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Models for reaction mechanisms in haemostasis —
Contributions from the study of prothrombin activation
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Summary

A brief history of the development of the contemporary model
for the mechanism of prothrombin activation is presented. The
focus is on the advances in understanding structure-function re-
lationships in the molecules that comprise “prothrombinase”
that occurred primarily during the 1970s. A link between the
“classical theory” of hemostasis and the conceptual devel-
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opment of activation complexes as the activators of the precur-
sors of coagulation proteases is developed. It is argued that ad-
vances occurred when new ideas arose that could be tested and
new technologies enabled more definitive experiments to be
performed.

Thromb Haemost 2007; 98: 24-35

Introduction

Studies of prothrombin activation occupy an important position
in the quest to discover and understand reaction mechanisms in
hemostasis. The classical theory of blood clotting propounded by
Morawitz provided the framework into which postulated sub-
stances acting between thromboplastin (tissue factor) and fibri-
nogen could be placed (1). During the century following Mora-
witz new experiments were performed, interpretations were re-
fined in the face of the new evidence, and in some cases aban-
doned. An assay procedure, the “prothrombin time” initially de-
vised by Armand Quick (2, 3) and extended by Paul Owren (4-6)
enabled further investigation of the classical theory'. The nag-
ging question of the defects responsible for hemophilia and the
new and distinct hemorrhagic diseases observed by Owren (4,
11), Duckert (7-9), Alexander (10, 12), Telfer (13) and Hougie
(14) produced observations that challenged the classical theory.
These observations provoked controversy only part of which was
scientific?.

I These two assay procedures remain the methods for monitoring the

“extrinsic pathway” of hemostasis, particularly, the effects of vitamin K
antagonist drugs.

Controversy and disputes regarding priority of discovery or credit for it
remain, perhaps even exacerbated today with the introduction of mar-
keting and selling strategies into the “commerce of science”.

Descriptions of the early history of prothrombin, thrombin
and the search for and the nature of the agent(s) acting between
the tissue factor and fibrinogen can be found in papers of Beck
(15), Esnouf and Macfarlane (16,17), Milstone (1,18-21), Suttie
and Jackson (22) Seegers (23-25), and from the perspective of a
scientist/historian/philosopher by Marcum (26, 27).

A historical context — paradigms® and models*

Attempts to link injury, bleeding and cessation of bleeding to
biochemical components requires conceptual models to facili-
tate discussion and promote laboratory investigation. Hemosta-
sis is too complex to comprehend unless models are created to

Paradigm is used in the sense presented by Thomas Kuhn in his “The
Structure of Scientific Revolutions® (30).
Citations in the text are primarily to review articles, but exceptions have
been made to either call attention to commonly missed reports or re-
ports significant in challenging or revising models that are simply no
longer cited by many authors for reasons unknown. Monographs when
published from meetings are also cited because they frequently indicate
the state of the art at a particular time. As journals slowly make pre-
viously published papers available in online archives, access to these
papers becomes simple and reading them a source of awe and respect
for the insights of the earlier investigators.
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reconcile biochemical and clinical observations®. In particular,
patients with newly recognized bleeding disorders were key to
forcing revisions to the classical theory as well as its successors.
The inherent human desire for simple models that are useful for
discussing, teaching and claiming scientific credit can foster re-
sistance to new discoveries and challenges. Unfortunately, when
models are too readily accepted they can impede progress be-
cause they impede thinking.

The focus of this essay is on biochemical investigations of
prothrombin activation, primarily those during the period
1970-1980. Work from my laboratory will be summarized most
extensively, but with grateful recognition that our work was built
on foundations established previously by others and the model
for prothrombin activation to which we contributed was derived
from their work.

Setting the stage for subsequent discovery and
revised models

Efforts to isolate and study the components postulated in the
classical model for blood clotting occupied the attention of many
groups during the period from the late 1940s until the 1970s°.
These studies provided the knowledge base for the investigations
of the 1970s that enabled a more detailed biochemical picture of
prothrombin activation to be created. Several laboratories were
pursuing the purification of prothrombin from bovine and
human plasma, all with significant success, but limited by the
technologies then available. Conventional practices involved Ba
citrate” or MgCO; formed in sifu; or adsorption to AI(OH), or
BaSO, when oxalated plasma was the starting material. Pro-
thrombin was the predominant protein being sought, but as is
now known the earliest preparations actually contained all vit-

The author’s perspective is that chemical and biochemical investi-
gations are performed to explain physiological function, more specifi-
cally a search for mechanisms that relate molecular structure to biologi-
cal function. It has been his longstanding view, perhaps because of the
influence the authors noted below had on him, that models for complex
biological processes are hypotheses, even “straw men” to be challenged
by experiments that test the predictions that the models provide. In that
regard models are always tentative and require continued challenge as
technology and concepts derived from other sciences make such chal-
lenges possible. Readings many years ago to which I attribute my per-
spective, correctly or erroneously, were: Medawar’s “The Art of the
Soluble”, (28), Popper’s “The Logic of Scientific Discovery” (29),
Kuhn’s “The Structure of Scientific Revolutions”(30), Clifford’s “The
Ethics of Belief “ (31), Cervantes’ “Commendatory Verses to The His-
tory of Don Quixote de la Mancha”(32), John Godfrey Saxe’s poem,
“The Blind Men and the Elephant “ (33), based on a fable from India
and most recently, Frankfort’s “On Bullshit”(34). It has also been my
opinion that the sharpest tool in science is “Occam’s’ Razor”, the asser-
tion that in choosing explanations (interpretations) simplest is best be-
cause it is the most easily attacked and falsifiable.

Presentation is not chronological, but grouped into intervals of several
years for convenience.

7 Barium citrate became the most widely used precipitant. Although the
process is often described as adsorption to Ba citrate, Ba citrate is sol-
uble in water and thus the description as in-situ precipitation is probably
more accurate, but to my knowledge has not been investigated.

amin K-dependent proteins. Although ion exchange resins were
used, their resolving power was low, and efficient purification
did not occur until ion exchange celluloses were introduced in
1958 (36).

Two competing hypotheses regarding prothrombin and the
postulated “other components” involved in prothrombin acti-
vation complicated discussion and interpretation of experimen-
tal results. One was based on the view that prothrombin, the pro-
tease that converted it to thrombin and other clotting factors,
could be derived from the prothrombin molecule itself by limited
proteolysis (23-25). The other view was that preparations of
“prothrombin” were actually mixtures of several vitamin K-de-
pendent proteins and proteolysis artifacts (1, 18-21)%. New assay
methods, better separation techniques and electrophoretic meth-
ods for assessing homogeneity ultimately resolved the conflicts.
Renaming of the product the initial adsorption or precipitation
step of prothrombin purification “prothrombin complex™ also
aided in more productive discussion among investigators.

Identification of the polypeptide products derived from pro-
thrombin during its activation was the focus of many investi-
gators during the 1950s and 1960s. Studies of the products of
transformation of prothrombin into thrombin produced evidence
that retrospectively was remarkably concordant. The activation
process was shown to be accompanied by the formation of
thrombin and two protein fragments, with very similar properties
whether from bovine or human plasma. Work from the labora-
tories of Aronson (37-39), Lanchantin (40—43), Seegers (23-25,
44), Scheraga (45), Waugh (46-50) and Magnusson (51, 52) pro-
vided major insights into the origins, structures and properties of
thrombin and the fragments of prothrombin. Molecular weights
for prothrombin and thrombin, although not without confusion
because of proteolytic degradation by thrombin also established
prothrombin as approximately twice the mass of thrombin’.
Amino acid sequencing by Magnusson (53) established the
homology between thrombin and the pancreatic serine proteases;
a relationship previously supported only by similarity in enzy-
matic activity (54)'°.

Studies by other investigators focused on the proteolytic
enzyme most likely to directly cleave prothrombin and the func-
tional roles played by phospholipids and factor V (accelerator

The preparations of prothrombin subsequently called “prothrombin
complex” were homogeneous by the criteria of that era. Unfortunately,
homogeneity of proteins is a conclusion drawn from negative evidence,
i.e. the absence of demonstrable contaminants. The author as a graduate
student was fortunate to have stumbled upon a classical discussion of
the problem of protein homogeneity; Pirie, NW. (35).

This is specifically mentioned because the question; “what is the other
half of prothrombin doing” was the underlying question for the studies
carried out in my laboratory.

Investigators focusing on human thrombin rather than bovine pro-
thrombin used other methods very successfully. When Cohn fraction I1I
was used as the starting material for producing human thrombin, Mil-
ler (55) and Fenton (56, 57), produced a preparation of human thrombin
that served as the “gold standard” for the enzyme. For many years John
Fenton generously supplied human thrombin to others who were inves-
tigating its functions. Clarification of the nature and origins of bovine
thrombin proteolysis products were also being achieved (49, 50, 58).
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globulin or proaccelerin'!). Clear progress in verifying the direct
participation of these components in prothrombin activation, in
spite of different names given them, occurred when purification
procedures devised in the laboratories of Aronson (37-39),
Duckert (7, 9), Mann (58), Seegers (59), Esnouf (60—-64), Hana-
han (65-71), Milstone (18-21) and others (72, 73) provided ma-
terials that could be biochemically investigated. Although the
purity of these materials was difficult to assess'?, primarily be-
cause of the very limited amounts that could be isolated and the
insensitivity of most of the available analytical methods of this
period, by the late 1960s the evidence that supported a general
model for the components and their respective functions in pro-
thrombin was quite concordant. Acceptance was not immediate;
in fact the model for prothrombin activation that prevailed was
generally that espoused by Milstone (18-21) and Seegers (23,
24) (without the complications associated with the molecular
origins of factor X and Xa) that was proposed in the early 1960s
and mid to late 1960s and strongly reinforced by work from the
laboratories of Esnouf (60—64, 75, 76) and Hanahan (65-71, 74).

As already noted, during this same period, patients with
bleeding disorders, as well as laboratory observations chal-
lenged the classical model for hemostasis with data that it could
not explain and thus forced its expansion and revision. The “cas-
cade” (77-79) with its proposed amplification properties'> or
“waterfall” (80-81) models replaced the classical model, but in-
corporated the elements of it that survived as the “extrinsic path-
way”. Relevant to prothrombin activation in the “cascade” model
was the almost overwhelmingly appealing linear representation
of this model which placed factors V and VIII in positions ident-
ified with proteases; a placement that by Occam’s razor seemed
entirely appropriate. Interpretation of the recognizably catalytic,
but not necessarily proteolytic activity of factor V or Va was
problematic'4. Two completely different approaches to testing
the assigned proteolytic function to factor V arose from the lab-
oratories of Hanahan (74) and Esnouf (75) to resolve this issue.
In the first laboratory, experiments showed that prothrombin
could be converted to thrombin only when active factor Xa was
present with factor V(Va). When DFP-inactivated Xa and factor

Even though a consensus on common designations for the clotting fac-
tors occurred in 1958, many groups continued to use the designations
that the consensus was intended to eliminate. Multiple names are men-
tioned here because the adoption of new names, and the use of names
that might be viewed as “proprietary”, unfortunately can lead to much
earlier contributions being overlooked or ignored.

Most techniques, including gel electrophoresis methods that depend on
staining with the dyes used at the time would easily miss 1% contami-
nants, or in gels observed on slides, 5%.

13 A model for the linear cascade that is based on photomultiplier amplifi-
cation, although requiring modifications in light of what we now know,
still has substantial appeal for describing clotting, Esnouf and Macfarl-
ane (16).

Factor V in its activated form was factor VI in the original systematic
nomenclature for coagulation factors. The dependence on concen-
tration of Xa and Va in prothrombin activation is in its essential features
identical; both would show hyperbolic behavior with prothrombin con-
centration, but because of the subsequently demonstrated very large ef-
fect of Va on the rate of prothrombin activation, any contamination by
Xa would be unobserved and would make misinterpretation of factor
Va as an enzyme quite likely.

V (Va) were employed, no activation occurred, even if the factor
V had been previously incubated with active Xa'’. In the second
report, kinetic studies demonstrated that V(Va) was not directly
activating prothrombin, conclusions entirely consistent with ear-
lier work from both these laboratories as well as those of Mil-
stone'® and Seegers, i.e.

Xa
PROTHROMBIN —> THROMBIN + FRAGMENTS

Va, Phospholipids, Ca%*

Studies carried out during the 1970s thus commenced with and
built upon this model for prothrombin activation'’. The model
included five components: prothrombin (the substrate), factor
Xa (the proteolytic enzyme), factor V(Va), a protein cofactor that
increased the rate of thrombin formation (a non-protease cata-
lyst), a phospholipid membrane surface and Ca?*. The context
for understanding proteolytic reactions that had been established
guided the design and interpretation of experiments. Amino acid
sequences and crystallographic structures for chymotrypsin and
elastase and thrombin’s homology with them (53) were known as
were pathways for their production from their zymogen forms.
Moreover, acrylamide gel electrophoresis, both without and with
sodium dodecyl sulfate permitted quick and sensitive monitor-
ing of the process of prothrombin cleavage. Although recogni-
tion of lipid participation in blood clotting preceded even the
classical theory, its role was confusing in part because both pro-
teins and lipids were included within the conceptual framework
of colloids. Advances in chemistry and physical chemistry of
phospholipids in aqueous dispersions, led by Bangham (82) who
identified surface charge on phospholipid vesicles as a key vari-
able in their ability to promote clotting had identified a key prop-
erty of them. The extension of that work by Papahadjopoulos and
Hanahan (65, 68, 69), Jobin and Esnouf (62, 64), Cole (72) and
others enabled well characterized phospholipid bilayer vesicles
to be used as surrogates for the cell membranes which provide
such surfaces in vivo. Studies of platelet membrane lipids by
Marcus (83) and Rouser (73) provided the link to the most
physiologically relevant lipid source. Phospholipid vesicles were
useful particularly for biochemical studies because they enabled
investigations of individual properties that the complexity of cell
membranes and the receptors on their surfaces preclude. They
are not substitutes for biological, particularly platelet and cell,
membranes with their associated receptors. However, their sim-
plicity and ease of production in the laboratory made clear inter-
pretation of experiments possible. Because of the work already

This letter to Nature (74), in which I was one of the authors took a year
to get accepted and was only published after substantial prodding of the
editor of that journal. Although interpretations of qualitative experi-
ments frequently have more impact than quantitative ones, this paper
appears to have had minimal impact being cited primarily only by Es-
nouf and its authors in later years.

Work by Milstone has been overlooked. Factor Xa in his papers was
called thrombokinase, a name given in the classical theory by analogy
with enterokinase, the protease that converts trypsinogen to trypsin.
A very useful summary of the “state of the field” in 1968 is the book-
let provided at the 1968 Boerhaave Course held at the University of
Leiden. Unfortunately this document may be difficult to acquire.
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done addressing prothrombin activation, I, in my new academic
position, selected it as a problem on which to work; and it seemed
to meet the criteria of Medawar (28) for being a solvable prob-
lem. And, as under the influence of the essay of William Kingdon
Clifford (31), I felt compelled to investigate.

Studies of prothrombin activation in a model
system

Contributions to the understanding of prothrombin activation
originating from my laboratory in the Department of Biological
Chemistry at Washington University in St. Louis began by con-
tinuing my previous work on bovine factor X (84, 85). The large-
scale purification and characterization of bovine factor X had
been the subject of my own doctoral dissertation in the Depart-
ment of Biochemistry at the University of Washington in Seattle
in the mid 1960s under the direction of Donald Hanahan. A new,
first year graduate student, Charles (Chuck) T. Esmon'® joined
the laboratory and became my first PhD student. Whyte G. Owen
joined soon after as my first post-doctoral fellow. Chuck’s PhD
dissertation was directed to isolation of factor V, and Whyte took
on prothrombin; I provided the factor Xa. Each of us had a pro-
tein to provide for the study of prothrombin activation. I, having
been trained in a laboratory noted outside hemostasis for its con-
tributions to the chemistry and metabolism of phospholipids,
and a post-doctoral fellowship in England working on phos-
pholipid monolayers provided me with the background to handle
the fourth component needed for our planned studies, the phos-
pholipids as well.

Our first intentions were to look at binding of the proteins to
phospholipids, both vesicles and monolayers. Each individual
would have his own protein and phospholipids, soon to be syn-
thesized for us by an organic chemist hired once grant funds were
available!. As frequently occurs in science, serendipity was re-
sponsible for the seminal experiment on phospholipid-protein
interactions. Whyte Owen was looking at the enhancement of
prothrombin conversion to thrombin by phospholipid vesicles
and Ca?" and as predicted from the work noted above, the rate of
activation was increased by more than 100 times. But, on the next
day, after storing the prothrombin in the refrigerator overnight,
no acceleration was observed! Whyte ran a sodium dodecyl
sulfate acrylamide electrophesis gel; the prothrombin had been
transformed into two pieces, fragment 1 and intermediate 1 (now
prethrombin 1). Sanford Gitel, a recent PhD from the Washing-

18 As this was the time of the Vietnam War, my only verified success at
prophecy was the letter that I wrote to Chuck’s draft board to argue that
deferring him was in the greater interest of science and the nation than
his becoming cannon fodder. Fortunately, he came from a relatively
small town in Illinois where such letters were actually read. He was de-
ferred.

The first grant application required an on-site visit that included two
then well known scientists working on prothrombin activation, Gerald
Lanchantin and Arnold Ware. My only recollection is of a question
about Klotz plots of binding data from Lanchantin that I couldn’t
answer, In fact, I'd never heard of them and admitted so. Apparently ig-
norance was acceptable because the grant was funded.

ton University Chemistry Department, was joining the group
and, after confirming that the first observation could be repeated
and verified using intentionally prepared fragment 1 and pre-
thrombin 1, did the binding studies that resulted in the group’s
first paper in the Proceedings of the National Academy of
Sciences (86)%. The products of prothrombin cleavage and the
pathways finally established are illustrated in Figure 1.

Investigations of factor V and its activation were proceeding,
but with difficulty in reproducibly obtaining factor V that could
always be activated to the same extent by thrombin or the factor
V activating enzyme of Russell’s viper venom (87). Products
with 10-fold activation relative to plasma, by a conventional clot-
ting assay using aged, oxalated FV-deficient plasma, or three-
fold were the norm — not always 10-fold which we assumed was
the form most like that normally circulating in plasma. Alter-
ations in the conditions employed in the purification steps, the
addition of more protease inhibitors improved the quality of the
product, but contaminants (proteolysis products?) could always
be seen when electrophoresis gels were heavily loaded. Dis-
cussions of factor V frequently raised the question: “what does
activation mean if the protein isn’t an enzyme, even if it is a cata-
lyst?” This led to a comparison of the binding to prothrombin-
Sepharose of factor V in BaSO, -adsorbed plasma which had
been activated using the Russell’s viper enzyme with un-acti-
vated factor V from the same plasma. Activated factor V bound
to the prothrombin-Sepharose; unactivated factor V did not. We
concluded that activation, seen as an increase in specific activity
and as fragmentation on sodium dodecyl sulfate acrylamide
electrophesis gels resulted in exposure of binding sites for pro-
thrombin (88). Similar studies were done several years later
using factor Xa bound to Sepharose; the observations demon-
strated that exposure of sites due to activation was required for
binding to Xa as well as to prothrombin (89)%'.

A paper by Kurt Stenn (90) identifying a band in sodium
dodecyl sulfate acrylamide electrophesis gels that corresponded
to the expected behavior of the intact “propiece” of prothrombin
and the confusion regarding precursor-product relationships
among the “intermediates” observed led us to conclude that we
needed to repeat almost all of our previously performed experi-
ments. And, if we were to do so, we should examine every aspect
that we could, chromatographic column elution patterns of the
prothrombin proteolysis products from all appropriate com-
binations of activator components, molecular weights by sedi-
mentation equilibrium in the ultracentrifuge and amino acid
compositions. Similarly, we should present the results in a way

20 TInitially there was substantial concern regarding this paper, principally

because something that although called intermediate 1, but wasn’t con-
verted to the product as fast as its precursor, could not be a kinetic inter-
mediate on the pathway from prothrombin to thrombin! The benefit of
astute colleagues, George Drysdale, Carl Frieden and Roy Vagelos pre-
vented a serious error in interpretation by those of us whose enthusiasm
for the discovery got in the way of clear thinking.

Regrettably, those studies, done by Marie-Claude Guillin and Annie
Bezeaud during a visit to St Louis were never published except in an ab-
stract (89).

21
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Figure |: Prothrombin activation pathway and prothrombin
proteolysis products. Prothrombin consists of two approximately
equal size polypeptide regions, the fragment 1-2 (striped bars and dark
crosshatched bar) and prethrombin 2 (crosshatched (B) and bricked (A)
regions). The Gla domain (dark crosshatching) is the portion of pro-
thrombin that contains 10 y-carboxyglutamic acid residues; a region at
the amino terminus of prothrombin. Factor Xa hydrolysis of the two
peptide bonds marked by the encircled @ and ® on the diagram for pro-
thrombin produces two products, o-thrombin and fragment 1-2. Pro-
teolytic action by thrombin on prothrombin at bond @ produces pre-
thrombin | (not labeled on the diagram) and fragment | (F ). Thrombin
action on fragment |-2 produces the separate polypeptides, fragment |
(F 1) and fragment 2 (F 2). The pathway now accepted as predominant
when prothrombinase catalyzes prothrombin activation occurs via initial
cleavage of bond (3) to produce meizothrombin (solid arrows, left side

that would provide sufficient evidence to answer the questions
surrounding prothrombin activation products as conclusively as
we could. Although this was risky because others might make the
observations regarding factor V in particular, we went ahead
with the systematic approach that resulted in six papers pub-
lished in the Journal of Biological Chemistry in 197422,

In Paper I, we attempted to ensure that all material derivable
from prothrombin could be accounted for by recovery on chro-
matography, by mol wt analysis and by amino acid composition
(93). This paper was devoted also to verifying the origins of each

22 A complete presentation of this work is available in the book published

from the 1974 Boerhaave Course of the University of Leiden (91) and
at a Cold Spring Harbor Conference (92). Publishing “complete” sol-
utions to a defined problem has always been my preference, a practice
that has distinct disadvantages but provides the greatest sense of per-
sonal accomplishment. Only a fool would recommend such a practice
today!

Designated intermediate 1; the name was changed to prethrombin 1; in-
termediate 2 to prethrombin 2 to be more informative with respect to
their potential to produce thrombin (94).

23

of the figure). The fragment 1-2 region and the thrombin B chain region
are held together by a disulfide bond between cysteine residues in the A
and B chains of thrombin. In the absence of factor Va, i.e. activation using
“partial activators”, most of the prothrombin is converted to thrombin
via initial cleavage of bond @ to produce fragment |-2 and prethrombin
2 (dashed arrows, right side of figure). The final products of prothrombin
activation are o-thrombin (includes both A and B chains) and fragment
|1-2. Because of thrombin action, Fragments | and 2 are the predomi-
nant species at completion of prothrombin activation in vitro. Fragments

| and 2 are not shown individually. Two homologous polypeptide se-
quences designated kringles (53), K | and K 2 are found in the fragments
as marked on the diagram for prothrombin. The above description is for
bovine prothrombin; human prothrombin is cleaved within the A chain
of prethrombin 2 to produce a |3 residue longer fragment 2 and a
shorter A chain in thrombin.

of the “phenomenological intermediates” and fragments, e.g.
prothrombin 1 produces fragment 1 and prethrombin 123; and
prethrombin 1 produces prethrombin 2 and fragment 2. Al-
though qualitatively adding very little to what was already
known, this put the subsequent experiments on a firm basis and
made drawing conclusions from them more straightforward
(Fig. 1).

Paper II demonstrated that prethrombin 1 and fragment 1
were exclusively the products of thrombin catalyzed cleavage,
whereas prethrombin 2 and fragment 2 were the products of Xa
catalyzed cleavage (96). Using DFP to inhibit thrombin, the in-
tact “propiece” of prothrombin (fragment 1-2) was formed and
could be isolated and characterized. It was then shown that
thrombin would produce the two, long known fragments, frag-
ment 1 and fragment 2, but that Xa did not. These results con-
firmed the conclusion of Stenn (90) and enabled unambiguous
placement of all the products of prothrombin proteolysis within
the molecule. Two pathways were suggested to account for
thrombin formation, one via prethrombin 2 and fragment 1-2;
the other via an intermediate in which the first peptide bond
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cleavage produced a form of thrombin with the same mol wt as
prothrombin, the species now called meizothrombin??>.

Paper III in this series addressed the question: “what are the
products of prothrombin proteolysis by factor Xa in the absence
of factor V or phospholipid”, the other components of the
physiological activation complex (97). Evidence that might sup-
port one or the other of the two putative pathways, via prethrom-
bin 2 and fragment 2 or via meizothrombin was sought using
3H-labeled prothrombin. Clear evidence for meizothrombin was
not observed?®, and the bulk of the prothrombin was converted to
thrombin via prethrombin 2. The necessary kinetic requirements
were met by prethrombin 2, i.e. it was converted to thrombin
more rapidly than prothrombin. Quoting from the discussion of
this paper, “Although evidence apparently consistent with the
existence of pathway Il (via meizothrombin, added here) was
obtained, this evidence is at best on the borderline of significance
for the experimental procedures.... When these additional com-
ponents are present, the pathway demonstrated to be responsible
for prothrombin activation by [Xa, Ca®*"] may be altered and
pathway III will need to be reconsidered in each particular case.”
Quantitative kinetic measurements performed in the mid 1980s
by Thomas L. Carlisle (98), however, showed unambiguously by
kinetic criteria that thrombin formed in the earliest phase of pre-
thrombin 1 activation by Xa alone could not arise via prethrom-
bin 2 and fragment 2. This was not published fully until 1990 (99)
after Paul Bock’s novel peptide chloromethyl ketone inhibitors?’
(100, 101) made it possible to observe the time course of meizo-
thrombin 1 in gel electrophoresis?®.

In Paper IV the possibility that the fragment 2 region of pro-
thrombin and prethrombin 1 was responsible for the ability of
factor Va to enhance the rate of thrombin formation was investi-
gated (102). Given the experience with the fragment 1 region and
its function in binding to phospholipid vesicles, expectations
were high, but science must be driven by evidence, not expec-
tation. When the activator was [Xa, Va, Ca*"], prethrombin 2
qualified as a kinetic intermediate in thrombin formation only if
fragment 2, or fragment 1-2 were also present in a stoichiomet-
ric amount. However, for this to “make sense”, interaction be-
tween these fragments and prethrombin 2 and/or with factor Va

24 This intermediate could not be ignored because work by Morita (95)

clearly demonstrated the formation of this entity when the activator was
the protease from Echis carninatus venom.

The name meizothrombin was created during an effort to rationalize the
nomenclature of prothrombin proteolysis products. In this exercise
parts of names from the all laboratories involved were adopted in an at-
tempt to provide credit fairly; the name meizothrombin was suggested
to me by Prof. Zola Packman of the Department of Classics at Washing-
ton University, St. Louis (94).

It must be noted, and as was subsequently demonstrated, absence of evi-
dence is not evidence for the absence of the pathway.

Peptide chloromethyl ketone inhibitors, the active site titrant for tryp-
sin-like proteases, nitrophenyl guanidobenzoate, among others were
contributed by Elliot Shaw. Without these inhibitors to use as tools,
neither isolation nor pathway elucidation would have been possible.
Such demonstrations by analysis of the kinetics of the reaction, al-
though definitive, are rarely compelling to persons not steeped in the
mathematics that underpin enzyme kinetics. Moreover, as recognized
by kineticists, kinetic data does not prove, but only disproves models
for chemical and biochemical reactions.
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was required. Interaction between the fragments 2 and 1-2 and
prethrombin 2 was sufficiently strong that complexes with the
electrophoretic mobility of prethrombin 1 (fragment 2 plus pre-
thrombin 2) or prothrombin (fragment 1-2 plus prethrombin 2)
were readily seen in non-denaturing acrylamide gels. Once
again, the intermediate comprising the fragment and prethrom-
bin 2 met the necessary, although not sufficient criterion for its
being a kinetic intermediate on the pathway.

In Paper V, we examined the products formed by Xa action
on prothrombin in the presence of phospholipid vesicles and
showed that the products and their formation were the same as in
the absence of phospholipids (103). Phospholipid effects were
therefore catalytic, and the pathway for Xa and prothrombin con-
version to thrombin was indistinguishable from that occurring in
solution. Based on what is known about binding of other sub-
stances to surfaces, the increase in activation rate in the presence
of phospholipid was almost certainly accounted for by the in-
creased concentrations of both the enzyme (Xa) and the substrate
(prothrombin) on or adjacent to the surface. Another key obser-
vation that was made in this study was that fragment 1-2 and pre-
thrombin 2 associated non-covalently such that it would be
cleaved even after thrombin formation and by inference cleavage
by thrombin. It was also demonstrated that only fragment 1-2
could support phospholipid vesicle surface catalysis, fragments
1 and 2, either alone or in mixture could not. Most importantly,
these observations indicated collectively that the pathway invol-
ving prethrombin 2 and fragment 1-2 could be the kinetic path-
way; but it was not demonstrated to be so because the kinetics of
formation were not followed accurately enough to draw any un-
ambiguous conclusions. Based on the criterion of Occam’s razor,
the pathway via prethrombin 2 was considered adequate, the
simpler of the two and therefore preferred®’. Quantitative studies
of fragment 1 binding to vesicles of phosphatidyl choline and
phosphatidyl glycerol by Frederick A. Dombrose (104) estab-
lished that the binding constant was the same as the concen-
tration of prothrombin in the circulating plasma; an observation
that indicated that association with exposed phospholipids from
injury and/or platelet factor 3 release would be a spontaneous
process, and thus a chemical mechanism for localizing pro-
thrombin activation to the injury site was proposed (104)3.

The discovery of y-carboxyglutamic acid by Johan Stenflo
(105-109), which occurred following his identification that the
difference between normal prothrombin and that found in indi-
viduals receiving vitamin K antagonists involved Ca?" binding,
led us to collaborate with John Suttie to experimentally chal-
lenge the conclusions derived from the comparisons of pre-
thrombin 1 and prothrombin using true acarboxyprothrombin
(110). Reassuringly, the acarboxyprothrombin neither bound to

2 This is arelatively simple example of the danger and difficulty of draw-

ing conclusions regarding kinetic mechanisms, particularly when two
enzymes are involved and thrombin, because it is formed stoichio-
metrically from prothrombin, could be relatively inefficient, but domi-
nate the observed product formation. Its concentration would be higher
than Xa after less than 1 percent of the prothrombin had been activated.
The molecular mechanism suggested was not compelling, in fact suffi-
cient trepidation existed that its discussion was entirely separate from
the discussion of the experimental results.
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phospholipid vesicles, nor was its activation rate by [Xa, Ca?*]
increased in the presence of them. As predicted from the study
with factor Va, acarboxyprothrombin and normal prothrombin
were activated at the same rate by [Xa, Va, Ca2*]. Similar con-
clusions were drawn by Guillin et al. (111).Takashi Morita?!
came to the laboratory during this period and developed an ex-
tremely useful derivative of factor X and Xa; Xa (-GD) by cleav-
ing the Gla domain, residues 1-41 using chymotrypsin.
Xa(-GD), behaved as predicted and thus exhibited no phos-
pholipid vesicle dependent rate increase for thrombin formation
from prothrombin, i.e. [Xa(-GD), PL, Ca?"] behaved as if there
were no phospholipid present in the reaction mixture (113).

The final paper (VI) in this series “A plausible mechanism
for prothrombin activation by factor Xa, factor Va, phospholipid
and calcium ions” (114) reported the results from the complete
prothrombin activation complex, now called prothrombinase32.
Magnitudes of the increases in the rate of prothrombin conver-
sion to thrombin were estimated with an overall enhancement of
>1 x 10° relative to [Xa, Ca?*] alone. It was notable, and a clue
to conclusions regarding the preferred pathway in the prothrom-
binase catalyzed reaction, the rate of thrombin formation in the
mixture of prethrombin 1 plus fragment 1-2 never exceeded the
rate of prothrombin conversion to thrombin. As stated in this
paper: ”One specific feature of this mechanism, which is physio-
logically interesting, is the interaction of all of the components
with phospholipid, and thus a mechanism exists by which the
thrombin-forming process may be specifically localized at a site
in which phospholipid surface is available. The release of platelet
phospholipid upon aggregation of the platelets at the site of in-
jury is one such source of the lipid.”

Of course we were not the only ones working on prothrombin
activation during this period; studies from the laboratories of
Stenn (90), Esnouf (115-117), Iwanaga (118, 119), Seegers
(120-123), Aronson (124-126), Mann (127-136) and Hanahan
(137-139) were drawing similar conclusions regarding the path-
ways for thrombin formation. Our unique contribution was the
identification of the functions of the domains of the propiece of
prothrombin.

Prothrombin activation on platelets (human
prothrombin activation)

Several inferences from these experiments were made that led to
a subsequent series of investigations of prothrombin activation
on platelets, experiments performed in collaboration with my

31" Takashi Morita also identified the structural basis for bovine factor X
separating into two variants on anion exchange chromatography (112).
A single tyrosyl residue was sulfated in approximately 1/3 of the factor
X of the molecules, a single charge difference thus enabling the two
species to be resolved.

Although firmly entrenched in the literature beginning in 1968, the
term prothrombinase has been avoided by the author as it was unaccept-
able according to the international nomenclature rules.

What is most dramatic is that this difference in rate is comparable in
time to the same amount of thrombin that would require 6 months to
form with Xa alone would be formed in one minute with the complete
“prothrombinase”.

32
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colleague Philip Majerus. Platelets have long been considered to
be the principal source of phospholipid (platelet factor 3) in he-
mostasis (83). With the information in hand from the above de-
scribed experiments, and the desire to find out if the same beha-
vior could be observed with human components and with pla-
telets, studies of factor Xa binding and prothrombin activation
on platelets were begun. Joseph P. Miletich came across the street
from Phil Majerus’ lab to begin these investigations. In the first
set of experiments it was shown that Xa bound reversibly to pla-
telets, but only after activation by thrombin formed either in situ,
or activated using either exogenous thrombin or a Ca?" iono-
phore. Inhibition of the release reaction with dibutryl cyclic
AMP inhibited in parallel the binding of Xa and thrombin
formation (140). A second study provided evidence that the pla-
telet receptor was of very high affinity (~ 3 x 10'° M"). Identifi-
cation of the receptor as factor Va was by inhibition of both bind-
ing and prothrombin activation using an antibody to factor V
from a factor V deficient patient (141). In a third paper with Wil-
liam H. Kane and M. J. Lindhout** (142), it was shown that the
Xareceptor was factor Va, not factor V, consistent with the earlier
affinity chromatography experiments (88). It was observed also
that it was factor V, not Va that was released from arachidonic
acid or ionophore-stimulated platelets. Binding of Xa could
occur to the external surface of unactivated platelets, but only to
Va; apparently phospholipid “flip-flop” to expose phosphatidyl
serine having occurred as the result of the platelet stimulating
substances (143, 144). Bound Xa was shown also to be “pro-
tected” from inactivation by antithrombin, confirming earlier in
observations by Ewa Marciniak (145).

Similar work on prothrombin activation on platelets and
other cells was being reported by Tracy (147-151), and from
Hemker’s group in Maastricht (152, 153). The original work in
St. Louis was extended independently by Majerus (146, 154,
155). A more current picture of coagulation reactions on pla-
telets can be found in the review by Walsh (156).

Concluding remarks

The structural basis for the functions of the components of pro-
thrombin activation became clearly defined and convincingly
demonstrated during the 1960s to 1980s. Postulated components
were replaced by molecules that have as one or more of their
properties the expression of a particular function in the acti-
vation process. A molecular mechanism (a more detailed model)
was thus provided for localized, rapid thrombin formation, a
model involving an organized activation complex of [Xa, Va, PL,
Ca?"]; the entity envisioned in the earliest revisions of the classi-
cal theory of coagulation. With the benefit of hindsight, the pro-
cess of prothrombin activation by a complex activator is in its key
features the model championed by J. H. Milstone and Walter H.
Seegers. Unfortunately, the tools available to them did not permit
the simple demonstrations we were able to make, and their
choice of names for the components probably hindered appreci-

3% Theo Lindhout, from Coen Hemker’s laboratory spent a year learning

to isolate factor V; Bill Kane was an MD, PhD student with Phil Maje-
rus.
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ation of their work®. Other groups of investigators since the
1970s, particularly those of Mann, Nesheim and Krishnaswamy
(157-161), Hemker and Rosing (172-178) and Dahlback
(179-181) greatly expanded and extended the investigations of
prothrombin and refined the model for it. The pathway argued in
1974 to be sufficient for [Xa, Va, PL, Ca**] by kinetic criteria has
been replaced; evidence for factor Va altering the pathway to the
route via meizothrombin is compelling, and very interestingly
regulated (182—184). Today a model for prothrombinase based
on a “synthesis” of crystallographic and homology modeling
exists for prothrombinase that can guide the design of structure-
function experiments (181) and will undoubtedly lead to even
further understanding of prothrombin activation.

Our discovery of the functions of the two fragments derived
from “propiece” of prothrombin enabled structure-function
studies to expand from the protease domain of the proenzyme to
the entire molecule. In that the amino terminal domains serve
similar functions in all of the coagulation proenzymes, it might
be argued that these functions identified in prothrombin and fac-
tor Xa served to initiate a paradigm shift (30) in the understand-
ing of the functions of the homologous regions of all of the
proenzymes of the hemostatic process.

I would like to believe that the progress in developing the cur-
rent model of the entire coagulation process owes much to the
identification, isolation and characterization of the proteins that
participate in prothrombin activation. Acceptance of this “acti-
vation complex model” is in part due to the fact that appreciation
for such discoveries can be almost universal because tangible
evidence, e.g. gel photographs, amino acid or cDNA sequences
and three-dimensional structures could be acquired. Such evi-
dence is positive and seems to be “real”. Interpretation is usually
evident, simple and straightforward, although opportunity for
misinterpretation existed when the evidence came in “bits and
pieces”. From my perspective structural evidence is but the start-
ing point; the more biologically and medically interesting in-
sights are built on structure and how structure produces function.

The work on prothrombin activation is most significant be-
cause it provided insight into a mechanism by which all of the
components and reactions of hemostasis could be localized to an
injury site. Chemical mechanisms for binding, for dramatic rate
increases and the implied small amounts of active enzyme
required to achieve hemostatic response are general and not li-
mited to prothrombin activation. The model for the coagulation
“cascade” today still consists of a series of reactions, but at each
stage it is system of complex activators [enzyme, substrate, pro-
tein cofactor (in an “activated” form) and a surface/receptor].
With the work on prothrombin activation on the platelet surface,
and on monocytes and other cells the model has advanced from
its simplified form to a more biologically relevant one.

35 Anacknowledgement of the priority of conceptualization by J. H. Mil-

stone was made in a talk in London and published as Jackson, C. M. The
Biochemistry of Prothrombin Activation. In: Heparin Chemistry and
Clinical Usage (Kakkar, V. V., Thomas, D. P.,, Eds.), Academic Press,
London, 1976, pp. 61-99. The thanks returned by J. H. Milstone’s
widow personally to me after a seminar some years later at Yale Univer-
sity must stand as refutation of the cynic’s aphorism “No good deed
goes unpunished”.

It is now generally recognized that interactions between and
among the components of reaction complexes regulate their
function. Even at the stage of fibrinogen conversion to fibrin in-
teractions between thrombin and fibrin are not limited to
enzyme-substrate interactions, but are rather enzyme effector in-
teractions. A functionally important Na*-binding site and ex-
osites on thrombin and the other proteases (185-189) provide the
structural features or attributes that are responsible for these in-
teractions and the regulation of their specificity. Similar interac-
tions are characteristic of the fibrinolytic system. Was prothrom-
bin the model system for a paradigm change in our model of the
clotting cascade? I would like think so (190).

Future models for regulation of hemostasis will be quanti-
tative and involve binding and kinetic measurements. Concep-
tually these models will be more complex and will appear to be
esoteric. In contrast to structures, reaction rate increases and
changes in reaction mechanisms, changes in values of kinetic pa-
rameters are less easy to interpret. And usually they offer few in-
tuitive insights to those whose backgrounds are not steeped in
such lore. Moreover, rate constants, even to those who “love
them” are nothing without the model to which they are related and
by which they are interpreted. Nonetheless, it is worth reminding
ourselves that the most common measurement made in assessing
the function of the clotting system is a clotting time, an “inverse”,
but intuitive measure of the rate of the reaction. It is intuitively
clear that the longer a reaction takes to complete, the slower it is.
The simple indicator of inadequacy of the system function is that
if the clotting time is too long hemorrhagic risk is implied or if it
is too short the implication is thrombotic risk. Although this is
clearly oversimplified, the tools now provided by inexpensive,
but powerful computers will enable the next generation of inves-
tigators to refine and perhaps disprove the models that today are
dear to our claims of discovery and PowerPoint™ slides. Work is
already underway (191-200), but appears to be inadequately ap-
preciated and supported. Perhaps the lack of appreciation is
understandable, kinetic studies provide negative evidence with
respect to a model and eliminates alternative mechanisms, but
cannot prove them. Popper’s falsification approach to hypothesis
testing (29) is clearly relevant, informative and powerful. Models
and cartoons should not to be confused with evidence, only data
provide evidence; models are just vehicles that permit data to be
interpreted and hypotheses discussed.

Although the descriptive models I've described and quanti-
tative kinetic models I predict will supplant them will be refined
primarily from investigations in vitro; “The Art of the Soluble”
(28) will guide our choice. The future, however, is in vivo. The
vessel wall with its normally exposed endothelium, the sub-
endothelium exposed upon injury and the surfaces of atheroma-
tous plaque exposed as a consequence of rupture provide a new
and more exciting frontier. It may be important to consider the
surfaces presented to flowing blood in vivo as active. The in-vitro
observations and models described above will have served the
purpose of creating hypotheses that can be tested for their ad-
equacy to explain and predict behavior in the living organism.

Personal rewards from the studies from my own laboratory
that I’ve described above cannot be better described than already
done by Peter Medawar (28). “Scientific discovery is a private
event, and the delight that accompanies it, or the despair of find-
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ing it illusory, does not travel. One scientist may get great satis-
faction from another’s work and admire it deeply; it may give him
great intellectual pleasure; but it gives him no sense of partici-
pation in the discovery, it does not carry him away, and his ap-
preciation of it does not depend on his being carried away. If it
were otherwise the inspirational origin of scientific discovery

would never have been in doubt.” But discovery is never the ex-

clusive property of one individual or group, as noted above it is
built on the work that went before it. Again, as noted by Meda-
war, “Simultaneous discovery is utterly commonplace, and it
was only the rarity of scientists, not the inherent improbability of
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