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Abstract: Proteins and their domains evolve by a set of events commonly including the duplication
and divergence of small motifs. The presence of short repetitive regions in domains has generally
constituted a difficult case for structural domain classifications and their hierarchies. We devel-
oped the Evolutionary Classification Of protein Domains (ECOD) in part to implement a new
schema for the classification of these types of proteins. Here we document the ways in which
ECOD classifies proteins with small internal repeats, widespread functional motifs, and assemblies
of small domain-like fragments in its evolutionary schema. We illustrate the ways in which the
structural genomics project impacted the classification and characterization of new structural

domains and sequence families over the decade.
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Introduction

The divergence of proteins from a common ancestor,
and the evolutionary pathways involved in this pro-
cess, can be instructive for understanding and
rationalizing protein function. Duplication, deterio-
ration, fusion, and mutation events can alter both
the structure and function of homologs proteins;
sometimes to the extent that their ancestry can be
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difficult to discern by sequence similarity or they
may adopt fold changes.'™ Protein domains repre-
sent distinct folding units that can evolve and func-
tion independently. may
dissimilar rates through point mutations, insertions,
and deletions; and can be shuffled, lost, and/or
duplicated. In particular, the duplication of short
repetitive motifs within a domain, when modified by
insertion or deletion of secondary structure ele-

Domains evolve at

ments, can result in fold change or deterioration.® It
has been previously hypothesized that the extant set
of protein domains results from a series of these evo-
lutionary events operating on a smaller, peptide-like
antecedents,® and that remnants of this repertoire
are still detectable.®

Structural classifications of protein domains
have been used to study more distant ancestries in
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Figure 1. Diverse architectures surrounding the His-Me finger endonuclease motif. Domains in the His-Me finger endonucle-
ases H-group contain a conserved functional supersecondary structure motif 3-hairpin followed by a short a-helix (colored
magenta). The motif tends to include an N-terminal a-helix on the alternate side of the functional a-helix and is embedded in
various different architectures, including (A) a Zn-finger in restriction endonxuclease HPY99I (e3fc3A3), (B) an a-helical fold in
CRISPR -associated Cas9 endonuclease (e4un3B4), and (C) an « + 3 3-layer sandwich in ectonucleotide pyrophosphatase/

phosphodiesterase-1 (e4b56A2).

protein relationships; both due to the difficulty in
detecting sequence similarity in distant homologs
and because structure diverges more slowly than
sequence.”® Structural similarity is potentially con-
founded by the possibility of analogy, or convergent
evolution. Constraints imposed by function can lead
to motifs shared between domains with similar func-
tion but no other discernible similarity. Also, homo-
logs relationships between topologically distinct
proteins, or fold-changes between groups of distant
homologs, complicate the determination of ancestry
based solely on structure. Finally, these multiple
components of domain definitions: functional, struc-
tural, and homology-based, do not necessarily lead
to a single universal definition, and different prior-
ities assigned to these components by different clas-
sifications can lead to different views of the protein
universe.”

We developed the Evolutionary Classification of
protein Domains (ECOD) in part to tackle these
issues. ECOD
domain classification in two primary factors: (1) It
allows topological and structural fold dissimilarity
between homologs (such as B-propellers) by placing
topology level below homology level and (2) it recog-
nizes more distant homologs relationships than
other classifications.’® The top hierarchical level of
ECOD is the architecture, which classifies domains
by secondary structure type and arrangement (e.g.,
mainly «, mainly B). There are 20 major architec-
tures in ECOD. Below architectures, we define the
X-group, or clusters of “possible homologs.” These
are sets of domains that exhibit some level of simi-
larity (usually distant structural similarity), but
where definitive evidence for homology is currently
lacking. Below the X-group, homologs groups (H-
groups) cluster those protein domains with ample

is distinct from other structural
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evidence for homology. Homologs groups may be fur-
ther split into topology groups (or T-groups) that
have a distinct topological difference from other T-
groups in the H-group. Finally, F-groups define
sequence families with close relationships in a man-
ner analogs to other sequence classifications.!t!2
Here we review how multiple levels of duplication in
evolution at different repeat lengths, both above and
below the domain level, are represented in our clas-
sification of proteins by evolutionary descent,
ECOD, and how these cases can help detection of
evolutionarily related domains.

Results and Discussion

Subdomains and motifs: evolutionary signals
below the domain level

Domains are conserved evolutionary units that can
be shuffled, duplicated, and lost.! However, domains
themselves are comprised of both conserved and
diversified regions. Regions of a domain can be
under differential selective pressure depending on
the degree to which they contribute to function, sta-
bility, and/or folding. Accordingly, considerable
sequence and structural diversity can be observed
between homologs domains. Domains may arise with
independent structural subunits (or subdomains)
contributing to a common function (e.g., where that
function occurs in a cleft'®). Such subdomains have
been noted to link diverse folds,® suggesting they
represent remnants of an ancient pool of functional
peptide modules.®> Homologs domains can share a
conserved functional motif (e.g., His-Me endonucle-
ases), while having considerable structural diversity.
However, these motifs are not necessarily evidence
of homology as they can arise by convergence (e.g.,
psi-loop motifs). Finally, determination of new struc-
tures (e.g., ANTAR domains) can lead to
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Figure 2. Motifs within divergent folds. The P-loop domains-related H-group includes two T-groups colored according to sec-
ondary structural element, with the P-loop in magenta. a-helices are in cyan and B-sheets in yellow, with any remaining regions
in gray. (A) The P-loop containing nucleoside triphosphate hydrolases exemplified by Guanylate Kinase (e4grhA1) has a main o/
B/a core topology with five parallel B-strands, while the (B) PEP carboxykinase-like group exemplified by HPr kinase/phospha-
tase has a B-strand core that wraps into an open barrel with a-helices flanking one side. The B-hammerhead motif (magenta)
unifies the o/B-hammerhead/Barrel-sandwich hybrid H-group including (C) the all-B single-hybrid motif (e1dczA1), and (D) the

a/B-hammerhead (e1brwA2).

reclassification of domains not previously recognized
in earlier structures.'’

The His-Me finger homing endonucleases are a
structurally diverse homologs group of proteins pres-
ent across all domains of life. They are characterized
by a distinct zinc-binding site and corresponding
DNA-binding modes.'® This conserved functional
motif is responsible for DNA-binding, and occurs in
the context of multiple other functions. ECOD clus-
ters the His-Me endonucleases into a single homo-
logs group, incorporating the deteriorated MH1, the
recombinase endonuclease VIII [Fig. 1(A)], the HNH
CRISPR-associated CAS9 endonucleases [Fig. 1(B)],
and the nonspecific endonuclease family [Fig. 1(C)].
Although these domains differ notably in length and
secondary structure content, they retain a conserved
uncommon functional motif. This example is charac-
teristic of the types of homologs relationships ECOD
aims to systematically relate.

Several noted motifs such as P-loop,'*'® helix-
turn-helix,*®1” and Asp box®>!® retain similar local
structures that are dictated by conserved sequence.
These localized motifs represent unusual structural
features often maintained within protein folds by
functional constraints. Accordingly, such features
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can provide evidence for common evolutionary ori-
gins of protein structures,’® even between families
displaying different fold architectures and topolo-
gies. 2 ECOD considers such published motifs as
evidence for homologs classification. For example,
the P-loop domains-related H-group combines two P-
loop motif folds of different topologies that have a
suggested evolutionary relationship.?' One of these
T-groups, the P-loop containing nucleoside triphos-
phate hydrolases, contains mixed or parallel B-
sheets of differing sizes with «-helices packed on
either side [Fig. 2(A)l; whereas the other, PEP
carboxykinase-like, includes mixed B-sheets that fold
into a barrel-like structure with helices packed on
one side [Fig. 2(B)].

The B-hammerhead motif, first noted in the bio-
tin carboxyl carrier protein (BCCP) subunit of
acetyl-coenzyme A carboxylase,?? forms a unique
structure that resembles a hammer from two anti-
parallel B-strands and an elongated connecting loop.
Despite notable sequence and structural conserva-
tion of the B-hammerhead,???3 the motif occurs in
the context of different protein architectures: includ-
ing barrel-sandwich hybrids of the all-B class and o/
B-hammerheads of the a and B class. For similar

ECOD: Repeats and Motifs
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Figure 3. Potential B-hammerhead motif evolution. Two alternate ancient three-stranded units could dimerize to form a stable
structure (in brackets). Evolutionary scenarios including fusion of the ancient duplicated units lead to (A) present day single-
hybrid motif. Insertion of a duplicated single-hybrid motif combined with hammerhead deterioration lead to (B) duplicated-
hybrid motifs. Indels and hammerhead deterioration of single-hybrid motif lead to (C) Ribosomal L27 protein. Several alternate
pathways could lead to various (D) a/B-hammerhead folds from all-3 hammerheads (gray dotted arrows).

localized motifs found in different architectures, evo-
lutionary scenarios for their distribution among folds
have been postulated, including both convergent and
divergent mechanisms of fold evolution.>'®

On the basis of significant local structural and
sequence similarity contained within the defined B-
hammerhead motif, ECOD combines the globally
distinct architectures into a single o/B-Hammer-
head/Barrel-sandwich hybrid H-group. Evolutionary
scenarios for the emergence of distinct modern day
all-3 hammerhead-containing folds (Fig. 3) include
duplications and fusions recurring throughout pro-
tein fold evolution.>?* The single-hybrid T-group
exemplified by the BCCP subunit contains two ham-
merhead motifs in symmetry-related halves of the
molecule [Fig. 3(A)]. Notable sequence similarity
exists between the halves, suggesting the present-
day domain evolved from a simple domain half that
previously functioned as a dimer.?® The duplicated-
hybrid motif [Fig. 3(B)] likely arose from a duplica-
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tion and fusion of the single-hybrid motif, while
indels and hammerhead motif deterioration define
the Ribosomal L27 protein T-group [Fig. 3(C)].

While the evolution of the all-B group
hammerhead-containing domains (Duplicated hybrid
motif, Single hybrid motif, and Ribosomal L27
protein) involve typical fold changes'® that are
supported by structure and sequence similarity
evidence, their evolutionary relationship to the
o/B-hammerhead-containing domains remains less
clear. The o/B-hammerhead T-groups (CO dehydro-
genase molybdoprotein N-domain-like, Molybdop-
terin synthase subunit MoaE, Pyrimidine nucleoside
phosphorylase C-terminal domain, Nicotinate/Quino-
linate PRTase N-terminal domain-like, and Ribo-
somal protein L10e) could have arisen from the
addition of «-helices to the simple domain half.
Alternately, the a/B-hammerhead folds could transi-
tion from the all-3 hammerhead folds by adding an
a-helix and converting a hammerhead B-meander to
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Figure 4. Divergent and convergent evolution of psi-loop motifs. The psi-loop motif (magenta) helps define the active site
(HExxH in black stick) of zincin homologs with diverse folds. (A) The common zincin core includes an N-terminal helix (slate),
followed by the psi-loop (magenta), and the HExxH-containing active site helix (salmon). This core is decorated by various dif-
ferent SSEs (helix in cyan and strand in yellow) with (B) a peptidase M56 family structure (e4ghfA1) decorated by a single C-
terminal helix, (C) a reprolysin 5 family structure (e2i47A1) decorated by multiple a-helices as well as an elongation of the psi-
loop sheet with parallel B-strands, and (D) a peptidase M27 structure (e3bonA1) decorated by multiple a-helices and B-strands,
elongating the psi-loop sheet with an anti-parallel 3-meander. The psi-loop motif also occurs as part of the evolutionary core of
unrelated folds, such as (E) double-psi B-barrels (edavrA1), (F) Rossmann-like structures of bacterial fluorinating enzyme N-
terminal domains (e1rgrA2), and (G) four-layered metallo-dependent phosphatase sandwiches (€2zo0B1).

an a-helix. Similar B-meander-to-a-helix transitions
occur in homologous proteins (i.e., Lactate dehydro-
genase/NADH peroxidase and p-Ala-p-Ala ligase/syn-
apsin!). Various indels and fusions to additional
domains distinguish the a-helix-containing T-groups.

Psi-loop motif: diverse evolutionary
relationships

The psi-loop structural motif consists of two antipar-
allel B-strands separated by an intervening B-strand
making hydrogen bonds with both.?®> The psi-loop
“+2” crossover connection occurs relatively infre-
quently in protein structures, making the motif an
unusual structural feature that helps define homol-
ogy. For example, the conserved core fold of zincin
metalloproteases includes an «-helix, psi-loop, «-
helix (a-psi-a), with the two «-helices flanking the
psi-loop on one side. The psi-loop and C-terminal
helix, which includes the zinc-binding motif HExxH,
form the metalloprotease active site. The zincin
H-group includes numerous different families (cur-
rently 44) with diverse elaborations marked by
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different SSEs elaborating the o«-psi-a core. For
example, the peptidase M56 family represented by
uncharacterized protein MJ1213 (e4qhfAl) includes
the zincin a-psi-a core modified by two additional C-
terminal a-helices [Fig. 4(B), core SSEs denoted
below the structure]l. In the reprolysin 5 family
tumor necrosis factor-a converting enzyme ADAM17
(e2i47A1), the B-sheet formed by the psi-loop motif
becomes extended by an N-terminal Bafa that
adopts a Rossmann-like crossover connection [Fig.
4(C)]. The peptidase M27 family represented by neu-
rotoxin A (e3bonAl) contains additional SSE elabo-
rations, with an N-terminal B-meander extending
the psi-loop sheet as well as multiple a-helices and
B-strands adding to the C-terminus [Fig. 4(D)]. Such
cases of homologs with alternately elaborated struc-
tures provide a challenge for fold classification into
ECOD protein architectures. The psi-a-psi core and
additional helices in MdJ1213 adopt an o+ two
layers architecture, while the elaborated ADAM17
resembles an «/B three-layered sandwich and the
elaborated neurotoxin A represents an «a + 3 complex

ECOD: Repeats and Motifs



topology. Not knowing which fold most signifies the
ancestor zincin, we placed their X-group into the
‘mixed o + B and «/B architecture’.

Proteins with completely different architectures
and evolutionary histories also contain psi-loops.
The double-psi barrels shared by several protein
superfamilies®® include two BBaf psi-loop units that
interleave symmetrically to form a B-barrel with a-
helix crossovers on either side (classified in ECOD
as RIFT-related®’). This symmetry marks the RIFT-
related H-group, which likely stemmed from an
ancient duplication of the BBap unit marked by a
Gly-Asp sequence motif.2® Thus, the psi-loops in
double-psi barrels arose from a different evolution-
ary history than those in the zincins, suggesting
that the presence of the psi-loop motif alone cannot
justify homology. To characterize the evolutionary
history of the psi-loop motif (strand order 132), we
evaluated the extent of its presence in ECOD
domains. Searches of the ECOD domain database
with the motif suggested that although it can unify
numerous homologs with diverse folds, as in the
case of zincins, it also defines part of the conserved
core of numerous nonhomologs domains (e.g., psi-
loops are found in a majority of families in 16 differ-
ent X-groups). The psi-loop motif belongs to architec-
tures as diverse as double-psi B-barrels [Fig. 4(D)],
bacterial fluorinating enzyme o/ three-layered
sandwiches [Fig. 4(F)], and metallo-dependent phos-
phatase «a + B four-layered sandwiches [Fig. 4(G)].

The presence of identified psi-loops in the
ECOD database also suggests that evolutionarily
conserved core folds can acquire (or lose) the motif
through indels or other alterations of SSEs. An addi-
tional 56 H/T-groups contain psi-loops that belong to
only a fraction of the family members. The fractional
presence of the motif suggests that it can be formed
by noncore elements or lost through deterioration of
the motif. For example, the C-terminal TIM B/« bar-
rel domain from the GxGYxYP_C family (e3sggA4)
of glycoside hydrolase/deacetylases includes an alter-
ation of SSEs to the core that results in a psi-loop
replacing three of the B/a units of the typical 8-
strand TIM barrel. A related polysaccharide deacety-
lase homolog (e4m1bAl) from the same ECOD H-
group replaces the P/a units with a simple loop.
Acquisition of a peripheral psi-loop can also occur
through insertion. The concanavalin A-like structure
of the glycoside hydrolase family 16 enzyme B-
agarase A (elo4yAl) includes an edge B-strand of
the psi-loop contributed by an elongated loop con-
necting the first two strands of the fold. A close
homolog from the same glycoside hydrolase family
16 family, endo-xyloglucanase (e2uwaAl), exhibits a
shortened loop without the B-strand. Finally, one of
the zincin-like structures from family DUF2342
(e3cmnAl) has experienced deterioration of the dis-
tinctive psi-loop that marks the active site. Although
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this structure maintains the active site motif
HExxH in the zincin helix, a short helix has
replaced the third strand of the neighboring psi-
loop.

Repeats and evolution

Extension and reuse of small supersecondary struc-
ture element (SSE) subunits is a recurrent feature
in protein evolution.??2° These subunits can dupli-
cate to form interleaved, globular domains such as
the cradle-loop barrels®! or a-B plaits.?® Alternately,
they can form higher order tandem repeats in pro-
tein (TRP) structures. TRP structures can adopt
closed (i.e., where both termini of the TRP are near
in space) repeats such as the B-propellers or B-
trefoils, or open repeats (i.e., where both termini are
distant in space) such as the ARM or ankyrin
repeats. TRPs tend to form integrated assemblies in
structures, and their individual repeats are unlikely
to form stable monomers alone. As such, TRP groups
do not conform to the conventional concept of
domains and their classification requires special con-
siderations. In ECOD we define the largest possible
number of contiguous repeats as the “domain” for
open TRP folds and we base our TRP classification
on SSE type and assembly into tertiary structures.??
Alternative classifications for repeat proteins exist
based on length and interaction type.?? Additionally,
we distinguish among domains with TRPs, globular
proteins with visible internal repeats, and obligate
multimers composed of repeated subunits.

The widespread nature of folds with TRPs sug-
gests that the repetition might confer advantages for
protein evolution.?®2° Repeat expansion/contraction
occurs frequently, and open TRPs can theoretically
expand to have large repeat numbers, having no
steric impediment for subunit additions. Upon
expansion of a repeat, sequence similarities of
repeating subunits can erode quickly leading to
rapid evolution of the duplicated subunits. Such
mechanisms of diversification allow selective adapta-
tion to cellular functions. At the same time, this
diversity presents a considerable challenge for
sequence and structural similarity detection meth-
0ds.®®> TRPs, especially those that occur in coiled-
coils, pose difficult challenges for automated classifi-
cation schemes. We exclude the coiled-coil and colla-
gen repeats from our current classification, as their
low-sequence complexity makes evolutionary classifi-
cation by traditional methods exceedingly difficult.

Domains with small internal repeats in ECOD
are classified into architectures primarily by second-
ary structure type. The open (or solenoid) repeat
domains, which can be easily extended by axial
duplication, are separated into primarily « (a super-
helices) and primarily B (B duplicates and obligate
multimers) categories. Ten distinct X-groups are
identified as « superhelices. a superhelical domains
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Figure 5. «-hairpin repeat domains in ECOD. (A) Alpha internal repeat domains in ECOD from the HEAT, TPR, and Armadillo
repeats are classified as homologs. (B) The ankyrin domains are classified as possibly homologs to ARM/HEAT/TPR domains.
(C) Alpha/alpha toroids, such as farnesyltransferase, are alpha-hairpin repeats that are closed, rather than open, and not as

easily expanded by axial duplication.

are concentrated (90.4% of 40% redundant domains)
in the “Repetitive « hairpins” X-group, with the
remaining distributed among 20 X-groups. These
other X-groups generally contain domains with pairs
of a-helices oriented along a screw axis, although
they are not necessarily observed to form a superhe-
lix in a biological context. The “Repetitive a hair-
pins” X-group contains many armadillo repeats
(ARM), HEAT, and Tetratricopeptide repeats (TPR)
collected into a single homologs group [Fig. 5(A)].3*
The ankyrin [Fig. 5(B)] and o/a toroid [Fig. 5(C)] H-
groups are siblings to the ARM/HEAT/TPR H-group.
The «/a toroids are closed, rather than open, a-
helical hairpin repeats that include the pectate lyase
domains and the farnesyltransferase B subunits.

The tetratricopeptide repeat (TPR) family is a
diverse group of protein domains composed of 34-
residue repeats that form an antiparallel «-hair-
pin.?® As with other repeat families (such as the
leucine-rich repeats), their expandable and nonglob-
ular structure leads to their use as scaffolds, and
their hypermutability®® leads to their use as molecu-
lar recognition domains.®” Pfam-A clans link sets of
sequence families believed to originate from a single
evolutionary origin,!! analogs to ECOD H-groups.
We compared the distribution of ECOD domains and
F-groups mapped to Pfam-A families belong to the
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TPR clan. Pfam-A v27.0 contains 117 distinct fami-
lies in the TPR clan, 79 of which contain at least
one structurally characterized protein domain classi-
fied by ECOD. TPR domains in ECOD are largely
gathered in this “ARM/HEAT/TPR” H-group. 84.1%
of ECOD F40 domains mapped to Pfam-A families
belonging to the TPR clan are clustered in the
ECOD “Repetitive a hairpins” H-group. Some TPR
domains could not be definitively linked by homology
to the primary TPR group. Domains belonging to F-
groups linked by the Pfam-A TPR clan appear in dis-
tinct H-groups for the Nupl133 C-terminal domain,
alkylsulfatase SdsAl linker domains, and protea-
some/cyclosome (PC) repeats. A TPR clan relation-
ship for the GUN4-like family was spurious and
removed in a subsequent version of Pfam. We sepa-
rate the B-solenoids by handedness, for the right-
handed B-helices and left-handed B-helices. The
leucine-rich repeats (LRR), predominantly B, are
classified under the right-handed B helices. The B-
hairpin stacks, which include choline-binding pro-
tein, are placed in a single X-group.

B-propellers are distinct in that their topology is
both closed (i.e., their N- and C-terminal ends are
close in space) and consists of varying numbers of
repeats.®® Other closed solenoid repeats, such as the
o/a toroids are observed, but not in the same

ECOD: Repeats and Motifs



Figure 6. Diverse topologies of the B-propellers. Examples of non-canonical topologies in the B-propeller homologs group. (A)
One blade of the deteriorated propeller domain of adsorption PRD1 P2 (e1n7vA1) has been replaced with a novel B domain
with complex topology (e1n7vA2). (B) The luminal domain of endoribonuclease IRE1 (e2be1A1) is topologically dissimilar to
other B-propellers, but strong sequence homology to propeller repeats is detected between IRE1 and other canonical propel-
lers. (C) PH1500 is 12-bladed propeller composed of a hexamer of double propeller repeats, both an obligate multimer and

composed of internal repeats (PDB: 2m3x).

diversity of distinct numbers of repeats. Recently,
homologs relationships between the B-propellers and
the B-prism II domains and IRE1-LD domains were
suggested on the basis of a combination of profile-
profile similarity searches and structural analysis.?®
The IRE1-LD domains were classified as a topologi-
cal group within the B-propellers, and the B-prism II
domains became a sibling H-group to the J-
propellers within the “B-propeller-like” X-group. The
diversity of topologies observed within B-propellers
is demonstrative of the purpose of the topological
group (T-group) in ECOD. This includes groups for
propellers with differing numbers of repeats, as well
as domains with deteriorated blades, or blades that
have been substituted for other motifs (Fig. 6).
“Closed” domains with varying numbers of internal
repeats serve as a bridge in our understanding
between open repeats, such as the ARM and TPR
open repeats, which are easily expandable and
observable in many differing numbers of repeats,
and the transition to closed globular domains where
internal repeats are observable (e.g., TIM barrels,
Rossmann folds, the cradle-loop barrels), but the
multiple-repeat globular unit is conserved.

Promiscuity of domain arrangements

When proteins are composed of multiple domains
the N- to C-terminal ordering of these domains is
known as domain arrangement or domain architec-
ture. We refer to it as domain arrangement to dis-
ambiguate this concept from ECOD domain
architectures (i.e., SSE content and orientation). In
addition to containing small internal repeats,
domains can contain other inserted domains, which
complicates detection and consideration of domain
arrangements. In addition to the accumulation of
internal repeats or subdomain-based evolution, pro-
teins can evolve by recombination, duplication, or
terminal deletion.>*® Synteny is evidence of homol-
ogy between multidomain proteins in different
organisms. The events which lead to domain shuf-
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fling, such as terminal deletion, gene fusion, and fis-
sion, have been studied extensively on sequence
databases and across whole genomes.*®™*? Many
studies have examined the frequency of domain
shuffling both across domains of life, fully sequenced
genomes, and in the host-pathogen context of com-
parative genomics.*® The biological mechanisms that
lead to small repeat deletion/extensions are distinct
from those that lead to larger scale domain shuf-
fling.32 ECOD both attempts to split all domain
duplications it finds, and uses domain arrangement
as a component of the automatic assignment pro-
cess, so an analysis of its constituent domain
arrangements is necessary to understand how
ECOD was created and is maintained.

Domain that use three-
dimensional structure for domain partitioning can
provide better and more consistent domain boundary
definitions. In cases of internal repetition or whole-
domain duplication, precise boundaries can be diffi-
cult to delineate across groups of proteins. In addi-
tion, domain discontinuity introduced by insertion
can complicate detection of that domain arrange-
ment. However, structural classifications are biased
towards proteins that are more easily structurally
characterized and/or the subject of investigator
interest. Sixty-eight percentage of ECOD domains
are single domain by structure, and 8% are matched
to a reference UniProt domain where more than 30
residues are uncovered by the experimental con-
struct. Discerning the domain arrangement of multi-
domain structures can aid in the determination of
new groups. Detection of the same domain in multi-
ple independent contexts reinforces its definition as
an independent evolutionary unit.

Differences in synteny between orthologs pro-
teins can be instructive towards analyzing their phy-
logeny. Similarly, we can observe alterations of
domain arrangement within orthologs proteins as a
set of intraprotein (rather than interprotein) events
of the same type. Previous studies have examined

classifications
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41 and

the domain arrangements in single organisms
multiple fully sequenced organisms from the arch-
aea, eubacteria and prokaryotes** on the sequence
level. The promiscuity of domains in the context of
the repertoire of structurally characterized proteins
can be instructive towards events such as insertion,
domain deterioration, and multimerization that are
not necessarily visible at the level of sequence
events. Consideration of structural domains has the
advantage of more clearly delineated domain boun-
daries and more distant homology detection methods
for uncovered or unclassified regions. However, the
structurally characterized sequence space has differ-
ent biases than the sequence space of complete
genomes and cannot be directly compared.

We considered unique ECOD domain arrange-
ments within both families (F-groups) and homologs
groups (H-groups). ECOD contained 3203 homologs
groups and 12,357 families, classifying 314,989 pro-
tein chains from 110,085 PDB depositions. Filtered
for 95% nonredundancy, 25,870 protein chains
remain. Among these nonredundant protein chains,
8,284 were multidomain by ECOD, with 5104 and
2696 unique domain arrangements considering fami-
lies and homologs groups as distinct, respectively.
The most structurally promiscuous H-groups are the
Ig domains with 192 distinct arrangements, followed
by the helix-turn-helix (HTH), P-loop domains, and
Rossmann folds. The most structurally promiscuous
families are the N-terminal HTH domain of the tet-
racycline repressors (68 distinct arrangements), fol-
lowed by the binding
proteins, a novel family of EGF repeat, and the pyri-
dine nucleotide-disulfide oxidoreductase Rossmann
domains. We see that in H-groups, most promiscu-
ous domains combine with domains from the same
H-group but different families (e.g., Ig repeats), but
in the most promiscuous F-groups, domains combine
mostly with nonhomologs domains.

Domain insertions are more difficult to distin-
guish by sequenced-based methods. Of the unique
H-group domain arrangements in ECOD, 556 con-
tain at least one domain insertion. Furthermore, 957
of the unique F-group domain arrangements in
ECOD contain inserted domains. Domain insertions
are a boundary case between evolutionary events at
the domain level and below the domain level.
Indeed, it can be difficult to distinguish between
insertion and fusion and extension.* Domains can
evolve both by duplication and modification of inter-
nal motifs, similar to (although by different biochem-
ical mechanisms) to how proteins can shuffle, lose,
and gain domains by fusion, duplication, or deletion.
At the boundary between subdomain evolution and
repeat proteins exist those domains that are com-
posed of small obligate peptide components. Like
internal repeat proteins, these obligate multimeric

a-amylase periplasmic
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domains are illustrative of how small subunits can
be built up to form protein domains.

Obligate multimeric domains as intermediates
between TRPs and globular domains

It has been hypothesized that the ancient protein
world was composed of small peptide segments
(“ancestral  peptides” or “antecedent domain
segments”) and that the subsequent protein universe
can be described as the result of evolution operating
on these segments.®> These segments formed both
homo- and heteromeric complexes. The duplication
of elements of small homomeric complexes lead to
larger proteins, such as the aforementioned internal
repeat proteins. By combinations of permutation,
deletion, and subsequent additional duplication,
domains evolved into interleaved and globular
forms. In ECOD, domain assemblies are defined
where multiple domain elements contribute to a sin-
gle evolutionary unit. These encompass both obligate
multimers such as the archaeal cradle loop barrels
and cases of domain swapping.

ECOD defines domain assemblies as collections
of domains that are either a single evolutionary unit
or interacting over some large area. Assemblies are
divided into a category of order-independent domain
assemblies (i.e., domain swaps or domains with oli-
gomerization subdomains) and order-dependent
domain assemblies primarily resulting from post-
translational modification (e.g., insulin, viral poly-
protein). The principle difference between the order-
independent and order-dependent assemblies is that
the sequence of the order-dependent subunits can be
reassembled in a single sequence for search pur-
poses. The order-independent assemblies are divided
into the nonobligate and obligate multimers. Obli-
gate multimers comprise a group of assemblies
where the subunits are not observed independently
and are not sufficiently compact to be considered
domains. Nonobligate multimers are comprised of
domain swaps and or oligomerization helices where
the recognition of the interaction with nearby subu-
nits is vital for understanding the boundary assign-
ment, but the individual subunits can be considered
domains. One hundred seventy four nonobligate
assemblies are divided among 133 topological
groups, 22 obligate assemblies are divided among 13
topological groups. Ninty nonredundant order-
dependent assemblies are defined across 55 topology
groups. The order-independent assemblies include
dimerization domains, obligate domains in the viral
capsid and tail-spike assemblies,
domain swaps. Domain assemblies tend to be formed
by domains evolved to function as oligomerization
modules, 15% of F40 domain assemblies in ECOD
are composed of such domains. These assemblies
also tend to occur between capsid proteins in virus,
11% of F40 domain assemblies in ECOD are viral in

and observed
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Figure 7. Evolution of the ferritin domains. The evolution of the core four-helix bundle (in rainbow, from blue to red) of the ferri-
tin/heme oxygenase H-group from duplication and fusion of two “half ferritin” helix-hairpins (lower left panel). The head to tail
arrangement of the helix-hairpins requires a crossover connection, which occurs between the first two helices (ferritin/heme
oxygenase labeled in blue) or the last two (cobalamin adenosyltransferase labeled in green). Secondary structure decorations of
the core fold (N-terminal decoration in slate, C-terminal decoration in salmon) as well as alternate crossover connection compo-
sitions (colored in light green) occur in several ferritin/heme oxygenase families. The positioning of the active sites marked by
di-iron centers or other ligands (black spheres) in the core of the four-helix bundle provides the basis for uniting the different
families. Duplication combined with secondary structure deletion and active site loss occurred in a subunit of toluene monooxy-
genase, while a migration of a heme binding site occurred in heme oxygenase.

origin, as compared to 4% among F40 domains in
general. Finally, domain assemblies tend to be sin-
gleton and unpublished. Of 119 total X-groups con-
taining domain assemblies, 51 contain only a single
domain assembly (and no other unassembled
domains). These domains often have little evolution-
ary signal in terms of structural or sequence similar-
ity, which reflects the ease with which they arise.
Twenty-seven percentage of domain assemblies in
ECOD are from structural genomics centers, which
is similar to the 25% fraction of ECOD domains
from SG projects in general. Domain assemblies in
ECOD are currently only found by manual inspec-
tion, accordingly, some domains have yet to be

Schaeffer et al.

assembled and result in mixed F-groups wherein
domain assemblies and domains comingle.

The four-helix bundle represents a common pro-
tein structural motif found independently and as a
component of larger folding units in globular pro-
teins. While the motif can be classified by the topol-
ogy and geometry of interacting helices, the
diversity of structural contexts and functions of class
members hinders detection of their relatives. Thus,
four-helix bundles appear to consist of many small
groups of possibly evolutionarily unrelated domains,
suggesting the regular architecture of two interact-
ing a-helix hairpins has arisen independently multi-
ple times. The ECOD Ferritin/Heme oxygenase H-
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stick, with the coordinating calcium ion in green sphere. (D) Top 20 H-groups where split Pfam families are assigned.

group provides an interesting example of four-helix
bundle evolution from an obligate oligomeric a-helix
hairpin.

The ferritin-like fold retains a core four-helix
bundle with a left-handed twist and a single cross-
over connection between the two pairs of conserved
helices.*® The secondary structure composition of the
crossover connection in ferritin-like
ranges from a simple elongated loop, as seen in
rubrerythrin (ellkoA1l), to multiple helices as in phe-
nylacetic acid degradation protein (PaaC) (elotkAl)
or both helices and strands as in ribonucleotide
reductase (elmxrAl). While ferritin (e1lb3A1) forms
the least complex four-helix bundle, additional heli-
ces can decorate this conserved core in ribonucleo-
tide reductases and heme oxygenases. For example,
ribonucleotide reductase includes an N-terminal hel-
ical extension as well as a C-terminal a-hairpin that
packs against the core four-helix bundle.

Despite the presence of different crossover com-
positions and additional secondary structure ele-
ments decorating the core fold, the ferritin/heme
oxygenase H-group retains a similar active site posi-
tion at the center of the four-helix bundle that uni-
tes the folds. The ferritin di-iron center closely

structures
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resembles that found in the redox enzyme class that
includes ribonucleotide reductase and other related
enzymes, suggesting a previously described evolu-
tionary linkage between the two families.*® While
heme oxygenase forms the heme binding site
towards the exterior of the four-helix bundle using
an N-terminal «-helix extension, its ferrous O2
points into the center of the core bundle where the
active site residues are located.*” The active sites of
heme oxygenase-like enzymes such as pyrroloquino-
linquinone synthase C (PqqC) (e4ny7A1l) and tran-
scriptional activator A thiaminase (TenA) (elrtwAl)
also fall in the center of the core fold.

The proposed evolution of the ECOD Ferritin/
Heme oxygenase H-group is illustrated in Figure 7.
An ancient “half-ferritin” «-hairpin, exemplified by
the structure of unknown protein ne0167 (e3k6¢cAl),
assembles head-to-tail into the ferritin-like four-
helix bundle core, which forms a higher order homo-
dodecamer similar to that seen in the dodecameric
ferritin homolog Dps (eldpsAl). Duplication and
fusion of the “half-ferritin” a-hairpin into the four-
helix bundle requires a crossover connection that
defines the fold. ECOD splits the ferritin/heme oxy-

genase H-group, which adopts the crossover
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connection adjacent to the first two helices, from the
cobalamin adenosyltransferase-like H-group with
the crossover on the other side. Additional a-helices
can decorate the core ferritin-like bundle leading to
ribonucleotide reductase or to MiaKE, which both pos-
sess similarly positioned C-terminal a-helices. The
ribonucleotide reductase fold is further decorated in
toluene monooxygenase (eltOgqAl), which contains
two homologs subunits that probably arose from
another duplication event. One of the toluene mono-
oxygenase subunits exhibits loss of the di-metallic
active site as well as deteriorations of the decorating
helices with respect to the active-site containing sub-
unit. The heme oxygenase-like folds adapted the di-
metallic active site, possibly from a MiaE-like fold,
into that of an oxidoreductase (PqqC or heme oxy-
genase) or a thiaminase (TenA).

Delineation of domain boundaries using
structural classifications

The domain boundaries of a protein family can be
partitioned consistently given structural evidence,
considering the complex scenario of evolutionary
events at the aforementioned domain and subdo-
main levels. In addition, the multiple concepts com-
prising domain definitions lead to different
perspectives between different types of protein clas-
sifications. Whereas structural classifications may
have clearer domain boundaries, sequence-based
classifications can access larger datasets that more
comprehensively sample protein space (including
entire genomes). In ECOD, we consider domains as
independent evolutionary units and manually curate
the domain boundary for structural representatives.
ECOD F-groups cluster domains into families by
using the sequence-based Pfam-A family definitions
as a seed. The boundaries of Pfam families were
then compared with ECOD domains. Out of a 40%
sequence redundant representative set, 25,989
(81.7%) domains are mapped to exactly one Pfam
family; 1334 (4.2%) domains contain multiple nono-
verlapping mappings to distinct Pfam families, indi-
cating potential Pfam families to merge; 4476
(14.1%) domains have no significant Pfam hits. For
the one-to-one mapping, the coverage of Pfam fami-
lies by ECOD domain exhibits an exponential distri-
bution and 91.2% of these domains have more than
50% coverage by a Pfam family [Fig. 8(A)]l. Those
ECOD domains that can be classified by Pfam are
consistent with the Pfam domain definition. ECOD
domains with low coverage by Pfam families can be
attributed to continual internal repeats (e.g., B-
propeller, ARM repeat, B-helix, etc.), where Pfam
only defines one or several repeating units as a fam-
ily and ECOD tends to cover all. Others are usually
explained by the nature of slower evolution of struc-
ture.? The sequence family may only capture the
most conserved core of the actual domain especially
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when it is established before any structural informa-
tion is available, while individual structures can
diverge in sequence space and develop assorted
insertions and decorations. The percentage of Pfam
overlap on ECOD domain suggests the degree to
which structures diverge while keeping detectable
conserved sequence signal. However, there are also
some Pfam families that are very short and are bet-
ter described as a conserved motif.

Out of 1334 ECOD domains with nonoverlap-
ping regions that map to distinct Pfam families, 426
are mapped to unique Pfam domain arrangements
where the individual families contain no structurally
compact domain and do not occur independently.
Often the co-occurrence of these families is noted by
Pfam. For example, XPG_N (PF00752) and XPG_I
(PF00867) were first discovered as two highly con-
served N-terminal and internal regions of Xero-
derma Pigmentosum Complementation Group G
(XPG) proteins.*® The XPG family includes various
structure-specific nucleases, such as XPG/RAD2,
flap endonuclease 1 (FEN1), and exonuclease 1
(EX01).*° Initially identified via comparison to yeast
RAD2, XPG_N and XPG_I are separated by more
than 600 amino acids in the alignment, but in FEN1
and EXO1 the spacer is shorter than 50 amino
acids.*®*® Later, crystal structures showed that
XPG_N and XPG_I intertwine to form a compact o/
three-layered sandwich®®°? [Fig. 8(B)], which sug-
gests that both belong to the large HAD-like super-
family.’® A number of protein domains in the XPG_I
family incorrectly include the C-terminal SAM-like
domain H2TH motif [Fig. 8(B,C)]. The XPG family
active site is located above the B-sheet where the N
and I regions meet and is composed of carboxylate
groups from both segments [Fig. 8(B)].>* These two
families also co-occur with high frequency in Pfam.
Therefore, we determine that XPG-N and XPG-I are
best represented as a single family [Fig. 8(C), pink],
where the H2TH motif belongs to a separate C-
terminal domain [Fig. 8(C), cyan). A similar merge
was made with respect to incorporation of PAC motif
into PAS domain.’® Conversely, ECOD domains
sometimes split Pfam defined domains. Often, func-
tional sites form at the intersection of structural
domains. For such cases, sequence-based classifica-
tions tend to merge the structural domains into a
single sequence domain due to similar conservation
patterns that define the functional site. We found
771 Pfam families mapped to multiple ECOD
domains in different H-groups in the aforementioned
40% redundant set. The most commonly split H-
groups are HTH, Rossmann-related, P-loop domain-
related, and immunoglobulin-related, which are also
the most populated groups generally in ECOD [Fig.
8(D)].

The definition of domain could evolve as our
understanding of proteins advances. In a structural

PROTEIN SCIENCE ‘ VOL 25:1188-1208 1199



450 T T T T T T T
400
~ 350
8
S 300
x
250
£
© 200
5
8 150
100
50 =
0 L ——u—"'l"_—_r—__r__u-_—
o N < © @« o N < wn
o o o o o - - - —
o o o o o o o
N N N N N N N N N
PDB deposition date
tSB domains me= SG dOMains e
C
12 I T ¥ T I Ll Ll
10f ]
g 8t i
=]
=]
> 6 :
x
41
21 ]

1
o
—

1 1 1 1 1 1
o N < © o) o < w0
(=] (=] o o (=] ~ ~ ~
o o o o o o o o o
N N N N N N N N N
PDB deposition date
ALL SG = {SB  m—

B
30 T T T T T T T
s
< 25}
=
3
S 20 F
o
O]
O 15F
(D]
S
3 10 F
w
5 -
1 1 1 1 1
o N < © oo} o N < 0
o o o o o - - -~ -~
o o o o o o o o o
N N N N N N N N N
PDB deposition date
F-groups s H-groups s
T-groups s X-groups
D

F-groups

PDB deposition date

ALL SG == {SB =

Figure 9. Cumulative total over time of structural genomics targets in ECOD. Distribution of domains from structural genomics
targets over time (A) by domains and (B) by hierarchical groups. SG domains were considered to form a new group if they were
the earliest deposited domain in that group. Moving averages (1 year) were calculated for structural genomics domains that (C)
formed new X-groups and (D) newly characterized sequence families.

classification database, identify remote
homology beyond the capacity of sequence detection
methods to gain a better view of protein evolution,
and we keep refining it with updates of ECOD every
week. The inconsistency between Pfam family and
ECOD domain reflects a need to improve current
definitions of protein families that are purely based
on sequence information by incorporating evolution-
ary insights from protein structures.

we can

Impact of structural genomics on classification

Structural genomics was a global initiative to deter-
mine structures from uncharacterized protein fami-
lies in order to increase the coverage of the known
protein structural space.’® The Protein Structure
Initiative (PSI) funded by the NIH, began in 2000
and ended in 2015. Now that this project has con-
cluded, we are in an ideal position to examine the
increase in structural coverage. Since ECOD classi-
fies each structure in the known protein structural
space, we can locate domains from structural
genomics and analyze their relationship to other
domains from structures determined by traditional

1200  PROTEINSCIENCE.ORG

structural biology methods. We assessed domains
from structural genomics targets in ECOD both to
determine whether they initially contributed to the
formation of new hierarchical groups or the extent
to which hierarchical groups are entirely composed
of structural genomics domains.

The PSI was conducted in three phases between
2000 and 2015; by the conclusion of the project over
13,500 structures were deposited in the PDB. We
partitioned these structures into 41,245 domains in
ECOD. Then we analyzed the novelty of the distri-
bution of these domains in ECOD, both over time
and within the hierarchy. Principally we wanted to
know, which SG domains were the initial members
of homologs groups and which groups were solely
populated by SG domains. Groups were determined
to be formed by SG targets if the earliest deposition
date in a group belonged to an SG domain. SG tar-
gets began to be deposited in increasing amounts
around 2004, increasing through 2007, then tapering
off by 2012. These depositions occurred in the back-
ground of a consistent exponential increase of
domains from structures determined by traditional
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methods [Fig. 9(A)]. We analyzed the contents of the
entire PDB so these domain trends encompass
sequence-redundant depositions. Nonetheless, these
trends are recapitulated by the count of ECOD
groups initially formed by SG targets, leading to
2,668 new sequence families, 709 new homologous
groups, and 394 new X-groups [Fig. 9(B)]. Interest-
ingly, we find that although the target selection
pipelines of SG projects were efficient at targeting
new groups, this discovery occurred in the back-
ground of fairly steady rate of characterization of
new sequence families [Fig. 9(C)] and the determina-
tion of structures fairly evolutionarily distant from
existing groups [Fig. 9(D)].

The development of high-throughput methods
for genome sequencing and determination of struc-
tures has led to the so-called “deluge of data.”
Increasingly, it is unlikely to find that any single
structure (or small set of structures) or genome nec-
essarily is mapped to a single descriptive publica-
tion. Only 31% of SG domains have a primary
citation recorded in their deposition that resolves to
an existing publication (compared to 86% overall).
However, of those SG domains with no primary cita-
tion, 83% and 95% are siblings to sequence family
(F-group) or homologs group (H-group) members
with a primary citation, respectively. As structural
genomics comes to a close, it is unclear whether
uncited depositions will become prevalent again in
the future, but this illustrates that classifications
such as ECOD might be useful for finding additional
data on such structures.

Methods

ECOD versions and representative sets

All analyses were conducted using ECOD v105,
which is available from the ECOD website at http:/
prodata.swmed.edu/ecod/. ECOD v105 contains
452288 domains from 110,085 structures. A 40%
redundant set (i.e., the F40 representative set) was
constructed by filtering those domains with greater
than 40% sequence identity within each F-group by
BLASTCLUST, then selecting a representative from
the resulting clusters, yielding 31,799 F40 domains.
Structural genomics annotations and deposition
dates for structures were determined from PDB
metadata in PDBml files distributed by the wwPDB.
The derivation of ECOD has been discussed in detail

elsewhere.?”

Detection of psi-loop motif by PROSMOS

Psi-loop motifs were detected in F40 ECOD v105
domains by Protein Structure Motif Search (ProS-
MoS).%” Two search matrices were used, where the
cross-over connection precedes or follows the anti-
parallel B-sheet. B-strands were allowed to vary
between 5 and 100 residues. 3,219 F40 domains
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were detected where the psi-loop preceded the anti-
parallel strands, 2,158 were detected where the psi-
loop followed.

Pfam analysis sources and methods

HMMER 3.1b2°® was used to assign Pfam families
(version 28) to the ECOD nonredundant set
described above with a E-value cutoff of le-3. Pfam
assignments were made sequentially based on E-
value, alignment overlap of 20 residues or less was
allowed between subsequent assignments. The num-
ber of Pfam assignment on each ECOD representa-
tive counted and coverage
calculated per residue. Pfam families that were
assigned to ECOD domains from different H-groups
in the set were also analyzed.

domain was was
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