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SUMMARY 

A study of the effect of metal  chelating agents on purified pancreatic lipase has shown 
that  the enzyme possesses an essential stabilising metal  which is probably calcium. 
'This may be replaced less effectively by some other metals such as Mg++ or Sr ++. The 
effect of several divalent metal  ions on the rate of triglyceride hydrolysis by the 
enzyme has been investigated. These metals can be divided into three groups depending 
as to whether they (a) increase, (b) do not affect, or (c) inhibit, the rate of hydrolysis. 
The toxicity of certain heavy metals has been found to be reversed by addition of 
amino acids. 

Lipase has been found to be inhibited by certain - S H  reagents, but to be quite 
resistant to others. I t  is considered that  the enzyme possesses - S H  groups which are 
not part  of the active centre. 

INTRODUCTION 

For many  years it has been known that  calcium salts have a significant effect on the 
activity of pancreatic lipase, but the precise mechanism of the activation still remains 
obscure. 

The activation of lipase by  calcium was observed by WlLLSTATTER AND MEMMEN 
in 19241. Subsequently BAMANN AND LAEVERE~Z 2 confirmed that  calcium stimulated 
the rate of lipase action and suggested that  the main function of calcium was to 
remove as insoluble calcium soaps the fat ty  acids formed in the hydrolysis. This 
mechanism of the action of calcium was also supported by SCltONHEYDER A~D 
VOLQUARTZ a. 

DESNUELLE, NAUDET AND CONSTANTIN ~ found, however, that  the addition of Ca++ 
in increasing concentration could alter the end products of triolein hydrolysis by  
lipase. In the absence of Ca ++, diolein was the main end product, but the addition of 
Ca++ led to an increased production of monolein. These authors considered that  Ca++ 
had a dual function, a direct activation of the enzyme and an activation effect 
resulting from precipitation of interfacial fa t ty  acids, thus removing the products of 
hydrolysis. 

* This work was carried out at the Biochemistry Department, University of Vermont College of 
Medicine, Burlington, Vt. (U.S.A.). 
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In  contradiction to Ca +.. activation, several heavy  metals s~c]:i as C(.) ~*-, ~{g ~-: 
Co +~ and Fe +~: + have been found to be toxic to litmse% 

The observation tha t  lipase was inhibited by  bromo- and iodo--.aeetate r', ~5-chJoro- 
mercuribenzoate and by  certain arsenical drugs led to the s~ggestion ~ that  lh~ase 
possessed - S H  groups and SCOTT ~ proposed a theory of the mechani:<m of ]ipa~e actho~ 
which, was based on the assumption tha t  sulfhydry] groups were pre'.-,e~t i~ ::he active 
centre. 

In  view of the fac~: tha t  nearly a]] the experiments so far described, ],a~. e bee,~ 
performed using relatively crude pancreatic extracts,  it appeared desir;,b]e to 
investigate the role of calcium and --SH groups b the purified enzyme. 7his work bus 
been undertaken using a purified lipase prepared by  a method recer, t]y de~ crJbed by 
~VILLS 8. 

I t  has been found that  an impor tant  function ot Ca ++ is to .<.~a.bi]ise the active 
configuration of ]ipase and that  a l though it is ]ikely tha t  - S H  group5 are contained 
in the enzyme they  are ~mlikely to be components  of the active ee~tre. 

A pre]iminary account  of this work has already been described% 

EXPERIMENTAL 
Materials 

Lipase was purified by  magnesium sulphate precipitation and dialysis as pre- 
viously described s. The resulting sodium chloride solution of the enzyme was diluted 
IOOO-2ooo times with water for use  For  most experiments a soh~tion containing 
2 Y protein was used. 

G@cerides were obtained from Messrs. Kodak Ltd. and were used ;xs purei~a~ed. 

Methods 

Five different med~ods were used for the determination of ]ipase acti~:itv and, 
whenever possible, results obtained ~,4th one method were checked using another :  
(a) The manometr ic  method was used for most experiment s with a sodium bicari-onate-  
carbon dioxide buffer system. Tlne manometers  were gassed either \~. it]~ N~-(;()~ (95: 5) 
or with IOO % CO2, the concentration of bicarbonate being adjusted to give a re:;u]ting 
p H  of 7.4. Details of this method have previous]y been described J°. (b) A ¢oJ:ninuous 
t i trat ion method previously described ~°. (c) A continuous ti tration me~i?od i~ which 
the p H  was measured by  the glass electrode and kept constant  by  the conthmo~Js 
addition of o.oI N N a 0 H .  In a typiea] experime~?t I8 ml H20 and J m] of trJb~.ltyrb_ 
emulsion in gum arabic were brought  to pH  7.5 and I ml enzyme solution added. T]~,e 
rate of addition of alkali was measured for a convenient time period. (d)The method of 
BALLS, MATLACK AXI9 TUC/(ER was used in a slightly modified Yorm as p revJouJy  
described 11. (e) The method of FIORE A~I) XOR~) ~-', uas  used for a few experiments. 

The contents of the reaction t]asks were shaken at ~:oo times/rain i~? a water bath 
at 37 ° when methods (a), (d) and (e) were used, whilst the reactie~ mixtures used in 
methods (b) and (c) were stirred with a magnetic stirrer. 

Tripropionin or tributyrill  were th.e most commonly employed snbs t ra tes  either 
either unt rea ted  or enmlsifled in 0.3 % geladu or in io % gum arabicJ< In  addhion,  h)r 
comparison purposes, mono- and di-propionin, rnono- and di-bu~_yri.<.', t~.:i]:e×a~noin, 
trJoetanoin, trilaurin, tripalmitin and triole~n were used in certain ~-:-:perim'mt~ . 
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R E S U L T S  

The egect of metal complexing agents on lipase--the metal constituent of lipase 

Dialysis of purified lipase against de-ionised water for 48 h did not cause any 
significant reduction in activity. 

Lipase was, however, found to be strongly inhibited by the addition of a metal 
complexing agent such as Versene, which when used in a concentration of 2" IO 3 M, 
caused 70 % inhibition after contact with the enzyme for 15 rain at 37 °. The inhibiting 
effect of Versene was, however, found to be markedly dependent on the temperature 
of the mixture and the time that Versene had been in contact with the lipase. In order 
to investigate these factors more extensively, the enzyme was incubated in borate 
buffer at pH 8.0 with Versene (2.IO -a M) for various time periods and at various 
temperatures between 5 ° and 5 °0 . At the end of the period the temperature was 
rapidly adjusted to 20 ° and an excess of Ca ++ added to combine with all the added 
Versene. Enzyme determinations were carried out at 37 °. At low temperatures, e.g. 
at 5 ° and with short contact periods Versene had no effect on lipase, but the enzyme 
was found to be much less stable to heat in the presence of Versene (Table I). 

T A B L E  I 

E F F E C T  O F  V E R S E N E *  O N  TH]~ H E A T  S T A B I L I T Y  O F  L I P A S E  

Temp. 

Enzyme adivity 
(A ctivity of untreated enzyme -- zoo) 

After zo rain After 2:4 h 
exposure exposure 

5 ° C o n t r o l  i oo i oo 
V e r s e n e  i oo 60 

2o ° Con t ro l  i o o  83 
V e r s e n e  i o o  40 

35 ° C o n t r o l  91 57 
V e r s e n e  65 9 

5 ° °  C o n t r o l  64 o 
V e r s e n e  14 o 

* C o n c e n t r a t i o n ,  2.  i o  -3 M .  

The addition of Ca++ (lO -2 M) completely protected the lipase if added before 
addition of the Versene, but, once inactivation had occurred, neither Ca ++ nor any 
other substance tested could restore the activity. 

This lack of stability of the lipase to heat in presence of Versene appeared to be 
due to the removal of an essential stabilising metal. In order to ascertain which metals 
were able to function as stabilisers, lipase was treated in borate buffer pH 8.0, with 
Versene (2" Io-aM) for 15 min at 5 °. This treatment removes the metal but allows the 
enzyme to retain full activity. A solution (IO -~ M) of the metal ion under investigation 
was then added and left with the lipase for 5 min at 5 °, The concentration of metal ion 
added was more than adequate to remove the Versene by chelation, so that the excess 
metal ion was available for combination with the lipase. After the elapse of the 5-rain 
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period the lipase so treated was exposed at 5 °0 for zo rain. I t  was t]ter~ coded  (:o 37: 
and its enzymic act ivi ty  compared (a) with the act ivi ty of the ul?":reated eyJzym- 
exposed to 5 °° and (b) with the act ivi ty  of the enzyme exposed ~x~ 1:1-;c ~};~esesce of 
Versene at 5 o~ . An } ;  meta l  t h a t  enab]ed an a c t h d t y  sh~fi lar to t h a t  o l  (:a) 1:0 1)e o]~taMed 
m a y  be considered as a possible n o r m a l  me ta l l i c  cons t i t uen t  oJ- ] ipase, -,: hercas, i f  
the  e l lzvn lJc a+ct iv i ty was found  to be sJnaJlar to t h a t  Of (b), ti:,en an +, s~!c]> r!s,'tP] 
is unlikely to be a normai iipase constituent.  

Calcium was found to be the most  effective metai in si:abJlJsing ]ipase ~w~ter Verse:,-~e 
t rea tment  but  several other metals were part ial ly effective (Table ;:[) 

FABLE iI 

A COMPARISON" OF THE EFI'J{CT OJ ? DiVAL}'VT MIETAL IONS ON THE BESTORATfO 7: OP' Li?AS[£ / CTIVJT ~ 

A]?T]£]% TREAT}~IE)CT OF 371-I~ EZ\rZ3"ME IVITH VJtRSENI~; 

A f t e r  t ; ] -eatmei~t  ~ J t h  V e r s e n e  (2.  zo  -s 3 f ) ,  ] ipa,se wa, s e x p o s e d  t o  5 ° 0  f o r  ~o ~}:b~ h p r e s e n c e  o f  a 
l o  2 k'] so]utior! of t h e  m e t a l  ion. E n z y n } i c  a,cti~gty was  deternaJn<d ~.i: 317 . 

R~fg o( 
,<;ys/e ~;; h i[;t~[7l'il! kydz'o!/,~ s 

C o n t r o l  ] oo  
\Terse~e 20 
Ve r s e ne  4 ( ; a  88 
Versene  4- Sr  4 = '%'3 
V e r s e n e  . -  _\lTg- " 80 
%YCYSB]2e J- B3. - 82 
Vei<sene - 21]] ~ ~ 5 6 

Versessc j- Co ++ z2 

In the experiments so far described, the effect of \;ersel]e on ]il)a>¢ was examined 
at pH  8.o in borate buffet. These experiments were extended to exami se t]?e e.qect of 
Versene when the pH was varied betwee]s 4.o alnd 9.o. A buffer of tL*e requbed pH 
was added to the lipase solution, followed by  Versene (2' ~o s .,'1~}. 7L.'c mixi~]re was- 
exposed to 5 o  for re  rain, when it was rapidly cooled, brought  to pH 7-4 ::sd Ca ~ 

(zo -2:1,/) was added to combine with the Versene. Enzyme determhmtior, s ~ ~.':e crwriec 
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Fig .  I .  T h e  effect  of p K  on  t h e  h e a t  s tabJl i t ) ,  of 
] ipase .  T h e  e n z y m e  wa s  e x p o s e d  to  5 °0 for  IO 
m i n  a t  t h e  speci f ied  p i t ,  cooled  a n d  a d j u s t e d  
to  p H  7.4 for  a c t i v i t y  d e t e r m i n a t i o n s .  A co]n- 
p a r i s o n  w as  t h e n  m a d e  w i t h  t h e  a . c t iv i ty  of t h e  

e n z y m e  a t  a c o m p a r a b l e  n H  k e p t  a t  2o °. 
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~Zig. 2. T h e  e f f e c t  o f  p H  on  2 ' e t s e n c  is ia .e tb :a ,£ io l  
o f  i i p s s e .  ( n r v e  , ' \ - - L i p a . s e  i n a c t i v a t i o ] }  i ) y  
v e r s e n e  as a f u n c t i o n  of p H .  ]Vnlz,, nt,~ e x p e s e d  
t o  5 ° °  f o r  zo  r a i n  in  p r e { e n c e  o f  2"so-a/ ! l  
v e r s e n e  a t  s p e c i f i e d  p H .  C m : v e  B !3hqding o f  
Ca, ++ b y  V e r s e n e  a.s a f u n c t  on  o f  p H  ( d e t a i l s  

f r o m  MAP.TE] tL  A X ,  ~ C/,m,u>-~¢',. 

J~:ochi~. P h ) j ) k y s ,  /J cio:, :i o (195o  I) ,1 f~ ~ 4 9 o  
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out at pH 7.4. Lipase was found to be most stable to heat at about pH 5.6 (Fig. I). 
The effect of Versene was markedly pH dependent, being very small when the solution 
was more acid than pH 5.0, but  the inactivation effect increased with increasing pH. 
In Fig. 2 a comparison is made of the effect of pH on Versene inactivation of lipase 
with the effect of pH on the binding of Ca++ by Versene. A close similarity can be 
observed. 

In addition to Versene several other metal  complexing agents were tested on 
lipase. The procedure followed in each case was exactly similar to that  using versene, 
the complexing agent under test being added to lipase in borate buffer at pH 8.0, the 
mixture exposed to 5 °° for IO rain, cooled and the enzyme activity measured. No 
substance tested was as effective as Versene, but the percentage reduction of enzyme 
activity was found to be closely paralleled by the increase of the stability constant for 
the calcium complex as shown in Table I I I .  

TABLE III  
C O M P A R I S O N  O F  T H E  E F F E C T S  O F  S U C C I N A T E ,  A S P A R T A T E ~  O K A L A T E ,  C I T R A T E  A N D  V E R S E N E  

O N  T H E  H E A T  S T A B I L I T Y  O F  L I P A S E  

E n z y m e  exposed  for io  ra in  a t  p H  8.o to 5 °0 af ter  t r e a t m e n t  wi th  specified reagent .  

Log of the Conch. E n z y m e  (Control = 
Add i t ion  stability constant 1~ 

Ior Ca ++ ( M x  xo 2) activity zoo at 20 °) 

None - -  - -  75 
Succinate  1.2 3-3 75 
A s p a r t a t e  1.6 3-3 75 
Oxa la te  3,0 I.O ~8 
Ci t ra te  3,2 I.O 4I 
Versene IO.77 o.2 14 

The egect of metal ions on lipase action 

Although it is well known that  the addition of Ca ++ speeds up the rate of 
hydrolysis of glycerides of long chain fa t ty  acids 1, 2, it was found to have a much less, 
but still a significant effect on the rate of hydrolysis of the glycerides of short chain 
fat ty  acids such as tripropionin or tributyrin. Thus, using the method of BALLS, 

MATLACK AND TUCKER, the rate of hydrolysis of un-emulsified triolein was found to 
be increased 4.4 times by Ca ++ (o.oi M), whereas under the same conditions the rate 
of tributyrin hydrolysis was stimulated only 1.73 × by  the same concentration of 
Ca ++. Calcium stimulation of the hydrolysis rate was, however, dependent on the 
experimental conditions, being reduced from 1.73 × when using unemulsified tri- 
butyrin to 1.17 × when the tributyrin was emulsified in IO % gum arabic. The stimu- 
latory effect of Ca ++ was also considerably reduced when strong (0.27 M), bicarbonate 
buffer solution was used in the manometric method, although the Ca++ remains in 
solution. Thus the rate of triolein hydrolysis was stimulated lO.5 times by Ca ++ 
(o.o1 M) in O.Ol 5 M sodium bicarbonate solution, but was unaffected in 0.27 M 
sodium bicarbonate. 

Solutions of Sr++ and Mg ++ (o.oi M) stimulated the rate of hydrolysis of 
tributyrin less effectively than Ca++, whilst Ba++, Co++ or Mn ++ (o.oi M) had no 
effect or slightly reduced the rate of hydrolysis. 

On the other hand solutions of Zn ++ and especially Cu++ and Hg ++ were highly 

Biochim. Biophys. Acla, 4 ° (196o) 481-49 ° 
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toxic to lipase even in very dilute solutions. Tl:e effect of the metsi: howe ~e:c, v:~ried 
considerably with the experimental conditions and especially wJt]~ ti~e :)stur,e of the 
buffer employed. Using a continuous titralion method in un-buffered so.luther:, O.1 L. 
(2" IO -5 M) caused 9 ° % inhibition of the enzyme if unemulsified ~,-r~b~ityrin -,:as used 
as substrate,  but  only 27 % inlnibition if the t r ibutyr in  was emulsi:6ed in ge!a~:h?. T]~i~-. 
reduction of the inhibitory effect is presumabiy cansed by  a co~:~petitior~ of gelatin 
with the enzyme for the Cu~-~. When the method of FIoRJ~ AXD NOR> ~s w;~s u::ed, tl~e 
effect of Cu'--  was considerably reduced, a 2. :o  ~: 3.i solution havi!~g ~o G.fec~ ox: ti?e 
enzyme. This method ~tJlises a buffer containing citrate, whicl~ is an effective c],e]ati~g 
agent for Cu+C 

The effect of Cu 4 + on ]Jpase was also reduced in ti~e presence of bicarbon;~.te bu f~:er. 
a l though no precipitation of the metal  occurred under the condition, s :~sed. Whelo ti~e 
experiment was carried out in o.oz5 3~ ~ NaHCO a, Cu ++ (2 . Io  -'~ M) caused 88 % 
inhibition of ]ipase, but  there was only 52 % inhibition in 0.28 3x~ NaHC© a. ~p, the 
stronger solution of bicarbonate ]ipase could be completely protected aga~ns:: inhibi- 
tion by Cu ~* (2. re  ~ 3J) by the addit ion of Ca ~-+ (io -~ M), less effectivei3~ b?? equiv- 
alent concentrat ions of St++ or Mg ++, but  not at al] by  Ba+÷ or b )  any oilier :nets] 
tested. The enzyme could also be p;wtially protected by  Ca .`+ against: h~E~ibitio;~ by 
Hg ÷+. After short periods of contact,  e.g. :o  rain, (;:~ ~ ~ inhibition of ]ipa~-:e could be 
part ial ly reversed 1)3: the addition of Ca÷C These protection a~d reversal ef~{ects co:x]d 
only be observed in XaHCO:~ buffers; under other conditions no pro~ cc~,io]: or reversal 
occurred. 

Glutsthione or histidine (4' ~°-a , : ] )complete]y  protected ]ipase aga:n:< h~i~bitio:? 
by  Cu ÷+ (o. :o-'4 M) and sis() reversed the inhibition completely ~ffter t]~e Cu-i-+ ]:ac! 
been in contact  with the enzyme for periods up to 45 rain. Aspartic acid and g]yeine 
were also effective proteclive agents of ]ipase against C:x =+ inhfbition, b::t did >,ot 
restore the activi ty oi Cu ~+ inactivated lipase. LSpase was completely prelected 
against inhibition by Hg ~ + (5" ~o--a M) by the addition of gluts~,:hio;~c (4 ~ IO-a 3J), 
which also reversed tl)e inhibition of Hg ++ after s 5 rain contact  period. Uistidine 
(4' I ° -a  M) was, however, less effective in this case, reducing the 5n]~ibit}o~ i>y Hg" +- 
(5 . Io-a  M) from 95 % io 4.0 ...../o. 

Histidine and aspartic acid have been reported to act ivate lipase J~, b::t t]se>'. 
findings could not be repeated by using the purified lipase, neither am:no acid ]-aving 
any effect on the untreated enzyme. 

Metal ions such as Cn ~ + and H g - -  m a y  exert their inhibitory z~.c{ic>~ or.: enzyme> 
by the combinat ion witi~ - S H  groups. 

In order to examine ibis possibility for the case of ]ipase, the enz3 ;he v a s  {rented 
with ]3-chloromercuribenzoate (io a 3//), which combines specifica]ly wit]> -S]-t groups. 
This t rea tment  caused only about  5 ° % inhibition of ]ipase. The fl.lrther addition of 
Cn ++ or Hg  ÷~- in low concentrat ions ( :o 4 M), however, still produced :oo  % inl~ibitio~i 
of the lipase. Sites other than - S I t  groups must  therefore be involved {~ the co~>bina- 
tion of lipase with these metals. 

The effect o f - S H  reage~t~s o~ Zipase 

WSlXSTEI> A>'J) Wa~>:~W ~ found that  pancreatic lipase \v;~: weal: i :  (~e%) 
inhibited by a solutio~ of bromacetic acid (IO ~ 3#) and 32 °4 b37 JodoacetJe acSd. 
SINGER AND BARROX e' found that  Jodoacetamide (5' :o  a M) had ~:o effee~ o:~ ]ipase 

Z~iochi~z. ]~c,ph3,s. Acto, 4o (~90~) .;~] :490 
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but that p-chloromercuribenzoate (IO -a M) caused 38 % inhibition and p-amino- 
phenyldichlorarsine (IO -a M) caused 62 % inhibition of the enzyme. They concluded 
that  pancreatic lipase was a typical -SH enzyme. All these experiments were carried 
out using relatively crude lipase preparations. 

A more extensive study has now been made of the effect of a variety of typical 
-SH reagents on purified lipase and, although the enzyme was found to be inhibited 
by certain members of this group of -SH enzyme inhibitors, it was quite resistant to 
others (Table IV). 

T A B L E  I V  

THE EFFECT OF SULPHYDRYL REAGENTS ON LII~ASE 

Concentration Inhibition Reagent ( M) ( % ) 

lodine IO-5 IOO 
Ferricyanide 2. lO 4 o 

Alloxan I o-S o 

lodosobenzoic acid lO -3 o 

. I o d o a c e t a t e  2- I o-3  o 
N e o a r s p h e n a m i n e  I o ~ 28 
p - c h l o r o m e r c u r i b e n z o a t e  I o - a  69 

Most oxidising agents which convert -SH to -S-S had little or no effect, but the 
enzyme was very sensitive to iodine. Lipase could be protected against inhibition of 
iodine by glutathione, but, if iodine had had prior contact with the enzyme, no reversal 
was possible. 

Using a purified lipase from wheat germ, SINGER 16 studied the effect of p- 
chloromercuribenzoate and p-aminophenylarsine oxide on the rate of hydrolysis of the 
triglycerides, triacetin, tripropionin and tributyrin. 

The extent of inhibition of lipase by each compound was found to increase with 
increasing molecular weight of the substrate from triacetin to tributyrin. A similar 
variation of inhibition with molecular weight was observed when the mono- and the 
triglycerides of acetic, propionic or butyric acids were compared. In each case the 
inhibition of triglyceride hydrolysis was markedly greater than that of the mono- 
glyceride hydrolysis. 

The experiments described by SI?,-GER 16 were repeated using the purified pan- 
creatic lipase. Although the inhibition produced by p-chlorornercuribenzoate (Io-aM) 
was found to be greater when using tributyrin than triacetin as substrate and to 
increase through the series mono-di-tri propionin as found by S I N G E R ,  the increase of 
inhibition with increase of molecular weight was not maintained through a series of 
triglycerides (Table V). 

In order to explain the fact that p-chloromercuribenzoate inhibition of wheat 
lipase increases with the molecular weight of the substrate, SINGER TM suggested that 
the -SH group of the wheat lipase may be located close to, but not within, the active 
centre. Combination of the -SH with a blocking reagent would be effective in pre- 
venting a large substrate molecule from combining with the active centre, but  less 
effective in allowing a smaller substrate to reach the active site. Although this hy- 
pothesis may be true, an entirely different explanation of this phenomenon is, 

Biochim.  Biophys.  Acla,  4 ° (196o) 4 8 1 - 4 9 o  
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TABLE V 

1NNIBI~?!ON OF 2 J P A . S E  B Y  /) -CHLOROMJ~RCIJRII3]SNZOA3 }g* 

~N TM/E PRF~S£NCJ¢ OF D I F F E R E N T  SUIISTRAT.F.S 

(%) 

5.Ionopropio~? i n ~ 9 

Diprop%ni;~ 35 
TNpropionin 70 

Triace!:iJ~ z 4 
Triproploni~ 7o 
Tr] bu t) rin 6 i 
"I-rioctalsoJn 68 
Trilauri~ 46 
Trio]ein 5 

* Concentration, zo -:~ U. 

however, possible; namely, t]~a.t the different inhibitions observed with different 
substrates are directly proportional to the quant i ty  of ])-ch]oromcrcuribenzoate 
absorbed at the glyceride water interface 

I~ order to examine the possibility tha t  part i t ion of th.e/)-chloromercu:dbenzoate 
(p-CMB) between the substrate and aqueous phase was an impor tant  fg~cior ~ deter .... 
mining the extent  of inhibition of the ]ipase, the following experiment was carried o u t  
Equal  volumes of an emulsion of trJbutvrJu in gum arabic and p-.CMB (o.oz M) were 
vigorously shaken and then the tributyrin centrifuged down. Tlle sw)erna.tant was 
discarded and the t r ibutyr in  was shaken with an equal volume of sodium biea~rbonai:e 
solution (0.05 M) and recentrifuged. This procedure was repeated twJo.. ]:'ina]ly the 
t r ibutyr in  was suspended in water to give tl~e or%ins] volume of th~ emulsion, A 
control emulsion was shaken with. water instead of with p-CMB aJ~d subsequcnti~ 
treated in a similar manller. 

When the trJbutyNn treated with ?')-CMB was used as substr:~te for lipase, i +, 
caused powerful inhibition of the e~zyme, despite t]-~e washing with bicaN~onate 
solution. The inhibition observed was only slightly less than that  produced by  tl~e 
addition of an equivalent concentration of p-CMB direct l \  to the Epase, titus:, proving 
the strong affinity of the glyceride %r the 2-CMB al~d the importance of partit ion into 
the fat as a factor determining the inhibition. 

D I S C U S S I O N  

Lipase has been found to be much ]ess stable after t rea tment  wit]l V~r~,ene ~ind oth~',r 
metal  complexing agenis and therefore the enzyme m a y  be assm~ed to po:-sess a 
bound metal which helps to confer stability. Tt?e nature of the metal J~as not been 
definitely established, but  several lines of indirect evidence ir.dicatu tlmt J~,: is likei2,: 
to be calcium. 

This evidence m a y  be summarised as follows: (a) the metal dispiac~:d from tipa:-;e 
by Versene m a y  be most  effectively replaced by  Ca-f', (b) the c'arvc of pH/Versene 
inhibition of lipase is ~'ery similar to tile curve of pH/Versene bom:d C a ~  (Fig. ~), 
and (c) the stabil i ty of ERase exposed to a series of chelating sub~;!rnces decreases 
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wittl increase of the chelating power of the substance for Ca ++ through the series 
(Table III). Lipase does not, however, exert a specific affinity for Ca ++ and this metal  
may  be replaced less effectively by other metals such as Mg++ or Sr ++. This stabilising 
function of Ca++, which does not appear to have been previously observed, is quite 
distinct from its activating effect on triglyceride hydrolysis. 

There are, however, no reasons for believing that  the originally proposed function 
of Ca ++ , i.e. the removal of insoluble Ca++ salts of fa t ty  acids, is not important when 
certain triglycerides which produce long chain fa t ty  acids on hydrolysis are at tacked 
by  lipase. Such fa t ty  acids are nearly insoluble in the aqueous phase and would tend 
to partition in the fat phase, thus slowing tile rate of reaction. When short chain fat ty  
acid glycerides are used, e.g. of butyric acid, Ca ++ activation is much less than 
it is when long chain fa t ty  acids are involved, but it is, nevertheless, still significant. 
In this case, the mechanism of Ca ++ activation proposed above is inadequate, firstly, 
since the acid produced is freely water soluble and would diffuse into the aqueous 
phase, and secondly, since the Ca ++ salts are soluble and ionised. A possible expla- 
nation of this phenomenon is that  Ca ++ has a special enzyme activating effect which 
it exerts by concentrating at the fat/water interface. 

Calcium ions may therefore carry out three distinct roles in lipase action: (a) a 
removal of fa t ty  acids as insoluble Ca++ salts in certain cases, (b) a direct enzyme 
activation resulting from concentration at the fat/water interface, and (c) a stabilising 
effect on the enzyme. Tile site of binding of the Ca++ ill the stabilised enzyme is likely 
to be at the oxygen of the ionised carboxyl groups, since it is for these groups that  
Ca++ has the greatest affinity, having a much weaker affinity for nitrogen and sulphur. 

Experiments using Cu ++ demonstrate the impracticability of comparing results 
not obtained under identical experimental conditions. 

In all experiments using this metal  it appeared that  a competition was set up 
between the chelating power of the buffer salt and vital enzyme centres for the Cu++. 
The ability to remove Cu ++ as a complex appeared to be especially powerful in the 
case of citrate and bicarbonate buffer and the inhibition was found to be corre- 
spondingly small. 

Cu ++ and Hg++ may be in part  bound at -SH groups but when these groups are 
reacted with, and blocked by, p-chloromercuribenzoate, lipase is still powerfully 
inhibited by  dilute solutions of these metals. The binding to the protein which causes 
the inhibition must be at other sites and the very effective reversal of inhibition 
observed when histidine is added suggests that  a histidine residue might be an im- 
portant  site of metal  binding. 

I t  is possible that  the activation effects observed with histidine and some other 
amino acids 15 may  be explained on the basis of a removal of inhibitory metals such 
as Cu ++. 

I t  has been previously suggested that  lipase possesses -SH groupsS, 6 and it has 
been proposed that  they are essential constituents of the active centre 7. The present 
experiments, however, have shown that  the relatively pure lipase used is completely 
resistant to many  - S H  reagents and that  inhibition by arsenicals and p-CMB is much 
weaker than would be expected if the - S H  were actually part  of the active centre. 
Most oxidising agents were completely without effect on the enzyme, but  the strongly 
inhibitory effect of iodine appears to be anomalous. However, the fact that  the iodine 
inhibition was not reversed by the addition of glutathione makes it appear probable 
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that oxidation of -SH groups t o - S - S -  is not the mechanism i~:voh'ed i~ iodine 
inhibition of ]ipase, since glutathione normally reduces-S-S--  to --~SH and ~hould, 
therefore, have reactivated the enzyme. A more likely explanation? of the powerful 
inhibition observed wiih iodine is that it is a result of iodination of tyrosL,~e r'esidues. 
A possible explanation of all these experiments Js that iipase defmJteb: p.oase~se.~;-GH 
groups, but that these groups are situated adjacent to, but not i~<. the a.cti;,e site. 
Combination with large rnolecules such as arsenicals or ]5-CMB may then h~h~bit 
sterically, whilst smaller molecules sucl~ as iodoacetate are witho~t effect. 7t ~s a!so 
possible, however, that partition of the inhibitor between the giyceride and aqueous 
phase may be a more important factor determining the extent of the inhibition, as 5a~ 
been previously discussed for p-ehloromercuribenzoate. 

For two reasons it is considered unlikely that the suggestion of SIx<;~tg ~, that 
the effect of increased bhibition by -SH reagents observed with inc~ eased mdecular 
weight of the substrate may be explained by a steric phenomeno~h i~, trw'. ):h~st]y, 
since the inhibition observed urith 55-chloromercuribenzoate only h~crease~; up to ;~ 
certain molecular weight of substrate and then falls agail~ (Table x;) ai~d second]y, 
the proof that the/)-chloromercuribenzoate can partition in the glyeeride to an extent 
sufficient to cause stro~g inhibition of the enzyme. The variation of lipase h?l~ibition 
observed when using different substrates would the~ better be exp];dned o~,? 1.1~(: basis 
that this variation is real]y a measure of the different partitions of the )--chloro-- 
mercuribenzoate between water and the iJasoiuble substrate. This exp]ar~ation is 
rendered the more like]3, in view of the recent clear demonstration of the action of 
lipase at the oil/water iJ~l:erface~L 
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