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1. Incubation of prolyl 4-hydroxylase (prolyl-glycyl-peptide, 2-oxoglutarate : oxygen oxidoreductase (4-hydrox-
ylating), EC 1.14.11.2) with H,0, leads to a decrease of 50% in the specific activity of enzyme tetramers, fol-
lowed by dissociation into inactive dimers in which the monomers are covalently cross-linked by S-S bridge for-
mation. 2. Incubation of the enzyme with K;Fe(CN)g leads to a comparable decrease in activity of enzyme tetra-
mers. Addition of urea leads to dissociation into inactive dimers with similarly cross-linked monomers. 3. Removal
of the dissociating agent leads to reassociation of cross-linked dimers to tetramers and to about 50% reactivation.
The enzyme is further reactivated by preincubation with dithiothreitol. 4. Dissociation of the enzyme with
dithiothreitol, urea or LiCl, or at low pH (4.15) produces inactive monomers, which could not be reassociated.

Introduction

In collagen synthesis prolyl 4-hydroxylase (prolyl-
glycyl-peptide, 2-oxoglutarate : oxygen oxidoreduc-
tase (4-hydroxylating), EC 1.14.11.2) catalyses the
trans<4-hydroxylation of proline in nascent or com-
pleted, unassembled pro-a-chains of pro-collagen (for
reviews see Refs. 1—4). The enzyme requires iron and
ascorbate for activity [5—8]. In a dioxygenase reac-
tion it uses one atom of O, for the formation of the
hydroxyl group of trans4-hydroxyproline, whereas
the other oxygen atom is used for stoichiometrically-
coupled oxidative decarboxylation of 2-oxoglutarate
and is incorporated into succinate [9-11]. In recent
years the hypothesis has been developed that prolyl
4-hydroxylation is the rate-controlling step in the
post-translational reactions involved in pro-collagen
synthesis (see Ref. 2).
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The enzyme is a tetramer of about 240000
daltons [12—14] and consists of two different types
of monomers of about 60000 and 64 000 daltons,
respectively [13—17]. The monomers differ in their
isoelectric points (5.5 and 4.7), in their amino acid
compositions (in particular with respect to methio-
nine, tyrosine, phenylalanine and arginine) and in
that most of the carbohydrate content of the enzyme
is located on the larger subunit type [17]. It has been
suggested on the basis of electron microscopy that
rod-like monomers from V-shaped dimers which
interlock to form a tetramer [18].

A large pool of monomer-size, enzymatically
inactive, protein is present in cell cultures in addition
to the tetramer. Under certain conditions this pool
is involved in the formation of active tetramers
[19—-23]. Little is known, however, about the
mechanism of the assembly ot the enzyme, a process
which may be of regulatory importance. Dissociation
of the enzyme was achieved by incubation of the
tetramers in 1 mM dithiothreitol [13,24], in 6 M
urea/0.1 M 2-mercaptoethanol [13], by alkylation
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with 80 mM iodoacetic acid in 8 M urea with or
without prior reduction by 20 mM dithiothreitol
[17,25], by incubation with 5% sodium dodecyl
sulphate (SDS) [13,14], and by dialysis against a
buffer of low ionic strength [13]. Only the latter
procedure can be expected to produce monomers in a
native state, since the others would either disrupt
intra-chain S-S bridges or lead to binding of SDS or
acetic acid groups. We have dissociated the enzyme
tetramer in several ways that do not change the
primary structure, but we did not succeed in
reassociating the monomers. We have, therefore,
developed a method for cross-linking of monomers
which enabled us to dissociate the enzyme into
dimers and to study the reassociation at this level.

Materials and Methods

Materials

Prolyl 4-hydroxylase was isolated from chick
embryos (age 13 days) by (NH4),S0, fractionation
(30—65%), affinity chromatography on poly
L-proline Sepharose 4B and gel filtration as described
previously [8]. The enzyme was pure according to
polyacrylamide gel electrophoresis in the absence and
the presence of SDS [8,26]. The synthetic polypep-
tide substrate (Pro-Pro-Gly)s -4 H,0 was from the
Protein Research Foundation (Minoh-shi, Osaka,
Japan); 2-o0xo[1-!%C]glutarate was from New England
Nuclear (Boston, MA).

Methods

Determination of enzyme activity.

Method I. The activity of prolyl 4-hydroxylase was
measured continuously at 37°C by polarographic
determination of the oxygen consumption, essentially
as described previously [8]. Unless otherwise stated a
freshly prepared solution containing 3 mg bovine
serum albumin/0.15 mg bovine liver catalase/75 umol
Tris-HCl buffer was added to the reaction vessel,
followed by the addition of 1.5 umol ascorbate, 7.5
nmol FeSOy, 15 ug enzyme, 0.6 umol 2-oxoglutarate
and 0.93 umol (Pro-Pro-Gly); - 4 H,0, in that order
and with intervals of 30 s between the additions. The
final volume was 1.5 ml. The final pH was 7.4 at
20°C. The solution of (Pro-Pro-Gly)s -4 H,O was
boiled for 5 min and cooled in ice before addition
[14]. The FeSO,4 was dissolved just before addition

to the reaction mixture to avoid precipitation of
hydroxide.

Method II.  The activity was determined as
described previously [8] by measuring the '*CO,
production caused by the oxidative decarboxylation
of 2-oxo-[1-'*Clglutarate, which takes place
stoichiometrically with the hydroxylation of
peptidyl proline [9]. Unless otherwise stated, the
reaction mixture contained (in a volume of 1 ml) 1 ug
enzyme/2 mg serum albumin/0.1 mg catalase/0.1 mM
dithiothreitol/1 mM ascorbic acid/5 uM FeS0,/0.37
mM (Pro-Pro-Gly); - 4 H,0/0.1 mM 2-oxo[l-1*C]-
glutarate (6.10° dpm/umol)/S0 mM Tris-HCI buffer.
The final pH was 7.4 at 20°C. The order of additions
was the same as described for Method I except that
the reaction was started with 2-oxo[1-'*C]glutarate
instead of (Pro-Pro-Gly)s - 4 H,O and dithiothreitol
was added before ascorbate.

Protein determination. The concentration of
enzyme protein was determined spectrophotometri-
cally, making use of the relation A,30nm=7.73
(mg/ml)~! -em™t [27].

Gel electrophoresis. Gels were prepared with 7.5%
polyacrylamide, 0.25% N,N'-methylene-bisacryl-
amide, 0.06% N,N,N'N'-tetramethyl-1,2 diamino-
ethane, 0.12% ammonium persulphate in 0.7 M Tris-
HCl buffer, pH 8.3 (cf. Refs. 28, 29). The protein
sample in the isolation buffer [8] was mixed with
10 pl 0.02% bromphenol blue and one drop of
glycerol per 100 pl. The anode and cathode reser-
voirs contained 50 mM Tris-HCI/50 mM glycine, pH
8.5. 1.5 mA was applied to each gel for about 16 h at
4°C. The gels were stained in acetic acid/methanol/
water (10 : 45 : 45, v/v), containing 0.25% Coomassie
brillant blue R-250, de-stained in acetic acid/
methanol/water (7.5 :25:67.5, v/v) and stored in
5% acetic acid before photographs were taken.

Gel electrophoresis in the presence of SDS. Gels
(cf. Ref. 30) were prepared with 13.5% polyacryl-
amide, 0.4% N,N'-methylene-bisacrylamide, 0.04%
N,N N' ,N'-tetramethyi-1,2-diaminoethane, 0.5% SDS,
0.1% ammonium persulphate in 0.3 M Tris-HCl
buffer (pH 8.5).

Stacking gels (cf. Ref. 31) were prepared with 4%
polyacrylamide, 0.1% N,N'-methylene-bisacrylamide,
0.1% SDS, 0.04% ammonium persulphate, 0.08%
NN N'N'-tetramethyl-1,2-diaminoethane in 0.03 M
Tris-HC1 buffer (pH 6.8). To the protein sample in



the isolation buffer [8] were added: 5% glycerol,
0.2% SDS, 5% 2-mercaptoethanol, 0.02% bromphenol
blue, 25 mM Na,CO; and 0.5 mM iodoacetic acid
(final concentrations).

The buffer used in the anode and cathode reser-
voirs was the same as described above for the 7.5%
polyacrylamide gels except that 0.3 g SDS/1 buffer
was added to the latter. 1.5 mA was applied to each
gel for 30 min at 17°C, followed by 3 mA for 4 h.
Staining and de-staining were carried out as described
above.

Protein bands in polyacrylamide gels were cut out
and transferred to SDS<ontaining gels after one of
the following treatments:

(a) the gel slice was extracted by homogenization
with 0.4 ml of a solution (pH 7.8) containing 0.1 M
NaCl/0.1 M glycine/10 uM dithiothreitol/5 mM Tris-
HCl buffer/0.4% SDS/5% 2-mercaptoethanol/1%
glycerol/0.002% bromphenol blue/6 mM Na,CO;/0.1
mM iodoacetic acid. Not more than 0.3 ml of the
extract was applied to SDS-containing gel;

(b) in analogy with O’Farrell [32], the slice was
incubated for 2h at room temperature in a buffer
containing 62.5 mM Tris-HCI/10% glycerol/5%
2-mercaptoethanol/2.3% SDS (pH 7.8). It was then
attached to the top of an SDS-containing gel with
the aid of the incubation buffer to which 1% agarose
had been added.

After staining, gels were scanned at 540 nm with a
Zeiss spectrophotometer equipped with an automatic
gelscanning attachment and a scale expander. Gel-
scan areas were calculated by using a Tektronix
4954 graphics tablet coupled to a HP 2100 S mini
computer equipped with a RTE-11 operating system.

Results

After incubation of prolyl 4-hydroxylase with
2M H,0, for 30 min at 0°C, the enzyme migrates
more rapidly on a 7.5% polyacrylamide gel than the
untreated tetrameric enzyme (cf. Fig. 1a and 1b), but
less rapidly than enzyme fully dissociated with urea
(see Fig. 3a). The single band shown in Fig. 1b was
not resolved further on a gel of double the normal
length. Prolonging the incubation with H,0, (up to
20 h) did not lead to any further increase in mobility.
Nor was this increased by dialysis of the H,0,-treated
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Fig. 1. 7.5% polyacrylamide gel electrophoresis of prolyl
4-hydroxylase; the influence of H,0,, urea and dithio-
threitol. Gela: the enzyme as isolated (11 ug). Gel b: the
enzyme (23 ug) was incubated for 30 min at 0°C in the
isolation buffer [8] plus 2 M Hy0,. Gel c: the enzyme (34
ug) was treated as for gel b and then urea (3 M) was added
and the sample dialysed three times for 1 h at 0°C against
isolation buffer [8]/3 M urea, followed by dialysis for 1 h
at 20°C against isolation buffer containing 1 mM dithjo-
threitol. Gel d: the enzyme (27 ug) was incubated for 3 h at
0°C in isolation buffer [8] plus 2M H,0,, followed by
dialysis against isolation buffer three times for 1 h. Gel e: the
enzyme (34 ug) was treated as for geld, but during the
dialysis 1 mM dithiothreitol was present.

enzyme against 6 M urea. Reduction by dithiothreitol
(1 mM), however, did lead to a substantial increase in
mobility (Fig. 1c). Neither ascorbate (1 mM) nor
NADH (1 mM) could replace dithiothreitol. Transfer
of the protein in the gel band shown in Fig. 1b, after
incubation with SDS and 2-mercaptoethanol (see
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Fig. 2. The correlation between the percentage specific
activity and the percentage of protein present as tetramers
after treatment with H,0O,. The enzyme (39 ug) was
incubated for 30 min at 0°C with 0.1 M (A),0.25M (B),1 M
(C) and 2 M H,0, (D) respectively. The specific activity was
measured as gmol 14C0O, - min™! - mg™! (see Methods). The
percentage tetramers was determined by 7.5% polyacryl-
amide gel electrophoresis, gel scanning and area calculation
(see Methods).

Methods), revealed the bands of the two monomers
(M, 64000 and 60 000) in about equal intensity (data
not shown).

Treatment with H,0, also leads to inactivation of

the enzyme with a ¢;,, of 8 min when 0.5 M H,0; is -

used at 0°C. Incubation with 0.1 M H,0, for 30 min
at 0°C inhibited the enzyme activity by about 50%
with a minimal dissociation of the tetramer (see
point A, Fig.2). Treatment with different concen-
trations of H,0, for 30 min at 0°C showed that the
residual enzyme activity was proportional to the
percentage of tetramer that remained (Fig. 2).

The dissociating effect of H,0, on the enzyme
was not found with other compounds of high dipole
moment (0.5M ethylene glycol (2.28d), 0.5M
acetone (2.88d) or 1 mM dimethyl sulphoxide
(396 d) —cf. H,0, (2.20d)). Monomers were
obtained by incubation with urea (Fig. 3a), with urea
plus dithiothreitol and with urea plus 2-mercapto-
ethanol (data not shown). In all three cases one
protein band was seen, which is in contrast to the
results of Berg and Prockop [13] who found two
monomer bands after treatment with urea plus
2-mercaptoethanol. In a control experiment the

Fig. 3. 7.5% polyacrylamide gel electrophoresis of prolyl
4-hydroxylase; the influence of urea and K3Fe(CN)g. Gel a:
the enzyme (25 ug) was incubated for 3 h at 0°C in the
isolation buffer [8] plus 6 M urea. Gel b: the enzyme (23 ug)

“was incubated for 10 min at 37°C in isolation buffer [8] plus

50 mM K3Fe(CN)g. Gel c: the enzyme (23 ug) was treated
as for gel b, tollowed by addition of urea (6 M) and incuba-
tion for 3 h at 0°C. Gel d: the enzyme (32 ug) was incubated
for 10 min at 37°C in isolation buffer [8] plus 100 mM
K3Fe(CN)g. The urea (3 M) was added and the sample was
dialysed three times for 1 h against isolation buffer [8] plus
urea (3 M) and dithiothreitol (2 mM).

protein of the single band produced by treatment
with urea and dithiothreitol was found, by applying
SDS-polyacrylamide gel electrophoresis, to contain
both types of monomer. Monomers were also
obtained by incubation with 2M LiCl (cf. dissocia-
tion of F;ATPase [33]) and by incubation at pH
4.15. We were not able to produce monomers by
dialysis against a buffer with low ionic strength
(cf. Ref. 13), as our preparations hardly dissociated



during this treatment, even when the temperature
was raised from 4 [13] to 20°C.

Up to 0.2M K;Fe(CN), was not able to mimic
H,0, (Fig. 3b). However, after treatment first with
0.05M K;3Fe(CN)g and then with 6 M urea, a band
was obtained similar to that found with 2M H,0,
(Fig. 3c). Fig. 3d shows that dithiothreitol further
increases the mobility of this preparation in the same
way as shown above for enzyme treated with H,0,.
Not shown is that a low concentration of H,0,
(0.1 M) followed by urea has the same effect as 2 M
H,0, or K3Fe(CN)g plus urea.

By electrophoresis in the presence of SDS, it could
be demonstrated that the molecular weight of the
enzyme treated with 2M H,0, for 3 h at 0°C, fol-
lowed by dialysis against urea is about 140000, to be
compared with about 70000 (two species) found
with untreated enzyme (data not shown). In the
presence of 2-mercaptoethanol and iodoacetic acid,
both treated and untreated preparations showed two
bands at about 60 000 daltons.

Attempts, by dialysis against different (dithio-
threitol-free) media, cf. Ref. 34), to reassociate the
monomers produced by incubation with urea, dithio-
threitol, LiCl, or by lowering the pH were not suc-
cessful.

It is possible, however, to reassociate the dimers
formed after H,0, treatment by dialysis against a

TABLEI

SPECIFIC ACTIVITY OF H,0,-TREATED AND REASSO-
CIATED PROLYL 4-HYDROXYLASE

Activity was measured as 14CO, production (see Method II).
Reassociation was achieved by dialysis three times for 1 h
against isolation buffer [8] without dithiothreitol, after
previous dissociation by incubation for 30 min at 0°C in iso-
lation butfer containing 2 M H,0,.

Experiment Enzyme Specific
(ug) activity
(umol -
min-1 - mg‘l)
1 untreated (0.4) 0.98
H, 0, -treated (0.4) 0.06
reassociated (0.5) 0.41
2 untreated (0.4) 0.76
H,O,-treated (0.4) 0.09
reassociated (0.5) 0.34
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TABLE II

THE EFFECT OF PREINCUBATION WITH 1 mM DITHIO-
THREITOL ON THE ACTIVITY OF OXIDIZED PROLYL
4-HYDROXYLASE

The activity was measured as umol O, - min™1 - mg=1 (see
Method ) and corrected for nonspecific oxidation. The order
of additions was: ascorbate, FeSOj, enzyme, (Pro-Pro-Gly)s -
4 H,0 and 2-oxoglutarate, When dithiothreitol was present,
it was added before ascorbate. Because of the 30s intervals
between the additions, the enzyme was preincubated for 1
min with 1 mM dithiothreitol. In Expts. | and 2 the enzyme
was used as isolated, in Expts. 2 and 4 after oxidation and
dissociation by H,0, and reassociation by dialysis (sce
fegend to Fig. 1). In Expts.5 and 6 the enzyme was used
after oxidation by K3Fe(CN)g (see legend to Fig. 3) and dial-
ysed as for reassociation.

Expt. Enzyme (ug)

Dithio- Reaction
threitol rate (%)
1 untreated (15) — 100
2 untrecated (15) + 87
3 H, 0, -oxidised,
reassociated (9.6) — 61
4 H, 0, -oxidised,
reassociated (9.6) + 88
5 K3 Fe(CN)g-oxidised
(6.6) - 66
6 K3 Fe(CN)g-oxidised

(6.6) + 88

dithiothreitol-free medium (sce Fig. 1d). When 1 mM
dithiothreitol was present in the dialysis solution,
both tetramers and monomers were formed (Fig. 1e).
Within 5 min reassociation was obtained by removal
of H,0, by centrifugation on a bed of Sephadex
G-25 [35]. Although ascorbate and 2-oxoglutarate
influence the enzyme conformation [36}, addition of
ascorbate, Fe(Il) or 2-oxoglutarate had no effect on
the reassociation.

Table I shows that the specific activity for the
reassociated tetramers is about 50% of the activity of
untreated tetramers (ranging from 42—61% in five
different experiments). This activity is comparable
with that found in Table II for K;Fe(CN)g-oxidised
tetramers.

Whereas comparison of lines 1 and 2 in Table II
shows the partial inactivation of the enzyme by 1 min
preincubation with 1 mM dithiothreitol, preincuba-
tion for 1 min with 1 mM dithiothreitol of enzyme
reassociated after H,0, treatment increased the
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activity significantly (Table II, lines 3 and 4).
K3Fe(CN)g-treated enzyme was also reactivated by
1 mM dithiothreito! (compare lines 5 and 6). Addi-
tion of 1 mM dithiothreitol under turnover condi-
tions was not effective with either H,0, or
K;3Fe(CN)g-treated enzyme (data not shown).

Discussion

Dissociation of prolyl 4-hydroxylase by H,0, into
subunits of about 140000 daltons is a combination
of two effects: oxidation and dissociation. For the
dissociative effect of H,0, a high concentration is
required. This is not necessary for the oxidative part
of the H,0, effect, since treatment with 0.1 M
H,0, followed by 6 M urea has the same effect as
high concentrations of H,0,. K3Fe(CN)y mimics the
oxidative part of the H,0, effect (Fig. 3b and 3c).
After treatment with high concentrations of H,0;,
urea causes no further dissociation. From this it may
be concluded that the oxidation by H,0, produces a
covalent bond between monomers. This covalent
bond is most likely a S-S bridge since it can be
broken by 1mM dithiothreitol (£,=-0332V)
(Fig. 1c) or 2-mercaptoethanol (Eg=—0.060V)
(see Results), but not by 1 mM ascorbate (Ey =
+0.060 V) or 1 mM NADH (£, = —0.320 V). Electro-
phoresis in the presence of SDS shows that a subunit
with a molecular weight of about 140000 is formed
by H,0, treatment. This subunit is split into
monomers by dithiothreitol (Fig. 1c). Since only one
band was seen, both with and without SDS (Fig. 1b),
even when long gels were used, probably only one
type of subunit (a-8) is present after H,0, treatment,
suggesting («a - f), as the tetramic structure in the
native enzyme,

The inactivation of prolyl 4-hydroxylase by H,0,
is caused both by dissociaton and by oxidation. The
results given in Fig.2 show that the dimers are
totally inactive, whereas the remaining tetramers with
an {(af), structure have 50% of the specific activity
of untreated tetramers {(« - §),. The fact that reasso-
ciation of H,0,-produced dimers can be achieved
within 5 min by centrifugation on a bed of Sephadex
[33] indicates that the cross-linked dimers are native.

After correction for the inactivation by dithio-
threitol (see Table II) it can easily be seen that cross-
linked, reassociated tetramers should regain full
activity.

Although prolyl 4-hydroxylase can be completely
dissociated into monomers by incubation with dithio-
threitol, as has also been shown by others [22], the
fact that the enzyme can also be dissociated by urea,
LiCl and by lowering of the pH below the isoelectric
point of the tetramers [12] and the monomers [17],
shows that in the isolated enzyme no disulphide
bonds exist between the monomers. This is in agree-
ment with the conclusion of Berg and Prockop [25],
based on dissociation by alkylation.

The failure to reassociate prolyl 4-hydroxylase
monomers may indicate that the subunits can only
associate in a precursor form. In fact it is reported
that in vivo the §-subunit is present in a pre-3-form, in
large excess awaiting the synthesis of the a-subunit
[16,20,23]. Our results demonstrate that (cross-
linked) dimers spontaneously reassociate to
tetramers. Therefore, the possibility exists that
regulation of the assembly of the enzyme from
monomers is at the level of dimer formation.
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