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Abstract
Recent advances in protein-protein interaction (PPI) research have harnessed the power of artificial
intelligence (AI) to enhance our understanding of protein behaviour. These approaches have become
indispensable tools in the field of biology and medicine, enabling scientists to uncover hidden connections
and predict novel interactions. The experimental processes to analyze and validate the interactions
between proteins are usually expensive and time-consuming and with this work, we can reduce these
costs by strategically filtering and computationally validating the possible proteins which might take
part in the interactions at hand. Aiming at helping in broadening the repertoire of known interacting
proteins, we present a method for the systematic screening of proteins that exhibit a high affinity for
the interaction with a chosen protein. Specifically, building upon already known protein interactions,
we exploit the self-explainability of the deep learning model DSCRIPT to search and find promising
protein candidates for a determined PPI. We analyze and rank the candidates using various strategies,
and then employ AlphaFold2 to validate the resulting interactions. Consequently, we compare our AI-
driven methodology with traditional bioinformatics approaches commonly used to find potential protein
candidates. Throughout the overall process, explanatory data is obtained, among which is an informative
contact map that elucidates the potential interaction between a protein of the known interaction and
the predicted proteins. As a case study, we apply our method to deepen our understanding of NKp46’s
ligands repertoire, which is yet not fully uncovered.
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1. Introduction

Predominant computational models employ data-driven algorithms that assess pairs of proteins,
evaluating their likelihood of interaction based on their primary features, thereby categorizing
the pairs as either interacting or non-interacting. Unraveling protein-protein interactions
(PPIs) represents a fundamental challenge in bioinformatics. Despite the extensive research
efforts dedicated to identifying PPIs, a significant discrepancy persists between the number of
experimentally verified interactions and the vast array of PPIs in biological systems.

The fraction of PPI networks that have been experimentally mapped is minimal, primarily
due to the prohibitive costs and extensive time investments required by traditional experimental
methodologies. Consequently, the deployment of high-throughput computational strategies
becomes indispensable for the systematic discovery of protein interactions. When employed
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alongside experimental techniques, these computational-based techniques substantially elevate
the fidelity and precision of PPI predictions. PPI models forecast potential binding between
pairs of protein complexes, starting from their amino acid sequences. Among state-of-the-
art methods, some studies [1, 2, 3, 4] propose using AlphaFold to fold the dimer of the pair
and predict contact points, providing accurate results. However, while it is very accurate,
predicting such interaction generally takes a moderate amount of time, posing challenges for
identifying novel interacting proteins. Recognizing these needs, our study concentrates on the
strategical identification of potential interacting protein candidates, informed by experimentally
pre-established interaction data.

Avoiding the indiscriminate search for protein pairs with potential for interaction, our
methodology exploits the explanation of deep neural networks to pinpoint proteins with a high
propensity for interaction with another chosen protein. This original and simple approach
initiates with the choice of a protein pair known to interact experimentally, utilizing one
protein as a template to model interaction with its counterpart. The model protein undergoes a
computational process, subsequently serving as a basis to identify other proteins exhibiting
analogous interaction potential.

To reduce the overall process time, we propose to use a deep learning interpretable sequence-
based, structure-aware, genome-scale protein-protein interaction model, DSCRIPT [5, 6], to
seek potential candidates that could take part in the interaction with a pre-chosen protein. In
this way, we optimize the starting phase by choosing only the candidates with the highest
potential for interaction. DSCRIPT1 is an attention-based PPI model that can be explained
through visualization of attention scores used to estimate the interaction between two proteins
(more about in section 2). Indeed, DSCRIPT generates contact maps of the predicted interaction
that are coherent with the ground truth [5]. This inherent interpretability of DSCRIPT allows us
to better strategize how to filter the potential protein candidates for interaction with a chosen
protein. The high potential proteins found through the inner representations computed by
DSCRIPT (obtained with different strategies) were then validated by using both DSCRIPT itself
and the SpeedPPI2 model [7], which is an innovative optimized protein structure prediction
method based on the AlphaFold2 (AF2) [8] model. This step was crucial in confirming the
biological relevance of the interactions identified by DSCRIPT.

Our case study is the recently discovered interaction between the NKp46 of natural killer
(NK) cells with calreticulin (CRT) [9]. We focus on finding proteins similar to CRT which could
potentially interact with NKp46. As part of the innate immune system, NK cells play a crucial
role in detecting and eliminating infected, transformed, and stressed cells [10, 11, 12]. Among
the natural cytotoxicity receptors (NCRs) that activate NK cells, NKp46 stands out for its ability
to recognize and target a broad spectrum of tumour cells [13, 14, 9]. NKp46 is encoded by
the NCR1 gene and is the most evolutionarily ancient NK cell receptor, expressed by most
NK cells and some innate lymphoid cells. This remarkable ability is related to the receptor’s
interactions with its ligands. However, the specific identity of these ligands remains unclear [15].
Its activation is associated with destroying cancer cells, making it a potential target for cancer
immunotherapy. However, the scarcity of identified ligands for NKp46 hinders its therapeutic

1https://github.com/samsledje/D-SCRIPT?tab=readme-ov-file
2https://github.com/patrickbryant1/SpeedPPI
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application.
In this work, we specifically aim to identify potential proteins that might interact with NKp46

utilizing PPI models’ inherent interpretability and inner representations.
Overall, we provide the following contributions:

• Development of a systematic screening method for proteins that exhibit a high affinity for
interaction with a chosen protein, leveraging the self-explainability of the deep learning
model DSCRIPT;

• Utilization of AlphaFold2 to validate the interactions predicted by DSCRIPT, comparing
the AI-driven methodology with traditional bioinformatics approaches;

• Finding potential ligands for NKp46 that may play an important role in the human immune
system.

The remainder of this work is organized as follows: Section 2 introduces a literature review
of methods related to PPI; in Section 3 we describe in detail DSCRIPT and SpeedPPI, on which
we base our work, and present our proposed approach; Section 4 provides the experimental
procedures to validate our approach using NkP46 as a case study; finally, in Section 6 we wrap
up our results, presenting the limitations and future directions of our work.

2. Related Work

Protein-Protein Interactions (PPIs) boast of several works leveraging prior knowledge from
known interacting protein sequences and employing machine-learning (ML) techniques [16,
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. Some approaches focus solely on amino acid sequences,
employing strategies such as counting amino acid triplets [19, 23, 26], defining signatures as
sets of subsequences [20], assessing auto-correlation values of physicochemical scales [24, 28],
or analyzing normalized counts of amino acid residues or pairs [25]. These sequence-based
methods have demonstrated prediction accuracies ranging from 70% to 84% on human datasets
and around 70% on yeast datasets. Additionally, several methods incorporate information about
protein domains [29, 30], which has proven to be informative for PPI prediction [27]. However,
domain-based methods are limited in applicability to proteins lacking domain assignments.

Identifying homologous proteins is a common strategy for inferring the functions of newly
discovered proteins, as homologs typically share similar functions and three-dimensional
structures. This deductive approach has also been employed in predicting PPIs, assuming
that homologous proteins exhibit similar interaction patterns and functions [31]. Traditionally,
a pair of interacting proteins in one species and their corresponding orthologs in another
species, known to interact with each other, are termed interaction-orthologs (interologs) [32, 33].
However, the concept can be expanded to include interaction-homologs, as the distinction
between orthologs and paralogs is not always clear-cut [31, 34].

A similar concept to what we want to do was first proposed in 2001 by Chen and Zhi
[35], in which it was called Inverse Docking. It refers to computationally docking a specific
small molecule of interest to a library of receptor structures. The technique may be used to
identify new potential biological targets of known compounds [36, 37, 38], or to identify targets
for compounds among a family of related receptors [39]. Another application is to predict a



compound’s pharmacological profile [40] or to generate a virtual selectivity profile characterizing
the inhibitors’ promiscuity [41]. Given the multi-faceted nature of a pharmacologically active
compound’s biological effects, inverse docking is especially helpful, because it may generate
new hypotheses for the action mechanism. In the case of inverse docking and similar techniques,
to our knowledge, only small molecules are considered, whereas we include ligands/proteins
without constraints on dimensions, sequence length or structure.

Deep learning models have the ability to learn patterns in data that are often unclear to
us humans, making them difficult to spot using conventional methods. This explains why
deep learning models are increasingly common in scientific research. For our purpose, the
characteristics of deep learning models provide a clear advantage over standard bioinformatic
tools and approaches. These models can identify proteins that are semantically relevant,
which might be overlooked by other analyses and methods when studying interactions with a
specific chosen protein. So choosing deep learning models to handle proteins information and
representations, we think it would allow us to reach a higher probability of finding the most
meaningful proteins for our purpose.

One notable deep learning technique is DSCRIPT, a sequence-based, structure-aware model
for predicting protein-protein interactions. It bypasses the need for structural or experimental
interaction data, capturing complex patterns within protein sequences indicative of interaction
potential. It employs convolutional and recurrent neural networks to infer potential contact
points between proteins, simulating the physical interaction space and generating an inter-
protein contact map. DSCRIPT’s key conceptual advance lies in implementing an interpretable,
structure-based model despite having only sequence-based inputs. Leveraging recent advance-
ments in protein language modeling [42], it constructs informative protein representations
implicitly endowed with structural information. The model’s generalizability and interpretabil-
ity stem from its ability to learn informative geometric representations of proteins, transforming
protein embeddings into a 2D contact map. The authors hypothesized that proteins with
similar embeddings are likely to interact similarly, enabling the discovery of new interacting
pairs. Evaluation against other protein sequence representations and BLAST [43] searches con-
firmed DSCRIPT’s efficacy in identifying interactions. Additionally, the model’s interpretability
aids in predicting inter-protein docking contacts, producing contact maps consistent with the
ground-truth contacts.

Given DSCRIPT’s ability to generate meaningful protein representations and its interpretabil-
ity through contact maps, it emerged as a logical choice for screening potential interaction
protein candidates. Its inherent interpretability made it a preferred option for our approach.

To validate the proteins and interactions computed we use the SpeedPPI [7] model which
represents a significant advancement in the field of computational biology, particularly in the
rapid construction of protein-protein interaction networks. The model operates on the principle
of evaluating pairwise interactions through AlphaFold2 following the FoldDock pipeline [44],
which is specifically tailored for PPIs. We were inspired by this case study [45].



3. Methods

In this section, we present the mathematical foundation for our approach. We divide it into two
parts: the former presents the first step of our approach, which consists of searching candidates
and identifying proper filters; the latter focuses on validating the results.

3.1. Identification of potential candidates

The overall process starts from a known interaction between a target protein, T, and a ligand-
protein, L. The aim is to find proteins that might interact with protein T similarly to L. We
retrieve the proteins’ data in the STRING [46] and UniProt [47] databases. After obtaining a set
of proteins of interest, we pass them through the DSCRIPT model to get their representations.

Embeddings These representations are also referred to as “embeddings”. An embedding is
a numerical representation of objects, words, or entities in a continuous vector space. This
representation usually encapsulates semantic and syntactic information in a dense, fixed-length
vector format, facilitating computational operations.

DSCRIPT To retrieve the embeddings, we utilize a pre-trained model developed by Bepler
and Berger [42], called DSCRIPT. This model consists of a Bi-LSTM [48] trained on three dis-
tinct types of data: the proteins’ SCOP classification (i.e. Structural Classification of Proteins),
which provides a general structural framework, the self-contact map detailing the protein’s 3-D
structure, and the sequence alignment among similar proteins. These embeddings effectively
encapsulate the protein sequences’ local context and overarching structural attributes. Specifi-
cally, the encoding for each amino acid is 𝑑0-dimensional, capturing not only the properties of
the individual amino acid but also the broader structural context of the entire protein sequence.

For a given protein L with sequence 𝑆𝐿 of length 𝑛, DSCRIPT generates an embedding
𝐸𝐴𝐿 ∈ ℝ𝑛×𝑑0 , where 𝑑0 is the dimensionality of the embedding space (𝑑0 = 6165 in our case).
DSCRIPT’s predictive capability hinges on its ability to generate embeddings for two proteins
and compute an interaction probability ̂𝑝 ∈ [0, 1]. The model’s architecture employs a projection
module to reduce embeddings to a lower dimension 𝑑 using a multi-layer perceptron using the
rectified linear unit (ReLU). The projection module is followed by a residue-contact module,
which takes the 𝑑-dimensional embeddings and models the interaction between the residues
of each protein. This process results in a contact prediction matrix 𝐶̂ ∈ [0, 1]𝑛×𝑚 and a single
interaction probability ̂𝑝, derived from the matrix through global pooling operations, which
captures the intuition that a pair of interacting proteins will be characterized by a relatively
small number of high-probability interacting residues and a logistic activation function through
the interaction prediction module. The global pooling operation captures the intuition that a
pair of interacting proteins will be characterized by a relatively small number of high-probability
interacting residues or regions This activation function takes the raw probability predictions
and makes them steeper, depressing values below 0.5 towards 0 and inflating values above 0.5
towards 1, controlling the rate at which this occurs. Then ̂𝑝 and 𝐶̂ are returned as the model
prediction.



Cosine Similarity In our approach, we use DSCRIPT first to obtain representations of all the
proteins in the set, and then we compute a score that tells us how similar these representations
are to the representation of the protein of interest. In particular, we leverage the cosine similarity:

𝑐𝑜𝑠𝑖𝑛𝑒_𝑠𝑖𝑚𝑖𝑙𝑎𝑟 𝑖𝑡𝑦(𝐸𝐴, 𝐸𝐵) =
∑𝑑

𝑖=0 𝐸𝐴𝑖𝐸𝐵𝑖
||𝐸𝐴||||𝐸𝐵||

∈ [−1, 1], (1)

where 𝐸𝐴 and 𝐸𝐵 are two embedding vectors and 𝑑 is their dimension.

3.2. Validation of candidates

To validate the candidates, we use SpeedPPI, which is an optimized model based on AlphaFold2
[8] for PPI network prediction 40x faster and less disk space reliant [7].

Given an organism, the proteome is extracted fromUniProt or another database. All sequences
are used in single-sequence mode to create multiple sequence alignments (MSAs) with HHblits
[49] searching on the Uniclust30 [50] database.

Multiple Sequence Alignments A multiple sequence alignment (MSA) organizes protein
sequences into a rectangular array, aiming to align residues within columns that are homologous,
superposable, or serve a common functional role, although these criteria may yield different
alignments as sequence, structure, and function diverge over evolutionary time [51]. MSAs are
indispensable in biology and bioinformatics for comparing sequences, revealing evolutionary
relationships, and identifying conserved regions. They entail aligning nucleotide or amino
acid sequences to detect similarities and differences, employing diverse algorithms, which aid
in predicting functional domains and phylogenetic relationships but can face computational
challenges with highly diverse sequences.

SpeedPPI and AlphaFold2 In the procedure, the MSAs are paired based on species informa-
tion, and all single-chain information is maintained by block diagonalization. The MSA pairing
and block diagonalization are done within the network, avoiding writing this information to disk,
which reduces disk space requirements and the total prediction time. The structure prediction
is made with AlphaFold2, and the features are prefetched. AlphaFold2 is a system designed to
predict the 3D structures of proteins. It works by taking the sequence of amino acids that make
up a protein and then using deep learning algorithms to predict how these amino acids fold and
interact to form a 3D structure. Its architecture involves a deep neural network comprising two
main components: a novel attention mechanism and a fully differentiable module for structure
prediction. The attention mechanism allows the model to focus on the most relevant parts of
the protein sequence when making predictions, while the structure prediction module uses a
series of mathematical functions to estimate the distances between pairs of amino acids and the
angles between connected amino acids, which are crucial for determining the overall shape of
the protein. Additionally, AlphaFold2 uses a technique called “attention-based message passing”
to incorporate information from the entire protein sequence into its predictions, allowing it to
capture long-range interactions that were previously difficult to model accurately.



pDockQ score The predictions are evaluated with the pDockQ score within the prediction
runs. The model produces pDockQ scores (introduced in [44, 45]). This score is created by
fitting a sigmoidal curve, to the DockQ [52] scores:

𝑝𝐷𝑜𝑐𝑘𝑄 = 𝐿
1 + 𝑒−𝑘(𝑥−𝑥0)

+ 𝑏

where 𝑥 is the average interface plDDT multiplied with the logarithm of the number of interface
contacts and 𝐿, 𝑥0, 𝑘, 𝑏 are obtained from the fitting process. From the prediction of the pDockQ
score and 3D structure in AF2, we store the contact points of the interaction to validate that
the interaction is similar to the one of the original ligand. The 𝑝𝐷𝑜𝑐𝑘𝑄 ≥ 0.23 was considered
to indicate a well modeled interaction [45], hence we considered the protein used for the
interaction to be a more probable ligand of NKp46. To further expand the analysis we generate
a contact map and some histograms of the distribution of contact points in relation to NKp46
(see section 5).

4. Experiments

We start our experiments by validating the capability of PPI models to reproduce known
interactions found in the literature involving NKp46. In particular, we observe that DSCRIPT
recognizes the interactions of NKp46 with CFP and TYROBP. We focus our study mainly on the
recently proved interaction CRT-NKp46 [9] which caught our interest, given its relevance in
the medical field.

We generate high-dimensional representations of NKp46 and CRT through DSCRIPT. We
compute the interaction score and contact map of the interaction (Figure 1).

From the analyses of the contact map, we notice that the most active amino acids of CRT in
the interaction are in the range of 199-227, while for NKp46 they are in the range 80-258. Both
ranges are exactly within the bounds of the CRT’s P-domain and NKp46 extracellular region
which are the regions involved in the interaction. This is coherent with what the authors of
DSCRIPT claimed: DSCRIPT is capable of producing contact maps that are similar to the ground
truth of the interaction [5].

We chose CRT as the template protein and we use the UniProt database[47] to find the
initial set of proteins we are interested in. Focusing on human proteins, we filter the database
accordingly and since for our case study the known interaction involves NKp46 and CRT, with
CRT located on the cell surface/membrane after having translocated because of the cell ER stress,
we refine our search to include only proteins likely to interact with NKp46 in this location. As
a result, we narrowed down our database to 7188 proteins.

To find and filter the potentially similar proteins of CRT we try two approaches: (i) similarity
to the entirety of the P-domain (amino acids 198-308) and (ii) similarity to the most small
interacting range (triplet) of amino acids (199-201). There are two main reasons why we thought
of these two approaches: (i) the P-domain is actively involved in the interaction [9] and finding
proteins that have part of the amino acid sequence semantically similar to the entirety of
the P-domain could lead to proteins with similar general characteristics to it, hence potential
candidates for interaction; (ii) using the most “interacting” triplet of amino acids could be more



Figure 1: Contact map for the amino acids of NKp46 (on y axis) and CRT (on x axis).

precise because clearly the P-domain is not entirely interacting with NKp46 but most probably
only a limited percentage of the sequence will be interested in the interaction, hence using the
most interacting triplets could lead to a less noisy set of protein candidates compared to the
other approach.

The high dimensional embeddings of the proteins are at the amino acid level so we compute
the similarities at this exact level. In both cases, (i) and (ii), we use DSCRIPT to generate
the proteins’ representations. We analyze each protein in the database obtained, amino acid
embedding per amino acid embedding of CRT. The similarity score at the amino acid level is
given by the cosine similarity (see 3.1). In (i) we compare each amino acid representation of a
protein to every amino acid of the P-domain in CRT, then we compute the mean and median.
In (ii) we compare every triplet in the protein at hand and the most interacting triplet in CRT,
then we compute the mean.

So a similarity score is assigned for both cases to each protein. Then, we pass such proteins
to DSCRIPT in order to predict the interaction with NKp46, producing interaction scores and
contact maps. The most important information is obtained: for (i), mean and median of the
similarity to P-domain, DSCRIPT interaction score and contact map; for (ii) mean of the similarity
between the most interacting triplets of the protein and CRT, interaction score and contact map.
By combining this data we rank the proteins and obtain a limited list of candidates.

We take the best proteins overall (DSCRIPT interaction score ≥ 0.5 and highest median/mean
similarity values) for the final validation through SpeedPPI. We compute the pDockQ score of
the interaction and the 3D structure, so we can also get the predicted contact points. AlphaFold
has some statistical components that may vary the outcomes in different executions, so we run
the model 25 times with different seeds to obtain more robust final results.

We also run some experiments with commonly used bioinformatics tools such as BLAST [43]



to find proteins similar to CRT. Hence we also used our approach on these proteins (and CRT)
to compare the results.

In rest of the study we will refer to the proteins we found as Protein + index (P+index), to see
the correspondence to the real proteins and their genes see table 3

5. Results

In this section, we analyze and compare the bioinformatics methodology (Section 5.1) with the
two main directions taken for our experiments. As we introduced in Section 4 we consider the
P-domain area (Section 5.2) and the three consecutive most interacting amino acids (Section 5.3)
of CRT in order to find proteins similar to CRT that also have relevant features for interaction
with NKp46.

To analyze the obtained candidates we create the boxplot of pDockQ scores to better visualize
the distribution of the results on the different runs of SpeedPPI that allow us to have robust
outcomes. Then, knowing that the NKp46 is able to interact only in a specific portion of itself,
the extracellular domain, we further investigate where the contacts effectively occur. For this
reason, we report the distribution of the contact points along the NKp46 amino acids’ sequence.
We highlight the three main portions of NKp46 with different colors: yellow for the signaling
peptide, green for the extracellular domain and red for the intracellular and transmembranal
part. Additionally, we report in tables the average and median amount of contact points for
area.

5.1. Bioinformatics methods

More commonly used tools that compute sequence and structure similarity between proteins,
like BLAST [43], Prosite [53], MEME suite [54] or InterPro [55], when used to find similar
proteins to CRT always found its isoforms or calnexin and calmegin. These latter proteins
belong to the same protein family of CRT and have a similar sequence to the CRT’s P-domain.
Both of them reside in the endoplasmic reticulum (ER), share structural features and play
essential roles in protein folding and quality control within the ER.

From Figure 2 and Table 1 we can see that while the pDockQ scores are high, most of the
contacts are in the signaling (yellow) and extracellular (green) parts of NKp46 for CRT, instead
for calmegin and calnexin the contacts tend to be mostly in the cytoplasmic part (red). It is
reasonable that most contacts happen in the cytoplasmic part, due to the fact that they reside
in the ER. CRT is also found in the ER, but when ER stress is induced it translocates to the
membrane. We do not know if the same could happen to calmegin or calnexin, but the models
seem to have captured this characteristic for CRT: the pDockQ score is high and the contacts
are mostly on the extracellular part of NKp46 which is not the case for the other two proteins.
This could mean that the similarity between calnexin, calmegin – which were found with
bioinformatic tools – and CRT is more about sequence similarity than a similarity that alludes
to a possibility for interaction.

Clearly, these bioinformatic techniques are precise and indeed return “similar” proteins in
a sequence and structural sense but this kind of similarity is not enough, we think that using



(a) Boxplot of pDockQ scores (b) Contact points distribution along NKp46 areas

Figure 2: Analysis made on calreticulin (CRT), calmegin (CLGN) and calnexin (CANX) when we predict
their interaction with NKp46 using SpeedPPI model. In Figure (a) there are the pDockQ scores, while in
(b) the contact points distribution on the different areas of NKp46. Both computed over 25 runs of the
model.

Calreticulin Calmegin Calnexin

Average
Signal 0.63 0.82 0.92
Extra 0.51 0.52 0.43
Intra 0.30 1.55 1.00

Median
Signal 0.56 0.76 0.96
Extra 0.32 0.40 0.32
Intra 0.28 1.56 0.64

Table 1
Predicted average and median contact frequencies by the SpeedPPI model across various regions of
the NKp46 protein (i.e. signal peptide (Signal), Extracellular (Extra) and Transmembranal/Intracellular
(Intra)) during interactions with calreticulin and candidates found via bioinformatics approach, namely
calmegin and calnexin.

deep learning could lead us to a similarity related to the interacting ability that proteins may
have thanks to its ability in learning hidden patterns.

5.2. P-domain Embedding Similarity

In experiment (i) we consider the P-domain area for computing cosine similarities and we
extract the top-10 candidates, that we call P1...10. In Table 3 we report the UniProt IDs and
genes that correspond to P1...10. In Figure 3 we can see the pDockQ scores obtained when
predict the interaction between NKp46 and them.

Here we can see that only P1 has a pDockQ score ≥ 0.23. Figure 5, instead, shows the
distribution of contacts for all the proteins with NKp46, here we notice that P1 has most of
the contacts in the extracellular part with some high peaks. Hence, from the union of the
information of both figures, we can consider P1 to be well modeled while not the other proteins



Figure 3: Boxplot of pDockQ values of the interaction between NKp46 and proteins having high
similarity to the P-domain of CRT.

Figure 4: Boxplot of pDockQ values of the interaction between NKp46 and proteins amino acids’ triplets
having high similarity to the most interacting triplet of CRT.

that have contrasting data.
In Table 2a the average and median contact frequencies across the three regions we indicated

(signaling, extracellular, intracellular regions) of the NKp46 protein are shown. From this data,
we observe that the proteins obtained in the (i) P-domain similarity experiment have an overall
low possibility of interaction. The data show slight inconsistencies between the pDockQ score
computed and the distribution of frequencies of the contacts for each protein. For instance P2
has low pDockQ score and yet it has very high contacts’ frequencies on the extracellular part;
the same could be said of other proteins like P3.

In Figure 6 the mean and median of the number of contacts per amino acid over all the
proteins are shown.

5.3. Triplet Embedding Similarity

In experiment (ii) with the triplet similarity we obtain protein P11-P24 (see Table 3 for their
corresponding names and genes) and in Figure 4 we can see their computed pDockQ scores.

Here we can see that P11, P19 and P21 have a pDockQ score ≥ 0.23, hence we can consider



P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Average
Signal 0.09 0.00 0.11 0.00 0.17 0.10 0.26 0.05 0.44 0.07
Extra 0.26 0.33 0.31 0.04 0.30 0.26 0.15 0.10 0.27 0.15
Intra 0.27 0.14 0.01 0.06 0.76 0.17 0.28 0.10 0.09 0.03

Median
Signal 0.00 0.00 0.00 0.00 0.12 0.08 0.24 0.00 0.20 0.04
Extra 0.04 0.16 0.20 0.00 0.16 0.20 0.04 0.00 0.04 0.00
Intra 0.24 0.04 0.00 0.00 0.48 0.08 0.20 0.20 0.00 0.00

(a) Considering P-domain area of CRT for computing similarities
P11 P12 P13 P14 P15 P16 P17 P18 P19 P20 P21 P22 P23 P24

Average
Signal 0.89 0.45 0.39 0.39 0.16 0.19 0.22 0.06 1.40 0.04 0.00 0.50 0.39 0.60
Extra 0.98 0.44 0.30 0.73 0.36 0.24 0.29 0.30 0.83 0.25 0.31 0.71 0.31 0.72
Intra 0.32 0.26 0.31 0.45 0.13 0.63 0.25 0.05 1.20 0.40 0.25 0.60 0.05 0.26

Median
Signal 0.88 0.44 0.32 0.36 0.16 0.16 0.20 0.00 1.28 0.0 0.00 0.40 0.40 0.40
Extra 0.84 0.32 0.20 0.52 0.24 0.12 0.28 0.20 0.08 0.08 0.08 0.52 0.16 0.68
Intra 0.32 0.16 0.28 0.42 0.06 0.54 0.18 0.00 0.94 0.32 0.08 0.26 0.04 0.22

(b) Considering triplet of CRT’s amino acids for computing similarities

Table 2
Predicted average and median contact frequencies by the SpeedPPI model across various regions of
the NKp46 protein (i.e. signal peptide (Signal), Extracellular (Extra) and Transmembranal/Intracellular
(Intra)) during interactions with the top-k proteins identified using our method. In Table (a) the results
were obtained by using the P-domain (k=10) and in (b) by considering a triplet of aminoacids (k=14).
The mapping between P1...24 and the protein names is shown in Table 3.

them to be well modeled with high probability while not the others are (note that P12 and P14
are near a pDockQ score of 0.23 so they could be decently modeled).

In Figure 7 the distribution of contact points over 25 run is shown. As in the (i) P-domain
experiment, here in the (ii) triplets experiment, the coloured areas represent the sequence ranges
1-22 (yellow), 23-258 (green), 259-304 (red) and the green area is of most interest because it
represents the extracellular part of NKp46. In this (ii) experiment it’s clear that the quality of
the proteins obtained is better, indeed we observe three proteins having high pDockQ scores
and consistent distributions of contacts’ frequencies with high values in the extracellular part
and low values in the intracellular part. In Table 2b we report the average and median contacts’
frequencies across the three regions we indicated (signaling, extracellular, intracellular) of the
NKp46.

From this data, we observe that the proteins obtained in the (ii) triplet similarity experiment
have better consistency. This difference in the results between the two experiments is related to
the way we found the proteins. It seems that focusing on specific small regions (triplets) with
the highest interacting score instead of large domains of interest to find proteins that share a
high level of similarity can lead to more consistent results.

In Figure 8 the mean and median of the number of contacts per amino acid over all the
proteins are shown.

In Figure 9 the mean and median of the number of contacts per amino acid over the high
potential proteins P11, P19, P21 are shown.



6. Conclusions

In this work, we propose an approach to identify candidate proteins for interaction starting
from a known interaction between a protein and its ligand, using such ligand as a template for
the search. The method is based on combining the interpretability of the DSCRIPT model with
the predictive power of AlphaFold.

We firstly checked the performance of the models on known interactions, and chose the
recently discovered NKp46-CRT interaction as our case study. From UniProt we preliminarily
filtered the proteins based on specific constraints: proteins found in the human body and
specifically only on the membrane surface. We computed amino acids’ high-dimensional
representations of the proteins obtained from UniProt through the deep learning DSCRIPT
model. We used DSCRIPT’s inherent interpretability to make targeted choices on how to find
similar proteins to CRT based on the NKp46-CRT interaction. We compared the results obtained
with standard bioinformatics tools and our approach. Then we described the experiments: (i)
filtering proteins based on a large domain of interest (CRT’s P-domain in our case study); (ii)
filtering proteins based on specific small most interacting region (triplet of amino acids) of
the chosen protein (CRT in our case study). We used SpeedPPI (based on AlphaFold2) and the
pDockQ score (from FoldDock) as a validation scheme.

Our findings reveal that this methodological approach can be useful in the search and analyses
of PPIs when added to the more traditional bioinformatics tools typically employed for assessing
proteins similarity. With our approach PPIs analyses can be more targeted and can help in
finding new potential interacting proteins. We also introduce AlphaFold2 as a validation tool.
The case study on NKp46’s ligands demonstrates the method’s ability to identify meaningful
protein interactions, which could have implications for cancer immunotherapy.

In future, we would like to further investigate this case study with experimental validation
from biological experts, as well as applying the approach to other proteins of interest.
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Name in paper Protein ID Gene
P1 P15328 FOLR1
P2 P14207 FOLR2
P3 H0Y6X0 TAS1R1
P4 B7Z487 -
P5 O00451 GFRA2
P6 P09603 CSF1
P7 P56159 GFRA1
P8 Q6ULR6 -
P9 O60609 GFRA3
P10 Q9P0L0 VAPA
P11 A0A7I2V2B1 NRXN3
P12 A0A0D9SEM5 NRXN1
P13 A4FVB9 NRXN1
P14 A0A0A0MTQ4 RGMA
P15 A0A1B0GTB0 ATP6AP2
P16 A0A0H3VB22 FASLG
P17 A0A0U1RR22 PACSIN2
P18 A0A8I5KWD3 AP2M1
P19 A0A0U1RRJ0 NRXN3
P20 A0A977WMN2 TNF
P21 A6ND01 IZUMO1R
P22 O00481 BTN3A1
P23 P58400 NRXN1
P24 Q9HDB5 NRXN3

Table 3
Mapping between P1...24 and the corresponding protein ID in UniProt and their gene name if available.

B. Results details

In this section, we report some plots that show the distribution of the contact points’ frequencies
in NKp46 protein when interacting with other proteins. In Figure 5 there are the contact points of
the top-10 candidates obtained through our method when considering the similarity of potential
ligands with the P-domain of CRT. Additionally, in Figure 6, the average and median frequencies
of the contact points for the same experiment are plotted. We discuss the observations about
these results in Section 5.2.

Similarly, we report the same plots but for the experiments considering the most interacting
amino acids’ triplet of CRT for computing the similarity scores with proteins. So, in Figure 7
there are the distributions for each of the top-14 candidates, while in Figure 8 the average and
median on such candidates. We discuss these results in Section 5.3.

Lastly, in Figure 9 there are the plots of the frequency distributions of the contact points for
the candidates for which the SpeedPPI model predicts the interaction. In particular, the upper
image reports the average of the contact points along NKp46 amino acids divided by areas and
the bottom one the median. We also review these results in Section 5.3.



Figure 5: Distribution of the number of contact points for each protein in the (i) P-domain experiment.

Figure 6: The mean and median of the number of contacts per amino acid over all the proteins in the
(i) P-domain experiment.



Figure 7: Distribution of the number of contact points for each protein in the (ii) triplets experiment.



Figure 8: The mean and median of the number of contacts per amino acid over all the proteins in the
(ii) triplets experiment.

Figure 9: The mean and median of the number of contacts per amino acid over the high potential
proteins P11, P19, P21 in the (ii) triplets experiment.
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