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4-Coumarate:CoA ligase (4CL, EC 6.2.1.12) was purified from 
differentiating xylem of loblolly pine (Pinus taeda L.). l h e  pine 
enzyme had an apparent molecular mass of 64 kD and was similar 
in size and kinetic properties to 4CL isolated from Norway spruce. 
l h e  pine enzyme used 4-coumaric acid, caffeic acid, ferulic acid, 
and cinnamic acid as substrates but had no detectable activity using 
sinapic acid. 4CL was inhibited by naringenin and coniferin, prod- 
ucts of phenylpropanoid metabolism. Although the lignin composi- 
tion in compression wood is higher in p-hydroxyphenyl units than 
lignin from normal wood, there was no evidence for a different form 
of 4CL enzyme in differentiating xylem that was forming compres- 
sion wood. cDNA clones for 4CL were obtained from a xylem 
expression library. l h e  cDNA sequences matched pine xylem 4CL 
protein sequences and showed 60 to 66% DNA sequence identity 
with 4CL sequences from herbaceous angiosperms. lhere were two 
classes of cDNA obtained from pine xylem, and the genetic analysis 
showed that they were products of a single gene. 

The enzyme 4CL (EC 6.2.1.12) catalyzes the formation of 
COA thioesters of cinnamic acids (Lozoya et al., 1988). 
Aromatic secondary plant metabolites such as benzoic acid, 
condensed tannins, lignin precursors, flavonoids, and lig- 
nans are a11 derived from the general phenylpropanoid 
pathway through COA thioesters (Fig. 1). 4CL has been 
purified or partially purified from soybean (Knobloch and 
Hahlbrock, 19751, petunia (Ranjeva et al., 19761, Forsythia 
(Gross and Zenk, 1974), parsley (Knobloch and Hahlbrock, 
1977), poplar (Grand et al., 1983), spruce (Lüderitz et al., 
1982), pea (Wallis and Rhodes, 1977), and maize (Vincent 
and Nicholsori, 1987). DNA sequences encoding 4CL were 
obtained from parsley (Lozoya et al., 1988), potato (Becker- 
André et al., 1991), rice (Zhao et al., 1990), and soybean 
(Uhlmann and Ebel, 1993). 

Lignin in pine shows significant microheterogeneity 
(Terashima and Fukushima, 1988). The first lignin depos- 
ited during the differentiation of xylem is p-hydroxyphenyl 
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lignin in the middle lamella and in the cell corners. Guai- 
acyl lignin is first deposited in the middle lamella and later 
in the secondary wall. A small amount of syringyl lignin is 
deposited late in the synthesis of the secondary wall. The 
formation of different kinds of lignin during xylogenesis 
could be determined by different isozymes of 4CL. Grand 
et al. (1983) identified three isozymes of 4CL with different 
substrate specificities in poplar stems. They suggested that 
expression of the different 4CL isozymes could regulate the 
relative abundance of the three monolignols (coumaryl, 
coniferyl, and sinapyl alcohols) polymerized into different 
types of lignin. Isozymes of 4CL were also reported in 
soybean, petunia, pea, and maize (Knobloch and Hahl- 
brock, 1975; Ranjeva et al., 1976; Wallis and Rhodes, 1977; 
Vincent and Nicholson, 1987). 

Compression wood is formed in gymnosperms in re- 
sponse to mechanical stress and is characterized by higher 
wood density, increased lignin content, and an increased 
proportion of p-coumaryl alcohol-derived components in 
the compression wood lignin (Timell, 1986). Differences in 
lignin composition in normal and compression wood of 
pine could be due to the presence of different isoforms of 
4CL in xylem. 

The objective of this study of 4CL in pine was to deter- 
mine the number and identity of 4CL isozymes involved in 
lignin biosynthesis in differentiating xylem. Although we 
have searched carefully for multiple forms of 4CL by pro- 
tein purification and cDNA cloning, the weight of our 
evidence argues for a single 4CL isozyme expressed in 
loblolly pine (Pinus taeda L.) xylem. 4CL activity was frac- 
tionated using five different chromatographic techniques 
that a11 resolved a single peak of 4CL activity. We demon- 
strated that the purified 4CL protein had the expected 
substrate specificity and simple enzyme kinetics. In addi- 
tion, we have partially purified 4CL from differentiating 
compression wood. The 4CL isozyme active in compres- 
sion wood formation had the same substrate specificities as 
the purified enzyme from differentiating normal wood. 
Protein sequence from the purified 4CL protein confirmed 
the identity of a 4CL cDNA sequence obtained using anti- 

Abbreviations: BCIP, 5-bromo-4-chloro-3-indoyl phosphate; 
CAP, cleavable amplified polymorphism; 4CL, 4-coumarate:CoA 
ligase; coniferin, coniferyl alcohol P-D-glucoside; EG, ethylene gly- 
col; NT, nitroblue tetrazolium; PVDF, polyvinylidene difluoride; 
V,,,,,, maximum rate. 
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Figure 1. Role of 4CL in the formation of COA esters of ciiinamic 
acids in phenylpropanoid metabolism. The formation of sinapic acid 
through 5-hydroxyferulate i s  presumed to be specific for plants, 
making guaiacyl-syringyl lignin typical of angiosperms, but an alter- 
native pathway to guaiacyl-syringyl lignin using O-methyltrarisferase 
is shown. 

bodies raised against the purified protein. Genetic analysis 
showed that the two classes of 4CL cDNA found in pine 
xylem were encoded by a single gene. 

MATERIALS AND METHODS 

Plant Material 

Differentiating xylem from normal wood was collected 
during May from fast growing 10- to 13-year-old loblolly 
Fine (Pinus taeda L.) trees (OMalley et al., 1992). Immature 
xylem was scraped from wood, dropped directly irito liq- 
uid nitrogen, and stored at -80°C. Compression wood was 
induced by bending 6- to 7-year-old trees to a 45" angle and 
tying them to the ground (also in May). Compression wood 
formation could be detected visibly as early as 3 13 after 
bending. Samples of differentiating xylem from compres- 
sion wood were harvested into liquid nitrogen by scraping 
at 7, 15, and 30 d after bending. 

Enzyme and Protein Assays and Substrates 

The 4CL activity assay was based on that of Liideritz et 
al. (1982). The reaction mixture contained 50 mM ferulic 
acid, 2.5 mM ATP, 7.5 mM MgCl,, and 38 p~ COA in 100 
mM Tes (pH 7.6). 4CL activity was monitored by the in- 
crease in A,,,. The molar extinction coefficients of feruloyl- 
COA and coumaroyl-COA in Tris-HC1 (pH 7.6) and Tes (pH 
7.6) were compared and found to be nearly identical with 
those given by Gross and Zenk (1966). Enzyme activity is 
expressed in nanokatals (1 nmol of substrate converted to 
product per s). 

Protein concentration was determined by a modified 
Bradford dye binding assay (Bio-Rad) using BSA a:; a pro- 
tein standard. Protein concentration for purified 4CL was 

determined by UV A (214 nm) and peak integration from 
the C, HPLC reverse-phase column, compared with BSA. 

COA, ATP, MgCl,, p-coumaric acid, caffeic acid, ferulic 
acid, fruns-cinnamic acid, L-Phe, and naringenin were ob- 
tained from Sigma. Sinapic acid was purchased f rom Fluka 
(Ronkonkoma, NY). Coniferaldehyde and coniferyl alcohol 
were synthesized by Synthons, Inc. (Blacksburg. VA). Co- 
niferin was purified from differentiating xylem following 
the procedure of Savidge (1989). The purity and identity of 
coniferin were confirmed by reverse-phase HPLC (C18) 
using an authentic sample provided by R. Savidge (New 
Brunswick, Canada). 

Purification of 4CL from Pine Xylem 

Crude extracts were prepared from 200 g of hozen dif- 
ferentiating xylem by homogenization in liquili nitrogen 
(OMalley et al., 19921, followed by thawing in extraction 
buffer (20 mM Tris-HC1 [pH 7.5],10% [v/v] EG, !j mM DTT, 
0.13% [w/v] protamine sulfate, and 5 mM MgCI,) at room 
temperature. The extracts were filtered and centrifuged 
and the supernatants were adjusted to pH 7.5 .Nith a few 
drops of 2 N NaOH. 

The protein in the crude supernatant was batcli adsorbed 
to DEAE-Sephacel (packed volume, 90 mL; bead size, 40- 
160 pm). DEAE beads with adsorbed protein were loaded 
on a partially filled DEAE column (2.5 cm in diameter; final 
volume, 100 mL). The remaining supernatant was loaded 
on the column (2.5 mL/min) to ensure that a 14CL had 
been bound. The column was eluted for 160 min at a flow 
rate of 2.5 mL/min with a linear gradient of 75 to 400 mM 
Tris-HC1 (pH 7.5) containing 10% EG and 5 mM DTT. 
Fractions containing more than half the peak activity of 
4CL were pooled and concentrated (Centriprep-30, 30,000 
mo1 wt cutoff), filtered (0.2 p ~ ) ,  and loaded on a 
Sephacryl-200 gel-filtration column (90 X 2.5 cm). Proteins 
were eluted with a solution containing 10 mM Tris-HC1 (pH 
7.5),5 mM DTT, and 10% EG. AI1 open column separations 
were carried out at 4°C. 

Further Purification of 4CL Using HPLC 

AI1 HPLC operations were carried out at room temper- 
ature. 4CL-containing protein from gel-filtration column 
fractions were concentrated using Centripr.ep-30, diluted 
20-fold with ion-exchange column equilibration buffer (10 
mM Na/K PO,, pH 6.4, containing 10% EG and !j mM DTT), 
and loaded on a CM 825 ion-exchange chroniatographic 
column (Shodex, Tokyo, Japan; carboxymetiyl cation- 
exchange HPLC, 8 X 75 mm). The column was run for 4 
min after the same buffer was loaded (0.7 mL/min). Pro- 
teins were eluted in 20 min (1 mL/min) by a linear gradient 
of 10 to 350 mM Na/KH,PO, (pH 6.4) containing 10% EG 
and 5 mM DTT. 

Concentrated fractions from cation-exchange HPLC 
were loaded onto a Protein-Pak DEAE-8HR ccdumn (Wa- 
ters, Milford, MA; anion exchange, 10 X 100 mrn). Proteins 
were eluted with a linear gradient of O to 0.4 M NaCl in 20 
mM Tris-HC1 (pH 7.6), 10% EG, and 5 mM DTT (1 mL/min 
for 50 min). 
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The pooled fractions from anion-exchange HPLC were 
loaded onto a Blue-5PW column (TosoHAAS, Philadelphia, 
PA; reactive dye, 8.0 X 75 mm). After 20 min (0.3 mL/min 
at 10 mM Tris) proteins were eluted with a linear gradient 
of 0.01 M to 1.25 M Tris-HC1 (pH 7.5), 20% EG, and 5 mM 
DTT for 120 min. The purified 4CL protein was transferred 
into 60 mM Tris-HC1 (pH 7.5), 1% EG by repeated centrif- 
ugal concentration in a Centricon-30, and stored at -80°C. 
Purified proteins were further characterized by silver- 
stained SDS-PAGE, C4 HPLC reverse-phase chromatogra- 
phy (OMalley et al., 1992), and IEF. 

One nanokatal of dye HPLC-purified 4CL protein (10 pg) 
was loaded onto a native IEF gel (Novex, San Diego, CA; 
pH 3-7) and run by standard methods except that the 
cathode buffer (pH 8.5) was prepared by mixing 20 mM 
Tris base and 50 mM Gly. Thin slices (0.6 mm) were cut 
with a razor blade and assayed for 4CL activity after 2 h of 
reaction, instead of the standard 2-min assay. 

Estimation of Molecular Mass 

The native molecular mass of 4CL was estimated by 
Sephacryl-200 gel-filtration chromatography. The molecu- 
lar mass of denatured 4CL protein was determined using 
SDS-PAGE. Reference protein standards used in these two 
analysis were from Sigma and Pharmacia, respectively. 

Estimation of K,,, 
The estimation of K ,  of pine 4CL for the synthesis of 

cinnamic acid thioesters was carried out in 100 mM Tes 
buffer (pH 7.6) at 25.5 2 0.5”C. 4CL enzyme for the K ,  
determinations was purified through the DEAE column on 
the HPLC. K ,  values were determined for 4CL activity 
from differentiating xylem of normal and compression 
wood and in the presence of two chemical inhibitors. Each 
experimental treatment was replicated three times and was 
randomized for analysis to eliminate systematic error. K ,  
values (%SE) were estimated by nonlinear regression 
(Leatherbarrow, 1987). 

cDNA Library Screening 

Construction and characterization of the A ZAP cDNA 
library from differentiating xylem were described by Whet- 
ten and Sederoff (1992). Polyclonal antibodies against 
highly purified 4CL (C, HPLC reverse-phase column) were 
raised in female New Zealand White rabbits. Immuno- 
screening of 250,000 plaques of amplified library was car- 
ried out using a 1000-fold dilution of rabbit anti-4CL serum 
as the primary antibody and alkaline phosphatase-conju- 
gated goat anti-rabbit serum as the secondary antibody 
(Sigma). After 4CL cDNA sequences were obtained, a sec- 
ond ’ unamplified cDNA library (A ZAP I1 vector) was 
screened using a hybridization probe made from an inter- 
na1 region of the 4CL cDNA (position 280-942). Approxi- 
mately 105 phages were transferred to Hybond-N mem- 
brane (Amersham). The filters were prehybridized 
overnight and hybridized for 2 d at 60°C in a buffer con- 
taining 2X SSPE and 0.5X PE (25 mM Tris-HC1, pH 7.5, 
0.05% Na PPi, 0.5% SDS, 0.1% PVP-40, 0.1% Ficoll, 0.1% 

BSA, 2.5 mM EDTA, 0.25 mg/mL herring sperm DNA). The 
filters were then washed once with 2X SSPE at 60°C for 15 
min and twice with 0.2X SSPE, 0.1% SDS at 60°C for 30 and 
45 min. 

Classification of 4CL cDNA Clones 

4CL cDNA clones from the second library screening 
were cut with EcoRI, HindIII, PstI, and XhoI. The cloning 
sites for the cDNA-cloning vector were EcoRI and XhoI. 
Restriction fragments were analyzed by agarose gel elec- 
trophoresis (1%) and reconfirmed by Southern blot hybrid- 
ization using the 662-bp probe. The untranslated 3’ end of 
some 4CL cDNA clones was analyzed by DNA sequencing. 
After the two 4CL full-length cDNA sequences were 
known, the cDNA clones were again cut with SacII, XsaI ,  
and HaeIII restriction enzymes to distinguish between 
these groups. 

Segregation Analysis of 4CL CAPs 

PCR primers were designed to amplify 4CL sequence 
containing restriction site polymorphisms that distin- 
guished the two classes of cDNA (CAPs, Konieczny and 
Ausubel, 1993). 4CL CAP-1 and CAP-2 spanned the cDNA 
sequence from 134 to 891 and 1057 to 1569 bp, respectively. 
Pine megagametophyte genomic DNA from loblolly clone 
7-56 was prepared following the method of Doyle and 
Doyle (1990). The DNA was diluted and concentrated three 
times using a centrifugal filtration device (Centricon-100, 
Amicon). A modified “hot start” PCR method (DAquila et 
al., 1991; Chou et al., 1992) was carried out in a 25-pL 
reaction mixture in a 250-pL Eppendorf tube in three steps. 

Step 1: Fifty microliters of mineral oil were added to PCR 
reaction mixture 1 that contained 5 ng of genomic DNA, 25 
ng each of primer, 1 X PCR buffer, 0.025 mM deoxyribonu- 
cleotide triphosphate, 0.5 mM MgCl,, and sterile water to 
20 pL. Reaction mixture 1 was spun briefly and heated at 
95°C for 25 min. Step 2: Taq polymerase mixture 2 con- 
tained 5 pg of purified BSA, 1 X  PCR buffer, 1 unit Taq 
DNA polymerase, and sterile water (total volume of 5 pL) 
and was combined with reaction mixture 1 that was cooled 
to 85°C. Step 3: The PCR reaction was initiated by heating 
the combined reaction mixture at 94°C for 50 s, cooling to 
63 or 67°C for 1 min, and then extending the products at 
72°C for 3 min. Amplification was carried out over 40 or 50 
cycles, ending with an extension period at 72°C for 5 min. 

Genetic segregation analysis of 4CL CAPs was accom- 
plished by restriction enzyme digestion of the DNA frag- 
ments PCR amplified from megagametophyte DNA, fol- 
lowed by electrophoresis on 2% (w/v) NuSieve (FMC, 
Rockland, ME) agarose gel electrophoresis. A single DNA 
fragment of 4CL CAP-1 was obtained (50 cycles, annealing 
temperature of 63°C) from a11 samples and the fragment 
could be cut with SacII to distinguish 4CL-A and 4CL-B 
after the DNA was purified (DNA affinity [Qiagen, Chats- 
worth, CAI spin columns and two 70% ethanol washes). 
The amount of DNA synthesized for 4CL CAP-2 (40 cycles, 
annealing temperature of 67°C) was not sufficient for de- 
tection with ethidium bromide and sometimes more than 
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one DNA band was PCR amplified. Hence, PCR products 
were separated on a 2% agarose gel and extracted using 
DNA affinity Spinbind columns (FMC). DNA was then cut 
with HaelII, separated by electrophoresis, blotted fro:m the 
gel, and probed. 

Purification of 4CL Specific Antibody 

4CL fusion protein (LacZ-4CL) was expressed in .Esche- 
richia cozi (strain BB4) from a 1.7-kb cDNA and concen- 
trated from a crude lysate by ammonium sulfate precipi- 
tation. Partially purified 4CL fusion protein was run on an 
SDS-polyacrylamide gel and immobilized by electroblot- 
ting onto a PVDF membrane. The region of the filter that 
strongly bound 4CL antibody corresponded with .25-kD 
markers. This region was cut out and used to purif:y 4CL 
polyclonal antibodies. The anti-4CL polyclonal antibodies 
were adsorbed to the membrane-bound fusion protein in 
buffer (0.05% Tween-20, Tris-buffered saline; Bio-Rad) and 
eluted with 0.2 M Gly (pH 2.8) containing 1 mM EDTA 
(Sambrook et al., 1989). The pH of the eluted antibodies 
was adjusted to 8.0 with 1 M Tris base. Purified antibodies 
were brought to a final concentration of 1% BSA (w/v), 1 X 
PBS and stored at -80°C. Crude xylem extract was used to 
titer the affinity-purified antibodies by western blot ting. 

Substrates Used in Western Blots of 4CL 

Antibody was detected in plaque lifts and SDS-I’AGE- 
derived blots by staining with BCIP (Bio-Rad) arid NT 
(Bio-Rad) as substrates for secondary antibody-bound al- 
kaline phosphatase. IEF-derived blots were stainecl with 
BCIP and NT as well as with chemiluminescent sub- 
strate, [3-(2’-spiroadamantane)-4-methoxy-4-(3”-phospho- 
ryloxy)phenyl-1,2-dioxetane disodium salt, Bio-Rad], as 
substrate for alkaline phosphatase. 

Protein and Nucleic Acid Sequencing and Analysis 

Protein sequence determination was carried out by the 
University of Wisconsin Biotechnology Center, using a 
pulsed-liquid phase sequencer (Applied Biosystems, Foster 
City, CA; model 477/120). Peptide sequences were ob- 
tained from unfractionated cyanogen bromide cleavage 

products by o-phthaladehyde blocking and sequencing 
(Wadsworth et al., 1992). This method produces sequences 
of peptides beginning with Pro residues, because Pro is not 
blocked by o-phthaladehyde. Two interna1 peptide se- 
quences were determined. 

Pine 4CL cDNAs were partially sequenced by making 
primers from regions of sequence conserved between 4CL 
of rice (Zhao et al., 1990) and parsley (Lozoya et al., 1988). 
The remaining sequence was obtained from vector primers 
and primers designed from pine 4CL sequence. Both 
strands of the clones were sequenced by Applied Biosys- 
tems automated DNA sequencing (Interdisciplinmy Centre 
for Biotechnology Research, University of Florida, Gaines- 
ville, FL). 

4CL protein and DNA sequences from pine (1’. taeda L., 
Fig. 7), parsley (Petroselinum crispum, full lengí h), potato 
(Solanum tuberosum L., full length), rice (Oryza sa‘iva L., full 
length), and soybean (Glycine max L., partia1 sequence) 
were aligned using GAP (sequence analysis sof tware, Ge- 
iietics Computer Group, University of Wisconsin; Deve- 
reaux et al., 1984). Sequences not aligned at the 5’ end of 
the first four taxa were excluded from analysis, leaving 
’1600 bp of consensus sequence. The two 4CL cDNA clones 
from soybean (GM14 and GM16), however, were not full 
length and consisted of 914 and 1320 bp, respectively. 

RESULTS 

Purification of 4CL from Loblolly Pine Xylem 

Loblolly pine 4CL was purified from differer tiating xy- 
lem by chromatography using five column syskms (Table 
I; Fig. 2, A-C). A11 chromatographic separations yielded 
only a single peak of 4CL activity. A peak of 4CL activity 
coincident with a protein peak was obtained after anion- 
exchange HPLC (Fig. 2B) and again after dye IlPLC (Fig. 
2C). The purified 4CL protein yielded a single peak on a C, 
HPLC reverse-phase column (Fig. 2D). As the purification 
steps proceeded, a single protein band (64 kD) became 
prominent on a silver-stained SDS-polyacryl amide gel 
(Fig. 3) .  The full purification protocol could be accom- 
plished in 3 d. 

Table I. Purification of 4CL from P. taeda xylem 

Yield Total Purification Specific 
Activity Activity Protein Purification Step 

mg n ka ta Vmg -fold nkatal % 
Crude extract 456 0.3 1 127 1 O 0  
DEAE column 131 0.9 3 111 88 

Sephacryl-200 26 3.2 11 a3 65 

CM825 HPLC 2 18.0 65 36 28 

DEAE 8HR HPLC 0.1 5 i 58.0 571 24 19 

B I ue-5PW 0.036 248.1 895 9 7 

(Anion exchange) 

(Gel filtration) 

(Cation exchange) 

(Anion exchange) 

TOSOHAAS HPLC 
(Reactive dye) 
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Characterization of 4CL 

Physical and Biochemical Properties 

The apparent molecular mass of native 4CL enzyme was 
60 kD, based on Sephacryl-200 gel-filtration chromatogra- 
phy. The similarity of the molecular mass estimates for the 
denatured protein (SDS-PAGE, Fig. 3) and the native pro- 
tein confirmed that pine 4CL was a monomer. The pH 
optimum of 4CL was 7.6 in both Na/K PO, and Tes buffers. 

Substrate Specificity 

The affinity of 4CL for cinnamic acid, p-coumaric acid, 
ferulic acid, caffeic acid, and sinapic acid was determined 
and expressed as K ,  values (Table 11). Purified 4CL en- 
zyme yielded simple Michaelis-Menten kinetics in the pres- 
ente of p-coumaric acid as substrate (Table 11; Fig. 4). No 
4CL activity was detected using sinapic acid as substrate. 
The K ,  for cinnamic acid was approximately 10-fold 
higher than for the other substrates, which had K ,  values 
in the range of 4 to 10 ~ L M  (Table 11). The V,,,/K, values 
indicate that the enzyme has highest activity with coumaric 
acid, followed by caffeic acid, ferulic acid, and cinnamic 
acid (Table 111). 

lnhibition of 4CL Activity 

4CL activity was inhibited by COA, naringenin, conifer- 
aldehyde, coniferyl alcohol, and coniferin. Naringenin is 
derived from p-coumaroyl-COA and is a precursor of fla- 
vonoids. Coniferaldehyde, coniferyl alcohol, and coniferin 
are a11 derived from feruloyl-COA. Pine 4CL activity was 
reduced one-half in the presence of 13 ~ L M  naringenin, 500 

~ L M  COA, 250 p~ coniferaldehyde, 250 p~ coniferyl alco- 
hol, and 5 XIIM coniferin. L-Phe and ATP had no inhibitory 
effect on enzyme activity at 30 and 50 mM concentrations, 
respectively. Cinnamate, coumarate, ferulate, caffeate, and 
sinapate did not have any significant inhibitory effect on 
4CL activity at 1.0 mM. Coniferin (20 mM) and naringenin 
(30 p ~ )  had no inhibitory effect on Glc-6-P dehydrogenase 
(Sigma), an enzyme not involved in phenylpropanoid 
metabolism. 

An Eadie-Scatchard plot of 4CL enzyme kinetic data in 
the presence and absence of inhibitors suggested noncom- 
petitive inhibition (Fig. 4). On these plots, parallel lines are 
indicative of noncompetitive inhibition. Lines fitted to the 
data on the Eadie-Scatchard plots had slopes that were not 
significantly different from each other (P 5 0.07). The 
approximate K ,  value of pine xylem 4CL for p-coumarate 
was 12 2 1 p~ in the absence of inhibitor, 27 t 5 p~ in the 
presence of 10 FM naringenin, and 17 2 2 p~ in the 
presence of 2 mM coniferin. 

Heterogeneity of Purified 4CL 

Reactive dye-purified 4CL enzyme yielded two bands on 
silver-stained IEF gels (Fig. 5A). Affinity-purified anti-4CL 
(25- to 50-fold dilution) recognized a single 64-kD band on 
western blots of crude xylem protein and recognized both 
of the protein bands detected by IEF of purified 4CL (Fig. 
5B). Enzyme activity assays on IEF gel slices clearly 
showed that both protein bands had 4CL activity (Fig. 5D). 
The second band, however, had a much reduced 4CL ac- 
tivity, although a similar amount of protein was present 
(Fig. 5A). Both bands had the same expected substrate 
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43 -

30 -

Figure 3. Silver-stained SDS-polyacrylamide gel showing the se-
quential purification of 4CL from P. taeda. Lanes 1 to 6 were loaded
with 1 /Ag of protein. Lane 1, Crude xylem extract; lane 2, anion
exchange, DEAE, open column fraction; lane 3, Sephacryl S200
gel-filtration fraction; lane 4, cation exchange, CM825 fraction; lane
5, anion exchange, DEAE, 8HR fraction; lane 6, Blue dye, 5PW,
fraction. The position of mol wt standards (not shown) is indicated to
the left of lane 1, with mass in kD.

preference for ferulic and p-coumaric acids. Further bio-
chemical analysis of 4CL heterogeneity revealed by IEF
suggested that the extra band was an artifact of protein
purification.

Comparison of 4CL from Compression Wood and
Normal Wood

4CL enzyme activity from differentiating xylem of com-
pression wood was characterized and compared with 4CL

from differentiating xylem of normal wood. Crude extracts
from compression wood (specific activity, 0.85 nkatal/mg)
were first partially purified by Sephacryl-200 gel-filtration
chromatography, and then the fractions containing 4CL
activity were combined and concentrated (specific activity,
1.75 nkatal/mg). The 4CL activity from compression wood
was further fractionated using a DEAE-ion-exchange col-
umn on HPLC (Fig. 6). The elution profile from the DEAE
column resolved many distinct protein peaks using a gra-
dient elution of 0 to 0.5 M salt over 1 h, but the 4CL activity
resolved in only a single peak (specific activity, 7.2 nkatal/
mg). Substrate specificities of the partially purified 4CL
from differentiating compression wood were almost iden-
tical with purified 4CL protein from normal wood (Tables
II and III). The 4CL antiserum bound to a single 64-kD
protein band on western blots for protein samples from
compression wood (Fig. 7B), similar to the 4CL from nor-
mal wood (Fig. 7A).

Identification of the Xylem 4CL cDNA

An 8000-fold dilution of the rabbit polyclonal antiserum
recognized a single band of 64 kD on western blots of crude
xylem protein (Fig. 7). This antiserum was used to screen
an amplified pine xylem cDNA library. Twelve 4CL cDNA
clones that belonged to one class of 4CL cDNA clones were
identified that carried inserts of 0.9, 1.2, and 1.7 kb. Iden-
tical nucleotide sequences were obtained for the overlap-
ping sequences. All 12 4CL cDNA clones have identical 3'
end nucleotide sequences.

The correspondence of the 4CL cDNA clones with the
purified 4CL protein was established from protein se-
quence. Purified 4CL protein was cleaved with cyanogen
bromide at Met residues. Internal peptides for sequencing
were identified following the method of Wadsworth et al.

Table II. Apparent Km values of 4CL from differentiating xylem of normal wood and compression wood
Enzyme assays were carried out at 25.5 ± 0.5°C using DEAE-HPLC-purified protein.

Variable
Substrate

Fixed Substrate
Concentrations

Km Normal"
Wood (± so)

'.„, Compression3

Wood (± so)

Coumaric acid

Ferulic acid

Caffeic acid

Cinnamic acid

ATP

CoA

25 JU.M CoA
0.8 mM ATP
8.0 mM MgCI2
25 /XM CoA
0.8 mM ATP
8.0 mM Mg CI2
25 /J.M CoA
0.8 mM ATP
8.0 mM Mg CI2
25 /XM CoA
0.8 mM ATP
8.0 mM MgCI2
25 fiM CoA
8.0 mM MgCI2
200 /J.M Ferulic acid
2.5 mM ATP
8.0 mM MgCI2
200 H.M Ferulic acid

6.8 ± 0.7

9.1 ± 0.7

4.6 ± 0.3

79.4 ± 12

76.6 ± 6

4.1 ± 0.8

6.9 ± 0.5

10.0 ± 0.7

4.2 ± 0.3

71.5 ± 14

' Average of three determinations.
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Figure 4. Eadie-Scatchard plot of 4CL kinetics data with pcoumaric 
acid in the absence (O) and presence of two inhibitors: 10 PM 
naringenin (a) and 2 mM coniferin (O). 

(1992). Two different internal peptide sequences (34 and 24 
amino acids) were obtained. The inferred peptide sequence 
from the 4CL cDNA matched 94% of the two internal 
peptide sequences from purified protein (Fig. 8). The close 
match was within the expected accuracy for the protein- 
sequencing procedure that was used (95 ? 5%, Speicher et 
al., 1990). The percentage match was calculated as the 
number of positive correct residue assignments over the 
sum of positive assignments (50/53). Protein-sequencing 
cycles that were not assigned an amino acid or had tenta- 
tive amino acid assignments were not scored. The protein 
sequence data and the inferred protein sequence coded by 
the cDNA clones differed for three positive assignments. 
However, re-examination of the protein-sequencing chro- 
matograms revealed that the inferred amino acid was the 
secondary candidate at a11 three locations. 

Characterization of the Xylem 4CL cDNA 

Diversity of 4CL cDNA Clones from Xylem 

frame was assigned at position 1 because this Met residue 
was only four amino acids away from the N-terminal pro- 
tein sequence. The predicted molecular mass of the 4CL 
protein, 58,598 D, was consistent with the estimate ob- 
tained by gel-filtration chromatography. The two clones 
differed at 11 nucleotides (99.5% sequence identity). Eight 
were substitution mutations in the protein-coding region, 
resulting in one amino acid change from Gly to Glu. Three 
were insertion mutations in the 3' untranslated region. 
There was a microsatellite sequence in the 3' region that 
differed between 4CL-A and 4CL-B [(AG), versus (AG),]. 
A unique restriction endonuclease site for HaeIII occurred 
in 4CL-A, and 4CL-B has unique restriction endonuclease 
sites for SacII and RsaI. 

We used the unique restriction sites in 4CL-A and 4CL-B 
to categorize the 38 4CL cDNA clones. The expected XkoI- 
HindIII DNA fragments were found for 34 of the 38 4CL 
cDNA clones. Sequencing of 3' end of the untranslated 
cDNA region of 20 cDNA clones showed that nine had 
(AG), and 11 had (AG), in the 3' end region. The cDNAs 
that had the (AG), microsatellite sequence were a11 cut by 
RsaI and SacII. One of the cDNA clones had a 100-nucle- 
otide deletion that caused a frameshift but was otherwise 
identical with 4CL-A. The DNA sequences flanking the 
deletion were similar to an intron-splicing junction. The 
remaining four cDNA clones had complex patterns of re- 
striction endonuclease cleavage products (e.g. two XhoI 
sites). Sequence analysis near the XkoI sites suggested that 
these clones contained multiple inserts (i.e. cloning arti- 
facts). Thus, the 4CL cDNA clones belonged to only two 
types of messages, 4CL-A and 4CL-B, after excluding clon- 
ing artifacts and a possible "pseudosplicing" event. 

Amplification of Xylem 4CL Sequences from 
Genomic DNA 

Primers were chosen from the 4CL cDNA sequences to 
amplify two regions that contained restriction site poly- 
morphisms between the two classes of 4CL messenger 
RNA, 4CL-A and 4CL-B (Fig. 9). If the two classes of 4CL 

An unamplified pine xylem cDNA library from loblolly 
pine clone 7-56 was screened using a 700-bp probe made 
from an internal region of the 1.7-kb cDNA clone, and 38 
4CL cDNA clones were obtained. Two full-length 4CL 
cDNA clones were sequenced, 4CL-A and 4CL-B (GenBank 
accession Nos. U12012 and U12013). The open reading 

cDNAs were allelic products of a single gene, then these 
primers could PCR amplify polymorphic genomic 4CL 
DNA sequences that segregate in Mendelian ratios (CAPs, 
Konieczny and Ausubel, 1993). A restriction digest of 4CL 
CAP-1 that was amplified from pine needle diploid DNA 
yielded the expected three DNA fragments (Fig. 10A, lane 

Table 111. Substrate specificities of 4-coumarate:CoA ligase from differentiating xylem of normal wood and compression wood 
V,,, was calculated for enzyme assays containing 100 nmol of the corresponding cinnamic acids, 8.0 mM MgCI,, 0.8 mM ATP, and 0.025 

mM COA. Values were the average of three reactions. 4CL used in these assays was purified to step 5 for normal wood (reactive dye HPLC) and 
DEAE-HPLC for compression wood. Substrate specificities (Vmax/K,) of cinnamic acids are shown in parentheses. 

Normal Wood Compression Wood 

Relative Relative Substrates 
Vmax Vmax 

Vmax IKm VmaxfKm 

4-Coumaric acid 210 100 (31) 7.1 1 O0 (1 .O) 
Caffeic acid 128 90 (28) 3.8 90 (0.9) 

Cinnamic acid 29 1 (0.38) 0.64 l(O.01) 

nkata//mg n ka ta//mg 

Ferulic acid 183 65 (20) 5.9 59 (0.6) 
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Figure 5. IEF (pH 3-7) of purified 4CL resolved two bands. A,
Purified 4CL (2 ̂ g) was subjected to IEF and silver stained. B, Purified
4CL (2 jig) was subjected to IEF, transferred to PVDF membrane, and
detected with affinity-purified polyclonal rabbit anti-4CL (50-fold
dilution). The detection system was the chemiluminescent substrate,
3-(2'-spiroadamantane)-4-methoxy-4-(3"-phosphoryloxy)phenyl1,2-
dioxetane disodium salt. C, Western blot showing the presence of a
single 4CL protein band in crude xylem extract. Crude protein (20
/j.g) was subjected to IEF, transferred to PVDF membrane, and de-
tected with affinity-purified polyclonal rabbit anti-4CL. The blot was
stained with BCIP and NT. D, Profile of 4CL activity in slices from an
IEF gel loaded with 10 /xg of purified 4CL. The horizontal scale of A,
B, and C is not identical with that of D. The position of pi standards
is shown at the top of A.

1). 4CL CAP-2 did not amplify intensely and could be
resolved only by autoradiography. 4CL CAP-2 amplified
from pine needle diploid tissue and cut with Haelll yielded
the expected four DNA fragments (Fig. 10B, lane 1).

Segregation Analysis

4CL CAP-1 was amplified from genomic DNA isolated
from 44 megagametophytes from loblolly pine tree 7-56,
then cut with SacII, and analyzed on a 2% NuSieve (FMC)
agarose gel. The megagametophyte samples yielded two
distinct types of PCR-amplified DNA fragments, either
uncut (757 bp from 4CL-B) or cut (234 and 523 bp from
4CL-A). The ratio of cut and uncut CAP-1 DNA fragments
(24:20) was not significantly different from the 1:1 ratio
expected for allelic segregation at a single locus (x2 = 0.32,
1 degree of freedom, Fig. 10A).

4CL CAP-2 was amplified from megagametophyte DNA,
cut with Hflelll, and then analyzed by Southern blotting.
The megagametophyte samples yielded the two predicted
types of PCR-amplified DNA fragments for alleles at a
single locus, either two bands (162 and 350 bp from 4CL-A)
or three bands (128, 162, and 222 bp from 4CL-B), but also
yielded a third type that contained all four DNA fragment

sizes (Fig. 10B). The 350-bp fragment segregated in a 1:1
ratio and corresponded exactly with 4CL-A CAP-1. The
complex segregation ratio of 3:15:10 suggested that more
than one 4CL genomic sequence was amplified. A model
that could explain the complex segregation ratio incorpo-
rated a second locus, 4CL-* that yielded the three-band
pattern from 4CL-B CAP-2 and gave the four-band pattern
in combination with 4CL-A CAP-2 (Fig. 10B). The recom-
bination frequency estimate, 0.21, suggested linkage but
was not significantly different from 0.50 (x2 = 3.51, 1
degree of freedom, P < 0.10). 4CL-* must have significantly
different DNA sequence from the expressed 4CL locus
because only one allele of 4CL-* was amplified and there
was no evidence of 4CL-* from 4CL CAP-1. Thus, genetic
analysis of 4CL CAPs showed that the 4CL-A and 4CL-B
messages expressed in xylem were products of a single
xylem 4CL locus in the loblolly pine genome.

Sequence Alignment of 4CL

Alignment and comparison of deduced amino acid and
DNA sequences of pine 4CL cDNAs and 4CL cDNAs from
four other plant species revealed several regions of simi-
larity (Fig. 11). A high level of sequence similarity exists in
internal regions and at the carboxyl end of the proteins.
Box I (Fig. 11) was suggested to be the AMP-binding do-
main (Schroder, 1989; Bairoch, 1991) that is common to a
number of prokaryotic and eukaryotic ATP-dependent en-
zymes. Box II (Fig. 11) was suggested to be associated with
catalytic activity (Becker-Andre et al., 1991). The sequence
difference between pine and angiosperms was consistent
with an ancient divergence of the angiosperm and gymno-
sperm lineages (Table IV).

DISCUSSION

We purified and characterized the 4CL enzyme that
functions in lignin biosynthesis in the xylem of loblolly
pine. Differentiating pine xylem contained only one major
form of 4CL. No other protein with similar catalytic activity

10 20 30 40 50

Minutes
Figure 6. Partial purification of 4CL from differentiating xylem of
compression wood of loblolly pine through anion exchange, DEAE,
8HR, HPLC. O, 4CL activity; ----, salt; —, protein.
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Figure 7. Western blots that show a single band of antigen in all
purification steps from normal and compression wood samples. Both
blots were stained with BCIP and NT. A, Western blot demonstrating
the cross-reactivity of an 8000-fold dilution of polyclonal antibody
with a single band at all purification steps of 4CL from normal wood.
Lane 1, Crude xylem extract; lane 2, anion exchange, DEAE, open
column; lane 3, Sephacryl S200 gel filtration; lane 4, cation ex-
change, CM825, HPLC; lane 5, anion exchange, DEAE, 8HR HPLC;
lane 6, Blue dye, 5PW, HPLC. The amount of protein per lane
decreased from lane 1 to lane 6 so that a faint band could be detected
in the crude sample and the purified sample did not overdevelop.
The position of mol wt standards is indicated to the left of lane 1.
Protein standards (in kD) from top to bottom are 107, 76, 52, 36.8,
and 27.2. B, Western blot with anti-4CL serum (a 10,000-fold dilu-
tion of antibody) and protein from compression wood in three puri-
fication steps. Lane 1, Crude xylem extract; lane 2, Sephacryl S200
gel filtration; lane 3, anion exchange, DEAE, 8HR HPLC. The amount
of protein in lane 1 was twice as much as in the other two lanes so
that a faint band could be detected in the crude sample. The position
of mol wt standards is indicated to the left of lane 1. Protein standards
(in kD) from top to bottom are 107, 76, 52, and 36.8.

was detected, even in samples from compression wood,
which produces lignin with a different composition in
response to mechanical stress. Some heterogeneity of 4CL
enzyme was detected by IEF, but it was likely due to either
artifacts of purification or minor sequence variation be-
tween allelic forms of 4CL. Two classes of 4CL cDNA
clones were isolated from a xylem cDNA library and
shown to be 99.5% identical in sequence. Mendelian anal-
ysis of restriction site polymorphisms in 4CL sequence tag
sites PCR amplified from genomic DNA demonstrated that
the two classes of cDNA were alleles at one locus in the
loblolly pine genome.

-207 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CTCA

-138 TTCAATTCTTCCCACTGCAGGCTACATTTGTCAGACACGTTTTCCGCCATTTTTCGCCTGTTTCTGCGG

-69 AGAATrTGATCAGGTTCGGATTGGGATTGAATCAATTGAAAGGTTTTTATTTTCAGTATTTCGATCGCC

1 ATGGCCAACGGAATCAAGAAGGTCGAGCATCTGTACAGATCGAAGCTTCCCGATATCGAGATCTCCGAC
M A N G I K K V E H L Y R S K L P D I E I S D

7 0 CATCTGCCTCTTCATTCGTATTGCTTTGAGAGAGTAGCGGAATTCGCAGACAGACCCTGTCTGATCGAT
H L P L H S Y C F E R V A E F A D R P C L I D

138 GGGGCGACAGACAGAACTTATTGCTTTTCAGAGGTGGAACTAATTTCTCGCAAGGTCGCTGCCGGTCTG
G A T D R T Y C F S E V E L I S R K V A A G L

207 GCGAAGCTCGGGTTGCAGCAGGGGCAGGTTGTCATGCTTCTCCTTCCGAATTGCATraAATTTGCGTTT
A K L G L Q Q G Q V V M L L L P N C I E F A F

276 GTGTTCATGGGGGCCTCTGTCCGGGGCGCCATTGTGACCACGCCCAATCCTTTCTACAAGCCGGGCGAG
V F M G A S V R G A I V T T A N P F Y K P G E

P X Y I P G E

345 ATCGCCAAACAGGCCAAGGCCGCAGGCCCGCGCATCATAGTTACCCTGGCAGCTTATGTTGAGAAACTG
I A K Q A K A A G A R I I V T L A A Y V E K L

l A K Q A K A A G A R I I V T L A a Y V e / r K L

414 GCCGATCTGCAGAGCCACGATGTGCTCGTCATCACAATCGATGATGCTCCCAAGGAAGGTTGCCAACAT
A D L Q S H D V L V I T I D D A P K E G C Q H

483 ATTTCCGTTCTGACCGAAGCCGACGAAACCCAATGCCCGGCCGTGAAAATCCACCCGGACGATCTCGTG
I S V L T E A D E T Q C P A V K I H P D D V V

552 GCGTTCCCCTATTCTTCCGGAACCACGGGGCTCCCCAAGGGCGTGATGTTAACGCACAAAGGCCTGGTG
A L P Y S S G T T G L P K G V M L T H K G L V

621 TCCAGCGTTGCCCAGCAGGTCGATGGTCAAAATCCCAATCTGTATTTCCATTCCGATGACGTCATACTC
S S V A Q Q V D G E N P N L Y F H S D D V I L

690 TGTGTCTTGCCTCTTITCCACATCTATTCTCTCAATTCGGTTCTCCrCTGCGCGCTCAGAGCCGGGGCT

C V L P L F H I Y S L N S V L L C A L R A G A

759 GCGACCCTGATTATGCAGAAATTCAACCTCACGACCTGTCTGGAGCTGATTCAGAAATACAAGGTTACC
A T L I M Q K F N L T T C L E L I Q K Y K V T

828 GTTGCCCCAATTGTGCCTCCAATTGTCCTGGACATCACAAAGAGCCCCATCGTTTCCCAGTACGATGTC
V A P I V P P I V L D I T K S P I V S Q Y D V

897 TCGTCCGTCCGGATAATCATGTCCGGCGCTGCGCCTCTCGGGAAGGAACTCGAAGATGCCCTCAGAGAG
S S V R I I M S G A A P L G K E L E D A L R E

P L G A E L D A L R E

966 CGTTTTCCCAAGGCCATTTTCGGGCAGGGCTACGGCATGACAGAAGCAGGCCCGGTGCTGGCAATGAAC
R F P K A I F G Q G Y G M T E A G P V L A M N

X F P K A I F g/d Q

1035 CTAGCCTrcGCAAAGAATCCTTTCCCCGTCAAATCTGGCTCCTGCGGAACAGTCGTCCGGAACGCTCAA
L A F A K N P F P V K S G S C G T V V R N A Q

1104 ATAAAGATCCTCGATACAGAAACTGGCGAATCTCTCCCGCACAATCAAGCCGGCGAAATCTGCATCCGC
I K I L D T E T G E S L P H N Q A G E I C I R

1173 GGACCCGAAATAATGAAAGGATATATTAACGACCCGGAATCCACGGCCGCTACAATCGATGAAGAAGGC
G P E I M K G Y I N D P E S T A A T I D E E G

1242 TGGCTCCACACAGGCGACGTCGGATACATTGACGATGACGAAGAAATCTTCATAGTCGACAGAGTAAAG
W L H T G D V G Y I D D D E E I F I V D R V K

1311 GAGATTATCAAATATAAGGGCTTCCAGGTGGCTCCTGCTGAGCTGGAAGCTTTACTTGTGGCTCATCCG
E l I K Y K G F Q V A P A E L E A L L V A H P

1380 TCAATCTCTGACGCAGCAGTCCTTCCTCAAAAGCACGAGGAGGCGGGCGAGGTTCCGGTGGCCTTCGTG
S I S D A A V V P Q K H E E A G E V P V A F V

1449 GTGAAGTCGTCGGAAATCAGCGAGCAGGAAATCAAGGAGTTCGTGGCAAAGCAGGTGATTTTCTACAAG
V K S S E I S E Q E I K E F V A K Q V I F Y K

1518 AAAATACACAGAGTTTACTTTGTGGATGCGATTCCTAAGTCGCCGTCCGGCAAGATTCTGAGAAAGGAT
K I H R V Y F V D A I P K S P S G K I L R K D

1587 TTGAGAAGCAOACTGGCAGCAAAATGAAAATGAATTTCCATATGATTCTAAGATTCCTTTGCCGATAAT
L R S R L A A K >

1656 TATAGGATTCCTTTCTGTTCACTTCTATTTATATAATAAAGTGGTGCAGAGTAAGCGCCCTATAAGGAG

1725 AGAGAGAGCTTATCAATTGTATCATATGGATTGTCAACGCCCTACACTCTTGCGATCGCTTCAATATGC

1794 ATATTACTATAAACGATATATGTTTTTTTTTTT

Figure 8. Comparison of 4CL-purified protein sequences with the
protein sequence coded by the pine 4CL cDNA. The full-length 4CL
cDNA sequence was obtained from a second cDNA library screening
using a probe made from internal region of the 1.7-kb cDNA clone
obtained from first cDNA library screen. The predicted amino acid
sequence is shown directly below the DNA sequence. Confident
calls of amino acids are shown in uppercase letters. Tentative iden-
tifications are indicated by lowercase letters. :, Sequence identity.
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Figure 9. Diagram showing the locations of the CAPs for 4CL-A
(CenBank accession No. U12012) and 4CL-B (GenBank accession
No. U12013). The positions of the polymorphic Sacll and Haelll
restriction sites are indicated, as well as the (AC)n microsatellite
sequence. The boxes and arrows indicate the PCR fragments that
were amplified. The length of the aligned 4CL cDNA sequences was
1829 nucleotides.

The result of our analysis is strong evidence that only
one 4CL gene is expressed at a significant level in pine
xylem. For 38 independent 4CL cDNAs, a third cDNA class
with a frequency sO.078 would be detected with P > 0.95.
(The probability of sampling at least one of a third class of
cDNA in n samples is P = 1 - (1 — /)", where / is the
frequency of the third class.) Thus, the products of a second
4CL gene would have low abundance and probably little
significance in coding for 4CL protein that could affect the
pool of CoA thioesters in pine xylem. A Southern analysis
using 1700 bp of the 4CL cDNA sequence as the hybrid-

ization probe was consistent with a single copy of 4CL in
the pine genome (not shown). PCR amplification of a re-
lated 4CL genomic DNA sequence for CAP-2 suggested a
pseudogene.

We isolated a 4CL cDNA clone from pine xylem that
contained the full-length coding sequence and that shared
extensive inferred protein sequence similarity to 4CL in
other plants. The pine 4CL cDNA coded a protein sequence
that matched two internal peptide sequences from the pu-
rified 4CL protein with an accuracy of 94%. The close
match confirmed that the 4CL cDNA clone corresponded
with the protein purified from xylem. Extensive regions of
the pine 4CL protein sequence were conserved relative to
the known angiosperm 4CL sequences, especially for the
AMP-binding and enzyme catalytic domains (Schroder,
1989; Bairoch, 1991; Becker-Andre et al., 1991). Unfortu-
nately, little is known about the substrate specificities of
the proteins encoded by some of these 4CL genes.

The pine 4CL was similar in size and substrate specificity
to the 4CL enzyme that was purified from spruce (Liideritz
et al., 1982) and parsley (Knobloch and Hahlbrock, 1977). In
contrast with angiosperms, sinapate rarely occurs in the
gymnosperms (Lewis and Yamamoto, 1990). Loblolly pine
4CL was not detectably active with sinapic acid as the
substrate. This result was consistent with earlier observa-
tions of 4CL from spruce and several taxa from the Cupres-
saceae and Taxodiaceae in which sinapate was not acti-

1kb 2N1 2 34 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 252627 2B 29

506 ->•
396 •>•

220

B 2N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 2526 27 28

Figure 10. Genetic segregation analysis of 4CL CAPs from pine megagametophyte (haploid) of loblolly pine tree 7-56. A,
Segregation 4CL CAP-1 showing uncut DNA fragments corresponding to 4CL-A and Sacll restriction fragments that are
expected for 4CL-B. DNA standards are shown to the left. The second lane from the left contained DNA fragments PCR
amplified from diploid tissue and has all three expected bands; lanes 1 to 29 contained fragments that were PCR amplified
from haploid segregants. B, Segregation of 4CL CAP-2 showing two-band patterns expected for 4CL-B when cut with Haelll,
three-band patterns expected for 4CL-A that has two Haelll restriction sites, and four-band patterns expected for diploid
tissue but found for some megagametophyte samples. DNA standards are shown to the left. The second lane from the left
contained DNA fragments PCR amplified from diploid tissue; lanes 1 to 28 contained DNA fragments that were PCR
amplified from haploid tissue. The samples in this figure do not correspond directly with those in A.
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Par SKLMEADES. . . . . .MPEV VINSDDWAL P I  YSSGTPGLP KGV~MLTHKGL VTSVAQQVDG 
Pot SELIQSDEH. ..... EIPDV KIQPDDWAL P~YSSGTXLP KGV~MLTHKGL VTSVAQQVDG 

~ 1 6  SVLSWS. ..... DVPEV EIHPDDAVAM P~FSSGTPGLP KGV~ILTHKSL TTSVAQQVDG 
I r .  .* * *  * I  * * * * * * * *  *** I  ... * f f * * f * * .  

Ric DDLMSEDEAS PLAGDEDDEK VFDPDDWAL PI YSSGTlCLP KGVIMLTHRSL STSVAQQVDG - 
Pin ENPNLYFHSD DVILCVLPLF HIYSLNSVLL CALRAGAATL 1MQKFNL"C LELIQKYKVT 
Par DNPNLYMHSE DVMICILPLF HIYSLNAVLC CGLRAGVTIL IMQKFDIVPF LELIQKYKVT 
Pot ENANLYMHSD DVLMCVLPLF HIYSLNSVLL CALRVGAAIL IMQKFDIAQF LELIPKHKVT 
Ric ENPNIGLHAG DVILCALPMF HIYSLNTIMM CGLRVGAAIV VURRFDLlULM MDLVERHRVT 
G16 ENPNLYLTPE DVLLCVLPLF HIPSLNSVLL CALRAGSAVL LMQKFEIGTL LELIQRHRVS 

AKATIL LMPKFDINSL LALIHKHKVT G 1 4  .-.-____._ __..-..___ _..___._.. _... 

* .  1. * .* * *. *** * f f  * *  f .  

Pin VAPIVPPIVL DITKSPIVSQ YDVSSVRIIM SGAAPIGKEL EDALRERFPK AIFGÇGYGMT 
Par IGPFVPPIVL AIAKSPVVDK YDLSSYRTVM SGAAPIGKEL EDAWFPN AKlGÇGYGMT 
Pot IGPFVPPIVL AIAKSPLVDN YDLSSVRTVM SGAAPLGKEL EDAVRAKFPN AKIGQGYGMT 
Ric IAPLVPPIW AVVAKSEAAAA RDLS- SGAAPMGKDI EDAPMAKLPG AVLGCGYGMT 
G16 VAMVVPPLVL ALAKNPMVAD FDLSSIRLVL SGAAPIGKEL EEALRNRMPQ AVLGQGYGNT 
G14 IAWPPIVL AISKSPDLHK YDLSSIRVLK SGGAPLGKEL EDTLRAKLPN aKLGQGYGEIT 

f.. (I * * f f  f f. I. ** . f * f * f * f  * 

I1 

Pin EAGPVLAMNL AFAKNPFPVK SGSCGTVVRN AQIKILLWET GESLPHNQA~G EICIRGI PEIM 
Par EAGPVLAMCL AFXEPYEIK SGACGTVVRN AEMKIVDPET NASLPRNQR~G EICIRG~WIM 
Pot 
RiC 

EAGPVLAMCL AFAKEPFDIK SGACGTVVRN AEMKIVDPDT GCSLPRNQPIG EICIRGIWIM 
EAGPVLSMCL AFAKEPFKVK SGACGTVVRN AELKIIDPDT GKSIGRNLRIG EICIEGIQQIM 

~ 1 6  EAGPVLSMCL GFAKQPFQTK SGSCGTVVRN P~ELKVVDPET GRSLGYNQP~G EICIRG~QQIM 
~ 1 4  EAGPVLWSL AFAKEPIDVK PGACGTVVRN ~ I V D P K T  GHSLPRNQS~G EICIRG~WIM 

.I***** f f *.* I .I *****.* * * * f .* * 1. ******I *. 

Pin KGYINDPEST AATIDEEGWL HTGDVGYIDD DEEIFIVDRV KEIIKYKGPQ VAPAELEALL 
Par KGYLNDPEST RWIDEEGWL HTGDIGPIDD DDELPIVDRL KEIIKYKGFQ VAPAELEALL 
Pot KGYLNDPEAT ARTIEKEGWL HTCDSGPIDD DDELFIVDRL KELIKYKGFQ VAPAELEALL 
Ric KGYLNNPEAT KNTIDAEGWL HWDIGYVDD DDEIFIVDRL KEIIKYRGFQ VAPAELEALL 
616 KGYLNDEAAT ASTIDSEGWL HWDVGYVDD DDEIFIVDRV KELIKYKGFQ VPPAELEGLL 
G14 KGYLNOGEAT ERTIDKOGWL HTGDIGYIDD DDELFIVDRL KELIKYKGPQ VAPAELEALL 

" f f  f (I. * * *  ***I 1 ** f f **+,* .* .** ff. * **.***** 

Pin VAHPSISDAA WPQKHEEAG EVPVAFWKS S.EIS..EQE IKEFVAKQVI FYKKIHRVYF 
Par LTHPTISDAA WPMIDEKAG EVPVAFVVRT NGF?T.TEEE IKQFVSKQW FYKRIFRVFF 
Pot INMPDISDAA WPMIDEQAG EVPVAFVVRS NGSTI.TEDE VKDFISKQVI FYKRIKRVFF 
Ric NTHPSIADAA WGLKF...G EIPVAFVAKT F.GSEL.SEDD VKQFVAKEVI YYKKIREWF 
G16 VSHPSIADAA WPQKDVAAG EVPVAFVVRS NGFDL.TEEA VXEFIAKQW FYKRLHKVYF 
G 1 4  LTHPKISDAA WPMKDEAAG EVPVAFWIS NGYTDTTEDE IKQFISKQW FYKRINRVFF 

** (I f f .  .* **  * ..*** * 1 f . f * 1. * (I 

Pin VDAIPKSPSG KILRKDLRSR LAAK...... 

Par VDAIPKSPSG KILRKDLRAR IASGDLPK.. 
Pot VRAVPKFPSG KILRKELRS. .......... 
Ric VDKIPKAPSG KILRKELRKQ LQHLQQEALT 
G16 VHAIPKSPSG KILRKDLRAK LmAATQTP. 
G14 IDAIPKSPSG KILRKDLRAK IAASVPK ... 

.* **. I*.** **  

Figure 11. Comparison of the deduced amino acid sequences of 
pine (Pin), parsley (Par; Lozoya et al., 1988), potato (Pot; Becker- 
André et al., 1991), rice (Ric; Zhao et al., 1990), and soybean (C14 
and G16; Uhlmann and Ebel, 1993) 4CL. The asterisk (*) denotes 
amino acid identity, and boxes I and I I  show regions of extended 

vated by gymnosperm 4CL (Kutsuki et al., 1982; Lüderitz et 
al., 1982). 

Some angiosperm 4CL isozymes have substrate specific- 
ities and chemical inhibition properties similar to those of 
pine 4CL. 4CL isozymes that had no detectable activity 
with sinapic acid were found in soybean (Knobloch and 
Hahlbrock, 1975), petunia (Ranjeva et al., 19761, parsley 
(Knobloch and Hahlbrock, 1977), poplar (Grand et al., 
1983), Forsythiu (Gross and Zenk, 19741, and pea (Wallis 
and Rhodes, 1977). Ranjeva et al. (1976) suggested that the 
petunia feru1ate:CoA ligase isozyme was involved in lignin 
biosynthesis. This petunia isozyme was specifically inhib- 
ited by naringenin (400 p ~ ) ,  as was the pine 4CL. 

The role of 4CL in regulation of phenylpropanoid me- 
tabolism and lignin biosynthesis could be different for 
gymnosperms and angiosperms. 4CL is encoded by at least 
two genes in poplar (Allina et al., 1993), parsley (Lozoya et 
al., 1988), and soybean (Uhlmann and Ebel, 1993). The 
soybean isozymes had different substrate specificities and 
were differentially regulated. The different angiosperm 
isozymes could play a regulatory role in lignin biosynthesis 
or in directing the synthesis of other secondary metabolites 
derived from activated COA substrates of 4CL. Preliminary 
observations from Arabidopsis, however, suggested that 
4CL could be encoded by a single gene in this species 
(Allina et al., 1993). A single isoform of 4CL appeared to be 
expressed in the xylem of pine. If pine xylem contains only 
one form of 4CL, then the microheterogeneity of pine lignin 
observed by Terashima and Fukushima (1988) and the 
increased synthesis of hydroxyphenyl units in compression 
wood lignin of pine (Timell, 1986) could not be regulated 
by differential expression of 4CL isozymes with different 
substrate specificities. 

The regulation of general phenylpropanoid metabolism 
from Phe ammonia-lyase to 4CL occurs at both the meta- 
bolic level and at the level of gene expression (Sato et al., 
1982; Bolwell et al., 1986; Jorrin and Dixon, 1990). Less is 
known about regulation in the lignin biosynthetic pathway 
(4CL to CAD). Pine xylem 4CL was inhibited by coniferin, 
a storage or transport form of coniferyl alcohol. Coniferin 
accumulates to a high concentration (4.5% of tissue wet 
weight) in the differentiating xylem of pine during the 
spring (Savidge, 1989). 4CL, like cinnamyl alcohol dehy- 
drogenase (OMalley et al., 1992), shows possible feedback 
inhibition by coniferin. Our result suggests coordinate 
metabolic regulation of the general phenylpropanoid and 
lignin biosynthetic pathways by a feedback mechanism. 
Knowledge of the substrate specificity of enzymes and the 
metabolic regulation of phenylpropanoid metabolism will 
be important for efforts to genetically engineer lignin bio- 
synthesis. 
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Table IV. Comparison of DNA homology and protein sequence similarity of pine to other plants based on the pine 4CL cDNA coding or 
inferred protein sequence 

The  percentages of DNA homology are shown at the upp2r right diagonal half, whereas the percentages of protein sequence similarity are 
shown at the lower left diagonal half. Sequences were alignecl using BESTFlT (sequence analysis software, Cenetics Computer Croup, University 
of Wisconsin; Devereaux et al., 1984). The gap weight and gap length weight used for the sequence analysis were the default option; (DNA: 5.0, 
0.3; protein: 3.0, 0.1). The EMBL accession Nos. of plant 4CL; are: rice 4CL, X52623; soybean 4CLs, X69955 (GM16) and X69954 (CM14); pine 
4CL, U12012; potato 4CL, M62755; and parsley 4CL, X13324. 

Soybean 

CM1 h CM14 
Pine Potato Parsley Rice 

Pine (P. taeda) 65 64 62 63 66 
Potato (S. tuberosum L.) 82 74 59 64 73 
Parsley (P. crispum) 83 89 60 64 71 
Rice (O. sativa) 78 80 79 66 65 
Soybean (G. max L.) 

GM16 84 87 84 83 65 
GM14 85 88 89 83 84 

to C. Edger and 8. Smith for their assistance and guidance in the 
preparation of compression wood. 

Keceived June 23,1994; accepted January 4,1995. 
Copyright Clearance Center: 0032-0889/95/108/0085/13. 

LITERATURE ClTED 

Allina S, Lee D, Douglas CJ (1993) Cloning and characte:&ation 
of 4-coumarate:coenzyme A ligase (4CL) genes from poplar and 
Arabidopsis, poster 27. Phytochemical Society of North Amer- 
ica: Newsletter 33: 26 

Bairoch A (1991) Putative AMP-binding domain signature. PRO- 
SITE: a dictionary of sites and patterns in proteins, release 8.00. 
Medica1 Biochemistry Department, University of Geneva, 
Switzerland 

Becker-André M, Schulze-Lefert P, Hahlbrock K (1991) Structural 
comparison, modes of expression, and putative cis-act ing ele- 
ments of the two 4-coumarate:CoA ligase genes in potato. J Biol 
Chem 266 8551-8559 

Bolwell GP, Cramer CL, Lamb CJ, Schuch W, Dixon RA (1986) L- 
Phenylalanine ammonia-lyase from Phaseolus vulgaris: modula- 
tion of the levels of active enzyme by trans-cinnamic acid. Planta 

Chou Q, Russel M, Birch D, Raymond J, Bloch W (1992) Preven- 
tion of pre-PCR mispriming and primer dimerization improves 
low-copy-number amplifications. Nucleic Acids E!es 20: 

DAquila RT, Bechtel LJ, Videler JA, Eron JJ, Gorczyca P, Kaplan 
JC (1991) Maximizing sensitivity and specificity of PCR by pre- 
amplification heating. Nucleic Acids Res 19: 3749 

Devereaux J, Haeberli P, Smithies O (1984) A compreherisive set 
of sequence analysis programs for the VAX. Nucleic Acids Res 

Doyle JJ, Doyle JL (1990) Isolation of plant DNA from fres h tissue. 

Grand C, Boudet A, Boudet AM (1983) Isoenzymes of hydroxy- 
cinnamate:CoA ligase from poplar stems properties and tissue 
distribution. Planta 158 225-229 

Gross GG, Zenk MH (1966) Darstellung und Eigenschal'ten von 
Coenzym A-Thiolestern substituierter Zimtsauren. Z Naturfor- 
sch 21: 683490 

Gross GG, Zenk MH (1974) Isolation and properties of hydroxy- 
cinnamate:CoA ligase from lignifying tissue of Forsythia. Eur J 
Biochem 42 453-459 

Jorrin J, Dixon RA (1990) Stress responses in alfalfa (Medicago 
sativa L.) 11. Purification, characterization, and inductiori of phe- 
nylalanine ammonia-lyase isoforms from elicitor-trea ted cell 
suspension cultures. Plant Physiol 92 447-455 

169: 97-107 

171 7-1 723 

12 387-395 

FOCUS 12 13-15 

Knobloch K-H, Hahlbrock K (1975) Isoenzymes of €1-coumarate: 
COA ligase from cell suspension culture of Glycin,? mux. Eur J 
Biochem 52: 311-320 

Knobloch K-H, Hahlbrock K (1977) 4-coumarate:CoP, ligase from 
cell suspension cultures of Petroselinum hortense IIoffm. Arch 
Biochem Biophys 184: 237-248 

Konieczny A, Ausubel FM (1993) A procedure for mapping Ara- 
bidopsis mutations using co-dominant ecotype-specific PCR- 
based markers. Plant J 4: 403410 

Kutsuki H, Shimada M, Higuchi T (1982) Distributim and roles 
of p-hydr0xycinnamate:CoA ligase in lignin biosynthesis. Phy- 
tochemistry 21: 267-271 

Leatherbarrow RJ (1987) Enzfitter. A non-linear regression data 
analysis program for the IBM PC. Elsevier Science Publishers 
BV, Amsterdam, The Netherlands 

Lewis NG, Yamamoto E (1990) Lignin: occurrence, biogenesis and 
biodegradation. Annu Rev Plant Physiol Plant Mo1 Biol 41: 
455-496 

Lozoya E, Hoffmann H, Douglas C, Schuiz W, Sch1:el D, Hahl- 
brock K (1988) Primary structures and catalytic properties of 
isoenzymes encoded by the two 4-coumarate:CoA ligase genes 
in parsley. Eur J Biochem 176: 661-667 

Lüderitz T, Schatz G, Grisebach H (1982) Enzymic synthesis of 
lignin precursors. Purification and properties of l-coumarate: 
COA ligase from cambium sap of spruce (Picea abies L.). Eur J 
Biochem 123: 583-586 

O'Malley DM, Porter S, Sederoff RR (1992) Purifics tion, charac- 
terization, and cloning of cinnamyl alcohol dehydrogenase in 
loblolly pine. Plant Physiol 98 1364-1371 

Ranjeva R, Boudet AM, Faggion R (1976) Phenolic nietabolism in 
petunia tissues. IV. Properties of p-coumarate:coenzyme A li- 
gase isoenzymes. Biochimie 58: 1255-1262 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A 
Laboratory Manual. Cold Spring Harbor Laborator y Press, Cold 
Spring Harbor, NY 

Sato T, Kiuchi F, Sankawa U (1982) Inhibition of phenylalanine 
ammonia-lyase by cinnamic acid derivatives and related com- 
pounds. Phytochemistry 21: 845-850 

Savidge RA (1989) Coniferin, a biochemical indicatcr of commit- 
ment to tracheid differentiation in conifer. Can J Bot 67: 

Schroder J (1989) Protein sequence homology betwreen plant 4- 
coumarate:CoA ligase and firefly luciferase. Nuclvic Acids Res 
17: 460 

Speicher DW, Grant GA, Niece RL, Blacher RW, Fowler AV, 
Williams KR (1990) Design, characterization, artd results of 
ABRF-89SEQ: a test sample for evaluating protein sequencer 
performance in protein microchemistry core facilities. In J Vil- 
lafranca, ed, Current Research in Protein Chemist py. Academic 
Press, New York, pp 159-166 

2663-2668 

 www.plantphysiol.orgon January 18, 2020 - Published by Downloaded from 
Copyright © 1995 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


4-Coumarate:CoA Ligase from Loblolly Pine Xylem 97 

Terashima N, Fukushima K (1988) Heterogeneity in formation of 
lignin. XI. An autoradiographic study of the heterogeneous for- 
mation and structure of pine lignin. Wood Sci Technol 22: 

Time11 TE (1986) Compression Wood in Gymnosperms. Springer- 
Verlag, Heidelberg, Germany, pp 360-379 

Uhlmann A, Ebel J (1993) Molecular cloning and expression of 4- 
coumarate:coenzyme A ligase, an enzyme involved in the resis- 
tance response of soybean (Glycine max L.) against pathogen 
attack. Plant Physiol 102: 1147-1156 

Vincent JR, Nicholson RL (1987) Evidence for isoenzymes of 
4-hydroxycinnamate:CoA ligase in maize mesocotyls and their 
response to infection by Heminthosporium maydis race O. Physiol 

259-270 

Mo1 Plant Pathol 3 0  121-129 
Wadsworth CL, Knuth MW, Bums LW, Olwin BB, Niece RL 

(1992) Reusing PVDF electroblotted protein samples after N- 
terminal sequencing to obtain unique interna1 amino acid se- 
quence. In RH Angeletti, ed, Techniques in Protein Chemistry 
111. Academic Press, New York, pp 61-72 

Wallis PJ, Rhodes MJC (1977) Multiple forms of hydroxycinnama- 
te:CoA ligase in etiolated pea seedlings. Phytochemistry 16: 

Whetten RW, Sederoff RR (1992) Phenylalanine ammonia-lyase 
from loblolly pine. Plant Physiol 98: 380-386 

Zhao Y, Kung SD, Dube SK (1990) Nucleotide sequence of rice 4- 
coumarate:CoA ligase gene 4-CL.l. Nucleic Acids Res 18: 6144 

1891-1 894 

 www.plantphysiol.orgon January 18, 2020 - Published by Downloaded from 
Copyright © 1995 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org



