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Abstract

The mechanism of 1,8-cineole formation in Streptomyces clavuligerus 1,8-cineole
synthase was reinvestigated using the TerDockin modeling approach and compared to

that in Salvia fruticosa. The results of these simulations provided new data on the binding

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

modes of carbocations, the nature of active site bases, and enantioselectivity. In

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 3:41:38 AM.

particular, the likelihood of pathways involving R and S terpinyl cation was assessed, and

(cc)

differentiation of these was found to relate to the position of active site bases rather than

selective binding of the carbocations.

Introduction

Terpenes and terpenoids (functionalized terpenes) are omnipresent in the natural
world, constituting the largest class of natural products.’? These compounds are
regarded for both their skeletal and stereochemical diversity.? In plants, they act as

predator repellents,* growth regulators,® and mediators of inter/intra-species
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communication.® For humans, these secondary metabolites have found applications

including medicines,’~® cosmetics,%-12 flavor additives,'3 bio-fuels,’* and insecticides.®

The enzymes that construct terpenes — terpene synthases (also called cyclases
when cyclic terpenes are produced) — are split into two classes. Class | enzymes utilize
a trinuclear Mg?* cluster to facilitate loss of diphosphate (PP;) from their substrates to
generate a reactive allylic carbocation that initiates a cascade of hydride and/or alkyl
shifts, proton transfers, and cyclizations, eventually leading to a terpene product.'® In
general, the active sites of Class | terpene synthases contain DDXXD and NSE/DTE
sequence motifs that are involved in binding the Mg?*ions and the diphosphate portion of
the terpene precursor.'” The remainder of the active site is composed primarily of
aromatic and aliphatic amino acids that provide a shape that biases the conformations of
the rearranging carbocation, while shielding it from premature quenching by basic
species.'” Class Il terpene synthases also contain nonpolar carbocation binding regions
but differ in the mechanism by which they trigger the formation of the carbocation. Class
Il enzymes utilize acidic amino acids (Asp or Glu) to protonate a 1-bond or epoxide to

generate a reactive carbocation.'”-'® We focus here on an unusual Class | enzyme.

Termination of the carbocation cascade in Class | enzymes is usually accomplished
by PP in one of two ways: deprotonation or direction addition, the latter being far less
common.'®-24 QOccasionally, water molecules in the active site can play similar roles,
sometimes adding to produce an alcohol functional group.25-3' There are some cases,
however, where water addition does not terminate the reaction but leads to an ether via
subsequent addition to a nearby alkene (e.g., Figure 1).32-35 We have examined one of

these cases, formation of 1,8-cineole, using our specialized terpene synthase modeling
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approach called TerDockin?%-3% — both to provide a new perspective on the mechanism
and selectivity of this reaction and to test the performance of TerDockin in this

nonstandard scenario.

1,8-cineole manoyl oxide liguloxide

Figure 1. Examples of naturally occurring heterocyclic terpenes formed via water

addition.

Scheme 1 shows a possible mechanism for the formation of 1,8-cineole.3” This

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

mechanistic model evolved over time. In 1977, 1,8-cineole was extracted from Salvia

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 3:41:38 AM.

officinalis and the mechanism for its formation was proposed to utilize a cystine amino

acid to activate the cyclization of neryl diphosphate.3® In 1994, 2H and 80 labelling of

(cc)

water showed that the final product contains one ?H and the 80 atom.3° Additionally, the
substrate was found to be geranyl diphosphate rather than neryl diphosphate, meaning
that a trans-cis isomerization occurred.?® In 2002, a deuterated water (D20) experiment
showed that the final product contained a deuterium, consistent with an intramolecular
proton transfer during formation of the second oxonium ion intermediate (Scheme 1, B >
C).34 Additionally, it was proposed that the gem-dimethyl-containing group had to rotate
in the active site to orient the initial oxonium ion toward the face of the alkene 1r-bond

(Scheme 1, A = B).34In 2017, an X-ray crystal structure of a Streptomyces clavuligerus


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03024f

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 3:41:38 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science
View Article Online
DOI: 10.1039/D6SC03024F

1,8-cineole synthase revealed a water molecule in the active site close to the fluorinated
geranyl diphosphate substrate analog, supporting the notion that water is the oxygen
atom provider.3” In 2020, a combination of density functional theory (DFT) calculations,
molecular dynamics (MD) simulations, and mutagenesis experiments was performed on
a Streptomyces clavuligerus 1,8-cineole synthase.*® Mutagenesis of Asn305 to any of a
variety of amino acids reduced or prevented 1,8-cineole formation. The accompanying
calculations assumed Asn305 to be the catalytic base that deprotonates the oxonium ion

and did not account for o-bond rotation. We revisit these assumptions.

><j,
o

2
S
X

Scheme 1. Mechanism of 1,8-cineole from terpinyl cation. The minor side product,

terpineol, is shown from intermediate C.

Page 4 of 30


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03024f

Page 5 of 30 Chemical Science

View Article Online
DOI: 10.1039/D6SC03024F

Here, we reexamine the mechanism of 1,8-cineole formation from the terpinyl cation,
both through quantum mechanical (QM) computations on inherent reactivity*' and
computations on carbocation binding using the TerDockin approach??3¢ on the 1,8-
cineole synthase from Streptomyces clavuligerus expressed in Escherichia coli. First, we
aim to assess whether the most recently proposed mechanism (Scheme 1) is
energetically viable. Similar schemes were published by Wise et al.3* and Karuppiah et
al.3” Second, we aim to identify the most likely active site base and determine why it does
not deprotonate carbocations prematurely. 1,8-Cineole synthases from Streptomyces
lividans and Streptomyces clavuligerus reported low side product formation. In contrast,
plant synthases from Salvia fruticosa, Citrus unshiu, Arabidopsis thaliana, and
Nicotiana suaveolens form  a-terpineol, [B-myrcene, sabinene, and other

monoterpenes.?>42-45 Third, we use this study to assess the viability of the TerDockin

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

approach, which is far less computationally demanding than molecular dynamics

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 3:41:38 AM.

(MD),*647 to model terpene synthase reactions involving water addition. Fourth, we

(cc)

assess the likelihood that 1,8-cineole synthases selectively bind enantiomers of the chiral
carbocations that must be generated during formation of their achiral product (Scheme
1).20 Chiral GC analysis of the side product a-terpineol revealed that 1,8-cineole
synthases from Salvia fruticosa accumulate more (R)-T, whereas the Streptomyces
clavuligerus counterpart accumulates more (S)-T.4%48 In varying Nicotiana species, a
preference for (S)-T was observed with GC-MS.?> These results suggest that different
1,8-cineole synthases may well prefer different carbocation enantiomers. A strong

preference in any given case is also not guaranteed. For Streptomyces clavuligerus,
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carbocation (R)-1 was proposed to be the source of 1,8-cineole based on the shape of
the active site in the crystal structure, but deuterium labeling experiments indicated that
(S)-1 is the primary reactive intermediate.3”4° The results of the deuterium labeling
experiments for Streptomyces clavuligerus are compelling, and we seek here to

understand them in light of our models.

Methods

QM calculations were performed using Gaussian16.5° DFT was used to optimize the
structures of intermediates and transition structures. Initial calculations were performed
using B3LYP as the functional.5'52 B3LYP is a commonly used hybrid functional that
provides reasonable geometries.5253 Subsequently, the functional was switched to
mPW1PW91, which provides more accurate energies (in particular, for cyclization

reactions).%

The traditionally used 6-31+G(d,p) basis set was first used, then diffuse functions
were removed to speed up calculations and test whether geometries and electronic
energies would still be reliable.> Triple-{ basis sets were also examined. Energies
reported in the main text are from mPW1PW91/6-311G(d,p) calculations; see the SI for
comparisons to results from other levels. The gas phase, a crude but reasonable
approximation of the nonpolar carbocation binding region of a terpene synthase active
site,33 was used throughout. Thermal corrections to energies were obtained using Paton’s

and Funes-Ardoiz’s GoodVibes program, which employs the roto-harmonic
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approximation.®® Natural Bond Orbital (NBO) analysis was performed on intermediates to

quantify magnitudes of orbital interactions between functional groups.57-58.5°

Molecular docking was performed using the Rosetta software suite after preparation
of the protein and ligands.6%-62 A crystal structure of 1,8-cineole synthase from
Streptomyces clavuligerus (5NX7) was obtained from the Protein Data Bank (PDB).3” As
shown in Figure 2, the active site is intact/closed in this structure and contains the
expected three Mg?* ions, NSE triad, and DDXXD motif.'” Lastly, a nucleophilic water
molecule was present near Asn305 and Trp58. Chemically meaningful constraints were
implemented throughout docking, i.e., the TerDockin approach was used.3¢ Constraints
are described below and in the SlI. At least 2500 simulations were run per intermediate to
reduce the impact of false positives and provide statistically meaningful information about
orientations and interactions.2964 A filtration process was applied to remove docked poses

that violated the constraints and to select the simulations with the best protein energy and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

interface energy scores (see Sl for details).3¢ This filtration process was also utilized when

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 3:41:38 AM.

comparing docking modes to learn about enzymatic preferences. Lastly, Root Mean

(cc)

Square Deviation (RMSD) plots of intermediates were generated.36

In addition to performing docking on 1,8-cineole synthase in Streptomyces
clavuligerus, the docking procedure was repeated for 1,8-cineole synthase in Salvia
fruticosa (2J5C). Initial analysis of the crystal structure showed major drawbacks that
would make the model a poor input for the Terdockin methodology, e.g., an incomplete
DTE triad, missing Mg?* ions, and water molecules in the active site associated with an
open rather than closed conformation. Rather than using the crystal structure, we

reconstructed the structure using AlphaFold and CHAI-1.85-67 Models generated with
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these methods were compared to terpene synthase crystal structures, such as that of (+)-

bo

rnyl diphosphate synthase, as an additional check of chemical and biological

reasonability. The use of generative protein models can provide insight into the

mechanistic details of terpene synthases, but we caution against making strong

co

nclusions. Conformational searching was done for intermediates and transition

structures using CREST (Conformer-Rotamer Ensemble Sampling Tool),%® and small

libraries of structures were generated for docking. The structures from CREST were

filtered via QM optimization to remove duplicates. These libraries consisted of the lowest

en
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ergy optimized structure from QM calculations and all structures within 5 kcal/mol.
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Figure 2. Active site of 1,8-cineole synthase in Streptomyces clavuligerus (5NX7).

Results and Discussion
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DFT Studies

The proposed mechanism from Scheme 1 was predicted with DFT to have only low
barriers, as shown in Figure 3. This result indicates that the carbocation, once generated,
is inherently reactive enough to proceed rapidly to the product even without enzymatic
intervention (at least if provided protective surroundings).*’ The o-bond rotation step (via
TSAB) was accompanied by a drop in free energy of approximately 10 kcal/mol, which is
relatively large compared to the other steps in this mechanism. This step is so exergonic
because an OHe«*T1 interaction is formed.68-70 In B, there is a strong interaction between
the filled carbon-carbon 11 orbital and the unfilled oxygen-hydrogen o* antibonding orbital
in the product, as shown in Figure 4. In addition, the partially positively charged hydrogen

atom on the oxonium ion is attracted electrostatically to the electron-rich carbon-carbon

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

m-bond. The next relatively large change in free energy occurs upon bicyclic ether

formation. In this step, a tertiary carbocation is traded for a strong carbon-oxygen o-bond

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 3:41:38 AM.

and an oxonium ion.
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A
AG 55 mPW1PW91/6-311G(d,p)

(kcal/mol)
-
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OH,

£CyCx-Cy-0y: -0.4

H,0 o Bond Intramolecular Bicyclic Ether
L_Addition Rotation L__ Proton Transfer Formation |
I ] 1 1 |
1+H,0 A TSAB B TSBC ¢ TSCD 5

Figure 3. Reaction coordinate diagram from terpinyl cation to protonated 1,8-cineole at

the mPW1PW91/6-311G(d,p) level of theory.
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Figure 4. Ticc < 0*Ho interaction which is 29.04 kcal/mol based on Second-Order

Perturbation Theory.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 3:41:38 AM.

Docking with 1,8-Cineole Synthase from Streptomyces clavuligerus
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Before the intermediates from Scheme 1 were docked, a farnesyl pyrophosphate
(FPP) analog, (E)-1-chloro-3,7-dimethylocta-2,6-diene, and its extensive conformer
library were docked to help answer initial questions about active site orientation. The
diphosphate group was replaced with a chlorine atom to speed up conformational
searching and docking and to avoid artifacts associated with non-biological phosphate—
substrate interactions.3¢ Since the formation of 1,8-cineole involves initial conversion of
geranyl diphosphate (E) to linalyl diphosphate intermediate (G/H) (Scheme 2),72 there are

four possible ways that the carbon backbone of the reacting carbocation could have been
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bound to the diphosphate group; i.e., Oa and/or Og of the diphosphate was at some point
connected to Ca and Cg. Knowing the enzymatic preference between the four possibilities
is important for subsequent docking experiments as it provides two necessary constraints
between the diphosphate and the carbon backbone. These potential binding modes were
tested via docking using distance constraints between the OPP and (E)-1-chloro-3,7-
dimethylocta-2,6-diene, and only two out of the four passed the filtering (Table 1). Os was
thereby eliminated as the oxygen bound in E. Consequently, subsequent work involved

only constraints from Ca to Oa and from Cg to either Oa or Og.

©
0 | Aor8QPP | AorB(<P / AorBO<P
Il_-On Moz Ce CA\>CB@ Ca Cs Cs
0— P\ Aor8OPP N N %@ ||/
/o - —>C,
o—p
[1™os | | | |
(0]
AorBOPP E F G H

Scheme 2. Isomerization of geranyl diphosphate.

o,»o0, 0,20, O;>0, O;->04

C,>Cg |50 11 0 0

Table 1. Number of successful docking simulations for the four diphosphate-carbon

docking modes.
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Is There a Preference for One Enantiomer and/or One Conformer of the Terpinyl Cation?

Potential terpinyl cation intermediates (R)-1 and (S)-1 (Scheme 1) were docked into
the 1,8-cineole synthase active site. For these intermediates, conformer libraries were
split into two groups: those with axial and those with equatorial C*(CHas)2 groups. A
previous study suggested that having this group equatorial tends to lead to the production
of monocyclic products, while having it axial leads to bicyclic product formation.”? Thus,
a conformational preference here could provide insight into the selectivity for 1,8-cineole
over a-terpineol. Pooling and filtering the results of 5000 docking simulations each for the
four docking modes revealed an overwhelming preference for Oa - Oa binding modes
over Oa = Og binding modes (Table 2), suggesting strongly Oa is the atom that reattaches
to F (Scheme 2). No significant preference for the R or S form of the carbocation was

found, however. This is perhaps not surprising given the very small difference in these

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

structures — an interchange of only CH2 and CH groups. Below, we address whether other

enantiomeric carbocations can be differentiated.

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 3:41:38 AM.
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R Pathway S Pathway

Docking Mode ©O,->O, ©O,->0;, ©O,->0, O,->04

1_Axial 98 0 90 0

1_Equatorial 123 0 93 0
Table 2. Number of successful docking simulations when comparing Oa - Oa docking

modes to Oa - Og docking modes.

What is the Base that Deprotonates Intermediate D?
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Previous computational work showed that Asn305 is a viable base for deprotonating
oxonium ion D (Scheme 1).4° However, there are other potential basic groups in the active
site: two diphosphate oxygen atoms (Oa and Og) and an alternative asparagine (Asn220)
(Figure 2). Both diphosphate groups and asparagine residues acting as bases have
precedent.”3’4 While Asn305 hydrogen bonds with a water molecule, Asn220 is part of
the NSE triad commonly seen in Class | terpene synthases.'” Table 3 shows the number
of successful docking simulations for each possible base, using both enantiomers of
oxonium ion D (note that here, the difference in enantiomers is a result of the direction
the O—H bond points). Based on these results, only Og (for both R and S) and Asn305
(only for R) can be confidently ruled out. RMSD analysis comparing non-hydrogen atoms
between docked cations C and D (Scheme 1 and Figure 5)2%64 indicates preferences
among the remaining candidates, however. For the R pathway, Oa as the base is
preferred, while for the S pathway, Asn305 is preferred, although not as strongly. Given
that results from Dickschat’s previous labeling experiments indicate that the S pathway is
followed,*? it appears that the previous assumption that Asn305 acts as a base is entirely
reasonable.3”4° However, we point out that both Oa and Asn220 also appear to be viable.

The presence of multiple viable bases may enhance the preference for the S pathway.

Potential Base R Pathway S Pathway

0, 31 37
R 0 2

Asn220 20 37
Asn305 1 37

Table 3. Number of successful simulations for Intermediate D.
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B R Pathway B S Pathway
35 35
3.0 3.0
25 25
3 3
2.0 2.0
= =
o e o ¢ s *
15 15
10 10 #
0.5 0.5
0.0 , . 0.0 . . }
Asn220 Oa Asn220 Asn305 Oa
A) Docking Modes B) Docking Modes

Figure 5. RMSD analysis for C and D. The x-axis label is the conditional base. A) The R

pathway. B) The S pathway.

Are S Enantiomers of Other Intermediates Preferred?

Table 4 shows the number of successful docking simulations for enantiomers of all
cationic intermediates. Cations B, C, and D (Scheme 1) all have preferences for the S
pathway, although that for C is not large. While both R and S versions of 1 and A have
viable pathways, an equatorial cationic group is preferred for R and an axial cationic group
is preferred for S. As mentioned above, an axial preference is associated with less side
product formation (bicyclic products) and the bacterial 1,8-cineole synthase we are
examining here is reported to have minimal side product accumulation (see Sl for
modeling of side product formation).3749 In sum, this evidence is consistent with the S
pathway predominating. However, although the TerDockin data is suggestive, it is not

definitive.
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R Isomer S Isomer
0,20, 0,20,

(R)-1 | Axial:  Equatorial: | (S)-1 | Axial:  Equatorial:
35 157 87 0

A Axial:  Equatorial: | A Axial:  Equatorial:
2 138 129 0

B 26 B 124

C 59 C 96

D 3 D 87

Table 4. Number of successful docking simulations when comparing the R pathway to

the S pathway.

Why do R and S pathways Involve Different Bases?

Figure 6 shows the predicted preferred binding modes for all intermediates in the S
and R pathways. In the S pathway, the oxygen atom is predicted to rotate towards Asn220
and Asn305 (towards the back as depicted), whereas the opposite is seen for the R
pathway. These movements point the oxonium ion towards the two asparagine residues

in the S pathway.
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Figure 6. Docking poses for the A) S and B) R pathways. Final images show all structures
superimposed. Light blue depicts Asn305 while dark blue depicts Asn220. See Figure S3

for RMSD analyses.

Docking with 1,8-Cineole Synthase from Salvia fruticosa

AlphaFold and CHAI-1 generated five models each, and from the predicted Local
Distance Difference Test (pIDDT),”> the bulk of the enzyme (including most of the active
site) was in the confident or greater region. The N-terminus, however, was in the low-

confidence region, which raises concern, as the N-terminus often acts as a lid once the
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substrate enters the active site.?! This inaccuracy was more prevalent in the AlphaFold
models compared to the CHAI-1 models (Figure 7a). In addition, CHAI-1 was able to
include both geranyl diphosphate and Mg?* ions, whereas AlphaFold was only able to
include Mg?* ions. Moving forward, only the results obtained with CHAI-1 models were
considered. The best CHAI-1 model was compared to the X-ray structures of 1,8-cineole
synthase from Salvia fruticosa (2J5C) (a-carbon RMSD of 0.68 A) and (+)-bornyl
diphosphate synthase from Salvia officinalis (1N23) (a-carbon RMSD of 0.99 A). The
catalytic Asn338 and Trp317 were present, along with reasonable space to accommodate
water molecules (Figure 7b). On the diphosphate side, the DDXXD motif and DTE triad
interacted with the Mg?* and diphosphate moieties as expected. Overall, while generative
models are not perfect, the CHAI-1 model appeared reasonable enough to pursue

docking.
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Figure 7. A) Overlay of CHAI-1 generated model (green), crystal structure of 2J5C (cyan),
and crystal structure of 1N23 (pink). B) Overlay of the active site of the CHAI-1 generated

model and 2J5C crystal structure.

TerDockin results (Table 5) show a strong preference for Og of the diphosphate to
be connected to Ca of (E)-1-chloro-3,7-dimethylocta-2,6-diene across all criteria,
including a new criterion of distance to the reactive water molecule. When docking (R)-1
and (S)-1 (Scheme 1) in the active site, a strong preference for Og binding to Cg was also
observed. This terpene-diphosphate binding prediction is opposite to the terpene-
diphosphate preference seen in Streptomyces clavuligerus docking, likely due to subtle
differences in relative positions of the diphosphate binding region and the Asn/Trp region
in Salvia fruticosa and Streptomyces clavuligerus (compare Figures 2 and 7B). This
difference in diphosphate-carbon binding orientation between plant and non-plant terpene
cyclases was noted previously based on docking for cineole synthases.’® Initial docking
of (R)-1 and (S)-1 showed a large distance between the tertiary carbocation and the
reactive water molecule (Figure 8A). The average distances between the axial (R)-1 and
(S)-1 carbocations and the water molecule were 5.4 A and 6.0 A, respectively.
Consequently, we hypothesized that a second water molecule might be present.
Subsequent docking simulations included two water molecules near Asn338 and Trp317,
and a reasonable hydrogen bonding network was established (Figure 8A). Both water
molecules are coordinated with Asn338 and each other, while the structural water

coordinates to Trp317. The distance between the new reactive water molecule and (R)


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03024f

Page 21 of 30 Chemical Science
View Article Online
DOI: 10.1039/D6SC03024F

and (S)-1 was reduced to 3.2 A and 3.5 A, respectively. Subsequent docking calculations

included both water molecules.

OA'CA OB'CA

Number Passed 20 73
Total Score (REU) -1800.5 | -1820.3
Interface Energy (REU) -9.5 -13.7
Distance to Catalytic Water (A) | 5.5 4.6

Table 5: Docking simulation data of (E)-1-chloro-3,7-dimethylocta-2,6-diene across with

water and diphosphate present.
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Asn338

Figure 8. (R)-1 docking modes with one (A) or two (B) water molecules. In cyan are
Asn338 and Trp317, and in dark blue are various amino acids coordinating to the

diphosphate/Mg?* complex.

All intermediates present in Scheme 1 fit in the active site with many successful

poses for both R and S pathways, as seen in Table 6. Tentatively, we ascribe the high
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number of side products in Salvia fruticosa to the terpinyl cation having prevalent binding

orientations in an equatorial conformation and the need for a second water molecule.

0 Unported Licence.

R Isomer S Isomer
Number Total Score Interface Number Total Score Interfac
Passed Energy Passed
§ Axial: 113 -1846.5 -13.3 (S)-1 | Axial: 109 -1841.8 -12.3 5
g Equatorial: 119 | -1843.2 -13.1 Equatorial: 110 | -1838.4 -13.3 :
éA Axial: 111 -1831.9 -11.7 A Axial: 118 -1825.1 -11.7 -
E Equatorial: 73 -1818.8 -11.4 Equatorial: 116 | -1824.5 -12.7 |
EB 81 -1830.7 -12.4 B 84 -1831.9 -13.1 '
;EC 100 -1823.6 -12.3 C 107 -1827.5 -11.5 ',
%D 87 -1832.5 -13.3 D 86 -1831.9 -13.3 :

Table 6. Number of successful docking simulations of both R and S pathways in Salvia
fruticosa (computed separately). The total score and interface energy are in Rosetta

Energy Units (REU).

When the R and S pathway results are combined, a stereochemical preference was
observed based on the number of passing poses, even though total score and interface
energy values are similar (see Table 6). RMSD analysis indicates a relatively continuous
pathway from the terpinyl cation to 1,8-cineole across both stereochemical pathways (see
Sl for RMSD plots), but deviations are higher compared to the values for 1,8-cineole
synthase from Streptomyces clavuligerus, consistent with the observation of higher side

product formation in Salvia fruticosa.
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R Isomer

(R)-1

B
C
D

Number Passed
Axial: 224
Equatorial: 68
Axial: 180
Equatorial: 2

4

144

93

Chemical Science

S Isomer

(S)-1

B
C
D

Number Passed
Axial: 2
Equatorial: 162
Axial: 44
Equatorial: 188
160

63

81

View Article Online
DOI: 10.1039/D6SC03024F

Table 7. Number of successful docking simulations when comparing the R pathway to

the S pathway for 1,8-cineole synthase in Salvia fruticosa (pooled results).

Figure 9. Overlay of Intermediates 1 and B for both R and S pathways. A) Intermediate

1, where yellow is (R)-1 and pink is (S)-1. B) Intermediate B, where yellow is (R)-B and

pink is (S)-B.
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Conclusions

The introduction of a water molecule by a terpene synthase creates a scenario where
carbocation and oxonium ion reactivity must be balanced. In some cases, this balance is
tipped toward ether formation. Here, we model one such case — 1,8-cineole formation —
via the TerDockin approach. Our simulations not only show that TerDockin can capture
this type of reactivity, but the results of this semi-automated/chemically informed docking
approach led us to concrete, detailed models for 1,8-cineole formation. Based on our
results, we agree with previous studies that Asn305 in Streptomyces clavuligerus 1,8-
cineole synthase is a competent final base,?”4% but we propose that Asn220 and one
oxygen atom of bound diphosphate are also capable of playing this role. Our TerDockin
simulations also suggest that the S pathway (Scheme 1) is preferred (although not
strongly for all intermediates), which matches with the results of previous isotopic labeling
experiments*® (and conflicts with previous conclusions derived from analysis of the X-ray
structure).3” Our TerDockin results also indicate that the preferred S pathway involves
conformations previously suggested to lead to fewer side products, consistent with the
dearth of such products. In contrast, the absence of strong stereochemical and
conformational preferences predicted for 1,8-cineole synthase from Salvia fruticosa is

consistent with increased formation of side products in this organism.
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