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ABSTRACT

Significant improvements in the prediction of protein residue-residue contacts are observed in the
recent years. These contacts, predicted using a variety of coevolution-based and machine learning
methods, are the key contributors to the recent progress in ab initio protein structure prediction,
as demonstrated in the recent CASP experiments. Continuing the development of new methods
to reliably predict contact maps, tools to assess the utility of predicted contacts, and methods to
construct protein tertiary structures from predicted contacts, are essential to further improve ab
initio structure prediction. In this dissertation, three contributions are described — (a) DNCON2, a
two-level convolutional neural network-based method for protein contact prediction, (b) ConEVA,
a toolkit for contact assessment and evaluation, and (¢) CONFOLD, a method of building protein
3D structures from predicted contacts and secondary structures. Additional related contributions
on protein contact prediction and structure reconstruction are also described. DNCON2 and CON-
FOLD demonstrate state-of-the-art performance on contact prediction and structure reconstruction
from scratch. All three protein structure methods are available as software or web server which are

freely available to the scientific community.
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Chapter 1

Introduction

Given around a hundred thousand protein amino acid sequences and their correct three-dimensional
structures, can we predict the structures for other protein sequences that do not have solved struc-
tures? This protein structure prediction problem, although appears tempting to solve, has been
vexing bioinformaticians since half a century [1]. Solving this problem can save millions of dollars
of wet-lab experimental research, can lead to the cure of thousands of diseases through drug design
and will push humanity closer to understand more about life processes. As many research groups
have demonstrated, that structures can be predicted with high accuracy when there are structural
templates available. Because templates cannot always be found, it is important to study and develop
protein models using ab initio or de novo techniques. Residue-residue contacts, in the recent years,
have been found extremely useful for the same. The application of contacts, however, extends much
beyond structural bioinformatics can be valuable to researchers working in X-ray crystallography,
cryo-EM or NMR [2].

A major motivation for protein contact prediction and contact-guided protein structure prediction
comes from the general finding that accurate contacts lead to accurate tertiary structural models.
Studies like FT-COMAR [3] and Reconstruct [4] on protein structure reconstruction using true
contacts have shown that in general three-dimensional protein structures can be recovered using
two-dimensional contact maps. For instance, using true Ca contact maps derived with a distance
threshold of 9A, a study reconstructed 19 proteins with accuracy of 1A RMSD [5]. Similarly, deriving
true contacts at distance cut-offs higher than 9A, Vassura et al. reconstructed Ca models for 1,760
proteins of different fold classes with RMSD of around 2A using the FT-COMAR method [3, 6]. In
another study, authors have shown that the quality of 3D reconstruction is unaffected by deleting
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up to an average 75% of the real contacts [7]. Likewise, in a different study, it is demonstrated that
the number of contacts needed for reconstruction can be decreased using a cone-peeling method and
a reconstruction accuracy of < 4A can be achieved with just around 20 to 30% of true contacts on
a data set of 12 proteins [8]. Most recently, it is also shown that a distance cut-off of 9A to 11A
delivers accurate reconstructions using C8 atoms for defining contacts on a data set of 60 proteins
[4].

Realizing that the contacting residues which are far apart in the protein sequence but close
together in the three-dimensional space are important for protein folding [9], contacts are widely
categorized as short-range, medium-range and long-range. Short-range contacts are those separated
by 6 to 11 residues in the sequence; medium-range contacts are those separated by 12 to 23 residues,
and long-range contacts are those separated by at least 24 residues. Most contact prediction assess-
ment methods evaluate long range contacts separately as they are the most important of the three
and also the hardest to predict [10, 11, 12]. Depending upon the three-dimensional shape (fold),
some proteins have a lot of short range contacts while others have more long range contacts, as
shown in Figure 1.1. Besides the three categories of contacts, the total number of contacts in a
protein is also important if we are to utilize the contacts to reconstruct three-dimensional models
for the protein. Certain proteins, such as those having long tail like structures, have fewer contacts
and are difficult to reconstruct even using true contacts while others, for example compact globular
proteins, have a lot of contacts and can be reconstructed with high accuracy. Another important
element of predicted contacts is the coverage of contacts, i.e., how well the contacts are distributed
over the structure of a protein. A set of contacts having low coverage will have most of the contacts
clustered in a specific region of the structure, which means that even if all predicted contacts are
correct, we may still need additional information to reconstruct the protein with high accuracy.

Among all the contacts, long-range contacts, which are generally harder to predict [13, 14, 15, 16],
are relatively more useful for structure reconstruction [17]. Hence, recent contact prediction meth-
ods focus on the prediction and evaluation of long-range contacts, and so do the CASP experi-
ments (http://www.predictioncenter.org). When the contact prediction category was introduced
in the CASP experiments, in the initial rounds, methods like SVMcon [14] and DNcon [13] that
use support vector machines and deep learning networks with traditional features such as sequence
profile, secondary structure and solvent accessibility, were often the top performers demonstrating
that machine learning techniques were useful for contact prediction. Recent methods like PconsC2
[18], MetaPSICOV [16] and RaptorX method [19] show that including contact predictions from
coevolution-based methods like CCMpred [20], PSICOV [21], and FreeContact [22] as additional
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Figure 1.1: Two globular proteins with some contacts in them shown in black dotted lines along with the
contact distance in Armstrong. The alpha helical protein 1bkr (left) has many long range contacts and the
beta sheet protein 1c9o (right) has more short and medium range contacts.

features can significantly improve the performance, if at least a few hundred homologous sequences
can be found for an input sequence. Often, when sufficient homologous sequences can be found,
these ‘meta’ methods can predict top L/5 or L/10 long-range contacts with pretty high precision
[16, 19, 20], where L is the length of the protein sequence. All these recently successful methods
highlight that, besides machine learning techniques, coevolution-based features are important for
accurate contact prediction.

Predicted contacts are evaluated using precision, i.e., the number of contacts that are correct
out of all predicted contacts. For a lot of proteins as few as 8% of native contacts are sufficient to
reconstruct the fold of proteins [23]. Moreover, all proteins do not have their number of contacts
proportional to the sequence length. Hence, it is common to evaluate the top L/2 or just the top
L/5 predicted contacts using precision, with L being the sequence length of the protein. Since
short/medium range contacts are relatively easier to predict (especially for proteins having beta-
sheets), the CASP competition focuses on evaluating predicted long-range contacts. The evaluation
of contact prediction using precision is simple and is currently being used widely, but it does not
cover two important aspects: coverage and number of contacts. Predicted top L/5 contacts may be
highly precise, but can have a low coverage, such that they only cover a part of the protein and,
thus, cannot capture the overall fold of the protein. Debora et al. attempted to qualitatively assess

the coverage of contacts and Eickholt et al. discussed evaluating coverage using the idea of omitting



neighboring contacts [12, 24], and yet, the question of how many predicted contacts are needed
to fold a protein remains unanswered. Although some authors have suggested that the number of
contacts needed can be specific to prediction methods, the top 1L contacts have shown to produce
good results [25, 26].

In this thesis, three contributions are described — (a) DNCON2, a two-level convolutional neural
network-based method for protein contact prediction, (b) ConEVA [27], a toolkit for contact as-
sessment and evaluation, and (¢) CONFOLD [25], a method of building protein 3D structures from
predicted contacts and secondary structures. Chapter 2 of this dissertation describes the DNCON2
method. Chapter 3 is on the ConEVA toolkit published in the BMC Bioinformatics journal and
Chapter 4 is on the CONFOLD method published in the Proteins journal. In addition, Chapter 5
discusses a contact prediction method we developed and was ranked among the top predictors in the
CASP12 contact prediction experiment. Chapter 6 discusses the reconstruction of protein structures
using true contacts and secondary structure. Finally, in Chapter 7, we describe how the methods
we developed can be utilized for ab initio protein structure prediction. Finally, in the last chapter
we discuss summary and possible future works. The contents for the chapter 3 and 4 are from the
following publications:

Adhikari B, Bhattacharya D, Cao R, Cheng J. CONFOLD: Residue-residue contact-guided ab
initio protein folding. Proteins. 2015;83:1436-49. [25]

Adhikari B, Nowotny J, Bhattacharya D, Hou J, Cheng J. ConEVA: a toolbox for comprehensive

assessment of protein contacts. BMC Bioinformatics. 2016;17:517. [27]



Chapter 2

DNCON2: Improved protein
contact prediction using two-level
deep convolutional neural networks

2.1 Abstract

Significant improvements in the prediction of protein residue-residue contacts are observed in the
recent years. These contacts, predicted using a variety of coevolution-based and machine learning
methods, are the key contributors to the recent progress in ab initio protein structure prediction,
as demonstrated in the recent CASP experiments. Continuing the development of new methods
to reliably predict contact maps is essential to further improve ab initio structure prediction. In
this paper, we discuss DNCON2, an improved protein contact map predictor based on two-level
deep convolutional neural networks. It consists of six convolutional neural networks — the first five
predict contacts at 6, 7.5, 8, 8.5, and 10 A distance thresholds, and the last one uses these five
predictions as additional features to predict final contact maps. On the free-modeling datasets in
CASP10, 11, and 12 experiments, DNCON2 achieves mean precisions of 35%, 50%, and 53.4%,
respectively, higher than 30.6% by MetaPSICOV on CASP10 dataset, 34% by MetaPSICOV on
CASP11 dataset, and 46.3% by Raptor-X on CASP12 dataset, when top L/5 long-range contacts
are evaluated. We attribute the improved performance of DNCON2 to the inclusion of short- and
medium-range contacts into training, two-level approach to prediction, use of the state-of-the-art

optimization and activation functions, and a novel deep learning architecture that allows each filter



in a convolutional layer to access all the input features. DNCON2 is currently available as a web-
server at http://sysbio.rnet.missouri.edu/dncon2 where the predictions for CASP10, 11, and 12

free-modeling datasets can also be downloaded.

2.2 Introduction

In recent years, protein residue-residue contacts have been identified as a key feature for accurate
de novo protein structure prediction [26, 28, 29, 30, 31]. Successful de novo structure prediction
methods, in the recent CASP experiments, have attributed much of their performance to the incor-
poration of predicted contacts [17, 32, 33]. In terms of usefulness, contacts with sequence separation
of at least 24 residues, i.e. long-range contacts, have been found more useful in structure model-
ing and are usually the primary evaluation target for evaluating and comparing contact-prediction
methods. While long-range contacts are most useful for folding proteins using fragment-based meth-
ods like FRAGFOLD [34], Rosetta [17] and Quark [33], for fragment-free methods like CONFOLD
[25] and GDFuzz3D [35], other two types of contacts - short- and medium-range contacts - are also
important. While successful contact prediction methods like DNCON [13] find it effective to pre-
dict these separately, a more recent trend of predicting all contacts with a single machine learning
architecture appears promising [16, 19].

Much of the recent improvement in the performance of contact prediction is from detecting coe-
volving residue pairs in a multiple sequence alignment and from the machine learning techniques used
to integrate these predictions as features along with other standard features. Coevolution-based con-
tact predictors can generally predict accurate contacts in presence of at least a few hundred effective
sequences in the input alignment [36]. However, recent state-of-the-art methods demonstrate that
integrating these co-evolution-based predictions with other features and using a machine learning
method to make final predictions, can almost performs better than using coevolution information
alone. These integrative contact predictors have used neural networks [16], random forests [37], and
convolutional neural networks [19] to combine co-evolutionary features with other common features
like secondary structures and position specific scoring matrices.

As a successor of our deep belief network based contact predictor, DNCON [12, 13], which was
ranked as the top method in the CASP10 experiment [11], in this paper, we present our improved
contact prediction method - DNCON2. The primary enhancements of DNCON2 are (a) inclusion
of coevolution-based features, (b) new deep convolutional neural networks to predict full contact
maps, and (c¢) addition of new features at multiple distance thresholds, which further improve the
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performance. In DNCONZ2, we transform all 27 input features, e.g., scalar features like protein
length, one-dimensional (1D) features like secondary structure prediction, and two-dimensional (2D)
features like coevolution-based predictions, into 56 two-dimensional features. As the first step of our
two-level prediction approach, we train five convolutional neural networks (CNNs) which accept
these 56 2D features and predict contact maps at distance thresholds of 6, 7.5, 8, 8.5, and 10 A.
In the second level, a separate CNN is trained with these five sets of predictions as additional 2D
features, to make final short-, medium-, and long-range predictions in one contact map all at once.
Finally, we test our method using the free-modeling datasets of CASP10, 11, and 12 and compare
it with other state-of-the-art methods, and, also discuss how the various training hyperparameters

influence the performance.

2.3 Methods

2.3.1 Datasets and evaluation metrics

We used the original DNCON dataset consisting of 1426 proteins having length between 30 and 300
residues curated before the CASP10 experiment to train and test DNCON2. The protein structures
in the dataset were obtained from the Protein Data Bank (PDB), had 0-2 A resolution and were
filtered by 30% sequence identity. 1230 proteins from the dataset are used for training and 196 as
the validation set, and the two sets have less than 25 percent sequence identity. In addition to the
validation dataset, we benchmarked our method using (a) 37 free-modeling domains in the CASP12
experiment, (b) 30 free-modeling domains in the CASP11 experiment [38], and (c) 15 free-modeling
domains in the CASP10 experiment [11]. These CASP free-modeling datasets have zero or very
little identity with the training dataset.

In this study, we define a pair of residues in a protein to be in contact if their carbon beta atoms
(carbon alpha for glycine), are closer than 8 A in the native structure. We consider contacts as
long-range when the paring residues are separated by at least 24 residues in the protein sequence.
Similarly, medium-range contacts are pairs which have sequence separation between 12 and 23
residues and short-range contacts are pairs with sequence separation between 6 and 11 residues.
These definitions are consistent with the common standards used in the field [39].

As a primary evaluation metric of contact prediction accuracy, we use the precision of top L/5
or L/2 predicted long-range contacts, where L is the length of the predicted contacts. The metric

has also been the main measure in the recent CASP evaluations [10, 11, 39] and some recent studies
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[27]. When evaluating the predictions for the proteins in the CASP datasets, we evaluate them at
the domain level to be consistent with the past CASP assessments, although all predictions were
made on the full target sequences without any knowledge of domains. We used the ConEVA tool to

carry out all our evaluations [27].

2.3.2 Input features

In addition to the existing features used in the original DNCON, we used new features derived from
multiple sequence alignments, coevolution-based predictions, and three-state secondary structure
predictions from PSIPRED [40]. The original DNCON feature set includes length of the protein,
secondary structure and solvent accessibility predicted using the SCRATCH suite [41], position
specific scoring matrix (PSSM) based features (e.g. PSSM sums and PSSM sum cosines), Atchley
factors, and several pre-computed statistical potentials. During our experiments, we found PSSM
and amino acid composition from the original DNCON feature set were not very useful and hence
removed them from the feature list. Besides the DNCON features, the new features include coevolu-
tionary contact probabilities/scores predicted using CCMpred [20], FreeContact [22], PSICOV [21],
and alignment statistics such as number of effective sequences, Shannon entropy sum, mean contact
potential, normalized mutual information, and mutual information generated using the alignment
statistics tool ‘alnstat’ [16]. During our experiments, often, PSICOV did not converge when there
are too many or too few alignments, especially if the target sequence is long. To guarantee to get
some results, we set a time limit of 24 hours, and run PSICOV with three convergence parameters
(‘d = 0.03, ‘r = 0.001’, and ‘r = 0.01’) in parallel. If the first prediction (with option d = 0.03)
finishes within 24 hours, we use the prediction, and if not, we use the second prediction and so on.
Using all these features above as input, we predict contact maps at 6, 7.5, 8, 8.5, and 10 A distance
thresholds at first, and then use these five contact-map predictions as additional features to make
a second round of prediction. Contact predictions at lower distance thresholds are relatively sparse
and include only the residue pairs that are very close in the structure, whereas, contact predictions
at higher distance thresholds are denser and provide more positive cases for the deep convolution

neural network to learn.

2.3.3 Generating multiple sequence alignments

Generating a diverse/informative multiple sequence alignment with a sufficient number of sequences

is critical for generating quality coevolution-based features for contact prediction. On one hand,
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having too few sequences in the alignment, even though they may be highly diverse, can lead to
low contact prediction accuracy. On the other hand, having too many sequences can slow down the
process of co-evolution feature generation, creating a bottleneck for an overall structure prediction
pipeline. To reliably generate multiple sequence alignments, an alignment method should produce
at least some sequences in alignment whenever possible, and does not generate too many more
sequences than necessary. Following a similar procedure in [17] and [42], we first run HHblits [43]
with 60% coverage thresholds, and if a certain number of alignments are not found (usually around
2L), then we run JackHMMER [44] with e-value thresholds of 1E72°, 1E71° 1E~% and 1 until we
find some alignments. JackHMMER is not run if HHblits can find at least 5000 sequences. These
alignments are used by the three coevolution-based methods (CCMpred, FreeContact, and PSICOV)
to predict contact probabilities / scores, which are used as two-dimensional features and to generate
alignment statistics related features for deep convolutional neural network.

Input Volume Contact Map

all features in 2D

(A) Five ConvNets 2D Predictions
at6,7.5,8,8.5,and 10A at6,7.5,8,8.5,and 10 A One ConvNet at 8A
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all features in 2D - — —
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Figure 2.1: (A) The block diagram of DNCON2s overall architecture. The 2D volumes representing a
proteins features are used by five convolution neural networks to predict preliminary contact probabilities
at 6, 7.5, 8, 8.5 and 10 thresholds at the first level. The preliminary 2D predictions and the input volume
are used by a convolutional neural network to predict final contact probability map at the second level. (B)
The structure of one deep convolutional neural network in DNCON2 consisting of six hidden convolutional
layers with 16 5x5 filters and an output layer consisting of one 5x5 filter to predict a contact probability
map.



2.3.4 Deep convolutional neural network architecture

Convolutional neural networks (CNNs) are widely applied to recognize images with each input image
translated into an input volume such that the size of the image are length and width of the volume,
and the three channels (hue, saturation, and value) represent the depth. Based on such ideas, to
build an input volume for each protein, we translate all scalar and one-dimensional input features
into two-dimensional features (channels) so that all features (including the ones already in 2D) are
in two-dimension and can be viewed as separate channels. While scalar features like sequence length
are duplicated to form a two-dimensional matrix (one channel), each one-dimensional feature like
solvent accessibility prediction is duplicated across the row and across the column to generate two
channels. The size of the channels for a protein is decided by the length of the protein. By having all
features in separate input channels in the input volume, each filter in a convolutional layer convolving
through the input volume, has access to all the input features, and can learn the relationships across
the channels. Compared to the input volumes of images that have three channels, our input volumes
have 56 channels.

We use a total of six CNNs, i.e. five in the first level to predict preliminary contact probabilities
at 6, 7.5, 8, 8.5, and 10 A distance thresholds separately by using an input volume of a protein as
input, and one in the second level that take both the input volume and the 2D contact probabilities
predicted in the first level to make final predictions (Figure 2.1 (A)). Each of the six CNN networks
have the same architecture, which has six hidden convolutional layers and one output layer consisting
of 16 filters of 5 by 5 size and one output layer (Figure 2.1 (B)). In the hidden layers, the batch
normalization is applied, and ‘Rectified Linear Unit’ [45] is used as the activation function. The last
output layer consists of one 5 by 5 filter with ‘sigmoid’ as the activation function to predict final
contact probabilities. Hence, our deep network can accept a protein of any length and predict a
contact map of the same size. We use the Nesterov Adam (nadam) method [46] as the optimization
function to train the network.

We train each CNN for a total of 1600 epochs with each epoch of training taking around 2
minutes. After training, we rank and select best model using the mean precision of top L/5 long-
range contacts calculated on the validation dataset of 196 proteins. Our raw feature files for all 1426
proteins use 8 GigaBytes (GB) of disk space and are expanded to around 35 GB when all features
are translated to 2D format. To minimize disk input/output, we translate our scalar features and
1D features into 2D, at runtime, in CPU memory. We used the Keras library (http://keras.io/)

along with Tensorflow (www.tensorflow.org) to implement our deep CNN networks. Our trainings
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were conducted on Tesla K20 Nvidia GPUs each having 5 GB of GPU memory, on which, training
one model took around 12 hours. Finally, we use an ensemble of 20 trained deep models to make

final predictions for testing.

2.4 Results

2.4.1 Using contact predictions at 6, 7.5, 8, 8.5, and 10 A distance thresh-
olds as features improves precision

A contact map is a binary version of the distance map of a protein structure according to a distance
threshold, which usually is 8 A. This threshold of 8 A, although widely used, can be viewed as an
arbitrary and rigid criterion to decide if a pair of residue is a contact or non-contact. For instance,
a pair separated by 8.1 A distance is, by definition, a non-contact, but by 7.9 A is a contact. And
using one distance threshold causes the loss of some distance information. In order to account for
uncertainty and ambiguity in residue-residue distance, in a first round of prediction, using all the
features and true contact maps at 6, 7.5, 8, 8.5, and 10 A distance thresholds, we trained five CNN
models to predict contact probabilities at these five distance thresholds. Then, in the second round
of prediction, we added these predictions as new 2D features into the feature list and trained a sixth
CNN model to predict contacts at 8 A distance threshold.

On the 196 proteins in the validation dataset, the CNN model in the second level achieves a
precision of up to 73.5 % higher than 70.7 % in the first level, when top L/5 long-range contacts are
evaluated. To verify if the improvement comes from the predictions at different distance thresholds or
from the iterative two-level training, in a separate experiment, we trained a second level model with
only the contact prediction at 8 A distance threshold as additional feature. In this case, a precision
of 72.2 % is achieved, higher than 70.7% of using one level prediction, but lower than 73.5% of
using both two-level prediction and multiple thresholds, indicating that both two-level training and
multiple thresholds contribute to the improvement. The results summarized in Figure 2.2 show
similar results when top L/2 contacts are evaluated. In addition to these experiments, we tested
adding more predictions at higher distance thresholds of 12, 14, 16, and 18 A as features, and found
that they did not significantly improve the performance. As an additional validation, we used the
ensemble of the models trained with five distance thresholds in the first level to predict the contacts
for the proteins in the validation dataset, similarly as a traditional neural network ensemble in [16].

Such a multi-distance ensemble has a precision of 72.8% slightly higher than the 72.6% precision
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Figure 2.2: The improvement from inclusion of predictions at distance thresholds of 6, 7.5, 8, 8.5, and 10 as
additional features, measured using the precision of top L/5 (left) and top L/2 (right) long-range contacts
on the validation dataset. Box plot of precision for best 30 of 40 models for the level one model trained only
using the original features (pink), the level-two model trained using only 8 prediction as additional feature
(green), and the level-two model trained by adding all five predictions at multiple thresholds as additional
features (blue).

achieved by an ensemble of all five models trained at the same 8 A distance threshold, but lower

than 73.5% of using predictions of multiple thresholds with two-level networks in DNCON2.

2.4.2 Comparison between deep belief network in DNCON 1.0 and deep
convolutional neural networks in DNCON2
DNCON 1.0 used an ensemble of deep belief networks (DBN) trained with windows of seven different
fixed sizes and boosting to predict contacts and achieved an accuracy of 34% on the 196 proteins
in the validation dataset. For a fair comparison with DNCON, we trained one CNN using the
same features that DNCON 1.0 used (excluding new coevolution-based features). Different from the
DNCON 1.0 of using different networks to predict contacts at different ranges, DNCON2 uses a CNN
network to predict short-, medium-, and long-range contacts of a protein of arbitrary length. With
the same features as input, a CNN network trained with all contacts and non-contacts achieves a
slightly better precision of 35.4 % on top L/5 long-range contacts than DNCON 1.0. So, a single CNN
model performs better than a boosted and ensembled of deep belief networks, suggesting that the
deep convolutional neural network (CNN) is more suitable for contact prediction than the deep belief
network (DBN). Moreover, it is more convenient to train and test CNN than DBN because CNN can

take a full input matrix of arbitrary size as input to predict full contact maps without generating
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the features for each pair of residues, separating contacts at different ranges, and balancing the ratio

of contacts and non-contacts as required by DBN based on fixed size windows.

2.4.3 Performance of DNCON2 on the validation and CASP datasets

On the 196 proteins in the validation dataset, compared to the 35.4% precision of one CNN without
using coevolution-based features, by adding coevolution-based features and using multiple CNNs in
the two levels CNNs, DNCON?2 yields a mean precision of 74%, when top L/5 long-range contacts are
evaluated. As summarized in Table 2.1, the average length, number of sequences in the alignment,
and the number of effective sequences for these proteins are 190, 5,351, and 1,718 respectively. On
this dataset, the three individual coevolution-based features generated by CCMpred, FreeContact,
and PSICOV can predict contacts with precisions of 51.0%, 43.1%, 42.1% respectively, for top L/5
long-range contacts, which is much lower than 74% of DNCON2. And for 96% of these proteins,
DNCON2 performs better than any of the individual coevolution-based features. These results
indicate that integrating all the 2D coevolution-based features with the other features can drastically

improve the accuracy of contact prediction.

Table 2.1: Performance of DNCON2 on the 196 proteins in the validation dataset when top L/5 and top
L/2 long-range contacts are evaluated. L, N, and N.sy stand for length of a protein, number of sequences
in the alignment, and the number of effective sequences in the alignment. P ,5 and P/, are the precisions
of top L/5 and L/2 long-range contacts.

L N Nerr  Prys Pr,s

Average 190 5351 1718 74.0% 64.2%
Median 188 1607 412 88.2% 74.4%
Maximum 299 62889 29547 100.0% 100.0%
Minimum 50 1 1 0.0% 0.0%

Since predicted contacts are most useful for ab initio folding of proteins whose structures cannot
be predicted by template-based modeling, we evaluated our method on the free-modeling protein
datasets in the CASP10, 11, and 12 experiments and compared it with top CASP methods and
a standard coevolution-based method MetaPSICOV [16] (see Table 2.2). Since our training and
validation datasets were curated before the CASP10 experiment, the CASP datasets are indepen-
dent test data. For evaluating our method on the most recent CASP12 dataset, we generated all
features using all programs and databases released before the CASP12 experiment started, mak-
ing our results not influenced by the new releases of protein structures and sequences thereafter.
On the 37 free-modeling CASP12 domains, for which native structures were available for us to

perform the evaluation, DNCON2 outperforms all the top methods participating in the CASP12
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experiment such as Raptor-X [19], MetaPSICOV [16], iFold_1, and our own method MULTICOM-
CONSTRUCT as well as the baseline method DNCON 1.0. When top L/5 long-range contacts are
evaluated, DNCON2 achieves an average precision of 53.4% compared to 46.3%, 42.9%, and 45.7%
by Raptor-X, MetaPSICOV, and iFold_1, respectively. A similar performance is observed when top
L/2 contacts are evaluated instead of L/5. The 24.9% precision of DNCON 1.0, which does not
use any coevolution-based features, is a benchmark for other methods, and the difference between
its accuracy with the other methods highlights the improvement gained from the inclusion of the

coevolution-based features into the input.

Table 2.2: Summary of the performance of DNCON2 on the 15 CASP10, 30 CASP11, and 37 CASP12
free-modeling (FM) structural domains, measured using the precision of top L/5 long-range contacts. The
precision of the top method in each CASP experiment and a standard method MetaPSICOV (run locally)
is also included as a reference.

FM Domain Precision of top L/5 long-range contacts (%)

Dataset Count Top CASP Group MetaPSICOV DNCON2

CASP10 15 18.1 (DNCON 1.0) 30.6 35.0
CASP11 30 29.7 (CONSIP2) 34.4 50.0
CASP12 37 46.3 (Raptor-X) 42.9 53.4

For evaluating our method on CASP11 and CASP10 free-modeling datasets, we ran MetaPSI-
COV locally to use as a benchmark. For a fair comparison, we use the same sequence databases for
DNCON2 and MetaPSICOV. For completeness, we also compared DNCON2 with the best perform-
ing groups in the two CASP experiments - CONSIP2 in the CASP11 experiment [39], and DNCON
1.0 in the CASP10 experiment [11] (Table 2.2). On the 30 free-modeling domains in the CASP11
experiment, DNCON2 achieves an average precision of 50% compared to 34.4% by MetaPSICOV
and 29.7% by the best performing method CONSIP2 [42] in CASP11, when top L/5 long-range
contacts are evaluated. Similarly, on the 15 free-modeling structural domains in the CASP10 ex-
periment, DNCON2 achieves a mean precision of 35%, compared to 21.1% by MetaPSICOV, and
19.4% by the best performing method DNCON. For both datasets, similar results are observed when

medium-range and short-range contacts are evaluated.

2.4.4 Hyper-parameters optimization

To obtain best performance on the validation dataset, we fine-tuned our network by investigating
a range of values/options for the following hyper-parameters: (a) depth of the network, (b) filter
sizes in each layer, (¢) number of filters in each layer, (d) batch normalization, (e) batch size, (f)

optimization function, and (g) activation function. After many rounds of iterative hyper-parameter
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selection, we found that the optimal parameters for number of layers was seven, filter size was five,
number of filters was 16, batch size was 30, and chosen ReLU as the activation function in hidden
layers, applied batch normalization at each layer, and used NAdam as the optimization function.
With the performance of the CNN in a setting as a reference, we tuned each parameter, one-by-one,
to study how they influenced the performance on the training data and validation data. For the
depth of the network we tested networks with two to nine layers. Similarly, for filter size and number
of filters, we tested filter sizes of 1, 3, 5, 7, 9 and 11, and number of filters as 1, 4, 8, 16, and 24.
On the validation dataset, the networks with filter sizes more than 3, with 8 or more filters and 5
or more hidden layers deliver around the top performance. When the filter size is increased beyond
9, or the number of filters is increased beyond 24, or the depth of the network is increased beyond
9, the training was very slow and often failed because of insufficient GPU memory. In addition,
through trials, we found that keeping the filter size in all seven layers and number of filters in the
six hidden layers the same performs better than having different filter sizes or numbers of filters in
different layers.

Batch normalization is important for training deep CNN to deal with the covariate shift problem
[47]. To test how batch normalization affects the training performance, we tried applying batch
normalization after each layer (a), after every alternate layer (b), or only on the first layer (c),
and not using batch-normalization at all (d). We found that applying batch normalization at each
layer delivers the best performance compared to any of the three other settings. While the full
batch normalization applied after each layer delivers a mean precision of 70.8% and the batch
normalization at every alternate layer results in a mean precision of 68.7%, for top L/5 predicted
long-range contacts on the validation dataset. When batch normalization is not used at all, or is
applied only to the first layer, the precision drops to 65.7%. Similarly, after testing various batch
sizes, we found batch sizes of around 30 delivered the best performance on the validation dataset. For
optimization methods, we tested (a) ADADELTA, (b) Adagrad, (c¢) Adam, (d) Nesterov Adam, (e)
RMSprop, and (f) stochastic gradient descent optimizers. The results show that three optimization
functions Adam, Nesterov Adam, and RMSprop deliver better performance than the others, with
Nesterov Adam performing best among all. Finally, the activation functions sigmoid, tanh, and
ReLU can achieve the precisions of 70.4%, 69.4%, and 70.9%, respectively, when top L/5 long-range
contacts are evaluated.

Besides the machine learning hyperparameters, we also tested if training using only long-range
contacts improves the precision of long-range contact prediction. Interestingly, we find that including
medium-range contacts and short-range contacts into training improves the performance even when
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only long-range contacts are evaluated. However, when all the local contacts are included, i.e.
contacts with sequence separation less than five, we observed a slight decrease in performance. In
summary, including all except the local contacts during training yields better precision. In addition,
to test how ensembling improves the performance, we first ranked the trained models using the
average precision on the validation dataset. Then, we calculated precision of the averaged predictions
of top z models, where z is an integer in the range [1, 50]. The precision of ensembling increases

initially and then saturates after more than four models are used.

2.4.5 Importance of features

We removed one or more features at a time and trained the CNN using the remaining features,
to study the contribution of the removed features towards the overall performance of DNCONZ2.
We tested by removing (a) multiple sequence alignment (MSA) statistics related features compris-
ing of Shannon entropy sum, mean contact potential, normalized mutual information, and mutual
information, (b) CCMpred coevolution feature, (c) FreeContact coevolution feature, (d) PSICOV
coevolution feature, (e) several pre-computed statistical potentials, (f) number of sequences in the
alignment and the number of effective sequences in the alignment, (g) PSIPRED and PSISOLV
predictions of secondary structures and solvent accessibility, (h) PSSM related features comprising
of PSSM sums and PSSM sum cosines, (i) SCRATCH secondary structure and solvent accessibility
predictions, (j) relative counts of helical residues, strand residues, and buried residues, (k) sequence
separation related features, and (1) length of the protein. Our results, summarized in Figure 2.3,
show that the features from multiple sequence alignment related statistics are more important than
any single coevolution-based features (CCMpred, FreeContact, or PSICOV). We find the length fea-
ture unimportant. Sequence separation related features and relative counts of helical, strand, and
buried residues, also do not contribute much to the performance. Secondary structure predictions
from both methods SCARTCH and PSIPRED are useful, and complement each other to improve
the overall performance. Among the three coevolution-based features CCMpred, FreeContact, and
PSICOV, the first two (CCMpred and FreeContact) contribute equally to the overall performance.
If all three coevolution-based predictions (CCMpred, FreeContact, and PSICOV) are removed, the
precision drops from 60% to 38%, when top L/2 long-range contacts were evaluated, suggesting that

the three coevolution based features (combined) are the most important features.
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Figure 2.3: Importance of features measured by calculating the best of five precisions of top L/2 long-range
contacts on the validation dataset after removing a feature or a set of features. MSA Stats features are
multiple sequence alignment (MSA) statistics related features comprising of Shannon entropy sum, mean
contact potential, normalized mutual information, and mutual information, DNCON scores are set of several
pre-computed statistical potentials, N and Neff are number of se-quences and effective number of sequences.
If all three coevolution-based predictions (CCMpred, FreeContact, and PSICOV) are removed (not shown
in the plot), the precision drops from 60% to 38%, when top L/2 long-range contacts were evaluated.

2.5 Conclusion

We developed DNCON2 - a new two-level deep convolutional neural network method - to predict the
contact map of a protein of any length by integrating both residue-residue coevolution features and
other features such as secondary structures, solvent accessibility, and pairwise contact potentials.
The method can predict all the contacts in a protein at once from the entire input information
of a protein, which is more effective and easier to train and use than local fixed window-based
approaches such as deep belief networks. By including new co-evolution features, using CNNs of
multiple-distance thresholds, integrating all the features of all the residues through 2D-convolution
in a two-level architecture, and adopting the latest optimization and training techniques, DNCONZ2’s
accuracy is more than double of that of DNCON 1.0 on the same validation dataset. On the three
independent CASP datasets, DNCON2 outperforms the top methods in CASP10, CASP11, and
CASP12 experiments. The results demonstrate DNCON2 and its deep convolutional neural network

architecture is useful for protein contact prediction.
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Chapter 3

ConEVA: a toolbox for
comprehensive assessment of
protein contacts

3.1 Abstract

In recent years, successful contact prediction methods and contact-guided ab initio protein struc-
ture prediction methods have highlighted the importance of incorporating contact information into
protein structure prediction methods. It is also observed that for almost all globular proteins, the
quality of contact prediction dictates the accuracy of structure prediction. Hence, like many ex-
isting evaluation measures for evaluating 3D protein models, various measures are currently used
to evaluate predicted contacts, with the most popular ones being precision, coverage and distance
distribution score (X;). We have built a web application and a downloadable tool, ConEVA, for
comprehensive assessment and detailed comparison of predicted contacts. Besides implementing
existing measures for contact evaluation we have implemented new and useful methods of contact
visualization using chord diagrams and comparison using Jaccard similarity computations. For a
set (or sets) of predicted contacts, the web application runs even when a native structure is not
available, visualizing the contact coverage and similarity between predicted contacts. We applied
the tool on various contact prediction data sets and present our findings and insights we obtained
from the evaluation of effective contact assessments. ConEVA is useful for a range of contact related

analysis and evaluations including predicted contact comparison, investigation of individual protein
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folding using predicted contacts, and analysis of contacts in a structure of interest. ConEVA is
publicly available at http://iris.rnet.missouri.edu/coneva/. The source code of a light-weight down-
loadable version of ConEVA and the source code of the web-server are all hosted in GitHub at

http://github.com/multicom-toolbox/ConEVA.

3.2 Background

The success of many protein residue contact prediction methods, in the recent years, has kindled
a new hope to solve the long standing problem of ab initio protein structure prediction [13, 14,
16, 20, 21, 22]. Consequently, contact-guided ab initio structure prediction has emerged as an
important field. When accurately predicted contacts are supplied as input to structure prediction
or reconstruction methods, accurate folds can be predicted consistently [16, 25, 29, 34]. In general,
accurate contacts lead to accurate structural models. However, for predicting folds of sequences
which do not have homologous templates (hard sequences), the optimal way of utilizing predicted
contacts is still an ongoing research. For instance, experiments on true contact reconstruction have
suggested that 9 A or more distance threshold delivers best reconstruction with C3 atom [4, 6], but
the Critical Assessment of Protein Structure Prediction (CASP)’s definition of 8 A threshold is still
widely used to predict contacts [11, 13, 16, 20, 22]. Marks et al. have even demonstrated successful
structure predictions using Co atoms and 7 A threshold for defining contacts [24]. Similarly, it is
widely accepted that long-range contacts [10, 11, 48] are the most useful of the three contact types
(short-, medium-, and long-range), but some structural domains introduced in CASP like T0765-
D1, T0709-D1, T0711-D1, T0756-D2, T0700-D1 have very few or no long-range contacts at all. In
addition, Michel et al. discuss some examples of proteins that could not be accurately reconstructed
despite high accuracy of predicted contacts in their PconsFold method [26]. Using the protein 1JWQ),
Vassura et al. show how some structures cannot be folded with distance thresholds below 16 A [6].
Zhang et al. report folding 90 transmembrane proteins at 14 A cut-off [49]. Furthermore, in these
works, no common agreement is found on the optimal number of contacts (or a range) needed for
accurate reconstruction.

Hence, a tool to study the relationship between contact parameters and structure types is deemed
necessary. Currently, for evaluating predicted contacts, the three most widely used evaluation mea-
sures are precision, coverage and distance distribution score (Xg) [10, 11, 13, 15, 50, 51, 52, 53].
In addition, other measures like ‘mean false positive error’, ‘distance in contact map’ or ‘spread’
[24], F-score and Matthews correlation coefficient (MCC) [11] are also used for a more rigorous
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evaluation of the predicted contacts. Osvaldo et al. [54] had published EVAcon in 2005 that could
calculate some of these measures, which no longer seems accessible. On the other hand, existing
tools like CMView [55] and CoeViz [56] only enable contact map visualization and multiple sequence
visualization.

In this paper, we present ConEVA, a fast web application (along with a downloadable tool)
for protein contact evaluation and comparison. Besides the server, we also report some of our
observations obtained through the application of our tool on larger data sets. We discuss how the
length of a protein can influence various evaluation measures, the minimum number of contacts to
evaluate, and the range of the evaluation measure values associated with the determination of the

correct fold of a protein.

3.3 Methods

3.3.1 Datasets

In this work, we often refer to the dataset of 150 diverse proteins with average length of 150 residues
introduced by Jones et al. in the PSICOV paper [21]. This data set along with other examples,
including many CASP data sets, are provided as pre-curated data sets available through the “All

Examples” link in the web server homepage.

3.3.2 Contact definition

Other than the places where we explicitly mention, in this work we primarily use the CASP definition
of contacts, which is — a pair of residues separated by at least 6 residues are said to be in contact if

their Cf atoms (Ca in case of Glycine) are closer than 8 A.

3.3.3 Input and interface

The primary input to ConEVA is residue-residue contacts in CASP’s RR file format, whose descrip-
tion is available at http://predictioncenter.org/casprol/index.cgi?page=format#RR. A single RR
file or multiple RR files zipped into a single zip file can be supplied. Along with predicted contacts,
a native structure in PDB file format [57], may be supplied for contact evaluation. For domain
based evaluations, as performed in CASP evaluations, the domain structure may be supplied as

native PDB file instead of the full target structure. Besides these data inputs, the server also allows
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to specify if the input contacts are between Ca or CS atoms. In addition, a user can choose to
evaluate short-, medium-, long-range, or all contacts by defining the sequence separation distances.
Figure 3.1 shows a screenshot of ConEVA input interface. Besides allowing users to supply contact
RR files, many pre-curated data sets are available through the “All Examples” link in the homepage

for users to test.

CASP RR File )
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Figure 3.1: A screenshot of ConEVA homepage showing all input fields.

3.3.4 Server description

Input contacts are first sorted using the confidence column in the contact rows. Using the minimum
and maximum sequence separation thresholds supplied for defining short-, medium- and long-range
contacts, and the choice made for contact type (all/short-range/medium-range/long-range) contact
rows that are not of a user’s interest are filtered out. If a native structure is also supplied, contact
residue pairs that do not exist in the native structure are filtered out. Then, the top-5, L/10, L/5,
L/2, L, and top-2L contacts are selected and grouped for assessment. L is the length of the native
chain when supplied, and otherwise, it is the length of the sequence for which contacts are predicted.
Perl and Perl CGI is used for server development, and we use ‘heatmap.2’ function in the ‘gplots’
package [58] in R for visualizing Jaccard similarity matrix, and ‘plotrix’ package [59] for drawing
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chord diagrams.

3.3.5 Sever Output

The web-server output is organized in various sections. The first section summarizes the input files,
contacts computed from the native structure in EVACon format [54], sequence length of contacts
file and native structure with a link to the sequence comparison, and a description of the definition
of contact used for all following results. The next section tabularizes contact counts for short-,
medium-, and long-range contacts, and for top-5, top-L/10, etc. up to top-2L contacts. Number of
contacts that are not in native structure is also shown. In addition, if a native structure is provided
as input, all numbers appear as hyperlinks to UCSF Chimera command line scripts, which can be
downloaded and opened in UCSF Chimera to directly visualize the selected number of contacts
within the native structure. The next section, visualizes Jaccard similarity matrices in the form of
‘heatmap’ and ‘dendrogram’ plots. The dendrogram shows similar contact sets in closer branches.
Each plot has a link below it which links to the actual similarity matrix. The next section visualizes
Chord diagrams. Contact maps appear in the next section, with native contact map shown in
background. The subsequent sections present calculations and plots for precision, mean false positive
error, coverage, Xg, and spread. ROC curves with calculations for Area Under the Curve (AUC)
are displayed next, followed by precision-recall curves. The last two sections present calculations for
Matthew’s correlation coefficient and 1D visualization of coordination numbers. In the absence of a
native structure, only the first five sections and the last section are reported, and further, if only a

single contact prediction file is supplied, the section for Jaccard similarity calculations is skipped.

3.3.6 Measures computed on contacts

For each group of selected top contacts, coordination numbers [60] and contact maps are shown as 1D
and 2D visualizations. Coordination number defines the number of contacts that a residue is involved
in. Realizing the importance of contact assessment in the absence of a native structure, we introduce

visualization and comparison using chord diagrams. See Discussion section for illustrations.

3.3.7 Quality measures with respect to native structure

For each group of these selected contacts the following evaluation measures are calculated: precision,

coverage, mean false positive error, distance distribution score (X4) [10, 11, 13, 15, 50, 51, 52, 53],
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Spread [24], MCC [11], AUC_PR [61]. Precision is defined as the percentage of correctly predicted
contacts, calculated as the ratio of the number of predicted contacts that are correct and the number
of predicted contacts selected for evaluation, Precision = Tﬁ%. The true positives (TP) and
false positives (FP) are the number of correctly and incorrectly predicted contacts. For instance,
when we select top five contacts for evaluation, TP+FP is fixed at five and TP can range from 0 to
5. Coverage is the percentage of true contacts contained in a predicted list of contacts, calculated as
the ratio of the number of correctly predicted contacts and the total number of contacts in the native
structure, Coverage = TWIZ , where N, is the number of true contacts in the native structure. Mean
false positive error is calculated as the mean of absolute deviation of all the incorrectly predicted
contacts, Mean FP Error = 25 (d;; —d) , where d is the distance threshold for the contact
definition (usually 8 A) and d;; is the actual distance of a false positive pair of predicted contacts
in the native structure.

The distance distribution score (X4) measures the weighted harmonic average difference between
the predicted contacts distance distribution and the all-pairs distance distribution. While predicted
contact distance distribution refers to the distribution of actual distances for the predicted contacts,

all-pairs distance distribution is the distribution of distances for all the true contacts in the native

structure. X is calculated as,

15
PiP — PiA
X:
d ; d; *15

where the sum runs for 15 distance bins covering the range from 0 to 60 A. d; is the distance
representing each bin, its upper limit (normalized to 60). PiP is the percentage of predicted pairs
whose distance is included in bin i. PiA is the same for all the pairs and is zero for all bins with d; >
8 A, such that the value of X, increases heavily because of the contacts that are very incorrect, i.e.
the contacts whose true distance is very large. Defined in this way, although the harmonic average
reflects the difference between the real and predicted distances of residues, interpreting the meaning
of a particular valued of X, can be difficult. In general, for a given set of predicted contacts, X4 >
0 indicates the positive cases where at least some contacts in the set are correct, whereas when X is
closer to 0, the set can be considered random contacts.Spread [24] is computed using contact maps.
For a given set of predicted contacts, it is the mean of the distances from every true contact to the

nearest predicted contact in 2D contact map.

Nc
1 o
Spread = A E,l min{dist (T; — P)}
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where N, is the number of true contacts, T; is a true contact in the native structure, and min{dist (T; — P)}
is the minimum Euclidean distance between the true pair T; and all predicted residue pairs in the

2D contact map where every residue sequence separation is considered a unit.

3.3.8 Measures of similarity between predicted sets

In addition, for computing similarity between predicted contacts in the absence of native structure
we introduce Jaccard similarity matrix [62] computations with neighborhood relaxation. For each
pair of input contact sets, say A and B, we compute the Jaccard similarity score between A and B,

Jap as Jap= KE@‘ where |ANB| is the number of common contacts (intersection) between sets A

and B, and |A|JB| is the count of contacts in the set A union B. This similarity computation can
evaluate to very small percentages in case of hard predictions because two sets must have precisely
the same residue pair to be common, especially when we are evaluating top five or top L/10 contacts.
For this reason, we introduce the idea of relaxing the similarity computation by considering contacts
with £N residue number deviation as same contact (N may be selected as 0, 1, 2 or 3). For instance,
if set A has a pair 3-15 and set B has a pair 3-16, they may be considered as the same contact
at N equal to 1. However, high similarity observed with N more than 1 in helical proteins can be
sometimes misleading because shifts of two or more residues can have dramatic effect on the quality
of the models generated using the contacts.

Besides these “reduced list” metrics [39] that only evaluate selected top contacts, ConEVA
also presents “full list” metrics including Matthew’s correlation coefficient (MCC), area under the
precision-recall curve (AUC_PR) [61], and Receiver Operating Characteristic (ROC) curve. To calcu-
late MCC for a set of predicted contacts, all contacts having confidence more than 0.5 are considered
as predicted contacts to calculate true positive (TP), true negative (TN), false positive (FP) and

false negative (FN) so that

TP+xTN - FPxFN

MCC =
/(TP +FP)(TP+ FN)(TN + FP)(TN + FN)

3.3.9 Contact prediction and model generation

Throughout this work, we use the publicly available contacts predicted by PSICOV [21]. In addition,
we also installed a local copy of the tools coevolution based tool CCMpred [20], pure machine-learning

based method DNcon [13], and a hybrid method MetaPSICOV [16] to make contact predictions
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for various data sets including the PSICOV data set of 150 proteins. These contacts along with
secondary structures predicted using PSIPRED [63] were used for building models using CONFOLD
[25], a fragment-free ab initio method that we recently developed to build 3D models from scratch.
As discussed in the CONFOLD paper, for each protein, we selected various top predicted contacts
(top-5, L/10, L/5, L/2, L, and 2L) and built models using subsets, resulting in a total of 400
models for each protein. We selected the best model out of 400 for our analysis. To study how
various evaluation measure correlate to the final quality of models reconstructed using the predicted
contacts, we build 3D models with CONFOLD using the contacts predicted for the 150 proteins in
the PSICOV dataset. We argue that the TM-score [64] of the best model can be used as a score

that suggests the best utility of the predicted contacts.

3.4 Results

3.4.1 Dependence of evaluation measures on L

The length of the sequence may be ignored when we are evaluating and comparing contacts predicted
for a single protein sequence. However, when we are comparing contact prediction methods on more
than one protein sequence and the sequences are not of same length, sequence length can bias
the comparisons. For instance, if the evaluation measures we choose to make the comparison is
influenced by the length of the sequence and penalizes longer sequences more, then the methods
that perform poorly particularly on longer sequences can be ranked lower than they should. This is
also the reason why evaluation measures like TM-score were introduced to address the limitations
of measures like RMSD. Thus, it is important to study how various contact evaluation measures are

correlated to the length of the protein sequence.

Table 3.1: Spearmans rank correlation coefficient between the length of a protein (L) and evaluation measures
for PSICOV predicted long-range contacts in the PSICOV data set. It shows that spread, coverage and X4
are more correlated to L and Nc than precision and mean false positive error, especially below top-L contact
selection. For this da-taset, the lengths are distributed in the range [50, 266] with mean and standard
deviation of 145 and 52 respectively.

Contact-Selection ~ Top-5 Top-L/10 Top-L/5 Top-L/2 Top-L  Top-2L

L vs Precision -0.01 -0.07 0.06 0.24 0.26 0.27
L vs Coverage -0.88 -0.59 -0.51 -0.34 -0.30 -0.31
Lvs X4 0.31 0.35 0.46 0.49 0.51 0.55
L vs FP-Error -0.05 0.04 -0.06 -0.16 -0.01 0.21
L vs Spread 0.88 0.66 0.60 0.58 0.55 0.57

To study the relationship between length of the protein (L) and the quality of contacts suggested
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by the various contact evaluation measures, we computed Spearman’s rank correlation coefficient
between the length of the protein and the evaluation measures — precision, coverage, X4, mean
false positive error, and spread — for the long-range contacts (with sequence separation more than
23) predicted in the PSICOV dataset. In Table 3.1 we show that mean false positive error is
the measure most uncorrelated with the length of a protein, followed by precision values for all
contact selections (top-5 to top-2L). Spread and coverage are more correlated with the length at
lesser contact selections (top-5, top-L/10 and top-L/5) whereas X is more correlated with L when
we select more contacts for evaluation (top-L/2, top-L, and top-2L). Similar correlation values were
obtained for the number of contacts in a protein (N.). In summary, these observations lead us to
argue that precision and mean false positive error are the most reliable measures when comparing

contact predictions.

3.4.2 Number of contacts to evaluate

How many contacts should we evaluate, top-5 or top-L or top-2L7? On one hand, reconstruction
studies using true contacts focus on the minimum number of contacts needed to recover the fold of
a protein. For instance, DE et al. suggest that 1 contact in every 12 residues is sufficient to robustly
fold a protein at topology level [65]. This translates to L/12 predicted contacts if we assume that the
contacts are spread out without any overlaps. In a similar study, introducing a novel cone-peeling
algorithm, Sathyapriya et al. suggest that as little as 8% of the native contacts are sufficient to
determine the tertiary structure [8]. On the other hand, contacts are currently evaluated on a wide
range of contact selections. It is a common practice for CASP assessors to evaluate top-5, top-L/10,
and top-L/5 predicted long-range contacts. Similarly, recent contact prediction methods that utilize
the predicted contacts to build three dimensional models discuss evaluating top-L/10, L/5, L/2, up
to top-L contacts [20, 21, 22].

We argue that the minimum set of contacts for which there is a high correlation between the
quality of contacts and the quality of the reconstructed models, is the optimal number of contacts we
can evaluate. To test this, in the PSICOV data set, we calculated the Spearman’s rank correlation
coefficients between the evaluation measures (precision, coverage, X4, spread, and mean false positive
error) and the TM-score of the best CONFOLD reconstructed model, for various contact selections.
The plot of correlation against top contact selections in Figure 3.2, shows that correlation for the
three important measures precision, X4, and mean false positive error, is high for at least top-L/5

contacts. In summary, we find that top-L/5 is the minimum number of long-range contacts to
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Figure 3.2: Spearman’s rank correlation coefficient between the evaluation measures (coverage, mean false
positive error, precision, spread, and X4) and TM-score of the reconstructed models against various contact
selections (top-5, top-L/10, etc.), for long-range contacts in the 150 proteins in PSICOV data set. The
correlation values for mean false positive error and spread are negated to show all measures in the same
quadrant.

3.4.3 Expected TM-score for values of evaluation measures

For a given protein, what values of precision, coverage, X4, or mean false positive error of predicted
contacts may fold the protein accurately (with TM-score > 0.5)7 For the contacts predicted using
PSICOV [21] for the 150 proteins in the PSICOV data set we classified top-L/5 long-range contacts
into 3 bins for each measure. We binned predicted contacts into three precision bins — 0 to 40%, 40%
to 60% and 60+ %, three X bins — 0 to 20, 20 to 28, and 28+, three mean false positive error bins
—0to 1,1 to4, and 4+, and three coverage bins — 0-10, 10-15, 15+, and observed the distribution
of TM-score values in each bins. The thresholds for these bins were selected by clustering the TM-
scores into three clusters. We find that on average at least 40-60% precision is required to get a
TM-score of 0.5 when folding using predicted contacts only; see Figure 3.3. We also find that to
get similar TM-score, X4 should be more than 20, mean false positive error should be less than 4
and coverage should be more than 10. It is important to also note that coverage and X, are also

dependent upon the length of the protein unlike precision and mean false positive error.
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Figure 3.3: Expected TM-score of the best model reconstructed using CONFOLD against precision, mean
false positive error, Xq4, and coverage bins. Top-L/5 contacts predicted by PSICOV for the 150 proteins in
the PSICOV data set were used as input for the calculations.
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3.4.4 Protein types and evaluation measures

Using ConEVA we studied how the evaluation of predicted long-range contacts vary for the various
protein folds (a, a+03, a/8, B) in the PSICOV data set. We find that mean false positive error has
the highest correlation with the TM-score of the models for all protein folds, except for 8 proteins.
For a proteins, mean false positive error and spread have the highest correlation with TM-score
suggesting that « proteins are better evaluated using these two measures than others. For a+(
and «/f proteins we observed that coverage has much lower correlation than other measures (Xg,
precision, and mean-false-positive-error). All correlations are presented in Table 3.2 and visualized

in Figure 3.4. Similar statistics were observed when we selected “all” contacts instead of long-range.
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Figure 3.4: Relationship between precision, coverage, mean false positive error, and X4 with the best TM-

score for various protein folds. It shows that (8 proteins are best evaluated using precision and X4 and

coverage is relatively most important for « proteins. Evaluations are performed on top L/5 long-range

contacts predicted by PSICOV and TM-score is that of the best model built using CONFOLD.
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Table 3.2: Spearmans rank correlation coefficient calculations of L, Nc, and various evaluation measures with
TM-score of the best CONFOLD built model for various protein fold types. Top-L/5 PSICOV predicted
contacts are evaluated.

o a+p  a/f B

L -0.34 0.21 0.05 -0.13
Nc -0.47 027 0.08 -0.14
Precision 0.33 067 038 0.8
Coverage 0.6 033 0.28 0.7
Xa 0.31 069 044 0.84
Mean false positive error -0.48 -0.78 -0.63 -0.86
Spread -0.48  0.02 -0.3  -0.29

3.4.5 Similarity between predicted contacts

No methods currently exist for assessing the quality of predicted contacts in the absence of native
structures. Since Jaccard similarity score provides a quantitative comparison of contact sets, we
hypothesized that when there is larger agreement between multiple sets of predicted contacts, the
confidence of the contact prediction for the protein is higher. Using the same PSICOV data set,
we first computed the Jaccard similarity between the PSICOV predicted contacts and CCMpred
predicted contacts, and then calculated the Spearman’s rank correlation coefficient between this
similarity and the precision of the predicted contacts (see Figure 3.5). High correlation coefficients
of 0.63, 0.64, and 0.57 for N (neighborhood relaxation for computing Jaccard similarity) equal to 0, 1,
and 2 respectively validates our hypothesis. These findings, although obvious (i.e., accurate contacts
will be correlated), can have interesting applications. For instance, a very wide range of features
are used for developing protein model quality assessment (QA) methods, including many contact
related scores [66, 67, 68]. Jaccard similarity score is a potentially useful feature for developing QA
methods. In addition, this similarity score can even be integrated into model building methods like

FUSION [69], UniCon3D [70], and FRAGFOLD |[28] to decide the weight of the contact energy term.

3.5 Discussion

ConEVA allows a user to choose from various contact types, distance thresholds, and sequence
separation thresholds for defining contacts and enables study of how the various measures change
over various numbers of top contacts. It accepts contacts in Critical Assessment of protein Structure
Prediction (CASP) RR file format. We verified ConEVA evaluations by comparing against the CASP
evaluations available at http://predictioncenter.org. A downloadable version is also available that

calculates all the quantitative measures without any visualizations. Below we outline some of its
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Figure 3.5: Precision of top-L/5 PSICOV predicted contacts versus the Jaccard similarity score between
PSICOV contacts and CCMpred predicted contacts for the 150 proteins in PSICOV data set. N corresponds
to the neighborhood size in computing Jaccard similarity.

features with the evaluation of predicted long-range Cf contacts for the protein ‘laa3’ (chain A) in

the PSICOV data set and protein domain T0763-D1 in the CASP11 data set as reference examples.

3.5.1 Contact evaluation

For predicted contacts, ConEVA evaluates the top five, L/10, L/5, L/2, L and top 2L contacts against
a native structure using precision, coverage, X4, mean false positive error, spread, MCC, AUC_PR,
and ROC curves (see Figure 3.6). For analysis and comparison, it also produces neat plots of two
dimensional contact maps. For convenient comparison, in the presence of a native structure, contact
maps are displayed with the native structure’s contact maps in the background (see Figure 3.7).
For visualizing predicted contacts in the native structure, UCSF Chimera command scripts [71] are

provided to download and run locally (see Figure 3.8).

3.5.2 Contact assessment in the absence of a native structure

When only predicted contacts (or multiple set of contacts) are submitted, two-dimensional con-
tact maps and one dimensional coordination numbers are presented along with counts for short-,
medium-, and long-range contacts and visualizations using contact maps, chord diagrams and Jac-
card similarity matrixes along with dendrograms (see Figure 3.9). The visualization of coordination
numbers serves as a detailed analysis of the residue location of predicted contacts (see Figure 3.10).
When analyzed along with predicted three-state secondary structures (helix, strand, and coil), coor-

dination numbers can show the contrast or agreement between predicted secondary structures and
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Figure 3.6: A screenshot of ConEVA evaluation of contacts predicted for the protein ‘la3aA’ showing
calculations for precision (top left), mean false positive error (top right), X4 (bottom left), and coverage
(bottom right). For this protein, MetaPSICOV has shown slightly better performance than CCMpred,
PSICOV, and mfDCA in every evaluation measure.
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Figure 3.7: A screenshot of contact map showing long-range contacts for top-L/10 predicted contacts for
the protein ‘la3a’ with the native contacts shown in gray in background.
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Figure 3.8: Top-L/5 CONSIP2 predicted long-range contacts (total 26 contacts) shown in the native structure
domain of T0763-D1 as an example of visualizing the contacts in UCSF Chimera using ConEVA downloaded
scripts. This visualization shows the clustering of the predicted CONSIP2 contacts in three regions and
mostly between the beta strands, where one cluster (on the right) is correct and two other clusters are
mostly wrong (with long black lines showing the distance between predicted contacts).
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Figure 3.9: A screenshot of Jaccard similarity matrix visualization of contacts predicted for the protein 1a3a
chain A. The Jaccard similarity matrix with N equals 0 (right) shows that contacts predicted by mfDCA
and PSICOV are most similar and MetaPSICOV contacts are equally similar to all other predictions.
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Figure 3.10: A screenshot of 1D visualization of coordination numbers within the first 100 residues of the
protein ‘laa3’. Each row represents the contacts predicted by a single method, with number of contacts
and number of residues involved in the contacts shown at the end. From this visualization, three clusters of
contacts can be observed as common between the four methods.
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Figure 3.11: Chord diagrams for top-L/10 contacts for T0763-D1 (A) and for top-L/10 contacts predicted
for ‘laa3’ (B). The diagrams show that contacts predicted for T0763-D1 are clustered with no contacts
predicted for the first 30 residues (which is in fact a disordered region with no native coordinates), whereas,
predicted contacts have high overlaps between methods and are well spread for ‘laa3’.

contacts. For instance, clusters of predicted contacts are expected in the strand regions. Similarly,
Chord diagrams can be useful to observe contact clusters, similarities in predicted contacts and even
to predict disordered regions (see Figure 3.11). Both, coordination numbers and Chord diagrams
can also be useful to detect predicted contacts that have extremely low coverage, i.e. highly clustered
contact predictions. Identifying such predictions and prediction methods can help us make decisions
on using more contacts from the same source or resort to other methods of contact prediction. These
results can be useful for predictive analysis of contacts to study how the contacts may be selected

and/or combined for building models.

3.5.3 Analysis of a structure’s contacts

A three-dimensional protein data bank (PDB) structure [57] file or a ‘pdb id’ may be provided as
input to study its true contacts for a chosen definition of contacts. This feature is useful not only
to study the reconstruction of a protein but also to understand the maximum and minimum values
of measures like X, for a structure, also allowing us to investigate what contact definitions yield a
desired set of contacts for a structure of interest. This is sometimes important to investigate whether

some protein structure has too few or no long range contacts at all.

3.6 Conclusion

Contacts are becoming increasingly useful not just for ab initio protein structure prediction but

also for being integrated into experimental methods, and we are finding many more applications of
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contacts with the increasing research on contacts. We hope that ConEVA will be useful not only
to contact prediction developers but also to general public who need to predict structures for their

sequences that do not have a good template.
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Chapter 4

CONFOLD: Residue-residue
contact-guided ab initio protein
folding

4.1 Abstract

Predicted protein residue-residue contacts can be used to build three-dimensional models and con-
sequently to predict protein folds from scratch. A considerable amount of effort is currently being
spent to improve contact prediction accuracy, whereas few methods are available to construct protein
tertiary structures from predicted contacts. Here, we present an ab initio protein folding method
to build three-dimensional models using predicted contacts and secondary structures. Our method
first translates contacts and secondary structures into distance, dihedral angle and hydrogen bond
restraints according to a set of new conversion rules, and then provides these restraints as input
for a distance geometry algorithm to build tertiary structure models. The initially reconstructed
models are used to regenerate a set of physically realistic contact restraints and detect secondary
structure patterns, which are then used to reconstruct final structural models. This unique two-
stage modeling approach of integrating contacts and secondary structures improves the quality and
accuracy of structural models and in particular generates better S-sheets than other algorithms. We
validate our method on two standard benchmark datasets using true contacts and secondary struc-
tures. Our method improves TM-score of reconstructed protein models by 45% and 42% over the

existing method on the two datasets respectively. On the dataset for benchmarking reconstruction
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methods with predicted contacts and secondary structures, the average TM-score of best models
reconstructed by our method is 0.59, 5.5% higher than the existing method. The CONFOLD web

server is available at http://protein.rnet.missouri.edu/confold/.

4.2 Introduction

Emerging success of residue-residue contact predictions [10, 11, 13, 14, 16, 18, 20, 21, 22, 24, 53, 72,
73, 74, 75, 76] and secondary structure predictions [40, 41, 77, 78, 79, 80, 81] demands more research
on how predicted contacts and secondary structures may be directly used for predicting protein struc-
tures from scratch without using structural templates (template-free / ab initio modeling). Some
experiments have been performed to study if accurate protein structures can be reconstructed using
true contacts, providing strong evidences that contacts contain crucial information to reconstruct
protein tertiary structures [3, 4, 5, 6, 8, 82, 83, 84]. However, all of these reconstruction methods,
including most recent ones, Reconstruct [4] based on Tinker [85] and C2S [86] based on FT-COMAR
[3], focus on using all true contacts rather than predicted, noisy, incomplete contacts, to construct
three dimensional structures. Thus, these methods generally cannot effectively use contacts predicted
by practical contact prediction methods to build realistic protein structure models. Additionally,
these reconstruction methods do not take into account secondary structure information, which is
complementary with contacts and is very valuable for various protein structure prediction tasks.
Therefore, robust reconstruction methods need to be developed to deal with real-world, predicted
contacts and secondary structures to reconstruct protein structure models from scratch, which is
still a largely unsolved problem.

Computational modeling tools like IMP [87] and Tinker [85] can accept different kinds of generic
distance restraints, but they are not specifically designed to effectively handle noisy and incomplete
contacts predicted from protein sequences and cannot build high-quality secondary structures from
these predicted information. The widely used modeling tool, Modeller [88], can accept contacts and
secondary structure information as restraints, and can be used for reconstruction, but its optimiza-
tion process and energy function are primarily designed for template-based modeling and cannot best
utilize incomplete, inaccurate, and predicted contacts for ab initio modeling. Most recent research
[24, 26] used the Crystallography & NMR System (CNS) [89, 90], a method designed for building
models from Nuclear Magnetic Resonance (NMR) experimental data, to reconstruct protein models
from predicted contacts. However, the method does not reconstruct secondary structures well and
cannot effectively handle noisy self-conflicting contacts.
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To predict new protein folds using contact-guided protein modeling, we need an integrated re-
construction pipeline which accepts contacts, secondary structure information and [S-sheet pairing
information as inputs and builds three dimensional models. In this paper, we develop a two-stage
contact-guided protein folding method, CONFOLD, to synergistically integrate contacts, secondary
structures, and S-sheet pairing information in order to improve ab initio protein modeling. Different
from previous contact-based reconstruction method [85] that uses only distance restraints to encode
secondary structures, we translate secondary structures into distance restraints, dihedral angles,
and hydrogen bonds according to a set of new conversion rules, which leads to the improvement
of overall topology and secondary structures in reconstructed models. In the first modeling stage,
the initial contact-based distance restraints and secondary structure-based restraints are first used
to reconstruct protein models. The reconstructed models are used to filter out unsatisfied contacts
and detect beta-pairings. The remaining contacts realized in the models, beta-pairings detected in
the models, and initial secondary structures are then used to re-generate restraints to build model
in the second modeling stage. Reconstructing models in the second stage, not used by previous

contact-based modeling methods, substantially improves the quality of modeling.

4.3 Materials and Methods

4.3.1 Data sets and contact definitions

We used two standard protein data sets for our experiments: (1) 15 test proteins of different fold
classes ranging from 48 to 248 residues used in EVFOLD [24], and (2) 150 diverse globular proteins
with average length of 145 residues used in FRAGFOLD [34]. For the 15 proteins in EVFOLD
benchmark set, average precision of top 50 predicted contacts is 0.65 and within the range [0.38,
0.86] and predicted secondary structure have average accuracy (Q3 score) of 0.84 and within the
range [0.56, 0.96]. Similarly, for the 150 globular proteins in FRAGFOLD benchmark set, the average
precision of top L predicted contacts is 0.6 (with minimum 0.13 and maximum 0.93) and predicted
secondary structure have average accuracy (Q3 score) of 0.84 (with minimum 0.63 and maximum
0.95). We also specifically tested our method’s capability of reconstructing secondary structures
on an antiparallel beta barrel protein 2QOM, and a classic beta-alpha-beta barrel protein 1YPI.
Consistent with the previous convention, we used three definitions of reside-reside contacts. On the
EVFOLD benchmark dataset, two residues are considered in contact if the distance between their

Ca atoms is less than or equal to 7 A as defined in [24]. On the FRAGFOLD data set, a residue
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pair is considered a contact if the distance between the C5-CS atoms of the two residues is at most
8 A (Ca in case of Glycine) as defined in [34]. For all reconstructions using true contacts, we define
a pair of residues to be in contact if the two residues have sequence separation of at least 6 residues
in the protein sequence and the distance between their CA3 atoms is less than or equal to 8 A. To
denote number of contacts ranked by prediction confidence that are used for reconstruction, we use
the notation zL (z times L), where z ranges from 0.4 to 2.2 at step of 0.2 and L is length of a protein
sequence. For example, for a protein having 100 residues, top-0.4L contacts would refer to the top

40 (0.4 times 100) contacts.

4.3.2 Deriving restraints for building helices, strands and (-sheets for
contact-based modeling
One big challenge in contact-based protein modeling is to reconstruct realistic secondary structures
since limited residue-residue contacts information is generally not sufficient and detailed enough for
building all secondary structures. To do so, we derived dihedral angles (phi and psi), hydrogen
bond distances, and various distances between backbone atoms (O, N, Ca, C) with upper and lower
bounds for residues in different kinds of secondary structures from tertiary structures of the proteins
in SABmark database [91] in order to use them to translate secondary structures into restraints.

th and

Since building helices with dihedral angles and hydrogen bond distance restraints (between i
i+4'" residue) together with contact restraints did not guarantee to produce helices in the final
models according to our experiment, especially when helices are long, we derived backbone atom
restraints for helices as well. We also discovered that relative positions of backbone oxygen atoms
in each residue along the strands was a key restraint in addition to the dihedral angle restraints to
build parallel, anti-parallel and mixed S-sheets. Adding these relative oxygen positioning restraints
substantially increases the chance of forming §-sheets in the models when contacts are used to drive
protein model reconstruction. Another important restraint for building S-sheets is the backbone
atom to backbone atom distance between a residue on one side of the hydrogen bond and two
neighboring residues on the other side. Interestingly, by deriving and using 8-sheet restraints in this
way, the right-handed twist property of S-sheets [92, 93] is automatically preserved.

Based on the rationale and experiments described above and considering only ideally hydrogen-
bonded helices and [-sheets in each tertiary structure in the SABmark database, we derived the

following secondary structure restraints: (a) hydrogen bond distance between backbone atoms, O

and H, (b) Ca-Ca, N-N; O-O and C-C distances between the hydrogen bonded residues, (c) Ca-Ce,
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N-N, O-0 and C-C distances between hydrogen bonded residue on one side and two neighbor residues
(£1 sequence separation) on the other side, (d) dihedral angles (phi and psi), and (e) O-O distance
between the adjacent backbone oxygen atoms in strands. The symbols Ca, C3, N, O and H are used
to denote backbone carbon-alpha, carbon-beta, nitrogen, oxygen and hydrogen atoms respectively.
Based on these restraints, in Table 4.1 for a helix of 10 residues 107 restraints in total were derived,
including 20 dihedral angle restraints, 7 hydrogen bond restraints, and 80 backbone atom restraints.
Similarly, for a pair of strands, each 10 residues long, connected as antiparallel, 108 restraints were
derived, including 20 dihedral restraints and 9 O-O backbone distance restraints for each strand, 10
hydrogen bond restraints, and 40 backbone atom restraints. Assuming these restraints measurements
to be normally distributed, we tried various values of a scaling factor (\) times the standard deviation
(o) to get different lower and upper bounds (range) of the measurements to build helices and j-
sheets. When true contacts were used along with secondary structure information we set A = 1.0 and
when predicted information were used we set A = 0.5. All the restraints were translated according to
the exact values in Table 4.1 except for hydrogen bonds involving prolines. As proline’s backbone
nitrogen atom is not bound to any hydrogen, we translated all hydrogen bond restraints involving

proline hydrogen atom to proline nitrogen atom and increased the distance by 1 A.

4.3.3 Two-stage model building and contact filtering

Figure 4.1 shows our two-stage contact-guided protein modeling process (CONFOLD). In the first
stage, secondary structures are converted into distance, dihedral angle, and hydrogen bond restraints
as described in Section 2.2, and contacts into the range [3.5 A, threshold]. One key issue is to decide
how many contacts should be used to build models. In order to estimate the number of contacts
needed for reconstruction, we scanned the structures in the Protein Data Bank (PDB) [57] and found
that more than 99% of known 3D structures have less than 3L true contacts, and more than 50% of
them have less than 2L (L: length of a protein) true contacts. And based on our test on 15 proteins
in EVFOLD benchmark set, less than 1.6L predicted contacts yielded best results. Therefore, for
each protein, we built 20 models for each contact sets consisting of top 0.4L, 0.6L, 0.8L, ... up to
2.2L contacts. The models were constructed from these restraints by a customized distance geometry
algorithm implemented in CNS (see Section 2.5). These models are used to filter out noisy contacts
and detect strand pairings for the second round of modeling.

In the second-stage of model reconstruction (Figure 4.1), we updated the contact information

as well as the B-sheet information by analyzing the model having minimum restraints energy in the
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Figure 4.1: The CONFOLD method for building models with contacts and secondary structures in two

stages.

When true contacts are the input, all contacts are used to reconstruct models.

For predicted

contacts, top-xL. contacts are used, where x ranges from 0.4 to 2.2 at a step of 0.2.
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first stage. Specifically, we filter out contacts of which no two atoms of the two residues are within
the contact distance threshold. We also identify the beta strands close to each other in the model,
and then add S-strand pairing restraints (see Section 2.4 for details). The newly filtered contact
restraints, the new strand pairing restraints, and the restraints derived from secondary structures
are used to build tertiary structure models again. We experimented with two weighting schemes
for residue contact restraints and secondary structure restraints (i.e., the ratio between weights of
contact restraints and secondary structures is either 1:5 or 1:0.5) to generate diverse models. Unlike
existing methods [24, 34] that weight the contacts considering the confidence of prediction to build
models, we assign the same weight to all contact restraints or secondary structure restraints. Hence,
for each of 10 sets of different contacts and each of two weighting schemes, 20 models were generated.
In total, a pool of 400 models was reconstructed for a protein in each stage. The 400 models in the

second stage were considered as final predictions.

4.3.4 Detection of 3-sheets in structural models

For detecting strand-pairs in the models built in the first stage, we compute the distances between all
the strands in the top model with the minimum restraint energy, and rank all pairs by the distances
and select closest strands as pairs. To calculate the distance between a pair of strands of equal
lengths, we consider ten anti-parallel ideal hydrogen-bonding patterns and ten parallel hydrogen-
bonding patterns (see Figure 4.2). We compute the distance between the strand pairs for all
of these possible patterns and select the pattern with minimum distance. We define the distance
between two equal-length strands (residues: a-b and residues: c¢-d) as the minimum of the following
two distances: the average of distance between the backbone nitrogen atom and oxygen atom of the
residues that are supposed to be hydrogen bonded, and the average distance between the backbone
C-C, Ca-Ca, N-N, and O-O atoms. For example, if residues numbered 15-20 and 30-35 are two
strands, their parallel strand distance is the minimum of the average of distance between associated
hydrogen bonded atoms 15N and 300, 150 and 30N, 17N and 320, 170 and 32N, 19N and 340 and
190 and 34N, and the average of distance between Ca atoms of residues 15 and 30, 16 and 31, and
so on, up to 20 and 35. In case that one of the strands in a pair is longer, we consider all possible
ways of trimming the longer strand so that both strands in a pair are of the same length and use
the minimum distance of the trimmed pairs as the distance of the two strands.

The rationale for having the two distance measurements between strands of equal size is to

accommodate accurate as well as inaccurate contacts. When true (or very accurate) contacts are
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Figure 4.2: Ten alternate hydrogen-bonding patterns for antiparallel (left) and parallel (right) pairing for
a pair of strands, each six residues long. First strand is from residues 3 to 8, and second strand is from
residues 12 to 17 for antiparallel pairs and 23 to 28 for parallel pairs. The ideal hydrogen bonding pattern
(A), alternate hydrogen bonding pattern (B), top strand right shifted by one residue (C), alternate pattern
for C (D), top strand right shifted by 2 residues (E), alternate pattern for E (F), top strand left shifted by
1 residue (G), alternate pattern for G (H), top strand left shifted by 2 residues (I), and alternate pattern
for I (J). In case of parallel pairing (right), although DSSP uses one more hydrogen bond to consider the
strands to be in pair, we take a less strict approach and ignore the hydrogen bonding because we observed
that this approach worked better when building models using predicted contacts. Black residue connecting
lines show hydrogen bonding and double arrowed lines represent double hydrogen bonding.
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supplied, the strands are close enough and hydrogen bond associated distance measurement is much
smaller and better for strand pairing detection, whereas when predicted contacts are used, the
distance measurement based on backbone atoms, although higher, can detect strand pairings more
accurately. After all strand pairs are sorted by their distances, we select the closest pair and add it
to a list of detected pairs. The next pair in the rank that is not conflicting with hydrogen bonding
residues of the previously selected pairs is also added into the list. The process is repeated until
all pairs below a distance threshold are considered. Through trial and error, we set this distance

threshold as 7A.

4.3.5 Customization of distance geometry protocol for contact-based model
generation
All the distance, hydrogen bond and dihedral angle restraints are passed as input to the distance
geometry simulated annealing protocol implemented in a revised CNS suite [89, 90] version 1.3. The
initial suite is designed for experimental data and the parameter files are originally configured to
make the van der Waals radii consistent with other NMR refinement programs. We changed the
distance geometry simulated annealing protocol, ‘dg_sa.inp’ script, by increasing the initial radius
parameter ‘md.cool.init.rad’ from 0.8 to 1.0, by increasing the number of minimization steps, and
by augmenting the set of atoms used for distance geometry to the atoms we use for restraining,
i.e., backbone atoms N, Ca, C, O and CB and H. We also updated the code of the subroutines
‘scalehot’ and ‘scalecoolsetup’ so that weighting of restraints could be implemented. A set of 20 three-
dimensional models are generated for each execution of the distance geometry simulated annealing

protocol.

4.4 Results and Discussion

4.4.1 Optimization of secondary structure restraints

One challenge of contact-based protein structure modeling is to generate realistic secondary struc-
tures. We test the effectiveness of our derived secondary structure restraints by building S-sheets
and helices for many kinds of proteins (see Figure 4.3 for examples). Furthermore, we build helix
and S-sheet models (not complete fold) for 24 proteins in Tc category of the 11th Critical Assess-
ment of Techniques for Protein Structure Prediction (CASP 11) using predicted helices, strands

and [-sheet topologies predicted by BETApro [94]. The top models successfully recover 33 out of
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42 strand residues and 77 out of 79 for helix residues on average. The primary reason for a lower
reconstruction rate of S-sheets than helices is the presence of proline in strands. Since proline acts as
hydrogen-bond acceptor only and does not follow along with the typical Ramachandran plot, when

it appears in strands, the hydrogen-bonding pattern is broken [95].

Figure 4.3: Top models reconstructed for the proteins 2QOM and 1YPI using true secondary structure infor-
mation along with beta-pairing information but without using any residue contact information. Secondary
structure restraints are computed using A = 0.5. Superposition of crystal structure (green) and recon-
structed top model (orange) of the beta-alpha-beta barrel protein 1YPI (A) and antiparallel beta barrel
protein 2QOM (B).

We also investigate how the scaling factor (\) controlling upper bound and lower bound of all
secondary structure restraints (hydrogen bond, distance, and dihedral angle) affects the quality of
reconstructed secondary structures. When true contacts are used for reconstruction, we find that
the choice of A does not heavily affect the quality of secondary structures, however, using restraints
derived with the default value of A, 1.0, can generate models of slightly higher quality. To determine
the value of X\ for generating restraints for predicted contacts, we test the values of A ranging from
0.3 to 1.2 at step of 0.1. Using 15 proteins in the EVFOLD data set, we select top-L/2 predicted
contacts, detect strand pairings from stage 1 models, and build stage 2 models, and record the
number of helix residues and [S-sheet residues realized in the final models. Table 4.2 illustrates the
reconstruction quality affected by the choice of A\. Although helix residues are reconstructed with
almost all values of A\, 3-sheet residues are reconstructed best with A = 0.5. Moreover, in addition
to the restraints derived from the SABmark database, we test the secondary structure restraints

derived from other different sets of protein structures [57, 96]. The secondary structures generated
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in these experiments are very similar, suggesting the restraints calculated from these datasets are

equally effective and represent secondary structure patterns well.

Table 4.2: Choice of A, controlling the upper and lower bounds, affecting the reconstruction quality of
secondary structures for 15 proteins in EVFOLD dataset reconstructed using top-L/2 contacts predicted by
EVFOLD. Percentage of helix and [3-sheet residues reconstructed are listed against various values of .

% reconstructed

A Strand Helix

0.3 31 100
0.4 28 100
0.5 43 100
0.6 30 100
0.7 34 100
0.8 38 97
0.9 37 97
1.0 29 96
1.1 26 95
1.2 27 96

4.4.2 Reconstruction of tertiary structural models using true contacts

We use CONFOLD to reconstruct the tertiary structures of all 15 proteins in the EVFOLD dataset
and compare the results with those from Reconstruct [4] and Modeller [88]. From native tertiary
structures of these proteins, we compute three-class secondary structure information using DSSP
[97] and true CB-CJ contacts at 8A threshold with sequence separation threshold of 6 residues. We
experiment CONFOLD with contact restraints and secondary structure restraints (denoted as CON-
FOLD), CONFOLD without secondary structure restraints (denoted as CNS DGSA), Reconstruct
with only contact restraints since it does not consider secondary structures, and Modeller with both
contact restraints and secondary structure restraints. We generate 20 models using each method for
each protein. The detailed results (e.g. TM-score [98] and Root Mean Square Deviation (RMSD))
for all these proteins are reported in Table 4.3. The average TM-score [98] of the best models con-
structed by CONFOLD with secondary structure restraints, CONFOLD without secondary structure
restraints, Reconstruct and Modeller are 0.84, 0.77, 0.75, and 0.58 respectively. The accuracy of
CONFOLD with secondary structure restraints is much higher than that of Modeller with the same
input. All the methods perform better on single-domain proteins than on multi-domain proteins
(e.g. 2072 and 1G2E). Figure 4.4 shows the models reconstructed by these methods for the protein
5P21. For this protein of 166 residues, CONFOLD reconstructs a highly accurate model with a TM-
score of 0.932 with 39 out of 44 B-sheet resides reconstructed. In contrast, the models reconstructed
by CNS DGSA and Reconstruct have good global topology but poor secondary structures, whereas
47



the model reconstructed by Modeller has poor global topology but better secondary structures.

CNS DGSA protocol (C), and CONFOLD (D). All models are superimposed with native structure (green).
The TM-scores of Models A, B, C, and D are 0.53, 0.86, 0.88, and 0.94, respectively. Model D reconstructed
by CONFOLD has higher TM-score and also much better secondary structure quality than the other models.

Comparing the best models built using only contact restraints and those using both contact
restraints and secondary structure restraints in Table 4.3, we find that adding secondary structure
restraints improves the quality of global topology of the models by increasing average TM-score from
0.75 to 0.84 as well as the quality of secondary structures in the models by recovering much more
secondary structure residues. However, even though secondary restraints can help recover most
helix residues, they can only help recover about 75% of (3-sheet residues. The [3-sheet detection
technique seems to improve beta-sheet reconstruction, however, it does not remarkably improve the
global quality of models when true contacts are used. For the 15 proteins, the models in stage 2
have almost twice as many beta-sheet residues as in those in stage 1, but they have almost the same
TM-scores.

Furthermore, we compared CONFOLD, our customized CNS DGSA protocol, Reconstruct and
Modeller on 150 proteins in FRAGFOLD benchmark set using the same protocol. Figure 4.5 shows
the distribution of TM-Scores [98] of the models reconstructed by these methods. The average
TM-score of the models are 0.89, 0.81, 0.79, and 0.63 for CONFOLD with secondary structures,
customized CNS DGSA protocol, Reconstruct, and Modeller, respectively. The results show that

when secondary structure restraints are considered, CONFOLD can reconstruct models from true
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Figure 4.5: Distribution of TM-scores of the best models reconstructed by the four methods for 150 FRAG-

FOLD proteins.

contacts with substantially better quality than Modeller, and when only contact restraints are used
for reconstruction our customized CNS DGSA protocol can reconstruct better than Reconstruct.
Our customized CNS DGSA protocol performs better than Reconstruct, which uses Tinker for
modelling, in 131 out of 150 cases, and the average improvement in TM-score on all 150 proteins is

3%. This may suggest our customized CNS DGSA protocol works better than the one implemented

by Tinker in Reconstruct.

4.4.3 Tertiary structure prediction using predicted contacts

Using predicted contacts and secondary structures available for 15 proteins in the EVFOLD bench-
mark set, we built 400 models for each protein using CONFOLD, and evaluated them against the
same number of available EVFOLD models. The average TM-score of the best model predicted by
CONFOLD is 0.59, 5.5% higher than the best models predicted by EVFOLD. CONFOLD produced
models with higher TM-score for 12 out of 15 proteins. The average improvement in RMSD is 0.63
A. Moreover, the best models reconstructed by CONFOLD have better secondary structure quality
with 35 helix residues and 10 strand residues per model on average. Table 4.4 presents the compar-
ison of model accuracy and secondary structure quality for all 15 proteins. As an example, Figure
4.6 visualizes the best models reconstructed for proteins RNH_ECOLI and SPTB2_HUMAN.
In addition to comparing of best models, we also compare the quality of all models for all proteins
(400 models for each of the 15 proteins) by EVFOLD with the models built by CONFOLD. The

distribution of CONFOLD and EVFOLD models in Figure 4.7 shows that CONFOLD models are
better in general. On average, the TM-score of all CONFOLD models is 0.42, 20% higher than
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Figure 4.6: Best predicted models for the proteins RNH_.ECOLI (A) and SPTB2_.HUMAN (B) using EV-
FOLD (purple) and CONFOLD (orange) superimposed with native structures (green). The TM-scores of
these models are reported in Table 4.4. CONFOLD models have higher TM-score and better secondary
structure quality than EVAFOLD.

EVFOLD model pool.
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Figure 4.7: Distribution of model quality of the EVFOLD models and the models built by CONFOLD.
Distribution of models built in first stage of CONFOLD (stagel), second stage with contact filtering only (rr
filter), and second stage with S-sheet detection only (sheet detect) are also presented. Each curve represents
the distribution of 400 times 15 models. Since some models in the EVFOLD model pool have RMSD greater
than 20 A, all models with RMSD greater than 20 A from all four model pools were filtered out.

Besides comparing CONFOLD’s final models with those of EVFOLD for the 15 proteins, we also
compare the models in first and second stages of CONFOLD itself. Comparison of the best models
in stage 1 and stage 2 suggests a significant improvement in the accuracy and secondary structure
quality of models from stage 1 to stage 2. To analyze the improvement due to 5-sheet detection and
contact filtering in stage 2, in Table 4.5, we compare the best models in first stage, second stage
with [-sheet detection only, and second stage with contact filtering only, and second stage with
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contact filtering and S-sheet detection (i.e. CONFOLD). For 13 out of 15 proteins, the models in
the second stage of CONFOLD have better accuracy than those in the first stage. For 12 proteins,
models built by filtering contacts alone have better accuracy than the models of the first stage. For
8 proteins models built using S-sheet detection alone have better accuracy that the models of the
first stage. On average, a 0.9A RMSD improvement is observed in CONFOLD second stage, and
the number of strands in the second stage is more than 3 times that in the first stage on average.
The main contributor of the higher accuracy of models in the second stage is contact filtering, with
improvement of 0.5A RMSD on average. Figure 22 also shows that the second stage of CONFOLD
improves the quality of reconstruction over its first stage and also over EVFOLD.

In addition to the EVFOLD data set, we test CONFOLD with predicted contacts on 150 proteins
in FRAGFOLD benchmark dataset. Since predicted secondary structures are not available for these
proteins, we predict secondary structure using PSIPRED, and then built models using CONFOLD.
The best models predicted by FRAGFOLD have TM-score of 0.54 [34], and those by CONFOLD
have TM-score of 0.55, on average. However, the comparison here should be only considered a
qualitative understanding of the performance of CONFOLD because the models of the two methods
were not generated in the exactly same conditions. The caveats are that: (a) FRAGFOLD’s best
models are best of 5 whereas CONFOLD’s best models are best of 400 models, (b) FRAGFOLD used
fragment information and CONFOLD did not, and (c) the secondary structures used by CONFOLD
may not be same as the one used by FRAGFOLD. Besides comparing the quality of CONFOLD
and FRAGFOLD models, we compare how well contacts are used to guide the model building
process. For the 150 proteins, we calculated the Pearson’s correlation between the precision of top-
L/2 predicted contacts and the TM-scores of the best models for both FRAGFOLD and CONFOLD
in order to find which method is more contact driven. The correlation values for FRAGFOLD models
and CONFOLD models are 0.53 and 0.70 respectively. This suggests that contacts played a more
important role in the modeling process of CONFOLD than in FRAGFOLD.

Comparing the models predicted for proteins in FRAGFOLD dataset in the two stages of CON-
FOLD, for 123 out of 150 proteins, we find the best models in the second stage of CONFOLD. The
average TM-score of the best models in the second stage is 0.55, 6.1% higher than the best models
in first stage. The change of TM-score of best models from the first stage to the second stage is in
the range [-0.036, 0.1148]. The average number of beta sheet residues in a protein increases from 2
in stage 1 to 9 in stage 2. Furthermore, the average TM-score of all models for all proteins in stage
2 is 0.38, 11% higher than that of stage 1 models. The distribution of TM-score of the best models
and all models in stage 1 and stage 2 are shown in Figure 4.8.
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Figure 4.8: Improvement in the accuracy of best models (left) and all 400 models (right) in the second stage
of CONFOLD over the first stage for 150 proteins in FRAGFOLD dataset.

In the second stage, CONFOLD tries to filter out noisy contacts through structure modeling in
order to improve the quality of models. To check if CONFOLD’s improvement in the second stage
is biased towards high-accuracy contacts, we calculated the Pearson correlation between predicted
confidence scores of top-L/2 original contacts and the TM-scores of the best models in stage 1 and
stage 2. The lower correlation score (0.2) suggests that CONFOLD improves the quality of the
models even when the precision of contacts is not high. Interestingly, our experiment shows that in
stage 2 CONFOLD mainly gets rid of the most inaccurate/noisy contacts. Figure 4.9 illustrates
the models for protein INRV (L = 100) reconstructed with top-0.6L contacts in stage 1 and stage
2. Sixty contacts were used to construct the model in stage 1, and 8 of them were removed in stage
2. Five out of 8 removed contacts are separated by large distances in the native structure of this
protein, which certainly would hinder the reconstruction process if they were kept. For this protein

the best model in stage 2 has TM-score of 0.61, 22% higher than the best model in stage 1.

4.4.4 Analysis of number of predicted contacts needed to obtain best fold

Although 99.9% of the proteins in PDB have less than 3L contacts, much fewer true contacts are
sufficient to fold the proteins accurately [4, 8]. However, how many predicted contacts are needed to
best fold proteins is still an open question. Using 150 proteins in FRAGFOLD dataset, we find that
60% of the best models are reconstructed with top 0.6L, 0.8L, 1.0L, or 1.2L contacts in both stages
of CONFOLD (Figure 4.10). The distribution shows that different proteins need different numbers
of contacts to be folded well. Therefore, instead of fixing the number of contacts, predicting a range

for the number of contacts will be useful for contact-based model reconstruction.
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Figure 4.9: Contact filtering from stage 1 to stage 2 for the protein INRV. (A) Superimposition of the best
model in stage 1 reconstructed with top-0.6L contacts by CONFOLD (orange) with the native structure
(green). The model has TM-score of 0.50. Among the top-0.6L (60) contacts, 5 out of 8 erroneous contacts
that were removed in stage 2 are visualized in the native structure along with the distance between their
CpB-Cp atoms. The filtered, predicted contacts (20-59, 53-73, 30-36, 49-56, and 88-93) have C3-Cg distances
of 23, 23, 20, 12, and 9 A respectively, in the native structure. Each pair of residues predicted to be in
contact is denoted by the same color. (B) Superimposition of the best model in stage 2 reconstructed with
reduced/filtered top-0.6L contacts by CONFOLD (orange) with the native structure (green). TM-score of
the model is 0.61.
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Figure 4.10: Number of best models and the number of contacts used to build the best models for 150
proteins in FRAGFOLD dataset.
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4.4.5 CONFOLD for ab initio protein structure prediction

Success of a complete ab initio protein structure prediction method based on predicted contacts and
secondary structures primarily depends on (a) the precision of predicted contacts and the accuracy
of predicted secondary structures, (b) selection of appropriate number of contacts, (¢) how well
noisy contacts are filtered, (d) reconstruction capability of the method, i.e., how well models can be
constructed using the predicted information, and (e) effectiveness of the model selection technique.
Most contact prediction methods do not use any known homologous protein structure template
and predict contacts purely based on sequences, and hence may be plugged into such a contact-
based ab initio structure prediction method. For the 15 proteins in EVFOLD data set used in our
experiments, the authors of the data set predicted secondary structures and contacts using sequence
information only without using any known structural template or fragment information in order to
fairly discuss their ab initio contact prediction approach. Therefore, the tertiary structure models
reconstructed by CONFOLD for the proteins in EVFOLD data set are ab initio models. And the
accuracy of the ab initio models is relatively high because the accuracy of contact predictions for
most proteins in the data set is high due to the availability of a large number of homologous protein
sequences. In real world, however, sequence-based contact prediction methods may make poor
predictions for sequences that do not have sufficient number of sequences in the multiple sequence
alignment, which may lead to less accurate tertiary structural models reconstructed from contacts.
The minimum number of contacts needed for best reconstruction of a protein, although generally
being around top-0.5L to top-L predicted contacts, depends on the structure and should not be fixed
for all proteins. Once number of contacts or a range for number of contacts is decided, a modeling
approach like CONFOLD can make best use of contacts to build three-dimensional models without
using any template or fragment information, and therefore is a pure ab initio approach. Finally,
for model selection, although we do not present any results in this work, Pcons [99] is suggested
as one of the best clustering-based methods [26] to identify top-ranked models generated using a
modeling approach like CONFOLD. Residue-residue contact predictions can also be combined with

these model-ranking methods to select quality protein models.

4.5 Conclusion

We developed and evaluated a method that improved the reconstruction of protein structures from

residue-residue contacts and secondary structures. Our method deterministically controls ab initio
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protein-folding process with restraints generated from a new, comprehensive set of parameters and
rules for contacts and secondary structures. Our method optimizes protein structural models through
a unique two-stage process and thus the models generated have high quality secondary structures.
Our experiment demonstrates that the two-stage process filters noisy predicted contacts, enhances
the quality of secondary structures, and improves the overall accuracy of models. Our work also
shows that weighting contact restraints and secondary structure restraints appropriately is important
for contact-guided structure modeling. Moreover, our analysis suggests that different proteins may
need a different number of contacts in terms of sequence length to be folded well from residue-residue

contacts.
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Chapter 5

Improved protein structure
reconstruction using secondary
structures, contacts at higher
distance thresholds, and
non-contacts

5.1 Abstract

Residue-residue contacts are key features for accurate ab initio protein structure prediction. For the
optimal utilization of these predicted contacts in folding proteins accurately, it is important to study
the challenges of reconstructing protein structures using true contacts. Because contact-guided pro-
tein modeling approach is valuable for predicting the folds of proteins that do not have structural
templates, it is necessary for reconstruction studies to focus on hard-to-predict protein structures.
Using a data set consisting of 496 structural domains released in recent CASP experiments and a
dataset of 150 representative protein structures, in this work, we discuss three techniques to im-
prove the reconstruction accuracy using true contacts — adding secondary structures, increasing
contact distance thresholds, and adding non-contacts. We find that reconstruction using secondary
structures and contacts can deliver accuracy higher than using full contact maps. Similarly, we
demonstrate that non-contacts can improve reconstruction accuracy not only when the used non-

contacts are true but also when they are predicted. On the dataset consisting of 150 proteins, we find
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that by simply using low ranked predicted contacts as non-contacts and adding them as additional
restraints, can increase the reconstruction accuracy by 5% when the reconstructed models are eval-
uated using TM-score. Our findings suggest that secondary structures are invaluable companions
of contacts for accurate reconstruction. Confirming some earlier findings, we also find that larger
distance thresholds are useful for folding many protein structures which cannot be folded using the
standard definition of contacts. Our findings also suggest that for more accurate reconstruction
using predicted contacts it is useful to predict contacts at higher distance thresholds (beyond 8 A)

and predict non-contacts.

5.2 Background

A major motivation for protein contact prediction and contact-guided protein structure prediction
comes from the general finding that accurate contacts lead to accurate tertiary structural models.
Studies like FT-COMAR [3] and Reconstruct [4] on protein structure reconstruction using true
contacts have shown that in general three-dimensional protein structures can be recovered using
two-dimensional contact maps. For instance, using true Caup contact maps derived with a distance
threshold of 9A, a study reconstructed 19 proteins with accuracy of 1A RMSD [5]. Similarly, deriving
true contacts at distance cut-offs higher than 9A, Vassura et al. reconstructed Caup models for 1,760
proteins of different fold classes with RMSD of around 2A using the FT-COMAR method (3, 6]. In
another study, authors have shown that the quality of 3D reconstruction is unaffected by deleting
up to an average 75% of the real contacts [7]. Likewise, in a different study, it is demonstrated that
the number of contacts needed for reconstruction can be decreased using a cone-peeling method and
a reconstruction accuracy of < 4A can be achieved with just around 20 to 30% of true contacts on
a data set of 12 proteins [8]. Most recently, it is also shown that a distance cut-off of 9A to 11A
delivers accurate reconstructions using Cfup atoms for defining contacts on a data set of 60 proteins
[4].

These studies on reconstruction present many invaluable insights for utilizing contacts to fold
proteins. However, in the context of reconstruction studies being useful for ab initio protein struc-
ture prediction, they have some limitations. Firstly, these studies use complete contact maps to
reconstruct protein structures, whereas, recent practice for most model building methods has been
to use much lesser predicted contacts. Consequently, these reconstruction studies also do not comply
with the widely-used contact definition, i.e., the Critical Assessment of Protein Structure Predic-
tion’s (CASP) definition of contacts where 8 A distance threshold is used with minimum sequence
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separation of 6 residues. Secondly, these studies cover the issues related to the reconstruction of all
types of proteins, and do not focus on the proteins that demand ab initio protein structure modeling.
Since contact-guided protein modeling approaches are mostly useful when significant homologous
templates are not found, it is important for reconstruction studies to focus on the proteins for which
structural templates are hard to find. Lastly, none of these studies consider secondary structure
information during reconstruction. Since secondary structure prediction has reached an accuracy
higher than 80% [41, 63], it is meaningful to study how the knowledge of secondary structures can
influence the quality of reconstructed models.

In this study, we investigate how accurately we can reconstruct ‘hard’ proteins (like the proteins
categorized as ‘free-modeling’ in the CASP competitions) using true contacts and discuss various
techniques to fold the ones whose structures cannot be accurately built in conventional ways. These
techniques include, adjusting contact definitions, adding non-contacts into reconstruction, and incor-
porating secondary structure. Using our fragment-free ab initio reconstruction method CONFOLD
[25] to carry out the experiments, we show that these techniques are useful to improve contact-based

protein structure reconstruction.

Table 5.1: Comparison of the best of 20 models reconstructed using CONFOLD with the best of 20 models
reconstructed using Reconstruct on the 12 benchmark proteins. Models are evaluated using TM-score,
RMSD (in A), and GDT-TS scores. Proteins are identified by their PDB ID followed by the chain ID. L is
the length of the protein chain.

PDB code SCOP . Reconstruct CONFOLD
- chain ID  class TM-score RMSD GDT-TS TM-score RMSD GDT-TS
1bkr-A allla 109 0.88 1.54 81.02 0.89 1.61 85.42
lodd-A alla 118 0.85 1.62 78.75 0.87 1.56 83.75
lcem-A alla 363 0.81 2.2 63.91 0.96 1.53 80.79
1pzc-A allg 123 0.91 1.38 85.04 0.91 1.28 84.84
lonl-A all3 128 0.91 1.42 83.86 0.91 1.39 84.65
leur-A all3 365 0.83 2.04 68.98 0.96 1.42 83.38
le6k-A o/ 130 0.89 1.75 82.5 0.91 1.42 82.69
lo8w-A o/ 146 0.9 1.65 79.72 0.91 1.5 82.52
lede-A a/B 310 0.95 1.61 82.26 0.96 1.4 82.58
1r9h-A a+B8 135 0.85 1.83 78.6 0.87 1.75 81.14
lugm-A a+B8 125 0.85 1.88 77.21 0.87 1.71 80.53
liud-A a+8 331 0.83 4.19 63.29 0.93 1.93 77.04
Average 199 0.87 1.93 77.1 0.91 1.54 82.44

5.3 Results

As the first step of testing our reconstruction pipeline, we reconstructed the 12 protein structures

used by Duarte et al. [4] as benchmark dataset and compared our results with their tool Reconstruct.
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For the comparison, we ran the Reconstruct tool locally to generate 20 models for each protein and
the CONFOLD method to generate 20 models. Then, we considered best of the 20 models, by each
method, for evaluation. Table 5.1 shows that our method reconstructs more accurate models (20%
improvement in RMSD) than Reconstruct when we compare the best models reconstructed by the
two methods. Evaluation and comparison using other standard metrics like TM-score and GDT-TS
score [98] also confirms that CONFOLD reconstructs better models. In summary, we observe that
our method can reconstruct full atom tertiary structures of various folds with accuracy at least as

good as the state-of-the art method Reconstruct.

Table 5.2: Reconstruction accuracy of 496 free-modeling (FM), template-based modeling (TBM), and hard
template-based modeling (TBM-HA) domains in CASP 8, 9, 10 and 11 as measured by TM-score and
RMSD. Three domains in CASP11, which are not classified into any of the three groups are categorized in
the ‘Other’ group.

Group Domain Count TM-score RMSD
FM 72 0.69 4.57
TBM-HA 71 0.78 3.24
TBM 350 0.8 2.88
Other 3 0.87 2.33
All 496 0.78 3.18

5.3.1 Reconstruction of CASP 8, 9, 10 and 11 domains using contacts

We reconstructed the structures for a total of 496 structural domains of the proteins released as
regular targets in CASP 8, 9, 10 and 11 experiments using CONFOLD method with the true con-
tacts derived from their native structures. The accuracy of reconstructing these structural domains,
summarized in Table 5.2, shows that the mean TM-score [98] and RMSD of the reconstructed
models is 0.78 and 3.2 A. Our mean RMSD (3.2 A) appears much higher than the expected mean
RMSD of 2 A as suggested in [6] because we did not consider local contacts (residue pairs closer
than 6 residues in sequence) in order to comply with the currently widely accepted CASP’s defi-
nition of contacts. CASP defines that residues must be separated by at least 6 residues to be in
contact. In other words, we used all short-, medium-, and long-range contacts but not the complete
contact map. To validate our assumption that the decrease in accuracy is because of the exclusion
of the local contacts, we repeated our reconstruction experiments by including the contacts with
sequence separation less than 6 residues and obtained mean TM-score and RMSD of 0.86 and 2.2 A
respectively. In addition, for each of the 496 domains, we also reconstructed 20 models using another

reconstruction method FT-COMAR [3]. FT-COMAR’s average reconstruction accuracy for these
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domains is 4.9 A when measured using RMSD and 0.68 when measured using TM-score, when best
of 20 models are evaluated, much lower than the accuracy of CONFOLD’s models. These results
confirm existing findings that in general, local contacts are useful for reconstructing high-resolution
models.

From our reconstruction using the standard CASP’s definition of contacts, we find that the mean
reconstruction accuracy for free-modeling (FM) targets is much lower than their template-based
modeling (TBM) counterparts (see Table 5.2 and Figure 5.1), indicating that the structures of
hard targets are more difficult to reconstruct than easy targets. We also find that 28 out of the 496
domains were reconstructed with less than 0.5 TM-score, i.e. incorrect topology. In Table 5.3 we
list these ‘hard-to-reconstruct’ domains. To ensure that the low TM-score for these domains is not
due to the method’s ability to satisfy contacts, we calculated the sum of deviation (error) for all
input contacts for each of the best model and found that in all cases this deviation is either zero or
close to zero. This shows that the contacts restraints have been satisfied well and the low accuracy
is due to the insufficiency of the input information. Almost all of these proteins are primarily
helical, having 51% helix residues for the 13 FM domains and 65% for the 15 TBM domains, on
average. This suggests that contact information alone (including all short-, medium-, and long-
range contacts) cannot accurately guide the assembly of helices in many protein structures, and that
knowing secondary structure (particularly helices) may improve the reconstruction accuracy. In the

next section, we discuss the reconstruction results when secondary structures are included.

5.3.2 Reconstruction using contacts and secondary structures

In addition to reconstruction using contacts only, we reran our experiments by adding true 3-state
secondary structures restraints (coil, helix and strand). On the same data set of 496 CASP structural
domains, we obtained a mean TM-score of 0.88 and RMSD of 2.0 A. This accuracy is slightly higher
than the accuracy (TM-score = 0.86 and RMSD = 2.2 A) when using complete contact maps (i.e.,
including contact pairs closer than 6 residues). The slightly higher TM-score and lower RMSD due to
the use of secondary structure information suggests that aiding contacts with secondary structures
is more useful than including the local contacts without secondary structure information. The
improvement from using secondary structures and true contacts is significant according to paired
t-test of TM-scores between the models reconstructed with contacts and secondary structures and
the models reconstructed using the whole contact map without secondary structures (p-value = 2.2

x 10716). We also observed that out of the 28 protein domains that had less than 0.5 TM-score when
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Figure 5.1: Distribution of the RMSD (left) and TM-score (right) of the best reconstructed models for

the free-modeling (FM), template-based modeling hard (TBM-HA), and template-based modeling (TBM)
domains in CASP 8, 9, 10, 11.

reconstructed with contacts only, 24 of them have TM-score higher than 0.5 after adding secondary
structures. The remaining 4 domains (out of 28) listed in Table 5.4 could not be reconstructed
accurately (with TM-score > 0.5) using true contacts despite being supplemented by true secondary
structures. Among these domains, T0629-D2 is a domain in a long tail needle-shaped receptor-
binding tip protein 2XGF, T0693-D1 is a small helical region in the alpha-beta protein 4P7C,
T0741-D1 is a V-shaped protein with two long beta hair-pins, and T0756-D2 is a helix bundle
domain in the alpha-beta protein 4G6Q.

To investigate why helical proteins have much higher reconstruction accuracy with secondary
structure input, we calculated the correlation between the percentage of helical residues in the pro-
teins and reconstruction accuracies. For this, we selected all structural domains having at least one
helix residue and computed the correlation between the percentage of helical residues in the proteins
against the RMSD of the best models reconstructed with and without secondary structure input.
When the reconstruction was carried out without secondary structures, we observed a Spearman’s
rank correlation coefficient of 0.58, between the percentage of helical residues and RMSD, suggesting
that having more helical residues in a structure is likely to make the reconstruction more difficult.

Then, we re-computed the correlations by adding secondary structures. When the reconstructions
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Table 5.3: List of all domains with reconstruction accuracy below 0.5 TM-score. The models were recon-
structed with contacts only. L, H, E, and N, refer to length of the protein, number of helical residues,
strand residues, and number of native contacts in the native structures, respectively. TM-score, RMSD, and
GDT-TS of the best-of-20 models for each domain are presented. The last column (Energy) is the sum of
the distance deviation from 8 A for all the contacts supplied as distance restraints.

CASP Domain L Type H E Nc TM-score RMSD GDT-TS Energy

8 T0393-D2 99 TBM 74 0 50 0.29 10.6 27.8 0
8 T0405-D1 72 FM 58 0 67 0.42 7.2 45.5 0
8 To0443-D1 66 FM 41 0 42 0.45 6.6 50 0
8 T0443-D3 66 TBM 35 6 67 0.41 5.9 48.1 0.5
8 T0454-D2 140 TBM 94 0 141 0.49 6.6 40 1
8 T0470-D2 77 TBM 45 0 71 0.34 7.7 35.7 0
8 T0482-D1 67 FM 17 32 119 0.4 8 44 5.9
9 T0548-D2 60 TBM 43 0 45 0.42 7.4 49.6 0.2
9 T0553-D2 71 FM 46 0 59 0.49 4.6 52.8 0
9 TO0575-D2 127 TBM 100 0 128 0.45 6.4 37 2.5
9 T0589-D2 82 TBM 58 0 74 0.48 5.2 48.8 0
9 T0598-D1 127 TBM 64 11 141 0.48 6.5 41.9 1
9 TO0616-D1 97 FM 41 0 84 0.32 12.3 28.6 0.7
9 T0617-D1 136 TBM 96 8 143 0.49 11.8 43.2 8.1
9 T0629-D2 159 FM 0 4 31 0.16 25.2 12.1 0
9 To0637-D1 135 FM 109 0 75 0.33 16.1 24.4 0.3
9 T0639-D1 124 FM 76 4 133 0.36 8.3 30.9 2.7
10 TO0680-D1 96 TBM 79 0 108 0.36 7.2 33.9 7.7
10 T0685-D1 72 TBM 54 0 42 0.27 8.5 31.3 0
10 T0693-D1 100 FM 47 12 101 0.38 14.7 34.5 1.3
10 TO0724-D1 119 TBM 38 40 133 0.3 13.3 26.3 1.4
10 T0732-D2 91 TBM 48 0 91 0.44 5.8 46.2 1.5
10 TO0741-D1 125 FM 0 73 218 0.45 17.1 39 5.8
10 TO0756-D2 86 FM 45 0 15 0.25 12 25.9 0
11 T0820-D1 90 FM 65 0 72 0.4 7.3 41.9 0
11  To0821-D1 255 TBM 195 0 378 0.46 8.6 26.9 35.6
11 TO0831-D1 155 TBM 114 0 141 0.44 15.8 34.8 1.5
11 T0836-D1 204 FM 157 0 198 0.38 12.9 22.8 7.2
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were aided by secondary structures, the Spearman’s rank correlation coefficient dropped to -0.14

(see Figure 5.2). This suggests that adding secondary structure information makes reconstruction

accuracy nearly independent of the composition of helices in a protein. To check if a similar pattern

is observed in beta proteins, we selected all domains having at least one beta strand, and calculated

the Spearman’s rank correlation coefficient between the best models’ RMSD and the percentage of

beta strand residues. In case of the beta proteins we found the correlation coefficient to be 0.15 when

no secondary structures are used, suggesting no such correlation between difficulty of reconstruction

and the number of strand residues in structures.

So ° o - o ) D
I P RN TRE L. LTI @ 0o 48,8 3 TR S L
= et g 8o 299y, 8208 &) Dgg- B oo g ot atiats o ol ot ot g
= 82°° o2 %0 50 9%Hg O o 08 o o ° @ o o o 08° io ® o2 8 ©
08~ o “ge o.o.."'.“ .‘o..." ' H c 08’0 }.' OA‘. ®eg oo %7 o8 °
1] ° o _o% o -F'. oo € eg®° © 00 %0 °‘{ ° o oo oo,
5] @ © o ° & S ee & ° i} °© e © 8 ° oo 8
£ * e e ol 05 o o 5 0.8- g . .
c ° ° ° oo ° ® o] o o ° e, ©
o) o® ® ® o e8® o ° o <= ° 8 ° ° °
306- R & S o
> % o off o o o bl i °
[ ° ® o LIS ~0.7-
Q . oo 8 o °
3 ° ° °e 8
<04+ . ° °« ° ?06-
'_ ° L] L] E N
'_
L) o
0:% 20|% 40l% 60l% 80|% 0:% 20|% 40l% 60l% 80|%
Percentage of Helix Residues Percentage of Helix Residues
o ° °o® 6_ o
AS_ ° ° ° @ © a
= ° ® oo w °
c
o -g ® ° °
L6+ g ° . °
8 547 .
: 8. -
34_ 8 ° e e %o o oo ° e L PR
a ~ °
(2] [m]
E 22' " ‘..%“' ’l" "'ﬁ- o :o
2+ o 3 e R oo, ooo’.oo .
°

20% 40% 60%
Percentage of Helical Residues

0%

80% 0% 20% 40% 60%

Percentage of Helical Residues

80%

Figure 5.2: Analysis of the impact of the presence and absence of helix information on reconstruction. TM-
score (plots in top row) and RMSD (plots in bottom row) of the best models when reconstructed without
secondary structures (left two plots) and with secondary structures (right two plots).

Table 5.4: List of CASP domains for which reconstruction could not recover the fold (a) using contacts only
or (b) using contacts and secondary structures. TM-score, RMSD, and GDT-TS of the best-of-20 models
for each domain are presented. L, H, and E, refer to the length of the protein, number of helical residues,
and number of strand residues, respectively.

Without SS With SS
CASP  Domain L H B “p\ - ¢ RMSD GDT-TS TM-score RMSD GDT-TS
9 T0629-D2 159 0 4 0.16 25.2 12.1 0.16 21.4 12.4
10 T0693-D1 100 76 4 0.38 14.7 34.5 0.4 12 41.8
10 TOo741-D1 125 0 73 0.45 17.1 39 0.39 13.1 32.8
10 TO756-D2 86 45 0 0.25 12 25.9 0.38 15.4 39.5
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5.3.3 Reconstruction at higher distance thresholds for defining contacts

It is known that some structures are difficult to fold with some distance thresholds of defining
contact. For instance, Human Myeloperoxidase Isoform C (lcxp chain B, 104 residues, all-alpha)
could only be folded at a distance threshold of 16 A instead of the more widely used 8 A threshold [6].
For this protein structure, the authors showed that the RMSD drops from 41 A to 4.9 A when the
contact distance threshold is increased from 7 A to 16 A. Similarly, in another work, authors found
14 A distance threshold useful and reconstructed 87 protein chains using the same definition [49)].
In this spirit, we tried to reconstruct the four ‘hard-to-reconstruct’ domains (T0629-D2, T0693-D1,
T0741-D1, and T0756-D2) using various distance thresholds ranging from 8 A to 20 A. By testing
these various distance thresholds along with secondary structure restraints, 3 out of the 4 structure
domains could be correctly folded (TM-score > 0.5) with at least one of the distance thresholds (see
Figure 5.3A). These observations lead us to conclude that the reconstruction at higher distance
thresholds can be useful for at least some structural folds. We find that the primary reason for more
accurate reconstruction at the higher distance thresholds, is that increasing distance thresholds
increases the number of contact restraints (see Figure 5.3B), thereby increasing the coverage of
contacts and being particularly useful for many structural folds. The challenge, however, is that not

all structures can be equally accurately folded at one distance threshold.
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Figure 5.3: Improvement in reconstruction of ‘hard to reconstruct’ protein domains in CASP versus the
increase distance cut-off thresholds (left) and the increase in number of contacts versus the increase of
distance thresholds (right).

Absence of secondary structure elements in the structure, we find, is one reason for low recon-
struction accuracy for these hard-to-fold proteins. One of these four structures, 159-residue domain

T0629-D2, was the most difficult to reconstruct primarily because of its lack of secondary structure.
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In fact, among all 496 CASP domains, this domain has the minimum percentage of secondary struc-
ture elements, i.e. 3%. Among the domains having minimum percentage of secondary structure
elements, the next one is T0650-D1 with 20% of the residues forming secondary structures. The
best model for this domain has GDT-TS of 0.5. Figure 5.4 visualizes these four proteins showing

how their non-globular structures impose challenges on reconstruction.

native 2
12A

T0629-D2 T0741-DA1

. T

Figure 5.4: The true (native) structures of the domains T0629-D2, T0693-D1, T0741-D1, and T0756-D2
shown in green superimposed with structures reconstructed at distance cut-off of 8 A (shown in grey), and
at 12 A (shown in orange).

5.3.4 Reconstruction with non-contacts

Different from all existing methods that use only contact information for reconstruction, we tested if
adding non-contact information (a pair of residues whose distance is greater than a defined distance
threshold) can increase the accuracy of reconstruction. To begin, we selected the same four hard-to-
reconstruct proteins and reconstructed their models using both contacts and non-contact as restraints
at various distance thresholds. Figure 5.5 shows that at higher distance thresholds, non-contact
information is surprisingly informative for reconstructing high-quality structures for three out of
these four proteins. For at least one of the many distance thresholds, two of the four domains
(T0693-D1 and T0756-D2) were reconstructed with around 1 A RMSD and the third one (T0741-D1)
with 2 A RMSD. The hardest structure, T0629-D2, although showing some improvement with non-
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contacts, still could not be folded, suggesting, again, that (a) some folds are hard to reconstruct, and
(b) structures without secondary structure elements are among the most challenging structures to
be reconstructed. For this domain (T0629-D2), to test if the knowledge of the quaternary structure
of the domain could be useful for the reconstruction of the domain, we reconstructed the whole
protein, with PDB ID 2XGF having 648 residues. Best-of-20 model, from such a reconstruction,
had a TM-score of 0.32, suggesting that the knowledge of quaternary structure could not recover
the fold of the domain.

T0629-D2 —+- T0693-D1 —# T0741-D1 T0756-D2

0.8

TM-score
o
>
1

o
~
1

0.2

6 8 10 12 14 16 18 20
Distance Cut-off (A)

Figure 5.5: Reconstruction of the four hard-to-reconstruct CASP domains T0629-D2, T0693-D1, T0741-D1,
and T0756-D2 using contacts and non-contacts at various contact thresholds.

For a more rigorous testing, we repeated our reconstruction tasks for all the 496 CASP domains
using contacts defined at 8 A threshold and the corresponding non-contacts. Specifically, we supplied
the residue pairs not defined in true contacts list as non-contact restraints to CONFOLD, and
observed around 2.5% improvement in TM-score on average. Figure 5.6 shows that for 479 out
of 496 structures, the accuracy either stays same or improves, suggesting that adding non-contact
restraints improves the model reconstruction accuracy in most cases. This improvement from the
addition of non-contacts is significant according to paired t-test of TM-scores between the models
reconstructed with contacts and non-contacts and the models reconstructed using contacts only

(p-value = 2.2 x 10716).

5.3.5 Shape of the structures and reconstruction difficulty

Using our largest dataset of 1901 proteins in the SCOP classification dataset, we reconstructed the
structures using true contacts derived from the structures, to investigate the difficulty of reconstruc-

tion across various SCOP classes, and how this difficulty varies after inclusion of non-contacts. Our
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Figure 5.6: Improvement of adding non-contacts as restraints for CASP 8, 9, 10 and 11 target domains. (a)
using contacts and secondary structure, and (b) using contacts and non-contacts together with secondary
structures.

reconstruction results summarized in Table 5.5, which agree with the findings of [3], show that the
average TM-score of the reconstructed models for class C proteins (alpha and beta (a/b) proteins)
is 0.923 and are the easiest to reconstruct, followed by the class A (all alpha), B (all beta), and
D (alpha and beta a+b). Similarly, the average TM-scores for membrane and cell surface proteins
(class F) is 0.72, suggesting that the class is hardest to reconstruct. The smaller average TM-score
of 0.68 for small proteins (class G) does not necessarily suggest that they are hardest proteins to
reconstruct because the TM-score evaluation is not expected to perform well for short proteins [98].
This conclusion is supported by our observation that the average RMSD for the small proteins (3
A) is much lower than the average RMSD for membrane and cell surface proteins (4.5 A).
Furthermore, as shown in Table 5.5, on this large dataset, adding non-contacts improves the
average TM-score of the reconstructed models to 0.84 from 0.816. Figure 5.7 shows that the
improvement from adding non-contacts is observed in all fold classes — all alpha proteins (class A),
all beta proteins (class B), alpha and beta proteins (class C), alpha and beta proteins (class D),
multi-domain proteins (class E), membrane and cell surface proteins (class F), and small proteins
(class G). The addition of non-contacts, on average, improves the reconstruction accuracy for all

protein classes but does not alter the relative difficulty of the classes.
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Figure 5.7: Improvement in reconstruction accuracy by using non-contacts together with the true contacts
for all the 1901 proteins in the SCOP dataset and the seven classes (subsets). TM-scores of the best models
reconstructed with contacts only are plotted against the TM-scores of the best models reconstructed with

contacts and non-contacts.

Table 5.5: Reconstruction summary of the 1901 structural domains in SCOP dataset showing the recon-
struction accuracy when only contacts are used and when non-contacts are added along with contacts. Best

of 20 reconstructed models are reported.

Using Using Contacts
SCOPe Number of Contacts Only and Non-Contacts
Class Class Description Domains

TM-score RMSD TM-score RMSD
A All alpha proteins 500 0.829 2.74 0.854 2.46
B All beta proteins 349 0.851 2.43 0.873 2.19
C Alpha and beta proteins (a/b) 232 0.923 1.84 0.932 1.68
D Alpha and beta proteins (a+b) 538 0.856 2.46 0.878 2.22
E Multi-domain proteins (alpha and beta) 49 0.853 3.47 0.878 3.14
F Membrane and cell surface proteins 102 0.719 4.54 0.745 4.08
G Small proteins 131 0.680 3.02 0.717 2.50
Total/Average 1901 0.816 2.93 0.840 2.61
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5.3.6 Reconstruction at various sequence separation thresholds

It is widely understood that long range contacts (sequence separation of at least 24 residues) are
the most important of the three contact types — short-, medium-, and long-range. To study how
sequence separation affects the reconstruction accuracy of proteins, we reconstructed all the 496
CASP domains by removing contacts at various sequence separation thresholds, with and without
the knowledge of secondary structure. Specifically, for each CASP structural domain, we removed
all contacts closer than x residues in the corresponding sequence, where x = {0, 3, 6, ..., 51}, and
reconstructed models using CONFOLD, with and without three-state secondary structure informa-
tion. Figure 5.8 shows that when secondary structures are used in reconstruction, the gain in
accuracy from the use of local contacts (with sequence separation less than 6) is much lower. On
average, when models are reconstructed using contacts, the mean reconstruction TM-scores at min-
imum sequence separation threshold of 6, 12, and 24 residues are 0.78, 0.74, and 0.55, respectively.
Similarly, when secondary structures are added, the mean reconstruction TM-scores at minimum
sequence separation threshold of 6, 12, and 24 residues are 0.88, 0.85, and 0.75, respectively. Setting
sequence separation thresholds to 6, 12, and 24 correspond to removing local contacts, short-range
contacts, and medium-range contacts, respectively. The relatively large drop in the accuracy at the
sequence separation threshold of 24 residues suggests that compared to local contacts and short-range

contacts, medium-range contacts are very important for reconstruction.
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Figure 5.8: Reconstruction accuracy against various thresholds for sequence separation (for selecting con-
tacts) on the 496 proteins in the CASP dataset.
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5.4 Discussion

Realizing the importance of contact definition at higher distance thresholds, tools like NNcon [53]
predict contacts at both distance thresholds — 8 A and 12 A. There are, however, challenges in
predicting contacts at higher distance thresholds and utilizing them to build models. The first
challenge is that the number of contacts increases rapidly as the distance threshold increases, making
it harder for reconstruction methods to decide the number of contacts to consider for modeling. The
second challenge is deciding the threshold that works for all proteins. Although the threshold of 8
A between CBup atoms is widely used, many studies demonstrate otherwise. For instance, Vassura
et al., using a large data set of 1,760 proteins, found that increasing the distance threshold up to
18 A improves the reconstruction accuracy monotonically. Similarly, Duarte et al., using a data set
of 60 proteins, found that the best reconstruction accuracies were obtained with distance thresholds
between 9 and 11 A. Although these studies do not agree on the optimal cut-off distance, all of them
demonstrate that contact restraints at higher distance thresholds are useful.

Following our finding that true non-contacts can help structure reconstruction, as the next step,
we studied if predicted non-contact information can improve ab initio contact-guided modeling.
For this we chose the contacts predicted by PSICOV for the 150 proteins [21] and built models
with predicted contacts and compared with the models built using predicted contacts as well as
predicted non-contacts. For predicting non-contact information, we did not use any additional
method. Instead, in the same set of contacts predicted by PSICOV, we considered the contacts
predicted with lowest confidence score (those having negative confidence values) as predicted non-
contacts. Specifically, we selected top L predicted pairs as contacts and selected all pairs with
predicted confidence less than -1 as predicted non-contacts. While the predicted contacts were
translated into distance restraints of 3.5 A to 8 A between corresponding CSup atoms, non-contacts
were translated to distance restraints of 10 A to 200 A between corresponding CSup atoms. We found
that setting a slightly higher distance threshold of 10 A instead of 8 A yields better reconstruction
accuracy. With these contacts and non-contacts, we reconstructed 20 models using CONFOLD and
selected best model generated at reconstruction stages 1 and 2 for analysis. Figure 5.9 shows that
adding non-contact information improves the accuracy of the best reconstructed models for most
proteins. When we selected residue pairs with confidence less than -1 as non-contacts, we observed
5% improvement in the TM-score on average; and 1.5% improvement with -2 as the threshold. This
improvement from adding non-contacts is significant according to the paired t-test of TM-scores

between the models in the second stage reconstructed with both contacts and non-contacts (selected
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with contact prediction confidence less than -1) and the models in the second stage reconstructed with
contacts only (p-value = 4 x 10~°). Similar significant difference was observed when we compared
the models in the first stage (p-value = 7 x 107!%). We believe that better non-contact selection

techniques can improve the reconstruction accuracy to much higher ranges.
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Figure 5.9: Improvement in reconstruction accuracy by using predicted non-contacts together with the pre-
dicted contacts for the 150 proteins in the PSICOV dataset in reconstruction stage 1 (left) and reconstruction
stage 2 (right) of CONFOLD.

Finally, using the contacts predicted by MetaPSICOV [16] for the 496 structural domains in the
CASP dataset, for each input sequence, we built models using CONFOLD. Our results, summarized
in Figure 5.10, show that the accuracy of the reconstructed model (model having highest TM-
score) is highly correlated to the precision of the predicted contacts, and the Pearson’s correlation
coefficient between the TM-score of the best predicted model and the precision of top L long-range
contacts is 0.74. Compared to the average TM-score of 0.69, 0.78, and 0.80 for free-modeling (FM),
template-based modeling hard (TBM-HA), and template-based modeling (TBM) domains when true
contacts and secondary structures are used, when predicted contacts and secondary structures were
used, we obtained average TM-scores of 0.40, 0.48, and 0.50 for FM, TBM-HA, and TBM domains,
respectively. As expected, the relative difficulty of reconstruction between free-modeling domains

and template-based domains is also pronounced when predicted contacts are used.
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Reconstruction accuracy vs Contact Precision Using True Contacts vs Predicted Contacts
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Figure 5.10: TM-scores of CONFOLD’s best predicted model plotted against the precisions of top-L long-
range contacts (left) and TM-scores of the best models reconstructed using true contacts plotted against the
TM-scores of the best model reconstructed using predicted contacts (right) on the CASP domains dataset.

5.5 Methods

5.5.1 Contact definition

In this work, we define a pair of residues to be in contact if the distance between their CBup atoms
(Caup in glycine) is less than 8 A. Contacts separated by 6 to 11 residues in the corresponding
sequence are categorized as short-range, contacts separated by 12 to 23 residues are categorized
as medium-range, and those separated by 24 or more residues are defined as long-range contacts.
In addition, we define contacting pairs, which are closer than 6 residues in the sequence as ‘local’
contacts. Local, short-range, medium-range, and long-range contacts all together make the complete

contact map of a protein.

5.5.2 Data sets

For comparison with Reconstruct [4], we used the data set of 12 proteins used to benchmark it
(see Table 5.2 for the list of proteins). Similarly, for our analysis involving CASP’s data sets, we
considered all regular target domains released in CASP 8, 9, 10 and 11 having at least 60 residues.
Domains like T0605-D1 that have no native contacts were also excluded from our data set. Our final
data set consisted of 496 structural domains consisting of 72 free-modeling (FM) domains, 71 hard

template-based modeling (TBM-HA) domains, 350 template-based (TBM) domains, and 3 ‘other’
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domains (see Table 5.6).

In addition to the two datasets, for studying the reconstruction difficulty of various protein shapes
(fold classes), we curated a structure dataset by selecting one protein from each superfamily within
each fold of the seven classes (class A through G) of SCOP 2.04 database [100]. Since some of the
proteins have many domains and are relatively very long, we removed all the proteins longer than
450 residues from our set. Our final set consisting of total 1901 proteins, has 500 all alpha proteins
(class A), 349 all beta proteins (class B), 232 alpha and beta proteins (a/b) (class C), 538 alpha and
beta proteins (a+b) (class D), 49 multi-domain proteins (class E), 102 membrane and cell surface

proteins (class F), and 131 small proteins (class G).

Table 5.6: Number of free-modeling (FM) and template-based modeling (TBM) domains in CASP 8, 9, 10
and 11 competitions.

FM TBM-HA TBM Other Total

CASP-8 8 48 93 0 149
CASP-9 23 3 106 0 132
CASP-10 11 12 89 0 112
CASP-11 30 8 62 3 103
Total 72 71 350 3 496

5.5.3 Reconstruction using true contacts

In order for our study not to be influenced by additional information (like information about struc-
tural fragments), we used our CONFOLD [25, 101] method to build models, which uses purely
contacts (and secondary structure information when supplied) to build models. For reconstruction
tests that involve using contacts only, we obtained contacts from the native structures/domains, and
used them as input to CONFOLD to build 20 models. For evaluating the reconstructed models we
use Template-Modeling score (TM-score), RMSD, and Global Distance Test (GDT-TS) score [98]
and used the best of the 20 models for each target for assessment.

Following this protocol, we reconstructed the structural models of 12 proteins in the Reconstruct
[4] dataset, as a benchmark for our reconstruction pipeline. Then we reconstructed models for
the 496 proteins in the CASP 8, 9, 10, and 11 datasets using true contacts derived from the native
structure. In addition, to study the relationship between the shape of the proteins and the difficulty of
reconstruction, we reconstructed models for the 1901 proteins from the SCOP 2.04 [100] classification

belonging to the seven classes (class A through G).
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5.5.4 Reconstruction using contacts and secondary structures

In all the reconstruction experiments where we use true contacts and secondary structures, we derived
secondary structures from the corresponding native structure using DSSP [97]. From the various
DSSP assignments to each residue (strand, turn, alpha-helix, etc.), we translate all assignments
except stand (E) and alpha-helix (H) to coil (C), such that our true secondary structures are in
the same 3-state format as predicted contacts. For reconstruction, CONFOLD translates the input
contacts into distance restraints, and secondary structures into distance restraints, dihedral angle
restraints, and hydrogen-bond restraints (see the CONFOLD paper [25] for details). Following this
protocol, we derived true contacts and secondary structures for two datasets (a) 496 proteins in
the CASP dataset, and (b) 1901 proteins in the SCOP dataset. We generated 20 models for each
protein and used the best model for our analysis and comparison with the models reconstructed

using contacts only (without secondary structures).

5.5.5 Reconstruction using non-contacts and contacts at higher distance
thresholds
From the dataset of 496 CASP structural domains, for the domains whose fold could not be re-
covered from reconstruction (i.e. TM-score of the best model is less than 0.5), we considered (a)
increasing the threshold to define contacts, and (b) adding non-contacts along with contacts as re-
straints. Specifically, for each domain, we derived contacts between the carbon-atoms (CBup) of
the residues from the native structure with minimum distance thresholds ranging from 8 A to 20
A and reconstructed models using these contacts. In addition, for such proteins, we also tested by

providing non-contacts as an additional information (along with contacts) for reconstruction.

5.5.6 Contact prediction and reconstruction

In addition to the reconstructions using true contacts, for all the 496 CASP structural domains,
instead of using true contacts and secondary structures, using the domains’ sequence as input we
predicted contacts and secondary structures and built models, to study the relationship between the
models built using predicted and true contacts, and to study the relationship between predicted con-
tact precision and reconstruction accuracy. For this, we predicted contacts using the state-of-the-art
contact prediction method MetaPSICOV [16] and 3-state secondary structures using PSIPRED [40].
Many of the features needed by MetaPSICOV rely on the quality of multiple sequence alignments

generated from the input sequence. For generating input multiple sequence alignments we used
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HHblits [43] and JackHMMER [44] as discussed in [42]. Using MetaPSICOV’s second stage contact
predictions as input, we build 5 models with top xL contacts as input to CONFOLD, where x =
{0.1, 0.2, 0.3, ..., 4.0} generating a total of 200 models for each protein. For our evaluation, we

considered the best of these 200 predicted models.

5.6 Conclusions

In this study, we revisited the problem of protein structure reconstruction using true contacts fo-
cusing on the proteins whose structures are hard to predict. We show that increasing the distance
threshold for defining contacts, using secondary structures, and adding non-contacts can improve
the reconstruction accuracy of protein structures, particularly the ones that are hard to fold. Our
findings provide useful insights to improve existing contact prediction and structure reconstruction/-

folding methods.
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Chapter 6

Protein contact prediction by
integrating deep multiple sequence
alignments, coevolution and
machine learning

6.1 Abstract

In this work, we report the evaluation of the residue-residue contacts predicted by our three differ-
ent methods in the CASP12 experiment, focusing on studying the impact of multiple sequence
alignment, residue coevolution and machine learning on contact prediction. The first method
(MULTICOM-NOVEL) uses only traditional features (sequence profile, secondary structure and
solvent accessibility) with deep learning to predict contacts and serves as a baseline. The second
method (MULTICOM-CONSTRUCT) uses our new alignment algorithm to generate deep multiple
sequence alignment to derive coevolution-based features, which are integrated by a neural network
method to predict contacts. The third method (MULTICOM-CLUSTER) is a consensus combina-
tion of the predictions of the first two methods. We evaluated our methods on 94 CASP12 domains.
On a subset of 38 free-modeling domains, our methods achieved an average precision of up to 41.7%
for top L/5 long-range contact predictions. The comparison of the three methods shows that the
quality and effective depth of multiple sequence alignments, coevolution-based features, and ma-
chine learning integration of coevolution-based features and traditional features drive the quality

of predicted protein contacts. On the full CASP12 dataset, the coevolution-based features alone
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can improve the average precision from 28.4% to 41.6%, and the machine learning integration of all
the features further raises the precision to 56.3%, when top L/5 predicted long-range contacts are
evaluated. And the correlation between the precision of contact prediction and the logarithm of the

number of effective sequences in alignments is 0.66.

6.2 Introduction

In the absence of homologous structural templates, a key input for successful ab initio protein struc-
ture prediction is residue-residue contacts [32, 17]. If a sufficient number of contacts can be predicted
accurately, they alone can be used to reconstruct near native models for most proteins with accuracy
of 2 A RMSD [3, 4]. Among all the contacts, long-range contacts, which are generally harder to
predict [13, 14, 15, 16], but much more useful for structure reconstruction [17]. Hence, recent con-
tact prediction methods focus on the prediction and evaluation of long-range contacts, and so do the
CASP experiments. When the contact prediction category was introduced in the CASP experiments,
in the initial rounds, methods like SVMcon [14] and DNcon [13] that use support vector machines
and deep learning networks with traditional features such as sequence profile, secondary structure
and solvent accessibility, were often the top performers demonstrating that machine learning tech-
niques were useful for contact prediction. Recent methods like PconsC2 [18], MetaPSICOV [16] and
RaptorX method [19] show that including contact predictions from coevolution-based methods like
CCMpred [20], PSICOV [21], and FreeContact [22] as additional features can significantly improve
the performance, if at least a few hundred homologous sequences can be found for an input sequence.
Often, when sufficient homologous sequences can be found, these ‘meta’ methods can predict top
L/5 or L/10 long-range contacts with pretty high precision [16, 19, 20], where L is the length of
the protein sequence. All these recently successful methods highlight that, besides machine learning
techniques, coevolution-based features are important for accurate contact prediction.

Realizing the importance of coevolution-based features, which are entirely dependent upon
the availability of homologous sequences, we developed a method for reliably generating deep
multiple sequence alignments and coevolution-based features for accurate contact prediction, and
participated in the recent CASP 12 experiment with three automated contact prediction meth-
ods - MULTICOM-NOVEL, MULTICOM-CONSTRUCT, and MULTICOM-CLUSTER. Our first
method, MULTICOM-NOVEL, predicts contacts based on a deep learning contact prediction method
- DNcon [13] that uses only traditional features such as sequence profile, secondary structure, and
solvent accessibility. Our second method, MULTICOM-CONSTRUCT, relies on our deep multiple
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sequence alignment generation algorithm to predict coevolution-based features, which are used by
a consensus method MetaPSICOV [16] as input to make contact prediction. Our third method,
MULTICOM-CLUSTER, combines the predictions from the first two methods by choosing their
common highly ranked contacts. Our second and third predictors mainly rely on our deep align-
ment generation algorithm to make predictions. In this paper, we discuss the performance of our
methods in the CASP12 experiment, primarily focusing on identifying the major factors influenc-
ing contact prediction accuracy. Since predicted contacts are most useful for protein sequences for
which homologous structural templates cannot be found, we emphasize our analysis on free modeling
(template-free) targets, although we also include our analysis for all CASP12 targets to assess the
benefits of combining traditional features and coevolution-based features with machine learning.
Overall, our contact prediction methods were successful mainly because of our deep alignment
generation algorithm, which generates high-quality alignments when sufficient homologous align-
ments can be found, and at least some alignments (if possible) when homologous sequences are
hard to find. We find that multiple sequence alignments, coevolution-based features, and machine
learning integration are the key factors for successful protein contact prediction. In addition to the
analysis on predicted contacts, we also discuss some findings of building 3D structural models using

the CONFOLD method [25] with our predicted contacts as input.

6.3 Materials and Methods

6.3.1 Generating deep multiple sequence alignments to derive coevolution-
based features
Multiple sequence alignments (MSAs) play a central role for the success of a protein contact predic-
tion method because the quality of multiple sequence alignment (MSA) entirely decides the accuracy
of the coevolution-based contact prediction features, which largely determines the accuracy of overall
contact prediction. Hence, it is crucial to have a reliable algorithm for producing high quality mul-
tiple sequence alignments. For reliability, it is important that the algorithm generates at least some
sequences when homologous sequences are hard to find in sequence databases, and generates smaller
but more useful alignments when an excessively large number of homologous sequences is available.
On one hand, in the absence of any homologous sequences in the multiple sequence alignments or
when there are just a few sequences, coevolution-based methods fail to make any predictions. On

the other hand, when the size of alignment is too large (e.g. more than fifty thousand) and the
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input protein sequence is long, some methods like PSICOV [21] may take too long to converge and
sometimes do not produce any results even in a few days. Based on this understanding, we designed
an alignment generation algorithm that attempts to generate high coverage alignments at first, and
when sufficient homologous sequences are not found, relies on various sequence similarity cut-off
thresholds to increase the depth of search to generate at least some sequences whenever possible.
For generating MSAs, we start by assuming sufficient homologous sequences covering most of our
input sequence are available. Then we gradually switch towards choosing the settings that allow us
to search deeply to generate at least some sequences. Using HHblits [43], we first generate alignments
that cover 75% of a target sequence and check if the alignment has at least 2.5L sequences, where L is
the length of the query sequence. If at least 2.5L sequences are not obtained, the coverage threshold
is lowered, at first to 68% and then to 60% if needed. If none of these coverage thresholds deliver at
least 2.5L sequences, we switch to using JackHMMER, [44] to find remotely homologous sequences.
Once again, we assume that sufficient significant hits can be found and start alignment search with
a very stringent e-value cut-off threshold of 1IE740 to find homologous sequences. If this threshold
fails to generate at least 2.5L sequences, we increase the e-value threshold to 1IE730, 1E=20, 1E~10,
1E~*, and 1, step by step, and conclude when more than 2.5L sequences are generated. If none of
the thresholds leads to an alignment with more than 2.5L sequences, the alignments generated with
high e-value threshold of 1 are used as the final alignment. A range of e-value thresholds is required
because, for some input protein sequences, a stringent e-value criterion (like 1E~4°) produces too few
sequences (just a hundred or so) whereas a looser criterion (like 1E~%) generates many sequences.
We used the ‘UNIPROT20-2016" and ‘UNIREF90’ sequence databases for HHblits and JackHMMER

search respectively.

6.3.2 MULTICOM contact prediction methods

Our first method, MULTICOM-NOVEL, is based on our method DNcon, an ab initio contact pre-
diction method trained using deep belief networks and boosting [13, 12]. Unlike recent contact pre-
diction methods that use co-evolutionary features as key features, it does not use any co-evolutionary
information. Boosting and ‘ensemble’ are the key techniques that contribute to the performance of
DNcon. Results from the training and testing experiments show that an ensemble of models trained
at 7 window sizes (window sizes of 7, 9, 11, 13, 15, 17, and 19) delivers an accuracy of 34%, compared
to 24% to 28% of individual models, on a test dataset of 196 proteins, when top L/5 long-range

contacts are evaluated. DNcon was the top performer in the CASP10 contact prediction category
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[12] and therefore serves as a good benchmark (baseline) to study where the improvement of contact
prediction comes from in CASP12.

Our second method, MULTICOM-CONSTRUCT, primarily relies on our deep alignment gener-
ation algorithm to generate multiple sequence alignments, which are supplied as input to the three
standard coevolution-based methods, PSICOV [21], CCMpred [22], and FreeContact [23] to generate
two-dimensional co-evolution features to be combined by MetaPSICOV [16] with traditional features
to make contact prediction. During the development of the method, we found that some coevolution-
based methods like PSICOV sometime could not converge within a reasonable time limit when there
were too many or too few sequences in alignments. To guarantee to generate predictions from such
methods within a certain time limit, tweaking their convergence parameters is needed. Specifically,
to get around the convergence issue of PSICOV, we run it with three convergence parameters (‘d =
0.03’, ‘r = 0.001’, and ‘r = 0.01’) in parallel and wait for a maximum of five hours. The ‘d’ parameter
selects the glasso exact algorithm and is expected to produce more accurate results but is slow. The
‘rho’ parameter (r) controls how quickly the programs converges and higher values tend to speed
up the convergence but at the loss of prediction accuracy. We pick the job that finishes within the
five-hour time limit according to the order (‘d = 0.03’, ‘r = 0.001’, and ‘r = 0.01’). In this way we
are always able to have some prediction produced within the limited time. Such a shorter time limit
was used during the CASP 12 experiment because our ab initio structure prediction methods used
these predicted contacts as input to build 3D models, which themselves needed up to two days to
build models.

Our third method, MULTICOM-CLUSTER, is a meta-predictor that combines contacts pre-
dicted by the first two methods. When at least 50 homologous sequences are found, this method
uses the predictions made by MULTICOM-CONSTRUCT, otherwise combines the predictions of
MULITICOM-CONSTRUCT and MULTICOM-NOVEL. As the first step for contact combination,
we select two sets of up to 5L long-range contacts - one set from MULTICOM-NOVEL and another
set from MULTICOM-CONSTRUCT. For each target, we first select top 5L contacts predicted by
MULTICOM-NOVEL filtering out all the contacts not predicted by MULTICOM-CONSTRUCT,
and then select up to top 5L contacts predicted by MULTICOM-CONSTRUCT which are present
in the top 5L contacts from MULTICOM-NOVEL. This new set of contacts by MULTICOM-
CONSTRUCT (having at most 5L contacts), and the set of contacts by MULTICOM-NOVEL are
then updated by replacing their confidence values with the ranks, i.e. integer numbers starting from
‘51" for the most confident contact prediction and ending at ‘1’ for the least confident one. At this
point, both sets have same contacts but different rankings. Then, the ranks for the MULTICOM-
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CONSTRUCT’s set are updated as the sum of the ranks in the two sets and are normalized by
10L. This new rank scores are then used to sort the contacts, as confidence scores, and used as
input for MULTICOM-CLUSTER predictions. The final step is to scale the confidence values into
a meaningful range between 0 and 1. Ideally, if we knew the number of long-range contacts in the
target structure (N.), we would normalize the confidence values such that the top N.predictions have
confidence more than 0.5. In the absence of such knowledge in reality, we normalize the confidence
scores such that top L predicted contacts have confidence values more than 0.5, and submitted these

contacts as MULTICOM-CLUSTER predictions.

6.3.3 Datasets and evaluation metrics

Out of the 90 targets released during the CASP 12 season, CASP12’s official contact evaluations
released at CASP’s website were carried out on 70 targets (i.e. corresponding to 94 domains), exclud-
ing domains ‘T0865-D1’ and ‘T0880-D1’ because they do not have any long-range contacts. In this
work, we consider all these 94 structural domains and its subset of 38 free-modeling domains for eval-
uation and comparison of our three methods, MULTICOM-NOVEL, MULTICOM-CONSTRUCT,
and MULTICOM-CLUSTER. In this set of 94 domains, the native structures of 84 of them were
available for our assessments. Hence, for some of our own evaluations, like evaluating the preci-
sion of co-evolutionary features, we use these 84 domains only. And to maintain consistency with
the CASP released evaluations, we focus our analysis and evaluation at the domain level, although
all predictions were made for the whole targets during the CASP12 experiment. Finally, before
the CASP12 experiment, we used the dataset of CASP11 free-modeling domains to benchmark our
methods. The results on CASP11 are also reported as a comparison with those on CASP12.

In addition to using our ConEVA contact evaluation toolkit [27] to do evaluation, we also referred
to the evaluations published by CASP (released at http://predictioncenter.org/). We focus our
evaluations on top L/5 and L/2 predicted long-range contacts and use precision as the primary
evaluation metric, which is the fraction (ratio) of correct predictions in top predicted contacts. One
important factor influencing the precision of contact prediction is the number of effective sequences
in multiple sequence alignment, N.;¢, which is calculated at the domain or target level using the

following equation:
Al
Ness =Y -
; 7
=0
where N is the number of sequences in the multiple sequence alignment and n; is the number of

sequences which have at least 62% sequence identity with the i*" sequence. If all sequences in
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the alignment are very different, n; is 1 for each sequence and hence N.;; sums to N, and on the
contrary, if all sequences are very similar, n; is equal to N for all sequences and the sum of 1/N for
N sequences gives 1, i.e. the N,y is just 1. For calculating N.¢s at the domain level, we trim the
multiple sequence alignment column-wise, removing all the columns for which the reference native
structure of a domain does not have any residues defined, so that the width of the alignment (number

of columns) is same as the number of residues in the native structure of the domain.

6.4 Results and Discussion

6.4.1 Initial benchmark on CASP11 free-modeling dataset before CASP12
experiment
Prior to the CASP 12 experiment, we evaluated MULTICOM-CONSTRUCT that uses our new
deep alignment generation algorithm to generate co-evolution features for contact prediction, on
the dataset of 30 free-modeling structural domains of the CASP 11 experiment [102]. Following
MULTICOM-CONSTRUCT’s pipeline, we generated alignments and coevolution-based features for
the 24 protein targets (with full targets as input) containing the 30 free-modeling domains, predicted
contacts for the targets, and evaluated the predictions at the domain level. For comparison, on the
same dataset, we also predicted contacts using the publicly available MetaPSICOV method with
default options, where alignments were generated using HHblits [43]] with the coverage threshold
parameter set to 60%. Moreover, we compared our results with the best performing group in the
CASP11 contact prediction category, CONSIP2 [42], on the same dataset. The mean precisions of top
L/5 long-range contacts predicted by MetaPSICOV, CONSIP2, and MULTICOM-CONSTRUCT are
29%, 29%, and 34.4% respectively (see Table 6.1). The improvement of our method is significant
according to paired t-test of the difference in precision (p-value = 0.03). It is important to note
that the same protein sequence database was used with MetaPSICOV and our method for a fair
comparison. On average, our method can increase the number of sequences (N) in the alignment to
1546 (from 152), and the number of effective sequences (Neys) to 222 (from 69), which is probably
the primary contributor for the improvement (Table 6.1). For these free-modeling domains, the
Pearson’s correlation coefficient between the precision of top L/5 long-range contacts predicted by
MULTICOM-CONSTRUCT and the logarithm of the number of effective sequences (log(Nesyf)) in
alignments is 0.60, which highlights the importance of the depth of multiple sequence alignments for

contact quality. It is also important to note that the number of effective sequences was calculated at
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the domain level. Pearson’s correlation, when calculated using the number of effective sequences for
the whole target alignment, gives much lower coefficients. This is because a high effective sequence
number at whole target level does not guarantee a high number of effective sequences for each domain

of a multi-domain target, as a sequence in an alignment may only cover a portion of the target.

Table 6.1: Top L/5 long-range contacts predicted by MULTICOM-CONSTRUCT method compared with
the top L /5 contacts predicted using the default MetaPSICOV method and the CONSIP2 method, on the 30
CASP11 free-modeling domains. N¢grges is the number of sequence in the alignment which is generated with
the target sequence as input. Neffiomain is number of effective sequences in the alignment when alignments
are trimmed to match the residues of the native structural domain. Py, 5 refers to the precision of top L/5
long-range contacts.

MetaPSICOV CONSTRUCT CONSIP2
Domain Ntarget Neﬂdomain PL/5 Ntao"get Neﬂdomain PL/5 1:)L/S
T0761-D1 1 1 0 4 2 0 5.6
T0761-D2 1 1 13 4 2 13 8.7
T0763-D1 3 2 30.8 7 3 15.4 46.2
T0767-D2 109 58 66.7 774 88 66.7 58.3
T0771-D1 9 4 26.7 32 11 16.7 10
TO0777-D1 55 25 15.9 747 41 18.8 23.2
T0781-D1 2 2 10 40 15 2.5 5
T0785-D1 1 1 4.6 6 2 4.6 18.2
T0789-D1 274 133 44.8 2465 484 62.1 51.7
T0789-D2 274 139 44 2465 522 60 28
T0790-D1 276 140 44.4 1829 440 59.3 44.4
T0790-D2 276 136 26.9 1829 455 69.2 26.9
T0791-D1 265 109 63.3 2488 401 66.7 53.3
T0791-D2 265 118 35.7 2488 481 75 42.9
T0794-D2 258 121 52.9 1653 176 38.2 26.5
T0806-D1 766 369 62.8 1130 306 70.6 84.3
T0808-D2 121 29 27.8 1257 92 27.8 35.2
T0810-D1 49 24 21.7 8669 1147 21.7 17.4
T0814-D1 118 106 25.9 1404 145 48.2 37
T0814-D2 118 107 69.6 1404 174 73.9 82.6
T0820-D1 1 1 5.6 1 1 5.6 5.6
T0824-D1 79 32 36.4 1257 254 72.7 45.5
T0827-D2 680 229 26.7 3164 558 20 10
T0831-D2 189 100 10.3 4659 242 7.7 7.7
T0832-D1 5 2 2.4 83 26 4.8 2.4
T0834-D1 42 21 0 269 48 0 5
T0834-D2 42 16 5.9 269 45 5.9 17.7
T0836-D1 223 26 36.6 2627 167 68.3 43.9
T0837-D1 32 8 37.5 132 10 37.5 29.2
T0855-D1 11 7 21.7 3234 322 0 17.4
Average 152 69 29 1546 222 344 29.7

6.4.2 Performance on CASP12 dataset

Table 6.2 summarizes the performance of our three methods on the subset of 38 CASP12 domains

classified as free modeling. The mean precision of top L/5 long-range contacts predicted by our
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three methods MULTICOM-NOVEL, MULTICOM-CONSTRUCT, and MULTICOM-CLUSTER
are 25.4%, 41.6% and 41.7% respectively. MULTICOM-CONSTRUCT and MULTICOM-CLUSTER,
which rely on our deep multiple sequence alignment generation algorithm and coevolution-based
features, have much higher mean precision compared to the baseline sequence-based machine learn-
ing method MULTICOM-NOVEL without using coevolution features, suggesting the enhanced co-
evolution features is a major contributor to the improved precision. On this free-modeling dataset,
our contact combination method, MULTICOM-CLUSTER, has improved performance on two do-
mains T0869-D1 and T0923-D1, although, on average, its performance is similar to the MULTICOM-
CONSTRUCT method. For 23 out of these 38 domains, our deep alignment generation algorithm
concluded with alignments generated by JackHMMER at high e-value threshold of 1, suggesting that
most of the domains in the free-modeling dataset did not have sufficient significantly homologous
sequences with high coverage. The low-quality alignments, generated by JackHMMER at e-value
threshold of 1, have the number of effective sequences ranging from 1 to 1331 (with mean as 107
and median as 31), and the precision of MULTICOM-CONSTRUCT’s contact predictions for these
domains ranges from 3% to 95%. This suggests that high e-value thresholds do not always neces-
sarily generate poor alignments, but rather lead to alignments of variable quality, some of which are
useful for contact prediction.

On the full dataset consisting of all 94 CASP12 domains, the mean precision of top L/5 long-range
contacts for MULTICOM-NOVEL, MULTICOM-CONSTRUCT, and MULTICOM-CLUSTER, are
25.8%, 50.3% and 50.1% respectively. Higher precisions on the complete dataset is due to the fact
that the mean N,y ¢ for all the targets is 1619, greater than 253 for the free-modeling targets. Finally,
the same as on CASP11 free-modeling dataset, we observed a Pearson’s correlation coefficient of 0.66
between the precision of top L/5 long-range contacts predicted by MULTICOM-CONSTRUCT and
the logarithm of the number of effective sequences (Ncs¢) on the CASP12 full dataset. Since it
is relevant to compare the performance of all three methods on the target domains for which no
sufficient number of sequences in alignments were found, we selected six free-modeling domains for
which our method generated less than 20 sequences in the alignments. For these targets, while
MULTICOM-NOVEL and MULTICOM-CONSTRUCT have average precision of 15% and 15.9%
respectively, the contact combination made by MULTICOM-CLUSTER has average precision of

16.7%, showing a slight improvement.
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Table 6.2: Comparison of top L/5 long-range contacts predicted by our three methods, MULTICOM-
NOVEL, MULTICOM-CONSTRUCT, and MULTICOM-CLUSTER for the 38 free-modeling structural do-
mains using precision measure. L, Nigrget, and Neffgomain stand for the length of the target sequence,
number of sequence in the alignment for the whole target sequence, and the number of effective sequences in
the alignment when alignments are trimmed to match the residues of the native structural domain, respec-
tively. The last three columns show the precision of top L/5 long-range contacts for the three methods. The
‘Alignment’ column shows the method and parameter used to generate the alignment, where ‘jhm’ stands
for JackHMMER, and ‘hhb’ stands for HHblits.

Target FM Domain L Alignment Nigrger Neffiomain CONSTRUCT CLUSTER NOVEL

T0859 T0859-D1 133 jhm-e-0 2 1 4.4 4.4 0
T0862 T0862-D1 239  jhm-e-0 163 31 26.3 26.3 21.1
T0863 T0863-D1 670  jhm-e-0 453 73 2.6 2.6 5.1
T0863 T0863-D2 670  jhm-e-0 453 54 4.2 4.2 4.2
T0864 T0864-D1 246  jhm-e-0 526 134 64 64 32
T0866 T0866-D1 183  hhb-cov75 1388 560 100 100 14.3
T0869 T0869-D1 120  jhm-e-0 17 12 42.9 52.4 47.6
T0870 T0870-D1 138  jhm-e-0 137 81 16 16 40
T0878 T0878-D1 358  jhm-e-0 856 250 42 42 26.1
T0880 T0880-D2 193  jhm-e-0 2 1 25 21.9 18.8
T0886 T0886-D1 346  jhm-le-40 3013 1182 78.6 78.6 7.1
T0886 T0886-D2 346  jhm-le-40 3013 1837 88.5 88.5 23.1
T0888 T0888-D1 121 jhm-e-0 2 1 8 0 0
T0890 T0890-D2 191  jhm-e-0 70 17 13.6 13.6 9.1
T0892 T0892-D2 193  jhm-e-0 579 202 54.6 54.6 63.6
T0894 T0894-D1 324  jhm-e-0 438 61 11.1 11.1 55.6
T0896 T0896-D3 486  jhm-e-0 2295 7 12.1 12.1 9.1
T0897 T0897-D1 285 jhm-e-0 130 10 7.1 7.1 17.9
T0897 T0897-D2 285  jhm-e-0 130 57 52 52 20
T0898 T0898-D1 169 jhm-le-4 50000 389 4.6 4.6 13.6
T0899 T0899-D1 423  jhm-1le-10 6580 125 71.2 71.2 40.4
T0899 T0899-D2 423 jhm-1le-10 6580 31 44.4 44.4 33.3
T0900 T0900-D1 106  jhm-e-0 16243 1331 95.2 95.2 71.4
T0901 T0901-D2 328  hhb-cov50 5167 127 64.3 64.3 42.9
T0904 T0904-D1 341  jhm-1le-10 23741 609 72.6 72.6 29.4
T0905 T0905-D1 353  jhm-le-10 8623 346 79.6 79.6 63.3
T0905 T0905-D2 353  jhm-le-10 8623 88 42.9 42.9 42.9
T0907 T0907-D3 315  jhm-e-0 219 1 79.2 79.2 41.7
T0912 T0912-D3 624  jhm-1e-20 7240 426 42.9 42.9 4.8
T0914 T0914-D1 337  jhm-e-0 325 70 6.3 6.3 31.3
T0914 T0914-D2 337  jhm-e-0 325 33 6.1 6.1 15.2
T0915 T0915-D1 161  jhm-e-0 34 21 48.4 45.2 29
T0918 T0918-D1 546  jhm-le-20 3517 356 77.3 77.3 40.9
T0918 T0918-D2 546  jhm-1le-20 3517 487 88 88 20
T0918 T0918-D3 546  jhm-le-20 3517 513 66.7 66.7 0
T0923 T0923-D1 409  jhm-e-0 10 7 12.1 19 22.4
T0941 T0941-D1 470  jhm-e-0 3 1 2.9 2.9 1.5
T0946 T0946-D1 292 hhb-cov50 3170 80 25 25 6.3
Average 253 41.6 41.7 25.4
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6.4.3 Significance of coevolution-based features and machine learning in-
tegration

If reliable and deep multiple sequence alignments are available, two-dimensional pairwise features
(contact probabilities or scores) predicted by coevolution-based methods are a key factor for high
accuracy in final contact prediction. To study the significance of these features, we evaluated the
precision of the coevolution-based contacts predicted by PSICOV, CCMpred and FreeContact sep-
arately, and compared them with the final prediction made by MULTICOM-CONSTRUCT. Ex-
cluding some targets for which PSICOV failed to converge within the five-hour time limit and some
additional targets for which no more than 5 homologous sequences could be found, on the remain-
ing 70 structural domains, CCMpred, FreeContact, and PSICOV have mean precision of 41.6%,
36.3%, and 34.1% respectively, for top L/5 long-range contacts. When top L/2 contacts are eval-
uated, the similar trend is observed for the three methods with the mean precision of 32.6% for
CCMpred, 28.3% for FreeContact, and 25.4% for PSICOV, suggesting that the most accurate single
coevolution-based predictor is CCMpred followed by FreeContact and PSICOV (see Table 6.3).
These precisions are much higher than the average precision (25.4%) of our baseline MULTICOM-
NOVEL method that does not use any coevolution-based features as input. These results indicate
that the coevolution-based features are crucial for accurate contact prediction.

In Table 6.3 MULTICOM-CONSTRUCT has much higher mean precision of 56.3% for top L/5
long-range predictions (46.2% for top L/2), compared to each of the three individual coevolution-
based features above. If we selected the best contact predictions made by the three coevolution-based
predictions to evaluate for each domain, the mean precision (called maximum in Table 6.3) is 44.2%
for top L/5 contacts, which is only slightly (2.6%) better than the performance of the best individual
coevolution-based feature predictor CCMpred, but is still much lower than the mean precision 56.3%
of MULTICOM-CONSTRUCT. These results indicate that, in addition to coevolution-based features
being important, the machine learning approaches of integrating these coevolution-based features
with the traditional sequence-based features are also very important. Analyzing the predictions made
by MULTICOM-CONSTRUCT, we only found 2 out of 70 domains (T0918-D3 and T0912-D2) for
which the machine learning integration had failed to perform better than an individual coevolution-
based feature. Upon inspecting the three-dimensional structures of these two domains, however, we
find both of them have the middle region of the structure missing, which might cause the failure of
the machine learning integration. Generally speaking, in MULTICOM-CONSTRUCT, the neural

network-based combination of the multiple co-evolution features and traditional features almost
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Table 6.3: Precision of top L/5 and L/2 contacts predicted for CASP12 structural domains using PSI-
COV, FreeContact, and CCMpred, the maximum precision of the three methods, and the MULTICOM-
CONSTRUCT (MULTICOM) method of using machine learning to integrate multiple co-evolution features.
This dataset excludes the cases in where PSICOV failed to generate any results within the time limit.

PSICOV FreeContact CCMpred Maximum MULTICOM

Domain =y~ ™y 2 1L/5 1L/2 L/5 L/2 L/5 L/2 L/5 LJ2

T0861-D1 79 54.5 79 66 83.9 77.6 83.9 77.6 85.5 81.4
T0862-D1 0 0 0 0 15.8 6.4 15.8 6.4 26.3 12.8
TOS63-D1 26 31 0 0 26 21 26 31 26 7.2
T0863-D2 1.4 1.7 0 0 0 0.6 1.4 1.7 4.2 3.4
T0864-D1 20.4 14.6 42.9 25.2 55.1 26.8 55.1 26.8 65.3 45.5
TOS66-D1 952 635 81 635 952 712 952 712 100  78.9
T0868-D1 13 10.3 4.4 5.2 17.4 13.8 17.4 13.8 82.6 60.3
TOS69-D1 143 125 0 39 191 135 1901 135 429  36.5
T0870-D1 16 9.7 12 6.5 16 9.7 16 9.7 16 8.1
TOSTI-D1 734 50 578 388 813 613 813 613 938 794
ToST2-D1  27.8 182 333  18.2 333 227 333 227 667 318
TOST3-D1 435 268 663 554 663 589 663 589 826  70.6
Tos7T-D1 107 7 71 56 107 85 107 85 179 211
T0878-D1 27.5 18.6 39.1 21.5 36.2 20.4 39.1 21.5 42 29.7
TOS79-D1 818 70 75 709 773 736 818 736 977 855
TosS1-DI 5 4 25 5 5 5 5 5 o0 3
Toss2-DI 63 5 125 75 188 10 188 10 6.3 10
T0884-D1 14.3 13.9 7.1 5.6 7.1 8.3 14.3 13.9 7.1 13.9
TOSS5-D1 565 351 391 333 478 333 565 351 957  Gl4
TOS86-D1  T1.4 571 786 686 786 771 786 7TT.1 786 771
TOSS6-D2 80 50 S8 609 92 609 92 600 88 828
TOS89-DI  89.6 783 875 808 875 808 896 80.8 958  900.8
T0890-D1 25 24.4 12.5 9.8 12.5 7.3 25 24.4 43.8 22
TO890-D2 191 113 0 0o 0 57 191 113 143 113
T0891-D1 63.6 41.1 59.1 42.9 68.2 46.4 68.2 46.4 90.9 87.5
T0892-D1 214 143 429 220 50 257 50 257 357 286
T0892-D2 22.7 16.4 31.8 18.2 18.2 14.6 31.8 18.2 54.6 49.1
Tos93-DI 0 27 0 54 67 81 67 81 67 8.1
T0893-D2 912 80  91.2 80 941 835 941 835 971 894
T0894-D1 11.1 11.1 27.8 15.6 22.2 13.3 27.8 15.6 11.1 13.3
T0894-D2 18.2 18.5 27.3 14.8 36.4 18.5 36.4 18.5 54.6 33.3
T0895-D1 4.2 5 4.2 5 12.5 5 12.5 5 33.3 30
ToserDI 0 o0 o0 15 0 0 0 15 71 7.3
TOS97-D2 24 226 20 145 32 242 32 242 52 258
TossDI 0 0 0 o 0 o 0o o0 48 7.6
T0898-D2 0 0 9.1 14.3 9.1 3.6 9.1 14.3 9.1 10.7
TO899-D1 269 208 269 192 289 154 289 208 712  49.2
T0899-D2 16.7 13.6 5.6 6.8 11.1 11.4 16.7 13.6 44.4 36.4
TO900-DI 50 431 50 451 65 569 65 569 95 804
T0901-D1 62.2 46.4 62.2 47.3 60 48.2 62.2 48.2 84.4 67
T0901-D2 14.3 11.4 7.1 5.7 0 2.9 14.3 11.4 64.3 40
TO902-D1 674 56 739 603 674 655 739 655 9035  88.8
TO903-D1 277 228 15 43 277 185 277 228 985  80.9
T0904-D1 50 31.8 24 16.7 70 44.4 70 44.4 T4 48.4
T0905-D1 33.3 23.1 41.7 26.5 41.7 26.5 41.7 26.5 79.2 54.6
T0905-D2 30.8 24.2 0 6.1 7.7 12.1 30.8 24.2 46.2 48.5
TO909-D1 27 151 203 197 443 284 443 284 431 327
TO9I-DI 659 505 781 647 72 691 781 69.1  86.6 76
T0912-D1 20.5 20.2 84.3 69.1 78.3 63.8 84.3 69.1 91.6 82.1
T0912-D2 294 185 588 420 588 476 588 476 412 333
T0912-D3 0 0 14.3 15.4 23.8 17.3 23.8 17.3 42.9 28.9
TO913-D1 485 343 647 485 794 574 794 574 601 621
T0914-D1 6.3 5.1 3.1 2.5 6.3 2.5 6.3 5.1 6.3 8.9
T0914-D2 9.4 7.4 3.1 2.5 6.3 2.5 9.4 7.4 6.3 4.9
TO915-D1 65 65 65 26 0 26 65 65 484 273
TO917-D1 821 704 769 663 897 796 897 796 974 84T
TO91S-D1 409 278 50 407 591 50 501 50 773 59.3
T0918-D2 48 29 60 48.4 68 58.1 68 58.1 88 71
TO91&D3 25 153 75 475 75 525 75 525 667 45.8
T0920-D1 859 658 875 758 891 783 801 783 038 888
T0920-D2 0 0 2.3 1.8 4.6 2.7 4.6 2.7 22.7 18.2
T0921-D1 64.3 34.8 60.7 46.4 57.1 39.1 64.3 46.4 96.4 76.8
T0922-D1 267 27 333 297 333 324 333 324 533 16
T0928-D1 52.9 36.3 72.1 43.3 66.2 51.5 72.1 51.5 79.4 63.2
T0944-D1  70.6 441 628 496 686 583 706 583 882 6.9
T0945-D1  29.3 25 467 282 733 532 733 532 867  64.9
T0946-D1 12.5 10 0 2.5 25 17.5 25 17.5 25 30
T0946-D2 667 528 667 509 619 576 667 576 81 736
T0947-D1 571 364 657 466 771 50 771 50 80  67.1
To948D1 33 4 167 93 67 67 167 93 67 107
Mean 34.1 25.4 36.3 28.3 41.6 32.6 44.2 34.1 56.3 46.2
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always performs better than individual coevolution-based features. Taking domain T0868-D1 as an

example, when top L/5 long-range contacts are evaluated, the predictions by PSICOV, CCMpred,

and FreeContact have precision of 13%, 4.4%, and 17.4% respectively, the final prediction made by

MULTICOM-CONSTRUCT, however, boosts the precision to 82.6%. As shown Figure 6.1, the

contacts predicted by MULTICOM-CONSTRUCT (Figure 6.1(A)) are much more near-native

compared to the individual coevolution-based predictions.
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Figure 6.1: Contact map visualization of top L contacts predicted by MULTICOM-CONSTRUCT (A),
PSICOV (B), FreeContact (C), and CCMpred (D) for the target domain T0868-D1. Green dots in up-
per triangles represent contacts in the native structure and red dots in lower triangles denote the contact

predictions.
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6.4.4 Relationship between number of effective sequences and precision
of contact prediction
Study of the relationship between the number of effective sequences (Nes¢) in the alignment and
the precision of the predicted contacts can provide useful insights on estimating the accuracy of the
predicted contacts. A direct comparison between N.;y and precision is less meaningful if Ny is
calculated for the whole target sequence and the contact precision are evaluated at the domain level.
Hence, we also calculated N,y using our N¢ysy calculation method at the domain level. Figure 6.2
plots the precisions of top L/5 contact predictions of the domains in CASP12 dataset against the
logarithm of their number of sequences (N) in the alignments generated for the whole targets and
the logarithm of the number of effective sequences (N¢sf) at the domain level, respectively. The
Pearson’s correlation between the precision and log(N) is 0.47, lower than 0.66 between the precision
and log(N.sr) at the domain level. According to the plot between contact prediction precision and
Ness in Figure 6.2, it can be inferred that multiple sequence alignments with at least around 100
effective sequences at domain level has a good chance to produce 50% precise contact predictions,
whereas, when the N.;¢ is more than 1000, the precision has a high chance to reach above 70 to

80%, for L/5 long-range contacts.
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Figure 6.2: The precision of top L/5 long-range contacts predicted by MULITCOM-CONSTRUCT is plotted
against the logarithm of number of sequences (N) in the alignments generated for the whole targets (left)
and the logarithm of number of effective sequences (Neyys) calculated for the domains (right) on the CASP12
dataset. The Pearson’s correlation coeflicients of the precision with log(N) and log(Ncss) are 0.47 and 0.66,
respectively.

However, there are some exceptional cases where the contact prediction precision is very low
even though the number of sequences in the multiple sequence alignment is high. MULTICOM-
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CONSTRUCT’s contact precision for top L/5 long-range contacts is only 4.6% for the domain
T0898-D1, whose number of sequences in the alignment is very high (~50K) and the number of
effective sequences is 389. When checking the quality of coevolution-based features of this domain,
we observed that all individual coevolution-based features also had low-quality contact predictions.
However, in general, 389 effective sequences should be sufficient to produce coevolution-based fea-
tures and final contact predictions of decent quality. After checking the sequence alignment of this
domain, we find that most of the sequences have gaps for the first domain (i.e. T0898-D1) and cover
only the second domain of the target, such that the N.s; for the second domain is much higher,
1648. Moreover, although the multiple sequence alignment has many sequences, most sequences are
extremely short, having only around 30 valid residues (non-gaps), and are not useful for predict-
ing long-range contacts with sequence separation >= 24. To verify our observation through N,
calculations, we modified our program to calculate N.s; so that aligned gaps were also considered
as a match (gap was considered as 21st amino acid) and calculated new Ness. For this domain,
such a gap-considered Ny is just 2, suggesting that the poor coverage is the cause of the poor
contact prediction. Another exceptional case is MULTICOM-CONSTRUCT’s precision for top L/5
long-range contacts is only 7% for the domain T0893-D1, although the multiple sequence align-
ment generated with 75% coverage threshold has 63,308 sequences with N,y of 17,939. For this
domain, all standard coevolution-based features also have poor predictions. We suspect one reason
for the low contact precision is the unusual shape of the domain as its tertiary structure consists
of just two long helices side by side, whereas the other domain (T0893-D2) of regular shape in the
same target has a much higher N/, resulting in long-range contact predictions of 97% precision.
These exceptions suggest that, sometimes, coevolution-based contact prediction methods can fail to
produce accurate contacts even in the presence of a large number of sequences in the alignments,
possibly because many of the sequences in the alignment are false positive homologous sequences or
do not align well with target domains. Therefore, in addition to alignment depth as measured by
number of (effective) sequences, alignment quality needs to be considered for assessing the accuracy

of co-evolution-based contact prediction.

6.4.5 Impact of alignment parameters on the quality and depth of mul-
tiple sequence alignments

Our alignment generation algorithm gradually switches to pick lower quality multiple sequence align-

ments when high-coverage and highly homologous sequences cannot be found. For deciding when to
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use a lower quality alignment, we set a threshold of minimum 2.5L sequences in the alignment. We
run HHblits with three pre-specified coverage options and JackHMMER with six different e-value
thresholds. For example, when HHblits search with 75% coverage option produces an alignment
having less than 2.5L sequences, we check the output of the search with 68% coverage, and so on.
To analyze if these parameters were well tuned, we studied two subsets - (a) all the targets where
we used the results of HHblits search with 75% coverage, and (b) all the targets where we used
JackHMMER with e-value threshold of 1E~4°. For these two sets of targets, to study how the
various parameters influence the quality of the multiple sequence alignment (and ultimately the
quality of contact prediction), we generated multiple sequence alignment with all kinds of parameter
settings. In other words, for the first subset where we had chosen HHblits alignments with 75% cov-
erage in CASP12 experiment, we regenerated the alignments with all three coverage options (60%,
68%, and 75%) and predicted contacts using the coevolution-based method CCMpred, respectively.
For this set, surprisingly, the precision of contacts predicted using the alignments generated with
coverage parameter of 60% is slightly higher, on average, than the ones predicted using the coverage
parameter of 75%. The average precisions of top L/2 long-range contacts for the three coverage
thresholds (60%, 68%, and 756%) are 61.8%, 60.7%, and 58.1% respectively. This is true for both
multi-domain and single-domain targets in the dataset, suggesting that only one HHblits search with
coverage option of 60% is generally sufficient to generate good results. Similarly, for the second set
of targets where we had used JackHMMER with e-value threshold of 1E~4, we regenerated the
alignments with all six e-value thresholds (1, 1E=4, 1E71%, 1E=2° 1E73% and 1E~°) and predicted
contacts using the coevolution-based method CCMpred. On this dataset, the best precision is ob-
tained when alignments are selected with less stringent criteria of 1E71? or 1IE~20 e-value threshold.
While the mean precision for these domains is 61.8% and 61.7% at e-value threshold of 1E~3%and
1E—49, the precision increases to 63.5% at the threshold of 1IE7'° and 1E~2°. These results suggest
that JackHMMER searches with e-value threshold of 1IE73% and 1E~%° need not to be run. In
addition to these analyses on the contact predictions of CCMpred, we also predicted contacts using

FreeContact method and observed similar results confirming our conclusion.

6.4.6 Impact of the convergence of coevolution methods on contact pre-
diction

During our experiment, the coevolution-based tool PSICOV sometime could not converge within

several hours, either because there were too few sequences or too many sequences in the alignment
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or because the input sequence was long. Hence, we ran three PSICOV jobs with different parameters
in parallel and picked the one that finished within the waiting time limit, based on a preferred order.
The preferred order for selecting PSICOV predictions was ‘d = 0.03’ followed by ‘r = 0.001’ and ‘r
= 0.01". To verify if this preference order was effective, from the dataset of all the targets for which
native structures were available for us, we selected the targets for which a multiple sequence align-
ment with at least 5 sequences could be generated and for which all three PSICOV jobs converged
without any time limit constraint, resulting in a dataset of 60 domains. On this dataset, the mean
precision of top L/5 long-range contacts for the options ‘d=0.03’, ‘r=0.001", and ‘r=0.01" are 35.4%,
33.3%, and 18.1%, respectively. The relatively higher precision of the option ‘d=0.03" and much
lower precision of the option ‘r=0.01" validates that our preference order is fine.

Further, to check how much accuracy was lost due to the five-hour time limit, from the above
set of 60 domains, we selected the domains for which we could not select the first PSICOV job (with
d=0.03 option) because of the time limit and had instead selected the second PSICOV job (with r
= 0.001 option). This resulted in a set of 10 domains for which the mean precision of top L/5 and
L/2 long-range contacts were 57.5% and 41% when the contacts were predicted with the ‘r=0.001’
option. However, had we waited for long enough to let the first set of jobs finish for these targets, the
mean precision would have increased to 64.9% and 46.9% for top L /5 and L /2 contacts respectively.

Overall, the experiments show that generating reliable multiple sequence alignments is not a
straightforward process. The definition of ‘a useful alignment’ also depends upon the coevolution-
based method used to predict contacts from the alignment. While some of these methods are resource
expensive and take longer to run, other methods are relatively fast and are almost independent of
the alignment size and length of the protein sequence. Hardware resources and the waiting time
limit available for co-evolution feature generation can influence the decision to generate and pick the
best alignments. In general, coevolution-based methods take longer to run if the size of alignment
(number of sequences in alignment) is big. In some case, CCMpred can run on CPUs for more
than a day and PSICOV can run for days. If the hardware resources are limited, it is appropriate to
attempt to obtain a reasonable, but less extensive alignment before running these tools. For instance,
if HHBIits coverage option of 75% produces 90K sequences, it may be appropriate to increase the
coverage threshold to a higher value like 80% to obtain an alignment of smaller size for which the

coevolution-based methods can make predictions within a time limit.
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6.4.7 Three-dimensional model reconstruction using the predicted con-
tacts

The primary objective of predicting contacts is to use them for three-dimensional structure predic-
tion. In this context, with the contacts predicted by MULTICOM-CONSTRUCT, we built three-
dimensional models using our fragment-free ab initio folding tool CONFOLD 1.0 [25] to study the
usefulness of the predicted contacts. CONFOLD is guided by predicted contacts and secondary
structures only, and hence is a good method to build models to study the independent value of the
predicted contacts. Using CONFOLD, we built five models for each target in the CASP12 dataset
with five sets of contacts - top 0.8L, 1.0L, 2.0L, 3.0L, and 4.0L contacts, without removing short-
range or medium-range contacts. To be consistent with other similar works, we built models for
the whole target sequence first, without using any knowledge of domains, and then evaluated the
predicted models against structural domains. Furthermore, since the number of contacts selected
to build models greatly influences the quality of the reconstructed models, we selected ‘best of five’
models for our analysis. Our reconstruction results, shows that in general, predicted contacts and
secondary structures alone could recover the folds of 15 out of the 87 domains, i.e. with TM-score
[98] greater than 0.5. We investigated structural domains for which the accuracy of the models
was low, and found that many of them are from multi-domain proteins, which are hard for all ab
initio methods to fold as whole. This suggests that dividing multi-domain proteins into individual
domains before folding them with predicted contacts is desirable. For each of the structural do-
mains, we also studied the relationship between the best reconstructed models and the quality of
the contact sets selected for the reconstruction. The Pearson’s correlation coefficient between the
TM-score of the reconstructed models and precision of long-range, medium-range, and short-range
contacts are 0.60, 0.42, and 0.34, respectively, indicating long-range contacts are most useful for
tertiary structure modeling. We also find that the proportion of the number of long-range, medium-
range, and short-range contacts in the native structures is more similar to the proportion of the
contacts that were used to build the best models, suggesting that contact-selection i.e. the number
of short-range, medium-range, and long-range contacts to select for building models, is important
for accurate reconstruction.

As an example, we discuss the reconstruction of a free-modeling domain T0900-D1. T0900-D1
consisting of 102 residues is a complicated beta-sheet domain having 194 long-range, 31 medium-
range, and 27 short-range contacts. Of the five sets of contacts selected for reconstruction (0.8L,

1L, 2L, 3L, and 4L), the second set of top 1L contacts generated best models for this domain. This

96



top 1L set of 60 long-range, 30 medium-range, and 13 short-range contacts generated the top model
with 0.43 TM-score, almost recovering the fold of the protein. Despite predicted contacts being very
precise (i.e. top L/5 precision of 95% and top L precision of 60%) for this domain, the less accurate
reconstruction can be attributed to the poor distribution of predicted contacts used to build the
models (see Figure 6.3(A) and (B)). The correctly predicted contacts only cover a portion of the
structure of this domain. In a different experiment, we reconstructed this domain using all true
contacts and obtained a model with 0.9 TM-score and 1.4 A RMSD, which is near native. These
examples suggest that the gap between the reconstruction accuracy of using true contacts and that
of using only predicted contacts alone (i.e. without using other information like structural templates

or fragments), is still wide and the contact-based protein folding requires more research.
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Figure 6.3: Visualization of the top L contacts predicted using MULTICOM-CONSTRUCT and recon-
structed model for the domain T0900-D1. Chord diagram for the long-range contacts in the native struc-
ture are shown in (A) and the top L contacts predicted by MULTICOM-CONSTRUCT shown in (B).
MULTICOM-CONSTRUCT predicted contacts are highlighted in the native structure with actual distances
between the residues shown in black (C) and the reconstructed structure (in orange) superimposed with the
native structure (in green) is shown in (D).
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Chapter 7

Ab initio protein structure
prediction using DNCON2,
ConEVA, and CONFOLD

7.1 Introduction

The first step in predicting three-dimensional models for a protein sequence is to check if there
are homologous structural templates, by searching the input sequence against existing structural
template databases. If we are lucky, we will find at least one good homologous template, which is
not usually the case. If we do not find homologous structural templates for our input sequence, ab
initio structure prediction will be the default choice. The first step for ab initio protein structure
prediction is to predict contacts. DNCON2 can be a default choice for contact prediction as it is
demonstrated to outperform other state-of-the-art methods like MetaPSICOV [16] and Raptor-X [19]
(see Chapter 2). The second step is contact assessment. During assessment, predicted contacts may
be compared using Jaccard similarity matrices and visualized using methods like chord diagrams.
Our ConEVA web-server toolkit [27] is ideal for such assessments (see Chapter 3). The final step
is to build three-dimensional models using the predicted contacts, for which the CONFOLD method
[25] can be used. CONFOLD accepts predicted contacts and predicted secondary structures as input
and delivers top five predicted models (see Chapter 3). In this chapter, we discuss how DNCON2,

ConEVA, and CONFOLD can be utilized for ab initio protein structure prediction.
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7.2 DNCON2 for contact prediction

The DNCON2 web-server at http://sysbio.rnet.missouri.edu/dncon2/ requires as input (a) the se-
quence, (b) email address where the results are to be sent to, and (c) job name (optional). These
three parameters can be supplied as input to the homepage of DNCON2 (see Figure 7.1 ). Once
prediction is complete, the web-server sends out an email with the predicted contacts in CASP
RR format in the body of the email along with a contact-map visualization attached along. The
description of RR format is at http://predictioncenter.org/casprol/index.cgi?page=format#RR. In
each contact row, the first two numbers are residue numbers of the pair of residues predicted as a
contact, and the last number in the fifth column is the confidence score of prediction with a score of
1.0 being the most confident prediction. Among the few header rows beginning with ‘REMARK’,
three rows are of special interest — (a) Number of sequences in the alignment, (b) Effective number
of sequences in the alignment, and (c) Alignment generated. The remark row on the number of
sequences in the alignment informs the size of the multiple sequence alignment generated, which is
used by the coevolution-based feature generation tools. Similarly, the remark row on the number
of effective sequences informs the effective size of the multiple sequence alignment. Empirically, if
this number is at least a thousand, the fold of the protein structure can generally be recovered from
the predicted contacts. The last of the three remark rows of interest (alignment method) informs if
HHblits (hhb) [43] or JackHMMER (jhm) [44] was used to generate alignments. While alignments
generated with HHblits with high coverage thresholds generally deliver accurate contacts, contacts
predicted using higher e-value thresholds using JackHMMER, do not guarantee accurate contacts.
Finally, besides these numerical assessments, visual appearance of the contact map (attached in the
email) also provides an intuition regarding the quality of predicted contacts. Contact maps that

have patterns are generally more accurate than those that do not.

7.3 ConEVA for contact assessment

To access predicted contacts using ConEVA, the predicted contacts RR file can either be uploaded
or copied into the text field at the ConEVA homepage at http://iris.rnet.missouri.edu/coneva/ (see
Figure 7.2). ConEVA then presents various contact counts — proportions of short-, medium-, and
long-range contacts, and number of top L/5 and L/2 contacts. L is the length of the sequence.
These proportions are useful to study if the predicted contacts are well distributed. For instance,

if a method predicts only short-range and medium-range contacts with high confidence, the counts

99



DNCON2: Protein Contact Prediction Using Deep CNN

Contact

Input Volume
with all features
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Sequence MOTKKNEIWVGIFLLAALLAALFVCLKAANVTSIRTEPTYTLYATFONIGGLKARSPYSIGGVVVGRVADITLDPKTYLPRVT
LEIEQRYNHIPDTSSLSIRTSGLLGEQYLALNYGFEDPELGTAILKDGDTIQDTKSAMYLEDLIGQFLYGSKGDDNKNSGDAP
AAAPGNNETTEPVGTTH

Run DMCONZ

Download DNCON2's predictions for CASP 10, 11, and 12 datasets here.

Authors
Badri Adhikari, Jie Hou, and Dr. Jianlin Cheng (PI)

Bioinformatics, Data Mining and Machine Learning Laboratory (BDM)
Department of Electrical Engineering & Computer Science
University of Missouri, Columbia, MO

Figure 7.1: A screenshot of DNCON2 web-server at http://iris.rnet.missouri.edu/dncon2/.
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of long-range contacts will be very low. When no true structure exists, the only analysis we can
perform is visualizations to check the proportion of contact types and ensure a good coverage.
Visualizing three-dimensional information in lower dimensions is challenging, but if we are interested
in a particular aspect of the data, simpler visualizations in lower dimensions can be easy and yet
effective. Next, the visualization using chord diagrams, contact maps, and coordination numbers
qualitatively present the distribution of contacts. Generally, for accurate model reconstruction using
predicted contacts, we desire contacts to be well distributed. Similarly, when multiple methods are
used to predict contacts, ConEVA plots Jaccard similarity matrices showing the similarity between
the various predicted contacts. High similarity between predicted contacts from multiple state-of-

the-art prediction methods usually suggest accurate contacts (see Chapter 3).
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Figure 7.2: A screenshot of ConEVA web-server at http://iris.rnet.missouri.edu/coneva/.

7.4 CONFOLD for building models

To build 3D models for a given input sequence, we need to decide the number of contacts to use.
When reconstructing using true contacts, we know that this number must be at least 8% of the
native contacts. For predicted contacts, however, the number of contacts that may be used (to
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build models) depends on various factors - (a) contact prediction method, (b) model building tool,
(¢c) whether or not additional information is used for modeling, and also (d) the protein structure’s
reconstruct-ability. Generally, it is found that when short-, medium-, and long-range contacts are
used, top L to top 2L contacts can be used for building models.

After predicting secondary structures (in FASTA format) using SCRATCH suite [41], the next
step for ab initio structure prediction is to supply these predictions for reconstruction using the
CONFOLD web-server at http://protein.rnet.missouri.edu/confold/. The input sequence, predicted
contacts and secondary structures can be pasted into the text fields in the CONFOLD web-server
along with email address and job name (see Figure 7.3). Before submitting the job, it is important
to select the appropriate number of contacts to be used; 2L contacts can be a default choice. Since
the CONFOLD web-server, by default, does not remove local contacts, i.e. contacts closer than
six residues, it is important to remove these local contacts and sort the predicted contacts based
on confidence score (highest confidence on top) before submitting to CONFOLD. This can be done
through scripting or using Microsoft Excel. Next, running the second stage of CONFOLD with
‘sheet detect and contact filter’ should be the default choice for second stage modeling. With these
default parameters, once CONFOLD receives the inputs, it builds 20 models and sends out the top

five models through the email address supplied as input.

7.5 Example

As an example, here we provide the steps to predict the structure for the CASP12 free-modeling
protein target T0866. It is a single domain protein with 183 residues. The corresponding PDB entry

for this target is a beta-barrel shaped membrane protein ‘5UW2’.

1. Supply the input sequence to the DNCON2 web-server with your email address and job id, as

shown in Figure 7.1. Wait for a few hours to receive an email from the DNCON2 web-server.

2. Once the contact prediction email is received, observe the number of sequences in the alignment,
number of effective sequences, and the method used to generate the alignment. For this
sequence, the number of sequences and the effective number of sequences is 4016 and 908
respectively, suggesting that the quality of contacts is good. Also, the remark row on alignment
method inform that HHBlits with 60% coverage was used to generate the alignment. This
further assures us that the accuracy of predicted contacts is possibly high. Furthermore, the
contact map image (received as an attachment in the email) has visible patterns.
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3. Save the body of the email to a file, say ‘contacts.rr’ and upload it to the ConEVA server for
assessment (see Figure 7.2). Observing the chord diagrams, we can guess that there are a
lot of contacting pairs clustered in various groups suggesting that the structure has many beta
sheets. Similarly, from the coordination number visualization of top 2L contacts, it can be

observed that no contacts are predicted for the last 30 residues.
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Figure 7.3: A screenshot of CONFOLD web-server at http://protein.rnet.missouri.edu/confold/.

4. Next, predict the secondary structures for this sequence using the SCRATCH suite available
for download at http://download.igb.uci.edu/#sspro. The secondary structure prediction (see

below), shows that this protein has 36 helical residues and 45 strand residues.

>T0866
CCCCHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCEEEEEEEECCCC
CCCCCCCEEEECEEEEEEEEEECCCCCCEEEEEEEEECCCCCCCCCCEEE
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EEECCCCCCEEEEEECCCCCCCCCCCCCCCCCEEECCCCCCCHHHHHHHEH
HHCCCCCCCCCCCCCHHCCCCCcceeecececeece

. (Option 1). Next, we supply the predicted contacts and the predicted secondary structure
to the CONFOLD web-server for structure modeling. Using Microsoft Excel or any scripting
language, remove the local contacts, i.e. pairs with sequence separation less than size residues.
Then, sort the contact rows by confidence values, with most confident contacts on top. Paste
the input sequence, predicted contact rows, and predicted secondary structure into the CON-
FOLD text fields and submit the job (see Figure 7.3). For this protein, we can select top-1.8L
contacts to build models. After modeling (which takes around two hours), CONFOLD sends

out the top five models to the email address supplied.

PFRMAT RR

TARGET 20170712135143web T0866 Test

AUTHOR DNCON2

METHOD DNCON2

REMARK Number of sequences in the alignment = 4016
REMARK Effective number of sequences in the alignment = 907.7
REMARK Alignment generated using hhb cov60.aln
MODEL 1
MOTKKNEIWVGIFLLAALLAALEVCLKAANVTSIRTEPTYTLYATEDNIG
GLKARSPVSIGGVVVGRVADITLDPKTYLPRVTLEIEQRYNHIPDTSSLS
IRTSGLLGEQYLALNVGFEDPELGTATILKDGDTIQDTKSAMVLEDLIGQF
LYGSKGDDNKNSGDAPAAAPGNNETTEPVGTTK

2 0 8 0.34929

.31871

.09939

.05254

.04175

.02262

.01744

.00914

0.00503

0.00335

e el e el e
H RO Jdo 0 W
[eNeNeololNolNelNe)

. (Option 2). The key challenge in using the CONFOLD web-server to build protein models
is deciding the number of contacts to use. In the newer version, CONFOLDZ2.0, available at
https://github.com/multicom-toolbox/CONFOLD2, this is not an issue. CONFOLD2.0 ex-
plores the fold space captured by contacts by building models for various contact selections,
clusters the predictions and automatically selects top five models. Since, CONFOLD2.0 is
resource intensive (it needs to explore the fold space) it is currently available only as a down-
loadable tool. If 40 CPUs are used, CONFOLDZ2.0 runs as fast as original CONFOLD method.
For building models using CONFOLD2.0, download the tool and follow the instructions to in-
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stall it. For running CONFOLD?2.0, the contacts predicted by DNCON2 need not be filtered
or sorted. It takes three parameters as input — (a) predicted contacts, (b) predicted secondary
structures in SCRATCH suite’s FASTA format, and (c) output directory. CONFOLD2.0 de-

livers top five predicted models in the output directory after all jobs are complete.

. Since the native structure for this target is available at http://predictioncenter.org, the next
step is to evaluate predicted contacts and predicted models. For evaluating predicted contacts,
the native structure and the predicted contacts can be uploaded to the ConEVA web-server, we
can find that the precision of top L./10 and top L/5 contacts is 100% and 90.5% respectively. Al-
ternately, the local version of ConEVA can be downloaded from https://github.com/multicom-
toolbox/ConEVA/ to evaluate the contacts. Similarly, upon evaluating the predicted models
using the TM-score program [98], we find that the TM-score of the top-one model is 0.6,

suggesting that the fold is recovered using the predicted contacts.
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Chapter 8

Conclusion and future work

8.1 Introduction

DNCON2, CONEVA, and CONFOLD, deliver a novel and promising framework to solve the three
most important sub-problems in contact-driven ab initio protein structure prediction - contact pre-
diction, contact assessment, and accurate three-dimensional modeling. The performance of our
contact prediction method, DNCON2, on the hard datasets of CASP 10, 11, and 12 free-modeling
targets shows that the existing state-of-the-art for protein contact prediction can be significantly
improved. Our study also shows that convolutional neural networks (CNNs) are well-suited for the
protein contact prediction problem. Similarly, for contact assessment, our CONEVA web-server al-
lows us to assess predicted contacts even in the absence of native structure and to comprehensively
evaluate contacts when a native structure is available. The CONEVA web-server also allows one to
study the contacts in a protein structure to find how many and what types of contacts it has. Finally,
for the third sub-problem, our CONFOLD method has demonstrated state-of-the-art reconstruction
accuracy. The precision of DNCON2 and the reconstruction accuracy of CONFOLD along with its
speed are the backbones of this novel framework towards solving the long-standing protein structure

prediction problem.
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8.2 Protein Contact Prediction

The improved performance of DNCON2 can be attributed to the following — (a) high quality multiple
sequence alignments, (b) inclusion of short- and medium-range contacts into training, (c) two-level
approach to prediction, (d) use of the state-of-the-art optimization and activation functions, and (e)
a novel deep learning architecture that allows each filter in a convolutional layer to access all the
input features. Out of these, the two most of important factors are the quality of multiple sequence
alignments and the use of convolutional neural networks. The following are some future works that

will possibly improve the precision of DNCON2 predictions.

8.2.1 Improving the quality of multiple sequence alignments

The two major criteria for including sequences into a multiple sequence alignment are coverage and
similarity (e-value threshold). Currently, DNCON2 uses two tools, HHblits and JackHMMER, to
obtain optimal number of sequences in the alignment. A major limitation of the current algorithm is
that it, by default, does not consider the fact that the proteins can be multi-domain. An approach as
simple as running the whole alignment generation algorithm two times, with the second run focusing
on the region for which alignments could not be generated, could improve the overall performance
for multi-domain proteins. One challenge, however, can be to merge the alignments in the two
stages. Finally, from our experience of generating alignments, we believe that there must be a way
to use only one tool, say JackHMMER, with appropriate parameters integrated into the alignment
search process to generate appropriate size of alignments. Developing such a method will require
significant amount of study of the multiple sequence alignments and the algorithms used in HHblits

and JackHMMER.

8.2.2 Improving the CNN block diagram and architecture

We believe that two technologies that will significantly improve the current performance of DNCON2
are — boosting and residual neural networks. Boosting, in particular, could be highly effective because
DNCON?2 uses one protein as one dataset, which allows boosting to easily separate proteins into
various ranges of prediction difficulty. Using residual neural networks will also possibly improve the

overall performance, provided that we have sufficient GPU resources to train deeper CNNs.
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8.2.3 Improving overall contact prediction

Training DNCONZ2 using much larger data set, we believe, will improve the performance of DNCON2.
A challenge in increasing the size of the dataset, in current implementation, is memory requirement.
Currently, DNCONZ2 splits the training data into three groups and performs training using one group
at a time. To train using larger datasets, the current implementation needs to be changed to a more
general version, independent of the training data size. In addition, studying the interplay of CPU

and GPU memory and effectively utilizing the GPU resources should improve the training time.

8.3 Protein 3D modeling

The improved version of CONFOLD, at https://github.com/multicom-toolbox/CONFOLD2, ad-
dresses the major limitation, i.e. generating top five models instead of just predicting a pool of
models. The reconstruction accuracy of CONFOLD may not be easy to improve further. However,
one interesting direction for improving CONFOLD is to integrate template-modeling and contact-
driven modeling. The idea we propose, as a future work, is to develop a mechanism to feed to
CONFOLD, templates (or template fragments) along with predicted contacts, so that it already
knows the structure for a region in the input sequence. In other words, if we have already found
a structural template for a region in the sequence and have contacts predicted for the rest of the
sequence (with overlap between template and predicted contacts), we may supply both to CON-
FOLD and let CONFOLD use the template and the predicted contacts to generate a final model.
This may be achieved by extracting pairwise distance restraints from the template and using them

as restraints along with contact restraints.

8.4 Ab initio structure prediction

The current settings of our three tools — DNCON2, CONEVA, and CONFOLD - perform best
for single domain proteins. This is because both the methods DNCON2 and CONFOLD deliver
better performance on single domain proteins. One obvious improvement to improve overall ab
initio structure prediction is to use domain boundary prediction methods to split the input sequence
into domains. The next improvement we propose, although it may require quite some study, is to
predict contacts at distance thresholds other than 8A (say 9A or 10A) and use them as additional

restraints to build models.
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