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Abstract 

Chemical probes and chemogenomic compounds are valuable tools to link gene to phenotype, 

explore human biology and uncover novel targets for precision medicine. A growing federation of 

scientists is contributing to the mission of Target 2035 – discovering chemical tools for all 

druggable human proteins by the year 2035. It is expected that these compounds will enable the 

understanding of the regulation of cellular machineries and biological processes across the 

compendium of signaling pathways that animate cellular life. Here, we draw a landscape of the 

current chemical coverage of the human Reactome. We find that even though available chemical 

probes and chemogenomic compounds are targeting only 3% of the human proteome, they cover 

53% of the human Reactome, due to the fact that 46% of human proteins are involved in more 

than one cellular pathway. As such, existing chemical probes and chemogenomic compounds 

already represent a versatile toolkit to manipulate a vast portion of human biology. Pathways 
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targeted by existing drugs may be enriched in unknown but valid drug targets and could be 

prioritized in future Target 2035 efforts.  

 

Introduction 

Twenty three years after the sequencing of the human genome, our knowledge of the human 

proteome remains incomplete.1–3 CRISPR-based genome targeting and editing enables the 

functional characterization of proteins and is broadly applied in target prioritisation for 

pharmaceutical intervention.4,5 A complementary approach, differing both in mode of 

interference and applicability, is to target a protein with chemical tools or antibodies.6,7 A key 

obstacle in studying the function of underexplored proteins is the lack of high-quality chemical 

tools.1–3  To accelerate the characterization of the human proteome, biomedical scientists around 

the globe have formed a federation called Target 2035 to develop and openly provide rigorously 

characterized chemical tools, such as chemical probes and chemogenomic compounds, for the 

entire druggable human proteome by year 2035.2,3,8 Target 2035 contributors include, but are not 

limited to, the Structural Genomics Consortium (SGC)9, EUbOPEN10, RESOLUTE11, NCATS at NIH12, 

Boehringer Ingelheim’s opnMe13, and portals such as Chemical Probes Portal14, Pharos15, Probes 

and Drugs16, and ChemBioPort17. 

Chemical probes are selective and potent small-molecule modulators of proteins that can be 

valuable in biochemical, cell-based, or animal models.18 They are used to link a phenotype to a 

target protein and ideally bind to and engage a single target. Chemogenomic compounds are 

highly annotated molecules within libraries of congeneric compounds that are used to investigate 

members of a certain protein family.19,20 They are less selective than chemical probes, but the 

effects of multiple chemogenomic compounds with overlapping selectivity profiles can be 

compared and used to decouple their polypharmacology and link a protein to a phenotype.21  

Here we analyze Target 2035’s current chemical coverage of proteins, protein families, and 

biological pathways. Evaluating the progression by protein or by protein family reveals how much 

of the human proteome, kinome and GPCRome for instance, is targeted by chemical tools. 

Monitoring the progression by pathway highlights areas of human biology that are underexplored 
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by the chemical biology community and provides a new metric to prioritize the development of 

chemical tools.   

 

Results 

Chemical Coverage of the Human Proteome 

To track Target 2035’s progression by protein, we analyzed the coverage of the human 

proteome by chemical probes, chemogenomic compounds, and drugs (Figure 1a). Out of the 

roughly 20,000 human proteins that constitute the human proteome39, we find that 2,331 

(~11.7%) are targeted by a chemical tool and/or drug. This includes 437 (~2.2%) targeted by 

chemical probes, 353 (~1.8%) by chemogenomic compounds, and 2,112 (~10.6%) by drugs (Table 

S1). We observed a significant overlap between the different compound types; for instance, only 

219 of the 627 proteins targeted by chemical tools are not targeted by drugs. 

The higher coverage by drugs can be attributed to i) their larger number of compounds (1693) 

compared to 554 chemical probes and 484 chemogenomic compounds, and ii) their lower 

selectivity (Figure 1b). Indeed, unlike chemical probes and chemogenomic compounds, high 

selectivity is not mandatory for drugs, many of which exert their clinical effects through 

polypharmacology.40  The number of known targets for drugs ranges from 1-305 while the 

number of targets for chemical probes and chemogenomic compounds fall within a much 

narrower range of 1-5 and 1-11 respectively. Furthermore, 74.0% of chemical probes and 43.6% 

of chemogenomic compounds have a single target, compared to 33.4% of drugs, which is likely 

an underestimate as the proteome-wide selectivity profile of drugs is generally unknown.18  

The difference in selectivity between the different compound types reflects their distinct 

purposes. Chemical probes and chemogenomic compounds are tool compounds used to answer 

specific biological questions. On the other hand, the purpose of drugs is to achieve therapeutic 

benefit rather than to study a protein, therefore, if the benefit outweighs the risk, the lack of 

selectivity of a drug is acceptable. For example, fostamatinib is a promiscuous drug with 305 

known targets that has been approved by the FDA as the first-in-class spleen tyrosine kinase 

inhibitor for the treatment of chronic immune thrombocytopenia.41,42  
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Figure 1. (a) Coverage of the human proteome by chemical probes, chemogenomic compounds, and drugs. Annotated are the 

total number of protein targets for each class of compounds. (b) Number of known targets for each of the 554 chemical probes, 

484 chemogenomic compounds, and 1693 drugs. 

Chemical Coverage of Reactome Pathways 

To track Target 2035’s progression by biological pathways, we mapped chemical probes and 

chemogenomic compounds onto human pathways from the Reactome knowledgebase.37 

Specifically, we determined the total number of proteins in each pathway and the number of 

those proteins targeted by chemical probes and chemogenomic compounds (Figure 2 and Table 
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S2). A similar analysis was conducted with drugs as a reference. The human Reactome 

knowledgebase contains 2673 pathways, with 29 of them being top-level pathways, under which 

the remaining 2644 are hierarchically organized in a parent-child manner.38 When a protein is 

present in a child pathway, it is also present in its parent pathway in a recursive manner until a 

top-level pathway is reached.43  

Figure 2. Chemical coverage of the top-level pathways of Reactome. (a) Total number of proteins and number targeted by chemical 

probes, chemogenomic compounds, and drugs for each top-level pathway. (b) Percentage of proteins targeted.  

Strikingly, only five top-level pathways have a coverage by chemical tools that exceeds 10%, 

compared to 24 by drugs (Figure 2b, Table S2). Moreover, multiple pathways have a relatively high 

percentage of proteins targeted by drugs, including neuronal system (51.3%), muscle contraction 

(48.5%) and metabolism (31.3%). We also note that drugs cover a relatively lower percentage of 
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the disease pathway (21.5%), but a closer inspection reveals great heterogeneity amongst its child 

pathways; for example, low number of proteins and high coverage in disease of the neuronal 

system where there are drugs for 6 out of 13 proteins, which contrasts with high number of 

proteins and low coverage in infectious disease where there are drugs for 211 out of 1078 proteins 

(Figure S1a and Table S2). The only top-level pathway that is better covered by chemical probes 

than drugs, 19.8% versus 8.0% respectively, is chromatin organization (Figure 2b and Table S2). 

The good coverage is driven, among others, by chemical probes targeting readers of lysine 

methylation44, acetylation45, and protein methyltransferases46. The top-level pathway best 

covered by chemogenomic compounds is signal transduction (8.1%) (Figure 2b and Table S2), as 

expected bearing in mind the current efforts to develop chemogenomic compound sets for the 

protein kinase and GPCR families.2,3,47–49  
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Figure 3. The number of (a) lowest level pathways and (c) top-level pathways of Reactome that are targeted by at least one 

compound for each chemical probes, chemogenomic compounds, and drugs. The number of (b) lowest-level pathways and (d) top-

level pathways that each human protein of Reactome resides in. 

The lowest level (“most granular”) pathways of Reactome, ones not subdivided into child 

pathways, depict the true hubs of the proteome where the molecular interactions and reactions 

take place. Out of the 1883 lowest level pathways, 869 (46.1%) are targeted by a chemical probe 

and 689 (36.6%) are targeted by a chemogenomic compound (Figure 3a and Table S2). This is in 

striking contrast with the ~3.1% coverage of the human proteome by chemical probes and 

chemogenomic compounds combined (Figure 1a). The main reason for this apparent disconnect 

is that one protein can be involved in multiple pathways. Indeed, 5,128 out of the 11,175 (45.9%) 

proteins in Reactome are found in more than one lowest level pathway, including ribosomal 

protein S27a, which spans as much as 165 (Figure 3b). Even at the top-level pathways, the 

specificity of these proteins remains poor with 4,605 out of the 11,175 (41.2%) proteins in 

Reactome being found in more than one top-level pathway (Figure 3d). These results indicate that 

even highly selective chemical tools may not achieve ideal pathway specificity. Conversely, the 

compendium of available chemical probes and chemogenomic compounds allows for the 

pharmacological targeting of 1,556 out of 2,673 pathways, or 52.8% of the human Reactome 

(Table S2), and already constitutes a versatile toolkit to investigate cellular machineries across a 

vast portion of human biology. As the chemical coverage of the proteome increases, it may 

become possible to compare the cellular effect of multiple chemical tools with distinct but 

overlapping pathway specificity profiles to link pathway to phenotype. Conversely, the association 

of a phenotype to a pathway will be stronger if multiple chemical tools that target different nodes 

within a pathway all induce the same phenotype. 

 

Chemical Coverage of the Kinome and GPCRome 

We next focused our analysis on kinases and GPCRs – two highly populated and well 

established classes of therapeutic targets with high chemical coverage and dedicated chemical 

tool development efforts from the Target 2035 community.2,3,47–49 As expected, we find high 

chemical coverage for these protein families, with 67.7% of the 538 human kinases and 20.3% of 
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the 802 human GPCRs having at least one reported small molecule compound, compared with 

~11.7% of the human proteome. Kinases are significantly more targeted by chemogenomic 

compounds (49.8%) and drugs (58.0%) than by chemical probes (27.7%) (Figure 4a and Table S3), 

but it should be noted that the especially high coverage by drugs mostly reflects the poor 

selectivity of some of these molecules. For example, the drug fostamatinib targets 274 kinases.31 

In spite of the relatively high chemical coverage of kinases, we note that 243 (45.2%) are targeted 

neither by chemical probes, chemogenomic compounds, nor a selective drug (which we loosely 

define as a drug with less than 10 known targets) (Table S3), which supports current efforts to 

chemically explore the dark kinome.47,48,50  We also find that, like the kinome, the GPCRome is 

more targeted by drugs (17.3%) than chemical probes (7.0%) or chemogenomic compounds (7.6%) 

(Figure 4a and Table S4), but annotations from DrugBank indicate that GPCR ligands are more 

selective than kinase inhibitors. Indeed, the most promiscuous molecule, aripiprazole, targets 34 

GPCRs, compared with fostamatinib that targets 274 kinases as mentioned above.31  

We next investigated the distribution of human kinases and GPCRs and their ligands across 

the Reactome. Kinases are found in 28 out of the 29 top-level pathways, whereas GPCRs are found 

in 14 (Figure 4b and 4c), reflecting that kinases are more broadly involved in biological pathways 

compared to GPCRs. Most kinases are found in the signal transduction top-level pathway as 

expected, and the coverage of kinases across the Reactome is generally high (Figure 4b and Table 

S5). A great proportion of GPCRs are found in the sensory perception top-level pathway reflecting 

the fact that more than half of the GPCRs (407) encoded by the human genome are olfactory 

receptors (Table S4).36 However, only 5 GPCRs found in this pathway are targeted by chemical 

tools and/or drugs, probably because sensory perception is rarely of interest in drug discovery. 

301 of the remaining 395 non-olfactory GPCRs act as signal transducers in the signal transduction 

pathway (Figure 4c and Table S6). Aberrant signal transduction is of significance in clinical 

research and drug discovery, which is reflected by the relatively higher coverage of GPCRs by 

drugs (45.2%) in the signal transduction top-level pathway. Here again, chemical probes and 

chemogenomic compounds follow a similar trend of relatively higher coverage; 17.6% and 20.3% 

respectively (Figure 4c and Table S6). Considering the general disease association of GPCRs 

involved in signal transduction and the value of chemical probes and chemogenomic compounds 
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for the exploration of unknown biology and discovery of new therapeutic targets, a strong focus 

on developing chemical tools for some of these poorly characterized targets in signal transduction 

is warranted. Yet, we note that only 27 of the 301 signal transduction GPCRs that are not targeted 

by a selective drug are targeted by chemical probes or chemogenomic compounds. This strongly 

emphasizes the need for continued effort by the Target 2035 community to focus on this protein 

family.  
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Figure 4. Chemical coverage of kinases and GPCRs. (a) Coverage of the human kinome and GPCRome by chemical probes, 

chemogenomic compounds, and drugs. (b,c) For each pathway, the total number of proteins and number targeted by chemical 

probes, chemogenomic compounds and drugs is shown for kinases (b) and GPCRs (c).  

 
Concluding remarks 

Analyzing the coverage of the human proteome by chemical probes and chemogenomic 

compounds reveals that there is still a long way to go before all human proteins are targeted with 

a chemical tool. With so many proteins left to target, where should the Target 2035 community 

prioritize their effort? A primary focus is on the dark proteome to reveal novel molecular 

machineries and unexpected disease associations. Indeed, the chemical tools included in our 

analysis target 88 poorly characterized proteins that are yet to be annotated in the human 

Reactome (Table S2). A second strategy of Target 2035 is to focus on large protein families. This is 

in principle operationally more efficient since protein production and purification, assay 

development, and structural chemistry for these target classes are relatively well established, 

allowing for easier chemical tool development. The two strategies mentioned can be combined; 

for example, bringing a focus on the dark kinome or the dark GPCRome, which is particularly 

relevant considering the high disease association of these target classes.51,52  

Here, we propose a third strategy – a complementary and pathway-based approach to guide 

Target 2035 efforts. In most cases, enough is known about human proteins to map them onto 

cellular pathways, but their disease association and potential as a therapeutic target remain 

unclear. When a protein is mapped onto pathways enriched with drug targets, their likelihood of 

being a (so far unknown) drug target is increased. For instance, 118 out of 302 GPCRs playing a 

role in signal transduction are targeted by selective drugs (Table S6), clearly highlighting this 

subfamily to be enriched with therapeutic targets. Chemical probes and chemogenomic 

compounds would be valuable tools to reveal which of the remaining 184 are also potential drug 

targets, but they are only available for 27. This highlights a need for more chemical tools targeting 

GPCRs involved in signal transduction. Similarly, other areas of the Reactome, such as disease or 

immune system, are enriched in drugs but lacking in chemical tools (Figure 2) and appear to be 

good candidates where future chemical tools could reveal novel therapeutic targets. However, it 
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is also important not to overlook the development of chemical tools for underexplored pathways, 

ones with low chemical coverage, to expand our understanding of human biology.   

While the chemical coverage of the human proteome remains far from complete, achieving 

this ambitious goal by year 2035 remains possible thanks to the continuous scientific, technical, 

and logistical progress of the Target 2035 community.2,3,8 To accelerate the clinical impact of this 

global effort, we propose that a focus should be brought on proteins involved in biological 

pathways enriched in drugs and deprived of chemical tools, as was highlighted in this analysis. 

Another valid but longer-term strategy is to focus on chemically underexplored pathways, ones 

so far devoid of both drugs and chemical tools. To facilitate these strategies, we provide Probe 

my Pathway (PmP) – a webtool available at apps.thesgc.org/pmp/ where users can navigate the 

coverage of the human Reactome by chemical tools. 
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