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FIGURE 4. Comparison of the active sites of MsCHS (Protein Data Bank ID
code 1bi5) and the PpORS model. The Cys-His-Asn catalytic triads are
shown in brick red. The PpORS specific active site residues, GIn*'8, Val*’?, and
Ala®%¢, are shown as space-filling model with the corresponding Thr'?’,
Gly?"", and GIn?'? residues in MsCHS. According to the MolProbity parame-
ters (43), the modeled PpORS structure was found to be in the 69th percentile
of overall quality (MolProbity score 2.12) compared with all known crystal
structures. The model achieved the following scorings: 1.75% for Ramachan-
dran outliers, 8.06% for poor rotamers, and 1.47 for Clashscore.

PpORS

FIGURE 5. Radio silica thin layer chromatograms of reaction products pro-
duced by the A286F (A) and the V277G/A286F (B) mutants of PpORS from
fatty acyl-CoA starter substrates of varying chain lengths and [2-'*CIma-
lonyl-CoA. The number below each lane indicates the chain length of the
fatty acyl-CoA substrate. Only lower portions of the chromatograms are
shown for brevity.

Phypal26819, were identified as PpORS paralogs in the
Physcomitrella genome. Deduced amino acid sequences of the
two gene models were 46-48% identical to the PpORS
sequence, assuming three putative introns at conserved posi-
tions. Proposed gene structures and sequence alignments of the
deduced amino acids of the two gene models are provided in
supplemental Fig. S5. The open reading frame of Phypa72618
contained two in-frame stop codons toward its 3’-end, and no
corresponding EST was found in the NCBI EST database, sug-
gesting that it is a pseudogene. On the other hand, the presence
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of a single Phypa72618 EST clone (BY962703) provided sup-
port for our deduced sequence of its gene product and also
suggested that Phypal26819 may be a functional gene.

To investigate the expression pattern of PpORS, we first ana-
lyzed EST abundance within the EST libraries prepared from
different Physcomitrella tissues. As compiled in the NCBI Uni-
Gene database (Fig. 6A4), PpORS ESTs were found in Physcomi-
trella EST libraries prepared both from gametophytes and
sporophytes. EST counts were particularly high in the libraries
of ppls (upper half part of gametophores) and ppaa (gametan-
gia, shoot tip with antheridia and archegonia) but were lower in
ppgs (green sporophytes) and ppsp (sporophytes with sur-
rounding archegonia) libraries. In a sharp contrast, no EST was
found in any of the libraries prepared from protonema and
regenerated protoplasts. The results obtained from our
microarray analysis agreed with the expression pattern inferred
from the EST counts. Thus, PpORS was expressed in gameto-
phores at mid-level compared with all transcripts, but its
expression was not detected in protonema and freshly prepared
protoplasts (Fig. 6, B and C). Phypal26819 was not expressed
above the detection limit in all three tested tissue types in the
microarray analysis.

Phytochemical Analysis—To examine whether PpORS prod-
ucts exist in planta either in monomeric or in esterified forms,
we attempted to detect putative PpORS products from the
moss gametophore before and after alkaline treatment. Wheat
bran extracts, a positive control, yielded a major band on TLC,
which stained violet with Fast Blue B salt. The extracts were
determined to contain 5-nonadecylresorcinol ((M—H] ™~ atm/z
375) and 5-heneicosayresorcinol ([M—H]~ at m/z 403), in
agreement with the literature (30) (supplemental Fig. S6). How-
ever, we failed to detect any resorcinol derivatives from the
extracts of the moss gametophores as well as protonemata. No
band that responded to the dye in the characteristic manner of
resorcinol derivatives was detected. These results led us to con-
clude that the moss gametophore tissues do not contain
(oxo)alkylresorcinols, either as monomeric or esterified forms.
Alternatively, the amounts of (oxo)alkyresorcinols present are
below the detection limit of this study (~200 ng/g of tissue
estimated based on the sensitivity of the dye staining).

Phylogenetic Analysis—Expanding previous phylogenetic
analyses of type III PKSs (4, 13, 31), a phylogenetic tree was
constructed with PpORS, the two P. patens paralogs, and other
long chain acyl-CoA-utilizing type III PKSs including the gra-
mineous ARSs (SbARS1, SbARS2, OsARASI1, and OsARAS2)
(Fig. 7). The tree shows the expected progressive evolution
from bacterial to fungal to plant enzymes. PpORS and its two
moss paralogs form their own clade at the base of the plant
clade. Thus, they are direct descendants of the MRCA of the
plant type III enzyme family. The rest of the plant enzymes, in
turn, form a sister clade to the PpORS clade. They themselves
are divided into two sister clades, one made of anther-specific
chalcone synthase-like enzymes (ASCLs) (15) and the other
made of non-ASCLs. The gramineous ARSs belong to one of
the two sister clades of the non-ASCL clade, reflecting their
close evolutionary relationship among themselves. More
importantly, PpORS and its moss paralogs are clearly separated
from the gramineous ARSs, indicating that the gramineous
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(A)
EST counts (Total EST counts in pool)
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PpORS 1326 (51050) 0 (155263) 8(16074)
Phypa126819 1(51050)  0(155263) 0(16074)
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FIGURE 6. EST profile and microarray analysis of the expression of PpORS and its paralog Phypa123819 in different Physcomitrella tissues. A, EST profile
of PpORS is from the NCBI UniGene transcriptome database, whereas the only EST corresponding to Phypa123819 (BY962703) was found by blastn search
against the NCBI EST database. B and G, tile display (B) and profile display (C) of the expression patterns of PpORS and Phypa123819 are shown. In the profile
display the expression patterns of all other transcripts are also shown as gray lines in the background. Gene expression was assayed in three different tissue
types (protoplasts, protonema, and gametophores) in three biological replicates. In B, the color of the tiles indicates the expression level of each geneina given
tissue type. As the color approaches red, the gene is expressed at a higher level. The same data are presented graphically in C. PpORS was expressed in
gametophores only, whereas Phypa123819 was not expressed in all tissues tested. Values below 10* are in the background and thus were considered as not

expressed.

ARSs are not direct descendents of the PpORS lineage and have
evolved independently from the PpORS lineage.

DISCUSSION

Pentaketide 2'-oxoalkylresorcinols were previously detected
among the reaction products of NcORAS and long chain fatty
acyl CoA substrates (5). However, based on a careful time
course study, the authors concluded that NcORAS instead pro-
duced pentaketide 2'-oxoalkylresorcylic acids and that the
detected 2'-oxoalkylresorcinols were indirect products formed
by nonenzymatic (or enzymatic (6)) decarboxylation of the res-
orcylic acids. We also examined the possibility that PpORS may
produce 2'-oxoalkylresorcylic acids. We monitored the PpORS
reaction with C,,-CoA and [2-'*C]malonyl-CoA at different
time intervals up to 1 h and observed a steady increase of the
formation of 5a and no evidence for the formation of a
2'-oxoalkylresorcylic acid. The same products were produced
at different reaction pH values and substrate concentrations.
Furthermore, we have demonstrated that 6-tridecyl-S-resor-
cylic acid, an alkylresorcylic acid, is stable up to several hours in
0.1 m KP; buffer (pH 7.8) (14). Based on these results, we con-
clude that PpORS is a pentaketide 2'-oxoalkylresorcinol syn-
thase. Thus, PpORS condenses a very long chain fatty acyl-CoA
with four molecules of malonyl-CoA and cyclizes the penta-
ketide intermediate to produce 2'-oxoalkylresorcinol, through
an aldol reaction accompanied by decarboxylation (Fig. 1B).

PpORS produces different major products from starter sub-
strates of different chain lengths; triketide alkylpyrones from the
Cy to C,4 substrates and pentaketide oxoresorcinols from
the C,, to C,, substrates. The shift is not abrupt, and from
C,5-CoA, the enzyme produced significant amounts of a
triketide alkylpyrone (3d) and a pentaketide oxoalkylresorcinol
(5d) along with a tetraketide alkylpyrone (4d). This “substrate-
directed product specificity” is not uncommon for type III PKS
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catalyzed reactions. Notably, NcORAS produces triketide
alkylpyrones from C, to C, starter substrates, tri- and tetra-
ketide alkylpyrones and tetraketide alkylresorcinols from C, , to
C,, substrates, and tetra- and pentaketide alkylresorcylic acids
from C,4 to C,, substrates (5). Also, OsARASs produce alkyl-
resorcylic acids and do not produce tetraketide alkylpyrones
when the starter substrate is longer than C,,-CoA (7). This
raises a question as to the chemical nature of the in planta
products of these enzymes. It has been postulated that enzymes
that produce more than one product are advantageous in sec-
ondary metabolism because they generate chemical diversity at
low cost (32). PpORS may well produce in planta alkylpyrones
and 2'-oxoalkylresorcinols from fatty acyl-CoA esters of vary-
ing chain lengths for similar or different functions. In that case,
substrate availability will determine the type of products made
by the enzyme in planta. On the other hand, triketide and tet-
raketide pyrones are produced by most type I1I PKSs when non-
physiological substrates are given (1). Even with physiological
substrates, most type III PKSs produce pyrones as in vitro
derailment products. For example, CHS produces bisnoryan-
gonin (a triketide pyrone) and coumaroyltriacetic acid lactone
(a tetraketide pyrone) in addition to a chalcone (33). Further-
more, type III PKS mutants often produce pyrones when their
active sites are compromised. The two PpORS mutants (A286F
and V277G/A286F) in which putative active site residues were
mutated failed to produce 2'-oxoalkylresorcinols, but still pro-
duced alkylpyrones (Fig. 5). These findings suggest that alkylpy-
rones produced by PpORS in vitro might be derailment prod-
ucts due to nonphysiological substrates or suboptimal reaction
conditions. In that case the in planta products might be very
long chain 2"-oxoalkylresorcinols.

Long chain alkylresorcinols have been found in higher plants
including gramineous cereals. They are particularly abundant
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FIGURE 7. Bayesian-inferred phylogram of type Ill PKSs. Numbers above branches are posterior probabilities, and branch lengths are proportional to
expected numbers of amino acid substitutions per site. Only those nodes with posterior probability of >95 are shown. Convergence was reached with average
S.D. of split frequencies of 0.0080 and a potential scale reduction factor of 1.001. The tree was built with E. coli B-ketoacyl-(acyl-carrier protein) synthase Ill as

outgroup. The MRCA of the plant enzymes is marked with a circle.

in the bran layer of cereal grains and are thought to exert anti-
fungal activity (19). Long chain (C,,-C,;) 2'-oxoalkylresorcin-
ols were found as minor components in wheat and rye grains
and etiolated rice seedlings (34, 35). All plant (2'-oxo)alkylres-
orcinols identified to date are extractable monomers. To the
best of our knowledge, no extractable alkylresorcinols have
been detected in mosses, and the absence of alkylresorcinols in
Sphagnum mosses is well documented (36). In A. vinelandii,
monomeric alkylresorcinols and alkylpyrones produced by
ArsB and ArsC from C,,- and C,,-CoA esters are the major
lipid components of the protective cyst coat (2). PpORS is
unique in that it produces exclusively 2’-oxoalkylresorcinols
but does not produce alkylresorcinols. In addition to presenting
an interesting mechanistic problem for future study, it might
also bear significant implications for in planta function of
PpORS because it implies important roles for the oxo group in
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the products. PpORS is expressed in gametophores, and its
expression was not largely affected either by light/dark cycle
(12) or by UV-B exposure (31). Moreover, PpORS is not
expressed in moss protonemata and protoplasts (Fig. 6). Taken
together with our failure to detect monomeric or esterified res-
orcinol derivatives from the moss gametophore extracts, these
data suggest that 2'-oxoalkylresorcinols produced by PpORS
might be constituents of gametophore-specific materials, such
as a cuticle (37) or lignin-like materials (38). The plant cuticle is
a waxy covering that protects plant from desiccation. In these
materials, chemical components could be bound, at least partly,
through alkaline-resistant linkages such as ether bonds. In this
context, it is worthwhile to note that the ASCL-produced tet-
raketide 2'-oxoalkylpyrones have been proposed to be reduced
by tetraketide a-pyrone reductases before being incorporated
into sporopollenin, a biopolymer found in the pollen and spore
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walls (39). The resultant hydroxyl group of the hydroxyalkylpy-
rones might then form ether or ester linkages in the sporopol-
lenin polymer. The oxo group in 2’-oxoalkylresorcinols might
also be reduced in a similar manner in planta.

Thr'®”, Gly**®, and Phe**® (numbering of MsCHS) that are
highly conserved in CHS and many other type III PKSs are
uniquely replaced with GIn*'%, Val*”?, and Ala®®*® in PpORS,
respectively. All three residues are situated at the opposite side
of the active site cavity from the nucleophilic Cys residue to
which the growing polyketide chain is attached during catalysis
(Fig. 4). Numerous studies have shown that Thr'®” and Gly**®
play critical roles in determining both substrate preference and
the extent of condensation reactions by controlling the size and
shape of active site cavity (reviewed in Ref. 1). For example,
substitutions of Thr*®?, Gly**°, and Ser®*® of MsCHS with the
corresponding residues found in 2-pyrone synthase were suffi-
cient to convert the T197L/G256L/S338I triple mutant of
MsCHS to a functional 2-pyrone synthase (40). However, only a
few mutational studies have been done on Phe***, which sits at
the entrance to the active site. Whereas the F233A mutant of a
bacterial type III PKS, RppA, was devoid of enzymatic activity
(41), the F265V mutant of MsCHS exhibited similar substrate
selectivity as the wild-type enzyme (42). We could not properly
access the functional role of the GIn*'® residue of PpORS
because the CHS-like substitution of the GIn*'® to a Thr appar-
ently disturbed the folding processes and made the mutant pro-
tein insoluble when produced in E. coli BL21(DE3) cells.
Replacement of Val*’” with a Gly had similar detrimental
effects on protein structure, suggesting that GIn*'® and Val*”’
are critical for proper folding and structural integrity of PpORS.
Substitution of Ala®*® with a bulky Phe had dual effects on
enzyme activity. First, the A286F mutant completely lost the
ability to form pentaketide 2’-oxoalkylresorcinols. Second, the
ability of the mutant to accept the starter substrate gradually
decreased as the chain length grew longer than C,4. Both
effects, although the former was more drastic, could be
explained by the constriction of the active site cavity by the
bulky Phe residue. The V277G/A286F double mutant exhibited
a slightly higher activity than the A286F mutant in accepting
C,,-and C,,-CoA substrates. Introducing a smaller Gly residue
in place of a Val could have expanded the active site cavity to
better accommodate very long chain substrates, but it failed to
allow the mutant to form the pentaketide product.

PKS18, NcORAS, SbARS, and OsARAS also accept long
chain fatty acyl-CoA esters as starter substrates. X-ray crystal-
lography and mutagenesis studies of PKS18 indicated that
Thr'**, Cys>°®, Ala%, 11e**°, His**!, and Cys*’® residues are
situated along the long acyl binding tunnel and crucial in
accepting the long chain acyl moiety of starter substrates (3).
The corresponding residues in PpORS are Thr'>*, Ser?'®, and
Ala?'?, Thr?®%, Leu®®®, and Ala?®®, respectively (supplemental
Fig. S1). For NcORAS, Cysmo, Thr'?!, Ser'®, Met'®°, Phe?'°,
and Ser®* were proposed to be involved in shaping the long
acyl binding tunnel (6). The corresponding residues in PpORS
are Ser'®?, Thr'®*%, Ser®'®, GIn>'%, Phe**®, and Ser®%, respec-
tively. On the other hand, for the gramineous ARSs, Tyr'*°
(numbering of SbARS1), Ala'*®, Ala®>*® (Cys in OsARAS) and
Met**®> were proposed to be important in determining their
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preference for long chain acyl-CoA substrates (4), and the cor-
responding residues in PpORS are Ser'?, Thr'®®, GIn*'®, and
Val*”” (supplemental Fig. S1). Although caution should be
taken in the absence of x-ray structures, PpORS appears to be
more similar to NcORAS than to the gramineous ARSs with
regard to the construction of the acyl binding site. This is unex-
pected because the overall sequence of PpORS is more similar
to SbARS (34% identity) than to NcORAS (20% identity).

The apparently different mechanisms for controlling sub-
strate preference in PpORS and the gramineous ARSs can be
understood when the evolutionary relationships of these
enzymes are considered. In phylogenetic trees constructed in
this (Fig. 7) and other studies (13, 31), PpORS belongs to the
basal clade along with its two moss paralogs, whereas the gra-
mineous enzymes appear to have evolved later, independently
from the PpORS lineage. In other words, PpORS and the gra-
mineous enzymes appear not to be orthologs despite their sim-
ilar activity. We searched available plant genome sequences for
putative PpORS orthologs that belong to the PpORS clade, but
were unable to find any. This suggests massive gene loss of
PpORS orthologs in tracheophyte lineages. We have previously
proposed an evolutionary scenario for the plant type III PKS
family, in which ancestral acyl-CoA utilizing type III PKS genes
have undergone repeated gene duplication-loss and functional
diversification throughout evolution (13). Taken together,
PpORS and the gramineous ARSs appear to represent an inter-
esting example of enzyme evolution in which the same func-
tions (the common use of long chain acyl-CoA starter sub-
strates and the same type of cyclization) have evolved more
than once within an enzyme family by adopting different struc-
tural strategy (different architecture of the binding sites).

In this study, PpORS was characterized to be a very long
chain 2'-oxoalkylresorcinol synthase. A unique set of putative
active site residues (GIn?'%, Val®*”?, and Ala*®*®) were identified
through structure modeling and sequence alignments. Replace-
ment of the Ala®*® with a bulky Phe affected both the cyclization
mode and the substrate preference. Expression profiling and
phytochemical studies suggested that in planta products of
PpORS might not exist in monomeric form and could be com-
ponents of a polymeric structure that is specific to nonprotone-
mal tissues, such as the cuticle. More genetic and phytochemi-
cal studies are warranted to understand how the type III PKS
family and land plants successfully co-evolved. This study rep-
resents the first step of such efforts.
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