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[Abstract] Protein-protein interactions are at the core of a plethora of developmental,
physiological and biochemical processes. Consequently, insights into the origin and
evolutionary dynamics of protein-protein interactions may provide information on the
constraints and dynamics of specific biomolecular circuits and their impact on the organismal
phenotype.

This protocol describes how ancestral protein-protein interaction patterns can be inferred
using a set of known protein interactions from phylogenetically informative species. Although
this protocol focuses on protein-protein interaction data, character-state reconstructions can in

general be performed with other kinds of binary data in the same way.

Data

A. Protein-protein interaction data

A comprehensive list of interactions for the protein family under study should be compiled.
As interaction data are typically generated only for proteins whose sequences have been
deposited in databases, a recently published comprehensive phylogeny of the protein
family under study may yield an upper estimate of the number and phylogenetic breadth of
interaction data to be expected. In many cases recently published phylogenetic
relationships need to be extracted from the publications itself, however a growing number
of phylogenies are being uploaded in online databases such as TreeBASE
(http://treebase.org/treebase-web/home.html) or Dryad (http://datadryad.org/).

1. For obtaining data on protein-protein interactions, databases might be used.

Prominent examples of such databases include BioGRID (http://thebiogrid.org/)

(Chatr-Aryamontri et al., 2013), the Database of Interacting Proteins
(http://dip.doe-mbi.ucla.edu/) (Salwinski et al., 2004), IntAct
(http://www.ebi.ac.uk/intact/) (Orchard et al., 2014) and String (http:/string-db.org/)
(Franceschini et al, 2013), to mention but a few. Above all, UniProt

(http://www.uniprot.org/) (UniProt 2015) provides cross-references to a number of

these database, thus facilitating searches for potential interaction partners.
2. Whereas database searches provide a good starting point, they very often do not
capture all of the information available. It is therefore advisable to undertake a

literature search. Special emphasize should be put on obtaining information from
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phylogenetically informative proteins, i.e. from proteins that occupy a position in the

phylogeny that is critical for resolving the state of a particular trait (i.e. the

character-state). Very often these are the early-diverging lineages, as their inclusion

(together with more derived taxa) ensures that the whole phylogenetic breadth of a

taxonomic group is captured. It might prove useful to obtain new experimental data for

proteins that are phylogenetically especially informative. Indeed, generation of new

protein-protein interaction data is often combined with character-state reconstruction

to better understand the evolution of protein-protein interactions (Liu et al., 2010;
Melzer et al., 2014; Li et al., 2015).

B. Sequence retrieval

Protein or nucleotide sequences for phylogenetic reconstructions can be retrieved from

the NCBI nucleotide collection (http://www.ncbi.nIm.nih.gov/nuccore) or the NCBI protein

collection (http://www.ncbi.nlm.nih.gov/protein).

Software

A. For sequence alignment and subsequent phylogenetic reconstructions one or several of

the following programs may be used:

Table 1. Programs for sequence alignments and phylogenetic reconstructions

Program Purpose Reference
ExPASy Translation of nucleotide sequences into | (Artimo et al., 2012)
translate amino acid sequences. http://web.expasy.org/translate/
Clustal 2 Sequence alignment. Suited especially for | (Larkin et al., 2007)
closely related sequences. http://www.clustal.org/clustal2/
MAEET? Sequence alignment. Suited for closely as | (Katoh and Standley, 2013)
well as more distantly related sequences. http://mafft.cbrc.jp/alignment/software/
RevTrans Converting amino acid alignment into | (Wernersson and Pedersen, 2003)
14 codon alignment. http://www.cbs.dtu.dk/services/RevTrans/
MEGA 6 Sequence alignment and phylogenetic | (Tamura et al., 2013)
reconstruction. http://www.megasoftware.net/
] ) (Ronquist and Huelsenbeck, 2003)
MrBayes 3 Phylogenetic reconstruction. ]
http://mrbayes.sourceforge.net/index.php

B. To collate the character matrix

Microsoft Excel or a similar spreadsheet application

C. For character-state reconstruction:
Mesquite 3.02 (Maddison and Maddison, 2015) (http://mesquiteproject.org/)
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Mesquite also provides extensive documentation: (http://mesquiteproject.wikispaces.com/)

Procedure

A. Compilation of the character matrix

A character matrix is constructed that contains the names of the proteins and their
interaction properties. This can be done using an Excel spreadsheet. Alternatively, data
may be entered directly in Mesquite (Figure 1). It is possible to collate information for
several interacting partners in separate columns. To conduct a likelihood character-state
reconstruction with Mesquite (see below) data have to be coded categorically, i.e. ‘0’ for no
interaction and ‘1’ for an interaction. Combinations for which the interactions status is
unknown are left blank. Theoretically, one may also introduce three or more categories,
e.g. ‘0: no interaction; ‘1: weak interaction; ‘2’ strong interaction. However, one needs to
be aware of the fact that the categories are still discrete and do not follow a hierarchy (e.g.
there is no constraint such that evolution has to proceed from ‘no’ to ‘weak’ to ‘strong’
interactions).

Coding of interactions can be complicated by the phylogenetic history of the interaction
partner. Consider an example in which protein A interacts with protein B in a certain model
organism. In another organism, one ortholog of A, termed A" here, may exist, but two
co-orthologs of B, (B'and B") occur. If A" interacts with B’ but not with B it is difficult to
assign an interaction status to A (Figure 2). One compromise is to designate A" as
interacting as long as an interaction with either B or B" is observed (Melzer et al., 2014).
The situation gets more complicated if only incomplete data sets are available. Assume,
for example, A’ is not interacting with B, but information on the interaction between A and
B'is not available. In this case, one may designate the interaction status of A" as unknown
to avoid the inclusion of false negatives in the dataset (Melzer et al., 2014). It is difficult to
estimate how frequently these problems will appear in a particular dataset. It is therefore
important to consider the phylogenetic history of the interaction partner in character-state
reconstructions.

If the interaction data gathered rely on different methods it is helpful to also collect data for
each method separately (Figure 1). This will later reveal whether the results of the

character-state reconstruction depend on the method used to obtain the interaction data.
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Figure 1. Screenshot from a character matrix in Mesquite. Protein names are listed in

the second (coloured) column. Interaction characteristics are listed in subsequent columns.

Data on homodimerization as well as on heterodimerization with other proteins and data
obtained with different techniques (Y2H: yeast two-hybrid; EMSA: electrophoretic mobility
shift assay) are collated in separate columns.

e “5{1
a B species 1

. species 2

Figure 2. Duplications can complicate coding interactions. Proteins A and B interact in
species 1 (as indicated by the double arrow). In species 2, A’ interacts with B’ but not with

B”. This raises the question as how to code the interaction status of A'.

Phylogenetic reconstruction

A phylogeny covering all of the proteins under study needs to be constructed using one of
the many software tools available (e.g. MrBayes, MEGA 6, Bali-Phy, PhyML, see also
Table 1). For an overview of basic concepts and methods in phylogeny reconstruction see

De Bruyn et al. (2014). The phylogeny can be constructed using the sequences of the

Copyright © 2015 The Authors; exclusive licensee Bio-protocol LLC. 4
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proteins under study. However, in principle every tree can be used as long as each protein
is assigned to a specific position in the tree. Protein names in the character matrix
described above and in the phylogenetic tree have to be identical to be later able to
connect the two datasets. Mesquite also offers the possibility to manually draw trees; this
may be used for cases in which a computational phylogenetic reconstruction is not
feasible.

The phylogeny may contain proteins for which interaction data are not available. These will
later be ignored by the character-state analysis.

C. Character-state reconstruction
The character-state reconstruction is done using Mesquite. For general instructions on
how to handle Mesquite one may visit the ‘Mesquite ProjectTeam’ YouTube channel
(https://www.youtube.com/channel/UCfSmgC00 dWLIOPE0oXZbS4Q).
1. Import/generate tree:

Mesquite allows to import trees from other files in several ways

(http://mesquiteproject.wikispaces.com/Trees). If trees are read from NEXUS files

note that Mesquite cannot handle some special characters (e.g. dash) if present in
protein names. When importing a phylogenetic tree, the branch lengths will later be
taken into consideration for the character-state reconstruction. If a manually drawn
tree is used, all branch lengths will by default be set to 1. This may work well in a
number of cases, but it should be kept in mind that proteins from early diverging taxa
may possess artificially short branches under this setting (Figure 3). However,
Mesquite also allows editing branch lengths
(https://mesquiteproject.wikispaces.com/Trees).
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Figure 3. Screenshot of a manually drawn tree in Mesquite. A. Branches are by default
displayed so that all tips reach the same level. However, branch lengths are by default set
to one, as can be seen in B, where branches of the same tree are displayed proportional to

length (see scaling on the right side of the tree). This reveals that some branches (e.g. that
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leading to Amborella trichopoda AmAP3) might be unreasonable short.

2. Import/generate data matrix:
There are several ways to generate or import a data matrix implemented in Mesquite

(http://mesquiteproject.wikispaces.com/Characters+%26+Matrices). A straightforward

approach is to generate a new blank data matrix with the required number of
characters and copy/paste the interaction data from the original data source (i.e. from
the Excel spreadsheet). The matrix needs to be specified as categorical to be used for
the character state reconstruction.

3. Model specification and character reconstruction:
Mesquite provides an extensive documentation on the different settings for the
character-state reconstruction:

http://mesquiteproject.wikispaces.com/Ancestral+States. In  our analyses we

employed likelihood reconstruction methods (Melzer et al., 2014), but parsimony
reconstructions are also available (Li et al., 2015). Two general models can be used
for likelihood reconstructions: The ‘Markov k-state 1 parameter model’ (Mk1) and the
‘Asymmetrical Markov k-state 2 parameter model’ (AsymmMk). The principal
difference between these two models is that the 2 parameter model allows ‘forward’
and ‘backward’ rates to be different, i.e. the probabilities for gaining and losing an
interaction can be different. In the 1 parameter model, gaining and losing an
interaction is equally probable. Biologically, it would in most cases make more sense
to apply the 2 parameter model, as one may assume that it is more likely to lose an
interaction than gaining it. However, several reports have shown that 2 parameter
models can lead to implausible results if small to medium sized datasets (data on less
than 100 protein-protein interactions) are being used (Mooers and Schluter, 1999;
Pagel, 1999). A likelihood ratio test can be used to infer whether the 2 parameter
model significantly improves the fit of the model to the data as compared to the 1
parameter model (Pagel, 1999; Ree and Donoghue, 1999). This test is performed by
subtracting the - log probability values derived from the two models and multiplying the
absolute value of the result by 2 (J(-logLwmki)-(-logLasymmmk)|-2). The resulting number
can be used as test statistic for a Chi-square test with one degree of freedom. The test
is also integrated in Mesquite an can be conducted via Analysis: Tree > Values for
Current Tree > Asymmetry Likelihood Ratio Test.

In the Mk1 and AsymmMk models, the rate of a character’s evolution is estimated by
Mesquite

(http://mesquiteproject.wikispaces.com/Processes+of+Character+Evolution#param).

However, it is also possible to create own models with specific parameters

(http://mesquiteproject.wikispaces.com/Ancestral+States#editingModels). This can be

useful if, for example, the probability of gaining vs. losing an interaction is known from

prior experimental evidence.

Copyright © 2015 The Authors; exclusive licensee Bio-protocol LLC. 6
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4. Evaluation of the results:
Results are best visualized using pie charts at the internal nodes of the tree (Figure 4).
Mesquite offers the possibility to conduct the character-state reconstruction
simultaneously over different phylogenetic trees. Also, several characters can be
traced at once. This facilitates comparison of character-state reconstructions of one
protein with different partners or comparison of character-state reconstructions based
on different methods used to assay protein-protein interactions.

5. Export options:
Mesquite can export trees and character matrices in numerous ways
(http://mesquiteproject.wikispaces.com/Interactions+with+Other+Programs). For a

graphical representation of the character state reconstruction results we recommend
to export the tree as PDF and use this file for further post-processing with graphics
software such as Adobe lllustrator. For a direct comparison of the character state

evolution of two different traits one may utilize the mirror tree function (Figure 4).

Representative data

| character state
File Edt Charadters Help

 Display Legend Trace Trace. » Window

Gnetum gnemon GGMI5
Goetum goemon GGM2
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Figure 4. Mirror tree comparing results of character-state reconstruction for
homodimerization (left) and heterodimerization (right) of a subfamily of plant
transcription factors. Pie charts at internal nodes indicate the probability of the presence
(yellow) or absence (black) of an interaction. Hatched circles at terminal positions (e.qg.
Petunia hybrida PHTM®6 on the left tree) and grey circles at internal nodes designate an

unknown interaction status.
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