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Summary 

The kinetics of the lysyl hydroxylase (peptidyllysine, 2-oxoglutarate:oxygen 
5-oxidoreductase, EC 1.14.11.4) reaction were studied using enzyme from 
chick embryos by varying the concentration of one substrate in the presence of 
different fixed concentrations of the second substrate, while the concentrations 
of the other substrates were held constant. Intersecting lines were obtained in 
double-reciprocal plots for all possible pairs involving Fe 2÷, ~-ketoglutarate, 02 
and the peptide substrate, whereas parallel lines were obtained for pairs 
comprising ascorbate and each of the other substrates. The pair composed of 
Fe 2÷ and a-ketoglutarate gave an asymmetrical initial velocity pattern, 
indicating binding of these two reactants in this order, that  of Fe 2÷ being at 
thermodynamic equilibrium. The initial velocity patterns are identical with 
those reported for prolyl 4-hydroxylase, and the apparent K m and K d values 
calculated from these data are also very similar. The largest difference was 
found in Km and K d for a-ketoglutarate, which were about 4 times the corre- 
sponding values for prolyl 4-hydroxylase. Ascorbate was found to be a quite 
specific requirement for lysyl hydroxylase, but the enzyme catalyzed its reac- 
tion for a short time at a high rate in the complete absence of this vitamin, 
suggesting that  the reaction with ascorbate does not occur during each catalytic 
cycle. Lysyl hydroxylase catalyzed an uncoupled decarboxylation of a-keto- 
glutarate in the absence of the peptide substrate, the rate being about 4% of 
that  observed in the presence of a saturating concentration of the peptide 
substrate. This uncoupled decarboxylation required the same cosubstrates as 
the complete reaction. 
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I n t r o d u c t i o n  

Lysyl hydroxylase (peptidyllysine; 2-oxoglutarate:oxygen 5-oxidoreductase, 
EC 1.14.11.4) catalyzes the synthesis of  hydroxylysine in collagen by the 
hydroxylat ion of  the lysyl residues in peptide linkages (for recent reviews, see 
Refs. 1--3). The enzyme has been purified up to about 3000--4000-fold from 
chick embryo extract both by conventional procedures [4] and by an affinity 
column procedure using concanavalin A-agarose [5], and found to have a 
molecular weight of about 200 000 in gel filtration [5]. The enzyme does not 
hydroxylate free lysine, and the minimum sequence requirement is probably 
an -X-Lys-Z- triplet, in which Z can certainly be glycine [6], and possibly also 
serine or alanine [7]. The hydroxylation of lysyl residues in these triplets is 
also influenced by the amino acid sequence around the lysyl residue and by the 
chain length and conformation of the peptide substrate [6--9]. 

Lysy] hydroxylase requires ferrous ions, a-ketoglutarate, molecular oxygen 
and a reducing agent [1--3]. The requirement for the reducing agent is best 
fulfilled by ascorbate [1--3], but in experiments with crude enzyme prepara- 
tions, at ]east, about 70% of the maximal activity could be obtained with 
dithiothreitol or fl-mercaptoethanol, and about 30% with L-cysteine or 
2-amino-4-hydroxy-6,7-dimethyltetrahydropteridine [ 10]. Even in the presence 
of optimal concentrations of all cosubstrates, maximal activity is not found in 
vitro unless bovine serum albumin, catalase and dithiothreitol are added to the 
reaction mixture [11--13]. The mechanism of the lysyl hydroxylase reaction 
and the role of its cosubstrates have not been elucidated, but is has been 
demonstrated that it involves the stoichiometric decarboxylation of a-keto- 
glutarate to succinate and CO2 [6]. The reaction can thus be described by the 
following equation; 

CH2NH2 COOH CH2NH2 
I J i COOH 
CH2 CH2 CHOH [ 
I I Fe2+ I CH2 

+ CH: + 02 ~ CH2 + I ~H2 I ascorbate I CH: 
CH2 CO CH2 I 
t I I COOH 

R--NH--  CH---COR' COOH R--NH--  CH--COR' 

-t- C O  2 

The mechanism of  the reaction catalyzed by prolyl 4-hydroxylase, another 
intracellular enzyme of collagen biosynthesis requiring the same cosubstrates, 
has recently been subjected to extensive kinetic experiments [14--16].  Similar 
experiments have now been carried out  to analyze the mechanism of  the lysyl 
hydroxylase reaction and the role of  its cosubstrates, and the present paper 
reporting these lays special emphasis on the questions of  whether the initial 
velocity patterns of  lysyl hydroxylase and the K m values for the cosubstrates, 
as determined from these data, are similar to those reported for prolyl 
4-hydroxylase. A possible difference in the latter case was suggested by observa- 
tions that  lysyl hydroxyla t ion in cultured fibroblasts is less readily affected by 
ascorbate deficiency than is prolyl hydroxylat ion [17,18],  and consequently,  
special at tention was also paid to the specificity of  the ascorbate requirement 
and to other experiments on the role of  this vitamin. The question was also 
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studied of whether lysyl hydroxylase catalyzes any decarboxylation of a-keto- 
glutarate in the absence of  the peptide substrate, such an uncoupled 
decarboxylation having been found with prolyl 4-hydroxylase [14,19,20].  
Studies on the inhibition of the reaction are reported in the second part of  this 
report  [21],  in which a reaction mechanism is proposed that would be 
consistent with the data obtained in both parts of  the study. 

Materials and Methods 

Materials. Lysyl hydroxylase was purified from an ammonium sulphate frac- 
tion of  chick embryo extract by a procedure consisting of  affinity chromatog- 
raphy on concanavalin A-agarose and gel filtration [5]. The specific activity of 
these partially purified enzyme preparations was 2000--3000 times that  of  the 
15 000 × g supernatant of the chick embryo homogenate.  

The synthetic peptide substrate, L-! (Ala-Arg-Gly-Ile-Lys-Gly-Ile-Arg-Gly- 
Phe-Ser-Gly) was purchased from the Protein Research Foundat ion (Minoh, 
Osaka, Japan). [14C]Lysine-labelled protocollagen substrate was prepared from 
freshly-isolated chick embryo tendon cells as described previously [22] and 
aliquots of  120 000 dpm were used in the assays, a-[1-14C]Ketoglutarate was 
purchased from New England Nuclear Corp. and adjusted to a specific activity 
of  100 000 dpm/0.1 pmol by  mixing with the unlabelled compound.  
Tetrahydrofolic acid was obtained from Sigma Chemicals Co. (St. Louis, MO), 
2-amino-4-hydroxy-6,7-dimethyltetrahydropteridine from Regis Chemicals Co. 
(Morton Grove, IL.), and dehydroascorbic acid from Fluka AG (Buchs, 
Switzerland). The Fe2SO4 • 7 H20, a Merck analytical reagent, was further puri- 
fied with dithizone [15,23].  

Assay of lysyl hydroxylase activity. The reaction with lysyl hydroxylase 
under 'standard conditions'  was carried out  in a final volume of 1.0 ml con- 
taining 0.2--2 tLg enzyme, 0.5 mg synthetic peptide L-I, 0.05 ttmol Fe2SO4, 0.1 
pmol a-[1-14C]ketoglutarate (100 000 dpm), I pmol ascorbate, 0.1 mg catalase 
(Calbiochem), 0.1 pznol dithiothreitol, 1 mg bovine serum albumin (Sigma) and 
50 /xmol Tris-HC1 buffer, adjusted to pH 7.8 at 25°C (slightly modified from 
[6]).  The samples were incubated for 40 min at 37°C and the 14CO2 was trapped 
and counted as described previously [6]. The synthetic peptide was thermally 
denatured for 10 min at 100°C immediately before use [8,9]. As there were 
slight differences in the specific activities of  the various lysyl hydroxylase 
preparations, the reaction velocities can be compared only within one experi- 
ment. The assay system was modified for certain experiments as described in 
the legends to the figures and tables. The experiments in which the 02 concen- 
tration was varied were carried out  as described elsewhere [14].  The experi- 
ments with the [14C]lysine-labelled protocollagen substrate were carried out  as 
described previously [11] and in Table III. 

Results 

Initial velocity patterns of  the peptide substrate and the cosubstrates 
The hydroxylat ion-coupled decarboxylation of a-ketoglutarate under the 

conditions used in this s tudy was linear with time and enzyme concentration, 
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Fig. 1. E f fec t  of  Fe 2+ c o n c e n t r a t i o n  on  the  ra te  of  the  lysyl  h y d r o x y l a s e  r eac t ion  at  d i f f e ren t  f ixed con-  
cen t r a t i on  of  ~ -ke tog lu ta ra t e  (A)  and the  e f fec t  of  ~ -ke tog lu t a ra t e  c o n c e n t r a t i o n  a t  d i f f e ren t  concen t r a -  
t ions of  Fe 2+ (B). A s econda ry  p lo t  of  the  s lopes of  the  lines o b t a i n e d  in A w h e n  p lo t t ed  against  [~-keto-  
g i n t a r a t e ] - I  (C). T he  c o n c e n t r a t i o n s  of  ~ -ke tog lu ta ra t e  in (A) were:  L~ 2 0 / I M ;  m 40 ~M; (~, 60 ~zM; • 100 
/IM; and  those  of  Fe 2+ in (B): D 1 .25  ~M; m 2.5 pM; ~, 6 .25  ~M; • 8 .75  ~M. The  c o n c e n t r a t i o n s  of  the  
o the r  c o m p o n e n t s  were  kep t  cons tan t :  L-I 0.5 m g / m l  and  a sco rba t e  1 raM. v was m e a s u r e d  in dpm.  

and in all the experiments reported below the formation of 1 4 C O 2  corresponded 
to a hydroxylat ion of less than 5% of the peptide substrate. The kinetics of 
lysyl hydroxylat ion were studied by varying the concentration of one substrate 
in the presence of different fixed concentrations of the second substrate while 
those of  the other substrates were held constant  and by analyzing the patterns 
of  the double-reciprocal plots. 

Variation of the Fe :+ concentration at different fixed concentrations of 
a-ketoglutarate and at constant  concentrations of the other components gave 
lines that  intersected to the left of the ordinate (Fig. 1A). When the data were 
plotted as (velocity) -1 versus [a-ketoglutarate] -1 at different fixed concentra- 
tions of Fe 2+, the lines intersected on the ordinate (Fig. 1B). The slopes of the 
lines obtained in Fig. 1A, when plotted against [a-ketoglutarate]-~, gave a line 
which passed through the origin (Fig. 1C). 

Variation of  the Fe 2+ concentration at different fixed concentrations of  02 
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Fig. 2. E f f e c t  o f  Fe 2+ c o n c e n t r a t i o n  on the  ra te  of  the  lysyl  h y d r o x y l a s  e r e a c t i o n  at  d i f f e r e n t  f ixed  con- 
c e n t r a t i o n s  o f  02  (A) or  the  pep t i de  subs t r a t e  (B).  The  c o n c e n t r a t i o n s  o f  0 2  in  (A)  were :  m 10 ~zM; 
o, 50 #M; • 200  ~M; and  those  of  the  pep t i de  subs t r a t e  in  (B):  El, 0 .05  m g / m l ;  u 0.1 m g / m l ;  o, 0 .15  m g /  
ml ;  e, 0 .25  m g / m l .  The  c o n c e n t r a t i o n  of  0~-ketoglutarate was  O.1 m M  and t h a t  o f  a sco rba t e  1 m M .  v was  
m e a s u r e d  in  d p m .  

(Fig. 2A) Or the peptide substrate (Fig. 2B) also gave lines intersecting to the 
left of the ordinate, but in these cases the lines intersected to the left of  the 
ordinate even when plotted as (velocity) -1 versus [02] -1 or [peptide] < at 
different fixed concentrations of  Fe 2+ (not shown). Lines intersecting to the 
left of  the ordinate were similarly obtained when the ~-ketoglutarate concen- 
tration was varied at different fixed concentrations of  02 (not shown) or the 
peptide substrate (Fig. 3) or when the 02 or peptide concentration was varied 
at different fixed concentrations of  a-ketoglutarate (not shown). Similar inter- 
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Fig. 3. E f f e c t  o f  ~ - k e t o g l u t a r a t e  c o n c e n t r a t i o n  on  the  r a t e  of  the  lysyl  h y d r o x y l a s e  r e a c t i o n  a t  d i f f e r e n t  
f i xed  c o n c e n t r a t i o n s  of  t he  pep t i de  subs t r a t e .  The  c o n c e n t r a t i o n s  o f  t he  pe p t i de  s u b s t r a t e  we re :  m 0 .05  
m g / m l ;  o, 0 . 1 5  m g / m l ;  e,  0 .25  m g / m l .  The  c o n c e n t r a t i o n  of  Fe 2+ was  0 .05  m M  and  t h a t  o f  a sco rba t e  

1 raM. v was  m e a s u r e d  in  d p m .  

Fig.  4. E f f e c t  o f  a s c o r b a t e  c o n c e n t r a t i o n  on  the  ra te  o f  the  lysyl  h y d r o x y l a s e  r e a c t i o n  at d i f f e r e n t  f ixed  
c o n c e n t r a t i o n s  o f  t he  p e p t i d e  subs t r a t e .  T h e  c o n c e n t r a t i o n s  o f  the  p e p t i d e  s u b s t r a t e  were :  n 0.1 m g / m l ;  
i 0 .15  m g / m l ;  ©, 0 .2  m g / m l ;  o, 0 .75  m g / m l .  The  c o n c e n t r a t i o n  of  Fe  2+ was  0 .05  m M  a n d  t h a t  o f  ~-keto-  

g lu ta ra t e  0.1 raM. v was m e a s u r e d  in  d p m .  
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secting patterns were obtained when the peptide concentrat ion was varied at 
different fixed 02 concentrations or the 02 concentrat ion was varied at 
different fixed concentrations of the peptide (not shown). By contrast,  parallel 
lines were obtained when the ascorbate concentrat ion was varied at different 
fixed concentrations of  Fe 2÷ (not shown), ~-ketoglutarate (not shown), 02 (not 
shown) or the peptide substrate (Fig. 4), or when the Fe 2÷, a-ketoglutarate, 02 
or peptide concentrat ion was varied at different fixed ascorbate concentrations 
(not shown). 

The apparent Km and Kd values for the substrates, as determined from the 
initial velocity data, are shown in Table I. Km values for Fe 2+, a-ketoglutarate 
and ascorbate have previously been determined with biologically prepared 
protocollagen substrate by varying only one component  of  the reaction 
mixture [11,24],  but  Km has not  been determined earlier for 02, nor has Kd for 
any of  the cosubstrates. The present Km values are 2--4 times those determined 
with the protocollagen substrate for the partially purified enzyme from chick 
embryos [11],  whereas they differ much more from the values reported for 
crude lysyl hydroxylase from human skin fibroblasts [24].  The Kd values differ 
only slightly from the K m values (Table I). 

Specificity of the ascorbate requirement 
The ability of  various reductants to replace ascorbate was examined by 

studying a number  of  compounds,  each at at least 3--4 different concentrations, 
under standard incubation conditions, except  that  ascorbate was replaced by 
the reductant  studied and dithiothreitol was omitted.  The results obtained in 
five separate experiments are summarized in Table II, in which the value 
obtained with the optimal concentrat ion of  each reductant  is shown as a 
percentage of the hydroxylat ion observed in the same experiment with 1 mM 
ascorbate. The specificity of  the ascorbate requirement was found to be quite 

T A B L E  I 

A P P A R E N T  K I N E T I C  C O N S T A N T S  F O R  T H E  S U B T R A T E S  O F  T H E  L Y S Y L  H Y D R O X Y L A S E  R E A C -  
T I O N  

T h e  a p p a r e n t  k ine t i c  c o n s t a n t s  were  d e t e r m i n e d  f r o m  da ta  o b t a i n e d  in ini t ia l  ve loc i ty  s tud ies  and  are  
s h o w n  as r anges  o f  va lues  o b t a i n e d  in at  least  three  d i f f e r e n t  e x p e r i m e n t s .  The  va lues  are no t  t rue  con-  
s t an t s ,  as t h e  c o n c e n t r a t i o n s  of  on ly  t w o  s u b s t r a t e s  were  va r ied  in each  e x p e r i m e n t .  K m is the  Michae l i s  
c o n s t a n t  and  K d the  d i s soc i a t i on  c o n s t a n t .  The  values  were  d e t e r m i n e d  f r o m  p r i m a r y  p lo ts  b y  the  equa-  
t ions  g iven  in R e f .  25,  and  f r o m  s e c o n d a r y  p lo ts  o f  i n t e r c e p t s  and  s lopes  of  the  pr imary  p lo t s  versus  

[ f i x e d  s u b s t r a t e ] - I  [ 2 5 ] .  All s e c o n d a r y  p lo ts  were  l inear  w i t h i n  the i r  e x p e r i m e n t a l  errors .  I t  shou ld  b e  
n o t e d ,  h o w e v e r ,  that  d u e  to  the  l i m i t e d  sens i t iv i ty  and  l inear i ty  of  the  assays ,  the  c o n c e n t r a t i o n s  of  t h e  
r e a c t a n t s  cou ld  be va r ied  on ly  w i t h i n  a b o u t  one  o rde r  o f  m a g n i t u d e ,  and  h e n c e  the  da ta  do n o t  e x c l u d e  
a s l ight  non- l inea r i ty .  

S u b s t r a t e  K ine t i c  c o n s t a n t  (~M) 

K m  K d 

Fe  2+ 2 - -  4 2 - -  3 

a - K e t o g l u t a r a t e  9 0 - - 1 2 0  7 0 - - 1 0 0  

0 2  40--- 50 3 0 - -  50 
A s c o r b a t e  1 9 0 - - 2 2 0  

Pep t i d e  s u b s t r a t e  4 0 0 - - 5 0 0  300---400 
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T A B L E  I I  

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

I n c u b a t i o n  c o n d i t i o n s  w e r e  as  d e s c r i b e d  in  M e t h o d s ,  e x c e p t  t h a t  a s c o r b a t e  w a s  r e p l a c e d  b y  v a r i o u s  r e d u c -  
t a n t s .  T h e  r e a c t i o n  r a t e  w i t h  a 1 m M  c o n c e n t r a t i o n  o f  a s c o r b a t e  w a s  t a k e n  as  1 0 0 % .  

R e d u c t a n t  O p t i m a l  c o n c e n t r a t i o n  * R e a c t i o n  r a t e  
( m M )  (%)  

A s c o r b a t e  1 1 0 0  
D i t h i o t h r e i t o l  3 * * 4 0  * * 

L - C y s t e i n e  4 * * 15  * * 
~ 3 - M e r e a p t o e t h a n o l  5 2 
G l u t a t h i o n e  5 0 

T e t r a h y d r o f o l i c  a c i d  3 2 

2 - A m i n o - 4 - h y d r o x y - 6 , 7 - d i m e t h y l t e t r a h y d r o p t e r i d i n e  5 * * 1 5  * * 
D i b y d r o x y f u m a r a t e  2 2 

Dehydroascorba te  1 0 
N A D H  2 1 0  0 

* O p t i m a l  c o n c e n t r a t i o n  o r  h i g h e s t  c o n c e n t r a t i o n  s t u d i e d ,  i f  n o  r e p l a c e m e n t  w a s  f o u n d .  

**  1 m M  d i t h i o t h r e i t o l  g a v e  1 9 % ,  1 m M  c y s t e i n e  9% a n d  1 m M  2 - a m i n o - 4 - h y d r o x y - 6 , 7 - d i m e t h y l t e t r a -  
h y d r o p t e r i d i n e  5%. 

high, dithiothreitol, L-cysteine and 2-amino-4-hydroxy-6,7-dimethyltetra- 
hydropteridine being the only reductants that at optimal concentrations gave 
more than 10% of the activity found with the optimal ascorbate concentration. 
Only dithiothreitol gave more than 10% at a concentration of I mM (Table II). 
Dehydroascorbate partly replaced ascorbate in the presence of dithiothreitol, 
but not in its absence (data not shown), apparently by virtue of being reduced 
to ascorbate [14]. 

Hydroxylation o f  lysine in the absence o f  ascorbate 
It has recently been reported that pure prolyl-4-hydroxylase catalyzes its 

reaction in the absence of ascorbate at an essentially maximal rate for 5--10 s, 

T A B L E  I I I  

H Y D R O X Y L A T I O N  O F  L Y S Y L  R E S I D U E S  I N  [ 1 4 C ] L Y S I N E - L A B E L L E D  P R O T O C O L L A G E N  I N  
T H E  P R E S E N C E  A N D  A B S E N C E  O F  A S C O R B A T E  

T h e  r e a c t i o n  w a s  c a r r i e d  o u t  w i t h  p r o t o c o l l a g e n  s u b s t r a t e  as  d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s ,  e x c e p t  

t h a t  t h e  i n c u b a t i o n  m i x t u r e  d i d  n o t  c o n t a i n  d i t h i o t h r e i t o l .  I n  o r d e r  t o  a v o i d  n o n o l i n e a r i t y  d u e  t o  t h e  c o n -  
s u m p t i o n  o f  al l  t h e  p r o t o c o l l a g e n  s u b s t r a t e ,  t h e  r e a c t i o n  w a s  c a r r i e d  o u t  f o r  1 2 0  a n d  1 8 0  s in  t h e  p r e s e n c e  
o f  a s c o r b a t e  w i t h  o n e - t h i r d  o f  t h e  a m o u n t  e n z y m e  u s e d  in t h e  o t h e r  t u b e s ,  a n d  t h e  r e s u l t  w a s  m u l t i p l i e d  
b y  t h r e e .  

T i m e  - - a s c o r b a t e  + a s c o r b a t e  - - a s c o r b a t e  
(s)  ( d p m )  ( d p m )  + a s c o r b a t e  

(%)  

1 0  7 9 0  1 5 4 0  5 1 . 3  
3 0  7 3 0  2 8 6 0  2 5 . 5  
6 0  1 0 7 0  9 0 4 0  1 1 . 8  

1 2 0  1 1 4 0  21  1 7 0  5 . 4  
1 8 0  1 1 5 0  28  1 8 0  4 .1  
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T A B L E  IV  

E F F E C T  OF  V A R I O U S  C O M P O N E N T S  ON T H E  D E C A R B O X Y L A T I O N  O F  ~ - K E T O G L U T A R A T E  IN 
T H E  L Y S Y L  H Y D R O X Y L A S E  R E A C T I O N  

The  e n z y m e  r e a c t i o n  was  car r ied  o u t  w i t h  3 ttg lysyl  h y d r o x y l a s e  for  40  ra in  as desc r ibed  in Me thods .  
On ly  the  c o m p o u n d s  var ied  are i n d i c a t e d  in the  i n c u b a t i o n  c o n d i t i o n s .  E = e n z y m e ,  S = pe p t i de  subs t r a t e  
L-I  0 .5  m g / m l .  

I n c u b a t i o n  14 CO 2 f o u n d  14 CO2 over  nega t ive  con t ro l  

( d p m )  ( d p m )  

E-- ,  S- 100  0 
E-- ,  S+ 100  0 

E+, S - -  1 200  1 100  

E+, S+ 12 200  12 1 0 0  
E-- ,  S-- ,  Fe 2 + -  80 0 
E-- ,  S+, Fe  2+-- 80 0 

E+, S-- ,  Fe  2 + -  110  30  

E+,  S+, Fe  2 + -  430  350  

E-- ,  S-- ,  A s c o r b a t e - -  90  0 

E-- ,  S+, A s c o r b a t e - -  90  0 
E+, S-- ,  A s c o r b a t e - -  100  10 

E+, S+, A s c o r b a t e - -  220  130  

* Th i s  value c o r r e s p o n d s  to  a b o u t  25 0 0 0  d p m  w i t h  a s a t u r a t e d  L-I c o n c e n t r a t i o n .  

corresponding to 15--30 reaction cycles [16]. An a t tempt  was therefore made 
to study whether lysyl hydroxylase can similarly catalyze its reaction for a 
short time in the absence of the vitamin. Biologically prepared [~4C]lysine- 
labelled protocollagen was used as a substrate in these experiments, and the 
formation of  hydroxy[~4C]lysine was assayed. The rate of hydroxylat ion 
during the first 10 s in the absence of  ascorbate and dithiothreitol was about  
51% of that  found in the presence of  the vitamin (Table III), after which the 
reaction rapidly ceased, there being little additional hydroxylat ion after 1 min. 

Decarboxylation o f  a-ketoglutarate in the absence o f  the peptide substrate 
Lysyl hydroxylase was found to catalyze an uncoupled decarboxylat ion of  

a-ketoglutarate in the absence of  the peptide substrate (Table IV), the rate of  
which was about  9% of that  observed with 0.5 mg/ml of the peptide L-I, 
corresponding to about  4% of that with a saturating L-I concentration. This 
uncoupled decarboxylat ion,  like the complete  reaction, required Fe 2÷ and 
ascorbate. 

Discussion 

The intersecting initial velocity patterns of  all possible pairs involving Fe 2÷, 
a-ketoglutarate, 02 and the peptide substrate indicate that  the binding of  these 
substrates to lysyl hydroxylase occurs by a sequential mechanism (for reviews, 
see Refs. 25--27). The asymmetrical initial velocity pattern yielded by Fe 2+ and 
a-ketoglutarate indicates that  Fe 2÷ becomes bound to the enzyme at thermo- 
dynamic equilibrium before the binding of  a-ketoglutarate and need not  leave 
the enzyme during each catalytic cycle [25--27].  The order of  binding of  02 
and the peptide substrate will be discussed in part II of this s tudy [21]. 
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Ascorbate gave parallel lines with each of  the other substrates, indicating that 
this vitamin reacts with the enzyme by a substitution mechanism [25--27] 
after the release of  one or more of  the products.  These initial velocity patterns 
are identical with those reported for prolyl 4-hydroxylase [ 15]. 

The apparent Km and K~ values determined from the initial velocity data for 
Fe 2+, 02 and ascorbate are almost identical with those determined from similar 
plots for pure chick embryo prolyl 4-hydroxylase [15], whereas the Km and Kd 
for a-ketoglutarate are about  4-fold with lysyl hydroxylase.  A similar differ- 
ence between these two enzymes has previously been found with the protocolla- 
gen substrate [11,28],  and thus lysyl hydroxylase seems to have a somewhat 
lower affinity for a-ketoglutarate than prolyl 4-hydroxylase has. In the light of 
the finding that lysyl hydroxylat ion in cultured fibroblasts is less readily 
affected by ascorbate deficiency than is prolyl hydroxylat ion [17],  it is of 
interest that the Km values of this vitamin for the two enzymes are almost 
identical. It may be noted that a markedly lower Km for ascorbate in respect of  
lysyl hydroxylase from human skin fibroblasts, about  4 pM, has been reported 
in one study [24] using a very low concentration of  the protocollagen sub- 
strate. It is not  known whether this difference represents in part a true differ- 
ence between lysyl hydroxylases from these two sources, but  another explana- 
tion seems more likely. The parallel-line initial velocity pattern between 
ascorbate and the peptide substrate indicates that  the apparent Km for this 
vitamin measured at only one low peptide substrate concentration is markedly 
lower than the true value. 

The specificity of the ascorbate requirement was found to be high, much 
higher than previously reported for crude lysyl hydroxylase from cultured 
WI-38 fibroblasts [ 10[, whereas the specificity was very similar to that  reported 
for pure prolyl 4-hydroxylase from chick embryos [16].  The only significant 
difference between the two hydroxylases is that  the optimal dithiothreitol con- 
centration with lysyl hydroxylase was 3 mM and that this concentration gave 
about  40% of  the activity found with 1 mM ascorbate. 1 mM dithiothreitol, 
however, was about  as efficient for lysyl hydroxylase as for prolyl 
4-hydroxylase. The difference in the optimal concentration is probably due to 
the ability of  dithiothreitol in low concentrations to dissociate prolyl 
4-hydroxylase to its inactive subunits (see Ref. 16). 

Lysyl hydroxylase was found to catalyze its reaction for a short time at a 
high rate in the complete  absence of ascorbate. Similar data have previously 
been reported for prolyl 4-hydroxylase, and have been interpreted as indicating 
that the reaction with ascorbate does not  occur during each catalytic cycle 
[16]. Thus it seems likely that  this conclusion also holds good for the role of 
ascorbate in the lysyl hydroxylase reaction, bu t  as the enzyme was not  pure, it 
cannot be determined how many moles of  hydroxylysine were formed per tool 
enzyme in 10 s. 

On the basis of  the present data, the finding that lysyl hydroxylat ion in 
cultured fibroblasts is less readily affected by ascorbate deficiency than is 
prolyl 4-hydroxylation [17] is probably not  explicable solely by a different 
K m for this vitamin in respect of  the two hydroxylases, a difference in the 
specificity of this vitamin requirement or a difference in whether the vitamin 
is required for both enzymes during each catalytic cycle. A previous suggestion 
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that ascorbate may activate an inactive form of  prolyl 4-hydroxylase protein 
[29] has been disproved [30,31].  The formation of  a triple-helical procollagen 
molecules at 37°C requires hydroxylat ion of  at least about  90 prolyl residues 
per pro-~ chain [32,33].  The rate of  prolyl hydroxylat ion apparently decreases 
in partial ascorbate deficiency, and thus the time required for triple helix forma- 
tion is prolonged. As lysyl hydroxylase can only react with a non-triple-helical 
substrate [8,9], the above would allow more t ime for the hydroxylat ion of  
lysyl residues before the triple helix formation prevents any further reaction. 
The rate of  lysyl hydroxylat ion is obviously also reduced, but  as triple helix 
formation is a complex process, it is possible that  in such a situation the extent  
of lysyl hydroxyla t ion may be reduced less than that  of  prolyl 4-hydroxyla- 
tion. If lysyl hydroxylase were present in cells in an excess, such a factor would 
contr ibute to the differing sensitivity of  the two hydroxylat ions to ascorbate 
deficiency. In this connec t ion  it is of  interest that  inhibition of the hydroxyla- 
tion of  lysyl residues in newly-synthesized procollagen in isolated chick embryo 
tendon cells requires about  10 times higher Zn 2÷ concentrations than does 
inhibition of  the 4-hydroxylat ion of  prolyl residues (Anttinen, H., personal 
communicat ion),  even though the apparent Ki values of  Zn 2÷ for lysyl 
hydroxylase [ 21] and prolyl 4-hydroxylase [ 14 ] are essentially identical. 

Lysyl hydroxylase was found to catalyze an uncoupled decarboxylat ion of  
~-ketoglutarate in the absence of  the peptide substrate at a rate which was 
about  4% of that  found with a saturating L-I concentration. This uncoupled 
decarboxylat ion required Fe 2÷ and ascorbate suggesting that it was due to the 
same enzyme protein as the complete  reaction. A similar uncoupled 
decarboxylat ion has previously been reported for prolyl 4-hydroxylase 
[14,19],  the rate being about  1.3% of that  found with a saturating concentra- 
tion of  the peptide (Pro-Pro-Gly)j0 [14].  These results thus indicate that 
~-ketoglutarate can be bound to the enzyme and decarboxylated in the absence 
of  the peptide substrate. The intersecting initial velocity patterns, however, 
exclude [25--27] the release of  CO: before the binding of  the peptide in the 
complete  reaction. 
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