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INTRODUCTION

Eucaryotic cells contain a large amount of protein-bound phosphate(lx
The proteins are generally synthesised first and phosphorylated later by
protein kinases. Dephosphorylation by phosphoprotein phosphatases removes the
covalently-bound phosphate. The biological activity of many proteins has been
shown to be affected by such reversible phosphorylation and regulatory
phosphorylation has come to be considered as one of the maln principles of

metabolic regulation.

Regulatory Phosphorylation

The first enzyme which was reported to be regulated by phosphorylation was

(2)

glycogen phosphorylase in 1855 Since then research has revealed that
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Fig. 1. The regulation of pyruvate kinase in liver. The enzyme is a tetramer
where each monomer can be phosphorylated ( ). The active monomer is denoted
by (Q). Fructose 1,6-diphosphate (F 1,6-dP) is an allosteric activator of
both forms of the enzyme.
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protein phosphorylation / dephosphorylation provides a reversible regulatory
mechanism that can respond to the needs of the organism faster than the
organism can synthesise or degrade proteins and which is a complement to
allosteric regulation by small metabolites. Fig. 1 shows the regulation of
liver pyruvate kinase which, when phosphorylated, has only 10% of the

(3). The allosteric effectors

catalytic activity of the unphosphorylated form
‘fine-tune’ the activity of the enzyme either in its phosphorylated or
unphosphorylated forms.

The protein kinases used in our experiments transfer the y-phosphate group
from magnesium adenosine triphosphate to a serine or threonine residue in the
substrate protein. Protein kinases A and C (cyclic AMP-dependent protein
kinase and the calcium- and phospholipid-dependent protein kinase,
respectively) recognise basic residues around the phosphoacceptor site, while
casein kinases I and II (S and TS) prefer acidic residues. The first two
kinases are found ubiquitously in mammals with especially high concentrations

in platelets(4{

While all four enzymes are expressed intracellularly, there
have been reports of casein kinase II activity on the outside of cell
membranes(S) and protein kinase A has been reported to be secreted by

thrombin-activated platelets(sx

Evidence for extracellular phosphorylation

)

7,8 . . (9
), fibronectin and

Some extracellular proteins, such as fibrinogen(
complement S protein (vitronectin)HO) are also known to contain
covalently-bound phosphate groups. In these cases, it is not known whether
the proteins are completely phosphorylated before secretion or whether the
phosphorylation occurs extracellularly, but it is certain that the
phosphorylation must have some functional significance. By analogy to the
known intracellular regulatory role of protein phosphorylation/ dephos-
phorylation it seemed to us possible that regulatory phosphorylation might
also occur extracellularly in blood. The coagulation/fibrinolytic and
complement activation systems are certainly complicated enough to warrant the
extra level of control.

There have been earlier sporadic reports of protein kinase activity and

(11-16)

protein phosphorylation in plasma while other researchers have

established the existance of membrane-bound extracellular protein kinases on

. (17-20)
various cells .

Platelets, as well as being rich in protein kinases,
store molar quantities of ATP in their dense granules(21) which are released
together with the kinases when they are activated by thPombin(S). The
concentration of the released ATP has been measured at 20 uM during

(22)

haemostasis Alkaline phosphatase, a broad-specificity phosphoprotein

phosphatase, is also found in plasma and extracellularly on the membranes of
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endothelial cells. Therefore, there are kinase and phosphatase activities in
the blood, and high local concentrations of ATP sufficient to sustain protein
phosphorylation - but what of the protein substrates?

Enzymes regulated by phosphorylation/dephosphorylation generally occur at
the beginning or the end of a metabolic pathway. We chose to look at
fibrinogen and complement factor C3 because they are at the end of the
coagulation cascade and the first stage of the complement activation pathway,
respectively. If regulatory phosphorylation occurs in these systems, these
proteins are likely targets for phosphorylation and the phosphorylation

should alter their behaviour.

FIBRINOGEN

Fibrinogen (Mw 340,000) is a dimer, each half consisting of three
polypeptide chains. The molecular weight and amino acid sequence have been
determined for the different chains namely Aa (64,000, 610 aa), BB (57,000,
461 aa) and ¥ (48,000, 411 22)'® 3 The protein is stabilized by 28

internal disulphide bonds and contains 4% carbohydrate, present as neutral
(31,32)

hexoses, glucosamine or sialic acid , for reviews of the structure
e(mL33_37). Most, if not all of the protein is synthesized in
hepatocytes(aaag). Some fibrinogen is found in the a-granules of platelets,

but it is probable that fibrinogen is actually taken up by the platelets and

40). Fibrinopeptides isolated from both platelets

(36)

. (
stored in these granules
and liver show no differences in composition

(34:41) ,hd 80%

The plasma concentration is normally between 2.5 to 4 g/l
of the total fibrinogen is found in plasma. The plasma concentration is
determined by the rate of synthesis.

The half-life of the molecule in plasma is around 4-86 days(42). Fibrinogen
is an "acute-phase reactant" and the highest amount is found 3-4 days after
the onset of trauma or infection and the level remains elevated for 3 to 4
weeks. High levels of fibrinogen are also seen with some malignant diseases,
especially hypernephroma where the protein is retained in the capillaries due
to its molecular weight, while other proteins leak through the glomeruli. Low
levels of fibrinogen are mainly found in disseminated intravascular
coagulation (DIC) Y,

That fibrinogen from different mammalian species contains phosphate groups
was first demonstrated by Blomback(7) in 1962. It was found that fibrinogen
from human and other mammalian species contains around 1-2 moles of
covalently bound phosphate per mole fibrinogen. During the clotting process,

30 percent of the total phosphate is split off together with aSer3 in human
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fibrinopeptide A. Besides oSer3, oSer345 has also been found to be
phosphorylated in Vivo(qsk

As already mentioned, the rate of synthesis increases under acute phase
conditions and this is accompanied by an increase in the phosphate content of
Ser3 of the Ax-chain. Human foetal fibrinogen has been found to contain twice
as much phosphate as fibrinogen from adult blood(44), here both aSer3 and
aSer345 have higher amounts of phosphate. The foetal fibrinogen has a higher
affinity for thrombin and the fibrin gels are more transparent than those
from adult fibrinogen, indicating a smaller fibrin fibre thickness'*®. The
protein kinase(s) responsible for the phosphorylation in vivo are not known
at present.

Engstrom et a1(46) found that human fibrinogen is a substrate for protein
kinase A in vitro and, later, a Ca?+-stimulated protein kinase activity in
liver cell sap, and casein kinase TS were both found to phosphorylate fibrin-

ogen(yh48). Recently the probable sites for protein kinase C and casein

kinase TS phosphorylation in fibrinogen have been determined(49’sox

Fibrinogen is the substrate of two serine proteases, thrombin and plasmin.
Activation of the coagulation system leads tc the convertion of inactive
prothrombin into thrombin which cleaves off the A and B fibrinopeptides from
the amino-terminals of the «- and B-chains. This limited proteolysis converts
soluble fibrinogen into insoluble fibrin, which polymerises to form the fibrin
clot. Dissolution of the fibrin mesh is catalysed by plasmin which degrades
fibrin (or fibrinogen) into small peptides known as fibrin degradation
products. Partially plasmin-degraded fibrinogen is found in vivo. An overview

of the coagulation and fibrinolytic pathways is given in Fig. 2.

Changes in Fibrinogen’s Behaviour after Phosphorylation or Dephosphorylation

Fibrinogen phosphorylated by protein kinase C was reacted with thrombin
and the gelation was followed spectrophotomerically. The resulting gels were
consistantly found to be more translucent than gels from untreated
fibrinogen. The optical difference is partially due to inhibited lateral
growth of the fibre bundles in the phosphorylated sample(sLSZ), that is,
the extra phosphate groups added by the protein kinase interfere with the
side-to-side polymerisation of fibrin fibres into fibrin bundles, but not
with the end-to-end polymerisation of fibrin monomers into fibrin fibres.

Both protein kinase C-phosphorylated and untreated fibrinogen were
dephosphorylated with alkaline phosphatase from calf intestine, and then
reacted with thrombin. Both samples gave an increase in optical density during
gelation after the phosphatase treatment, confirming that the phosphate groups
play a role in determining the fibre thickness in the fibrin clot, and that

the effect of the phosphorylation of fibrinogen on gelation could be reversed
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Fig. 2. The coagulation and fibrinolytic pathways. Coagulation can be
initiated through either intrinsic or extrinsic routes. The extrinsic
activation depends on factors from the vessel wall or surounding cells while
in the intrinsic system all factors exists in unactivated states in plasma.
Fibrinolysis starts with an activation of plasminogen by different activator
proteins.
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by phosphatase treatment, both in the case of in vitro (32P)-phosphorylated

fibrinogen and endogenously phosphorylated fibrinogen(SS). Table 1 gives the
mass-length ratios of the fibrin fibre bundles resulting from the various

treatments of fibrinogen.

Table 1. Mass-length Ratios for Fibrin Fibre Bundles from various
Fibrinogens.
Control Fibrinogen Phosphorylated Fibrinogen
Alkaline
phosphatase - + - +
treatment
Mass—length_12
ratio (x 10 10.4 16.9 8.3 11.0

dalton/cn. )

Footnote: The mass-length ratios were calculated from the data given in%¥
. . s < )

and (unpublished) using the formulae given in

Experiments were then carried out to investigate whether there is any
protein phosphatase activity in the blood. Whole blood anticoagulated with
heparin, EDTA or citrate was incubated at 37°C with trace amounts (less than
0.5% of the total fibrinogen) of in vitro phosphorylated fibrinogen for
different times. Aliquots were then taken and the (32P)orthophosphate
released was determined. Up to 30% of the %2p_labelled phosphate in
fibrinogen was released after four hours with heparinised blood. With EDTA,
around 15% of the radioactivity was liberated while incubation with citrated
blood only released 5 % of the phosphate from (*°P)fibrinogen. The differing
amounts of 32? released might be explained by the chelating action of citrate
and EDTA, as magnesium and ions are essential for full phosphatase activity.
These results proved that there was a dephosphorylating activity in whole
blood, as if only serum or plasma was used no dephosphorylation was
obtained(ssx

Fibrinogen is one of the main targets of plasmin and contains loosely-bound
plasminogen. The degradation of fibrinegen in vivo is partly due to plasmin
activation. Therefore, we were interested to see if phosphorylation of
fibrinogen affected its susceptibility to plasmin proteolysis. Fig. 3 shows
the major plasmin digestion fragments from fibrinogen.

Fibrinogen was first phosphorylated with protein kinase C and then either
dephosphorylated with alkaline phosphatase or treated with the phosphatase
dialysis buffer. Thereafter the degradation of the protein with plasmin was
studied. Aliquots from reaction mixtures of fibrinogens degraded with

plasminogen activated by streptokinase, urckinase, or tissue plasminogen.
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Fig. 3. Plasmin digestion of fibrinogen. Plasmin cleavage is shown (Z)
beginning from the carboxy-terminal of the «-chain, where three small

peptides are released and the X fragment (mw =
X fragment is split into the first of two D fragments (mw =

250,000) is formed. Next,

the

100,000) and the

Y fragment. Finally, plasmin removes the second D fragment and the E fragment

(mw =

45,000) which is left consists of the tightly cross-linked amino-

terminal regions of the three peptide chains.

activator were separated on non-reducing polyacrylamide gels (7.5%) under

denaturing conditions,

stained and densitometrically scanned. The amounts of

fibrinogen fragments X, Y and D were expressed as a percentage of the total

stained protein in each lane, Fig.4.

It was found that the rate of degradation of fibrinogen with plasmin was

halved,

if fibrinogen was phosphorylated prior to the plasmin degradation.
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Fig. 4. Plasmin digesttion of human fibrinogen (phosphorylated and control)
after dephosphorylation by alkaline phosphatase. Control fibrinogen by (O},
phosphorylated sample by ( ), dephosphorylated control by (0) and
dephosphorylated sample by ( ). Solid lines represent the X fragment and
dashed lines represent the D fragment.

This change was, in contrast to the result from the thrombin gelation assay,
unaffected by the dephosphorylation of fibrinogen with alkaline phosphatase,
even though the dephosphorylation always exceeded 75% of the (32P)phosphate
incorporated. If unphosphorylated fibrinogen was dephosphorylated no change
in the rate of degradation by plasmin was seen. The same result was obtained
irrespective of the plasminogen activators used (streptokinase, urokinase or
t-PA}, or of the supplier of the fibrinogen (Kabi or Sigma)(54). These
results suggested that phosphorylation caused a conformational change in the
fibrinogen molecule making it less susceptible to plasmin. This
conformational change must remain even after the dephosphorylation of the
fibrinogen, as the plasmin degradation rate does not increase after the
dephosphorylation. To test this hypothesis, the near-ultraviolet circular
dichroism spectra of control and phosphorylated fibrinogen were compared
before and after alkaline phosphatase treatment and it was seen that
phosphorylation with protein kinase C led to an increase in ordered secondary
structure which remained after dephosphorylation“m). As plasmin cleaves

regions of disordered structure, the increase in ordered structure may

explain the reduction in the plasmin degradation rate.
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COMPLEMENT

The complement system is responsible for the cytotoxic part of humoral
immunity, as well as opsonisation of bacteria and viruses, anaphylaxis and
stimulation of the immune system. Like the extrinsic and intrinsic activation
pathways in coagulation, complement activation can occur in two separate
ways, the classical (antibody-dependent) pathway or the alternative pathway,
which is activated by foreign carbohydrates on the surfaces of viruses and
bacteria. Fig. 4 shows the proteins and reactions involved in the complement
pathway. Antigen-antibody complexes activate Cls, which activates C4 and C2;
these two factors form the classical pathway C3 convertase when bound to a
unusual thiol-ester bond which is ruptured by proteolytic activation(sm
resulting in a reactive glutamyl group that rapidly binds to either the
bacterial surface or to water. The alternative pathway is less well
understood, but involves activation by foreign carbohydrates. Factor D
(believed to exist solely as the active form) proteolytically converts factor
B to Ba and Bb in the presence of activated C3. Complement factor C3 is a
glycoprotein of molecular weight 185,000 present in plasma at around 1-2
mg/ml (~ 8 uM).

It was first isolated in Uppsala by Miller-Eberhard et al. in 1980(57) and
consists of two dissimilar polypeptide chains with molecular weights of
110,000 («) and 75,000 (B) joined by disulphide bonds. As mentioned above, C3
{shown in bold type in the diagram) contains an unusual modification in that
the side chains of Cys 888 and Glu 990 form a thiolester bond in the native
a-chain. This ester bond is susceptible to hydrolysis in plasma and a small
percentage of the C3 molecules are believed to circulate as C3i molecules
which express the factor B binding site necessary for forming the C3iB
complex and the priming of the alternative pathway C3 convertase. Otherwise,
for 50 ps after the conversion of C3 to C3a and C3b, the activated
carboxy-group in C3b can bind to -OH and -NH2 groups on the bacterial or
viral surface. Like C4, this concentrates the complement response onto the
target surface. The C3b generated is deposited next to the convertase, and
alters the specificity of the convertase by binding C5 and making the C5
susceptible to the C3 convertase (now called the C5 convertase). This process
is the same for both C3 convertases and here complement activation enters the
final common pathway. CS5b binds reversibly to the surface and C6, C7, C8 and
up to 18 molecules of C3 bind to the C5b, forming the membrane attack
complex. Control over the complement activation pathway is exercised by a
variety of specific proteases and binding proteins including vitronectin

(S protein).
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Two of the small peptides released during complement activation (C3a and
C4a) are anaphylatoxins, they cause vasodilatation and stimulate mast cells
to release their granular contents; while C5a is a chemoattractant for

neutrophils. (For a review of the complement system See(ss,ss))

Phosphorylation of C3 in vivo

Complement factor C3 being at the centre of the complement activation
pathway, was considered to be a prime candidate for regulatory
phosphorylation if this control mechanism existed extracellularly. Therefore
the phosphate content in C3 was determined and found to be around 0.15 moles/
mole protein. This showed that C3 was a phosphoprotein like fibrinogen and
although the degree of phosphorylation was low it is comparible to fibrinogen
which has about 1 mole of phosphate divided among possibly six
phosphorylation sites. We assume that the phosphate in C3 is added during
synthesis and secretion but, because of the reports of plasma protein kinase
activity, phosphorylation experiments were carried out which demonstrated
that the a-chain of C3 became phosphorylated when whole blood and trace
amounts of AT °P were incubated together at 37°C. Further, it was possible to
localise the phosphorylation site to a 47,000 dalton fragment which contains
the 10,000 dalton C3a anaphylatoxin(SO). Finally, the plasma ATP

concentration was measured and found to be around 2uM.

In vitro experiments with purified C3 and protein kinases A and C showed that
both kinases were able to stoichiometrically phosphorylate the a-chain of C3
and that the phosphorylation site appeared to be the same for both kinases.
Protein kinase C also phosphorylated a site in the B-chain, but the function,
of this phosphorylation was not determined. The phosphorylation site on the
a—chain was located in the C3a portion, the peptide which is first removed in
the activation of C3. This led us to investigate whether phosphorylation
might affect the behaviour of C3 in complement activation tests.

Fig. 6 shows how haemolysis due to the classical activation pathway
declines as the phosphate content of C3 increases. The slope of the line
indicates that at a phosphorylation of 1 mole phosphate / mole C3, the
classical activation pathway would be inhibited by 80%. This inhibition was
found to be of the same order for each of the two protein kinases. When
phosphorylated C3 was tested in alternative pathway activation tests, an
inhibition amounting to 60% at 1 mole phosphate / mole C3 was seen with both
kinases(61). These results indicate that the phosphorylation of C3 in the C3a
portion of the a—chain causes an almost stoichiometric inhibition of both

complement activation pathways.
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Figure 5. The Complement Activation Pathway. The classical pathway is
activated by the binding of Cl1 to antigen-antibody complexes. Cls cleaves C4
and C2 which bind to the target molecule to form the C3 convertase. The
alternative pathway is activated by carbohydrates and the convertase is
formed by C3iBb or C3bBb in analogy to the classical pathway. The C3b formed
binds to the convertase and alters its specificity to favour C5. The CSb
formed binds widely over the target surface and forms the nucleus of the
membrane attack complex (C5-9) which penetrates the membrane to cause

lysis. The central role of C3 is highlighted in this diagram.
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As yet the effects of dephosphorylation of the phosphorylated C3 on its
behaviour have not been tested, but in preliminary experiments it has been
possible to remove 30% of the (SZP)phosphate with calf intestinal alkaline
phosphatase (Forsberg, P.-0. & Martin, S. C. unpublished results)
demonstrating that the in vitro phosphorylation is at least partially

reversible.

GENERAL DISCUSSION

The research team to which we belong has shown that human fibrinogen and
complement factor C3 can be phosphorylated in vitro by various protein

kinases. Other investigators have recently shown that plasma proteins such as

(62,63} (64) (10,65)
s and

albumin fibronectin(gh thrombin

(86)

complement S protein

complement factor CS can also be phosphorylated in vitro. Taken together

with the reports of protein kinage 11729

3)

and protein phosphatase

and the detection of uM quantities of ATP in plasma(zzn these

activity(5
results strongly suggest that extracellular regulatory phosphorylation of
plasma proteins occurs.

In the 1970’s, Krebs(67) and Nimmo & Cohen(SS) formulated a series of
criteria to establish whether a protein phosphorylation reaction was of a
regulatory nature or not. The four criteria are:-

1. A protein substrate for a protein kinase should be phosphorylated in
its native state at a rate fast enough to be realistic in vivo.

2. The activity of the protein should be altered by phosphorylation and
the effect reversed by dephosphorylation in vitro.

3. A reversible change in the function of the protein should occur in
vivo under conditions which stimulate the protein kinase.

4. Phosphorylation should occur in vivo at the same sites as are
phosphorylated in vitro.

These criteria are only a guide to indicate which proteins are likely to
be regulated by phosphorylation, and few investigated enzymes have fulfilled
them all.

If our results for fibrinogen and C3 are tested against the four criteria
we find that both fibrinogen and C3 are phosphorylated at a realistic rate by
protein kinase C with Km’s of 0.2 uM and 2 uM, respectively. These values
are in the range reported for other substrates of this kinase(sgq3) . The
behaviour of both proteins is affected by the phosphorylation and, for
fibrinogen, partially reversed by dephosphorylation in vitro. The third

criterion has not been studied other than confirming that both proteins can
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be phosphorylated by protein kinases present in anticoagulated whole blood.
As for the phosphorylation sites being the same in vitro as in vivo, protein

kinase C phosphorylates aSer 345 in Vitro(4m

which is also phosphorylated in
vivo and the a-chain phosphorylation sites in C3 have been localised to a
47,000 dalton area both in vivo and in vitro. In summary, both fibrinogen and
C3 partially fulfill the criteria for regulatory phosphorylation and their
behaviour may therefore be considered to be regulated by protein
phosphorylation / dephosphorylation just like the many intracellular proteins
described in the litterature.

What function does this regulation serve? Here we can as yet only
speculate, but many of the factors involved in coagulation / fibrinolysis or
complement activation can act in the other system, e.g., kallikrein, plasmin,
S protein (vitronectin) and C1 inhibitor, therefore activation of one system
could directly effect the other. When there is a vascular injury, platelets
form the primary haemostatic plug and their phospholipid membranes provide
the focus for the developing coagulation cascade. During this process, the
platelets are activated (e.g., by thrombin, or ADP) and they release their
kinases and stored ATP. As mentioned earlier, the local concentration of ATP
can rise to levels sufficient to maintain protein phosphorylation, and one
of protein phosphorylation is ADP which is itself a platelet
activator. From our results, phosphorylation of fibrinogen under these
circumstances by protein kinase C (or protein kinase A, unpublished results)
would lead to thinner fibrin fibre bundles which were twice as resistant to
plasmin cleavage as normal fibrin (assuming that our results for fibrinogen
reflect the degradation of fibrin by plasmin.

We feel that this is a reasonable assumption based on the similar

(20)). A

degradation rates for fibrinogen and fibrin seen by Sonka et al.
fibrin mesh that was more resistant to plasmin would make sense during acute
vascular injury where the priority is haemostasis, resolution of the clot
would only be delayed not totally inhibited. The kinases and ATP released by
the platelets might also reasonably be expected to phosphorylate other plasma
proteins besides fibrinogen under these conditions, S protein, and complement
factor C3 for example. While any effect of the phosphorylation on the
behaviour of S protein has not been reported, it is known that the
phosphorylation site lies in the heparin-binding region of the protein(uh4m
Phosphorylation of C3, however, with protein kinases A or C would result in
the partial inhibition of the complement activation cascade, which could be
physiologically relevant as the activation of proteolytic enzymes such as
kallikrein and plasmin by coagulation / fibrinolysis might result in

inadvertant complement activation.
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Thus the phosphorylation of C3 and its consequent inactivation might protect
the body from accidental complement activation and tissue damage under
circumstances (acute vascular injury) where the coagulation / fibrinolytic
system is active.

Recently, interest has grown into fibirnogen as a factor in atherosclerosis
and cardiovascular disease. evident. Fibrinogen levels seem to correlate with

: . . . (74,75)
survival after cardial infarctions "’

but what happens to the
phosphorylation state of the fibrinogen is not known. Our work suggests that
measurement of the phosphate content of the fibrinogen as well as measuring
total fibrinogen might be valuable as a predictive indicator.

We have been unable to pinpoint where phosphorylation takes place in vivo,
but we have demonstrated the possibility of extracellular phosphorylation.
Evidence for such phosphorylations is growing with new reports from research
groups all over the world.

Here, we will continue our effort to identify these phosphorylations by
investigating fibrinogen from patients with inflammatory responses as well as
the thromboembolic diseases and altered platelet function. The future will
hopfully give us the clues to extracellular phosphorylation in general and to
the importance of fibrinogen and C3 as phosphoproteins. We feel this is the

beginning of an new field in the area of protein phosphorylation.
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