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SUMMARY 

I. N-Acylamino acid amidohydrolase (EC 3.5.1.14), or aminoacylase, was 
isolated from the seeds of Palo Verde (Parkinsonia aculeata L.). The enzyme was 
localized within the cotyledons and embryo of the seed. An acetone powder preparation 
from the combined cotyledons and embryo furnished an active extract which was 
purified greater than 75-fold. Fractionation consisted of t reatment  with (NH4)~SO4, 
cold acetone, freeze-thaw (which removed a cold-labile, inhibitory protein), and 
chromatography on DEAE-Sephadex A-25. The specific activity was 2650/,moles/ 
h per mg protein nitrogen. 

2. Co 2+ was shown to enhance activity and also to provide stability to the enzyme 
during the (NH4)2SO4 fractionation. 

3. N-Formyl-L-methionine was the best substrate and exhibited a Vmax/Km = 
2. 9 • lO 5 at pH 7.2. The acetyl derivatives of L-methionine, L-valine, and L-leucine 
inhibited the enzyme at concentrations above IO raM. The hydrolyses of N-acetyl-L- 
leucine and N-acetyl-L-valine exhibited non-Michaelis-Menten kinetics with an 
indication of two possible binding sites. 

4. The molecular weight was estimated by  gel filtration to be 79 500. 
5. The enzyme was stable between pH 6.5 and IO.O, and up to a temperature of 

5 °o for io min. The temperature opt imum was 52°. 
6. The enzyme catalyzed the hydrolysis of p-nitrophenyl acetate and was 

inhibited by  some classical sulfhydryl reagents. Mercaptoethanol enhanced enzyme 
activity. 

INTRODUCTION 

Aminoacylase (N-acylamino acid amidohydrolase, EC 3.5.1.14) is a widely 
distributed enzyme which catalyzes the hydrolysis of a variety of N-acylated L-amino 

* Th i s  work  was  p re sen t ed  to t he  G r a d u a t e  School of  the  S ta te  Un ive r s i t y  of  New York  a t  
A l b a n y  by  J o a q u i n  C. L u g a y  in par t ia l  fu l f i l lment  of  t he  r e q u i r e m e n t s  for t he  degree of  Doc to r  of 
Ph i losophy .  A p re l imina ry  pub l ica t ion  ha s  appea red  IS. Th i s  work  was  presented ,  in par t ,  a t  t he  
I n t e r n a t i o n a l  Congress  of  Biochemis t ry ,  Tokyo,  A u g u s t  1967 . 

"* To w h o m  all inqui r ies  shou ld  be addressed .  
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acids 1. The aminoacylases from hog kidney have been particularly well studied 1-4. 
At least three different aminoacylases can be distinguished in the kidney extracts by  
their different substrate specificitiesl, 5. Renal acylase 1 catalyzes the hydrolysis of 
N-acylated L-amino acids with aliphatic side chains, and has been commonly employed 
in the resolution of DE-amino acids 1. A mold arninoacylase 6 has also been employed 
for amino acid resolution. Acylase I and the mold enzymes are not metalloenzymes, 
but both activities are enhanced in the presence of Co "+. Detailed knowledge of amino- 
acylases from higher plants is limited 7, despite the variety of plants which are known 
to possess aminoacylase activity 8-1°. Seeds of the Palo Verde tree (Parkinsonia 
aculeata L.), a plant indigenous to inhabited areas of the Sonoran Desert (see refs. 
I i - I4 )*  , were observed to possess considerable amounts of arninoacylase activity. 
An extensive study of the aminoacylase from this source was undertaken with the 
ultimate goals of clarifying the mechanism of action and the physiological function ~5, 
as well as to compare catalytic and stability characteristics with those of the renal 
aminoacylase 1 4. 

MATERIALS AND METHODS 

Materials 
Seeds of Palo Verde (Parkinsonia aculeata L.) were harvested in metropolitan 

Phoenix, Arizona during the summers of 1966, 1967, and 1968. The seeds were removed 
from green, pliable pods. 

Enzyme grade (NHa)2SO4 was from Nutritional Biochemicals. Spectrograde 
acetone was from Matheson Coleman and Bell. DEAE-Sephadex, Sephadex G-Ioo, 
and Sephadex G-2oo was from Pharmacia Fine Chemicals, Inc. Protein molecular 
weight markers were from Mann Research Biochemicals. Hog kidney acylase was from 
Nutritional Biochemicals. N-Acylated L-amino acids were from General Biochemicals, 
Cyclo Chemical Corp., and Sigma Chemical Corp. One sample of diisopropylfluoro- 
phosphate, presumably free of sulfllydryl inhibitor, was obtained as a gift from Walter 
B. Gall of Merck, Sharp and Dohme Research Laboratories. All other chemicals were 
of reagent grade quality. 

Instruments 
Absorbance measurements were made with a Beckman DU spectrophotometer. 

When monitoring of absorbance changes with time were necessary, the Gilford model 
2000 recorder was used. Fraction collection was done with a Vanguard fraction collector 
in conjunction with the Beckman DU spectrophotorneter and a flow cell at tachment.  
An LKB UltroRac fraction collector was also used. 

All pH measurements were done with a Leeds-Northrup pH meter with expanded 
scale. Electrophoresis was carried out on an apparatus constructed according to the 
method described by DAVIS 1~. 

Assay procedures 
Protein was assayed according to the method described by LOWRY et al. 1T which 

* Parhinsonia  aculeata L. is generally considered to be the Official Tree of the State of 
Arizona, a l though species of the genus Cercidium are more prevalent  in the natura l  habi ta t ,  and 
are also called Palo Verde. 
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employs the Folin-phenol reagent and bovine serum albumin as protein standard. 
The assay for aminoacylase activity consisted of equilibrating o.9 ml of substrate 

(25 mM in o.I M phosphate buffer, pH 7.2) at 37 °, then starting the reaction by the 
addition of o.I ml of the enzyme solution. At the end of the I5-min incubation period, 
o.I ml was withdrawn and added to I.O ml solution of ninhydrin reagent prepared 
according to the method of MOORE AND STEIN TM. A marble was placed on the mouth 
of the tube to prevent loss of liquid and the mixture was immediatel3z heated to IOO ° 
in a heating block for 20 rain. The tube was removed from the heating block at the 
end of this period and immediately 5 ml of a mixture of n-propanol-water (I :I, by vol.) 
was added to it. The mixture was allowed to come to room temperature and the 
absorbance at 57o nm was determined. The amount of N-acetyl-L-amino acid hy- 
drolyzed was calculated from a standard curve in which L-methionine was used as the 
reference amino acid. 

Fig. I. Palo Verde seed pods, seeds, and seed components. 

Localization of the enzyme within the seed 
The seeds were soaked overnight to soften the seed coat. Twenty seeds were 

dissected into four major fractions (see Fig. I) in order to determine the distribution 
of aminoacylase in the seed: the seed coat, the aril, the cotyledon, and the embryo. 
The excised fractions were dropped into chilled phosphate buffer (50 raM, pH 7.0) 
and then all operations were conducted at temperatures below 4 ° . The fractions were 
homogenized in a glass homogenizer and the homogenate was centrifuged at 31 ooo × g 
for 15 rain. The supernatant was designated as the "crude extract" and used directly 
in the assay for protein and aminoacylase activity. 

Biochim. Biophys. Acta, 191 (1969) 397-414 
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Preparation of acetone powder of the embryo and cotyledon 
The combined embryo and cotyledon was excised from seeds which had been 

soaked overnight. This fraction was then homogenized in an electric blendor with 
acetone chilled in solid COs. The slurry was filtered in a Buchner funnel and washed 
several times with chilled acetone until the powder was almost colorless. The air-dried 
acetone powder could be kept indefinitely refrigerated without appreciable loss of 
aminoacylase activity. 

Extraction of aminoacylase and preliminary purification 
The acetone powder was extracted with phosphate buffer (o.I M, pH 7.20, con- 

taining 0. 4 mM Co S+) in an electric blendor. The extract was centrifuged at 17 ooo X g 
for 20 rain. After the residue was reextracted with no more than a total volume of 
buffer equivalent to IO times the weight of the original acetone powder, the residue 
was discarded and the supernatant was subjected to (NH4)2SO ~ fractionation. The 
fraction precipitating between 35 and 55 % saturation was dissolved in a minimum 
amount of water and dialyzed against chilled water for 5 h. The precipitated protein 
was removed by eentrifugation and the supernatant was subjected to acetone fraction- 
ation. Chilled acetone (--15 °) was added very slowly with constant stirring and the 
fraction precipitating between 30 and 4 ° °/o acetone (v/v) was dissolved in the minimum 
amount of phosphate buffer. A cold-labile protein was removed by centrifugation after 
freezing the solution for 48 h or longer and then thawing. The supernatant was chro- 
matographed on DEAE-Sephadex A-25. 

Chromatography on DEAE-Sephadex A-25 
DEAE-Sephadex A-25 was equilibrated at room temperature in Tris-HC1 

buffer (o.I M, pH 8.3). About 30 mg of protein was charged onto the 1. 5 cm × 20 cm 
column, the flow rate was adjusted to deliver 15 ml/h, and 2-ml fractions were collected. 

Polyacrylamide gel electrophoresis 
Electrophoresis on polyacrylamide gel was carried out according to the method 

described by DAVIS 16. Square glass tubes 19 were used to facilitate slicing of the gel. 
Each tube was charged with about 300 mg of protein. A current of 3 mA per tube was 
used. At the completion of electrophoresis the gels were removed from the tubes by 
rimming with a 5-cm syringe needle with a continuous jet of water and were then 
quick frozen on a block of solid COs. 

The gels were sliced longitudinally into 2 or 4 seg ments2°, depending upon the 
number of assays to be carried out. One segment was stained for protein with a I °/o 
solution of Amido Schwarz in 7 ~o acetic acid. The remaining segments were cut into 
I-mm slices 19 and dropped into 0. 5 ml of the acylamino acid substrate (25 raM) in 
phosphate buffer (o.I M, pH 7.20, containing 0.4 mM COS÷). After incubation at 37 ° 
for 5 h, o.I-ml aliquots were withdrawn from each tube and assayed by the ninhydrin 
method of MOORE AND STEIN ls. The tubes were allowed to incubate further to 48 h 
and a second o.I-ml aliquot was withdrawn from each tube and assayed as before. 

Molecular weight estimation 
The molecular weight of Palo Verde aminoacylase was determined chromato- 

graphically using Sephadex G-ioo and protein molecular weight markers. The method 

Biochim. Biophys. Acta, 191 (1969) 397 414 
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T A B L E  I 

AMINOACYLASE DISTRIBUTION IN THE PALO VERDE SEED 

Subs t r a t e  was  N-formyl-L-meth ionine .  

Fraction Volume Total Total Specific 
(ml) protein activity activity 

(rag) (izmoles/h) (t~moles/h 
per mg 
protein 
nitrogen) 

Seed coat  16.o 35.0 o.o o.o 
Aril  34.o I 1.9 o.o o.o 
E m b r y o  2.0 27. 4 25-1 5.7 
Coty ledon 6.0 206.5 231.o 7.0 

4Ol 

is described by  ANDREWS~I;  the results were calculated and plotted according to the 
method of WHITAKER ~2. 

Kinetic constants 
The kinetic constants, Vmax, Ks,, and Vmax/Km ("physiological efficiency"; 

ref. 23), were determined by use of a least-squares Fortran computer program for 
LINEWEAVER-BURK ~4 data treatment.  Initial velocities were determined in repeated 
experiments with varying substrate concentrations using the assay previously de- 
scribed. Details for the pH, temperature, and inhibitor studies are given under the 
appropriate figures. 

RESULTS 

Localization of aminoacylase in the Palo Verde seed 
Pictures of the seed pods, seeds, and components are shown in Fig. I. Table I 

shows the distribution of aminoacylase activity in the different excised portions of 

T A B L E  I I  

PURIFICATION OF PALO VERDE AMINOACYLASE 

Subs t r a t e  was  N-formyl-L-meth ionine .  

Fractions Vol. 
(ml) 

Total 
protein 
(rag) 

Total Specific Activity Purifi- 
activity activity recovery cation 
(12moles/ (lzmoles/ (%) 
h) h per mg 

protein 
nitrogen) 

I. Crude e x t r a c t  71.o 
II .  (NH4)~SO 4 f rac t ion  (35-55%) 12.5 

I I I .  Ace tone  f rac t ion  (30-40%) 8. 5 
IV. R e m o v a l  of cold- labi le  p ro te in  

(freezing) 8. 3 
V. D E A E - S e p h a d e x  A-25 

F r a c t i o n  (Tubes 7-9 ; Fig. 4) 8.0 
VI.  Tube  8 (peak) 2.0 

142°'O 7800 34-4 IOO I.O 
90.6 6400 441 .O 82.1 12.8 
38.5 6210 IOOI.O 79.7 29.4 

3 °.8 672O 1365.O 86.3 39.7 

8.6 3116 226O.O 39.9 65.7 
2.9 1230 2650.O 15.8 77.0 
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e lu te  wi th  NaC1 g r a d i e n t  0- 0.5 M in 0.1 M 
T r i s - H C l  (pH 8.3).  Co l l ec t  2 - m !  fractions 

F ig .  2. S c h e m a t i c  d i a g r a m  for  t h e  i s o l a t i o n  o f  P a l e  V e r d e  a m i n o c y l a s e .  

the Pale Verde seed. All of  the aminoacylase activity was found in the embryo and 
cotyledon fractions, with 9 ° °/o in the cotyledon. Tile activity of  anainoacylase in the 
embryo and the cotyledon were similar, so the extraction and purification procedure 
was carried through beginning with the cotyledons plus embryos. 

Isolation of aminoacylase from the combined embryo and cotyledon 
A schematic diagram of the isolation procedure is presented in Fig. 2. Table II 

shows a typical summary of the procedure in which the purification was 77-fold. The 
specific activity was higher than that sometimes observed with a higher purification 
factor, which probably reflects variability in batches of  seeds. Under these assay 
conditions the rate of  aminoacylase activity remained constant up to 40 rain. The 
usual assay time employed throughout the isolation procedure was 15 rain. 

Effect of Co ~+ on the activity and stability of aminoacylase 
Aminoacylases from other sources are enhanced by Co 2+ (see refs. 7, 25-28). 

Fig. 3 shows the stimulating effect of  Co s+ on Pale Verde aminoacylase with optimum 
stimulation at I raM. Beyond this concentration the activity started to decrease. The 
enzyme used in this experiment had been purified through Stage IV of Table n .  A Co s÷ 
concentration of o. I mM, which was below the threshold for inhibition, was employed 
during the isolation procedure. 

The aminoacylase was active in the absence of added Co s+ even following 
extensive dialysis or polyacrylamide gel electrophoresis. However, it was found that 
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T A B L E  I I I  

I S O L A T I O N  O F  1 D A L O  V E R D E  A M I N O A C Y L A S E ,  S T A B I L I Z I N G  A C T I O N  O F  C o  a +  

Subst ra te  was N-formyl-L-methionine.  

4o3 

Fraction z m M  Co *+ Without Co *+ 

Total Total Specific Total Total Specific 
activity protein activity activity protein activity 
(pmoles/ (rag) (#moles/h (ffmoles/ (rag) (ffmoles/ 
h) per mg h) h per mg 

protein protein 
nitrogen) nitrogen) 

Crude ext rac t  16 95 ° 2080 51.o 15 500 212o 54-7 
(NH4).,SO ~ fract ionation io 900 149.o 450.0 4 200 152.o 172. 5 
Acetone fract ionat ion 9 55 ° lO3.O 580.0 3 538 96.7 229.0 
Removal  of cold-labile protein  15 650 83.5 117°.° 5 790 78.5 588.0 

Co 2+ provided stability to the enzyme during isolation. It  will be observed in Table I I I  
that  the most pronounced effect was at the (NH4)sS04 fractionation stage. Almost 
75 % of the activity was lost in the absence of Co ~+, while only about 35 % of the 
activity was lost in the presence of I mM Co 2+. The amount of protein recovered in 
both cases remained about the same. No appreciable effect was produced during the 
acetone fractionation step, nor during the removal of the cold-labile protein. 

Cold-labile protein 
I t  was observed during most of the isolation experiments that after partially 

I o purified enzyme had been stored in the freezer (--IO to -- 5 ), a cold-labile protein 

F ! 
~ = ~ 0.4 
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0 ~  

m 
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Fig. 3. Aminoacylase act ivi ty as a funct ion of Co *+ concentrat ion.  I ml of N-formyl-L-methionine 
(37.5 mM in o.i M phospha te  buffer, p H  7.2) containing increasing amoun t s  of Co 2+ was equili- 
bra ted  at  37°; then 0.2 ml (297/~g protein) of Palo Verde aminoacylase solution was added. At 
the end of the incubat ion period (15 min), a o . i -ml  aliquot was wi thd rawn  and assayed by  the 
s tandard  n inhydr in  methodlL 

Fig. 4. Separat ion of Palo Verde aminoacylase on DEAE-Sephadex  A-25 before removal  of the 
cold-labile protein. Column dimensions, buffer, flow rate, and other  condit ions of chromato-  
g raphy  are given in the text .  Peak I was inactive and corresponded to the cold-labile protein. 
Peak I I  had the aminoacylase activity. 

Biochim. Biophys. Mcta, 191 (I969) 397-414 
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fraction irreversibly precipitated with an accompanying increase (about 7 %) in total 
and specific activity. The cold-labile protein was presumably bound to the amino- 
acylase, partially masking the catalytic activity, and was apparently not completely 
removed by the previous treatment with chilled acetone. 

The cold-labile protein could also be removed by means of chromatography on 
DEAE-Sephadex A-25, an anion exchanger possessing gel filtration properties. The 
elution diagram of the aminoacylase preparation before the cold-labile protein was 
removed is shown in Fig. 4. The elution diagram after removal of the cold-labile protein 
did not show Peak I. Peak I in Fig. 4 did not possess any aminoacylase activity. All 
activity was concentrated in the region corresponding to Peak II, except for very 
minor amounts detected in Fraction 24 . 

Electrophoresis on polyacrylamide gel was carried out as described by DAVIS 16 
to further characterize the Palo Verde aminoacylase. Tile electrophoretic pattern of 
Palo Verde aminoacylase is shown in Fig. 5. The cold-labile protein is represented by 
the dark heavy band on the cathode side near the left of the gel. 

The electrophoretic patterns of fractions which have been frozen to remove the 
cold-labile protein showed a marked decrease in the stain intensity of the first major 
band. Electrophoretic patterns obtained with protein from Peak I from Fig. 4 showed 
an increase in the dark heavy band, which represents the cold-labile protein. Electro- 
phoretic patterns obtained with enzyme from Peak II from Fig. 4 did not show the 
cold-labile protein band. Samples from Fraction 24 of Fig. 4 showed an increase in 
the minor bands closer to the anode; this fraction possessed very low activity. A 
commercial sample of hog kidney aminoacylase showed a diffused protein pattern 
throughout electrophoresis gels, with the aminoacylase activity located more towards 
the anode. 

The activity profile of the Palo Verde aminoacylase after electrophoresis on 

6.0 

5.0 

4 . 0  

o 

~ 3 , 0  

2 . 0  

I 0  

I I I 

I I  Ii!I 

( + i  

t~j/%.d • i ,  

: ,'o ,fo . . . . . . . . . .  
Gel F*oction Ntamber 

Fig. 5. Activity profile of Palo Verde aminoacylase before removal  of the cold-labile protein. 
Electrophoresis carried out  according to the method of DAvis z6. The gel was sliced longitudinally 
and stained for protein on one slice, while the other  slice was cut  into i - m m  segments  and assayed 
for aminoacylase activity. The conditions of the assay are given in the text.  The dotted line 
shows the assay results (increase A 5~0 nrn) after 5 h of incubation. The solid line shows the assay 
results after 4 8 h of incubation, thereby revealing which of the minor peaks were real and which 
were background color. Most of the aminoaeylase act ivi ty was concentrated in the region of the 
two bands immediately below tha t  of the cold-labile protein. The subs t ra te  was N-formyl-L- 
methionine. 
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polyacrylamide gel is also shown in Fig. 5. The activity was localized in a region 
corresponding to two adiacent bands immediately beyond the cold-labile protein. 
Incubation of the gel slices with N-formylmethionine for 5 h revealed the activity 
centered around gel Fraction 20. To ascertain whether minor peaks were real, the 
incubation was allowed to proceed to 48 h (solid line in Fig. 5) ; only the real amino- 
acylase activity peaks would increase after such an incubation. Two peaks on the 
cathode side of the major active aminoacylase peaks were real, and could represent 
degraded enzyme or very closely related aminoacylases. 

The activity profile on gels when the substrate used was N-acetyl-L-alanine or 
N-formyl-L-methionine, and the protein stain patterns, indicated that  the amino- 
acylase from Palo Verde might exist in at least two closely related forms. Other 
evidence for this observation will be presented later. 

Molecular weight estimation 
A molecular weight of 79 5oo was obtained using Sephadex G-Ioo, as shown in 

Fig. 6. This value compares well with the 76 500 obtained for hog kidney aminoacylase 
by BRUNS ANn SCHULZE 4. A reported 29 molecular weight of 83 ooo for an aminoacylase 
with a high specificity for N-acetylhistidine, isolated from the brain of the skipjack 
tuna, was determined on a similar column of Sephadex G-ioo. 

~ Lt ", CH~mTRY~NOGEN A 

~ I.le 
k .  OVALSUMIN 

I. = . DO) 

1.4 
~f~ ~ B O V I  N E ALBUMIN 

I.~' PALO VERDE ACYLASE "~ 
{ 7 9  500)  

y - GLOBLILINI 

LOG MOLECULAR WEIGHT 

Fig, 6. The molecular weight of Palo Verde anlinoacylase was determined chromatographically 
using Sephadex G-ioo and protein molecular weight markers. The method is described by 
ANI)REWS21; the results were calculated and plotted according to the method of WHITAKER ~2. 

Substrate specificity and reactivity 
Palo Verde aminoacylase exhibited a wide range of substrate specificity as 

shown in Table IV. The substrate most efficiently hydrolyzed was N-formyl-L- 
methionine. Although chemical hydrolysis of formyl amino acids is generally rather 
facile 3°, it is of interest to note that the aminoacylase hydrolysis rates for several 
N-acetyl derivatives were better than those for the corresponding N-formyl derivatives 
(Table IV). Substrates hydrolyzed by Palo Verde aminoacylase are similar to those 
hydrolyzed by other aminoacylasesS,6,9,10, but  with some evident differences in 
relative reactivities, and one major exception. Table V summarizes the reactivity of 
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TABLE IV 

PALO VERDE AiVIINOACYLASE SUBSTRATE REACTIVITY 

j .  c. LUGAY, J. N. ARONSON 

Substrate Hy- Substrate Hy- Substrate Hy- 
dro- dro- dro- 
lysis lysis lysis 
rate* rate* rate* 

N-Formyl-L-methionine 
N-Formyl-L-alanine 
N-Formyl-L-valine 
N-Formyl-L-leucine 
N-Formyl-L-phenylalanine 
N-Formyl-L-tyrosine 
N-Formylglycine 
N-Formyl-L-aspartic acid 
N-Formyl-L-kynurenine 
N-Acetyl-L-methionine 

175o N-Acetyl-L-alanine 
390 N-Acetyl-L-valine 
127 N-Acetyl-Ldeucine 
738 N-Acetyl-L-phenylalanine 
ioo N-Acetyl-L-tyrosine 
24 N-Acetylglycine 
92 N-Acetyl-L-glutamic acid 

o N-Acetyl-L-histidine 
o N-Acetyl-L-serine 

55 ° N-Acetyl-L-cysteine 

517 N-Acetyl-DL-threonine 236 
943 N-Acetyl-DL-ethionine 398 
875 N-Acetyl-L-norleucine 938 
139 N-Acetyl-L-a-amino- 
73 butyric acid 628 

276 N- Acetylpenicillamine 9 
187 N-Acetylglucosamine 9 
165 N-Acetylgalactosamine 9 
282 N-Acetylneuraminic acid o 
93 N-Acetyl-L-proline o 

*/~moles/h per mg protein nitrogen. 

Palo Verde aminoacylase toward various substrates hydrolyzed by enzymes which 
attack amide bonds. The isolated enzyme contained no acylase II or acylase III  
(carboxypeptidase) activity, since it could not hydrolyze N-acetyl-L-aspartic acid or 
N-acetyl-L-tryptophan, respectively. 1 Palo Verde aminoacylase did not hydrolyze 
benzoylglycine, so the hippuricase activity reported ~ for the hog kidney enzyme was 
not present. The highest specific activity of 265 °/~moles N-formyl-L-methionine/h 
per mg protein nitrogen obtained for Palo Verde aminoacylase (Table II) was less than 
the 20 ooo value for renal acylase I hydrolysis of N-acetyl-L-methionine4; however, 

TABLE V 

PALO VERDE AMINOACYLASE, POOR AND INACTIVE SUBSTRATES 

Activity: Poor: less than ioo pmoles/h per mg protein nitrogen. Negligible : less than io l,moleslh 
per mg protein nitrogen. 

Substr ate A ctivity Indication 

N-Acetyl-D-methionine 
N-Acetyl-D-alanine 
N-Acetyl-1--methionineamide 
N-Acetyl-L-alanineamide 
Glycylglycine 
N-Acetyl-L-tryptophan 
N-Z-L-phenylalanine 
N-Acetyl-L-aspartic acid 
Benzoylglycine 
a-N-Acetyl-L-ornithine 
N-Formyl-L-aspartic acid 

N-Formyl-L-kynurenine 

N- Form yl-L-methionyl-L-alanine 
Azocoll ~ 

Poor 
Negligible 
Negligible 
Negligible 
Poor 
Negligible 
Inactive 
Inactive 
Inactive 
Inactive 
Inactive 

Inactive 

Inactive 
Inactive 

Requires L-enantiomer 
Requires L-enantiomer 
Requires free carboxyl 
Requires free carboxyl 
No dipeptidase (EC 3.4.3.1) 
No acylase III  (ref. I) 
No carboxypeptidase (EC 3.4.2.1) 
No acylase II (EC 3.5.1.15) 
No hippuricase (EC 3.5.1.14) 
No ornithinase (EC 3.5.1.16) 
No formylaspartate deformylase 
(EC 3.5.I.8) 
No kynnrenine formamidase 
(EC 3.5.1.9) 
Cannot deformylate a peptide 34-~ 
No proteolytic activity 

" Azocoll is an insoluble dye-collagen complex. On the action of a proteolytic enzyme, the 
collagen is broken down and the dye is released in solution. Rate of release is taken as a measure 
of enzyme activity. 
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it was considerably greater than the value of 91 for the purified rape seed aminoacylase 
hydrolysis of N-acetyl-L-leucine 7 and 95 for the purified mold aminoacylase hydrolysis 
of N-acetyl-L-methionine 6. 

In this study of Palo Verde aminoacylase reactivity, the hydrolysis rate order 
for the following substrates was : N-acetylmethionine ~ N-acetylalanine > N-acetyl- 
phenylalanine. BIRNBAUM et al. 5 noted that renal acylase I hydrolyzed N-acylamino 
acids in the following order: N-acetylmethionine >> N-acetylalanine > N-acetyl- 
phenylalanine. OZAKI AND WETTER 7 showed rates of hydrolysis in the following order 
with an aminoacylase purified from rapeseed: N-acetylphenylalanine and N-acetyl- 
tyrosine > N-acetylmethionine >> N-acetylalanine. MICHI AND NONAKA ~1 obtained 
a mold aminoacylase which showed the following hydrolysis order: N-acetylphenyl- 
alanine > N-acetylmethionine > N-acetylalanine. Although various aminoacylases 
may show similarities, differences can be recognized in the rates at which they hydro- 
lyze similar substrates. An aminoacylase from Euglena gracilis has recently been 
reported ~ which selectively deformylates N-formyl-L-methionine, and does not 
catalyze the hydrolysis of N-acetyl-L-methionine. An enzyme from Escherichia coli 
has been prepared which will deformylate N-formylmethionylaminoacyl-transfer RNA 
and its analog, N-formylmethionylpuromycin, but not N-formylmethionine 3~. Other 
reports 34-~6 indicate that E. coli extracts can deformylate N-formylmethionyl pe ptides. 
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Fig. 7. T e m p e r a t u r e  s t a b i l i t y  of Palo  Verde aminoacylase .  The reac t ion  tubes  each con t a ined  
o. I ml  aminoacy l a se  (192 ,ug protein) .  E a c h  tube  was hea ted  for i o  rain a t  a specific t e m p e r a t u r e  
be tween  25 and  7 o°, t hen  cooled i m m e d i a t e l y  in a o ° ba th .  The  subs t r a t e  was  3 ml of N-ace ty l -oL-  
a l an ine  (0.05 M, L-form) in o.I  M p y r o p h o s p h a t e  buffer (pH 9.0) con ta in ing  o. 4 mM Co S+. The 
enzyme  and  s u b s t r a t e  were bo th  b r o u g h t  up to  reac t ion  t e m p e r a t u r e  (37 °) and  the  reac t ion  was  
s t a r t e d  by  a d d i n g  the  s u b s t r a t e  to  the  enzyme.  The res t  of the  assay  was the  same as t h a t  des- 
cr ibed u n d e r  M A T E R I A L S  A N D  M E T H O D S .  

Fig. 8. Pa lo  Verde aminoacy l a se  a c t i v i t y  as a func t ion  of t empe ra tu r e .  The reac t ion  tube  con- 
t a ined  i .o  ml  of N- formyl -L-meth ion ine  (25 raM) in o . i  M p h o s p h a t e  buffer (pH 7.2) con ta in ing  
0. 4 mM Co 2+ and  o .o i  ml  aminoacy la se  (70.6/~g protein) .  The reac t ion  was carr ied  out  a t  t empera -  
tu res  r a n g i n g  f rom 25 to  7 °0 . The assay  was  the  same as t h a t  descr ibed under  MATERIALS AND 
METHODS. The inse t  shows the  Arrhen ius  a c t i v a t i o n  ene rgy  plot .  The  above  resul t s  were r ep lo t t ed  
to  ob t a in  the  a p p a r e n t  a c t i v a t i o n  energy  for the  e n z y m a t i c  hydro lys i s  of N-formyl-L-meth ionine .  
An a p p a r e n t  a c t i v a t i o n  energy  of lO.2 kca l /mole  was obta ined.  
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Effects of temperature on aminoacylase activity 
The Palo Verde aminoacylase exhibited excellent stability. An enzyme sample 

stored frozen for two years retained all activity. The enzyme was shown to withstand 
a temperature of up to 5 °0 for IO rain without loss in activity (Fig. 7). Chromatography 
of the enzyme was performed at room temperature without affecting the activity. 
Renal acylase I was reported 5 to be stable to 37 ° for 48 h and for months when stored 
dry at 5 °. A heat stability curve reported 2 for the hog kidney aminoacylase is very 
similar to the one observed for the Palo Verde enzyme (Fig. 7). 

The temperature optimum was 520 for the Palo Verde enzyme (Fig. 8). Assuming 
that saturation of the enzyme with substrate (the Kin) did not vary greatly with 
increasing temperature, the data of Fig. 8 could be replotted in the Arrhenius form 
(inset, Fig. 8). An apparent activation energy of lO.2 kcal/mole for the hydrolysis of 
N-formyl-L-methionine was determined from the slope of the plot. OZAKI AND WETTER 7 
reported an activation energy of 12.6 kcal/mole for the rapeseed aminoacylase-cata- 
lyzed hydrolysis of N-acetyl-L-leucine. In contrast, BRUNS AND SCHULZE 4 reported 
4,3 kcal/mole as the activation energy for the hydrolysis of N-acetyl-L-methionine by 
the hog kidney aminoacylase. This tends to verify the much higher specific activity 
possessed by the hog kidney enzyme when compared to that of the plant aminoacylases. 

Effects of pH on aminoacylase activity 
Palo Verde aminoacylase was found to be relatively unstable below pH 6.5 and 

above pH io.o. Renal acylase I was reported 2 to exhibit complete stability between 
pH 6.0 and 9.0. 

The determination of catalytic constants (Table VI) showed N-formyl-L- 
methionine to be the more favorable substrate at pH 7.2 on the basis of Vmax/Km, the 
"physiological efficiency" (see ref. 23). N-Acetyl-L-leucine showed an apparently high 
"physiological efficiency", but it exhibited anomalous kinetic behaviour. In particular, 
moderately high concentration caused substrate inhibition so that a false, and ap- 
parently high, Vmax was obtained. The same was true for N-acetyl-L-methionine 

T A B L E  VI 

PALO VERDE AMINOACYLASE 

Kine t ic  data ,  p H  7.2. 

Sztbstrate K m  X Io  2 Vmax X lO -3 Vmax[ 
( M  -1) (t~moles/h K;~, × ±0 -8 

per  mg 
prote in  
n i t rogen)  

N-Ace ty l -L-meth ion ine*  2.11 2.35 112.o 
N-Acety l -L-a lan ine  o.437 o.676 155.o 
N-Acetyl-L-valine*,* * 4.21 3.32 78.8 
N-Acetyl -L- leucine  *, * * o. 285 i. 27 446 . o 
N-For  Inyl-L-rnethionine 0.668 1.95 291 .o 
N-Formyl -L-a lan ine  2.19 0.44 20. i 
N-For  myl-L-val ine  14.7 o. 718 4.9 I 
N-Formyl-L- leucine  1.76 1.55 89.I 

* High  subs t r a t e  concen t ra t ions  inh ib i t ed  the  react ion.  
** Sigmoid k inet ics  ind ica t ed  coopera t ive  effect. 

Bioch im .  B i o p h y s .  Acta ,  191 (1969) 397-414 



PALO VERDE AMINOACYLASE 409 

% 

5 LO 15 

10 -~ x I/[N-acetyI-L-methio~ine] 

8O( 
,,=, 

6O( 

50C 

40( 

i 30C 
20C 

~L IOC 

0 

-12 ' 

1.0 2.0 3.0 40 5.0 60 70 a 0 90 I0.0 
[N-ACETYL-L- LEUCINE] (rnM) 

Fig. 9. L ineweaver -Burk  plot  for Palo Verde aminoacylase act ivi ty data. The reaction tube  
consisted of 1. 5 ml of  an appropr ia te  concentrat ion of  N-acetyl-L-methionine in o.i  M phospha te  
buffer (pH 7.20) containing o. 4 rrlM Co 2+. The tube  was equil ibrated at  37 ° and the reaction 
s tar ted  by  the addition of o.o2 ml of enzyme (320/~g protein). At the end of a IS-rain incubation,  
a o . i -ml  al iquot was  wi thd rawn  and assayed. Velocity was calculated for each subs t ra te  concen- 
t ra t ion  used and plot ted as shown above, Kinetic pa rame te r s  were usually obtained by  use of a 
compute r  program.  

Fig. io. Aminoacylase act ivi ty as a funct ion of N-acetyl-L-leucine concentrat ion.  The reaction 
tube  consisted of  I. 4 ml of  an appropr ia te  concentrat ion of substrate .  The reaction was s tar ted 
by  the addit ion of o.I ml of  enzyme (267#g protein). The other  conditions of the assay are 
ment ioned under  Fig. 9. Activity was plot ted against  N-acetyl-L-leucine concentration. The data  
obtained were replot ted as indicated in the inset according to the method described by  TAKETA 
AND POGELL 31~. In  this  case log v/(vma.c - -  v) was used in place of log (E  --  Sr,) /E for the ordinate,  
and log [N-acetyl-L-leucine] for the abscissa. The slope of the line is n and represents the apparen t  
n u m b e r  of N-acetyl-L-leucine bound  per mole of enzyme. 

(Fig. 9) and for N-acetyl-L-valine. Another anomalous behaviour was shown in the 
kinetics for the hydrolysis of N-acetyl-L-valine and N-acetyl-L-leucine ; a cooperative 
effect 37 was exhibited when these substrates were present in low concentrations. The 
non-Michaelis-Menten plot for N-acetyl-L-leucine is shown in Fig. IO. The data from 
Fig. 5 were replotted according to the method of TAKETA AND POGELL 3s to calculate 
the number of moles of substrate bound (apparent n) per mole of enzyme. As shown 
in the inset of Fig. io, the apparent  n for N-acetyl-L-leucine was 1.8. In a similar 
manner, the apparent n for N-acetyl-L-valine was calculated to be 1.3. When the 
actual n is 2, the apparent  n cannot be greater than 2 (see ref. 39), so the actual bound 
substrates were probably 2 in the above two cases. 

The opt imum pH for Palo Verde aminoacylase varied from pH 7.0 to 9.0, 
depending upon the substrate employed. Single pH optima peaks were observed at 
7.4 for N-acetyl-L-methionine and 8.0 for N-acetyl-L-leucine. Figs. 11-13 present the 
pH opt imum plots for N-formyl-L-methionine, N-acetyl-L-alanine, and N-acetyl- 
L-leucine. Two buffer systems, phosphate and pyrophosphate,  were used for N-acetyl-  
L-alanine (Fig. 12) to cover the pH region above and below pH 9.o. The pyrophosphate 
buffer (solid circles) caused a decrease in activity, but  the pH optima in both buffer 
systems were in good agreement. A comparison of the kinetic constants at pH 7.2 and 
pH 9.o for N-formyl-L-methionine and N-acetyl-L-alanine showed that  Vmax/Kra for 
the hydrolysis of N-formyl-L-methionine was the higher at the more probable phy- 
siological pH (Table VI) with both a higher Vmax (2.8" IO a vs. 1.6" IO a) and a lower Km 
(4.8" lO -3 vs. 7.2" lO-3). The reverse was true for N-acetyl-L-alanine with a Vmax at 
pH 9.0 of I . I .  IO a (vs. 7-9" lO2) and Kra at pH 9.0 of 3.4" lO-3 (vs. 4.0. lO-3). 
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I~H pH 

Fig. I i. Aminoacylase act ivi ty as a function of pH, N-formyl-L-methionine as substrate .  The 
reaction tube contained i .o ml of N-formyl-L-methionine (25 mM) in o.i M phospha te  buffer con- 
taining 0. 4 mM Co 2+. The p H  varied from 4.5 to 9.o. The tube was equilibrated at  37 ° and the 
reaction was s tar ted by  the addition of o.oi ml of enzyme (7o.6 Bg protein). Incuba t ion  t ime was 
15 min; then o.i ml was wi thdrawn and assayed TM. 

Fig. i2. Aminoacylase act ivi ty as a function of pH, N-acetyl-L-alanine as substrate .  The reaction 
tube contained 3.o ml of N-acetyl-DL-alanine (o.o 5 M, L-form) in buffer. Reaction was s tar ted 
with the addition of o.i ml of enzyme (192 /~g protein). All other  conditions were the same as 
tha t  described under Fig. i i .  Open circles indicate o.i M phospha te  buffer, while the closed 
circles indicate o. I M pyrophospha te  buffer. 
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Fig. 13. Aminoacylase activity as a function of pH, N-acetyl-L-leucine as substrate .  The react ion 
tube contained o.475 ml of N-acetyl-L-leucine (25 mM) in o.i  M phosphate  buffer containing 
o. 4 mM Co 2+. The reaction was s tar ted with the addition of 25/~1 of  enzyme. The broken line 
represents  the aminoacylase not  subjected to DEAE-Sephadex  separation, while the solid line 
represents  the acylase in Fract ion 7 (see Fig. 4). Fract ion 7 had a protein concentrat ion of 
1.625 mg/mh The unfract ionated enzyme had a protein concentrat ion of o.872 mg/ml.  The rest  
of the experiment  was the same as tha t  described under Fig. t i. 

Fig. 14. Aminoacylase activity as a function of pH,  N-acetylglycine as snbstrate .  The reaction 
tube contained 0.475 ml of N-acetylglycine (25 mM) in o.i M pyrophospha te  buffer containing 
0. 4 mM Co 2+. The reaction was s tar ted with the addition of 25 ~ul of enzyme (21.8/~g protein).  
The rest of the exper iment  was the same as tha t  described under  Fig. I i. 
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Unexpected results were obtained with N-acetyl-L-leucine (Fig. 13). When 
aminoacylase purified only through the acetone fractionation was used, the optimum 
was obtained at pH 8.0. When the enzyme used was Fraction 7 from the DEAE- 
Sephadex A-25 column, a pH optimum was observed at pH 6.5 with an additional 
increase in activity observed at pH 8.5. These dual pH optima, and previously cited 
evidence from gel electrophoresis experiments, indicated partial resolution in Fraction 
7 of two aminoacylases. The predominant enzyme species after fractionation on DEAE- 
Sephadex A-25 possessed the pH optimum at 6. 5. The pH optimum at 8.0 obtained 
with the unfractionated enzyme must have represented the overlap of two peaks. 
Further evidence for this phenomenon was apparent with the unfractionated enzyme 
and N-acetylglycine (Fig. 14). At least two enzymes with very similar properties must 
be present in the Palo Verde aminoacylase preparations. No evidence was obtained 
to indicate that physical characteristics reported in this paper would be altered with 
a more homogeneous enzyme preparation, however. 

c 
o 

~ I I _  I I I I I I 
6 8 I0 12 14 16 t8 20 

Time {Minutes )  

Fig. 15. Inhibition of Palo Verde aminoacylase by p-hydroxymercuribenzoate.  The reaction 
tube contained 0.05 ml enzyme (43.75/~g protein) and 0.05 ml p-hydroxymercuribenzoate  (I mM), 
all in o.1 M phosphate  buffer (pH 7.2). The mixture  was pre-incubated at  37 ° for 5 min. The 
reaction was s tar ted by the addition of 0.9 ml N-formyl-L-methionine (25 mM) ill phosphate  
buffer. Then o.I-ml aliquots were withdrawn at  2-rain intervals and assayed by the ninhydrin 
method as previously described. The control (solid line )had buffer, instead of inhibitor (broken 
]ine). 

Effects of inhibitors on aminoacylase activity 
A series of commonly used hydrolase inhibitors was studied with Palo Verde 

aminoacylase. Preincubation of the enzyme with p-hydroxymercuribenzoate (0.5 mM) 
for 5 min at 37 ° gave 41% inhibition (Fig. I5), although only slight inhibition was 
obtained when the inhibitor and substrate were added together. Iodoacetamide 
showed no inhibition under the same conditions, while N-ethylmaleimide and diiso- 
propylfluorophosphate showed negligible amounts of inhibition. The substrate concen- 
tration (2.5 mM) was about 4 times Kin, sufficiently high to prevent a reversible inhi- 
bition. When the substrate concentration was brought down to 4.5 mM (Fig. I6), 
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Fig. 16. Effect of  inhibi tors  on Palo Verde aminoacylase .  The  inhibi t ion  exper iments  were 
carried out  as described under  Fig. 15, except  substrate  so lut ion was 5 mM N-formyl -L-methionine .  
Inhib i t ion  was calculated from the  init ial  ve loc i ty  determined at  5 min.  

Inhibitor (0.5 raM) Inhibition 
(%) 

I. Iodoacetamide o 
II. N-Ethylmaleimide 6 

III.  Diisopropylfluorophosphate 26 
IV. Iodosobenzoate 7 ° 
V. p-Hydroxymercuribenzoate 91 

Fig. 17. Aminoacy lase  hydrolys i s  of  p -n i t ropheny l  acetate  and compet i t ion  w i t h  N-formyl-L- 
methionine. The react ion was carried out  in microcuvet te s  w i t h  a o.5-ml capaci ty  and the hydro-  
lysis was  moni tored  at  400 n m  wi th  a B e c k m a n  D U  spec trophotometer  a t tached to a Gilford 
recorder, The cuvet te  contained 0. 3 ml  phosphate  buffer (o.i M, pH 7.2) at zero t ime.  At  po int  A, 
25/,1 of p -n i trophenyl  acetate  (i M in phosphate  buffer) was  added. At  po int  B, 25/A amino-  
acylase (21.8 t*g protein) was added. At  po int  C, 25 ~1 N-formyl-L-methionine (25 raM) was added.  

iodoacetamide still did not inhibit at all and N-ethylmaleimide showed only negligible 
inhibition. However, significant inhibition was shown by o-iodosobenzoate (7 ° %) and 
p-hydroxymercuribenzoate (91%). Increased concentration of iodoacetamide to 5 mM 
still produced no inhibition. GOULD AND LIENER 4° reported that several commercial 
samples of diisopropylfluorophosphate contained an impurity which combined irre- 
versibly with the - S H  group of cysteine, GSH, and the enzyme ficin. The partial 
inhibition exhibited by diisopropylfluorophosphate in Fig. 16 was reinvestigated using 
a sample known to be free of sulfhydryl inhibitors. The diisopropylfluorophosphate 
which was free o f - S H  inhibitors had no effect on aminoacylase activity. 

These inhibitor studies indicate that serine does not participate in the amino- 
acylase reaction and suggest that Palo Verde aminoacylase is a sulthydryl enzyme. 
A 42 % enhancement of activity over the appropriate control (328/,moles substrate 
hydrolyzed per h per mg protein nitrogen v s .  232) was observed when o.I ml of enzyme 
(Io7. 5 / ,g  protein) was preincubated at 37 ° for 5 rain with o.I ml of mercaptoethanol 
(I mM), and the reaction was started by the addition of 0. 7 ml of substrate (N-formyl- 
methionine, 25 raM, pH 7.20). This further implicates an intact thiol group in the 
catalytic function of the enzyme, despite the lack of inhibition by N-ethylmaleimide 
or iodoacetamide. 
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Reaction with p-nitrophenyl acetate 
The enzyme-catalyzed hydrolysis of p-nitrophenyl acetate involves the rapid 

formation of the acyl-enzyme intermediate, accompanied by an equally rapid release 
of the p-nitrophenolate ion 41-~. This initial burst is followed by the steady state 
production of the p-nitrophenolate ion which can be monitored at 400 nm. Fig. 17 
illustrates the hydrolysis of p-nitrophenyl acetate by Palo Verde aminoacylase. The 
increase in A400 nm prior to the addition of the enzyme was the result of the spon- 
taneous hydrolysis of the p-nitrophenyl acetate, but  a marked rate increase resulted 
after addition of the enzyme. The competition for the enzyme between N-formyl- 
methionine and p-nitrophenyl acetate is also presented in Fig. 17. The decrease in the 
slope on addition of N-formylmethionine at point C was much greater than could be 
expected as a result of dilution. These results suggest that  the aminoacylase-catalyzed 
hydrolysis of p-nitrophenyl acetate is similar to that shown by other sulfhydryl en- 
zymes 41. 

DISCUSSION 

BRUNS AND SCHULZE 4 observed that hippuric acid and thiophene-2-carboxyl- 
glycine would inhibit renal acylase I activity at relatively high concentrations. They 
attributed this to the formation of an inactive bimolecular complex between ES and S. 
They calculated the first dissociation constant for the hippuric acid ES to be 2. 7 • lO -3 
moles/1 and the second constant for ES2 to be 3.7' IO-~ moles/1. They did not report 
any inhibition with high concentrations of N-acetyl-L-methionine, but hippuric acid 
competitively inhibited the hydrolysis of N-acetyl-t-methionine. The 4-fold increase 
in activation energy (18.o kcal/mole vs. 4.3 kcal]mole), yet a Ks, value only 20% 
greater than that for N-acetyl-L-methionine, indicates either an alternate site or 
mechanism for the hydrolysis of hippuric acid by renal acylase I. 

The Palo Verde aminoacylase data for N-acetyl-L-methionine substrate inhi- 
bition and for N-acetyl-L-leucine cooperativity could be reconciled by assuming the 
former ES~ complex is inactive and occurs only at high substrate concentration, while 
the latter ES~ complex exhibits enhanced activity. However, N-acetyl-L-leucine also 
showed substrate inhibition at high concentrations. This does not explain why some 
substrates, such as N-formyl-L-methionine, show neither effect. 

Some evidence was presented for the existence of more than one aminoacylase 
in the Palo Verde preparations. No gross difference in substrate reactivity was apparent 
between the forms, and they may just be a result of slight degradation. Variation in 
pH optimum for different substrates may just reflect flexibility in the catalytic 
mechanism. MICHI AND NONAKA 31 also observed a variation in pH optimum for several 
substrates used with a mold aminoacylase. 
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