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Dedicated to John D. Ferry, a pioneer in the investigation of the thrombin-catalyzed conversion of fibrinogen to fibrin

Abstract

The thrombin-catalyzed conversion of fibrinogen (F) to fibrin consists of three reversible steps, with thrombin (T) being involved in only
the first step which is a limited proteolysis to release fibrinopeptides (FpA and FpB) from fibrinogen to produce fibrin monomer. In the
second step, fibrin monomers form intermediate polymers through noncovalent interactions. In the third step, the intermediate polymers
aggregate to form the fibrin clot. The molecular mechanisms of the first two steps are elucidated.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A key phase of the blood clotting process is the
interaction between thrombin (T) and fibrinogen (F) to
form the fibrin clot. It is important that this process be
regulated so that clot formation occurs sufficiently rapidly
to prevent bleeding from a wound and also so that
spontaneous clot formation does not occur when hemo-
stasis is not required.

Blood contains fibrinogen (F) and the precursor of
thrombin viz. prothrombin (PT). Both fibrinogen and
prothrombin can coexist in circulating blood. However, if
blood comes in contact with tissues, as in a wound,
prothrombin undergoes a series of enzymatic reactions
involving factor VIII, among other species, which lead to
thrombin (T) as a smaller protein product. The resulting
thrombin can then interact with fibrinogen to form the fibrin
clot. One source of hemophilia is a defect in factor VIII
which interferes with the ultimate conversion of prothrombin
to thrombin and, hence, with the ability to convert fibrinogen
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to a fibrin clot. This article, dedicated to the memory of John
D. Ferry, deals with the mechanism of the interaction of
thrombin and fibrinogen to form fibrin.

2. Early observations of Ferry and Morrison

If clear solutions of purified fibrinogen and thrombin
are mixed in a test tube, the resulting mixture gradually
becomes very opaque. After some time, the tube can be
inverted, and its contents will not fall out; that is, a fairly
rigid fibrin clot has formed and adheres to the walls of the
test tube. Ferry and Morrison [1] made quantitative
observations on this reaction, and their results are shown
in Fig. 1, where the solid circles represent opacity, and the
open circles represent rigidity, of the resulting solution. It
can be seen that, after a brief time early in the reaction
(indicated by the arrow), there is a rapid rise in the opacity
with a concomitant increase in the rigidity of the solution.
This critical time, ¢, is referred to as the “clotting time”
and occurs much before each of these measured properties
has reached its final value.

Fig. 2 shows how 7. depends on pH and ionic strength [2].
At the ionic strength of blood (0.15), clotting is most rapid
around pH 7, and the 7, goes to infinity, that is, blood does
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Fig. 1. Rigidity (open circles) and opacity (solid circles), plotted against
time, during clotting of a solution with human fibrinogen, concentration 16
/I, thrombin 1.0 unit/cm?, ionic strength 0.3, pH 6.33. Arrow denotes
clotting time [1].

not clot, as the pH approaches 5 at the low end or above 10 at
the high end, with a paraboliclike shape between pH 5 and
10. To interpret the shape of this curve requires an under-
standing of the mechanism of the interaction between
thrombin and fibrinogen, which is the subject of this article.

3. The nature of fibrinogen and thrombin

Fibrinogen, isolated from blood plasma, is a molecule
with molecular weight of ~340,000 [3] and has been
examined in aqueous solution by hydrodynamic measure-
ments [4-7], such as viscosity, sedimentation velocity, and
flow birefringence, by light scattering [5,8-10], by
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Fig. 2. Logarithm of clotting time plotted against pH for ionic strengths of
0.15, 0.30, and 0.45; bovine fibrinogen concentration 5 g/I, thrombin 1.0
unit/cm® [2].
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Fig. 3. Early representation of protein molecules in terms of ellipsoids of
revolution. Relative dimensions of several protein molecules in blood [19].
The p(p) function [18] provided an improved picture of fibrinogen.

electron microscopy [11-13], and by X-ray diffraction
[14-17]. The early hydrodynamic and light-scattering
observations were interpreted in terms of a prolate
ellipsoidal model [18] with a major axis of 450-500 A
and a minor axis of 50-100 A. This result relied on the
use of the B(p) function (18, and Fig. 3 [19]) to interpret
hydrodynamic data and contrasted with an earlier view of
the fibrinogen molecule illustrated in Fig. 3. The
molecular dimensions deduced from the P(p) function
and light scattering are compatible with the electron
micrograph shown in Fig. 4; in this micrograph, the
overall length of the three-nodule structure is 475+25 A,
the diameters of the outer and middle nodules are 65 and
50 A, respectively, and the diameter of the links
connecting the nodules is <15 A [11,13]. Biochemical
evidence [20-23] suggested that the molecule is a
covalently linked dimer, with each half of the dimer

Fig. 4. Electron micrograph of human fibrinogen, showing a three-nodule
structure [11].
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consisting of three chains, Aa, BB, and vy. All six chains
of the dimer (Aa, BR, v), are linked by disulfide bonds.
Observations by immunoelectron microcopy [24] indi-
cated that the N-termini of the chains (which are also in
the DSK fragment of fibrinogen obtained after treatment
with cyanogen bromide [25]) are in the central domain
(Fig. 5) of the three-nodule structure of Fig. 4 and that
the C-termini of the chains are in the symmetrically
disposed outer domains (Fig. 6). Recently, this picture has
been elucidated by X-ray diffraction studies of human
[16] and chicken [17] fibrinogen, as illustrated in Fig. 7.
Some functional features of the C-termini of the vy chains
[26], determined by enzymatic cleavage studies, are
illustrated in Fig. 8; they were subsequently confirmed
by X-ray diffraction [15,16], as shown in Fig. 9.
Prothombin is a 582-residue molecule which is proteoliti-
cally degraded to the two-chain disulfide-linked thrombin
molecule, as illustrated in Fig. 10. Thrombin, with a
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Fig. 5. Electron micrographs (bar=1000A). (a) Bovine fibrinogen. (b)
Complexes of bovine fibrinogen with purified anti-DSK antibodies. Arrows
indicate fibrinogen—antibody complexes. (c) Fibrinogen—antibody com-
plexes, with an interpretive drawing given below each frame [24].

Fig. 6. Electron micrographs (bar=1000A). (a) Human fibrinogen. (b)
Complexes of human fibrinogen with antibodies to a C-terminal peptide
from plasmin-digested fibrinogen. Arrows indicate fibrinogen—antibody
complexes. (c) Fibrinogen—antibody complexes showing individual fibri-
nogen molecules with attached antibody, and antibody-linked fibrinogen
complexes, with an interpretive drawing given below each frame [24].

molecular weight of 39,000, is homologous to trypsin,
chymotrypsin, and elastase [27-29]; however, unlike
trypsin, which hydrolyzes peptide bonds after arginine and
lysine residues, thrombin is much more specific and
hydrolyzes specific Arg—Gly bonds near the N-termini of
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Fig. 7. Top: Ribbon model of the Aa, Bp and vy chains of chicken fibrinogen showing distal globular domains connected by three-stranded coiled coils that

meet at a central focus and other features of the molecule. Bottom: Space filling representation of the ordered parts of two neighboring molecules [14].

the Aa and Bp chains to produce fibrinopeptides A and B it has been shown [31,32] that, with purified F and T, this

(FpA and FpB), leaving the rest of the chains (o and ) reaction consists of three reversible steps, namely,

intact [20-23]. Thus, the removal of FpA and FpB uncovers

polymerization sites in the o and  chains which react with T

the C-terminal portions of the -y chains, that are illustrated in F— f+2FpA +2FpB
Figs. 8 and 9. The X-ray structure of human a-thrombin is

shown in Fig. 11 [30].

nfef,
4. The three-stage reaction £, = fibrin

While the overall reaction may be represented as

()

)

3)

where f is fibrin monomer, and n and m are integers.

Thrombin is involved only in the enzyme-catalyzed

Thrombin(T) + Fibrinogen(F)—FibrinClot hydrolysis of Step 1.
Essential for Essential for
Ca?*- binding Polymerization

Alc Ser Phe Ser Alo Thr
63 186 1303 326 =339 355,357 1374

1 1 ]
85 302 Cys Cys 356 373 396 406 411

Lys Lys Lys Lys Glu Lys Val
<—P-4BQP-4A-> P-2
«—P-1— P-4 «~—P-3 P-2A

<—Y3—>

YA

Fig. 8. Schematic representation of the amino acid sequence of the C-terminal portion of the vy chain. The regions essential for polymerization and for Ca*"

binding, and the locations of peptides P-1, P-2, P-2A, P-3, and P4 (cleaved by plasmin in the presence of Ca®" or EGTA) are indicated [26].
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Fig. 9. Model of a 30 kDa C-terminal fragment from the -y chain of human
fibrinogen [15].

The reason for the reversibility of Step 1 is illustrated
in Fig. 12. Whereas the equilibrium hydrolytic reaction
involving, say, a dipeptide is overwhelmingly in the

direction of formation of the hydrolytic products, the
hydrolysis reaction in Step 1 is reversible, i.e., does
not go to completion in the absence of Steps 2 and3
because the species (F) on the left in Fig. 12 involves
noncovalent interactions between FpA (or FpB) and the
rest of the fibrinogen molecule, indicated by the
dashed lines [33,34]. To liberate FpA or FpB, it
would be necessary not only to hydrolyze the peptide
bond but also to pay the free energy penalty to disrupt
these noncovalent bonds [33].

5. Step 1

The mechanism of action of thrombin on fibrinogen
(Step 1) has been investigated by kinetic studies of the
hydrolysis of fibrinogen by thrombin in NaBr at pH
5.3 [34,35], where the polymerization of Steps 2 and 3
does not occur, and in KCl at pH 8 before the
clotting time [36]; the kinetics of the hydrolysis of
fibrinogenlike peptides by thrombin has also been
examined [35,37]. Most of these studies have been
carried out with peptides based on the N-terminus of
the Aa chains of human fibrinogen, with the following
amino acid sequence:

- - - - + | + +
T H-Ala-Asp — Ser — Gly — Glu—Gly—Asp — Phe — Leu — Ala - Glu - Gly - Gly - Gly —Val - Arg - Gly - Pro — Arg -~ Val - Val - Glu - Arg- OH ™~

1 2 3 4 5 6 7 8 9 10 11 12

Thrombin hydrolyzes both the Argl6-Glyl7 and
Argl9-Val20 peptide bonds in peptides, but only the
Argl6-Glyl7 peptide bond in the fibrinogen molecule
in which the Argl9-Val20 bond is protected.

13 14 15 16 17 18 19 20 21 22 23

Using the Michaelis—Menten scheme

ES Z@l, E+P

E+S

PROTHROMBIN

Thrombin
Prothrombin l Prethrombin 1
fragment 1 Y |
156 582
Factor Xa
Prothrombin l Prethrombin 2
. fragment2 Y |
157 274 582
A - chain B - chain
Factor Xa
Cys His Asp Cys Ser
1 22493450 92 148168 254 308
075 |Ag lle = "] H T 580

Fig.10. Schematic representation of proteolytic cleavage steps from prothrombin to the disulfide-linked A and B chains of thrombin.
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g. 11. X-ray crystal structure of human a-thrombin [30].

Fig. 12. Schematic illustration of the apparent strengthening of a covalent
bond by noncovalent interactions (dashed lines) between a protein and a
peptide segment that is to be liberated by proteolysis.
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the kinetic data are expressed [35] in terms of k., and Ky
(Table 1) with k.,/Ky\ being a measure of the catalytic
efficiency of the enzyme [38]. Although very short peptides
are hydrolyzed by thrombin, they are very poor substrates,
with values of k,/Ky being four orders of magnitude smaller
than the corresponding value for the Aa chain of intact
fibrinogen (or of DSK, a large fibrinogen product obtained
after treatment with cyanogen bromide [25]). However, as the
chains become longer, especially after the inclusion of Phe8,
the value of k../Kn approaches that of the intact fibrinogen
molecule.

With Phe8 being quite far, in sequence, from the
hydrolyzed Argl6—Glyl7 peptide bond, it was suggested
[35] that this portion of the Aa chain of fibrinogen must
be folded to bring Phe8 close to the Argl6—Glyl7
sequence. This hypothesis was tested by a transferred
NOE NMR experiment [39], whose basis is illustrated in
Fig. 13. If two protons, A and B, are far from each other,
as indicated at the top of Fig. 13, they do not interact
magnetically. When this unfolded peptide binds to, say, a
large thrombin molecule, A and B can approach each other
in a binding-induced folded structure and can then interact
magnetically. When the peptide dissociates from the
thrombin, the magnetization state in the folded form
relaxes back to that of the unfolded form within a finite
time. Given an appropriate relation between this relaxation
rate and the on (k,,) and off (k.¢) binding rate constants, it
is possible to detect the magnetization state (hence the
NOE) of the folded form by measurements on the unfolded

Table 1
Kinetic constants for hydrolysis of Arg—Gly bonds by thrombin (at pH 8.0 and 25°) and conformational equilibrium constants (at pH 8.3 and 4 °C) [35]
Substrate Kege X 101! Ky % 10° Keont
M[(NIH U/L)s]! M
1. Ao chain of intact fibrinogen 73 9 Very large
2. BB chain of intact fibrinogen 12 11
3.DSK 4%107
4. CNBr Aa 48 47 5%107°
5. CNBr B 6 189
6. Ac-Phe-Leu-Ala-Glu-Gly-Gly-Gly-Val-Arg-Gly-Pro-Arg-Val-Val-Arg-NHCH; 11 680
7. Ac-Leu-Ala-Glu-Gly-Gly-Gly-Val-Arg-Gly-Pro-NHCH; a a
8. Ac-Ala-Glu-Gly-Gly-Gly-Val-Arg-Gly-Pro-Arg-Val-Val-Glu-Arg-NHCH; 0.3 1560
9. Ac-Gly-Gly-Val-Arg-Gly-Pro-Arg-Val-Val-Glu-Arg-NHCH; 0.3 630
10. H-Gly-Gly-Val-Arg-Gly-Pro-Arg-Val-Val-Glu-NHCH;4 6x 1077
11. Ac-Phe-Leu-Ala-Glu-Gly-Gly-Gly-Val-Arg-Gly-Pro-Arg-Val-Val-Glu-NHCH; 16 789
12.  H-Phe-Leu-Ala-Glu-Gly-Gly-Gly-Val-Arg-Gly-Pro-Arg-Val-Val-Glu-NHCH; 11 x 1077
13. Ac-Phe-Leu-Ala-Glu-Gly-Gly-Gly-Val-Arg-Gly-Pro-Arg-Val-NHCH; 20 633
14.  Ac-Phe-Leu-Ala-Glu-Gly-Gly-Gly-Val-Arg-Gly-Pro-NHCH; 11 934
15. H-Gly-Val-Arg-Gly-Pro-Arg-Leu-OH 0.5 3700
16. H-Gly-Val-Arg-Gly-Gly-Arg-Leu-OH 0.2 9600
17. H-Gly-Val-Arg-Gly-Pro-Gly-Leu-OH 0.1 15300

? While the values of k., and Ky could not be determined, this peptide is hydrolyzed by thrombin much more slowly than peptide 14.
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Fig. 13. Schematic illustration of the interaction of thrombin with peptides
derived from proteins such as fibrinogen and hirudin. The peptides in
solution can assume an ensemble of conformations. Protons A and B are, on
average, far away in the free peptide; however, in the bound state, they may
be nearby in space. The proximity between protons A and B in the bound
state can be established by transferred NOE experiments [39].

form because the thrombin molecule is too large compared
to the peptide to affect the NOE signal from the folded
peptide. From such transferred NOEs, it is possible to
compute the distances between pairs of protons and
thereby deduce the structure of the peptide in the bound,
folded form. Fig. 14 illustrates the NOEs that were
detected in such an experiment [40], and Fig. 15 illustrates
the structure that was deduced [40], from these NOEs. It
can be seen that Phe8 is close to Argl6 in the folded form.
Presumably, this portion of the A« chain of fibrinogen has
the same three-dimensional structure as deduced for the

52 53 54 55 57 58

peptide by the transferred NOE experiment. Unfortunately,
FpA and FpB could not be resolved in the X-ray structure
of fibrinogen [17]. If thrombin is inactivated by covalently
blocking the active site to form PPACK thrombin (where
PPACK is D-Phe—Pro arginine chloromethyl ketone), these
fibrinogenlike peptides do not bind, and no transferred
NOEs can be detected.

There are many bleeding disorders manifested by low
clottability arising from genetic mutations in the FpA
portion of fibrinogen [41]. In one of these (Fibrinogen
Rouen), Glyl12 is replaced by Vall2 [41]. The bottom part
of Fig. 16 is the computer generated structure of Fig. 15,
but with Vall2 substituted for Glyl2. From knowledge of
the Ramachandran diagrams for Val and Gly, it is clear that
valine cannot occupy position 12 that is occupied by
glycine in Fig. 15. The structure at the top of Fig. 16 is the
one determined by a transferred NOE experiment on a
peptide containing valine instead of glycine at position 12
[42]. The altered structure presumably prevents the Arg—
Gly bond from being properly oriented in the active site
pocket of thrombin, thereby preventing its hydrolysis. This
constitutes a structural interpretation for the origin of a
bleeding disorder.

A common inhibitor of thrombin is the 65-residue protein,
hirudin [43]. The three-dimensional structure of hirudin has
been determined by NMR spectroscopy by Sukumaran et al.
[44] and by Haruyama and Wiithrich [45]; however, because
of nonregular, unfolded structure at the C-terminus, the
structure of this portion of the hirudin molecule could not be
determined. However, the C-terminal portion (shown below)
contains the binding site for thrombin [46]. Presumably, the
C-terminal portion of hirudin adopts a unique structure when
it is bound to thrombin.

59 60 61 62 63 64 65

H — Asn — Asp — Gly — Asp — Phe — Glu — Glu — lle— Pro — Glu — Glu — Tyr — Leu — Gln — COOH

55 56 57 58

59 60 61 62 63 64 65

Acetyl — Asp — Phe — Glu — Glu — Ile— Pro — Glu — Glu — Tyr — Leu — Gln — COOH
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Fig. 14. Proximity relations of protons of FpA in the thrombin-bound state. The circled residues are those whose proton resonances were not affected by
thrombin binding. The arrows indicate the NOEs that are absent when Gly12 is replaced by Vall2 in FpA [39].
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Fig. 15. Proposed structure of thrombin-bound FpA. A thin line connecting
an oxygen atom to a hydrogen atom indicates that those two atoms are
separated by less than 2.0 A (hydrogen bonds). The nonpolar cluster formed
by the side chains of Phe8, Leu9, and Vall5 is clearly seen [40].

The same transferred NOE technique was applied to
complexes of each of these peptides with thrombin [47].
Fig. 17 illustrates the observed NOEs, and Fig. 18 shows
the computed three-dimensional structure of the C-termi-
nus of hirudin, based on these NOEs [39,47]. An X-ray
structure of a complex of the whole hirudin molecule with
thrombin, in which the C-terminus of hirudin was
immobilized [48], led to a structure of hirudin in which
the structure of the C-terminus was comparable to that
deduced from the transferred NOE experiment, as shown
in Table 2.

Although the active (primary) site of thrombin is
blocked by PPACK, the above hirudin peptides bind to
both thrombin and PPACK thrombin with identical trans-
ferred NOEs [47]. This is because there is a secondary
binding site on thrombin [49], separate from the primary
one that binds FpA and FpB, to which these hirudin
peptides bind. The inhibitory action of the whole hirudin
molecule presumably arises when the C-terminus of hirudin
binds to the secondary binding site of thrombin while the
rest of the hirudin molecule occludes the primary site of
thrombin [15,48,50]. An X-ray structure of a complex
between thrombin and the central domain of fibrin, which
is devoid of FpA and FpB, localized the secondary binding
site [S1].

6. Step 2

It is possible to investigate Step 2 in the absence of
thrombin by preparing purified fibrin monomer, f, by
dissolving fibrin (because of the reversibility of Steps 2
and 3) and maintaining the solution at pH 5 [52], where, as
shown in Fig. 2, f does not polymerize. Then, as the pH is
raised to a value between 5 and 10, polymerization occurs.
By limiting the observations to the early part of the reaction,
before Step 3 can occur, it is possible to examine the
mechanism of Step 2.

Fig. 16. Top: Proposed structure of the Vall2 variant of FpA in the
thrombin-bound state. Bottom: A hypothetical structure of this peptide
constructed from the model of Fig. 15 by replacing Gly12 with Vall2. A
thin line connecting an oxygen atom to a hydrogen atom indicates that those
two atoms are separated by less than 2.0 A (hydrogen bonds) [39].
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Fig. 17. Proximity relations of protons of residues 52—65 of the hirudin C-terminus in the thrombin-bound state. The circled residues are those whose proton

resonances were not affected by thrombin binding [39].

Fig. 18. A model structure of residues Phe56 to GIn65 of the hirudin C-

terminus on the basis of NOE-constrained molecular modeling [39,47].

Fig. 19, based on flow birefringence measurements [6,7],
shows that whereas the length of the fibrin-monomer
molecule is ~500A, similar to that of fibrinogen at the
extremes of the pH range, the lengths of the intermediate
polymers that form early in the reaction at neutral pH appear
to be over 10 times the length of the monomer. Interestingly,
the “parabolic” shape of the curve of Fig. 19 resembles that
of Fig. 2—that is, the pH dependence of 7. resembles the pH
dependence of Step 2—a point to which we shall return
below (Fig. 2 reflects the pH dependence of Step 2,
superimposed on that of Step 1). Based on these and other
hydrodynamic measurements [4—7], the model of Fig. 20
was proposed [35,53,54] as the structure of the intermediate
polymers, in which there is a staggered overlap of two
chains of f,, (with variable n).

The models of F, f, and the intermediate polymers f,, of f,
deduced from hydrodynamic and light-scattering measure-
ments, which also provided information about the distribu-
tion of the sizes, n, of f, [52], were confirmed by electron
microscopy [54]. Fig. 21a and b illustrates the familiar, three-
nodule structure of F and f, respectively (cf. Fig. 4). Fig. 22a
shows the staggered-overlap feature of a dimer and a longer
polymer, and Fig. 22b shows a staggered—overlapping

Table 2
Comparison of NMR structure of hirudin fragment (with bovine thrombin)
with X-ray structure of whole hirudin molecule (with human thrombin)

Residue Ca RMSD (A)

56 Phe 5.75 52 Asn and 53
57 Glu 0.93 ASP are not bound
58 Glu 0.91

59 Ile 0.58

60 Pro 0.28

61 Glu 0.40

62 Glu 0.28

63 Tyr 0.38

64 Leu 1.08

65 Gln 1.45
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Fig. 19. Dependence of length (in A at the clotting time) on pH at a velocity
gradient of 6600 sec™ '[6,7].

tetramer. Several staggered-overlapping trimers are shown in
Fig. 23, and a very elongated staggered-overlapping inter-
mediate polymer is shown in Fig. 24. The overlapping
presumably arises when preexisting polymerization sites in
the C-terminal portion of the y-chain (Figs. 8 and 9) contact
the polymerization sites that are formed at the N-termini of
the o and P chains by liberation of FpA and FpB by thrombin
(Figs. 5 and 6).

In order to identify the nature of the contacts between the
polymerization sites at the N- and C-termini, it is necessary
to explain three observations:

(1) Polymerization occurs only in the pH range between 5
and 10 (Figs. 2 and 19).

(2) Pure fibrin can be dissolved at increased temperature
(above ~42 °C) at pH 5 to form fibrin monomer [52];
this is the reverse of the exothermic reactions (AH<0)
for the polymerization of f.

(3) Polymerization of f leads to a liberation of protons
between pH 5 and 7.5, and an uptake of protons
between pH 7.5 and 10 [55,56].

Clearly, because of point 2, the ease of reversing
polymerization by heating, the interactions must be non-
covalent, i.e., involving hydrogen and/or hydrophobic
bonds. However, since AH<O0, the interactions must be

(a) oo A

(b) oSy

(C) =SS TSI o

Fig. 20. Schematic illustration of staggered overlap of intermediate
polymers. (a) Dimer, (b) trimer, (c) longer intermediate polymer. Note
how the central nodule of one monomer contacts the outer nodules of two
other (adjacent) monomers [35].

Fig. 21. Electron micrograph of (a) bovine fibrinogen and (b)
monomer [54].

fibrin

Fig. 22. Electron micrograph of (a) fibrin dimer (left) and part of a higher

intermediate polymer (right); (b) fibrin tetramer [54].
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Fig. 23. Electron micrographs of several images of fibrin trimers [54].

Fig. 26. Proton release or absorption in the polymerization of fibrin in 1.0
M NaBr, 25.0°, as a function of initial pH [56].

then the following two additional equilibria must also be
involved:

KZ =+
DH ——H +D
and

K3
AHt —— HT +A.

Solution of the above three simultaneous equilibria
provides the pH dependence of the number of protons
liberated (g in Fig. 25) and, with the heats of ionization of
DH and AH", the pH dependence of the overall AH for the

Fig. 24. Electron micrograph of part of a high intermediate fibrin polymer

54].
- polymerization reaction [55]. Computations with assumed

) ) values of K, K,, and K3, and their corresponding AH
overwhelmingly hydrogen rather than hydrophobic bonds. values lead to the curves shown in Fig. 25. The asymmetry
The polymerization process can thus be represented [55] as of the AH curve arises because the AH values for ionization

of DH and AH" were assumed to differ. The position of the

Ky
DH + A == DH--A maximum in the g vs. pH curve provides the pK, of the

where DH is a hydrogen bond donor, and A is a hydrogen acceptor group, and the position of the minimum provides
bond acceptor. If these are themselves ionizable groups, the pK, of the donor group. The crossing-point pH at ¢g=0
+0.2 0.5
—0.4
—0.3
+01— X;
—02 Y
% —0.1

0

-50
AH

kcal/mole

| ! I | |
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Fig. 25. Curves showing pH dependence of x;, ¢, and AH for Step 2, computed from hypothetical values of K, K, and K3. The experimental points at pH 6.08
and 6.88, indicated by the rectangles, are included for comparison with the theoretical curve. The crosses are theoretical points obtained for an alternative value

of K, [55].



128 H.A. Scheraga / Biophysical Chemistry 112 (2004) 117-130

depends on the pK, values of both the donor and the
acceptor. At a pH, say, around 6, the donor group, with a
high pK, is unaffected by the DH+A polymerization
reaction. However, at pH 6, the DH+A reaction (with a
pK, near 6 for AH') removes A from its ionization
equilibrium with AH". Hence, this equilibrium is shifted
to the right, producing protons, as illustrated in Fig. 25. Ata
higher pH, say, around 10, all of the AH" groups are in the
dissociated form A and are unaffected by the DH+A
polymerization. However, at pH 10, the DH+A reaction
(with a pK, near 10 for DH) removes DH from its ionization
equilibrium with D~. Hence, this equilibrium is shifted to
the left, with an uptake of protons, as illustrated in Fig. 25.
Experimental data, obtained by raising the pH of fibrin
monomer solutions from 5 to higher values [56], are shown
in Fig. 26. From the position of the maximum, it is
concluded that the pK, of AH' is ~6; that is, that the
acceptor A is a histidine from which the proton has
dissociated. The curve in Fig. 26 resembles part of the ¢
vs. pH curve of Fig. 25. Because of instability of the
electrodes at high pH, it was not possible to obtain the
experimental high pH portion of the ¢ vs. pH curve.
However, since the experimental crossing-point pH, which
is the average of the pK values of AH" and DH, was
obtainable, it was deduced that the pK, of DH is ~10; that is,
that the donor DH is a tyrosine with its proton intact.

This model accounts for the pH range of polymer-
ization (see the x; curve of Fig. 25, where x; is the
fraction of the molecules in the DH - -A form at any pH),
and for the pH-dependent AH of ionization, shown as two
experimental points [55] on the AH vs. pH curve of Fig.
25. Further details about the mechanism of polymerization
of fibrin monomer were provided by Endres and Scheraga
[57].

It is worth noting that the negative AH, arising from the
hydrogen bond mechanism, is almost unique in the protein
literature. Most other protein—protein interactions are
endothermic, involving the predominance of hydrophobic
interactions [58—60]. Hydrophobic interactions could also
be involved in the DH+A polymerization step, but would
not be observable because they do not involve ionizable
groups. However, as shown by Némethy et al. [61] and by
Fernandez and Scheraga [62] (see Fig. 1 of each paper),
hydrophobic groups can increase the strength of hydrogen
bonds by interacting with the nonpolar “necks” of side
chains such as glutamic acid or lysine.

Two related experiments support the conclusion that
tyrosyl. . .histidine hydrogen bonds are involved in the
polymerization of Step 2. First, photooxidation of histidine
leads to loss of polymerization [63]. Second, iodinated
fibrinogen, in which the tyrosines are in the form of di-iodo-
tryosine with a pK, of ~7, exhibits the same polymerization
behavior as native fibrinogen, except for a shift in properties
[64], consistent with a shift in pK, of DH from 10 to 7.

Our laboratory has not produced any mechanistic
observations on Step 3, other than to demonstrate its

reversibility. Further details about the mechanisms of Steps
1 and 2 are provided in Refs. [32-35] and [57].

7. Conclusions

While the observations of Fig. 2 presented a challenge
for obtaining a molecular mechanistic interpretation, it
appears that the reversible three-step model, based on
various physical-chemical observations, provides such an
interpretation. In addition, the thrombin—fibrinogen inter-
action has been the vehicle for developing several
concepts of protein chemistry dealing with the reversi-
bility of enzymatic hydrolysis and of protein—protein
interactions.
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