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Identification of ligand-receptor interactions is important for drug design and the
treatment of diseases. Difficulties in detecting these interactions using high-throughput
experimental techniques motivate the development of computational prediction methods.
We propose a novel threading algorithm, LTHREADER, which generates accurate local
sequence-structure alignments and integrates statistical and energy scores to predict
interactions within ligand-receptor families. LTHREADER uses a profile of secondary
structure and solvent accessibility predictions with residue contact maps to guide and
constrain alignments. Using a decision tree classifier and low-throughput experimental
data for training, it combines information inferred from statistical interaction potentials,
energy functions, correlated mutations and conserved residue pairs to predict likely
interactions. The significance of predicted interactions is evaluated using the scores for
randomized binding surfaces within each family. We apply our method to cytokines,
which play a central role in the development of many diseases including cancer and
inflammatory and autoimmune disorders. We tested our approach on two representatives
from different structural classes (all-alpha and all-beta proteins) of cytokines. In
comparison with the state-of-the-art threader RAPTOR, LTHREADER generates on
average 20% more accurate alignments of interacting residues. Furthermore, in cross-
validation tests, LTHREADER correctly predicts experimentally confirmed interactions
for a common binding mode within the 4-helical long chain cytokine family with 75%
sensitivity and 86% specificity. For the TNF-like family our method achieves 70%
sensitivity with 55% specificity. This is a dramatic improvement over existing methods.
Moreover, LTHREADER predicts several novel potential ligand-receptor cytokine
interactions.

Supplementary website: http.://theory.csail.mit.edu/lthreader

1. Introduction

Proteins are essential for the proper operation of living cells and viruses,
performing a wide variety of functions. Most often, they do so by interacting
with other proteins. The study of these interactions is extremely important, as
many diseases can be traced to undesirable or malfunctioning protein-protein
interactions (PPIs). Currently, methods exist for predicting PPIs that have
achieved some degree of success, relying mostly on data obtained from high-
throughput (HTP) experiments such as yeast-two-hybrid screens.

Receptors are proteins embedded within the cell membrane. Interactions
with their extra-cellular ligands occupy a central role in inter-cellular signaling
and biological processes that lead to the development and progression of many
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diseases. Of particular importance to human diseases are cytokines. Cytokine
interactions with their receptors are responsible for innate and adaptive
immunity, hematopoiesis and cell proliferation. Etiology of cancer and
autoimmune disorders can be attributed in part to cytokine signaling through
their receptors. For example, long-chain 4-helical bundle cytokines,
erythropoietin and human growth hormone, are already used for the treatment of
cancer and growth disorders. Many other therapies altering cytokine-receptor
interactions are in clinical development [1].

However, ligand-receptor (L-R) interactions are much more difficult to
predict than general PPIs, and methods that work well for PPIs often fail when
applied to L-R binding pairs. In particular, the lack of high-throughput
experimental data for these interactions makes it difficult to apply existing
prediction methods that depend on this information (see Related Work).

We consider the problem of predicting whether a ligand and receptor
interact, given only their sequence information and several confirmed L-R PPIs
among members of the same structural SCOP family [2]. Even when one or
more complex structures are available within an L-R family it is often a
challenge to effectively use this information to predict interactions among other
members of the family. One reason is the difficulty in identifying the interacting
residues that are common among distant family members. The conformational
differences that often occur at the interface of bound proteins make such
identification non-obvious.

Our approach is to thread the sequences onto the binding interface of a

solved L-R complex and to evaluate the complementarity of the resulting
surface. In so doing, we face four challenges: (1) identifying the residues at the
binding interface that are common to an L-R family; (2) threading the query
sequences onto the binding interface; (3) scoring the resulting threaded
sequences in order to differentiate between binding and non-binding partners;
and (4) evaluating the significance of the predicted interaction scores.
Related Work. Many computational approaches have been applied to
prediction of PPIs such as: threading of structural complexes [3] and scoring
them with statistical potentials [4]; correlated mutations [5-8]; and docking
methods using physical force fields [9, 10]. However, the performance of all of
these methods is highly dependent on the accuracy of the alignment to the
structural template, and for distantly related proteins is more prone to errors.
For example, the PPI predictor InterPrets [11] cannot find a confident match for
any of the sequences from the cytokine families that we consider. Integrative
machine learning methods also have been applied to prediction of PPIs and
networks [12, 13]. Many of these approaches rely on HTP experimental PPI data
itself as a predictor and this information is scarce for L-R pairs.
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Contributions. This paper proposes a novel threading algorithm,
LTHREADER, which first incorporates secondary structure (SS) and relative
solvent accessibility (RSA) predictions with residue contact maps to guide and
constrain alignments. While existing threading algorithms (e.g. RAPTOR [3])
are not so successful at aligning interacting residues in sequences with low
homology [15], LTHREADER achieves much higher accuracy (see Section 3.1).
Given interaction data from gold-standard low-throughput experiments,
LTHREADER predicts L-R interactions using statistical and energy scores.

We apply our algorithm to the cytokines, performing significantly better
than existing in silico methods (see section 3). We investigate two structurally
distinct cytokine families: 4-helical bundle cytokines and the TNF-like family
belonging to the all-beta structural class. Cytokine interactions with receptors
are particularly difficult to predict because they display a high level of structural
similarity but almost no sequence similarity, preventing the effective use of
simple homology-based methods or general threading techniques. Furthermore,
little experimental interaction data exists for cytokine interactions, and the
structures for only a few cytokine-receptor complexes have been determined.
Therefore, accurate prediction of cytokine interactions is a good indicator of the
success we can achieve with our algorithm. Finally, our method predicts
previously undocumented cytokine interactions which may have implications for
disease. We evaluate the significance of our predictions by comparing them to
those of randomized interaction surfaces.

2. Algorithm

Overview. LTHREADER threads two given protein sequences onto a
representative template complex in order to determine and score the putative
interaction surface. Our interaction prediction algorithm is divided into three
stages (Figure 1). In the first stage (Figure 1, Stage 1), from the set (at least
two) of template complexes, we determine the residues that are most likely to be
involved with L-R binding. We do this by generating a multiple alignment of
clusters of interacting residues from each complex and determining the positions
that are most conserved. We build a generalized profile for each position in the
alignment of interacting residues [16]. In the second stage (Stage 2), the profile
is used to identify the most likely location of interacting residues in the query
sequences. The locations of the interacting residues in the query sequences
define the putative interaction surface. In the third stage, this surface is scored
using several methods and an interaction prediction is made using a decision tree
classifier (Stage 3). The significance of the classification is then evaluated by






























