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SUMMARY 

Firefly luciferin (C13H12NzS203) reacts with ATP to form active luciferin (apparently adenyl- 
luciferin) and pyrophosphate. The oxidation of active luciferin leads to light emission and adenyl- 
oxyluciferin, the latter compound eventually decomposes into adenylic acid and oxyluciferin 
(CI3H10NzS203). Oxyluciferin is a potent inhibitor of the light reaction and once it has reacted with 
ATP and luciferase, the latter is incapable of catalyzing the oxidation of luciferin. Coenzyme A 
stimulates light emission by removing oxyluciferin from the enzyme surface. The evidence in- 
dicates tha t  oxyluciferyl-CoA is formed, which can react non-enzymically with cysteine, glutathione 
or hydroxylamine to form the corresponding oxyluciferyl derivatives. Chromatographic, isotopic 
and fluorometric data are presented to support the above conclusions. Oxyluciferyl-CoA in the pres- 
ence of luciferase can be split by adenylic acid and when excess pyrophosphate is added ATP and 
free oxyluciferin are formed. The incorporation of laC-adenylic acid into ATP depends upon the 
presence of CoA in the reaction mixture. The importance of these various reactions for light 
emission and electron transport  is discussed. 
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THE PROTEOLYTIC ENZYME SYSTEM OF SKIN 

IV. THE PURIFICATION OF PROTEINASE A* 
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A r o m a t i c  a m i n o  ac id  e s t e r s  a n d  t h e i r  s u b s t i t u t e d  d e r i v a t i v e s  can  be  h y d r o l y z e d  b y  

a t  l ea s t  t h r e e  e n z y m e s ,  viz., P r o t e i n a s e  A, t h e  A 1 e n z y m e  a n d  t h e  A 2 e n z y m e ,  p r e s e n t  

in  e x t r a c t s  of  r a t  s k i n  a c e t o n e  p o w d e r  1. B o t h  t h e  A 1 e n z y m e  a n d  P r o t e i n a s e  A a t t a c k  

a c y l a t e d  a m i n o  ac id  e s t e r s  a n d  a c y l a t e d  a n d  n o n - a c y l a t e d  d i p e p t i d e  e s t e r s  in  w h i c h  
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Insti tute of Arthritis and Metabolic Diseases of the National Insti tutes of Health, Public Health 
Service and by the Office of Naval Research under contract I833(oo), NR I I4-412. 
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the carboxyl group of an aromatic amino acid is involved in ester linkage s. Differenti- 
ating substrates for these two enzymes are non-acylated aromatic amino acid esters, 
e.g., L-tyrosine ethyl ester (TEE) and L-phenylalanine ethyl ester (PEE), which are 
hydrolyzed by Proteinase A but not by the A 1 enzyme 2. These two substrates are 
also hydrolyzed by the A~ enzyme but both A 1 and Proteinase A can be distinguished 
from A~ by the inability of the latter enzyme to split substituted aromatic amino 
acid esters, e.g., N-acetyl-L-tyrosine ethyl ester (ATEE). A further means for their 
differentiation depends upon the stoichiometric inhibition of only Proteinase A by 
an inhibitor, AIn, isolated from sheep blood 2. 

This paper will describe the purification of Proteinase A and its separation from 
the A 1 enzyme (partial) and the A 2 enzyme (complete). It will also be shown that 
Proteinase A, has been separated from Proteinase C3, 4. This latter enzyme is the 
major contributor in skin extracts to the proteolytic activity against casein and its 
activity is unaffected by the Proteinase A blood inhibitor, AIn 4. 

EXPERIMENTAL 

R a t  sk in  ace tone  powder  3, A T E E  *, T E E  ~, and  A I n  2 were p rev ious ly  repor ted  p repara t ions .  Pro te in  
n i t rogen  was  e s t i m a t e d  as before 2. 

Measurement o/ activity 
Prev ious ly  descr ibed m e t h o d s  for t he  d e t e r m i n a t i o n  of p ro teo ly t ic  8 and  es terase  2 a c t i v i t y  

h a v e  been used.  P rogress  in t he  pur i f ica t ion  of Pro te inase  A was  followed by  t he  use  of A T E E  
and  T E E  as subs t r a t e s .  The  a s s a y  of P ro te inase  A in t he  presence  of t he  A 1 e n z y m e  was  conduc ted  
wi th  A T E E  as t he  s u b s t r a t e  a t  p H  8.o and  p e r m i t t e d  a c o n c o m i t a n t  e s t ima t e  of AI ac t iv i ty .  
The  to t a l  hydro lys i s  ra te  due  to bo th  e n z y m e s  was  first de t e rmined  and  t h e n  r e -de t e rmined  in 
t h e  presence  of sufficient  A I n  to comple t e ly  inhib i t  t he  ac t iv i ty  of Pro te inase  A. The  ra te  m e a s u r e d  
wi th  A I n  p r e sen t  was  used  to ca lcula te  un i t s  of A 1 ac t iv i ty  and  w h e n  s u b t r a c t e d  f rom the  to t a l  
es te rase  ac t iv i ty ,  d e t e r m i n e d  in t he  absence  of AIn ,  gave  an  e s t ima t e  of the  ac t iv i ty  of P ro te inase  
A. The  re l iabi l i ty  of  such  ra te  m e a s u r e m e n t s  to de te rmine  Pro te inase  A ac t iv i ty  in t he  presence  
of a n o t h e r  e n z y m e  a t t a c k i n g  t h e  s a m e  s u b s t r a t e  was  checked  by  us ing  t h e  Pro te inase  A-specific 
subs t r a t e ,  T E E .  The  hyd ro lys i s  of th i s  es ter  (and of P E E )  was  measu red  a t  t he  o p t i m u m  p H  
of 6.5 ~. 

A va lue  of u n i t y  for t h e  a p p a r e n t  zero-order  reac t ion  cons tan t ,  ho, defined as t he  /2moles 
s u b s t r a t e  hyd ro lyzed  pe r  m i n u t e  pe r  ml  enzyme ,  equals  one es terase  un i t  and  t he  symbol ,  [k0]T s, 
r ep resen t s  to ta l  es te rase  un i t s  u s ing  an  ester,  S, as t h e  subs t ra te .  The  des ignat ion ,  [E] s and  
[E] s will be used  to r ep re sen t  t he  to ta l  un i t s  and  t he  specific ac t iv i ty  pe r  m g  p ro te in  ni t rogen,  
respect ively ,  of  a pa r t i cu l a r  e n z y m e  [E], viz., A, A s or  A2, where  t he  subs t ra te ,  S, can  be e i ther  
an  es te r  or  casein.  

Fractionation procedure 
A l t h o u g h  t he  f irst  t h ree  s teps  of  t he  f rac t iona t ion  h a v e  been g iven  in detai l  e lsewhere  4, t h e y  

will be briefly descr ibed below to  m a i n t a i n  con t i nu i t y  of  p resen ta t ion .  All opera t ions  were per-  
fo rmed  a t  I°.  

Step I.  Extraction. T r e a t m e n t  of  55o g r a t - sk in  ace tone  powder  wi th  1.6 M KC1 gave  7.03 1 
of ini t ia l  ex t r ac t ,  F r ac t i on  E-I .6 .  

step I I .  Dialysis. F r a c t i o n  E - I . 6  was  dia lyzed aga ins t  i on -exchanged  wa t e r  to yield a pre-  
c ip i ta te  wh ich  was  s u s p e n d e d  in o.6o M KC1, F r ac t i on  E D P - I .  This  f rac t ion  con ta ins  P ro te inases  
A a n d  C and  t h e  A t e n z y m e  a n d  is free of A 2. T he  a q u e o u s  p h a s e  f rom the  dia lys is  s tep ,  F r ac t i on  
S-I,  is free of P ro te inases  A a n d  C and  con t a i n s  t he  A 2 e n z y m e  and  A l - t y p e  ac t iv i ty* .  

Step I I I .  Treatment o[ Fraction E D P - I  wit]* alumina gel. Frac t i on  E D P - I  was  mixed  wi th  
a l u m i n a  gel 4 a t  ionic s t r e n g t h  o.8, t h e  suspens ion  cent r i fuged,  and  t he  s u p e r n a t a n t  fluid r emoved  
to g ive  F rac t i on  SAL-o.8.  T he  g rea t e r  por t ion  of t h e  Pro te inase  C ac t iv i ty  r ema ins  adsorbed  
on to  t h e  a l u m i n a  gel. 

step IV.  Heat treatment o/ Fraction SAL-o.8. One v o l u m e  of f rac t ion  SAL-o.8 was  d i lu ted  
wi th  o.34 v o l u m e  4.0 M KC1 to g ive  ionic s t r e n g t h  1.6 a n d  hea t ed  in a b a t h  a t  50 ° for 6o m i n u t e s  

* R e s u l t s  to be pub l i shed .  
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to des t roy  c o n t a m i n a t i n g  Pro te inase  C ac t iv i ty .  Af te r  cooling to I °, t h e  so lu t ion  was  placed in 
1518 inch e x p a n d e d  ce l lophane cas ings  (6o0 ml  per  casing) and  each sack  dia lyzed for 24 h aga ins t  
a p p r o x i m a t e l y  th ree  I2 -vo lume  changes  of ion -exchanged  water .  The  ma te r i a l  was  t h e n  cen- 
t r i fuged  a t  35oo g for 60 min ,  t he  s u p e r n a t a n t  fluid discarded,  and  t he  prec ip i ta te  su spended  
in o.60 M KC1 to a final v o l u m e  equ iva len t  to  0.o9 ml / ml  of so lu t ion  dialyzed,  F rac t ion  HDP-o .6 .  

Step V. Treatment o] Fraction HDP-o.6 with alumina gel. Equa l  v o l u m e s  of a l u m i n a  gel and  
Frac t ion  H D P - o . 6  were m i xed  to give ionic s t r e n g t h  0.30 and  af ter  s t a n d i n g  for io rain, the  
suspens ion  of f ibrous m a t e r i a l  was  cen t r i fuged  a t  35oo g for 4 ° min.  The  s u p e r n a t a n t  solut ion 
was  d iscarded a n d  t h e  p rec ip i t a t e  e lu ted  wi th  o.19 ml  o. i  M p h o s p h a t e  buffer  con ta in ing  1.34 M 
KC1, p H  7.5 (ionic s t r e n g t h  1.6) per  ml  F r ac t i on  H D P - o . 6  used.  The  e luate  was collected by  
cen t r i fuga t ion  a t  25,ooo g for 3 ° rain and  t he  res idue  re -ex t rac ted  wi th  the  same  so lven t  (o. 13 ml /ml  
F rac t ion  H D P - o . 6  used).  T he  two e lua tes  were combined ,  t he  ionic s t r eng th  reduced to o.4o by  
di lut ion wi th  wate r ,  and  af te r  3o rain, t he  suspens ion  was  cen t r i fuged  a t  35o0 g for 60 min .  The  
h a z y  s u p e r n a t a n t  solut ion was  clarified by  f i l t rat ion t h r o u g h  W h a t m a n  No. 12 pape r  (24 cm) 
to give F rac t ion  SA-I.  

Step VI. Precipitation o] Fraction SA-I  at pH 5.0. F rac t i on  SA-I was  a d j u s t e d  to p H  5.0 
wi th  o.025 N HC1, a n d  ionic s t r e n g t h  o.2o. The  requis i te  a m o u n t  of HC1 was  de t e rmined  f rom 
the  resu l t s  of a t i t r a t i on  curve.  Af te r  one hour ,  t he  suspens ion  was  cen t r i fuged  a t  35oo g for 
13o rain, t he  s u p e r n a t a n t  fluid discarded,  and  t he  prec ip i ta te  dissolved in o.4o M KC1 (0.24 ml  
pe r  ml  F r ac t i on  SA-I used) p lus  a few drops  of o.I N N a O H .  Th i s  ma te r i a l  was  t h e n  s to red  a t  
- - 2 0  ° for severa l  weeks,  thawed ,  and  cen t r i fuged  a t  28,o0o g to give a clear s u p e r n a t a n t  solut ion,  
F r ac t i on  PA- I I .  

Step VII .  Dialysis. F rac t i on  P A- I I  was  dialyzed for 24 h aga ins t  two 16o-volume changes  
of i on -exchanged  w a t e r  and  t he  suspens ion  ob ta ined  cen t r i fuged  a t  28,00o g for 4 ° rain. The  
resu l t ing  p rec ip i t a te  was  m i x e d  wi th  0.40 M KC1 (o.20 ml ]ml  F rac t ion  PA- I I  used) and  t he  
insoluble  ma te r i a l  r emove d  by  cen t r i fuga t ion  a t  28,ooo g for 4 ° rain to give t he  a lmos t  water -c lear  
s u p e r n a t a n t  P A - I I I  f ract ion*.  

RESULTS AND DISCUSSION 

Table I summarizes the results of esterase-activity measurements on all fractions 
obtained during the purification of Proteinase A. Fraction PA-III, with an EA]~ a~e 
of 5oo, represents an 85o-fold purified preparation of this enzyme in approximately 
4o% yield. The same purification factor and yield can also be calculated from the 
results of assays using TEE as the substrate since the ratio of EA~NATEE/[A] NT~ was 
constant at each stage of purification. The significance of this ratio invariance is 
two-fold. Firstly, it provides evidence that the activity of Proteinase A can be 
determined as the difference in the rate of total ATEE hydrolysis, due to both 
Proteinase A and the A 1 enzyme, to that measured in the presence of the Proteinase A 
inhibitor, AIn, i .e.,  wherein only the A 1 enzyme is operative. Secondly, it can be 
considered proof that the designation, Proteinase A, applies to only a single enzyme 
moiety since it would be extremely fortuitous that two AIn preparation-sensitive 
enzymes capable of attacking ATEE and TEE or alternatively, the one attacking 
ATEE and the other TEE, would be carried throughout the fractionation procedure 
in constant proportion to an 85o-fold degree of purification. Obviously, these points 
lean strongly upon the implied assumption that TEE can be used to determine the 
activity of Proteinase A by direct assay. However, the use of TEE as a specific 
Proteinase A substrate is complicated by the fact that TEE can also be hydrolyzed 
by the A 2 enzyme. But fortunately, as stated earlier, A S activity is separated from 
Proteinase A in Step II of the fractionation procedure and the material obtained 
from such a step, Fraction EDP-I,  is free of enzyme A s. The criterion of A 2 removal 
from a Proteinase A preparation is dependent upon realizing the complete abolish- 

" It  is n o w  k n o w n  t h a t  F r a c t i o n  PA-II  can  be concentra ted  w i t h  no  loss of Prote inase  A 
a c t i v i t y  b y  lyophi l i za t ion .  
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ment of T E E  (or PEE) hydrolysis in the presence of AIn. Fraction EDP- I  and subse- 
quent fractions obtained during the course of purification satisfied this requirement. 

PEE,  although a markedly less susceptible substrate for Proteinase A than TEE,  
has also been used to confirm the degree of purification of this enzyme and the results 
for Fraction E-I .6 ~{rA~ PEE~ , O.OLO) and for Fraction PA- I I I  ([A;~ EE, 9.o), which yield 
a purification factor of 9oo-fold, confirm the purification factor of 85o-fold obtained 
with ATEE and T E E  as substrates. The results with P E E  lend further credence that  
Proteinase A is a single enzyme. 

The appendix to this paper will describe methods for the differential assay of 
Proteinase A and A 2 in initial skin extracts using ATEE, TEE,  and P E E  as substrates. 

The next to the last column in Table I shows that  the ~A 1 ATEI~2N /EA~ NA'rEE ratio 
was increased 3-fold during the purification of Proteinase A. Only 13% of the initial 
A a activity was present in Fraction PA-I I I .  

The esterase activity of Fraction PA- I I I  was stable to storage at - - 2 o  °. However, 
in the purified state, both Proteinase A and the A 1 enzyme were unstable to dialysis 
against water as indicated by  the loss of activity in Steps IV and VII  of the fraction- 
ation procedure (Table I). 

Evidence/or the absence o/Proteinase C in Fraotion P A - I I I  

Proteinase C and the Proteinase C inhibitor, CIn, have been discussed in a pre- 
ceding paper 4 and it was shown that  both components are present in Fraction 
SAL-o.8 (Step III ,  fractionation procedure). Since it was desirable to remove this 
enzyme from preparations containing Proteinase A, the activity of Proteinase C was 
selectively destroyed by  exposure of Fraction SAL-o.8, in solution at ionic strength 
1.6, to 5 °0 as described in Step IV of the fractionation procedure. With this treatment,  
the total  proteolytic act ivi ty against casein was decreased to an asymptotic limit in 
approximately 20 rain, whereas the esterase activity against ATEE, due to A1 and 
Proteinase A was unharmed even after an I8o-min exposure (Fig. I). The heat-stable 
proteolytic activity remaining was unaffected by  exposure to either activation or 
inactivation conditions 2, a, ~ for Proteinase C and was not inhibited by  the CIn prepa- 
ration and thus indicated the complete destruction of Proteinase C. As an added 

Fig. I. The  de s t ruc t i on  oi P ro te inase  C b y  hea t .  
The  es terase  (A)  and  p ro te inase  (O)  ac t iv i ty  of 
F r ac t i on  SAL-o.8 was  d e t e r m i n e d  af te r  var ious  
per iods  of h e a t i n g  a t  5 °0 us ing  A T E E  and  casein  
as subs t r a t e s .  The  ionic s t r e n g t h  of t he  e n z y m e  
p repa ra t i on  was  1.6 (cf. Step IV, f rac t iona t ion  
procedure) .  P ro te inase  ac t iv i ty  was  de t e rmi ned  
af ter  exposure  to activation conditions (O) and  in~ 

activation conditions ( • ) .  
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check, the proteolytic activity of Fraction P A- I I I  against casein was also found to 
be refractory to the CIn preparation, whereas it was almost completely inhibited by 
the AIn preparation. That  which was not inhibitable by the latter inhibitor prepa- 
ration, amounting to less than lO% of the total activity, might possibly reflect the 
ability of the A 1 enzyme to hydrolyze casein. This, however, can only be entertained 
as speculation since evidence is not yet available to decide whether the A 1 enzyme 
can hydrolyze a protein substrate. 

Correlation o/the proteolytic and esterase activity o/Proteinase A with purification 

In a previous paper S, it was tentatively proposed that  Proteinase A was an 
"enzyme whose esterase act ivi ty against acylated and non-acylated amino acid esters 
and dipeptide esters as well as its proteolytic activity against casein can be inhibited 
by the AIn preparation".  This definition was based upon the following facts: (a) the 
AIn-inhibitable esterase activity paralleled the extraction of AIn-inhibitable proteo- 
lyric activity from skin acetone powder as a function of ionic strength; (b) both types 
of activity were found in Fraction E D P - I  (c[. Step I I  of the fractionation procedure) ; 
and (c) their stability to heating at 50 ° was comparable. Further evidence for the 
above definition can now be offered. The AIn-inhibitable esterase units and the AIn- 
inhibitable proteinase units were measured in two fractions, HDP-o.6 and PA-II I .  
Both of these fractions were free of Proteinase C and the specific activity, EAIArEE, 
differed by almost I2-fold. The AIn-inhibitable esterase to proteinase ratio was 
constant (last column, Table II). 

TABLE II 
T H E  C O R R E L A T I O N  OF A I n - I N H I R I T A B L E  E S T E R A S E  A N D  P R O T E I N A S E  A C T I V I T Y  

W I T H  P U R I F I C A T I O N  O F  P R O T E I N A S E  A 

cas. cas. EA]~ s" X zo~ [a] ATEE Fraction [DP]m I × xo  3 [Aim I × zo  3 

HDP-o.6  ~ 51 **(5.4) *** 46§ 184 43 233 

P A - I I I  415 ** (44) * ** 371 § 218o 5oo 23 ° 

* A different prepara t ion  t han  tha t  described in the text.  
** Total  proteinase uni ts  per  ml of fraction. 

*~* Total  proteinase units  per  m! of fraction wi th  excess AIn  prepara t ion  present  (o.o15 ml/ml) 
in the  assay solution containing 1.13. io  -a and 1.75. io  -a proteinase units  per  ml of Fract ion 
HDP-o.6  and PA-III, respectively. 

§ AIn-inhibi table  proteinase units  per  ml of fraction. 

The properties of purified Proteinase A and the kinetics of its interaction with 
AIn, whose further purification is now in progress, are planned to be presented in 
a future publication. 

SUMMARY 

Proteinase A, an enzyme whose esterase and proteinase act ivi ty  can be completely abolished 
by  an  inhibi tor  in blood, has  been purified 85o-fold in approximate ly  4 ° % yield. The purified 
enzyme prepara t ion  is free of Proteinase C and t h e  A S enzyme, bu t  a complete separat ion f rom 
A 1 act ivi ty  was  not  achieved. 
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A P P E N D I X  

The differential assay o] Proteinase A and the A s enzyme 
We present ly  plan to under take  studies of the  skin proteolytic enzyme sys tem which will 

necessitate the  quant i ta t ion  of Proteinase A and A 1 and A s enzyme activities in an  initial skin 
ext rac t  before and after  various insults  to  an organism. The assay of Proteinase A in the  presence 
of A 1 wi th  ATEE as subs t ra te  and employing A I n  as a selective inhibitor for the former  enzyme 
has been adequa te ly  described in this  and a preceding paper  2. However,  an analogous differential 
assay for Proteinase A and the A~ enzyme with  T E E  as subs t ra te  cannot  be used since the  Afn  
prepara t ion  s t imulates  A z activity in an initial skin extract  1. This section then  will describe an 
apparent ly  valid means  for such an assay and indicate the manner  in which the  value of [A]T TEE 
and [A]~ EE (c[. Table I and text) were calculated. 

The activity of Proteinase A in Fract ion E-I .6  against  T E E  and P E E  was  computed  from 

[A] T E E - -  [A] ATEE × C 

and [A]PEE : [A] ATEE × C 1 

where C = o , i i  4 and C 1 ~ o .o i7I ,  The symbols  have the meaning indicated in the EXPERIMENTAL 
section. The values for C and C 1 represent  the average ratio of Proteinase A act ivi ty against  
the  subs t ra te  pairs  T E E / A T E E  and P E E / A T E E ,  respectively, and were determined wi th  several 
different enzyme prepara t ions  at  various stages of purification and wi th  A s enzyme activity absent. 
The value for [A] ATEE was obtained in the  manner  indicated in Table I. 

By using the  experimental ly  determined values for the hydrolysis  of T E E  ([k0], 815) and 
P E E  ([k0], 6oo) by  Frac t ion  E-I .6  and making the  appropr ia te  correction for the  contr ibut ion 
of Proteinase A to the hydrolysis  of these subs t ra tes  (see above), one can calculate A z activity 
against  T E E  and P E E  as follows: 

[A2] TEE = [k0]TEET --\LIrATATEEjT X C) 

= [ko]T TEE - -  [A] TEE 

815 - - 2 9  ° = 525 

and [As]T PEE = [ko] PEE- ([A] ATEE )< Cl) 

= [ko] PEE -- [A] PEE 

= 6 0 0 -  44 = 556 

Since prepara t ions  of the A s enzyme which have been obtained free of Proteinase A hydrolyze 
T E E  and P E E  at  equal rates*, [As]TT I~E should equal [As] PEE. The calculated agreement  in these 
values is felt to be within the  exper imental  error  of the  method  and to provide justification for 
the above means  of determining the act ivi ty of Proteinase A and the  A s enzyme when  these 
two enzymes exist in a common extract .  
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