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ABSTRACT: Purchasable chemical space has grown rapidly into
the tens of billions of molecules, providing unprecedented
opportunities for ligand discovery but straining the tools that
might exploit these molecules at scale. We have therefore
developed ZINC-22, a database of commercially accessible small
molecules derived from multi-billion-scale make-on-demand
libraries. The new database and tools enable analog searching in
this vast new space via a facile GUI, CartBlanche, drawing on
similarity methods that scale sublinearly in the number of
molecules. The new library also uses data organization methods,
enabling rapid lookup of molecules and their physical properties,
including conformations, partial atomic charges, ¢ Log P values, and
solvation energies, all crucial for molecule docking, which had
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become slow with older database organizations in previous versions of ZINC. As the libraries have continued to grow, we have been
interested in finding whether molecular diversity has suffered, for instance, because certain scaffolds have come to dominate via easy
analoging. This has not occurred thus far, and chemical diversity continues to grow with database size, with a log increase in Bemis—
Murcko scaffolds for every two-log unit increase in database size. Most new scaffolds come from compounds with the highest heavy
atom count. Finally, we consider the implications for databases like ZINC as the libraries grow toward and beyond the trillion-
molecule range. ZINC is freely available to everyone and may be accessed at cartblanche22.docking.org, via Globus, and in the

Amazon AWS and Oracle OCI clouds.

B INTRODUCTION

The growth of readily available, make-on-demand (“tangible”)
molecules creates new opportunities for ligand discovery.' ™
Tens of billions of new molecules, previously only accessible
via more expensive bespoke synthesis, may now simply be
ordered from a catalog. An important problem is how to screen
these large libraries efficiently. Even apparently simple tasks,
like searching for analogs, which are rapid for million-scale
chemical libraries, are ill-suited to handle multi-10-billion scale
collections because the indexes are too big to fit in rapid access
computer memory. The problem is just as apparent for more
complex questions like molecular docking, which, though they
scale linearly, are computationally intensive. Computer clusters
capable of docking hundreds of millions of molecules in days
or weeks now struggle with billions. New methods to work
with this space are urgently needed.

We wanted to revise the widely used ZINC platform®™"" to
address key problems that medicinal chemists, structural
biologists, and chemical biologists will inevitably encounter
to engage with this growing tangible space. First, we wanted to
address the apparently simple problem of seeking analogs for a
particular compound or series of compounds. This was trivially
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done for libraries of several million molecules but collapses as
one approached a billion molecules. A method to do this was
described in a previous study;® here, we focus on the
development of a facile and integrated GUI, CartBlanche, to
facilitate these searches and organize the results. Second, we
continue to support molecular structure and property
calculation for physical modeling, often molecular docking—
an initial motivation for the database.” As we move into the
multi-billion molecule space, the organization of the data in
ZINC has had to change. In building ZINC-22, we investigated
data organization schemes that address challenges in disk
access, rapid lookup, database distribution and download, and
the relational structure of the database. Third, and perhaps
most interesting from a chemical space and chemical
information standpoint, we consider how the growth of the
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Figure 1. Cartblanche22.docking.org graphical user interface.'”> (A) Molecular similarity and substructure search using SmallWorld. (B)

Substructure and pattern search using Arthor. (C) Lookup by ZINC
Random molecule selector.

ID. (D) Lookup by supplier code. (E) Lookup by SMILES in bulk. (F)

libraries has changed the properties of the molecules
represented, their diversity, and what the limits to growth of
a library like ZINC might be. Finally, as daunting and as
exciting as our new world of 10—100 billion molecules is, it
remains a tiny fraction of drug-like chemical space. To address
this space, researchers are increasingly turning to active
learning, artificial intelligence, and machine learning (AI/
ML) techniques as well as unenumerated chemical space
methods to improve the efficiency of drug discovery using large
chemical libraries.””™'® In active learning, a model is first
trained on a small set of labeled data and then used to select
the most informative samples from the data set for labeling,
allowing ultralarge libraries to be mined more efficiently. In

this version of ZINC, we aspire to cater to this enthusiastic and
growing community alongside our longstanding commitment
to structure-based screening and cheminformatics.

In addressing these questions, we hope we have built a
library and database that will support chemists, medicinal
chemists, and chemical biologists as they begin to interrogate
the vast new tangible chemical space that has emerged in the
last four years. The strategies we adopt may also be useful to
others as they build related tools to address this space.

B RESULTS

A new database, ZINC-22, is freely available for access and
download by everyone. The database contains over 37 billion

1167 https://doi.org/10.1021/acs.jcim.2c01253

J. Chem. Inf. Model. 2023, 63, 1166—1176


https://pubs.acs.org/doi/10.1021/acs.jcim.2c01253?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01253?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01253?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01253?fig=fig1&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

enumerated, searchable, commercially available compounds in
2D, over 4.5 billion of which have been built in biologically
relevant ready-to-dock 3D formats. The database can be
searched online using whole-molecule similarity, substructure,
and patterns in 2D. The database includes molecules up to 29
heavy atoms (HAC29) and can easily be extended to HAC34
or higher. Over 95% of available molecules up to HAC24 have
been built in 3D, and over 80% up to HAC2S. Most
paragraphs in the Results section are supported with additional
information in the Methods section and the Supporting
Information. We take up the features of the new database in
turn.

Contents. ZINC-22 focuses on large libraries of make-on-
demand compounds. It includes catalogs from Enamine
(REAL), WuXi (GalaXi), and Mcule (Ultimate). Because in-
stock compounds are important as an “informer set” that is
often screened before a large-scale screen, ZINC-22 incorpo-
rates the ZINC20 informer set. The previous version of ZINC,
ZINC20, continues to be maintained and contains all in-stock
purchasable compounds, building blocks, and annotated
compounds. From among the make-on-demand databases,
ZINC20 only contains molecules that we had loaded prior to
creating ZINC-22. (see the Methods section and Supporting
Information S1)

The CartBlanche Web Interface. We created a website,
cartblanche22.docking.org, to access ZINC-22 (Figure 1). The
interface has the following features: (1) molecular similarity
search; (2) substructure search; (3) pattern search; (4) lookup
by ZINC ID; (5) lookup by supplier code; (6) lookup multiple
SMILES; (7) database subset selection and download; (8)
random molecule selection; and (9) a shopping cart metaphor
for organizing, curating, and preparing sets of molecules for
purchase. Most features are available via the command line
using curl or wget (see the Methods section) as well as via a
web interface (Figure 1), which documents the command line
use at the bottom of each page. Commercially available
molecules that are disclosed on the Internet may not be
patented, we are advised, and thus some database subsets,
including ZINC-22, require that the user logs in. To further
prevent public access, a second level of authentication is
required to access private databases (see Supporting
Information SO). We take up each feature in sequence.

Molecular Similarity Search. This is also known as
ABC—Analog By Catalog. The interface allows molecules
similar to a given structure to be identified rapidly using
SmallWorld,"” a tool developed by NextMove Software
(Figure 1A), as used in ZINC20, improved.® SmallWorld
uses graph edit distance to perform the search and calculates
two fingerprints for comparison with other methods and
resorting. Molecules found may be loaded into the shopping
cart for retention and prioritization (see below). The advanced
graph-edit-distance options in the interface allow targeting of
specific kinds of analogs, such as substructure, scaffold, and
other types. For finding many compounds and their close
analogs at once, a bulk search tool is available as a separate
feature (see below). To protect the patentability of chemical
space, we run multiple SmallWorld servers (see the Method-
ssection).

Molecular Substructure and Pattern Search. ZINC-22
allows molecules containing a given substructure or molecular
pattern expressed as SMILES or SMARTS to be found rapidly
using Arthor (Figure 1B). The interface allows up to 20,000
molecules containing the substructure or pattern to be found

1168

and displayed interactively, often in seconds. Molecules that
are found may be put in the shopping cart or downloaded
using the menu in the top right. Up to 100,000 molecules may
be downloaded using the download menu. If more than
100,000 molecules are desired, the user should use the Arthor
tool in the TLDR interface (tldr.docking.org). To protect the
patentability of chemical space, we ran multiple Arthor servers
(see the Methodssection). SmallWorld (above) provides an
alternative and faster approach to substructure search (see the
Methods section).

Lookup by ZINC Code. ZINC codes may be looked up
one at a time or up to 1000 at once to find SMILES and
purchasing information (Figure 1C). Following a screening
campaign, the user may return here to look up the latest
purchasing information for the codes and to put the available
molecules and perhaps their close analogs into the shopping
cart for purchasing. The interface supports both ZINC-22
codes as well as ZINC20 (ZINC1S) codes. Lookup by ZINC
code uses the Sn databases and ZINC20 (see the Methods
section and Supporting Information). To use lookup by ZINC
code, the user browses to cartblanche22.docking.org and then
selects Lookup > by ZINC code from the popup menu. It is
also possible to download the entire mapping of vendor codes
to ZINC codes (see the Methods section), but as this
information changes frequently, we recommend returning to
the website to look up the latest purchasing information.

Lookup by Supplier Code. Vendor purchasing codes can
be looked up one at a time or up to 1000 at a time to find
SMILES and ZINC ID rapidly (Figure 1D). This is a useful
tool to ask whether particular molecules from a particular
vendor are included in ZINC-22. Molecules that are found
may be loaded into the shopping cart. Lookup by supplier
codes uses the Sb database (see the Methods section and
Supporting Information). To use lookup by supplier code, the
user browses to cartblanche22.docking.org and then selects
Lookup > by Supplier code from the pull-down menu.

Lookup up Multiple SMILES. Molecules and their nearest
neighbors may be looked up using this tool. Whereas the
SmallWorld interface (above) allows molecules and their
analogs to be found for one molecule at a time, here we allow
up to 1000 SMILES to be searched against the ZINC-22
database in a single operation. The user may pick the degree of
the match using the distance (dist) and anonymous distance
(adist) parameters. Thus, dist = 0 is an exact match, adist = 0,
dist = 1 allows for a single change (e.g., atom type, bond order)
without a change in the molecular topology. The selection of
adist = 1 allows for a single change in the topology (ring size
increase or decrease, opening or closing a ring, addition or
deletion of a single atom). For more details on distance and
anonymous distance, please refer to the documentation for
SmallWorld, which may be obtained free of charge by writing
to NextMove Software. Molecules that are found may be
loaded into the shopping cart. Lookup by SMILES uses
SmallWorld indexes. To use lookup in bulk by SMILES, the
user browses to cartblanche22.docking.org and selects Lookup
> by SMILES from the popup menu. For more extensive and
intensive searching, we recommend downloading the entire
database in 2D (see Tranche Browser below) and performing
the searches on the local computer, e.g., using RDKit or other
tools.

Database Subset Selection Using the Tranche
Browser. The CartBlanche interface allows physical chemical
space to be explored and prioritized. The user browses

https://doi.org/10.1021/acs.jcim.2c01253
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CsV || Excel || POF || TSV
Catalog Supplier
No Identifier Smiles Name Code
1 75355712922 C#CC1=CC(C2CCNC2)=CC(0)= ~ Enamine_M m
ci
2 PV-00319119678 = CN1CCC(C)(C2=CC=CC=C2)C1 = Enamine_M m
0
3 PV-00203749923 CN1CCC1C2=CC=CC=C2 Enamine_M m
5
4 CC1=CC=CC(C2(FICCN(C)C2)=  Enamine_M m

PV-00361264727
9 c1

Search:
Total price
(UsSD) Delete / Activate
480 ‘
0 ‘
1200 ‘
Total : $960.00
Search:
Shipping Time Est. Pack Price * Purchase Qty Total Price
6 weeks $240 Y $240.00 ‘
6 weeks $240 [1v] $240.00
6 weeks $240 1V $240.00 \
6 weeks $240 Gy $240.00 |
Delivery Pack Pack Purchase Total
time size price Qty price
6 weeks 10mg $240 1 $240.00
6 weeks 10mg $240 1 $240.00
6 weeks 10mg $240 1 $240.00
6 weeks 10mg $240 1 $240.00
$960.00

Figure 3. Shopping Carts to prioritize molecules in Cartblanche22.docking.org."> (A) Manage multiple carts, only available to authenticated users.
(B) Review and edit the cart. (C) Checkout reports to facilitate purchase. Prices are for rough guidance only.

them, and entire rows and columns may be toggled by clicking
on the row and column headings. When the selection is
complete, a script may be downloaded to download or access
the selected molecules in various formats.

Random Molecules. CartBlanche has a random molecule
set generator that can select a desired number of molecules
from ZINC-22 at random. Using the available tranche data
(how many molecules are in each tranche and which tranches
are found in each database instance), a numerical distribution
is generated. Using that distribution, each Sn database is
assigned weights that are used to pull molecules randomly.
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After the distribution is generated, a database is picked, and a
random molecule is retrieved. This process is repeated for the
desired number of molecules. The random generator can also
pull random molecules within a subset. In this case,
distribution is generated for that subset (e.g., lead-like), and
molecules will be picked from the respective tranches.
Prioritize for Purchase Using the Shopping Cart.
CartBlanche contains a shopping cart feature that allows
molecules found in a search to be retained for further
processing (Figure 3). The cart supports reviewing molecules
and their purchasing information, links to identify additional
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Figure 4. Bemis—Murcko (B-M) Scaffolds in ZINC. (A) Growth of unique scaffolds as the database has grown. (B) Cumulative number of

scaffolds per heavy atom in ZINC-22.

analogs, and removing individual molecules. An approximate
price estimate is calculated in the hope that it will provide
some useful guidance, but only the vendor can provide the true
price. For users that register and sign in, multiple carts allow
multiple projects to be pursued in parallel. The cart supports
multiple formats, including Google Sheets, Excel, PDF, and
plain text, to assist with routing this information to the vendor
for a price quote.

Ready-to-Dock 3D Models. A second major area of
development in the new version has been in the growth and
reorganization of the way 3D models for docking are built,
organized, and distributed. ZINC-22 is now a federation of
many smaller databases (see the Methods section). By
breaking the database up into smaller parts, each part can be
prepared asynchronously, concurrently, and scalably (this was
a problem in the earlier version of ZINC, and we suspect any
similarly organized database because of the limitation of a
single registration pipeline). The database files are organized in
a four-dimensional “space”: heavy atom count, lipophilicity,
charge, and format. An additional organizational dimension,
layer, allows the database to be prepared in parallel and
independently as separate layers, allowing scalability. Mole-
cules are packaged into files of up to 5000 molecules each,
intended for a docking calculation on a single CPU. ZINC is
distributed through multiple servers, making it easier to access.
ZINC is available in Amazon’s AWS cloud, in Oracle’s OCI
cloud, as well as on our server at UCSF. From UCSF, ZINC
can be accessed using curl, wget, Powershell, rsync, and
Globus.

Cartblanche22 for 3D. CartBlanche has a 3D tranche
browser (Figure 2B) to allow the user to select areas of
chemical space according to heavy atom count, calculated
log P, and charge, as well as file format. The user can also select
the download format. The user browses cartblanche22.dock-
ing.org and, from the menu, selects tranches and then either
2D or 3D. (Figure 3). We suggest using the selection tool (top
right) to select lead-like or perhaps one of the other 10
predefined subsets and then fine-tuning the selection by
clicking either on individual tranches or on row and column
headings to toggle the selection. The user selects the desired
charge from the charge selector (top center). The user clicks
on the download button (top right) to select the download
format and method. When the user clicks “download,” a script
is downloaded. Some scripts are used to download directly to
the computer where they are run (curl, wget, Powershell).
Others are lists of files in the cloud which may be read directly
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by a docking program (AWS S3, Oracle OCI). In this case, no
“download” is required. In 3D, four docking formats are
available: mol2, sdf, pdbqt, and db2.

Characteristics of the Tangible Molecules. Number of
Molecules in the Source Catalogs. ZINC-22 currently uses
five source catalogs: Enamine REAL Database (S B), Enamine
REAL Space (29 B), WuXi (2.5 B), Mcule (128M), and
ZINC20 in stock (4 M) (see the Methods section and
Supporting Information S1). There are about 2.5 billion
molecules up to HAC2S before stereochemical expansion and
a further 21 billion between HAC26 and HAC30.

How Chemically Diverse is the Database? Bemis—Murcko
(B-M) scaffolds are calculated by removing terminal acyclic
bonds and retaining a core ring structure, including any
terminal exocyclic double-bonded atoms. B-M scaffolds are
widely used”~** as a pragmatic measure of structural diversity.
We wondered how the number of B-M scaffolds increased with
database size. We calculated the number of B-M scaffolds in
the in-stock collection: 6,136,700 had 1,263,063 B-M scaffolds.
For terminal ZINCI1S5 and ZINC20 databases: 531,645,834
molecules had 19,590,914 B-M scaffolds. For ZINC-22 in
October 2022: 4,500,000 billion molecules had 96,311,761 B-
M scaffolds (Figure 4A).

We also wondered how the number of B-M scaffolds
increased with the number of heavy atoms (Figure 4B). We
plotted both the cumulative number of scaffolds with each
additional heavy atom as well as the incremental number of
scaffolds added with each additional atom. In the “fragment-
like” range of 10—16 heavy atoms, each additional atom
increases the number of B-M scaffolds by between 2- and 3-
fold. In the small-lead-like range, this drops below 2-fold, and
among the largest lead-like molecules (24—25 heavy atoms), it
falls still further to about 1.2-fold growth in scaffolds with one
additional atom. Although the trend in the ratio of new
scaffolds with each additional atom is seen as generally
declining, the exact trend remains unclear.

Ongoing Work. When we are running at full speed, we can
add about 300 million new molecules to ZINC-22 every
month. We update these in the AWS and OCI clouds about
once a week and tweet about ZINC-22 growth @
chem4biology.

Limits to Growth. Some groups have begun to abandon full
database enumeration, preferring instead to work in building
block space.>**”* Our group, with its commitment to our
approach to molecular docking, currently requires enumerated
databases. Fortunately, software such as Arthor and Small-
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World has allowed us to continue to index and offer rapid
public search within multi-10-billion databases. We think our
new modular design of ZINC-22 will allow us to grow the
database by another log unit or two, above a trillion molecules
but perhaps not ten trillion. This cannot go on forever. We
acknowledge the logic of avoiding full database enumeration
using unenumerated combinatorial spaces.”” Still, we believe
there are reasons to continue full database enumeration as long
as we are able. Work from our lab suggests that as the database
grows, docking can identify ever-better-fitting molecules.*

B DISCUSSION

Three themes emerge from this work. First, a new database,
ZINC-22, is now freely available on our website. Improved
tools for interrogating this database are now available,
including whole-molecule similarity, substructure, and pattern
search. Second, the 3D database has been reorganized to make
it more scalable. The database is now distributed on two cloud
platforms for ease of access. Third, the database is chemically
and structurally diverse, reflecting the enormous effort by
vendors to add new reaction schemes and, particularly, new
building blocks. We take up each of these points in turn.

A new database is freely available. In 2D, the database can be
consulted in several ways. SmallWorld allows rapid graph-edit-
distance search of chemical space using precalculated
anonymous graphs, while Arthor allows both substructure
and pattern searches. Both tools may be accessed directly or via
a shopping cart metaphor called cartblanche22.docking.org,
allowing the results of searches to be curated prior to ordering.
CartBlanche22 is freely available.

In 3D, the database is organized in tranches of up to 5000
molecules each, organized by heavy atom count (HAC),
lipophilicity (calculated log P), net molecular charge, and file
format. This organization has the advantage that it allows the
selection of molecules by these four features, and the
molecules are grouped in work units that correspond to
perhaps an hour of docking. For instance, it is easy to dock
lead-like cations with 22 heavy atoms in db2 flexibase format
because the molecules are prepackaged this way. The database
is hosted by two independent cloud providers, AWS and OCI,
as well as from our improved website, making the database
easier to download. A tranche browser simplifies subsetting the
database, allowing the database screened to be tailored to the
aims of each project. One billion molecules require about 1 TB
for each of mol2, sdf, and pdbqt formats, while for db2
flexibase format, the space required is around 200 TB (see
Supporting Information S9).

ZINC-22 is designed to scale in several ways. First, it allows
tranches of chemical space to be built independently and
asynchronously by colleagues who wish to contribute. This is
achieved by compartmentalizing physical chemical space by
heavy atom count and calculated log P. Second, the underlying
design is a federation of databases, allowing it to be sharded
across hundreds of computers; for instance, as of writing
ZINC-22 is composed of 174 independent Postgres 12.0
databases, 110 Sn, and 64 Sb (see the Methods section), and
this can be easily scaled as the database grows. Third, the
number of files used to store and distribute ZINC-22 has been
reduced by packaging up to 5000 physically similar molecules
together, reducing the strain on the file system. Using our
current hardware, we can build around 11 M molecules per
day, each with hundreds of precalculated conformations, partial
atomic charges, and solvation energies suitable for docking on
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a sustained basis. At this pace, and with this structure, we
expect the dockable subset of ZINC-22 to grow to over 8
billion molecules by the end of 2023.

As the library has grown, it is possible to imagine it
becoming dominated by a small number of scaffolds that
support facile elaboration, reducing diversity. This, however,
has not been the case. As the library has added molecules,
growing from hundreds of millions in ZINCIS to the current
4.5 billion, the number of Bemis—Murcko scaffolds has grown
correspondingly and linearly with the overall database size.
Over the past 5 years, for every 10 molecules added to the
library, one new scaffold has been added (Figure 4a). Most of
the scaffold diversity comes with the highest heavy atom count.
Just the molecules in HAC24 and HAC2S contribute about
twice as many scaffolds as all of HAC06-HAC23. The growth
in library diversity has supported the ability to continue to
discover novel scaffolds for targets and the steady improve-
ment in docking scores and affinities.”” ™"

The database does retain important limitations. The db2
flexibase files used for docking with DOCK3.8 and containing
precalculated conformations are large and slow to transfer.
Four and a half billion molecules in db2 flexibase format
consume nearly a petabyte and would require nearly three
months to download at 1 Gbps. Interactive substructure and
pattern searches with Arthor are currently limited to 20,000
molecules each for interactive use. Unlike previous versions of
ZINC, individual molecules cannot be downloaded in 3D,
though they may be recalculated through the newbuild3d tool
of tldr.docking.org. Because of the way it is packaged into 5000
molecule tranches, updates, including the removal of no-
longer-available molecules, are more difficult.

These concerns should not obscure the important
advantages of ZINC-22. New tools provide 2D search
capabilities wrapped in a shopping cart metaphor. The
database is hosted by two independent cloud providers,
ready for use, as well as being downloadable from our website.
The database can be easily subsetted and is highly diverse. It is
built to scale and should nearly double in size in the coming
year to 8 billion molecules. As ever, it is openly available to the
community without restriction at https://cartblanche22.
docking.org.

B METHODS

Software Versions. We used RDKit version 2020 03,
OpenBabel version 2.3.2, and Molinspiration version 2018. We
used Postgres 12.2 for the database to host ZINC and Python
3.6.8 or later and CentOS7 operating systems. We used Flask
v1.1.2, Celery v5.2.0, and Redis v6.0.9.

Catalogs. The ZINC-22 database is built from four source
catalogs. Enamine, WuXi, and Mcule catalogs were sourced
directly from the vendor websites (see Supporting Information
S1). ZINC20 continues to be maintained, and the in-stock
portion is incorporated into ZINC-22 as layer “g.” ZINC20
remains our best attempt at keeping track of the over 200
smaller catalogs, while ZINC-22 focuses on large catalogs that
are too big for ZINC20.

Overall Database Structure and Sharding. We allocate
molecules into bins or tranches in physical chemical space. We
calculate the heavy atom count and the log P using RDKit. We
then compute the bin based on our script (see Supporting
Information S2).

Database Numbering. We number molecules as follows.
ZINC IDs are 16 characters: “ZINC” followed by two tranche
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characters, followed by two database source parameters (“00”
for commercial libraries in ZINC-22), followed by a
monotonically increasing number in an 8-character field.
Numbers are radix 62 selected from the alphabet 0—9a-zA-Z.
The two tranche characters are heavy atom count, and the
second is for logP (see Supporting Information S3). For
backward compatible treatment of ZINC20 (and ZINCIS,
ZINC12, etc.) codes, “00” for HAC and LogP indexes
indicates this molecule is from one of these older databases.

Computing Infrastructure. We do all curation and host
all public websites and services of ZINC-22 on our cluster of
about 1700 cores. (see Supporting Information S4).

Overall Database Structure and Sharding. Each
tranche may be processed independently of any other tranche,
allowing for remote and asynchronous database building. The
purchasing information and SMILES are loaded into two types
of Postgres database, each optimized for one task. One
database type is dedicated to lookups by ZINC ID (internally
called Sn, see Supporting Information SS), while the others are
for lookup by supplier code (Sb, see Supporting Information
S6). A “common database” serves as a repository for static data
used by ZINC-22 systems (see Supporting Information S7). At
this moment, there are 110 Sn database instances and 64 Sb
database instances, divided over 14 computers (see Supporting
Information S4). Sn and Sb databases are only accessible via
CartBlanche and are not directly accessible to the public. The
relational database structure allows for enforcement of a
unique ID number for each SMILES, and each ZINC ID
within each database, as well as maintaining referential
integrity of purchasing information, including duplicates.
This structure also helps ensure that each molecule is
represented only once in the entire set of databases. Adding
additional computers as well as Sn and Sb databases as needed
is possible, allowing the database to scale—another two log
units we hope—on commodity computer hardware.

2D Database Preparation. Source catalogs are processed
and loaded into the databases (2D only) using the new
publicly available scripts (see Supporting Information S8).
SMILES are neutralized with MiTools (molinspiration.com),
which also filters out most incorrectly coded molecules.

3D Database Building. We use ChemAxon’s JChem
package and the command line tool CXCALC to calculate
protonation states and tautomers at or near physiologically
relevant pH. Each protomer is rendered into 3D using Corina
(Molecular Networks GmbH) and conformationally sampled
using Omega (OpenEye Scientific Software, Santa Fe NM).
Atomic charges and desolvation penalties are calculated using
AMSOL 7.1 and our previously published protocol.”> We
perform a strain calculation to calculate the relative energies of
conformations.”® Files are formatted for docking as flexibase
files, mol2, sdf, and pdbaqt.

CartBlanche Interface. CartBlanche is a molecule shop-
ping cart and ZINC-22 search tool used to retrieve and display
molecule information. The application is built using the
Python web framework Flask (v1.1.2). To avoid long front end
wait times after submitting a request, the application uses a
Celery (v5.2.0) task queue paired with Redis (v6.0.9) to run
search processes in the background. ZINC-ID search can
retrieve information for a list of molecules. When a list of
ZINC IDs is passed in, the ids are processed to extract tranche
information. Next, we prepare a map in which the database
instance of each molecule should be found. This tranche-
database map is then used to search the relevant Tin database

1173

instances for the Substance ID in the respective database. The
result in the interface shows all available information about the
molecule: SMILES, substance ID, tranche information,
catalogs, and supplier codes.

Supplier code search uses a similar process to ZINC-ID
search, with the extra step of having to gather a list of suppliers
that can be found in specific databases. Antimony (Sb) is a
database system that contains lists of which supplier ids can be
found in each database. This initial step allows us to search
only those databases where we expect to find matches. When a
list of Supplier IDs is passed in, each ID is looked up in
Antimony, and a map of TIN databases and supplier ids is
returned. Once that map is collected, a search is run in each of
those databases to find all molecules containing the relevant
supplier code. Like the ZINC-ID search, this also pulls all
available information about the molecule.

Searching for molecules by SMILES uses SmallWorld (v5.2)
to perform a similarity search. A list of SMILES and two
parameters (distance and anonymous distance) is passed to a
SmallWorld Java executable that is called using a Python
subprocess. The result contains a list of matching ZINC IDs
with no other information. That list is then sent to the ZINC-
ID search algorithm, which pulls the relevant data for each
molecule.

Multiple SmallWorld and Arthor Servers. To defend
the patentability of chemical space, we password-protect some
databases to prevent public disclosure. This required running
multiple servers. Thus, the sw.docking.org and arthor.dock-
ing.org servers, called “Public” within CartBlanche, are public,
previously disclosed molecules, with no password protection.
Correspondingly, swp.docking.org and arthorp.docking.org,
also called “Private” within CartBlanche, are only available
using a password, to protect patentability (Supporting
Information SO0). Private databases are only visible inside
CartBlanche when a user has logged in. Anonymous users only
have access to Public databases.

Upload to Cloud. We upload ZINC-22 to AWS using the
AWS CLI weekly. We upload ZINC-22 to OCI using the OCI
CLI weekly. We tweet about database updates @chem4biol-
ogy.
Policies in Effect. ZINC-22 would be much larger without
policies to focus attention on the areas of chemical space we
feel are most important. Thus, ZINC-22 aims to load
comprehensively all commercially available, biologically
relevant molecules up to HAC2S. From H26 to H34, our
policy is to load as we can, but we do not have the capabilities
to be comprehensive. We favor molecules with log P less than
four for solubility. Currently, no logP policy is enforced
because the vendors generate only about 1% of molecules with
log P over five and fewer than 7% between four and five, a rate
we find acceptable.

Asynchronous Arthor Search Using ZINC-22. Arthor
searches are CPU- and memory-intensive and can take a long
time to run, particularly for complex queries and/or ones that
result in many molecules. To provide a reliable public service,
the interactive use of Arthor is limited to 20,000 molecules in
the result. Users who require more molecules may use the
asynchronous Arthor search tool. To use this feature, the user
signs into TLDR.docking.org. Using the Arthor tool, the user
selects Substructure or Pattern and specifies the substructure
or pattern. When complete, the user receives an email with
download instructions.
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Difference between Substructure Search in Small-
World and Arthor. Substructure search in SmallWorld and
Arthor is almost identical, but there are important performance
trade-offs and some limiting cases. SmallWorld scales better
than Arthor when the database is bigger than RAM, likely for
multi-billion-scale databases like ZINC. Arthor scales linearly
with database size, so S billion molecules take S times as long
as 1 billion to search, provided it all fits in RAM. SmallWorld
search time is nonlinear: close neighbors are found almost
instantly, but more distant matches take much longer.
SmallWorld often cannot find very distant hits, for instance,
benzene vs fullerene, whereas Arthor can. Arthor is good at
finding PAINS and functional group patterns, SmallWorld is
not.

Download Purchasing Information. We recommend
downloading purchasing information only for those molecules
the user wishes to purchase. To do this, the user should use
cartblanche22.docking.org. The user selects search by ZINC
ID and specifies the codes and Search. This will find the
molecules. The user may put the molecules into a cart and
proceed to Checkout. We do not recommend it, but the user
may download a copy of all purchasing information for every
molecule in ZINC. To do this, the user goes to
files.docking.org/zinc22/vendors_zincid_map/current/ where
the files may be downloaded. We do not recommend doing
this because the information will rapidly become stale. Using
our website just prior to ordering is the best way to obtain
current purchasing information.

Programmatic Queries of ZINC-22. The following
features are supported on the command line. First, files may
simply be downloaded either from our website or the two
cloud providers we currently support. We recommend the use
of the tranche browser for making this selection, but the user
may choose to use the wild-card features of wget, rsync, globus,
and other tools to select and download files. Second, in
CartBlanche22, each query page includes instructions for
querying the database on the command line. Thus, at the
bottom of the page cartblanche22.docking.org/search/byzin-
cid/, the user will find the following general query structure,
together with detailed instructions for each parameter. This
command is also documented online at wiki.docking.org/
index.php/Zinc22:Searching,

curl https://cartblanche22.docking.org/substances.txt-Fzin-
c_id-in=@test.txt-Foutput_fields="smiles,zinc_id’

Likewise, for command line search by supplier code, the web
interface cartblanche22.docking.org/search/bysupplier/ in-
cludes detailed documentation of the command line use of
this feature.

curl https://cartblanche22.docking.org/catitems.txt-Fsup-
plier_code-in=@sup.txt

Likewise, for search by SMILES, which is accessed via the
page cartblanche22.docking.org/search/bysmiles/, the com-
mand line use of this feature is described at the bottom of the
page:

curl https://cartblanche22.docking.org/smiles.txt-Fsmiles-
in=@smiles.txt-Fdist=4-Fadist=4

Finally, the feature allowing random selection of molecules
from either the entire database or the lead-like subset, the page
cartblanche22.docking.org/search/random/ documents the
command line use of this feature:

curl https://cartblanche22.docking.org/substance/ran-
dom.txt-Fcount=100
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Build Individual Molecules in 3D. Unlike its prede-
cessors, ZINC-22 does not allow the download of individual
molecules in 3D formats. However, we do support rebuilding
molecules in 3D using our website. Use this tool as follows.
The user browses TLDR.docking.org and signs in. The user
selects newbuild3d and uploads the SMILES to be built. We
accept a maximum of 50,000 molecules per transaction. The
user will receive an email when the molecules are ready to
download. Building typically takes 1 hour to build each 400
molecules, but this can vary considerably based on the system
load.
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Data Availability Statement

The software developed for and described in this paper is
available in Github in the following repositories under https://
github.com/docking-org/: zinc22-2d—the 2d curation and
loading pipeline, cartblanche22—the CartBlanche22 website,
TLDR—the TLDR server, tldr-modules—the TLDR individ-
ual modules, and zinc22-3d and zinc22-3d-build—the 3D
building pipeline. All data produced for this project and
described in this paper are freely available from our website at
files.docking.org/zinc22/ and also on AWS and OCI via the
respective open data programs. Some data is password-
protected to protect future patentability of chemical matter
(see Supporting Information, Files sizes in ZINC-22). The
data in OCI and AWS clouds is freely available.
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