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A B S T R A C T  

A method for the determination of enzyme kinetic constants V~, Kin, and K~ in a histochemi- 
cal system has been devised. As a substitute for the reciprocal of the reaction velocity, the 
times necessary to reach a fixed amount of end product (the initial visible color) in a tissue 
site at various substrate concentrations are plotted, according to the method of Lineweaver 
and Burk, against the reciprocal of the substrate concentrations. The  technique as applied 
to trypsin-like esterase and amidase activities in human mast cells indicates that a single 
enzyme or closely related enzymes in this site are responsible for the hydrolysis of both 
the amide and ester substrates and that typical trypsin substrates act as competitive in- 
hibitors of their hydrolysis. Parallel biochemical studies were performed to evaluate the 
effect of certain aspects of the experimental histochemical method on a purified homospecific 
enzyme. The  relative kinetic constants derived by the histochemical method afford a further 
means of characterizing enzymic activity in a histochemical system. 

Enzymes are characterized biochemically pri- 
marily on the basis of their rates of reaction on 
specific substrates. Histochemically, enzyme char- 
acterization has been limited predominantly to a 
tabulation of the effects of modifiers (inhibitors 
and activators) on the enzyme-mediated change 
of specific substrates. Certain parameters, how- 
ever, derived from the study of the rate of reaction 
of an enzyme on a specific substrate are known to 
be of especial value in enzyme characterization. 
The present report describes a histochemical tech- 
nique for the study of the kinetics of an enzyme- 
catalyzed reaction, the derivation of kinetic con- 
stants from the data obtained, and the significance 
of these data in the characterization in human 
mast cells of an amidase and esterase activity 
having similarities to trypsin (I-3).  Throughout  
this work, parallel biochemical studies were per- 
formed on crystalline trypsin for the purpose of 

evaluating the effect of certain aspects of the ex- 
perimental histochemical method on a purified 
enzyme with similar substrate specificity. 

H I S T O R I C A L  P E R S P E C T I V E  

The first study of enzyme kinetics in a histochem- 
ical system was that of Barter, Danielli, and 
Davies (4). Graphical data were presented of 
/3-glycerophosphate hydrolysis, as measured by 
micro-interferometry, relating initial rate of pre- 
cipitation of calcium phosphate to substrate con- 
centration. No attempt, however, was made to 
utilize these graphical data for the determination 
of numerical kinetic constants. Holt  and O'Sul-  
livan (5) investigated in extensio the theoretical 
parameters applicable to a study of enzyme 
kinetics in a histoehemical system. In a further 
investigation of histochemical enzyme kinetics, 
Benditt and Arase (6) attempted the application 
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of the graphical  method of Lineweaver and  Burk 
(7) to a histochemical d iazonium coupling system 
to obtain quali tat ive information as to the nature  
of enzyme activity. From the graphic data  the 
nature  of the inhibi t ion could be evaluated. The  
authors concluded from these graphic  representa- 
tions tha t  enzyme kinetic constants could be ex- 
tracted,  though no numerical  values were given 
(6). 

G E N E R A L  T H E O R Y  

The  most significant of enzyme parameters  is the 
Km or Michael i s -Menten  constant,  generally in- 
terpreted as signifying the substrate concentra t ion 
at  half  m a x i m u m  velocity. The  Michael i s -Menten  
equat ion (8) for the de terminat ion  of Km is: 

K~ = S. -- 1 or V - K m + S  

The  reciprocal form of this equat ion is 

] , 
v v,o + v ~  

as derived by Lineweaver  and  Burk (7). Since 
the equat ion  is l inear  (i.e., y = ax + b), there 
results a straight line when  1/v is plotted graphi-  
cally against 1/S. This  line intersects the ordinate  
at  l / V m .  The  slope of this line is Km/V,n  and, 
since Vm can be determined from the intercept,  
Km can be calculated, i.e. K,,~ = Vm. (sl). Also Km 
can be determined by extending the line to the 
left of the ordinate  unti l  it intersects the abscissa. 
This point is - 1  ~Kin (9). In  th  d presence of a 
competi t ive inhibi tor  the Michael i s -Menten  

v = velocity of the reaction 
V,~ = maximal velocity of the reaction 
S = substrate concentration 
I = inhibitor concentration 
E = enzyme concentration 
Km = Michaelis constant, derived from equation 

k~ k~ ks + k3 E + S  ~ ) C ) P, K m =  , 
k 2 kt 

where diazonium coupling reaction is 
assumed to be complete and instantaneous. 

t = time 
Ks = inhibitor constant 
sl = slope 
KrE s = enzyme-substrate inhibition constant 
Q = fixed amount of end product 

equation,  as modified by Lineweaver  and  Burk, 
gives 

+ 

If  1/v is plotted against 1/S, the slope of the re- 
sulting line is K,~/V~[1 + ( I /K i ) ]  and the inter-  
cept is 1/Vm. If Km is determined in the absence 
of inhibitor,  the Ki can be calculated, i.e., 

K,~.I 
K i -  

(sO. v,~ - Km 

Any other  graphical  method for the de termina-  
tion of the kinetic constants,, e.g. tha t  of Dixon 
(9) or Eadie (10), is also applicable in checking 
the above method. 

In  their  application of the graphical  method 
to a histochemical d iazonium coupling system, 
Bendit t  and  Arase (6) utilized the fact tha t  the 
reciprocal of the t ime necessary to change a cer- 
tain amount  of substrate is a direct measure of the 
enzymic activity (11), i.e. v = Q/ t ,  and, if the 
quant i ty  of substrate changed (end product)  is 
made  a constant, 1/v = k . t ,  then 1/v is directly 
proport ional  to t. In  their  example of the applica- 
t ion of this method histochemically, a series of 
geometrically increasing time intervals and  sub- 
strate concentrat ions were used and  varying color 
intensities were given prescribed values, i.e., A,  B,  

and  C. These authors then plotted the t ime neces- 
sary to obtain a fixed end product, e.g. the in- 
tensity of color represented by C at varying sub- 
strate concentrations. The  same technique was 
applied in the presence of a single inhibi tor  con- 
centrat ion to plot inhibi tor  effect on the reaction 
rate. 

R A T I O N A L E  F O R  P R E S E N T  M E T H O D  

After numerous  trials of the Bendit t  and  Arase 
technique in several histochemical systems ( l ,  12), 
it became apparen t  tha t  this method would have 
to be extensively revised if reproducible numerical  
kinetic data  were to be derived from the graphical  
plots. 

In  the development  of the present method cer- 
ta in  aspects of enzymic reactions were taken into 
consideration. In  order  to approximate  as closely 
as possible the real initial velocity of an  enzymic 
reaction, the t ime of incubat ion should be kept  
as short as possible so as to minimize the effect of 
any inact ivat ion of the enzyme. A short incubat ion  
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time would also maintain the products of the re- 
action, which might cause a slowing of the reac- 
tion rate, at a low concentration relative to that 
of the substrate. Since the time necessary to reach 
a fixed end point is dependent upon substrate 
concentration, the time necessary to reach the 
fixed end point should be an unrestricted variable 
and not assigned a series of geometrically in- 
creasing values. 

Specific features peculiar to the diazonium 
coupling reaction in histochemistry had also to be 
considered. One of the most important of these is 
the inhibitory effect of many diazonium salts or 
their adjuvants on enzymic activity. Another is 
the background coloration afforded to tissues by 
the diazonium coupling with proteins as well as 
the adsorption by proteins of decomposed dia- 
zonium salt products. Since these effects are a 
function of time, incubation time for the histo- 
chemical enzymic reaction should be kept to a 
minimum. Furthermore, diazonium salts, besides 
coupling with phenolic and indolic compounds, 
can react reversibly with primary aliphatic amines 
to form unstable triazene compounds. Whether  
this latter reaction has any effect on the enzymic 
hydrolysis of peptides and aliphatic amine sub- 
strates is unknown. However, the use of phenolic 
or indolic substrates or inhibitors in the kinetic 
system appears definitely contraindicated in view 
of the fact that azo products of these compounds, 
formed as the result of diazonium coupling, will 
reduce the effective substrate or inhibitor con- 
centration at definite but unknown rates. The 
significance of the coupling rates of diazonium 
salts in determining kinetic constants will be dealt 
with in detail elsewhere in this report. 

Certain factors relating to visual photometry 
also influenced the experimental approach. The 
point of "just perceptible luminance" is repro- 
ducible under optimal conditions to within 6 per 
cent on either side of the mean (13). Although 
the difference sensitivity for color is little affected 
by the general luminance level, a surrounding 
colored field greatly reduces the ability of the eye 
to sense color differences (14). A short incubation 
time would tend to reduce the distracting back- 
ground coloration caused by diazonium salts. 

In view of the above considerations it was de- 
cided to use, as a fixed end point in the histo- 
chemical kinetic system, that concentration of 
product necessary to produce microscopically in 
a tissue site a just visible color. 

The assumption was made that the rate of dye 
production, as the result of the enzymic activity, 
is linear and that all just visible mast cells contain 
the same amount of dye product. Since no estima- 
tions of enzymic activity were based on integra- 
tion from graded color intensities, only one in- 
tensity being used as reference point, it was not 
necessary to demonstrate linear stoichiometry 
over a wide dye intensity range, i.e. continuously 
graded intensities of color with increasing con- 
centration of the colored product. In this way, 
visual threshold sensitivity was used to determine 
the end point and the incubation time was re- 
duced to the absolute minimum for light micros- 
copy. The time necessary to achieve the fixed 
end point was recorded, thereby becoming an 
unrestricted variable, and the use of substrates 
or inhibitors having phenolic or indolic moieties 
was avoided in kinetic studies. 

R E A G E N T S  

The substrates used in these experiments were the 
f~-naphthylamide hydrochlorides of benzoyl-DL- 
argininc, benzoyl-D-arginine and benzoyl-DL-lysine, 
and the hydrobromides of Naphthol AS and AS-D 
e-aminocaproate. 1 Synthesis." The synthesis of benzoyl- 
DL-arginine /3-naphthylamide hydrochloride has 
been previously reported (1, 15) and the syntheses 
of the hydrobromides of the Naphthol AS and AS-D 
~-aminocaproates will be described in a separate 
report (3). For permission to report the synthesis of 
benzoyl-DL-lysine /3-naphthylamide HC1 we are in- 
debted to Dr. J.  E. Folk, who first described the 
use of this compound (16). 

BENZOYL-D-ARGININE ~-NAPHTHYLAMIDE 
HVDROGHLORIDE was synthesized from benzoyl- 
DL-arginine fl-naphthylamide following the general 
enzymic method described by Erlanger et al. (17), 
using trypsin to resolve the racemate. The compound 
was crystallized from ethanol-ethyl acetate, mp 219- 
220. Yield 40 per cent of theoretical. Calculated for 
C23H25NsO2.HCl: C, 62.8; H, 5.8; N, 15.9. Found: 
C, 62.8; H, 5.9; N, 15.8. [a]2, ° + 38.6 ° (c, 1.0 in 
pyridine). Difficultly soluble in water and alcohols; 

i Abbreviations : 
BANA benzoyl arginine /3-naphthylamide 
BLyNA benzoyl lysine /3-naphthylamide 
EACA-AS Naphthol AS ,-aminocaproate 
EACA-AS-D Naphthol AS-D ,-aminocaproate 
BAA benzoyl-L-arginine amide 
BAME benzoyl-L-arginine methyl ester 
Cbz carbobenzyloxy 
13-N-AS Naphthol AS 
/3-NA O-naphthylamine 
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soluble in pyridine,  dimethylsulfoxide,  and  d imethyl -  
formarnide. Muta ro ta t ion  occurs in dimethyl-  
formamide .  

B E N Z O Y L - D L - L Y S I N E  B - N A P H T H Y L A M I D E  H Y -  

D R O C H L O R I n E : T h e  ~ - b e n z o y l - e - C b z - n L - l y s i n e  

13-naphthylamide was synthesized f rom ~x-benzoyl-e- 
Cbz-DL-lysine a n d  /3-naphthylamine by the  mixed  
anhydr ide  t echn ique  us ing  isobutyl chloroformate in 
me thy lene  chloride. Following washing  and  drying 
of the  methy lene  chloride, the  solution was con- 
cent ra ted  and  pen tane  added  to a cloud. T h e  com- 
p o u n d  crystallized on cooling and  was recrystaUized 
f rom 80 per  cent  methanol ,  m p  153-5. Calculated 
for C31H3104N3: N, 8.25. Found:  N, 8.24. Benzoyl- 
nL-lysine 13-naphthylamide hydrochlor ide was ob- 
ta ined from the  above Cbz  derivative by hydrogena-  
t ion in dilute hydrochloric  acid in the  presence of 
pa l l ad ium black. T h e  solvent was removed after 
filtration, the  c o m p o u n d  crystallized from ethanol  
by addi t ion of ether,  and  recrystallized from hot 
methanol -e thyl  acetate,  m p  195. Calcula ted for 
C23H2#N302-HCl: C, 67.1; H,  6.3; N, 10.2. Found:  
C,  67.0; H,  6.6; N, 10.0 [a]~ ° 0 ° (c, 1.0 in ethanol) .  
Soluble in water  and  methy l  and  ethyl alcohol. 

Benzoyl-L-arginine methy l  ester and  benzoyl-L- 
a rg in ine  amide  were obta ined from M a n n  Research 
Laboratories ,  New York;  Fast  Garne t  GBC from 
Verona  Dyestuffs,  Union ,  New Jersey;  trypsin 4 X  
pancrea t in  f rom Nutr i t ional  Biochemicals,  Cleveland,  
Ohio,  and  bovine t rypsin (crystalline) f rom Wor th -  
ing ton  Biochemical  Corp. ,  Freehold,  New Jersey,  
a n d  S igma Chemica l  Co., St. Louis,  Missouri .  

M E T H O D S  A N D  P R E L I M I N A R Y  

E X P E R I M E N T S  

HISTOCHEMICAL: Sections of h u m a n  and  canine 
skin were obta ined  at  necropsy and  immedia te ly  
frozen on dry  ice and  cut  at 8 and  16 # using an  
In ternat ional  Mino t  rotary  micro tome in a cryostat  
according to the  me t hod  of Klionsky (18). Using 
cont inuously  the  same binocular  Bausch and  L o m b  
microscope with Abbe  condenser,  100 X magnif i -  
cat ion and  usua l  incandescent  l ight source under  
KShler  i l luminat ion,  we obta ined  the  enzymic  
kinetic informat ion needed in the  following manner .  
Serial frozen skin sections m o u n t e d  on slides were 
incubated  at  room tempera tu re  (25°C) in Coplin 
j a r  covers, each conta in ing  a constant  quan t i ty  of 
buffer, d i azon ium salt, and  vary ing  concentrat ions  
of substrate  (see specific studies for exact  incuba t ing  
solution composit ions),  and  cont inuously agitated. 
T h e  investigator took slides cont inuously from the  
incubat ing  solutions at  short  t ime  intervals for rapid 
microscopic examina t ion  and  re turned  t h e m  to 
the  solutions for cont inued  incubat ion.  At the  mo- 
men t  when  the observer first was able to visualize 

mas t  cells in a given slide, the  t ime  of observat ion 
for this slide was recorded. T h e  t ime  generally varied 
from 5 to 30 minutes .  For  the  s tudy  of inhibi tor  
effects, the  incuba t ing  solution r ema ined  the  same  
with the  only addit ion being the  presence of a con-  
s tant  concent ra t ion  (determined by pre l iminary  
trials) of  inhibi tor  (for Lineweaver-Burk plots). 
For  the  purpose of avoiding prejudice,  the  slides 
in solutions conta in ing  different substrate  concen-  
trat ions were given arbi t rary  letters by a second par ty  
who recorded the  t ime  from a stop watch  when  the  
investigator indicated his observat ion of jus t  visible 
mas t  cells for each labeled slide. 

I n  practice it was observed tha t  sites with n u m e r o u s  
mas t  cells, e.g. those su r round ing  hair  follicles, t ended  
to show ceils earlier t h a n  those areas with a lower 
cell density. Therefore,  the  corresponding areas 
of  the  section were always studied. For this reason 
and  also because definite differences in the  enzymic  
activity in the  mas t  cells of  various skin sections were 
observed, it was necessary to use  serial sections. 
Fig. 1 demonst ra tes  tha t  all the  mas t  cells in a specific 
area of the  section do not  become visible a t  the  same  
t ime,  a fact expected on the  basis of  the  r a n d o m  
localization of the  cells t h rough  the  thickness of  the  
section. Therefore,  tha t  m o m e n t  when  the investi- 
gator  was able to see at least 4 mas t  cells was chosen 
as end point;  i.e., a group of mas t  cells ra ther  t h a n  a 
single cell was used as the  reference point.  As soon as 
it was noted tha t  the  end  point  had  been reached in 
the  first of the  incuba t ing  slides, this slide was taken 
into buffer  solution to be used as reference to assure 
similarity in the  end  point  estimations.  I n  separate  
double-bl ind exper iments  calculat ion of the  error 
in t ime needed for the  appearance  of the  mas t  cells, 
o ther  exper imenta l  condit ions and  the  investigator 
being the  same,  consistently showed a coefficient of 
variat ion of less t h a n  10 per  cent. In  Tab le  I the  
results of  two separate  exper iments  arc presented.  
T h e  error of  the  over-all me thod  when  de te rmin ing  
the  kinetic constants  was found to be less t h a n  50 
per cent. 

Correct ion for the  spontaneous  hydrolysis of  the  
substrate  in the  incuba t ing  solution (6) was m a d e  
in those cases in which it was necessary. 
BIOCHEMICAL: In  the  biochemical  studies on 
the  tryptic hydrolysis of  the  substrates used in the  
his tochemical  procedures,  the  source of the  bovine 
trypsin was a 3X  crystallized Wor th ing ton  prepa-  
ration. For compar ison,  several other  commerc ia l  
prepara t ions  were tested. W h e n  DL-BANA and  
DL-BLyNA were used as substrates,  they  were dis- 
solved in distilled water.  Because of the  ex t reme 
aqueous  insolubility of  D-BANA, it was found 
necessary to dissolve it in dimethylsulfoxide which  
was then  di luted with water  to afford a solvent with 
little effect on the  enzymic  activity. E A C A - A S  was 
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dissolved in 0.1 mM hydrochloric acid to impede 
spontaneous hydrolysis. Buffer used throughout 
the study was 0.1 ~,l phosphate, pH 7.2, and Fast 
Garnet GBC was used as the diazonium salt com- 
ponent. A solution of the salt (3.5 mg/ml) was freshly 
prepared, filtered, and kept in an ice cold flask before 
and during the experiments. 

In simultaneous coupling experiments the dia- 
zonium salt was included in the incubation solution. 
The enzymic reaction was stopped by the addition 
of 0.7 ml o fn  acetate buffer (pH 4.2) in which Tween 
20 (10 per cent) was incorporated to disperse the 
azo dye product. 

12 

FIOURE 1 

Time sequence for the appearance of 
visible mast cells in a specific micro- 
scopic field. Substrate, DL-BANA, 
0.10 mM; Garnet GBC, 0.4 mg/ml.  
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In postcoupling experiments using procedures 
outlined previously (19), the enzymic reaction was 
stopped by the addition of 1.0 ml of N acetate 
buffer (pH 4.2) containing Garnet GBC and, to 
disperse the azo dye product, Tween 20 (I0 per 
cent). In both the simultaneous and postcoupling 
methods the color absorptions were measured using 
a Beckman DU spectrophotometer at 525 m/z and 
545 mt~ for /3-naphthylamine and Naphthol AS, 
respectively. Standard curves were prepared from 
an alcoholic solution of /3-naphthylamine and 
Naphthol AS in conditions identical to those used 
experimentally. 

A fluorimetric assay was developed to control 
part of the experiments. An Aminco-Bowman 
spectrophotofluorimeter was used, and the measure- 
ments of the enzymically liberated B-naphthylamine 
were obtained with the excitation wave length of 
280 mr* and fluorescence at 410 m/~. The correspond- 

ing wave lengths in the assay of liberated Naphthol 
AS (20) were 310 m~ and 515 m~, respectively. 
Essentially similar results were observed using the 
postcoupling and fluorimetric techniques. For further 
details of procedures, see the experimental section. 

Effects of Diazonium Coupling 
Rate on Experimental Procedure 

In the presentation of the method so far it has 
been assumed that  the color formation in tissues 
from the enzymicaUy liberated ~-naphthylamine 
or Naphthol  AS through coupling with the stabi- 

f 

J 
5 I0 15 20 25 50 

T iME (MINUTES) 

lized diazonium salt Garnet  GBC occurred so 
rapidly that  this step was not limiting in the de- 
termination of the reaction velocity. The coupling 
step is non-enzymatic, is dependent  on the typical 
coupling characteristics of both the diazonium 
salt and the naphthylene compounds as well as 
on the concentration of these substances, and is a 
second order reaction. 2 In  order to evaluate the 
effect of the diazonium coupling rate on kinetic 
constant determinations, the following experi- 

ments were performed. 
The coupling velocity was studied in test tube 

experiments with a Beckman DU spectrophotom- 

2Under optimal histochemical conditions where 
the concentration of diazonium salt is high in rela- 
tion to the released naphthylene component, this 
could be considered as a first order reaction (5). 
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eter, using, as a substrate solvent, 1) an  aqueous 
solution, 2) an  aqueous solution with added 
albumin,  3) an  aqueous solution with added 
Tween 20. The  following solutions were prepared.  
f l -naphthylamine (5.7 rag, 40/z~) was dissolved in 
3 ml of absolute methanol  and  then diluted to 
200 ml with distilled water  to give a clear solution. 
Bovine a lbumin  (Nutri t ional  Biochemical Cor- 
porat ion) was used as a 1 per cent  solution in 
0.1 M phosphate  buffer, pH 7.2. Tween 20 was 
used a a 10 per cent solution in 0.1 M buffer, 
pH 7.2. The  addit ion of the a lbumin  or Tween 

T A B L E  I 

Variation in the Time Required for the Appearance of 
Visible Mast Cells in Two Series of Double-Blind 
Experiments 

Ex- 
peri- 
ment Individual SD 
NO. observations Mean sD Mean 

(Min.) % 

1 6 . 5 , 7 . 0 , 6 . 0 , 8 . 0 ,  7.0 0.65 9.3 
7.0, 7.5, 7.0 

2 16.0, 16.5, 18.0, 15.9 1.37 8.6 
15.0, 17.0, 
14.0, 15.0 

In Exper iment  1 : substrate concentra t ion  of 
DL-BANA, 0.12 mM; in Experiment  2:0.050 raM. 

did not affect the pH of the solution. The  test 
solution consisted of 

Buffer, 0.1 M phosphate  buffer, pH 7.2 1.7 ml 
/3-naphthylamine stock solution 1.0 ml 
Garne t  GBC stock solution (3.5 mg/rnl)  0.3 ml 

The  /3-naphthylamine solution and  buffer were 
mixed at  room temperature  (27°C) in the spec- 
t rophotometr ic  cuvette and  the Garne t  GBC 
solution was immediately added, mixed, and  the 
cuvette placed in the spectrophotometer  and  
readings taken instantly and  at 15-second in- 
tervals unt i l  no fur ther  reaction occurred. In  the 
remain ing  experiments 0.5 ml of buffer was re- 
placed with 0.5 ml of the a lbumin  buffer solution 
or the Tween 20 buffer solution. Half-reaction 
times were calculated on semilogari thmic graphs. 
Results of a typical exper iment  are presented in 
Fig. 2 and  Table  II ,  showing the half-reaction 

times measured. These experiments show that  
with  these concentrat ions of coupling component  
(/3-naphthylamine) and  d iazonium salt (Garne t  
GBC) relatively long half-reaction times in 
aqueous solution were observed. By doubl ing the 
concentrat ion of d iazonium salt, the half-reaction 
t ime was reduced 50 per  cent  of the original. 
Moreover,  in the presence of a lbumin,  the half- 
reaction time was lowered by 50 per  cent, and, 
with  the reaction solution containing ~ween  20, 
the half-reaction time was less than  10 per  cent 
tha t  in water. 

These experiments clearly show tha t  the dia- 
zonium coupling rate is highly dependent  upon  
the med ium in which coupling occurs as well as 
the molecular  proportions of the reactants. In 
tissue mast  cells we have a known high concentra-  
t ion of proteins and lipoid materials which may  
act as surfactants to affect coupling rate. Fur ther-  
more, the naphthylene  coupling component  is 
l iberated in monomolecular  form (status nascendi) 
dur ing  the enzymic reaction, so tha t  the actual  
coupling rate may  be exceedingly rapid as com- 
pared to that  in aqueous solution. Since we do not 
know either the actual local solvent situation in 
which the coupling reaction takes place or the 
actual  concentrat ion of d iazonium salt dur ing the 
steady state of the reaction, we cannot  predict  
/tom test tube experiments the real coupling speed 
in mast  cells dur ing the histochemical reaction. 
I t  seems reasonable to expect tha t  a delay caused 
by the coupling speed with Garne t  GBC may 
cause a certain constant  error in determinat ions 
of velocity in the present method;  but  this error 
may be insignificant, especially when viewed in 
terms of the scope of other experimental  errors. 

Effect of  Concentration of 

Diazonian Salt  on Histochemical 

Coupling Reaction 

Essentially the same problem was studied in 
tissue sections, using as test object the mast  cell, 
wi th  varying concentrat ions of Garne t  GBC in the 
incubat ing solution. As noted above, the coupling 
speed is directly proport ional  to the concentra t ion 
of the d iazonium salt. If  the concentrat ion of 
d iazonium salt is a l imiting factor in the coupling 
reaction, then at different concentrat ions of di- 
azonium salt one would expect to observe the cells 
a t  different times. In Fig. 3 the effect of varying 
the d iazonium salt concentrat ion on the t ime 
needed to visualize mast  cells is recorded. AI- 
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T A B L E  II 

Dependence of the Coupling Speed of ~-Naphthylamine 
with Garnet GBC on the Composition of the Reaction 
Mixture 

Half-reaction times 

Concentration Presence of Presence of 
of Garnet GBC Water albumin Tween 20 

(mg/ml) ( s ec.) (see.) (see.) 

0.70 93 48 7 
1.40 42 23 4 

though it would be expected that on increasing 
the concentration of diazonium salt the appearance 
of visible mast cells would be noted sooner, this 
is actually true only within a rather narrow con- 
centration range. At too low a concentration, 
diffusion of the released coupling component  oc- 
curs, as evidenced by poor localization of azo dye 
to the cell. At too high concentrations of dia- 
zonium salt, the background staining interferes 
with mast cell visualization, and inhibition of 
enzymic activity probably occurs, both factors 
combining to lengthen the time necessary for the 
first .observation of mast cell staining. It is ap- 
parent  that these latter effects are a limiting factor 

FIGURE 

Determination of the half-reaction coupling 
times in various reaction media. 

in attempts to shorten the incubation time by 
increasing the diazonium salt concentration above 

a certain point. 

A M I D E  S U B S T R A T E  E X P E R I M E N T S  

A N D  R E S U L T S  

HISTOCHEMICAL STUDIES: With the race- 
mic substrates oL-BANA and DL-BLyNA (each 
having a zero rotation in ethanol) the enantio- 
morphic-L-forms constituted 50 per cent of the 
substrate concentration. Final molar  concentra- 
tions, therefore, were based only on the concentra- 
tion of the L-form, though experiments are dis- 
cussed in terms of the racemate. Preliminary 
studies showed that  the shortest measurable time 
was obtained with final substrate concentrations 
of L-BANA of 0.11 m i  or over. Substrate con- 
centrations of under  11 #M increased the reaction 
time over 30 minutes. Therefore, the final graded 
series was adjusted between these limits. The 
following stock solutions were prepared:  sub- 
strate solutions of DL-BANA and DL-BLyNA at a 
concentration of l m g / m l  in water (L-BANA 
concentration of 1.1 mM and L-BLyNA concen- 
tration of 1.2 mM), a stock aqueous solution of 
Garnet  GBC at 3.5 mg/ml ,  and stock aqueous 
inhibitor solutions of benzoyl-L-arginine amide 
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CONCENTRATION OF GARNET GBC (m 9 /ml) 
FIGURE 3 

Dependence of the time needed for the appearance 
of visible mast cells on the concentration of Garnet 
GBC. Substrate concentration, 0.10 mM. Each 
point represents the mean of three separate ex- 
periments. 

(BAA) and benzoyl-L-arginine methyl ester 
(BAME) at 20 mM concentrations. The incuba- 
tion solutions had the following composition: 

Substrate L-BANA Phosph. Garnet 
solution concentration buffer GBC Water 

ml mM ml ml ml 

1.00 0.11 5.0 1.0 3.0 
0.50 0.06 5.0 1.0 3.50 
0.35 0.04 5.0 1.0 3.65 
0.25 0.03 5.0 1.0 3.75 
0.20 0.02 5.0 1.0 3.80 

The solutions were mixed just prior to use. In 
inhibitor studies using BAA as inhibitor, 2.5 ml 
of the inhibitor solution replaced an equal volume 
of water (final inhibitor concentration 5 raM). 
With BAME as inhibitor, 0.5 ml was used (final 
concentration, 1.0 m~t). 

RESULTS: Fig. 4 is a Lineweaver-Burk plot 
of the hydrolysis of DL-BANA in human  mast cells 
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FIGURE 4 

Lineweaver-Burk plot of the hydrolysis of DL-BANA by the mast cell enzyme(s). The lower line in 
the absence and the upper in the presence of BAA, 5.0 mM. Each point rcprescnts the mean of three 
separate experiments. 
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Lineweaver-Burk plot of the hydrol- 
ysis of DL-BANA by the mast cell 
enzyme(s). The lower in the absence 
and the upper in the presence of 
BAME, 1.0 raM. Each point represents 
the mean of three separate experi- 
ments. 
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T A B L E  I l l  

Values of Kinetic Constants of the Hydrolysis of 
DL-BANA and DL-BLyNA by the Mast Cell En- 
zyme(s) with BAA as Competitive Inhibitor 

enzymic activity previously discussed became 
maximal ly  operative. No reaction in canine  mas t  
cells was noted using DL-BLyNA as substrate dur-  
ing an  incubat ion  period of 1 hour. 

The  question arose whether  the hydrolysis of 
these two substrates in h u m a n  mast  cells was 
catalyzed by the same or different enzymes. If  

Substrate 

Constant DL-BANA DL-BLyNA 

Km 0.17)< I0-3M 0.19)< 10--aM 
Ks (BAA) 5.0  X l0 -3 M 5.8 X l0 -3 M 

DL-BANA, both  requir ing 5 to 6 minutes  for the 
demonst ra t ion  of mast  cells. The  theoretical Vm 
values de termined  from the Lineweaver-Burk 
plot were about  the same and  would give ob- 
servable mast  cells in 2 minutes. The  K,~ values 
given in Table  I I I  for bo th  substrates are the same 
within the limits of exper imental  error. In dog 
tissues the reaction with opt imal  concentrat ions 
of DL-BANA was ra ther  slow, wi th  staining ap- 
pearing in 20 to 25 minutes. Because of the slow- 
ness of the reaction in the mast  cells of this species, 
no a t t empt  to de termine  kinetic constants was 
made  since the factors impai r ing  evaluat ion of 

and  reveals tha t  the inhibi t ion of tha t  hydrolysis 
by BAA is competit ive in  nature.  Ano the r  ex- 
per iment  with  DL-BANA, but  using B A M E  as 
inhibitor ,  is shown in Fig. 5 and  reveals tha t  this 
inhibi t ion is also competitive. I t  was found that  
DL-BLyNA was hydrolyzed by the h u m a n  mast  
cell enzyme at approximately the same rate as 

I I I I I I 
0 8 16 2 4  32  4 0  4 8  

~S ( rnM' l )  

both  substrates were split by the same enzyme a t  
the same rate, then, in the presence of the same 
competit ive inhibitor ,  the hydrolysis of both  sub- 
strates should be inhibi ted to the same extent.  
The  Ki values de termined for any competi t ive 
inhibi tor  are the Km values of tha t  inhibitor ,  if it 
acts as a substrate for the same enzyme. If  the K~ 
values of the inhibi tor  are the same using two 
different substrates, then it can be generally as- 
sumed tha t  the two substrates are split by the same 
enzyme or at  least by similar enzymes. Wi th  BAA 
as inhibi tor  the inhibi t ion was found to be com- 

petitive with both  substrates and  the Ki values 
similar (Table  I I I ) .  The  problem was also studied 

from another  viewpoint. I f  two different enzymes 
are acting on a mixture  of both  the naph thy lamide  

substrates at  identical concentrat ions in the 
same solution, the Vm observed would be ex- 

pected to increase with the same slope being 

mainta ined.  If, however, only one enzyme is in- 
volved, the V,~ would remain  the same but  the 

slope would be decreased. Experiments  revealed 
tha t  the lat ter  situation was the case. Therefore, 
these studies support  the existence of only one 
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enzyme or several similar enzymes act ing on both  
DL-BANA and DL-BLyNA. 

As earl ier  noted, substrate concentrat ions of the 
BANA and BLyNA racemates were calculated 
on the basis of the L-enantiomorph, since it was 
assumed tha t  the D-form did not act as a substrate 
for the enzyme. To confirm this assumption ex- 
periments were carried out with D-BANA. It  was 
found that  D-BANA was not hydrolyzed in the 
mast  cells and, when  inhibi t ion studies were per- 
formed, acted as a competitive inhibitor.  I t  was, 
therefore, evident tha t  in the racemic solution 
the D-enant iomorph acted as a competitive in- 
hibi tor  to the L-form, but, since the concentrat ion 
of these was always in a 1:1 ratio, the inhibi tor  
effect was constant.  However,  these studies in- 
dicated that  the kinetic data  obtained for the rate 
constants of DL-BANA and DL-BLyNA referred 
only to the racemates and not to the effective 
L-enantiomorph.  

S T U D I E S  W I T H  C R Y S T A L L I N E  

T R Y P S I N :  A M I D A S E  A C T I V I T Y  

Compara t ive  studies with trypsin appeared to be 
indicated since certain problems inherent  in the 
histochemical system could best be evaluated 
using an  enzyme having substrate specificities 
similar to those of the enzyme in h u m a n  mast  
cells (1). Characteristics of the tryptic hydrolysis 
of DL-BANA have been described earlier by 
Riedel and  Wfinsch (15) and  Blackwood and  
M a n d l  (21) and, though repeated and  confirmed, 
are not reported here. 

In  our  prel iminary studies it was observed tha t  
the presence of a d iazonium salt (the situation 
existing in the histochemical system) affects the 
hydrolysis of DL-BANA by trypsin and  that  this 
inhibi tory effect is dependent  on the diazonium 
salt concentration.  Therefore, in order  to a t tempt  
an  evaluat ion of the histochemical hydrolysis of 
DL-BANA, a simultaneous coupling system was 
used to measure tryptic hydrolysis with the con- 
centra t ion of d iazonium salt and  pH the same 
as tha t  in the histochemical system. Also, as 
earlier noted, it was assumed that  only the L-en- 
an t iomorph  of DL-BANA was acted upon by 
trypsin. In  order to establish this as a fact and to 
determine whether  the D-form present in the sub- 
strate affected the hydrolysis rate of the L-form, 
separate studies were made  using pure D-BANA. 
For  these studies the following stock solutions were 
used: enzyme stock solution consisted of 9 mg  of 

bovine trypsin (Worthington)  dissolved in 20 ml 
of 1 m u  hydrochloric acid; the substrate stock 
solution was composed of 3.96 mg of DL-BANA 
dissolved in 10 ml of 0.1 M phosphate buffer, pH 
7.2; and  the inhibi tor  stock solution consisted of 
3.96 mg of D-BANA dissolved in 1 ml dimethyl-  
sulfoxide diluted to 20 ml with 0.1 M phosphate  
buffer, pH 7.2. Garne t  GBC stock solution, con- 
sisting of 50 mg of the stabilized diazonium salt 
dissolved in 20 ml of distilled water, was prepared 
just  prior to use and  filtered. For the de terminat ion  
of the kinetics of DL~BANA in a simultaneous 
coupling system the following incubat ing  solutions 
were used : 

Stock Concentra- Stock 
substrate tion of Buffer enzyme Garnet  
solution L-BANA solution solution GBC 

ml  m M  m l  ml  rnl 

2.00 0.30 0.50 0.20 0.3 
1 ;33 0.20 1.17 0.20 0.3 
1.00 0.15 1.50 0.20 0.3 
0.67 0.10 1.83 0.20 0.3 

For study of the effects of D-BANA on the hy- 
drolysis, an  equal  amount  of buffer was replaced 
by the stock inhibi tor  solution to obtain two series 
of incubat ing solutions having constant  concentra-  
tions of D-BANA of 0.30 and 0.60 mM. Controls 
used throughout  consisted of s imi la r  solutions 
containing boiled trypsin. The  incubat ion period 
was 5 minutes at 25°C, though prel iminary 
studies revealed l inear hydrolysis cont inuing at 
least 10 minutes. In  postcoupling control  experi- 
ments  an equal quant i ty  of buffer replaced the 
d iazonium salt solution. 

RESULTS: As ment ioned earlier, the presence 
of Garne t  GBC in the incubat ion mixture  tended 
to inhibi t  the enzymic reaction. Table  IV  re- 
veals the effect of varying low concentrat ions of 
d iazonium salt on the enzymic reaction and dem- 
onstrates tha t  this inhibi t ion was greater  with  
higher  d iazonium salt concentrations.  However,  
a pre incubat ion of 60 minutes prior to the addi t ion 
of substrate affected the hydrolysis rate by no 
more than  15 per  cent. Differences in the degree 
of inhibi t ion were observed with different prepa-  
rations of trypsin. U p  to 75 per  cent  inhibi t ion 
was found with 4 X pancreat in  (Nutri t ional  Bio- 
chemical  Corporat ion)  (1). 
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Studies were under taken  to determine whether  
the inhibi tory effect was due to stabilizers a n d / o r  
surfactants present in the commercial  preparat ions  
(about  50 per  cent by weight) or to the diazonium 
salt itself. I t  was observed that  o-aminoazotoluene 
had  no effect; but,  after diazot izat ion according 
to the method  of Knoevenagel  (22), the inhibi tory 

T A B L E  IV 

Inhibition of the Tryptic Hydrolysis of 
DL-BANA by Garnet GBC 

Concentration of Garnet GBC Percentage inhibition 5 min. 

(mg/ml) 

0.05 4.7 
0.10 13.2 
0.20 16.5 
0.40 20.1 
2.00 35.0 

Subst ra te  concent ra t ion  of DL-BANA 0.60 mM; 
enzyme concentra t ion,  10 #g/ml  

0.20 

FIGURE 6 

Lineweaver-Burk plot of the tryptic hydrolysis 
of DL-BANA in the presence (simultaneous 
coupling) and in the absence (postcoupling) 
of diazonium salt (Garnet GBC). 
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effect per  uni t  weight  was greater  than  that  of the 
stabilized, c o m m e r c i a l  Garne t  GBC. Therefore, it 
can be conclude d tha t  the inhibi tory effect is due, 
at  least in part ,  to the d iazonium salt itselt. 

In  an  a t t empt  to de termine  the nature  of this 
inhibit ion,  da ta  of corresponding exper iments  
were plotted according to Lineweaver  and  Burk 
(Fig. 6). The  presence of d iazonium salt affected 
the reaction velocity; Vm in the absence of Garne t  
GBC was 50, and, in its presence, 30 m/zM ~- 
naph thy lamine  l iberated per  minute ,  representing 
an  inhibi t ion of about  40 per  cent by the dia- 

zonium salt. This kind of plot is a typical repre- 
sentat ion of so called uncompet i t ive  inhib i t ion  
following the formulat ion 

v- V, ,S  q- 1 +  ~-~. 

The  inhibi t ion constant,  KzEs, can be calculated 
and  has been stated to represent the degree of 
association with the enzyme-substrate complex 
ra ther  than  with the enzyme. This type of plot, 
however, may  only hold true for the concentra t ion  
of Garne t  GBC used in these experiments.  

The  Km values for DL-BANA calculated from 
these plots are 5.8 X l0 -4 u in the absence and  
3.8 X l0 -4 M in the presence of the d iazonium 
salt. The  lat ter  value is more directly comparable  
to the values obtained in h u m a n  mast  cells in the 
histochemical system. 

Studies with  D-BANA showed that  it was not a 
substrate for trypsin but  did act as a competit ive 
inhibi tor  to the tryptic hydrolysis of L-BANA 

~ Postcoupling 

I I I I I 
0 0.2 0.4 0.6 0.8 l.O 

~'S ( mM- I  ) 

The  Ki determined from the Lineweaver-Burk 
plot was 1.2 X 10 -3 M. 

E S T E R  S U B S T R A T E  

E X P E R I M E N T S  A N D  R E S U L T S  

H I S T O C H E M I C A L  S T U D I E S  : It  was noted 
tha t  the ester substrate,  EACA-AS, underwen t  
spontaneous hydrolysis in water,  insignificant at  
pH 5-6, but  more marked  as higher  pH values 
were reached. The  t ime course of this spontaneous 
hydrolysis at  pH 7.2 was exponential  in  charac ter  
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and  unaffected by the presence of d iazonium salt. 
I t  was found tha t  dur ing  the first 10 minutes  the 
m e a n  substrate  concentra t ion was 95 per  cent;  
dur ing  20 minutes, 92 per  cent;  and  dur ing  30 
minutes,  90 per  cent of the original  concentrat ion.  
Therefore,  corrections for this spontaneous hy- 
drolysis were made.  

Prel iminary studies revealed tha t  the shortest 
measurable  t ime to visualize mast  cells was 2.0 
to 2.5 minutes  at  a substrate concentra t ion  about  
0.11 mM (0.05 m g / m l )  (Fig. 7). Approximate ly  

The  solutions were mixed just  prior to use. In  
inhibi tor  studies 1.0 ml of a 20 mM solution of 
B A M E  replaced water. 

RESULTS: Fig. 8 shows the results of studies 
using EACA-AS as substrate and  B A M E  as in- 
hibitor,  demonst ra t ing  that  B A M E  acts as a com- 
petitive inhibitor.  The  calculated Km and  Ki 
values are presented in Table  V and  indicate 
tha t  the Ki value for BAME is of the same order  
of magni tude  as tha t  observed when  DL-BANA 
was used as substrate. 
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]~IGURE 7 

Dependence of the rate of the hydrol- 
I ysis of EACA-AS by the mast cell 

10.0 enzyme(s) on the substrate concentra- 
tion. 

ha l f -maximal  velocity was reached with a con- 
cent ra t ion  of 7 #M. O n  the basis of these observa- 
tions, the final graded substrate series was ad- 
justed to correspond to the init ial  (sharply ascend- 
ing) port ion of the curve. T he  stock solution of 
EACA-AS consisted of an  aqueous solution wi th  
a substrate concentra t ion of 22 #M (0.01 mg/ml ) .  
The  following graded substrate concentrat ions 

Substrate solution Substrate concentration 

ml DM 

2.00 4.4 
1 .50  3.3 
1 .00  2.2 
0.75 1.6 
0.50 1.1 

were used with the other  components  as listed in 
the study of the amide substrates. 

S T U D I E S  W I T H  C R Y S T A L L I N E  

T R Y P S I N :  E S T E R A S E  A C T I V I T Y  

As reported earlier (2), EACA-AS is split to a 
greater  extent  by bovine trypsin than  by chymo- 
trypsin, the hydrolysis by chymotrypsin being 

about  10 per  cent  tha t  of trypsin at  pH 7.2. A 

detailed kinetic study of the tryptic hydrolysis of 

the ester substrate was undertaken.  In  these studies 

the following stock solutions were used: enzyme 

stock solution consisted of 5 mg trypsin (Worthing-  
ton) dissolved in 5 ml of 1 mM hydrochloric acid 
and  diluted to 50 ml with 0.1 M phosphate  buffer, 

pH 7.2; the substrate stock solution was composed 
of 4.6 mg of EACA-AS dissolved in 33 ml of 0.1 mM 
hydrochloric acid (0.33 mu) .  Garne t  GBC stock 

solution, consisting of 50 mg of the stabilized 
diazonium salt dissolved in 20 ml of distilled water,  

was prepared just  prior to use and  filtered. 
For the de terminat ion  of the kinetics of EACA- 
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FIGURE 8 

Lineweaver-Burk plot of the hydrol- 
ysis of EACA-AS by the mast cell 
enzyme(s). The lower line in the 
absence and the upper in the presence 
of BAME, 2.0 mM. Each point repre- 
sents the mean of three separate ex- 
periments. 

T A B L E  V 

Values of Kinetic Constants of the Hydrolysis of 
DL-BANA and EACA-AS by the Mast Cell En- 
zyme(s) and Trypsin with B A M E  as Competitive 
Inhibitor 

Constant Amidase (DL-BANA) Esterase (EACA-AS) 

H u m a n  mast  cells 
K,, 0.17 X 10 -SM 0.73 X 10 - sM 
Ki (BAME) 1.4 X 10-3M 1.2 X 10-~M 

Bovine trypsin 
K,, 0.38 X 10 -SM 1.4 X 10 -SM 

AS hydrolysis in a simultaneous coupling system 
the following incubat ing  solutions were used: 

Substrate Substrate Buffer Garnet 
sol. concentration sol .  Enzyme GBC Water 

mi mM ml ml ml ml 

1 . 0 0  0 . 1 1 0  1 . 0 0  0.5 0.5 - -  

0 . 8 0  0.088 1.00 0.5 0.5 0.20 
0.60 0.066 1.00 0.5 0.5 0.40 
0.40 0.044 1.00 0.5 0.5 0.60 
0.30 0.033 1.00 0.5 0.5 0.70 
0.20 0.022 1.00 0 .5  0.5 0.80 

The  incubat ion  period was 1 minute  at  27°C. 
Controls used th roughout  consisted of similar 

solutions containing boiled trypsin. In  post- 
coupling experiments the d iazonium salt solution 
was replaced with an  equal  volume of buffer. 

RESULTS: As shown in Fig. 9, tryptic hy- 
drolysis of EACA-AS at a concentra t ion of 0.11 
mM is directly proport ional  to the trypsin con- 
centra t ion over at  least a fivefold range  up  to 
20 /zg/ml. The  rate of reaction, as shown in Fig. 
10, using the same range of substrate and  trypsin 
concentrat ions is l inear  over a 4-minute  period. 
The  rate of enzymic hydrolysis of EACA-AS by 
trypsin is proport ional  to the substrate concentra-  
t ion over a relatively nar row range (Fig. 11), 
wi th  approximately  50 per  cent of the reaction 
velocity calculated from the Lineweaver-Burk 
plot being reached with a substrate concentrat ion 
of 20 /ZM. The  Km for EACA-AS with trypsin is 
presented in Table  V. Again,  the same observa- 
t ion made  using DL-BANA as substrate was noted 
with EACA-AS, i.e., the d iazonium salt Garne t  
GBC noticeably inhibi ted  the hydrolytic reaction, 
20 to 40 per  cent depending on the exper imental  
conditions. EACA-AS-D when  used as substrate 
gave essentially the same results as EACA-AS in 
both  biochemical  and  histochemical  studies. 

D I S C U S S I O N  

The  method  used by us for de te rmining  enzyme 
kinetic constants in a histochemical system is de- 
rived from tha t  suggested by Bendit t  and  Arase 
(6), but  extends and  modifies their  method,  at-  
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FIGURE 9 

Rate of the hydrolysis of EACA-AS 
by trypsin as a function of enzyme 
concentration. 

4 0  

3O 

i 
z 

2o 

~L 
E 

I0 

0 
0 I 2 3 4 

TIME (MINUTES) 

FIGURE 10 

Time dependence of the hydrolysis of EACA-AS 
by trypsin. 

t empt ing  to account  for some of the factors af- 
fecting enzyme kinetics in a biochemical  system, 
the restrictions of visual photometry  and  some of 
the effects of d iazonium salts on substrates and  
inhibitors.  These factors were considered when  
the end point  of the reaction was taken as the first 
visible color produced in the histochemical sys- 
tem;  react ion t ime was recorded as an  unrestricted 
var iable  and  only substrates and  inhibitors tha t  
do not  form irreversible azo compounds in the 
presence of d iazonium salts were used. The  result 
of our  method,  when  compared to the method 

ment ioned  above (6), has been to increase the 
n u m b e r  of determinat ions  possible with  a similar 
n u m b e r  of tissue sections, to decrease the incuba-  
tion time to the practical  m i n i m u m  in order  to 
approximate  as nearly as possible the real initial 
reaction velocity, and  to decrease the interference 
with accurate visual photometry  resulting from 
background coloration caused by the d iazonium 
salt. Inhe ren t  in the method is the requ i rement  
for low substrate concentrations.  

Any quant i ta t ive method in which subjective 
steps are incorporated tends to lack the same ac- 
curacy and  reproducibi l i ty which characterize 
purely ins t rumental  techniques. However,  when  
the necessary precautions are taken, the limits of 
var ia t ion are in close accord with the known sensi- 
tivity of the eye as a visual photometer  (13). In 
practice, the only clearly subjective step in the 

histochemical procedure is the de terminat ion  of 
the reaction end point, i.e., determinat ion  of the 

momen t  of observation of mast  cell staining. Some 
investigators will undoubtedly  observe staining 

sooner than  others and the same investigator will 
observe staining earlier when  he becomes more 

accustomed to the shape and  localization of the 
cells being stained. By taking as an  end point  the 
t ime necessary to visualize 4 cells (about  1/{ total 

mast  cells in the microscopic field), we observed 
that  the coefficient of var ia t ion in this step was 

always less than  10 per  cent. To obta in  reliable 
values, therefore, the procedure should be re- 
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peated several times at different substrate con- 
centrations. In  order to perform studies of this 
type the enzymic activity in a site must be great 
enough to produce a visible reaction in a relatively 
short period before background coloration, en- 
zyme inhibition, and other deleterious effects 
adversely influence the visual observations. I t  is 
also imperative that the diazonium salt concentra- 
tion be optimal (see Preliminary Experiments) 
and that the enzymic activity be great enough to 
be demonstrable under less optimal conditions, 
i.e., when using low substrate concentrations and 
inhibitors. 

and into enzyme-containing organelles (e.g., 
lysosomes or mitochondria) within the cell may 
represent rate-limiting factors (23). The  high 
local concentration of bound enzyme surrounded 
by cell cytoplasm may also affect the reaction by 
causing spatial limitations and impairment  of 
substrate and /o r  inhibitor penetration to the 
active enzyme center. In  the present work, how- 
ever, all calculations were based on the assump- 
tion that the concentration of substrates and in- 
hibitors in or on the exposed surface of the mast 
cells is the same as that in the incubating solution. 

The diazonium coupling reaction does not ap- 

FmURE 11 

Dependence of the rate of the hydrolysis of 
EACA-AS by trypsin on the substrate con- 
centration in the presence (simultaneous 
coupling) and the absence (postcoupling) of 
diazonium salt (Garnet GBC). 
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From studies made to determine whether the 
velocity estimates in the present method are real 
velocities of the enzymic reactions or  are affected 
by the velocity limitations of other reactions in- 
volved (especially by the speed of diazonium 
coupling to the product of the enzymic reaction 
to form a colored precipitate), it was difficult to 
reach a definite conclusion. This difficulty was 
predicated upon our inal~ility to estimate the 
actual conditions in the cells where the reaction 
is occurring. We do not know the actual concen- 
tration of diazonium salt, and, at the time when 
both the biochemical and chemical reactions are 
in a steady state, we do not know the real intra- 
cellular concentrations of substrates or inhibitors. 
Although in an 8 # section the cytoplasm of the 
majority of mast cells is exposed to the incubating 
solution, diffusion of reactant into the section 

pear to b e  the rate determinant  in the esterase 
studies, since initial first order reactions could be 
obtained using the esterase substrate, EACA-AS. 
This would certainly not be the case if the coupling 
reaction were the rate determinant in the velocity 
estimations. If  it were the rate determinant, zero 
order reactions would be observed, since constant 
concentrations of Garnet  GBC were used. The  
question arises as to what effect the coupling re- 
action has on the observed reaction velocities (see 
Preliminary Experiments for data referable to this 
question). If  Fig. 3 is inverted, i.e., the time (t) 
becomes I / t  = k. v, the observed reaction velocity 
is found to be dependent on the concentration 
of Garnet GBC at a constant substrate concentra- 
tion. At  low concentrations, the time required to 
reach the end point is long and the diffuse histo- 
chemical localization of the reaction product is 
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evidence that the coupling has not been effective. 
The  observed velocities, therefore, do not reflect 
the speed of the enzymic reaction. An increase in 
the diazonium concentration above certain limits, 
though giving good histochemical localization, 
does not increase the observed reaction velocity 
beyond a certain value, however. On  the contrary, 
it tends to decrease it. At  concentrations between 
these limits, the reaction time is the shortest ob- 
tainable; and that portion of the total reaction 
time caused by non-instantaneous diazonium 
coupling is the smallest possible. However, a cer- 
tain time is required to attain a steady state con- 
centration of /3-naphthylamine, and this time 
would result in a constant increment in the meas- 
ured times (t). This increment in time causes an 
error which becomes more significant at shorter 
reaction times. This error, therefore, tends to re- 
duce the slopes of the lines and gives an erroneous 
Vm in the Lineweaver and Burk plot. The calcu- 
lated K,~ values must be affected by these factors. 
The  effect caused by the speed of coupling on the 
Ki values is perhaps less significant, since Ki is a 
function of the difference in the slopes found in 
the presence and absence of a single inhibitor 
concentration, i.e. 

K i  (sly) - -  (S/l).1. 

The  same methodological error is included in both 
slopes and does not influence the difference of the 
slope values. 

From the evidence presently available, we feel 
that the kinetic data derived in the histochemical 
system represent relative values and are referable 
only to the incubating conditions, substrate, in- 
hibitor, and diazotate concentrations, and visual 
photometric techniques employed in this system. 
These data may not be comparable to those ob- 
tained using pure enzymes in test tube experiments 
because of the differences in the methods used for 
determining them and the inherent difference in 
the state of the two preparations. Our  compara- 
tive studies with crystalline trypsin lead to few 
definite conclusions in respect to the mast cell 
enzyme; moreover, in spite of many similarities, 
we have no reason to suspect that the enzyme in 
mast cells is identical to trypsin. Of  interest, 
however, is the fact that the order of magnitude 
of the Km values for the three different substrates 
used is about the same for both the mast cell 

enzyme and trypsin. On  the assumption that 
some comparison can be made between the histo- 
chemically and biochemically determined kinetic 
constants, these observations tend. to show simi- 
larities in the characteristic kinetic constants 
between the human mast cell enzyme and trypsin. 
Certainly, if any comparisons between histo- 
chemical and biochemical kinetic values are to 
be made, the biochemical enzyme system should 
be comparable to the histochemical system; i .e. ,  

the incubating system in biochemical studies 
should contain diazonium salt, since this has 
been shown to affect the values of the kinetic 
constants. The actual relationship of the histo- 
chemical and biochemical kinetic data must be 
determined by extensive comparative studies 
upon those enzymes demonstrated in a histo- 
chemical system which can also be studied bio- 
chemically. Such studies with several enzyme 
systems are presently in progress. 

It is possible with the present histochemical 
kinetic method to determine the relative Km 
values of one or more enzyme substrates and, 
thereby, determine the possible preference of the 
enzyme(s) for these compounds in a given tissue 
site. By the use of various inhibitors it is also possi- 
ble to determine the nature of their inhibition, 
i .e.,  whether competitive, uncompetitive, or 
non-competitive. From this, one can determine 
whether the compound chosen might itself pos- 
sibly serve as a substrate for the enzyme studied 
and, thereby, obtain some knowledge as to the 
possible "physiological" substrates for the enzyme. 
This technique was used to characterize the en- 
zyme activities in the present work, and it was 
concluded from these studies that trypsin sub- 
strates compete with the histochemical substrates 
at the active center of the human mast cell enzyme. 
In  our study a further interesting observation was 
made. It  was found that D-BANA was not hy- 
drolyzed by either the mast cell enzyme or trypsin, 
yet acted as a competitive inhibitor to both these 
enzymes. This extends the finding of Erlanger 
et al. (17) that the D-enantiomorph of benzoyl 
arginine p-nitroanilide is a competitive trypsin 
inhibitor and emphasizes certain considerations 
that must be taken into account when evaluating 
the constants for racemic substrates. 

As noted earlier, more than one enzyme in the 
same tissue site may act on the same substrate 
and, thereby, cause difficulties in the interpreta- 
tion of histochemical findings. The same problem 
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exists in evaluat ing kinetic studies. Theoretically, 
if more than  one enzyme is involved in the hy- 
drolysis of a single substrate, then curved lines 
should be observed on  the Lineweaver-Burk 
plots. For example, in the case of hydrolysis of a 
single substrate by two enzymes the initial slope 
should be 

K~I V,,1 + K,,2 V,,~ 

(V,,~ + V~)~ 

and  the final slope 

K,,~ K~2 

Vmi K~2 + K,,1 Vm2 " 

F rom these formulae it is apparent ,  however, 
tha t  if ei ther Kml is similar to K,m or if e i ther  Vml 
or Vm2 is small compared to the other, the slope of 
the resulting function is so close to a straight line 
tha t  differentiation is not  possible, especially when 
exper imental  errors m ay  obscure the results. 
Therefore, with  these possible exceptions acknowl- 
edged, a straight line obtained using the present 
method would signify tha t  a single substrate is 
acted upon  by a single enzyme or a group of 
almost identical enzymes. 

W h e n  two or more histochemical substrates 
are hydrolyzed in the same tissue site, it should 
be theoretically possible, by compar ing  Vm and  
slope values, to determine whether  the substrates 
are acted upon  by one and  the same enzyme or by 
different enzymes. In  this manner ,  it was con- 
eluded that  DL-BANA and DL-BLyNA were split 
by the same enzyme or enzymes. The  same prob-  
lem was also studied in ano ther  manner .  Since the 
Ki values for several competit ive inhibitors are 
actually the Km values for the compounds if they 
act as substrates for the enzyme, a comparison of 
the K¢ values obtained using a competitive in- 
h ibi tor  with  several histochemical substrates 
should indicate whether  the competit ive inhibitors 
are inhibi t ing one and  the same enzyme or en- 
zymes. We found tha t  the Ki values were similar 

when BAME was used as a competit ive inhibi tor  

of the hydrolysis of DL-BANA, DL-BLyNA, and  
EACA-AS, and  the same situation existed when  
L-BAA was used as a competit ive inhibi tor  of the 

hydrolysis of DL-BANA and DL-BLyNA. From 
these findings, it could be concluded that  both  
L-BAA and  L-BAME are possible substrates for a 

single enzyme, or two or more enzymes char-  
acterized by the same Michaelis constant.  Stated 

in another  way, it could be concluded tha t  all 
the enzymes were inhibi ted  competit ively by the 
same inhibitors wi th  the same inhibi tor  charac-  
teristics. I t  would appear  unlikely tha t  h u m a n  
mast  cells contain  more than  one enzyme hy- 
drolyzing the three different histochemical sub- 
strates with  similar inhibi tor  constants for a single 
inhibi tor  compound.  However,  this assumption 
can only be verified following biochemical  enzyme 
isolation. These findings support  the original 
hypothesis (1, 2) tha t  the histoehemical substrates 
studied are acted upon  predominant ly  by one 
and  the same enzyme or group of almost identical 
enzymes having  both  amidase and  esterase ac- 
tivity. 

A question arises as to whether  a comparison 
can be made  of kinetic data  obtained from a 
single site in different species or different sites in 
the same animal.  Mas t  cells vary  in size from 
species to species and  also from site to site in the 
same animal.  I t  would be easier to observe mast  
cell staining first in a species or site in which the 
cells were of a greater  diameter ,  since in those 
cells the reacting enzyme layer would be con- 
sistently thicker and  wider, and  thus a t t rac t  the 
eye of the observer. The  error  caused would not  
change the Km values but  ra ther  would affect 
the velocity estimates (V,~) and,  therefore, enzyme 
activity comparisons. Also, it is evident  that ,  if, 
in a tissue site or in a species, an  enzyme inhibi tor  
which cannot  be freely dissolved in the incubat ion  
med ium is present (24), the kinetic constants do 
not  represent  the relative amounts  of enzyme, but  
only tha t  port ion of the enzyme activity remaining.  
In  our study, it was observed tha t  DL-BANA and  
DL-BLyNA were split in h u m a n  mast  cells at  the 
same rate, but  DL-BANA was hydrolyzed to a far 
greater  extent than  DL-BLyNA in canine mast  
cells and  by trypsin. F rom this, it can be concluded 
ei ther  tha t  h u m a n  and  dog mast  cells as well as 
trypsin have some differences in their  activity 
toward these substrates, or tha t  the differences 
are dependen t  upon  other  (perhaps cytoplasmic) 
effects and  unre la ted  to the enzyme itself. W h e n  
any  comparat ive  study is being made,  the above 
considerations should be taken into account.  For  
example, we have observed a decrease in reaction 

velocity for the hydrolysis of DL-BANA and  
EACA-AS in the numerous  cutaneous mast  cells 
in a case of urt icaria  pigmentosa. Yet, in view of 
the previously ment ioned possible causes of 
changes in kinetic data,  we were able to conclude 
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only that the activity of the enzyme was decreased, 
but not that there was an absolute decrease in the 
amount  of enzyme present. The feasibility of using 
the present kinetic techniques in determining the 
presence of changes in the activity of an enzyme 
in pathologic states is apparent. The present 
method has been recently modified by us and 
experimentally applied in another laboratory 
for this purpose, with the results being verified 
biochemically (25). 

I t  would appear from our studies that, when 
the necessary precautions are taken, the quite 
reproducible, relative enzyme kinetic data ob- 
tained from the histochemical system are of value 
in characterization of enzyme activity. It  would 
be desirable to adapt this histochemical technique 
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