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Abstract: Plant dirigent proteins (DIRs) control the stereo-selectivity
of the monolignol coniferyl alcohol radical coupling reaction. The main
mechanistic hypothesis on this chemo- and stereo-selective reaction
invokes a binding of coniferyl alcohol radical substrates in the dirigent

protein active site so that only one enantiomeric form can be produced.

Here, the influence of the Arabidopsis thaliana AtDIR6 protein on the
transient coniferyl alcohol radical is studied by EPR. We show that
AtDIR6 stabilizes coniferyl alcohol radicals prior to directing their
coupling towards the formation of (-)-pinoresinol.

Introduction

Coniferyl, p-coumaryl and sinapyl alcohols belong to the
monolignol family of plant secondary metabolites (Scheme 1).
Monolignols are building blocks for the biosynthesis of natural
product such as lignans and neo-lignans':2 as well as
precursors in lignin biosynthesis.?
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Scheme 1. Scheme 1: Monolignols, lignans and neo-lignans. A: Chemical
structure of main monolignols; B: resonance mesomers of the coniferyl radical
(CA*) produced upon oxidation; C: chemical structure of the initial dimers
obtained from coniferyl alcohol oxidation.

In lignan biosynthesis it is generally accepted that the initial
oxidation step is performed by an oxidative enzyme such as

laccase or peroxidase that generates a resonance stabilized
4-vinylphenoxyl radical.* In the case of coniferyl alcohol (CA)
the radical (CA") dimerises to form pinoresinol (PINO),
dehydrodiconiferyl alcohol (DHCA) and erythro/threo
guiacylglycerol (GUA) dimers (Scheme 1 C). In vitro, each of
the above mentioned dimers is produced in a racemic form. In
1997, Lewis and co-workers have identified in the higher plant
Forsythia intermedia a protein factor apparently devoid of
oxidative centre capable of influencing the fate of the
bimolecular phenoxy radical coupling reaction in leading to the
exclusive formation of (+)-pinoresinol.5 This protein factor has
been named Dirigent Protein (DIR). Following the discovery of
the dirigent protein FiDIR1 from F. intermedia an enantio-
complementary DIR AfDIRG6 leading to the formation of the (-
)-pinoresinol has been identified in Arabidospis thaliana.?>® 2>
Since their initial description, many genes potentially encoding
stereo-selective PINO-forming proteins have been reported in
different plant genomes.58, 7 Additionally, beyond the
biosynthesis of pinoresinol a case of DIR activity has been
described for a cotton protein conferring atropo-selectivity in
the formation of gossypol (a plant defence compound).8%10
Recently, evidences for proteins in the dirigent family
functioning as part of the machinery that builds extracellular
lignin-based structures have been obtained."" The discovery
of DIRs has immediately led to a questioning about a protein-
promoted radical coupling mechanism. It has been proposed
that CA" rather than the coniferyl alcohol itself is the true
substrate of DIRs. This hypothesis results essentially from two
observations: i) the ee of PINO depends both on DIR
concentration and on the oxidation rate of the CA (equivalent
to the apparent concentration of the CA" at steady state), and
ii) the respective affinities of FIDIR1 for CA (Ky = 370 10% M)
and its radical (Ky = 10 10° M) evaluated from a kinetic model
in which the DIR-mediated coupling of CA" competes with
uncontrolled coupling. '?> Crystal structures of two enantio-
complementary DIRs, i.e, (+)-pinoresinol-forming pea
DRR206 and (-)-pinoresinol forming AtDIR6, have been
recently obtained.'®:'* The overall structure of both DIRs
consists in an homo-trimer of a p-barrel unit in which a
potential binding pocket clustering residues important for the
selectivity has been identified. To illustrate the proposed
DIR/CA" interaction in the mediated stereoselective coupling
manual docking has been used to fit properly oriented radical
molecules.'® * However, so far there has been no direct
experimental evidence revealing the interaction between a
DIR protein and a radical.

Electron Paramagnetic Resonance (EPR) is clearly the
technique of choice for the direct observation of a radical. A



signal of CA" obtained from UV irradiation (310 nm) of the
coniferyl alcohol has been observed by low-temperature EPR
in the mid-seventies.'® From this study, it comes that the
unpaired electron is delocalized over the entire molecule and
that the half-life of the radical is approximately 10 s at 223K.
Therefore, one can easily predict a life time too short to enable
a direct observation of a CA" at room temperature unless an
external component stabilizes it through supramolecular
interactions as observed with inorganic porous materials such
as silicas or zeolites.'®'” Here, we investigated the potential
of the (-)-pinoresinol forming dirigent protein A{DIR6 in the
stabilization of the coniferyl radical. CA/A{DIR6 relationships
were examined by X-band EPR at room temperature after
generating phenoxyl radicals in situ (i.e. in the EPR cavity).
Our results clearly evidence an increase of the life time (i. e. a
stabilization) of a phenoxyl radical in the presence of the
dirigent protein.

Results and discussion

The demonstration of the dirigent activity of DIRs has
required the use of a chemical (e.g. ammonium persulfate) or
an enzymatic (e.g. laccase) oxidant.® In order to simplify the
study, we decided to replace the oxidative part of the system
by a simple UV light irradiation (in fact an unfiltered white light)
which sheuld provide as well a clean formation of phenoxyl
radicals.'® This approach enables to minimize the number of
paramagnetic species and to control the triggering of the
process in the EPR cavity.
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Scheme 2: radicals from the irradiation of an aqueous solution of CA. In grey
minor contributors to the EPR signal.

UV light being a relatively high energetic source, we first
verified if under our experimental conditions the light source
would generate a radical onto the AfDIR6 protein itself. Under
continuous white light (200 W, 200<A<800 nm) irradiation of
the cavity of the EPR spectrometer no signal was observed
for a sample of AfDIR6. Therefore, under these conditions the
light source is not generating any detectable radical onto the
protein. In order to assess the formation of a CA" under
irradiation of a CA solution, preliminary spin trapping
experiments were performed with 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) which, contrary to spin-traps used in previous
studies,'® '8 traps efficiently both carbon- and oxygen-
centered radicals. After 10 min irradiation, examination of the
EPR spectrum revealed only the addition of carbon centered-
radicals onto DMPO (HFC ay = 21.1 and 24.3 G) which
confirms the radical delocalization on the vinyl moiety (see
Figure SI1). This result is in agreement with previous
theoretical calculations supporting a radical delocalization on
the whole CA molecule.* Because of its fugacious character,
no signal of a phenoxyl radical should be directly observable
at room temperature during the constant UV-irradiation of an
aqueous solution of CA.'S However, irradiation of a CA
solution at 100% of the light power eventually generated a
broad EPR feature (g = 2.005) corresponding to signals of a

mixture of radicals in different environments typical of
unterminated branched phenolic polymers.'® In order to avoid
masking a potentially resolved signal of a stabilized CA", the
light power was adjusted until the complete disappearance of
the broad signal. This was obtained with a light power set at
20% of the nominal power of the light source. As set, no signal
of a radical is observable from a CA solution under constant
UV-irradiation at room temperature (Fig. 1 dotted blue line).
To the contrary, when CA and AfDIR6 were mixed and photo
irradiated together a signal centered at g = 2.004 (peak to
peak signal width 11 G) typical for a phenoxyl radical 15 17. 20
was recorded (Fig. 1 solid blue line). Moreover, both the shape
and the g value of this signal are similar to those we observed
for a photo generated coniferyl alcohol radical adsorbed on
SBA-15 silica after 10 min of irradiation (see Figure SI2). The
signal of the radical obtained in the presence of A{DIR6
appears therefore consistent with that of a coniferyl alcohol
radical. The fact that the intensity of the signal increased as
the initial amount of coniferyl alcohol increased supports
further the conclusion that the observed radical arises from
CA. The signal of a CA" arose as light was turned on and faded
away rapidly within the time scale of few scans with a ti
estimated around 2 min. The amplitude and the limited
persistence of the signal can be interpreted as consequences
of the evolution of a CA" which although stabilized is still
capable of reacting eventually forming dimers and further
oligomers. Possibilities of formation of radicals generated by
irradiation in relation to different reaction conditions (i.e. light
power, presence or absence of DIR) are summarized in Scheme
2.
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Figure 1: Room temperature EPR spectra of coniferyl alcohol and AtDIR6 under
continuous photo-irradiation. Deoxygenated acetate buffered (100 10° M pH
5.5) 0.75 10 M (dashed blue line) or 1.6 10 M (solid black line) solutions of
CA in the presence of 0.5 10 M AtDIR6. Controls: 1.6 10 M of CA (dotted blue
line); 0.35 10° M AIDIR6 (solid green line). Irradiation conditions: white light
(200<1<800 nm) lamp 200 W, 20% of nominal power. Microwave Power :
0.6325 mW; Modulation amplitude: 1 G ; Receiver Gain : 90 dB.
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Working with a lower concentration of AfDIR6 (0.1 10-3M) led
to a modest decrease of the CA® signal intensity (Fig. SIXX).
In order to further study the dependence on DIR for the
detection of a CA* we photo-irradiated a CA mixture containing
lysozyme (0.5 10 M in acetate buffer pH 5.5) instead of
AIDIRG in a control experiment. In these conditions, no signal
was observed thus confirming the specific role of the DIR in
the stabilization of the coniferyl alcohol radical. Eventually, CA
was replaced by sinapyl alcohol (Scheme 1) on which DIRs
are known to have no control.”- %8 As no significant EPR signal



was observed (Fig. SI3) we conclude on the specificity of
AfDIRG for the stabilization of the CA". Altogether, our results
represent the first direct experimental evidence of a
stabilization of a phenoxyl radical by a DIR.

Figure 2: Separation of coniferyl alcohol dimerization products by HPLC.
Oxidation of CA under irradiation (UV light) in the absence (red trace) or
presence (black trace) of AtDIR6 (conditions are those of Fig. 1). BEN =

0.8
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benzophenone (internal reference); PINO: pinoresinol standard (dotted grey
trace overlay); A detect 280 nm.

All along this study, the oxidative enzymatic reaction was
replaced by a photochemical homolysis of the O-H phenolic
bond so it remained to control that the fate of the reaction in
the presence of DIR was the very same as in a biocatalysis
experiment. Thus, immediately following photo irradiation,
reaction mixtures (+ DIR) were subjected to HPLC analysis.
Chromatograms are presented in Figure 2. These
chromatograms are very similar to those obtained from
biocatalysis, i.e. with laccase as oxidant of CA (Fig. Sl4). In
particular, the ratio of areas PINO/DHA varies from 0.3 in the
absence of ADIR6 to 1.7 in its presence highlighting the
influence of the dirigent protein (from 0.1 to 1.5 for the
biocatalysis of Fig. Sl4). The peak corresponding to the PINO
formed was recovered and the ee was evaluated from the
separation on a chiral column (see SI). As with the
combination of laccase and AfDIRG, the (-)-pinoresinol was
obtained with an ee of 88%. So, under photo-irradiation
AtDIR6 not only stabilizes CA® but seems to retain its
capability to direct their coupling towards the formation of (-)-
pinoresinol. It must be underlined here that the formation of (-
)-pinoresinol validates a posteriori the choice of irradiation
conditions which make it-possible the generation of a CA®
while reducing the formation of polymeric adducts.

Conclusions

Postulated for years, the stabilization of the CA® by a DIR is
direetly experimentally observed here for the first time. Using
controlled photo-irradiation of coniferyl alcohol to generate a
CA" and room temperature EPR and HPLC to monitor the fate
of the radical we demonstrate that the dirigent protein AfDIR6
is stabilizing the formed radical prior directing the coupling of
radicals towards the formation of (-)-pinoresinol. The question
on how the CA radical ends up in the coupling site of the
protein remains pending. The synthesis of CA analogues and
their study as mechanistic probes are currently under
progress in our laboratories.
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