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Changes in a Phospholipid Bilayer Induced by the Hydrolysis of a
Phospholipase A, Enzyme: A Molecular Dynamics Simulation Study
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ABSTRACT Phospholipase A, (PLA,) enzymes are important in numerous physiological processes. Their function at
lipid-water interfaces is also used as a biophysical model for protein-membrane interactions. These enzymes catalyze the
hydrolysis of the sn-2 bonds of various phospholipids and the hydrolysis products are known to increase the activity of the
enzymes. Here, we have applied molecular dynamics (MD) simulations to study the membrane properties in three compo-
sitionally different systems that relate to PLA, enzyme action. One-nanosecond simulations were performed for a 1-palmitoyl-
2-linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC) bilayer and for two of its PLA,-hydrolyzed versions, i.e., bilayers con-
sisting of lysophospholipids and of either free charged linoleate or free uncharged linoleic acid molecules. The results revealed
loosening of the structure in the hydrolyzed bilayer due to increased mobility of the molecules in the direction normal to the
bilayer. This loss of integrity due to the hydrolysis products is in accord with observations that not only the presence of
hydrolysis products, but also a variety of other perturbations of the membrane may activate PLA,. Additionally, changes were
observed in other structural parameters and in the electrostatic potential across the membrane-water interface. These
changes are discussed in relation to the simulation methodology and the experimental observations of PLA,-hydrolyzed
membranes.

INTRODUCTION

Phospholipases A(PLA,) are a heterogeneous group of nunen, 1995), by incorporation of diacylglycerol (Bell et al.,
enzymes involved in a variety of physiological processes1996) or lysophospholipids (Jain and de Haas, 1983), or
such as host defense and signal transduction. Mammaliagven by pressure from the tip of the atomic force micro-
PLA, enzymes can be classified into three large groupsscope (Grandbois et al., 1998) are known to activate PLA
namely secretory, cytosolic, and €aindependent en- Control of the action of water-soluble phospholipases on
zymes (Murakami et al., 1997). The function of PLAto  membranes is an important regulatory mechanism for pre-
catalyze the hydrolysis of then-2 bond in various phos- venting the degradation of intact biomembranes (Waite,
pholipids, i.e., to generate a fatty acid and a lysophosphot996). Thus, zwitterionic phosphatidylcholine (PC) mole-
lipid molecule. cules, the main lipid constituents of biomembranes, are poor
Because of the central role of PL&nzymes in mamma- substrates to PLAin an intact membrane. In pure PC

lian physiology, a number of studies have focused on thenembranes, this often results in a lag phase of low initial
mechanisms of their action. Particularly, the secretory typepLA, activity. However, after this initial lag phase, a sud-
Il PLA; has been studied extensively. The results havgjen increase can occur in the enzyme activity (Burack and
revealed that in addition to the properties of the interfacialgijionen, 1994). Much evidence suggests that this abrupt
binding surface of the enzyme (Gelb et al., 1999), thencrease in PLA activity is due to the accumulation of
characteristics of the membrane itself are critical for thehydrolysis products, i.e., fatty acid and lysophosphatidyl-
regulation of the enzyme activity (reviewed by Burack and:pgline (lyso-PC) molecules (Apitz-Castro et al., 1982; Bell
Biltonen, 1994; Burack et al., 1997). The positively charged, 4 Biltonen, 1992: Burack et al., 1993: Sheffield et al.,
type Il PLA; is known to interact preferentially with nega- 1995: gent and Bell, 1995; Bell et al., 1996; Henshaw et al.,

tively charg(_ed membran.e surfaces (yolwerk et_ al., 1986'1998). Yet, despite a wide variety of experiments designed
Ghomashchi et al., 1991; Scott and Sigler, 1994; Han et aI.[O study the mechanisms underlying sudden Piaativa-

1997). In addition, various ;urface Qefgcts or perturbanonﬁon, the detailed molecular interactions still remain unclear.
caused, for example, by I|p|d_ peroxidation (McLean et al"Therefore, it would be important to aim at better under-
1993), by a change to the main phase transition temperatuganding the relationship between the local structural char-

|c_)|f the SUthtrlatié‘;aGm :;nd Jaha;glrdtar, 19?_5;h?e” et al.,d1|5<)9 (cteristics of the membrane and the activity of the enzyme.
gnger etal., ), by osmotic stress (Lehtonen an ""Such detailed understanding of this relation would also be

useful in a more general sense, since the Rimembrane
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et al., 1997; Tobias et al., 1997). For example, MD simu-METHODS
lation studies have addressed the molecular mechanisms
diffusion (Bassolino-Klimas et al., 1995) and channel-inde-
pendent ion transport across membrane bilayers (Marrink €the molecules used in the three simulated bilayer systems are shown in
al.. 1996: Wilson and Pohorille 1996). The membrane-Fig:- 1. The PLPC molecule, used in the first bilayer system, consists of a
L . ! . | . glycerol backbone (Cgl-Cg3) to which the saturated palmitate chain
a_SSOCIated peptides and proteins (Belohor - 1997 (16:0), the diunsaturated linoleate chain (£8:%), and the PC headgroup
Tieleman and Berendsen, 1998) and the effects of polyunsre attached at then1, sn2, andsn3 positions, respectively. In the
saturation (Hyvaen et al., 1997) have also been studied. Insecond system, as the PLAnzyme is known to catalyze the hydrolysis of
addition, MD simulations have been utilized in a prelimi- the sn-2 fatty acid bond, the bilayer consisted of lyso-PC molecules (a PC
nary Study of monolayer-PLfinteraction (Berendsen etal., headgroup, gly<_:erol backbo.ne, and palmltlc acid chain), and fre_e nega-
dtoi . b | tively charged linoleate chains. In the third system the e chains
1992) and to m_veStlgaFe a PL/Substrate complex (Jones et were protonated and appeared thus as uncharged linoleic acid molecules.
al., 1993) and interactions between the BlrAolecule and At the physiological pH 7.4, both charged linoleate and uncharged linoleic
an intact dilaurylphosphatidylethanolamine (DLPE) mem-acid molecules are expected to appear in nearly equivalent amounts (Ham-
brane (Zhou and Schulten, 1996). The last mentioned Studipon, 1995). Thus, in a real phospholipid membrane the effects of both

. Charged linoleates and uncharged linoleic acids are present. For simplicity,
showed that, as ComparEd with a Ioosely bound ELA the linoleate and the linoleic acid molecules of the modified systems are

membrane complex, desolvation of lipids in a tightly boundpere referred to as than2 chains, although they are actually independent
complex enhances the interaction between the enzyme amgblecules.
the phospholipids. The results of Zhou and Schulten (1996) The bilayer model of the PLPC molecules was based on the final

also suggested that the PL-fnembrane interactions would sFructure of our earller. PLI?Q simulation .(Hwer: et ql., 1997), \{vh?re the
b o . h d din th b bilayer was modeled implicitly by applying a “rotation-reflection” to the
e sensitive to various changes produced in the mem r"’mﬁmnolayer system. Here, to model the bilayer explicitly, the monolayer

which appeared to be more important in controlling BLA system was copied and placed similarly to the image of the monolayer in
activity than the conformational changes in the enzymehe implicit bilayer model. Additionally, a 1.25 A slice from both water
itself. However. there seems to be no direct information orj@yers was removed, which resulted in the dimensions of 504A.0 A

. X 50.4 Ainx, y, andz axes, respectively. Thus, the system consisted of 72
the effects of PLA hydrolysis products on the membrane PLPC molecules in the bilayer and a total of 2572 water molecules.

StrUCtU.re- . ' . Conventional periodic boundary conditions were used to model an infinite
In this study we aimed at revealing changes in the membilayer. The system was stabilized by energy minimization. Dynamic

brane characteristics due to the presence of the, FiyA heating was then applied for a 10-ps period, resulting in a temperature of

drolysis products. As MD simulations are suitable for Stud_310 K, followed by a 150-ps equilibration period and a simulation of 1 ns.

. . hich | eff d h . IThis simulation was, however, affected by a typing mistake in the param-
1es in which structural effects due to the compositiona eter file, which restricted the rotation of the single bonds between the

changes are investigated, we focused on the structural diffouble bonds. Thus, this simulation was not used for the analysis; instead,
ferences between a phospholipid bilayer and its counterparts final structure was taken as the starting point for the actual simulation
consisting of the PLA hydrolysis products. To the best of with corrected parameters. Again, an energy minimization, a 10-ps heating

.o - - . . period, and a 100-ps equilibration period were used. As the bilayer model
our knowiedge, this is the first time that MD simulations , .~ 5o well-equilibrated (Hywen et al., 1997) and was further

have been applied in this way for assessing the structuralapiiized in the rejected simulation, this latter equilibration period was
changes in a membrane induced by a lipid-hydrolyzingvery stable. Finally, the simulation was run for 1 ns to collect the data
enzyme. We performed three 1-ns MD simulations: one forreported here. The temperature and the energies were monitored during the
a 1-palmitoyl-2-linoleoylsn-glycero-3-phosphatidylcholine simulation to ensure their stability and an adequate time for equilibration.
. ) . . The average temperature in the final 1-ns simulation was 310.25 K.
(PLPC) b”ayer and two for its PLH\ydrOIyzed versions, in For the second system, the construction of the modified bilayer with
which the sn2 chains were liberated either as chargediysophospholipids and charged free linoleic acid molecules was based on a
linoleate or uncharged linoleic acid molecules. The constitwell-equilibrated structure from the PLPC bilayer simulation. First, the
uents from all of these simulations are present in a reapond between the glycerol backbone carbon Cg2 and the corresponding

. . . oxygen was cut and an OH group was added to Cg2, which resulted in
partly hydrOIyzed membrane, as in the phyS|olog|caI pHseparation of the linoleate and lysophospholipid molecules. To remove

both charged and uncharged hydrolysis products appeakensive overlaps of atoms in the modified region near the Cg2 carbon, the
(Hamilton, 1995) together with the lysophospholipids andenergy was minimized at this stage. In order to end up with an uncharged
remaining unhydrolyzed lipid molecules. The main obser-system, 72 water molecules evgnly distributed at the hea.\dgr(.)u.p .regions
vation in the hydrolyzed bilayers was a loosened structur(%’ere chosen and replaced by Neons. The energy was again minimized

. . . . or the whole system. As in the case of the PLPC system, the first
of the membrane in the direction normal to the b'layer' Insimulation was rejected from the analysis because of an erroneous param-
addition, the structural parameters of the headgroups, wat@ter mentioned above, and the final structure was accepted for the new
molecules, glycerol backbone, and chains were determineghergy minimization with correct parameters. This minor error in the
together with the electrostatic potential across the memerarameter file allowed us to stabilize the system extremely well. Also, at

. . . . this point the distributions of Naions were calculated in order to compare
brane-water interface. The results will be discussed in relat_hem with the final distributions, and thus to ensure the convergence of the

tion to the applied simulation methodology and the exper+on gistribution. Finally, this was followed by a 10-ps period of dynamic
imental observations on PLAnembrane interrelations. heating to a temperature of 310 K and an equilibration period of 109 ps.

modeling and computational details
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FIGURE 1 Snapshots from the first (I) and second (l) simulations of the PLPC system and of the system consisting of the lyso-PCs, charged linoleates,
and N& ions, respectively. Additionally, illustrations of the molecules in the first (1), second (11), and third (l1l) systems are shown: a single PL&e@mole

(I) and, after the PLA hydrolysis, a lyso-PC (Il and Ill), charged linoleate (I), and uncharged linoleic acid (Ill) molecules. Water molecules are shown

in cyan, Nd ions in grayish, and the color coding of the lipid molecules is as follows: green for carbon, red for oxygen, yellow for phosphorus, and blue

for nitrogen. For clarity, the hydrogen atoms are not shown. yrhgis is along the normal of the membrane.
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The simulation reported here was run for 1 ns and the average temperaturespect to the bilayer normal and the angle distributions were determined

was 310.28 K. from 1° slices. Here, the positive direction of the bilayer normal in both the
The initial structure of the third bilayer system was based to theupper and the lower layer was toward the water region.

well-equilibrated structure from the PLPC bilayer simulation. The struc-  The radial distributions of the oxygen and hydrogen atoms of the water

tural modifications were performed as in the second system to formmolecules around the phosphorus and nitrogen atoms of the phosphatidyl-

lysophospholipids and free fatty acids, except that instead of C®®  choline headgroups were averaged for a 20-ps period from the end of the

uncharged COOH group was formed, and no'Nens were added. Thus,  simulations, using the SCARECROW software (Laaksonen, 1992). In

this bilayer model did not contain charged species. After the constructiongqgition, similar calculations were performed for the water molecules

the energy of the system was minimized, followed by the heating period ofrqund the carbon atoms of the CO@nd COOH groups of linoleate and

10 ps, equilibration period of 195 ps, and finally the simulation was run for jnleic acid, respectively, and for the Naons around the PC and COO

1 ns in an average temperature of 313.78 K. In this third simulation, as i‘neadgroups.

was performed after the first and_ the second_simulations, the correct The mean cosine of the angle between the water dipole moment vector

parameters for the double bond region were applied, and thus there was ng,q the pilayer normal in 0.25 A slices along the bilayer normal was also

need to repeat the simulation. calculated. A zero value is obtained for a random orientation and a negative

.A” ;:mulatlolr;sl were perf;grglzed 'P(?Hn;:g'ﬁﬁﬂanor;@al (N\éE) eknse[nblle value corresponds to the orientation of the dipole toward the bilayer center
using the paraiflel version, 0 software (Brooks et al., atipositive values of, while with negative values of the positive value

1983). The use of a constant volume ensemble assumed that the release . . )

. - I of the mean cosine corresponds to the orientation toward the center.
thesn2 fatty acid from the phospholipid does not significantly change the ) ; ) ) S
surface area per lipid molecule. Surface tension, as calculated frame b The orientational order is described by the order parangterhich is

; e{efmed as

frame according to Venable et al. (2000) from the last 30 ps of each
simulation, showed an essentially similar kind of behavior for all three
systems. In the PLPC system, the same lipid force field parameters were 1
used as have been reported earlier (Schlenkrich et al., 1996 nidpet al., S= 2 (3 cos B — 1), (1)
1997), and these were also adapted for the linoleate, linoleic acid, and
lysophospholipid molecules. Because the CO&ahd COOH groups were
not present in the lipid force field, the parameters for them were adaptedvhere B; is the angle between the orientation vector and the reference
from the CHARMM parameter set for amino acids. For water molecules,direction. The brackets denote both the ensemble and time average. The
the TIP3P parameters (Jorgensen et al., 1983) were used. Every atom ws-NMR-observable order parameted“®, is obtained by defining the
taken into account independently in the MD simulations. The lengths of theprientation vector along the GHbond, with the bilayer normal as the
bonds involving hydrogen atoms were fixed using the SHAKE algorithm reference direction. Using this definition, we calculated the order param-
with 10~° tolerance, which allows the use of a 1-fs time step (van eters for all CH bonds. At each saturated carbon atom in the chaig$the
Gunsteren and Berendsen, 1977). The long-range interactions were trunalue was taken as an average of the 8éhds. The standard error of the
cated using an atom-based cutoff radius of 13 A with a shifting function formean (SEM) of the 72 molecular averages is taken as an error estimate. For
the electrostatic and a switching function for the van der Waals interactiongach of the molecules, the molecular average was evaluated from the whole
(Brooks et al., 1983). Especially in the case of charged species the trunime series of 1 ns. In this way, the effect of high correlations between
cation of electrostatic interactions involves risks. However, we would like consecutive time steps was eliminated, the error estimates then being more
to point out that in the simulations of charged membrane species, theealistic. It is a convention in MD simulations to define the orientation
truncation has been applied without noted artifacts (Lopez Cascal.es et alyector along the normal of the HE plane or from ¢ , to G ,, which
1996a, b; Wymore and Wong, 1999). To test the effect of cutoff distancejeads to the molecular order parame&F°. When isotropic rotations

we performed an additional 0.5 ns simulation for the second system usingqund the HgH plane normal are assumed, the CH bonds and correspond-
a cutoff distance of 18 A for electrostatic interactions. The second SyStenhg S°P values become equivalent, agF® can be compared with the

contains charged species and should thus be most sensitive in this respegtnol
However, the results calculated for the atomic distribution in the directionberg

normal to the bilayer, for the orientational pehawor pf the headgroups ‘,"m(é/ariation between perpendicular (90°) and parallel (0°) orientations with
water molecules, and for the electrostatic potential showed essentiall

Yespect to the bilayer normal. Usuall , a zero valu§ afidicates isotropic
similar behavior in the simulations with cutoff distances of 13 A and 18 A P y y § P

L ) 5 rientation distribution but, for example, a single orientation angle of 54.7°
(data not shown). The third simulation was performed with the uncharge(? . P g g
in the sample also results in a zero value.

hydrolysis products. Thus, it serves as an additional opportunity to explore The orientational angle distribution of the C1-C3 vectors of the chains

which results from the second simulation are related to the presence of . . .

. B : was calculated with respect to the bilayer normal. Note that here the bilayer
charged species, and thus might be affected by the truncation of electro- . - . .
static interactions normal was considered to point toward the bilayer center, in contrast to the

The nonbonded interactions were updated at every 10th step (0.01 pSg.etermination of the orient_ational distributions in the heaggroup and gly_c-
Energies, coordinates, and velocities were saved at every 50th step. TﬁéOI backbone regions. This was done to keep the numerical values mainly
simulations were carried out using 64 processors of a Cray T3E comput elow 90°. .
at the Center for Scientific Computing, Espoo, Finland. The fractions of thegauche’ (g"), gauche™ (g), andtrans (t) states

were determined for the dihedral angles of the glycerol backbone, the

headgroup, and both chains. The angles were allocated to the appropriate

state, using the ranges120—0 and 0-120° for thg™ and g~ states,

respectively, and the rest for thetates. A similar allocation was used for

In the subsequent analysis, the averages were calculated over all saved ti¢aluating the rate of isomerization among ¢fie g™, andt states for each

steps (20,000) of the 1-ns simulations and over all PLPC, linoleate, linoleidond. The isomerization rate was averaged over all the molecules. For the

acid, lysophospholipid, or water molecules, unless otherwise stated. two single bonds between the double bonds, the values of the dihedral
Atomic single particle distribution functions in the direction normal to angles were monitored during the simulation and the percentage distribu-

the bilayer were evaluated by calculating the total amount of each atom iition of conformations with different combinations of these angles was also

0.25 A-thick slices. The distributions were averaged over time. The ori-determined.

entation angles of the headgroup and glycerol backbone vectors with Electrostatic potential profile along the bilayer norrgatas calculated

values according to the relation2§°° = §™ (Seelig and Nieder-
er, 1974). ThamOI may vary between-%z and 1, corresponding to the

Data analysis
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based upon Poisson’s equation
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whereys(y) is the electrostatic potentigl(y) is the charge density g and
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some of them are found buried in the membrane. For the
modified bilayer consisting of the lyso-PCs and uncharged
linoleic acids, the snapshot is not shown because the overall
structure of the system is quite close to the intact PLPC
bilayer and the differences are not evident by visual inspec-
tion only.

€ is the vacuum permittivity. The charge density was determined in 0.25 In order to monitor the general structure of the bilayer

A thick slices and averaged from the monolayers. The posijion 0
resides in the middle of the bilayer.

RESULTS AND DISCUSSION

The reaction products of PLAaction are known to play a
particularly important role in the catalytic activity of PLA

systems in detail, the atomic single-particle distributions
were calculated in the direction normal to the bilayer. The
distributions are shown for several atoms in Fig. 2. The
distributions are wider for the modified systems than for the
PLPC hilayer. However, the effect is significantly enhanced
in the second system of the lyso-PCs and charged linoleates.
The distributions were also essentially similar for the sec-

and therefore the current MD simulations were set up taond system in the test simulation (data not shown) with a
address these product-related changes. However, none giger cutoff distance for electrostatic interactions (see
the present simulations alone can produce information thaWlethods). The wider distributions imply an increased mo-

could be directly related to the function of a PLAn a

bility of the molecules in the direction normal to the bilayer.

membrane. The three model systems should merely be
considered to represent the features present in the partly
hydrolyzed membranes. Therefore, this kind of combination
of MD simulations is able to provide information at the
molecular level and help in the interpretation of the hydrol-
ysis-induced effects on membrane structure. To our knowl-
edge, this is the first MD simulation study in which the
action of the enzyme has been addressed without modeling
the enzyme itself, and it thus also serves as a pilot study for
an approach of this kind.

Our earlier study of the intact PLPC bilayer includes a
detailed discussion of the properties of the PLPC membrane
in the MD simulation in comparison to experiments and
other simulations of phospholipid membranes (Hyso et
al., 1997). The properties of the intact PLPC system are
therefore not within the scope of the present analysis and
discussion. Instead, detailed information on the structural
differences between the intact PLPC system and its modi-
fied versions are provided by comparing them in light of the
analysis of the general membrane structure and the different
structural parts of the systems: the PC headgroup, glycerol
backbone, hydrocarbon chains, water molecules, and Na
ions. In addition, the electrostatic potential profiles along
the bilayer normal are compared.

General membrane structure

Snapshots from the end of the first and second simulations,
i.e., PLPC bilayer and the bilayer of lyso-PCs and charged
linoleate molecules, are shown in Fig. 1. These shapshots
illustrate a marked difference between the overall structure
of the systems: in the intact PLPC bilayer the structure is
well defined, but in the modified bilayer of linoleate and
lysophospholipid molecules the integrity of the membrane

Distribution (arbitrary units)

C1,sn-2 |

30

is seemingly weakened. In addition, in the PLPC bilayer, th%

FIGURE 2 Distributions of water molecules, Naons, nitrogen, phos-
horus,sn1 chain carbons C1 and C16, asd2 chain carbons C1 and

choline groups mainly point toward the water region, but incag along the bilayer normal of the first (—), second (- - -), and thirel-§
the modified system their orientation has clearly changed, as/stem.
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The average distances of the phosphorus and nitrogen atorakso result in a partly hydrolyzed membrane system. This
from the bilayer center are 20.7 and 22.0 A for the PLPCwould enhance the mobility of PLPC substrate molecules in
system (the first system), 22.0 and 21.8 A for the secondhe membrane normal direction, which might increase dif-
system, and 21.0 and 22.4 A for the third system, respedusion of the substrate to the active site of the BleAzyme.
tively. Thus, a change in the orientation of the headgrougnterestingly, the addition of the lyso-PC has been observed
and also a change in the average membrane thickness tis enhance the availability of the substrate to the active site
observed in the second system containing charged linoleatsf the enzyme (Sheffield et al., 1995; Henshaw et al., 1998).
molecules, whereas in the case of third system only a slighin addition, the shift of the uncharged fatty acid molecules
change in the thickness is observed. toward the bilayer center might also have a role in allowing

The average distances of the chain carbons from théhe PLA, active site greater access to the2 bond of the
bilayer center in the second system showed shifts of th@hospholipids (Henshaw et al., 1998). However, the loos-
lyso-PC 6én1 chain) and charged linoleatsn{2 chain) ening of the structure may facilitate penetration of BLA
molecules toward the water region as compared with th@mino acid side chains into the membrane and thus promote
intact PLPC bilayer (data not shown). However, in the thirdthe tighter PLA-membrane complex (Zhou and Schulten,
system only a slight shift toward the water region was1996). Interestingly, not only the accumulation of reaction
observed for the lyso-PC and, contrary to the linoleate, thgoroducts (Apitz-Castro et al., 1982; Burack et al., 1993,
linoleic acid molecules slightly shifted<(l A) toward the 1995, 1997; Sheffield et al., 1995; Bell et al., 1996; Hen-
center of the bilayer. In this shift, the last three carbonsshaw et al., 1998), but also several manipulations of zwit-
remained almost at the same height as their counterparts terionic bilayers are known to enhance the catalytic rate of
the PLPCs, which might be due to enhanced tilt at the endPLA,. These manipulations include a change to the main
parts of the chains. The descend of the unionized fatty acighase transition temperature of the substrate (Jain and Ja-
toward the hydrophobic region has been observed usinbagirdar, 1985; Bell et al., 1996; Hgnger et al., 1996),
fluorescent probes (Abrams et al., 1992) and has beeasmotic stress (Lehtonen and Kinnunen, 1995), incorpora-
suggested to enhance the separation of the headgroup®n of diacylglycerol (Bell et al., 1996) or lyso-PC (Jain
which would allow the PLA active site greater access to the and de Haas, 1983), and perturbation with the atomic force
sn2 bond of the phospholipids (Henshaw et al., 1998). microscope tip (Grandbois et al., 1998). The manipulations

The distribution of water in the three systems differs, asthat activate PLA appear to operate via different mecha-
in the modified systems the water molecules have penerisms and cause various perturbations in the bilayer. Hence,
trated deeper into the bilayer interior than in the intact PLPChere is no necessity for a specific alteration in the RLA
bilayer. The region that was free of water molecules in theprone areas of the membrane, but a certain degree of loos-
bilayer center was~20 A in the first system of PLPC ening of the structure of the intact membrane is sufficient to
molecules and 10 A and 16 A in the second and thirdactivate PLA.
systems, respectively. Thus, the penetration of the water
molecules toward the bilayer center is especially enhancexii
in the bilayer with charged linoleate molecules. The changes
in the water penetration might also lead to changes in th&@he general electrostatic properties of the membrane are
diffusion of small molecules through the modified mem- affected by the orientation of the headgroups. Differences in
brane systems. The change in the water penetration is ghe average atomic distances of the phosphorus and nitrogen
additional indication of the loosening of the structure in theatoms from the bilayer center were already noted between
modified membranes. In fact, there are studies of the menthe first and second systems (Fig. 2). To monitor the orien-
brane structure during the PLAaction (and accumulation tation in greater detail, the average angle distribution of the
of reaction products) with the fluorescent probe ProdarP—N vector was calculated with respect to the bilayer plane.
(Sheffield et al., 1995), which is sensitive to the polarity of A comparison of the angle distributions between the
its immediate environment in the headgroup region. Thentact PLPC and the modified systems is given in Fig. 3. In
results indicated that disruption of the membrane structuréhe PLPC system the PC headgroup, on average, orients
was sufficient to allow increased ingress of water moleculeslightly toward the water region, and the values for the angle
near the Prodan probe. of the P—N vector are between60 and 90°. Interestingly,

In a partly hydrolyzed real phospholipid membrane, boththe third simulation of the uncharged linoleic acids and
charged and uncharged liberated2 chains are present lyso-PCs produces a very similar angle distribution with the
together with the lysophospholipids and the unhydrolyzedirst simulation. The average orientation angles for the P—N
phospholipids. The results of the present simulations sugvector in the first and third systems were 17 and 18°,
gest that the presence of the hydrolysis products causeespectively, in accordance with the value of 18° estimated
loosening of the bilayer structure. Loosening of the structurdrom the NMR and Raman studies of dipalmitoylphosphati-
observed in our simulations with fully hydrolyzed mem- dylcholine (DPPC) (Akutsu and Nagamori, 1991). Fig. 3
brane area suggests that most likely some loosening wouldustrates, however, that all angles are possible in the sec-

he PC headgroup
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' ' T ' resulted in a similar conclusion for the behavior of head-
e 1 groups (data not shown).

Water and Na™ ions
Radial distribution of water and Na™ ions

The radial distributions of the oxygen and hydrogen atoms
. of the water molecules were calculated for all systems
e T T e 30 80 %0 around the pho;phorus and nltroggn atqms of the PC h_ead—
Angle (degrees) groups. In addition, for the modified bilayers, the radial
distributions of the oxygen and hydrogen atoms of the water
FIGURE 3 Averaged distribution of the orientation angles between themolecules were calculated around the CO@roup of li-
phosphorus-pitrogen vector and the b'ilfalyer'normal of the first (—), seconq,]o|eate and COOH group of linoleic acid, together with the
I(S _t(;z,:,:%dt;helrsv;;ér.)r?ési;?]. The positive direction of the bilayer normal rgdial distribu.tions. of_the_N’aions around P, N, and COO
Since the radial distributions of the water molecules around
P and N were very similar in all three systems, the distri-

. . butions are shown in Fig. 4 from the second simulation
ond system with charged linoleate and lyso-PC moleculesomy'
which reflects increased orientational freedom for the PC
headgroups of the lyso-PC molecules. The average orienta-
tional angle of the P—N dipole was2° in this modified
bilayer. The presence of charged linoleate molecules and
Na" ions therefore caused a drastic change in the orienta-
tional behavior of the PC headgroups, resulting in a struc-
ture in which the choline groups were more often buried in
the bilayer. This may be due to an enhanced interaction of
the choline group with the COOof linoleate, which would
cause the appearance of angles smaller th&8°.

One factor that has been shown to affect the Phétiv-
ity is the presence of anionic lipids in the membrane, and the
tight association between PLAand interfaces containing
anionic phospholipids is a general property of these en-
zymes (Volwerk et al., 1986; Ghomashchi et al., 1991; Han

Distribution (arbitrary units)

P-O(water,

b P-H(waten) ™ / N

Na’-O(water)

~ Na'~H(water)

et al., 1997). In addition, Zhou and Schulten (1996) have r COO—Na* .
proposed that negatively charged lipids, together with mem- I ]
brane defects considered above, might facilitate the pene- r ]
tration of a few enzyme residues into the membrane and i P 1
thus cause the formation of a fully functional, i.e., tight, I i | coo-Hwater) ]
PLA,—membrane complex. One established mechanism re- i yCOO‘—O(water) 1

lating the accumulation of the PLAreaction products,
lyso-PC and fatty acid molecules, to the increased activity

1 e ' ik } T 1 } 5

COOH-H(water)

Radial distribution function (arbitrary units)

of the enzyme is the increased negative surface charge of | / COOH-Owaten

the membrane due to the liberation of #re2 chains in the AN

charged state. However, in the presence of the negatively L /\\ = ——
charged linoleates the change in the orientational behavior 01 2 3 45 6 7 8 910
of the PC-headgroups occurs so that the negatively charged r(A)

phosphatidyl groups are now more accessible at the outer-

FIGURE 4 Radial distribution functions for the oxygen (—) and hydro-
most surface of the membrane. They would thus be able t en (- - -) atoms of the water molecules and’Nans ¢ - - -) around the

prOmOte the negative surface charge o_riginally caused bb{/sophospholipid phosphorus and nitrogen atoms and linoleate TOO
the linoleate molecules. These changes in the surface regi@arbon atom, together with the radial distribution functions of the oxygen
of the membrane with charged species have to be consid=") and hydrogen (- - -) atoms of the water molecules around theidtzs

ered in the light of the possible uncertainties produced b);md linoleic acid COOH carbon atoms. The data for the last 20 ps of the

the truncated electrostatics applied in the simulation. Ho simulation were averaged. As the system was anisotropic, the radial dis-
u ; . ! PPl I imul _I ' Wtribution functions do not approach one at the long separation limit and are
ever, the test simulation for the second system using a larg@ferefore shown in arbitrary units. Note that in the lowest panel the tic

cutoff distance for electrostatic interactions (see Methods}eparation corresponds to the one in the upper panels.
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For all three systems, the water molecules were found to 1.0 frerer : . . . . .
be strongly oriented around the phosphorus atom because of 0.8
the hydrogen bonding between the oxygen atoms of the 06
phosphatidyl group and the hydrogen atoms of the water 0.4
molecules. Only a weak orientation is noticed around the A, ,|
nitrogen atom, despite the positive charge on the choline 2 0.0
group. This is most likely due to the hydrophobic nature of ©
the surrounding methyl groups, which results in hydrogen v-02
bonding among the water molecules. A very similar ar- 04
rangement of water molecules around the PC headgroups 061 ]
has also been observed in other MD simulation studies of -0.8 ]
phospholipid systems (Alper et al., 1993; Damodaran and 1.0 bt - L — ' -
-30 -20 -10 0 10 20 30

Merz, 1994; Essmann et al., 1995). In the modified bilayer
of the second simulation, there is a clear structural arrange-
r_nem of the N& |0!18 aroun(_j the phosph_oru; ?‘toms' _TheFIGURE 5 The mean cosine of the angle between the water dipole
first narrow peak is most likely due to ionic interaction moment vector and the bilayer normg) for the first (—), second (- - -)
between the oxygen atoms of the phosphatidyl group anénd third-: - - -) system.
the Na' ions. The second and third peaks are wider and are
probably affected by the interactions between the water
molecules and the Naions. Around nitrogen, the Naions  files for the mean cosine of the angle between the water
appear at a distance of5 A and, like the water molecules, dipole moment vector and the bilayer normal in the intact
do not show any clear structural arrangement. PLPC system and the modified systems are compared. Both
The orientational behavior of the water molecules aroundn the first and in the third simulation the water dipoles at
the COO headgroup of linoleate and COOH group of the surface of the bilayer tend to orient toward the bilayer
linoleic acid is similar to the orientation around the phos-interior (Hyvinen et al., 1997). This is due to the strong
phorus atom, when the peak interval between the hydrogesrientation of the hydrogen atoms of the water molecules
and oxygen distributions in each system is consideredioward the phosphorus atoms, as indicated by the radial
However, the first peaks of the distribution functions appearistribution functions in Fig. 4: as the number of hydrogen-
at slightly varying intervals due to the differences betweerbonded water molecules around the phosphatidyl group is
the group structures, and also, the intensity of the peakimrger on the side of the water region, the dominating
around the COOH group are remarkably smaller tharorientation of the water dipoles is toward the bilayer center.
around COO and phosphorus due to the reduction in theOnly a few water molecules penetrate into the hydrocarbon
amount of the water molecules nearby. Also, the addition ofegion, which results in poor statistics and a spiky profile.
the hydrogen to the COOH group reduces the amount ofimilar orientational behavior of water molecules in the PC
water hydrogens pointing toward the oxygens. Naturally headgroup region has been reported, for example, in an MD
the Na' ions also cause orientation of water molecules, i.e.simulation study of the dimyristoylphosphatidylcholine
the oxygen atoms of the water molecules point favorably(DMPC) membrane (Chiu et al., 1995). Thus, the liberation
toward the N& ions. The Na ions interact strongly with of the sn2 chain in the uncharged state does not seem to
the COO headgroup, but the shape of the radial distribu-remarkably alter the orientational behavior of the water
tion function seems also to reflect an interaction betweermolecules at the membrane surface.
Na" and those water molecules that hydrogen-bond to the In the second simulation for the lyso-PCs and charged
COO" group. This distribution function, when compared linoleate molecules, the orientation of the water dipoles was
with the corresponding sodium—carbon distribution func-seemingly different. There was no region of random orien-
tion obtained from MD simulation of a sodium octanoatetation aty > 30 A ory < —30 A, since clearly oriented
micelle in aqueous solution (Watanabe et al., 1988), isvater extended over a much wider region than in the PLPC
found to be very similar. Interestingly, in this micelle sim- system. Over this wider range the orientation was also
ulation the Ewald method was applied to treat electrostatigenerally stronger than in the PLPC system. This can be
interactions. assumed partly from the widened atomic distributions in the
direction normal to the bilayer and partly from the fact that
this modified system also includes water molecules oriented
in a similar way to the phosphatidyl groups by the COO
headgroups of linoleate molecules. The increased number of
The net orientation of the water dipole, together with the PGwater dipoles orienting toward the interior of this linoleate-
headgroup P—N dipole, also affects the general electrostatmontaining system means that, in practice, there are in-
properties of the membrane. Therefore, in Fig. 5, the proereased numbers of negatively charged oxygen atoms of the

v (A)

Orientation of the water dipole with respect to the
bilayer normal
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water molecules pointing away from the membrane surfaceChains
It should be kept in mind, however, that the truncation of the _ . .
. . . . Qrientational order parameters
electrostatics as done in the second simulation may enhance
the ordering effect of the water molecules (Feller et al.,The orientational order parameter profiles of #rel and
1996), especially in the system of charged species. Howsn-2 chains of the PLPC and the modified bilayer systems
ever, at least increasing the cutoff distance to 18 A in a tesare shown in Fig. 7. The profiles indicate a difference in
simulation of the second system (see Methods) did nobrientational order near the beginning of the fatty acid
reveal any major difference in the ordering of the waterchains between the intact PLPC system and the modified
molecules (data not shown). It is tempting to speculate thasystems. After the beginnings of the chains, the differences
this oriented water could affect the ability of PLAo  gradually disappear, and toward the ends of the chains, the
recognize the surface. However, the water orientation waerder parameters for the intact and modified bilayers be-
not changed in the third system, which suggests that in realome identical, except in th®12 chains in the third system,
PLA, hydrolyzed membranes the possible effects to the.e., the linoleic acid molecules, where some change is
water orientation would not be as prominent as observedbserved at the double bond region and at the chain ends.
here for the second system. The differences between the orientational order parame-
ters for the chains of intact PLPC and the modified systems
are most likely related to a difference in the average con-
The glycerol backbone formation near the beginning of the chain. Although in the
, , o PLPC system then-1 chain begins, on average, more in the
The orientation angle distributions of the glycerol baCkbonedirection normal to the bilayer than tren2 chain, quite
bonds Cg1-Cg2 and Cg2-Cg3 with respect to the bilayepq iy tilted beginnings of then-1 chains are also observ-
normal are shown in Fig. 6, together with the orientation Ofable, probably because tise-1 andsn2 chains are com-
the Cg1-Cg3 vector. In the PLPC system, the Cg2-Cg3eting for the best packing option. However, in the PLPC
bopd is found in a more upward and more restrlcted O”e”bilayer, thesn-2 chains begin, on average, more in the plane
tation than the Cg1-Cg2 bond. In the modified systems, the¢ i pjilayer than then-1 chains, and the beginnings of the
Cg2-Cg3 bond has much more orientational freedom andy, 5 chains are therefore tilted. In the modified systems, in
the angle distribution of the Cg1-Cg2 bond has changednirast, the chains can orient more freely in the direction of
slightly. Thus, liberation of then-2 chains seems to allow the bilayer normal and so result in increased® values.
perpendicular orientations of the Cg2-Cg3 bonds, but alsqys s clearly seen in Fig. 8, where the distributions of the
shifts the Cg1-Cg2 bonds slightly toward orientations that g hetween the C1-C3 vector and the bilayer normal are

are more parallel with the bilayer normal. Despite theseshown forsn-1 andsn2 chains in all three systems. The
differences in the orientation of the individual bonds of the

glycerol backbone in the modified systems, there are only
minor changes in the overall orientation of the glycerol
backbone, as revealed by the orientation of the Cg1-Cg3
vectors in Fig. 6.

sn-1 1

w
(=]

60+

Angle (degrees)

) 091 —ng? . Clg2—|Cg‘3 Cg1-Cg3

Distribution (arbitrary units) Carbon atom j

FIGURE 6 Distributions of the angles between the bilayer normal andFIGURE 7 Averages of theﬁCD orientational order parameters along
the glycerol backbone vectors Cgl-Cggftf, Cg2—-Cg3 ¢ente), and thesn1 andsn-2 chains of the first®), second©), and third [J) system.
Cg1-Cg3 (ight) for the first (—), second (- - -), and third (- -) system.  The SEMs of the molecular averages are shown as error bars for the values
The positive direction of the bilayer normal is toward the water region. from the simulation.
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180 S NUN— (Hyvonen et al., 1997). The internal structure of the double
sn-1 sn-2 bond region is determined by the states of the single bonds
160¢ T 1 between the double bonds, i.e., the dihedral angles over the
bonds C10-C11 and C11-C12. These angles have values of
120 1 ] ~*+120°. With the combinations of+120+120° and

] —120/-120°, the orientation of the double bonds with
R respect to the bilayer normal remains almost the same,
sol P ] whereas with the- 120/~120 or— 1204120 combinations,

the orientation between the double bonds changes by some

Angle (degrees)
[{e]
[=]

30} S 90°. In the first, second, and third simulations, 71%, 70%,
N gt and 66% of all the structures had the straight double bond
' region conformation, and the rest had the tilted conforma-
tion. This is in accordance with the similarity of the orien-
FIGURE 8 Distributions of the orientation angle between the c1-catational order behavior at the double bond region in these
vector and the bilayer normal for tfser1 andsn-2 chains of the first (—), ~ Systems. However, the 4-5% decrease in the amount of the
second (- - -), and third - -) system. Note that here the positive direction straight conformations in the third simulation could be
of the bilayer normal is toward the bilayer center. related to the noticed minor changes in the orientational
order parameters at the double bond and chain end region
and to the observations that the linoleic acid chains shift
strong increase in the order parameters in the beginning aflightly toward the bilayer center.
the linoleate molecules of the second simulation is caused
by a dramatic decrease in the amoungaftichestates (data
not shown), whereas other minor changes in the orde I . .
. A gectrostatlc potential across the
parameters of the chain beginnings and of the double bon .
and the chain end regions of the linoleic acids are no{nembrane-water interface
reflected in the amount ofjauchestates. Also, the bond The electrostatic potential profiles along the bilayer normal
isomerization rates were very similar for the PLPC and thewere calculated for all systems together with the separate
modified systems (data not shown). Thus, the minorcontributions from the lipids and water, and are shown in
changes are due, not to isomerization, but merely to slighFig. 9. In the second simulation the contribution of the'Na
orientational changes at the chain parts. For instance, thens is included into the lipid profile. A negative potential is
changes at the double bond and chain end regions of thebserved in the water layer with respect to the bilayer center
linoleic acid chains occur near the zero value of the ordein all three simulations. The potential differences between the
parameter and could possibly be reflected by the abovesulk water layer and the bilayer center ar@.6, —0.5, and
mentioned slight shift of the linoleic acid molecules toward —3.4 V for the first, second, and third systems, respectively.
the bilayer center. Both the order parameter profiles and the
angle distributions show that the effect on the chain begin-
nings is enhanced in the case of the second simulation of
lyso-PCs and charged linoleates as compared to the third
simulation of uncharged species.

In all, accumulation of PLA hydrolysis products in the
membrane seems to affect the orientational order of the fatty
acid chains near the surface regions, but not remarkably in
the interior of the membrane. This result is supported by the
findings of Sheffield et al. (1995), who have utilized bis-
pyrene fluorescence to sense the freedom of motion in the
region of the hydrophobic core of the bilayer. They found

no enhanced excimer-to-monomer ratio of bis-pyrene labels -6t

during or after the lag period of PLAactivity, i.e., the -8} .

increase in enzyme activity required no remarkable changes 0 10 20 300 10 20 T30
in the order of the phospholipid acyl chains. y (A y(A)

FIGURE 9 Electrostatic potential along the bilayer normal. The contri-
Structures of the double bond region butions (eft) from the lipids three upper curvésand water three lower

. . . . curveg together with the total potential profilgight) for the first (—),
In an earlier paper we discussed the different internal struCsecond (- - -), and thirc (- -) simulations. The profiles are averaged over

tures of the double bond region in the PLPC membranehe monolayers ang = 0 corresponds the interior of the bilayer.
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The potential of the intact PLPC bilayer can be comparedentials have revealed enhanced positive potential in the
with the other MD simulation studies for the phospholipids, interior of the phospholipid-ketocholestanol membrane as
which report the differences from2.3 V to +0.5 V with  compared to the phospholipid-cholesterol system, which
varying methodology (Marrink et al., 1993; Chiu et al., was interpreted to be due to the orientation of an extra
1995; Essmann et al., 1995; Berger et al., 1997; Tielemaketone dipole (Voglino et al., 1998). Thus, the situation
and Berendsen, 1996; Feller et al., 1996; Shinoda et alqualitatively resembles the appearance of the extra dipoles
1998; Essmann and Berkowitz, 1999), whereas experimenn the third system, and their contribution to the total
tal values range from-0.6 to —0.2 V (Gawrisch et al., potential.

1992; Flewelling and Hubbel, 1986; Simon and Mclintosh,
1989). Thus, the sign of the potential is generally repro-
duced, but the value is often overestimated in the simula—CONCLUSIONS
tions. Especially, the use of the spherical truncation hasn this study we have addressed the structural effects in-
been concluded to cause extra ordering of the water (Felletuced in a phospholipid bilayer by an enzyme that hydro-
et al., 1996), which enhances the negativity of the potentiallyzes phospholipids at a membrane surface, namely,PLA
and may account for the very negative potential observedut without including the enzyme molecule itself in the
here for the PLPC system. Other methodological aspectgalculations. An approach of this kind is possible when
such as the choice of the fractional charges, macroscopiapplying MD simulations: if the result of the enzyme action
boundary conditions, and water model, are also known t@n an individual substrate molecule is known, a system
affect the electrostatic potential (Berger et al., 1997; Tieleconsisting partly or totally of the product molecules can be
man and Berendsen, 1996). That explains the wide varietgimulated and compared with a simulation of the intact
in the potentials from the simulation studies. However,system of substrate molecules. Here, we wanted to study the
qualitatively the general behavior observed in other simustructural effects induced by PLAydrolysis on the mem-
lations is also reproduced here because the positive potentiatane and therefore simulated and compared an intact bi-
of several volts is produced by the lipids and overcompeniayer and PLA-treated bilayers consisting totally of the
sated by the negative potential due to the ordering of théiydrolysis products. To the best of our knowledge, this is
water dipoles. The negative dip around 19 A in the lipidthe first time that MD simulations have been applied in this
contribution is due to the orientation of the ester oxygensway for assessing the structural changes induced in a mem-
which has also been observed by others (Berger et al., 199Brane by a lipid-hydrolyzing enzyme. This is not to be
Essmann et al., 1995; Essmann and Berkowitz, 1999). Theonsidered as a full computational approach to the questions
succeeding positive slope arises due to the orientation of theslated to the product-induced activation of the Blehn-
headgroup dipoles. zyme, but to serve as a new possibility to address the role of

The potential profiles of the second bilayer system withthe membrane constituents in the membrane-enzyme inter-
the charged linoleate molecules and the"Nans differ  actions, in combination with other computational and ex-
remarkably from the intact PLPC bilayer. The contribution perimental approaches.
from the lipids and the Naions reflects the compensation ~ Much evidence has accumulated to show that the PLA
of the negative charges of the linoleate by the positive iondydrolysis products, i.e., fatty acid and lyso-PC molecules,
and by the changed orientational behavior of the headgroupause an abrupt increase in the activity of the enzyme. This
dipole. Accordingly, the ordering of the water molecules isincrease is generally attributed to the changes in the mem-
also strongly enhanced. However, due to the compensatingrane characteristics. To study the structural effects of the
effect of the water the total potential is small as compared tdwydrolysis products on the membrane at the molecular level,
the simulation of the PLPC bilayer. Due to the loosenedwe performed three MD simulations: for an intact PLPC
integrity the slope of the potential profile ranges near thebilayer and for two of its modified counterparts consisting
box edges. The potential profiles for the second system weref the PLA, hydrolysis products, i.e., lyso-PCs and liberated
also determined from the test simulation with the increasedn2 chains either as charged linoleate or uncharged linoleic
cutoff distance for electrostatic interactions (see Methods)acid molecules.

The profiles were also essentially similar with the larger The simulation results revealed differences in the general
cutoff distance (data not shown). bilayer structure: the PLAhydrolyzed bilayers had a loos-

In the lipid contribution of the electrostatic potential from ened structure in the direction normal to the bilayer as
the third system, the negative dip around 19 A is enhancedompared with the intact PLPC system. This was accompa-
as compared to the PLPC bilayer. This is most likely relatechied by increased penetration of the water molecules toward
to the appearance of extra dipoles due to the liberation of ththe bilayer center and by increased surface roughness. These
sn2 chains. However, the contribution of the water orderingeffects were especially enhanced in the system with the
is nearly similar to the first system, causing a total potentiaicharged species, but were also clearly noticeable in the
that is even more negative than in the case of the PLP®ilayer of the uncharged hydrolysis products. The decreased
bilayer. Interestingly, the measurements of the dipole pointegrity of the bilayers consisting of the hydrolysis prod-
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ucts implies structural perturbations in the hydrolyzed bi-Also, in a recent study of micelle-peptide interactions
layer area. Loss of integrity would also most likely appear(Wymore and Wong, 1999), truncation of the electrostatics
in a partly hydrolyzed membrane. This is in accordance withvas applied to a system with charged species and no arti-
the observations that, in addition to the presence of thgacts were noted. The radial distribution functions for the
hydrolysis products, varying perturbations may also activateharged species in our second simulation are also similar to
PLA; by allowing more mobility of the substrate molecules those reported earlier for the corresponding charged species
in the membrane-normal direction and, accordingly, bettefn MD simulations using the Ewald method (Watanabe et
access to the active site of the enzyme (Apitz-Castro et alg| 1988). Moreover, the third simulation without charged
1982; Jain and de Haas, 1983; Jain and Jahagirdar, 198gpecies, i.e., with lyso-PC and linoleic acid molecules, can
Burack et al., 1993, 1995, 1997; Sheffield et al., 1995),¢ ilized to distinguish which results are related to the

Lehtonen and Kinnunen, 1995; Bell et al., 1996; Henger el osence of the charged species and might thus be affected
al., 1996; Henshaw et al., 1998; Grandbois et al., 1998). I

» the truncation. The current simulations were performed
addition, the surface defects have been suggested to hell;{

interdicitati fth id o th b I a constant-volume ensemble, i.e., it was approximated
Interdigitation ot the enzyme residues fo the membrane anﬂ‘lat release of then-2 fatty acid from the phospholipid does

facilitate better contact between the membrane and thﬁot significantly change the surface area per lipid molecule
enzyme (Zhou and Schulten, 1996). Here, in the bilayer, 9 y g periip '

system with the lyso-PCs and the uncharged linoleic aCi(?un‘ace tension, as calculated frame by frame from the end

molecules, the loosened integrity was seen to be accomp arts of the simulation, showed essentially similar behavior

nied by a slight shift of the linoleic acid molecules toward 'Of &l three systems, and thus, atleastin this particular case,
the bilayer center. This has also been observed experimef{!€ aPProximation of a constant volume is well justified for
tally and has been suggested to allow slight separation of thi'€ PUrposes of the study. Although presently the constant-
headgroups, which would further enhance the availability ofP"éSsure ensemble is often chosen, the methodological as-
the substrate to the active site of PLAHenshaw et al, PECts are currently not clear. First, the question remains
1998). whether zero or non-zero surface tension should be used in

In addition, increases in the orientational order parameconstant pressure simulations (Feller and Pastor, 1996,
ters of the chain beginnings were observed in the simulal999; Janig, 1996; Roux, 1996; Tieleman and Berendsen,
tions, because liberation of tise-2 chains allows the chain 1996; Berger et al., 1997). Second, the different methods for
beginnings to orient more freely along the bilayer normal.constant pressure simulations may lead to surprisingly dif-
There were also remarkable changes in the headgroup aifierent areas per lipid, as has been indicated by the recent
in the water orientational behavior of the bilayer systemcomparison of two commonly applied methods that resulted
with the lyso-PCs, charged linoleate molecules, and Na in an ~10% difference in the areas per lipid (Zubrzycki et
ions. In all simulated systems the electrostatic potential waal., 2000).
negative in the water region as compared with the mem- In general, the information obtainable on the detailed
brane interior. Other simulation studies have suggested thafholecular changes in the membrane with the present MD
this is due to the positive potential from the lipid molecules,approach could be of importance for studies on other lipid-
which then would be overcompensated by the ordering ohydrolyzing enzymes, since membrane structure is likely to
the water molecules (Tieleman and Berendsen, 1997; Tahe crucial in controlling the binding and activity of the
bias et al., 1997). This behavior was also qualitativelyenzyme, not only in the case of PLAut also for other
reproduced here. As truncation has been reported to enhanggnilar enzymes (e.g., phospholipase C, Besaet al.,
the grderlng of the 'Water'molecules, the potgntlal valueag%)_ Thus, it will be of future interest to apply MD
obtained from the simulations cannot be considered 10 bgjyations for assessing the structural effects of the com-

quantitative. However, between the compositionally differ-pqitional changes in lipid membranes due to the action of
ent bilayer systems studied here, the values of the tOt"\‘}arious lipases
potential varied significantly, implying variability in the mem- '
brane potential due to the presence of hydrolysis products.

From the methodological point of view, we would like to
emphasize that interpretation of the results for the secon®e thank the Center for Scientific Computing (Espoo, Finland) for the
system should be done keeping in mind that. because of tH@mputer resources. The Wihuri Research Institute is maintained by the
presence of charged molecular species, the results may B&™Y nd Antti Wihuri Foundation.
affected by truncation of the electrostatics. Here the effecthis work was supported by grants from the Academy of Finland (M.
of enlarging the cutoff distance for electrostatic interactiong@-Korpela), the A. 1. Virtanen Institute for Molecular Sciences (M. T.
from 13 to 18 A was tested for the second svstem Witthv‘Onen),the Federation of Finnish Insurance Companies (P. T. Kovanen

. . . Yy and M. Ala-Korpela), the Finnish Cultural Foundation (M. T. Hyem and

charged species. The_behawor was essentially the same W_' 1 Ovrni), the Juselius Foundation (P. T. Kovanen and M. Ala-Korpela),
both cutoffs, suggesting that the treatment of electrostatighe Research Foundation of Orion Corporation (M. T. Hye), and the
interactions was justified for the purposes of this study.University of Oulu (M. T. Hyvmen).
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