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SUMMARY 

I. The molecular weight of the lipase (EC 3.1.1.3) purified from Rhizopus 
delemar was 41 300. The average hydrophobicity, calculated from the results of 
amino acid analysis, was high. This suggests that  a hydrophobic region of the lipase 
may play an important  role in the formation of the enzyme-triglyceride complex 
(ES complex). 

2. The t ryptophan residues of the lipase were modified by 2-hydroxy-5-nitro- 
benzyl bromide (soluble in olive oil) and/or dimethyl-(2-hydroxy-5-nitrobenzyl) 
bromide (soluble in water) using the water-olive oil emulsion. I t  was found that  one 
residue, modified from the olive oil side at the interface of the emulsion, was essential 
to the lipase activity and another one, modified from either the water or olive oil 
side might be a binding site. These two residues were buried in the lipase molecule 
unless the substrate was added, and were exposed to the enzyme surface when the 
enzyme-substrate  complex was formed. Some speculation about the states of the 
other six residues is also presented. 

INTRODUCTION 

A lipase reaction system is considered to be a valuable model to study inter- 
actions between lipids and proteins. The lipases have been isolated from pancreas 1 
and various microorganisms 2. The structure and function of pancreatic lipase have 
been studied to elucidate the reaction mechanism of the hydrolysis of water-insoluble 
triglycerides. Desnuelle ~ pointed out that  lipase acts at the interface of the triglyce- 
r ide-water emulsions. Recently, it was shown, with a chemical modification method 
by Desnuelle and co-workersa, 4, that  a serine residue was involved in and a histidine 
residue was probably involved in the active center of pancreatic lipase. 

A chemical modification method has been used in reaction systems of water- 
soluble enzymes and water-soluble substrates as an useful probe of structure and 
function of enzymes. An additional use for this method is expected in the lipase 
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reaction system. An essential residue to the lipase action at the interface of the 
emulsion may be selectively modified by chemical reagents soluble in triglycerides. 

In this paper the chemical modifications of t ryptophan residues of Rhizopus 
delemar lipase by both a water-soluble reagent and a triglyceride-soluble reagent 
and the roles of t ryptophan residues on the lipase activity are described. 

MATERIALS AND METHODS 

Reagents 
Olive oil, dinitrofluorobenzene, p-chloromercuribenzoate and phenylmercuric 

chloride were purchased from Nakarai Chemicals Co. Ltd, trinitrobenzene sulfonate, 
from Tokyo Kasei Co. Ltd, and 2-hydroxy-5-nitrobenzyl bromide, from Sigma 
Chemical Co. Dimethyl-(2-hydroxy-5-nitrobenzyl)sulfonium bromide was prepared 
from 2-hydroxy-5-nitrobenzyl bromide and dimethyl sulfide as described by Horton 
and Tucker 5. 

Partially purified lipase from Rh. delemar was supplied by Tanabe Seiyaku 
Co. Ltd. 

Enzyme assay 
The reaction mixture contained 2 ml of olive oil, 5 ml of o.I M acetate buffer 

(pH 5.6) and I.O ml of the lipase solution in a L-shape test tube (diameter, 2.0 cm; 
height, II.O cm; width, 7.5 cm). The reaction was started by shaking the test tube 
(2 Hz, amplitude of 5.0 cm) in a water-bath shaker. The lipase showed the maximum 
activity under this shaking condition (see Fig. 7). After the incubation at 3 ° °C for 
20 min, the reaction was stopped by the addition of 4 ° ml ethanol. Fa t ty  acid 
released from olive oil was t i trated with 0.05 M NaOH. An endpoint was determined 
with the use of an electrometric pH apparatus. In this assay system, deviation in 
shape and size of the test tubes may cause an experimental error. The test tubes in 
which the lipase showed the closest activities were selectively used. 

Purification procedure of the lipase 
Rhizopus delemar lipase was purified as described by Fukumoto et al. ~. The 

presence of three kinds of lipase in Rh. delemar was reported by Tsujisaka 7. Two 
minor components were excluded in sulfoethyl-Sephadex chromatography step. 
The dark brown color of this enzyme preparation was removed by the following 
procedure. To the enzyme in o.I M acetate buffer (pH 4.5), 0.6 vol. of 1% sodium 
alginate (pH 4.3) was added. The solution was allowed to stand overnight at 4 °C. 
The precipitate containing the lipase and alginate was dissolved in 0.2 M sodium 
acetate. To the solution, 0.05 vol. of 20% barium acetate, o.I vol. of acetone and 
0.02 vol. of ~o% basic lead acetate were added. Alginate was precipitated by cen- 
trifugation and discarded. To the supernatant,  solid (NH4)2SO 4 was added (0.75 
satn). The purified lipase was used on each experiment after removal of the salts by 
dialysis or gel filtration. 

Chemical modification 
The chemical modification procedures using water-soluble or olive oil-soluble 

reagents were carried out under the same conditions with respect to test tubes and 



382 H. CHIBA et al .  

shaking as those of the enzyme assay. Experiments were performed under the follow- 
ing three conditions. 

(I) The lipase was modified by water-soluble reagents in a buffer solution 
(8.0 ml) without any addition of olive oil. This modification in water solution is 
designated "W". This term is used as W modification, a modification under W con- 
dition, and so on. 

(2) The lipase was modified by the water-soluble reagents in the olive oil 
emulsion. The emulsion was formed by shaking from 2 ml of olive oil and 6 ml of 
buffer solution containing the lipase. The lipase bound by the olive oil should be 
modified from the water side at the interface. This modification in the emulsion 
from the water side is designated "Ew". 

(3) The conditions were the same as in Ew exceFt that the water-soluble 
reagents were replaced by the oil-soluble reagents. The lipase bound by the olive 
oil should be modified from the oil side. This is designated "Eo". 

Concentrations of chemical modifiers under the Ew and Eo conditions represent 
those in water and olive oil, respectively. 

After the lipase was modified under these three conditions, a part of the lipase 
solution was withdrawn, and the enzyme activity and the amount of modified amino 
acid residue were determined. In the Ew and Eo modification the emulsion was 
separated into water and olive oil phases by centrifugation at 3ooo rev./min for 5 rain. 

The amount of modified residue was determined as follows. Measurement of 
the sulfhydryl group of the liFase was carried out by the addition of a p-chloro- 
mercuribenzoate solution in the presence of or in the absence of 6 M urea. The 
amount of sulfhydryl group modified was calculated on the basis of the molar ex- 
tinction coefficient at 25 ° n m ,  76oo (see ref. 8). The amino groups were modified by 
dinitrofluorobenzene or trinitrobenzene sulfonate. The amount of dinitrophenylated 
amino group was determined in I M HC1 from an absorbance at 35o nm (e -- 1.48. 
Io4/M per crn) (see ref. 9), and that of the trinitrophenylated amino group, in 4 M 
urea and 0.5 M HC1 from an absorbance at 344 nm (e = 1.o 9' Io4/M per cm) (see 
refs IO and II).  The tryptophan residues of the lipase were modified by 2-hydroxy- 
5-nitrobenzyl bromide or dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium bromide. The 
2-hydroxy-5-nitrobenzyl lipase was precipitated by the addition of trichloroacetic 
acid (final concentration, 3%). The precipitate was dissolved in o.i M NaOH. The 
amount of tryptophan modified was determined from an absorbance at 41o nm 
(e = 1.8"Io4/M per cm) (see ref. 12). 

Amino acid analysis 
Tile lipase was hydrolyzed in 6 M HC1 at IiO °C for 22 or 7 ° h. The procedure 

of each hydrolysis was performed in a duplicate manner. Amino acid analyses were 
carried out with a Hitachi amino acid autoanalyzer Model KLA-3. 

The tryptophan content was determined spectrophotometrically by the method 
of Goodwin and Morton 13. 

Ultracentrifugation 
Ultracentrifugal analyses were carried out with a Beckman Model E analytical 

ultracentrifuge. A Schlieren optical system was used in the sedimentation experiment 
and a Rayleigh interference system, in the equilibrium centrifugation experiment. 
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Fig. I. Sed imen ta t i on  p a t t e r n  of  Rhizopus delemar lipase. The  u l t r acen t r i fuga t ions  were 
pe r fo rmed  wi th  0 .6% of the  enzyme  solut ion (io mM  ace ta te  buffei  (pH 5.0)) a t  18 °C. T ime  af ter  
reaching  m a x i m u m  speed (60 ooo rev . /min)  : a, 39 mi n ;  b, 63 min ;  e, 87 rain. 

RESULTS 

Molecular weight 
Homogeneity of the purified lipase preparation was proved by an analytical 

ultracentrifugation and an acrylamide gel electrophoresis as shown in Figs I and 2. 

Fig. 2. Acryl  amide  gel electrophoresis .  Af te r  e lectrophoresis  for 90 min,  t he  p lo t e in  was s t a ined  
by  amido  b lack  loB.  The  a m o u n t  of  e n z y m e :  A, 60/~g; B, i oo / , g .  BPB,  b romopheno l  blue. 
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The molecular weight was determined by means of the meniscus depletion 
method of Yphantis ~4. An equilibrium centrifugation was carried out with 0.02, 0.03 
and 0.04% solutions of the lipase. The plots of the logarithm of the fringe displace- 
ments versus (r) 2 were linear. Fig. 3 presents data obtained from the experiment with 
the 0.03 % enzyme solution. The average molecular weight calculated from the slopes 
of the plots was 41 300. The calculation was based on an assumption that a partial 
specific volume of the lipase was o.75. 
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Fig, 3. Equi l ibr ium centrifugation. The equil ibrium centrifugation was carried out  with a rotor  
speed of 3 2 ooo rev. /min at 17 °C. The lipase concentrat ion was o.o3% in 5 ° mM phospha te  
buffer (pH 6.o). 

Molecular extinction coefficient 
The turbidimetric method15, ~6 was used to relate protein concentration to 

absorbance of the lipase at 280 nm. Crystalline bovine serum albumin dried under 
a reduced pressure over P~O~ was used as a standard protein. The molecular ex- 
tinction coefficient of the lipase at 280 nm was 7.5" IO~ cm2/mole- 

Amino  acid composition 
The results of amino acid analysis are represented in Table I. The average 

hydrophobicity proposed by Bigelow 17 was calculated with the AF value reported 
by Tanford is. The average hydrophobicity of the lipase was 127o cal/residue. It was 
shown by Bigelow 17 that the most proteins have average hydrophobicities between 
IOOO and ilOO cal/residue. The lipase value was relatively high as expected from the 
fact that the substrate of this enzyme is insoluble in water. 

Effects of the oil-soluble and the water-soluble chemical modifiers 
The lipase was chemically modified under the three conditions, W, Ew and Eo. 

Table II  represents the results of the modifications of the cysteine, lysine and tryp- 
tophan residues. 

A distinctive difference in the inactivation of the lipase was only observed in 
the case of the modification of the tryptophan residue using the W, Ew and Eo 
conditions. 

Lysine residues seem not to have any significant importance on the lipase 
activity. 
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T A B L E  I 

A M I N O  A C I D  C O M P O S I T I O N  O F  Rhizopus delemar L I P A S E  

Amino acid Residue/mole 
of enzyme 

Aspar t i c  acid 3 ° 
Threonine* i9  
Serine * 15 
G l u t a m i c  acid 45 
Prol ine  17 
Glycine  9 
Alan ine  25 
Valine** 22 
Meth ionine  2 
lsoleucine** 8 
Leuc ine  33 
Tyros ine  3 ° 
P h e n y l a l a n i n e  15 
NH3* 51 
Lys ine  33 
His t id ine  9 
Argin ine  13 
Hal f -cys t ine  6 
T r y p t o p h a n "  "* 8 

• Ob ta ined  f rom the  e x t r a p o l a t i o n  of the  l inear  re la t ion  be tween  the  a m o u n t  of res idue 
and  the  hydro lys i s  t ime.  

• * Value  of 7 ° h of hydrolys is .  
• ** E s t i m a t e d  spec t ropho tomet r i ca l ly .  

T A B L E  1I 

C H E M I C A L  M O D I F I C A T I O N  O F  T H E  L I P A S E  U N D E R  T H E  W, Ew A N D  E 0 C O N D I T I O N S  

Sul thydry l  group:  the  l ipase a c t i v i t y  was measured  af ter  I2.5/~M of the  enzyme  in o.I M 
p h o s p h a t e  buffer (pH 7.o) was modified by  io  mM su l thydry l  r eagen t s  a t  3 ° °C for I h. The 
a m o u n t  of su l thydry l  group was de t e rmined  by  p -ch lo romercur ibenzoa te  t i t r a t i o n  wi th  14/~M of 
the  l ipase in o.I  M p h o s p h a t e  buffer (pH 7.o). Amino  group:  the  l ipase (5/~M) was modif ied in 
o.I M phospha t e  buffer (pH 7.o) by  2.o mM of the  modi fy ing  reagents  for 5 h a t  25 °C. T r y p t o p h a n  
res idue:  concen t ra t ions  of the  mod i fy ing  reagen t s  were i o  mM. Modif icat ions were carr ied  out  in 
o . i  M ace t a t e  buffer (pH 5.o) wi th  12.5/~M of the  l ipase for 4 h a t  3 ° °C. The res idua l  a c t i v i t y  
and  the  a m o u n t  of res idue modified were de te rmined  as descr ibed in Mater ia ls  and  Methods.  

Residue Modifying reagent Residual Mole of residue/ 
activity (%) mole of enzyme 

W Ew E o W Ew E o 

Sulf l lydryl  
group 

Amino group  

p -Ch lo romercu l ibenzoa t e  97 93 - -  o N.D. - -  
Pheny lm e r c u r i c  chloride 98 - -  - -  N.D. 

Tr in i t robenzene  su l fona te  85 96 - -  6.8 i , i  - -  

Dini t rof luorobenzene  76 - -  - -  5.0 

T r y p t o p h a n  D i m e t h y l  
res idue (2-hydroxy-  5-ni t robenzyl)  

su l fon ium bromide  95 5 ° 5 .0 3.9 - -  
2 -Hydroxy -  5-n i t robenzyl  
b romide  o - -  - -  3.5 

N.D., no t  de te rmined .  
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The results of the modification by the sulthydryl, reagents indicate that  a 
cysteine residue does not exist on the surface of the native lipase molecule. The 
experiment of p-chloromercuribenzoate titration was also carried out in 6 M urea. 
The presence of a sulfhydryl group was not detected in the urea-denatured lipase. 
These results suggest that  the six half-cystine residues determined by the amino 
acid analysis should be attributed to three disulfide linkages. 

Modifications of the tryptophan residues 
As suggested in Table II ,  the t ryptophan residue(s) may play an important 

role on the catalytic activity or on the maintenance of a spatial conformation of the 
lipase. I t  is supposed from the value of the average hydrophobicity that  a hydro- 
phobic region of the lipase may have a large contribution to the formation of the 
enzyme-triglyceride complex. A t ryptophan residue, the amino acid of the highest 
hydrophobicity, may be a marker of a structural change in a hydrophobic region 
of the lipase. More detailed experiments chemically modifying the t ryptophan 
residues were carried out under the W, Ew and Eo conditions. 

The distributions of both 2-hydroxy 5-nitrobenzyl bromide and dimethyl- 
(2-hydroxy-5-nitrobenzyl)sulfonium bromide between water and olive oil was de- 
termined by measuring the absorbance of the reagents at 41o nm under the same 
conditions as Ew or Eo. The partition constants of 2-hydroxy-5-nitrobenzyl bromide 
(water/oil) and dimethyl-(2-hydroxy-5-nitrobenzyl)sulfonium bromide (oil/water) 
were o.oi and 0.006, respectively. These low values of the partition constants make 
it unlikely that  2-hydroxy-5-nitrobenzyl bromide, dissolved in water, or dimethyl 
(2-hydroxy-5-nitrobenzyl)sulfonium bromide, dissolved in olive oil, may have some 
influence on the results of the Ew or Eo modification. 

Figs 4 a and 4 b represent the time-courses of the loss of the lipase activity, 
and the plots of the residual enzyme activity vers~ts the amount of 2-hydroxy-5- 
nitrobenzyl t ryptophan per mole of the lipase, respectively. 

100 
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Time (h)  Moles of Tr'p mod i f ied /mo le  of the lipase 

Fig. 4 (a) and (b). T ryp tophan  residues modified under the W, Ew and E 0 conditions. The lipase 
(i2.5ffM) in o.i M acetate buffer (pH 5.o) was modified by  IO mM 2-hydroxy-5-nitrobenzyl  
bromide or io mM dimethyl-(2-hydroxy-5-ni trobenzyl)sulfonium bromide at 3 ° °C. Other  condi- 
t ions were the same as described in Materials and Methods. (~, W modification; ©, Ew modifica- 
t ion; O, E0 modification; A, Ew modification after 2-h incubat ion of the lipase (in 6 ml of o.i M 
acetate buffer (pH 5.0) with olive oil (2 ml)) at 3 ° °C with shaking (2 Hz, 5-cm amplitude).  
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About five moles of the t ryptophan residues per mole of the lipase were modified 
under the IV condition without any remarkable loss of the enzyme activity. 

On the other hand, the lipase was rapidly inactivated by the Eo modification. 
About four residues were modified under the Eo condition. 

Under the Ew condition, about four residues were modified at a relatively slow 
rate, and the lipase activity was decreased to about 5o% of the native enzyme. The 
products released from olive oil by the lipase action may influence the Ew modi- 
cation, because under this condition a rapid inactivation of the lipase does not occur. 
In order to clarify this problem, the lipase was modified under the Ew condition after 
a 2-h preincubation. The preincubation condition was the same as the Ew modification 
except that  dimethyl-(2-hydroxy-5-nitrobenzyl)sulfonium bromide was not added. 
Distinctive effects of the products on the Ew modification were not observed as shown 
by the triangles in Fig. 4- 

In the Eo modification, the value of one t ryptophan residue per mole of the 
lipase was obtained by extrapolating the linear relation between the loss of the 
enzyme activity and the amount of t ryptophan modified as shown in the dotted 
line in Fig. 4 b. 

The essential tryptophan residue 
The plesence of one t ryptophan residue essential to the lipase activity is sug- 

gested in Fig, 4 b. I t  may be due to the presence of non-essential t ryptophan residues 
that  the enzyme activity is not completely inactivated by the Eo modification of 
one residue. 

The Eo modification was carried out after the non-essential t ryptophan residues 
were previously modified under the W condition. The lipase activity was almost 
completely lost by the Eo modification of one t ryptophan residue as shown in Fig. 5. 
This result indicates that  one t ryptophan iesidue, which is in contact with olive oil, 
is essential to enzyme activity. Fig. 5 also shows that  two residues are modified 
under the Eo condition after the W modification. 

10C 

._~ 

5C 5 

o 

~- Mole of Trp modified / mope of the 
lipase 

Fig. 5. The relat ionship between the residual lipase activity and the amoun t  of t r y p t o p h a n  
modified under  the E 0 condition after  W modification. The lipase (I2.5ktM) was previously 
modified for 5 h by  io  mM dimethyl-(2-hydroxy-5-ni t robenzyl)sulfonium bromide under  the W 
condition. After a dialysis of the solution against  o.i  M acetate buffei (pH 5.0) for 12 h at  4 °C, 
the  lipase was again modified by  IO mM 2-hydroxy-5-nitrobenzyl bromide under  the E 0 condition. 
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Partial inactivation by Ew modification 
The number of t ryptophan residues which cause the partial inactivation due 

to the Ew modification are not clarified in Fig. 4 b. 
The lipase was modified under the Ew condition after W modification. Only 

one residue was modified, and the linear relation between the residual enzyme activity 
and the amount of t ryptophan modified was observed as shown in Fig. 6. These 
results indicate that  one t ryptophan residue caused the partial inactivation of the 
lipase by Ew modification. 

? 
ioo I 

s o  
o 

'5 

Moles of TrD modified / mole 
of the lipase 

Fig. 6. Modification of the t r yp tophan  residue under  the Ew condition after W modification. The 
lipase (12.5/~M) was previously modified under  the W condition as described in the legend of Fig. 
5. To the W-modified enzyme solution (6 ml), 2 ml of olive oil was added. Ew modification was 
carried Out wi thout  any fur ther  addition of dimethyl- (2-hydroxy-5-nitrobenzyl)sulfonium bromide. 
Other  conditions of Ew modification was the same as described in Materials and Methods. 

The lipase activity modified under the Ew condition was assayed by varying 
the frequency of shaking. The interface area of the olive oil emulsion should be 
increased with the increase of the shaking frequency. The native lipase activity was 
increased and reached a maximum with the increase of the shaking frequency as 
indicated by the filled circles in Fig. 7. The ratio of Ew-modified lipase activity to 
the native enzyme was increased by the increase of the shaking frequency. I t  is likely 
that  the partial inactivation by the Ew modification is mainly due to a decrease of 
affinity of the lipase for olive oil. The maximum activity of Ew modified lipase was 
not able to be measured because of the limitation of the shaking incubator. Thus it 
is not obvious if some change in thes patial conformation of the lipase is brought 
about by E,,. modification. 

Overlapping of the tryptophan residues modified under W, Ew and Eo conditions 
Table I I I  is a summary of data in Figs 4 6, and of some additional experi- 

ments under the conditions of combinations of W, Ew and Eo. 
The results of Expts  1-3 indicate that  the sum of t ryptophan residues modified 

under each condition is thirteen. The eight t ryptophan residues were detected in the 
lipase as shown in Table I. These results indicate that  the residues modified under 
each condition overlap. The overlapping number can be calculated by subtracting 
the final number of the stepwise-modified residues (e.g. six in W and Ew) from the 
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Fig. 7. The l ipase a c t i v i t y  pa r t i a l l y  i n a c t i v a t e d  by  Ew moJi f ica t ion .  Af te r  t h e  l ipase  (12.5 pM) 
was modif ied for 4 h under  the  Ew condi t ion,  the  emuls ion  was cen t r i fuged  a t  3ooo r e v . / m i n  for 
5 min. The l ipase a c t i v i t y  of the  wa te r  l a y e r  was  measured  as  descr ibed in Mate r ia l s  and  
Methods. 0 ,  na t i ve  l ipase;  O, Ew-moclified l ipase.  

sum of the independently-modified residues (e.g. nine in W and Ew). I t  is suggested 
by the results of Expts  1-6, that  the overlapping numbers of W:Ew, W:Eo, Ew:Eo 
are three, two and one, respectively. 

The modification of the three steps (W -~ Ew -~ Eo) were carried out as shown 
in Expt  7. The number of residues finally modified in Expt  7 agreed well with the 
value which is calculated by subtracting the sum of the overlapping residues (six) 
from the sum of the independently-modified residues (13). Each modification of one 

T A B L E  I I I  

S U M M A R Y  OF T H E  M O D I F I C A T I O N S  OF T R Y P T O P H A N  R E S I D U E S  

Resu l t s  in E x p t s  1-  5 are the  d a t a  in  Figs  4-6. E x p t  6: the  enzyme  (13 #M) was modified for 5 h 
under  the  Ew condi t ion.  The reac t ion  m i x t u r e  was cen t r i fuged  a t  3ooo r ev . /min  for 5 min,  and  
5 ml of the  enzyme  so lu t ion  was wi thd rawn .  The solu t ion  was  d ia lyzed  aga ins t  o . i  M ace t a t e  
buffer (pH 5.0) for 12 h a t  4 °C, and  was filled up to 6 ml  wi th  the  same buffer. The enzyme  was 
aga in  modified under  the  E 0 condi t ion.  The condi t ions  of the  Ew and E 0 modif ica t ion  were the  
s a m e  as in Table  I I .  E x p t  7 : t he  condi t ions  of W ~ Ew and  Ew ~-  Eo were the  same as in E x p t s  
4 and  6, respect ive ly .  E x p t  8: the  l ipase (13 ttM) was i ncuba t ed  wi th  6 M urea  (pH 3.o) for 7 h a t  
room t empera tu r e .  To th is  enzyme  solution,  d ime thy l - (2 -hydroxy-5 -n i t robenzy l ) su l fon ium bromide  
was added  to  br ing  the  final concen t r a t ion  to  i o  mM. After  a 5-h incuba t ion  a t  3 ° °C, the  a m o u n t  
of t r y p t o p h a n  modified was de t e rmined  as descr ibed in Mater ia l s  and  Methods.  
The  va lues  in  the  pa ren theses  represen t  a neares t  in tergar .  

Experiment Modification React ion Number of tryptophan Residual 
time (h) modified activity (%) 

i W 8 
2 Ew 8 
3 Eo 6 

4 W---~Ew 5-->-4 
5 W--->Eo 5 ---~2 
6 Ew -+ Eo 5 --'-- 4 

7 W-~Ew-+Eo  5 - + 4  --+2 

8 W (urea) 5 

5.i (5) 95 
4.~ (4) 48 
3.6 (4) o 

5.0 (5)--*6.0 (6) 
5.0 (5)--~6.9 (7) 
4.2 (4)--*6.7 (7) 

5 .0 (5) ~ 5 .8 (6) ~ 7.0 (7) 

7.8 (8) 

95 ---> 49 
9 5 ~ o  
48--- .0  

9 5 - - - . 5 0 - - . 0  
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t ryptophan residue at the Ew and Eo modification caused 5o and IOO% inactivation 
of the lipase, iespectively. This result proves that  one t ryptophan residue modified 
under the Ew condition, which causes the partial inactivation, is not identical with 
the one essential residue modified under the Eo condition. 

I t  is indicated in Expt  8 that  about eight t ryptophan residues are modified in 
urea-denatured lipase by dimethyl-(2-hydroxy-5-nitrobenzyl)sulfonium bromide. 
This value agreed with the result in Table I. One t ryptophan residue seems to be 
buried in the lipase molecule under the conditions of W, Ew and Eo. 

DISCUSSION 

Both reagents of 2-hydroxy-5-nitrobenzyl bromide 12,1° and dimethyl-(2-hy- 
droxy-5-nitrobenzyl)sulfonium bromide 5 also react with a cysteine residue. The 
results of Table I I  and p-chloromercuribenzoate titration of the urea-denatured 
lipase suggest that  the six half-cystine residues detected by the amino acid analysis 
correspond to the three cystine residues. Thus the chromophore of the 2-hydroxy- 5- 
nitrobenzyl group introduced to the lipase is considered to be due to the selective 
modification of the t ryptophan residues. 

I t  was reported that  the reaction of 2-hydroxy-5-nitrobenzyl bromide with 
t ryptophan residues also gave a di-substituted product12, 2°. However, the stoichio- 
metric relation between the amount of residue modified per mole of the lipase and 
the loss of the enzyme activity was shown in the Eo and Ew modification (see Figs 5 
and 6). The result of the modification of the urea-denatured enzyme agreed well with 
that  of the amino acid analysis. As judged from the results reported by Barman 
and Koshland TM, the concentrations of the modifying reagents used in these experi- 
ments seem not to be so high as to give the all-substituted product, although a valid 
concentration of the reagent, which reacts with the t ryptophan residues at the 
interface of the olive oil emulsion, is not clear. These make it very probable that  
almost all the t ryptophan residues are modified by the reagents to give a mono- 
substituted product. 

The eight t ryptophan residues can be classified into five groups with respect 
to the states of a spatial conformation of the lipase molecule or to roles on the lipase 
activity as shown in Scheme I. Scheme I is obtained from Table I I I .  The eight residues 
are numbered from No. I to No. 8 on the following assumptions ((A)-(D)). (A) The 
five residues modified under the W condition are Nos 1- 5. (B) The overlapping three 
between the W and Ew modification are Nos 3-5. (C) The one modified under the 
Ew condition after W modification is No. 6. (D) The one modified under the Eo 
condition after W and Ew modification is No. 7. Then, the overlapping two between 
the W and Eo modification should belong to Nos I and 2, and the overlapping one 
between the Ew and Eo modification, No. 6. No. 8 is modified only in the urea- 
denatured lipase. The first group (I), Nos i and 2, is non-essential to the lipase 
activity and is exposed to olive oil at the interface of the emulsion. The presence of 
these two residues which are modified under the W condition, but  not under the 
Ew condition, may indicate that  almost all the lipase molecules are bound by olive 
oil under the Ew condition, as expected from the fact that  the lipase activity shows 
the maximum value under the shaking condition of Ew modification. The second (II), 
Nos 3-5, is also non-essential to the lipase activity and is exposed to water at the 
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No. of Group Modification Structure 
residue 

W Ew E o W (urea) 

Function 

I I + + + Exposed  
2 + + + to oil 

3 I I  + + + Exposed  
4 + + + to wa te r  
5 + + + 

6 IIl + + + Exposed to 
water and oil 

7 IV + + Exposed 
to oil 

8 V + Buried 

Non-essent ia l  

Non-essent ia l  

(Binding site) 

Ca ta ly t i c  si te  

Not  c]ear 

interface of the emulsion. The third (III) ,  No. 6, is in contact with both water and 
oil. This is consistent with the suggestion obtained from Fig. 7 that  the binding of the 
lipase to olive oil may be inhibited by the modification of the No. 6 residue. The 
fourth (IV), No. 7, is essential to the catalytic activity of the lipase and is exposed 
to the oil. The residues of Nos 6 and 7 are considered to be exposed to the surface of 
the lipase molecule according to the formation of the enzyme-substrate  complex, 
since these residues are not modified under the W condition, but are modified under 
the Ew and Eo conditions. The fifth (V), No. 8, is buried in the lipase molecule under 
the W, Ew and Eo condition. 

I t  was reported by Desnuelle and co-workers3, 4 that  a serine and possibly a 
histidine residue were involved in the active center of pancreatic lipase. In fact, the 
various hydrolytic enzymes are known to have a serine and a histidine residue on the 
active center. I f  an effective reagent is obtained, it may be meaningful to modify 
these residues of Rh. delemar lipase under the W, Ew and Eo condition. 

Maylie et al. 4 also showed that  the essential serine of pancreatic lipase was 
modified only by the emulsified reagent. Although their observations do not neces- 
sarily provide information about a state of pancreatic lipase bound by the substrate, 
the results of the chemical modifications of both pancreatic and Rh. delemar lipase 
suggest that  the essential residues buried in the enzyme molecule may  be exposed 
to the enzyme surface by the formation of the enzyme-substrate complexes. 

Chemical modification with the use of both oil-soluble reagents and water- 
soluble reagents is considered to be useful in the study of the structure and function 
of proteins which interact with lipids to play an important role on biological activities. 
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