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ATGGCGACCCTGGTGAGCAACTGGAGCACCAACAACGTTAGCGAGAGCTTCATCGCGCCGCTGGAGAAGC
GTGCGGAAAAAGACGTGGCGCTGGGTAACGATGTTCCGATCATTGACCTGCAGCAAGATCACCTGCTGATC
GTGCAGCAAATTACCAAGGCGTGCCAGGACTTCGGTCTGTTTCAAGTGATTAACCACGGCGTTCCGGAGAA
GCTGATGGTGGAGGCGATGGAAGTTTATAAAGAATTCTTTGCGCTGCCGGCGGAGGAAAAGGAGAAATTCC
AGCCGAAGGGCGAACCGGCGAAATTTGAGCTGCCGCTGGAACAAAAGGCGAAACTGTACGTGGAGGGTGA
ACGTCGTTGCAACGAGGAATTCCTGTATTGGAAGGACACCCTGGCGCATGGTTGCTACCCGCTGCACGAGG
AACTGCTGAACAGCTGGCCGGAGAAACCGCCGACCTACCGTGATGTTATCGCGAAGTATAGCGTGGAAGTT
CGTAAACTGACCATGCGTATCCTGGACTATATTTGCGAGGGTCTGGGCCTGAAACTGGGTTACTTTGATAAC
GAACTGACCCAGATTCAAATGCTGCTGGCGAACTACTATCCGAGCTGCCCGGACCCGAGCACCACCATTGG
TAGCGGTGGCCACTACGACGGCAACCTGATTACCCTGCTGCAGCAAGATCTGGTGGGCCTGCAGCAACTGA
TCGTTAAGGACGATAAATGGATCGCGGTGGAGCCGATTCCGACCGCGTTCGTGGTTAACCTGGGTCTGACC
CTGAAGGTTATGAGCAACGAGAAATTTGAAGGCAGCATCCACCGTGTGGTTACCCACCCGATTCGTAACCGT
ATCAGCATTGGTACCCTGATCGGCCCGGACTATAGCTGCACCATCGAGCCGATTAAGGAACTGATTAGCCA
GGAAAACCCGCCGCTGTACAAACCGTACCCGTATGCGGAGTTCGCGGAAATCTACCTGAGCGATAAGAGCG
ACTATGATGCGGGTGTTAAGCCGTACAAAATTAACCAGTTTCCGAAC

Figure S1. DNA sequence of H6H from Datura metel, codon-optimized for expression in Escherichia 
coli. Nucleotides that were later removed in truncated form of H6H are indicated in green.

Table S1. Primers used for H6H truncation in the LIC protocol.

Primer DNA sequence Tm

Forward TACTTCCAATCCAATGCCGATGTTCCGATCATTGACCTG 66.6°C

Reverse TTATCCACTTCCAATGTTATCAGTTCGGAAACTGGTTAATTTTGTACG 65.4°C

Table S2. Crystallization details.

H6H:ligand PDB ID Protein sample Mother liquor

H6H:NOG:Hyo 6TTM
20 mg/ml H6H in water
100 mM N-oxalylglycine

10 mM hyoscyamine

100 m M strontium chloride
180 mM sodium formate

21% PEG 3350

tH6H:NOG:Hyo 6TTN
29 mg/ml tH6H in water
100 mM N-oxalylglycine

10 mM hyoscyamine

100 mM strontium chloride
200 mM sodium formate

20% PEG 3350

tH6H:2OG 6TTO
37.5 mg/ml tH6H in water 100 mM disodium 2-oxoglutarate

100 mM strontium chloride
200 mM sodium formate

25% PEG 3350
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Table S3. Data collection statistics for metals identification in tH6H.

H6H:ligand tH6H:NOG:Hyo

Data collection

Beamline BL14.1
BESSY II

BL14.1
BESSY II

BL14.1
BESSY II

BL14.1
BESSY II

Detector Pilatus 6M Pilatus 6M Pilatus 6M Pilatus 6M

No. of frames 3600 3600 3600 3600

Exposure time / frame [s] 0.1 0.1 0.1 0.1

Energy [keV] 7.05 7.25 8.24 8.44

Wavelength [Å] 1.7586 1.7101 1.5047 1.4690

Space group P212121 P212121 P212121 P212121

α = β = γ [o] 90 90 90 90

a, b, c [Å]
39.94 
79.83

104.74

39.83
79.61

104.55

39.82
79.93 

104.77

39.84
80.07

104.87

Resolution [Å] 43.79-1.86 
(1.97-1.86)

43.7-1.79 
(1.90-1.79)

43.81-1.53 
(1.63-1.53)

43.87-1.55 
(1.65-1.55)

Rmeas[%] 7.7 (22.8) 7.2 (15.7) 6.6 (37.7) 11.7 (83.5)

I / σ (I) 17.57 (5.85) 19.47 (8.36) 16.69 (3.61) 10.12 (1.46)

CC(1/2) 99.7 (96.4) 99.7 (98.0) 99.9 (90.0) 99.6 (73.1)

Completeness [%] 99.0 (95.4) 99.1 (95.8) 99.2 (95.5) 99.0 (95.1)

Multiplicity 6.13 (4.50) 6.15 (4.45) 6.05 (4.50) 6.09 (4.72)

B(Wilson) [A²] 23.14 23.91 23.57 25.69

Mosaicity 0.089 0.073 0.148 0.140
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Table S4. Difference map peaks analysis in metal identification. The theoretical ratio 
values were estimated with crossec implemented in CCP4i [1,2]. Experimental ratios were 
calculated with five sulfurs from cysteine and methionine residues with the highest peak 
values.  

Peak values in anomalous difference maps [rmsd]

Crystal contact Active centerEnergy 
[keV] Dataset

S Sr Observed 
ratio Sr/S

Estimated 
ratio Ni Observed 

ratio Ni/S
Estimated 
ratio Ni/S

7.05 tH6H:NOG:Hyo 11.16 39.64 3.55 3.23 9.95 0.89 0.91

7.25 tH6H:NOG:Hyo 14.34 47.41 3.31 3.24 12.49 0.87 0.91

8.24 tH6H:NOG:Hyo 12.54 43.81 3.49 3.28 12.2 0.97 0.92

8.44 tH6H:NOG:Hyo 6.92 22.79 3.29 3.29 63.9 9.23 7.48
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Figure S2. X-ray energy scans in the vicinity of (A) Fe (7.062 keV - 7.152 keV) and (B) Ni 

(8.283 keV - 8.373 keV) absorption K-edges performed for tH6H:NOG:Hyo crystals. 
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Figure S3. Interactions of hyoscyamine with most prominent residues in the binding pocket, 

as revealed by NCI analysis [3] performed with the NCIPLOT program [4]. 
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Figure S4. Active site of (A) representative structure of the dominant cluster for MD 

simulations for tH6H:2OG:hyoscyamine complex, (B) QM/MM optimised 

tH6H:2OG:hyoscyamine complex, (C) X-ray structure for anthocyanidin synthase (PDB ID: 

1GP5 [5]), (D) X-ray structure for clavaminic acid synthase (PDB ID: 1DRY [6]) and (E) 

carbapenem synthase (PDB ID: 1NX4 [7]).
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Figure S-C1. DOPE energy of the conformations from 500 independent optimizations of 
loops (residues: 117-128 and 206-215) plotted as a function of the RMSD error.
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Figure S-C2.  RMSD vs time plot for tH6H:2OG:hyoscyamine complex. Excluding the loop 
regions (residues: 117-128 and 206-215) from analysis lowers the RMSD of the system.

Figure S-C3.  RMSD vs time plot for tH6H:succinate:hyoscyamine complex. Excluding the 
loop regions (residues: 117-128 and 206-215) from analysis lowers the RMSD of the system.
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Figure S-C4.  RMSD vs time plot for tH6H:succinate:hyoscyamine complex. Excluding the 
loop regions (residues: 117-128 and 206-215) from analysis lowers the RMSD of the system.

Figure S-C5.  RMSD vs time plot for tH6H:succinate:hyoscyamine complex. Excluding the 
loop regions (residues: 117-128 and 206-215) from analysis lowers the RMSD of the system.
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Figure S-C5. The HOMO and LUMO orbitals for (A) TSHAT1-C6,(B) TSHAT1-C7 and (C) TS’HAT1-

C7.
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Figure S-C6. Contours of the key natural orbitals for spin density: with positive eigenvalue (α-
spin) (A) and negative eigenvalue (β-spin) (B) for TSHAT1-C6;  with positive eigenvalue (α-spin) 
(C) and negative eigenvalue (β-spin) (D) for TSHAT1-C7 and with  positive eigenvalue (α-spin) 
(E, F, G and H) for TS’HAT1-C7.
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Figure S-C7. Energy scheme for the orbitals of hyoscyamine that donate the electron and the 
electron accepting orbitals of oxoferryl. The green arrow corresponds to transition in TSHAT1-C6 

and the purple one to TS’HAT1-C7.  Conceptually, in TSHAT1-C7 α electron from the σ(C7-H) orbital 
is accepted by a mixture of analogous α orbitals of oxoferryl.
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Figure S-C8. Superimposed optimised structures for TSHAT1-C6 (blue) TSHAT1-C7 (light green).
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Table S-C1. The ONIOM energy barriers (ΔE) for tH6H variants of TSHAT1-C6 and TSHAT1-C7 
lacking single amino acid side chains. The change in barrier caused by the removal of the side 
chain is given as ΔΔE. Coulomb, van der Waals and bonded contributions are reported as 
ΔΔECoulomb , ΔΔEvdW and ΔΔEbond , respectively. Values are given in kcal mol-1.

   
TSHAT1-C6 TSHAT1-C7

residue ΔE ΔΔE ΔΔECoulomb ΔΔEvdW ΔΔEbond ΔE ΔΔE ΔΔECoulomb ΔΔEvdW ΔΔEbond

none (wt) 13.39 0.00 0.00 0.00 0.00 24.03 0.00 0.00 0.00 0.00
Phe-103 13.07 0.32 0.16 0.17 0.00 24.18 -0.15 -0.29 0.14 -0.01
Leu-105 13.33 0.06 0.05 0.00 0.00 23.94 0.08 0.05 0.04 0.00
Leu-107 13.21 0.18 0.07 0.10 0.00 23.86 0.17 0.09 0.07 0.01
Glu-116 15.50 -2.12 -2.33 0.22 -0.01 28.31 -4.28 -4.71 0.64 -0.21
Lys-129 13.70 -0.31 -0.61 0.33 -0.03 20.89 3.13 3.75 -0.77 0.15
Thr-131 13.26 0.13 0.02 0.11 0.00 24.00 0.03 -0.24 0.24 0.03
Ala-133 13.32 0.06 0.01 0.05 0.01 23.84 0.19 0.01 0.17 0.01
Ile-194 13.37 0.01 0.04 -0.01 -0.02 23.97 0.05 0.06 0.00 -0.01
Met-196 13.28 0.10 0.09 0.01 0.00 23.80 0.23 0.30 0.11 -0.17
Leu-198 13.17 0.21 -0.01 0.25 -0.02 23.51 0.52 0.13 0.43 -0.04
Asn-200 13.56 -0.18 -0.17 0.04 -0.05 23.78 0.25 0.51 -0.15 -0.11
Tyr-202 13.42 -0.03 -0.13 0.18 -0.08 24.09 -0.06 -0.33 0.30 -0.03
Asn-221 13.49 -0.10 -0.25 0.18 -0.03 24.01 0.01 -0.08 0.13 -0.04
Thr-224 13.67 -0.29 -0.50 0.25 -0.04 24.65 -0.62 -1.01 0.39 0.01
Leu-226 13.35 0.04 -0.08 0.12 0.00 23.98 0.05 -0.04 0.09 0.00
Leu-233 13.46 -0.07 -0.12 0.10 -0.05 24.07 -0.05 -0.09 0.09 -0.04
Asn-256 13.28 0.11 0.19 -0.20 0.12 24.33 -0.30 -0.36 0.05 0.01
Thr-260 13.42 -0.04 -0.15 0.09 0.02 24.10 -0.07 -0.28 0.17 0.04
Val-276 13.55 -0.17 -0.09 -0.08 0.01 24.08 -0.05 -0.08 0.02 0.01
Leu-290 13.10 0.29 0.03 0.24 0.01 23.80 0.23 0.03 0.12 0.08
Tyr-295 13.35 0.04 0.09 -0.06 0.00 24.02 0.01 0.11 -0.10 0.00
Tyr-319 13.43 -0.04 -0.07 -0.01 0.03 24.11 -0.09 -0.06 -0.04 0.01
Ala-320 13.39 0.00 0.00 0.00 0.00 24.03 0.00 0.00 0.00 0.00
Phe-322 13.36 0.02 0.08 -0.05 -0.01 23.98 0.05 0.14 -0.09 0.00
Ala-323 13.42 -0.03 -0.01 -0.03 0.00 24.02 0.01 0.00 0.01 0.00
Glu-324 14.00 -0.61 -0.62 0.01 0.00 24.59 -0.56 -0.56 0.00 0.00
Tyr-326 13.88 -0.49 -0.64 0.09 0.06 23.68 0.35 -0.86 1.31 -0.11
Leu-327 13.18 0.21 0.15 0.03 0.03 23.42 0.61 0.09 0.56 -0.03
Lys-330 11.52 1.86 1.93 -0.05 -0.01 23.73 0.30 0.40 -0.13 0.03
WAT-365 13.23 0.16 0.07 0.09 -0.01 23.74 0.29 -0.02 0.31 0.00
WAT-370 14.03 -0.65 -0.63 -0.02 0.00 24.57 -0.55 -0.49 -0.06 0.01
WAT-372 13.30 0.08 0.09 0.00 0.00 23.91 0.12 0.14 -0.02 -0.01
WAT-375 13.54 -0.16 -0.34 0.16 0.02 24.27 -0.24 -0.64 0.37 0.04
WAT-442 13.20 0.18 0.22 -0.03 -0.01 23.82 0.21 0.29 -0.08 0.00
WAT-605 13.16 0.23 -0.12 0.35 0.00 24.06 -0.04 -0.41 0.36 0.01
water-1 16.72 -3.33 -6.02 2.35 0.35 24.38 -0.35 -0.98 0.56 0.07
WAT-782 13.53 -0.14 -0.12 -0.02 0.00 23.95 0.08 0.14 -0.05 -0.01
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WAT-2175 13.18 0.20 0.30 -0.09 -0.01 23.59 0.43 0.47 -0.01 -0.02
WAT-3097 12.91 0.48 0.51 0.00 -0.03 23.69 0.34 0.26 0.09 -0.01
WAT-3155 13.37 0.01 0.01 0.00 0.00 24.03 -0.01 0.20 -0.20 -0.01
WAT-4290 13.39 0.00 0.01 -0.01 0.00 23.82 0.21 0.28 -0.05 -0.02
WAT-4432 13.24 0.14 0.20 -0.04 -0.01 24.00 0.02 0.13 -0.09 -0.01
WAT-4451 13.32 0.06 0.18 -0.10 -0.01 23.96 0.06 0.14 -0.06 -0.01
WAT-4521 13.42 -0.03 -0.02 -0.01 0.00 24.17 -0.15 -0.15 0.00 0.00
WAT-5452 13.38 0.01 0.10 -0.10 0.00 24.19 -0.16 -0.16 -0.01 0.01
WAT-5484 13.40 -0.02 0.09 -0.10 0.00 24.07 -0.04 -0.03 -0.02 0.00
WAT-5548 13.34 0.04 -0.09 0.11 0.01 23.67 0.35 0.47 -0.10 -0.02
WAT-5765 12.97 0.42 0.56 -0.14 -0.01 23.76 0.27 0.71 -0.34 -0.10
WAT-6529 13.40 -0.02 0.02 -0.04 0.00 24.02 0.01 -0.02 0.03 0.00
WAT-7051 14.10 -0.71 -0.64 -0.10 0.03 24.16 -0.13 -0.09 -0.05 0.01
WAT-7395 13.82 -0.43 0.01 -0.45 0.01 24.27 -0.24 -0.23 -0.01 0.00
WAT-8073 13.59 -0.21 -0.17 -0.06 0.03 23.92 0.11 0.26 -0.14 0.00
WAT-9161 14.34 -0.96 -1.60 0.55 0.09 25.01 -0.98 -1.64 0.58 0.08
WAT-9453 13.35 0.03 -0.20 0.22 0.01 24.19 -0.17 -0.65 0.46 0.03
WAT-9464 13.16 0.23 0.22 0.02 -0.01 23.96 0.06 0.11 -0.03 -0.01
WAT-9501 13.62 -0.24 -0.11 -0.14 0.01 24.02 0.01 0.25 -0.24 0.00
WAT-9665 13.38 0.00 0.23 -0.22 -0.01 23.88 0.15 0.40 -0.24 -0.01
WAT-11739 13.53 -0.14 -0.08 -0.06 0.00 23.94 0.08 0.08 0.01 0.00
WAT-12117 13.39 0.00 0.00 0.00 0.00 24.02 0.00 0.00 0.00 0.00
sum over 
AA

-0.85 -2.87 2.10 -0.08 0.04 -3.34 3.80 -0.42

sum over 
waters

-4.75 -7.31 2.12 0.44 -0.22 -1.2 0.96 0.02

TOTAL -5.60 -10.18 4.22 0.37 -0.17 -4.54 4.76 -0.40
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Figure S-C9.  Significant (larger than 0.25 kcal mol-1) contributions of the residues’ side chains 
to the relative potential energy barrier (ΔE, calculated at the ONIOM(B3LYP-D3/def2-SVP, 
Amber) level with mechanical embedding) for TSHAT1-C6 and TSHAT1-C7. 
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Table S-C2. The ONIOM energy barriers (ΔE) for tH6H variants of TSOH-C6 and TSOH-C7 lacking 
single amino acid side chains. The change in barrier caused by the removal of the side chain 
is given as ΔΔE. Coulomb, van der Waals and bonded contributions are reported as ΔΔE
Coulomb , ΔΔEvdW and ΔΔEbond , respectively. Values are given in kcal mol-1.

TSOH-C6 TSOH-C7

residue ΔE ΔΔE ΔΔECoulomb ΔΔEvdW ΔΔEbond ΔE ΔΔE ΔΔECoulom

b
ΔΔEvdW ΔΔEbond

none (wt) 7.84 16.59
Phe-103 7.42 0.42 0.26 0.18 -0.02 16.81 -0.22 -0.39 0.20 -0.04
Leu-105 7.77 0.07 0.05 0.02 0.00 16.50 0.09 0.03 0.06 0.00
Leu-107 7.65 0.18 0.06 0.12 0.01 16.36 0.23 0.06 0.14 0.03
Glu-116 9.16 -1.32 -1.84 0.67 -0.15 24.09 -7.50 -8.28 0.67 0.11
Lys-129 7.30 0.54 0.26 0.15 0.12 7.18 9.41 9.46 0.06 -0.11
Thr-131 7.85 -0.01 -0.08 0.06 0.00 15.39 1.20 0.72 0.62 -0.14
Ala-133 7.61 0.23 0.01 0.17 0.05 16.28 0.30 0.02 0.27 0.01
Ile-194 7.86 -0.02 0.02 0.00 -0.04 16.60 -0.01 0.04 0.00 -0.04
Met-196 7.76 0.08 0.07 -0.03 0.04 16.38 0.21 0.26 0.12 -0.16
Leu-198 7.37 0.46 0.00 0.48 -0.02 15.68 0.91 0.20 0.72 0.00
Asn-200 7.72 0.12 0.03 0.13 -0.04 14.95 1.63 0.34 1.22 0.08
Tyr-202 7.94 -0.10 -0.29 0.26 -0.08 16.68 -0.09 -0.05 -0.25 0.21
Asn-221 7.79 0.05 -0.22 0.30 -0.03 16.44 0.15 -0.01 0.22 -0.06
Thr-224 8.44 -0.60 -0.92 0.36 -0.04 17.55 -0.96 -1.25 0.22 0.06
Leu-226 7.76 0.07 -0.04 0.12 -0.01 16.32 0.27 0.04 0.24 0.00
Leu-233 7.98 -0.14 -0.21 0.13 -0.06 16.68 -0.09 -0.14 0.00 0.05
Asn-256 7.97 -0.13 0.02 -0.25 0.10 17.18 -0.59 -0.64 0.18 -0.13
Thr-260 7.91 -0.08 -0.28 0.17 0.04 16.69 -0.11 -0.44 0.27 0.06
Val-276 7.66 0.18 -0.03 0.22 -0.01 16.16 0.43 0.14 0.31 -0.03
Leu-290 7.38 0.45 0.04 0.44 -0.02 15.59 0.99 0.16 0.76 0.07
Tyr-295 7.74 0.10 0.18 -0.08 0.00 16.49 0.10 0.29 -0.19 0.00
Tyr-319 7.88 -0.04 -0.07 -0.01 0.04 16.72 -0.13 -0.15 0.00 0.02
Ala-320 7.84 0.00 0.00 0.00 0.00 16.59 0.00 0.00 0.00 0.00
Phe-322 7.79 0.05 0.12 -0.06 -0.01 16.56 0.03 0.17 -0.14 0.00
Ala-323 7.89 -0.05 -0.01 -0.05 0.00 16.61 -0.02 0.00 -0.02 0.00
Glu-324 8.46 -0.62 -0.63 0.01 0.00 16.95 -0.36 -0.35 0.00 0.00
Tyr-326 8.29 -0.46 -0.67 0.16 0.06 15.64 0.94 -0.59 1.66 -0.12
Leu-327 7.53 0.31 0.16 0.12 0.04 15.79 0.80 0.05 0.75 0.00
Lys-330 5.20 2.64 2.76 -0.10 -0.02 16.62 -0.03 0.04 -0.04 -0.03
WAT-365 7.56 0.28 0.17 0.12 -0.01 15.79 0.80 0.51 0.30 -0.02
WAT-370 8.76 -0.92 -0.89 -0.05 0.01 16.87 -0.28 -0.29 0.01 0.00
WAT-372 7.72 0.12 0.13 0.00 -0.01 16.44 0.15 0.15 0.01 -0.01
WAT-375 8.75 -0.91 -1.75 0.77 0.08 17.50 -0.91 -4.06 2.94 0.21
WAT-442 7.70 0.14 0.15 -0.01 0.00 16.40 0.19 0.33 -0.14 0.00
WAT-605 7.91 -0.07 0.57 -0.64 -0.01 18.00 -1.41 -0.18 -1.24 0.01
water-1 8.69 -0.85 -1.84 0.88 0.12 19.86 -3.27 -5.58 2.02 0.29
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WAT-782 8.04 -0.20 -0.19 -0.02 0.01 16.48 0.11 0.22 -0.10 -0.01
WAT-2175 7.54 0.30 0.51 -0.19 -0.01 16.17 0.42 0.66 -0.22 -0.02
WAT-3097 7.65 0.19 0.29 -0.07 -0.03 15.48 1.10 2.32 -1.11 -0.11
WAT-3155 7.86 -0.03 0.06 -0.09 0.00 16.59 0.00 0.17 -0.16 -0.01
WAT-4290 7.84 0.00 0.01 -0.01 0.00 16.21 0.37 0.51 -0.10 -0.03
WAT-4432 7.60 0.24 0.32 -0.05 -0.02 16.49 0.10 0.15 -0.03 -0.02
WAT-4451 7.59 0.25 0.49 -0.22 -0.03 16.24 0.35 0.56 -0.19 -0.02
WAT-4521 7.84 0.00 0.00 -0.01 0.00 16.71 -0.12 -0.10 -0.02 0.00
WAT-5452 7.83 0.01 0.17 -0.16 -0.01 16.91 -0.32 -0.27 -0.06 0.02
WAT-5484 7.81 0.03 0.32 -0.27 -0.02 16.29 0.30 0.32 0.01 -0.03
WAT-5548 7.80 0.04 -0.11 0.13 0.02 15.78 0.81 1.20 -0.32 -0.07
WAT-5765 7.11 0.72 0.97 -0.23 -0.02 16.33 0.26 0.71 -0.36 -0.10
WAT-6529 7.79 0.05 0.10 -0.05 0.00 16.49 0.10 0.12 -0.02 0.00
WAT-7051 9.00 -1.16 -1.12 -0.08 0.04 16.52 0.07 -0.01 0.08 0.00
WAT-7395 8.95 -1.11 -0.56 -0.58 0.03 16.92 -0.33 -0.59 0.25 0.01
WAT-8073 8.13 -0.29 -0.26 -0.07 0.03 16.19 0.40 0.64 -0.20 -0.04
WAT-9161 8.55 -0.71 -0.54 -0.13 -0.04 14.66 1.93 4.62 -2.39 -0.29
WAT-9453 7.81 0.02 -0.55 0.54 0.03 16.37 0.22 -0.43 0.62 0.03
WAT-9464 7.51 0.33 0.21 0.13 -0.01 16.81 -0.22 -0.38 0.15 0.00
WAT-9501 8.13 -0.29 -0.09 -0.21 0.01 16.48 0.11 0.35 -0.23 0.00
WAT-9665 7.65 0.19 0.59 -0.38 -0.02 16.34 0.25 0.90 -0.63 -0.03
WAT-11739 8.05 -0.22 -0.04 -0.18 0.00 16.50 0.09 0.04 0.05 -0.01
WAT-12117 7.85 -0.02 -0.02 0.00 0.00 16.60 -0.01 -0.01 0.00 0.00
sum over AA 2.38 -1.27 3.7 -0.04 7.6 -0.26 8.04 -0.17
sum over 
waters

-3.88 -2.89 -1.11 0.12 1.26 2.59 -1.09 -0.24

TOTAL -1.51 -4.17 2.58 0.08 8.86 2.33 6.95 -0.41
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Hydroxylation/desaturation selectivity

In the optimised structure for the radical intermediate RIC6 the C6 atom hosting the unpaired 
electron is positioned 3.04 Å from the O atom of the Fe(III)-OH moiety. Such a geometry can 
facilitate the radical rebound. The exo H atom of the neighbouring C7 is located 3.00 Å from 
the OH group, which suggests that desaturation could also be feasible. Therefore, it might be 
worthwhile to investigate these two possible fates of the reaction and pinpoint the factors that 
bias the reaction towards the experimentally observed hydroxylated product (6-
hydroxyhyoscyamine).

Figure S-C10. Reaction energy profile for tH6H-catalysed hydroxylation and hypothetical 
desaturation initiated at the C6 (A) and C7 position (B). The energy values, i.e. Gibbs free 
energy (ΔG), relative potential energy (ΔE) calculated at the ONIOM(B3LYP-D3/def2-TZVP, 
Amber) level with electronic embedding and the relative potential energy of the QM part (ΔEQM) 
obtained with the B3LYP-D3/def2-TZVP method (mechanical embedding) are given in kcal 
mol−1.

The transition state associated with radical rebound (TSOH-C6) lies ca. 14 kcal mol-1 lower in 
ΔG than a respective TS for desaturation (TSHAT2-C7, refer to Figure S-C10). The difference in 
barrier heights is similar when QM energies calculated with mechanical embedding are 
considered (however the difference in relative electronic energies is slightly smaller. i.e. 10 
kcal mol-1). The reaction is driven towards hydroxylation by electronic properties of the 
reactants as demonstrated by calculations for a cluster model for the active site of tH6H and 
the substrate molecule. In such a system the barrier for radical rebound process is by 2.4 kcal 
mol-1 lower than the one for second hydrogen abstraction and is close to the electronic energy 
barrier obtained within the QM/MM scheme (4.7 kcal mol-1 with respect to RIC6 in the cluster 
model vs 5.0 kcal mol-1 in the QM/MM system with mechanical embedding).

The electronic factors that determine hydroxylation/desaturation selectivity were investigated 
using valence bond theory, which was previously successfully employed for this kind of 
bifurcation [8]. According to this theory, the energy barrier for the reaction stems from crossing 
of the reactant and product diabatic potential energy surfaces and its height depends on the 
excitation energy (promotion gap, G) in the reactant geometry.
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The promotion gap of the rebound process (GOH) depends on the strength of the C-O bond 
that is formed in the reaction and the excitation energy within the Fe(III)-OH complex (EFe). 

𝐺𝑂𝐻= 𝐵𝐷𝐸𝐶 ‒ 𝑂+ 𝐸𝐹𝑒

For the desaturation reaction the gap (GHAT) is determined by the bond dissociation energies 
(BDE) of the broken C-H and the created H-O on the active site as well as π-bond energy for 
the unpaired electrons of the neighbouring C atoms and Fe(III)-OH excitation (EFe):

𝐺𝐻𝐴𝑇= 𝐵𝐷𝐸𝑂 ‒ 𝐻+ 𝐸𝜋 ‒ 𝐵𝐷𝐸𝐶 ‒ 𝐻+ 𝐸𝐹𝑒

Thus, the preference towards hydroxylation or desaturation can be decided by the strength of 
the bonds formed (broken) in the reactions:

𝐺𝑂𝐻 ‒ 𝐺𝐻𝐴𝑇= 𝐵𝐷𝐸𝐶 ‒ 𝑂 ‒ (𝐵𝐷𝐸𝑂 ‒ 𝐻+ 𝐸𝜋 ‒ 𝐵𝐷𝐸𝐶 ‒ 𝐻)

The calculated bond dissociation energy for C6-O, BDEC6-O, totals to 87.7 kcal mol-1 and the 
BDE for C7-H (cleaved during desaturation) is 44.3 kcal mol-1. This value is calculated as the 
difference between the energy of the unsaturated product and sum of energies of the radical 
and hydrogen atom, therefore it already includes the π-bond energy as the π-bond is formed 
simultaneously with the second C-H cleavage. The BDEO-H for the Fe(II)-OH2 in the active site 
of H6H is 79.0 kcal mol-1. Therefore, for the C6-centered radical the calculated GOH-GHAT 
difference is 53.1 kcal mol-1, which indicates an inherent preference of the reactants towards 
hydroxylation. 

Taking into account interactions within the binding pocket reveals that the OH-rebound 
reaction proceeding at the C6 position is facilitated (by 6.7 kcal mol-1) by the surroundings, 
whereas the desaturation involving the C7 atom is somewhat destabilised (by 0.4 kcal mol-1). 
It is consistent with the C6/C7 regioselectivity during HAT described above and the rationale 
for this effect is also similar. In the optimised structure of TSOH-C6 the C6-O distance totals to 
2.19 Å and the substrate hardly shifts its position to promote contact between C6 atom and 
OH moiety (see Figure C1(C)), such a geometry is stabilised mostly by electrostatic 
interactions with Glu-116 and surrounding water molecules (as shown in Figure S-C11(A) and 
C3(A)). On the other hand, in the optimised structure for TSHAT2-C7 making close contact 
between the C7-bound H atom and the OH moiety (1.33 Å, as presented in Figure S-C12 (A)) 
requires a shift of the tropane ring, which leads to unfavourable van der Waals interactions 
with the adjacent Tyr-326 and destabilising electrostatic interactions with Lys-129 and water 
molecules (see Figure S-C11(B) and C3(A)).
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Figure S-C11. The Coulomb (A) and van der Waals (B) contributions of the significant 
residues’ side chains (as shown in Figure C3 (A)) to the relative potential energy barrier (ΔE, 
calculated at the ONIOM(B3LYP-D3/def2-SVP, Amber) level with mechanical embedding) for 
TSOH-C6 and TSHAT2-C7.

Figure S-C12. QM/MM optimised structures for TSHAT2-C7 (A) and TSHAT2-C6 (B). Distances are 
given in Å and spin populations of absolute value larger than 0.1 are given in italics. Figure 
rendered with PyMOL [9]; for clarity only the QM region and the MM carboxylate of succinate 
is shown.

In like manner, for the C7-centered radical the electronic properties of the reactants drive the 
reaction towards hydroxylation as revealed by analysis based on the VB theory. More 
specifically, BDE-Eπ for C7-H totals to 44.7 kcal mol-1 and BDE for C7-O is 89.9 kcal mol-1, 
respectively, and GOH-GHAT equals to 55.6 kcal mol-1, which indicates preference towards 
hydroxylation. The B3LYP-D3/def2-TZVP energy barrier (computed with mechanical 
embedding) for the QM system also favours the hydroxylation reaction (10.9 vs 18.8 kcal mol-1 
for TSOH-C7 and TSHAT2-C6, respectively). 
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Figure S-C13. Coulomb (A) and van der Waals (B) contributions of the residues’ side chains 
to the relative potential energy barrier (ΔE, calculated at the ONIOM(B3LYP-D3/def2-SVP, 
Amber) level with mechanical embedding) for TSHAT2-C6 and TSOH-C7. 

Only taking into account interactions of the QM region with the protein changes the picture 
and switches the preference towards desaturation. The effect can be assigned to interactions 
between the substrate molecule and Lys-129/water molecules (electrostatic) as well as with 
Tyr-326 (van der Waals) that favour reaction occurring at the C6 position, which, in this case, 
is desaturation (consult Figures S-C13, S-C15). A desaturated product has not been observed 
in experiments, contrary to the C7 hydroxylated one. Indeed, formation of the former cannot 
be expected, as it is hindered by a relatively high barrier associated with the preceding HAT 
at the C7 position. The presence of the C7 hydroxylated product may be attributed to some 
mobility of the substrate within the binding cavity that would (occasionally) facilitate reactions 
occurring at the C7 position. How this alternative E-S structure might look like is currently not 
known, yet it is envisioned that starting from it both HAT and subsequent radical rebound at 
C7 would be the kinetically preferred reactions. 

Table S-C3. The ONIOM energy barriers (ΔE) for tH6H variants of TSOH-C6 and TSHAT2-C7 
lacking single amino acid side chains. The change in barrier caused by the removal of the side 
chain is given as ΔΔE. Coulomb, van der Waals and bonded contributions are reported as 
ΔΔECoulomb , ΔΔEvdW and ΔΔEbond , respectively. Values are given in kcal mol-1.

TSOH-C6 TSHAT2-C7

residue ΔE ΔΔE ΔΔECoulomb ΔΔEvdW ΔΔEbond ΔE ΔΔE ΔΔECoulom

b
ΔΔEvdW ΔΔEbond

none (wt) 7.84 27.51
Phe-103 7.42 0.42 0.26 0.18 -0.02 27.43 0.09 -0.04 0.15 -0.02
Leu-105 7.77 0.07 0.05 0.02 0.00 27.42 0.09 0.03 0.06 0.00
Leu-107 7.65 0.18 0.06 0.12 0.01 27.44 0.07 0.05 0.00 0.02
Glu-116 9.16 -1.32 -1.84 0.67 -0.15 29.62 -2.10 -3.01 1.22 -0.32
Lys-129 7.30 0.54 0.26 0.15 0.12 24.21 3.31 3.71 -0.58 0.17
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Thr-131 7.85 -0.01 -0.08 0.06 0.00 27.65 -0.14 -0.15 0.01 0.00
Ala-133 7.61 0.23 0.01 0.17 0.05 27.19 0.33 0.00 0.26 0.06
Ile-194 7.86 -0.02 0.02 0.00 -0.04 27.50 0.02 0.02 0.02 -0.03
Met-196 7.76 0.08 0.07 -0.03 0.04 27.36 0.16 0.17 0.06 -0.07
Leu-198 7.37 0.46 0.00 0.48 -0.02 26.61 0.91 0.11 0.86 -0.07
Asn-200 7.72 0.12 0.03 0.13 -0.04 27.12 0.39 0.43 0.00 -0.04
Tyr-202 7.94 -0.10 -0.29 0.26 -0.08 27.56 -0.05 -0.27 0.21 0.02
Asn-221 7.79 0.05 -0.22 0.30 -0.03 27.31 0.20 0.06 0.18 -0.04
Thr-224 8.44 -0.60 -0.92 0.36 -0.04 28.36 -0.84 -1.38 0.50 0.04
Leu-226 7.76 0.07 -0.04 0.12 -0.01 27.40 0.12 0.00 0.11 0.00
Leu-233 7.98 -0.14 -0.21 0.13 -0.06 27.61 -0.10 -0.14 0.06 -0.02
Asn-256 7.97 -0.13 0.02 -0.25 0.10 28.30 -0.79 -0.74 0.17 -0.22
Thr-260 7.91 -0.08 -0.28 0.17 0.04 27.64 -0.12 -0.38 0.21 0.05
Val-276 7.66 0.18 -0.03 0.22 -0.01 27.20 0.31 0.00 0.32 -0.01
Leu-290 7.38 0.45 0.04 0.44 -0.02 27.14 0.38 -0.01 0.36 0.02
Tyr-295 7.74 0.10 0.18 -0.08 0.00 27.47 0.05 0.12 -0.07 0.00
Tyr-319 7.88 -0.04 -0.07 -0.01 0.04 27.58 -0.06 -0.04 -0.04 0.01
Ala-320 7.84 0.00 0.00 0.00 0.00 27.51 0.00 0.00 0.00 0.00
Phe-322 7.79 0.05 0.12 -0.06 -0.01 27.47 0.04 0.11 -0.08 0.01
Ala-323 7.89 -0.05 -0.01 -0.05 0.00 27.54 -0.02 0.00 -0.02 0.00
Glu-324 8.46 -0.62 -0.63 0.01 0.00 27.98 -0.46 -0.45 -0.01 0.00
Tyr-326 8.29 -0.46 -0.67 0.16 0.06 26.95 0.56 -0.73 1.43 -0.14
Leu-327 7.53 0.31 0.16 0.12 0.04 27.00 0.52 0.08 0.46 -0.02
Lys-330 5.20 2.64 2.76 -0.10 -0.02 26.69 0.82 1.18 -0.36 0.00
WAT-365 7.56 0.28 0.17 0.12 -0.01 27.15 0.37 0.12 0.26 -0.01
WAT-370 8.76 -0.92 -0.89 -0.05 0.01 27.83 -0.31 -0.46 0.13 0.02
WAT-372 7.72 0.12 0.13 0.00 -0.01 27.41 0.10 0.11 0.00 -0.01
WAT-375 8.75 -0.91 -1.75 0.77 0.08 28.11 -0.60 -1.01 0.35 0.06
WAT-442 7.70 0.14 0.15 -0.01 0.00 27.43 0.08 0.08 0.00 0.00
WAT-605 7.91 -0.07 0.57 -0.64 -0.01 27.93 -0.42 0.50 -0.90 -0.01
water-1 8.69 -0.85 -1.84 0.88 0.12 26.48 1.03 1.99 -0.90 -0.05
WAT-782 8.04 -0.20 -0.19 -0.02 0.01 27.34 0.17 0.17 0.02 -0.01
WAT-2175 7.54 0.30 0.51 -0.19 -0.01 27.09 0.42 0.55 -0.10 -0.02
WAT-3097 7.65 0.19 0.29 -0.07 -0.03 27.27 0.24 0.91 -0.60 -0.08
WAT-3155 7.86 -0.03 0.06 -0.09 0.00 27.58 -0.07 0.18 -0.24 -0.01
WAT-4290 7.84 0.00 0.01 -0.01 0.00 27.46 0.06 0.10 -0.04 0.00
WAT-4432 7.60 0.24 0.32 -0.05 -0.02 27.39 0.12 0.40 -0.26 -0.02
WAT-4451 7.59 0.25 0.49 -0.22 -0.03 27.40 0.12 0.19 -0.06 -0.01
WAT-4521 7.84 0.00 0.00 -0.01 0.00 27.58 -0.07 -0.09 0.02 0.00
WAT-5452 7.83 0.01 0.17 -0.16 -0.01 27.64 -0.12 0.03 -0.16 0.00
WAT-5484 7.81 0.03 0.32 -0.27 -0.02 27.34 0.17 0.64 -0.45 -0.02
WAT-5548 7.80 0.04 -0.11 0.13 0.02 26.87 0.64 0.72 -0.05 -0.03
WAT-5765 7.11 0.72 0.97 -0.23 -0.02 27.27 0.24 0.18 0.08 -0.02
WAT-6529 7.79 0.05 0.10 -0.05 0.00 27.44 0.07 0.04 0.04 0.00
WAT-7051 9.00 -1.16 -1.12 -0.08 0.04 28.06 -0.55 -0.52 -0.05 0.03
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WAT-7395 8.95 -1.11 -0.56 -0.58 0.03 28.21 -0.70 -0.28 -0.44 0.02
WAT-8073 8.13 -0.29 -0.26 -0.07 0.03 27.38 0.13 0.36 -0.22 -0.01
WAT-9161 8.55 -0.71 -0.54 -0.13 -0.04 27.42 0.09 1.40 -1.16 -0.14
WAT-9453 7.81 0.02 -0.55 0.54 0.03 27.50 0.01 -0.87 0.83 0.05
WAT-9464 7.51 0.33 0.21 0.13 -0.01 27.67 -0.15 -0.66 0.49 0.01
WAT-9501 8.13 -0.29 -0.09 -0.21 0.01 27.38 0.14 0.37 -0.23 0.00
WAT-9665 7.65 0.19 0.59 -0.38 -0.02 27.18 0.33 0.58 -0.23 -0.02
WAT-11739 8.05 -0.22 -0.04 -0.18 0.00 27.58 -0.07 0.19 -0.25 -0.01
WAT-12117 7.85 -0.02 -0.02 0.00 0.00 27.52 -0.01 -0.01 0.00 0.00
sum over AA 2.38 -1.27 3.7 -0.04 3.67 -1.23 5.5 -0.6
sum over 
waters

-3.88 -2.89 -1.11 0.12 1.47 5.89 -4.13 -0.3

TOTAL -1.51 -4.17 2.58 0.08 5.14 4.66 1.38 -0.89

Figure S-C14. Significant (larger than 0.25 kcal mol-1) contributions of the residues’ side 
chains to the relative potential energy barrier (ΔE, calculated at the ONIOM(B3LYP-D3/def2-
SVP, Amber) level with mechanical embedding) for TSOH-C6 and TSHAT2-C7. 
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Table S-C4. The ONIOM energy barriers (ΔE) for tH6H variants of TSOH-C7 and TSHAT2-C6 
lacking single amino acid side chains. The change in barrier caused by the removal of the side 
chain is given as ΔΔE. Coulomb, van der Waals and bonded contributions are reported as 
ΔΔECoulomb , ΔΔEvdW and ΔΔEbond , respectively. Values are given in kcal mol-1. 
 

residue ΔE ΔΔE ΔΔECoulomb ΔΔEvdW ΔΔEbond ΔE ΔΔE ΔΔECoulomb ΔΔEvdWΔΔEbond

none (wt) 16.59 13.59
Phe-103 16.81 -0.22 -0.39 0.20 -0.04 13.00 0.50 0.39 0.15 -0.04
Leu-105 16.50 0.09 0.03 0.06 0.00 13.52 0.07 0.05 0.01 0.00
Leu-107 16.36 0.23 0.06 0.14 0.03 13.45 0.13 0.04 0.09 0.01
Glu-116 24.09 -7.50 -8.28 0.67 0.11 14.84 -1.25 -1.69 0.63 -0.19
Lys-129 7.18 9.41 9.46 0.06 -0.11 12.65 0.94 0.86 0.06 0.02
Thr-131 15.39 1.20 0.72 0.62 -0.14 13.72 -0.14 -0.21 0.07 0.01
Ala-133 16.28 0.30 0.02 0.27 0.01 13.36 0.23 0.00 0.17 0.06
Ile-194 16.60 -0.01 0.04 0.00 -0.04 13.60 -0.02 0.00 0.02 -0.03
Met-196 16.38 0.21 0.26 0.12 -0.16 13.48 0.11 0.03 0.03 0.04
Leu-198 15.68 0.91 0.20 0.72 0.00 12.95 0.63 0.03 0.62 -0.01
Asn-200 14.95 1.63 0.34 1.22 0.08 13.92 -0.34 -0.51 0.20 -0.02
Tyr-202 16.68 -0.09 -0.05 -0.25 0.21 13.52 0.06 0.01 0.01 0.04
Asn-221 16.44 0.15 -0.01 0.22 -0.06 13.59 -0.01 -0.17 0.18 -0.02
Thr-224 17.55 -0.96 -1.25 0.22 0.06 14.18 -0.60 -0.88 0.29 -0.01
Leu-226 16.32 0.27 0.04 0.24 0.00 13.61 -0.02 -0.11 0.08 0.00
Leu-233 16.68 -0.09 -0.14 0.00 0.05 13.69 -0.11 -0.19 0.08 0.00
Asn-256 17.18 -0.59 -0.64 0.18 -0.13 13.94 -0.36 -0.25 -0.09 -0.02
Thr-260 16.69 -0.11 -0.44 0.27 0.06 13.69 -0.10 -0.27 0.14 0.03
Val-276 16.16 0.43 0.14 0.31 -0.03 13.40 0.18 -0.04 0.23 -0.01
Leu-290 15.59 0.99 0.16 0.76 0.07 13.29 0.29 0.00 0.30 -0.01
Tyr-295 16.49 0.10 0.29 -0.19 0.00 13.52 0.07 0.19 -0.12 0.00
Tyr-319 16.72 -0.13 -0.15 0.00 0.02 13.65 -0.07 -0.09 -0.01 0.03
Ala-320 16.59 0.00 0.00 0.00 0.00 13.59 0.00 0.00 0.00 0.00
Phe-322 16.56 0.03 0.17 -0.14 0.00 13.60 -0.02 0.09 -0.10 -0.01
Ala-323 16.61 -0.02 0.00 -0.02 0.00 13.63 -0.04 -0.01 -0.03 0.00
Glu-324 16.95 -0.36 -0.35 0.00 0.00 14.36 -0.78 -0.79 0.01 0.00
Tyr-326 15.64 0.94 -0.59 1.66 -0.12 13.99 -0.40 -0.99 0.56 0.03
Leu-327 15.79 0.80 0.05 0.75 0.00 13.35 0.23 0.17 0.03 0.04
Lys-330 16.62 -0.03 0.04 -0.04 -0.03 10.56 3.02 3.14 -0.05 -0.07
WAT-365 15.79 0.80 0.51 0.30 -0.02 13.29 0.30 0.20 0.11 -0.01
WAT-370 16.87 -0.28 -0.29 0.01 0.00 14.08 -0.49 -0.53 0.02 0.01
WAT-372 16.44 0.15 0.15 0.01 -0.01 13.50 0.08 0.10 -0.01 0.00
WAT-375 17.50 -0.91 -4.06 2.94 0.21 13.94 -0.35 -0.53 0.14 0.04
WAT-442 16.40 0.19 0.33 -0.14 0.00 13.51 0.08 0.07 0.01 0.00
WAT-605 18.00 -1.41 -0.18 -1.24 0.01 13.82 -0.23 0.54 -0.76 -0.02
water-1 19.86 -3.27 -5.58 2.02 0.29 13.12 0.47 -0.12 0.55 0.03
WAT-782 16.48 0.11 0.22 -0.10 -0.01 13.76 -0.17 -0.09 -0.09 0.00
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WAT-2175 16.17 0.42 0.66 -0.22 -0.02 13.28 0.31 0.47 -0.15 -0.01
WAT-3097 15.48 1.10 2.32 -1.11 -0.11 13.40 0.19 0.53 -0.29 -0.05
WAT-3155 16.59 0.00 0.17 -0.16 -0.01 13.58 0.00 0.09 -0.08 0.00
WAT-4290 16.21 0.37 0.51 -0.10 -0.03 13.48 0.10 0.14 -0.03 -0.01
WAT-4432 16.49 0.10 0.15 -0.03 -0.02 13.36 0.22 0.43 -0.18 -0.02
WAT-4451 16.24 0.35 0.56 -0.19 -0.02 13.50 0.09 0.19 -0.09 -0.02
WAT-4521 16.71 -0.12 -0.10 -0.02 0.00 13.55 0.04 0.06 -0.02 0.00
WAT-5452 16.91 -0.32 -0.27 -0.06 0.02 13.59 -0.01 0.04 -0.05 0.00
WAT-5484 16.29 0.30 0.32 0.01 -0.03 13.57 0.02 0.23 -0.19 -0.02
WAT-5548 15.78 0.81 1.20 -0.32 -0.07 13.51 0.07 -0.12 0.17 0.02
WAT-5765 16.33 0.26 0.71 -0.36 -0.10 12.75 0.84 1.01 -0.15 -0.02
WAT-6529 16.49 0.10 0.12 -0.02 0.00 13.50 0.09 0.14 -0.05 0.00
WAT-7051 16.52 0.07 -0.01 0.08 0.00 15.08 -1.50 -1.45 -0.11 0.06
WAT-7395 16.92 -0.33 -0.59 0.25 0.01 14.75 -1.17 -0.46 -0.73 0.03
WAT-8073 16.19 0.40 0.64 -0.20 -0.04 13.96 -0.38 -0.31 -0.10 0.03
WAT-9161 14.66 1.93 4.62 -2.39 -0.29 14.50 -0.92 -0.35 -0.53 -0.04
WAT-9453 16.37 0.22 -0.43 0.62 0.03 13.37 0.22 -0.17 0.37 0.01
WAT-9464 16.81 -0.22 -0.38 0.15 0.00 13.32 0.26 0.03 0.24 0.00
WAT-9501 16.48 0.11 0.35 -0.23 0.00 13.87 -0.28 -0.16 -0.13 0.01
WAT-9665 16.34 0.25 0.90 -0.63 -0.03 13.36 0.22 0.65 -0.41 -0.02
WAT-11739 16.50 0.09 0.04 0.05 -0.01 14.01 -0.42 -0.34 -0.08 0.01
WAT-12117 16.60 -0.01 -0.01 0.00 0.00 13.60 -0.02 -0.02 0.00 0.00
sum over AA 7.6 -0.26 8.04 -0.17 2.23 -1.19 3.56 -0.15
sum over 
waters

1.26 2.59 -1.09 -0.24 -2.35 0.26 -2.60 0

TOTAL 8.86 2.33 6.95 -0.41 -0.12 -0.93 0.96 -0.15
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FIgure S-C15. Significant (larger than 0.25 kcal mol-1) contributions of the residues’ side 
chains to the relative potential energy barrier (ΔE, calculated at the ONIOM(B3LYP-D3/def2-
SVP, Amber) level with mechanical embedding) for TSHAT2-C6 and TSOH-C7. 
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Figure S-C16. Reaction energy profile for tH6H-catalysed hydroxylation and plausible 
desaturation initiated at the C6 position. The structures of the stationary points lack the Fe(III)-
OH---succinate hydrogen bond.
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Figure S-C17.  Optimised structures for TS’OH-C6 (A) and TS’HAT2-C7 (B). Distances are given 
in Å and spin populations larger than 0.1 are given in italics.

Figure S-C18. Reaction energy profile for tH6H-catalysed hydroxylation and plausible 
desaturation initiated at the C7 position. The structures of the stationary points lack the -OH-
--succinate hydrogen bond.
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Figure S-C19.  Optimised structures for TS’OH-C7 (A) and TS’HAT2-C6 (B). Distances are given 
in Å and spin populations larger than 0.1 are given in italics.
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Table S-C5. Relative energies in kcal mol-1 for stationary points in QM/MM calculations; ME 
stands for mechanical embedding, EE for electronic embedding.  

def2-SVP (ME) def2-SVP 
(reopt,ME)

def2-TZVP 
(ME)

def2-TZVP 
(EE)

def2-TZVP 
(EE) water + 

Lys-129 in QM

ΔG def2-
TZVP (EE) 

QM ONIOM QM ONIOM QM ONIOM QM ONIOM QM ONIOM

S’ -1.08 2.45 -0.35 0.01 -0.39 -0.03 2.89 2.22 -- -- -0.70

S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TSHAT1-C6 19.49 21.44 21.11 12.62 21.88 13.39 13.32 15.40 14.67 15.31 11.03

RIC6 5.55 6.50 7.67 3.31 7.88 3.51 1.86 2.91 2.36 2.95 0.63

TSOH-C6 8.22 10.87 11.71 6.67 12.87 7.84 4.42 6.14 5.64 6.82 4.92

POH-C6 -34.04 -40.68 -37.84 -35.43 -35.72 -33.31 -29.55 -35.84 -- -- -37.21

TSHAT2-C7 18.83 26.63 21.42 25.62 23.32 27.51 22.90 23.74 24.35 25.07 18.58

PH -19.37 -20.25 -17.44 -22.47 -18.73 -23.76 -28.08 -25.13 -- -- -28.23

RI’C6 5.15 7.28 7.54 -2.49 7.78 -2.24 0.55 2.18 -- -- -1.35

TS’OH-C6 9.46 11.90 15.94 5.41 17.21 6.68 8.42 12.19 -- -- 10.58

P’OH-C6 -42.21 -44.82 -33.16 -44.63 -30.87 -42.34 -37.25 -36.42 -- -- -35.47

TS’HAT2-C7 17.69 24.32 21.00 18.16 22.94 20.10 18.98 21.67 -- -- 16.76

P’H -21.66 -26.56 -21.02 -27.42 -21.93 -28.33 -25.49 -25.79 -- -- -28.26

TSHAT1-C7 
S(Fe)=5/2

20.71 29.68 21.91 23.26 22.67 24.03 19.09 22.85 19.33 24.25 19.84

TS’HAT1-C7 
S(Fe)=3/2

25.15 33.32 25.81 28.66 27.40 30.25 26.38 29.76 26.49 30.15 26.81

RIC7(π)
S(Fe)=3/2

21.13 20.94 22.82 18.95 23.58 19.70 18.74 19.47 19.37 19.96 17.07

RIC7
S(Fe)=5/2

6.16 7.39 7.74 4.03 8.16 4.45 2.38 3.25 3.49 3.72 0.75

TSOH-C7 10.98 24.28 10.07 15.78 10.88 16.59 10.86 14.31 11.05 15.27 12.73

POH-C6 -49.04 -31.71 -49.30 -28.00 -44.13 -22.83 -37.55 -30.41 -39.77 -29.90 -28.98

TSHAT2-C6 15.24 16.48 17.04 11.79 18.83 13.59 10.95 12.27 13.07 13.75 7.13

PH -19.29 -20.31 -17.40 -22.63 -18.67 -23.89 -28.09 -25.11 -- -- -28.18

RI’C7(π) 16.32 7.16 17.08 7.91 14.33 13.34 -- -- 11.01

RI’C7(σ) 7.09 10.33 6.99 2.62 7.10 2.74 8.17 7.95 -- -- 6.12

TS’OH-C7 7.79 19.81 12.61 13.10 13.75 14.24 9.70 17.35 -- -- 17.75

P’OH-C6 -44.56 -36.57 -41.11 -33.62 -38.35 -30.87 -34.74 -30.62 -- -- -24.17

TS’HAT2-C6 17.21 18.42 24.93 7.72 25.14 7.94 13.43 12.52 -- -- 8.94

P’H -20.86 -30.66 -17.50 -34.56 -18.05 -35.11 -26.16 -31.74 -- -- -32.67
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