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Abstract

In early stage drug discovery, the stage of hit-to-lead optimization (or “hit expansion™) entails
starting from a newly-identified active compound, and improving its potency or other properties.
Traditionally this process relies on synthesizing and evaluating a series of analogs to build up structure-
activity relationships. Here, we describe a computational strategy focused on kinase inhibitors, intended to
expedite the process of identifying analogs with improved potency. Our protocol begins from an inhibitor
of the target kinase, and generalizes the synthetic route used to access it. By searching for commercially-
available replacements for the individual building blocks used to make the parent inhibitor, we compile an
enumerated library of compounds that can be accessed using the same chemical transformations; these huge
libraries can exceed many millions — or billions — of compounds. Because the resulting libraries are much
too large for explicit virtual screening, we instead consider alternate approaches to identify the top-scoring
compounds. We find that contributions from individual substituents are well-described by a pairwise
additivity approximation, provided that the corresponding fragments position their shared core in precisely
the same way relative to the binding site. This key insight allows us to determine which fragments are
suitable for merging into a single new compounds, and which are not. Further, the use of the pairwise
approximation allows interaction energies to be assigned to each compound in the library, without the need
for any further structure-based modeling: interaction energies instead can be reliably estimated from the
energies of the component fragments. We demonstrate this protocol using libraries built from five
representative kinase inhibitors drawn from the literature, which target four different kinases: CDKO9,
CHK1, CDK2, and ACKI. In each example, the enumerated library includes additional analogs reported
by the original study to have activity, and these analogs are successfully prioritized within the library. We
envision that the insights from this work can facilitate the rapid assembly and screening of increasingly
large libraries for focused hit-to-lead optimization. To encourage adoption of these methods and enable

further analyses, we disseminate the computational tools needed to deploy this protocol.
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Introduction

The practice of virtual screening has historically comprised two separate and complementary tasks,
irrespective of a campaign’s particular target or goals. The first task focuses on finding active compounds
(“hits™) by rapidly docking a large collection of drug-like compounds against some protein target [1]. The
second task aims to take the validated screening hits, irrespective of whether they were obtained by
computational or biochemical screens, and to optimize their activity by proposing improved analogs [2,3].

Conceptually, these two steps are sharply delineated. The former task seeks to sample chemical
space as broadly as possible, thus requiring fast and approximate methods for evaluating each compound.
For many years it was general practice to screen the ubiquitous ZINC database (a concatenation of
numerous vendor’s catalogs that spanned 3-8 million diverse compounds) [4,5] in search of those worth
purchasing and testing for activity. By contrast, the second task acknowledges that discerning differences
between compounds requires careful and expensive detailed simulations, which even then can provide
reliable comparisons only between closely related compounds; thus, this task has been confined to searching
a highly focused part of chemical space. Comparisons have typically been carried out via free energy
perturbation methods (or equivalent), applied at the scale of about a hundred compounds [6].

In the past few years, however, several key developments have blurred the delineation between
these two tasks; these developments have further prompted the community to completely re-think how
computers might best provide new chemical matter for a target of interest. The first and most cataclysmic
change arose when certain chemical vendors began listing not just the contents of their shelves, but also
enumerating all the compounds that can be readily synthesized from these building blocks [7]. Enabled by
robots carrying out simple and robust chemical transformations, compounds from these “make-on-demand”
collections can often be supplied more quickly and cheaply than historical virtual screening hits.

Just as importantly though, the coverage of chemical space from make-on-demand collections is
also fundamentally different from the historically-biased compounds previously housed in the ZINC

database. Because the chemical transformations that underlie these new collections are restricted to those
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efficiently carried out in automated synthetic protocols, the resulting chemical space is less diverse than
ZINC’s historical offerings. Instead, variants of a given chemical scaffold are proffered in which a given
building block may be replaced with thousands of related alternatives: thus, these new collections afford
incredibly dense coverage of chemical space. This fundamental difference in how chemical diversity is
accumulated by enumerating reactions was recognized well before the advent of these new collections, and
was found to be the case upon designing a virtual library of one-pot synthetically-accessible compounds to
mimic amino acid sidechains in protein-protein interfaces [8].

The sheer size of these make-on-demand collections — now about 19 billion compounds — has
forced practitioners to reconsider how this chemical space should be sampled, given the impracticality of
sequentially docking this many compounds to one’s target protein. One potential approach might be to
screen a diverse subset of the collection, with the goal of identifying useful scaffolds, then subsequently re-
screen each of the available compounds that elaborate this scaffold in different ways [9]. However, two
separate studies have by now demonstrated that valuable hits would be missed this way: one cannot
necessarily recognize from the scaffold alone that an elaborated analog might score well [7,9].

While we do not yet offer a solution for the overarching problem of how to best navigate a target-
agnostic collection of 19 billion unrelated compounds, here we address a narrower but equally-pressing
question. For certain well-studied target classes, clusters of “privileged” chemotypes have been identified.
This is especially true in the case of protein kinases, where the structurally-conserved ATP-binding site has
led to the repeated re-use (or inadvertent re-discovery) of a broad set of hinge-binding cores [10]. By starting
from a given core and choosing different substituents, a particular core can be developed in different ways;
thus, selective inhibitors for many different kinases can be built from the same core [11]. This insight further
serves as the basis for synthesis of numerous kinase-focused chemical libraries [12], which harbor a limited
diversity of chemotypes but are poised to be optimized for any kinase of interest.

The underlying challenge we tackle here, then, is how one might efficiently search the narrow but
very dense swath of chemical space around a given core, to optimize it for a particular target. We choose
five diverse inhibitors of different kinases as starting points, and in each case generate and explore the
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chemical space around this inhibitor. We describe a “deconstruction-reconstruction” approach [13,14], in
which the synthetic route used to build the known inhibitor is generalized, and used to create a huge
chemical library that densely samples synthetically-accessible chemical space. We find that by adapting
strategies that underlie fragment merging [15,16], the top-scoring compounds from the resulting library can

be identified in an extremely efficient manner.

Computational Approach

Protein kinases are a thoroughly established class of targets for therapeutic intervention,
particularly in oncology, due in part to their central role in mediating cellular signaling [17]. Since the
pioneering success of imatinib twenty years ago, over 50 new kinase inhibitors have attained FDA approval,
with hundreds more in development [18]. While many kinases also include an assortment of additional
domains to refine their activity, all of them share a highly conserved catalytic domain (Figure 1a). This
domain is responsible for transferring a phosphate group from ATP to a substrate protein, and in so doing
altering the recipient protein’s activity.

In their active conformation, all protein kinases adopt the same “DFG-in” [19] (or “BLAminus”
[20]) structure. This conformation engages ATP in a specific pose, using a set of nearly invariant
interactions; accordingly, the ATP binding site exhibits exceedingly strong structural conservation. Most
kinase inhibitors bind to this site, disrupting kinase activity by competing with ATP. The majority of these
—known as “Type I” inhibitors — occupy almost exactly the same space as ATP within the binding site, and
are thus compatible with the kinase’s active conformation. By contrast, “Type II” inhibitors additionally
occupy a secondary region of the binding site that can be accessed by displacing the kinase’s DFG loop

from its active conformation (shifting this loop into one of many “DFG-out” conformations).
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Figure 1: Computational fragment merging strategy for efficient hit-to-lead optimization of
kinase inhibitors. (A) The catalytic domain of a representative protein kinase, cyclin-dependent kinase
2 (CDK?2). Crystal structures in complex with ATP (upper inset) and in complex with a representative
Type I inhibitor (lower insef) demonstrate the similarity of the protein conformation, and the inhibitor’s
mimicry of the interactions between ATP and the kinase. (B) Summary of our computational fragment
merging approach. Step I: Starting from a known inhibitor, we use retrosynthetic analysis and its crystal
structure in complex with the kinase to decompose the inhibitor into its hinge-binding motif (pink
pentagon) and its side chains (blue and yellow hexagons). Step I1: Diversity at the side chains is
introduced by identifying alternate (commercially-available) building blocks that can be used in place of
the original reactants. These are then joined to the hinge-binding scaffold to form newly-elaborated
hinge-binding fragments. Step I11: Each of the elaborated hinge-binding fragments are separately
aligned into the kinase’s ATP-binding site, and refined via energy minimization. Step IV: Fragments
elaborated at different positions can be merged if the shared core is positioned in precisely the same
orientation. Given the shared positioning of the core, the interaction energy of the merged compound
can be estimated from the interaction energies of the component fragments (assuming pairwise
additivity). Step V: The merged inhibitor is then re-refined via energy minimization, and the interaction
energy calculated explicitly (without assuming pairwise additivity).

By virtue of engaging a structurally conserved binding site evolved to recognize ATP, most Type I
inhibitors in fact mimic the three-dimensional used by ATP to bind the kinase. ATP’s flat adenine moiety
is sandwiched between hydrophobic groups above and below, and the adenine’s edge forms specific
hydrogen bond interactions with backbone groups on the “hinge” region that connects the N- and C-lobes

of the kinase. The same can be said for nearly all Type I kinase inhibitors: though they rarely use adenine
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itself, they instead use alternate flat rings that present a comparable pattern of polar groups on their hinge-
facing edge, allowing them to engage the kinase in a manner very reminiscent of ATP. Indeed, the repertoire
of hinge-binding cores repeatedly used by medicinal chemists to engage kinases (mentioned earlier) form
the basis for nearly all known kinase inhibitors [10], as well as for kinase-focused chemical libraries [12].

For each of the five examples to be presented in our study, we begin with some known inhibitor of
a protein kinase. We selected these particular examples by virtue of the crystal structure of these inhibitors
having been solved in complex with the kinase (to allow retrospective analysis), a clear hinge-binding motif,
and straightforward synthetic routes. By these criteria, many more inhibitors would also qualify; we chose
these five examples for study based on their chemical diversity relative to one another.

Our task will be to build a chemical library by diversifying around this compound, and then to
efficiently identify the best analogs from this library. Below, we describe an approach for rapidly carrying
out this search using an approach inspired by fragment merging (Figure 1b). In the Results section, which
follows the description of our computational approach, we will detail the specifics of applying this approach

using these five representative cases as concrete examples.

Step I: Retrosynthetic analysis

Starting from the known inhibitor, we use retrosynthetic analysis to generalize the synthesis of this
compound (Figure 1b, Step I). Computational methods for synthetic route planning have made rapid and
dramatic advances in recent years [21-27], and provide a natural tool to carry out this step. That said, for
the current study we have drawn inhibitors from the literature, and thus we have access to already-validated
synthetic routes to access these compounds. By re-using the previously-described syntheses, we expect that
many of the compounds described through the reported structure-activity relationships will also be present
in our designed library, facilitating benchmarking in this analysis. For this reason, we have elected in the

present study to simply re-use the synthetic routes reported in the literature for each starting compound.
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Step II: Library building

The goal of our approach is not to search alternate potential hinge-binding cores, but rather to
exhaustively sample elaborations of the current core. The hinge-binding motif is almost always located in
the middle of the inhibitor (due to the three-dimensional architecture of the kinase binding site), and so we
began by (manually) identifying this motif and keeping it fixed.

For each of the building blocks appended onto the hinge-binding motif as part of the original
reaction, we sought to retain the functional group(s) needed for the chemical transformation and diversify
the rest of the building block. To do so, we first wrote the simplest unsubstituted version of each building
block as a SMARTS string (Table S1). Briefly, a SMARTS string represents a molecular pattern [28]; in
our case, we use these patterns to encode an abstraction of the starting building block. Thus, the SMARTS
string can serve as a query to identify other compounds that could be used in the original reaction, as a
substitute for the original building block. Using each SMARTS string as a query, we then searched
PubChem to identify alternate building blocks from commercial vendors that could be used for this reaction
(Figure 1b, Step II), with a series of additional chemical filters on the allowed hits (Table S2) and
restrictions on the chemical vendors to include in the search (Table S3).

For each of the candidate building blocks, we then used the “ChemicalReaction” functionality in
RDK:it [29] to assemble the product of the corresponding chemical transformation. To build the complete
collection of inhibitors that can be assembled from these building blocks, we wrote SMARTS strings that
encode all steps to generate the final (complete) inhibitor from an arbitrary set of building blocks. However,
because we planned to primarily to evaluate each substituent separately (as will be described below), we
also wrote SMARTS strings to generate a corresponding fragment (i.e., one new substituent added onto the

hinge-binding core) from each building block (Table S1).

Step 111: Fragment growing

By diversifying multiple building blocks from the original reaction and exhaustively recombining

them, one can thus generate very large libraries of new compounds built on the original hinge-binding
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motif, that can (in principle) be accessed using the original synthetic route. Depending on the size of the
library, though, it can be prohibitive to explicitly screen these.

The positioning of the hinge-binding motif within the kinase active site is typically conserved,
because these motifs form hydrogen bonds to specific backbone groups on the kinase. To provide a
compatible binding mode with the kinase active site, the enumerated compounds in this chemical library
must therefore be accommodated in the kinase binding site without disrupting the positioning of the hinge-
binding motif.

Extending the hinge-binding motif by addition of a new group is strongly reminiscent of the
“growing” approach in fragment-based drug discovery (FBDD) (or fragment-based lead discovery, FBLD)
[15,16]. As with fragment growing, our task is to entails adding new groups onto the starting hit, to form
additional adventitious interactions with the protein target. Indeed, the first fragment-derived drug to reach
the clinic was the kinase inhibitor vemurafenib (targeting BRAF V600E) [30], designed by growing the
initial hinge-binding fragment 7-azaindole [31]. Some computational approaches for fragment growing
have used docking or free energy perturbation methods to guide which expansions to make and test [32-
34]; in the case of the in the case of the kinase active site, however, structural conservation of the hinge-
binding motif greatly restricts potential poses of the elaborated compound.

Rather than allow extensive conformational searching, then, we placed each elaborated compound
into the kinase active site by alignment of the hinge-binding motif (Figure 1b, Step III). For each potential
elaboration of the hinge-binding motif accessible using the building blocks from the previous step, we
generated low-energy conformations using the OMEGA software [35]. Each of these conformers have a
shared substructure with the original inhibitor (the hinge-binding motif), allowing them to be individually
aligned into the kinase active site (by overlay of the hinge-binding motif, using RDKit [29]). Each protein-
ligand complex was subjected to energy minimization using the Rosetta scoring function [36,37], and the
lowest-energy conformer that included the expected hinge-binding hydrogen bond pattern was carried

forward.
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Step 1V: Fragment merging

Having separately optimized individual substituents in conjunction with the hinge-binding motif,
our next goal was to combine these into a single chemical entity. This task is encountered elsewhere in a
separate class of fragment-based drug discovery, fragment merging. Broadly speaking, merging can be used
when two different fragments both include a shared functional group that engages the protein the same way,
but the two have substituents at different positions; in this case the substituents from each of the two
fragments can be joined onto the shared core, and the substituents’ interactions with the protein can be
preserved [15,16].

By construction, our protocol brings us to the point of having variations on a shared core (the hinge-
binding motif) with substituents at different positions. Importantly, though, these can only be reasonably
merged if the shared core occupies precisely the same pose in both fragments. Conversely, if either
substituent makes interactions with the protein that require changes to the positioning of the shared core,
they are fundamentally incompatible with one another, and cannot be merged.

For each fragment elaborating the hinge-binding motif at a given position, we therefore consider
whether it can be merged with any of the fragments elaborating the hinge-binding motif at a different
position. To determine their compatibility, we evaluate the RMSD for the shared core (the hinge-binding
motif) between the two poses: if the RMSD is below a defined threshold, the fragments are merged to yield
a new candidate kinase inhibitor (Figure 1b, Step IV). All potential pairs are exhaustively considered, and
thus the effective chemical space spanned by this approach can be very large.

This fragment merging approach also naturally provides the expected pose for this new inhibitor,
by simply retaining the coordinates of the shared core, and concatenating together the substituents’
coordinates from the corresponding fragments. Importantly, since this fragment merging approach
combines the structures of substituents in each one’s preferred geometry, one might assume additivity of
their interactions. This implies that the interaction energy of the newly-constructed compound with the
kinase can be estimated from the interaction energies of the component fragments. This will be explored
further using the real examples to follow, but the assumption of energetic additivity between substituents

10
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allows the top-scoring compounds to be identified at this merging stage, without the need to explicitly refine

all models.

Step V: Selecting top-scoring inhibitors

Finally, we re-refine and re-score the top-scoring compounds from the preceding step, by energy
minimization using Rosetta [36,37] (Figure 1b, Step V). This step serves to ensure that the selected
substituents on the shared hinge-binding core are indeed compatible with one another, both structurally and
energetically. Slight differences in the orientation of the shared core can lead to slight deviations from
additivity for the substituents, and thus refining and re-ranking them explicitly ensures that the top-scoring

new candidate inhibitors are advanced.

Results

To evaluate this protocol, we selected five diverse kinase inhibitors as starting points. Each of the
five compounds bears a clear hinge-binding motif, as confirmed through crystal structures in complex with
each inhibitor’s target kinase (Figure 2). However, all five hinge-binding cores are different from one
another. Each of the five compounds inhibit their target kinase with ICsy better than 20 nM, through the
culmination of a medicinal chemistry campaign described in each of the studies reporting these compounds.
For clarity we will refer to each of these inhibitors by their names in PubChem. The five inhibitors are:

1) MC180295, a selective CDK9 inhibitor built on a diaminothiazole core [38,39] (PDB ID

6WOIE)

2) BDBMS50091276, a CHK1 inhibitor built on a 1,7-diazacarbazole core [40] (“compound 8” in

the original paper, PDB ID 4RVK)

3) CHIR-124, a CHKI inhibitor built on a quinolinone core [41] (“compound 11” in the original

paper, PDB ID 2GDO)
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4) BDBM?7773, a CDK2 inhibitor built on an oxindole core [42] (“compound 109” in the original
paper, PDB ID 1KE7)
5) BDBMS50246162, an ACK1 (aka TNK2) inhibitor built on a pyrazolopyrimidine-3,6-diamine

core [43] (“compound 2” in the original paper, PDB ID 3EQR)

MC180295 (6W9E) BDBM50091276 (4RVK) CHIR-124 (2GDO)
GK+3 GK+1 GK+3 GK+1 GK+3 GK+1
- r I T
o N 0 No N0
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Figure 2: The five kinase inhibitors used as starting points for our study. Each of the kinase inhibitors
used as starting point for our study have a clear hinge-binding motif (red). The kinase hinge region is
represented schematically, with numbering relative to the gatekeeper (GK) residue. The pattern of
hydrogen bonds between each inhibitor and the kinase hinge presented here is drawn from the crystal
structures of each complex (PDB IDs are provided for each complex). Each of these inhibitors engages
the kinase hinge via two or three hydrogen bonds to the GK+1 and GK+3 positions. Inhibitor
BCBM50246162 also includes a hydrogen bond to the sidechain of the GK residue (threonine).

In the case of CHIR-124, the crystal structure of this compound in complex with CHK1 shows that
its quinuclidine group points directly away from the hinge (Figure 2). This large substituent makes
somewhat unusual contacts to both the P-loop and the catalytic loop of the kinase, bridging the kinase’s N-

and C-lobes [41]. We discovered that varying the substituent at this position led to dramatic differences in
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the kinase conformation of our models, making it difficult to draw reliable conclusion about the effect of
these substitutions. For the purposes of our study, we therefore elected to remove the aminoquinuclidine

group from this compound.

Library building from generalized reaction schemes

For each of the five inhibitors to be considered, we used as a starting point the synthetic scheme
used to the prepare each compound. As noted earlier, computational methods for synthetic route planning
could be used for this step; however, re-using the reported path makes it more likely that analogs reported
in each campaign will also be present in our computational library, facilitating benchmarking for this study.

As is typical for preparation of kinase inhibitors, the synthetic schemes are designed to elaborate a
particular hinge-binding core with many diverse substituents. The building blocks that contribute groups
outside the core are ideally used late in the synthetic route, so that common intermediates may be re-used.

Using the approach described earlier, we generalized each reaction and searched for building blocks
matching the patterns required for each chemical transformation. The libraries resulting from enumeration
of commercially-available building blocks are, unsurprisingly, astoundingly large (Figure 3). In
generalizing the synthetic route used to access MC180295, for example, our search revealed about 5,000
2-bromoacetophenones, and 750,000 primary amines: enumerating all pairs leads to almost 4 billion
diaminothiazoles that could be accessed using this synthetic route. In fact, many more potential inhibitors
can be reached though this path, through the trivial synthesis of additional 2-bromoacetophenone building
blocks; for this first study, though, we limit our search to the lower bound of libraries that can be

immediately accessed using available starting materials.
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Figure 3: Library building from generalized reaction schemes. Left column: The reported synthetic
routes for the five representative kinase inhibitors are shown, with the hinge-binding core highlighted in
red. Middle column: Generalizing each reaction by allowing for commercially-available building blocks
with diversified substituents enables generation of new compounds that can be accessed through the same
synthetic route. Right column: Enumerating the chemical space accessible through this strategy
demonstrates the magnitude of libraries compiled in this manner.

As expected, the number of available building blocks at each stage is determined by complexity
and popularity of the template: generic primary amines, boronic acids, and arylamine (found in the

generalized syntheses of MC180295, BDBM50091276, and BDBM7773 respectively) yield many
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hundreds of thousands of matching building blocks. By contrast, more specific patterns or those that
correspond to obscure starting materials may yield only hundreds of potential alternatives. Naturally, the
number of building blocks available for diversification also strongly influences the resulting library size: in
the case of BDBM50246162, appending three different substituents from readily-available building blocks
results in a much larger chemical space in which to search (2 x 10'” compounds).

For each reaction, we first searched the newly-generated compounds to determine whether the
known inhibitor was present in the enumerated library. Essentially, this test simply evaluates whether the
required building blocks for this compound were identified from PubChem: in all five cases, this was
confirmed to be the case. Moreover, each library also included many of the analogs described by the original

authors of each study, allowing for further benchmarking.

Assembling models of bound inhibitors from fragments

Before testing our fragment-based computational approach in a screening context (Figure 1b), we
first sought to examine whether building up the structure of the known inhibitor from fragments would
yield the correct (experimentally determined) pose. For each of the five case studies, we therefore began
by applying our computational approach using the fragments that yield the known inhibitor.

As described earlier, low-energy conformers are built from each fragment. Each conformer is then
separately aligned into the kinase active site using the hinge-binding motif, subjected to energy
minimization, and the fragment with the best interaction energy is carried forward (Figure 1b, Step II).
Using fragments from each of the known inhibitors, we found in all cases that the elaborated functional
group adopted a conformation very similar to that observed in the crystal structure of the full inhibitor
(Figure 4a). Further, we were gratified to see in all cases that the resulting poses retained the intended
hinge-binding motif in the appropriate conformation: should either pose position this core in an alternate

position, it would not be possible to merge the two fragments.
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MC180295 (6W9E)” [BDBM50091276 (4RVK)

CHIR-124 (2GDO) |§

Figure 4: Recapitulation of binding mode for known inhibitors. (A) For each of the five known
inhibitors, we began from fragments corresponding to the substituents in the known inhibitor (i.e., each
fragment comprises the hinge-binding core and one of its side chains). Models were prepared for each
fragment in complex with the cognate kinase, and refined via energy minimization. The resulting models
of the fragments (slate and light green) position the side chains in close agreement with their positions in
the crystal structure of the complete inhibitor (orange). Moreover, the positioning of the hinge-binding
core in both fragments is closely overlaid, allowing the fragments to be merge. (B) Merging the fragments
and refining the resulting model by energy minimization led to models of the complete inhibitor (cyan)
that closely match the crystal structures of these compounds (orange). As noted elsewhere, throughout
this study we have elected to model CHIR-124 without its aminoquinuclidine group (bottom right in this
view). This group makes simultaneous interactions to the kinase’s P-loop and catalytic loop that bridge
the kinase lobes: varying this substituent leads to dramatic differences in the kinase conformation, making
differences in interaction energies unreliable.
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This was an important and reassuring result, because it implies that — at least for these potent and
well-optimized inhibitors — there is no “tug-of-war” between the two sides of the inhibitor. Rather, the
individual contributions of the substituents added to the central core are also locally optimal, because their
interactions with the protein are the same irrespective of whether other substituents are present on this core.

We then merged each of the cognate fragment pairings (Figure 1b, Step V), and re-minimized this
model of the full inhibitor (Figure 1b, Step V). Unsurprisingly, given that the initial model had been built
from complementary fragments with a closely shared core, minimization of the complete inhibitor did not
result in drastic changes to the pose. Moreover, since the fragments were already in good agreement with
the corresponding parts of the inhibitors’ crystal structures, the resulting models of the complete inhibitors

also closely matched the corresponding experimentally determined structures (Figure 4b).

Pairwise additivity of interaction energies

When extending this fragment-merging strategy to a screening context, our intention is to locally
optimize the component fragments (Figure 1b, Step III), then merge them only if the shared core aligns in
both cases. A fragment that shifts the positioning of the shared core relative to the starting orientation might
be used in an inhibitor, but it can only be credibly merged with another fragment that also shifts the shared
core in precisely the same way.

A consequence of merging fragments with structurally-shared cores is that their interactions with
the kinase are expected to be energetically additive. Non-additivity between pairs of chemical substitutions
can arise for a number of reasons: primarily if the preferred conformation for the two substituents clash
with one another, or each requires the protein to adapt in a way that is inconsistent with the other, or due to
changes in solvent structure, or if they lead to mutually-incompatible conformation of their shared cores
[44-47]. In each of our testcases, substituents are added at vectors pointing in opposing directions, making
it unlikely that the substituent at one position (or its effect on the kinase conformation) would be felt at the
other position. Individual water molecules are not explicitly modeled in our energy function, eliminating

this potential source of non-additivity. Thus, we hypothesized that the interaction energy of the kinase
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inhibitors comprising our libraries could be predicted from the energies from the fragments, provided that
the location of the shared core is the same in both fragments.

To test this hypothesis, we sought to evaluate the expected interaction for a full inhibitor from its
fragments (given the assumption of pairwise additivity), and then explicitly assembled this inhibitor and
explicitly evaluate its interaction energy (after minimization of the full inhibitor). Because this experiment
requires explicit minimization of each candidate inhibitor, it cannot be carried out to completion using the
huge libraries of accessible compounds described earlier (Figure 3). Instead, we randomly selected a subset
of fragments for each building block, and exhaustively enumerated smaller libraries of accessible

compounds (typically several hundred thousand compounds) (Figure S1).
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Figure S1: Smaller libraries for evaluating pairwise additivity approximation. Determining the
appropriateness of the pairwise additivity approximation requires explicitly evaluating compounds’
interaction energies in a non-pairwise way; this precludes the use of huge chemical libraries. For this
experiment we therefore selected randomly a subset of the building blocks for each reaction. Enumerating
these reactions now provides much smaller chemical libraries that can be explicitly screened.

We built models corresponding to each of the fragments in this library as described earlier
(Figure 1b, Step III), minimized them in complex with the kinase, and determined their interaction
energies. Based on a standard chemical double-mutant cycle [48] (Figure Sa), albeit here using interaction
energies from Rosetta rather than true binding free energies, we evaluated the interaction energy expected
for each compound in our library. We then merged each of the cognate fragment pairings (Figure 1b,
Step 1V), and minimized this model of the full inhibitor (Figure 1b, Step V).

Results from this experiment show that for our first four testcases, the interaction energy estimated
with the pairwise approximation closely matches the full inhibitor’s interaction energy calculated explicitly
(Figure Sb), as observed through points that lie along the diagonal of these plots. Agreement between the
two values is highest when the position of the core scaffold matches very closely among the two fragments,
as expected. For the BDBM7773 library, some of the compounds have with worse interaction energy than
expected based on additivity (points below the diagonal); however, these the points have relatively high
RMSD (dark green rather than light green). Put another way, merged compounds with worse interaction
energies than expected from the pairwise approximation occur when the fragments do not position the
shared core in precisely the same location.

This observation is especially acute for the BDBM50246162 library: since this library diversifies
three positions rather than just two, very few fragment triplets place the core in precisely the same position.
Very few groupings of fragments in this library have low RMSD (i.e., it is unlikely to find all three that
position the core in precisely the same way), and thus many of the merged inhibitors lie below the diagonal.
As a consequence, this observation implies that it will be necessary to consider huge libraries when three

positions are diversified, if one seeks to find mutually compatible combinations of fragments.
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Figure 5: Pairwise additivity allows the inhibitors’ interaction energies to be predicted from their
component fragments. (A) Chemical double-mutant cycle for estimating the merged inhibitors’
interaction energy. Subject to the pairwise additivity approximation, the interaction energy of the merged
compound (Emergea) 1S given by the sum of the fragments’ interaction energies (Egi, Er,) minus the
interaction energy of the hinge-binding core (E....) which is present in both fragments. (B) Interaction
energies are reported for each compound in the five libraries, either estimated from the component
fragments using the pairwise approximation (y-axis), or calculated explicitly from the re-refined model
of the complete inhibitor (x-axis). Energies match closely (points along the diagonal) provided that the
RMSD is small between the fragments’ positioning of their shared core (light green points). As the RMSD
becomes larger (blue and purple points), the interaction energy of the complete inhibitor is often not as
favorable as expected from the pairwise approximation (points below the diagonal). Interaction energies
are reported in Rosetta energy units (REUs).

Beyond binding affinity, of course, kinase inhibitor selectivity is paramount in hit-to-lead
optimization. To explore whether the same pairwise approximation could be used to evaluate selectivity,
we built models for all 171,017 compounds in the MC180295 library in complex with ten different CDK
kinases. For each model, we evaluated the energy assuming pairwise additivity (from the component

fragments), and then separately re-minimized the complex and evaluated the compound’s interaction energy
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explicitly. Using these explicitly-calculated interaction energies, we then identified the preferred kinase for

each compound.
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Figure 6: Selectivity can also be recapitulated using pairwise additivity. For each compound in the
MC180295-inspired library, we build models in complex with 10 members of the cyclin-dependent kinase
(CDK) family. Interaction energies were estimated from the component fragments using the pairwise
approximation, and also calculated explicitly from the re-refined model of the complete inhibitor.
(A) Interaction energies for five different compounds in this library (1-5), as calculated with or without
the pairwise approximation. For all five compounds the preferred kinase is correctly identified, but the
magnitude of the energy gap (relative to the next kinase) is not always accurately recapitulated. Interaction
energies are reported in Rosetta energy units (REUs). (B) For the compounds in the library that prefer a
given kinase (based on their explicitly-calculated interaction energies), the preferred kinase was correctly
assigned using the pairwise approximation 78% of the time. The number of compounds in our library
preferring each of these 10 CDK kinases was not uniform: these chemical scaffolds exhibited a preference
for CDKS8 over the other family members. Nonetheless, the pairwise approximation proved similarly
effective for all ten kinases at selecting the compounds that preferred the kinase of interest.

In many cases, the explicitly calculated CDK-family preference of individual compounds was well-
recapitulated by the pairwise approximation. Drawing from five representative compounds (Figure 6a), we
observe that in some cases the less favorable pairings are not always accurately predicted; however, these
less favorable pairings are not relevant for determining a compound’s preferred kinase.

Overall, 88,364 compounds could be assembled from fragments that maintained the expected
hydrogen bonding to the kinase hinge, and also positioned the hinge with low RMSD among the fragments

(i.e., allowing the fragments to be merged). The distribution of kinase preference for these compounds was
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far from uniform: many were predicted to prefer CDK8 over the other CDK family members, and
compounds predicted to be selective for CDK2, CDK7, and CDK11 were relatively rare. Somewhat
surprisingly, the preferred kinase for an individual compound could be ascertained 78% of the time using
the pairwise estimates of their energies (Figure 6b). Of the 26,053 compounds designated CDKS inhibitors
based on their explicitly-calculated interaction energies, for example, 22,793 of these had also been
designated as CDKS inhibitors using their pairwise energies (87.5%). Given that there were 10 kinase
included in this study, one would expect to correctly assign the preferred kinase by chance only 10% of the
time.

This observation suggests that it may be possible to quickly assign the expected selectivity of
compounds in a huge library using the pairwise approximation, and then carry forward for explicit

refinement only those inhibitors which are predicted at this stage to be selective for one’s kinase of interest.

Screening huge chemical libraries

It is important that the calculated interaction energies of kinase inhibitors can be reliably estimated
from the interaction energies of its component fragments (provided that the cores are well-aligned with one
another), because this implies that the original (huge) enumerated libraries need not be screened explicitly.
Rather than build models for each compound in complex with the target kinase, one can instead build
models only for the component fragments, and from these infer the interaction energies of the complete
compounds. From a screening standpoint, one can thus identify the top-scoring compounds from these huge
libraries extremely rapidly, and use the prescribed synthetic route to make several compounds and test their
activity.

While experimentally validating the top-scoring compounds lies beyond the scope of this first
study, we note that the five inhibitors that inspired our study were themselves the culmination of campaigns
that re-used the same synthetic route to explore many analogs. From the publications describing these

inhibitors [39-43], we therefore selected the four most potent analogs reported in each study, and asked
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whether our method would prioritize these compounds from among the vast swath of enumerated chemical
space.

We began by confirmed that the fragments needed to build each of these analogs were present in
our enumerated libraries. For convenience, we then restricted the size of each fragment collection to 10,000
(while preserving those needed for building the reported analogs), simply to avoid having to screen nearly
a million building blocks in some cases (Figure 3). We then further filtered the fragment sets to remove
large substituents (that would bring the final inhibitors molecular weight over 500 Da) and atom types not
supported by the OMEGA software. For each library, we then built models corresponding to all fragments
bound to the cognate kinase, and evaluated their interaction energies. Using this pairwise additive
approximation, this fast calculation allows estimation of the interaction energy for all compounds in these
huge libraries.

To reiterate the effect of the pairwise additive approximate on the computational demands of these
screen, we use as a representative example our screen of the MC180295 library. For each fragment, up to
10 conformers are separately minimized in complex with the kinase (the degrees of freedom are restricted
to the substituent, making a small number of conformers is sufficient). A total of 2914 fragments were
considered for the first substituent (29012 conformers), and 9399 fragments (90085 conformers) for the
second substituent. Each conformer was minimized in complex with CDK9, for a total of 119,097
independent minimizations. These took an average of 2.5 min on relatively slow CPU’s, for a total of 4962
CPU-hours. By running these calculations on a typical cluster, the complete set of fragment interaction
energies can thus be collected in a matter of hours (elapsed real time, aka “wall time”). Using this modest
calculation, we can then infer interaction energies for all 27 million compounds (2914 x 9399) that comprise
our enumerated library. While fast docking methods have been used to screen even larger libraries than this
[7], these have required vastly larger computational resources and have screened against a fixed protein
conformation: by contrast, the minimization step used here allows the protein to adjust its conformation in

response to different ligands.
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The interaction energy calculated using Rosetta [36,37] comprises a sum over pairs of atoms, and
consequently tends to strongly favor larger ligands over small ones (by virtue of having more atoms, large
ligands simply accumulate more interactions). The same trend broadly holds for experimentally-measured
binding affinities as well (larger compounds tend to have better potency), which is problematic because
larger compounds may be less advanceable due to future PK problems; accordingly, many optimization
campaigns instead prioritize compounds on the basis of “ligand efficiency” (binding free energy divided
by the number of non-hydrogen atoms) or related metrics [49-51]. To align with these goals, we ranked
compounds in our enumerated screening libraries on the basis of their substituents’ calculated ligand
efficiency (Rosetta interaction energy divided by the number of non-hydrogen atoms).

We present the relative ranking of the known analogs relative to the rest of the enumerated libraries
using receiver operating characteristic (ROC) curves. For each model system, this provides a means to
present the fraction of the library that ranks ahead of the each of the five analogs known to the active against
the kinase of interest. While this is a standard approach for presenting retrieval of known active compounds
in virtual screening benchmarks, though, it is not without well-understood biases [52-56]. Specifically, this
analysis assumes that all “decoy” compounds (the compounds in the library not designated as “actives”)
are inactive; thus, a good method should prioritize the known actives ahead of all the decoy compounds. If
the decoys are clearly absurd with regards to their complementary for the protein target, they can be easily
discarded and any method will appear to have excellent performance; thus, the difficulty of a given
benchmark depends on the extent to which the decoys are suitably reasonable for the protein target and/or
property-matched to the actives. With respect to suitably matched decoys, however, it is important to note
that the “decoys” are typically compounds that have not even been tested for the activity of interest. If the
likelihood of a decoy compound having activity is low, then the assumption that they are truly inactive may
hold. On the other hand, if the decoy compounds are similar enough to the active compounds, they may
themselves also have activity; these could then be (correctly) prioritized by the screening method, but

penalized for doing so (because all decoys are assumed to be inactive).
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In our experiment, the enumerated libraries bear the same core scaffold as the known actives, and
many substituents have size and chemistry that is likely to make these active as well. For this reason, many
of the decoy compounds in this experiment are themselves likely active; even a method providing “perfect”
performance would not distinguish the five actives that happen to have been experimentally characterized
versus the undiscovered actives in our library. Thus, the layout of this experiment is such that a very
conservative perspective of performance will be conveyed.

As a starting point, we first carried out this screen using the structure of the kinase that had been
solved in complex with one of the reported inhibitors (Figure 7, blue). For all five cases, the known analogs
were retrieved far sooner than would be expected by random chance (Figure 7, green). By random chance,
one would expect to need a subset comprising 20% of the original library to find one of the five analogs; in
contrast, for all but one of these libraries a collection of the top-scoring 1% of compounds contains at least
one of the known actives (MC180295 is the only exception).

These first screens were carried out starting from a kinase crystal structure that was determined in
complex with an inhibitor bearing the same hinge-binding motif as all compounds in the enumerated library.
While structures of related compounds are likely to be available in a true hit-to-lead scenario, we
nonetheless sought to examine performance when such a structure is not available. Accordingly, we carried
out the same screens starting from nucleotide-bound crystal structures of the same kinases. We find that
performance is only slightly diminished in this regime (Figure 7, orange), with one exception: for the
CHIR-124 library, the fragments needed to build the reported analogs do not yield hinge-binding poses,

and are thus not found in our screen.
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Figure 7: Large-scale screening of enumerated libraries using the pairwise additive approximation.
For each of the five inhibitors in our set, we built enumerated libraries and ranked the compounds on the
basis of their substituents’ ligand efficiency (thus, scores arose in a pairwise additive way). Each library
included five analogs reported to have activity against the target kinase. We plot the fraction of the library
that must be screened before encountering each of these five active compounds (noting that many of the
compounds ranked ahead of these five compounds may themselves also be active). In all five cases, the
compounds reported in the literature to have activity are ranked more favorably within the library than
expected by chance (green curve). Of the five analogs, one of them (red dot) corresponded to the inhibitor
present in the crystal structure from which the kinase conformation was taken (blue curve). Screening
was separately carried out using a kinase conformation that was instead solved in complex with a
nucleotide (various ATP analogs) (orange curve). The size of these libraries ranged from 34 thousand up
to 295 billion compounds; by assuming pairwise additivity, these could be screened in a matter of hours
on a typical cluster while including protein flexibility in response to the various substituents.

We also sought to understand whether starting from a crystal structure solved in complex with one
particular inhibitor would bias the screen to “rediscover” the compound used in solving the structure: if so,
this would inadvertently focus hit-to-lead exploration of chemical space near the known structure. To test

this, we evaluated the order in which the five analogs were ranks: in all but one case, the compound used
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for crystallography was not the top-scoring amongst the five known analogs (Figure 7, red dot), confirming
that our modeling protocol allows sufficient flexibility for the kinase structure to accommodate alternate
substituents.

The chemical structures of the analogs themselves further highlight the ability of this approach to
recognize active compounds with diverse substituents (Tables 1-5). However, the redundancy that is
evident among the analogs for a given target (the same R1 substituent is used with multiple R2’s, and vice
versa) also serves as a reminder that many more combinations of these substituents are also likely to be
active, if they can be combined using a shared positioning of the hinge-binding core. Because these
compounds would not be designated as “active” in our ROC plots, the true performance of this approach is
likely superior to that suggested by this retrospective analysis. Simply put, the chemical space available by

enumerating these reactions is far larger than can be explored via “wet” medicinal chemistry.
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Table 1: Analogs of MC180295 previously reported to have activity against CDK9 [39]. The rank of each
analog in our screen is provided relative to the complete enumerated library (Figure 7). The compound

present in the crystal structure (i.e., MC180295 itself) is indicated in red.
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Table 2: Analogs of BDBM50091276 previously reported to have activity against CHK1 [40]. The rank of
each analog in our screen is provided relative to the complete enumerated library (Figure 7). The compound

present in the crystal structure (i.e., BDBM50091276 itself) is indicated in red.
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Cl14* Cl Cl H 9.55
C4* H H H 11.1
C15%* H H CH3 N/A

Table 3: Analogs of CHIR-124 previously reported to have activity against CHK1 [41]. The rank of each
analog in our screen is provided relative to the complete enumerated library (Figure 7). The compound
present in the crystal structure (i.e., CHIR-124 itself) is indicated in red. The final compound presented was
not ranked in our screen, because the corresponding fragment did not retain the required hydrogen bonds

to the kinase hinge region.
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Table 4: Analogs of BDBM7773 previously reported to have activity against CDK?2 [42]. The rank of each
analog in our screen is provided relative to the complete enumerated library (Figure 7). The compound

present in the crystal structure (i.e., BDBM7773 itself) is indicated in red.
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Table 5: Analogs of BDBM50246162 previously reported to have activity against ACK1 [43]. The rank of
each analog in our screen is provided relative to the complete enumerated library (Figure 7). The compound

present in the crystal structure (i.e., BDBM50246162 itself) is indicated in red.

Discussion

In light of the intense focus on kinases as drug targets, there has been extensive interest in
streamlining hit-to-lead optimization for this target class — including through computational methods.

With respect to library building, for example, methods have been recently described for
deconstructing sets of reported kinase inhibitors, then reassembling these into new collections for screening.
One such method operates at the level of chemical structure, by assigning each piece of a known inhibitor
to be either a “core” (hinge-binding) fragment, a “connecting” fragment, or a “modifying” fragment. These

fragments were then recombined to yield a library of 39 million compounds, albeit with the caveat that the
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three-dimensional fit of these compounds with respect to the ATP-binding site has not been established
[57]. Addressing this, a complementary method instead elected to divide the ATP-binding site into six sub-
pockets, and collect from the PDB each of the various fragments that have been observed to occupy these.
The authors then recombine fragments drawn from different structures, to yield a library of nearly 7 million
new compounds [58]. In both cases, the resulting libraries are highly enriched in novel chemical matter, but
synthetic accessibility of the generated compounds is not assured. By contrast, the libraries that we present
here are vastly bigger than these earlier libraries, because we instead enumerate compounds that can be
constructed using commercially-available building blocks, rather than simply using pieces of existing
kinase inhibitors. While not guaranteed, the likelihood that the compounds in our enumerated libraries will
be synthetically facile is also much higher, because each compound is included specifically because it is
likely to be amenable to assembly using a pre-determined synthetic route.

Beyond just kinase-focused methods, more general strategies for de novo design of new compounds
have been broadly explored for more than 30 years. Whereas early methods proposed for this task often
produced compounds for which synthetic tractability was a major limitation [59], a number of more recent
approaches have been validated in retrospective and prospective evaluations to confirm both synthetic
tractability and activity for the biological target of interest [60]. New methods for growing ligands into a
(fixed) protein environment continue to be an active focus of research, particularly using fragment
replacement strategies [61], genetic algorithms [62], and deep learning [63]. Modern methods can yield
impressive performance, though typically with the caveat that benchmarking typically entails building back
a ligand into the protein structure it was taken from — so, it remains unclear if (or how well) these methods
can accommodate changes to the protein structure in response to the ligand.

Overall, our library-building strategy is most similar to that encoded as part of the Diversity-
Oriented Target-focused Synthesis (DOTS) workflow [64]. This iterative hit-to-lead strategy starts from
the crystal structure of an initial fragment hit, and considers chemical transformations (using available
building blocks) that could be used to elaborate the fragment. The elaborated fragments are ranked using
virtual screening, then the top-scoring compounds are synthesized and tested (using robotic instrumentation
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for the synthesis). The top-performing derivatives are then used as the starting point for a new round of
optimization. Another related approach, PathFinder [65,66], uses free energy perturbation (FEP)
calculations to evaluate synthetically-tractable substituents, coupled with active learning to reduce the
computational requirements by inferring effects of substitutions that have not yet been explicitly modeled.

Using enumerated libraries, it is easy to very quickly build up chemical libraries that become too
large for explicit virtual screening. This has already been observed in the context of computational hit
finding (i.e., naive screening, as opposed to hit-to-lead optimization), enabled by the growth of “make-on-
demand” catalogs from vendors including Enamine [7]. Back when this library comprised “only” 170
million compounds, it was possible to explicitly dock each compound through a massive brute-force
campaign [7]. By now, the library has grown to 19 billion compounds available for delivery, which far
exceeds what can be addressed through any kind explicit structure-based screening. Our own previous work
explicitly screened diverse representatives of an intractably large library to search for useful chemotypes
first, then extracted from the library analogs of these compounds for a second round of screening [9]. Other
studies have trained machine learning models to predict docking scores from chemical structures, as a
means to rapidly obtain the outcomes from docking in a much less resource-intensive way [67,68].

The key finding of our study is that we can quickly and reliably estimate the interaction energy for
the compounds in our enumerated libraries, by assuming pairwise additivity of the substituents. This is
important, because it allows us to assign energies across huge libraries, without needing to explicitly dock
each compound: only the component fragments need to be docked, and the compatibility of their poses
verified. With respect to hit-to-lead optimization, it also confirms that one can find the compounds with the
best interaction energies by simply selecting the best fragments and merging them with one another — but
only if the fragments’ shared cores are precisely aligned with one another in the binding site.

Traditional hit-to-lead optimization in medicinal chemistry focuses on building up structure-
activity relationships by evaluating the functional consequence of separately changing individual side
chains: the underlying hope is that after multiple substituents are separately optimized, they can later be
productively merged. Unfortunately, this frequently does not quite turn out to be the case, as the
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substituents’ contributions are often non-additive [69]. At first, this seems to run counter to the claim we
make here, that fragment contributions are strongly additive.

A recent study carried out a careful survey of examples from the literature that demonstrate strong
and verifiable non-additivity, in a variety of different protein-ligand systems for which crystal structures
are available [46]. In nearly every example identified, the authors find that the ligand exhibits an altered
binding mode in response to one or more of the substitutions. Thus, the conclusion from these examples
aligns closely with our own observation, that additivity can be assumed only if the shared core does not
change position. While it is not feasible to use x-ray crystallography to verify the binding modes of all
fragments in a hit-to-lead optimization campaign, an inherent advantage of using structure-based modeling
for driving SAR is that the binding modes are provided for each fragment. This, in turn, is necessary to
inform on which fragments can be productively merged with one another.

In our screens, a relatively high proportion of the fragment cores could be merged with one another.
In part, this was due to our decision to focus at the outset on kinase inhibitors: as noted earlier, these
inhibitors engage the kinase hinge region in a set of prescribed hydrogen bonds (Figure 2). This interaction
is very strongly templated, and thus tends to be closely recapitulated amongst the fragments that elaborate
the hinge-binding scaffold. Thus, the architecture of the kinase binding site contributes to the conserved
pose of the shared core, which in turn leads to additivity of the substituents. Conversely, and in keeping
with the survey of examples in which non-additivity is observed [46], we do not expect that the same high
proportion of fragments can be merged with one another for binding sites that lack a strongly templated
interaction to enforce the pose of the shared core.

While fragment pose prediction has historically proved challenging, improved methodologies have
now delivered dramatic successes [70-72]. Looking forward, we expect that continued advances will soon
allow for reliable identification of fragments that share overlapping cores. Such fragments can naturally be
merged on the basis of their shared core, and then libraries to diversify the component fragments will

provide a natural path for hit-to-lead optimization.
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Finally, we leave with the caveat that the pairwise additive approximation allows for very rapid
screening of huge chemical libraries on the basis of interaction energies. The use of interaction energies
fundamentally ignores contributions from binding conformational entropy, and calculations are carried out
in the absence of explicit solvent: accordingly, one cannot expect these interaction energies to strictly
correlated with the compounds’ binding affinities. Much akin to deep learning models for predicting
docking scores [67,68], this strategy merely provides a way to rapidly estimate an admittedly-crude quantity
(interaction energy) that cannot be evaluated at the scale needed to keep up with the growth of library sizes.
It will prove very natural to integrate this strategy into a layered approach, by which the size of the library
is progressively culled through the use of increasingly-expensive methods, and ultimately using tools such
as free energy perturbation (FEP) calculations [73] and orthogonal machine learning scoring functions [9],

in combination with tools for predicting ADME-PK [74], to select compounds for further study.

Methods

Computational protocol

Computational tools to enable the use of this protocol are publicly available on GitHub

(https://github.com/karanicolaslab/CombiChem).

For a given fragment, protonation states and tautomeric states were assigned using OpenEye
QUACPAC FixpKa, using pH 7.4. Partial charges assigned were in OpenEye’s QUACPAC
(assigncharges.py, using AMIBCC). Conformers were generated using OpenEye OMEGA. For our
analysis of pairwise additivity, we generated up to 100 conformers for each fragment, and used an RMS
threshold of 0.6 A for conformer deduplication. For our screens, we instead generated 10 conformers for
each fragment, and used the flags “-fixfile” and “-deleteFixHydrogens false” to keep the hinge-binding core

fixed (thus restricting conformational diversity onto the substituent).
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Alignments into the protein structure were carried out using RDKit, based on the core hinge-

binding motif. Structures were then refined using PyRosetta’s MinMover for energy minimization, with the

L-BFGS gradient minimizer at a convergence threshold of 1E-0.6, and the interaction energies were

reported by PyRosetta.

Structures of the kinase-bound fragments were merged into the complete inhibitor using a Python

script (included in the GitHub repository above). Finally, the complete inhibitor (after merging) was re-

minimized using the same PyRosetta protocol, and the interaction energies were collected.

Results described in our study were generated using OMEGA version v3.0.0.1, QUACPAC version

2.0.2.2, RDK:it version 2020.03.3.0, and PyRosetta version 2020.03.post.dev+57.master.

Steps to ensure pairwise additivity of fragment scores

Our initial attempts to use the chemical double mutant cycle presented earlier (Figure 5a) did not

yield strongly pairwise additive interaction energies. Careful decomposition of the contributions to the

evaluated energies pointed to four factors that were responsible for essentially all of the non-additivity

(Figure S2).
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Figure S2: Basis for non-additivity in modeling kinase inhibitors from fragments. Early calculations
yield results that were not strongly pairwise-additive, making these unsuitable for estimating interaction
energies of the merged compounds. We found that this non-additivity can arise from 1) inconsistent
assignment of partial charges, 2) steric clashes between substituents, 3) incompatible positioning of the
core hinge-binding motif, or 4) differences in the modeled conformation of the protein in response to
different fragments.

To obtain interaction energies that are closely pairwise additive, we found the following steps to
be necessary:

1) Consistent parametrization: Partial charges were often assigned differently between the full

inhibitor and the corresponding fragments. For this reason, we generated partial charges only
using the full inhibitor, then transferred these charges to fragments.

2) Avoiding steric clashes between substituents: Scenarios can arise in which two different

fragments present a substituent that occupies the same region of the binding site. When merged,
the two substituents obvious clash with one another. For the examples presented in our study,
this scenario occurred only in a very small number of cases (involving long and flexible
substituents), because the substituted vectors on these hinge-binding cores point away from
one another.

3) Positioning of the hinge-binding core: If two substituents each prefer a conformation of the

shared core that is inconsistent with the other substituent, then both cannot be satisfied in the
context of the merged compound. As presented earlier (Figure 5b), this source of non-
additivity can be greatly mitigated by merging only pairs of fragments that position the hinge-
binding motif in precisely the same pose.

4) Protein conformation: Similarly, if two substituents each require that the protein adopts a

conformation that is inconsistent with the other substituent, then both cannot be satisfied in the
context of the merged compound. As noted earlier, kinase inhibitors typically have a flat hinge-
binding core, with substituents that extend in both directions parallel to the hinge (Figure 2).
The substituent facing the kinase’s aC-helix occupies the so-called “hydrophobic back-pocket”

of the binding site [75] (Figure 2, right side of the compounds drawn), and can be associated
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with structural changes in response to the different inhibitors. By contrast, substituents at the
other side of the hinge-binding core are typically partially exposed. Thus, modeling fragments
that face the aC-helix often lead to small structural changes, whereas those facing in the
opposite direction do not. When calculating energies for a complete inhibitor, we accordingly
find that pairwise additivity holds more reliably when refinement is started from a protein

structure that was pre-built in complex with the fragment that occupies the back-pocket.

Estimating rank of compounds from fragment scores

In the benchmark screening experiments, we ranked five experimentally-validated analogs relative
to the rest of the enumerated library. While this was straightforward with smaller libraries, the library built
around BDBM50246162 contained almost 300 billion compounds. Determining the precise rank for each
active compound would require explicitly counting how many compounds from the library score
better/worse than the active analog (a large calculation).

Instead, we instead estimated the rank of each active analog by relying again on the pairwise
additivity of the components. For a given analog, we determined the rank of each of the three component
fragments relative to all substituents at the corresponding position. For a given fragment, we converted the
rank to a percentile (by dividing by the number of fragments), and then to a Z-score by using a standard
normal table. Given the independence of the three component fragments, we then summed the Z-scores to
yield a Z-score for the complete compound. We then used a standard normal table to convert the latter Z-
score to a percentile, which provides an estimate of the proportion of the library that scores ahead of the

query (active) compound.

PDB structures used in calculations

Calculations involving structures of the parent inhibitors bound to their cognate kinases were drawn

from the corresponding PDB structures: MC180295/CDK9 (PDB: 6W9E), BDBM50091276/CHK1 (PDB:
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4RVK), CHIR-124/CHK1 (PDB: 2GDO), BDBM7773/CDK2 (PDB: 1KE7), and BDBM50246162/ACK1
(PDB: 3EQR).

Selectivity calculations across the CDK kinase family were initiated from crystal structures these
proteins: CDK1 (PDB: 5LQF), CDK2 (PDB: 4EOQ), CDKS5 (PDB: 4AUS), CDK6 (PDB: 2EUF), CDK7
(PDB: 1UA2), CDKS8 (PDB: 5IDN), CDK9 (PDB: 3BLQ). Because there were no crystal structure available
for CDK3, CDK4, and CDK11, comparative models were generated using SWISS-MODEL [76] for these
(using PDB templates 4EOR, 1X02, and 6GUE, respectively).

Screens were carried out against the inhibitor-bound kinases, and also structures solved with a
nucleotide (ATP/ADP/AMP/etc.) rather than an inhibitor. The nucleotide-bound structures used in these
screens were: MC180295/CDK9 (PDB: 4IMY), BDBMS50091276/CHK1 (PDB: 7AKM), CHIR-

124/CHK1 (PDB: 7AKM), BDBM7773/CDK2 (PDB: 2CCH), and BDBM50246162/ACK1 (PDB: 1U54).

Acknowledgements

This work used the Extreme Science and Engineering Discovery Environment (XSEDE) allocation
MCB130049, which is supported by National Science Foundation grant number ACI-1548562. This work
was supported by grants from the National Institute of General Medical Sciences (RO1GM123336) and
from the National Science Foundation (CHE-1836950). This research was funded in part through the

NIH/NCI Cancer Center Support Grant P30CA006927.

38


https://doi.org/10.1101/2021.06.01.446684
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.01.446684; this version posted June 2, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplemental Tables
Internal SMARTS string to SMARTS string to generate fragments
. . search PubChem for . o .
Library library . o s from the resulting building blocks (i.e., by
suitable building e . f . o
name blocks linking onto the hinge-binding core)
[HIC([HI) (Br) [#6] (=0 | [#6:4]-[#6:2]1(=[0:1])-
R1 )-[#6]-1=[#6] - [#6:3]1Br>>[#6:4]-[#6:2] (=[0:1]) -
[#6]1=[#6] - [#6]=[#6] - [#6:3]1-1=[#6] (- [#7]1)-[#7]1=[#6] (-
1 [#71)-[#16]-1
R2 [HI [#7]1 ([H])-* [#6:1]-[#7H2:2]1>>[#6:1]-[#7:2]-[#6]-
MC180295 1=[#7]-[#6] (- [#7])=[#6]-[#16]-1
[#6:6]-[#6:2]1(=[0:1])-
[#6:3]1Br. [#6:5]-[#7H2:4]>>[#6:5] -
R1_R2 [#7:4]-[#6]-1=[#7]-[#6] (-
[#71)=[#6:3]1 (- [#16]-1)-[#6:2] (-
[#6:6]1)=[0:1]
[H] [#7]1 ([H])-[#6]- [#7:6]-[#6:5]1-1=[#6:7]-[#7:1]1=[#6:2]-
1=[#6] (I)-[#6]=[#6]- [#6:3]1=[#6:4]1-1I>>[#7:6]-1-[#6:5]-
R1 [#7]1=[#6]-1 2=[#6:4] (- [#6:3]=[#6:2] -
[#7:1]1=[#6:7]1-2)-[#6]-2=[#6]-1-
[#7]1=[#6]-[#6]=[#6]-2
[H] [#8]- [#5] (- (#8] - [#5] (- [#8])-[*:1]>>[*:1]-[#6]-
BDBM50091276 | R2 [*,#1]) - [#8] [H] 1=[#6]- [#6] -2=[#6] (- [#7] - [#6]-3=[#6] -
[#7]1=[#6] - [#6]1=[#6]1-2-3)-[#7]1=[#6]-1
[#7:2]-[#6:3]1-1=[#6:4]-[#7:5]1=[#6:6] -
[#6:7]1=[#6:8]1-11. [#8]-[#5] (-[#8])-
R1 R2 [*:11>>[*:1]-[#6]-1=[#6] - [#6] -
- 2=[#6] (- [#7:2]-[#6:3]-3=[#6:8]-2-
[#6:7]1=[#6:6]-[#7:5]1=[#6:4]1-3) -
[#7]1=[#6]-1
[H] [#7]1-1-[#6] (=0) - [0:6]=[#6:5]-1-[#6:7]~[#6:8]-[#7:1]-
R1 [#8] - [#6] (=0) - [#6] - [#6:2] (=[0:31)-[#8:4]-
2=[#6]-1-[#6]=[#6] - 1>>[0:3]=[#6:2]-1-[#7:1]-
[#6]=[#6]-2 [#6:8]~[#6:7]1-[#6:5]1=[#6:4]1-1
[H] [#7]-1-[#6]-
2=[#6] (- [#6]=[#6]-
[#6]1=[#6]-2) - [#6]-[#6] - [#6] - [#8]-[#6:3]1(=[0:4]) -
R2 [#7]1=[#6] - [#6:2]-[*:1]1>>[*:1]-[#6:2]-1=[#6]-
CHIR-124 1C([H]) ([H]) [#6] (=0) | [#6]-2=[#6]- [#6]=[#6]- [#6]=[#6]-2-
- [#7]1-[#6:3]1-1=[0:4]
[#81C([H]) ([H])C([H]
) ([H]) [H]
[0:6]=[#6:5]-1-[#6:7]~[#6:8]-[#7:1]-
[#6:2] (=[0:31)-[#8:4]1-1. [#6]-[#6]-
R1_R2 [#6]-[#8]-[#6] (=0)-[#6]-[*:9]1>>[*:9]-
[#6:4]-1=[#6:5]-[#6:7]1~[#6:8]-[#7:1]-
[#6:2]-1=[0:3]
[H] [#7]1 ([H])-[#6]- [#7:1]-[#6:2]-1=[#6:3]-[#6:4]1=[#6:5] -
R1 1=[#6] - [#6]=[#6] - [#6:6]1=[#6:7]1-1>>[#7]\ [#6]=[#6] -
[#6]=[#6]-1 IN[#6](=0) - [#7:1]1-[#6:2]-2=[#6:3]-
[#6:4]=[#6:5]-[#6:6]1=[#6:7]1-1-2
[HI [#7]1 ([H])-* [#7:11-[*:21>>[*:2]-[#7:1]1\[#6]=[#6] -
BDBM7773 R2 1/[#6] (=0) - [#7]-[#6]-2=[#6] -
[#6]1=[#6] - [#6]=[#6]-1-2
[#7:1]-[#6:2]-1=[#6:3]-[#6:4]1=[#6:5] -
R1_R2 [#6:6]=[#6:7]1-1.[#7:8]-[*:9]1>>[*:9]-
[#7:8]\[#6]=[#6]-1/[#6]1(=0)-[#7:1]-
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[#6:2] -2=[#6:3] - [#6:4]=[#6:5] -
[#6:6]=[#6:7]-1-2

[H] [#7] ([H])-* [(#7:2]-[*:1]1>>[#7] - [#6]-1=[#7] -
R1 [#6]=[#6]-2-[#6] (- [#7:2]-[*:1]1)=[#7]-
[#7]-[#6]-2=[#7]-1
[H] [#7] ([H])- (#7:1]-[#7:2]-[*:3]>>[#7] - [#6] -
R2 [#7]1 ([H])-* 1=[#7:1]1-[#7:2]1(-[*:3]1) - [#6]1-2=[#7]-

[#6] (- [#7]1)=[#7]- [#6]=[#6]-1-2

[HT T#77 (TH1) -* [#7:21- [*:11>> [#7] - [#6] - 1=[#7] - [#7] -
BDBM50246162 R3 [#6]1-2=[#7]-[#6] (-[#7:2]-[*:1])=[#7]-
[#6]1=[#6]-1-2

[#7:2]-[*:11.[#7:3]1-[#7:4]-
[*:51.[#7:7]1-[*:6]>>[*:1]-[#7:2]-
R1_R2_R3 [#6]-1=[#7:3]1-[#7:4]1 (-[*:5])-[#6]-
2=[#7]-[#6]1 (- [#7:7]1-[*:6]1)=[#7]-
[#6]=[#6]-1-2

Table S1: SMARTS templates for transforming building blocks into libraries. The R1 and R2
SMARTS strings encode the reactions needed to transform building blocks into the corresponding
fragments (i.e., by adding the hinge-binding scaffold). The R1 R2 SMARTS strings encode all at once
the complete set of reactions needed to transform multiple building blocks into the final inhibitor.

Option Value
Single or double bonds match aromatic bonds True
Chain bonds in the query may match rings in hits True
Atoms must be of the specified isotope True
Allow match to tautomers of the given structure True
Atoms must match the specified charge False
Rings may not be embedded in a larger system False
Remove any explicit hydrogens before searching False
Table S2: Search parameters for identifying building blocks in PubChem, using SMARTS matching.
AA BLOCKS Ambinter Chembhere Sigma-Aldrich
Aurora Fine . SynHet - Synthetic
ABI Chem Chemicals LL.C ChemTik Heterocycles
AKos C0n§ultlng & BLD Pharm Enamine TimTec
Solutions
Alichem ChemBridge Life Chemicals Vitas-M Laboratory
Ambeed ChemDiv MuseChem

Table S3: Vendors included in our search for available building blocks.
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