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ABSTRACT: The (+)-pinoresinol-forming dirigent protein is the first protein capable of stereoselectively
coupling two coniferyl alcohol derived radical species, in this case to give the 8-8′ linked (+)-pinoresinol.
Only dimeric cross-linked dirigent protein structures were isolated when 1-ethyl-3-[3-(dimethylamino)-
propyl]carbodiimide was used as cross-linking agent, whereas the associated oxidase, presumed to generate
the corresponding free radical substrate, was not detected. NativeForsythia intermediadirigent protein
isoforms were additionally subjected to MALDI-TOF and ESI-MS analyses, which established the presence
of both monomeric masses of 23-25 kDa and dimeric dirigent protein species ranging from 46 to 49
kDa. Analytical ultracentrifugation, sedimentation velocity, and sedimentation equilibrium analyses of
the native dirigent protein in open solution confirmed further its dimeric nature as well as a propensity to
aggregate, with the latter being dependent upon both temperature and solution ionic strength. Circular
dichroism analysis suggested that the dirigent protein was primarily composed ofâ-sheet and loop structures.

The lignan pinoresinol serves as a central precursor of
many 8-8′ linked plant lignans, and is obtained by stereo-
selective coupling of two entities derived fromE-coniferyl
alcohol (Scheme 1). Its formation is of interest since it
apparently employs two separate reactions: the first involves
single-electron oxidation of coniferyl alcohol to form the
corresponding phenoxy radical species via action of an
oxidase/oxidant, whereas the second conversion is that of
stereoselective radical-radical coupling to give (+)-pinores-
inol (1). The protein employed for the stereoselective
coupling step has been identified and its gene cloned, and
the term dirigent protein (DP) (Latin:dirigere, “to guide or
align”) was coined to describe its mode of action (1-4).
Although this coupling type is found only in a particular
subset of 8-8′ linked lignans, it has been proposed that other
DP and DP-like proteins exist and function in specific
coupling reactions in the formation of other lignans (4-7).
Moreover, the biosynthesis of other phenolic compounds,
such as the biopolymeric lignins (8), the phenolic portion of
suberins (9), as well as those deployed in insect cuticle
melanization and sclerotization and in formation of phenolic
polymers in fungal fruiting bodies (10), also involve bimo-
lecular phenoxy radical coupling; control of their assemblies
can be envisaged to utilize proteins containing dirigent sites
(or arrays of dirigent sites) (3, 11).

The DNA sequence of the (+)-pinoresinol DP from
Forsythia intermediaimplies an 18.3 kDa protein (2, 3),

whereas SDS-PAGE analysis of the native protein suggests
an apparent molecular mass of 26 kDa (1); these differences
result from glycosylation (12) and 4 potentialN-glycosylation
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Scheme 1: One-Electron Oxidation of Coniferyl Alcohol,
and Effects on Coupling in the Presence and Absence of
(+)-Pinoresinol-Forming Dirigent Protein
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sites have been identified. To date, there are over 200 other
unique cDNA, ESTs, and genetic sequences in the databases
with >70% homology and>40% identity to the (+)-
pinoresinol DP; however, no additional specific functions
have yet been described for the other gene products.
Interestingly, homologues to (+)-pinoresinol DP fromPisum
satiVum (13) (56% identity, 74% homology) andNicotiana
tabacum(14) (48% identity, 70% homology) are inducible
as part of a pathogen response.

On the basis of our current understanding of the stereo-
selective coupling process, the (+)-pinoresinol-forming DP
appears to use coniferyl alcohol derived radical species as
substrate. In vitro, the latter can be formed via action of any
of a number of one-electron oxidants: this includes laccase,
peroxidase, ammonium peroxydisulfate, and FMN radical
generating systems (1). While no precise physiological role
for any of these oxidases and/or oxidants has been identified
for (+)-pinoresinol formation, it can be contemplated that a
specific oxidase is proximal to the DP in vivo. In the absence
of the DP, however, coniferyl alcohol radical species
combine in vitro in open solution to produce (()-dehyd-
rodiconiferyl alcohols, (()-pinoresinols, anderythro/threo-
(()-guaiacylglycerol coniferyl alcohol ethers in ratios of∼1:
0.5:0.3, respectively (1) (Scheme 1).

The goal of this study was to characterize native (+)-
pinoresinol-forming DP quaternary structure using cross-
linking agents, and ESI and MALDI-TOF mass spectrometry
to obtain accurate molecular masses. MALLS, GPC, and
analytical centrifugation were also used to further support
quaternary structural associations as well as in identifying
hydrodynamic parameters and higher order associations,
including that of possible aggregation. Additionally, far-UV
circular dichroism analysis provided useful information on
possible secondary structure.

MATERIALS AND METHODS

Protein Purification. F. intermediastems were harvested
(September), following one year’s annual growth of mature
plants that were maintained in field plots at Washington State
University. Purification of the (+)-pinoresinol-forming DP
employed a procedure modified from that of Davin et al.
(1), with all manipulations being carried out at 4°C. Thus,
frozen (-20 °C) F. intermediastems (2 kg) were pulverized
in a Waring blender (Model CB6) containing liquid N2, with
only powdered particles able to pass though an eight-mesh
sieve being processed further. These were then sequentially
extracted with acetone (3× 4 L, -20 °C, 20 min) using a
motorized impeller (250 rpm) for stirring, and following each
extraction, the residue was retained by filtration through one
layer of Miracloth (Calbiochem). To the resulting residue
was added a solution of 1% Triton X-100 (v/v) in potassium

phosphate buffer (0.1 M, pH 5.5, 8 L) containing 0.1%
(v/v) â-mercaptoethanol, with the corresponding suspension
being stirred (250 rpm) for 1 h and filtered as above. The
residue was next treated with potassium phosphate buffer
(0.1 M, pH 5.5, 8 L) with 0.1% (v/v)â-mercaptoethanol,
then stirred (250 rpm) for 30 min, and filtered as before. A
final extraction with NaCl (1.5 M) in potassium phosphate
buffer (0.1 M, pH 5.5, 8 L), containing 0.1% (v/v)â-mer-
captoethanol, was then stirred (250 rpm) for 1 h and again
filtered. The filtrate from this last extraction step containing
the DP was dialyzed against distilled water until a conductiv-
ity of <7 mS was achieved, and the resulting dialysate (8
L) was next filtered through a cotton plug in a 4 L funnel
and subsequently through anR-cellulose (Sigma-Aldrich,
filter aid, [9004-34-6]) packed bed (50× 50 mm) before
application to a 100 mL SP Sepharose Fast Flow (Amersham
Pharmacia Biotech) column (50× 55 mm, 30 mL min-1)
equilibrated in Na-Mes buffer (40 mM, pH 5.0). After
washing with the same buffer, the sample was batch eluted
with NaCl (2 M) in Na-Mes buffer (40 mM, pH 5.0, 500
mL), with the eluate frozen (-20 °C) until needed. An
average of 10 batch eluates were thawed, pooled, concen-
trated (Amicon cell Model 2000, YM 30 membrane) to 500
mL, and precipitated with ammonium sulfate (40-80%
saturation). The resulting precipitate was reconstituted in
Na-Mes buffer (40 mM, pH 5.0, 100 mL), dialyzed against
Na-Mes buffer (40 mM, pH 5.0, 3× 4 L, 4 h), and applied
(1 mL min-1) to a MonoS HR5/5 column equilibrated in
Na-Mes buffer (40 mM, pH 5.0, 100 mL). DP containing
fractions were eluted (1 mL min-1) stepwise between 233
and 333 mM Na2SO4 in 40 mM Na-Mes buffer, pH 5.0;
these fractions were combined, diluted in Na-Mes buffer
(20 mM, pH 5.0) until the conductivity was<7 mS, and
then applied (10 mL min-1) to a POROS SP column (4.6×
100 mm) equilibrated in Na-Mes buffer (40 mM, pH 5.0).
The DP was desorbed (5 mL min-1) from the column using
a linear Na2SO4 gradient from 0 to 250 mM in 20 mL, with
the latter concentration being held constant for an additional
25 mL; the DP eluted with a conductivity∼30 mS. Apparent
electrophoretic homogeneity of the DP, as evidenced by a
single band on a silver stained SDS PAGE, was achieved
after two further rounds of POROS-SP column chromatog-
raphy following additional dilution of the eluate with
Na-Mes buffer (40 mM, pH 5.0) to obtain a conductivity
of <7 mS.

General Assay Conditions. Assay conditions were per-
formed as previously described (1) using the following
conditions: DP (40 nM),E-[9-3H]-coniferyl alcohol (4µM,
7 MBq M-1), FMN (1 mM), Na-Mes buffer (40 mM, pH
5.0), and Na2SO4 (75 mM) in a total volume of 250µL for
16 h at 30°C with fluorescent room lighting. Extraction,
separation, quantification, and determinations of the enan-
tiomeric contents of the pinoresinols so formed were
performed as previously described (1). Individual controls
were carried out in the absence of DP, FMN, or both, or
with samples which employed inactivated DP previously
boiled in a water bath for 10 min.

DP Polyclonal Antibody Affinity Column. Polyclonal
antibodies (5 mL serum), previously raised against the (+)-
pinoresinol DP (2, 3), were purified using ImmunoPure
(Pierce) immobilized protein A/G resin (1 mL) following
the manufacturer’s protocol (15), including buffer exchange

1 Abbreviations: CD, circular dichroism; DP, dirigent protein; EDC,
1-ethyl-3-[3-(dimethylamino)-propyl]carbodiimide; ESTs, expressed
sequence tags; ESI-MS, electrospray ionization mass spectrometry;
FMN, flavin mononucleotide; GPC, gel permeation chromatography;
MALDI-TOF, matrix assisted laser desorbtion ionization time-of-flight;
MALLS, multiangle laser light scattering; Na-Mes, NaOH buffered
2-(N-morpholino)ethanesulfonic acid;Mw, weight-average molecular
mass; NBT/BCIP, nitro-blue tetrazolium chloride/5-bromo-4-chloro-
3′-indolyphosphatep-toluidine salt; NHS, N-hydroxysuccinimide;
PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl
sulfate; TFA, trifluoroacetic acid.
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through D-Salt columns. The corresponding purified antibod-
ies (3 mL, 2.3 mg) were dialyzed against potassium
phosphate buffer (50 mM, pH 7.5, 3× 4 L, 6 h) to remove
residual glycine. The antibodies in the solution were then
attached to NHS-activated Sepharose (3.5 mL packed
volume, Amersham Biosciences) using the manufacturer’s
protocol (16) with unreacted NHS groups blocked with
trizma base (100 mM). Individual (0.5 mL, 5× 25 mm)
columns from this reaction were used to purify the cross-
linked products below.

Cross-Linking. Two procedures were employed:
Procedure 1.The DP purification procedure was repeated
as described above, except that a zero-length cross-linking
agent EDC (8 mM) in a buffered solution (potassium
phosphate buffer 0.1 M, pH 5.5, 8 L) was added to the
homogenized powder (2 kg) prior to acetone extraction. After
stirring (250 rpm, 1 h), the reaction was stopped by addition
of â-mercaptoethanol (50 mM final concentration) and
glycine (50 mM final concentration). A parallel extraction
without cross-linking agent was also carried out. Extraction
of the DP was then carried out as described above in Protein
Purification. Samples in both cases were then taken as
follows: the initial cross-linked solution containing EDC,
the buffer solution following acetone extractions, and the
extract obtained during NaCl solubilization. Each extract was
next clarified by vacuum filtration through G6 glass fiber
filters, then individually precipitated with ammonium sulfate
(100% saturation), and resuspended in potassium phosphate
buffer (40 mM, 100 mL, pH 7.5). The conductivity of each
resulting solution was adjusted to∼20 mS by addition of
solid NaCl.

Each protein resuspension was individually applied to the
previously prepared antibody affinity column and eluted by
the addition of 4 M urea (2 mL), with the eluate subsequently
being subjected to a buffer exchange using a Sephadex G-25
column (14× 50 mm) equilibrated in Na-Mes buffer (40
mM, pH 5.0). The various fractions so obtained were
analyzed using western blot analysis with antibodies raised
in a rabbit against the nativeF. intermediaDP probed with
ImmunoPure goat antirabbit IgG (H+ L) linked to alkaline
phosphatase and visualized using 1-Step NBT/BCIP (Pierce).

Procedure 2.To a purified solution of DP (40µg) in Na-
Mes buffer (40 mL, 40 mM, pH 5.0, 20°C) was added EDC
to a concentration of 8 mM. After 30 min stirring, the
reaction was stopped by addition ofâ-mercaptoethanol (50
mM final concentration) and glycine (50 mM final concen-
tration). The solution was applied to a POROS R2 column
(200 µL packed bed, 4× 16 mm) equilibrated in Na-Mes
buffer (40 mM, pH 5.0) and eluted with 300µL CH3CN:
H2O (3:1, v/v), with 0.1% TFA in H2O (v/v). The resulting
eluate was evaporated in vacuo, reconstituted, and visualized
by western blot analysis as above.

Extinction Coefficient. The extinction coefficient of the
DP was estimated in two ways. One approach employed the
computational method of Gill and von Hippel (17) which
utilizes the sequence of the native protein under denaturing
(6 M guanidinium HCl) conditions, pH 6.5, 20 mM potas-
sium phosphate buffer to give an extinction coefficient of
24 500 L mol-1 cm-1. The second was via direct quantitative
measurement of the amino acids present in a DP protein
solution of known absorbance. Samples were subjected to
acid hydrolysis (6 N HCl, 100°C, 30 h) and analyzed by a

Beckman System 6300 amino acid analyzer using ion
exchange separation and postcolumn ninhydrin quantification
of each amino acid by comparison to standards, according
to the manufacturer’s protocol (18). Two replicates of the
amino acids H, D+ N, R, F, T, V, and K were quantified
and averaged. [The common quantification of E+ Q was
not possible because a coeluting carbohydrate contaminant
was present.] With the known sequence for comparison of
amino acid composition, the extinction coefficient was thus
calculated as 23 800 L mol-1 cm-1.

GPC and MALLS. This employed a TSK G3000SW
(Tosoh Biosep, Montgomeryville, PA) column (7.55× 600
mm) eluted with potassium phosphate buffer (50 mM, pH
5.0), containing NaCl (100 mM) at a flow rate of 1 mL min-1

controlled by an Acuflow Series IV pump (Interfax Acuflow
Ltd., Sutton Coldfield, UK). The eluate was monitored in
series at 280 nm with a SSI 500 UV detector (Kyoto, Japan),
an Optilab DSP (Wyatt Technology Corp.) interferometric
refractometer, and a DAWN EOS system (Wyatt Technology
Corp.) at room temperature. A calibration curve was obtained
using horse heart cytochromec (12.4 kDa), carbonic anhy-
drase (29 kDa), bovine serum albumin (66 kDa), alcohol
dehydrogenase (150 kDa),â-amylase (200 kDa), and apo-
ferritin (443 kDa) as standards. The extinction coefficient
measured above was used to quantify the amounts of DP
(300 µg) and to determine the concentration values which
correlate the interferometer with the signals detected in the
multiple angle light scattering device required for molecular
mass determination as described by Wyatt (19). The Mw

value was calculated using the Debye method, extrapolating
R(θ)/Kc to a zero value of sin2(θ). [R(θ) is the excess
intensity of scattered light at angleθ, c is the sample
concentration,K is an optical parameter equal to4π2n2 (dn/
dc)2/λo4NA, λo is the wavelength of scattered light,n is the
solvent refractive index,dn/dc is the refractive index
increment, andNA is Avogadro’s number.]

Analytical Ultracentrifugation. All experiments were
performed using a Beckman Optima XL-A analytical ultra-
centrifuge equipped with absorbance optics and an An60Ti
rotor. Sedimentation equilibrium experiments were preequili-
brated (1 h) at 20°C and performed in Epon six channel
(1.2 cm path) centerpieces at 6000, 9000, and 12 000 rpm
monitored at 280 nm. Different DP concentrations (0.11,
0.33, and 1.0 mg mL-1) were used in potassium phosphate
buffer (20 mM, pH 5.0) containing NaCl (100 mM). The
effects of NaCl on the DP were next examined at the same
rotor speeds, temperature, and buffer with 0.5 mg mL-1 DP
and at NaCl concentrations of 0, 50, 100, 150, 250, and 500
mM at 20 °C. Data for 0.5 mg mL-1 samples were also
collected at 4, 6, 8, 10, 15, 20, 25, 30, 35, and 40°C under
the same rotor speeds with NaCl (100 mM). All samples
were dialyzed (16 h) against the desired buffer conditions
and used in the reference cell. Equilibrium profiles were
analyzed with the program NONLIN (20), which is based
on a nonlinear least squares technique fitting data to an
approximation of the Lamm equation and capable of fitting
multiple data sets simultaneously with different speeds and
concentrations. Sedimentation velocity experiments were
performed at 25°C in Epon double channel centerpieces (1.2
cm path) with DP concentrations of 0.1, 0.2, 0.5, 0.67, 1.0,
and 1.5 mg mL-1 and at speeds of 25 000, 30 000, 36 000,
and 45 000 rpm. Samples were previously dialyzed against
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potassium phosphate buffer (20 mM, pH 5.0) containing 100
mM NaCl for 16 h. Sedimentation velocity data were
collected at 280 nm with a radial increment of 0.2 mm and
delay between scans of 800 s. Only data with a defined
meniscus and plateau were analyzed by the Svedberg 5.01
(21, 22) program using a modified Fujita-MacCosham
function which fits sedimentation velocity profiles to an
approximation of the Lamm equation, thereby allowing the
determination ofD ands. Molecular weight estimates were
calculated from the values ofs andD from the relationMw

) sRT/D(1 - VjF), wheres is the sedimentation coefficient,
R the gas constant,T the temperature,D the diffusion
coefficient,Vj the partial specific volume, andF the solvent
density. The partial specific volume (Vj) of the DP was
calculated to be 0.710, from the amino acid composition
using the method of Cohn and Edsall (23), assuming that
all glycosylation consistently had the partial specific volume
of glucose, and temperature effects were corrected according
to Durchschlag (24).

CD. The far-UV spectra of the DP were collected from a
AVIV stopped flow circular dichroism spectrophotometer
(Model 2025F) (Lakewood, NJ) at 20°C in a 0.1 cm cell
with DP concentrations of 7, 10, and 20µM in Na-Mes
buffer (40 mM, pH 5.0). The spectra were compared to
several library sets (25) of known secondary structures using
the programs CDSSTR (26), SELCON3 (27), and CONTIN
(28).

MALDI-TOF Mass Spectrometry. DP samples were diluted
to 5-10 pmol in H2O (0.4 µL) and mixed with an equal
volume of a saturated aqueous solution of sinapinic acid as
matrix. A Voyager DE\RP mass spectrometer with a Per-
Septive Biosystems Voyager Biospectrometry Workstation
was used with data analyzed using the Data Explorer 5.1
software package. Laser fluence was about 20% above
threshold, and the collected spectra were from 256 scans.
Mass standards of cytochromec (12 360 Da) and trypsinogen
(23 980 Da) were used for instrument calibration.

ESI-MS. An aqueous solution of DP (100 pmol) in 10µL
was applied to a Waters Symmetry Shield C18 (3.5 µm, 1.0
× 150 mm) column using a Waters 2690 Alliance Separation
module. The column was equilibrated with solvents A (CH3-
CN, Burdick and Jackson, High Purity Solvent) and B (H2O:
HCO2H, EM Science, Suprapur, 99:1) at a ratio of (5:95)
and eluted with a linear gradient of A:B (5:95 to 70:30) in
a 40 min period with a flow rate of 50µL min-1. Mass
spectroscopic analysis of the effluent was performed in-line
with a Finnigan-Thermoquest LCQ equipped with an elec-
trospray ionization source and ion trap detector. Other
operating parameters included 60 (arbitrary units) as the
sheath gas flow rate, and a capillary temperature of 200°C.
Mass spectra were deconvoluted using the software package
BioExplore (Finnigan Corp.).

RESULTS AND DISCUSSION

DP Quaternary Structure.The modified protocol for DP
purification significantly improved recoveries relative to that
of the previously reported method; this provided approxi-
mately 50µg of purified DP per kg freshF. intermediastem
tissue, an 80% improvement in yield with only 20% of the
labor of the previous method (1). Next, cross-linking/
immunoprecipitation, using the cross-linking agent EDC, was

utilized in order to reveal potential associations of the (+)-
pinoresinol-forming complex, i.e., either between individual
DP monomers and/or between the DP and an auxiliary
oxidase. [EDC is a carbodiimide-based zero-length cross-
linker which forms an amide linkage between amines and
carboxylic acid groups (29).]

Cross-linking was carried out both prior to solubilization
of the (+)-pinoresinol-forming system, as well as with
purified preparations (see Materials and Methods). None of
these manipulations, however, resulted in detection of any
cross-linking between the DP and an oxidase moiety. On
the other hand, a presumed cross-linked DP dimeric species
∼50 kDa (Figure 1, lanes 3-6) was detected along with the
monomer (∼26 kDa), as revealed by western blot analysis
of the SDS-PAGE gel. With control experiments (no EDC
treatment), only the denatured monomer was observed (lanes
2,7-9). Furthermore, while previous investigations had
demonstrated that measurable (+)-pinoresinol-forming ca-
pacity was essentially only found in the NaCl solubilized
extract fromF. intermediastem tissue (lanes 6,9), the western
blot analyses indicated that some level of DP could be
detected in the initial buffered solubilization (lanes 3,7) and
extracts following Triton X-100 (lanes 4,8); the relative
amounts, however, were not determined.

ESI-MS and MALDI-TOF-MS Analyses.The ESI-MS
spectrum of the native DP, with multiple charges indicated
in parentheses (Figure 2A), was deconvolved from the
multiple m/z states to the corresponding mass (Figure 2B);
this resulted in detection of both a single monomer (24 748
mass units) and the corresponding dimer (49 501 mass units).
Two other potential dimeric species were also observed at
47 962 and 46 569 mass units, these perhaps representing
entities that have either lost or which contain modified
glycosyl residues. MALDI-TOF analysis, on the other hand,
gave a broader mass range of peaks centered at∼23 129-
23 501m/z, (Figure 2C) and a doubly charged range centered
∼11 571-11 726 m/z. Thus, both ESI and MALDI-TOF
mass spectrometric analyses indicated that the DP monomeric
species is greater than the 18.3 kDa protein expected from

FIGURE 1: Western blot analysis of variousF. intermediaextracts
separated on an SDS-PAGE gel, using polyclonal antibodies raised
against the (+)-pinoresinol-forming dirigent protein fromF. inter-
media. (lane 1) Molecular weight standards (prestained). (lane 2)
Purified native dirigent protein. (lane 3) Purified native dirigent
protein following EDC cross-linking. (lanes 4-6) After cross-
linking, samples for western blot analysis were taken at different
stages of DP purification as follows: (4) soluble protein extract,
(5) buffered extract following acetone washes, (6) final NaCl
solubilization extract (see Materials and Methods). (lanes 7-9) The
same as lanes 4-6, but without EDC cross-linking.
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the DNA coding sequence with a dimeric form detectable
by ESI-MS.

Gel Permeation Chromatography-MALLS.Comparing the
DP elution profile to that of reference standards (see
Materials and Methods) using a TSK G3000SW column
matrix, we estimated a molecular weight of∼53 kDa. GPC-
MALLS was then also employed to estimate the native DP
Mw; however, prior to this measurement, the extinction
coefficient of the (+)-pinoresinol-forming DP was first

calculated (see Materials and Methods) with the value of
24 500 L mol-1 cm-1 being utilized. In this way, a Debye
plot was calculated for the (+)-pinoresinol-forming DP
(Figure 3), using a single time point near the GPC DP peak
maximum. Extrapolation ofR(θ)/Kc to zero (see Materials
and Methods) thus indicated that the native DP has a weight
average molar mass (Mw) of 49.9( 1.6 kDa for the dimer.
Interestingly, these estimates ofMw ∼ 53 and 49.9 kDa differ
from that previously obtained using Sephacryl S300, which
suggested aMw ∼ 78 kDa for the DP (1). The latter data are
rationalized as being a consequence of nonideal elution
behavior of the glycosylated DP on the S300 matrix.

Ultracentrifugation.DP samples were next sedimented at
three velocities, whose sedimentation profiles were monitored
by UV absorbance (280 nm) at various time intervals (see
Figure 4A for a representative sedimentation profile). It was
found that the DP sedimented with as20,w of 3.52× 10-13 s
with a diffusion constant,D, of 7.2× 10-7 cm2 s-1, which
corresponds to a dimericMw of 46.7 kDa using the calculated
Vj of 0.710 for the native DP.

Interestingly, when the native DP was allowed to stand
unperturbed for∼16 h prior to sedimentation analysis about
37% of the total DP formed an aggregate (Figure 4B). That
is, under these conditions, both a slowly sedimenting species
corresponding to the DP dimer was observed as well as an
aggregate with as20,w of 1.8× 10-12 s and a large diffusion
constant (2.5× 10-6 cm2 s-1). Moreover, the data indicated
that the larger molecular weight species was an ensemble
of aggregates in the range of 300-450 kDa (12-18-mer),
an observation consistent with sedimentation equilibrium data
(data not shown). However, this aggregation behavior could
be prevented by increasing NaCl concentration and to a lesser
extent by increasing temperature (data not shown).

Utilizing the ESI-MSMw of ∼49.5 kDa (considered to be
the most accurate value) for the DP dimer, a more precise
hydrodynamic analysis of DP dimer shape was also estimated
using the Teller method (30). This suggested that the DP
has a Stokes radius,Ro, of 2.5 nm and is slightly anisotropic,
with one axis having a maximum radius of 3.2 nm and the

FIGURE 2: ESI and MALDI-TOF mass spectra of native purified
(+)-pinoresinol-forming dirigent protein fromF. intermedia. (A)
ESI-MS multiple charge envelope. (B) Deconvolution of multiple
charge envelope, A, with both monomeric and dimeric components
labeled. (C) MALDI-TOF spectrum, showing both singly and
doubly charged monomer masses.

FIGURE 3: Debye plot of theF. intermedia(+)-pinoresinol-forming
DP following MALLS analysis. This was calculated from a selected
point of the native DP elution peak obtained during GPC using a
TSK G3000SW column.R, intensity of scattered light;K, an optical
parameter;c, concentration;θ, scattering angle (see Materials and
Methods).
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other a minimum of 2.2 nm. In agreement with this, a radius
of gyration,Rg, was also calculated to be 2.2( 0.5 nm from
analysis of the Debye plot (19).

CD. Finally, since the aggregation behavior of the purified
DP suggested that it may be predominantly ofâ-protein
character, a circular dichroism analysis was next carried out
to ascertain if this was the case. Figure 5 shows the
corresponding CD spectrum with a superimposed calculation
of the best fit of various secondary structural features. These
data indicated that the DP was composed of 40-47% loop,
35-42%â-sheet, 9-14% turn, and 5-12%R-helix structure.
This corresponds well with secondary structure predictions
given by most computer algorithms (31-34), which uni-
formly predict nineâ-sheet regions (11-20, 32-36, 55-
59, 79-83, 90-98, 108-113, 123-126, 137-141, 148-
161) within the protein, as well as a possible singleR-helix
(130-135) and∼50% loop structure.

Concluding Remarks.Application of a cross-linking
strategy using EDC, as well as ESI-MS, MALDI-TOF-MS,
GPC-MALLS, and ultracentrifugation, confirmed that the
primary molecular form of the native (+)-pinoresinol-
forming DP was a dimer of∼50 kDa: no cross-linking of
a DP-oxidase complex was observed under the conditions
employed. Analytical ultracentrifugation also indicated a
propensity for the DP to aggregate, and a CD analysis
suggested that it was mainly ofâ-sheet character, thereby
provisionally providing an explanation for the propensity to
aggregate. Additionally, it is our current working hypothesis

that the (+)-pinoresinol-forming DP contains one dirigent
(coniferyl alcohol radical) binding site per protein monomer.
Thus, the presence of the dimer enables each substrate
monomer to be oriented such that 8-8′ bond formation
occurs via coupling between the twosi-si faces of each
substrate molecule. In the future, how binding is precisely
effectuated will be determined using, for example, X-ray
crystallographic analysis.
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