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Calcium pyrophosphate dihydrate (CPPD) crystals occur frequently in noninflammatory osteoarthritic joints;
however, they can be phlogistic and membranolytic, causing acute pseudogout attack. So far, the molecular
mechanism of crystal-induced membranolysis is still unclear. In this study, using the method of Chemistry at
Harvard Macromolecular Mechanics (CHARMM) molecular dynamics, we show that the interactions between
the surface of CPPD crystal and the extracellular layer of the hydrated dimyristoyl phosphatidylcholine (DMPC)
phospholipid bilayer may lead to decoupling of the external layer from the intracellular side of the membrane.
As a result, a local thinning of the layer on the intracellular side of the membrane occurs, which favors water
penetration, leading to membranolysis.

Introduction

Crystalline calcium pyrophosphate dihydrate (CPPD) crystals
are among the most common forms of pathologic articular
mineral. CPPD crystal deposition increases in prevalence with
aging; its prevalence increases to 50% at the age of 90 years.1

Although they occur frequently in noninflammatory osteoar-
thritic (OA) joints, they can be phlogistic, causing acute attacks
of pseudogout.2,3

Crystal surface charge and morphology are important deter-
minants of the inflammatory potential of crystals. The surface
of the more-inflammatory membranolytic crystals, such as
monosodium urate, CPPD, and theR-quartz form of silicon
dioxide are irregular and possess a high density of negatively
charged groups, in comparison to nonmembranolytic smooth
surface crystals, e.g., diamond dust and the anatase form of
silicon dioxide. Lesser negatively surface-charged brushite and
hydroxyapatite crystals are not often associated with acute
inflammation.4

A proposed mechanism of inflammation in crystal-induced
diseases is dependent on the rupture of the lysosome phospho-
lipid membrane and the release of lysosomal enzymes into the
cytoplasm.5 So far, there is no direct evidence that the crystal-
membrane interaction may lead to membrane immobilization
and possibly rupture, although some indirect evidence of the
crystal-cell interactions has been already presented. For
example, it has been demonstrated that the adhesion of calcium
oxalate monohydrate (COM) crystals involves anionic sites on
the surface of renal epithelial cells.6,7 In another related study
involving different classes of anionic crystals, namely hydroxya-
patite, it has been also speculated that the interaction between
renal epithelial cells and hydroxyapatite crystal surfaces involves
negatively charged molecules protruding from the apical surface
of the plasma membrane.8

Numerous experimental investigations have revealed great
complexity of the membrane dynamics, both alone and in the
presence of embedded transmembrane proteins.9-16 Despite a
wealth of experimental data, however, no microscopic insight
into the nature of crystal-induced membranolysis can be gained
without a detailed molecular model of the membrane-crystal
interactions. To our knowledge, no such model has been
proposed so far. Understanding of these interactions at the
molecular level would be extremely helpful, not only to elucidate
the molecular nature of cell-crystal interaction but also to aid
in the design of therapeutic agents that could diminish such an
interaction. There is already some experimental evidence that
phosphocitrate, which is a polyanion, protects from crystal-
induced polymorphonuclear leukocyte membranolysis.17

Interestingly, quite advanced theoretical investigations of the
rupture of phospholipid bilayers have been undertaken for
systems involving lysis of the phospholipid membranes not by
inorganic crystal surfaces but by small proteins. For some time
now, there has been an intensive effort undertaken to elucidate
the membranolysis induced by melittin, which is a small
R-helical protein from honey bee venom that is known to rupture
cell membranes.18-20 The 26-amino-acid-long peptide is the
principal toxic component of the venom of the honey bee,20,21

which spontaneously binds to lipid bilyers and acts as a lytic
agent.20 Extensive molecular dynamics (MD) studies have
revealed that the binding of melittin to the extracellular layer
of the membrane causes the perturbation of both extra and
intracellular layers of the phospholipid membrane,18-20 with
surprisingly much greater impact on the intracellular layer. The
lytic mechanism induced by the binding of melittin to the
extracellular layer is dramatically accentuated by water penetra-
tion proceeding mainly from the intracellular side of the bilayer.

In this study, we investigate the CPPD crystal-induced mem-
branolysis of the dimyristoyl phosphatidylcholine (DMPC)
phospholipid bilayer. The DMPC phospholipid (Figure 1)
constitues a building element of this bilayer, and it is the most
prevalent phospholipid among those that comprise eukaryotic
cell membranes.22 We show that the progress of crystal-induced
membranolysis is very similar to the lysis induced by melittin.
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Methods

The solvated DMPC lipid bilayer was generated using the
“membrane module” available in the support directory of
Chemistry of Harvard Macromolecular Mechanics (CHARMM)
software.23 The protocol in this module was developed with the
purpose of constructing an initial configuration of a protein-
membrane complex that is as similar as possible to that of an
equilibrated system. The construction method was developed
by Woolf and Roux and applied to the simulation of gramicidin
and pf1.24,25 In brief, the general strategy for creating a
reasonable starting configuration for a phospholipid system
consisted of randomly selecting lipids from a pre-equilibrated
and pre-hydrated set and then placing them in a bilayer. The
number of core-core overlaps between heavy atoms were
reduced through systematic rotations (around thez-axis) and
translations (in thexy plane) of the lipids. The system was then
equilibrated by performing MD simulation. Equilibrated water
boxes were subsequently placed near the headgroups of the lipid
molecules, resulting in a total of 13 860 atoms. The resulting
system size was 88 Å tall, from the edge of one water box across
the bilayer to the edge of the opposite water box, and the cross-
sectional dimensions were 48 Å× 32 Å. After the solvated
lipid bilayer was generated, it was equilibrated for 200 ps, during
which time the potential energy of the system converged.
Equilibration was quickly achieved, because the lipid molecules
were obtained from a pre-equilibrated and pre-hydrated set.
Subequently, the water molecules were removed and the CPPD
(010) crystal was placed near one of the leaflets of the lipid
bilayer. A Monte Carlo simulation was performed at this point

(5000 steps) to identify the most favorable position by determin-
ing the most favorable interaction energy of the CPPD crystal
on the lipid bilayer. Upon identifying the position of the CPPD
crystal on the lipid bilayer, the water was reintroduced in the
system. The water molecules within 2.5 Å of the crystal were
then removed, resulting in a system size of 13 579 atoms. During
these simulations, the CPPD crystal was held fixed. The entire
system was then subjected to 10 000 steps of steepest-descent
minimization. A thermalization step of 30 ps was subsequently
performed to bring the system to 300 K. Finally, constant-
pressure and temperature (CPT) dynamics (1 bar, 300 K) were
performed, using a Nose-Hoover thermostat and barostat. The
simulation was conducted for 600 ps, using a time step of 2 fs.
Ewald summations were used for long-range electrostatics.
During the CPT simulation, the SHAKE algorithm was used to
constrain all bonds involving H atoms. An identical control
simulation was conducted for the lipid bilayer without the CPPD
crystal.

The TIP3P parameters26 were used for the water molecules,
and all-atom CHARMM parameters27 were used for the lipid
bilayer. In the CHARMM force field, the DMPC molecules are
parametrized, such that an individual molecule has no net
charge.28 Nonbonded interactions were cut off at 14 Å. Hence,
there was no need to add any counterions for the MD simulation.
Standard CHARMM parameters were modified to obtain the
CPPD crystal parameters.

The (010) slabs of triclinic CPPD (Figure 2) were created,
following the procedure described earlier29 from the data
provided by X-ray crystallography.30 Using Cerius2 software,31

we prepared a neutral slab of CPPD crystal, parallel to the (010)
crystallographical planes. The resulting 4× 4 × 1 crystal was
composed of 544 atoms and had dimensions of 34.7 Å× 30.2
Å × 8.7 Å. Molecular and atomic charges of the surfaces were
determined using the charge equilibration method.32

Results

Figures 3 and 4 are plots in which we have calculated the
average position of the atoms across the solvated lipid bilayer
over 200 ps. The positions are shown averaged over 0-200,
200-400, and 400-600 ps. The plots show the number of water
O atoms (Figure 3a) and the headgroup N atoms of the lipid

Figure 1. Conformation of the DMPC molecule used to build the
phospholipid bilayer discussed in this study. Unique conformations are
randomly selected from a pre-equilibrated and pre-hydrated set gener-
ated from Monte Carlo simulations of an isolated DMPC molecule.

Figure 2. Unit cell of CPPD crystal derived from the X-ray data of
the triclinic structure of CPPD crystal given in ref 30.
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molecules (Figure 3b) across the water/lipid interface in the
solvated lipid bilayer without the crystal. For the solvated bilayer
(without the crystal) (Figure 3a), we observe that the water
molecules are outside the bilayer and they do not penetrate into
the bilayer throughout the simulation. The headgroup N atoms
are distributed evenly, and majority of them lie in the same
plane (see Figure 3b). These properties are also evident in Figure
5. This figure represents snapshots obtained at intervals of 200
ps during the simulation. It is clearly evident that the integrity
of the lipid bilayer is maintained. Figure 4a and b depict the
same properties as in Figure 3a and b, albeit with a CPPD crystal
placed at one of the water/lipid interfaces. In Figure 4a, it is
evident that water molecules penetrate the lipid bilayer. The
dip observed in Figure 4a on the left-hand side is due to the
crystal replacing some of the water molecules in that region.
Furthermore, the N atoms (Figure 4b) are also not uniformly
positioned, in comparison to those in Figure 3b. An interesting
observation is that the N atoms are more disproportionate in
the layer away from the crystal. This is also observed in
snapshots shown in Figure 6. The lipid layer near the crystal is

maintained more uniformly. To test this hypothesis further, we
placed the crystal on the opposite side and repeated the
calculations. We noticed that the lipid layer near the crystal
was more uniform and the lipid layer away from the crystal
was nonuniform, leading to a loss of the integrity of the lipid
bilayer, followed by penetration by the water molecules.

To test the hypothesis that the interaction with the crystal
stabilizes and reduces the mobility of the lipids, we calculated
the diffusion coefficient of the N atoms of the lipid headgroup.
In the simulation involving only the lipid bilayer, the diffusion
coefficient of the N atoms of the lipid headgroup was relatively
similar. For the bottom layer, we calculated a value of 0.55×
10-2 Å2/ps ((0.9× 10-4 Å2/ps); for the top layer, we calculated
a value of 0.69× 10-2 Å2/ps ((0.16× 10-3 Å2/ps). However,
the values were quite different for the simulations in which we
placed the crystal at the bottom lipid leaflet. In those simulations,
for the bottom layer (interacting with crystal), we obtained a
value of 0.16× 10-2 Å2/ps ((0.1 × 10-4 Å2/ps), whereas for

Figure 3. (a) Number of O atoms of the water molecules and (b)
number of lipid headgroup N atoms along the water/lipid interface when
no CPPD crystal is present. Data are presented as time-averaged series.
Averages in the ranges of (s) 0-200, (-b-) 200-400, and (---) 400-
600 ps are presented. The position along the lipid/water interface is
denoted on thex-axis, with 0 being the center of the bilayer, whereas
the number of atoms is plotted on they-axis. Negative coordinates are
located below the center of the bilayer, and positive coordinates are
located above the center (see Figures 5 and 6).

Figure 4. (a) Number of O atoms of the water molecules and (b)
number of lipid headgroup N atoms along the water/lipid interface when
the CPPD crystal is present at one of the lipid/water interfaces. Data
are presented as time-averaged series. Averages in the ranges of (s)
0-200, (-b-) 200-400, and (---) 400-600 ps are presented. The
position along the lipid/water interface is denoted on thex-axis, with
0 being the center of the bilayer, whereas the number of atoms is plotted
on they-axis. Negative coordinates are located below the center of the
bilayer, and positive coordinates are located above the center (see
Figures 5 and 6). The position of the crystal is marked on the left portion
of the plot with two lines.
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the top layer, we obtained a value of 0.24× 10-1 Å2/ps ((0.21
× 10-3 Å2/ps). Thus, we observe that the diffusion of lipid
headgroups is lower (compared to control) in the leaflet
interacting with the crystal but larger in the opposite layer.

Discussion

In the past decade, there has been substantial progress
achieved in the molecular modeling and dynamics of phospho-
lipid bilayer systems. Properties of large, solvated phospholipid
bilayer systems have been successfully simulated, and reason-
ably good agreement has been achieved for the molecular
properties of these systems, when compared to available
experimental data.22,33-36 Simulation of the diffusion of small

organic molecules37 and transmembrane proteins38-41 and the
adhesion forces of lipids in a phospholipid membrane42 have
been successfully described using MD simulations. MD has been
also successfully applied to study the binding of melittin, which
is one of the components of bee venom, to phospholipid
bilayers.18-20 Bee and snake venoms are known to be hemolytic.
One explanation is that both venoms contain a high-level
phospholipase (A2), which can cleave the fatty acid residue at
C2, leaving a lysophospholipid. Lysophospolipid is a powerful
detergent and can disrupt the cell membrane, leading to cell
lysis.43 However, a recent insightful protein-induced membrane
disorder study suggested that melittin, one of the components
of bee venom, may also be a key player in the mem-

Figure 5. Snapshots from the simulation of a solvated lipid bilayer at different time points. Magenta spheres indicate the O atoms of the water
molecules, and the lipid molecules are shown as chains; the C atoms are shown in green, P atoms in yellow, O atoms in red, and N atoms in blue.
Each snapshot is 200 ps apart, time advancing from left to right.

Figure 6. Snapshots from the simulation of a solvated lipid bilayer with a CPPD crystal at the lipid/water interface. Magenta spheres indicate the
O atoms of the water molecules, and the lipid molecules are shown as chains. Hydrocarbon chains are shown in green. Crystal is depicted at the
lower lipid/water interface, using the ball-and-stick scheme. Snapshots shown here are 200 ps apart, time advancing from left to right.
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branolysis.18-20 A significant amount of research effort that was
recently put into the field by the MD studies of phospholipid
bilayers has made this method a very important tool in gaining
insight into the nature of complicated molecular processes that
involve phospholipid bilayers. It must be stressed that this
progress was possible only through careful calibration of
computational methods against a wealth of experimental data
that was already available.44

In this study, using MD simulations, we were able to follow,
for the first time, the molecular mechanism of crystal-induced
membranolysis. We have already shown that, although the
surface is neutral overall, it contains the loci of both positive
and negative charges, and it is able to attract complementarily
charged molecular species, such as the highly negatively charged
(-4) phosphocitrate anion.29 Our earlier investigations (unpub-
lished) involving a continuous dielectric model with the
dielectric constant of 80 show that, for both a single DMPC
molecule and the phospholipid bilayer used in this study, there
exists an attractive electrostatic interaction energy to the neutral
(010) slab of CPPD. Accordingly, we propose that the introduc-
tion of the neutral (010) slab of CPPD crystals into the close
proximity of a hydrated bilayer of DMPC results in the
electrostatic attraction between the charged phospholipid head-
groups (Figure 6) to the patches of the complementary local
charge within the (010) surface of CPPD. The details of this
effect are currently under investigation and will be reported later.
These headgroups move forward (Figure 6, center panel, and
Figure 4b), and the interaction with the crystal stabilizes and
decreases the mobility of the external layer of the bilayer. Such
immobilization, which directly impacts phospholipid fluidity,
has been observed in these simulations, as evidenced from the
lower diffusion of the lipid headgroups in contact with the
crystal. Furthermore, similar immobilization has been experi-
mentally demonstrated for calcium oxalate crystals binding to
inner medullary collecting duct (IMCD) membranes.45 One can
also see that the lipid perturbation on the crystal side is relatively
modest. In contrast, at the same time, the internal portion of
the bilayer becomes decoupled from the external portion and
starts a local thinning right in the middle of the layer (Figure 6,
center panel, and Figure 4a). The headgroups mobility calcula-
tions indicate that both layers of the free (no crystal) and
solvated bilayer have almost-identical mobility. In contrast, the
introduction of the (010) crystal surface leads to decreased
mobility of the layer adjacent to the crystal and increased
mobility of the opposite layer. In this sense, the concerted
motion of the layers becomes decoupled. This results in
degeneration of the internal bilayer and allows water to penetrate
through the internal portion of the bilayer (Figure 6, right panel,
and Figure 4a). This previously described remarkable progres-
sion of events closely resembles the effect of melittin on the
phospholipid bilayer, which has been beautifully demonstrated
in independent studies.18-20 Generally, all these studies show
that the insertion of melittin into the external layer of the
phospholipid bilayer results in much smaller perturbation of this
layer than the adjacent internal layer, which becomes decoupled
from the external layer. A preferential increase in the fractional
free volume is observed, which, in turn, favors water penetration
from the internal side of the bilayer.20

Interestingly, another set of simulations (data not shown) that
involve palmitoyloleoyl phosphatidylcholine (POPC) lipid
molecules do not show a similar effect. The difference between
the effects of CPPD crystal on bilayers consisting of POPC and
DMPC lipid molecules is under further investigation.

Studies of the interaction between ionic crystals and phos-
pholipid bilayers6,17show that these interactions can be modified

by polyanions such as phosphocitrate,6,17 citrate, polyasparate,
and polyglutamate.6 Our earlier molecular modeling studies29

show that phosphocitrate could be used as a powerful inhibitor
of the (010) crystal surfaces of CPPD, which have been shown
in this study to be responsible for the interactions with the
phospholipid bilayer, which leads to crystal-induced membra-
nolysis. We believe that by subjecting the CPPD crystals in
vivo to phosphocitrate, we could significantly diminish the
interactions between the CPPD crystals and phospholipid
bilayers, and thus phosphocitrate could serve as a potentially
powerful therapeutic agent in crystal-induced arthritic diseases.
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