1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Bioessays. 2012 December ; 34(12): 1060-1069. doi:10.1002/bies.201200116.

When a domain isn’t a domain, and why it’'s important to
properly filter proteins in databases:

Conflicting definitions and fold classification systems for structural domains makes
filtering of such databases imperative

Clare-Louise Towse and Valerie Daggett
Department of Bioengineering, University of Washington, Seattle, WA 98195-5013, United, States

Summary

Membership in a protein domain database does not a domain make; a feature we realized when
generating a consensus view of protein fold space with our Consensus Domain Dictionary (CDD).
This dictionary was used to select representative structures for characterization of the protein
dynameome: the Dynameomics initiative. Through this endeavor we rejected a surprising 40% of
the 1695 folds in the CDD as being non-autonomous folding units. Although some of this was due
to the challenges of grouping similar fold topologies, the dissonance between the cataloguing and
structural qualification of protein domains remains surprising. Another potential factor is
previously overlooked intrinsic disorder; predicted estimates suggest 40% of proteins to have
either local or global disorder. One thing is clear, filtering a structural database and ensuring a
consistent definition for protein domains is crucial, and caution is prescribed when generalizations
of globular domains are drawn from unfiltered protein domain datasets.
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Introduction

The interpretation of “protein domain” is highly dependent upon context, yet in all
definitions a domain is a region of an amino acid sequence with features that are repeated
throughout the protein kingdom. These features can be a region of conserved primary
structure [1], part of a sequence known to confer function, or defined by the boundaries
within which the sequence can form a structural unit. A structural domain is loosely defined
as a unit that can exist independently when excised from the full protein or complex. More
specifically, a domain is an independently structured unit capable of autonomous folding. In
many cases function is related to structure, and the boundaries of a functional domain can
correlate with those of the structural domain, with sequence conservation in both the
structural and functional sense. However, in the structural context, protein domain families
need not have high sequence similarity; they require only similarity in the tertiary structure
of that “fold”. Grouping structures based on similarity, or performing a geometric alignment
of conserved structure, is decidedly more challenging than the alignment of a protein
sequence. Two proteins with a similar arrangement of secondary structure may not have the
same chain directionality through the secondary structure elements, and they may contain
non-conserved regions that are significantly different. Figure 1A illustrates this scenario for
five domains from the ferredoxin-like fold family. The commonality in the arrangement of
two a-helices packed against a B-sheet is apparent, yet there is extraneous structure and
variation in the lengths and alignment of loop regions. Hence, defining a domain can be a
complex matter and is susceptible to much uncertainty and inconsistency.
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The origin of classifying structural units into domains came following the solution of very
similar structures starting with myoglobin in 1958 [2] and haemoglobin in 1960 [3]. It was
clear even from these early low-resolution structures that there were common structural
elements. The simplest of these show collections of secondary structure found together in
repeated arrangements [4] that appear in all members of a given fold family. Domains
themselves, can be classified based on the overall structure observed, all-a., all-p or a
mixture of a/p or a+p. Examples within these broad classes can be found in Figure 1B: all-
B, immunoglobulin-like;a+p, flavodoxin-like; a/B, TIM barrel; and all-a, three-helical
bundle. Today, identification of a novel domain structure, or fold, is rare [5]; since 2008 the
RCSB Protein Data Bank (PDB, www.pdb.org) has not registered the deposition of any new
folds [6]. Despite the huge number of folds theoretically possible [7], many believe that
protein fold space is nearly complete, at least for single-domain globular proteins [8-11].

Although similarities between protein structures are often visibly apparent, classifying
protein structure suffers from three main hurdles: deciding where the boundaries of a
domain lie, how to group similar structures together, and when a structure is ‘too’ different
to be part of a group [11]. The first comprehensive attempt to group protein domains by
structural similarity was in 1976 when patterns were categorized across a set of 31 globular
proteins [4]. Since then, there have been three leading databases that have specialized in
categorization of protein structure into fold families: SCOP [12], CATH [13] and Dali [14].

The Structural Classification of Proteins database (SCOP) started as a manual effort, with
visual inspection used to identify domains and classify them based on evolutionary
relationships [12]. The structures were first placed into all-a, all-B or mixed a.p classes
based on the overall secondary structure content, then grouped by shared function or
structural features irrespective of their sequence similarity. Next, they were grouped based
on sequence similarity, and finally by the nature of the conserved topologies. Due to
increasing speed with which protein structures were being solved, this eventually became a
partially automated effort along with refinement of the classification definitions [15]. CATH
derives its name from the classification system it uses: C, class; A, architecture; T, topology;
H, homologous superfamily [13]. The systems uses fully automated sequence alignments,
structure comparisons and domain definitions, with homology detected at the 35% sequence
identity limit. Dali first determines the presence of a domain depending on how compact it is
and uses a neural network to perform fully automated domain classifications [14].

Providing further testament to the challenge of categorizing structures, there are
inconsistencies regarding how many of the domain structures have been siphoned into
domain families by these protein domain databases. To perform a large-scale assessment
across protein fold space, such conflict in the assignment of a structure to one domain family
or another presents a problem. For this reason, the definition and classification of protein
structures became a key part of the Dynameomics project: an initiative to simulate and
catalogue the dynamics of representatives of all known protein folds (Fig. 1B) [16, 17].

Given the structural similarity observed through protein fold space, Dynameomics focuses
on representatives of protein folds rather than all known protein structures, making the
problem more tractable while still achieving sampling of fold space. In contrast, other ‘big’
science projects, such as the Human Genome and Human Proteome projects require waiting
for the entire human genome and proteome to be catalogued [18]. Dynameomics began over
a decade ago and 807 proteins of different topologies, representing essentially all known
globular protein folds, have now been simulated at both room and high temperatures,
totaling hundreds of terabytes of data (Fig. 1B). At the beginning of this effort, it was clear
that discrepancies between the different protein domain databases presented a problem and
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some uniformity needed to be established. To catalogue the dynamics of all known protein
domains we needed a consensus view of fold space.

The Consensus Domain Dictionary consolidated the visible landscape of
protein fold space

The motivation behind generation of a consensus domain dictionary (CDD) [19, 20] was to
gather a set of representative protein structures that could be used to systematically
investigate all of protein fold space and determine the principles of protein dynamics and
folding. This structure-based dictionary should not be confused with the Conserved Domain
Database [1, 21] that categorizes the primary sequences of protein domains from an
evolutionary standpoint.

The collation of all identified structural domains currently in SCOP, CATH and Dali into a
consensus set was initially done in 2003 using a metadata approach [19]. This was then
updated in 2009 to include any new protein folds discovered in that interim period [20]. The
total number of metafolds increased by 595, reflecting not just newly discovered folds but
also the refinement of structural classifications that occurred during this six year period [15,
22]. Consequently, there were some domains made obsolete, re-delineation of some domain
boundaries, as well as a merging of domains and metafolds within the v2009 CDD. Once
complete, there had been inclusion of 976 “new” metafolds, composed entirely of “new”
domains that were not present in the v2003 CDD.

After assimilating and filtering the information contained within our v2009 CDD, the final
Dynameomics dataset contained 807 representative structures taken from metafolds that
encompass 97% of all currently known protein structures (Fig. 2) [16, 17, 23].

Numerous classified domains were not “traditional” domains

As the goal of the Dynameomics initiative has been to perform atomistic molecular
dynamics (MD) simulations of the native state and unfolding pathways of representative
structures for all known globular protein domains, some of the metafolds included in the
CDD were superfluous to our needs. Any non-globular proteins (/.e. transmembrane or
fibrous proteins) were not included, but these were few (Fig. 2). Due to the limits of our
modeling methods and computational power we restricted the study to the part of the
proteome where domains were less than 450 residues and rejected those with multiple or
large cofactors for which we had no parameters. These restrictions were seconded by the
facts that few domains are larger than 450 residues [24] and, although parameters could be
developed for the multiple or large cofactors, many domains with such cofactors are really a
polypeptide wrapped around a cofactor, such that there is little conventional structure. Other
reasons for rejection were experimental structures of suboptimal quality or with large
regions of missing coordinates (Fig. 2). Further, there were 19 NMR structures that were
initially included but when modeled were found to have unstable native states. All but five,
which had alternative X-ray crystal structures that were substituted and simulated
successfully, were removed from the study. The starting structures for these 14 rejected
simulations were designated questionable. In total, 888 protein domains were rejected in
response to the requirements of the Dynameomics project (Fig. 2). Of these 888 rejected
metafolds, 672 were not simulated because they are not structural protein domains. These
were the metafolds we rejected because their structures were irregular with little secondary
structure, structural units that were unlikely to fold autonomously, or composite domains,
where the domain of interest was interrupted by a second structural domain, 7.e.
discontinuous (Fig. 2). The v2009 CDD definitions and representative structures of the 1695
metafolds, along with the 807 representatives qualified as “suitable” domains and
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successfully simulated, can be accessed at http://www.dynameomics.org/external/Targetlist/
index.aspx. Overall, the majority of the rejected metafolds were eliminated because they are
unable to be designated as autonomous domains or folds.

Here we revisit the 888 rejected metafolds, as there are subsets that warrant further
inspection, especially in light of the expanding knowledge of the existence of proteins with
local or global regions that lack structure, the so-called intrinsically disordered proteins
(IDPs) [25]. These subsets may assist us in adapting our definition of domains to include
what now appears to be a continuum of structures from disordered to highly regular
structure. The structures we rejected because they had regions of atoms that were
experimentally invisible, were non-autonomous folders, or had irregular and unstable
structure, could be part of the unfoldome [26]. To avoid including further complexity at this
point, we continue to ignore transmembrane and fibrous proteins and focus on globular
protein or constituent domains less than 450 residues in length. We survey here the resulting
dataset of 755 rejected metafolds (Fig. 2) by reexamining discarded simulations and
performing disorder predictions using the DISOPRED? classifier [27].

In the latest rendition of the CDD, it was noted as surprising that 40% of the metafolds in the
CDD were not autonomous structural units and were therefore not believed to be “real”
domains [20]. However, in light of the recent progress made in understanding disordered
proteins, which has led to the prediction that 40 — 50% of mammalian proteins contain
disordered regions greater than 30 residues in length [26, 28], maybe this isn’t so surprising
after all. The PDB itself has been surveyed for intrinsic disorder, with one conclusion being
that completely ordered proteins are not that abundant in this structural database [29].
Approximately 40% of the structures in the PDB have short disordered regions, defined as a
continuous region between 10 and 30 residues long [29]. It is not so unexpected then that,
based on predictions made here using DISOPRED? [27], some 34% of the 755 rejected
metafolds contain putative disordered regions greater than 10 residues in length. Although
undoubtedly some of these targets were quite rightly rejected on the basis of not being viable
structural domains, it does appear that some may fall into the IDP category. As
DISOPRED?2 predictions are more biased towards identifying short disordered regions
within globular proteins, this 34% is potentially an underestimate [27, 30].

Instability could be attributable to disorder

Instability during an MD simulation is generally ascribed to structural or methodological
errors, but this implies that domains are expected to always be as structurally cohesive as the
model calculated from the experimental data. Initially, we had selected representatives from
821 metafolds as our target list. For a simulation to be considered stable it had to pass our
quality control measures [16, 17]. However, 19 of these domains were found to be unstable,
with some unpacking of the native structure and loss of secondary structure. All 19 starting
structures were determined using NMR; five had alternative X-ray crystal structures and
simulations beginning with these substitute structures were stable. Although none of these
unstable targets has yet to be entered in the DisProt database of disordered structures [31],
ten of these metafolds have putative or confirmed regions of disorder greater than ten
residues. For half of these, the disorder forms a substantial part of the domain (>40%) and in
two of the larger domains, longer disordered regions are observed (PDB ID: Iwgoand 7hsc)
even though these account for a small fraction of the domain. Thus, while instability in an
MD simulation can be due to methodological problems or a problematic starting structure, it
can also result from true dynamically disordered regions.

Bioessays. Author manuscript; available in PMC 2013 December 01.


http://www.dynameomics.org/external/Targetlist/index.aspx
http://www.dynameomics.org/external/Targetlist/index.aspx

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Towse and Daggett Page 5

Unstable regions had disordered sequence signhatures

Six of the targets are predicted to have disordered regions that overlap with unstable regions
(Fig. 3): PDB IDs: 1vpu, 1123, 193), 1fu9, 1k0h, 7hsc. The first, the HIV-1 protein U (Vpu)
is an auxiliary protein that has already been noted within the intrinsically disorder
community [32] as potentially one of the disordered proteins within the HIV-1 proteome.
Vpu is a transmembrane protein, but the cytoplasmic domain (PDB ID: Zvpu) is a globular
domain [33]. This domain has a high content of acidic residues and an ampipathic helix
adjacent to the transmembrane region where disorder was predicted, both here and over a
more extended region by others (Fig. 3A) [32]. These predictions correlate with the
conformational variation and loss of structure exhibited in the simulation; this is evident
both in the MD ensemble of conformations and the final resulting structure (Fig. 3A).
Another example is the representative for the chromosomal protein MC1 fold (PDB ID:
1123). This domain has regions that lose structure and unpack from the surface of the
remaining folded B-sheet; it is these regions that are predicted to be disordered (Fig. 3). The
only discrepancy between the predicted disordered region and the simulation is the helix,
which remained structured, although it did unpack from the surface of the p-sheet.

Examples of genuine instability

There are a number of simulations that exhibited instability in regions predicted to be
disorderd; but the agreement is likely coincidental as the simulations remain questionable
because of the choice of starting structure and presence of cofactors and disulfide bonds. For
example, simulations of the heat shock chaperone protein Hsc70 used the deposited average
structure generated from an NMR ensemble (PDB ID: 7Asc) and show the front-facing -
strands to be particularly unstable (Fig. 3B). Only one structure was deposited and it is a
highly energy minimized average structure. This simulation was an oversight given the
likelihood for artificiality in the average structure that, while reflecting the NMR ensemble
well, predisposes it to instability as an isolated conformation. Although DISOPRED?2
predicts a disordered region longer than 20 residues that coincides with the hinge in the
helical region (Fig. 3B) where there are large-scale movements upon binding [34], it is
difficult to judge whether it is the starting structure itself or the potential disorder propensity
that is responsible for the instability we observed. Other questionable cases are the CCHC-
type zinc finger domain (PDB ID: Zfu9) and the knottin-like antifungal peptide Alo-3 (PDB
ID: 1g3)). In the absence of the metal ion, CCHC-type zinc fingers have been reported to be
disordered [35], and they have primary sequence content biases typical of IDPs [36]. Hence,
the predicted and MD observed disorder at the termini of Zfu9is expected. However, the
simulation of Zfz9included a bound zinc ion, which induces structure [37], and, although
having the characteristics of a disordered protein, this domain should have remained stable.
The knottin fold of Alo-3 has a long flexible loop between strands 1 and 2 and, like many
antimicrobial peptides, has an overall cationic charge. Again, the predicted disorder
coincidental with the flexible loop was expected, given that other antimicrobial peptides
have unstructured or extended structures under some conditions [38]. In this case, the
secondary structure was lost rapidly during the simulation but the fold was retained due to
the disulfide bonds.

Structure or the lack of structure can be context-dependent

Two proteins from bacteriophage A, protein W (PDB ID: 2Ayw) and FlI protein (PDB ID:
1k0h), with confirmed unstructured regions were also amongst those we noted to have
disordered regions [39, 40]. In both cases we did not simulate the unstructured regions at the
termini. However, in the case of protein Fll, there was a second unstructured region detected
experimentally that we did simulate. This second region was also predicted to be disordered
and is located in the central loop between two B-strands (Fig. 3B).
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The other unstable targets with shorter contiguous predicted disordered regions were found
to have experimentally observed unstructured regions associated with them, often on the
edges of the domain, for example the PKD domain of the VPS10 receptor, (PDB ID: 1wgo).
These domains had either regions with random coil chemical shifts or missing coordinates in
the PDB files for sets of terminal residues [39, 41]. Hence, in most cases the domains were
simulated without these segments. It is plausible that some interactions between the fold and
the unstructured regions are required to maintain the stability in these instances [17]; this
could be the reason behind the extreme loss of secondary structure exhibited by Zk0h that
was simulated with the unstructured N-terminus removed (Fig. 3B).

Although poorly refined structures, potentially artifactual average NMR structures, or over-
restrained structures could be a contributing factor to the instability observed, there was
some correlation with the location of the putative disordered regions. Encouragingly, some
of the targets with unstable simulations have since become established IDP cases.

Irregular structures are predominantly motifs

The sequence lengths of the “irregular” domains ranged from 31 to 412 residues with most
clustered between 30 and 40 residues. Hence, many of the 87 “irregular” domains (Fig. 2)
are small peptides and appear to consist of supersecondary structure (Fig. 1A) [4]. Some
show truncated paf motifs, othersppp and a folding units (Fig. 4A). It is difficult to know
how to assign these structures when they represent the structural motifs found in most all
domain structures.

87% of the “irregular” folds were solution NMR structures with significant regions lacking
in well-defined secondary structure. Approximately half of these folds have 30% or greater
of their sequences predicted to be disordered, but with many being relatively short
sequences. There are few that have predicted disordered regions exceeding 20 contiguous
residues. Four of the irregular targets are currently listed in the DisProt database (Fig. 4A):
the CCHCC (PDB ID: Ipxe), connexin43 (PDB ID: 1r5s), knottin (PDB ID: 1ha9), and
cysteine a-hairpin motif (PDB ID: 1197) folds. Only one fold, aptly named partially
disordered protein At2g23090, has over 30 contiguous residues predicted as disordered,
greater than 50% of its sequence, which corresponded with a lack of experimentally
determined secondary structure (PDB ID: Zwvk) (Fig. 4A). However, although the
coordinates were deposited in the PDB in 2004, there is no reference to an associated
publication, nor is the protein included in DisProt. It is, however, a member of the SERF
family (InterPro: IPR007513) [42]; a family of proteins that contain a high content of
charged residues (aspartic acid, glutamic acid, lysine and arginine) that could be an
interesting collection of potential IDPs.

Missing atomic coordinates tend to reflect disorder

Experimental determination of protein structures is not without its flaws. One issue that is
prevalent throughout the PDB for X-ray crystal structures is missing atomic coordinates
where electron density is not detected or highly diffuse [27]. Most of the regions lacking
electron density in crystal structures have amino acid compositions predicted to be
disordered [29], and it is possible that a fraction of the observed secondary structure may
have been induced by crystallization in complex with binding partners. This group of 85
“rejects” consisted entirely of such X-ray crystal structures, with missing coordinates for
regions of seven residues or longer. The majority of these folds are single domains between
100 and 200 residues. Hence, a significant number of these rejected targets are expected to
contain local disorder.
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In total, 46% of these 85 folds contained some disorder. Eight targets had at least 30
contiguous residues predicted to be disordered (Fig. 4B), with another 31 with shorter,
predicted disordered regions, the majority of which correlated with the missing coordinates.
Cases of particular interest were those predicted to have greater than 30 contiguous
disordered residues and that are present in DisProt; there were three such targets in DisProt
(PDB ID: 1601, 1gwy, 1y8q).

For all eight targets with significant predicted disorder, the disorder coincided with the
missing atomic coordinates. In a number of cases, regions outside the missing coordinates
were also predicted to be disordered and correlated with lower secondary structure content
(Fig. 4B). In many cases the disorder was mentioned in the corresponding literature. For
example, the disorder propensity of a domain of the 17kDa protein (Skp) with an outer
membrane protein H (OmpH)-like fold (PDB ID: Zuz2m) has been investigated previously
and is in agreement with the prediction obtained here [43]. Disordered residues were
reported in the unbound form of the C-terminal domain of the pepsin inhibitor-3 (P1-3)
protein (PDB ID: 1£32) and some were noted to become ordered upon formation of a
complex with pepsin, although some disorder still remained in the complex [44].

Also interesting are the occurrences of missing coordinates that are not predicted to be
disordered and not registered in DisProt. An example is the protein kinase-like fold of
phosphatidylinositol phosphate kinase type 11g (PDB ID: 1bo1). There are two areas of the
structure missing coordinates (Fig. 4B). DISOPRED2 predicts only one of the two missing
segments to be disordered. The lag in inclusion into DisProt is likely a consequence of the
manual curation required [45]. As for the disagreement with the predictions, it has been
noted that DISOPRED?2 often predicts some regions with missing coordinates to be ordered
and, in some cases, they have been revealed to be regions with transient structure [30].

Although having missing electron density is the very reason many of these targets have been
reported to contain disordered regions, it appears likely that the majority of these targets are
typical globular domains with regions of local disorder.

Targets rejected for being non-autonomous domains harbor the most
intrinsic disorder

Non-autonomous domains, by their very nature of being unable to assume structured folds
independently, are a logical group to scrutinize for disorder. The 585 folds labeled as “non-
autonomous”, are not significantly larger than those folds in the other groupings, with only
11 containing over 450 residues. However, they typically form part of large complexes
(PDB ID: IegZ2in Fig. 4C). Most of these non-autonomous folds, being structured in the
context of a huge complex or in the presence of binding partners, were rejected because they
had large regions buried within a complex making them unlikely to form stable structure in
isolation. Another 86 folds are composite domains where the structural unit is interrupted by
structural elements from a second domain or chain. Examples of these folds are the
Rossman, immunoglobulin-like, and citrate synthase domain 1 folds: PDB IDs Zeq2, 1i31
and Icss, respectively, in Figure 4C. Although it may seem strange to have structural units
with spatially separated sequences, remember that these composite domains are present in
the underlying databases as a consequence of the different methods used for categorization.
For example, at one of the top-levels in the classification hierarchy of CATH, structures are
grouped where they have a similar spatial arrangement of secondary structure elements,
irrespective of chain directionality or continuity [46].

Disorder predictions were performed on the 488 continuous folds; the fragmented nature of
the 86 composite domains prohibited meaningful sequence analysis. Some 182 of the 488
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targets had predicted disordered regions at least ten residues in length and approximately 70
had missing coordinates, some coincidental with disordered regions as observed above for
the crystal structures. Greater disorder was indicated in 43 of these folds, which were either
listed in DisProt or had predictions for more than 30 contiguous disordered residues, or both.
Three of these in particular, the C-terminal domain of topoisomerase Il (247, cAMP-
responsive binding protein (CBP, 1kbf) domain, and heat shock locus HSLU (2A£2), have
disorder predictions that correlate with regions already highlighted in DisProt (Fig. 4C).

The CBP domain (PDB ID: 1kb#h) is an established IDP [47]. A first of its kind, this fold
representative was one of two domains that are disordered in isolation but become structured
upon forming a heterodimer. The other domain is the receptor activator (ACTR) domain,
which exists as a molten globule until it forms a complex with the CBP domain [48].
Although shown here in the complexed, structured form with the ACTR domain shaded in
gray (Fig. 4C), NMR indicates that the unbound form of the CBP domain is 100%
disordered [48]. The C-terminal domain of topoisomerase 1l (PDB ID: 14jf) has a region of
missing coordinates representing an acidic region sensitive to protease degradation, leading
to the suggestion that it is disordered [49, 50]. The heat shock locus HSLU domain (PDB
ID: 1ht2) has two predicted disordered regions, one that matches with missing coordinates in
the X-ray crystal structures [51, 52] and both are listed in DisProt.

Coupled folding and binding is synonymous with the presence of disorder in unbound states.
Accordingly, these rejected non-autonomous folds have a high incidence of known and
putative disordered regions.

Recasting the Definition of a Domain

Much of what was believed for the last 50 years regarding the relationship between structure
and function is now in question as more and more proteins with a local or global lack of
structure are identified [25]. The dogma that the native, biologically active state is folded
and structured is biased because of the limitations of experimental techniques. Although
there were some exceptions to this rule, they were believed to be just that. However, there
has been increasingly more evidence accruing over the last years that all is not what it first
seemed [25].

It is possible that as we learn more, the folds we previously rejected for not being bona fide
domains may be considered as such and we should be open to adapting or expanding the
definition of domains. Many disordered proteins have some fold or structure, albeit less
compact than the “typical” native states of globular proteins, with many able to form
different conformations with different binding partners. Perhaps, this is an indication we
should start to consider “dynamic domain” families? After all, conservation of disordered
regions has been demonstrated [53]. Moreover, some disordered regions have already shown
attributes consistent with domains, leading to consideration of disordered domain
classification [54]. However, at the start of such a revolution in understanding protein
structure, or non-structure, it becomes even more important to be able to confidently define
domain boundaries and group similar folds together before including ‘dynamic’ or
‘disordered’ protein fold families. If the complexity of attempting to categorize well-
structured proteins into domain families has taught us anything, we can be sure that as the
gaps in protein fold space are filled, defining a domain will only become more challenging.

Conclusions

In our Dynameomics project we generated a consensus set of protein folds and selected
targets based on the physical attributes of what constituted a globular structural domain. In
the course of this work, it became clear that — in some cases - there was much ambiguity as
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to what qualifies as a domain and what does not. Many of the structures assigned to domain
families in CATH, SCOP and Dali were not strictly domains in a structural sense. When we
updated our CDD in 2009, the field of intrinsically disordered proteins was still an emerging
field. Inspection of our rejected targets here revealed that many contain disordered regions.
Fortunately, our consensus approach, along with manual inspection, eliminated many of the
domains with confirmed or putative disorder. This reiterates how important it was to survey
and re-qualify our consensus data prior to Dynameomics.

Re-examination of our rejected targets here not only demonstrates the importance of
filtering structural databases and applying a consistent descriptor for structural domains, it
also raises questions for the near future. At some point we will gather sufficient knowledge
to consider categorization of IDPs into domain families, a somewhat daunting notion. The
challenge of structural domain categorization is only going to become more complex. The
proteome is now Seen as existing on a continuum of varying structural content, with
structure not necessarily present under physiological conditions, and disorder and order
interchangeable states dependent upon the environment and protein interactions.

So when is a domain really a domain? And if the native state isn’t always the folded state,
which state do we use to determine membership in a domain family? Although our
definition of a domain may need to be adapted and expanded, we can take comfort that, for
now, when focusing on typical globular domains one only needs to ensure appropriate
filtering of the data.
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Variations in protein domains within a protein fold family and variations between different

fold families. A: The ferredoxin-like fold family with a-helices in red and p-strands in

green. The structural elements shared by different members of the family are highlighted,

with non-consensus structure in gray. B: Representative structures of the Top 30 most

populated fold families from the Dynameomics project colored from N- to C-terminus (blue

to red).
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Protein Data Bank

Fold Classification Systems

Not
considered
Domains

672 metafolds

irregular §

non-autonomous

<450 residues

<450 residues I 755

rejected targets

Disorder and sequence
complexity analysis

potential
metafolds

[

Domain families with
local or global disorder

The steps taken in creation of the v2009 CDD and the selection of the Dynameomics targets
with the breakdown of the rejected targets detailed. Rejected targets classed as domains but
rejected for quality or simulation constraints are boxed in green; those not considered to be
domains at that time are boxed in red. The non-autonomous, irregular structures, unstable
simulations and crystal structures with coordinate gaps, all less than 450 residues in length,
form the set of 755 rejected targets that were surveyed for the possibility of disordered

regions.
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Figure 3.

Metafold representatives with putative or confirmed disordered regions that were rejected
from the Dynameomics project due to simulation instability. Targets have secondary
structure colored blue. The final structures showing the conformational changes post-
simulation have regions highlighted in red where disorder was predicted. A: HIV protein
Vpu (PDB ID: Zvpu) that was predicted both here (DISOPREDZ2) and previously (PONDR)
[32] to be substantially disordered, with correlating variation in the 80 ns MD ensemble (10
ns snapshots) and loss of secondary structure in the final structure. Inset is the DISOPRED?2
prediction, with previously predicted region also highlighted. B: Starting and final structures
of five additional simulations with greater than 10 contiguous residues predicted to be
disordered: 1t23; 1k0h; 7hsc; 1fu9; 1g3j.
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Figure4.

Structures of rejected targets that were initially rejected for being irregular, non-autonomous
or containing significant gaps in structures where coordinates could not be experimentally
defined. PDB and DisProt codes are inset where membership applies. A: Irregular metafolds
with secondary structure colored in blue. Disordered regions mostly coincide with the coil
regions colored gray and are not highlighted. B: Metafolds with missing coordinates in X-
ray structures, secondary structure is colored blue with disordered regions highlighted in red.
Where the disorder pertains to a missing region, the gap is marked with a dashed line. C:
Non-autonomous or discontinuous metafolds. The target that is disordered in isolation or
incapable of autonomous folding is colored purple, with interrupting structure or extraneous
members of a complex shaded in gray. Predicted or experimentally confirmed disordered
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regions are highlighted in red, where this correlates with missing coordinates a dashed line is
used to denote the gap.
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