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Abstract

All land plants contain at least one class Il diterpene cyclase (DTC), which utilize an acid-base
catalytic mechanism, for the requisite production of ent-copalyl diphosphate (enCPP) in
gibberellin A (GA) phytohormone biosynthesis. These ent-CPP synthases (CPSs) are hypothesized
to be derived from ancient bacterial origins and, in turn, to have given rise to the frequently
observed additional DTCs utilized in more specialized plant metabolism. However, such gene
duplication and neo-functionalization has occurred repeatedly, reducing the utility of phylogenetic
analyses. Support for evolutionary scenarios can be found in more specific conservation of key
enzymatic features. While DTCs generally utilize a DxDD motif as the catalytic acid, the identity
of the catalytic base seems to vary depending, at least in part, on product outcome. The CPS from
Arabidopsis thaliana has been found to utilize a histidine-asparagine dyad to ligate a water
molecule that serves as the catalytic base, with alanine substitution leading to production of 8p-
hydroxy-entCPP. Here this dyad and effect of Ala substitution is shown to be specifically
conserved in plant CPSs involved in GA biosynthesis, providing insight into plant DTC evolution
and assisting functional assignment. Even more strikingly, while GA biosynthesis arose
independently in plant-associated bacteria and fungi, the catalytic base dyad also is specifically
found in the relevant bacterial, but not fungal, CPSs. This suggests functional conservation of
CPSs from bacteria to plants, presumably reflecting an early role for derived diterpenoids in both
plant development and plant-microbe interactions, eventually leading to GA, and a speculative
evolutionary scenario is presented.

Introduction

The embryophytes (land plants) are often prolific producers of labdane-related diterpenoids,
whose biosynthesis is defined by the activity of class 11 diterpene cyclases, DTCs [1]. The
basis for the observed diversity of labdane-related diterpenoids presumably stems from the
fact that all land plants contain at least one DTC. Specifically, for phytohormone
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biosynthesis, which requires bicyclization of the general diterpenoid precursor (£, £, E)-
geranylgeranyl diphosphate (GGPP, 1) to ent-labdadienyl/copalyl diphosphate (ent-CPP, 2)
by such an enzyme [2]. At least in vascular plants (tracheophytes) the relevant
phytohormone is the well-known gibberellin A, GA [3], while ent-kaurenoic acid, an early
intermediate in GA biosynthesis, serves a similar role in the earlier diverging bryophytes [4].
The requisite presence of an ent-CPP synthase (CPS) has been hypothesized to serve as a
genetic reservoir that gave rise to the observed diversity of land-plant derived labdane-
related diterpenoids. In particular, via gene duplication and neo-functionalization most
embryophytes contain several paralogous DTCs, many of which no longer produce ent-CPP
[2]. However, phylogenetic analysis does not cleanly distinguish between plant DTCs
involved in GA biosynthesis relative to those dedicated to more specialized metabolism
(Figure 1). While this complexity presumably arises from repeated such evolutionary
derivation, it also limits the utility of phylogenetic comparison for functional assignment. In
addition, it has been further hypothesized that the plant DTCs are derived from an ancient
bacterial origin [5, 6], but the specifics of this acquisition are completely opaque.

The reactions catalyzed by DTCs are highly exothermic, enzymatic containment of which
requires significant structural support [7]. Maintenance of this structural integrity provides
additional selective pressure that seems to have overwhelmed the usual phylogenetic
signature for derivation of alternative enzymatic activity. Nevertheless, more specific
conservation of key enzymatic features for particular functions might provide insight into
the evolution of these enzymes. In particular, DTCs utilize a general acid-base mechanism.
Initial protonation of GGPP leads to bicyclization that forms the eponymous labda-13£-
en-8-yl* diphosphate. This carbocation intermediate can be produced in four distinct stereo-
configurations and undergo subsequent rearrangement, as well as be subjected to the
addition of water, prior to terminating deprotonation [1]. DTCs contain a characteristic
aspartate-rich DxDD motif, which has been shown to cooperatively serve as the catalytic
acid required for olefin protonation [8](although preceding epoxidation relieves this
requirement [9]). By contrast, the residues that make up the catalytic base required to
quench the final carbocationic intermediate seem to vary, based at least in part on specific
product outcome. For example, it has been suggested that all en=CPP producing DTCs from
plants utilize a water molecule that is tightly ligated, specifically including hydrogen-bonds
to the side-chains of a conserved histidine-asparagine dyad, enabling it to serve as a general
base (Figure 2). This arrangement was first suggested by determination of high-resolution
crystal structures for the CPS from Arabidopsis thaliana, AtCPS [10, 11]. Further support
was provided by the finding that alanine substitution for either (or both) residues in AtCPS
led to addition of water and appearance of a hydroxyl group in place of the usually generated
olefin —i.e., production of 8p-hydroxy-ent-CPP (3) rather than entCPP [12]. Other DTCs
that mediate different product outcome have been similarly shown to utilize alternative
residues as their catalytic bases [13-16].

The ancient derivation of plant DTCs from bacteria was first suggested on the basis of
sequence similarity, including conservation of the DxDD motif [5, 17]. This hypothesis was
later further supported by the observation of structural homology between plant and bacterial
DTCs. Specifically, resemblance between the recently reported crystal structure for an ent
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CPP (2) producing CPS from the bacterium Streptomyces platensis, SpCPS [18], and those
previously determined for plant DTCs [10, 19]. However, while SpCPS contains the
characteristic DxDD motif, its catalytic base remains unknown. Indeed, there is a distinct
lack of enzymatic structure-function relationship investigations with bacterial DTCs.
Moreover, the proposed homology is complicated by the fact that DTCs from both plants
and fungi exhibit an extended sequence reflecting ancient fusion of these with subsequently
acting class | diterpene synthases. At least in plants this appears to have been fusion of a
CPS with an ent-kaurene synthase, KS [5, 17]. While the resulting bifunctional CPS/KS
seems to have been retained in some bryophytes [20, 21], and bifunctional diterpene
synthases involved in more specialized (resin acid) metabolism are still found in
gymnosperms [22] — e.g., the abietadiene synthase from Abies grandis, AQAS [23] - in the
expansive tracheophyte lineage this CPS/KS seems to have undergone early gene duplication
and sub-functionalization. Specifically, loss of CPS activity in one copy and KS activity in
the other, but with retention of the original sequence/domains (a, associated with class |
activity, and the By didomains associated with class Il DTC activity) in both [17]. These
monofunctional CPSs and KSs then gave rise to the DTCs and extensive terpene synthase
(TPS) families found in tracheophytes [24], albeit with early loss of the N-terminal y
domain and subsequent radiation leading to most of the other class | TPS sub-families,
which generally act on shorter substrates — i.e., in 15-carbon sesquiterpenoid or 10-carbon
monoterpenoid biosynthesis [17]. Altogether, this complex evolutionary history further
complicates the question of the more specific ancient origins of plant DTCs.

Notably, in addition to endogenous production by vascular plants, GA also is produced by
certain plant-associated microbes, both fungi and bacteria [3]. The identity of the relevant
enzymes, particularly the oxygenases acting after initial production of the common ent
kaurene metabolite, demonstrates that GA biosynthetic pathways arose independently in
each of these biological kingdoms [25]. For example, while the later steps are catalyzed by
2-oxoglutarate dependent dioxygenases in plants, they are catalyzed by cytochromes P450
monooxygenases in microbes, with these clearly separated into the class I (soluble) and class
I (membrane anchored) families associated with bacteria and eukaryotes (fungi),
respectively. However, the existence of some (albeit distant) sequence homology between
the relevant domains comprising the CPS (By didomains) and KS (a domain) from these
three biological kingdoms was noted and suggested to imply a common origin [5], but the
specifics of such conservation has remained uncertain.

Here biochemical characterization of the catalytic base from selected examples across an
extensive phylogenetic range of CPSs is reported. The results indicate conservation of the
His-Asn dyad (and immediately surrounding residues for each) not only throughout the
CPSs from embryophyte phytohormone metabolism, but also those from bacterial, although
not fungal, GA biosynthesis. Also demonstrated here is the use of alternative residues to
form the catalytic base in other ent-CPP producing CPSs, which indicates that the His-Asn
catalytic base dyad is more specifically conserved for GA production in both plants and
plant-associated bacteria. This conservation pattern not only provides signature motifs for
plant CPSs involved in phytohormone metabolism, but also hints at an early and retained
role for labdane-related diterpenoids in both plant development and plant-microbe

Biochem J. Author manuscript; available in PMC 2020 September 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lemke et al. Page 4

interactions, and a speculative scenario for ancient acquisition of CPSs from bacteria during
the transition from unicellular algae to multicellular organisms in plant evolution is
presented.

Experimental

All reagents were purchased from Fisher Scientific unless noted otherwise. Alignments, and
the phylogenetic tree (Figure 1), were generated with CLC Main Workbench (v8.1.3; Qiagen
Aarhus A/S), with the tree visualized for presentation with FigTree (v1.4.3). Given the
extensive phylogenetic range covered here these were generated using amino acid
sequences. For the plant DTC family, the shown representative tree (Figure 1) and alignment
(Figure 3) were generated with the following DTCs, given with presented abbreviation
(GenBank accession), species name and relevant reference(s) for characterization: AgAS
(Q38710), Abies grandis [23]; AtCPS (NP_192187), Arabidopsis thaliana [26]; GbLS
(Q947C4), Gingko biloba [27]; JSCPS/IKS (BAJ39816), Jungermannia subulata [21];
MpCPS (APP91795), Marchantia polymorpha [28]; OsCPS1 (XP_015624005), Oryza sativa
[29]; OsCPS2 (AY602991), O. sativa [30]; OsCPS4 (Q6E7D7), O. sativa [31]; PgCPS
(ADB55707), Picea glauca[32]; PpCPS/KS (XP_024380398), Physcomitrella patens [20];
PsCPS (004408), Pisum sativum [33]; TaCPS1 (BAH56558), TaCPS2 (BAH56559) &
TaCPS3 (BAH56560), 7riticum aestivum [34]; TaCPS4 (BAP01383), 7. aestivum [35];
DsCPS1 (ABV57835), Salvia miltiorhizza, also known as Dan-shen [36]; DsCPS2
(AHJ59322), DsCPS4 (AKN91186) & DsCPS5 (AHJ59324), Dan-shen [37]; SmCPS/KSL
(AEK75338), Selaginella moellendorffii [38]; SmCPS (JX413782), S. moellendorffi[39];
ZmCPS1 (AAA73960), Zea mays [40]; ZmCPS2 (AAT70083), Z. mays[41]. For the
microbial CPSs the shown alignment (Figure 7) was generated with: BjCPS (NP_768789),
Bradyrhizobium japonicum [5]; EtCPS (WP_020322919), Erwinia tracheiphila [42]; MICPS
(NP_106893), Mesorhizobium etli; STCPS (NP_443949), Sinorhizobium fredii, ReCPS
(NP_659791), Rhizobium etli [43]; SpCPS (ACQ31276), Streptomyces platensis [44];
GfCPS/KS (Y15013), Gibberella fujikuror [45].

The recombinant plant CPSs used in this study were expressed as pseudo-mature constructs:
AtCPS-A84, OsCPS1-A123, OsCPS2-A75, and PpCPS/KS-A121. Truncations for OsCPS1,
OsCPS2, and PpCPS/KS were made to match the previously described optimal truncation
site for AtCPS [46]. Similarly, the recombinant AtKS used in this study also was expressed
as the previously reported pseudo-mature construct [47]. All cloning was carried out using
the Invitrogen Gateway system. Generation of the pPENTR/SD/D-TOPO based constructs has
been described for AtCPS [46], OsCPS1 & 2 [30], PpCPS/KS and GFCPS/KS [14], ReCPS
[43] and AtKS [48]. Similarly, synthetic genes for EtCPS and SpCPS, codon optimized for
expression in E. coliwere obtained (Invitrogen), and cloned by directional topoisomerization
into pPENTR/SD/D-TOPO.

The AtCPS mutants used in this study have been previously described [12]. The KS knock-
out mutants used in this study were designed based on those previously reported for
PpCPS/KS [20], and a related fungal CPS/KS in the case of GFCPS/KS [49], with the loss of
KS activity in both verified here by the resulting lack of entkaurene production. All mutants
were generated by whole-plasmid PCR amplification with overlapping mutagenic primers of
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the relevant pENTR clone and verified by complete gene sequencing prior to transfer by
directional recombination into the expression vector pDEST14. To enable co-expression,
AtKS was similarly transferred from pENTR into a previously described pACY CDuet1-
DEST vector [50].

While the studies described here were initiated with use of a previously described modular
metabolic engineering system [51], it was discovered that this led to further derivatization of
dephosphorylated DTC products. In particular, relative to previous work [12], a change in
amount of the presumed epimer of 8f-hydroxy-ent-CPP produced by the AtCPS mutants
was traced to the use of different sources for the antibiotic chloramphenicol (Chl) utilized to
select for the GGPP synthase carrying pGG-DEST vector. Indeed, employment of an
alternative system to engineer the production of GGPP in £. coli without the use of Chl led
the complete disappearance of this presumed epimer (c.f., Figure 4 here and Figure 1 from
[12]), while addition of the corresponding empty vector pACY CDuetl (and use of Chl) was
sufficient for its reappearance (data not shown). This effect also appears to give rise to
previously observed derivatives of ent-copalol (the dephosphorylated derivative of ent-CPP)
and other DTC products. Given that these derivatives are only observed in the absence of
any subsequently acting class | diterpene synthases (e.g., KS), the relevant reaction is
inefficient and does not interfere with use of the original system with such downstream
enzymes. Nevertheless, it was necessary to employ an alternative system for analysis of
DTC activity. Here a system was developed utilizing the GGPP synthase and isopentenyl
diphosphate isomerase from the GA biosynthetic operon found in Erwinia tracheiphila
where the encoding genes are adjacent to each other [42]. The corresponding fragment of the
operon was amplified by PCR, cloned by directional topoisomerization into pENTR/SD/D-
TOPO, with verification by complete sequencing prior to transfer into the previously
described expression vector pPCDFDuet1-DEST [50], via an LR reaction. This provided
efficient flux of GGPP to the DTCs expressed from the compatible pDEST14 expression
vector, as well as the subsequently acting AtKS expressed from the additionally compatible
pACYCDuetl-DEST.

The relevant plasmids were transformed into the BL21-Star strain of £. coliand the resulting
recombinant strains were used for functional analysis via metabolic engineering. Each was
inoculated into 45 mL of liquid TB media (10 g casein, 10 g NaCl, 5 g yeast extract, in 1 L
H,0, and pH adjusted to 7.0) with the appropriate antibiotics and shaken at 37 °C until an
ODgqg of 0.4 — 0.6 was reached. At this time, phosphate buffer (pH 7.5) was added to
100mM and MgCl, to 0.5mM (final concentrations) and the cultures were transferred to a
16°C shaker. These cultures were let shake at 16 °C for half an hour or until the ODgqg
reached 0.6 and were induced with 1 mM IPTG. After 3 days fermentation at 16 °C,
enzymatic products were extracted by addition of equal volume of hexanes and gentle
swirling. The organic solvent was separated out and then dried under N5, with the residue
resuspended in fresh hexanes and analyzed by GC-MS. Analysis of products by GC-MS was
carried out as previously described [52]. Briefly, using a 3900 GC with Saturn 2100T ion
trap MS (Varian), equipped with a HP-5MS column (Agilent, 0.25 pm, 0.25 1D, 30 m) with
a He flow rate of 1.2 mL/min, and the following oven temperature program: 50 °C for 3 min,
15 °C/min to 300 °C, with 3 min. hold. MS data was collected from 7/z of 90 to 500,
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starting at 12 min. until the end of the run. Samples (1 puL) were introduced by splitless
injection at 250 °C.

Rather than an early split between CPSs involved in GA biosynthesis and DTCs that are
instead dedicated to more specialized metabolism, phylogenetic analysis of the plant DTC
family reveals a complex evolutionary pattern (Figure 1). For example, there are two major
clades within the monocot Poaceae (cereal) plant family. One is clearly devoted to more
specialized metabolism, indicative of an early duplication and neo-functionalization event.
Nevertheless, the other contains both CPSs from GA biosynthesis and additional paralogs
that have been shown to be involved in more specialized metabolism, indicating that such
duplication and neo-functionalization has occurred repeatedly within this family [53].
Similar complexity also exists in the dicots — e.g., in the Lamiaceae family [54]. Indeed,
characterization of TPSs from the liverwort Marchantia polymorpha suggests that the
ancient gene duplication and sub-functionalization of an ancestral CPS/KS to form separate
CPS and KS in the tracheophyte lineage may have independently occurred in the bryophyte
lineage as well [28]. While this complexity seems to reflect repeated derivation of DTCs for
more specialized metabolism from the CPSs involved in GA biosynthesis, it confounds
bioinformatic assignment of catalytic and/or physiological function.

To investigate the hypothesis that more specific conservation of key enzymatic features for
GA phytohormone biosynthesis might provide insight into DTC evolution, a more detailed
investigation of the relevant CPSs was undertaken here. In particular, although it has been
previously suggested that all en-CPP (2) producing CPSs from plants utilize the His-Asn
dyad ligated water molecule as their catalytic base [12], more extensive sequence alignment
demonstrated that this is not the case. For example, in the DTC phylogenetic clade
containing those from cereal plants devoted to more specialized metabolism, both rice
(Oryza sativa) and wheat ( Triticum aestivum) encode DTCs known to produce 2, OsCPS2
[30, 55] and TaCPS1 [35], respectively, neither of which contain this dyad. Specifically,
although the His is present, both have a cysteine in place of the Asn. By contrast, the His-
Asn dyad is present in OsCPS1, which is required for rice GA biosynthesis [29], while
OsCPS2 has been shown to be involved in more specialized metabolism instead [56]. This
suggests that the dyad might be more specifically retained in those DTCs involved in such
phytohormone metabolism. Indeed, the dyad appears to be conserved not only in such CPSs
from tracheophytes but also those from the bryophytes as well, including in bifunctional
CPS/KSs (Figure 3).

Given the production of 8p-hydroxy-ent-CPP (3) by Ala substitution for either the His or
Asn from the catalytic base dyad in AtCPS [12], it was reasoned that similar effects would
provide support for their functional conservation in other CPSs. Accordingly, the equivalent
mutants were made in selected CPSs spanning the phylogenetic range of plants. Specifically,
as AtCPS is from a dicot, OsCPS1 was chosen as an exemplar for monocots and the
bifunctional CPS/KS from the moss Physcomitrella patens (PpCPS/KS) to represent the
bifunctional enzymes from the earlier diverging bryophytes. In the case of PpCPS/KS these
mutants were constructed in the presence of an additional mutation (D635A) that knocks out
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the KS activity (PpCPS/KS), enabling observation of the product from just the DTC activity
[20]. The resulting mutants were all assayed in a modular metabolic engineering system,
with heterologous expression in Escherichia colialso engineered to produce GGPP, leading
to observation of the resulting DTC products as the dephosphorylated derivatives produced
by endogenous phosphatases, which can be readily extracted from these cultures with
organic solvents and analyzed by GC-MS. Note that, although it was previously reported
that the AtCPS mutants produced an epimeric mixture of 8-hydroxy-entCPP, more careful
analysis revealed that only the 8p epimer (3) was actually produced. Similarly, the OsCPS1
and PpCPS/&S mutants all were found to primarily produce 3 (Figure 4). These results
support functional conservation of these residues as a catalytic base in the CPSs involved in
hormonal metabolism. Thus, this His-Asn dyad appears to be ancestral in at least the plant
DTC family.

Intriguingly, in each of these cases Ala substitution for the Asn also led to production of
small amounts of ent-kolavenyl diphosphate (entKPP, 4), resulting from a series of 1,2-
shifts, alternating between hydride and methyl groups, before terminating deprotonation
(presumably by removal of the originally added proton by the catalytic DxDD motif as
previously demonstrated for production of 4 [57]). This requires further conservation in
positioning of the initially formed intermediate, ent-labda-13£-en-8-yl* diphosphate, such
that it cannot be deprotonated at an alternative position by the remaining His of the catalytic
base dyad, as well as the absence of any active site feature (residue or water) capable of
deprotonating the intervening carbocation intermediates (Figure 5).

As noted above, OsCPS2 produces ent-CPP, but does not contain the Asn of the ancestral
catalytic base dyad, with a Cys at this position instead. In contrast to Ala substitution for the
retained His, which leads to primary production of 8p-hydroxy-entCPP (3), Ala substitution
for this Cys does not significantly alter product outcome (Figure 6), suggesting use of an
alternative residue in the OsCPS2 catalytic base dyad. Notably, it has been previously shown
that AgAS utilizes an alternative catalytic base dyad in its DTC active site [14]. While
consistent with the distinct production of the normal stereoisomer of CPP by AgAS, this also
demonstrates the flexibility of DTCs in forming their catalytic base. The residues that make
up the catalytic base dyad in AgAS have some similarities to the ancestral Asn-His pair. For
example, AgAS also utilizes a His [13], but rather than occupying the ancestral/first (His)
position, this His immediately follows the ancestral/second (Asn) position, and is directly
hydrogen-bound to the Tyr that is found in place of the ancestral His —i.e., is in the first
position (Figure 3). Such flexible interaction is consistent with the location of these residues
on loops in DTC protein structures. Given the presence of a threonine immediately
following the Cys in OsCPS2, this was hypothesized to pair with the ancestral His. Indeed,
Ala substitution for this Thr led to primary production of 3 (Figure 6). Coupled with the lack
of such effect on product outcome upon Ala substitution for the Cys that corresponds to the
ancestral Asn, these results indicate that OsCPS2 utilizes an alternative His-Thr dyad as its
catalytic base.

Beyond plants, it has been previously noted that the His from the catalytic base dyad is
conserved in not only PpCPS/KS but also the bifunctional CPS/KS involved in GA
biosynthesis by the fungus Gibberella fufikuroi, GFCPS/KS [14]. However, the Asn does not
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appear to be present in GFCPS/KS, nor in the bacterial en-CPP producing SpCPS. By
contrast, both residues appear to be present and well-conserved in the CPSs involved in GA
biosynthesis by bacteria (Figure 7). Particularly given the otherwise low sequence identity
between the plant and bacterial CPSs, this hints at the possibility that the catalytic base dyad
might be conserved between them.

The hypothesis that the His-Asn catalytic base dyad is functionally conserved in these
bacterial CPSs from GA biosynthesis was tested by substituting Ala for these residues in the
relevant CPS from Erwinia tracheiphila (EtCPS), which falls within the same
Enterobacteriaceae family as £. coli, and is readily expressed therein [42]. Ala substitution
for the His led to predominant production of 83-hydroxy-ent-CPP (3), while that for the Asn
led to less, but still substantial such addition of water — i.e., production of 3 (Figure 8).
Although this latter mutation exerts a smaller effect on product outcome, these results
nevertheless suggest that the His-Asn dyad may be functionally equivalent in the bacterial
and plant CPSs involved in GA biosynthesis.

While the catalytic base dyad is otherwise well-conserved, the Asn has been substituted by
serine in a few of these bacterial CPSs from the Rhizobium genus, which form a
monophyletic clade. Notably, while that from RAizobium etli (ReCPS) has been previously
reported to produce at least some ent-CPP (2) [43], re-examination of its product profile here
demonstrated that it actually primarily produces 8p-hydroxy-ent-CPP (3). As previously
described, due to poor heterologous expression of ReCPS its activity was assessed by
coupling to the KS from A. thaliana (AtKS). While this leads to the previously reported
observation of ent-kaurene (5) [43], the resulting cultures were found to also yield even
larger amounts of ent-13-ep/-manayl oxide (6) (Figure 9), which AtKS has previously been
shown to produce from 3 [14]. Previous phylogenetic analysis has demonstrated that ReCPS
exhibits an appreciably longer branch length relative to the other characterized bacterial
CPSs from the Rhizobiales order [43], suggesting that this CPS may be subjected to less
selective pressure, perhaps reflecting its reduced ability to act in GA biosynthesis. Indeed,
Asn substitution for this Ser is not sufficient to restore ReCPS to production of only 2
(Figure 9), consistent with further drift away from this original activity. Nevertheless, the
overall sequence homology and conserved genomic context (i.e., in the relevant operon) of
ReCPS and the related Ser containing Rhizobium CPSs clearly indicates that these had at
least an ancestral role in GA biosynthesis.

As noted above, the fungal GFCPS/KS does not contain the Asn of the catalytic base dyad
found in the plant and bacterial CPSs from GA biosynthesis, with a glycine at this position
instead (Figure 7). This Gly is preceded by a Ser and followed by a Thr. The conserved His
retains functional importance, as Ala substitution has already been suggested to lead to
production of 8p-hydroxy-ent-CPP (3), albeit this was only indirectly inferred from
production of the further cyclized ent-12-epi-manoy! oxide (6) by the KS active site [14].
Given the use of such an adjacent residue to form the alternative catalytic base dyad
identified here in OsCPS2, it was hypothesized that the Ser or Thr flanking the Gly found at
the second (Asn) position might interact with the conserved His. Use of such an alternative
catalytic base dyad also was investigated by Ala substitution here. Just as with PpCPS/KS,
to eliminate the KS activity these substitutions were made in the presence of an additional
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mutation (D668A), which knocks out the KS activity (GFCPS/KS). Notably, while Ala
substitution for the Ser does not change product outcome, Ala substitution for the His led to
primary production of 3, and Ala substitution for the Thr also led to substantial such
addition of water (Figure 10). Moreover, in all the fungal CPS/KSs identified to-date [58],
both the His and Thr (but not the Ser) are completely conserved. Hence, it appears that the
fungal CPS/KSs utilize a His-Thr catalytic base dyad that differs from the His-Asn dyad
found in the plant and bacterial CPSs involved in GA biosynthesis not only in composition
but also positioning (i.e., of the second (Thr) residue), which then resembles that found in
OsCPS2, albeit these almost certainly independently arose via convergent evolution.

While the more generally conserved His is retained in the phylogenetically distant, but
functionally analogous (i.e., 2 producing) bacterial SpCPS (Figure 7), this appears to utilize
an even more divergent catalytic base dyad. In particular, inspection of the SpCPS crystal
structure indicates that rearrangement of two loops may have led to formation of an
alternative catalytic base dyad, with an Asp from a distinct C-terminal loop directly
hydrogen-bonded to the retained His (Figure 11A). The direct interaction of these residues is
analogous to the direct interaction between the Tyr and His that make up the catalytic base
dyad in AgAS [14]. Accordingly, this His-Asp pair was hypothesized to form the catalytic
base dyad in SpCPS, which also was investigated by Ala substitution, along with the Ser
found at the second (Asn) position of the His-Asn dyad found in the plant and bacterial
CPSs from GA biosynthesis. While Ala substitution for this Ser did not alter product
outcome, Ala substitution for either the His or Asp led to primary production of 83-hydroxy-
ent-CPP (3) rather than 2 (Figure 11B). Accordingly, SpCPS uses an even more divergent
His-Asp catalytic dyad to achieve the same production of entCPP (2) as the other CPSs
investigated here.

Discussion

The results reported here not only strongly support the hypothesized repeated derivation of
DTCs for more specialized metabolism from the CPSs involved in embryophyte
phytohormone metabolism (e.g., GA), but also provide a means to assist bioinformatic
resolution of these. In particular, given the conservation of the His-Asn catalytic base dyad
in the CPSs from such phytohormone biosynthesis (Figure 3), as evidenced by the effect of
Ala substitution for these residues on product outcome (Figure 4). However, although the
presence of this ancestral His-Asn dyad seems to imply production of the relevant en-CPP
(2), such conservation does not necessarily indicate a primary role in GA phytohormone
biosynthesis. For example, genetic analyses indicates that ZmCPS2 (also known as An2),
which produces 2 [41], and contains the His-Asn dyad (Figure 3), is primarily involved in
more specialized labdane-related diterpenoid metabolism rather than GA biosynthesis [59].

Nevertheless, loss of the His-Asn dyad does not rule out production of entCPP (2). For
example, OsCPS2, which also produces 2 [30], has lost the ancestral Asn and seems to
utilize an alternative His-Thr catalytic base dyad instead (Figure 6). Intriguingly, TaCPS1,
which similarly produces 2 [35], and also has lost the ancestral Asn, seems to have
independently evolved an alternative catalytic base, as the Thr from OsCPS2 is not present
(Figure 3). This suggests independent re-evolution of such product outcome. In particular,
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OsCPS2 and TaCPS1 fall within the clade of monocot DTCs solely involved in more
specialized metabolism (Figure 1). This clade almost certainly underwent loss of the
ancestral His-Asn dyad during the relevant early neo-functionalization event, presumably
reflecting divergence of product outcome, consistent with the recently reported loss of the
ancestral dyad and diversity of products exhibited by the characterized DTCs [60, 61]. By
contrast, ZmCPS2 appears to have arisen from more recent duplication of an ancestral CPS
involved in GA biosynthesis as it falls within the same clade as the monocot CPSs known to
be involved in such metabolism, and still produces 2, presumably due to retention of the
ancestral His-Asn dyad. Notably, the only two members of this clade that no longer produce
2 have alterations to the His-Asn dyad, specifically substitution of Gly for the Asn,
presumably leading to the observed production of 8@3-hydroxy-ent+-CPP (3)[60].

Thus, although it is possible to re-evolve production of 2, initial loss of the ancestral His-
Asn dyad seems to generally lead to alteration of product outcome if not outright
inactivation. Given that the derived phytohormone is required for normal plant growth and
development, this provides strong selective pressure for retention of these residues,
consistent with the observed conservation of the His-Asn catalytic base dyad in the plant
CPSs involved in such biosynthesis. This further highlights the utility of this dyad as a
requisite motif for bioinformatic assignment of such physiological function (although not
absolute proof). At the least, retention of this dyad provides confident assignment of
catalyzed product outcome (i.e., 2).

Strikingly, the His-Asn catalytic base dyad is not only present in these plant CPSs but also
can be found in the CPSs from bacterial GA biosynthesis (Figure 7), with mutation of these
residues to Ala exerting analogous functional consequences as well (Figure 8). Similar to the
situation in plants, this His-Asn dyad is not required for the production of 2 by bacterial
CPSs, as SpCPS does not contain the Asn from the dyad (Figure 7). Indeed, SpCPS seems to
utilize a particularly divergent catalytic base dyad (Figure 11). Thus, while it is possible that
the bacterial CPSs involved in their production of GA acquired the His-Asn dyad in a
parallel evolutionary process, its presence hints at the possibility of long-standing
conservation of this key enzymatic feature. Further consistent with this evolutionary scenario
is the observed broader conservation of the immediately surrounding residues (Figures 3 &
7), including the preceding Leu and following Ser for the His (i.e., a LHS motif), and the
flanking proline and Val, respectively, for the Asn (i.e., a PNV motif).

The presence of the His-Asn dyad in the bacterial CPSs contrasts with the loss of at least the
Asn and flanking residues in the fungal bifunctional CPS/KS involved in GA biosynthesis in
that biological kingdom (Figure 7). Instead, these seem to utilize an alternative His-Thr
catalytic base dyad (Figure 10). Altogether, the results reported here highlight the potential
for long-standing conservation of this His-Asn catalytic base dyad from bacteria to plants,
suggesting that the CPSs involved in GA biosynthesis from these two distinct biological
kingdoms may share a common evolutionary origin, and have been subject to similarly
stringent selective pressure for the production of 2.

Such conservation encourages speculation about the original acquisition of CPS by plants
from bacteria. Intriguingly, a labdane-related diterpenoid has been implicated as an
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aggregation signal for sea lettuce (U/va), but appears to be made by a bacterial epiphyte
(Zobellia uliginosa) rather than the alga itself [62]. This hints at an ancient role for labdane-
related diterpenoids in plant evolution, potentially during the transition from unicellular
algae to multicellular organisms, perhaps similarly dependent on such plant-microbe
interactions. Assuming a key role for ent-CPP (2) in such biosynthesis, such a proto-plant
could have then acquired the associated CPS from the relevant bacteria, perhaps in the
transition to living on land. This early land-plant DTC would have then been retained for its
role in developmental processes. In addition, the CPS also could have been retained in plant-
associated bacteria for its selective advantage in interactions with these multicellular hosts,
consistent with the conservation pattern observed here.

Regardless of such speculation, as discussed above the results reported here provide insight
into the evolution of the plant DTC family, strongly supporting the hypothesized repeated
derivation of additional DTCs for more specialized metabolism from the CPS involved in
biosynthesis of embryophyte phytohormones such as GA. Moreover, the results should be
useful in future bioinformatic-directed functional assignment and investigations. In
particular, conservation of the His-Asn dyad (as LHS and PNV matifs) seems to
characterize the CPSs involved in phytohormone metabolism, while alterations to these
residues implies a role for the DTC in more specialized metabolism instead. Accordingly,
plant CPSs with the ancestral His-Asn can be presumed to produce 2, with tentative
assignment of a role in embryophyte phytohormone biosynthesis, while the absence of these
residues highlights those DTCs that can be expected to exhibit alternative product outcome,
providing an enriched source to mine for novel catalytic activity.
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Figure 1:

Representative phylogenetic tree for plant DTC family. Green lines indicate branches
containing CPSs involved in GA biosynthesis, with the role of those indicated by green text
having been verified by genetic approaches (i.e., knock-out lines). Red lines indicate
branches where product outcomes differs (i.e., is no longer ent-CPP, 2), with those DTCs
indicated by red text having been verified to be involved in more specialized metabolism by
genetic approaches, despite also making ent-CPP. Also indicated are the major divisions in
the plant kingdom mentioned in the text, as well as asterisks (*) indicating loss of class |
(most likely KS) activity from bifunctional ancestors — i.e., to generate monofunctional
DTCs. Scale bar refers to expected substitutions per site.
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Figure 2:
Active site of AtCPS showing arrangement of the highly conserved DxDD catalytic acid

motif and His-Asn dyad coordinated water that acts as the catalytic base. Schematic below
depicts the use of these acid-base groups for (bi)cyclization of GGPP (1) to ent-CPP (2) or,
upon substitution of Ala for the His and/or Asn of the catalytic base dyad, 8p-hydroxy-ent-
CPP (3).
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Figure 3:
Alignment of selected plant DTCs focused on the catalytic base dyad (with numbering for

the first and last residue in each case). Those whose names are in green are known to be
involved in GA biosynthesis, while those named in red are known to function in more
specialized metabolism, those in bold are mentioned in the text and those underlined further
investigated here. The residues comprising the catalytic base dyad in the CPSs from GA
biosynthesis are indicated by green asterisks (*) above the alignment, those making up the
alternative dyad in AgAS, which produces enantiomeric (normal) CPP (differentiating it
from all the others shown here, which produce entCPP), are indicated by red () and purple
() dots below the alignment, with the purple dot also indicating the Thr that seems to pair
with the ancestral His to make up an alternative catalytic base dyad in OsCPS2.
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Figure 4:

GC-MS chromatograms of dephosphorylated class 1l products from wild-type or mutant
CPSs and CPS/KSs from plants (1°, dephosphorylated derivative of GGPP, geranylgeraniol;
2’, dephosphorylated derivative of ent-CPP, ent-copalol, 3°, dephosphorylated derivative of
8B-hydroxy-ent-CPP, 8p-hydroxy-ent-copalol; 4°, dephosphorylated derivative of ent-
kolavenyl diphosphate, ent-kolavenol).
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Figure 5:
Scheme depicting carbocation intermediates required for rearrangement of labda-13 £-8-yl*

diphosphate (PP) to yield kolavenyl-PP (KPP) — e.g., the entKPP (4) observed here.

Biochem J. Author manuscript; available in PMC 2020 September 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lemke et al.

Page 21

2 3
OsCPS2

OsCPS2:H260A

LSC PS2:C319A

OsCPS2:T320A

L

A??

I | I
16.5 17.0 175 18.0 5
Figure 6:

GC-MS chromatograms of dephosphorylated class 1l products from wild-type or mutant
OsCPS2 (2°, ent-copalol; 3’, 8-hydroxy-ent-copalol).
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Figure 7:
Alignment of selected microbial ent-CPP producing DTCs focused on the catalytic base

dyad (numbering for first and last residues indicated in each case). Only SpCPS is clearly
not involved in GA biosynthesis, as indicated by the red text. Those whose names are
underlined were investigated here. The residues comprising the ancestral catalytic base dyad
in the bacterial CPSs from GA biosynthesis are indicated by green asterisks (*) above the
alignment, while the functionally conserved histidine in GFCPS/KS and SpCPS is indicated
by a red dot (¢) below the alignment, and the alternative paired residue indicated by purple
dots (*) below the relevant residue.
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Figure 8:
GC-MS chromatograms of dephosphorylated class 1l products from wild-type or mutant

EtCPS (1’, geranylgeraniol; 2°, ent-copalol; 3’, 83-hydroxy-ent-copalol).
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GC-MS chromatograms of products from co-expression of wild-type or mutant ReCPS with
AtKS (1°, geranylgeraniol; 5, ent-kaurene; 6, ent-12-epi-manoy| oxide, which are depicted

here).
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Figure 10:
GC-MS chromatograms of dephosphorylated class 1l products from wild-type or mutant

GfCPS/KS class | knockout (2°, ent-copalol; 3°, 8p-hydroxy-ent-copalol).
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Figure 11:
A) Active site of SpCPS showing arrangement of the highly conserved DxDD catalytic acid

motif and alternative His-Asp dyad shown here to directly act as the catalytic base. B) GC-
MS chromatograms of dephosphorylated class 11 products from wild-type or mutant SpCPS,
as indicated (1’, geranylgeraniol; 2°, ent-copalol; 3°, 88-hydroxy-ent-copalol).
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