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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-dimensiondBD) structures of proteins play an In this Rapid Communication, we propose a simple lattice
important role in determining their biological functions. model for the folding of MPs, particularly on the folding of a
Such unique structures are believed to be their thermodytransmembrane domaifTMD) consisting of 14-26 amino
namic ground state. Although tremendous efforts have bee@cids, based on the bond-fluctuation mof@&LL0]. The ad-
invested in studying the protein folding problem, it is so farvantages of the bond-fluctuation model are to give reason-
unclear about the folding kinetics and also difficult in pre-ably good secondary structures and to simulate a more real-
dicting the structure of proteind—3]. Much less is known istic diffusive kinetics than regular lattice models, while the
about membrane protein®1Ps) than soluble protein§4]. computational cost is still quite limited compared to that of
Until now, only a dozen or so MPs have known crystallo- Off-lattice models. In many cases, these polypeptide chains
graphic structures. Transmembrane domains of MPs are buwould fold into a helical structure mainly due to the back-
ied in a nonpolar environment of lipid bilayers, where bothbone hydrogen bondingthe hydrogen bonding energy is
the hydrophobic interaction and hydrogen bonding betweethen set to unity throughout this papeFhe study of folding
amino acids and the environment are absent. In such an eff @ hydrophobic segment into a helix is important since
vironment, the intrachain hydrogen bonding, instead of thdransmembrane helices are regarded as autonomous folding
hydrophobic interaction, plays an important role for the fold-domains. Moreover, the structures of many membrane
ing of MPs. It has been suggested that folding of many intefolypeptides, such as alamethicin and gramicidin, are also
gra| MPs can be understood by a two-stage m@ﬂ}:‘\“nde- helical. Our StUdy could also be useful for the foIdlng of
pendently stable helices are formed in lipid bilayers in themany MPs assisted by channel complexes, in which cases
first stage, and the helices interact with others to form dVPs are arranged into segments assisted by the complex and
functional membrane protein in the second stage. This mod&ach segment can then fold into a helix. To do so, we study
led to the expectation that the transmembrane region of MP&e folding of polypeptide chains with two different types of
would consist of bundles of hydrophobie-helices, which initial conformation: (i) a random initial configuration near
has been largely fulfilled except for few MPs. the membrane corresponding to the folding process of a

Despite a qualitative understanding of MP folding from Polypeptide chain originally in watgnonconstitutive MPs
the two-stage model, the detail of the folding kinetics of MPsand (ii) an initial configuration perpendicularly penetrating
is still missing. A previous model using a full-backbone the membrane corresponding to the folding of a polypeptide
atom representation in a diamond lattice initiates an intereshain assisted by a hydrophilic channel complegnstitu-
ing study on the insertion of polypeptides into membranedive MPs. Our results indicate that it might be possible to
[6]. However, its results are questionable due to a majoknow the folding of constitutive MPs without specifying the
drawback in its backbone hydrogen bonding potential whictfletail interaction involved between the polypeptide and the
explicitly specifies that hydrogen bonding can only occur forchannel complex. We note that, to get statistically faithful
(i—4,i) and (, i +4) pairs, wherd labels amino acids in results, the computational effort is quite substantial: All the
the chain. Moreover, hydroph|||c channels, such as théjata collected take about four months by USing 16 dual CPU
Sec61p complex in eukaryotes and the SecYEG complex ikinux workstations(16 Pentinum Ill 450 Mhz CPUs and 16
prokaryotes 7], seem to play an important role for the ar- Pentinum Il 333 Mhz CPUs
rangement of many MPs into segments and their transport [N our model, we consider a polypeptide as a polymer
across the lipid bilayel8]. It is also unclear how hydrophilic chain with the following potential energy:
channels would assist the folding of MPs. Another interest-

ing question is the effect of the nonpolar environment of the U =EHn.pond™ Ebend™ Enydrophobio (1)
membrane on the folding pathway of MPs. Until now, many
important questions about MP folding remain open. where Eyyong IS the hydrogen bonding potential energy,
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Epend is the bending energy of the chain, aBgly opnobic
is the hydrophobic interaction energy. In the bond-fluctua-
tion model, each amino acid occupies &2X2 cube of
sites on a cubic lattice. The set of allowed bond vectors
is B=P(2,0,0)UP(2,1,0)UP(2,1,1)uP(2,2,1)UP(3,0,0)
UP(3,1,0), whereP(a,b,c) stands for the set of all permu-
tations and sign combinations ofa, =b, and £c. The

total number of configurations for H residue polypeptide
chain in this model is aboutl'y=1.26x(85.2" (N
—1)Y6 (for example,T';g=10°% [10]. We note that, al-
though the available configurations grow rapidly with chain
length, it is not difficult to study the folding of a long mem-
brane protein by this model since the whole sequence can be
divided into several autonomous folding domains consisting
of about 30 amino acids. A hydrogen bond can form if two
amino acids are separated by a four lattice spacing, which
means that one lattice spacing equals 1.3%alquarter of a
helix pitch). However, each amino acid can at most partici-
pate in two hydrogen bonds. For simplicity, we have explic-
itly excluded the possibility of forming 2ribbons and 3,
helices. We note that hydrogen bonds between amino acids
and water molecules can always form when amino acids are
surrounded by water. The bending energy of two consecutive
bonds is assumed to be proportional te dosé with a bend-

ing rigidity e relative to the hydrogen bonding strength,
where ¢ is the angle between two bonds. In general, one
expects that the value @ increases with the size of side
group of each amino acidfor example,e ¢, >€gy) and
therefore is heterogeneous along the chain. The hydrophobic
interaction is switched off if the amino acids enter the bilayer
whose thickness is 33 lattice spacifuy about 45A). Experi-
mentally, since the hydrophobic interaction and hydroge
bonding are estimated to be in the range of 1.5-2 kcal/mol
and 3-6 kcal/mol respectively, we then take the relativ
strength of the hydrophobic interaction to the hydrogen
bonding strength to be 0.681]. Here we have ignored both
the van der Waals interactidifess than 1 kcal/moland the
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(A) helix

(B) double helix

FIG. 1. Ground state structures of an 18 residue hydrophobic
rpolypeptide in a bilayer membran@) a helix fore<0.11 and(b)
double helixor a twistedg strand for e>0.11. Only one hydro-
en bond is shown in each structure. The effective lateral preBsure
is set to be 0.4.

with probability w=min[1,expAH/T)], where AH is the

electrostatic interaction for hydrophobic amino acids. Inenthalpy change of the system.

other words, we believe that the folding of a TMD can be

First, we study the thermodynamic ground state structure

treated as a homopolymer folding. Heterogeneity will beof a polypeptide chain of 18 hydrophobic residues for vari-
considered to study the absorption and insertion processes ofis values of the bending rigiditg. The effective lateral
MPs consisting of several TMDs in the future. Moreover, thepressureP is set to be 0.4 throughout this paper. Five long
insertion of a polypeptide chain into the membrane will dis-Monte Carlo simulations with different initial configurations
turb the integrity of the membrane and local lipid densityof the chain near the membrane were performed to find the
around the chain, which increases the energy of the mensonformation with the lowest energy. Fex0.11, the low-
brane. We model this effect by considering an effective latest energy conformation is a helix, as shown in Fi),1
eral pressureR) applied to the polypeptide chain by lipids while the double helix structure, as shown in Figh)l has

to minimize the lateral areaA=L2) of the polypeptide

the lowest energy foe>0.11. In the helix, there are four

chain in the membrane, whekss the projected length of the residues per turn and a hydrogen bond can form between
inserted portion of the chain on the membrane. Thereforeand n+4 residues, as shown in Fig(al, wheren is the

the relevant physical quantity to be minimized in our modelindex of amino acids in the chain. The helical structure has a
is the enthalpyH=U+PA. The dynamics of a chain is larger number of hydrogen bonds than the double helix,

simulated by the Metropolis Monte CarlC) algorithm in
a cubic lattice at a constant temperatdraising the bond-

while its bending energy is also higher than that of the
double helix. Both structures have the same lateral area. An

fluctuation model. At each instant, a monomer is picked upexact calculation of the enthalpy for the two structures con-
at random and attempts to move in any of the six directiongirms the simulation results.

by one lattice spacing. If any attempted move of monomers The helical structure in Fig.(&) has been seen in many
satisfies the excluded volume constraint and the new bonlMPs and hydrophobic polypeptides, but the double helix
vectors are still in the allowed set, then the move is acceptestructure predicted in this model has rarely been reported
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before. Nevertheless, a metastable double helix structure has L L L L
been observed for gramicidin dimers in lipid membranes, 20 -
which can be converted to a stable helical structure by incu-
bating the samples for several days at 6§12]. We note I
that such a double helix structure is in fagBatrand, which 18 F
is twisted in order to maximize the number of hydrogen
bonds without changing the overall geometry. For MRS, I
helices are much more abundant thastrands. The reason 16
of this phenomenon has been conjectured to relate to the I -
folding pathway of MPs. To examine this conjecture, we BT
study the folding of the 18 residue chain in the regime where 14 © random .
the double helix is the ground state<0.13) such that only sl * ¢ assisted i
folding kinetics is possible to favor the formation efheli- L |
ces. Two different initial configurations are used, and for 12 e e
each case we study the folding timgor the mean first ) ur

passage timéMFPT)] to the ground state for 100 different

runs at a temperature at which the folding rate is the fastest. FIG. 2. Temperature dependence of the folding tinoé¢ an 18

One set of simulations starts with a random initial configu-résidue hydrophobic polypeptide for both random folding and as-

ration near the membrane, while the other starts with an img,isted folding. The ground state structure is a helixefe10.067 and

tial configuration perpendicularly penetrating the membrane'.DZOA' Straight lines are linear fits_of th_e low temperaturg part of
In both cases, the polypeptide chain folds into the helical'® dépendence. The slope of the lines is the energy baigier
structure almost every timé6/100 in the first case, and
97/100 in the second caseand the MFPT is about membrane has been subtracted from the folding time since
1.5x10° MC steps to the double helix but only @MC  we limit our discussion to the folding process of a TMD.
steps to the helix. The substantial difference in the MFPT foMoreover, additional interfacial regions of thickness about
the two structures implies a strong bias in the folding path-10-15 A between the bulk water and the bilayer should be
way as conjectured. It is reasonable to conjecture a funnelntroduced in order to calculate the insertion time properly
like structure in the free energy landscape corresponding tpy].
the helix state. We note that, in the absence of hydrophobic Fqr the folding of single domain proteins in water, a three
interaction, the compact structure of a MP is finally reachediage multipathway mechanisfiSMM) has been proposed
by the association of autonomous folding domains due to thgq ghserved in a class of lattice and off-lattice mo@es.
van der Waals—London interaction, suggesting that its intefp jangth dependence of folding time for these three stages
e s 4 e o o PropoSe f b proporonal 1 fornenspecc cllase,
ycrog g "2 for diffusive search, ané®®N for activated transitions.

a helix, while the interaction is nonlocal in & strand. - isted b tein foldi the lenath d
To illustrate the difference in the kinetics of random fold- O @SSISted membrané protein folding, the leng epen-

ing and assisted folding, we calculate the MFPT of TMDdence of folding time to the ground state and to all helical
folding with two different initial conditions at various tem- States at the optimal temperature is shown in Fig. 3. Our

peratures. Figure 2 shows the dependence of folding time_simulation data indipate that the.MFPT to the ground state
on temperaturdl for both nonconstitutive and constitutive increases exponentially with chain length and the MFPT to
polypeptides consisting of 18 residues. Here, we choose tHeelical states is roughly proportional %°. Such a strong
bending rigidity e=0.067 and the helix is the expected length dependence is because, unlike TSMM in which the
ground state. It has a clear minimum at some optimal temAumber of compact structures increases slowly Wiflavail-
perature T,~0.3), which is about the same for both cases.able configurations increase much faster86.2V"1) than

At low temperatures, the folding in both cases shows arthe rim of the funnel of the ground state as length increases.
Arrhenius-like behaviol2], i.e., the logarithm of folding Therefore, folding time of proteins in a nonpolar environ-
time depends linearly on inverse temperature ©r ment is expected to be much longer than that in water. This
~expE,/T). This suggests that folding at low temperaturesshows another major difference between a hydrogen bonding
is an activated process in which an energetic barrigf) ( dominated folding and a hydrophobicity dominated folding.
must be overcome to find the ground state. For nonconstituNote that, in addition to the ground state, there are many
tive polypeptides the energetic barrigt, is about 3.35, other helical states whose energy is close to the ground state
while Ej is about 2.56 for constitutive polypeptides. This energy in our model. The existence of these other low energy
demonstrates that the channel complex assisted folding acthelical states is biologically important since they provide the
ally selects a folding pathway with a significantly smaller flexibility for polypeptides to be biologically functional. For
energetic barriefthe difference is about 2.6T,). At high  example, a voltage gated gramicidin A can thus adjust its
temperatures, the folding time is about the same for botltross section area to transport ions across the membrane.
cases since the folding process searches for most of the co@iearly, if the ground state of a protein is too stable to other
formation space to find the ground state structure. We notbiologically related structures, it would not be biologically
that the insertion time of a nonconstitutive chain into thefunctional. In fact, several inherited neurodegenerative disor-
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10 ——— significant membrane-promoting helix formation by using
circular dichroism spectroscogy5]. Our simulation results
show that the folding process favors the formation of a helix
10° Y over a double helix: In the case where the double helix is the
ground state, the folding time of the double helix is 100
times longer than that of the helix. This result suggests a
single funnel-like structure in the free energy landscggle
corresponding to the helix state for various valueg.oiVe
also investigate the folding time of both nonconstitutive and
constitutive polypeptide chains and find that channel com-
plex assisted folding selects a folding pathway, which has a
lower energetic barrier than that of a nonconstitutive chain.
The difference in the free energy barrier is about RTg .
The folding time of a TMD is found to increase exponen-
tially with chain length. Several helical states whose energy
i is comparable with the ground state energy are found in our
10 15 20 25 model, which provides the flexibility for the polypeptides to
length be biologically functional. Finally, we note that this model
can be applied to study the folding of MPs by including the
FIG. 3. Folding time of a transmembrane domain to the groundpartition process, which divides the chain into several au-
state or to all helical states. The ground state structure is a helix folonomous folding domains, and the association process, in
€=0.067 andP=0.4. which those folding domains aggregate to form a compact
structure, as suggested by the two-stage model. In this case,

ders are now known to be caused by the poebtutamine N . : . .
helix which has a long-lived open staib4]. tmhgdheelterogenelty in the interactions has to be included in our

To conclude, we have used the bond-fluctuation model to
study the structure and folding kinetics of polypeptide chains The author is grateful to Professor C.-K. Hu for providing
consisting of 14—26 residues in membranes. This model ikis computing facility (the Pentinum Il PC clustgr We
able to predict the structure of an autonomous folding dothank C. Tang, Y.-C. Sun, and C.-K. Hu for stimulating dis-
main, such as a helix or a double helix. The helix state isussions. This work is supported, in part, by the National
found to be both energetically and kinetically favored, whichScience Council of Taiwan under Grant No. NSC 88-2112-
is consistent with recent experimental results demonstratiniyl-003-012.
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