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Although the structures of many �-barrel membrane proteins are
available, our knowledge of the principles that govern their ener-
getics and oligomerization states is incomplete. Here we describe
a computational method to study the transmembrane (TM) do-
mains of �-barrel membrane proteins. Our method is based on a
physical interaction model, a simplified conformational space for
efficient enumeration, and an empirical potential function from a
detailed combinatorial analysis. Using this method, we can identify
weakly stable regions in the TM domain, which are found to be
important structural determinants for �-barrel membrane pro-
teins. By calculating the melting temperatures of the TM strands,
our method can also assess the stability of �-barrel membrane
proteins. Predictions on membrane enzyme PagP are consistent
with recent experimental NMR and mutant studies. We have also
discovered that out-clamps, in-plugs, and oligomerization are 3
general mechanisms for stabilizing weakly stable TM regions. In
addition, we have found that extended and contiguous weakly
stable regions often signal the existence of an oligomer and that
strands located in the interfaces of protein–protein interactions are
considerably less stable. Based on these observations, we can
predict oligomerization states and can identify the interfaces of
protein–protein interactions for �-barrel membrane proteins by
using either structure or sequence information. In a set of 25
nonhomologous proteins with known structures, our method
successfully predicted whether a protein forms a monomer or an
oligomer with 91% accuracy; in addition, our method identified
with 82% accuracy the protein–protein interaction interfaces by
using sequence information only when correct strands are given.

in-plug � membrane protein oligomerization � out-clamp �
protein–protein interaction � weakly stable TM strand

Developing a general understanding of how proteins behave
in membranes is of fundamental importance. �-barrel mem-

brane proteins, one of the 2 major structural classes of mem-
brane proteins, have been studied extensively. Currently, struc-
tures of 70 �-barrel membrane proteins have been resolved, and
much has been learned about their thermodynamic stability (1),
folding kinetics (2–4), biogenesis (5), and biological functions
(6). These membrane proteins are thought to have very regular
structures, with the basic principles of their architectural orga-
nization well understood (7). An overwhelming structural fea-
ture is the existence of an extensive regular hydrogen bond
network between the transmembrane (TM) �-strands, which is
thought to confer extreme stability on the proteins (8).

However, �-barrel membrane proteins have diverse structures
and often deviate significantly from the standard barrel archi-
tecture. For example, there are often small �-helices and
�-strands, called in-plugs, found inside the �-barrel (9). Non-
barrel-embedded helices are also found to pack against the TM
�-strands (10). In addition, some �-barrel membrane proteins
exist in monomeric form, whereas others form oligomers as their
biological functional unit (9). These structural irregularities and
diversity often play important functional roles for �-barrel

membrane proteins, such as voltage-sensing (11), f lux control of
metabolites, and ion-sensing (9).

Computational studies have also contributed much to the
understanding of �-barrel membrane proteins, including the
identification of �-barrel membrane proteins from sequences of
many microbial genomes, the prediction of their topological
orientations, and the characterization of their structural features
(12, 13). In addition, numerous spatial and sequence motifs and
ensemble properties of the TM domains have also been studied
(13–18). As models and algorithms improve, it is natural to ask
whether computational studies can reveal further insight on the
structural organization of �-barrel membrane proteins.

In this study, we explore whether an empirical energy function
and a minimalistic structural model of �-barrel membrane
proteins (15, 17) can reveal the structural organizing principles
of non-barrel elements in the TM domain. We also study whether
the oligomerization state of the TM domains can be predicted
and whether there exist unstable or weakly stable regions in TM
strands, despite the existence of extensive H-bond networks.

First, we describe a computational approach for identifying
unstable or weakly stable regions of �-barrel membrane proteins.
We define such regions as TM strands with energy by an empirical
potential function significantly higher than expectation. Using the
PagP enzyme for which NMR and mutant data are available, we
show that the predicted weakly stable region and the identified key
residue contributing to the instability are consistent with experi-
mental observations. We have further identified several general
strategies where �-barrel membrane proteins employ non-barrel
elements to stabilize weakly stable regions, including out-clamps
(19), in-plugs, and oligomerization. We then describe the calculated
melting temperature, Tm, of the TM domains of the proteins. In
addition, we found that there are often extensive and contiguous
weakly stable regions in many �-barrel membrane proteins that can
be used to accurately determine whether a membrane protein exists
primarily in a monomeric or oligomeric state, and to identify the
interface regions for protein–protein interactions in the TM do-
main. Our method can be generalized so that oligomerization state
and interaction interfaces can be predicted from sequence infor-
mation alone, without the knowledge of the three-dimensional
structures.

Results
The physical model for membrane-embedded �-strands is discrete
and minimalistic. It assumes neighboring strands register and
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interact through canonical strong H-bonds, weak H-bonds, and
side-chain interactions. Details of this model and an empirical
statistical potential function can be found in refs. 15 and 17 and are
described in Methods and in supporting information (SI) Appendix.

Detecting Weakly Stable Regions by Empirical Potential Function. To
demonstrate the utility of the empirical potential function, we
first illustrate the detection of weakly stable regions in the TM
domain of the protein OmpF. OmpF is a homotrimeric TM
protein in which each subunit forms a pore that allows diffusion
of small polar solutes across the outer membrane. After sum-
ming up the energetic contribution of individual TM residues, we
found that the 8 strands with the highest overall energies are
strands 1–6, 15, and 16, and are predicted as the weakly stable
strands. It turns out that the strands involved in oligomerization
are strands 1–5 and strand 16 (Fig. 1). Collectively, the weakly
stable strands detected by the empirical potential function form
the oligomerization interface (see also Fig. S2 in SI Appendix for
other proteins). From the calculated energy profile of the protein
OmpF, residues that contribute significantly to the strand insta-
bility include K16 in strand 1 and R100 in strand 5 (Fig. 1 Right
Inset). These results provide an indication of the effectiveness of
the empirical energy function and the correlation of weakly
stable regions with structural characteristics of �-barrel mem-
brane proteins.

Weakly Stable Regions in the TM Domain and Stabilization by Out-
Clamps in PagP and �-Hemolysin. PagP enzyme is a �-barrel outer
membrane protein from Escherichia coli. It catalyzes the palmi-
tate transfer from a phospholipid to a glucosamine unit of a lipid
in the outer leaflet and reinforces the outer leaflet to protect E.
coli from a host’s immune response (19–21). PagP remains
dormant when the outer membrane permeability barrier is intact
but can respond adaptively and instantaneously to perturbations
to restore the permeability barrier (22).

An important structural feature of PagP is its short amphi-
pathic N-terminal �-helix, which closely packs against the TM
strands (23). Both x-ray and NMR studies have shown strong
interactions between the �-helix and the TM strands (10, 23).
Although deletion of the helix does not affect the formation of
a fully active protein in vivo, folding studies showed that the
helix–strand interaction makes a major contribution to stabilize
PagP (19). The N-terminal helix has been proposed to act as a
postassembly clamp to the exterior of the barrel (we call it

‘‘out-clamp’’ here) to lock the protein in its native form once
folding and insertion are complete (19).

Using a full space-filling atomic model of the structure (see SI
Appendix and ref. 24 for details), we found that this helix
interacts predominantly with strands B and D, instead of with
strands B and C as reported in refs. 10 and 19, in which only the
backbone ribbon diagram is considered. Among these, contacts
with R59, L69, and Y87 account for the majority of the atomic
interactions of barrel strands with the helix

To assess the extent to which this helix stabilizes the TM
strand, we quantify the stability of the strands using our empir-
ical potential function. Fig. 2 shows the energy contribution at
different positions of the TM strands in PagP. Our calculation
indicates that strand B is the most unstable strand and has the
highest energy, with the single-body energy term of residue R59
contributing most to its instability, despite the modest stabilizing
effect of pairwise interactions involving R59.

Experimental evidence is consistent with this result. Mutagen-
esis studies by Huysmans et al. (19) showed that the stability of
the R59L mutant is similar to that of the mutant �(1–19), in
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Fig. 1. The expected energy values of strands in the
TM domain of OmpF. OmpF exists in trimeric form,
with strands 1–5 and strand 16 forming the interaction
surface. (Left Inset) The trimeric structure of OmpF.
(Right Inset) The energetic contributions of individual
residues. Among the 16 strands, strands 1–6 and
strands 15 and 16 are found to have the highest overall
energy values. These strands coincide with the pro-
tein–protein interaction interface.
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Fig. 2. The energy level of residues in the TM domain of PagP. Strand B has
the highest overall energy and therefore is detected as the weakly stable
strand. In wild-type PagP, this strand is stabilized by interactions with the
N-terminal helix. Residue R59 contributes most to its instability, which is
consistent with experimental results in ref. 19, in which it was found that,
when R59 is mutated to L, the stabilizing interaction between strand B and the
helix is largely abolished and the overall stability change is similar to the
mutant when the N-terminal helix is truncated.
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which the entire helix is truncated. Our atomic model showed
that residue R59 forms the strongest interactions with the
N-terminal helix through hydrogen bonding with N12 and T16.

We found that the strategy of stabilizing the weakly stable region
in the TM domain by barrel out-clamping is also used in �-hemo-
lysin, a 14-strand barrel formed by 7 identical chains of strand
hairpins. Among the top 4 most unstable residues in the hairpin, 2
(K110 and Y148) are stabilized by a barrel out-clamp through
extensive H-bond interactions with the N-terminal of the soluble
domain (K110 with Q150B and N173B; Y148 with N178B).

Stabilization of Weakly Stable Regions by In-Plug Domains. PagP is
uniquely endowed with a local strategy for stabilizing the weakly
stable strand B. The sequentially neighboring N-terminal helix
can effectively interact and stabilize this �-strand. We hypoth-
esize that the need to stabilize weakly stable regions is not
restricted to PagP. When the high energy region is more
extensive and involves additional strands, a local solution using
a single helix in the vicinity of the strands may not be possible.

Our energy model suggests that some of the TM strands of the
ferric hydroxamate uptake receptor protein [FhuA; Protein Data
Bank (PDB) ID code 2FCP] are weakly stable regions. Although
FhuA does not have any barrel out-clamps, a distinctive char-
acteristic of FhuA is the large in-plug domain formed by a
mixture of two �-helices and a 4-strand �-sheet. This in-plug
domain most likely provides interactions to stabilize the TM
�-strands. In this case the interactions required for stabilization
are extensive and can only be satisfied by an in-plug domain of
significant size, unlike the local solution in PagP.

In-plugs are common in �-barrel membrane proteins and are
important for controlling the transport of hydrophobic substrates
(25). In-plugs are often formed by interstrand loops and the N
terminus, and they occlude the interior of the barrel proteins and
define the barrier characteristics of the cell wall. Our study here
suggests there exists yet another general role for in-plug domains,
namely, to stabilize the otherwise unstable TM domains.

A more accurate indicator of protein stability than energy
value is the relative melting temperature, Tm, which can be
calculated by using a statistical mechanics model. Tm is com-
puted as the temperature at which the heat capacity reaches its
maximum (see Methods and SI Appendix). Fig. 3 shows the
calculated heat capacities of several �-barrel membrane proteins
at different relative temperatures. From calculated melting
temperatures, we find, in addition to FhuA, that FepA (PDB ID

code 1FEP), BtuB (PDB ID code 1NQE), transporter FecA
(PDB ID code 1KMO), and FadL (PDB ID code 1T16) from E.
coli, as well as FptA (PDB ID code 1XKW) from Pseudomonas
aeruginosa and NalP (PDB ID code 1UYN) from Neisseria
meningitidis show instability in their TM domains (Table S1 in SI
Appendix). The in-plug domains found in these proteins are
important in stabilizing their respective protein’s strands.

Extended Weakly Stable Regions and Interfaces of Protein–Protein
Interactions. Yet another possibility for stabilization of proteins
with extensive high-energy regions in their TM domains is to
interact with another membrane protein, i.e., by interacting with
a similarly unstable region on a partner protein. Oligomerization
or other types of protein–protein interactions in the membrane
domain, as shown in the example of OmpF (Fig. 1) occur due to
this type of stabilization.

We have examined the 7 oligomers among the set of 25
�-barrel membrane proteins studied. Altogether, we found that
there are 57 strands with energy higher than the average strand
energy of the protein. Among these strands, 38 (66.6%) are
found to be located in interfaces of protein–protein interactions.
For the 59 stable strands with a below-protein-specific average
energy value, 48 (81.3%) are found to be located outside the
protein–protein interface (Fig. S2 in SI Appendix). Overall, we
found that strands with higher-than-average energy have greater
deviation from protein-specific averages for oligomers (mean �
1.59) than for monomers (mean � 1.12). These observations
further indicate that variation in strand energy correlates with
preference for protein–protein interaction.

Stability of TM �-Barrels as Measured by Tm. We have calculated the
relative melting temperatures Tm as a measure of overall protein
stability of the TM domains of the 25 �-barrel membrane proteins
with known structures. These proteins have �32% pairwise se-
quence identity. Our results (shown in Fig. 4) indicate that these
membrane proteins show clear patterns in Tm. We find that
oligomeric proteins are less stable (i.e., Tm is lower), with Tm � 1.8.
In contrast, all proteins with Tm � 1.8 are monomers. In addition,
with the exception of FadL (PDB ID code 1T16), all monomers
stabilized by in-plugs (light blue and red in Fig. 4) and out-clamps
(yellow in Fig. 4) are unstable by the criterion of Tm � 1.8.

Prediction of Oligomerization State and Interface for Protein–Protein
Interaction. We have further developed a computational method
to identify �-barrel membrane proteins that oligomerize. Our
method can distinguish them from other �-barrel membrane
proteins with barrel out-clamps or in-plugs. Briefly, we calculate
an index | that summarizes the energy deviation of unstable
strands from the overall expected energy value �(E): | � �[�i
Ei � �(E)]2/nu, where Ei is the energy of unstable strand i, and
nu is the number of unstable strands (see Methods for more
details). Index | essentially describes the average deviation of
energy values of unstable strands from the mean energy of all
strands. | is formulated based on the observation that high
energy strands in oligomers have an overall large deviation from
the average strand energy (see Fig. S3 in SI Appendix). If | � 2.5,
we predict that the protein in question forms an oligomer. Using
this improved criterion over the simple energy value, we find that
38 among the 50 TM strands (76%) structurally located in
protein–protein interfaces are correctly identified, and 53 among
66 noninterface strands (80.3%) are correctly identified.

We have carried out a leave-one-out test to evaluate our predic-
tion method. We take each of the 25 proteins out in turn as the test
protein and construct an empirical energy potential function using
the remaining 24 nonhomologous protein structures (15, 17). In this
test, all known oligomers are correctly predicted. Only 1 monomer,
ferric hydroxamate uptake receptor (FhuA; PDB ID code 2fcp)
from E. coli, is incorrectly predicted as an oligomer. The other 17
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Fig. 3. Calculated heat capacities of OmpA (PDB ID code 1BXW), FadL (PDB
ID code 1T16), PagP (PDB ID code 1THQ), OmpF (PDB ID code 2OMPF), and FptA
(PDB ID code 1XKW) proteins at different temperature. These values are for
the strands in the TM domain and are obtained based on the calculation of the
partition function of the barrel assuming a simplified conformational state
model. The temperature at which heat capacity reaches maximum corre-
sponds to the melting temperature, Tm.
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monomers, including those containing in-plugs or out-clamps, are
predicted correctly. This prediction has an accuracy of 96%, a
sensitivity of 100%, and a specificity of 94%. Because these
predictions are results of leave-one-out tests, the achieved accuracy
indicates that our approach does not depend on the specific choice
of data used in constructing the energy function, and our prediction
results are unlikely to change if another �-barrel membrane protein
structure is added to the data set.

To predict the interface of protein–protein interactions in
oligomers, we use a slightly modified strand energy model to
identify the largest set of consecutive strands with Ei � �(E) (see
SI Appendix). These strands are then predicted to form the
interacting interface. Our results from the leave-one-out test
(Table 1) show an overall prediction accuracy of 78% in iden-
tifying the correct interfacial strands, with a sensitivity of 76%
and a specificity of 80% (see SI Appendix for definitions).

Prediction of Oligomerization State and Interface from Sequence. In
our calculation, we assume the canonical strand interaction
model (15, 17, 26, 27) (also see SI Appendix) and require only
knowledge of the start position of the TM strands. Because the
amount of required structural information is very small, our
method can also predict oligomerization state and identify the
interface for protein–protein interaction by using sequence
information only. In this case, we use the estimated strand start
position from the ProfTMB server (12).

Among the 24 �-barrel membrane proteins with known struc-
tures, the oligomerization states of 22 are correctly predicted in
leave-one-out tests, with all of 7 oligomers correctly identified.
An exception is PagP, which was not identified as a �-barrel

membrane protein by the ProfTMB server and therefore was not
included. Only 2 monomers (PDB ID codes 2FCP and 1UYN)
are misclassified. Among these 2, the output TM sequences for
NalP (PDB ID code 1UYN; N. meningitidis) from ProfTMB
contain 2 non-�-strand sequence segments, which increased the
overall energy of the protein significantly, leading to misclassi-
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Fig. 4. The relative stabilities of 25 nonhomologous � -barrel membrane proteins are measured by computed melting temperature, Tm, of the TM strands. The Tm

values are plotted against the PDB names of the proteins. The number of TM strands in each protein is labeled at the end of the bar. Monomers that are stable without
the aid of out-clamps and in-plugs are in dark blue and are represented by OmpA (PDB ID code 1BXW). Monomers with small in-plugs are in light blue (represented
by NalP; PDB ID code 1UYN). Monomers stabilized by out-clamps are in yellow. They include PagP (PDB ID code 1THQ) and �-hemolysin (PDB ID code 7AHL).
Outer-membrane proteins stabilized by oligomerization are green (e.g., ScrY; PDB ID code 1A0S). Monomers stabilized by large in-plugs are red (e.g., FptA; PDB ID code
1XKW). All stable monomers have Tm � 1.8. With the exception of FadL (PDB ID code 1T16), unstable monomers requiring stabilization by out-clamps or large in-plugs
all have lower stability, with Tm � 1.8. Oligomeric outer-membrane proteins can be further distinguished from unstable monomers requiring either out-clamps or
in-plugs.

Table 1. Prediction results

Structure Sequence

PDB ID code PPI TP Non-PPI TN PPI TP Non-PPI TN

2MPR 8 7 10 9 8 6 10 10
2OMF 7 7 9 6 7 6 9 8
1E54 9 7 7 7 9 8 7 7
2POR 7 7 9 8 5 5 9 7
2O4V 6 4 10 7 6 4 14 13
1A0S 8 6 10 10 7 4 11 11
1PRN 5 0 11 6 5 1 11 7
Total 50 38 66 53 47 34 71 63

Prediction of protein–protein interfaces (PPI) in the oligomers of �-barrel
membrane proteins based on leave-one-out tests from structures and from
sequences. When only sequence information is used, the strands predicted by the
ProfTMB method to be in the TM domain are included. These strands may not be
the same as the ones in the solved structure. TP, strands in interface predicted
correctly; TN, strands not in interface predicted correctly. Using structure infor-
mation, accuracy is 78%, sensitivity is 76%, and specificity is 80%. Using sequence
informationonlyofcorrectlygivenstrands,accuracy is82%,sensitivity is72%and
specificity is 88%. The overall accuracy using sequence information is 80% (ac-
curacy in correctly predicting strand sequences by ProfTMB) � 82% � 66%.
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fication. Overall, our prediction has an accuracy of 92%, a
sensitivity of 100%, and a specificity of 88%.

Using the sequences of the 7 proteins predicted to be oligomers,
we are able to identify 72% of the strands at the oligomerization
interfaces (Table 1). In the poorest prediction (porin from Rhodo-
pseudomonas blastica), 1 of 5 interfacial strands and 7 of 11
noninterfacial TM strands are correctly identified (Table 1). The
strand misclassification in this protein is due to the fact that the large
in-plug domains interact strongly with strands located outside the
interface but only weakly with interfacial strands. Overall, if pre-
dictions of TM strands by the ProfTMB server are correct, our
prediction accuracy for interfacial strands is 82%. Combined with
an estimated accuracy of 80% for strand prediction by ProfTMB,
the overall accuracy of our prediction of interface strands using only
sequence information is 66%.

Discussion
Weakly Stable Regions in �-Barrel Membrane Proteins. Although the
specifics are unclear, recent experimental studies on multiple
conformations and the transient opening of membrane enzyme
PagP can be interpreted as strongly suggesting the existence of
unstable regions in membrane proteins (10, 19, 28). This dual
nature of high energy on the one hand and conformational adapt-
ability on the other may be general for the biological function of
membrane proteins, which often require conformational changes
(22, 28, 29). Although these conformational changes are initiated by
exogenous perturbations, such as ligand binding, membrane depo-
larization, and limitation of divalent cations, the ability to adapt to
such changes is already built into the protein structures in the form
of weakly stable regions. Our results indicate that these unstable
regions can be detected computationally for �-barrel membrane
proteins. In addition, we find that proteins employ barrel out-
clamps, in-plugs, and oligomerization as general strategies to sta-
bilize unstable TM regions in the ground state.

Oligomerization of Membrane Proteins. In complex cellular machin-
eries required for biological processes, such as allosteric catalysis,
signal transduction, and transcription regulation, oligomerization
and other forms of protein–protein interactions play central roles
(30). The importance of the oligomerization of integral membrane
proteins is well-recognized, because most membrane protein do-
mains are encoded by separate polypeptide chains (31). However,
compared with soluble proteins, we are at a very early stage in the
study of membrane protein oligomerization (32). In this work, we
show that oligomerization in the TM domain of outer membrane
proteins can be elucidated computationally through recognition
and characterization of weakly stable regions, and the oligomer-
ization interfaces can often be predicted.

The connection between unstable regions and protein–protein
interactions has been clearly established in previous studies of
soluble proteins. Global computational studies of known protein
structures based on empirical energy functions showed that the
interfacial regions on protein surfaces have abnormally high
energy values when the binding partners are absent but become
stabilized when the partners are added (33, 34). These studies
suggest that the interface regions of protein–protein interactions
are often intrinsically high energy, although they may not
necessarily be fully disordered. Our results indicate that high-
energy regions in the TM domain are also often implicated as
surfaces for protein–protein interaction. In the TM domains, the
loss of side-chain entropy upon binding will be less significant
than that in soluble proteins, and therefore the stabilizing effect
upon binding will be more pronounced.

In studies on the origin of symmetric homooligomeric protein
assembly, Lukatsky et al. (35) and André et al. (36) suggested
that for large protein assemblies to contribute to fitness, the
primordial protein complexes must be significantly populated to
be available for extensive optimization and to contribute to

function during evolution. These complexes therefore must have
their energy reduced upon binding. Extensive simulation of
protein–protein docking indicates that symmetric protein–
protein complexes predominate in low-energy assemblies, and
this bias toward low energy is sufficient for the emergence of
protein–protein interactions (36, 37). Our study suggests that
reducing the energy of weakly stable regions may be a general
physical driving force for the primordial protein complex to be
highly populated in membrane proteins, which leads to the
eventual emergence of modern membrane protein complexes.

Computationally Derived Energetic Models of Membrane Proteins.
Studying membrane proteins poses a significant challenge be-
cause it is difficult to obtain purified membrane fractions and to
derive high-resolution structures (32). Our current understand-
ing of the physical determinants governing membrane protein
structures is not yet complete. For example, despite numerous
successes (6, 12, 13, 15–18, 38, 39), we cannot yet accurately
predict the full three-dimensional structures of �-barrel mem-
brane proteins from sequence information alone. Further chal-
lenges come from the fact that functional membrane proteins are
often the result of the assembly of multiple subunits, each
consisting of one or more polypeptide chains. The problem of
finding the correct protein–protein interactions is reminiscent of
the protein–protein docking problem, a well known difficult
problem despite recent progress (40).

A promising approach is to bootstrap ourselves through these
difficulties by developing physical models, with parameters esti-
mated from bioinformatic analysis of known sequences and struc-
tures to gain insight on the important physical factors and to make
testable predictions. The success of this approach is illustrated by
the work of Hessa et al. (41), in which the chemical code for
�-helical membrane protein translocation was independently ob-
tained from elegantly designed experimental studies and from
bioinformatic estimation. In our computational study, we have
developed models characterizing the stability and other thermody-
namic properties (such as melting temperature) of the TM domain.
The approach developed in this study requires a detailed energy
function that goes beyond coarse-grained models, such as the
Gaussian network model. Although we have simplified our model
by adopting a reduced conformational space, the improved predic-
tion using melting temperature over energy value is significant. This
simplified model and the enumeration of conformations, including
nonnative ones, can capture key factors determining the native state
of �-barrel membrane proteins, even though the energy function is
not yet perfect.

Our results show that the key stabilization interactions in PagP
can be detected, the weakly stable regions in outer membrane
proteins can be identified, and the oligomerization state and
interfaces of protein–protein interaction can be predicted from
either structure or sequence. These predictions are based on a very
simple physical model that does not account for the existence of
non-barrel structural elements explicitly. This model’s detection
of high-energy regions leads to the recognition of the existence of
non-barrel elements. Such predictions can aid in the identification
of the biological forms of �-barrel membrane proteins, which may
require quaternary interactions between monomers. In addition,
the involvement of non-barrel elements may facilitate understand-
ing of the biological functions of �-barrel membrane proteins, as in
the case of the out-clamp in PagP (22) and the latching loop L2 for
ion selectivity in OmpF (9). Furthermore, it is envisioned that
improvement in the crystallization of membrane proteins may be
achieved if mutations at selected sites can be made such that these
proteins are stabilized. Because predictions can be made from
sequences alone, such applications can be made for a large number
of �-barrel membrane proteins.
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Challenges and Future Development. Our current computational
model is based on many simplifying assumptions. It is likely that
the overall topology, orientation, and structure of a membrane
protein are not only determined by the sequence of the �-barrel
membrane protein but are also influenced by other factors of the
organism in which the protein is expressed. For example, inter-
actions between amino acid residues and the correct lipids of the
outer membrane are important for determining the topology and
the assembly of the membrane protein (42). The formation of a
stable OmpLA dimer is possible only with the presence of a
substrate molecule located in the interface (43). Furthermore,
interactions of �-barrel membrane proteins with chaperone
proteins, translocons, and the �-barrel assembly machinery
during the biogenesis process may also play an important role in
deciding the final protein structure. In addition, whether two
predicted interfaces directly interact, the numeric state or dis-
tribution of states of the oligomerization, the number of mono-
meric units involved, and how they are docked against each other
remain challenging problems. Computational models currently
do not accurately account for these factors, and much work
remains before our understanding is complete.

Materials
We take 25 �-barrel membrane proteins with known structures as our data set.
Each pair of proteins has �32% pairwise-sequence identity (see SI Appendix).

For simplification, we take the canonical model of membrane �-strands based
on the physical model of �-strand interactions described in refs. 15, 17, 26, and
27. A strand is assumed to have a length of 16 residues located in 8 different
regions (see SI Appendix). The energetic contribution of each residue E(i) has
4 components: energy of the individual residue located in the specific envi-
ronment, E1; the interaction energy with a neighboring strand through the
backbone strong H-bond, ESH; the side-chain interaction, ESC; and the back-
bone weak H-bond, EWH.

Assuming a reduced conformational space that each strand can slide up or
down �3 positions, a strand can have 7 different registrations with its neigh-
bor. We can exhaustively enumerate all conformations for proteins with up to
14 strands. For larger proteins, we have developed an approximate method to
compute their thermodynamic properties (see SI Appendix). To calculate the
expected energy values of a central strand, we calculate the energy of its 7 �
7 � 49 possible registrations with its 2 neighbors and take the expected energy
value. The relative melting temperature, Tm, of the TM �-barrel strands is
computed as Tm � arg maxT Cv � arg maxT [{�(E2) � �(E)2}/T2 ]. Additional
details can be found in SI Appendix.
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