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Abstract

Serum albumin is the most abundant protein in blood plasma, and it is involved in multiple
biological processes. Serum albumin has recently been adapted for improving biomaterial
integration with bone tissue, and studies have shown the importance of this protein in bone
repair and regeneration. However, the mechanism of action is not yet clear. In stark contrast,
other studies have demonstrated that albumin blocks cell adhesion to surfaces, which is seen as
a limitation to its bone healing role. These apparent contradictions suggest that the conformation

Corresponding Authors ytreberg@uidaho.edu, mbernards@uidaho.edu.
Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

The authors declare no competing financial interest.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.jcim.1c01104.

Calculation of ionic concentrations for CG simulations, distance between the ozygen atom of snde chams or backbone residues of
BSA and stably bound Ca2* ions from the MD simulations of BSA with 30 CaZ* ions and 11 Ca2* ions, analysis of opening of
BSA structure in MD trajectories with and without Calt i ions, and FTIR spectra for BSA and BSA exposed to multiple calcium
concentrations, all after background subtraction (n = 9) (PDF)

Probable calcium-binding sites during CG simulations (XLSX)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Patel et al. Page 2

of albumin facilitates its bioactivity, leading to enhanced bone repair. Serum albumin is known
to play a major role in maintaining the calcium ion concentration in blood plasma. Due to

the prevalence of calcium at bone repair and regeneration sites, it has been hypothesized that
calcium binding to serum albumin triggers a conformational change, leading to bioactivity. In
the current study, molecular modeling approaches including molecular docking, atomic molecular
dynamics (MD) simulation, and coarse-grained MD simulation were used to test this hypothesis
by investigating the conformational changes induced in bovine serum albumin by interaction
with calcium ions. The computational results were qualitatively validated with experimental
Fourier-transform infrared spectroscopy analysis. We find that free calcium ions in solution
transiently bind with the three major loops in albumin, triggering a conformational change where
N-terminal and C-terminal domains separate from each other in a partial unfolding process.

The separation distance between these domains was found to correlate with the calcium ion
concentration. The experimental data support the simulation results showing that albumin has
enhanced conformational heterogeneity upon exposure to intermediate levels of calcium, without
any significant secondary structure changes.
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INTRODUCTION

Serum albumin is the most abundant plasma protein in mammals and is key for controlling
the levels of metals such as calcium in the blood. Furthermore, it is known that serum
albumin enhances bone healing and regeneration and therefore has significant therapeutic
potential.1 For example, bone fracture sites have upregulated albumin production, and this
upregulation results in an increase in bone calcium and DNA.2 In addition, albumin has
arole in osteoblast cell regulation including enhancing cell proliferation and stimulating
collagen mRNA expression in vitro.3* Albumin has been used as a coating in tissue
engineering applications to improve the biocompatibility by increasing cell adhesion,
proliferation, and viability.> It has also been shown to mediate adhesion to hydroxyapatite
in a dose-dependent manner.” Finally, the incorporation of aloumin onto grafts implanted
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at bone injury sites enhances healing of non-union defects, leading to the formation of
mechanically stronger de novo bone.8-10

Although the albumin literature has demonstrated its benefits when incorporated into tissue
engineering constructs, it is not yet understood how albumin influences /n vivo healing.
Further complicating the picture is the fact that albumin has also been shown to prevent

the adhesion of various cell types including bovine aortic endothelial cells and murine
pre-osteoblast cells.”-11-14 Sivaraman et a/. recently investigated the response of platelets to
albumin-coated surfaces.1>-17 They demonstrated that platelet adhesion to albumin-coated
substrates is dependent on the conformation of albumin, and more specifically the relative
levels of the secondary structure (a helix and g sheet content). Furthermore, platelet
adhesion was correlated to the degree of adsorption-induced protein unfolding and loss

of the secondary structure. This previously unrecognized cell adhesion bioactivity, coupled
with the evidence that albumin increases healing in bone tissue, suggests that species present
at bone regeneration sites such as ions may influence the conformation of albumin, leading
to enhanced bioactivity. Therefore, we hypothesized that albumin exposure to calcium
triggers a conformational change that in turn enhances the bioactivity of albumin. This
hypothesis is supported by our previous work, demonstrating that albumin adsorbed to
hydroxyapatite promotes significantly greater levels of cell adhesion than albumin adsorbed
to control surfaces.” This cellular response was also dependent on the level of albumin
exposure, indicating that the enhanced adhesion was directly attributable to the presence of
adsorbed albumin.

Despite the success of experimental techniques to determine the structural features of
proteins,18-22 the experimental study of dynamic transitions between conformations remains
extremely challenging. On the other hand, computational modeling and simulation offer the
ability to study protein at the atomistic level, albeit at the expense of some accuracy.23:24
One such computational approach is molecular dynamics (MD) simulations that can

provide atomistic details of the protein structure and dynamics and validate experimental
observations.2>:26 However, atomistic MD simulations can be very computationally
expensive, especially if large-scale conformational changes are being studied. Such
simulations are typically able to capture dynamics at the nanosecond to microsecond (ns

to £5) timescales.28:27 To increase these timescales, coarse-grained (CG) MD models can

be used.26:28 In CG models, a mapping scheme is used to represent a group of atoms

as beads, leading to a reduction in the degrees of freedom and hence longer simulation
timescales. Recently, CG MD simulations have been widely used to investigate the large-
scale conformational changes in a variety of biomolecules.28 Efforts are still underway to
continue to develop and improve CG force fields.2%-32 Of particular interest, Pantano et

al. developed a CG force field called SIRAH (http://www.sirahff.com) that has force field
parameters for proteins,33 nucleotides,3* aqueous solvents,3® and lipids.36 In SIRAH, the CG
topologies were developed by mapping the position of real atoms to CG beads.

In this work, molecular modeling was used to study the conformational changes in bovine
serum albumin (BSA) at various concentrations of calcium ions, and these results were
validated using Fourier-transform infrared (FTIR) spectroscopy. Computational molecular
docking of calcium ions with BSA was first performed to identify possible calcium-binding
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sites in BSA. These results were then used to perform atomistic MD simulations to verify
the stability of bound calcium ions with BSA, as well as to identify initial conformational
changes in BSA induced by calcium ion binding. It was observed that unbound calcium
ions in the bulk solvent trigger conformational changes in BSA. To further investigate the
large-scale conformational changes in BSA, CG simulations of BSA exposed to different
concentrations of calcium ions were performed. The resulting conformational changes were
evaluated through calculations of the CG backbone root-mean-square deviations (rmsd),
residue-specific average rmsd of the C-a atom, solvent-accessible surface area (SASA),
center of mass (COM) separation, and number of stably bound calcium ions. The CG
simulations indicated that large-scale conformational changes occur in BSA with increasing
calcium ion concentrations. In native BSA, the N-terminal and C-terminal domains are
located adjacent to each other and upon increasing calcium concentration exposure, these
domains become separated, moving away from each other in a calcium concentration-
dependent manner. During this separation, there were no significant changes in the
secondary structure of BSA. Finally, the results of the CG simulations were qualitatively
validated using FTIR spectroscopy. The FTIR results support the conclusions from the MD
simulations by showing enhanced conformational heterogeneity of BSA at intermediate
calcium exposure concentrations with no significant secondary structural changes.

MATERIALS AND METHODS

System Preparation.

Molecular Docking.—To reproduce the binding modes of co-crystal calcium ions,
molecular docking of calcium ions with BSA using different force fields was performed
using AutoDock vina.3” The 3D coordinates of BSA was retrieved from the Protein Data
Bank (PDB; https://www.rcsh.org) for the docking study with calcium ions (PDB ID:
3V03).38 In this PDB structure, there are three calcium ions co-crystallized with BSA.

As a part of the protein preparation, water molecules and all of the ions were removed

from the protein. Three docking procedures were performed to allow the validation of

the docking protocols, using the partial charges for BSA and calcium ions from three
different force fields: CHARMM,39 PARSE, 40 and AMBER.#! The input files were prepared
using the PDB2PQR server (https://server.poissonboltzmann.org/pdb2pqr) with neutral pH.
The selection of the force fields used in the subsequent study was based on reproducing

the three co-crystalized calcium ion-binding modes in the top docked poses. The number

of binding poses in the docking simulations was increased until the three co-crystalized
calcium ion-binding modes were reproduced. A grid box with size 104 A x 88 A x 78

A with coordinates (x, y; 2) of 47.59, 10.85, 36.77 was used, in order to cover the whole
protein. For each configuration, the exhaustiveness value 100 was selected to obtain the
binding poses. The final binding poses were analyzed and visualized using VMD software.42

Atomistic MDs Simulations.—The calcium ion-binding poses obtained from molecular
docking studies were selected for atomistic MD simulations to check the stability of

the binding sites and their impact on the conformation of albumin. Three atomistic MD
simulations of albumin with bound calcium ions were performed: (i) BSA with the top

30 unique binding poses from docking to screen for stability; (ii) BSA with stably bound
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calcium ions obtained from simulation trajectories (i); and (iii) BSA with no calcium ions.
The top 30 binding modes of calcium obtained using docking were selected and combined
into a single structure file of BSA and used as the input for the atomistic MD simulations.
BSA complexed with 30 calcium ions was solvated with a dodecahedron box of full atom
TIP3P water molecules and ionized with CI~ and Na* ions at a concentration of 0.150

M, in order to mimic physiological pH. The thickness of the water layer from the protein
surface to the edge of the box was initially set to 1.5 nm. These conditions mimic the
environment of healing bone, which has localized calcium levels as high as 40 mM43 in
addition to the typically present ions. These conditions also mimic the prior experimental
system that demonstrated enhanced albumin bioactivity when it is adsorbed to calcium
releasing hydroxyapatite, which was completed in a 0.150 M buffer solution.” The MD
simulation was performed using GROMACS-2018.3% with the Amber99SB*ILDN*® force
field. Initially, the system was energy minimized, and then, equilibration MD simulations
were performed with periodic boundary conditions. The temperature was equilibrated using
an NV Tensemble for 1 ns followed by an MPT ensemble for 1 ns to equilibrate the pressure.
Finally, the production MD simulations were performed for 200 ns under MPT conditions.
The temperature and pressure were kept constant at 300 K and 1 atm, respectively, using a
Berendsen thermostat and barostat.*® A 2 fs simulation time step was used, and a snapshot
was saved every 10 ps. The same protocol was used for the simulations mentioned in (ii) and

(iii).

CG MDs Simulations.—A number of CG MD simulations of BSA with different
concentrations of calcium ions were performed, in order to analyze the putative calcium-
binding sites and large-scale conformational changes in BSA. CG MD simulations of BSA
were performed at 0.02, 0.04, 0.06, 0.08, 0.1, 0.25, and 0.5 M calcium ion concentrations. A
CG simulation of BSA without calcium ions was also performed as a reference.

CG simulations were performed using the SIRAH force field33 (http://www.sirahff.com) for
all of the systems according to the protocol reported in a study by Darré et a/3°> The CG
topologies in SIRAH were developed by mapping the position of real atoms to CG beads.
The distinctive features of the molecule to be CG and foreknowledge of the physiochemical
properties are considered in the CG mapping. In CG topologies, polar or aromatic moieties
are represented at a higher level of detail, while hydrophobic or bulky functional groups

are described at a coarser level.33:35 In SIRAH, the use of partial charges on each bead
maintains the properties to form hydrogen bond-like interactions and stabilize the secondary
structure of the proteins without any constraints.33 Hence, simple mapping procedures like
the “four heavy atoms to one CG bead” rule used by the popular Martini force field*” may
be difficult to maintain important interactions in the protein structure.

Prior to mapping to the SIRAH CG model, protonation states of the 3D structure of

BSA were generated using the PDB2PQR server8 with the assumption of neutral pH and
AMBER?*! naming scheme as an output. Following the mapping to the CG model, the
protein structure of BSA was placed in an octahedral box of SIRAH WT4 water molecules,
and 2 nm of water thickness was selected. Then, the system was neutralized with Na* and
CI~ ions with a concentration of 0.150 M. Ca?* and CI~ were then added to each system

of the albumin—water box to achieve the required calcium concentration for the simulations
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(Supporting Information S1). Calcium at the CG level featured a point-charge of +2, a mass
of 50 a.u., and differential van der Waals interactions.# Each system was minimized using
the steepest descent for 10,000 steps, followed by 200 ns of equilibration simulation with
step-by-step release of harmonically restrained backbone CG atoms of the protein. During
the equilibration, the temperature of the systems was set to 300 K using the V-rescale
thermostat,®® and the pressure was set to 1 atm using the Parrinello-Rahman barostat®?
with isotropic pressure coupling. The production CG simulations were performed for 20
15, with a time step of 20 fs. All of the CG simulations were repeated thrice. Electrostatic
interactions are calculated using particle mesh Ewald®2 with a direct cut off of 1.2 nm. A
grid spacing of 0.2 nm was used for van der Waals interactions.

All of the CG simulations were carried out using GROMOCS-2018.3.44 The coordinate
mapping and analysis were performed with SIRAH tools.>3 Rmsd was calculated for all of
the Ca, N, and O beads. The interactions between calcium and negatively charged protein
beads were defined if calcium ions were within 3.5 A of negatively charged protein beads.
The visualization of CG trajectories was performed using the sirah_vmdtk.tcl plugin in
VMD.42:53 The protein SASA values were calculated with the GROMACS utility gmx
sasa, by setting a probe radius of 0.21 nm (7.e,, the radius of a WT4 bead). Radius of
gyration (Rg) of the CG backbone atoms of BSA as a function of simulation time at different
calcium concentrations and analysis of the separation distance between the COM of the
two interacting domains, N-terminal domain-residue 3-150 and C-terminal domain-residue
502-583, were performed using written scripts based on the scripts provided in the VMD
script library.

FTIR Spectroscopy Structural Analysis.—BSA (=96%) was purchased from Sigma-
Aldrich, and calcium chloride dihydrate was purchased from Fisher Scientific. Calcium
chloride was dissolved into ultra-pure water (18.2 MQ cm) to obtain concentrations of 0.02,
0.04, 0.06, 0.08, 0.1, 0.5, and 1.0 M. BSA solutions (100 mg/mL) were then prepared with
ultra-pure water or one of the calcium chloride solutions. Ultra-pure water was used to
isolate the impacts of calcium ions on the structure of albumin. A heat-denatured (HD) BSA
solution in ultra-pure water was also prepared by heating the solution in an oven at 60 °C for
1 h. All samples were made 24 h prior to analysis with FTIR spectroscopy.

Spectra were collected using a Nicolet 6700 spectrometer with a circle attenuated total
reflectance (ATR) cell. The spectra were recorded in triplicate between 4000 and 900
cm™1 by collecting and averaging 32 scans of each spectrum with a resolution of 4 cm™.
Backgrounds of either water or one of the calcium solutions were collected before each
BSA sample and then subtracted from the BSA solution spectra after data collection. Each
condition was evaluated a minimum of three independent times, with a fresh sample being
made each time. Data analysis was completed using OriginPro 2018.

The purpose of this study is to investigate the impacts of calcium concentration on the
conformation and dynamics of albumin, in order to probe the hypothesis that calcium ion
exposure triggers a more bioactive conformation of albumin that enhances bone repair. Our
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strategy was to first perform molecular docking of calcium ions with BSA to predict the
calcium-binding sites, followed by atomistic MD simulations of BSA with bound calcium
ions, as predicted through molecular docking. The results of the atomistic simulations were
expanded through CG simulations of BSA at additional concentrations of calcium ions,
ranging from 0.02 to 0.5 M to probe for large-scale conformational changes. The CG
simulations were analyzed for conformational change by calculating the rmsd of CG atoms
and the residue-specific average rmsd of the C-a backbone atom of BSA. CG simulation
results for BSA without calcium ion exposure were used as the reference, in order to extract
the role of calcium on the conformational changes seen in the simulations. Finally, the
results of the simulation studies were qualitatively validated using FTIR.

Prediction and Effect of Ca?*-Binding Sites on BSA.

In order to select the appropriate force field for completing calcium ion docking, top docked
poses of calcium ions were evaluated using AMBER, CHARMM, and PARSE force field
packages. The partial charges generated with the AMBER force field reproduced the original
three calcium-binding modes identified in the crystal structure as part of the top 30 binding
locations. In contrast, the partial charges generated by the CHARMM and PARSE force
fields only reproduced two of the three calcium-binding modes identified in the crystal
structure within the top 30 binding positions. Thus, the molecular docking results generated
with the AMBER force field package were used for further studies.

The top 30 binding locations of calcium ions with BSA were used in atomistic MD
simulations to study the stability of each of the binding sites and to analyze their impact
on the conformation of albumin. Stable binding sites were defined as calcium ions that
remained within 3.5 A of their original binding location after 200 ns of simulation. Out of
the 30 original calcium ions bound with BSA, 11 were found to be stable (Table 1, Figures
1C and S2).

Following 200 ns of simulation, conformational changes in BSA were evaluated by
calculating the rmsd of the backbone atoms over the simulation time. Figure 1A shows

the resulting rmsd plots of the backbone atoms of BSA, and the results demonstrate

a comparatively larger rmsd when BSA is in the presence of 30 calcium ions relative

to the rmsd without calcium ions. To further evaluate the impact of the stable calcium

ions, an atomistic MD simulation of BSA with only the 11 stable, bound calcium ions

was performed. Following 200 ns of simulation, 10 of the calcium ions remained stably
bound, with the calcium ion leaving from binding site-9 (Figure S3 and Table 1). Of the

10 remaining ions, three calcium ions were bound in the locations found experimentally
through X-ray crystal structure analysis, which were included in the original pdb structure;
thus, seven new stable calcium-binding sites were predicted. In the MD simulations with
only 11 calcium ions, the resulting rmsd of the BSA backbone atoms remained similar to the
rmsd of BSA without calcium ions, especially when compared to the results with 30 calcium
ions (Figure 1A). To further identify the regions in BSA with higher rmsd values, the
residue-specific average rmsd of the C-a atoms were calculated for all three MD simulations
of BSA (Figure 1B). The amino acid regions with the largest C-a variations were amino
acid residue numbers 106-118, 292-314, and 490-516. These three regions correspond to
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the three major loop regions of albumin, and they are highlighted in Figure 1C. It is also
noted that in the residue-specific average rmsd results for BSA in the presence of 11 calcium
ions, the greatest variation relative to the control simulation was seen for amino acid residue
numbers 292-314, which correspond to the central loop region.

Calcium Concentration-Dependent Conformational Changes in BSA.

The large-scale conformational changes in BSA were investigated using CG simulations of
BSA exposed to different concentrations of calcium ions. Initially, CG simulations of BSA
were performed at 0.1, 0.25, and 0.5 M calcium concentrations to identify the occurrence

of significant conformational changes. Figure 2A shows the resulting rmsd plots for the CG
backbone atoms of BSA under these three exposure conditions. The results show that the
rmsd drastically increases for BSA exposed to 0.1 M calcium, relative to the rmsd results
for the other three conditions (0, 0.25, and 0.5 M). In contrast, the rmsd results for the CG
backbone atoms of BSA exposed to 0.25 and 0.5 M calcium fluctuate very closely around
the rmsd results for BSA without calcium. The residue-specific average rmsd of the CG C-a
backbone atoms of BSA for all four scenarios, as shown in Figure 2B, show similar results
to those seen in the atomistic MD simulations. The regions with the highest residue-specific
average rmsd are again located in the amino acid residues that form the three major loops of
BSA (Figure 1C).

To better understand the higher rmsd results for the CG simulation of BSA with 0.1 M
calcium, four additional lower calcium ion concentrations (0.02, 0.04, 0.06, and 0.08 M)
were investigated with CG simulations. All CG simulations, including the CG simulations of
bovine albumin with 0.1 M calcium, were repeated thrice, and the results in Figure 3 show
the overall average values of the rmsd of the CG backbone atoms as a function of simulation
time. These results clearly show that the rmsd of the backbone atoms of BSA increased with
increasing calcium concentration from 0 to 0.1 M.

The trajectories of the CG simulations were back mapped to the pseudo-atomistic form of
BSA, and the overall structural changes were analyzed through visualization. As BSA is
exposed to increasing levels of calcium, the overall structure opens up from the central loop
region (residue number 292-314), and the salt bridges between K114 and E519 and K116
and E519 are broken (Figure 4A). A visual representation for this conformational change is
shown in Figure 4B where the N-terminal domain and C-terminal domain are separated from
each other. Figure 4C provides an overlay of the final BSA structure after CG simulations
with 0.1 M calcium on the original crystal structure. To quantify the structural changes

in BSA at different calcium concentrations, the Rg of the CG backbone atoms of BSA

was analyzed as a function of simulation time for different concentrations (Figures 5A

and S4A). The results show the average value of Rg increases at intermediate calcium
concentrations, suggesting that the calcium is driving a conformational change in BSA.
The opening of the protein structure also leads to changes in the relative distribution of
exposed hydrophilic and hydrophobic surfaces of the protein. To determine the impact

of calcium and the subsequent structural change on the level of exposed hydrophilic and
hydrophobic surfaces, the SASA of BSA was calculated for the different CG simulations.
The resulting histogram analysis of the SASA for each CG simulation is shown in Figure
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5B and Supporting Information S4B, where it can be seen that the range of SASA for BSA
increases at intermediate calcium concentrations. To better understand the breaking of the
salt bridges between K114 and E519 and opening of the structure, the CG distance between
two important H-bonded residues, K114 and E519, were analyzed through MD trajectories
and plotted as a histogram, as shown in Figures 5C and S4C. The histogram plot shows

that the CG atom distance between K114 and E519 gradually increases at intermediate
calcium concentrations. Once the salt bridges break down between the C-terminal and
N-terminal domains, these domains move further apart. To better understand and quantify
this separation, we measured the distance between the COM of these domains (Figures 5D
and S4D). The results are plotted as a histogram and show that the distance between the
domains increases, again at intermediate calcium concentrations. These results are consistent
with the increasing CG distance between two important H-bonded residues (Figure 5D), the
SASA values (Figure 5B), and the simulation snapshot (Figure 4) that illustrates how the
structure of BSA opens upon exposure to solvents with increasing calcium concentrations up
t0 0.1 M.

Finally, the number of calcium ions interacting with BSA was calculated to determine

the free and bound calcium ions present during CG simulations at different calcium
concentrations (Figure 6). While no significant structural changes were seen, this analysis
included the CG simulation results for BSA exposed to 0.25 and 0.5 M calcium as well.
Figure 6 shows that the number of calcium ions binding to BSA increases with increasing
calcium concentrations, with a logarithmic-type dependency.

Experimental Validation of Simulation Results.

The CG simulation results indicate enhanced flexibility of BSA upon exposure to calcium
concentrations up to 0.1 M, with enhanced stability at higher calcium concentration

levels (0.25 and 0.5 M). Previous experimental studies have also shown that BSA can
undergo numerous degrees of conformational changes, ranging from unfolding upon surface
adsorption16:17 to being irreversibly denatured upon exposure to heat.>* FTIR is one way of
investigating these structural changes as it identifies molecular movement of key functional
groups. Circle-ATR FTIR was chosen in this study to investigate the conformational changes
in BSA in the presence of calcium in solution, to qualitatively support the simulation results.

It was previously shown that BSA undergoes significant heat-induced structural changes
upon exposure to temperatures =60 °C,%* so FTIR spectra for native and HD BSA were first
collected as control spectra. Figure 7A shows representative spectra for both native BSA

in water and HD BSA in water. The shape and magnitude of the amide I (~1545 cm™1)

and amide 11 (~1650 cm™1) peaks dramatically change when BSA is denatured, confirming
that the two amide peaks are strong indicators of BSA secondary structure. The amide |
peak represents multiple C=0 stretching vibrations, including carbonyl groups accepting

no hydrogen bonds (1695 cm™1), one hydrogen bond (1665 cm™1), and two hydrogen

bonds (1630 cm™1), and antisymmetric stretching of COO- side groups (1585 cm™1),55.56
The amide Il peak represents N—H bending for stronger hydrogen-bonded N-H groups
(1550 cm™1), weaker hydrogen-bonded N-H groups (1520 cm™2), and free N-H groups
(1500cm1).55:56 Following the establishment of the experimental controls, FTIR spectra for
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BSA in the presence of calcium (0.02, 0.04, 0.06, 0.08, 0.1, and 0.5 M) were collected and
compared to that obtained for native BSA (Figures 7B and S5). Regardless of the calcium
exposure level, no significant changes in the shape of the BSA amide peaks at 1545 and
1650 cm™1 are observed, unlike the drastic change seen following heat denaturing (Figure
7A). At the same time, there are changes to the intensity of the peaks, especially upon
exposure to 0.06 M calcium. The lack of change to the overall peak shape suggests that
exposure to calcium ions does not induce significant secondary structural changes to BSA,
which supports the simulation results discussed above. As a result of this general agreement,
a deconvolution of the amide I and 1l peaks was not undertaken as part of this investigation.

In evaluating the FTIR spectra (Figures 7 and S5), it is evident that there is increased
variability in replicate FTIR spectra around 1400 and 1450 cm™1 for some of the calcium
exposure concentrations. These FTIR peaks correspond to carboxylic acid O-H bending
and a-methyl group C-H bending, respectively. Figure 7B provides a magnified look at the
FTIR spectra for all of the replicate experimental measurements from 1350 to 1500 cm™ (n
> 9). The results clearly demonstrate there is significantly more sample to sample variation,
as indicated by the standard deviation shading, when the BSA is exposed to 0.04 and 0.06 M
calcium. Furthermore, when BSA is exposed to 0.06 M calcium, the intensity and the width
of the peaks at 1400 and 1450 cm™1 increase relative to those for BSA in the absence of
calcium. While each FTIR spectra represents an ensemble average of multiple BSA signals,
these changes suggest that these exposure conditions lead to enhanced BSA conformational
heterogeneity, especially upon exposure to 0.06 M calcium.

This is in qualitative agreement with the analysis of rmsd (Figure 3), 7y (Figure 5A), SASA
(Figure 5B), critical salt bridge stability (Figure 5C), and COM of interacting domains
(Figure 5D). At higher calcium concentrations (0.5 M), we see highly reproducible FTIR
spectra, indicating increased structural stability that closely resemble the results for the
native BSA (Figure 7C). The results for 0.5 M are in good agreement with the rmsd and
MD trajectory analysis, as shown in Figures 2 and 5, respectively. Table 2 shows the
computational prediction of conformational change at different calcium concentrations in
comparison with experimental findings. The computational prediction was carried out using
average rmsd, median SASA values, and average COM of interacting domains from the
analysis of MD trajectories.

DISCUSSION

The objective of the present study is to investigate the influence of calcium on the
conformation and secondary structure of albumin, to gain insights into the hypothesis that
calcium triggers a bioactive conformational change to albumin. The starting point for this
work was the crystal structure of BSA, which includes three calcium ions. This structure
was used for calcium ion molecular docking simulations, leading to the identification of

19 loose docking sites and 11 stable, bound docking sites (including the original three

from the crystal structure). Subsequent atomistic MD simulations revealed that BSA in the
presence of 30 total calcium ions had a greater rmsd for the backbone atoms compared to
both BSA in the presence of only 11 bound calcium ions and the native structure without
calcium. These results suggest that conformational change, as indicated by the higher rmsd,
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of BSA in the presence of 30 calcium ions is due to the bulk, free calcium ions rather

than the stably bound calcium ions. To better identify the regions of BSA which undergo
the most significant conformational change, the residue specific C-a rmsds were calculated
for each of the three atomistic MD simulations. The most significant deviations in the C-a
rmsd for BSA in the presence of 30 calcium ions were the three loop regions that connect
the structured domains of BSA (residue numbers 106-118, 292-314, and 490-516). These
results suggest that transient calcium interactions induce conformational changes to the
loops without causing significant impact to the structured domains. Furthermore, even in
the presence of the 11 stably bound calcium ions, the residue-specific C-a rmsd around the
central loop (residue numbers 292-314) shows some deviation from the residue-specific C-a
rmsd of BSA without calcium. This suggests that the conformationally induced bioactivity
of albumin may be imparted by residues that become exposed upon changes near the central
loop, again without any significant secondary structural changes.

The initial conformational studies were conducted with 200 ns of atomistic MD simulations.
However, to better identify large-scale conformational changes in the protein structure,
longer atomistic MD simulations would be required, and these are time consuming and not
computationally cost-effective.26:27 In contrast, CG simulations are extremely efficient from
a computational point of view as the number of atoms are reduced due to use of beads of
atoms. Therefore, eight different calcium exposure concentrations were evaluated with 20
168 CG simulations. The rmsd plots of the CG backbone atoms of BSA at different calcium
concentrations show conformational changes in BSA for calcium concentrations <0.1 M but
no significant changes in the rmsd for higher calcium concentrations. More specifically, the
rmsd of the CG backbone atoms increases with increasing calcium concentration over a
range from 0 to 0.1 M. To better understand the conformational changes, the trajectories of
the CG simulations were visualized, and it is observed that the BSA structure opens around
the central loop region. Furthermore, the structure opens more with increasing calcium
concentrations, while no secondary structural changes are observed. This is in agreement
with the atomistic MD simulations. In BSA, the N-terminus domain and the C-terminus
domain are linked by hydrogen bonding between K114 (N-terminus domain) and E519 (C-
terminus domain) and K116 (N-terminus domain) and E519 (C-terminus domain). During
the opening of the structure, these bonds are broken, and the domains move away from each
other. The regions adjacent to these H-bonds become exposed to the solvent (and binding
interactions), so to quantify changes in the solvent-exposed region, the SASA was calculated
for each of the CG simulations. Over the course of the CG simulation, the N-terminus and
C-terminus domains of BSA fluctuate, especially considering the calcium-induced opening
of the structure, so the average SASA values over the simulation time do not explain the
dynamics of the structural changes. Rather, the histogram plots of SASA represent the
frequency range over the course of the CG simulation, and they demonstrate that the solvent-
exposed area of BSA is increased with increasing intermediate calcium concentration. The
analysis of the Ry of the CG backbone atoms of BSA and the histogram analysis of the
separation distance between the COM of the N-terminal and C-terminal domains further
corroborate that the BSA structure is opening at intermediate calcium concentrations.

Finally, FTIR was used to qualitatively validate the atomistic MD and CG simulation
results that both suggested that BSA undergoes conformational changes without any
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significant secondary structural changes. The FTIR results confirm that BSA has enhanced
conformational heterogeneity upon exposure to intermediate calcium levels (0.04 and 0.06
M; Figure 7B), without any significant loss of the secondary structure, as indicated by
evaluating the amide | and amide Il peaks (Figure S5). It is hypothesized that the breakage
of the H-bonds between K114-E519 and K116-E519 and the subsequent opening of the
BSA molecule at the central loop (AA 292-314), as seen in the simulations, correspond

to the enhanced conformational heterogeneity that is indicated by the increased intensity
and width of the peaks at 1400 and 1450 cm™1 and the reduced repeatability in replicate
FTIR spectra following exposure to 0.06 M calcium. The loss of the two hydrogen

bonds likely impacts the number of bound states of nearby carboxylic acid (O-H) and
a-methyl (C-H) groups, which are represented by the FTIR peaks at ~1400 and 1450
cm™1, respectively. These peak locations correspond to the region of the FTIR spectra with
the most significant changes (Figure 7B). Finally, while others have used MD approaches
for producing molecular vibrational spectra for direct comparison to the experiment, the
CG simulations results in this study are not accurate enough to reproduce atomistic-level
vibrational spectra for direct comparison %7

While the experimental FTIR evaluations are consistent with the CG simulation results,
there is some disagreement regarding the exact calcium exposure conditions that lead to
enhanced flexibility versus structural stability. Computationally, the BSA flexibility was
observed up to 0.1 M calcium concentration, and with FTIR, it was observed up to 0.06 M
calcium concentration. We believe that this is likely a result of the high concentration of
BSA used in the experimental investigation (100 mg/mL) that leads to interactions between
BSA species during the FTIR analysis that are not present in the CG models. The FTIR
spectra were also collected from samples exposed only to calcium ions to isolate the impacts
of Ca?*, whereas simulations were completed in a 0.150 M solution with additional calcium
ions to mimic the physiological conditions of the healing bone. The presence of additional
ionic species in the simulation may enhance the impact of calcium, even if they do not
directly influence the structure of albumin.

Our computational results suggest that the conformational flexibility in BSA increased with
calcium concentrations up to 0.1 M, while further increases in the calcium concentration
then reduce the flexibility back to values similar to those at 0 M. We believe that this is
because the number of sites that can stably bind calcium ions are nearly saturated beyond
the 0.1 M concentration. Figure 2 shows that at 0.25 and 0.5 M calcium concentrations,

the rmsds of the CG backbone atoms of BSA are similar to those without calcium, and the
analysis of MD trajectories (Figure 5) suggests that BSA at 0.5 M calcium concentration
behaves similar to the native protein. The number of Ca2* ions binding to BSA in our CG
simulations for 0.25 and 0.5 M calcium concentrations are 67 and 84, respectively (Figure
6). These calcium ions are binding to the negatively charged residues in BSA of which
there are 97. Our results suggests that BSA becomes more stable when more than ~70%

of the negatively charged residues are bound to calcium ions. These simulation findings are
supported by the FTIR data that show BSA exposed to 0.5 M calcium has high structural
stability (Figures S5 and 7C). Future experimental observations with greater sensitivity to
conformational changes including protein crystallography and small-angle X-ray scattering
are planned, to further validate the results discussed in this study.
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CONCLUSIONS

In this study, we investigated the conformational changes induced in BSA by exposure

to calcium ions v/ia molecular modeling techniques including molecular docking, atomic
MD simulations, and CG simulations. The modeling results demonstrated that interaction
and binding of calcium ions with the three major loops trigger the conformational changes
observed for BSA. The transient binding of calcium ions drives the conformational change
of BSA. From the docking and MD simulations, seven additional stable calcium-binding
sites were found that were not reported previously. As the calcium concentration increases,
hydrogen bonding between the N-terminus domain and C-terminus domain is disrupted,
leading to the separation of these domains. This separation leads to a subsequent increase in
the Rg, SASA, and COM separation of BSA. However, at a certain calcium saturation level
(~70% of the negatively charged amino acids), the BSA structure becomes less flexible. This
indicates that regions of BSA not typically accessible are exposed upon this conformational
change but only at intermediate calcium exposure levels. Furthermore, the modeling results
confirmed that there is no significant loss of the secondary structure in BSA. The modeling
results were qualitatively validated via FTIR spectroscopy, which suggest that BSA has
enhanced conformational heterogeneity when exposed to 0.04 and 0.06 M calcium solutions.
When taken in context with the existing literature demonstrating that albumin plays a role

in enhanced bone healing and regeneration, the results of this study suggest there may be an
as yet unidentified bioactive domain in albumin that becomes accessible upon the breakage
of the hydrogen bond between the N-terminus and C-terminus domains. Therefore, this
study provides a basis to further investigate and identify this possible bioactive domain in
serum albumin through detailed experimental investigations into the conformational states of
albumin upon exposure to calcium via more sensitive techniques.
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DATA AND SOFTWARE AVAILABILITY

All of the PDB files were downloaded from the RCSB Protein Data Bank (https://
www.rcsb.org). The following free pieces of software were used: Autodock Vina for
molecular docking (http://vina.scripps.edu/index.html), PDB2PQR server to prepare files
for docking (https://server.poissonboltzmann. org/pdb2pgr), and VMD for molecular
visualization (https://www.ks.uiuc.edu/Research/vmd/). We used freely available force
field parameters CHARMM, PARSE, and AMBER for docking the calcium ligand.
All-atom and CG MD simulations were carried out with the freely available software
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GROMACS (http://www.gromacs.org/). For all-atom MD simulations, freely available
force field Amber99SB*ILDN, and for CG MD simulations, SIRAH force field (http://
www.sirahff.com) were used, which is free. All the structures, MD trajectories, and
experimental data mentioned in the article are available from the corresponding author upon
reasonable request.
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Figure 1.
Analysis of the BSA conformation in the presence (30 or 11 calcium ions) and absence

of calcium ions following atomistic MD simulations. (A) Rmsd of the backbone atoms of
BSA as a function of MD simulation time. (B) Residue-specific average rmsd of the C-a
atoms of BSA following 200 ns of MD simulation. (C) Binding locations for bound calcium
ions (blue spheres) as identified from molecular docking and atomistic MD simulations.
The three major loops of BSA corresponding to residue numbers 106-118 (black), 292-314
(violet), and 490-516 (orange) are involved in transient binding with calcium ions and are
the primary source of conformational changes.
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Figure 2.
Analysis of BSA conformation in the presence (0.1, 0.25, or 0.5 M) and absence of calcium

ions following CG simulations. (A) Rmsd of the CG backbone atoms for BSA as a function
of CG simulation time. (B) Residue-specific average rmsd of the C-a atoms of BSA
following 20 s of CG simulation.
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Figure 3.
Rmsd analysis of the CG backbone atoms for BSA at different concentrations of Ca2* ions

as a function of CG simulation time.
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A

Figure 4.
A) 3D structure of BSA with hydrogen bonding between E519 from the C-terminus

domain (blue colored) and K114and K116 from the N-terminus domain (red colored). (B)
Simulated albumin structure after exposure to 0.1 M calcium (magenta), with the C-terminus
domain (blue colored) and N-terminus domain (red colored) separating from each other. (C)
Simulated albumin structure after exposure to 0.1 M calcium (magenta) super-positioned
with the original pdb crystal structure (gray). The C-terminus domain (blue colored) and
N-terminus domain (red colored) are highlighted.
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Figure 5.

Distance between COM of domains (A)

Analysis of the opening of the BSA structure: (A) Ry of the CG backbone atoms of BSA

as a function of simulation time at different calcium concentrations. (B) Histogram of

the SASA of BSA from CG simulations for different concentrations of calcium ions. (C)
Histogram of the distance between CG atoms of two important H-bonded residues, K114
and E519. (D) Histogram of the COM separation between the two interacting BSA domains.
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Figure 6.
Number of Ca2* ions binding to BSA following CG simulations with different calcium

concentrations.
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Figure 7.
Average FTIR spectra for (A) BSA and HD BSA in solution, indicating significant loss

of the secondary structure upon heat denaturation, (B) BSA and BSA exposed to multiple
calcium concentrations, and (C) for BSA and BSA exposed to 0.5 M calcium, indicating
the structural stability and similarity for these two experimental conditions. All of the FTIR
spectra were subjected to background subtraction, and the standard deviation of replicate
measurements is shown with color shading (n = 9).
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Negatively Charged Side Chain or Backbone Amino Acids Responsible for the 11 Longer-term Stably Bound

CaZ* lons, as Determined from Atomistic MD Simulations?

binding site number
1

© 00 N oo g A W DN

=
o

11

Ca-binding sites
R412, K413, T491, D493
S109, D111

L24, F27,S28
E243, D248, E251
D13, D254, D258
D13, D254, D258
Y333, S334, E339
S343, V481
A225, K224, F222
F308, Y352

E310, S370

aThe three experimentally identified stable Ca2+-binding sites previously determined are indicated in bold.
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