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Introduction 

Prolidase (EC 3.4.13.9) deficiency (McKusick 26413) is an autosomal recessive 
disease associated with chronic ulcerative dermatitis, mental retardation and imino- 
dipeptiduria [1]. A single form of prolidase was found in human erythrocytes [2] and 
an almost total deficiency of the enzyme against the substrate glycyl-proline has 
been reported [3-9] in the disease. In a preliminary report on cultured human skin 
fibroblast prolidase [10] we showed that the disease enzyme activity against other 
substrates was not as reduced. Characteristics of the normal and abnormal enzyme 
of skin fibroblasts are described that enable diagnosis of the disease to be made 
using substrates in addition to glycyl-proline. 

Materials and methods 

Skin fibroblast cultures were obtained from a Turkish male patient (Case 1) [9] 
and a male Italian patient (Case 2) [4]. The cells were cultured and extracts prepared 
as previously described [10,11]. 

Prolidase was assayed using glycyl-proline (gly-pro), phenylalanyl-proline (phe- 
pro), alanyl-proline (ala-pro), valyl-proline (val-pro), seryl-proline (ser-pro), 
methionyl-proline (met-pro) obtained from Sigma Ltd. (St. Louis, MO, USA) and 
glutamyl-proline (glu-pro) obtained from BaChem Ltd. as substrates and followed 
by estimating liberated proline [10]. Two other possible methods for phe-pro were 
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evahiated. Firstly, liberated phenyla lanine  was estimated spectrophotometrically 
using a micromethod based upon the nonspecific dipeptidase assay of Shoal et al 

[12]. The assay contained 25 p,l extract, 50/,1 50 mmol/1  barbital H( ' l  buffer p t t  8.~} 

and 25 btl 80 mmol /1  phe-pro and after 30 min incubat ion at 3 7 ° C  the reaction ,aas 
stopped by heating at 100°C for 1 min. Reagent (250 #1 of 25 mmol~'l barbi ta l - t{( ' l  
buffer pH 8.0 conta in ing 0.27 g / l  L-amino acid oxidase, Sigma Lid. type VI: 2!} 
m g / l  horseradish peroxidase, Sigma Ltd. type II: and 0.2 g / I  o-dianis idine.  2 t1('1 
Sigma Ltd.) was added and after 10 min at 3 7 0 (  ̀  250 /xl 50% (v /v )  sulphuric acid 
added. The colour was read at 530 nm and compared to a phenylalanine s tandard 
curve. Secondly, lhe method of Matsumoto et al [13] for monoamine  oxidase ',~as 

applied to the fluorimetric est imation of phenylalanine.  After heating the assay l ubes 

at 100°C for 1 rain, 400 /,I reagent (25 m m o l / l  barbital  HCI buffer pH S.lt 
conta in ing 0.1 g / l  L-amino acid oxidase, 10 m g / l  horseradish peroxidase, 50 
mmol /1  EDTA and 0.5 /.tlnol/l homovanill ic acid, Sigma Ltd.) was added. After 
incubat ion  at 370( ` for 10 min, 500 #1 0.5 mol/ ' l  NaOH was added and the 

fluorescence read on a Perkin Elmer 1000 fluorimeter (excitation 323 nm: emission 

426 nm) and related to a phenyla lanine  standard curve. Addi t ion of ED' IA ',~as 
needed to prevent the precipitation of Mn 2+ used to activate prolidase. Pr<~tein '~as 
estimated [14] using bovine serum a lbumin (Sigma Ltd.) as s t a n d a r d  

The effect of Mn 2' on prolidase activity was followed by the addit ion ~>f 
increasing amounts  of MnCI 2 to the assay or by preincubat ing extract with 1.33 
m m o l / l  Mn 2+ . Substrate kinetics for enzyme preincubated with 1.33 m m o l / l  Mn ± 

fiw 5 rain was calculated by Eadie Hofstee plots using a Hewlett Packard HP':~7 
[15] for a number  of substrates over the range 1 20 mmol/1.  Substrate interaclion 
was also studied for phe-pro by the method of Chrastil and Wilson [16] by following 
product  (phenylalanine)  formation with time under limiting substrate level (It.5 

m m o l / l )  for normal  and abnormal  enzyme at the same protein level. Heat stability 
of prolidase in the presence (1.33 m m o l / l )  or absence of Mn 2 + was investigated by 

treating extract at 30- 6 0 ° C  for 5 rain or at 4 8 ° C  for up to 60 ram. For extracts 

treated without Mn 2 + an equivalent amount  of Mn 2 ' was added with the substrate. 
The effect of p-hydroxymercur ibenzoate  (PHMB, Sigma Ltd.) on prolidase activity 

against phe-pro was studied by the addit ion of 0.01 0.5 m m o l / l  PHMB before ~>r 
after t reatment  with 1.33 m m o l / l  Mn 2+. Based upon these results 0.05 mmo] / I  
PHMB was added to normal  and abnormal  prolidase following pre incubat ion with 

1.33 mmol /1  Mn 2 + and assayed with a number  of substrates. 

Results and discussion 

Assays jor prolidase 
Myara et al [8] reported a method using Chinard ' s  n inhydr in  reagent optimJised 

for the assay of prolidase. With this method gly-pro was rapidly hydrolysed, such 
that at 100°C  an absorbance of 1.0 was reached after 20 rain necessitating the use of 
a lowered temperature which reduced assay sensitivity. The present method was 
based on the n inhydr in  method of Mayer and Nordwig [17] and at l(10°C the 
absorbance was only. 0.09 after 20 min enabl ing 100 °C  to be used. The developnlent 
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of the prol ine colour  and hydrolysis  of gly-pro to give the subs t ra te  b lank were 
cri t ical ly dependent  upon the temperature .  Using heat ing blocks in which there was 
a difference of only a degree between blocks gave unrel iable  readings.  This p rob lem 
was overcome by ensuring a uniform tempera ture  in a boil ing waterba th  by 
cont inuous  stirring. All the other  substrates  were more s table and gave a lower b lank 
than gly-pro.  Glycine  was found to increase the prol ine  s tandard  reading and its 
inclusion in the method,  as r ecommended  by Mayer  and Nordwig  [17], e l iminated 
any tendency for the glycine l iberated by the enzyme from gly-pro to increase the 
reading.  

The L-amino acid oxidase color imetr ic  method gave 3.8 times the colour  for a 
given phenyla lan ine  s tandard  (10 nmol = absorbance  0.285) compared  to an equiva- 
lent prol ine  s tandard  in the Mayer  and Nordwig  [17] method and a slightly bet ter  
enzyme reading to blank ratio. The method was l inear up to at least an absorbance  
of 1.0 equivalent  to 35 nmol  phenyla lanine .  The c -amino  acid oxidase f luorimetr ic  
method  gave a reading of 900 fluorescent units for 10 nmol phenyla lan ine  with the 
f luorimeter  s tandard ised  to 200 U with 1 mg/1 quinine and an enzyme reading to 
b lank ratio twice as high as the prol ine method,  Hence, both t , -amino acid oxidase 
methods  gave larger readings for a given enzyme level than the prol ine method and 
were suited for the rapid  analysis  of a large number  of samples  as generated by 
kinetic and chromatograph ic  studies. 

An  op t imum of pH 8.0 was ob ta ined  for normal  and abnorma l  f ibroblas t  
pro l idase  using b a r b i t a l - H C l  buffer.  The three enzyme assays were l inear with time 
for at least 60 min and with protein  up to at least 40 / . tg /assay .  A range of 5 15 /xg 
p r o t e i n / a s s a y  was used for the L-amino acid oxidase methods  and 15 40 /xg 
p r o t e i n / a s s a y  for the prol ine  method.  The three methods  gave similar  pro l idase  
activities for a number  of f ibroblast  cultures. 

Effects of manganese 
Control  prol idase  was act ivated by the addi t ion  of Mn 2 ~ with the substra te  (2.5 

m m o l / l  Mn :+ opt imal  gly-pro;  1 m m o l / l  Mn 2+ op t imal  other  substrates),  except  
for glu-pro which did not  require Mn 2 + . Pre incubat ion of the enzyme with Mn ~ + at 
3 7 ° C  further increased control  pro l idase  activity, with the same levels of Mn 2+ 
being opt imal  (Fig. 1). Pre incubat ion  for 60 rnin for g ly-pro  and 5 min for the other  
substrates  (phe-pro  and leu-pro shown) were required for op t imal  act ivat ion.  The 
increase in act ivi ty with pre incubat ion  at 3 7 ° C  did  not  occur at 48°C.  The 
abnorma l  enzyme was act ivated by the add i t ion  of Mn 2 ' with the substrate,  but the 
op t imal  Mn 2+ for Case 1 pro l idase  activi ty against  phe-pro  was about  0.05 m m o l / l  
Mn 2~ and Case 2 showed about  90% of max imum activi ty at this level (Fig. 2). 
A b n o r m a l  pro l idase  against  phe-pro  was always reduced by pre incubat ion  irrespec- 
tive of the level of  Mn 2+. However,  both  cases still required 60 rain pre incuba t ion  
for gly-pro,  but  max imum prol idase  activi ty only required 0.05 m m o l / l  Mn 2+ . 
Previous studies have used different  condi t ions  for Mn 2 ~ ranging from no Mn 2+ [5], 
10 mmol /1  [4] or 16 mmol /1  [6] with no pre incuba t ion  to 1 m m o l / l  p re incuba ted  for 
2 h [3,7] or 24 h [8] or 10 mmol /1  for 1 h at 3 7 ° C  [3,6]. Based upon the present  da ta  
these variable Mn 2÷ condi t ions  would par t ly  explain the very var iable  pro l idase  
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levels  r e p o r t e d  [3 9]. In  a d d i t i o n ,  M n  2+ c o n d i t i o n s  o p t i m i s e d  fo r  c o n t r o l  p r o l i d a s e  

a r e  n o t  n e c e s s a r i l y  t h o s e  n e e d e d  b y  the  a b n o r m a l  e n z y m e .  

Suhstrate specificity 
Sk in  f i b r o b l a s t  p r o l i d a s e  a c t i v a t e d  by  p r e i n c u b a t i o n  fo r  5 ra in  at  37 o ( ,  w i t h  1.33 

m m o l / l  M n  2~ s h o w e d  a t igh t  r a n g e  o f  v a l u e s  fo r  all t he  e igh t  s u b s t r a t e s  (20 
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Fig. 1. Effect of preincubation with 1.33 mmol/I  Mn 2 + at 37° t  ' on control prolidase a~_'tivit\, against 
gly-pro t ... ), phe-pro ( ) and leu-pro (- - -). 

Fig. 2. Effect of preincubation with different Mn 2 ' levels for 5 rain at 370(  ̀  on control Ill), Case 1 I ~ ) 
and ('ase 2 CA) prolidase activity against phe-pro. 
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mmol /1 )  used (Fig. 3). The highest specific activity was against  ser-pro,  whilst  the 
lowest was against  glu-pro,  the only subst ra te  not requir ing Mn 2 +. Act ivi ty  against  
gly-pro,  when fully act ivated by 60 rain p re incuba t ion  with 2.5 retool /1 Mn 2+ , 
would be increased about  2.5 t imes to a mean specific act ivi ty of 220 nmol • min 
mg 1 protein,  The repor ted  mean specific act ivi ty (nmol • rain ~ • mg ~ prote in)  of 
skin f ibroblast  pro l idase  ranged from 7.2 [5], 20 [4], 50 [8] to 154 [9], all less than the 
present  level, and,  in part ,  reflects the var iable  Mn 2+ condi t ions  used. A b n o r m a l  
prol idase  activi ty against  gly-pro has consis tent ly  been repor ted  [3 10] to be absent  
or very low and in the present  s tudy activi ty in the two cases was reduced to 3 6% 
depending  upon the Mn 2 + condi t ions .  The reduct ion in activi ty against  the other  
substrates  was not  as marked  ranging from 27 to 80% (Fig. 3). The enzyme 
deficiency against  substrates  with a polar  amino  acid (gly, ser, glu) was greater  than 
against  those with a non-po la r  amino  acid (ala, val, phe, leu, met). 

Substrate kinetics 

The response of  normal  and abnormal  prol idase  (Case 2), following pre incuba t ion  
with 1.33 m m o l / l  Mn 2+ for 5 min at 37 °C, to a number  of subs t ra tes  was analysed 
by  E a d i e - H o f s t e e  plots  [15] and the results for corrected K m  and Vmax given in 
Table  I. The es t imate  of da ta  var ia t ion [SD(E)rad;  15] for all subst ra tes  was less than 
0.07 indicat ing the results to be acceptable .  The normal  enzyme exhibi ted biphasic  
kinetics against  phe-pro,  whilst the abnormal  enzyme showed only a single line. The 
abnorma l  enzyme had a lowered aff ini ty for all the subst ra tes  with the smallest  
change being for g lu-pro  and the largest for ser-pro, phe-pro  and leu-pro.  The 
max imum activity of the abnorma l  enzyme, calcula ted from the Eadie Hofstee  plots  
was increased for met-pro,  unchanged for phe-pro  and leu-pro,  somewhat  reduced 
for set -pro and val -pro  and most  reduced for ala-pro,  g lu-pro  and gly-pro.  Owing to 
the al tered Km values the deficiency in abnormal  pro l idase  activi ty would be more  
marked  the lower the subs t ra te  level used. The subst ra te  (gly-pro)  level used in 
previous work has varied from 1 [4], 3.7 [3,7], 7 [5], 10 [6] to 47 n n n o l / l  [8] which 

TABLE 1 

Substrate kinetics of control and Case 2 prolidase 

Substrate Km Vmax 

Control Case Control Case 

Ser-pro 3.8 36.2 279 142 
Ala-pro 2.3 8.1 221 62 
Met-pro 4.5 14.4 147 210 
Phe-pro 2.8, 6.8 24.9 136 147 
Gly-pro 2.8 13.7 150 20 
Leu-pro 1.3 10.4 g0 72 
Val-pro 0.9 3.3 68 40 
Glu-pro 4.4 6.1 33 6 

1 20 mmol/I substrate analysed by Eadie Hofstee plots [15] 
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wou ld  different ial ly '  af fect  the level of  con t ro l  and a b n o r m a l  prol idase .  As with 

M n  2 + condit ions+ the  level of  subs t ra te  o p t i m i s e d  for the assay of  con t ro l  pr<~lidase 

wou ld  not  be op t ima l  for the m e a s u r e m e n t  of  the a b n o r m a l  enzyme .  

Ana lys i s  of  p r o d u c t  f o r m a t i o n  us ing p h e - p r o  as subs t ra te  by the m e t h o d  of  

Chras t i l  and Wi l son  [16] ind ica ted  the a b n o r m a l  e n z y m e  had an u n c h a n g e d  ,1 

(s ter ical  s t ruc tu re  cons t an t )  va lue  of  over  0.9 and  p m  ( m a x i m u m  p r o d u c t  f o rma t ion )  

va lue  of  0.35 retool//1, but  the k (rate c o n s t a n t  re la ted  to d i f fus ion  coef f ic ien t )  was 

r educed  to 0.0023 as c o m p a r e d  to 0.0086 I - g 1 . s 1 of  the no rma l  enzyme .  Fhe  da ta  

ind ica ted  no  m a j o r  a l t e ra t ion  in e n z y m e  s t ruc tu re  or  a b s o r p t i o n  a f f in i lv  lor  the 

substrate+ bu t  faul ty  ac t iva t ion  or  p re sence  of  inac t ive  enzyme.  

Heat stability 
Both n o r m a l  and  a b n o r m a l  p ro l idase  ac t iv i ty  agains t  p h e - p r o  were  t h e r m o l a b i l e  

a b o v e  4 5 ° C  wi th  only  abou t  10% residual  ac t iv i ty  at 5 5 ° C  af ter  5 rain (Fig.  4A). 

T h e  add i t i on  of  M n  2+ increased  the heat  s tabi l i ty  of no rma l ,  but  dec reased  that of  

the a b n o r m a l  enzyme .  F o l l o w i n g  the loss of  ac t iv i ty  at 4 8 ° C  with  t ime  showed  (Fig.  

4B) that  70 90% of  con t ro l  e n z y m e  ac t iv i ty  ( e x a m p l e  shown typical  of  six tested)  

was lost a f te r  60 rain w i thou t  M n  2 +, but  that  with 1.33 m m o l / l  Mn  2 ~ only  abou t  

25% was lost. T h e  two  cases  (Case  2 shown)  showed  a s imi la r  pa t t e rn  of  loss wi thou t  

Mn  2 ~ as con t ro l  enzyme ,  but  in the p re sence  of  1.33 m m o l / l  M n  2+ the a b n o r m a l  

e n z y m e  was ini t ia l ly  even  m o r e  labile.  These  resul ts  ind ica te  that  n o r m a l  p ro l idasc  

cons is t s  of  two  forms,  one  labi le  and  one  s table  in the p re sence  of  Mn  2+ and that  for 

the a b n o r m a l  e n z y m e  the  s table  fo rm is largely absent .  

Effect of p-hydrox3,'mercuribenzoate (PHMB) 
T h e  effect  of  P H M B  on p ro l idase  ac t iv i ty  was tested,  as P H M B  hinds  to s~,Ane 

in tes t ina l  p ro l idase  [18] and su lphydry l  reagents  inhibi t  swine  k idney  p ro l idase  [19]. 

T h e  n o r m a l  and  a b n o r m a l  p ro l idase  ac t iv i ty  agains t  p h e - p r o  was s t rongly  inh ib i ted  

by t r e a t m e n t  wi th  P H M B  pr io r  to i ncuba t i on  with  Mn  2+. Howeve r .  p r e i n c u b a t i o n  

with 1.33 m m o l / l  Mn  2 " p ro t ec t ed  the no rma l  enzyme ,  but  nol  the a b n o r m a l  enz ' ,me  
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Fig. 4. Heat stability of control ( ) cand Case 2 (- - -) prolidase activity against phe-pro without ( c ) ~,r 
with (O) 1.33 mmol/l Mn 2 ~ A. Effecl of 5 rain at 30-600( ". B. Effect of preincubation at 4g° (  ' for up 
to 60 rain. 
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aga ins t  P H M B  inh ib i t i on  (Fig.  5). A d d i t i o n  of  P H M B  a n d  M n  2~ s i m u l t a n e o u s l y  

gave  an i n t e r m e d i a t e  resul t  for con t ro l  p ro l i da se  wi th  0.05 m m o l / l  P H M B  plus  1.33 

m m o l / 1  M n  2+ inh ib i t i ng  30% c o m p a r e d  to < 5% w h e n  P H M B  was  a d d e d  a f t e r  the  

M n  2+. The  a b n o r m a l  e n z y m e  (Cases  1 a n d  2) was  i nh ib i t ed  > 95% u n d e r  b o t h  these  

c o n d i t i o n s .  A level of  0.05 m m o l / l  P H M B  was,  t he re fo re ,  c h o s e n  to ana lyse  the 

e f fec t  of  P H M B  on  the no rma l  and  a b n o r m a l  e n z y m e  for  a n u m b e r  of  s u b s t r a t e s  

(Tab le  II). T h e  a d d i t i o n  of  Mn  ~ + p r io r  to P H M B  p r o t e c t e d  n o r m a l  p r o l i d a s e  act ivi ty  

for  all the subs t r a t e s ,  excep t  for  a smal l  r e d u c t i o n  wi th  g ly -p ro  a n d  a m o d e r a t e  

r e d u c t i o n  wi th  me t -p ro ,  t l o w e v e r ,  the a b n o r m a l  e n z y m e  was  m a r k e d l y  i nh ib i t ed  by  

P H M B  for  all the subs t r a t e s ,  excep t  for  a m o d e r a t e  r e d u c t i o n  of  the  smal l  res idua l  

ac t iv i ty  aga ins t  g ly-pro .  I n h i b i t i o n  of  swine  k idney  p r o l i d a s e  ac t iv i ty  by i o d o a c e t a -  

m i d e  has  p rev ious ly  been  n o t e d  [19] to be p r e v e n t e d  by  M n  2 . .  S ince  P H M B  and  

i o d o a c e t a m i d e  react  wi th  SH groups ,  it s eems  likely tha t  M n  2.  ac t iwt tes  p r o l i d a s e  by 

b i n d i n g  to SH groups .  

TABLE I1 

Relative activity (%) of prolidase against different ,,,ubstrates follo~ing PHMB treatment 

Substrate Controls Cases 

1 ~'~ 3 1 2 

Ser-pro 100 97 100 14 14 
Ala-pro 92 98 100 0 4 
Met-pro 45 53 56 4 3 
Phe-pro 113 108 100 6 3 
Gly-pro 76 81 80 58 58 
Leu-pro 117 93 75 2 4 
Val-pro 131 126 120 4 3 

Prolidase activated by preincubation with 1.33 mmol/I Mn 2 * for 5 rain at 37 °C and PIqMB added with 
the substrate to give a concentration of 0.05 retool/1. 
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Fig. 5. Effect of PHMB on control ( ) and abnormal (- - -) prolidase activity against phe-pro. • = PHMB 
added before Mn 2+ ; © = PHMB added with Mn 2 ~; • = PtIMB added after Mn 2 + ; Lx = PHMB added 
before or after M n  2 +. 
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Dmgnostic propertws of abnormal prolidase 
T h e  p r e s e n t  d a t a  s h o w e d  tha t  the  fo l lowing  p r o p e r t i e s  can  d i s t i ngu i sh  co n t ro l  and  

a b n o r m a l  p ro l idase :  (1) M n 2 * :  con t ro l  a c t i va t ed  bu t  a b n o r m a l  i nac t iva t ed  bv 

p r e i n c u b a t i o n  wi th  high level o f  M n 2 " :  (2) subs t r a l e s :  a b n o r m a l  e n z y m e  r ed u ced  

spec i f ic  ac t iv i t ies  a n d  i nc r ea sed  K m  values  c o m p a r e d  to con t ro l ;  (3) heat  s tabi l i lv :  

c o n t r o l  m o r e  s table ,  bu t  a b n o r m a l  e n z y m e  m o r e  labile  to hea t  t r e a t m e n t  in p r e s en ce  

of  M n  ~+ a n d  (4) P H M B :  i nh ib i t i on  of  con t ro l  p r e v e n t e d ,  bu t  a b n o r m a l  e n z y m e  not  

p r o t e c t e d  by  M n  e ~ A n y  one  of  these  p r o p e r t i e s  cou ld  be used  to de t ec t  the 

a b n o r m a l  p r o l i d a s e  in cu l t u r ed  skin  f ib rob las t s .  The  resul ts  cou ld  be e x p l a i n e d  by 

e i the r  a c h a n g e  in the  p r o p e r t i e s  of  a s ingle  f o r m  of  p r o l i d a s e  or  the p r e s e n c e  of  two 

f o r m s  of  p r o l i d a s e  at least  one  of  which  is a l te red .  A l t h o u g h  only  a s ingle  f o r m  of 

p r o l i d a s e  was  f o u n d  in e r y t h r o c y t e s  us ing g ly -p ro  as s u b s t r a t e  [2], the p r e s e n t  resul ts  

i nd i ca t e  tha t  a s e c o n d  f o r m  of  the e n z y m e  w o u l d  no t  be ab le  to h y d r o l y s e  g ly -p ro  

e f f i c ien t ly  a n d  w o u l d  requ i re  the  use of  a n o t h e r  s u b s t r a t e  for de t ec t ion .  W h i c h  of  the 

poss ib i l i t i e s  is co r r ec t  will be reso lved  by the  use of  c h r o m a t o g r a p h i c  p r o c e d u r e s  and  

d e t e c t i o n  of  p r o l i d a s e  wi th  a n u m b e r  of  subs t r a t e s .  
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