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Abstract

Integral membrane proteins constitute 25-30% of genomes and play crucial roles in many biological processes. However,
less than 1% of membrane protein structures are in the Protein Data Bank. In this context, it is important to develop reliable
computational methods for predicting the structures of membrane proteins. Here, we present the first application of
random forest (RF) for residue-residue contact prediction in transmembrane proteins, which we term as TMhhcp. Rigorous
cross-validation tests indicate that the built RF models provide a more favorable prediction performance compared with
two state-of-the-art methods, i.e, TMHcon and MEMPACK. Using a strict leave-one-protein-out jackknifing procedure, they
were capable of reaching the top L/5 prediction accuracies of 49.5% and 48.8% for two different residue contact definitions,
respectively. The predicted residue contacts were further employed to predict interacting helical pairs and achieved the
Matthew’s correlation coefficients of 0.430 and 0.424, according to two different residue contact definitions, respectively. To
facilitate the academic community, the TMhhcp server has been made freely accessible at http://protein.cau.edu.cn/
tmhhcp.
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Introduction

Proteins are the building blocks of life. One fourth to one third
of them are membrane proteins located in the bilayer lipids [1,2].
Membrane proteins play important roles in various life processes
and possess many complex physiological functions, such as signal
transduction, energy generation, metabolic transport and cell
recognition. They are also important drug targets, accounting for
approximately 70% of the known and tested drug targets [3].
Therefore, study of the membrane protein structure and function
is currently a popular topic in the chemistry and biology fields.

Opver the past few decades, many protein structures have been
determined. However, most of them are globular proteins, while
only a few membrane proteins have been structurally determined.
In fact, in the Protein Data Bank (PDB), less than 1% of the solved
structures are membrane proteins [4]. This is not because of their
less importance than globular proteins, but is mainly due to the
technical challenges imposed on the expression of membrane
proteins in large quantities, dissolution from the biomembrane,
and crystallization [5].

Considering this situation, it is desirable to predict membrane
protein structures by developing computational methods. For
globular proteins, a plethora of different methods have been
developed to predict their structures [6-8], serving as a useful
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reference for membrane protein structure prediction. Previous
work suggests that residue contact prediction with an accuracy
higher than 22% is helpful for ab nitio simulation of globular
protein structures [9]. It is likely that this observation might also
apply to membrane protein structure prediction. A recent study
suggests that even if very limited experimental information with
regards to residuc-residue contacts is known, a model within 4 A
of the native structure can still be attained [10]. Thus, the
predicted residue contact pairs and interacting helices in
membrane proteins could act as useful structural constraints in
membrane protein structure simulation and prediction.

With respect to globular proteins, a variety of computational
methods have been developed to predict residue contact pairs [11—
23]. These methods can be further categorized into four types: 1)
correlated mutation-based residue contact identification [13,15—
17]; 2) machine learning methods, including support vector
machines (SVMs), neural networks and Markov models
[11,12,14,18-20]; 3) structural template-based approaches [21—
23]; 4) the combination of the first and second type to predict
residue contact pairs [11,12]. More details about the four types of
computational methods can be found in Wu and Zhang’s work
[9].

In contrast, fewer methods exist to predict residue contacts
particularly in membrane proteins. So far, there are mainly three
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methods to predict residue contact pairs in alpha-helical
transmembrane (M) proteins, which are TMHcon [24] using
artificial neural network, TMhit [25] using SVM, and MEM-
PACK [26] using SVM. All of the three methods first predict
residue contact pairs between different TM helices and then infer
helix-helix interactions based on the predicted residue contact
pairs.

In this article, we adopted two different definitions of residue
contacts and applied a random forest (RF) algorithm to solve the
challenging task of predicting residue-residue contact and helix-
helix interaction in alpha-helical TM proteins. We termed our
predictor as TMhhcp (TM helix-helix contact predictor). As a
result, our approach achieved the top L/5 residue contact
prediction accuracies of 49.5% and 48.8%, based on the two
different definitions of residue contacts, respectively, providing
better performance than TMHcon and MEMPACK. We further
utilized the predicted residue contacts to identify interacting
helical pairs and attained the Matthew’s correlation coefficients
(MCGCs) of 0.430 and 0.424, respectively. Moreover, we also
performed feature selection experiments to evaluate and select
important informative features contributing to performance
improvement.

Methods

Datasets

In this work, we used a well-prepared training set containing 62
TM proteins that were previously used by TMHcon [24]. This
training dataset was compiled from PDBTM [27] (version of
September 17,2007), which contained 677 alpha-helical TM
structures, and the dataset provided by the Stephen White
laboratory (http://blanco.biomol.uci.edu/Membrane_proteins_x-
tal.html; version of September 17, 2007). Briefly, all the solved
protein structures in this dataset have a resolution better than 3.5 A,
with a pair-wise sequence identity of less than 40%. The topology
data were obtained from TOPDB [28], with the exception of two
protein structures 2UUH (chain: A) and 10RQ (chain: C). Their
TM positions were extracted from PDBTM [27] and the
corresponding orientations were obtained from OPM [29].

In addition, we created a test set in order to validate the
prediction performance of our method. First, we downloaded the
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alpha-helical TM protein chains from a newer version of PDBTM
(October 1, 2010), which contained 1,070 alpha-helical TM
proteins, and selected those having at least three TM helices as
well as sharing less than 40% sequence identity to protein chains in
the training set. We then submitted the PDB IDs of these protein
chains to the PISCES server [30] that returned a non-redundant
PDB ID list. This was used as the test set. Finally, this test set
contained 21 TM protein chains whose structures were all
determined by X-ray diffraction with a resolution less than $ A
and had a pair-wise sequence identity less than 40%. The TM
segments of proteins in the test set were derived from PDBTM [27]
and the corresponding orientations were obtained from OPM [29].

Definitions of residue contacts

Existing residue contact predictors for TM proteins have used
different definitions of residue contacts and helix-helix interac-
tions. TMHcon [24] defined that two residues within different TM
helices were in contact, if the minimal distance between the heavy
atoms of the side chain or backbone was less than 5.5 A, Two TM
helices were interacting with each other if they had at least one
contact residue pair. The definition proposed by TMHcon is
denoted as DEF1 in this study. The second definition was given by
MEMPACK [26]. It required the C-beta atom (C-alpha atom in
the case of glycine) to have a distance <8 A for two residues to be
in contact and at least one residue contact pair to be present for
two helices to be interacting. The definition proposed by
MEMPACK is denoted as DEF2. More recently, Duarte e al.
pointed out that a distance cut-off of 9 to 11 A around the C-beta
atoms could represent the 3D structure most accurately when
applied to the contact maps [31]. In this study, we constructed two
different types of RF predictors and evaluated their prediction
performance based on the two different contact definitions.

Input features

We used the RF algorithm [32] to predict residue contacts
between different TM helices. The schematic overview of our
TMhhcp approach is depicted in Figure 1. The model building
process consists of three major steps: feature extraction and
encoding, feature selection, and model building (Figure 1). In
order to build the RF-based prediction models, several different
types of features were extracted and used as input to train the
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Figure 1. Schematic overview of RF-based model building process of the TMhhcp approach.

doi:10.1371/journal.pone.0026767.g001
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models. In the subsequent sections, we will describe in more detail
individual input features, feature selection and model building
procedures.

Evolutionary profile. The evolutionary profile, represented
by a Position-Specific Scoring Matrix (PSSM), was first
constructed by running PSI-BLAST [33] search against the
UNIREF90 database with three iterations and an e-value cut-off
of le-10. In a PSSM, each residue was represented by a 20-
dimensional vector, denoting the frequencies of the 20 amino acids
appearing at the corresponding position in the PSSM. For a
residue of interest, a nine-residue sliding window centered on that
residue was used to extract its evolutionary profile. If there were
less than four residues on one side of a residue, each non-existing
position was represented by a 20-dimensional zero-valued vector.
Finally, a residue pair was encoded by a 360-dimensional vector.

Residue coevolution. Three correlated mutation methods,
Mlc [16], OMES [34] and McBASC [35] were used to infer the
coevolving residue pairs from multiple sequence alignments
(MSAs). The MSAs were first obtained through the PSI-BLAST
search against UNIREF90 as described above. Then, the MSAs
were filtered based on the following criteria: 1) In an MSA, residue
columns that do not belong to any TM segment were removed. 2)
Any sequence in the MSA containing =25% gaps in any TM
segment was also removed. 3) The MSA was further filtered to
ensure that the sequence identity between any two sequences was
=90% (It should be noted that the sequence identity here was
based merely on all TM segments rather than the whole sequence).

Moreover, the calculated correlated mutation scores by the three
. . X— min

methods were standardized using the formula y= ———,

] 7 _ max — min

where min and max are the minimal and maximal correlated

mutation values in the query sequence. For a residue pair z, we

encoded its coevolutionary feature as an input vector: (S;—4 j—4,

Si—3, j=35 +--> Sir3, 43, Sira, j+4), Where S; ; represents the correlated
mutation score for residue pair . The encoded sequence segment
(1—4, ..., +4 and j—4, ..., j/+4) is in the orientation from the

cytoplasm to the extracellular side of the membrane. Thus, a 27-
dimensional vector was obtained from the residue coevolution
encoding scheme.

Residue conservation. The sequence conservation score of
a residue position, generally considered to be closely correlated
with the burial status of the residue [36-39], was calculated
according to the Shannon’s entropy at this position in an MSA.
The conservation scores were also standardized as above.
Similarly, for a residue of interest, a nine-residue sliding window
centered on that residue was employed to extract its conservation
profile. For a residue pair of interest, the residue conservation
encoding scheme resulted in an 18-dimensional feature vector.

Relative distance of two residues within TM
helices. Suppose that there are two residues residing at
positions p; and py in two different TM helices with lengths /
and /y, respectively. Their relative distance from each other within
TM helices can be calculated as |p,//;—po/ls|. It should be noted
that the residue position p ranges from 1 to / within a TM helix
that has / residues from the cytoplasm to the extracellular side of
the membrane. This feature stands for the distance of two residues
perpendicular to the surface of the membrane.

Other types of features. Other features collected for each
residue pair and used by TMhhcp predictors include the residue
distance in the primary sequence and the number of TM helices.

Feature selection

The aforementioned feature construction resulted in a 408-
dimensional feature vector. In order to create a more condensed
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model with less noisy and uninformative features, we need to
perform feature selection experiments to select the most
meaningful features. For this purpose, we used the correlation-
based feature selection (CFS) [40] to select a subset of features that,
individually, have a higher ability of predicting the class but have
little inter-correlation. The correlation between features X and Y
can be measured using the following function:

H(X)+H(Y)—H(X,Y) )
H(X)+H(Y)

R(X,Y)=2x

where H is the Shannon’s entropy of the feature. The
appropriateness of a set of features is determined using

STRX.O)/ DS R(XLX) &)
J F

where C'is the class and the indices ¢ and j iterate over all features
of the set. In order to avoid exhaustive search of all feature subsets,
a confined search method called BestFirst [41] was used. In our
work, we randomly selected 10 sets of samples with equal numbers
of positive and negative samples. 10 feature subsets were then
obtained and integrated into a feature set that was used to train the
RF classifier. The feature selection process was performed using
the Weka package [42]. The final selected features and their scores
are listed in the supplementary material.

Model building

According to the residue contact definitions, residue pairs in the
training set are classified into contacts (positive samples) and non-
contacts (negative samples). In principle, the training set should
include as many residue pairs as possible. For a membrane protein
structure, however, the number of non-contact residue pairs is
considerably higher than that of contact pairs, leading to the
problem of imbalance [43]. Including all the non-contact residue
pairs into the training set would end up with a long training time
and fewer correct predictions of contact residue pairs. To
overcome this issue, we included all the contact residue pairs
and randomly selected non-contact residue pairs with the ratio of
1:4 contact pairs in the training set, as suggested previously [9].

The RF algorithm [32] is a popular machine learning method
that has been used in diverse bioinformatics studies with excellent
performances [44-46]. It grows many classification trees and
chooses the classification with the most votes from all the trees.
Each tree is grown as follows: for a training set of N cases and m
variables, sample JV cases with replacement from the original data
to grow the tree. A number m<« M is specified such that at each
node m variables are selected randomly to best split the nodes.
Each tree is grown as large as possible. The error of RF depends
on the strength of each individual tree and the correlation between
them.

In our work, we built RF models based on all the features and the
selected features through CFS respectively to examine the
effectiveness of the feature selection. We generated 100 trees for
each model and set m to the default value of \/M , because we found
that there was no significant difference in the resultant prediction
performances at different adjusted m values. The RF algorithm was
implemented using the randomForest R package [47].

Evaluation measures

In order to assess the performance of the RF-based predictors,
we performed strict jackknife cross-validation tests, i.e. all residue
pairs in a singled-out sequence were predicted and tested using the
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Table 1. Prediction performance comparison of different
methods based on the jackknife cross-validation test.

Predictor Accuracy (%) Coverage (%) Accuracy (6 =4) (%)
TMhhcp1? 49.5 82 83.9
TMhhcp_cfs1* 458 74 83.8
TMhhcp2° 4838 84 83.7
TMhhcp_cfs2®  46.6 8.0 824
TMHcon? 25.9 3.5 78.5

?Residue contact definition 1 (i.e. DEF1).
PResidue contact definition 2 (i.e. DEF2).
doi:10.1371/journal.pone.0026767.t001

model trained using all the other residue pairs of the remaining
sequences in the training set. In addition, we also tested our
method on an independent test set. It is noteworthy that the
performance was assessed at the whole protein chain level and as a
result, the overall performance was obtained by averaging the
individual prediction results of all the tested protein chains.

For prediction of residue contact pairs, the top L/5 predictions
were ranked as the residue contact pairs, where L is the sum of
lengths for all TM segments of a protein chain. The accuracy,
defined as the number of correctly predicted residue contacts
divided by the number of predicted residue contacts (i.e. L/5), was
used to assess the prediction performance. The top L/5 prediction
accuracy has been consistently used to evaluate the prediction
performance of the developed predictors [26]. Moreover, we also
presented the accuracies for the top L/2 and L predictions in this
study in order to comprehensively evaluate the performance of the
RF-based predictors. The coverage (percentage of correctly
predicted contacts out of the observed contacts) was also
computed. We used “d-analysis” to investigate the fraction of
correctly predicted contacts within an interval of & around the
observed contacts [24,25]. We set d=4 to determine the
percentage of predicted contacts about one turn around the
observed contacts. We also drew the precision-recall curves to
show the precision (i.e. the accuracy in this study) as the coverage
increases. For helix-helix interaction prediction, accuracy (per-
centage of correctly predicted interactions out of predicted
interactions), sensitivity, specificity and MCC [48] were calculated.

Results and Discussion

Model building
The RF approach has been used in previous studies and has
demonstrated excellent prediction performance. In this study, we

Predicting Residue Contacts and Helix Interactions

describe its first application to predict residue-residue contacts and
helix-helix interactions in TM proteins. Our approach was termed
as TMhhcp and four different TMhhcp predictors were
constructed. TMhhcpl and TMhhcp2 are two RF predictors
according to DEF1 and DEF2, respectively. These were built
based on the training dataset with all features, while TMhhcp_cfs1
and TMhhcp_cfs2 are another two RI predictors based on the
selected features using the CIS approach according to DEF1 and
DEF?2, respectively.

Prediction performance evaluated based on the jackknife
cross-validation tests

We performed leave-one-protein-out jackknife cross-validation
tests to assess the prediction performance of our method. The
prediction performances are presented in Table 1. We can see that
the prediction accuracies obtained by the models based on all
features (I'Mhhcpl and TMhhcp2 predictors) are higher than
those of the models based on the selected features (TMhhcp_cfs]
and TMhhcp_cfs2 predictors). However, for the d-analysis, the
two types of RF models provide comparable performances. This
suggests that they have similar abilities in predicting residue
contacts localized within a sequence separation of one helix turn of
observed contacts.

Since we used the same dataset of protein chains and evaluation
measures as TMHcon, we directly compared our prediction results
with TMHcon. As shown in Table 1, TMhhcpl achieved a much
higher accuracy than TMHcon. A possible reason might be that
we have included more instances of non-contact residue pairs into
the training set. Even using a 1:1 ratio of contacts to non-contacts,
the accuracy of our method still reached 43.3%. Thus, the
favorable performance of our method may be attributed to the
application of the RIF method and the different features we used to
build the predictors.

We calculated the top L/5 predictions of our method and
compared the results with TMHcon. In addition, we also
calculated the top L/2 and L predictions of our method
(Table 2), as these two values were frequently used by other
researchers in this field. It could be seen that for the top L/2
predictions, TMhhcpl and TMhhcp2’s accuracies were 42.8%
and 43.0% respectively, while for the top L predictions, TMhhcpl
and TMhhcp2’s accuracies were 34.6% and 35.1%, respectively.

To assess the average performance of the TMhhcp models on
the 62 transmembrane protein chains, we referred to Algorithm 3
of Tom Fawcett’s work [49] to draw the corresponding precision-
recall curves (Figure 2). Note that the precision-recall curve
analysis was conducted at the whole protein chain level. Firstly, the
precision-recall curve of each tested protein chain was prepared.
Then, the average precision-recall curve (Figure 2) was generated
by plotting the average precision values of the 62 tested proteins at

Table 2. Jackknife cross-validation performance of different TMhhcp models in terms of the top L/2 and L predictions.

Top L/2 predictions

Top L predictions

Predictor Accuracy (%) Coverage (%) Accuracy (5=4) (%) Accuracy (%) Coverage (%) Accuracy (6=4) (%)
TMhhcp1? 42.8 174 81.8 346 27.6 779
TMhhcp_cfs1? 375 15.0 793 30.2 24.0 76.4
TMhhcp2° 43.0 18.3 80.9 35.1 29.1 76.8
TMhhcp_cfs2® 40.1 17.0 79.5 323 26.8 75.9

Residue contact definition 1 (i.e. DEF1).
PResidue contact definition 2 (i.e. DEF2).
doi:10.1371/journal.pone.0026767.t002
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Figure 2. The precision-recall curves based on the jackknife cross-validation tests. Panels A and B were generated based on DEF1 and
DEF2, respectively. The precision-recall curve analysis was conducted at the whole protein chain level, and the precision-recall curves in panels A and
B reflected the average precision-recall curves for the 62 tested protein chains. The average ratios of contact residue pairs to the total residue pairs
were 0.028 and 0.027, according to DEF1 and DEF2, respectively. Therefore, the corresponding random prediction precision-recall curves in panel A
and B were horizontal lines with the precision value of 0.028 and 0.027, respectively.

doi:10.1371/journal.pone.0026767.9002

different recall controls. The area under the precision-recall curve
(AUPRC) was further used to quantify the performance.
Generally, a higher AUPRC value corresponds to a better
performance. According to DEF1, the AUPRC values for
TMhhcp and TMhhep_cfs were 0.300 and 0.254, respectively.
According to DEF2, the AUPRC values for TMhhcp and
TMhhcp_cfs were 0.314 and 0.283, respectively.

Prediction performance evaluated on the independent
test set

In order to further validate our method, we also performed an
independent test to compare the prediction performance of our
method with two other methods (TMHcon and MEMPACK). As
shown in Table 3, the results obtained by our method were as

accurate as those in the jackknife cross-validation tests (Table 1).
The accuracies for TMhhcpl, TMhhcep_cfs1, TMhhcp2 and

Table 3. Prediction performance of different methods
evaluated on the independent test set.

Predictor Accuracy (%) Coverage (%) Accuracy (3=4) (%)
TMhhcp1? 48.1 6.1 84.4
TMhhcp_cfs1? 48.6 6.1 81.8
TMhhcp2® 473 5.9 82.8
TMhhcp_cfs2®  46.5 5.9 79.5
TMHcon® 236 3.0 83.4
MEMPACK1? 36.2 10.4 63.0
MEMPACK2° 346 17.4 61.0

Residue contact definition 1 (i.e. DEF1).
PResidue contact definition 2 (i.e. DEF2).
doi:10.1371/journal.pone.0026767.t003
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TMhhcp_cfs2 were 48.1%, 48.6%, 47.3% and 46.5%, respec-
tively. In the case of the §-analysis, the accuracies reached 84.4%,
81.8%, 82.8% and 79.5%, respectively. Moreover, TMhhcp
models consistently provided relatively good performance for the
top L/2 and L predictions on the independent test set (Table 4).

To benchmark the performance of TMHcon and MEMPACK
on the independent test set, the corresponding stand-alone versions
of TMHcon and MEMPACK were downloaded and installed in
our local machine and the independent test set was processed. As
can be seen from Table 3, our method still outperformed TMHcon
when evaluated on this independent test set.

In contrast, MEMPACK, another helix-helix interaction
predictor, used a different class decision mode by directly
predicting residue contacts based on the score generated by an
SVM predictor. We found that the classification mode used by
MEMPACK led to biased prediction results, possibly due to the
small ratio of contacts to non-contacts in proteins. In particular,
there were four protein chains in the independent test set for which
MEMPACK failed to predict any residue contact. The precision
values for the four protein chains were set to 0. Moreover, there is
a possibility that the independent test set we used might have
contained homologous sequences that had higher sequence
identity with those in the training set of MEMPACK. However,
despite this possibility, our TMhhcp predictors outperformed
MEMPACK on the independent test set and achieved higher
accuracies of 48.1% and 47.3%, compared to 36.2% and 34.6% of
MEMPACK based on two different definitions DEF1 and DEF2,
respectively. In addition, we compared the performance of
TMhhcp and MEMPACK, when the four protein chains were
excluded, as shown in Table S1. TMhhcp achieved the accuracies
of 53.1% and 51.1%, while MEMPACK achieved the accuracies
of 44.7% and 42.7%, based on the two definitions of DEF1 and
DEF?2, respectively. The performance of TMhhcp for the four
protein chains is given in Table S2. It should be noted that the
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average coverage of MEMPACK was much larger than that of
TMhhcp. This is because MEMPACK predicted many more
residue contacts for some proteins, possibly due to its different
classification mode. As a result, the average coverage of
MEMPACK was comparatively large. Nevertheless, for the top
L/5 classification mode, the number of predicted residue contacts
was fixed.

A fair and better way to evaluate and compare the performance
of different predictors might be the precision-recall curves. Similar
to the generation of precision-recall curves for the jackknife cross-
validation test, the precision-recall curves of different predictors
based on this independent test set were given in Figure 3. The
corresponding AUPRC values for TMhhcp, TMhhcp_cfs and
MEMPACK were 0.268, 0.249 and 0.107, respectively, according
to DEF1. The AUPRC values for TMhhcp, TMhhcp_cfs and
MEMPACK were 0.265, 0.242 and 0.156, respectively, according
to DEF2. However, as TMHcon and MEMPACK were
developed for specific purposes, the plotted precision-recall curves
could not reflect their performance across a wide range of varying
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Table 4. Performance comparison of different TMhhcp models for the top L/2 and L predictions evaluated on the independent
test set.
Top L/2 predictions Top L predictions
Predictor Accuracy (%) Coverage (%) Accuracy (6=4) (%) Accuracy (%) Coverage (%) Accuracy (6=4) (%)
TMhhcp1? 40.4 12.8 81.8 35.0 223 785
TMhhcp_cfs1? 39.6 124 79.3 325 203 774
TMhhcp2b 40.7 129 79.8 35.1 225 779
TMhhcp_cstb 39.0 12.3 794 319 20.2 76.2
Residue contact definition 1 (i.e. DEF1).
PResidue contact definition 2 (i.e. DEF2).
doi:10.1371/journal.pone.0026767.t004

thresholds. For instance, TMHcon was developed to provide the
scores for the top L/5 predicted contacts. Thus, only a portion of
its curve under lower recall values could be plotted and its
corresponding AUPRC value under the complete curve could not
be calculated. In the case of MEMPACK, it predicted residue
contacts on the residue level rather than the protein level and its
output scores for predicted non-contacts were simply set as zero.
As a result, when drawing the curve, residue contacts that scored
as zero were ranked randomly and the precision-recall curve of
MEMPACK at higher recall values was close to a random
prediction (Figure 3). From a practical perspective, more attention
should be paid to the performance at higher precision values.
Although the complete precision-recall curves of TMHcon and
MEMPACK were not plotted, the performance comparison
among TMhhcp, TMHcon and MEMPACK at higher precision
values can be fairly benchmarked. From Figure 3, we can see that
TMhhcp models achieved higher recall values than TMHcon and
MEMPACK at a precision control of 40%. In addition, when only
considering protein chains for which MEMPACK predicted at
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Figure 3. The precision-recall curves based on the independent test set. Panels A and B were generated based on DEF1 and DEF2,
respectively. The precision-recall curve analysis was conducted at the whole protein chain level, and the precision-recall curves in panels A and B
reflected the average precision-recall curves for the 21 tested protein chains. According to DEF1 or DEF2, the average ratio of contact residue pairs to
the total residue pairs on the independent test set was 0.025. Therefore, the corresponding random prediction precision-recall curve in panel A or B

was a horizontal line with the precision value of 0.025.
doi:10.1371/journal.pone.0026767.g003
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Figure 4. The ratio of contacts to non-contacts according to sequence distance. This figure describes the ratio of contacts to non-contacts
according to the grouping of their sequence distance based on DEF1.
doi:10.1371/journal.pone.0026767.g004
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Figure 5. The average prediction accuracy of five covariance algorithms. This figure gives the average prediction accuracy of five different
covariance algorithms to predict residue contacts on the training set using DEF1. L is the sum of lengths of all TM segments of a protein chain.
doi:10.1371/journal.pone.0026767.g005
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Table 5. Prediction performance of helix-helix interaction on
the independent test set.

Predictor Accuracy (%) Sensitivity (%) Specificity (%) MCC
TMhhcp1® 79.1 54.5 86.2 0.430
TMhhcp_cfs1®  80.4 53.7 88.9 0.435
TMhhcpr 77.5 50.8 88.0 0.424
TMhhcpfcstb 79.3 45.2 90.4 0.407
TMHcon? 76.7 39.5 88.5 0.322
MEMPACK1? 80.4 27.0 93.7 0.278
MEMPACK2° 76.1 29.2 92.6 0.287

“Residue contact definition 1 (i.e. DEF1).
PResidue contact definition 2 (i.e. DEF2).
doi:10.1371/journal.pone.0026767.t005

least one residue contact, the corresponding precision-recall curves
of TMhhcp and MEMPACK are given in Figure S1. Again,
Figure S1 shows that TMhhcp outperformed TMhhcp. In
summary, the precision-recall curves suggest that our method
has outperformed TMHcon and MEMPACK for residue-residue
contact prediction based on this independent test set.

Important informative features

We further carried out feature selection experiments in order
to select the most meaningful features and obtain a concise
model. As a result, three significant features with the highest
scores were obtained: relative distance of two residues within
two TM helices, residue separation in the primary sequence and
the correlated mutation score calculated by the Mlc method
[16]. It 1s reasonable to think that two residues separated within
a small degree on the Z-axis tend to contact with each other.
Therefore, the relative distance of two residues within two
helices is reasonably an important feature for performance
improvement.

In addition, residue separation in the primary sequence is
another important feature. To assess the impact of sequence
separation distance on residue contact prediction, we compared
the ratio of contacts to non-contacts, which was grouped according
to the grouping of their sequence separation distance based on

A B

Contact

TMHcon 4648

TMhhcp

472 323

TMHcon 90
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DEF1 (Figure 4). With the increase of sequence separation
distance, the ratio of contacts to non-contacts decreases. This
suggests that in the folding process of TM proteins, residue
contacts prefer to occur among those separated by short sequence
distances. We also calculated the ratio of contacts to non-contacts
based on DEF2 and observed similar trends.

Correlated mutations have been previously used to predict
residue contacts [50] based on the observation that interacting
residues have tendency to coevolve [51]. Recently, a new
correlated mutation algorithm called MIp [15] that removes the
influence of phylogeny or entropy can significantly improve the
prediction accuracy of residue contacts. Following the idea of Mlp,
an improved measure called Mlc [16] was further proposed to
calculate the covariance of two residues, with demonstrated
performance better than the MIp score. In our work, we found
that both MIp and Mlc scores produced similar results in
predicting residue contacts for TM proteins, but Mlc achieved
slightly better prediction accuracy. We then incorporated the Mlc
score along with the coevolutionary scores generated by another
two commonly used algorithms, i.e. OMES [34] and McBASC
[35], into our feature set. Among them, the MIc score was retained
as one of the three most important features after feature selection.
To provide a comprehensive assessment of different covariance
algorithms, we tested the performances of McBASC, OMES, MI
[17], MIp and Mlc on the training set using DEF1 (Figure 5).
When the number of predicted contacts was fixed at different
ratios to the protein chain’s length, the accuracy for each
algorithm increased in the order: MI<OMES<McBASC<"
MIp<Mlc. Because MI performed worst in residue contact
prediction, we did not incorporate it into the feature set of
TMhhcp. Similarly, using DEF2, the above five covariance
algorithms led to the same conclusion. When ranking the L/5
highest scoring residue pairs as the predicted contact pairs, it is
worth mentioning that the average accuracy of Mlc was 29.3%,
which is even higher than that of TMHcon (25.9%) (see Figure 5
and Table 1).

In addition, the evolutionary profile in the form of PSSM is also
an important feature, because it represents the evolutionary
information of a protein sequence and constitutes the majority of
the selected features. Table S3 and S4 in the Supporting
Information list the selected features based on two different
residue contact definitions DEF1 and DEF 2, respectively.

Interaction
TMhhcp

24 29

Figure 6. Two Venn diagrams for the predicted residue contacts and helix-helix interactions by three predictors. The two Venn
diagrams display the complementation between the three predictors, TMHcon, MEMPACK and TMhhcp, to predict residue contacts and helix-helix
interactions. The corresponding residue contact definition is based on DEF1. ‘Contact’ in panel A represents the observed residue contacts of protein
chains in the test set, while ‘Interaction’ in panel B denotes the observed helix-helix interactions in the test set.

doi:10.1371/journal.pone.0026767.g006
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Application to helix-helix interaction prediction

An important application of residue contact prediction for TM
proteins is to predict helix-helix interactions, namely, the
interacting helical pairs. According to the prediction rules of
TMHcon and MEMPACK, two TM helices were predicted to be
interacting if they have at least one predicted residue contact pair.
Based on this definition, we used the top L/5 predicted residue
contacts by our TMhhcp predictors to predict helix-helix
interactions and compared the prediction performance with
other methods based on the independent test set. Initially, the
prediction models of TMhhcp were built by using all features to
make the prediction of interacting helical pairs. However, it
turned out that the prediction accuracy in this way was lower
than the TMhhcp models that were built using the selected
features only. The prediction performance of these two types of
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TMhhcp models is displayed in Table 5. It can be seen that using
DEF1, both TMhhcp_cfsl and MEMPACKI1 achieved the
highest accuracy of 80.4%. Nevertheless, TMhhcp_cfs1 correctly
predicted more interacting helical pairs than TMHcon and
MEMPACKI with higher sensitivity values. On the other hand,
using DEF2, TMhhcp_cfs2 attained the highest accuracy, and
predicted more interacting helical pairs than MEMPACK2 with
higher sensitivity (Table 5). We also calculated the MCC
measures of all the TMhhcp models, which were all higher than
0.4 (Table 5). As a comparison, the MCC values of TMHcon,
MEMPACKI1 and MEMPACK?2 were 0.322, 0.278 and 0.287,
respectively, which are much lower than TMhhcp models.
Altogether, these results suggest that our TMhhcp models clearly
outperformed the other two methods in the task of predicting
interacting helical pairs.
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Figure 7. Case studies. This figure displays the performance of TMhhcp on two recently structure solved TM proteins, the Spinach minor light-
harvesting complex CP29 (PDB ID: 3PL9, chain: A) and the human adenosine A2A receptor bound with agonist (UK-432097) (PDB ID: 3QAK, chain: A).
Panels A and B plot the observed and predicted residue contacts of 3PL9_A and 3QAK_A, respectively. Each grid contains the residue contacts of the
corresponding two TM segments. The edges of a grid represent the lengths of the corresponding two TM segments. Panels C and D give the
observed and predicted interacting helical pairs of 3PL9_A and 3QAK_A, respectively, where the two boxes connected by a line represent an

interacting helical pair.
doi:10.1371/journal.pone.0026767.9007
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Overlap of the predictions of different tools represented
by Venn diagrams

In order to analyze the overlap of the predictions of the three
predictors TMHcon, MEMPACK and TMhhcp based on DEF1,
we generated the Venn diagrams based on their prediction results
(See Figure 6A and 6B for the predicted residue contacts and
interacting helical pairs, respectively). From the Venn diagrams,
accuracies and sensitivities, listed in Table 3 and Table 5, can be
easily calculated. For residue contact prediction, the overlap of the
predicted residue contacts for every two predictors accounted for
less than 11% of their own predictions (Figure 6A). This suggests
that the three prediction methods are strongly complementary
with each other. For helix-helix interaction prediction, the overlap
of the predicted interacting helical pairs for every two predictors
accounted for less than 66% of their own predicted interacting
helical pairs (Figure 6B), suggesting that the three prediction
methods are complementary with each other to some extent.

Case studies

In order to test the performance of TMhhcp under “real-life”
conditions, we applied TMhhcp using DEFI to two recently
solved TM proteins: the Spinach minor light-harvesting complex
CP29 (PDB ID: 3PL9, chain: A) [52] and the human adenosine
A2A receptor bound with agonist (UK-432097) (PDB ID: 3QAK,
chain: A) [53]. The maximal sequence identities of the two protein
chains to those used in the training set are 41.2% and 27.0%,
respectively. Regarding the top L/5 predictions, TMhhcp
achieved the residue contact accuracies of 90.9% and 41.4% for
the two protein chains, respectively. The accuracies for 6-analysis
are 100% and 96.6%, respectively, when the top L/5 predictions
were predicted as residue contacts. These satisfying results suggest
that TMhhcp is a powerful tool in predicting residue contacts in
TM proteins and performs extremely well at predicting residue
contacts within one helix turn of the observed contacts (Figure 7 A
and 7B). Furthermore, for helix-helix interaction prediction that
requires at least one predicted residue contact pair, the predicted
helix-helix interaction pattern formed by the predicted interacting
helical pairs clearly resembled the corresponding observed pattern
(Figure 7C and 7D). For instance, seven out of the twelve observed
interacting helical pairs in 3QAK_A were correctly predicted
(Figure 7D).

The TMhhcp web server

In order to provide a public service of TM protein residue
contact and helix-helix interaction prediction, a web server called
TMhhcp has been developed and made freely available at http://
protein.cau.edu.cn/tmhhcp. At the prediction webpage, the user is
required to input the query sequence and its topology. We
provided two models to predict residue contacts of TM proteins
according to the two different residue contact definitions. The
topology of the query sequence should be described as a sequence
consisting of “H”, “I”, “O” and “U” that represent TM segment,
inside position, outside position and unknown topology, respec-
tively. To obtain the topology information, the users may need to
employ some well-established TM topology predictors such as
TMHMM [54] and HMMTOP [55]. To facilitate the method
developers, the training data and test data used in this work are
also downloadable at the help webpage of TMhhcp. Currently, a
four-CPU DELL Linux system with 16 GB of main memory hosts
the TMhhcp web server. The computational time is mainly
decided by the PSI-BLAST search and the covariance algorithm
McBASC. For instance, it costs approximately five minutes to
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finish the prediction of 3QAK_A that contains 488 residues and 7
TM helices.

Conclusions

In this study, we applied the RF algorithm to predict residue-
residue contacts in TM proteins and achieved better performance
than two state-of-the-art methods TMHcon and MEMPACK. We
performed feature selection to select the most meaningful features
and analyzed the selected features that contribute to the improved
performance for predicting residue contacts. We found that
prediction of residue contacts can be significantly improved using
the descriptors of the relative distance of two residues of interest
and their sequence separation in the primary sequence. In
addition, the correlated mutation score, as a third important
feature, has important impact on residue contact prediction. It has
also been established that our method outperformed two existing
methods TMHcon and MEMPACK for predicting helix-helix
interactions of TM proteins. We hope our method will become a
valuable tool for predicting the structural properties of TM
proteins and can help to gain useful insights into their structure
and function.

Supporting Information

Figure S1 The precision-recall curves of MEMPACK
and TMhhcp based on 17 tested protein chains in the
independent test. Panels A and B were generated based on
DEF1 and DEF2, respectively. The precision-recall curves
reflected the average precision-recall curves for the 17 tested
protein chains for which MEMPACK predicted at least one
residue contact. predicted at least one residue contact.

(TTF)

Table S1 Prediction performance of MEMPACK and
TMhhcp on the 17 tested protein chains for which
MEMPACK predicted at least one residue contact.
(DOC)

Table S2 Prediction performance of TMhhcp on the 4
protein chains for which MEMPACK failed to predict
any residue contact.

DOC)

Table S3 The selected features based on the residue
contact definition DEF1.
(DOC)

Table S4 The selected features based on the residue
contact definition DEF2.
(DOC)

Acknowledgments

We thank Dr. Zhi-Ping Feng at the Walter and Eliza Hall Institute of
Medical Research (WEHI), Australia for helpful discussions.

Author Contributions

Conceived and designed the experiments: ZZ JS. Performed the
experiments: X-FW. Analyzed the data: X-FW ZC CW R-XY.
Contributed reagents/materials/analysis tools: X-FW ZC. Wrote the
paper: X-FW ZZ JS. Wrote codes, developed the web server, and drafted
the manuscript: XFW. Participated in the figure drawing and server
building: ZC. Participated in the method assessment: CW RXY. Directed
the research and critically revised the manuscript: JS ZZ. Read and
approved the final manuscript: X-FW ZC CW R-XY ZZ JS.

October 2011 | Volume 6 | Issue 10 | e26767



References

1.

20.

21.

22.

23.

24.

26.

Liu Y, Engelman DM, Gerstein M (2002) Genomic analysis of membrane
protein families: abundance and conserved motifs. Genome Biol 3: re-
search0054.

. Wallin E, von Heijne G (1998) Genome-wide analysis of integral membrane

proteins from eubacterial, archaean, and eukaryotic organisms. Protein Science

7: 1029-1038.

. Yildirim MA, Goh KI, Cusick ME, Barabasi AL, Vidal M (2007) Drug-target

network. Nature Biotechnology 25: 1119-1126.

. White SH (2004) The progress of membrane protein structure determination.

Protein Science 13: 1948-1949.

. Doerr A (2009) Membrane protein structures. Nature Methods 6: 35-35.
. Kiefer F, Arnold K, Kunzli M, Bordoli L, Schwede T (2009) The SWISS-

MODEL Repository and associated resources. Nucleic Acids Research 37:
D387-392.

Soding J (2005) Protein homology detection by HMM-HMM comparison.
Bioinformatics 21: 951-960.

. Zhang Y (2008) I-TASSER server for protein 3D structure prediction. BMC

Bioinformatics 9: 40.

. Wu S, Zhang Y (2008) A comprehensive assessment of sequence-based and

template-based methods for protein contact prediction. Bioinformatics 24:
924-931.

. Barth P, Wallner B, Baker D (2009) Prediction of membrane protein structures

with complex topologies using limited constraints. Proc Natl Acad Sci U S A

106: 1409-1414.

. Cheng J, Baldi P (2007) Improved residue contact prediction using support

vector machines and a large feature set. BMC Bioinformatics 8: 113.

. Fariselli P, Olmea O, Valencia A, Casadio R (2001) Prediction of contact maps

with neural networks and correlated mutations. Protein Engineering 14:

835-843.

. Hamilton N, Burrage K, Ragan MA, Huber T (2004) Protein contact prediction

using patterns of correlation. Proteins: Structure Function and Bioinformatics
56: 679-684.

. Vullo A, Walsh I, Pollastri G (2006) A two-stage approach for improved

prediction of residue contact maps. BMC Bioinformatics 7: 180.

. Dunn SD, Wahl LM, Gloor GB (2008) Mutual information without the

influence of phylogeny or entropy dramatically improves residue contact
prediction. Bioinformatics 24: 333-340.

. Lee BC, Kim D (2009) A new method for revealing correlated mutations under

the structural and functional constraints in proteins. Bioinformatics 25:

2506-2513.

. Martin LC, Gloor GB, Dunn SD, Wahl LM (2005) Using information theory to

search for co-evolving residues in proteins. Bioinformatics 21: 4116-4124.

. Lippi M, Frasconi P (2009) Prediction of protein beta-residue contacts by

Markov logic networks with grounding-specific weights. Bioinformatics 25:

2326-2333.

. Chen P, Liu C, Burge L, Mahmood M, Southerland W, et al. (2008) Prediction

of inter-residue contact clusters from hydrophobic cores. Int J Data Min
Bioinform 2008: 703-708.

Xue B, Faraggi E, Zhou Y (2009) Predicting residue-residue contact maps by a
two-layer, integrated neural-network method. Proteins: Structure Function and
Bioinformatics 76: 176-183.

Chivian D, Kim DE, Malmstrom L, Schonbrun J, Rohl CA, et al. (2005)
Prediction of CASP6 structures using automated Robetta protocols. Proteins:
Structure Function and Bioinformatics 61 Suppl 7: 157-166.

Shao Y, Bystroff C (2003) Predicting interresidue contacts using templates and
pathways. Proteins: Structure Function and Bioinformatics 53 Suppl 6: 497-502.
Wu S, Zhang Y (2007) LOMETS: a local meta-threading-server for protein
structure prediction. Nucleic Acids Research 35: 3375-3382.

Fuchs A, Kirschner A, Frishman D (2009) Prediction of helix-helix contacts and
interacting helices in polytopic membrane proteins using neural networks.
Proteins: Structure Function and Bioinformatics 74: 857-871.

. Lo A, Chiu YY, Rodland EA, Lyu PC, Sung TY, et al. (2009) Predicting helix-

helix interactions from residue contacts in membrane proteins. Bioinformatics
25: 996-1003.

Nugent T, Jones DT (2010) Predicting transmembrane helix packing
arrangements using residue contacts and a force-directed algorithm. PLoS
Comput Biol 6: ¢1000714.

@ PLoS ONE | www.plosone.org

1

27.

28.

30.
31.

32.
33.

36.

38.

39.

40.
41.
42.
43.

44.

46.
47.

48.

49.

50.

51.

53.

54.

Predicting Residue Contacts and Helix Interactions

Tusnady GE, Dosztanyi Z, Simon I (2005) PDB_TM: selection and membrane
localization of transmembrane proteins in the protein data bank. Nucleic Acids
Research 33: D275-278.

Tusnady GE, Kalmar L, Simon I (2008) TOPDB: topology data bank of
transmembrane proteins. Nucleic Acids Research 36: D234-239.

. Lomize MA, Lomize AL, Pogozheva ID, Mosberg HI (2006) OPM: orientations

of proteins in membranes database. Bioinformatics 22: 623-625.

Wang G, Dunbrack RL, Jr. (2003) PISCES: a protein sequence culling server.
Bioinformatics 19: 1589-1591.

Duarte JM, Sathyapriya R, Stehr H, Filippis I, Lappe M (2010) Optimal contact
definition for reconstruction of contact maps. BMC Bioinformatics 11: 283.
Breiman L (2001) Random forests. Machine learning 45: 5-32.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, et al. (1997) Gapped
BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Research 25: 3389-3402.

. Fodor AA, Aldrich RW (2004) Influence of conservation on calculations of

amino acid covariance in multiple sequence alignments. Proteins: Structure
Function and Bioinformatics 56: 211-221.

. Olmea O, Valencia A (1997) Improving contact predictions by the combination

of correlated mutations and other sources of sequence information. Fold Des 2:
525-32.

Wallin E, Tsukihara T, Yoshikawa S, von Heijne G, Elofsson A (1997)
Architecture of helix bundle membrane proteins: an analysis of cytochrome ¢
oxidase from bovine mitochondria. Protein Science 6: 808-815.

Stevens TJ, Arkin IT (2001) Substitution rates in alpha-helical transmembrane
proteins. Protein Science 10: 2507-2517.

Adamian L, Liang J (2006) Prediction of transmembrane helix orientation in
polytopic membrane proteins. BMC Struct Biol 6: 13.

Oberai A, Joh NH, Pettit FK, Bowie JU (2009) Structural imperatives impose
diverse evolutionary constraints on helical membrane proteins. Proc Natl Acad
Sci U S A 106: 17747-17750.

Hall MA, Smith LA (1999) Feature selection for machine learning: comparing a
correlation-based filter approach to the wrapper; 1999 AAAI Press. 239 p.
Dechter R, Pearl J (1985) Generalized best-first search strategies and the
optimality of A*. Journal of the ACM (JACM) 32: 505-536.

Frank E, Hall M, Trigg L, Holmes G, Witten IH (2004) Data mining in
bioinformatics using Weka. Bioinformatics 20: 2479-2481.

Japkowicz N, Stephen S (2002) The class imbalance problem: A systematic
study. Intelligent Data Analysis 6: 429-449.

Chen XW, Liu M (2005) Prediction of protein-protein interactions using
random decision forest framework. Bioinformatics 21: 4394—4400.

Sikic M, Tomic S, Vlahovicek K (2009) Prediction of protein-protein interaction
sites in sequences and 3D structures by random forests. PLoS Comput Biol 5:
€1000278.

Han P, Zhang X, Norton RS, Feng ZP (2009) Large-scale prediction of long
disordered regions in proteins using random forests. BMC Bioinformatics 10: 8.
Liaw A, Wiener M (2002) Classification and Regression by randomForest.
R news 2: 18-22.

Baldi P, Brunak S, Chauvin Y, Andersen CA, Nielsen H (2000) Assessing the
accuracy of prediction algorithms for classification: an overview. Bioinformatics
16: 412-424.

Fawcett T (2006) An introduction to ROC analysis. Pattern Recognition Letters
27: 861-874.

Gobel U, Sander C, Schneider R, Valencia A (1994) Correlated mutations and
residue contacts in proteins. Proteins: Structure Function and Bioinformatics 18:
309-317.

Altschuh D, Lesk AM, Bloomer AC, Klug A (1987) Correlation of co-ordinated
amino acid substitutions with function in viruses related to tobacco mosaic virus.
Journal of Molecular Biology 193: 693-707.

. Pan X, LiM, Wan T, Wang L, Jia C, et al. (2011) Structural insights into energy

regulation of light-harvesting complex CP29 from spinach. Nat Struct Mol Biol
18: 309-315.

Xu F, Wu H, Katritch V, Han GW, Jacobson KA, et al. (2011) Structure of an
Agonist-Bound Human A2A Adenosine Receptor. Science 332: 322-327.
Sonnhammer EL, von Heijne G, Krogh A (1998) A hidden Markov model for
predicting transmembrane helices in protein sequences. Proc Int Conf Intell Syst
Mol Biol 6: 175-182.

. Tusnady GE, Simon I (2001) The HMMTOP transmembrane topology

prediction server. Bioinformatics 17: 849-850.

October 2011 | Volume 6 | Issue 10 | e26767



