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Molecular mimicry in the Al era:
teaching the universal architecture

of deception

Vittoria Buccigrossi

Discover how pathogens use molecular mimicry to hide from immunity, and
how generative Al turns the tables by designing synthetic decoys.

Introduction: the biological disguise

In nature, camouflage is a brilliant strategy for survival. A
similar strategy, known as ‘molecular mimicry’, occurs when
molecules produced by a virus or bacterium, including cer-
tain toxins, closely resemble molecules found naturally in
the human body.

Nature uses evolution to develop adaptations that help or-
ganisms survive in their environments.[" This molecular cam-
ouflage typically occurs in one of two ways: It can manifest
as short, identical sequences of amino acids (primary struc-
ture), or it can occur when completely different proteins fold
into an almost identical three-dimensional shape (confor-
mation), which our body mistakes for its own.
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Stolen identities: the paradox of
molecular mimicry

The story of molecular mimicry begins with an evolutionary
plot twist. When scientist Raymond Damian formalised and
popularised the concept in 1964, he described molecular
mimicry as an ‘invisible cloak’. He suggested that microbes
evolved surface molecules (antigens) that resemble host
cells, thereby prompting the immune system to leave them
alone.”

Researchers realised that this survival trick has a dangerous
side effect: autoimmunity. Autoimmune disorders are com-
plex and multifactorial, but molecular mimicry represents
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one key triggering pathway. When the immune system gener-
ates antibodies to attack an invading pathogen, those same
antibodies can sometimes cross-react with healthy host tis-
sues if the microbial and human proteins share structural
similarities. Confused by this disguise, the immune response
can target the body’s own cells.?!

Beyond triggering antibody cross-reactivity, pathogens also

use mimicry to interfere with cellular signalling. By mimick-

ing human molecules (ligands), microbial proteins can bind
directly to human receptors and alter cellular functions.™

These are some examples:

e HIV-1Tat: The Tat protein produced by the human im-
munodeficiency virus 1 (HIV-1) acts as a structural mimic
of the Vascular Endothelial Growth Factor (VEGF), which
binds to VEGF receptors to interfere with the formation
of blood vessels.! Furthermore, Tat compromises the in-
testinal epithelial barrier function by inducing enterocyte
apoptosis.l?

e E. coli ST toxin: Pathogenic Escherichia coli produces
heat-stable enterotoxins (STa toxin family) that struc-
turally mimic human gut hormones like guanylin and
uroguanylin. STa binds intestinal guanylyl cyclase C
receptors with far higher potency and irreversible action
compared to native hormones, triggering massive fluid
secretion and severe diarrhea. Unravelling this irrevers-
ible process has deepened our understanding of bacteri-
al pathogenesis and driven the design of novel drugs for
gastrointestinal disorders and colorectal cancer
(figure 7).
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Al as the medical detective

Finding these microscopic disguises was a slow and reactive
process. Scientists use text-based software such as BLAST
to compare amino acid sequences, using scoring matrices
(such as BLOSUM62) based on chemical properties and evo-
lutionary conservation (i.e, how frequently one amino acid
replaces another during evolution)."” However, our immune
system does not read proteins like lines of text; it recognizes
them as complex 3D biological puzzles. Many of these dis-
guises are conformational, meaning how a protein folds in
space. Varying amino acid sequences can produce similar 3D
shapes, which linear comparisons may miss as they cannot
directly predict 3D spatial folds.I™

Deep learning platforms such as AlphaFold have bridged
this gap by predicting 3D atomic coordinates directly from
primary sequence data, allowing scientists to instantly visu-
alise spatial interfaces without waiting for time-consuming
experimental methods such as X-ray crystallography. During
the COVID-19 pandemic, structural mapping tools helped re-
searchers uncover cross-reactive antibody responses and
correlate them with disease severity in patients.'? Today,
these predictive models can offer bioinformaticians a strate-
gy to screen and identify potential targets of cross-reactivity
between pathogens and hosts, thereby providing an addi-
tional tool to address epidemics in the future.

Fighting fire with fire

While pathogens have spent millions of years refining their
disguises, structural biology now allows us to use their
own strategy against them. Using generative protein design

Figure 1: The graph compares the primary sequence
alignment and 3D structural mimicry between bacte-
rial enterotoxins (STs) and human gut hormones. (A)
The primary sequence alignment illustrates that se-
quences can vary across human hormones (Guanylin
and Uroguanylin) and bacterial toxins. Conservative
amino acid substitutions (e.g., swapping isoleucine
for leucine) retain key chemical properties. Variants

L like E. coli EAST1 demonstrate that mimicry of shape
and function can persist even when their amino acid
sequence show low similarity. (B) A comparison of 3D
structures show how heat-stable enterotoxin type

A (STa represents the toxin family responsible for
human diarrheal disease) adopts the spatial fold of
native human hormones to engage the exact same
receptor.

Image taken from Ref. [7]
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platforms such as ProteinMPNN, researchers no longer just
study natural disguises but can also design synthetic traps
from scratch.

Here is how a molecular trap works (figure 2):

1. Generative artificial intelligence (Al) analyses the precise
3D interface of a human cell receptor that a virus nor-
mally attacks (steps 1-4)

2. The Al algorithm designs an artificial protein that mimics
the human receptor, but with a much stronger binding
affinity (steps 5-7)

3. In experimental models, these synthetic decoys inter-
cept the pathogen. Tricked by this artificial mimic, the
virus binds tightly to the decoy protein, becoming neu-
tralised before it can reach host cells (step 8).

While Al-designed decoy proteins, such as engineered sol-
uble hACE2 decoys (a decoy designed to bind to the spike
protein of the SARS-CoV-2 virus), have demonstrated neutral-
isation efficacy in vitro and in preclinical animal models,™
their deployment in human patients is currently undergoing
early-phase clinical trials rather than being used as part of
routine clinical practice."™

Bypassing the traditional, trial-and-error chemical screening
process, generative Al mathematically optimises molecular

traps for perfect stability, turning nature’s oldest deception
into a brand-new class of targeted therapeutics.™

Conclusion

Molecular mimicry shows us that biological interactions de-
pend on pattern recognition whether inside a human cell or
within a computer model. Where there is a pattern, evolution
finds a way to exploit it.

For a long time, medicine viewed molecular mimicry defen-
sively, studying how microbes cause disease. Today, struc-
tural biology and generative Al allow us to uncover these
disguises in seconds. However, transforming a computer-
designed molecule into a clinically viable medicine requires
a long and rigorous development process. No Al-designed
decoy proteins or engineered molecular traps have yet been
approved for routine clinical use, although several recom-
binant molecules are currently undergoing preclinical and
early-phase clinical evaluation. Despite these advances,
chemical synthesis, recombinant protein production, in vi-
tro cell-based assays, tissue and organoid validation, animal
safety studies and human clinical trials remain indispens-
able for translating computational predictions into clinically
viable interventions.

Al MEDICAL DETECTIVE: UNCOVERING PROTEIN MIMICRY AND Al DECOY TRAPS

Based on information from Google DeepMind, EMBL-EBL, and scientific concepts of molecular mimicry.
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Figure 2: Deep learning tools like AlphaFold scan human proteome databases to identify structural mimicry hotspots where viral
proteins disguise themselves as host molecules. Guided by these insights, the Al designs synthetic decoy proteins that bind to the
pathogen, preventing host cell entry and halting autoimmune reactions.

Image generated by Al assistant Gemini per user specifications and verified for conceptual accuracy by the author.
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Key takeaways

»  Biology intersects with information science. Biology in-
volves highly complex living systems, but molecular and
structural biology also rely on patterns of information.
The structural principles underlying antibody and virus
recognition are conceptually similar to the pattern rec-
ognition capabilities of Al algorithms applied to complex
datasets.

»  Proteins are 3D structures, not just sequences. Under-
standing protein folding and three-dimensional architec-
ture is essential for elucidating disease mechanisms and
designing targeted therapeutics.

e Al accelerates discovery, but biology requires validation.
Generative Al can substantially accelerate early-stage
drug discovery by predicting and selecting promising
candidate molecules. However, translating in silico
predictions into patient care still requires experimental
validation, preclinical studies and clinical trials. €€

References

[1] Toro S (2021) Biomimicry: linking form and function to
evolutionary and ecological principles. Science in School
53.

[2] Damian RT (1964) Molecular mimicry: antigen sharing by
parasite and host and its consequences. The American
Naturalist 98: 129-149. doi: 10.1086/282313

[3] Rojas M et al. (2018) Molecular mimicry and autoimmu-
nity. Journal of Autoimmunity 95: 100-123. doi: 10.1016/].
jaut.2018.10.012

[4] Elde NC, Malik HS (2009) The evolutionary conundrum
of pathogen mimicry. Nature Reviews Microbiology 7:
787-797. doi: 10.1038/nrmicro2222

[5] Nyagol ) et al. (2008) HIV-1 Tat mimetic of VEGF correlates

with increased microvessels density in AIDS-related
diffuse large B-cell and Burkitt lymphomas. Journal of
Hematopathology 1: 3-10. doi: 10.1007/s12308-008-0002-z

[6] Buccigrossi V et al. (2011) The HIV-1 transactivator factor
(Tat) induces enterocyte apoptosis through a redox-me-
diated mechanism. PLoS ONE 6: e29436. doi: 101371/jour-
nal.pone.0029436

[7] Lin JE et al. (2010) Bacterial heat-stable enterotoxins:
translation of pathogenic peptides into novel targeted
diagnostics and therapeutics. Toxins 2: 2028-2054. doi:
10.3390/toxins2082028

www.scienceinschool.org

[8] Albano F et al. (2005) Guanylin and E. coli heat-stable
enterotoxin induce chloride secretion through direct
interaction with basolateral compartment of rat and
human colonic cells. Pediatric Research 58: 159-163. doi:
10.1203/01.PDR.0000163380.96434.B9

[9] Popoff MR (2024) Overview of bacterial protein toxins
from pathogenic bacteria: mode of action and in-
sights into evolution. Toxins 16: 182. doi: 10.3390/tox-
ins16040182

[10] Henikoff S, Henikoff JG (1992) Amino acid substitution
matrices from protein blocks. Proceedings of the Na-
tional Academy of Sciences 89: 10915-10919. doi: 101073/
pnas.89.22.10915

[11] Akdel M et al. (2022) A structural biology community
assessment of AlphaFold2 applications. Nature Structur-
al & Molecular Biology 29: 1056-1067. doi: 10.1038 /541594~
022-00849-w

[12] Shrock E et al. (2020) Viral epitope profiling of COVID-19
patients reveals cross-reactivity and correlates of severi-
ty. Science 370: eabd4250. doi: 10.1126/science.abd4250

[13] Linsky TW et al. (2020) De novo design of potent and
resilient hACE2 decoys to neutralize SARS-CoV-2. Science
370: 1208-1214. doi: 10.1126/science.abe0075

[14] Zoufaly A et al. (2020) Human recombinant soluble ACE2

in severe COVID-19. The Lancet Respiratory Medicine 8:
1154-1158. doi: 10.1016/52213-2600(20)30418-5

[15] Dauparas ) et al. (2022) Robust deep learning-based
protein sequence design using ProteinMPNN. Science
378: 49-56. doi: 10.1126/science.add2187

Resources

e Explore protein structures through interactive molecular
viewers, videos and paper models on RCSB PDB-101.

e View Al-predicted 3D protein structures in the AlphaFold
Protein Structure Database.

e Learn about protein folding and design by playing the
Foldit puzzle game.

e Compare amino acid sequences and explore their simi-
larities using NCBI BLAST.

e Check out this video describing molecular mimicry in
autoimmune disorders.

e Watch this video explaining how BLOSUM62 scoring
works.

e Learn about solving protein structures: Heber S (2021)
From gaming to cutting-edge biology: Al and the protein
folding problem. Science in School 52.
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Read about protein crystallization and ESRF: Cornuéjols D
(2009) Biological crystals: at the interface between phys-
ics, chemistry and biology. Science in School 11: 70-76.

Learn about the science behind protein crystallography
and grow your own crystals from protein: Blattmann B,
Sticher P (2009) Growing crystals from protein. Science in
School 11: 30-36.

e Discover how camelid (belonging to animals like camels,

alpacas and llamas) antibodies could revolutionise med-
ical science: Hammarén M (2024) Inspired by camelids:

nanobodies are a magnificent molecular velcro. Science
in School 70.

Learn how studying protein structures helped scientists
tackle COVID-19 during the pandemic: Wilson R (2021)
Pulling together: a collaborative research approach to

study COVID-19. Science in School 51.

Learn how students explored the form and function of
proteins through an engaging art competition from EMBL:
Hall S (2024) Unfold Your World: using art to explore the
story of life. Science in School 67.

Discover the many facets of proteins in our world:
Obermiiller CS, Pisano MP (2025) Nature's body build-
ers: explore the fascinating world of proteins. Science in
School 7M.

Explore how students can bring biological molecules to
life through a science-inspired art exhibition: Stroe O
(2019) Art meets molecular biology. Science in School 46:
29-33.

AUTHOR BIOGRAPHY

Vittoria Buccigrossi spent 20 years as a molecular bio-
logy researcher at the University of Naples Federico .
She now teaches natural sciences, chemistry and biology
at a scientific high school, applying her academic exper-
tise to integrate emerging research and Al tools into
secondary STEM education.

CcC-BY

N\
—)/_///l EIROforum

Text released under the Creative Commons CC-BY license.
Images: please see individual descriptions

www.scienceinschool.org/article/2026/molecular-mimicry-ai-teaching-architecture-of-deception/


https://www.scienceinschool.org/article/2009/crystallography/
https://www.scienceinschool.org/article/2009/crystallography/
https://www.scienceinschool.org/article/2009/lysozyme/
https://www.scienceinschool.org/article/2024/nanobodies-are-a-magnificent-molecular-velcro/
https://www.scienceinschool.org/article/2024/nanobodies-are-a-magnificent-molecular-velcro/
https://www.scienceinschool.org/article/2021/pulling-together-collaborative-research-approach-study-covid-19/
https://www.scienceinschool.org/article/2021/pulling-together-collaborative-research-approach-study-covid-19/
https://www.scienceinschool.org/article/2024/unfold-your-world/
https://www.scienceinschool.org/article/2024/unfold-your-world/
https://www.scienceinschool.org/article/2025/fascinating-world-of-proteins/
https://www.scienceinschool.org/article/2025/fascinating-world-of-proteins/
https://scienceinschool.org/article/2019/art-meets-molecular-biology/
https://www.scienceinschool.org/copyright/

	_Hlk152077981
	_Hlk159575698
	_Hlk206677530

