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7.11 Introductio n 

Thee hydrophobic matching between the lipid bilayer hydrophobic thickness and the 
hydrophobicc length of integral membrane proteins has been proposed as a generic 
physicall  principle on which the lipid-protein interaction in biomembranes is based 
[14,, 20, 124-127]. The energy cost of exposing polar moieties, from either hydro-
carbonn chains or protein residues, is so high that the hydrophobic part of the lipid 
bilayerr should match the hydrophobic domain of membrane proteins. The results 
fromm a number of investigations have indeed pointed out the relevance of the hy-
drophobicc matching in relation to the lipid-protein interactions, hence to membrane 
organizationn and biological function. It is now known that hydrophobic matching 
iss used in cell membrane organization. For example, the membranes of the Golgi 
havee different thicknesses; along their secretory pathway, proteins that pass through 
thee Golgi undergo changes of their hydrophobic length to match the membrane hy-
drophobicc thickness of the Golgi [128-131]. Hydrophobic matching seems also to 
playy a role in sequestering proteins with long transmembrane regions [132] into sphin-
golipids-cholesteroll  biomembrane domains denoted as 'rafts' [133,134]. The biolog-
icall  importance of rafts and their involvement in Alzheimer's and prion diseases is 
nowadayss an intensively investigated subject [135]. 

Biologicall  membranes have at disposal a number of ways, which may be used in-
dividuallyy or simultaneously, to compensate for hydrophobic mismatch [136]. These 
wayss may imply changes of the membrane structure and dynamics on a microscopic, 
ass well as on a macroscopic scale, and therefore can affect the membrane biolog-
icall  function [137-139]. To adjust to hydrophobic mismatch a membrane protein 
mayy cause a change of the lipid bilayer hydrophobic thickness in its vicinity. Ex-
perimentall  studies on reconstituted systems show that the range of the perturbation 
inducedd by proteins on the membrane thickness varies considerably from system to 
systemm [140-146]. A lipid sorting at the lipid-protein interface may also occur, where 
thee protein prefers, on a statistical basis, to be associated with the lipid type that best 
matchess its hydrophobic surface [147-150]. Another way in which a protein could 
adaptt to a too thin bilayer matrix is to tilt 120, 151-155]. Besides the protein as a 
whole,, also the individual helices of which a protein could be composed may experi-
encee a tilt; there is indeed some experimental evidence that the latter phenomenon 
mayy occur in channel proteins [19], and that a change of the tilt angle of the individ-
uall  helices could be the cause of changed protein activity. Long and single-spanning 
membranee proteins might also bend to adapt to a too thin bilayer. Spectroscopic 
measurementss on phospholipid bilayers with embedded poly(leucine-alanine) a-
helicess suggest that the conformation of long peptides deviates from a straight helical 
end-to-endd conformation 1155,156]. A protein may also undergo structural changes 
too adapt to a mismatched lipid bilayer. Spectroscopy measurements indicate that, in-
deed,, long hydrophobic polyleucine peptides might distort in the C- and N-terminus 
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too reduce their hydrophobic length and thus match the thickness of the lipid bilayer 
inn the gel-phase [157]. Lipid-mediated protein aggregation could also occur to re-
ducee the stress caused by hydrophobic mismatch [145,150,158]. Domains [134] may 
thuss form whose functional properties differ from those of the 'bulk', i.e. the unper-
turbedd bilayer [159-161]. When the degree of mismatch is too large to be compen-
satedd for by the adaptations just described, the proteins might partition between a 
in-planee and a transmembrane orientation, or even avoid incorporation in the mem-
branee [156, 162, 163). The phenomena just mentioned refer to local microscopic 
changess related to mismatch adjustment. Perturbations of the membrane on the 
macroscopicc scale may also occur; these can range from in-plane protein segregation 
andd crystallization, and gel-fluid phase separation [14,147,149,164], to changes of the 
three-dimensionall  structure of the membrane. The formation of non-bilayer phases 
uponn protein incorporation is an example of the latter type of phenomena [165,166]. 

InIn an effort to elucidate the effects caused at the molecular level by the lipid-
proteinn hydrophobic mismatch, and even their implications for the formation of bio-
logicallyy relevant domain-like structures such as rafts, a number of theoretical stud-
iess have been done with the help of different types of theoretical models [7-11,13, 
15-18,167-171].. One of the quantities that has drawn considerable attention in the 
recentt years is the extension of the domain size, which is determined by the the co-
herencee length of the spatial fluctuations occurring in the system. Such fluctuations, 
whichh depend on the thermodynamic state of the system, can be induced, as well as 
sorted,, by proteins. In the past, computer simulations have been made on a lattice 
modell  to compute the extent of the perturbation induced by a protein on the sur-
roundingg lipid bilayer [167]. The results from these simulations indicated that the 
extensionn of the perturbation depends on factors such as the degree of hydropho-
bicc mismatch, the size of the protein [i.e. the curvature of the protein hydrophobic 
surfacee in contact with the lipid hydrocarbon chains), and on the temperature of the 
investigatedd system. Also, it was found that, away from the protein, the perturba-
tionn decays in a exponential manner, and can therefore by characterized by a decay 
length,, Lf>. This length is a coherence length which is a measure of the extension of 
thee range over which the lipid-mediated interaction between proteins may operate. 
Thee decay length is also a measure of the size of small-scale inhomogeneities {i.e. 
domains)) experienced by proteins when embedded in the lipid bilayer. Results from 
modell  studies of a phenomenological interfacial model for protein-like objects in a 
bilayer-likee system, suggest that, under well defined thermodynamic conditions, the 
protein-inducedd perturbation may propagate without decay over a number of lipid 
shellss around the protein (the number of lipid shells being dependent, among oth-
ers,, on the size of the protein), may extend over long ranges, and might eventually 
establishh a thermodynamic phase [14,15]. The phase of the multi-layered region that 
thee protein prefers to be surrounded with is thus said to 'wet' the protein [14,15]. 

Thee type of models briefly mentioned above are relatively crude (in the sense that 
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theyy do not take into full account the three dimensional structure of the bilayer), and, 
forr example, they can not be used to investigate the lipid-induced protein tilting. 
Simulationss on more realistic models, such as all-atom models for lipid bilayers with 
embeddedd proteins, have anyway confirmed that, at least within a time of the order 
off  the nanoseconds, a mismatched protein may induce a deformation of the lipid bi-
layerr structure [10,63,170], and that the deformation is of the exponential type [11]. 
Thee same type of studies have also shown that—although to reduce a possible hy-
drophobicc mismatch synthetic peptides may prefer to deform the lipid bilayer, rather 
thann undergo tilting [171]—tilting may also occur for membrane peptides [7,8]. Inci-
dentally,, the results from these studies indicated that the helical-peptides experience 
aa slight bend in the middle of the helix. 

Noo matter the huge body of experimental and theoretical studies on lipid bilayers 
withh embedded proteins, issues such as the range of the protein-induced lipid bilayer 
perturbation,, its dependence on protein size, and the occurrence of protein tilting (or 
evenn bending) to adjust for hydrophobic mismatch, are still a matter of debate. ! lere 
wee want to focus on these issues by adopting the PPD simulation method to study 
thee behavior of a mesoscopic model for lipid bilayers with embedded proteins. We 
havee focused our attention on the perturbation caused by a membrane protein on 
thee surrounding lipids, its possible dependence on hydrophobic mismatch, protein 
size,, and on temperature. We have investigated whether and to which extent—due to 
hydrophobicc mismatch and via the cooperative nature of the system—a protein may 
preferr to til t (with respect to the normal to the bilayer plane), rather than to induce a 
bilayerr deformation without (or even with) tilting. 

7.22 Computationa l detail s 

7.2.11 Lipi d and protei n model s 

Withinn the mesoscopic approach, each molecule of the system (or groups of mole-
cules)) is coarse-grained by a set of beads. In particular, to model the bilayer and the 
embeddedd proteins, we consider three types of beads: a water-like bead, labeled 'w'; 
aa hydrophilic bead, labeled 'IV, which models a part of the headgroup of either the 
lipi dd or the protein; and a hydrophobic bead, labeled either ' t |' or V , depending on 
whetherr it refers to a portion of the lipid hydrocarbon chain or a portion of the hy-
drophobicc region of protein, respectively. The systems that we have simulated are 
madee of model lipids having three headgroup beads and two tails of five beads each; 
thiss corresponds to the case of acyl chains with fourteen carbon atoms, namely to a 
modell  for a dimyristoylphosphatidylcholine (DMPQ phospholipid, as illustrated in 
figurefigure 2.2 of Chapter 2, and in figure 7.1(a). Within the model formulation, a protein 
iss considered as a rod-like object, with no appreciable internal flexibility , and char-
acterizedd by a hydrophobic length d(>. The model for the transmembrane protein is 
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(a)) (b) 

Figuree 7.1: Schematic representation of a model-lipid (a), and a model protein (Np=43 and 
d|.=411 A) (b). A typical configuration of the assembled bilayer with embedded a model-protein 
(ass results from the simulations) is shown in the snapshot (c). The drawing in (d) shows to 
whichh part of the system the following quantities refer to: the pure lipid bilayer hydrophobic 
thickness,, d", the perturbed lipid bilayer hydrophobic thickness, di.(r), the protein hydropho-
bicc length, dp, the tilted-protein hydrophobic length, dp", and the tilt-angle, (J)11". 
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builtt by connecting ntl, hydrophobic beads into a chain, to which ends nh headgroup-
likee beads are attached. N(> of these amphiphatic chains are linked together into a 
bundle.. In each model protein, all the Mp chains are linked to the neighboring ones 
byy springs, to form a relatively rigid body. We have considered three typical model-
proteinn sizes, two of them referring to a "skinny" peptide-like molecule, and the third 
typee to a "fat" protein. These model proteins consist of NP=4, 7, or 43 chains linked 
togetherr in a bundle. The bundle of Np=7 chains is formed by a central chain sur-
roundedd by a single layer of six other chains. The NF=43 bundle is made of three lay-
erss arranged concentrically around a central chain, and containing each six, twelve, 
andd twenty four amphiphatic chains, respectively. The number of beads at each hy-
drophilicc end of the bead-chains forming the protein is set equal to three. Each pro-
teinn hydrophobic bead, tp, corresponds to a section of a oc- or (3-helical membrane 
protein.. The distance spanned by a bead corresponds approximately to that spanned 
byy a helix turn. About the chosen protein sizes, Np-4, 7, and 43, and their relation to 
thee ones of actual proteins, the hydrophobic section of single-spanning membrane 
proteinss like Glycophorin [172], and the M13 major coat protein from phage [173] 
orr a-helical synthetic peptides [164] may be modeled by a skinny NP=4 type. (3-helix 
proteinss like gramicidin A [165], may be modeled by a Np=7 type. The fat protein may 
bee a model for larger proteins consisting of transmembrane a-helical peptides that 
associatee in bundles, or (3-barrel proteins [174], Specific examples could be bacteri-
orhodopsinn [175], lactose permease [176J, the photosynthetic reaction center [177], 
cytochromee coxidase [178], or aquaglycerolporin [179]. Because we were interested 
inn mismatch dependent effects, we have chosen protein hydrophobic sections com-
posedd of chains with different number of hydrophobic beads: nh=2, 4, 6, 8, 10, and 
12.. To have an idea of what these numbers correspond to in terms of protein hy-
drophobicc length, one can consider that the equilibrium distance between the beads 
iss req=0.7RL; assuming a value of Rc =6.4633 A, the resulting values for the protein hy-
drophobicc lengths wil l be, dP=14 A (4 beads), 18 A (5 beads), 23 A (6 beads), 32 A (8 
beads),, 41 A (10 beads), and 50 A (12 beads). It is worth mentioning that these es-
timatedd protein hydrophobic lengths (which we denoted by dp, to distinguish from 
thee lengths calculated from the simulations), are only meant to be indicative. Be-
causee of the soft interactions involved in DPD, the value of the protein hydrophobic 
lengthh that results from the simulations (and which, in the following, is denoted by 
dp)) might be subjected to a small deviation of the order of 1 A with respect to the 
valuess given above. Figure 7.1(b) shows a cartoon of a model protein of size NP=43, 
whilee figure 7.1(c) shows a snapshot of a typical configuration of the assembled bi-
layerr with the embedded protein, as results from the simulations. 

ModelModel parameters 

Thee non-bonded interactions between the beads are represented by the soft-repulsive 
conservativee force F^ = a;,' 1 - rl f Rc ir^. The values of the parameters referring 
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too the lipid-lipi d and lipid-water interactions have been chosen equal to the ones 
usedd for modeling the pure lipid bilayer system. The numerical values of the inter-
actionn parameters between different bead types are shown in Table 7.1. Regarding 

Tablee 7.1: Repulsion parameters alS for different bead-types. 
Qi; ; 

W W 

h h 
ti. . 
tp p 

w w 
25 5 
15 5 
80 0 
120 0 

h h 
15 5 
35 5 
80 0 
80 0 

ti i 

80 0 
80 0 
25 5 
25 5 

ti> > 

120 0 
80 0 
25 5 
25 5 

thee protein-protein interactions, the parameters related to the repulsive interactions 
betweenn the beads forming the hydrophilic part of the protein, as well as the ones 
betweenn the hydrophobic beads, have been chosen with the same values as the in-
teractionn parameters between hydrophilic and hydrophobic beads of the lipid, re-
spectively,, i.e. ahh = 35 and a,|ltl, = a,]ti = 25. About the parameter related to the 
interactionn between the protein hydrophobic beads and the water, we have chosen a 
valuee to ensure that the hydrophobic section of the protein was sufficiently shielded 
fromm the water environment. This was done by calculating the interaction energy 
betweenn the protein outer hydrophobic chains and the water, for different values of 
thee repulsion parameter aut| l. The trend in the energy shows the onset of a plateau 
forr awt|, > 120, which was hence the chosen value for the interaction parameter. Two 
consecutivee beads in the lipid or in the protein are connected by harmonic springs 
(equationn 2.13) with spring constant Kr=100 and equilibrium distance ro=0.7. To con-
troll  the lipid flexibility,  a harmonic bond-bending potential between two consecutive 
bondss in the lipid tails was added with bending constant 1^=6 and equilibrium an-
glee 9o = 180°. An additional bond-bending potential was applied between the vectors 
connectingg the lipid tails to the headgroup, with K0=3 and 9o-90°. Compared to the 
lipi dd hydrocarbon chains, the hydrophobic part of membrane proteins can be con-
sideredd fairly rigid; therefore the value of the bending constant in the protein chains 
wass set to Ke = 100, i.e. about an order of magnitude larger than the one used for the 
lipi dd chains. At this point it is important to mention that, although these parameters 
aree chosen such that the system behavior is in reasonable agreement with the exper-
imentall  system, a one to one link to all specific properties is not always possible to 
make. . 

7.2.22 Metho d of calculatio n of statistica l quantitie s 

Wee have studied the physical properties of the system both in the absence and in the 
presencee of the proteins. The pure lipid bilayer hydrophobic thickness, d[J, was es-
timatedd by calculating, for each sampled configuration, the difference between the 
averagee position along the bilayer normal (z direction, considering the bilayer paral-
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lell  to the xy-plane) of the tail-beads attached to the headgroup of the lipids in one 
(top)) monolayer, and of the lipids in the opposite (bottom) monolayer: 

doo = ^ - ( t o p ) _ ^( bottom)) ( ? 1 ) 

wheree zt is the z position of the beads attached to the lipid headgroup. The over-line 
representss an average over the two chains for each lipid and over the total number 
off  lipids in each monolayer, and the brackets indicate that the difference is further 
averagedd over the number of configurations chosen for the statistical sampling. 

Too study the effect of a protein on the surrounding bilayer structure, we have cal-
culatedd the lipid bilayer hydrophobic thickness, d|.(r), as function of the radial dis-
tancee r from the protein hydrophobic surface, namely from the interface with the 
lipi dd hydrocarbon chains, as schematically illustrated in figure 7.1(d). The method 
off  calculation of dL(r) is similar to the method of calculation of d|' as it is explained 
beloww and illustrated in figure 7.2. 

( a )) ( b ) 

Figuree 7.2: Schematic drawing to illustrate the method of calculation of dUr), which is de-
scribedd in details in the text. The protein is represented by a gray cylinder. The figure shows 
thee case when the protein is parallel to the bilayer normal (a), and the case when the protein 
iss tilted with respect to the bilayer normal (b). 

Forr each sampled configuration, we have first calculated the circularly averaged 
valuee of the position along the bilayer normal of the tail-beads attached to the head-
groupp of the lipids within each circular sector k at distance r = kAr from the protein 
surface,, in the bottom and top monolayer separately, i.e. z7>bottom> (r), and z7( topi (r). 
Thee instantaneous value of the bilayer hydrophobic thickness at distance r from the 
proteinn surface is then given by the difference of these two values. This difference 
hass been further averaged over the sampled configurations to give di (r): 

d|.(r)) = <z r " " " ( r ) - z7b o t ," m (r)), r = kAr, V k = 1 , 2 , 3 , . .. (7.2) 

Thee bin size, Ar, was chosen to be of the order of the diameter of the lipid-chain 
projectedd area on the bilayer plane. It is important to note that, if the protein is tilted 
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(figuree 7.2b), the circular sectors at distance r from the protein surface in the top 
andd bottom monolayer are shifted respect to each other in the bilayer plane, and the 
valuee of di (r i calculated with the described method is an approximated value of the 
actuall  thickness in the vicinity of the tilted peptide. However, this value converges to 
thee correct value in the bulk at distances sufficiently far from the protein. Moreover, 
becausee of the tilt , the conformation of the lipids around the protein might not be 
symmetric.. We want to point out that these possible effects due to the asymmetry of 
thee protein orientation in the bilayer have been averaged out. 

Thee behavior of d| (r) allowed us to access the extension of the protein-mediated 
perturbationn on the bilayer. Based on previous theoretical finding [167], we first as-
sumedd that the perturbation induced by the protein on the surrounding lipids is of 
exponentiall  type. We have then verified this assumption later by analyzing the de-
viationn of the functional form of the calculated di.(r) from the assumed one. If the 
behaviorr of di.(r) is exponential, the protein-induced perturbation can be expressed 
inn terms of a typical coherence length, the decay length £,|>: 

di.(r)) =d(,).+ (dP-d ï , )e '" L". (7.3) 

wheree d£ is the mean hydrophobic thickness of the unperturbed pure lipid bilayer, 
andd dp is the protein hydrophobic length. The above equation expresses the fact 
thatt away from the protein surface, and at distances at least of the order of Lp, the 
perturbedd di.(r) decays to the bulk value d", namely the value corresponding to that 
off  the pure lipid system at the considered temperature, if no finite-size effects are 
present.. In principle, by knowing di (r), dp, and d° and by using equation 7.3 one 
cann estimate £,P. In our case, we have determined the value of £,p by best-fitting the 
valuess diJrl resulting from the simulations with equation 7.3, where £.p and d" are 
thee fitting parameters. About the resulting value of the parameter d" obtained by the 
best-fitting,, we have verified that this is equal, within the statistical accuracy, to the 
valuee of the lipid bilayer hydrophobic thickness in the bulk, and directly calculated 
fromm the simulations. 

Sincee the protein can be subjected to tilt , the input parameter we used for the fit 
iss not the actual hydrophobic length of the model-protein, dp (or even the a priori 
estimatee of it, dp), but instead an effective length, dpff. This effective length is defined 
ass the projection onto the normal of the bilayer plane of the protein hydrophobic 
lengthh directly obtained from the simulations: dpff = dp cos((J)"lt 1, where tyuh is the 
til tt angle (see figure 7. Id). To calculate the degree of tilting of a protein with respect 
too the bilayer normal we have considered, for each chain of the protein, the vector 
thatt connects the position of the two hydrophobic beads bound to the protein hy-
drophilicc beads {i.e. close to the lipid-water interface), one located in one monolayer 
off  the bilayer, and the other in the opposite monolayer. The til t angle, 4)tl!t , is defined 
ass the average value, over all the chains of a protein, of the angle between this vector 
andd the bilayer normal. 
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Inn some cases, to facilitate the interpretation of the data obtained from the simu-
lations,, it was necessary to determine the degree of order/disorder of the lipid chains 
inn the vicinity of the protein, and eventually to compare it with the one of the pure 
lipi dd bilayer, i.e. in the bulk, away from the protein-induced perturbation. Therefore, 
wee have calculated the value of the lipid chain order parameter, Sir), which is defined 
ass follows: 

SS - -(3cosz4>s - 1 K (7.4) 

with h 
T{]T{]  n Z[] 

COSCJJSS = = — , (7.5) 
Hii  rn 

wheree cj)s is the angle between the orientation of the vector r^ = r\ - T{ (r^ = rl5 ) 
alongg two consecutive lipid chain beads, i, j , and the bilayer normal unit vector, ri. 
S(r)) has been independently calculated foreach of the two monolayers of the bilayer, 
ass well as averaged over all the bonds of the lipid chains at distance r from the surface 
off  the protein. 

7.33 Result s and discussio n 

InIn this section we present the results from the simulations of the lipid bilayer model-
systemm with embedded proteins. We focus on the low protein-concentration regime, 
wheree the correlation between different proteins can be neglected, and hence con-
siderr bilayers with embedded a single protein. 

Too investigate the dependence on mismatch and protein size on the lipid bilayer 
aroundd an embedded protein we first studied the behavior of the system at a con-
stantt temperature, well above the pure lipid bilayer transition temperature. Since 
thee bilayer hydrophobic thickness varies with temperature, a way to change the hy-
drophobicc mismatch is by changing temperature. Hence, we studied the behavior of 
LpLp and 4)tih in the temperature range above the melting temperature of the pure sys-
tem,, i.e. in the fluid phase, and fora number of lipid-protein model-systems. Finally, 
forr few hydrophobic mismatch conditions and for few selected temperatures below 
thee melting temperature, we investigated how the phase behavior of the pure lipid 
systemm in the gel-phase affects the localization and orientation of the proteins in this 
phase. . 

Thee results discussed next refer to lipid bilayers of 900 lipids and 22500 water 
beadss {i.e. 25 water beads per lipid), corresponding to a fully hydrated bilayer. We 
havee made calculations for smaller systems, and we have found that a size corre-
spondingg to 900 lipid molecules was sufficient to avoid finite-size effects, at least for 
temperaturess close or above the main-transition temperature. Before collecting the 
dataa used to estimate statistical quantities, we have first equilibrated each bilayer 
svstemm for 20,000 DPD-MC cycles. In each cycle it was chosen (with a probability of 
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70%)70%) whether to perform a number of DPD steps or an attempt to change the box 
aspectt ratio according to the imposed value of the surface tension, y = 0. After equi-
libration,, data were collected over 50,000 DPD-MC cycles, at y = 0. The statistical 
averagess were then made over configurations that were separated from one another 
byy 50 DPD steps. On average, 10,000 independent configurations were considered 
forr the statistical averages. 

7.3.11 Protein-induce d bilaye r perturbatio n 

Thee results shown next refer to the reduced temperature T"=0.7, well above the melt-
ingg temperature of the system, i.e. in the fluid phase. The pure lipid bilayer hy-
drophobicc thickness calculated at this reduced temperature is ) A. Fig-
uree 7.3 shows the calculated bilayer hydrophobic thickness profile, diJr), as a func-
tionn of the distance r from the protein surface. The data refer to different values of 
dp,, resulting in different values of hydrophobic mismatch Ad, ranging from Ad=-8A 
too 28A, and to the three protein sizes, which correspond to Np —4, 7, and 43. Because 
thee probability of finding a lipid molecule in the lipid-shell closest to the protein is 
muchh lower than in the other lipid-shells, the data collected at a distance r = Ar from 
thee protein surface have not been considered for the statistics. 

Onee can clearly see from the curves in figure 7.3 that the protein induces a per-
turbationn of the lipid bilayer in its vicinity. The perturbation decays in a manner that 
dependss on the hydrophobic mismatch and on protein size. If the protein hydropho-
bicc length is smaller than the unperturbed bilayer hydrophobic thickness (dp < df), 
i.e.i.e. negative mismatch, Ad < 0 (open symbols), the lipids around the protein shrink 
too match the protein hydrophobic surface. By choosing the peptide hydrophobic 
lengthh to approximately match the value of the hydrophobic thickness of the unper-
turbedd lipid bilayer, i.e. Ad R=0 (crosses), one can clearly see from figure 7.3 that the 
perturbationn induced by the protein on the surrounding lipids becomes negligible. 
Instead,, when the chosen protein is such that dp > d", i.e. Ad > 0 (full symbols), to 
matchh the protein hydrophobic surface the lipids in the vicinity of the protein stretch 
andd become more gel-like than the bulk lipids, far away from the protein. 

Figuree 7.4 shows the thickness profiles for two values of mismatch Ad--10 A, and 
Ad=177 A, and for the three considered protein sizes. The symbols indicate the data 
obtainedd directly from the simulations, while the continuum line is obtained by best-
fittingg with the function in equation 7.3, where df' and ip are the fitting parameters 
(andd where d£M is the input parameter). For convenience, we have drawn a horizon-
tall  dashed line to indicate the value of the pure lipid bilayer hydrophobic thickness, 
d",, calculated at the same reduced temperature considered for the simulations of 
thee mixed systems. To help the interpretation of the data, the values of the protein 
hydrophobicc length, dp, directly calculated from the simulations, and of dp", the pro-
jectedd protein hvdrophobic length onto the normal to the bilaver plane, are also plot-
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Figuree 7.3: Lipid bilayer hydrophobic thickness profiles, di.(r) as function of the distance r 
fromm the protein surface, for different hydrophobic mismatch Ad = dP - d°, and for the three 
proteinn sizes NP=4, 7 and 43. The data refer to the reduced temperature T*=0.7, which is well 
abovee the main-transition temperature of the pure system (1^=0.425). The calculated pure 
lipidd bilayer hydrophobic thickness at T*=0.7 is ) A. The symbols for Ad refer to 
thee following estimated values of the protein hydrophobic length: the open circle to dP=14 A 
(negativee Ad), the open triangle to dP=18 A (negative Ad), the plus to dP=23 A (Ad w 0), the full 
trianglee to dP=32 A (positive Ad), the full circle to dP=41 A (positive Ad), and the full diamonds 
too dP=50 A (positive Ad). 
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tedd (see gray and white rectangular areas). The best fit is obtained with the values of 
thee fitting parameters given in Table 7.2, for the three chosen protein sizes, and for 
varyingg values of mismatch, i.e. protein hydrophobic thickness. 

Tablee 7.2: Values of the decay length, £,|», the pure lipid bilayer hydrophobic thickness d" (both 
derivedd from fitting the thickness profiles di in by using Fq, 7.3), the protein hydrophobic 
length,, dp, and the effective protein hydrophobic length, dp" (both calculated from the simu-
lations)) given for different values of hydrophobic mismatch, Ad, and for the three protein sizes 
correspondingg to N}.=4, 7 and 43. The data refer to simulations made at the reduced tempera-
turee T"=0.7, well above the main-transition temperature of the pure lipid bilayer system. The 
puree lipid bilayer hydrophobic thickness calculated at this temperature is dj'=(23.6+0.2) A. In 
thee case of approximately zero mismatch (Ad=-lA), the values of £,i> and d[̂  are not calculated. 

Protein n 

NP=4 4 

NP=7 7 

Nf.== 43 

Add [A] 

-10 0 
-6 6 
-1 1 
8 8 
17 7 
26 6 
-10 0 
-6 6 
-1 1 
8 8 
17 7 
28 8 
-10 0 
-6 6 
-1 1 
8 8 
17 7 
26 6 

LvLv [A] 
fitted fitted 

9.33  0.3 
11.99 3 

* * 
9.66 7 
9.77 7 
12.33 6 
10.11 4 
12.44 7 

* * 
9.44 8 
11.88  0.7 
12.44 8 
12.88 8 

177 2 
* * 

100  1 
122  1 
122  1 

dj>> [A] 
fitted d 

24.00 1 
23.99 1 

* * 
23.44 1 
23.44 2 
23.22 1 
24.22 1 
24.00 1 

* * 
23.55 1 
23.22 2 
23.33  0.2 
24.22 1 
24.33  0.2 

* * 
23.22 3 
22.55 6 
22.11 8 

dpp [A] 
computed d 

15  1 
200 rt 1 
244  1 
344  1 
433  1 
533  1 
155  1 
19  1 
244  1 
333  1 
422  1 
511  1 
144  1 
199  1 
244  1 
333  1 
433  1 
522  1 

afaf [A] 
computed d 

155  1 
19  1 
244  1 
322  1 
355 3 
366 3 
14  1 
19  1 
233  1 
322  1 
399 2 
399 3 
144  1 
199  1 
244  1 
333  1 
433  1 
511 2 

Att negative mismatch, no difference is observed between dp and d[f, as can be 
seenn by looking at figure 7.4(a,c,e). This means that the orientation of the protein is 
perpendicularr to the bilayer plane, hence dP=dpff . However, for a positive mismatch 
tooo large to be compensated for by fully stretching the lipids in the vicinity of the 
protein,, another effect can be observed; the peptide tilts in order to decrease its ef-
fectivee hydrophobic length. The effect is much more pronounced in the case of the 
skinnyy protein (Np=4) than for the larger protein, as can be seen by comparing figures 
7.4b,dd with figure 7.4(f); where in the former cases d£ff is much shorter than the ac-
tuall  protein hydrophobic length. The values of d|ff and dP shown in Table 7.2 confirm 
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Figuree 7.4: Calculated values of di (r) (open circles) and fitting ones using expression 7.3 (solid 
line)) as a function of the distance r from the protein surface. The data refer to the three protein 
sizess NP=4, 7, and 43; and to two values of the protein hydrophobic length dp=14A (Ad=-luA) 
andd 4iA (Ad=17A). Also shown is the 'level' value of the unperturbed lipid bilayer thickness 

)) A (dashed line), the calculated protein hydrophobic length dp (gray area), and 
thee effective protein hydrophobic length dpff (white area), which is defined as the projection of 
dpp onto the normal to the bilayer plane. The data refer to simulations at the reduced temper-
aturee T*=0.7. 
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thatt this is also the case for the other values of positive mismatch. The derived val-
uess of LP (using equation 7.3) as function of protein size and hydrophobic mismatch, 
whichh are shown in Table 7.2, indicate that there is a mismatch dependence of the 
perturbationn caused by the protein on the surrounding lipids. For a given protein 
size,, Np, if the mismatch is negative, the correlation length increases with decreas-
ingg mismatch (absolute value), while for positive mismatch the opposite happens, 
andd the correlation length increases with increasing mismatch. Also, in the case of 
negativee mismatch the decay length increases by increasing the protein size. Instead 
theree is no detectable £p dependence on NP in the case of Ad > 0, at least at the con-
sideredd temperature, i.e. well above the melting temperature of the pure system. The 
scenarioo is somehow different when the temperature decreases and approaches the 
transitionn temperature, as it is discussed in the next section. 

Figuree 7.4f shows that, for the large protein (NP=43), the lipid thickness profile 
di.(r)) differs from an exponential one. The effect is even more pronounced at lower 
temperaturess (data not shown), at least in the case of negative mismatch (since lower 
temperaturee means larger negative mismatch). This non-exponential behavior, and 
thee possible reason for it, wil l be discussed later. 

Tablee 7.2 also gives the values of the pure lipid bilayer hydrophobic thickness d" 
obtainedd from the best fit of d[ (r) using equation 7.3. For all the considered cases, the 
valuess of d[' (fitted) compare well with the value of the pure lipid bilayer hydrophobic 
thickness,, d["=23.6 A, obtained directly from the simulation at the considered tem-
perature. . 

7.3.22 Lipid-induce d protei n tiltin g 

Thee protein til t angle with respect to the bilayer normal as function of Ad and pro-
teinn size Np is shown in figure 7.5. The snapshots on the right show typical config-
urationss of the system, for a fixed value of the protein hydrophobic length, for the 
threee protein sizes, NP=4, 7, and 43, and for the largest (positive) value of mismatch, 
Ad=266 A, at the considered temperature, T*=0.7. For Ad < 0 the til t angle is very 
small,, and is within the statistical tilt-fluctuations to which the protein is subject 
inn the bilayer; as the protein hydrophobic length increases (and the mismatch be-
comess positive), the protein undergoes a significant tilting. Also, for equal values of 
hydrophobicc mismatch, the "thinner" protein (Np=4) is much more tilted than the 
"fatter""  one (NP=43). These results, combined with the one discussed above, suggest 
thatt in the case of proteins with small surface area, the main mechanism to com-
pensatee for a large hydrophobic mismatch is the tilt , while in the case of proteins 
withh a large surface area, that cannot accommodate a too large tilt , the mismatch is 
mainlyy compensated for by an increase of the bilayer thickness around the protein, 
ass is clearly illustrated by the snapshot in figure 7.5 (NP=43). 
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Figuree 7.5: Protein tilt-angle et/'" as function of mismatch, Ad. The data refer to a reduced 
temperaturee of T*  =0.7 and to the three considered protein sizes N,.=4, 7 and 43. The dashed 
liness are only meant to be a guideline for the eye. Typical configurations of the systems result-
ingg from the simulations are shown on the right. Starting from the top, the snapshots refer to 
proteinss sizes NP=4, 7 and 43. In the three cases the protein hydrophobic length is dP=50 A, 
hencee the hydrophobic mismatch is Ad=26 A. 

Theoreticall  studies based on MD simulations on all-atom models have pointed 
outt the possibility that oc-helical hydrophobic peptides may til t when subjected to 
positivee mismatch conditions [7,8,171], the degree of tilting depending on the spe-
cificc system. The occurrence of protein tilting has also been confirmed experimen-
tally.. In fact, the results from very recent experimental investigations by solid state 
NMRR spectroscopy [155] show that cx-helical model peptides — of fixed hydrophobic 
lengthh and with a hydrophobic leucine-alanine core, and tryptophan flanked ends 
—— experience til t when embedded in phospholipid bilayers of varying hydrophobic 
thicknesss (such that dp > df, i.e. Ad > 0). It was found that the til t angle increases by 
systematicallyy increasing hydrophobic mismatch; however, the til t dependence on 
hydrophobicc mismatch was not as pronounced as one would have expected, given 
thee degree of mismatch. This result brought the authors to conclude that the til t of 
thesee peptides is energetically unfavorable, and to suggest that the (anchoring) ef-
fectss by specific residues such as tryptophans are more dominant than mismatch 
effect.. A large til t is instead experienced by the M13 coat protein peptide when em-
beddedd in phospholipid bilayer of varying hydrophobic thickness [154]. For values 
off  mismatch of the same order of the one experienced by the synthetic peptides just 
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mentionedd [155], the degree of tilting experienced by Ml3 peptide is much higher. 
Ourr simulation data indicate a dependence of the protein-tilt angle on mismatch in 
agreementt with the experimental data just discussed. Incidentally, the results from 
ourr simulations suggest that, when a skinny peptide (Np =4) is subjected to a large 
positivee mismatch (dp > d"), it might bend—besides to experience a tilt—as can 
bee seen by looking at the snapshot shown on the top-right of figure 7.5. Also, as 
soonn as the positive mismatch decreases, the bending disappears, although the pep-
tidee still tends to remain tilted. Results from MD simulations on a all-atom model 
off  a poly(32)alanine helical peptide embedded in a dimyristoylphosphatidylcholine 
(DMPC)) bilayer show that this type of helix, not only tilts by 30° as a whole with 
respectt to the bilayer normal, but it also experiences a bend at its middle [7]; MD 
simulationss have also shown a similar tendency for a poly(16)leucine helical peptide 
embeddedd in a DMPC bilayer [8j. From the experimental point of view, it is now 
possiblee to detect peptide/protein bending by NMR spectroscopy [ 155,180]. Indeed, 
thee data from Strandberg et al. [155] on the behavior of a synthetic leucine-alanine 
oc-helicall  peptide in lipid bilayers of varying thickness, do indicate that, for large posi-
tivee mismatch, the peptides might experience bending (besides tilting), in agreement 
withh our observations. However, we must point out that the occurrence, or extent, of 
bendingg of the small peptide (NP=4) might very well be dependent on the value of 
thee bending constant, Kti, chosen to model the stiffness of the protein chains. 

7.3.33 Thermotropi c behavio r 

FluidFluid phase 

Wee now discuss the response of the lipid-protein system when the temperature de-
creasess and approaches the main-transition temperature, T* r The dependence of £,p 
onn the reduced temperature, T", where T" > T*v is shown in figure 7.6, for two val-
uess of protein hydrophobic length dp=14 A and dP=41 A. These values were chosen 
too fulfil l the condition that either Ad < 0 or Ad > 0, respectively, even if by chang-
ingg temperature the lipid bilayer hydrophobic thickness, and consequently Ad, may 
change.. The data refer to two protein sizes, NP=7 and 43. The behavior of £,P shown 
inn figure 7.6 indicates that the closer the temperature is to the main-transition tem-
perature,, the longer is the perturbation caused by the protein on the surrounding 
lipids.. This is probably due to the enhanced density fluctuations that occur in the 
puree system close to the transitions temperature. Also, for negative mismatch, there 
iss a pronounced dependence of £,P on the protein size, the larger the protein is, the 
longerr the correlation length becomes. The dependence on protein size can be quali-
tativelyy explained by the fact that the larger the protein, the smaller its curvature, and 
thereforee the influence of a given portion of the protein hydrophobic surface extends 
too more lipids. Although for positive mismatch the dependence on protein size is not 
thatt pronounced, the values of £,P in the case of the large protein are systematically 
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Figuree 7.6: Decay length £,P dependence on reduced temperature T*  (T*  > T*„) , for two values 
off  protein hydrophobic length dP=14 A (a) and dP=41 A (b). These values were chosen to fulfil l 
thee condition that either Ad < 0 (dP=14 A) or Ad > 0 (dP=41 A), even if by changing tempera-
turee the lipid bilayer hydrophobic thickness may change, and consequently Ad. The data refer 
too two protein sizes, IMP=7 and 43. The dashed lines are only a guideline for the eye. 

higherr than the ones related to the small protein. 

Thesee findings are consistent with the results obtained from Monte Carlo simu-
lationss on lattice models [167], which predicted that the temperature dependence 
off  the decay length has a dramatic peak at the transition temperature. They are 
alsoo consistent with results from MD simulations on all-atom models. In fact, data 
fromm recent MD simulations on bilayers of fluid POPE and POPC with embedded the 
membranee channel aquaglycerolporin [11] show that when the hydrophobic length 
off  the protein is shorter than the pure lipid bilayer hydrophobic thickness, the lipids 
closee to the lipid-protein interface compress to favor hydrophobic matching, thus 
inducingg a curvature in the bilayer. Also, the mismatch-induced perturbation is of 
exponentiall  type, and can be characterized by a decay length around L,P =10 A. Simu-
lationss on POPC bilayers with embedded a much smaller protein than aquaglycerol-
porin,, the membrane channel gramicidin A, suggest that this channel induces per-
turbationn having a coherence length that is smaller than that in the case of aquaglyc-
erolporinn [181]. 

Att the present stage of experimental development, estimates of the range of the 
perturbationn that proteins such as Bacteriorhodopsin [143, 146], lactose permease 
[148],, and the synthetic alpha-helical peptides [182,183), induce on the surrounding 
lipids,, suggest that the perturbation might be mismatch and protein-size dependent, 
thee larger the protein the more long range the perturbation, consistent with the theo-
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reticall  predictions discussed here. If the coherence length associated to the protein-
inducedd perturbation is dependent on protein size, one would expect that bilayer 
activitiess affected by changes of the coherence length, might be thus be affected by 
proteinn sizes. This is indeed the case for the phenomenon of flip-flo p of phospho-
lipidss in bilayers. In fact, experimental data on flip-flo p suggest that the larger the 
proteinn size (hence the smaller its curvature at the interface with the lipid chains) the 
moree reduced is the ability of the protein to cause flip-flo p [184]. 

Itt is worth mentioning that the larger the protein size is, the more the behavior 
off  di.(r) obtained from our DPD simulations differs from the one of the exponential 
functionn used for the best fitting. This could already be seen by looking at figure 7.4f 
(att a temperature well above the main-transition temperature) for NP=43 and in the 
casee of negative mismatch. Figure 7.7 illustrates more in details the non-exponential 
dependencee of the lipid bilayer thickness profile on r. The figure shows the calculated 
valuess of di(r) (open circles) and the fitting ones using expression 7.3 (solid line). The 
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Figuree 7.7: The calculated values of di.(rl (open circles) and the fitting ones using expression 
7.33 (solid line) as a function of the distance r from the protein surface. The data refer to a pro-
teinn size N|.=43, and to the following cases: (a) Ad=-12A (dP=14 A) andT*=0.5, and (b) Ad=19 
AA (dp=41 A) and T*  = 1.0, where in both cases the temperature is above the melting temperature 
off  the pure system. The dashed line indicates the value of the pure lipid bilayer hydrophobic 
thicknesss d° at the considered temperature. Also shown are the calculated protein hydropho-
bicc length dp (gray area), and the effective protein hydrophobic length dp" (white area), which 
iss defined as the projection of dp onto the normal to the bilayer plane. 

dataa refer to a protein size NP=43, and to the following two cases: (a) Ad=-12 A (dF=14 
A)) andT*=0.5,and (b) Ad=19A(dP=41 A) andT' = 1.0. In the case of positive and large 
mismatchh (dP > d°) (but low enough to avoid protein tilting), figure 7.7(b) indicates 
thatt the lipids in the layers closest to the protein surface are characterized by gel-
likee chain in order to minimize the hydrophobic mismatch; surprisingly, next to this 
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lipid-orderedd region, there appears a few-layer thick region (which for convenience 
wee denote 'undershooting' region) where the bilayer has an hydrophobic thickness 
thatt is less that the one in the bulk. This undershooting phenomenon is probably due 
too the fact that, on the one hand, the system has to satisfy the boundary-constraint 
imposedd by the value of the hydrophobic bilayer thickness of the bulk; and, on the 
otherr hand, the system has to adjust to the perturbation caused by the protein in 
suchh a way to hold the bilayer density constant, also close to the protein. We suggest 
that,, if the protein is large enough that tilting is unfavorable, and if the mismatch is 
largee enough that even the ordered (gel-like) lipids closest to the protein are not able 
too match its hydrophobic surface, a void is formed in the center of the bilayer. To fill 
thiss void and maintain the constraint of uniform density in the bilayer core, the lipid 
chainss in the 'undershooting' region might til t and bend toward the protein. This hy-
pothesiss is indeed consistent with the fact that, although the end-to-end distance of 
thee lipids in the undershooting region is approximately equal to the one of the lipids 
inn the bulk, the projected length on the bilayer normal is shorter than the one of the 
lipidss in the bulk. Therefore, in the undershooting region, the bilayer hydrophobic 
thicknesss is smaller than in the bulk. 

Inn the case of dp < dj3 (see figure 7.7a), the bilayer in a neighboring region (which 
inn this case we call 'overshooting' region) to the one closest to the protein interface 
hass an hydrophobic thickness that is higher than the one of the lipid bilayer in the 
bulk.. This might be explained by the fact that the lipid chains nearest to the protein 
mightt til t (and possibly bend) to satisfy the matching constraint. At the same time the 
lipidss in the 'overshooting' region stretch their chains (i.e. become more gel-like) to 
satisfyy the constant-density constraint. This is consistent with the fact that, in the re-
gionn closest to the protein (the so-called 'annulus'), the values of the order parameter 
off  the lipid chains, and of both the lipid end-to-end distance and projected length, 
aree smaller than the values in the bulk. This shows that the lipids closest to the pro-
teinn are more disordered and might bend to match the protein hydrophobic length 
(whichh is shorter than the bilayer thickness at the considered temperature). On the 
otherr hand, the projected length on the bilayer normal of the lipids in the overshoot-
ingg region is slightly longer than the one of the lipids in the bulk; also the order pa-
rameter,, S, in the overshooting region is higher than in the bulk. This indicates that 
thee lipids in this region are more stretched and ordered {i.e. gel-like) than the lipids 
inn the bulk. Finally, we want to point out that the overshooting/undershooting effect 
seemss not to be due to finite-size effects. 

Theree could be a number of interesting biological implications if a curved struc-
turee resulting from the overshooting/undershooting effect occurs around proteins 
embeddedd in biological membranes. Its presence could affect the permeability prop-
ertiess of the membrane in the vicinity of each protein; it could be a basis for lipid-
sortingg in the vicinity of the protein and when more than one lipid species is present 
inn the system; it could also be a way to regulate protein-protein contacts, hence pro-
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teinn lateral distribution; finally, it could create a fertile (or adverse) ground for the 
attachmentt of fusion peptides, which are known to enter the bilayer in a oblique 
mannerr [185,186], and thus could be favored by the presence of tilted lipids. It could 
alsoo cause a change in the lateral pressure profile around each protein, which in turn 
couldd induce conformational changes in the proteins. Furthermore, if there exists 
ann overshooting/undershooting effect, one should be careful in the interpretation 
off  results obtained from spectroscopic measurements of the lipid order parameter 
S;; if the protein concentration is high enough that there is a sufficient number of 
overshooting/undershootingg lipids around the isolated proteins, calculation of the 
lipidd bilayer hydrophobic thickness from measurements of S could give underesti-
mation/overestimationn of the value of the hydrophobic thickness. 

GelGel phase 

Finally,, we discuss the behavior of the lipid-protein system below the melting tem-
perature,, i.e. in the gel phase. The results from the simulations are illustrated in two 
figures.figures. Figure 7.8 shows the snapshots of two typical configurations obtained from 
thee simulation of bilayers with embedded a NP=43 protein. The simulations are done 

( a ) A d >00 ( b ) A d <0 

Figuree 7.8: Snapshots of two typical configurations of lipid-protein bilayers at a reduced tem-
peraturee T" =0.25, corresponding to theLp < or gel-phase. The calculated value of the pure lipid 
bilayerr thickness is ) A. In (a) is shown the case of a protein of size NP=43 and 
dp=500 A, thus subjected to a positive mismatch Ad=13 A, while in (b) is shown the case of a 
NN p=43 size protein, but with di>=14 A, thus subjected to negative mismatch Ad=-23 A. 

att a reduced temperature T*=0.25, corresponding to the L(v or gel-phase. The pure 
lipidd bilayer in the Lp< is characterized by a tilted orientation of the lipids, as previ-
ouslyy discussed. The calculated value of the pure lipid bilayer thickness at this re-
ducedd temperature is ) A. In figure 7.8(a) is shown the case of a protein 
withh dp=50 A, thus subjected to a positive mismatch Ad=13 A. The response of the 
proteinn to the positive mismatch is to til t slightly to decrease its effective length, and 
thuss orient parallel to the tilted lipids in the gel-state. 
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AA somehow different scenario arises when a protein is subjected to a negative 
mismatch,, as illustrated in the snapshot in figure 7.8(b), which shows a typical con-
figurationfiguration obtained from the simulations on a bilayer with embedded a protein with 
dp=144 A, thus subjected to negative mismatch Ad=-23 A. In this case the protein ori-
entss antiparallel to the orientation of the lipids; also, the lipids in the vicinity of the 
proteinn interdigitate to decrease the bilayer hydrophobic thickness and thus fulfil l 
thee matching condition. To better illustrate this phenomenon, we have depicted the 
end-beadd of of the lipid chains in darker color. From the snapshot in figure 7.8(b) it 
cann be seen that, in the vicinity of the protein, the end-tail of the lipids in one mono-
layerr are close to the headgroups of the lipids in the opposite monolayer. 

Ass described in section 5.3 of Chapter 5, by increasing the temperature above 
T*=0.35,, the pure lipid bilayer undergoes a transition from the L|5< phase to a 'stri-
ated'' phase that resembles the Pp< phase of phospholipid bilayers. Interestingly, 
uponn incorporation of a protein, and depending on the mismatch condition, the pro-
teinn segregates into the striated region whose hydrophobic thickness better matches 
thee protein hydrophobic length. This is clearly shown in the snapshots in figure 
7.9,, which depict two typical configurations of the systems at a reduced temperature 
T*=0.4,, and in the case of proteins with dP=41 A and 18 A, respectively. The calculated 
valuee of the pure lipid bilayer hydrophobic thickness is d,ü ) A. Both cases 
referr to a protein of size N P=7. For positive values of hydrophobic mismatch (see fig-

fa)) Ad> 0 (b)Ad<0 

Figuree 7.9: Snapshots of two typical configurations of lipid-protein bilayers at a reduced tem-
peraturee T""=0.4, in the 'striated' gel phase, which resembles the Pp- phase in phospholipid 
bilayers.. The calculated value of the pure lipid bilayer hydrophobic thickness is d" = ) 
A.. In (a) is shown the case of a protein of size NP=7 and dp=41 A, thus subjected to a positive 
mismatchh Ad=ll A, while in (b) is shown the case of a NP=7 size protein, but with dP=18 A, 
thuss subjected to negative mismatch Ad=-12 A. 

uree 7.9(a)), the protein prefers to segregate in the striated region formed by lipids in 
thee gel-like state. Instead, in the case of negative mismatch, the protein prefers the 
regionn where the chains are fluid-lik e (see figure 7.9(b)). The interplay between the 
underlyingg structure of the striated phase and the mismatch-induced perturbation 
couldd provide a mean to tune the lateral organization of membrane proteins, and 
thuss control their segregation in the two-dimensional ordered structure. To under-
standd how ordered structures might form is important because scattering methods 
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makee use of ordered structure as a matrix to determine the three-dimensional struc-
turee of proteins [187,188]. 

7.44 Conclusio n 

Wee have presented a mesoscopic model for iipid bilayers with embedded proteins, 
whichh we have studied with the Dissipative Particle Dynamics simulation method. 
Onee of our aims was to point out the advantages of the DPD-simulation-CG-model 
approachh by addressing some simple issues related to the collective nature of a three-
dimensionall  membrane system, a lipid bilayer containing just one lipid species and 
ann embedded protein. More specifically, we have investigated the effect due to mis-
matchh and protein size on the perturbation induced by the protein on the surround-
ingg lipid bilayer. The perturbation around the protein was quantified in terms of the 
bilayerr hydrophobic thickness profile. We found that the profile may have an ex-
ponentiall  form, decays to the value of the thickness of the unperturbed system (i.e. 
withoutt protein), and can be characterized by the coherence length, £,]>, of the spatial 
fluctuationn around the protein. We found that, under well defined thermodynamic 
conditions,, the value of £,P may depend on mismatch and protein size, the larger the 
mismatch/sizee the larger i?. Also, we found that to adapt to a too thin bilayer the 
proteinn may tilt (or even bend) in a manner which is mismatch and protein-size de-
pendent.. We have found that the model predictions are in qualitative agreement with 
previouss theoretical and experimental findings. We want to stress that the phenom-
enaa that we have investigated with the DPD simulation method involve molecular 
rearrangementss in the membrane plane via, among others, diffusion of molecules 
whosee time scale might be outside the range of investigation of more 'traditional' 
simulationn techniques, such as MD. The results discussed above refer to a model for 
DMPCC bilayers. The trend shown by these results can also be applied to lipid bilay-
erss with other types of phospholipids, i.e. with longer or shorter hydrocarbon chains 
thenn the ones of DMPC. We would like to conclude by saying that the predictions that 
arisee from numerical simulation studies of model systems, such as the one presented 
here,, may be used as a complementary tool to experimental studies to reveal infor-
mationn not otherwise accessible; also, results from numerical studies can provide a 
frameworkk for the interpretation of experimental data, as well as serve as a source of 
inspirationn for future experiments. 




