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mean-field theory
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Abstract

We present a mean-field theory relating the helix tilt angle in a bilayer to lipid disorder. The theory provides a
method to compare the rotational barriers for different helices in lipid bilayers. The results suggest that the helix tilt
angle is strongly affected by both the hydrophobicity of the helix and the average lipid disorder. This leads us to point
out future experiments that could shed light on lipid]protein interactions. Q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Transmembrane helical proteins and their
phospholipid bilayer have been subjected to ex-

w x w xtensive theoretical 1]4 , computational 5]10
w xand experimental 11]23 investigations. Exper-

iments have shown that many properties are in-
fluenced by the lipid]protein interactions, includ-

w xing the helix tilt angle 11,12 , the activity of
w xlactose permease 11 , the folding rate of bacteri-

w x w xorhodopsin 14 , lipid disorder 15]17 and dy-
w x w xnamics 18 , as well as the bilayer thickness 19 .
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However, theoretical efforts have focused on ei-
w xther the phospholipid bilayer 1 or the general

w xphase behavior of the lipid]protein system 2,3 ,
and less emphasis has been placed on the protein
w x4 . Therefore, in this report, we present a mean-
field theory on helices in a bilayer, paying special
attention to the angle between the helical axis
and the bilayer normal.

2. Theory

We defined our system in Fig. 1. A helix is
represented as a cylinder. u represents the tilt
angle between the helical axis and the bilayer
normal. The system is cylindrically symmetric, so
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Fig. 1. Definitions of bilayer normal, helical axis, u and f. The
cylinder represents the helix, and the lipid bilayer spreads
along the x]y plane.

the longitudinal angle, f, is unimportant. There-
fore, the thermal average of the helix tilt angle is:

p
Ž .-u)s uexp yH sinuduHž /0

p
Ž . Ž .r exp yH sinudu 1Hž /0

where H is the Hamiltonian of the system, scaled
by kT , with k being the Boltzmann constant and
T being the absolute temperature. In analogy

w xwith a polymer in an orientation field 24 , we
proposed the following form for the Hamiltonian:

Ž .Hsyg-S )cosu 2lipid

where g is a positive constant whose magnitude
depends on the protein. It can be determined by
fitting to experimental results, and is related qual-
itatively to how much energy is needed to rotate
the helix in a bilayer. -S ) is the averagelipid

w xdisorder parameter of the lipid bilayer 25 that
w x w xcan be evaluated from NMR 25 or IR 11

spectroscopy, independently of g.
Ž .The motivation for Eq. 2 was as follows: the

cosine function ensured that us0 was lower in
energy than usp, so that it modeled the ener-

w xgetic cost from the disturbing of lipid packing 6

and discouraged the helix from ‘flipping’ across
the membrane. -S ) was included becauselipid
disturbing an ordered bilayer is likely to require
more energy than disturbing a disordered one. As
a first approximation, we used -S ) insteadlipid
of the lipid disorder just around the helix because
-S ) was more accessible experimentally. Itlipid
is important to note that below the gel]fluid

Ž .transition temperature T , the bilayer may havec
w xmore than one order parameter 26 . This possi-

Ž .bility is not explicitly accounted for in Eq. 2 , so
we have restricted our analyses to cases where
the temperature is above T , or to comparativec
studies between two peptides in the same phos-
pholipid at similar temperatures.

Several additional comments are in order here.
Ž .First, functions other than the ones in Eq. 2

could be used for lipid]protein interactions.
Ž .However, all terms in Eq. 2 had clear physical

motivations, and there was only one free parame-
Ž .ter g to be fitted to experiment. So, if no satis-

factory fit could be found with g being a constant,
the theory is clearly deficient. Secondly, although
the theory has been formulated for a single tran-
smembrane helix, it can be used to analyze tran-
smembrane proteins with multiple helices. We
just need to look at the average tilt angle for all
the helices in the same protein. However, the
value obtained for g will then be an average over
all the different helices in the protein, and may
not be meaningfully compared to the value ob-
tained from samples of identical helices. Thirdly,

Ž .the integration of u in Eq. 1 accounts for the
orientation entropy of the helix } something
missed by calculations based solely on energy.
Finally, due to the somewhat arbitrary choice for

Ž .Eq. 2 , the significance of g will only be qualita-
tive.

3. Results and discussion

We first tested our theory on lactose permease,
a 12-a-helices protein that catalyses b-galacto-

q w xside: H symport 11 . Both -u) and -S )lipid
had been determined at 293 K, and various pro-
tein concentrations in a phosphatidylglycerolr

w xphosphatidylethanolamine bilayer 11 . A con-
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Ž .Fig. 2. Comparison between experimental and theoretical results for lactose permease. The circles v represent experimental
w x Ž . Ž .results from Le Coutre et al. 11 , and the squares B represent theoretical results from this work, with gs7.2 in Eq. 2 .

Ž .stant g of 7.2 in Eq. 2 gave a satisfactory agree-
Ž .ment with the experiment Fig. 2 . This showed

Ž .that Eq. 2 had captured at least the general
features of lipid]helix interactions, and could be
useful for other lipid]helix systems. The differ-
ences between the theoretical and experimental

Ž .values showed no trend Fig. 2 , so there ap-
peared to be no systematic error in our theory.
However, the agreement deteriorated towards
higher values of -S ) . This could be due tolipid

Ž .interactions neglected in Eq. 2 .
Next, we looked at peptides from two a-helical

transmembrane ion channels: the M2-TMP pep-
w xtide from influenza A virus 12 ; and the M2

segment of the nicotinic acetylcholine receptor
Ž . w xAChR 13 . Both were studied in dimyris-

Ž .toylphosphatidylcholine DMPC near room tem-
Ž w xperature M2-TMP at 298 K 12 ; AChR M2 at

w x.295 K 13 ; and both have 25 amino acids and
w xform a-helices in DMPC 12,13 . Yet M2-TMP
w xhad a helical tile of 37"38 12 , while the tilt for

w xAChR M2 was only approximately 128 13 . With
w x Ž .-S )s0.34 19 , Eq. 2 gave gs11.9 andlipid

106 for M2-TMP and AChR M2, respectively.
Neither the peptide length nor the bilayer thick-
ness could account for the difference in g between
M2-TMP and AChR M2, because they were the

same for both peptides. A plausible explanation is
that the more hydrophobic helix prefers to be
buried in the hydrocarbon core of the bilayer,
leading to a lower rotational barrier and a larger
tilt angle. Our analysis showed that M2-TMP is
indeed more hydrophobic than AChR M2. Using

w xthe octanol scale from White and Wimley 21 , we
Ždetermined the average hydrophobicity i.e. per

.amino acid of M2-TMP and AChR M2 to be
y0.39 and 0.02 kcalrmol, respectively. Using a

w xdifferent scale, from Roseman 27 , the average
hydrophobicity was ]0.42 kcalrmol for M2-TMP
and 0.05 kcalrmol for AChR M2. These results
suggested that enhancing the helix hydrophobicity
increased the tilt angle. One way to test this
hypothesis is to increase or reduce the hy-
drophobicity of M2-TMP or AChR M2 by muta-
tion. The tilt angle of the mutant in DMPC
should change accordingly. Furthermore, this
could allow us to control the radius of the pore
formed by the helices, so that only ions of certain
sizes could pass through.

We then extended our analysis to M2-TMP in
Ž .dioleoylphosphatidylcholine DOPC at 298 K

˚w x12 . As DOPC is approximately 4 A thicker than
DMPC, it was expected to reduce the helix tilt by

w x178 because of hydrophobic mismatches 12 . In-
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w xstead, M2 showed a tilt of 33"38 in DOPC 12 ,
which is almost the same as the tilt in DMPC.

w xKovacs et al. 12 attributed this discrepancy to
specific interactions between the helices that pre-

Ž .vent a change in the helix tilt angle. Eq. 2
suggests an additional factor in -S ) . Thelipid
two double bonds in DOPC should make DOPC
more disordered than DMPC, as chain unsatura-

w xtion generally causes disordering 28 . Further-
Ž .more, the gel]fluid transition temperature Tc

for DMPC and DOPC was 297 and 251 K, respec-
w xtively 29 . Therefore, at 298 K, -S ) wouldlipid

be likely to be much smaller for DOPC than for
DMPC. This would lead to a smaller energetic
penalty for helix rotation in the bilayer and favor
a larger tilt. Therefore, the reduction in tilt from
hydrophobic mismatches could have been par-
tially neutralized by the increase in tilt from a
lower value of -S ) in DOPC. This wouldlipid
explain the almost identical tilt in DMPC and
DOPC. A simple experiment should clarify this
issue: the study of the M2 protein in dipalmi-

Ž .toylphosphatidylcholine DPPC and distearyol-
Ž .phosphatidylcholine DSPC . Both DPPC and

w xDSPC are significantly longer than DMPC 19
and contain no unsaturated carbon chains, so
they should reduce the helix tilt without altering
-S ) . However, the higher the T for theselipid c

Žlonger phospholipids 315 and 328 K for DPPC
w x.and DSPC, respectively 29 must be taken into

account. A possible method is to study the system
at 10 K above T for each phospholipid, similar toc
w x19 .

Finally, we analyzed the data for gramicidin A,
an ion channel protein believed to be a dimer of

6.3 w xb helices 15,19,20 . In a bilayer of dilau-
Ž .roylphosphatidylcholine DLPC , the helix tilt an-

w xgle was found to be 16"28 at 307 K 20 . From
Ž . w xthe data and Eq. 4 in de Planque et al. 19 ,

-S ) for DLPC was calculated to be 0.41 atlipid
283 K. So, with -u)s168 and -S )s0.41,lipid

Ž .we found gs49.5 in Eq. 2 . This value lies
Ž .between those for M2-TMP gs11.9 and AChR

Ž . 6.3M2 gs106 . It seems that the b helix, al-
w xthough more rigid than the a-helix 19 , does not

necessarily have a higher rotational barrier in a
lipid bilayer. However, as gramicidin is signifi-
cantly shorter than either M2-TMP or AChR M2

Ž .15 vs. 25 amino acids , the g value for gramicidin
reported here may contain contributions from

Ž .hydrophobic mismatches neglected in Eq. 2 .
Furthermore, the g values for M2-TMP and
AChR M2 have been determined for a DMPC

Ž .bilayer near T s297 K , while the g value forc
gramicidin was calculated in a DLPC bilayer

Ž .above T s273 K . Therefore, in order to re-c
move the ambiguity and illuminate the effect of
helix conformation on the tilt angle, we propose
the study of a longer b

6.3 helix in DMPC at
295]298 K.

4. Conclusions

The theory presented here provides a method
to compare the rotational barriers for different
helices in lipid bilayers. The results lead us to
highlight helix hydrophobicity and the value of
-S ) as possible determinants of the helixlipid
tilt angle. They also suggest that, despite a drasti-
cally different conformation, a b

6.3 helix may have
a similar rotational barrier as an a-helix. Finally,
we point out future experiments that could shed
light on lipid]protein interactions.
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