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Al is changing how

We Study prOteinS Nobel Prize in emistry 2024

Protein design and structure prediction

A protein’s sequence can guide a prediction of its three-dimensional shape.

AlphaFold

Amino-acid sequence

MGLSDGEWQLVLNVIWGKVEA
DIPGHGQEVLIRLFKGHPET
LEKFDKFKHLKSEDEMKASE...

200M +

predictions openly available

Human myoglobin AlphaFold DB milestone - July 2022

A protein that stores oxygen in muscle

Google DeepMind EMBL-EBI i

Predicted 3D structure

A structural model gives researchers a starting point for experiments.

Jumper et al., Nature (2021) - EMBL-EBI (2022) - NobelPrize.org (2024) - Predictions still need experimental assessment.



What made this possible?

Protein research built a shared foundation that Al could learn from.

A common language Shared experiments Al and computing
MGLSDGEWQLVL
NVWGKVEADIPG 1 2 8

HGOQEVLIRLFEKG

TPU v3 cores

Sequences we can compare Structures we can learn from Original AlphaFold 2 training
.*°%

Prot ¢

Infrastructure makes the data reusable: storage, access and search.

W ORLDTWTID E Then inference across millions of proteins

SPDB

PROTEIN DATA BANK

What would it take to do this for small molecules?

Jumper et al., Nature (2021) - EMBL-EBI (2022) - Experimental structure example: PDB 1MBN.
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>90% of natural products remain undiscovered




>90% of natural products remain undiscovered
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A garden yew offered another route to Taxol

A chemotherapy medicine

English yew needles

v
: !

Taxus brevifolia bark Paclitaxel (Taxol) Taxus baccata 10-deacetylbaccatin I11
— ~/
40—165 mg ~1,000 mg
Taxol per kg of bark* precursor per kg of fresh needles
Bark harvesting could kill the tree. Needles regrow after careful harvesting.

Chemists could turn this garden-yew precursor into Taxol.

*Historical isolation yields, not a direct concentration comparison. Bark range spans yew species. Denis et al., JACS (1988).



Useful molecules can be hard to obtain from plants

Vinblastine Camptothecin

~./< j 0 Z Nothapodytes

= O | nimmoniana

0
\ OH

Starting material for
Anticancer medicine anticancer medicines

™M< Catharanthus
N roseus

1,010 mg / kg

1,000 kg of dry leaves contain1 g

. 48x more recovered from roots
at that concentration



Could we find the important
connections sooner?




Mass spectrometry archive and search engine
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Relative lon Intensity

Mass/Charge (M/Z)
Retention Time (seconds)

Billions of MS measurements
from all around the world

roseus

Sampling and measurements



Different questions.
A shared collection of measurements.

Plant chemistry Drug discovery Food chemistry
Which taxanes are Which plant compounds What molecules are
present in yew needles? have anticancer activity? present in our food?
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Related molecules can connect
different scientific questions

Which taxanes are present in yew needles? Which plant compounds have anticancer activity?

Chemical steps turn
the precursor into Taxol

A related molecule provided another route to Taxol.



Could another study help
explain your spectrum?
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How do we find that connection at this scale?

Retention Time (secondlz)ooo 500 Mass/Charge (M/Z)
Huge transformer neural Huge amount of training

network data



DreaMSs learns by predicting hidden peaks

DreaM$S
s (Deep Representations
% Empowering the Annotation
of Mass Spectra)
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Huge transformer neural
network

Input Output
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DreaMs representations
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DreaMSis a state-of-the-art spectral similarity for ...

Library retrieval Analog search
Pearson = 0.70 Pearson = 0.58 1.0 1.0
1 N
0 1lz10?  gos 5 0.8
: ' E : )
= - B 206 2 0.6
8 -10'R & 3
- =100 2 o4 o
X - © — DreaMS (AUC = 0.85) © 0.4
Cé) i = Spectral entropy (AUC = 0.82) = DreaMS (AUC =0.77)
0 0.2 Cosine (AUC = 0.80) 0.2 MS2DeepScore (AUC = 0.74)
0 - 10 ?D"ﬁ?zﬁ:ﬂag\f’g ;6())'78) ' Modified cosine (AUC = 0.71)
0.0 0.5 1.0 0.0 0.5 1.0 0.0 L Spectral entropy (AUC = 0.72)
Morgan Tanimoto Morgan Tanimoto 0.00 025 050 0.75 1.00 O'OO_O 02 04 06 08 10
False Positive Rate False Positive Rate
... COMparing spectra :
b ced P gl P l .. library ... analog search /
aSCd On moiccuiar . .
A retrieval molecular networking
similarity
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What could this skin signal be?
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A skin measurement from a
psoriasis study

J

Your measurement

Unknow signal still can have
neighbourhood

Spectrum MSV000082674




Its neighbours come from studies
asking different questions

Other skin Citrus-leaf
samples study
~ A @ @

_ 372.10 Facial-cleanser
X 100- Food sample
> study
% 329.08 404.12
Dqé 0 — — . R Ll l Il

50 100 200 300 400

. m/z
A skin measurement from a Wallboard

L psoriasis study y @

Your measurement

What might connect these
observations?

Spectrum MSV000082674



Navigating the “internet of mass spectrometry”

O Face

0.86 \*.

a
b is one of 3 closest O8>
< > ’ ( ) neighbors of a \O
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& Starting node @ Wallboard / O:
-
-

— s —» s =DreaMS similarity a3 /’
. ’/ > QS Ly )
@ n = cluster size S te o Vb,
e P e / e
N _N P
N O Fruits and vegetables

@ Azoxystrobin
(fungal pesticide)

Does azoxystrobin pesticide provoke psoriasis?

© Pesticide mix

Spectra of all nodes have a
precursor m/z of 404.1

O Arm
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What if you start with a chemical family?

Menthane monoterpenoids Statins Taxanes

(-)-Menthol [Lovastatin Paclitexal (Taxol)
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Flavouring and cooling Lowering cholesterol




NPKB nNATURAL PRODUCTS KNOWLEDGEBASE Search compount [ IEEEN Compounds Classes Features Organisms Data Find by measurement Proposals Deposit

The chemistry of living things, with the measurements attached

Natural small molecules linked to the spectra that identify them, the organisms that make
them and the pathways that build them.

Compounds v Isochlorogenic acid A, C6H1206, Triterpenoids, Homalomena occulta -
Examples Isochlorogenic acid A C6H1206 Triterpenoids Homalomena occulta
Still filling up: 2 of the datasets NPKB ships with are not in yet, including 2 untargeted runs. A run carries the features and its source organism, so those stay at zero until it lands. What is still to
come.
e 7 A i 12 ; Natural Products Knowledgeb
! '
COMPOUNDS UNRESOLVED FEATURES ORGANISMS SPECTRA DEPOSITIONS COUNTRIES SAMPLED a u ra ro uc S nOW e ge ase

HOW MUCH OF THIS KNOWLEDGEBASE IS MEASURED ORGANISMS WITH LINKED CHEMISTRY

Viridiplantae e | 100.08%
Metazoa [EE————————— 100.0%

Compounds in NPKB
e |

Share of the organisms in each kingdom that have at least one compound recorded from them.
...with a mass spectrum

..froman authentic standard ‘ . . ‘

W
0 collection site({s) with coordinates, across 12 deposition(s) . .

For swall molecules

5-OXO-D-PROLINE D-GLUCOSE-6-PHOSPHATE e O G DEOXYCORTICOSTERONE
NPK-8008988 - C5H7NO3 & ™ NPK-8088987 - C6H1309P AN NpK-8008986 - C23H3204

Counted from the entries actually held here, not estimated against a catalogue of known chemistry.

WHERE THE MATERIAL COMES FROM

— No collection coordinates recorded yet.




Taxol is one member of a larger chemical family

Paclitaxel (Taxol) Cephalomannine
NPK-0002244 NPK-0004701

The highlighted side groups are different.

Do these related molecules behave the same way?



A small structural change can alter metabolism

Paclitaxel Cephalomannine
Where did enzymes add an OH group?

Paclitaxel

15%

Cephalomannine

64 %

0 2 Side chain B Core (C60)

Similar structures can be processed differently.

How the body processes a medicine can affect
how well it works and what side effects it causes.

Zhang et al., 2008, doi: 10.1124/dmd. 107.018242



NPK connects a molecule to its family
and the measurements behind it

400

Cephalomannine Two deposited reference spectra
Taxane diterpenoid - C, . H_NO_, Positive ions - [M+H]" - precursor 832.354
83.05
Related molecule Sl 105.03
£ 50 -
Q
\
2 a il |Im_Jh_quu.ﬁ1le..m._|m._.m_. L.,
0 100 200 300
m/z
MoNA Alkaloids000154 - 202 peaks
: Negative ions - [M+CI] - precursor 866.317
Paclitaxel (Taxol) Q 7 | I-p
NPK-0002244 z 1%
g 5.
|\| NPK-0004701 E |
Structure and identifiers s ) S 500 S0 05 . il
m/z

MoNA QE_Alk _neg000040 - 17 peaks

Choose a spectrum. Follow it into the Atlas.

700



DreaMsS Atlas + NPK

Follow a molecule’s spectrum into a wider neighbourhood

NPKB

Natural Products Knowledgebase

N
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MoNA Alkaloids000154 - [M+H]" - m/z 832.35



So many connections.

Cephalomannine

NPK-0004701 - Taxane diterpenoid
Related NPK molecule
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Where do we look next?

Researcher + Al agent
What could explain these connections?
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Examples from the reference neighbourhood

Seawater

MSV000085480
Atlas node 528664

Human-sample study

Atlas node 17797298

Choose what to test next
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Measurements from different studies can help us
ask a new biological question

Mouse microbiome study

How do microbes change Human diet study
’ . )
the body’s chemistry? How does diet relate
) Connect evidence to our gut microbiome?
om 0 across studies
: o
0 N m.J._“_JJML wlie o I ‘ . | . | I O
0 100 200 300 400 500
m/z Q

Phe-chol reference MS/MS

Earlier mouse liver-cancer study

How does inflammation

promote liver cancer? = 0 (O Could gut bacteria |
be making these American Gut
ey Samples with and molecules?
. without antibiotics

' Proposed agent support Published discovery: Quinn and colleagues, Nature (2020)



Could gut bacteria
be making these molecules?

Yes. Two bacterial strains made new forms of bile acids.

Bacteria produced Why does this matter?
the new molecules in culture

Gut bacteria can make previously unknown

¢ Bl Phenylalanocholic acid versions of our own bile acids, and these
molecules can affect how our cells receive
00 signals.
5 ‘ A 0h C. bolteae WAL-14578
§ 80 i \ 96 h C. bolteae WAL-14578
§ 60 ] . 0h C. bolteae CC43 001B
g 40 / _— | 96 h C. bolteae CC43 001B
-c% 20 / 0 h medium
[0 96 h medium
O
4 S 6 7 o} 9
Time (min)

Published experiment: Phe-chol

Published discovery: Quinn and colleagues, Nature (2020)



Our ambition
Turn overlooked connections into testable hypotheses

NPKB

Natural Products Knowledgebase

DrealVlS Search w I\‘

Find similar spectra j Molecules and supporting evidence

Explore related measurements
Researcher + Al agent

Investigate together

Gather evidence | Assess explanations | Propose an experiment to consider



Our next step

Test hypotheses in real experiments

A hypothesis to test

100%

‘)
DrealVlS Search S s

What could explain this signal?

Find similar spectra

Wet-lab experiments

Does the explanation hold up?

DreaMsS Atlas

Explore related measurements

Sample + control

New measurements — shared evidence

lllustrative signal based on MassBank CE000168

N Natural Products Knowledgebase

Molecules and supporting evidence

7
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Researcher + Al agent

Plan and interpret experiments



Every discovery can make
old data more useful

A new reference can help us

revisit unexplained spectra from , e
years ago. ~ Identified today

A new reference

The measurements are already there. A | :
Our knowledge keeps growing. R 7 3k 3R B e T
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