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Nanomolar Heparin Detection with an Artificial Enzyme

Laurent Vial and Pascal Dumy*[a]

Heparin is an anionic and polymeric glycosaminoglycan that is
clinically used as an anticoagulant (Scheme 1).[1] Its activity

occurs by binding to the protease inhibitor antithrombin III
(AT-III). After heparin binding, AT-III undergoes a conformation-
al change and is converted into a more potent inhibitor that
inactivates proteases involved in blood clotting, most notably
thrombin and factor Xa. Heparin is administered at dosing
levels as low as 2 U mL�1 (800 nm) during surgery and emer-
gency deep veinous thrombosis (DVT), and 0.2 U mL�1 (80 nm)
in post-operative and long-term DVT prophylaxis. Heparin
levels must be closely monitored to prevent complications (for
example, haemorrhaging).[2] Methods for heparin quantification
include the measurement of the activated clotting time, acti-
vated partial thromboplastin time, chromogenic antifactor Xa
assays, electrochemical assays, and complexation with prota-
mine.[3] However, these methods are generally imperfect due
to their inaccuracy, cost or difficulties in implementation in a
clinical environment.[4] Recently, the use of designed synthetic
receptors for heparin that incorporate a fluorescent reporter of
the binding event has emerged as an interesting alternative
for heparin sensing.[5]

We recently reported that the cationic miniature esterase 1
(Figure 1) is able to catalyse the hydrolysis of an anionic fluoro-
genic ester (2) to give the fluorescent alcohol 3 (Scheme 2).[6, 7]

The catalytic activity was credited to either nucleophilic (or
general-base) catalysis, which was assisted by electrostaticACHTUNGTRENNUNGmolecular recognition of the substrate. It was shown that the
appearance of the fluorescent signal during the course of the
reaction could be selectively modulated in the presence of
anionic metabolites, which act as inhibitors. We decided to
apply this original detection strategy, which is based on theACHTUNGTRENNUNGinhibition of an artificial enzyme, to the sensing of heparin.

Because short cyclic or linear peptides that incorporate sev-
eral lysine/arginine residues are known to efficiently bind hep-

arin through electrostatic interactions,[8] we initially imagined
that the highly anionic nature of heparin would make it an effi-
cient inhibitor for our cationic enzyme mimic 1, thus allowing
its detection and quantification. However, the kinetic study of
the hydrolysis of 2 in the presence of 1 at pH 7.4 revealed a
modest substrate binding value of KM = 0.14 mm.[6] We thus re-
alized that 1 would probably not be able to bind and therefore
to catalyse the hydrolysis of 2 in the low-concentration condi-
tions that are necessary for the detection of heparin in clinical
settings (vide supra). For this reason, we designed cyclic pep-
tide 4 (Figure 1), which was built upon the success of minia-
ture esterase 1. Like peptide 1, peptide 4 incorporates a histi-
dine amino acid as a nucleophilic/basic centre, and a larger
number of cationic lysine residues (that is, seven vs. three in
peptide 1). We expected that these additional positive charges
would lead to a much more efficient binding of: 1) ester 2, and
as a consequence would allow our peptide to catalyse its

Scheme 1. Major unit of heparin.

Figure 1. Catalytic peptides 1 and 4. Nucleophilic/basic and cationic amino
acids are highlighted in italic and bold respectively.

Scheme 2. Miniature esterase-catalysed ester hydrolysis.
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ACHTUNGTRENNUNGhydrolysis at very low concentration, and 2) heparin, therefore
increasing the ability of this one to inhibit the hydrolysis re-ACHTUNGTRENNUNGaction.

Synthesis of peptide 4 was carried out as reported previous-
ly for its analogue 1 (see the Experimental Section).[6] Qualita-
tive indication of the secondary structure of 4 was provided by
its far-UV circular dichroism spectrum in water (Figure 2 A).
Peptide 4 exhibited an unexpected spectrum with minima at
l= 195 nm, which is indicative of a random-coil conformation
in solution. Such a result was surprising with regard to theACHTUNGTRENNUNGexistence of two type II b-turn inducers within the peptide se-
quence, which usually constrain peptides into an antiparallel
b-sheet conformation.[9] This behaviour was attributed to the
cationic lysine residues that probably destabilize a potential b-
sheet conformation through charge repulsion between the
strands.

Hydrolysis of 2 in water at pH 7.4 was followed by fluores-
cence, and enzyme-like kinetics were observed in the presence
of 4 with multiple-turnover activity (Figure 2 B). Kinetic data
analysis showed that the velocity of the reaction drops at high
substrate concentration (Figure 2 C). This is indicative of sub-
strate inhibition when two sub-
strate molecules bind to the
active site at the same time.[10]

This behaviour is good agree-
ment with the relative number
of positive charges in peptide 4
(i.e. , seven) and negative charg-
es in ester 2 (i.e. , three). Only
the straight line section of the
Lineweaver–Burk plot (Fig-
ure 2 D) was used to determine,
pseudo-first-order rate constant
of kcat = 0.107 min�1, and rate
enhancement of kcat/kuncat =

1130. We measured an efficient
substrate binding value of KM =

9.8 mm, which is one order of
magnitude below the value ob-

tained with 1. This result validated our catalyst design. Under
the same conditions, catalysis by 4(5)-methylimidazole as a ref-
erence catalyst was extremely inefficient (Figure 2 B). Catalytic
peptide 4 is 992-fold more active that 4(5)-methylimidazole as
measured by the ratio of the specificity constant kcat/KM to the
second-order rate constant for 4(5)-methylimidazole catalysis
kMeIm.

Inhibition studies have shown that heparin was able to effi-
ciently modulate the appearance of the fluorescence when 4
was used as catalyst (Figure 3 A).[11] In conditions where pep-
tide 2 and ester 4 were used at sufficiently low concentration
(i.e.g. , 0.5 and 12 mm respectively), heparin could be detected
with a remarkable 13 nm sensitivity ; that is among the lowest
detection limits reported so far for fluorescent heparin sensors
and is markedly below the lowest administered doses of hepa-
rin.[5] Such a sensitivity is a clear advantage for sensing experi-
ments because it allows the preliminary treatment of complex
media like biological fluids and, as a result, their dilution (vide
infra). A linear response could be observed in the concentra-
tion range from 13 to 200 nm heparin, permitting therefore
the generation of a calibration curve for the quantitative meas-

Figure 2. A) Far-UV circular dichroism spectrum of 4 in H2O (0.5 mg mL�1). B) Time plot formation of 3 from hydrolysis of ester 2 (20 mm) in the presence of
catalytic peptide 4 (a) or 4-methyl-imidazole (····), and background reaction (c). C) Substrate inhibition of peptide 4-catalysed hydrolysis of ester 2.
Dotted line: hyperbolic curve fitted with the Michaelis–Menten model after truncating the inhibited rates at high substrate concentrations. D) Lineweaver–
Burk plot of the hydrolysis of ester 2 with catalytic peptide 4. General conditions: 0.5 mm catalyst, 25 8C, 20 mm Tris buffer pH 7.4.

Figure 3. A) Time plot formation of 3 in presence of catalytic peptide 4 and increasing amount of heparin (0–
400 nm). B) Initial rate of production of 3 vs. heparin concentration plot in the presence of catalytic peptide 4.
C) Initial rate of production of 3 vs. heparin concentration plot in the presence of catalytic peptide 1. GeneralACHTUNGTRENNUNGconditions: 0.5 mm peptide 1 or 4, 12 mm ester 2, 25 8C, 20 mm Tris buffer pH 7.4.
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urements of heparin levels (Figure 3 B). Interestingly, less than
a stoichiometric equivalent (i.e. , 0.4 equiv) of heparin was re-
quired to completely turn off the catalytic activity of 4. This
suggests a 1:2.5 binding ratio between heparin and peptide 4,
which is consistent with their relative number of opposite
charges.[12] As anticipated, no catalysis and consequently no in-
hibition with heparin could be observed with peptide 1 in the
same conditions (Figure 3 C).

Repetition of the above inhibition experiments in presence
of various amount of human plasma in the Tris buffer (10–
100 %) revealed that plasma is actually able to catalyse the hy-
drolysis of ester 2 more efficiently than peptide 4 does (data
not shown). The large number of proteins in plasma, and as a
consequence the potential high concentration of histidine resi-
dues that can act as nucleophilic/basic centres, might explain
this result.[13] Thus, it was evident that the use of miniature es-
terase 4 is only suitable for the sensing of heparin in “protein-
free” solutions. Because it is possible to isolate heparin from
whole blood or tissues by simple extraction procedures,[14] we
believe that our sensor might find applications in biological or
medical research. We also envisioned that heparin might be
extracted directly from biological media by using peptide 4 im-
mobilized on beads.[15–16] Subsequently, the measurement of
the catalytic activity after addition of the fluorogenic ester
should allow the determination of the initial heparin concen-
tration. Investigations in this direction are currently underway.

This study highlights the convenience of using enzyme
mimics in biosensors because they are easily accessible and
can be fine-tuned to achieve the required properties. Given
that we have met with promising degrees of success in our
two first attempts to use artificial enzymes as sensors, we are
optimistic of the potential of this original approach for new
sensor discovery.

Experimental Section

Materials and reagents : Protected amino acids and ChloroTrityl�
resin were obtained from Advanced ChemTech Europe (Brussels,
Belgium) and Bachem (Voisins-le-Bretonneux, France). All amino
acids were of the l configuration. Benzotriazol-1-yl-oxytripyrrolidi-
nophosphonium hexafluorophosphate (PyBOP) was purchased
from France Biochem (Meudon, France) and other reagents from
Aldrich, Acros and EMD Biosciences (Fontenay sous Bois, France).
RP-HPLC experiments were performed on Waters equipment,
which consisted of a Waters 600 controller, a Waters 2487 Dual Ab-
sorbance Detector and a Waters In-Line Degasser. The analytical
column (Nucleosil 100 � 5 mm C18 particles, 250 � 4.6 mm) wasACHTUNGTRENNUNGoperated at 1.3 mL min�1 and the preparative column (Delta-Pak�
300 � 15 mm C18 particles, 200 � 25 mm) at 22 mL min�1, with UV
monitoring at 214 nm and 250 nm. Solvent A was water that con-
tained 0.1 % TFA (w/v) and solvent B was a mixture of acetonitrile/
water (9:1) that contained 0.1 % TFA (w/v). Mass spectra wereACHTUNGTRENNUNGobtained by electron spray ionization (ES-MS) on a VG Platform II
(Micromass). Fluorescence measurements were carried out with a
SpectraMax fluorescence detector.

Peptide 4 synthesis : ChloroTrityl� resin (0.414 g) was preswolle in
dry CH2Cl2 (5 mL). 9-fluorenylmethoxycarbonyl (Fmoc)-Gly-OH was
added, followed by iPr2EtN (4 equiv). The suspension was shaken
for 90 min at room temperature. The supernatant was removed by

suction and then a CH2Cl2/MeOH/iPr2EtN (17:2:1) mixture was
added to cap the residual chlorotrityl groups on the resin. The
loading of the derivatized resin (0.082 mmol g�1) was determined
by Fmoc quantification from UV absorption at 299 nm. Assembly
of the linear-protected peptide Lys ACHTUNGTRENNUNG(boc)-Ala-Lys ACHTUNGTRENNUNG(boc)-Ala-His(tr)-Ala-
Lys ACHTUNGTRENNUNG(boc)-Pro-Gly-Lys ACHTUNGTRENNUNG(boc)-Ala-Lys ACHTUNGTRENNUNG(boc)-Ala-Lys ACHTUNGTRENNUNG(boc)-Ala-Lys ACHTUNGTRENNUNG(boc)-
Pro-Gly-OH was carried out by using an automatic peptide synthe-
sizer (model 433A from Applied Biosystems) on ChloroTrityl� resin
by using PyBOP/Fmoc chemistry. The linear, protected peptide was
recovered directly upon acid cleavage with hexafluoroisopropanol
(HFIP)/CH2Cl2 (4:1). The residue was dissolved in H2O/acetonitrile,
and then purified by RP-HPLC (elution with A/B (95:5) to 100 % B
in 15 min, tR = 11.9 min) to afford the desired compound as a white
solid after lyophilization. The previous solid was dissolved in DMF
(0.5 mm), and the pH was adjusted to 8–9 by addition of iPr2EtN.
PyBOP (1.2 equiv) was added, and the solution was stirred at room
temperature for 2–3 h. DMF was evaporated under reduced pres-
sure. Removal of the side-chain protecting groups was performed
in TFA/triisopropylsilane (TIS)/H2O (95:2.5:2.5). After 12 h of stirring,
the solution was evaporated to yield an oily residue, which wasACHTUNGTRENNUNGpurified by RP-HPLC (elution with A/B (95:5) to (85:15) in 20 min,
tR = 7.3 min) to afford pure 4 as an octahydrotriflate salt (6 mg,
15 % overall yield). ESI-MS (positive mode) for C80H141N27O18 (calcd
MW = 1769.2 g mol�1): m/z 885.1 [M+2 H]2 + , 590.6 [M+3 H]3 + , 443.2
[M+4 H]4 + , 354.8 [M+5 H]5 + .

Kinetic studies : The kinetic measurements were carried out by
using a SpectraMax fluorescence plate reader (lex = 460 nm, lem =
530 nm) at 25 8C. Assays were followed in individual wells of
round-bottom polystyrene 96-well plates. Kinetic experiments were
typically followed for 2–12 h. Tris buffer (20 mm, pH 7.4) was freshly
prepared by using MilliQ deionized H2O, the pH was adjusted with
aq. 1 n NaOH and aq.1 n HCl solutions.

In a typical experiment, Tris buffer (210 mL) was first added in a
well, then a solution of peptide 4 in Tris buffer (25 mL, 0.005 mm,
final concentration in the well : 0.5 mm), and last a solution of 2 in
H2O (15 mL, 0.2 mm, final concentration in the well : 12 mm). Fluores-
cence data were converted to product concentration by means of
a calibration curve with pure product 3, which was linear in the
concentration range that was used. Michaelis–Menten parameters
were obtained from the linear double reciprocal plot of 1 V vs. 1/
[2] that was measured with (final concentrations) 0.5 mm peptide 4
or no peptide in Tris buffer. The catalytic rate constant kcat for the
hydrolysis was given by kcat = Vmax/[4] . The inhibition experiments
were performed similarly with 0.5 mm peptide, 12 mm substrate and
13, 40, 67, 114, 133, 200, 266, 333 and 400 nm inhibitor in Tris
buffer. The reaction rate with 4(5)-methylimidazole (MeIm) was ob-
tained under the same previous conditions with 24, 48, 64, 96, 200,
400, 600 and 800 mm MeIm and 200 mm 2 in Tris buffer. The
second-order rate constant kMeIm was calculated from linear regres-
sion of the experimentally measured pseudo-first-order rate con-
stants as a function of MeIm concentrations.
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