
 

Machine learning helps predict drugs'
favorite subcellular haunts

September 29 2023, by Greta Friar

  
 

  

Cancer drug sunitinib (bright green) concentrates in certain subcellular
compartments rather than dispersing homogeneously throughout the cell. Credit:
Henry Kilgore/ Whitehead Institute

Most drugs are small molecules that bind firmly to a specific
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target—some molecule in human cells that is involved in a disease—in
order to work. For example, a cancer drug's target might be a molecule
that is abundant inside of cancer cells. The drug should hypothetically
travel freely throughout the cell until it comes to its target and then lock
onto it, leading to a therapeutic action.

However, small molecule drugs do not travel in such an unrestricted
manner; instead, they tend to concentrate in specific regions of the cell.
This is because each drug is capable of interacting with many more
molecules than its target.

These other interactions tend to be weaker, like static cling versus the
pull of a powerful magnet, but they can accumulate when molecules are
concentrated together in cellular compartments called condensates. In
these compartments, collective weak interactions may detain a
significant percentage of drug molecules, keeping them localized either
in the same neighborhood as their target or far away from it.

Researchers in Whitehead Institute Member Richard Young's lab are
working to understand the chemical environments inside of different
condensates and how these chemistries interact with those of small
molecules. In research published in Nature Chemical Biology on
September 28, Young and colleagues—including Regina Barzilay, the
School of Engineering Distinguished Professor for AI and Health in the
Massachusetts Institute of Technology (MIT) Computer Science &
Artificial Intelligence Lab—trained a machine learning model to predict
in which condensates a drug will concentrate based on their chemical
features.

This work shows that interactions between condensates and small
molecules help to determine where in the cell a small molecule will end
up and what it will interact with, which may be relevant to understanding
many cellular processes and to the design of safe and effective drugs.
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If a large percentage of a small molecule drug, for instance, ends up in a
condensate that does not contain the drug's target, then much higher
doses of the drug may be required for it to work, increasing the
likelihood of toxicity and unintended side effects. Conversely, a drug
designed to frequent the same condensate as its target would likely be
more effective at lower—and so, typically, safer—doses.

"Our work suggests that if you want to develop a very efficacious drug,
then you should know where the target of the drug is in the cell with
respect to these compartments," says Young, who is also a professor of
biology at MIT. "This would inform researchers and companies of the
best way to develop a drug so that it is optimally concentrated near its
target."

Decoding condensate chemistry

Young lab researchers have spent years dedicated to the study of
condensates, membrane-less cellular compartments that form when
certain molecules tangle together to make a droplet within the cell, like a
bead of oil suspended in water. These droplets function as organizational
spaces in which the cell can gather together the right combination of
molecules in the right location to perform their functions.

Young and others have found evidence that condensates play this
organizational role in many different cellular processes. They have also
found evidence that drugs can concentrate in condensates, and that this
may affect their efficacy. In 2020, Young and colleagues published a 
Science paper showing that the commonly used cancer drug cisplatin
concentrates in transcriptional condensates, which keep the drug near the
cancer-causing genes that it acts on.

Young lab postdoc Henry Kilgore and graduate student Kalon Overholt,
co-first authors on the new paper, wondered what they would learn if
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they systematically tested whether and how different drugs concentrate
in different condensates. First, they tested a large swathe of drugs to
confirm that it is a common occurrence for drugs to concentrate in
specific compartments rather than dispersing freely throughout the
whole cell: they found that it is.

Next, they devised a system to study what might be causing drugs to
concentrate in one condensate over another. They created models of
three important types of condensates: one involved in gene transcription,
one involved in gene repression, and the nucleolus—a large condensate
inside of the nucleus that produces ribosomes. The researchers isolated
the dominant type of protein that forms the framework of each of these
three types of condensates, and formed simplified condensates made
solely of each dominant protein.

Then the researchers assembled a library of more than 1,500 small
molecules with a wide variety of chemical features, and tested to see
how strongly they would concentrate in each of the three model
condensates. Most of the small molecules did favor one condensate over
the others. Co-first author Peter Mikhael, a graduate student in Barzilay's
lab, trained a machine learning model on this data to identify patterns in
how the small molecules sorted into different condensates.

The model found that the molecules that favored each type of
condensate tended to have shared chemical features, and were more like
each other than like molecules that favored other condensate types. It
identified a number of features that seem to affect where molecules end
up. For example, transcriptional condensates tended to attract small
molecules containing electron-rich aromatic rings (a certain type of ring
structure). Using these patterns, the model was very good at predicting in
which of the simple condensates additional drugs would concentrate.

Next, the researchers tested how well the model could predict where
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drugs would concentrate in live cells. It had moderate success. The lower
accuracy reflects that the model was trained on simplified cases of single-
protein condensates. In a cell, condensates contain hundreds of proteins,
each of which may influence the local chemical environment, and
condensates and other cellular compartments don't exist in isolation: they
compete to accumulate a drug.

The researchers are now working to understand the physical and
chemical properties of these many proteins, so that they can improve
their models. They also intend to narrow in on the specific mechanisms
by which condensates create a favorable chemical environment for some
molecules over others.

"In order for us to make use of condensate biochemistry, we would
really like to have predictive power over where different molecules
concentrate. While we're still at the early stages, it's exciting to envision
a world where we have much finer control over where exactly drugs that
we synthesize will go, such that they have maximum efficacy and
minimal unwanted side-effects," Mikhael says.

In the meantime, the researchers hope that this work demonstrates the
importance of re-thinking how cells are organized, and considering
where molecules concentrate based on their chemical features.

"The inside of the cell has evolved to be highly compartmentalized, and
that means the small molecules inside the cell are not distributed
homogeneously," Overholt says. "It has been exciting to talk to experts
from different fields and realize how many disciplines could potentially
draw from our work on how molecules actually distribute in the cell."

The researchers anticipate that their work will be very useful to drug
developers, but they also expect it to prove relevant to a number of other
processes that occur within cells. More and more critical cellular
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processes are being found to rely on condensates to organize when and
where relevant molecules concentrate. The better that researchers
understand the chemical coding that regulates this organization, the
better they will understand how essential cellular processes take
place—and what may be going awry with them in disease.

"Everything we've learned about condensates in this study suggests that
condensates and other cellular organelles have a powerful effect on the
distribution of small molecules," Kilgore says. "I'm convinced at this
point that condensate small molecule selectivity has fundamental
implications for biology and drug discovery."

  More information: Henry R. Kilgore et al, Distinct chemical
environments in biomolecular condensates, Nature Chemical Biology
(2023). DOI: 10.1038/s41589-023-01432-0
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