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Abstract 

Despite substantial and successful projects for structural genomics, many proteins remain for which 

neither experimental structures nor homology-based models are known for any part of the amino 

acid sequence. These have been called dark proteins, in contrast to non-dark proteins, in which at 

least part of the sequence has a known or inferred structure. We hypothesized that non-dark 

proteins may be more abundantly expressed than dark proteins which are known to have much 

fewer sequence relatives. Surprisingly, we observed the opposite: human dark and non-dark 

proteins had quite similar levels of expression, in terms of both mRNA and protein abundance. Such 

high levels of expression strongly indicate that dark proteins – as a group - are important for cellular 

function. This is remarkable, given how carefully structural biologists have focused on proteins 

crucial for function, and highlights the important challenge posed by dark proteins in future 

research. 

Key words:  Dark proteome, Dark proteins, Protein expression, Intrinsically disordered proteins, 

Transmembrane proteins.   
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Statement of significance: 

This study takes a detailed look at the expression of so-called dark proteins, i.e. those for which 
neither experimental structures nor homology-based models are known for any part of the amino 
acid sequence. The dark proteins in human are compared against non-dark proteins, i.e., all other 
proteins, in which at least part of the sequence has a known or inferred structure. At the beginning 
of the study, we originally hypothesized that non-dark proteins may be more abundantly expressed 
than dark proteins which are known to have much fewer sequence relatives. Surprisingly, we 
observed the opposite: human dark and non-dark proteins had quite similar overall levels of 
expression, in terms of both mRNA and protein abundance. This strongly indicates that dark proteins 
– as a group – are important for cellular function. This is remarkable, given how carefully structural 
biologists have focused on proteins crucial for function, and highlights the important challenge 
posed by dark proteins in future research. 

 

Introduction 

Genome sequencing is transforming biomedical research, but it is only one of many steps needed to 

understand biological systems. Subsequent steps include the determination of three-dimensional 

(3D) structures and functions for all proteins, and the study of protein interactions. One long-term 

goal of Structural Genomics (SG) has been to make high-resolution 3D atomic-level structures easily 

obtainable for most proteins from their corresponding DNA sequences. In particular, the Protein 

Structure Initiative (PSI) from the National Institutes of Health (NIH) in the USA has expanded the 

impact of the Human Genome Project [1] by large-scale structure determination [2]. From the start, 

the project included computational biology to optimize target selection. One particular optimization 

criterion was to experimentally determine high-resolution structures for those protein families for 

which structures were neither known experimentally nor could be modeled through comparative 

modeling [3]. An additional objective was the prioritization of those families according to the highest 

leverage of each experimental nugget [4-6]. Put simply: determine structures for the largest families 

for which no structural knowledge is available. Despite substantial funding and impressive successes 

in advancing the streamlining of determining high-resolution structures [7], most families that were 

experimentally pursued did not yield high-resolution structures [6].  

‘Dark’ proteins have been defined as proteins for which no 3D structural information is available 

today, neither from experiments nor from models [8]. Many proteins have dark regions that are long 

enough to independently fold as domains for which no structure is available. The dark proteome of 

structural biology is the union of all dark proteins and all proteins with dark regions. It has been 

shown [8] that what makes the dark proteome dark is largely not explained by regions notoriously 

difficult for structural biology, such as transmembrane and coiled-coil regions, regions of low 

complexity, and disordered regions such as found in intrinsically disordered proteins (IDPs). Instead, 
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the fractions of those regions are similar for proteins with and without 3D annotations in SWISS-

PROT [9].  

In this work, we focused on characterizing how entirely ‘dark’ proteins differ from all other ‘non-

dark’ proteins, i.e., proteins containing at least some regions that are not ‘dark’. It has been shown 

that dark proteins can be important for function [8]. However, dark proteins also tend to have many 

fewer known sequence relatives than non-dark proteins [8]. This implies that dark proteins are likely 

to have fewer paralogs than non-dark proteins. The reach of homology-based or comparative 

modeling increases with family size and diversity, i.e. the larger the family, the more likely it is that a 

structurally related protein in the PDB can be identified. In addition, the PDB is heavily over-

represented in large families [4]. Together, both of these trends partly contribute to the greatly 

reduced family size of dark proteins compared with that of non-dark proteins. Unfortunately, we do 

not have the resources to gauge how big the difference would have to be to rule out that these two 

biases contribute significantly to the observation. Hence we can base our assumption only on 

today’s observation from the comparatively unbiased SWISS-PROT: dark protein families were much 

smaller than non-dark families (median 27 for dark vs 397 for non-dark). 

Assume we compared expression levels between two sets of proteins randomly drawn in the 

following way: set H contains 1,000 proteins with many paralogs, and set L contains 1,000 proteins 

with few paralogs. We expect expression levels to be higher for H than for L, simply because more 

proteins in H are bi-functional in the sense that they maintain the original function from which they 

diverged through duplication [10]. Therefore, our hypothesis was that dark proteins are expressed at 

much lower levels (referred to as “less expressed”, for simplicity) than non-dark proteins. Given that 

some dark proteins have important functions, we also expected some outliers from this general 

trend. In this work we compared data on mRNA and protein expression levels; we found that dark 

and non-dark proteins have very similar expression levels, hence we could clearly reject our 

hypothesis. 

Methods 

Dark human proteome.  We identified all human proteins for which 3D structures were neither 

available from experiments nor from models as described previously [Dataset S1 from  8]. The total 

set comprised 20,209 human proteins of which 4,403 (20%) were considered as dark proteins. The 

corresponding number would be much higher if partly dark proteins where also included. In this 

work, we focused on studying the properties of fully dark proteins versus all other proteins (i.e., 

versus all proteins containing non-dark regions).  

Expression and mass-spectrometry data.  We used mRNA expression datasets all obtained from 

public resources. All expression values for the E-MTAB-2919 experiment [11] were downloaded from 

ArrayExpress [12]. The experiments come from different laboratories and combine multiple assays to 

build a joint dataset on expression of human genes in 53 different tissues. 18,371 genes were 

mapped from ENSEMBL to UniProt identifiers. The GTEx project provides expression values for 
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18,256 of the 20,203 human proteins (82%) studied in this paper. We found expression data for 

3,571 dark (20% of 18,256) and 14,685 non-dark proteins (80% of 18,256).  

The mass-spectrometry data used were obtained from ProteomicsDB [13]. ProteomicsDB contains 

protein expression measurements from 16,857 liquid chromatography tandem-mass-spectrometry 

(LC- MS/MS) experiments involving human tissues, cell lines and body fluids. Normalized intensity 

values for each protein were retrieved from ProteomicsDB using the proteinexpression API. Empty 

values were counted as 0. We found non-zero mass-spectrometry data for 3,012 dark and 13,044 

non-dark proteins. For each protein, we counted the number of tissues in which the respective 

protein was found to be expressed at any detectable level. 

Normalization and analysis of data: Proteins might be undetected in either mRNA or proteomics 

experiments due to many different reasons, some of which are unrelated to the actual expression 

properties of the protein. Therefore, we ignored proteins without any experimentally detected 

levels for all subsequent analyses. For the mRNA data we used the Expression Atlas resource 

(https://www.ebi.ac.uk/gxa/home) with the recommended cutoff of 0.5 for the normalized 

expression level (also known as the ‘FPKM’ score) to filter for significant expression. Since the ratio 

of proteins with non-zero expression values differed between dark and non-dark proteins, the 

differences in coverage between both sets had to be used to normalize the raw data. For mass 

spectrometry data, we used the normalized intensity values that measure the relative abundance of 

peptides belonging to each protein in a specific sample on a logarithmic scale, compared to all 

peptides in the same sample. The raw values for the GTEx data differed by several orders of 

magnitude. Therefore, these data were analyzed and plotted on a logarithmic scale (note the 

proteomics data was already provided on such a scale). For calculating the overlap between 

distributions we used the ‘overlapping’ package in R [14]. For assessing the significance of differences 

between distributions, we used a one-sided Kolmogorov–Smirnov test [15]. 

Results 

Detectable expression for most dark proteins. Significant mRNA expression in at least one tissue 

(ArrayExpress, Methods) was observed for 14,158 non-dark proteins (90%) and for 3,455 dark 

proteins (78%). Thus, while the fraction of non-dark proteins with significant expression was higher 

than that for the dark proteins, the majority of dark proteins were expressed in at least one tissue.  

The proteomics data showed a similar trend: Out of the 20,203 human proteins queried in the 

proteomicsDB (4,403 dark, 15,806 non-dark), expression values were available for 3,012 of the dark 

(68%) and 13,044 of the non-dark (83%) proteins. While the fraction of dark proteins for which no 

expression had been measured in the proteomics data was higher than for the non-dark proteins, 

proteomics found the majority of dark proteins to be expressed in at least one tissue. Thus, both 

experimental methods, mRNA expression and proteomics, confirmed that most dark proteins are 

expressed, suggesting most dark proteins are important for cellular function. 
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Dark and non-dark proteins similar in mRNA expression.  As expected, given the relatively large 

sample sizes, the distributions of mRNA expression for dark and non-dark proteins (Fig. 1A) had 

statistically significant differences (signed Kolmogorov-Smirnov test, p-value of 3 x 10−5). Notable 

differences were seen in the tails of the distribution at high expression levels, where non-dark 

proteins dominate. Overall, however, the two distributions are very similar, with a 79% overlap 

(indicated in gray), and with only a slight difference in median mRNA expression levels (average 

normalized value of 3.4 versus 3.8 for dark and non-dark proteins, respectively). This strong 

similarity in overall mRNA expression contradicted the hypothesis that dark proteins are expressed 

substantially less than the non-dark proteins. When considering the level of mRNA expression as a 

sign of the functional importance, we picture dark proteins to be similar in importance to non-dark 

proteins.  

 >>> Fig. 1 <<< 

Dark similar to non-dark in protein intensity.  A similar overall pattern was seen when considering 

protein expression levels (Fig. 1B):  the distributions for dark and non-dark proteins were 

significantly different (signed Kolmogorov-Smirnov test, p-value below 2.2 x 10−16), with notable 

differences at high expression levels (dominated by non-dark proteins) and at very low levels 

(dominated by dark proteins). Although disorder, composition-bias, and membrane proteins by no 

means explain darkness, the set of all dark proteins contains slightly more of those types than the 

set of non-dark proteins [8]. Due to their biophysical features some of those proteins might simply 

escape experimental detection. If so: the substantial difference between dark and non-dark for the 

lowest intensity level (essentially ‘not detected’), might be explained more by experimental 

challenges than by differences in the actual levels in the cell. However, as with mRNA, the 

distributions for protein expression were fairly similar overall, with 85% overlap (shown in gray), and 

with fairly similar median values (average normalized expression of 0.38 versus 0.68 for dark and 

non-dark proteins, respectively). These data also refuted our original hypothesis: dark proteins have 

remained structurally uncharacterized although they are as important for function as non-dark 

proteins that have been explicitly selected due to their high importance (since experimental 

structure determination is so expensive, structural biologists have done an outstandingly successful 

job in prioritizing proteins of extraordinary relevance).  

Dark similar to non-dark in ubiquity of tissue expression.  Next, we considered the number of 

different tissues in which each protein was expressed (Fig. 1C). Again, we saw a similar pattern; the 

distributions for dark and non-dark proteins were significantly different (signed Kolmogorov-Smirnov 

test, p-value below 2.2 x 10−16), with notable differences at the tails, but with overall similarity. The 

distributions had a 85% overlap (gray regions), a fairly similar median number of tissues with 

measurable expression (6 versus 11 tissues for dark and non-dark proteins, respectively). 

Dark proteins strongly expressed in testis.  Our initial hypothesis was refuted most dramatically for 

testis, were dark proteins had greater overall mRNA expression than non-dark proteins (Fig. 1D). 

Here, once again, the distributions for dark and non-dark proteins were significantly different (signed 
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Kolmogorov-Smirnov test, p-value below 2.2 x 10−16), with notable differences at the tails: for testis, 

high expression levels were dominated by dark proteins, and low expression levels by non-dark 

proteins. However, as before, the overall features of the distributions were quite similar, with 85% 

overlap (gray), and a similar median values (average normalized mRNA expression of 6 versus 4 for 

dark and non-dark proteins, respectively).  

Conclusion: dark proteins constitute an important challenge. We clearly refuted our hypothesis: 

dark proteins have overall similar distribution  of expression as non-dark proteins. Thus, the many 

proteins that have proven impenetrable to structure biology despite immense recent efforts 

constitute an important challenge to be addressed in the future. Simply put: there are important 

unchartered territories out there.  
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Figure captions 

<Figure 1> 

Fig. 1: Dark and non-dark proteins equally important for function.  Dark (no knowledge of 3D 

structure) and non-dark (3D known by experiment or modeling) human proteins were selected as 

described previously [8]. The areas under the curves (normalized to 1) represent the complete 

respective sets of proteins: black for dark, white for non-dark, gray to show overlap between the 

curves. The dashed vertical lines indicate the medians of the distributions (white for non-dark; black 

for dark). Our initial hypothesis that non-dark proteins have considerably higher expression levels 

than dark proteins was clearly refuted because the gray areas essentially dominate all plots. The 

panels differ in their x-axes: (A) protein intensity from mass-spectrometry averaged across all 

tissues, (B) the number of tissues with clearly detectable protein intensity, (C) mRNA expression 

levels averaged across all tissues, and (D) differential mRNA expression levels for testis as the tissue 

for which dark were most above non-dark proteins as indicated by the median for dark being higher 

than that for non-dark.  

 

 

 


