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Over 90% of marketed drugs are small molecules, low molecular weight organic
compounds that have been discovered, designed, and developed to prompt a
specific biological process in the body. Examples include antibiotics (penicillin),
analgesics (paracetamol) and synthetic hormones (corticosteroids). On average, it
takes 10–15 years to develop a new medicine from initial discovery through to
regulatory approval and the total cost is often in the billions. For every drug that
makes it to the market, there are many more that do not, and it is the outlay
associated with abortive efforts that accounts for most of this expense. The
discovery of new drugs remains a significant challenge, involving teams of
researchers from chemistry, biology, drug development, computer science and
informatics. In this article wewill discuss the key concepts and issues encountered
in small molecule preclinical drug discovery and introduce some of the emerging
technologies being developed to overcome current obstacles.
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1 Introduction

Small molecule drugs are synthetic medicinal chemicals designed to mimic, enhance, or
diminish the behaviour of natural substances or products within the body. They have
relatively simple structures, customizable to meet specific therapeutic goals. They are
generally stable and rarely need specialized storage conditions. Their behaviour in the
body, or in vivo, is usually predictable, leading to straightforward, often oral, dosing
protocols that patients find easy to manage. They can treat a wide variety of diseases
because they can move through the body easily, transferring from the gut via the blood
stream to the site of action, permeating through cell membranes to reach intracellular targets.
They can be administered as pills, inhalers, suppositories or injectables, making them very
flexible.

The chemical structure of small molecules can be designed to interact selectively with
specific biological targets. By altering the atomic composition of small molecules, their
overall properties can be fine-tuned to a particular purpose, eliciting only the desired
response. The flexibility afforded by being able to explore all “chemical space” in this way,
offers small molecule approaches a marked advantage over other modalities. The process of
inventing a small molecule drug and ensuring that it performs precisely as it should,
minimizing unwanted side effects, involves meticulous design and synthetic mastery from
researchers, often over several years.

Compared to therapeutic proteins, or biologics, they are also easier to develop
(Makurvet, 2021). Once optimized, small molecule drugs can be manufactured very
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reproducibly, an advantage for researchers seeking a return on their
investment. Once patent life expires, non-branded generic forms of
the medicine will increase availability to patients.

In this mini-review we will describe the key concepts and
considerations involved in the discovery of small molecule drugs,
covering traditional approaches, and discuss how recent advances
such as the rise of artificial intelligence and innovative new
modalities have reinvigorated the field.

1.1 How do small molecules interact with
biological targets?

Proteins are the most common therapeutic targets; they are large
complex molecules that play important roles in the body. Proteins
are comprised of small building blocks known as amino acids. The
sequence in which these amino acids are arranged determines the
precise shape and function of the protein.

There are many ways in which small molecules work to elicit a
therapeutic response in the human body (Silverman, 1992; Patrick,
2001; Young, 2009). Three of the most common are listed below:

1. Enzyme inhibitors—enzymes are proteins that catalyze
biochemical reactions. By blocking the activity of these
proteins, small molecules can interfere with disease processes
to provide therapeutic benefits. Statins are a class of enzyme
inhibitor drugs; they work by inhibiting the activity of an enzyme
involved in the production of cholesterol in the liver. By reducing
overall cholesterol levels in the body, they reduce the risk of heart
disease and stroke.

2. Receptor agonist/antagonists—small molecules that can interact
with proteins that exist on the surface of cells, usually in one of
two ways: agonists which activate the receptor, mimicking the
natural signaling molecule or antagonists which block the
receptor, inhibiting the binding of the natural signaling
molecule and reducing activation. Albuterol is a receptor
agonist prescribed for the treatment of asthma which activates
the receptor responsible for opening the airways in the lung.

3. Ion channel modulators—ion channels are proteins embedded in
cell membranes which are responsible for regulating the flow of
ions into and out of those cells. They play a key role in a wide
variety of physiological processes including regulation of
heartbeat and neurotransmission. Small molecule drugs can
modulate the opening and closing of these channels to treat
diseases such as epilepsy.

Many of the mechanisms of action described above involve a
well-defined region on the protein into which a small molecule
can fit and bind. These regions are known as active sites, and the
geometric arrangement of their amino acids is such that they
only have affinity for a few naturally occurring molecules, or
substrates, within the body. This mechanism is often referred to
as the “lock and key” theory. By understanding the requirements
of the lock, researchers can create the best small molecule “key”
to fit it and thereby generate the desired response. The stronger
and the more specific the compound interaction with the amino
acids of the targeted active site is, the less likely that compound
will be to bind to different proteins. In turn, the fewer side effects

it will have. Thus, the design of small molecule drugs is highly
specialized.

As a result of better disease understanding and the development
of innovative technologies, more diverse approaches for disease
modulation by small molecules have evolved that exploit
different mechanisms of action. Examples include the modulation
of protein-protein interactions (PPI) (Wells and McClendon, 2007)
(Trisciuzzi, et al., 2023), bifunctional protein degraders (Sun, et al.,
2019) and stabilizers (Dong, et al., 2021; Henning, et al., 2022;
Mullard, 2023). Some of these other modalities are explored later in
the article. Table 1 shows some of the small molecule drugs that have
reached the clinic over the last century, highlighting the evolution of
their structural complexity as well as their mechanisms of action.

2 The preclinical drug discovery
process

Paths towards the identification of a preclinical drug candidate
that successfully reaches the market are complicated, and depend
upon a variety of factors including the complexity of the disease and
the rigorous validation and testing required to meet regulatory
approval requirements. The general process is outlined in
Figure 1. In the following sections we will discuss each stage of
the process in more detail.

2.1 Target discovery

Before drug discovery programs are prosecuted, the chosen
biological target must be validated as relevant. This can be a time-
consuming process as researchers try to demonstrate the role of the
target in a particular biological pathway, process, or disease of interest
(Schenone, et al., 2013). Upon validation, the assumption is made that
modulation of that target will elicit the desired effect. Proteins remain
the most represented class of therapeutic targets (Santos, et al., 2017),
but other types of biological molecules can also be targeted by drugs,
such as nucleic acids (DNA and RNA) (Kulkarni, et al., 2021).
Therapeutic targets are chosen based on the disease being treated
and the potential to interfere with the mechanisms of disease
progression. For example, many anti-cancer drugs target proteins
responsible for abnormal cell growth and division whilst for
Alzheimer’s disease, a common target is amyloid beta, a protein
that forms plaques (Ramanan and Day, 2023). Drugs can be
developed to prevent plaque formation or degrade those that have
already formed.

2.2 Screening and lead identification

Once the research team understands the physiological role
played by the target, they can assess how its modulation will
affect the disease state and begin their search for a chemical
agent to achieve the desired outcome.

If researchers know little or nothing about a target at the outset
of their work (maybe the utility of the target has only just been
discovered, and the team is seeking to be first-in-class) then the
simplest approach is a random high throughput screen (HTS). In this
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approach a large library of structurally diverse compounds (usually
over 100 K) will be tested against the target, in the hope that some
will prove active. These can be compounds that the researchers have
purchased or made before, or purified natural products. Hit rates are

typically low (~1%, or sometimes lower!) but the goal is to find
something, and build the project up from the actives, or seeds, identified.

Medicinal chemists continually wrestle to ensure that the
compound collections they use for screening are fit for purpose.

TABLE 1 Examples of small molecule drugs that have reached the clinic and the mechanisms of action associated with them.

Name Molecular structure Smiles Mechanism
of action

Clinical
stage

Indication

Aspirin CC(=O)Oc1ccccc1C(O)=O Enzyme Inhibitor Approved 1915 Pain

Salbutamol
(Albuterol)

CC(C)(C)NCC(O)C1=CC(CO)=C(O)C=C1 |c:
15,t:8,12|

Receptor Agonist Approved 1974 Asthma

Ciprofloxacin OC(=O)C1=CN(C2CC2)c2cc(N3CCNCC3)
c(F)cc2C1=O |t:3|

Enzyme Inhibitor Approved 1987 Antibiotic

Atorvastatin CC(C)c1c(C(=O)Nc2ccccc2)c(c(-c2ccc(F)cc2)
n1CC[C@@H](O)C[C@@H](O)CC(O)=O)-
c1ccccc1

Enzyme Inhibitor Approved 1996 High
Cholesterol

Lenalidomide Nc1cccc2C(=O)N(Cc12)C1CCC(=O)NC1=O Degrader Approved 2005 Multiple
Myeloma

Ivacaftor CC(C)(C)c1cc(c(NC(=O)
C2=CNc3ccccc3C2=O)cc1O)C(C)(C)C |t:11|

Ion Channel
Potentiator

Approved 2012 Cystic Fibrosis

Ibrutinib NC1=NC=NC2=C1C(=NN2[C@@H]
1CCCN(C1)C(=O)C=C)
C1=CC=C(OC2=CC=CC=C2)C=C1 |c:
3,5,8,30,32,35,t:1,23,25,28|

Covalent Approved 2013 Mantle Cell
Lymphoma

Venetoclax CC1(C)CCC(CN2CCN(CC2)c2ccc(C(=O)
NS(=O)(=O)c3ccc(NCC4CCOCC4)c(c3)
[N+]([O-])=O)c(Oc3cnc4[nH]ccc4c3)
c2)=C(C1)c1ccc(Cl)cc1 |c:57|

PPI modulator Approved 2016 Chronic
Myeloid

Leukaemia

Bavdegalutamide
(ARV-110)

FC1=C(C=C2C(=O)N(C3CCC(=O)NC3=O)
C(=O)C2=C1)N1CCN(CC2CCN(CC2)
C2=NN=C(C=C2)C(=O)NC2CCC(CC2)
OC2=CC(Cl)=C(C=C2)C#N)CC1 |c:
20,37,39,56,58,t:1,3,35,53|

PROTAC Phase II
(NCT05177042)

Prostate
Cancer

RM-6291 CCN1C2=C3C=C(C=C2)N2CCO[C@H](C2)
C[C@H](NC(=O)[C@H](C(C)C)N(C)C(=O)
C2(F)CCN(CC2)C(=O)C#CC(C)(C)N(C)C)
C(=O)N2CCC[C@H](N2)C(=O)OCC(C)(C)
CC3=C1C1=C(N=CC=C1)[C@H](C)OC |c:
5,7,66,71,73,t:3,69|

Molecular Glue Phase I
(NCT05462717)

Non-Small
Cell Lung
Cancer
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It is estimated that the total number of compounds that make up oral
druglike chemical space is 1060 (Reymond, et al. 2010). Even a
screening set containing a million compounds—which is
rare—barely scratches the surface of available druglike space. In
cases where more is known about a target (perhaps the binding site
of the agents has already been ascertained), the screening set can be
more focused. To create that focus, virtual screening can be
undertaken. Docking experiments, in which compounds are fitted
into the known binding site using a software package, can be carried
out ahead of the physical testing. In this way researchers can
eliminate compounds that have no hope of binding and promote
those that have a better chance. This process is known as structure-
based virtual screening because it is enabled by knowledge of the
protein structure. This type of screening is designed to evaluate
specific compound binding hypotheses, unlike the random HTS
experiments described earlier.

Where the binding site is not known, it may still be possible to
create a focused screening set if agents active against the target have
been identified in previous efforts. In what is known as a ligand-
based virtual screen, compounds with similar structures to the
known actives are selected, in the hope that these will provide a
best-in-class solution. These might contain motifs structurally
similar to those in the comparator actives, or different while still
bearing similar protein interaction properties. These scaffold
hopping searches can be conducted in two- or three-dimensions,
and success often opens new intellectual property space.

The concept of the fast follower takes the focus concept even
further. Here a synthetic effort will start from a validated active
discovered during a previous effort, to address residual target
selectivity, drug stability or toxicological concerns as rapidly as
possible. Often, this can result in the discovery of one or more
new chemical series.

Having identified a suitable set of compounds for test, whether
that be a random HTS with many compounds, or a smaller focused
set informed by prior knowledge, the search is then performed. Lots
of preparation goes into this: an assay must be created, expressing

the target protein in relevant cell systems, validated using
appropriate control compounds, and the correct concentrations
at which to test compounds determined through pilot work.

2.3 Lead expansion

Hopefully, the researchers will get some hits. These may all come
from the same structural class of compounds, or chemotype, or from
several different ones. Either way, attention will now focus strongly
on the active chemotypes, and the elucidation of the structure-
activity relationship (SAR).

In a manner akin to the ligand-based virtual screening described
above, researchers will seek to augment their knowledge around hit
chemotypes by searching compound databases for additional,
structurally related test materials. Such databases could be
corporate, in-house compound collections, or the catalogues of
commercial suppliers. If key compounds prove unavailable, the
team will synthesize them.

Armed with the additional information this augmentation
provides, researchers will first verify that there really is an SAR. A
group of structurally related compounds which are all active is a
potential red flag: genuinely bioactive compounds interact with
the target protein and cases should exist where those interactions
are suboptimal, and activity is reduced. If a chemotype is active
across all its members (a “flat” SAR) this may indicate false
positivity, arising from an artefactual phenomenon in the assay
and not the desired interaction. Such chemotypes would drop out
of contention.

Having removed these duds, the surviving chemotypes are
compared to see which ones are most likely to generate a
marketable clinical candidate down the line. Several factors
inform the decision. For instance, can new members of the
chemotype be synthesized quickly so that its optimization will be
cost effective? Are the actives already known in the literature, and/or
the intellectual property of competitors? Can the probable side effects

FIGURE 1
An overview of the drug discovery process from target discovery to market approval.
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of the compounds or their stability in vivo be anticipated, through
modelling and testing, and plans created to discharge such risks?

Researchers will execute a design-make-test-analyse (DMTA)
cycle to explore a chemotype through synthesis and assay.
Computational scientists help to design the compounds best able
to complete the study in the fewest number of cycles, deploying
models to assess risks and predict activity, refining their forecasts
and guiding the research ever more accurately over time as further
data are acquired. In this way, the team builds a data package for
each chemotype, allowing them to make an informed choice
between them and create an issue-focused plan as they move
forward into the optimization phase.

2.4 Lead optimization to preclinical
development

At this stage of the process the objective is to gain as much
knowledge as possible about the lead compounds’ efficacy and safety
before they are tested in humans during clinical trials. This usually
involves a multitude of laboratory tests, or assays, to assess both the
drug’s action on the body and the body’s action on the drug.

A successful drug needs to be able to reach its target and exert a
medicinal effect for the required length of time. Depending on the
indication, this timeframe can varymarkedly. A sleeping pill must reach
its site of action quickly and be eliminated from the body by morning,
whereas a drug designed to alleviate more chronic indications, such as
cancer or dementia, will ideally last much longer. While target
interaction, or engagement, is essential for a small molecule to have
the desired pharmacological effect, it is equally vital that drugs be able to
reach the location of the target efficiently and in sufficient concentration
to effect that target engagement. It must also do so as selectively as
possible to minimize potential toxicity and undesired side effects.

The engagement of a compound with the target of interest is
investigated using structural biology techniques, through the
computational creation and exploration of 3D models of the target.
These structural models are central to the further design and
optimization of compounds during the lead optimization phase, as
researchers endeavour to improve the “fit” of the compound to the
active site.

DMPK (drug metabolism and pharmacokinetics) studies allow
researchers to understand how their compounds are absorbed into,
distributed around, and eliminated from the body whilst
pharmacodynamics (PD) studies the interactions of the drug
with the body and tells the team about the potency and
effectiveness of the compound. These assessments drive
decisions during the discovery process, combining lab-based
experimentation with the use of computational modelling and
machine learning methods to make early predictions of various
DMPK outcomes (Obrezanova, 2023). They help to determine the
optimal dosage, side effect profile and toxicity risks. Toxicity can
arise directly, through the action of the compound itself
(insufficient selectivity for the required target) or indirectly, by
interfering with the action of other drugs. Such drug-drug
interactions (DDIs) are often problematic: if one drug inhibits
critical enzymes then another might endure in the body to a much
greater extent than is safe. This is a major concern in geriatric care
for instance, where frail patients often take many medicines at once.

Thus, there are a vast number of consider researchers must think
through at this stage to ensure their agents are safe and effective, and the
DMTA cycle continues until this is achieved. Researchers will make
modifications to the structures of their leading compounds to arrive at a
better balance of DMPK properties. They will seek to bring about the
desired clinical outcome from the smallest possible dose—another good
strategy for the elimination of side effects. At the same time, they will
seek to ensure that any structural changes they make will neither
diminish potency against their target nor reduce selectivity. Drug
discovery researchers often find themselves optimizing multiple,
often competing parameters to find the “sweet spot” that will deliver
the optimal properties for a given indication.

Prior to entering clinical trials, compounds are assessed both
in vitro and in vivo. The latter involves the use of animal models,
usually but not exclusively rodents, to represent the systems and
functions of the human body. Such studies reveal important
pharmacological and toxicological information, and until such
time as computer modelling becomes so accurate that we can
turn confidently to human volunteers when testing new drugs in
vivo for the first time, their use will always have a place. At the same
time, ethical concerns clearly have a huge role in driving the future of
drug discovery, and pharmaceutical companies continue to drive
animal testing down to the bare minimum needed, cognizant of the
fact that in vivo responses in such testing do not always translate
effectively to humans. There is continued heavy investment in more
and better in vitro and ex vivo testing, and computer modelling, to
meet this important challenge (Powell, 2018).

Many times, despite months of costly effort, it proves impossible
to design a drug which is both safe and efficacious (DiMasi et al.,
2003). At other times though, success is achieved. A drug candidate
is developed with the activity, safety and DMPK profile needed to
combat the targeted disease with a dose regimen that best suits the
lifestyle of the patient. These compounds move forward to clinical
trials.

3 Emerging technologies in small
molecule drug discovery

Despite the large amount of money invested in drug discovery,
there are still only around 500 treatments but over 7,000 human
diseases (Austin, 2021). Drug discovery is expensive and time-
consuming, with high rates of late-stage attrition due to lack of
efficacy or compound related safety issues. The high failure rate
underlines the complexity of drug discovery; learning from past
mistakes and exploring new technologies is crucial if the industry is
to improve its success rate. The implementation of innovative
methodologies such as artificial intelligence (AI) and the
development of new modalities to target “undruggable” targets
are two ways the industry is evolving to improve the chances of
producing new therapies and better patient outcomes.

3.1 Artificial intelligence (AI)

AI techniques offer the potential to improve the speed, efficiency
and therefore cost of the drug discovery process on the basis that
computers are more efficient at analyzing and processing large
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amounts of data to help researchers make less biased, more informed
decisions (Brown, et al., 2020). A current example of AI application
is in compound screening (Sadybekov and Katritch, 2023).
Traditional high throughput screening is limited to hundreds of
thousands of compounds at best, but AI can be used to screen millions
of compounds virtually, solving the chemical space conundrum in a
much more cost-effective way to identify potential novel drug
candidates. Some commercial vendors have enormous compound
libraries of synthetically tractable compounds which can be made to
order if a virtual screen suggests they will be active. The ability of AI to
explore broader chemical space improves the chances of success in
finding potential leads and is especially pertinent given the rise of
clinically approved compounds that reside outside traditional “oral
druglike chemical space” (Doak, 2014). In other areas, advanced
machine learning models are trained utilizing neural networks,
imitating the biological network of the human brain, and used
to predict the efficacy of compounds and safety endpoints
(Cavasatto and Scardino, 2022). In turn, better informed
decisions are made at an earlier stage in the process, mitigating
the risk of more costly late-stage failure (Vamathevan, et al., 2019).
Natural language processing (Gruetzemacher, 2022) can mine and
process millions of scientific research articles to reveal insights into
disease mechanisms and biology. AI tools now commonly used in
drug discovery can design molecules from first principles (Vanhaelen
et al., 2020), repurpose (Prasad and Kumar 2021; Roessler, et al., 2021)
known drugs for the treatment of other diseases and even help plan
synthetic routes (Thakkar, et al., 2021) based on prior knowledge.

This all highlights one of the key challenges with AI in drug
discovery (Bender and Cortés-Ciriano, 2021). To be well enough
informed to make accurate decisions, AI tools require large volumes
of data from which they are “trained”. In the absence of sufficient
quality and volume of data, these tools can be unreliable and inaccurate.

One of the most cited examples of how transformative AI can be
in the field of life sciences is the release of DeepMind’s AlphaFold,
which uses deep learning technology to predict three-dimensional
protein structures from amino acid sequences (Jumper, et al., 2021).
The neural network system used was trained on a vast dataset of
protein structures and sequences, learning the intricate relationship
between amino acid sequences and their preferred spatial
arrangements with high accuracy. Whilst this has revolutionized
the field of protein structure prediction, its full impact on the field of
drug discovery is only just starting to be realized (Arnold, 2023).

AI holds much promise and has achieved some notable
successes so far but human researchers are clearly far from being
replaced; their experience is key to the validation of AI tools and the
interpretation of their predictions (Jiménez-Luna et al., 2020). The
synergistic integration of AI technologies, traditional screening
approaches and human wisdom remains essential for modern
drug discovery programs to successfully deliver new treatments
(Griffen et al., 2020).

3.2 New modes of action for small
molecules

The occupancy-based mode of action for many small molecule
drugs has historically precluded a significant portion of the genome.
For example, non-enzymatic and/or intrinsically disordered

proteins do not possess well-defined active sites to which small
molecules can bind. Such targets have been considered
“undruggable”, but innovative strategies to chemically modulate
these proteins are emerging and have attracted huge interest in drug
research and development, offering the potential to treat many more
diseases and address at least some of the gaps in unmet patient need
(Blanco and Gardinier, 2020).

For instance, certain amino acids on the surface of a target
protein, even in otherwise featureless active sites, are capable of
bonding chemically to covalent drugs. Since such compounds
directly attach to target proteins, rather than interact transiently,
they offer benefits such as increased efficacy and specificity as well as
extended duration of action. An example of a marketed covalent
drug is ibrutinib, approved by the FDA in 2013 for the treatment of
various blood cancers, which works by blocking the activity of a
protein involved in the growth and survival of cancer cells (Shaywitz,
2013).

Another new modality for small molecules is their use in the
disruption/modulation of the interactions between two or more
target proteins. Biological processes are frequently regulated
through such protein-protein interactions (PPIs), so directly
targeting them can bring about therapeutic benefits. Venetoclax
is an approved PPI drug prescribed for the treatment of acute
myeloid leukemia (AML) and chronic lymphocytic leukemia
(CLL). Its mode of action involves disrupting the interaction of
two proteins that would otherwise work together to promote cancer
cell survival (Roberts and Huang, 2017).

Protein degrader therapies take advantage of the body’s
natural processes to schedule disease-causing proteins for
degradation. The degrader recruits undesirable proteins to the
cellular machinery responsible for protein breakdown, leading to
their elimination. Lenalidomide (Armoiry et al., 2008) is a
degrader that promotes the removal of a protein promoting
cancer cell growth, FDA-approved for the treatment of
multiple myeloma in 2005. This approach has been developed
further in recent years, giving rise to a new class of drugs called
PROTACs (proteolysis-targeting chimeras). Bavdegalutamide is
an example of a PROTAC drug currently in Ph II trials for the
treatment of prostate cancer (Gao, et al., 2022).

4 Conclusion

The field of small molecule drug discovery continues to evolve
and remains a highly promising path in the pursuit of novel
therapeutics (Härter, et al., 2022; Howes, 2023). Through
meticulous design and rigorous testing in both preclinical and
clinical settings, researchers in both the pharmaceutical industry
and academia are advancing our understanding of disease biology.
Compounds entering the clinic in recent years have successfully
challenged previous dogma regarding the molecular properties
required for an oral drug and the methodology by which disease
progression can be arrested. Ongoing investment and advances in
biology, computational technologies and innovative synthetic
chemistry are providing researchers with increasingly efficient
and precise tools for small molecule discovery and design. The
synergistic partnership between scientific expertise and
technological progress still holds great promise for the discovery
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and development of small molecule medications and treatments in
the future.
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