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Summary 

An aminopeptidase (EC 3.4.11.-) capable of hydrolyzing L-alanyl-fl-naphthyl- 
amide and certain other aminoacyl fl-naphthylamides was purified to homoge- 
neity from extracts of  Escherichia coli K-12. The enzyme, designated amino- 
peptidase II, is a monomeric  protein of mol. wt. 100 000. It exhibits a broad 
pH opt imum in the range pH 7.0--9.0. Although Zn 2+, Fe3*and Cr3+are strong 
inhibitors of enzyme activity, a metal requirement for catalysis could not  be 
firmly established. Neither sulfhydryl reagents nor serine protease inhibitors af- 
fected enzyme activity. 

The nature and physiological roles of intracellular enzymes functional in the 
hydrolysis of  peptide bonds in bacteria has attracted increased at tention in re- 
cent  years [1,2]. Several authors have considered the possible roles of pepti- 
dases in peptide utilization and transport  [3], enzyme maturation [4], protein 
synthesis [5], recognition and degradation of protein fragments and incorrectly 
folded intracellular proteins [6] and the breakdown of correctly assembled pro- 
teins during normal growth or following a shift in physiological conditions [7]. 

Attempts  to assign specific roles in one or more of the above processes to a 
given peptidase have been complicated by the fact that  many of the enzymes 
studied in cell-free systems have broad, overlapping specificities with respect to 
the bonds cleaved. Thus a loss through mutat ion of one enzyme might be readi- 
ly tolerated by a cell because of the presence of  other peptidases capable of 
supplying the missing function. 

We elected to approach the problem in a systematic manner by first studying 
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an Escherichia coli enzyme of known specificity which could be readily assayed 
in vitro and in intact cells. Our rationale was to characterize one such enzyme 
through purification, then a t tempt  to isolate mutants  defective in that  protein 
so that  its role in a given cellular process might be ascertained. 

After the complet ion of  our work, we learned that Miller et al. applied a sim- 
ilar line of  reasoning in genetic studies of proteolysis in Salmonella typhimu- 
rium [8,9]. Our results complement  their findings. They have isolated mutants 
(pepN) presumably unable to form the enzyme (aminopeptidase II) (EC 
3.4.11.-). we have purified. Physiological studies with mutants incapable of 
forming the pepN gene product  suggest that  aminopeptidase II may be impor- 
tant in carbon-starvation protein turnover, which in turn may be related to cel- 
lular requirements for new protein following a shift-down from rich to poor  
medium [10]. 

Methods 

Materials 
Aminoacyl-fl-naphthylamides and peptidyl-fl-naphthylamides * were pur- 

chased from the Sigma Chemical Company,  ICN Pharmaceuticals, Schwarz/ 
Mann Division, Becton-Dickinson and Company, or Fox Chemical Company.  
Fast Garnet GBC was obtained from the Sigma Chemical Company. Phenyl- 
methaneSulfonyl fluoride was purchased from Calbiochem. 

Sephadex G-200 and DEAE-Sephadex A50 were obtained from Pharmacia 
Fine Chemicals and used as directed in the Pharmacia manual. Hydroxyapat i te  
and the chemical ingredients used in polyacrylamide disc gel electrophoresis 
were purchased from Bio-Rad Laboratories. Diaflo membranes were obtained 
from the Amicon Corporation. Dialysis tubing was a product  of  Union Carbide. 

Crude extracts were prepared by sonication from frozen cell paste of  E. coli 
K-12 which had been cultured in casein hydrolysate media to full growth (Grain 
Processing Corporation, Muscatine, Iowa). Trypsin, trypsin inhibitors {soybean, 
lima bean and pancreatic) and crystalline yeast alcohol dehydrogenase were ob- 
tained from the Worthington Biochemical Corporation. Crystalline bovine liver 
glutamic dehydrogenase was obtained from Calbiochem. Bovine serum albumin 
was purchased from Miles Laboratories. 

Enzyme assays 
The continuous enzymatic hydrolysis of  L-alanyl-~-naphthylamide and other  

aminoacyl-~-naphthylamides was monitored fluorimetrically (Fig. 1). 
Standard assay mixtures contained, in a total volume of 1 ml, 0.05 M Tris 

buffer  at DH 7.5, 1 mM L-alanyl-~-naphthylamide and enzyme, which was ad- 
ded last to initiate the reaction **. The release of  free {3-naphthylamine was fol- 

* Unless  o t h e r w i s e  spec i f i ed ,  a m i n o  acids  and a m i n o a c y l  derivat ives  used  in t h i s  w o r k  w e r e  a l l  of  the  
L c o n f i g u r a t i o n .  

** A f t e r  m o s t  o f  the  e x p e r i m e n t s  d e s c r i b e d  here in  had b e e n  c o m p l e t e d ,  w e  d i s covered  that  i n c l u s i o n  
o f  b o v i n e  s e r u m  a l b u m i n  at levels  u p  to  2 . 5  m g  p e r  a s s a y  r e s u l t e d  in  e n h a n c e m e n t s  o f  up  to  50% in 
the  rate o f  h y d r o l y s i s  o f  a l a n y l - ~ - n a p h t h y l a m i d e .  T h e  s t i m u l a t o r y  e f f e c t  w a s  n o t  a result  o f  in- 
creases  in the  f l u o r e s c e n c e  y i e l d  o f  f l -naphthy l ami ne .  F r o m  L i n e w e a v e r - B u r k  p l o t s  i t  appears  that  

b o v i n e  s e r u m  a l b u m i n  leads  to  increases  in V w i t h o u t  a f f e c t i n g  Km. T h e  basis  o f  th is  o b s e r v a t i o n  i s  
at p r e s e n t  n o t  clear. 
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Fig. 1. Genera l  r eac t i on  s c h e m e  for  m e a s u r e m e n t  of  hydro lys i s  of  aminoacyl - j3-naphthylamides .  Direc t  ob- 
se rva t ion  of f l -naph thy lamine  l ibera t ion  util izes f l u o r o m e t r i c  p rocedures .  For  ac t iv i ty  stains in whole  cells 
or  fo l lowing the e l ec t rophore t i c  sepa ra t ion  of  p ro te ins  on  gels one  e m p l o y s  the stable d i a z o n i u m  salt Fas t  
G~Lrnet GBC. (See text ) .  

lowed in an Aminco-Bowman spectrophotofluorometer.  Fluorescence was re- 
corded continuously on a Sargent SR time-base recorder. The excitation and 
emission wavelengths were 341 nm and 410 nm, respectively. One unit of en- 
zyme is that  amount  which releases 1 mmol of/3-naphthylamine per min at 
25°C. Specific activity is enzyme units per mg protein. The initial rate of hy- 
drolysis of  alanyl-~-naphthylamide was proportional to the amount  of  enzyme 
up to at least 1.1 pg of pure enzyme in 1 ml of standard assay mixture. Given 
the sensitivity of  the fluorescence detection system for free/3-naphthylamine 
this proportionali ty should hold below 0.1 pg/ml of enzyme. 

Protein concentrations were determined according to the method of Lowry 
et al. [ 11 ] with crystalline bovine serum albumin as standard. 

Electrophoresis of protein solutions was conducted in 5% polyacrylamide gel 
using Tris/glycine buffer, pH 8.3 [12]. The samples usually contained 0.02--0.1 
mg protein. A voltage gradient sufficient to produce a current flow of 2 mA per 
gel was applied. After each gel was removed from its tube, protein bands were 
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visualized by staining in Coomassie brilliant blue, prepared according to Weber 
and Osborn [13] for 30 min. Gels were destained overnight in a mixture of  
ethanol, acetic acid and water in the ratio of  6 : 1 : 13. 

To detect  enzyme activity (Fig. 1) gels were immersed in a small volume of 
enzyme assay mixture for 15--30 minutes, depending on the stage of  purifica- 
tion. Staining was achieved following immersion for a further 30 min in a solu- 
tion of Fast Garnet GBC prepared according to the method of  Marks et al. 
[14] (i.e. 0.14% Fast Garnet GBC in 0.2 mM acetate, pH 4.5). 

Sodium dodecyl  sulfate (SDS) gels were prepared according to the method 
of  Fairbanks et al. [15]. Solutions containing protein at a concentrat ion of  
0.01 mg/ml were dialyzed against 10 mM Tris • HC1, 1 mM EDTA pH 8 and 1% 
SDS overnight at room temperature.  The dialyzed material was incubated with 
dithiothreitol (20 mM) for 30 min, then layered onto a gel. Electrophoresis was 
conducted at 5 mA per gel. The protein was stained with Coomassie brilliant 
blue for 2 h, then destained overnight as before. 

Results 

Activity in crude extracts 
Eleven aminoacyl-fi-naphthylamides were tested for hydrolysis by enzymes 

present in crude extracts of  E. coli K-12 (Table I). Alanyl-/3-naphthylamide was 
the most  susceptible substrate. Lysyl-~-naphthylamide and arginyl-~-naphthyl- 
amide were hydrolyzed at 15--20% of  the rate of  alanyl-/3-naphthylamide. The 
remainder were hydrolyzed at a rate of  less than 5% of that observed for alanyl- 
~-naphthylamide (Columns 1 and 2, Table I). An activity stain following poly- 
acrylamide gel electrophoresis of  crude extracts showed only one deep red 
band (Fig. 2). This suggested that  E. coli K-12 contains only one enzyme active 
toward alanyl-/3-naphthylamide. For this reason we focused attention on the en- 
zymatic hydrolysis of  alanyl-fi-naphthylamide. Later we established that  a single 
enzyme hydrolyzed alanyl-~-naphthylamide, arginyl-/3-naphthylamide and lysyl- 
~-naphthylamide (Columns 3 and 4, Table I). 

Purification of  aminopeptidase H 
A typical purification scheme is given in the legends to Table II and Fig. 3. 

From 40 g of  wet  cells we obtained 4.76 mg of  homogeneous enzyme. This rep- 
resented about  8.5% of the material originally present in the crude extract.  

State of  purity 
The enzyme as eluted from DEAE showed a single band upon polyacryl- 

amide gel electrophoresis and staining either for protein or enzyme activity. 
Only one band was detectable on SDS gel (Fig. 2). Even though the mobili ty of  
our enzyme on SDS gel is less than that of the reference proteins, it is valid to 
estimate molecular weight by extrapolation [13]. 

Dependence of  enzyme activity on hydrogen ion concentration 
The enzyme has a broad pH opt imum between pH 7.0 and 9.0, with a max- 

imum at approximately pH 8.5 (Fig. 4). At a given pH, the activity measured in 
different buffers showed slight but  significant variations. This variability may 
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T A B L E  I 

H Y D R O L Y S I S  OF V A R I O U S  L - A M I N O A C Y L - B - N A P H T H Y L A M I D E S  

The  crude  ex t rac t  and pur i f ied e n z y m e  be longed  to the same prepara t ion .  The  pur i f ied  e n z y m e  was a 
D E A E - S e p h a d e x  f rac t ion  which  was p repa red  accord ing  to  es tabl ished pur i f i ca t ion  procedures .  It  had  
only  one faint  c o n t a m i n a t i n g  b a n d  on gel e lec t rophores i s  and was e s t ima ted  visually to be 90% pure.  
When freshly p repa red ,  it had  a p ro t e in  c o n c e n t r a t i o n  of  1.1 m g / m l ,  and a specific act iv i ty  of  20. The  hy-  
drolysis  of  a l any l -~ -naph thy lamide  and  lysy l -~ -naph thy lamide  were  m e a s u r e d  dur ing  the  initial one  or  two  
m i n u t e s  a f te r  adding  e n z y m e ;  the smaU a m o u n t  of  hydro lys i s  of  the o the r  a m i n o  acy l -~ -naph thy lamides  
were  ob ta ined  on i ncuba t ion  for  a longer  t ime ,  and the  ra tes  were  ca lcu la ted  f r o m  the l inear  po r t ion  of 
the  hydro lys i s  curve.  

Aminoacyl-j3- Crude  e x t r a c t  * Purified e n z y m e  ** 
n a p h t h y l a m i d e  . . . . .  
( a m i n o a c y l  m o i e t y )  Act iv i ty  Relat ive  Act iv i ty  Relat ive  

uni t s  X 10 -3 to Ala (%) uni ts  X 10 -5 to Ala (%) 

L-Ala 10.03 100 4 .02  100 
***L-Arg  1.80 18.0 0 .82  20.4 
***L-Lys  1.56 15.6 0.72 17.9 
L-Ser 0 .33 3.3 0.19 4.6 
L-Leu 0 .14  1.4 0.11 2.8 
L-Met 0 .10  1.0 0.07 1.8 
L-Pro 0 .07  0.7 0 .04  0.9 
L-Thr  0 .05  0.5 0.03 0.6 
L-His 0 .05  0.5 0 .02  0.5 
L-Val 0 .04  0.4 0 .02  0.6 
L-lle 0.01 0.1 0 .00  0.0 
L-Asp 0 .00  0.0 0 .00  0.0 
L-Ala 0 .00  0.0 

* A n o t h e r  p r e p a r a t i o n  of  c rude  e x t r a c t  gave s imilar  results.  
** A second  e x p e r i m e n t  using the  same pur i f ied  e n z y m e  gave similar  results ,  excep t  tha t  the  ra tes  of  

hydro lys i s  of  leucyl- /3-naphthylamide and  me th iony l - f l - naph thy l amide  were 2.0 and  1.6% respect iv-  
ely,  of  the  rate  of  a l any l -~ -naph thy lamide  hydrolys is .  

*** A separa te  p r epa ra t i on  of  pur i f ied e n z y m e  gave similar  pe rcen tage  of  hydro lys i s  of  lysyl-fl-napthyl-  
amide  and a rg iny l - f i -naphthylamide  relat ive to a lanyl - f l -naphthylamide .  

be a t t r i bu tab le  to ionic s t rength  d i f fe rences ,  fo r  which  no  co r rec t ions  were  
made .  

Molecular weight 
The molecular weight of  aminopeptidase II, estimated from its degree of  re- 

tention by Sephadex G-200, was 100 000. Following gel electrophoresis in so- 
dium dodecyl  sulfate, we observed a single protein band corresponding to a mo- 
nomer of  molecular weight 108 000 (Fig. 5). These data suggest that the en- 
zyme consists of  a single polypeptide chain. 

Divalent metal ion studies 
Overnight dialysis of  aminopeptidase II against 0.1 M Tris buffer, pH 7.8, 

containing 2 mM EDTA led to only partial loss of  activity. No significant stim- 
ulation of  activity was observed upon adding a series of  metal ions at various 
concentrations to the dialyzed enzyme (Table III). Some metal ions, such as 
Fe 3*, Cr 3., Zn 2÷ and Hg 2., were strongly inhibitory. 

In a separate series of  experiments, the metal chelating agents 8-quinolinol, 
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Fig. 2. D e n s i t o m e t e r  t racings of  s ta ined  p o l y a c r y l a m i d e  gels. Gels p r epa red  as descr ibed  in the  t ex t  were  
scanned  at  550 n m  in a Gi l ford s p e c t r o p h o t o m e t e r  using the  a p p r o p r i a t e  a t t a c h m e n t s .  A. Purif ied e n z y m e  
(18 pg)  (cf.  Table  If)  s ta ined for  e n z y m e  ac t iv i ty .  Peak abso rbance  = 1.5. B. Purif ied e n z y m e  (18 pg) 
s ta ined for  pro te in .  Peak  a b s o r b a n c e  = 3.0.  C. Purif ied e n z y m e  (10  pg) s ta ined for  p ro t e in  fo l lowing dena-  
t u r a t i on  and e lec t rophores i s  on  SDS gel (see text ) .  Peak a b s o r b a n c e  = 2.8. D. Crude  e x t r a c t  (160  pg)  
s ta ined  for  e n z y m e  ac t iv i ty .  Peak a b s o r b a n c e  = 1.4. The  d i rec t ion  of  mig ra t i on  was  f r o m  lef t  to r ight .  

a,a '-dipyridyl,  o-phenanthroline and 8-hydroxy-5-quinolinesulfonate were 
tested with respect to their ability to inhibit the enzymatic hydrolysis of  alanyl- 
~-naphthylamide by purified enzyme under standard assay conditions. When 
the chelators were present at concentrations of  10-4 M, little if any inhibition 
(4--10%) was noted. At higher concentrations (10 -3 M) greater inhibition (15-- 
93%) became evident. The chelator o-phenanthroline was the most  effective in- 
hibitor, but  a t tempts  to restore activity by adding divalent metal ions to en- 
zyme preparations were only marginally successful. For example, upon incuba- 
tion of  an o-phenanthroline-inhibited sample with 10 .3 M Mn 2÷, an increase in 
activity from 14% of control values to 37.6% of control rates was observed. In 
contrast,  10 -3 M Mn 2+, when added to enzyme solutions which had been 60--  
70% inhibited by 10 -3 M 8-quinolinol or 8-hydroxy-5-quinolinesulfonate, pro- 
duced further inhibition. 

Effects of sulfhydryl reagents 
Aminopeptidase II proved to be relatively resistant to inactivation or in- 

hibition by sulfhydryl reagents. In enzyme assay mixtures, inhibition by  
iodoacetamide, N-ethylmaleimide and p-chloromercuribenzoate became signifi- 
cant only when the inhibitor concentrations exceeded 5 mM. The addition of  
an equimolar quant i ty  of  2-mercaptoethanol to enzyme preparations which had 
been incubated with N-ethylmaleimide (5 mM) or p-chloromercuribenzoate (5 
mM) for 10 min at 25°C restored most  of  the lost activity. In a separate experi- 
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T A B L E  n 

P U R I F I C A T I O N  OF E. C O L I  A M I N O P E P T I D A S E  II 

40  g of  E. coli K-12 cell paste  was suspended  in 200  ml  0.1 M Tris buf fe r ,  p H  7.8. The  suspension was so- 
n ica ted  for  45  rain wi th  a Branson  W185C Sonif ier  ( p o w e r  set t ing,  5). Dur ing  e x t r a c t i o n  the  cells were  
m a i n t a i n e d  at  or  be low 10°C in a salt / ice ba th .  All s u b s e q u e n t  t r e a t m e n t s  were  done  at  0 - -4°C.  The  cell 
debr is  was r e m o v e d  by  cen t r i fuga t ion  in a Sorval  RC-2B cent r i fuge  at  48  0 0 0  X g for  40  rain. The  c rude  
e x t r a c t  was  d i lu ted  to a p p r o x i m a t e l y  15 rag/m1 pro te in  by  adding  155 ml  Tris b u f f e r  (0.1 M, pH 7.8).  
Then  19 m l  of  1.0 M MnC12 was a dde d  d r o p  by  d rop ,  wi th  cons t an t  stirring. Af te r  the suspens ion  had 
been  s t i r red for  an  add i t iona l  20  rain, the p rec ip i t a t e  was r e m o v e d  by  cen t r i fuga t ion  a t  48 0 0 0  × g for  15 
rain. The  s u p e r n a t a n t  was  fu r t he r  f r ac t i ona t ed  by  adding  solid a m m o n i u m  sulfate  to isolate p ro te ins  pre- 
c ip i ta t ing  b e t w e e n  42.5% and 57.4% sa tura t ion .  The  p ro t e in  pel let  was dissolved in 0.1 M Tris buf fe r ,  pH 
7.8. F u r t h e r  pur i f i ca t ion  involved f r ac t iona t ion  by  passage t h r o u g h  Sephadex  G-200  c o l u m n s  (2.5 × 85 
c m )  p reequ i l ib ra t ed  and e lu ted  wi th  0.1 M Tris, p H  7.8. To  p r e v e n t  over loading,  4 0 0  m g  p ro t e in  or  less 
was appl ied dur ing  any  given run.  F rac t ions  f r o m  each c o l u m n  wi th  high specific act ivi t ies  were  c o m b i n e d  
and  c o n c e n t r a t e d  by  u l t ra f i l t ra t ion  u n d e r  N 2 pressure  in a Diaflo ap p a ra tu s  using a PM 30 m e m b r a n e .  The  
c o n c e n t r a t e d  ma te r i a l  (11 ml )  f r o m  four  Sephadex  G-200  c o l u m n s  was d ia lyzed  overn igh t  against  2 1 of  
0 .025  M po ta s s ium p h o s p h a t e  bu f fe r ,  pH 6.8. A slight p rec ip i ta te  which  f o r m e d  dur ing  dialysis was re- 
m o v e d  by  cen t r i fuga t ion  at  20  000  r e v . / m i n  for  15 rain. The  s u p e r n a t a n t  was l ayered  on  a h y d r o x y a p a t i t e  
c o l u m n  (2.5 × 26 cm )  p reequ i l ib ra ted  wi th  0 . 025  M p h o s p h a t e  bu f f e r  a t  p H  6.8. The  c o l u m n  was e lu ted  
wi th  a l inear  g rad ien t  of  p h o s p h a t e  b u f f e r  a t  pH 6.8. The  phos ph a t e  c o n c e n t r a t i o n  rose f r o m  0 . 0 2 5  M to 
0 .175  M dur ing  the  passage of  800  ml  of  solut ion.  The  m o s t  act ive  e n z y m e  f rac t ions  were  poo led  and con-  
c e n t r a t e d  to  9 ml  by  u l t raf i l t ra t ion .  Pur i f ica t ion  to  h o m o g e n e i t y  was accompl i shed  by  c h r o m a t o g r a p h y  
on D E A E - S e p h a d e x  A-50 (Fig. 3). 

S tep  V o l u m e  Pro te in  Specif ic  Pur i f ica t ion  Yield * 
(ml)  conc.  ac t iv i ty  ( fold)  (%) 

( m g / m l )  (un i t s / rag  
p ro te in )  

Crude  e x t r a c t  227 26.4 0 .16  1.0 
MnCI2/(NH4)2SO 4 48 30.0  0 .24  1.5 (100)  
Sephadex  G-200  11 24.2 0 .90  5.6 73.7 
H y d r o x y a p a t i t e  9 5.0 4 .70  29 .4  68.1 
D E A E - S e p h a d e x  6.8 0.7 17 .16  107.3  26.6 

ment, 9.58 munits of  enzyme were incubated in assay buffer with freshly pre- 
pared N-ethylmaleimide (5 mM). During a 20-min incubation period at 25°C, 
samples were withdrawn, diluted 1000-fold in assay buffer and assayed for ac- 
tivity by the standard procedure. More than 90% of the original activity remain- 
ed after exposure to N-ethylmaleimide. These results tend to suggest that  no 
highly reactive sulfhydryl groups are mechanistically connected to the active 
center of  aminopeptidase II. 

Effects of  monovalent ions 
Vogt [16] and Miikinen and M~ikinen [17] earlier showed that NaC1 and KC1 

interacted with aminopeptidases from E. coli and rat liver. Depending on their 
experimental conditions, either activation or inhibition could be demonstrated.  
No such interactions take place with our enzyme. When NaC1 or KC1 (0.05--1.0 
M) was included in reaction mixtures the observed hydrolysis rates deviated by 
no more than 10% from the rates of  control reactions. 

Serine protease inhibitors 
Soybean, lima bean and pancreatic trypsin inhibitors failed to inhibit cataly- 

sis when they were included in assay mixtures at levels 8--40-fold higher than 
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Fig. 3. Final  pur i f i ca t ion  s tep  in the  p r e p a r a t i o n  of  E. coil  a m i n o p e p t i d a s e  II .  A D E A E - S e p h a d e x  A-50 col- 
u m n  (1 .74  X 34 c m )  was  pre-equi l ibra ted  wi th  0.1 M p o t a s s i u m  p h o s p h a t e  buf fe r ,  pH 6.8. Fo l lowing  the  

add i t ion  of  d ia lyzed ,  c o n c e n t r a t e d  h y d r o x y a p a t i t e  f r ac t ion  (see legend to  Table  II) ,  e lu t ion  was co n d u c -  
t ed  a t  a f low ra te  of  8 ml /h .  A Hnear  g rad ien t  of  NaCl (0 .1 - -0 .3  M) was  appl ied  dur ing  the  passage of  4 0 0  
ml  o f  e luan t .  F rac t ions  of  a p p r o x i m a t e l y  6 ml  v o l u m e  were  col lec ted.  (o)  A2s 0 and  specific ac t iv i ty ;  e ,  
A m i n o p e p t i d a s e  I I  ac t iv i ty ;  . . . . . .  , NaCI c o n c e n t r a t i o n .  The  m o s t  act ive  f rac t ions  were  poo led  and  con-  
c e n t r a t e d  b y  u l t ra f i l t ra t ion .  

1.4-- 
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Z 0.6 

~'e o.4 
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o ] 
6.0 7.0 8.0 9.0 I0.0 II.0 

pH 

Fig. 4. Var ia t ion  in ra te  o f  a l any l -~ -naph thy lamlde  hydro lys i s  w i th  respec t  to  h y d r o g e n  ion  c o n c e n t r a t i o n .  
The  pur i f ied  e n z y m e  f r ac t ion  was  the  s ame  one  used  in the  e x p e r i m e n t  of  Fig. 7. S t a n d a r d  assays were  
c o n d u c t e d  in the  fo l lowing buf fe r s :  o, po t a s s ium p h o s p h a t e ;  o, Tris;  a, s o d i u m  b i c a r b o n a t e .  
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Fig. 5. Molecular weight est imation for  pur i f ied aminopeptidase I I .  See tex t  for  a descript ion of  the proce- 
dure used. The standards employed were: A, bovine serum albumin;  B, glutamate dehydrogenase (bovine 
l iver);  C, alcohol dehydrogenase (yeast); D, Trypsin;  E refers to the mob i l i t y  of pur i f ied,  denatured 
aminopeptidase I I .  

t ha t  of  e n z y m e  (weight)° Pheny lme thanesu l fony l f l uo r ide  at concen t ra t ions  up 
to  1 mM also showed no  effect .  

Kinetic constants; substrate inhibition 
F r o m  double  rec iprocal  plots  the Km (apparent )  with respect  to  alanyl-i3- 

n a p h t h y l a m i d e  for  pure  e n z y m e  was 1 . 8 5 . 1 0  -4 M; with 0.11 pg (1.1 • 10 -6 
pmol )  o f  pure  e n z y m e  the  V was 4 .65 • 10 -3 e n z y m e  units.  The  tu rnove r  num-  
ber  is t he re fo re  4 • 106. However ,  the  actual  maximal  a t ta inable  act ivi ty is on ly  

T A B L E  I I I  

E F F E C T S  OF  M E T A L  I O N S  ON T H E  A C T I V I T Y  O F  D I A L Y Z E D  A M I N O P E P T I D A S E  II  

All the  m e t a l s  were  p r e sen t  as the  ch lor ide  salts.  T h e  pu r i f i ed  e n z y m e  (see l egend  to Tab le  I I )  was  dia- 

lyzed  aga ins t  Tris  • HC1 b u f f e r ,  0.1 M, pH  7.8,  c o n t a i n i n g  2 m M  E D T A  ove rn igh t .  Va r ious  me ta l s  a t  the  in- 

d i ca t ed  c o n c e n t r a t i o n s  were  a d d e d  to  the  assay m i x t u r e  a t  the  s t a r t  o f  the  r e a c t i o n  to  a sce r t a in  the i r  ef- 
f ec t  on  the  ac t i v i t y  of  d i a lyzed  e n z y m e .  The  d a t a  s h o w n  are  m u n i t s  o f  e n z y m e  ac t iv i ty .  

Cation Cation conc. 

5. 10 -4 M 5. 10 -5 M 5. 10 -6M 0 

Ca 2+ 0 .80  1.00 0 .98  
Mg 2+ 0 .65  1.00 1.02 

Mn 2 + 0 .63  0 .73 1.09 
Co 2+ 0 .51 0 .65  0 .77  

Ni 2 + 0 .39 0.59 0 .74  

Cu 2 + 0 .20  0 .56 1.01 
Zn 2 + 0 .03 0 .18  0 .86 
Hg 2 + 0 .04  0 .47  0 .93  
Cr 3+ 0 .02  0 .05  0.39 
Fe 3 + 0 .06 0 .24  0 .40  
Con t ro l  A ( b e f o r e  dia lys is)  
Con t ro l  B ( a f t e r  d ia lys is)  

2.50 
0.86 
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2 • 10 6 mol of  product  per minute per tool of  enzyme, because substrate inhi- 
bition sets in when the concentration of  alanyl-fi-naphthylamide exceeds 1 mM. 

Substrate specificity 
The comparative ability of  a set of  aminoacylofi-naphthylamides to serve as 

substrates for purified aminopeptidase II is documented  in columns 3 and 4, 
Table I. Alanyl, lysyl, and arginyl-fi-naphthylamides were hydrolysed most  ef- 
fectively. The relative rates for all substrates with pure enzyme were very simi- 
lar to those observed with crude extract. This suggests that  E. coli contains a 
single enzyme possessing hyarolyt ic  activities towards numerous aminoacyl-~- 
naphthylamides. 

When aminoacyl-~-naphthylamides which were relatively inert as substrates 
were present in assay mixtures, the hydrolysis of  alanyl-~-naphthylamide was 
inhibited to varying degrees (Table IV). Therefore non-hydrolyzable aminoacyl- 
~-naphthylamides are capable of  binding to the enzyme. This was explored in a 
series of  kinetic experiments. A Dixon plot of  inhibition by leucyl-fi-napthyl- 
amide showed intersecting straight lines. This suggested that  this compound  
binds competit ively with alanyl-~-naphthylamide at a substrate site. In contrast, 
a Dixon plot where valyl-~-naphthylamide was treated as an inhibitor gave a 
pattern of nonintersecting lines showing clear-cut upward curvatures. 

Arginyl- and lysyl-~-naphthylamides, furnished at saturating concentrations, 
were hydrolyzed slowly (Table I). Somewhat  surprisingly, the apparent Km val- 
ues for both of  these substrates (approx. 5 • 10 -7 M) was more than three or- 
ders of  magnitude less than that determined for alanyl-fl-naphthylamide. In the 
absence of  additional information we are unable to state whether this large dif- 
ference is related to binding, catalysis, or both. 

The purified enzyme did not  hydrolyze D-alanyl-~-naphthylamide (Table I). 

T A B L E  IV 

I N H I B I T I O N  OF A M I N O P E P T I D A S E  II BY N O N - H Y D R O L Y Z A B L E  A M I N O A C Y L - ~ - N A P H T H Y L -  
A M I D E S  

T h e  resul ts  s h o w n  w e r e  o b t a i n e d  in t w o  separate  e x p e r i m e n t s  us ing  pur i f i ed  e n z y m e  (Table  I) .  All amino-  
acy l -~ -naph thy lamides  w e r e  pres en t  at c o n c e n t r a t i o n s  o f  1 m M  (Exp.  1) or  0 .5  m M  (Exp.  2). T h e  sub- 
strate  in every  case w a s  a l a n y l - ~ - n a p h t h y l a m i d e ,  p r e s e n t  at t h e  s a m e  c o n c e n t r a t i o n  as the  inhib i tor .  

Aminoacyl-~-naphthylamide 
added to standard assay 

Exp. 1 Exp. 2 

~ctivity % of Activity % of 
(units X 10 -3) control (units X 10 -3) control 

N o n e  2.96 100 8.37 100 
Gly - -  - -  6 .23  74 .5  
Val 0 .96  32 .5  3.01 35.9 
Leu 0.29 9.6 1.27 15.2 
Ile 0 .49  16.6 2.39 28 .5  
S e t  2.10 70.9 5.15 61 .5  
Thr 2.08 70.3 5.95 71.2 
Asp 1.90 64.1 5 .25  62 .8  
His 1.56 52.7 2.96 35 .4  
M e t  0.46 15.6 2 .07  24 .8  
Pro 2.14 72.3 5.33 63 .8  
D-Ala - -  - -  6 .02  71.9 
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Nor was the hydrolysis of L-alanyl-fl-naphthylamide inhibited by the D isomer, 
so the D isomer probably does not  bind to the enzyme. These results suggest 
that the binding site of  the enzyme for the aminoacyl moiety is stereospecific 
for the L configuration of  the amino acid. 

Glycylglycyl-, lysylalanyl- and alanylalanyl-/3-naphthylamides were also 
tested as substrates for this enzyme. Only alanylalanyl-fi-naphthylamide was hy- 
drolyzed to any appreciable extent. When the hydrolysis of  alanylalanyl-fi- 
naphthylamide in the presence of  suitable levels of  enzyme was observed for an 
extended period of  time, a steadily increasing rate of accumulation of  ~-naph- 
thylamine was observed. Since this tripeptide analog was cleaved, it can be ten- 
tatively concluded that this enzyme is not  specifically a dipeptidase. 

When glycylglycyl- and lysylalanyl-fl-naphthylamides were tested for inhibi- 
tion of  alanyl-~-naphthylamide hydrolysis, the former scarcely affected the ac- 
tivity (about  90% remained); the latter showed strong inhibition (85--90%). 
This suggests that glycylglycyl-~-naphthylamide cannot be hydrolyzed because 
it fails to bind to the enzyme, and that lysylalanyl-fi-naphthylamide can bind to 
the enzyme, but  is not  susceptible to hydrolysis. 

Inhibitory factor in crude extracts 
When the 42.5--57.4% ammonium sulfate fraction was passed through a Se- 

phadex G-200 column, an inhibitory factor was separated from the enzyme. By 
pooling separate fractions, preparations were obtained which were suitable for 
preliminary studies of the phenomenon.  With increasing amounts of  pooled,  
concentrated inhibitor, progressively more complete inhibition was noted. The 
inhibition started to level off  when approximately 40% of the starting activity 
remained. 

The inhibitory activity, whose mobili ty was markedly retarded during pas- 
sage over Sephadex G-200, survived treatment  in a boiling water bath for 10 
min or exposure to mild acidic conditions (pH 2). The inhibitor readily passed 
through Diaflo ultrafiltration membrane UM 02, which retains substances with 
molecular weights greater than 1000. Therefore, the inhibitory material is prob- 
ably of low molecular weight rather than a protein. 

The Sephadex G-200 fractions enriched with respect to inhibitor contain- 
ed a number of  compounds  as revealed by paper electrophoresis and paper 
chromatography. A number  of  unidentified substances were present, including 
ninhydrin-reactive, ultraviolet-absorbing and fluorescent materials. At present 
we are unable to state whether one or more than one compound is responsible 
for the inhibition. 

A possibly related observation is our finding that crude extracts and ammo- 
nium sulfate fractions can be activated 2--3 fold by incubation in the presence 
of  1 mM Co :+. No such effect  was noted for enzyme preparations which had 
been fractionated on Sephadex G-200. We postulate that Co 2÷ stimulation re- 
flects the presence in early fractions of  inhibitory substance or substances 
whose effect can be overcome by interaction with the divalent metal ion. A 
more detailed understanding of  the relationship between Co2+and naturally oc- 
curring inhibitors will require additional experimentation. 

Physiological variation in measurable enzyme levels during growth 
The activity of  aminopeptidase II seems to vary during cell growth. The spe- 
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T A B L E  V 

V A R I A T I O N  IN A M I N O P E P T I D A S E  II  D U R I N G  G R O W T H  OF C E L L S  IN D I F F E R E N T  M E D I A  

Cells of  E. coli  K-12,  W 3 1 1 0  were  g r o w n  at  37°C wi th  v igorous  ae ra t ion  on  a r o t a r y  shaker .  Cells were  
ha rves ted  at  cell densi t ies  rough ly  co r r e spond ing  to  5 • 107/ml ,  2 • 108/ml  or  109/rnl, ex t r ac t ed  by  sonica- 
t ion  and  assayed.  

Specific act ivi ty  

Minimal  + glucose L-b ro th  

Early log phase  --  0 .08 
Mid log phase  0.21 0.23 
S ta t iona ry  phase 0 .95  1.34 

cific activity in the crude extract is higher for stationary-phase cells than for ex- 
ponentially growing cells (Table V). On the other  hand, the effect, if any, of 
growth media, is only slight. Because of  possible complications in assay which 
might be ascribed to the presence of inhibitors, these results must be regarded 
as preliminary. 

Discussion 

The relatively high turnover number  of  aminopeptidase II with respect to 
alanyl-~-naphthylamide ( 4 . 1 0 6 )  suggests that  alanine-containing peptides are 
important  normal substrates. Lysyl- and arginyl-fl-naphthylamides were also hy- 
drolyzed with ease, although at a lesser rate. Give the apparent Km values for 
alanyl-~-naphthylamide (4 .65 .  10 -4 M) and lysyl- and arginyl-~-naphthylamide 
(5 • 10 -7 M), and the structural dissimilarities between lysine and arginine on 
one hand, and alanine on the other, one must consider the possibility that 
aminopeptidase II has separate binding sites for these substrates, one specific 
for alanyl moieties, the other for lysyl and arginyl moieties. 

Other lines of  evidence support  the notion that E. coli aminopeptidase II has 
more than one substrate binding site. The observed substrate inhibition is remi- 
niscent of  a classical case studied by Lumry et al. [18],  i.e. the carboxypepti-  
dase-catalyzed hydrolysis of carbobenzoxylglycyl-L-tryptophan. The simplest 
mechanism that explains this type  of behavior involves the formation, subse- 
quent  to the ordinary Michaelis complex, of  a second complex which contains 
two molecules of  alanyl-fl-naphthylamide attached to one of enzyme. Since the 
rate approaches a limiting value lower than the maximum value one would pre- 
dict that  the E • $2 complex reacts less rapidly than the E • S complex. 

The compounds  L-leucyl-~-naphthylamide and L-valyl-~-naphthylamide are 
essentially inert as substrates, yet  function as effective inhibitors of the hydrol- 
ysis of  L-alanyl-~-naphthylamide (Table I). The branched chain aminoacyl-~- 
naphthylamides differ with respect to mode of  inhibition. Simple competitive 
inhibition was noted for L-leucyl-fl-naphthylamide whereas inhibition by  L- 
valyl-fl-naphthylamide was non-competit ive and allosteric in nature. This sug- 
gests that distinct binding sites for these inhibitors exist on the surface of  
aminopeptidase II. An adequate description of  the interrelationships between 
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the various substrate and inhibitor sites on this enzyme will require much addi- 
tional work. 

The fact that aminopeptidase II hydrolyzes alanylalanyl-fl-naphthylamide 
suggests that this enzyme is not  specifically a dipeptidase. It might be either an 
aminopeptidase or an endopeptidase. However, aminoacyl-fl-naphthylamides 
have been considered by other workers to be substrates for aminopeptidases 
[19]. N-substituted aminoacyl-fl-naphthylamides have in the past been found to 
be substrates for endopeptidases or proteases [20,21].  Therefore, the idea of 
this enzyme being an aminopeptidase is favored, hence its designation as amino- 
peptidase II. 

Aminopeptidase II was essentially pure after a purification of  about  100-fold 
had been achieved. This enzyme thus constitutes almost 1% of the extractable 
cellular protein. This relatively high cellular content  of  aminopeptidase II sug- 
gests that  it plays an important  role. 

The apparent specific activity of  aminopeptidase II increases as E. coli cells 
enter stationary phase. In this connection, it is interesting to note that  station- 
ary cells exhibit  higher protein turnover than log phase cells [22]. However, the 
molecular basis of this variation is unclear. Physiological modulat ion of the 
concentrations of  natural inhibitor or inhibitors of  aminopeptidase II could be 
one way to control its activity. 

Our enzyme differs from all other  E. coli proteolytic enzymes because of  its 
distinct molecular weight and high intracellular concentration, fl-aspartyl pepti- 
dase [23] and dipeptidase M [5] bear some superficial similarity to our en- 
zyme. When 2.5 units/ml of  purified aminopeptidase II was incubated with 20 
mM fl-aspartyl-leucine under our standard assay conditions for 2 h, and a sam- 
ple of  the reaction mixture was analyzed by thin-layer chromatography,  the 
starting substrate was completely unchanged. The same experiment done with 
crude extract (0.8 units/ml), produced complete hydrolysis of  fl-aspartylleu- 
cine. Therefore, it can be concluded that our enzyme is different from fl-aspar- 
tylpeptidase. Methionylalanine (10 mM) can be completely hydrolyzed by high 
levels of our enzyme (2.5 units/ml) after 4 h. However, 1 mM methionylalanine 
inhibited alanyl-fl-naphthylamide hydrolysis less than 30%. The lack of  signifi- 
cant competi t ion by methionylalanine under our standard assay conditions sug- 
gests that the hydrolysis of  methionylalanine, although detectable, is not  a ma- 
jor  activity of  our enzyme. 
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