
1 Supplementary information for:

2

3 Thermostable fatty acid hydroxylases from ancestral reconstruction of 

4 cytochrome P450 family 4 enzymes 

5

6 Kurt L. Harris1, Yichi Zhang1, Jade Yang2, Maxwell B. Zeigler2, Raine E.S. Thomson 1, 

7 Saskya E. Carrera-Pacheco 3, Drake Russell 2, Shoko Okada4, Silja J. Strohmaier1, Yosephine 

8 Gumulya1, Colin Scott4, Rheem A. Totah2, and Elizabeth M.J. Gillam1*

9

10 1 School of Chemistry and Molecular Biosciences, The University of Queensland, St. Lucia, 

11 Brisbane, 4072 Australia

12 2 Department of Medicinal Chemistry, School of Pharmacy, University of Washington, 

13 Seattle, WA, 98195-7631, USA

14 3 Centro de Investigación Biomédica (CENBIO), Facultad de Ciencias de la Salud Eugenio 

15 Espejo, Universidad UTE, Quito 170527, Ecuador

16 4 CSIRO Synthetic Biology Future Science Platform, Black Mountain Science and Innovation 

17 Park, Clunies Ross St, Canberra, 2601, Australia

18

19 *Corresponding author: e.gillam@uq.edu.au

Electronic Supplementary Material (ESI) for Catalysis Science & Technology.
This journal is © The Royal Society of Chemistry 2024

mailto:E.gillam@uq.edu.au


20 Supplementary Table 1. Substrate and hydroxylation regioselectivities of mammalian CYP4 enzymes towards FAs

21 Common FA substrates of the CYP4s are listed, along with the forms that metabolise them and regioselectivities if known (in the form of 

22 terminal to subterminal i.e., ω:ω-1 ratio, unless otherwise stated). 

FA Substrate Form Regioselectivity Source

Caprylic acid (C8)

OH

O

Human CYP4B1 (S427P)

Rabbit CYP4B1

>1.5:1

7.5:1

1

Nonanoic acid (C9)

OH

O

Human CYP4B1 (S427P)

Rabbit CYP4B1

1.6:1

1.4:1

1

Capric acid (C10)

OH

O

Human CYP4B1 (S427P)

Rabbit CYP4B1

3.1:1

1.1:1

1

Lauric acid (C12) Rat CYP4A1 40:1 2



Rat CYP4A8 25:1

Rat CYP4A2

Rat CYP4A3

>6:1

>3:1

2,3

Rabbit CYP4A5

Rabbit CYP4A6

Rabbit CYP4A7

3:1

12:1

18:1

4

Human CYP4A11 >15:1 2,5

Mouse CYP4A10

Mouse CYP4A12a

Mouse CYP4A12b

Mouse CYP4A14

16:1

5:1

1:1.1

1.6:1

6

OH

O

Human CYP4B1 (S427P) 1.2:1 1



Rabbit CYP4B1 3.5:1

Rat CYP4F4 ω 7

Human CYP4Z1 ω-4>(2,3,5) 8

Rat CYP4A1

Rat CYP4A2

Rat CYP4A3

Rat CYP4A8

Human CYP4A11

3:1

3:1

1.2:1

1.6:1

4:1

2

Human CYP4V2 ω-2>(3,4,5) 9

Myristic acid (C14)

OH

O

Human CYP4Z1 ω-2 8

Palmitic acid (C16) Rat CYP4A1

Rat CYP4A8

1:1

1.6:1

2



Rabbit CYP4A4

Rabbit CYP4A5

Rabbit CYP4A6

Rabbit CYP4A7

4:1

1.4:1

2.7:1

2.5:1

4OH

O

Human CYP4A11 >2.2:1 2,5

Rat CYP4A1

Rat CYP4A2

Rat CYP4A3

6:1

2.4:1

2:1

2

Rabbit CYP4A4

Rabbit CYP4A6

Rabbit CYP4A7

ω

ω

ω

4

Arachidonic acid (C20:4)

OH

O

Human CYP4A11 3.7:1 5



xMouse CYP4A10

Mouse CYP4A12a

Mouse CYP4A12b

4:1

7:1

8:1

6

Rabbit CYP4B1 ω-8 10-12

Rat CYP4F1

Rat CYP4F4

ω

ω

7

Human CYP4F2 26:1 13,14

Human CYP4F3a

Human CYP4F3b

25:1

20:1

14

Human CYP4F8 ω-2 15,16

Human CYP4F12 ω-2 16,17

Human CYP4X1 internal epoxidation 18



5-HETE

OH

OOH Mouse CYP4A14 ω 19

Human CYP4F2 ω 208-HETE

HO

O

OH

Mouse CYP4A14 ω 19

Prostaglandin H1

OH

O

O

OH

O
Human CYP4F8 ω-1>ω-2 15

Prostaglandin H2 Human CYP4F8 ω-1>ω-2 15



O
O

OH

O

OH

Prostaglandin E1

O

HO
HO

O

OH Rabbit CYP4A4 ω 4

Prostaglandin A1

HO

O

OH

O Rabbit CYP4A4

Rabbit CYP4A7
ω 4

Eicosapentaenoic acid (C20:5) Mouse CYP4A12a (ω-2, ω-3)-epoxide 6



Mouse CYP4A12b

Human CYP4F3a

Human CYP4F3b

2:1

1.7:1

14O

OH

Human CYP4V2 ω>ω-1 9

Rat CYP4F1

Rat CYP4F4

ω

ω

7

Rat CYP4F5 ω-2 21

Rat CYP4F6 ω-1, ω-2 21

Human CYP4F2 ω 20

Human CYP4F3a

Human CYP4F3b

ω

ω

22

Leukotriene B4 (C20)

OH

OOH

HO

Mouse CYP4F14 ω 19



Mouse CYP4F18 ω-1>ω-2 23

Rat CYP4F1 ω 24

Human CYP4F2 ω 20

Lipoxin A4

HO

H

H OH

H

OH
O

OH Mouse CYP4A14 ω 19

Docosapentaenoic acid (C22:5)

O

OH
Human CYP4F8

Human CYP4F12
(ω-2, ω-3)-epoxide 16

Human CYP4F3a

Human CYP4F3b

1.1:1

2.1:1

14

Human CYP4F12 (ω-2, ω-3)-epoxide 16

Docosahexaenoic acid (C22:6)

O

OH Human CYP4V2 ω-1>ω-2 9



Anandamide (C22)

O

N
H

OH
Human CYP4X1 internal epoxidation 18

23

24



25 Supplementary Table 2. N-terminal modifications used for CYP4 expression

26 The known N-terminal modifications applied to extant members of the CYP4ABTXZ clade (hCYP4A1125, rCYP4B126, hCYP4X118) to facilitate 

27 recombinant expression in E. coli are compared with the corresponding native form of each sequence as well as the unmodified “native” 

28 sequences for each node of interest. The existing N-terminal modifications in the literature were used to help identify possible modifications to 

29 apply to each ancestor. Ultimately, the hCYP4A11-like modification was applied to CYP4ABTXZ, as the hCYP4A11 sequence showed the 

30 greatest sequence similarity (77%) to the ancestor. The rCYP4B1-like modification was applied to all intermediate nodes, as this sequence 

31 retained the greatest length of native sequence, allowing for subsequent shortening to apply alternative N-terminal modifications if required for 

32 expression.

Form N-terminal sequence Reference

hCYP4A11_Native LLGDVSGILQAASLLILLLLLIKAVQLYLHRQWLLKALQQFPCPPSHWLFGH 27

hCYP4A11_Modified --------MALLLAVFLLLLLIKAVQLYLHRQWLLKALQQFPCPPSHWLFGH 25

rCYP4B1_Native MLGFLSRLGLWASGLILILGFLKLLRLLLRRQRLARAMDSFPGPPTHWLFGH 28

rCYP4B1_Modified MALLLAVFGLWASGLILILGFLKLLRLLLRRQRLARAMDSFPGPPTHWLFGH 26

hCYP4X1_Native LETRWARPFYLAFVFCLALGLLQAIKLYLRRQRLLRDLRPFPAPPTHWFLGH 29

hCYP4X1_Modified ---------------------------MAKKTSSKGKL-PFPAPPTHWFLGH 18

CYP4ABTXZ_Native ----------------LALLLLKAIQLYLRRQRLLRALQLFPGPPTHWLYGH



CYP4ABTXZ_Modified (4A11-like) --------MALLLAVFLALLLLKAIQLYLRRQRLLRALQLFPGPPTHWLYGH

CYP4ABTXZ_Modified (4B1-like) MALLLAVFGLWASGLILALLLLKAIQLYLRRQRLLRALQLFPGPPTHWLYGH

CYP4ABTXZ_Modified (4X1-like) ---------------------------MAKKTSSKGKLQLFPGPPTHWLYGH

CYP4B_Native ----------------LTLVLLKAIQLYLRRQKLLKALESFPGPPTHWLYGH

CYP4B_Modified (4B1-like) MALLLAVFGLWASGLILTLVLLKAIQLYLRRQKLLKALESFPGPPTHWLYGH

CYP4A_Native ----------------LVLLLLKAAQLYLRRQRLLRAFQSFPGPPAHWLYGH

CYP4A_Modified (4A11-like) --------MALLLAVFLVLLLLKAAQLYLRRQRLLRAFQSFPGPPAHWLYGH

CYP4A_Modified (4B1-like) MALLLAVFGLWASGLILVLLLLKAAQLYLRRQRLLRAFQSFPGPPAHWLYGH

CYP4XZ_Native ----------------LALLLLQAIKLYLRRQRLLRALRLFPGPPTHWLYGH

CYP4XZ_Modified (4X1-like) ---------------------------MAKKTSSKGKLRLFPGPPTHWLYGH

CYP4XZ_Modified (4B1-like) MALLLAVFGLWASGLILALLLLQAIKLYLRRQRLLRALRLFPGPPTHWLYGH

33

34

35

36
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37

38 Supplementary Table 3. Mass transitions used to detect the AA metabolites and the internal 

39 standards.

40

41

42

43

44

Fatty Acid Mass Transition

20- HETE 487>183.1

19- HETE 487>183

15- HETE 487>183

12-HETE 487>347

11- HETE 487>335

9- HETE 487>307

5-HETE 487>283

14,15- EET 487>333

11,12- EET 487>333

8,9- EET 487>307

5,6- EET 487>283

12- HETE d8 495>183.1

14,15- EET d11 498>183.1

8,9- EET d11 498>183.1

5,6- EET d11 498>183.1
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45 Supplementary Table 4. Estimated limit of detection (LOD) and limit of quantitation (LOQ) 

46 for the measured EETs and HETEs

 
5,6-
EET

8,9-
EET

11,12-
EET

14,15-
EET

5-
HETE

9-
HETE

8-
HETE

12-
HETE

11-
HETE

15-
HETE

19-
HETE

20-
HETE

LOD 
(fmol/mL; 
S/N = 3) 1597 349 127 57 343 179 61 167 121 45 89 43

LOQ 
(fmol/mL; 
S/N = 10) 5324 1164 423 190 545 598 202 558 405 150 297 144

47
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49 Supplementary Figure 1. Multiple sequence alignment of the CYP4 ancestors 

50 and corresponding extant forms.

51 The figure was created using ENDscript 3.0 30. Red boxes indicate amino acid identity, red 

52 characters indicate similarity, and blue frames surround regions of homology. The secondary 

53 structure of rCYP4B1 is represented above the alignment in blue, with -helices depicted as 

54 coils and -sheets as arrows. Residue numbering is with respect to the numbering used for the 

55 rCYP4B1 crystal structure (PDB: 5T6Q).

56
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58 Supplementary Figure 2. HETE formation by ancestral and extant CYP4s

59 Incubations of the ancestral and extant CYP4s with AA were carried out and metabolites 

60 were analyzed with LC-MS. The data presented are the means +/- SD of three technical 

61 replicates for all CYPs and six technical replicates for CYP-free controls (data points 

62 collected on two separate days) .  

63
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65  
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67 Supplementary Figure 3. EET formation by ancestral and extant CYP4s.

68 Incubations of the ancestral and extant CYP4s with AA were carried out and metabolites 

69 were analyzed with LC-MS. The data presented are the means +/- SD of three technical 

70 replicates for all CYPs and six technical replicates for CYP-free controls (data points 

71 collected on two separate days).  

72
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73
74 Supplementary Figure 4. Representative LC-MS chromatogram of AA metabolites in a 

75 standard showing chromatographic separation.

76

77

78
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81 Supplementary Figure 5. AA oxidation by CYP4A11 (A), CYP4XZ (B),and 

82 CYP4ABTXZ (C). The data presented are the concentrations of 5-, 8-, 9-, 11-, 12-, 15-, 19-, 

83 and 20- HETE and 5,6-; 8,9-; 11,12-; and 14,15- EET from AA incubations in the presence of 

84 NADPH or CuOOH. Asterisks indicate statistical significance compared to respective 

85 NADPH or CuOOH pCW control for each metabolite using an unpaired t-test  (*p < 0.05; ** 

86 p ≤ 0.01, ***p ≤ 0.001, ****p≤ 0.0001).



23

87

pCW NADPH

pCW CuOOH

hCPR NADPH

hCPR CuOOH

4A
11

 NADPH

4A
11

 CuOOH

4X
Z NADPH

4X
Z CuOOH

4A
BTXZ NADPH

4A
BTXZ CuOOH

0

500

1000

1500

20 HETE
Co

nc
en

tra
tio

n 
(n

M
)

   

   

   

pCW NADPH

pCW CuOOH

hCPR NADPH

hCPR CuOOH

4A
11

 NADPH

4A
11

 CuOOH

4X
Z NADPH

4X
Z CuOOH

4A
BTXZ NADPH

4A
BTXZ CuOOH

0

200

400

600

800

1000

15 HETE

Co
nc

en
tra

tio
n 

(n
M

)

 

  

pCW NADPH

pCW CuOOH

hCPR NADPH

hCPR CuOOH

4A
11

 NADPH

4A
11

 CuOOH

4X
Z NADPH

4X
Z CuOOH

4A
BTXZ NADPH

4A
BTXZ CuOOH

0

50

100

150

200

250

11 HETE

Co
nc

en
tra

tio
n 

(n
M

)

pCW NADPH

pCW CuOOH

hCPR NADPH

hCPR CuOOH

4A
11

 NADPH

4A
11

 CuOOH

4X
Z NADPH

4X
Z CuOOH

4A
BTXZ NADPH

4A
BTXZ CuOOH

0

50

100

150

8 HETE

Co
nc

en
tra

tio
n 

(n
M

)

  

pCW NADPH

pCW CuOOH

hCPR NADPH

hCPR CuOOH

4A
11

 NADPH

4A
11

 CuOOH

4X
Z NADPH

4X
Z CuOOH

4A
BTXZ NADPH

4A
BTXZ CuOOH

0

100

200

300

400

500

19 HETE

Co
nc

en
tra

tio
n 

(n
M

)

   

      

pCW NADPH

pCW CuOOH

hCPR NADPH

hCPR CuOOH

4A
11

 NADPH

4A
11

 CuOOH

4X
Z NADPH

4X
Z CuOOH

4A
BTXZ NADPH

4A
BTXZ CuOOH

0

50

100

150

200

12 HETE

Co
nc

en
tra

tio
n 

(n
M

)

 

pCW NADPH

pCW CuOOH

hCPR NADPH

hCPR CuOOH

4A
11

 NADPH

4A
11

 CuOOH

4X
Z NADPH

4X
Z CuOOH

4A
BTXZ NADPH

4A
BTXZ CuOOH

0

50

100

150

200

9 HETE

Co
nc

en
tra

tio
n 

(n
M

)

pCW NADPH

pCW CuOOH

hCPR NADPH

hCPR CuOOH

4A
11

 NADPH

4A
11

 CuOOH

4X
Z NADPH

4X
Z CuOOH

4A
BTXZ NADPH

4A
BTXZ CuOOH

0

200

400

600

800

5 HETE

Co
nc

en
tra

tio
n 

(n
M

)

 

A

88

89



24

90

pCW N
ADPH

pCW CuOOH

hCPR N
ADPH

hCPR C
uOOH

4A
11

 N
ADPH

4A
11

 C
uOOH

4X
Z N

ADPH

4X
Z C

uOOH

4A
BTXZ N

ADPH

4A
BTXZ C

uOOH
0

200

400

600

800

1000

14,15 EET
Co

nc
en

tra
tio

n 
(n

M
)

   

pCW N
ADPH

pCW C
uOOH

hCPR N
ADPH

hCPR C
uOOH

4A
11

 N
ADPH

4A
11

 C
uOOH

4X
Z N

ADPH

4X
Z C

uOOH

4A
BTXZ N

ADPH

4A
BTXZ C

uOOH
0

10

20

30

40

8,9 EET

Co
nc

en
tra

tio
n 

(n
M

)

   
  

pCW N
ADPH

pCW C
uOOH

hCPR N
ADPH

hCPR C
uOOH

4A
11

 N
ADPH

4A
11

 C
uOOH

4X
Z N

ADPH

4X
Z C

uOOH

4A
BTXZ N

ADPH

4A
BTXZ C

uOOH
0

20

40

60

80

11,12 EET

Co
nc

en
tra

tio
n 

(n
M

)     

pCW NADPH

pCW CuOOH

hCPR NADPH

hCPR CuOOH

4A
11

 NADPH

4A
11

 CuOOH

4X
Z NADPH

4X
Z CuOOH

4A
BTXZ NADPH

4A
BTXZ CuOOH

0

5

10

15

20

25

Co
nc

en
tra

tio
n 

(n
M

)
5,6 EET

 

B

91

92 Supplementary Figure 6. Differences in AA metabolite formation between a standard 

93 NGS and O2 surrogate (CuOOH). HETE (A) and EET (B) AA oxidation products were 

94 quantified via LC-MS/MS. Asterisks indicate statistically significant differences in the 

95 amount of metabolite formed between NADPH and CUOOH incubation conditions using a 

96 one-tailed, t-test (*p < 0.05; ** p ≤ 0.01, ***p ≤ 0.001, ****p≤ 0.0001).

97
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98

99

100 Supplementary Figure 7. Stability of extant and ancestral P450s to incubation with CuOOH. Bacterial membrane preparations containing 

101 0.6-1.0 µM of the P450s indicated were incubated with 500 µM CuOOH in 100 mM potassium phosphate buffer, pH 7.4. At the times indicated, 

102 aliquots of incubations were removed and the residual P450 hemoprotein concentration was quantified by Fe(II).CO vs. Fe(II) difference 

103 spectroscopy. Data represent the mean +/- SD of n=3 replicates.

104
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