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Lattice model of transmembrane polypeptide folding
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Folding of hydrophobic polypeptides into unique three-dimensional structures in a membrane is investigated
by Monte Carlo simulations using the bond fluctuation model. Its ground state structure can be a helix or a
double helix depending on the competition of hydrogen bonding and backbone bending energies. The folding
pathway of hydrophobic polypeptides in a nonpolar environment is found to favor the helical structure over the
double helix. The folding time of a transmembrane domain increases exponentially with the chain length.
Folding at low temperatures exhibits an Arrhenius-like behavior. We discuss the kinetics of both random
folding and channel complex assisted folding of a polypeptide chain. Our results suggest a significantly smaller
energetic barrier in the folding pathway for channel complex assisted folding.
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The three-dimensional~3D! structures of proteins play a
important role in determining their biological function
Such unique structures are believed to be their thermo
namic ground state. Although tremendous efforts have b
invested in studying the protein folding problem, it is so f
unclear about the folding kinetics and also difficult in pr
dicting the structure of proteins@1–3#. Much less is known
about membrane proteins~MPs! than soluble proteins@4#.
Until now, only a dozen or so MPs have known crystal
graphic structures. Transmembrane domains of MPs are
ied in a nonpolar environment of lipid bilayers, where bo
the hydrophobic interaction and hydrogen bonding betw
amino acids and the environment are absent. In such an
vironment, the intrachain hydrogen bonding, instead of
hydrophobic interaction, plays an important role for the fo
ing of MPs. It has been suggested that folding of many in
gral MPs can be understood by a two-stage model@5#: Inde-
pendently stable helices are formed in lipid bilayers in
first stage, and the helices interact with others to form
functional membrane protein in the second stage. This mo
led to the expectation that the transmembrane region of M
would consist of bundles of hydrophobica-helices, which
has been largely fulfilled except for few MPs.

Despite a qualitative understanding of MP folding fro
the two-stage model, the detail of the folding kinetics of M
is still missing. A previous model using a full-backbon
atom representation in a diamond lattice initiates an inter
ing study on the insertion of polypeptides into membran
@6#. However, its results are questionable due to a ma
drawback in its backbone hydrogen bonding potential wh
explicitly specifies that hydrogen bonding can only occur
( i 24, i ) and (i , i 14) pairs, wherei labels amino acids in
the chain. Moreover, hydrophilic channels, such as
Sec61p complex in eukaryotes and the SecYEG comple
prokaryotes@7#, seem to play an important role for the a
rangement of many MPs into segments and their trans
across the lipid bilayer@8#. It is also unclear how hydrophilic
channels would assist the folding of MPs. Another intere
ing question is the effect of the nonpolar environment of
membrane on the folding pathway of MPs. Until now, ma
important questions about MP folding remain open.
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In this Rapid Communication, we propose a simple latt
model for the folding of MPs, particularly on the folding of
transmembrane domain~TMD! consisting of 14–26 amino
acids, based on the bond-fluctuation model@9,10#. The ad-
vantages of the bond-fluctuation model are to give reas
ably good secondary structures and to simulate a more r
istic diffusive kinetics than regular lattice models, while th
computational cost is still quite limited compared to that
off-lattice models. In many cases, these polypeptide cha
would fold into a helical structure mainly due to the bac
bone hydrogen bonding~the hydrogen bonding energy i
then set to unity throughout this paper!. The study of folding
of a hydrophobic segment into a helix is important sin
transmembrane helices are regarded as autonomous fo
domains. Moreover, the structures of many membra
polypeptides, such as alamethicin and gramicidin, are a
helical. Our study could also be useful for the folding
many MPs assisted by channel complexes, in which ca
MPs are arranged into segments assisted by the complex
each segment can then fold into a helix. To do so, we st
the folding of polypeptide chains with two different types
initial conformation:~i! a random initial configuration nea
the membrane corresponding to the folding process o
polypeptide chain originally in water~nonconstitutive MPs!,
and ~ii ! an initial configuration perpendicularly penetratin
the membrane corresponding to the folding of a polypept
chain assisted by a hydrophilic channel complex~constitu-
tive MPs!. Our results indicate that it might be possible
know the folding of constitutive MPs without specifying th
detail interaction involved between the polypeptide and
channel complex. We note that, to get statistically faith
results, the computational effort is quite substantial: All t
data collected take about four months by using 16 dual C
Linux workstations~16 Pentinum III 450 Mhz CPUs and 1
Pentinum II 333 Mhz CPUs!.

In our model, we consider a polypeptide as a polym
chain with the following potential energy:

U5EH-bond1Ebend1Ehydrophobic, ~1!

where EH-bond is the hydrogen bonding potential energ
©2000 The American Physical Society01-1
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Ebend is the bending energy of the chain, andEhydrophobic
is the hydrophobic interaction energy. In the bond-fluctu
tion model, each amino acid occupies a 23232 cube of
sites on a cubic lattice. The set of allowed bond vect
is B5P(2,0,0)øP(2,1,0)øP(2,1,1)øP(2,2,1)øP(3,0,0)
øP(3,1,0), whereP(a,b,c) stands for the set of all permu
tations and sign combinations of6a, 6b, and 6c. The
total number of configurations for aN residue polypeptide
chain in this model is aboutGN.1.263(85.2)N21(N
21)1/6 ~for example,G18.1033) @10#. We note that, al-
though the available configurations grow rapidly with cha
length, it is not difficult to study the folding of a long mem
brane protein by this model since the whole sequence ca
divided into several autonomous folding domains consist
of about 30 amino acids. A hydrogen bond can form if tw
amino acids are separated by a four lattice spacing, wh
means that one lattice spacing equals 1.35 Å~a quarter of a
helix pitch!. However, each amino acid can at most parti
pate in two hydrogen bonds. For simplicity, we have exp
itly excluded the possibility of forming 27 ribbons and 310
helices. We note that hydrogen bonds between amino a
and water molecules can always form when amino acids
surrounded by water. The bending energy of two consecu
bonds is assumed to be proportional to 12cosu with a bend-
ing rigidity e relative to the hydrogen bonding strengt
where u is the angle between two bonds. In general, o
expects that the value ofe increases with the size of sid
group of each amino acid~for example,eLeu.eGly) and
therefore is heterogeneous along the chain. The hydroph
interaction is switched off if the amino acids enter the bilay
whose thickness is 33 lattice spacing~or about 45Å). Experi-
mentally, since the hydrophobic interaction and hydrog
bonding are estimated to be in the range of 1.5–2 kcal/
and 3–6 kcal/mol respectively, we then take the relat
strength of the hydrophobic interaction to the hydrog
bonding strength to be 0.66@11#. Here we have ignored bot
the van der Waals interaction~less than 1 kcal/mol! and the
electrostatic interaction for hydrophobic amino acids.
other words, we believe that the folding of a TMD can
treated as a homopolymer folding. Heterogeneity will
considered to study the absorption and insertion process
MPs consisting of several TMDs in the future. Moreover, t
insertion of a polypeptide chain into the membrane will d
turb the integrity of the membrane and local lipid dens
around the chain, which increases the energy of the m
brane. We model this effect by considering an effective
eral pressure (P) applied to the polypeptide chain by lipid
to minimize the lateral area (A5L2) of the polypeptide
chain in the membrane, whereL is the projected length of the
inserted portion of the chain on the membrane. Theref
the relevant physical quantity to be minimized in our mod
is the enthalpyH5U1PA. The dynamics of a chain is
simulated by the Metropolis Monte Carlo~MC! algorithm in
a cubic lattice at a constant temperatureT using the bond-
fluctuation model. At each instant, a monomer is picked
at random and attempts to move in any of the six directi
by one lattice spacing. If any attempted move of monom
satisfies the excluded volume constraint and the new b
vectors are still in the allowed set, then the move is accep
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with probability w5min@1,exp(2DH/T)#, whereDH is the
enthalpy change of the system.

First, we study the thermodynamic ground state struct
of a polypeptide chain of 18 hydrophobic residues for va
ous values of the bending rigiditye. The effective lateral
pressureP is set to be 0.4 throughout this paper. Five lo
Monte Carlo simulations with different initial configuration
of the chain near the membrane were performed to find
conformation with the lowest energy. Fore,0.11, the low-
est energy conformation is a helix, as shown in Fig. 1~a!,
while the double helix structure, as shown in Fig. 1~b!, has
the lowest energy fore.0.11. In the helix, there are fou
residues per turn and a hydrogen bond can form between
and n14 residues, as shown in Fig. 1~a!, where n is the
index of amino acids in the chain. The helical structure ha
larger number of hydrogen bonds than the double he
while its bending energy is also higher than that of t
double helix. Both structures have the same lateral area
exact calculation of the enthalpy for the two structures c
firms the simulation results.

The helical structure in Fig. 1~a! has been seen in man
MPs and hydrophobic polypeptides, but the double he
structure predicted in this model has rarely been repo

FIG. 1. Ground state structures of an 18 residue hydropho
polypeptide in a bilayer membrane:~a! a helix for e,0.11 and~b!
a double helix~or a twistedb strand! for e.0.11. Only one hydro-
gen bond is shown in each structure. The effective lateral pressuP
is set to be 0.4.
1-2
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before. Nevertheless, a metastable double helix structure
been observed for gramicidin dimers in lipid membran
which can be converted to a stable helical structure by in
bating the samples for several days at 68°C@12#. We note
that such a double helix structure is in fact ab strand, which
is twisted in order to maximize the number of hydrog
bonds without changing the overall geometry. For MPsa
helices are much more abundant thanb strands. The reaso
of this phenomenon has been conjectured to relate to
folding pathway of MPs. To examine this conjecture, w
study the folding of the 18 residue chain in the regime wh
the double helix is the ground state (e50.13) such that only
folding kinetics is possible to favor the formation ofa heli-
ces. Two different initial configurations are used, and
each case we study the folding timet @or the mean first
passage time~MFPT!# to the ground state for 100 differen
runs at a temperature at which the folding rate is the fast
One set of simulations starts with a random initial config
ration near the membrane, while the other starts with an
tial configuration perpendicularly penetrating the membra
In both cases, the polypeptide chain folds into the heli
structure almost every time~96/100 in the first case, an
97/100 in the second case!, and the MFPT is abou
1.53108 MC steps to the double helix but only 106 MC
steps to the helix. The substantial difference in the MFPT
the two structures implies a strong bias in the folding pa
way as conjectured. It is reasonable to conjecture a fun
like structure in the free energy landscape correspondin
the helix state. We note that, in the absence of hydropho
interaction, the compact structure of a MP is finally reach
by the association of autonomous folding domains due to
van der Waals–London interaction, suggesting that its in
mediate structure is less compact. The above bias is then
to the fact that hydrogen bonding is a local interaction in
a helix, while the interaction is nonlocal in ab strand.

To illustrate the difference in the kinetics of random fol
ing and assisted folding, we calculate the MFPT of TM
folding with two different initial conditions at various tem
peratures. Figure 2 shows the dependence of folding timt
on temperatureT for both nonconstitutive and constitutiv
polypeptides consisting of 18 residues. Here, we choose
bending rigidity e50.067 and the helix is the expecte
ground state. It has a clear minimum at some optimal te
perature (To;0.3), which is about the same for both cas
At low temperatures, the folding in both cases shows
Arrhenius-like behavior@2#, i.e., the logarithm of folding
time depends linearly on inverse temperature ort
;exp(Eb /T). This suggests that folding at low temperatur
is an activated process in which an energetic barrier (Eb)
must be overcome to find the ground state. For noncons
tive polypeptides the energetic barrierEb is about 3.35,
while Eb is about 2.56 for constitutive polypeptides. Th
demonstrates that the channel complex assisted folding a
ally selects a folding pathway with a significantly small
energetic barrier~the difference is about 2.6kTo). At high
temperatures, the folding time is about the same for b
cases since the folding process searches for most of the
formation space to find the ground state structure. We n
that the insertion time of a nonconstitutive chain into t
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membrane has been subtracted from the folding time s
we limit our discussion to the folding process of a TMD
Moreover, additional interfacial regions of thickness abo
10–15 Å between the bulk water and the bilayer should
introduced in order to calculate the insertion time prope
@4#.

For the folding of single domain proteins in water, a thr
stage multipathway mechanism~TSMM! has been propose
and observed in a class of lattice and off-lattice models@13#.
The length dependence of folding time for these three sta
is proposed to be proportional toN2 for nonspecific collapse
N3 for diffusive search, ande0.6AN for activated transitions.
For assisted membrane protein folding, the length dep
dence of folding time to the ground state and to all heli
states at the optimal temperature is shown in Fig. 3. O
simulation data indicate that the MFPT to the ground st
increases exponentially with chain length and the MFPT
helical states is roughly proportional toN9. Such a strong
length dependence is because, unlike TSMM in which
number of compact structures increases slowly withN, avail-
able configurations increase much faster (}85.2N21) than
the rim of the funnel of the ground state as length increas
Therefore, folding time of proteins in a nonpolar enviro
ment is expected to be much longer than that in water. T
shows another major difference between a hydrogen bon
dominated folding and a hydrophobicity dominated foldin
Note that, in addition to the ground state, there are m
other helical states whose energy is close to the ground s
energy in our model. The existence of these other low ene
helical states is biologically important since they provide t
flexibility for polypeptides to be biologically functional. Fo
example, a voltage gated gramicidin A can thus adjust
cross section area to transport ions across the membr
Clearly, if the ground state of a protein is too stable to oth
biologically related structures, it would not be biological
functional. In fact, several inherited neurodegenerative dis

FIG. 2. Temperature dependence of the folding timet of an 18
residue hydrophobic polypeptide for both random folding and
sisted folding. The ground state structure is a helix fore50.067 and
P50.4. Straight lines are linear fits of the low temperature part
the dependence. The slope of the lines is the energy barrierEb .
1-3
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ders are now known to be caused by the poly-L-glutamine
helix which has a long-lived open state@14#.

To conclude, we have used the bond-fluctuation mode
study the structure and folding kinetics of polypeptide cha
consisting of 14–26 residues in membranes. This mode
able to predict the structure of an autonomous folding
main, such as a helix or a double helix. The helix state
found to be both energetically and kinetically favored, whi
is consistent with recent experimental results demonstra

FIG. 3. Folding time of a transmembrane domain to the grou
state or to all helical states. The ground state structure is a helix
e50.067 andP50.4.
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significant membrane-promoting helix formation by usi
circular dichroism spectroscopy@15#. Our simulation results
show that the folding process favors the formation of a he
over a double helix: In the case where the double helix is
ground state, the folding time of the double helix is 1
times longer than that of the helix. This result suggest
single funnel-like structure in the free energy landscape@3#
corresponding to the helix state for various values ofe. We
also investigate the folding time of both nonconstitutive a
constitutive polypeptide chains and find that channel co
plex assisted folding selects a folding pathway, which ha
lower energetic barrier than that of a nonconstitutive cha
The difference in the free energy barrier is about 2.6kTo .
The folding time of a TMD is found to increase expone
tially with chain length. Several helical states whose ene
is comparable with the ground state energy are found in
model, which provides the flexibility for the polypeptides
be biologically functional. Finally, we note that this mod
can be applied to study the folding of MPs by including t
partition process, which divides the chain into several
tonomous folding domains, and the association process
which those folding domains aggregate to form a comp
structure, as suggested by the two-stage model. In this c
the heterogeneity in the interactions has to be included in
model.
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