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family.

and evolution of insect resistance.
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(Background: (+)-3-Carene/(—)-sabinene synthases are associated with insect resistance in Sitka spruce.
Results: Amino acid position 596 is critical for the monoterpene synthase product profile.
Conclusion: This work revealed mechanistic underpinnings for patterns of functional evolution of this monoterpene synthase

Significance: Catalytic plasticity of conifer monoterpene synthases is a major factor in the diversification of the TPS-d family

N

J

The monoterpene (+)-3-carene is associated with resistance
of Sitka spruce against white pine weevil, a major North Amer-
ican forest insect pest of pine and spruce. High and low levels of
(+)-3-carene in, respectively, resistant and susceptible Sitka
spruce genotypes are due to variation of (+)-3-carene synthase
gene copy number, transcript and protein expression levels,
enzyme product profiles, and enzyme catalytic efficiency. A
family of multiproduct (+)-3-carene synthase-like genes of
Sitka spruce include the three (+)-3-carene synthases, PsTPS-
3carl, PsTPS-3car2, PsTPS-3car3, and the (—)-sabinene syn-
thase PsTPS-sab. Of these, PsTPS-3car2 is responsible for the
relatively higher levels of (+)-3-carene in weevil-resistant trees.
Here, we identified features of the PsTPS-3carl, PsTPS-3car2,
PsTPS-3car3, and PsTPS-sab proteins that determine different
product profiles. A series of domain swap and site-directed
mutations, supported by structural comparisons, identified the
amino acid in position 596 as critical for product profiles dom-
inated by (+)-3-carene in PsTPS-3carl, PsTPS-3car2, and
PsTPS-3car3, or (—)-sabinene in PSTPS-sab. A leucine in this
position promotes formation of (+)-3-carene, whereas phenyla-
lanine promotes (—)-sabinene. Homology modeling predicts
that position 596 directs product profiles through differential
stabilization of the reaction intermediate. Kinetic analysis
revealed position 596 also plays a role in catalytic efficiency.
Mutations of position 596 with different side chain properties
resulted in a series of enzymes with different product profiles,
further highlighting the inherent plasticity and potential for
evolution of alternative product profiles of these monoterpene
synthases of conifer defense against insects.
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White pine weevil (Pissodes strobi) is one of the most devas-
tating insect pests of spruce (Picea spp.) and pine (Pinus spp.).
Sitka spruce (Picea sitchensis), a conifer species in which most
genotypes are highly susceptible to weevils (1), is native to the
temperate rainforest ecosystem of the North American Pacific
coast, and is also an economically valuable forest tree in Europe.
Susceptibility to weevils caused the nearly complete halt of
commercial Sitka spruce reforestation in the Pacific Northwest.
However, successful field trials identified a few highly resistant
Sitka spruce genotypes; most notably genotype H898, which
has become a focus for research and breeding of conifer resis-
tance to stem boring insects (1).

One of the major defenses of conifers against insects is the
chemically complex oleoresin, which includes dozens of differ-
ent monoterpenes and diterpene resin acids (2—5). Previous
work (6) explored the monoterpene and diterpene resin acid
profiles of Sitka spruce from different geographic regions of the
natural distribution where trees displayed strong, intermediate,
or weak resistance. Resistance was positively associated with
higher levels of the bicyclic monoterpene (+)-3-carene (6).
Subsequently, Hall et al. (7) used a combination of genomic,
target specific proteomic, and biochemical approaches to study
the basis of variation of (+)-3-carene levels in two contrasting
genotypes of Sitka spruce, resistant genotype H898 trees with
relatively high levels of (+)-3-carene and susceptible genotype
Q903 trees with trace levels of (+)-3-carene. This work identi-
fied a small family of (+)-3-carene synthase-like genes in Sitka
spruce that contains the three (+)-3-carene synthases PsTPS-
3carl,® PsTPS-3car2, PsTPS-3car3, and the (—)-sabinene syn-
thase PsTPS-sab. Genotype-specific variations of gene copy
number, transcript and protein expression, and catalytic effi-
ciencies of members of this family are responsible for the dif-
ference in (+)-3-carene levels (7). Specifically, the genomic
presence, transcript and protein expression, and enzyme activ-
ity of PsTPS-3car2 accounted for much of the high levels of
(+)-3-carene in the resistant genotype.

3 The abbreviations used are: Ps, P. sitchensis; TPS, terpene synthase; TPS-car,
(+)-3-carene synthase; TPS-sab, (—)-sabinene synthase.

JOURNAL OF BIOLOGICAL CHEMISTRY 23859



(+)-3-Carene/(—)-Sabinene Biosynthesis in Sitka Spruce

PaTPS-3car TKKVLELAKLEFN|I FHSLQQNELKSVSRWWKESGFPDLNF I RHRHVEFYTLVSGIDMEPK 3
PgTPS-3car TEKLLELAKVEFNI FNSLQONELKCVSRWWKESGSPDLTFIRHRQVEFYTLVSGIDMEPK 3
PsTPS-3car] TEKLLELAKVEFNI FNSLQONELKCVSRWWKESGSPDLTFIRHRQVEFYTLVSGIDMEPK 3
PsTPS-3car2 TEKVLELAKLEFNIFHSLQQONELKSVSRWWKDSGFPDLNFIRHRHVEFYTLVSGIDMEPK 3
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PsTPS-3car3 TKKVLELAKLEFN| FHSLQONELKSVSRWWKESGFPDLNF I RHRHVEFYTLVSGIDMEPK
PsTPS-sab IQKLLELAKLEFN|IFHSIQQONELKCI SRWWKESGSPELTFIRHRHIEFYTLASGIDMEPK
Helix A A/C Loop Helix C
PaTPS-3car HCTFRL SFVKMCHL | TVLDDMYDTFGT I DELRLFTAAVKRWDPSTTECL PEYMKGVYTVL 419
PgTPS-3car RSTFRINFVKICHFVTILDDMYDTFGTIDELRLFTAAVTRWDKSATECLPEYMKGVY IDL 419
PsTPS-3car] RSTFRINFVKICHFVTILDDMYDTFGT IDELRLFTAAVKRWDKSATECLPEYMKGVY IDL 419
PsTPS-3car2 HSTFRLSFVKMCHL | TVLDDMYDTFGT IDELRLFTAAVKRWDPSTTQCLPEYMKGVY I VL 419
PsTPS-3car3 HSTFRLSFVKMCHL | TVLDDMYDTFGT I DELRLFTAAVKRWDPSTTQCL PEYMKGVYTVL 419
PsTPS-sab HSAFRLSFVKMCHL I TVLDDIYDTFGTMDELRL FTSAVKRWDRSEI ECLPEYMKGVY I IL 419
HelixD Helix D1 Helix D2
PaTPS-3car YETVNEMAQEAQKSQGRDTLSYVRQALEAY | GAYHKEAEWI SSGYLPTFDEYFENGKVSS 479
PgTPS-3car YETVNELAREAHKSQGRDTLNYAREALEDYLGSYLKEAEWI STGYIPTFEEYLENGKVSS 479
PsTPS-3car] YETVNELAREAYKSQGRDTLNYARQALEDYLGSYLKEAEWI STGYIPTFEEYLVNGKVSS 479
PsTPS-3car2 YETVNEMAKEAQKSQGRDTLNYVRQALEAY | GAYHKEAEWI STGYLPTFDEYFENGKASS 479
PsTPS-3car3 YETVNEMAQEAQKSQGRDTLNYVRQALEAY | GAYHKEAEWI SSGYLPTFDEYFENGKVSS 479
PsTPS- sab YETVNEMAREARKSQGRDTLNYARLALEEY | GAYLKEAEWI SMGYLPTFEEYFKNGKVSS 479

b

Helix F

Helix E

PaTPS-3car GHRIATLQPTFMLDI PFPHHVLQEIDFPSKFNDFACSILRLRGDTRCYQADRARGEEASC
PgTPS-3car AHRIATLQPILMLDVPFPPHVLQEIDFPSKFNDLAGS|LRLRGDTRCYQNDRARGEEASC 5
PsTPS-3car] AHRIATLQPILMLDVPFPPHVLQEIDFPSKFNDLAGSILRLRGDTRCYQNDRARGEEASC 5
GHRIATLQPTFMLDIPFPHHILQEIDFPSKFNDFACSILRLRGDTRCYQADMARGEEASC 3
PsTPS-3car3 GHRIATLQPIFMLDI PFPHHVLQEIDFPSNFNDFACSILRLRCDTRCYQADRARGEEASC 5

PsTPS-sab GHRIATLQPILTLDIPFPHHILQEIDFPSKFNELACSILRLRGDTRCYQADRDRGEKASC 5

PsTPS-3car2

Helix Gy

PaTPS-3car
PgTPS-3car
PsTPS-3carl
PsTPS-3car2
PsTPS-3car3
PsTPS-sab

al Helix1

Helix HI

| SCYMKDNPGSTQEDALNHINNMIEET I KKLNWELLKPDNNVPI SSKKHAFDINRGLHHF 599
| SCYMKDNPGSTEEDALNHINGMI EKQI KELNWELLKPDKNVP1 SSKKHAFN | SRGLHHF 599
| SCYMKDNPGSTEEDALNHINGMI EKQI KELNWELLKPDKNVPI SSKKHAFN | SRGLHHF 599
| SCYMKDNPGSTQEDALNHINNMIEET I KKLNRELLKPDNNVPI SSKKHAFD | SRGLHHF 599
| SCYMKDHPGSTQEDALNHINNMIEET | KKLNWELMKPDNNVP | SSKKPAFD | SRGLHHF 599
| SCYMKDNPGSTEEDALNHINGMI EDT | KQLNWEL LRPDNNVP 1 SSKKHSFD | SRAFHHL 599
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Helix H2 ke %

Helix J

PaTPS-3car YNYRDGYTVASNETKNLVIKTVLEPVPM 627
PgTPS-3car YKYRDGYTVANSETRNLVIKTVLEPVPM 627
PsTPS-3car] YKYRDGYTVANSETRNLVIKTVLEPVPM 627
PsTPS-3car2 YNYRDGYTVASNETKNLVIKTVLEPVPM 627
PsTPS-3car3 YNYRDGYTVSSNETKNLVIKTVLEPVPM 627

PsTPS- \ab YRYRDGYTVSSNETKNLVVRTVLEPLPM 627

J/K Loop Helix K

FIGURE 1. Amino acid sequence alignment of the C-terminal a-domain of spruce TPS-3car and TPS-sab enzymes of a family of (+)-3-carene synthase-
like monoterpene synthases. The alignment includes protein sequences of (+)-3-carene synthases and (—)-sabinene synthase from Sitka spruce (P. sitchen-
sis; PsSTPS-3car1, PsTPS-3car2, PsTPS-3car3, and PsTPS-sab (7)); as well as (+)-3-carene synthases from Norway spruce (P. abies; PaTPS-3car (29) and white spruce
(P. glauca; PgTPS-3car (30)). Amino acids with highlighted blue background color are those different from the consensus. A diagrammatic representation of the
secondary structures of C-terminal domain of the (+)-3-carene synthase-like enzymes is shown with cylinders representing a-helices and ribbons represent
loops. The conserved DDXXD maotif is identified by the red line. Positions 595, 596, and 599 in helix J are marked with asterisks.

Members of the Sitka spruce (+)-3-carene synthase-like
family showed between 82.5 and 95.7% pairwise amino acid
sequence identity (Fig. 1). These four enzymes are multiprod-
uct enzymes with the same overall product profile of monoter-
penes, however, with different relative amounts of individual
compounds (7). Most notably, PsTPS-3carl, PsTPS-3car2, and
PsTPS-3car3 have (+)-3-carene as the predominant product,
whereas PsTPS-sab forms (—)-sabinene as the predominant
product. All four enzymes produce a-terpinolene as the second
most abundant product plus a set of additional minor products
(7) (Table 1, supplemental Table S1). These similar traits and
the particular presence of a (—)-sabinene synthase as a closely
related enzyme with a group of (+)-3-carene synthases sug-
gested a pattern of divergent evolution in which PsTPS-sab
arose from a PsTPS-3car ancestor through gene duplication
and shift of function (7).

Based on general knowledge of monoterpene synthases (8),
PsTPS-3car and PsTPS-sab enzymes are thought to employ
divalent metal ion-dependent ionization/isomerization/cycli-
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zation reaction mechanisms (Fig. 2). Initial ionization of the
substrate geranyl diphosphate allows the formation of linalyl
diphosphate. Attack from the allylic double bond upon reion-
ization of linalyl diphosphate results in the formation of the
a-terpinyl cation, an important proposed carbocation interme-
diate for the formation of various cyclic monoterpenes found in
the product profiles of PsTPS-3car and PsTPS-sab enzymes.
This intermediate can undergo a series of hydride shifts and/or
additional cyclizations until reactions are terminated by depro-
tonation or addition of a nucleophile. Previous work on angio-
sperm monoterpene synthases has shown how individual
amino acids may interact with reaction intermediates and
determine product profile. For example, substituting an aspar-
agine to an isoleucine removed the ability of a Salvia fruticosa
1,8-cineole synthase to deprotonate a water molecule in the
active site, preventing water capture by the reaction intermedi-
ate and altering the reaction pathway to produce sabinene
instead of 1,8-cineole as the predominant product (9). Simi-
larly, stereo-specificity of two Thymus vulgaris sabinene

VOLUME 289-NUMBER 34+-AUGUST 22,2014
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FIGURE 2. Proposed reaction mechanisms explaining monoterpenes of
the product profiles of PsTPS-3car and PsTPS-sab enzymes and their
variants. Cyclic monoterpene products, including the major products (+)-3-
carene, (—)-sabinene, and a-terpinolene, are proposed to be derived from an
a-terpinyl cation intermediate. Formation of (—)-sabinene is proposed to
involve a terpinen-4-yl cation intermediate. Proposed hydride shifts, cycliza-
tions, and termination reactions by proton loss are indicated with arrows color
coded with the corresponding products.

hydrate synthases was inter-converted by reciprocal substi-
tution between a pair isoleucine and asparagine residues (10).
The high sequence similarity yet different product profiles of
the Sitka spruce PsTPS-3car and PsTPS-sab enzymes, and their
different roles in contributing to insect resistance, has made
them attractive targets for investigating which particular struc-
tural features of these enzymes affect their functions. Here, we
used domain-swapping and site-directed mutagenesis, guided
by sequence comparisons and supported by structural homol-
ogy modeling, to test which specific domains and amino acids
direct PsTPS-3car versus PsSTPS-sab product profile and how
these domains and amino acids might interact with the reaction
intermediates. Our results indicate changes of sequence and
functions that may have occurred in the natural evolution of the
(+)-3-carene synthase-like family of spruce defense.

EXPERIMENTAL PROCEDURES

Mutagenesis—Mutagenesis of the ¢cDNA clones PsTPS-
3carl, PsTPS-3car2, PsTPS-3car3, and PsTPS-sab (7) was per-
formed using Phusion Hot Start I DNA Polymerase (Thermo
Scientific) following the manufacturer’s instructions with 25 ng
of template DNA per reaction. Primers are listed in supplemen-
tal Table S2. All mutations were verified by Sanger sequencing
prior to expression.

Protein Expression and Purification—Recombinant plasmids
were transformed into E. coli C41 containing the pRARE 2 plas-
mid isolated from Rosetta 2 cells (Novagen) to negate codon
bias. Individual colonies were inoculated into 50 ml of Terrific
Broth containing kanamycin (50 mg/liter) and chlorampheni-
col (50 mg/liter) and cultured at 37 °C and 180 rpm until A, =
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1.0. Cultures were then cooled to 16 °C, induced by addition of
isopropyl B-p-1-thiogalactopyranoside (final concentration 0.1
mm), and grown for 16 h at 180 rpm before harvesting. Recom-
binant protein was extracted and nickel affinity purified as pre-
viously described (7, 11). Protein was quantified by BCA assay
(Thermo Scientific) and SDS-PAGE with measurement of pro-
tein band intensity performed with the program Image].

Enzyme Assays—Monoterpene synthase activities were
assayed in triplicate as previously described with minor modi-
fications (7, 11, 12). 500- ul reactions containing 25 mm HEPES,
100 mm KCl, 10 mm MgCl,, 5 mm dithiothreitol, 10% glycerol,
61.6 um geranyl diphosphate (Echelon Biosciences Inc.), and
affinity-purified protein extract were overlaid with 500 ul of
pentane containing 2.5 uMm isobutylbenzene as an internal
standard and incubated at 30 °C for either 1 (all enzymes
derived from PsTPS-3carl, PSTPS-3car2, and PsTPS-sab) or
4 h (all enzymes derived from PsTPS-3car3). Reaction products
were extracted into pentane by vortexing for 30 s followed by
phase separation through centrifugation at 1000 X g for 30 min
at4°C.

To determine enzyme kinetic parameters, assays were per-
formed with nine different concentrations of geranyl diphos-
phate ranging from 1 to 60 um. PsTPS-3car2 (WT) was assayed
for 20 min at 30 °C; all other enzymes were assayed for 10 min at
30 °C. Enzyme concentrations in each assay were 19.9-26.9 pm
for PsTPS-3car2 (WT), 12.9-19.4 pMm for variant 24, 4.6-15.9
pM for variant 25, 10.0 —11.7 pm for variant 26, 22.3-24.3 pwm for
PsTPS-sab (WT), 60.1-62.7 pm for variant 6, 23.9 —38.0 pm for
variant 9, and 60.3—60.7 pMm for variant 11. Kinetic analysis was
performed by non-linear regression using the EXCEL template
ANEMONA.

Gas Chromatography/Mass Spectrometry (GC/MS) Anal-
ysis—Assay products were identified by GC (Agilent 6890A
series)/MSD (5973N mass selective detector, quadropole ana-
lyzer, electron ionization, 70 eV) by comparison of retention
times and mass spectra with authentic standards and by com-
parison with mass spectral libraries (Wiley7Nist05). Monoter-
pene synthase assay products were analyzed on a DB-WAX
capillary column (J&W 122-7032; 250-um internal diameter,
30 m length, 0.25-um film thickness) with an initial tempera-
ture of 40 °C (4 min), increasing by 3 °C min~* to 85 °C, then by
30 °C min~ " to 250 °C (held for 2.5 min), injector temperature
was 250 °C, flow rate was 1.4 ml of He min~ ', and run time
was 27 min. Compounds were quantified using response fac-
tors calculated by comparison to a known concentration of
isobutylbenzene.

Homology Modeling and Ligand Docking—Homology mod-
els for the (+)-3-carene synthase-like enzymes and their vari-
ants were produced using the SWISS-MODEL server (13, 14)
and underwent energy minimization using the YASARA force
field (15). Models were based on the structure of Salvia offici-
nalis (+)-bornyl diphosphate synthase (PDB code 1N22) con-
taining the substrate analog (4R)-7-aza-7,8-dihydrolimonene
(16). Ramachandran plots of all models verified high stereo-
chemical quality having greater than 90% of residues in most
favored regions. Energy-minimized ligands for docking were
produced using the PRODRG server (17). Docking studies with
the a-terpinyl cation and the protein models were performed
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using Molegro Virtual Docking. The substrate analog (4R)-7-
aza-7,8-dihydrolimonene was used as a positional template for
docking. Because this analog is inverted in the active site of the
S. officinalis (+)-bornyl diphosphate synthase crystal structure,
similarity measurements used in the template docking param-
eters were relaxed to allow for increased flexibility in the posi-
tioning of the a-terpinyl cation. This resulted in two to three of
the top five most energetically favorable positions of the a-ter-
pinyl cation oriented in the appropriate direction. Of these, the
most energetically favorable position was used. The results
were visualized in PyMOL.

RESULTS

Exchange of the Helix ] Region Shifts the (—)-Sabinene Syn-
thase Product Profile of PsTPS-sab to a (+)-3-Carene Synthase
Profile Resembling PsTPS-3car—We performed a series of
domain swaps and site-directed substitutions between PsTPS-
sab and PsTPS-3car to explore which regions and specific
amino acids of these enzymes affect the differences of their
product profiles. Conifer monoterpene synthases of the TPS-d1
group possess a Ba-domain structure (9, 16, 18). The a-domain
of these enzymes adopts an a-«a barrel structure comprised of
14 helixes and two loops, which harbors the class I active site
(Fig. 1). To test if product profiles could be altered through
mutation of the a-domain as seen in other TPS-d1 monoter-
pene synthases (19 -21), an initial domain swap was performed
on PsTPS-sab wild type (WT) enzyme so its helix A-helix K
region would be identical to that of PsTPS-3car2 (WT) (Table
1). The resulting enzyme (variant 1) showed a product profile
nearly identical to that of PSTPS-3car2 (WT), producing 66.1%
(+)-3-carene and 6.9% (—)-sabinene plus other additional
monoterpenes (Table 1, supplemental Table S1), indicating
successful conversion into a PsTPS-3car type (+)-3-carene
synthase. To identify the specific regions that caused this
change in product profile, four additional domain swaps were
performed on PsTPS-sab (WT): helix A-helix E (variant 2),
helix F-helix G, ,, (variant 3), helix H1-helix I (variant 4), and
helix J-helix K (variant 5). Of these, variants 2, 3, and 4 showed
no substantial change in product profile compared with PsTPS-
sab (WT); however, variant 5 displayed a product profile con-
taining 44.9% (+)-3-carene and 9.5% (—)-sabinene (Table 1).
To narrow down which parts of the helix J-helix K region
caused this change, we performed separate substitutions of
helix J (variant 6), J/K loop, and helix K on PsTPS-sab (WT).
Changes of the J/K loop and helix K regions had no effect on
product profile compared with PsTPS-sab (WT). In contrast,
variant 6 produced a profile similar to that of PsTPS-3car of
39.7% (+)-3-carene and 9.2% (—)-sabinene (Table 1). In sum-
mary, these results indicated that sequence variation in the
11-amino acid long helix ] region were responsible for much of
the difference of PsTPS-sab and PsTPS-3car product profiles.

Mutation of Three Amino Acids of the Helix ] Region Had
Major Effects on Shifting the Product Profile of PsTPS-sab to a
Profile Resembling PsTPS-3car—Of the four amino acids in the
helix ] region that differ between PsTPS-sab and PsTPS-3car2
(Fig. 1), individual site-directed substitution in positions 589
(variant 7), 595 (variant 8), and 599 (variant 10) produced no
change in product profile relative to PsTPS-sab (WT). How-
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ever, substitution of the Leu in position 596 (variant 9), an
amino acid conserved across all known conifer TPS-3car
enzymes, to Phe produced an enzyme with a product profile of
28.6% (+)-3-carene and 18.7% (—)-sabinene (Table 1, Fig. 3d).

The proportion of (+)-3-carene in the product profile of
PsTPS-sab variant 9 was less compared with the product pro-
files of variants 5 and 6, suggesting that at least one of the con-
served Ala®®?, Gly®®”, and Phe*” of the PsTPS-3car enzymes
has a synergistic effect with Leu®®® on (+)-3-carene formation.
To test this hypothesis, we assessed the product profiles of all
six possible PsTPS-sab variants that were produced from
combinations of variant 9 with additional substitutions in
positions 589, 595, and/or 599. Of these, variant 11 produced
the highest levels of (+)-3-carene and a product profile clos-
est to variants 5 and 6 with 42.3% (+)-3-carene and 7.3%
(—)-sabinene (Table 1).

The observed effects these substitutions had on product pro-
file identified Phe®®® as critical in PsTPS-sab for determining
(—)-sabinene as the major product, and Leu®® as critical for
(+)-3-carene formation in the mutated PsTPS-sab enzyme
with positions Gly®®®> and Phe®*® providing synergistic effects.
In turn, it can be proposed these three amino acids play an
important role in (+)-3-carene formation in PsTPS-3car.

Mutations in the Helix A-E Region Synergistically Affect the
Shift of (—)-Sabinene Synthase Product Profile to a (+)-3-
Carene Synthase Product Profile—The three helix ] amino
acid substitutions Ala®**>-Gly, Phe*”°-Leu, and Leu®”’-Phe of
PsTPS-sab variant 11 explained the product profile changes
observed in variants 5 and 6 relative to PSTPS-sab (WT); how-
ever, the (+)-3-carene biosynthesis levels of variant 11 were
only two-thirds of that observed in PsTPS-sab variant 1 and
PsTPS-3car2 (WT). To elucidate which additional amino acids
promote (+)-3-carene biosynthesis, we performed further
domain swaps to variant 6 with the helix A-helix E, helix F-helix
G, 5, and helix H-helix I regions of PsTPS-3car2 (variants 12,
13, and 14, respectively). Of the resulting enzymes, variants 13
and 14 showed no increase in (+)-3-carene formation, whereas
variant 12 produced a product profile containing 56.2% (+)-3-
carene and 7.5% (—)-sabinene. Next, we divided the helix A-he-
lix E region of PsTPS-3car2 into six smaller regions based on
individual helices and loops for the design of additional domain
swaps in the background of PsTPS-sab variant 6. Of these, the
additional swap of helix A (variant 15) and the A/C loop (vari-
ant 16) showed no increase in (+)-3-carene formation com-
pared with variant 6. Additional swaps of helix C (variant 17),
helix D (variant 18), helix D,-D,, (variant 19), and helix E (var-
iant 20) all showed slight increases in (+)-3-carene resulting in
product profiles that contained, respectively, 45.4, 50.8, 45.5,
and 43.8% (+)-3-carene and 5.2, 4.1, 8.2, and 8.2% (—)-sabi-
nene. These results suggest that some or all of the 13 amino
acids that differ between PsTPS-3car2 (WT) and PsTPS-sab
(WT) within the helix C-E region provide additional synergistic
effects to (+)-3-carene formation.

Reciprocal Mutations in Positions 595, 596, and 599 Result in
Conversion of PsTPS-3car (+)-3-Carene Synthases to (—)-
Sabinene Synthases Resembling PsTPS-sab—To substantiate
results obtained with substitutions in PsSTPS-sab according to
which positions 595, 596, and 599 are critical for determining
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TABLE 1
Product profiles of PsTPS-3car1, PsTPS-3car2, PsTPS-3car3, PsTPS-sab, and their variants

Percent Product Profile

Variant # Enzyme Variant (+)-3-Carene (—)-Sabinene Terpinolene Other

PsTPS-3carl (WT) 49.2+0.4 8.7+0.1 24.7+0.2 17.4

PsTPS-3car2 (WT) I 67.5%0.1 6.9+0.2 15.4+0.1 10.2

PsTPS-3car3 (WT) (| 46.2£1.9 8.8+0.7 29.7£3.0 15:3

PSTPS-sab (WT) | | 132004  447+15  35.9+£0.03 18.1
1 PSTPS-sab (Helix A — K) | I ] 66.1203  6.9+0.1 16.0£0.1  11.0
) PSTPS-sab (Helix A —E) | - | 23+0.03  458+4.1  35.6£04 163
3 PSTPS-sab (Helix F~ G, ,) | DI 1.3+0.03 489425  33.0404  16.8
4 PSTPS-sab (Helix H, ~ 1) [0 1.3£0.00  48.9+0.6  35.1+0.7 147
5 PsTPS-sab (Helix ] —K) | I 449406  95+02  20.0404  25.6
6 PsTPS-sab (Helix J) | I 39.7+0.5  9.2+0.02  20.8403 303
7 PSTPS-sab (S589A) | W 12£003 429413  355%03 204
8 PsTPS-sab (A595G) | I 244000  39.0+37 333406 253
9 PSTPS-sab (FS96L) | 0 286404 187404 249408 278
10 PSTPS-sab (L599F) | 0 15003  428+09 36404 193
11 PSTPS-sab (A595G/F596L/L599F) | P 423+14 73204 20106 303
12 PSTPS-sab (Helix A — E + Helix J) | Il 562404  7.5£0.05  202+0.1  16.1
13 PsTPS-sab (Helix F ~ G, , + Helix J) | DN 441420 79308 162409 318
14 PSTPS-sab (Helix H, — I+ Helix J) [ IO 413+1.5 77403  16.7+0.7 343
15 PSTPS-sab (Helix A + Helix J) | I I 394404 80402  17.6403  35.0
16 PSTPS-sab (A/C Loop + Helix J) | I I 356+04  54+0.7 205407 385
17 PsTPS-sab (Helix C + Helix J) I I 454412 52406 202408 292
18 PSTPS-sab (Helix D + Helix J) | I I 508402  4.1£0.5  19.5#03  25.6
19 PsTPS-sab (Helix D, — D, + Helix J) | i I 45.4+0.1 8.240.1 19.440.5  27.0
20 PSTPS-sab (Helix E + Helix J) | [ 43.8+0.1 8.240.1 192402  28.8
21 PSTPS-3carl (Helix J) DN 1.4+0.] 23.940.1 564404 183
22 PsTPS-3carl (L596F) NN  50+02  209+1.0  53.5£0.7  20.6
23 PsTPS-3carl (G595A/L596F/F599L) NI 1.8:0.1 233407 552404 197
24 PSTPS-3car2 (Helix J) | I 4.0+0.1 479402 364403 117
25 PSTPS-3car2 (L596F) | 0 123:0.1 374203 354208 149
26  PsTPS-3car2 (G595A/L596F/FS99L) | [ 47+0.03 47402 3524004 127
27 PsTPS-3car3 (Helix J) NN 84:1.0 377426  23.8+1.1  30.1
28 PsTPS-3car3 (L596F) NN  92+15 202411 32323 383
29 PsTPS-3car3 (G595A/L596F/F599L) NN 5.4+0.5  29.043.3  264+0.6 392
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the predominant (—)-sabinene or (+)-3-carene product pro-
files of PsTPS-sab and PsTPS-3car, respectively, we made the
reciprocal substitutions corresponding to PsTPS-sab variants
6,9, and 11 in each of the three different PsTPS-3car enzymes,
PsTPS-3carl, PsTPS-3car2, and PsTPS-3car3 (Table 1).

These substitutions in the PsTPS-3carl (WT) background
resulted in variants 21, 22, and 23 and reduced the formation of
(+)-3-carene to 1.4 (variant 21), 5.0 (variant 22), and 1.8% (var-
iant 23) of the overall product profile compared with 49.2% in
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FIGURE 3. Select regions of total ion GC/MS traces of products formed by
PsTPS-3car and PsTPS-sab and their variants in position 596. Tracesaand
b show shifts in the abundance of (—)-sabinene (7) and (+)-3-carene (2) in the
product profiles of PsTPS-3car2 (WT) and PsTPS-3car2 (L596F) variant 25,
respectively. Traces c and d show shifts in the abundance of (—)-sabinene (7)
and (+)-3-carene (2) in the product profiles of PsTPS-sab (WT) and PsTPS-sab

(F596L) variant 9, respectively. Products were confirmed by comparison of
mass spectra retention times with those of authentic standards.

TABLE 2
Product profiles of PsTPS-sab variants

PsTPS-3carl (WT) (Table 1). These variant PsTPS-3carl
enzymes produced (—)-sabinene at 23.0, 20.9, and 23.3% of
total product profile, respectively; compared with 8.7% in
PsTPS-3carl (WT). Although a-terpinolene was the major
product at 56.4, 53.5, and 55.2% of product profile, respectively,
these substitutions all caused a large increase in (—)-sabinene
product levels. The same three substitutions in PsTPS-3car2
(WT) resulted in variants 24, 25, and 26 with (—)-sabinene as
the major product at 47.9, 37.4, and 47.4% of total product pro-
file, respectively (Table 1, Fig. 3). In PsTPS-3car3 (WT), the
same three substitutions resulted in variants 27, 28, and 29,
again with (—)-sabinene as the major product in the helix J
substitution (variant 27; 37.7%) and in the triple amino acid
substitution variant 29 (29.0%). (—)-Sabinene was also the sec-
ond most abundant product in the position 596 variant 28 with
20.2% of product profile, respectively. These results demon-
strated that Gly>®?, Leu®®®, and Phe®® are critical in PsTPS-
3car for determining (+)-3-carene as the major product, and
that Phe®%® is critical for (—)-sabinene biosynthesis with Ala®%°
and Leu®®® providing synergistic effects.

Position 596 Is Important for Functional Plasticity—Recipro-
cal Phe-Leu substitutions between PsTPS-sab and PsTPS-
3carl, PsTPS-3car2, and PsTPS-3car3 (variants 9, 22, 25, and
28) showed the importance of position 596 in specifying (—)-
sabinene or (+)-3-carene as the major product. To further
explore the effect of variations in position 596, we tested
four additional substitutions in the PsTPS-sab background
sequence that introduced side chains with different electro-
static and steric properties (Table 2). Substitution of Phe to Glu
(variant 30) produced an enzyme with limonene as the major
product at 70.9% of product profile. Substitution to His (variant
31) produced an enzyme with a product profile nearly identical
to PSTPS-sab (WT) with (—)-sabinene and terpinolene being
46.5 and 27.1% of the product profile, respectively. Substitu-
tion to Arg (variant 32) produced an enzyme with no detect-
able activity. Finally, substitution to Gly (variant 33) pro-
duced an enzyme displaying a product profile with major
products myrcene (27%), a-terpinolene (17.3%), limonene
(17.0%), (—)-sabinene (11.2%), and (+)-3-carene (10.0%).
The range of changes in product profile seen in these vari-
ants highlights the inherent potential for plasticity of this
monoterpene synthase and suggests the 596 amino acid plays
an important role in directing product outcome and evolu-
tion of enzyme function.

Percent Product Profile

(+)-3-Carene (—)-Sabinene

Terpinolene Myrcene Limonene Other

Variant #
Enzyme Variant
30 PsTPS-sab (F596F) il (0.540.1
31  PsTPS-sab (FS96H) Il 5.140.01
32 PsTPS-sab (F596R) ) ND
33 PsTPS-sab (F596G) il 10.042.6

10.2£1.8 5.7+0.5 6.6£0.4  70.9+1.1 6.1
46.5+0.1 27.1+0.3 4.7£0.1  2.9+0.06 16.7

ND ND ND ND ND
11.24£2.0 17.3¢1.2  27.0¢1.5 17.0¢1.3 17.5
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FIGURE 4. Homology models of the active sites of PsTPS-sab (WT), PsTPS-sab (F596L), PsTPS-3car2 (WT), PsTPS-3car2 (L596F), PsTPS-3car1 (WT),
PsTPS-3car1 (L596F), PsTPS-3car3 (WT), and PsTPS-3car3 (L596F). Superimposition of the PsTPS-sab (WT) and PsTPS-sab (F596L) enzymes (a), superimpo-
sition of the PsTPS-3car2 (WT) and PsTPS-3car2 (L596F) enzymes (b), superimposition of the PsTPS-3car1 (WT) and PsTPS-3car1 (L596F) enzymes (c), and
superimposition of the PsTPS-3car3 (WT) and PsTPS-3car3 (L596F) enzymes (d). Helices, loops, and individual amino acids shown in orange denote those found
in PsTPS-sab (WT); green denotes those found in PsTPS-3car2 (WT); blue denotes those found in PsTPS-3car1 (WT); red denotes those found in PsTPS-3car3 (WT).
The Phe or Leu side chains found in position 596 are shown. The trinuclear magnesium cluster is shown in cyan and the diphosphate ion is shown in pink and
purple. Dotted lines mark the shortest distance between the amino acid side chain in position 596 and the C4 carbon (Fig. 2) of the a-terpinyl cation, which is

shown in yellow.

Homology Models Place Position 596 in the Active Site of
PsTPS-sab and PsTPS-3car—To assess if the amino acid in
position 596 interacts with the a-terpinyl cation reaction inter-
mediate or has a catalytic role in directing the predominantly
(—)-sabinene or (+)-3-carene product profiles in the PsTPS-
sab and PsTPS-3car enzymes, we performed substrate docking
experiments with homology models of these proteins and the
proposed a-terpinyl cation reaction intermediate. As tertiary
structures of plant monoterpene synthases are well conserved,

SASBMB
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we produced homology models on the structure of (+)-bornyl
synthase from S. officinalis (PDB code 1N22) (16) (Fig. 4). Due
to the large active site cavity volume and consistent with the
multiproduct nature of the PsTPS-sab and PsTPS-3car
enzymes, several possible ligand positions were obtained in
docking experiments with the a-terpinyl cation. To mitigate
this problem, docking of the a-terpinyl cation was performed
using the position of the substrate analog (4R)-7-aza-7,8-dihy-
drolimonene within the S. officinalis (+)-bornyl diphosphate

JOURNAL OF BIOLOGICAL CHEMISTRY 23865



(+)-3-Carene/(—)-Sabinene Biosynthesis in Sitka Spruce

TABLE 3
Kinetic properties of PsTPS-3car2, PsTPS-sab, and their variants

Kinetic Parameters

Variant # Enzyme Variant kcat (min'l) Km (LM) kcat/Km

PsTPS-3car2 (WT) | | 5.86 15.8 0.37

PsTPS-sab (WT) | | 32.68 35.7 0.92

6 PsTPS-sab (Helix J) | ] 1.65 38.1 0.04

9 PsTPS-sab (F596L) | [ 4.95 31.6 0.16

11 PsTPS-sab (A595G/F596L/L599F) | D 2.11 20.2 0.10

24 PsTPS-3car2 (Helix J) | 1N 24.86 22.8 1.09

25 PsTPS-3car2 (L596F) | [ 38.57 15.3 2.52
26  PsTPS-sab (G595A/L596F/F599L) | F 50.31 41.1 1.22

synthase x-ray crystal structure (PDB code 1N22) as a posi-
tional template.

Models of all four PsTPS-sab and PsTPS-3car enzymes show
amino acid 596 positioned in the active site opposite the
DDXXD motif and beside the J/Kloop believed to partake in the
conformational change that promotes closure of the active site
during catalysis (16, 22). Of the 36 to 38 amino acids predicted
to have side chains within 7 A of the most energetically favor-
able conformation of the a-terpinyl cation reaction intermedi-
ate, only three amino acids were consistently distinct between
PsTPS-3car and PsTPS-sab: amino acids in the 595, 596, and
599 positions. In this position of the reaction intermediate,
Leu®® was consistently at a distance of more than 5 A from the
intermediate with no obvious impact on catalysis (Fig. 4). In
contrast, all models with Phe®*® showed this amino acid was
consistently within 4 A from the C4 carbon of the intermediate
(Fig. 4). Taking the conformational freedom of the carbocation
into account, the proximity of the Phe aromatic ring could facil-
itate steric or van der Waals interactions capable of stabilizing
the intermediate in such a manner that promotes (—)-sabinene
biosynthesis (Fig. 2).

Kinetic Properties of PsSTPS-sab, PsTPS-3car2, and Selected
Variants—To investigate if positions that affect contrasting
(—)-sabinene or (+)-3-carene product profiles of PsTPS-sab
and PsTPS-3car, respectively, also affect differences in other
properties of enzyme activity, we determined kinetic parame-
ters for PSTPS-sab (WT), PsTPS-3car2 (WT), and three vari-
ants of each of these enzymes with reciprocal substitutions of
either helix J, the 596 amino acid, or the 595, 596, and 599
amino acids (Table 3). These enzymes that produced (+)-3-
carene as the major product, namely PsTPS-3car2 (WT) and
PsTPS-sab variants 6,9, and 11, had k_, and apparent K, values
in the same order of magnitude. The catalytic efficiencies (k_,./
K,,,) of these enzymes were similar at 0.37, 0.04, 0.16, and 0.10
min~ ' um ™', respectively. Likewise, all enzymes that produced
(—)-sabinene as the major product, PsTPS-sab (WT) and
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PsTPS-3car2 variants 24, 25, and 26, had apparent K, values in
the same order of magnitude and similar catalytic efficiencies
with k_, /K, values of 0.92, 1.09, 2.2, and 1.22 min~ ' um *,
respectively.

In conclusion, the results obtained with the reciprocal single
residue substitutions in position 596 (variants 9 and 25) showed
this position consistently affects both the contrasting product
profiles and catalytic efficiencies of enzymes that produce alter-
natively (—)-sabinene or (+)-3-carene as one of their major
products. The single amino acid Leu to Phe substitution in posi-
tion 596 in the PsTPS-3car2 background (variant 25) increased
k.o« by more than 6-fold similar to PsSTPS-sab (WT), whereas
the opposite effect was observed with the Phe to Leu substitu-
tion of the 596 amino acid in the PsTPS-sab background (vari-

ant 9).

DISCUSSION

Using a mutational approach we investigated the effects nat-
urally occurring amino acid variations have on functions of
monoterpene synthases of the PsTPS-3car/PsTPS-sab family, a
group of enzymes that contribute to phenotypic variation of
weevil resistance in Sitka spruce (7). Through a progressive
series of domain swaps and site-directed mutations, we identi-
fied residues at position 596 as critical for enzyme product pro-
file and kinetic properties of the multiproduct PsTPS-3car and
PsTPS-sab enzymes. This position appears to be a site of func-
tional plasticity as different substitutions in this position gave
rise to enzyme variants with a range of different product pro-
files. This position had the largest single effect on controlling
alternatively (—)-sabinene or (+)-3-carene as major products.

Analysis of the PsTPS-3car (WT) and PsTPS-sab (WT)
homology models revealed predicted active sites of similar size
and contour. As product selectivity in reactions with multiple
outcomes is predominantly determined by energies of the dif-
ferent transition-state intermediate structures leading to each
product (23), we suggest the different product profiles of
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PsTPS-3car and PsTPS-sab are a result of unique active site
residues that stabilize a common a-terpinyl cation reaction
intermediate in different ways. The changes in (—)-sabinene
product levels seen in amino acid substitutions in position 596
of all enzymes (variants 9, 22, 25, and 28) supported this amino
acid having a critical role in directing product outcome (Table
1, Fig. 4). Molecular docking in the class I active site of PsTPS-
sab (WT) and PsTPS-3car (L596F) predicted the side chain of
Phe®*® to be close enough to the a-terpinyl cation for steric
blocking or van der Waals forces to mold the energy landscape
of the reaction and promote (—)-sabinene formation (Fig. 4).
Similar to what has been described for other terpene synthases,
these effects could help stabilize a carbocation on the C4 car-
bon, promoting formation of the terpinen-4-yl cation, through
a cation-7r interaction (22, 24, 25) or hyperconjugation pro-
moted through a C-H/ interaction (26, 27). Phe®*® could also
affect the conformation of the cyclohexene ring of the a-terpi-
nyl cation by promoting an equatorial position for the C8 car-
bon, preventing the 5,8-cyclication needed to form (+)-3-
carene (23).

Additional substitutions at positions 595 and 599 in the back-
ground of the PsTPS-sab (F596L), variant 9, and in the back-
grounds of the three PsTPS-3car (L596F), variants 22, 25, and
28, resulted in an increased formation of the predominant
monoterpene. Proximity of these two synergistic positions to
the 596 position suggest they either contribute to optimal side
chain orientation of the residue in the 596 position or alter the
active site contour toward stabilizing the conformation of the
a-terpinyl cation reaction intermediate within the active site as
opposed to directly interacting with the carbocation interme-
diate. The additional 13-amino acid substitutions within helix
C, D, D;-D,, and E (variants 17, 18, 19, and 20, respectively)
cause a subtle increase in (+)-3-carene biosynthesis levels. As
none of these amino acids were found to be positioned in the
active site cavity, these substitutions likely influence product
specificity by contributing to the overall barrel structure and/or
contour of the class I active site as has been demonstrated in
other terpene synthases (11). Quantum chemical calculations
have shown that changes of the carbocation structure in
response to the distribution of energy in its vibrational nodes
could play a substantial role in terpene synthase reaction selec-
tivity (28), suggesting that Phe®%® or these synergistic amino
acids might play a role in modulating the reaction energy land-
scape of the intermediate to promote dynamic tendencies that
lead to the formation of (—)-sabinene as opposed to directly
stabilizing the intermediate.

The distinct product profiles of PsTPS-sab (F596E) (variant
30), PSTPS-sab (F596H) (variant 31), PsSTPS-sab (F596R) (vari-
ant 32), and PsTPS-sab (F596G) (variant 33) also support the
conclusion of the amino acid in position 596 playing a role in
modulating carbocation stabilization. Substitution to a glu-
tamic acid (variant 30) introduces a negative charge poised to
interact with the reaction intermediate. The observed high lev-
els of limonene formation (Table 2) and homology modeling
suggest this residue plays a role in promoting the deprotonation
of the C9 or C10 carbons of the a-terpinyl cation to terminate
the reaction (Fig. 2; Fig. 5a). Substitution to a histidine (variant
31) resulted in a product profile nearly identical to PsSTPS-sab
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(WT). Protein modeling positions the histidine residue simi-
larly to the phenylalanine in PsTPS-sab (WT) (Figs. 4a and 5b),
suggesting the specific steric and aromatic effects histidine has
on the reaction intermediate are similar to those of phenylala-
nine and promote (—)-sabinene biosynthesis. Substitution to
an arginine (variant 32) introduces a positive charge and
increases the steric constraints of the intermediate (Fig. 5¢). It is
not clear how exactly this affects enzyme functioning, but the
absence of enzyme activity suggests it disrupted either the tri-
nuclear magnesium ion configuration or reaction intermediate
formation. Perhaps most interesting, substitution to a glycine
(variant 33) shows that the absence of a side chain in the 596
amino acid position results in a very broad monoterpene profile
with no major predominant product. In addition to removing a
side chain that could direct carbocation stabilization, the gly-
cine residue likely allows the reaction intermediate a larger
degree of freedom by expanding the active site pocket (Fig. 5d).
The result is less specificity in carbocation stabilization and a
more general product profile. These results further highlighted
the importance of the amino acid in the 596 position promoting
specific stabilization of the reaction intermediate to produce a
unique product profile.

As this study centered around those residues of PsTPS-car
and PsTPS-sab that appear to influence the fate of product pro-
file once the a-terpinyl cation is formed, it is likely that differ-
ences in the kinetic properties are due to final reaction steps of
product formation and subsequent product release from the
active site rather than geranyl diphosphate ionization and the
formation of the a-terpinyl cation. Although the formation of
(—)-sabinene requires intramolecular proton transfer and
cyclization, followed by deprotonation, those enzymes with a
phenylalanine in the 596 position had significantly higher cat-
alytic rates and catalytic efficiencies than the enzymes that pro-
duced higher levels of (+)-3-carene synthase, which only
requires a 5,8-ring closure to form (+)-3-carene and terminate
the reaction. Although it is possible that the amino acids in the
active site are poised to act on the intermediate leading to (—)-
sabinene, our current structural/functional understanding of
these enzymes is insufficient to explain the difference in kinetic
ability.

Previous work proposed that gene duplications and diver-
gent functional evolution lead to predominance of either (+)-
3-carene or (—)-sabinene as alternative primary products of
closely related members of the Sitka spruce (+)-3-carene syn-
thase-like family, the four members of which generally share
the same products in varying quantities (7). The mutational
work presented here supports this hypothesis and provides
mechanistic insights into how functional variations in this fam-
ily may have evolved. The higher sequence identity of PsTPS-
3car2 and PsTPS-3car3 to each other (97.2% nucleotide iden-
tity) and their higher sequence relatedness to PsTPS-sab (91.8
and 92.6% nucleotide identity, respectively), compared with the
sequence relatedness between PsTPS-3carl and PsTPS-sab
(89.3% nucleotide identity) support a phylogeny of this gene
family according to which PsTPS-3carl has diverged the most
from a common ancestor of these four genes (7). The present
work supports this pattern, given the relative ease with which
PsTPS-3car2 and PsTPS-3car3 could be converted to (—)-sab-
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FIGURE 5. Homology models of the active sites of PsTPS-sab (F596E), PsTPS-sab (F596H), PsTPS-sab (F596R), and PsTPS-sab (F596G) active sites.
Helices and loops shown in orange are those of the PsTPS-sab (WT) background structure. The modified 596 amino acid in each enzyme is shown: Glu in
PsTPS-sab (F596E) (a); His in PsTPS-sab (F596H) (b); Arg in PSTPS-sab (F596R) (c); and Gly in PsTPS-sab (F596G) (d). The trinuclear magnesium cluster is shown in
cyan and the diphosphate ion is shown in pink and purple. Where applicable, dotted lines mark the shortest distance between the amino acid side chain
in position 596 and the C4 carbon (Fig. 2) of the a-terpinyl cation, which is shown in yellow.

inene synthases compared with PsTPS-3carl. Mutagenesis
studies here show that as little as one base pair substitution
could convert a more ancestral (+)-3-carene synthase to a (—)-
sabinene synthase highlighting how PsTPS-sab gene function
could have evolved. Together, these results provide evidence of
active site plasticity and underscore that subtle alterations of
the active site contour, such as shifting a backbone atom by a
fraction of an Angstrom or the addition or removal of a methyl
group can have a large effect on enzyme activity. In the context
of the evolution of a family of defense and resistance related
conifer TPS-d genes, we highlight how gene duplications and
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conspicuously minor sequence variation may lead to diversifi-
cation of terpenoid profiles as is seen with the complex mix-
tures of oleoresin monoterpenes in general, and with the intra-
specific variation of (+)-3-carene profiles in Sitka spruce in
particular.

In conclusion, we provide a mechanistic underpinning for
apparent patterns of the functional evolution of the Sitka
spruce (+)-3-carene synthase/(—)-sabinene synthase gene
family associated with white pine weevil resistance in Sitka
spruce. With as few as one amino acid substitution, we
observed large changes in both product profile and kinetic
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capabilities of the enzymes. These results underscore the large
catalytic plasticity of conifer monoterpene synthases as a major
factor in the expansive evolutionary diversification of the
TPS-d family, which in the case of PsTPS-3car and PsTPS-sab
explains formation of either (+)-3-carene or (—)-sabinene as
the major product with a single residue switch.
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