Experimental Details
The pymolecule Toolbox: Reaction-Product Assembly


The AutoClickChem reaction engine is based on an open-source python toolbox that may be useful for other projects as well. The python definitions described in the main text can be used to identify reactive functional groups known to participate in click-chemistry reactions. In the current implementation of AutoClickChem, these functional groups include: azides, sulfonyl azides, thio acids, alkenes, alkynes, alcohols, thiols, epoxides, amines, carboxylates, acylhalides, esters, carbonochloridates, acid anhydrides, isocyanates, isothiocyanates, and halides.
The interested reader can examine the AutoClickChem source code to learn how a specific functional group is identified. As an example, consider the function used to detect azides, outlined in pseudo code below:

azides = a list 
FOR each atom in the molecular model
    atom1 = the atom being considered
    IF atom1 is nitrogen AND IF atom1 is bound to one other atom THEN
         neighbor1 = the atom to which atom1 is bound
         IF neighbor1 is nitrogen AND IF neighbor1 is bound to two atoms THEN
              neighbor2 = the atom to which neighbor1 is bound (not atom1)
              IF neighbor2 is nitrogen AND IF neighbor2 is bound to two atoms THEN
                   IF angle atom1-neighbor1-neighbor2 is nearly linear THEN
                        neighbor3 = the atom to which neighbor2 is bound (not neighbor1)
                        azide_id = (atom1, neighbor1, neighbor2, neighbor3)
                        APPEND azide_id to azides
RETURN azides

Having identified a reactive group, these same functions can be used to simulate click-chemistry reactions in silico. The interested reader can again examine the AutoClickChem source code to learn how a specific reaction is performed. As an example, the pseudo code corresponding to the azide-alkyne Huisgen cycloaddition, also illustrated in Figure 1, should be helpful:

azide_PDB = molecular model containing an azide
alkyne_PDB = model containing an alkyne

azide_atom1 = azide distal nitrogen
azide_atom2 = azide medial nitrogen
azide_atom3 = azide proximal nitrogen
azide_atom4 = carbon bound to azide_atom3

alkyne_atom1 = one of the triple-bonded carbons
alkyne_atom2 = carbon single-bonded to alkyne_atom1
alkyne_atom3 = the other triple-bonded carbon
alkyne_atom4 = carbon single-bonded to alkyne_atom3

alkyne_fragment1 = the fragment with alkyne_atom1 after the alkyne_PDB triple bond is cut 
alkyne_fragment2 = the other fragment obtained by cutting

intermediate_PDB = the intermediate molecular structure shown in Figure 1C

tethers1 = two intermediate atoms connected to alkyne_atom1 and alkyne_atom2 (Figure 1C)
MINIMIZE the lengths of these tethers by translating and rotating alkyne_fragment1

tethers2 = two intermediate atoms connected to alkyne_atom3 and alkyne_atom4 (Figure 1C)
MINIMIZE the lengths of these tethers by translating and rotating alkyne_fragment2

tethers3 = two intermediate atoms connected to azide_atom3 and azide_atom4 (Figure 1C)
MINIMIZE the lengths of these tethers by translating and rotating azide_PDB

DELETE atoms from alkyne_fragment1, alkyne_fragment2, azide_PDB, and intermediate_PDB to eliminate overlapping and obsolete atoms

 
ROTATE alkyne_fragment1, alkyne_fragment2, and azide_PDB around bonds that connect them to intermediate_PDB to minimize steric clashes

merged_PDB = alkyne_fragment1, alkyne_fragment2, azide_PDB, and intermediate_PDB merged into a single molecular model

RETURN merged

Generating a Large Virtual Library of Easily Synthesizable Compounds

To show how AutoClickChem can be used to generate a large virtual library of compounds that can be easily synthesized in vitro using the reactions of click chemistry, a virtual library of roughly 800,000 1,2,3-triazole compounds was created. First, 2,161 unique compounds containing terminal alkynes were identified from among the compounds available from hit2lead.com. These compounds were downloaded and processed using the Schodinger program LigPrep (Schodinger). When the multiple charged, tautomeric, ring-conformational, and stereoisomeric states of these compounds were considered, 3,690 small-molecule models were produced. Finally, models that had associated molecular weights greater than 300 daltons or that contained multiple alkynes were discarded; 939 alkyne models remained.


A similar protocol was used to generate azide models. 9,402 unique alkyl bromides, vinyl bromides, and aromatic bromides were identified from among those compounds available commercially from hit2lead.com. These compounds were also downloaded and processed using LigPrep (Schodinger). When multiple charged, tautomeric, ring-conformational, and stereoisomeric states were considered, 13,226 bromide models were produced. Those models with molecular weight greater than 300, as well as those with multiple bromides, were discarded; 1,220 models remained. AutoClickChem was used to generate 1,215 azides from these 1,220 bromide models 
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[1,2,3]
.

AutoClickChem was again used, this time to combine the 939 alkyne with the 1,215 azide models in order to produce 2,281,770 1,2,3-triazole models that could be easily synthesized in vitro via the azide-alkyne Huisgen cycloaddition reaction 4[]
. Of these AutoClickChem-generated models, 667 had steric clashes and were removed. The remaining compounds were filtered for Lipinski’s rule-of-five criteria 5[]
 using Open Babel 6[]
 and some in-house scripts. Any compound found to violate any of Lipinski’s criteria was discarded. We note that this is stricter than Lipinski’s original requirements, which permit one violation. Finally, the geometries of the roughly 800,000 remaining compounds were optimized using the obminimize program distributed with the Open Babel package 6[]
.

Computer Docking

In order to demonstrate the utility of AutoClickChem, AutoClickChem-generated compounds were docked into crystal structures of acetylcholinesterase (AChE, PDB ID: 1Q83) 7[]
 and protein tyrosine phosphatase 1B (PTP1B , PDB ID: 2F71) 
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[8]
. Hydrogen atoms were added to the protein receptors using PDB2PQR 
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[9,10]
, and atom types and Gasteiger partial atomic charges 11[]
 were assigned using MGL Tools (ADT) 12[]
.

To generate potential AChE inhibitors, the 23 alkynes and the tacrine-like azide used by Krasinski et al. 13[]
 were recreated in silico using Schrodinger Maestro (Schrodinger). The Schrodinger program LigPrep was then used to generate the alternate charged, tautomeric, ring-conformational, and stereoisomeric states of each of these fragments, producing 118 alkyne and 6 azide models. AutoClickChem was then used to react each of these alkynes with each of the azides. As both the 1,4 and 1,5 regioisomers were possible products, a total of 1,416 1,2,3-triazole models were generated.

To generate potential PTP1B inhibitors, the 14 azides and the 5 alkynes used by Srinivasan et al. 14[]
 were recreated in silico, as above. When these molecular fragments were processed with LigPrep, 6 alkyne and 18 azide models resulted. As Srinivasan et al.  used a copper (I) catalyst, only the 1,4-regioisomer was produced 15[]
. Consequently, AutoClickChem was used to generate only 108 1,4-adduct products. A second round of potential PTP1B inhibitors was generated by reacting the same 6 alkyne models with the 1,215 azide models used to generate the large virtual library.
AutoDock Vina 16[]
 was used to dock these AutoClickChem-generated compounds into their respective receptors. Atom types and Gasteiger partial atomic charges 11[]
 were assigned to all ligands using MGL Tools (ADT) 12[]
, and the compounds were docked into boxes encompassing the respective protein active sites. All Vina-docked poses were rescored using the AutoDock 4.0 scoring function without redocking 17[]
, ignoring the energy of the unbound state. Each Vina docking suggested several possible poses. Each of these poses was evaluated using the AutoDock 4.0 scoring function, and the score associated with the best AutoDock score, not necessarily the same pose as that associated with the best Vina score, was used in subsequent ranking.

As the LigPrep program was used to generate redundant molecular fragments with differing charged, tautomeric, ring-conformational, and stereoisomeric states, there were multiple versions of each AutoClickChem-generated compound. In order to facilitate comparison with experimental results, redundant compounds were eliminated from the ranked lists. The AutoDock score ultimately assigned to each unique compound was the best score associated with any of its forms.
AutoClickChem Reactions

The “click” reactions can be divided into four general classes 18[]
: cycloadditions of unsaturated species, nucleophilic substitution chemistry, “non-aldol” carbonyl chemistry, and additions to carbon-carbon multiple bonds.

Cycloadditions of Unsaturated Species
As explained in the Materials and Methods, AutoClickChem can mimic the azide-alkyne Huisgen cycloaddition, wherein an alkyne and an azide react to yield a 1,2,3-triazole product (Figures 1 and S1) 
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[18,19,20]
. AutoClickChem creates both the 1,4 and the 1,5 regioisomers. In vitro, catalysts can be used to select one regioisomer over the other. For example, the use of a copper (I) catalyst favors the 1,4 adduct 15[]
.

Nucleophilic Substitution Chemistry

AutoClickChem can also mimic an epoxide ring-opening reaction (Figure S1) 
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[18,21]
. The non-ideal bond angles of an epoxide ring are highly strained and therefore susceptible to opening by nucleophiles. AutoClickChem can mimic epoxide opening by alcohols and thiols and can generate all regioisomers. In vitro, reaction conditions can again be used to control regiospecificity 18[]
.

“Non-Aldol” Carbonyl Chemistry

Many reactions involving carbonyl functional groups can be considered “click.” The electronegative carbonyl oxygen atom draws electrons away from the carbon atom, making that atom more susceptible to nucleophilic attack. AutoClickChem is capable of performing a number of carbonyl reactions in silico.


Chloroformates can react with amines to produce carbamates (Figure S1) 22[]
. The chloride atom is a good leaving group, leaving the carbonyl carbon atom susceptible to nucleophilic attack by the amine. AutoClickChem generates both the cis and trans stereoisomers. Additionally, AutoClickChem is also capable of performing the “sulfo-click” reaction in silico, in which a sulfonyl azide reacts with a thio acid to produce an acyl sulfonamide (Figure S1) 23[]
.


A number of esterfication, thioesterification, and transesterification reactions are also useful. AutoClickChem can generate ester models from models of alcohols and acyl halides (essentially mimicking the Schotten–Baumann method) 24[]
; carboxylates (i.e., alkoxy-de-hydroxylation) 25[]
; anhydrides (where both products are produced) 26[]
; and other esters (i.e., transesterification) 27[]
. AutoClickChem also permits the use of thiols in place of alcohols for all esterification and transesterification reactions. Both cis and trans amides can likewise be produced by reacting amines with carboxylates, acyl halides, esters, and anhydrides in silico, again mimicking the Schotten–Baumann method (Figure S1) 28[]
. 

AutoClickChem can also form ureas and thioureas by reacting isocyanates and isothiocyanates with amines via N-hydro-C-alkylamino-addition (Figure S1) 
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[29,30,31]
. Again, both the cis and trans products are formed. Likewise, carbamates, carbamothioates, and carbamodithioates can be formed by reacting isocyanates and isothiocyanates with alcohols and thiols via N-hydro-C-alkoxy-addition (Figure S1) 
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[32,33,34,35,36,37,38]
.

Additions to Carbon-Carbon Multiple Bonds

AutoClickChem can also simulate epoxidation in silico, converting a carbon-carbon double bond into a reactive epoxide with a strained three-member ring 
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[39,40,41,42]
. As described above, epoxide rings are highly susceptible to nucleophilic opening. After constructing epoxide models, AutoClickChem can be applied a second time to open these epoxides with nucleophilic alcohols and thiols.

Supporting Reactions

AutoClickChem is also capable of mimicking a number of reactions needed to create the azides, isocyanates, and isothiocyanates so often used in click chemistry. Azides can be generated from alcohols 
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[43,44,45,46,47,48]
, halides 
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[1,2,3]
, carboxylic acids 1[]
, acyl halides 1[]
, and anhydrides 49[]
. AutoClickChem is also capable of generating cyanides from these reagents 
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[50,51,52,53,54,55,56]
. Additionally, amines can be oxidized to azides 57[]
, isocyanates, and isothiocyanates 58[]
. For completeness, AutoClickChem can also reduce an azide to an amine 
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[1,59,60]
.
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