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P r e p a r a t i o n  of  H y d r o c a r b o n - A d h e r i n g  D e r i v a t i v e s  

Only a smal l  f r ac t ion  of a n  e n z y m e  molecule  is i nvo lved  
in s u b s t r a t e  b i n d i n g  a n d  ca ta lys i s ;  t he  r e m a i n d e r  m a y  
func t ion  b y  in f luenc ing  in t e r ac t i ons  be t w een  t he  ac t ive  
si te  a n d  t he  e n v i r o n m e n t .  Chemica l  mod i f i ca t i on  m i g h t  
b e t t e r  a d a p t  a n  e n z y m e  for f unc t i on i ng  in a chosen  en- 
v i r o n m e n t .  W e  h a v e  p roduced  de r iva t i ve s  of wa te r -  
soluble enzymes  wh ich  adhere  to  h y d r o c a r b o n - w a t e r  in te r -  
faces. S imi la r  de r iva t ives  m a y  p rove  va luab l e  in  appl ica-  
t ions  such  as t he  enzyme-ca t a lyzed  ox ida t i on  of p e t r o l e u m  
to wate r - so lub le  p roduc t s ,  

Materials and methods. D D I  b r a n d  Di i socyana t e  1410, 
a 36 c a r b o n  s a t u r a t e d  a l ipha t i c  h y d r o c a r b o n  w i t h  2 
t e r m i n a l  i socyana te  groups  was o b t a i n e d  f rom Genera l  
Mills Chemicals ,  Inc.  H e x a m e t h y l e n e  d i i socyana te  (1, 6- 
d i i socyana tohexane ,  t t M D I C )  was o b t a i n e d  f rom Aldr i ch  
Chemica ls ;  h e n  egg wh i t e  lysozyme (Sigma Grade  I), bo- 
v ine  p a n c r e a t i c  r ibonuc lease  (Type I-A), w h e a t  germ 
l ipase (Type I) and  hog  p a n c r e a t i c  l ipase (steapsin,  crude)  
f rom S igma  Chemical  Co.; ol ive oil (Best,  U.S.P. ,  Lo t  
714498) f rom F i she r  Scient i f ic  Co. ; p h e n y l m e t h y l s u l f o n y l -  
f luor ide (']3 Grade)  f rom Calbiochem.  O t h e r  chemica ls  
used were R e a g e n t  or Cert i f ied Spec t r oana l yzed  grade.  

D r y  commer i ca l  enzym es  were dissolved in  aqueous  
buffers  to  a c o n c e n t r a t i o n  of 0 .3 -1 .0mg/ml .  P h e n y l m e t h y l -  
su l fonyl f luor ide  was added  (to 0.001 M) to  t h e  l ipases  to  
p r o t e c t  t h e m  f rom p ro t eo ly t i c  c o n t a m i n a n t s .  T he  diiso- 
c y a n a t e s  were d i lu ted  to  0.01 M in h y d r o c a r b o n  (usual ly  

Table I. Protein recoveries in aqueous phase from Iysozyme treated 
with n-heptane and aliphatic diisocyanates 

Rxn. n-Heptane Reagent (,%) Protein recovery 
(%) in aqueous phase (%) 

I 75 -- 56 
II 65 10 DDI 23 
III 65 10 ItMDIC 36 

Three ml volumes a of lysozyme (0.3 mg/ml) in 0.01 M sodium borate, 
pH 9.0, were treated with (I) n-heptane alone, (II) DDI (0.01M) in 
n-heptane and (III) hexamethylene diisocyanate (0.01M) in n- 
heptane. Emulsion was formed by ultrasonic vibration and separated 
by ultraeentrifugation. Protein concentration was measured by A,s 0 
on Beckman DU. 

of  W a t e r -  S o l u b l e  E n z y m e s  

n-hep tane ) .  T h e  vo lume  ra t io  of organic  to  aqueous  p h a s e  
in t he  r eac t ion  m i x t u r e  was 0.10 ml  to  3.0 ml.  The  r a t i o  
of r eagen t  to  p ro t e in  was 100-200 amoles /g  pro te in .  I n  
order  to  speed r eac t i on  b e t w e e n  t h e  d i i socyana te  (organic  
phase)  a n d  p ro t e in  (aqueous phase) ,  t he  in te r face  a rea  was  
increased b y  30 sec u l t r ason ic  v i b r a t i o n  a t  0~ The  resul t -  
ing emuls ion  was s t i r red  a t  r o o m  t e m p e r a t u r e  for 3 h, a n d  
t h e n  cen t r i fuged  a t  145k x g (average  force) for 20 ra in  
a t  4 ~ or  22~ in order  to  measu re  the  d i s t r i b u t i o n  of p r o -  
t e in  be tween  t he  aqueous  a n d  emuls ion  phases .  T h e  p l a s t i c  
cen t r i fuge  t ubes  were t h e n  p u n c t u r e d  a t  t h e  b o t t o m  to  
al low col lect ion of b o t h  phases  for p ro t e in  a n d  e n z y m e  
assays.  I f  a f i lm of und i s so lved  m a t e r i a l  col lected a t  t h e  
top  of t he  l iqu id  d u r i n g  cen t r i fuga t ion ,  th i s  f r ac t ion  was  
r e suspended  in aqueous  buf fe r  for m e a s u r e m e n t .  

The  r a t e  of r eac t ion  be tween  t he  i socyana te  a n d  p r o t e i n  
p r i m a r y  a m i n o  groups  (measured  b y  n i n h y d r i n  color yield) 
was m u c h  fas te r  t h a n  a d s o r p t i o n  of p ro t e in  to  the  organic  
interface.  I n  r eac t ions  sub jec t ed  to r a t e  m e a s u r e m e n t s ,  
adso rp t ion  was essent ia l ly  comple t ed  b y  3 h of s t i r r ing  a t  
room t e m p e r a t u r e .  

Results and discussion. Typ ica l  p ro t e in  r ecove ry  d a t a  
for lysozyme t r e a t e d  b y  th i s  p rocedure  is shown  in Tab le  I. 
Whi l e  n - h e p t a n e  a lone  caused  loss of 44% of t he  l y sozyme  
f rom the  aqueous  phase,  64% of t he  h e x a m e t h y l e n e  diiso- 
cyana te - r eac t ed ,  a n d  77% of t he  D D I - r e a c t e d  l y sozyme  
were r e m o v e d  f rom the  aqueous  phase.  Ca ta ly t i c  a c t i v i t y  
d a t a  are no t  r epo r t ed  since a l ipha t i c  h y d r o c a r b o n  b i n d i n g  
i nh ib i t s  l y sozyme  t. 

A c t i v i t y  a n d  p ro t e in  r ecove ry  in 2 e x p e r i m e n t s  w i t h  
r ibonuc lease  are shown  in Tab le  I I .  Depro te in ized ,  dia ly-  
zed yeas t  nucle ic  acid was  used as s u b s t r a t e  ~. I n  exper i -  
m e n t  B c y t i d i n e - 2 ' ( 3 ' ) - m o n o p h o s p h a t e  (10 moles /mole  
RNase) ,  a compe t i t i ve  inh ib i to r ,  was  used in an  a t t e m p t  
to  i m p r o v e  t he  a c t i v i t y  yie ld  of t h e  modi f ied  enzyme.  
R e m o v a l  of p ro t e in  f rom the  aqueous  phase  was  ex tens ive  
(51~o, 63%) in t he  D D I - R N a s e  r eac t ion  mix tu re ,  signi-  
f i can t  (25%, 34%) in t he  h e x a m e t h y l e n e  d i i socyana te -  
R N a s e  reac t ion  m i x t u r e  a n d  s l ight  w i t h  t h e  h e p t a n e -  
R N a s e  con t ro l  m i x t u r e  (4% 13%).  Ca ta ly t i c  a c t i v i t y  
recover ies  of t he  modi f ied  e n z y m e  were al l  low (53% t o  

1 R. CECIL and C. F. Louis, Biochem. J. 117, 139 (1970). 
2 C. B. ANFINSEN, R. R. REDFIELD, W. L. CHEATE, J. PAGE and 

R. CARROLL, J. biol. Chem. 207, 201 (1954). 

Table II. Protein and activity recoveries in aqueous phase from ribonuelease treated with n-heptane and aliphatic diisocyanates 

Rxn. n-Heptane (~) Reagents ()~) 

I 75 -- 
II 50 25 DDI 
III 50 25 HMDIC 

A B 

Activity recovery in Rxn. mixture (%) 
Activity recovery in aqueous phase (%) 
Protein recovery in aqueous phase (%) 

I II III I II III  
92 53 54 97 57 62 
95 55 48 97 54 45 
96 49 75 87 37 66 

Three ml volumes 8 of ribonuclease (0.5 mg/ml) in 0.01 M sodium borate, pH 9.0, were treated with (I) n-heptane alone, (II) DDI (0.01M) in 
n-heptane and (III) hexamethylene diisocyanate (0~01 M) in n-heptane in the manner noted in Table I. Activity measurements were made 
with purified yeast nucleic aeidsK Protein concentrations were measured by A2s 0 in experiment A. In experiment B, eytidine-2'(3')-mono- 
phosphate (10 moles/M RNase) was included in the rxn. mixture. Protein concentration was measured by biuret-phenol color reaction. 
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Table III. Activity recoveries and distribution from lipases treated wittl olive oil and DDI diisocyanate 
A) Wheat germ 

1005 

Sample Activity recoveries b 

I II III 
(%) (U/ml) ~ ( % ) (U/ml) ~ ( % ) (U/ml)~ 

Initial aqueous solution 100 116 
Reaction mixture 43 50 37 43 38 
Aqueous phase ~ 34 52 34 53 27 
Interface region (0.5 .ml) 9 41 8 37 6 
Resuspended interface film -- -- 1 4 
Total recovery in fractions 43 43 37 

44 
42 
28 

B) Hog pancreatic 

Sample Activity recoveries b 

I II III 
(%) (Ulml) ~ (%) (U/m1) ~ (%) (U/ml)" 

Initial aqueous solution 100 ' 28 
Reaction mixture 67 19 124 34 77 22 
Aqueous phase 81 23 33 14 14 6 
Interface region (1 ml) 46 39 76 64 
Resuspended interface film 23 6 
Total recovery in fractions 81 102 96 

Three ml volumes s of lipases (0.5 mg/ml in 0.01M potassium phosphate buffer, pH 8.0, plus 0.001M phenylnlethylsuIfonylfluoride were 
treated with (I) no additions, (Ii) 0.1 ml olive oil alone, and (III) DDI in olive oil (0.1 ml), in the manner noted in Table I. Kinetic activity 
measurements were made in a pH star (Radiometer), measuring rate of acid release from triacetin by wheat germ lipase A). and from olive 
oil emulsion by hog pancreatic lipase 13( (Worthington Biochemical Corp. assay), a Concentration of active enzyme, b Percent of total activity 
of original aqueous solution. 

62%) com pared  to t he  contro l  (92%, 97%). The com- 
pe t i t ive  inhib i tor  p ro t ec t ed  the  enzyme  only s l ight ly 
aga ins t  ac t iv i ty  loss. Most  ac t iv i ty  was in the  aqueous  
phase  af ter  separa t ing  the  emulsion.  

The poss ib i l i ty  t h a t  ac t iv i ty  losses were due  to in- 
accessabi l i ty  of t he  act ive  si te of the  hydroca rbon-ad -  
sorbed  enzyme to the  water -soluble  subs t ra te ,  r a the r  t h a n  
to d e n a t u r a t i o n  by  the  chemical  modif icat ion,  was exam-  
ined by  compar ing  the  effect  of D D I  t r e a t m e n t  on recovery  
and  d i s t r ibu t ion  of ac t iv i ty  f rom two funct iona l ly  similar  
enzymes ,  one wi th  a water -soluble  and  the  o ther  wi th  a 
hydroca rbon-so lub le  subs t ra te .  Table  I I I  shows ac t iv i ty  
recoveries  of w h e a t  germ l ipase (3a) w i th  water -soluble  
triacetii1 subs t r a t e  and  hog pancrea t i c  l ipase (3b) w i th  
olive oil (hydrocarbon-soluble)  subs t ra te .  The D D I  re- 
agen t  showed l i t t le  effect  on the  recovery  of ac t iv i ty  of 
w h e a t  ge rm l ipase w i th  water -soluble  subs t ra te .  The 
in ter face  region exh ib i t ed  lower effect ive concent ra-  
t ion.  The ca ta ly t ic  ac t iv i ty  of hog pancrea t i c  lipase, on 
the  o ther  hand ,  was  concen t r a t ed  (140% of init ial  con- 
cent ra t ion)  ill t he  in ter face  region by  the  water - insoluble  
subs t r a t e  (olive oil) aloneK A still  more  ex tens ive  con- 
cen t ra t ion  in the  in terface  region was  seen wi th  t he  DDI-  
der iva t ive  (168 ~o of t he  ac t iv i ty  concen t ra t ion  found wi th  
t he  unmodi f i ed  enzyme  subjec ted  to  t he  same condit ions,  
235~o of t he  ini t ia l  concent ra t ion) .  

The  D D I - e n h a n e e d  t r ans fe r  of p ro te in  to  the  hydro-  
ca rbon  in ter face  region resul ts  in a ve ry  s table  in teract ion.  
The DDI-mod i f i ed  pro te ins  are insoluble in aqueous  buf-  
fer. Equ i l ib ra t ing  the  olive oil emuls ion region conta in ing  
hog pancrea t i c  l ipase wi th  fresh aqueous  buffer  resul ted  
in s ignif icant  t r ans fe r  of ca ta ly t ic  ac t iv i ty  back  in to  t he  
aqueous  phase  fronl  un reac ted  protein ,  b u t  l i t t le  or no 
ca ta ly t ic  ac t iv i ty  could be r e t u r n e d  to  t he  aqueous  phase  
f rom the  D D I - r e a c t e d  p ro te in  in the  in terface  region. 

These d a t a  indicate  the  feasibi l i ty of ta i lor ing enzymes  
to func t ion  in chosen env i ronments .  The addi t ion  of 
l ipophit ic side chains  to enzymes  grea t ly  enhances  the i r  
t e n d e n c y  to adhere  to  w a t e r - h y d r o c a r b o n  interfaces.  An 
enzyme ca ta lyz ing  hydro lys is  of a water - insoluble  sub- 
s t ra fe  was h indered  only  s l ight ly  in ca ta ly t ic  func t ion  by  
th is  chemical  modif icat ion*.  

Zusamme~z/assu~zg. WasserlSsl iche E n z y m e  wurden  mi t  
sa tu r ie r ten  a lpha t i schen  Kohlenwasse r s to f f -Di i sozyana ten  
in Reak t ion  gebraeh t  und  die B indung  dieser E n z y m -  
der iva te  mi t  der  Kohlenwassers to f f sch ich t  s t a rk  gef6r- 
dert .  Bis zu 85~o Ka ta lysa t ions tg t igke i t  der  Schweine-  
pankreas -L ipase  konn te  aus der  Reak t ionsmischung  in 
F o r m  einer bes t~ndigen  Kohlenwasse r s to f f -Emuls ion  
zur i ickgewonnen werden.  
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