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Role of bifunctional ammonia-lyase in grass cell
wall biosynthesis

Jaime Barros'?, Juan C. Serrani-Yarce'?, Fang Chen'?3, David Baxter!, Barney J. Venables' and
Richard A. Dixon"23*

L-Phenylalanine ammonia-lyase (PAL) is the first enzyme in the biosynthesis of phenylpropanoid-derived plant compounds
such as flavonoids, coumarins and the cell wall polymer lignin. The cell walls of grasses possess higher proportions of
syringyl (S)-rich lignins and high levels of esterified coumaric acid compared with those of dicotyledonous plants, and PAL
from grasses can also possess tyrosine ammonia-lyase (TAL) activity, the reason for which has remained unclear. Using
phylogenetic, transcriptomic and in vitro biochemical analyses, we identified a single homotetrameric bifunctional
ammonia-lyase (PTAL) among eight BAPAL enzymes in the model grass species Brachypodium distachyon. "*C isotope
labelling experiments along with BAPTAL1T-downregulation in transgenic plants showed that the TAL activity of BAPTAL1
can provide nearly half of the total lignin deposited in Brachypodium, with a preference for S-lignin and wall-bound
coumarate biosynthesis, indicating that PTAL function is linked to the characteristic features of grass cell walls.
Furthermore, isotope dilution experiments suggest that the pathways to lighin from L-phenylalanine and L-tyrosine are
distinct beyond the formation of 4-coumarate, supporting the organization of lignin synthesis enzymes in one or

more metabolons.

towards the development of terrestrial ecosystems. Ancestral

land plants had to face stresses such as ultraviolet irradiation,
desiccation and attack by soil microbial communities, which drove
key adaptations, including the emergence of specialized metabolic
pathways'2. r-Phenylalanine (1-Phe) and t-tyrosine (i-Tyr) are
aromatic amino acids used for the synthesis of proteins, and in
plants they also serve as precursors of numerous natural products
with diverse biological functions such as signal molecules, cell
wall structural components, phytoalexins, pigments and ultraviolet
protectants®. Both these aromatic amino acids are derived from
the shikimate pathway, to which more than 30% of photosyntheti-
cally fixed carbon is directed in vascular plants toward the synthesis
of the lignin biopolymer via the phenylpropanopid pathway?*.

The first step in the phenylpropanoid pathway is the deamination
of L-Phe into trans-cinnamic acid by PAL; subsequently, 4-coumaric
acid (4CA) is synthesized via the para-hydroxylation of the aromatic
ring by cinnamate-4-hydroxylase (C4H). Alternatively, 4CA can
also be formed directly from r-Tyr by TAL (Supplementary
Fig. 1). Caffeic acid is derived by further hydroxylation of 4CA on
the C3 position of the aromatic ring, a reaction now considered to
take place primarily at the level of the coumaroyl shikimate/quinate
ester’. The hydroxyl group of the caffeate moiety, either as a free
acid or a coenzyme A (CoA) ester, can be methylated to yield
ferulic acid or feruloyl-CoA, respectively (Supplementary Fig. 1).

In general, ammonia-lyases are specific for their individual sub-
strates®3. However, PTALs, common among monocots but also
found in some dicots and fungi, have the ability to deaminate
both 1-Phe and r-Tyr with similar efficiency’!2. Although both
PAL and TAL activities found in PTALs are known to reside in
the same polypeptide!?, the enzyme kinetics and subunit structures
of PTALs have not been fully studied. Moreover, the in planta role
of PTAL has been debated for many years with no firm con-
clusions'®*, PTAL-derived TAL activity in grasses provides

|_and colonization by plants in the Devonian was a key step

an alternative route to 4CA that bypasses the hydroxylation of
cinnamic acid by the membrane-bound cytochrome-P450 mono-
oxygenase C4H (Supplementary Fig. 1), but whether this is in any
way related to the composition of grass cell walls, with their high
levels of syringyl lignin units and esterified coumaric acid,
remains unclear.

Results

By using a comparative genomic approach we identified one
candidate in the Brachypodium genome (BAPTAL1 XP_003575396)
that is homologous to previously reported genes encoding PTAL
proteins (Zea mays NP_001105334, Panicum  virgatum
Pavirv00064275m and Bambusa oldhamii ADE00261) (Fig. la).
Phylogenetic analysis revealed that BAPTAL1 fell within a
monocot clade containing previously characterized PTALs, most
of them having the His residue (His 89 of Rhodobacter sphaeroides
(Rs)TAL) considered determinant for substrate selectivity to include
L-Tyr!>1¢ (Supplementary Fig. 2). BAPTALI is closely related to
seven other Brachypodium genes that appear, on the basis of
amino acid sequence, to encode mono-functional PALs
(Supplementary Table 1 and Supplementary Fig. 2)1718, Based on
peptide sequence similarity, no other genes were found in the
Brachypodium genome that could encode putative ammonia-
lyases. To find homologous PTAL genes in available grass
genomes, we used the BAPTALIL protein sequence to search the
NCBI protein database using the Basic Local Alignment Search
Tool (BLAST) with default parameters (protein-protein BLAST
Expect (E) value <107°). All proteins with a percentage identity
higher than 75% were selected and studied further. Comparative
analysis showed that rice, corn and sugarcane have six BAPTALI
orthologs, foxtail millet five, wheat and sorghum three, bamboo
and switchgrass two, and oat, barley and Brachypodium just one
(Supplementary Fig. 3). Therefore, B. distachyon is an excellent
candidate for studies on PTAL function.
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Figure 1| Phylogeny, gene expression and enzymatic activity of Brachypodium BdPALs. a, Phylogenetic tree of PTAL and PAL in plants and fungi, and TAL,
tyrosine ammonia-mutase (TAM) and histidine ammonia-lyase (HAL) in bacteria. Protein sequences were obtained from GenBank. *Previously reported
PTAL proteins; **PTAL protein characterized in the present study. b, Transcript levels of PALs in different organs of 30-days-old Brachypodium plants as
determined by gRT-PCR. ¢, PAL and TAL enzymatic activities determined in the same organ samples as indicated in b. Numbers in the top on the bars
indicate the average PAL/TAL activity ratio for each organ. Data are mean +s.e.m., n > 15 plants.
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Table 1 | Kinetic parameters of recombinant Brachypodium PALs and PTAL1 enzymes.

Substrate K,, (uM) V... (nkat mg protein™") K s K. /K., (s mM™)
L-Phenylalanine
BdPTALT 2012+ 859 71£1.75 0.56 2.8
BdPAL2 31.3£11.8 22+044 0.18 5.8
BdPAL3 439+11.2 45+0.68 0.36 82
BdPAL4 31.3+15.8 20+054 0.16 51
BdPALS 268+75 1.6+£0.24 0.13 4.9
BdPAL6 39.8+71.6 45+0.76 0.36 9.1
BdAPAL7 373+6.7 26+0.20 0.20 54
BdAPAL8 61.7+51 14.8+0.79 1.20 19.5
L-Tyrosine
BdAPTALT 11.9+1.70 0.85+£0.05 0.07 59
1-DOPA
BdAPTALI1 124.4+20.9 0.63+0.02 0.05 0.4

Enzyme kinetics determined with 500 ng of purified recombinant enzymes incubated with 100 mM Tris-HCI (pH 8.5) and a range of concentrations of L-Phe, L-Tyr or L-DOPA in a total volume of 100 pl. K., is the
Michaelis constant, V., is the maximal rate of the reaction, K is the enzyme turnover number and K.,/K_., is the catalytic efficiency. Reactions were carried out at 37 °C for 30 min and terminated by addition

of 6 N acetic acid (10 pl).

*PAL and TAL reactions were also carried out with the partially purified BAPTAL fractions from Brachypodium stem tissues (Fig. 2d) yielding K., = 266.6 +100.1and V, ., = 6.7 + 2.44 for PAL, and K =7.5 + 2.05

and V., =133+ 0.37 for TAL reactions with the native enzyme.

BAPTALI and all seven BAPAL genes are expressed under certain
conditions based on transcript data in publicly available gene
expression databases (PlaNet http://aranet.mpimp-golm.mpg.de/
index.html; Supplementary Fig. 4). However, only BdPTALI and
BAPAL2 showed substantial expression in all tissues examined
(Supplementary Fig. 4), and this was further confirmed by quanti-
tative PCR with reverse transcription (qRT-PCR analysis)
(Fig. 1b), consistent with previous studies!®. Transcript levels for
BAPTALI (presumed bifunctional) and BAPAL2 (presumed mono-
functional) were higher in lignified tissues (roots and stem) than in
less lignified tissues (leaves or spikelet) (Fig. 1b). TAL enzymatic
activity was higher in extracts from lignified tissues (roots and
stem) than in leaves (Fig. 1c), and the PAL/TAL ratio was higher
in mature leaves (21-fold) and spikelets (10-fold) than in lignified
tissues such as roots and stems (both by approximately 4-fold)
(Fig. 1c), suggesting that TAL could contribute to lignification in
vascular tissues.

All eight Brachypodium ammonia-lyases were expressed as
His-tagged fusion proteins in Escherichia coli (Supplementary Fig. 5).
All recombinant proteins showed PAL activity, but only BAPTAL1
was a PTAL enzyme with additional TAL activity (Table 1). The
Michaelis constant, K, value of BAPTAL1 toward r-Phe was
201 uM (the highest value among all BAPALs), whereas the K,
value of BAPTAL1 towards L-Tyr was 17 times lower than that
towards L-Phe, indicating a much higher affinity for 1-Tyr than
for 1-Phe. The catalytic efficiency (K_,/K,,) of BAPTALI was 2-
fold higher towards L-Tyr than towards r-Phe, the former value
being similar to that of the monofunctional and highly expressed
BAPAL2 towards 1-Phe, and the kinetics of the recombinant
BAPTAL1 were similar to those of the purified native enzyme
(Table 1). These results indicate that L-Tyr is the preferred substrate
of BAPTALL. This preference was further addressed by assays in the
presence of mixed substrates. The TAL activity of BAIPTAL1 was
high even at low concentrations of 1-Tyr (30-50 uM) and with a
L-Phe concentration of 250 uM (Supplementary Fig. 6a, left), and
was maintained at concentrations of L-Phe approaching 500 uM
and constant 1-Tyr concentration of 50 uM (Supplementary
Fig. 6a, right). Increasing the concentration of L-Tyr in PAL activity
assays or L-Phe in TAL activity assays decreased both K and
the maximal rate of reaction, V, . (Supplementary Table 2 and
Supplementary Fig. 6b). The observed rates of product formation
for BAPTALI1 in the presence of both substrates closely matched
those predicted by the single-site model (Supplementary Fig. 6¢),
which is consistent with a previous study'® suggesting that PAL
and TAL activities share the same active centre. Cinnamic acid
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inhibited the TAL activity of BAPTALI, and the PAL activity of
both bifunctional and monofunctional PALs (BAPTAL1 and
BdPAL2); however, 4CA inhibited both PAL and TAL activities of
BdAPTAL1 but had no impact on PAL activity of monofunctional
BdPALs (Supplementary Fig. 7). Together these results support
the contention that grass PTALs are efficient TAL enzymes that
will preferentially deaminate L-Tyr in vivo. Interestingly, BAPTAL1
also exhibits ammonia-lyase activity (LAL) against the a-amino-acid
L-DOPA (3,4-dihydroxyphenylalanine, also known as levodopa), to
form caffeic acid. This reaction could theoretically provide for an
alternative pathway to the caffeate moiety that would bypass the reac-
tions that take place at the shikimate ester level, and requires use of one
less molecule of ATP (Supplementary Fig. 1). However, although the
V. ax Values for deamination of L-Tyr and L-DOPA were similar, the
keat/K,,, value of the recombinant BAPTAL] towards L-DOPA was
seven times lower than the value for L-Phe and 15 times lower than
the value for L-Tyr (Table 1 and Supplementary Fig. 8a). Subcellular
fractionation showed that all PAL, TAL and LAL enzymatic activities
were mainly detected in the cytosolic fraction, with residual activity in
the plastid/microsomal fraction (Supplementary Fig. 8b).

Previous studies have indicated the potential for PAL to exist in
heterotetrameric forms??!, The association of BAPTALI subunits
with other BAPAL subunits would considerably complicate the
assessment of the function of TAL. The subunit composition of
BAPTALI1 protein(s) was therefore determined. The recombinant
BdPTAL1 subunit migrated on SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel with an apparent molecular mass of
77 kDa (Fig. 2a, left and Supplementary Fig. 5). Using gel filtration
chromatography on Toyopearl HW-55S resin, the molecular mass
of native Brachypodium stem PTALI1 was estimated to be about
290 kDa (Fig. 2a, right), indicating that native BAPTALLI exists as
a tetramer. To determine if native Brachypodium stem PTAL1 is a
homo- or heterotetramer, we subjected crude enzyme extracts
from stems to sequential purification by ammonium sulfate
fractionation, gel filtration and anion exchange chromatography
(Fig. 2b-d; Supplementary Table 3). Monofunctional PAL activity
was observed in the 0-40% ammonium sulfate fractions whereas
later fractions (40-80%) showed both PAL and TAL activities
(Fig. 2b), indicating the coexistence of monofunctional PALs and
bifunctional PTAL in Brachypodium, with lower solubility of the
former. The 30-40%, 40-50% and 50-60% ammonium sulfate
fractions were loaded on the gel filtration column (Fig. 2¢) and
the fraction with highest TAL activity (peak 6 from the 50-60%
fraction) was subsequently loaded on a MonoQ HR 5/5 anion
exchange column (Fig. 2d). PTAL activity was eluted between
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Figure 2 | Purification of the native PTAL enzyme from Brachypodium stem tissue. a, Subunit molecular mass of recombinant BdPTAL1 determined by 10%
SDS-PAGE (left) and molecular mass of native BAPTALT from stem extracts determined by gel filtration chromatography on Toyopearl HW-55S (right).

b, PAL and TAL enzymatic activities in different ammonium sulfate fractions prepared from a crude stem protein extract. Numbers represent the PAL/TAL
ratios. ¢, Enzymatic activities and fast protein liquid chromatography (FPLC) profile obtained from the different ammonium sulfate fractions (30-40%,
40-50% and 50-60%) purified by gel filtration (Toyopearl HW-55S). Peaks observed in the FPLC profile were combined and PAL and TAL activities
determined in fractions from 1 to 6. d, Enzymatic activities and FPLC profile obtained from the 50-60% ammonium sulfate fraction purified using a MonoQ
HR5/5 column. The fraction #6 with higher TAL activity obtained from ¢ was loaded in the ion exchange column for further purification and subjected to
protein identification with ESI-MS/MS. Fractions collected for determination of the protein subunit composition are indicated as grey shaded areas (see also

Supplementary Table 3). Data presented in bar charts are mean £s.e.m., n=3.

30% and 35% NaCl and the overall PAL/TAL ratio in the purified
fractions (grey shaded area in Fig. 2d) was 2.9 +0.5, compared
with 39+0.1 for recombinant BAPTALI (Supplementary
Table 4), indicating that expression of recombinant enzyme
in vitro had a negative impact on the relative TAL activity. The
purified Brachypodium stem PTAL protein was subjected to SDS-
PAGE followed by protein sequencing, in parallel with recombinant
BAPTALI as control. The 20 peptides found matched the sequence
of BAPTALL, covered about 35% of the sequence and were all found
in the recombinant purified BAPTAL1 with none being BdPAL-
specific (Supplementary Table 4), indicating that BAPTAL1 forms
homotetramers in vivo.

Previous literature!>!*> supports the participation of PTAL in
phenylpropanoid biosynthesis. To further investigate PTAL func-
tion, we performed isotopic tracing of phenylpropanoid biosyn-
thesis using '>C, labelled precursors (Fig. 3), and also generated
BAPTALI RNA interference (RNAi) lines of Brachypodium
distachyon to study the impact of disruption of PTAL expression
on cell wall lignification (Fig. 4). We first grew Brachypodium
plants on media containing either >C,-labelled 1-Phe or L-Tyr, har-
vested them at 10 and 30 days after germination and analysed their

4

lignin compositions by thioacidolysis gas chromatography mass
spectrometry (GC-MS). Fifteen-day-old Arabidopsis plants were
used for comparison. The extent of labelling of the rL-Phe and
L-Tyr pools was similar (around 35%) and not affected by the co-
application of 4CA or cinnamic acid (Supplementary Fig. 9a, left).
Following mass spectrometry, unlabelled thioacidolysis products
of H, G and S monolignols were detected at m/z 239, 269 and
299, respectively, and labelled units were identified at increased mol-
ecular mass of [M+7] =246, 276 and 306, respectively, as would be
predicted from incorporation of nine labelled carbons followed by
loss of two carbons during mass spectrometry fragmentation
(Supplementary Fig. 10). Only the plants fed with labelled precur-
sors exhibited M+7 monolignol-derived fragmentation products
and, consistent with their degree of lignification and the method
of label application, label incorporation into monolignol units was
better in roots than in stems (Fig. 3a). Incorporation of label was
similar in 10-day-old plantlets and 30-day-old plants (Fig. 3a).
L-Phe was preferentially incorporated into the H-units of lignin in
root tissues at both developmental stages, whereas L-Tyr was some-
what better incorporated into the S-units. As expected, based on the
lack of TAL activity, 15-day-old Arabidopsis roots incorporated only
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Figure 3 | Labelling of Brachypodium seedlings with Cy-L-Phe and ">Cy-L-Tyr. a, Percentage of "C label incorporated into lignin in root and stem tissues of
Brachypodium and Arabidopsis plants grown on media containing either 13Cg—labelled 1-Phe or (-Tyr for 10, 15 or 30 days as indicated. In the lower panel, the
percentage values refer to the labelled percentage of the individual lignin monomers. b, Estimation of lignin composition derived from 1-Phe and L-Tyr based
on the above labelling experiments for Brachypodium stem tissues grown on media containing labelled substrates for 30 days. ¢, Percentage incorporation of
labelled precursors into cell wall-esterified phenolic acids released from lignin and hemicellulose with 1M NaOH in root tissues of Brachypodium plants fed
with labelled 1-Phe or L-Tyr for 30 days. The asterisks indicate significant differences at the *p <0.05 and **p < 0.01 levels; unpaired two-sided t-test. Data

are represented as mean s.em., n>20 plants.

L-Phe into lignin (Fig. 3a, lower panel). Considering the above label-
ling experiments for Brachypodium stems grown on media containing
labelled substrates for 30 days, and the proportional abundance of
each lignin monomer determined in wild-type plants (see Fig. 4b,
right), we estimate that 100 mg of lignin from B. distachyon stem
tissues contain on average 4 mg of H-units (3 mg synthesized from
L-Phe and 1 mg from L-Tyr), 41 mg of G-units (24 mg derived from
L-Phe and 17 mg from 1-Tyr) and 55 mg of S-units (27 mg derived
from 1-Phe and 28 mg from 1-Tyr) (Fig. 3b). It should be noted
that these values are based on thioacidolysis yields, which reflect the
proportion of lignin units that are joined by the majority p-O-4 lin-
kages. Thus, whereas dicot plants synthesize all their lignin monomers
from 1-Phe, the TAL activity of PTAL can provide nearly half of the
lignin monomers observed in grasses, with a slight preference for
S-monolignol biosynthesis.

Unlike dicots, grasses contain significant amounts of esterified
4CA and ferulate in their cell walls?>?3, '>Cgy-label was also detected
in these molecules, with significantly better incorporation of r-Tyr
into 4CA than into ferulate (Fig. 3c). Isotope dilution/inhibitor
assays were performed to further examine the pathways of mono-
lignol biosynthesis in Brachypodium (Supplementary Fig. 9).
Addition of cinnamic acid in the medium at 100 uM completely
blocked incorporation of label from L-Phe into lignin, but only
partially inhibited incorporation of 1-Tyr (Supplementary Fig. 9b),
consistent with both or either enzyme inhibition and/or isotope

NATURE PLANTS | www.nature.com/natureplants

dilution of the cinnamic acid pool, since PAL and TAL activities
of mono- and bifunctional BAP(T)ALs are equally inhibited by cin-
namic acid (Supplementary Fig. 5¢). However, 4CA (500 uM) only
significantly inhibited incorporation of label from r-Tyr; this com-
pound inhibits both PAL and TAL activities of BAPTAL1 but
does not inhibit BAPALs (Supplementary Fig. 5c). Importantly,
this observation indicates that unlabelled 4CA does not dilute the
pool of labelled 4CA derived from r-Phe, whereas it may dilute
the pool derived from L-Tyr. Growth of plants in the presence of cin-
namic acid (to reduce flux from L-Phe) resulted in increased lignin
S/G ratios, whereas plants grown in the presence of 4CA (to reduce
flux from r-Tyr) resulted in reduced levels of S-units in lignin
(Supplementary Fig. 9¢c), as well as favouring the incorporation of
L-Phe into wall-bound ferulate and reducing the incorporation of
L-Tyr into wall-bound 4CA (Supplementary Fig. 9d). Taken
together, these experiments provide support for distinct metabolic
pools (of 4CA and possibly other upstream metabolites) associated
with the PAL and TAL pathways.

To provide genetic evidence to confirm the conclusions of the
above labelling studies, BAPTALI expression was downregulated
using an RNAi strategy with the silencing RNA under the control
of the ZmUbil promoter that is expressed in most tissue types
during most stages of grass development?®. BAPTALIi plants
showed a wild-type visual phenotype without developmental
abnormalities (Fig. 4a), although plants in which both BAPTALL1

5
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Figure 4 | Phenotype and lignin characteristics of Brachypodium PTALT RNA. lines. a, Fully grown wild-type and BdPTALTi (line #25) Brachypodium plants.
b, PAL/TAL activity ratio and lignin levels and composition determined by thioacidolysis for three controls and seven independent lines: BAPTALTi-3, 9, 12,
22, 25, 26 and 27 (see Supplementary Fig. 11 for more details). ¢, Transverse stem sections of Brachypodium BdPTALTi (line #25) and corresponding
wild-type plant. Maule staining (lower panels) and lignin ultraviolet autofluorescence (upper panels). Scale bar, 200 um. d, Simple linear correlation and
adjusted equation between extractable PAL/TAL activity ratios and lignin S/G ratio for the same plants as indicated in b. e, Levels of cell wall-bound
phenolics (FA, ferulate and 4CA, 4-coumarate) for the same plants as indicated in b. **p < 0.01; *p < 0.05; unpaired two-sided t-test. Error bars represent

s.em., n=7 plants.

and BAPAL2 were downregulated have been reported to exhibit
altered flowering time and root growth'®. BIPTALI transcript levels
analysed by qRT-PCR were on average reduced to 30% of wild
type, with the reduction in some lines being as much as to 6% of
wild type; however, many transgenic lines also showed some downre-
gulation of monofunctional BAPAL transcript levels (Supplementary
Fig. 11a). We selected seven BAPTALI downregulated lines with the
lowest levels of PAL gene downregulation (Supplementary Fig. 11a),
and confirmed the biochemical phenotypes by measurement of
overall PAL and TAL activities in crude protein extracts, lignin
monomer composition, and levels of wall-bound coumaric and
ferulic acids (Supplementary Fig. 11b). Increased PAL/TAL ratio of
the BAPTALG lines led to a 43% reduction in thioacidolysis-quantified
lignin monomer units due to a predominant reduction in S-unit
deposition (Fig. 4b). Analysis of transverse sections of BAPTALIi
stems revealed reduced autofluorescence and less intense and
altered Maule staining in vessels and fibres, indicative of reduced
lignin content and fewer S-units (Fig. 4c). The S/G ratio was strongly
correlated with the PAL/TAL ratio (R* = 0.92) in the seven BAPTALi
lines analysed (Fig. 4d), and the fraction of cell wall bound 4CA
released by alkaline hydrolysis was reduced by 26% in the
BdPTALIi plants compared with wild-type controls (Fig. 4e). Four
independent lines with the PAL expression levels upregulated or
unchanged (lines #9, 22, 25 and 27, Supplementary Fig. 11a) were
selected for subsequent metabolic profiling using liquid chromato-
graphy mass spectrometry. Principal component analysis revealed a
clear differentiation of BAPTALIi lines from wild-type controls
(Supplementary Fig. 12a). Levels of soluble 4CA and some flavonoids

6

were reduced in BAPTALIi lines, whereas ferulate, chlorogenic acid
(CGA) and quinic acid levels were increased by >1.5-, 2- and
4-fold, respectively (Supplementary Fig. 12b). We believe that the
above effects on S/G ratio and metabolite levels are due to the
change in PAL/TAL ratio as a result of reduction in TAL activity,
rather than reduction of the associated PAL activity of bi-functional
PTAL, because the kinetic properties of the enzyme suggest that it
is unlikely to function as a PAL in vivo. We therefore conclude that
BdPTALL is preferentially involved in the biosynthesis of S-units
and wall bound 4CA in planta, but is not preferentially involved in
the biosynthesis of chlorogenic acid.

Discussion

The reason why grasses have retained the capacity for tyrosine
deamination through their possession of TALs is an unresolved
question in plant biochemistry. We have now addressed the role
of bifunctional ammonia-lyase in phenylpropanoid biosynthesis in
the model grass Brachypodium distachyon. Although only one of
the eight genes annotated as a BAPAL in B. distachyon encodes a
bifunctional PAL/TAL, and PAL activity is significantly higher
than TAL activity in both crude extracts and as computed from
kinetic values for the eight recombinant enzymes, L-Tyr is nearly
as efficiently incorporated into lignin as is L-Phe. Compared to
L-Phe, 1-Tyr is preferentially incorporated into the S-units of lignin,
as well as into cell wall bound 4CA. These findings indicate that
grass PTALs contribute significantly to the special characteristics of
grass cell walls (Fig. 5), but do not yet explain exactly how this
occurs. Several mechanisms are possible. For example, our labelling
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studies suggest that the pathway to lignin and wall bound 4CA from
L-Tyr is distinct from the formation of these compounds via L-Phe,
raising the question of whether the parallel pathways feature distinct
enzymatic activities or common enzymes in different metabolic
channels. The major cell biological distinction between the
formation of 4CA from r-Phe or 1-Tyr is the fact that the 4CA
formed via 1-Phe is generated by C4H, a cytochrome P450
enzyme that is bound to the outer face of the endoplasmic reticulum
where it has been proposed to function in the assembly of a meta-
bolic channel for monolignol synthesis?®*~?’, and possibly additional
channels leading to the formation of other classes of phenylpropanoid-
derived compounds such as flavonoids®. The presence of such
channels in Brachypodium is suggested by the inability of exogen-
ously supplied 4CA to dilute incorporation of label from r-Phe,
but not from 1-Tyr, into lignin. 4CA formed directly from r-Tyr
by the activity of TAL may avoid entry into such channels. The
question then arises as to whether the subsequent reactions in the
lignin pathway from 4CA derived from r-Tyr are identical to
those involved in the conversion of 4CA derived from 1-Phe. It
seems unlikely that these reactions would be divergent beyond the
formation of coniferaldehyde. However, the effects of PAL/TAL
ratio on lignin S/G ratio could theoretically reflect kinetic effects
at the branch point between G and S lignin synthesis. The potential
for parallel pathways is currently being addressed by genetic loss of
function experiments. The distinctive role of PTAL might also be
associated with differential cell type-specific expression and/or
differential availabilities of L-Phe and -Tyr.

According to the currently favoured pathway to monolignols®,
the formation of caffeic acid from L-Phe involves six enzymatic
steps, catalysed by PAL, C4H, 4-coumarate:CoA ligase (4CL),
hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl transferase
(HCT), coumaroyl shikimate 3’-hydroxylase (C3'H) and caffeoyl
shikimate esterase (CSE). Theoretically, this pathway could be sim-
plified to a two-step pathway from L-Tyr through the action of a
tyrosine hydroxylase to generate DOPA, and, as demonstrated in
the present work, LAL to convert DOPA to caffeic acid, with the
LAL activity being a property of PTALI. Direct evidence for such
a pathway is currently lacking, because tyrosine hydroxylase activity
is found in plants of the order Caryophyllales, where it is involved in
the synthesis of betalain pigments®’, but has yet to be reported from
grasses, and labelling studies with L-DOPA are problematic because
of the toxicity and ready oxidation of the compound. Genetics-
based investigations into the possible operation of this alternative
pathway in Brachypodium are ongoing.

Metabolic profiling of BAPTALI downregulated plants also
revealed reductions in the pools of several flavone and flavonol
derivatives, indicating that the TAL pathway also provides substrates
for flavonoid biosynthesis. This pathway diverges from monolignol
synthesis at the level of coumaroyl CoA. Further labelling studies
will be necessary to determine whether there are differential roles
for PAL and PTAL in flavonoid biosynthesis. The position of PTAL
at the interface of primary and secondary metabolism suggests that
manipulation of PTAL in grasses might also impact primary meta-
bolism, as observed here by the increased levels of quinic acid
(and its ester chlorogenic acid) in BAPTAL1 downregulated plants.

Methods

Phylogenetic analysis. Amino acid multiple sequence alignments were created using
Geneious 8.0.4 software (Biomatters Ltd) with default settings and are presented in
Supplementary Fig. 2. The phylogenetic tree was built by Geneious Pro 5.5.6 with
PHYML plugin®"*, that uses a maximum likelihood algorithm, as described in
Supplementary Methods.

Plant material and growth conditions. B. distachyon community standard inbred
line Bd21-3 was grown under a 16-h light/8-h dark photoperiod at 100 uE m™> 5" at
22°C and harvested at 30 d after germination to prepare protein crude extracts from

the different plant organs.
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RNA isolation and qRT-PCR. RNA isolation and determination of transcript levels
by qQRT-PCR are described in Supplementary Materials.

Expression and purification of recombinant BAPALs. Full length complementary
DNA sequences found in the NCBI public database were used for primer design to
clone target genes. cDNA synthesis is described in Supplementary Materials. Open
reading frames were amplified by PCR using Phusion High-Fidelity DNA
polymerase (New England Biolabs), and cloned into the expression vector pDEST17
using the Gateway technology (Invitrogen). The primers used for cloning are listed
in Supplementary Table 6. Plasmids were isolated using the QIAprep DNA
Purification Kit (Qiagen), and their insert cDNAs were sequenced in both directions
for verification. LR reactions were performed using BdPALs cloned into the
pENTR/D-TOPO vector with pDEST17 (Invitrogen), which provides a 6x Histidine
tag at the N terminus of the expressed target gene to facilitate protein purification,
as described in Supplementary Methods.

Enzyme assays. PAL and TAL activities were assayed by measuring trans-cinnamic
acid and p-coumaric acid formation by HPLC as previously reported® with some
modifications, as described in Supplementary Methods.

Electrophoresis. The molecular mass of the single BAPTAL] monomer subunit was
determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis as described
in Supplementary Methods. After purification of native Brachypodium PTALI protein
from plant stems (see below), the molecular mass of the multimer was estimated by gel
filtration chromatography, as described in Supplementary Methods.

Purification of native BAPTALI1 protein. BAPTAL1 was purified from mature stem
tissues by a combination of ammonium sulfate precipitation, gel filtration and ion
exchange chromatography as described in Supplementary Methods.

Protein identification with electrospray ionization tandem mass spectrometry
(ESI-MS)/MS. The pure BAPTALI enzyme preparation from stems was subjected to
electrophoresis and the gel stained with Coomassie Brilliant Blue R-250. The main
protein band was excised for in-gel digestion®* and peptide mass mapping as
described in Supplementary Methods.

Plant transformation. Generation of a BIPTAL1 RNAI construct targeting the
Brachypodium Bd3g49250.2 gene transcript and transformation with this construct
are described in Supplementary Methods.

Measurement of lignin content and composition. Cell wall residues were prepared
by sequentially extracting Brachypodium stems with chloroform/methanol (1:1),
100% methanol, 50% methanol and water for three times each at room temperature.
Fifteen milligrammes of lyophilized samples were used for lignin analysis. Total
lignin content and monomer composition were determined by thioacidolysis
followed by GC-MS as previously described.

Determination of incorporation of '*C into amino acids, lignin and
hydroxycinnamates. For the labelling experiments, Brachypodium and Arabidopsis
plants were grown in culture tubes containing 1x Murashige and Skoog salt mixture,
3% sucrose (pH 5.8) in 0.5% Phytagel fed with 0.1 mM Cy-1-Tyr and "*C,-1-Phe
(Cambridge Isotope Laboratories) under continuous light conditions and harvested
at 10, 15 and 30 days after germination as indicated in the figures. Experiments using
unlabelled lignin precursors were conducted in parallel. The plants were separated
into root, stem and leaf fractions which were stored at -80 °C until use. The
percentage of label incorporated into each compound was calculated as:

%"*C incorporated = peak area labelled/
(peak area labelled + peak area unlabelled) x 100.

To determine how much of the total pool size of precursors was labelled
(Supplementary Fig. 7a), the amino acids L-Phe and 1-Tyr in the polar extracts were
measured by GC-MS as previously described®. Peak areas of the thioacidolysis
products of lignin (H-, G- and S-units) were identified as indicated above, and the
incorporation into total lignin was estimated using the sum of the three individual
peak areas. The methods used for identification of the cell wall-bound
hydroxycinnamates ferulate and 4-coumarate are described below.

Microscopy. Stems from fully grown but still green plants (Brachypodium: 16-h
light/8-h dark photoperiod at 22 °C harvested at 35 days after germination;
Arabidopsis: 9-h light/15-h dark at 22 °C for eight weeks, followed by 16-h light/8-h
dark, 22 °C for four weeks) were cut and the bottom 2 cm was embedded in 7%
agarose. Slices (100 um thick) were cut with a Vibratome (Campden Instruments,
UK) and Miule stained as previously reported®” with slight modifications as
described in Supplementary Methods.

Quantification of cell wall bound and soluble phenolics. Wild-type and BAPTALI-

RNAI plants (n =4) were grown and stems harvested as described above. Twenty
milligrammes of extractive-free cell wall residues were used for analysis of esterified
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cell wall-bound phenolics using low-temperature alkaline hydrolysis (2 M NaOH,
37°C, 5 h)*, as described in Supplementary Methods. For determination of soluble
phenolics, 10 mg of powdered plant material was homogenized and extracted in

1 ml of 80% methanol containing 0.018 mg ml™" umbelliferone (internal standard)
at room temperature for 2 h on an orbital shaker. After centrifugation, 5 pl of
supernatant was analysed by ultra performance liquid chromatography coupled to
both photodiode array and mass spectrometry detection. Mass spectra were acquired
in the negative electrospray ionization mode on a hybrid quadrupole time-of-flight
mass spectrometer as previously described®”. Principal component analysis was
performed in XLSTAT (Addinsoft).

Statistical analyses. Asterisks on tables and tops of bars indicate values that were
determined by Student’s t-test (Microsoft Office Excel 2007) to be significantly
different from the equivalent controls (¥, **, ***, indicate p < 0.05, 0.01 and
0.001, respectively).

Accession codes. Genbank. The accession numbers for the Brachypodium PTAL and
PAL sequences mentioned in this article are as follows: BIPTALI, XM_003575348.1,
Bradi3g49250.2; BdPAL2, XM_003575352.1, Bradi3g49260; BAPAL3,
XM_003575355.1, Bradi3g49270.1; BdPAL4, XM_003575356.1, Bradi3g49280.1;
BdPAL5, XM_003575317.1, Bradi3g48840.1; BAPAL6, XM_003575190.1,
Bradi3g47110.1; BdPAL7, XM_003575192.1, Bradi3g47120.1; BAPALS,
XM_003580096.1, Bradi5g15830.1.
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