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I An lsozyme, distinct from the well-known crx stalhne hp(>x~ genase (hnoleate 
()x 3 gen oxMoreductase, EC 1 I3 i i3, fornierlv knox~n as llpoxida~e) of Theorell, has 
been isolated from soybean% as an electrophoretlcally homogeneous protein 

2 Its substrate specificity over a range of pH values indicates that the newl\ 
purified enzyme may be responsible for the "trlglycerlde" llpoxldase activity reported 
by Koch 

3 The new enzyme 15 d>tlnct from the originally described hpoxidase of 
Theorell by the following criteria elutlon profile from DEAE-Sephadex, dl~( gel 
electrophoresi% pH actlvItx profile, specificity and heat stablhty 

INTRODUC'I  ION 

The ex>tence of an enzyme "carotene oxldase" in soybeans, w h i c h  catalxze. 
the oxidative destruction of carotene was reported by BOHN AND HAAS 1 i n  I 9 2 8  Four 
years later, ANDRE ¢XD I-Iot 'a found that soybeans contained an enzyme, llpoxygena.e 
(hnoleate oxygen oxldoreductase, EC I 13 I I3), which they termed "llpoxIdase",  
which catalyzed the peroxldatmn of certain unsaturated fatty acids SUMNER AXD 
SUM~<ER a subsequently" pubhshed evMence showing that hpoxygenase and "carotene 
oxidase" were identical Finally, THEORELL et al 4 succeeded in crystalhzlng and 
characterizing lipoxygena.e from soybeans 

Neverthele.% the poaslblllty of the existence of multiple llpoxygenaaes in .o\ - 
bean. was intimated bv several independent observations Thus, SmTIt 5 and SUMNER 
AN D D O U N C E %  employing methyl hnoleate and cotton seed oil as substrates, found a 
pH optimum of 0 5 for the hpoxygenase activity of crude soybean extracts HOLMAN v 
reported a pH optmmm of 9 o for crvatallIne hpoxygenase, using sodmm hnoleate a~ 
substrate 

SMITH ~ suggested that the difference m pH optimum could be attributed to the 
substrate system employed, and that it reflected the influence of pH on the solubIhty 
of the ~ub~trate The Mentlty of hpoxygenase and "carotene oxidase" was questioned 

* Ih>, 1,, J o u r n a l  P a p e r  No 3773 of  t h e  P u r d u e  U m v e r s l t y  \ g n c u l t u r a l  E x p e r i m e n t  
~, tdt lon 
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by KIES 8 who discovered different susceptlbflmes to heat for the two actlvltles, when 
she employed a partially purified soybean llpoxldase It  was later estabhshed, using 
the Theorell lipoxldase, that the "carotene oxidase" activity as observed by KIES 
ct al 9 could not be assigned to this enzyme 

KOCH et al ~o workmg with partially purified extracts of soybeans, obtained data 
which indicated the differences in pH optima were not a reflection of substrate 
solubility but were actually due to two types of hpoxldabe activity He suggested that 
the results could be explained bv the existence of two enzymes, one of which utilized 
linolelc acid and for which he proposed the name "fatty acid hpoxldase" For the 
other which appeared to be effective on trihnoleln he offered the designation "trlgly- 
cerlde hpoxldase " 

More recently, Guss el al n suggested that four hpoxygenases existed in aqueous 
extracts of soybeans, on the basl~ of disc electrophoresls followed by specific enzyme 
staining 

The present study reports the purification and identification of an lsozyme of 
hpoxygenase which is distinct from the classical crystalline hpoxygenase originally 
characterized and cry~talhzed by THEORELL Ct al 4 Some of the properties of the pure 
Theorell enzyme and the newly l~olated lSOzvme are reported and compared 

MATERIALS AND METHODb 

3iater~als 

Defatted soybean flakes were provided through the kindness of Dr E W Meyer 
of the Chemurgy Division of Central Soya (Chicago) Lmolelc acid, methyl hnoleate, 
and trfimolem were purchased from the Hormel Institute (University of Minnesota) 
DEAE-Sephadex was obtained from Pharmacla and hydroxylapatlte (BmgelHT) 
from Calblochem The Theorell enzyme was prepared according to the procedure of 
S C H R O E D E R  12 All other materials used in this study were commercial products of 
reagent grade 

E~zz'vttlc assavs 

Llpoxygenase activities were determined using a Clark oxygen electrode 
(Yellow Sprigs)  in a Gflson Medical Electronics Oxygraph, model KM The reaction 
vessel had a volume of I 7 ml Values for O~ (ref 13) concentrations in solution were 
not corrected for the effect of ionic solutes I unit of enzyme activity corresponded to 
the consumption of I/zmole 02 per rain Assays were carried out under one of the 
following three conditions 

Method I During purification, fractions were assayed at 15 ° and at two pH's  
(6 8 and q o) using a modification of SURREY'S 14 substrate in hnolem acid dispersed 
with Tween 20 The assay mixture used at pH q o contamed 165 mM sodium borate 
and I 23 mM hnolelc acid That employed at pH 6 8, included 165 mM sodium phos- 
phate, I 23 mM hnolelc acid, and o 59 mM Ca 2+ 

Method I I  Assay mixtures employed m studies of substrate specificity were 
identical to those of Koch et al lo except that all the bufferb were o 05 M as opposed 
to o oI M since it was found that the lower concentration lacked sufficient buffering 
capacity in this system 

Method I I I  Assays for pH optimum and heat stability studies were performed 

B~och~m B~ophy~ Acta, 198 (197 ° ) 12-19  
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at 15: using hnoleic acM dispersed with Tx~een 20 Reaction mixtures used in the 
studies of pH contained 5o mM buffer Constant  ionic strength (o 2) x~ as main ta ined  
Lmolelc acid wa~ present at a concentra t ion  of I 23 mM Assa 3 s made m ~ onnecnon  
w~ttI the studies of heat ~tabfllty were performed undei optm~al pH condm~m~ for 
~ac]/ l~ozvnle 

1)~sc gel clcctroflhores~s 
Electrophores~s of protein was done on 7°0 pol} acrytamlde gee  at pH 9 5, u~mg 

the method .  (if Dav i s  xa Ins tead of a stacking gel, 4o'~o sucrose or 25°o glycerol was 
used Runs  were carried out at 6" for 2 h at a constant  current  of 3 nlA per tube 
(;el~ were ~talned with Anudo Schx~ arz 

Protcz,~ determ~natwn 
Protein concentrat ions were de ternnned from absorbance values obtained at 

28o nm Independen t  measurement  (if the dry weights of purified llpoxMa~e glx e~ a 
x alue of o 7 ° mg protein per ml per absorbance uni t  

RE~ULT~ 

Isolation oJ asozvme of hpo~zdase 
Defatted soybean flakes (15oo g) were extracted for I - I  5 tl at room tenIperature  

with IO vol of .~odmln phosphate buffer (o o5 M, pH 6 8) containing o I mM Ca a 
After the initial  extraction,  all steps were performed at 4': The extract  wa~ filtered 
through cheesech~th, and the result ing filtrate centrifuged The ~upernatant  solution 
was brought  to 7O°o ~aturatlon with solid (NH4)2SO 4 The resulting precipitate wa~ 
dls.~olved in o oI M ~odluli1 phosphate buffer (pH 6 8) containing o 5 mM Ca ~-~ and 
dialyzed against  o oI M solution of the same buffer An Inactive precipitate fi)rmed, 
which was renmved by centr lfugation The superna tan t  wa~ treated with (NH4)2SO 4 
and the fraction precipitat ing betxxeen 30 and 5o°,, sa tura t ion  wa~ collected and 
dial\  zed as befl~re The sediment wtilch formed on dialvsl> was &warded  

The superna tan t  wa~ next  fract lonated with DEAE-Sephadex  A5 o in a bat~h- 
wl~e manne r  The ~olutmn (IO8O ml) containing 4 5 IO4 A~.80 nm units,  wa~ mixed x~ lth 
45oo ml of a thwk ~lurry of Sephadex equil ibrated with o oI M plio~pliate buffer 
(pH 6 8) and stirred mter in i t t en t ly  for 3o mm The material  was filtered on a Buchner  
tunnel  under  gentle suction to yield a filtrate of 33oo ml Elu t ion  was repeated sucses- 
. lvely with 3 1 each of o o5, o IO, o 2o, and o 5o M sodium phosphate bufferb, pH 6 8 
The first three filtrates (o Ol, o o5, and o Io M) having the best ratios of pH 6 8 c) o 
activities uere  combined and brought  to 65°,o sa tura t ion  with (NH4)~SO 4 The batch- 
X~lse procedure was employed to minimize the tmie consuinlng fractlonatIon In  sub- 
~equent practice a e omit this step and go directly to lalge diameter  column~ The 
resulting precipitate, after being dissolved and dialyzed a~ de.~cribed above, wa~ 
applied to a DEAE-Sephadex  A5o column (4 25 cm . 80 cm) which had been pIe- 
x Iouqy equil ibrated u l t h  ~odiuni phosphate buffer (o OI ~1, pH 6 8) "Flit' column u as 
flushed with 1 1 of the .~anie buffer Elu t lon  was then cont inued with an lncrea>Ing 
hnear gradient  consisting of I 5 1 of o OI 5I, and 1 5 1 of o 2 M, ~odlum phosphate 
buffers (pH 0 8) Fract ions of 18 ml were collected and as.~aved fl~r protein b \  ab- 
sorption at 28o nm and fl~r hpoxygenase activities at pH 6 8 and () o (Method I )  The 

/¢w~ktm /~wpkv~ q~ta JO,~ (tqTO) T- W,) 
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TABLE t 

SUMMARY OF PURIFICATION 

qtcp Total Total actw~tv Ratw of Spcc~fic Purzfi- 
protea~ Curets) a~tzvzty actzvzly" catzo)z* 
(A2so .,n) atpH6 8 (unzts/ (-fl)M) 

p H  6 8 p H  9 0 Iv Aas o ran) 
at tzv aly 
at 
pH9 o 

Crude extract 7 17 IO~ 9 21 io 5 ~ o0 io 5 3 o i 3 
(NH4)aS()4 

(o-7o%) 2 12 lO 5 (~ 4 8  lO 5 2 57  105 2 .5  3 o 2 4 7 ° 4 

(NHa)aS()a 
( 3 0 - 5 0 ° , , )  4 4 0  I ° a  3 19 IO a I 4 8  IO 5 2 2 7 2 5 0 ~4 6 

DEAE-bephadex 
b a t c h  e l u a t e  5 5 8  I ° a  5 0 8  i o  4 i o{) lO 4 4 8 9 i 7 i 5 5 

DEAE-Sephadex 
c o l u m n  e l u a t e  7 9 5  IO2 9 o i o  a i i 0  i o  2 go  17 o 13 o o q 

Hydrox} lapatIte 
eluate 285 I 86 IO ~ oo 65 3 5 ° o2 

wld* 
(%) 

* Refers to llpoxygenase actlx lty at pH t~ 8 

bulk  of  the  p H  6 8 ac t iv i ty  was found in Tubes  lO6-13o, wi th  the  peak  at  Tube  114 
Good separa t ion  from the p H  9 o enzyme (Theorell enzyme) was achieved since the  
la t te r  enzyme requires a high buffer concent ra t ion  for elutlon, as shown belou 

To fur ther  puri~" the  p H  6 8 enzyme the combined  fract ions (Tubes lO6-13o) 
were placed on a h y d r o x y l a p a t i t e  colmnn (5 5 cm < 5 5 cm) which had  previous ly  
been washed with o oI  M phosphate ,  p H  6 8 Elutxon x~as per formed  with  500 ml of 
o I M phospha te  buffer followed by  an increasing l inear g rad ien t  es tabl ished betxx een 
i 1 of  o i M pho~pliate buffer (pH 0 8) and I 1 of the same buffer a t  o 3 M Frac t ions  
of  I8  ml were collected Tubes  65-71 which conta ined  mate r ia l  of  high specific activity" 
were re ta ined  for the compara t ive  studleb with the p H  9 o enzyme (Theorell enzyme) 
The puri f icat ion is summar ized  in Table  I 

Chromatograph,c separatzon of the hpoxygenase-z and hpo~ygenase-2 
For  convenience in discussion the purif ied enzymewas  des igna ted  hpoxygenase -  

2 while the  t e rm hpoxygenase - I  was re ta ined  for the hpoxidase  or lgmal ly  descr ibed 
b y  THEORELL ct al a 

The procedure  descr ibed above  depends  on the difference in behavior  between 
l lpoxygenase - i  and  l ipoxygenase-2 on D E A E - S e p h a d e x  c h r o m a t o g r a p h y  Since no 
effort was made  to >eparate and ldennfy  hpoxygenase - I  in the  p r e p a r a n v e  procedure,  
add i t iona l  results  are shown which i l lus t ra te  the sharp  separa tmn of hpoxygenase - I  
and hpoxygenase-2  and hence the i r  non- ident i t ies  (Fig I) The first peak  corresponds to 
the hpoxygenase-2 ,  the  second to hpoxygenase - I  The iden t i t y  of the  second peak with 
hpoxygenase-2  was es tabl i shed  b y  compar ison  with  the  behav ior  of  the pure enzyme 
on the bases of  D E A E - S e p h a d e x  ch roma tog raphy ,  disc gel e lectrophoresls  and pH 
a c t l w t y  profile In  the  s tudies  r epor ted  below pure hpoxygenase - I  (see Materzals) 
~ as used 

Bwchtm Bwphi'~ Acta, i98 (107 o) I2 19 
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l ' l g  z DEh l : - .~ephade x  c h r o m a t o g r a p h y  ol crude ~ovb~an hpoxMasc A co lunm (4 25 cm 
8o cm) u as packed  u l th  D E  ~K-bephad~x ~k5o and  equ lhb ra t ed  w~th o oI M sodmm phospha te  
butler ,  pH 0 ~ E n z y m e  solut ion was  apphed  m the  sat in but ler  and  elut ton performed (4 ° ml/h) 
x~lth a hnear  g radmnt  of sodlul/1 phospha t e  butter,  pH ~)8 (o o i - o  3 ° M) a t  4 '  F rac tmns  ol 
2o ra l  x~ere collected and pro te in  con ten t  u a s  measured  by  absorbance  a t  2 8 o n m  l ;nzvme  
ac t l \  i t \  was de te rmined  as described, bv  3i ( thod 1 

lhsc gel eh'ctroph~resz 
The purified hpoxygena>e-2 revealed on dl~;C gel electrophorests only one protein 

band, RE o 25 A~ been in Fig 2, tins protein is electrophoretlcally &~tlnct fr()m the 
Theorell  enzynie  (l ipoxygenaae-I) which ha~ an RE of o 34 

S~tbstrate speczfic~lv 
The two en zymes  were compared on an equal protein basis for their relative 

ability to util ize hnolelc acid, methy l  hnoleate,  and trihnoleln as substrates using the 
assay conditions (Method II) of KOCH et a110 m order to permit  comparison with the 
resulta they  obtained with partially purified preparations The results are ~ummanzed  

,g. 

Fig 2 P o l y a c r } l a m l d e  gel e lectrophoresls  of the  tx~o lsoz~ rues l ' lec t rophore~ls  was carr ied ou t  
m 7°,, polyacr . , l amldc  gel for 2 h a t  6 '  and  2- 3 mA per  tube A 50 1*~ of l lpoxygena~e-I  B 5() fig 
of hpogenasc - i  and  4 s /,g ol l lpoxygenase-2  L 64 ],g of 1)poxvqena*c-2 

I¢to~hl)n Bwphvs  qLta, I08 ([97 o) 12 lq  
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Fig 3 L lpox}genase - i  (m--m) and hpoxygena~e-2 (O---O) actlx 1ties as funct ion  o f p H  using three 
different ~ubstrate~ under c o n d m o n s  of  KocH el al lo Equal  a m o u n t s  (I0 4/*g) of  each e n z y m e  
~ c r e  u~ed as m 3Iethod l I  A Llnolem acl(t B M e t h s l  h n o l e a t e  ( Trflmolem 

in Fig 3 Throughout the pH range 4 5 - l o  o, hpoxygenase-I  is more actave towards 
hnolelc acid than is hpoxygenase-2  However ,  when either methy l  hnoleate or tn-  
hnolem is used, the new enzyme  proved to be more active than the Theorell  hpoxy-  
genase throughout  the ~ame range 

The buffer sys tems  employed above resulted in varying ionic ~trength through- 
out  the pH range studied Since it was known that the hpoxygenaqe activit ies  were 
~ensmve  to ionic strength, pH-act lv l ty  profiles for hpoxygenase - i  and hpoxygenase-2  
were obtained at constant lomc strength Lmoleate  was employed  ab substrate,  using 
Tween 20 as a dispersing agent (Method III) L p o x y g e n a a e - i  exhibited an op t imum 
at pH 9 5 while hpoxygenase-2  ~howed an op t imum at pH 6 6 but had no detectable 
a c t w l t v  at pH 0 5 (Fig 4) 

Heat stabdztv 
Difference m heat stablhtles further differentiated the two enzymes  Activit ies  

were measured at the pH opt imum of each enzyme  Llpoxygenase - i  had a half-t ime 
of  survival  of 25 m m  at 69 °, while hpoxygena~e-2 was at least 36 tune~ less stable,  

2 8  

I 

"~o, 

60  8 0  1c,0 
pH 

l u g  4 Ac tmn of  L lpoxygenase - i  (ram--urn) and hpoxygenase-2  (O---O) on hnolem acid as fu n c tmn  
o f p H ,  at cons tant  m m c  s trength  l~Iethod I I I ,  with  I0 4 /Ig  of  pure e n z y m e  per test,  was  employed  
Acetate  buffer employed  at  p H  6 5 and b e l o ~ ,  phosphate ,  p H  6 5 8 o, borate,  p H  8 o and above  
-~verage ~ alues for ac t iv i ty  were plot ted m regmns of  overlapping buffers At  p H  6 5 @, acetate ,  
~ ,  p h o s p h a t e ,  at  p H  8 o A ,  phosphate ,  [Z], borate 

Bwch~m I3zophys .4~ta, 198 (197 ° ) i 2 - i  9 
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h a w n g  a half  t ime  of o 7 m m  or le~q under  the  ~ame cond~tlon~ The enzyme~ were 
present  a t  a concen t ra tmn of approx  o 3 m g / m l  m o I M phospha te  buffer, pH 6 8 

I ) I S ( U S S I O N  

A fmrl\  ~lmple procedure  has been descnbed  for the  isolat ion of a ~ec ond lSOZ5 me 
of soybean  hpoxldase  The enzyme (hpoxygenaae-2) whlct~ appears  to be homogeneou~ 
b 5 disc gel electrophore~e~, ha~ been shown to be dl~tmc t from the ~pecle~ of l lpox 3- 
genase, wlnch wa~ first i sola ted and crys ta l l ized by  THEORELL el al 4 Llpoxygena~e-2 
~hows a more acldw p H  o p t m m m  in the oxldat~on of hnolelc a o d ,  is far less heat  
~table, and d~ffers in its mob i l i t y  m disc gel electrophore~l~ and ~ts e lu tmn from 
D E A E - S e p h a d e x  

KOCH et al 10 ob ta ined  pa r t i a l ly  purified fract ions froln soybean  ext rac ts ,  ~ hwh 
they  tes ted  against  hnole~c acid and trf lmoleln at  vanou~ p H  value~ They  mte rp re t ed  
their  results  a~ indica t ing  the existence of a " f a t t y  acid (or h n o l e l ( a c i d )  hpox~dase" 
and a " t raglycende hpoxldase" ,  despi te  the e w d e m e  of ,ome over lap  Whi le  our re- 
sult~ with the Theorell  and  the purified hpoxygenase  m a v  appear  to correspond 
roughly  to the da , s ] f ica t lon  of "hnolelc acid" hpoxldabe and " t r f lmolem" hpoxlda~e,  
re~peetlvely,  i t  xs clear t ha t  each of the  pure enzymes are actl~ e on bo th  ~ub~trates 
The re la t ive  act~vlt~eb of  the  enzymes on the two ~ubatrate~ are a funct ion of p H  

There seem~ no reaaon to assume the exL~tence of a bpeclfiC "hnole~c acid" 
hpoxygena~e and a " t r f l lnolem" hpoxygenase ,  a l though we would not  w~sh to ex~ lude 
the  poss~blhtv of add l tmna l  lboz 3 me% e~pecmlly in view of the  e lect rophoret lc  results  
of G u ~  el al n 

The molecular  ue lgh t  of hpoxygenase - i  was shown by  THEOREM ~t ttl 4 to be 
IO2000 S C H R O E D E R  12 confirmed f lu-  value by  means  of exclu~aon c h r o m a t o g r a p h y  
on bephadex  G-I5O We found t h a t  when a lmxture  of hpoxygenase-z  and hpoxv-  
gena~e-2 wa~ ~ub]ected to exclusmn c h r o m a t o g r a p h y  the elut lon peak~ fl)r the  two 
enzyme~ colncaded w~thln exper imenta l  error  Therefore assuming a p p r o x m m t e l y  the 
, ame molecular  x~e~ght fiw both enzymes and making  comparl. ,ons at  the ino , t  
favorable  p H  fl>r each enz\  me (F~g 4). l ip°x3 gena~e-I a~ about  2 5 tmae~ a~ effective 
as hpoxygenase-2  an perox~dlzmg hnolelc acid The respect ive tu rnover  numbers  are 
~5 8o0 and 65oo moles of subs t ra te  rain a mole ~ 
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