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Abstract 

Asymmetric catalysis has witnessed paramount lessons from terpene cyclase enzymology 

such as the ability to control dynamic carbocations or cationic cyclization cascades. In general, 

these cascades are stereodivergent and thus rely on the terpene’s double-bond geometry. In 

this work, we illuminate how the dynamic supramolecular framework of squalene-hopene 

cyclases (SHCs) can be tailored to break with this paradigm. Creating a locally electron-

enriched confined active site, we enabled the stereoconvergent cationic cyclization of a 

cis/trans terpene mixture into one isomer. Our results suggest that a priorly unknown active 

site “memory” effect of the SHC aids this intricate transformation. Based on these findings, we 

employed synergistic active site and tunnel engineering to generate a most efficient 

(−)-ambroxide cyclase. Broad computational investigations evidently explain how the 

introduced mutations work in concert to improve substrate acquisition, flow and chaperoning. 

Nonetheless, kinetics disclosed a substrate-induced downregulation of the membrane-bound 

SHC as the major turnover limitation in vivo. Merging these new insights with the improved and 

stereoconvergent catalysis of the enzyme, we applied a feeding strategy to exceed 106 TTN 

with the SHC.  
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Introduction  

The disclosure of the first terpene cyclase crystal structures in 1997 represents a 

landmark in cyclase history, allowing scientists deep structural insights and functional 

investigations on how nature creates molecular diversity in terpenes.[1–3] Since then, 

computational models constantly elucidate the enzymes’ unique conformational control over 

dynamic carbocations in concerted rearrangement cascades exhibited by their highly confined 

polyfunctional active sites.[4–6] Mutagenesis studies within these active sites revealed how to 

manipulate cationic cyclization cascades in a target-oriented manner[7,8] and presented 

precisely positioned water molecules as pivotal for catalysis.[9,10] Furthermore, extensive 

substrate scope surveys showcased the ability of certain cyclases, such as the squalene-

hopene cyclase (SHC), to accept dozens of terpenes[11–16] and catalyze non-natural 

transformations, e.g. a Friedel-Crafts alkylation or a Prins reaction.[17–19] Despite this 

tremendous progress, one persistent limitation employing cyclases, is the strict double-bond 

isomerism of the linear precursor that governs the fate of the successive sp3 stereocenter in 

the cyclic product (Figure 1A).[8,20,21] As a result, the application requires preceding separation 

of the E/Z isomeric substrate mixtures, which is tedious and costly.[22,23] Therefore, a cationic 

cyclization exhibiting stereoconvergence is on top of chemists wish lists.  

Considering the supramolecular level, few is known about the dynamic behavior of 

triterpene cyclases, such as SHCs, during catalysis as both the apo and substrate-bound 

conformation are identical.[1,24] Other than that, an induced-fit mechanism was suggested in 

class I terpene cyclases.[25] Furthermore, SHCs comprise a unique role in enzymology as 

monotopic membrane-bound enzymes, accounting for only 0.06% of all crystallized protein 

structures (Figure 1B).[26] Nature evolved these interfacial allocated enzymes to provide them 

the catalytic skills of their soluble congeners but with the additional ability to source highly 

hydrophobic C30 squalene from their host’s biomembrane. In fact, SHCs regulate their 

biological host’s membrane integrity by depositing generated pentacyclic hopenes in the 

membrane interior.[27–29] Vice versa, seminal theoretical as well as practical studies indicate 
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that the activity of membrane-bound enzymes relies on the current state of the membrane 

integrity, which is drastically influenced by terpenes.[30–35] This aspect may contribute to the 

second persistent limitation of cyclases, which is their generally low catalytic performance 

(TTNs below 103 [8,21,36]) compared to other enzyme families, such as monooxygenases, 

transaminases or lipases with TTNs in the range of 105-7.[37] 

In this work, we addressed both limitations currently given in SHC catalysis. Inspired 

by the recent success in conformational control over reactive intermediates,[38,39] we envisioned 

that the strong confinement of SHCs active site could be leveraged to perform an 

unprecedented stereoconvergent cationic cyclization of a cis/trans isomeric substrate mixture. 

Such a mechanism should be generally feasible considering the work of Tiefenbacher et al. 

that suggested a direct transoid-cisoid rotation during the cationic rearrangement of geranyl 

acetate inside a supramolecular host.[40,41] Moreover, acknowledging the membrane-bound 

nature of SHCs, we aimed to investigate the potential downregulation by kinetically contrasting 

the SHC in artificial membrane-bound (in vitro) and biomembrane-bound (in vivo) state.  

 

Figure 1: Current issues in SHC catalysis. (A) The stereoselectivity of terpene cyclases is generally governed by 

the E or Z double-bond isomerism of their substrates.[20,21] (B) SHCs (grey cartoon) are bound to their host’s 

biomembrane (blue headgroups and by a reentrant α-helix (red cartoon), which classifies them as monotopic 
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membrane enzymes.[26] Naturally, they regulate the biomembrane’s integrity by producing hopenes (yellow 

scaffolds) to counteract exterior stresses, e.g., temperature fluctuations or molecular toxifications by lipophilic 

molecules.[29] In turn, a membrane-bound enzymes activity is dependent on the structural integrity of the 

biomembrane.[32–35] (C) The herein chosen model reaction of an isomeric 3E/3Z-mixture of homofarnesol 1 to 

(−)-ambroxide 2 via a stereoconvergent cationic cyclization. 

As a model reaction for this endeavor, we chose the archetypical promiscuous 

cyclization of homofarnesol 1 to (–)-ambroxide 2 (Figure 1C). This reaction offers several 

advantages and opportunities: (a) Catalysis has been shown to work both in vitro and in 

vivo.[11,36,42,43] (b) As product 2 solely crystallizes from the reaction broth, absolute selectivity 

towards 2 can be leveraged to overcome potential terpene-induced downregulation. (c) 

Product 2 is one of the highest valued fragrances in the industry and the AacSHC (short: Aac) 

catalyzed highly stereoselective cyclization of homofarnesol 1 towards 2 provides a potent 

substitute for the scarce natural resource of 2.[44] Especially, given the fact that chemical 

catalysts need harsh conditions and are far inferior in terms of selectivity (50% ee and 64% 

de).[45]  These facts render the promiscuous cyclization of 1 ideally suited for a comprehensive 

investigation on SHC catalysis to cross its current catalytic boundaries. 

Results and discussion 

Mechanistic elucidation of a stereoconvergent cationic cyclization aided by active site 

“memory” of the squalene-hopene cyclase.  

The requirements for a stereoconvergent cyclization of isomerically mixed 1 

encompass a product 2 shape-like confined active site and the lifetime for a carbocation to 

undergo cisoid-transoid bond rotation.[46] The natural tricyclic shape-complementarity for 2 of 

the Aac’s active site was already demonstrated[42,47] and  grants highly selective cyclization of 

E,E-1 towards major product 2 and minor diastereomer 3, whereas Z,E-1 isomer was shown 

to result in side products 4 and 5 (Figure 2A).[36] We speculated that if we tune the electron 

density in close proximity to the C3-C4 double-bond, where the transient carbocation needs to 

flip, we could extend its lifetime to perform the desired cisoid-transoid bond rotation during the 

tricyclization.[48,49] To that end, we docked E,E-1 into the active site of the crystal structure of 
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the Aac and chose three amino acid positions W169,G600 and F601 for site-saturation 

mutagenesis (Figure 2B, orange sticks). Furthermore, we exploited the natural diversity of 

SHCs with four homologs Zmo1, Zmo2, Sco and Tel, exhibiting subtle changes around the 

desired double-bond (Figure 2B, green sticks, Figure S1). Besides the Z,E isomeric mixture 

(55% E,E-1, i.e., mix-1), we tested the E,E enriched (95% E,E-1, i.e., E,E-1) substrate mixture 

to identify enzymes that improve the E,E pre-folding which results in the desired product 

(Figure 1C, transition state).  

 

Figure 2: Elucidation of a stereoconvergent cationic cyclization enabled by the SHC. (A) The SHC-mediated 

cyclization of E,E-1 results in desired product 2 (blue scaffold) and 3, whereas cyclization of Z,E-1 results in products 

4 and 5. (B) E,E-1 (blue sticks) docked into the active site of the Aac (PDB: 1UMP). Catalytic aspartate shown as 

red sticks. Amino acids shown as green sticks represent the natural diversity given as one-letter code in brackets 

at the distinct position. Amino acids shown as orange sticks were chosen for site-randomization. (C) SHC catalyzed 

stereoselective and stereoconvergent cyclizations of E,E-1 enriched (blue bars and spots) and 1 isomeric mix (black 

bars and spots). (–)-ambroxide 2 selectivity was calculated by dividing formed 2 by all side products. Amino acid at 

position 168 (Aac counting) is given in brackets after the respective homolog. Reaction conditions: 10 mM 1, E. coli 

cells expressing SHC with OD600 = 10 (~20 mgCDW/mL), ddH2O 1% DMSO, 30 °C, 20 h. Error bars represent the s. 

d. of technical triplicates. Similar expression was determined via SDS-PAGE. Zmo2 showed lower expression 

compared to other SHCs. The use of isolated enzymes did not produce acceptable results, as Zmo1, Zmo2 and 

SHCs were inactive in the chosen CHAPS membrane-mimic environment. 

Starting with the homologs and using E,E-1, most SHC WTs exhibited excellent 

2 selectivities of >95% as expected with modest product formations of 3-18% during the in vivo 
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biotransformation in the order Aac<Zmo2<Tel<Zmo1 (Figure 2C, WTs, blue bars and spots). 

The homolog from Sco showed only 0.1% product formation and comparatively poor selectivity 

of 80%. The unique difference of this congener is the hydrophobic cysteine at position 168 

(Aac counting, Figure S1). Encouraged by these results, we tested mix-1 and to our delight, all 

SHC WTs naturally exhibited stereoconvergence of 76-97% towards product 2 in the order 

Sco<Aac<Zmo1<Tel<Zmo2 with product formations of 0.1-7% in the order 

Sco<Aac<Zmo2<Tel<Zmo1 (Figure 2C, black bars and spots). Closer inspection of the 

position 168, suggested that the ability of stereoconvergence increased with the electron 

density at this position that is effectively accessible for the C3-C4 double bond: Sco (cys)<Aac 

(ser)<Zmo1 (gln)<Tel (ser)<Zmo2 (tyr). Please note that the Aac is the only homolog with a tyr 

at position 420, which may sterically hinder the access to position 168 (Figure S2). Site-

saturation of the Aac resulted in variant W169G with 13-fold increased product formation and 

99% 2 selectivity using E,E-1 (for more hits see Figure S3). Employing mix-1, product formation 

also increased 5-fold, however, stereoconvergence decreased from 88% to 77%. The 

beneficial W169G mutation was subsequently transferred to the SHC homologs, thus allowing 

large jumps in sequence space of the SHC active site. Gratifyingly, the mutation of the 

conserved tryptophane (Figure S4) to glycine increased product formation by up to 13-fold 

(Sco<Zmo2<Tel<Zmo1<Aac) and stereoselectivity for 2 using E,E-1 to >99% for all SHCs 

(Figure 2C, ‘W to G’ variants, blue bars and spots). Employing mix-1, product formation also 

increased by up to 5-fold (Sco<Zmo2<Tel~Zmo1<Aac) and stereoconvergence for 2 increased 

by up to 99% for congeners Sco and Zmo2 (Figure 2C, ‘W to G’ variants, black bars and 

spots). Noteworthy, we identified the generated ‘hole’ by the ‘W to G’ mutation as a potential 

water trapping site, which may provide its electron density to the carbocation and may support 

in pre-folding of 1 (Figure S5). Next, we performed a comprehensive mutation exchange within 

the homologs Aac, Tel and Zmo1, which emphasized the important phe at position 420 (Aac 

counting) and enriched electron density around the C3-C4 double-bond combined with strong 

confinement as subtle changes in one of these properties lowered the stereoconvergence 

down to 68% (Figure S6). These results further disclosed TelW172G as the most active and 
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selective catalyst and thus we selected this enzyme for a detailed inspection of the reaction 

conditions on the stereoconvergence.  

Following the mix-1 reaction over time at 30 and 40 °C, revealed a faster cyclization at 

higher temperature, almost even depletion of both isomers over time and no temperature 

influence on the convergence (Figure S7).  Moreover, we performed the biotransformation of 

mix-1 with isolated TelW172G and in deuterium-labeled water, which suggested that this 

delicate mechanism proceeds via a single protonation and is performed in the enzyme’s active 

site rather than by E. coli (Figure S8). However, when we successively varied the 3E:3Z-ratio 

of 1 in favor of the Z-isomer, the enzyme surprisingly lost its unique convergence and activity 

(Table 1), which is why we invoked the mnemonic enzyme model in explaining.[50]  

Table 1: E/Z-ratio dependent stereoconvergent cyclization of 1. Reaction conditions: 10 mgCDW/mL E. coli cells 

expressing SHC, 10 mM substrate 1, ddH2O, 1% DMSO, 30 °C, 600 rpm. 

E,E-1 [%] Z,E-1 [%] 2 [%] side products [%] product formation [%] time [h] 

90 10 99.9 0.1 60 20 

60 40 99.7 0.3 58 20 

55 45 99.5 0.5 48 20 

34 66 97 3 42 20 

25 75 93 7 45 24 

1 99 34 66 5 20 

 

This model exists since the 1960s[51] and states that a substrate turnover is not independent 

from the earlier one as it induces a conformational change of the enzyme to a more rigid lock-

and-key conformation,[52–54] which confers it the ability of an active site “memory”. Based on 

this model, we varied the ratio of mix-1 to TelW172G concentration what unambiguously 

resulted in a drop of the convergence to 87% using high catalyst loading (Table 2).  

Table 2: Catalyst/substrate-concentration ratio dependent stereoconvergent cyclization of 1. Reaction conditions: 

55:45 E/Z-substrate 1, ddH2O, 1% DMSO, 30 °C, 48 h, 600 rpm. 

cells [mgCDW/ml] mix-1 [mM] 2 [%] side products [%] 
product 

formation [%] 

50 50 99 1 24 

50 10 87 13 85 

10 10 99.9 0.1 45 

10 2 86.9 13.1 86 
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With this knowledge in hands, we screened our SHC library for similar mnemonic enzyme 

aided stereoconvergence of E/Z-geranyl acetone 3 and found Aac variant L607F. This enzyme 

is highly selective for the bicyclization of E-3 towards E-4 and poorly active using Z-3. 

Leveraging the elucidated effect, the enzyme cyclized 81% of a 60:40 E/Z-3 mixture towards 

>98% E-4, which further strengthened our hypothesis (Scheme 1).  

 

Scheme 1: Stereoconvergent cyclization of E/Z-3 using Aac L607F. Reaction conditions: 10 mgCDW/mL E. coli cells 

expressing SHC, 2 mM substrate 3, ddH2O, 1% DMSO, 30 °C, 60 h, 600 rpm. Product formations were determined 

via standard curves. See supporting chromatograms for more detail. 

 

In summary, our results evidently led us to the proposed mechanism in Figure 3: After 

the biomolecular recognition of E,E-1 the dynamic SHC enters the energetically most favorable 

product-2-shape-like stiff conformation. In this conformation, the enzyme achieves 

isomerization of the “wrong” substrate Z,E-1 by balancing confinement and local electron 

density around the transient carbocation. As long it can sustain this conformation by incoming 

E,E-1, the cyclization of mix-1 will be stereoconvergent as all “wrong” substrates are masked 

by E,E-1 (Figure S9). The E:Z and enzyme:substrate ratio experiments strengthen this 

hypothesis. After full conversion, the enzyme relaxes back to the native dynamic conformation. 

Remarkably, all SHCs exhibited the ability of convergently cyclizing mix-1, which presumably 

derives from the natural squalene cyclization mechanism. This mechanism includes an 

unusual 1,2-alkyl shift of the C-ring, forming an unstable secondary carbocation, which requires 

electron density to survive that may be provided by the S168-site (Figure S10). We assume 
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that, a potentially trapped water molecule is now part of the cyclization mechanism, which is 

underpinned by an identified water channel behind position 168[55] and reminiscent of the 

cationic rearrangement mechanism of the bornyl diphosphate synthase that also includes a 

trapped water molecule and a transoid-cisoid bond rotation.[56] The principle of an active site 

“memory” was recognized early on,[51] is frequently proven[54,57] and also leveraged e.g., in 

lipase catalysis.[58] We believe that exploiting this knowledge more often in biocatalysis will 

unveil powerful enzymes in convergent anionic-, radical-, or cationic rearrangement catalysis, 

thus making preceding separation techniques obsolete. 

 

Figure 3: Proposed mechanism for the stereoconvergent cationic cyclization of mix-1. Blue shapes represent SHC 

conformations. After a biomolecular recognition event, the SHC changes its conformation from dynamic to stiff to 

prepare for catalysis. In this conformation, the restricted active site favors E,E-1 like pre-folding, which facilitates a 

cisoid-transoid bond rotation in synergy with electron density granting ligands (blue circle). Please see Figure S9 

for more information on the mechanism. 
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Engineering the SHC by dual site-allocated mutagenesis for high-performance 

stereoselective cationic cyclization of E,E-1. 

Having ascertained the exclusive cyclization selective towards 2, we faced the second 

issue in SHC catalysis, which is to overcome the generally low catalytic performance. To 

achieve this overarching aim we further improved the catalytic performance by enzyme 

engineering while ensuring the exclusive selectivity towards 2 entailing the inherent in situ 

product crystallization (ISPC).[59] We selected the best performing Aac W169G, i.e. P1, in 

combination with E,E-1 and began the engineering by one more round of site-saturation 

mutagenesis in the active site (Figure  4A). The final enzyme variants were compared in vivo 

using 100 mM substrate and 10 mgCDW/mL cells to face process conditions (for screening 

conditions see Figure S11 and 12). To emphasize the engineering, the Aac WT and the actual 

Aac benchmark B[36] are also depicted in Figure 4B. Screening of 540 generated variants 

resulted in double-variant W169G/G600M, i.e. P2, which showed 2.7-fold increased turnover 

frequency (TOF) of 64.6 h-1 while retaining >99% 2 selectivity. Further mutations in the active 

site disrupted the high selectivity of the enzyme, which encouraged us to seek for alternative 

mutation hot spots, allocated distal from the active site. Consequently, a CAVER analysis of 

the Aac crystal structure was performed and revealed several potential tunnels (Figure S13), 

of which we focused on the suggested enzyme’s entrance tunnel (Figure 4A, blue surface).[1] 

Noteworthy, two (M132R/I432T) out of three positions (M132R/A224V/I432T) of B were located 

in the designated bottleneck area, with the third position described by the authors themselves 

as not beneficial.[36] These results gave reason to perform site-saturation mutagenesis within 

this bottleneck area, which unexpectedly resulted in only slight to no increases in TOF (Figure 

S14). However, addition of both published distal mutations (M132R/I432T) resulted in the final 

variant P3 with a 1.3-fold increase in TOF to 87.3 h-1 and no loss of selectivity. 

Stereoconvergence for P3 using mix-1 was determined with 85% (Figure S15). 
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Figure 4: Engineering Aac towards highly efficient (–)-ambroxide 2 production under process conditions.[36] (A) 

Structure-guided engineering pathway and crystal structure of AacWT (PDB: 1UMP) with most putative entrance 

tunnel in blue and membrane binding α-helix in red. Mutated amino acid locations shown as yellow spheres and 

protonating aspartate as red sticks. Distance of entrance tunnel mutations to functional group of 2 in dashed lines. 

(B) Overall engineering of the Aac. Variants are plotted against their turnover frequency (left y-axis) and their (–)-

ambroxide 2 selectivity (right y-axis). Reaction conditions: 1 mL ddH2O + 0.2% SDS, 10 mgCDW E. coli whole-cells 

harboring the corresponding Aac variant (40-50 µM), 100 mM (≈ 50 g/L) E,E-1, 19 h, 30 °C, 750 rpm. Error bars 

represent the s. d. of technical triplicates. For screening conditions please see Figure S11 and S12. 

Summing up, our enzyme engineering efforts improved the overall catalytic 

performance of the native enzyme by a factor of 397, while ensuring absolute stereocontrol 

over the cyclization of E,E-1. The catalysis at process conditions clearly benefits from the 

exclusive 2 selectivity of the enzyme as cytotoxic membrane-disturbing liquid side-products 

are avoided.[60] The overall catalytic performance was improved by a dual-site allocated 

mutagenesis approach, which was presented in a similar way by the Reetz group in their 

engineering of a monoamine oxidase.[61] Such dual allocated approaches extend the strategy 

of active-site mutagenesis usually conducted in terpene cyclase studies[10,62–64] and are also a 

useful advancement in the portfolio of rational enzyme engineering strategies. 
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Computational elucidation of Aac P variants’ conformational dynamics 

In order to rationalize the effects of the introduced active site and distal mutations on 

the enzyme structure and the accompanied improvement in their catalytic efficiency, a deep 

computational exploration was performed by means of Molecular Dynamics (MD) simulations 

(see SI). We reconstructed the conformational landscapes of WT and P variants (see Figure 

4), by analyzing the gathered MD data using Principal Component Analysis (PCA). The 

analysis was based on distances between active site residues (6 Å from its center of mass, 

see SI) to reveal the key active site conformational differences that explain the improved 

catalytic power of P variants[65]. 

 

Figure 5: Conformational landscapes of A) AaSHC WT, B) P1, C) P2, and D) P3 variants showing the most 

populated conformations in blue and less populated conformations in red. The grey star in each conformational 

landscape indicates the position of the crystal structure. Overlay of the different identified active site conformations 

with respect to the crystal structure (PDB code: 1ump in grey). The most important active site residues are labeled, 

and different colors are used to represent the different representative conformations extracted from each minimum.  
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For WT, three main conformations of the active site residues were observed (Figure 

5A): conformation 1 displays an X-ray like orientation of the active site residues; conf. 2 that 

involves a reshaping of the active site, experienced due to a flip of residues W169, Q366, 

D442, and Y372; and conf. 3 that is similar to 1 but presents a different disposition of the loop 

containing P444. Additionally, a side-chain rotation of F365 that may hamper the accessibility 

to the catalytic aspartic triad is observed in conf. 3.  

In case of P1, a single X-ray like active site conformation is explored in the accumulated 

MD simulation time (Figure 5B, conf. 4). The main conformational difference with respect to 

WT is the rotation of side chain Y372 that interacts with the backbone of residue G169. As 

illustrated in Figure 5C, P2 adopts two main conformations: The X-ray like conf. 5, and conf. 

6, in which a drastic reorganization of the active site is observed. While the W169G mutation 

alone simply expanded the active site pocket, its combination with mutation G600M results in 

a dramatic effect on its size and shape. In particular, both mutations act synergistically and 

introduce a new interaction between R488 and the backbone of mutation G600M. As a 

consequence, the position of W489 is altered allowing better interaction with the catalytic D376. 

Finally, the introduced steric bulk at position 600 induces a side-chain rotation of F365. 

Notwithstanding, and considering the orientation of the latter, this conformation could be 

impeding the proper access of 2 through the substrate tunnel. As observed for all variants, P3 

adopts conf. 7 that resembles the X-ray like conformation of the active site, and conf. 8, which 

is similar to conf. 7 (Figure 5D). Therefore, the increasing effect of the catalytic efficiency by 

the distal mutations M132R and I432T may be attributed to the substrate flow and tunnel 

dynamics that could facilitate the binding process. 

Improved substrate tunnel populations lead to more efficient catalysis 

To unravel this hypothesis, tunnel analyses were performed on each displayed 

conformation of WT, P1, P2, and P3 variants, thus having a complete reconstruction of tunnel 

dynamics along all conformational landscapes. As shown in Table 1, the average bottleneck 

radius (avgBR) is similar in all conformations and systems, which lies between 0.93 and 1.15 Å. 
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However, drastic differences in the populations of the substrate binding tunnel are obtained, 

thus indicating that this parameter has been tuned by the mutations introduced along the 

laboratory-engineering strategy. 

Table 1: Tunnels analyses for each conformation of every variant (cf. Figure 5), the average bottleneck radius 

(avgBR), maximum bottleneck radius (maxBR) in Angstroms, and the percentage of population of the computed 

substrate binding tunnel are displayed. 

Variant Conformation avgBR (Å) maxBR (Å) Population (%) 

WT 1 0.95 ± 0.06 1.19 5 

WT 2 0.98 ± 0.07 1.17 3 

WT 3 0.97 ± 0.07 1.24 29 

P1 4 1.03 ± 0.12 1.45 28 

P2 5 1.07 ± 0.13 1.58 29 

P2 6 0.93 ± 0.03 1.01 5 

P3 7 1.15 ± 0.26 1.83 38 

P3 8 1.05 ± 0.15 1.74 58 

 
By analyzing the substrate binding tunnel on each conformation of the WT enzyme we 

observed low populations for conf. 1 and 2, whereas conf. 3 displayed a higher population of 

the tunnel (ca. 29%). However, our estimated conformational landscape (cf. Figure 5) suggests 

this conformation can only be accessed by a relatively high-energy barrier, which may explain 

the limited catalytic efficiency (cf. Figure 5). The single mutation introduced in P1 enhances 

the population of the substrate binding tunnel with respect to WT, as a population of 28% is 

found for the main conf. 4, and presents a slightly higher bottleneck radius. Variant P2 can 

adopt two main conformations: conf. 5 presenting a tunnel population of 29% and a bottleneck 

radius of 1.07 Å, and conf. 6 presenting only 5% of the analyzed snapshots with the main 

substrate binding tunnel formed. Our estimated conformational landscapes suggest a rather 

low stability of conf. 6 with respect to 5, and a rather high energy barriers for the conformational 

transition.  
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Finally, in the case of P3, we observed high populations of the substrate binding tunnel 

for both conformations: 38% population in conf. 7, whereas 58% in conf. 8, displaying an 

average bottleneck radius of ca. 1.1 Å in both conformations. This increase in the tunnel 

population for the two main conformations adopted by P3 might be one of the main reasons 

behind the improved activity of P3 with respect to the other engineered P variants. 

Mechanistic evidence for improved activity on P variants revealed by substrate-bound 

MD simulations. 

In our final investigation we were interested in the ability of the most engineered enzymes 

to pre-fold 2 in their active sites as well as the resulting conformational changes upon substrate 

binding. For this purpose, we performed molecular docking of the substrate 2 into the most 

populated conformations observed in the APO enzymes, followed by MD refinement and 

conformational landscape reconstruction by analyzing the catalytic distance and angle (Figure 

S18B). Productive binding was defined by protonating hydrogen (D376) to nucleophile carbon 

distance Dprot below 4.5 Å and an angle Өprot between 40-60° (Figure 7A).[9] 
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Figure 6: Substrate binding conformational landscape for A) P2 and B) P3 variants based on the computed catalytic 

Dprot (in Å) and Өprot (in degrees). Most populated conformations are shown in blue, whereas least populated ones 

in red. An overlay of representative MD snapshots from the selected regions (marked with dashed black squares) 

of the binding conformational landscape representing the binding of 2 in the active site for P2 (green) and P3 

variants. C) Conformational Landscape of the loop containing F434. Overlay of P2 (blue) and P3 (purple) 

conformations (for a better representation WT and P1 were not included, see Figure S10). Most populated 

conformations are shown in the conformational landscape in blue, whereas less populated conformations are shown 

in red. D) Overlay of the substrate tunnel in the different conformations of the loop in P2 (blue) and P3 (purple), 

bottleneck radius are displayed in Angstroms. 

 
When analyzing P2, we again observe the synergy of the two introduced mutations 

W169G and G600M. The extra room generated by mutation W169G leaves enough space for 

the G600M side-chain, which is pointing to the center of the active site. This side-chain 

reorganization is responsible for the better chaperoning of 1, shortening Dprot and improving 

Өprot. (Figure 7B). Intriguingly, an even more suitable pre-folding of 1 can be observed in P3, 

which includes the tunnel mutations M132R and I432T ca. 20 Å away. Despite their distance, 

these mutations drastically affect the size and shape of the catalytic pocket by means of a 
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network of interactions that lead to side-chain reorganizations. More specifically, M132R (in 

combination with all other mutations) seem to be responsible for triggering such reorganization 

(Figure 5B). The new arginine side chain introduced (M132R) is able to interact with the 

backbone of residue F434. This new interaction between R132 and F434 leads to a flip in the 

loop containing F437, which generates extra space that is occupied by the side-chain of F605. 

This results in a higher flexibility of M600 that enables 1 to adopt more pre-folded 

conformations, with improved Dprot and Өprot.  

The new network of interactions in P3 may be stabilizing wider substrate tunnels in P3 

variant, which could be translated in higher displayed activities over P2. To unravel this 

hypothesis, PCA analyses were conducted on the loop containing residue F437, aiming to 

determine which conformations are mainly adopted by each variant (Figure 5C and Figure 

S19). As we observed in 1-bound MD simulations, mutation M132R in P3 variant is stabilizing 

the X-ray like orientation of the loop. This new mutation produces a flip in residue F434, which 

alters the backbone dihedral of residue C435. Furthermore, the latter determines the 

orientation of the side chain of residue F437. This network of coupled conformational changes 

produces a wider substrate tunnel that is reflected in the previously analyzed tunnels (Figure 

5D). Interestingly, the conformations of the F434-containing loop that resemble to the X-ray 

structure resulted in a pre-folded binding of 1 in case of P3, whereas in the case of P2 there is 

a flip on this F434-loop that induces the stretching and unbinding of 1 (cf. Figure 5B). Indeed, 

F437 and C435 residues were previously identified as key gating residues in a previous study, 

which is also supported by our MD simulations.[10]  

Taking our computational results together, we demonstrated that the active site 

mutations are mainly responsible for the reorganization of the active site and improved 

chaperoning of 1 especially in P2 and P3 variants, whereas the tunnel mutations are mainly 

responsible for an improved substrate flux stabilizing X-ray like conformations of the loop 

containing F434. These findings suggest how we achieved the 397-fold improved catalytic by 
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tailoring the supramolecular and dynamic SHC scaffold for a ‘open tunnel’ catalyst with 

improved substrate flux and chaperoning.   

Kinetic comparison of the Aac variants and the turnover limits of the SHC  

With this efficient enzyme in hands, the next step to achieve the overarching aim to 

cross the SHC’s turnover boundaries was to investigate the enzyme’s performance employing 

high substrate/cell or catalyst ratios. After some initial experiments that demonstrated a cell 

concentration-dependent activity (Figure S16), the four Aac variants WT, B, P2 and P3 were 

kinetically analyzed in vivo and in vitro (Figure 7A+B). These variants were chosen as they 

comprise the four stages of engineering:  Native enzyme, engineered entrance tunnel, 

engineered active site and engineered active site + entrance tunnel. Starting with the in vitro 

characterization, it is worth to mention that membrane-bound enzymes require detergents as 

an artificial membrane for isolation and solubilization, which may influence their catalytic 

activity.[42,66,67] The evaluation showed that the entrance tunnel mutations of the benchmark 

SHC B doubled the kcat, while only slightly affecting KM and therefore substrate affinity (Table 4, 

B, in vitro). In P2, the alterations highly increased the substrate affinity and thus lowered the 

KM 5-fold, which entailed a ~12-fold increase in kcat (Table 4, P2, in vitro). Finally, the additional 

entrance tunnel mutations in P3 resulted in almost doubled kcat, while KM remained almost 

unchanged. In total, the structure-guided engineering of the WT in the active site and entrance 

tunnel led to a catalytic efficiency kcat /KM of 372.5 mM*min-1 (Table 4, P3, in vitro), which is an 

improvement of more than 250-fold. Remarkably, our experimental findings directly align with 

our computational data that ascribed increased substrate flow mainly to the distal mutations 

Table 4: Parameters of initial rate kinetics for Aac WT and variants B, P2 and P3 in vitro and in vivo. The in vitro 

kinetics were approximated by Michaelis-Menten plots. The in vivo kinetics were approximated by substrate-excess 

inhibition plots.  

 in vitro in vivo 

 KM 

[mM] 
kcat  

[min-1] 
kcat/KM 

[mM*min-1] 
KM,app 

[mM] 
kcat,app  

[min-1] 
kcat,app /KM,app  

[mM*min-1] 

WT 0.94 1.38 1.47 0.16 0.52 3.14 
B 1.06 2.81 2.65 0.17 0.60 3.44 
P2 0.19 35.65 185.95 0.22 26.32 117.01 
P3 0.16 61.62 372.48 0.21 28.70 135.12 
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Noteworthy, all initial rate kinetics in vitro could be approximated by Michaelis-Menten plots 

(Figure 7A). In contrast, the in vivo kinetics had to be approximated by substrate-excess-

inhibition plots with the inhibition constant Ki = KM,app occurring at ~0.21 mM for all characterized 

variants (Figure 7B+C). Nevertheless, a 45-fold increase in catalytic efficiency of P3 

(kcat,app/KM,app ~ 135 mM*min-1) compared to the WT was determined (Table 4, P3, in vivo). 

Interestingly, the strong inhibition was lowered by reducing the orbital shaking from 800 to 600 

to 300 rpm to the expense of a 9-fold lower catalytic efficiency kcat,app /KM,app of ~15 (Figure 

S17).  

 

Figure 7: Crossing the turnover boundaries of the SHC. (A) Michaelis-Menten plots for the Aac WT, B, P2, and P3 

catalyzed cyclization of E,E-1 in vitro. (B) Substrate-excess inhibition plots for the Aac WT, B, P2, and P3 catalyzed 

cyclization of E,E-1 in vivo. (C) Double-logarithmic plot of substrate concentration vs. specific activity. Error bars 

represent the s. d. between technical triplicates. (D) Feeding strategy for max. total turnover (TTN) of E,E-1 with an 

engineered P3 driven by continuous ISPC. Arrows only apply for long term in vivo approach. Calculated TTN was 
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determined assuming the specific activity of 71 nmol*min/mgSHC, which was taken from Figure S17. Please see 

supporting information for detailed reaction conditions and control.  

With this knowledge about the enyzme kinetics, the stage was set to cross the turnover 

boundaries of the SHC. To that end, we envisaged a feeding strategy exploiting the enzyme’s 

stereoconvergence and the continuous ISPC of 2. An enzyme solution (0.015 mg/ml SHC, 

0.2% CHAPS, 20 mM citric acid, pH = 6.0) and whole-cell suspension (0.1 gCDW /L in ddH2O) 

were prepared, supplemented with 200 μL (7 mM) pure E,E-1 and shaken at 300 rpm and 

depletion of the substrate layer was observed. The substrate concentration was selected as it 

depicts the concentration before the inhibited and non-inhibited in vivo plots cross-over (cf. 

Figure S17). During the in vitro approaches almost no depletion occurred, and the reactions 

stopped after ~10 h and ~3.5% product formation, which equals a total turnover number of 

~11000. Intriguingly, the SHC in the whole cells was active for 34-38 days using the feeding 

strategy (Figure 7D). Thus, a total turnover number (TTN) of an average of ~150000 was 

achieved. Compared to the calculated TTN of 262941, the enzyme lost ~41% of its activity, 

indicating a time-dependent inactivation of the catalyst. Overall, ~0.75 g of the desired product 

(−)-ambroxide 2 could be produced employing only 10 mg of E. coli whole cells (Figure 7D). 

To further demonstrate industrial feasibility, 100 g/L 2 were produced within 96 h using 

50 gCDW/L cells in pure ddH2O (Figure S18). 

Overall, the kinetic data disclosed meaningful differences of the enzyme’s catalytic 

behavior in vivo and in vitro. In their natural membrane environment, all SHC variants are 

strongly inhibited after the peak performance concentration of 0.21 mM which suggests a 

regulative function of the lipid environment on the enzymatic activity. This inseparable 

relationship was recently demonstrated in the reconstitution of the in vitro activity of the 

membrane-bound particulate monooxygenase by mimicking the natural lipid environment.[68] 

Due to their inherent hydrophobicity, terpenes diffuse into the cell membrane presumably 

causing local perturbations, whereupon the enzyme reacts downregulating its activity. This 

regulatory function by sensing membrane integrity would be a simple tool for nature to control 

activity of membrane-bound enzymes as already hypothesized in 1975.[69] To omit the 
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downregulation, the local perturbations have to be ‘widespread’ by offering the terpenes more 

membrane area which can be achieved by the invagination of the cellular membrane[70] or 

simply by increasing the cell concentration.[36] The feeding strategy combined with the 

exclusive selectivity and the in situ product crystallization of the sole 2 kept the enzyme stable 

for several weeks, performing over 106  turnovers, which supersedes all so far reported TTNs 

of SHCs[21,36,71] and unveils the true potential of these enzymes. Furthermore, biocatalysts 

exhibiting turnover numbers in the 106 range are well positioned among the upper ranks of 

industrially applied enzymes.[37,72] However, an apparent drawback is the long time period of 

the presented process, which could be overcome by increasing the mass transfer across the 

biomembrane using membrane transporter enzymes[73] or spheroplast preparation.[74] 

Furthermore, the herein presented in vitro approach could certainly be fine-tuned by changing 

deteregent, detergent concentration or buffer, however, was beyond the scope of this study. 

Conclusion & outlook 

The study of terpene cyclases substantially contributed to historical innovations in enzymology 

synthetic and mechanistic chemistry.[4,39,75,76] In this study we have demonstrated how to tailor 

and leverage the structural and chemical biology of SHCs to perform catalysis beyond their 

currently known capabilities. Stereoconvergent cyclizations are genetically encoded in these 

enzymes, are aided by conformational enzyme dynamics and can be fine-tuned by creating a 

locally electron enriched confinement around the substrate. Total turnover boundaries can be 

crossed by widening the enzyme’s tunnel, increasing substrate flow, and considering its 

membrane-bound nature. Going forward, the active site memory effect will be further examined 

and the exact amino acid contributions enabling the stereoconvergent cyclization will be 

analyzed using detailed QM/MM studies. This knowledge could then be transferred to synthetic 

catalysts or de novo enzyme design tools, such as Rosetta.[77] The exact mechanism of the 

substrate-induced downregulation will be elucidated in detail by studying the membrane’s 

properties during catalysis, e.g. by fluorescence imaging.[78] Assuming such an indirect 

downregulation of monotopically membrane-bound enzymes, opens up alternative views on 
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diseases related to similar enzymes such as the visual impairment, Alzheimer’s or Parkinson’s 

disease.[79–83] To say it in the words of Engasser and Horvath: “It is unlikely that nature would 

not use such a simple tool to control and trigger physiological processes”.[30] 
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