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CHANGES IN OXIDATIVE ENZYMiE ACTIVITY DURING THE
CURING OF CONNECTICUT SHADE TOBACCO1

ISRAEL ZELITCH AND MILTON ZUCKER
DEPARTMENTS OF BIOCHEMISTRY AND OF PLANT PATHOLOGY AND BOTANY,

THE CONNECTICUT AGRICULTURAL EXPERIMENT STATION,
NEw HAVEN, CONNECTICUT

The activities of enzymes initially present are be-
lieved to be responsible for the major chemical
changes that occur during the curing of tobacco
leaves (3, 10). Accordingly, the stability of specific
enzymes under curing conditions could markedly in-
fluence the final composition of the cured leaf. Vick-
ery and Meiss (10) and others (3, 4) have shown that
the major changes in composition occur during the
first 8 to 12 days of air curing. Respiration, which
causes a loss of about 16 % of the total organic sol-
ids, also ceases by the end of this period (10). How-
ever, most previous studies of enzymes have dealt
with non-oxidative reactions, and it has been ob-
served that the activities examined persist even be-

1 Receiv-ed November 30, 1957.

yond 12 days (1, 2, 3, 8). Such results seem
surprising since at least 50 % of the proteins are
broken down during curing (4, 10). It would appear
that proteins of widely different degrees of stability
are present and it has recently been suggested (8)
that many of the enzymatically active proteins are
included in the stable group.

Since oxidations are fundlamental to the curing
process, the activities of some soluble oxidative en-
zymes which vary greatly in their mechanism of ac-
tion have been investigated. A marked decline, and
in some cases a complete loss, of enzymic activity as
well as a disappearance of oxygen uptake by leaf tis-
sue has been observed. These results correlate well
with earlier investigations on the chemical changes
that occur during curing.
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METHODS

SAMPLING AND CURING: Leaves were picked by
the statistical method (9) from tobacco plants of the
shade-grown variety Connecticut 49. Five samples
were collected from 10 plants, the 16th to the 20th
leaf being taken. All leaves were mature according
to commercial standards. Each sample contained 10
leaves. One sample was used to represent the initial
time, and the other four were strung on laths and air
cured in a chamber maintained at 320 C and 65 %
relative humidity with an air velocity of 20 to 25 feet
per minute for 2, 6, 9 and 13 days respectively. At
the end of each time interval, a sample was withdrawin
and weio'hed and 1-cm discs to be used for the de-
termination of respiratory activity were punched
from identical positions in each leaf. The leaf discs
were floated in a small volume of water in Warburg
vessels which containe(d KOH in the center wells, and
the rate of oxygen uptake was measured in the dark
at 300 C.

PREPARATION OF EXTRACT CONTAINING SOLUBLF
ENZYMES: After removal of the discs, the leaves were

washed with tap water and ground in a chilled plate
mill. Sufficient water was added to the cured sam-

ples during the grinding procedure to compensate for
the water lost during curing. Each extract was fil-
teredl through cheesecloth, and collected in the cold
in a container to which activated carbon (Darco G-
60) had been added to make the final concentration
1 g per 100 g of initial fresh weight of the sample.
All subsequent steps were carried out at a tempera-
ture between 0 and 50 C. The pH of the homogenate
(about 5.5) was raised to about 6.5 by the dropwise
addition of 2.5 N KOH. The volume, in milliliters,
at this stage was approximately the same as the ini-
tial fresh weight of the sample in grams. The ex-

tract was centrifuged for 10 minutes at 20,000 x G
and the supernatant fluid was dialyzed for 20 hours
against several changes of distilled water. Turbiditv
developed during the dialysis, and the insoluble pro-
tein was removed by centrifugation for 10 minutes
at 20,000 x G. The volume of the supernatant fluid
was then measured and samples were used for the
enzyme assays. Each assay was carried out at two
levels, one twice as high as the other. In order to
determine the amount of soluble protein present, a

sample of the dialyzed extract was treated with suf-
ficient ethanol in the cold to make the final concen-

tration 75 % by volume. Nitrogen was determinedl
in the precipitate produced.

MIALIC DEHYDROGENASE: The assay used was

based upon the reaction shown in equation 1 (6).
DPNH + H+ + oxalacetate

L-malate + DPN+ (1)
To a cuvette of 1 cm light path containing 100 micro-

moles of tris(hydroxy methyl)aminomethane hydro-
chloride (TRIS) buffer at pH 7.5, were added 0.3
micromole of reduced dliphosphopyridine nucleotide
(DPNH), enzyme extract, ancl water to make the
final volume 3.0 nml. The blank cell contained all of

the components except DPNH. At zero time, one
micromole of oxalacetate was added to each cuvette,
and the rate of disappearance of DPNH was meas-
ured at 340 m, in the Beckman model DU spectro-
photometer. One unit of enzyme is defined as the
amount necessary to cause a decrease in absorbance
of 0.01 at 250 C in one minute under the conditions
described.

POLYPHENOL OXIDASE: The method was based
upon measurement of the rate of formation of dark-
colored polymeric compounds by determination of
non-specific absorption at 400 mix (equation 2). To

Catechol + 1/ 02 -°brown pigment (2)
a cuvette containing 100 micromoles of potassiumii
phosphate buffer at pH 6.0, enzyme extract and suf-
ficient water to make the final volume 3.0 ml, were
added 20 micromoles of catechol. The rate of "brown-
ing" in the interval between 15 and 45 seconds after
addition of the substrate was measured in a Beckman
model B spectrophotometer. One enzyme unit is de-
fined as the amount required to cause an increase in
absorbance of 0.01 in one minute at 25° C. The ac-
tivity was found to be proportional to enzyme con-
centration over a 10-fold range.

DIAPHORASE: The assay was based on measure-
ment in Thunberg tubes of the rate of reduction of
2,6-dichlorophenolindophenol (equation 3) in the

DPNH + H++ dye -+ reduced dye + DPN+ (3)
Coleman model 8 colorimeter at 590 mu (5). The
components of the assay mixture were 100 micromoles
of TRIS buffer at pH 7.5, 0.15 micromole of 2,6-di-
chlorophenolindophenol, enzyme extract, and water
to make the final volume 6.0 ml. The side arm of
the Thunberg tube contained 0.15 micromole of
DPNH. The tubes were evacuated with a water
pump, and after a suitable period to permit tempera-
tture equilibration, DPNH was tipped in to start the
reaction. One unit is the amount of enzyme needed
to cause a decrease in absorbance of 0.01 in one min-
ute at 250 C. This is equivalent to about 0.0025
micromole of DPNH oxidized.

GLYCOLIc ACID OXIDASE: This activity was de-
termined by the manometric method (11) (equation
4). The Warburg vessels contained 100 micromoles

Glycolate + 02 -- glyoxylate + H202 (4)
of TRIS buffer at pH 8.3, excess riboflavin phos-
phate, enzyme extract, and water to make the final
volume 2.0 ml. Ten micromoles of potassium glyco-
late were placed in the side arm and KOH was pres-
ent in the center well. After equilibration at 300 C,
the substrate was tipped in and the rate of oxygen
uptake was measured for two successive 10-minute
periods beginning five minutes after the addition of
the glycolate. One unit is defined as the amount of
enzyme required to cause an uptake of 1 ,ul of oxygen
in 10 minutes.

GLUTAMIC DEHYDROGENASE: The oxidation of
galutamate was determined by following the rate of
formation of DPNH (7) (equation 5). The cuvettes
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L-Glutamate + DP'+ + H20
= DPNH + H+ + a-ketoglutarate + NH3 (5)

contained 50 micromoles of TRIS buffer at pH 8.8,
0.9 micromole of (lisphosphopyridine nucleotide
(DPN+), enzyme extract, and water to make the
final volume 3.0 ml. Blank cells contained all com-
ponents except DPN+. There was no DPNH forma-
tion in the absence of substrate. At zero time, 30
micromoles of potassium L-glutamate were added to
each cuvette, and the rate of DPNH formation was
measured at 340 m,u in the Beckman model DU spec-
trophotometer for five minutes. One unit is the
amount of enzyme required to cause an increase in
absorbance of 0.01 in one minute at 250 C.

RESULTS AND DISCUSSION
The average initial fresh weight of the five sam-

ples was 262 g (table I) with a coefficient of vari-
ation of 0.95 %. The sampling error was thus satis-
factorily small. The fresh weight had diminished to
less than one half of the initial weight by the 6th da-,
which coincidedl with the beginning of the yellow
stage. The brown stage had begun by the 9th day,
and the leaves of the last sample on the 13th day
were completely brown. During the curing, the
leaves lost 80 % of their fresh weight; hence the sol-
ute concentration was increased about 5-fold in the
13-day period.

As shown in table I, about two thirds of the total
soluble protein N disappeared during curing. The
figure for the zero time sample is probably too low
because of less efficient extraction. The overall de-
crease agrees well with the losses in total soluible
protein that can be calculated fromi the dlata of Po-
gell et al (8). Since the loss of total protein during
curing represents about one half of that present ini-
tially (4, 10), a disproportionately large change must
have occurred in the soluble protein fraction which is
known to ineltulde many oxidative enzymes.

The oxygen ul)take by the leaf discs diminished
slowly for the first two days, buit decreased rapidly
thereafter, and was barely detectable by the 9th day.
At the end of the yellow stage, when browning be-
gins, it seems safe to assume that death of the plant
cells ha(l occurred. This time also corresponds to
the point after which little furtlher loss of total or-
ganic solids occurs (10).

TABLE I
CHANGES IN COMPOSITION AND RESPIRATIONN RATE

DURING CURING

C[-R-NG FRESH TOTAL SOLUBLE OXYGEN UPTAKETIMEX 'WEIGHT PROTEIN N

days g mg /1J5 discs x hr
0 262 101 60.1
2 198 121 52.3
6 125 101 20.6
9 78 40.9 2.8
13 50 36.8 0.0

TABLE II
OXIDATIVE ENZYME ACTIVITY OF INITIAL SAMPLE

ENZYME ACTIVITY VOLUME OF EXTRACT ARBITRARYASSAYED UNITS

ml per ml *
Malic dehydrogenase 0.002 2,800

0.004 2,930
Polyphenol oxidase 0.10 76.0

0.20 84.5
Diaphorase 0.005 1,140

0.01 1,090
Glycolic acid oxidase 0.10 221

0.20 194
Glutamic dehydrogenase 0.05 34.4

0.10 35.4

* To con-ert arbitrary units per ml to total units per
sample, multiply by 290, the final volume of the extract
in ml.

The sensitivity of the enzyme assays and the ac-
tivities of the initial sample are shown in table II.
The reproducibility of the assays at two levels of en-
zyme concentration supports the validity of the ac-
tivity measurements.

The changes in oxidative enzyme activity are
plotted in figure 1, the assay at zero time being taken
as 100 %. Malic dehydrogenase and polyphenol oxi-
dase are quite stable for the first two days, but ac-
tivity is lost rapidly thereafter so that byr the 13th
day only 23 and 13 %, respectively, remain. Dia-
phorase decreases in a more regular fashion, and only
13 % of the initial activity was found at the 13th
day of curing. Gly colic acid oxidase and glutamic
dehydrogenase are much less stable than the others,
1 and 4 % of the initial activity, respectively, re-
maining on the 9th day, and no activity being de-
tectable by the 13th lday with the sensitive assays
used.
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FIG. 1. Relative changes in activity of polyphenol

oxidase, glycolic acid oxidase, glutamic dehydrogenase,
malic dehydrogenase, and diaphorase during curing.
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TABLE III
SPECIFIC ACTIVITY OF OXIDATIVE ENZYMES

DURING CURING *

CURING MALIC POLY- DI GLYCOLIC GLUTAMIC
TIME DEHYDRO- PHENOL IASE ACID DEHYDRO-

IN DAYS GENASE OXIDASE OXIDASE GENASE

0 8,220 230 3,200 596 100
2 7,090 207 2.140 294 21.2
6 5,020 97.8 1.370 92.7 13.8
9 8,360 74.8 2,050 21.6 10.6
13 5,220 79.9 1,150 0.0 0.0

* Expressed as arbitrary units per mg of protein N.

Since much of the soluble protein disappears dur-
ing curing (table J), it is of interest to compare the
various enzymic activities in terms of protein N. It
is clear from table III, that malic dehvdrogenase ac-
tivitv decreased at about the same rate as the soluble
protein during curing, since the specific activity did
not change appreciably. Diaphorase, polyphenol
oxidase, glutamic deh-drogenase, and glycolic acid
oxidase activities, however, decreased more rapidly
than the soluble protein, a result w-hich emphasizes
the unstable nature of these oxidative enzymes.

The technique used for the extraction of soluble
protein is necessarily arbitrary, and the possibility
existed that the losses in enzvmic activity observed
were caused by an unsatisfactory extraction proce-
dure or by a change in the solubility of the enzyme
rather than by an alteration in the enzyme protein.
Glycolic acid oxidase can be conveniently assayed in
the cru(le homogenate, and a comparison was there-
fore made of the activity recovered in the final en-
zvme extract with that originally pres.ent (table IV).
There was essentially no difference in the recoveries
compared with the 40-fold decrease in activity of
glycolic acid oxidase betw-een the 2nd and the 9th
day of curing; hence it can be concluded that the loss
in activitv of glycolic acid oxidase was not attribu-
table to an inefficient extraction procedure or to a
change in its solubility. An inactivation of the en-
zvme must have occurred.

At least some oxidative enzymes do not survive
air curing, and a considerable variation in stability is
exhibited by different enzymes. The overall simi-
laritv of the loss in oxidative enzyme activity to the

TABLE IV
RECOVERY OF GLYCOL]C ACID OXIDASE ACTIVITY IN

ENZYME EXTRACT

TOTAL GLYCOLIC ACID OXIDASE
CURING TIME ACTIVITY RECOVERY

HOMOGENATE ENZYME EXTRACT

days arbitr-ary units to
2 63,600 35,600 56
6 11,700 9,360 80
9 1,170 883 75

loss in the rate of oxygen uptake (table I) sutggests
that respiration ceases during curing because inacti-
vation of oxidative enzymes accompanies the break-
down of protein and dehydration of the tissues. The
loss both in respiration and enzymic activities shown
confirms results obtained from a similar experiment
carried out one year earlier.

It seems clear that many of the soluble proteins
involved in respiration are altered during, curing.
The present studies show that some of the critical
enzymes remain functional for limited periods of
timle onlv and lead to the conclusion that the rate of
enzyme inactivation controls the final coiiiposition of
the cured leaf. This is an inference whichi may be
helpful in developing improvedl con(litions for the
process.

SUMMARY
The rate of oxvgen uptake by intact tobacco leaf

tissue and the activities of malic dehydrogenase, poly-
phenol oxidase, L-glutamic acid dehydrogenase, dia-
phorase, and glycolic acid oxidase in extracts have
been studied at intervals during the process of air
curing. Both the enzymic activities and the respira-
tion rate decreased rapidly during the first 13 days,
and it is sugg,ested that the major oxidative changes
involved come to a halt as a result of inactivation of
the enzymes. Many of the soluble proteins incltuding
certain enzymes undergo alteration during curing.
These observations throw light upon some of the re-
sults described in previous chemical investigations of
the curing process.

Grateful acknowledgment is made to Mrs. AMarcia
W. Sutter and Miss Edna Baker for skillful technical
assistance, to Dr. H. B. Vickery for helpful discus-
sion, and to the National Science Foundation for a
grant which supported a part of the expense of this
investigatioin.
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OBSERVATIONS ON THE INCORPORATION OF C"4 INTO TARTARIC ACID
AND THE LABELING PATTERN OF D-GLUCOSE FRO'M AN

EXCISED GRAPE LEAF AD2MINISTERED
L-ASCORBIC ACID-6-C141l2

FRANK A. LOEWUS AND HELEN A. STAFFORD
WESTERN REGIONAL RESEARCH LABORATORY.3 ALBAN-Y, CALIFORNIA. A-ND

THE BIOLOGY DEPARTMENT. REED COLLEGE. PORTLA.ND, OREGON

Vickery and Palmer (12) have speculated on the
possible precursor relationship of D-glucose to (±)-
tartaric acid in plants. C-2 and C-3 of D-glucose
have the same configuration as C-2 and C-3 of (+)-
tartaric acid. They proposed a metabolic path in
which C-5 and C-6 w-ere lost, presumably via an in-
termecliate such as 5-keto-gluconic acid.

Hough and Jones (9) have stated that hexuronic
acids, L-ascorbic acid, and (+)-tartaric acid com-
monly occur together in nature. Conceivably, L-as-
corbic acid might be the precursor of (+)-tartaric
acid through loss of C-1 and C-2 of the former and
subsequient oxidations of the terminal carbons of the
four carbon fragment to carboxyl groups. C-4 and
C-5 of L-ascorbic acid have the same configuration as
(+)-tartaric acid.
We have attemlpted to test the latter possibility.

L-Ascorbic acid-6-C'4 4 (3 mg containing 4.7 ic of
C14) was fed through the cut stem to a single grape
leaf (Mission variety, second leaf from the tip of an
actively growing vine) in 0.3 ml of distilled water.
The leaf was illuminated by a pair of 10-watt day-
light fluorescent bulbs at a distance of 12 cm. Prac-
tically all of the radioactive solution was taken up in
five hours. After 8 hours, the leaf was placed in a
closed 350-ml container in the dark for an additional
17 hours. Finally, the accumulated respiratory CO2
was aspirated into a gas trap of N NaOH. Approxi-
mately 5 % of the administered label was lost as CO2
during the dark period.

The soluble constituents of the leaf were separated
and recovered as described in another paper (11).
Mlost of the activitv remained in the particle-free

I Received December 9, 1957.
2 Work done at the Western Regional Research Labo-

ratory, Albany, California.
3 Western Utilization Research and Development Di-

vision, Agricultural Research Service, U. S. Department
of Agriculture.

4Kindly supplied by Dr. H. S. Isbell, National Bu-
reau of Standards, Washington, D. C.

extract. Very little activity w;as removed duringf
passage through a cationic exchange resin (Dowex
50, H+). About one half of the activity remained on
the anionic exchange column (Dowex 1, formate).
Most of this activity was elutedI with a 3N formic
acid gradient (10) in four peaks. The 1st peak co-
incided with the first traces of acid through the col-
umn and might be due to inadequate washing of the
column after loading. The 2nd, a very narrow sharp
peak, came in the region characteristic of ascorbic
acild. Two peaks of lesser activity followed, the last
corresponding to malic acid on a paper chromato-
gram (10). The tartaric acid( peak, located by its
acid titration curve and by its aiimmonium metavana-
(late reaction, had such low activity as to be unde-
tectable by the solid sample counting proce(lure em-
ploved. After three recrystallizations, the potassium
acid tartrate from this peak had a specific activity of
24 cpm per mg of carbon (gas-phase counter, 80 %
efficient). This amount of C14 was too low to be of
any significance as concerns the possible metabolic
conversion of ascorbic acid to tartaric acid in the
grape leaf. The fact that some activity did enter the
tartrate molecule from C-6 of L-ascorbic acicl sug-
gested that this label was derived, indirectly perhaps,
from the sugar pool of the leaf.

In order to explore the latter possibility, the neu-
tral effluent of the Dowex 1 coluimn was concentrated
in vacuo to a thick sirup andl chromatographed on
paper using a solvent composed of ethyl acetate, py-
ridine, and water (S : 2 :1) (13). About 50 % of
the C14 remained very close to the origin after de-
velopment. Another 30 % Nas found in the sucrose.
About 5 % each w.as found in the glucose, fructose,
and xvlose bands. The glucose region, which was
free of other reducing sugars and showed a single
darkened area in the corresponding radioautogram,
was cut out and eluted. About 0.7 mg of glucose was
recovered. It had a specific activity of 100,000 cpm
per mg of carbon as determined bv wet combustion
of an aliquot after dilution with unlabeled D-glucose.
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