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6.11 Introductio n 

Thee role of the pressure profiles in lipid bilayers is an important, and controversial, 
issuee in the study of lipid-protein interactions. Non-bilayer lipids, i.e. lipids which 
preferentiallyy do not aggregate into a bilayer phase [115], and molecules like alcohols 
orr anesthetics, may alter and shift the distribution of pressure across a bilayer, and 
inn this way the activity of so-called mechanosensitive transmembrane proteins [116) 
cann be regulated. To date, the way anesthetics work is not yet fully understood, and 
thee controversy as to whether the primary mechanism of action of general anesthet-
icss is through a lipid mediated, non-specific, interaction, or via a direct action on 
thee membrane proteins is still a matter of debate (for an exhaustive discussion of 
thee problem see [117] and references therein). An interesting hypothesis was pro-
posedd by Cantor [29,30,114,118]. Cantor suggested that a purely mechanical, lipid-
mediated,, effect might be responsible for the action of general anesthetics through 
ann anesthetic-induced redistribution of the lateral pressure across the bilayer. Con-
siderr an intrinsic membrane protein that can exist in two principal configurations, of 
whichh one is active and the other one inactive. If the two configurations display a dif-
ferentt distribution of the cross-sectional area as function of the depth in the bilayer, 
aa redistribution of lateral pressure across the bilayer might shift the conformational 
equilibriaa of the protein. 

Inn Chapter 3 we have shown that pressure profiles can be directly calculated in 
molecularr simulations, and in Chapter 4 we have discussed how the lipids charac-
teristics,, like chain length and stiffness, can determine the distribution of the lateral 
pressuree across a bilayer. In this Chapter we investigate the influence of the bilayer 
locall  density and pressure on the partitioning of small, dumb-bell like, solutes in bi-
layerss of lipids with different topology. We also study the modifications induced by 
thee solutes on the bilayer structural properties, and in particular on the distribution 
off  local pressures. 

6.22 Computationa l detail s 

AA dumb-bell molecule consists of two beads tied together by a harmonic spring. Dif-
ferentt chemical properties of these dumb-bells can be represented by varying the 
strengthh of the interaction parameters of the dumb-bell beads with the other com-
ponentss of the system, i.e. water and lipids. 

Wee consider three types of dumb-bells: purely hydrophobic (indicated in the fol-
lowingg as dbH), in which both beads have a large repulsion parameter with water and 
thee lipid headgroup; neutral dumb-bells (dbN), in which both beads interact with 
thee other components as if they were the same specie; and amphiphilic dumb-bells 
(dbA),, in which one bead is hydrophilic and the other one is hydrophobic. The values 
off  the interaction parameters for the different dumb-bells are reported in table 6.1. 
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Forr reference purpose we also report the interaction parameters between water and 
lipids.. By choosing these three different types of solute molecules we can discrim-
inatee between the chemical affinity and the mechanic effects on the distribution of 
thee solutes in the bilayer. 

aa db, ,w 
a : d b , ,h h 
a . d b , , t. . 

AA db. ,w 
a i d b . , l i ' ' 

CII  db. t 
QQ db ,dbj 

&&  clh . .db. 

a.:dbi.dbL .! ! 

dbA A 
25 5 
25 5 
50 0 
80 0 
80 0 
25 5 
25 5 
25 5 
25 5 

dbH H 
80 0 
80 0 
25 5 
80 0 
80 0 
25 5 
25 5 
25 5 
25 5 

dbN N 
25 5 
35 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 

aa WAV 
Q l \ V , h h 

a ,w ,i i 

aa h.h 

a i h .n n 

a i i . n n 

25 5 
15 5 
80 0 
35 5 
80 0 
25 5 

Table6.1:: Repulsion parameters â  (for the force of equation F̂  = cm 11 - ru RL. 1?̂) between 
dumb-bells,, water, and lipids. Water beads are indicated as w, lipid hydrophilic head-beads as 
h,, lipid hydrophobic tail-beads as t, and the two beads of a dumb-bell as dbi and db2 respec-
tively.. Three types of dumb-bells are considered: hydrophobic (dbH), amphiphilic (dbA) and 
neutrall  (dbN). 

Too investigate the influence of the lipid characteristics on the distribution of the 
solutes,, we consider three lipid types whose density distribution and lateral pres-
suree profile show different shapes. All the considered lipids have a single tail of 7 
hydrophobicc beads attached to one hydrophilic head-bead. The lipid tail can have 
differentt stiffness. We consider bilayers formed by fully flexible lipids (ht7), by linear, 
stifff  lipids (htt, t), and by poly-unsaturated lipids, where the unsaturation points are 
representedd by kinks along the chain (ht ' ' t4

K t'! 't). The lipids nomenclature follows 
thee convention introduced in section 4.3 of Chapter 4, and the different lipid topolo-
giess used in this work are shown in figure 6.1. In all cases, the solutes were added 
too equilibrated, tensionless bilayers consisting of 200 lipids (100 in each monolayer), 
andd approximately 2000 water beads, at an overall bead density of 3. The dumb-bells 
molee fraction (respect to the number of lipids) was 25% (the same used in [119]), 
whichh results in 50 dumb-bells for the bilayers considered here. 

Thee initial positions of the dumb-bells were chosen at random within the hy-
drophobicc part of the bilayer. The system was then equilibrated for 5000 DPD steps 
too allow the added molecules to diffuse in the bilayer. After this equilibration period 
thee molecules were already located in the bilayer regions where they would reside 
throughoutt the rest of the simulation. Further 20000 MC-DPD cycles with imposed 
zeroo surface tension concluded the equilibration. Density and pressure profiles, and 
bilayerr structural characteristics were measured over 50000 MC-DPD cycles (at zero 
surfacee tension) with sampling frequency of 10 cycles. 
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htt t 4 t t 
htf ii t 

Figuree 6.1: Schematic representation of the three lipid types used in this study with their 
nomenclature.. The head-bead is represented by a black particle and is denoted as 'h'. The 
tail-beadss are represented by white particles and have different names depending on the pres-
ence,, and type, of a bond-bending potential. A bead labeled 't! l ' is the central bead in a 
bond-bendingg potential with equilibrium angle 0O = 180", a bead labeled 't K: ' is the central 
beadd in a bond-bending potential with 9„  = 135°, while a bead labeled as 't' does not partic-
ipatee to any bond-bending potential. The subscript indicates the number of beads of a given 
typee that are tied together. 

6.33 Result s and Discussio n 

6.3.11 Partitioning of the solutes in the bilayer 

Figuree 6.2 shows the snapshots of the equilibrium configuration of the dbA, dbH and 
dbNN molecules in the poly-unsaturated bilayer. The distributions of the solutes in 
thee other bilayer types are similar to the ones shown here. The partitioning at equi-
libriumm of the solutes molecules depends on the chemical interactions with the bi-
layerr components and with water: the amphiphilic molecules are found near the 
lipi dd headgroup (figure 6.2(a)) while the hydrophobic molecules are located in the 
bilayerr core (figure 6.2(b)). Only the neutral molecules (figure 6.2(c)) have signifi-
cantlyy diffused into the water phase. As a general observation, we see that the dumb-
bellss have higher density in the energetically more favorable bilayer region, i.e. where 
thee repulsion is lower. However, the neutral molecules that have not diffused in the 
water,, are found predominantly near the lipid headgroup region (figure 6.2(c)). Be-
causee of their neutrality, the preference for these molecules to absorb at the inter-
facee must be due to thermodynamic factors, like density and pressure distributions 
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withinn the bilayer. The neutral dumb-bells locate in fact in the bilayer region with 
thee lowest density and pressure, which corresponds to the interface between the hy-
drophilicc headgroups and the hydrophobic tails of the lipids. These observations 
aree supported by the shape of the density profiles as shown in figures 6.3, 6.4, and 6.5. 
Consideringg the interaction energy only, purely hydrophobic dumb-bells should be 
foundd with uniform distribution within the bilayer core. However, when we compare 
thee location of the hydrophobic dumb-bells with the shape of the lateral pressure 
withinn the pure bilayer (also shown in the figures), we observe that the distribution 
off  the solute molecules is not uniform, but follows the distribution of the lipid den-
sityy and pressure within the bilayer core. The hydrophobic dumb-bells locate in the 
regionss of lower hydrocarbon density and pressure. These observations suggest that 
thee distributions of density and pressure in the bilayer is an important factor in pre-
dictingg the absorption sites for small solute molecules. 

6.3.22 Effec t on the bilaye r propertie s 

Byy comparing the density profiles in presence of solutes with the ones for the pure 
bilayer,, we can study how the bilayer structure is modified by the addition of these 
molecules. . 

Ass shown in Chapter 4, for stiff lipids with the headgroup repulsion parameter 
usedd here, the structure of the pure system is a largely interdigitated bilayer. If the 
dumb-bellss are located at the interface (amphiphilic and neutral) in this kind of bi-
layerr (figures 6.3(c) and 6.3(d)) the central density peak in the bilayer hydrophobic 
coree increases in magnitude, while the secondary peaks at the edge of the hydropho-
bicc core decrease in magnitude. Both these features in the density profile are a sig-
naturee for an increase in interdigitation. The opposite happens when hydrophobic 
dumb-bellss are added (figure 6.3(b)). Since these molecules adsorb in the bilayer 
hydrophobicc core, they decrease the packing of the lipid tails and increase their dis-
order.. As a consequence, the bilayer is less interdigitated; the peaks in the density 
off  the last bead of the tail shift toward the bilayer center, and the overall density in 
thee bilayer core becomes more uniform. For the flexible and the unsaturated bilayers 
(figuress 6.5 and 6.4), the addition of solutes has a smaller effect on the lipids density 
distribution.. A general observation for both the flexible and the unsaturated bilayer 
iss that the addition of hydrophobic molecules decreases the central minimum (at 
22 = 0) of the lipid tail density. This effect can be easily explained considering that the 
hydrophobicc dumb-bells adsorb in the bilayer inner core, and hence decrease the 
spacee available to the lipid tails in this region. 

Too further characterize the modifications induced by the solute molecules on the 
bilayer,, we compare the structural quantities of the mixed bilayer with the ones of 
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(a)) dbA (b)) dbH 

" '' " '""  % é' '~e'

(c)) dbN 

Figuree 6.2: Snapshots of configurations taken from simulations of absorption of dumb-bell 
moleculess in a bilayer of poly-unsaturatedht' t4

K t L t lipids, (a) Amphiphilic, (b) hydropho-
bic,, (c) neutral dumb-bells. The dumb-bells are represented as large spheres, the lipid tails as 
lines,, the lipid headgroups as dark small spheres, and the water particles as light small spheres. 
Thee simulation box is periodic in all three Cartesian directions. 
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Figuree 6.3: Density profiles for the pure htp t bilayer (a), and for the same bilayer with (b) 
hydrophobicc (dbH), (c) amphiphilic (dbA), and (d) neutral dumb-bells (dbN). In figures (b), 
(c)) and (d) the lateral pressure profile 7t(z) of the pure bilayer is also plotted. Note that the 
densitiess have been rescaled to fit  in the same scale as the lateral pressure (hence the values 
onn the graphs ordinate refer to n[z) only). The scaling factor for the density of the dumb-bells 
iss two times smaller than the scaling for water and lipid densities. The densities refer to water 
(w),, lipid headgroup (h), lipid hydrophobic tail-beads excluding the last one (t,, n , . ), last 
tail-beadd (tn), and dumb-bells (db). For the pure bilayer the total density ptol is also plotted. 
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, ii  I ' K Figuree 6.4: ht t, t t bilayer. See caption of figure 6.3. 
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Figuree 6.5: ht: bilayer. See caption of figure 6.3. 
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thee pure bilayer. We consider the parameter 

^^ Qdb ~ Qo 

So o 

wheree Q can be one of the following: bilayer area, bilayer thickness, lipid hydropho-
bicc length (projected along the bilayer normal). Q0 and Qdb refer to any of these 
quantitiess in the pure bilayer and in the bilayer with dumb-bells, respectively. For 
thee definition and method of calculation of these quantities we refer the reader to 
sectionn 4.2 of Chapter 4. The values of these differences for the different dumb-bells 
andd bilayer types are shown in figure 6.6. By addition of the solute, the bilayer area 

(a)h t [ -L , tt ( b ) h t, L l t j j K ' t , L ' t ( c ) h t7 

Figuree 6.6: Difference (as percent), with respect to the pure bilayer, of bilayer structural quan-
titiess (Q) by addition of different solute molecules in different bilayer types. The quantities 
consideredd are: bilayer area, A (black), bilayer hydrophobic thickness, Dc (black and white), 
andd lipid hydrophobic end-to-end distance projected along the bilayer normal, L"t, (gray). 

(inn black in figures 6.6) increases for all bilayer types, although the increase is much 
largerr when the molecules absorb at the interface (amphiphilic and neutral dumb-
bells).. Because we are considering the total area, and because the bilayers are ten-
sionless,, a larger number of molecules in the system results in a larger area compared 
too the pure bilayer. Moreover, if the solutes adsorb at the headgroup interfacial re-
gionn this increase is larger. This increase in the bilayer area results in a lower inter-
faciall  density of lipids, and in a potential creations of voids in the bilayer core. The 
rearrangementt of the bilayer to compensate for this is very much dependent on the 
bilayerr structure and on the type of solute. We will first consider the case of the ht6 t 
bilayer,, with either the neutral or the amphiphilic solute molecules, which both ab-
sorbb at the interface near the lipid headgroups. Since the dumb-bells at the interface 
aree far too short to fill-in  the voids created in the bilayer interior by an increase of the 
surfacee area, two compensating mechanisms could happen. The lipid tails could be-
comee more disordered, or the lipids in each opposing monolayer could interdigitatc 
too fill-in  the extra free volume. The decrease in bilayer hydrophobic thickness (and 
thee described shape of the density profiles) show that the latter mechanism is taking 
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Figuree 6.7: Modification of the ordering of the lipids induced by addition of solute dumb-bells 
inn a htg 't bilayer. (a) Order parameter Sm between the vector connecting each two consecu-
tivee beads in the lipid tail and the bilayer normal, m is the index of the vector (starting from 
thee head group), (b) Distribution of the angle (in degrees) formed by the vector between the 
head-groupp and the last bead in the lipid tail with the bilayer normal. 

place.. This conclusion is further supported by the observed increase of the lipid end-
to-endd distance along the bilayer normal. If the two monolayers were well separated, 
ann increase of the lipid tail length would correspond to an increase of the bilayer 
thickness,, while we observe a decrease of the latter quantity. Because of increased 
interdigitation,, the lipid tails are more ordered. This can be seen (figure 6.7(a)) from 
thee increase in the tail order parameters respect to the pure bilayer and to the bi-
layerr with hydrophobic dumb-bells. Also, in the case where the solutes adsorb at 
thee interface, the distribution of the angle between the lipid tail and the bilayer nor-
mall  (figure 6.7(b)) is less broad, and with the maximum at lower values of the angle. 
Alsoo in the case of flexible (ht7) and unsaturated (ht[ L ' t ^ ' t L:'t) bilayers with added 
surface-absorbedd molecules, to an increase in surface area corresponds a decrease 
off  bilayer thickness. However, this decrease can be accounted for by a shortening of 
thee lipid tails, as can be seen by the decrease of the end-to-end distance. For these 
moree flexible bilayers, the effect of molecules absorbed at the interface is opposite 
thann in the case of the more stiff bilayer, i.e. the lipid chains become more disordered 
too compensate for the larger volume available due to the increase in surface area. 

Whenn hydrophobic dumb-bells are added, the increase in surface area is much 
smallerr for all the bilayer types considered, and the bilayer hydrophobic thickness 
iss always larger than the thickness of the pure bilayer. Since the hydrophobic so-
lutess locate in the bilayer center, they increase the bulk volume of the bilayer. The 
largestt increase in thickness is observed for the stiff bilayer. The presence of the so-
lutess in the hydrophobic core disrupts the ordering of the lipids tail (as can be seen 
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fromm figure 6.7). In the htb' t bilayer, this decrease in chain order leads to a decrease 
inn interdigitation, and the two monolayers become more separated. This results in 
ann increase of the bilayer thickness, even if the end-to-end distance decreases. In the 
casee of the flexible and unsaturated bilayer, the increase in thickness is much smaller, 
andd it can be accounted for by both the presence of the solute molecules in the bi-
layerr interior and by a (small) increase in the end-to-end distance. Since the lipids 
inn these bilayer types are already much less ordered than in the stiff bilayer, the ad-
ditionn of the solutes does not have a significant effect on the order parameters (data 
nott shown). 

Itt is important to observe that the effect of the neutral dumb-bells on the bilayer 
propertiess is the same than the effect of the amphiphilic dumb-bells, because they 
bothh absorb at the bilayer interface. However, since the neutral molecules largely 
diffusee in the water phase (and sometimes even in the bilayer inner core) they have 
ann effective lower concentration in the bilayer compared to the amphiphilic ones. 
Forr this reason, they have a lesser effect on the bilayer structure compared to the 
amphiphilicc molecules. 

6.3.33 Effec t on the pressur e distributio n 

Thee effect of addition of solute molecules on the lateral pressure profile across the 
bilayerr is shown in figure 6.8, where we plot the pressure profiles in the bilayers with 
addedd the solutes to compare them to the pressure profile in the pure bilayers. As 
aa general observation, the peaks (both positive and negative) of the lateral pressure 
decreasee in magnitude by addition of solutes, irrespective of the bilayer type, and of 
thee nature of the added molecules. In this sense, the solutes can be seen as interfacial 
activee molecules, that, like soap, have the effect of shifting to zero the local pressure 
(andd the surface tension) of the interface where it locates. 

However,, since a bilayer is not a simple interface, but has a complex structure, dif-
ferentt molecules, at different position within the bilayer, change the lateral pressure 
inn different ways. To describe the characteristics of the pressure profile, we make use 
off  the interfaces defined in Chapter 4 (see figure 4.5 therein). 

Itt is important to remind that the integral of the lateral pressure across the bilayer 
iss always zero, since the bilayer is in a tensionless state. Hence, a positive or negative 
changee in the lateral pressure in one region of the bilayer, should be compensated by 
oppositee changes in other regions of the bilayer. 

Thee largest shift in the pressure is at the headgroup/tails interface (first negative 
peakk in figures 6.8), but the magnitude of this shift largely depends on the bilayer 
structure.. For the stiff bilayer (figure 6.8(a)) both hydrophilic and hydrophobic so-
lutess increase the local pressure by approximately the same amount, while for the 
moree flexible bilayers (figure 6.8(b) and 6.8(c)) the amphiphilic molecules have a 
muchh larger effect than the hydrophobic ones. This shift of lateral pressure is com-
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Figuree 6.8: Pressure profiles in bilayers with added dumb-bells compared to the pure bilayer, 
forr the three bilayer types, and the three dumb-bell types considered in this study. 
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pensatedd by an opposite change of pressure at the water/headgroups interface (first 
maximumm in figure 6.8). 

Alsoo the shift in lateral pressure in the bilayer hydrophobic core depends on the 
bilayerr topology and solute characteristics. In the ht L t4 t t and ht7 bilayers, the 
hydrophilicc (and the neutral) dumb-bells have littl e effect in the bilayer center (z = 
0).. In the ht6

Ll t bilayer, because of the decrease in interdigitation, and of packing 
density,, induced by the interface-adsorbed solutes, the effect is a decrease of the local 
pressuree in the bilayer center. 

Too further characterize the changes in the local pressure induced by the solute 
moleculess we define the following quantity 

Arc(z)) = 7Tdh(z) (6.2) ) 

wheree 7tdb(z) is the pressure for a bilayer with dumb-bells and na[z) is the pressure 
forr the pure bilayer. 

Sincee the most common organization of lipid bilayers is the non interdigitated 
state,, we focus on the pressure shift ATTIZ) for the lipid type ht( L ) t4 t" 't, as shown in 
figurefigure 6.9. The shift in pressure for the fully flexible bilayer ht7 is very similar to the 
onee shown. Because of symmetry, just half of the pressure profile is represented, with 
thee bilayer center at z = 0. Also, z has been normalized by the hydrophobic thickness 
off  the bilayer. From the figure it can be seen that the hydrophobic dumb-bells shift 

i --

-0.55 -0.25 

z/D„ „ 

Figuree 6.9: Difference in pressure profiles An! zi (equation 6.2) in a ht ' t4 t L t bilayer with 
addedd different dumb-bells respect to the pure bilayer. Only half of the pressure profile is 
shown.. The bilayer center is at z = 0, and z has been rescaled by the bilayer hydrophobic thick-
ness,, D, . A schematic representation of the lipids is also shown for a better characterization 
off  the position of the peaks of ATI(Z). The first peak in the graphs (at z « -0.6) corresponds 
too the water/headgroups interface, and the second peak (z ss -0.5) to the headgroups/tails 
interface. . 
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thee local pressure less than the dumb-bells which adsorb at the headgroup interface. 
Thee difference between the amphiphilic and the neutral solutes is due to the smaller 
concentrationn of the latter at the interface, because they have partially diffused into 
thee water phase. The molecules adsorbed at the interface decrease the pressure in 
thee water/headgroup region and increase the pressure at the headgroup/tail inter-
face.. Also, a decrease in pressure going through the hydrophobic core, in the acyl 
chainn region, is observed, while no change in pressure is present in the bilayer cen-
terr (z=0). This local redistribution of pressure, and in particular in the headgroup 
interfaciall  region, could influence the gating mechanism of integral channel pro-
teinss [116], or affect the binding of peripheral membrane proteins [120]. 

Itt is interesting to compare our results with other simulation studies reported 
inn literature. For example, using atomistic MD simulations, Klein and co-workers 
investigatedd the interaction of anesthetic molecules (halotane) [117, 121] and their 
non-anestheticc (or non-immobilizer) analogues (hexafluoroethane) [122] with sat-
uratedd [123] and poly-unsaturated lipid bilayers [119]. They have shown that the 
anestheticc molecules are preferentially absorbed at the head-group region, increas-
ingg the surface area per lipid and inducing structural modifications of the lipid bi-
layer,, while the non-anesthetic molecules are mainly located in the bilayer core, and 
thee lipid bilayer exhibits almost no structural changes compared to the pure lipid. 
Ourr model hydrophobic and neutral molecules have the same solubility in oil since 
theyy both have the same value of repulsion parameter (a = 25) with the tails. Al-
thoughh the neutral molecules largely diffuse in the water phase, if they remain in the 
bilayerr region they locate predominantly near the headgroups, while the hydropho-
bicc molecules are found mainly in the bilayer hydrophobic core. This is consistent 
withh the findings in [117,119,121,122] for the location of the anesthetic halotane and 
thee non-anesthetic hexafluoroethane in lipid bilayers. 

Ourr results indicate that the small molecules that locate preferentially in the bi-
layerr headgroup interfacial region are the most effective in modifying the bilayer 
properties,, and that the partitioning in the bilayer of solutes which have the same 
sizee and chemical nature is largely driven by lateral stresses and density differences 
withinn the bilayer. Molecules adsorbed in a bilayer have as well a large effect on the 
distributionn of the lateral pressures across the bilayer, this effect being very much de-
pendentt on bilayer composition, solute properties, and location of the solutes within 
thee bilayer. 




