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Abstract

Terpene synthases (TS) are classified into two broad types, Class I and II, based on the chemical
strategy for initial carbocation formation and motif sequences of the catalytic site. We have
recently identified a new class of enzymes, Class 1B, showing the acceptability of long (C20-Css)
prenyl-diphosphates as substrates and no amino acid sequence homology with known TS.
Conversion of long prenyl-diphosphates such as heptaprenyl diphosphate (Css) is unusual and
has never been reported for Class I and II enzymes. Therefore, the characterization of Class 1B
enzymes is crucial to understand the reaction mechanism of the extensive terpene synthesis.
Here, we report the crystal structure bound with a substrate surrogate and biochemical analysis
of a Class IB TS, using the enzyme from Bacillus alcalophilus (BalTS). The structure analysis
revealed that the diphosphate part of the substrate is located around the two characteristic Asp
rich motifs, and the hydrophobic tail is accommodated in a unique hydrophobic long tunnel where
the Css prenyl diphosphate, the longest substrate of BalTS, can be accepted. Biochemical
analyses of BalTS showed that the enzymatic property, such as Mg?* dependency, is similar to
those of Class I enzymes. In addition, a new cyclic terpene was identified from BalTS reaction
products. Mutational analysis revealed that five of the six Asp residues in the Asp rich motifs and
two His residues are essential for the formation of the cyclic skeleton. These results provided a

clue to consider the application of the unusual large terpene synthesis by Class IB enzymes.



Introduction

Terpenoids are a large and highly diverse group of natural products consisting of the five-
carbon units known as isoprene units. Many terpenoids (>75,000 compounds) have been
isolated to date." 2 The structural diversity is mainly created by different terpene synthases
(TS). The terpene biosynthesis is initiated by the isoprene unit synthesis and its linkage to
form acyclic terpene diphosphate, which is further transformed into the diverse range of
terpene skeletons. TS are classified into two broad classes, Class I and 11, depending on
the chemical strategy for initial carbocation formation and the characteristic motif residues
around the catalytic site.3 Class I enzymes generate an allylic carbocation by the release
of the diphosphate from the corresponding isoprenoid diphosphate. The characteristic
motifs of Class I enzymes, DDXXD and NSE/DTE, hold the diphosphate part of the
substrate through Mg?* bridges and promote the generation of the carbocation. Recent
study elucidated that the conserved sensor-linker-effector triad of residues are involved in
the induced-fit rearrangement of the enzyme conformation.” Class II has a DXDD motif,
which plays a crucial role at the catalytic site in the protonation of a trisubstituted olefin to
generate the carbocation (ex. TC shown in Fig. 1a). Class I enzymes are mainly
associated with the biosynthesis of relatively smaller Cs-C20 terpenes, whereas Class 11
enzymes synthesize the larger C3o and Cao terpenes.3® Recently we have identified a new
TS (BsuTsS; InterPro family: IPR019712) from Bacillus subtilis that accepts heptaprenyl
(Css) diphosphate (1) as a substrate both in vivo and in vitro to produce tetraprenyl-§3-
curcumene (2) (Fig. 1a).8 Although the mode of action seems to be similar to that of Class
I, the new enzyme has no homology, including the motif residues with Class I. Moreover,
it has been shown that the BsuTS homologs, namely BcITS and BalTS from B. clausii and
B. alcalophilus, respectively, utilize C25-Css prenyl-diphosphate as natural substrates to
generate the B-springene (6) type terpenes (7-9) (Fig. 1b) %11, These two enzymes also
accept C20 prenyl-diphosphate (geranylgeranyl diphosphate: 3) in vitro as a substrate in
addition to C25-C3s compounds.' The crystal structure analysis of BalTS suggested that
BsuTS homologs belong to a new subclass of TS named Class IB."" The three-
dimensional structure of BalTS is similar to those of Class I TS, despite no similarity in
their primary structures.’” Two unprecedented motifs [DYLDNLxD and DY (F,L,W)IDxxED]
containing six Asp residues are found at the corresponding positions of the DDXXD and



NSE/DTE motifs of the Class I TS."" Only the effector glycine residue was found regarding
the sensor-linker-effector triad, whereas residues corresponding to neither sensor nor
linker were seen. The two Asp-rich motifs were considered to contribute to the catalytic
reaction, but insufficient information is available to elucidate the molecular mechanism of
the Class IB enzymes. In this study, we report the three-dimensional structures bound with
substrate surrogates and the functional studies of BalTS to gain insight into the
mechanistic details of Class IB TS. We also found a novel cyclic diterpene by the detailed
analysis of the BalTS product. These results promise that investigation of Class IB

enzymes would lead to finding various new large (=C2s) terpenes with versatile functions.
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Fig. 1 Biosynthetic pathway and chemical structure of terpenoids mentioned in this paper. (a)
Biosynthetic pathway of sesquarterpenes in B. subtilis (BsuTS). BsuTS (Class IB) catalyzes the
cyclization of 1 into monocyclic 2. 2 is converted to pentacyclic baciterpenol A by TC (Class II). (b)
The reaction catalyzed by the BsuTS homolog from B. alcalophilus (BalTS: Class IB). (c) Substrate
surrogates used for analyzing substrate-binding mode of BalTS. The asterisk indicates the chiral
center generating racemate.



Results and Discussion
Structure analysis of the substrate-binding mode of Class IB terpene synthase

Our previous report!’ showed the three-dimensional structure of a Class IB terpene
synthase (TS). However, because the structure was determined as a substrate-free form,
the substrate-binding mode of this class is still unknown. In this study, we attempted to
determine the crystal structure of BalTS bound with a substrate surrogate (%)-
geranylcitronellyl diphosphate (GCPP, 10, Fig. 1c) or geranylgeraniol (GGOH, 11, Fig. 1c)
to elucidate the catalytic mechanism. 10 was expected to mimic geranylgeranyl
diphosphate (GGPP; 3) since they could not form allylic cation in the enzyme like the case
of 2,3-dihydrofarnesyl diphosphate used for the crystallographic analysis of selinadiene
synthase.” 11 was adopted to investigate the role of the diphosphate head in binding. The
crystallographic structure of the BalTS-10 complex was reasonably determined at 1.99 A
resolution (Supporting Table S1).'>'7 As shown in Fig. 2a, the electron density
corresponding to 10 was seen around the Asp-rich maotif, and in the cleft of subunit A. In
contrast, only noisy densities can be seen around the cleft of subunit B (Supporting Figure
S1a). Thus, we discuss the binding mode of 10 in subunit A in detail. The difference
between the two subunits may be related to the crystal packing. The density for the bound
molecule in subunit A corresponds to the mixture of both stereoisomers of (+)-10 (Fig. 2a).
The diphosphate part is located around the Asp-rich motif of BalTS. Though Mg?*, which
is essential for the BalTS reaction, was expected to bridge between the Asp-rich motif and
the diphosphate part of 10, it could not be assigned. However, these results did not directly
exclude the possibility of Mg?* existence in the complex. One of the reasonable
interpretations is that the two sets of Mg?* coordination corresponding to each (R and S)
isomer could have existed in the crystal, hence reducing the occupancy and peak density
heights of Mg?* ions corresponding to each isomer through the mixed binding of the
racemate. Also, the mixed binding makes it hard to detect the characteristic octahedral

coordination of Mg?*.
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Fig. 2 Crystal 'structureguof BalTS bound with substrate surrogates. The blue mesh indicates the omit
electron density map drawn using the Program Polder.'” Asp residues in these panels belong to Asp rich
motifs in Class IB terpene synthases. Yellow, green, and blue-cyan sticks show S and R isomer of 10, and
11, respectively. (a) Subunit A of BalTS bound with 10 (GCPP). Small red spheres show water molecules
located within 5 A from oxygens in Asp residues or 10. The contour of the omit electron density map is at
3.5 0. (b) Subunit A of BalTS bound with 11 (GGOH). Small red spheres show water molecules located
around the OH group of 11. The contour of the omit electron density map is at 4.0 0. (c) Superposition of
BalTS 10 and 11 complexes. BalTS molecule structure was drawn based on the BalTS-10 complex. (d
and e) Two paths on subunit A of BalTS, which are possible substrate-binding sites. The surface of the
BalTS molecule is represented. Pink sticks and surfaces are Asp residues in Asp rich motifs. The
compound 10/11 were found in path-1. The corresponding figures drawing subunit B is shown in
Supporting Fig. S1c, and d. (f) Comparison of substrate(surrogate)-binding position between BalTS and
representative Class I enzymes. The cartoon shows subunit A of the BalTS-10 complex. Skinny sticks

indicate the substrates or their surrogates bound in representative Class I enzymes. Carbons, oxygens,
and phosphorous atoms in the skinny stick molecules are colored white, salmon, and ocher, respectively.
Details of the superposed Class I enzymes®** were described in supporting file. (g) Carbonyl groups of
glycine at the G helix kink (between G1 and G2 helices). Subunit A of BalTS-10 complex (wheat) is
superposed on selinadiene synthase (Selinadiene S, gray) from Streptomyces pristinaespiralis in complex
with (S)-dihydro farnesyl diphosphate ((S)-DHFPP) (PDB: 40KZ).”



Polder electron density map clearly indicates the two phosphorous atom positions in 10
(Supporting Fig S2). In contrast, no clear peaks corresponding to oxygens were observed.
The oxygens were modeled based on the phosphorous positions and ideal bond
distances/angles of the diphosphate part. Some oxygens in Asp88, Asp 92, and Asp249
are located 3.1~3.4 A from oxygens in 10. The distances are within a typical range
between the two oxygens bridged by an Mg?* ion. One of the oxygens in Asp 253 locates
only from 2.7 A from the closest oxygen in the diphosphate. The distance is a little bit
closer than the typical value, suggesting the overall model reliability is acceptable but not
perfect. Distances from Asp85 and Asp257 to the phosphate is >5 A, suggesting the two
residues are not directly involved in the diphosphate recognition.

We also determined the crystal structure of BalTS in complex with geranylgeraniol
(GGOH, 11, Fig. 1c) at 1.91 A resolution (Supporting Table S1). The conformations of 11
in subunits A and B are different from each other (Fig. 2b and Supporting Fig. S1b). The
difference might be related to crystal packing like the complex with 10. The superposition
of the BalTS complex with 10 on that with 11 revealed well superpositioning of the subunit
A of each complex (Table 1). The subunit B of the two complexes was also closely
superposed. In contrast, the RMSD values of cross-superpositions, i.e., superpositions of
a subunit on the other subunit of any complexes, are relatively high (Table 1). RMSD
values between substrate-free structure and 10/11-complex structures are also relatively
high (Table 1). Note that the cell constants and crystal packing of substrate-free crystals'’
are different from those of 10/11-complexes. These aspects suggest that the BalTS
structure is flexible, and the protein conformation is a little bit restricted by the crystal
packing. The binding site of 11 was, as expected, found in the interior of the cleft, which is
quite different from that of 10. The Asp-rich motif was far from 11 (Fig. 2b). The difference
of the binding positions between 10 and 11 suggested the existence of an apparent
interaction between the Asp-rich motif and the diphosphate part of the substrate probably
through Mg?*. It is consistent with our previous mutational analysis that substitution of any

one of Asp residues into Ala completely suppresses the catalytic activity of BalTS. '



Table 1. Root-mean-square-distances (RMSD) between the determined structures.

10-B 11-Ale 11-Be free-All free-B!

10-Al 0.60 (345) 0.14 (345)c 0.60 (345) 0.51 (341) 0.68 (340)

10-B@ 0.64 (347) 0.16 (347) 0.43 (343) 0.66 (341)¢
11-Al 0.63 (347) 0.56 (343) 0.73 (342)
11-Bf 0.43 (343)c 0.65 (342)w
free-Alb] 0.62 (345)¢

[a] Subunit A or B of BalTS in complex with GCPP 10 or with GGOH 11. [b] Subunit A or B of
previously determined substrate-free BalTS." [c] RMSD in A between the corresponding subunits.
Values in parenthesis are the number of superposed Ca atoms.

Superposition of the subunit A of 10 complex on that of 11 complex led us to construct
a hexaprenyl (Cso) diphosphate 5 binding model on BalTS (Fig. 2c). The third and fourth
methyl groups from the diphosphate head of 10 are very well superposed on the first and
second methyl groups from the alcohol group of 11. The residues in the two complexes
around the substrate-binding site are also very well superposed on each other (Supporting
Fig. S3). These phenomena suggest the high reliability of this model. It should be noted
that no = Cso0 prenyl diphosphate binding model on TS have been determined so far. The
Cso substrate-mimic model is accommodated in the tunnel of subunit A. It was observed
that each subunit of BalTS has a tunnel and a cavity (path-1 and path-2, respectively) that
potentially contributed to substrate-binding (Fig. 2d, e). Both paths connected to the Asp-
rich motif, and their wall was highly conserved and hydrophobic. The crystal structures of
10- and 11-complexes indicated that the tunnel (path-1) as the substrate-binding site.
Because the tunnel is very narrow around 1le306 in the substrate-free structure
(Supporting Fig. S4a and b), the substrate was previously assumed to be accommodated
in the cavity (path-2).'"" Comparison of the 10/11-complex and substrate-free structures
indicated that the tunnel is enlarged with the movement of 1le306 by the induced fit with
10/11-binding (Supporting Fig. S4). The proposed binding-site for the 7th isoprene unit is
around the exit of the tunnel, i.e., the tunnel-length corresponds to Css prenyl-diphosphate

(Supporting Fig. S4e). This feature may be related to the maximum (Css) substrate size of
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BalTS." The two complex structures suggested that the hydrophobic tail of the substrate
may initially enter the substrate-binding tunnel from the Asp-rich motif side because the
narrow tunnel does not allow the passage of the diphosphate group. The hydrophobic
feature of the tunnel also prevents the hydrophilic diphosphate group from passing through
the tunnel.

Comparison between the substrate(surrogate)-bound structures of BalTS and Class I
enzymes revealed several features of Class IB enzymes. The volume of the substrate-
binding site is related to the size of the substrate molecule of each enzyme,'® and
substrate-binding “tunnel” has never been found in Class I enzymes. The tunnel existence
is highly consistent that all known Class IB enzymes, including BalTS, handle long
(C20~Ca3s) prenyl-diphosphate.’ The diphosphate bound position of BalTS was located
outside (the other direction of the hydrocarbon chain of the substrate(surrogates))
comparing to those of representative Class I enzymes (Fig. 2f).'®24 The difference of the
diphosphate binding sites corresponds to one or two phosphate diameter(s). In Class I
enzymes, NSE or DTE motifs cooperatively recognize the diphosphate part of the
substrate through one Mg?* ion.'®23 The difference of the motif sequences (i.e., NSE/DTE
in class I and Asp rich in class IB) may affect the diphosphate position difference. The
binding-position difference is subtle in the overall structure of these enzymes but may
severely affect the scheme of the catalytic reaction and the chemical structure of the

product because the difference is very large in the scale of substrate -molecule size.

Enzymatic Characterization of a Class IB terpene synthase

Next, for the first time, we performed enzymatic characterization of BalTS in detail. To
this end, we analyzed the chain-length preference of BalTS using C20-Css prenyl-
diphosphate as substrates. The results showed that the shorter the carbon chain length,
the more product was formed (Fig. 3a). We decided to use GGPP (Czo; 3) as a substrate
for this study to analyze the BalTS activity because the difference of the reaction rate that
depends on the substrate chain length might be related to the facility of the product release.
The product from the shorter substrate was considered to be less hydrophobic and easier
to release to the solvent water after the reaction.

The optimal temperature and pH of BalTS were estimated to be 37°C and 10.0,

respectively (Fig. 3b, c). The high pH preference could be due to the acceleration of the
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diphosphate release under the high pH, wherein the preference could be related to the
optimal environment for the source organism, B. alcalophilus,?® thus may not be a general
feature for the Class IB enzyme. Our previous study revealed that Mg?* is essential for the
activity of BalTS,"" but no information was available regarding its optimal concentration.
Here we investigated the divalent cation dependency (Fig. 3d, e) and observed that BalTS
requires > 5 mM Mg?* for its full activity (Fig. 3d). No divalent cations could substitute the
roles of Mg?* (Fig. 3e). It was observed that the Na* and K* do not affect BalTS activity
(Fig. 3f, g), unlike the reports regarding K* of some Class 1 TS.? We have added
dithiothreitol (DTT) while measuring the reported activity of BalTS,"" but the compound
was found to inhibit the BalTS reaction (Fig. 3h).

Specific activity under the optimal condition [25 mM 3-(Cyclohexylamino)-2-hydroxy-1-
propanesulfonic acid (CAPSO) buffer (pH 10.0), and 10 mM MgCl2] is 48.0 + 0.2
nmol/min/mg using 130 uM of the compound 3 as a substrate was estimated (Fig. 3i). The
value was ca. 3 times higher than that reported previously (14.1 £ 1.0 nmol/min/mg)""
under the condition of [25 mM Tris-HCI buffer (pH 8.5), 10 mM DTT, and 1 mM MgCl2].
The Km and keat values for BalTS were calculated to be 37 £+ 3 uM and 2.7 £ 0.1 min™,
respectively (Fig. 3i), under the optimal conditions. These values are comparable to those
obtained for the previously characterized bacterial Class 1 TS (ex. DtcycA from
Streptomyces sp. SANK 60404: Km 94 + 8 pM and kcat 2.8 min’'; DtcycB from
Streptomyces sp. SANK 60404: Km 42 + 7 uM and kcat 1.3 min-').27 In total, the enzymatic
properties of Class IB TS are similar to those of Class I enzymes except for the capability

of BalTS to synthesize much larger terpenes than the Class I enzymes.
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Fig. 3 Characterization of BalTS. Error bars indicate the standard error. (a) Analysis of substrate
specificity for 130 uM substrates (1, 3-5). (b) Analysis of optimal temperature (25, 30, 37, 45,
50°C). (c) Analysis of optimal pH. The buffer solutions used in the experiment were as follows: 25
mM Tris-HCI buffer for pH 7.0-9.0; and 25 mM CAPSO buffer for pH 9.0-10.5. Except for the
buffer reagent and/or pH, the standard reaction mixture was used for the assays. (d) Analysis of
optimal Mg?* concentration (0, 1, 5, 10, 20 mM). Only MgCl2 concentration was changed from the
standard reaction mixture. (e) Analysis of requirements for divalent metal ions. Concentrations of
all ions were 10 mM. These ions substitute MgClz in the standard reaction mixture. (f and g)
Analysis of optimal K* (f) and Na* (g) concentrations. These monovalent ions were added to the
standard reaction mixture. (h) Analysis of optimal DTT concentration. DTT was added to the
standard reaction mixture. (i) Specific activity of BalTS with substrate 3 (0, 5, 10, 29, 30, 60, 130,
260 uM).

A new cyclic product formed by BalTS

As shown in Fig. 4, BalTS produces a considerable amount of the minor product (12) in
addition to the main product 6. The production ratio of 6 and 12 was almost constant (6:12
= ca. 8:1) under various reaction conditions, including temperature, pH, as well as Mg?*
and monovalent ion concentrations. The chemical structure of 12 was analyzed by electron
ionization mass spectrometry (EIMS) and nuclear magnetic resonance spectroscopy
(NMR) (Supporting Fig. S5-S12). The molecular formula of 12 was assigned as C2oHs2
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based on high-resolution EIMS (HREIMS). Although C20H32 was identical with that of [3-
springene (6), further NMR analysis suggested that 12 would be a new cyclic diterpene
(Fig. 5). "TH-NMR data of 12 showed six olefinic protons, four methyls, six methylenes, and
two methine protons. One of the four methyls was observed as a doublet. The other three
were singlets. Two of the six olefinic protons are putatively assigned as those of an exo-
olefin. The 3 C-NMR analysis supported the presence of four olefins. Two dimensional NMR
analysis, the HMBC correlation from H-16 (6n 4.92, s; J=4.96 Hz) to C-4 (¢ 130.1), H-16 (61 4.92,
s; J=4.96 Hz) to C-3 (d¢c 143.8), and H-4 (6+ 6.34, dd; J=10.0 Hz, 2.8 Hz) to C-3 (¢ 143.8), and
the 'H-"H COSY correlation of H-4 (31 6.34, dd; J=10.0 Hz, 2.8 Hz) with H-5 (&1 5.73, brd; J=10.0
Hz) suggested the characteristic cyclohexene structure with a conjugated diene moiety of
12. (Fig. 5). The position of the methyl group observed as a doublet was placed adjacent
to the cyclohexene ring. The new diterpene 12 showed a levorotation value ([a]?°0 —0.02 (c
0.42, EtOH)), indicating that compound 12 could be a chiral product. The compound 12
seems not to be racemate because GC-MS analysis with chiral column used for the optical
resolution of manool?® showed only one peak (Supporting Fig. S12). However, the
stereochemistry of the chiral center of 12 could not be determined at this time because
only a small amount of 12 (0.38 mg) was isolated. BalTS product 12 is a novel diterpene
and named as geranyl-B-phellandrene according to the structural similarity with -

phellandrene (monoterpene) and B-sesquiphellandrene (sesquiterpene).?® 30

a: BalTS+3 6
\ 12
b: Boiled BalTS + 3
11 115 12 12.5 13 13.5 14

Retention time (min)
Fig. 4 The GC analysis of the reaction products formed by the incubation of 3 with (a) BalTS and
(b) boiled BalTS

11



Fig. 5 Chemical structure of 12 (a) and key correlations in the 2D NMR data for 12 (b).

The minor product formation could be due to the flexibility of the BalTS structure (Table
1). It was suggested that the volume of the substrate-binding cleft might be responsible for
catalytic fidelities in addition to the substrate size by controlling the number of allowed
conformation of the substrate in the enzyme.’® 3" Thus, the flexible substrate-binding site
of BalTS could allow several conformations. The cyclization reaction may be supported by
G-helix kink (Fig. 2g). The kink is found in both the Class I and Class IB enzymes,” "' and
a glycine residue is located at the kinked position in the two classes. The carbonyl oxygen
of the glycine is suggested to stabilize the carbocation intermediate formed by the
diphosphate release in selinadiene synthase, a Class I sesquiterpene synthase.” The
glycine corresponded to Gly208 in BalTS, and the carbonyl oxygen of Gly208 directs the
2nd isoprene unit of 10 (Fig. 2g). This feature showed that the carbonyl group of the glycine
at the G-helix kink might not be related to the diphosphate release in BalTS. Instead, the
glycine might play a pivotal role in the cyclization forming the minor product 12. The roles
of the carbonyl oxygen at G-helix kink in Class IB enzyme may be different from that of

Class I enzymes.

12



Role of residues and reaction mechanism of Class IB terpene synthases

The differences of the substrate-binding position of the diphosphate and the distribution of
the residues around the substrate between the Class IB (BalTS) and Class I enzymes, led
us to analyze the roles of BalTS residues. The establishment of the optimal condition for
the enzymatic assay facilitated mutational analysis in order to elucidate the roles of
characteristic residues of Class IB enzymes. First, we targeted six Asp residues in the Asp
rich motifs, which are conserved in more than 97.5% of Class IB enzymes."" The BalTS-
10 complex structure showed that the diphosphate group of 10 is located near the Asp rich
motifs (Fig. 6a). Our previous work elucidated that mutations of any one of these residues
into alanine completely suppress the product formation,’ and reanalysis in this study
under the optimal conditions led to the same results (data not shown). However,
alternation from Asp into Ala might be too drastic to analyze the role of these residues.
Thus, Asp to Asn mutations was introduced to investigate these residues. As shown in Fig.
6b, the amounts of compound 6 formation by any of the mutants
(Asp85/88/92/249/253/257 to Asn) was about 5% of wild-type enzymes. Gas-
chromatography mass-spectroscopy (GC-MS) analysis (Figs. 6¢ and S13) showed that
only Asp92Asn mutant produces the minor product 12, whereas the other five Asp mutants
(Asp85/88/249/253/257 to Asn) lost the ability to form 12. The product profiles indicate that
the five Asp residues in the Asp rich motifs were essential for the formation of the cyclic
skeleton. The difference could be attributed to the distances from these residues to the
isoprene units of the substrate. Asp92 is very far from the isoprene units (~12 A from the
double bond in the 2nd isoprene unit), thus may not contribute to the cyclization of the

substrate.
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Two of the Asp residues Asp85 and Asp249 in the Asp rich motifs are closely located
to C4 (methyl group of the 1st isoprene unit from the diphosphate) rather than the
diphosphate group of 10 (Fig. 6a). The methyl group is also near (4-5 A) to His55 (~98%
conserved in Class IB). These residues may contribute to deprotonate C4 to terminate the
reaction producing the compound 6. In order to evaluate this hypothesis, His55 was
mutated into Leu and Phe. Replacement from His to Leu or Phe disabled the proton
transfer, and the sizes of these two residues were not so different from that of His. The
activities of the mutants were ~5% of the wild-type enzyme (Fig. 6b), which were almost
equivalent to those of the His245Leu and His245Phe mutants (Fig. 6b). Contribution of
His245 to C4 deprotonation is unlikely, because, the residue contacts to second and third
isoprene units of 10 (Fig. 6a). The equivalent impacts on enzymatic activities by Asp85,
Asp249, His55, and His245 mutations imply that these four residues do not significantly
contribute to the C4 deprotonation to form 6. Regarding the cyclization to form 12, the
corresponding peak was not detected in the GC-MS spectrums for products by both His55
and His245 mutants like Asp85/249Asn (Fig. 6¢). These results showed that His55 and
His245 were also essential for the formation of the cyclic skeleton. These His mutants may
change the conformation of the bound substrate, which prevents the cyclization forming
12. Previously, it was reported that the C-terminal region of BsuTS is lacked in BalTS and
is important for the formation of a cyclic structure.' In this study, we additionally found
seven residues (Asp85/88/249/253/257 and His55/245) contributing to the cyclic skeleton
formation in BalTS based on both the crystal structure and point mutations. Since these
seven residues are also conserved in BsuTS, they may also be required for cyclization in
BsuTS in addition to the C-terminal region.

Superposition of BalTS structure on Class I enzymes indicated that Asp88 and Asp92
correspond to the first and fifth Asp residues in DDXXD motifs, respectively (Supporting
Fig. S14). The second Asp corresponds to Asn89 in BalTS, which is >95% conserved in
Class IB enzymes.'" The residue was mutated into Asp in order to construct an artificial
DDXXD motif in the BalTS structure. As shown in Fig. 6b, Asn89Asp indicated 14% activity
of wild-type enzymes. The activity is comparative to the Asn89Ala mutant. GC-MS
spectrum showed that the product profiles of these two mutants are mostly the same as
that of the wild-type (Fig. 6¢). The non-enhancement of activity and no-alternation of the
products of the Asn89Asp mutant showed that the DDXXD motif in Class I enzymes is not

compatible with the Asp rich motif in Class IB enzyme.
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One of the conceivable catalytic mechanisms of the Class IB enzyme is shown in
Supporting Fig. S15. The mechanism would be rationalized by the same as that of (3-
phellandrene produced by Class 1 enzymes.3? Further studies such as isotope
incorporation assay and/or computational analysis are required to unveil the reaction
mechanism of Class IB enzymes.

GC-MS analysis in our previous work'" showed peaks possibly corresponding to
phellandrene derivatives synthesized from substrates 4 (C2s5) and 5 (Cso) by BalTS. The
considerable overlap of 11 on 10 in the substrate-binding site (Fig. 2c) suggested that the
conformations of 3 and 5 in the enzyme are equivalent, especially regarding the reacting
atoms around the diphosphate. The equivalent binding mode may lead to the formation of
the same ring. 12 is a second cyclic skeleton synthesized by Class IB enzymes.®

In conclusion, we determined the first crystal structures of Class IB terpene synthase in
complex with substrate surrogate. The hydrophobic long carbon chain is bound in a unique
long hydrophobic tunnel, which has never been seen in Class I enzymes. The tunnel
length is consistent with the maximum carbon chain length of the substrates for the
enzyme. The diphosphate group of the substrate surrogate was found to be located
between the two Asp rich motifs. The two motifs corresponded to the NSE/DTE and
DDXXD motifs of Class 1 enzymes on the three-dimensional structures, but the
diphosphate bound position was shifted approximately one or two phosphate size as
compared to that for Class I enzymes. The different binding positions may strongly affect
the catalysis, including the chemical structure of the product. Biochemical characters of
Class IB enzymes are basically similar to those of Class 1 enzymes except for the
capability to convert the large (C20-Css) prenyl-diphosphate. We also identified a novel
cyclic diterpene formed by the Class IB enzyme. Mutational analysis revealed that five of
the six Asp residues in the Asp rich motifs and two His residues play pivotal roles to form
the cyclic skeleton. Because there are more uncharacterized Class 1B enzymes, further
genome-mining and modification of this family promise the finding of more novel
terpenoids with valuable functions, especially = Czs rare terpenes, which cannot be formed

by conventional Class I enzymes.
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Methods

All methods used in this study are available in Supporting Information.

Associated content

The Supporting Information is available free of charge on the ACS Publications website at
DOI:??7?: general procedure and materials, expression and purification of BalTS, enzymatic assay,
isolation of compound 12, chemical structure analyses of compound 12, crystallization and
crystallographic analysis, site-directed mutagenesis, hypothetical production mechanism of
BalTS and BsuTS products
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