MATERIALS
SCIENCE &
ENGINEERING

Materials Science and Engineering A 409 (2005) 160-166

www.elsevier.com/locate/msea

Molecular dynamics simulation of barnacle cement
Jun Yin, Ya-Pu Zhad, Ru-Zeng Zhu

State Key Laboratory of Nonlinear Mechanics (LNM), Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080, PR China
Received in revised form 7 May 2005; accepted 19 May 2005

Abstract

Barnacle cement is an underwater adhesive that is used for permanent settlement. Its main components are insoluble protein complexes that h
not been fully studied. In present article, we chose two proteins of barnacle cement for study, 36-KD protein and Mrcp-100K protein. In order to
investigate the characteristic of above two proteins, we introduced the method of molecular modeling. And the simulation package GROMACS
was used to simulate the behavior of these proteins.

In this article, before the simulations, we introduce some theories to predict the time scale for polymer relaxation. During the simulation, we
mainly focus on two properties of these two proteins: structural stability and adhesive force to substrate. First, we simulate the struitiuol stabil
two proteins in water, and then the stability of 36-KD protein in seawater environment is investigated. We find that the stability varies in e differe
environments. Next, to study adhesive ability of two proteins, we simulate the process of peeling the two proteins from the substrate (graphite)
Then, we analyze the main reasons of these results. We find that hydrogen bonds in proteins play an important role in the protein stability. In th
process of the peeling, we use Lennard—Jones 12-6 potential to calculate the van der Waals interactions between proteins and substrate.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction stratum[2]. Some reports have indicated that the primary and
secondary cements are essentially the si@he
Some of the strongest adhesives in the animal kingdom are The biochemical properties of barnacle cement have not been
found in marine organisms. One typical example is barnaclefully elucidated because the insolubility of the cement pro-
which long intrigued researchers for their fouling activity andteins hampers their purification and characterization. The current
their capability for tenacious underwater adhesion to the substudy[1-4] provides initial characterization of the major pro-
stratum. Barnacles are exclusive marine animals, and they ateins in the cement of barnacles, including molecular weights of
the only sessile group of crustaceans. The barnacle achievesparated proteins, amino acid composition analysis, N-terminal
the underwater adhesion by secreting proteinaceous substancesquence and preliminary conformation analysis. The exact
Barnacle adhesive proteins, often called cement, are an insolublesults of the cements components, however, are not identical
protein complex and used for permanent settlement. To adhene different reports. So, we just choose two proteins of barnacle
effectively, the cement needs to accomplish several functiongement which have much information such as exact N-terminal
such as coagulation, displacement of water from the substraturaequence for study. One is called 36-K4) protein, which has
establishment of interfacial contact and molecular attractior88 amino acidsKig. 1). The other one is called Mrcp-100K]
between dissimilar materia[d]. According to the method of protein with 28 amino acid${g. 2). As far as we know, there are
collection, barnacle cements are classified into two types: a priao mechanical properties of barnacle cement, which have been
mary cement produced while the animal is on a substratum aneported, and no report is on describing mechanical behavior
a secondary cement secreted while the animal is free from sulsing molecular dynamics (MD) simulation method.
Molecular dynamics simulations are based upon numerical
solvents of the classical Newtonian equations of motion in which
* Corresponding author. Tel.: +86 10 6265 8008; fax: +86 10 6256 1284, the force exerted on each atom is given by the negative gradient
E-mail address: yzhao@Inm.imech.ac.cn (Y.-P. Zhao). of the potential energy function with respect to the position of the
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lished some models to analyze the time scale of these simu-
lation processes, and the proteins were deformed over a time
scale comparable to the theoretically predicted relaxation time
scale.

2. Simulation procedures

The simulation procedures of GROMACS include a series
of files and programs. There are mainly three processes. (I)
In order to avoid improper structure of proteins, we perform
N-terminal sequence: Thr-Tyr-Tyr-Pro-Tyr-Leu-Lys-Thr- Arg-His- energy minimization at the temperature of absolute zero. (1l
iﬁ’:_'gzﬁ?ﬂ;i‘:si‘:;:g;r:ﬁfigfrn’z&i‘f:;:ﬁf‘Tyr'Tyr' Then we increased the temperature of system to 300 K by giving

every atom a prime velocity according to Boltzmann distribu-
Fig. 1. 36-KD protein and its amino acids sequence. tion, and we balanced the system for a short period of time. (III)
We performed the GROMACS package to make sure that the

atom[5]. GROMACS is a versatile package to perform molec-SYStem almost lies in the minimqm poi.nts of the energy sur-
ular dynamics, and GROMACS is extremely fast at caIcuIatingface’ and then we made some simulations, such as stretching

the non-bonded interactions, so many groups are also using]E?{Ote'ns fto |n\r/]esft|gate the Iﬂropemesdof two p_roteln_s. T?e last
for research on non-biological systems, e.g. polyrf@itsThere rames of each of process (lll) are used as starting points for next

is also a wealth of analysis tools and precision-independent trg_lmTur:anonls. lar d . imulati f d usi
jectory formats, e molecular dynamics simulations were performed using

In this paper, the application of GROMACS for the simula- GROMACS Version 3.1. For the proteins, standard GROMACS

tion of structural stability and adhesive ability of two proteins isamino acid residue topology and parameters based on the

reported. In our simulation, we are particularly interested in theC_;RO'\/IOS'96 force field were used]. The SHAKE algo-

structural stability and adhesive ability of barnacle cement. Wé'thm [8] was u_sed to fix hydrogen bonQS durln_g the S|mulat|0|,1.
stretched the proteins in different solutions, in water and seaw::{'-e""pf_rog algorlthm was employed f°f integrating the Newton's
ter, respectively. We found that traditional entropic force modelseq.ua.tlon of motion for each atom, with step Of.lfs' Non-bond
are not suitable to describe the behavior of proteins stretchin%a'r'IISt was updated every 10 steps. All the simulations were
while hydrogen bonds is essential in keeping proteins’ struc erformed at constant volume and temperature (NVT ensemble)

tures. Structural stability of two proteins is almost at the Saménolecular dynamics and the temperatures were always con-
level in water, but 36-KD protein is more stable in seawatellroIIed at 300K, where we used the week coupling scheme of
than just in water. And then we peeled proteins from substratgerendsen et a[9_] to control th? temperaturg. .

(graphite). We introduced the parameters of van der Waals inter- When strgtchlng the proteins, depending on the dimen-
action between graphite and proteins. We found Mrcp-lOOKs'()n of proteins and stretching length, the molecular system

protein is more adhesive than 36-KD protein in water. We estapS Solvated in a periodic 40x 40A x 200A box with pre-
equilibrated TIP3P water molecules as solvent? Idad CI

ions were added, respectively, to maintain overall system neu-
trality. And then we got seawater by adding™Nand CI™ ions

to water box with a concentration of about 17%, and the sea-
water system was also neutral. And when peeling proteins from
a graphite surface, the box was definedd70 70A x 1204,
depending on the dimension of graphite and peeling length. The
system was also neutralized by adding Ma Cl~ ions.

The initial structures of proteins simulations were obtained by
an equilibration relaxation of 200 ps. We stretched the proteins at
the velocity of 0.0]A/ps. We anchored the proteins op &om
of C-terminal of the proteins and imposed a constant velocity
on G, atom of N-terminal of the proteins. All the stretching
simulations were performed with the cut-off of 1.5nm. In the
peeling process of proteins from graphite, proteins were placed
on graphite with an average separation of about 1 nm, and the

system was equilibrated for 200 ps at 300 K. Then, we anchored
N-terminal sequence: His-Arg-Pro-Ser-Phe-Glu-arg-Arg-Cys-Cys-Gly whole graphite atoms and put a constant velocity grmfom of

%JCIYSI:}':“'AIS'Se"'P"°'Val‘Ala'A‘a'ASP'Le“'ASP'ASP'ASP'G'“'HE' N-terminal of the proteins. The peeling velocity was 0idps
y-Me

with the cut-off of 2 nm. The peeling direction was vertical to
Fig. 2. Mrcp-100K protein and its amino acids sequence. graphite substrate.
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3. Result and discussion E ’
3.1. Time scale

Time scale is a very important topic in molecular dynamic
simulation. The time scales for protein motion and deformation
in biological processes may span many orders of magnitude,
ranging from fs (101°s) to a few seconds. Relaxation times are protein dl
the key parameters of polymer solution dynamics. As to predict \
the dynamic properties of polymers, polymers should be relaxed
after the motion and time controlled features of polymer behav-
ior are correctly rendered, so the motion of a polymer is best
described by the longest relaxation tifi®]. But there always Fig. 3. The peeling model.
exist incompatibilities between the time scales of polymer
motion and molecular dynamics, so we estimated the time scales |, ihe simulation of peeling process, peeling of a thin film or

of protein stretch!ng and Pee””g to predic_:t the simulation timean elastic band from substrate has been traditionally treated by
When stretching the proteins, we first applied polymery jinear elastic continuum modil4, 15} The time scale of this

dynamic theories to predict the properties of proteins. As Wen,qe is based on quasi-static condition: compared to adhesion

know, Zimm modef[11]is very crucial in polymer dynamic the- o a0y and elasticity energy, both the work of solvent viscos-

ories, so we used polymer's Zimm relaxation time to evaluatgyy, anq kinetic energy should be neglected. The total energy of
the time scale. Relaxation time is the key parameter of polyz yhesion and elasticity is

mer dynamics, as it directly correlates with different modes of
molecule motion and the hydrodynamic properties of the solu- 1,
E=|(zke"+Ay|L

substrate

dl

(5)

tion.
In Zimm model, relaxation time is correlative with the length . _ .
scale of polymer. It is well known that for a chainafinks, the ~ whereL is total peeling lengthk stretch modulus of proteins,

main length scale is the mean squared end-to-end distance Ay the adhesive energy per unit length ani$ the strain. As
shown inFig. 3, during the interval d distance between points

(R*(N)) = Nb* ~ R? (1)  AandB (displacement) is
whereb is the Kuhn length anflis called Flory radiugl 2]. Each )
monomer of polymer will undergo a random walk in time, but 948 = 2dlsm§ (6)

the whole chain will move as well. The distance of a monomer . )
moves will be large in respect to the monomer size, but smallin S0 the velocity of the peeling ends

relation to the polymer molecule as a whfil&], dag d 6
D= B ) d d
§ where d/d: is peeling velocity and is the peeling angles(is

where D is the diffusion coefficient with dimension neglectable). So viscous drag foytef solvent is
[D]=[L2T~1], kg the Boltzmann constant; the absolute tem-
perature and is the Stokes drag coefficient of diffuser given f = novl (8)

by: wherel is the peeled length. According {@) and(8), we get

£(R) ~ 6mnob N2 (3) the work of solvent viscosity with the formula

wherenyg is solvent dynamic viscosity coefficient. According to _ ! . _ . Q ! . 2@ . Q
Eqs(2) and(3), we get Zimm timg11]: Ev= | f{2sing | di = 2novsing | 1d = 2nol" g sif 7
)

a To neglect the work of solvent viscosity means> E,,, SO

T, = =
D kgT kgT

From the equation of Zimm time, we find the relaxation 1, 0

time scale of a polymer is not only correlative with polymer £ _ (éks + Ay) L
T = . >1 (20)

length scaler, but also relate to the solvent dynamic viscos- £, (2nol? S|n2%) %

ity coefficientno. With no~103Pas,N~ 10, b~ 1nm and

1kgT=4.14pNnm at 300K, we expected that a Zimm time of S0 from Eq,(10)we got

about 10 ns«; ~ 10 ns) used for our simulation. In our simu- ey

lation, we performed stretching process about 30 ns, which is _ _ Aipol”sint3

larger tharnr,. dijdr =~ ke? +2Ay

R® 4)

=T (11)
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The kinetic energy is

Ee = L2
= = \%
k 2 0

where p is line density of proteins. Becaudg, should be

neglected, so from Eq¢5) and(7)

(12)

E Lie? + A
£ 29—7/2 > 1 (13)
Ex  2psirt5(dl/dr)
and from Eq(13) we get
L 0 0
—— > 2LSin-, | ———— 14
= T ey 2ay T (14)

In the simulation, we estimated thai~L~10nm,
k~1000pN [16], Ay~100pN, p~10 °kg/m and
no~10-3Pas. According to Eqg11) and (14), assuming
sin (¢/2)~1 ande ~ 0.1, we can get
0 s

> Max(t,, ip) ~ 1 (15)

mostly due to the hydrogen bonds, while in extension regime,
the main resistance force is due to bonded interaction.

There're several models of entropic elasticity of polymer
stretching, such as the Gaussian chain model, the freely joined
chain (FJC) model and the worm-like chain (WLC) model
[16-19] But all these models treat the polymer as a chain of sta-
tistically independent segments. It is important to note that these
models do not take into account either the presence of a solvent
(hydrodynamic effects) or excluded volume interactions. Can
these models apply in proteins stretching simulations? Accord-
ing to

kgT

c== (16)

if F~ C in the beginning of fluctuation regime, we can apply
both FJIC model and WLC models, whetas the persistence
length of the proteins and is the entropic force of polymer
stretching. In our simulation, we assumed nm[16] and tem-
perature is 300 K, s6 ~ 10 pN. But in our resultfig. 5), we can
see, in the beginning of fluctuation regime, fori€e- 100 pN,

wheret is time scale in peeling of proteins. In our simulation, so F > C. In this case, entropic elasticity models of polymer
we performed peeling process about 5 ns, which is much largetretching are not accurate enough to describe proteins stretch-

thant.
According to Eqs(11), (14) and(15),  differs whenk and

ing, because the molecular dynamics simulations implicitly
include all of the interact effects of atoms and allow us to ana-

Ay are set with different value, which denotes the elastic andyze chain stretching with excluded volume and hydrodynamics.

adhesive ability of protein, respectively. Alsojaries with peel-

As we know, hydrogen bonds are important in keeping proteins’

ing angled, which is a parameter of dynamic process. And forstructureskig. 6). Their average length is 2. 5—3N5In our sim-
7, (11), no is a hydrodynamic property of solution, while for ulation, we defined hydrogen bond length asi.f Fig. 7, we

7 (14), p is a bulk property of proteins. Of coursepbecomes
longer when the total peeling lengths longer.

3.2. Stretching the proteins

can see force become bigger when more hydrogen bonds are
breaking, and almost every peak of stress curve is a trough of
hydrogen bond number curve. For proteins, the average energy
needed to break or form a hydrogen bond is about 15-30 kJ/mol.
In Fig. 7, we found hydrogen bond energy is an essential cause

In order to investigate the structural stability of barnacleto affect energy variation of proteins. All of these data indicates
cement, we stretched the proteins in different environment. Firghat in fluctuation regime hydrogen bonds are more significant
we stretched the 36-KD protein and Mrcp-100K protein in waterthan many other interactions, such as entropic force, van der

respectively.

As shown schematically irig. 4, there are mainly two
regimes of protein deformation: fluctuation regime and exten-

Waals force and so on. And we found structural stabilities of

two proteins are almost at the same level in water.

Because barnacle is salt—-water organism, we simulated 36-

sion regime. In fluctuation regime, resistance to stretching i&D protein stretching in seawater. We get NaCl solvent by

—— 36-KD protein stretching curve

—— FFT analysis
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Fig. 4. Extension—force relationship in stretching (in water).

adding NaCl to water with concentration 17P%g. 8shows that
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Fig. 5. The fluctuation regime of 36-KD protein stretching (in water).
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Fig. 8. 36-KD protein stretching in different solution.

force in seawater is larger than that in water. In seawater electro-
static interaction between proteins and ions make the structure
of 36-KD protein more stable. In addition, 36-KD protein forms
more hydrogen bonds in seawater in fluctuation regime (there are
27 hydrogen bonds in seawater while only 19 hydrogen bonds
in water). So 36-KD protein has better structural stability in
seawater.

3.3. Peeling proteins from substrate

Fig. 6. The breaking of hydrogen bonds.

Because many researchers are interested in barnacle’s capa-
bility for tenacious underwater adhesion to the substrate, we
simulated the peeling process of barnacle cement from substrate.

800 Mrcp-100K protein stretching curve We choose graphite as substrate, because graphite is inert
5 20 — T RORe molecule. It will not have chemical interaction with proteins;
£ o graphite cannot form hydrogen bond with proteins and the car-
g 0 bon atom has no charge, so there is no electrostatic interaction
== -200 ] ! between graphite and proteins. Therefore, there are just van der
0 : . ‘ . Waals interactions between proteins and graphite substrate. In
o extension‘tnm) g 8 the simulations, the parameters of force field and the topology
 mumbor of yctogen bonds of Mrep-100K prtei files o_f pr_otelns \.Nere.based on GROMACS96 force field. But
5 20 l —FFT analysis graphite is not biologic molecule, so we got the parameters of
£ 161 graphite from some literatur®0]. The non-bond interactions
2 121 are based on Lennard—Jones 12-6 potential:
2 g
5] 12 6
= Ulry) = 4 l(“) - <") ] 17)
T T ; : ) Tij Tij
0 2 4 6 8
extension (nm) and the cross interactions are computed using Lorentz—Berthelot
E 440000- :tlo:‘::ajrznne;r[aiingrcp—1oﬂK protein Combmmg rules:
@ - ] 1
?-::;EEZ- 0jj = E(Gi +0)), €ij = JEiE; (18)
o
§ -443000 whereo .= 3.85A and ecc=0.105kcal/mo[21]. The carbon-
| ~444000 carbon bond length of 1.42 and bond angle of 12Care main-
- 0 2 4 6 8 tained by a Morse bond, a harmonic cosine angle and a cosine
extension (nm) torsional potential[21]. The graphite—water Lennard—Jones

Fig. 7. The variation of hydrogen bonds, strain (stretching) and total energ@rameters areco=3.19A andeco=0.075 kcal/mo[20], and
(stretching). those interaction between graphite and protein atoms were



4000+
35004
3000
2500+

2000+

force (pN)

1500+

1000+

5004

J. Yin et al. / Materials Science and Engineering A 409 (2005) 160—166 165

e

B0y b e fe Bt
G o

kA T
a4
«

4
%,
5

\"1!";1‘

.

.

L2
o

GOREIID AP IN I I

/{KL&&ﬁﬂ;ﬂﬁ»ﬂ)ﬁj&iﬂB\"‘\"“‘“‘f""“:

RV AN RSN
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ig. 10. Extension—force relationship of peeling (in water).

set according to a common used combination rules based on
geometrical averagé].

Fig. 9shows the process of peeling 36-KD protein from sub-
strate. InFig. 10 we can see that the peeling force of Mrcp-100K
protein is almost the same as 36-KD protein. But the peeling pro-
cess also includes stretching process of proteins. So, the peeling
force includes the adhesive force and stretching force. We found
that the stretching forces of two proteins are almost the same,
so the adhesive forces of two proteins are also close.

4. Conclusions

We found time scale of polymer relaxation is correlated with
many parameters including hydrodynamic property of solution
and bulk property of proteins. We performed our simulation
depending on the time scale of stretching and peeling of proteins
we predicted. On the basis of these simulations, we concluded
that in barnacle cement, structural stability of two proteins is
almost at the same level in water, and proteins are more stable in
seawater than in water. Hydrogen bond is important in protein
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