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ABSTRACT: Terpene synthases are potentially useful bio-
catalysts for the synthesis of valuable compounds, such as
anticancer drugs and antibiotics. The design of altered
activities requires better knowledge of their mechanisms, for
example, an understanding of the complex conformational
changes that are part of their catalytic cycle, how they are
coordinated, and what drives them. Crystallographic studies of
the sesquiterpene synthase artistolochene synthase have led to
a proposed sequence of ligand binding and conformational
change but have provided only indirect insight. Here, we have performed extensive molecular dynamics simulations of multiple
enzyme−ligand complexes (over 2 μs in total). The simulations provide clear evidence of what drives the conformational changes
required for reaction. They support a picture in which the substrate farnesyl diphosphate binds first, followed by three
magnesium ions in sequence, and, after reaction, the release of aristolochene and two magnesium ions followed by the final
magnesium ion and diphosphate. Binding of farnesyl diphosphate leads to an increased level of sampling of open conformations,
allowing the first two magnesium ions to bind. The closed enzyme conformation is maintained with a diphosphate moiety and
two magnesium ions bound. The open-to-closed transition reduces flexibility around the active site entrance, partly through a lid
closing over it. The simulations with all three magnesium ions and farnesyl diphosphate bound provide, for the first time, a
realistic model of the Michaelis complex involved in reaction, which is inaccessible to experimental structural studies. These
insights could help with the design of altered activities in a range of terpene synthases.

Terpene synthases make up a class of enzymes involved in
the biosynthesis of the largest and most structurally

diverse class of natural products, the terpenoids.1 The enzymes
convert linear substrates such as geranyl diphosphate, farnesyl
diphosphate (FDP), and geranylgeranyl diphosphate into
complex cyclic hydrocarbons often with very high regio- and
stereospecificity. Many resulting natural terpenoids have
practical applications, including artemisinin (antimalarial),
camphor (e.g., moth repellant and antimicrobial), gossypol
(male contraceptive and antimalarial), steroids, and paclitaxel
(anticancer). Sesquiterpene synthases catalyze the conversion
of FDP into more than 300 different known natural
sesquiterpene products that share the formula C15H24.

2 In
addition, novel terpenoid compounds can be formed by using
non-natural substrate analogues (see, e.g., ref 3) and by
applying enzyme engineering to adjust product specificity.4 The
unique product specificity of each natural enzyme relies on
specific choreographing of the conformational and chemical
changes in the catalytic cycle. Mutagenesis studies have indeed
indicated that control of the folding and dynamics of the
substrate in the enzyme active site must be crucial for product
specificity,5,6 but it is often not understood how such control is
achieved. In addition, the involvement of sesquiterpene
synthases in catalysis is more active and multifaceted than

previously thought; they go beyond simply providing a
template for the substrate to fold up correctly and react.2 To
fulfill the potential of (sesqui)terpene synthases as biocatalysts
for valuable and potentially novel terpenoid compounds, a
better understanding of the way in which these enzymes
influence substrate binding and reaction to control product
specificity is needed. Such understanding may in turn provide
routes for re-engineering enzymes to modify the terpenoids
produced.
Structures of several sesquiterpene synthases from X-ray

crystallography,7−12 including the fungal aristolochene syn-
thases from Penicillium roqueforti (PR-AS)13 and Aspergillus
terreus (AT-AS),14 reveal that they all share a common α-helical
structure (despite a lack of significant sequence similarity), the
class I terpene synthase fold. The aristolochene synthases PR-
AS and AT-AS in particular have been studied exten-
sively.5,13−25 Their sequences are very similar (61% identical
and 85% similar), and their three-dimensional structures are
closely related, with nearly identical active sites.14 Details of the
conversion of farnesyl diphosphate (FDP) into products by
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aristolochene synthases are shared with other sesquiterpene
synthases, such as a common mechanism for formation of the
active enzyme−substrate complex, FDP ionization, and
cyclization,7,9,10,16,25,26 and cation stabilization by the diphos-
phate moiety and aromatic amino acid residues.7,18,20,23,27 The
cyclization reaction is initiated through the expulsion of
diphosphate (PPi) from the substrate through its coordination
to three magnesium ions, which are bound by two binding sites
on opposite sides of the active site. Closure of the active site
[proposed to be triggered by the binding of FDP and two Mg2+

ions on either side of the diphosphate moiety (see below)] is
most likely a prerequisite for catalysis in all sesquiterpene
synthases;28 without such closure, the reaction, if it takes place
at all, would have a much reduced specificity.
X-ray crystallography studies of AT-AS first revealed the

closed conformation of a class I sesquiterpene synthase, in
complex with diphosphate and three Mg2+ ions.14 Subsequent
crystallography studies with FDP and fluorinated analogues led
to a hypothesis for the sequence of ligand binding in the
formation of the active closed complex.25 In particular, the
open structures with Mg2+B and either monofluorinated FDP
(PDB entry 3BNY, chain D) or PPi (PDB entry 3BNX, chain
D) bound and the largely closed structure with Mg2+B, Mg2+C,
and PPi bound (PDB entry 3CKE, chain D, or 3CKEd)
suggested that binding of Mg2+C in addition to Mg2+B and
FDP triggers active site closure. Together with the previously
determined closed (PDB entry 2OA6, chain D, or 2OA6d) and
open (PDB entry 2E4O) crystal structures,14 these structures
suggest the ligand binding−unbinding sequence depicted in
Figure 1. According to this proposal, first, FDP binds with its
isoprenoid tail sequestered into the hydrophobic active site
cavity, possibly together with Mg2+B. Thereafter, binding of
Mg2+C triggers the conformational change from the open to the
closed form. Subsequently, Mg2+A binds to generate the
catalytically active Michaelis complex and the chemical reaction
commences. As the active site reopens, the hydrocarbon
product, Mg2+A, and Mg2+C are released first, followed by the
release of diphosphate and Mg2+B. The crystallography studies
did not, however, identify a productively bound substrate (i.e.,
the Michaelis complex), and the precise details of the sequence

and mechanism of ligand binding and the related conforma-
tional change remain unknown.
In this work, we perform a series of molecular dynamics

(MD) simulations on AT-AS with all combinations of ligands
absent or present (FDP or PPi and Mg2+ ions), starting from
the closed conformation. At least three simulations of 30 ns
were performed for each system, and certain runs were further
extended to 100 or 200 ns (Table 1), for a grand total of 2.35

μs of simulation time. Analysis of the resulting trajectories
provides detailed insight into ligand binding and conforma-
tional change as well as the identification of a likely Michaelis
complex in aristolochene synthase. This potentially reactive
complex, which has remained elusive so far, offers insights into
the first reaction step, expulsion of diphosphate and cyclization.
Such insights are important to fully understand the cascade that
leads to the efficient formation of complex (sesqui)terpenoids
and may provide routes for re-engineering enzymes to modify
the terpenoids produced.

Figure 1. Ligand binding cycle proposed by Shishova et al.25

Table 1. Protein−Ligand Systems Simulated

apoa MgB
FDPb MgC
FDP and MgA PPi and MgA
FDP and MgB PPi and MgB
FDP and MgC PPi and MgC
FDP, MgA, and MgB PPi, MgA, and MgB
FDP, MgA, and MgC PPi, MgA, and MgC
FDP, MgB, and MgC PPi, MgB, and MgC
FDP, MgA, MgB, and MgCc PPi, MgA, MgB, and MgC

aProtein without any ligands. One of the three simulations was
extended to 200 ns. bOne of the three simulations was extended to
100 ns; three additional 30 ns simulations were run with the farnesyl
chain in a different starting position. cTwo additional simulations (100
and 30 ns in length) were run with Glu94 interacting with Mg2+A and
Mg2+C (interaction with Mg2+C was established spontaneously during
equilibration; interaction with Mg2+A was established after production
simulation for 6.5 and 0.06 ns, respectively). Nine additional
simulations of 30 ns of this system were run with the farnesyl chain
in three alternative binding modes (three each), and with modified
Mg2+ parameters.34
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■ METHODS

Starting Structures and Parameters. All models were
based on the X-ray crystal structure of aristolochene synthase
from A. terreus (AT-AS) in the closed conformation, with PPi
and three Mg2+ ions bound,14 chain D of PDB entry 2OA6
(2OA6d). All Asp, Glu, Lys, and Arg residues were modeled in
their ionized forms. All His residues were modeled as neutral,
with His43, -138, and -274 protonated on Nδ1 and His26, -77,
-214, and -235 on Nε2, in line with the optimal hydrogen
bonding network29 calculated with the WHAT-IF web interface
(http://swift.cmbi.ru.nl). Depending on the ligands included
(see Table 1), PPi and Mg2+ ions were deleted or PPi was
changed to FPP. The diphosphate moiety was modeled as fully
deprotonated. The CHARMM27 force field30 with CMAP
corrections31 was used. Parameters in line with this force field
were used for PPi and FPP (topology and parameters are
included as Supporting Information). The TIP3P model
adapted for use with CHARMM force fields30 was used for
water. All systems were solvated using VMD,32 to form a large
rectangular box extending at least 14 Å from the protein. Water
molecules distant from the protein and each other were
replaced with Na+ ions to yield overall neutral systems. The
farnesyl chain was built such that it is in line with cyclization to
form germacrene A. In analogy with the cocrystal structure of
AT-AS with Mg2+B and 2F-FDP (PDB entry 3BNY, chain D),
the farnesyl chain was attached to the diphosphate oxygen that
points into the binding pocket closest to Mg2+A (O3 in
2OA6d). In contrast to the conformation in PDB entry 3BNY
(and a model of FDP bound to PR-AS13), the farnesyl chain
itself was modeled such that the end of the chain is on the same
side of the pocket as Mg2+B (mode I). Preliminary simulations
with the chain modeled the other way around, i.e., with the end
of the chain on the side of Mg2+A and Mg2+C (mode II), lead
to more linear farnesyl conformations that are not in line with
cyclization (see also below). When the farnesyl chain is
modeled in mode I, it bends at C5 and again at C8, closely
aligned to the Phe87 and Tyr67 side chains (mutations of the
equivalent Phe112 and Tyr92 in PR-AS to Ala lead to
predominantly linear products18,23). To explore other possible
FDP binding modes in the fully formed complex (i.e., with all
three Mg2+ ions bound), we also simulated two alternative
farnesyl conformations, mode II (see above) and mode III. In
the modeled starting position of mode III, the farnesyl chain is
aligned similarly into the binding pocket as in mode I but is
connected to the diphosphate oxygen farthest from Mg2+A.
This is similar to the structure observed in cocrystal structures
of other terpene synthases with fluorinated substrate analogues
and all three Mg2+ ions bound (e.g., epi-aristolochene
synthase33 PDB entries 3LZ9, 3M00, 3M01, and 3M02).
These additional simulations were performed with updated
Mg2+ parameters.34

Simulation Details. All simulations were performed with
AMBER11,35 which faithfully represents CHARMM force
fields.36 After initial equilibration of the solvent (1000 steps
of minimization and 50 ps MD at 300 K), systems were relaxed
with 1000 steps of energy minimization, with positional
restraints of 5 kcal mol−1 Å−2 applied to all Cα atoms and
Mg2+ ions. With the same restraints in place, systems were
equilibrated at 300 K and 1 atm in 50 ps of MD in the NVT
ensemble followed by 100 ps of MD in the NPT ensemble. In
another 50 ps of NPT MD, positional restraints were removed
gradually. Thereafter, production MD was run at 300 K and 1

atm. Throughout, a 2 fs time step with SHAKE applied to
bonds involving hydrogen and a direct space cutoff of 10 Å for
nonbonded interactions with PME for long-range electrostatics
were used. Langevin dynamics was used for temperature
control (collision frequency of 5 ps−1 for equilibration and 2
ps−1 for production), and pressure was controlled by coupling
to an external bath (AMBER11 default settings) for NPT
conditions. The majority of production NPT MD runs were
performed using the single-precision/double-precision model37

on single M2050 GPU cards, reaching 11 ns/day for the
systems with ∼45K atoms. No significant difference from
equivalent runs on multiple CPUs was observed. Three runs
with different starting velocities were performed for each
system, for ≥30 ns (see Table 1).

Analysis. Analysis of trajectories was performed with the
AmberTools1.5 program ptraj or cpptraj unless specified
otherwise. To assess the conformations sampled in the
simulations with respect to the open and closed crystal
structures, specific Cα−Cα distances (d) were measured
throughout the trajectories and normalized on the basis of
the distance in 2OA6d (closed X-ray structure, dC) and 2E4Oc
(open X-ray structure, dO) as follows:

=
−

−
−

+d
d d

d
d d

1 1
1norm

O C O C

so that a dnorm of 1 refers to closed and a dnorm of 2 to open.
Hydrogen bonds were defined by a donor−acceptor distance of
<3.6 Å and a donor−H−acceptor angle of >135°. Secondary
structure assignments equivalent to DSSP38 were performed
with WORDOM.39 Calculation of electrostatic potentials (in
the presence of 0.05 M NaCl) was performed using the
Adaptive Poisson−Boltzmann Solver (APBS).40

■ RESULTS

Conformational Change. All simulations started from
ATAS in the closed conformation.14 The combination of a
bound diphosphate ligand and Mg2+ ions on either side is likely
to be necessary to maintain a closed conformation,2,25 so a
change to a (more) open conformation is expected for systems
that do not contain these. The conformations sampled typically
did not, however, show very large deviations from the starting
structure. This is consistent with the moderate Cα root-mean-
square deviation (rmsd) between open and closed crystal
structures (1.94 Å between 2E4Oc and 2OA6d). When
conformational change (e.g., opening of the active site)
occurred, it typically happened within the first 20 ns; for all
systems, the overall conformation showed little change in the
last 10 ns of the simulation (the Cα rmsd in the last 10 ns is
never larger than 1.5 Å from the average structure in this
period). In one of the FDP simulations, conformations sampled
had a significantly higher Cα rmsd compared to the starting
structure over the final 10 ns of the simulation (3.4 Å). This is
only in part due to a shift toward the crystallographic open
active site conformation (the average Cα rmsd against the open
crystal structure, 2EO4c, is 2.9 Å). Visual inspection of the
trajectory indicates that the large conformational change in this
simulation is due to a wide opening of the active site [beyond
what is seen in the open crystal structure (see further below)].
To quantify the opening of the active site (independent of

further conformational change), two distances were used (see
Figure S1 of the Supporting Information): (1) Asp91 Cα−
Glu227 Cα, indicative of the opening of the active site entrance,
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and (2) Phe87 Cα−Ser216 Cα, indicative of the active site
cavity itself, where the reactions take place. A further distance
was used to monitor longer-range conformational change that
may be needed to allow opening of the active site: Val124 Cα−
Asp253 Cα [Val124 and Asp253 are distant from the active site
entrance and lie on opposite sides, at the top of helices E and
α1, respectively. They show significant changes in position
between the open and closed crystal structures, and these
changes are closely related to significant shifts in nearby helices
(D, D1, and A−C1 loop and G1, α1, and I, respectively)].14 A
number of trends in the change from closed to open (or lack
thereof) can be identified (Figure 2). First, a degree of long-
distance conformational change is required for active site
opening; when the distances used to monitor the active site
entrance and cavity are similar to or larger than that of the open
crystal structure (normalized distances of ≥2), the distance
related to long-range conformational change is at least between
those of the open and closed structures (normalized distance of
>1.5). The distances used to monitor the active site cavity and
long-range change are correlated (e.g., R = 0.83 for average
distances in the final 2 ns over all simulations). Second, when
the active site opens, the flexibility of the active site region is
much larger than when it stays closed: closure leads to ordering
of the active site. Third, in general, systems that change from
closed to open stay open. There is one notable exception to this
trend: in the simulations of the apoenzyme, partial closure can
occur (see Figure 2B). By averaging the normalized distances of
the active site and its entrance over 25−30 ns of the simulation,
we obtained an overall measurement of the “openness” of
conformations (Figure 2A). The simulations indicate that the
enzyme in solution can adopt conformations with a wider active
site opening than observed in the “open” crystal structures.
Notably, such “more open” conformations are predominantly
sampled with certain ligand combinations, such as FDP, FDP
with MgB, and PPi with MgB. Conversely, other ligand
combinations show sampling of both the open and the closed
structure (e.g., MgB, MgC, FDP with MgC, and FDP with MgA
and MgC). One simulation, FDP run 2, shows a wide opening
of the active site cavity as well as the active site entrance
[normalized distance of ∼3 (Figure 2C)]. This is accompanied
by the largest long-range opening by far.
Crystallographic studies suggest a change in the ordering

and/or flexibility at the top of helix H and the H-α1 loop when
going from open to closed: the position of residues 231−239
could not be defined in open structures, whereas in the closed
structure, they form a well-defined cap of the active site.14 In
addition, residues 227−230 are not α-helical in open crystal
structures, whereas residues 227−232 form an extension of
helix H in the closed structure. Because of the lack of well-
defined electron density for the top of helix H (Cα B factors for
residues 227−232 are 56−85 Å2, whereas they are <40 Å2 for
residues 210−224) and the H−α1 loop (residues 231−239 are
missing) in the open structures, their secondary structure and
position cannot be determined by crystallography alone. Our
simulations inform on the conformation of this region in
relation to the ligand binding cycle. In almost all simulations,
including those where active site opening takes place, residues
227−231 are α-helical for >95% and residue 232 is α-helical for
>80% (measured from 20 to 30 ns). This is also the case for the
extended simulations (apo to 200 ns and FDP to 100 ns),
indicating that the amount of helicity in open conformations is
unlikely to change significantly on the nanosecond to
microsecond time scale. In addition, residue 233 is often

Figure 2. Comparison of simulations to closed (PDB entry 2OA6,
chain D) and open (PDB entry 2E4O, chain C) crystal structures. (A)
Average of normalized distances 1 and 2 (see Methods and Figure S1
of the Supporting Information) over the final 5 ns of each simulation.
Systems with Mg2+A but without Mg2+C are omitted. (B) Normalized
distances 1 (red, dCαAsp91−CαGlu227), 2 (green, dCαPhe87−CαSer216),
and 3 (blue, dCαVal124−CαAsp253) during 30 ns of apo run 3. (C) Idem,
for FDP run 2. (D) Idem, for run 1 of FDP with MgA, MgB, and MgC.
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included in the helix (between 27 and 100% depending on the
simulation). The few cases in which fraying of the C-terminal
side of the helix occurs involve systems that are unlikely to be
catalytically relevant (e.g., PPi with MgA and MgC) or without
the diphosphate moiety present (MgB or MgC). These data
indicate that helix H extends to at least residue 232 in both
closed and open conformations. There is, however, significant
flexibility in the top of the helix when open conformations are
adopted (Figure 3).
The H−α1 loop (which follows helix H) forms a lid over the

active site entrance in the closed crystal structure (Figure 3A).
This lid shows significant flexibility, sometimes also in
simulations where the active site stays closed (Figure 3G),
consistent with the high B factors in the closed crystal structure.
The entrance, however, remains shielded from bulk solvent in
all simulations with the closed active site. Hydrophobic
interactions between Phe98 and Ile240 appear to be important
to keep the lid “closed” over the active site entrance (Figure 3).

In simulations in which the active site opens up, the loop
becomes very flexible (with respect to the active site entrance
and the rest of the protein); this increased flexibility is
consistent with the lack of electron density observed in crystal
structures of the open conformation.14,25 On the time scale of
our simulations, restructuring of the F−G1 loop that would
result in Arg162 pointing outward into solvent, as found in the
open crystal structures and only possible with an open lid, is
not observed (Figure 3).

Interactions and Binding of Mg2+ Ions and the
Diphosphate Moiety. Mg2+B is bound by the NSE/DTE
motif in terpene synthases.28 In the closed crystal structure of
AT-AS, Mg2+B interacts with Asn219 Oδ1, Ser223 Oγ, and
Glu227 Oδ2 (Figure 4A). In the simulations of the equivalent
system (PPi with MgA, MgB, and MgC), these interactions are
largely maintained, although some loss of interactions with
Asn219 and Ser223 can occur. When FDP is present and the
active site stays closed (FDP with MgA, MgB, and MgC and

Figure 3. Active site entrance: lid opening and flexibility. (A) Open (2E4Oc, green) and closed (2OA6d, orange) crystal structures with annotated
residues Phe98 and Ile240 (which interact when the lid is closed) and Arg160 and Arg162 (on the F−G1 loop near the active site entrance). (B)
Representative snapshot from apo run 1, with residues 227−242 shown in transparent cartoon every 100 ps between 5 ns (blue) and 30 ns (red).
(C) Idem from FDP run 3. (D) Idem from run 2 of FDP with MgB. (E) Idem from run 2 of FDP with MgB and MgC. (F) Idem from run 1 of FDP
with MgA, MgB, and MgC. (G) Idem from run 1 of PPi with MgA, MgB, and MgC. (H) histogram of Phe98 Cζ−Ile240 Cβ distances from 15 to 30
ns in all three simulations of selected systems, in 0.4 Å bins.
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FDP with MgB and MgC), all interactions present in the crystal
structure are well maintained (Figure 4A). When only Mg2+B is
present, the NSE motif is disrupted; interactions with Asn219
and Ser223 are lost, and Mg2+B is held by both Glu227
carboxylate oxygens.
Mg2+A and Mg2+C are bound by the “aspartate-rich”

DDXXD/E motif in terpene synthases;28 for AT-AS, this is
D90DLLE (located on helix D1). In the closed crystal structure
(2OA6d), Asp90 (the first Asp in the motif) is the only residue
interacting directly with Mg2+A and Mg2+C (Oδ1 with Mg2+A
and Oδ2 with Mg2+C). In the largely closed crystal structure
without Mg2+A (3CKEd), Asp90 is also the only residue
interacting with Mg2+C (now with both carboxylate oxygens).
The simulations are in agreement with the crystal structures:
Asp90 Oδ1−Mg2+A and Asp90 Oδ2−Mg2+C distances are
always <2.3 Å in all simulations of systems that contain both
these Mg ions, and Asp90 Oδ1−Mg2+C and Asp90 Oδ2−
Mg2+C distances are <2.3 Å in simulations of PPi with MgB and
MgC (equivalent to the situation in 3CKEd). For FDP with
MgC, FDP with MgB and MgC, and PPi with MgC, either one
or both Asp90 carboxylate oxygens interact with Mg2+C. In
systems that have Mg2+A present at the start but not Mg2+C,
Mg2+A moves to the Mg2+C position. Several of these
simulations do not show a full restoration of interactions
between Mg2+A (now shifted toward position C) and the
diphosphate and are therefore not discussed in detail. In the
majority of simulations, only Asp90 interacts directly with
Mg2+A and Mg2+C (as in the crystal structures). Notably, in run
3 of FDP with MgA, MgB, and MgC, Glu94 (the final residue
in the aspartate-rich motif) moved to a position where it
interacted with Mg2+A and Mg2+C simultaneously. This may be
relevant to the conformation in solution; the side chain position

of this conserved residue in the closed crystal structure
(2OA6d) is likely influenced by the presence of a glycerol
molecule directly next to it. Furthermore, additional simulations
of FDP with MgA, MgB, and MgC with the Glu94−Mg2+A and
−Mg2+C interaction in place indicated that this interaction may
assist in the formation of a reactive Michaelis complex (see
below).
Hydrogen bonds between the diphosphate moiety and

protein side chains were also monitored (Figure 4B; hydrogen
bond 1b is not fully formed in the crystal structure, where dN−
O = 3.31 Å). All hydrogen bonds depicted in Figure 4B are
formed for the majority of the simulation time for PPi with
MgA, MgB, and MgC (the system equivalent to the crystal
structure). In FDP with MgA, MgB, and MgC, FDP with MgB
and MgC, and PPi with MgB and MgC, however, several
hydrogen bonds are less stable. FDP with MgA, MgB, and MgC
and FDP with MgB and MgC predominantly lose the hydrogen
bonds with Arg175 (1 and 1b in Figure 4B), whereas hydrogen
bond interactions with Lys226, Arg314, and Tyr315 are
maintained for the majority of the simulation time. A reduced
level of hydrogen bonding in PPi with MgB and MgC is
consistent with the partially closed crystal structure with the
same ligands present (3CKEd), where only two hydrogen
bonds (3 and 4 in Figure 4B) have donor−acceptor distances of
≤3 Å. Partial loss of the hydrogen bond donated by Tyr315 is
observed in PPi with MgB and MgC. Overall, the presence of
these hydrogen bond interactions during simulation follows a
clear trend (Figure 4B): the level is lowest in the FDP system,
increases upon addition of Mg2+B and Mg2+C, and then peaks
in the system of PPi with MgA, MgB, and MgC, followed by a
decrease when Mg2+A and Mg2+C are omitted.
In the simulations with only FDP present, interactions with

residues that lie more deeply in the active site entrance, Arg314
and Tyr315, are lost (although hydrogen bonds to different
diphosphate oxygens are formed later in the simulation in some
cases). The original interactions with Arg175 and Lys226 are
also significantly weakened or lost, but they can be replaced
with hydrogen bonds to other diphosphate oxygens (especially
for Lys226). Further, new interactions are formed with
positively charged residues around the edge of the active site
entrance. It appears that the diphosphate can be “picked up”,
either by residues Arg162 and Arg160 [stable interactions are
formed in three of six simulations (see Figure 3C)] or by Lys54
(the other three simulations).

Michaelis Complex Formation. From the results
presented above, it is clear that closure of the active site
requires the presence of Mg2+B and Mg2+C in conjunction with
the diphosphate moiety. Together, they link both sides of the
active site entrance and thereby allow the active site to close
around the farnesyl chain. Experiments with fluorinated FDP
have indicated that expulsion of PPi and the initial cyclization of
the farnesyl chain (by formation of the C1−C10 bond, yielding
a germacryl cation) is a concerted process3 (in the sense that
no stable intermediate is formed; C−O bond dissociation likely
leads to a short-lived allyl cation that rapidly cyclizes). For this
concerted reaction to take place, C1 and C10 must be in
reasonable proximity in the Michaelis complex. The C1−C10
distance was monitored in all simulations with FDP present. As
expected, the simulations that result in opening of the active
site (FDP, FDP with MgB, and FDP with MgC) show a wide
range of C1−C10 distances from ∼3.5 to ∼11.5 Å (Figure 5E).
Once the enzyme is “locked” into a closed conformation, the
maximum C1−C10 distance sampled is reduced to ∼7.2 Å.

Figure 4. Interactions of Mg2+B and diphosphate with protein side
chains. (A) Coordination of Mg2+B to the NSE motif, expressed as the
percentage of simulation time from 15 to 30 ns that the distance to
Mg2+B is <2.3 Å. (B) Hydrogen bonds to the diphosphate oxygens
expressed as the percentage of simulation time from 15 to 30 ns that
hydrogen bonds are formed. The average occupation of hydrogen
bonds 1, 2, 3, 3b, and 4 (those present in the closed crystal structure)
over all three simulations is indicated by a gray bar. In the molecular
images, Mg2+ ions are colored as in Figure 1 (green for Mg2+A, gray for
Mg2+B, and blue for Mg2+C).
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Surprisingly, simulations of FDP with MgB and MgC show a
shorter average C1−C10 distance than simulations of FDP with
MgA, MgB, and MgC. The two additional simulations of FDP
with MgA, MgB, and MgC that feature a direct interaction of
Glu94 with Mg2+A and Mg2+C, however, feature short C1−C10
distances (average of 4.44 Å from 15 to 30 ns). C1−C10
distances between 4.2 and 4.4 Å are most frequently sampled
(Figure 5E), and occasionally, distances of <3.5 Å are reached.
This situation remained unchanged upon extension of one of
these simulations to 100 ns.
Representative structures for the three sets of simulations

with FDP in the closed active site were obtained by
minimization of selected conformations (Figure 5B−D). In
all three structures, the active site cavity has a very similar
shape. Compared to the crystal structure, the diphosphate
moiety is positioned somewhat higher in the active site in FDP
with MgB and MgC and FDP with MgA, MgB, and MgC,
allowing C1 and C10 to be farther apart. In the simulations of
FDP with MgA, MgB, and MgC with Glu94 interacting with
Mg2+A and Mg2+C, the diphosphate moiety is in a position
similar to that in the closed crystal structure, and the farnesyl
chain is lined up tightly against the wall of the active site cavity.
In the equivalent simulations without Glu94 interacting with
Mg2+A and Mg2+C, the farnesyl chain is not optimally aligned
with the active site cavity. The representative structure with
Glu94 interacting with Mg2+A and Mg2+C indicates a putative
Michaelis complex: C1 and C10 have approached each other
within 4.07 Å, and bond formation (probably concurrent with
expulsion of PPi)

3 would result in the experimentally observed
stereochemistry around C10 (S).

Alternative Farnesyl Binding Modes. In the simulations
described above, the farnesyl moiety was modeled as being
linked to the diphosphate oxygen closest to Mg2+A, and the end
of the farnesyl chain near Mg2+B [binding mode I (see Figures
5 and 6A)]. It is possible that the farnesyl binding mode in a
reactive Michaelis complex is different, and therefore, two
alternative modes were investigated. In mode II, the farnesyl
moiety is linked to the same diphosphate oxygen, but the end
of the moiety lies on the side of Mg2+A and Mg2+C (see Figure
6B,C). In mode III, the farnesyl moiety was linked to the other
oxygen pointing into the active site [farthest from Mg2+A (see
Figure 6D)]. This connection is also observed in crystal
structures from other terpene synthases (see Discussion).
Three additional 30 ns simulations were performed for all three
modes, using the improved force field parameters for Mg2+.34 In
all simulations, the overall enzyme conformation remained
closed, and Mg2+− and diphosphate−protein interactions were
mostly similar as in the previous simulations with all three Mg2+

ions. Notably, stable interactions between Glu94 and Mg2+A,
Mg2+C, or both were formed in all simulations.
In all three simulations of mode I, the farnesyl chain remains

folded in the active site cavity with C1 and C10 in the
proximity, in line for cyclization (Figure 6A,E). In the run that
shows the largest average C1−C10 distance, the farnesyl moiety
has adopted a conformation that is incompatible with germacryl
cation formation: cyclization would lead to the methyl groups
attached to C3 and C7 being on opposite sides of the ring. The
average C1−C10 distance in the other two runs (from 15 to 30
ns) is 4.75 Å (similar although somewhat longer than in the
previous simulations of FDP with MgA, MgB, MgC, and

Figure 5. Active site cavity and Michaelis complex formation. (A) The closed crystal structure (2OA4d), with hydrogens added. Crystallographic
water molecules interacting with PPi and/or the Mg2+ ions are shown, as are selected protein side chains and the surface of the bottom part of the
active site cavity (transparent). Mg2+ ions are colored as in Figure 1 (green for Mg2+A, gray for Mg2+B, and blue for Mg2+C). (B−D) Representative
conformations obtained after energy minimization with FDP and Mg2+B and Mg2+C bound (B), with FDP and Mg2+A, Mg2+B, and Mg2+C bound
(C), and with FDP and Mg2+A, Mg2+B, and Mg2+C bound and Glu94 interacting with Mg2+A and Mg2+C (D). The farnesyl chain of FDP is colored
light blue, and the C1−C10 distance is labeled; other depictions are as in panel A. (E) Histogram of FDP C1−FDP C10 distances from 15 to 30 ns
of individual simulations, collected in 0.2 Å bins.
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Glu94). In all three simulations of mode II, the farnesyl chain
ends up in a more linear conformation after 30 ns of MD
(average C1−C10 distance of 7.10 Å in the final 2 ns). In one
of the three simulations, shorter distances are sampled initially,
but Mg2+A loses direct interaction with the diphosphate in the
first 0.3 ns (Figure 6C and 6E, orange line); a water molecule
nestles between them. In mode III, three populations of C1−
C10 distances can be distinguished, with approximate average
distances of 5.2, 6.2, and 7.3 Å (Figure 6E). Conformations
with the largest distance are mostly sampled when Mg2+B has
lost interactions with Ser223 and Asn219 from the NSE
binding motif and has moved up higher in the entrance tunnel.
As a consequence, the diphosphate group has moved up as well,
allowing partial linearization of the farnesyl chain. A few
different conformations are responsible for C1−C10 distances
of <7 Å. One main conformation of the farnesyl moiety displays
the shortest C1−C10 distances (Figure 6D). In this
conformation, the farnesyl moiety bends at C5, and the end
of the chain (C12 and C13) nestles between helices H and J.

■ DISCUSSION
Ligand Binding and Conformational Change. The

primary motivation for this study was to test the hypothesis for
the sequence of Mg2+ and FDP binding suggested by Shishova
et al.25 (Figure 1) and to obtain a detailed picture of the
conformational changes involved. The nature of binding of
Mg2+ to enzymes is widely important, as there are many
examples in which Mg2+ ions are used by enzymes to bind
phosphate moieties that are crucial for their function. Shishova
et al. proposed the following sequence on the basis of their
crystallographic studies14,25 (Figure 1). (1) FDP binds (with

the farnesyl chain in the hydrophobic active site cavity), and
Mg2+B binds. (2) Binding of Mg2+C triggers a conformational
change in the protein from its open form to its closed form. (3)
Mg2+A binds to generate the catalytically active Michaelis
complex. (4) After reaction, Mg2+A is released while the
enzyme remains closed. (5) Dissociation of Mg2+C triggers
reopening of the enzyme, followed by release of the
hydrocarbon product (aristolochene). (6) Diphosphate and
Mg2+B are released. The existence of several structures of FDP
(or fluorinated analogues) bound to the enzyme in the absence
of Mg2+ ions implies that FDP binding occurs before binding of
Mg2+ ions. Our simulations with only Mg2+B or Mg2+C present
indicate that the enzyme active site may not (fully) open up,
making it difficult for FDP to enter and adopt the correct
orientation. Furthermore, when FDP binds first, a distinctly
open conformation is obtained that appears to be poised for
Mg2+ binding; the Mg2+ binding sites can be accessed from
solvent and are electrostatically very favorable for cation
binding (Figure S2 of the Supporting Information). In
accordance with the hypothesis, the enzyme remains in the
open form when both FDP and Mg2+B are bound, and the
presence of the Mg2+B ion helps orient the diphosphate moiety:
the frequency of interactions between the diphosphate and
residues Arg314 and Tyr315 increases. Our simulations further
suggest that the diphosphate moiety of FDP (in the absence of
Mg2+ ions) may first be recognized by positively charged side
chains that line the entrance to the active site (Lys54, Arg160,
and Arg162). This in turn allows interactions with side chains
present in the active site channel (Lys226 and Arg175) to be
formed; binding of Mg2+B then allows the stable formation of

Figure 6. Alternative FDP binding modes. (A−D) Conformations obtained after energy minimization from additional simulations of FDP with
Mg2+A, Mg2+B, and Mg2+C bound (green for Mg2+A, gray for Mg2+B, and dark blue for Mg2+C, as in Figure 1) and new Mg2+ parameters,34 with
different FDP binding modes. The same protein residues are shown as in Figure 5. FDP binding mode I, identical to the majority of simulations (A);
FDP binding mode II, with the farnesyl chain looped round in the opposite direction (B and C); and FDP binding mode III, with the farnesyl chain
attached to the alternative diphosphate oxygen (D). In panel C, Mg2+A has lost direct interactions with the diphosphate oxygens. (E) Histogram of
FDP C1−FDP C10 distances from 15 to 30 ns of individual simulations, collected in 0.2 Å bins. The orange line corresponds to the mode II
simulation depicted in panel C.
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interactions with the side chains that lie more deeply in the
active site (Arg314 and Tyr315).
Our simulations strongly indicate that both Mg2+B and

Mg2+C need to bind alongside FDP for the full open-to-closed
transition to occur; all simulations with these two ions and a
diphosphate moiety present remain largely in the closed
conformation, whereas all the other systems show a transition
to the open conformation. The existence of crystal structures
with Mg2+B bound along with a diphosphate moiety (and the
absence of equivalent structures with Mg2+C), the largely
preorganized Mg2+B binding motif, and the observation from
our simulations that diphosphate−protein interactions are
strengthened more upon Mg2+B binding than upon Mg2+C
binding together strongly indicate that Mg2+B will bind before
Mg2+C. In addition, the conformations sampled in our
simulations indicate that the accessibility of the Mg2+B binding
site would be very limited with FDP and Mg2+C bound,
whereas the Mg2+C binding site is accessible. The simulations
suggest the following sequence of conformational change.
When Mg2+C binds to the enzyme in addition to FDP and
Mg2+B, the Mg2+B binding motif and Mg2+A and Mg2+C
binding motif (on helix H and helix D1, respectively) are
brought closer together. The result is a shift of helix H toward
helix D1 that narrows the active site entrance and thereby
allows hydrophobic residues Phe98 (on the D1−D loop) and
Ile240 (on the H−α1 loop) to interact with each other. This
interaction ensures that the lid closes over the active site,
shielding it largely from bulk solvent. Solvent is still present in
the active site entrance (and, indeed, interacts with the Mg2+

ions), and the Mg2+A binding site is reasonably accessible.
Although it was recently shown that the Mg2+ parameters

implemented in the CHARMM27 force field used here
somewhat overestimate Mg2+−phosphate attractions,34 our
simulations predict Mg2+−protein conformations consistent
with the data obtained from crystallography. For example,
Asp90 ligates to Mg2+C with both its carboxylate oxygens as in
the structure of 3CKEd25 (PPi with Mg2+B and Mg2+C) and
with one carboxylate oxygen each to Mg2+A and Mg2+C as in
2OA6d14 (PPi with Mg2+B and Mg2+C). Our simulations clearly
indicate that binding a Mg2+ ion at position A is not supported
without the presence of Mg2+ at position C; when starting at
position A, it moves quickly toward position C. Mg2+A must
therefore bind after Mg2+C binds and thus will be the last ligand
to bind before reaction can commence. Similarly, it is likely to
be the first to dissociate after completion of the reaction.
Crystal structure 3CKEd and our simulations show that the
enzyme remains in the closed conformation with PPi and
Mg2+B and Mg2+C bound. When Mg2+C (or Mg2+B) is
released, the enzyme active site opens up. Evidence from
crystallography25 (3BNXd with PPi and Mg2+B bound) and the
fact that Mg2+B has a preorganized binding site indicate that
Mg2+C is most likely to dissociate first. The opening of the
active site will then allow the hydrocarbon product
(predominantly aristolochene) to be released. Our simulations
indicate that interactions between PPi or Mg2+B and the protein
are weakened both in the absence and presence of Mg2+C, so
the release of PPi and Mg2+B is likely to follow soon after
Mg2+C dissociates and the product is released. The enzyme
thereby returns to its apo state, ready for a new catalytic cycle
to start.
Michaelis Complex and Consequences for the

Reaction Pathway. In the starting structures with FDP, the
farnesyl chain was modeled into the active site cavity in line

with mutagenesis studies conducted with PR-AS. Alternative
positions of the farnesyl chain were tested, but these did not
lead to conformations compatible with cyclization [the distance
between C1 and C10 increased to >6 Å (results not shown)].
Mutation of Phe112 [equivalent to Phe87 in AT-AS (see Figure
4)] to Ala leads to predominantly linear farnesene products
[36% (E)-β-farnesene and 53.5% (E,E)-α-farnesene].23 Muta-
tion of Tyr92 to residues with decreasing bulk also led to the
accumulation of linear farnesene products, with relative
amounts linearly dependent on residue size; the Tyr92 to Ala
mutation led to ∼80% of linear farnesene products.5 In
addition, mutation of Leu108 (Leu83 in AT-AS) to smaller
residues also leads to predominantly linear farnesene products
(79% for Leu108Ala and 76% for Leu108Ser).21 These three
residues are therefore clearly important for enforcing a
conformation of the farnesyl chain in line with cyclization.
The putative Michaelis complex obtained from our simulations
(Figure 5) helps to explain the role of these residues; all three
are located such that the farnesyl chain cannot adopt a more
linear conformation and has to “bend” near C7 and C8. [These
residues may play a similar role in alternative binding modes
(see below and Figure 6).] Furthermore, the putative Michaelis
complex is consistent with the formation of a germacryl cation
via an SN2-like reaction directly from FDP; it has been shown
that the inversion of configuration at C1 that is necessary for
such a reaction takes place.16 The C10−C11 double bond is
oriented such that C1−C10 bond formation results in an S
configuration around C10, which is again consistent with
formation of a germacryl cation that after proton abstraction
would form (−)-germacrene A (side product and putative
intermediate) and subsequently (+)-aristolochene. The putative
Michaelis complex revealed by our simulations therefore
appears to be a reasonable model. In this model, the farnesyl
chain is connected to the diphosphate oxygen closest to Mg2+A
(O3 in PDB entry 2OA6). This is different from the binding
mode observed in the cocrystal structures of epi-aristolochene
synthase with 2-fluorofarnesyl diphosphates (PDB entries
3LZ9, 3M00, 3M01, and 3M02),33 limonene synthase with 2-
fluorogeranyl or 2-fluorolinalyl diphosphate (PDB entries
2ONG and 2ONH),41 bornyl diphosphate synthase with 3-
aza-2,3-dihydrogeranyl or bornyl diphosphate (PDB entries
1N20 and 1N24),42 and taxadiene synthase with 2-fluoroger-
anylgeranyl diphosphate (PDB entry 3P5R),43 where the
substrate or intermediate analogue is attached to the other
oxygen (equivalent to O6 in PDB entry 2OA6). These crystal
structure data suggest that FDP is more likely to bind with the
farnesyl chain connected to O6. On the other hand,
thermodynamically favorable binding modes of substrate
analogues (as captured in crystal structures) may not always
correspond to the productive binding modes of substrates.44

The additional simulations of two alternative binding modes
(mode II with the farnesyl chain connected to O3 but with the
farnesyl chain looped the other way around and mode III with
the farnesyl chain connected to O6) indicate that these binding
modes in AT-AS sample conformations that are not “cyclization
ready”; i.e., C1 and C10 are generally not in close proximity to
each other. These findings may be influenced by (in)accuracies
of the force field parameters and the limited sampling in the
simulations performed here; catalytically relevant conforma-
tions may have been missed. In addition, it is possible that a
linear farnesyl cation is formed in a conformation in which C1
and C10 are relatively far apart, and thereafter, ring closure
takes place (in a concerted but highly asynchronous process).
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For a definitive assignment, therefore, further work is needed to
investigate the reactivity of different binding modes, e.g., using
quantum mechanics/molecular mechanics (QM/MM) meth-
ods,45 similar to the elegant QM/MM dynamics studies
recently performed on bornyl phosphate synthase.46

Interestingly, our simulations indicate that to form a
Michaelis complex with short C1−C10 distances (in line with
cyclization), interaction of Glu94 with the Mg2+ ions may be
required. [Notably, in simulations with the improved Mg2+

parameters, interactions between Glu94 and Mg2+ ions are
always formed, independent of the farnesyl binding mode (see
Figure 6).] Glu94 is part of the conserved metal-binding
DDXXD/E motif, and mutation of the equivalent Glu119 in
PR-AS to Asp or Gln leads to a 4.4- or 9-fold reduction in kcat,
respectively, stronger than the effect of the Asp115Glu
mutation (2.7 times reduced kcat) but weaker than the effect
of the Asp115Asn mutation (which leads to an inactive
enzyme).22 It is therefore possible that an interaction between
Glu94 and Mg2+A, Mg2+C, or both is required for efficient
reaction, but it is less important than the presence of a
carboxylate group at position 90. In the crystal structure of the
closed enzyme (with PPi and Mg2+A, Mg2+B, and Mg2+C
bound), the Glu94 side chain is not directed to Mg2+A or
Mg2+C, possibly because of the nearby glycerol molecule.14

Once the germacryl cation is formed by PPi expulsion and
C1−C10 bond formation, a carbocationic reaction cascade will
result in the final products, predominantly (+)-aristolochene in
this case. To form germacrene A from the germacryl cation,
deprotonation at C12 or C13 is required. There are no protein
side chains in the vicinity that could act as a base for this
deprotonation. On the basis of the putative Michaelis complex
indicated by our simulations (Figure 5D), however, a relatively
small shift of the germacryl cation formed from this complex
would be needed to bring C12 or C13 near the PPi oxygens. An
oxygen attached to the phosphorus that was not linked to the
farnesyl chain points into the active site, without interacting
with Mg2+ ions or water; its pKa can therefore be expected to be
relatively high. This would create the protonated HOPPi
species, which is consistent with the proposal that PPi conducts
the required (re)protonation of germacrene A as well as the
deprotonation necessary to form the final product.2,14 Recent
studies provide support for this proposal, by ruling out
alternatives22,24 and indicating that the nature of the
diphosphate binding residues is important for progression
from germacrene A to aristolochene.47 In analogy, QM/MM
dynamics simulations of chemical reactions in bornyl
diphosphate synthase suggested that the side products
camphene and pinene may be formed through deprotonation
by the diphosphate moiety (via an active site water molecule)
of camphyl and pinyl carbocations.46

■ CONCLUSIONS
Our molecular dynamics simulations, with all combinations of
ligands, strongly support the overall ligand binding cycle as
proposed by Shishova et al.25 Further details of the transitions
in the catalytic cycle are revealed. Whereas the apoenzyme can
sample open to near-closed conformations, the initial binding
of FDP and one Mg2+ appears to shift the equilibrium toward
distinctly open conformations, allowing further ligands to bind.
Only in the presence of the diphosphate moiety, Mg2+B, and
Mg2+C can a closed conformation (necessary for catalysis) be
maintained. Once the enzyme is locked in the closed
conformation, the farnesyl chain is forced into a conformation

consistent with cyclization. When Glu94 and Asp90 coordinate
to Mg2+A and Mg2+C, a putative Michaelis complex, poised for
cyclization and in line with the current evidence for the
mechanism of aristolochene formation, was obtained. This
detailed model of a Michaelis complex in the active, closed
form of a sesquiterpene synthase could assist in engineering of
this class of enzymes to help produce a range of terpenoid
compounds with high stereospecificity. The sequence of ligand
binding and conformational change and further structural
details revealed by this study are likely to be shared among
most or all terpene synthases with the class I α-helical fold;
crystallographic studies of terpene synthases other than
aristolochene synthase confirm this (see ref 2 and references
cited therein).
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