98.51 131–134: ANGQ

99.88–103.46 132–134: NGQ

104.75–116.43 131–134: ANGQ

143.84–148.73 169: N

195.37–196.41 132–133: NG

197.99–199.43 132: N

2 45.42–200 129–136: VPANGQTP, 160–162: KIY, 169–174: NARSSP

FnIII-14 1 13.59–200 190–195: RFLATT, 200–209: LVSWQPPRAR, 232–237: RPGVTE

2 167.29–200 188–190: NLR, 204–207: QPPR

3 23.62–200 194–196: TTP, 245–246: PG, 271: T

4 130.04–192.84 220–223: PGSP

The behaviour of the protein can be seen in the simulation snapshots (Figure 2c). For
run one, the protein initially adsorbs through the NVQ (residues 26–28) region. Notably, this
region is on the other end of the protein to the residues involved in permanent adsorption
(residues 12–17 and 58–61). It then desorbs and reorients in solution, before adsorbing
through the other end of the protein.

Compared to FnIII-12, FnIII-13 is less likely to adsorb onto the surface (Figure 3a),
suggesting that the interaction with the surface is weaker for this domain. Two of the
simulations (runs three and four) only interact with the surface transiently (for periods
of less than 1 ns). Of the other two simulations, one of these (run two) adsorbs within
approximately 45 ns and then remains in contact with the surface. The centre-of-mass
position suggests a change in protein orientation on the surface at approximately 55 ns.
The other run (run one) shows multiple adsorption and desorption events. Aside from
some transient desorptions, the protein is adsorbed between 80 and 116 ns, with shorter
periods of adsorption between 144 and 148 ns and 195 and 199 ns.
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Figure 3. (a) Protein centre-of-mass (top) and closest residue (bottom) z-coordinates for FnIII-13. Black,
red, green and blue denote first, second, third and fourth simulation runs, respectively. (b) Residue
z positions against time for FnIII-13 run one, two, three and four (top to bottom). (c) Simulation
snapshots taken from FnIII-13 run one at times t = 0, 40 ns, 100 ns, 196 ns, and FnIII-13 run 2 at times
t = 0 and 200 ns (left to right). Residues in contact with surface at end of simulation highlighted as
opaque spheres.

Differences in the adsorption behaviour between the simulations can be seen in the
residue z-positions (Figure 3b). For run one, residues in contact with the surface are similar
for the adsorption events between 80 and 116 ns, suggesting that the short desorptions are
insufficient for the protein to significantly reorient. Adsorption to the surface involves a
three-residue NGQ sequence (Table 1); this is similar to the NVQ region that is involved in
the adsorption of the FnIII-12 fragment, suggesting the involvement of polar asparagine
and glutamine residues in adsorption. For run two, the change in adsorbed orientation
can be seen, with the residues adsorbed changing at approximately 55 ns. Compared to
run one, more residues are involved in adsorption (Table 1), which, as may be expected,
includes a number of hydrophobic residues.

The differences in the numbers of residues involved in adsorption lead to large changes
in the orientation of the protein on the surface. As only a few residues are involved in
adsorption for run 1 (Figure 3c), the protein lies at an angle to the surface when adsorbed.
The small number of residues in contact with the surface leads to the weak, transient
adsorption seen in this simulation. In run 2, the protein reorients prior to adsorption, with
the adsorbed residues initially orientated away from the surface. After adsorption, it lies



Biophysica 2023, 3 416

flat against the surface, allowing for a larger number of residues to be in contact with
the surface.

For all the simulations, the FnIII-14 fragment adsorbs onto the surface (Figure 4a),
suggesting it has the most favourable interaction with the surface. Unlike the other frag-
ments, multiple adsorption events are not seen for the simulations; rather, they show
relatively long periods of adsorption. Apart from run four, the protein remains adsorbed
on the surface at the end of the simulation; for run four, it desorbs near the end of the
simulation run. Notably large differences are seen in the centre-of-mass positions of the
protein between the simulation runs, suggesting that the FnIII-14 fragment can show a
number of different orientations when adsorbed. This is particularly noticeable for run
three, where the centre-of-mass position when adsorbed is ∼35 Å, compared to ∼30 Å for
the other simulations.

Figure 4. (a) Protein centre-of-mass (top) and closest residue (bottom) z-coordinates for FnIII-14. Black,
red, green and blue denote first, second, third and fourth simulation runs, respectively. (b) Residue
z positions against time for FnIII-14 run one, two, three and four (top to bottom). (c) Simulation
snapshots taken from FnIII-14 run two at times t = 0, 30 ns, 118 ns, 140 ns and 200 ns (left to
right). Residues in contact with surface at end of simulation (188–190 and 204–207) highlighted as
opaque spheres.

In common with the other domains, the residue z positions illustrate the different
adsorbed orientations (Figure 4b). Generally, after adsorption, only small changes in the
residue-z positions are seen for all the simulations, suggesting that, once adsorbed, the
protein orientation is essentially fixed. Compared to the FnIII-12 domain, the number and
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identity of residues mediating adsorption differ significantly between the simulation runs
(Table 1). There is some similarity between the residues involved in adsorption between
runs one and two, with the residue 204 to 207 (QPPR) segment involved in both. This
contains two relatively hydrophobic proline residues. They both involve two closely placed
regions (residues 190 to 195 in run one and 188 to 190 in run two), which both contain
hydrophobic residues. However, the first run involves many more residues in contact with
the surface than the second. The third run has some overlap with the first run, with residues
194 and 195 in contact with the surface, but other regions of the protein are involved. Again,
a number of threonine residues are found in close contact with the surface. For the fourth
simulation, a completely different set of residues are found in contact with the surface.

As for FnIII-12, the time taken to adsorb differs between the simulations, with runs
one and three adsorbing early in the simulation. For run two, there are a number of
initial approaches to the surface before it permanently adsorbs, undergoing a number of
reorientations (Figure 4c). Unlike FnIII-12, no contacts with the surface are made during
this time.

The differences in between the simulations suggest that whereas FnIII-12 adsorbs in a
relatively specific manner, FnIII-14 adsorbs less specifically. This can be seen by considering
the average residue-z positions for the adsorbed states (Figure 5). For FnIII-12, these are
similar for the three simulations, with runs two and four being almost identical. More
variation is seen for FnIII-14. Runs one and two are similar to each other but run three and
four are significantly different. Most noticeably, the relatively small number of residues
involved in adsorption for run four is seen.

Figure 5. (a) Average residue z positions for permanent adsorption for FnIII-12. Black, red and green
denote runs 1, 2 and 4, respectively. (b) Average residue z positions for permanent adsorption for
FnIII-14. Black, red, green and blue denote runs 1, 2, 3 and 4, respectively.
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3.2. Comparison of Adsorbed Residues

As the overall structure of the different protein domains is similar, it is instructive
to compare the regions of the protein that contact the surface (Figure 6). For the FnIII-12
domain, these are similar in all the simulations in which the protein adsorbs, with there
being a slight difference between run one and the others. These are all on the same side
of the protein and close to its C-terminus, where this would be joined to the subsequent
domain in the full protein. This may lead to changes in the structure of the overall protein,
such as the relative orientation of these two domains upon adsorption. It may also limit the
accessibility of the residues involved in binding to the surface.

For the FnIII-13 domain, the residues involved in surface adsorption are all on one
face of the protein (Figure 6). This face is opposite its heparin-binding region, suggesting
that this would remain accessible after surface adsorption. The heparin-binding region is
charged and would not be expected to interact favourably with the hydrophobic surface.
Previous simulations, however, have shown that, due to the relatively long hydrophobic
groups in their side chains, these can be considered slightly amphiphilic [54].

Compared to the other domains, the FnIII-14 domain shows a wider variation in the
location of binding residues. For runs one and two, these are on the same face of the protein,
on the opposite side to the heparin-binding region. Again, this is highly charged and so
would not be expected to bind to the surface; this would also allow the protein to maintain
its function on the surface. For run three, the residues involved in adsorption are on the
C-terminal end of the protein, similar to the FnIII-12 fragment. For run four, the adsorbed
residues are in a flexible loop, the flexibility of which may enhance the ability of this region
to interact with the surface. Unlike the other cases, this loop is located on the same side
face as the heparin-binding region and so adsorption in this orientation may inhibit the
function of this domain.

Figure 6. (a) Structure of FnIII-12 with adsorbed residues highlighted for (left to right) runs 1, 2 and
4. (b) Structure of FnIII-13 with adsorbed residues highlighted for run 2. Heparin-binding site 1
highlighted in green. (c) Structure of FnIII-14 with adsorbed residues highlighted for (left to right)
runs 1 to 4. Heparin-binding site 2 highlighted in green.

To compare the adsorbed residues for each domain, a sequence alignment of them
was performed (using Clustal Omega [55]). While there is significant variation between
the location of the binding residues within the sequence, some commonality is found
between the different proteins (Figure 7). Specifically, the loop joining the first and second
beta-strands are commonly involved in adsorption for both FnIII-12 and FnIII-14 and the
loop between the third and fourth beta-strands for FnIII-13 and FnIII-14. For the latter case,
adsorption through only this region, as in FnIII-13 run 1 and FnIII-14 run 4, may be weaker
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than in other cases. Most generally, residues involved in surface adsorption are typically in
flexible regions, which may increase their freedom to interact with the surface.

Figure 7. Sequence alignment of FnIII-12, FnIII-13 and FnIII-14. Yellow boxes show location of beta-
strands. Red, green, blue and purple boxes denote residues adsorbed in runs one to four, respectively.
Conserved residues underlined.

3.3. Adsorption Free Energies

To quantify the strength of adsorption, MM-PBSA calculations were used to estimate
the adsorption free energy (Table 2). This is negative for cases where the protein is adsorbed
onto the surface. A comparison between the different adsorption events shows that ∆G is
more negative for longer periods of adsorption, as would be expected. This is particularly
apparent for cases where multiple adsorption events are seen for a particular simulation
(FnIII-12 runs one and two, FnIII-13 run one), where shorter adsorption events typically
have higher values of ∆Gads.

Table 2. Estimated adsorption free energies (in kcal mol−1) from MM-PBSA calculations.

Fragment Run Interval (ns) ∆Gads ∆EMM ∆Gsolv

FnIII-12 1 34.71–41.2 −6.9 ± 0.3 −15.1 ± 1.0 8.3 ± 0.9
76.13–83.41 −5.0 ± 0.3 −16.2 ± 0.4 11.2 ± 0.3
151.29–200 −12.2 ± 0.3 −19.1 ± 0.5 6.9 ± 0.3

2 2.84–65.38 −16.0 ± 0.3 −18.9 ± 0.4 2.9 ± 0.3
66.84–88.47 −6.4 ± 0.2 −10.2 ± 0.5 3.8 ± 0.4
89.6–96.55 −4.7 ± 0.3 −5.9 ± 1.3 1.3 ± 1.1
102.6–200 −20.0 ± 0.2 −32.6 ± 0.4 12.6 ± 0.2

4 131.12–200 −10.1 ± 0.2 −18.9 ± 0.3 8.8 ± 0.2

FnIII-13 1 19.22–22.70 −5.4 ± 0.4 −4 ± 1.4 −1.4 ± 1.3
80.76–98.51 −8.6 ± 0.2 −17.5 ± 0.7 8.9 ± 0.6
99.88–103.46 −7.4 ± 0.4 −26.9 ± 0.8 19.5 ± 0.5

104.75–116.43 −5.7 ± 0.2 −12.2 ± 0.9 6.5 ± 0.9
143.84–148.73 −2.9 ± 0.2 −5.2 ± 0.7 2.3 ± 0.6
195.37–196.41 −1.8 ± 0.3 7.3 ± 0.9 −9.2 ± 0.9
197.99–199.43 −3.7 ± 0.4 14.8 ± 0.7 −18.5 ± 0.6

2 45.42–200 −27.6 ± 0.2 −51.7 ± 0.5 24.1 ± 0.4

FnIII-14 1 13.59–200 −20.9 ± 0.2 −54.1 ± 0.7 33.2 ± 0.5

2 167.29–200 −10.8 ± 0.2 −6.5 ± 0.7 −4.4 ± 0.7

3 23.62–200 −14.4 ± 0.1 −19.6 ± 0.3 5.3 ± 0.2

4 130.04–192.84 −11.9 ± 0.2 −22.8 ± 0.6 10.9 ± 0.5

Consideration of the different contributions to ∆Gads show that, typically, ∆EMM < 0,
suggesting that the direct interaction between protein and surface is attractive. The only
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exceptions to this are for the transient adsorption events at the end of FnIII-13 run one,
where only a small number of residues were in contact with the surface (Table 1). The
solvation term is generally positive. While adsorption of the protein onto the hydrophobic
surface would generally lead to a favourable hydrophobic interaction, due to the release of
water molecules from the vicinity of the surface, this is countered by the removal of water
from the generally polar surface of the protein. A similar unfavourable polar solvation
contribution was also seen for the adsorption of lysozyme onto a graphite surface [56].

4. Conclusions

The adsorption of proteins onto surfaces is a common phenomenon, occurring when-
ever a man-made material comes into contact with a biological system. This dictates the
response of the biological system to the material, so it is of great importance in areas
including implantable medical devices, drug delivery systems and marine surfaces. As
the protein adsorption process depends on the microscopic details of the protein–surface
interactions, fully understanding this requires a molecular-level description. While this is
challenging to determine experimentally, molecular dynamics simulations have proved to
be a powerful tool for studying this.

In this paper, molecular dynamics simulations were used to study the adsorption of
three proteins, the 12th, 13th and 14th type-III domains of fibronectin, onto a hydrophobic
surface. Fibronectin plays a key role in cell adhesion and spreading, and so is important
in the body’s inflammatory response. The structural and sequence similarity of these
three domains also allow us to investigate the variation in surface behaviour with protein
structure. Notably, we find that two of these domains (FnIII-12 and FnIII-14) readily adsorb
onto the surface, whereas the FnIII-13 appears to be less likely to adsorb. The specificity
differs between the domains, with FnIII-12 adsorbing through a consistent set of residues
clustered near its C-terminus. As this is where this would be joined to other domains in
the full fibronectin protein, this may lead to changes in fibronectin conformation upon
adsorption. By contrast, the FnIII-14 domain adsorbs through a number of different regions
of the protein, suggesting less specific adsorption. While a number of hydrophobic residues
are involved in surface adsorption, hydrophilic residues such as threonine and arginine
are also found to participate [54]. These have hydrophobic groups in their side chains,
which may interact favourably with the hydrophobic surface. In most cases, the heparin-
binding regions in the FnIII-13 and FnIII-14 domains are orientated away from the surface,
suggesting that these will maintain their functionality when adsorbed.

While, to the best of our knowledge, the adsorption of these domains onto surfaces
has not been previously investigated using molecular simulation, other type-III domains
have been investigated using simulation. In common with this work, simulations of a
fragment consisting of the FnIII-8-10 domains on hydrophobic self-assembled monolayers
also found adsorption through polar threonine residues [27]. Similarly, simulations of the
FnIII-10 domain on its own found adsorption onto hydrophobic self-assembled monolayers
through threonine residues, although, in this case, hydrophobic residues such as proline
were also involved [28]. This emphasises that the role of different residues at surfaces is
more complex than a simple hydrophobic/hydrophilic classification may suggest. Residues
involved in adsorption are also more commonly found in flexible regions of the protein,
often in loops joining the beta-strands. This was observed in previous simulations of the
adsorption of anastellin [26] and the C-terminal domain of the FnIII-1 domain, and is
similar to the fly-casting behaviour found in protein recognition processes [57].

Quantitative information on the adsorption can be obtained through estimating the
adsorption free energy (Table 2) using MM-PBSA calculations. As may be expected, this was
negative for each adsorption event, with longer residence times typically corresponding to
more negative values of ∆Gads. Typically, the molecular mechanics contribution to this is
negative and the solvation contribution is positive. While adsorption onto hydrophobic
surfaces may lead to the release of water from the hydrophobic surface, which would
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generally be favourable, adsorption of the protein would lead to desolvation of the largely
polar protein surface.

While the adsorption free energy has not been estimated in previous simulations
of fibronection adsorption onto hydrophobic surfaces, the results in this manuscript are
qualitatively similar to those seen in prior work. For the FnIII-8-10 trimer, strong ad-
sorption onto hydrophobic surfaces through the two terminal domains was found [27].
Interestingly, the central domain (fnIII-9) in this trimer was not found to adsorb onto
hydrophobic surfaces. Similarly, simulations of the FnIII-9-10 dimer on ethyl acrylate and
methyl-acrylate-terminated self-assembled monolayers found that the FnIII-10 domain
stably adsorbs onto both of these, whereas the FnIII-9 domain only shows stable adsorption
onto the more hydrophobic ethyl acrylate surface [29]. Typically, more stable adsorption
is associated with more hydrophobic domains; the GRAVY (grand average of hydropa-
thy) values [58] for the FnIII-10 and FnIII-12 domains are higher than those of the other
fragments (Table 3), indicating that these are more hydrophobic than the others. However,
the GRAVY value for the FnIII-14 domain is lower than that of the FnIII-13, which shows
limited adsorption onto the hydrophobic surface.

Table 3. GRAVY values for selected fibronectin Type-III domains.

Domain GRAVY Value

FnIII-12 −0.106
FnIII-13 −0.444
FnIII-14 −0.457
FnIII-8 −0.391
FnIII-9 −0.454

FnIII-10 −0.114

Previous work has shown that minor changes to surface chemistry can lead to sig-
nificant changes in protein adsorption [29]. In this paper, we have also shown that small
changes to the protein also qualitatively change the adsorption process, with the strength
and specificity of adsorption varying between three similar proteins. This illustrates the
importance of considering protein properties in their adsorption and understanding the
interplay between this and surface chemistry in the design of biomaterials.
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