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Abstract: We surveyed the ‘dark’ proteome, i.e., regions of proteins that remain stubbornly
inaccessible to both experimental structure determination and modeling. Building upon a recent
structural modeling study covering 546,000 proteins across many organisms, we find 44-54% of
the proteome in eukaryotes and viruses is dark, compared with only 14% for archaea and
bacteria. This includes 68,621 dark proteins, in which the entire sequence lacks reliable
similarity to any known structure. Surprisingly, most dark proteins cannot be accounted for by
conventional explanations (e.g., intrinsic disorder, transmembrane regions, or compositional
bias). Dark proteins are most strongly associated with secretion, the endoplasmic reticulum,
specific tissues, disulfide bonding, proteolytic cleavage, and shorter sequence length. They also
have surprisingly few interactions with other proteins, and, in humans, some association with
cancer and retroviruses. Our results suggest new research directions in structural and
computational biology.

One Sentence Summary: We surveyed regions of proteins with unknown 3D structure and
found these regions exhibit surprising features that cannot be accounted for by conventional
explanations.

Main Text:

Knowledge of protein three-dimensional (3D) structure can be highly valuable, and has led to
key discoveries in the life sciences. The PDB, or Protein Data Bank (/), that accumulates
experimental structures recently past 100,000 entries — a landmark in our understanding of the
molecular processes of life. This lags far behind the growth in DNA sequencing; however — since
evolution conserves structure more than sequence — computational modeling can leverage the
PDB to provide accurate structural predictions for many proteins (2). Recently, we created
Aquaria (3), a resource built by systematically comparing all PDB proteins against 546,000
SwissProt sequences (4), i.e., essentially all well-described protein sequences across a wide
range of organisms. This comparison resulted in 46 million sequence-to-structure alignments (3),



a depth not available from other resources. In this study, we used Aquaria to survey the ‘dark’
proteome, i.e., regions of protein sequence, or whole sequences, stubbornly inaccessible to either
experimental structure determination or modeling, and hence where 3D conformation is
completely unknown. The dark proteome has often been overlooked — however, Aquaria allows
it to be studied in unprecedented depth, and we were motivated by the hope that surveying the
unknown may set future research directions, as dark matter has done in physics.

Although experimental structures cover only 2—4% of SwissProt (fig 1B), our survey revealed
that for archaea and bacteria the dark proteome is strikingly small (13—14%), while in eukaryotes
and viruses about half of the proteome is dark (fig. 1B). We also found that 40—55% of the dark
proteome is comprised of dark proteins, in which the entire sequence has no reliable similarity to
any known 3D structure (fig. 1B). Dark proteins tend to be short, and so comprise a substantial
fraction of the total number of proteins: 20% for eukaryotes (fig. 2), 8% for archaea (fig. S1), 7%
for bacteria (fig. S2), and 44% for viruses (fig. S3).

Conventional explanations for the dark proteome involve factors known to confound
experimental structure determination; these include intrinsic disorder (5), transmembrane regions
(6), compositional bias (7), and short (<50) or long (>700) sequence length (&8). We examined
these factors in eukaryotes (fig. 2), archaea (fig. S1), bacteria (fig. S2), and viruses (fig. S3) and
saw - as expected — that, in many proteins, as these factors increase there is a corresponding
increase in ‘darkness’ (i.e., in the percentage of dark residues). However, we also found
unexpected features: firstly, the percentage of transmembrane residues shows an inverse
correlation with darkness (figs. 2F, S1F, S2F, and S3F); secondly, most dark proteins have low
disorder (figs. 2B, S1B, S2B, and S3B), no compositional bias (figs. 2D, S1D, S2D, and S3D),
no transmembrane regions (figs. 2G, S1G, S2G, and S3G), and are slightly shorter than non-dark
proteins (figs. 2H, S1H, S2H, and S3H). Thirdly, 45-70% of dark proteins are ordered, globular,
and have low compositional bias (figs. 2J, S1J, S2J, and S3J) — and therefore cannot readily be
accounted for by conventional explanations. These dark proteins also show highly significant
differences in amino acid composition compared to non-dark proteins (figs. 2K, S1K, S2K, and
S3K).

Compared to non-dark proteins, we found that dark proteins have surprisingly few interactions
with other proteins (figs. 2L, S1L, and S2L). Also, less is known about their functions and
subcellular or tissue locations (fig. 3A).

Examining functional annotations enriched amongst eukaryotic dark proteins (fig. 3C and Table
S1) we found few under-represented annotations (figs. 3A) — implying that dark proteins fulfill a
wide variety of functions — and many over-represented annotations (figs. 3A). As expected,
many dark proteins are transmembrane; unexpectedly, however, dark proteins are most strongly
over-represented amongst secreted proteins, followed by the endoplasmic reticulum (fig. 3B) —
and they are under-represented in only one subcellular location: the cytoplasm (fig. 3C).
Interestingly, they are over-represented in specific tissues — e.g., secretary glands and blood —
and many are designed to cope with harsh, exterior environments — e.g., skin, saliva, shells, and
spores. The only tissue-related annotations where they are under-represented are ‘Red blood
cells’ (consisting largely of cytoplasm), ‘Ubiquitous’, and ‘Widely expressed’. Dark proteins
often have domains containing disulfides, and have posttranslational modifications such disulfide
bonding, cleavage, phosphorylation, and palmitoylation (fig. 3C). Similar patterns were seen for
bacterial and archaeal dark proteins (Table S1 and online resource).



We next considered the human proteome, finding that over half of it is dark (fig. 4A) and less is
known about the function, subcellular location, and tissue distribution of dark proteins compared
to non-dark proteins (fig. 4C), as in eukaryotes. Similarly, human dark proteins are associated
with secretion, transmembrane regions, and cleavage; in addition, we see associations with
cancer and endogenous retroviral proteins (fig. 4D).

For human dark proteins, we assessed whether they arise from sequential genes. We found seven
such ‘dark’ gene clusters — including one not previously characterized (Table S2); proteins from
these clusters echo features described above as typical for dark proteins. Finally, we tested
whether some human dark ‘proteins’ may be non-coding, finding that this accounts for at most
14 dark proteins (Supplementary Methods).

Which new insights do these results provide? Firstly, the strikingly small dark proteome in
archaea and bacteria implies that protein structural knowledge for these small single-celled
organisms approaches a level of completeness. The cytoplasm — where most proteins in these
organisms are located — is also the only subcellular location in eukaryotes where dark proteins
are under-represented, implying that structural knowledge of all cytoplasmic proteins is also
relatively complete.

In contrast, the structure of much of the proteome in eukaryotes and viruses remains unknown,
although likely for different reasons. In viruses, rapid mutation (9) directly undermines
sequence-based structure prediction (2, 3). In eukaryotes, darkness is commonly accounted for
by the greater occurrence of disorder, low complexity (7) and transmembrane regions (/0) —
however these factors account for only about half of dark proteins, and are also present in about a
third of non-dark proteins (figs. 2J).

Regarding disorder — i.e., intrinsically unstructured regions — we believe that a key contribution
of this work is to distinguish this concept from darkness. Previous studies have conflated these
concepts (/1, 12), but they are quite distinct, since: (a) of the 3,141 proteins with 100% disorder,
1,150 have < 25% darkness — of those, 536 have 0% darkness; (b) of the 38,624 proteins with
0% darkness, 3,594 have > 0.25 disorder — many determined from NMR (/3); and (c) 75% of
dark proteins have < 25% disorder. Clarifying this distinction will likely help further the
understanding of protein disorder.

How do we account for dark proteins that are ordered, globular, and have low compositional bias
(figs. 2J, S1J, S3J, and S3J)? Their distinct amino acid composition (figs. 2G, S1G, S3G, and
S3G) suggests they occur in specific subcellular locations (/4) or have specific functional roles.
They may be partly accounted for by other factors known to confound structure determination —
e.g., isoelectric point, hydrophobicity, coiled-coil regions, or irregular secondary structure (8);
however, here we focused on characterizing their biological roles.

Unexpectedly, darkness was found to decrease as the fraction of transmembrane residues
increases (figs. 2F, S1F, S2F, and S3F); perhaps the most straightforward explanation is that the
prediction methods used to detect transmembrane regions progressively fail with increasing
darkness. This explanation fits the data well, and has interesting implications, suggesting the
existence of a novel type of transmembrane region, and that transmembrane regions — and
proteins — are more common than currently believed.

The prominence of darkness amongst secreted proteins suggests that cleavage, disulfide bonding,
and other processing that prepares a protein for the challenges of extracellular and harsh, exterior



environments also confounds structure determination. Secretion may also explain the low
number of interaction partners (figs. 2L, S1L, and S2L), since many secreted proteins are
‘autonomous’, in the sense that they function via few interactions with other proteins.

In conclusion, the dark proteome is a key remaining barrier to understanding biological systems.
We completed our survey as many ‘structural genomics’ initiatives come to a close (/5); they
focused on novel proteins folds, resulting in many landmark structures — including
transmembrane proteins — greatly reducing the dark proteome. Similarly, we hope this work will
focus structural and computational biology efforts to shed light on the remaining dark proteome.
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Fig. 1. Dark proteome overview. (A) For 546,000 SwissProt sequences we classified each
residue into four categories: (1) PDB domains: aligns with exact match to at least one PDB entry,
(2) Gray domains: aligns with reliable similarity to at least one PDB entry, (3) Dark regions: no
reliable similarity to any PDB entry, and (4) Dark proteins: where a single dark region spans the
entire sequence. On average, eukaryotic proteins contain eight dark regions, many very short;
some are dark domains, 1.e., conserved dark regions that evolved independently. (B) We pooled

sequences by organism group and calculated the total fractions of amino acids in the above
categories.
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Fig. 2. Darkness vs. other properties for 178,692 eukaryotic proteins. (A) The distribution of
darkness (i.e., the fraction of dark residues per protein) is bimodal; 50% of proteins have < 28%
darkness, while 20% (36,153) have 100% darkness. (B) The distribution of disorder (i.e., the
fraction of disordered residues per protein) shows that disorder is slightly more prevalent
amongst dark proteins, but most dark proteins have low disorder. (C) Darkness tends to increase



with disorder, and the majority of highly disordered proteins are dark. (D) Compositional bias is
low for all proteins, but slightly more prevalent for dark. (E) Very few proteins occur in the
indicated triangular region, suggesting that most compositionally biased regions are dark. (F)
Multi-pass transmembrane proteins become unexpectedly rare at > 25% darkness. (G)
Proportionally more dark proteins are multi-pass transmembrane proteins (zoomed-in insert);
however, most dark proteins have no transmembrane residues. (H) Darkness tends to increase
with sequence length (note the log scale). (I) In contrast, dark proteins tend to be shorter. (J)
About half of dark proteins have > 25% of residues either disordered, transmembrane, or
compositionally biased, compared with about one third of non-dark proteins — a smaller
difference than expected. (K) We used linear discriminate analysis to compare the amino acid
composition of dark and non-dark proteins that were ordered, globular and have low
compositional bias (i.e., grey regions in J). Highly significant differences were found (p < 10'°)
along the first linear discriminant coefficient (LD1). (L) Dark proteins have fewer interactions
with other proteins.
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Fig. 3. Dark vs. non-dark proteins in eukaryotes. (A) Dark proteins have shorter text describing
their function, fewer sequence-specific features, and less complete annotation of subcellular
location. Enrichment analysis of dark proteins found four times more over-represented
annotations than under-represented. (B) Shows cellular regions under- or over-represented in
dark proteins. (C) Tree map showing under- (blue) or over-represented annotations (black); the
area of each cell is proportional to —log,(p,), where p;is the probability associated with the

annotation in the cell. Dark proteins are under-represented only in the ‘Catalytic site’ and
‘Pathway’ subcategories, where annotations generally require similarity to a PDB structure.
Complete enrichment results are in Table S1.

.
O
S
©
&
O
c
)
>




C Median length of description
0 500 1000

Dark proteins Dark
16% Non-dark

I

Median number of features
Dark domains 0 10 20

o T 1
36% Dark
Non-dark

Known subcellular location

B 0% 50% 100%
83 Dark proteins (median interactions = 0) Dark
Non-dark
6
2
% 4 Known tissue distribution
[a) 0% 50% 100%

, —————
Dark
40 60 80 100 120 Non-dark

Number of interacting proteins

O

Secreted I Dubious CDS
(Potential) iden... icta... | prediction.

Probable non-
coding RNA

(p=2.1x10"%)

Testis, stis, Tumorigenesis | Endogen...
melanoma, |  tumor (By similarity) | - retroviral | Retroyira| replication
envelope

Tumor antigens | protein lo... (By similarity)
(candidate) its original _ 27,
(p=26x1010) | fusogenic (p=6.7x10"")
Enzymatically cleaved properties

(By similarity)

| (p=74x107120)

Membrang | Shuttles betwe...
protein, Mult nucleolus and
pass cytoplasm (By
(Potential) similarity)

(=50 e=78x102) W Dubious CDS| Product of a
10719) prediction | pseudogene

(p=5.8x102%) Complex | is composed of 45
different subunits
Homodimers, homotrimers
and homotetramers. (By
similarity)

(p=4.9x 10?7)

The SU and TM proteins forms...
heterodimer. (By similarity)
o (p=28x10%)
..| Ancestral BAGE
gene

(p=3.0x10"14)

(P=23x10%)| (p=4.4x1037)

p36, p12 and
q21 region
of chromosome 1 protein subfamily

Membrane protein,
Single-pass Dubious CDS prediction.
(Potential) May be non-coding
(p=7.0%10) RNA.

(p=6.4x10%)

HERV class-Il K(HML-
2) retroviral envelope

(p=36x103")

_ x 10-31
(p=55x10) E BAGE family

GAGE family =
2o 14)

Fig. 4. Dark vs. non-dark proteins in human. (A) Shows the fractions of amino acids across all
20,209 human proteins assigned to PDB domains, gray domains, dark regions, and 4,382 dark
proteins. (B) Dark proteins have fewer interaction partners. (C) Dark proteins have shorter
functional descriptions, fewer sequence-specific features, and less complete annotation about
subcellular location and tissue distribution. (D) Tree map showing all annotations over-
represented in dark proteins (details are in Table S1). ‘Caution’ annotations seen for 215 dark
‘proteins’ indicate they may be long non-coding RNA or arise from pseudogenes; further tests
suggest only 14 are non-coding (Supplementary Methods).
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