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ABSTRACT
Motivation: Two types of transmembrane proteins exist, α-helical
membrane proteins and transmembrane β-barrels. The later type
exists in the outer membrane of gram-negative bacteria and in chlo-
roplast and mitochondria where they play a major role in the translo-
cation machinery. Here, we aim to build three-dimensional models
for transmembrane β-barrels based on a large set of predicted
topologies used to generate alternative three-dimensional models.
Thereafter, the predicted Z-coordinate, i.e. the distance of a residue
from the membrane center, is used to identify the best model.
Results: We present TMBMODEL; a method for generating three-
dimensional models based on predicted topologies. TMBMODEL
employs theoretic principles from known structures to construct a
model for a barrel of a given transmembrane β-barrel sequence.
Firstly, different topologies are obtained from running the BOC-
TOPUS topology predictor and then three-dimensional models are
constructed for different shear numbers. The best model is then
selected based on a novel Z-coordinate predictor. Based on a leave-
one-out cross-validation, the Z-coordinate predictor predicts 74%
residues within 2 Å on a non-redundant dataset of 36 transmembrane
β-barrels. The average error and correctly identified membrane resi-
dues is 1.61 Å and 71%, respectively. TMBMODEL chose the correct
topology for 75% proteins in the data set, which is a slight improve-
ment over BOCTOPUS. More importantly TMBMODEL provides a Cα

template for more detailed structural analysis. The average RMSD for
this template is 7.24 Å.
Availability: TMBMODEL is freely available as a web-server at:
http://tmbmodel.cbr.su.se/. The data sets used for training and eva-
luations are also available from this site.
Contact: arne@bioinfo.se

Abbreviations: TMB, transmembrane β-barrel protein; HMM, Hid-
den Markov Model; SVM, support vector machine.

Keywords: Structural modeling, Topology prediction, β-barrels,
membrane protein, Z-coordinate prediction
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1 INTRODUCTION
Membrane proteins are classified either as helical membraneprote-
ins (HMPs) or Transmembrane beta barrel proteins (TMBs). HMPs
are known to constitute 20-30% of a typical genome and have
been extensively studied using bioinformatics methods. transmem-
braneβ-barrels have recently gained attention due to their role in
the translocation machinery of outer membrane proteins in bac-
teria, chloroplast and mitochondria. transmembraneβ-barrels are
also known to play a crucial role in transport of molecules, voltage
gating, membrane anchoring, pore formation and are also candidate
molecular targets for development of antimicrobial drugs and vac-
cines (Schulz, 2002; Koebniket al., 2000; Galdieroet al., 2007;
Pajónet al., 2006). Given that it is experimentally difficult to obtain
the structures of TM proteins, many computational methods have
been developed for identifying and predicting structural proper-
ties of such proteins. Such predictions can be used to identify and
build templates for further experimental investigations and can aid
in elucidating the structure and function of putative TM proteins.

Computational methods for the topology prediction of TM prote-
ins generally output the predicted topology as a sequence oflabels,
some methods also incorporate the predicted secondary structure in
the output (Singhet al., 2011; Freeman and Wimley, 2010; Wimley,
2002; Mirus and Schleiff, 2005; Gromihaet al., 2004; Martelliet al.,
2002; Yanet al., 2011; Bigelow and Rost, 2006; Gromihaet al.,
2005; Bagoset al., 2004, 2005; Remmertet al., 2009). Methods
like partiFold (Waldispühlet al., 2008) and TMBpro (Randallet al.,
2008) predict the interβ-strand residue contacts but have their limi-
tations in sequence length and might require the users to input a
topology. Only a few methods predict the three-dimensionalmodel
including TMBpro (Randallet al., 2008) and a recent method called
3D-SPoT (Naveedet al., 2012) provide a three-dimensional model.
TMBpro is based on secondary structure prediction and predic-
tion of residue contacts of potential transmembraneβ-barrels. The
method employs templates derived from known transmembraneβ-
barrel structures and matches the predicted secondary structure to
one of the 18 predefined templates based on the number of predic-
ted β-strands. However, as discussed by Naveedet al., template
based methods cannot be applied for novel folds, such as transmem-
braneβ-barrels with odd number ofβ-strands (Naveedet al., 2012).
In contrast to TMBpro, the 3D-SPoT method does not first predict
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the topology of a protein. 3D-SPoT is based on the optimized mat-
ching of hydrogen bonds betweenβ-strands. Three different kinds
of bonds (strong and weak hydrogen bonds, and side-chain interac-
tions) are taken into account and the adjacentβ-strands are shifted
up and down to obtained the arrangement with least energy defi-
ned by a pseudo-energy function (Naveedet al., 2012). The final
model is built based on a intertwined coil geometric model, where
eachβ-strand is represented by a coil wrapped around a hypothe-
tical cylinder. Each coil is separately modeled and the mainchain
atoms are later added to Cα positions by an algorithm developed by
Grontet al. (Grontet al., 2007).

Given the symmetrical structure ofβ-barrels theoretical models
can be calculated (Chouet al., 1990; Murzinet al., 1994a,b). These
simplified models can be (i) used to evaluate the accuracy of the
predicted topologies and (ii) be used as templates for more detai-
led models, using molecular modeling programs such as Model-
ler (Fiser andŠali, 2003). Obviously, higher resolution structural
models of a predicted topology can give insights into the possible
interactions of amino acid residues with each other that might aid in
elucidating its function. Further, a three-dimensional model can be
used to design site-specific mutational experiments and canaid in
the modeling of membrane protein complexes such as the TOM and
the SAM complex of the mitochondrial outer-membrane (Becker
et al., 2012).

Here, we present a computational method for modeling of puta-
tive transmembraneβ-barrels called TMBMODEL. The workflow
of TMBMODEL is outlined in Figure 1. As shown, BOCTO-
PUS (Hayat and Elofsson, 2012) is used to generate topologies
for a given protein sequence. A large set of predicted topologies
are obtained in a completely cross-validated fashion as a descri-
bed in details below (Hayat and Elofsson, 2012). To identifythe
topology and obtain the final model, we developed a novel version
of ZPRED (Gransethet al., 2006), ZPRED3. Here, Z-coordinate
are defined as the distance of a residue from the membrane center
(Gransethet al., 2006). Finally, a module referred to as 3D-modeler
is then used to generateCα models given the predicted topologies.

Based on a 10-fold cross-validation test, TMBMODEL has a hig-
her accuracy (75.0%) in terms of correct topology prediction as
compared to TMBpro (52.8%) and also BOCTOPUS (Hayat and
Elofsson, 2012). The average RMSD of the models obtained from
TMBMODEL and TMBpro is 7.24Å and 8.79Å , respectively.
The average RMSD for the 27 proteins for which TMBMODEL
selects the correct topology is 6.94Å. The TM Score for TMBMO-
DEL and TMBpro are 0.43 and 0.56, respectively. When the correct
topology of proteins is assumed, the average RMSD of top-ranked
TMBMODEL models is 5.85Å.

2 METHODS

2.1 Training data set
The data set comprises of 36 transmembraneβ-barrel structures that are
homology reduced at≤30% sequence identity. The actual structures were
obtained from the OPM database (Lomizeet al., 2006). Development and
training of the SVMs used here was based on 10-fold cross-validation. Fur-
ther, training was performed in such a way that all proteins belonging to
the same OPM family were put together in the same cross-validation set to
avoid influence by distantly related homologs. PDB files for proteins in the
TMBpro and 3D-SPoT data set were obtained from OPM database (Lomize

Fig. 1. TMBMODEL pipeline. BOCTOPUS (Hayat and Elofsson, 2012)
is used to generate topologies. 3D-modeler module is used togenerateCα
models for predicted topologies. ZPRED3 is used to predict the Z-coordinate
of each residue and the best ranked models are selected basedon lowest
RMSD obtained from comparing the Z-coordinate obtained from a model
and the predicted Z-coordinate.

et al., 2006). The three dimensional model generation in TMBpro method is
based on templates that are derived from known structures already included
in their data set, thus while comparing TMBpro performance on our data set,
proteins were divided into two categories based on the availability of a their
exact template in TMBpro (Randallet al., 2008). All data sets are available
on TMBMODEL web server.

2.1.1 Input features The input feature chosen for ZPRED3 is a com-
bination of position specific scoring matrix (PSSM) obtained using PSI-
BLAST version 2.2.18 (Altschulet al., 1997) and 3-bit encoded predicted
topology obtained from BOCTOPUS. For PSSM generation, default para-
meters and three iterations of searching the non-redundantnr-database,
obtained from the NCBI website in July 2010, was used. The log-odds value
in the PSSM was transformed into a PSSM-profile by dividing all number
by 10 such that they lie between±1.0. Similar input feature was employed
by BOCTOPUS (Hayat and Elofsson, 2012).

As shown in Table 1, the other input features that were testedfor ZPRED3
are 20-bit sparse encoding of amino acids (AASparse), 3-bitencoded predic-
ted topology where each bit represents inner-loop, membrane and outer-loop
regions for the predicted topology obtained from BOCTOPUS (Topology),
probabilities obtained from the SVM state of BOCTOPUS (SVMDATA) and
their combinations. Absolute value of Z-coordinate was used and the upper
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and the lower limit on Z-coordinate was set at 17Å and 0Å, respectively.
Predictions were made in the range 3-15Å, since we focus on the modeling
of the barrel region of transmembraneβ-barrels.

2.2 Topology prediction using BOCTOPUS
BOCTOPUS is a two-stage topology prediction method for transmembrane
β-barrels recently developed by Hayatet al. (Hayat and Elofsson, 2012).
During the implementation of BOCTOPUS, the residues in the data set are
annotated as “M”, “i” or “o” based on their location in the membrane, inner-
loop or outer-loop region, respectively. The membrane region boundaries
and the structures are obtained from the OPM database(Lomize et al., 2006).
In the first stage, three separate SVMs are employed to predict the local
preference of each residue to be in the Membrane (M), Inner-loop (i) or
Outer-loop (o) region. The probability of each residue to bein those regions
is used to make a profile, where each residue is listed along with its probabi-
lities to be in the M, i and o region. In the first stage PSSM is employed as
the input parameter to SVMs. The second stage consists of a Hidden Mar-
kov Model (HMM), representing transmembraneβ-barrels. The HMM has
states for short inner-loops, up and down-strand, and long outer-loops. The
start and end of the protein sequence are fixed to be at the periplasmic side
(i.e. the i loop) and only even number ofβ-strands are allowed to account for
the known structural characteristics of bacterial transmembraneβ-barrels.
The profile generated from the first stage is used as the input for the second
stage. The output of BOCTOPUS is the predicted topology thattakes into
account the local per-residue and overall global preferences. The 10-fold
cross-validation was maintained throughout the SVM and HMMtraining
phases by training on 9 sets and testing only on the 1 set that was included
in the training of SVMs and HMMs. Further, all proteins that belong to the
same super-family were put together in one set.

BOCTOPUS HMM architecture has three states with self-loopsto accom-
modate variable number of residues in the ”i”, ”o” or pre-barrel ”i”-region.
Where, pre-barrel ”i”-region is defined as the residues at the N-terminus that
are before the firstβ-strand. Each state with self-loop has four parameters
to determine transition to the next state or not and the weights for emis-
sion scores of ”i” and ”o” (Hayat and Elofsson, 2012). Duringthe training
and 10-fold cross-validation of BOCTOPUS, a range of HMM parameters
was found to have similar accuracy in terms of correctly predicted topology.
These parameters are now used here to generate a number of topologies for a
given protein. During the development of TMBMODEL, 10000 unique para-
meter combinations were employed to obtain the topologies.It was done so
as to generate a large set of topologies and check if TMBMODELis able to
pick the correct topology. It should be noted that all the topologies genera-
ted for TMBMODEL development and analysis are based on strict 10-fold
cross-validation.

2.3 Training ZPRED3
For the training data set, structures aligned to the membrane normal were
obtained from the OPM database (Lomizeet al., 2006). Here, we define Z-
coordinate as the distance of a residue from the membrane center, similar as
in (Gransethet al., 2006). The task of training an SVM is then to predict this
distance. Similar to the development of BOCTOPUS, the data set was divi-
ded into ten sets such that proteins belonging to the same super-family were
in the same set. During training, nine sets were used to test the performance
on the tenth set. Different SVMs, as implemented in the libsvm interface in
the R e1071 package, were trained to predict the Z-coordinate. Radial basis
and linear kernels, and different windows sizes in the rangeof 1 to 21 were
tested. The optimal window size was determined based on the highest corre-
lation coefficient and percentage of residues predicted to be within a 2̊A of
their observed Z-coordinate.

2.4 Modeling of TM region of transmembrane
β-barrels based on the predicted topology and
theoretical principles

3D modeling of residues predicted to be in transmembraneβ-strands is based
on geometric optimization method for ideal barrels previously described by
Chouet al. and and Murzinet al. (Chouet al., 1990; Murzinet al., 1994a,b).
In general, it is known that all single-chain transmembraneβ-barrels form
a closed cylindrical barrel. A beta-barrel can be defined using 5 parameters,
namely number of strands (N ), shear number (S), barrel radius (R), strand
tilt (T ), and the twist and coil of theβ-strand along the axis perpendicular
and parallel to theβ-strand, respectively. In the case of transmembraneβ-
barrels,β-strands are right-twisted, and in order to satisfy hydrogen bonding,
eachβ-strand is right-tilted with respect to the membrane normal. The shear
numberS, is a measure of the staggering of theβ-strands and can be des-
cribed as follows: Choose a residueri on anyβ-strand form the beta-barrel.
Starting from the this residueri, if we follow the residues on adjacent strands
that form hydrogen bond with our chosen residue in a counter-clockwise
direction, then we will not arrive at the initially chosen residueri but at
residueri + S, whereS is the shear number. A positive and negative value
of S signifies a right and left-tilted barrel, respectively. Transmembraneβ-
barrels consists of a right-handed barrel that can be approximated by a circle
of radiusR. Where,R can be theoretically estimated by using Equation 1
(Murzin et al., 1994a,b).

R =
[(Sa)2 + (Nb)2]1/2

2Nπsin(π/n)
(1)

Wherea is the Cα − Cα distance between two residues along a strand
(typically 3.7Å ), b is the inter-strand distance, 4.4Å as described in (Murzin
et al., 1994b).

The number ofβ-strands N is determined from topologies obtained from
BOCTOPUS. As described in Methods, topologies are generated for 10000
unique parameter combinations for the HMM used in BOCTOPUS.Based
on the number of strands (N) and the shear numberS, the radius and the tilt
T of the transmembraneβ-strands can be calculated by Equation 2.

tanα =
Sa

Nb
(2)

We calculate a range of values forR andT based on the number of pre-
dicted strandsN found in a topology and shear numbers in the range of 6 to
24. The parameters describing the twist and the coil of theβ-strand are not
optimized in the current study but can be included in future work. However,
this should only slightly effect the vertical distance ofβ-strand residues from
the membrane center.

Theβ-strands were then transformed from the atomic coordinate system
defined by (x, y, z) axes to aβ-strand coordinate system defined by an (f,
g, h) axis as described in (Chouet al., 1984). Briefly, the x, y, z coordinate
system has the origin at coordinate 0, 0, 0 and the three axes namely x, y, z
are perpendicular to each other. In aβ-strand coordinate system defined by
(f, g, h) axes, oneβ-strand is chosen as the reference and h axis is defined
as the axis of the referenceβ-strand. The origin of the (f, g, h) coordinate
system is chosen as the mid-point of the referenceβ-strand. The mid-point
is defined as the middle ofCα − Cα of residues at the N and C-termini of
the referenceβ-strand. This transformation to (f, g, h) coordinate systemis
done to make the translation and rotation ofβ-sheets relative to each other
more convenient (Chouet al., 1984). The otherβ-strands are then transfor-
med from the atomic coordinate system to theβ-strand coordinate system.
Transformation of the coordinate system from (x, y, z) to (f,g, h) is given by
Equation 3:

2

4

f
g
h

3

5 = ls

2

4

x − xṡ

y − yṡ

z − zṡ

3

5 (3)
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Table 1. Z-coordinate prediction comparison

Methods ws1 ws2 CC Accuracy ¡Z-error¿ Q2

PSSM 7 - 0.72 60 % 2.18 63 %
PSSM+Topology 1 19 0.78 74 % 1.61 71 %
AASparse 5 - 0.45 44 % 3.23 37 %
AASparse+PSSM 1 3 0.57 51 % 2.75 49 %
SVMDATA 21 - 0.74 72 % 1.78 68 %
Topology 21 - 0.75 73 % 1.71 69 %
Topology+AASparse 17 1 0.74 72 % 1.75 68 %

Comparison of Z-coordinate predictions. Here, ws1 and ws2 refer to the window size of
the input feature window. CC is the correlation coefficient between the observed and the
predicted Z-coordinate values. Accuracy refers to the percentage of residues are found
be be within 2̊A of their observed Z-coordinate. Q2 is the number of residues correctly
predicted to be within the membrane region. Only the highestvalue per input combination
are shown here.

WherelS is defined as

lS =

2

6

4

(ef )
x

(ef )
y

(ef )
z

(eg)x (eg)y (eg)z

(eh)x (eh)y (eh)z

3

7

5
(4)

Where, for example(ef )
x

denotes the projection of unit vector(ef ) on the
x axis. The reverse transformation from (f, g, h) to (x, y, z) coordinate system
is given by Equation 5:
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2.5 Evaluation of ZPRED3 and ranking of Cα models
The Z-coordinate prediction accuracy of ZPRED3 was evaluated based on 1)
correlation coefficient, 2) number of residues correctly predicted to be with
2Å of their observed distance from the membrane center, 3) average error
per protein and 4) correctly identified membrane residues (Q2). Where Q2 is
defined as a two-state accuracy measure that accounts for number of residues
that are predicted to be within the membrane/non-membrane region. The Z-
coordinate of a residue predicted to be in aβ-strand was determined in two
ways 1) from ZPRED3 prediction and 2) from the model constructed based
on the predicted topology. TheCα models were then ranked according to the
average difference between the two Z-coordinates thus obtained for all resi-
dues in the predictedβ-strands. This difference between the Z-coordinates
obtained from ZPRED3 and the model is defined as Z-coordinateerror. A
low Z-coordinate error means that the average difference between the Z-
coordinates obtained from the two sources is low. Thus, if the Z-coordinates
obtained from the model are very similar to the ones obtainedfrom ZPRED3,
i.e. if the Z-coordinate error is low, than the model is assigned a higher rank.
Obviously other terms could be used in the future to rank the models.

3 RESULTS AND DISCUSSION
Here, we present a pipeline to model transmembraneβ-barrel pro-
teins. In short, we use BOCTOPUS (Hayat and Elofsson, 2012) to
predict a large set of alternative topologies for a protein.In addition
we predict the “Z-coordinate” for each residue using a novelpredic-
tor, ZPRED3. Then for each topology we generate a large number of
possible models using theoretical descriptions ofβ-barrel proteins.

Fig. 2. BOCTOPUS and ZPRED3 output for the FadL outer membrane pro-
tein (FadL) fromPseudomonas aeruginosa (3DWOX). The X-axis shows
the residue number. Observed and predicted Z-coordinates are shown in dark
and gray lines. The most likely BOCTOPUS topology prediction is shown
with horizontal bars. Outer-loops, inner-loops and the TM strands are shown
in blue, red and gray color, respectively.

3.1 Z-coordinate prediction using ZPRED3
ZPRED3 is a Z-coordinate predictor implemented for estimating the
distance of a residue from membrane center. Different inputfeatu-
res, SVM parameters and window sizes were tried as inputs to a
SVM. As shown in Table 1, a combination of a PSSM and pre-
dicted topology obtained from BOCTOPUS has the lowest average
error (1.61̊A) and the highest correlation coefficient (0.78). Further,
approximately 74% residues were correctly predicted to be within
2Å of their observed Z-coordinate. It should be noted that a fur-
ther increase in accuracy can be obtained by using the predicted
value for(i − 1) residue to predicted the Z-coordinate of thei-th
residue (Gransethet al., 2006). Figure 2 shows the ZPRED3 and
BOCTOPUS output for the FadL outer membrane protein (FadL)
from Pseudomonas aeruginosa. ZPRED3 predictions are shown
dashed dark lines in Figure 2. As shown, the prediction correla-
tion in the pre-barrel stage, defined as the region before thefirst
observed transmembraneβ-strand is low. The pre-barrel region is
mostly present in the inter-membrane periplasmic region. Since the
membrane and non-membrane regions behave differently, a separate
Z-coordinate predictor and pre-barrel region identifier needs to be
developed in the future to generate a model for the complete protein
sequence.

Figure 3 shows the Z-coordinate error for all 540 transmembrane
β-strands in our data set of 36 proteins (Hayat and Elofsson, 2012).
The correctness of the strands prediction is defined in BOCTOPUS
as the overlap of at least 2 residues and the correct topologyis defi-
ned as the correct number of strands and their correct location with
respect to the known structure (Hayat and Elofsson, 2012). Thus
incorrect topologies can be due to over/under prediction ofthe num-
ber of strands or due to location mismatch of the predicted strands.
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Fig. 3. Average Z-coordinate prediction errors for BOCTOPUS predictions.
Comparison of average errors in Z-coordinate prediction based on correct-
ness of the location of the identified transmembraneβ-strand. Incorrect
strands refers to under-predicted, over-predicted and strands that are pre-
dicted at a location that does not overlap with their observed location in the
structure.

Fig. 4. The best ranked model of the FadL outer membrane protein (FadL)
from Pseudomonas aeruginosa (3DWO X) as generated by TMBMODEL
is shown in Cyan and the actual known structure obtained fromthe OPM
database is shown in Green. Figure on the left and right are the front and the
top view, respectively. Only the barrel part is shown. The RMSD calculated
based onCα atoms is 7.56̊A.

As shown in Figure 3, the Z-coordinate error for correct strands is
significantly lower (approx. 1.7̊A ) than for the incorrect strands
(approx. 9.1Å ). Here, Z-coordinate error is calculated between the
Z-coordinates obtained from ZPRED3 and known structures obtai-
ned from OPM database (Lomizeet al., 2006). Thus, Z-coordinate
prediction can be used to validate BOCTOPUS results in the future.

3.2 Selection and analysis of top-ranked Cα models
based on predicted Z-coordinates

The Cα models generated as described above were ranked based
on the minimum error between the predicted Z-coordinate obtained
from ZPRED3 and the Z-coordinate obtained from theCα model
(i. e. Z-coordinate error ). The Z-coordinate value for residues in the
β-strands was converted to distance from the membrane center. The
absolute values of Z-coordinates were compared and the lower and
the upper limits were set at 3 and 15Å, respectively. The number
of predictedβ-strands and the TMScore of the selectedCα model

Fig. 5. The RMSD distribution of top-ranked models is slightly better than
all models. Almost 40% of the best ranked models have an RMSD of
≤ 6.5 Å, while the corresponding number for all models generated by
TMBMODEL is around 21%.

Fig. 6. TMBMODEL for Outer membrane phospholipase A inEscherichia
coli (PDB ID: 1QD6D) is shown in Cyan and the known structure is shown
in Green in top view. TMBMODEL does not make very good models of
proteins that have an elliptical barrel.

are shown in Table 2. TMBMODEL and TMBpro can predict the
correct topologiesβ-strands for 27(75%) and 19(53%) proteins in
the data set.

Other accuracy measures that are generally used when compa-
ring two structures are TMScore and RMSD (Zhang and Skolnick,
2005). The average TMScore and RMSD of the top-ranked models
obtained from TMBMODEL and TMBpro are reported in Table 2.
The average TMScore for TMBMODEL and TMBpro is 0.43 and
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Table 2. Topology comparison of the top-rankedCα model

TMBMODEL (Top-ranked) TMBpro (web server)
Protein Pred. RMSD TMScore Pred. RMSD TMScore
(Obs. Strands) Strands Strands

1qj8A (8) 8 8.13 0.26 8 4.85 0.51
1e54E (16) 12 10.20 0.28 16 8.74 0.78
1a0sR (18) 18 8.72 0.39 18 6.13 0.62
1i78A (10) 10 7.91 0.29 12 13.14 0.41
2qdzA (16) 16 7.95 0.50 22 22.96 0.30
2wjrA (12) 12 5.89 0.37 12 5.56 0.60
2j1nC (16) 16 7.42 0.40 16 5.37 0.65
2ysuA (22) 22 3.29 0.76 12 12.15 0.51
1k24A (10) 10 7.26 0.31 10 4.59 0.71
1p4tA (8) 8 7.67 0.28 8 3.80 0.69
3kvnA (12) 12 9.06 0.25 18 23.95 0.34
2k0lA (8) 8 4.93 0.44 10 13.29 0.41
2iahA (22) 20 4.98 0.67 22 7.27 0.65
3a2sG (16) 16 9.73 0.38 16 5.28 0.61
2f1vA (8) 8 5.23 0.44 8 3.24 0.74
3cslA (22) 20 10.65 0.53 22 7.83 0.60
3fhhA (22) 22 3.69 0.72 22 7.12 0.68
2o4vC (16) 16 10.30 0.40 18 9.68 0.42
2vqiA (24) 20 8.99 0.42 22 16.87 0.26
3dwoX (14) 14 7.56 0.35 16 9.95 0.45
1qd6D (12) 12 7.29 0.33 12 4.66 0.73
1tlyA (12) 12 8.30 0.41 12 5.47 0.64
2mprC (18) 18 8.36 0.51 18 3.64 0.77
3prnC (16) 14 7.49 0.33 18 9.95 0.41
3dzmA (8) 8 9.45 0.26 8 16.97 0.32
1fepA (22) 22 3.43 0.75 22 5.44 0.79
2ervA (8) 8 10.93 0.21 8 7.54 0.47
3bs0A (14) 14 6.333 0.41 14 4.77 0.65
2porC (16) 16 6.439 0.42 16 4.39 0.62
1t16A (14) 14 7.880 0.36 16 9.90 0.45
2qomA (12) 12 8.687 0.29 12 7.52 0.41
1uyoX (12) 12 5.519 0.46 14 12.52 0.39
1kmpA (22) 20 4.871 0.67 22 10.48 0.62
2iwwA (14) 14 4.407 0.59 14 4.31 0.69
3jtyA (18) 18 5.551 0.61 16 9.94 0.44
2grxA (22) 20 6.092 0.56 22 7.18 0.76

Analysis of top ranked models generated by TMBMODEL chosen from 10000 topologies obtai-
ned from BOCTOPUS. TMBMODEL and TMBpro predict the correct number ofβ-strands for
29 and 24 protein in the data set, respectively.aHere, in the case of TMBpro, Z-coordinate error
refers to the average error between the actual Z-coordinateobtained from the known structure
and the model obtained from TMBpro web-server. For TMBMODEL, the Z-coordinate error is
the same as defined in the Methods Section. TMBMODEL results are based on a strict 10-fold
cross-validation both during BOCTOPUS and ZPRED3 stages. RMSD and TMScore of the top-
ranked TMBMODEL models and models obtained from TMBpro web server are calculated with
respect to the known structure obtained from the OPM database. TM Score is calculated using
the TM-align method (Zhang and Skolnick, 2005). For the known structure, only theCα atoms
predicted to be in the TM region were from taken into consideration for calculating the TMScore.
The average TMScore for TMBMODEL and TMBpro is 0.43 and 0.56, respectively.

0.56, respectively, while the average RMSD is 7.24Å and 8.79Å,
respectively. For the 27 proteins for which TMBMODEL selects the
correct topology, the average RMSD is 6.94Å. In all cases, only the
Cα atoms predicted to be in the TM barrel-forming region as obtai-
ned from the predictions are used while calculating the TMScore
and RMSD. It should be noted that since the models generated by

Table 3. Method comparison

Methods Correct Average Average
Topology RMSD TMScore

TMBproc 19(36) 8.79 0.56
TMBMODELc 27(36) 7.24 0.43
BOCTOPUSc 25.4±2.0(36) NA∗ NA∗

3D-SPoTd NA(23)e 4.10e -e

TMBMODELd TODO(23) TODO TODO
TMBMODELf 23(23) 5.86 0.48

Comparison of models generated by different prediction methods.
TMBpro employs pre-defined templates extracted from protein in
their dataset.aProtein exist as a template in the dataset.bExact
match not included as a template in the dataset.cTMBMODEL data.
∗BOCTOPUS does not generate three dimensional models.d 3D-
SPoT data set.e3D-SPoT does not test alternative topologies and
the results are taken as reported in Reference (Naveedet al., 2012).
e For comparison we have here used the correct topologies intothe
TMBMODEL pipeline.

Fig. 7. For the 20 proteins where BOCTOPUS generates a mixture of correct
and incorrect topologies, TMBMODEL can chose the model withcorrect
number ofβ-strands in 13 proteins (Hayat and Elofsson, 2012). Further,
TMBMODEL can also identify the correct topology for 11 proteins. For
2vqi A, both BOCTOPUS and TMBMODEL make an error in predicting
the location of aβ-strand as well as under-predictingβ-strands.

3D-SPoT were not available, only the RMSD reported by them on
the 3D-SPoT data set (Naveedet al., 2012) could be compared.
However, in the last column of Table 2, we compare the case when
all topologies are taken known structures and are thus correct. As
shown, the average RMSD of TMBMODEL on the data set obtai-
ned from Naveedet al. (Naveedet al., 2012) is 5.86Å. For the
same data set, the RMSD reported for 3D-SPoT method is 4.10Å.
TMBMODEL does make less good models when the barrel is more
elliptical than circular, see Figure 6. When modeling VDAC1(the
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Table 4. Improvement in the topology prediction of proteins
with errors in their BOCTOPUS topologies

BOCTOPUS TMBMODEL
(Selected model)

PDB ID UP OP OV UP OP OV

3prn C 10/11 - - 10/11 - -
1e54E 2/3/6/7 - 1/2/3/5/6 - -
2vqi A 19/20 - 6 20/21/22/23 - 6
3csl A - - 1/11 1/2 - -
1kmp A - - 1 1/2 - -
3kvn A - - 1 - - -
2qdz A - 1/2 - - - -
2mpr C - - 6 - - -
2grx A - - 1 18/19 - -
2iah A - - 1 1/2 - -
3fhh A - 1/2 - - - -
1a0sR - - 6 - - -
3bs0A - - 1/2 - - -
1fep A - - 1/2 - - -
3a2sG - - 5 - - 6
2por C - - 6 - - -
1t16 A - - 1/2 - - -
3dzm A - - 3 - - -
3dwo X - - 1/2 - - -
2o4v C - - 12 - - 12

Topology prediction of proteins where BOCTOPUS produces a mix-
ture of correct and incorrect topologies. In total 20 such proteins were
identified from 10000 topologies obtained per-protein fromBOCTO-
PUS. Column 2, 3 and 4 show the location of the most common errors.
Strands that are under-predicted (UP) or over-predicted (OP) are shown
in column 4 and 5, while in column 6 the strand ids for predicted pre-
dicted strands that do not overlap (OV) with the observed location is
shown. Column 5, 6 and 7 shows the corresponding numbers for the
top ranked model selected by TMBMODEL. For 2vqiA, both BOC-
TOPUS and TMBMODEL make an error in predicting the location of
a β-strand as well as under-predictingβ-strands. For 3prnC BOC-
TOPUS predictions do not contain any correct topology (Hayat and
Elofsson, 2012). Thus, TMBMODEL can only select the model with
the lowest Z-coordinate error, but cannot generate the correct topology.

only known TM-barrel with an odd number of strands) TMBMO-
DEL always predicts it to have 20 instead of 19 strands, resulting
in a model with 16.47 RMSD̊A and 0.21 TMscore. However, if
we use the correct topology TMBMODEL generates a model with
RMSD of 2.86Å and TM score 0.75.

For 20 proteins in the data set, topology predictions obtained from
BOCTOPUS have a mixture of correct and incorrect topologies
(See Table 4). We define an incorrect topology where the number
of predictedβ-strands is incorrect or if one or moreβ-strands is
not predicted to be at its correct observed location. In the case of
3prnC, 1e54E, 2vqiA, 3cslA, no correct topology is present amongst
the 10000 predictions made by BOCTOPUS (Hayat and Elofsson,
2012). Further, for Porin fromRhodopseudomonas blastica (PDB
ID: 3prnC),β-strands number 10 and 11 are always under predic-
ted. Thus, clearly for 3prnC, the topology or the correct number of
β-strands cannot be further improved by TMBMODEL. However,
as shown in Table 4 and Figure 7, from the rest of the 19 prote-
ins, TMBMODEL can choose the models with correct number of

strands in 13 more proteins and can chose the model with correct
topology for 11 more proteins.

In an actual prediction scenario, we cannot tell if a predicted
strand is an actual strand or not. However, when a location ispre-
dicted to be aβ-strand, then they are included in the model and the
distance of the residues present in theβ-strand is compared with
the distance predicted by ZPRED3. Since we test a lot of diffe-
rent topologies, the idea is that aβ-strand predicted at its correct
location, will have similar Z-coordinates from both ZPRED3and
from the generated model. Thus in the case of over-prediction by
BOCTOPUS, if an extraβ-strand is present in a predicted topo-
logy, a comparison of distance of residues in thatβ-strand will be
made with the Z-coordinate obtained from ZPRED3. Ideally the dif-
ference between the corresponding residue-distances willbe large,
resulting in a high Z-coordinate error. Such a topology willbe
ranked low. On the other hand, a perfect topology with no extra
β-strands will ideally have a low Z-coordinate error, resulting in a
higher rank. The underlying assumption is that the correct topology
is included in the predictions obtained from BOCTOPUS. Similarly
for the case of under prediction (i.e. missingβ-strand) and non-
overlappingβ-strands (i.e. the location of the predictedβ-strand
does not overlap with theβ-strand in the observed structure), as
long as a topology with correct number ofβ-strands is available
from BOCTOPUS, TMBMODEL should ideally be able to chose
the model with correct number ofβ-strands.

4 CONCLUSION
Here, we present a novel method, TMBMODEL, that given a
sequence of aβ-barrel membrane protein generates aCα model.
The final model vould thereafter be used as templates to generate
full atom models ofβ-barrel membrane proteins. First hundreds of
alternative topology models from ourβ-barrel topology predictor,
BOCTOPUS, are produces. Thereafter, for each topology hundreds
of of alternative C-α models are generated. Finally, the best of all
these models is selected to be the one with the best agreementbet-
ween a model and the predicted distance (Z-coordinate) fromthe
center of the membrane. This distance is predicted using a novel
support vector machine based predictor, ZPRED3. The selection
procedure provide slightly more correct topologies that byBOCTO-
PUS alone. Average RMSD of top-ranked TMBMODEL models is
7.24Åand if the correct topology is known this decrease to 5.86Å.
The quality if the models generated by TMBMODEL are slightly
worse than models generated by 3D-SPoT(Naveedet al., 2012) and
TMBpro (Randallet al., 2008), indicating that additional criterias
than Z-coordinate errror and more accurate modeling is needed to
push this field further. Anyhow, we believe that the inclusion of
Z-coordinate errors in the modeling of transmembraneβ-barrels
provides some value to the field.
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