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Abstract

The Rossmann-like fold is the most prevalent and diversified doubly-wound superfold of ancient evolution-
ary origin. Rossmann-like domains are present in a variety of metabolic enzymes and are capable of bind-
ing diverse ligands. Discerning evolutionary relationships among these domains is challenging because of
their diverse functions and ancient origin. We defined a minimal Rossmann-like structural motif (RLM),
identified RLM-containing domains among known 3D structures (20%) and classified them according to
their homologous relationships. New classifications were incorporated into our Evolutionary Classification
of protein Domains (ECOD) database. We defined 156 homology groups (H-groups), which were further
clustered into 123 possible homology groups (X-groups). Our analysis revealed that RLM-containing pro-
teins constitute approximately 15% of the human proteome. We found that disease-causing mutations are
more frequent within RLM domains than within non-RLM domains of these proteins, highlighting the
importance of RLM-containing proteins for human health.

© 2020 Elsevier Ltd. All rights reserved.

minimal Rossmann-like motif (RLM), which we are
targeting in this study, is defined to maintain the
doubly-wound three-layer o/p/o. sandwich topology
and to contain the crossover between the second

Introduction

The Rossmann fold'? is an ancient and struc-
turally diverse fold initially discovered in a wide

range of nucleotide-binding proteins that bind
diphosphate-containing cofactors such as NAD
(H). The Rossmann fold belongs to the doubly-
wound superfold, which is one of the most prevalent
superfolds in nature.®> The core of these proteins
consists of a three-layered o/f/o. sandwich topol-
ogy, with two sets of B-a-f-a-p units forming a single
parallel B-sheet (321456 topology) flanked by a-
helices. A defining structural feature of this fold is
a crossover between B-strands 3 and 4 that creates
a pocket capable of adapting to various ligands.*> A
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and third strands (Figure 1).° The RLM occurs in a
large number of o/B/a three-layered sandwiches,
many of which were suggested to have evolved
prior to the Last Universal Common Ancestor
(LUCA) from a primordial generic nucleotide-
binding domain.® The extant Rossmann-like
domains are linked to a large variety of metabolic
enzymes, DNA/RNA binding, and regulatory
proteins and are capable of binding various
ligands and small compounds vital for their func-
tions.>” Rossmann-fold domains discovered in
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Figure 1. Minimal Rossmann-like motif (RLM) definition. (A) RLM SSEs adapted from 5-formly-3-hydroxy-2-
methylpyridine 4-carboxylic acid (FHMPC) 5-dehydrogenase (PDB: 40om8) are numbered and colored in rainbow, with
a magenta loop (usually catalytic) between the first B-strand - element | (1) and the first o-helix - element Il (a1). The
second a-helix - element IV (a2) forms crossover between the second B-strand - element 11l (f2) and the third B-strand
- element V (33). The crossover loop is a loop at the N-terminal part of a2. Element IV can be a-helix, B-strand, or loop.
The unlabeled SSEs (colored in slate) are considered as an insertion to the RLM, which can occur between element
Il (B2) and element IV (a2) or in any of the loops connecting the RLM SSEs. (B) An interaction matrix defines RLM
search strategy using ProSMoS program.®* Interaction type “T” considers the angle between vectors corresponding
to particular RLM elements. (C) RLM 2D topology diagram. All colors correspond to the panel (A).

CRISPR-Cas systems play important ligand-
binding roles in the cyclic oligoadenylate (cOA)-
mediated signal transduction pathway.®*°

Many proteins originated by gene duplication,
recombination, and divergence,” however there
are cases when convergent evolution has occurred
and a fold has emerged in parallel many times in
evolution.'® RLM-containing proteins may be one
such example.® However, discrimination between
divergent and convergent evolution remains a chal-
lenge in evolutionary biology in general and in pro-
tein evolution in particular."’ Being one of the
most prevalent folds, the Rossmann fold plays an
important role in a large variety of processes.'?
Rossmann fold enzymes account for almost 40%
of reference metabolic reactions.” Closely related
RLM enzymes are able to catalyze different chemi-
cal reactions using a similar topologies and can
diverge to bind different ligands in their similar bind-
ing sites. Conversely, non-homologous RLM
domains can converge to catalyze the same reac-
tion or to bind the same ligand using different bind-
ing modes.® Moreover, some enzymes can undergo
functional convergence after evolutionary diver-
gence.'? In this scenario, two homologous enzymes
with distinct functions are both duplicated, and
their copies diverge to evolve new functions, which
are, however, identical to each other.'® This evolu-
tionary path has also been suggested for pyridine
nucleotide disulfide  oxidoreductases, which
include a RLM-containing FAD-binding domain.'*
Many proteins are functioning as multidomain

conglomerates. Combination of domains’ homolo-
gous relationship in such conglomerates may vary.'®
It was shown that domains from superfamilies A and
B can be found in combinations AB or BA, but very
rarely in both combinations.”® Rossmann-like
domains are an example of this rare exception.’
Being linked to a large variety of metabolic
enzymes, dysfunction of RLM-containing proteins
can lead to various diseases.”'® For example, rena-
lase is a highly expressed flavoprotein in the kidney
and heart that metabolizes catecholamines and
catecholamine-like substances. Its FAD-binding
domain contains an RLM."” There is an association
between renalase and stroke risk among patients
with type 2 diabetes.'® Also, SNPs in the renalase
gene result in increased risk of hypertension and
stroke, as well as unfavorable effects in coronary
disease.'® Another example are the sirtuins, which
possess histone deacetylase or mono-
ribosyltransferase activity and regulate important
pathways in bacteria, archaea, and eukaryotes.
Human sirtuin has a two-domain structure com-
posed of a large RLM-containing domain and a
smaller zinc-binding motif. Sirtuin takes part in
DNA repair and also influences transcriptional
repression.’® Sirtuin also plays an important role
in maintenance of metabolic homeostasis, thereby
having an impact on several pathways in cancer,
metabolism, and aging.”° Malaria parasite Plas-
modium falciparum tryptophanyl-tRNA synthetase
(Pf-WRS) belongs to the class | tRNA synthetases,
characterized by an RLM-containing catalytic
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domain.?" Inhibiting parasite aminoacyl-tRNA syn-
thetases is considered to be a novel approach in
antimalarial drug development.”® Dwivedi et al.
showed that DNA-processing protein A (DprA) of
Helicobacter pylori, whose DNA-binding domain
adopts an RLM topology, was found to be sufficient
for binding with either ssDNA or dsDNA and to play
a crucial role in the process of natural transforma-
tion.®> Honbou et al. showed that DJ-1 protein, a
flavodoxin containing an RLM, participates in path-
ways related to cell transformation, male fertility,
oxidative stress response, and Parkinson’s dis-
ease. However, the molecular mechanism by which
DJ-1 contributes to these multiple functions remains
unknown.?* Each of these examples demonstrate
the significance of targeting RLM proteins for treat-
ment of a wide range of diseases.

In this study, we identified all RLM-containing
domains among known 3D structures from the
Protein Data Bank (PDB) and classified them into
possible homology groups (X-groups) and
homology groups (H-groups), as defined by the
Evolutionary Classification of protein Domains
(ECOD) database.?*® ECOD is a protein classifi-
cation of homologous domains with a five-level hier-
archy: architecture (A), possible homology (X),
homology (H), topology (T), and family (F).
Recently” we discussed the differences between
ECOD and other domain classification databases,
such as SCOP?’ and CATH.?® Here we also com-
pared classification of RLM-containing domains in
ECOD and new version of SCOP database, i.e.
SCOP2?° (Supplementary Tables 1 and 2, online
supplement: http://prodata.swmed.edu/ross-
mann_fold/scop2_vs_ecod.html). In spite of mini-
mal Rossmann-like motif being the structural core
of the majority of RLM-containing domains, manual
consideration revealed F-groups in which RLM has
deteriorated in their members. Nevertheless, such
evolutionary exceptions should be considered as
Rossmann-like, due to their homologous relation-
ships with different F-groups that contain the RLM.
We showed that RLM-containing proteins constitute
approximately 15% of the human proteome. Con-
sidering the distribution of RLM domains in the four
largest taxonomic groups (archaea, bacteria,
eukaryotes and viruses), our analysis revealed
homologous domains that belong solely to a single
taxonomic group (e.g., bacteria, eukaryotes or
viruses). However, we did not find exclusively
archaeal RLM-containing H-groups. Analyzing
disease-causing mutations (DCMs) in RLM-
containing proteins, we found that the overall frac-
tion of DCMs within RLM domains is higher than
within non-RLM domains of these proteins. More-
over, we discovered that RLM proteins are linked
with a large variety of diseases including, but not
limited to different types of cancer,®?°*° diabetes, '®
malaria,”’ Parkinson’s disease,”* epilepsy,®' Noo-
nan syndrome®® among many others. These exam-
ples emphasize the significance of targeting RLM

proteins for treatment of a wide range of diseases.
According to our current classification in ECOD, the
large number of possible homology groups (X-
groups) suggest that RLM folds have arisen multiple
times in evolution. To help explain this observation,
we found the contact order of Rossmann-like
domains with a repeating o/f3 topology is significantly
lower than that of another superfold, Ig-like, that exhi-
bits non-repetitive topology and has considerably
fewer possible homology groups. Thus, the multiple
origins of the RLM fold could have arisen in part by
an ease of folding RLM domains into their repeating
o/ topology.

Results and Discussion

Definition and evolutionary classification of
RLM-containing proteins

A minimal RLM folding unit>*® is defined as a
three-layer o/p/a sandwich, with at least three paral-
lel B-strands and a crossover between the second
(element 11l corresponds to 2, Figure 1) and third
B-strands (element V corresponds to B3, Figure 1)
of the motif. We refer to the secondary structure ele-
ments (SSEs) that comprise the RLM using “B” for
B-strands and “o” for a-helices, together with the
Arabic numeral of the motif element outlined in Fig-
ure 1. For example, element | represents the first -
strand and is designated “B1”. Element IV (helix 02)
can be also represented as a B-strand or a linker
(loop) without regular secondary structure, whereas
the helical cap of element Il takes part in binding a
variety of ligands (mostly phosphate containing)
and was thus represented as o-helix only.® The
majority of RLM domains contain an a-helix as the
fourth element of the RLM (Figure S1). Only three
ECOD topology groups (T-groups) contain domains
with B-strand as the fourth element of the RLM:
FAD/NAD(P)-binding domain (2003.1.2),
Nucleotide-binding domain (2003.1.3), and OmpH-
like (5094.1.1). Four T-groups contain domains with
a linker as the fourth element: DNA-specific exonu-
clease Recd C-terminal domain (7511.1.1), STIV
B116-like (4259.1.1), Dipeptide transport protein
(7535.1.1), and PRTase-like (7573.1.1). Using this
RLM definition, more than 117,000 (about 50,000
non-redundant by sequence) RLM domains were
detected in the ECOD database. These domains
were found in 38,685 (more than 20% of all known
protein structures) PDB structures as of June 2020.

Rossmann fold proteins likely arose at the early
stages of protein evolution and have frequently
diverged since that time, adopting a large variety
of functions.® Therefore, their classification based
on evolutionary relationships is complicated. Pro-
tein homology is defined as originating from a com-
mon ancestor and is usually identified using
sequence and structure similarities.®> We used
these similarities to cluster 117,000 identified RLM
domains, and treated these clusters as homologous
(see Material and Methods). However, sometimes
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the overall similarities of sequences and structures
are insufficient to detect distant homologs that
diverged in the ancient past. In these cases, we
considered additional functional justifications for
homology defined by the conservation of residues
in the active site, as well as the orientation and type
of ligands found there. Such justifications are often
found transitively, by comparing an intermediate
RLM domain with two apparently unrelated ones
(as defined by automated clustering).

Our clustering approach, together with additional
functional justifications (exemplified below),
resulted in 156 homology groups (H-groups).
These were further clustered into 123 possible
homology groups (X-groups) — the highest level in
our classification (the whole dataset: http:/prodata.
swmed.edu/rossmann_fold/files_fin/clusters_table.
html). Our newly obtained classification of RLM-
containing domains was incorporated into the
ECOD database (beginning with version
v275).2>25 All changes made to RLM domains clas-
sification in ECOD are reflected in Supplementary
Table 3. In this table, we defined three types of
reclassification. a) Expanded H-group (H-group
was expanded by moving to it several H-groups
from old version). These are mostly large H-
groups containing a large number of RLM domains,
for example Rossmann-related (2003.1) and P-loop
domains-related (2004.1). This type of reclassifica-
tion expanded 6 H-groups. b) H-group moved.
There are two subtypes of this reclassification.
(b1) All domains from this H-group were moved to
an expanded H-group. In the current version of clas-
sification this H-group no longer exists as an inde-
pendent unit. (b2) H-group was moved to another
X-group and still exists as independent H-group.
41 H-groups belong to (b1) and 2 belong to (b2).
One H-group (AtpF-like) encountered both (b1)
and (b2) as part of it was moved to an existing
H-group and part of it was moved to another
X-group and still exists as an H-group. ¢) New
X-group (H-group was reclassified as a new inde-
pendent X-group). This type of reclassification
was mostly applied for H-groups within former
“Other Rossmann-like domains” X-group, and over-
all it was applied for 104 H-groups. Thus, the most
significant changes and most affected cases in cur-
rent ECOD classification of RLM domains are linked
to elimination of the largest RLM X-group in previ-
ous versions of ECOD, namely “Other Rossmann-
like domains”. Among the 104 new X-groups, five
are no longer considered as RLM-containing and
removed from our RLM dataset and analysis.

Reclassification of the former “Other Rossmann-
like domains” X-group provided 102 new X-
groups, which constitute about 4% (102 out of
2460) of overall X-groups number in new ECOD
v275. Moreover, 44 H-groups changed their
location and were moved or merged to another H-
groups, representing 22% (44 out of 202) of initial
number of RLM-containing H-groups in old

versions of ECOD. The majority of 44 H-groups
transitive cases are small H-groups, which distant
homology relationship to other groups is difficult to
detect using automatic methods. There are
several general reasons for that. First, the small
number of known domain 3D structures, which
belong to a particular H-group, may not be
sufficient to detect distant homology relationship
to other groups. Some of merged H-groups
contained only one known domain structure.
Second, in addition to the small number of known
structures, the poor quality of 3D structures is
another obstacle for automatic homology
detection. Third, viral proteins are capable of
evolving very fast and, in many cases, they adopt
unique sequence and structure. Viral proteins are
a special cohort in evolutionary classification of
domains, which brings significant difficulties in
defining the right place in classification for these
proteins. Justification of function and active site
consideration might help to reveal homologous
relationship in all cases discussed above (but not
always), which again underlines their importance
in evolutionary domains classification.

Possible homologs (i.e. members of the same X-
group) are required to have some similarity in
architecture and topology that suggests a linkage
between these structures. However, significant
evidence for homology of domains within an X-
group is often lacking. Improved homology
detection tools, as well as determination of new
protein structures, may allow us to detect more
accurate evidence of homology in the future. The
lack of experimentally-determined  protein
structures leading to missing links in evolutionary
classification is also supported by the fact that
most X-groups in our dataset contain a single
homology (H-group) and topology group (T-group)
(shown with white background, Supplementary
Figure S1 http://prodata.swmed.edu/
rossmann_fold/tgr_cons/) that often contains only
one family (F-group) (marked with green asterisk
Figure S1).

Figure 2A shows distribution of RLM X-groups
sizes, for all X-groups that contain more than two
F-groups. The top three RLM X-groups that are
most populated by families are Rossmann-like
(ECOD id: 2003), P-loop domains-like (ECOD id:
2004) and Flavodoxin-like (ECOD id: 2007). For
each revised RLM homology group, we outlined a
complete set of F-group level representative
domains, specifying domain classification details,
protein name, Pfam database accession
number®®, Pfam seed alignment depth, and signa-
ture sequence conserved motif (for example:
http://prodata.swmed.edu/rossmann_fold/files_fin/
2003.1_reps.html). The largest X-groups men-
tioned above are mostly represented by the follow-
ing largest homology groups (H-groups) in our
dataset: Rossmann-related (ECOD id: 2003.1),
P-loop domains-related (ECOD id: 2004.1), and
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relative contact order (CO) values for RLM-containing domains (red), Ig-like domains (green) and OB-like domains

(blue).

Class | glutamine amidotransferase-like (ECOD id:
2007.1) groups. The Rossmann-related H-group
includes different nucleotide-binding Rossmann-
fold domains with a Gly-rich loop (GxGxxG with
variations)®”*® between RLM B1 and o1, and a D/
E motif at the C-terminus of $2.%° The Rossmann-
related H-group also includes domains that have
degraded signature motifs, but retain high structure
similarity to other members of the group (http://pro-
data.swmed.edu/rossmann_fold/files_fin/2003.1_

reps.html). The P-loop domain-related H-group
includes domains with the following signature
motifs: phosphate binding Walker A or P-loop motif
(G-x(4-GK-[TS]) between RLM 1 and o1, Walker B
motif essential for ATP hydrolysis (G-x(3)-LhhhD
[E], h stands for hydrophobic amino acid) at the C-
terminus of B3 of second RLM,*° DEAD/DEAH motif
in helicases at the C- termlnus of B3 of second
RLM,*" beta-CASP domains,*” as well as domains
with signature motifs degraded*® or reduced**
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(http://prodata.swmed.edu/rossmann_fold/files_fin/
2004.1_reps.html). Class I glutamine
amidotransferase-like H-group includes RLM-
containing glutamine amidotransferase-like
domains with catalytic triad Ser-His-Glu of aspartyl
dipeptidases,*” chelatase-like domains,*® periplas-
mic binding-like domains,*’ CheY-like domains,*®
etc.

Additionally, we generated heatmaps comparing
HHpred homology probability,*® TMalign®° structure
similarity score, and a TM/HH weighted average
score (average of HHpred homology probability
and TMalign structure similarity score) for represen-
tative domains within each homology group, as well
as distributions of each of these parameters for rep-
resentative domains’ comparison both inside and
outside of a particular homology group (see Materi-
als and Methods). The total distribution of average
score for the representative domains comparison
inside and outside of all homology groups illustrates
that overall sequence and structure similarity
between two domains is not always sufficient to
substantiate homology (Figure 3), and that addi-
tional justification is necessary (e.g. justification of
functional similarity and active site consideration)
as discussed below.

To explain the relatively large number of possible
homology groups representing RLM domains, we
sought to compare characteristics of their folds to
those of another superfold, Immunoglobulin-like,
that may be less prone to convergent evolution.
The topology of RLM domains includes repeating
B/o subunits, whose 3-dimensional contacts are
expected to exhibit a relatively low average
separation in their sequences, or a low contact
order (CO). In contrast, Ig-like B-sandwich

0.00

Frequency

0.00-

domains include seven strands in two sheets with

a non-repetitive  Greek-key  topology. A
comparison of CO°' distributions for RLM-
containing domains (123 X-groups),

immunoglobulin-like domains (one X-group) and
OB-like domains (one X-group) revealed significant
differences between pairs of distributions RLM vs
Ig-like and RLM vs OB-like (Mann-Whitney test P-
value < 0.0001, Figure 2B), with the CO of RLM
domains shifted towards lower values. Previous
studies for two-state folding have suggested the
rate of folding decreases with increasing CO, point-
ing to an important contribution of topological com-
plexity to folding and the transition state.’*°°
Potentially, the multiple independent origins of
RLM domains could represent an ease of folding
in the transition state, whereby the sequence-local
contacts within RLM repeating units can serve as
a successful nucleation cores in multiple different
native  topologies. As such, well-studied
Flavodoxin-like proteins are thought to fold through
transition states involving different regions of the
molecule,* while the unfolding pathway tends to
be similar for IG-like proteins.”® Similar to the Ig-
like domains, the OB-fold is also less prone to con-
vergent evolution.”® Thus, the variability of transi-
tion states gained through ease of folding
alternate RLM repeating units might explain the
large number of possible homology groups (X-
groups) in the evolutionary classification of RLM
domains.

Our updated classification of RLM-containing
domains revised and eliminated the largest RLM
X-group in previous versions of ECOD, namely
“Other Rossmann-like domains”, which was an
assembly of possibly homologous domains that

inside

B outside

Average_score

Figure 3. Distributions of average score for representative domains (comparison inside and outside of all homology
groups) show a need for functional consideration and manual curation.
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did not fit elsewhere. Manual consideration, based
on topology and sequence similarity, did not
substantiate uniting more than 100 of the
homology groups within the previous “Other
Rossmann-like domains” X-group. The remaining
24 H-groups were found to have possible
homology links to other large X-groups in our
classification and were moved there accordingly.
For example, the pyruvate-ferredoxin
oxidoreductase (PFOR), domain Il POR family
previously formed an independent homology
group within the “Other Rossmann-like domains”
X-group, but is now classified with other P-loop
domains (see discussion below). However, most
of the homology groups that were previously
placed in the “Other Rossmann-like domains” X-
group are now classified as independent ECOD X-
groups.

The importance of justification of function and
active site consideration can be revealed by the
following example. Sequence profile similarity is
low (HHpred prob. = 0%)*>°” between DNA-
adenine methyltransferase (Figure 4A) and the
classic NAD(P)-binding Rossmann-fold domain
from 12-hydroxydehydrogenase/15-Oxo-prosta
glandin 13-reductase (Figure 4B) and their structure
similarity (Dali Z-score = 4.4) is insufficient for con-
fident homology inference (HHpred probability
greater than or equal to 99%, see Materials and
Methods). Although the overall topology of both
domains is Rossmann-like, the methyltransferase
contains an additional antiparallel B-strand (B7)
inserted into the sheet, which is a signature struc-
tural feature of this topology.>® This unique insertion
in the sheet, combined with the presence of several
helical extensions to the core Rossmann-like topol-
ogy, prevent detection of the overall sequence and
structure similarity between these two individual
domains.

However, functional considerations reflected in
the similarity of their active sites, as well as a
transitive relationship to another methyltransferase
(which also was not automatically clustered with
these domains), supports homology between
these two  domains. Caffeoyl-CoA  O-
methyltransferase (Figure 4C) has a common
methyltransferase topology that includes the
signature antiparallel B-strand and has high
structure  similarity to the DNA-adenine
methyltransferase (Dali Z-score = 9.8). Both
domains bind S-adenosyl-L-homocysteine (SAH)
at their active sites and are clear homologs. The
sequence similarity between the caffeoyl-CoA O-
methyltransferase and 12-hydroxydehydrogenase,
which binds NADP, suggests homology (HHpred
Prob. = 96%). Comparison of the ligand positions
in all three proteins revealed similarity of binding
modes (Figure 4, bottom pictures). Equivalent
elements of the RLM (magenta residues) position
the adenine rings of the methyltransferase SAH
and the 12-hydroxydehydrogenase NADP in a

7

similar orientation. Moreover, all of these three
domains contain a Gly-rich loop located between
B1 (dark blue) and a1 (cyan), which contributes to
the protein active site. The consensus sequences
of caffeoyl-CoA O-methyltransferase (PDB: 1sus)
and  12-hydroxydehydrogenase @/  15-Oxo-
prostaglandin 13-reductase (PDB: 1v3v) each
contain three Gly residues (Figure 4D), whereas
DNA-adenine methyltransferase (PDB: 1yf3) has
only two (Figure 4E). While the composition of the
Gly-rich regions in these proteins is slightly
different in sequence (Figure 4D-E, Gly residues
colored by magenta), they superimpose in their
tertiary structures. Gly residues that localize in the
N-terminal part of RLM helix a1 (cyan) usually
coordinate phosphate,®*°° as is the case for 12-
hydroxydehydrogenase / 15-Oxo-prostaglandin
13-reductase binding to NADP. The Gly-rich loop
from the methyltransferases allows binding of the
peptide portion of SAH instead. Taken together, this
evidence suggests that these domains are homo-
|ogS.61763

Deteriorations and rearrangements of RLM
domains hindering their recognition

The RLM is the most conserved region of
Rossmann-like domains.” It participates in ligand-
binding for many of the RLM domains we studied
and is therefore essential for function. However,
some Rossmann-like structures lack key secondary
structure components that contribute to the RLM.
One example of these exceptions resides in
pyruvate-ferredoxin oxidoreductase (PFO), which
is required for the transfer of electrons from pyru-
vate to ferredoxin using coenzyme A (CoA), iron-
sulfur clusters, and thiamine pyrophosphate.®* This
multi-domain protein typically consists of six
domains, including two duplicated RLM-containing
thiamin-diphosphate-binding domains, one RLM-
containing TK C-terminal domain, and one three-
layer o/f sandwich without an identified RLM.
Thiamin-diphosphate-binding domains adopt a six-
stranded parallel B-sheet (order 213465) flanked
by six helices, whereas TK C-terminal domains
adopt a six-stranded B-sheet with antiparallel B1
(order 132456) flanked by four helices. These con-
siderable structural differences in topology lead to
defining the thiamin-diphosphate-binding and TK
C-terminal domains as two independent possible
homology groups (X-groups) in our classification,
implying a lack of evidence for their homologous
relationship to other Rossmann-like proteins. Thus,
these domains cannot necessarily be considered as
duplications in PFO. They could have arisen by
recombination of convergent RLM domains. Simi-
larly, the function and evolutionary relationship of
the non-RLM domain from PFO (domain lll, Fig-
ure 5A) was unclear due to its unique sequence
and structural features. Although PFO domain I
lacks an RLM, its mainly o/ topology, together with
the presence of other RLM domains in the structure,
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SS Z-score = 9.8
Seq prob = 46%

Structure similarity Z-score (SS
score) = 4.4

SS Z-score = 6.0
Seq prob =96%
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T ss_pred hcccCCcceeeecccce —--cceeeeecCchHHHHHHHhh----ccccccccechhh ---C
Q ss_pred cCCCceeEEEEcCCCccHHHHHHHHHhccccCcEEEEec
Q 1lsus KNHGSYDFIFVDADKDNYLNYHKRLIDLVKVGGVIGYDN
Q Consensus  ~~~~~~ D~i~~~~~~ e I~ L~~gG~1~~~~
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T Consensus  ——~~~~ A~Vi~~~gr~mmmm e~ I~~~ge~~~~~
T 1v3v --PDGYDCYFDNVGGE ----FLNTVLSQMKDFGKIAICG
T ss_pred --CCCcceeeecccch----hHHHHHhhhhccceeeeec
E
Q ss_pred hhHHHHHHHHHhccCCCeEEEEcccc CCCCcEEEEEECChhHHHHHHH
Q 1lsus ADEGQFLSMLLKLINAKNTMEIGVYTGYSLLATALATIPEDGKILAMDINKENYELGLP
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T ss_pred hhhHHHHHhcCCC--CCeEEEeccccc cc-—---- C-cEEEeeccccHHHHHHH

Figure 4. Example of distant homology that can be detected by active site similarity. RLM SSEs are colored in
rainbow with active site residues shown in magenta. (A) DNA-adenine methyltransferase (PDB: 1yf3) binds SAH. (B)
12-hydroxydehydrogenase /15-Oxo-prostaglandin 13-reductase (PDB: 1v3v) binds NADP. (C) Caffeoyl-CoA O-
methyltransferase (PDB: 1sus) binds SAH. Sequence homology probability was calculated using HHpred,*® structure
similarity score was calculated using DALI.*® (D) HHpred sequence alignment of caffeoyl-CoA O-methyltransferase
(PDB: 1sus) and 12-hydroxydehydrogenase / 15-Oxo-prostaglandin 13-reductase (PDB: 1v3v). Gly residues from
Gly-rich loop are colored by magenta. (E) HHpred sequence alignment of caffeoyl-CoA O-methyltransferase (PDB:
1sus) and DNA-adenine methyltransferase (PDB: 1yf3). Gly residues from Gly-rich loop are colored by magenta.

suggested that PFO domain Il could be related to
RLM domains. PFO domain lll has an antiparallel
B-strand inserted between the $1 and B2 of the pre-
sumed RLM (Figure 5A, colored yellow). This inser-
tion makes this domain topologically unique and

lacking significant structural similarity to domains
outside its family. Positional conservation in PFO
domain Il highlights Gly-rich loops between (1
and a1, which are usually considered a signature
motif for classic nucleotide-binding Rossmann-like
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6ciq ---——-——- GTFRCKFFGLGSAGTVGANKNSIKIIGDHTAMYAQGYFVYdskksggvtishlrfgKQPI-—————————— gsayliDQADLIACHNPS
| | [ |
2jfg dielfcreaQAPIVAITGSN--GKSTVTTLVGEMAKAAG-VNVGVGGNI-======= glpalmllDDECelyvlelssfglettssLQAVAATILNVT
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Figure 5. POR family domains. (A) Domain Il of pyruvate:ferredoxin oxidoreductase (PDB: 6¢iq) with CoA bound.
Gly residues from Gly-rich loop colored by magenta. (B) Binding site superposition of pyruvate:ferredoxin
oxidoreductase’s domain |ll (PDB: 6c¢iq, binds CoA), shown in beige, and UDP-N-acetylmuramoyl-L-alanine-D-
glutamate ligase (PDB: 2jfg, binds ATP), shown in slate green. Adenine rings of ATP and CoA are colored in salmon,
ribose rings in olive. Walker A motif is shown by magenta. (C) Sequence alignment of pyruvate:ferredoxin
oxidoreductase’s domain |ll (PDB: 6ciq) and UDP-N-acetylmuramoyl-L-alanine-D-glutamate ligase (PDB: 2jfg).
Active site residues shown in magenta. (D) Oxalate oxidoreductase (OOR) subunit delta (PDB: 5c4i). “Plug loop” is
colored by magenta. (A-C) Presumed RLM elements are colored by rainbow, and the antiparallel B-strands inserted
between B1 and B2 of presumed RLM are colored by yellow.

domains.®® Composition of the Gly-rich region var-
ies between members of the PFO domain Il family
(Pfam: PF01558). Such diversity of this sequence
region can also occur for Rossmann-like domains.**
Recently, a structure of PFO domain IIl bound to
CoA suggested it plays an important role in the func-
tioning of this protein.** The presence of a Gly-rich
loop in PFO domain Il might suggest a similar CoA
binding mode to that of nucleotide-binding Ross-
mann folds. However, comparison of their CoA
binding revealed significant differences. As we
showed recently, a common binding mode for
CoA by Rossmann-like domains positions the ade-
nine nucleotide ring of CoA in a pocket formed by
the conserved Gly-rich motif loop and loops from
the crossover, with phosphates coordinated by the
N-terminal part of RLM a1.° Alternatively, the bind-
ing mode of CoA in PFO reveals the adenine ring
coordinated by the N-terminal part of the helix a1.
Such a binding mode is inherent for RLM-
containing P-loop domains.*%°® A search for closest
structures to PFO domain Il outside of its ECOD
family identified P-loop domains (Dali Z-scores
between 7.6 and 4.9). Indeed, similarity was found
both between the active site structure constituents
and the positions of the phosphate and adenine ring
in PFO domain Il and in an identified structure
UDP-N-acetylmuramoyl-L-alanine-D-glutamate

ligase (Figure 5B-C). Conserved glycines in the
active sites of ligase (Walker A motif GxxGK) and

PFO (Gly-rich loop GxGxxG) are aligned (Figure 5-
B-C, magenta). Binding of CoA is an unusual func-
tion for P-loop domains. No domains containing a
classical Walker A or P-loop sequence motif (G-x
(4)-GK-TS) exist in our dataset that bind CoA as
substrate or cofactor. Assuming domain Ill of PFO
evolved from a P-loop domain (due to the similarity
of binding site), the domain must have undergone
significant structural (insertion of an antiparallel -
strand) and partial sequence changes (it lacks con-
served residues K, T and S from the Walker A motif)
to adopt a new CoA-binding function. Moreover,
some members of the PFO domain Il family
(PF01558) have entirely lost the Walker A motif (ox-
alate oxidoreductases, Figure 5C). Oxalate oxidore-
ductase (OOR) subunit delta has a nearly identical
structure to domain Il of PFO with an additional
“plug loop” at the C-terminal part of the domain
(shown in magenta, Figure 5C). The “plug loop” is
present only in OOR subunit delta among the mem-
bers of the POR family (PF01558) and coordinates
opening and closing of the binding site to moderate
oxalate decarboxylation.** Despite this lack of
Walker A in OOR, oxalate oxidoreductase subunit
delta and PFO domain Il should be considered
Rossmann-like domains (despite lacking the
RLM), since they are homologous to P-loop
domains.

Another example of unusual Rossmann-like
domains that lack the RLM is a family of lipases
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(Lipase_3). Lipases, which catalyze the hydrolysis
of acylglycerols, adopt a canonical o/f3 hydrolase
fold whose evolution has been previously
discussed.®” The lipase o/p hydrolase homology
group is Rossmann-like and usually includes an
RLM. However, members of the Lipase_3 family
(PFO1764) (e.g, Thermomyces lanuginose lipase,
Figure 6A) do not contain an RLM, which is impor-
tant for functioning of most Rossmann-like
enzymes. Members of this family adopt a three-
layer o/p/a sandwich with sequentially ordered B-
strands in the middle layer lacking the required
RLM crossover (Figure 6A). In contrast, other lipase
families include the RLM crossover (e.g., a human
lipase, Figure 6B). With respect to the Lipase_3
family structure, other lipases have an additional
B-strand/a-helix (blue and cyan, Figure 6B) follow-
ing the core B-strand of the common fold (slate, Fig-
ure 6A and B) completing the RLM. The signature
conserved sequence motif for all lipases is the cat-
alytic triad (Ser, Asp, His, Figure 6A-E, shown by
magenta sticks).®® Location of the catalytic triad is
similar for Lipase_3 and other Lipase family mem-
bers (Figure 6A-B), and all three catalytic residues
are aligned to each other (Figure 6E, shown in
magenta). Within RLM-containing lipase domains,
the catalytic triad is located outside of the RLM,
and the first catalytic residue Ser152 is located
within the loop following the last RLM B-strand 4
(Figure 6B). Another signature structural feature of
all lipases is the lid or flap (shown in yellow, Figure 6-
A-D), which is an a-helix that covers the catalytic
triad and interacts with the substrate.®®° Lipase_3
(PFO1764) family members form the lid following
strand B2 (shown in green, Figure 6A), whereas
the location of the lid for Lipase (PFO0151) family
members is shifted to the C-terminal section of the
domain, following the strand B7 (shown in brown,
Figure 6B). These two lipases bind the same sub-
strate, diundecyl phosphatidylcholine, but use dif-
ferent modes. In the human lipase (Lipase family),
RLM elements take part in coordination of the sub-
strate, namely the loop between RLM 1 (dark blue)
and a1 (cyan) and helix o2 (orange) (Figure 6B, D).
The RLM B1-a1 loop in the human lipase occupies
the lid position in T. lanuginose lipase (Lipase_3
family) (Figure 6C-D), however this loop is insuffi-
cient for coverage of the catalytic triad and for fully
substituting for the function of the lid. The substrate
binding mode and lid location difference between
members of the Lipase_3 and Lipase families might
eliminate evolutionary pressure for maintaining the
RLM in the Lipase_3 family. However, they still cat-
alyze the same reaction of triacylglycerol hydrolysis
(EC: 3.1.1.3) using the same catalytic triad.®®’° The
existence of cases where the RLM motif had deteri-
orated within H-groups suggests that in very distant
homologues divergence could disrupt this motif to
accommodate adaptation to different functionals.
Moreover, small H-groups provide additional diffi-
culties in identification of possible homology
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between them, while many structures remain to be
solved that might help in this distinction.

An unusual crossing loop unifies RLM
structures of functionally diverse homologs.

The peptidyl-tRNA  hydrolase-like  ECOD
homology group (ECOD id: 2011.2) contains
seven families that cannot be classified
automatically due to a lack of sequence similarity
between families  (http:/prodata.swmed.edu/
rossmann_fold/files_fin/2011.2_heatmap_prob.
html). Nevertheless, all members possess an
unusual crossing loop between RLM B3 and the
next antiparallel B-strand (Figure 7), as well as
overall similarity in topology of secondary
structural elements. Additionally, two of the
families share a 3(10)-helix extending the N-
terminus of the a1 helix as a structure feature,
which takes part in ligand binding. Hydrogenase
maturating endopeptidase (HYBD, PDB: 1cfz)
exemplifies the fold (Figure 7A). This protein
forms a three-layer o/f sandwich with a five-
stranded B-sheet (order 21354) flanked by five o-
helices. The sheet includes an antiparallel strand
B4 formed by an unusual crossing loop between
B3 and B4 (shown in red and salmon respectively,
Figure 7A). HYBD binds a metal cation’' using a
residue from the unusual 3(10)-helix (yellow in Fig-
ure 7A), as well as from the RLM elements 3 and
an o-helix C-terminal to the RLM.”? The RLM helix
a2 (shown in orange Figure 7A) also adopts a 3
(10)-helix that is specific to the HYBD family (Hycl
in ECOD). The transition from a 3(10)-helix to an
a-helix in a1 of HYBD causes a distinctive bending
of the RLM element (Figure 7B).

Archaeal proteasome activator (PDB: 3vr0) is a
PAC2 family member of the Peptidyl-tRNA
hydrolase-like homology group with a similar
domain core as in HYBD. PAC2 includes several
additional SSEs including an N-terminal strand
extension, a p-hairpin insertion following RLM
helix a1, and a p/a insertion C-terminal to the RLM
(shown in wheat, marine blue and pink
respectively, Figure 8B).

This protein forms a homotetramer that binds to
the mature 20S proteasome as a cap, functioning
as a proteasome activator.”® Its 3D structure con-
tains an Au* atom that interacts with the 3(10)-
helix and strand 3, which represents a similar bind-
ing mode as seen in HYBD. Helix o2 (Figure 8B,
shown orange) is represented by a canonical a-
helix in this protein family, whereas HYBD has a 3
(10)-helix instead. The middle layer of the domain
core of archaeal proteasome activator and HYBD
is formed by a B-sheet with strands order 21354
with antiparallel strand B4 and signature crossing
loop between 3 and B4 (shown in red and salmon
respectively, Figure 8B).

Peptidyl-tRNA hydrolase-like domain of PHO006
protein from P. horikoshii (Figure 8C), a member
of D-aminoacyl-tRNA deacylase ECOD family,
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Figure 6. Homologous lipase domains may lack the RLM. The catalytic triad is shown in magenta sticks. The RLM
is colored in rainbow (blue, cyan, green, orange, red). The lid is colored yellow. Diundecyl phosphatidylcholine (PDB:
PLC) is shown in sticks and colored by elements. (A) Lipase_3 family (PF01764) member Thermomyces lanuginose
lipase (PDB: 1einA), which lacks an RLM, is colored light orange. B-strands that correspond to (B) Lipase family
(PF00151) human lipase (PDB: 1lpaB) are colored in corresponding colors. Active site of (C) T. lanuginose lipase
(PDB: 1einA) and (D) human lipase (PDB: 1lpaB). (E) Dali structure-based sequence alignment of T. lanuginose
lipase (PDB: 1einA) and the human lipase (PDB: 1lpaB). Catalytic triad shown by magenta. Secondary structure
elements are shown by the same colors as in (A-B).
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Figure 7. Transition between 3(10)- and a-helices
results in bending of a-helical part. (A) Hydrogenase
maturating endopeptidase from E. coli (PDB: 1cfz). RLM
is shown in rainbow. 3(10)-helix is colored in yellow.
Metal-binding residues are shown as sticks. Cd** is
shown as sphere. (B) Main chain sticks representation
of RLM elements B1 (C-atoms are colored in blue) and
a1 (3(10)-helix part is colored in yellow, a-helix (alpha)
part — in cyan) of HYBD. Hydrogen bonds are shown as
orange dashed lines.

has a similar topology and middle layer B-strand
order (21354) as the two examples described
above. This protein has no 3(10)-helices in its
structure and its Mg?* binding site is shifted to the
C-terminal segment of the domain (Figure 8C,
shown in sticks). This family contains four
conserved sequence motifs, which take part in
forming the metal binding site: SxH, HxxG,
ExxHHxP, and ExG (Figure 8C, H and E residues
shown in magenta).”* Helix o2 (Figure 8C, shown
orange) is also represented by a canonical a-helix,
however the angle between o2 and B1 is about 90
degrees, which is uncommon for RLM proteins.
PHO006 protein shares similar insertions with
archaeal proteasome activator, namely a B-hairpin
insertion following RLM helix o1, and a p/a insertion
C-terminal to the RLM, as well as the signature
crossing loop between 33 and antiparallel 4. With
the shifting of the binding site, PHO006 protein
underwent a fold change. The a-helix (Figure 8B,
shown grey in archaeal proteasome activator) fol-
lowing the antiparallel B-strand (Figure 8B-C, shown
in pink) deteriorated into a loop in PHO006 that coor-
dinates a Mg?* cation (Figure 8C).

Finally, purine nucleoside phosphorylase (PNP)
(Figure 8D), being homologous to the three
protein families described above, also has a
similar topology. PNP catalyzes the reversible
phosphorolytic cleavage of the glycosidic bond of
purine nucleosides using phosphate.” This domain
does not contain the aforementioned 3(10)-helices,
and its crossing loop between 3 and antiparallel 34
of the domain’s core forms a B-barrel together with
the antiparallel B-strand from the /o insertion
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C-terminal to the RLM (Figure 8D, shown pink)
and B5 of the core (Figure 8D, shown olive). One
additional B-strand takes part in the formation of
the B-barrel (Figure 8D, shown deep purple). The
ligand binding site is also shifted to the C-terminal
section of the domain compared to HYBD, however
the longer B3 in PNP still interacts with the ligand,
whereas a1 helix no longer takes part in binding.
The initial catalytic step involves breaking an a-
helix a8 into two segments, with one segment mov-
ing toward the binding pocket (Figure 8D, dark
green a-helix).”> This movement positions catalytic
residues (Figure 8D, shown in magenta sticks) to
interact with the substrate. All this evidence sug-
gests that the probable evolutionary path of the fold
between these homologous families shown in Fig-
ure 8: a1 3(10)-helix of HYBD and PAC2 families
binds functional metal; elimination of the 3(10)-
helix and formation of additional B-strands (B-
hairpin insertion following RLM helix o1, and a /o
insertion C-terminal to the RLM); the binding site
was shifted to the C-terminal section of the domain
with the deterioration of the a-helix to a loop that
coordinates Mg binding in PHO006 protein; and
additional B-strands allowed the formation of the
B-barrel, whose elements take part in ligand binding
in purine nucleoside phosphorylase.

Glycoside hydrolase minimal RLM domain
trimer reveals p-strand deletion.

A putative glycoside hydrolase from Bacteroides
thetaiotaomicron (PDB: 3sgg) consists of a C-
terminal TIM-barrel domain responsible for
hydrolase activity, and an N-terminal trimeric
repeat of three RLM domains. Two of these
repeats include the core RLM (three parallel B-
strands, flanked by two o-helices) and a single
additional a-helix. Glycoside hydrolase belongs to
the GxGYxYP family that appeared sparsely in
eukaryotes through multiple occasions of lateral
gene transfer from gut microbiota.’® These proteins
are involved in carbohydrate metabolism and their
genes are responsive to o-mannans (mannose
polysaccharides) that are used by bacteria as nutri-
ents.” Two additional proteins with known 3D
structure have a similar trimer tandem duplication
formed by three RLM domains: cell wall binding pro-
tein 8 (Cwp8, PDB: 5j6q) and cell wall binding pro-
tein 6 (Cwp6, PDB: 5j72). RLM domain trimers of
these closely related proteins define the cell wall
binding 2 (CWB2) family that is required for non-
covalent anchoring to the cell wall components of
the surface layers,”” and exhibits 148 unique
domain architectures over 48 species.78 Overall,
the CWB2 RLM trimer structure is very similar to
the B. thetaiotaomicron glycoside hydrolase N-
terminal domains, with a minor difference — the mid-
dle layer of each CWB2 RLM domain consists of
four parallel B-strands (insertions relative to B.
thetaiotaomicron glycoside hydrolase N-terminal
domains shown in magenta) (Figure 9A-B).
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Figure 8. Probable evolutionary path between RLM-containing domains from Peptidyl-tRNA hydrolase-like
homology group (A) Hydrogenase maturating endopeptidase from E. coli (PDB: 1cfz); (B) archaeal proteasome
activator from Pyrococcus furiosus (PDB: 3vr0); (C) PH0006 protein from Pyrococcus horikoshii (PDB: 2gfq); (D)
purine nucleoside phosphorylase from E. coli (PDB: 4ts3), formycin A is shown by sticks and colored by elements.
RLM is shown in rainbow. 3(10)-helix is colored in yellow in A and B. Metal-binding residues are shown by sticks in A,
B. Residues near metal-binding site are shown by sticks in C.

Figure 9. Trimer tandem duplication of RLM-containing domains in distant homologs Individual RLMs from (A) B.
thetaiotaomicron glycoside hydrolase N-terminal domains (PDB: 3sgg) and (B) C. difficile Cwp8 RLM trimer (PDB:
5j6q) are colored blue, cyan and orange from the N- to the C-terminus. Conserved residues are shown in red stick.
Insertions in Cwp8 are colored magenta.

CWB2 RLM trimers bind PS-Il — a six-member  has similar negatively charged residues at corre-
ring polysaccharide’”’® using conserved amino  sponding positions (Figure 9A, red sticks). Taken
acids (Figure 9B, red sticks). The GxGYXYP protein  together the similar hydrolase activity, polysaccha-
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ride binding, and similarity in conserved positions
and structure indicate that RLM trimer domains of
GxGYxYP and Cwp proteins are homologs.

Taxonomic distribution of RLM homology
groups reveals universal nature of the folds

Rossmann folds are found in ancient, frequently
diverged domains that adopt a large variety of
functions and perform many types of extant
enzymatic reactions. They are known to utilize
iron-sulfur clusters, which have been used as
electron carriers even when the atmosphere had
no oxygen.”® RLM-containing enzymes take part
in the ancient Wood-Ljungdahl metabolic pathway
thought to be used by the LUCA.> Unsurprisingly,
these proteins are found in all kingdoms of life and
play roles in various crucial processes.

RLM F-groups

B; 71; 6% E

We determined the overall taxonomic distribution
across RLM family and homology groups
(Figure 10) using the Pfam database®® (see Materi-
als and Methods). RLM homology groups with fam-
ilies that are universal, containing proteins from all
three major taxonomic lineages (archaeal, bacterial
and eukaryotic), constitute 59 out of 156 (37.8%)
groups. The proportion of homology groups con-
taining universal protein families is higher when viral
proteins are considered (68 out of 156, 43.6%) and
constitute the majority of H-groups. These universal
H-groups include all of the largest groups (e.g.
Rossmann-like, P-loop like, Flavodoxin like, etc.)
as well as some smaller ones that consist of a single
family (e.g., GT-D type glycosyltransferase,
PF08759). The remaining H-groups (29 out of
156, 18.6%) are represented by small, varying frac-
tions of differing combinations of taxonomic groups.

RLM H-groups
*B; 3; 1.9%

B+V; 4; 0.3%

E+A+B; 413; 33%

E+V; 5; 0.4%
E+A; 35; 2.8%
A; 7; 0.6%

E+V
E+A
A

All; 438; 35%

E+A+B+V

E+B+V; 29; 2.3%
E; 46; 3.7%

A+B+V; 5; 0.4%\—‘

A+B; 44; 3.5%

E+A+V; 6; 0.5%
E+B; 117; 9.4%
V; 22; 1.8%

E+B+V

A+B+V
A+B
E+A+V

E+B

\%

Overall: 1242 F-groups

All; 68; 43.6%

E+A+B; 59; 37%

E+A; 1; 0.6%
E+B+V; 3; 1.9%
E; 4; 2.6%

A+B; 5; 3.2%
E+B; 7; 4.5%

N V; 3; 1.9%
— g§A+B+V; 1; 0.6%
— B+V; 1; 0.6%

E+A+V; 1; 0.6%

Overall: 156 H-groups

Figure 10. Taxonomic distribution of RLM protein across family and homology groups. A - Archaea, B - Bacteria, E
— Eukaryotes, V — Viruses. Percentage shows the ratio of particular taxonomic groups combination from total number
of family or homologous groups respectively. The thickness of lines represents the number of RLM F-groups.
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Notably, we observed homologous RLM groups
with domains from families that belong solely to a
single taxonomic group in bacteria, eukaryotes
and viruses, but not in archaea. There are only 7
exclusively archaeal RLM-containing F-groups at
the family level. Three of these F-groups have
unknown function and contain only one known 3D
protein structure (2003.1.1.430, 2004.1.1.84,
2005.1.1.78). Domains from DUF1890 F-group
(2003.1.1.430, PF09001) belong to the largest
RLM-containing Rossmann-related ECOD H-
group (2003.1) and contain conserved Gly residues
at the location of Gly-rich loop, which is common for
members of the Rossmann-related H-group. F-
groups 2004.1.1.84 (PF03192) and 2005.1.1.78
(PF19025) do not contain any conserved motifs,
however they revealed structure similarity to
domains of their homology groups — P-loop
domains-related (2004.1) and HUP domains
(2005.1) respectively. Enzymes from the F420-
dependent methylenetetrahydromethanopterin
dehydrogenase (MTD) F-group (2007.1.18.1,
PFO1993) part|C|pate in methane metabollsm
which is unique to bacteria and archaea.®’ Mem-
bers of the Pyrrolysine synthase (PylD) F-group
(2007.1.1.39) are responsible for pyrrolysine
biosynthesis. Pyrrolysine is an amino acid, WhICh
is unique to small groups of archaea and bacteria.®

Two final F-groups represent functions that are
unique to archaea. tRNA (cytidine(56)-2’-O)-methyl
transferase (2488.1.1.9, PF01994) is responsible
for methylation of cytidine at position 56 in archaea
tRNAs. In contrast to archaea, bacteria and eukary-
otes contam an unmodified cytidine residue at posi-
tion 56.%2 This protein contains a signature
alpha/beta knot structural motif and belongs to the
diverse alpha/beta knot ECOD H-group (2488.1),
which includes all major taxonomical groups.
Alpha/beta knots were hypothesized to have
evolved from Rossmanoidal precursor, however
nothing is known about the origin of the knot in this
fold. It was suggested that exclusively archaeal
alpha/beta knot family groups were acquired by hor-
izontal gene transfer from bacterla living in similar
environmental conditions.®® Finally, DUF1246 F-
group (2003.1.10.6, PF06849) includes 5-formami
noimidazole-4-carboxamide-1-(beta)-D-ribofurano
syl 5’-monophosphate synthetase (FAICAR), which
catalyze steps 9 and 10 of archaea purine biosyn-
thesis and mechanism of these steps has dlffer-
ences with bacteria and eukaryote mechanisms.®*

FAICAR belongs to the largest H-group in our data-
set — Rossmann-like (2003.1). Thus, these two fam-
ilies (2007.1.18.1 and 2007.1.1.39) represent
metabolic functions that are specific to archaea
and bacteria. Another two families (2488.1.1.9 and
2003.1.10.6) represent functions that unique to
archaea, however members of these F-groups
belong to large and diverse H-groups that include
all major taxonomical groups. There are 4 exclu-
sively eukaryotic homologous groups in our data-
set. All of them are involved in processes that are
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unique to eukaryotes. For example, “Peroxisome
assembly protein 22” H-group (ECOD id: 7593.1),
includes of one family: Peroxin-22 (PF12827),
which is exclusive to eukaryotes. Peroxin-22
(Pex22p) is membrane protein, which forms the
complex with Pex4p protein and catalyze the ubiqui-
tination of other protelns as well as takes part in
peroxisome biogenesis.®>®® Viruses contain RLM
proteins that form three excluswely viral homolo-
gous groups. However, due to the fast evolution of
viral proteins, most are difficult to classify. For
example, the cystovirus bacteriophage phi12
encodes a unique P7 protein with an RLM (PDB:
2082). We classified Phi12 P7 as its own unique
possible homology group (X-group), implying a lack
of evidence for homology to existing folds. P7
serves as a putative virion assembly cofactor
thought to bind the unique three- segmented
double-stranded cystovirus  RNA genome.®
While the Phi12 P7 protein probably evolved to bind
its unusual genome from a DNA/RNA-binding
Rossmann-like protein, the identity of the ancestor
remains elusive. Bacteria can also include fast
evolving components of the genome that function
in host |mmune response evasion or the bacterial
arms race.®® There are 3 homologous groups with
exclusively bacterial families in our dataset. For
example, H-group “a/b domain in family 98 gly-
coside hydrolases”. Family 98 glycoside hydrolases
is known to play an important role in bacterial viru-
lence and |s specmc for distinct host carbohydrate
antlgens

Disease-associated mutations within human
RLM proteins

By now, genomes of more than 25,000 species
have been sequenced, and more than 160,000
protein  structures have been determined.
Sequencing of human genomes facilitated the

determination of disease-causing mutations
(DCMs) in the human proteome. Using
bioinformatic methods we identified RLM-

containing protein sequences in human (see
Materials and Methods) and found that RLM-
containing proteins constitute approximately 15%
of the human proteome. Such a high proportion
can be explained by the adaptability of RLM
proteins to multiple functions.

Amino acid mutations may alter local structural
features of proteins, thereby causing protein
dysfunction and disease. RLM enzymes contnbute
to 38% of all known metabolic reactions® and are
crucial for human cellular function. We mapped all
known DCMs to RLM-containing proteins with
determined (from Protein Data Bank) or modeled
(from SWISS-MODEL) 3D structures using a
single-amino acid varlatlons database recently
developed in our lab.°’ We defined 613 human
RLM-containing proteins (UniProt IDs) that contain
DCMs within characterized residues of determined
or modeled structures. A majority of these proteins
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(861 out of 613, 59%) contain DCMs limited to the
RLM domains, 70 (11%) contain DCMs only within
the non-RLM domains, and 184 (30%) contain
DCMs within both RLM and non-RLM domains. Fig-
ure 11 shows the distribution of DCMs among the
613 defined human RLM-containing proteins within
their RLM and non-RLM domains. The overall frac-
tion of DCMs within RLM domains is higher than
within non-RLM domains, although the difference
is not significant according to the Fisher exact test.

Changes in RLM domains classification with
DCMs might reveal new insights in the
significance of a particular mutation in the light of
newly identified homologous relationship. Overall
114 RLM proteins with DCMs underwent
classification changes in ECOD (Supplementary
Table 4). Most of these changes are linked to the
reclassification of homology groups to new X-

groups during the elimination of “Other
Rossmann-like”  X-group, discussed above.
However, there are some exceptions. Human
ornithine  transcarbamylase  (PDB: 1ep9),

previously formed an independent H-group, was
found to have significant structure similarity with
domains from Rossmann-related H-group (Dali Z-
score = 10.8 with formate dehydrogenase, PDB:
4xye) and was moved to this H-group (2003.1).
Ornithine  transcarbamylase also  contains
conserved Gly residue in the loop between B1 and
a1 of RLM, which is the reduced Gly-rich loop,
common for Rossmann-related H-group domains.
Mutation of the conserved G197 (as well as most
of known DCMs in this protein) is linked with
ornithine carbamoyltransferase deficiency (OTCD)
— a disorder of the urea cycle which causes a form
of hyperammonemia.®>“® This protein has one of
the largest fraction values of DCMs in RLM domain
in our dataset — 29% (Supplementary Table 4).
We classified each of the 613 defined human
RLM-containing proteins with DCMs based on

500 =
400 -

300 -

200

Number of UniProt IDs

100

0

disease class using the Genetic Association
Database (GAD).”* Table 1 shows top three GAD
disease classes in which human RLM proteins with
DCMs are significantly overrepresented based on
Fisher exact test (P < 0.05).

Almost 40% of all RLM proteins with DCMs are
linked to metabolic diseases (236 out of 613). This
result agrees with our recent finding that RLM
enzymes comprise 38% of reference metabolic
pathways and are overrepresented in nucleotide
metabolism, energy metabolism, and metabolism
of amino acids.” For example, aromatic-L-amino-
acid decarboxylase (AAD) catalyzes the decar-
boxylation of L-3,4-dihydroxyphenylalanine (DOPA)
to dopamine and L-5-hydroxytryptophan to sero-
tonin, utilizing pyridoxal 5'-phosphate (PLP) as a
cofactor.”> This enzyme adopts a fold with a
seven-stranded -sheet (order 3245671, with 324
forming RLM, and with antiparallel §7), flanked by
nine o-helices (Figure 12A) and belongs to the
PLP-dependent transferases ECOD homology
group. Mutations within AAD cause aromatic L-
amino-acid decarboxylase deficiency (AADCD),
which is a disorder of monoamine neurotransmitter
metabolism, characterized by significant develop-
mental and psychomotor delay and autonomic dys-
function.”® Mutations within AAD lead to decreased
binding aff|n|ty of the enzyme for substrate (DOPA)
which results in decreasing dopamine levels.’

About 30% of all RLM proteins with DCMs are
linked to cancer (28.7%). RLM proteins are also
involved in different processes related to cancer,
for example Breast cancer type 1 susceptibility
protein (BRCA1). BRCA1 is a large protein of
1863 amino acids, which consists of an N-terminal
RING domain and two C-terminal Rossmann-like
tandem BRCT domains (Figure 12B). BRCAT1
interacts with DNA damage response sensors,
coordinating the recognltlon of DNA damage sites
and DNA repair.'® BRCAT1 is a tumor suppressor,

I RLM
nonRLM

AN e”‘e”e*’ 3 “’@@\"00\”‘\"\*’ S

RS R .Q.Q.Q.

N N
T 0 O OO OO QO

Fraction of DCMs RLM-containing UniProt IDs

Figure 11. Distribution of DCM fraction within RLM and non-RLM domains. DCM fraction is defined as ratio of
number of residues linked with DCM to the total number of residues in the chain.
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Table 1 Top three Genetic Association Database (GAD) disease classes with significantly overrepresented RLM
proteins. Percentage was calculated based on number of RLM proteins (UniProt IDs) found in GAD (613 out of 615).

GAD disease class Number of proteins Percentage P-value Fisher exact test
Metabolic 236 38.5 2.8E-2 2.5E-2
Cancer 176 28.7 3.4E-6 2.5E-6
Neurological 156 25.4 5.4E-5 3.9E-5

Figure 12. Disease-causing mutations within RLM-containing domains. (A) Aromatic-L-amino-acid decarboxylase
(PDB: 3rbf). Positions of the mutations associated with aromatic L-amino-acid decarboxylase deficiency are colored
in magenta. (B) BRCT domains of Breast cancer type 1 (BRCA1) susceptibility protein (PDB: 4y2g). Positions of
mutations associated with ovarian and breast cancer are colored in magenta. (C) Calcium-sensing receptor (CaSR)
domains of G-protein-coupled receptor (GPCR) (PDB: 5k5s). Positions of mutations associated with hypocalciuric
hypercalcemia, hyperparathyroidism, hypocalcemia and epilepsy are colored by magenta. (D) Nucleotide-binding
domain of Ras protein (PDB: 4dsn). Positions of mutations associated with Noonan syndrome are colored by

magenta. (A-D) RLMs are colored by rainbow.

and various mutations within it are associated with
breast and ovarian cancer.*° BRCT domains adopt
a four-stranded parallel p-sheet (order 2134)
flanked by four helices. These domains can recog-
nize phosphorylated proteins,”® and this ability is
essential for BRCA1’s tumor suppression func-
tion.” There were 254 identified BRCA1 mutations
linked to cancer development, and at least 19 posi-
tions with DCMs are in BRCT domains (Figure 12B,
colored in magenta), which can cause the malfunc-
tion of this protein and increased breast cancer
I'iSkS.1OO_102
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Calcium-sensing receptor (CaSR) domains are
extracellular domains of G-protein-coupled
receptor (GPCR) that maintain extracellular Ca®*
homeostasis in blood.'®® CaSR domains belong to
the Flavodoxin-like ECOD X-group and usually form
a dimer (Figure 12C). Mutations within these
domains are linked to hypocalciuric hypercal-
cemia,'** hyperparathyroidism, '°® hypocalcemia'®
and epilepsy.®' Epilepsy belongs to the neurological
class of diseases and 25.4% of all RLM proteins
with DCM are linked to neurological diseases.
CaSR domains play crucial roles in GPCR activa-



K.E. Medvedev, L.N. Kinch, R. Dustin Schaeffer, et al.

Journal of Molecular Biology 433 (2021) 166788

tion, which usually proceeds in two steps. During
the first step, an amino acid agonist binds at the
interface between two CaSR domains (Figure 12C,
shown by sticks). The second step of activation
requires binding of a Ca®* ion.'® Similar to other
GPCRs,'?” CaSR exists in a conformational equilib-
rium between inactive and active states. Some
DCMs within the CaSR domain can be described
as loss-of-function mutations. For example, muta-
tion R465Q within RLM-containing domain is char-
acterized by a blunted response to calcium
stimulation,  thereby causing hypocalciuric
hypercalcemia.'®®

Additionally, about 13% of all RLM proteins with
DCMs are linked to developmental diseases (80
out of 613). Ras is a GTP-binding protein that
regulates cellular responses to different
extracellular stimuli and is oncogenic; cancer cells
often express mutant Ras proteins.'” The
nucleotide-binding domain of Ras proteins adopts
a six-stranded B-sheet with antiparallel B3 (order
321456) flanked by five helices (Figure 12D) and
belongs to the P-loop homology group, since it con-
tains a classical Walker A motif GxxxxGKTS.""°
Although DCMs in Ras proteins are primarily asso-
ciated with cancer,’"" they can also be linked to sev-
eral developmental disorders, such as Noonan,
Costello, and cardio-facio-cutaneous  syn-
dromes.?*'%? Noonan syndrome is an autosomal
dominant dysmorphic syndrome characterized by
short stature, facial dysmorphism, skeletal abnor-
malities, cardiac defects, and learning disabili-
ties.'” Ras proteins bind GDP/GTP and possess
intrinsic GTPase activity,''? cycling between active
guanosine triphosphate (GTP)-bound and inactive
guanosine diphosphate (GDP)-bound conforma-
tions."" Mutations within RLM-containing GDP/
GTP-binding domain of Ras proteins reduce their
activity and impair their responsiveness to GTPase
activating proteins.'’® Ras proteins are also an
important part of the Ras—Raf-MEK—-ERK pathway,
malfunction of which may cause developmental
anomalies and carcinogenesis.'%?

Conclusions

In this study, we defined the minimal Rossmann-
like structural motif (RLM) and identified RLM-
containing domains among known 3D structures
from the Protein Data Bank. These domains were
found in 38,685 PDB structures, more than 20%
of known structures. Classification of these RLM-
containing domains into 123 possible homology
groups (X-groups) and 156 homology groups (H-
groups) was non-trivial, requiring detailed manual
analysis of about 70% of H-groups. Our new
classification revised the largest RLM-containing
ECOD X-group (“Other Rossmann-like domains”)
by creating independent X-groups for most of its
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previously assigned H-groups, as well as by
merging some of its H-groups with other large X-
groups such as Rossmann-like (ECOD id: 2003),
P-loop domains-like (ECOD id: 2004) and
Flavodoxin-like (ECOD id: 2007). These new
classifications were incorporated into the ECOD
database, beginning  with  version v275
(20200517). In spite of the minimal Rossmann-like
motif being the structural core of the majority of
RLM-containing domains, manual consideration of
homology revealed deterioration of RLM structure
elements in some homologs, for example
pyruvate-ferredoxin oxidoreductase domain Ill and
Lipase_3 family. These are evolutionary
exceptions, nevertheless they should be
considered as Rossmann-like domains because
they are homologous to other F-groups that
contain RLMs.

Our analysis showed that, confined in the
diversity of RLM domains, there are homologous
domains that belong solely to a single taxonomic
group (bacteria, eukaryotes or viruses). However,
we did not find exclusively archaeal RLM-
containing H-groups. We showed that RLM-
containing proteins constitute approximately 15%
of the human proteome. Analyzing disease-
causing mutations (DCMs) in RLM-containing
proteins, we found that the overall fraction of
DCMs within RLM domains is higher than within
non-RLM domains. The top Genetic Association
Database disease classes with significantly
overrepresented RLM proteins with DCMs are
metabolic, cancer and neurological.

RLM proteins are ubiquitous in nature. As we
recently showed, one of the reasons for their
wide distribution is their ability to bind various
types of ligands, which is provided by the
incorporation of an RLM into a broad array of
structural contexts.” Moreover, protein promiscuity
was shown to be an important component of pro-
tein evolution.”'*""> Another possible reason for
the success of RLM proteins might be their repet-
itive topology type, which makes them more likely
to emerge during evolution in comparison to non-
repetitive topologies. A comparison of contact
order distributions for RLM-containing domains
and immunoglobulin-like domains (a non-
repetitive superfold) revealed significant differ-
ences between these two distributions. This
observation agrees with the likely multiple inde-
pendent origins of RLM domains in comparison
to the non-repetitive topology of 1G-like domains
and might explain the large number of possible
homology groups (X-groups) in the evolutionary
classification of RLM domains. Taken together,
our data reveal that RLM-containing proteins rep-
resent an example of highly successful evolution-
ary structural unit, which arose multiple times in
evolution and adopted a large variety of functions
among all domains of life.
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Materials and Methods

Identifying RLMs in ECOD domains using
ProSMoS

The minimal RLM was defined as a three-layer o/
B/a sandwich with the central B-sheet containing a
minimum of three parallel B-strands (B1, B2, and
B3 in Figure 1). We require the second element to
be a-helical to maintain the o/f doubly-wound
characteristic of Rossmann-like folds and to
maintain the known ligand binding site. To
accurately represent all known Rossmann-like
crossover connections between B-strands 2 and
B3, element IV includes three variations: a-helix,
B-strand or linker (Figure 1B).

We used the minimal RLMs described above as
queries to search against all known protein
structures in the Protein Data Bank''® using the
ProSMoS program developed in our lab.** We
used PALSSE''” to generate a database of
secondary-structure interaction matrices derived
from ECOD domains. Each matrix describes the
interactions  (parallel or antiparallel) and
hydrogen-bonding of the PDB structure. This min-
imal structural consensus of RLM domains was
represented as three ProSMoS query matrices.
Query matrices specified the number and types
of secondary structure elements in the motif under
consideration, the hydrogen-bonding and parallel
or anti-parallel relationships between its elements,
and minimum and maximum length of the three
component B-strands. All B-strands were required
to be at least three amino acids in length. Out of
more than 117,000 domains, which contain the
RLM, only 840 domains were not identified by
ProSMoS. There were multiple reasons for this:
deteriorated or missing RLM p-strands (e.g.,
ebdalA2) or an unusual element IV (e.g,
e3i12C4). The flowchart of data collecting is
shown in Figure S2.

Domains were considered to belong to a
Rossmann-like fold when the RLM overlapped
with the evolutionarily conserved structural core.
Domains from each PDB structure from the
ProSMoS search results were annotated using
ECOD. ECOD domains are identified by an
identifier (e.g. “e115jB5”), which incorporates a) the
PDB identifier, b) a chain identifier (sometimes
multicharacter), and ¢) a domain number. In the
current work we used the following hierarchy of
structural definitions: structures/depositions from
the PDB contain multiple proteins/chains which
can contain one to many ECOD domains. We
define “fold” as synonymous to ECOD topology
groups. All RLMs identified must overlap
completely with an ECOD domain to be
considered. Consequently, each identified RLM is
fully contained as part of an ECOD domain and
cannot belong to two different domains at the
same time.
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Clustering of RLM domains into homologous
groups

For each identified RLM domain, we built a
sequence profile using HHblits''® with default set-
tings against the NCBI non-redundant protein
sequence database (National Center for Biotech-
nology Information, NIH, Bethesda, MD). Sequence
profiles of RLM domains were integrated into an
RLM sequence library using the HHpred package.*®
All-against-all searches querying domain profiles
against the RLM sequence library were performed
using the HHsearch method from the HHpred
package.*’

Clustering was performed in several steps. First,
we clustered all RLM domains using the
BLASTClust program''? with a 40% identity thresh-
old. At this step we obtained 6518 clusters. Then,
from each BLASTClust cluster we randomly picked
one representative domain. To determine sequence
similarity between cluster representatives, we ran
HHsearch using sequence profiles of BLASTClust
cluster representative domains against the RLM
sequence library. All hits with a HHsearch probabil-
ity higher or equal 99% for particular representative
domain were considered as members of this clus-
ter. Thereby we obtained 6518 redundant clusters
(one domain may belong to more than one cluster).
Next, we merged all clusters that contain at least
one common domain. At this step we obtained
594 clusters. For new clusters we again randomly
picked 594 representative domains and calculated
structure similarity between them using Dali all-
against-all.” All cases with Dali Z-score > 8'%°
were manually investigated. For these cases we
considered additional functional justifications for
homology defined by conservation of residues in
the active site, as well as the position and type of
ligands found there (Figure 4). Cluster representa-
tives with similarity in binding site, ligands type,
and position were considered homologs and all
members of both clusters were placed in a single
homology group. In total we obtained 156 RLM
homology groups, which are represented in ECOD
as H-groups. The flowchart of data processing is
shown in Figure S3.

Supplementary  Figure S1 illustrates the
conserved core of RLM-containing ECOD
topology groups (T-groups). The total number of
RLM family (F-group) is 1260. For each ECOD
RLM F-group we choose one representative
domain. To determine the conserved core of a
particular T-group we picked the longest F-group
representative domain and calculated its structural
alignment to the remainder of representatives
within this T-group using TMalign.>° Using this TMa-
lign structural alignment we also obtained “master—
slave” sequence alignments for the longest repre-
sentative. Then we added sequence profiles of
each representative to the “master—slave” align-
ment and calculated frequency of gaps in each



K.E. Medvedev, L.N. Kinch, R. Dustin Schaeffer, et al.

Journal of Molecular Biology 433 (2021) 166788

position. All positions with gaps frequency < 20%
were included into core and colored in rainbow in
Figure S1.

Figure 3 displays distributions of HH/TM average
scores within and between homology groups. HH/
TM average score was calculated as the average
between HHsearch probability (scaled between 0 to
1) and TMalign score. These distributions were
calculated for each F-group representative domain.
For each representative domain we chose values
of HHsearch probability, TMalign score, and
average score against all other representative
domains within the homology group and against all
RLM domains not within the representative’s
homology group. Aggregation of these values for all
representative domains is illustrated by the
distributions in Figure 3. These distribution plots
were created using heatmaply R package.'?’

Taxonomic distribution of RLM protein
families

To determine the taxonomic distribution of ECOD
RLM homology groups, we first checked the
taxonomy of each family group from the Pfam
database®® associated with a particular homology
group. For this analysis we considered all domain
sequences (not only proteins with known 3D struc-
ture) that belong to a particular family and their dis-
tribution between the four major taxonomic groups:
archaea, bacteria, eukaryotes and viruses. Combi-
nations of taxonomical groups (see Figure 10) for
domain families associated with a particular homol-
ogy group, revealed overall combination of taxo-
nomical groups for this H-group. Each H-group
belongs to one combination of taxonomical groups.
One H-group (ECOD id: 7602.1) from our data set
has no Pfam database assignment and is therefore
excluded from taxonomical analysis. Our BLAST
sequence search for a representative domain
revealed that Bacteria and Archaea proteins are
linked to this H-group.

Mapping of disease-causing mutations to
human RLM protein structures

To map disease-causing mutations to human
RLM proteins we first identified all RLM proteins in
human proteome. We used the reference human
proteome from UniProt KB,'** proteome ID:
UP000005640. For this analysis we used only
reviewed proteins. Identification of RLM proteins
within the human proteome was performed in three
steps. At the first step we collected all human Uni-
Prot IDs with identified 3D structure which con-
tained an identified RLM. At the second step we
identified all human UniProt IDs without known 3D
structure that belong to RLM Pfam database
v32.0°° families. The mapping of RLM ECOD fami-
lies to Pfam families was derived from ECOD
database.”®?° At the third step we use BLAST'"®
on the remaining UniProt sequences in the human
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proteome against sequences of all RLM domains.
If the query hit an RLM domain with E-value cutoff
0.05, the query protein was considered to be
RLM-containing. We mapped disease-causing
mutations to human RLM protein structures using
a single-amino acid variations database developed
in our lab (http:/prodata.swmed.edu/DBSAV/).”"
For mapping, we used only RLM proteins with
known 3D structure from Protein Data Bank''® or
with predicted 3D structure from SWISS-
MODEL.'*® Disease classes were collected from
the Genetic Association Database (GAD).”* RLM
proteins were assigned to disease classes using
the Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) v6.8."%*

Contact order calculation

For contact order (CO) calculation we used a
program developed by Plaxco et al.’", which calcu-
lated relative CO as average sequence separation
divided to the protein length. We used default con-
tact cutoff (6 Angstroms). We calculated contact
orders for all F-group representative RLM domains
(1260 representatives) and compared them with the
contact order of F-group representative domains
from Immunoglobulin-like beta-sandwich (ECOD
id: 11) ECOD X-group (693 representatives) and
OB-fold (ECOD id: 2) ECOD X-group (236
representatives).
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