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Atomistic molecular dynamics simulations of dehydrated amorphous calcium carbonate interacting with the protein Ovocleidin-
17 are presented. These simulations demonstrate that the amorphisation of the calcium carbonate surface removes water structure
from the surface. This reduction of structure allows the protein to bind with many residues, unlike on crystalline surfaces where
binding is strongest when only a few residues are attached to the surface. Basic residues are observed to dominate the binding
interactions. The implications for protein control over crystallisation are discussed.

1 Introduction

Biomineralisation continues to fascinate and challenge our un-
derstanding of crystal growth and nucleation. The amazing
structures produced by nature, such as nacre and the sea urchin
spine 1), require a level of control that is generally beyond any-
thing that we can reproduce in a laboratory. Elucidating the
role of biomolecules in this control is vital.

There are potentially many different stages in crystal growth
and the processes employed by biomineral systems remains
a much debated subject. The classical view of ions forming
a nucleus in solution is now combined with, or challenged
by, aggregation type models involving cluster formation?3,
polymer-induced liquid phases*, amorphous precursors’ and
spinodal phase separation®. In many cases of calcite forma-
tion the amorphous calcium carbonate (ACC) phase is seen
before crystallisation. ACC exists in two different phases’:
a stable phase with a high level of water content (~50% or
greater) which is found in living organisms®; and a transient
phase (with a low level of water content) that undergoes a

1 Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See DOI:
10.1039/b000000x/
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rapid transition to calcite or another CaCO3 polymorph. De-
bate continues in the literature as to the role of ACC phases
in the crystallisation process with observations of crystallisa-
tion occurring within the amorphous phase> or potentially at
the ACC/water interface while in other cases the ACC may
have no major controlling function®. Calcite growth is ex-
pected to occur in regions with higher local concentrations of
Ca and COs3 ions but the major debate remains concerned with
the structure/phase of this region. Therefore, to understand
the role of biomolecules in stimulating and influencing crys-
tal growth it is valuable to examine the interactions between
biomolecules and ACC.

For a recent review of the science of eggshells we would
refer the reader to Hincke ef al'°. The Ovocleidin-17 (OC-17)
protein is found only in the ovaries of hens and is thought to
play a major part in controlling eggshell production. It is an
ideal candidate to examine as its sequence and crystal struc-
ture have been reported !'~13 and a range of studies has been
performed on its function within the ovaries and during crys-
tal formation !"1214-16 These studies have demonstrated that
this protein (and peptide derivatives of it) can influence cal-
cite formation in vitro'*!3. Our own computer simulations !
demonstrated that the presence of OC-17 on ACC nanoparti-
cles altered the free energy hypersurface of the particle - re-
moving the free energy barrier between ACC and calcite. The
simulations also showed that for a 300 formula unit nanopar-
ticle, the protein bound far more strongly to the nanoparticle
when the nanoparticle was amorphous rather than crystalline.
Taken together this evidence implies that the protein may be
able to bind to ACC and stimulate its conversion to calcite and
then detach - effectively operating as a catalyst. The promo-
tion of crystallisation seems a plausible function for OC-17
given that it is found in high concentrations in the mamilary
caps of eggshells, which is where crystallisation begins '!2.
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We have continued our studies on OC-17 by examining the
protein binding to the {10.4} and terraced surfaces of calcite
and noted that the molecule is a strong binder on these surfaces
when it is able to penetrate the surface water structure '>1819,
The obvious remaining question is to examine the binding
of OC-17 on amorphous surfaces. Our simulations on crys-
tallisation imply that a stronger binding mechanism should be
present for ACC than is seen for the crystalline surfaces. Here
we present molecular dynamics (MD) simulations of OC-17
interacting with a surface of anhydrous ACC. We discuss the
binding mechanisms and their differences with those of crys-
talline surfaces.

2 Methods

All the simulations described in this paper were performed
with classical molecular dynamics in the DL_POLY 3.092°
code. Periodic boundary conditions were applied in all three
dimensions with an ACC slab effectively separated from its
periodic image by a slab of water in the Z-direction. A
timestep of 1 fs was used along with the NVT Nose-Hoover
thermostat (relaxation time 0.1 fs). The forcefield descrip-
tion of OC-17 was that of the general united atom AM-
BER model?!* and the structure was taken from ref.'#, while
the calcium carbonate was described with the rigid ion non-
polarisable potentials of Pavese et al*>*3 and the water was
modelled as TIP3P2*. Newer forcefields have been developed
for modelling calcium carbonate e.g.> but a recent review 2°
has demonstrated that the Pavese model generates a more re-
liable surface structure for water on calcium carbonate which
is the key parameter for our simulations. Using the Pavese
potential also maintains consistency with our previous simu-
lations of OC-17 which is important for comparison. Cross-
terms between the protein/water and the calcium carbonate
were as reported in our previous work 32728

The ACC surface was generated from the {10.4} slab of cal-
cite generated for previous simulations '3. This slab contained
4800 CaCOj3 formula units consisting of ten layers and mea-
suring 100.6 A and 97.5 A in the x and y respectively. This
slab was heated in vacuum from 300 K to 3000 K in 100 ps
steps of 300 K and then held at 3000 K for 5.0 ns. Quenching
of the slab was then performed to return the slab to 310 K. This
was achieved by running a series of 100 ps simulations each

+ Newer forcefields are now available for protein systems but when these simu-
lations were performed 2008-2009 these were not in place. It should be noted
that the presence of 3 s-s bridges means the structure of this protein is highly
stable and therefore not capable of large changes (as noted in our analysis)
therefore these improvements in forcefields would not affect the main struc-
ture. The structure we observe is extremely close to the crystal one we have
used for our starting structure. The side chains are generally in highly ionic
environments and therefore the crucial part of their forcefield is their interac-
tion with the inorganic crystal where we have extensively tested the derived
forcefields.

300 K cooler than the previous simulation until the tempera-
ture was returned to 310 K. Analysis of the radial distribution
function (RDF) for the slab demonstrated that the slab was
amorphous (see supplementary information Figure 1).

The construction of potential binding configurations fol-
lowed an identical methodology to our previous study of OC-
17 binding on the {10.4} surface !> and the reader is referred
to this reference for full details. Briefly, the protein was placed
8 A above the ACC slab in 64 different orientations and at 16
different positions relative to the surface plane. The resulting
1024 configurations were then used in 200 ps vacuum sim-
ulations. For each of the 16 positions the highest and low-
est energy configurations were identified. These were cho-
sen to provide the widest range of potential binding motifs
in the sampling. These starting orientations/positions of the
protein were then used for solvated simulations using 20500
water molecules generated in a random configuration with the
packmol package?®. These 24 simulations were then run for
at least 2 ns and the lowest energy position was selected for
running for the total simulation time.

As with previous simulations, where the surface water was
found to control the proximity of the protein to surface, the
protein was displaced perpendicularly from the surface to be-
gin the simulations at two different distances from the surface
(~4 A and ~8 A - close and distant binder). Unlike previous
simulations, however, these two different starting configura-
tions resulted in the same final binding configuration. The
distant binder migrated towards the surface and finished the
simulation at approximately the same separation from the sur-
face with the same residues in contact with the surface as the
close binder. The protein binding simulations were all per-
formed at 310 K and were run until the average value of the
configurational energy (~-2.44 x 10’ kJmol~!) had converged
which took ~30 ns. This was judged to have occured when
four simulations of 0.7 ns produced a configurational energy
within 420 kJmol~! of each other (see supplementary infor-
mation Figure 4).

2.1 Analysis Methods

During the simulations it was observed that all the C1™ anions
(added to counter the +7e charge of the protein) adsorbed at
the ACC surface and two entered the ACC slab and became
fully immersed within the slab. These C1~ ions all adsorbed
to the opposite side of the slab from the OC-17, and so were
not directly involved in the binding of the protein. The large
concentration of negative charge (-7¢) at the surface may en-
courage binding of the positive OC-17 although the ACC is
likely to block out most of this effect and the large number
of carbonate anions at the surface will generate a far stronger
attraction.

In previous simulations with crystalline slabs of calcite the

2| Journal Name, 2010, [vol]1-8
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CI™ anions did interact with the surface but no incorporation
was observed. To estimate the influence of chloride ion ad-
sorption completely into the slab two further calculations were
performed. An additional Ca’>* was added to the ACC slab to
give the slab an overall charge of +2e. The slab was then sol-
vated with 20500 water molecules (but no protein was added).
Two chloride anions were then added to the simulation box.
In the first simulation these were added both approximately 1
A above the surface and in the second they were placed within
the slab. The simulations were run with the same parameters
as listed in the previous section. Extracting the energy differ-
ence between the two simulations provides an estimate of the
energy difference for chloride adsorption from the surface into
the slab which we calculate to be ~ -100 kJmol~! per Cl an-
ion. This correction was applied to the adsorption energy of
the OC-17 to generate a better comparison with the adsorption
simulations on the calcite surfaces.

Other analysis methods - including the normal density pro-
file, Root-mean square displacement (RMSD), H-bonding"
and water counting at the interface - were carried out in the
same manner as reported in previous publications '3-18.

3 Results and Discussion

The final binding configuration of OC-17 on the ACC surface
can be seen in Figure 1. The binding motifs are very differ-
ent to those for the crystalline surfaces (see Table 1). Firstly a
very large number of residues, fifteen in total, interact with the
slab. Although some of the residues adsorb onto the slab sur-
face, several of the residues actually enter the slab, becoming
surrounded by the Calcium and carbonate ions. This occurs
for three adjoining residues, numbers 84-86, a glycine, serine
and arginine. The diffuse structure of the ACC slab also results
in carbonate anions diffusing out of the slab into the solution.
Several of these solvated carbonates interact with residues, as
seen in Figure 1 and highlighted in Table 1 and shown in detail
in the supplementary information. The coil regions of the pro-
tein are primarily responsible for the interactions with the slab
and the helix regions are generally distant from the slab. The
residues that bind to the ACC are frequently adjacent to each
other in the sequence (e.g. 81-87). On the crystalline surfaces
the steric hindrance of the protein backbone prevented adjoin-
ing residues and their R-groups from simultaneously interact-
ing with the surface. The greater flexibility gained from the
ACC surface allows these residues to fully interact, e.g. the
guadinium ions of both arginines 108 and 109 interact with
the surface. The ability of the protein to make favourable in-
teractions with the ACC (i.e. polar and charged atoms with the
ions) is a general feature of the residue binding. No residue in-

1 Defined with a total deviation from a linear bond of <30° and a total length
of 3.3 A (Oxygen-Oxygen)

teracts with the ACC via only non-polar atoms and a total of
nine positive residues (eight arginines and one lysine) are in
contact. A maximum of six charged residues were seen on the
crystalline surfaces at any given time. Only positive residues
interact with the surface. This may be largely a feature of the
geometry of binding: within the sequence of residues that have
bound (81-112) the only acidic residue is aspartate (92).

Despite the large number of residues binding to the ACC
slab, the protein undergoes little structural changes during the
simulation time of tens of ns. An analysis of the 1-4 RMSD
of the atoms within the backbone of the protein shows only
five have changed to a degree greater than two standard de-
viations from their expected positions (see the supplementary
information Figure 2). This occurs for residues 27-30 and 33-
36. These two points reside at either end of the first a-helix
in the protein and their small change appears to be due to bet-
ter structural definition of the helix in the structure. The other
changes are in 106-109. This involves a lysine and two argi-
nine residues that are bound to the ACC and suggests a small
deformation that aids the binding of these residues. The final
two cases are at residues 1-4 which appears to be a small un-
ravelling of the end of the protein chain and 117-120 which is
at the end of a B sheet and appears to occur due to a further
curving the backbone appearing that is indicative of the start
of an a-helix, although no full helix is formed only the initial
first turn. This may be the result of the small structural change
at 106-109 which occurs a little before a disulphide bridge be-
tween Cys 113 and Cys 130. The bridge sits between two f3
sheets and therefore the extra turn may be required to maintain
the order of these sheet elements as the bridge is too rigid to
adjust. That any changes in the 1-4 RMSD are observed is a
difference to all the other binding configurations on crystalline
surfaces which exhibited no significant changes in structure.
This suggests that the protein does adopt interactions with the
amorphous surface that may be stronger than those with the
crystalline surface and therefore lead to very small structural
changes.

The adsorption energy, -977.1 kJmol ™!, is over two times
larger than that of OC-17 on the {10.4} surface (-422
kJmol™'), indicating that binding is stronger. It should be
noted this is a configuration energy and not a free energy. We
discuss the entropic implications of the binding later.

The Z-density (Figure 2) of the water at the ACC surface
shows that the organised layered structure seen on crystalline
calcite surfaces is not present. The water and slab demon-
strate some degree of overlap and the interface is not sharply
defined. As one moves away in a direction normal to the sur-
face there are peaks and minima in the Z-density of the water,
but these are small compared with the peaks observed on the
{10.4} surface. Although the ions in the ACC slab are still
attractive to the water due to their large charges, the disor-
dered arrangement means that they impose little ordering on

This journal is © The Royal Society of Chemistry [year]
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Table 1 List of amino acid residues that interact with the ACC.
Residue numerical sequence taken from ref.12. Fraction of
simulation time spent bound can be seen in supplementary
information Figure 3.

Close Binder

Residue (number) Interacting groups

arginine (81) guandium ion - one carbonate out of
surface in close proximity

proline (82) backbone carbonyl

alanine (83) backbone

glycine (84) backbone - within the slab

serine (85) alcohol and backbone amine - within slab

arginine (86) guadinium ion - within slab

serine (87) backbone amine and infrequent alcohol

arginine (89) guadinium ion

arginine (97) guadinium ion

arginine (103) guadinium ion - one carbonate out of
the slab

threonine (104) alcohol group

lysine (106) R-group amine

arginine (108) guadinium ion

arginine (109) guadinium ion - one carbonate out of
the slab

arginine (112) guadinium ion

Fig. 1 Figure of OC-17 on the ACC surface.

the water. We can see this in part by counting the number of
H-bonds for each water molecule on the surface. Table 2 lists
the number of H-bonds between water molecules in particular
water layers above (or separations from) the CaCOs slab with
other water molecules in the same or different layers. At the

0.018 — ; ; ; ; ; ; ; {10.4} surface each water molecule in the 1st layer has an av-

0.016 1 | erage of 1.03 H-bonds, while each one in the 2nd layer has an

i average of 0.9 H-bonds. In the amorphous system these val-

0.014 - 1 ues drop to 0.93 and 0.79 respectively * This is because the

_. o012 F 4 water molecules at the amorphous surface are neither organ-

E ised into clear layers moving perpendicularly away from the

Z 001 i surface nor into a particular pattern in the plane of the sur-

8 0008 N’ ] face. This organisation on the {10.4} surface forces the water

N 0.006 - : ' H 7T molecules into particular positions which encourages the for-
: B mation of H-bonds with each other.

0.004 - i The count of the number of water molecules at set separa-

0.002 | :5 ) . tions from the Ca cations (Figure 3) demonstrates that fewer

0 ) ) H ) ) ) ) water molecules are present close to the interface with the

24 26 28 30 32 34 36 38 40 amorphous surface compared with the crystalline {10.4} sur-
Z-displacement [A] face. In the region that the first two water layers are observed
on the {10.4} surface there is a much greater density of wa-

Fig. 2 Z-density for the Oxygen of the water molecules on the ter molecules (~4.6 molecules per 100 A2 at 35 A separa-

amorphous slab (solid black) and the {10.4} slab (dotted blue) with
no OC-17 present.

4 The water layers in the case of ACC are not so clearly defined as for the
crystalline surfaces. These have been judged by reference to Figures 3 and
4 which indicate a layering of water around Ca ions. These separations have
been used to judge the layers at the ACC interface.
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tion compared to ~2.0 molecules per 100 A? on ACC). At the
crystalline surface the water is organised into specific posi-
tions to maximise the interactions with the surface ions. This
organised layer similarily imposes restrictions on the second
layer of water due to the organisation of H-bonds between
the molecules. Because the water is forced to adopt an or-
dered arrangement its density is increased above that of regu-
lar bulk water which is compensated for by the depleted region
of water beyond the second layer. The disordered nature of
amorphous surface imposes no such ordering on the water and
therefore does not force it to increase density at the interface.
So we see that the Z-density reaches a bulk like value at the
interface and remains there in the ACC case (Figure 2) and
that the total number of water molecules at the interface for
ACC is smaller than for calcite (Figure 3). This is also demon-
strated in Figure 4, which plots the number of water oxygens
at a given separation from the surface Ca>* cations. The first
peak (representing the 1st and 2nd water layers) on the {10.4}
surface is much larger than on the ACC surface. The second
peaks have a similar maximum but the peak on the {10.4} sur-
face is much narrower, suggesting a more localised region in
which the water molecules are clustered. As one moves fur-
ther from the surface the volume of water becomes the same
for both the crystalline and ACC surfaces.

Note that the diffuse ACC interface with water allows water
to reach small values of Z as the water can partially enter into
the ACC slab. Despite this the total amount of water at the
ACC interface is smaller than that of the {10.4} calcite sur-
face. Only a small amount of water is diffusing into the ACC
slab and in general the density of water at the ACC slab is
not significantly larger than in the bulk unlike the calcite slab
where the water density is significantly increased due to the
organisation.

Table 3 Number of water molecules displaced by OC-17 at a
separation of 5.0 A between the Ca and the Oxygen (water).

Configuration Total Number of water molecules
ACC 28.2
{104} - 14 16.1
{104} -3° 32.9

aLowest energy binding configuration
b Highest energy binding configuration

We can calculate the number of water molecules displaced
by examining the difference in water counts between the sim-
ulations with OC-17 present at the surface and absent at the
surface (Table 3). This shows that 12 more water molecules
are displaced on the ACC surface than for the lowest energy
binding configuration on the {10.4} surface. The number is,
however, lower than that observed for the highest energy bind-
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Fig. 3 Sum of the total number of water molecules at a given Ca-O
(water) separation (i.e. total number of water molecules over the
range 0-separation) for the ACC (solid black) and {10.4} (dotted
blue) surfaces with no OC-17 present.
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Fig. 4 Number of water molecules at a given Ca-O (water)
separation for the ACC (solid black) and the {10.4} (dotted blue)
surfaces with no OC-17 present.
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Difference in number of water molecules

2 25 3 3.5 4 45 5
Ca-O (water) separation [A]

Fig. 5 The difference in the number of water molecules at a given
separation from the Ca of the ACC surface for the system without
OC-17 minus the system with OC-17 present.

ing configuration, on the {10.4} surface which displaced 4
more water molecules than the ACC configuration. This may
seem surprising given the very large number of residues on
the surface in the ACC configuration but there are two cru-
cial differences. Firstly there is less water at the ACC surface
than the {10.4} surface, which means that there is more space
for the protein to enter. Secondly, the lack of water structur-
ing means that the water on the ACC surface can readily move
closer or further from the surface as it is pushed by the protein,
whereas on the crystalline surface certain regions are energet-
ically very unfavourable for the water. Figure 5 shows the
difference between the number of water molecules at the ACC
surface with and without the protein present. It can clearly be
seen that more water is present very close to the surface (~
2.4 A) presumably because these molecules are pushed closer
to the surface by the protein as it binds.

This result suggests that the protein binding on the ACC
surface is far less regulated by the presence of the water than
is the case for the crystalline surfaces. The water has a smaller
binding energy on the ACC surface compared with the crys-
talline surfaces because it does not form the organised net-
work which generates many inter water molecule H-bonds and
a very favourable set of interactions with the ions in the sur-
face. This means the water arrangement on the ACC surface
is flexible so the protein can displace the water molecules with
much more ease. The protein is also able to maximise its inter-
actions with the surface since the surface is more deformable
so the average interactions between each residue and the sur-
face are probably stronger than for a crystalline surface where
residues frequently are restricted in their interactions. We can
presume that this result will be generic for many molecules
and that binding will generally be stronger on ACC surfaces

compared with crystalline surfaces.

It should be noted the energetics we are discussing are con-
figuration energies and not free energies. Calculating a free
energy of binding for such a large molecule is would be com-
putational extremely expensive. We can assume that the pro-
tein will loose entropy during the binding process but water
displaced from the calcium carbonate slabs will gain entropy
leading to potentially significant entropic contributions in the
binding process. We have recently attempted to quantify these
values for the {10.4} surface by estimating the entropy gain
of water displaced from the surface (~6 Jmol~'K~!) into the
bulk and applied this as a correction factor to our simula-
tions'®. The implication was that the extra entropy gained
from displacing water molecules was not offset by the loss of
interactions with the surface and we generated a value of -188
kJmol~! as a pseudo-free energy of binding. On the amor-
phous surface the energy of this process would be expected to
be very different. The water at the ACC surface is not ordered
in the same way so we would expect a far smaller entropy gain
for this water when displaced from the surface. This implies
that the difference in free energy of binding between the cal-
cite and ACC binding would be smaller than the difference in
binding between the configurational energy alone. Even if we
assume there is no entropy gain for displacing water from the
ACC surface, however, we calculate the pseudo-free energy
of binding as -755 kJmol~! which is still much more negative
than that on the {10.4} surface which suggests that binding on
the amorphous is more favourable.

It is now interesting to consider the implications of this for
OC-17 and eggshell formation. Our previous studies have sug-
gested that OC-17 may accelerate the crystallisation of cal-
cite and that the binding of OC-17 is stronger to the ACC
nanoparticles than to the calcite nanoparticles. The results
presented here indicate that OC-17 should bind more strongly
to the ACC surface than to the crystalline {10.4} surface as
observed with the nanoparticles. OC-17 does seem to have
particular features that may enhance the difference in binding
between the ACC and crystalline surfaces. Firstly, OC-17 is
structurally rigid. The three disulphide bridges hold the glob-
ular structure in place and prevent any significant structural
changes during binding. This largely limits binding to only
the two loop regions of the protein which have some flexibil-
ity. Flexibility seems to be important for a molecule to max-
imise its interactions with a crystalline surface as this ensures
that the strongly interacting functional groups are able to get
into contact with the surface. Therefore the restrictions on the
flexibility of OC-17 suggest that its binding on crystalline sur-
faces could be limited. Secondly, we also noted in previous
studies that adjoining residues in the sequence were often un-
able to bind to crystalline surfaces as the structural positioning
means that alternating residues would be pointing away from
the surface. On the ACC surface this problem is largely re-
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moved as the surface can accommodate this conformational
restriction. In the loop regions of OC-17 we see several sec-
tions of charged residues which interact strongly with the ACC
surface where the residues are adjoining (residues 81-87, 103-
104 and 108-109), these regions do not interact as strongly
with the crystalline surfaces as they do with the ACC surface
(e.g. only 83, 85, 86 and 89 are seen bound to the {10.4}
surface).

4 Conclusions

We have conducted MD simulations of the protein Ovocleidin-
17 interacting with a slab of ACC. The simulations have iden-
tified a far larger number of basic and neutral residues inter-
acting with the ACC than was observed with crystalline calcite
surfaces. The diffuse interface between the ACC slab and the
solvent allows the protein to become more immersed within
the slab, which strengthens the protein-surface interactions.
The lack of structured water at the ACC interface enables the
protein to displace water with less energetic penalty than seen
on crystalline surfaces, which also favours greater binding
contact between the protein and ACC. Our simulations sug-
gest that OC-17 is able to generate strong interactions with the
amorphous surface in agreement to simulations on nanoparti-
cles.
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Table 2 Average number of H-bonds for water molecules within the first two layers on the amorphous and {10.4} surfaces. Note we only
count donors for the H-bonds therefore the maximum number of H-bonds expected for any water molecule is 2.0.

H-bonds with layer

Surface Layer Ist 2nd bulk total
amorphous Ist 0.031+0.02 0.89+0.06 0.0110.01 0.931+0.06
amorphous 2nd 0.12+0.01 0.02+0.01 0.66+0.02 0.79+0.02

{10.4} Ist 0.010.01 1.02+0.03 0.00+0.001 1.03+0.03

{104} 2nd 0.524+0.02 0.02+0.01 0.36+0.01 0.90+0.02
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