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experimentally determined structures, has revolutionized protein structure
research. Being a statistical method, AlphaFold implicitly infers the cellular
environment, e.g. the cell membrane, from the protein sequence. Membrane
protein topology prediction methods predict the cellular environment for each
protein residue but not the structure. Current structure and topology tools thus
provide complementary information.

Results: We introduce the web server MembraneFold. MembraneFold combines
protein structure (from an uploaded PDB file/AlphaFold DB/OmegaFold) and
topology (DeepTMHMM) prediction in one server. The output is shown both as
a structure with topology superimposed and as a sequence annotation.
MembraneFold uses structures predicted by OmegaFold if neither a PDB file is
uploaded nor the structure is available in AlphaFold DB.

Conclusion: MembraneFold is a user-friendly web server that provides
practitioners with fast and accurate information about membrane proteins. It is
available at https://ku.biolib.com/MembraneFold/.

Keywords: Transmembrane proteins; Protein structure; Transmembrane protein
topology

Background

AlphaFold DB (alphafold.ebi.ac.uk) provides predicted structures for all
UniProt sequences, making it an invaluable resource for protein structure research.
For sequences not in UniProt, it is possible to obtain structure predictions by
running AlphaFold [1] and emerging alternatives such as OmegaFold [2].

The current approach to protein structure prediction is based upon using the
protein sequence information only. It can predict structures of membrane as well
as globular proteins including those that rely on other molecules to stabilize their
structure (such as Zinc finger proteins) [3]. The cellular environment is thus implic-
itly inferred from the sequence information. In the case of protein multimers and
transmembrane proteins we are interested in predicting how the protein interacts
with other proteins and the membrane, respectively. AlphaFold has been extended
to multimers [4] and placement of the protein in the membrane can be predicted
with so-called transmembrane topology methods, e.g. [5, 6, 7, 8, 9].

In this paper we present a web server MembraneFold (ku.biolib.com/MembraneFold)
that combines structure and topology prediction in one shared view. The workflow

of MembraneFold is shown in Figure 1. The user may either provide sequence or
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structure information (in fasta or PDB format). If the sequence information is
provided, then the structure is retrieved from AlphaFold DB, and if it is not avail-
able there, OmegaFold is used for structure prediction [2]. OmegaFold is a faster

alternative to AlphaFold with comparable performance [2].

DeepTMHMM
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Figure 1: MembraneFold overview. (a) The input is a fasta sequence/file
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or a PDB structure. For fasta input, MembraneFold performs a look-up in
https://alphafold.ebi.ac.uk/ and if not present predicts the structure with
OmegaFold [2]. MembraneFold outputs the structure with (b) the DeepTMHMM
topology superimposed on the structure, (¢) pLDDT confidence annotation if
the structure is predicted and B-factor if the structure is experimental and (d)
DeepTMHMM topology sequence format.

MembraneFold
MembraneFold combines two types of protein sequence prediction tools: protein
structure (AlphaFold [1] and OmegaFold [2]) and transmembrane protein topology
(DeepTMHMM [5]). The Mol* toolkit [10] is used for visualisation.

DeepTMHMM is a protein language model based neural network that predicts the
transmembrane (TM) topology of proteins directly from their sequence. For each
protein, it predicts a protein type label: Alpha (helical) TM, alpha TM with Signal
peptide (SP), beta barrel TM, globular and globular with SP. For each residue, it
also predicts a label: Signal peptide (S), inside cell/cytosol (I), alpha membrane (M),
beta membrane (B), periplasm (P), and extracellular /lumen of ER/Golgi/lysosomes
(0) [5].

AlphaFold [1] is a machine learning model that predicts the 3D structure of a
protein based on its amino acid sequence. AlphaFold was, by a wide margin, the
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top-ranked protein structure prediction method in CASP14 (Critical Assessment of
protein Structure Prediction), with high-accuracy predictions. While AlphaFold oc-
casionally struggles with disordered regions, the CASP findings and the widespread
use of AlphaFold imply that AlphaFold is becoming an invaluable tool for protein
research.
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Figure 2: Overview of MembraneFold.

The purpose of MembraneFold is to present membrane positioning and structure
predictions of a given protein chain simultaneously. The tool allows to obtain a fast
overview of this information and quickly toggle between the topology annotation
and the structure confidence scores.

As illustrated in Figure 2, MembraneFold has three main modules: topology pre-
diction, structure prediction or retrieval and visualization. The tool can handle one
protein at a time and can either be used through the web-interface or as as com-
mand line tool. It starts with parsing a sequence from the user input. The input can
be introduced in different formats: PDB file, fasta file or if using the web-interface
a string input.

The first module initializes and runs DeepTMHMM which produces the topol-
ogy prediction of the given sequence. MembraneFold is meant to work only with
membrane proteins, therefore, if the prediction of DeepTMHMM does not contain
membrane sections, the computation stops, a notification is displayed to the user
and the option to download the DeepTMHMM prediction is provided.

After obtaining the membrane positioning prediction, the structure module is
initialized. This module is in charge of obtaining the 3D structure of the protein.
Firstly, if a PDB file is provided then this is used for all the downstream analy-
sis. If a sequence is provided, we look for an exact sequence match in the Uniprot
database. If the query is successful, MembraneFold extracts the correspoding struc-
ture from the AlphaFold database. Otherwise, the protein structure is predicted
using OmegaFold.

Once both predictions are received, the processing and visualization part creates
the front-end layer of the tool. The user interface output page consists of two tabs:
DeepTMHMM and pLDDT Confidence, or B-factors if the structure is experimen-
tal. In both tabs, the 3D structure visualization of the amino acid chain, together
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with the colour mask over it and information about the source of the PDB file
are displayed. In the pLDDT Confidence tab, the colour of the 3D model indicates
the predicted local distance difference test score (pLDDT score) of the amino acids
along the chain. The pLDDT ranges between 0 and 100 and indicates how well the
prediction would match an experimental structure. This confidence is based on the
local distance difference test Ca (IDDT-Ca). In the case of the DeepTMHMM tab,
the colour on the structure visualization maps the topology of each residue to the
3D structure. In addition, Further below in the topology tab, it is presented statisti-
cal graphs obtained from DeepTMHMM showing the probabilities of the prediction
and a table with description of the topology per section. MembraneFold output files
(plots, PDB and fasta files) are downloadable in one zip file.

Related work

Historically, the prediction of transmembrane topology from sequence was moti-
vated by the unavailability of structural information, as transmembrane proteins
are notoriously difficult to crystallize [11]. However, once the structure of a trans-
membrane protein becomes known, the exact membrane positioning still needs to be
inferred computationally, as its experimental determination is very costly [12]. To
this end, physics-based approaches such as PPM [12] (opm.phar.umich.edu/ppm_
server) and TMDET [13] were developed. The underlying principle is the insertion
of the protein structure into a lipid bilayer so that the energy of the system is opti-
mized. This is either done using solvation models in PPM or a simplified objective
function in TMDET. While these approaches are capable of accurately determining
the membrane-buried residues, they require the user to specify the topology of the
N-terminus, as they cannot differentiate between outside and inside of the mem-
brane. Furthermore, they can suffer from AlphaFold’s spurious folding of disordered
regions and signal peptides that can violate membrane constraints [14].

The availability of predicted structures has spawned the expansion of expert-
curated resources such as Membranome [15] (membranome.org), which offer com-
prehensive information about the membrane topology of proteins and take advan-
tage of the mentioned structural insertion algorithms to provide visualizations of
proteins in their membrane context. However, given the nature of expert curation,
they offer no easy way for the user to directly investigate a transmembrane protein
from the sequence only. Another resource is TmAlphaFold [14] that has more than
200 thousand AlphaFold structures predicted to be alpha helical transmembrane
proteins by CCTOP [7] with membrane placement predicted by TMDET [13].

The supplementary material showcases data analysis with MemebraneFold for a
number of proteins with links to the corresponding models in Membranome and
TmAlphaFold when available.

Conclusion

MembraneFold is a simple and easy-to-use tool that visualises transmembrane pro-
tein structures with their membrane context. Before the availability of Membrane-
Fold there was no single place to go when wanting to superimpose predicted trans-
membrane protein topology on the structure. The tool is highly modular so when
new structure and topology prediction methods becoms available, these can easily
be integrated into MembraneFold.
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