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SUMMARY 

I. An unusually stable esterase which catalyzes the hydrolysis of malathion 
to its monoacid was extracted from irradiation-sterilized soil and non-irradiated soil 
with o.2 5I NaOH and partially purified by MnC12 treatment, (NH4)2SO 4 precipi- 
tation, dialysis and ion exchange chromatography. A 24o-g sample of Chehalis clay 
loam yielded 28 mg of final preparation. It contained 9.8 mg of protein and hydrolyzed 
31/~moles of malathion in 4 tl at pH 7.0 and 37 °. Lineweaver-Burk plots obtained 
for two concentrations of the enzyme gave identical Km values of 2.I2 • IO -4 M. The 
enzyme was optimally active around pH 7.o. The enzyme was very stable, being 
denatured only at temperatures above 7 °° and by 24-h exposures at pH < 2.0 and 
pH > Io.o. Lyophilization partially destroyed the activity but no loss of activity 
occurred during extended storage of enzyme solutions at 4 ° or frozen at - IO ~. 

2. When partially purified enzyme was applied to soil, activity was detected 
for the duration of the experimental period (8 weeks). Its existence as a stable, cell- 
free soil enzyme is postulated from experimental evidence based on the persistence 
and adsorptive characteristics of the partially purified enzyme in soil. This esterase 
should be an excellent tool for investigating enzymatic biological transformations 
in soil. 

I N T R O D U C T I O N  

Since certain biological reactions in soil are catalyzed by exocellular enzymes, 
it is possible that cell-free enzymes also degrade pesticides in soil. Information on 
the existence and properties of stable, exocellular enzymes in soil is sparse because 
it is difficult to extract active enzymes from soil and even more difficult to establish 
whether the catalyzed reactions are due to intraeellular enzymes, short-lived exo- 
cellular enzymes or stable exocellular enzymes 1. 

Recently, evidence was obtained suggesting that soil enzymes contribute to 
the breakdown of some organophosphorus insecticides 2. We demonstrated that 
malathion (diethylmercaptosuccinate, S-ester with O,O-dimethylphosphorodithioate), 
mevinphos (methyl-3-hydroxy-a-crotonate, dimethylphosphate), dichlorvos (2,2-di- 
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ehh)rovinvl dimethylphosphate)  aud erotoxyphos (r,-methyll)enzyl 3 hy(h-()xy- 
cr()t()nnte dimethylph()sphate) degraded m()re rapidly in radiati(m-sterilizcd s()il t lum 
in heat--sterilized soil and subsequent ly,  extracted a heat-labile fraction From irradi- 
ate(t soil whicll degraded ma la th i (m . . \~  ,)rgani(" ('(mq)()siti(m ,)f the ac t i \e  suhstan('e 
was indicated because i t  was rcm()ved with ]neth()(ls (-()nH11()lllv 1]se(| t() extl{ict 
()rgani(" mat ter  fr()m soils. The natm-e (ff this malathi()n-degradin4 substance fr,)m 
s()il lms lx.en examined in greater detail. This paper includes a meth()d f()r partial 
puriti('ati(m ()f the substance and pr('s('nts evidence that  it is a stable, cull l:r('v s()il 
CIlZVnl(' \vhi('ll hvdr()h'zes malathi(m t(, its nu)n~,aeid. 

M:\TI'H~IAI.>; \N l) M EIH()I).'-; 

. l lah'r/~;ls 
( 'hehalis cla\- |()am was used as a source ()f the en/ . \me. This soil was ch,)sun 

because alkali extracts of it p ro \ ided  ~t max imum amount  ()f actiw'  material  \~ith u 
ll/hlinlllnl L/111()lll]t ()I interference fl()lll col~talllitlatilL~ ()rgai/i(" matter.  rl~(, s()il \v.a> 
c(Hlected lr(m/ a cul t i \ 'a ted area in western \Vashin<ton and st~)re(1 in n m(~ist u(m 
(titi(m in concrete bins. I t  had a pH of 5-5 t() ().o and contained 8 . I " .  ~)rganic mnt tur  
and 3o" .  el:t\. \ \ ' hen  sterile soil was required, ( 'helmlis cla\' h)am was given 4 mrads 
or ~amma radiat ion in a Mark I1 cobalt-rio unit .  

~(" Malathion (8.()() F(', 'mg), labeled at the 2 and 3 p()siti()ns ,,I the suc('invl 
ra(li('nl, and aOt'lmalathi(m (2().2 I,g('/111~ HpOll receipt) were obtained fr()m Nuclear- 
('hicngo. Chicago, Ill. The reported pur i ty  ()r each was greater than ()St)i), l<adi()gr~m~s 
()1 the two samples developed with lhin-~aver ('hr()matograph >" ()n ]']astmun ( 'hl(mm- 
grnm silh-a gel sheets with chl~)rofl)~m acct<me (():I. b \  \(ft.) c(mtained sin.<h' radi,) 
active spots whose R,., values r()rrest)(mded t() that  ~t malathi(m (R:: o.()2). N~,n 

radioactive malathion (q8.5"i, purity) and its tHu)sphnrus-conlaininK deKr:ul~ti(,n 
pr()ducts were d ) t a ined  from American C\ 'anamid ('(mHmny, Princeton,  X.J .. I) iet l t \ l  
mala tv  was purchased from l -as tman ('heroical (',,.. Nochester. N.Y. and (lietlwl 
nu'rcnl)tt)succhmte was synthesized i l l  our lnborat()i-v hv refluxing thi,)succinic : , i ( t  
with {'than()l in the presence nf Na()H. Hexane (SkNlys()lvu 1',) was purifi{'d 1)\ 
(listillati()n rdh)wing refluxing in the t)r,.'sen('e ()t Nn()tt .  

A n,k ' f ical /~rocednrcs  

Malathion ('oncei~trati(ms were deternfined b\' gas liquid chr(mmt()gratHLv and 
radioassav. Malathion was incubated with 5 or I() ml ,~f buffered enzyme solutitm in 
25-nll screwcap culture tubes and ~ubsequently extracted with Io ml (,t- hexane b \  
shaking l,,r 3 ° lnin. ()ne-ml aliquots of the hexane phase were pipetted int(, 
planehets f~)t- assay of radiolabeled compounds and Io mg (~1- shellac in o.- ml ~d 
chh)i-,ff~n-m were added to each phmchet to reduce v()latilization of the insuctici(h'. 
I t()2 h after the solvents evapor:ded, the ra(li<mctivit\ in the residue was c()uutrd. 
:\(]llC()US samples were pipettvd int,) ring 1)lanehets, dried for 24 3o h :/11(t tlu'u 
counted. 

,\ \ ' a r ian  .\er()graph ()()()-1) gas chromat()graph equipped with a ph()sph(~rus 
detector and a 5-foot "~ ~-inch borosilicate glass t't)ltllllll packed with 5 " .  QI:-I ~m 
t)() 8o mesh (ias ( 'hrom (..) was used for quan t i tn t i \ ' e  assa\" of u(mradi()artivv iu- 
secti,-ides and for verification ()f results (H~tained b\ '  radi<)assa\. The fl,,w rate ,,f the 

IH.ch/m. l~Mph3,x. .Iota, 235 (~,)711 tt'- t5~ 



4 4 4  1. w .  ( ; l : , lZ l_x .  i !, '(~si l, l l [  I 

carrier gas (helium) was I,~ m l m i n  and th(" hydrogen flow rat(' was adjust(~d l)¢~txv~,t,~ 
2o and 25 ml/min depending upon the s~:nsitivity <)f the detector. "l'h(: tt~mperatur~ .... 
of the injector column and oven were 25o and 240", respectively. The retention timi ~ 
for malathion was 2.Io rain. 

Protein was determinecl by the method of I.OWRY ct al. a using l:)~)vine serum 
albumin as a standard.  All soil extracts  were first dialyzed to remove Mn ~ whicl~ 
interfered with the analysis. Total nitrogen was determined by a micro-Kjeldahl 
method. Carbohydrate  analyses of fractions taken from Bio-Rex 7 ° chromatographic 
columns was determined by a modified Molisch test 4. 

Elzzyme assay 
The mixture used to assay for act ivi ty consisted of 1 .5/ ,moles  of malathion 

and desired amounts  of  enzyme in 5 or Io  mt of o.o75 M Tris-HC1 buffer (pH 7.o). 
Controls included substrate and soluble fractions from soil tha t  had been autoclaved 
to destroy its malathion-degrading activity. Samples were incubated for 4 to 6 h at 
37 ° in 2o-mm x I25-mm screw-cap culture tubes on a water bath shaker. Under 
these conditions substrate was not limiting and the reaction proceeded with zero 
order kinetics. Unless specified, enzymatic  act ivi ty data  presented in this paper 
were obtained under  conditions for zero order kinetics. 

One enzyme unit is defined as the amount  of soil enzyme required to catalyze 
the degradation of  o.2 #moles of malathion in 4 h at pH 7.o and 37 °. The selection 
of a unit with a low level of activi ty was necessary for zero order reaction rates 
because of the low water solubility of malathion (145 parts  per million). Units were 
not defined in terms of protein content  because active solutions did not give the 
characteristic spectrophotornetric peak for proteins at 28o nm unless the enzyme was 
first subjected to hydrolysis in 6 M HC1. Furthermore,  a protein content based upon 
the Lowry method m a y  not have been acorn-ate because the color produced by the 
soil extract  differed slightly from that  of  the bovine serum albumin standard.  

R E S U L T S  

Purification of the enzwue 

Extraction 
All operations were carried out at  room temperature.  Initially, 12o g air-dried 

equivalents of  moist Chehalis clay loam were placed in each of  two, iooo-ml Erlen- 
meyer  flasks with 600 ml of  0.2 M NaOH, and shaken for 30 rain. The soil suspension 
was dispensed into 25o-mi centrifuge bottles and centrifuged at 16 ooo x g for Io  
rain in a Model SS-3 Sorvall centrifuge. The supernatant  containing the enzyme was 
filtered through a Buchner  funnel and immediately adjusted to pH 7.9 with 3 M HC1. 

MnCl~ treatment 
20 ml of  a 2O}o solution of  MnC12 were added per IOO ml of  the supernatant  to 

precipitate the humates  and other contaminat ing organic materials. After 30 rain 
the insoluble materials were removed by centrifugation at 2000 × g for 5-IO rain 
and the yellowish-brown supernatant  containing the enzyme was collected. Excess 
Mn 24 and additional amounts  of  contaminat ing organic material  were then removed 
by raising the pH of the solution to 8.0 with 4 M NaOH during constant  stirring. 

Biochim. Biophys. Acta, 235 (197 t) 442-453 
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The slurry was centrifuged and filtered t() separate ins()luble Mn(()H)e and s,)mt. 
organic con taminan t s  from the straw-col(>red superna tan t .  

( N H ~),,S() 4 /6r('ci lSilatio~ 
The superna tan t  was acidified to pH 4.6 with 3 M HC1 and br(mght t() (}5<',> 

sa tura t ion  with solid (NH~)2S() 4 to t)reciF, i tate the ei)zvine. After a few hours 1))uc]l 
of the superna tan t  was rem()ved by sucti{m and the precipitate which th,:)ted (m the 
t()t/ was collected by centr ifugation at 23 ooo ,<, %r T)) rain. The precit)itate was 
(liss(flved in 4 ° m l  of water and (tialvzed against rulming tal)water. 

('ohrmtl clzromatogra/JDy 
Af ter  dialysis, the enz\'mc' was fur ther l)ur i f ied ()n a cohnnn ()f lgi()-Rex 7 {) 

cati(m-ex('hange resin which was first washed wi th  o, 5 ~I NaOH, then wi th  o. 5 M H( ' I  
and finally equil ibrated in distilled water. A I 2  g soil equivalent  ()f e l l Z V l l l e  i l l  .5 1111 

{)f water was apt/ l ied to a 16-iron ;, ()5-I)/1Ti column of resin and eluted wi th  I()() ml 
()f water and 20o 1111 ()f o. 3 M phost~hate buffer (1)I4 <~.o). Fracti(ms were assa\cd t-()r 
el]ZVl/le act ivi ty  and t)rotein C()lltent (l"ig. I ) ,  

~oo r / 2OO 

l ,,oI 
g_ ,0o 

.e 

tlJ 

o 
5 I0 15 20 25 30 

F r a c t i o n  N o .  

l,'i~ i.  ( ' h r ( m m t o g r a p h y  o f  r n a l a t h i ( m - d c ~ r a d i n g  f r a c t i o n  (ill V; io- l{ex  7 ° e x c h a n g e  re, s in .  Th ( ,  
co lum l i  was f i rs t  x~ashcd w i t h  Ioo  ml  o f  d i s t i l l ed  w a t e r  and the enzyme  was ch l l c ( l  w i t h  2o() ml  
( l l  o..1 M so( l i t ln/  phospha te  l )u f i c r  (p14 ,q,o). The  } / r ro\v i' i l l i i-ks the p o i n t  a t  wh ich  the c lu t in t t  
so l ven t  was challge(1 f r on l  d i s t i l l ed  \vat(,r  to  t i le  phosptmtc, l)IllJCl-, The  eh lan t  \ \ : is c(flh'c:tcd i l l  
1o ml f r a c t i o n s  w i t h  a f low ra te  o f  3o 7() ml/t l .  

N(m-irradiated soil was used as a source of enzyme after it was established 
that  the active fractfims from non-radia ted soil and radiation-steriNzed soil werv 
similar in behavior. Four to five t imes more act ivi ty  was rec()vered from ram-ir- 
radiated soil than  from irradiated soil. Aqueous solutions of the enzyme also Iost their 
act ivi ty  when they were exposed to radiati/m. 

The purification procedure was scaled up to accumulate  enzyme for subse(lUCn( 
studies. Alkali extracts from 24()-g samples of soil were purified, pooled and st()rcd 
at 4 ()r frozen for months  with no loss of activity.  However, a 5 ° 75% loss of ac t iv i t \  
()courted when the enzyme was ly(q)hilized. 

Table I gives data  from the purification procedure obta ined with 24 ° ~t '>f 
( 'hehalis clay h)am. A I-g soil equivalent  of the original alkali extract  conta ined 
approx. 2 uni ts  of enzyme. Recoveries following purification on Bio-Rex 7 ° varied 
from ()-5 to 1.6 enzyme units /g of soil. The steps following the alkaline extract)oil 
of soil represent a Ioo-fold decrease in total  dr\ wt., a ()7-fold decrease in t()tal 

I'~,,cltlm. l~i,@Dy.~. 4eta. 2 3 5  (1(/7 1 ) 4 t  2 I ~  
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O.Z 31 N ~ I ( ) ] t  I,'ROM 2.}0 (;  OF ( ' I ] E H : S L I S  ( ' L X Y  I.O \Txl 

I:ractkm 7"<)lal T(,la/ 7%/a! 7'olal Total Spec.lTic f':l: ,l,: /&c,,rc: v 
v<,:. <by wl. ~ilr,gcn pr , le in  aclivitv* ac/ivi/l~'*coli,a: :%) 
(ml) (~*~.e) grog) (rig) 

Soil e x t r a c t  075 -S l,) ~5.3 l)01 .o 05.5 o. [4 ~.o roo.o 
.MnCI 2 t r e a t m e n t  1ooo t4-t ~ ~-3 5S.8 78.5 1.33 0.3 S , . z  
(NH.,)2S()  4 p r e c i p i t a t e  4 ° -'5o 3. ~) 33.7 59.7 r .77 r-'-3 oe.3 
B i o - R e x  7 ° -'5 _,8 ~..t ~.8 3¢).{) 3. Io " ~.¢, 32.() 

" / t M o l e s  of  m a l a t h i o n  d e g r a d e d  in 4 h. 
"* / tMoles  o f  m a l a t h i o n  d e g r a d e d  in 4 h pe r  m g  o f  p r o t e i n .  

protein and only a 3-fotd decrease in total enzyme activity. The final product weighed 
e8 mg, of which 0.8 mg was protein. The remainder was primarily carbohydrates 
which upon acid hydrolysis yielded a mixture of t)entoses and hexoses. 

Elcctrophorrsis 
Attempts were made to further purify tile enzyme from the Bio-Rex column 

with a model CP Beckman ('ontinuous-Flow Paper Electrophoresis ('ell. Since 
preliminary experiments indicated the enzyme migrated a sufficient distance for 
separation only in a highly alkaline medium, o.oz M carbonate buffer (pH zo.5) was 
used as the electrolyte. Constant w)ltage (7oo V) was maintained across the con- 
tinuous flow cell with a current that ranged between 6o and 80 mA. For fractionation, 
the Bio-Rex-purified enzyme from z4o g of soil was prepared in 80 ml of the carbonate 
buffer. The sample applicator was positioned one-third of the way from the negative 
edge of the paper and the sample flow rate adjusted to 4 ml/h. After completion of 
the run, the fractions were assayed for activity and the most concentrated fractions 
were pooled and analyzed for protein content. Subsequently, the enzyme was concen- 
trated by (NH4)oSO 4 precipitation and dialyzed for strip electrophoresis, 

The maior portion of the enzvme subjected to continuous flow electrophoresis 
was collected in a 0-cm band centered approx. 5 cm away from the point of appli- 
cation. A i5-.2o3{ ) loss in protein content was associated with a 55 05~{) loss of 
activity. Gradual denaturization of the enzyme in the alkali buffer was primarily 
responsible for this loss of activity. While this step did not increase the specific 
activity, significant amounts of contaminating material were removed which enabled 
us to utilize the concentrated enzwne solution for further electrophoretic studies. 

Strip electrophoresis was performed according to standard procedures on Gel- 
man Sephraphore I I I  cellulose acetate. The electrophoresis was carried out in o.o2 M 
carbonate buffer (pH zo.5) at 3 mA per strip for 0o rain. After completing the run, 
each strip was cut in half longitudinally. One strip was immediately fixed in 5% 
trichloroacetic acid for 5 rain and then stained with nigrosin. The other half was cut 
into z-cm sections and each piece was placed in 5 ml of o.o75 M Tris-HC1 buffer 
(pH 7.o) and assayed for enzyme activity. 

The activity was detected in the sections e and 3 cm removed t¥om the point 
of application. The nigrosin produced a weakly stained I-cm band centered 3 cm 
from the point of application. 

Biockim.  Biopkys .  Acla, 235 (1971) 442 -453 
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Idcl#i j ' icat iol t  o/ the rcactio,~ prod.ucts 
The degrada t ion  produc ts  f i)rn>d dur ing the incubat ion of I~C- and aqMabch 'd  

malathi(m with soil enzyme were identi t ied by th in- laver  chronmtography .  The 
methods  used for ex t rac t ion ,  separa t ion  and ch roma tog raphy  ()f n la la th ion and its 
b reakdown lm~ducts were modified s l ight ly  from those employed  I)v lh(;l.l~Y .\Nil 
I)I.AI,1 ,a, 

3"\V~) 5o-ml flasks, each conta in ing o.()/,Inole of mala th ion  xv~:'re incubated  \xith 
1.5 unit~ <,fcnz\me in 2o ml of o.o75 M Tris buffer (pH 0.8). ()no llask contaim,d I. 7 5 / d  
{~f 14(" imalathion ' the  other  conta ined  5.8/~C of aap  l m a l a t h i o n  ( 'omparat~lc c~mtr~,ls 
mi ra>  the enzyme were included.  After  incubat ing  the mix tures  fiw () h (.ach s{~luti~,n 
was c x l r a c t e d  with 4 ° m l  of hexane in a 0o--ml se lmratory  ltmnul to remove mldegradcd  
mala th ion ,  II~ala{~xoll al/d most  of anv die thvl  lnercaptosucci lmte  which m a \  ha \ t '  
I)c~,n f~)rmed. The aqueous phase was therl acidified to pH _~.o with 3 ~1 t t(1 alld 
s tabi l ized with 2 ml of S6renson 's  buffer (pH 2.o). "1"1~<, aquc~us phase was extrm't~'d 
twice with 3 ° m l  por t ions  of chlor~fiwm to relnovc carboxvl ic  acid der iva t ives  ,~l 
mala th ion,  its O-desmethvl  analog and d ie thvl  malate .  The hcxane and chlor~I-~wm 
phases were dr ied over anhydrous  NaeS() a and the aque~)us phase was cvntrilug( 'd t(, 
remove the remaining chloroform. After  assaying the hcxane,  chlor(~form anti a~ltl,'~ ,us 
phases for to ta l  r ad ioac t iv i ty ,  the organic solvent  phases were evapora t ed  and tllc 
residues were dissolved in I ml (~f acetone fiw th in- laver  chromat,~graphy.  

IO 2o ,ul ~f each unknown were spo t t ed  15 mm from the b{~ttom ~I c ~ , m m c l -  
cially prepared  silica gel sheets. Non-radioac t ive  anah ' t i ca l  s t anda rds  ~1 ma|a th i~n,  
O - d e s m e t h \ ' l  malathion,  and  the mono- and d i c a rbox \ l i c  acid derix at ives ~t malathi~ m 
were ind iv idua l ly  c~whronmtograpl>d with each of the unknowns.  Tlw plates  \v~q-c 
dexel~q)ed t~ a height of 15 cm with :t solvent  sx'stem consist ing of a 85:~5:~ (by \'~1.) 
ra t io  ,~1 acet<mitrile, water  and  NIt~() t l .  After  devvl,~pment, the ( 'hr(mmt()grams 
w~qv thoroughly  dr ied and exposed to bromine vat)()urs l-(,r 3o sec, exposed t,~ thv 
air  f(w ~ rain. and sprayed  l ight ly with a o.5",, solution of fluoresccin in et l lanol.  
Under  shor twave  u l t rav io le t  l ight ( '537 A), mala th ion  (R~.. o.~)5), O-dvs lnc t l~ \ l  m a -  
lathi(m (1¢,.. o.87), the mala th ion  m~moacid (R~,, o.57) and the (licarb~)xvclic acid 
(R~,, o.2-,) appea red  as quem'hed purple  spots  against  the fluorescent \'t.ll~xx' lmck 
gr~und. Sheets of Kodak  Royal  Blue X-ray  film we're exposed t~) the chr~mmt~grams 
fiw 24 t() 48 h and developed t~ l{wate the radi()activv sp<)ts which were then c~m> 
pared  with the chr<)mogenic n,)n-radi(>active s t anda rds  l()catcd 1)\ tilt' ultrax'iolct 
light. 

The bromine flu()rescein technique was not sui table  fiw de tec t ing  di{'tl~\'l 
lnerc~ptl lsuccinate,  d i e th \ ' hna la t e  and maims\on,  l ) ic thvl  m('rcat)tosu('cinnte (Igt,. 
o.£3) at)pcared as a pink spot  after  spray ing  with ~.5(~;, s(~dium ni t ropruss idc  in 
metham~l. I ) ie th\ ' l  ma la te  was located on th in- laver  p la tes  using tlw chr~m~(~gcnic 
mcth~)d for quan t i t a t i ve  de te rmina t ion  of c a r b ~ x \ l  esters as deveh~ped h\" H~.sr~{~x '~, 
The plates  were first sp rayed  with the alkal ine hydr¢,xylamincr  eagent  /~ ~I h \ ' d r~x \ l -  
amim> in ~-75 M Na()H) ahn~)st t~ the  point  of s a tu ra t i on . . - \ ( t e r  3 rain the pl:ttcs 
were sp rayed  l ight ly  with 4 M HC1 ~tnd then with o.37 M l:e( 'l  a in o.~ M H('I.  1)icthvl 
ma la te  (1¢1,, o.()o) appea red  as a purple  sp()t against  a \ 'ellow backgr()tmd. The mini 
mum de tec tab le  level was io  /tg. Malaoxon was nei ther  sensi t ive to the brimmed' 
lluorcscein chromogenic  indica tor  nor separable  from mala th ion  1)\' the  above  s,,lxent 
s \ ' s tem. 1"o faci l i tate  i ts isolati ,m and detecti~m, szm~ples \vel-c chr~mmt~,grat~h,'d on 

l;i:,chtm. 14i,,[,hv:..4eta, e35 {1~)71/ 4t-' t5~ 
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F N Z ' d M E  IgOR 0 I{ IX " I ' R I S - [ ~ C I  I ~ U F F E R  ( p H  ().S) x J  3 7  

"J'reatme~l I )  ~ ; ( c ~ l !  ~ a ( l l i ~ a ~ : D v t l v  d~ '&~cled  

ltcaam ( hl,,r.[orm phasi' II'ater 
phase solubh's 
Malathion 31(m,,acid Umdentified 

E n z y m e  plus [32pj m a l a t h i o n  ~9.5 74 .°  2.o 4.5 
E n z y m e  plus [ 1 4 C J m a l a t h i o n  2 i.  3 73.5 2.7 2.5 
[ a 2 p . j M a l a t h i o n  a l o n e  97 .5  o o. 3 2.2 
[ ~ C j M a l a t h i o n  a l o n e  98 .5  ,) o .9  o.¢~ 

silica gel with chloroform-acetone (9:~, by vol.) and detected by the chromogenic 
test of RAGAB v. The RE-values for malathion, malaoxon and the malathion monoacid 
were o.62, o.5o and o.o5, respectively. 

The percentages of radioactivity found in the hexane, chloroform and aqueous 
phases tbllowing the incubation of 32Pimalathion and i14C~malathion with and 
without soil enzyme are shown in Table II.  Approx. 20% of the radioactivity parti- 
tioned into the hexane phase from the water phase for each of the enzyme treatments.  
Thin layer chromatographic separation of these hexane residues revealed the presence 
of single radioactive spots with Rv values similar to that  of malathion. Quantitative 
gas chromatographic assay confirmed that  the radioactivity in the hexane phases 
was malathion. Similarly, all of the radioactivity which partitioned into the hexane 
phase of the controls was identified as malathion. Less than 3 % of the malathion in 
the controls was degraded over the 6-h incubation period as compared to 8o% 
degradation of the insecticide in the presence of the soil enzyme. 

A major portion of the radioactivity from the malathion incubated with enzyme 
was extracted with chloroform from the acidified aqueous phase after the hexane 
partition. Thin-layer chromatography of the chloroform residues from the aaC- and 
32p-labeled malathion treatments revealed the presence of one major spot for each. 
The RE values were identical which suggested that  the breakdown product contained 
phosphorous and the 2 and 3 carbon atoms of the succinyl group. On the basis of 
solvent partitioning properties and RE values from thin-layer chromatography, the 
enzyme-catalyzed radioactive degradation product of malathion was identified as 
the monoacid. 

Properties of the enzyme 
Effect of pH, enzyme concentration and incubation time 
Enzyme activity was determined in o.o5 M citrate buffer at pH 3.1, 3.8, 4.0, 

5.4, 6.2 and 6.8, in o.o5 M phosphate buffer at pH 6.8 and 7.8, and in o.o75 M Tris- 
HC1 buffer at pH 7.0, 7.8, &5 and 8.8. Two units of enzyme were incubated with 
o.I /~mole of [a2p~malathion in 5 ml final volume for 2 h. Controls containing no 
enzyme were included at each pH level for tile three buffers. 

Maximum enzyme activity was obtained above pH 6.8 (Fig. 2). Quantitat ive 
enzyme activity above pH 7.8 could not be determined because the substrate was 
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unstable under  alkaline conditions. After tile 2-h ineulmtion period, h\ 'drolvsis of 
malathion in the controls was less than  3'!i, below pH 7.5, and ,S, ~5, and ~q",, at 
pH 8.o, &5 and 8.8, respectively. The values presented in l;i~. e are c~,rrected f,~r 
n~m-enzvmatic degradat ion of malathion.  

Although act ivi ty  was negligible at low pH values, acidification as h)w as 
pH 3.o did not denature  the enzyme permanent ly  since exposure ~bf enzyme s~duti~ms 
lt)r 24 h in buffer at various pH le\els, followed by assaxs for act ivi ty  at pH 7.o <lid 
not result in loss of activity.  However, tire enzyme was irreversibly dem~tured bel(,xx 
pI-I 3.o and above pH Iz.o. Enzxme solution exposed to Ht 'I~K('I  buffer at ptt  : .o 
lost 5o~!,, ()f its act ivi ty  in 2 h and 8(¢'<, in e 4 h. The crude o.2 .M Xa()H extract  fr(ml 
soil retained lnost of its act ivi ty  l~)r several h¢mrs after extraction but l~dh~\vin~ 
purification on Bio-Rex 7 o, tile enzyme was completely denatured in ().I .M Na()H 
within S h. 

.k direct relationship between enzx'me concentrat ion and tile amount  of mala- 
thion degraded was obta ined with I. 5 ,umoles (~1-substrate and vari(~us alBOlll)ts i)[" 
enzvn/e ranging from 0. 4 to 3-() uni ts  in 5 ml of o.o75 M Tris H('I buffer (pit 7.(~). 
The rate of substrate  degradat ion in relation to t ime was also linear up tt~ t I h when 
o. 5 unit  of enzxme was incubated with t. 5 i, moles of malathion in 5 ml ~1 buffer. 

li/.)i'ct ~J slthstrah" co~ccutratioJz 
l)~mble reciprocM plots of initial velocities f~w various substratc  h,x'cls with 

o.75 and I. 5 uni ts  of enzyme are shown in Fig. 3. The data conformed to typical 
Michaelis Menten kinetics and identical Km values were ()btained li)r both enzyme 
levels. The apparent  Km for malathion was 2.12 - IO 4 M ;tll(t ~'max was o.2~S and ().5£ 
/ml(dvs of malathion degraded per 4 h for o.75 and 1.5 uni ts  ()1- enzyme, respectively. 

Thcrmal  slabili tv 
Tubes c ,mtaining two uni ts  of enzyme in 2 ml ,~f water were subjected t~ I5 rain 

l~t,~c/zzm. /~zoPh3,s..bla, -'35 (I~711 t1'- 15~ 
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1;ig. 3. L i n e w e a v e r - B u r k  p l o t s  for t w o  c o n c e n t r a t i o n s  of  e n z y m e .  T h e  K,n =: 2 .12" IO -4 M for  
b o t h  e n z y m e  levels .  T h e  v,,a~ was  o,28 a n d  o.58 m o l e s  p e r  4 h for  t h e  low a n d  h i g h  e n z y m e  levels ,  
r e s p e c t i v e l y .  

Fig.  4- T h e r m a l  s t a b i l i t y  of  m a l a t h i o n - d e g r a d i n g  e n z y m e .  E n z y m e  s o l u t i o n s  w e r e  s u b j e c t e d  to  
~5-min  e x p o s u r e s  a t  v a r i o u s  t e m p e r a t u r e s  a n d  s u b s e q u e n t l y  a s s a y e d  for  a c t i v i t y  a t  37 ~ . 

exposures at various temperatures, immediately~chilled in an ice~bath and subse- 
quently assayed for activity in 5 ml total volume of o.o75 M Tris-HC1 buffer (pH 7.o) 
at 37 ° (Fig. 4). The enzyme was stable following exposure at 60 ° , partially inactivated 
at 7 °0 and completely destroyed at 9 o°. The temperature inactivation curve of the 
partially purified enzyme approximated the inactivation temperatures obtained for 
the enzyme in soil suspensions which were reported in an earlier paper". 

Stability of the enzyme in soil 
Soils were treated with partially purified enzyme preparation to determine its 

stability in a cell-flee state. For tiffs study 24o-g soil equivalents of partially purified 
enzyme in 3 ° m l  of deionized water were sprayed onto 15o g of Chehalis soil which 
had been steamed to destroy its original malathion-degrading activity. Prior to 
application of the enzyme, tile soil was inoculated with 3 g of non-sterile soil to 
provide a source of microorganisms normally tbund in tile Chehalis clay loam. A 
similar amount of enzyme was applied to a second soil (Felida fine silt) which, in its 
natural state, contained a small amount of the malathion-degrading enzyme. This 
soil was not autoclaved and contained an undisturbed microbial population. Tile 
treated soils were placed in pint jars and incubated at their moisture equivalent at 
25 . Controls included autoclaved Chehalis loam minus enzyme and samples of both 
soils that were neither autoclaved nor supplied with enzyme. After o, i, 2, 4, and 
8 weeks, 5-g samples were extracted with alkali and assayed for enzvme activity. 
Zero-day soil samples were also extracted with Tris-HC1 buffer (pH 7.o) to determine 
if tile added enzyme could be extracted more easily than that which occurred 
naturally. 

Cell-free enzyme was stable in both soils for the duration of the experiment 
(Table III) .  The initial recoveries were equal to 65 and 5o~}~ for the Chehalis clay 
loam and Felida silt, respectively, and active fractions were recovered from both 
soils for tile duration of the experiment (8 weeks). No activity was detected in alkali 
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II "celts 

~t.flf'] 
lJ't 'tlhltt 'll[ 

U~i l s  o f  c,za3,,*c recovered /~cr 2 cm a o f  soil" 

. I l t t o c l a v c d  ,4 t~toclai ,cd t , ' c l ida  l : c l i d a  
C h c h ~ U i s  C h c h a l i s  s i l t  plz~s s i l t  ',~,itD,iH 
l o a t h  /Slzls loan7 ~!itlloll[ CtZ'UVIIII i ' l l:VIII( ' 
I'll Z:ytll (' t'l132Jlllt' 

o 3 . o o  o . o 5  2.8 3 o. 71) 
I 3- i S o . o 2  3 .o~ o.~SI) 

2 2.()X o , o  3 2 .93  'O.~S 3 
4 2.,'q l O.O 4 2 .82  0 , 7 5  
X 2.SS o . o  5 2 .75  o .S  t 

* l C n z \ ' n l e  a c t i v i t y  d e t e r m i n e d  f r o m  a m o u n t  o f  m a l a t h i o n  h y d r o l y z c d  tx . r  2 c m  a soi l  
e q u i v a l e n t  o f  o .2  M N a ( I H  e x t r a c t  a f t e r  i n c u b a t i o n  o f  soi l  e x t r a c t  w i t h  o. 3 m M  n i a l a t h i o l ~  in 
T r i s  l l ( ' l  b l l l t e r  ( p i t  7.o) f o r  O h a t  3 7 ' -  O n e  u n i t  e q u a l s  t h e  a m o u n t  o f  e n z y m e  n e c e s s a r y  to) h x ' d r o -  
l y z c  o .2 /* lUOlCs  o f  m a l a t h i o n  in  4 h.  

ex t rac t s  of au toc laved  Chehalis soil which was not  t r ea ted  with enzyme. The Fcl ida 
silt control  conta ined  some mala th ion  degrad ing  factor  because the soil was not 
autoclaved.  I)iflerences in the  level of ac t iv i ty  between the t r ea ted  and eontr(H soil 
are from tile addi t ion  of the  pa r t i a l ly  purified cell-free mater ia l .  Poor init ial  recovery 
from both soils was due to the  des t ruc t ive  effect of the alkal i  e x t r a e t a n t  upon the 
enzyme and incomplete  recovery of t i le enzyme from soil. Because s imilar  levels of 
ac t iv i ty  were de tec ted  th roughou t  the  8--week period, it is unl ike ly  the enzyme was 
des t royed  in soil immed ia t e ly  following its appl icat ion.  Tile s tab i l i ty  ()i the el~z\'lne 
ill Velida Silt  loam indica tes  it  is not  easi ly des t royed  by  soil microorganisms n()r- 
real ly present  in t ha t  soil. Fai lure  to recover  the ac t iv i ty  from t r ea ted  soils by ex- 
t ract i(m with Tris HC1 buffer (pH 7.o) indicates  the enzyme was quickly  ads(~lbcd 
unto soil. 

I ) I S C U S S I ( ) X  

These s tudies  offer subs tan t i a l  evidence tha t  ( 'hehal is  clay loam conta ins  a 
stable,  heat-lal)ile enzyme which ca ta lyses  the hydrolys is  of mala th ion  to its mono- 
acid. The ester hydrolys is  of mala th ion  in the  presence of pa r t i a l ly  purified s()il 
substance exh ib i ted  typ ica l  Miehael is -Menten kinetics.  

Al though the kinet ic  d a t a  would app ly  to non-enzyme-ca ta lyzed  reacti(ms as 
well a s  enzyme-ca ta lyzed  reactions,  there  is sufficient evidence to a t t r i bu t e  the 
ma la th ion-degrad ing  ac t iv i ty  to an organic ent i ty .  The substance was ex t r ac t ed  lr(m/ 
soil by a method  commonly  used fl)r removing organic ma t t e r  a im it was txir t ia l ly  
purif ied b \  procedures  employed  IBr isolat ing proteins.  The act ive suhstanct,  was 
heat-htbilv, non-dia lysable  a im suscept ible  to dena tu ra t ion  in weak acid and alkali .  

l ' ;nzvmes of var ious  k inds  are con t inua l ly  being released int() soil thr()ugh 
physiological  act ivi t ies  of l iving organisms and through the release - f  p ro top lasm 
which accompanies  cellular  d isrupt ion.  Al though n-iost of these enzymes arc rap id ly  
dena tu red  or quickly  metabol ized  by  o ther  l iving <~rganisms, it has been specula ted  
tha t  s table  enzymes m a y  exist  in an act ive s ta te  for prolonged periods s. The nmlathi(m 
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csterase isolated from Chehalis clax loam is unusual ly  s table  and possc>>cs man\  ,,i 
the characteristics necessary fiw prohmged ac t iv i ty  in a cell-free s ta te  m soil. It i~ 
less heat - labi le  than  tn~st enzylnes, loses litth" or no ac t iv i ty  upon proh/nged stor;~,<c 
and survives desiccat ion in soils. 

Soluble ( fact ions with ca ta ly t i c  ac t iv i ty  have been ex t r ac t ed  from soil¢ ',H~ lint 
the  removal  of cell-free enzx rues is usually a difficult task  because they  are general ly  
t igh t ly  adsorbed or complexed in physical  or chemical  associat ions with soil consti-  
tuents .  Dras t ic  t r ea tmen t s  are required t(, remove soi l -bound enzymes and conse- 
quent ly ,  they  do not  olken retain thei r  ca ta ly t i c  ac t iv i ty  when a t t e m p t s  are made to 
ex t rac t  them. Perhaps  even more difficult than  demons t r a t ing  the presence of c(,ll- 
free soil enzwnes  is the de te rmina t ion  of their  s t ab i l i ty  in soil. More than likely. 
most cell-free enzyme ac t iv i t  5 is tempora l  and  dependen t  upon the existence of vialfle 
cells. 

There is evidence tha t ,  under  na tu ra l  condit ions,  the mala th ion  esterase exists 
as a s table  cell-free en t i ty  in soil for ex t ended  periods. Firs t ,  to remove the mala th ion  
esterase from soil the  nonsoluble residues nmst  be separa ted  from the alkal ine ex t rac t  
pr ior  to neut ra l iza t ion  with HC1; otherwise,  tile act ive fraction is adsorbed out  ~)t 
solut ion and can only be recovered by  the add i t ion  of more alkali .  I f  the  sole purpose  
of the  a lkal i  ex t rac t ion  was to free the  enzyine from in tac t  cellular mater ials ,  it is 
unl ike ly  the ac t ive  fract ion would respond to subsequent  p H  a d ju s tme n t  in the 
manner  tha t  it  does. Addi t iona l  suppor t  for this  thesis is based upon the exper iment  
which demons t r a t ed  tha t  pa r t i a l ly  purified enzyme was highly s table  in non-auto-  
c laved Fe l ida  silt loam and in au toc laved  Chehalis c lay loam subsequent l}  inoculated 
with  non-au toc laved  Chehalis soil. Cer ta in ly  the enzyme is not  easi ly des t royed  by  
soil microorganisms or dena tu red  by  other  components  of these soils. Fol lowing its 
appl ica t ion  to soil, the pa r t i a l ly  purified enzyme is adsorbed  rap id ly  and cannot  be 
ex t r ac t ed  by neut ra l  buffer. The necessi ty of using an a lkal ine  solvent  to ex t rac t  the 
cell-free enzyme,  suggests it  m a y  be bound  in a condi t ion s imilar  to t ha t  which exists  
in the na tu ra l  s tate .  Soil clays adsorb  prote ins  u- ~a and  it is probable  the mala th ion  
esterase exists in an adsorbed  complex with clavs. 

The origin of the enzyme is unknown.  Most l ikely it or iginates from micro- 
organisms or higher p lan t s  both  of which contain carboxyles terases  capable  of 
degrad ing  ma la th ion  to its monoacid  ~4,~a. ~ [ A T S U M U R A  AND BOUSH 14 recovered 
carboxyles te rase  p roduc ts  of ma la th ion  from several  soils t r ea ted  with the  insect icide 
and subsequent ly  isolated a fraction with carboxyles te rase  ac t iv i ty  from cul tures  of 
Trichoderma viridc, a common soil fungus with high capabi l i t ies  for degrading  
mala th ion .  Their  ca rboxyles te rase  differs from tim enzyme isolated in tile present  
s tudies  in tha t  the ac t iv i ty  of t i le fungus-der ived enzyme was blocked by  i • Io  '~ M 
di i sopropyl  f luorophosphate  (DFP).  We were not  able to inhibi t  the  act ion of the  
esterase from Chehalis (-lay loam with Io a M I ) t ;P  (L. W. GETZIN AND I. ROSEFIELD, 
unpubl i shed  data) .  

Alka l i -ex t rac tab le ,  heat - labi le  substances  capable  of accelerat ing tile degra-  
da t ion  of  mala th ion  are present  in m a n y  soils of  western Washington .  Dur ing  the 
course of these inves t iga t ions  soils from 15 locat ions in western Wash ing ton  and 
8 locat ions in eas tern  Washing ton  have been ex t r ac t ed  with  0.2 M NaOH.  Heat - lab i le  
subs tances  capable  of degrading  ma la th ion  were found in ex t rac t s  of 9 soils west of 
the  Cascade mounta ins  and none of tile soils located east  of the mounta ins .  Ac t iv i ty  
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was present in both cult ivated and non-cult ivated soils, including fl>rest soils. 
l>resumably, these active components  are similar or identical to the e n z y m e  in Che- 
halis cla\' loam, but it was not established that the\" are catalysts  or that t h e \  
degrade malathion to the monoacid.  

The malathion esterase is of interest  because it represents a heretof<)re unkm)xvn 
mechanism for the degradaticm of pesticides in soil. In addition, this stable esterase 
could serve as a useful tool for invest igations on the 1)ehavior ~f extracellular enz\ 'mes 
in soil. We are continuing with the purification and characterization of this enz\ 'me 
because <ff its unusual properties. 
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