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The enzyme hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl-
transferase (HCT) is involved in the production of methoxylated
monolignols that are precursors to guaiacyl and syringyl lignin in
angiosperm species. We identified and cloned a putative HCT gene
from Pinus radiata, a coniferous gymnosperm that does not produce
syringyl lignin. This gene was up-regulated during tracheary element
(TE) formation in P. radiata cell cultures and showed 72.6% identity to
the amino acid sequence of the Nicotiana tabacum HCT isolated
earlier. RNAi-mediated silencing of the putative HCT gene had a
strong impact on lignin content, monolignol composition, and inter-
unit linkage distribution. AcBr assays revealed an up to 42% reduction
in lignin content in TEs. Pyrolysis-GC/MS, thioacidolysis, and NMR
detected substantial changes in lignin composition. Most notable was
the rise of p-hydroxyphenyl units released by thioacidolysis, which
increased from trace amounts in WT controls to up to 31% in
transgenics. Two-dimensional 13C-1H correlative NMR confirmed the
increase in p-hydroxyphenyl units in the transgenics and revealed
structural differences, including an increase in resinols, a reduction in
dibenzodioxocins, and the presence of glycerol end groups. The
observed modifications in silenced transgenics validate the targeted
gene as being associated with lignin biosynthesis in P. radiata and
thus likely to encode HCT. This enzyme therefore represents the
metabolic entry point leading to the biosynthesis of methoxylated
phenylpropanoids in angiosperm species and coniferous gymno-
sperms such as P. radiata.

lignin � HCT � tracheary elements

The global trend toward a biomaterials-based economy makes
plant cell walls increasingly important as renewable re-

sources for the production of biofuels and biocomposites. Lignin
is the second most abundant terrestrial biopolymer after cellu-
lose and a major structural component of cell walls in wood-
forming tissues (1). The content, composition, and structure of
lignin all have considerable impact on the utilization of plant-
derived materials and have therefore been the subject of inten-
sive research (1, 2). Lignins are heterogeneous cell wall polymers
derived primarily from hydroxycinnamyl alcohols via combina-
torial radical coupling reactions (3). Typically, they make up
20–30% of the cell wall material in woody tissue of both
angiosperm and gymnosperm species. Lignin in coniferous
gymnosperms such as Pinus radiata does not contain syringyl (S)
components, which makes it different from lignin of many other
vascular plants including angiosperms (4).

We have developed a P. radiata callus culture system to better
assign function to genes associated with cell wall-related pro-
cesses such as lignification in conifers. These callus cultures can
be transformed and subsequently induced to differentiate into
tracheary elements (TEs), the main cellular components of wood
in conifer species (5). The biochemical composition of cell wall
polymers in differentiated TEs is similar to those produced in P.
radiata wood (6). This culture system is also more rapid and

efficient for the generation of transgenics than plant-forming
somatic embryos (5). The activation of the phenylpropanoid
pathway in those callus cultures via feeding experiments has
already proven useful for the investigation of lignin-related genes
(7). However, the usefulness of the TE differentiation process per
se in identifying the function of cell wall-related genes still needs
to be verified.

A key step in the biosynthesis of lignin in angiosperm species is
catalyzed by the recently discovered enzyme hydroxycinnamoyl-
CoA:shikimate hydroxycinnamoyltransferase (HCT) (8). This en-
zyme plays a crucial role in the biosynthesis of monolignols by
catalyzing the transfer of coumarate from p-coumaroyl-CoA to
shikimate, resulting in the formation of the corresponding p-
coumaroyl shikimate ester (Fig. 1). It is this ester rather than the
previously accepted CoA-thioester that is used by p-coumarate
3-hydroxylase (C3H) to functionalize the aromatic ring toward
guaiacyl (G)- and S-units (8). Silencing of HCT in Nicotiana
benthamiana and Medicago sativa caused a reduction of both G- and
S-type lignin subunits and a substantial increase in p-hydroxyphenyl
(H) subunits, which confirmed its involvement in the production of
methoxylated phenylpropanoids in angiosperms (9, 10). Here, we
describe the isolation of a putative P. radiata HCT clone from a
xylem-derived cDNA library and the effects of its silencing in
TE-forming P. radiata callus cultures via RNAi. Our results dem-
onstrate that this gene is required for the biosynthesis of G-type
lignin in coniferous gymnosperms such as P. radiata.

Results
Clone Isolation and Characterization. A 1,302-bp fragment of a
putative HCT clone was isolated from a xylem-derived P. radiata
cDNA library by using the PCR-based approach described in
Materials and Methods. The deduced amino acid sequence of the
coding region showed 72.6% identity to the amino acid sequence
of the Nicotiana tabacum HCT clone NtHCT [supporting infor-
mation (SI) Fig. 5]. The degree of amino acid similarity between
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the two protein sequences was 82.9%. All conserved motifs
typical for plant acyltransferases (8) were present in the P.
radiata clone. The expression level of the pine gene was also
monitored during TE differentiation by using quantitative RT-
PCR. The putative HCT gene was up-regulated during TE
formation similar to other lignin-related genes such as cinnamate
4-hydroxylase (C4H), caffeoyl-CoA O-methyltransferase
(CCoAOMT), and cinnamyl alcohol dehydrogenase (CAD)
tested in this experiment (Fig. 2).

Generation and Molecular Analysis of Transgenic Lines. A total of 56
transgenic lines was generated through biolistic cobombardment
using plasmids pAW16 and pHF5 (SI Fig. 6). Previous transfor-
mation experiments with pAW16 have established that the
transformation process itself does not affect content or chemical
composition of lignin in TEs (A.W., unpublished results). The
presence of the HCT RNAi cassette in transgenic lines was tested
via genomic PCR. Seventy-eight percent of all transgenics
contained both PCR fragments of the HCT RNAi construct
(data not shown). Pyrolysis-GC/MS was used to produce a
chemical fingerprint of cell wall material generated after the
differentiation process in transgenic and nontransgenic lines.
Four transgenic lines, which exhibited substantial changes in
lignin-derived signals compared with the WT control (data not
shown), were chosen for further analysis. Quantitative RT-PCR
experiments with those transgenic lines revealed that two of the
four transgenics contained as little as 7–10% residual HCT
message at day 4 on differentiation medium. The HCT steady-
state mRNA levels in those transgenics were declining during

early stages of TE formation, which contrasted with the situation
in the WT control (Fig. 2).

Phenotypic Analysis of Transgenic Lines. Analysis of purified TEs
revealed reductions in AcBr-soluble lignin of up to 42% in
silenced transgenics (Table 1). Pyrolysis-GC/MS with purified
TEs indicated a strong increase in H lignin and a simultaneous
reduction in G lignin in HCT-deficient lines (SI Fig. 7). Thio-
acidolysis, which selectively cleaves lignin �-ether linkages in
lignin, released monomers, which were up to 31% of the H type
(Table 1). This indicated a �50-fold increase in the H compo-
nent compared with WT controls.

For NMR analysis, so-called enzyme lignins enriched in lignin
by removing a substantial proportion of the polysaccharides by
using polysaccharidases were generated (11). These lignins were
then dissolved in a cell wall dissolution system (12), acetylated,
and subsequently used for structural analysis. Two-dimensional
NMR dispersion is sufficient in that remaining polysaccharides
interfere only minimally in the lignin analysis (12).
Aromatic region: H/G distribution. Changes in the H/G distribution in
the lignins were visualized from the aromatic region of NMR
spectra, particularly the 2D 13C–1H correlation [heteronuclear
single-quantum coherence (HSQC)] spectra correlating protons
with their attached carbons. H and G aromatic resonances were
well separated at 500 MHz. Substantial differences in the
aromatic nature of the lignins in the WT (Fig. 3A) and the
HCT-deficient lines (Fig. 3 B–D) were revealed. Wild-type TE
lignins were G-rich with H components derived from p-coumaryl
alcohol visible only at low-level contours (H3/5 contour in Fig.
3A). The lignin from the HCT-deficient transgenics had strik-
ingly higher H levels, as seen in Fig. 3 B–D. Volume integration
(Table 2) allowed reasonable quantification of the differences.
The integrals suggested that the H-unit content was elevated by
�50-fold, consistent with the thioacidolysis data.
Side-chain region: Interunit linkage and end-group distribution. The
side-chain region peripherally reflected the changes in the H/G
distribution, and was rich in detail regarding the types and
distribution of interunit bonding patterns present in the lignin
fraction. The control lignin spectrum (Fig. 4A) was typical of a
G lignin containing residual polysaccharides (13, 14). The HSQC
spectrum resolved most of the correlations for the various
linkage types in the polymer, the exception being in the complex
�-region, where only the correlations from the phenylcoumarans
B and the cinnamyl alcohol end groups X1 were fully resolved.
The lignin was seen as being rich in �-aryl ether units A, with
substantial amounts of phenylcoumarans B, resinols C, and
cinnamyl alcohol end groups X1.

Lignins from HCT-deficient transgenics had spectra with
several differences (Fig. 4B, Table 2, and SI Fig. 8). Glycerol end
groups X7 were apparent and the dibenzodioxocin level was
reduced. Relative levels of the other units changed marginally as
well, there being fewer phenylcoumarans B but more resinols C
in the transgenics.

Fig. 1. Enzymatic function of HCT in the phenylpropanoid pathway in
tobacco (8).

Fig. 2. Steady-state mRNA pool of the lignin-related P. radiata genes C4H,
HCT, CCoAOMT, and CAD during TE formation as assessed by quantitative
RT-PCR at days 0, 2, 4, and 10 after initiation of the differentiation process
compared with the HCT steady-state mRNA pool in transgenics pHF5-18,
pHF5-23, pHF5-31, and pHF5-40 at days 0 and 4 after initiation of the differ-
entiation process relative to WT controls.

Table 1. AcBr lignin and thioacidolysis yield of H/G monomers
from WT and HCT-deficient TEs

Sample

AcBr
lignin,

% wt/wt
H, �mol/g

lignin
G, �mol/g

lignin %H

WT 28.9 � 0.8 Trace 1,886 0
pHF5-18 22.9 � 0.2 340 769 31
pHF5-23 18.2 � 0.1 189 1,149 14
pHF5-40 16.7 � 0.1 232 560 29

pHF5-18, -23, and -40 are the HCT-deficient transgenics.
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Discussion
This study has demonstrated that HCT has a crucial role in
determining lignin content, monolignol composition, and inter-
unit linkage distribution in TE-forming P. radiata callus cultures.

HCT silencing caused a reduction in lignin content in all
species tested so far (refs. 9 and 10; this study). Whereas lignin
was reduced by 15% in N. benthamiana (9), both M. sativa and
P. radiata showed more substantial lignin reductions of �50 and
42%, respectively (ref. 10; this study). These quantitative differ-
ences might reflect the different silencing technologies used in
the individual studies. Virus-induced gene silencing was used to
silence HCT in N. benthamiana, whereas transgenic antisense or
RNAi were used in the other two studies. Virus-induced gene
silencing is unable to alter lignin deposited before virus infection
and is therefore more limited in elucidating quantitative varia-
tion. Nonetheless, HCT silencing is likely to have a substantial
impact on lignin quantity in both angiosperm and pine species.
Silencing of HCT also had considerable impact on the monoli-
gnol distribution in deposited lignins. Most notable was the rise
in H-type lignin, which was observed in both angiosperms tested
(9, 10). Here, a �50-fold increase in H-units was identified by
using both thioacidolysis and 2D NMR. NMR-derived H/G
ratios (Table 2) were consistent with the ratios derived from
thioacidolysis (Table 1), despite the fact that thioacidolysis
measures only the distribution in the monomers that can be
released by cleaving �-ether bonds. The increase in H-units was
at the expense of G-units in P. radiata (Table 1). This relation-
ship was also observed in M. sativa, whereas HCT silencing in N.
benthamiana preferentially depleted S-type lignin (9). The de-
pletion of G-type lignin in M. sativa and P. radiata establish that
HCT is essential for the production of coniferyl alcohol in both
angiosperm and coniferous gymnosperm species. The results in
tobacco might again represent a somewhat distorted picture

based on virus-induced gene silencing, and stable HCT silencing
should be used to verify the original phenotype.

Perturbing the monolignol composition also perturbs lignin
structure, producing lignins with a different distribution of unit
types. Two-dimensional 13C–1H NMR proved to be particularly
useful to reveal those changes in HCT-deficient transgenics.
Lignins are characterized by various types of interunit bonds, the
most prominent being labeled A–D, and side-chain end units X1
and X7 (Fig. 4). This linkage-type distribution differed between
the WT and the HCT-deficient P. radiata lignins. In particular,
G dibenzodioxocins D appeared to be depleted. In previously
examined lignins from C3H-deficient M. sativa plants, which
contained up to �65% H-units, new dibenzodioxocins involving
5-coupled H-units were discovered at enhanced levels (15). Such
dibenzodioxocins were not observed here, presumably because
p-coumaryl alcohol is at more modest levels, coupling mainly to
G-units in an H/G-copolymer. �-Aryl ether A levels were similar,
whereas phenylcoumarans B were slightly depleted and resinols
C were enhanced. Quantities of cinnamyl alcohol end groups X1
were the most variable, and no conclusions are drawn here.
Finally, the glycerol structures X7 were present at substantially
higher levels. Such structures have also been found to be more
prevalent in the H-rich lignins from C3H-deficient M. sativa
plants (15). Oxidative coupling reactions using p-coumaryl al-
cohol produce substantial levels of glycerols in synthetic poly-
mers that have not been ball milled (15), so we suspect that they
may be, at least in part, authentic units in the native lignins.

Some features of the lignins in P. radiata TEs deserve further
comment. In pine lignins, cinnamyl end groups X1 and resinols
C each typically comprise only �2% of the units (16). Both types
of units are signatures of monomer dehydrodimerization and are
consequently minor in softwood lignification. The main lignin
polymerization pathway in softwoods is the so-called ‘‘end-wise’’

Fig. 3. Partial short-range 13C–1H (HSQC) correlation spectra (aromatic regions only) of acetylated enzyme lignins isolated from the WT control (A), the
HCT-deficient line pHF5-18 (B), the HCT-deficient line pHF5-40 (C), and a difference spectrum revealing that the major relative difference is in enhanced H-units
(D). Traces of H-units are seen in the typically G lignin in the WT tracheids, whereas H-units are strikingly more prevalent in the spectra of the transgenics.

Table 2. NMR-derived H/G and interunit linkage data for WT and HCT-deficient P. radiata
TE-acetylated enzyme lignins

Sample %H %G H/G %A %B %C %D %X1 %X7 � �–O–4

WT 0.4 99.6 0.4 58.9 17.5 8.7 1.4 13.6 0 60.3
pHF5-18 22.9 77.1 29.8 61.3 15.8 11.1 0.5 8.9 2.4 61.8
pHF5-40 21.1 78.9 26.8 55.3 15.9 11.5 0 16.3 1.0 55.3

pHF5-18 and pHF5-40 are the HCT-deficient transgenics. A, �–O–4 (�-aryl ether); B, �–5 (phenylcoumaran); C,
�–� (resinol); D, �–O-4/5–5 (dibenzodioxocin); X1, cinnamyl alcohol endgroup; X7, arylglycerol end group (see Fig.
4 for structures).

11858 � www.pnas.org�cgi�doi�10.1073�pnas.0701428104 Wagner et al.



cross-coupling (17) of coniferyl alcohol (at its �-position) with
the phenolic end of the growing polymer (at its 5- or 4-O-
positions). Lignification in trees appears to occur under condi-
tions where the monolignol radical concentrations are limiting

such that cross-coupling with the growing polymer is more
prevalent (3). The levels of C and X1 in these spectra suggest that
the lignins in TEs are formed by a more ‘‘bulk’’ type polymer-
ization in which monomer dehydrodimerization is more frequent

Fig. 4. Partial short-range 13C–1H (HSQC) spectra (side-chain regions) of acetylated enzyme lignins isolated from P. radiata TEs. (A) WT control. (B) HCT-deficient
line pHF5-40. HCT deficiency and the incorporation of higher levels of p-coumaryl alcohol into the lignin produce changes in the distribution of interunit linkage
types (see text). Note that the contour levels used to display the two spectra were chosen to highlight the structural similarities and differences. With no internally
invariant peaks, interpretation of apparent visual quantitative differences needs to be cautious. Volume integrals and semiquantitative data are given in Table
2. The analogous spectrum for line pHF5-18 is provided in SI Fig. 8. (C) Photograph shows the appearance of P. radiata TEs. (D) Interunit type designations A–D,
X1, and X7 follow conventions established previously (1, 3, 15).
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than ‘‘end-wise’’ polymerization. S resinols C are seen at simi-
larly high levels in angiosperms (14). This might also suggest that
radical concentrations are not as limiting in the TE system as
they are in developing wood.

Conclusions
This first study on HCT manipulation in softwoods establishes
this enzyme as the metabolic entry point leading to the biosyn-
thesis of G-lignin in coniferous gymnosperms such as P. radiata.
HCT silencing significantly affected lignin content and monomer
distribution, which in turn perturbed lignin structure. Such
structural changes are consistent with the metabolic plasticity
inherent in the existing theory of lignification in which mono-
lignols are cross-coupled onto the growing polymer in a chem-
ically controlled fashion, independent of proteinaceous control
(3). The metabolic plasticity of the lignification process allows
the lignin component to be widely varied in composition and
structure, providing potential avenues toward improved feed-
stocks for biomaterials and biomass conversion processes. Fi-
nally, this study provides additional validation for the P. radiata
TE system as a model to obtain relevant information on the
biological role of cell wall-related genes.

Materials and Methods
Clone Isolation, Construct Design, and Transformation of Callus Cul-
tures. The coding region of a putative P. radiata HCT cDNA
clone was isolated from a xylem-derived cDNA library either
by using the primer pairs HCTfwd1, 5�-GC-GGATCC-
ATGCTTATAACAGTGAAGAATTCGC, and HCTrev1, 5�-
CT-GCGGCCGCC-TAGATTTCATACAACATTTTGGCA;
or HCTfwd2, 5�-CG-CCCGGG-ATGCTTATAACAGTGAA-
GAATTCGC,andHCTrev2,5�-CG-AGATCT-CTAGATTTCA-
TACA ACAT T T TGGCA, respectively. The amplified
1,302-bp PCR fragments of the putative HCT cDNA clone
were sequenced and cloned SmaI, BglII (antisense orienta-
tion) and BamHI, NotI (sense orientation) into a derivative of
pAHC25 (18) by using the restriction sites contained in the
primers (above in bold). The resulting plasmid containing the
HCT RNAi construct was sequenced and named pHF5 (SI Fig.
6). P. radiata callus cultures were cotransformed with pHF5
and pAW16. Plasmid pAW16 contains an NPT II selection
cassette and a GUS reporter gene cassette (SI Fig. 6). Plasmid
pAW16 was generated by replacing the 35S promoter of the
NPT II cassette in pCW122 (19) with the Zea mays ubi1
promoter from pAHC25. All transformation procedures were
performed as described earlier (5).

Tissue Culture Procedures. P. radiata callus cultures were main-
tained and induced to differentiate TEs as described earlier (20).
For TE purification, differentiated callus cultures (�3 g) were
resuspended in Mops-KOH buffer (20 mM; pH 6.8; 10 ml),
containing 20 mM sodium metabisulfite and homogenized by
using a Retsch (Newtown, PA) PM200 ball mill for 20 min
(vibration frequency, 1,800 min�1) in Teflon vials (25 ml)
containing Teflon beads (2 � 8 mm). The homogenate was
transferred into a sterile 50-ml tube, washed with 40 ml of
Mops-KOH buffer five times, and filtered through a 40-�m nylon
mesh. The cells were collected from the filter and resuspended
in 25 ml of buffer, and TEs were separated from residual
nondifferentiated cells by differential sedimentation. The pro-
portion of TEs was determined by counting the TEs and the total
number of cells on 10 samples prepared after the enrichment
procedure.

Molecular Analysis of TE Cultures. The integration of the HCT
RNAi construct into the genome was monitored by genomic
PCR using the primer pair M13fwd, 5�-CCCAGTCACGACGT-
TGTAAAACG, and HCTfwd1 (as above), as well as the primer

pair HCTfwd1 (as above) and NOS-terrev2, 5�-ATTGCCAAAT-
GTTTGAACGA. The expression of the lignin-related genes
C4H, CCoAOMT, CAD, and the putative HCT gene were
assessed by quantitative RT-PCR as described earlier (21). The
following primers were used for quantitative RT-PCR experi-
ments: for C4H: C4Hfwd, 5�-GCTTCAGGCTATTGGTTTGG,
and C4Hrev, 5�-AGGAGCTGCCCTGGAATTAT; for HCT:
HCTfwd, 5�-AGCAGTCCTCAGTCTCATCATAA, and HCTrev,
5�-TAATGACTACGCCCAATTACAGG; for CCoAOMT:
CCoAOMTfwd, 5�-TTGCAGGCGTGTCTATTGAAAACA-
ATC, and CCoAOMTrev, 5�-CAAATGGCTTCAACCCCATA;
and for CAD: CADfwd, 5�-GTCCGTTACAGATTTGTGGTG-
GATGTT, and CADrev, 5�-GGCAGAAGACATTGGATTA-
TTATTT.

Pyrolysis-GC/MS. Pyrolysis-GC/MS was carried out on powdered,
freeze-dried purified TEs as described in ref. 5. Thermal break-
down products were identified by using mass spectra of lignin
and polysaccharide-derived pyrolysis products (22–25).

Thioacidolysis. Analytical thioacidolysis of purified TEs from WT
controls and silenced HCT transgenics was carried out by using
the standard method (26), except reactions were performed at
100°C for 2 h as described by Pasco and Suckling (27).

AcBr Lignin Assay. TEs were analyzed for AcBr-soluble lignin
according to the procedure of Fukushima and Hatfield (28) with
the following modifications. Powdered, freeze-dried TEs (2–4
mg) were dissolved in 25% AcBr in glacial acetic acid (0.5 ml)
by warming to 50°C for 2 h. After cooling, 2 ml of 2 M NaOH
solution, 2.4 ml of glacial acetic acid, and 0.35 ml of 0.5 M
hydroxylamine hydrochloride solution were added. The contents
of each tube were transferred quantitatively to a 25-ml volumet-
ric f lask, and the volume was adjusted to 25 ml with acetic acid.
Absorbance was measured at 280 nm on a Varian (Palo Alto,
CA) Cary 300 Bio UV-visible spectrophotometer 20 min after
final dilution. The concentration of AcBr-soluble lignin was
calculated by using an extinction coefficient of 20.0
liter�g�1�cm�1 according to Iiyama and Wallis (29).

NMR Spectroscopy. Cell wall preparation and ball milling. Isolated TEs
were extracted with methanol (sonnication, 20 min, three times).
Isolated cell walls (160, 285, and 112 mg for WT, HCT-40, and
HCT-18) were ball milled for 20 min by using a Retsch PM100
ball mill vibrating at 600 min�1 with zirconium dioxide vessels
(50 ml) containing ZrO2 ball bearings (3 � 30, 7 � 10 mm).
Crude cellulases digestion. The ball-milled walls were transferred to
centrifuge tubes (50 ml) and digested at 30°C with crude
cellulases (Cellulysin; Calbiochem, San Diego, CA; lot no.
B23109; 30 mg/g of sample, in pH 5.0 acetate buffer; three times
2 days; fresh buffer and enzyme each time) leaving all of the
lignin and residual polysaccharides totaling 44 mg (28% of the
original cell wall, WT), 90 mg (32%, HCT-40), and 36 mg (32%,
HCT-18) (11, 30).
Enzyme lignin dissolution. The polysaccharidase-digested cell wall
fraction was subjected to solubilization in DMSO/N-methylimi-
dazole (2/1 ml) (12). After acetylation (acetic anhydride, 0.5 ml,
1.5 h) and precipitation into water, the polysaccharidase-
digested cell walls (38, 83, and 30 mg from WT, HCT-40, and
HCT-18) yielded 45, 82, and 39 mg of acetylated product.
Spectroscopic procedures. The NMR spectra presented here were
acquired on a Bruker Biospin (Rheinstetten, Germany) DMX-
500 instrument fitted with a sensitive cryogenically cooled 5-mm
TXI 1H/13C/15N gradient probe with inverse geometry (proton
coils closest to the sample). Acetylated lignin preparations
(20–40 mg) were dissolved in 0.5 ml of CDCl3; the central
chloroform solvent peak was used as internal reference (�C, 77.0;
�H, 7.26 ppm). HSQC experiments (Figs. 3 and 4) had the
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following parameters: acquired from 8.6–2.4 ppm in F2 (1H) by
using 1,236 data points (acquisition time, 200 ms), 158–40 ppm
in F1 (13C) by using 512 increments (F1 ‘‘acquisition time’’ 17.2
ms) of 16 scans with a 1-s interscan delay, total acquisition time
of 2 h and 55 min; the d24 delay was set to 1.72 ms (�1/4J).
Processing used typical matched Gaussian apodization in F2 and
squared cosine-bell in F1. Volume integration of contours in
HSQC plots was accomplished by using Bruker’s TopSpin 1.3
software as described recently (31). For quantification of H/G
distributions (Fig. 3), only the carbon-2 correlations from G-
units, and the carbon-2/6 or 3/5 correlations from H-units were
used, and the G integrals were doubled. No correction factors
were used. We have been unable to develop satisfactory methods
to establish any necessary ‘‘response factors’’ between H, G, and

S correlation contour integrals. For pseudoquantification of the
various interunit linkage types (Table 2), the following well-
resolved contours (Fig. 4) were integrated: A�, B�, C�, D�, X7�,
and X1�. Integral correction factors determined previously (31)
were used.
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