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Abstract. A model membrane with a polypeptide 
alpha-helix inserted has been simulated by molec- 
ular dynamics at a temperature well above the 
gel/liquid crystalline phase transition temperature. 
Order parameters of the lipids and other equilib- 
rium and dynamic quantities have been calculated. 
Three systems, polyglycine constrained into an alpha- 
helical configuration, glycophorin with similarly 
conformationally constrained backbone and finally 
glycophorin free to change its backbone conforma- 
tion, have been studied. In all cases there was an 
ordering of the chains close to the helix. This effect 
was, however, much smaller for glycophorin with its 
rather bulky side chains than for polyglycine. The 
dynamics of the lipids were affected by the neigh- 
bouring helix, not drastically however. Lateral dif- 
fusion and reorientational time correlations of lipids 
close to the helix were slower than for the bulk ones, 
but not more than two or three times. Thus, we did 
not find any evidence of bound or frozen boundary 
lipids. 
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1. Introduction 

Biomolecules such as small peptides in solution, 
proteins in vacuo and in their crystalline water, parts 
of nucleic acids in vacuo and lipid bilayers have 
been studied by computer simulations using molec- 
ular dynamics (MD). See e.g. Karplus and McCam- 
mon (1981, 1983) for reviews of protein simulations. 
Here, we report a MD-simulation of a lipid bilayer 
with a polypeptide incorporated. 

Biomembrane/protein (polypeptide) interactions 
have been studied by a number of experimental and 
theoretical methods, resulting in seemingly contra- 
dictory results. The crucial question is: Are there 
boundary lipids close to the polypeptide with dis- 

tinctly different properties from those of the bulk 
lipid; If this is the case, are the boundary ones more 
or less ordered than the bulk ones and on which 
time scale does the transition between the two types 
occur? These questions have not yet received un- 
ambigous answers. 

To contribute towards the resolution of these 
controversies, we have simulated a bilayer of about 
one hundred 16 unit hydrocarbon chains and an 
incorporated polypeptide. The temperature has been 
kept at 330 K i.e. well above the transition temper- 
ature between the gel and liquid crystalline phases. 
As the alpha-helical polypeptide we have first 
chosen one without side chains, polyglycine. The 
length has been taken to 22 residues which is 
enough to span the bilayer. Since polyglycine is not 
stable as a helix, it was constrained into a helical 
conformation. As a more realistic system we have 
chosen one of the most studied membrane poly- 
peptides, glycophorin, of which the 23 central 
hydrophobic residues were included in the simula- 
tion 
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ILE-SER-TYR-GLY-ILE . ( 1 ) 

To separate effects that come from side chains of 
the helix from those that have to do with deviations 
from helical structure we have performed two simu- 
lations with glycophorin. In the first one the back- 
bone was kept in an alpha-helical conformation by 
constraining the positions of the C-alpha atoms. In 
the second one the backbone was allowed to under- 
go conformational transitions. 

2. Methods 

To perform the MD-simulation of the bilayer we 
used the methods developed by van der Ploeg and 
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Berendsen (1982, 1983) for decanoate bilayers. That 
is, we did not include water, counter ions and their 
interactions with the head groups of the lipids. The 
head groups were left uncharged. Instead, the bilayer 
was stabilized by a harmonic force that tries to keep 
each head group in a plane defined by the average 
position of all the head groups. Thus, the bilayer 
thickness adjusts automatically to a prescribed sur- 
face density. 

The bond lengths were kept fixed, while bond 
angles and dihedrals were allowed to change subject 
to a force given by a potential. For the dihedral 
angles in the hydrocarbon chains we used a poten- 
tial tested for butane by Ryckaert and Bellemans 
(1975). For the rest of the system potential param- 
eters from van Gunsteren and Karplus (1982) were 
used. Periodic boundary conditions were imposed 
upon the system in the two lateral dimensions. 

The classical equations of motion were inte- 
grated with a time step of 5 • 10 -15 s using a simple 
Verlet algorithm. For the initial configuration 2 x 64 
all trans chains were generated. Next, a number of 
them were removed to create space for the helix. 
After some temperature and density adjustment and 
25 ps equilibration, production runs of 75 ps were 
performed. During the simulation we kept track of 
temperature, pressure, fraction of gauches and a few 
other averages. Coordinates were saved each 0.2 ps 
for further analysis. 

3. Results 

In Table 1 we show some of the parameters for and 
results from the simulations. The lateral density was 
chosen to be close to experimental ones for pure 
lipid bilayers. However, we adjusted the surface 
density slightly to get approximate agreement with 

Table 1. Some parameters of and results from the three simu- 
lations, polyglycine, glycophorin 1 (constrained alpha-helical 
backbone) and glycophorin 2 (free to move the backbone) 

Quantity Poly- Glyco- Glyco- 
glycine phorin 1 phorin 2 

Temperature [K] 330 330 330 
Lateral pressure [atm] - 7.5 - 7.4 - 8.6 
Normal pressure [atm] - 9.3 - 8.5 - 9.9 
Pot. energy [kJ/mol] - 1,480 - 1,790 - 2,073 
Fraction gauches 0.200 0.226 0.211 
No. of chains 120 100 100 
No. of atoms in helix 113 192 192 
Total no. of atoms 2,033 1,792 1,792 
Forces cutoff at [nm] 0.7 0.7 0.7 
Area per chain [nm 2] 0.32 0.34 0.34 
Membrane thickness [nm] 3.06 2.78 2.60 

experimental order parameters of pure dipalmitoyl- 
phosphatidylcholine (DPPC) for the lipids far away 
from the helix. As seen from Fig. 1, this has not 
succeeded completely. The best fit is probably 
achieved with an area per chain of 0.33 nm 2 instead 
of 0.32 and 0.34 nm 2. The lateral and normal pres- 
sures are also given in the table as calculated during 
the simulation from the virial. Regrettably, they 
cannot be used for adjusting to the correct surface 
density since the interactions between head groups 
and surrounding water and ions are not properly 
modeled. Therefore, important contributions to the 
pressures are missing. 

The density of headgroups as a function of the 
distance from the center of the helix is shown in 
Fig. 2. In the polyglycine case there are two well 
pronounced maxima at 0.58 and 1.0 nm. This indi- 
cates that the alpha-helix takes up approximately 
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Fig. 1. The order parameter ScD calculated from the three 
simulations in the outermost region(r> 1.68nm), which 
should correspond to bulk lipid. The four curves represent 
lipids with a polyglycine helix (o), with constrained glyco- 
phorin (v), with free glycophorin (u) and experimental order 
parameters for pure dipalmitoylphosphatidylcholine (A) 
(Seelig and Seelig 1974) 
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Fig. 2. Density of lipid head groups (number nm -2) as a 
function of the distance (nm) from the centre of the poly- 
glycine and glycophorin helices 



the same area as a single lipid chain. For  a pure 
hexagonally close packed lipid bilayer at the density 
0.32 nm 2 per chain the first and second neighbour 
peaks of  the pair correlation function would be at 
0.61 and 1.05 nm. In the glycophorin case there is a 
small first neighbour peak at 0.60 nm and a higher 
and broader second neighbour peak at 1.05 nm. 

A number of order parameters can be defined 
that characterize the average orientation of  the 
CH2-groups with respect to the normal of the 
bilayer plane (an extensive discussion of  this is 
given in Edholm (1982)). We use two Euler angles, 
and fl, to describe the orientation of the CH2-group 
with respect to the bilayer normal. The second one 
is the angle between the bilayer normal and the 
normal of the C - H - H - p l a n e .  The first one is 
chosen as the angle one has to rotate around the 
latter normal to get the direction bisecting the 
H - C - H  angle into the plane spanned by the two 
normals. Equivalently one can see the two angles as 
the spherical coordinates that define the orientation 
of the bilayer normal in a suitable local frame of 
reference attached to the CH2-group. The main 
order parameter  is then 

Scham = 0.5 (3 (COS2fl) -- 1)= 41/4  r20 (fl) (2) 

Ylm (F, cO are here and in the following spherical 
harmonics. But of interest is also 

= 3]/3/8 (sin 2 fl cos 2 @.  (3) 

The latter order parameter  turns out to be positive 
which means that the plane defined by three con- 
secutive CH2-groups will tend to be perpendicular 
to the bilayer plane. Now, Scha,n is experimentally 
accessible through electron spin resonance (ESR) 
while deuterium nuclear magnetic resonance (NMR) 
gives another order parameter  which characterizes 
the orientation of  a C - D - b o n d .  The latter order 
parameter can be given as a linear combination of 
Scham and $22: 

SCD = --  0 .5  Schal n --  ~ $22 (4) 

= - 0.25 (3 (cos2fl)  - 1 ) -  0.25 (sin2fl cosZ@. 

In Fig. 3 the order parameter  Soh~ln averaged over all 
the chain positions is shown as a function of the 
distance from the centre of the helix. In Fig. 4 the 
average fraction of gauch bonds is plotted as a 
function of the distance from the centre of the helix. 
In the polyglycine case, both figures indicate an 
ordering of the chains close to the helix. The order 
parameter is 0.48 there compared to 0.32 far away 
and the fraction gauche is 0.16 and 0.22 respectively. 
A similar but less pronounced effect can be ob- 
served for glycophorin. The fraction of gauches 

205 

.5 

.2.5 1. 1.5 
Fig. 3. Average order parameter Scham as a function of head 
group distance from the centre of the helix. The three curves 
are for systems with (o) polyglycine, (v) constrained glyco- 
phorin and (m) free glycophorin 
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Fig. 4. Average fraction gauche bonds in the chains as a 
function of the head group distance from the centre of the 
helix. The three curves are for systems with (m) polyglycine, 
(v) constrained glycophorin and (o) free glycophorin. We 
expect a standard deviation due to statistical errors that is less 
than 0.015 

increases from around 0.21 to 0.23 and the order 
parameter  starts at 0.27 close to the helix, goes 
through a maximum of 0.32, and drops to just above 
0.20 far away from the helix. In Figs. 5 and 6 we 
show the whole order parameter  profile for some 
distances from the helix. Again we see a clear 
increase in the order parameters of  most of the 
hydrocarbon groups close to the polyglycine helix. 
In the glycophorin case there is a pronounced order- 
ing close to the polypeptide of  the hydrocarbon 
groups at the end of the chain (beyond say position 
6 -7 ) .  In the upper parts of  the chains the situation 
is more unclear or even reversed. The order param- 
eter $20_ is 0.04 to 0.10 and is essential to get the 
correct value of SCD through Eq. (4) to compare 
with the experimental deuter ium order parameters. 
If we compare the SCD of different layers we get a 
similar picture as for Soha,n, however with somewhat 
smaller differences in the polyglycine case since 
there $22 is smallest close the helix. 

Lateral diffusion constants for the lipids were 
also calculated from the simulation, by plotting the 
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Fig. 5. Variation of the order parameter profile with distance 
from the centre of the polyglycine helix. The five curves cor- 
respond to the following regions o r < 0.85 nm, zx 0.85 = r 
<l.17nm, [] 1.17-<r< 1.41nm, ~ 1 .41~r<  1.68nm and 
v r >_- 1.68 nm 
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Fig. 6. Variation of the order parameter profile with distance 
from the centre of the glycophorin helix. The five curves 
correspond to the following regions © r < 0.85 rim, zx 0.85 _-< r 
<l.17nm, [] 1.7_-<r<l.41nm, ~ 1.41=<r<l.68nm and 
v r >- 1.68 nm 

square of  the lateral displacement of  the head 
groups against t ime for 10ps. This gave almost 
perfect straight lines from the slope of  which a dif- 
fusion constant of  8 . 1 0  -9 m 2 s-1 was deduced. This 
is a factor 8 faster than found by van der Ploeg and 
Berendsen (1983) for pure  decanoate at 30 K lower 
temperature  by a similar simulation, which in its 
turn is a factor 10 faster than experimental  ones. 

Table 2. Reorientational correlation times q, and parameters 
B and A calculated from the time correlation functions of 
spherical harmonics, Y20 

Shell Polyglycine 

q [ps] B 

Glycophorin 

A q [ps] B A 

1 13. 0.35 0.60 19. 0.18 0.51 
2 12. 0.33 0.55 7. 0.15 0.60 
3 6. 0.28 0.62 7. 0.18 0.56 
4 13. 0.21 0.55 5. 0.10 0.51 
5 8. 0.20 0.45 5. 0.14 0.51 

Their  explanation was that  the damping influence 
from surrounding water which is not included in the 
model is essential to get the proper  rate of  diffusion. 
Thus, although our diffusion constant is too large, it 
is still interesting to study its variat ion with the 
distance from the centre of  the helix. We found only 
a small variat ion (less than a factor of  two). Thus, for 
the simulated system there are no immobil ized 
lipids close to the helix. 

We have also calculated correlation times for the 
orientational reorientation of the hydrocarbon 
groups: 

g2m (t) = ~  ~/5 (r2m (0 (0, ~0 (0) Y L  (0 (0), ~0 (0))).  

(5) 

We have here chosen O, ¢ as the two spherical co- 
ordinates that describe the orientation of a C - H  
bond in the laboratory f rame since it is such 
functions that occur in the formulae for NMR-re-  
laxation times. As seen from Fig. 7, such a function 
initially decays very fast (time constant r2 of  the 
order a ps), is then well described by a single ex- 
ponential (rl, 5 - 2 0  ps) to end up at a value, B, that 
is given by the order parameters.  Normal ized so 
that 9 (0) = 1, we have: 

g20 (t) = B  +(1 - B)(A e x p ( -  t /q) 

+ (1 - A) exp ( -  t /r2))) .  (6) 

The relaxation from deuter ium N M R  is by, e.g. by 
Seelig and Seelig (1980) 

1/T1 = (3 ~2/2) (e 2 q Q/h) 2 (1 - saD) A q (7) 

if  27 2 ~ 2" 1 ~ (DL 1, where ~oL is the Larmor frequency, 
/'1 is the N M R  relaxation t ime and e2qQ/h the 
static quadrupole coupling constant (170kHz).  As 
seen from Table 2 we get a decay t ime that is about  
6ps  far away from the helix. This gives N M R  
relaxation times that are far too slow (500ms 
against experimental  ones around 35 ms). This is 
probably  to do with the absence of hydrodynamic  
and electrostatic interactions for the heat  group. 
Thus not only the lateral diffusion but all the 
dynamics becomes too fast. 



06[ 
0.3" 

0.2. 

0.1. 

0.05. 
10 

207 

Y - 2o, -6o 

& &  

res. 2 • 
-120 res. 12• 

res.22, 

-60 

60 120 
i i 

--60 • t *~ ,  

q20~,~ 

,,~ (degrees) 
Fig. 8. Ramachandran map of the backbone angles ~0, ~g of 
residues 2 (•), 12 (•) and 22 (~) averaged over consecutive 
periods of 2.5 ps 
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Fig. 7. Time correlation functions 920(0 (upper diagram in 
logarithmic scale) in different shells around the glycophorin 
helix. The five curves correspond to the following regions 
• r < 0.85 nm, x 0.85 =<r< 1.17nm, • 1.17_-< r <  1.41 nm,•  
1.41 _-< r < 1.68 nm and • r >_- 1.68 nm 

There is, however, a slowing down in the rota- 
tional dynamics close to the helix, especially in the 
glycophorin case (a factor of 3). This slowing down 
occurs only for the functions gz0 (t) not for g21 (t) or 
g22 (t). The main conclusion is, thus, that we find no 
evidence for a frozen boundary layer of  lipids close 
to the helix, although there is some slowing down of  
the motions. 

Now, we give some comments about what hap- 
pened to the helix during the third simulation when 
the backbone was free to change conformation. It 
turned out that during a 50 ps run the polypeptide 
remained rather close to its original helical confor- 
mation. In Table 3 the average values and standard 
deviations of  the 20 central q~ and 7 ~ angles, defined 
according to the IUPAC-IUB convention (1970) 
averaged over consecutive periods of 5 ps are shown. 
However, there were clear and increasing deviations 
from the angles of a perfect helix at both ends of the 
polypeptide. In Fig. 8 we show a Ramachandran 
map of the angles of  residues number  2, 12 and 22 
averaged over 20 consecutive periods of 2.5 ps. This 

10 psec. 30 psec. 50 psec 

Fig. 9. Glycophorin structure after 10, 30 and 50 ps of simula- 
tion with the backbone allowed to move freely. All bonds are 
shown except those involving hydrogens 

Table 3. The backbone angles q5 and g~ averaged over the 20 
central residues and over consecutive periods of 5 ps together 
with standard deviations 

Time[ps] 2.5 7.5 12.5 17.5 22.5 27.5 32.5 37.5 42.5 47.5 
q~ 

[degrees] -51 - 5 0 - 4 8 - 4 8 - 4 6 - 4 4 - 4 7 - 4 7 - 4 4 - 4 8  
standard 
dev. 12 13 14 12 14 14 15 14 17 20 

[degrees] - 4 7 - 5 8 - 5 9 - 5 8 - 5 7 - 5 8 - 5 7 - 5 9 - 6 0 - 4 9  
standard 
dev. 14 12 14 14 15 15 18 16 20 36 

illustrates that the central residues of the poly- 
peptide remain very close to a perfect alpha-helix 
(q~, 5u) = ( - 6 0 ° , - 5 0  °) during the whole 50ps of the 
simulation, while there are considerable deviations 
towards the ends of  the chain. As seen from the 
plots of  the polypeptide in Fig. 9, it remains rather 
close to a helix during the whole simulation, al- 
though there are observable differences. 
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However, for several reasons we do not want to 
draw any conclusions about the structure of glyco- 
phorin in a lipid bilayer from this simulation. First, 
it may take a lot longer time than 50 ps before an 
equilibrium conformation is reached. Secondly, 
there may, as for many polypeptides in solution, be 
no definite equilibrium conformation but a rather 
rapid passage between a large number of conforma- 
tions. Thirdly, results regarding the polypeptide 
structure are probably very sensitive to the choice of 
model for the hydrogen bond forces. We have just 
used fractional charges and electrostatic interactions 
to represent these. Even if one had a more elaborate 
model with a more realistic directional and distance 
dependence, there is probably not enough known 
about the proper parameters of such a model to 
really be able to judge the stability of such a 
hydrogen rich structure as an alpha-helix. 

4. Discussion 

The conclusion is that there certainly is a perturbing 
effect from the polyglycine alpha-helix upon the 
neighbouring lipids and also, but to a smaller extent, 
from the glycophorin helix. This extends several 
layers out from the helix, but the exchange rate 
between boundary and bulk lipids is very fast and its 
order of magnitude is given by the lateral diffusion 
constants of pure lipid bilayers. 

These results may be compared to those ob- 
tained by other authors using different theoretical 
and experimental approaches. For the theoretical 
articles see e.g. Mar~elja (1976), Owicki et al. (1978), 
Scott and Cherng (1978), Owicki and McConnell 
(1979), Pink and Chapman (1979), J~ihnig (1981a, 
1981b), van der Ploeg (1982) and Scott and Coe 
(1983). 

Most of the theoretical articles do not predict the 
size or sign of the perturbation of the order param- 
eter close to the protein surface but this could be 
adjusted by varying some parameter in the model. It 
is then calculated how far out in the lipid this per- 
turbation will extend and what effect it will have on 
the phase transition. In two cases, those of Scott and 
Cherng (1978) and van der Ploeg (1982), the effect 
upon the lipids of the introduction of a rigid 
cylinder in the bilayer is actually calculated. In the 
first case a Monte Carlo simulation of a simple 
chain model gives a clear ordering of the lipids close 
to the hard protein wall. In the second case a 
molecular dynamics simulation similar to ours of a 
decanoate bilayer with a Lennard-Jones interacting 
cylinder (with somewhat larger radius than our 
helix) results in lower order parameters close to the 
cylinder. This result is explained by the fact that the 
chains close to the cylinder seem to curve around 

the cylinder resulting in a low order parameter. The 
different theoretical articles predict different ranges 
for the perturbation among the lipids. J~ihnig 
(1981b) predicts exponential decay with a decay 
length around 1.5 nm. This agrees reasonably with 
our results, while other articles that predict a range 
of just one or two layers do not. 

Experimentally, lipid/protein interactions in the 
fluid phase have been studied by differential scan- 
ning calorimetry (van Zoelen et al. 1978) and spec- 
troscopic techniques such as ESR (Jost et al. 1973; 
Stier and Sackmann 1973), NMR (Bloom and Smith 
1985; Br01et and McConnell 1976; Dahlquist et al. 
1977; Oldfield etal. 1978; Rice etal. 1979; Pauls 
etal. 1985; Post etal. 1981) or Raman scattering 
(Taraschi and Mendelsohn 1980; J~ihnig et al. 1982). 
In the experimental literature somewhat different 
and contradicting conclusions have been reached. 
Some authors claim that there are boundary lipids 
close to the protein surface, which are more ordered 
than the bulk lipids. Other authors get the opposite 
result while still others cannot see any boundary 
lipids at all. We shall not go into any detail about 
these controversies here but just point to a few facts 
that may be essential when this literature is in- 
spected. 

First, the different experimental techniques probe 
essentially three different things: a shift in the equi- 
librium order parameters of lipids close to a protein, 
a change in the dynamics of boundary lipids and 
finally a shift in the gel/liquid crystalline phase 
transition temperature. A simplified picture would 
equalize increased order, slower dynamics and lower 
phase transition temperature and conversely more 
disorder, faster dynamics and higher phase transi- 
tion temperature. This is not necessarily true. We 
see from our simulation, on the contrary, that poly- 
glycine has a much stronger ordering effect on the 
lipids than glycophorin while the latter is more 
effective in arresting the reorientational dynamics. 

Secondly, it is important to observe that our 
simulation indicates that the exchange rate between 
boundary and bulk lipids is given by the lateral 
diffusion constant of pure lipid bilayers. If, instead 
of the too fast lateral diffusion constants obtained 
from the simulation experimental ones (see e.g. 
Lindblom and Wennerstr6m 1977) are used, we get 
typical exchange times (i.e. times for moving a lipid 
over the nearest neighbour distance, 0.5 nm) that are 
of the order 10 ns or faster. As noted by Post et al. 
(1981), this would make it possible to probe the dif- 
ference between bulk and boundary lipids by ESR 
but not by NMR due to the different time scales of 
the methods. 

Thirdly, it is conceivable or even likely that dif- 
ferent proteins and peptides affect the neighbouring 
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l ip ids  in d i f ferent  ways.  The re  are  e lec t ros ta t ic  
in te rac t ions  be tween  the h e a d  g roups  o f  the  l ip ids  

and s ide  chains  or  b a c k b o n e  o f  the  pro te in .  F u r t h e r ,  
surfaces o f  rea l i s t ic  p ro te ins  a re  s h a p e d  in d i f fe ren t  
ways,  which  in i t se l f  wil l  have  large  effects u p o n  the  
s t ructure  o f  n e i g h b o u r i n g  l ipids .  F ina l ly ,  p ro te ins  
m a y  be  the i r  shape ,  size or  h y d r o p h o b i c i t y  in  
d i f fe ren t  reg ions  induce  changes  in the  th ickness  o f  
the  b i l aye r  which  will  in f luence  the  l i p i d  cha ins  ( the 

mat t ress  m o d e l  o f  M o u r i t s e n  and Bloom (1984)). 
Fac to r s  such as these  m a y  resul t  in c o m p l e t e l y  
d i f fe ren t  results  wha t  r ega rds  o r d e r  p a r a m e t e r s  and  
dynamics  o f  b o u n d a r y  l ip ids  and  exchange  t imes  
be tween  these and  the  bu lk  ones. 

Acknowledgements. For the permission to use the GROMOS 
molecular dynamics program library we than Dr. van 
Gunsteren and Prof. Berendsen. We thank the Swedish 
Natural Science Research Council for alotting time at a 
CRAY-1A supercomputer and OE also thanks the same 
council for support under contract number K-KU 3777-104. 

References 

Bloom M, Smith ICP (1985) Manifestation of lipid-protein 
interactions in deuterium NMR. In: Watts and De Pont 
(eds) Progress in protein-lipid interactions. Elsevier, 
Amsterdam, pp 61-88 

Brfilet P, McConnell HM (1976) Protein-lipid interactions: 
glycophorin and dipalmitoylphosphatidylcholine. Biochem 
Biophys Res Commun 68:363-368 

Dahtquist FW, Muchmore DC, Davis JH, Bloom M (1977) 
Deuterium magnetic resonance studies of the interaction of 
lipids with membrane proteins. Proc Natl Acad Sci USA 
74: 5435- 5439 

Edholm O (1982) Order parameters in hydrocarbon chains. 
Chem Phys 65: 259- 270 

Gunsteren WF van, Karplus M (1982) Effect of constraints on 
the dynamics of macromolecules. Macromolecules 15: 
1528-1544 

IUPAC-IUB Commission on Biochemical Nomenclature 
(1970) Abbreviations and symbols for the description of 
the conformation of polypeptide chains. Tentative rules 
(t 969). Biochemistry 9:3471 - 3479 

Jost PC, Griffith OH, Capaldi RA, Vanderkooi G (1973) 
Evidence for boundary lipid in membranes. Proc Natl 
Acad Sci USA 70: 480- 484 

J~ihnig F (1981a) Critical effects from lipid-protein interac- 
tion in membranes, I. Theoretical description. Biophys J 
36: 329- 345 

J~ihnig F (1981b) Critical effects from lipid-protein interac- 
tion in membranes, II. Interpretation of experimental 
results. Biophys J 36: 347- 357 

J~ihnig F, Vogel H, Best L (1982) Unifying description of the 
effect of membrane proteins on lipid order. Verification 
for the melittin/dimyristoylphosphatidylcholine system. 
Biochemistry 21:6790-6798 

Karplus M, McCammon JA (1981) The internal dynamics of 
globular proteins. CRC Crit Rev Biochem 9:293-349 

Karplus M, McCammon JA (1983) Dynamics of proteins: 
Elements and function. Annu Rev Biochem 53:263-300 

Lindblom G, Wennerstr6m H (1977) Amphiphile diffusion 
in model membrane systems studied by pulsed NMR. 
Biophys Chem 6:167-171 

Mar~elja S (1976) Lipid-mediated protein interaction in mem- 
branes. Biochim Biophys Acta 455:1-7 

Mouritsen OG, Bloom M (1984) Mattress model of lipid- 
protein interactions in membranes. Biophys J 46:141 - 153 

Oldfield E, Gilmore R, Glaser M, Gutowsky HS, Hshung JC, 
Kang SY, King Tsoo E, Meadows M, Rice D (1978) 
Deuterium nuclear magnetic resonance investigation of the 
effects of proteins and polypeptides on hydrocarbon chain 
order on model membrane systems. Proc Natl Acad Sci 
USA 75:4657-4660 

Owicki JC, McConnell HM (1979) Theory of protein-lipid and 
protein-protein interactions in bilayer membranes. Proc 
Natl Acad Sci USA 76:4750-4754 

Owicki JC, Springgate MW, McConnell HM (1978) Theoret- 
Ical study of protein-lipid interactions in bilayer mem- 
branes. Proc. Natl. Acad Sci USA 75: 1616-1619 

Pauls KP, Mac Kay AL, S6derman O, Bloom M, Tanjea AK, 
Hodges RS (1985) Dynamic properties of the backbone of 
an integral membrane protein measured by 2H-NMR. Eur 
Biophys J 12:1 - 11 

Pink DA, Chapman D (1979) Protein-lipid interactions in 
bilayer membranes: A lattice model. Proc Natl Acad Sci 
USA 76: 1542-1546 

Ploeg P van der (1982) Molecular-dynamics of membranes; a 
computer simulation of a model membrane. Ph.D. Thesis, 
University of Groningen 

Ploeg P van der, Berendsen HJC (1982) Molecular dynamics 
simulation of a bilayer membrane. J Chem Phys 76: 3271- 
3276 

Ploeg P van der, Berendsen HJC (1983) Molecular dynamics 
of membranes. Mol Phys 49:233 - 248 

Post JFM, Ruiter EEJ de, Berendsen HJC (1981) A flourine 
NMR study of model membranes containing 19F-labeled 
phospholipids and an intrinsic membrane protein. FEBS 
Lett 132:257-260 

Rice DM, Meadows MD, Scheinman AO, Gofii FM, G6mes- 
Fernfindez JC, Moscarello MA, Chapman D, Oldfield E 
(1979) Protein-lipid interactions. A nuclear magnetic reso- 
nance study of sacroplasmic reticulum Ca 2+, Mg2+-ATPase, 
lipophilin, and proteolipid apoprotein-lecithin systems and 
a comparison with the effects of cholesterol. J Am Chem 
Soc 18:5893-5903 

Ryckaert J-P, Bellemans A (1975) Molecular dynamics of 
hquid n-butane near its boiling point. Chem Phys Lett 
30: 123-125 

Scott HL, Cherng S (1978) Monte Carlo studies of phospho- 
lipid lamellae; Effects of proteins, cholesterol, bilayer 
curvature, and lateral mobility on order parameters. Bio- 
chim Biophys Acta 510:209-215 

Scott HL, Coe TJ (1983) A theoretical study of lipid-protein 
interactions in bilayers. Biophys J 42:219- 224 

Seelig A, Seelig J (1974) The dynamic structure of fatty acyl 
chains in a phospholipid bilayer by deuterium magnetic 
resonance. Biochemistry 13:4839-4845 

Seelig J, Seelig A (1980) Lipid conformation in model mem- 
branes and biological membranes. Q Rev Biophys 13: 
19-61 

Staer A, Sackmann E (1973) Spin labels as enzyme substrates; 
heterogeneous lipid distribution in liver microsomal mem- 
branes. Biochim Biophys Acta 311:400-408 

Taraschi T, Mendelsohn R (1980) Lipid-protein interaction in 
the glycophorin-dipalmitoylphosphatidylcholine system: 
Raman spectroscopic investigation. Proc Natl Acad Sci 
USA 77:2362- 2366 

Zoelen EJJ van, Dijck PWM van, Kruijff B de, Verkleij AJ, 
Deenen LLM van (1978) Effect of glycophorin incorpora- 
tion on the physico-chemical properties of phospholipid 
bilayers. Baochim Biophys Acta 514: 9 -  24 


