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Abstract

Saliva of the cattle tick Boophilus microplus contains two thrombin inhibitors, BmAP and microphilin. This work presents the puriWca-
tion and characterization of microphilin. It was puriWed from the saliva by gel Wltration, ultraWltration through a 3 kDa cut-oV membrane
and aYnity chromatography in a thrombin–Sepharose column. Analysis by mass spectrometry showed a molecular mass of 1770 Da.
Microphilin is the smallest salivary thrombin inhibitor peptide known to date. It inhibits Wbrinocoagulation and thrombin-induced plate-
let aggregation with an IC50 of 5.5 �M, is temperature resistant and its inhibitory activity was abolished by protease K treatment. Micro-
philin did not inhibit the amidolytic activity of the enzyme upon a small chromogenic substrate, but inhibited the hydrolysis of a substrate
that binds both catalytic site and exosite I. Therefore, we propose that microphilin blocks thrombin at exosite I.
© 2006 Elsevier Inc. All rights reserved.

Index Descriptors and Abbreviations: Thrombin inhibitor; Tick saliva; Tick anticoagulant; Boophilus; Antithrombin
1. Introduction

Ticks, as any other hematophagous animal, must over-
come the eYcient and sophisticated host hemostatic system
in order to have their blood meal. Indeed, their saliva con-
tains an amazingly complex and diverse assortment of sali-
vary components to avoid host hemostasis (Mans and
Neitz, 2004; Ribeiro and Francischetti, 2003). Redundancy
is extremely common in arthropod antihemostatic mecha-
nisms. Among antihemostatic molecules present in saliva,
one single molecule may target more than one coagulation
factor (or agonists of platelet aggregation) (Andersen et al.,
2004; Ehebauer et al., 2002; Mans et al., 1998, 2002b;
Ribeiro et al., 1991); conversely, a coagulation factor may
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be the target of diVerent salivary molecules (Ibrahim et al.,
2001; Iwanaga et al., 2003). Some ticks are able to inhibit
the coagulation extrinsic pathway (Ehebauer et al., 2002;
Francischetti et al., 2002), but usually they inhibit thrombin
(HoVmann et al., 1991; Horn et al., 2000; Ibrahim et al.,
2001; Iwanaga et al., 2003; Kazimirova et al., 2002; Lai
et al., 2004; Mans et al., 2002a; Nienaber et al., 1999; Zhu
et al., 1997), or its activator, factor Xa (Joubert et al., 1995;
Limo et al., 1991; Waxman et al., 1990).

Thrombin is the major serine proteinase in blood coagu-
lation. It hydrolyzes Wbrinogen to form the Wbrin-clot,
induces platelet aggregation and activates other coagula-
tion factors to reinforce the coagulation cascade. Thrombin
has high substrate speciWcity, determined by the selectivity
of its deep active site and by a highly positively charged
region in its surface, called exosite I, which participates in
the interaction between the enzyme and substrates (Rydel
et al., 1991). Some molecules inhibit thrombin by binding to
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exosite I, thus preventing its interaction with its natural
substrates. The catalytic site may remain free to bind and
hydrolyze small peptides; in some cases, the binding of an
inhibitor to exosite I actually increases thrombin activity
with respect to these small synthetic peptides (Francischetti
et al., 1997).

The cattle tick Boophilus microplus is prevalent in several
of the major world beef production areas, causing signiW-
cant problems for the industry. Each tick can ingest up to
1 mL of blood, so that tick infestations cause bovine weight
loss and a consequent decrease in beef and milk production.
In addition, B. microplus is the vector of babesiosis and
anaplasmosis. We have previously described that B. micro-
plus saliva has a 60 kDa thrombin inhibitor able to inhibit
thrombin activity with respect to large and small substrates,
i.e., it inhibits the catalytic site (Horn et al., 2000). Here we
show that saliva of this tick also contains a molecule able to
inhibit thrombin by binding to its exosite I. Indeed, this is
the smallest salivary thrombin inhibitor described to date.

2. Materials and methods

2.1. Materials

All materials used were of analytical grade. Milli-Q
(Millipore, Bedford, EUA) water was used in all experi-
ments. Thrombin–Sepharose aYnity resin was prepared by
coupling bovine thrombin (previously treated with H-D-
Phe-Pro-Arg-chloromethylketone, from Bachem, Buben-
dorf, Switzerland) to CNBr-activated Sepharose 4B, as
described by the manufacturer (Amersham Biosciences,
Buckinghamshire, UK). �-Cyano-4-hydroxycinnamic acid,
Wbrinogen and BSA (bovine serum albumin) were pur-
chased from Sigma–Aldrich (St. Louis, USA). Chromo-
genic substrate  S-2238 (H-D-Phe-Pip-Arg-pNA; pipD L-
pipecolyl) was purchased from Chromogenix (Milano,
Italy). The Xuorogenic substrate Abz-LDPRSFRL-
RNKNDKYEPFWEDEENKQ-EDDnp was synthesized
by Dr. Luiz Juliano (Escola Paulista de Medicina, Univer-
sidade Federal de São Paulo, Brazil).

2.2. Saliva collection

Adult fully engorged female ticks that had spontane-
ously detached from the bovine were collected, rinsed, Wxed
to glass plates with adhesive tape and induced to salivate
with injection of 5 �L pilocarpine (2% w/v in PBS). Ticks
were maintained in a humid chamber and saliva was
collected for a period of 2 h (approximately 1 �L per tick)
with a small vacuum apparatus. Saliva was stored at
¡20 °C until use.

2.3. PuriWcation of microphilin

2.3.1. Size-exclusion chromatography
Saliva (100�L) was injected onto a TSK G2000SW gel

Wltration column (0.75£ 30 cm, LKB UltroPack, Bromma,
Sweden) previously equilibrated with 20 mM
CH3COONH4, pH 6.0, using a high-pressure liquid chro-
matography pump (LKB) at room temperature with a Xow
rate of 0.5 mL/min. Column fractions (1.0 mL) were tested
for anticoagulant activity using the recalciWcation time
assay.

2.3.2. UltraWltration through a 3 kDa cut-oV membrane
The fractions corresponding to the microphilin antico-

agulant activity were pooled and ultraWltered in Centricon-
3 (Amicon, Millipore, Bedford, USA). The ultraWltrate
containing microphilin was concentrated in Centrivap
(Labconco, Kansas, USA).

2.3.3. Thrombin–Sepharose aYnity chromatography
The fraction <3000 Da was applied onto a thrombin–

Sepharose column pre-equilibrated in 20 mM Tris–HCl pH
7.5 with a Xow rate of 0.5 mL/min at room temperature.
After 2.5 h, the column was washed with equilibration
buVer (fractions 1–7), followed by elution of the bound
inhibitor with 20 mM Tris–HCl, pH 7.5, 1 M NaCl. Frac-
tions were dialyzed, concentrated, and tested for inhibition
of Wbrinogen clotting.

2.4. Protein determination

Protein concentration was estimated by reading the
absorbance at 280 nm in a quartz 96-well microplate using
a SpectraMax microplate reader (Molecular Devices Cor-
poration, Sunnyvale, USA) and corrected to a 1.0 cm light
pathway.

2.5. Laser desorption mass spectrometry

The molecular mass of the peptide eluted from throm-
bin–Sepharose was determined by matrix assisted laser
desorption ionization-time of Xight (MALDI-TOF) using
MicroMass TofSpec SE (Manchester, UK) and matrix
made of �-cyano-4-hydroxycinnamic acid.

2.6. Treatment with protease K

A partially puriWed microphilin (after the ultraWltration
step; 6 �g) was incubated with or without protease K
(86 nM) in 10 mM Hepes, pH 7.4, 150 mM NaCl at room
temperature for 2 h. The anticoagulant activity was then
tested using the recalciWcation time assay.

2.7. Characterization of the inhibitor

Inhibition activity assays were performed at 37 °C using
either a SpectraMax (Molecular Devices, Sunnyvale, USA)
microplate reader, as described (Horn et al., 2000), or a
FMax microplate reader (Molecular Devices, Sunnyvale,
USA), both equipped with a software module for kinetic
analysis (SOFTMax PRO, Molecular Devices, Sunnyvale,
USA).
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2.7.1. RecalciWcation time
Citrated bovine plasma (20 �L) was incubated with

55 �L of 10 mM Hepes, pH 7.4, 150 mM NaCl, with or
without the sample to be tested, at 37 °C for 10 min. The
coagulation cascade was triggered by addition of 25 �L of
pre-warmed 40 mM CaCl2, 150 mM NaCl, after which the
microplate was immediately agitated. Fibrin-clot formation
was followed by reading the absorbance at 650 nm at 11 s
intervals.

2.7.2. Fibrinogen-clotting assay
Thrombin (20 nM) was incubated with microphilin (1.06,

2.11, 4.22, or 8.45 �M) in 50 mM Tris–HCl, pH 7.5, BSA
0.1% for 10 min at 37 °C prior to the addition of Wbrinogen
(200 �g). Fibrin-clot formation was followed by reading the
absorbance at 650 nm at 11 s intervals.

2.7.3. Amidolytic assays using chromogenic substrate
Thrombin (4.8 nM) was incubated with microphilin (25.5

or 51 �M) in 50 mM Tris–HCl, pH 7.5, 150 mM NaCl,
10 mM CaCl2 for 10 min at 37 °C. S-2238 (H-D-Phe-Pip-
Arg-pNA) (200 �M) was added and the substrate hydroly-
sis measured at 405 nm in a SpectraMax microplate reader
at 11 s intervals.

2.7.4. Amidolytic assay using Xuorogenic substrate
Thrombin (4.8 nM) was incubated with microphilin

(10.2, 20.4, 30.6, or 40.8 �M) in 50 mM Tris–HCl, pH 7.5,
150 mM NaCl, 10 mM CaCl2, for 10 min at 37 °C.
Abz-LDPRSFRLRNKNDKYEPFWEDEENKQ-EDDnp
(14 �M) was added and the substrate hydrolysis was mea-
sured at 320/430 nm in a FMax microplate reader at 30 s
intervals.

2.7.5. Platelet aggregation assays
Assays were performed as described (Horn et al., 2000).

BrieXy, rabbit platelet-rich plasma was centrifuged at 650g
for 10 min and the pellet washed twice in Tyrode–protein
buVer (5 mM Hepes, 137 mM NaCl, 2.7 mM KCl, 12 mM
NaHCO3, 0.42 mM Na2HPO4, 1 mM MgCl2, 0.1% glucose,
and 0.25% BSA). The Wnal pellet was resuspended in the
same buVer, in a volume adjusted to give an OD of 0.15 at
650 nm. Assays were done in 96-well microplates using a
SpectraMax microplate reader to monitor aggregation of
the washed platelets. Fifty microliters of platelet suspension
was induced to aggregate with thrombin (0.5 nM) that had
been previously incubated or not (controls) for 10 min at
37 °C with microphilin (1.69, 3.38, 6.76, or 10.14 �M). The
decrease in absorbance at 650 nm was recorded for 20 min
at 11 s intervals.

3. Results

3.1. Anticoagulant puriWcation

The two anticoagulant activities of B. microplus saliva
were separated by size-exclusion chromatography
(Fig. 1A). The Wrst peak with anticoagulant activity corre-
sponds to BmAP, a 60 kDa-thrombin inhibitor already
characterized (Horn et al., 2000). The second peak with
anticoagulant activity was eluted from the column with
an apparent molecular mass of 40 kDa (a column calibra-
tion was done with proteins of known molecular sizes).
When this preparation was ultraWltered through a 3 kDa-
molecular weight cut-oV membrane, the activity was
recovered in the ultraWltrate; this material was named
microphilin. The ultraWltrate was then applied onto a
thrombin–Sepharose column, and the activity eluted with
1 M NaCl (Fig. 1B). This protocol yielded, from 2 mL of
saliva, 60 �g of microphilin, as estimated by absorbance at
280 nm. The purity of the preparation and the low molec-
ular mass of the anticoagulant were conWrmed by mass

Fig. 1. PuriWcation of microphilin. (A) One hundred microliters of tick
saliva was applied onto a G2000SW gel Wltration column (0.75 £ 30 cm)
equilibrated and processed with 20 mM CH3COONH4, pH 6.0. Protein
elution was monitored by absorbance at 280 nm (solid line), and anticoag-
ulant activity was measured using recalciWcation time assay (dotted line).
Lack of Wbrin-clot formation during the time of the assay (20 min) was
taken as 100% relative anticoagulant activity. The elution volumes of BSA
(Mr, 66,000) and ovoalbumin (Mr, 45,000) are indicated by arrows (left
and right, respectively). Ribonuclease A (Mr, 13,700) eluted at 55 mL. (B)
The fractions of gel Wltration corresponding to the second peak of antico-
agulant activity were pooled and ultraWltered in Centricon-3. The ultraWltrate
was concentrated under vacuum and applied onto a thrombin–Sepharose
column equilibrated in 20 mM Tris–HCl, pH 7.5. The column was washed
with equilibration buVer (fractions 1–7, 2 mL/fraction) and eluted with
20 mM Tris–HCl, pH 7.5, 1 M NaCl (fractions 8–14). Protein elution was
monitored by absorbance at 280 nm (solid line), and inhibition of
thrombin activity was measured using the Wbrinogen-clotting assay (dot-
ted line). Fibrinogen-clot formation in the absence of inhibitor was taken
as 0% thrombin inhibition and a control without thrombin as 100% inhi-
bition.
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spectrometry on  MALDI-TOF, which showed two
peaks, of 1755 and 1770 Da (Fig. 2), which are possibly
isoforms of microphilin.

3.2. Thermal stability

Compared to the activity of the inhibitor (tested in the
Wbrinogen-clotting assay) immediately after thawing (taken
as 100%), microphilin retained 100% of its activity after
incubation at room temperature for 30 min, 80% of its
inhibitory activity after 30 min at 37 °C and 80% of its
activity after 5 min at 100 °C.

3.3. Digestion by protease K

The small size of microphilin and its thermal stability
raised the possibility that the inhibitor was not a peptide.
To test this, we treated a partially puriWed microphilin
preparation (after the ultraWltration step) with protease
K. This enzyme, in the concentration and incubating condi-
tions used, partially abolished microphilin anticoagulant
activity (Fig. 3), indicating that the inhibitor is a peptide.

3.4. Antithrombin activity characterization

Like BmAP, microphilin inhibits thrombin. The puriWed
microphilin inhibited cleavage of Wbrinogen (200 �g) by
thrombin in a dose-dependent manner (Fig. 4), with an IC50
of 5.5 �M (Fig. 4 inset).

Microphilin also inhibited thrombin–induced platelet
aggregation with an IC50 of 5.8 �M (Fig. 5 and inset).

We then tested the eVect of the inhibitor on thrombin
amidolytic activity using a synthetic substrate, S-2238
(H-D-Phe-Pip-Arg-pNA). Fig. 6 shows that microphilin did
not inhibit thrombin activity with respect to this small syn-
thetic substrate at an inhibitor/enzyme molar excess in
which Wbrinogen-clotting and platelet aggregation were
strongly inhibited. This suggests that microphilin does not
interact with thrombin catalytic site. We therefore, tested a
synthetic substrate that was suYciently long to reach both
the catalytic site and the anion-binding exosite I of throm-
bin (Abz-LDPRSFRLRNKNDKYEPFWEDEENKQ-
EDDnp). Thrombin activity with respect to this long
substrate was inhibited by microphilin (Fig. 7), indicating
that microphilin interacts with thrombin exosite I. This

Fig. 3. Anticoagulant activity of microphilin after treatment with protease K.
Partially puriWed microphilin (6 �g), previously incubated with (curve b) or
without (curve c) protease K (86 nM) in 10mM Hepes, pH 7.4, 150 mM
NaCl at room temperature for 2 h, was tested using the recalciWcation time
assay. Curve a: coagulation of citrated bovine plasma (triggered by addition
of 25�L of pre-warmed 40 mM CaCl2, 150 mM NaCl) without inhibitor.
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Fig. 4. Inhibition of Wbrinogen-clot formation by microphilin. Thrombin
(20 nM) was incubated with (a) 0 �M; (b) 1.06 �M; (c) 2.11 �M; (d)
4.22 �M; or (e) 8.45 �M of microphilin for 10 min at 37 °C prior to the
addition of Wbrinogen (200 �g). Fibrin-clot formation was followed by
reading the absorbance at 650 nm. Inset: dose–response curve of Wbrino-
gen-clotting inhibition by microphilin. Residual activity of thrombin was
calculated as the initial velocity variation (in %), taking clotting in the
absence of inhibitor as 100% thrombin activity.
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inhibition was dose-dependent and the IC50 using this sub-
strate was 42.3 �M (Fig. 7 inset).

4. Discussion

In this work, we report the puriWcation and characteriza-
tion of a small antithrombin inhibitor—microphilin—pres-
ent in the saliva of the cattle tick B. microplus. Microphilin,
when whole saliva was fractionated in size-exclusion chro-
matography, eluted from the column with an apparent
molecular mass of »40 kDa. However, the activity was able
to pass through a 3000 MWCO membrane, indicating that
it has a molecular mass lower than 3 kDa. Thus, microphi-
lin migrates in the gel Wltration column associated with a
higher molecular weight protein. The small size of micro-
philin was conWrmed by mass spectrometry. The activity

Fig. 5. EVect of microphilin on thrombin-induced platelet aggregation.
Washed platelets (50 �L) were induced to aggregate with thrombin
(0.5 nM) previously incubated for 10 min with (a) 0 �M; (b) 1.69 �M; (c)
3.38 �M; (d) 6.76 �M; or (e) 10.14 �M of microphilin in Tyrode buVer.
Platelet aggregation was monitored by the decrease in absorbance at
650 nm. Inset: dose–response curve of thrombin-induced platelet aggrega-
tion inhibition by microphilin. Residual activity was calculated as the
absorbance variation (in %) after a 800 s incubation, taking aggregation
induced by thrombin in the absence of inhibitor as 100%.
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Fig. 6. EVect of microphilin on thrombin activity with respect to S2238.
Thrombin (4.8 nM) was incubated with microphilin (a: 51 �M, b: without
inhibitor) for 10 min at 37 °C, followed by addition of S2238 (300 �M).
Substrate hydrolysis was measured at 405 nm.
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puriWed by thrombin-aYnity chromatography showed two
components, corresponding to molecular masses of 1755
and 1770. Sensitivity to protease K showed that the inhibi-
tor is a peptide. According to its molecular mass, microphi-
lin is expected to contain between 10 (if all Trp) and 29 (if
all Gly) amino acid residues. Microphilin is the smallest sal-
ivary thrombin inhibitor found so far. Comparing all spe-
cies of hematophagous animals, thrombin inhibitors
smaller than microphilin were observed only in the camel
tick Hyalomma dromedarii (Ibrahim et al., 1998). Neverthe-
less, these small thrombin inhibitors were obtained from
tick embryos, and the presence of such molecules in saliva
remains to be determined. Other small anticoagulant pep-
tides include the antithrombin inhibitors from saliva of the
tsetse Xy Glossina morsitans (3.5 kDa; Cappello et al., 1996)
and from salivary glands of the mosquito Anopheles albim-
anus (anophelin, 6.5 kDa; Valenzuela et al., 1999).

Microphilin inhibited thrombin activity with respect to
its natural substrates, namely Wbrinogen and thrombin
receptors on platelets, but was unable to inhibit the hydro-
lysis by thrombin of a small synthetic substrate (S-2238). In
fact, microphilin slightly favored S-2238 hydrolysis by
thrombin (Fig. 6). Indeed, it is well known that the binding
of an inhibitor to exosite I can allosterically increase the
activity of some enzymes of the coagulation cascade upon
small synthetic peptides (Francischetti et al., 1997; Monte-
iro, 2005). These results clearly indicate that microphilin
interacts with thrombin via a site distinct from the active
site. This hypothesis was conWrmed when we tested a longer
synthetic substrate, designed to interact with both active
site and exosite I (R. Zingali, personal communication),
whose hydrolysis by thrombin was inhibited by microphi-
lin. As microphilin does not inhibit the hydrolysis of small

Fig. 7. Inhibition of thrombin activity with respect to a long Xuorogenic
substrate. Thrombin (4.8 nM) was incubated with (a) 0 �M; (b) 10.2 �M;
(c) 20.4 �M; (d) 30.6 �M; or (e) 40.8 �M of microphilin, followed by addi-
tion of the Xuorogenic substrate Abz-LDPRSFRLRNKNDKYEPF-
WEDEENKQ-EDDnp (14 �M). Fluorescence measurements were
performed in a FMax microplate reader; excitation and emission wave-
lengths were 320 and 430 nm, respectively. Inset: dose–response curve of
thrombin inhibition by microphilin. Residual activity of thrombin was
calculated as the initial velocity variation (in %), taking initial velocity in
the absence of inhibitor as 100% thrombin activity. 
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substrates, which bind only to the active site, the possibility
that microphilin inhibitory action comes from its interac-
tion with the heparin-binding site can be eliminated,
because in this case the activity upon small substrates
would also be inhibited. We therefore concluded that the
thrombin site blocked by microphilin is exosite I, which is
crucial for interaction of both Wbrinogen and platelet
thrombin receptors with thrombin, while the active site
remains fully accessible to tripeptide chromogenic
substrates. Hirulog, a peptide derived from the hirudin
C-terminal region, which is highly eVective in inhibiting the
hydrolytic activity of thrombin upon its natural substrates,
also inhibits thrombin by association with exosite I
(Maraganore et al., 1990; Naski et al., 1990). Anticoagu-
lants with a similar mode of action are calcaratin, from the
tick Boophilus calcaratus (Motoyashiki et al., 2003), triabin,
from the bug Triatoma pallidipennis (Noeske-Jungblut
et al., 1995), and madanins, from the tick Haemaphysalis
longicornis (Iwanaga et al., 2003). Microphilin could also
bind to thrombin’s heparin-binding site (exosite II), which,
similar to exosite I, is also positively charged.

Since exosite I, with which microphilin interacts, is
highly positively charged, we propose that microphilin
would be rich in acidic residues. Elution of microphilin
from the thrombin–Sepharose column at high salt concen-
trations (which disrupts eletrostatic interactions) is consis-
tent with this proposal. A highly charged small peptide
would also explain our observations that the inhibitor
tended to interact strongly with DEAE chromatographic
resins. Unfortunately, due to the limited quantities of
saliva, we do not have suYcient quantities of microphilin to
obtain a clear result from amino acid sequencing. Despite
that, determination of microphilin amino acid sequence is
mandatory and new attempts are currently under way.

Similarly to BmAP (Horn et al., 2000), microphilin has
an IC50 within the micromolar range and has to be in molar
excess to inhibit thrombin. Therefore, like BmAP, micro-
philin is not a tight-binding inhibitor, in contrast to the
inhibition kinetics exhibited by some anticoagulants from
other hematophagous animals (Friedrich et al., 1993;
Noeske-Jungblut et al., 1995). As B. microplus crude saliva
is very eVective in inhibiting coagulation of plasma (5 �L of
saliva abolished the coagulation of 20 �L of bovine plasma
for more than 60 min) (Horn et al., 2000), an interesting
possibility is that both thrombin inhibitors act coopera-
tively and this should be investigated.

Both BmAP and microphilin target thrombin, and the
high anticoagulant activity of B. microplus saliva can result
from the action of these two inhibitors. Besides microphilin
and BmAP, B. microplus saliva may contain inhibitors of
other coagulation factors, such as inhibitors of the tenase
or the prothrombinase complexes. Saliva from hematopha-
gous animals often contain more than one antihemostatic
substance, targeted to diVerent coagulation factors and/or
to agonists of platelet aggregation. In conclusion, B. micro-
plus saliva has, against the same target, two apparently very
distinct inhibitors, the 60 kDa BmAP, that blocks thrombin
active site, and the 1.7 kDa microphilin, that blocks throm-
bin exosite I.
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