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Background: How vascular plants control phenoxy radical coupling is enigmatic.
Results: Two dirigents engendered (�)-pinoresinol formation in Arabidopsis. Coupling stereoselectivity was reversed from
(�)- to (�)-pinoresinol through swapping identical regions.
Conclusion: Novel insights into stereoselective control over phenoxy radical coupling were obtained.
Significance: This is the first report of dirigent-mediated phenoxy radical coupling control leading to opposite stereoselectivi-
ties and identification of protein regions involved.

How stereoselective monolignol-derived phenoxy radical-
radical coupling reactions are differentially biochemically
orchestrated in planta, whereby for example they afford (�)-
and (�)-pinoresinols, respectively, is both a fascinating mecha-
nistic and evolutionary question. In earlier work, biochemical
control of (�)-pinoresinol formation had been established to be
engendered by a (�)-pinoresinol-forming dirigent protein in
Forsythia intermedia, whereas the presence of a (�)-pinores-
inol-forming dirigent protein was indirectly deduced based on
the enantiospecificity of downstream pinoresinol reductases
(AtPrRs) in Arabidopsis thaliana root tissue. In this study of 16
putative dirigent protein homologs in Arabidopsis, AtDIR6,
AtDIR10, and AtDIR13 were established to be root-specific
using a �-glucuronidase reporter gene strategy. Of these three,
in vitro analyses established that only recombinant AtDIR6 was
a (�)-pinoresinol-forming dirigent protein, whose physiologi-
cal role was further confirmed using overexpression and RNAi
strategies in vivo. Interestingly, its closest homolog, AtDIR5,
was also established to be a (�)-pinoresinol-forming dirigent
protein based on in vitro biochemical analyses. Both of these
were compared in terms of properties with a (�)-pinoresinol-
forming dirigent protein from Schizandra chinensis. In this con-
text, sequence analyses, site-directed mutagenesis, and region
swapping resulted in identificationof putative substrate binding
sites/regions and candidate residues controlling distinct stereo-
selectivities of coupling modes.

The first biochemical documentation of stereoselective con-
trol of monolignol radical-radical coupling was discovery of the
(�)-pinoresinol-forming dirigent protein (DP)2 in Forsythia

intermedia (1–4). These reports described the hitherto unpre-
cedented biochemical mechanism involving a dimeric DP
where each DP monomer was envisaged to capture, bind, and
orientate one coniferyl alcohol (1) radical substrate in such a
way that, after stereoselective coupling, only (�)-pinoresinol
(2a) was formed (4) (Fig. 1). However, this gave no definitive
insight as to how substrate binding and orientation occurred.
Additionally, there was ample indirect evidence for formation/
accumulation of the opposite antipode, (�)-pinoresinol (2b), in
some other plant species including, for example, Daphne tang-
utica (5), and flax (Linum usitatissimum (6)), suggesting the
presence of a relatedDP engendering formation of the opposite
enantiomeric form (Fig. 1).
Furthermore, a plethora of other different regiospecificities

and stereoselectivities are commonly encountered in various
lignan skeletons throughout the plant kingdom depending
upon plant species (7). Thus, this raised further important
questions about how such structurally diverse coupling trans-
formations are biochemically engendered. Moreover, there is
growing recognition of regiospecific control over ligninmacro-
molecular assembly and configuration (8–10); proteins harbor-
ing arrays of coniferyl alcohol radical binding (dirigent) sites in
lignifying plant cell walls have been proposed to be involved (11,
12), e.g. to account for the near conservation of 8-O-4� interunit
linkage frequency in the specific plant lines examined (8). A DP
has also been implicated in formation of the phenolic terpenoid
(�)-gossypol. This was considered to occur via stereoselective
control of the presumed radical-radical coupling of hemigossy-
pol and restricted rotation around the biphenyl bond product
so obtained (supplemental Fig. S1) (13). Accordingly, how vas-
cular plant species exercise distinctive stereoselective and/or
regiospecific control over radical-radical coupling reactions of
monolignols and other compounds is an intriguing, timely, and
important biochemical question with profound evolutionary
implications.
The existence of a (�)-pinoresinol-forming DP inArabidop-

sis was provisionally deduced (7) as indicated below. This was
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based on the observation that pinoresinol reductase homologs
(AtPrR1 and AtPrR2) from Arabidopsis root tissues preferen-
tially converted (�)-pinoresinol (2b) into (�)-lariciresinol (3b)
in vitro over that of the (�)-antipode (2a) (14). When racemic
pinoresinol (2a/2b) was used as substrate in vitro, the laricires-
inol (3) generated was in 96% enantiomeric excess (e.e.) of the
(�)-antipode (3b) using AtPrR2, whereas only 6% e.e. of the
(�)-form (3a) was attained using AtPrR1. However, AtPrR1
was �16 times catalytically more efficient than AtPrR2 with
(�)-pinoresinol (2b) as substrate.
In agreement with these presumed biochemical/physiologi-

cal roles, in a loss-of-function study, the double T-DNAmutant
(atprr1-1 atprr2) accumulated the AtPrR substrate (�)-pi-
noresinol (2b; �4,000 ng mg�1 of dry weight root tissue; 74%
e.e.), but no lariciresinol (3) was detected. Furthermore, AtPrR
mutants with a single T-DNA insertion in each gene gave phe-
notypes with slightly increased levels of lariciresinol (3) (�360
versus 560–640 ng mg�1 of dry weight root tissue). Interest-

ingly, the e.e. of (�)-lariciresinol (3b) in the wild type (WT) line
was 88%, whereas in atprr1 and atprr2, it was 95 and 82%,
respectively. These findings, particularly those from analysis of
the double mutant, thus suggested preferential stereoselective
formation of (�)-pinoresinol (2b) from coniferyl alcohol (1).
Since then, discovery of a gene encoding a (�)-pinoresinol-
forming DP in Arabidopsis root tissue was briefly communi-
cated (7, 15).
In the study herein, all possible ArabidopsisDP gene expres-

sion patterns were initially examined to identify those DPs
either constitutively expressed or potentially inducible in roots.
From these data, specific DP genes were identified and cloned,
and their recombinant proteins were determined to be (�)-
pinoresinol-forming DPs; as a control, these data were com-
pared with a S. chinensis (�)-pinoresinol-forming DP. In addi-
tion, overexpression (OE) and RNAi of the most highly
expressed Arabidopsis (�)-pinoresinol-forming DP in root tis-
sue provided definitive insight into its physiological role in

FIGURE 1. Proposed mechanism for distinctive dirigent protein-mediated stereoselective coupling to either (�)- or (�)-pinoresinol (2a or 2b) with
subsequent enantiospecific reduction to (�)- and (�)-lariciresinols (3a) and (3b). The generation of (�)- and (�)-pinoresinols (2a and 2b) in planta from
coniferyl alcohol (1) radical intermediates via coupling at si-si and re-re faces, respectively, is also shown.
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planta. Moreover, how substrate binding and different stereo-
selectivities are presumably attained is discussed, largely
based on site-directed mutagenesis and region swapping
results.

EXPERIMENTAL PROCEDURES

Materials—Solvents/chemicals were either reagent or high
performance liquid chromatography (HPLC) grade unless oth-
erwise specified. The Wizard� Plus Minipreps DNA purifica-
tion system (Promega, Madison, WI) was used to purify plas-
mid DNA. Custom oligonucleotide primers for sequencing and
polymerase chain reaction (PCR) were from Invitrogen.
Instrumentation andChromatographyMaterials—Chemical

reactions were carried out under anhydrous conditions using
dry freshly distilled solvents in an argon atmosphere. Silica gel
thin-layer and column chromatography utilized Partisil� PK5F
(Whatman; 20� 20 cm, 1mm, 150Å), AL SILG/UV254 (What-
man; 20 � 20 cm, 0.25 mm), and silica gel 60 (EM Science),
respectively. UV light and a 10%H2SO4 spray followed by heat-
ing were used for TLC plate visualization. Gel filtration and
anion exchange chromatographies were carried out on a fast
protein liquid chromatography system (GE Healthcare). NMR
spectra were recorded on an Inova 500 spectrometer operating
at 499.85 and 125.67 MHz for 1H and 13C, respectively, with J
values given in Hz. One-dimensional proton and two-dimen-
sional 1H-1H double quantum-filtered COSY and 1H-13C het-
eronuclear single quantum coherence and heteronuclear mul-
tiple bond correlation spectra were acquired using BioPack
pulse sequences at 293 K on an Agilent (Varian) 800-MHz
VNMRS instrument equipped with an HCN (Z-gradient) cold
probe. Data were processed with Felix (Felix NMR, Inc.) Sam-
ples for 800-MHz NMR were prepared by dissolving �250 �g
of lariciresinol 4-O-�-D-glucoside (5) in 240 �l of methanol-d4
(Cambridge Isotope Laboratories) and transferring the solution
to 5-mm susceptibility-matched tubes (Shigemi).
HPLC analyses were carried out on an Alliance 2690 HPLC

system (Waters, Milford, MA) equipped with a photodiode
array detector (Model 2990, Waters) with detection at 280 nm.
Reversed-phase separations utilized a Novapak C18 column
(Waters; 150 � 3.9-mm inner diameter) as described (4). The
(�)- and (�)-enantiomers of pinoresinols (2) were resolved on
a Chiralcel OD (Chiral Technologies, West Chester, PA) col-
umn as described (4), and antipodes of lariciresinol (3) were
separated on a Chiralcel OC column eluted with hexane-EtOH
(1:4; flow rate, 0.3 ml min�1).

Liquid chromatography-mass spectrometry (LC-MS) analy-
ses of pinoresinol (2) were conducted as described (9). Gas
chromatography (GC)-MS analyses of trimethylsilylated sam-
ples used an HP 6890 Series GC system equipped with a
RESTEK Rtx-5Sil-MS (30 m � 0.25 mm � 0.25 �m) column
and an HP 5973 MS detector (electron impact mode, 70 eV).
Time-of-flight (TOF) electrospray ionizationMS analyses of

lignan glucosides were conducted using a Xevo�G2QTof/AC-
QUITY UPLC� system (Waters) equipped with a BEH C18 col-
umn (Waters; 2.1 � 150 mm) using the following chromato-
graphic conditions: flow rate of 0.2 ml min�1; linear gradients
of CH3CN, 3% AcOH in H2O (v/v) from 10:90 to 60:40 in 6.5
min, then to 80:20 in 2 min, and finally to 100:0 in 1 min with

this composition held for an additional 1 min. Leucine-en-
kephalin was utilized as a lock mass standard.
PCR amplifications utilized a PTC-0220 DNA Engine Dyad

Peltier thermal cycler (MJ Research, Waltham, MA), whereas
real time quantitative PCR analyses of gene expression were
performed on aMx3005PTM real time PCR system (Stratagene,
La Jolla, CA) with Platinum� SYBR� Green qPCR SuperMix-
UDG (Invitrogen). Protein, RNA, and DNA concentrations
were determined on a Response spectrophotometer (Gilford).
Protein purification used an FPLC system (GE Healthcare).
DNA sequencing utilized an ABI PRISM 377 automated DNA
sequencer (Applied Biosystems, Foster City, CA). Biolistic
transformation was carried out with a helium-driven PDS-
1000/He system (Bio-Rad).
Plant Growth Conditions—Arabidopsis ecotype Columbia

seeds were cold-treated at 4 °C for 48 h and grown in pots in a
growth chamber maintained at 22/18 °C. Light (230 �mol m�2

s�1) was provided under a 16/8-h light/dark cycle. S. chinensis
seedlings were obtained from Forest Farm, Williams, OR and
maintained in Washington State University greenhouse facili-
ties: the light intensity was 150 �mol m�2 s�1 with a 15/9-h
light/dark cycle at 21/16 °C, respectively.
Chemical Syntheses—E-Coniferyl alcohol (1) was synthe-

sized as described in Kim et al. (16), whereas (�)-pinoresinols
(2a/b) and (�)-lariciresinols (3a/b) were synthesized and
resolved into their enantiomeric forms as in Moinuddin et al.
(17).
E-[9-2H2]Coniferyl alcohol (1) was synthesized as follows. To

a solution of coniferyl aldehyde (0.5 g; 2.8 mmol) in MeOH (10
ml) was added NaB2H4 (0.235 g; 5.6 mmol) at 0 °C for 2 h.
Progress of the reaction was monitored by NMR spectroscopic
analysis until coniferyl aldehyde was completely reduced to
deuterated coniferyl alcohol (1). After reaction completion, the
resulting mixture was acidified with dilute HCl (10 ml) and
extracted with EtOAc (2 � 50 ml). The EtOAc-solubles were
then washed with H2O (2� 25ml) and brine (2� 50ml), dried
(Na2SO4), and evaporated to dryness in vacuo. The residue so
obtained was purified by silica gel column chromatography
using hexane-EtOAc (6:4) as eluant to affordE-[9-2H2]coniferyl
alcohol (1) (0.44 g; 2.41 mmol; 87% yield): �H (acetone-d6; 99.9
atom%D; 500MHz) 7.6 (1H, br s, ArOH), 7.05 (1H, d, J 2,H-2),
6.86 (1 H, dd, J 2.5 and 8.5, H-6), 6.77 (1 H, d, J 8.0, 5-H), 6.5 (1
H, d, J 16, 7-H), 6.22 (1 H, d, J 16, 8-H), 3.86 (3 H, s, 3-OMe); �C
(acetone-d6; 99.9 atom%D; 125MHz) 148.5 (C-3), 147.2 (C-4),
130.6 (C-1), 130.3 (C-7), 128.1 (C-8), 120.7 (C-6), 115.8 (C-5),
110.0 (C-2), 56.2 (C-3-OMe). C10H10D2O3,m/z � 182.
Isolation of Arabidopsis thaliana AtDIR Genes Including

Their Promoters and 3�-UTR—Genomic DNA was purified
from 3-week-old Arabidopsis rosette leaves using the DNeasy
plant minikit (Qiagen, Valencia, CA). For each dirigent gene,
the 5�-upstream region to the 3�-UTR obtained from The Ara-
bidopsis Information Resource database was amplified using
PfuTurbo� DNA polymerase (Stratagene) and DP-specific
primers (supplemental Table S1). PCR amplificationswere per-
formed as follows: initial denaturation at 96 °C for 5 min, 35
cycles of denaturation at 96 °C for 30 s, annealing at 52–55 °C
for 30 s, and extension at 68 °C for 3 min with an additional
extension at 68 °C for 10 min. PCR products were analyzed on
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agarose gels, and amplified fragments of interest were purified
using the QIAquick gel extraction kit (Qiagen). Next, a single
deoxyadenosine (A) was added to the 3�-end of each amplified
fragment using Taq polymerase (Invitrogen) at 72 °C for 15
min. Each dirigent homolog was then subcloned into a pCRII-
TOPO� (Invitrogen) vector for sequencing; sequences were
verified using the BioeditTM program against the NCBI data-
base and The Arabidopsis Information Resource database.
Then the 5�-region (including signal peptide sequence) and the
3�-UTR of each dirigent gene were individually amplified using
the corresponding entire coding sequences as templates and
region-specific primers (supplemental Tables S2 and S3).
Vector Construction—All 16 dirigent promoter (including

signal peptide sequence)::uidA::3�-UTR::nopaline synthase
terminator vectors were constructed as follows. First, uidA
(GUSPlusTM) was excised from pCAMBIA 1305.1 and intro-
duced into pGEM58ZNf(�) (GenBankTM accession number
AF310245) using NcoI and NheI/SpeI sites to produce clone
pGEM59ZNf(�). Specific restriction recognition primers (sup-
plemental Table S2) were introduced into each amplified
5�-upstream region and confirmed by sequencing in the pCRII-
TOPO vector. Using a combination of SphI/HindIII and BglII/
BamHI sites, these were subcloned into shuttle vector
pGEM59. Similarly, using specific restriction recognition sites
(supplemental Table S2), the introduced 3�-UTRs were con-
firmed and subcloned into the pGEM59 vector 5�-upstream
region using a combination of SalI/PstI/NotI and BamHI/
SalI sites. Next, the SphI sites (2,464 nucleotides) of the
pCAMBIA1305.1 right border was filled out using exonuclease
I (New England Biolabs, Ipswich, MA), generating pCAMBIA
1305.1-1, which was subsequently digested with BstEII and
blunted by fill-in with T4 DNA polymerase (New England Bio-
labs). To remove the cauliflower mosaic virus 35S promoter
region, the blunted pCAMBIA 1305.1-1 vector was digested
with either SphI or HindIII and purified. Each AtDIR
promoter::uidA::AtDIR 3�-UTR in pGEM59 was then digested
using SphI/HindIII and NruI/EcoRV, introduced into the
pCAMBIA 1305.1-1 vector, and transformed into Escherichia
coli XL-10 Gold (Stratagene) strains. Sequence confirmation
was performed as described above.
Plant Transformation Screening and Histochemical GUS

Staining—Each binary vector harboring individual GUS-DP
promoter constructs was introduced intoAgrobacterium tume-
faciens (strain GV3101) with subsequent transformation in
Arabidopsis, selection, and histochemical GUS staining as in
Kim et al. (18, 19).
AtDIR6 Overexpression and RNAi Lines—Primers for

AtDIR6 ORF amplification incorporated the XhoI restriction
enzyme site at both the 5�- and 3�-ends (5�-GCTCGAGATG-
GCATTTCTAGTAGA-3� and 5�-GCTCGAGTTAGTAACA-
TTCATAGAG-3�; introduced restriction sites are shown in
italic underlined). The amplified PCR fragment was then
cloned into the pSTBlue-1 vector (Novagen) for sequencing.
After sequence verification, AtDIR6 was excised from pST-
Blue-1 with XhoI restriction enzyme and subcloned in pART7
vector at the XhoI site (20). The NotI fragment from the
pART7 vector containingAtDIR6was then cloned into T-DNA
binary vector pART27.

The selected RNAi target region (316 bp) was amplified with
forward (5�-CACCATCGTGAGCCCTCCAGGACTAG-3�)
and reverse (5�-GAAATAAATCAGTCACGAAGGTAGCG-
3�) primers and cloned into the pENTR/D-TOPOvector (Invit-
rogen).Next, theDNA fragment flanked by recombination sites
(att) was transferred into the pK7GWIWG2 (II) vector (21)
using Gateway� LRClonaseTM II enzymemixture (Invitrogen).

After sequence confirmation, each overexpression and RNAi
construct was individually introduced into A. tumefaciens
(strain LBA4404/pC2760) and transformed into A. thaliana as
described in Kim et al. (19). Successful integration of each con-
struct in T1 plants was confirmed by screening genomic DNA
isolated from a 3-week-old rosette leaf using a REDExtract-N-
AMPPlant PCR kit (Sigma-Aldrich). PCRwas carried out using
an initial denaturation of 94 °C for 2 min followed by 35 cycles
of 94 °C (30 s), 48 °C (30 s), and 72 °C (2 min) and finally exten-
sion (72 °C for 10 min). Amplified PCR products from this
screening were sequenced.
More than 40 T2 AtDIR6 OE plant lines were screened on

Murashige-Skoog medium containing kanamycin (50 �g
ml�1); only one line was resistant to the antibiotic. The latter
was propagated, and T3 plants were used for further analyses.
Using the same selection process, 48 T1 AtDIR6 RNAi lines
were selected (of �6,000 T0 seeds). The RNAi line with the
lowest level of AtDIR6 expression was subsequently used for
further study (T3 plants).
Gene Expression Analysis—Total RNA was individually iso-

lated from 2-week-old-seedlings ofWT,AtDIR6OE, and RNAi
plant lines using the RNeasy plant minikit (Qiagen), and first
strand cDNA was synthesized using the SuperScriptTM III
First-Strand Synthesis System for RT-PCR (Invitrogen). For
real time quantitative PCR analyses, each PCR mixture con-
tained synthesized first strand cDNA, Platinum SYBR Green
qPCR SuperMix-UDG (Invitrogen) and gene-specific primers,
which were designed using Primer Premier software (Biosoft
International, Palo Alto, CA) (supplemental Table S4). Expres-
sion levels were normalized against the TIP41-like gene (22)
with expression levels for each gene in WT set to 1 and data
averaged from triplicate samples.AtDIR6OEandRNAi expres-
sion levels were relative to WT.
Cloning of AtDIR5, AtDIR6, AtDIR10, and AtDIR13—RNA

was purified from 2-week-old Arabidopsis seedlings using the
RNeasy plant minikit. AtDIRs were amplified using PfuTurbo
DNA polymerase (Stratagene) and gene-specific primers (sup-
plemental Table S5) and then cloned into pCR4-TOPO vector
(Invitrogen) for sequence verification.
Cloning of S. chinensis DP—Using 5 �g of mRNA isolated

from leaf tissue, a cDNA library (2.3 � 106 pfu �l�1) was con-
structed using the Stratagene ZAP-cDNA� synthesis kit. The
[32P]CTP-labeled F. intermedia DP gene (FiDIR; GenBank
accessionnumberAF210061)was used as a probe for screening.
The isolated S. chinensis DP gene (ScDIR; GenBank accession
number HQ428029) was reamplified using T7 and T3 primers
for cloning into the pMT/V5-His-TOPO vector for recombi-
nant protein expression in insect (Drosophila melanogaster)
cells.
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Heterologous Expression and Purification of AtDIR6,
AtDIR10, and ScDIR in Insect Cell Cultures—The amplified
AtDIR6, AtDIR10, and ScDIR genes were individually sub-
cloned into the pMT/V5-His-TOPO vector (Invitrogen) for
heterologous expression in insect cells (23). The DP genes were
next stably co-transfected individually with pCoHygro vector
(Invitrogen) into Drosophila Schneider2 cells using calcium
phosphate, and cells were grown at 26 °C. After post-transfec-
tion for 2 days, each selection was carried out in HyQ-SFX
insect cell medium (HyClone) containing 300 �g ml�1 hygro-
mycin-B (Invitrogen), 5% fetal bovine serum (v/v; Invitrogen),
and 2 mM L-glutamine (Invitrogen). Every 4–5 days, selective
medium was replaced with fresh medium by centrifugation
(1,000 � g for 5 min); this was carried out for 1 month. After
resistant cell selection, each cell culture was gradually
expanded from 5 to 500 ml with densities kept at 106–107 cells
ml�1.When a volume of 500ml and a density of�107 cell ml�1

were reached, cells were induced with copper sulfate (900 �M)
and further incubated for 40 h at 26 °C. Before harvesting, five
protease inhibitors (leupeptin, antipain, pepstatin A (in
DMSO), 4-(2-aminoethyl)benzenesulfonyl fluoride (5 mM

each), and trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-
butane (1 mM)) were added to each flask. Six flasks were har-
vested at the same time.
Each cell culture was centrifuged twice (1,000 � g for15 min

and 12,000 � g for 30 min), and supernatants (�3 liters) were
further concentrated (Amicon concentrator, Model 2000)
under nitrogenpressure through aPM-10membrane (Amicon)
to less than 200 ml. Each concentrated medium was fraction-
ated with (NH4)2SO4 with proteins precipitating between 40
and 80% (NH4)2SO4 recovered in 20 mM MES-NaOH buffer,
pH 5.0 (buffer A; 20 ml). After dialysis overnight in buffer A (4
liters � 2) at 4 °C, each dialysate (�100 mg of total protein; 20
ml) was applied to an SP-Sepharose Fast Flow� column (8 ml;
GEHealthcare) pre-equilibrated in buffer A at a flow rate of�7
ml min�1 (via hyperbaric air pressure) at room temperature.
After washing each with buffer A (25ml) and 50mMNa2SO4 in
buffer A (50 ml), each DP was eluted with 333 mM Na2SO4 in
buffer A (50 ml), and the latter eluate was concentrated and
desalted using an Amicon Centricon� filtration apparatus.
Each concentrate (�25mg of total protein) was next applied to
a Mono STM 5/50 column (5 � 50 mm; GE Healthcare) pre-
equilibrated in buffer A at a flow rate of 1 ml min�1. DPs were
individually eluted using a linear gradient from 0 to 133 mM

Na2SO4 in buffer A in 8 ml followed by Na2SO4 step gradients
in buffer A as follows: 133mM (30ml), 167mM (30ml), 200mM

(30 ml), and 333 mM (20 ml). The 200 mM Na2SO4 fractions
were pooled, concentrated, and desalted as above. Each
desalted DP solution (�1 mg; typically from 3 liters of culture
medium) was next applied to a POROS� 20 SP column pre-
equilibrated in HEPES-sodium acetate-MES buffer (33 mM

each, pH 5.0; buffer B) at a flow rate of 0.75 ml min�1. After
washingwith buffer B (7.5ml), the DPswere individually eluted
with linearNa2SO4 gradients in buffer B as follows: 0–50mM in
4.5 ml, 50–233mM in 30ml with this concentration held for an
additional 33 ml, and finally from 233 to 333 mM in 10.5 ml.
Recombinant DPs were eluted with 233 mMNa2SO4. Homoge-
neity was assessed by SDS-PAGE analysis.

Heterologous Expression and Purification of AtDIR5, AtDIR6,
and AtDIR13 in Plant Cell Cultures—Cloned DP genes were
reamplified with EcoRI and HindIII restriction sites containing
primers (supplemental Table S5) and cloned into pCR4-TOPO.
Afterward, each gene was individually excised from the vector
with EcoRI andHindIII restriction enzymes and subcloned into
the pART17 vector. To express the recombinant DPs in a
tomato (Solanumperuvianum) (24) cell suspension culture, the
pART17 vector was manipulated as follows. A kanamycin
selectable marker region, nopaline synthase promoter::
neomycin phosphotransferase::nopaline synthase terminator,
was amplified from pART27 vector with SpeI restriction site-
containing primers (5�-GGACTAGTATACATGAGAATTA-
AGGGAGTC-3� and 5�-GGACTAGTATCAGCTTGCATGC-
CGGTCGATC-3�; introduced restriction sites are shown in
italic underlined) and then introduced into the pART7 vector
using the SpeI site. The generated pART17 vector was then
digested with EcoRI and HindIII restriction enzymes and
AtDIR5, AtDIR6, and AtDIR13ORFs were individually cloned,
and their sequences were confirmed.
AtDIR5, AtDIR6, and AtDIR13 were individually heterolo-

gously expressed in the tomato cell suspension culture main-
tained in a Murashige-Skoog medium (pH 5.5) containing
Nitshe vitamins (110 mg liter�1), thiamine (0.2 mg liter�1),
myo-inositol (20 mg liter�1), �-naphthalene acetic acid (5 mg
liter�1), 6-benzylaminopurine (1 mg liter�1), and sucrose (30 g
liter�1). Five-to-7-day-old cells (20 ml) were washed with fresh
medium, gently swirled for 10 min, and washed once again.
After decanting medium, fresh medium (10 ml) was added to
make relatively packed cells, and 2 ml of cells was next applied
onto a medium plate (6 cm in diameter). AtDIR5, AtDIR6, and
AtDIR13 genes cloned in the pART17 vector were individually
coated onto 1-�m gold microcarriers (Bio-Rad) in a calcium-
spermidine precipitation. Biolistic transformation was con-
ducted under the following conditions: 27 inches of mercury in
a chamber vacuum, 1,100-p.s.i. burst helium pressure, and
6-cm target distance. Transformed cells (2 ml) were allowed to
recover for 1 day on the plates, transferred to 6 ml of fresh
culture medium, and incubated on an orbital shaker (100 rpm
at 25 °C) for 1 week. Cells were then selected on culture plates
containing kanamycin (75 �g ml�1). Initial callus growth was
observed after 3–4 weeks, and individual calli were transferred
andmaintained on fresh selection plates for�8weeks. DP gene
expression levels were assessed from individual callus using
RT-PCR analysis with gene-specific primers (supplemental
Table S4). A callus line with the highest AtDIR5 (or AtDIR6 or
AtDIR13) mRNA expression level was chosen for subsequent
suspension cell culturing as follows. Each selected callus was
maintained on a kanamycin plate, and cell culturing was estab-
lished from the callus by inoculating 10 ml of tomato cell sus-
pension culture medium. The suspension cell cultures were
scaled up by inoculating into a new medium (up to 6 liters).
Eight days after final inoculation, plant cells were harvested by
vacuum filtration (Whatman filter paper Number 5), and cell
wall-bound proteins were obtained by filtration after agitating
the cells in potassium phosphate buffer (0.1 M, pH 5.9; buffer C)
containing 75 and 150 mM KCl, respectively. Both fractions
were combined and applied onto an SP-Sepharose Fast Flow
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column (80 ml), which was equilibrated with 75 mM KCl in
buffer C. Proteins eluted with 1 M NaCl in buffer C were frac-
tionated with (NH4)2SO4, andAtDIR5 (or AtDIR6 or AtDIR13)
was purified as described above (see “Heterologous Expression
and Purification of AtDIR6, AtDIR10, and ScDIR in Insect Cell
Cultures”).
DPAssays—Eachpurified recombinantDPwas assayed using

DP (0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, or 6.4 �M as a monomer),
Trametes versicolor laccase as oxidizing agent, and coniferyl
alcohol (1; 720 �M) in buffer B in a total volume of 250 �l. The
total protein concentration in the assays was kept constant (i.e.
at the highest DP concentration used) with bovine serum albu-
min (Promega). After incubation for 4 h at 30 °C, each assay
mixture was extracted with EtOAc (500 �l � 2), and the
EtOAc-solubles were combined, dried in vacuo, redissolved in
MeOH-H2O (1:1, v/v), and subjected to reversed-phase HPLC.
Fractions containing pinoresinol (2) were collected, freeze-
dried, and subjected to chiral HPLC analysis (see “Instrumen-
tation and Chromatography Materials”).
In assays with E-[9-2H2]coniferyl alcohol (1) and 3.3 �M

AtDIR5, the generated [9,9�-2H2]pinoresinol (2) was subjected
to chiral HPLC as described above, and both (�)- and (�)-
antipodes were individually collected and analyzed by LC-MS
and GC-MS: LC-MS analyses: (�)-[9,9�-2H2]pinoresinols (2b),
m/z 362 [M�] (C20H18D4O6) (tR � 3.29 min); (�)-[9,9�-
2H2]pinoresinols (2a),m/z 362 [M�] (C20H18D4O6) (tR � 6.74
min); GC-MS analyses: (�)-[9,9�-2H2]pinoresinols (2b), m/z
506 [M��] (C26H34D4O6Si2) (tR � 28.57 min); (�)-[9,9�-
2H2]pinoresinols (2a), m/z 506 [M��] (C26H34D4O6Si2) (tR �
28.59 min).
Site-directed Mutagenesis—Site-directed mutagenesis was

performed on ScDIR using the QuikChange site-directed
mutagenesis kit (Stratagene) and primers (supplemental Table
S6) as described (17), and transformants were selected on
Luria–Bertani plates containing kanamycin (50 �g ml�1).
Mutations were confirmed by sequencing, individual mutated
clones were transfected into insect cell cultures, and recombi-
nant mutated DPs were purified as described above.
Region Swapping—The selected regions, Region-A and -B,

were swapped using a three-step PCR procedure (25). First,
Region-A was amplified from AtDIR6 using an ScDIR linker
primer set (supplemental Table S7). The second PCR was con-
ducted to amplify individual N- and C-terminal regions with a
mixture of wild type ScDIR, the amplified AtDIR6 Region-A
template, and specific primers to the N- and C-terminal
sequences (supplemental Table S7). Both N- and C-terminal
amplified products contained the ScDIR gene flanked with
AtDIR6Region-A. The final PCRwas carried out using themix-
ture of second round PCR products of N- and C-terminal
regions as template and ScDIR primers, respectively. The
amplified PCR products were cloned into a PCR vector, and the
sequence was verified by DNA sequencing. Region-B was
swapped in the same manner. Region-A-swapped ScDIR
was transfected into insect cells with recombinant proteins
obtained as described above. Region-B-swapped ScDIR was
reamplified and cloned into the pART17 vector for preparation
of recombinant proteins in tomato cell suspension cultures as
described above.

Isolation of Pinoresinols (2) and Lariciresinols (3) from Ara-
bidopsis WT, AtDIR6 OE, and AtDIR6 RNAi Lines—Lignans
were isolated essentially as described in Nakatsubo et al. (14)
and Suzuki et al. (26) from freeze-dried 4-week-old roots ofWT
(1.9 g), AtDIR6 OE (1.5 g), and AtDIR6 RNAi (1.7 g) plants,
respectively. Following treatment with �-glucosidase (from
almonds; Sigma), each EtOAc extract (�15–20 mg) was puri-
fied by preparative silica gel thin-layer chromatography (eluant,
CH2Cl2-MeOH, 9:1) and further purified by reversed-phase
HPLC to afford pinoresinol (2) and lariciresinol (3), and each
was subjected to chiral HPLC analyses (see “Instrumentation
and Chromatography Materials”). The LC-MS and GC-MS
data of 2 and 3were in agreement with published data (27–29).
Note that pinoresinol (2) was present as its aglycone, whereas
lariciresinol (3) was in two different glucoside forms, 4 and 5
(Fig. 2).
Isolation of Lariciresinol 4�-O-�-D-Glucoside (4) and Larici-

resinol 4-O-�-D-Glucoside (5) from Arabidopsis AtDIR6 OE
Lines—The isolation of lignan glucosides (4 and 5) from freeze-
dried 4-week-oldAtDIR6OE roots was carried out as described
in Sugiyama and Kikuchi (30) with the followingmodifications.
The ground roots (8 g) were extractedwith hotMeOH (3� 300
ml), centrifuged (2,000 � g for 10 min), and evaporated to dry-
ness in vacuo. The MeOH extract (4.3 g) so obtained was sus-
pended in a minimum amount of H2O (50 ml) and partitioned
with Et2O, EtOAc, and n-BuOH, successively. The n-BuOH-
soluble fraction was subjected to silica gel thin-layer chroma-
tography (eluant, CHCl3-MeOH-H2O, 22:11:2) to obtain frac-
tions Fr1–Fr14 (10 ml each). To ascertain which fractions
contained the lignan derivatives of lignan glucosides, an aliquot
(40�l) of each fraction fromFr1 to Fr14was treatedwith�-glu-
cosidase as described above. Each hydrolysate aliquot (Fr1–
Fr14) was then individually subjected to reversed-phase
UPLC-MS analyses (see “Instrumentation and Chromatogra-
phy Materials”) to identify the aglycone 3 by comparing its UV
and MS data with an authentic lariciresinol (3) standard. After
identifying which fractions contained lariciresinol (3), the lig-
nan glucoside n-BuOH fractions (Fr7 and Fr8) were individu-
ally pooled, evaporated to dryness under N2, and freeze-dried.
Each fraction (Fr7, 11.6 mg; Fr8, 17.8 mg) was individually
applied to a Sephadex� LH-20� column (1.2 � 94 cm; Sigma-
Aldrich) eluted with MeOH-H2O (1:1) at a flow rate of 0.3 ml
min�1. The isolated fractions (Fr1–F54; 4 ml each) were next
subjected to reversed-phase UPLC-MS analyses as above. Frac-
tions 37–41 containing amixture of lignan glucosides (4 and 5)

FIGURE 2. Lariciresinol glucosides (4 and 5).
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were pooled and further purified by reversed-phase HPLC
using a SymmetryShield RP18 column (Waters; 150 � 3.9-mm
inner diameter) eluted as follows: flow rate of 1mlmin�1; linear
gradients of CH3CN-H2O (Optima pure) from 5:95 to 15:85 in
15 min, to 40:60 in 18 min, to 80:20 in 7 min, and finally to 95:5
in 1minwith this composition held for an additional 2min. The
isolated lignan glucosides (4 and 5) were individually pooled,
concentrated, and freeze-dried. The NMR, MS, and UV spec-
troscopic analyses of 4 and 5were in agreement with published
data (30) and also with authentic standards: TOF-electrospray
ionization MS analyses: lariciresinol 4�-O-�-D-glucoside (4),
m/z 545.1996 (M�Na; C26H34O11Na requires 545.1999) (tR �
4.04 min); lariciresinol 4-O-�-D-glucoside (7), m/z 545.1992
(M � Na; C26H34O11Na requires 545.1999) (tR � 4.28 min).
Homology Modeling—The “PHYRE” server was used to

search for the closest structural homolog of ScDIR. AtAOC2
(Protein Data Bank code 2brj) was identified and used as the
structural template for homologymodeling ofmature ScDIRon
a bioinformatics tool server (@TOME). The modeled protein
structures were visualized and analyzed using the UCSF Chi-
mera molecular graphics program.

RESULTS AND DISCUSSION

Cellular and Organ/Tissue Specificities of AtDIR Expression—
Although the putative 16 members of the DP family in Arabi-
dopsis (31) have �65–29% (Table 1) sequence similarity to the
F. intermedia (�)-pinoresinol-forming DP (FiDIR), no bio-
chemical properties of the Arabidopsis homologs were
reported at that time. Those with highest similarity to the (�)-
pinoresinol-forming DP in F. intermedia, however, were
AtDIR6 (At4g23690; �65%) and AtDIR5 (At1g64160; �61%).
Nevertheless, in this study, a three-pronged approach was
undertaken to systematically establish which, if any, of the DPs
had (�)-pinoresinol-forming capacity in root tissue: this
included use of GUS-promoter fusions, detailed analysis of var-
ious database compilations in silico, and assaying candidate
recombinant ArabidopsisDP(s) in vitro and comparing the lat-

ter with an S. chinensis (�)-pinoresinol-forming DP. From the
data obtained, OE and RNAi experiments were then designed.
The GUS reporter system was first used to determine which

DP genes were constitutively expressed in root tissues (18, 19).
To do this, the Bacillus gusA (or uidA) which encodes a ther-
mostable and enzymatically stable form of �-glucuronidase,
was used. Promoter regions selected for each gene were also
restricted to approximately 2 kb of the 5�-untranslated regions
(supplemental Table S1). However, the GUS reporter gene was
constructed using not only the promoter but also the signal
peptide and 3�-untranslated regions. A general schematic of the
vector construct is depicted in supplemental Fig. S2. Individual
binary vectors were transformed into A. tumefaciens and then
by the floral dip procedure intoArabidopsis (32). After harvest-
ing, seeds from individual transformed lineswere screenedwith
hygromycin B. To confirm that transformed plant lines con-
tained each AtDIR::GUS construct, genomic DNA was isolated
from 3-week-old rosette leaf tissue from the individual Arabi-
dopsis lines, and each of these was PCR-amplified and
sequenced using promoter-specific and vector-specific prim-
ers, respectively. After verification of the presence of each vec-
tor construct, analyses were carried out using T2 plants that
were grown from seed to maturity, and histochemical GUS
analyses were performed at the following growth/development
intervals: 3, 7, and 14 days after germination (DAG) and 3–10
weeks after germination (WAG) with the latter on a weekly
basis. Of these 16 homologs, however, only AtDIR6, AtDIR10,
and AtDIR13 were found to be constitutively expressed in root
tissue under the growth/development conditions studied. All
other putative DPs, such as AtDIR5, were not detected in root
tissue.
Specifically, the AtDIR6::GUS transformant displayed very

strong expression 3, 7, and 14 DAG in the roots (see Fig. 3, A
andC for examples). However, staining was not specific to root
tissue as it was evident in cotyledon veins, leaf trichomes, and
meristems at 14DAG (Fig. 3,B andC). At 3WAG, expression in
aerial tissue was also detected in rosette (Fig. 3D) and cauline
leaves (data not shown) but mainly in trichomes (Fig. 3, D and
inset). By 4 WAG, there was substantial expression in the vas-
culature of petals, stamen filaments, and anther microsporan-
gia as well as papillar cells of the stigma and style of mature
flowers (Fig. 3E). In siliques (Fig. 3F), staining also occurred in
the stigmatic region, replum, funiculus, and valve.
AtDIR6::GUS expression was additionally noted in basal stem
cross-sections in the interfascicular/vascular cambia and devel-
oping xylem (Fig. 4, A and B).

Interestingly, AtDIR6::GUS showed GUS expression pat-
terns comparable with bona fide cinnamyl-alcohol dehy-
drogenases (CADs). CADs catalyze the last enzymatic step of
monolignol formation, thereby generating DP substrate as
well as lignin monomers. In this regard, both AtCAD4
(At3g19450)::GUS and AtCAD5 (At4g34230)::GUS were
strongly expressed in root tissues (primary/lateral) by 3–14
DAG as well as in cotyledon veins and the apical meristematic
region of hypocotyls (19). Furthermore, expression patterns in
stem tissues, such as in the vascular/interfascicular cambia and
developing xylem, were also similar to each other.

TABLE 1
The proposed Arabidopsis dirigent protein multigene family
AtDIR14 and AtDIR16 were originally annotated in The Arabidopsis Information
Resource database as two different genes, but both are the same. AtDIR17 had very
low identity to the F. intermedia DP and was not used in this study.

Gene
name

Locus
number

Promoter
size

Amino acid similarity/
identity to

F. intermedia DP
Similarity Identity

bp %
AtDIR1 At5g42510 2113 42.3 24.7
AtDIR2 At5g42500 2099 41.4 24.1
AtDIR3 At5g49040 804 36.6 21.6
AtDIR4 At2g21110 1356 41.7 22.8
AtDIR5 At1g64160 1590 60.9 50.2
AtDIR6 At4g23690 1850 64.8 52.6
AtDIR7 At3g13650 1853 39.0 22.3
AtDIR8 At3g13662 1663 35.5 19.8
AtDIR9 At2g39430 815 28.8 17.5
AtDIR10 At2g28670 2015 30.0 19.4
AtDIR11 At1g22900 1113 44.8 28.4
AtDIR12 At4g11180 718 53.6 42.2
AtDIR13 At4g11190 2005 55.5 44.0
AtDIR14 At4g11210 2082 53.9 43.5
AtDIR15 At4g38700 1077 39.9 21.1
AtDIR18 At4g13580 2136 33.7 20.2

Stereoselectivities of Dirigent Proteins

OCTOBER 5, 2012 • VOLUME 287 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 33963

http://www.jbc.org/cgi/content/full/M112.387423/DC1
http://www.jbc.org/cgi/content/full/M112.387423/DC1


Stereoselectivities of Dirigent Proteins

33964 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 41 • OCTOBER 5, 2012



Although not as intense as AtDIR6::GUS, the AtDIR10::GUS
transformant displayed very distinct expression patterns (Fig. 3,
G–L); i.e. although detected in root vascular cylinder (Fig. 3, G
and inset), it was also evident in the main and peripheral coty-
ledon veins by 3 DAG (Fig. 3H). Staining was additionally
detected in leaf margins, a rather unusual location, the signifi-
cance of which is currently unknown. Interestingly, by 14DAG,
staining was observed at the basal region of rosette leaf
trichomes (Fig. 3I) with expression extended throughout by 3
WAG (not shown). At 3 WAG, AtDIR10::GUS expression was

evident in primary and secondary veins of rosette leaves (Fig.
3J), and it was observed in the developing xylem region (data
not shown) of stems; whereas at 6 WAG, it was essentially
restricted to cortex and phloem (Fig. 4, C andD). Reproductive
tissues at 4WAGdisplayed an interesting pattern of expression
that was localized to vasculature of the stamen filament as well
as in anthers and papillar cells of the stigma of mature flowers
(Fig. 3, K and inset). However, in siliques, expression was asso-
ciatedmainly with the abscission zone (Fig. 3L). Thus, although
AtDIR10::GUS expression principally occurred in the vascular
strand of root tissues, it was evident in other organs as well.
Expression patterns of AtDIR13::GUS were pronounced

from an early developmental stage tomaturity (Fig. 3,M–R). At
3 DAG, although strong levels of expression were observed
throughout root vascular regions, staining was also detected in
cotyledons (Fig. 3M). However, staining was absent in root tips
and hypocotyl regions. At 7 and 14 DAG (Fig. 3, O and N), a
pattern fairly similar to that of AtDIR6::GUS was observed, e.g.
in newly formed pairs of leaves as well as in trichomes. Inter-
estingly, however, in the root tissue,AtDIR13::GUS activity was
mainly associated with root meristematic regions with expres-
sion levels decreasing as the roots developed.
In the leaf tissue 4 WAG, expression was patchy and not

restricted to vascular tissues (Fig. 3P). In floral organs, expres-
sion was noted in the vasculature of sepals, petals, and stamen
filaments as well as in the gynoecium stylar region (Fig. 3Q);
whereas in siliques, it was observed in the stigmatic region
and epidermal layers (Fig. 3R). In the stem cross-sections,
AtDIR13::GUS expressionwas also noted in the interfascicular/
vascular cambia and developing xylem at 4–6 WAG (Fig. 4, E
and F).

Additionally, GUS expression patterns of AtDIR5, which has
the highest similarity/identity (�89/78%) to AtDIR6 among all
16 AtDIRs, were examined. Interestingly, these were notably
different fromAtDIR6::GUS. At 3 DAG,AtDIR5::GUSwas only
apparently expressed in the shoot meristem (Fig. 3S), whereas
expressionwas not detected at 7 and 14DAG in all other tissues
examined, including roots (data not shown). The AtDIR5::GUS
transformant also displayed an expression pattern exclusively
in the vascular region of cotyledons at 3 WAG (Fig. 3T). How-
ever, no expression ofAtDIR5::GUSwas noted either in flowers
(Fig. 3U) or in stem cross-sections (Fig. 4,G andH). In siliques,
AtDIR5::GUS expression was only observed in the abscission
zone after prolonged staining (Fig. 3V).

Taken together, this phase of study indicated that AtDIR6,
AtDIR10, and AtDIR13, but not AtDIR5, were constitutively
expressed in root tissues, albeitnot specific to only these tissues.
However, this lack of tissue specificity is not unusual; e.g. the
laccase AtLac15 is considered responsible for Arabidopsis seed
coat pigmentation as its knock-out produces a transparent testa
(33). However, AtLac15 was also expressed throughout a num-
ber of tissues and organs during growth/development (34).

FIGURE 3. Dirigent protein gene expression pattern at different stages of Arabidopsis development. A–F, AtDIR6::GUS; G–L, AtDIR10::GUS; M–R,
AtDIR13::GUS; S–V, AtDIR5::GUS. A, 3 DAG, seedling. B, close-up of cotyledons in A. C, 14 DAG, seedling. D, 3 WAG, third rosette leaf and close-up of trichomes in
left panel. E, 4 WAG, flower buds and mature flower. F, 5 WAG, a mature silique. G, 3 DAG, seedling and close-up of root. H, 14 DAG, seedling cotyledon. I, 14 DAG,
rosette leaf. J, 3 WAG, third rosette leaf. K, 4 WAG, flower buds and mature flower. L, 5 WAG, a developing silique. M, 3 DAG, seedling. N, 14 DAG, seedling. O, 7
DAG, seedling. P, 4 WAG, third rosette leaf. Q, 4 WAG, flower buds and mature flower. R, 5 WAG, a mature silique. S, 3 DAG, seedling. T, 3 WAG, cotyledon. U, 5
WAG, flower. V, 5 WAG, a mature silique.

FIGURE 4. Expression patterns of selected dirigent protein genes in trans-
verse sections of Arabidopsis basal stems. A and B, 5 WAG, stem of
AtDIR6::GUS. C and D, 6 WAG, stem of AtDIR10::GUS. E and F, 6 WAG, stem of
AtDIR13::GUS. G and H, 4 WAG, stem of AtDIR5::GUS. Scale bars, 200 �m in
A, C, E, and G and 50 �m in B, D, F, and H. co, cortex; if, interfascicular fibers; ifc,
interfascicular cambium; ph, phloem; vc, vascular cambium; x, xylem.

Stereoselectivities of Dirigent Proteins

OCTOBER 5, 2012 • VOLUME 287 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 33965



Thus, these three DP genes were the most likely to be potential
root-associated (�)-pinoresinol-forming DPs with AtDIR6 the
most probable based on levels of root tissue expression and
closest similarity/identity with (�)-pinoresinol-forming DPs.
In Silico Analyses of Potential Root-specific DPs—A. thaliana

trans-factor and cis-element prediction ATTED-II (35), AtPro-
teome (36), and AtGenExpress (37) microarray databases were
also examined in silico to attempt to gain additional insight into
DP root expression. Using ATTED-II, it was useful to examine
whether any of the DP homologs were potentially co-regulated
with AtPrR1 and AtPrR2. Based on microarray data and pre-
dicted cis-elements (ATTED-II), AtDIR6 was potentially co-
regulatedwithAtPrR1 andwith various phenylpropanoid path-
way-related genes, such as phenylalanine-ammonia lyase
(AtPAL1), 4-coumarate-CoA ligase (At4CL1 and At4CL2), and
laccases (AtLac11 and AtLac17). Regarding the latter, GUS
expression of both AtLac11 (At5g03260) and AtLac17
(At5g60020) was also observed in the root vasculature (34); this
is provisionally consistent with a role(s) in monolignol radical
generation. By contrast,AtPrR2was possibly co-regulated with
AtDIR10 and AtDIR18.
Additionally, in the AtProteome database, AtDIR6 was

detected in tissues similar to those described above with GUS
staining and was the most abundantly expressed; i.e. AtDIR6
had a high number of 23 spectral hits in 10- and 23-day-old root
tissues. However, AtDIR13 (15 spectral hits), AtDIR5 (three
spectral hits), and AtDIR14 (three spectral hits) were also
detected in 10-day-old root tissue.
Lastly, interrogation of previously reported transcriptional

expression profiles from the AtGenExpress microarray data-
base indicated that the two DP homologs, AtDIR6 and
AtDIR10, had the highest degrees of intensity (above 2,000) in
root tissues. AtDIR5, by comparison, showed very weak inten-
sity in root tissue. Thus, based on the various GUS-DP pro-
moter studies and in silico analyses, AtDIR6, AtDIR10,
AtDIR13, and possiblyAtDIR5 had the highest potential as (�)-
pinoresinol-forming DP candidates with AtDIR6 again being
the most likely.
Stereoselectivities of Recombinant AtDIR6, AtDIR5, and S.

chinensis DPs—To establish potential functions of the various
DPs of interest, mRNA was next obtained from 2-week-old
seedlings, and amplified cDNA was individually placed into
either the pMT/V5-His-TOPO expression vector containing
the Drosophila metallothionein promoter (for AtDIR6 and
AtDIR10) or the pART17 vector containing the cauliflower
mosaic virus 35S promoter (for AtDIR5, AtDIR6, and
AtDIR13), respectively. The metallothionein promoter enables
inducible expression of heterologous protein production in
insect cells. Production of AtDIR6 and AtDIR10 proteins was
individually induced using 900 �M copper sulfate for 40 h.

By contrast, the AtDIR5, AtDIR6, and AtDIR13 genes indi-
vidually cloned into the pART17 vector as indicated abovewere
bombarded into tomato (S. peruvianum) cells (24). Afterward,
suspension cell cultures were established from callus lines with
the highest AtDIR5, AtDIR6, and AtDIR13 mRNA expression
levels, respectively. Cell wall-bound recombinant AtDIR5,
AtDIR6, andAtDIR13were then individually obtained by filtra-
tion after agitating cells in buffer containing KCl (75 and 150

mM successively). EachDPwas next purified to apparent homo-
geneity using strong cation exchange column chromatographic
(Mono S and POROS 20 SP) steps.
For comparative purposes, an S. chinensis DP gene was also

obtained from a leaf cDNA library using the FiDIR gene as a
probe. As both of these genes encode (�)-pinoresinol-forming
DPs, the S. chinensis recombinant DP (ScDIR) was expressed
using bothDrosophila and tomato cell systems and purified for
control purposes.
Recombinant AtDIR6, AtDIR10, AtDIR13, AtDIR5, and

ScDIR were then assayed for pinoresinol (2)-forming capacity
in vitro in reactionmixtures containingT. versicolor laccase (for
one electron oxidation) and coniferyl alcohol (1) as substrate.
Under the conditions used, neither recombinant AtDIR10 nor
AtDIR13 resulted in stereoselective coupling to afford either
(�)- or (�)-pinoresinols (2a or 2b) in enantiomeric excess, and
they were thus no longer considered as (�)-pinoresinol-form-
ing DPs. On the other hand, with AtDIR6, AtDIR5, and ScDIR,
stereoselective coupling occurred. Of these, AtDIR6 clearly
engendered preferential formation of (�)-pinoresinol (2b),
reaching �27% e.e. with 6.4 �M DP (Fig. 5). Interestingly,
although not demonstrated to be constitutively expressed in
root tissue via GUS staining, AtDIR5 also engendered forma-
tion of (�)-pinoresinol (2b) in �70% e.e. (6.4 �M DP; Fig. 5).
This corresponds to an enantiomeric ratio of 85:15 of the (�)-
and (�)-antipodes, respectively. As a control, increasing
recombinant ScDIR protein concentration resulted in
increased (�)-pinoresinol (2a) formation, i.e. to �60% e.e. at
6.4 �M DP (Fig. 5).

To further confirm and extend these observations, assays
were carried out using E-[9-2H2]coniferyl alcohol (1) and
AtDIR5/AtDIR6. For example, the [9,9�-2H2]pinoresinols (2) so
produced from AtDIR5 was in �58% e.e. of the (�)-antipode

FIGURE 5. Dirigent protein-mediated coupling of coniferyl alcohol (1).
The effect of varying ScDIR ( ) (A) and AtDIR6 ( ) and AtDIR5 (f) (B) concen-
trations on the formation of (�)-pinoresinol (2a) and (�)-pinoresinol (2b) in
e.e. is shown.
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(2b). Both antipodes were individually isolated by chiral HPLC,
and each was subjected to LC-MS (27) and GC-MS (of the cor-
responding trimethylsilyl ether derivatives (28, 29)) analyses. In
this regard, GC-MS analyses of (�)-[9,9�-2H2]pinoresinol (2b)
(supplemental Fig. S3A) gave amolecular ion peak [M��] atm/z
506 corresponding to the molecular formula C26H34D4O6Si2
along with fragment ions at m/z 491 [M�� � CH3], 281
[C15H17D4O3Si�], 237 [C13H17D2O2Si�], 223 [C11H15O3Si�],
209 [C11H17O2Si�], 193 [C10H13O2Si�], 179 [C10H15OSi�],
166 [C9H14OSi�], and 73 [(CH3)3Si, base ion], respectively. In
an analogous manner, GC-MS analyses of (�)-[9,9�-
2H2]pinoresinols (2a) formed in a smaller amount under the
assay conditions (supplemental Fig. S3B) gave molecular ion
peaks and fragment ions identical to those of (�)-[9,9�-
2H2]pinoresinols (2b). Furthermore, chiral liquid chroma-
tography-mass spectrometry of (�)- and (�)-[9,9�-2H2]-
pinoresinols (2b and 2a) gave identical molecular ion peaks
[M�] at m/z 362 corresponding to the molecular formula
C20H18D4O6 (data not shown). Taken together, these assays
thus unambiguously confirmed that AtDIR6 and AtDIR5 genes
encoded DPs capable of stereoselective coupling leading to
preferential formation of (�)-pinoresinol (2b).
Overexpression and RNAi Mutation of AtDIR6—AtDIR6 was

theonlyDPpredicted tobeco-expressedwithAtPrR1 andphenyl-
propanoid pathway genes in the trans-factor and cis-element pre-
diction database and themost strongly expressed constitutively in
Arabidopsis roots. Thus, it was selected for further study of its
physiological function in vivo using bothOE and RNAi strategies.
In this regard, theAtDIR6OE and RNAi constructs were individ-
ually transformed into Arabidopsis. After harvesting, seeds from
the individual transgenic lines were screenedwith kanamycin (18,
19), and T3 plants were used for further studies.

Quantitative RT-PCR analyses were next carried out to
determine mRNA expression levels of DPs (i.e. AtDIR5,
AtDIR6, AtDIR10, and AtDIR13) and AtPrRs in seedlings (14
DAG) of WT, OE, and RNAi lines. These analyses indicated
that AtDIR6 mRNA expression was greatly up-regulated
(�375-fold higher thanWT) in theAtDIR6OE line, whereas its
expression was lower (�3-fold lower than WT) in the AtDIR6
RNAi line (Fig. 6). Expression levels of other AtDIR orthologs

and AtPrR genes were not significantly affected in the OE and
RNAi lines except for AtDIR5, which was apparently up-regu-
lated �4-fold in the RNAi line. The difference in AtDIR5 gene
expression as well as the established biochemical activities of
AtDIR5 and AtDIR6 possibly suggests a limited functional
redundancy of both genes. However, as indicated earlier,
AtDIR5 expressionwas not detected in roots by promoter-GUS
analysis, and AtDIR5 mRNA expression was �100 times that
of AtDIR6 in the AtGenExpress microarray database. Given
that AtDIR5 expression was increased �4-fold in the AtDIR6
RNAi line, it is perhaps not surprising then that it could not
fully compensate for AtDIR6 activity in vivo because its gene
expression level was still 	25� lower than AtDIR6.
Next, stereochemical differences in pinoresinol (2)/laricires-

inol (3) accumulating in WT, OE, and RNAi lines were also
investigated in root tissues of 4-week-old plants (Table 2). Lar-
iciresinol (3) (272 ng/mg of dry weight; 85% e.e. of (�)-form
(3b); Fig. 7B) was obtained fromWT root tissues after �-gluco-
sidase treatment; a smaller amount of pinoresinol (2) was
detected under these conditions (72 ng/mg of dry weight; 36%
e.e. of (�)-form (2a); Fig. 7F). The pinoresinol (2) in all cases
was present in its aglycone form.With the OE plants, however,
lariciresinol (3) amounts released after �-glucosidase treat-
ment nearly doubled (591 ng/mg of dry weight root tissue in
94% e.e. of (�)-antipode (3b); Fig. 7C), and pinoresinol (2) lev-
els also substantially increased (585 ng/mg of dry weight root
tissue in 75% e.e. (�)-form (2b); Fig. 7G). Thus, elevated
AtDIR6 gene expression levels enhanced formation (or accu-
mulation) of (�)-pinoresinol (2b) and by extension (�)-larici-
resinol (3b). This was somewhat similar to the roots of the
atprr1-1 atprr2 double mutant that apparently accumulated
only pinoresinol (4,000 ng/mg of dry weight root tissue
(released after �-glucosidase treatment) in 74% e.e. of (�)-
enantiomer (2b) (14)), whereas lariciresinol (3) was not
detected because the latter reductive step was “knocked out.”
However,AtDIR6mRNAexpressionwasmostly repressed in

RNAi transgenic plant lines. Interestingly, the pinoresinol (2)
was slightly higher than in WT (89 versus 72 ng/mg of dry
weight), and the level of lariciresinol (3) released after �-gluco-
sidase treatment was slightly increased (403 ng/mg of dry
weight) when also compared with WT (Table 2). However, the
pinoresinol (2) that accumulated was in 8% e.e. of the (�)-
antipode (2a) (Fig. 7H), whereas the lariciresinol (3) was pres-
ent in a 79% e.e. of the (�)-enantiomer (3b) (Fig. 7D).
Taken together, these results clearly demonstrated that

AtDIR6 was involved in preferential coupling leading to (�)-pi-
noresinol (2b) in Arabidopsis. In addition, our results along with
those from Nakatsubo et al. (14) indicate that the combined
actions of DP and PrRs are essential in defining the enantiomeric
compositions of lariciresinol (3) inArabidopsis root tissue.

It was also instructive to examine how the lariciresinol (3)
was chemically bound given that it was only released following
�-glucosidase treatment. To investigate this, the dried roots of
Arabidopsis AtDIR6 OE plant lines were extensively extracted
with hot MeOH and later partitioned with Et2O, EtOAc, and
n-BuOH successively as described previously (30). The
n-BuOH-solubles were further purified initially by silica gel
thin-layer and Sephadex LH-20 chromatography and finally by

FIGURE 6. Real time quantitative PCR analysis. Expression levels of AtDIR
and AtPrR homologs in 2-week-old seedlings of AtDIR6 overexpression and
RNAi lines compared with WT. Expression levels of each gene in WT were set
to 1, and the expression of the TIP41-like (At4g34270) gene was used as an
internal control. Error bars represent S.D. of three replicates.
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reversed-phase HPLC as described under “Experimental Pro-
cedures.” The chemical structures of isolated lignan glucosides
(4 and 5; Fig. 2) were unambiguously established using different
NMR and mass spectroscopic analyses. The TOF-electrospray
ionization MS of lariciresinol 4�-O-�-D-glucoside (4) in the
positive ionmode gave amolecular ion peak atm/z 545.1996 [M
� Na] corresponding to the molecular formula C26H34O11Na.
Similarly, lariciresinol 4-O-�-D-glucoside (7) gave a molecular
ion peak at m/z 545.1992 [M � Na] corresponding to the
molecular formula of C26H34O11Na. �-Glucosidase treatment
of lignan glucosides (4 and 5) confirmed the presence of larici-
resinol (3). Furthermore, the one-dimensional and two-dimen-
sional NMR spectra of 4 and 5were in close agreement with the
reported data in the literature (30), establishing the presence of
lariciresinol conjugated with a glucosyl group (Fig. 2) (data not
shown). Based upon UV spectral analyses, compound 5 pre-

dominantly accumulated (�60–65%) compared with 4 in
AtDIR6OE roots.
DP Substrate Binding/Stereoselectivity—With both (�)- and

(�)-pinoresinol-forming DPs in hand, an important question
to now begin to resolve is how regiospecificity and stereoselec-
tivity are effectuated. Based on previous kinetic data (4), it was
provisionally concluded that a coniferyl alcohol (1) radical
binds to each DP monomer in the DP dimer, although how
substrate binding occurred and how distinct stereoselectivities
were engendered were unknown. However, various attempts to
obtain pinoresinol-forming DPs in crystalline form suitable for
crystal structure determination have thus far been unsuccess-
ful. Nevertheless, using site-directed mutagenesis and region
swapping, some provisional insights into how this fascinating
regiospecificity and stereoselectivity occur have been gained as
summarized below.

TABLE 2
Lignan contents of roots from 28-day-old WT, AtDIR6 OE, and AtDIR6 RNAi Arabidopsis

Pinoresinola Lariciresinola

Lines (�)-(2a) (�)-(2b) Total e.e. (�)-(3a) (�)-(3b) Total e.e.

ng mg�1 dry weight ng mg�1 dry weight ng mg�1 dry weight % ng mg�1 dry weight ng mg�1 dry weight ng mg�1 dry weight %
WT 49 23 72 36 20 252 272 85
AtDIR6OE 74 511 585 75 17 574 591 94
AtDIR6 RNAi 48 41 89 8 42 361 403 79

a Lariciresinol aglycone (3) (derived from glucosides 4 and 5) was released after �-glucosidase treatment. Pinoresinol (2) was present in its aglycone form.

FIGURE 7. Chiral HPLC analyses of lariciresinol (3) and pinoresinol (2) antipodes in WT and transgenic lines. Racemic lariciresinols (3a/b; A) and racemic
pinoresinols (2a/b; E) are shown. Lariciresinols (3) isolated after �-glucosidase treatment (B–D) and pinoresinols (2) (F–H) from root tissues of A. thaliana WT,
AtDIR6 OE, and RNAi transgenic plant lines, respectively, are shown.
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Site-directed Mutagenesis—DP site-directed mutagenesis
was used to begin to identify potentially important amino acid
residues required for coniferyl alcohol (1) radical binding and
processing. Specifically, this first entailed establishing which
residues either abolished or reduced stereoselective coupling
leading to (�)- or (�)-pinoresinol (2a or 2b).

To identify potential DP amino acid residues involved in pro-
tein-substrate interactions, a bioinformatics analysis of the (�)-
pinoresinol-forming DPs (FiDIR, ScDIR, TpDIR5, and TpDIR8
(31)) and (�)-pinoresinol-forming DPs (AtDIR5 and AtDIR6)
was carried out. This analysis established the presence of highly
conserved regions in these sequences (Fig. 8). Of these, 12 phe-
nylalanine amino acid residues (Phe-47, Phe-49, Phe-90, Phe-
113, Phe-126, Phe-128, Phe-130, Phe-141, Phe-163, Phe-164,
Phe-177, and Phe-183) in S. chinensis (�)-pinoresinol-forming
DP were selected as putative residues that might contribute to
direct binding to or accommodating the substrate, thereby
facilitating the coupling reaction. These residues were chosen
as they were considered as possible candidates for �-� interac-
tions between the bound substrate and the phenyl group of the
Phe residue.
To investigate the role of these aromatic residues in binding,

eachwas individually changed to anAla residue by site-directed
mutagenesis using the QuikChangeXL site-directed mutagene-
sis kit (Stratagene) (supplemental Table S6). The mutated
cDNAs as well that of the WT ScDIR were then individually
transfected into Schneider2 Drosophila expression cells (2).
Next, each expressed protein was partially purified, and the
ability for pinoresinol (2) formation was assayed as before.
Of the mutants obtained, F47A, F49A, F126A, F128A,

F130A, F141A, F164A, F177A, and F183A retained comparable
with or had veryminor differences in stereoselectivity from that
of the WT ScDIR, indicating that these residues had no direct
involvement in substrate binding/orientation. On the other
hand, the F90A, F113A, and F163A ScDIR mutants produced
racemic products, indicating that stereoselective coupling had
been greatly reduced if not eliminated.

Following these preliminary studies, these three mutated
proteins were purified to apparent homogeneity and assayed
(see “Experimental Procedures”). This confirmed that muta-
tion of these three Phe residues resulted in abolition of stereo-
selective coupling because the corresponding mutants F90A,
F113A, and F163A only gave racemic products (Fig. 9). Inter-
estingly, Phe-163 and Phe-164 are adjacent to each other, but
theirmutation had very different effects on stereoselectivity. As
expected, the double mutant F163A/F164A lost the ability to
engender stereoselective coupling (data not shown).
Phe to Tyr Mutations—Based on the above site-directed

mutagenesis results, the Phe residues provisionally considered
as important for substrate binding and/or involvement in con-
trol over stereoselectivity were individually substituted with
Tyr residues (F90Y, F113Y, and F163Y) to establish whether
stereoselective coupling was maintained. This was of interest
because Tyr mutation at these positions might retain stereose-
lective properties as opposed to Ala mutants because Phe and
Tyr have a similar bulkiness and side-chain. Accordingly, plas-
mids containing the corresponding mutated DPs were individ-
ually transformed into Schneider2 insect cells, and recombi-
nant proteins were initially purified and assayed as before.
Overall, the three Tyr mutants essentially lost the ability to
engender stereoselective coupling as observed previously for
the Phe to Ala mutants (Fig. 9), although in the presence of 6.4
�M F113Y protein, an excess of �10% of (�)-pinoresinol (2a)
was detected (data not shown). However, this level of stereose-
lectivity conferred was negligible as compared withWT ScDIR.
Tyr contains a phenolic group as comparedwith Phe; therefore,
the phenolic group moiety might prevent proper binding of
coniferyl alcohol (1) radical substrate, thereby contributing to
the lack of stereoselectivity observed.
Region Swapping for Distinct DP Enantioselectivities—A

bioinformatics analysis was also carried out to identify differ-
entially conserved regions/amino acid residues that might
affect stereoselective coupling preferences for the two distinct
DP types. Of the 14 residues differentially conserved in the (�)-

FIGURE 8. Sequence alignments of (�)-pinoresinol and (�)-pinoresinol-forming dirigent proteins. Phenylalanine residues (Phe-47, Phe-49, Phe-90,
Phe-113, Phe-126, Phe-128, Phe-130, Phe-141, Phe-163, Phe-164, Phe-177, and Phe-183) in S. chinensis used for site-directed mutagenesis are marked with �.
Differentially conserved residues (Leu-45, Val-89, Asn-98, Gly-106, Leu-124, Phe-126, Phe-128, Phe-141, Pro-146, Leu-148, Ile-154, Val-181, Leu-185, and
Arg-186) in S. chinensis are marked with �. Region-A and -B used for swapping in this study are also indicated. Abbreviations and locus numbers of GenBank
or The Arabidopsis Information Resource database accession numbers are as follows: ScDIR (S. chinensis dirigent protein), HQ428029; FiDIR (F. intermedia
dirigent protein), AF210061; TpDIR5 (Thuja plicata dirigent protein 5), AF210067; TpDIR8 (T. plicata dirigent protein 8), AF210070; AtDIR5 (A. thaliana dirigent
protein 5), At1g64160; AtDIR6 (A. thaliana dirigent protein 6), At4g23690.
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and (�)-pinoresinol-forming DPs (Fig. 8), 10 of these were dis-
tributed in the middle region of the protein, whereas only one
and three were located in the N- and C-terminal regions,
respectively. The middle region of the protein was then arbi-
trarily divided into two regions for swapping experiments.
First, Region-A spanning from Met-87 to Leu-124 in ScDIR

(Phe-79 to Phe-116 in AtDIR6) was selected. This region con-
tains four residues differentially conserved for the (�)- and
(�)-pinoresinol-formingDPs known thus far (Val/Ile, Asn/Lys,
Gly/Ala, and Leu/Phe of (�)-DP/(�)-DP; Fig. 8, marked with
spades), and this region also contains the two aforementioned
residues (Phe-90 and Phe-113 in ScDIR). Using a three-step
PCR procedure (25), Region-A (38 amino acids) of ScDIR was
replaced by the corresponding Region-A of AtDIR6. A plasmid
DNA carrying the Region-A-swapped ScDIR was then con-
structed and used to produce recombinant proteins. The enan-
tiomeric excess composition of (�)-pinoresinol (2a), whichwas
produced by theRegion-A-swapped ScDIR,was only somewhat
decreased (26% e.e. of the (�)-form (2a); Fig. 10C) as compared
with that ofWTScDIR (60% e.e. of the (�)-form (2a); Fig. 10A).
However, the overall stereoselectivity of coupling was unaf-
fected, presumably indicating that neither Phe-90 nor Phe-113
was involved in control over the coupling mode.
Next, Region-B containing 49 amino acids (Asn-98 to Pro-

146 in ScDIR and Lys-90 to Leu-138 in AtDIR6) was selected.
This region contains seven divergent differentially conserved
residues (Asn/Lys, Gly/Ala, Leu/Phe, Phe/Tyr, Phe/Leu, Phe/
Ile, andPro/Leuof (�)-DP/(�)-DP) andPhe-113. Interestingly,
the ScDIR harboring the AtDIR6 Region-B now gave a protein
whose properties resulted in complete reversal of its previous
stereoselectivity (50% e.e. of the (�)-form (2b); Fig. 10D). That
is, the swapped ScDIR clearly resulted in an alteration of
stereoselectivity from a (�)-pinoresinol (2a)-forming DP (Fig.
10A) to that producing the opposite antipode (2b) (Fig. 10D).
This result suggests that pivotal residues for control of stereo-
selectivity are within Region-B.

Although there is currently no structural biology report for
anyDPwith or without bound substrate, a secondary structural
homology comparison with Arabidopsis allene-oxide cyclase 2
(AOC2; Protein Data Bank code 2brj) was carried out for
both AtDIR6 (Protein Model Database accession number
PM0078038 (38)) and ScDIR (39). This was done as a working
hypothesis as it is the only protein with a possibly useful level of
structural homology in the database. However, sequence align-
ments between AOC2 and AtDIR6/ScDIR were low with 11%
identity and 12% similarity, respectively (38, 39).
In terms of mode of action, in AOC2 (Fig. 11A), binding of the

inhibitor vernolic acid is considered to be “straddled” across the
three �-strands with four ligands (Phe-43, Val-49, Phe-51, and

FIGURE 9. Effects of Phe-90, Phe-113, and Phe-163 mutations on stereose-
lective (�)-pinoresinol (2a) formation in enantiomeric excess. (�)-Pinores-
inol (2a) formation in e.e. was compared among wild-type ScDIR and F90A, F90Y,
F113A, F113Y, F163A, and F163Y DPs assayed at various concentrations.

FIGURE 10. Effects of region swapping on stereoselectivity of (�)-and
(�)-pinoresinol-forming dirigent proteins. Chiral HPLC analyses of
pinoresinol (2) antipodes are shown. A, recombinant native ScDIR. B, recom-
binant native AtDIR6. C, AtDIR6 Region-A swapped into ScDIR. D, AtDIR6
Region-B swapped into ScDIR.
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Phe-85) envisaged in substrate binding. Interestingly, this is also
largely the same region in ScDIR and AtDIR6 (Asn-98 to Pro-146
inScDIRandLys-90 toLeu-128 inAtDIR6)where the swappingof
the regions resulted in reversal of the coupling outcome (i.e. from
being a (�)-pinoresinol-formingDP to a (�)-pinoresinol-forming
DP) (Fig. 10, A and D). That is, swapping of the Region-B �3, �4,
and �5 strands with the AtDIR6 region resulted in the opposite
stereoselectivity in ScDIR, whereas swapping of the Region-A
encompassing�2andpartof the�3strandhadnoeffect (Fig. 11B).
Thus, the�2and/or�3strand,whichprovidesanopenentrance to
the putative large �-barrel, can provisionally be considered as
involved in substrate binding, and the�4 and/or�5 strands in the
presumed hydrophobic pocket are more likely to be involved in
controlling the stereoselectivity of coupling.
The overall coupling process in both cases is depicted in Fig. 1,

whereby either re-re or si-si coupling can occur. Only a very small
change inDPprotein conformationand/or sterichindrance in this
region would thus effectuate a different coupling outcome in
terms of the bound substrates. Indeed, the atomic distances
between re-re and si-si coupling is only approximately 1.54Å (C8-
C8�), respectively, for the quinone methide intermediates formed
through radical-radical coupling of two coniferyl alcohol radicals
(Fig. 1). In contrast, the (�)- and (�)-forms of pinoresinol (2a and
2b) subsequently generated via intramolecular cyclization of the
coupled quinone methide intermediates have a C–C bond length
of approximately 1.50 Å (C8-C8�), respectively.
Mutation of the DP residues Phe-90 in ScDIR (Phe-82 is the

correspondingresidue inAtDIR6)andPhe-163 inScDIR(Phe-156
inAtDIR6) resulted in the lossof stereoselective/regiospecific cou-
pling as did mutation of the Phe-113 residue in ScDIR. Yet of the
four ligands (Phe-43,Val-49,Phe-51, andPhe-85) considered tobe
involved in substratebinding forAOC2,only tworesiduesarecon-
served, namely Val-49/Phe-51 inAOC2, Val-88/Phe-90 in ScDIR,
and Val-80/Phe-82 in AtDIR6. Therefore, it seems possible that
the Phe-51/Phe-82/Phe-90 residue plays an important role in

binding of the substrates as this residue is placed within the puta-
tive �2 strand of the presumed hydrophobic pocket. This residue
may also help restrict the conformational freedom of coupling
and/or rotation to further constrain product stereoselectivity.
In addition, although the ScDIR F113A mutant resulted in

the loss of stereoselectivity, there is no corresponding Phe res-
idue in AOC2. Moreover, in the AOC2 homology-based struc-
ture for ScDIR, the Phe-113 residue appears to project away
from the face of the �-strand presumed to be involved in sub-
strate binding/orientation. There is also no equivalent Phe res-
idue of either AOC2 Phe-85 or Phe-43 present in ScDIR,
although there are comparable Phe-116 and Phe-74 residues in
AtDIR6. However, the F163A mutant in ScDIR leading to loss
of stereoselectivity is conserved in AtDIR6 (Phe-156) and
AOC2 (Phe-122). Yet, Phe-163 is located at the opposite end of
the barrel cavity, which is masked by the N-terminal region.
Therefore, mutation of this residue to Ala might confer a long
range effect on the conformation of the hydrophobic pocket
and thus influence stereoselectivity as well. In closing, however,
it must be emphasized that the corresponding modeling above,
although serving to help develop aworking hypothesis, needs to
be fully established with the corresponding DP structures
unambiguously determined via either x-ray crystallographic
and/or NMR spectroscopic analyses.
Conclusions—This study demonstrated the existence of both

(�)- and (�)-pinoresinol-forming DPs in planta. In Arabidop-
sis, two genes (AtDIR5 and AtDIR6) encoded proteins capable
of engendering formation of (�)-pinoresinol (2b) from E-co-
niferyl alcohol (1) in vitrowhen incubated in the presence of an
auxiliary oxidase (laccase). Of these, however, only AtDIR6 was
expressed in root tissues, which accumulated (�)-lariciresinol
(3b) in the form of corresponding glucosides 4 and 5. Overex-
pression and RNAi approaches further confirmed the physio-
logical role of AtDIR6 as a (�)-pinoresinol-forming DP.
Bioinformatics analyses, site-directed mutagenesis, and

region swapping of various amino acid residues in the (�)-pi-
noresinol-forming DP when compared with the corresponding
(�)-pinoresinol-forming DP and AOC2 help provide new
insights into how both regiospecificity and stereoselectivity are
controlled. Most importantly, region swapping clearly estab-
lished the importance of Region-B (Lys-90 to Leu-138 in
AtDIR6) in helping engender distinct stereoselectivities. In the
future, it will be instructive to establish how these fascinating
DPs fully engender these distinct stereoselectivities and thus
how nature controls the outcome of distinct radical-radical
coupling reactions in vivo.
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FIGURE 11. Monomeric structure of AtAOC2 and AtDIR6. Ribbon diagrams of
AtAOC2 (A; Protein Data Bank code 2dio) and AtDIR6 (B; Protein Model Database
accession number PM0078038) are shown. A, the residues considered involved in
interactions with the putative inhibitor, vernolic acid, are shown in red, and the
electron density map is shown in gray. Region-B of AtAOC2 is colored dark green.
B, the site-directed mutated residues of AtDIR6 and ScDIR are depicted in red, and
the potential substrate binding residues are shown in yellow. Region-B of AtDIR6
and ScDIR is colored blue. Residue numbers are shown for both AtDIR6 and ScDIR.
Images were generated using UCSF Chimera 1.5.3rc.
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