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Terpene synthases are a family of enzymes largely respon-
sible for synthesizing the vast array of terpenoid compounds
known to exist in nature. Formation of terpenoids from their
respective 10-, 15-, or 20-carbon atom prenyl diphosphate
precursors is initiated by divalent (M>*) metal ion-assisted
electrophilic attack. In addition to M>*, monovalent cations
(M) have also been shown to be essential for the activity of
certain terpene synthases most likely by facilitating substrate
binding or catalysis. An apple a-farnesene synthase
(MdAFS1), which has a dependence upon potassium (K*),
was used to identify active site regions that may be important
for M* binding. Protein homology modeling revealed a sur-
face-exposed loop (H-al loop) in MdAFSI1 that fulfilled the
necessary requirements for a K* binding region. Site-di-
rected mutagenesis analysis of specific residues within this
loop then revealed their crucial importance to this K*
response and strongly implicated specific residues in direct
K™* binding. The role of the H-al loop in terpene synthase K*
coordination was confirmed in a Conifer pinene synthase also
using site-directed mutagenesis. These findings provide the
first direct evidence for a specific M* binding region in two
functionally and phylogenetically divergent terpene syn-
thases. They also provide a basis for understanding K* acti-
vation in other terpene synthases and establish a new role for
the H-al loop region in terpene synthase catalysis.

Terpenoids comprise the largest and most diverse class of
natural products known (1). Terpenoid structures range
from simple acyclic molecules to complex heterocyclic ring
systems. These compounds are synthesized by a large family
of enzymes called terpene synthases (TPS).” In plants,
monoterpenes (C10-based) are synthesized from the plastid-
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derived geranyl diphosphate (GDP), sesquiterpenes (C15-
based) from the cytoplasmically derived farnesyl diphos-
phate (FDP) and diterpenes (C20-based) from geranyl-
geranyl diphosphate, which is also plastid-derived. Although
these compounds provide biosynthetic building blocks to
various primary metabolites including hormones and photo-
synthetic pigments, the majority function as secondary
metabolites. These improve the ecological fitness of the or-
ganism by enabling communication to pollinators and seed
dispersal agents and the provision for defense against patho-
gens and herbivores (2—-5). Terpenes can also affect quality
traits, including susceptibility to storage disorders, in crops
such as apples (6) and pears (7).

Divergent TPS share various structural features. These
include a highly conserved C-terminal domain, which contains
their catalytic site (8) and an aspartate-rich DDXXD motif (9)
essential for the divalent metal ion (typically Mg>" or Mn>™)
assisted substrate binding in these enzymes (10 —14). This con-
servation is also shared in their reaction chemistry, which is
characterized by electrophilically initiated carbocation forma-
tion, carbocation stabilization, and rearrangement, incorporat-
ing exquisite regio- and stereospecificity, to generate structur-
ally diverse products (15-17).

Numerous enzymes in plants and animals are now known
to be activated by monovalent cations (M) (18, 19). The role
of M™ cations in enzyme activation is to facilitate substrate
binding by lowering energy barriers in the ground and/or
transition states rather than being the causative agents of
catalysis (20). The inability of M™ to direct catalysis, unlike
divalent metal ions (e.g. M*" in TPS), results from insuffi-
cient charge density, due to the spread of a single charge over
alarge volume (20). The tight in vivo regulation of M ™ levels
(20) also means that the enzyme active site would always be
charged with M™*, and M™ would not be a physiologically
relevant regulator of enzyme activity. MdAFS1 has a specific
dependence on K for normal function, and has a reported
affinity constant (K,) of ~3 mm for K™ (21). Although this is
higher than the reported k, of ~0.7 mm for Mg>", it is well
below the generally accepted 100 -200 mm K™ concentration
known to exist in plants (22).

Crystal structure analyses have established that the M™
acts either in a cofactor-like or an allosteric-like manner
(20). Enzymes exhibiting the cofactor-like response are cat-

aminolpropane; WT, wild type; GC-MS, gas chromatography-mass
spectrometry; BPPS, bornyldiphosphate synthase.
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egorized as type 1. They are absolutely dependent upon M ¥,
which is required either for substrate binding (type Ia) or
substrate hydrolysis (type Ib). Enzymes exhibiting the allo-
steric-like response are categorized as type II. Although their
activity is not absolutely dependent upon M ¥, it is enhanced
through conformational changes triggered by M™ binding to
a site that does not involve direct contact with substrate. M ™"
binding in enzymes also often occurs in tandem with that of
a divalent cation such as Mg>" (20). The dependence of TPS
upon M™ (specifically K) was first identified in conifer
mono-TPS (23), and more recently in an apple sesqui-TPS
(21). Mechanistically, however, TPS reactions, which are ini-
tiated by electrophilic assistance to the C-O cleavage of
diphosphate esters (15, 16, 24 —-30), contrast with other M ™" -
dependent enzymes. These latter enzymes are predomi-
nantly associated with phosphoryl transfer reactions (18,
19), and catalyze the P-O bond cleavage of phosphate esters
via nucleophilic displacement.

A number of TPS crystal structures have been solved (8,
31-36). There are, however, no structures available for a
K" -dependent enzyme, and hence there are no reports spe-
cifically indicating which groups may be important for bind-
ing. In this paper, we investigate the K™ binding region in an
apple (Malus x domestica) a-farnesene synthase (MdAFS1)
(21, 37). To investigate how and where K* is bound in
MdAES1 we use a homology modeling approach to predict
groups that may be involved. We then use site-directed
mutagenesis to modify those groups and determine their
importance. Site-directed mutagenesis was also used to
establish the importance of this loop in the activity of other
TPS.

EXPERIMENTAL PROCEDURES

Sequence Analysis—Multiple amino acid sequence align-
ments of TPS were performed with ClustalX (38), using default
parameters, and were manually adjusted in GeneDoc (nrb-
sc.org/gfx/genedoc/). Evolutionary relationships in the TPS-b
synthases were inferred using the Neighbor-Joining method
(39). The evolutionary distances were computed using the Pois-
son correction method (40). Phylogenetic analyses were con-
ducted in MEGA4 (41).

Molecular Modeling—A homology model for MdAFS1 was
constructed using Modeler9 version 1 (42), using the x-ray
crystal structures of bornyldiphosphate synthase from
Salvia officinalis (Protein Data Bank codes 1N1Z and 1N1B)
(36) as a template. After sequence alignment and docking
onto the template structure, side chains in the active site
region were adjusted manually and hydrated Mg®" cations
were placed in similar locations as in PDB codes 1N1Z and
1N1B. Hydrogen atoms were added to the structure, charges
were assigned (Gasteiger method), and the model was ener-
gy-minimized in Sybyl7.2 (www.tripos.com/sybyl). An FDP
substrate molecule was built, charges assigned and mini-
mized in Sybyl before being docked into the protein model
using the program GOLD (43). The docking was deliberately
biased using a template-similarity constraint to position the
diphosphate moiety in a similar manner to that observed in
TPS crystal structures, bound to the Mg>" in an appropriate
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geometry. The active site cavity was automatically detected
by GOLD, by searching a 10-A radius space around Asp*>®,
Multiple GOLD solutions consistently placed the substrate
molecule in the same site, with the diphosphate bound to the
Mg2+ ions. Of 10 models examined, all exhibited extended
FDP conformations deep into the active site, with four solu-
tions clustered closely around the top solution, as predicted
by Goldscore. Images were formulated in PyMol (DeLano
Scientific: pymol.sourceforge.net).

Mutagenesis of Terpene Synthase Genes—Mutated enzymes
were generated using the QuikChange II™ site-directed
mutagenesis kit (Stratagene, La Jolla, CA) according to the
manufacturer’s instructions. The PCR-based mutagenesis pro-
tocol was performed using pET-30a (Novagen), pET200/D-
TOPO (Invitrogen) or pET101/D-TOPO (Invitrogen) harbor-
ing the respective MdAFS1 (21), AcTPS2, and pseudomature
PsTPS2 (44) cDNAs as template. Mutant genes were fully
sequenced to ensure fidelity. Mutagenic primers are listed in
supplemental Table S1.

Production of Recombinant Proteins—The W'T and mutated
PsTPS2 were re-amplified from the original pET101/D-TOPO
vectors and recloned into the pET200/D-TOPO vector using
identical forward and reverse primers to McKay et al. (44). This
was carried out to enable the purification and analysis of N-ter-
minal His-tagged PsTPS2 proteins rather than using non-puri-
fied cleared bacterial lysates as previously described (44).
Recombinant proteins were expressed from the above plasmids
following transformation into BL21-CodonPlus™-RIL cells.
Cultures (500 ml) were grown in ZYM-5052 autoinducible
media (45) at 16 °C for 48-72 h at 300 rpm. Recombinant
MdAFS1, PsTPS2, and AcTPS2 proteins were extracted and
purified according to previous methods (21). Eluted recombi-
nant proteins were analyzed by SDS-PAGE and terpene syn-
thase activity measured. Protein concentrations were deter-
mined by Qbit™ analysis and microfluidic protein chips
analyzed on the Experion™ automated electrophoresis system
(Bio-Rad) according to the manufacturer’s specifications.

FDP Activity Assays—Assays (50 ul) based on previous meth-
ods (46) were conducted in quadruplicate, and typically con-
tained 300 nM recombinant protein in assay buffer (50 mm Bis-
tris propane (pH 7.5), 50 mm KCl (omitted as appropriate), 10
mm MgCl,, and 5 mm dithiothreitol). [C1-*H,]JFDP (25 um)
precursor was added to start the reaction, and assays incubated
for 5 min at 30 °C and stopped with the addition of 150 ul of 0.1
M KOH, 0.2 M EDTA solution. Assays were extracted with 0.5
ml of hexane and an aliquot taken for scintillation analysis.
Control assays using boiled enzymes were used to determine
background radioactive counts. Assays were linear with time
and amount of enzyme in all cases.

GDP Activity Assays—Quadruplicate 1-ml assays for purified
recombinant MdFAS1 and AcTPS2 enzymes were set up in
20-ml glass scintillation vials using the buffer described above
and 50 uMm [C1->H,]GDP. Assays were overlaid with 5 ml hex-
ane incubated at 30 °C for 20 min then extracted with vigorous
vortexing. The PsTPS2 assays were carried out using 300 nm
enzyme and 50 um [C1-°H,]JGDP in a previously described
PsTPS2 monoterpene synthase buffer (44).
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FIGURE 1. Homology model for the apple a-farnesene synthase MdAFS1.
The model was constructed using Modeler9 version 1 by threading the
MdAFS1 sequence into the three-dimensional coordinates of bornyldiphos-
phate synthase structure (PDB accession 1N20) and energy minimizing. The
H-a1 loop region (yellow) is shown in stick representation. FDP substrate, as
determined by GOLD docking analysis, is also indicated.

Volatile Analysis—Headspace volatile analysis was done
according to previously reported methods (21), although the
initial GC oven temperature for identification of AcTPS2 and
PsTPS2 monoterpenes was lowered to 30 °C. Solvent extrac-
tions (20 ml) derived from 5-ml enzyme reactions (31) in the
presence of FDP were dried (MgSO,) and reduced in volume to
200 pl, under a stream of N, prior to GC-MS analysis. GC-MS
analysis used an Agilent 6890N GC coupled to a Waters GCT
time-of-flight mass spectrometer. Separations were carried out
ona20m X 0.18-mm inner diameter X 0.18-um film thickness
DB-Wax (Agilent) column at a helium flow of 1 ml min " after
a 1-pl, 1-min splitless injection at 220 °C. The oven tempera-
ture ramp was 35 °C for 1 min, 5 °C min~ ' to 240 °C, and hold
for 1 min. Authentic compound retention time standards used
were E-B-farnesene (Givaudan, Switzerland), and Z,E- and E,E-
a-farnesene obtained from “Granny Smith” apples (47, 48), and
quantification was against hexadecane.

RESULTS

Homology Modeling Identifies H-al Loop as a Probable K*
Binding Region—An MdAFS1 homology model was used to
identify regions that might be associated with K binding. The
model was generated by threading the MdAFS1 amino acid
sequence onto the three-dimensional structure of its closest
structural homologue, a bornyldiphosphate synthase (BPPS)
structure complexed with a GDP analogue (36). Template and
target structures shared 39% identity and 58% similarity over
residues 33-576 (MdAFS1 numbering), which correspond to
the complete enzyme structure following the RRX W motif.
Prior to this motif the polypeptide is typically disordered (49)
and exhibits little amino acid homology between TPS enzymes.

The association of M activation with divalent cations such
as Mg>", taken together with the observation that M™" binding
sites frequently occur within surface-exposed loops (50),
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H helix

FIGURE 2. Proposed potassium binding cavity in MdAFS1. A, the H-a1 loop
region largely defines the boundary of an approximate 200 A® cavity (repre-
sented by the three-dimensional yellow surface). Selected residues (blue)
within the DDXXD (lower) and H helix NSE/DTE motifs with their associated
bound magnesium atoms (green) and the diphosphate moiety of the FDP
precursor are also shown. Positioning of magnesium atoms in the MdFAS1
homology model are based on the equivalent atoms in the BPPS crystal struc-
ture. B, stereoview plot showing proposed octahedral coordination of K* in
MdAFST overlaid with the BPPS structure lysine residue (Lys>'?), which is
highly conserved in TPS-b enzymes. Three ligands are provided for by H-«1
loop residue atoms, namely the side chain carbonyl oxygens of Asp*®* and
Ser*®” and main chain carbonyl oxygen of Ser*®>. The octahedral arrange-
ment is completed by two water molecules (red) and the side chain carbonyl
oxygen atom of glutamate (Glu*’®) residue. Glu*’® forms part of the H helix
NSE/DTE Mg?* binding motif and hence is also likely to be involved in direct
Mg?* coordination. Positioning of K* is based on fulfilling the average 2.8-A
distance requirement for K-O bonds (52) and constraining the coordination
geometry to that most commonly observed in M* metal-dependent
enzymes (20).

pointed to a potential K binding region in MdAFS1. Several
loop regions in TPS, including the A-C, H-a1, and J-Kloops, are
reported to be important for catalysis (33-36, 51). Of these, the
MAAFS1 H-al1 loop (Arg*®3-Ser*®®) (Fig. 1) in particular exhib-
ited many of the criteria expected in a K* binding region. This
surface-exposed loop, which lies within 4 — 6 A of the conserved
Mg>* binding DDXXD motif and the diphosphate moiety of
the bound substrate, provides a number of backbone or side
chain oxygen atoms that could fulfill the average 2.8-A distance
requirement for K-O bonding (52). The loop helps enclose a
small cavity, ~200 A® in volume (Fig. 24), into which project
potential K" ligands, including the side chains of Asp*®* and
Ser™®, together with the main chain carbonyl oxygen of Ser*®°.
The side chain oxygen of the H helix NSE/DTE Mg>" binding
glutamate (Glu*"®) residue (51, 53) (Fig. 2B) provides another
potential ligand.

Asp™* and Ser*®” Residues Are Crucial for MAAFSI Activity—
To probe the role in K* binding of the H-a1 loop in MdAFS1,
four mutations (D484A, S485A, S487A, and S488A) were con-
structed and the respective single-site mutant enzymes overex-
pressed in Escherichia coli. The role of Pro*®® within the H-a1
loop was not probed by mutagenesis as it must confer some
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rigidity to the MAAFS1 H-al loop and hence be important for
its structural integrity.

The mutant enzymes were tested for their ability to convert
[C1-3H,]FDP into solvent-extractable products, either in the
presence or absence of 50 mm KCl (Fig. 3). They were also
analyzed for GDP activity in the presence of KCl. Full activity
comparisons between the MdAFS1 WT and H-al loop
mutants in the presence of K™ are summarized in Table 1.

Our results show an overall 95% decrease in sesquiterpene
synthase activity in the S487A mutant and an 85% loss of activ-
ity in the D484 A mutant compared with WT enzyme, when K™
is present, with little change in K" independent activity. The
S485A mutant exhibited marginally increased sesquiterpene
synthase activities, and surprisingly an approximate 2-fold
increase in monoterpene synthase activity compared with the
WT enzyme (Table 1). This was confirmed semi-quantitatively
using GC-MS (supplemental Fig. S1). The S488A mutant
showed decreases in both sesqui- and mono-TPS activities,
compared with the WT enzyme, with mono-TPS activity being
reduced more than sesqui-TPS activity. GC-MS analysis also
established that the mono-TPS ((E)-B-ocimene and B-myr-
cene) (supplemental Fig. S2) and sesqui-TPS (a-farnesene)
products produced by the mutated and WT enzymes were
identical and that there were no significant alterations in the
ratios of the a-farnesene isomers produced (Table 2). The
above observations highlight the importance of specific H-al
loop residues in MAAFS1 enzyme function and offer intriguing
clues to possible roles in M™ coordination.

0.07 4
BN 50 mM KCI

0.06 4 KCI absent

0.05+

0.04 4 ”
0.03+

0.02-

0.014

0.00 - )

D484A S485A S487A S488A

FIGURE 3. Potassium responses for wild-type and H-a1 loop mutated
MdAFS1. Background subtracted scintillation activity data were obtained
from hexane extractions of 50-ul assays containing 300 nm recombinant
enzyme and 25 um [C1->H,]FDP, either in the presence or absence of 50 mm
KCI. All experiments were carried out at least twice. Data are presented as
mean = S.E, n = 4.

1
kcar (S )

TABLE 1
Terpene synthase activities for MdAFS1 (WT) and H-a1 loop mutants

Relative activity (V,,,) percentages are based on non-mutated (WT) MdAFS1. All ks~

To identify whether MdAFS1 behaved kinetically as a type I
or type Il enzyme a K" response curve was also generated for
the WT enzyme (Fig. 4). This analysis showed that MdAFS1
exhibited a type Il K™ response (i.e. k_,, changes with [M™] but
does not reach zero when [M*] = 0). It also re-affirmed the low
millimolar (3-5 mM in this instance) k, previously reported for
K" in MdAFS1 (21).

Introduction of a Conserved Terpene Synthase Lysine Restores
Activity Independent of K+ in MAAFS1—DPrevious phylogenetic
comparisons of MdAFS1 (21, 54) indicated that it clustered
with the TPS-b synthases (Fig. 54), a subgroup dominated by
angiosperm mono-TPS enzymes that are not reported to have
any M™" dependence. A highly conserved H-a1 loop Lys residue
was identified within the TPS-b subgroup members that uti-
lized GDP as a substrate (Fig. 5B), suggesting that in these syn-
thases this Lys side chain might provide a positive charge anal-
ogous to that of M™ cations. The MAAFSI residue
corresponding to this Lys residue is Ser*®’, already implicated
by mutagenesis in K* binding (see above). To test the possible
functional equivalence of these features within the TPS-b syn-
thases, an additional MdAFS1 mutant (S487K) was constructed
and the recombinant protein was tested for sesqui-TPS activity
in the presence and absence of K*.

The S487K mutant had 35—-45% of the WT activity with FDP
(Fig. 6), with no significant alterations in the a-farnesene iso-
mer ratios produced (data not shown) and a small decrease in
catalytic efficiency (WT and S487K respective k_,./K,,values of
17.5 and 13.3 mm~ ! s71) (supplemental materials Fig. S3 and
Table S2 provide a more complete data profile of the S487K
kinetics). More significantly, and in contrast to the WT
enzyme, sesqui-TPS activity in S487K was independent of K™,
with the S487K activity approximately four times higher than
the WT without K* (K_,, = 0.022 s * and 0.0062 s~ *, respec-
tively). This finding provides clear evidence that the introduced
Lys largely replaces the requirement for K, and hence strongly
supports a role in M™ coordination for Ser*®” in MdAFS1. To
our knowledge, this is the first report of a defined K binding
region in any TPS.

Mutagenesis of H-al Loop Residues in Other Terpene
Synthases—The conservation of residues in the H-al loop
region was also compared between MdAFS1 and enzymes of
the TPS-d subgroup, which largely comprise K*-dependent
mono-TPS (Fig. 7). Interestingly, these sequence comparisons
revealed a completely conserved Ser residue in the TPS-d
subgroup, equivalent to Ser*®” in MdAFS1. A Sitka spruce
(Picea sitchensis) pinene synthase (PsTPS2) (44) was selected
from this group for mutagenesis to establish whether its

! values represent mean *+ S.E., n = 4.

Enzyme EDP activity, K_,.* Vel GDP activity, K_,* Viel GDP/FDP
571 % st %

WT 0.0553 * 0.0003 100 0.000281 * 0.00001 100 0.51

D484A 0.0086 == 0.0001 15 0.000034 = 0.00002 12 0.40

S485A 0.0613 = 0.0006 110 0.000588 *+ 0.00002 209 0.96

S487A 0.0026 * 0.0003 4.7 0.000005 * 0.00001 1.8 0.20

S488A 0.0390 = 0.0003 72 0.000052 = 0.00002 18 0.13

“ At 25 um, [C1-°H, JFDP, 10 mm MgCl,, 50 mm KCL
b At 50 v, [C1-3H,]GDP, 10 mum MgCl,, 50 mm KCL.
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TABLE 2

Farnesene isomer composition from WT and H-a1 loop MdAFS1
enzymes

Retention times (RT) and farnesene isomer percentages are given. Authentic stand-
ards used were (E)-B-farnesene, (Z,E)- and (E,E)-a—farnesene. (E,Z)- and (Z,2)-
a—farnesene and (Z)-B-farnesene were identified based on MS and relative reten-
tion times.

Compound RT wWT D484A S485A S488A
min
(Z)-B-Farnesene 16.95 25 NA“ 27 NA
(E)-B-Farnesene 17.65 75 NA 73 NA
(Z,Z)-a-Farnesene 18.33 11 11 14 9
(E,Z)-a-Farnesene 18.84 29 32 31 22
(Z,E)-a-Farnesene 18.98 19 19 18 23
(E,E)-a-Farnesene 19.45 41 38 37 46
“NA, not applicable.
0.07
1 ]
0.06
1 9
0.05
< 0.04+
8, |
8 0,03
0.02 4
0.01 4
D'GD I I T T T I I T T ¥ T T
0 10 20 30 40 50 60 70 B0 90 100

KCI (mM)
FIGURE 4. Kinetic evaluation of MdAFS1 potassium dependence. MdAFS1
exhibits a typical type Il kinetic response to K™ where activity is present when
[K*]1=0and K, increases with [K*] to a finite value. Kinetic evaluation of K*
was set up according to Green et al. (21) and experiments were carried out at
least twice. Data are presented as mean = S.E, n = 4.

H-al loop Ser (Ser®®®) residue (Fig. 7) could also be impli-
cated in K* binding. This was carried out by converting
Ser®® in PsTPS2 to both Lys and Ala residues. In the reverse
direction, an M™ independent TPS-b kiwifruit (Actinidia
chinensis) myrcene synthase (AcTPS2)? was selected to test
the effect of converting the equivalent Lys (Lys®'*) to Ala
(Fig. 5B). Monoterpene synthase activities in the presence
and absence of KCI for the resulting PsTPS2-S538A and
AcTPS2-K514A mutant recombinant enzymes were com-
pared with their WT counterparts (Fig. 8).

Our analysis confirmed the dependence of WT PsTPS2 on
K™ for activity and conversely, that WT AcTPS2 had no such
reliance on this cation for proper function. In fact the WT
AcTPS2 enzyme was significantly more active when KCl was
absent from the activity buffer (V.. ~ 137%). Crucially our
results also show that the PsTPS2-S538K mutant is not depend-
enton K" for mono-TPS activity (Fig. 84). The almost identical
activities observed for this mutant (k_,, 0.0112 s~ " and 0.0117
s~ 1), whether K* was present or not, mirrored the previous
findings in the equivalent MdFAS1 mutant. The activity
observed when Ser®*® in PsTPS2 was mutated to Lys equated to
~40% of the WT activity when K™ was present, or an 8-fold
increase over the WT enzyme when K" was absent. This again

3S. Green and N. J. Nieuwenhuizen, unpublished data.
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shows that the introduction of a Lys into the H-al loop of a
K*-dependent TPS can largely reverse the requirement for K™,
Notably, the importance of an equivalent Lys residue in
AcTPS2 function was highlighted by the fact that when this Lys
was mutated to Ala, in the K514A mutant of AcTPS2, a 90%
reduction in its mono-TPS activity resulted (Fig. 8B).

The PsTPS2-S538A mutant resulted in an approximate 30%
decrease in mono-TPS activity compared with the WT enzyme
(i.e k_, 0.0202 s~ compared with 0.0284 s '). Although the
PsTPS2 mutation was less detrimental to its activity than the
equivalent S487A mutation was to MAAFS1 activity (Table 1),
this most likely reflects how well the remaining coordinating
ligands in the two enzymes are still able to bind K*.

GC-MS analysis confirmed that terpenes produced from the
WT and mutant enzymes were identical, showing a- and
B-pinenes from the two PsTPS2 mutants (supplemental Fig. 3)
and low levels of B-myrcene from AcTPS2-K514A (supplemen-
tal Fig. S4).

An AcTPS2-K514S mutant was also generated and tested for
activity in the presence and absence of K*. This was done to see
if a Ser introduced into the H-a1 loop of AcTPS2 could induce
K* dependence. However, the presence of this Ser was not able
to rescue any of the activity lost after the removal of the Lys
residue (Fig. 8B).

The K" independent activity observed in both the MdAFS1
and PsTPS2 Ser — Lys mutants clearly demonstrates the
importance of the H-a1 loop for provision of a positive charge
in this region close to the active site, either through K* coordi-
nation or through a Lys residue. The similar involvement of this
region in two functionally and phylogentically divergent TPS
indicates it is also likely to be integral to the activity of other
M™-dependent TPS enzymes. The above analyses also high-
light the requirement for the positive charge donated by the
H-a1 loop Lys in the K*-independent AcTPS2. Given the con-
servation of this Lys in TPS-b synthases, it is plausible and likely
that its associated positive charge is also necessary for activity in
the other K*-independent monoterpene synthases.

DISCUSSION

The association of monovalent cations with enzymatic activ-
ity was first described by Boyer et al. (10) and in the intervening
decades, detailed kinetic investigation has led to a wealth of
knowledge regarding M dependence. It has not been until the
availability of high resolution crystal structures for M *-acti-
vated enzymes, however, that a more complete picture, com-
bining kinetic and mechanistic features, has materialized.

The dependence of terpene synthase activity on K* was first
identified in TPS-d gymnosperm mono-TPS (44) and later
established for a sesqui-TPS from apple (MdAFS1) (21). The
TPS-d mono-TPS that include PsTPS2 have been reported to
show an absolute dependence on K*, whereas MdAFS1 still
retains up to 12% of its activity in the absence of K™ (Fig. 5). This
residual activity cannot be accounted for by contamination
from buffers or K adventitiously bound to the E. coli-ex-
pressed enzyme, as we calculated this to account for less than
1% of the K* independent activity. Although these findings
re-affirm that MdAFS1 is not absolutely dependent upon M™*
(21), its unequivocal classification as type I or type I K* acti-
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FIGURE 5. Phylogentic and sequence analysis of TPS-b subgroup enzymes. The unrooted Neighbor Joining (NJ) tree (A) indicates division of enzymes
according to the production of monoterpenes (from GDP) and sesquiterpenes (from FDP) and isoprene from the 5-carbon dimethylallyl diphosphate (DMADP).

kTM

accessions are also given. B shows corresponding amino acid alignment of the approximate H-a1 loop and NSE/DTE magnesium binding regions in the TPS-b
synthases and the conserved lysine (down arrow) equivalent to Ser*®” in MdAFS1.

B 50 mM KCI
0.05 KCI absent
0.04 4
T 0.03
@
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0.01
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WT S487K

FIGURE 6. Introduced H-a1 loop lysine effects on MdAFS1 potassium acti-
vation. Sesquiterpene synthase activities for WT and S487K mutant MdAFS1
recombinant enzymes were derived from experiments using [C1->H,]FDP in
the same solvent extraction assay employed for the previous H-a1 loop
mutants. Relative velocities (V) of the WT and S487K mutants in the absence
of KCl are also indicated and were calculated relative to their respective activ-
ities in the presence of KCl. Data are presented as mean = S.E., n = 4.
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vated, or that of any other TPS, will not be possible without high
resolution structural data. This is due to the fact that type I
enzymes can exhibit type II kinetics and vice versa (20).

In the absence of a crystal structure for a K™ -dependent TPS,
homology modeling was used to identify regions within
MAAFS1 that exhibited the potential for K* binding. This led to
the identification of the surface-exposed H-a1 loop in MAAFS1
as one such region. This loop has been previously noted as func-
tionally important in other TPS including BPPS, where it was
shown that binding of the GDP diphosphate moiety triggers
ordering of a number of polypeptide regions, including the
H-a1 loop, which act to cap the active site pocket (36). This
partitioning from the exterior solvent space prevents prema-
ture quenching of the highly reactive allylic carbocation
intermediate.

Our observation of the importance of Ser*®” in MAAFS1 K*
binding now demonstrates a new role for the H-a1 loop in TPS
catalysis. Mutagenesis also highlighted the relative importance
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binding. The Sitka Spruce pinene synthase (accession AAP72020) is denoted by its previously published PSTPS2
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the site (49). The H-al loop in K*-
dependent TPS enzymes appears to
be another such example.

The large increase (~200%) in
GDP activity and small (~10%)
increase in FDP activity observed in
the S485A mutant over the WT
enzyme do not appear to be artifac-
tual as replicated experiments
exhibited a similar increase in both
activities. The proximity of the
H-al loop to the NSE/DTE se-
quence motif that forms a second
Mg>" binding site in TPS (51, 53)
(residues 471-479 in MdAFS1) per-
haps offers some insight into these
observations. Substitution of Ser*®®
by Ala may free up space into which
Arg*® could move, with some rear-
rangement of the backbone. This
would bring the Arg*®? guani-
dinium moiety closer to where
Mg>" would normally be bound in

H-a1 loop

notation (44).

the MdAFS1 active site (supple-
A o030 T, B RG] mer’lt.al Fig. S5). Consequently, the
KCL absent 0.0048 KCL absent position of bound FDP or GDP may
be altered in such a manner that
BeReE 0.0040- provides more favorable interac-
tions with active site aromatic resi-
s 007 ___ 0.0032-] dues implicated in carbocation sta-
o 0015 —‘59:. oone bilization (34) such as Tyr*** and
o & Phe®>® in MAAFS], or basic residues
00104 00016 1 (Arg®®®) potentially poised for sub-
strate PPi interaction (supplemental

0.005 0.0008- Fig. S5).
In addition to a probable role in
0,000 0.0000-] e capping the active site following
S538K 8538A WT K514A  K514S substrate binding (34, 36), the

FIGURE 8. Potassium responses for wild-type and H-a1 loop mutated PsTPS2 and AcTPS2 enzymes.
Activity data for PSTPS2 (A) and AcTPS2 (B) recombinant enzymes were obtained from hexane extractions of
1-ml assays containing 300 nm of each enzyme and 50 um [C1->H,]GDP, either in the presence or absence of KCl.
Divalent metal ions used were 10 mm MgCl, for AcTPS2 and 10 mm MnCl, for PsTPS2 as specified by McKay et al.
(44). All experiments were carried out at least twice and corrected for background precursor hydrolysis. Data

are presented as mean = S.E, n = 4.

of other H-al loop residues in MdAFS1 function with effects
ranging from relatively minor (S488A) to significant changes
(D484A and S485A) in activities while always maintaining
product fidelity. The decrease in sesquiterpene synthase activ-
ity observed when Asp*** was converted to Ala, combined with
favorable positioning of its side chain carboxyl oxygen (Fig. 2B),
strongly points to its involvement as a second potential K™
ligand. Further ligands are likely to be provided by the main
chain carbonyl oxygen of Ser*®® and the side chain carboxyl
oxygen of Glu*”®, which is located within the H helix NSE/DTE
motif (Fig. 2B). Both groups are directed toward the putative
K" binding site. It is frequently the case, however, that metal
binding sites in proteins are formed by small loops in the
polypeptide that provide a set of 3—4 ligands and thus define

MARCH 27, 2009+VOLUME 284 +NUMBER 13

MdAFS1 H-al loop, in tandem with
K", appears to facilitate substrate
binding. It does not, however,
appear to have any direct role in
determining product outcome, the
terpenes produced from the WT
and mutant MdAFS1 enzymes were essentially the same.

The PsTPS2 mutagenesis, which focused on a conserved
TPS-d Ser residue (equivalent to Ser*®” in MAFS1), provided
confirmatory evidence of the role of the H-al loop Ser®® in
binding K*. As with MdAFS1 analysis, this was demonstrated
both by loss of activity when this Ser was mutated to Ala, and by
the development of K* independent activity in the PsTPS2-
S$538K mutant (Fig. 84). One notable difference between
MAAFS1 and PsTPS2 was seen when their equivalent Ser resi-
dues were mutated to Ala. Although activity was almost com-
pletely abolished in the MdAFS1 S487A mutant (Table 1),
~70% of the PsSTPS2 WT activity was retained in the S538A
mutant (Fig. 84). These activity effects are likely to relate to the
ability of other ligands present in the two enzymes to contribute
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to the coordination of K™. Although these proposed ligands
were not modeled in PsTPS2, a conserved TSPS-d glutamate
residue (Glu®*® in PsTPS2), three residues prior to the con-
served serine, would be one obvious candidate. Mutagenesis of
the equivalent Asp*®* residue in MdAFS1 to Ala resulted in 85%
reduction in activity (Table 1). Given the dependence of TPS-d
synthases on K™, the diphosphate moiety of GDP could poten-
tially provide a third ligand. However, as with MdAFS1, confir-
mation of this and hence the correct classification of PsSTPS2 as
a type I or type II K'-activated enzyme remains to be
established.

The H-al loop in the TPS-b K" -independent mono-TPS
also appears to supply crucial positive charge by an alterna-
tive mechanism, involving the side chain of a conserved Lys.
The almost complete loss of activity following its removal in
AcTPS2 (Fig. 8B), combined with the capacity of the S487K
and S538K mutations to confer K™ independent activity
upon MdAFS1 (Fig. 5) and PsTPS2 (Fig. 84), respectively, is
evidence of this. The H-al loop lysine residue (Lys®'?) is
observed to be hydrogen bonded to the PP; anion in the BPPS
crystal structure (Fig. 2B), and the e-amino group of an
equivalent Lys in a limonene synthase structure is similarly
positioned (32). Although a definitive role for these H-al
loop Lys residues remains unclear, the interaction with PP,
in BPPS suggests that it may be important for proper sub-
strate binding. We infer that similar interactions are also
possible in MAAFS1 and PsTPS2, this time utilizing a K ion
that makes either direct or indirect contact with PP,. The
conservation of Lys in the K" -independent TPS-b enzymes
also provides a structural explanation for the bifurcation of
K" dependence within this subgroup.

A definitive resolution of the position of K™ in both MdAFS1
and PsTPS2, and the additional coordinating atoms, will ulti-
mately depend upon the availability of a high resolution crystal
structures. Despite this, our proposed model for K™ coordina-
tion in MdAFS1 (Fig. 2B) is strongly supported by the biochem-
ical analysis of specific H-a1 loop residue mutants. When con-
sidering that 6 ligands in octahedral configuration is the most
commonly observed geometry for M™ coordination (20) it is
likely that at least one and possibly two water molecules will
prove to be involved in the completion of the K™ coordination
in MdAFS1. Although our model precludes a direct interaction
between K™ and substrate PP, in MdAFS1 this cannot be com-
pletely ruled out especially when considering the inherent flexibil-
ity of protein loop regions and the apparent fluidity in the kinetics
of enzymatic K™ activation. Regardless of the exact architectural
nature of this region it is likely that the positive charge donated by
K" in the K*-dependent TPS and the conserved H-a1 loop Lys in
the K*-independent TPS-b enzymes both act to help stabilize the
H-a1 loop region for optimal substrate binding.

In summary, we have identified a new role for the H-a1 loop
in terpene synthase catalysis, and pointed to the importance of
specific residues within this loop for K* coordination in both
MdAFS1 and PsTPS2, and for the activity of a K" -independent
mono-TPS. This study not only provides a basis for future anal-
ysis of terpene synthase M ™ activation but also insight into the
wider role of the H-a1 loop in TPS catalysis.
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