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Hydroxylation of proline and lysine in protocollagen involves two 
separate enzymatic sites 

The hydroxyproline and hydroxylysine in collagen are synthesized by the 
hydroxylation of proline I and lysinei, 2 after these amino acids have been incorporated 
into a polypeptide precursor of collagen called protocollagen 1. Most of the enzymatic 
activity for the hydroxylation of both the proline and lysine in protocollagen is found 
in the 15o ooo x g supernatant fraction of chick embryo homogenates 2, and the 
cofactor or cosubstrate requirements for both hydroxylations are 02, Fe 2+, a-keto- 
glutarate, and probably L-ascorbate z-~. I t  therefore seemed possible that the same 
enzyme is involved in both hydroxylations 3& Results to be reported in this paper 
indicate that  the two hydroxylations require separate enzymatic sites and probably 
separate proteins. 

[z4C]Proline-labeled and [z4C]lysine-labeled protocollagen were prepared from 
chick embryo cartilage incubated with a,a'-dipyridyl and L- [14C 5] proline (New England 
Nuclear Corp.), 209/zC//~mole, or L-[14e6]lysine (New England Nuclear Corp.), 248 
/~C//~mole ~. The enzymatic reactions for the synthesis of [14C]hydroxyproline and 
[14C]hydroxylysine were carried out for i h at 37 ° in a final volume of 4 ml which 
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contained protocollagen substrate, o .o i - i2  nag of enzyme protein, o.o 5 mM FeSOa, 
0.5 mM a-ketoglutarate, 2 mM L-ascorbate (Sigma), o.I mg/ml catalase (Calbiochem), 
and 0.05 M Tris HC1 buffer adjusted to pH 7.8 at 25 ° (ref. 6). The incubations with 
[laCllysine-labeled protocollagen were stopped by the addition of 40 ml of acetone in 
the cold. The precipitated protein was centrifuged down at 15oo × g, dissolved in 
1. 5 ml water, and ~14C~hydroxylysine was assayed by periodate oxidation s. The total  
~4C content of each sample was determined by counting an aliquot of the original 
E14Cllysine-labeled protocollagen preparation. Samples incubated with [14C]proline- 
labeled protocollagen were assayed as described previously 3& 

Since preparation of large quantities of ~4C-labeled protocollagen is cumber- 
some and costly. !imiting quantities of substrate were used in the enzymatic reactions. 
When [14C]lysine-labeled protocollagen was used as a substrate, the extent of hy- 
droxylation of the substrate was proportional to enzyme concentrations over a 
significant range (Fig. IB). Excess amounts of enzyme were required to give maximal 
hydroxylation of the substrate. The same relationship between enzyme concentration 
and the extent of hydroxylation was previously found for the hydroxylation of proline 
in ~14C]proline-labeled protocollagen under similar conditions3,1° (Fig. IA). Several 
concentrations of each enzyme fraction were examined in order to determine the 
amount of enzyme that  still gave a linear relation between percent hydroxylation and 
enzyme concentration. Because of variations among different preparations of proto- 
collagen 3, each experiment reported here was carried out with aliquots of the same 
protocollagen preparation which had been stored for less than 3 weeks. 

Further examination of the specificity of the cofactor and cosubstrate require- 
ments for the hydroxylation of lysine in protocollagen2, 5 revealed that  as with the 
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Fig. I. A. Hydroxyla t ion  of proline by  a crude extract  and by a partially purified fraction of  
protocollagen proline hydroxylase from chick embryos.  The extract  was prepared by  homoge- 
nizing twen ty  i2-day-old chick embryos  in 8 5 ml o.oi M KCl-o.o 5 MTris-HC1, p H  7.8, at 4 °, 
and centrifuging the homogenate  at  15o ooo × g for 1. 5 h. The purified enzyme was the calcium 
phospha te  gel fraction" which was dialyzed overnight  against  the KC1-Tris buffer before use. 
Assays wi th  synthet ic  subs t ra tes  indicated tha t  the specific activity of the purified fraction was 
over  2o times tha t  of the extract". The subs t ra te  was [14C]proline-labeled protocollagen (6o ooo 
disint. /min).  Q - - -  (2), crude extract ;  O---O, purified fraction. B. Hydroxyla t ion  of lysine 
by  a crude extract  and by  a partially purified fraction of protocollagen proline hydroxylase.  
Conditions and curves as in A except tha t  the subs t ra te  was [14C]lysine-labeled protocollagen 
(3oo ooo disint./min). 
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hydroxylation of proline4, 6, a-ketoglntarate, L-ascorbate and iron were the most 
active cofactors or cosubstrates with crude preparations of enzyme. No synthesis of 
[14Clhydroxylysine was observed, under the conditions described in Fig. I, when 
a-ketoglutarate was replaced by equimolar concentrations of citrate, cis-aconitate, 
isocitrate, succinate, fumarate, L-malate, glutarate, malonate and tz-ketobutyrate. 
Replacement of the o.5 mM g-ketoglutarate with equimolar concentration of pyruvate, 
oxaloacetate, L-glutamate, ketomalonate, and dihydroxymaleate resulted in the 
synthesis of less than 4o% of the [14C]hydroxylysine synthesized in the presence of 
a-ketoglutarate. The requirement for L-ascorbate could not be replaced by 2 mM 
NADH and NADPH. With 2 mM (2-amino, 6,7-dimethyl, 4-hydroxy, 5,6,7,8)-tetra- 
hydropteridine, tetrahydrofolic acid, and dihydroxymaleic acid the amount of E14C] - 
hydroxylysine synthesized was less than 4o% of that synthesized with equimolar 
amounts of L-ascorbate. When the L-ascorbate was replaced with equimolar D-iso- 
ascorbate, the amount of [14Clhydroxylysine synthesized was 8O~'o to 9OO/o of that  
synthesized in the control. No activity was found when Fe 2+ was replaced by equimolar 
Cu 2+, Mn 2+, Mg 2+, Ca ~+, Zn 2+, Cd 2+, Ni 2÷ and Co 2+. However, o.o 5 mM Fe 3+ was 
equally as effective as o.o5 mM Fe 2+, probably because Fe 3+ is reduced to Fe 2+ by the 
ascorbate in the enzymatic system. 

Previous studies demonstrated that poly-L-proline in the formiII conformation 
is a competitive inhibitor of protocollagen proline hydroxylase 6, and that  denatured 
collagen from the cuticle of Ascaris lumbricoides 11 and synthetic polymers of the 
structure (Gly-Pro-Pro)n 6 are substrates for the enzyme. When any of these three 
polypeptides were added to an enzymatic system containing both hydroxylases, the 

T A B L E  I 

EFFECT OF POLY-L-PROLINE, ( G l y - P r o - P r o ) n ,  AND REDUCED AND CARBOXYMETttYLATED ASCARIS 
COLLAGEN ON THE HYDROXYLATION OF [14C]PROLINE- AND [14CILYSINE-LABELED PROTOCOLLAGEN 

[ 1 4 C ] P r o l i n e - l a b e l e d  p r o t o c o l l a g e n  ( i o o o o o  d i s i n t . / m i n )  a n d  Ex4C~lysine- labeled p r o t o c o l l a g e n  
(300  o o o  d i s i n t . / m i n )  w e r e  i n c u b a t e d  w i t h  o .31 m g  a n d  0 .96  m g  TM, r e s p e c t i v e l y ,  o f  a o - 5 0  % 
(NH4)~SO 4 f r a c t i o n  o f  e n z y m e  as  d e s c r i b e d  in  t h e  t e x t .  T h e  0 - 5 0  % (NH4)2SO 4 f r a c t i o n  w a s  p r e -  
p a r e d  a s  d e s c r i b e d  p r e v i o u s l y  n e x c e p t  t h a t  t h e  h o m o g e n a t e  w a s  s t i r r e d  f o r  2 h w i t h  o . i  % T r i t o n  
X - i o o  ( P a c k a r d  I n s t r u m e n t s ) ,  a n d  n u c l e i c  a c i d s  w e r e  p r e c i p i t a t e d  w i t h  1. 5 m g  o f  s t r e p t o m y c i n  
s u l f a t e  p e r  m g  n u c l e i c  a c i d  b e f o r e  t h e  f r a c t i o n a t i o n  w i t h  (NH4)2SO 4 w a s  c a r r i e d  o u t .  

Addit ion Conch. Proline hydroxylase Lys ine  hydroxylase 
( l~g [ml ) 

[14C] H y p  % of  control [ l*C]Hyl  % of  
I00 X - -  IO0 × - -  control 

total 14C total 14C 

N o n e  - -  13 .25  I oo  2 .68  IOO 
P o l y - L - p r o l i n e "  i o  I. 18 9 3-I  3 I 17 

IOO o .47  4 2-78 lO4 
G l y - P r o - P r o )  n** IO lO.91 82 2 .49  93 

lOO 4 .09  31 2 .75  I o 3  
R C M  c o l l a g e n  *"~ i o  o .31 2 3 .14  117 

IOO o .07  i 2 .85 i o 6  

" P o l y - L - p r o l i n e  in  t h e  f o r m  I I  c o n f o r m a t i o n  a n d  w i t h  a v e r a g e  m o l e c u l a r  w e i g h t  o f  15 ooo .  
*" P o l y m e r  w i t h  a v e r a g e  m o l e c u l a r  w e i g h t  o f  a b o u t  4 0 0 0 .  

*"" R e d u c e d  a n d  c a r b o x y m e t h y l a t e d  c o l l a g e n  f r o m  t h e  c u t i c l e  o f  Ascaris  lumbricoides. 
D e n a t u r e d  b y  b o i l i n g  f o r  i o  m i n u .  
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polypeptides inhibited the hydroxylation of [14Clproline in protocollagen but did not 
inhibit the hydroxylation of [l*C]lysine (Table I). 

In further experiments, the relative amounts of lysine and proline hydroxylase 
were measured in crude extracts of chick embryos and in a partially purified fraction 
of proline hydroxylase from the same source. The enzymatic activities were compared 
by estimating the amount of enzyme required to obtain i % hydroxylation of [14Cl- 
lysine-labeled protocollagen and 4% hydroxylation of [14Clproline-labeled proto- 
collagen. On this basis the ratio of lysine hydroxylase to proline hydroxylase decreased 
by a factor of IO when the extract was compared to the partially purified fraction (Fig. 
I). Also, recent experiments by K. I. KIVlRIKKO (personal communication) show that 
very highly purified proline hydroxylase fractions contain no lysine hydroxylase 
activity. 

The observation that competing polypeptides inhibit the hydroxylation of 
proline without inhibiting the hydroxylation oflysine indicates that the hydroxylations 
of lysine and proline in protocollagen involve two separate enzymatic sites. The loss 
of lysine hydroxylating activity upon purification of protocollagen proline hydroxylase 
suggests that the two enzymatic activities are contained in two separate proteins. 
However, the procedures used to purify the proline hydroxylase may have selectively 
destroyed lysine hydroxylating activity in the same protein. 
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