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A new strategy to overcome multidrug resistance in HER2-positive breast cancer:
immunoconjugate with copper(ll)-chelators.

Aim of study:

design trastuzumab conjugate with the highest
number of copper ions per antibody without
worsening its physicochemical properties.

Trastuzumab

Therapeutic mechanism:
1. Cu?"-> Cu*, reducing agents:
» endogenous (glutathione);

* exogenous (N-acetylcysteine).
target receptor

2. Fenton reaction:
HER2

Cu*+ H,0, > Cu?* + HO-



CAR (Chelator-to-Antibody Ratio) Hypothesis:
average number of conjugated combining site-specific conjugation methods achieves the

chelators per antibody. maximum and fixed CAR while preserving key antibody properties.
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Fab fragment of Trastuzumab Fe fragment of Trastuzumab

Covalent Docking (CAR 4 and CAR 6) (CAR 6)

Conjugation of chelator-
linker to trastuzumab

Conjugate MD
200 ns, pH 6.5 (tumor)
and pH 7.4 (healthy)

Structural Analysis
RMSD, RMSF, SSE
metastable structure
search via clustering

Chelator

Aggregation Analysis CB-TE2A-copper(ll)

AggScore




Conjugate MD
200 ns, pH 6.5 (tumor)
and pH 7.4 (healthy)
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Structural Analysis
RMSD*, RMSF, SSE
metastable structure
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Aggregation Analysis
AggScore
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Trastuzumab Conjugate CAR 4 Conjugate CAR 6

Compared to unmodified trastuzumab, Conjugate CAR 6 shows locally increased

both conjugates exhibit: aggregation potential in Fab region:
* identical structural stability (SSE); * Light chain CDRs;
* increased structural rigidity (RMSF); * Heavy chain CH1 domain.

* reduced overall aggregation profile (AggScore).

*Structural analysis was performed on equilibrated systems (RMSD plateaued).



Protein-protein docking
Conjugate—HER2,
algorithm PIPER*

\ 4

Conjugate-HER2 MD
200 ns, pH 6.5 (tumor)
and pH 7.4 (healthy)
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Structural Analysis
RMSD**
metastable structure

search via clustering )

HER2 — Trastuzumab HER2 — Conjugate CAR 4  HER2 — Conjugate CAR 6

*Best poses were selected by alignment to the reference (PDB: 1N8Z; all RMSD < 2.5 A).
**Structural analysis was performed on equilibrated systems (RMSD plateaued).



MM-GBSA AG, .,

Binding energy
MM-GBSA

Molecule | pH keal/mol
65|  -108.25
Trastuzumab
7.4 55.15
Conugate | 65| 16906
CARG 174 57,82
Conuaate |65 -150.33
CARG |, -63.91

» Conjugation does not impair
pH-dependent receptor binding;

pH selectivity allows the antibody to
accumulate mainly in acidic tumor tissue

(pH 6.5).

* Both conjugates show more favorable
binding energy to the tumor-
associated HER2 than trastuzumab;

» The CAR 4 conjugate exhibits the
lowest binding free energy;

Thus, increasing CAR from 4 to 6 did not
improve predicted HER2 binding.

* Both conjugates show higher pH
selectivity, suggesting wider
therapeutic window.



Conclusion

* Both designs of the trastuzumab-CB-TE2A-copper(ll) possess a fixed, high CAR
while retaining key antibody properties:
structural stability, rigidity, low aggregation propensity, and pH-dependent binding;

* Both CAR 4 and CAR 6 conjugate designs are promising candidates
for further in vitro studies;

« CAR 4 conjugate is selected as the main candidate for synthesis.
It uses two site-specific methods at light-chain lysines (Lys207 and Lys188) and
shows the highest receptor affinity.
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Linker: diamine-PEG2
Binding Site: light chain Lys207
Reagent: sulfonyl acrylate

Specificity mechanism: lowest pKa at pH = 8

Linker: -
Binding Site: light chain Lys188
Reagent: pentafluorophenyl ester (PFP)

Specificity mechanism: microenvironment of
Lys188 (defined by Aspl51 and His189
residues)



Site-specitic lysine conjugation methods

K288
NH, " : 0 TCEP Second-Generation
i T | fo) " . AJICAP Technology
S O o):l.\
t / Linker: iodoacetamide-diamino-PEG3
Binding Site: heavy chain Lys288
Reagent: thioester
\,ﬁ‘u..- O ~g O~ R
n\ SH s N ) 1 NSO O

Specificity mechanism: Fc-affinity peptide directs covalent binding to Lys288 via a thioester group;
after peptide cleavage, the linker-chelator attaches to the remaining thiol group at Lys288.

Fujii T. et al. AJICAP Second Generation: Improved Chemical Site-Specific Conjugation Technology for Antibody-Drug Conjugate Production 2022



Root-mean-square deviation (RMSD)

= Trastuzumab, 115-200 ns = Conjugate CAR 4 pH 7.4, 40-200 ns
= Trastuzumab pH 7.4, 100-200 ns = Conjugate CAR 6, 0-200 ns
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35 4
30 4
25 4
o 20
()]
9]
=
[a's
15 4
10 4
/ A
) ww M Ny [
g on e LAY g A
A A U AR

0 25 50 75 100 125 150 175 200
Time (ns)



Root-mean-square deviation (RMSD)

= HER2 Trastuzuma b, 100-200 ns = HER2 Conjugate CAR 4 pH 7.4, 112-200 ns
- HERZ2 Trastuzuma b pH 7.4,130-200 ns = HER2 Conjugate CAR 6, 113-200 ns
= HER2 Conjugate CAR 4, 130-200 ns = HER2 Conjugate CAR 6, 0-200 ns

RMSD of antibody-receptor complexes
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Secondary Structure Content

Proportions of a-helices and B-strands (% of total antibody structure) averaged over the all MD-trajectory.

Molecule pH a-helices (%) B-strands (%) Total (%)

6.5 2.69 44 .66 47.35
Trastuzumab

74 311 4412 47.23
Coniugate 6.5 3.08 4416 47.24
CAR 4 7.4 2.92 44,97 47.90
Coniugate 6.5 3.14 44.60 47.74
CAR 6 74 3.15 44.09 47.24




RMSF Ca, A

Root-mean-square fluctuation (RMSF)

—— Trastuzumab —— Trastuzumab
—— Conjugate CAR 4 — Conjugate CAR 6
CDR loops
CDR loops
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Aggregation profile (AggScore)
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pH 6.5

VH CH H Fc VL CcL VH CH H Fc VL CcL
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Trastuzumab

Conjugate
CAR 4

Conjugate
CAR 6



Aggregation profile (AggScore)
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VH CH H Fc VL CcL VH CH H Fc VL CcL
74.4 35.6 65.7 366.4 14.6 36.7 38.7 29.4 96.7 348.9 3.6 15.1
74.3 58.8 102.8 172.0 9.2 10.0 33.3 41.6 106.6 132.9 23.3 8.3
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Conjugate
CAR 4
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Binding free energy components

-7
Molecule H MM-GBSA AG,, 4, | Coulumb, | Covalent, Heond: Lipo, stacking, | SelfCont, Solvgy, vdW,
y P kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
6.5 -108.25 -69.19 +16.75 -4.43 -29.68 -3.41 +0.75 +59.59 -78.63
Trastuzumab
7.4 -55.15 +1.45 -72.73 +5.01 -12.56 -2.49 -0.05 +103.37 -77.15
6.5 -169.06 -14.21 +1.09 -12.22 -43.61 -6.29 +1.87 +6.68 -102.35
Conjugate
CAR 4
74 -57.82 -21.88 +45.20 -7.46 -33.4 -6.31 -3.65 +48.68 -79.0
6.5 -150.33 -110.57 -11.07 -9.62 -24.89 -2.66 +0.90 +73.87 -66.29
Conjugate
CAR 6
7.4 -63.91 +169.99 -51.82 +3.35 -10.68 +0.85 -0.14 -45.86 -129.59
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