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The observations reported in tile preceding paper ~ suggested the possibility that 
tyrosine might exhibit pH-dependent spectral changes in the pH region in which the 
carboxylic acid group dissociates in addition to the well-known spectral changes which 
accompany the ionization of the phenolic hydroxyl group in the alkaline pH region. 
Investigation revealed that the technique of differential spectrophotometry could be 
used to detect the ionization of the carboxyl group of tyrosine. 

If it is assumed that the difference spectra which are observed result from changes in 
the resonance of the entire molecule under the influence of changes in charge at the 
carboxyl position rather than from resonance differences between the ionized and 
unionized forms of the carboxyl group itself, it can be argued that esters of tyrosine 
should exhibit difference spectra relative to the carboxylate form of tyrosine which are 
similar to those shown by the undissociated carboxylic acid. This hypothesis was verified. 
Since tyrosine esters are known to be substrates for chymotrypsin 2, a, a method for the 
determination of chymotryptic activity was at hand. 

Although it is not obvious a priori  that similar spectral differences exist between 
benzoyl arginine esters and the carboxylate form of benzoyl arginine, experiment has 
shown this to be the case. It follows that techniques similar to those used for the estima- 
tion of chymotryptic activity can be used for the estimation of tryptic activity. 

EXPERIMENTAL 

Mater ia ls .  L-tyrosine  was a M a n n  p roduc t  (lot n u m b e r  4519). L-tyrosine e thy l  ester hydro-  
chloride (TEE .  HC1) was p repa red  by  m a k i n g  a concentrated  solut ion f rom a commerc ia l  p repara t ion  
of the  free base of the  ester in wate r  as the  hvdrochlor ide  a t  p H  5.0, r emov ing  an  appreciable  quant i ty  
of tyros ine  by  fi l trat ion,  decolorizing with  ~lorit, and  tak ing  to dryness  in  vacuo. The  d ry  mater ia l  
was dissolved in abso lu te  alcohol and  recrystal l ized twice f rom absolu te  alcohol and  e ther  4. M.p., 
fl)und, 165-166 ° ; repor ted  4, 166 J. Ni t rogen  by  semi-nficro Kjeldahl ,  5.66 % ; calculated,  5.7 ° %. 

N-ace ty l -L- tyros ine  e thy l  ester (ATEE) was prepared  f rom a port ion  of the  purified T E E .  HCI 
by the m e t h o d  of PARKS AND PLAUT 5. M.p., found,  8I~; repor ted  ~, 79-80 °. 

N-ace ty l -L- tyros ine  (AT) was prepared  by  the  meth o d  of l)u VIGNEAUD AND MEYER 7. M.p.: 
found,  1 5 3 ° ; r e p o r t e d  7, 152 154 ° . 

N-benzoyl-L-arginine  (BA) and  N-benzoyl-L-arginine  ethyl  ester (BAEE) were p repared  by 
modif icat ions  of the  m e t h o d  of BERGMANN, t~'RUTON AND POLLOK 8 which  have  been described previ- 
ouslyg, 10. 

The tryps in  and  c h y m o t r y p s i n  used for these measurements  were from at p repara t ion  which 

* This  inves t igat ion  was  supported by research grant  RG-2941 (C2) f rom the  Nat iona l  Inst i tutes  
of Hea l th ,  U.S. l 'ubl ic  Hea l th  Service. 
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was used ex t ens ive ly  in ear l ier  studiesg, ~l,v',la. Ii1 view of the age of this  p r epa ra t i on  the  results  
n m s t  be considered to i l l u s t r a t e  a me thod  r a the r  t h a n  to r ep resen t  p roper t ies  of the  enzymes.  

Methods. The d e t e r m i n a t i o n s  of the  difference spec t ra  of L-tyrosine,  N-ace ty l -L- tyros ine  and 
N-benzoyl-L-argin ine  were carr ied  out  by  the  t echn ique  descr ibed in the  p reced ing  paper  1. 

D e t e r m i n a t i o n s  of enzymic  a c t i v i t y  were made  a t  25 ° in the  B e c k m a n  model  DU spectro-  
p h o t o m e t e r  used for the  spec t ra l  measu remen t s .  For  a t yp ica l  d e t e r m i n a t i o n  of c h y m o t r y p t i c  a c t i v i t y  
3 ml of a o.ooi  M solu t ion  of L-tyrosine in o.o 5 ~ l  phospha t e  buffer, p H  6.5o, and  o.2 ml  of a solut ion 
of c h y m o t r y p s i n  in o .ooi  M HC1 were p laced  in the cont ro l  cuve t t e  and  the  spec t ropho tome te r  
was  ad jus ted  to  give an op t ica l  de ns i t y  r ead ing  of zero wi th  th is  cuve t t e  in the  l igh t  pa th .  Three mI 
of a solut ion of o.ooi  M T E E  in the  same buffer was placed in the  t es t  cuve t t e  and a t  zero t ime  
o.2 ml of the solut ion of c h y m o t r y p s i n  which had  been added  to the  control  cuve t t e  was added  
to the  t es t  cuve t te .  Measu remen t s  of opt ica l  dens i ty  were made  a t  a p p r o x i m a t e l y  15 second in tervals .  
A t  the  comple t ion  of the  reac t ion  the  cont ro l  and  tes t  cuve t t e s  gave  the  same opt ica l  dens i ty  reading.  

For  the  d e t e r m i n a t i o n  of t r y p s i n  th is  procedure  was modified since BA is more abso rp t ive  
t h a n  is B A E E .  In  th is  case the  s p e c t r o p h o t o m e t e r  was ad jus t ed  to  give an opt ica l  dens i ty  read ing  
of zero wi th  o.ooi  M so lu t ion  of B2{EE in o.o 5 M lris-hydroxymethylaminomethane in the  l igh t  
pa th .  Add i t ion  of 0.2 ml of an a pp rop r i a t e  t r y p s i n  so lu t ion  in o.ooi  M HC1 caused an in i t ia l  decrease 
in op t ica l  densi ty ,  due to  the  d i lu t ion  of the B A E E  solut ion,  and  the  opt ica l  dens i ty  then  increased 
l inea r ly  wi th  t ime  unt i l  the  r ead ing  given by  the  t e s t  c uve t t e  was essen t ia l ly  the same as t h a t  g iven 
by  the  control  cuve t te .  The cont ro l  c uve t t e  con ta ined  3 ml of o.ooi  M BA in the  same buffer as 
was used in the t es t  cuve t t e  and  o.2 ml  of the  same t ryps in  solut ion.  

Tryps in  and c h y m o t r y p s i n  concen t ra t ions  were de t e rmined  from the  opt ica l  densi t ies  of the i r  
solut ions  a t  28o and 282 m/t, respect ive ly .  The ex t inc t ion  coefficient used for c h y m o t r y p s i n  is 
2 .o75 /cm/mg/ml  la and  t h a t  for t r y p s i n  1.7I/cm/mg/m114. 

RESULTS 

The difference spectra of o.ool M solutions of L-tyrosine at various pH values with 
reference to a o.ooi M solution of L-tyrosine at pH 3.o7 are shown in the lower part of 
Fig. I. The effect of dissociable groups other than the carboxyl is shown in the curves 

determined at pH 6.38 and pH 8.33. It is possible that the 
°8- curve for pH 6.38 reflects the effect of dissociation of the 

,, ammonium group of tyrosine since there is little shift in fx.  t 
~ .... / \ i l ,  the wavelength of the minimum of this curve as compared 

to that observed at pH 4.71 and since the pK' of the 
0 4 -  

o~ phenolic group of tyrosine, lO.O71~, is too high for appreciable 
°2- ionization of this group to occur at pH 6.38. It is inferred, 

however, that the greater part of the effect shown at pH 
o- 8.33 probably results from the dissociation of the phenolic 

0 6 -  . . . . . . .  group since difference spectral measurements made on a 
.... ~ solution at pH 9.58 against the same reference solution in- 

~ _ . . _ ~  dicate a very high maximum in the region between 24 ° 
°2- and 25 ° m/z. 

The dashed line in the upper part of Fig. I shows the 
o~ ~ absolute spectrum, measured against water in the blank 

cuvette, of the solution L-tyrosine at pH 3.o 7 which was used 
"°22~o 240 ~o as the reference solution for the determination of the differ- 

~ . . . . . . . . . . . . . . . . .  ence spectra. The solid line in the upper part of Fig. I re- 
Fig. I. Difference spectra of presents the difference spectrum of o.ooi M TEE relative to 
tyros ine  and of tyros ine  o.ooi M L-tyrosine, both in o.05 M phosphate buffer, e thy l  ester. See text .  

pH 6.5o. The fact that the maximum optical density 
difference is nearly equal to the optical density difference between the curves shown 
in the lower part of the figure for pH I.O3 and pH 4.71 seems to confirm the hypothesis 
that TEE is analagous in its spectral behavior to undissociated tyrosine. 
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Fig.  2 shows the  va r ia t ion  in ini t ia l  reac t ion  ve loc i ty  of the  hydro lys i s  of T E E  wi th  
chymot ryps in  concentra t ion .  The reac t ion  ra te  was found to decrease cont inuous ly  wi th  
t ime,  becoming  zero when the opt ical  dens i ty  of the  tes t  cuve t te  was equal  to tha t  of the  
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MICROGRkMS CHYMOTRYPSIN PER MILLILITER 

Fig. 2. Dependence of initial rate of chymo- 
trypsin-catalyzed hydrolysis of TEE, as measured 
by optical density change at 233.5 m/~, upon 

chymotrypsin concentration at pH 6.5 o, 25 °. 
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Fig. 3. Variation of initial rate of chymotrypsin~ 
catalyzed hydrolysis of TEE with pH. Reaction 
rate is expressed in terms of optical density 
change per second x IO~ per microgram chymo- 
trypsin per milliliter. O 0.o5 M phosphate 
buffers; ~ o.o 5 M tris-hydroxymethylamino- 

methane buffers. 

control  cuvet te .  In  a recent  descr ip t ion  of manomet r i c  assays for chymot ryps in ,  PARKS 
AND PLAUT ~ r epo r t ed  the  evolu t ion  of carbon d ioxide  from b ica rbona te  buffer to  become 
er ra t ic  when ty ros ine  began  to crys ta l l ize  from solu- ~r 
t ions  which were in i t ia l ly  0.025 M wi th  respect  to  2, 
TEE .  Since the  subs t ra te  solut ion is much more 
d i lu te  in the  presen t  measurements ,  no interference ~ ~ 
from this  source was observed.  o i 

Fig.  3 shows the  pH-dependence  of the  observed  ~ o5 
reac t ion  ra te  as measured  b y  the  present  technique.  
The presen t  d a t a  ind ica te  the  p H  o p t i m u m  to lie o 
be tween 6.5 and  7.0 for th is  subs t ra te .  BALLS AND os. 
J.~NSEN ~ have  r epo r t ed  the  p H  o p t i m u m  to lie a t  p H  o,. 
6.25. I t  is of in teres t  t ha t  there  appears  to be a dis- ~ 
con t inu i ty  in the  resul ts  when 0.05 M phospha te  ~ .... 
buffer is rep laced  b y  0.o 5 M t r i s - h y d r o x y m e t h y l -  ~ o 
a m i n o m e t h a n e  buffer, the  ra tes  be ing  s l ight ly  slower § 
in the  tris buffer. ~ o~ 

The  lower pa r t  of Fig.  4 indica tes  the  difference 
spec t ra  of o .ooi  M solut ions of AT at var ious  p H  values  
re la t ive  to  a o .ooi  M solut ions of AT at  p H  3.o3. I t  
is of in te res t  t h a t  the  magn i tude  of the  observed  
effects is less than  half  t ha t  shown in Fig.  I for 
tyrosine .  The d o t t e d  l ine in the  upper  pa r t  of Fig.  4 
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Fig. 4. Difference spectra of acetyl 
tyrosine and of acetyl tyrosine ethyl 

ester. See text for discussion. 

represents  the  absolute  spec t rum of the  solut ion at  p H  3.03 which was used as a refer- 
ence for the  measuremen t  of difference spectra.  The solid line in the  upper  pa r t  of 
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Fig. 4 shows the difference spectrum of o .ooi  M ATEE in 0.05 M phosphate buffer, 
pH 7.o0, with reference to a o .ooi  M solution of AT in the same buffer. At wavelengths 
longer than those shown in the figure, this curve reaches a minimum at 275 m ~  at an 
optical density difference of --o.165.  Meas- 
urements of enzymic activity were made 
at 237 m/z to utilize the maximum optica] 
density difference between ATEE and AT. 
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Fig. 5. Dependence of initial rate of chymo- 
trypsin-catalyzed hydrolysis of ATEE, as meas- 
ured by optical density change, upon chymo- 

trypsin concentration at pH 7.00, 25 ° 
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Fig. 6. Difference spectra of benzoyl arginine 
and of benzoyl arginine ethyl  ester. See text.  

The use of ATEE as a substrate is complicated by two tendencies, of opposing 
influence, which arise as the pH is increased beyond the range of dissociation of the 
carboxyl group of AT. The first of these is that the spectral differences between the 
carboxylic acid and carboxylate forms of AT tend to be obscured by the large absorption 
due to the ionization of the phenolic hydroxyl and the second is that the enzymic 
activity increases, becoming maximal at pH 8.24. As a compromise between these 
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Fig. 7. Variation of initial rate of hydro- 
lysis of B A E E  by trypsin with trypsin 

concentration at pH 8.oo, 25 °. 

opposing effects enzymic measurements were 
made at pH 7.oo in o.o5 M phosphate buffer. 

The relation between the initial rate of 
optical density change and enzyme concen- 
tration is shown in Fig. 5. It is apparent that, 
despite the choice of a pH somewhat removed 
from the optimum for this enzyme-substrate 
pair, ATEE is still about four times as active 
as TEE in this assay. 

The difference spectra of 0.0o05 M solutions 
of BA at various pH values relative to a 0.0005 M 
solution of BA at pH 3.19 are shown in the lower 
part of Fig. 6. In the upper part of Fig. 6 the 
dashed line shows the spectrum of the reference 
solution which was used for the determination 

of difference spectra relative to water, and the solid line illustrates the spectrum of 
a o .ooi  M solution of BA in 0.05 M phosphate buffer, pH 8.o0, relative to a o .ooi  M 
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solution of BAEE in the same buffer. It should be noted that, in contrast to the behavior 
of the tyrosine substrates, BAEE and undissociated BA have smaller optical densities 
than does the dissociated form of BA. 

Fig. 7 illustrates the variation of initial reaction velocity with trypsin concentration. 
The measurements were made at 253 m~ in o.o5 3/- phosphate buffer, pH 8.oo. As has 
been previously observed 9, ~o the reaction course in this case is linear until the reaction is 
essentially complete. 

D I S C U S S I O N  

Although several methods have been devised for assaying proteolytic enzymes with 
specific synthetic substrates, the relatively non-specific methods, utilizing proteins as 
substrates, have remained the most sensitive. For example, the manometric assay for 
chymotrypsin reported by PARKS .~ND PL~t:T '~ using o.O25 M L-phenylalanine ethyl ester 
as substrate is suitable for the deter- 
mination of 6o to 6OO ~g of chymo- 
trypsin and the titrimetric estimation 
of the esterase activity of trypsin re- 
quires quantities of trypsin of the order 
of 3 ° to 3oo ~g". In contrast, KUNITZ' 
method for the assay of trypsin, using 
casein as a substrate, requires only 2 
to 24 t*g of trypsin for a determination ~. 
Despite the probable partial inactiva- 
tion of the enzyme preparations used in 
this study, it appears that the present 
method is suitable for the determination 
of quantities of chymotrypsin of the 
order of 1.5 to I5 ~g and of quantities 
of trypsin ranging between 1.5 and 
2o ~g. Since small volumes of dilute 
solutions of substrates are required, 
this method appears to be more eco- 

~- 0 , 

0 i 2 3 4 5 6 7 
pH 

l"ig. 8. Relation between the areas under difference 
spectral curves, expressed as per cent of maximum 
area, and pH. The curves are calculated from the 
mass law for pK" values of 2.25 for tyrosine (O), 
3.4 ° for N-acetyl-L-tyrosine (G), and 3.4o for N- 

benzoyl-c-arginine (~). 

nomical of synthetic substrates than any other available method. 
The principal disadvantage to the spectrophotometric assay appears to be the 

requirement for a spectrophotometer equipped with a sensitive detector and with a cell 
compartment capable of being maintained at constant temperature. 

With respect to observations incidental to the development of the assay procedures, 
the data shown in Figs. I, 4, and 6 were used to estimate the apparent dissociation con- 
stants of tyrosine, AT, and BA. Measurements of the areas under the differential spectral 
curves were carried out by the method described in the preceding paper*. Areas were 
measured between 23o and 24o m/, from the tyrosine curves, between 232 and 244 ml* 
from the acetyl tyrosine curves, and between 242 and 27o m/, from the benzoyl arginine 
curves. The fit of the resulting measurements to calculated dissociation curves is shown 
in Fig. 8. The calculated curves were drawn for pK'  values of 2.25, 2.3o, and 3.4 ° for 
tyrosine, N-acetyl tyrosine, and N-benzoyl-L-arginine, respectively. The value of pK~ 
for tyrosine is reported as 2.2o 15. Although similar measurements appear not to have 
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been made for AT and BA, the present results are consistent with extensive measurements 
made on N-substituted derivatives of other amino acids 15. 

The inversion of the sign of the observed spectral effects in passing from tyrosine 
and AT to BA appears to merit further investigation. Although no conclusion can bc 
drawn from the present results, it is hoped that an investigation of the spectral effects 
found with a homologous series of phenyl aliphatic acids may reveal the basis for this 
effect. 

SUMMARY 

A sensitive spect rophotometr ic  assay for t rypsin  and chymot ryps in  using synthet ic  subs t ra tes  
has been described. 

RgSUMt~ 

Nous avons d~crit une mf thode  spect rophotomdtr ique  pour  ddterminer la t rypsine et l a  chynlo- 
t rypsine en faisant  usage de subs t ra t s  synth6tiques.  

ZUSAMMENFASSUNG 

Eine empfindliche spekt rophotometr ische  Bes t immungsmethode  fiir Tryt)sin und Chymotryps iu  
mit  HiKe yon synthet ischen Subs t ra ten  wurde beschrieben. 
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