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            Abstract
The combination of computational design and laboratory evolution is a powerful and potentially versatile strategy for the development of enzymes with new functions1,2,3,4. However, the limited functionality presented by the genetic code restricts the range of catalytic mechanisms that are accessible in designed active sites. Inspired by mechanistic strategies from small-molecule organocatalysis5, here we report the generation of a hydrolytic enzyme that uses NÎ´-methylhistidine as a non-canonical catalytic nucleophile. Histidine methylation is essential for catalytic function because it prevents the formation of unreactive acyl-enzyme intermediates, which has been a long-standing challenge when using canonical nucleophiles in enzyme design6,7,8,9,10. Enzyme performance was optimized using directed evolution protocols adapted to an expanded genetic code, affording a biocatalyst capable of accelerating ester hydrolysis with greater than 9,000-fold increased efficiency over free NÎ´-methylhistidine in solution. Crystallographic snapshots along the evolutionary trajectory highlight the catalytic devices that are responsible for this increase in efficiency. NÎ´-methylhistidine can be considered to be a genetically encodable surrogate of the widely employed nucleophilic catalyst dimethylaminopyridine11, and its use will create opportunities to design and engineer enzymes for a wealth of valuable chemical transformations.
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                    Fig. 1: Characterization of BH32 containing nucleophilic His23 and Me-His23 residues.[image: ]


Fig. 2: Evolution and characterization of OE1.3.[image: ]


Fig. 3: Crystal structures of OE1, OE1.3 and inhibited OE1.3.[image: ]


Fig. 4: Substrate promiscuity of OE1.3 and engineering of an enantioselective hydrolase OE1.4.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Kinetic characterization of BH32.
Michaelisâ€“Menten plot showing the rate of His23 acylation (the â€˜burst phaseâ€™) with varying concentrations of fluorescein 2-phenylacetate. Averaged initial rates were fitted to the Michaelisâ€“Menten equation to derive rate constant kobs 1.3Â Â±Â 0.03 minâˆ’1 and the enzymeâ€“substrate dissocation constant KS 30.9Â Â±Â 1.8 ÂµM (R2Â =Â 0.99). Data are mean Â± s.d. of measurements made in triplicate.


Extended Data Fig. 2 Evolutionary strategy used to generate OE1.3 and OE1.4.
Structures showing the amino acid positions randomized during each round of evolution. The Me-His residue is shown in ball-and-stick representation and targeted residues are represented as spheres. a, The round 1 library was prepared by randomizing active-site residues in pairs Ala19/Ser22 (blue) Tyr45/Glu46 (orange) Tyr87/Trp88 (red) Met94/Ser95 (green) and Asp125/Gln128 (purple). b, The round 2 library was prepared by random mutagenesis of the entire gene. Variants with improved activity enabled the identification of â€˜hot spotsâ€™, which were further interrogated using saturation mutagenesis. Residues Leu42/Glu46 (red) and Phe132/Leu133 (blue) were randomized simultaneously; all other positions were randomized individually (green). c, The round 3 library was prepared by saturation mutagenesis, using NNK degenerate codons to individually randomize 21 positions (see table). d, The round 4 library was prepared by saturation mutagenesis, using NNK degenerate codons to individually randomize 20 positions (see table). Libraries generated during rounds 1â€“3 were screened for activity towards fluorescein 2-phenylacetate. The round 4 library was screened for activity towards fluorescein (R)-2-phenylpropanoate.


Extended Data Fig. 3 Kinetic characterization of OE1, OE1 variants and CUT190.
aâ€“f, Michaelisâ€“Menten plots of fluorescein 2-phenylacetate hydrolysis catalysed by OE1 (a), OE1.1 (b), OE1.2 (c), OE1.3 (d), OE1.3(N46E) (e) and OE1.3(Y45F) (f). g, A Hill plot of fluorescein 2-phenylacetate hydrolysis catalysed by CUT190, nÂ =Â 2.3Â Â±Â 0.4. Data are mean Â± s.d. of measurements made in triplicate. h, A table summarizing the kinetic parameters of OE1 and its variants, and the cutinase variant Ser226Pro/Arg228Ser (CUT190).


Extended Data Fig. 4 Kinetic characterization of OE1.3 and OE1.4 towards the hydrolysis of (R)- and (S)- fluorescein 2-phenylpropanoate.
a, Michaelisâ€“Menten plots of fluorescein (R)-2-phenylpropanoate and fluorescein (S)-2-phenylpropanoate hydrolysis (shown in black and red, respectively), catalysed by OE1.3. The averaged initial rates were fitted to the Michaelisâ€“Menten equation using Origin software. b, Michaelisâ€“Menten plots of fluorescein (R)-2-phenylpropanoate and fluorescein (S)-2-phenylpropanoate hydrolysis (shown in black and red, respectively) catalysed by OE1.4. The averaged initial rates were fitted to the equation for Michaelisâ€“Menten with substrate inhibition using Origin software. Data are mean Â± s.d. of measurements made in triplicate. c, Table summarizing the kinetic parameters for the hydrolysis of both enantiomers of fluorescein 2-phenylpropanoate catalysed by OE1.3 and OE1.4. Data are mean Â± s.d. of measurements made in triplicate.


Extended Data Fig. 5 Rate constants of the hydrolysis of fluorescein 2-phenylacetate catalysed by small-molecule nucleophilic catalysts.
aâ€“c, Linear plots showing the rate of hydrolysis of fluorescein 2-phenylacetate catalysed by 3-methylhistidine (Me-His) kMe-His = 0.35 Mâˆ’1 sâˆ’1, R2Â =Â 0.99) (a), dimethylaminopyridine (kDMAP = 1.13 Mâˆ’1 sâˆ’1, R2Â =Â 0.99) (b) and N-methylimidazole (kNMI = 1.16 Mâˆ’1 sâˆ’1, R2Â =Â 0.99) (c). d, Linear plot showing the rate of uncatalysed fluorescein 2-phenylacetate hydrolysis (kobs = 5.9 Ã— 10âˆ’4 minâˆ’1, R2Â =Â 0.98). Data are mean Â± s.d. of measurements made in triplicate.


Extended Data Fig. 6 Comparison of the ester hydrolysis reaction catalysed by OE1.3 and OE1.3(C186A/C212A).
Time course of the hydrolysis of fluorescein 2-phenylacetate (100 ÂµM) catalysed by OE1.3 (purple) and OE1.3(C186A/C212A) (black) (0.1 ÂµM) in PBS pH 7.4, 22 Â°C, showing that the Cys186Ala and Cys212Ala mutations have a negligible effect on catalytic activity.


Extended Data Fig. 7 Structural characterization of inhibited BH32.
A ball-and-stick representation of H23 from BH32 inhibited with 2-bromoacetophenone, coloured by atom type with H23 carbon atoms in yellow and acetophenone carbons in white. Clear FEM electron density (blue, contoured at 1Ïƒ) extends between the NÎµ of H23 and acetophenone.


Extended Data Fig. 8 Structural characterization of inhibited BH32, OE1.2 and OE1.3.
A global superposition of BH32-inhibited (purple), OE1.2-inhibited (blue) and OE1.3-inhibited (green) structures performed using ICM Pro. The r.m.s.d. values (backbone atoms), derived from the global superposition are calculated separately for the core and cap domains and are reported in the table. BH32-inhibited and OE1.2-inhibited structures retain similar domain orientations, whereas OE1.3 undergoes a reorientation of the cap domain upon inhibition with 2-bromoacetophenone.


Extended Data Table 1 Experimental conditions used for substrate profiling of OE1 and OE1.3Full size table


Extended Data Table 2 Experimental and calculated masses of apo and inhibited enzymesFull size table
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