Al-designed variants

Decoding the Black Box:
How Al Engineers
‘Water Armor’ for
Super-Stable Proteins

Uncovering the mesostructured hydration
mechanism behind ProteinMPNN's
hyper-resilient ubiquitin variants.

THE DISCOVERY: Al-generated mutations . o
create a hidden "force field" of ordered water e L o Mesostructured
molecules—not protein mass—to achieve hydration shell

impossible stability. low 3 high
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The Anomaly: Al Variants Survive
Conditions That Shred Biology
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The ‘Locked Room’ Problem: The Protein Core Is Unchanged

0.4 A

RMSD / Structural Deviation

12013

Conserved Hydrophobic
Core Residues

The Mystery: Crystal
structures confirm the
internal support beams
(the core) are identical.

If the inside hasn't
changed, what is holding
the structure together
against 120°C heat?
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Clue #1: The NMR Fingerprint Reveals Hidden Drag

Biophysical Characterization: Nitrogen-15 Relaxation Rates (R,)
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Key Deduction

 Rotational Correlation
Time (¢ ): Increased from
415ns > 5.5ns.

Interpretation: The
protein is tumbling
slower, as if wearing a
“heavy coat.” This
indicates local frictional
coupling with the solvent.



Clue #2: The ‘Smoking Gun’ - An Impermeable Surface
Hydrogen-Deuterium Exchange (HDX) after 48 Hours
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Deduction: In normal Ubiquitin, water swaps hydrogen atoms quickly. In the Al variants, a
physical barrier blocks the solvent from reaching the backbone for over 48 hours.
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Clue #3: Surviving the Chemical Bath

A Wild-Type Ubiquitin in 8M Urea
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Stress Test: Even in pH 3.0 acid and 8M Urea (a powerful denaturant), the Al
variant refuses to unfold. The chemical attackers simply bounce off the surface.
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The Verdict: Stability from the Outside In

NMR 1/ -:.~ 1 ".1**1 A\ y 7 . HD)(
Dynamics ([[[xsi6k7, %) (1 . Permeability

High Friction = g 5% 2w/ /| Low Exchange =
i AON LY Sealed Surface.

CONCLUSION:

The stability is not intrinsic to the
protein’s fold. It is extrinsic, derived
a 'Mesostructured Hydration Shell.
The Al didn't just design the protein;
it designed the water around it.

Chemical
Stress

No Unfolding= Y\,
Physical Barrier. /&
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Mechanism: The Mesostructured
Hydration Shell

® MD Simulations reveal a Primary
rigid lattice, not a fluid. Hydration
® Water molecules are (Dﬁgilﬂ)

“trapped,” with
significantly increased
residence times.

® Massive increase in water-
water hydrogen bonds
creates a self-reinforcing
network.




— The Blueprint: Engineering Electrostatic Anchors N

Wild-Type Ubiquitin Al Variant R4 The Al Strategy:

& Surface Charge
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Enrichment.

* R4 contains 15 positive
and 16 negative charged
residues (vs. 11/11 in Ub).

* Mechanism: These charge
clusters act as
“electrostatic magnets,”
locking water dipoles into
a stable orientation to form
the shell.
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How the Shield Works: Damping Thermal Vibration

Radius of Gyration (Rg) at 500 Kelvin (Simulation)
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At high heat, atoms vibrate and break apart. The heavy, structured water shell adds mass and
friction, physically damping these vibrations and preventing the protein from shaking itself apart.
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How the Shield Works: Impenetrable to Chemical Attack

CD Spectra

1000

experiment
—pH 3.0
— 8M Urea

500
> Identical Secondary Structure
'O under all conditions.
2 gl
©
S
©
=
-200
— pH 6.3
——pH 3.0
— 8M Urea
-400 ' ' ' Chemical Defense: Denaturants like Urea work by
e L 4oy ek displacing water to attack the backbone. The mesos-
wavelength (nm) tructured shell is so tightly bonded _(water-tﬂ-water&
that Urea cannot energetically break into the network.




Validation: A Universal Design Principle (ISG15)
Applying the “Water Armor” strategy to a different protein.
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It wasn't a fluke. When the Al applied the
same surface-charge patterning to ISG15
(a totally different protein), stability
skyrocketed.

This confirms “Solvent Engineering” is a
replicable physical law.
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Opening the Black Box: Solvent Engineering

Traditional Engineering Al-Driven Engineering

Sxy

Focus: Packing the Hydrophobic Core Focus: Engineering the Solvent Interface




A New Avenue for “Water-Crafted” Proteins

O

z?f

Industrial Enzymes Therapeutics Design Strategy
Function in extreme heat Shelf-stable biologics; Explicitly targeting hydration
and harsh solvents. no cold-chain required. shells in future engineering.

We can now design stability by sculpting
the water, not just the amino acids.
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Summary: The Power of Mesostructured Water

1. The Clues: NMR dynamics (R,) and HDX
revealed a heavy, impermeable barrier
surrounding the Al-designed variants.

2. The Mechanism: A ‘Mesostructured
Hydration Shell,” anchored by specific
surface charge clusters, acts as invisible
armor against 120°C heat and 8M Urea.

3. The Future: Al has revealed that ‘Solvent
Engineering’ is a replicable, sequence-
encoded strategy for creating hyper-stable
biomolecules.
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