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(ABSTRACT)

The vitamin K-dependent family of proteins (VKDs) include prothrombin, factors
VII, IX, and X, and protein C (hPC) is synthesized in the liver and act to maintains
normal hemostasis. such as properly regulated clotting. An imbalance of any of these
pro- or anti-clotting proteins result in hemophilia or disseminated intravascular clotting
diseases. Therefore, these proteins have a significiant therapeutic value. Many of these
proteins are not available in sufficient quantity due to the trace amounts found in plasma

and limitations encountered with downstream recovery.

Protein C, a major regulatory protein of thrombosis and hemostasis, has a potent
anticoagulant activity and can be used as an anti-thrombotic agent. The technology for
isolating hPC from human plasma is challenged by; (1) its low concentration in plasma,
(2) the limited availability of plasma, (3) similar physicochemical characteristics among
VKD plasma proteases, and (4) the risk of transmitting viruses such as the human

immunodefeciency virus (HIV).



This work focuses on the isolation of protein C from alternative sources for the
large-scale production and downstream recovery of highly purified and biologically active
hPC. The partial characterization of the protein with respect to post-translational
modifications which are essential for functionally active, was also evaluated. Several

studies were undertaken:

1. Cohn Fraction IV-I, an off-line discard stream during traditional plasma
fractionation process is introduced as an affordable sﬁﬁng material for the large-scale
production of hPC. More than 90 percent of the total protein C antigen detected in the
various Cohn fractions was found to reside in fraction IV-I. The protein C isolated from
Cohn IV-I paste using a metal-dependent monoclonal antibody to hPC was found to be

biologically active.

2. Recombinant production of hPC in the milk of transgenic pigs, achieved by
targeting the synthesis of the protein to the mammary gland, is presented as a model
bioreactor system for the synthesis and downstream recovery of complex human proteins.
Two major populations of biologically active recombinant hPC (thPC) were detected and
immunopurified by employing conformation specific metal-dependent monoclonal
antibodies in the immunopurification process. A high performance thin layer
chromatography method was also developed for the detection of total carbohydrate

compositions in protein C.
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CHAPTER ONE

BACKGROUND



INTRODUCTION

Applications of the advanced techniqus in biotechnology have faciliated the
production of many therapeutic proteins with high product purity, safety, and maximum
recovery even reducing the product cost in many cases. Two main developments in
biotechnology; development of monoclonal antibodies and genetic engineering, have
allowed a rapid development in other areas of biotechnology such as the culture of plant
and animal cells, protein structural modifications, and new bioreactors including
transgenic animals. Biotechnology is not a single but a multidiciplinary subject requiring
a wide range of science and engineering inputs. The work presented here searching for
the possible potential sources for the production of an vitamin K-dependent (VKD)
human therapeutic, protein C covers most of the multidiciplinary requirments and the

facination and excitment of biotechnology.

The protein of interest, protein C, is a VKD zymogen of serine protease that
functions in the regulation of natural anticoagulant pathway and is an important protein
in hemostasis. Due to the limitations encountered with biosynthesis and downstream
processing, protein C is not available in large quantities like many other trace plasma
proteins. The problems associated with large-scale production of protein C to use as a
therapeutic product include its low concentration in plasma, similar physicochemical
characteristics among VKD plasma proteases, and risk of viral contamination. Although
the development of immunoaffinity chromatography techniques made it possible to achive

maximum recovery and purity of the trace plasma proteins, testing the potential clinical



applications of protein C is restricted because of the lack of availability of sources other
than plasma would give highly purifed and biologically active protein C concentrates in

large quantities.

The pupose of this research is to investigate the alternative starting materials for
the large-scale production of biologically active protein C using the developments in
immunoaffinity chromatography and transgenic animal bioreactor systems. As the
charcaterization of this highly complex protein requires a good understanding of the
structure-function relationships, a brief description of the following topics are included

in this introductory section;

Biochemical characteristics of VKD proteins.
Protein C and regulation of coagulation.

Clinical importance of protein C.

Recombinant production of protein C.



BIOCHEMICAL CHARACTERISTICS OF VKD PROTEINS

Vitamin K-dependent family of proteins (VKDs) including Prothrombin (Factor
II), Factors VII, IX, and X, protein S, and protein C are synthesized in the liver as
inactive zymogens and require vitamin K for their bisynthesis (1, 2). They are necassary

for the regulation of blood coagulation (see Fig. 1).

VKD proteins show distinct squential and structural similarities, and posses
common physicochemical features (2, 3). During their biosynthesis, vitamin K functions
in a posttranslational step in which glutamic acid (Glu) residues in a small segment of
polypeptide near the amino-terminal end are modifed to gamma-carboxyglutamic acid
(Gla) residues. Presence of Gla-domain distinguishes VKD proteins as a separate group
from other plasma proteins and is required for the Ca’*-dependent binding of VKD
proteins to negatively charged membrane phospholipids and biological activity (4-10).
Several of VKD proteins also have homology to the epidermal growth factor precursor

(EGF domain) and squential homology in their serine protease domains (11) (see Fig. 2).

B-hydroxyaspartic acid is formed by the posttranslational hydroxylation of aspartic
acid residues in VKD proteins including protein C (12) and Factors X and IX (13). No
evidence has been found that this modification is a vitamin K dependent process (14, 15).

Originally it was thought metal binding occurs only in the Gla domain of VKD proteins.



However it has been found that Gla-domainless protein C and Factors IX and X all bind
Ca®* with high affinity indicating the presence of additional binding sites which may

include B-hydroxyaspartic acid (13-14, 16-21).

An imbalance of any of these pro- or anti-clotting proteins result in hemophilia
or disseminated intravascular clotting diseases (22-23). Other disease states, such as
heart attack, toxin shock syndrome (blood poisoning), and plumonary embolism resulting
from surgical or other trauma are all complications arising from an imbalance of one or
more of these proteins. Therefore, proteins of these type have a very vital therapeutic

value.

PROTEIN C AND REGULATION OF COAGULATION
tructural Feat f Protein

Protein C, a member of VKD family of plasma proteins exists in plasma as an
inactive zymogen at a concentration of 3-4 mg/lt (2, 24). It is synthesized in the liver
as a 461-amino acid precursor protein (see Fig.3). Removal of the signal squence and
the 42-amino acid propeptide occur by multiple proteolytic cleavages of the polypeptide
backbone (25). The single polypeptide chain ends up as a two-chain molecule by the
removal of Lys'**-Arg!”’ dipeptide by an unknown proteinase (26). A single disulfide
bond holds the heavy chain of apperant molecular weight (Mr) 41 kDa (kilo dalton) and

the light chain of Mr 21 kDa together (27-28). However this posttranslational step in the



production of two-chain protein C molecule is not complete and 5-15 % of plasma
protein C circulates as single chain (29). The amino acid squence of the amino terminus
(NH2-terminal) of the light chain is homologous with the NH2-terminal squence of the
other VKD plasma proteins (28) including Factors VII (30), IX prop), X (31), protein

S (31-32), and protein Z (33).

The three complex N-linked (aspargine) glycosylation sites occur during
posttranslational modifications of aspargine residues of Asn-X-Ser/Thr squence at
postions 97, 248, 313 (see Fig.PC molecule). At the fourth N-glycosylation site of
Asn329, a cystein replaces the usual Ser or Thr (34-35). The O-linked carbohydrates
(serine, threonine) have not been detected. Carbohydrate content of protein C is reported
as 19 % (36) to 25 % (34-35). The o-toluidine HPTLC method for detection of
carbohydrates in protein hydrolysates has shown the reducing sugar composition of hPC
as 5.2, 8.3, and, 10.0 galactose, mannose, and hexosamine respectively as mol/mol of

protein. No galactosamine was detected (37).

The vitamin K-dependent gamma-carboxylation occurs at the first nine glutamic
acid residues in the NH2-terminal of light chain (25, 28, 38). The Ca’* binding
charcteristic of Gla residues supports the binding of the protein C to membrane
complexes with high affinity and they are required for the biological activity (39-40). In

addition, protein C contains ane b-hydroxaspartic acid residue at position 71 (41) that is



belived as an additional Gla-independent Ca2+-binding site (42) and 12 interchain

cystein (S-S) disulphide bonds.

About 30 % of human protein C appears to be smaller by 4 kDa (8-protein C)
than the major population (e-protein C). The difference has been reported due to Asn*”

not beeing glycosylated in B-protein C (43).

Protein C Activation and Regulation of Coagulation

Protein C is functions in the in the regulation of natural anticoagulant pathway
once activated to a serine protease, activated protein C (APC). Rapid activation of
protein C occurs on the endothelial cell surface by thrombin in complex with
thrombodulin (44-46) as a result of cleavage of the Arg'®-Leu'™ bond and 12 amino acid
peptide is relesed from the NH2-terminal of heavy chain. Protein S, also a VKD protein
acts as a cofactor in the protein C activation an is required for the high-affinity
membrane interactin of activated protein C. APC has anticoagulant activity and inhibits
clot formation by inactivating procoagulant factors VIIla and Va proteolytically (2, 46,
47-49) (see Fig.1) which are essential for the function of factors IXa and Xa, two
coagulation proteases. Thus, the generation of thrombin from prothrombin and fibrin

clot formation process is shut down.

CLINICAL IMPORTANCE OF PROTEIN C



Clinical and biochemical observations have proved that protein C plays a central
role in the regulation of blood coagulation once converted to its active form and both
forms have a variety of therapeutic uses. Clinical studies have confirmed the link
between hereditary protein C deficiency and thrombosis after the discovery of a family
with recurrent thrombosis whose members were congentially deficient in protein C (50).
After this initial discovery in 1981, a lot of families with thromboembolic diseases
related to protein C deficiency have been reported (51).

There are also several reports indicating the association of decrease protein C antigen
levels with disseminated intravascular coagulation (DIC) and chronic liver disease (22-
23).

In healthy indivuduals, plasma protein C antigen levels and protein C functional
activities are directly correlated. However, in pateints experiencing thrombotic
complications, protin C antigen levels were found normal while functional actvities were
half of the normal level compared to healthy individuals (52-53). In addition, patients
with acute severe venous thrombosis that is a frequent complication following joint
replacement surgery have been found about 50 % low in their protein C antigen levels
as well as protein C activation peptide together with a two fold increase in in
prothrombin activation peptide (54). This observations suggest the association of protein

C deficiency with excessive generation of thrombin.

Factor IX complex, a mixture of VKD proteins rich in prothrombin and Factor X,



is the only licensed product in The United States for hemophilia B therapy in patients
experiencing Factor IX deficiency (55-56). Although it causes no major problems to
treat or prevent various hemorragic episodes of combined clotting factor deficiencies
including protein C, when used in large quantities for long periods of time some life-
threatening thrombogenic complications in addition to the transmission of viral hepatitis
may occur (57). The current treatment for homozygous protein C deficiency includes
the usage of plasma followed by the administration of warfarin to prevent thrombotic
conditions and in many cases it also causes similar and many other complications.
Replacement of present therapies with purified protein C and variety of other clotting
diseases with activated protein C (see Table 1) would provide highly desirable options

to the clinical medicine (58).

RECOMBINANT PRODUCTION OF PROTEIN C

Recombinant DNA technology has facilated the isolation and cloning of variety
of genes encoding many medically important proteins, such as protein C (36, 41, 59) and
Factor IX (60), permitting the expression of recombinant proteins in cultured mammalian

cells.

Because of the highly complex post-translational modifications involve in synthesis
of VKD proteins including protein C, attempts to the express functionally active

recombinant protein C (rthPC) in cultured bacterial or mammalian cell lines have resulted



either partially active or inactive products in most cases (39, 41, 61). Although an
adenovirus-transformed cell line was engineered to synthesize fully modified and
biologically active rthPC (36), 10-20 ug/ml or less expression level is not considered to
be commercially viable. Further studies to increase the production rates have resulted

decrease in biological activity (39).

Protein C Production in the Mammary Gland of Transgenic Animals

By using the techinque of pronuclear microinjection (62), it is now a reality to
direct therecombinant expression of many heterologous proteins to a specific body tissue

in a ’transgenic animal’ producing an alternative bioreactor system.

Since most proteins of therapeutic interst are naturally secreted into renewable
body fluids, harvesting them from body fluids are more desirable than the solid tissue.
Although targetting the expression of a specific protein to liver or kidney of transgenic
animal for the production of recombinant protein in the blood stream is possible, limited
amounts of plasma available and risk of transmitting infectious diseases would make the
process inconvenient for large-scale production purposes. In addition, high expression

levels of active proteins may cause serious health problems to the animal (63).

Presently the best approach for recombinant production of many complex human

10



proteins appear to be the production of transgenic animals by targetting the synthesis of
the protein of interest to the mammary gland such that the transgene protein is secreted
into the milk of transgenic host. Milk is available in large quantities and mammary gland
naturally express a variety of post-translationally modified milk proteins at extremely
high levels and already has the enzyme machinary to process the transgenic proteins with
similar modifications. For example mammary epithelial tissue naturally performs N-
glyosylation (63), one of the most significant posttranslational modification in the
production of therapeutically usefull recombinat protein, and has the potential to modify
the heterologous proteins at high rates (64-65). In recent years it has been proven that
transgenic livestock could be used for the large scale production of foreign proteins (63,

66-67).

The VPI-ARC Transgenic Animal Bioreactor Group has focused upon the
synthesis and downstream recovery of hPC as a model for the production of complex
human proteins in the milk of large transgenic animals generating an alternative

bioreactor system.

Transgenic mice have been employed as the model system to evaluate the genetic
construct. Mammary tissue specific expression of thPC was obtained using murine whey
acid protein-hPC hybrid gene (WAPPC1) (see Fig. 4) (68). After having biologically

ative recombinant protein C in the milk of transgenic mice, pronucleus of fertilized pig

11



emryos had been microinjected (69-71) with the same construct at one-cell stage and pigs
carrying the WAPPC1 gene were identified. Expression levels as high as 260 ug/ml
milk were obtained and it was possible to isolate 90 % or more pure, biologically active

recombinant protein at 90 % and higher production yields.

The results of the present work which is discussed in details in the prceeding
chapters, thus far show that mammary gland of transgenic pig has the potential to
produce highly complex proteins such as protein C in biologically active form and at
commercially significant levels. Further characterization such as amino acid sequencing
identification of charbohydrafe structure will be required to identify the rate limitations
leading the posttranslational modifications and to judge the therapeutic value of the

recombinant product.
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TABLE 1
CLINICAL USES FOR PROTEIN C AND ACTIVATED PROTEIN C

Protein C q
Purpura fulminans neonatalis

Warfarin-induced tissue necrosis

Activated protein C
Heparin-induced thrombocytopenia3
Septic shock 4
During fibrinolytic therapy 3
Angioplasty 6
Anstable angina’

1 A thrombotic condition observed in homozygous protein C deficiency charcacterized
by microvascular thrombosis in the skin. Thrombotic damage occurs in the central
nervous system. 2 Thrombosis in the skin venules during oral anticoagulant therapy.
3,4,5, 6,7 Patient needs an anticoagulant to prevent the intravascular coagulation and
the irregular consumption of clotting factors. (Adapted from Reference 58)
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(Reprinted from Reference 11)
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CHAPTER TWO

AN O-TOLUIDINE HPTLC METHOD FOR THE
DETECTION OF CARBOHYDRATES IN PROTEIN HYDROLYSATES

TULIN MORCOL AND WILLIAM H. VELANDER
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