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Summary 

Palladium ions, administered as PdSO4, markedly affect the incorporation of  
L-[ 3,4-3 H2 ] proline into non-dialyzable fractions in 10-day chick embryo carti- 
lage explants with a 55--65% reduction in the concentration range 0.06--0.6 
mM. Under these conditions the synthesis of  [ 3H]hydroxyprol ine  was nearly 
completely inhibited. Experiments with prolyl hydroxylase (EC 1.14.11.2) 
indicated a strong irreversible inhibition of the enzyme with a competi t ion 
between Fe ~÷ and Pd ~÷. The Ki for the inhibition was 0.02 mM. Pd2÷-treated 
enzyme remained inactive after extensive dialysis. These studies suggest that  
Pd ~÷ may inhibit collagen synthesis by replacing Fe :÷ in the active site of prolyl 
hydroxylase and forming strong complexes with the enzyme. These studies also 
point  to a potential mechanism of Pd 2 ÷ toxicity. 

Introduct ion 

The structural protein collagen is synthesized in a series of biochemical 
events in the first of  which specific proline and lysine residues in the initially 
synthesized polypept ide undergo hydroxyla t ion to hydroxyprol ine and hy- 
droxylysine (see ref. 1 for review}. The hydroxylases for proline (EC 1.14.11.2) 
as well as lysine require Fe 2÷ for their activity and chelating agents inhibit the 
hydroxylat ion step both in tissues [2--5] and in vitro reactions of  prolyl hy- 
droxylase [5].  Hydroxyla t ion in chelator-inhibited systems can usually be re- 
stored by  the addition of  excess Fe 2÷ [3--5] .  We report  here the unexpected 
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observation that  Pd 2÷ ions irreversibly inhibit prolyl hydroxylase both in a 
tissue actively engaged in collagen synthesis in vitro and in reactions of the 
purified enzyme. The inhibition of prolyl hydroxylase was caused by competi- 
t ion between Pd 2÷ and Fe ~÷ for the same site on the enzyme. Pd 2÷ also sup- 
pressed the overall incorporat ion of radioactive proline into non-dialyzable 
fractions in the tissue incorporat ion studies to a smaller extent  than the inhibi- 
t ion of hydroxyprol ine  synthesis. 

Materials and Methods 

Materials 
L-[3,4-3H2]proline,  4.8 Ci/mM, was obtained from New England Nuclear. 

Palladium sulfate was a product  of Research Organic/Inorganic Chemicals. 
Embryonated  chicken eggs incubated for varying periods in a commercial 
hatchery were obtained and kept in a humidified incubator at 39°C until ready 
to use. 

Explants and incubation procedures 
10-day old chick tibiae are largely cartilaginous and a major part of the 

protein output  in these tissues is collagen. These tissues were used in all experi- 
ments. All tissue incubations were made with tibiae explanted by microdissec- 
tion under Krebs medium [6] .  One tibia from each pair was used in the control  
and the counter  member was used in the test incubation. In most experiments,  
two tibiae were used in each flask. All additives were dissolved in the incuba- 
t ion medium and the tissues were preincubated for 10 min under  the experi- 
mental conditions before the addition of the radioactive precursor. Incubations 
were carried out  in a shaker water bath maintained at 37°C and terminated by 
homogenizing the tissues in chilled, distilled water. The homogenates were 
dialyzed overnight against water in the cold to remove unbound radioactivity 
and hydrolyzed in 6 M HC1 at l l 0 ° C  for 20 h. The hydrolyzates  were prepared 
for assays by evaporating them in vacuo and the residues were dissolved in 
distilled water. 

Assays 
Kadioactivity was determined in a liquid scintillation counter  and observed 

cpm corrected to dpm after  quench correction. Radioactive hydroxyprol ine  
was assayed by the procedure described by Jura  and Prockop [7] .  Total  nin- 
hydrin-reactive material in the hydrolyzates was determined as an index of 
protein content ,  using leucine standards. Although throughout  the very large 
number  of similar experiments in our laboratory,  little difference has been 
noted in the incorporat ion of radioactive precursors between the two members 
of  each pair of tibiae, the radioactive incorporat ion has been related to the 
total  tissue protein content  in these studies and is expressed as a specific 
activity or hydroxyprol ine  radioactivity incorporated per pmol leucine equiva- 
lent. 

Collagenase reaction 
The incorporat ion of radioactive proline into the collagen sequence was 
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confirmed in some of these studies using a virtually protease-free collagenase 
preparation (Advance Biofactures, New York), using minor modifications of  a 
procedure described before [9] .  In determining the distribution of radioactivi- 
ty  between dialyzable and non-dialyzable materials, corrections were made to 
include the dialyzable radioactivity present inside the dialysis bag. 

Prolyl hydroxylase reaction 
The enzyme was prepared by minor modifications of a published method 

[10] and the preparations used here were enriched in enzyme close to 400- 
fold. The enzyme activity was assayed by the method described by Hut ton et 
al. [11] using L-[3,4-3H2] proline-labeled unhydroxyla ted  collagen ("Proto- 
collagen"), prepared by incubating cartilage explants with radioactive proline in 
the presence of 1.0 mM a,~'-bipyridyl. The hydroxylat ion reaction was stopped 
by adding trichloroacetic acid to a final concentrat ion of  5 per cent. 3HHO, 
formed in stoichiometric amounts during [ 3H] prolyl hydroxyla t ion was col- 
lected by vacuum distillation. The radioactivity of the ~HHO was used as a 
measure of  hydroxylat ion.  

Results 

Experiments with intact cartilage explants 
Initial experiments using several Pd 2+ salts established that Pd 2+ rather than 

the counter-ion was responsible for the biological effects of these compounds.  
Preliminary experiments also indicated that Pd 2÷ in a 10-fold concentrat ion 
range, 0.06--0.6 mM, reduced the overall incorporation of  proline by 45--55 
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Fig. 1. I n c o r p o r a t i o n  o f  [ 3H]  prol ine  and synthes i s  o f  [ 3 H ]  h y d r o x y p r o l i n e  in the  presence  o f  Pd 2+. Sets 
of  t w o  c r o s s - m a t c h e d  t ibiae  w e r e  in c u b ate d  in the  c on tr o l  m e d i u m  (A) and  in m e d i u m  con ta in ing  0 .37  
m M  PdSO4 (B) in the  presence  of 5/~Ci [ 3 H I  prol ine  for varying l engths  o f  t ime;  the i n c u b a t i o n  and assay 
procedures  have b e e n  descr ibed  in the  tex t .  To ta l  3H- inco rpo ra t i on ,  © - -o ;  [ 3 H ] h y d r o x y p r o l i n e  
s y n t h e s i z e d ,  A A. 
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T A B L E  I 

I N C O R P O R A T I O N  OF 3 H - P R O L I N E  I N T O  C O L L A G E N A S E - S U S C E P T I B L E  P R O T E I N  IN T H E  PRES- 
ENCE OF Pd 2+ 

Tissues were  i ncuba t ed  for  1 h wi th  5 pCi [ 3 H ]  prol ine  in the  p resence  of  the  ind ica ted  c o n c e n t r a t i o n  of 
PdSO 4 and the  d ia lyzed  h o m o g e n a t e s  of  the  labeled tissues were  ana lyzed  for  3H- inco rpo ra t i on  into 
col lagen and  non-co l lagenous  p ro te ins  as descr ibed in the  text .  

Addi t ions  Percent  of  total  3H-radioac t iv i ty  
inside dialysis bag 
(non-col lagenous  p ro te in )  

Percent  of  total  3H-rad ioac t iv i ty  
outs ide  dialysis bag 
("c  o l l agen- sequence" )  

None 47 53 
+0 .012  m M  PdSO 4 47 53 
+0.062 mM PdSO 4 62 38 
+0 .620  mM PdSO 4 38 62 

percent. Under the same conditions, however, the synthesis of [ 3H] hydroxy- 
proline was inhibited 90 percent or more. 

When the tissues were incubated with [ 3H] proline in the presence of 0.37 
mM Pd 2÷, the radioactive precursor continued to be incorporated at lowered 
rates, for 1 h and longer {Fig. 1). Very little [ 3H] hydroxyprol ine was synthe- 
sized in the tissues exposed to Pd 2÷. 

Hydroxyproline in collagen is synthesized by the enzymatic hydroxylat ion 
of proline already incorporated into polypeptides with the collagen sequence 
[1]. The reduced synthesis of hydroxyprol ine may be explained either by a 
specific inhibition of collagenous polypeptide synthesis or by the inhibition of 
prolyl hydroxylase in the collagen synthesizing cells. This question was exam- 
ined by assaying the incorporation of [ 3H] proline into the collagen sequence 
by using a highly purified Clostridial collagenase preparation (Table I). Control 
experiments using tissues labeled with [ t 4 C] t ryptophan and [ ~ H] proline in- 
dicated that most of  the [ 3H]hydroxyprol ine and less than 5 percent of the 

T A B L E  II 

I R R E V E R S I B I L I T Y  OF Pd 2+ I N H I B I T I O N  OF I N T R A C E L L U L A R  P R O L I N E  H Y D R O X Y L A T I O N  IN 
T H E  P R E S E N C E  OF Fe 2+ 

The  tissues were  i ncub a t e d  for  2 h wi th  5 pCi [ 3 H I  prol ine  and  the  ind ica ted  addit ives.  I n c u b a t i o n  was 
t e r m i n a t e d  by  h o m o g e n i z i n g  the tissues and the  tissues were  processed  and ana lyzed  as descr ibed in the 
text .  

Addi t ions  Tota l  3H- inco rpo ra t ion  To ta l  [ 3 H ] - h y d r o x y p r o l i n e  
( d p m / l e u e i n e  equiv.  • 10 -5)  ( d p m / l e u c i n e  equiv.  • 10 -4 )  

None 3.57 2.44 

+Pd 2+, 0.2 mM 2.64 0 .18  

+Fe 2+, 0.2 mM 4.96 4.13 

+Pd 2+, 0.2 mM 
+Fe 2+, 0.2 mM 1.64 0 .24  

+Fe 2+, 0.4 MM 4.55 3 .62  

+Pd 2+, 0.2 m M  + 
+Fe 2+, 0.4 mM 1.65 0.26 
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Fig.  2. C o n c e n t r a t i o n  d e p e n d e n c e  o f  i n h i b i t i o n  o f  p r o l y l  h y d r o x y l a s e  b y  Pd  2+. T h e  e n z y m e  r e a c t i o n  w a s  

c a r r i e d  o u t  as  d e s c r i b e d  in  t h e  t e x t  a n d  i n  t h e  l e g e n d  t o  T a b l e  I I I ,  in  t h e  p r e s e n c e  o f  v a r y i n g  c o n c e n t r a t i o n  

o f  P d S O  4. 

[~ 4 C] t ryp tophan  radioactivity was rendered dialyzable under our experimental  
conditions. As seen in Table I, there was no difference in the propor t ion  of 
[3 H] proline-derived radioactivity in collagenase-susceptible material in control  
or Pd~+-treated tissues. These data ruled out  the unlikely possibility of  a specif- 
ic inhibition of  collagenous polypept ide synthesis by Pd ~* and indicated that  
Pd ~÷ may be inhibitory to prolyl hydroxylase.  

Although the above studies, and experiments with purified prolyl hydroxy-  
lase discussed later in this paper, suggested that  the inhibition of  hydroxypro-  
line synthesis was caused by the inhibition of  prolyl hydroxylase,  by a mecha- 
nism involving compet i t ion between Fe ~÷ and Pd ~÷, a t tempts  to reverse this 
inhibition by excess Fe 2÷ were not  successful (Table II}, suggesting an irrevers- 
ible change in the proline hydroxyla t ing system. 

Experiments with prolyl hydroxylase 
Tissue studies indicated that  Pd 2+ may be inhibitory to prolyl hydroxylase.  

This question was examined by including Pd 2+ in the prolyl hydroxylase reac- 
t ion system. The prolyl hydroxylase  preparation used in these studies was 
purified approx. 400-fold. A strong concentra t ion-dependent  inhibition of the 
reaction was observed, with a nearly maximal inhibition at Pd 2÷ concentrat ions 
of 0.6 mM and above (Fig. 2a). The apparent  K i for this inhibition was 0.02 
mM Pd 2+ (Fig. 2b). 

The inhibition of prolyl hydroxylase  was non-competi t ive with respect to 
substrate binding (Fig. 3) indicating that  the interaction of  Pd ~+ with the en- 
zyme occurred at a site different  from the one involved in substrate binding. 
However, when double reciprocal plots were constructed at varying concentra- 
tions of  Fe ~÷ at constant  substrate concentrat ion,  a clear-cut compet i t ion  
between Fe 2÷ and Pd ~÷ was observed (Fig. 4). These data suggest that  Pd 2÷ may 
be compet ing with Fe ~÷ for the same site, on the enzyme. 

The compet i t ion  between Fe 2÷ and Pd 2÷ suggested the possibility of revers- 
ing the inhibition of prolyl hydroxylase  by Pd 2÷, by increasing the Fe~÷-concen - 
t rat ion in the reaction system. As in the case of  intact tissues, however, there 
was no reversal of inhibition even in the presence of  a 40-fold excess of Fe ~÷ 
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Fig. 3. Inh ib i t ion  of  pro ly l  h y d r o x y l a s e  by  Pd 2+ is non -c omp e t i t i v e  wi th  respec t  to subs t ra te  binding.  The 
reac t ion  was carr ied ou t  as descr ibed  in the legend to  Table  I l I  wi th  vary ing  c o n c e n t r a t i o n s  of  subs t ra te ,  
(1)  in the  absence  of  Pd:~, (2) in the  presence  of  0 . 125  mM PdSO 4 and (3) in the  presence  of  0 .625  mM 
PdSO 4. 

Fig. 4. C o m p e t i t i o n  b e t w e e n  Pd 2+ and Fe 2+ dur ing  the inhib i t ion  of  pro ly l  h y d r o x y l a s e  by  Pd 2+. The  
r eac t ion  was carr ied ou t  as descr ibed in Table  III ,  in the  presence of  va ry ing  c o n c e n t r a t i o n s  of  Fe2+, and 
(1) no inhibi tor ,  (2) in the  presence  of  0 .125  mM Pd 2+, and (3) in the  presence  of 0 . 6 2 5  mM Pd 2+. 

over Pd 2÷ (Table III). When Pd :÷ was added at a concentrat ion of 0.6 mM, the 
formation of hydroxyprol ine  was completely inhibited; however, as in the 
experiment described in Table II, no reversal was obtained at equivalent Fe ~÷ 
concentrations. We examined the possibility that  the irreversibility of  the inhi- 
bition by Pd ~÷ was due to a strong complexat ion between prolyl hydroxylase 
and the cation. The enzyme was pre-incubated with 0.2 mM Pd :÷ followed by 
extensive dialysis to remove as much of the metal as possible. As seen in Table 
IV, this preparation exibited very little activity when compared to a control  
preparation which was not  exposed to Pd 2÷ but  was dialyzed under identical 
conditions. These data suggest that the complex of prolyl hydroxylase with 
Pd 2÷ is not  dissociated under these conditions and support  the observations in 
Tables II and III which suggest that  the inhibition is essentially irreversible. 

Discsussion 

Palladium metal in various forms has been used in catalysis for  a long time 
but  very little information is available on its biological effects. Available data 
[12,13] suggest variable toxici ty of palladium compounds  which depended on 
the mode of administration. Our in vitro studies indicated that  ionic Pd 2÷ may 
be toxic and may interfere with connective tissue metabolism, by lowering 
over-all protein synthesis and inhibiting the hydroxyla t ion  step in collagen 
synthesis. Since prolyl and lysyl hydroxylase reactions are very similar, it can 
be presumed that  Pd 2÷ would inhibit the format ion of  hydroxylys ine  as well. 
Hydroxyprol ine  contributes stability to the collagen triple helix [14--16] by 
contributing hydrogen bonds [17,18] and the inhibition of  proline hydroxyla-  
tion would have severe effects on tissue physiology and function,  if a sufficient 
quanti ty reaches the target system. 
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T A B L E  III  

I R R E V E R S I B I L I T Y  O F  Pd 2+ I N H I B I T I O N  O F  P R O L Y L  H Y D R O X Y L A S E  

Pro ly l  h y d r o x y l a s e  assays  w e r e  car r ied  ou t  as desc r ibed  in the  tex t .  The  r e a c t i o n  m i x t u r e  c o n t a i n e d  

[ 3 , 4 - 3 H 2 ]  prol in t ' - labeled u n h y d r o x y l a t e d  co l l agen  (8 .9  • 105 d p m ) ,  ~ - k e t o g l u t a r a t e ,  0 .5  m M ,  a s c o r b a t e ,  
0 .5  raM, F e ( N H 4 ) 2 ( S O 4 )  2 - 6 H 2 0  , 0.1 m M  and e n z y m e ,  0 .2  m g  in a f inal  v o l u m e  of  2.0 ml  in Tr is  • HC1, 
0.1 M, pH  7.6. P d S O  4 and  excess  f e r rous  a m m o n i u m  su l fa te  were  a d d e d  as i nd i ca t ed  in the  Table.  The  

r e a c t i o n  was  t e r m i n a t e d  a f t e r  10 ra in  by  a d d i n g  t r i ch lo roace t i c  acid  to  a final c o n c e n t r a t i o n  of  5 p e r c e n t  
and  the  ana lys i s  c o m p l e t e d  as d e s c r i b e d  in the  tex t .  

A d d i t i o n s  E n z y m e  ac t iv i ty  
( 3 H H O  f o r m e d ,  d p m  , 10 -4 )  * 

C o m p l e t e  s y s t e m  4 .95  

+Fe  2+, 0 .2  m M  5.12 

+Fe  2+, 0 .4  m M  4.64  

+Pd 2+, 0 . 0 2 5  m M  2.23 

+Pd 2+, 0 . 0 2 5  m M  + Fe 2+, 0.2 m M  2.36 

+Pd 2+, 0 .025  m M  + Fe 2+, 0.4 m M  2.40 

* 3 H H O :  T h e  p ro ly l  h y d r o x y l a s e  a s say  is ba sed  on  the  re lease  o f  one  3H a t o m  f r o m  each  3 , 4 ( 3 H 2 ) -  

p ro ly l  r e s idue  h y d r o x y l a t e d  and  we h a v e  used  t h e  t e r m  3 H H O  to  s ign i fy  th i s  s t o i c h i o m e t r y  in  

m e a s u r i n g  the  r a d i o a c t i v i t y  of  t he  w a t e r  in t he  r e a c t i o n  m e d i u m .  

Although  the  present  studies do  no t  provide  i n fo rm a t io n  on the  s to ich iome-  
t ry  and the  na ture  o f  Pd2÷-binding to  prolyl  hydroxy la se ,  the  clear cut  compet i -  
t ion  be tween  Pd 2+ and Fe 2+ suggests a mechanism involving co m p lex  f o r m a t i o n  
be tween  Pd 2+ and the  enzyme ,  in which Pd :+ replaces Fe 2+ in the  ca ta ly t ic  site. 
Fe 2+ may  be associated with a h y d r o p h o b i c  po r t i on  of  the  e n z y m e  [ 1 9 - - 2 2 ] ,  
bu t  the  m ode  o f  binding o f  Fe 2+ to  the  e n z y m e  has no t  been  described.  Prelimi- 
na ry  studies in our  l abo ra to ry  have shown tha t  o the r  t rans i t ion metals,  such as 
Hg 2+, Cd 2+, Cu ~÷, and Pt 4+ which have a high af f in i ty  for  -SH groups,  inhibi t  
p ro ly l  h y d r o x y l a s e  in the  same m a n n e r  as Pd :+. Pd :+ has been shown to  fo rm  
stable complexes  with -SH groups and has been used as an assay for  these 

T A B L E  IV  

P R O L Y L  H Y D R O X Y L A S E  • Pd 2+ C O M P L E X  R E M A I N S  I N A C T I V E  A F T E R  E X T E N S I V E  D I A L Y S I S  

T h e  e n z y m e  (1 .0  m g )  w a s  i n c u b a t e d  w i t h  0 .2  m M  PdC12 in a f inal  v o l u m e  o f  2.0 m l  in  t he  cold  r o o m  for  
15  m i n ,  a f t e r  w h i c h  it  was  d ia lyzed  fo r  24 h aga ins t  th ree  0 .5  l c ha nge s  and  f inal ly ,  aga ins t  1.0 1 of  a buf -  
fer ,  c o n t a i n i n g  0,1 M NaC1, 0.1 M glycine ,  0 .01  M Tris  • HCI,  pH  7.0. A c on t ro l  p r e p a r a t i o n  was  d ia lyzed  

u n d e r  iden t i ca l  c o n d i t i o n s .  T h e  r e a c t i o n  w a s  caxried o u t  as d e s c r i b e d  in Table  I I I  e x c e p t  t h a t  the  e n z y m e  
c o n c e n t r a t i o n  was  0 .06  m g / m l  in  th i s  e x p e r i m e n t .  

A d d i t i o n s  E n z y m e  ac t iv i ty  

( 3 H H O  f o r m e d ,  d p m  • 10 -3 ) 

U n t r e a t e d ,  d i a lyzed  e n z y m e  

+0.1 m M  Fe  2+ 9 .72  
+0 .2  m M  Fe 2+ 9 .08  

+0 .4  m M  Fe 2+ 8 .60  

pd2+- t rea ted ,  d i a lyzed  e n z y m e  

+0.1  m M  Fe 2+ 0 .09  

+0 .2  m M  Fe 2+ 0 .45  

+0 .4  m M  Fe 2+ 0 .33 
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groups [23].  The competi t ion between Fe 2+ and Pd 2+ suggests that  Fe 2+ may 
be bound to the enzyme by -SH groups. Binding of  Fe 2+ to other  non-heme 
iron enzymes has been shown to involve -SH groups [24,25] .  

The complex between prolyl hydroxylase and Pd 2÷ is apparently much more 
stable than the enzyme • Fe 2+ complex, since the addition of  Fe :+ in larger 
excess did not  cause significant reversal of the inhibition either in the intracel- 
lular or in in vitro reaction. This virtual irreversibility was supported by the 
failure to recover enzyme activity even after extensive dialysis. These studies do 
not  rule out  the possibility that  Pd :÷ may also bind to -SH groups at sites other  
than the catalytic center of the enzyme. 

Fe :+ has been shown to be an integral part of the active site of several other  
enzymes which catalyze the incorporat ion of oxygen into a variety of sub- 
strates [26--29] .  The active site Fe :+ plays a role in the reductive fixation of 
oxygen in prolyl hydroxylase [30] and other  similar enzymatic reactions [31] .  
Replacement of the active site Fe :÷ with Pd ~+ may inhibit either the binding or 
the transfer of oxygen, but  it does not  appear to interfere with the binding of 
the peptidyl proline substrate as seen from the non-competit ive inhibition with 
respect to the substrate. These data also suggest a topological separation of  the 
peptidyl substrate-binding site and the active site of  the enzyme, a conclusion 
supported by the minimum chain-length requirement  for peptidyl proline sub- 
strates [32] and the sequential asymmetry in the hydroxyla t ion of proline 
observed in small repeating polypept ide substrates [33] .  The binding of the 
substrate apparently does not  involve the metal cofactor.  
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