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ABSTRACT

We study the energy landscape of the negatively charged protein BSA adsorbed on a negatively
charged silica surface at pH7. We use fully atomistic molecular dynamics (MD) and steered
MD (SMD) to probe the energy of adsorption, and the pathwahésurface diffusion of the
protein and its associated activation energy. We find an adsorption energy ~ 1.2 eV, which
implies that adsorption is irreversible even on an experimental timescales of hours. In contrast,
the activation energy for surface fdsion is ~ 0.4 eV, so that it is observable on the MD
simulation timescale of 100 ns. This analysis paves the way for a more detailed understanding
of how a protein layer forms on biomaterial surfaces, even when the protein and surface share

the same eledcal polarity.



INTRODUCTION

Protein adsorption phenomeassolid surfacehavereceivedmuch interestn industrial and
biomedical processes. For examplerecent years, increasing attentizais been focuseah
areassuch asiochemical sensors, biofilm fouling, biocompatible materials, medical implants

anddrug deliverydevicest'®

While nonspecific protein adsorption on surfaces can cause serious prclelnas
degrading the analytical performance of devigegreatly enhancesur knowledge of the
protein alsorptionto interfacial regioné.® Protein adsorption is well known to be dependent
on environmental factors, for example pH, ionic strength, and also physicochemical properties
of the protein andsurface*” 1% Studies concerning protein adsorption onto chargdxbtsates
show that the major drivinfprces are electrostatic and hydrophobiteractions>*113 these
govern the specific orientation and the structudrine proteins in the adsorbed layers. vl
as quantifyingnolecular orientation, conformation or aggregation of adsorbed protein, it is also
important to quantify dynamic phenomena such as surface diffusion, which can affect the
surface excess dengft'*1°Since the surface processes can changertbtein biochemical

activity, many questionstill need to be addressed regarding protein interfaetadvior

Serum albumins are one of the most abundant psoieiblood, hereforeinterfacial
behavior studies of proteins such as human (HSA) and bovine (BSA) serum albumins seem to
be crucial for biomedical applicatiods. Due to its high similarity to HSAlow cost and
availability, BSA is often used as a model protein. It consists of 583 amino acids; the molecular
mass is-67 kDa. Thep r o t eharge disribution is inhomogeneous which makes adsorption
on both positively and negatively charged surfaces possfiliea surface are a common
referencdor studyng proteini hydrophilic/charged/inorganic surface interactions. Silica is a

biocompatibé and biodegradable material, which can be used in many pharmaceutical



applications i.e. as a possible drug delivery device for a therapeutic protein or immobilized
biocatalystd>1918 |n a wide range of pHt is negatively charged with deprotonated silanol
group$ and one of its important featurés longterm stability. When a solid surface is in
contact with a protein solutiorat steady statdhe material is covered with adsorbed protein
moleculesHence it is important to understand how the proteins interact with the hard material

surface.

Insight into protein adsorption processes involved in biotechnological applications is
essential to achieve materials with high biocompatibility good performanceé:® However,
protein T inorganic solid surface interactions are sometimes difficult to analyze from
experiments and need to be additionally revealed through computational techffdues.
Simulations have turned into an essential tool to provide insightstirertomistic levelto
validateand interpreexperimental work. Suchn approach dws usto elucidate structural
and dynamical details with deep understanding of the molecular mechanism of adsorption,

includingthe energy of adsorptiomiffusion on the surface and desorption.

A detailed description of the adsorption dynamics canrbeiged by computational
methods such as Molecular Dynamics (MD) andvisiants such as Steered Molecular
Dynamics (SMD}:19212325 vijlhena et af® used atomistic MD and SMD to study the
difference between free and forced adsorption of BSA onto graphene in terms of protein
secondary structure, contact area and protein spreddiag.results show that fremdsorption
occurs with only minimal structural changes of BSA. Even if adsorption was fahe8iSA
was able to preserve the structural properties of the majority of its bindinglsitasother
study  M¢ ¢ k s*%studiedatisorptibn. and forced desorption of BSA and lysozwitle a
model, highly hydrophobigraphite surfaceusing MD and SMD simulation§ hey foundhat
BSA loses its secondary structure during adsorption and also becomes almost fully unzipped

during pultoff, presumably due to the hydrophobicity of the surfsiéei et aP°> denonstrated
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the need for longime atomistic simwtion in order to gain a complete understanding of the
protein adsorption process and also showed that constant improvement in simulation
methodologies enablelis endeavor Therefore, the purpose of our workaidetailed protein

interfacial behavior analysis)cludingstructual characteristicand dynamis.

In this paper we report the interactions betweemodel, negatively chargedlica
surfaceand anegativelychargedbovine serum albumin (BSAroteinat pH7. As discussed
previously, electrostatic repulsion makes this a challenging systemadelling®>!* despite
the experimental evidence that the protein readily adsorbs to the silica $dtfsi¢e have
found that the inhomogeneous nature of the chargldition across the protein surface
enables the adsorption process, in conjunction with the electrostatic screening provided by the
diffuse layer of counter ions at the charged silica surface. Herstwdy the adsorptien
desorption othe BSA with MD and SMD techniquesn order to analyse the energy required
for BSA adsorption and desorption processé& also investigatehe surface diffusion
pathwaysfor the adsorbed proteiand the associatecnergy landscapeadding to our

understandingfahe protein dynamics at the watslica interface.

MATERIALS AND METHODS

MD Simulations Studies

All our simulations were carried ousing theNAMD 2.82¢ simulation package together with
the CHARMM27 force field and analyzed using VMD3V038 was used as the starting BSA
structure As in our previous simulatioris!the protein {L7e) and surface slgb429e)charge
were neutralized by NaGit an ionic strength Bx102 M. This step is necessary due to the

Particle Mesh Ewald (PME) method, which is the infinite sum of chengege interactions



and converges well only in the case of neutral systésreover the ions provide screening
of the electrical field created both by the surface and profendiscussed elsewher&,
without local electric field fluctuationgnd screeningof both the BSA and SiQ, the BSA

adsorption orthe SiO; surface would not bieasibkin areasonable simulation tingeale.

The SiQ slab (129 A x 129 A x 13 A) was constructed usingpap s | ab- of U
crystabolite cut from a bul k crys)bathatthen s uch
top and bottom of the slabo that theslab has a net negative charge but zero dipole moment
The resulting surfaceharge densityith partial charges otiheO (-0.55e) and S{1.1 e)atoms
mimics thenegative zeta potential at pH 7 observed experimerftélig. worth notingthat, in
the MD methodologythe pH is set priori at a particular levelthrough the selection of the
charge states of the silica surface and protein residinesforce field parameters (including
protonation states of particular side chains and water moleculesypically designed to
reproduce thehysiologically importanpH7. During the simulatigrdue tahe force field used
bonds cannot be created or brokendtherefore H and OH moieties are not present in the
simulation.Hence the silicawater chemisir is not reproduced precisely, ngverthelesthe
water behavior and creation of water lag&rsimics well the detailed chemistrihe method
ignores fast chemistry while ghg a good insight into slower processes such as protein

adsorption ora givensurface

The neutral systens used in a simulation cell of si2@9 A x 129 A x 191 Afilled by
water (ve use tha@IP3P modél with periodicboundaryconditions In its starting orientation
theBSAO mitrinsic dipole moment poistowards thenegatively chargeslurface (witreanangle
of about 48 to the normal)favoring adsorptionto the surfaceMore details regarding the

electrostatics of the designed system can be found in our previous peports.



Thesimulation cell wasubjecedto minimization, heating an2001 500 nsproduction
trajectoriesataconstant 300 K temperature maintainedibhyangevinthermostatAdditionally,
we have usethe PME methodto calculate the electrostatic interactionile the cutoff for
van der Waalsinteractions was 12 A. To reduce computational cogiser molecules were
treated as a rigid bodieand a timestep of 2 fsvas usedWe haveidentified a successful

adsorption trajectorgreviously-%

In this work we have extended our analydisr two additional nonadsorption
trajectoriedo obtainan estimate of thadsorption energyll three trajectories are independent
runs from the same starting configurati@mce the evolution of the system is stochastic in
nature, these are not identical trajectoridse BSA trajectoriearedenoted as: ADwhich is
the500 ns longimulationwhere BSAadsorbean our modekilica surface ! N-AD1 and N

AD2 which are200 ns trajectories where adsorption has not besarved.

SMD Simulations Studies

SMD simulations started from the existiAdp adsorption trajectgrat 375nsWe used this
adsorption state in order to start our series of SMD simulaivbich investigatehe impacof
pulling on desorption and diffusn processesAD-375ns isa structure showing stable BSA
adsorption at the silica surfages described iour previous workanddenoted as state(knal
adsorption sta)eé!! For clarity, we use the same description in this waihus, the BSA
adsorption stageotationsusal in this work are(i) Stage F BSA s adsorbe@nd Lys537 side
chain penetrates the inner water lay@);S t a gieBSA i§ adsorbed and Lys537 side chain
penetrates the outer water lay@ti) Stage M- BSA is mobile (liffuseg on the surfacebut

d o e glesdrliand theLys537 side chain lies just above the outer water laygrStage Di

BSA is desorbedlhe state F has been obtaineddae BSA moleculadsorbedo the silica
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surface>!! The moleculevasoriented with its llIBsubdomain towardthe silica surfaceand
theLys537side chain penetratifgpthwater layers and creatiragstrong anchor tthe surface.
The list of key residues for the BSNica surface interactionstate F)includes: Glu494,

Thr495, Lys535, Lys537Thr539, Glu541, GIn542, Thr580, and Ala583.

In the SMD simulationsperformed in this studywhile the MD parameters remained
unchangedwe have applied an external force with constant velocity pulling of 0.005 A/ps and
with a spring constant 278 pN/An practice the SMD protocol means that we introducee
or moredummy atoms whiclareattached to the chosen protein atoms by virtual sgrthgn
we pull with constant velocity and measure the force bettresstummy andoprotein ators.?®
We usel0 nsdurationsimulations to probe desorption and diffusion effelctdotal, we have
performed 15MD runs they differ in the pulled residue side chain atom as well as the pulling
direction. An external force was applied in four directiomsay from the surface ithe -x
direction which i s deacmoddleedurface whicrsi sd ewmort ke da sa sfi

(across)in-y direo®di,orz(da)yegmdodi ( da)t.i on (fa

Knowing the list of key residues for the BS#lica surface interactioAswe decided to
use these residues the SMD runs namely the pullecatoms (in various runs) werhe
following: Glu494 CcU, Thr495 cCcU, Lys535 Co,

Thr580 CU, and Al a583 N.

First, we have performed 4 SMD runs, where we pull trey.ys537 side chaifusing
C o Jip (trajectory LysB7 u) and across the surface (trajectories: Lys5371Lys537 a,
Lys537_a). Then, we have run another 4 SMD simulations in the same directions as above,
and pull all of the key residues apart from Lys537 (trajectories:nallys537 u,
all_noLys537 &, all_noLys537 &, all_ noLys537 &). Finally, we have used an external force

to pull all of the key residues together and denote these trajectories as: all iu,aélllaa



all_as. We estimated the energy of diffusion and adsorption from the appropriegelistance

curves.

To get information about protein-eglsorptionwe have also performéddur additional
10 nsduration MD simulationsfollowing these SMD trajectories Lys537_u, Lys537 ia
Lys537_a, andLys537_a. The runs weratarting froma priori chosen time moments tfe
SMD simulations to check the protein behavior when the external foreee@&sedThe time
chosernis when the BSA molecule is close to the surfémeveverthe Lys537 side chain is
variousdesorbedstages2.24 ns foLys537_u, 3.18 ns for Lys537.,&.10 ns for Lys537 -a

and 2.52 ns for Lys5373.a

Energy Analyses

We perform a series of atomistic MD simulations in order to calculate the adsorption energy of
the protein to the silica surface. The adsorption energgtismated by comparing the total
energy of the system with the protein in bulk water above the surface, with that of the system
once the protein has adsorbed. We take into account the relaxation of the protein structure in
the solvent as explained belowhi$ approach provides us with the desired energy estimate,

neglecting changes to entropic contributidhs

We also perform the series of SMD studies described above to estimate the activation
energy for diffusion across the surf&t&Ve note that because the adsorbed protein is anchored
to the sur f ac e -chays, theepyotein diffsisiod acss the surfack eecessitates
the partial desorption of these side chains. This is very similar to the situation previously
investigated with lysozyme adsorbed to a model chagathcé*. By performing the SMD

trajectories slowly with modest spring constant, we explore the possible pathways and energy



landscape for the sidehain desorption, and hence find the mechanism for fredofaad)

surface diffusion for the adsorbed BSA.

RESULTS AND DISCUSSION
BSA adsorption energy analysis

As described in the Methods section, wralye three trajectories, one for successful
adsorption (AD) and two for no adsorption-MD1 and NAD2). The differences between
trajectories reflect various local minintfzatthe protein reached during the preparation period,

as expected iMD simulation;the same starting geometry, dughermalrandomization, will

not lead to exactly the same resultpparertly, in the case of BSA artie modeBiO; surface

there are various local minima which do not leathtproteinsurface orientatiorgeparation
andelectric fieldfluctuationsthat yield proteiradsorption withira100 nstimescaleHowever,

we emphasize that all the structures obtained are energetically stable. The 33% success rate in
the adsorption trajectories illustrates the fact that adsorpti@nefatively charged protein

onto a negatively charged surface is a rare prodesghe studed timescale as already

discussed-!!

Overlaps of the final protein configuration from each trajectory indicate that in all tteses
overall BSA structure is stable and similar to each other {Friteither domain reorganization
nor secondary structu@hange(such ad+helix unfolding are observed. When compdrto
the initial BSA structure, the smallest changes are noticeithédkD trajectory (Fig. 3). As
shown in the Supplementary MateridfSl), the structure of subdomain IlIB, where the
adsorption site is locate@ee Fig. 1 inset)is very well maintained aftehe AD trajectory,

while both NAD trajectories show slight higher structural flexibility in this region (Fid.).
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It might suggest that the surface stabilifesstructure otthe IlIB domain, which is the most
hydrophilic subdomain of BSA and one diie leastnegatively charged as discussed
elsewheré!! Structural similarity (further supported by RMSD and RMSF amalysovided

in Supplementary Material§S1 andFig. &) indicates tht within all trajectories studied we
observeahe naturallyoccurring structural flexibility of BSA. Thereforanenergy comparison
between AD and MAD trajectories might lead to quite accurate estimation of BSA adsorption

energy orthe modekilica surface.

e s v
’

Figure 1. The main figure showa BSA structure overlap after AD (black);AD1 (red) and
N-AD2 (green) trajectories. For claritiyeprotein structure is shown by cartoamd the surface

is represented by solid yellow rectangléne dashed blue circle indicates the adsorption site
(subdomain IlIB)while the blue squared inset shows adsorbed BSA structure on silica surface
after 375 nsn the AD trajectory.In theinset the BSA secondargtructure is indicated as a
cartoon, the proteisurface is shown as a ghost surface colored by subdomain as introduced by

Majorek et al?® IA, red; IB-orange; lIAblue; IIB-light blue; IlIA-green; llIBlime. SiQ
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surfaceatomsare shown by CPK representati@xygeni red; siliconi yellow). The water
layer is shown by transparent CPRhe bulk waterand ions ar@ot shown for clarityForthe

cartoon, ghost and CPK representatithe VMD softwaredefinitions® areused.

Plots of the total energy obtained within AD;AD1 and NAD?2 trajectoriesversus
time (Fig. ) show two stagesnergyE: is observed duringhefirst 50 nswhere thanitial
proteinrelaxation inthe water occurs,and energyE; for the rest of the simulation time. Of
course the total energy iladesthe energy ofsurfacewater, surfaceons, surfaceprotein,
proteinwater, proteiron and wateion interactionsas well agheinternal energy of each sub
system. Nevertheless, due to the length of the trajecme$he identical numbers of species
in each trajedry, we can assume thawveragef those energies are the same within each

system

It is worth noting that even inthe AD trajectory the BSA spem thefirst 50 ns frely
diffusing in the water, unaffected by the presence of the surface. For each tajeate
calculated the average values efld E (along with standard erroray well aghe difference
gE in thesgseeTab.1). To avoid oversampling of correlated data, we sample the energy every
0.2 ns to calculate the statistichelTenergy differencgEap between the initial free diffusion
(e.g. structure relaxation) arlde established adsorption statethe AD trajectory is 2.1+®
eV (Fig. 2), while qE calculated for NAD trajectories (between initial relaxation and
establishedree diffusionin the water) is 0.8+@ eV and 0.9+@ eV for N-AD1 and NAD2
respectively(see 8S2 in the Supplementary Materiatgap corresponds tohe adsorption
energy convoluted witthe energy of longierm relaxation and normal free dynamics, while
gEn-ap1 and gEn-ap2 corresponds tohe energy ofthe long-term relaxation and normal free

dynamics only. Thereforé¢he energy of protein adsorptiony, €n be estimated from
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Eae qEap - < qEn-ap1 GEN-AD2> (1)

where <é> i s dhus Be &2504geViswa begestimae of the adsorption
energy of BSA orthe modelSiO; surface notwithstanding the approximate nature of this

calculation

It is usefulto cansiderthis value ofthe BSA adsorption energy terms ofArrhenius
rates?* Foranactivation energpf 1.25 e\ the Arrhenius rate is measuredyiears Hence our
estimated adsorption energy hekpgplain why in our simulations we have never observed

spontaneous desorption.

There arel3 hydrogenbonds between key BSA residues and the water detyier
adsorption state;Fen of thento theouter water layer (OWL) and thréztheinner water layer
(IWL). From thatone can assume that the energy associated with hydrogen bonds would be
equal~2.6 eV (0.2 eV for each Fbond) which is much highethe Ex calculated above.
However, in solution the BSA also has hydrogen bonds to the solvent, and the adsorption energy
is thedifference in energies between fully solvated protein in bulk solution and at the surface.
Furthermore, other interactions (electrostatics anedesivWaals) play a role in the energetics.

Therefore, our estimate ohEBppearseasonable.
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Figure 2. Total energy withirthe AD trajectoryagainstime displayed as a single black trace
(the gray shading is used to enhance the clarity of the annotdtemaverage ahetwo stages

Eiand E, are labeled.

Table 1. The average total energies (with standard error estimations) obtained ththinst
50 ns (&) and the rmaining time(E2) oftheADand NAD traj ectories. The

given inthelastcolumn

E1 [keV] Ez[keV] E [ eV]
Adsorbed -45.81184.5-10* -45.81396.5-10* 2.1+02
Non-adsorbed 1  -45.80154.510* -45.80236.9-10* 0.8+02
Non-adsorbed 2  -45.7941+15.10* -45.7959.9-10* 0.9+02

SMD Simulations of the Desorption Pathway

The desorptiorpathway for the BSA on the model silica surface is probed uSM®
simulation. The chosepulling velocity of 0.005 A/psallowed us to probethe desorption
mechanisms on a nhanosecond timeswaétleout visibly affecting the protein structure (i.@0
protein unfolding) Our previous).5 ps MD adsorption trajectoifAD)*! provideda detailed
description how the negatively chargB8A at pH7 adsorbs to the negatively charged SiO
surface, and reveadla unique orientation with preserved secondary and tertiary strudanes.

we use SMD results to add more detailthprotein behavior imdsorbedtages F ardM

14



as described abovin Fig. 3 we showthe protein structure of the BSA adsorption trajectory
(AD), when the BSA is in its final adsorption stdgenNe observedhatthe IlIB subdomain,
which is slightly negativeoverall in comparison to other subdomains and relatively
hydrophobic, is attracted to the silica surfaéegure 3 also shows the inhomogeneous
distribution of charged residues across the protein suréackpositive residues are seen to
facilitate the adsorption to the negatively charged silica surfdee figure also displays the

dipole moment of the protein, showihgw it aligns in the electric field above the surfathe

adsorption is strong and@versible>!!

Figure 3. Molecular model of BSA on silica surface (A) top view (B) side view after 375 ns
AD trajectory (representative fatage F) The protein surface i€olored byr e si dues 6
charge (positivé blue, negativé red, neutral white). Thesilica surface and surfaceater
are shown bytransparentCPK (the bulk water is not shown for clarjtyCPK color code:
oxygenred siliconyellow; hydrogenwhite; chlorinecyan sodiuni yellow. The yellow arrow

shows the proteinbés dipole moment
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During protein adsorption we usually observe an anchoring residue penetrating through
the surfacewater layersthese arelefined as welbrderedayers (of thickness-1.5A) located
in close proximityto the silica surfacewith the waterexposng hydrogen towardghe silica
oxygenst! Our previoussimulations showed that ontie positively charged Lys537 residue
plays thisanchoringrole effectively and penetrates through both surface water I¢yees
Figure 4 state Pandsowe p u | | ton df leys587Ve iavestigate the diffusion pathways
of BSA by pulling in directionsiormalto the surfacétrajectory Lys537_uand parallel to the

surface(trajectoresLys537_4,2,3.

The desorption mechanism observed is similar for all trajectories, and here we discuss
one exemplarLys537_u Pulling the BSA up from the surfacerovides data directly
corresponhg to the adsorption energy of the main anchoring residue, while the dyeergyrs
calcuae d f r om t r adrosscthe surfayeadditidghalyincl(de the energy required
for water layer reorganizatiohlowever, the energies are convoluted and it is not clear which

partof the energyefers to whictparticularprocess
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Figure 4. The surface adsorbed state of BSR#&bns othe AD trajectoryin which the Lys537
side chain penetrates the inner water layer (statedpresentation and color code follows the
one introducedn Fig.1. The Lys537 residue is annotated amdicated by licoriceolored by

name (hydrogefwhite; carborcyan; nitrogerblue).

From thetrajectory Lys537_u, eicandescribeheLys537 desorption process frahe
modelsilica surface in three stepse€Fig. 5). First,the Lys537 side chain frotheinitial state
F moves out of the inner water layer at 0.22awhat wedenoteas s t ia Fige SAFTden,
at 0.58 ns, it lies just above the outer water layer and insepaty with this layey which
corresponds to state M our previousvork!! (Fig. 5B). Our previous MD simulations showed
two hydrogen bonds betwetitekey BSA residue ahthe inner water layer at stagé Fhese
two H-bonds between Lys537 atitk water layes are also present during th@nsition from
state F to FO, AthIDnNdLysé3Ncomplatety Bschiact with thevbuter
water layer and néurtherresidues anchor the protein to the surface. After this time, the BSA
molecule moveaway from the silica surface following the external foared we denote this

stateasD (Fig. 5C). The proteirsurface sparation isiow~10A.

The protein immow desorbed, but it is in the orientation which is closthepreferred
onefor adsorptionand when thexternalforce is released the protein adsorbs again in the way
already observegreviousy!! and achieves thadsorbedstate F just as in theriginal MD
trajectory Due to the strong attraction the silica surfacethe BSA adsorbs again within the
MD simulation time of 10 ns. First, the Lys537 side chain penetrates the outer water layer (~0.2
ns after the force releageAfter ~5.0 ns it strongly interacts with the inner layer and then
directly withthe SiQ surfa® as in state F dfig. 4. The BSA readsorption process is observed

in all ourunbiasedD simulations providedtheinitial distanceof theproteitd s ¢l osest r e
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to thesilica support was WA, regardless oihether the Lys537 sidehain was pulledlang

the normal or parallel tde surface. The BSA attraction to the silica is dominantiareach
trajectory with the external force released, the protein started its adsorption process
immediately.The protein orientation does notattye andt always coms back to the state
beforethe start of th&MD simulaed pulling(namelystate F)This impliesthat either the state

F orientation is thenly onepossible for adsorptiorgr that there was nbenough time and
spacefor the BSAto find another one within the conditions of strong attractmthe surface
Fromtheoriginal AD trajectory, wherthe protein adsorbed, desorbed anédsorbed again in

stageF,>!we areled to believehat theformeroption is more likely than the Lat.
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