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Enzyme activation by monovalent cations is widely documented in
plants and the animal world. In type II enzymes, activation entails
two steps: binding of the monovalent cation to its allosteric site
and transduction of this event into enhanced catalytic activity.
The effect has exquisite specificity for either Naþ or Kþ, the most
abundant cations present in physiological environments. Enzymes
requiring Kþ such as kinases and molecular chaperones are not
activated as well or at all by the larger cation Csþ or the smaller
cations Naþ and Liþ. Enzymes requiring Naþ such as β-galactosidase
and clotting proteases are not activated as well by Liþ, or the larger
cations Kþ, Rbþ, and Csþ. Efforts to switch specificity between Naþ

and Kþ in this large class of enzymes and completely redesign the
mechanism of allosteric transduction leading to enhanced catalytic
activity have so far been unsuccessful. Here we show how muta-
genesis of two loops defining the Naþ binding site of thrombin, a
Naþ-activated clotting protease, generates a construct that is most
active in the presence of Kþ toward synthetic and physiological
substrates. The effect is the result of a higher binding affinity
and more efficient allosteric transduction of binding into enhanced
catalytic activity for Kþ compared to Naþ, which represents a com-
plete reversal of the properties of wild type. In addition, the con-
struct features altered specificity toward physiological substrates
resulting in a significant anticoagulant profile. The findings are
relevant to all Naþ-activated proteases involved in blood coagula-
tion and the complement system.

activated protein C ∣ allosteric enzyme ∣ enzyme specificity

Enzymes activated by monovalent cations are abundantly
represented in plants and the animal world (1, 2). Following

the original observations by Boyer et al. (3) on the absolute
requirement of Kþ by pyruvate kinase (4) and by Cohn and
Monod on the Naþ-dependent activation of β-galactosidase (5),
hundreds of enzymes have been reported to display increased
activity in the presence of monovalent cations (2). The effect
has exquisite specificity, with Naþ or Kþ being the preferred
activators (6). In general, enzymes requiring Kþ such as kinases
and molecular chaperones are also activated by NH4

þ and Rbþ,
but are not activated as well or at all by the larger cation Csþ or
the smaller cations Naþ and Liþ. Enzymes requiring Naþ such as
β-galactosidase and clotting proteases are not activated as well by
Liþ, or the larger cations Kþ, Rbþ, and Csþ. The mechanism of
activation is cofactor-like (type I) or allosteric (type II) (1). In the
former case, the monovalent cation anchors substrate to the
active site of the enzyme, often acting in tandem with a divalent
cation like Mg2þ, and is absolutely required for catalysis. In the
latter, the monovalent cation enhances enzyme activity by binding
to an allosteric site and is not absolutely required for catalysis.

Type II activation comprises two steps: binding of the mono-
valent cation to its site followed by transduction of this event into
enhanced catalytic activity. The steps are thermodynamically
independent because binding obeys detailed balancing but trans-
duction does not (7, 8). Residues responsible for monovalent
cation binding need not be the same as those involved in the
allosteric transduction of this event into enhanced catalytic activ-
ity. Consequently, mutagenesis of the enzyme may succeed in
redesigning monovalent cation binding specificity but without
bringing about changes in the allosteric mechanism of activation.
The clotting protease thrombin (9) can be redesigned to convert

its binding specificity from Naþ to Kþ, but that does not result in
a Kþ-activated enzyme because catalytic activity remains higher
in the presence of Naþ (10). Paradoxically, redesigning monova-
lent cation activation remains an unsolved task in protein engi-
neering, despite the fact that the activation mechanism can be
introduced de novo in protein scaffolds devoid of such property
(11, 12).

Redesigning allosteric activation in an enzyme requires inter-
ference with the mechanism that transduces monovalent cation
binding into enhanced catalytic activity. This is equivalent to
redesigning signaling for a receptor activated by two different
agonists (13), so that the final result is a complete swap of the
efficacy between the agonists. In either case, successful engineer-
ing must involve components of the activation downstream of the
initial binding event, which are intrinsically more challenging to
identify than the determinants responsible for ligand binding
readily accessible to structural analysis (1, 6). In this study we pre-
sent a thrombin construct for which monovalent cation specificity
has been shifted from Naþ to Kþ and the resulting catalytic
activity toward synthetic and physiological substrates is also sig-
nificantly higher in the presence of Kþ. The results provide
insights into the structural determinants of monovalent cation
activation in other trypsin-like enzymes involved in blood coagu-
lation and the complement system.

Results
Among all monovalent cations, Naþ binds to thrombin with the
highest affinity and elicits the largest enhancement in catalytic
activity (10, 14) by ensuring the correct architecture of the oxya-
nion hole formed by the backbone N atoms of G193 and the cat-
alytic S195 (15). Comparison of the structures of thrombin bound
to Naþ (16) and Kþ (17) reveals differences in the coordination
shell defined by the 186 and 220 loops that explain the different
affinities of the two cations. In addition, the C191-C220 disulfide
bond is twisted in the Kþ-bound form and causes the E192-G193
peptide bond downstream to flip, leading to a perturbed confor-
mation of the oxyanion hole. These observations support the con-
clusion that Naþ activation is controlled upstream by residues of
the Naþ coordination shell. Naþ binding and activation are pre-
sent in all vitamin K-dependent clotting proteases, i.e., thrombin,
factors VIIa, IXa, Xa, and activated protein C (18). Activated
protein C is peculiar insofar as it shows comparable enhancement
of catalytic activity in the presence of Naþ or Kþ (18). We there-
fore tested the hypothesis that replacement of the 186 and 220
loops of thrombin with those of protein C would produce changes
in monovalent cation activation. The 186 loop of protein C has a
sequence 184aILGDRQ188 and is three residues shorter than the
loop in thrombin with a sequence 184aYKPDEGKRG188. The 220
loop in the two enzymes has the same length but a very different
sequence, i.e., 221GLLHN224 in protein C and 221DRDGK224 in
thrombin.
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Replacement of the 186 and 220 loops in thrombin with
those of protein C yields a chimera featuring reduced catalytic
activity toward synthetic and physiological substrates (Table 1).
The defect reaches 10,000-fold in the case of fibrinogen. The
chromogenic substrate H-D-Phe-Pro-Arg-p-nitroanilide (FPR) is
affected more than H-D-Phe-Pro-Lys-p-nitroanilide (FPK) and
H-D-Phe-Pro-Phe-p-nitroanilide (FPF), supporting a direct per-
turbation of the primary specificity pocket that preferentially
engages Arg at the P1 position. The functional profile observed
in the chimera reflects the importance of the 186 and 220 loops in
shaping the architecture of the primary specificity pocket (19–22).
However, the drastic catalytic impairment caused by the mutation
is partially corrected by the presence of Naþ or Kþ. Although
Naþ retains its activating effect, the magnitude of the change in
kcat∕Km observed in the presence of Kþ is more pronounced
(Fig. 1). With the exception of the anticoagulant protein C,
the substrates analyzed in this study are cleaved more efficiently
by the chimera in the presence of Kþ. The chimera is de facto a
Kþ-activated enzyme. Clotting of fibrinogen directly documents
the consequences of this change in monovalent cation specificity
(Fig. 2). In the case of wild type, clotting is more rapid in the
presence of Naþ relative to Kþ and is insignificant in the presence
of the inert cation Chþ. In the case of the chimera, clotting is
significantly faster in the presence of Kþ compared to Naþ,
and no appreciable activity is observed in the presence of Chþ.

The activating effect of Kþ in the chimera is linked to a sig-
nificant switch in the equilibrium components of the interaction.
Binding of Naþ or Kþ to thrombin can be measured accurately by
monitoring the increase in intrinsic fluorescence (10), but no
appreciable change could be detected in the case of the chimera.
The observation is intriguing because the sequence replaced in
thrombin does not contain any known fluorophores of the
enzyme (23). Binding of Naþ and Kþ to the chimera was there-
fore measured from the linkage effect on hirudin binding (24).
Both Naþ and Kþ significantly enhance hirudin binding to the
chimera, but Kþ exceeds Naþ in the extent of this enhancement
(72- vs. 18- fold) as well as in the binding affinity (Fig. 3). The Kd
values for Kþ and Naþ in the chimera are 59� 6 mM and
270� 30 mM, respectively, which represents a complete reversal
of affinity compared to the values of 260� 30 mM for Kþ and
50� 4 mM for Naþ measured for the wild type under identical
solution conditions (10). The chimera has higher binding affinity
for Kþ relative to Naþ and transduces binding into higher cata-
lytic activity more efficiently in Kþ. The 186 and 220 loops of
activated protein C confer thrombin a complete reversal of
monovalent cation specificity from Naþ to Kþ involving the equi-
librium and catalytic components of the activation mechanism.

The procoagulant effect of Naþ on thrombin is well established
(25, 26) and is directly illustrated in Fig. 4. The plot contains

information on three different substrates. The value of sPAR1 is
the specificity constant kcat∕Km for the hydrolysis of PAR1 by
thrombin and is plotted vs. the analogous value for fibrinogen
cleavage sFpA. Both of these values are expressed in units of sPC,
the kcat∕Km value for hydrolysis of protein C in the presence of
thrombomodulin and Ca2þ. The origin of the axes divides the
plot in four regions, with two of them further divided in two
regions by the diagonal dotted line where PAR1 cleavage occurs
with the same value of kcat∕Km as fibrinogen cleavage. The region
to the right of the vertical axis denotes activity toward fibrinogen
that exceeds that toward protein C and the reverse is seen to the
left of the vertical axis. Likewise, the region above the horizontal
axis denotes activity toward PAR1 that exceeds that toward pro-
tein C and the reverse is seen below the horizontal axis. Closed

Table 1. Values of kcat∕Km (mM−1 s−1) for thrombin wild type and chimera toward synthetic and physiological substrates

Enzyme Cation FPR* FPK* FPF* FpA† PAR1† Protein C†

WT Chþ 3,000 ± 200
(1.0)

440 ± 20
(1.0)

13 ± 1
(1.0)

1,500 ± 100
(1.0)

3,000 ± 200
(1.0)

310 ± 20
(1.0)

WT Naþ 89,000 ± 5,000
(30)

4,600 ± 200
(10)

400 ± 20
(31)

15,000 ± 1,000
(10)

32,000 ± 2,000
(11)

220 ± 10
(0.71)

WT Kþ 42,000 ± 2,000
(14)

1,100 ± 100
(2.5)

300 ± 20
(23)

6,000 ± 300
(4.0)

16,000 ± 1,000
(5.3)

110 ± 10
(0.35)

Chimera Chþ 2.9 ± 0.2
(1.0)

0.29 ± 0.02
(1.0)

0.069 ± 0.004
(1.0)

0.30 ± 0.01
(1.0)

0.45 ± 0.02
(1.0)

0.097 ± 0.005
(1.0)

Chimera Naþ 78 ± 4
(27)

1.1 ± 0.1
(3.8)

0.19 ± 0.01
(2.8)

1.5 ± 0.1
(5.0)

5.0 ± 0.2
(11)

3.0 ± 0.1
(31)

Chimera Kþ 240 ± 10
(83)

3.1 ± 0.2
(11)

0.34 ± 0.02
(4.9)

2.4 ± 0.1
(8.0)

15 ± 1
(33)

2.0 ± 0.1
(21)

FpA: fibrinopeptide A.
*Experimental conditions are 5 mM Tris, 0.1% PEG 8K, pH 8.0, 25 °C, 200 mM chloride salt as indicated.
†Experimental conditions are 5 mM Tris, 0.1% PEG 8K, pH 7.4, 37 °C, 145 mM chloride salt as indicated. Enhancement relative to Chþ is given by
parentheses.

Fig. 1. Shift in monovalent cation activation for the thrombin chimera.
Values of the specificity constant s ¼ kcat∕Km (see also Table 1) in the presence
of Naþ or Kþ for various thrombin substrates are plotted in units of the values
obtained in the presence of the inert cation choline (Chþ). The continuous
line in the plot separates a region where activity is higher in the presence
of Naþ (below the line) or Kþ (above the line). The wild type (closed circles)
cleaves chromogenic (FPR, FPF, and FPK) and physiological (fibrinogen, PAR1)
substrates with higher specificity in the presence of Naþ and this cation is
preferred over Kþ. Protein C is an exception, because it is cleaved with slightly
higher specificity in the absence of Naþ or Kþ. Monovalent cation specificity
is completely reversed in the chimera (open circles) in favor of Kþ over Naþ

for all substrates tested, excluding protein C. Note the logarithmic scale on
both axes.

5222 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1018860108 Rana et al.



circles refer to wild type and open circles refer to the chimera.
Under physiological conditions (Naþ) thrombin specificity is
significantly shifted toward fibrinogen and PAR1. Replacement
of Naþ with Kþ does not alter this property, but removal of Naþ
or Kþ from the buffer (Chþ) significantly increases the relative
specificity toward protein C. The chimera retains an intriguing
anticoagulant profile in the absence of cations (Chþ) that is
the result of very similar values of kcat∕Km toward fibrinogen,
PAR1, and protein C. The effect is even more evident under phy-
siological conditions (Naþ) and the chimera maps in the plot near
the thrombin mutants Δ146-149e and W215A/E217A that have
well established anticoagulant profile in vitro (27, 28) and in vivo
(29, 30). Therefore, Naþ is a procoagulant cofactor in the wild
type and has no effect on protein C activation (18, 26), but pro-

motes cleavage of all physiological substrates in the chimera. This
fundamental change in the response of thrombin to Naþ contri-
butes to turning the chimera into an anticoagulant enzyme. In the
presence of Kþ there is a further shift in macromolecular sub-
strate specificity and PAR1 becomes the preferred substrate.
The change in monovalent cation specificity in the chimera is
linked to significant changes in macromolecular substrate speci-
ficity, confirming the dual importance of the 186 and 220 loops in
both cation and substrate recognition.

Discussion
Binding of monovalent cations such as Naþ or Kþ is central to the
function and stability of many proteins (1, 6). The molecular ori-
gin of the exquisite specificity of the effect that enables proteins

Fig. 2. Clotting of fibrinogen by wild-type thrombin and chimera. Clotting curves obtained as changes in turbidity for wild-type thrombin and chimera in the
presence of different monovalent cations, as indicated. Experimental conditions are 5 mM Tris, 0.1% PEG 8000, pH 7.4 at 37 °C, and 145 mM chloride salt. The
enzyme concentration is 0.1 nM for wild type and 250 nM for the chimera. Clotting requires the presence of Naþ or Kþ in the wild type, but the extent of
activation by these cations is reversed in the chimera.

Fig. 3. Linkage between monovalent cation and hirudin binding to the
thrombin chimera. Shown is the effect of Kþ (closed circles) and Naþ (open
circles) on the equilibrium association constant for hirudin binding to the
thrombin chimera. Continuous lines were drawn according to the linkage
equation Ka ¼ ð0Ka þ 1Ka

½Mþ�
Kd

Þ∕ð1þ ½Mþ�
Kd

Þ, where 0Ka and 1Ka are the values
of Ka for hirudin binding in the absence and under saturating ½Mþ�
(Mþ ¼ Naþ or Kþ) and Kd is the equilibrium dissociation constant for mono-
valent cation binding. Best-fit parameter values are (Kþ) 0Ka ¼ 3.6� 0.2×
105 M−1, 1Ka ¼ 26� 1 × 106 M−1, Kd ¼ 59� 9 mM; (Naþ) 0Ka ¼ 3.6� 0.2×
105 M−1, 1Ka ¼ 6.3� 0.3 × 106 M−1, Kd ¼ 260� 30 mM. Experimental condi-
tions are 10 mM Bis-Tris propane, 0.1% PEG 8000, pH 7.4 at 25 °C. The
Kd values for Kþ and Naþ measured for wild type under identical solution
conditions are 260� 30 mM and 50� 4 mM (10).

Fig. 4. Multifunctional plot of thrombin activity. Functional properties of
wild-type thrombin (closed circles) and chimera (open circles) shown as
the values of s ¼ kcat∕Km for the hydrolysis of fibrinogen (sFpA), PAR1
(sPAR1), or protein C (sPC) in the presence of 50 nM thrombomodulin and
5 mM Ca2þ. Values are plotted as the logarithm of the ratios sPAR1∕sPC vs
sFpA∕sPC. Experimental conditions are 5 mM Tris, 0.1% PEG 8000, 145 mM
NaCl, pH 7.4 at 37 °C. The anticoagulant mutants W215A/E217A (WE) and
Δ146-149e (del) are also shown for comparison (gray circles). Note how
Naþ and Kþ binding drastically increase the specificity of thrombin toward
fibrinogen and PAR1. In the absence of monovalent cation, specificity shifts
toward the anticoagulant protein C, which is a property retained by the
chimera. In the presence of Naþ, the anticoagulant profile of the chimera
is even more pronounced.
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to select Na vs. Kþ and vice versa has been the subject of exten-
sive investigation for decades. The current view evolved from ear-
lier proposals (31, 32) is that the interplay among ion size,
hydration, and electrostatic coupling with protein carbonyls or
charged residues selects the correct cation for binding or trans-
port (6, 33–38). Ion channels provide the most striking example of
selectivity (39), with discrimination reaching 1,000-fold (37).
Even more remarkable is that this selectivity can be reengineered
with few amino acid substitutions. Selectivity of a Kþ channel in
Drosophila can be shifted to cations of larger ionic radius such as
Rbþ and NH4

þ by single amino acid substitutions (40). Similar
findings have been reported for a Kþ channel in Arabidopsis thali-
ana (41). Mutagenesis of Naþ channels has shown that selectivity
can be shifted to Kþ and NH4

þ (42, 43) or even to Ca2þ when the
net negative charge at the site is increased (44). In ligand-gated
ion channels, selectivity can be exchanged between anionic and
cationic. Neutralization of glutamate residues converts the nico-
tinic acetylcholine receptor (45) and the 5-hydroxytryptamine
receptor (46) from cationic to anionic, whereas the converse
mutations convert the glycine receptor from anionic to cationic
(47, 48).

Enzymes activated by monovalent cations share with ion chan-
nels remarkable selectivity, but in this case no transport phenom-
ena are involved and specificity is decoupled in terms of binding
and transduction into higher catalytic activity. Binding selectivity
is an equilibrium property and is accounted for by geometric and
thermodynamic features of the coordination shell (37, 38). This
component of the activation process has been redesigned by
altering the size of access to the monovalent cation binding site
(10) or the electrostatic coupling with ligands of the coordination
shell (49). However, in no case has a change in the equilibrium
binding component of selectivity translated into a change in the
activation of the enzyme. Thrombin mutants selective for Kþ or
Liþ over Naþ remain most active in the presence of Naþ (10, 49).
Although this result may seem paradoxical, it is readily explained
by the thermodynamic decoupling between binding and transduc-
tion inherent to the activation mechanism (8). The results pre-
sented here provide evidence that the entire mechanism of
activation can be redesigned. A thrombin chimera carrying the
186 and 220 loops of the cognate protease activated protein C
not only binds Kþ with higher affinity than Naþ, but also trans-
duces this event into significantly higher catalytic activity. The 186
and 220 loops are critical to substrate specificity in trypsin-like
enzymes (19, 21, 22, 50). Some members of the trypsin family,
such as clotting and complement factors, are endowed with
Naþ activation made possible by the necessary presence of resi-
due Y225 (18). The Naþ binding site in these enzymes is formed
by carbonyl O atoms from residues of the 186 and 220 loops
(16, 51–55) and Naþ binding causes significant activation of
thrombin (14, 56), activated protein C (57–61), and clotting fac-
tors VIIa (18, 62), IXa (18, 63), and Xa (64–70). Activated pro-
tein C is unique among these enzymes insofar as it features a
comparable degree of activation in Naþ and Kþ (18). However,
grafting the 186 and 220 loops of activated protein C into throm-
bin affects the monovalent cation specificity of the enzyme and its
activation mechanism in ways that cannot be fully anticipated
from the properties of the guest-host pair. The chimera shows
higher affinity for Kþ relative to Naþ, which is a property not
present in either thrombin or activated protein C (10, 71). In
addition, the chimera features highest activity in Kþ, as opposed
to the preference for Naþ seen in wild-type thrombin and the
comparable activity between Kþ and Naþ seen for activated
protein C. The change in specificity is observed for a variety

of chromogenic substrates carrying different residues at the P1
position, as well as for the physiological substrates fibrinogen
and PAR1. However, this remarkable switch in cation specificity
and activation comes at the expenses of the catalytic activity of
the enzyme, which is reduced significantly relative to wild type.
This introduces an element of uncertainty in the process of
rational engineering enzyme activation, especially because the
structural domains involved are critical to direct substrate recog-
nition. We conclude that the 186 and 220 loops contain key
determinants for monovalent cation specificity and activation
in trypsin-like proteases such as thrombin. Future mutagenesis
studies should clarify which residues in these loops control mono-
valent activation and how these residues interface with the
recently established mechanism that transduces Naþ binding
into higher catalytic activity by organizing the architecture of the
oxyanion hole (15).

The results presented here are also relevant to practical appli-
cations. Mutants of thrombin with differential perturbation of
fibrinogen and PAR1 cleavage relative to protein C activation
have been shown to be effective anticoagulants in vivo (29, 30,
72, 73). The chimera presented in this study has a significant
anticoagulant profile that, in the presence of the physiological
cation Naþ, matches the properties of the mutant Δ146-149e (28)
and some mutants of W215 recently identified as significantly
improved versions (74) of the potent anticoagulant mutant
W215/E217A (27, 29, 30). The 186 and 220 loops offer previously
undescribed targets for engineering thrombin into an anticoagu-
lant enzyme thereby expanding and optimizing the existing reper-
toire dominated by residue 215 (24, 27, 74) and the autolysis loop
(28, 75).

Materials and Methods
The thrombin chimera was constructed, expressed, and purified to
homogeneity as described (10, 16, 26) using the QuikChange site-directed
mutagenesis kit from Stratagene in a HPC4-modified pNUT expression
vector containing the human prethrombin-1 gene. The segments
184aYKPDEGKRG188 and 221DRDGK224 in thrombin were swapped with the
segments 184aILGDRQ188 and 221GLLHN224 of protein C to construct a throm-
bin chimera carrying the 186 and 220 loops of protein C.

Values of the specificity constant kcat∕Km for the hydrolysis of the
chromogenic substrates FPR, FPK, and FPF were determined from analysis
of progress curves and corrected for product inhibition as detailed else-
where (76, 77) under experimental conditions of 5 mM Tris, 0.1% PEG
8000, pH 8.0 at 25 °C, in the presence of 200mMNaCl, KCl, or choline chloride
(ChCl), with the inert Chþ used as reference. Values of kcat∕Km for release
of fibrinopeptide A from fibrinogen, cleavage of the protease activated
receptor PAR1, and activation of protein C in the presence of 50 nM throm-
bomodulin and 5 mM CaCl2 were obtained as reported elsewhere (26, 78, 79)
under experimental conditions of 5 mM Tris, 0.1% PEG 8000, 145 mM NaCl,
pH 7.4 at 37 °C.

The equilibrium constants for Naþ and Kþ binding to the chimera were
resolved from the linkage with hirudin binding (24, 80) measured directly
by fluorescence spectroscopy. Binding of Naþ or Kþ to the chimera did
not elicit a significant change in intrinsic fluorescence, as opposed to wild
type (10, 14). Experimental conditions were 10 mM Bis-Tris propane, 0.1%
PEG 8000, pH 7.4 at 25 °C. The optical density of the solution was always
significantly lower than 0.05 units both at λex (280 nm) and λem (340 nm)
and no inner filter effect was observed. Fluorescence data were corrected
for baseline reading and sample dilution (<2% at the end of the titration)
to obtain the value of equilibrium association constant Ka for the chimera–
hirudin interaction as a function of [Naþ] or [Kþ].
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