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Abstract

Terpene synthases comprise a family of enzymes that convert acyclic oligo-isoprenyl diphosphates
to terpene natural products with complex, polycyclic carbon backbones via the generation and
protection of carbocation intermediates. To accommodate this chemistry, terpene synthase active
sites generally are lined with alkyl and aromatic, i.e., nonpolar, sidechains. Predicting the correct,
mechanistically relevant binding modes for entire terpene synthase reaction pathways remains an
unsolved challenge. Here we describe a method for identifying such modes: 7erDockin, a series of
protocols to predict the orientation of carbon skeletons of substrates and derived carbocations
relative to the bound diphosphate group in terpene synthase active sites. Using this recipe for
bornyl diphosphate synthase, we have predicted binding modes that are consistent with all current
experimental observations, including the results of isotope labeling experiments and known
stereoselectivity. In addition, the predicted binding modes recapitulate key findings of a seminal
study involving more computationally demanding QM/MM molecular dynamics methods on part
of this pathway. This work illustrates the value of the 7erDockin approach as a starting point for
more involved calculations and sets the stage for the rational engineering of this family of
enzymes.

Abstract

"Corresponding Authors Justin B. Siegel, jbsiegel@ucdavis.edu, Dean J. Tantillo, djtantillo@ucdavis.edu.

Author Contributions
All authors have given approval to the final version of the manuscript.

Supporting Informationl

The Supporting Information is available free of charge on the ACS Publications website.
Docking results from other crystal structure.

Values for coordination constraints used in Mg/PPi modeling.

Explanation on checking for sufficient sampling when using a monte-carlo based simulation.
The structures identified in the RMSD search in Figure 4 as mol2 files.

Sample Rosetta input files used in the modeling.

Energies and structures of the conformational search conducted on the iodo replacement of GPP.
Heatmap of results conducted with the recently updated Rosetta score function.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

O’Brien et al. Page 2

TERDOCKIN

Keywords
docking; terpene; bornyl diphosphate; TerDockin; Rosetta; enzyme; Quantum Mechanics; QM

Introduction

Terpenes and their modified derivatives, terpenoids, comprise the largest class of natural
products known.1=2 Made by organisms on every branch of the tree of life,3-° these
ubiquitous chemicals play important roles in chemical ecology.2~3 6-11 Terpenes are often
stereodense and polycyclic and they have been co-opted by humans for non-natural uses
such as medicine, perfumery and food flavorings.}2 Artemisinin!3 and paclitaxel* are two
of the most famous examples of terpenoids that have had large impacts on human health,
with the discovery of the former recently recognized with a Nobel prize.1®> Many other
terpenoids have been and are being investigated as antibiotics,16-1° anti-cancer therapies,2°
enhancers of dermal penetration for other drugs,?! etc.

Terpenes are produced in secondary metabolism by a family of enzymes called terpene
synthases (or cyclases).?2 These enzymes convert simple, acyclic substrates into complex
molecules via the intermediacy of carbocations. Terpene synthases can be separated into two
groups on the basis of the two different ways in which they generate carbocations.?? Type 1
terpene synthases initiate carbocation formation by the magnesium-assisted removal of a
diphosphate group, while type 2 terpene synthases generate carbocations by protonation of a
C=C r-bond (or an epoxide). In this manuscript, we focus on type 1 terpene synthases.

In order to accommodate highly reactive carbocation intermediates, the active sites of
terpene synthase enzymes are themselves largely nonpolar (greasy), usually lined with
aromatics and alkyl side chains that (1) are unlikely to react with carbocations (or do so
reversibly), (2) exclude water to prevent unintentional alcohol formation23 and (3)
potentially promote formation of one product over another through weak interactions (e.qg.,
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CH-rt and CH-O interactions).23-26 It has been demonstrated previously that the results of
gas phase quantum chemical calculations on carbocation cyclization/rearrangement reactions
are often consistent with product profiles observed for terpene synthase reactions, i.e.,
inherent carbocation reactivity is often expressed if the substrate adopts an appropriate
conformation.27-34 These results are in accord with the long-standing hypothesis that one
key role of terpene synthases is to pre-organize the substrate such that, once a carbocation is
formed in a terpene synthase active site, it quickly reacts to give the known product.35-40

Several features of terpene synthases have made accurate molecular modeling of their roles
in catalysis extraordinarily challenging. In general, most classical polar contacts between the
substrate and terpene synthase enzyme involve the diphosphate moiety, which is removed in
the first step of the mechanism. As a result, a largely greasy carbocation (while cationic,
charge is substantially delocalized) is produced in a greasy, rt-rich pocket, which makes
predicting the bound conformation of the carbocation and its position relative to the
diphosphate exceedingly difficult (described previously as akin to trying to identify a single
piece of hay in a haystack).34 The difficulty arises in large part from the lack of specific
intermolecular interactions with strong orientational preferences, such as the hydrogen
bonds for which reasonable parameters exist in most force fields. Recently, we described
preliminary work on a method for predicting the catalytically relevant ion pair (carbocation—
diphosphate) orientation in the context of terpene synthase active sites that makes use of
constraints derived from experimental observations on reactivity.34 This approach is referred
to as 7erDockin (short for tempene docking). Here, we apply the 7erDockin workflow to the
reaction catalyzed by bornyl diphosphate synthase (BPPS)3% 41 and describe a refined
TerDockin recipe for carbocation docking, as well as docking of hydrocarbon diphosphate
substrates, that can be used to generate experimentally testable hypotheses and starting
points for more involved multiscale modeling efforts and enzyme engineering.

BPPS is an atypical type 1 terpene synthase, in that its reaction is not consummated by
deprotonation, but rather by reattachment of the diphosphate moiety to give the primary
product bornyl diphosphate (Figure 1). These features have led to a collection of
experimental data that 7erDockin should be able to reproduce—without this data being
utilized during the 7erDockin procedure. First, Croteau et al.3> found, via 180 labeling, that
the oxygen atom that was attached directly to the hydrocarbon chain of the substrate also
was the oxygen that was attached directly to the bornyl group in the product (Figure 1);
does TerDockin predict an ion pair orientation consistent with this result? Second, there is an
X-ray crystal structure of BPPS with the product bound (unusual for terpene synthases; PDB
code 1N24);42 does TerDockin predict that the observed product orientation in the active site
is preferred? Also of interest is whether this orientation reflects that formed during BPP
formation or rather results from product rebinding in a thermodynamically preferred
orientation. Third, the stereochemistry of the carbon in BPP to which the diphosphate group
is attached is known;*2 does TerDockin predict that this stereochemistry is preferred for the
reattachment of the diphosphate? Fourth, BPPS selectively produces one enantiomer of BPP;
does 7erDockin discriminate against the incorrect enantiomers of the carbocation
intermediates? In addition, computationally more demanding quantum mechanics/molecular
mechanics (QM/MM) molecular dynamics (MD) studies were previously conducted by
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Major and Weitman;3% 43 are the 7erDockin results consistent with these, i.e., could
TerDockin be used as a reliable means of identifying correct carbocation—diphosphate ion
pair orientations for subsequent use in multiscale modeling approaches, a problem identified
by Major and others as a significant hurdle for generating meaningful results.36

There are four essential steps required for a successful 7erDockin analysis:

(1) Preparation of ligands.

In the TerDockin approach, two ligands are docked simultaneously: the diphosphate-
magnesium complex and the hydrocarbon framework. For the particular reaction
investigated here, carbocation intermediates were previously identified using quantum
mechanics calculations (specifically, density functional theory [DFT] calculations).33: 43 We
recommend that carbocation structures be determined in this manner, since many
carbocations have delocalized structures that are not properly characterized by molecular
mechanics. In this study, we use B3LYP*4-48/6-31+G(d,p) geometries determined by Hong
et al.33 Structures A, B, C and bornyl diphosphate from Figure 1 were docked into BPPS as
described below. Note that neither Hong and Tantillo nor Major and Weitman identified the
bornyl cation (C) as a potential energy surface minimum (i.e., an intermediate) in the gas
phase. This structure was also not found to be a minimum in calculations with diphosphate
models present,33 nor in the context of the active site using QM/MM calculations.3® A “C-
like” structure described by Hong and Tantillo from an intrinsic reaction coordinate
(IRC)#9-51 calculation on a transition state structure connecting intermediate B to BPP was
used here for the docking. The geometry of the diphosphate and three associated magnesium
ions was taken from a BPPS crystal structure (PDB 1N23) and docked as a single ligand
without relaxation.

Structures A-D lack conformational flexibility, allowing a single conformer to be docked for
each. For most carbocations produced inside terpene synthases, however, multiple
conformers must be located and docked. In contrast to our initial 7erDockin study on epi-
aristolochene synthase (TEAS),34 we here docked the oligoprenyl diphosphate reactant,
GPP. Many conformations are energetically accessible for this substrate. Searching for these
is a challenge, given the anionic nature, size and potential flexibility of the diphosphate
moiety. In that the diphosphate group is bound in a relatively static orientation, held in place
by counterions and enzymatic residues, we decided to replace the diphosphate group in GPP
with an iodine for conformational searching (using Conflex)>2 of the geranyl group. The
resulting 18 conformers were then optimized using B3LYP/6-31+G(d,p) and, for any
structure within 5 kcal/mol of the lowest energy optimized structure, the iodine was deleted
and the resulting cations were combined and used as a library for the docking simulations
described below. This OPP — | replacement approach is amenable to generating
conformational libraries for oligoprenyl diphosphate reactants of any size for use in
modeling terpene synthase reactions.
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(2) Choosing a suitable crystal structure.

Many of the terpene synthase crystal structures available in the protein data bank (PDB)22: 53
have incomplete active sites or are apo structures. For modeling type 1 terpene synthases, a
complete active site is required. In particular, a reliable structure of the C-terminal end of the
protein sequence, which plays a role in capping the active site upon substrate binding
(induced-fit),>* is essential for a catalytically relevant structure.®® Ideally, the crystal
structure would also have a relevant ligand bound in a relevant conformation, such as a
substrate or intermediate analog with the diphosphate moiety (either separate or together)
and required magnesium ions.32 Also, it is ideal to have two (or more) crystal structures for
the same enzyme that meet the outlined criteria, which allows one to dock into both and
ensures that predictions are not the result of peculiarities in particular crystal structures or
the artifacts of modeling errors. BPPS is an ideal terpene synthase for 7erDockin analysis,
with multiple complete crystal structures with a variety of ligands bound. For this study,
BPPS structures with PDB codes 1N20 and 1N23 were used. For systems lacking “ideal
structures,” one can resort to homology modeling, with or without MD relaxation (a
challenge we will address in future studies).

(3) Definition of docking constraints.

The TerDockin approach involves the application of two sets of constraints, each serving a
different purpose.8 First, a set of chemistry-based constraints is used to separate and sample
possible ion-pair orientations. In BPPS, the diphosphate interacts, during the BPP-forming
reaction, with three different carbons (Figure 1): initial attachment at C1, isomerization to a
C3-attached structure (LPP; presumed) and reattachment at C2 to form BPP. In the crystal
structure of BPPS (PDB code 1N23), there are two diphosphate oxygen atoms, (labeled A
and B in Figure 2) pointed into the active site towards the hydrocarbon binding region. It is
not known which of these two oxygens is attached to C1-3 during the reaction. This leads to
2x2x2 (i.e., 8) ion-pair orientations (Figure 2). For each, the relevant oxygen atom is
constrained to be 3.0 + 0.5 A from a given carbon during docking, with no angle or dihedral
constraints imposed for A, B or C These constraints were employed to be consistent with the
hypothesis that, after a carbocation is generated, it is so reactive that it will progress to the
final carbocation intermediate before the carbocation can move a significant distance away
from the diphosphate group (GPP and BPP docking were treated differently, vide infra). The
aforementioned labeling study conducted by Croteau et al. showed that the oxygen atom that
starts attached to C1 in GPP becomes attached to C2 in BPP and if labeled LPP (label is
attached to C3) is used as a substrate, the label also becomes attached to C2.3°> Of the eight
orientations sampled here, only two are consistent with this experimental result (highlighted
in green in Figure 2).

Preliminary attempts to dock GPP and BPP as discrete ligands gave binding orientations not
relevant to catalysis, due in large part to our inability to treat binding of magnesium ions
appropriately. Consequently, a different approach using different constraints for the docking
of GPP and BPP was employed in which the diphosphate and hydrocarbon chain were
artificially separated but then constrained to be only 1.45 + 0.5 A apart (representing C-O
distances from DFT minimizations; using C1 for GPP and C2 for BPP, but sampling
oxygens A and B for both). This separation allows us to capture the C-O binding distance
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while docking the hydrocarbon group independently from the diphosphate moiety and its
associated magnesium ions. The following constraints were also applied to capture key
features of the C-O bonds: (1) C-C—-O bond angles of 109 + 5° were required to represent
appropriately hybridized geometries and (2) the C4-C3-C2-01 dihedral angle for GPP and
the C3-C2-C1-O dihedral angle for BPP were constrained to 313 + 5°, but with a periodicity
of 180° to allow the explicit testing of both possible alignments of the C—O bond that breaks
in GPP with respect to the adjacent C=C m-bond and the facial selectivity for diphosphate
recapture leading to BPP (i.e., BPP versus its C2 epimer). For both the angle and dihedral
constraints, values were derived from DFT minimizations of BPP. For GPP, only the C1-O
constraints were utilized, which leads to only two orientations: C1 bound to oxygen A or
oxygen B. For BPP, constraints to the all three carbons were used, but distance constraints to
C1 and C3 were loosened to 2.5 + 0.5 A to avoid unreasonable crowding between the
hydrocarbon and diphosphate groups. Thus, all eight possible ion-pair orientations described
above were explicitly tested for BPP.

The second family of constraints applied during the 7erDockin procedure, referred to as
“coordination constraints”, are used to facilitate binding of the magnesium-diphosphate
complex. Distances, bond angles and dihedral angles are constrained to their average values
from the available crystal structures + standard deviations. For BPP, these constraints were
derived from all crystal structures having three magnesiums and either an individual
diphosphate or a diphosphate-containing substrate analog bound (PDB codes 1N20, 1N22,
1N23 & 1N24) and are shown in Table S1.

(4) Docking and checking for convergence.

As described above, two BPPS crystal structures (PDB 1Ds 1N20 and 1N23) were used for
docking. First, these structures were relaxed using a constrained FastRelax® procedure from
the Rosetta Modeling Suite.>8-60 The diphosphate-magnesium complex and hydrocarbon
(carbocation) structures were then docked into both relaxed crystal structures using Rosetta
with the constraints described above. The protocol implemented for the docking employed a
Monte Carlo simulation to sample binding orientations in a flexible active site; specific
details are provided in the Supporting Information.

After docking runs were completed, the resulting structures were combined and then filtered
by: (1) Constraint satisfaction — structures that did not satisfy all constraints were not
considered further. (2) Total protein energy — only structures that were one standard
deviation or lower than the mean in computed total protein energy were considered further;
this allows solutions that greatly distort the overall protein structure in order to satisfy the
constraints to be discarded. (3) Interface energy — only the top 10% of structures in terms of
computed interface energy were carried forward from the structures in the low total protein
energy population. These final filtered structures were then grouped by binding orientation
to identify in which ion-pair orientation the low energy population resides. Details on the
nature of total protein score and interface energy scores can be found in the Supporting
Information.

Given the stochastic sampling method used and the large number of degrees of freedom to
be sampled, care is necessary to ensure adequate sampling has been performed. To verify the
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amount of sampling required for BPPS, docking runs were conducted with different
numbers of total structures (Supporting Figure S2) for intermediate A. In general, we
recommend checking for convergence in this way using the most flexible carbocation
structure involved in the mechanism. For BPPS, it appears that even a low number of
structures leads to a qualitative answer, as all the runs, ranging in size from 50 to 10000
structures, predict the same preferred ion-pair orientation. However, it is possible that false
positives can occasionally occur. In addition, when the number of structures that pass the
filtering (see below for details on the filtering) are analyzed for the smaller number of runs
(see nstruc = 50 in Supporting Figure S2), a single false positive would greatly affect the
confidence associated with a binding mode prediction. In general, one would like to have
more than a 10-fold enrichment for one orientation over another to make a confident
prediction.

Results and Discussion

Predicted binding orientations from TerDockin.

GPP, carbocations A-C and BPP (D) were each docked into both relaxed crystal structures
(PDB codes 1N20 and 1N23) and filtered using the 7erDockin procedure described above.
The results for 1N20 are compiled into the heat map shown in Figure 3 (the heat map for
1N23, which is very similar, is shown in the Supporting Information). Based on these
results, only a single ion-pair orientation connects all docked structures: Orientation 1, as
defined in Figure 2. This orientation is consistent with the 18O labeling experiment
described above.3® For GPP and carbocations A-C, hundreds of low energy structures were
found, but for the final product, D, the number of low energy structures that survived
filtering is much smaller for each structure modeled. This is primarily a result of the
additional constraints applied to the product.

Assuring that the predicted pathway is continuous.

Since a large amount of structural space was sampled during the docking simulations, it is
possible that the low energy solutions for any one intermediate are not structurally similar to
the low energy solutions for the next intermediate. Given that carbocations are extremely
reactive,28 we hypothesized that large movements as one carbocation morphs into the next
are unlikely (i.e., while vibration is reasonable, translation and rotation are less so).
Therefore, we identified a pathway of least movement for Orientation 1. A pair-wise RMSD
(carbon atoms only) was calculated for all the GPP structures and all the A structures that
passed filtering. The structure of A that aligned most well with GPP was then used to
calculate the RMSD with B, C and D. The results of these comparisons are plotted in Figure
4A. The lowest RMSD for the GPP to A transition was 0.84 A, for the A to B transition was
1.64 A, for A to C transition was 0.79 A and for the A to D transition was 2.34 A (Figure
4B - E). When the best matching structures are overlaid (Figure 4F), it is clear that they
converge to a single region of the active site and it is clear how one structure can proceed to
the next without large movements 7he orientation and the stereochemistry of the product,
bornyl dijphosphate (D), arrived at in this manner is consistent with the orientation found in
the crystal structure of BPPS (PDB code 1N24) as shown in Figure 4G (the same
orientation used in Major and Weitman’s more intensive QM/MM MD simulations).3%: 43 |t
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is not guaranteed that the orientation found in a crystal structure for a product complex is
catalytically relevant, but, based on our 7erDockin results, such an orientation does appear to
be relevant for the BPPS reaction.

Enantiomer docking.

As a test of TerDockin's ability to predict absolute stereochemistry, enantiomers of all
structures were docked using the same parameters as described above. As shown in Figure
5, there is no orientation which links the substrate, intermediates and the product, which is
required to make a prediction of the catalytically relevant binding orientation. This result is
consistent with ent:BPP not being a known product of this enzyme from GPP.61 The lack of
a pathway linking all the structures docked for this enzyme is due primarily to structure ent
D, for which no structures passed the filtering criteria outlined in the materials section above
(e.g., an inability to meet stringent distance constraint which is enforcing the covalent nature
of the O-C bond in the product; see Supporting Information Figures S7 and S8 for additional
details on the effects of alternate filtering criteria). Primarily, entD could not satisfy the
constraints, indicating that, while enantiomers of the natural carbocations can bind, en+-C
cannot effectively be trapped by OPP. In addition, a very low number of structures pass the
filtering for entA, nine (Figure 5) rather than >450 for A (Figure 4), suggesting the active
site contour can preorganize the substrate into one enantiomeric conformation. 7hese results
provide evidence that TerDockin can indeed recapitulate the stereochemical preference of
the enzyme.

Comparison to QM/MM studies.

When comparing the results from the docking simulations to the more expensive
computations conducted by Weitmen et al. a similar prediction arises.36: 43 The Major group
used the orientation of azabornane in the crystal structure of BPPS (PDB code 1N23) as the
starting orientation for their QM/MM studies. Indeed, this orientation is consistent with the
crystal structure with the product bound (PDB 1N24) and is consistent with the prediction
made by TerDockin for the orientation of the bound product (Figure 5D, above) and with
the orientation of GPP and intermediate A. Thus, the prediction made by TerDockin 7s
consistent with the more elaborate QM/MM calculations run on this enzyme.

Conclusions

Predicting the catalytically relevant orientation of the substrate and reactive species derived
from it in a terpene synthase active site is exceedingly challenging. Here we describe an
approach to tackling this problem that can provide binding modes for all reaction
intermediates. These high-resolution simulations provide a starting point for future
multiscale modeling efforts, but also set the stage for rational engineering of terpene
synthases.

The application of 7erDockin specifically to BPPS allowed us to: (1) recapitulate the
outcome of a key 180 labelling experiment, (2) predict an orientation of the product that is
consistent with that found in the crystal structure of the BPPS-product complex (and that is
similar to that used in previous QM/MM MD simulations), (3) correctly predict the
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diastereoselectivity for reincorporation of the diphosphate to form the final product, and (4)
correctly predict the enantioselectivity of the BPPS reaction. As stated by Major, “the
promiscuous binding in terpene synthases is one of the greatest challenges to theory due to
weak interactions between the substrate and the hydrophobic pocket in the active site,”40
The TerDockin method addresses this challenge.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BPPS bornyl diphosphate synthase

GPP geranyl diphosphate

LPP linolyl diphosphate

BPP bornyl diphosphate

RMSD root mean square deviation

oM guantum mechanics

MM molecular mechanics

MD molecular dynamics

TEAS tobacco epi-aristolochene synthase

IRC intrinsic reaction coordinate
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Figure 1.
Putative mechanism for the formation of BPPS. Note that the bornyl cation (C) is not a

discrete intermediate in the gas phase. The oxygen labeled by Croteau et al. is highlighted in
red;3° the location of this oxygen in linalyl diphosphate (LPP) has not been definitively
determined.
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Figure 2.

Depiction of the eight different ion-pair orientations that were explicitly tested by the
implementation of constraints during docking calculations. Two oxygen atoms are pointed
into the active site of BPPS, labelled A and B. There are three points of contact with the
hydrocarbon skeleton during the BPP-forming reaction, labeled carbons 1, 2 or 3.
Orientations 1 and 8 (above and below green highlighted box) are consistent with the
labelling experiment conducted by Croteau et al.3> while the orientations that are not
consistent with this experiment are above or below the red highlighted box.
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Structure il | | | | | =

GPP attached to oxygen A I GPP attached to oxygen B

88%
381

Figure 3.
Heat map of the docking results. For GPP, only two discreet orientations were tested:

attachment to oxygen A or B. lon-pair orientations for other structures are depicted in
Figure 2. The orientations highlighted with a star are consistent with the labeling
experiment conducted by Croteau et al.3> The darker the color filling each cell of the table,
the more low energy solutions were found for that orientation. The percentage of low energy
structures identified for each docked structure are shown in bold, the number of low energy
structures remaining after filtering is shown in italics. The thick black lines separate
structures docked with different constraints.
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GPP A A*>B A*>C A* D
transition

\,

FIGURE 4.
RMSD analysis of the structures identified in the docking results. (A) Violin plot of the

RMSD for each transition. The mean value is indicated as a white dot and the interquartile
range as a thick black box around the mean, the 95% confidence interval are shown as a
black line. The population at any given RMSD score is mirrored on both sides. A line
connecting the lowest RMSD structure identified in the search has been drawn in black. (B)
Overlay of GPP (navy) and intermediate A (blue), (C) overlay of intermediate A and
intermediate B (green), (D) overlay of intermediate A and intermediate C (red), (E) overlay
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of the intermediate A and the product, D in purple. (F) Overlay of all identified structures
together. (G) The orientation of the product shown in purple overlaid with the crystal
structure with the product bound in white (PDB 1N24).
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FIGURE 5.

Heatmap of the results for docking the enantiomer of the carbon skeleton into the active site
of BPPS (PDB 1N20). Each orientation is described in Figure 2. The orientations
highlighted with a star are consistent with the labeling experiment conducted by Croteau et
al.3® The darker the color the more low energy solutions are in that orientation. The
percentage of low energy structures after filtering are in bold and the number of structures
are underneath in italics. The number of structures for intermediate ent-A is in red to
contrast it with the number of structures identifiedfor A in Figure 3.
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