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COVALENT IS THE NEW BLACK

• Molecules that are able to form a 
covalent bond with their target show:
• Increased biochemical efficiency 

• Longer duration of action

• Can be very selective
• Several successful drugs

including clinical candidates for 
challenging targets
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DOCKOVALENT
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B-lactamase, p90 ribosomal protein S6 kinase-2 (RSK2) and JAK3 
kinase. Multiple potent, reversible covalent inhibitors were found 
against all three targets. X-ray crystal structures of predicted ligands, 
and the occasional false negative, illuminated not only the method’s 
ability to prospectively identify ligands and to predict their struc-
tures but also its limitations. Several of the new covalent ligands 
were tested in cell culture experiments that established biological 
efficacy and target engagement. To ensure that the method may be 
used by a broad community, it has been made available on an easy-
to-use web server (http://covalent.docking.org/).

RESULTS
Overview of the method
We began by constructing large virtual libraries of electro-
philes, either commercially available or synthetically accessible 
in 1 or 2 steps. We created libraries of well-studied electrophiles 
including A,B-unsaturated carbonyls, aldehydes, boronic acids, 
A-cyanoacrylamides, alkyl halides, carbamates, A-ketoamides and 
epoxides (Supplementary Results, Supplementary Fig. 1 and 
Supplementary Table 1); other electrophilic chemotypes, such as 
vinyl sulfones, sulfonyl fluorides, 2-chloropyridines and cyano-
pyrimidines, are also imaginable. All stereoisomers, protonation states 
and conformations of the covalent adduct were pregenerated for each 
ligand, enabling rapid docking of the library to any target (Fig. 1).

For each ligand, DOCKovalent exhaustively samples all poses and 
ligand conformations with respect to the covalent bond to the target 
nucleophile, constrained by ideal bond lengths and angles (Fig. 1 
and Supplementary Fig. 2). The nucleophile is immobile during the 
sampling, and a separate screen is run for each likely rotamer of the 
nucleophile. Each sampled conformation is scored using the physics- 
based scoring function in DOCK3.6 (ref. 21), which evaluates the 
ligand’s van der Waals and electrostatic interactions and corrects 
for its desolvation. Using this scoring function, the entire library is 
ranked from most to least favorable. The top 1–3% of the ranked list 
is inspected for misdocked ligands, which are common in a large-
scale docking screen, and molecules with incorrect ionization states, 
tautomers or strained conformations are removed. The remaining 
molecules are prioritized for experimental testing on the basis of 
their availability or synthetic accessibility, the presence of unprec-
edented chemotypes and diversity of chemical structure.

Retrospective assessment of covalent docking
We first tested the method’s ability to find known covalent ligands 
in five retrospective screens against four targets and to recapitulate 
geometries for a previously published benchmark of covalent ligand 
complexes16. DOCKovalent performed well in pose recapitulation 
(Supplementary Tables 2 and 3) and in four of the five  retrospective 

screens (Supplementary Note 1 and Supplementary Table 4). We 
thus turned to prosecuting prospective screens for new reversible 
covalent ligands for three enzymes.

New boronic acid inhibitors of AmpC B-lactamase
AmpC B-lactamase is the leading cause of resistance to cephalosporin 
antibiotics in clinical settings22, and several new B-lactamase inhibi-
tors are in clinical trials23. Boronic acids inhibit AmpC by forming 
a reversible covalent adduct with its active site nucleophilic serine 
(Ser64). We first assessed the ability of our covalent docking method 
to recapitulate known boronic acid complexes with AmpC. In 15 of 
23 cases, the ligand pose was accurately recovered to a r.m.s. devia-
tion of <2 Å (Supplementary Table 5 and Supplementary Fig. 3). To 
our surprise, a relatively simple compound, m-aminophenylboronic 
acid (MAPB), failed this retrospective test. The boronic acid in the 
published MAPB–AmpC structure (Protein Data Bank (PDB) code 
3BLS; Fig. 2a) adopted a pose that differed from other boronic acid 
complexes with the enzyme and from our other docking poses. To 
investigate this discrepancy, we redetermined the crystal structure of 
AmpC in complex with MAPB. In this 1.65-Å resolution X-ray struc-
ture, we observed unambiguous density for the ligand that corres-
ponds to the docking prediction (0.46-Å r.m.s. deviation; Fig. 2a).

Encouraged by these results, we used the method to covalently 
dock a library of 23,000 commercially available boronic acids 
against AmpC. Among the top-ranked 4.5% of the library, we 
sought boronic acids with scaffolds that had not been tested pre-
viously against AmpC. Five such compounds ranked between 11 
and 646 of the docked library (top 0.04–2%) and were purchased 
and tested (1–5; Fig. 2b). An additional, lower-ranking compound 
(6) was purchased as a proxy for structurally related, high-ranking 
predictions that were commercially unavailable. Five of the six 
compounds inhibited AmpC with Ki values ranging from 40 nM 
to 3.55 MM (Table 1), and three of these exhibited submicromolar 
potency (ligand efficiency 0.38–0.66; Table 1; docking predictions 
are in Fig. 2c,d and Supplementary Fig. 4). None of the five inhibi-
tors resemble a known boronic acid inhibitor of AmpC (Tanimoto 
coefficients <0.3 to AmpC boronic acids in ChEMBL, using ECFP4-
based fingerprints).

A 1.74-Å crystal structure of 3, the most potent inhibitor from 
our initial set of six compounds (Ki = 40 nM), confirmed the dock-
ing pose prediction (1.38-Å r.m.s. deviation; Fig. 2c). The boronic 
acid occupies the oxyanion hole formed by the backbone amides of 
Ala318 and Ser64 and hydrogen bonds with Tyr150. More notably, 
noncovalent interactions between the scaffold and AmpC were well 
predicted. The pyrazole N2 accepts hydrogen bonds from Asn152 
and Gln120, whereas the phenyl moiety stacks against Tyr221. The 
only substantial discrepancy between the docking prediction and 
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Figure 1 | Overview of the DOCKovalent methodology. A library of commercially available or easily synthesized small molecules containing a specific 
electrophile was constructed virtually. In this example, the cyanoacrylamide electrophile is shown in red. All stereoisomers, protonation states and 
conformations of each ligand are pregenerated. Conformational space is exhaustively sampled around the covalent bond for each pregenerated ligand 
state, and each pose is scored using a physics-based energy function. Each molecule is represented by its best scoring pose, and high-ranking candidates 
are manually selected for experimental validation.



Target Hit Rate Best Hit 
AmpC 5/6   (83%) 40 nM
a7-CBE 5/5 (100%) 200 pM

RSK2 5/8   (62%) 370 nM
JAK3 9/15 (60%) 50 nM

MKK7 3/10  (30%) 10 nM
K-RasG12C 2/30 (6%) -

Rac1 2/6 (33%) -
SETD8 0/21  (0%) -

COVALENT DOCKING WORKS



COVALENT DOCKING IS ACCURATE
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DOCKing on JAK3

SIGNALING
A spring in a p53 step

SYNTHETIC BIOLOGY
The sound of silence

METAL REGULATION
Compartmentalizing copper
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Intact Protein
Mass Spectrometry

ELECTROPHILIC FRAGMENT SCREENING

200 Wells 
X 5 compounds per well

200 μM of each
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SARS CoV 2

The infective agent 

Liu et. al. BioRxiv, 2020

- Only 30,000 RNA bases (0.001% of human)
- Less than 30 proteins 
- 10 minutes to enter cells
- 10 hours replication cycle
- each cell produces 1,000 new virions

Milo et. al. SARS CoV 2 by the numbers



Our goal

To develop a cheap and safe anti-viral 
against the Sars Cov-2 main protease (Mpro) 
faster than the traditional drug discovery 
pipeline.



The target

de Wit et al. Nat. Rev. Microbiology (2016)

3CLPro

or: Mpro
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Timeline

Atomic resolution 
structure of the

protease determined 

February 20

1,500 crystals 
collected in one day (!)

March 5

Covalent screen finds 150
active site hits

>40 hits validated

Synthesis of high-priority 
analogs begins 

February 25

78 fragment bound 
structures found 

and released to the web

39 of
covalent inhibitors 

March 18

Main protease 
cloned and produced

February 14



Complete target site coverage



Crowdsourcing ideas



Overwhelming response…

• > 7,000 Designs
• > 350 Designers
• First 850 compounds made



Protease Activity Assay
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Overwhelming response…

• > 7,000 Designs
• > 350 Designers
• First 850 compounds made
• >800 compounds tested
• Hits in the <1 µM range



Data reported back to community



Fast progress



Promising results I



Preliminary Results II
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Our immediate goal

Get to a pre-clinical candidate within half a year



THANK YOU!


