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Abstract

Phenylalanine ammonia-lyase (PAL; EC 4.3.1.5) and cinnamate-4-hydroxylase (C4H; EC 1.14.13.11) are pivotal
involved in lignification. We synthesized peptides as the epitopes according to the amino acid sequences of these
coupled them with hemocyanin, and injected them into mice. The antiserums against peptides of PAL and C4H sp
detected PAL and C4H in the crude enzymes extracted from differentiating xylem of poplar, respectively. PAL and C4
localized in differentiating xylem of poplar. PAL labeling was mainly localized in the cytosol, and somewhat localized
rough-endoplasmic reticulum (r-ER) and the Golgi apparatus. In contrast, C4H was mainly observed on r-ER and t
apparatus. These findings suggest that conversion of phenylalanine to cinnamic acid occurs in the cytosol and the
reaction occurs near the membrane of r-ER and the Golgi apparatus. The possibility of coordinated localization of
C4H is discussed.To cite this article: T. Sato et al., C. R. Biologies 327 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Immuno-localisation de la phénylalanine ammonia-lyase et de la cinnamate-4-hydroxylase dans du xylème de peuplier
en voie de différenciation. La phénylalanine ammonia-lyase (PAL ; EC 4.3.1.5) et la cinnamate-4-hydroxylase (C4H
1.14.13.11) sont des enzymes clés de la lignification. Nous avons synthétisé des épitopes peptidiques de ces enzy
base de leurs séquences en aminoacides. Nous avons les avons ensuite couplés avec une hémocyanine, puis in
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Let me congratulate you on your retirement. Youhave made a great contribution to the understanding of the complex structure of lignins. Yo
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I never forget to visit several temples in Kyoto, Japan, together withyou in 1994. I am looking forward to meeting you and your family again
our country, Japan.
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souris. Les antiséra respectifs produits contre ces peptides marqués ont détecté spécifiquement la PAL et la CH
extrait enzymatique brut provenant de xylème de peuplier en voie de différenciation. La PAL et la C4H ont été rech
puis localisées dans les tissus correspondants. Le marquage de la PAL s’observe principalement dans le cytosol du
différenciation, et plus faiblement à la surface du réticulum endoplasmique rugueux (RE-r) et de l’appareil de Golgi. À l’
la C4H a été principalement détectée au niveau du RE-r et de l’appareil de Golgi. Ces résultats suggèrent que la con
la phénylalanine en acide cinnamique se déroule dans le cytosol, et que les réactions suivantes ont lieu près de la
du RE-r et dans l’appareil de Golgi. Lapossibilité d’une localisation spatio-temporelle coordonnée de la PAL et de la C4H
discutée.Pour citer cet article : T. Sato et al., C. R. Biologies 327 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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Abbreviations

PAL, phenylalanine ammonia-lyase; C4H, cinn
mate-4-hydroxylase; r-ER, rough-endoplasmic reti
lum; KLH, keyhole limpet hemocyanin.

1. Introduction

A highly characteristic feature of woody plants is
hard stem, due to the thick secondary cell walls co
posed mainly of cellulose, hemicelluloses, and lign
Lignin is the second most abundant organic substa
on earth, and is synthesized in phenylpropanoid p
ways. It is known to be composed of three mon
lignols, that is,p-coumaryl, coniferyl, and sinapy
alcohols. Lignin biosynthesis is thought to occur
three steps: biosynthesis of monolignols, transp
of monolignols toward the cell wall, and polyme
ization of monolignols within the cell wall. Thoug
most enzymes involved in these steps have been i
tified, their localization in the cell is still obscur
Further investigation of the localization of the e
zyme is necessary for better understanding of lig
fication.

Since PAL was found in barley[1], it has been stud
ied in many herbaceous plants and appears to be
otal enzyme in the control of the biosynthesis of mo
lignols [2,3]. PAL is known to be a tetramer in th
cell that catalyzes the conversion ofL-phenylalanine
to cinnamic acid[4]. The molecular mass of the su
unit is from 70 to 85 kDa[5–7].
C4H is the enzyme following PAL in cinnama
pathway. C4H catalyzes the conversion of cinna
acid to p-coumaric acid in the presence of O2 and
NADPH [8]. The enzyme exists in the microsom
fraction and is a cytochrome P450-type enzyme[9,
10]. The amino acid sequence of C4H indicates t
it has the signal peptide on N-terminus targeting to
doplasmic reticulum and combines to the membr
[11]. Moreover, it is reported that the enzymes co
cerned with phenylpropanoid metabolism form t
complex of enzymes and C4H works as the scaff
of the complex[12,13].

In woody stems, PAL- and C4H-GUS activity o
curs mainly in differentiating xylem[14,15] and ray
parenchyma[16]. Osakabe et al. isolated two PA
genes involved in lignification and demonstrated th
expression in the developing xylem but in differe
stages using immunohistochemistry with the antibo
against PAL[17]. Subcellular localization of PAL is
observed in the cytosol[18,19], the Golgi apparatu
[19], and chloroplasts[20]. Localization of C4H is
also observed in the Golgi apparatus[18] and r-ER
[13]. Information on subcellular localization of th
enzymes involved in lignification is, however, ve
limited.

We investigated the subcellular localization of PA
and C4H in differentiating xylem of poplar using th
antiserums against the synthesized peptides accordin
to the amino acid sequences of PAL and C4H
stead of recombinant PAL and C4H proteins. The a
peptides antibodies are thought to react more spe
cally to the targeting proteins. The relation betwe
PAL and C4H is also discussed.
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Table 1
Candidates of epitope from whole amino acid sequences of PAL and C4H

<PAL epitope>

PAL1 –N terminus–TSHRRTKQGG–C terminus– (A.A.112∼121)
PAL2 –N terminus–DPLQKPKQDR–C terminus– (A.A.336∼345)
PAL3 –N terminus–GEKVKSPGEE–C terminus– (A.A.669∼678)

<C4H epitope>

C4H1 –N terminus–DRRFESEDDP–C terminus– (A.A.192∼201)
C4H2 –N terminus–HWKNPEEFRP–C terminus– (A.A.409∼418)
C4H3 –N terminus–QSJIDTSEKG–C terminus– (A.A.476∼485)
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2. Material and methods

2.1. Plant materials

Hybrid poplar (Populus sieboldii× P. grandiden-
tata) grown at the nursery of the experimental fore
in Kyoto University, Japan was used. For immun
taining, differentiating xylem of poplar was cut in
small pieces with a razor blade, soaked immedia
in liquid propane cooled with liquid nitrogen, and th
immersed into 0.5% glutaraldehyde in acetone coole
at −80◦C for 3 days for freeze substitution. Ther
after, they were washed with acetone three times,
placed in ethanol, and embedded in LR-White re
(London Resin Co. Ltd., Basingatoke, UK).

For the PAL assay, differentiating xylem of popl
was scraped with a knife, homogenized in liquid nit
gen and extracted in 100 mM Tris-HCl (pH 7.4) co
taining 10 mM 2-mercaptoethanol, 1 mM EDTA, a
1 mM phenymethylsulfonyl fluoride. The homogena
was centrifuged at 10 000g for 15 min and the super
natant was centrifuged again at 15 000g for 20 min us-
ing a Microcon YM-10 (Millipore Corporation, Bed
ford, MA). Then the supernatant was collected a
used for PAL assay and Western blot analysis.

For the C4H assay, differentiating xylem of pop
was extracted in phosphate buffer (pH 7.4) conta
ing 250 mM sucrose, 15 mM 2-mercaptoethan
1 mM EDTA and 40 mM L-sodium ascorbate. The h
mogenate was centrifuged at 10 000g for 15 min, and
the supernatant was ultracentrifuged at 100 000g for
60 min. The pellet was resuspended in 100 mM ph
phate buffer (pH 7.4) containing 15 mM 2-mercap
ethanol and ultracentrifuged again at 100 000g for
80 min. The pellet was resuspended in 100 mM ph
phate buffer containing 1.5 mM 2-mercaptoethan
and used for assay of C4H.
2.2. Preparation of antiserum against PAL and C4
peptides

Whole amino acid sequences of PAL[17] and C4H
[21] were used for synthesis of peptides. Three am
acid sequences were selected for epitopes from
amino acid sequence of PAL and C4H using Epito
Adviser software (FQS, Fukuoka, Japan). Because
peptides containing hydrophilic amino acids tend to
exposed on the surface of the native protein, three
didates composed mainly of hydrophilic amino ac
were chosen.

Each of these epitopes was composed of 10 am
acids (Table 1). The peptides were synthesized acco
ing to the amino acid sequences and conjugated
keyhole limpet hemocyanin (KLH) by Sawady Tec
nology (Tokyo, Japan). The antibodies were raise
mice (6 weeks of age, BALB/C, female). Pre-immu
serum was taken from each mouse before the
injection of the antigen. The conjugates were d
solved in phosphate buffered saline (PBS), mixed w
the same volume of Freund’s adjuvant, and intrap
toneally injected into the mice. The injection was
peated five times at 2-week intervals in the same w
except that Freund’s incomplete adjuvant was us
Three days after the last injection, antiserum was ta
from the immunized mice, and used for immunolab
ing.

2.3. Dot blot and Western blot assay

The specificity of antiserums against PAL and C
peptides was examined by dot blot and Western
assay. For dot blot, 2 µl of KLH solution, peptid
conjugated with KLH, and crude enzyme extra
from differentiating xylem of poplar were spotte
on sheets of nylon membrane (Biodine B/Pall, E
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Hills, NY). The sheets were incubated with bloc
ing buffer containing 3% skim milk in PBS. Th
antiserums against PAL and C4H peptides, the
tiserums pre-incubated with KLH, and pre-immu
serum were diluted 1:200 with 3% skim milk in PB
and were used to incubate the sheets. Then sheets
incubated with alkaline phosphatase-conjugated g
antiserum against mouse IgG (ICN Pharmaceutic
Aurora, OH). The antiserum was detected byp-ni-
troblue tetrazolium (NBT) and 5-bromo-4-chloro-
indolylphosphate (BCIP). For Western blot, the cru
enzymes were charged to sodium dodecyl sul
polyacrylamide gel electrophoresis (SDS-PAGE) p
formed with 10% polyacrylamide gels. The separate
proteins were transferred to PVDF membrane (B
Rad, Hercules, CA). After incubation with antiseru
against PAL and C4H peptides, both membranes w
stained according to the same procedure for dot-
assay.

2.4. Immuno-inhibition test of PAL

PAL activity was measured by using the cru
enzymes extracted from the differentiating xylem
poplar. For immuno-inhibition assay, the enzymes
lution was pre-incubated with the antiserum aga
PAL peptides or pre-immune serum for 30 min, fo
lowed by incubation with Magna Bind anti-mouse Ig
(PIERCE, Rockford, IL) for 15 min at room tempe
ature. The protein concentration of antiserums wa
checked by the Bradford assay monitored at 595
using a spectrophotometer (UV-1600; SHIMADZ
Japan). After centrifugation, the supernatants w
mixed with 20 mM L-phenylalanine in 100 mM pho
phate buffer (pH 7.4), and incubated for 60 min
35◦C. The reaction was stopped by adding 5 N H
Thereaftertrans-cinnamic acid in the reaction mix
tures was monitored at 268 nm. The reaction mixt
without L-phenylalanine was also measured as a c
trol.

2.5. Immuno-inhibition test of C4H

C4H activity was measured using a microsom
fraction of poplar. Microsomal solution (50 µg ml−1)
was incubated with the antiserum against C4H p
tides followed by incubation with Magna Bind an
mouse IgG. C4H activity was measured according
e

the method of Lamb and Rubery[22]. After the super-
natant was mixed with 200 µMtrans-cinnamic acid,
500 µM NADP, 1U of glucose-6-phosphate dehyd
genase, 10 mMD-glucose-6-phosphate monosodiu
salt, and 100 mM phosphate buffer (pH 7.4), the m
ture was incubated for 30 min at 35◦C. The reaction
was stopped by adding 5 N HCl. The solution was c
trifuged at 10 000g for 10 min and the supernatant w
adjusted to pH 11 with NaOH. Thereafter,p-coumaric
acid in the reaction mixture was determined at 340
using a spectrophotometer. The reaction mixture w
out trans-cinnamic acid was also treated in the sa
manner as a control.

2.6. Immunofluorescence microscopy

Thin sections (1 µm thick) were cut from the em
bedded block and mounted on glass slides. The
lowing immunolabeling procedures were perform
at room temperature. The sections were incubated
15 min with 50 mM glycine in PBS (pH 7.4) followe
by incubation for 30 min with 3% skim milk in PBS
to avoid nonspecific binding of antibody. They we
then incubated with the antiserum against the pept
of PAL or C4H (diluted 1:100 in 3% skim milk in
PBS) for 2 h. After washing with PBS, they were i
cubated with fluorescein isothiocyanate-labeled g
anti-mouse IgG antibody (Zymed laboratories, In
San Francisco, CA) for 1 h. They were again was
with PBS, treated with 2% glutaraldehyde in PBS
5 min, washed with distilled water, and observed un
a confocal laser scanning microscope (FLUOVIE
FV300; Olympus, Japan).

2.7. Immunogold labeling for electron microscopy

Ultra-thin sections mounted on formvar-coat
nickel grids were used. The following immunol
beling procedures were performed at room temp
ture unless otherwise specified. The sections on g
were soaked in 50 mM glycine in PBS (pH 7.4) f
15 min, and then incubated in blocking buffer (PB
containing 0.8% BSA, 0.1% IGSS-quality gelat
[Amersham, Little Chalfont, UK], 5% goat serum
and 2 mM NaN3) for 1 h. After washing three time
with washing buffer (same as blocking buffer, b
without goat serum) for 10 min, they were inc
bated with the antiserum against peptides of PAL
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C4H (diluted 1:100 in blocking buffer) overnight
4 ◦C. After washing three times with a washing buf
for 10 min, they were incubated with 15-nm co
loidal gold-conjugated goat anti-mouse IgG antibo
(Auro Probe EM, GAR15; Amersham; diluted 1:25
blocking buffer) for 90 min. They were washed thr
times for 10 min with washing buffer, then wash
with PBS, treated with 2% glutaraldehyde in PB
for 5 min and washed with distilled water. Contr
sections were treated in the same way, with the
ception that mouse pre-immune serum was used.
sections were stained with2% aqueous uranyl aceta
followed by staining with Reynolds’ lead citrate, an

Fig. 1. Dot blot assay by using antiserums against PAL and C
peptides. KLH, peptides conjugated with KLH and the crude
zymes extracted from the differentiating xylem of poplar were sp
ted from the left side of the membrane.
then examined under a transmission electron mi
scope (JEM 1220; JEOL, Tokyo, Japan) at 100 kV.

3. Results

3.1. Dot blot assay

The results of the dot blot assay are shown
Fig. 1. Each antiserum against PAL peptides reac
with KLH, each PAL peptide-KLH conjugate, an
crude enzymes extracted from differentiating xyle
of poplar. The antiserums against PAL peptides p
incubated with KLH did not positively react wit
KLH, but reacted with PAL peptide-KLH conjugate
and the crude enzymes. The antiserums against
peptides pre-incubated with KLH also positively r
acted with C4H peptide-KLH conjugates and the cru
enzymes. Pre-immune serums did not react with KL
PAL and C4H peptide-KLH conjugates, or the cru
enzymes.

3.2. Western blot assay

The antiserum against PAL2 peptide reacted o
with a 75-kDa protein among the crude extracts fr

Fig. 2. Western blot assay by using the antiserums against PAL2
C4H3 peptides. Both antiserums reacted to a single band from
crude enzyme extraction. The antiserums of PAL- or C4H-pep
recognized specifically 75 kDa and58 kDa polypeptides, respec
tively.
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ities,
Fig. 3. Immuno-inhibition test of PAL and C4H. Horizontal axis shows the absorbance at 268 and 340 nm for measuring PAL and C4H activ
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differentiating xylem of poplar. However, the an
serums against PAL1 and PAL3 peptides did not sh
any reaction to the crude extracts. The antiser
against C4H3 reacted only with a 58 kDa prote
(Fig. 2), but those against C4H1 and C4H2 did n
show any reaction. The putative molecular weights o
PAL and C4H are 77 kDa and 58 kDa, respective
according to the total molecular mass of amino ac
Pre-immune serum did not react with crude enzym
(data not shown). Therefore, the antiserums ra
against PAL2 and C4H3 peptides were used in the
lowing experiments.

3.3. Immuno-inhibition test of PAL and C4H

When the antiserum against PAL2 peptide w
added in the crude enzyme extract from poplar w
phenylalanine, absorbance at 268 nm decreased
an increase in antiserum. The addition of the a
serum against C4H3 peptide to the microsomal
zyme extract withtrans-cinnamic acid also caused
decrease in the 340-nm absorbance (Fig. 3). These
results indicated that antiserums of PAL and C4H p
tides inhibited the conversion of phenylalanine in
trans-cinnamic acid, and that oftrans-cinnamic acid
into p-coumaric acid, respectively. These antiseru
might specifically bind to PAL and C4H protein, r
spectively.

3.4. Immunolocalization of PAL and C4H

Immunofluorescencemicroscopy revealed that P
immunolabeling was localized in the differentiatin
xylem of poplar. In particular, the labeling was stro
from the late stage of primary cell wall formatio
to the early stage of secondary cell wall formati
(Fig. 4A). Intense labeling was also observed in so
of ray parenchyma cells. Immunolabeling of C4H w
observed in the early stage of secondary cell wall
mation. The labeling was, however, observed as s
in the cells (Fig. 4B). Under a transmission electro
microscope, immunolabeling of PAL was mainly d
tributed in the cytosol in differentiating xylem cel
(Fig. 5A and B). Weak labeling was observed on t
developing secondary cell walls, r-ER, plastids, a
vacuoles. In contrast to the PAL immunolabeling,
C4H labeling was observed on r-ER and the Golgi
paratus in the differentiating fiber and vessel (Fig. 5C
and D). It was not observed, however, in cytosol
much as PAL immunolabeling. The labeling was n
observed when the section was treated with the
immune serum (Fig. 5E and F).

PAL and C4H immunolabeling was determined
counting the gold particles on the 20 electron photo
crographs (Fig. 6). Total numbers of PAL and C4H
labeling were 836 and 561, respectively. More th
half of the PAL labeling was localized in the cytos
though the labeling on r-ER and the Golgi appara
were 8 and 13%, respectively. In contrast to PAL, o
20% of the C4H labeling was localized in the cytos
Total amount of the labeling on r-ER, the Golgi app
ratus, and plastids was approximately 80%.

4. Discussion

4.1. Characterization of antiserum

The dot blot immunoassay clearly indicated th
the antiserums against the PAL and C4H pepti
contained antibodies against the corresponding p



T. Sato et al. / C. R. Biologies 327 (2004) 827–836 833
Fig. 4. Immunofluorescence microscopic observation of PAL and C4H in the differentiating xylem of poplar. (A) Immunolocalization of PAL.
(B) Immunolocalization of C4H.PW: Primary cell wall formation.SW: Secondary cell wall formation.
ith
4H.
st
ein
s of
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t

lar
4H
d
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,
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tain
e-
tides. Because these antiserums react positively to
the crude enzymes extracted from the differentiating
xylem of poplar, the enzymes contain proteins w
the same amino acid sequences of PAL and C
Western blot assay indicated that the antiserum again
the PAL peptide recognized only the 75-kDa prot
in the crude enzyme extract. The molecular mas
the recognized protein corresponds to the molec
mass of the PAL subunit[17]. The antiserum agains
the C4H peptide recognized protein with a molecu
mass of 58 kDa, which corresponds to that of C
[10]. The result of the inhibition assay of PAL an
C4H indicated that both activities decreased gra
ally with an increase in PAL and C4H antiserums
respectively. The above results indicate that the
tiserums against the PAL and C4H peptides con
antibodies that bind specifically to PAL and C4H, r
spectively.
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Fig. 5. Immunogold labeling of PAL and C4H in the differentiating xylem. (A) Immunolocalization of PAL in the differentiating fiber. (B) Im-
munolocalization of PAL in the differentiating vessel. (C) Immunolocalization of C4H in differentiating fiber. (D) Immunolocalization of C4H
in the differentiating xylem. (E) Control photo by using the pre-immune serum. (F) Control photo by using the pre-immune serum. Bar=
500 nm;G, the Golgi apparatus;M, mitochondria;Mt, microtubules;N, nucleus;PL, plastid;rER, rough-endoplasmic reticulum;SW, sec-
ondary cell wall.
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Fig. 6. Semi-quantitative analysis of PAL and C4H immunolabeling.
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4.2. Localization of PAL and C4H in the cell

PAL immunolabeling in differentiating xylem o
poplar suggests that the conversion of phenylalan
to cinnamic acid occurs in this region. Osakabe et
showed that PAL was specifically localized in diffe
entiating xylem by immunohistochemistry using t
antiserum derived from the PAL recombinant prot
[17]. Subramaniam et al. reported that PAL gene
pression was observed in young stem and lower
of old stem[23]. Our result supports the above r
sults. Intense PAL immunolabeling in ray parenchy
cells might be involved in not only the synthesis
monolignols but also in the synthesis of other phe
lic substances. Further investigation is needed to re
the function of ray parenchyma cells. Transmiss
electron microscopic observation indicated that m
of the PAL immunolabeling is localized in the cytos
during secondary wall formation. Weak labeling w
also observed on r-ER and the Golgi apparatus.

C4H immunolabeling is localized in the differe
tiating xylem in poplar. However, the labeling is o
served as a spot, though the labeling of PAL is hom
geneously distributed in the cytosol. Electron mic
scopic observation indicated that most C4H label
is localized on r-ER and the Golgi apparatus. The
beling is also observed on plastids and mitochond
Semi-quantitative analysis of C4H labeling demo
strates that the majority of the labeling is localized
r-ER, and some on the Golgi apparatus. Hydropho
plot analysis strongly suggests that C4H has a sig
peptide at the N-terminus and a single transmemb
domain near the N-terminus (not shown). Therefo
C4H might be localized on the membrane of r-ER a
the Golgi apparatus. Ro et al. reported that C4H is
calized in r-ER[13]. Our results support their result
Chapple suggested that the catalytic domain of C
was localized at the cytosolic site[24]. The conver-
sion of cinnamic acid top-coumaric acid might occu
at cytosolic site of the membrane of r-ER and the Go
apparatus.

Rasmussen and Dixon showed that total activity
PAL in microsomal fraction from wild-type tobacc
plants amounted to 5 to 10% of the total activity
PAL in the soluble fraction. In addition, the conve
sion of phenylalanine top-coumaric acid via cinnami
acid occurred rapidly in their in vitro experiment[12].
Therefore, they proposed that one or more PAL i
forms are associated with C4H as an enzyme com
on r-ER. Our results indicate that PAL and C4H a
localized simultaneously in the differentiating xyle
in poplar. Some PAL labeling is localized on r-ER a
the Golgi apparatus, and there is much C4H labe
on r-ER. These results suggest the possibility of coor-
dinated localization of both enzymes. Double PAL a
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C4H immunolabeling in the same section will provi
more information on their relation in the cells.
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