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Abstract—P-1894B, a potent prolyl hydroxylase inhibitor produced by Streptomyces albogriseolus subsp.
No. 1894, inhibited about 50% of the activity of purified chick embryo prolyl hydroxylase at a
concentration of 2.2 X 10® M. The inhibition was noncompetitive with respect to (Pro-Pro-Gly)s with
a K, of 1.8 x 107°M. When excess amounts of ferrous ions or ascorbate were added to the reaction
mixture, the inhibition was slightly reversed. P-1894B at a dose of 0.15 mg/kg reduced the hydroxylation
of peptidyl proline and caused a significant inhibition of collagen biosynthesis in the uterus of the
immature rat stimulated by the administration of estradiol-178.

Prolyl hydroxylase (prolyl-glycyl-peptide, 2-oxoglu-
tarate dioxygenase, EC 1.14.11.2) catalyzes the syn-
thesis of 4-hydroxyproline in collagen. Changes in
the activity of this enzyme have been studied in
various experimental and pathological fibroses {1-
6]. Increases in the enzyme activity accompanied by
an enhanced rate of collagen synthesis have been
found in various tissues. Reduction in the hydroxy-
proline content of collagen results in decreased ther-
mal stability [7, 8] and increased susceptibility to
tissue proteases [9]. Therefore, a compound, capable
of selective inhibition of prolyl hydroxylase, might
have clinical application in the treatment of fibrotic
diseases.

P-1894B (Fig. 1) is a potent prolyl hydroxylase
inhibitor isolated from the culture broth of Strep-
tomyces albogriseolus subsp. No. 1894; its structure
was determined by X-ray crystallographic analysis
[10].

The present paper describes the inhibition of prolyl
hydroxylase activity and collagen synthesis by P-
1894B in vitro and in vivo.

MATERIALS AND METHODS

Materials

P-1894B was isolated and purified from the culture
broth of S. albogriseolus subsp. No. 1894, IFO 13881
by a method developed by Okazaki et al.t Prolyl
hydroxylase was purified from chick embryo extracts
as described by Tuderman et al. [11]. The enzyme
was entirely pure when examined by polyacrylamide
gel electrophoresis [12]. (Pro-Pro-Gly)s - 4H,O was
purchased from the Protein Research Foundation,
Osaka, Japan. Collagenase (Sigma, Type III) was
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purified by gel filtration on Sephadex G-200 [13].
[1-*C]Sodium a-ketoglutarate (12 mCi/mmole), L-
[U-**C]proline (285 mCi/mmole), L-[3,4-*H]proline
(41.1 Ci/mmole) and t-[2,3-*H]tryptophane (11 Ci/
mmole) were purchased from the New England
Nuclear Corp., Boston, MA. All other chemicals
were of the best quality commercially available.

Assay of prolyl hydroxylase activity

The enzyme activity was measured by the [“C]CO,
release assay of Rhoads et al. [14] or the [*'H]H,O
release assay of Hutton et al. [15]. The standard
reaction mixture of [“C]CO; release assay (total
volume, 1.5 ml) contained 0.1 ymole [1-*C}sodium
a-ketoglutarate (0.016 uCi), 1.5 umoles ascorbic
acid, 0.1 umole ferrous ammonium sulfate, 4 mg
heat-denatured bovine serum albumin (Sigma
Chemical Co., St. Louis, MO) 0.1 mg bovine liver
catalase (Boehringer Mannheim), 0.45mg (Pro-
Pro-Gly)s - 4H,0, 0.1 ug enzyme, and 50 pmoles
Tris-HCI buffer (pH 7.8). In the [PH]H,O release
assay, the standard reaction mixture (total volume,
1.0ml) contained 2 x 10°dpm [3,4-*H]proline-
labeled collagen substrate, 0.1 umole sodium a-
ketoglutarate, and other compounds in the same
concentration as indicated above.

Assay of inhibitory activity against collagen synthesis
in vivo

The effect of P-1894B on collagen synthesis in
vivo was measured by a modified method of Salvador
et al. [16]. Estradiol-178 was dissolved in physio-
logical saline containing 5% ethanol. All chemicals
were administered to rats by intraperitoneal
injection.

Method A. Groups of 19-day-old rats (Sprague-
Dawley, female, four rats/group) were given a daily
administration of estradiol-178 (5 ug/rat) for 2 con-
secutive days. P-1894B or saline was administered
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Fig. 1. Structure of P-1894B.

24 hr after the last treatment with estradiol-178. L-
[U-"*C}Proline (10 uCi/rat) was injected 1hr after
the treatment with P-1894B or saline. The uterus
(cervix and horns) was excised from each rat 2 hr
later and homogenized in 3ml of cold 15% tri-
chloroacetic acid (TCA). The homogenate was cen-
trifuged at 7000g for 10 min. The precipitate was
washed with 3ml of cold 5% TCA and extracted
twice by 2ml of 5% TCA at 90° for 60 min. Hot
TCA soluble fraction (collagen fraction [17]) was
hydrolyzed with 6 N HCI at 110° for 22 hr. Radio-
activity of proline and hydroxyproline was measured
by thin-layer chromatography in phenol-ethanol-
water (3:1:1, by vol.), followed by direct scintilla-
tion spectrometry on scraped sections corresponding
to proline and hydroxyproline markers, which were
detected by an isatin stain.

Method B. Three-week-old rats (Sprague-Daw-
ley, female) were divided into three groups (four
rats/group). The first group received P-1894B once
daily for 6 consecutive days. On the last 3 days,
estradiol-178 (5 ug/rat) was administered 1 hr after
the treatment with P-1894B. The second and third
groups received saline instead of P-1894B for 6 con-
secutive days. On the last 3 days, the second group
also received estradiol-178 and the third group 5%
ethanol-saline. Rats were killed 24 hr after the last
treatment and the uterus of each rat was excised,
washed with 3ml of 70% ethanol and ether, and
dried at 80° for 2 hr. Hydroxyproline content of the
dried uterus was measured in 6 N HCI hydrolysate
(110°, 22hr) by the method Blumenkrantz and
Asboe-Hansen [18]. Collagen content was calculated
by multiplying hydroxyproline content by 7.23[19].
Protein content in the hydrolysate was measured by
the ninhydrin method using L-leucine as standard.
Noncollagenous protein was calculated as the dif-
ference between total protein and collagen contents.

Method C. In method B, the collagen of uterus
was analyzed by the collagenase digestion method
described by Peterkofsky and Diegelmann [13]. Each
uterus was washed with water and homogenized in
3ml of 0.05M Tris-HCl buffer (pH 7.6) with a
Polytron. TCA was added to the homogenate to give
a final concentration of 5%. The suspension was
kept at 0° for 30 min, and the resultant precipitate
was collected by centrifugation. The precipitate was
suspended in 2 ml of 5% TCA and centrifuged. This
washing procedure was repeated twice. The precip-
itate was then washed twice with ethanol-ether (3:1,
v/v), once with absolute ether, and dried slowly. The
dried powder was dissolved in 0.1N NaOH at a
concentration of 10 mg/ml by warming at 37° with
occasional shaking. In collagenase digestion, the

reaction mixture (total volume, 0.6 ml) contained
0.2ml of substrate solution, 60umoles N-2-
hydroxyethylpiperazine-N’-2-ethane sulfonic acid
buffer (pH 7.2), 1.25umoles N-ethylmaleimide,
0.25 umole CaCl, and 20 ug (about 14 units) colla-
genase. The mixture was incubated at 37° for 4 hr
with shaking. The reaction was stopped by the
addition of 0.1ml of 35% TCA containing 0.5%
tannic acid. The mixture was further kept at 0° for
30 min and centrifuged. The supernatant fraction
was separated from the precipitate, and the precip-
itate was washed with 0.5ml of 5% TCA-0.25%
tannic acid. The resulting supernatant fraction was
combined with the previous one. The combined
supernatant fraction was hydrolyzed with 6 N HCl
at 110° for 22 hr. Proline and hydroxyproline were
measured by the method of Chinard [20] and Blu-
menkrantz and Asboe-Hansen [18] respectively. The
collagenase used in method C was shown to be free
from nonspecific proteases by its failure to degrade
[“C]tryptophane-labeled chick embryo protein [13].

RESULTS AND DISCUSSION

Effect of P-1894B on prolyl hydroxylase activity in
vitro

The enzyme preparation was pure according to
gel electrophoresis and its activity was completely
dependent on ascorbate but, in the absence of added
ferrous ions, about 75% of the activity of the com-
plete assay system was left. There are conflicting
reports concerning the activity of the enzyme in the
absence of added iron [21,22]; our preparation
closely resembles that described by Nietfeld and
Kemp [21].

The inhibition of prolyl hydroxylase activity was
found to increase with the concentration of P-1894B,
giving a sigmoid curve, and the concentration
required for 50% inhibition was about 2.2 X 107*M
in either assay method described in Materials and
Methods (Fig. 2). Lineweaver—Burk plots revealed
a noncompetitive type of inhibition with respect to
(Pro-Pro-Gly)s with a K, value of 1.8 x 107 M (Fig.
3). An excess of ferrous ions partially protected the
enzyme activity from the inhibition by P-1894B. The
inhibition by P-1894B was not reversed completely
when ferrous ions were added to the reaction mixture
at a concentration about 100-fold that of P-1894B
(Fig. 4A). This finding indicates that P-1894B did
not inhibit the enzyme activity by chelating ferrous
ions. A similar experiment conducted with an excess
of ascorbate is shown in Fig. 4B. An excess of ascor-
bate also partially protected the enzyme activity from
the inhibition. This result indicates that P-1894B did
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Fig. 2. Inhibition of prolyl hydroxylase activity by various concentrations of P-1894B. Assays were

performed as described in Materials and Methods: (A) [“C]CO; release assay, and (B) *H]H,O release

assay. Results are expressed as percentages of the control (P-1894B-free). Control values were as

follows: (A) complete, 4010 + 180, minus substrate, 190 = 5cpm, (B) complete, 3550 + 325, minus
substrate 45 = 3 cpm. Each spot is a mean value of triplicate assays.

not inhibit the enzyme activity by acting as an antiox-
idant toward ascorbate. It has been suggested that
ferrous ions, ascorbate and oxygen interact at a
reducing site on the enzyme, leading to the formation
of superoxide anions [23,24]. P-1894B scavenges
superoxide anions in a superoxide anion generating
system of hypoxanthine—xanthine oxidase using neo-
tetrazolium as the acceptor; ferrous ions accelerate
this activity of P-1894B.* This indicates that P-1894B
might exert its inhibitory action by scavenging the
activated oxygen intermediate, but the proof remains
a problem for the future.

Prolyl hydroxylase preincubated with 10 uM P-
1894B at 5° for 60 min was dialyzed against 0.01 M
Tris-HCI buffer (pH 7.8) containing 0.2 M NaCl and
0.2M glycine. About 80% of the enzyme activity
was recovered. These data, and the observation that
the preincubation of the enzyme and P-1894B prior
to the addition of substrate did not increase the
inhibition, suggest that P-1894B is not a tight-binding
inhibitor of prolyl hydroxylase.

* K. Miyata (Central Research Division, Takeda Chem-
ical Industries, Ltd., Osaka, Japan), personal
communication.
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Fig. 3. Double-reciprocal plots of initial rates of prolyl

hydroxylation, both in the absence and presence of P-

1894B. The concentrations of P-1894B were: none (H),

1.5 uM (O) and 3.0 uM (@). The reaction was carried out

under the standard conditions of the [*C]CO; release assay

as described in Materials and Methods, and the reaction
velocity (V) was measured in cpm.

Table 1. Effect of P-1894B on the ratio of [“Clhydroxyproline/[““C]proline in uterine collagen*

Treatment Uterine collagen
Total radicactivity
(dpm x 1074 Heruyp/1Helpro
Saline 1.73 £ 0,37 0.527 £ 0,020
P-1894B 5 me/kg 1.66 + 0.39 0.499 * 0,030
10 1.52 + 0.29 0.522 ¢ 0,023
25 1.58 * 0.56 0.461 + 0.0127
50 1.71 £ 0.22 0.451 * 0.022F

* Nineteen-day-old rats were given a daily injection of estradiol-178 (5 ug/rat) for 2 con-
secutive days. Either P-1894B (5-50 mg/kg) or saline was administered 24 hr after the last
injection of estradiol-178. One hour after the administration of P-1894B or saline, L-
[“*C]proline (10 uCi/rat) was administered, and the uterus was removed from each rat 2 hr

later. Each value is the mean + S.E., N =4,

+ Significantly different from saline control at P < 0.01.
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Fig. 4. Effects of an excess of ferrous ions (A) or ascorbic acid (B) on the inhibition of prolyl hydroxylase
by P-1894B. Per cent inhibition was calculated with respect to the control assay mixture in the [*C]CO,
release assay, containing the same amount of cofactor and no inhibitor. Control values were as follows:
(A) ferrous ions (in cpm), none, 2930 + 150; 5 uM, 3730 + 190; 10 uM, 3830 = 190; 25 uM, 3950 + 200;
50 uM, 3930 + 200; 100 uM, 3930 =+ 200; 200 uM, 3880 = 195; 400 uM, 3770 = 190; minus substrate,
200-340 cpm, (B) ascorbate, 0.25 mM, 2670 + 130; 0.5 mM, 3370 + 170; 1 mM, 3700 * 180; 2 mM,
3890 = 140; 3 mM, 3650 + 180; minus substrate, 220-290 cpm. Each spot is a mean value of triplicate
assays. The concentration of P-1894B was: 2 uM (O) or 4 uM (@).

Effect of P-1894B on collagen biosynthesis in vivo

Effects of P-1894B on in vivo collagen synthesis
were examined using the uteri of immature rats
stimulated by estradiol-17p.

As shown in Table 1, P-1894B at doses of 25 and
50 mg/kg significantly decreased the ratio of
[*C)hydroxyproline/[*C]proline in uterine collagen.
This result indicates that the P-1894B inhibited the
prolyl hydroxylation reaction irn vivo. To know
whether the inhibition was specific for collagen syn-
thesis or not, the effect of the drug on collagen and
noncollagenous protein syntheses was also tested
using method B. When P-1894B (0.075 to
0.300 mg/kg) was administered for 6 consecutive
days, it did not cause a significant reduction in body

weight. Both collagen and noncollagenous protein
contents were increased about two times by
estradiol-178. Compared with the estradiol-174-
treated control, the total collagen content of the
uterus was decreased significantly by P-1894B at
doses of 0.15 and 0.30 mg/kg, but noncollagenous
protein content was not changed significantly at any
dose tested (Table 2). The difference of effective
dose in the experiments of method A (Table 1) and
method B (Table 2) was probably due to the solu-
bility of P-1894B. P-1894B was scarcely soluble in
water and it was administered as a suspension with
gum arabic in the in vivo experiments. In method
A, the uterus was excised 3 hr after the injection of
P-1894B, which had been retained in a solid state
in the injected intraperitoneal region.

Table 2. Effect of P-1894B on the increase in collagen and noncollagenous protein (NCP)
content of rat uterus caused by estradiol-178*

Treatment Dry weight Total protein of uterus
of uterus Collagen NCP
(mg) (mg) (mg)
Expt. I
Saline 8.1 + 1.0 1.73 £ 0.19 5.40 £ 0.84
Estradiol-178 18.8 ¢ 5 2.54 = 0.31 13.59 = 1.60
Estradiol-178 + P-1894B
0.075 mg/kg 16.3 + 1.1 2.29 + 0.20 11.81 + 0.86
0.150 mg/kg 15.6 + 1.1T 1.87 + 0.121T  11.60 £ 0.99
Expt. II
Saline 11.0 + 1.8 3.12 + (.48 10.78 + 1.14
Estradiol-178 26.3 = 6.5 4.39 + 0.16 24,21 + 7.21
Estradiol-178 + P-1894B
0.150 mg/kg 24,6 = 2.9 3.05 % 0.39i 21.55 ¢ 2.58
0,300 mg/kg 22.1 £ 3.5 3.41 % O.ZZT 26.99 £ 4,67

* Twenty-day-old rats (Expt. I) and 22-day-old rats (Expt. II) were given a daily injection
of P-1894B (0.075 to 0.300 mg/kg) for 6 consecutive days; on the last 3 days, estradiol-178
(5 pg/rat) was administered 1 hr after the injection of P-1894B. Control groups received only
saline or estradiol-178. The uterus was removed from each rat 24 hr after the last injection.

Each value is the mean + S.E., N = 4.

t Significantly different from the estradiol-178 administered control at P < 0.05.
t Significantly different from the estradiol-178 administered control at P < 0.01,
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Table 3. Effect of P-1894B (0.15 mg/kg) on the collagenase
digestible protein of the rat uterus*

Treatment Total hydroxyproline Molar ratio

(ug) Hyp/Pro
Saline 211 + 33 0.60 * 0.04
Estradiol-178 366 * 12 0.56 * 0.03
Estradicl-178 + P-1894B
0.15 mg/kg 298 = 5T 0.58 + 0,02

* Nineteen-day-old rats were treated using the procedure
described in the legend of Table 2. Hydroxyproline and
proline contents were measured after the digestion of uter-
ine collagen by collagenase. Each value is the mean +
S.E.,N=4,

+ Significantly different from the estradiol-178 admin-
istered control at P < 0.01.

Murray et al. reported that some catechol ana-
logues inhibited the activity of lysyl hydroxylase (EC
1.14.11.4), which catalyzes the transformation of
certain lysyl residues in collagen to hydroxylysine.
In this case, collagen synthesis was not inhibited and
underhydroxylated collagen was accumulated in tis-
sue culture of chick embryo calvaria [25]. To inves-
tigate this point in the present experiments, the
collagenase digestion method (method C) was also
carried out. The hydroxyproline content of colla-
genase digestion products of the uterus was
decreased by P-1894B (0.15 mg/kg), but the molar
ratio of hydroxyproline/proline was not changed
(Table 3). It shows that newly synthesized collagen,
stimulated by estradiol-178, was decreased about
44% by P-1894B. If we assume that newly syn-
thesized hydroxyproline was decreased 44% by P-
1894B and that the underhydroxylated collagen cor-
responding to its inhibition was accumulated in the
uterus, the molar ratio of hydroxyproline/proline
would be calculated to be 0.42. Therefore, it is clear
that underhydroxylated collagen was not accumu-
lated in the uterus. Underhydroxylated collagen is
known to be degraded easily by tissue proteases [9],
and the peptides degraded from procollagen are also
known to inhibit collagen synthesis [26,27]. The
reduction of collagen content in the uterus by P-
1894B is probably due to these regulatory systems
of collagen synthesis.

The above results indicate that P-1894B inhibited
the hydroxylation of prolyl residues in collagen and
reduced collagen synthesis more selectively than
noncollagenous protein synthesis in vivo.

Acknowledgements—The authors wish to thank Drs.
Einosuke Ohmura, Masahiko Yoneda, Toyokazu Kishi and
Yoshio Nakao for their continuing interest and encour-
agement, and we also thank Mr. Kazutoshi Kawakami for
his excellent technical assistance.

11.
12.
13.
14.
15.
16.

17.
18.
19.

20.
21.

22.
23.

24.

25.
26.

27.

919

REFERENCES

. E. Mussini, J. J. Hutton Jr. and S. Udenfriend, Science

157, 927 (1967).

. T. Takeuchi and D. J. Prockop, Gastroenterology 50,

744 (1969).

. J. Halme, J. Uitto, P. Kahanpaa, P. Karhunen and S.

Lindy, J. Lab. clin. Med. 75, 535 (1970).

. G. C. Fuller, J. C. Nolan, S. Fink and J. V. Rodie,

Proc. Soc. exp. Biol. Med. 151, 61 (1976).

. G. C. Fuller, A. L. Matoney, D. O. Fisher, N. Fausto

and G. J. Cardinale, Atherosclerosis 24, 483 (1976).

. E. Mezey, J. J. Potter, F. L. Iber and W. C. Maddrey,

J. Lab. clin. Med. 93, 92 (1979).

. R. A. Bergand D. J. Prockop, Biochem. biophys. Res.

Commun. 52, 115 (1973).

. S. A. Jimenez, M. Harsch, L. Murphy and J. Rosen-

bloom, J. biol. Chem. 249, 4480 (1974).

. J. Hurych, M. Chavapil, M. Tichy and F. Beniac, Eur.

J. Biochem. 3, 242 (1967).

. K. Ohtaand K. Kamiya, J. chem. Soc. Chem. Commun.

154 (1981).

L. Tuderman, E-R. Kuutti and K. I. Kivirikko, Eur.
J. Biochem. 52, 9 (1975).

A. F. Knowles and H. S. Penefsky, J. biol. Chem. 247,
6617 (1972).

B. Peterkofsky and R. Diegelmann, Biochenustry 10,
988 (1971).

R. E. Rhoads, N. E. Roberts and S. Udenfriend, Meth.
Enzym. XVII (B), 306 (1971).

J. J. Hutton, A. L. Tappel and S. Udenfriend, Analyt.
Biochem. 16, 384 (1966).

R. A. Salvador, I. Tsai, R. J. Marcel, A. M. Felix and
S. S. Kerwar, Archs Biochem. Biophys. 174, 381
(1976).

S. M. Fitch, M. L. R. Harkness and R. D. Harkness,
Nature, Lond. 176, 163 (1955).

N. Blumenkrantz and G. Asboe-Hansen, Analyt.
Biochem. 63, 331 (1975).

R. A. Salvador and I. Tsai, Biochem. Pharmac. 22, 37
(1973).

F. P. Chinard, J. biol. Chem. 199, 91 (1952).

J. J. Nietfeld and A. Kemp, Biochim. biophys. Acta
613, 349 (1980).

L. Tuderman, R. Myllyld and K. I. Kivirikko, Eur. J.
Biochem. 80, 341 (1977).

R. S. Bhatnagar and T. Z. Liu, Fedn Eur. Biochem.
Soc. Lett. 26, 32 (1972).

R. Myllyla, L. M. Schubotz, U. Weser and K. L.
Kivirikko, Biochem. biophys. Res. Commun. 89, 98
(1979).

J. C. Murray, B. A. Kenneth, A. Lindberg and S. R.
Pinnell, J. invest. Derm. 68, 146 (1977).

M. Wiestner, T. Krieg, D. Horlein, R. W. Glanville,
P. Fietzek and P. K. Muller, J. biol. Chem. 254, 7016
(1979).

L. Paglia, J. Wilczek, L. Diaz de Leon, G. R. Martin,
D. Horlein and P. K. Muller, Biochemistry 18, 5030
(1979).



