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Abstract

Enzymes activated by monovalent cations are abundantly represented in plants and in the animal world. The m
of activation involves formation of a ternary intermediate with the enzyme–substrate complex, or binding of the catio
allosteric site in the protein. Thrombin is a Na+-activated enzyme with procoagulant, anticoagulant and signaling roles
binding of Na+ influences allosterically thrombin function and offers a paradigm for regulatory control of protease a
and specificity. Here we review the molecular basis of thrombinallostery as recently emerged from mutagenesis and struc
studies. The role of Na+ in blood coagulation and the evolution of serine proteases are also discussed.To cite this article:
E. Di Cera, C. R. Biologies 327 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Enzymes activated by monovalent cations

Since the discovery of the activating effect of K+
on pyruvate kinase, over 60 years ago[1], enzymes
activated by monovalent cations have been identi
abundantly in both the animal world and plants[2].
Renewed interest in this class of enzymes has b
fostered by the recent availability of high-resoluti
crystal structures. Monovalent cation binding si

E-mail address: enrico@wustl.edu(E. Di Cera).
1631-0691/$ – see front matter 2004 Académie des sciences. Publis
doi:10.1016/j.crvi.2004.07.011
have been identified structurally in dialkylglycin
decarboxylase[3,4], pyruvate kinase[5], thrombin
[6], the molecular chaperone Hsc70[7], fructose-
1,6-bisphosphatase[8], S-adenosylmethionine syn
thetase[9], Trp synthase[10], coagulation factor Xa
[11], branched-chainα-ketoacid dehydrogenase k
nase[12], methylamine dehydrogenase[13], fructose-
1,6-bisphosphate aldolase[14], Haemophilus influen-
zae HslV protein[15], ribokinase[16], activated pro-
tein C [17] and DNA mismatch repair protein Mut
[18]. The monovalent cation-binding site of a c
alytic RNA has also been described by X-ray crys
hed by Elsevier SAS. All rights reserved.
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lography[19]. Monovalent-cation-activated enzym
typically express optimal catalytic activity in the pre
ence of K+, with the smaller cations Li+ and Na+
being less effective[2]. Enzymes activated by Na+
are less active in the presence of Li+ or K+ and are
mostly confined to blood coagulation and the comp
ment system. An interesting correlation exists betw
the preference for K+ or Na+ and the intracellular o
extracellular localization of such enzymes, which s
gests that monovalent cation activation is the re
of evolutionary adaptation to environmental con
tions.

Monovalent cations activate enzymes in essenti
two ways: either by forming a ternary complex wi
enzyme and substrate, or allosterically. The two me
anisms are easily distinguishable. In the former ca
the presence of the cation is absolutely required
catalytic activity; the cation is part of the substra
itself. In the latter case, the cation increases sig
icantly the activity from a finite basal value by in
ducing a conformational change in the protein. Py
vate kinase is an example of the former mechan
of monovalent cation activation. In this enzyme, K+
binds to the phosphate group of substrate and
comes an integral component of the substrate itself[5].
This mechanism is obeyed by all kinases that req
K+ for optimal activity, with only one exception. R
bokinase is activated by K+ in an allosteric fashion
through a conformational change of the protein[16]
(Fig. 1). Unlike K+-activated enzymes, Na+-activated
enzymes are fewer in number and feature exclusi
allosteric activation. Thrombin, the key serine prote
responsible for blood coagulation[20,21], vascular de-
velopment and signaling[22–24], has emerged as th
best characterized enzyme that uses Na+ as an al-
losteric activator[25] (Fig. 1). Na+ activation is also
observed in other proteases involved in blood coag
tion and the immune response, but not in digestive
y
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ide
ced

s
f

Fig. 1. Environment of the monovalent cation-binding site in allosterically activated enzymes. (Left) Cs+ binding site of ribokinase (PDB entr
1GQT). Cs+ is represented as a cyan ball and is coordinated by the backbone O atoms of residues 285, 288, 290, 251, and 249 and by th
chains of Asp-249 and Ser-294. H-bonds are depicted by red lines. Cs+ is a structural and functional mimic of K+ for this enzyme. Note the
close proximity of the Cs+ binding site to the 252–255 region that defines the anion hole of the active site where ribose (red) and nucleot
(orange) come together. Asp-255 is placed for optimal interaction with theγ -phosphate of the nucleotide and its orientation can be influen
allosterically by Cs+ binding. Other effects canbe propagated from the Cs+ binding site to the active site lid when ribose is bound[16]. (Right)
Na+ binding site of thrombin (PDB entry 1SFQ). Na+ is represented as a cyan ball, and is coordinated octahedrally by four water molecule
(red balls) and the backbone O atoms of residues 221a and 224. The side chain of Asp-189 couples electrostatically to the guanidinium group o
the Arg residue of substrate at P1 (orange) and H-bondsto one (denoted by *) of four water molecules in the Na+ coordination shell. H-bonds
are shown by broken lines in green[33].



E. Di Cera / C. R. Biologies 327 (2004) 1065–1076 1067

sin
re-

nd
tire
va-

by
ally.

red
-
t

t
t-

d
ue

of

,

s:

g
me

eric
the
ith

-

gni-
r al-
fin-

he

may

trol

p-
y
ses

en-

d in
as-

-

s by
-

8-
uct

the
an-
for
by
al

t
veal

on-
degradative enzymes like trypsin and chymotryp
[26]. Recent structural and mutagenesis data have
vealed the molecular basis of thrombin allostery a
features of this regulation that are relevant to the en
class of enzymes allosterically activated by mono
lent cations.

2. Allosteric activation of thrombin by Na+

The kinetic signatures of allosteric activation
monovalent cations are easy to detect experiment
When the value ofkcat/Km for the hydrolysis of a
small chromogenic substrate by thrombin is measu
as a function of [Na+], a hyperbolic increase in ac
tivity is observed (Fig. 2). The increase is significan
(∼20-fold) and is due to increasedkcat and reduced
Km. The curve inFig. 2 contains information abou
the linkage between Na+ binding and enhanced ca
alytic activity and obeys the equation[27].

(1)s = s0 + s1
[Na+]
Kd

1+ [Na+]
Kd

= s0
1+ α [Na+]

Kd

1+ [Na+]
Kd

where s0 and s1 are the values ofs = kcat/Km in
the Na+-free and Na+-bound form, respectively, an
α = s1/s0 is the extent of allosteric enhancement d

Fig. 2. Na+ activation of thrombin. Shown is the value
s = kcat/Km for the hydrolysis of H-D-Phe-Pro-Arg-p-nitroanilide
as a function of [Na+]. Experimental conditions are: 5 mM Tris
0.1% PEG8000, pH 8.0 at 25◦C; I = 200 mM. The continu-
ous line depicts Eq.(1) in the text with best-fit parameter value
s0 = 5.3± 0.3 µM−1 s−1; α = 18± 1; Kd = 20± 1 mM.
to Na+ binding. Eq.(1) is the solution of a linkage
scheme that links Na+ binding to substrate bindin
and hydrolysis under conditions where the enzy
obeys Michaelis–Menten kinetics[27]. The form of
Eq. (1) encapsulates the salient features of allost
activation. The mechanism entails two steps: first,
monovalent cation binds to its site in the protein w
an equilibrium dissociation constantKd and, then,
this event is transduced intoenhanced catalytic activ
ity that increases the value ofs from s0 to s1. The
structural determinants responsible for cation reco
tion need not be the same as those responsible fo
losteric activation. Hence, the three parameters de
ing Eq. (1) are independent, which implies that t
extent of allosteric activation (α) is not necessarily
linked to the strength of Na+ binding (Kd). An impor-
tant consequence is that mutations of the enzyme
affect independently the various parameters in Eq.(1)
and have the potential to detect residues that con
cation recognition (effect onKd) or allosteric activa-
tion (effect onα). The conceptual basis of the a
proach based on Eq.(1) applies quite generally to an
allosteric protein where binding of an effector cau
changes in catalytic activity.

In the case of thrombin and serine proteases in g
eral, the Michaelis–Menten constantss and kcat ac-
cessible to experimental measurements are define
terms of the individual rate constants for substrate
sociation to the enzyme (k1 in M−1 s−1), substrate dis
sociation from the enzyme-substrate complex (k−1 in
s−1) and substrate acylation (k2 in s−1). Specifically,
s = k1k2/(k−1 + k2) andkcat = k2 [28]. When these
parameters are determined for substrate hydrolysi
the Na+-free and Na+-bound forms of thrombin, a sig
nificant difference is found in the values ofk1 andk2.
When Na+ binds to thrombin, substrate interacts
fold faster with the enzyme and is converted to prod
7-fold faster[28]. Hence, binding of Na+ optimizes
both substrate binding and catalysis and influences
properties of the enzyme in both the ground and tr
sition state. Interestingly, the activation energies
substrate interaction with thrombin are not affected
Na+ binding [28], presaging that the conformation
transition induced by Na+ binding is small.

Measurements ofs in the presence of differen
monovalent cations, at the same ionic strength, re
that thrombin is activated preferentially by Na+. Mea-
surements of monovalent cation binding also dem
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strate a preference for Na+ over the larger cation K+
or the smaller cation Li+ (Fig. 3) [29]. The structure of

Fig. 3. Monovalent cation binding curves of thrombin determin
from changes in intrinsic fluorescence as a function of cation c
centration [M+], under experimental conditions of: 5 mM Tri
0.1% PEG8000, pH 8.0 at 10◦C, I = 800 mM. Data are expresse
as fractional changes of the value of fluorescence to enable
rect comparison. Continuous lines were drawn using the exp

sion θ = F−F0
F1−F0

= [M+]
Kd+[M+] [29]. The best-fit parameter value

are: Kd,Li+ = 250 ± 20 mM (2), Kd,Na+ = 14 ± 1 mM ("),
Kd,K+ = 130± 10 mM (!).

Fig. 4. Monovalent cation specificity profile for wild-type throm
bin (") and the mutants quadA′ (!) and D189S (P). Shown are
the values of the binding free energy�G = RT lnKd determined
for Li+, Na+, K+ and Rb+ by fluorescence titrations under expe
imental conditions of: 5 mM Tris, 0.1% PEG8000, pH 8.0 at 10◦C,
I = 800 mM. Note how the specificity of quadA′ [30] and D189S
[29] are shifted toward cations of larger and smaller ionic rad
respectively, compared to wild-type. Continuous curves are splin
interpolations of the data.
thrombin has therefore been optimized for preferen
binding of Na+ and for allosteric transduction of Na+
binding into enhanced catalytic activity. The cati
selectivity seen in thrombin and monovalent-cati
activated enzymes is reminiscent of that featured
ion channels. It is therefore remarkable that such
lectivity can be redesigned by rational engineeri
Indeed, thrombin can be converted into a K+-specific
or Li+-specific enzyme by site-directed mutagene
[29,30] (Fig. 4). The thermodynamic signatures
Na+ binding are noteworthy. The ionic-strength d
pendence of Na+ binding to thrombin shows only
small effect, but the temperature dependence sho
marked curvature in the van’t Hoff plot, conducive to
large and negative heat capacity change[30,31]. This
peculiar temperature dependence is also observe
K+ binding to thrombin[30] and for Na+ binding to
activated protein C[32].

3. Structural basis of thrombin allostery

Binding of Na+ to thrombin promotes substra
binding (higherk1, lower Km) and substrate hydroly
sis (higherk2, higherkcat) and is highly temperatur
dependent, with a large and negative heat capa
change. What is the molecular origin of these effec
Furthermore, what residues are responsible for N+
recognition and the transduction of Na+ binding into
enhanced catalytic activity? These important quest
could be asked for any enzyme allosterically activa
by monovalent cations and, in the case of thromb
have recently found an answer through site-direc
mutagenesis and structural studies[33].

The Na+ binding site of thrombin is strategicall
located in close proximity to the primary specifici
pocket[6] (Fig. 1), nestled between the 220- and 18
loops that contribute to substrate specificity in ser
proteases[34–36]. The Na+ binding sites of coagu
lation factor Xa[11] and activated protein C[17] are
similarly located and arranged structurally. The lo
tion of the Na+ binding site away from residues of th
catalytic triad or involved directly in substrate recog
tion underscores the allosteric nature of the activa
observed experimentally. The bound Na+ is coordi-
nated octahedrally by two backbone O atoms fr
the protein residues Arg-221a and Lys-224 and f
buried water molecules anchored to the side chain
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Fig. 5. Space-filling model of thrombin depicting the structural
ganization of the allosteric core[33]. Residues affected by Ala re
placement are color-coded based on the log change in theKd for
Na+ binding: cyan,±0.5 units (3-fold), green, 0.5–1.0 units (
to 10-fold), yellow, 1.0–1.5 units (10- to 30-fold), red,>1.5 units
(>30-fold). Residues not subject toAla-scanning mutagenesis a
in gray. The allosteric core (residues in red, marked) is confi
to the region around the Na+ binding site. Residues affecting Na+
binding >10-fold (yellow) are in close contact with residues of t
allosteric core.

Asp-189, Asp-221 and the backbone atoms of Gly-
and Tyr-184a (Fig. 1).

Extensive Ala-scanning mutagenesis of throm
has revealed the ‘allosteric core’ of residues en
getically linked to Na+ binding [33]. Practically all
residues of the allosteric core cluster around the N+
site. Na+ binding is severely compromised (>30-fold
increase inKd) upon mutation of Asp-189, Glu-217
Asp-222 and Tyr-225 that reside within 5 Å from th
bound Na+ (Fig. 5). Asp-189 fixes the orientation o
one of the four water molecules ligating Na+ and pro-
vides an important link between the Na+ site and the
P1 residue of substrate[29]. Glu-217 makes polar con
tacts with Lys-224 and Thr-172 that help stabilize
intervening 220-loop in the Na+ site. The ion-pair
between Arg-187 and Asp-222 latches the 186-lo
onto the 220-loop to stabilize the Na+ site and the
pore of entry of the cation to its binding site[30].
Tyr-225 plays a crucial role in determining the Na+-
dependent allosteric nature of serine proteases[26]
by allowing the correct orientation of the backbone
atom of residue 224[37], which contributes directly
to the coordination of Na+. The side chain of Tyr-
225 also secures the integrity of the water chan
embedding the primary specificity pocket, that is
quired for correct substrate recognition[37]. The four
residues of the allosteric core occupy crucial positi
around the bound Na+ and help maintain the integrit
of the coordination shell around the bound cation. T
allosteric core is assisted by another set of resid
whose Ala substitution affects Na+ binding > 10-fold.
These residues are Thr-172, Tyr-184a, Arg-187, S
214 and Gly-223 and, together with the residues of
allosteric core, link the Na+ binding site to the S3-S
specificity pocket and the S1 specificity site.

The Ala-scanning mutagenesis screen of thro
bin has also revealed residues important for allost
transduction (the parameterα in Eq.(1)). Asp-189 and
Asp-221 are key residues promoting substrate bind
to the Na+-bound form and hence allosteric tran
duction. Asp-189 is part of the allosteric core a
defines the primary specificity of the enzyme by c
ordinating directly the guanidinium group of Arg
P1 of substrate. Asp-221 is a crucial componen
the Na+ binding site (Fig. 1), with its side chain an
choring one of the four water molecules ligating N+
and also H-bonding to Asp-189. Mutation of As
221 does not affect Na+ binding, but almost abrogate
the Na+-induced enhancement of substrate hydroly
This finding is a direct confirmation of the indepe
dence of the parameters in Eq.(1) and the fact tha
they are controlled by distinct structural determinan

The allosteric core defined by mutagenesis d
suggests that Na+ binding to thrombin influence
residues in the immediate proximity to the cati
binding site, namely Asp-189, Glu-217, Asp-222, a
Tyr-225. Other residues making contacts with the
ating water molecules in the coordination shell
Tyr-184a, Asp-221, and Gly-223 and their mutati
to Ala affects Na+ binding> 10-fold (Tyr-184a, Gly-
223), or affects the allosteric transduction of this ev
into enhanced catalytic activity (Asp-221). How do
Na+ binding to thrombin affect these residues? T
structures of the Na+-free and Na+-bound forms are
highly similar overall, but there are five notable diffe
ences that help explain the kinetic and thermodyna
signatures of Na+ binding to thrombin. These dif
ferences influence (Fig. 6): (1) the Arg-187:Asp-222
ion-pair, (2) the orientation of Asp-189 in the prima
specificity pocket, (3) the orientation of Glu-192
the entrance of the active site, (4) the orientation
the catalytic Ser-195, and (5) the architecture of
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Fig. 6. Structural changes induced by Na+ binding to thrombin de-
picted by the structures of the Na+-free (red, PDB entry 1SGI) an
Na+-bound (yellow, PDB entry 1SG8) forms[33]. The changes
explain the kinetic and thermodynamic signatures linked to Na+
binding. The main changes induced by Na+ (blue ball) binding are:
formation of the Arg-187:Asp-222 ion-pair that causes a shift in th
backbone O atom of Arg-221a, reorientation of Asp-189, shif
the side chain of Glu-192, and shift in the position of the Oγ atom
of Ser-195. Also shown are the changes in the water network con
necting the Na+ site to the active site Ser-195. The water molecu
in the Na+-bound form (yellow balls) are organized in a netwo
that connects Na+ to the side chain of Asp-189 and continues on
reach the Oγ atom of Ser-195. A critical link in the network is pro
vided by a water molecule (*) that H-bonds to Ser-195 and Glu-1
This water molecule is removed in the Na+-free form, causing a re
orientation of Glu-192. The connectivity of water molecules in
Na+-free form (red balls) is further compromised by the lack
Na+ and proper anchoring of the side chain of Asp-189. H-bo
are shown by broken lines and refer to the Na+-bound form.

water network spanning>20 Å from the Na+ site to
the active site.

The Arg-187:Asp-222 ion-pair connects the 22
and 186-loops that define the Na+ site. Asp-222 be-
longs to the allosteric core and the mutant D222A
drastically impaired Na+ binding, a property mirrored
to smaller extent by the R187A mutant. The ion p
breaks when Na+ is released, bringing about a co
comitant shift in the backbone O atom of Arg-22
that directly coordinates Na+. In the Na+-bound form,
Asp-189 is optimally oriented for electrostatic co
pling with the P1 Arg residue of substrate, but its o
entation changes slightly when Na+ is released. The
change reduces the affinity toward substrate and o
an explanation for the reducedk1 observed in the Na+-
free form. The structural changes around Asp-189
also consistent with the mutagenesis data where
D189A replacement abrogates most of the allost
transduction of Na+ binding. The side chain of Glu
192 relocates when Na+ is released and no longe
supports a key water molecule that links the netw
to the catalytic Ser-195. This residue, in turn, reo
ents when Na+ is released and breaks the H-bond w
the catalytic His-57. The energy cost of realigning S
195 for H-bonding with His-57, which is required fo
the nucleophilic attack of the amide bond of substr
contributes to the lower acylation rate andkcat in the
Na+-free form.

The structural changes observed at the level of A
222, Asp-189 and Ser-195 offer a plausible expla
tion for the reduced substrate binding and convers
in the Na+-free form. However, these residues are d
tant in space and the hallmark of allosteric protein
the ability to couple structural domains that are sep
arated. In thrombin, the communication between th
Na+ site, Asp-189 and Ser-195 requires a network
linked processes that span more than 20 Å. Rem
ably, this network is provided by a cluster of H-bond
water molecules that embed the Na+ site, the primary
specificity pocket and the active site (Fig. 6). Na+
binding organizes a network of eleven water molecu
that connect through H-bonds up to side chain of S
195. These water molecules act as links between
strands 215–219, 225–227 and 191–193, that de
the Na+ site and the walls of the primary specifici
pocket, and fine-tune substrate docking into the ac
site. In the Na+-free form, only seven water mole
cules occupy positions in the network equivalent
those seen in the Na+-bound form and the connectiv
ity is radically altered. The change in the number a
long-range ordering of water molecules linked to N+
binding offers an explanation for the large and ne
tive heat capacity change measured upon Na+ binding
to thrombin. The change is the result of the format
of water binding sites connecting strands and loop
the Na+ site, by analogy to what is observed when w
ter molecules are buried at the Trp repressor–ope
interface[38]. The allosteric properties of thromb
depend on the structure of this water network in
decisive manner. All residues involved energetica
in Na+ binding and the allosteric transduction of th
event into enhanced catalytic activity are in direct c
tact with water molecules in the network. The n
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work provides the long-range connectivity needed
allosterically communicate information from the Na+
site to the active site Ser-195 and to residues invol
in substrate recognition, like Asp-189 and Glu-192

The structural changes underlying Na+ binding are
small, but appear at critical locations within the pr
tein. Other monovalent-cation-activated enzymes
vestigated structurally to date[3–5,7,8,10,16]show
conformational changes induced by cation bind
that are small, but of extreme functional relevan
In the case of dialkylglycine decarboxilase, the eff
of Na+ on the enzyme is mediated by the reorie
tation of a Ser residue near the active site indu
by cation binding[3,4]. In the case of ribokinase
K+ binding influences allosterically the orientation
Asp-255 in the anion hole of the active site[16]. In the
case of Trp synthase, binding of Na+ triggers small
local and long-range changes in quaternary struc
[10]. In other allosteric systems, like transmembra
receptors, subtle conformational changes as sma
1 Å are transmitted from ligand-binding sites to e
fector sites over distances greater than 100 Å us
H-bonding networks[39,40]. The strategy chosen b
thrombin to accomplish the Na+-mediated allosteric
control of substrate binding and catalysis is con
tent with the mechanisms exploited by other alloste
enzymes: long-range communications mediated by
bonding networks are linked to small side-chain
arrangements that result in significant changes in s
strate binding and catalysis. The strategy suits well
rigidity of the scaffold available to serine proteas
where most of the flexibility resides in peripheral lo
regions connecting strands of the rigidβ-barrel core.

4. Role of Na+ in blood coagulation

Thrombin plays two important and paradoxica
opposing functions in the blood[41]. It acts as a pro
coagulant when it converts fibrinogen into an insolu
fibrin clot that anchors platelets to the site of les
and initiates processes of wound repair. This ac
is reinforced and amplifiedby activation of the trans
glutaminase factor XIII thatcovalently stabilizes the
fibrin clot, the inhibition of fibrinolysis, and the pro
teolytic activation of factors V, VIII and XI[20]. In
addition, thrombin acts as an anticoagulant whe
activates protein C[42]. This function unfolds upon
binding to thrombomodulin, a receptor on the me
brane of endothelial cells. Binding of thrombomodu
suppresses the ability of thrombin to cleave fibrinog
and PAR1, but enhances>1000-fold the specificity o
the enzyme toward the zymogen protein C. Activa
protein C cleaves and inactivates factors Va and VI
two essential cofactors of coagulation factors Xa a
IXa that are required for thrombin generation, there
down regulating both the amplification and progr
sion of the coagulation cascade. In addition, throm
is irreversibly inhibited at the active site by the ser
protease inhibitor antithrombin with the assistance
heparin[43,44]. Other important effects are triggere
by thrombin upon cleavage of protease-activated
ceptors (PARs), which are members of the G-prote
coupled receptor superfamily. Four PARs have b
cloned and they all share the same basic mechanis
activation[24]: thrombin cleaves within the extrace
lular domain to expose a new tethered ligand dom
that folds back and activates the cleaved receptor[23].
Activation of PAR1 and PAR4 on human platelets tr
gers platelet activation and aggregation and unfo
the prothrombotic role of thrombin in the blood.

How does Na+ binding influence the plethora o
thrombin interactions in the blood? Under physiolo
conditions of [Na+] (140 mM), pH and temperature
the Kd for Na+ binding is 110 mM[25,31,32]and
thrombin is 60% bound to Na+. Remarkably, Na+
binding to thrombin is required for optimal cleava
of fibrinogen and PAR1, but not of protein C[45]. The
Na+-bound form of thrombin cleaves fibrinogen a
PAR1 with specificity constants that are respectiv
170-fold and 260-fold higher than that of protein
[46]. In the Na+-free form, however, these ratios b
come 4.7-fold and 4.4-fold, respectively[46], due to
an exclusive drop of the rates of cleavage of fibrinog
and PAR1 below physiologically acceptable leve
The Na+-bound form of thrombin is therefore respo
sible for the procoagulant, prothrombotic and sign
ing functions of the enzyme. The Na+-free form, on
the other hand, is anticoagulant because it retains
mal activity toward protein C, but it is unable to pr
mote a physiologically acceptable cleavage of fibrino
gen or PAR1. Hence, the degree of Na+ saturation of
thrombin dictates the fate, procoagulant or anticoa
lant, of the enzyme. Support to the procoagulant r
of Na+-bound form of thrombin comes from the o
servation that genetic defects leading to impaired N+
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binding, such as prothrombin Frankfurt[47], Salakta
[48], Greenville[49], and Scranton[50], are associate
with bleeding phenotypes. Furthermore, every ant
agulant thrombin mutant engineered to date has b
shown to be defective for Na+ binding[51–53]. Inter-
estingly, analogous procoagulant effects of Na+ have
been reported for coagulation factor Xa[54,55]. The
synergism between thrombin and factor Xa in in
ating and maintaining blood coagulation[20,21]sug-
gests that Na+ is a key promoter of blood coagulatio
Indeed, changes in the Na+ concentration of plasm
resulting in hypernatremia ([Na+] > 145 mM) or hy-
ponatremia ([Na+] < 135 mM) are among the mo
common electrolyte disorders encountered by prim
care providers, nephrologists and pediatricians[56,57]
and are often associated with thrombosis or bleed
respectively[58,59]. Even under physiologic cond
tions, the Na+ concentration of plasma drops dras
cally and reversibly around platelet thrombi in viv
[60], indicating that Na+ regulates the activity o
thrombin and factor Xa in the microenvironment
blood vessels.

The structural changes observed in the Na+ bound
form of thrombin, relative to the Na+-free form
(Fig. 6) are conducive to a conformation that is mo
prone to interact with substrate and explain why N+
binding optimizes thrombin for its procoagulant, pr
thrombotic and signaling functions[45,46,58]. The
orientation of Glu-192 in the Na+-free form, however
compensates for the deleterious changes around
189 and Ser-195 and reduces the electrostatic c
with the acidic residues at position P3 and P3′ of
protein C. That results in a conformation that reta
activity toward protein C and explains the intrinsic a
ticoagulant nature of the Na+-free form[45,46,58].

5. Na+ binding and the evolution of serine
proteases

Recent progress in the study of Na+ binding to
thrombin has revealed the underpinnings of the st
tural and functional components of the interacti
There is, however, an intriguing aspect of the N+
activation of thrombin and related serine protea
that has contributed to our understanding of the ev
tion of these enzymes. Signatures of watershed ev
linked to evolutionary transitions in protein familie
-

can be identified from sequence comparisons
analysis of amino acid occurrences at any given p
tion along the sequence. Evolutionary markers can
defined as dichotomous choices at given amino a
positions mapping to codons that cannot intercon
by single nucleotide mutations[61,62]. Because of
their very nature, such markers identify decisive evo
tionary transitions. Analysis of over 600 sequence
serine proteases of the chymotrypsin family, to wh
thrombin belongs, returns codon usage dichotom
only at three positions, namely residues 195, 2
and 225[61].

The sequence dichotomies used to categorize
motrypsin-like proteases are TCN (N= any base) or
AGY (Y = C or T) codon usage for the active s
nucleophile Ser-195, TCN or AGY codon usage
the highly conserved Ser-214, which is adjacen
the active site, and Pro or Tyr usage for residue 2
which determines whether a chymotrypsin-like p
tease can undergo catalytic enhancement mediate
Na+ binding [26]. Na+ binding requires Tyr-225 (o
Phe-225) because Pro-225 reorients the backbon
atom of residue 224 (Fig. 1) in a position incompatible
with Na+ coordination[26,37]. Primordiality of TCN
compared to AGY and of Pro compared to Tyr est
lishes the relative ages of the lineages with resp
to each other. Thus, Ser-195:TCN/Ser-214:TCN/Pro
225 is the most primordial marker configuration, a
Ser-195:AGY/Ser-214:AGY/Tyr-225 is the most mod
ern [61]. Profiling of selected proteases involved in
number of physiologically relevant processes reve
the evolutionary transition among these processesTa-
ble 1). Notably, the most primordial proteases a
engaged in degradative processes, with trypsin, c
motrypsin and elastase being the best-known ex
ples. Changes in the molecular markers start to ap
with the developmental proteases of the fruit fly
with the fibrinolytic proteases. Interestingly, the pre
sure to change residue 225 to a Na+ accommodating
residue like Tyr or Phe first emerged with develo
mental proteases. It is with the complement sys
that pressure to mutate the molecular markers beco
conspicuous. The complement appears as an ev
tionary battleground for such markers: factors in
alternative pathway retain Pro-225, but factors in
lectin and classical pathways show pressure to in
duce Na+ binding. It is well known that the alterna
tive pathway predated the lectin and classical pa
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Table 1
Segregation of function and evolutionary markers in serine
teases. Proteases are color-coded based on their evoluti
distance from the ancestral Ser-195:TCN/Ser-214:TCN/Pro-225
marker profile as cyan (one marker change), yellow (two ma
changes), or red (three marker changes). All proteases are hu
except developmental that are from fruit fly. Markers are co
coded based on their chronology asred (ancient) or blue (modern
*Human complement factors B and C2 have an insertion in the
region that makes identification of residue 225 ambiguous. Li
are the residues located twelve positions upstream of the highly
served Trp-237

ways [63,64]. Interestingly, within the deuterostom
lineage that gave rise to the vertebrates, the ance
of complement factor B found in the sea urchin h
Tyr-225, with Ser-195:TCN/Ser-214:AGY. It is in the
sea urchin, where a primitive complement system o
included the ancestors of factor B, C3 and MASP, t
,

r

evolution started to explore alternative codons for S
214 and Na+ binding residues like Tyr-225. That tren
is revealed eloquently in the vertebrates MASPs
the classical pathway proteases C1r and C1s. Th
nal stage of transition for the codons is witnessed
the blood coagulation system that evolved as a s
cialization of the classical pathway of the comp
ment. The proteases of blood coagulation are cle
split into two groups, with factors XI and XII show
ing a distinct codon usage for Ser-195 and Ser-
compared to the vitamin K-dependent factors VII, I
X, prothrombin and protein C. Factors XI and X
therefore evolved from a different lineage compare
to the other clotting factors[65]. However, an im-
portant difference in the codon usage of Ser-214
seen between prothrombin and the other vitamin
dependent factors. Prothrombin appears to be more
cestral and of a different evolutionary origin compared
to the other vitamin K-dependent factors. Indeed, pro
thrombin possesses kringle domains and not EGF
mains, whereas all other vitamin K-dependent clot
ting proteases possess EGF domains but not krin
Although changes in such auxiliary domains through
exon shuffling were quite common during evoluti
[66] and it is not possible to conclusively specify
chronology for such changes, it is tempting to sp
ulate that prothrombin predated all other coagulatio
factors and was recruited in the coagulation casc
from another system, possibly involved in immune
sponse. The similarity of marker profiles between p
thrombin, MASP-2, C1r and C1s is particularly stri
ing.

Evolutionary markers trace the origin of Na+ bind-
ing to serine proteases within the complement sys
along the deuterostome lineage and within the de
opmental proteases alongthe protostome lineage (Ta-
ble 1). Perhaps the need for Na+ binding emerged
independently during evolution along the two ma
branches of the animal kingdom[67]. Alternatively,
Na+ binding might have emerged much earlier, bef
the protostome–deuterostome split, which traces b
to the flat worms. Allosteric activation by Na+ in ser-
ine proteases is likely quiteancient and certainly pre
dated vertebrates and the onset of sophisticated m
anisms of defense, like immunity and blood clotting

Why was Na+ binding deemed beneficial durin
evolution? Perhaps a way to address this key ques
is to identify the environments or conditions whe
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Na+ binding would be beneficial. A simple scenario
portrays the ancestral Na+-activated enzyme in an en
vironment low in Na+, perhaps inside the cell. Suc
enzyme could have been activated upon injury cau
to the cell and exposure to an extracellular envir
ment rich in Na+, perhaps seawater. Activation of th
enzyme could have been linked to repair of the inju
Indeed, there is circumstantial evidence that the c
plasm of certain algae undergoes a sol→ gel transition
at the site of puncture of the cell, as though a Na+-
activated intracellular protease were at work[68]. It
is also possible that the ancestral Na+-activated en-
zyme would have worked in an environment where
Na+ concentration was subject to change, so that
ferent levels of activity would be expressed at differ
time or space locations. Such scenario could have
isted during development of primordial organisms
ploiting Na+ concentration gradients. Although the
hypotheses are difficult to prove conclusively, th
bring attention to Na+ activation as being closely in
tertwined with the evolution of defense mechanism
development. This is exactly where current seque
data identify Na+-activated serine proteases (Table 1).

6. Conclusions

The allosteric activation of thrombin by Na+ is a
mechanism of regulation of enzyme activity and speci
ficity of enormous physiologic importance. The mec
anism is present in other clotting enzymes and
zymes involved in immune response and embryo
development. Mutagenesis and structural investiga
of this mechanism has recently revealed the details o
how Na+ binding is transduced into enhanced su
strate binding and catalytic activity. Residues resp
sible for cation recognition and allosteric transduct
have been identified by site-directed mutagenesis. Th
information can now be used to explore other Na+-
activated enzymes along the same lines, or to o
comparisons with the mechanism of K+ activation
in kinases. Redesigning monovalent cation specifi
in proteins, or engineering monovalent cation acti
tion have also become realistic goals because of th
knowledge emerged from the studies on Na+ bind-
ing to thrombin. The discovery of evolutionary mar
ers that facilitate the definition of paths of desc
within protein families indicates that the introductio
of Na+ binding was a watershed event in serine p
tease evolution, which likely predated the protostom
deuterostome split.
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