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GENOME WATCH

Machine learning sheds light on microbial dark

proteins

Aeron Tynes Hammack and Crysten E. Blaby-Haas

This month’s Genome Watch highlights
the recent use of machine learning to un-
cover functional ‘dark matter’ in the mi-
crobial protein universe.

Metagenomics projects have revealed
more than 8 billion non-redundant micro-
bial protein sequences from across the
Earth’s biospherel. Of these, 1.17 billion
proteins do not have recognizable homo-
logues in any of the more than 100,000 ref-
erence genomes availablel. Understanding
the function of these microbial proteins is a
daunting task. Fortunately, machine learn-
ing (ML), has recently achieved unprece-
dented accuracy in modelling complex bio-
logical data and making predictions. At the
forefront of these advancements are ML-
based approaches that can confidently pre-
dict atomic-level protein structures for
many (but not all) amino acid sequences. .
A recent study used the ESMFold predic-
tor? that takes advantage of a large lan-
guage model (LLM) to quickly generate
617 million structures from the European
Bioinformatics Institute (EBI)’s MGnify
metagenome database. Of the total predic-
tions, around 36% of them were consid-
ered to have high confidence. The com-
puted structures were made available to
the community through the Evolutionary
Scale Modelling (ESM) Metagenomic Atlas
database. Many of the predicted proteins
are from unculturable and/or genetically
intractable microorganisms; therefore,
such structures could aid microbiologists
in devising hypotheses about the molecular
function of specific proteins. However, the
size of the resulting dataset limits the ex-
tent to which these structures can be ana-
lysed en masse. To overcome this chal-
lenge, three recent studies have used pro-
tein clustering to narrow down the data
that needs to be examined to find novel
proteins and structures.

Two of these studies analysed 215 mil-
lion precomputed structures in the Al-
phaFold Database (AFDB)34. One of the
works3 developed a method, Foldseek clus-
ter, which uses a combination of ultra-fast
sequence and structural aligners to cluster
sequences and then cluster representative
structures. After quality filtering, this ap-
proach reduced the AFDB protein space to
2.3 million structures. Of these, a little over
700,000 protein clusters (~30%) do not
have matches to experimentally deter-
mined structures and could not be func-
tionally annotated with Pfam or TIGRFAM
annotations. However, in several cases,
structural similarity to annotated clusters,
including leveraging human proteins to in-
form on bacterial proteins, enabled func-
tional predictions for several bacterialpro-
teins in ‘dark’ —that is, poorly annotated—
clusters.

The other study* used precomputed
clusters from the UniProt database to de-
fine a set of 6 million representative struc-
tures. These sequences were then used to
build an interactive sequence similarity
network, where nodes were given an esti-
mated ‘brightness’ score based on the abil-
ity to assign a given cluster to an experi-
mentally characterized protein family. A
deeper analysis into ‘dark’ areas of the net-
work led to the identification and subse-
quent experimental verification of a new
family of toxin proteins that function in
toxin-antitoxin systems in bacteria.

A third study! analysed the 8 billion se-
quences encoded by metagenomes and
metatranscriptomes stored in the Inte-
grated Microbial Genomes and Microbi-
omes (IMG/M) database. This large dataset
was first reduced by removing proteins
with similarity to Pfam or sequences en-
coded by reference genomes. The resulting
sequences were clustered using a graph-
based approach. , Nearly 100,000 protein
families, named novel metagenome protein

families (NMPFs), were idnetified. The use
of AlphaFold and the clustering of NMPFs
based on structure resulted in ~4,000
unique predicted structures. Although not
apparent at the sequence level, structural
similarity placed 62% of protein structures
in a known family.

In sum, these studies identified new
protein families and demonstrated the
value of structural similarity in identifying
family association, especially for highly di-
vergent sequences. Although defining the
structure of an uncharacterized protein
does not necessarily reveal its function,
structural similarity to characterized pro-
teins can provide an invaluable inference
when seeking to decode the vast functional
information contained within microbial ge-
nomes.
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