Chapter 1
ABA and Its Derivatives: Chemistry
and Physiological Functions

Yasushi Todoroki

Abstract ABA, a sesquiterpene, is a small molecule that has a non-planar shape
and contains various functional groups. The C15 ABA-skeleton is common in bio-
synthetic precursors (xanthoxin, abscisic alcohol, and abscisic aldehyde) and oxi-
dised catabolites (8'-hydroxy-ABA, phaseic acid, and dihydrophaseic acid). Thus,
the conformation of the molecule and its functional groups are the key factors
governing whether these ABA derivatives function as ABA mimics that can acti-
vate ABA receptors. Recent reports of the crystal structures of the ABA receptor
proteins, PYR/PYL/RCAR (PYL), give significant clues regarding the structural
requirements for eliciting ABA responses. The findings from structural studies of
PYL are generally consistent with those from structure—activity studies based on
bioassays using ABA analogues. The structural requirements for biosynthetic and
catabolic enzymes and for ABA transporters remain unknown, as these structures
have not yet been solved. However, ABA 8'-hydroxylases have been well inves-
tigated using in vitro enzyme assays. These studies show that different ABA-
binding proteins have somewhat different structural requirements. Based on this
knowledge, we can design a selective ligand that targets a specific ABA-binding
protein.
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1.1 Structures, Physicochemical Properties,
and Physiological Functions

1.1.1 ABA

ABA(1) has a chiral centre (C-1’). Consequently, two enantiomers, S-(4)-ABA
and R-(—)-ABA (Fig. 1.1), are formed during chemical synthesis. All naturally
occurring ABAs have the S-configuration, and its R counterpart has never been
detected in plants. The physicochemical properties of both isomers of ABA are
identical except for their optical characteristics, such as optical rotation and cir-
cular dichroism. ABA is sufficiently heat-stable to be dissolved in boiling water
without decomposition occurring. Although ABA is relatively stable towards
a broad range of pH values, it is converted to y-lactone (2) under strong acidic
conditions such as formic acid—hydrochloric acid (Mallaby and Ryback 1972)
(Fig. 1.2). Under alkaline conditions, the hydrogens at C-3’, -5/, -7', -2, and -6
exchange with deuterium when dissolved in deuterated water (Milborrow 1984;
Willows et al. 1991; Gray et al. 1974) (Fig. 1.2). The six hydrogens at C-3’, -5/,
and -7’ are particularly easily exchanged with deuterium, making ABA-d¢ (3) a
useful internal standard for LC-MS and GC-MS analysis.

ABA is moderately photosensitive due to the dienoic acid side chain and the
ring enone. Irradiation with UV at 365 nm causes photoisomerization at the C-2
double bond to give an equimolar mixture of ABA and 2E-ABA (2-trans-ABA,
5) (Fig. 1.2), which is biologically inactive (Todoroki et al. 2001). This isomeri-
zation occurs even upon irradiation using fluorescent and tungsten lamps. UV
light at wavelengths shorter than 305 nm decomposes the ABA molecule into
unidentified compounds, in addition to causing photoisomerization (Cornelussen
et al. 1995). This photolabile property of ABA limits its applications in agricul-
ture. Consequently, several ABA analogues have been designed and synthesised
to increase the photostability of ABA. For example, compounds 6-8 have a rigid
side chain with an aromatic ring (Chen and Mctaggart 1986; Kim et al. 1992;
Asami and Yoshida 1999) (Fig. 1.3). Recently, Wenjian et al. (2013) reported that
2,3-cyclopropanated ABA (9) is more photostable than ABA (Fig. 1.3).

ABA behaves as a weak acid due to the side chain carboxy group. Thus, the lipo-
philicity of ABA depends greatly on pH and is more lipophilic at lower pH. Because

O,H

Fig. 1.1 Chemical formula of S-(4+)-ABA (5-1) and R-(—)-ABA (R-1)
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Fig. 1.2 Acidic and alkaline reactions and photoisomerization of ABA

the undissociated form of ABA is cell-membrane-permeable, the in vivo distribu-
tion of ABA changes depending on the pH conditions (Wilkinson et al. 1998; Jiang
and Hartung 2008). This means that the movement of ABA within plants does not
always require specific transport proteins; nevertheless, some ABA transporters
seem to be involved in physiological processes mediated by ABA (Kang et al. 2010;
Kuromori et al. 2010; Seo and Koshiba 2011; Kanno et al. 2012).

The shape of the ABA molecule depends largely on the conformation of the
cyclohexenone ring. The crystal structure of ABA shows that the ring adopts a
slightly distorted sofa conformation with the pseudoaxial side chain (Ueda and
Tanaka 1977; Schmalle et al. 1977) (Fig. 1.4). The preferred form in solution,
revealed by NMR and CD analyses, is a half-chair with the pseudoaxial side chain
(Milborrow Milborrow 1984; Willows and Milborrow 1993; Koreeda et al. 1973;
Harada 1973). Theoretical conformational analyses revealed that the minimum-
energy conformer is a half-chair with the pseudoaxial side chain (Todoroki et al.
1996) (Fig. 1.4). Because the cyclohexenone ring can invert into another half-
chair with the pseudoequatorial side chain by paying only a small energy penalty
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Fig. 1.3 Photoisomerization-resistant analogues of ABA

crystal lower-energy half-chair

PYR1-bound ABA crystal higher-energy half-chair
Fig. 1.4 Conformation of ABA. a Crystal structure determined from crystals grown in ethanol

solution, b preferred and non-preferred half-chairs calculated in B3LYP/6-31G(d) level of theory,
and c the extracted structure from a PYR1-ABA crystal (PDB code: 3K90)
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(~1.4 kcal mol~!) (Todoroki and Hirai 2000a, b) (Fig. 1.4), the shape of the ABA
molecule when bound to proteins such as receptors, transporters, and catabolic
enzymes cannot be estimated based on the preferred form of the uncomplexed
ABA molecule. Todoroki et al. (1996) demonstrated that the biologically active
conformation of ABA is a half-chair with the pseudoaxial side chain, based on the
biological activity of cyclopropane analogues of ABA. Furthermore, the crystal
structures of the ABA receptor proteins PYR/PYL/RCAR (PYL) bound to ABA
revealed that ABA adopts a half-chair with the pseudoaxial side chain in the bind-
ing pocket (Melcher et al. 2009; Miyazono et al. 2009; Nishimura et al. 2009;
Santiago et al. 2009; Yin et al. 2009) (Fig. 1.4). However, this does not guarantee
that the conformation of ABA in other binding proteins, including transporters and
catabolic enzymes, is also a half-chair with the pseudoaxial side chain.

Many reports have demonstrated that both the S- and R-isomers of ABA show
similar hormonal activities in several assay systems (Lin et al. 2005), suggesting
that plants have a mechanism which permits the R-isomer, which is not naturally
occurring, to mimic the endogenous hormone. The ABA molecule, although a
chiral molecule, is relatively symmetric about the plane constructed by C-5, C-1/,
and C-4’ (Fig. 1.5). When the structural formula of R-ABA is drawn on paper, the
orientation of the side chain and the hydroxy group at C-1’ of S-ABA is usually
exchanged. However, this method of drawing does not accurately represent the
pseudo-symmetric property of the ABA molecule. Instead, the molecule should be
flipped to have the side chain and hydroxy group in the same orientation, as in the
case of S-ABA. By doing so, a large structural difference between the enantiomers
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Fig. 1.5 Structural comparison of enantiomers of ABA
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becomes evident at the a-oriented, axial methyl group (C-8’). This means that the
enantiomeric recognition of ABA by ABA-binding proteins depends on their sen-
sitivity to the location of this methyl group (Fig. 1.5). The crystal structure of the
PYL3-R-ABA complex shows that R-ABA is oriented in the pocket in a manner
similar to S-ABA (Zhang et al. 2013), indicating that the ability to accommodate
C-8’ provides PYL with a relatively high affinity for R-ABA. However, although
some PYL proteins have measurable affinities for R-ABA, generally this affin-
ity is weaker than that for S-ABA (Park et al. 2009; Zhang et al. 2013). Of the
Arabidopsis PYL proteins, PYLS5 shows the strongest binding affinity for R-ABA,
whereas PYL9 does not function in the presence of R-ABA (Zhang et al. 2013).
On the other hand, recombinant ABA 8'-hydroxylases (CYP707A enzymes),
which oxidise the C-8' of ABA, do not bind R-ABA (Kushiro et al. 2004). This
is as expected, since CYP707A must recognise C-8 in order to conduct oxida-
tion, so stereospecific ligand binding is critical for this enzyme. Interestingly, C-8’
recognition by CYP707A seems to depend on the ring enone of ABA (Ueno et al.
2007). The difference in sensitivity to the orientation of C-8’ between CYP707A
and PYL proteins may explain the comparable biological activity of R-ABA and
S-ABA in some bioassays. R-ABA is metabolized to (—)-7’-hydroxy-ABA (21)
(Cowan and Railton 1987; Boyer and Zeevaart 1986; Balsevich et al. 1994a)
and (+)-PA (23) (Gillard and Walton 1976; Balsevich et al. 1994b; Dashek et al.
1979; Okamoto and Nakazawa 1993) (Fig. 1.6). Since the recombinant CYP707A
enzymes do not bind R-ABA (Kushiro et al. 2004), these metabolites may be pro-
duced by the nonspecific oxidation of R-ABA.

1.1.2 Biosynthetic Precursors

The biosynthetic precursors that have an ABA-skeleton are xanthoxin (10), absci-
sic alcohol (ABAlc, 16), and abscisic aldehyde (ABAId, 11) (Fig. 1.6). The side
chain of xanthoxin cannot be axial owing to the 1’,2’-epoxide, so the conforma-
tion of xanthoxin must be quite different from that of ABAlc, ABAIld, and ABA.
Crystal structures of the PYL-ABA complex suggest that these precursors, which
have no carboxylic acid moiety, generally have poor affinity to PYL proteins
because the salt bridge between the C-1 carboxylate of ABA and the e-ammonium
group of Lys of PYL is critical for forming a stable PYL-ABA complex. In fact,
these precursors induce a slight reduction in PP2C activity in the presence of PYL
proteins (Kepka et al. 2011).

1.1.3 Catabolites

Common catabolites of ABA in many plants include phaseic acid (PA, 13),
dihydrophaseic acid (DPA, 14), epi-dihydrophaseic acid (epi-DPA, 15),
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Fig. 1.6 Biosynthetic and catabolic pathway of ABA from xanthoxin. The pathway shown with
bold arrows is the main metabolic pathway found commonly in many higher plants

7’-hydroxy-ABA (17), and ABA glucose ester (ABA-GE, 18) (Ref) (Fig. 1.6).
9’-Hydroxy-ABA (19) and neoPA (20) are found in some plants, including
Arabidopsis (Zhou et al. 2004; Okamoto et al. 2011). 8-Hydroxy-ABA (12),
which is produced by the hydroxylation of C-8’ by CYP707A enzymes, is ther-
modynamically unstable and spontaneously isomerizes to the more stable tau-
tomer, PA. Thus, 8'-hydroxy-ABA is not stably maintained in the absence of
8/-O-protection following isolation. Zou et al. (1995) isolated 8'-hydroxy-ABA as
a borate complex by heating PA and boric acid in glacial acetic acid. The isomeri-
zation of 8/-hydroxy-ABA to PA is an intramolecular Michael-type reaction which
is accelerated under basic conditions. At 25 °C, the half-life of 8/-hydroxy-ABA
is 30 h at pH 3, 4 h at pH 7, and shorter than 1 min at pH 10 (Todoroki and Hirai
2000a, b). 8’-Hydroxy-ABA is observed upon HPLC analysis of enzyme assay
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mixtures using recombinant CYP707A (Saito et al. 2004). This suggests that
CYP707A catalyses only the hydroxylation reaction, and not the isomerization
reaction to PA.

Is 8'-hydroxy-ABA biologically active? It is difficult to answer this question
because its thermodynamic instability prevents us from determining its true activ-
ity. Zou et al. (1995) reported that a borate complex of 8'-hydroxy-ABA is active
in lipid and oleosin biosynthesis in microspore-derived embryos of B. napus.
Kepka et al. (2011) extrapolated the activity of 8'-hydroxy-ABA from that of the
tetralone analogue of 8'-hydroxy-ABA (24). This analogue cannot isomerize to a
PA-type derivative because the C-2/ is in an aromatic ring (Fig. 1.7). Tetralone-
ABA is as effective as ABA in some bioassays using Arabidopsis, whereas the
8/-hydroxylated analogue is much less effective than tetralone-ABA. In PP2C
assays using the Arabidopsis ABA receptors, PYL9 and PYRI, 8'-hydroxy-
lated tetralone-ABA is less effective than tetralone-ABA and ABA by a factor of
100-1000. This suggests that 8’-hydroxy-ABA is essentially inactive, at least in
Arabidopsis. Because some space is evident around the C-8’ of ABA in both the
PYRI-ABA and PYL9-ABA complexes (PDB code: 3K90 and 30QU, respec-
tively), the 8’-hydroxy group is accommodated sterically. Furthermore, since ABA
stabilizes the gate-closed conformation of PYL proteins by producing a hydropho-
bic network, a protic polar moiety around C-8 may impair the critical function
of the proteins. In any case, currently there is no experimental evidence to help
resolve the discrepancy in ABA activity between Brassica napus and Arabidopsis.

24

Fig. 1.7 Intramolecular Michael-type reaction of 8'-hydroxylated compounds. a 8-Hydroxy-
ABA (12) is isomerized to PA (13), whereas b the 8'-hydroxylated tetralone analogue of ABA is
not converted to the bicyclized compound owing to the stable aromatic ring
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PA is a more rigid molecule than ABA. The conformation of the six-mem-
bered ring of PA is a rigid chair with an axial side chain. This conformation is
similar to that of ABA bound to PYL proteins; however, PA has much less affin-
ity with PYL compared to ABA (Kepka et al. 2011). PA has an a-axial substitu-
ent at C-2/, like the substituent at C-6’ of R-ABA. However, the C-2/ substituent
of PA is not a methyl group, but an ether oxygen. This is a significant disadvan-
tage for interacting with PYL because the ether oxygen reduces the affinity of
PA with PYL due to steric hindrance and hydrophilicity. In fact, PA is inactive in
most bioassays. Although rarely mentioned, solutions of PA inevitably contain a
trace amount of 8'-hydroxy-ABA; the equilibrium ratio of 8'-hydroxy-ABA/PA is
2:98 at pH 3-10 (Todoroki and Hirai 2000a, b). Consequently, a peak and signals
due to 8'-hydroxy-ABA are evident in the HPLC and "H NMR analyses of PA,
respectively.

1.1.4 ABA Mimics Lacking an ABA-skeleton

Although ABA is produced by fermentation using ABA-producing fungi at rela-
tively low cost, ABA mimics with a simpler structure than ABA would be prac-
tical and advantageous if their production costs were lower than that of ABA
(Fig. 1.8). In early studies, lunularic acid (25) was considered to play an ABA-
like physiological role in liverworts (Pryce 1972), although currently this hypoth-
esis is in question because ABA has been detected in two species of liverworts
(Nakayama et al. 1993). Some synthetic ABA mimics containing an aromatic ring
instead of the cyclohexenone ring of ABA (26-28) have been reported, although
their activities are lower than that of ABA (Bittner et al. 1977; Ladyman et al.
1988; Yoshikawa et al. 1992). The Lewis formulae of these compounds somewhat
resemble ABA. However, these molecules are relatively flat, so they bear little
resemblance to ABA sterically.

Pyrabactin (29), a key compound for identifying ABA receptors amongst PYL
proteins, exhibits weak ABA-like activity (Park et al. 2009). Although this com-
pound does not superficially resemble ABA, the bent conformation functions as
an effective gate-closing promoter in PYL1 (Melcher et al. 2010) (Fig. 1.8).
Interestingly, pyrabactin binds to PYL2 in a manner different from its binding to
PYLI1 and does not induce closure of the gate. The ABA agonistic effect of pyra-
bactin is observed in in vitro experiments only for PYR1 and PYL1 (Okamoto
et al. 2013). Quinabactin (30), which contains aromatic rings and a sulfonamide
similar to pyrabactin, is a stronger ABA mimic than is pyrabactin (Okamoto
et al. 2013). In vitro analysis revealed that quinabactin activates mainly dimeric
receptors to elicit stomatal closure, ABA-regulated gene expression, and drought
tolerance. Quinabactin also adopts a bent conformation in PYL2 (Fig. 1.8). The
dimeric receptor-selective binding of quinabactin may depend on its slightly larger
molecular size compared to ABA.
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Fig. 1.8 ABA mimics lacking an ABA-skeleton. Two molecular models extracted from the
PYL1-pyrabactin (29) and PYL2-quinabactin (30) crystal structures (PDB code: 3NEF and
4LA7, respectively)

1.2 Structural Requirements

1.2.1 For Exhibiting Biological Activity

The biological activities of many ABA analogues have been examined using vari-
ous plants and tissues under various conditions (Fig. 1.9). Although there are some
exceptions, the absence of an existing functional group, or the addition of a new
functional group, generally reduces the ABA activity. The most critical functional
group is the C-1 carboxy group, although ABA analogues that have a C-1 hydroxy
(ABAlc), aldehyde (ABAId), or methyl ester (Me ABA, 31) are relatively active
under some assay conditions. For example, the aba3 mutant, which is deficient in
molybdenum cofactor (MoCo) sulfurase necessary for ABAld oxidase (AAO3), is
insensitive to ABAlc and ABAId (Kepka et al. 2011). The relatively high activity
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Fig. 1.9 The C-1, C-1/, and C-4’ modified ABA analogues

of these ABA precursors results from ABA being generated from them in plants.
Since plant cells generally exhibit high esterase activity and rapidly hydrolyse
esters (Kusaka et al. 2009), the activity of Me ABA must also result from its con-
version to ABA by enzymatic hydrolysis.

The other two polar groups in ABA are also important for ABA activity,
although they are less crucial than the C-1 carboxy group: The reported activities of
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1’-deoxy-ABA (32), 1’-fluoro-ABA (33) (Todoroki et al. 1995a, b, ¢), 1’-O-methyl-
ABA (34) (Rose et al. 1996), 4’-deoxo-ABA (35) (Oritani and Yamashita 1974),
1" 4'-cis/trans-diol-ABAs (36 and 37) (Walton and Sondheimer 1972), and trans-
4’-alcoxy-ABA (38-40) (Asami et al. 2000; 2002) are weaker than that of ABA
by a factor of 10-100. The cis isomer of 4’-alcoxy-ABA is much less potent than
the trans isomer. Interestingly, some ABA analogues containing a larger functional
group than ABA’s functional group at C-4’ (41-44) (Fig. 1.10) retain ABA activ-
ity, albeit weaker than ABA’s by a factor of 10-100 (Kohler et al. 1997; Asami
et al. 1997; Kitahata et al. 2005). Because these compounds are substituted using
a hydrozone linker at C-4/, it is possible that ABA is released by hydrolysis of the
analogue in plant cells. On the other hand, the activity of 4’-octoxy-ABA (39) and
4’-benzyl-ABA (40) (Asami et al. 2002) cannot be derived from released ABA and
must be due to the analogue, since an ether bond is more resistant to hydrolysis
than a hydrazone. The significance of this will be discussed later.

The two methyl groups at C-3 in the side chain and at C-2’ in the ring (C-6
and C-7', respectively) are more important for activity than the geminal methyl
groups at C-6’ in the ring (C-8’ and C-9’). The C-6 and C-7' methyl groups may
contribute to specific recognition rather than to nonspecific hydrophobic interac-
tions. The modification of C-8’ or C-9’ sometimes results in an increase in activ-
ity. In particular, ABA analogues, in which C-8' is replaced by a trifluoromethyl
(45) or an acetylenyl (46), and where C-9’ is replaced by a propagyl (47), are the
most potent analogues tested to date in bioassays (Todoroki et al. 1995a, b, c;
Cutler et al. 2000) (Fig. 1.11). 5’a,8'-Cyclo-ABA (48), which contains a direct
linkage between C-5' and C-8’, is also remarkably effective in some bioassays
(Todoroki et al. 1996). The amplified activity of these analogues may depend par-
tially on their long lifetime in plant cells, since modification of C-8' or its neigh-
bouring groups makes these compounds resistant to CYP707A enzymes (Cutler
et al. 2000). Nevertheless, since recombinant Arabidopsis ABA 8'-hydroxylase
CYP707A3 is not inhibited by the 8'-acetylenic analogue of ABA (Ueno et al.
2005), another factor may be involved. 2E-ABA (5) is also inactive, probably
because the 2E-configuration greatly affects the orientation of the C-1 carboxy
group. The C-2’ double bond in the ring can be changed to a single bond with only
a slight loss of activity if C-7’ is cis to the side chain (49), that is, when the ring
prefers a half-chair conformation with the pseudoaxial side chain (Fig. 1.11). This
agrees with the finding that the ring conformation is a significant factor for activ-
ity. As described above, the active conformation of ABA is a half-chair with the
pseudoaxial side chain.

1.2.2 For Binding to PYL Proteins

The affinity of ABA analogues to PYL proteins has rarely been measured
directly or indirectly. We can only speculate on their affinity on the basis of
the crystal structure of the PYL-ABA complex, where ABA is almost entirely
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Fig. 1.10 ABA analogues containing a larger functional group than found at C-4’ of ABA

surrounded by the PYL protein. This binding mode suggests that the addition
of a large substituent anywhere in the structure reduces the affinity because of
interference with gate-closing or PP2C binding. This is generally consistent
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Fig. 1.11 The C-8' and C-9’ modified ABA analogues and (1’S, 2’S)-2’,3’-dihydro-ABA

with the structural requirements for ABA activity in bioassays, discussed above.
Nevertheless, some exceptions exist. The most significant inconsistency is
observed in C-4’. As described above, 4’-octyl-ABA and 4’-benzyl-ABA (39 and
40) retain ABA activity. In the crystal structure of the PYL-ABA-PP2C com-
plex, the C-4’ ketone of ABA forms an indirect hydrogen bond via a water mol-
ecule with the indole moiety of Trp in PP2C. In addition, the gate Pro in PYL
is close to the C-4’ ketone. Thus, the introduction of a large substituent at C-4/
must impair the function of PYL as an inhibitor of PP2C. n-Octoxy and benzy-
loxy groups, with lengths of ~10 and 5 A, respectively, seem to be too large to
fit into the space around C-4’ of ABA in the PYL-ABA-PP2C complex. In this
complex, the distance between the 4’-carbonyl oxygen of ABA and the indole
nitrogen of Trp in PP2C is calculated to be approximately 4.5-5 A, based on the
crystal structures (Fig. 1.12).

Recently, Takeuchi et al. (2014) reported an ABA analogue, AS6, that acts as
an inhibitor of PYL proteins. This molecule has an S-hexyl group at C-3’ and is an
effective gate-closing promoter of PYL. Crystallographic data of PYR1 bound to
AS6 demonstrate that the long S-hexyl chain of AS6 protrudes through a solvent-
exposed tunnel to prevent PYL-PP2C interactions.
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Fig. 1.12 The space around C-4’ of ABA in the PYRI-ABA-HABI crystal structure (PDB:
3QN1) and the C-4’ modified ABA analogues

1.2.3 For Inhibition of CYP707A Enzymes

ABA 8'-hydroxylases, which are CYP707A enzymes, are not inhibited by R-ABA
(Kushiro et al. 2004). This strict stereoselective recognition is in marked contrast
to the loose recognition requirements of PYL proteins. Ueno et al. (2007) revealed
that the C-1 carboxy and C-4’ carbonyl groups play a significant role in stere-
oselective binding. Based on the hypothesis that ABA is anchored via these two
polar groups on the helix I residues in the substrate-binding pocket of CYP707A,
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Fig. 1.13 Molecular surfaces in the active site of the 3D structural model of CYP707A3. a The
S-ABA bound active site, and b R-ABA superimposed and overlaid onto S-ABA (omitted for
simplicity)

the C-2’ side of the ring must be close to helix I (SRS 4) to keep C-8' in close
proximity to the heme iron. If R-ABA binds in the same manner as S-ABA, C-8'
should contact helix I (Fig. 1.13). Determination of the exact mechanism requires
the crystal structure of CYP707A, which has yet to be obtained. Another large
difference is that the side chain methyl (C-6) and C-1’ hydroxy groups which
are required for the high ABA activity is dispensable for binding to CYP707A
enzymes (Ueno et al. 2005) (Fig. 1.14). Focusing on this difference, Ueno et al.
(2005) developed AHII (50), an ABA analogue which functions as a competitive
inhibitor of CYP707A without causing an ABA response.

Required for

CYP707A3 inhibition ABA acitivty
CHj, H CHs
B OH,H,F OH

Fig. 1.14 Differences in structural requirements for CYP707A3 inhibition and for ABA activity,
and AHI1, a CYP707A3 inhibitor lacking ABA activity
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