Distinct protein interfaces in transmembrane domains
suggest an in vivo folding model
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Abstract

Given the known high-resolution structures of a-helical transmembrane domains, we show that there are
statistically distinct classes of transmembrane interfaces which relate to the folding and oligomerization of
transmembrane domains. Distinct types of interfaces have been categorized and refer to those between: the
same polypeptide chain, different polypeptide chains, helices that are sequential neighbors, and those that
are nonsequential. These different interfaces may reflect different phases in the mechanism of transmem-
brane domain folding and are consistent with the current experimental evidence pertaining to the folding and
oligomerization of transmembrane domains. The classes of helix-helix interfaces have been identified in
terms of the numbers and different types of pairwise amino acid interactions. The specific measures used
are interaction entropy, the information content of interacting partners compared to a random set of contacts,
the amino acid composition of the classes and the abundances of specific amino acid pairs in close contact.
Knowledge of the clear differences in the types of helix-helix contacts helps with the derivation of knowl-
edge-based constraints which until now have focused on only the interiors of transmembrane domains as
compared to the exterior. Taken together, an in vivo model for membrane protein folding is presented, which
is distinct from the familiar two-stage model. The model takes into account the different interfaces of
membrane helices defined herein, and the available data regarding folding in the translocation channel.
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Membrane proteins are very important biomedically and are
genomically abundant (Stevens and Arkin 2000). Genomic
analyses suggest that they account for ~30% of all proteins.
However, there are currently only 68 high-resolution trans-
membrane structures (including homologs) in the Protein
Data Bank from a total of over 21,000 entries. The scarce-
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ness of membrane protein structures reflects the difficulties
in expressing transmembrane proteins in recombinant sys-
tems and in applying crystallographic and NMR structure
determination procedures to samples containing both the
transmembrane protein and the lipid bilayer (or a bilayer
substitute). Often the only alternative open to the elucida-
tion of transmembrane protein structure is theoretical analy-
ses, albeit employed with limited structural constraints, for
example from cryoelectron microscopy, infrared labeling,
and knowledge-based constraints.

Transmembrane domains are sympathetic to theory-based
modeling. The structural arrangement of a helix bundle self-
satisfies its backbone hydrogen bonding with a single type
of secondary structure. Given protein sequence data, these
hydrophobic transmembrane helices are the most accurately
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predicted structural elements and, by virtue of being a
bundle, the domain has a predictable topology within the
confines of the plane of the lipid bilayer.

However, due to the relatively poor structural represen-
tation, homology modeling has been much less successful in
transmembrane proteins than in globular aqueous domains.
There is a lack of both homologous structures and trans-
membrane environment-specific substitution data. As a con-
sequence, knowledge-based constraints for transmembrane
domains tend to be more based upon the properties of the
amino acid residues involved. Such parameters include hy-
drophobicity (Rees et al. 1989), evolutionary preservation
(Stevens and Arkin 2001), and spatial complementarity
(Treutlein et al. 1992).

The analyses presented herein attempt to demonstrate the
spatial distribution of transmembrane domain characteris-
tics that make them amenable to knowledge-based model-
ing. Specifically we aim to discover whether any distinction
can be made between different folding classes of helix-helix
interfaces that are consistent with the folding pathway of the
domain. By investigating the known structures of a-helical
membrane proteins, we have analyzed the amino acid pro-
pensities of interacting surfaces within and between trans-
membrane subunits.

The most notable model for the folding and oligomeriza-
tion of membrane proteins presented thus far was by Popot
and Engelman (1990). In this two-stage model, stage one is
the independent formation of the membrane spanning heli-
ces, described in terms of equilibria between the aqueous
and lipid environments and the folded and unfolded helices.
Stage two is the association of these helices within the lipid
bilayer to form a polytopic membrane domain, described in
terms of the equilibrium between separate and associated
helices. This latter stage may involve the association of
helices from more than one molecule, that is, oligomeriza-
tion.

By taking account of these statistical analyses, and by
making careful consideration of the current experimental
results pertaining to the folding and insertion of a-helical
transmembrane domains, an in vivo folding model arises.
This new model extends from the two-stage model (Popot
and Engelman 1990). It attempts to highlight how the pre-
diction of polytopic transmembrane domain structure is in-
timately linked to the paths that one or more protein chains
follow when they fold into their final forms, within the
confines of a lipid bilayer.

Materials and methods

Structural databases

PDB structures

The basis for the following analyses is a database of
high-resolution protein structures from the Protein Data
Bank (Bernstein et al. 1977) that possess an oligomeric

transmembrane domain, with more than one transmembrane
a-helix. These structures have been determined to a reso-
lution better than 3.5 A (in the case of X-ray structures) and
are nonhomologous. It is notable that halorhodopsin shares
a degree of sequence similarity with bacteriorhodopsin, and
as such has been excluded from consideration. The PDB
structures considered are listed below.

Glycophorin A (1AFO; MacKenzie et al. 1997)

Cytochrome Bcl Complex (1BGY; Iwata et al. 1998)

Kcsa Potassium Channel (1BLS8; Doyle et al. 1998)

Bacteriorhodopsin (1C3W; Luecke et al. 1999)

Calcium ATPase (IEUL; Toyoshima et al. 2000)

Rhodopsin (1F88; Palczewski et al. 2000)

Sensory Rhodopsin II (1H68; Royant et al. 2001)

Multidrug Efflux Transporter Acrb (1IWG; Murakami

et al. 2002)

Agpl Water Channel (1J4N; Sui et al. 2001)

Photosystem I (1JBO; Nield et al. 2003)

Clc Chloride Channel (1KPL; Dutzler et al. 2002)

Formate Dehydrogenase-N (1KQF; Jormakka et al. 2002)

B12 Uptake Abc Transporter (1L7V; Locher et al. 2002)

Light-Harvesting Complex II (1LGH; Koepke et al.

1996)

Mscl Homolog Mechanosensitive Ion Channel (1MSL;

Chang et al. 1998)

e Cytochrome C Oxidase (10CC; Tsukihara et al. 1996)

e Photosynthetic reaction center (1PRC; Deisenhofer et al.
1995)

e Fumarate Reductase (1QLA; Lancaster et al. 1999)

In total there are 18 protein structures which represent 170
distinct transmembrane helices. It should be noted that
where the PDB structure represents a homo-oligomeric
complex, only one of the repeating subunits was considered
during the analysis, so the oligomer would not have a dis-
proportionately large representation. The complete, oligo-
meric structure was only used in the calculation of solvent
accessibilities to determine the lipid contacting class of resi-
dues. Here, the complete structure was taken to be the most
likely biological oligomeric form, albeit sometimes recon-
structed from the crystallographic data.

Transmembrane domain delineation

The transmembrane helices of the structural database
were delineated from the non-membranous parts of the pro-
teins. The selection of this structural subset was done by an
automated procedure, with manual checking of the results.

e Regions of a-helical secondary structure are identified
using the program DSSP (Kabsch and Sander 1983).
Kinks, with short regions of  or 3,, hydrogen bonding
were permitted in helices. From these, hydrophobic heli-
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ces (< —12 kcal mole™ total GES hydrophobicity; Engel-
man et al. 1986) with 10 or more residues are identified.

e Isolated helices are removed from consideration. An iso-
lated helix was defined as having its center (midpoint of
the helix axis) > than 30 A from another helix center.

e The bilayer normal vector and center are estimated by
finding the best fit plane through the centers of the hy-
drophobic helices.

e The mean distance of hydrophobic helix termini, either
side of the plane of the estimated bilayer center, defines
the depth of the hydrophobic section of the domain.

e All helices from the structure (including hydrophilic re-
gions initially excluded) with centers within the planes of
the hydrophobic section are used to recalculate a refined
bilayer normal vector and center, again by finding the
best fit plane through helix centers.

e The hydrophobic depth and the recalculated bilayer nor-
mal vector are used to define a new hydrophobic section.

e The helix regions further than 8 A from the hydrophobic
section are trimmed.

e Terminal hydrophilic residues (> —0.8 kcal mole™ on the
GES scale; Engelman et al. 1986) outside the hydropho-
bic section are removed

e Terminal charged residues (Arg, Lys, Glu, and Asp) at
the edge of the hydrophobic section are removed.

Visualization of the resulting substructures confirms that the
automation has not removed any obvious transmembrane
helices and that all parts of the domains lie within the ex-
pected hydrophobic extent of the domain. In some in-
stances, due to crystal symmetry, the PDB coordinates of a
membrane protein contain two separate, nonaligned trans-
membrane regions. Here, only one of the transmembrane
regions was used as input into the above procedure.

Transmembrane amino acid classes

Using the structural database, four classes of transmem-
brane amino acids were initially determined. These classes
represent different types of molecules that an amino acid is
in contact with. A residue may touch other residues from the
same or different polypeptide, cofactor atoms, or lipid mol-
ecules. Any given residue may exhibit one or more of these
interaction types. For the following analyses an atomic con-
tact is defined by any of the atoms of a transmembrane
residue side chain (excluding aliphatic and aromatic hydro-
gen atoms) being within 2.5 A of an atom of the target class.
More specifically, the four residue classes were defined as
follows (see Fig. 1):

1. Intrasubunit contacts are identified when two amino acid
residues from the same polypeptide chain, but from dif-
ferent transmembrane helices, touch. This is the C amino
acid class (cis-chain contacts).
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Figure 1. The oligomer (T), intrachain sequential helix (S), intrachain
nonsequential helix (N), and cofactor contacting interfaces in transmem-
brane a-helical bundles.

2. Intersubunit contacts are between transmembrane resi-
dues from different polypeptide chains. This is the T
amino acid class (frans-chain contacts) and is equivalent
to transmembrane oligomer interfaces.

3. Lipid-facing residues are defined as those with a solvent-
exposed surface of more than 7% (Hubbard and Blundell
1987).

4. Cofactor contacts are those transmembrane residues that
touch a nonpolypeptide cofactor atom. The cofactors will
include moieties such as coenzymes and protein-bound
ions, but not those that are just a crystallization require-
ment.

The number of occurrences of each type of amino acid
residue in each of the above classes was recorded. For the
intrachain (C) and interchain (7) contact classes, the fre-
quencies of occurrence of each of the 210 possible pairwise
interactions were tabulated.

Subsequently the intrasubunit contacts were subdivided
into two further groups; those between helices that are se-
quential in the polypeptide chain (S) and those between
nonsequential helices (N). The two types of contacts were
subjected to the same statistical analyses as the inter- and
intrasubunit contacts.

Solvent accessibility

Solvent accessibility is the measure used to determine the
location of the various residues and helix surfaces relative to
the lipid-facing exterior of the membrane domain. The ac-
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cessibility calculation was performed by the publicly avail-
able molecular surface area calculation program of Gerstein
(1992). The calculation considers a spherical probe with a
radius of 1.4 A, equivalent to the size of a water molecule.
The solvent-accessible surface area of each residue was then
compared to the total surface area of the side chain, thus
generating the accessibility index. The accessibility index is
as follows: A; for a residue, i is the ratio between its ob-
served solvent-accessible surface area, a; and the maximum
exposed surface area, a’.

a;
A= (1)
The solvent exposure of the helical peptide backbone was
not taken into consideration. This is done in order to avoid
residues at the ends of helices having unrepresentative ac-
cessibilities; it is only the exposure of the side chain to the
lipid bilayer that is under test. In order to determine two
distinct structural classes, residues were classified as sol-
vent-exposed if their accessibility index exceeds 7%; oth-
erwise the residue was classified as buried. This cutoff rep-
resents a value determined statistically during previous
analyses (Hubbard and Blundell 1987). The solvent-ex-
posed accessibility of what is termed here as the native
accessibility considers the complete PDB structures of the
proteins in the database. This includes all of the subunits of
oligomeric structures and any nonprotein cofactors, but ex-
cludes any small molecules that are represented in the PDB
because they are required for crystallization.

Pairwise amino acid interactions

Contact probabilities

The expected frequency of interaction between residue
type i and residue type j is calculated from the null hypoth-
esis, as in other studies (Wouters and Curmi 1995). The null
hypothesis assumes that all side chain interactions have
equal propensity, that is, the random probability that two
residues are in contact is deduced from the proportion of
total contacts involving each of the residue types indepen-
dently. The expected number of instances, ¢;; of an i-j con-
tact is calculated (for inter- and intrachain contacts and for
sequential and nonsequential helix contacts) by considering
the sum of the observed number of i-j contacts, o; s Accord-
ingly, the expectation is calculated form the proportions of
total contacts involving i and j separately.

.= 20,20 o

LJ 2 .0

i,j7Lj

The observed count of a particular i-j residue interaction
was subjected to a degree of smoothing. Thus, if there are

few contacts (close to o), the a priori estimate of occur-
rences (e;;) is used to weight the outcome. In this manner
the amount of noise that results for low pair counts is re-
duced. This is especially important when calculating the
log-odds ratio between observed and expected probabilities.
For the following analysis the value of o was set at 10, and
the a priori weighting w was calculated as in equation 3.
The weighted frequency of occurrence, o';; of an i-j is a
combination of the observed count o,; and the expected
count, e; ; according to .

o';;=we;;+ (1 -wo,;; A3)

The log-odds score, bl-,j for an i-j interaction, is the natural
logarithm of the ratio between the observed p(o’; ;) and ex-
pected p(e; ;) probability of interaction.

!

plo') =5 )
Lj LJ
pley) =5 5)
L] L
p(o’ i, )
b=tos () ©

In this manner, log-odds scores were calculated from the
number of occurrences of the intrachain, C, interchain, 7,
sequential helix, S and nonsequential helix, N classes of
residue contact.

Interaction entropy

Relative entropy is used as a measure of how much infor-
mation one distribution of data conveys over another. If the
estimated probabilities of pairwise interactions are com-
pared to the probabilities of the null hypothesis (where the
probability is dependent only upon the overall abundances
of the amino acids), the relative entropy, H, is an indicator
of how random the observed interactions are. H is always
greater than or equal to zero. If the estimated pairwise prob-
abilities are very close to the random distribution the rela-
tive entropy will be near zero. The larger H, the more rela-
tive information in the two distributions, and the more non-
random or ordered the data. The observed probability of an
i-] interaction, p(o’;)) is calculated as in equation 4. The
random probability of an i-j interaction, p(o’0';) is calcu-
lated thus:

Ei O,l’lzj O,i’j

2
(Ei,j O,i,j

plo'i0') = ™

The relative entropy, H between the values of p(o’; ;) and
p(o’;0") is then determined.
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, p(Oli,j
H= gp(o i,j) lOg (p(oriorj)) (8)

The entropy relative to a random hypothesis was calculated
for the distribution of pairwise amino acid contacts in the C
and T classes and for the instances of S and L classes de-
fined according to threshold loop length.

Results

Amino acid composition

The component amino acids involved in four types of trans-
membrane interactions were analyzed in detail (see figure in
the electronic supplement). The total number of transmem-
brane residues studies was 2742 (an average of 16 residues
per helix). Of these there were 1698 with intrachain con-
tacts, 485 with interchain contacts, 203 with cofactor con-
tacts, and 1633 lipid-exposed residues. There were 158 resi-
dues that were in both inter- and intrasubunit contact
classes. The compositions of the classes are broadly similar.
However, there are some distinct differences for particular
amino acids in certain classes. The most noticeable of these
are in the cofactor contacting residues. Here, glutamate,
glutamine, histidine, and tryptophan are all particularly
abundant, whereas there is a lack of leucine and isoleucine
compared to the other residue classes. The lipid and inter-
chain (oligomer) interfaces, 7, are the most similar of the
classes, and when compared to the intrachain, C and cofac-
tor contacts, these surfaces are enriched in leucine, but rela-
tively depleted in glycine, methionine, and serine. Overall,
the composition of the residues in these environments re-
flects the need for hydrophobic residues in a transmembrane
bilayer.

Pairwise interactions

Packing density

Of amino acids within the structural database, the 1698
intrasubunit contacting residues, C give rise to 4266 distinct
interactions (between themselves), and each residue con-
tacts an average of 2.51 other residues. The 485 intersubunit
residues, T produce 994 pairwise interactions with each
touching an average of 2.05 other residues.

For contacts within subunits the residues have more he-
lix-helix interactions. However, this difference can be at-
tributed to the geometry of helix packing. When a helix is in
the center of a bundle, its residues are well surrounded by
other residues of the same class and the number of interac-
tions is maximized. When a helix is at the periphery of a
bundle, residues can also participate in interactions with the
bilayer. For the structures studied, the proportions of lipid-
accessible residues in the C and T classes are 46.4% and
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59.6%, respectively. Thus, the differences in interaction
density reflect that intrachain contacts are, on average, more
isolated from the lipid bilayer than interchain interfaces.

Contact matrices

The occurrence of amino acid pair interactions in the
database and their expected counts, given a random hypoth-
esis, was analyzed (see figure in electronic supplement). It
can be seen that in many instances the random expectation
is a good predictor of the observed occurrences (e.g., most
Phe interactions in the C class). However, there are particu-
lar amino acid pairs for which the observed count is sig-
nificantly different from the expectation (e.g., Phe-Phe in
the C class). With the raw data the significance of the counts
for the most abundant transmembrane residues can be dem-
onstrated, but it is difficult to gauge the overall pattern of
how well the random expectation matches the observations.
Thus, the data are further presented as color density plots
and as a log-odds score that compares the observed with the
random expectation.

Figure 2 shows the distribution of pairwise amino acid
interactions between helices in the C (within the same
chain) and T (between different chains) classes. Broadly, the
number of interactions of a given type reflects the abun-
dance of the amino acid residues involved. This explains
much of the differences between the two classes, for ex-
ample where interactions within chains have a larger
complement of hydrophilic residues. In order to determine
the relative propensity of each type of interaction, the ob-
served number of interactions has been compared with the
number expected from abundance alone. These propensi-
ties, represented by a log-odds bias score, are presented in
Figure 3.

By looking at the log-odds scores for the two classes of
helix contacts in Figure 3, particular patterns of pairwise
interactions are evident for both the interchain 7" and intra-
chain C contacts. Both classes have good a representation of
the abundant hydrophobic residues, but the statistics cannot
show any significant trends for the rarer hydrophilic trans-
membrane residues. Often overabundance of particular hy-
drophilic pairs can be attributed to single instances in the
database.

For the most abundant transmembrane residues, interac-
tions with a notably different log-odds bias score in the C
and T classes of interactions are numerous. For example,
within chains alanine disfavors isoleucine and valine con-
tacts and favors glycine, but between chains alanine is rela-
tively indifferent to these residues. Individual biases aside,
the C and T classes show a difference in spread of log-odds
scores: Between chains the abundance-derived, random hy-
pothesis is a better model for the data for most pairs (where
the log-odds scores are generally closer to zero), but there
are a few abundant pairs (Ile-Ile, Val-Val, and Ala-Ala) that
have a much greater log-odds bias score than the rest.
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Figure 2. The relative abundance of the different pairwise interactions between residues from different transmembrane helices.

Entropy

The calculation of contacting amino acid pair entropy
provides a value for the randomness of a given class of
interaction as a whole. For the intrachain, C class of inter-
actions the entropy relative to the null distribution (where
the probability of an interaction depends only upon the
abundances of the two independent residues) was measured
to be 0.00514. For the interchain contact, 7T class the relative
entropy was 0.01293. These values indicate that the C class
of interaction on the whole is more random than the T class.
The individual pair log-odds scores (Fig. 3) show that al-
though more of the pairs in the T class have a score close to
zero, the dominant contribution to the entropy calculation,
and hence the origin of the order in the T class, comes from
only a few hyperabundant pairs.

Sequentially neighboring helices

The composition of the S and N contacts surfaces, created
by dissecting the C contacts according to helix neighbors, is
very similar (see figure in electronic supplement). The se-
quential contact data set, S, represents 1239 residues and the
nonsequential set, NV, 760 residues. Given the similar com-
position, the differences in contact log-odds bias can be
confidently attributed to differences in distribution for all
residues.

The entropy associated with the comparison of pairwise
interactions to a random distribution shows that the amino
acid contacts are more ordered for nonsequential helices
than sequential helices. For the S class the entropy is

0.00691, and for the N class the entropy is 0.01059. In this
respect the nonsequential helix contacts, N are like the T
contacts (oligomer interfaces). The amino acid contact log
odds scores (Fig. 3) for the S and N classes show that for
each situation there are different amino acid pairs with dis-
tinct biases in abundance. Although there are similarities,
many pairings of the abundant transmembrane amino acids
have contrasting propensities. A good example of this is that
the abundant Gly-Gly pairs in the S class are not seen in the
N class.

Discussion

Within and between subunits

Overall, the analyses presented here show that there are
different environments within a-helical transmembrane do-
mains. Even though these environments are similar in
amino acid composition, the distribution of interactions is
different in each instance.

The most distinct environment in terms of amino acid
composition are the cofactor contacting residues. Here, the
abundance of hydrophilic residues shows that the usual
complement of transmembrane residues must be supple-
mented by specific rare transmembrane amino acids to cre-
ate the biological function of the protein. However, these
are seen here as a functional requirement rather than a struc-
tural one, as the hydrophilics are not present at oligomer
interfaces. Also of note for the hydrophobic-hydrophilic
distribution is the similarity of lipid and interchain abun-
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Figure 3. (Upper panels) Log-odds scores for the estimated probability of the pairwise interactions compared to a random distribution
for the C contacts within transmembrane chains and the 7 contacts, between transmembrane chains. The pink/red elements (negative
log-odds score) represent interactions that are less abundant than expected. The blue elements (positive log-odds scores) represent
interactions that are more abundant than expected. (Lower panels) Same as upper panels but calculated for the estimated probability
of the pairwise interactions compared to a random distribution for the S contacts, for helices that are sequential neighbors, and the N

contacts, between residues from nonsequential helices.

dances. Given these observations, the interchain contacts
should not be included in a hydrophobic analysis of trans-
membrane helix organization, for example by calculating a
‘hydrophobic moment’ (Eisenberg et al. 1982).

It is beyond the scope of the statistical analyses presented
here to investigate the precise context of the distinctly over-
abundant and underabundant pairings. However, the fact
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that they exist and are significant shows that the rules that
govern the association of helices within a transmembrane
environment differ according to the way in which the heli-
ces are tethered to one another, or not, as the case may be.
These results tend to suggest that the reason for these dif-
ferent rules in different situations is a result of differing
thermodynamics and mechanism of protein folding.
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In the analysis of contacting amino acid pairs, it has been
shown that oligomer interfaces have many paired residues
that are close to the random expectation, with the exception
of a few highly biased pairs. The data also show that oligo-
mer interfaces are like the lipid-facing surfaces in terms of
overall composition. Thus, it seems that these interfaces
generally possess an undiscerning complement of typical
transmembrane residues but possess a few specific residues
to mediate the structural complementarity between the two
sides of the oligomer interface.

Dissecting transmembrane subunits according to the se-
quential relationship of interacting helices illustrates that
there are different rules to amino acid selection in sequential
and nonsequential situations. This is shown by both the
entropy of interacting pairs compared to a random distribu-
tion and individual pair log-odds biases. As helices within
transmembrane domains are almost always in contact with
their sequence neighbors (Bowie 1997), such sequential
neighbors appear to have a restricted choice of interacting
partners. This is especially apparent when considering he-
lices connected by short nonhelical loops. Thus, the results
presented here show that the constraints imposed by the
extramembranous elements upon sequentially adjacent he-
lices affect the choice of interface residues and hence indi-
cate a difference in the role of transmembrane helix-helix
interactions in the two situations.

Folding mechanisms

With knowledge of different classes of helix-helix interac-
tions at hand, it is possible to expand upon the two-stage
model of protein folding and oligomerization (Popot and
Engelman 1990). As a thermodynamic model it helps to
explain the stability of the transmembrane domain, but it is
evident that it can be extended to include more of the
mechanistic events of membrane domain folding and oligo-
merization of polytopic transmembrane proteins.

Stage one

Based on several sources of evidence, stage one, the in-
dependent folding of transmembrane a-helices, no longer
seems to be appropriate in every instance. The observation
here of helices that obey different rules of association ac-
cording to how they are connected to one another suggests
that the independence or otherwise of folding is important:

1. Only five of seven transmembrane helices from bacte-
riorhodopsin are stable membrane helices in isolation
(Hunt et al. 1997).

2. There is evidence to suggest that the a-helices have not
folded completely before the helices associate laterally,
within the plane of the lipid bilayer. Riley et al. (1997)

showed, using CD spectroscopy on bacteriorhodopsin,
that after initial domain folding there is a period of slow
a-helix formation. Although this system involved spon-
taneous refolding (bacteriorhodopsin is peculiar in its
ability to do this when substituting a detergent environ-
ment for a lipid one), the study does illustrate that the
formation of all of a domain’s final a-helical content is
not necessary for the initial stages of helix-helix asso-
ciation.

3. It was shown by von Heijne and coworkers (Mothes et
al. 1997) that hydrophobic a-helices may insert into the
translocon apparatus in an unfolded state. If, as sug-
gested in some studies (Borel and Simon 1996), more
than one helix can be present within the translocon ma-
chinery, when the polypeptide folds into an a-helix it
will not be independent of other helices or the translocon
machinery.

4. Identification of very short loops between helices makes
it difficult to imagine that individual helices are truly
isolated from their sequence neighbors, consistent with
studies which identify the presence of multiple helices
within the translocon pore (Mothes et al. 1997). It could
be argued that at no stage during its initial folding is an
a-helix independent and surrounded by lipid.

From the points raised here, a question is raised as to why
helices in the middle of large transmembrane domains (e.g.,
in cytochrome ¢ oxidase) need to be hydrophobic, if not to
ensure their independent membrane stability. However, it is
this hydrophobic stability which leads to a notable obser-
vation. Transmembrane helices are very stable, given a typi-
cal oil to water transfer AG of —42 kcal mole™". This cor-
responds to a much greater hydrophobicity than is required
to simply anchor a helix in a membrane. The ‘extra’ hydro-
phobicity, if not for ensuring isolated stability, may be a
requirement of the stop-transfer/translocon machinery. The
rationale for the presence of such hydrophobic side chains is
that the hydrophobicity of a polypeptide is much less in an
unfolded state than the a-helical form, due to the presence
of backbone carbonyl and amide groups. Thus, very hydro-
phobic side chains are consistent with the insertion of un-
folded transmembrane polypeptide sections (Mothes et al.
1997); a requirement of the translocon machinery/mecha-
nism, rather than for independent stability. The estimated
free energy change for the formation of a helix from an
unfolded peptide in a bilayer is in the region of —70 kcal
mole™' (Engelman et al. 1986), so the observation of un-
folded a-helices in the translocon apparatus (Mothes et al.
1997) is consistent with the suggestion that the translocon
pore is not necessarily as hydrophobic as the lipid bilayer.
This is apparent from the recent X-ray crystal structure of
the translocon (Van den Berg et al. 2004).
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Stage two

Stage two, the lateral association of helices to form a
complete transmembrane domain, should also follow a
mechanistic approach to membrane domain folding and
oligomerization. First, the folding of an individual chain is
distinct from the oligomerization of polypeptides. Small
nonhelical loops between transmembrane a-helices will im-
pose extremely significant constraints upon the lateral
movement of helices. Thus, once membrane insertion of a
polypeptide is complete, all of the transmembrane helices
will be colocalized and at least partially associated.

Rapoport, von Heijne, and coworkers (Mothes et al.
1997) showed, by cross-linking experiments, that helices
can contact lipids before the insertion of the next a-helix is
complete, at least where the loop between helices is long (30
residues). However, this analysis also shows that the first
helix is still associated with (can be cross-linked to) the
translocon machinery.

The different types of transmembrane interfaces used in
the analysis of residue pairings is consistent with the sug-
gestion that the lateral association of helices has several
distinct phases; multiple helices can be inserted into the
Sec61 machinery, where some helices may diffuse laterally
to a lipid-contactable environment before insertion has ter-
minated and then, once fully inserted, the subunit can dif-
fuse in the bilayer to join other polypeptides.

An in vivo model for transmembrane domain folding

We propose a consensus in vivo model for the formation of
polytopic, a-helical membrane domains, which is consistent

Se061§_ ) -
\ ‘ i
} |
| ‘ |

Insertion of unfolded polypeptide

P

Helix formation within Sec61

Helices associate laterally in bilayer

Polypeptides oligomerise in bilayer

) Vs

|

with the observations made to date and the analysis pre-
sented here (see Fig. 4).

e The transmembrane polypeptide is inserted into the trans-
locon apparatus in an unfolded state.

e One or more sufficiently hydrophobic sections fold (at
least partially) into a-helices which move laterally into a
lipid- and translocon-contactable environment.

e Transmembrane helices associate laterally in the vicinity
of the translocon apparatus until the last transmembrane
segment has inserted.

e The helical bundle diffuses in the lipid bilayer until it
joins other chains to form an oligomeric complex.

Several studies have tried to determine whether all of the
helices of a given chain are present at the translocation
machinery until insertion is complete. Transmembrane he-
lices have been cross-linked to various parts of the translo-
cation machinery during insertion (Do et al. 1996). Urea
extraction and cross-linking to lipid molecules indicate that
while insertion proceeds, helices are able to move into an at
least partial lipid environment (Mothes et al. 1997). Several
studies provide evidence for multiple transmembrane heli-
ces being accommodated within the translocon at a given
point (Borel and Simon 1996). Although this is entirely
plausible for small transmembrane domains, known do-
mains with many membrane-spanning a-helices could not
fit in the translocon pore according to the structure charac-
terized initially by electron microscopy (Hanein et al. 1996)
and more recently by X-ray crystallography (Van den Berg

Newly formed helix

\
=
|

Exclusion of some
helices from Sec61

Helices remain at Sec61
until insertion is complete

Figure 4. An in vivo model for the folding and oligomerization of a-helical membrane domains. See text for details.
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et al. 2004). Thus, it is beginning to seem that there is a
mechanism where transmembrane helices are inserted into
the translocon pore and move laterally into a partially lipid
environment, forming a complete transmembrane domain as
more helices accrete. Observation of the known structures
(Zhou et al. 1997) illustrates that transmembrane helices
almost always contact their sequence neighbors. This is con-
sistent with the sequential addition of helices as they escape
the translocon pore or a pairwise helix-helix association
which forms within the translocon pore. Thus, the sequence
neighbor helix interactions studied here may form at a stage
of the protein folding mechanism different from that of the
other interactions.
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