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Abstract. The change in polyphenol content in the primed leaves of burley, flue-cured, and
Turkish tobaccos during air-curing was related to the activities and isozymes of polyphenol
oxidase and peroxidase. The quantity of chlorogenic acid was rapidly reduced during the first
week of curing. The decrease in rutin content during curing was less significant, especially
when the concentration of chlorogenic acid was high in leaf tissues. This result was further
confirmed by in vitro assays with partially purified tobacco polyphenol oxidase.

The polyphenol oxidase activity did not differ at any stage of curing in the 3 tobaccos.
When the activity was measured by the oxidation of 3,4-dihydroxyphenylalanine it rose rapidly
during the first day of curing and then decreased sharply so that in the fully cured leaf only
15 %/c activity remained. The increase in activity was not observed when chlorogenic acid was
used as the substrate. A similar level of peroxidase activity was found in the 3 tobaccos
before curing. Peroxidase activities increased rapidly during the first 24 hr of curing.
declined thereafter, and remained highest in the flue-cured tobacco, less in the Turkish line,
and least in the burley at the end of curing process.

By polyacrylamide gel block electrophoresis, 10 peroxidase isozyme bands, 2 cationic and
8 anionic, appeared identical in all 3 tobaccos. When catechol replaced benzidine-2 HCI as
the electron donor, 1 cationic and 2 anionic peroxidase isozvmes did not form. Of interest is
that the same 10 peroxidase isozyme bands also exhibited polyphenol oxidese activities when
treated with 3,4-dihydroxyphenylalanine or chlorogenic acid. Results suggest that in the crude
tobacco leaf extract the peroxidase and polyphenol oxidase may associate as protein complexes,
and peroxidase isozymes may differ in electron-donor requirements. Isozyme patterns for
both oxidases at various curing intervals differed only quantitativelv.

The eiizy mic conversion of cllemlical comlpoundls
in tobacco (YicoUtiaa t(bacitmn L.) leaves during
clurinlg has been extensively reviewed by Franken-
b)u1rg (6) and recently by Forsyth (5). It is known
that yellowving- and browning of tobacco leaves result
froiii chlorophvll decomposition aiid phenolic oxida-
tionl. respectively. Plheliolic decomposition inivolves
the eluzvmllic oxidation of the principal polvphenols
clhlorog,ellic a1cid and rutini to form brown pigmenits.
Dturilln, flue-curing, rutin was completely oxidized
by the quliiloids of chlorogenlic acid: this oxidation
mlay regenerate clilorogenic. acid (11). In contrast,
clhlorogeilic acid and rutill w-ere lnot detected in
air-culred leaves (16).

Polvphenol oxidase (PPO) and peroxidalse are
the major enzymes responsible for the oxidation of
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by a contract wvith the Agricultural Research Service,
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l)llellolic Com1pounids. i\lmiltiple formlsl" ( isozyles) of
these oxidases caln be seplarated by electroplioretic
techiniqueis. Kerstetter and Keitt (7) reported 1
catioinic and 5 anliollic peroxi(lase isozymes in tobacco
pith extracts. Seventieie allionic peroxidase isozvmie
bands were demonstrated in eithier healthi or virus-
inifecte(d tobacco leaves. 1)oth votilg and senescent,
by Novackv anid Hampton ('10). PPO isozmnies
have been stuidied in musihliroomii, potato, apple,
AVcmrospo-ra cr-assa, anid otlher plant species but not
in tobacco (3). Two grotups of PPO, namely
clhlorogenic acid oxidase anid cateclholase, exist in
tobacco leaves (2). Sisler and Evans (15) comll-
pared PPO fromli tobacco anld a comll)atrable prepara-
tion from muslhroom aiid founld that chlorogenic acid
is a suitable substrate for the tobacco PPO. Reid
(12) reported that rutin per se cannot be oxidized
b)y tobacco PPO in the absenlce of chlorogeniic acid.
btit it canl be oxidized by peroxidase in the preselnce
of H..O.. He also noted that scopolin and its
aglvconle scopoletin cannot be oxidized bv tllese
enzymes.

PPO aiid peroxidase activities rose rapidly duringll
the first few day-s of flue-curing, then decreaised
sharply so that in the fullv cured leaf no PPO
activitv and very little peroxidase activity remained
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(17). In the piresent study-, suich enzvmic Changes
in relationi to p)olyphenlol decomp)osition in burley,
filue-cured, anid Tuilki-sh tobaccos during air-curing-
wvere investigated. It is lioIped thlat the r-elationishiip
between, the solulble polyl)lenols and thle relite(l
oxidases and their isozvmies in tolbacco leaves cain be
better unlderstood, anid thle gainied iniformiation may
facilitate altering lphenolic quantity inl tobacco
vatrieties.

Materials and Methiods

Iob)acco linies, 1Kv Iso 3 Burley 37. 1Kv Iso 6
F.C. 402 (fluie-cuiredl), and Ky Iso 7 Tuirkishi. repre-
senting- 3 types were employed in this study. Sixty
plants of eachlinie w,ere orowvn for 6 weeks in the
g-reenhiouse and transplanted inito the field in early
Junle. 1967. Thle experimienital design was a ran-
(lomlize(l block Nvithi 4 replications. The cuiltuiral
practices w\7ere conventional burley methiods. Fouir
weeks after topping. 12 pilants fromi eachi plot were

saimpjled by harvesting- the sevenith or eighith leaf
fr-ont thle bottoml of thle stalk. The leaves were
lbulke(l inito a iplot sample and air-cuired inl an eni-
Vironin11eiital chiamlber in (larknless at 240 and 68 %
relative huimidity. Leaf discs in 2-inchi diamieter
w\Nere removed at each of the followving curin-lg inter-
vs:at hiarvest. onie-hialf. 1, 2, 4. 7. 10, and( 17

(Liavs. L.eaf dliscs collectedI oni each curing intervad
rep)resentedl all leaf areas. After treatment in liquid
nlitrogeni. tlhe leaf (liscs were freeze-dried and r-otilild
Inl aI Wilev mill.

Ex1'\tractionl of leatf p)o\\ders in the Soxhilet ap-
lparatuis anid (juiamtitative (leterniiniiationl of lpolyp)leenols
bv 2 (linelensionm'l paper chromuatog-raphyv anid spectr~o-
p)llotomietry have beeni previously described ('14).
l-,or enz'Vmlic stuidies. the leaf l)ow(ler w\\as miniiced inl
a cold mior-tar in a 0.1 m tris-HCI buffer conitainingi(
17 % (w/v) suicrose. 0.1 % (w/v) ascorbic acid.
and 0.1 % (w/v\) cysteine-HCl, pH 8. Thle extracts
w\ere centrifue at 20,000a for 1 hir at 20. The
sulpernlatatnt fluiid was uised for gel electrophioresis as
well as for enzymiie assays. Davis' (4) method of
polvacrylarnide gel electrophoresi s -was adapted to
the Buchiler starchi gel ver-tical electrophioresis ap-
paratus. A 2 cmi layer of stacking gel wvas placed
betweeni 2 blocks of separating gel, a 20 X 12 cm--
block at the anion~ic end anid a 4 X 12 cm block at
the cationiic enid. Cruide leaf extracts containing
100 to 150 txg of pirotein as determiined by the
m--ethod of Lowry et al. (8), were p)ipetted into the
sample slots in the stacking- gel. Thlis 3-layer gel
block (26 X 12 cmi) was suibjected to 50 mA' cuirrenit
for 16 hir at 4'. By this pirocedure 10 samlples canl
be testedI uinder a similar experimiental environ-ment,
and bothi anioniic anid cationic isozymle (liffereilces
can be studied oni the same gel block. After electro-
phoresis. peroxidase isozvmies wvere visualized by 2
methods: (a) the gel was treate(l in a miixturie of
benzidiine-2 HCI anid H.O., according- to Ornsteini

(I ), and (1)) the gel block wvas suibmerged inito
0.02 -m catechol soluitioni for 30 min folloNved by
0.1 % (v/v) H0.., uintil thle bands wvere satisfactorily
developed. Two dlifferenit miethlods wvere eml)plove(l
to d-eterminiie t'ile PPOQ isozymes. In the fir-st mlethiod.
a05% (w/v') solution of 3.4-dihv-,drox-\ph)IenlaN]-laniiine

wvas ulsedl as the substrate, and thle second miethiod in-
volved tireating the -el Nxvithl 2 iilr chlloro-enic acid
foi- 30 miin atl suibsequently wvith a 0.5; % (/
/'-pienvylele(diaininie soluitioni.

TIle same crudi(e leaf extracts wvere ulsed for-
enzyme assays. The activity of PPiO was (leter-
miniied bv thle standatrd Warbuirg manometric techi-
niquIte for, oxygen uiptak-e wNithi 20 lmM chlorogenic
aici(l as the substrate at 320, and lbv spectrophloto-
mietric mieasuremienlt for absorbancv chiange emplloy-
ing 14.1 mm 3,4-dhdovhnlnn sthe
suibstrat-e in 0.1 mr phosphate buffer. pH 6, after tile
miethiod of Conistanitinides anid BedfordI (3). Peroxi-l
dase activity w\?as assayed by spectroplhotomietr-ic
mieasuremient at 485 m,. of a colored comp)lex pro-
duiced by the miixtuire of'. 1 mil eachi, 45 m-m T-O.
0.5 % (w\/v) p-phenvlenediamine, antI the enzymiie
preparation in 0.5 m phosphate buffer, pH 6.1 (9).

Tin or-der to determiniie the suibstrate sp)ecificity
and( comp)etition, a partially purified PPO was pre-
pared accordingl to Claytton's miethlod (2) wvith slighit
modifications. Fresh. deveiiied leaves (50-60 g) of
H-icks. a flue-cured variety, wvere litomogeniized( wvith
30 ml of 0.1 Mt phosp)hate buffer coimtainimiig 0.1%
(/)cvsteine-HCl, IlT 7.2. Leaf debris werel'

hiomiogeniizedI again wvith 200 iil of the saint buffer.
Aimminonium111 suilfate wvas added to thle Coimibiine(l fil-
trates to miake a fiimal coimceiltratioim of 20 04 ( w\/\v)
(1lie p)recip)itate~s were (lisca,rded by centrifug-atiomi
an(l the supernatant flulid wvas nia(le to 30 0/ 'vv
(N 1-I,) .S0 to yield precip)itites Nvhich wNere dlialyzedl
atgalinst 0.05 M\ phosphate buiffer. This p)roteinl frac-
tioni recovered1 miore than 65 % of the total TPPO
activity. All puirificationi procedures Nvere coniduct-ed
in ani ice-bathi or at 4'. Variouis concentrations of
chlorogenic acid anld ruitni miixturies wvere assavetd
Wvith 0.3 ml enzyme preparation (1 mig protein/ml11
in \Varbuirg flasks. After 30 mim thle r-ectioi wvas
stopped by plunging- the flask,; inito boiling wvater.
Aliqulots of the reactioni miixtuire wvere paiper-chroma-
tographed and the quantity of chilor-ogeinic acitd anid
rultin were determiined as previously dlescril)e(l.

Results
and Discussion

Chanigcs iii IPolphciiol Coniicai Driniiig A ir-
cmring. Chilor-ogenic acidI \vas the l)redlominant
fraction of polyphenlols in the miatuire and air-cured
leaves. Based onl variance analysis its qutanitity w\as
significantly hiighi in 1Kv Iso 6, intermediate in 1Kv
ISO 7. and low in Ky Iso 3 at any stage of cuiring.
Patterns of variation in phenolic (quantity during-
curingii appleared simiilar- in all 3 lines. First, the
chilorogleiic acitd conitent wvas rapidlyv reduced tduring
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the first week of curing and furtlher reduction
l)ecame negligible tlhereafter. Althouglh tlle loss of
clhlorogenic acid was 82 % in Ky Iso 3, 54 % in
Ky Iso 7, and 43 % in Ky Iso 6, the reduction in
terms of mg/g dry weiglht was 11.7, 13.2, and 14.6
for the respective lines. This suggests that tlle
amiiouint of chliorogeniic acid decreased during curing
is not l)roportional to its quantity in leaf tissuies.
Secondly, an inverse relationshlip between scopoliin
ind(l scol)oletin conitent before and after cuiring was

ppl)arent. This is expected since the hidrolysis of
scopolin yields scopoletini during curing. Thirdly
the decrease in rutin contelnt was muclh less tllhan
clhlorogeniic acid. A 3.2 % decrease in Ky Iso 6 as

coml)re(l witlh 23 % in Ky Iso 3 suiggests that a

tobacco linle higih in clhlorogenic acid content loses
less rutin duiring cuiring.

Chaniges in P.PO and Peroxidase Activity Du-ring
Air-cutring. Statistical analyses indicated that the
3 tobacco lines did not differ in the level of PPO
aictivitv eitlher before or after cuiring. Clayton (2)
observed a simlilar result whleni lie compared the PPO
aictivity in 2 tobacco varieties, Hicks and Virginia
21. Results obtainied from 3 additional tobacco lines,
namielv. Kv Iso I Kv 16 (burlev), Ky Iso 2 Kv 151
(dark fire-ctured), and Ky Iso 4 Hicks (flue-cured).
futrtlher sull)port the l)resent finidings (Slheeni and

Calvert, tunpublislhed data). Since tlle 6 Kv Iso

liles of tobacco vary considerably in l)olyplellol
conitenit (14). onie miay coniclt(le that polyphelnol
colntelnt ail(l PPO activity in tobacco leasves are

ind(lepenidelnt entities, and consequently, the PPO ac-

tixvit\y cannot be used as a criterioni in evaluatiilg
\-rieties for their levels of soluible polyphenols. This
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FIG. 2. Clhanige in polyphenol oxidase activity as

determined by brownilng effect in 3 tobacco lines durinig
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poor enzymie-substrate relatioii nmay be partially ex-

plainable due to the intracellular comipartnmentaliza-
tion of PPO as observed in other plant systemiis (3).

Wlhen chlorogenic acid was used as the substrate,
a steadv decline in PPO reaction was noted as curing
proceeded (fig 1). In contrast, the activity sliglhtly
increased at the beginninlg of curing when 3,4-di-

lhydroxyphenylalaninie was the substrate (fig 2).
It has been suggested that crude PPO plreparatiolls
froml)plants actually are mlixtures of several Pl'O
proteins which catalyze the oxidationi of a wi(le
-ariety of substrates, and each eizyvme te(lds to
catalyze the oxidation of 1 particular plllenol or a

particular type of plheniolic compounld mlore readily
tlhan others (18). Since 3.4-dihydroxyphenvlalaninie
may be dehvdrogenated by a numiilber of PPO enzynmes

other tlhaln 'by chlorogenic acid oxidase. the increase
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in PPO reaction may be attribuited to an activation
of tllese enzymes in the early plhase of curing.
However, an average loss of 85 % of the PPO ac-
tivity at the enid of curing was comllmoni for 1)oth
suibstrates. 'Phis agrees witlh the findinigs rel)orted
by Zelitclh and Zuicker (19) who workedc with Con-
niecticuit shade tol)acco an1(d iise(l cateclhol as the
stll)strate.

The .3 tobacco liles exhibited a similar lev-el of
J)eroxidase a(ctivity- at the l)begilinng of curing, and
this was followed 1'b- anI ilncrease of aI)1)roxillmately
10() % ill 1Kv Iso 6 and iKv Iso 7, and 30 % in IKv
I so 3 ( fig 3). A varietal differenice became a)p-
pJarent after 48 lhr anid persisted to tlle terminationi
of curing. It is initerestilng to inote that the relative
levels of peroxidase activity in the 3 linies are in the
same order as their polyphenol contents. Althoughl
the r)ole of peroxidase in l)olyphelol catabolism is
still unknowln, the past evidenice suiggested that it
oxidlizes rultin in thle presenice of H.,O., ( 12). How-
ever, a lhigh Ieroxidase activity coupled wTithl a small
change of ruitin quantity during air-curing in iKy
I so (loes nlot indicate anlv direct relationship )e-
tween l)eroxio;ase and r-Uitll catabolism.

Jso,,v,nac Pattern1s of PPO anid PCrAoidase. The
isozymlle patterns of PPO anid peroxidlase for 8 curing
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FIG. 4. Peroxidase zymogram developed with benzi-
dine-2-HCl and H20. for 8 curing intervals in Ky Iso 7.

%i
FIG. 5. Peroxidase zymogram developed with cate-

chol for 8 curing intervals in Ky Iso 7.

interxvals in a given tobacco line were compared on
the salmie l)olyacr-lamide gel block. Results fromii
triplicate ru-lns coincided. Since the zymograms of
both oxidases apl))eared idenitical for all 3 tobaccos,
those obtained fromi 1Kv Iso 7 Nvill be used for
illustration. W\heni benzidine-2 HCI was used as
the electron donor- for peroxidase, 10 isozymle bands,
2 cationic ( bamds a and b) an(d 8 aIiOlnic (baiids
c to j) were visible (fig 4). Bands a, e, f, g, and i
s,howed a strong enzymic activity, wvhile bands d
tIlnd h were weak. Tlle activity of band j was
detected only in case of aan increased anmotulnt of leaf
extract uisedl for electrophoresis or a prolonged treat-
ment of gel blocks in substrates. Tlhe present ob-
servation is in agreement with the findings reported
by others (7, 10). \Vith the substitutioni of catechol
for beuzi(dinie-2 HCI peroxidase bands b, c. and d
did not formi ( fig 5;). This phenomelion was coni-
sistent in 1120. concenitrationis rangillg fromii 0.1 to
0.001 % v/v), suggesting a difference in electron
donor requirements for l)eroxidase isozymes. [or
PPO10 isozymes clhlorogenic acid and 3,4-dilhdroxv-
phenylalanine gav,e idenitical zymograms for the 3
tobacco types (fig 6). Of interest is the observation
that the RF values for th1e 10 PPO isozvnmes corre-

Am. A.-9 :7 :. ..., 2MAW, -qpmm"l -MIMWW IRWIN.

20)2

I

wo,AM

46.4
C, 11 2 2 4.



SHEEN AND CALVERT-POLYPHENOL AND OXIDASES IN TOBACCO

ii
4
,*%v

i

(AV

I
I

i
IC

d

c

_ _ A&..

Ii

.] 1E 1z_ FF W~~~~~~~~~~
1~~~~'17p

0 1/2 1 2 4 7 10 17

Days of Air-curing

o i m
-

-

:;~~~~~~~~~~~YA r
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.spond to thlose for the peroxidase isozymes. Tllis
was confirmed by a comparison of the PPO and

peroxidase zymllograms obtained from the same gel
block whiclh was divided into halves and stained for
2 activities. Zymograms l)roduced by the partially
purified PPO fturther supported this coincidence.
PPO las been fotund in particle-bound aind soluible
formis in leaf lhomogoenates from niany lplant species
incluldinig tobaclco (3). Tobacco peroxidase -%vas
klnown to have been associated or aggregated with

root in(loleacetic acid oxidase (13). Therefore, one

miay reason thlat the soluble PI)O nmay associate with
p)eroxidase in the cruide leaf extracts. However, the
possibiility of a sinigle piroteini possessing 2 or more

reactive sites, the iml)urity of substrate chenmicals,
and artifacts of extraction needs to be evaltuated.
The change in zVnmogranis of 1oth oxidases was

quantitative during the cotul-se of air-curing. Gen-
erally, the trend of decreased activity agreed with
the enzyme assay, results.

Oxidationt of Chlorogenic Acid anid Ruttin by
Partially Puirified 7Tobacco PPO. The partially
purified PPO had high oxidative activity for
chlorogenic acid but oxidized neither rutin nor

catechol. Yet, catechol inhibited the oxidation of

chlorogenic acid. This confirms Clayton's (2) find-
ings for preparations of chlorogenic acid oxidase
froml tobacco. In the presence of 10 mnI chlorogenic
acid rutin neither inhibited nor stimulated PPO
activity (table I). If the chlorogenic acid concen-
tration wvas reduced to 5 mM or less, the initial
velocitV dropped accordingly. Furthermore, the
browning intensity of the reaction nmixture seems to
l)e solelv dependent upon the concentration of chloro-
genic acid. Stuidies on the recovery of chlorogenic
aicid and rtutin after 30 miin incubation with PPO
showed that rutin may be oxidized in the presence
of clhlorogeniic acid buit the loss of ruitnii'as in-
versely correlated with the concentration of chloro-
genic acid. This in vitro result paralleled the change
in content of rutin dcuring air-curing in the leaf of
3 tobacco lines. The miixtures of chlorogenic acid
anid rutin incubated witlh PPO yielded no quercetin
(tthe aglvcone of rtutin), and spots haviing low RF
values and showinog yvellow color witlh ammonia fumes
alpl)eared on the chromlatograms. Analyses of ultra-
violet spectra for reaction mixtures revealed a
decomlpositionl of clhlorogenic acid as evidenced by
decreasing absorbancy at 328 mju, whereas the ab-
sorbance maxinma for ru-tin were unlclhanged. It may
be spectulated that the disappearance of free rutin
possib1ly resuilted froml the formation of complexes
between rultin and the quinoids of chlor-ogenic acid.
Sulch comliplexes maxv or nma not be form11ed in T'i'o
silnce the quiinoids of chlorogeniic acid nlma react mlore
readily with amino acids or proteins to form brown
pigmilenits. The contrasting observations onl the loss
of rultin durilng flule-culring reported by Penni and(l
W\evbrev (11) and duiring air-curing in the presenit
stuldy point ouit the inmportance of curing tempera-
tures. The decrease in ruitin content may be accel-
erated by higlh temperatuires uinder wlhich PPO,
peroxidase, and other oxidases becomlle more reactive.

Table I. Qua(antity of Chi?nroqCeniC .4cid and Ritin
Oxridiz.ed and the Rate of Oxygcit Uptake by

Tobacco Leaf Polyphenol Oxidase
Warburg flasks were charged with 300 ,ug of protein

prepared by 30 % (w/v) (NH4),SO precipitation as
described in the text, 2 ml substrate in 0.1 M phosphate
buffer, pH 7.0, and 0.2 ml concn KOH in the center wells
of the flasks. The gas phase was air. The final volume
was 2.5 ml. Initial velocities were averages of 3 5-min
readings. Data are rel)resetitative of 2 experiments.

Quantity oxidized in
Substrate concn 30-min reaction
Chlorogenic Chlorogenic Initial
Acid Rutin Acid Rutin velocity

1Z1 M IIlt?A % % AZl °,/mi
10 0 97.4 ... 14.4
0 1.5 ... 0 0

100 1.5 62.3 0 15.4
50 1.5 78.0 19.6 14.3
10 1.5 96.3 92.4 14.1
5 1.5 97.6 95.7 10.6
1 1.5 98.9 100 5.0
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