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Biosynthesis of Cutin
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ABSTRACT

Long chain dicarboxylic acids are constituents of the protec-
tive biopolymers cutin and suberin of plants. Cell-free extracts
from the excised epidermis of Vicia faba leaves catalyzed con-
version of 16-hydroxy[G-H]hexadecanoic acid to the cor-
responding dicarboxylic acid with nicotinamide-adenine di-
nucleotide phosphate as the preferred cofactor. This enzymatic
activity, located largely in the 100,000g supernatant fraction,
had a pH optimum near 8. This dehydrogenase showed an
apparent Km of 1.25 X 10' M and 3.6 X 10-' M for 16-
hydroxyhexadecanoic acid and NADP, respectively. Modifica-
tion of the substrate, either by esterification of the carboxyl
group or by introduction of another hydroxyl group at C-10,
resulted in a substantial (two-thirds) decrease in the rate of
reaction, and hexadecanol was not a good substrate. The
enzyme was inhibited by thiol reagents such as N-ethyl-
maleimide and p-chloromercuribenzoate. The aldehyde inter-
mediate was trapped by the inclusion of dinitrophenyl hy-
drazine in the reaction mixture, and the 16-oxo compound was
regenerated and identified. Furthermore, synthetic 16-oxo-
[G-'H] hexadecanoic acid was readily converted to the dicar-
boxylic acid by the cell-free preparation. These results demon-
strate that epidermis of Vicia faba contains an w-hydroxyacid
dehydrogenase and an w-oxoacid dehydrogenase.

Long chain dicarboxylic acids are produced by animals
(3, 4, 25, 26, 29, 30), microbes (10, 16, 17), and higher plants
(5, 8, 9, 11, 12, 26, 27, 31). In animals, such acids appear to be
intermediates in a catabolic pathway, namely -oxidation, which
has no known specific functions, although under certain ab-
normal conditions, such as ketosis, an increased production of
dicarboxylic acids has been observed (23, 24). In plants, on the
other hand, dicarboxylic acids are constituents of the pro-
tective polymers, cutin and suberin. Free, very long chain (C,,
and C.0) dicarboxylic acids occur also in the surface lipids of
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plants, particularly on spores (1, 20). Since fossil spores are
preserved in peat and various sediments, in lignite, coal, and
possibly even pre-Cambrian shales, dicarboxylic acids have
also attracted the attention of geochemists.
The most likely precursor of dicarboxylic acids would be the

corresponding o-hydroxyacids. Cutin and suberin of higher
plants contain both dicarboxylic acids and w-hydroxyacids.
However, oxidation of o-hydroxyacids to the corresponding
dicarboxylic acids does not appear to have been demonstrated
in higher plants. Since the epidermal layer of cells seems to be
the site of cutin biosynthesis (14), we examined this tissue for
the presence of enzymes that can catalyze the formation of di-
carboxylic acids. In this paper, we describe the enzymatic con-
version of 1 6-hydroxypalmitic acid to the corresponding
dicarboxylic acid by cell-free extracts prepared from excised
epidermis of young Vicia faba leaves.

MATERIALS AND METHODS

Plants. Broad bean (Vicia faba) plants were grown from
seed purchased from the Burpee Co., in a soil-sand-peat moss
(1:1:1) mixture under wide spectrum Gro-lux (very high
output) lights (about 1200 ft-c) supplemented with incandescent
lights with 16-hr days. The most rapidly expanding leaves
(about 4 x 2.5 cm) were used for enzyme preparations.

Substrates and Reagents. 1 6-Hydroxy[G-3H]hexadecanoic
acid and 10,1 6-dihydroxy[G-'H]hexadecanoic acid were pre-
pared by tritium gas exposure according to Wilzbach's method,
followed by rigorous purification as previously described (11).
The unlabeled 16-hydroxyhexadecanoic acid was a generous
gift from Dr. A. P. Tulloch and the 10, 16-dihydroxyhexadec-
anoic acid was isolated from V. faba cutin as described previ-
ously (15). For specificity studies, methyl esters of substrate
acids were prepared with 14% BF, in methanol as described
below. [1-"C]Hexadecanol was prepared from [1-"C]hexadec-
anoic acid (Amersham-Searle Corp.) by LiAlH, reduction
followed by thin layer chromatographic purification on Silica
Gel G with hexane-ethyl ether-formic acid (65:35:2, system A)
as the developing solvent. 1 6-Oxo[G-'H]hexadecanoic acid
was synthesized by V. P. Agrawal of this laboratory by oxida-
tion of 1 6-hydroxy[G-'H]hexadecanoic acid with CrO0 in
pyridine. The oxo-acid was purified by TLC on Silica Gel G
with ethyl ether-hexane-formic acid ((25:25:1, v/v) as the
developing solvent. The substrates were dispersed in H20 with
the aid of Tween-20 and sonication as described before (15).
Authentic standards of hexadecane-1 ,16-dioic acid and 7-
hydroxyhexadecane-1,16-dioic acid were prepared by oxida-
tion of 1 6-hydroxyhexadecanoic acid and 10,1 6-dihydroxy-
hexadecanoic acid, respectively, with CrO3 in 95% acetic acid
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at room temperature; the 7-oxo-dioic acid was reduced to the
corresponding hydroxydioic acid by NaBH4 treatment. The
diacids (as dimethyl esters) were purified by TLC as described
above (system A). Cofactors and inhibitors were purchased
from Sigma Chemical Co.
Enzyme Preparation. The epidermal layer of cells was ex-

cised from young, rapidly expanding V. faba leaves and these
tissue slices were placed in ice-cold 0.1M sodium phosphate
buffer (pH 8) containing 0.3M sucrose, 5X 10-'M dithioe-
rythritol, 10'M MgCl2, and about 200 mg of insoluble PVP.
The epidermal strips, usually collected from 20 to 30 leaf
pairs, were ground in this medium with a TenBroeck homog-
enizer. The homogenate was centrifuged at 27,000g for 20
min and the supernatant was used as the enzyme source. In
the subcellular localization experiments, the homogenate was
first centrifuged at 3000g for 5 min and the resulting super-
natant was centrifuged at 15,000g for 20 min to obtain the
mitochondrial fraction. Further centrifugation of this 15,000g
supernatant at 105,000g for 90 min provided the microsomal
fraction and the soluble supernatant.

Assay for w-Hydroxyacid Dehydrogenase. Usually the re-
action mixtures, which contained 100 to 200,ug of protein,
10-'M NADP, 0.3M sucrose, 5X 10-4 M DTE,10-3 M MgCl2,
and 16-hydroxy[G-3H]hexadecanoic acid in a total volume of
1.5 ml, were incubated at 30 C for 2 to 4 hr. At the end of the
incubation period, the reaction was stopped by the addition of a
few drops of concentrated HCI and the reaction mixture was
mixed with about 100 ml of a 2:1 mixture of chloroform and
methanol to give a single phase. After this mixture was shaken
with 30 ml of1 N HCl, the chloroform layer was withdrawn.
The aqueous phase was extracted twice with 50-ml portions
of chloroform and the pooled chloroform extract was evap-
orated to dryness under reduced pressure. The lipids thus
recovered were refluxed with 14% BF1 in methanol for 16 hr.
The reaction products, recovered in the usual manner, were
subjected to TLC (system A) after the addition of authentic
unlabeled dimethyl hexadecane-1, 16-dioate. The dimethylester
region was located under UV light after spraying the chromat-
ogram with an ethanolic solution of 2,7-dichlorofluorescein.
The3H contained in the silica gel scraped from this region was
assayed directly with a liquid scintillation spectrometer.

Detection of the 16-Oxohexadecanoic Acid Intermediate.
The reaction mixture containing 5X 10-5 M 16-hydroxy[G-3H]-
hexadecanoic acid, 10-'M NADP, 150jug of protein, and the
other components indicated in the standard assay, in a total
volume of 1.5 ml, was saturated with dinitrophenyl hydrazine.
After incubation at 30 C for 5.5 hr, the products were extracted
and methylated as described in the previous section. The
products were subjected to TLC on Silica Gel G (system A).
The radioactive material contained in the silica gel recovered
from the diester region was eluted with a 2: 1 mixture of
chloroform and methanol. This material was refluxed with 100
mg of pyruvic acid in a 5: 1 mixture of dioxane and H20 for
40 min. The products were extracted with chloroform and
evaporated to dryness under reduced pressure. In order to
specifically reduce any regenerated aldehyde, this material was
treated with NaBH4 in methanol for 15 min at room temper-
ature. The products isolated by solvent extraction were again
treated with 14% BF, in methanol and the methylated products
were subjected to TLC on Silica Gel G (system A). The labeled
material from the methyl 16-hydroxyhexadecanoate region was
recovered and acetylated with a 2: 1 mixture of acetic anhy-
dride and pyridine at room temperature overnight. The acety-
lated product was subjected to TLC with hexane-ethyl ether
(3:2) as the developing solvent. The labeled material with an
RF identical to that of methyl 16-acetoxyhexadecanoate was re-

covered and subjected to radio GLC as described under Figure
2b. When the regenerated aldehyde fraction was subjected to
TLC, no label appeared in the region of methyl 16-hydroxy-
palmitate; however, a labeled material with an RF slightly less
than that of dimethyl hexadecane-1 , 16-dioate was noted. This
material was recovered and treated with NaBH4 in methanol
at room temperature for 15 min. The products were isolated
and subjected to TLC with methyl 1 6-hydroxyhexadecanoate as
the standard.

Chromatography. Thin layer chromatography was per-
formed in lined tanks with 0.5-mm layers of Silica Gel G
activated at 110 C overnight. Radio GLC was performed with
a Perkin-Elmer gas chromatograph attached to a Barber-
Colman radioactivity monitor. Gas chromatographic conditions
used are described under the appropriate figures.

Determination of Radioactivity. Radioactivity in soluble
lipid samples and thin layer chromatographic fractions was
determined in a counting solution consisting of 0.4% (w/v)
Omnifluor dissolved in 30% ethanol in toluene with a Packard
liquid scintillation spectrometer. Radioactivity on thin layer
plates was also monitored with a Berthold thin layer scanner.
All assays were conducted with a standard deviation less than
3 % and counting efficiencies were determined with internal
standards(3H, 14% and14C, 72%).

Protein Determination. Protein was estimated by the method
of Lowry et al. (21), after precipitation with 10% trichloro-
acetic acid. The precipitate was washed with 80% acetone and
dissolved in 0.1 N NaOH before the assay.

RESULTS AND DISCUSSION

C,6 and C,8 dicarboxylic acids constitute a common com-
ponent of cutin of all plants thus far examined (14). Because
the epidermal layer of cells seems to be the site of synthesis of
cutin, a cell-free extract prepared from the excised epidermis
of V. faba leaves was incubated with the suspected precursor.
16-hydroxy[G-'H]palmitic acid, NAD, and NADP. The methyl
esters of the chloroform-soluble products were subjected to
TLC (Fig. la). The only major labeled product found had an
RF identical to that of authentic dimethyl hexadecane-1,16-
dioate. Gas chromatographic examination of this product
showed that all the 'H in the product was contained in a
compound which had a retention time identical to that of
authentic dimethyl hexadecane-l 116-dioate (Fig. lb). Thus,
16-hydroxyhexadecanoic acid was converted exclusively into
hexadecane-1 ,16-dioic acid.

Cofactor Requirements. The effect of addition of various
cofactors on the rate of dicarboxylic acid formation from 16-
hydroxyhexadecanoic acid in epidermal extracts is shown in
Table I. NADP was the preferred cofactor and NAD gave
very low yields of the dicarboxylic acid. In contrast to this
plant enzyme, NAD is the preferred cofactor for the oxidation
of (,o-hydroxyfatty acids by animal microsomes and microbial
systems (2, 7, 16, 17, 22), as well as the benzyl alcohol de-
hydrogenase of Pseudomnonas (28). It is noteworthy that these
reactions are involved in catabolic pathways while the present
enzyme is presumably involved in the biosynthesis of cutin.
Addition of CoA did not affect the conversion of the o-hydroxy-
acid to the dicarboxylic acid, suggesting that an acyl-CoA is
not the product of this reaction. However, it is possible that,
in vivo, the diacid product is transferred to the cutin polymer
either directly from an acyl enzyme intermediate or via the
CoA ester. Such a reaction may not be detected in crude ex-
tracts because of the thioesterases that are most probably
present in such preparations. Addition of ATP and CoA did not
increase the rate of dicarboxylic acid formation, suggesting that
activation of the carboxyl group is not required for the
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FIG. 1. (a) Radio thin-layer chromatogram of methylati
products obtained by incubation of 16-hydroxy[G-`H]hexad
acid with an extract of V. faba epidermis and NADP for
30 C. 0: origin; HE: authentic methyl 16-hydroxyhexadec
DE: authentic dimethyl hexadecane-1 , 16-dioate. TLC w
formed on 0.5-mm Silica Gel G with hexane-ethyl ether-forr
(65:35:2 v/v) as the developing solvent. The chromatogr
monitored with a Berthold thin-layer scanner. (b) Radio ga
chromatogram of the dimethyl hexadecane-1, 16-dioate
isolated from the thin-layer chromatogram shown in Figure
bar graph represents the radioactivity which was assayed
material trapped by passing the effluent through pasteui
packed with glass wool. GLC was performed with a coiled s
steel column (152.4 X .64 cm) packed with 5% OV-1 on
mesh Gas Chrome Q, held at 210 C with an argon flow rate
cm'/min.

Table I. Effect of Cofactors oni Conversioni of 16-Hy
hexadecanoic Acid to Hexadecanie-J , 16-dioic Acid

Reaction mixtures contained, where indicated, I mg of
1 mg of NADP, 10 mg of ATP, I mg of CoA, 5.3 X 106 cpp
droxy[G-3H]hexadecanoic acid, and 300 Ag of protein in
volume of 3 ml of 0.1 M phosphate buffer, pH 7.9, contair
M sucrose, 5 X 10-4 M dithioerythritol, and 10-3 M MgCl2. ]
tion was at 30 C for 90 min.

compound did not accumulate in the reaction mixtures, al-
though small amounts of MH (<10% of the 3H found in the
dicarboxylic acid) could be detected in a material tentatively
identified as the 16-oxo compound. Therefore, the 16-oxo in-
termediate is either enzyme bound or it is rapidly oxidized to

b the dicarboxylic acid. In order to test these possibilities, di-
X nitrophenyl hydrazine was included in a reaction mixture
a_ which contained the enzyme, the labeled o-hydroxy acid, and
u NADP. Thin layer chromatographic analysis of the chloro-
>_ form-soluble products, as methyl esters, revealed the presence
> of labeled dimethylester of dicarboxylic acid and, possibly, a
H- slightly more polar product which was incompletely resolved
0
< from dimethyl hexadecanedioate. This presumed mixture was
o isolated and then treated with pyruvic acid in order to re-
< generate the aldehyde from the suspected dinitrophenyl hy-
CY_ drazone. The products isolated by solvent extraction were

treated at room temperature with NaBH, in order to convert
any aldehyde generated into the alcohol, and the chloroform-
soluble products were isolated and subjected to TLC (Fig. 2a).
A radioactive product with an RF identical to that of the
methyl ester of 16-hydroxyhexadecanoic acid was found, and

ed lipid this product contained 15% of the 'H contained in the original
iecanoic mixture of products; the remaining portion of the radioac-
4 hr at tivity was in the dimethyl hexadecane-1, 16-dioate fraction.
canoate; The methyl 16-hydroxyhexadecanoate fraction generated from
ias per- the dinitrophenyl hydrazone was acetylated, and the only
nic acid labeled product showed an RF identical to that of authentic
am was
is-liquid
fraction
la. The
in the

r pipets
stainless
80-100
of 120

droxy-

f NAD,
i 16-hy-
a total
iing 0.3
Incuba-

Additions Product

CPm X 10-5

None 2.1
NAD 2.4
NADP 8.5
NAD + NADP 5.8
NADP + CoA + ATP 7.1
NADP + CoA 8.9
NAD'+ NADP - boiled enzyme 1.6

oxidation at the w-carbon. Usually, the inclusion of these two
cofactors resulted in a decrease in dicarboxylic acid formation,
presumably due to oxidative degradation of the substrate or
the dicarboxylic acid. On the other hand, hydroxylation at the
C-l 0 position of w-hydroxyhexadecanoic acid required activa-
tion of the carboxyl group (32).

Aldehyde Intermediate. There is little doubt that a 16-oxo
intermediate is involved in the conversion of 16-hydroxyhexa-
decanoic acid into the dicarboxylic acid. However, the 16-oxo

RADIOACTIVITY TIME (m;n.)
FIG. 2. (a) Radio thin-layer chromatogram of the products

generated from the mixture of dimethyl hexadecane-l,16-dioate
and the hydrazone of methyl 16-oxohexadecanoate by sequential
treatment of this mixture with pyruvic acid and NaBH4. The dioate-
hydrazone mixture was derived from a reaction mixture containing
V. faba extract (150 ,ug of protein), 10-1 M NADP, 5 X 10-5 M 16-
hydroxy[G-'H]hexadecanoic acid, saturating concentration of di-
nitrophenyl hydrazine, and the other usual components of the
standard dehydrogenase assay described under "Material and
Methods." Incubation was for 5.5 hr at 30 C. 0: origin; HE:
authentic methyl 16-hydroxyhexadecanoate; DE: authentic di-
methyl hexadecane-1, 16-dioate. (b) Radio gas-liquid chromatogram
of acetylated HE fraction of Figure 2a. The smooth bottom trac-
ing represents the flame ionization detector response obtained from
the co-injected authentic methyl 16-acetoxyhexadecanoate. The top
tracing shows the radioactivity as recorded by a Barber-Colman
radioactivity monitor attached to the gas chromatograph. GLC was
performed with a coiled stainless steel column (152.4 x .64 cm)
packed with 5% OV-1 on 80-100 mesh Gas Chrome Q, held at
198 C with an argon flow rate of 120 cm'/min.
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methyl 16-acetoxyhexadecanoate when subjected to thin layer
chromatography. Radio GLC showed that all of the radioac-
tivity coincided with the coinjected authentic methyl 16-
acetoxyhexadecanoate (Fig. 2b). These experimental results
demonstrate the formation of the aldehyde intermediate during
the enzymatic conversion of 16-hydroxyhexadecanoic acid to
the corresponding dicarboxylic acid. Furthermore, these prep-
arations converted synthetic 16-oxohexadecanoic acid to the
dicarboxylic acid at a rate nearly 10 times higher than the rate
of formation of the dicarboxylic acid from the 1 6-hydroxy
compound. An aldehyde intermediate could not be shown in
the rat liver microsomal preparations which catalyzed con-
versions of o-hydroxy acid to the corresponding dicarboxylic
acid but no trapping experiments were reported (2). It is
possible that in the membrane preparations, such as those
obtained from the rat liver, the (,)-hydroxyacid dehydrogenase
and the aldehyde dehydrogenase are tightly coupled, while in
the soluble preparations the two activities are not very tightly
coupled.

Subcellular Localization. In order to determine the sub-
cellular localization of the (?)-hydroxyacid dehydrogenase,
mitochondrial, microsomal, and the 100,000g soluble fractions
prepared by differential centrifugations were assayed. The
major portion (about 80%) of the dehydrogenase was present
in the soluble fraction, while both the mitochondrial and
microsomal fractions contained about 10% each of the total
activity. Therefore, for further experiments, the 100,000g
supernatant fraction, or for convenience the 27,000g super-
natant, was used as the enzyme source. In rat liver prepara-
tions, (,)-hydroxyacid dehydrogenase was found both in the
soluble and in the microsomal fractions. although the former
contained more activity than the latter (3).

Effect of pH. Very little dehydrogenase activity could be ob-
served below pH 6. As the pH increased from 6 to 8, there was
a dramatic increase in the )-hydroxyacid dehydrogenase ac-
tivity in phosphate buffer (Fig. 3). At pH 8, borate buffer gave
only about half of the rate observed with phosphate buffer of
the same pH. Therefore, we routinely used phosphate buffer at
pH 8.

6

4-

0

4 5 6 7 8 9
pH

FIG. 3. Effect of pH on the rate of conversion of 16-hydroxy-
hexadecanoate to hexadecane-l, 16-dioic acid by V. faba epidermal
extracts. A 27,000g supernatant fraction of V. faba epidermal ex-
tract was 80% saturated with ammonium sulphate and the precipi-
tated protein was dissolved in 0.05 M phosphate buffer. To each re-
action mixture was added 0.2 ml of this enzyme solution. The
reaction was carried out at 30 C for 2 hr in a total volume of 3.4
ml of 0.1 M appropriate buffer, containing 1 mg NADP and 16-
hydroxy[G-3H]hexadecanoic acid (2.6 x 10' cpm). Q: citrate-
phosphate buffer; *: phosphate buffer; a: borate buffer.

C)
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cr:ID

0.2 0.4 PROTEIN (mg)
FIG. 4. Effect of time and protein concentration on the rate of

conversion of 16-hydroxyhexadecanoic acid to hexadecane-1, 16-
dioic acid by V. faba epidermal extracts. Each reaction mixture
contained 10- M NADP, and 5 X 10-5 M 16-hydroxy[G-3H]hexa-
decanoic acid in a total volume of 1.5 ml 0.1 M sodium phosphate
buffer, pH 8, containing 0.3 M sucrose, 5 x 10' M dithioerythritol,
and 10-3 M MgCl2. Each reaction mixture in the time-course ex-
periment contained 200 ,ug of protein, and in the protein dependence
experiment, 3 hr assays were done; in both cases incubation tem-
perature was 30 C.

Effect of Time and Protein Concentration. Rate of con-
version of oi-hydroxyhexadecanoic acid to the dicarboxylic
acid increased linearly with an increase in protein concentra-
tion up to about 200 ,ug under the standard assay conditions
,(Fig. 4). The rate of reaction was linear up to about 4 hr of in-
cubation time (Fig. 4). With [uM concentration of the sub-
strate, there was a lag period of about 1 to 1.5 hr after which
the rate was linear for up to at least 4 hr. Because at higher
concentrations of substrate such a lag period was not observed,
we did not further examine this lag period. All further ex-
periments were done within the linear range of protein con-
centrations and time of incubation.

Effect of Concentration of w-Hydroxyhexadecanoic Acid and
NADP on Rate of Dicarboxylic Acid Formation. As the con-
centration of (,,-hydroxyhexadecanoic acid increased, the rate
of dicarboxylic acid formation increased in a linear fashion,
and further increases resulted in a typical substrate saturation
pattern (Fig. 5). The double reciprocal plot gave a straight line
from which apparent Km and Vmal of 1.25 x 10-s M and 17.4
ILmoles/l-mg-hr, respectively, were calculated. Because the
substrate was not in a true solution and an aldehyde inter-
mediate is involved, these values should be taken with the
usual precautions. It is obvious, however, that at fairly low con-
centrations of the substrate, moderately good rates of di-
carboxylic acid formation were observed. From the data ob-
tained with rat liver microsomes (2), it seems that this enzyme
also showed substrate saturation at about the same concentra-
tion as that observed with the plant enzyme. The enzyme prep-
aration also showed a typical substrate saturation pattern with
increasing concentrations of NADP (Fig. 6). The double recip-
rocal plot gave a straight line from which an apparent Km
value of 3.6 x 104 M was calculated for NADP.

Substrate Specificity. Even though fatty alcohol dehydro-
genase from higher plants has not been studied, rapid oxidation
of exogenous labeled fatty alcohol has been observed in plant
tissues (13). In order to test whether the oxidation of the
o.-hydroxyacid observed in our preparation is due to such an
enzyme, the oxidation of hexadecanol was examined (Table
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II). This alcohol was converted to hexadecanoic acid at only
one-third of the rate of oxidation of w-hydroxyhexadecanoic
acid. Esterification of the carboxyl group of the o-hydroxy-
hexadecanoic acid resulted in a substantial (64%) decrease in
the rate of oxidation of the primary alcohol function at the
(0-carbon. Presence of another hydroxyl group in the middle
of the chain also decreased the rate of oxidation of the primary
alcohol at the )-carbon. For example, 10,16-dihydroxyhexa-
decanoic acid was oxidized at only 36% of the rate observed
with 16-hydroxyhexadecanoic acid. The methyl ester of the
dihydroxy acid was oxidized more slowly than the free di-
hydroxy acid. From these limited studies of substrate speci-
ficity, it seems that the dehydrogenase of the epidermal extract
is, indeed, specific for w-hydroxyacids. It is likely that this
enzyme is involved in the biosynthesis of the dicarboxylic acids
found in the cuticular polymer, cutin.

Inhibitors. Conversion of 16-hydroxyhexadecanoic acid to
dicarboxylic acid, catalyzed by the epidermal enzyme prepara-
tion, was severely inhibited by thiol reagents such as N-
ethylmaleimide and p-chloromercuribenzoate (Table II). These

c-

(I)

E

H-1

C)

0

cr)

20

2
SUBSTRATE (Mx 104)

FIG. 5. Effect of the concentration of 16-hydroxyhexadecanoic
acid on the rate of its oxidation to the dicarboxylic acid by the V.
faba cell-free preparation. Each reaction mixture contained, in a
total volume of 1.5 ml, 140 ug of protein, 10-' M NADP, and the
other components indicated under Figure 4. Incubation was for 2 hr
at 30 C.

10.0x

tand7.5ai
35.0-

~~~~~-0.4

C)
2.5

0 2 [I/S] K10-4 4

0 I2

NADP(M x103)

FIG. 6. Effect of the concentration of NADP on the rate of

oxidation of 16-hydroxyhexadecanoic acid to the dicarboxylic acid

by the V. faba cell-free preparation. Each reaction mixture con-

tained, in a total volume of 1.5 m-l, 180 Aeg of protein, 2.5 X 10' m

16-hydroxy[G-3H]hexadecanoic acid, and the other components
indicated under Figure 4. Incubation was for 2 hr at 30 C.

Table II. Suibstrate Specificity anzd Iinhibitors of w-Hydroxyacid
Dehydrogeniase from V. faba Epidernmis

In experiment 1 the reaction mixtures contained 150 ,Ag of pro-
tein, 5 X 10-5 %I 16-hydroxy[G-3H]hexadecanoic acid, and 10-s M
NADP in a total volume of 1.5 ml of 0.1 M sodium phosphate
buffer, pH 8, containing 10-3 N MgCl2 and 0.3 M sucrose. Incuba-
tion was at 30 c for 3 hr. The rate of formation of hexadecane-1, 16-
dioic acid without any inhibitor was 11.1 jAmoles/1-mg-hr. In
experiment 2 similar experimental conditions were used except
that 5 X 10-4 M dithioerythritol was included, and the concentra-
tion of each substrate was 10-4 NI. In this experiment, the oxidation
rate for 16-hydroxyhexadecanoic acid was 9.3 Amoles/l-mg-hr.

Substrate or Inhibitor Rate

% of cotiitrol
Experiment I
No inhibitor 100
N-Ethylmaleimide (10-s NI) 37
p-Chloromercuribenzoate (5 X 1 ,INI) 16

Experiment 2
16-Hydrox) [G-'Hjhexadecanoic acid 100
Methyl 16-hydrox) [G-3H ]hexadecanoate 36
l0,16-Dihydroxy[G-3H]hexadecanoic acid 36
Methyl 10, 16-dihydroxy [G-'H ]hexadecanoate 24
[1-14C]Hexadecanol 33

results are similar to those observed with other fatty alcohol
and aldehyde dehydrogenase preparations (18, 19).

Conversion of o.-hydroxyhexadecanoic acid to the corre-
sponding dicarboxylic acid did not require activation of the
carboxyl group. In contrast, the other steps which are involved
in the synthesis of cutin monomers from palmitic acid, namely,
hydroxylation at C-10, as well as the synthesis of the polymer
from monomers, require activation of the carboxyl group (6,
14, 32). It seems that the small amount of free a-hydroxyacid
released from the enzyme system, which is involved in the
hydroxylations and the acyl transfers, is incorporated into cutin
after oxidation to the dicarboxylic acid by the soluble dehydro-
genase reported in this paper. This type of a dehydrogenase
must also participate in the biosynthesis of suberin, the protec-
tive polymer of the underground parts of plants, because di-
carboxylic acids constitute one of the major components of
this polymer (12, 27). Recently, an o,-hydroxyacid dehydrogen-
ase and an a.-oxoacid dehydrogenase were found to be induced
in suberizing potato slices (Agrawal and Kolattukudy, unpub-
lished). Thus, these w-hydroxyacid dehydrogenases probably
play a key role in the biosynthesis of the protective polymers of
plants.
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