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Structural requirements for the utilization of ascorbate analogues in the
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The ability of structural analogues of ascorbate to serve as
substitutes for this reducing agent in the prolyl 4-hydroxylase
reaction was studied. In experiments using the purified enzyme,
variations of the compounds’ side chain were compatible with
co-substrate activity. The presence of very large hydrophobic
substituents or a positively charged group caused an increase in
the observed K, values. A negative charge and smaller modifi-
cations did not change the affinity to the enzyme when compared
with L-ascorbate. 6-Bromo-6-deoxy-L-ascorbate had a lower K|
than the physiological reductant. Substitution at the -OH group
in ring position 3 prevented binding to the enzyme. The same
pattern of activity was observed when the full and uncoupled
prolyl 4-hydroxylase reactions were studied. The ¥V,  values

ax.

with all compounds were similar. The reaction of microsomal
prolyl 4-hydroxylase was supported by D-isoascorbate, O%-tosyl-
L-ascorbate and S5-deoxy-L-ascorbate, giving the same dose-
response behaviour as L-ascorbate itself. Again, 6-bromo-6-
deoxy-L-ascorbate gave a lower K, and a similar ¥, value. L-
Ascorbic acid 6-carboxylate produced substrate inhibition at
concentrations above 0.3 mM. The K, and V, values calculated
from concentrations up to 0.2 mM were similar to those of L-
ascorbate. The enzyme activity observed with 6-amino-6-deoxy-
L-ascorbate was very low in the microsomal hydroxylation
system. The calculated V,,, value was lower than that of L-
ascorbate, suggesting a restriction of the access of this compound
to the enzyme.

INTRODUCTION

Prolyl 4-hydroxylase [procollagen-L-proline,2-oxoglutarate:
oxygen oxidoreductase (4-hydroxylating), EC 1.14.11.2] cata-
lyses the hydroxylation of peptide-bound proline residues in
peptides of the sequence -Xaa-Pro-Gly- [1-3]. The active enzyme
is an a,pB, tetramer. Its -subunit was identified as being identical
with the enzyme protein disulphide-isomerase (EC 5.3.4.1) [4].
The thermal stability of the triple helix of collagens and related
proteins, and thus their structure and function, is crucially
dependent upon the intramolecular hydrogen bonds involving the
4-hydroxyproline residues synthesized by prolyl 4-hydroxylase.

The first step of the enzymic reaction consists of the oxidative
decarboxylation of 2-oxoglutarate by one atom of molecular
oxygen. This process has been suggested to proceed as a ligand
reaction in the co-ordination sphere of enzyme-bound Fe?* [5],
generating succinate, CO, and a highly reactive iron—oxygen-
atom complex, a ferryl ion, which subsequently hydroxylates an
appropriate proline residue, probably by an abstraction—
recombination mechanism [S]. The generation of the ferryl ion
can proceed without subsequent hydroxylation in so-called
uncoupled reaction cycles [6-8]. Ascorbate is utilized as a specific
alternative acceptor of the ferryl oxygen in these reaction cycles
[8,9]. In the absence of this reducing agent, prolyl 4-hydroxylase
is rapidly inactivated by self-oxidation [10,11].

Because the function of ascorbate in the prolyl 4-hydroxylase
reaction had remained obscure for a long time, little is known
about the structure—activity relationship of this co-substrate. The
side chain, consisting of C-5 and C-6 of the molecule, apparently
contributes very little to the binding [12]. Systematic studies do
not exist.

In the present study we investigated the requirements for
binding of this co-substrate to prolyl 4-hydroxylase in vitro, as
well as the requirements for access to the microsomal enzyme, by
using structurally modified ascorbate derivatives (Figure 1).

MATERIALS AND METHODS
Compounds and reagents

The ascorbate analogues used in the present study (Figure 1) were
synthesized as described previously [13—18]. The synthetic sub-
strate for prolyl 4-hydroxylase, (Pro-Pro-Gly),,,9H,0, was ob-
tained from the Protein Research Foundation (Minoh, Osaka,
Japan). Catalase and poly-(L-proline) of M, approx. 5500 were
purchased from Sigma (St. Louis, MO, U.S.A.). 2-Oxo[l-
4Clglutarate was obtained from Amersham International
(Amersham, Bucks., U.K.). It was diluted to 100000 d.p.m./
0.1 gmol by mixing with unlabelled compound purchased from
Fluka (Buchs, Switzerland). p-Isoascorbate was obtained from
Sigma (Munich, Germany).

Prolyl 4-hydroxylase was purified from homogenized 14-day-
old chick embryos by (NH,),SO, fractionation (0-70%, satn.),
affinity chromatography on poly-(L-proline}-Sepharose 4B,
DEAE-cellulose chromatography and gel filtration as previously
reported [19,20]. The enzyme was pure as judged by SDS/PAGE.
Microsomes containing prolyl 4-hydroxylase and [*H]proline-
labelled underhydroxylated procollagen were purified from
chicken-embryo bones in the presence of 0.5 mM 2,2’-dipyridyl
[21]. The intactness of the microsomes was controlled as described
previously [21]. After their preparation, the microsomes were
stored frozen in liquid N,.

Abbreviation used: DMSO, dimethyl sulphoxide.

§ Present address and address for correspondence: Hoechst AG/H821, 65926 Frankfurt, Federal Republic of Germany.
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Figure 1 Structures of ascorbate analogues used in the present study

The compounds are: (1) L-ascorbate, (Il) p-isoascorbate, (Ill) 3-methoxy-L-ascorbate, (IV) 6-
bromo-6-deoxy-L-ascorbate (synthesized as described in [16]), (V) 5-deoxy-L-ascorbate [14],
(V1) L-ascorbic acid 6-carboxylate [17,18], (VII) 6-amino-6-deoxy-L-ascorbate [15], (VIll) 0°0°-
isopropylidene-L-ascorbate [12], (IX) O%-tosyl-L-ascorbate [17], (X) 0°-(2-acetoxybenzoyl)-L-
ascorbate [17] and (XI) 0°0°bis-(2-acetoxybenzoyl)-L-ascorbate [17).

Assays of enzyme activity

The ability of the ascorbate analogues to support the activity of
purified prolyl 4-hydroxylase was studied by incubation of
0.05-0.2 ug of enzyme in 1 ml of 0.05M Tris/HCl, pH 7.5,
containing 0.05mM FeSO,, 0.1 mg of (Pro-Pro-Gly),, and
0.1 mM 2-oxo[1-'*C]glutarate (60000 d.p.m.), 0.1 mg of catalase,
0.1 mM dithiothreitol and 2 mg of BSA, as well as ascorbate or
its analogues at various concentrations. The tubes were then
sealed, kept at 37 °C for 30 min, and the amount of *CO,
produced was determined as described previously [19]. In the
experiments studying the uncoupled prolyl 4-hydroxylase re-
action, the concentration of enzyme was raised to 5 ug/ml,
because the uncoupled decarboxylation of 2-oxoglutarate is
known to proceed at only about 1-29, of the V. of the full
reaction. (Pro-Pro-Gly),, was replaced by poly-(L-proline), a
peptide that is not itself hydroxylated, but is known to enhance
the uncoupled reaction [6-8]. All other conditions were identical
with those used in the complete assay. In all experiments, parallel
determinations of enzyme activity of L-ascorbate analogues and

the parent compound were carried out in order to allow the
calculation of relative ¥, values.

Owing to the low solubility of O°0®-bis-(2-acetoxybenzoyl)-L-
ascorbate in water, stock solutions of this compound were
prepared in dimethyl sulphoxide (DMSO). In the test, DMSO
concentrations did not exceed 10 %, of the total volume. Identical
amounts of DMSO were added to the control and L-ascorbate
containing tubes to compensate any effect of this substance upon
enzyme activity.

Microsomal prolyl 4-hydroxylase was assayed by suspending
aliquots of thawed microsomes in 0.25M sucrose/1 mM
MgCl,/5mM KCl1/0.05M Tris/HCI, pH 7.6. They were in-
cubated for 20 min at 37 °C in a reaction mixture containing
0.1 mM 2-oxoglutarate, 0.2-mM FeSO,, 0.1 mM-thymol,
0.1 mM-dithiothreitol and various concentrations of L-ascorbate
or ascorbate analogues in a total volume of 0.1 ml. The amount
of released *H,0 was measured as described previously [22].
Controls incubated with various concentrations of L-ascorbate
were used in every experiment in order to allow the direct
comparison of ¥, values. All experiments were conducted
three times.

ax.

Calculation of results

K, and V. values were calculated from Lineweaver—Burk plots
of the original data. L-Ascorbate concentrations of 0.05-0.5 mM
in the experiments using purified prolyl 4-hydroxylase and
0.04-0.8 mM in the microsomal hydroxylation system were used
for calculation. Concentrations outside these ranges produced a
non-linear behaviour of the Lineweaver—Burk transformations.
The concentrations of the ascorbate analogues were adjusted to
their respective active concentrations.

RESULTS
Purified-enzyme studies

In the experiments using purified prolyl 4-hydroxylase, a clear
structure—activity relationship could be deduced from the sys-
tematic variations imposed on the ascorbate molecule. All the
changes introduced into the side chain of L-ascorbate produced
compounds that supported enzymic activity, although some
differences regarding the K values were observed. These data
are summarized in Table 1. The calculated relative V, ., values
showed some variation, but their means were close to those of L-
ascorbate determined in parallel experiments (results not shown).

The introduction of one large substituent was well tolerated.
0%-Tosyl- and O%-acetoxybenzoyl-L-ascorbate, as well as 5-
deoxy-L-ascorbate all had K, values which were not significantly
different from that of ascorbate itself in the full reaction. The
introduction of two large substituents, as in O°0°%-bis-(2-
acetoxybenzoyl)-L-ascorbate, resulted in a reduction of the
affinity for the enzyme.

The affinity of 6-amino-6-deoxy-L-ascorbate to the enzyme
was decreased 2—4-fold when compared with that of L-ascorbate,
as judged from the compound’s K, value. The K, value of L-
ascorbic acid 6-carboxylate differed from that of L-ascorbate
only in the full reaction. The most active substance was 6-bromo-
6-deoxy-L-ascorbate. Its K values in the full and uncoupled
reactions were as low as 0.14 and 0.09 mM respectively and thus
only about half of the value of the parent compound.

The K, value obtained for ascorbate in the uncoupled reaction
of prolyl 4-hydroxylase was significantly lower than that obtained
in the full reaction. In general, the pattern of co-substrate activity
of the ascorbate analogues was the same as in the full reaction,
although all compounds gave lower K, values. This was also true
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Table 1 Structure—activity relationship of ascorbate analogues in the full and uncoupled reactions catalysed by prolyl 4-hydroxylase

The experiments were carried out as described in the Materials and methods section. Values in parentheses refer to the number of experiments performed. In those cases where duplicate
determinations were carried out, the values obtained in the individual experiments are given. Statistical significance: *P and **P, < 0.05 and < 0.01 respectively versus -ascorbate in the full
reaction of purified prolyl 4-hydroxylase; 3P, < and P, < 0.05 and 0.01 respectively versus L-ascorbate in the uncoupled reaction of prolyl 4-hydroxylase.

K, (mM)
Compound Full reaction Uncoupled reaction
L-Ascorbate 0374015 (n=19) 0254012 (n = 18)*
o-Isoascorbate 0.3 ([12) 0.16+0.04 (n=3)

5-Deoxy-L-ascorbate
6-Bromo-6-deoxy-L-ascorbate
6-Amino-6-deoxy-L-ascorbate
L-Ascorbic acid 6-carboxylate
0%-Tosyl-L-ascorbate
0°-Acetoxybenzoyl-L-ascorbate
0°0°-Bis-(acetoxybenzoyl)-L-ascorbate
0°0°Isopropylidene-L-ascorbate
3-Methoxy-L-ascorbate
3-Benzoxy-L-ascorbate

023401 (1=13) 0.14, 021

0.1440.04 (n = 5 0,094 0015 (7 = 4)°
164067 (1= 9 054, 0.61%
0654017 (7= 6)"* 0.2640.14 (n = 4)
0.26+0.11 (n=13) 015, 0117

0.4140.07 (n=3)
194028 (n=3)"

039401 (n= 4}
1.7340.48 (n = 6)

0.36 ([12]) 0.3, 0.38
Not active Not active
Not active Not active
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Figure 2 Microsomal prolyl 4-hydroxylase activity supported by
5-deoxy-L-ascorbate

The enzyme activity supported by 5-deoxy--ascorbate (@) and L-ascorbate (QO) were
determined in a parallel experiment. The I/ values, calculated from Lineweaver—Burk plots,
were 7930 and 9525 d.p.m. respectively. This Figure shows the result of a typical experiment.
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Figure 3 Microsomal prolyl 4-hydroxylase activity supported by o-
isoascorbate

The enzyme activity supported by o-isoascorbate (@) and -ascorbate (O) were determined
in a parallel experiment. The I, values, calculated from Lineweaver—Burk plots, were 4370
and 2160 d.p.m. respectively. This Figure shows the result of a typical experiment.

for p-isoascorbate and O°0OS-isopropylidene-L-ascorbate, two
compounds which have been previously studied in the full
reaction [12,23,24].

By contrast, substituents in ring position 3, such as benzyloxy
and methoxy groups, completely abolished co-substrate activity.
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Flgure 4 Microsomal prolyl 4-hydroxylase activity supported by
0°-tosyl-L-ascorbate

The enzyme activity supported by OS-tosyl-i-ascorbate (@) and L-ascorbate (O) were
determined in a parallel experiment. The V. values, calculated from Lineweaver—Burk plots,
were 20290 and 20370 d.p.m. respectively. This Figure shows the result of a typical
experiment.

Q, 151  __ ——_0-
I— | Shes
“E 1,7
54 ’
2510 ¢
35 ¢
E3
<% 5@
x3 ?
™ . 4
]
0 A T T T
0 400 800

[Ascorbate] or [analogue] (uM)

Figure 5 Microsomal prolyl 4-hydroxylase activity supported by
6-bromo-6-deoxy-L-ascorbate

The enzyme activity supported by 6-bromo-6-deoxy-L-ascorbate (@) and L-ascorbate (O) were
determined in a parallel experiment. The V. values, calculated from Lineweaver—Burk plots,
were 17900 and 21600 d.p.m. respectively. This Figure shows the result of a typical
experiment.

These substances did not act as inhibitors of the enzymic reaction
in the presence of the physiological substrate L-ascorbate either,
demonstrating that they are not bound to the enzyme’s active
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Figure 6 Microsomal prolyl 4-hydroxylase activity supported by L-ascorbic
acid 6-carboxylate

(a) Plot showing the original data; (b) Lineweaver—Burk plot. The enzyme activity supported
by -ascorbic acid 6-carboxylate (@) and L-ascorbate () were determined in a parallel
experiment. In spite of the substrate inhibition observed at concentrations exceeding 0.2 mM
of L-ascorbic acid 6-carboxylate, the K, values of ascorbate and the co-substrate analogue were
almost identical (0.227 mM for L-ascorbic acid 6-carboxylate and 0.216 mM for L-ascorbate)
in this individual experiment if only the concentrations below 0.2 mM were used for the
calculation of the L-ascorbic acid 6-carboxylate (b). The obtained I, values were 21300 and
23600 d.p.m. respectively. This Figure shows the result of a typical experiment.
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Figure 7 Microsomal prolyl 4-hydroxylase activity supported by
6-amino-6-deoxy-L-ascorbate

The enzyme activity supported by 6-amino-6-deoxy-L-ascorbate (@) and L-ascorbate (O) were
determined in a parallel experiment. The I, values obtained were 4900 and 21200 d.p.m.
respectively. This Figure shows the result of a typical experiment.

site. The compound 2-methoxy-L-ascorbate showed some co-
substrate activity, but this was due to instability with respect to
hydrolytic cleavage in aqueous solutions at pH 7.6, generating
free L-ascorbate (results not shown).

Studies involving microsomal prolyl 4-hydroxylase

The ability of selected compounds to support the activity of
microsomal prolyl 4-hydroxylase was studied. The K of L-
ascorbate in this system was found to be 0.2140.07 mM
(n = 14), and thus significantly lower than the K of ascorbate in
the full reaction of the purified enzyme. All ascorbate analogues

Table 2 Activity of ascorbate and its analogues in the microsomal
hydroxylation system

The experiments were carried out as described in Materials and methods section. All
experiments using ascorbate analogues were carried out in triplicate. Statistical significance:
*P, < 0.01 versus t-ascorbate in the full reaction of purified prolyl 4-hydroxylase; 3P,
< 0.01 versus L-ascorbate in the microsomal hydroxylation system. All compounds except
6-amino-6-deoxy-L-ascorbate gave similar i, values compared with that of L-ascorbate.

Compound K, (mM)

L-Ascorbate 0.21 +£0.07 (n = 14)*
p-Isoascorbate 019401
5-Deoxy-L-ascorbate 0.2140.12
6-Bromo-6-deoxy-L-ascorbate 0.04 4 0.0065%
6-Amino-6-deoxy-L-ascorbate 0.244-0.095
L-Ascorbic acid 6-carboxylate 0.1940.03
0°-Tosyl--ascorbate 0.25+0.095

supported the activity of microsomal prolyl 4-hydroxylase, and
three of them, i.e., 5-deoxy-L-ascorbate, D-isoascorbate, and O°-
tosyl-L-ascorbate gave dose-response curves indistinguishable
from those of L-ascorbate itself (Figures 2—4; Table 2). As with
purified prolyl 4-hydroxylase, 6-bromo-6-deoxy-L-ascorbate had
alower K, than L-ascorbate itself; the observed ¥, was similar
to that of ascorbate (Figure 5). L-Ascorbic acid 6-carboxylate
supported enzyme activity, but substrate inhibition was observed
at concentrations exceeding 0.2 mM. The K, and V,,  values
calculated from the concentrations between 0 and 0.2 mM were
comparable with those of L-ascorbate, determined in parallel
experiments (Figures 6a and 6b). The enzyme activity obtained
with 6-amino-6-deoxy-L-ascorbate was very low (Figure 7). The
calculated K, value was similar to that of L-ascorbate (Table 2),
but V. amounted to only 23 %, of the reaction supported by L-
ascorbate.

DISCUSSION

The results presented here demonstrate that purified prolyl 4-
hydroxylase is able to accept a number of ascorbate analogues
instead of the physiological substrate, if the two hydroxy groups
participating in the redox reaction remain unchanged. Com-
pounds with substitutions at the ring-hydroxy groups neither
support the enzymic reaction nor do they act as inhibitors. This
finding suggests a direct participation of the ring hydroxy groups
in the binding of this co-substrate, in agreement with a previous
study [12]. By contrast, hydroxy groups located in the side chain
of ascorbate are neither necessary for binding of this co-substrate
to the enzyme’s active site nor for its transport through the
microsomal membrane. The presence of a positive charge in the
side chain in the 6-amino-6-deoxy-L-ascorbate molecule prevents
its effective utilization by the enzyme. It apparently also interferes
with the compound’s permeation through the endoplasmic
membrane, resulting in a decreased V,,, in the microsomal
hydroxylation assay. Steric restrictions in the side-chain binding
domain of prolyl 4-hydroxylase are little. The side-chain
binding domain appears to be of hydrophobic nature, because
the binding of analogues containing both negatively and
positively charged groups is impaired.

Comparison of the K, values obtained in the full and uncoupled
reactions shows consistently lower values in the uncoupled
reaction. At present it cannot be ruled out that this effect is due
to the increase of the enzyme concentration in the reaction
mixture, which is necessary because the uncoupled reaction
proceeds with only 1-2 9, of the velocity of the full reaction [6-8].
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A lower K, for L-ascorbate was also observed in the microsomal
hydroxylation assay when compared with its K in the full
reaction. This finding is in agreement with those of a previous
study suggesting intramicrosomal accumulation of L-ascorbate
[25].
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