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15 ABSTRACT: The hallmark reaction of P450 monooxygenase involves activation of C-H bond and 

16 the production of a hydroxyl. P450s tailoring natural product could further oxidize the hydroxyl to 

17 carboxylic acid. However, heterogeneously expressed plant P450s display poor chemo- and regio-

18 selectivity in microbes, restricting the efficient biosynthesis of related natural products. CYP72A63 

19 is a P450 enzyme previously used for the biosynthesis of glycyrrhetinic acid, and its poor selectivity 

20 resulted in oxidation of 11-oxo-β-amyrin to a mixture of rare licorice triterpenoids (glycyrrhetol, 

21 glycyrrhetaldehyde, glycyrrhetinic acid and 29-OH-11-oxo-β-amyrin). In this study, we have 

22 identified key residues, which influence the enzyme-substrate hydrophobic interaction, in 

23 controlling the chemo- and regio-selectivity of the enzyme, and engineered the enzyme toward 

24 selectivity oxidation to hydroxyl and carboxylic acid. Moreover, tuning the redox partner of the 

25 P450 leads to selective production of glycyrrhetaldehyde, a good starting point for further 

26 modification. In this study, controlling the catalytic property of plant P450s prove to be of great use 

27 in the synthesis of desired licorice triterpenoids, which can be used in biosynthesis of other terpenoid 

28 natural products.

29  (Abstract graph) 

30 Key words: cytochrome P450; rare licorice triterpenoids; protein engineering; enzyme selectivity; 

31 yeast

32

33 INTRODUCTION

34 Cytochrome P450s are capable of activating C-H bonds and oxidize it to hydroxyl or carboxyl 

35 group with high chemo- and regio-selectivity.1 They are important tailoring enzymes in natural 

36 product synthesis2. Although the reaction mechanism is well-studied using model bacterial P450s,3-

37 10 the underlying molecular basis for chemo- and regio-selectivity remain elusive, especially for 

38 plant P450s,11 which are challenging to be recombinantly expressed and purified.12 
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3

39 Glycyrrhizin, a triterpenoid from licorice roots, is widely used as anti-virus,13-14 

40 hepatoprotective,15 anti-allergic16 and antiulcer17 drugs and could be produced in large scale through 

41 phytoextraction.18-20 Compared with glycyrrhizin, the rare licorice triterpenoids including the 

42 precursors of glycyrrhizin such as glycyrrhetinic acid, glycyrrhetaldehyde, glycyrrhetol (30-OH-11-

43 oxo-β-amyrin) and related isomers have extremely low abundance in licorice, and possess more 

44 important physiological activities.21 Additionally, the functional groups of -CHO, -OH on the 

45 skeleton can be chemically modified, expanding the structural and functional diversities of 

46 glycyrrhetinic acid-like molecules.22 Nevertheless, these compounds are hard to obtain by either 

47 phytoextraction or chemical synthesis, for their extremely low concentration in plant and complex 

48 structures.

49 We have employed a P450 monooxygenase from Medicago truncatula, CYP72A63, to 

50 produce glycyrrhetinic acid in yeast. The enzyme could produce a mixture of glycyrrhetinic acid, 

51 glycyrrhetol, glycyrrhetaldehyde, as well as the glycyrrhetol isomer 29-OH-11-oxo-β-amyrin23 in 

52 the host cell.24-26 Their structural similarity makes it hard to separate and purify these rare licorice 

53 triterpenoids.

54 In this study, we combined computational and experimental approaches to improve the in vivo 

55 activity, regio- and chemo-selectivity of CYP72A63. Key residues were identified by homology 

56 modeling and molecular docking. Mutations on these residues, along with matching redox partner 

57 of P450, convert the promiscuous P450 enzyme into an enzyme oxidizing a specific C-H bond into 

58 hydroxyl, aldehyde and carboxylic acid, respectively. These results provide promising solutions to 

59 produce rare licorice triterpenoids and other derivatives, and provide strategies on fine-tuning the 

60 reactivity of other plant P450s to synthesize target compounds in yeast.

61 RESULTS AND DISCUSSION

62 Controllable regioselectivity and consecutive oxidative ability for specific synthesis of 

63 glycyrrhetinic acid

64 Although CYP72A63 was the best enzyme for the oxidation of 11-oxo-β-amyrin to produce 

65 glycyrrhetinic acid reported so far, the low selectivity limits its efficiency.24 The yeast strain GA0 

66 (Table S1) was constructed by introducing CYP72A63 into a host (SynV) together with genes on 

67 the 11-oxo-β-amyrin synthesis pathway. Glycyrrhetol, glycyrrhetaldehyde, glycyrrhetinic acid and 
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68 the isomer 29-OH-11-oxo-β-amyrin were simultaneously produced, with a product ratio of 45.2: 

69 21.4: 29.0: 4.40 (Figure 1A, Figure S1, S2). The titer of the end oxidation product, glycyrrhetinic 

70 acid was 4.2±0.4 mg/L. According to the product distribution, the rate-limiting step in the 

71 consecutive oxidation of C-H bond at C-30 is the further oxidation of hydroxyl. A small fraction of 

72 substrate was oxidized at the C-29 rather than at the C-30, further diverted the substrate to an 

73 undesired direction and complicated the downstream purification. On the other hand, the catalytic 

74 promiscuity of CYP72A63 provides a starting point for rational design of the enzyme toward 

75 different activities.

76
77

78

79
80 Figure 1 (A) GC-MS spectrum showing the product distribution in yeast strain harboring wild 
81 type CYP72A63.(I) 11-oxo-β-amyrin, the substrate of CYP72A63, (1) glycyrrhetol, (2) 
82 glycyrrhetaldehyde, (3) 29-OH-11-oxo-β-amyrin, (4) glycyrrhetinic acid and the number in % 
83 indicates the percentage of the specific oxidized product in the total oxidized products from 11-oxo-
84 β-amyrin. (B) Structure model showing 11-oxo-β-amyrin in wild type CYP72A63, (C) Structure 
85 model showing glycyrrhetol in the wild type CYP72A63, indicating that the C-30 hydroxyl of 
86 glycyrrhetol was unfavorably located due to the hydrophobic force of the proximal active pocket 
87 with threonine (T338) methyl orienting to the substrate.
88
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89 Recombinant expression and purification of CYP72A63 have been attempted, but the protein 

90 failed to be expressed in Escherichia coli. Due to the difficulty in obtaining the purified enzyme and 

91 the corresponding substrates, we did not carry out in vitro activity assay. Alternatively, we expressed 

92 the enzyme and its mutants in the engineered yeast, in which the substrate, 11-oxo-β-amyrin, 

93 accumulates to a high level (>70 mg/L) with engineered metabolic pathways consisting of bAS (β-

94 amyrin synthase), uni25647, and GuCPR1 (GA0, Table S1).24 

95 As an alternative to experimentally determining the structure, homology models of CYP72A63 

96 were created to further understand the determining factors of its catalytic characteristics, and 

97 substrates were subsequently docked into the model by Chimera 1.13.27 The structural model was 

98 evaluated by PROCHECK28 and ProSA29-30. PROCHECK showed that the model is of excellent 

99 quality with 90.4% of the residues in the most favored region of the Ramachandran plot. The ProSA 

100 energy graph is in negative range and calculated z-sorce (-8.4) was in the range of natively folded 

101 protein.

102 The structure model with 11-oxo-β-amyrin docked into CYP72A63 showed that the distances 

103 of the C-30 and C-29 to heme-Fe were 4.765 Å and 5.649 Å, respectively (Figure 1B), both of 

104 which were well within the range accessible for other P450s.31-32 Hence, both of the two moieties 

105 were expected to be hydroxylated and the C-30 was preferred for its proximity to the heme-Fe. The 

106 model was in accordance with the experimental result that both C-29 and C-30 were oxidized, and 

107 the C-30 oxidation is preferred.

108 To further investigate the consecutive oxidation of 11-oxo-β-amyrin to glycyrrhetol, 

109 glycyrrhetaldehyde, and glycyrrhetinic acid, we docked glycyrrhetol with CYP72A63 (Figure 1C)., 

110 Glycyrrhetol’s hydrophilic C-30 moiety with a hydroxyl was pushed away from the heme-Fe due 

111 to the hydrophobic force of the proximal active pocket with threonine methyl orienting to the 

112 substrate (Figure 1C). Compared with 11-oxo-β-amyrin, the glycyrrhetol was less fit in CYP72A63. 

113 As a result, glycyrrhetol should be harder to be oxidized than 11-oxo-β-amyrin. It is consistent with 

114 the experimental result that the glycyrrhetol is accumulated over glycyrrhetinic acid.

115 Since 11-oxo-β-amyrin is a bulky and rigid molecule, it could not be freely repositioned in the 

116 active pocket to alter the regioselectivity between adjacent moieties like a smaller molecule. 

117 Considering the hydrophobicity difference between 11-oxo-β-amyrin and glycyrrhetol, the binding 
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118 pocket of CYP72A63 needs to be tailored to make it less hydrophobic to push C-29 away from the 

119 heme-Fe for the selective oxidation on C-30 while pulling the glycyrrhetol closer to heme-Fe to 

120 promote further oxidation.

121 From the structure model of CYP72A63 docked with substrates, we identified L330, L333, 

122 T338 and A334 as residues in the binding pocket potentially influencing the hydrophobic interaction 

123 between binding pocket and substrate (Figure S3). Mutagenesis of these residues (L330A/T/S/E, 

124 L333 A/T/S/E, A334 T/S/E and T338A/S) revealed T338’s key role in the determination of catalytic 

125 property of the enzyme. Due to its proposed role in proton transfer (vide infra), the T338A mutant 

126 almost abolished the activity (Figure S4). Mutating threonine to serine keeps its proton delivery 

127 activity, while decreases the hydrophobicity slightly.33 Indeed, experimental result showed a yield 

128 of 30.0±0.4 mg/L glycyrrhetinic acid in the engineered yeast harboring CYP72A63 (T338S), which 

129 was 7.1-folds higher than that in the control strain using the wild type CYP72A63. More importantly, 

130 the strain with CYP72A63 (T338S) produces 5.8% glycyrrhetaldehyde and 94.2% glycyrrhetinic 

131 acid (Figure 2C), showing full regioselectivity toward C-30 oxidation and more complete oxidation. 

132 To avoid the potential endogenic factor of yeast on the catalytic property of the enzyme, time-course 

133 experiments was conducted. Compared with the wild type CYP72A63, the mutant led to more 

134 completed oxidation and full regioselectivity in the time-course experiments, further indicating the 

135 significant improvement of the catalytic property. (Figure S5)

136 To further investigate the mechanism of the better activity of T338S mutant, the homology 

137 model was created and substrates (11-oxo-β-amyrin and glycyrrhetol) were docked into the model 

138 by Chimera 1.13, respectively. The results showed that the serine hydroxyl points to the pocket, 

139 which is more hydrophilic than the threonine methyl group for the wild type enzyme (Figure 2 A, 

140 B). The change on hydrophobicity expanded the repulsive interaction between 11-oxo-β-amyrin and 

141 the proximal active pocket close to heme and I-helix. As a result, the distance between the C-30 and 

142 C-29 to the heme-Fe increased to 5.217 Å and 6.681 Å, respectively (Figure 2 A) while the angle 

143 of C-30, C-29 and the heme-Fe decreased from 22.4° to 19.6°. Therefore, the C-29 oxidation was 

144 avoided by mutating T338 to serine. Compared with the wild type CYP72A63 (Figure 1C), the C-

145 30 hydroxyl of glycyrrhetol in the mutant CYP72A63 (T338S) was pulled closer to the heme-Fe 

146 with a proper orientation (Figure 2B), so that alcohol intermediates could be oxidized furtherly to 
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147 obtain glycyrrhetinic acid resulting in an efficient consecutive reaction. This approach provided a 

148 model to control the regioselectivity and activity of CYP450s for the thorough C-H oxidation of 

149 relatively large substrate.

150

151
152

153
154
155 Figure 2. (A) The structure model of CYP72A63(T338S) with 11-oxo-β-amyrin, (B) The 
156 structure model of CYP72A63 (T338S) with glycyrrhetol, (C) GC-MS spectrum showing the 
157 product distribution in yeast strain harboring CYP72A63 (T338S), (I) 11-oxo-β-amyrin, the 
158 substrate of CYP72A63 (1) glycyrrhetol, (2) glycyrrhetaldehyde (4) glycyrrhetinic acid, and the 
159 number in % indicates the percentage of the specific oxidized product in the total oxidized products 
160 from 11-oxo-β-amyrin. 

161 Controllable chemoselectivity for specific production of glycyrrhetol

162 Glycyrrhetol has excellent anti-virus activity but lower cytotoxicity than glycyrrhetinic acid,34 

163 and the hydroxyl on C-30 would expand the chemical space for further modification to produce 

164 novel bioactive derivatives. To realize the biosynthesize of glycyrrhetol, the oxidation of 11-oxo-β-

165 amyrin should be terminated at the alcohol intermediate, which means to decrease the affinity of 

166 CYP72A63 to glycyrrhetol while keeping the affinity to 11-oxo-β-amyrin. Compared with 

167 glycyrrhetol, 11-oxo-β-amyrin has a better orientation in the proximal active pocket (Figure 1), 

168 indicating a natural preference of 11-oxo-β-amyrin than glycyrrhetol. Thus, we kept the proximal 
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169 active pocket intact during engineering. Besides the residues lining in the active pocket, residues 

170 distant from the active pocket could play an important role in the substrates recognition and 

171 binding.35-36 We hyposized that increasing the hydrophobicity of the distal term of active pocket 

172 would disturb the substrate recognition, which would further inhibit the binding of glycyrrhetol.

173 Based on the structure model, we mutated L509, L137, and L242 located above the distal active 

174 pocket to isoleucine and valine with increased hydrophobicity (Figure 3A). CYP72A63 (L242I) 

175 and CYP72A63 (L509I) mutants display an enhanced chemo-selectivity compared with the wild 

176 type (Table 1), with CYP72A63 (L509I) mutant producing 90.6% of glycyrrhetol among the 

177 oxidation products of 11-oxo-β-amyrin (Figure 3B). We then mutated the 509th residue to all other 

178 amino acids and tested all the mutants in the yeast cell. Among the obtained mutants, L509T/H/N 

179 with decreased hydrophobicity also showed sharply increased glycyrrhetol ratio (Table 2, Figure 

180 S6). However, the titers of glycyrrhetol in yeast strains with CYP72A63 (L509T/H/N) are much 

181 lower. The underlying reason is probably that the more hydrophilic sidechain disrupted the binding 

182 of the 11-oxo-β-amyrin resulting in a sharply decreased total oxidation ability. These results suggest 

183 that adjusting the substrate accessibility is an efficient approach to control the chemo-selectivity of 

184 P450 for the desired oxidation intermediates.

185
186 Table 1. Products spectrum of mutants on L509 and L242

Mutants glycyrrhetol %* glycyrrhetaldehyde %*
29-OH-11-oxo-β-

amyrin %*
glycyrrhetol titer 

mg/L
L509I 90.6 4.9 4.5 6.3±1.2
L509T 87.8 6.2 6.0 0.96±0.12
L509H 100 0 0 0.48±0.06
L509N 100 0 0 0.58±0.03
L242I 76.6 14.6 8.8 5.7±0.95

187 * The % means the percentage of the total oxidized products of 11-oxo-β-amyrin
188
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189
190  

191

192 Figure 3. (A) L509 locates in the distal active pocket, (B) GC-MS spectrum showing the 
193 product distribution in yeast strain harboring CYP72A63 (L509I). (I) 11-oxo-β-amyrin, the 
194 substrate of CYP72A63 (1) glycyrrhetol, (2) glycyrrhetaldehyde, (3) 29-OH-11-oxo-β-amyrin and 
195 the % indicates the percentage of the total oxidized products of 11-oxo-β-amyrin
196

197 CPR matching for specific synthesis of glycyrrhetaldehyde

198 Aldehyde is an intermediate for the oxidation of C-H bond to carboxylic acid. With high 

199 reactivity, the aldehyde group provides a handle for convenient derivatization and has become an 

200 important functional group for bioorthogonal chemistry37. Due to its high reactivity, there is rare 

201 P450 reported so far to accumulate aldehyde from a C-H bond as the main product. To stop further 

202 oxidation of glycyrrhetaldehyde, the accessibility of the glycyrrhetaldehyde to CYP72A63 should 

203 be reduced while keeping the glycyrrhetol as a preferred substrate. Since glycyrrhetaldehyde and 
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204 glycyrrhetol are similar in hydrophobicity and other properties, direct engineering of P450, such as 

205 reshaping the active pocket and mutating residues in the distal active pocket did not give satisfactory 

206 result. 

207 Cytochrome P450 reductases (CPR) modulate the activities of P450s through influencing the 

208 electron transfer and substrate binding process.38 Moreover, CPRs can affect the catalytic properties 

209 of P450s since their interaction might lead to the conformational change of the P450 as well as 

210 influence the reaction process.39-40 In our previous research, several CPRs from different 

211 leguminous plants were screened in order to boost the activity of CYP72A63.24 Some of them led 

212 to low glycyrrhetinic acid production but high alcohol intermediates synthesis, which were called 

213 as low efficiency CPRs. We tested four low efficiency CPRs, i.e. AtCPR1 from Arabidopsis 

214 thaliana, MtCPR2 and MtCPR3 from Medicago truncatula, and GuCPR2 from Glycyrrhiza 

215 uralensis, with the mutant CYP72A63 (T338S), respectively, and then analyzed the aldehyde 

216 production in yeast. Increased ratios of aldehyde were observed in CYP72A63 (T338S) with low 

217 efficiency CPRs including GuCPR2, AtCPR1, MtCPR2 and MtCPR3 (Table 2), indicating a 

218 significant influence of CPRs on the chemo-selectivity of the CYP72A63 (T338S). The CYP72A63 

219 (T338S) mutant with GuCPR2 showed the best selectivity with 82.3% of oxidation production being 

220 aldehyde and an aldehyde yield of 31.4±5.8 mg/L (Figure 4). Moreover, for instant derivatization 

221 of glycyrrhetaldehyde, the crude extract of the cultured cell was incubated with 2,4-

222 Dinitrophenylhydrazine at pH5~6 for 30 min. The reaction mixture was tested by HPLC with a 

223 DAD detector. New peaks with the absorption maximum around the 400nm appeared (Figure S7), 

224 which is the characteristic absorption of the hydrazone product formed from condensation of 

225 hydrazine and aldehyde. The reaction suggests the aldehyde provides an excellent handle for 

226 convenient derivatization of terpenoid compounds. To our knowledge, our work represents the first 

227 P450 enzyme producing aldehyde with high selectivity. The production of aldehyde in yeast by 

228 pairing various CPRs with P450 in our study provides an alternative strategy to fine-tune specific 

229 P450s for different target intermediates and further derivatization.

230
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231
232 Figure 4. GC-MS spectrum showing the product distribution in yeast strain harboring 
233 CYP72A63 (T338S) and GuCPR2: (I) 11-oxo-β-amyrin, the substrate of CYP72A63 (1) 
234 glycyrrhetol, (2) glycyrrhetaldehyde (4) glycyrrhetinic acid, and the % means the percentage of the 
235 total oxidized products of 11-oxo-β-amyrin.
236
237 Table 2. The products of yeast whole-cell catalyst carrying CYP72A63 (T338S) and 
238 different CPRs

CPR glycyrrhetol %* glycyrrhetaldehyde %*
glycyrrhetinic 

acid %*

AtCPR1 2.2 70.3 27.5

MtCPR2 12.1 77.5 10.4

MtCPR3 1.4 71.8 26.8

GuCPR2 5.6 82.3 12.1

239 * The % means the percentage of the total oxidized products of 11-oxo-β-amyrin
240

241 Rotation of substrate orientation for specific synthesis of 29-OH-11-oxo-β-amyrin

242 29-OH-11-oxo-β-amyrin is isomeric to glycyrrhetol. The change of position of hydroxyl group 

243 might lead to novel bioactivity. As both glycyrrhetol and 29-OH-11-oxo-β-amyrin are produced by 

244 the wild type CYP72A63, we investigated key factors in determining the regioselectivity of the 

245 enzyme. The structure model of the wild type CYP72A63 showed that the C-30 moiety was closer 

246 to the heme and easier to be oxidized. The regioselectivity could be reversed to specifically oxidize 

247 C-29 if 11-oxo-β-amyrin is rotated in the active pocket. L398 and L149 flanking the E-ring were 

248 identified as possible residues to be useful to push the E-ring of the 11-oxo-β-amyrin and thus rotate 

249 it in the active pocket (Figure 5A). To test our hypothesis, site-specific saturation mutagenesis of 

250 L398 and L149 were carried out and all the mutants were introduced into the engineered yeast. 
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251 GA170 harboring mutant CYP72A63 (L398I) specifically produced 10.2±2.2 mg/L of 29-hydroxyl-

252 11-oxo-β-amyrin with 100% regioselectivity (Figure 5C). To further investigate the molecular basis 

253 of the improved regioselectivity, 11-oxo-β-amyrin was docked into the homologous model of 

254 CYP72A63 (L398I). The docking results showed that the I398 led to a sharp rotation of 11-oxo-β-

255 amyrin (almost 180°), which reversed the relative position of C-30 and C-29 (Figure 5B). 

256 Furthermore, the influence of the residue on the regioselectivity in other P450s was also studied. 

257 CYP72A154 is another promiscuous P450 enzyme oxidizing 11-oxo-β-amyrin (Figure S8). The 

258 corresponding residue in CYP72A154 as L398 for CYP72A63 was predicted to be G397 and mutant 

259 CYP72A154 (G397I) was thus obtained. Using the substrate 11-oxo-β-amyrin, the mutant 

260 CYP72A154 (G397I) also showed 100% regioselectivity on C-29. The results provided evidence 

261 that residues on the equivalent locus of L398 on CYP72A63 were vital for the oxidation of C-29 on 

262 11-oxo-β-amyrin for related P450s.

263

264
265

266
267
268 Figure 5. (A) Substrate pose in wild type CYP72A63, (B) Substrate pose in mutant 
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269 CYP72A63(L398I), (C) GC-MS spectrum showing the product distribution in yeast strain harboring 
270 CYP72A63 (L398I). (I) 11-oxo-β-amyrin, the substrate of CYP72A63 (3) 29-OH-11-oxo-β-amyrin, 
271 and the % means the percentage of the total oxidized products of 11-oxo-β-amyrin.
272

273 Enhancing the catalytic activity of CYP72A63 mutants by refining proton delivery

274 The mutant T338S discussed in the above section proves to be useful to improve the 

275 regioselectivity and consecutive oxidative ability of CYP72A63. Additionally, the total amount of 

276 different oxidation products of 11-oxo-amyrin increased to about 31.8 mg/L, 2.2 folds to 14.5mg/L 

277 for the wild type. The expression level was quantified by fusing the wild type CYP72A63 and 

278 CYP72A63 (T338S) genes with eGFP, and there was no obvious difference in the expression level 

279 (Figure S9). 

280 We further quantified fermentation products of yeast with WT CYP72A63 or CYP72A63 

281 (T338S) at different hours (24h, 48h, 72h and 120h) (Figure S5). The product distribution was 

282 similar at different times, and the mutant CYP72A63 (T338S) produced more oxidation product at 

283 any time, as well as that it had a higher ratio of glycyrrhetinic acid. This indicated 

284 CYP72A63(T338S) has enhanced oxidation activity. 

285 To investigate the molecular basis, molecular oxygen was manually placed into the structure 

286 model with substrate 1.65 Å from the Fe, with a Fe–O–O angle of 135° and an O–O bond length of 

287 1.26 Å.41 The threonine hydroxyl points away from the molecular oxygen in the wild type 

288 CYP72A63 (Figure 6A). However, in the mutant T338S, the serine hydroxyl pointed to the active 

289 pocket and located beyond the heme bound molecular oxygen (Figure 6B). The minor variations 

290 led to refined protonation network by making the interaction between alcohol and heme bound O2 

291 much easier. Hence, more rapid formation of compound I and increased efficiency of catalysis was 

292 achieved. 42-43

293
294
295
296
297
298
299
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300

301

302
303 Figure 6. (A) The binding pattern of 11-oxo-β-amyrin in wild type CYP72A63 with heme 
304 bonded oxygen molecule. According to the mechanism of P450, the proton delivery would occur 
305 after inducing a conformational change in the proton delivery network in the P450 active site, 
306 followed by the direct donation of protons from the hydroxyl of alcohol-acid pair to heme bound O2 
307 leading to the cleavage of the O-O bond and thus formation of compound I. More rapid formation 
308 of compound I would allow less time for side product formation and result in increased efficiency 
309 of catalysis. (B) The binding pattern of 11-OXO-β-amyrin in CYP72A63 (T338S) with heme 
310 bonded oxygen molecule, (C) Proton transfer pathway. The proton transfer pathway consisted of 
311 K236, E337 and S338, and W205 has a significant hindrance hampering the conformational change 
312 of K236 (D) The increase rate of rare triterpenoids through strengthening proton delivery by mutant 
313 W205A
314

315 According to the model, K236 played a key role in donating the proton from solvent to the 

316 alcohol-acid pair, and this assumption can be verified by the mutant K236A which almost abolished 

317 the activity. Then it was clear that the proton shuttle pathway consisted of K236, E337 and S338 

318 (Figure 6C), and the mutant T338A, K236A, E337Q/A almost abolished the activity of CYP72A63 

319 indicating that the typical proton delivery pathway was necessary for its activity, and the restriction 

320 of the proton transfer hindered the catalytic property. To find out the inherent restrictions for proton 

321 delivery of CYP72A63, residues around the proton shuttle pathway were analyzed and the results 

322 revealed that, the bulky sidechain of W205 hindering the conformational changing of K236 (Figure 

323 6C) could be a major factor restricting the proton transfer. Hence, mutation W205L/A/R with 

324 different hindered side chain and property was carried out. Electrostatic repulsion formed between 
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325 K236 and R205 would further restrict the conformational change of K236, which hinders the proton 

326 delivery. As a result, CYP72A63(T338S/W205R) has much lower activity with the alcohol 

327 intermediate as the main product with full regioselectivity (Figure S10). Although the mutant 

328 W205L has no significant influence on the catalytic activity, W205A mutation relieves the 

329 hindrance caused by tryptophan and removes the restriction on proton delivery. With no metabolic 

330 and process optimization conducted, CYP72A63(T338S/W205A) showed the best enhancement of 

331 the glycyrrhetinic acid production with a 21.3% increase to 36.4±3.0mg/L, which is the highest titer 

332 reported so far.

333 Considering this problem, the mutant CYP72A63 (T338S/W205A) with refined proton 

334 delivery combined with the GuCPR2 was employed to enhance the production of 

335 glycyrrhetaldehyde. The glycyrrhetaldehyde production in engineered strain GA175 harboring 

336 CYP72A63 (T338S/W205A) increased by 59.6% (Figure 6D) compared with that harboring 

337 CYP72A63 (T338S). The proton delivery pathway was also optimized in CYP72A63 (L509I) 

338 through iterative mutant W205A to promote the glycyrrhetol production. Compared with the strain 

339 with CYP72A63 (L509I), the glycyrrhetol production of strain GA159 harboring the mutant 

340 CYP72A63 (L509I/W205A) was increased by 8.2% (Figure 6D). These results indicated that 

341 proton delivery was important to the catalytic property of P450s. Relieving the restriction that 

342 hindering the proton delivery is an effective way to increase specific P450 activity and thus enhance 

343 the synthesis of target products.

344 CONCLUSIONS

345 In summary, we remodeled the promiscuous CYP72A63 to controllable catalysts based on 

346 computation-guided mutations of rationally selected residues. Through homology modeling and 

347 docking, the structure model aided rational design of the P450 enzyme for licorice triterpenoid 

348 biosynthesis. The accuracy of the structure model need to be further tested experimentally, 

349 especially through detailed in vitro characterization of the enzyme. We believe this approach will 

350 be useful for engineering other eukaryotic P450s. 

351 By manipulating the substrate accessibility and orientation of the target substrate through 

352 mutations on the proximal active pocket, the mutant CYP72A63 (T338S) achieved thorough 

353 oxidation ability on C-30 of 11-oxo-β-amyrin to produce glycyrrhetinic acid specifically. By 
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354 decreasing the accessibility of glycyrrhetol to CYP72A63 through mutations on the distal active 

355 pocket, the chemoselectivity was modified leading to controllable production of the intermediate 

356 glycyrrhetol. For the controllable production of glycyrrhetaldehyde, the mutant CYP72A63 (T338S) 

357 was coupled with proper CPRs, and GuCPR2 showed the best product spectrum with 82.3% 

358 glycyrrhetaldehyde. Moreover, the key factor for synthesizing the isomer was confirmed, and 29-

359 OH-11-oxo-β-amyrin was specifically synthesized by the mutant CYP72A63 (L398I). More 

360 importantly, the catalytic activity of the mutants was further improved by refining the proton 

361 delivery with increased production of rare licorice triterpenoids in yeast. Our study provided a 

362 powerful model for controlling the catalytic property of P450s.

363 SUPPORTING INFORMATION

364 The Supporting Information is available free of charge on the ACS Publications website.

365 Chemicals, mutagenesis, time-course experiments, sequence alignment, homology modeling, 
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