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Abstract-The enzymes involved in the reduction of ferulic acid to coniferyl alcohol, namely hydroxycin- 
namic acid CoA ligase, ferulyl CoA reductase and an aromatic alcohol dehydrogenase, have been 
resolved by gradient elution on columns of DEAE-cellulose. The ferulyl CoA reductase has been separ- 
ated intd two fractions which are both specific for NADPH, and have a high affinity for their substrate. 
The aromatic ADH was resolved into two fractions, the second of which shows partial separation into 
two subfractions in extracts of aged but not of initial disks. The two ADH fractions are both specific 
for NADP but the second fraction has markedly higher affinity for substrate than the first fraction. In 
comparing the activities isolated from initial and aged disks, it is clear that both forms of ferulyl CoA 
reductase are present in initial disks and the increase on aging is only two-fold. The activities of ADH 
1 and 2 do not alter during aging but the qualitative composition of Fraction 2 appears to alter. The 
hydroxycinnamic acid CoA ligase, however, is present only in yery low concentration in initial disks and 
increases very markedly during aging. It is suggested that the control of the activity of this reduction 
system during the aging of Swede root disks is mainly centred on the level of activity of the ligase enzyme. 
In addition, a method for the preparation and purification of ferulyl CoA, the substrate for the reductase 
enzyme, is described. 

INTRODUCTION 

During aging, disks of the root of Brassica napo- 
brassica have been shown to form a layer of a lig- 
nin-like substance on their cut surfaces [I, 23. An 
essential step in the biosynthesis of lignin is the 
reduction of hydroxycinnamic acids to their corre- 
sponding alcohols which are the immediate pre- 
cursors of lignin [3]. In a.previous paper [4], the 
enzymic reduction of p-coumaric and ferulic acids 
to p-coumaryl and coniferyl alcohols respectively 
was demonstrated in extracts of aged disks of 
Swede roots and evidence was presented suggesting 
that the CoA thioesters of the acids [S] were inter- 
mediates in the reduction. 

The enzyme system of Swede root disks involved 
in the reduction of hydroxycinnamic acids is very 
similar to the enzymes described recently in cam- 
bial tissue of Salix alba [6], lignifying tissue of For- 

sythia [7-91 and cell suspension cultures of soya- 
bean [lo]. Gross et al. [S] have shown that three 
enzymes are involved, namely a hydroxycinnamic 
acid-CoA ligase (p-coumaryl CoA syntheta- 
se) [IS, 91, a hydroxycinnamyl CoA reductase and an 
aromatic alcohol dehydrogentise. The present 
paper describes the partial purification and com- 
plete resolution of these three activities by chro- 
mat0graph.y on columns of DEAE-cellulose and 
some of the properties of the isolated enzymes. A 
comparison of the enzymic complement of initial 
and aged disks will be presented together with a 
method for the preparation of ferulyl CoA., 

RESULTS 

The enzymes involved in the reduction of ferulic 
acid to coniferyl alcohol were separated on a 
column of Sephadex G-200. The separation of 
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enzymes on G-200 was far from complete but it 
showed the simultaneous elution of the p-cou- 
maryl and ferulyl CoA ligase ‘activities and the 
resolution of the NADP specific aromatic alcohol 
dehydrogenase (ADH) into two forms. The aro- 
matic ADH’s differ in elution position from an eth- 
anolLNAD oxidoreductasc which elutes between 
the two aromatic ADH peaks. The ferulyl CoA 
reductase elutes slightly later than the ligase acti- 
vity and close to the second peak of the aromatic 
ADH. There is some suggestion of separation of 
two forms of the reductase. 

Figure 1 shows the pattern of elution of the 
desalted 55~~~7SL;, (NH&SO, fraction on DEAE- 

cellulose (DE33) using a linear gradient between 
0.005 M Tris pH 7.45 and 0.4 M KC‘1 in 0.005 M 
TrispH 7.45 both containing 1 mM DTE. Complete 
resolution of the three activities was achieved. Aro- 

Fraction no 

Fig. I. The separation of enzyme activities from extracts of 
swede root disks aged m the presence of ethylene on a DEAEC 
cellulose column. A p-Coumaryl CoA ligase; H ferulyl CoA 
ligase: o coniferyl alcohol:NADP oxidoreductase (aromatic 
alcohol dchydrogenasc): C fcrulyl C‘oA rcductasc. Enzyme 
unit defined as the amount ofenzyme to give a change in absor- 

bancc of OX)01 ,‘min under the defined assay conditions. 

matic ADH was separated into t\\o peaks, I and 
2, the second of which shows partial separation of 
two further components (3 and 217). The two 
ligase activities were cluted simultaneously. The 
ferulyl CoA reductasc was scparatcd into two 
peaks A and B. with roughly qua1 ncti\;ities in 
each. The reductase assa! in fractions prior to chro- 

matography on DEAE-cellulose is coniplicated by 
the presence of an active thiocstcrase. The reduc- 
tase peaks after DEAE-ccll~~losc cliroiiiatograpll), 
are essentially free ofthiocstcrasc which was clutcd 
with a peak at around Fraction 10 of the gradient 

elution. 
When the specific activities (activity ‘nip protein) 

of fractions at the peaks of activity of the enzymes 
after DEAE-cellulose chroi-natograph) wcrc com- 
pared with the specific activities of the enzymes in 
the crude homogenate, degrees of purification of 
51.7-fold for the ligasc. .33,3-fold for aromatic 
ADH 1. 2?.4-fold for aromatic ADH 11. 56fold for 
ferulyl CoA reductase A and 17-fold for ferulyl 
CoA reductase B wcrc ohtaincd. 

Table 1 shows the propcrtics of the aromatic 
ADH’s of Swede root disks. These aromatic A DH’s 

differ in substrate specificit!,, cofactor rcquircmcnt 
and in elution position from the ethanol dchldro- 
genase, which elutcs in a position nc‘ar to that ol 
the ligase in the DEAE-cellulose cl~ramatographic 
separation (see Fig. I). The aromatic ADH activity 
is much more stable than the’ ethanol dchydro- 
genase which is almost complctel~ lost \vithin 
48 hr of the column elutions. f’caks I and 2 differ 
markedly in their aflinities for conifql alcohol 
and aldehyde. There is a X)-fold diflerencc in their 
K, values for coniferyl aldclt!dc and Peak 2 has 
a very high affinity for both conifql aldchydc and 

alcohol. Peaks 1 and Z dither markedly in their SLIS- 

ceptibility to substrate inhibition. the high alfinit) 
form being much more scnsitivc. Both fi-actions 
show high specificity for NADP as the cofactor. 
No major differences in the kinetic properties oi 
the subfractions a and I-I of Peak 2 have Jet been 
observed. 

Table 2 shows the properties of the fcrul>l (‘oA 
reductasc of Swede root disks. The cnz~mc sho\vs 
a marked specificity for NADPHI as the cofilctor 
for reduction: NADH M ill sustain only h”,, of the 
rate given by an cquimolar concentration ol 
NADPH?. Mg2- will stimulate the activity but the 
effect is less markod than in the case of the 
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Table I. The properties of the various forms of aromatic ADH of swede root tissue 
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Substrate 1 
Km (PM) 

2a 2b 

Aged disks Coniferyl alcohol 
Coniferyl aldehyde 

Initial disks Coniferyl aldehyde 
Substrate inhibition 

Cofactor specificity (% NADPH dependent rate) 
Coniferyl NADPH 
aldehyde NADH 
Coniferyl NADP+ 
alcohol NAD+ 

550 NM 2 
140 4 2 
100 3 

No substrate Strong substrate 
inhibition at inhibition at 
75 PM coniferyl 50 PM coniferyl 
aldehyde or aldehyde or at 
750 pM coniferyl 60 pM coniferyl 
alcohol alcohol 

100 
26 
100 
-0 

100 100 
NM 0.8 
100 100 

0.73 0.86 

NM = not measured; - = not present, 

Table 2. The properties of ferulyl CoA reductases of Swede root disks 

(nmol/min/mg protein) 

Complete system 
-Mg++ 

Replace NADPH, by NADH, 

Initial disks 
Aged disks 

21-4 
16.8 

1.3 
K,, (PM) for ferulyl CoA 
Peak A Peak B 

5 I 
4 3 

Complete system given in Experimental. 

Table 3. A comparison of the enzymic composition of extracts of initial and aged disks of Swede roots 

(nmol transformed/min/mg protein) 
Initial Aged + 7 ppm ethylene 

A. Crude homogenate 
p-Coumaryl CoA ligase 
Ferulyl CoA ligase 
Ferulyl CoA reductase 
Aromatic ADH 
(a) Coniferyl alcohol oxidation 

B. Fractions purified by bulk eluates 
from DEAE-cellulose (DE 23) 
p-Coumaryl CoA ligase 
Ferulyl CoA ligase 
Ferulyl CoA reductase 
Aromatic ADH 
(a) Coniferyl alcohol oxidation 

C. Fractions after gradient elution 
on DEAE-cellulose (DE 32) 
p-Coumaryl CoA ligase 
Ferulyl CoA ligase 
Ferulyl CoA reductase 

A 
B 

Aromatic ADH I 
2 

NM = not measured. 

-0 
-0 

0.39 

5.3 

-0 
NM 
I .35 

8.1 

<8 
<5 

55 
XI 

442 
535 

2.92 
2.07 
0.92 

6. I 5 

8.88 

9.95 

(nmol/min/lOO g fr. wt) 
178 
121 

119 
125 
571 
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ligase [S]. Both forms of the enzyme show very 
high affinities for the ferulyl CoA substrate but 
there are no significant differences in the K,,, values 
of the two forms when prepared from either initial 
or aged disks. 

Table 3 shows the activity of the three enzymes 

and their various subfractions in extracts of initial 
and aged disks measured at three different stages 
of purification. In expt A. the assays were carried 
out using the clarified homogenate and the results 
are expressed per mg of protein. It can be seen that 
the activities of p-coumaryl and ferulyl CoA ligase 
in initial disks are very low and arc not detectable 
in dilute crude extracts. A large activity of both 
ligases was observed in extracts of disks after 
aging. The ferulyl CoA reductase activity in initial 
disks was substantial and the increase on aging 
was only about two-fold. The aromatic ADH is 
present in high activity in initial disks and does not 
alter substantially during aging. When these activi- 
ties were measured on a bulk elutcd fraction from 

Fig. 2. The separation of enzyme actlvitics from extracts of 
freshly prepared (initial) disks of suede roots on a DEAF-cellu- 
lose column. Symbols and conditions of clution cwctlq as m 

Fig. 1. 

DEAE cellulose (DE23) [5] the same pattern of 
changes in activity was observed (see Table 3B). 

Figure 2 shows the separation of the enzyrnc ac- 

tivities in e.\tracts from initial disks after gradient 
clution from DEAE-cellulose (DE.31). Aromatic 
alcohol dehydrogenase is present in two forms 
which correspond in eiution position (see Fig. 1) 
and in kinetic properties (XC Table I) to Peaks I 
and 2b of aged disks. The ligase c~vyrnu is only 

found in trace amounts in initial disks. The fcrulyl 
CoA reductase is present in two forms in initial 
disks and these correspond in clution position 
(compare Figs. 1 and 2) and kinetic propertics (see 
Table 3) to the forms A and B described for aged 
disks. Table 3C shows the total activities prcscnt 

in the various forms of the enzymes of initial and 

aged disks. The two aromatic ADH’s arc present 
in roughly equal activities in both initial and aped 
disks and there is no C~X~JI~C in total activity OJI 

aging. There is. however. the possibility that the 
qualitative composition of Peak 2 changes during 
aging. The two fcrulyl Co,4 reductase e~~c~~ncs arc 
both present in equal activities in initi;ll disks and 
there is a roughl:y two-fold increase in each frac- 
tion during aging. The ferulll and p-coumaryl CoA 
ligascs are present in extremely low levels in initial 
disks and there is a11 increase of at least N-fold 
during aging. 

The three enzymes thought to be involved in the 
reduction of ferulic acid to coniferyl alcohol have 
been resolved by chromatography on DEAE-ccllu- 
10s~. Two of the enzymes show resolution into iso- 
enzymic forms but their signiiicance is not entirclt 
clear. The properties of the hqtiroxycinnnmic acid 
C’oA ligase have been described in some detail in 
a previous publication [5] a~nci this emyrnc has 
similar properties to that ol‘ the enzyme isolated 
from fo~~s~~thiu by Gross and Zenk [9]. The chro- 
matographic studies. which sho\v the simultaneous 
elution of the ligasc acti\.ities with both ferulic and 
/I-coumaric acids under a number of ditTercnt con- 

ditions, suggest that a single protein is responsible 
for both lignsc activities. The ferul!l CoA reduc- 
tase shows separation into tbo forms which are 
both specific for NADPH, and which each has ;I 
very high affinity for the ferulyl Co.4 substrate. 
The spectrophotometric assay of Gross c’t al. [x] 
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has been used to localize the ferulyl CoA reductase 
activity. For the satisfactory measurement of acti- 
vity by this method, it is essential that the aldehyde 
product of the reductase action is reduced to the 
alcohol. In relatively crude preparations, exo- 
genous addition of aromatic ADH is not necessary 
but in fractions after gradient elution from the 
DEAE cellulose column, during which complete 
resolution of the reductase from the aromatic 
ADH was achieved, it was necessary to add back 
purified aromatic alcohol dehydrogenase in order 
to promote activity. The ADH Fraction 2 was 
much more efficient than Fraction 1 in promoting 
the reductase activity and this is correlated with 
the much higher affinity of Fraction 2 for coniferyl 
aldehyde (Table 1). 

Davies et al. [l 1, 121 showed that potato tuber 
tissue contained three alcohol dehydrogenases: an 
aliphatic alcohol--NAD oxidoreductase; a terpene 
alcohol-NADP oxidoreductase; and an aromatic 
alcohol-NADP oxidoreductase. In the present 
work, we have shown the presence of two (or poss- 
ibly three) aromatic alcohol: NADP oxidoreduc- 
tases which are different from the aliphatic alcohol 
dehydrogenase. The two aromatic alcohol dehyd- 
rogenases, which are both specific for NADP, 
differ markedly in their affinities for substrate, and 
in their susceptibility to substrate inhibition. The 
aromatic ADH 2 has a K, value for coniferyl alde- 
hyde of the order of PM and it seems likely that 
Fraction 2 is the enzyme involved in the reduction 
of coniferyl aldehyde to coniferyl alcohol. 

A comparison of the enzymic complement of in- 
itial disks and disks aged in the presence of ethyl- 
ene has shown that both the aromatic ADH and 
the ferulyl CoA reductase are present in substan- 
tial amounts in initial disks and that the changes 
in activity on aging are relatively small. Both 
major enzymic forms of the aromatic ADH are 
present in initial disks. Overall there is no differ- 
ence in the total activity in Fraction 2 between in- 
itial and aged disks but the partial resolution of 
Fraction 2 into two subfractions (2a and 2b) in 
aged disks suggests that qualitative differences 
may occur within Fraction 2 during aging. The im- 
portance of this is not clear since both 2a and 2b 
have a high affinity for the aldehyde substrate. 
Both fractions (A and B) of the ferulyl CoA reduc- 
tase are present in initial disks and these increase 
two fold in parallel during aging. In contrast to 

these results, the hydroxycinnamic acid: CoA 
ligase is present in only very low levels in initial 
disks and increases very markedly during aging. 
This result was confirmed when measurements of 
activity were made at various stages in a purifica- 
tion procedure known to remove the endogenous 
inhibitor of the enzyme found in Swede root tis- 
sue [5]. Bovine serum albumin, which has been 
shown to counteract the action of the inhibi- 
tor [4], was included in all the assays of the ligase 
activity but did not stimulate activity in extracts of 
initial disks. These results strongly suggest that the 
presence of endogenous inhibitors is not an impor- 
tant factor in determining the observed activities. 
The data presented in this paper confirms the 
suggestion that three separate enzymes are in- 
volved in the reduction of hydroxycinnamic acids 
to hydroxycinnamyl alcohols and suggest that dur- 
ing aging of Swede root disks the control of the sys- 
tem is at least in part through regulation of the 
level of activity of the enzyme, hydroxycinnamic 
acid-CoA ligase. 

EXPERIMENTAL 

The preparation of disks of swede root tissue and the condi- 
tions for aging in the presence of 7ppm ethylene are as pre- - - 
viously described [13]: The extractib;l of enzymes and their 
ourification bv bulk elution from small columns of DEAE cellu- 
iose (Whatman DE23) and the assay procedure for the measure- 
ment of the hydroxycinnamic acid: CoA ligase are as previously 
described [S, 41. 

Estraction of errzymrs and their purification by column chro- 
matography. 100 g of disks were homogenized in an Ultraturrax 
homogenizer for 1 min in 320 ml of a medium containing 0.1 M 
Tris, pH 8.0, 1 mM EDTA, 0.25 M sucrose, 1 mM dithioerythri- 
to1 (DTE) and l”/, polyclar AT. The homogenate was filtered 
through miracloth and clarified by centrifugation at 40000 9 for 
20 min. The supernatant was fractionated by (NH&SO4 preci- 
pitation and the fraction between 55575% satn (NH&SO, was 
desalted on a column of Sephadex G25 (medium grade, 2.5 x 
35 cm), equilibrated with h.005 M Tris pH 7.45 containing 
I mM DTE. The protein fraction from the G25 column was 
applied to a column of DEAE-cellulose (Whatman DE32) 
1.5 x 10 cm equilibrated with 0.005 M Tris pH 7.45 containing 
I mM DTE. The fraction was washed on with the same buffer 
and the proteins eluted in a total vol. of 650 ml by a linear salt 
gradient between 0.005 M Tris pH 7.45 containing 1 mM DTE 
and 0.4 M KC1 in the same buffer. 3 ml fractions were collected 
and assayed for the various enzyme activities. All procedures of 
the enzyme purification were carried out in a cold laboratory 
at g-2”. During the various stages, samples of the protein frac- 
tions were taken, precipitated with 20% TCA and their protein 
contents determined by the method of Lowry et al. [14]. 

A similar procedure was used for the preparation of the 
enzyme fraction for purification on Sephadex G-200. The 
desalted fraction from G-25 was applied directly to a column 
of Sephadex G-200 (superfine grade, 2.5 x 36 cm) equilibrated 
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with 0.5 M KC1 in 005 M Tris pH 7.45 and 1 mM DTE and 
cluted with the same buffer. 3 ml fractions were collected and 
assayed for en7ymc activity. 

ils.str v of L’I~~)‘ITI~ ucririrics: Feruld CoA r~~duc.tcw. ((I) Prep- 
trrtrriuu of .dxtrcu~. The ferulyl CoA thioester substrate for the 
rcductase assay was prepared by incubating purified swede root 
hydroxycinnamic acid:CoA ligase with 20 {tmol ferulate. 
8 /mol CoA. IO0 /trnol ATP and 100 pmol MgCIZ. 1 mmol Tris 
pH 7.35 in a final vol of IO ml at 30’ for I hr. Generally the bulk 
purified fraction from a column of DEAE cellulose (DE31 was 
used [Sj but better yields were obtained if the peak of ligasc 
activity after gradient clution from DE32 was used since this 
fraction is almost free of thioestcrase activity. After- Incubation. 
the sample KIS cooled in ice. cold Me2C0 added to a final 
concn of X0”,, and made to acid pH with formic acid. The pro- 
tein ppt was separated by centrifugation and discarded after 
washing with ;I further vol of %I’;, Me2C0. The supernatant 
and washings were combined and evaporated under reduced 
pressure to remove the Me?CO. The aq. residue was cxtractcd 
eight times with cthcr to rcmovc any unreacted ferulic acid. The 
aqueous phase was evaporated to dryness i/l L’U~IIO and the resi- 
due taken up in 1 ml +BuOH HOAc H?0(5:2:3) and applied 
to ;I column 01 A\iccl microcrystalline cellulose (2.0 x 60 cm) 
cqullibrated with /I-BuOH HOAGH~O. This same +BuOH 
mixture was used to clutc the CoA ester from the column. Z ml 
fractions here collected and their UV absorption measured at 
760 and 345 nm. Two peaks of absorption at 145 nm charactcr- 
istic of the ferulyl CoA ester [IS] were obtamcd (A and B) 
which ran ahcad of the m;l_jor 260 nm absorbing peaks due to 
ATP and CoA Both peaks A and B had almost identical 
absorption spectra M lth well defined peaks at 157 and 
-345 nm [ 15j. Both show :I characteristic initial bathochromic 
shift on addition of alkali followed by subsequent hydrolysis to 
yield fcrulic acid. The purity of the samples was confirmed by 
PCand TLC in three solvents. In all the work in this paper the 
major component of ferulyl CoA thioester, B, has been used and 
component A discarded. Both A and B are active as substrates 
for the fcrulql <‘oA reductase to give coniferyl aldehyde but 
Fraction B is more active than A. The significance of the two 
peaks has not been studied in detail but it is possible that the 
resolution is into tic and rrut~s isomers of the CoA esters. 

(b) ~:II;vu~, IISYLII’. The method used is based on the spectro- 
photometric asa\ of Gross c’t rrl. [X]. A reaction mixture con- 
sisting of 0.1 M Tris pH 7.45 (100 pmol), MgCl, (2.5 lcmol), 
DTE (I 00 limoI) and enzyme was incubated at 30’ in both cells 
of a L’nicam I SO0 double beam spectrophotometer. 30 nmol 
fcrulql CoA ucrc added to one cell. and the changes in ahsor- 
bancc at 345 nm followed to detect the presence of thiocsterase 
activll!. Then after about 3 min 0.24 /Irnol of NADPHz was 
ad&d to each ccl1 and the addltional rate due to reductase acti- 
vity follo\zcd for about IOmin. The rate of change of absor- 
hance was lincar over about 5 min. Thioesterase was a problem 
at all stages up to the gradient clution chromatography on the 
DFAE 37 when the rcductase is almost completely separated 
from the thiocstcraac activity. 

In fractions after gradient elution from the DEAE-cellulose 
column which are free of aromatic ADH, it is necessary to add 
back purified high attinity ADH (Fraction 2). This fraction 
which is free of reductase and thioesterase was added to ensure 
rapid conversion ofconlfcryl aldehyde to the alcohol. Chermcal 
aldehyde trapping agents and commercially available horse 
liver ADH w’ere tried in place of the plant aromatic ADH hut 
proved much less satisfactory. 

The enzyme unit is defined as the amount of snzyme gibmg 
a rate of change of absorbance at 345 nm of OGIi ‘min under 
the defined conditions. When measurements of total activity are 
given the activity is defined in term\ of nmol of fcrulyl CoA 
disappearing per min per mg protein using an EC of 

31000M~ ‘cn-’ and for overall conversion of ferulyl CoA to 
coniferyl alcohol. 

.,lrc~~trrr~~c trl&o/ tle/l,,riro~c~/lus~~. Aromatic alcohol dehydro- 
genasc was assayed \pcctrophotometricaIly at 30 using 
NADP(HL)ascofactnr and either conifcryl alcohol or coniferyl 
aldehydc as substrate. The assa! shstcm is as dcscribcd by 
Gross t’t nl. [Xl. except that in the direction of aldehyde reduc- 
tion, pH 7.1 was used instead of X0 

Rtha~rol dc/l!,t/,oclc~,~u,\~~. Ethanol dchydrogenase was mca- 
sured as previousl! dcscribcd [ 16 1. 
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