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We have performed a molecular dynamics simulation of a 46residue segment of glycophorin which includes the hydrophobic 
membrane-spanning region of this protein. The presence of a membrane and of water is taken into account in a contmuum 
approximation which makes use of phenomenologicrd hydrophobic energies. The initial a-helical conformation and the membrane 
incorporation of the hydrophobic segment remain stable for the length of the simulation which is 100 ps. Moreover, when the 
hydrophobic segment is partially shifted out of the membrane, it moves back into the membrane. Superimposed on these 
deterministic effects one also observes thermal fluctuations in the form of bending and tilting of the membrane-spanning helix. 

1. Introduction 

There is an ever-growing need to calculate the 

three-dimensional structure of proteins from their 
amino acid sequence. For soluble proteins, the 
number of possible structures which have to be 
compared iu order to determine the one of lowest 
energy is too large for the problem to be solved on 
present-day computers. For membrane proteins, 
the situation may be more favorable, the point 
being that the lipid bilayer imposes severe restric- 
tions on the folding of the protein. Firstly, protein 
segments spanning the bilayer in contact with the 
lipids must be hydrophobic or at least amphi- 
pathic, i.e., have at least one hydrophobic side. 
Secondly, these segments must be in an a-helix or 
/&strand conformation for the hydrogen bonds to 
be saturated. A membrane-spanning a-helix com- 
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prises about 20 residues, a B-strand about 10. 
Hence, all one has to do to predict the topology of 
a membrane protein is to search its sequence for 
stretches of 10 or 20 hydrophobic residues or, 
more generally, of periodic amphipathy [1,2]. What 
remains unknown with this approach is the lateral 
arrangement of the a-helices or b-strands in the 
plane of the membrane. This reduced problem 
might be solved by means of molecular dynamics 
(MD) simulations on fast computers. 

MD simulations have been performed on solu- 
ble proteins with the X-ray structure or NMR 
results as input data [3,4]. Most of the simulations 
were carried out in vacuum, but sometimes water 
molecules were added [5]. In the case of mem- 
brane proteins, it is evident that lipid molecules 
must also be included. Lipid molecules alone for- 
ming a bilayer have already been simulated [6] 
and also a simulation of an cr-helix in a bilayer of 
100 lipid molecules is available [7]. In principle, 
water molecules might be added and the protein/ 
lipid/water system be treated on a molecular 
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level. This would be time-consuming, but could be 
done. The result, however, would not be very 
reliable. The reason is that the hydrophobic effect, 
which to a large extent determines the folding of a 
membrane protein, results from the small dif- 
ference between the strong interactions of the 
atoms of a protein with water and lipid. These 
interactions are partially of entropic origin, arising 
from the reduction of the mobility of water and 
lipid molecules at the surface of proteins, and 
partially of energetic origin, resulting from electro- 
static, van der Waals and hydrogen bond interac- 
tions [8,9]. To calculate this difference correctly 
would require a better water model than is pre- 
sently available. Simulations of pure water gave 
too low a dielectric constant [lo], and simulations 
of water with krypton atoms dissolved showed no 
tendency of them to aggregate which contradicts 
the conventional picture of the hydrophobic effect 
[ll]. Also, a fatty acid micelle in water did not 
adopt a reasonable shape until the charge of the 
fatty acid molecules was reduced by a factor of 2 
[12]. Thus, the hydrophobic effect of a membrane 
protein, at present, cannot be described satisfacto- 
rily by including lipid and water on a molecular 
level. 

Under these circumstances, we attempted to 
develop a continuum approximation for the hy- 
drophobic effect which is based on phenomeno- 
logical energies. Our approach is still a vacuum 
simulation but with an external potential to 
account for the lipid/water interface. The aim of 
the present paper is to describe this approach and 
to demonstrate its efficiency in simulating the 
membrane insertion of an e-helix by molecular 
dynamics. The polypeptide we chose for this study 
is segment 60-105 of glycophorin. This segment 
contains a region of about 20 hydrophobic residues 
flanked by two more hydrophilic regions of about 
10 residues each [13] *. The membrane incorpora- 
tion of the hydrophobic segment has been demon- 
strated by photoreactive labeling [15]. It is sup- 
posed to form a membrane-spanning a-helix as 

* In a later paper [14] the amino acid sequence of glycophorin 
was corrected slightly. In segment 60-105 the necessary 
replacements are: Ile 71+ Pro and Gly 77 + Ile. 
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Fig. 1. Schematic model for segment 60-105 of glycophorin 
folded into an a-helix. The residues have been renumbered 
I-46. Circles and diamonds indicate positively and negatively 
charged residues, respectively. Asterisks denote residues pre- 
dicted to be at the beginning of a &urn (according to a 
ChowFasman [37] analysis). The position of the helix in the 
Z-direction was chosen such that the most hydrophobic sag- 
ment (according to a Kyte-Doolittle [l] analysis) spans the 

hydrophobic membrane core of thickness 28 A. 

shown in fig. 1. No prediction can be made on the 
conformation of the two hydrophilic segments. 

Simulating this segment of glycophorin, we also 
learned what kind of structural fluctuations a 
membrane-spanning helix can undergo within a 
time range of 100 ps [16,17]. For a polypeptide of 
about 50 residues this is the time accessible on a 
fast computer within a couple of hours of CPU 
time. 
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2. Methods 

For the MD simulations we used the GROMOS 
program kindly provided by W. van Gunsteren 
and H. Berendsen (University of Groningen, The 
Netherlands). The integration of the classical 
equations of motion was done with a time step of 
2 fs using the SHAKE algorithm to constrain the 
bond lengths [18]. The temperature was kept at 
330 K by coupling the kinetic energy of the system 
to a heat bath with a relaxation time of 10 fs [19]. 
This results in fluctuations of the kinetic energy of 
the order of f30 kJ/mol corresponding to tem- 
perature fluctuations of the order of f8 K. In the 
case of aliphatic carbon atoms the hydrogens are 
subsummed under the carbon atoms. The poten- 
tial energy was described as a sum of the following 
interaction terms 

+ vLJ ’ Vhphobic. 0) 

For the first five terms expressions and parame- 
ters were taken from the work of Van Gunsteren 
and Karplus [20]. For the nonbonded interactions 
(Coulomb and Lennard-Jones) a sharp cut-off at 
13 A was used and a neighbor list specifying the 
interacting atoms was updated every 10 steps. The 
fractional charges were chosen to give electroneu- 
tral residues, including Lys, Arg, Glu and Asp. 
Care was taken to avoid splitting of electroneutral 
groups by the cut-off. Then the long-range electro- 
static interactions decay as dipole-dipole interac- 
tions. For the hydrogen bonds the cut-off was 
chosen to be 5 A and the neighbor list was up- 
dated every 20 steps. Since the polypeptide atoms 
may form hydrogen bonds with water molecules, 
the hydrogen bond potential was switched off 
outside the membrane. 

To describe the hydrophobic effect we attrib- 
uted an energy h, to each atom which is defined as 
the difference of its free energies in lipid and in 
water. The values we used are listed in table 1. 
They were determined to obtain a fair agreement 
with the experimental hydrophobicities of amino 
acids obtained by Fauch&re and Pliska [21], as 
demonstrated in table 2 (221. Compared to the 
different hydrophobicity scales which have been 

Table 1 

Hydrophobic energies of atoms 

Atom h (kJ/mol) 

H 
S 
C 
C 
CHl 
CH2 
CH3 
N 
N 
N 
N 
N 
0 
0 
0 

hydrogen 
sulfur 
C, in peptide 
aromatic 
aiiphatic CH 
aliphatic CH, 
aliphatic CH, 
in peptide bond 
terminal in Asn and Gin 
terminal in Lys 
terminal in Arg (NH and NH,) 
aromatic in His and Trp 
earbonyl oxygen (C = 0) 
hydroxyl oxygen 
carboxyl oxygen 

0 
0.84 
0.43 

- 1.26 
- 0.67 
-1.67 
- 2.80 

0.84 
0.84 

12.34 
3.3s 
2.93 
1.67 
1.67 
3.14 

proposed, our values are relatively low. The order- 
ing of water molecules around an atom or mole- 
cule is generally considered as the main source of 
the hydrophobic effect [8]. Furthermore, the 
ordering of water molecules in front of a mem- 

Table 2 

Hydrophobic energies of amino acid side chains derived from 
table 1 and experimental values of Fauchere and Pliska [ZO] 
(values in their table III multiplied by 2.3kT) 

Residue h (kl/mol) 

GUY -1.00 
Ala -2.80 
Val - 6.21 
Leu - 7.94 
Ile - 7.94 
Pro -5.01 

CYS -0.83 
Met -5.30 
Tbr -1.80 
Ser 0 
Phe -9.23 

Trp - 8.82 
Sr -7.56 
Asn 2.31 
Gin 0.64 

Asp 5.03 
Glu 3.36 
His 0.41 
LYS 5.66 

Arg 5.47 
Backbone 2.27 

0 
- 1.76 
- 6.95 
- 9.71 

- 10.29 
-4.10 
- 5.61 
- 7.03 
-1.46 

0.21 
- 10.21 
- 12.84 

-5.48 
3.43 
1.26 
4.39 
3.64 
0.75 
5.65 
5.73 
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brane seems to vary exponentially as indicated by 
measurements of the short-range repulsion be- 
tween membranes [23,24]. Therefore, we assumed 
the hydrophobic potential to vary exponentially 
across the membrane surfaces 

V hphobic = 
N 

+zhj[2 - ,(lzikzO)/A] 

i=l 

for]Z,] <Z,. : 

N 

f Chic 
-(I z, I - W/~ for]Z,] aZ, 

i=l 

(2) 
The membrane surfaces are at & Z, and according 
to this definition specify the hydrophobic core of 
the membrane. Its thickness is about 30 A corre- 
sponding to Z, = 15 A. For the decay length A we 
chose 2 A [23]. 

The MD simulations were performed on a 
CRAY-1 supercomputer. One time step took ap- 
prox. 0.3 s so that a 100 ps run required about 4 h 
CPU time. 

The stereo pictures were produced on an Evans 
and Sutherland system using the graphics program 
MIDAS 1251. 

3. Results and discussion 

Using standard potentials for the interactions 
within a protein and the continuum approxima- 
tion (eq. 1) for the hydrophobic effect, we per- 
formed MD simulations of the 46-residue poly- 
peptide depicted in fig. 1. In a first run we started 
from a regular a-helix inserted into the membrane 
with the hydrophobic segment spanning the mem- 
brane along the normal. As seen from the stereo 
pictures of fig. 2 the helical conformation and the 
membrane insertion are roughly stable over 100 
ps. It is also obvious, however, that the poly- 
peptide undergoes some conformational and 
orientational changes during that time. In the 
following, we will first elaborate further on the 
stability of the membrane insertion and then re- 
turn to the structural changes. 

If the membrane incorporation of the hydro- 
phobic segment corresponds to an equilibrium 

state, i.e., a global energy minimum and not a 
local one, then it should also be reached from 
different initial states. To verify this we performed 
two simulations with the regular helix initially 
shifted up or down by 7 A relative to the mem- 
brane. As shown in fig. 3, during the MD run the 
helix moves back and after 60 ps the hydrophobic 
segment is incorporated into the membrane as in 
the unshifted case. Fig. 4 shows the movement of 
the center of mass of the polypeptide into the 
membrane together with the accompanying de- 
crease of the hydrophobic energy which is of the 
order of 20 kJ/mol. This correlation implies that 
the insertion of the hydrophobic segment into the 
membrane is a deterministic effect. 

When the shifted helix has moved back into its 
equilibrium position, the N-terminal helix lies flat 
on the membrane as already observed in the simu- 
lation of the unshifted helix (fig. 2). This behavior 
of the N-terminal helix may be interpreted as a 
consequence of its amphipathic character. One 
side of the N-terminal helix made of Leu 5, Ala 6, 
Phe 9 and Ile 12 is rather hydrophobic and, there- 
fore, prefers to be in contact with the membrane. 
Although the absorption of the N-terminal amphi- 
pathic helix to the membrane surface was found in 
all our simulations and therefore may represent a 
deterministic effect, we cannot exclude the possi- 
bility that it is a thermal fluctuation. 

The conformations which the polypeptide 
adopts upon moving back into the membrane 
from above or below differ somewhat. In the first 
case (fig. 3A), the regular helix becomes banana- 
shaped, in the second (fig. 3B), the helix is still 
regular up to the upper membrane surface where a 
distinct kink occurs so that the N-terminal seg- 
ment lies flat on the membrane surface. Interest- 
ingly, the second case corresponds to the biosyn- 
thetic insertion of glycophorin into the red cell 
membrane. Obviously, in this case it is easy for 
the membrane-spanning segment to remain a regu- 
lar a-helix. Whether such a helix would also re- 
form after a longer time in the other case is an 
open question at this stage. 

The same problem was encountered in another 
simulation when we started from an extended 
conformation of the polypeptide, 16 nm long, but 
still inserted into the membrane with the center of 
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the hydrophobic segment in the middle of the 
membrane. Within the simulation time of 60 ps all 
residues of the hydrophobic segment became in- 
corporated into the membrane as in the case of 
the helix above. However, the helical conforma- 
tion was not established within this time even 
when the helix was nucleated with two turns. 
Hence, our description of the hydrophobic effect 
leads to a stable insertion of hydrophobic residues 

A 

B 

into the membrane in the sense of a true equi- 
librium state. To form an o-helix takes more time. 

In the simulations discussed up to now we used 
a dielectric constant of unity inside and outside 
the membrane. To get an idea about the effect of a 
higher dielectric constant outside the membrane 
we performed a simulation using e = 1 inside and 
c = 20 outside the membrane and introducing mir- 
ror charges to treat the interface correctly. The 

Fig. 2. Stereo pictures of the polypcptide structure at time 0 (A) and after 20 ps (B), 40 ps (C), 60 ps (D), 80 ps (E), and 100 ps (F, 
here the coordinates have been rotated by 90° relative to the other cases). The straight lines indicate the boundaries of the 

hydrophobic membrane core of thickness 28 A. 
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results after 17 ps is shown in fig. 5. The initial 
helix has unfolded and a more globular structure 
is found which is located completely in the mem- 
brane. 

This insertion of the entire polypeptide into the 
membrane is a consequence of the electrostatic 
interactions. In any system containing a mixture 
of positive and negative charges with enough free- 
dom to move, the electrostatic energy will be 
negative, i.e., attractive interactions dominate. If 
some of the interacting charges are moved from 
outside to inside the membrane, the electrostatic 
interactions become stronger and the electrostatic 

C 

energy becomes more negative. Hence, the entire 
polypeptide moves into the membrane. The reason 
for this erroneous result lies in the excessively 
strong shielding of charges of the polypeptide 
outside the membrane. This shielding would re- 
quire water molecules to be present between the 
charges which usually is not the case, the space 
between two charges normally being filled with 
other atoms of the polypeptide. Thus, even outside 
the membrane it is the dielectric constant of the 
protein which matters and not that of the sur- 
rounding water. We chose E = 1 as the value for 
this dielectric constant, since the fractional charges 

D 

Fig. 2 (CD). 
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used had been adjusted to that value. This is a 
simplified treatment but is completely analogous 
to the case of soluble proteins. There, several 
proposals were made to improve the treatment of 
electrostatic interactions but a final solution of the 
problem has not yet been obtained [20,26,27]. 
Hence, it is not worth trying other values of t 
outside the membrane and the above simulation 
with c = 20 was performed not in an attempt to 
improve the description but to demonstrate an 
unrealistic case. 

Returning to the structural changes which the 
helix undergoes within 100 ps, it should first be 
noted that none of these changes appeared in an 
energy minimization of 500 steps. After 20 ps of 
an MD run, however, the helix has become bent in 

the middle. More exactly, two bends have devel- 
oped, one around Met 22 and another around Leu 
31, so that both terminal segments are tilted by 
about 20” with respect to the membrane normal. 
After 40 ps, the upper bend has moved towards 
the upper membrane boundary and is now around 
Phe 19, while the lower bend has disappeared. 
From Phe 19 to the C-terminus the pojypeptide 
chain forms a rather regular helix. The N-terminal 
peripheral segment has partially unfolded and 
adopted a more globular structure while approach- 
ing the membrane boundary. After 60 ps, this 
segment is lying on the membrane surface and 
after 80 ps has partially entered the membrane. 
Concomitantly, the membrane-spanning helix has 
become more tilted, the tilt angle reaching 35O. 
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Fig. 3. Stereo pictures of the polypeptide structure in a membrane of core thickness 28 A after 60 ps when initially the regular helix 
was shifted up (A) or down (B) by 7 A relative to the membrane. 

Since the C-terminal peripheral segment does not 
undergo a change in conformation or orientation, 
a bend appears near the lower membrane 
boundary, around Leu 31. After 100 ps, this bend 
has disappeared and the C-terminal segment lies 
parallel to the membrane-spanning helix. Thus, 
after 100 ps the polypeptide chain again forms a 
rather regular a-helix as at the beginning, but the 
helix is now tilted by about 30“. 

The temporal behavior of the tilt of the mem- 
brane-spanning helix is shown in fig. 6 where we 
have plotted the distance between Glu 13 and Ile 

32 - those residues which mark the ends of the 
hydrophobic segment - and the projection of this 
distance onto the membrane normal. Up to 40 ps, 
both lengths essentially agree which means no tilt, 
but after 60 ps the projected length decreases, 
indicating increased tilt. At 80 ps, the projected 
length passes through a minimum and the corre- 
sponding tilt angle becomes 35”. At 100 ps, the 
tilt angle has again decreased to about 30 O. 

On the basis of these data it is not possible to 
decide whether the tilt is a deterministic effect or 
just a thermal fluctuation. Therefore, we con- 
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Fig. 4. Temporal variation of the center of mass (A) and of the 
hydrophobic energy (B) of the polypeptide in a membrane of 
core thickness 28 8, when initially the regular helix was un- 
shifted (- ),shiftedup(------),orshifteddown(...,.,) 

by 7 A relative to the membrane. 

tinued the MD run to 200 ps. After 100 ps, the tilt 
again starts to decrease and levels off at about 
45”. This result indicates that the tilt is a de- 

2211 20 LO 60 
TIME (psecl 

Fig. 6. Temporal variation of the distance between the C, 
atoms of Glu 13 and Ile 32 (- - - - - -) and of the projection of 
this distance onto the membrane normal ( -). Membrane 

core thickness 28 A. 

terministic effect. It should be noted, however, 
that in the presence of lipid molecules the tilt 
would probably be smaller. A tilt angle of about 
20” was observed in a simulation of the mem- 
brane-spanning segment of the same helix with 
explicit treatment of lipid molecules [7]. 

Upon closer inspection, the two curves of fig. 6 
reveal an oscillation of the length of the mem- 
brane-spanning helix with a period of 4-5 ps and 
an amplitude of the order of f0.5 A. A more 
careful analysis of this oscillation could be given 
in terms of the autocorrelation function of the 
helix length gr(t) = (Al(t) with Al(t) = 
Z(t) - (I). Unfortunately, the statistical accuracy 
of our calculation is not sufficient to deduce the 
period of the oscillation from the time behavior of 

Fig. 5. Stereo picture of the polypeptide structure after 17 ps in a membrane of core thickness 28 A with c =l inside and c = 20 
outside the membrane core. 
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g,(t), since the value of g,(t) has dropped down 
to the noise level already after 2 ps. What can he 
determined with some reliability is the mean- 
square deviation g!(O) = ((Al)*) yielding the 
standard deviation u,= g,(O)‘/‘. For the mem- 
brane-spanning helix we obtained u, = 0.47 A. A 
similar result has been obtained by Levy et al. [28] 
in MD simulations of a decaglycine helix. 

This oscillation reflects an accordion-like vibra- 
tion of the membrane-spanning helix. Peticolas 
[29] investigated such vibrations by modeling the 
helix as a series of masses and springs. His result 
for the frequency of the oscillation is 

v=2v, sin 
3.68 ( 1 - 2n 

with n denoting the number of residues in the 
helix and v0 = 1.05 x 1Or2 s-l for an average mass 
of 110 Da per residue. He also calculated the 
standard deviation (I[ and obtained to a very good 
approximation a linear increase of a,* with n. 
Insertion of our MD value o, = 0.47 A for the 
membrane-spanning helix into his result leads to 
n = 22 in agreement with the actual length of this 
helix, Using this length of n = 22 to derive the 
frequency v or period T= l/v from eq. 3, one 
obtains T = 1.9 ps, while with the total length of 
n = 46 one obtains T= 3.9 ps. The latter value is 
in agreement with our experimental result which 
indicates that the entire helix participates in the 
accordion-like oscillation, and not only the mem- 
brane-spanning segment. 

Fig. 7 shows plots of the backbone angles + 
and 4 of residue Met 22 as functions of time. For 
other residues, except the last five at both termini, 
the angles behave similarly. Over the entire 100 ps 
of the run they undergo fluctuations of *20” 
about the values for a right-handed a-helix which 
are $ = - 58“ and J, = - 48”. Hence, the bending 
of the helix seen in fig. 2 is not easily detected in 
the backbone angles. This is because the bending 
is distributed over several neighboring angles and 
the change in each individual angle is small com- 
pared to its thermal fluctuation. Fig. 7 further- 
more reveals that the fluctuations of $ and J, are 
usually anticorrelated. Therefore, they are not 
accompanied by large conformational changes. 
Nevertheless, bending seems not to be completely 

-120 I” 

.i::: 
0 20 40 60 80 100 

T I M E (psec) 
Fig. 7. Temporal variation of the torsion angles 9 and I) of 

Met 22. Membrane core thickness 28 A. 

random. There are only three regions where a 
large degree of bending occurs: near Glu 11, Met 
22 and Ile 32. The first and last regions are just at 
the ends of the hydrophobic segment and thus are 
located at the membrane surface. Met 22 lies in 
the middle of the hydrophobic segment. Here, 
bending always occurs towards that side of the 
helix which is marked by the nonbulky residues 
Gly 20, Ala 23 and Gly 24, so that steric reasons 
are responsible for the bend. In the other two 
cases, the reason for the bend is not as obvious. 
Interestingly, however, the Chou-Fasman rules 
predict P-turns for all three regions of bend (fig. 
1). Hence, these regions seem to be favored for 
bending in a deterministic manner. 

In trying to understand why the helix tilts, the 
first idea which comes to mind is that the mem- 
brane is too thin. In the simulation of fig. 2 the 
membrane is 28 A thick; if this is not sufficient to 
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Fig. 8. Stereo picture of the polypeptide structure after 25 ps in a membrane of core thickness 30 A. 

accommodate the hydrophobic segment of the 
helix in an orientation parallel to the membrane 
normal, the helix will tilt. Therefore, we increased 
the membrane thickness to 30 A and performed 
another MD run. In the initial configuration, ap- 
proximately one more residue on each side of the 
hydrophobic segment is now located inside the 
membrane. After 15 ps, the structure of the poly- 
peptide is similar to that after 20 ps in the mem- 
brane of 28 A thickness: the helix has a bend in 
the middle of the membrane. After 25 ps, as 
shown in fig. 8, the membrane-spanning segment 
is a tilted a-helix with bends at both ends. Hence, 
this simulation does not provide any evidence for 
a correlation between tilt and membrane thick- 
ness. 

The tilt might instead be caused by the ob- 
served tendency of the N-terminal segment to lie 
flat on the membrane. If the helix were absolutely 
stiff, tilting of the N-terminal segment would re- 
quire tilting of the entire helix. However, as dis- 
cussed above, at both ends of the membranespan- 
ning segment one finds a pronounced tendency for 
a bend or turn. Hence, the orientation of the outer 
segments does not seem to be strongly coupled 
with the orientation of the membrane-spanning 
segment and the N-terminal segment may well lie 
on the membrane while the membrane-spanning 
helix undergoes orientational fluctuations. 

In fig. 9 we have plotted the total potential 
energy as a function of time. One cannot observe 

any systematic change of the energy during a 
period of 100 ps. Instead, the energy undergoes 
fast fluctuations of the order of f50 kJ/mol. 
These fluctuations may seem to be large but are in 
fact necessary for obtaining a reasonable value for 
the specific heat of the polypeptide as will be 
shown. Hence, the structural changes occurring 
during 100 ps, bending and tilting of the helix, 
represent thermal fluctuations around an equi- 
librium structure and not a deterministic change 
towards an energy minimum. 

Formulas relating the energy to the specific 
heat are available for a canonical and a micro- 
canonical ensemble [30]. Due to the coupling of 
the kinetic energy to a heat bath, our system is 

0 I 
0 ’ 20 40 60 80 100 

TIME ips~cl 

Fig. 9. Temporal variation of the total potential energy of the 
polypeptide in a membranes of core thickness 28 A. 
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Contributions of the individual potential energies together with their standard deviations in three different MD simulations 

The standard deviations were calculated from the standard deviations of the averages over 5 ps, thus eliminating the short-time 
fluctuations. Values expressed in kJ/mol. 

Simulation 

28 A, nonshifted, 100 ps 

30 A, nonshifted, 25 ps 

28 A, shifted 7 A, 60 ps 

V M& &ihedral VHbond kO”l VLJ V hphobic V lot 

1283i12 371*9 -130&12 -537* 9 -72*19 -50*2 867 f 22 
1286&14 369k9 - 142& 19 -522&22 -39*32 -53&2 898 f 24 
1267f23 312+1 -112kl6 -502&225 -28f33 -45f7 9511t38 

closer to a canonical than a microcanonical en- is stable, independently of conformational fluctua- 
semble. In this case the relevant formula is tions. 

g, = kT2C, (4) 

with g, = ((AE)‘) denoting the fluctuations of 
the total energy and CV the specific heat. In our 
simulation we obtained * a, = gy’ = 66 kJ/mol, 
which using eq. 4 yields CV= 4.8 kJ/mol per 
degree or with a molecular weight of 5000 for our 
poly-peptide CV = 0.96 J/g per degree. This value 
agrees fairly well with experimental data for the 
specific heat of soluble proteins which lie within 
the range 1.2-1.5 J/g per degree [31]. 

4. Conclusions 

The individual potential energies behave in a 
similar way to the total potential energy. This is 
indicated in table 3, which lists the mean values of 
the individual energies averaged over the final 5 ps 
of different simulations together with their stan- 
dard deviations. The standard deviations here are 
smaller than those given above for the total en- 
ergy, since they were calculated from the standard 
deviations of the averages over 5 ps, thereby 
eliminating the short-time fluctuations. The hy- 
drophobic energy shows exceptionally small 
fluctuations of the order of thermal energy_ This 
indicates that translation perpendicular to the 
membrane is not strongly coupled to the internal 
degrees of freedom of the polypeptide, i.e., the 
membrane insertion of a hydrophobic polypeptide 

Our MD simulations demonstrate that the 
membrane insertion of a hydrophobic segment of 
amino acids can be well described by a continuum 
approximation for the water and lipid phase using 
phenomenological energies for the hydrophobic 
effect of the polypeptide atoms. At the same time, 
a dielectric constant of unity for the electrostatic 
interactions within the polypeptide should be used. 
As stated in section 1, by making use of phenome- 
nological hydrophobic energies one avoids the 
calculation of the small difference between the 
large interactions of the atoms of a polypeptide 
with water and lipid. The choice of E = 1 parallels 
the case of soluble proteins and accounts for the 
fact that most of the electrostatic interactions 
between atoms of the polypeptide are not shielded 
by atoms of water. 

Since our approach is basically a simulation in 
a vacuum, although the lipid/water interface is 
taken into account, it does possess some shortcom- 
ings. First, interactions within the polypeptide are 
overestimated due to the lack of surrounding lipid 
and water molecules. This might lead to a smoother 
surface of the polypeptide than in reality. Second, 
bending and tilting of membrane-spanning helices 
may turn out to be too large. Third, much of the 
dynamics of the polypeptide may be too fast, e.g., 
wobbling fluctuations of membrane-spanning 
helices or rotational diffusion about their long 
axes. 

* The numbers for qE are given in units of energy per mol 
protein. This would correspond to the case where all protein 
molecules fluctuate in synchrony which is unrealistic. Actu- 
ally, oE is proportional to N’/’ and the relative fluctuations 
u~E/E decrease proportionally to N-l/‘, becoming vanish- 
ingly small for a macroscopic system. 
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The hydrophobic energy of a membrane-span- 
ning segment is small relative to the internal en- 
ergy of the segment, but is comparable to the 
thermal fluctuations of the internal energy. This 
might have the consequence that the hydrophobic 
effect would be hidden by the internal fluctuations 
of the segment. However, this is not the case, the 
internal degrees of freedom not being strongly 
coupled with the center of mass motion into and 
out of the membrane. Therefore, the relatively 
small hydrophobic energy is sufficient to guaran- 
tee stable membrane insertion of a hydrophobic 
segment which itself undergoes strong internal 
fluctuations. This also justifies the use of a rather 
simple description for the hydrophobic effect in 
connection with a detailed MD simulation of the 
polypeptide conformation. 

The internal fluctuations of a membrane-span- 
ning segment involve large fluctuations in energy, 
but not large conformational changes. The confor- 
mation of a membrane-spanning segment is 1y- 
helical due to the requirement of forming hydro- 
gen bonds intramolecularly and as such does not 
change. The helix may, however, undergo fluctua- 
tions in bending and in length. In addition, a 
membrane-spanning segment may also exhibit 
orientational fluctuations about the membrane 
normal. Thus, the orientational fluctuations of an 
individual residue on a membrane-spanning helix 
are a superposition of the wobbling motion of the 
helix and bending fluctuations which may vary 
along the helix. This is analogous to the orienta- 
tional fluctuations of lipid molecules which are 
also a superposition of a wobbling motion and 
conformational fluctuations [6,32]. Orientational 
fluctuations of amino acid side chains in a mem- 
brane-spanning helix appear to have been ob- 
served recently by fluorescence anisotropy decay 
measurements [33,34]. 

Unfortunately, from our MD simulations we 
cannot say much about the temporal behavior of 
these fluctuations. Evidently, they are not of the 
oscillatory type as are the fluctuations in helix 
length. The period of oscillating fluctuations can 
be calculated quite reliably by MD simulations, 
but the characteristic time of relaxing fluctuations 
is difficult to determine because (i) the time range 
of 100 ps is too small, (ii) damping is described in 

a very crude approximation by coupling the kinetic 
energy to a heat bath, and (iii) lipid molecules are 
not treated explicitly. The fluorescence anisotropy 
decay measurements mentioned above yielded re- 
laxation times in the range of lo-100 ns for the 
orientational fluctuations of a membrane-span- 
ning helix [33,34]. 

The coexistence of fast and slow fluctuations - 
fluctuations of the helix length and fluctuations of 
bending and tilting - is consonant with a general 
scheme for the dynamics of proteins which has 
been proposed recently [35]. Here, the fluctuations 
obey a hierarchical order. A fast fluctuation which 
occurs in a valley of the energy gives rise, from 
time to time, to a transition across an energy 
barrier and thus induces a slower fluctuation. Such 
a slow fluctuation may be functionally important. 
For example, the bending and tilting fluctuations 
of a membrane-spanning helix in a transport pro- 
tein may well play a role in transport [36]. Thus, if 
one were to succeed in calculating the equilibrium 
structure of a transport protein by MD simula- 
tions, the fluctuations obtained at the same time 
would provide insight into the mechanism of 
transport. 
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