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Supplementary Methods 

Characterisation of 2,2-disubstituted 1,3-cyclopentanediones1 

2-ethyl-2-benzylcyclopentane-1,3-dione (1b) (86% yield). 1H NMR (600 MHz, CDCl3): δ 

7.23-7.18 (m, 3H), 6.98-7.03 (m, 2H), 2.93 (s, 2H), 2.44-2.59 (m, 2H,), 195-2.10 (m, 2H), 

1.17 (s, 3H). 

2-methyl-2-benzylcyclopentane-1,3-dione (3a, 69% yield). 1H NMR (600 MHz, CDCl3): 
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δ 7.16-7.24 (m, 3H), 6.99-7.06 (m, 2H), 2.94 (s, 2H), 2.39-2.49 (m, 2H), 1.95-2.05 (m, 2H), 

1.82 (q, J = 4.2, 10.4 Hz, 2H), 0.79 (t, J = 7.8 Hz 3H). 

2-methyl-2-(2-methylbenzyl)cyclopentane-1,3-dione (3b, 76% yield). 1H NMR (600 MHz, 

CDCl3): δ 7.09-7.12 (m, 2H), 7.04-7.06 (m, 1H), 6.95-6.97 (m, 1H), 3.02 (s, 2H), 2.48-

2.87 (m, 2H), 2.25 (s, 2H), 2.09-2.18 (m, 2H), 1.17 (s, 3H). 

2-methyl-2-(3-methylbenzyl)cyclopentane-1,3-dione (3c, 72% yield). 1H NMR (600 MHz, 

CDCl3): δ 7.10-7.14 (m, 1H), 6.99-7.04 (m, 1H), 6.81-6.89 (m, 2H), 2.93 (s, 2H), 2.41-

2.51 (m, 2H), 2.20 (s, 3H), 1.96-2.05 (m, 2H), 1.12 (s, 2H). 

2-methyl-2-(4-methylbenzyl)cyclopentane-1,3-dione (3d, 83% yield). 1H NMR (600 MHz, 

CDCl3): δ 6.95 (2H, d, J = 4.8 Hz), 6.95 (2H, d, J = 4.2 Hz), 2.84 (s, 2H), 2.48-2.62 (m, 

2H), 2.29 (s, 3H), 2.00-2.15 (m, 2H), 1.21 (s, 3H). 

2-methyl-2-(2-chlorobenzyl)cyclopentane-1,3-dione (3e, 65% yield). 1H NMR (600 MHz, 

CDCl3): δ 7.33-7.37 (m, 1H), 7.18-7.22 (m, 2H), 7.11-7.15 (m, 1H), 3.13 (s, 2H), 2.60-2.69 

(m, 2H), 2.52-2.59 (m, 2H), 1.21 (s, 3H). 

2-methyl-2-(3-chlorobenzyl)cyclopentane-1,3-dione (3f, 72% yield). 1H NMR (600 MHz, 

CDCl3): δ 7.07-7.21 (m, 1H), 7.01-7.06 (m, 2H), 6.86-6.96 (m, 1H), 2.92 (s, 2H), 2.51-

2.70 (m, 2H), 2.06-2.23 (m, 2H), 1.19 (s, 3H). 

2-methyl-2-(4-chlorobenzyl)cyclopentane-1,3-dione (3g, 79% yield). 1H NMR (600 MHz, 

CDCl3): δ 7.17-7.27 (m, 2H), 6.95-7.00 (m, 2H), 2.92 (s, 2H), 2.54-2.68 (m, 2H), 2.05-

2.20 (m, 2H), 1.19 (s, 3H). 

2-methyl-2-(3-bromobenzyl)cyclopentane-1,3-dione (3h, 73% yield). 1H NMR (600 MHz, 

CDCl3): δ 7.30-7.36 (m, 1H), 7.01-7.18 (m, 2H), 6.92-7.02 (m, 1H), 2.91 (s, 2H), 2.53-

2.70 (m, 2H), 2.06-2.23 (m, 2H), 1.20 (s, 3H). 

2-methyl-2-(4-bromobenzyl)cyclopentane-1,3-dione (3i, 81% yield). 1H NMR (600 MHz, 

CDCl3): δ 7.27-7.36 (m, 2H), 6.88-6.93 (m, 2H), 2.89 (s, 2H), 2.53-2.68 (m, 2H), 2.06-

2.19 (m, 2H), 1.18 (s, 3H). 

2-methyl-2-(naphthalen-2-ylmethyl)cyclopentane-1,3-dione (3j, 69% yield). 1H NMR 

(600 MHz, CDCl3): δ 7.79-7.73 (m, 2H), 7.69-7.73 (m, 1H), 7.51 (s, 1H), 7.41-7.48 (m, 

2H), 7.13-7.19 (m, 1H), 3.13 (s, 2H), 2.48-2.58 (m, 2H), 1.96-2.06 (m, 2H), 1.26 (s, 3H). 

2-allyl-2-methylcyclopentane-1,3-dione (3k, 59% yield). 1H NMR (600 MHz, CDCl3): 

δ 5.55-5.64 (m, 1H), 5.04-5.10 (m, 2H), 2.64-2.80 (m, 4H), 2.33-2.38 (m, 2H), 1.12 (s, 3H). 



2-methyl-2-(prop-2-yn-1-yl)cyclopentane-1,3-dione 3l (62% yield). 1H NMR (600 MHz, 

CDCl3): δ 2.71-2.89 (m, 4H), 2.43 (d, J = 1.2 Hz, 2H), 1.95 (t, J = 2.4, 3.0 Hz, 2H), 1.10 

(s, 3H). 

Characterisation of 2,2-disubstituted 3-hydroxycyclo-1-pentanones 

(13R,17S)-ethyl secol (2a, 94% yield). 1H NMR (600 MHz, CDCl3): δ 7.10 (d, J = 6.0 Hz, 

1H), 6.68-6.74 (m, 3H), 5.71 (t, J = 18 Hz, 1H), 4.22 (t, J = 18 Hz, 1H), 3.77 (s, 3H), 2.64-

2.70 (m, 2H), 2.41-2.49 (m, 1H); 2.31-2.38 (m, 2H), 2.13-2.29 (m, 4H), 1.84-1.95 (m, 1H), 

1.62-1.74 (m, 3H), 1.51-1.60 (m, 1H), 0.93 (t, J = 5.6 Hz, 3H).  

(2R,3S)-2-benzyl-3-hydroxy-2-ethylcyclopentanone (2b, 82% yield). 1H NMR (600 MHz, 

CDCl3): δ 7.24-7.30 (m, 2H), 7.20-7.23 (m, 1H), 7.12-7.15 (m, 2H), 4.23 (t, J = 4.8 Hz, 

1H), 2.92(d, J = 12.6 Hz, 1H), 2.75 (d, J = 12.6 Hz, 1H), 2.37-2.45 (m, 1H), 2.03-2.10 (m, 

1H), 1.94-2.02 (m, 1H), 1.78-1.86 (m, 1H), 1.62-1.70 (m, 1H), 1.52-1.61 (m, 1H), 0.99 (t, 

J = 5.4 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ 219.1, 137.6, 139.9, 128.5, 126.6, 74.5, 

57.1, 37.9, 35.6, 27.8, 22.0, 8.2. HRMS (ES+) calcd for C14H18O2 (M+Na): 241.1204, found: 

241.1213. [α]D
25 -19.1 (c 0.5, CH3CH2OH). 

(2R,3S)-2-benzyl-3-hydroxy-2-methylcyclopentanone (4a, 82% yield). 1H NMR (600 

MHz, CDCl3): δ 7.21-7.31 (m, 4H), 7.14 (m, 1H), 4.20 (t, J = 4.8 Hz, 1H), 2.87 (d, J = 12.6 

Hz, 1H), 2.70 (d, J = 12.6 Hz, 1H), 2.42-2.49 (m, 1H), 2.11-2.18 (m, 1H), 1.99-2.08 (m, 

1H), 1.75-1.85 (m, 1H), 1.03 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 220.2, 137.5, 130.2, 

128.7, 126.9, 74.5, 54.2, 41.3, 35.5, 27.5, 16.1. HRMS (ES+) calcd for C13H16O2 (M+Na): 

227.1048, found: 227.1096. [α]D
25 -43.6 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(2-methylbenzyl)cyclopentanone (4b, 85% yield). 1H 

NMR (600 MHz, CDCl3): δ 7.03-7.14 (m, 4H), 4.12 (t, J = 2.4 Hz, 1H), 2.77-2.97 (m, 2H), 

2.42 (m, 1H), 2.33 (3H, s), 2.12 (m, 1H), 1.97 (m, 1H), 1.74 (m, 1H), 1.02 (s, 3H). 13C 

NMR (125 MHz, CDCl3): δ 220.1, 137.4, 136.2, 130.6, 126.9, 126.2, 74.5, 54.8, 37.4, 36.0, 

27.8, 20.3, 16.6. HRMS (ES+) calcd for C14H18O2 (M+Na): 241.1204, found: 241.1252. 

[α]D
25 -75.2 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(3-methylbenzyl)cyclopentanone (4c, 88% yield). 1H 

NMR (600 MHz, CDCl3): δ 6.89-7.19 (m, 4H), 4.12 (t, J = 2.4 Hz, 1H), 2.80 (d, J = 12 Hz, 

1H,), 2.63 (d, J = 12 Hz, 1H), 2.42 (m, 1H), 2.29 (s, 3H), 2.11 (m, 1H), 2.01 (m, 1H), 1.76 

(m, 1H), 1.01 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 220.3, 138.3, 137.4, 131.0, 128.6, 



127.7, 127.2, 74.5, 54.2, 41.3, 35.5, 27.5, 21.6, 16.2. HRMS (ES+) calcd for C14H18O2 

(M+Na): 241.1204, found: 241.1240. [α]D
25 -61.1 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(4-methylbenzyl)cyclopentanone (4d, 88% yield). 1H 

NMR (600 MHz, CDCl3): δ 7.06 (d, J = 3.6 Hz, 2H), 6.99 (d, J = 3.6 Hz, 2H), 4.18 (t, J = 

1.2, 12 Hz, 1H), 2.80 (d, J = 6.0 Hz, 1H), 2.63 (d, J = 12 Hz, 1H), 2.42 (m, 1H), 2.29 (s, 

3H), 2.11 (m, 1H), 2.01 (m, 1H), 1.76 (m, 1H), 0.99 (s, 3H). 13C NMR (125 MHz, CDCl3): 

δ 220.3, 136.5, 134.3, 130.1, 129.4, 74.5, 54.3, 40.9, 35.5, 27.5, 21.2, 16.1. HRMS (ES+) 

calcd for C14H18O2 (M+Na): 241.1204, found: 241.1241. [α]D
25 -65.2 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(2-chlorobenzyl)cyclopentanone (4e, 89% yield). 1H NMR 

(600 MHz, CDCl3): δ 7.34-7.39 (m, 1H), 7.15-7.22 (m, 3H), 4.13 (m, 1H), 3.00-3.11 (m, 

2H), 2.43-2.49 (m, 1H), 2.12-2.19 (m, 1H), 1.91-1.99 (m, 1H), 1.79-1.88 (m, 1H), 1.09 (s, 

3H). 13C NMR (125 MHz, CDCl3): δ 219.6, 135.7, 135.0, 132.6, 129.6, 128.4, 127.3, 73.9, 

55.1, 37.2, 36.0, 26.9, 16.9. HRMS (ES+) calcd for C14H18ClO2 (M+Na): 261.0658, found: 

261.0674. [α]D
25 -26.5 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(3-chlorobenzyl)cyclopentanone (4f, 92% yield). 1H NMR 

(600 MHz, CDCl3): δ 7.03-7.22 (m, 4H), 4.12 (t, J = 6.0 Hz, 1H), 2.86 (d, J = 12.6 Hz, 1H), 

2.63 (d, J = 12.6 Hz, 1H), 2.45 (m, 1H), 2.13 (m, 1H), 2.00 (m, 1H), 1.80 (m, 1H), 1.01 (s, 

3H). 13C NMR (125 MHz, CDCl3): δ 219.5, 139.6, 134.4, 130.3, 129.8, 128.5, 127.1, 74.0, 

54.3, 40.7, 35.6, 27.7, 16.3. HRMS (ES+) calcd for C14H18ClO2 (M+Na): 261.0658, found: 

261.0654. [α]D
25 -54.7 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(4-chlorobenzyl)cyclopentanone (4g, 93% yield). 1H NMR 

(600 MHz, CDCl3): δ 7.21 (d, J = 3.6 Hz, 2H), 7.03 (d, J = 3.6 Hz, 2H), 4.10 (m, 1H), 2.86 

(d, J = 12.6 Hz, 1H), 2.62 (d, J = 12.6 Hz, 1H), 2.38-2.49 (m, 1H), 2.06-2.17 (m, 1H), 1.92-

2.01 (m, 1H), 1.72-1.83 (m, 1H), 0.99 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 219.7, 136.0, 

132.8, 131.6, 128.7, 74.0, 54.3, 40.4, 35.6, 27.7, 16.3. HRMS (ES+) calcd for C14H18ClO2 

(M+Na): 261.0658, found: 261.0646. [α]D
25 -46.4 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(3-bromobenzyl)cyclopentanone (4h, 93% yield). 1H 

NMR (600 MHz, CDCl3): δ 6.98-7.34 (4H), 4.10 (1H, t, J = 6.0 Hz), 2.83 (d, J = 12.6 Hz, 

1H), 2.59 (d, J = 12.6 Hz, 1H), 2.41 (m, 1H), 2.11 (m, 1H), 1.96 (m, 1H), 1.76 (m, 1H), 

0.99 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 219.6, 139.9, 133.2, 130.1, 130.0, 128.9, 

122.6, 74.0, 54.3, 40.6, 35.7, 27.7, 16.3. HRMS (ES+) calcd for C13H15Br (M+Na): 



305.0153, found: 305.0133. [α]D
25 -34.0 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(4-bromobenzyl)cyclopentanone (4i, 94% yield). 1H NMR 

(600 MHz, CDCl3): δ 7.36 (d, J = 3.6 Hz, 2H), 6.99 (d, J = 3.6 Hz, 2H,), 4.10 (1H, t, J = 

1.2, 6.0 Hz), 2.84 (d, J = 12.6 Hz, 1H), 2.60 (d, J = 12.6 Hz, 1H), 2.42 (m, 1H), 2.11 (m, 

1H), 1.96 (m, 1H), 1.77 (m, 1H), 0.99 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 219.7, 136.5, 

132.0, 131.7, 120.9, 74.0, 54.3, 40.4, 35.7, 27.5, 16.3. HRMS (ES+) calcd for C13H15Br 

(M+Na): 305.0153, found: 305.0137. [α]D
25 -46.0 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(naphthalen-2-ylmethyl)cyclopentanone (4j, 93% yield). 

1H NMR (600 MHz, CDCl3): δ 7.71-7.83 (m, 3H), 7.60 (s, 1H), 7.40-7.47 (m, 2H), 7.21 

(d, J = 3.6 Hz, 1H), 4.24 (t, J =6.0 Hz, 1H), 3.08 (d, J = 12.6 Hz, 1H), 2.85 (d, J = 12.6 Hz, 

1H), 2.42-2.49 (m, 1H), 2.08-2.16 (m, 1H), 1.95-2.03 (m, 1H), 1.74-1.84 (m, 1H), 1.09 (s, 

3H). 13C NMR (125 MHz, CDCl3): δ 219.7, 136.5, 132.0, 131.7, 120.9, 74.0, 54.3, 40.4, 

35.7, 27.5, 16.3. HRMS (ES+) calcd for C17H18O2 (M+Na): 277.1204, found: 277.1210. 

[α]D
25 -54.9 (c 0.5, CH3CH2OH). 

(2R,3S)-2-allyl-3-hydroxy-2-methylcyclopentanone (4k, 79% yield). 1H NMR (600 MHz, 

CDCl3): δ 5.69-5.78 (m, 1H), 5.05-5.13 (m, 2H), 4.20 (t, J =6.0 Hz, 1H), 2.42-2.49 (m, 

1H), 2.20-2.27 (m, 1H), 2.11-2.19 (m, 4H), 1.81-1.88 (m, 1H), 1.09 (s, 3H). HRMS (ES+) 

calcd for C9H14O2 (M+Na): 177.0891, found: 177.0884. [α]D
25 -29.1 (c 0.5, CH3CH2OH). 

(2R,3S)-3-hydroxy-2-methyl-2-(prop-2-yn-1-yl)cyclopentanone (4l, 75% yield). 1H NMR 

(600 MHz, CDCl3): δ 2.40-2.44 (m, 1H), 2.47-2.54 (m, 2H), 7.25-7.28 (m, 1H), 2.13-2.42 

(m, 5H), 1.82-1.91 (m, 1H), 1.07 (t, J = 5.4 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ 218.6, 

80.8, 75.5, 71.3, 51.9, 35.1, 27.3, 25.1, 15.2. HRMS (ES+) calcd for C9H12O2 (M+Na): 

175.0735, found: 175.0723. [α]D
25 -70.8 (c 0.5, CH3CH2OH). 

 

 

  



Supplementary Tables 

 

Supplementary Table 1 Reduction of ethyl secodione with carbonyl reductases. 

Enzyems Conversion % 
Ratio of mono-carbonyl reduction products % a 

(13R, 17R) (13S, 17S) (13S, 17R) (13R, 17S) 

KERD-Pglu2 < 1 - - - - 

SSADH3 < 1 - - - - 

ZsADH4 2 33.6 42.5 - 23.9 

Ymr226c5 3 > 99 - - - 

TbADH6 5 0.6 - - 99.4 

Chkred12 8 89.2 10.8 - - 

H27 10 56.2 - - 43.8 

Gre 28 13 > 99 - - - 

chkredF205A9 17 9.8 71.7 18.5 - 

PFADH10 24 9.1 8.0 - 82.9 

Yil124w11 60 52.4 1.2 - 46.4 

LKADH12 63 33.7 50.1 16.2 - 

ADH-A13 77 48.8 7.3 3.0 40.9 

SSCR14 82 7.6 87.5 4.9 - 

RasADH15 93 66.8 3.3 19.7 10.2 

SSCR 

M242F/Q245Tb 
95 43.6 49.3 7.1 

- 

a The ratio of ketol products among all the four ketol products; b Preserved in our laboratory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 2 Data collection and refinement statistics of crystals. 

 RasADH 3B3/I91V RasADH F12 

Data collection   

Space group P61 P3221 

Unit-cell   

a, b, c [Å] 69.08, 69.07, 388.99 118.69, 118.69, 

73.01 

α /β /γ (°) 90.00/90.00/120.00 90.00/90.00/120.00 

Resolution (Å) 25-1.78 

(1.84-1.78) 

25-1.80 

(1.86-1.80) 

Unique reflections 99773 (9987) 55225 (5156) 

Redundancy 9.0 (9.3) 10.2 (8.6) 

Completeness (%) 99.9 (100.0) 99.4 (93.6) 

Average I/σ(I) 41.2 (3.56) 31.6 (2.79) 

CC 1/2* 0.979 (0.862) 0.986 (0.947) 

Refinement   

No. of reflections 99646 (9774) 55003 (5219) 

Rwork (95% data) 0.184 (0.260) 0.172 (0.212) 

Rfree (5% data) 0.214 (0.290) 0.213 (0.254) 

Rmsd bonds (Å) 0.004 0.014 

Rmsd angles (°) 0.943 1.356 

Dihedral angles   

Most favored (%) 91.3 92.3 

Allowed (%) 8.7 7.7 

Disallowed (%) 0.0 0.0 

no. of non-H atoms / 

average B [Å2] 

  

Protein 7204/31.11 3651/26.98 

Water 730/39.59 316/35.26 

Ligand 190/61.18 119/40.33 

PDB ID code 6IHI 6IHH 

Values in parentheses are for the outermost resolution shells. *CC(1/2) = percentage of 

correlation between intensities from random half-datasets. Karplus & Diederichs (2012), 

Science 336, 1030-33 
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Supplementary Table 3 List of Primers. 

Protein Primers(5’-3’) 

L201 Forward GAAGCTGACGAANNKCGTGCTAAATTCGCTGCTG 

L201 Reverse GAATTTAGCACGMNNTTCGTCAGCTTCTTCCTG 

F205 Forward CTGCGTGCTAAANNKGCTGCTGCTACCCCGCTG 

F205 Reverse GGTAGCAGCAGCMNNTTTAGCACGCAGTTCGTC 

I187/I188 

Forward 
CTATCGACACCCCGNDTNDTGAAAACCAGGTTTCTACC 

I187/I188 

Reverse 
GAAACCTGGTTTTCAHNAHNCGGGGTGTCGATAGCACC 

I91/Q93 

Forward 
CTAACTCTGGTGCTNDTGAANDTAAAACCCTGGAAGAAATC 

I91/Q93 

Reverse 
CTTCCAGGGTTTTAHNTTCAHNAGCACCAGAGTTAGCGAAC 

L144 Forward GGTGTTCTGGGTNNKCAGGCTCACGACACCTAC 

L144 Reverse GTCGTGAGCCTGMNNACCCAGAACACCAGCAAC 

H147 Forward GGTCTGCAGGCTNNKGACACCTACTCTGCTGC 

H147 Reverse CAGAGTAGGTGTCMNNAGCCTGCAGACCCAGAAC 

Y150 Forward GGCTCACGACACCNNKTCTGCTGCTAAAGCTGCTG 

Y150 Reverse CTTTAGCAGCAGAMNNGGTGTCGTGAGCCTGCAGACC 

Q191 Forward CGAGTCTTGAAAACNNKGTTTCTACCCAGGAAG 

Q191 Reverse CTGGGTAGAAACMNNGTTTTCAAGACTCGGGGTG 

G89 Forward GTTCGCTAACTCTNNKGCTGTTGAACAGAAAACCC 

G89 Reverse CTGTTCAACAGCMNNAGAGTTAGCGAACAGAAC 

P101 Forward GAAGAAATCACCNNKGAACACTACGACCGTACC 

P101 Reverse GGTCGTAGTGTTCMNNGGTGATTTCTTCCAGGG 

N190 Forward CCCCGAGTCTTGAANNKCAGGTTTCTACCCAGGAAG 

N190 Reverse CTGGGTAGAAACCTGMNNTTCAAGACTCGGGGTGTCG 

P180 Forward GTTAACGCTGTTTCTNNKGGTGCTATCGACACCCCGAG 

P180 Reverse GTGTCGATAGCACCMNNAGAAACAGCGTTAACACGG 

K154 Forward CTACTCTGCTGCTNNKGCTGCTGTTCGTTCTCTG 

K154 Reverse CGAACAGCAGCMNNAGCAGCAGAGTAGGTGTCG 

N111 Forward CCTTCGACGTTNNKGTTCGTGGTCTGATCTTCAC 

N111 Reverse CAGACCACGAACMNNAACGTCGAAGGTACGGTCG 

 



Supplementary Table 4 The reduction of bulky diaryl ketones catalyzed by wild-type 

RasADH and mutant F12a.  

 

R′, R group 

RasADH WT RasADH F12 

Specific activity 

(U/mg) 

ee %  

Specific activity 

(U/mg) 

ee % 

H, o-CH3 phenyl (5a) 0.005 78 (S) 0.018 96 (S) 

H, p-CH3 phenyl (5b) 0.009 63 (S) 0.029 95 (S) 

H, o-Cl phenyl (5c) 0.023 >99 (S) 0.047 >99 (S) 

H, p-Cl phenyl (5d) 0.018 38 (S) 0.063 93 (S) 

H, p-F phenyl (5e) 0.015 17 (S) 0.033 77 (S) 

H, p-OCH3 phenyl (5f) 0.005 79 (S) 0.018 97 (S) 

H, 2-pyridyl (5g) 0.015 67 (S) 0.256 98 (S) 

4′-Cl, 2-pyridyl (5h) 0.091 58 (S) 2.449 93 (S) 

a The specific activity and the ee values were measured as described in the Supplementary 

Methods. 

 

  



Supplementary Figures 

 

 

Supplementary Fig. 1. Stereoselectivity variation during biotransformation. a, 

Stereoselectivity of wild-type enzyme and mutant F205A at the reaction time of 16 hours. 

b, Stereoselectivity of wild-type enzyme and mutant F205A at the reaction time of 36 hours. 

 

 

Supplementary Fig. 2. The iterative stepwise improvement process of directed 

evolution of RasADH. Enzyme activity of WT is taken as 1.0. The percentage of (13R, 

17S)-2a among the ketol product of redution are shown in blue. 
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Supplementary Fig. 3. Projection of the WT five independent 250 ns MD simulation 

replicas. They are represented with small colored dots in either violet (replica 1), blue (rep 

2), pink (rep 3), green (rep 4), or gray (rep 5) on the FEL associated with the two most 

important principal components (PC1, PC2) for RasADH WT. All replicas in the absence 

of substrate started from the X-ray structure (PDB ID: 4BMS, see red dot in WT figure). 

For the substrate-bound MD simulations, the starting conformation was the open state 

(WT-E, marked with a red dot) for the pro-(13S,17S), pro-(13S,17R), pro-(13R,17R) and 

pro-(13R,17S) orientations.  
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Supplementary Fig. 4. Projection of the F12 five independent 250 ns MD simulation 

replicas. They are represented with small colored dots in either violet (replica 1), blue (rep 

2), pink (rep 3), green (rep 4), or gray (rep 5) on the FEL associated with the two most 

important principal components (PC1, PC2) for F12 enzyme variant. All replicas in the 

absence of substrate started from the X-ray structure (PDB ID: 4BMS, see red dot in F12 

figure). For the substrate-bound MD simulations, the starting conformation was the 

partially closed states (F12-C) and (F12-D) for the pro-(13R,17S) and the pro-(13R,17R) 

orientations, respectively. 
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Supplementary Fig. 5. Representation of the WT-A conformation. As it is shown, the 

Q191, I188 and F205 subjected to mutagenesis (shown in pink) perform non-covalent 

interactions with Q145, L144 and L142 active site loop residues (in teal) stabilizing the 

closed state. The NADPH cofactor is not shown for clarity. 

 

Note: The closed state sampled in WT-A is stabilised by the formation of non-covalent 

interactions occurring between positions F205, I188 and Q191 and residues L142, L144 

and Q145 of an active site loop. It is interesting to remark that some of these residues are 

mutated in F12 variant (F205A, I188L and Q191N), which explains the absence of closed 

states (F12-A) in the case of the evolved enzyme. 
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Supplementary Fig. 6. Representation of the selected atoms for dihedral calculation. 

NADPH (C4), 1a(C17/14), 1a(C13) and 1a(C12) are in spheres together with the catalytic 

distances: hydride transfer NADPH (C4N)-1a(C17/14)) and proton donor (S137(O)-

1a(C17/14) and Y150(O)-1a(C17/14)) distances represented in dashed lines. Note that 

dihedrals and distances with 1a(C17) measures the pro-(13R,17S)/(13R,17R) orientations, 

while 1a (C14) pro-(13S,17S)/(13S,17R). The dihedral angle shown  was selected to 

distinguish the 4 possible stereopreferences of 1a obtained by docking predictions. 

Dihedral angles leading to pro-(13R,17S) orientations of the substrate lie between -60 and 

0º, between 110 and 170º for pro-(13R,17R), between -170 and -110º for pro-(13S,17S) 

and between -30 and 30º for pro-(13S,17R). 
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Supplementary Fig. 7. Conformational population analysis of WT-E. Conformational 

population analysis associated with the dihedral and the mean catalytic distances (detailed 

in Supplementary Fig. 5) sampled along the MD simulations for the WT-E starting from 

the pro-(13R,17R), pro-(13R,17R), pro-(13S,17S) and pro-(13S,17R) orientations. Dihedral 

angles leading to pro-(13R,17S) orientations of the substrate lie between -60 and 0º 

(highlighted with a green area), between 110 and 170º for pro-(13R,17R) (represented in 

red), between -170 and -110º for pro-(13S,17S) (represented in  orange) and between -30 

and 30º for pro-(13S,17R) (represented in blue). 
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Supplementary Fig. 8. Conformational population analysis of F12-C and F12-D. 

Conformational population analysis associated with the dihedral and the mean catalytic 

distances (detailed in Supplementary Fig. 6) sampled along the MD simulations for F12-C 

and F12-D starting from the pro-(13R,17S) and the pro-(13R,17R) orientations, 

respectively. Dihedral angles leading to pro-(13R,17S) orientations of the substrate lie 

between -60 and 0º (highlighted with a green area), between 110 and 170º for pro-(13R,17R) 

(represented in red), between -170 and 110º for pro-(13S,17S) (represented in orange) and 

between -30 and 30º for pro-(13S,17R) (represented in blue). 
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Supplementary Fig. 9.  Detailed representation of the active site of WT-C and WT-D 

meta-stable conformations. The active site is bound with 1a, the computed volumes, 

respective dihedrals and catalytic distances are also shown.  

 

 

 

Supplementary Fig. 10. Detailed representation of the active site of F12-C, F12-D, and 

F12-E meta-stable conformations. The active site is bound with 1a, the computed 

volumes, respective dihedrals and catalytic distances are also shown. 
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Supplementary Fig. 11. Representation of the Ramachandran plot of the lid region. 

The Ramachandran plots of the lid region (α6 helix, residues 194-209) for the closed (C) 

in orange (a) and the open (O) in purple (b) conformations associated to the most important 

principal component (PC1) are presented. The psi(Ψ) and phi(ϕ) dihedral values for each 

residue in the lid (194-209) of the open (O) and closed (C) conformations are shown in (c) 

and (d). As observed in the plots, the most dramatic changes take place for the phi(ϕ) 

dihedral angles of residues 195-197, 200-202, and 208. 
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Supplementary Fig. 12. Conformational population analysis of F12 with 3k. 

Conformational population analysis associated with the dihedral and the mean catalytic 

distances using 3k as substrate, and starting the MD simulations from the pro-(2R, 3S) and 

pro-(2S, 3R) orientations in F12-C. Dihedral angles leading to pro-(2R, 3S) orientations of 

3k lie between -60 and 0º (highlighted with a green area), between 110 and 170º for pro-

(2R, 3R) (represented in red), between -170 and -110º for pro-(2S, 3S) (represented in  

orange) and between -30 and 30º for pro-(2S, 3R) (represented in blue). The lower 

stereoselectivity and activity observed for 3k experimentally is consistent its smaller size, 

as it can adopt many unproductive orientations in the wide F12 active site pocket. 
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Supplementary Fig. 13. HPLC traces of 1a and NaBH4-reduction products 2a. 

 
 

 
Supplementary Fig. 14. HPLC traces of the WT enzyme reduction products 2a in 

16h. 

 

 

Supplementary Fig. 15. HPLC traces of the WT enzyme reduction products 2a in 36h. 



 

Supplementary Fig. 16. HPLC traces of the mutant F205A reduction products 2a in 

16h. 

 

 

 

Supplementary Fig. 17. HPLC traces of the mutant F205A reduction products 2a in 

36h.  

 

 

 

 



 

Supplementary Fig. 18. HPLC traces for a) the 3a standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4a and c) the enzymatic reduction products 4a. 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 19. HPLC traces for a) the 1b standard, b) the NaBH4-reduction 

products (racemic diastereomers) 2b and c) the enzymatic reduction products 2b. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



 

Supplementary Fig. 20. HPLC traces for a) the 3b standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4b and c) the enzymatic reduction products 4b. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 



 

 
Supplementary Fig. 21. HPLC traces for a) the 3c standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4c and c) the enzymatic reduction products 4c. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



 

Supplementary Fig. 22. HPLC traces for a) the 3d standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4d and c) the enzymatic reduction products 4d. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 23. HPLC traces for a) the 3e standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4e and c) the enzymatic reduction products 4e. 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 24. HPLC traces for a) the 3f standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4f and c) the enzymatic reduction products 4f. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 25. HPLC traces for a) the 3g standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4g and c) the enzymatic reduction products 4g. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 26. HPLC traces for a) the 3h standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4h and c) the enzymatic reduction products 4h. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
Supplementary Fig. 27. HPLC traces for a) the 3i standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4i and c) the enzymatic reduction products 4i. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Fig. 28. HPLC traces for a) the 3j standard, b) the NaBH4-reduction 

products (racemic diastereomers) 4j and c) the enzymatic reduction products 4j. 
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