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ABSTRACT An important goal of nanotechnology is
the application of individual molecule handling tech-
niques to the discovery of potential new therapeutic
agents. Of particular interest is the search for new inhib-
itors of metabolic routes exclusive of human pathogens,
such as the 2-C-methyl-D-erythritol-4-phosphate (MEP)
pathway essential for the viability of most human patho-
genic bacteria and of the malaria parasite. Using atomic
force microscopy single-molecule force spectroscopy
(SMFS), we have probed at the single-molecule level the
interaction of 1-deoxy-D-xylulose 5-phosphate synthase
(DXS), which catalyzes the first step of the MEP pathway,
with its two substrates, pyruvate and glyceraldehyde-3-
phosphate. The data obtained in this pioneering SMFS
analysis of a bisubstrate enzymatic reaction illustrate the
substrate sequentiality in DXS activity and allow for the
calculation of catalytic parameters with single-molecule
resolution. The DXS inhibitor fluoropyruvate has been
detected in our SMFS competition experiments at a
concentration of 10 �M, improving by 2 orders of mag-
nitude the sensitivity of conventional enzyme activity
assays. The binding of DXS to pyruvate is a 2-step process
with dissociation constants of koff � 6.1 � 10�4 � 7.5 �
10�3 and 1.3 � 10�2 � 1.0 � 10�2 s�1, and reaction
lengths of x� � 3.98 � 0.33 and 0.52 � 0.23 Å. These
results constitute the first quantitative report on the use of
nanotechnology for the biodiscovery of new antimalarial
enzyme inhibitors and open the field for the identification
of compounds represented only by a few dozens of
molecules in the sensor chamber.—Sisquella, X., de
Pourcq, K., Alguacil, J., Robles, J., Sanz, F., Anselmetti,
D., Imperial, S., Fernàndez-Busquets, X. A single-mole-
cule force spectroscopy nanosensor for the identification
of new antibiotics and antimalarials. FASEB J. 24,
4203–4217 (2010). www.fasebj.org
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Microbial diseases have evolved strong and devas-
tating resistance to many antibiotics, a process occur-

ring at low levels in natural populations but that can
become common within a few years of the commercial
adoption of a new drug (1). The urgent need for new
efficient compounds for the treatment of disease has
stimulated the development of strategies addressed to
their identification (2). The corresponding therapeutic
targets must be, of preference, molecules that take part
in essential and exclusive processes of the pathogens
and that, therefore, do not exert pernicious side effects
on the host organism. The biosynthesis of isoprenoids,
such as sterols and ubiquinones, depends on the con-
densation of different numbers of isopentenyl diphos-
phate (IPP) units (3). In archaea, fungi, and animals,
IPP is derived from the mevalonate pathway (Fig. 1A).
In contrast, in most bacteria, algae, and in the chloro-
plasts of plants, IPP is synthesized by the mevalonate-
independent 2-C-methyl-d-erythritol-4-phosphate (MEP)
pathway (4). The MEP pathway (Fig. 1B) begins with the
thiamine pyrophosphate (TPP)-dependent condensation
of glyceraldehyde-3-phosphate (G3P) and pyruvate to
yield 1-deoxy-d-xylulose 5-phosphate (DXP), a step cata-
lyzed by DXP synthase (DXS) (5). Whereas the MEP
pathway is absent in mammals, it is essential for most
human bacterial pathogens (6), and thus its enzymes are
attractive targets for the development of novel antibiotics
(7). The MEP pathway has also been identified in the
apicoplast, a relict chloroplast of Plasmodium falciparum
and related parasites, where it plays an essential function
for their survival (8, 9).

Although the application of nanotechnology in the life
sciences, nanobiotechnology, is starting to have an effect
in drug discovery and development (10), this new area of
study has only had a very limited infiltration in the
research related to certain diseases specially prevalent in
developing countries. Regarding malaria, the concept of
nanotechnology is almost exclusively applied to the use of
nanoparticles for targeted drug delivery (11); to date not
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a single work has attempted to bring into the antimalaria
arena the powerful technique of single-molecule han-
dling. During the past decade, single-molecule force
spectroscopy (SMFS) has developed into a highly sensitive
tool for studying the interaction of individual biomol-
ecules (12, 13). Most SMFS experiments use either optical
tweezers or atomic force microscopy to measure dissocia-
tion forces of single ligand-receptor complexes in the
piconewton range. The binding partners are attached to
the nanoscale force sensor and a sample holder, and
when both parts are brought into close contact, a specific
link between the individual molecules is formed. By
increasing the distance between the two surfaces again,
the molecular bond is loaded under an external force
until it finally breaks, yielding the unbinding force. On
systematical variation of the externally applied load while
monitoring the mechanistic elasticity of the complex,
information can be derived about the kinetic reaction
rates, mean lifetime, equilibrium rate of dissociation,
dissociation length, and energy landscape of the interac-
tion (14, 15). SMFS experiments have been conceived
and applied to measure interactions among single bi-
omolecules (16), including enzyme-substrate (17–21), en-
zyme-inhibitor (22, 23), receptor-ligand (24–28), anti-
body-antigen (29–32), protein-DNA (33, 34), redox
partners (35), and cell adhesion molecules (36). Further-
more, intramolecular elasticity phenomena, like biopoly-
mer structural transitions (37) and protein unfolding
(38), have been investigated by SMFS, giving access to the
study of mechanical properties of biomolecules and their
related physiological processes (39).

SMFS has been proposed as a method suitable for
screening large numbers of ligands (40), an approach
that can expedite the discovery of therapeutically useful
enzyme inhibitors in a wide affinity range. One of the
most attractive characteristics of SMFS is derived from its
ability to measure the binding force between individual

enzyme-substrate molecular pairs. As a result, a sought-
after inhibitor could theoretically be detected at ex-
tremely low concentrations, especially if the inhibitor is
irreversible, which is often the most desirable case when
searching for drugs with potential pharmacological appli-
cations. An SMFS-based sensor might identify potentially
useful enzyme inhibitors remaining undiscovered be-
cause their concentrations in solution are too low to be
detected with conventional methods. Although this theo-
retical possibility has been hinted insistently, it has never
been put to test, and in this field SMFS has gone only as
far as being a tool for the characterization of enzyme-
substrate interactions. Its real potential for the discovery
of new enzyme inhibitors has not been tapped yet, let
alone for systems having such small substrates as the
3-carbon molecules G3P and pyruvate.

Here, we have explored the capability of atomic force
microscope (AFM) SMFS to identify inhibitors of the DXS
catalytic step. The binding forces between the tethered
enzyme and either of its two substrates have been charac-
terized at the single-molecule level, and we have studied
the sensitivity of this prototype nanosensor for the detec-
tion in solution of the DXS inhibitor fluoropyruvate (41).
Our data indicate that this proof-of-concept model system
can be developed into an efficient screening device for
the biodiscovery of new antibiotics and antimalarials.

MATERIALS AND METHODS

Unless otherwise indicated, analytical-grade reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Where
the buffer composition is not indicated, the corresponding
solutions were made in bidistilled deionized water (Milli-Q
system, Millipore, Eschborn, Germany). Where the tempera-
ture is not indicated, the corresponding reactions were
incubated at room temperature.

Figure 1. Scheme of the first steps of the mevalonate and MEP pathways of isoprenoid biosynthesis. A) Mevalonate pathway.
B) MEP pathway.
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Synthesis of 6-mercaptohexyl glyceraldehyde-3-phosphate
derivative

Citations of compounds 1–10 refer to Fig. 2A.

Preparation of 1-(1,3-dioxolan-2-yl)ethane-1,2-diol (compound 2)

Method is from ref. 42. An aqueous solution of KMnO4 (32 g,
200 mmol in 300 ml) was added at the rate of �20 ml/min to
2-vinyl-1,3-dioxolane (30 ml, 300 mmol) (compound 1) sus-
pended in 200 ml of water in a 3-necked 1-L flask. The mixture
was cooled in an ice bath and vigorously agitated for 2 h with a
magnetic stirrer to prevent the overoxidation that results from

the temperature exceeding 10°C. After MnO2 removal by Büch-
ner filtration and evaporation of water, the resulting oil was
purified by distillation under reduced pressure (5 mm Hg,
136–138°C) and obtained in a 35% yield (14.0 g). 1H-NMR (300
MHz, CDCl3) � � 4.90 (d, 1H), 4.00 (m, 4H), 3.93 (m, 1H), 3.74
(d, 2H), 2.90, 3.30 (ss, OH). 13C-NMR (75 MHz, CDCl3) � �
103.6, 70.6, 65.8, 65.1, 63.6, 62.5.

Synthesis of 2-tert-butyldimethylsilyloxy-1-(1,3-dioxolan-2-yl)
ethane-1-ol (compound 3)

1-(1,3-Dioxolan-2-yl)ethane-1,2-diol (13.4 g, 100 mmol), pre-
viously dried by anhydrous CH3CN coevaporation, was dis-

Figure 2. Immobilization of G3P and pyruvate. A) Scheme of the synthesis of the G3P derivative 6-(pyridin-2-yldisulfanyl)hexyl
1-dimethoxytrityloxy-1-(1,3-dioxolan-2-yl)ethane 2-phosphate (compound 10). See Materials and Methods for description of the
different synthesis steps (boxed numbers), referred to as compounds 1–10 in the text. B, C) Scheme of the process followed for
the immobilization of G3P. An equimolar mix of the G3P derivative and mercaptohexanol was deposited on gold-coated mica
(B). The reaction of thiol groups with gold atoms resulted in the formation of a mixed monolayer of thethered G3P derivative
and hydroxyl-terminated chains (C). Before starting SMFS assays, the derivative was deprotected to yield tethered G3P.
D) Scheme of the process followed for the immobilization of pyruvate. APTES-silanized, freshly cleaved mica was treated first
with an NHS-PEG-MAL linker to allow for the formation of a bond between the linker NHS groups and the amino groups on
the mica surface. The resulting maleimide-functionalized surface was then overlaid with an equimolar mix of mercaptopyruvate
and mercaptoethanol to yield a mixed monolayer of tethered pyruvate and hydroxyl-terminated linker.
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solved at 1 M in anhydrous pyridine under Ar and kept in an
ice bath. TBDMS-Cl (18.1 g, 1.2 eq) was dissolved at 2 M in
anhydrous CH3CN and slowly added by cannulation to com-
pound 2 under argon. The reaction was monitored by thin-
layer chromatography (TLC) analysis and completed in 3 h.
After evaporating the solvent, workup by liquid–liquid extrac-
tion was performed by 1� citric acid, 2� saturated NaHCO3,
1� saturated NaCl against ethyl acetate. After drying the
organic phase with MgSO4, the solvent was evaporated.
TLC and 1H-RMN analyses showed the presence of a single
product, which was obtained in a 65% yield (16.1 g, 65
mmol). 1H-NMR (300 MHz, CDCl3) � � 4.90 (d, 1H),
3.95–3.82 (m, 3H), 3.69 –3.58 (m, 4H), 2.40 (bs, 1H), 0.84
(s, 9H), 0.02 (bs, 6H).

Synthesis of 1-dimethoxytrityloxy-1-(1,3-dioxolan-2-yl)ethane-2-ol
(compound 6)

Compound 3 (4.5 g, 30 mmol), previously dried by anhydrous
CH3CN coevaporation, was dissolved at 0.2 M in anhydrous
pyridine under an inert atmosphere, and dimethoxytrityl
chloride (DMTCl; 12.2 g, 36 mmol, 1.2 eq) was rapidly added.
TLC revealed that the reaction was completed after 3 h. After
evaporating the solvent, workup by liquid–liquid extraction
was performed (1� citric acid, 2� saturated NaHCO3, 1�
saturated NaCl against ethyl acetate). After drying the organic
phase with MgSO4, the solvent was evaporated. A crude
product (compound 4) was obtained and subjected to the
following deprotection step without being purified. Subse-
quently, the crude was treated for 3 h with tetra(tert-butyl)am-
monium fluoride hydrate (TBAF, 11.4 g, 36 mmol) dissolved
in tetrahydrofuran (THF; 180 ml), and the reaction was
monitored by TLC. After solvent evaporation and workup
(1� citric acid, 2� saturated NaHCO3, 1� saturated NaCl
against ethyl acetate), the organic phase was dried with
MgSO4, and the solvent was evaporated. The resulting prod-
ucts were purified by SiO2 column chromatography by elu-
tion with 60–70% CH2Cl2 in hexane containing 1.5% Et3N.
The resulting product was obtained in a 72% yield (13.1 g, 22
mmol), and was characterized by 1H-NMR, 13C-NMR, and
MALDI. 1H-NMR (300 MHz, CDCl3) � � 7.56–7.24 (m, 9H),
6.82 (d, 4H), 4.9 (d, 1H), 3.91 (m, 4H), 3.76 (m, 1H), 3.64 (d,
2H), 2.78 (s, -OH). MALDI-EM (trihydroxyacetophenone
matrix, positive mode) m/z: 453.75 [M�Na]�, 474.78
[M�K]�. 13C-NMR (75 MHz, CDCl3) � � 169.4, 158.6, 154.8,
145.3, 144.1, 135.2, 135.1, 128.3, 128.8, 127.2, 126.7, 126.6,
112.8, 102.0, 72.0, 63.8, 60.1, 54.2, 54.1.

Synthesis of 6-(pyridin-2-yldisulfanyl)hexane-1-ol (compound 5)

Method is from ref. 43. Dithiodipyridine (5.5 g, 25 mmol) was
dissolved at 0.1 M in ethanol/water (1:1) at pH 8.0, and it was
added to a 0.1 M solution of 6-mercaptohexanol in ethanol
(1.7 g, 12.5 mmol in 125 ml). After stirring for �1.5 h, the
solvent was evaporated and redissolved in ethyl acetate, and
the resulting organic phase was washed with water to neutral-
ity. The organic phase was dried with MgSO4, and after
evaporating the solvent, purification was performed by SiO2

column chromatography, eluting with a gradient from 0 to
1.5% methanol in CH2Cl2. The product was obtained as a
clear oil in a 62% yield (1.9 g, 7.8 mmol). According to NMR
analyses, no further purification was required. 1H-NMR (300
MHz, CDCl3) � � 8.44 (d, 1H), 7.70 (m, 1H), 7.63 (m, 1H),
7.08 (dd, 1H), 3.62 (t, 2H), 2.79 (t, 2H), 1.71 (m, 2H), 1.53
(m, 4H), 1.36 (m, 2H).

Synthesis of 6-(pyridin-2-yldisulfanyl)hexyl 1-dimethoxytrityloxy-1-
(1,3-dioxolan-2-yl)ethane 2-phosphate (compound 10)

Alcohol (compound 6; 800 mg, 1.9 mmol) was coevaporated
with anhydrous acetonitrile, further dried in high vacuum for
60 min, and finally dissolved in anhydrous acetonitrile at 0.1
M under an inert atmosphere. O-cyanoethyl-N,N,N�,N�-tetra-
isopropylphosphordiamidite (690 mg, 2.28 mmol, 1.2 eq) was
added, followed by tetrazole (66 mg, 1.0 mmol, 0.5 eq), with
continuous stirring and under extreme dry and inert condi-
tions. The reaction was followed by TLC (ethyl acetate/
CH2Cl2/triethylamine, 45:45:10), and it was completed in
3 h. After removing the solvent by evaporation, the crude
product was redissolved in ethyl acetate, washed with aqueous
10% NaHCO3 and brine, and dried with Na2SO4. Analyses by
1H-NMR and 31P NMR showed a mixture of phosphoramidite
isomers, which did not need further purification to carry out
the following reaction. 1H-NMR (400 MHz, CDCl3) � �
7.60–7.10 (m, 9H), 6.82 (d, 4H), 3.82 (d, 1H), 4.20–3.80 (m,
3H), 3.78 (s, 6H), 3.78–3.20 (m, 6H), 2.72–2.42 (m, 2H),
1.40–1.00 (m, 12H). 31P-NMR (81 MHz, CDCl3) � � 148.4,
147.8.

The crude phosphoramidite (500 mg, 0.61 mmol) was
dissolved in anhydrous acetonitrile (1 ml) and compound 5
(146 mg, 0.6 mmol), and tetrazole (42 mg, 0.6 mmol) was
added. According to TLC analysis (ethyl acetate/CH2Cl2/
triethylamine, 45:45:10), the coupling (compound 8) was
completed in 5 h. The mixture was then treated with 0.5 ml of
6 M tBuOOH/toluene to produce oxidation of phosphite to
phosphate, to obtain compound 9. The solvent was evapo-
rated, and the resulting crude product was dissolved in 20 ml
of 7 N NH3 in methanol to produce the cyanoethyl group
removal and the obtainment of compound 10. The solvent
was again evaporated, and the crude product was purified first
by precipitation in cold hexane and subsequently by SiO2
column chromatography (gradient from 0.2 to 20% metha-
nol in CH2Cl2). Product was obtained as a clear oil in a 14%
yield, and it was characterized by 1H-NMR, 31P-NMR, and
electrospray mass spectrometry. 1H-NMR (400 MHz, CDCl3)
� � 8.47 (d, 1H), 7.71 (d, 1H), 7.62 (t, 1H), 7.51 (d, 2H), 7.39
(d, 4H), 7.25–7.18 (m, 3H), 7.06 (dd, 1H), 6.80 (d, 4H), 5.49
(m, 1H), 3.88–3.77 (m, 3H), 3.63 (t, 2H), 3.48 (s, 6H),
3.47–3.20
(m, 4H), 2.80 (t, 2H), 1.72–1.30 (m, 10H). 31P-NMR (81
MHz, CDCl3) � � 0.60. ESI-MS (negative mode) m/z 740.5
[M-H]�, 740.5 [M�Na-2H]�.

Construction of the Escherichia coli DXS expression vector
pET-23-DXS

The coding region of E. coli DXS (64 kDa), cloned into the
expression vector pT7–7 (44), was amplified by PCR using Pfu
DNA polymerase and primers T7 (5�-TAATACGACTCAC-
TATAGG-3�) and pET-23-XhoI (5�-CGCTCGAGTCCTGCCAG-
CCAGGCCTTGATTTTGGC-3�). After digestion with NdeI and
XhoI, the amplified DNA fragment was ligated into the same
sites of the expression vector pET-23b. Strain DH5� (Pro-
mega, Madison, WI, USA) was used as the recipient during
this transformation. Positive clones were identified by DNA
sequencing using Big Dye Terminator v3.1 cycle sequencing
kit (Applied Biosystems, Foster City, CA, USA). The resulting
plasmid was designated pET-23-DXS, which produces the
C-terminal histidine-tagged protein.

Overexpression and purification of E. coli DXS

BL21 (DE3) pLysS cells carrying pET-23-DXS were grown in
Luria-Bertani medium supplemented with 100 	g/ml ampi-
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cillin and 34 	g/ml chloramphenicol at 22°C to an OD600 of
0.3–0.4 and then induced with 0.3 mM isopropyl 
-d-thiogal-
actoside for 18–20 h. Bacterial cells were recovered by
centrifugation, and the cell pellet was resuspended in 40 mM
Tris-HCl buffer, pH 8.5, containing 100 mM NaCl, 10 mM
imidazole, 1 mM MgCl2, 5 mM 
-mercaptoethanol, 1 mM
TPP, 1 mg/ml lysozyme, 1 mM Pefabloc SC Plus (Roche,
Basel, Switzerland), and one tablet of complete EDTA-free
protease inhibitor cocktail (Roche). After incubation at 4°C
for 30 min the lysate was sonicated during 20 s and centri-
fuged at 12,000 g for 45 min at 4°C. Recombinant DXS was
purified by Ni2� affinity chromatography (1 ml Hi-Trap
chelating column, GE Healthcare, Little Chalfont, UK) with a
linear gradient from 10 to 500 mM imidazole. Fractions
containing DXS were pooled; dialyzed against a buffer con-
taining 50 mM Tris-HCl (pH 7.5), 137 mM NaCl, 1% Tween
20, and 1% Triton X-100; snap-frozen in liquid N2; and finally
stored at �80°C until use. Protein concentration was deter-
mined by the method of Bradford (45), using bovine serum
albumin as standard.

Immobilization of molecules for SMFS

Pyruvate

Freshly cleaved muscovite mica slides (Metafix, Montdider,
France) were gas phase silanized with (3-aminopropyl)tri-
ethoxysilane (APTES) in a vacuum desiccator according to
established protocols (46), and overlaid with 1 mM N-succin-
imidyl-6-maleimido caproate overnight. The resulting male-
imide groups were used to bind the thiol groups in mercap-
topyruvate and mercaptoethanol (added as a 1 mM
equimolar mix) to yield a layer of immobilized pyruvate.
Surface-bound mercaptoethanol provided a hydrophilic envi-
ronment in the bidimensional molecular film.

G3P

An equimolar mix of compound 10 and mercaptohexanol (1
mM each in 100% EtOH) was directly deposited overnight
onto gold-coated mica surfaces prepared with the template-
stripped gold method (47). The reaction between the SH
group generated on the G3P derivative and Au atoms formed
a layer of immobilized G3P after treatment with 50%
CH3COOH for 30 min to remove protecting DMT and ketal
groups. Mercaptohexanol bound to the surface through its
thiol group provided a hydrophilic environment in the bidi-
mensional molecular film.

DXS

APTES-silanized silicon nitride tips (Olympus Corp., To-
kyo, Japan) were first modified with a combination of
bifunctional linkers. Tips were immersed overnight in a 1
mM solution of N-hydroxysuccinimide-polyethyleneglycol-
maleimide (NHS-PEG-MAL) 3400 linker (polydispersity
index �1.05; Nektar, Huntsville, AL, USA), rinsed, and then
treated with a 1 mM 11-mercaptoundecanoic acid solution in
EtOH. The carboxyl-functionalized tips were then activated
using NHS and N-ethyl-N�-(3-diethylaminopropyl)carbodiimide
(EDC) coupling (48). The resulting NHS group reacted with
the amino groups from the side chains of Lys residues in DXS,
which was added in SMFS assay buffer (see below) at a
concentration of 70 	g/ml. After 1 h, unreacted ester
groups were finally capped with a brief immersion in 1 M
ethanolamine-HCl, pH 8.0.

AFM imaging

Tapping-mode AFM images were taken in 2.5 mM MgCl2, 1
mM TPP, and 40 mM Tris-HCl (pH 8) with a Molecular Force
Probe 3D microscope (Asylum Research, Santa Barbara, CA,
USA). Silicon nitride tips mounted on pyramidal 200-	m
cantilevers (k � 0.02 N/m) were purchased from Olympus.
Frequency was set to 5–10% lower than resonance, with a free
amplitude of 1 V and a set point kept below 20% of free
amplitude.

Immobilization of DXS on synthetic beads

DXS (2.5 mg/ml), dissolved in 140 mM NaCl, 1% Tween 20,
1% Triton X-100, and 50 mM Tris-HCl (pH 7.5), was passed
through a protein desalting column equilibrated with 100
mM MOPS (pH 6.4), and finally immobilized onto synthetic
beads containing a NHS ester at the end of a 10C spacer arm
(AffiGel 10; Bio-Rad, Hercules, CA, USA). Desalted enzyme
(2.25 ml) was added to 100 	l of beads prewashed with 10
mM sodium acetate (pH 4.5), and after 1 h incubation, the
mix was centrifuged, and the supernatant was removed.
Unreacted sites were blocked by treatment for 1 h with 1 M
ethanolamine-HCl, pH 8.0. Pelleted beads (40 	l) were used
for enzyme activity assays.

Time-of-flight secondary ion mass spectroscopy (TOF-SIMS)
characterization of immobilized pyruvate and G3P

Positive polydimethylsiloxane stamps (5-	m-diameter cylin-
drical posts) were immersed for 5 min in 1 mM solutions of
mercaptopyruvate or compound 10. Stamps with the ad-
sorbed molecules were then dried under N2 flow and micro-
contact printed on mica and gold surfaces functionalized as
described above for SMFS assays. TOF-SIMS analyses were
performed using a TOF-SIMS IV (ION-TOF GmbH, Münster,
Germany) operated at a pressure of 5 � 10�9 mbar. Samples
were bombarded with a pulsed bismuth liquid metal ion
source (Bi3�), at an energy of 25 keV. The gun was operated
with a 20-ns pulse width, 0.3-pA pulsed ion current for a
dosage lower than 5 � 1011 ions/cm2, well below the thresh-
old level of 1 � 1013 ions/cm2 generally accepted for static
SIMS conditions. Secondary ions were detected with a reflec-
tron TOF analyzer, a multichannel plate, and a time-to-digital
converter (TDC). Measurements were performed with a
typical acquisition time of 20 s, at a TDC time resolution of
200 ps. Charge neutralization was achieved with a low-energy
(20-eV) electron flood gun. Secondary ion spectra and im-
ages in both positive and negative mode were acquired from
randomly rastered surface areas of 500 � 500 	m along the
microslide. Secondary ions were extracted with 2 kV voltage
and postaccelerated to 10 keV kinetic energy just before
hitting the detector. The maximum mass resolution, r �
m/Dm, was � 9000, where m is the target ion mass and Dm is
the resolved mass difference at the peak half-width.

Surface plasmon resonance (SPR)

SPR assays were done in a T100 SPR instrument (Biacore, GE
Healthcare) using CM5 sensor chips for the immobilization
of pyruvate and G3P through thiol groups. NHS, EDC, and
2-(2-pyridinyldisulfanyl)ethaneamine (PDEA) were also ob-
tained from Biacore. Equal volumes of 50 mM NHS and 200
mM EDC were mixed together, and 20 	l of the resulting
solution were injected at 10 	l/min into the flow cell of the
sensor chip. For the immobilization of pyruvate, 40 	l of 80
mM PDEA was injected, followed by 50 	l of 50 mM mercap-
topyruvate, and finally by 40 	l of 50 mM 2-mercaptoethanol
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to cap unreacted activated sites. For the immobilization of
G3P, 40 	l of 40 mM cystamine (pH 8.5) was injected,
followed by 40 	l of 0.1 M dithioerythritol, and finally by 50
	l of a 50 mM solution in 70% EtOH of the G3P derivative
compound 10. The remaining unreacted sites where finally
capped with 40 	l of 1 M NaCl and 20 mM PDEA, pH 4.0.
DMT and ketal-protecting groups were removed with 40 	l of
a 100 mM HCl, 1 M NaCl solution, also used to regenerate the
chip surfaces by flushing it for 30 s at a flow rate of 30 	l/min.
For the control flow cell, the NHS/EDC-activated chip sur-
faces were flushed with 40 	l of an 80 mM ethanolamine-HCl
solution to cap all the reacting sites.

SPR assays were performed at 20°C in running buffer (150
mM NaCl, 2.5 mM MgCl 2, and 10 mM HEPES, pH 7.4).
Enzyme solutions in running buffer containing 1 mM TPP
were injected at 15 	l/min during 100 s, with DXS alone or in
the presence of different concentrations of pyruvate, fluoro-
pyruvate, or G3P. Data were recorded from 30 s before
injection start to 200 s after the end of injection. Biacore T100
1.1 evaluation software was used for analysis, which enabled a
double blank subtraction from two control samples: enzyme-
containing solution flushed through the control cell and
buffer without enzyme flushed through immobilized pyru-
vate- and G3P-containing cells. Rate and equilibrium con-
stants were obtained by analyzing the kinetics of binding with
the analysis software for biosensor data Scrubber2 (BioLogic
Software Pty. Ltd., Campbell, Australia).

DXS activity determination

DXS enzymatic activity was usually determined by a spectro-
photometrical assay using purified 1-deoxy-d-xylulose 5-phos-
phate reductoisomerase (DXR) as coupled enzyme (49).
Recombinant E. coli DXR was obtained as described elsewhere
(50). All kinetic measurements were made at 37°C in tripli-
cate. The standard reaction mixtures were done in 100 mM
Tris-HCl buffer (pH 7.8) containing 1 mM TPP, 1 mM MgCl2,
1 mM MnCl2, 1 mM DTT, 0.15 mM NADPH, 1 mM pyruvate,
1 	g DXS, and 6 	g DXR in a final volume of 0.2 ml. The
reaction was initiated by adding 1 mM dl-glyceraldehyde
3-phosphate. Initial reaction velocities were determined fol-
lowing the oxidation of NADPH by monitoring A340 in a
Benchmark Plus spectrophotometer (Bio-Rad). One enzyme
unit is defined as the amount of DXS catalyzing the transfor-
mation of 1 	mol of pyruvate and d-glyceraldehyde 3-phos-
phate into DXP under the conditions of the assay. As an
alternative method for DXS activity analysis, we used TLC on
60 F254 Silicagel plates (Merck, Wilmington, DE, USA)
[MeOH/H2O/25% (v/v) NH3/CH3COOH, 50:25:7.5:1],
stained with �-anisaldehyde/sulfuric acid/acetic acid (2.4%:
3.6%:1.2%, v/v) (51).

Force spectroscopy measurements

Force spectroscopy studies were performed in a Molecular
Force Probe 3D microscope (Asylum Research, Santa Bar-
bara, CA, USA). Silicon nitride tips mounted on triangular
200-	m cantilevers (k � 0.02 N/m) were purchased from
Olympus. The spring constant of every tip was individually
measured through the equipartition theorem using the ther-
mal noise of the cantilever (52). SMFS assays were performed
in 2.5 mM MgCl2, 1 mM TPP, 40 mM Tris-HCl, pH 8. The
configurations used consisted of DXS on the cantilever,
pyruvate or G3P on mica or gold surfaces, respectively, and
the buffer alone or buffer containing substrates or fluoropy-
ruvate. The cantilever was lowered to the surface manually,
and the AFM was operated such that it moved away from and
then toward the sample surface during the course of each

cycle. The pressure applied at the contact point was �1 nN.
Based on preliminary assays performed at different loading
rates, the SMFS data presented were obtained with a pulling
velocity of 0.5 	m/s, except where otherwise indicated. The
same tip and surface were used with the different substrate
and inhibitor solutions of a single experiment. For each
configuration, 1500 force plots were recorded and taken at
different points on the functionalized surfaces. Data analysis
and statistical treatments were done with the software pro-
vided by the AFM manufacturer (IgorPro 5.0.4.8; WaveMet-
rics Inc., Lake Oswego, OR, USA). To restrict the analysis to
single-molecule interactions, peak selection was generally
done manually, setting a maximum length threshold of 100
nm (which corresponds to the maximum length of the PEG
linker), considering only the last adhesion event of force-
extension curves. Force curves with peaks above 1 nN were
likely arising from non-specific adhesions, and we did not
consider them as enzyme-substrate interactions, although
they were included in the statistics calculations as curves
without specific binding event.

RESULTS

The planned configuration of SMFS assays consisted
of DXS-functionalized AFM cantilevers and pyruvate-
or G3P-functionalized surfaces via heterobifunc-
tional linkers (32). Such strategy introduces a dis-
tance between interacting molecules and surfaces,
adds steric flexibility for the binding partners, and
guarantees an almost complete reduction of unspecific
binding events (53), although it might affect the calcu-
lation of the apparent kinetic and thermodynamic
enzymatic parameters (23). Because E. coli DXS has 36
lysines, of which only K289 is present in the active
center (54), we followed established protocols (48) for
the covalent linkage of the enzyme to SiN3 cantilevers
through the lateral amino group in lysine residues,
using a monodisperse �100 nm-long polyethylene gly-
col (PEG) linker (Fig. 3). As shown below, DXS immo-
bilized in this way was active in binding its two sub-
strates, pyruvate and G3P. The immobilization of G3P
was done through its phosphate based on data report-
ing that this group is exposed to the solvent and does
not participate in the enzymatic reaction (54). Thus, a
G3P derivative containing a gold-reacting linker was
synthesized (Fig. 2A) and deposited onto gold-coated
mica surfaces to obtain self-assembled monolayers
(SAMs) of the G3P derivative following reduction of
disulfide groups by gold (Fig. 2B, C). To obtain pyru-
vate SAMs, (3-aminopropyl)triethoxysilane-silanized
flat mica surfaces were functionalized with mercapto-
pyruvate through a maleimido-PEG-N-hydroxysuccin-
imide linker (Fig. 2D). The choice of the thiol group
located in the C3 atom of mercaptopyruvate for the
immobilization of the substrate was made on the basis
of data showing that this carbon is not implicated either
in the initial formation of the adduct with TPP or in the
forthcoming steps of the reaction mechanism (4, 54).
Additional experimental evidence validating our strat-
egy indicated that DXS was active in metabolizing
hydroxypyruvate instead of pyruvate (55), which sug-
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gests that an additional group in C3 did not affect the
enzyme-substrate interaction.

TOF-SIMS (56) was used to characterize the correct
immobilization of pyruvate and G3P on mica and gold
surfaces, respectively (Fig. 4). A fragment of 74.97 Da
was consistent with the presence of pyruvate after the
crosslinking procedure onto mica (Fig. 4A). Other
molecules detected were a sulfur-containing derivative
(60.96 Da) and a part of the bifunctional linker (198.85
Da). Measures of G3P patterns on gold detected the
presence of phosphates (97.29 Da), thiopyridine
(110.35 Da), and different species originated from the
synthesized G3P derivative (at 623.70, 632.20, and
765.06 Da) (Fig. 4B).

Bidimensional on-the-surface dilution of pyruvate
and (after deprotection of the derivative) G3P in a
hydrophilic environment was achieved by introduction
of hydroxyl-terminated linkers to form mixed SAMs
that reduced sterical hindrances between the interact-
ing molecules in SMFS experiments (Fig. 5A, B). AFM
imaging of surfaces, functionalized with pyruvate, G3P,
or DXS following the chemistry described above,
showed the deposition of homogeneous monolayers
(Fig. 5C–E), with root mean square roughness of 0.7,
1.1, and 1.3 nm, respectively. Binding between DXS
and its substrates crosslinked to surfaces was first ex-
plored by surface plasmon resonance (SPR). Mercap-
topyruvate and the G3P derivative were bound to SPR
chips with the same chemistry used later in SMFS assays,
to yield immobilized pyruvate and G3P. DXS in solu-
tion binds efficiently to both tethered substrates in a
concentration-dependent process (Fig. 5F, G). Com-
plete dissociation was not achieved in either case, in
agreement with the existence of a strong interaction
between DXS and its two covalently immobilized sub-
strates. Different substrate concentrations were assayed,
which provided optimal pyruvate and G3P densities of
65 and 780 response units, respectively. Higher densi-

ties resulted in reduced DXS binding, probably because
of steric hindrance due to densely packed substrate
layers. The integrated rate equations were fitted to the
association and dissociation sensorgrams (57), obtain-
ing both on- and off-rate constants, and thus the
equilibrium dissociation constants, KD,pyruvate � �57
	M and KD,G3P � �81 	M, whose values did not differ
significantly from those derived from enzyme assays in
solution (100 and 440 	M, respectively) (58).

The measured rupture force of the interaction be-
tween DXS tethered to AFM cantilevers and surface-
bound pyruvate was found to be between 150 and 250
pN, depending on the loading rate (Figs. 5H and 10B).
To estimate the time and number of approach/retract
curves during which the enzyme maintained its activity, we
routinely performed controls where the binding probabil-
ity for a given system configuration was checked through-
out control experiments. The binding probability (%) was
calculated as the number of force curves with �1 specific
enzyme-substrate adhesion event vs. the total number
of curves. The data obtained indicated that DXS bound
its immobilized substrates without decrease in rupture
force or binding probability for a time between 6 and
8 h, or 6000 recorded curves. Specific adhesion events
were indicated by analysis of the force curves immedi-
ately before the jump-off contact. Specific interactions
are characterized by a typical worm-like chain slope in
the adhesion zone of the retracting plot just before
rupture (Fig. 5H) (12, 22). Such an analysis is greatly
facilitated by the use of suitable flexible linkers con-
necting the inorganic surfaces with the biomolecules.
In addition, we considered only ruptures that took
place at a distance from the surface �100 nm, which
corresponds approximately to the linker length. Exam-
ples of multiple-peak curves and of unspecific tip-
surface binding are provided in Fig. 6. Finally, force
peaks above 1 nN were not considered because they
were relatively few and far off the gaussian median

Figure 3. Immobilization of DXS on AFM cantile-
vers. A) Treatment of silanized AFM cantilevers
with NHS-PEG-MAL and 11-mercaptoundecanoic
acid linkers to generate a carboxyl-terminated
tether. B) Activation of the carboxyl group with
EDC/NHS to make it reactive with amino lateral
groups in DXS. C) Scheme of DXS immobilization
on AFM cantilevers.
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centered at �200 pN in control experiments. Other
controls involved testing the DXS-free PEG linker on
substrate-functionalized surfaces. In such assays, the
force distributions obtained lacked the 200 pN maxi-
mum and presented instead a few events distributed
below and above this value (Fig. 7), resulting from

unspecific linker-surface interactions. Because of the
large difference in molecular mass between the PEG
linker and DXS (3.4 and 64.0 kDa, respectively), the
unspecific adhesion events experienced by the PEG
linker alone will be reduced �20-fold in the presence
of DXS. Force plots in competition SMFS assays indi-
cated that maximal adhesion probability between DXS
and G3P was obtained on addition of soluble pyruvate
(Fig. 8A), yielding rupture forces similar to those for
the DXS-pyruvate association. These data are consistent
with SPR results showing that the presence of soluble
pyruvate increased the interaction of DXS with a G3P-
functionalized surface (Fig. 8B). The presence of TPP
in solution was necessary in SPR assays for the detection
of binding between DXS and G3P (Fig. 8B) or pyruvate
(Fig. 8C), whereas in SMFS experiments, the interac-
tion of the enzyme with either substrate was not depen-
dent on the presence of the cofactor.

Competition SMFS assays in the presence of 1 mM
pyruvate showed that soluble G3P interfered with the
adhesion of DXS to immobilized G3P in a concentra-
tion-dependent process (Fig. 8D), with a significant
inhibitory effect at 0.1 mM G3P. In contrast, 1 mM
soluble pyruvate had to be present to decrease the
probability of DXS binding to immobilized pyruvate
(Fig. 8E). In this case, the addition of soluble G3P did
not increase the binding probability between DXS and
pyruvate (data not shown). As a routine control per-
formed at the end of each SMFS assay, force peaks were
recovered on removal of the soluble competitor, con-
firming DXS performance and validating the data
obtained. More complex force distributions were often
obtained in some SMFS experiments (Fig. 8D, E, G),
usually in the form of adhesion peaks at �400, 600, and
800 pN, which might represent simultaneous multiple
binding events. In agreement with SMFS data, SPR
competition assays for the binding of DXS between
immobilized pyruvate and soluble pyruvate or the en-
zyme inhibitor fluoropyruvate at high concentrations
showed that the presence of soluble ligands decreased
the affinity of the enzyme for the homologous surface-
bound substrate (Fig. 8C). SMFS binding competition
assays in the presence of soluble fluoropyruvate at
lower concentrations showed that the DXS inhibitor
was significantly more efficient than soluble pyruvate in
blocking the interaction with immobilized pyruvate.
The presence of 0.1 mM fluoropyruvate (Fig. 8F)
reduced to 2% the binding probability between the
enzyme and surface-bound pyruvate, whereas 1 mM
fluoropyruvate was necessary to inhibit DXS binding to
G3P (Fig. 8G). Sensitivity could be improved by reduc-
ing the amount of immobilized DXS on the AFM
cantilever. For the configuration DXS-pyruvate, using
100 times less enzyme resulted in a 10-fold sensitivity
increase, with 10 	M fluoropyruvate reducing by 
85%
the DXS-pyruvate interaction (Fig. 9A).

Although the covalent immobilization of DXS did
not abolish the binding to its substrates, we had no
information on how this affected the metabolic compe-
tence of the enzyme. To explore this issue we per-

Figure 4. TOF-SIMS analysis of tethered pyruvate immobilized
on mica (A) and of tethered G3P immobilized on gold (B).
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formed enzyme activity assays with DXS crosslinked to
N-hydroxysuccinimide-functionalized agarose beads with the
same chemistry as that used for SMFS experiments.
Thin-layer chromatography analysis of the reaction
products revealed the presence of DXP (Fig. 10A),
indicating that tethered DXS could metabolize its sub-
strates, although a quantitative estimation showed that
the immobilized enzyme retained only �14% of its
catalytic activity in solution.

Pulling experiments in which the tip-surface separa-
tion speed is changed in such a way that the force per
unit time (loading rate) acting on the molecular bond
under study is changed over orders of magnitude are
referred to as dynamic force spectroscopy (DFS). DFS
permits a deeper analysis of the mechanics of single-
molecule assays, providing information on dissociation
constants and the average lifetimes of molecular inter-
actions. According to the standard model of thermally
driven dissociation under external force (14), the mea-
sured dissociation forces (Fmax) depend on the exper-
imental retraction velocity and should be represented
against the corresponding loading rates in a DFS plot.
To obtain molecular loading rates, the retraction veloc-
ity is multiplied by the elasticity of the system, which is
determined by fitting the slope of every single force

curve just before dissociation. Generally, the measured
Fmax obeys the following law (Eq. 1):

Fmax �
kBT
x


ln
x
 r

kBT koff
(1)

where kBT and r denote thermal energy and the loading
rate, respectively. x
 is a length parameter along the
reaction coordinate representing the distance between
the minimum of the binding potential and the transi-
tion state separating bound and free states, which is
commonly referred to as the reaction length. koff is the
thermal off-rate constant under zero external load and
can be deduced by linearly extrapolating the experi-
mental data in the DFS plot to zero external force
(F�0). The inverse relation of koff to the average
lifetime of the complex, � (koff � ��1), allows a direct
way of evaluating its stability. For the interaction
DXS-pyruvate, when we applied mechanical force in
a range of loading rates, the logarithmic DFS plot of
the measured SMFS data shows the presence of two
force regimes according to Eq. 1 (Fig. 10B). For the
single-molecule process, quantitative analysis at low
and high loading rates yields, respectively, dissociation
constants of koff � 6.1 � 10�4 � 7.5 � 10�3 and 1.3 �

Figure 5. DXS binding to covalently immobi-
lized pyruvate and G3P. A) Scheme of mica
surfaces functionalized with pyruvate (boxed
and shaded). B) Scheme of gold surfaces func-
tionalized with G3P (boxed and shaded). C–E)
AFM images of pyruvate-coated mica (C), G3P-
coated gold (D), and DXS immobilized on mica
with the same chemistry used for its binding to
cantilevers (E). Vertical z scale is 20 nm. Repre-
sentative cross-section analysis of surface rough-
ness is presented at bottom of each image.
F, G) SPR assays of DXS binding to its immobi-
lized substrates. F) G3P binding analysis: 1� �
37 	g/ml. G) Pyruvate binding analysis: 1� �
46 	g/ml. All samples contained 1 mM TPP.
H) Typical approach-retract SMFS force cycle
for a single DXS-pyruvate binding event.
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10�2 � 1.0 � 10�2 s�1, and reaction lengths of x
 �
3.98 � 0.33 and 0.52 � 0.23 Å.

DISCUSSION

DXS belongs to a subclass of TPP-dependent enzymes
that combine characteristics of decarboxylases and
transketolases. A reaction mechanism has been pro-
posed (41) involving formation of a highly reactive TPP
ylide, nucleophilic attack of the ylide on the donor
substrate (pyruvate), elimination of the first product
(CO2), nucleophilic attack of the �-carbanion/enam-
ine on the acceptor substrate (G3P), elimination of the
second product (DXP), and regeneration of TPP. Our
data obtained at single-molecule resolution confirm the
sequentiality in the incorporation of both substrates
into the active center, evidenced by the requirement of
soluble pyruvate for maximal DXS-G3P binding but not
of soluble G3P for maximal DXS-pyruvate interaction.
Moreover, CO2 trapping experiments showed that DXS
does not efficiently catalyze the decarboxylation of
pyruvate and release of CO2 in the absence of G3P
(41), indicating that the binding of G3P is required to
form a catalytically competent complex. On the basis of
these results, an ordered mechanism can be proposed
where entry of pyruvate in the active center increases

the affinity of the enzyme for the second substrate,
G3P, which is required for the catalysis to proceed.
SMFS data indicate that the interaction of DXS with G3P
and pyruvate remains unchanged regardless of the pres-
ence of TPP, in opposition to SPR assays where the
cofactor is required for the retention of the enzyme on
the substrate layer. These apparently contradictory results
suggest that parameters derived from techniques that
analyze molecular populations cannot be extrapolated
directly to predict the behavior of individual molecules.
Whereas biomolecules in conventional ensemble assays
are interrogated simultaneously in large numbers and
average properties are extracted, in single molecule
experiments they are probed one at a time, gaining
access to new types of information. The interaction of
DXS with its substrates might be too brief in the
absence of TPP to allow a measurable DXS layer
deposition on the substrate-coated SPR chip, but long
enough to be detected by SMFS as a brief binding
event. In the case of pyruvate:

�DXS� � �Pyr� �DXS-Pyr�
SMFS

detection

�DXS-Pyr-TPP�
SPR

detection

�DXS-TPP*�

(2)

Our data lead us to propose that, in the absence of
TPP, the transiently formed DXS-pyruvate complex
quickly dissociates; whereas in the presence of TPP, the
equilibrium is displaced toward a relatively stable spe-
cies involving DXS, pyruvate, and TPP. Under adequate
conditions, probably not met by crosslinked substrates,
this ternary complex undergoes decarboxylation and is
ready to transfer the acetyl group to G3P. In this
scenario, the ternary complex DXS-pyruvate-TPP, but
not the short-lived DXS-pyruvate species, might have a
sufficiently low dissociation rate to allow for the forma-
tion of a significant molecular layer amenable to SPR
detection. SMFS, however, could likely detect the pres-
ence of the labile DXS-pyruvate intermediate in a
significant number of the 1-s cycles of each experiment.
This finding highlights the potential of single-molecule
analysis to unravel molecular phenomena that escape
detection when studied by other techniques. The pro-
posed stability of the ternary complex DXS-pyruvate-
TPP would explain our SPR data where, after the

Figure 6. Examples of SMFS force-extension graphs for the
DXS-pyruvate binding analysis. Top graph corresponds to a
pull with multiple interactions where the last peak on the left
was considered to be a specific adhesion event. Middle graph
was discarded because of a dissociation length 
100 nm, the
maximum expected system stretching according to the
known linker lengths. Bottom graph is characteristic of a
short-range, nonelastic, unspecific tip-surface interaction.

Figure 7. Control assay of the effect of the PEG linker on
unspecific SMFS interactions. A pyruvate-coated surface was
probed with cantilevers functionalized with PEG-DXS or only
with PEG. Corresponding histograms were fitted to gaussian
curves.
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association phase, rinsing the surface with buffer did
not induce a rapid decrease of the signal. Maintenance
of the interaction between DXS and tethered pyruvate,
accounting for the sustained SPR signal, could result
from a blockage in the reaction due to the presence of
the linker in place of the pyruvate methyl group.
Although the methyl group does not participate in the
catalysis, the presence of a linker might introduce steric
hindrances preventing progress of the reaction. The
same reasoning can be applied to SPR results obtained
with immobilized G3P.

One of the principal challenges of understanding
enzyme catalysis is resolving the dynamics of enzyme-
substrate interactions with ångström resolution, the
length scale at which chemistry occurs (59). The two
force regimes detected in DFS plots for the interaction
DXS-pyruvate suggest the existence of a first step involv-
ing the formation of a relatively stable complex with a
mean dissociation length of �4 Å, which might corre-
spond to the initial recognition between the enzyme
and its first substrate. A second, unstable, complex with
a mean dissociation length �1 Å could reflect atomic
interactions involved in bond formation. An interesting
observation with regard to the future development of a
nanosensor device is the ability of tethered DXS to
efficiently bind its two substrates without having a very
high catalytic activity. Current activity assays used to

detect inhibitors invariably need metabolically active
enzymes, whereas the data presented here indicate that
SMFS-based nanosensors might only require enzyme
binding to the substrates, without the need for product
synthesis. This finding suggests a dissociation of DXS
activity between substrate recognition properties, which
are retained by the tethered enzyme, and substrate
transformation, which seemingly depends significantly
on the presence of an intact enzyme. The strategy used
to immobilize DXS on the AFM tip could have altered
the chemical neighborhood of some key reactive
groups, or it might have rendered the enzyme less free
to adapt by induced fit to its substrates.

Enzyme inhibition is the major mechanism of action of
many drugs, including antiinflammatory (60), antihyper-
tensive (61), antineoplastic (62–65), antidepressant (66),
antiasthmatic (67), anti-Parkinson (68), anti-Alzheimer
(69–71), lipid-lowering (72), anti-AIDS (73,74), and anti-
microbial compounds (4, 6, 7). The absence of the MEP
pathway in animals suggests that inhibitors of its enzymes
can be used at relatively high concentrations to treat
certain bacterial and protozoan infections without exhib-
iting undesired side-effects. In addition, this will lead to a
higher efficiency of the drug and, in turn, to a reduction
in the appearance of resistant strains typically observed
when a drug is administered at sublethal doses for an
extended period. Microbes often can revert a blocked

Figure 8. Analysis of the interaction of DXS with pyruvate and G3P in SMFS assays. A) SMFS analysis of the effect of soluble
pyruvate on the interaction between immobilized DXS and G3P. Percentages represent frequency of binding events in the
different experimental configurations. Temporal sequence from top to bottom: no soluble pyruvate, addition of 1 mM pyruvate,
removal of soluble pyruvate. B) Effect of the presence of soluble TPP, G3P, and pyruvate on the SPR analysis of DXS binding
to a G3P-coated chip. All samples contained 1 mM TPP, except DXS � TPP. C) SPR analysis of the effect of fluoropyruvate on
the binding between DXS and pyruvate. All samples contained 1 mM TPP, except DXS � TPP. D) SMFS analysis of the effect
of soluble G3P on the binding between immobilized DXS and G3P. All samples contained 1 mM pyruvate. Temporal sequence
from top to bottom: no soluble G3P, addition of 0.1 mM G3P, addition of 1 mM G3P, removal of soluble G3P. E) SMFS analysis
of the effect of soluble pyruvate on the binding between immobilized DXS and pyruvate. Temporal sequence from top to bottom: no
soluble pyruvate, addition of 0.1 mM pyruvate, addition of 1 mM pyruvate, removal of soluble pyruvate. F) SMFS analysis of the effect
of soluble fluoropyruvate on the binding between immobilized DXS and pyruvate. Temporal sequence from top to bottom: no soluble
fluoropyruvate, addition of 0.1 mM fluoropyruvate, removal of soluble fluoropyruvate. G) SMFS analysis of the effect of soluble
fluoropyruvate on the binding between immobilized DXS and G3P. All samples contained 1 mM pyruvate. Temporal sequence from
top to bottom: no soluble fluoropyruvate, addition of 1 mM fluoropyruvate, removal of soluble fluoropyruvate.
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pathway through the recruitment of enzymatic activities
that participate in similar reactions and that, by means of
mutations that alter their substrate specificity or their
expression levels, can metabolize alternative substrates
into intermediaries located downstream of the blocked
step. A second characteristic that makes the MEP pathway
a particularly suitable target for the development of
antibiotics derives from the observation that when its steps
are blocked very low rates of reversion are observed (75).
Fosmidomycin, an inhibitor of DXP reductoisomerase,
the second enzyme of the MEP pathway, has shown

antimalarial activity in vitro and in murine malaria models
(76), and early clinical studies have now proven its efficacy
and safety in the treatment of uncomplicated P. falciparum
malaria in humans (77). It can be foreseen that by
selectively blocking other MEP pathway steps a similar
effect to that observed for fosmidomycin will be found
and that some of the compounds inhibiting these en-
zymes would also act on the parasite (7). In agreement
with this view, the DXS inhibitor fluoropyruvate was
proposed as a putative antimalarial drug (41).

Pyruvate, with a molecular mass of only 88 Da, is to

Figure 9. High-sensitivity single-molecule nanosensor for the detection of DXS inhibitors. A) SMFS analysis of the effect of
soluble fluoropyruvate on the binding between immobilized DXS and pyruvate, using a DXS concentration 100 times smaller
than that in Fig. 8F. Temporal sequence from top to bottom: no soluble fluoropyruvate, addition of 1 	M fluoropyruvate,
addition of 10 	M fluoropyruvate, removal of soluble fluoropyruvate. B) Configuration showing the interaction between DXS
bound to nanoscale sensor and pyruvate to mica surfaces. C) A significant decrease in the binding of DXS to the
pyruvate-functionalized surface indicates the presence of an inhibitor in solution.
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date the smallest substrate that has been immobilized
in an active form for its use in dynamic force spectros-
copy assays, thus expanding the powerful applications
of this technique to the study of the interactions of very
small molecules. The strategy used to covalently cross-
link G3P through its phosphate group into surfaces in
a form adequate for recognition by its metabolizing
enzyme opens the field to single-molecule analysis of
similarly reactive phosphate-containing enzyme sub-
strates. Using pyruvate as the immobilized substrate we
could detect the presence of fluoropyruvate at lower
concentrations than those required when using immo-
bilized G3P, probably because of the requirement in
the latter case of soluble pyruvate in solution, that will
compete with the inhibitor for DXS binding (41). This,
in addition to the tedious synthesis of the G3P derivative
when compared with commercially available mercaptopy-
ruvate, makes a pyruvate-based sensor the preferred config-
uration. The higher efficiency of fluoropyruvate relative to
pyruvate in preventing DXS binding to its immobilized
substrate likely reflects an increased residence time or
the induction of conformational changes in the active
center that might be related to the molecular mecha-
nism of inhibition. This opens good perspectives
regarding the application of SMFS-based nanosen-
sors to the biodiscovery of novel enzyme inhibitors
found in minute amounts. Enzymatic assays have
established fluoropyruvate as a DXS competitive in-
hibitor with a Ki of 1 mM (41), whereas we have
shown that an SMFS-based nanosensor can detect 10
	M fluoropyruvate by using conventional experimen-
tal protocols and commercial AFM cantilevers. Con-
sidering that fluoropyruvate is a relatively weak DXS
inhibitor, more active compounds (78) can presum-
ably be discovered at concentrations within the nano-
molar range using the SMFS approach presented
here. We foresee that maximal resolution can be
attained when nanofabrication methods will permit
the functionalization of force nanosensors carrying a
single enzyme molecule (Fig. 9B, C). Such future
truly single-molecule devices will open the field for
the coupling to very small scale synthesis of combi-
natorial chemical libraries and for the biodiscovery

of compounds represented only by a few dozens of
molecules in the sensor chamber.
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