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THE ROLE OF POLY ADP-RIBOSE SYNTHETASE IN CELLULAR

REGULATION OF PROLYL HYDROXYLASE

ABSTRACT

Collagen synthesis is a key step in wound healing processes. It can

be expected that an understanding of the mechanisms of regulation
of collagen synthesis can be used in developing strategies for
promoting tissue repair. Prolyl hydroxylase is a major post

translational enzyme in the biosynthesis of collagen. Cellular prolyl
hydroxylase activity is correlated with collagen synthesis and is
considered an important index of tissue repair, but regulation of

prolyl hydroxylase activity is not well understood. The cellular levels
of prolyl hydroxylase are modulated by numerous unrelated stimuli:

e.g.age, cell proliferation, inflammation, ascorbate, tissue Oxygenation

and certain superoxide-generating drugs including Bleomycin and

paraquat. The only common feature in these conditions is increased

cellular levels of oxygen free radicals. Under these conditions, the

cells are subject to regulation by the so called "pro-oxidant" state

proposed by Cerutti. According to this hypothesis, free radicals

induce increased poly ADP-ribosylation (PADPR) of certain nuclear

protein resulting in the unmasking of genes and specific gene

expression. PADPR is an epigenetic site of regulation of gene
expression. The pro-oxidant state and its accompanying biochemical

phenomena contribute to cell and tissue differentiation. Inhibition of

PADPR has been shown to interfere with the expression of proteins.

I am examining the possibility that similar mechanisms are involved



in the regulation of collagen synthesis. If PADPR is involved in
regulating cellular levels of prolyl hydroxylase, then PADPR activity

should affect the levels of prolyl hydroxylase. In order to verify this

hypothesis, I have investigated the pattern of PADPR synthesis in

cultures of neo-natal dermal fibroblasts in 5-8 passages. ASCOrbate

increased the levels of prolyl hydroxylase and PADPR synthetase

(PADPRS) and this increase was abolished by inhibitors of PADPRS.

Phorbol ester (12-O-tetradecanoylphorbol-13-acetate, PMA) and
cholera toxin were also used in elucidating this mechanism. These

agents which are known to increase PADPR in the nucleus markedly

elevated prolyl hydroxylase activity. This increase was also

abolished by PADPRS inhibitors, supporting a role for PADPR in the

modulation of prolyl hydroxylase. In addition, PMA and cholera

toxin are stimulators of protein kinase C (PKC) and they are involved

in the modulation of membrane associated G-protein signalling

pathway. In order to examine if PKC and G-protein mediated

Signalling pathways may be involved in the regulation of prolyl

hydroxylase activity, I used pertussis toxin which is known to block

the effects of PMA and cholera toxin by stimulating the inhibitory G

protein. It abolished the increase in prolyl hydroxylase activity in

presence of PMA, cholera toxin and ascorbate. An inhibitor of PKC

also blocked the increased activity of prolyl hydroxylase by the same

stimulators. All of these observations suggest that PADPR, PKC and

G-protein mediated signalling pathways are involved in the

modulation of prolyl hydroxylase. These results explain the increase

in prolyl hydroxylase in pathobiological conditions including Surgical

Wound repair and acute inflammation processes.
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Chapter 1. INTRODUCTION

I. Collagen Synthesis

Collagen synthesis occurs in two stages. In the first stage, collagen
polypeptides are synthesized by mechanisms common to all proteins.

Procollagen polypeptides are synthesized on the membrane-bound

ribosomes of collagen-producing cells, just like other secretory

proteins. The newly synthesized procollagen polypeptides are

released into the lumina of rough endoplasmic reticulum (RER). The
initially synthesized peptides undergo extensive enzymatic
modification. Inside the RER, these polypeptides are subject to
hydroxylation by three specific enzymes: prolyl-4-hydroxylase,
prolyl-3-hydroxylase and lysyl-hydroxylase. Prolyl-4-hydroxylase
Catalyzes the hydroxylation of peptidyl proline to petidyl-4-

hydroxyproline, involving approximately 40% of the imino residues.
Prolyl-3-hydroxylase catalyzes the post-translational synthesis of 3
hydroxyproline. This hydroxylation only occurs in the X-position of
the X-Y-Gly repeat when the Y-position is occupied by 4
hydroxyproline. The number of 3-hydroxyproline residues in type I
Collagen is very small, varying from one to three residues per chain.
The role of the 3-hydroxyproline residues is not well known. Lysyl
hydroxylase catalyzes the formation of hydroxylysine that occurs

through hydroxylation of lysine residues in the Y-position of X-Y-Gly
repeat. The hydroxylysyl residues also have important functions.

They serve as sites of attachmant for carbohydrate units.
Hydroxylysine residues are also essential for the formation of



intermolecular collagen crosslinks. Upon completion of intracellular
post-translational modifications, the newly synthesized polypeptides

of procollagen associate through their carboxy-terminal extension,
the assembly is stabilized by the formation of interchain disulfide
bonds, and the collagenous polypeptides fold into the triple-helical
conformation (1). The triple-helical procollagen molecules are then

transported into the extracellular milieu by an energy-requiring

process mediated by the microtubules of the cells. After secretion

into the extracellular space, post-translational processing is initiated.

(see Fig. 1.1). My study is concerned specifically with the regulation

of prolyl-4-hydroxylase. This enzyme will be referred to as prolyl

hydroxylase in the rest of my thesis.

II. Prolyl Hydroxylase

Prolyl-4-hydroxylase ("prolyl hydroxylase") is an important enzyme
in the Synthesis of collagen, catalyzing the post-translational

hydroxylation of proline residues. 4-hydroxyproline residues account
for approximately 40% of all imino residues in collagen and the term

hydroxyproline usually implies this form. Hydroxyproline

contributes the characteristic stability of the collagen triple helix and

as a result of this reaction, newly synthesized procollagen

polypeptide chains can be folded into the triple helical conformation.

The formation of hydroxyproline only occurs in proline residues that

are present in the Y-position of the repeating X-Y-Gly sequence in

collagen. Therefore, 4-hydroxy-proline is found only in a 4-Hyp-Gly



sequence. The 4-hydroxy-proline residues have an important

function in that their hydroxyl groups stabilize the triple helix of
Collagen by participating in a hydrogen bonded water bridge (2).

This is very important for the survival of collagen because un

hydroxylated collagen is denatured at 250, but fully hydroxylated
Collagen is stable at 400.



Cellular location Process

Cell membrane receptors Stimulus for collagen synthesis

Nucleus

Rough endoplasmic
reticulum

Lumen of the rough
endoplasmic reticulum

Golgi vacuoles

Extracellular

Transcription, specific gene
expression

Translation, procollagen
polypeptide synthesis

Post-translational processing
hydroxylation of Pro and Lys

Glycosylation of Hyl

Triple helix formation

Secretion into extracellular space

Procollagen processing
Fibrillogenesis
Lysyl oxidation in preparation of
cross link formation
Non-enzymatic reactions of Lys
Oxidation products to form cross
links
Non-enzymatic glycosylation

Fig. 1.1: Steps in collagen synthesis



Co-factor and Co-substrate Requirements for the Hydroxylases: All
three hydroxylases have similar co-factors and co-substrates. The

CO-substrates for prolyl hydroxylase are:

(1). Peptidyl proline (-X-Pro-Gly-).
(2). Oxygen molecules: (O2) which supplies the oxygen atom in

the hydroxyl group (3).

(3). Ot-ketoglutarate: which might act as an allosteric activator
in these reactions (4). O-ketoglutarate is oxidatively

decarboxylated to succinate in the coupled reaction.

In addition, prolyl hydroxylase requires two co-factors.

(4). Ferrous iron (Fe2+) which serves as the prosthetic group
Of the enzyme and it is involved in the reductive fixation

Of O2. It also participates in generating reducing radicals
which reduce the iron prosthetic groups back to Fe2+
State after it has been oxidized to Fe3+ form after each

hydroxylation event, and

(5). ASCOrbate (5) provides the electrons to reduce both O2

and Fe3+ back to Fe2+ in the enzyme. Ascorbate is also
COnSumed in the reaction.



The cellular levels of prolyl hydroxylase activity can be affected by
numerous unrelated factors such as age, cell proliferation,

inflammation, ascorbate, tissue oxygenation and certain drugs (6).

Aging: Aging not only has significant effects on the cells with major

biological consequences such as: gene mutation, sister chromatid
exchanges, chromosomal aberrations, cytotoxcity, carcinogenesis and

Cellular degeneration (7), but it is also well known that aging affects

cellular levels of collagen synthesis (8,9). Many observations show
that the metabolism of collagen is markedly different in fetal and
adult tissues. Fetal tissues have higher rates of macromolecular

turnover consistent with the ongoing processes of tissue

reorganization, remodeling and growth (10,11). Fetal repair occurs

Without inflammation and scar formation (12). In contrast, in adult

tissues these processes proceed at very low rates and inflammation

is required as a stimulus for collagen synthesis and repair (13).
Thus, the biochemical mechanisms that modulate differentiation and

macromolecular turnover must be down-regulated in normal adult
tissues. Age is also one of the modulating factors in collagen
Synthesis. Investigations on prolyl hydroxylase activity show that
the levels of the enzyme are higher in younger subjects than in older
O116S.

Injury and Inflammation: Collagen synthesis occurs in the second

phase of wound healing (14). During the early part of the first phase,
fibroblasts migrate and proliferate in response to injury. There is a
Significant increase in collagen synthesis by the newly arrived



fibroblasts. Because collagen modulates normal cells behavior,
including migration, proliferation and specific gene expression and
differentiation, it plays a major role in wound healing. Collagen is
also the principal determinant of tissue bio-mechanical properties.

The level of prolyl hydroxylase reflects the collagen synthetic
activity of tissues. In wound healing collagen synthesis and prolyl
hydroxylase are markedly elevated. Injury may be regarded as One

of the stimuli for prolyl hydroxylase activity. In adult tissues,
inflammation usually accompanies injury. It contributes the
stimulus for tissue repair (15). Superoxide is a major chemical

mediator of inflammation and is produced by the triggered

neutrophils and macrophages in inflammed tissues (16). Previous

studies from this laboratory have shown that superoxide is an
important signal for stimulating collagen synthesis (17).

Tissue Oxygenation: Superoxide is a product of the One electron

reduction of molecular oxygen. It is the first step in the metabolic
fixation of oxygen and is present in all cells (18). Increased tissue

levels of oxygen and oxidants, e.g. ozone, give rise to increased levels

of superoxide. In the first step of oxygen metabolism, oxygen
molecules readily accept single electrons to form the highly reactive
free-radical superoxide (Fig. 1.2). Once superoxide is formed, it can
undergo reduction to form other active oxygen species such as:

hydrogen peroxide (H2O2) and the very reactive hydroxyl free
radical (OH−) which can react with DNA and cause single strand

breaks. Many lines of evidence indicate that active oxygen may be

involved in inducing a pro-oxidant state which modulates gene



expression and increases cellular metabolic activity (19).

Superoxide is also a mutagenic agent (20). It can cause single Strand

breaks in DNA, chromosomal damage, and sequence rearrangements
in normal cells in culture (21,22). In addition to these structural

genetic changes, superoxide may participate in epigenetic

mechanisms that cause alteration of gene expression (23).
Superoxide is also cytotoxic to living cells and Organisms.

Superoxide dismutase (SOD) is the only enzyme which can protect

against damage caused by this free radical (24).

SOD activity in cells plays an important role in cell survival (25)

which means, within a given organism, raising the level of SOD
should provide increased tolerance for superoxide damage. SOD

levels also increase during development and aging (26). Superoxide

itself appears to be a stimulus for collagen synthesis (18) and the
inhibition of intracellular SOD results in a marked stimulation of

collagen synthesis and increase of prolyl hydroxylase activity.

Therefore, SOD may help in regulation of prolyl hydroxylase activity

(4). Exposure of cells and tissues to oxidant toxins: eg, ozone (27) etc

increases prolyl hyroxylase activity. It is also clear from our

previous Studies that if cells and tissues are presented with certain

Superoxide-generating drugs including Bleomycin (6,28) and
paraquat (17,25,29), the elevated cellular level of prolyl hydroxylase

activity and collegen synthesis is accompanied by increased activity

of PADPRS (30). These agents are known to act through oxygen-free
radicals.



[1] O2 + et —- O2

[2] 2H+ + 2C2 —- H2O2 + O2

[3] O2 + H2O2 – OH + OH + O2

[4] -OH + DNA → DNA + H2O

One electron reduction of oxygen gives rise to superoxide. Reactions

Of Superoxide generate other free radicals.

2O2 + 2H+ H2O2 + O2

Superoxide dismutase converts superoxide to hydrogen peroxide.

Fig. 1.2: Formation and Reactions of Superoxide and other Oxygen
Radicals.



ASCOrbate: ASCOrbate is an essential co-factor in the hydroxylation

of proline and lysine to form hydroxyproline and hydroxylysine,
amino acids critical to the function of collagen. Ascorbate is
regarded as a fundamental signal for collagen production. It also
Stimulates collagen synthesis at the transcriptional or mRNA

processing level (31). This latter function in collagen synthesis is
different from its function as a cofactor in the post-translational

hydroxylation of collagen. Ascorbate serves as an important source

Of Superoxide by supplying the reducing electrons in the presence of
transition metal ions (32,33) (Fig. 1.3).

All of these unrelated conditions which regulate the cellular level of
prolyl hydroxylase and collagen synthesis have only one common
feature, that is their ability to generate superoxide. Superoxide may
act as a biological signal for stimulating connective tissue
proliferation.

10



Fig. 1.3:

AH + O2 AH. + O2

Fe2+ or Cu2+

AH + O2- —- AH + H2O2

H+

AH. + O2- —- A + H2O2

H+

Generation of Superoxide and other Oxygen Radicals by

ASCOrbate. AH = ASCOrbate; AH = acorbate free radical,

A = dehydroascorbate. The first reaction is the rate

determining step. Other reactive species including OH
and OH- are formed via the Haber-Weiss reaction from

H2O2 and ascorbate (20).
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III. Poly ADP-ribose Synthetase (PADPRS):

General Concept: Poly (ADP-ribose) synthetase [also called poly
ADP-ribose polymerse or NAD+: poly (adenosine diphosphate D
ribose) ADP-D-ribosyl-transferase] is a chromatin-bound enzyme and
is localized in the nucleus in most eucaryotic cells (34,35). It

catalyzes the successive transfer of ADP-ribose moieties from

substrate NAD+ to nuclear proteins such as histones and to the
enzyme itself. The reaction is shown in Fig. 1.4:

This post-translational modification reaction is involved in various

chromatin functions by modulating the interactions between

structural proteins and DNA. This enzyme activity is stimulated by

DNA strand breaks (36). The polymer may alter the structure and
function of chromosomal proteins to facilitate the DNA repair process.

The PADPR of nuclear protein is shown on Fig. 1.5.

The Effect of Active Oxygen on PADPRS Activity: Active oxygen and

Other oxidants usually act as part of the mechanism of inflammation

and tumor promotion (37). The mechanism of action of tumor

promotors and oxidants appears to involve the modulation of the

expression of growth- and differentiation-related genes and cytotoxic

effects (38). Active oxygen and poly ADP-ribose affect the redox

State and energy metabolism of the cell, and active Oxygen induces

DNA single-strand breaks that strongly activate PADPRS activity.

Therefore, active-oxygen induced PADPR of chromosomal protein is

likely to play a role in oxidant promotion (39).

12



As discussed above, the factors that can cause increase in collagen

Synthesis and increase in superoxide generation can affect cellular
levels of poly ADP-ribosylation. Ascorbate and phorbol ester (PMA)
are such agents (40,41).

The Effects of Aging on ADP-ribosylation: The level of PADPRS is
elevated in tissues undergoing development and differentiation

(42,43). The effect of age on PADPR-mediated processes appears to

involve the state of nuclear protein substrates for PADPRS. In the

young organism, high rates of poly ADP-ribosylation of certain

histones (High Mobility Group, HMG) is observed (35,44), whereas
age-related condensation of HMGs in older organisms results in

decreased PADPR (45,46). This alteration causing decrease in the

Substrate activity of nuclear protein may explain the effect of age on
many regulatory processes including the modulation of collagen

Synthesis as a function of age.

PADPRS Inhibitors: Inhibition of PADPRS has been used effectively to

explain the involvement of PADPR in many normal and

pathobiological processes. In the past few years, a number of

inhibitors of PADPRS activity have been described (Table 1.1) (47).
We have used some of these inhibitors to establish a role for PADPRS

in the regulation of prolyl hydroxylase.

13



PADPRS

nNAD+ + acceptor — (ADP-Ribose)n-acceptor + nNicotinamide +nH+

H. NH,

| y
-■ º

| * Ör wºn
- ih ––S- ------ i b 4-8.

wte Rib → to of Q Ri b Kib

PADPR

Fig. 1.4 Poly ADP-ribosylation



Proposed Mechanism for the Regulation of
Gene Expression by PolyADP-ribosylation

(0■ .[]
fift

PolyADP-ribosylation
changes histone
conformation resulting
in the unmasking of DNA.

A A A A
:/7CCKXXXX^\OS/XXXXXYZ7.

Specific gene expression

Fig. 1.5
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COmpounds Concentration Inhibition(96) at:

3-Aminobenzamide 2.0 mM 60

6-Aminonicotinamide 1.5 mM 60

2.0 mM 58

Theophylline 1.0 mM 59

Benzamide 1.0 mM 56

2-acetyl pyridine 1.0 mM 63

Thymidine 1.0 mM 56

Table 1.1: Inhibitors of PADPRS. The inhibition data are taken from

ref. 84.

16



PADPRS inhibitors are usually substrate analogues. These compounds
inhibit the synthesis of PADPR and prevent the decrease in cellular

NAD content in intact cells (48,49). Among these inhibitors, 3

aminobenzamide (3AB) has particularly useful properties since it is a

competitive inhibitor of the enzyme with a relatively low Ki, very

little cytotoxic effects and probably little metabolic involvement in
Other biochemical reactions (50–52). It has been shown that 2.5 mM

3AB, 5.0 mM nicotinamide, and 1.0 mM theophylline completely
block cellular poly(ADP-ribose) synthetase activity in P388D1 cells
and in human lymphocytes (53). 1.0 mM nicotinamide and 1.0 mM

3AB caused complete and specific inhibition of endogenous PADPRS
in L1210 cells (54). Our studies suggested that PADPRS inhibitors
block the induced increase in prolyl hydroxylase activity, suggesting
regulation by PADPR.

IV. Involvement of G-protein and Protein Kinase C

Signalling Pathways in the Control of Gene Expression.

General Concept: G-proteins (so called guanine nucleotide-binding
protein) are involved in membrane-bound transduction of chemically
and physically coded information (55). The function of G-proteins in
the membrane signalling pathway is to couple with receptors to
their respective effector proteins (56). The most important members
in G-protein family are: a stimulatory G-protein (Gs) and an
inhibitory G-protein (Gi). These G-proteins play major role in
hormone-mediated stimulation and inhibition of adenyl cyclase

17



activity (57). G-proteins have three subunits: o, B, and Y. The O

subunit of G-protein is a substrate for ADP-ribosylation catalyzed by

bacterial toxins, like cholera toxin (58) and pertussis toxin (59).

G-proteins Serve As Substrates for ADP-ribosylation Catalyzed by

Cholera Toxin and Pertussis Toxin: Although both of these bacterial

toxins act as specific ADP-ribosylating enzymes for G-protein, they
function at different effector sites of G-protein. The o-subunit of

stimulatory G-protein (Gso) can be ADP-ribosylated by cholera toxin,

while the o-subunit of inhibitory G-protein (Gio) is substrates for

ADP-ribosylation by pertussis toxin (60). The ADP-ribosylation of
Gio activated by pertussis toxin causes an impaired ability to interact

With its receptor. In contrast, when Gso is activated by cholera toxin,

this results in stimulated G-protein transduction mediated by its

receptors. Cholera toxin promotes the expression of certain genes

(61,62). This has been shown to be due to the involvement of G

protein (63). The inhibition of the stimulatory effect of cholera toxin

On certain biochemical events by pertussis toxin is taken as evidence

Supporting the involvement of G-proteins (64–66). Because of the

observation that the effects of cholera toxin can be blocked by

inhibitors of PADPRS, it has been suggested that cholera toxin may
also induce nuclear PADPR-mediated pathways (67). I have

examined the effect of cholera toxin and pertussis toxin on prolyl

hydroxylase to determine if G-protein and signalling pathway are
involved in the modulation of prolyl hydroxylase.

18



Protein Kinase C. An important component of the G-protein

signalling pathway is the membrane bound enzyme protein kinase C

(PKC). PKC is activated by diacylglycerol and it is Ca2+-dependent.
PKC is thought to phosphorylate and thereby activate plasma
membrane proteins, resulting in the stimulation of the signal for cell

proliferation or inhibition of certain cellular processes depending on
the cell type and the duration of PKC activation (68). In some cells

the activation of PKC increases the transcription of specific genes.

The promotors of at least some of these genes contain a common

transcriptional enhancer sequence that is recognized by a gene

regulatory protein whose activity is stimulated by PKC activation
(69). The stimulation of PKC activity resulted in the phosphorylation
of a 40-kilodalton (kDa) protein which was related to the o-subunit

of a G-protein in platelets (70).
-

PKC activity is modulated by the

tumor promotor PMA which is also a superoxide generator (71.72).

PKC acts as a recepor for PMA and is directly activated by it (73).
The effect of the PMA to increase PADPRS has been well documented

(74). Our studies showed elevated activity of prolyl hydroxylase in
the presnece of PMA. Thus, in order to examine if PKC mediated

mechanisms may play a role in the modulation of prolyl hydroxylase,
I examined the effect of inhibiting PKC on the increase in prolyl
hydroxylase activity induced by PMA and cholera toxin and also by
aSCOrbate. My Observations suggest the participation of PKC mediated

Signalling pathways in the modulation of prolyl hydroxylase. My
hypothesis on the regulation of prolyl hydroxylase by mechanisms
involving PADPR, PKC and G-protein mediated signalling pathways is
shown in Fig. 1.6. In my hypothesis, PADPRS plays a central role in

19



the regulation of prolyl hydroxylase. PADPRS is known to regulate

gene expression. Several agents and conditions that are known to

increase collagen synthesis and prolyl hydroxylase activity are

accompanied by increased levels of active oxygen species including

superoxide. The stimulatory effect of some of these on PADPRS is

already well known. Both PMA and cholera toxin are known to
cause increased levels of superoxide. These agents therefore also
increase PADPRS and this has been documented.

20
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Chapter 2. Materials and Method

I. Materials

All chemicals used in these studies were obtained from Sigma

Chemical Co. Radiolabeled proline, 3,4-[3H2]-L-proline (30 Ci per
mmole) or [14C-U]-L- proline (250 mCi per mmole) were purchased
from New England Nuclear. Tissue culture media and other supplies
were obtained from the UCSF Tissue culture Facility. IMR-90 cells in

the eighth passage were purchased from the Institute for Medical
Research, Camden, NJ. Primary cultures of human fetal fibroblasts
were prepared from tissues obtained from therapeutic abortion

materials. Signed consent for the use of this tissue for research
purpose was obtained under an approved human subjects research

protocal at UCSF. Dermal fibroblasts from these clinical specimens

were used between the fourth and eighth passages. The reason for
using early passage cells is that long term cells change their
biological behavior and the cellular levels of PADPRS are markedly

altered (75,76). This results in alteration in cell proliferation and

differentiation, and changes in specific gene expression.
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II. Cell Cultures

Cells Were Seeded in 60 mm plastic culture dishes or T-75 flasks at a
density of 5x103 cells/cm2 in Eagles minimal essential mediun
Containing 10% fetal calf serum. The cultures reached confluence by

the fifth and sixth day for fetal and neo-natal cells. All experiments

were performed with confluent cultures.

All additives were dissolved in the medium before addition.

ASCOrbate solutions were always prepared fresh, just prior to
addition to the cultures. Preliminary experiments in our laboratory
showed that ascorbate is consumed rapidly in the culture medium in
Contact with cells, and little ascorbate can be detected 3-4 hours
after addition.

After incubation for the indicated periods, the cells were rinsed once
with chilled Ca2+ and Mg2+ - free phosphate buffered saline solution.
All Subsequent operations were carried out at 40. The cells were

homogenized in the following buffer: (10.0 mM Tris HCl, 100 mM
NaCl, 100 mM glycine, 0.01 mM dithiothreitol, and 0.1% Triton X-100,

pH 7.4). The homogenates were kept in a -800 freezer until used in

enzyme assays.
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III. Assay for Protein

Protein concentration of homogenates was measured by using

Coomassie Brilliant Blue (77) with a commercially available assay kit

(BioFad Protein Assay).

IV. Assay for Prolyl Hydroxylase Activity

The procedure for prolyl hydroxylase assay was essentially as same

as described in our previous studies (17). The assay originally

described by Hutton et al. (78) was used with minor modifications.

This method is based on the release of tritium from 3■ h]-proline

labeled unhydroxylated collagen from 11-day-old chick embryo

Cartilage culture used as the substrate (Fig. 2.1).

Preparation of Labeled Substrate: Unhydroxylated 3H-Proline
labeled substrate was prepared by short term organ culture of 9- to
11-day-old chicken embryo tibiae in Dulbecco modified Eagle's

minimum essential medium buffered at pH 7.4 with 25 mM HEPES.

The intracellular prolyl hydroxylase was inhibited by the addition of

1.0 mM 2,2'-dipyridyl in the presence of 3,4-[3H2]-L-proline.
Incubation was carried Out at 370 for 6-8 h. The labeled tibiae were

homogenized, and the homogenate was dialyzed against H2O until no

radioactivity could be detected in the dialyzate. The retentate was

centrifuged at 15,000 x g. The substrate was present in the soluble

fraction, in the supernatant.
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Prolyl Hydroxylase Reaction: The reaction mixture contained 100

mM Tris HCl ( pH7.6), 1.0 mM ferrous ammonium sulfate, 200,000

Cpm of [3H] proline-labeled unhydroxylated collagen, 0.5 mM
ascorbate and cell homogenate ( 0.5 to 1.0 mg protein) in a final
Volume of 2.0 ml. The reaction was started by the addition of
ascorbate, incubation was carried out at at 370 for 10 min. The

reaction was stopped by adding 0.2 ml 50% trichloroacetic acid and

tritiated water was separated by vaccum distillation. 1.0 ml of the
distillate was mixed with 15 ml of Aquasol and counted for
radioactivity in a Parkard Tri-Carb Scintillation Spectrometer. The

activity of prolyl hydroxylase was expressed as d.p.m. 3H2O released
per mg of protein in the cell homogenate.

Fe2+
-(3H-Pro-Gly)- + o-ketoglutarate + O2 –(Hyp-Gly)-

ASCOrbate + Succinate
+ CO2 (f) + 3H

2 [3H+] + H2O = 3H2O + 2 [1H+]

*H2O is collected by vaccum distillation and the radiactivity is
assayed as a function of enzyme activity.

Fig. 2.1: Prolyl hydroxylase reaction
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V. Determination of PADPRS Activity

Poly ADP-ribose synthetase activity was measured by a modification
Of the method of Ghani and Hollenberg (52,79). The method is based
On the incorporation of 3H-adenine-NAD+ into acid-insoluble material

in permeabilized cells. The specific substrate of PADPRS is NAD+, to

which intact cell membranes are impermeable. Isolated nuclei are

unsuitable because the process of nuclear isolation induces DNA

Strand breaks and activates PADPRS activity (39). Fibroblasts were
grOWn in 60 mm culture dishes to confluence and treated as

described. The treated cells were washed three times with ice-cold

PBS (Mg2+, Ca2+ free) solution. The neo-natal dermal fibroblast

were made permeable to 3 H-NAD by a mild, brief hypotonic
treatment by a modification of a published method (80). The plates

were flooded with 1.0 ml of a hypotonic solution containing 9.0 mM
HEPES, pH 7.8, 5.0 mM dithiothreitol (DTT), 4.5% (w/v) dextran

(average molecular weight 110,000), 1.0 mM EGTA and 4.5 mM
MgCl2. The plates were kept at 40, until more than 90% of the cells

had become permeable to Trypan blue. This was routinely achieved
after 60 min. After permeabilization, the plates were transferred
to a water bath at 250 and the ADP-ribosyl synthetase assay was
Started by the addition of 200 ul of a solution containing 200 mM

HEPES pH 7.8, 750 mM KCl, 5.0 mM DTT, 4.5% (w/v) dextran, 1.35 M

Sucrose, 7.0 mM EGTA, 4.5 mM MgCl2, 6.0 mM isonicotinic acid
hydrazide, 18.0 mM NaF and 600 um 3H-NAD (20mCi/mM). The

enzyme incubation was continued for 10 min and then terminated by
the addition of 2 ml of ice-cold 20% (w/v) trichloroacetic acid (TCA).
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The precipitate was collected on a glass fiber filter with a pore size of
0.45 microns and washed successively with 10 ml 20% TCA, 10 ml

10% TCA and finally with 10 ml 5% TCA. The precipitate was then
washed Once with 10 ml 95% ethanol to remove the TCA. The filter

and the precipitate were dissolved in BTS-450 tissue solubilizer

(Beckman). The radioactivity incorporated in TCA insoluble fractions

was used as a measure of PADPRS activity.
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Chapter 3. Characterization of Model for Studying

Prolyl Hydroxylase Activity in Cell Cultures.

Fibroblasts have been used extensively in studies an collagen

synthesis and prolyl hydroxylase. I used neonatal human dermal
fibroblasts in these studies, except where fibroblasts of various ages

were compared. It was necessary to determine if the conditions

used in thses experiments were inhibitory to fibroblasts. I examined
the toxicity of each agent which was presented to my cell cultures.

In the past few years, many inhibitors of PADPRS activity have been

described (47). Among these inhibitors, 3-aminobenzamide (3AB)

and 6-aminonicotinamide (6AN) have been used commonly, since

they are competitive inhibitors of the enzyme with very little

cytotoxic effects and probably little metabolic involvement in other
biochemical reactions (51-53). In order to determine if these agents

were cytotoxic, dermal fibroblasts were treated with ascorbate and

PADPRS inhibitors added singly or together for 1 h at 370 (in 5% CO2

air) and washed with (Mg2+ and Ca2+ free) PBS buffer once. The
number of dead cells was examined by Trypan-blue exclusion

method (81). The results (Table 3.1) demonstrated that the agents

were not cytotoxic under the conditions used in my experiments.
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Experiment Total cells #(dead cells) % Dead cells

(cells/ml)x104 (cell/ml)x104

Control 3.8 0.6 15.7

+ASCOrbate, 0.35 mM 4.1 0.5 12.2

+3AB, 2.0 mM 3.5 0.5 14.3

+ASCOrbate, 0.35 mM 2.9 0.3 10.3

+3AB, 2.0 mM

+6AN, 2.0 mM 3.6 0.6 16.7

+ASCOrbate, 0.35 mM 3.8 O.4 10.5

+6AN, 2.0 mM

Table 3.1: Lack of cytotoxity of experimental conditions used. No

additions were made in the control. There was no significant
difference in the number of dead cells in various treatments.
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In order to examine if the addition of various agents affected cell
growth, we cultured human dermal fibroblasts for 8 days with or

without different agents. Fibroblasts were plated at a density of
25,000 cells per 60 mm culture dish. The proliferation of fibroblasts

was monitored by assaying for the protein content in the cell layer,

as a function of culture time. These results (Fig. 3.1) showed that

the growth patterns of the cells treated with various agents were

identical. The reagents did not affect cell proliferation.
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Fig. 3.1: The effect of various additives on the rate of cell

proliferation. Curve 1, control; curve 2, cells treated with 0.35 mM

aScorbate; curve 3, cells treated with 2.0 mM 3AB; curve 4, cells

proliferation in the presence of 2.0 mM 6AN; curve 5, cells treated

with 0.35 mM ascorbate and 2.0 mM 3AB and curve 6, cells exposed

to 0.35 mM ascorbate and 2.0 mM 6AN. There was no significant

effect of addition of the various reagents on the growth rate of cells.
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Chapter 4. Effect of Ascorbate on

Prolyl Hydroxylase Activity

Hydroxylation of collagen proline is a very important step in the

collagen metabolism. Although it is well known that ascorbate plays
a major role in this reaction, the mechanism of its action remains

poorly understood. Two sites of ascorbate action on collagen

Synthesis have been recognized. First, ascorbate is an essential

cofactor for collagen hydroxylating enzymes and it regulates the

post-translational modification of collagen lysyl and prolyl residues

which are essential for efficient procollagen triple helix formation.

Second, it stimulates collagen synthesis at a transcriptional, or mRNA

processing level. Ascorbate stimulates normal collagen prolyl

hydroxylation by cultured fibroblasts. Previous studies showed that

collagen synthesis in fibroblast culture can be increased by the

addition of ascorbate to the culture medium (82,83). In my studies,

I needed to characterize the culture system to determine the optimal
conditions for examining the effect of ascorbate on prolyl
hydroxylase. In order to determine the best concentration of

aScorbate for my experiments, I examined the effect of various

Concentrations of ascorbate on the activity of prolyl hydroxylase.
Confluent cultures were exposed to different concentrations of

aScorbate, and prolyl hydroxylase activity was determined after 24
hours. The results of these experiments are presented in Fig 4.1.

As seen in this experiment, the previously reported ascorbate

concentration of 0.35 mM caused maximal increase in the prolyl
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hydroxylase activity. Concentrations higher than this caused a
decrease. The reason for this decrease was not examined.

It was also of interest to determine the effect of the length of

exposure of fibroblasts to ascorbate on the levels of prolyl

hydroxylase. Ascorbate is rapidly oxidized in the culture medium
and little ascorbate remains in the medium after 30 min (23). I

examined the activity of prolyl hydroxylase at various times after
exposure to 0.35 mM ascorbate. The data from this experiment are

presented in Fig 4.2. The enzyme activity showed significant increase

within 15 min and the activity continued to increase up to 24 hours,

although the rate of increase was slower after 6-12 hours following

aScorbate exposure.

Based on the results of this experiment, all subsequent experiments

were carried out with 24 hours exposure of confluent cultures to
0.35 mM aScorbate.
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Fig. 4.1 Effect of Ascorbate Concentration on Prolyl Hydroxylase

Activity. The highest enzyme activity was seen in the presence of
0.35 mM aScorbate.
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Fig. 4.2 Time Couse of Increase in Prolyl Hydroxylase after

Exposure to Ascorbate. Prolyl hydroxylase activity was increased

by 50% within 60 min after exposure to 0.35 mM ascorbate. The

enzyme activity continued to increase until 24 hours.
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Chapter 5. Involvement of PADPRS in the Modulation of Prolyl

Hydroxylase Activity.

Effect of Ascorbate on PADPRS: Our previous studies showed that
the fibrogenic agents ozone (27) and Bleomycin (6,28) increased

collagen synthesis, prolyl hydroxylase activity, and these compounds
also markedly elevated PADPRS activity. If PADPRS is a part of the
regulatory pathway for collagen and prolyl hydroxylase, its activity

should be modulated by other agents that increase collagen

synthesis. This is also predicted by the observation that ascorbate
generates free radicals which increase PADPRS (23,31). The effect of

ascorbate on PADPRS has not been reported previously. Since

ascorbate increases collagen synthesis and prolyl hydroxylase

activity in fibroblast cultures (17,18), it was of interest to determine

if it also increased PADPRS activity and if there was a correlation

betwen these enzymes. I examined the effect of exposure of

fibroblasts to 0.35 mM ascorbate on PADPRS levels. As seen in Fig.

5.1, ascorbate caused a rapid increase in PADPRS activity. The

enzyme activity nearly doubled after 2 h of exposure to ascorbate.
These data are the first to show that ascorbate induces PADPRS. This

observation also supported my hypothesis that PADPRS may play a

role in the modulation of prolyl hydroxylase. This question was

further examined by inhibiting PADPRS in the presence of ascorbate.
My rationale in this experiment was that if increased PADPRS

activity is involved in the modulation of prolyl hydroxylase,

lowering PADPRS activity by inhibitors should abolish the

stimulatory effect of increasing PADPRS.
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Fig. 5.1 0.35 mM Ascorbate caused a rapid increase in PADPRS

activity during 2 h exposure.
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Effect of PADPRS Inhibitors on the Ascorbate Mediated Increase in

Prolyl Hydroxylase: If PADPRS plays a role in the modulation of
prolyl hydroxylase, then inhibitors of PADPRS should have an

attenuating effect on the increase in prolyl hydroxylase by ascorbate.

I examined the effect of PADPRS inhibitors on prolyl hydroxylase

activity in the presence of ascorbate, in several different types of

fibroblast cultures. In preliminary experiments, I examined the
possibility that these inhibitors may directly inhibit prolyl
hydroxylase. I found that the inhibitors had no effect on the in vitro

reaction of purified chicken embryo prolyl hydroxylase. Thus, any

changes in cellular prolyl hydroxylase would result from a decrease
in the enzyme activity caused at some other level, presumably at the

level of enzyme expression as stated in my hypothesis.

As seen in Table 5.1, ascorbate increased the activity of prolyl

hydroxylase in all cell types examined. The ascorbate-induced

increase in prolyl hydroxylase was comparable in the "young" cells,
namely 22 w fetal dermal cells, IMR-90 cells and in neo-natal dermal

fibroblasts. In each case the enzyme activity exibited nearly a two
fold increase after exposure to ascorbate. In contrast, the fibroblasts

derived from the skin of a 78 y old subject showed only a 21 %
increase.

The ascorbate induced increase in prolyl haroxylase was abolished
by inhibitors of PADPRS. In case of the 22 w fetal fibroblasts, IMR

90 fibroblasts and 78 y dermal fibroblasts, only two inhibitors, 3AB
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and 6AN were used. These agents effectively abolished the increase

in prolyl hydroxylase in all cells.

The involvement of PADPRS was further confirmed by the use of

several other inhibitors of this enzyme. Neo-natal dermal fibroblasts
were exposed to ascorbate or ascorbate and one of the following

inhibitors, 3AB, 6AN, theophylline, benzamide, 2-acetyl pyridine or
thymidine. The concentrations of these inhibitors are indicated in

the legend to Table 5.1. In all cases, the inhibitors blocked the

ascorbate induced increase in prolyl hydroxylase. These results
demonstrate that PADPRS is a site for the modulation of prolyl

hydroxylase activity.

A comparision of the data in Fig.s 4.1 and 5.1 shows that both

PADPRS and prolyl hydroxylase activities are elevated in cells

exposed to ascorbate. The increase in PADPRS is more rapid than the

increase in prolyl hydroxylase. The lag in the induction of increased
prolyl hydroxylase can be explained by the time needed for the
activation of PADPRS mediated pathways for gene expression.
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Table 5.1; Inhibitors of PADPRS abolish the ascorbate-induced increase in prolyl

hydroxylase activity

Cell type Enzyme activity Treated/Control Inhibitor/ascorbate

and experiment dpm *H/mg protein x 10-4

Fetal dermal fibroblasts (22 weeks)

Control 3.14 + 0.08

+AScorbate 6.00 + 0.18 1.19

+ASCOrbate + 3AB 3.60 + 0.14 1.15 0.60

+ASCOrbate + 6AN 2.97 + 0.06 0.96 0.50

IMR-90 fibroblasts

Control 1.68 + 0.09

+ASCOrbate 3.44 + 0.09 2.05

+ASCOrbate + 3AB 1.76+ 0.23 1.05 0.51

+ASCOrbate + 6AN 1.64 + 0.26 0.98 0.48

Adult dermal fibroblasts (78 years)

Control 2.83 + 0.16

+ASCOrbate 3.43 + 0.23 1.21

+ASCOrbate + 3AB 3.13 + 0.16 1.11 0.91

+ASCOrbate + 6AN 2.72 + 0.14 0.96 0.80
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Neonatal dermal fibroblasts (foreskin)

Control 3.08 + 0.26

+ASCOrbate 5.59 + 0.45 1.18

+ASCOrbate + 3AB 3.14 + 0.07 1.11 0.61

+AScorbate + 6AN 3.22 + 0.13 1.05 0.58

+Ascorbate + Theophylline 3.31 + 0.32 1.07 0.59

+ASCOrbate + Benzamide 3.15 + 0.19 1.02 0.56

+Ascorbate + 2-acetyl pyridine 3.54 + 0.38 1.15 0.63

+Ascorbate + Thymidine 3.12 + 0.37 1.01 0.56

All cells were used between 5th and 8th passages. No additions were made in the control.

In experiment to examine the stimulatory effect of ascorbate, 0.35 mM ascorbate was

added. In order to examine the effect of PADPRS inhibitors on the stimulatory effect of

ascorbate, the cultures received in addition to 0.35 mM ascorbate, one of the following,

2.0 mM 3-aminobenzamide (3AB), 2.0 mM 6-aminonicotinamide (6AN), 1.0 mM

theophylline, 1.0 mM benzamide, 1.0 mM 2-acetyl pyridine, 1.0 mM thymidine. The

cells were harvested 24 h after the addition of ascorbate and/or inhibitors of PADPRS.

Prolyl hydroxylase activity was determined as described elsewhere.
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Chapter 6. Involvement of PADPRS in the Modulation of Prolyl

Hydroxylase as a Function of Cell Proliferation.

Previous studies have shown that collagen synthesis and prolyl

hydroxylase activity are modulated as a function of cell proliferation
in culture (82). In earlier studies it was shown that collagen

synthesis is maximal in confluent cultures, and that the levels of

prolyl hydroxylase lag behind the growth curve, with highest activity
seen in confluent cultures. I examined the possibility that PADPRS

may play a role in the modulation of prolyl hydroxylase throughout
the growth of cells in culture. In these experiments, prolyl

hydroxylase activity was determined in cultures of 22 w fetal human

dermal fibroblasts as a function of cell proliferation. In order to

examine if PADPRS is involved, cultures were treated with aScorbate,

Or with aSCOrbate and inhibitors Of PADPRS.

As seen in Fig. 6.1, the highest specific activity of prolyl hydroxylase

was seen 3 d after the cells were plated. These data are based on the

pooling of several dishes in order to obtain sufficient numbers of

Cells to measure the enzyme. The activity of enzyme per mg cellular

protein decreased in a remarkable way on day 4 in culture and after

this point, the activity essentially trailed the growth curve. The
activity reached another maximum, after the cells became confluent,

however, the enzyme once again reached very low levels in the third
day Of confluence on the eighth day in culture.
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When the cells were treated with 0.35 mM ascorbate, the enzyme

levels were observed to be nearly doubled compared to the controls,
at each time point examined (Figs. 6.2, 6.7). These data suggest that
ascorbate can modulate the activity of prolyl hydroxylase in growing
cell cultures. In order to examine if this modulation also involved

PADPRS, cultures were maintained in the presence of ascorbate and
3AB, 6AN or ascorbate with 3AB and 6AN. As seen in Figs. 6.3, 6.4,

6.5 and 6.6, the inhibitors of PADPRS abolished the effect of

ascorbate at each time point.

These observations confirm my concept that the expression of prolyl

hydroxylase is mediated by PADPRS.
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Fig. 6.7 Effect of ascorbate on prolyl hydroxylase as a function of
cell proliferation. 0.35 mM ascorbate increased the enzyme activity

nearly two fold at each time point (Asc/C). 2.0 mM 3AB decreased

the enzyme activity to nearly the control level (3AB+Asc/C). 2.0 mM

3AB itself down-regulated prolyl hydroxylase activity (3AB/C).
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Chapter 7: Modulation of Prolyl Hydroxylase

During Fetal Development.

The synthesis of collagen is modulated as a function of development

and aging, with the highest rates seen in the young and decreasing to
very low levels in the older animal (4-6) Human fetal fibroblasts

synthesize collagen in higher amounts than do post-natal fibroblasts
(7). The levels of prolyl hydroxylase, a crucial enzyme in collagen
Synthesis, co-modulate with collagen synthesis as a function of age

(8-10). Although previous studies (31) have shown an age

dependent decrease in prolyl hydroxylase, the relationship of the
enzyme to early developmental stages in humans has not been

examined. PADPR is an important regulatory mechanism in

development. We considered the possibility that PADPR may play a

role in the age and development related modulation of prolyl

hydroxylase.

In order to confirm this hypothesis, we examined the effect of
inhibitors of PADPRS on both ascorbate-stimulated or unstimulated

production of prolyl hydroxylase in human dermal fibroblasts

derived from various fetal gestational ages.

Effect of Ascorbate on Prolyl Hydroxylase in Fetal Fibroblasts: As

seen in Fig. 7.1, ascorbate had quite different effects on prolyl

hydroxylase levels in early (<20 w and late (>20 wy gestation

fibroblasts. Fibroblasts from 11, 13, 16, 17, 18, and 19 w gestation
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showed decreased prolyl hydroxylase activity, whereas fibroblasts

from 20, 21, 24, 28, 30, 32 and 34 w gestation showed the adult-like
pattern of stimulation of enzyme activity. The reason for this

difference was not examined in the present studies; however, it is

possible to explain this behavior by lower levels of oxidant defense,

e.g. SOD, in the early developmental stages, as suggested by Other
workers (24, 25).

Effect of Inhibitors of PADPRS on: In general, inhibitors of PADPRS
reversed the effect of ascorbate on fetal fibroblasts. As seen in Figs.

7.2 and 7.3, exposure of fetal fibroblasts to 3AB and 6AN at the same

time as ascorbate, caused the levels of prolyl hydroxylase in fetal

fibroblasts of gestational age 320 w to become comparable to

controls. In contrast, the levels of prolyl hydroxylase in >20 w

gestation fibroblasts which were elevated by ascorbate, showed a
decrease to below control levels.

In contrast to neonatal, IMR-90 and adult cells, fetal cells responded

to inhibitors of PADPRS by lowering the levels of prolyl hydroxylase
(Table 7.1). This is consistent with the idea that PADPRS levels are

much higher in developing tissues (7).

These results suggest that PADPRS is involved in the regulation of

prolyl hydroxylase in the ealy developmental stages in the human.

It is interesting that fibroblasts of gestational age of 20 w and above
exhibit adult like behavior towards ascorbate.
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Ascorbate stimulates Activity of prolyl hydroxylase
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Stimulation of prolyl hydroxylase by 0.35 mM ascorbate
in fetal, neo-natal, IMR-90 and 75 y fibroblasts.

Fig. 7.1
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3-Amino benzamide abolishes ascorbate
stimulation of prolyl hydroxylase
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The ascorbate mediated modulation of prolyl hydroxylase
activity in fetal, neo-natal, IMR-90 and 75 y fibroblasts is
abolished by 3-amino benzamide suggesting that a
PADPRS mediated event may be involved in the
modulation of the enzyme.

Fig. 72
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6-Amino Nicotinamide abolishes Ascorbate
Stimulation of Prolyl Hydroxylase
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6-Amino nicotinamide abolishes the effect of ascorbate
on prolyl hydroxylase activity, confirming the observations
with 3-amino benzamide. These observations support
our conclusion that PADPRS-mediated events may
regulate prolyl hydroxylase activity in fibroblasts.
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Table 7.1: Effect of PADPRS inhibitors on prolyl hydroxylase activity

Cell type Enzyme activity Treated/Control

and experiment dpm 3H/mg protein x 10-4 (%)

Fetal dermal fibroblasts (11 wy

COntrol 0.993-0.08

+3-aminobenzamide O.84+0.06 -15

+6-aminonicotinamide 0.57+0.06 -42

Fetal dermal fibroblasts (13 wy

COntrol 0.92+0.16

+3-aminobenzamide 0.85+0.05 -24

+6-aminonicotinamide 0.61+0.10 –45

Fetal dermal fibroblasts (16 wy

COntrol 2.11+0.07

+3-aminobenzamide 2.04+0.02 -3

+6-aminonicotinamide 1.29-t(). 11 –39

Fetal dermal fibroblasts (17 wy

Control 2.23+0.09

+3-aminobenzamide 2.24+0.09 +1

+6-aminonicotinamide 1.47+0.05 –34
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Fetal dermal fibroblasts (18 w

COntrol 1.81+0.14

+3-aminobenzamide 1.85+0.16

+6-aminonicOtinamide 1.18+0.12

Fetal dermal fibroblasts (19 wy

Control 2.26+0.22

+3-aminobenzamide 1.89–0.11

+6-aminonicotinamide 0.67+0.05

Fetal dermal fibroblasts (20 w!

Control 1.13+0.08

+3-aminobenzamide 1.14+0.07

+6-aminonicotinamide 0.87+0.04

Fetal dermal fibroblasts (21 wy

COntrol 2.38+0.08

+3-aminobenzamide 2.01±0.07

+6-aminonicotinamide 1.72+0.06

Fetal dermal fibroblasts (24 wy

Control 2.12+0.06

+3-aminobenzamide 1.993–0.07

+6-aminonicotinamide 1.66+0.02

+2

-35

-17

–70

-15

–34

-15

–28

–21
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Fetal dermal fibroblasts (28 W)

COntrol 2.05+0.09

+3-aminobenzamide 2.04+0.02

+6-aminonicotinamide 1.53+0.14

IMR-90 fibroblasts

Control 1.68+0.09

+3-aminobenzamide 1.52+0.09

+6-aminonicotinamide 1.05+0.22

Neo-natal fibroblasts (foreskin)

Control 1.993–0.05

+3-aminobenzamide 2.02+0.04

+6-aminonicotinamide 1.05+0.01

Adult dermal fibroblasts (75 y)

-37

+2

COntrol 1.80+0.16

+3-aminobenzamide 2.38+0.17

+6-aminonicotinamide 1.22+0.29

+32

–32

All cells were used between 5th and 8th passages. No additions were
made in the control. in Order to examine the effect of PADPRS

inhibitors on prolyl hydroxylase activity, the cultures were exposed
to 2.0 mM 3-aminobenzamide and 2.0 mM 6-aminonicotinamide.

The cells were harvested 24 h after the addition of inhibitors of

PADPRS. Prolyl hydroxylase activity was determined as described
elsewhere.
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Chapter 8: Effect of Phorbol Ester and Cholera Toxin on Fibroblast

Prolyl Hydroxylase Levels.

If PADPR is involved in the modulation of prolyl hydroxylase, it

should be possible to increase its activity by agents which increase

PADPRS. Two such agents are PMA and cholera toxin. These agents

regulate many cellular biochemical events through mechanisms

involving PADPR.

Phorbol Ester: Increased polyADP-ribosylation in the nucleus has
been implicated in the action of PMA (68). PMA can produce a pro

Oxidant state in several cell types (37) and also cause an increase in

poly ADP-ribosylation in mouse and human fibroblast cultures (74).

These reaction involve active oxygen formation (39,41).

Cholera Toxin: Cholera toxin acts through a mechanism involving
polyADP-ribosylation of membrane-associated proteins involved in

Signal transduction (66,67,84). Cholera toxin functions as an enzyme

and catalyzes the transfer of ADP-ribose from intracellular NAD+ to

the o-subunit of guanine nucleotide binding protein (G-protein) and

lead to persistent activation of PADPRS (85). Cholera toxin induced

polyADP-ribosylation is inhibited by inhibitors e.g. as nicotinamide

which also inhibit nuclear polyADP-ribosylation.

Studies with ascorbate strongly suggested the involvement of PADPR

in the regulation of prolyl hydroxylase. I hypothesized that phorbol

ester and cholera toxin stimulation of PADPR may also regulate
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prolyl hydroxylase activity. In order to confirm this hypothesis, I

examined the effect of phorbol ester and cholera toxin on the activity

of prolyl hydroxylase.. I also used PADPRS inhibitors to confirm the

role of PADPR in the modulation of prolyl hydroxylase by PMA and
Cholera toxin.

PMA Increased Prolyl Hydroxylase Activity: Exposure of confluent
Cultures of neonatal dermal fibroblasts to PMA in a concentration

range of 1-50 ng/ml resulted in a linear relationship between PMA

and the enzyme (Fig. 8.1). At 50 ng/ml PMA, the enzyme activity

was nearly 65% greater in the treated cells than in controls. At 100

ng/ml PMA, the stimulation was decreased, wih the treated cells

showing approximately 40% higher activity. Even at 200 ng/ml, the
activity was elevated, although only about 15%. The increase in

prolyl hydroxylase was abolished by inhibitors of PADPRS (Table 8.1)

confirming that the effect of PMA was related to PADPR activity.

Cholera Toxin Elevated Prolyl Hydroxylase Activity: When confluent

Cultures of neonatal dermal fibroblasts were exposed to cholera

toxin, they displayed a concentration dependent increase in prolyl
hydroxylase activity (Fig. 8.2). A significant increase, 25%, was seen

at 10 ng/ml cholera toxin. The largest incease was seen in the

presence of 50 ng/ml cholera toxin. At 100 ng/ml, the activity was

almost the same as controls, and at 300 ng/ml, the activity was only

about 70% of the control. This decrease may be due to the reported

(61) cytotoxicity of high levels of this substance. The reason for the

toxicity was not examined in my experiments. The increase in prolyl
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hydroxylase was abolished by inhibitors of PADPRS (Table 8.2).
These observations suggest that PADPR may be involved in the
modulation of prolyl hydroxylase by cholera toxin.

There are no other reports on the effect of PMA and cholera toxin on

the levels of prolyl hydroxylase. These studies support the
hypothesis that PADPR plays a role in the modulation of prolyl
hydroxylase.
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Fig. 8.1 Phorbol ester (PMA) markedly increased the activity
of prolyl hydroxylase at 50 ng/ml
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Table8.1TheE■■ ectof
PADPRSInhibitors
onthe

Modulation
ofProlylhydroxylase
byPhorbolEster. TreatmentProlylHydroxylaseActivity

%
Change
%
Change

10-4x
d.p.m.*HHO/mgproteinovercontrolovertreated”

Control2.62+0.26
--

Ascorbate,0.3mM3.41+0.45+30 Ascorbate,0.3mM2.95+0.07
+13-13 +

3-Aminobenzamide,
2.0mM Ascorbate,0.3mM+2.68+0.12+2-21 Phorbolester,66.5nM3.793:0.45

+45 Phorbolester,66.5nM2.72+0.23
+4-28 +

3-Aminobenzamide,
2mM Phorbolester,66.5nM2.18+0.24

-17-42 +

6-Aminonicotinamide,
2mM Phorbolester,66.5nM2.66:0.23

-2-30
6-Aminonicotinamide,
2.0mM +

Benzamide,
2mM

%



Confluentculturesweretreatedfor24hwiththeindicatedadditivesandprolylhydroxylaseactivitydetermined
as
described
inPhorbolester,66.5nM3.04+0.27

+16-20
+Nicotinamide,
1.0mM Phorbolester,66.5nM2.61+0.19

0
-

-33 +

Theophylline,
1.0mM Phorbolester,66.5nM2.46+0.09

-6-35 +
2-Acetylpyridine,
1
mM Phorbolester,66.5nM2.93+0.18+12-23 +

Thymidine,
1
mM theMethods.
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Fig. 8.2 Cholera toxin (CT) dramatically increased the
activity of prolyl hydroxylase at 50 ng/ml
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Table8.2:CholeraToxinIncreasesProlylHydroxylase. TreatmentProlylHydroxylaseActivity
%
Change%

Change

10-4x
d.p.m.3HHO/mgproteinovercontrolOvertreated

Control2.62+0.26
--

Choleratoxin,50ng/ml3.48+0.17+33 Choleratoxin,50ng/ml2.74+0.18
+5–21 +

3-Aminobenzamide,
2.0mM Choleratoxin,50ng/ml2.72+0.23

+4–22
6-Aminonicotinamide,
2.0mM Choleratoxin,50ng/ml2.89+0.18

+10–32 +

Benzamide,
1.0mM Choleratoxin,50ng/ml2.794-0.34

+6–20 +

Nicotinamide,
1.0mM

-

Choleratoxin,50ng/ml2.37+0.12
-10-32 +

Theophylline,
1.0mM Choleratoxin,50ng/ml2.43+0.15

-7–30 +
2-Acetylpyridine,1.0mM

2



Choleratoxin,50ng/ml2.45+0.34
+

Thymidine,
1.0mM Experimentalconditionswerethesameas

described
inthelegendtoTable
1.
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Chapter 9. The Inhibitor of Protein Kinase C Affected on Prolyl

Hydroxylase Activity

PMA and cholera toxin are not only stimulators of PADPR (71,72,74),

but they are also activators of protein kinase C (PKC) (73). Many

experimental results point to the central role of PKC as a regulator of
cellular processes. Its activation is a crucial event in transmembrane

Signalling of numerous extracellular stimuli (86). PKC is also

considered to be the receptor for PMA which can bind to the

diacylglycerol binding site and directly activate PKC without the

requirement of phosphorylation (87,88).

Effect of Inhibiting PKC on Prolyl Hydroxylase Activity: In order to

examine if PKC participates in the regulation of prolyl hydroxylase,

an inhibitor of PKC, 1-(5-isoquinolinylsulfonyl)-2-methylpiperazine

(H-7) (ISO) (89) was used in conjunction with ascorbate, PMA and
cholera toxin in confluent cultures of neonatal dermal fibroblasts. As

Seen in Table 9.1, the inhibitor blocked the increase in prolyl

hydroxylase induced by all three stimulants.

These results suggest that PKC may be involved in the modulation of

prolyl hydroxylase.

63



Table9.1:ProteinKinase
Cis
Involved
inthe
Modulation
ofProlylHydroxylase. TreatmentProlylHydroxylaseActivity

%
Change
%
Change

10-4x
d.p.m.3HHO/mgproteinovercontrolovertreated

Control2.10+0.17
--

Ascorbate,0.3mM3.68+0.22
+75 Phorbolester,66.5nM3.35+0.34

+60 Choleratoxin,50ng/ml2.82+0.49
+34 PKCInhibitor*,

50puM1.55+0.06
-27

Ascorbate,0.3mm1.90+0.19
-10-48 +

PKCInhibitor,50puM Phorbolester,66.5nM1.81+0.24
-15-47 +PKCInhibitor,50puM Choleratoxin,50ng/ml1.86+0.23

-12-44 +
PKCInhibitor,50um

*

1-(5-isoquinolinylsulfonyl)-2-methylpiperazine.Experimentalconditionsaredescribed
inTable
1
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Chapter 10: The Inhibition of ADP-ribosylation of G-protein Affect

Prolyl Hydroxylase Activity.

PMA and cholera toxin markedly increase the activity of prolyl

hydroxylase. The effects of PMA and cholera toxin are also involved

in the G-protein transduction signalling pathway (90). The

Stimulation of G-protein mediated signalling pathways in the

presence of PMA and cholera toxin is confirmed by the abolition of

the effects of these agents by pertussis toxin. PertusSiS toxin

interferes with G-protein function by catalyzing the ADP-ribosylation
of the o-subunit of Gi-protein (Gio) (60). This decreases the ability

Of this G-protein to interact with its receptor. In contrast, the ADP
ribosylation of Gso by cholera toxin results in the stimulation of G

protein transduction activities mediated by receptors (58). The

inhibition of biological events induced by cholera toxin suggests the

involvement of the G-protein transduction pathway. Because we

Observed the modulation of prolyl hydroxylase by cholera toxin and
PMA, both of which cause cellular changes involving the signalling

pathway, we examined the participation of G-protein in the

modulation of prolyl hydroxylase.

Effect of Pertussis Toxin on the Increase in Prolyl Hydroxylase in the
Presence of Ascorbate, PMA and Cholera Toxin: Fibroblasts were

exposed to 50 ng/ml PMA, or 50 ng/ml cholera toxin. As seen in

Table10.1, both of these agents markedly increased the activity of

prolyl hydroxylase. Pertussis toxin (25 ng/ml) abolished the increase

induced by these agents. In order to determine if similar
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mechanisms are involved in the stimulation of prolyl hydroxylase by

aScorbate, the effect of pertussis toxin was examined in fibroblasts
treated with 0.35 mM ascorbate. As seen in Table 10.1, the effect of

ascorbate was also abolished by pertussis toxin.
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Table10.1:Involvement
of
G-Protein
inthe
Modulation
ofProlylHydroxylase. TreatmentProlylHydroxylaseActivity

%
Change
%
Change

10-4x
d.p.m.3HHO/mgproteinovercontrolovertreated

Control2.62+0.26
--

Pertussistoxin,25ng/ml2.12+0.22
-19

Ascorbate,0.3mm3.41+0.45+30 Ascorbate
+
Pertussistoxin,25ng/ml2.67+0.13
+2–26 Phorbolester,66.5nM3.793-0.45+45

-

Phorbolester+
Pertussistoxin,25ng/ml2.22+0.28
-15-42 Choleratoxin,25ng/ml3.80+0.34+45

-

Choleratoxin
+
Pertussistoxin,25ng/ml2.28+0.30
-13–40

Experimentalconditionsaredescribed
inthelegendtoTable
1.
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Chapter 11: Discussion

Collagen synthesis plays an important in the wound healing process.

It modulates biological behavior of cells and determines the major

biomechanical properties of all tissues. The hydroxylation of proline

by prolyl hydroxylase is a crucial step in collagen biosynthesis (91).

The activity of prolyl hydroxylase usually reflects the potential of
collagen synthesis and has been shown to increase in conditions

where elevated amounts of collagen are produced (92), for example,

in inflammation, aging, cell proliferation, ascorbate, tissue

Oxygenation, certain superoxide-generating drugs including

Bleomycin (6,28) and paraquat (18). The mechanism by which these

Stimulations take place is not clearly understood.

Since the original observations of PADPRS by Chambon et al. (93,94),

Several roles have been proposed for this enzyme (95-98). It was

shown that poly ADP-ribose synthesis correlates with the

differentiation of chick mesodermal cells into chondrogenic cells.

PADPRS was observed to be increased in differentiating amphibian

OOcytes (93), and in mouse ova (94). This enzyme activity was

also detected in the rat brain at all stages of development (95).

Previous studies in this laboratory have shown that increased

activity of prolyl hydroxylase and production of collagen occurs in

response to environmental toxins, such as ozone (30),

benzo(a)pyrene (99), or superoxide-generating drugs such as
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Bleomycin (28). The increase in prolyl hydroxylase was accompanied

by an increase in PADPRS in these experiments.

PADPR is a necessary component in the control of gene expression,

cell differentiation, tissue development and repair (98), and this

reaction is also a link between genetic (gene expression) and

epigenetic (temporal programmed gene expression) mechanisms
(19,100,101).

Our present observations, that fibroblasts prolyl hydroxylase activity

is regulated by PADPRS during different stages of proliferation, as

well as in the stationary phase, are consistant with gene expression

(19). While genes for prolyl hydroxylase are present in fibroblasts at

all stages of proliferation, they are not maximally expressed at each
Stage except in the presence of superoxide generators (such as

aScorbate, phorbol ester etc.) which act as the switching mechanism.

The constitutive levels of prolyl hydroxylase were increased
dramatically by ascorbate between the initiation of the proliferative

stage and confluence, and this increase was abolished by PADPRS
inhibitOrs.

While genetic mechanisms deal with the transfer of genes between

parent cells and their progeny, epigenetic mechanisms regulate the

temporal and spatial aspects of gene expression as a part of tissue

differentiation and morphological development. According to the

above mechanisms, this increased prolyl hydroxylase activity is an
example of epigenetic control. Therefore, we examined the effects
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of PADPRS on the prolyl hydroxylase activity in human fetal, neo
natal and adult skin fibroblast cultures. If PADPRS is a part of the

regulatory pathway for collagen and prolyl hydroxylase, its activity

should be modulated by agents that can increase collagen synthesis.
Ascorbate is an oxygen free radical generator and it increased
collagen synthesis and prolyl hydroxylase activity in fibroblast
cultures (32,33). We examined the effect of ascorbate on PADPRS

activity in cultures of neonatal human (foreskin) fibroblast. As seen

in Fig.5.1, PADPRS activity was increased by 50% within 30 minutes

after exposure to 0.35 mM ascorbate. The expected increase in prolyl

hydroxylase activity was observed on addition of ascorbate to
neonatal human dermal fibroblast, IMR-90, and adult fibroblast

culture, as seen in Table 5.1. This stimulatory effect of ascorbate on

prolyl hydroxylase activity was abolished by inhibitors of PADPRS in
all cells. These results demonstrate that PADPRS is obviously

involved in the regulation of prolyl hydroxylase activity, and

furthermore, that it also controls collagen synthesis. These findings
may explain how PADPR caused by different conditions which have a

common feature, the so-called "pro-oxidant" state. These results may

also provide a possible mechanism for PADPRS modulation of prolyl

hydroxylase activity and collagen synthesis at the epigenetic level.

The marked decrease of prolyl hydroxylase activity by PADPRS

inhibitors suggests a key site for the regulation of collagen synthesis,

and it may explain the differences of prolyl hydroxylase activity in
fibroblast derived from fetal and adult tissues.
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Ageing is considered another biological factor that regulates cell
differentiation, macromolecular turnover and tissue repair (7).

Collagen synthesis is down-regulated as part of the aging process.

According to Uitto (8), the highest rates of collagen synthesis are

observed in fetal skin and decrease with age. The activities of prolyl
hydroxylase involved in the post-translational modulation of collagen

were also similarly decreased in ageing human skin (102). Hence,

studies on PADPR may help us in understanding the mechanisms

involved in the molecular alterations, specifically in PADPR

modification as a control of chromatin conformation and gene

transcription occurring as part of the aging peocess. Thakur and

Prasad (45) reported their findings on the ADP-ribosylation of HMG

protein and its modulation by different effectors in the liver of

young and old rats. They find a decrease in ADP-ribosylation of
HMG proteins in old age. Similar results were reported by Bizec

(103) that poly ADP-ribose levels decrease with aging. Our results

Suggest a possible mechanism to explain the down-regulation of

collagen synthesis in aging.

My studies also provide a mechanism for the difference in fetal and

adult wound healing. It has been suggested that fetal wound

healing may not involve collagen synthesis and may instead depend

On the deposition of a proteoglycan-rich matrix as a template for

subsequent tissue reconstruction (104). However, my present

observations suggest that fetal cells are rich in prolyl hydroxylase, an

important component of collagen synthesis. This is consistent with
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the highly dynamic state of fetal tissue and the higher rates of

macromolecular turnover. The decrease in enzyme activity after 20

W gestation suggested that mechanisms related to aging in the

Context of collagen synthesis and wound healing may be initiated
during gestation. These is a specific point at the 20 w gestational

landmark, which represents a remarkable changes in cell biological

behavior, related to collagen synthesis. A transition from the fetal to

the adult type of wound healing in human may occur at that time.

In order to stimulate PADPRS in modification of protein, such as,

collagen synthesis, the enzyme activity must be increased by some

inducing agents. Ascorbate is an oxygen free radical generator and

Our studies show that it can induce increased PADPR. Our previous

studies showed that prolyl hydroxylase activity and collagen
Synthesis were stimulated by active oxygen (O27) in lung fibroblasts

(30) and in hepatocytes (17). Our present experiments with

fibroblasts from fetal skin of various gestational ages, showed that
the cells did not require ascorbate to activate prolyl hydroxylase
before 20 w gestation. This is in marked contrast to the observation

that post-natal and adult tissues and cells appeared to have a strict

requirement for ascorbate for the stimulation of prolyl hydroxylase

activity (105).

The stimulation of PADPRS activity by PMA (39), and cholera toxin

(58) has been well documented. In order to study the role of PADPR

in the regulation of prolyl hydroxylase, we examined enzyme activity

in the presence of these agents. The results of this experiment
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showed that PMA and cholera toxin increased prolyl hydroxylase in a

concentration dependent manner (Figs 7.1 and 7.2), and this increase

was abolished by inhibitors of PADPR (tables 7.1 and 7.2).

PMA and cholera toxin also participate in generating active Oxygen as

suggested by Cerutti (71,72) and Konno et al. (68). Cerutti's

observations showed that PMA stimulated the level of PADPRS by

active oxygen in mouse and human fibroblasts. Similar results were

reported by Singh, that PMA induced the PADPR mediated at least in

part by active oxygen e.g. superoxide in human epidermal carcinoma

A431 cells (40). Cholera toxin, c-AMP and superoxide enhanced the

expression of cell-surface antigen on W31 rat fetus transformed
fibroblasts by the same mechanisms (106). These observation may

explain the effect of PMA and cholera toxin on PADPR through the

SO-called "pro-oxidant" state mechanism.

The effects of PMA and cholera toxin on PADPR have been well

established (41). PADPRS in this reaction is a link between external

signals and gene expression (34,35). This enzyme is also a specific

substrate for PKC in the phosphorylation of proteins (107). Both
PMA and cholera toxin are known as PKC Stimulators. PKC acts

through the activation of cyclic nucleotide-dependent signalling

pathways (108). These mechanisms are involved in the modification

of membrane-bound G-protein by PKC. However, pertussis toxin
interferes with the mechanism of PKC modulation of G-protein by

ADP-ribosylating the inhibitory G-protein(Gi), wherease, PMA and

cholera toxin catalyze the stimulatory G-protein (Gs). In this case,
pertussis toxin is regarded as evidence for the participation of G
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protein and PKC in the signalling pathway (60). In order to examine

if G-protein and PKC-mediated mechanism may play a role in the

modulation of prolyl hydroxylase, we studied the effects of pertussis
toxin in the presence of ascorbate, PMA and cholera toxin. The

results showed that pertussis toxin abolished the stimulation of these

agents on prolyl hydroxylase. These observations support the

involvement of G-protein-mediated signalling pathways in the

modulation of prolyl hydroxylase.

PKC plays an important role in the G-protein mediated signalling

pathway and is also a major factor of growth control in the wound

healing processes (69). PKC is directly activated by PMA and acts as

a receptor for the tumor promotor (73). I used H-7, an inhibitor of

PKC to block the stimulatory effects of ascorbate, PMA and cholera

toxin on prolyl hydroxylase. As seen in Table 9.1, this examination

Supported the participation of PKC in the modulation of prolyl

hydroxylase activity.

Since cholera toxin and pertussis toxin catalyze different sites of G

protein (Gs and Gi) by PADPR, the inhibitors of PADPRS may also

block the regulation of prolyl hydroxylase activity by the G-protein

related signalling pathway (Table10.1.). Inhibitors of PADPRS
abolished the effects of both cholera toxin and pertussis toxin on

prolyl hydroxylase. These observations confirmed the role of G

protein-mediated signalling pathway in the modulation of prolyl

hydroxylase activity.
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Summary

These studies suggest that PADPR is involved in the modulation of

prolyl hydroxylase. This may explain the changes in the synthesis of
collagen as part of repair and remodeling. In addition, Our

observations also implicate the G-protein and PKC-mediated

signalling pathways in regulation of prolyl hydroxylase activity.

My studies indicate that prolyl hydroxylase is subject to epigenetic

control which is consistent with the idea that wound healing involves

renewed ontogeny in the affected tissues. These studies also reveal

that the pro-oxidant state of cells is modulated by pathobiological

conditions including acute and surgical inflammation. However,

chronic inflammation may not act through these regulatory

pathways.

Our Observations may also explain the decrease in collagen synthesis
and tissue repair in aging and in chronically inflammed tissues.
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