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An enhanced chip-based detection platform was developed by integrating a surface acoustic wave
biosensor of the Love-wave type with protein identification by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-ToF MS). The system was applied to characterize the
interaction of aptamers with their cognate HIV-1 proteins. The aptamers, which target two proteins of
HIV-1, were identified using an automated in vitro selection platform. For aptamers S66A-C6 and S68B-
C5, which target the V3 loop of the HIV-1 envelope protein gp120, KD values of 406 and 791 nM,
respectively, were measured. Aptamer S69A-C15 was shown to bind HIV-1 reverse transcriptase (HIV-1
RT) with a KD value of 637 nM when immobilized on the biosensor surface. HIV-1 RT was identified
with high significance using MALDI-ToF MS even in crude protein mixtures. The V3-loop of gp120
could be directly identified when using chip-bound purified protein samples. From crude protein
mixtures, it could be identified indirectly with high significance via its fusion-partner glutathione-S-
transferase (GST). Our data show that the combination of the selectivity of aptamers with a sensitive
detection by MS enables the reliable and quantitative analysis of kinetic binding events of protein
solutions in real time.

Keywords: Love-Wave Surface Acoustic Wave Sensor • Affinity-MS • MALDI-ToF MS • HIV gp120 • HIV
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Introduction

The combination of quantification and purification of pro-
teins by various chip-based biosensors with identification by
mass spectrometry (MS) has been reported more than a decade
ago.1,2 Since then, affinity-MS has become a powerful tool in
proteomics. It enables the detection and analysis even of small
amounts of known and unknown proteins interacting in
complex biological networks, yielding information on the
interaction process and the molecular masses of the analytes.
MS allows identification of proteins and differentiation of post-
translational modifications within otherwise identical proteins,
for example, glycosylations or phosphorylations. To date, MS

is one of the most sensitive and specific methods for protein
identification. A disadvantage of MS, however, is the difficult
quantification.3 To address this issue, we have combined MS
with preceding monitoring of binding using a biosensor4 that
enables label-free quantification of the mass of an analyte
protein5 or the determination of its amount.6 Specific interac-
tions take place between the mobile analytes in solution and
the immobilized ligands, resulting in selective binding events
displayed in the recorded sensor signal. The ligands im-
mobilized on the chip surface specify the detected analytes and
allow the characterization of the biomolecular interactions.7

Such binding of a given, predefined subset of molecules from
an unpurified sample or mixture can be put to use for tracked
precleaning of analytes in a way that keeps the bound mol-
ecules undestroyed. Applied to proteins, the surface may bind
a specific protein, its variants, or complexes thereof, depending
on both the affinity and quality of the ligand, but also on the
surface chemistry used for immobilization. Thus, for identifica-
tion of the surface-bound proteins, they can further be analyzed
by MS.8 To sense mass changes from binding events, different
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types of sensors are used. Commercial examples are sensors
based on the surface plasmon resonance (SPR) principle. The
very small volumes of the surface-bound proteins are eluted
after capture to be measured in MALDI-ToF MS.9 This com-
bination, however, is labor-intensive and usually not compat-
ible with high-throughput analyses.

Here, we combined a surface acoustic wave sensor of the
Love-wave type (the S-sens K5-sensor system) with MALDI-
ToF MS measurements.5,6 This system is based on a noninva-
sive technique that detects phase and amplitude changes in
real time. In parallel, mass and viscosity alterations are
analyzed, providing additional information about the observed
binding event. Extremely low response to buffer contents
enables the interpretation of data directly from the recorded
signal. Furthermore, the technique is not limited to gold-based
surface chemistries, thus, allowing the use of customized sensor
chip surfaces based on metals, oxides, or polymers. Here, in a
pilot setting, we applied the method to characterize a set of
aptamers targeted against HIV-1 proteins.

Aptamers are synthetic nucleic acid ligands, which are able
to bind to target proteins with high specificities and affini-
ties.10-17 They have successfully been used as capture agents
in previous sensor chip applications, for example, as receptors
to capture thrombin molecules from complex mixtures on glass
surfaces. The thrombin was released from the aptamer surface
by a pH-shift for further analysis in the MALDI-ToF-MS.18 The
combination of aptamers with various biosensors has proven
suitable for monitoring the analyte even in complex protein
mixtures.19-22 Both thrombin and antithrombin III and an
immobilized thrombin-antithrombin III protein complex were
detected on the chip with MALDI-ToF-MS.8 Several standard-
ized in vitro selection protocols for advanced production of
aptamers have been established modifying the original SELEX
(systematic evolution of ligands by exponential enrichment)
procedure23,24 for automated high-throughput selections.25,26

Here, we used an automated procedure based on biotiny-
lated proteins binding to magnetic beads on a robotics
workstation to parallelize the selection of aptamers. Proteins
were expressed as fusion proteins with glutathione S-transferase
(GST-V3).27 The first two targets for proof-of-principle studies
were the third variable loop of gp120 (V3) and reverse tran-
scriptase (RT), both proteins of human immunodeficiency virus
type 1 (HIV-1). V3 is highly immunogenic, but linear epitopes
of V3 are highly variable in sequence.28,29 Anti-gp120 aptamers
have been shown to neutralize R5 strains of HIV-1.30 HIV-1 RT
is a DNA polymerase enzyme that uses RNA or DNA strands
as templates. It transcribes single-stranded viral RNA into
double-stranded DNA during the replicative cycle. Several anti-
HIV-1 RT aptamers have been described31-34 and were shown
to inhibit HIV-1 replication.31,35-37 Recently, an anti-HIV-1 RT
aptamer-dependent ribozyme38 was used in a screening assay
to identify a small molecule inhibitor that showed a similar
inhibitory profile as the parent aptamer.39 The target in this
study was a RT variant RT948-2 isolated from a patient sample
by the Virology group at the University of Cologne. It is highly
homologous to the previously described HIV-1 RT samples40,41

AAO63179 and AAD03191.

Experimental Section

All chemicals were of analytical grade, unless otherwise
noted, and were used without further purification. 11-Mer-
capto-1-undecanol (44,752-8), N-hydroxysuccinimide (NHS,
H-7377), dextran from Leuconostoc mesenteroides (D1037),

bombesin, human adrenocorticotropic hormone fragment
18-39 (ACTH 18-39), human angiotensin II, tris(2-carboxy-
ethyl)phosphine (TCEP), and iodoacetamide (IAA) were ob-
tained from Sigma-Aldrich (Taufkirchen, Germany), N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimid-hydrochlorid (EDC,
8.00907.0005), N-octyl-�-D-glucopyranoside (nOGP), trifluoro-
acetic acid (TFA), sodium hydrogen phosphate, ammonium
carbonate from Merck (Darmstadt, Germany), streptavidin
(S888) from Molecular Probes, R-cyano-4-hydroxycinnamic
acid from Bruker Daltonics (Bremen, Germany), endoprotein-
ases LysC and trypsin (sequencing grade) from Roche Diag-
nostics (Mannheim, Germany), somatostatin-28 from Bachem
(Basel, Switzerland), disodium-hydrogenphosphate from J.T.
Baker (Deventer, Netherlands), and ethylenediamine-tetraace-
ticacid-disodium-dihydrate (EDTA) from Roth (Karlsruhe, Ger-
many). Acetonitrile (AcN) was purchased from Merck (HPLC
gradient grade) and from Biosolve (Valkenswaard, Netherlands,
super gradient grade for LC-MS). All solutions were prepared
in distilled or deionized water.

Protein Expression and Purification. Targets suitable for
aptamer selection were provided by the Department of Virology
at the University of Cologne and Qiagen using an automated
protein purification procedure for small- to large-scale high-
throughput production.42 Total RNA preparations from HIV-1
infected patients were used as templates to generate by RT-
PCR cDNAs coding for HIV RT, and the V3 loop of HIV
gp120.43,44 The cDNAs were cloned into the vectors pQE-30
(Qiagen) and pGEX-2T (Amersham Biosciences, Freiburg,
Germany), respectively, for bacterial expression.45 RT comprises
nucleotides 2550-4229 (p51 RT) and V3 7110-7217 (Env gp120)
of HIV-1 reference strain HXB2. The vectors expressing 6×His-
tagged HIV-RT (isolate 948-2) and GST-tagged HIV-gp120-V3
(isolate 138pK1) were transformed into Escherichia coli strains
M15 [pREP4], BL21 (DE3), BL21 (DE3) Star, and BL21 (DE3)
pLysS. Transformed bacteria were plated on selective LB agar,
and five clones from each transformation were picked at
random. To identify optimal expression conditions, the fol-
lowing expression screening was performed at 37 and 25 °C
for each clone in 5 mL cultures in 24-deep well blocks: The
clones were inoculated in LB, TB, 2× YT, and TBG-M9 media.
At an OD600 nm of 0.8, fusion protein production was induced
by 0.01, 0.1, and 1.0 mM IPTG for 4 h, and at an OD600 nm of 4.0
by 1.0 mM IPTG for 1 h. Cells were pelleted and frozen at -20
°C. Proteins were purified from those cells by high-throughput
processing on a BioRobot Protein workstation (QIAGEN) as
described previously.42 The clones and expression conditions
yielding highest amounts of intact and soluble proteins were
6×His-RT (M15 [pREP4] in LB, 4 h with 1.0 mM IPTG, 37 °C),
and GST-V3 (BL21 [DE3] pLysS in LB, 4 h with 10 µM IPTG, 25
°C), determined by Bradford analysis and SDS-PAGE. Purifica-
tion of 6×His-HIV-RT by Ni-NTA Superflow (QIAGEN, 1 mL
bed volume) and of GST-gp120-V3 by Glutathione Sepharose
(GE Healthcare, 5 mL bed volume) single-step chomatography
was scaled up linearly and performed on an ÄkTA Explorer 100
instrument. To avoid possible interference with the automated
aptamer selection process, the scale-up purification of 6×His-
tagged HIV-RT was modified as follows to exclude co-purifica-
tion of E. coli nucleic acids: Cells were lysed in buffer NPI-
101000 plus lysozyme (50 mM NaH2PO4, 1 M NaCl, 10 mM
imidazole, 1 mg/mL lysozyme, 1 mM spermine, 1× Complete
protease inhibitor cocktail, and EDTA-free [Roche], pH 8.0) and
incubated for 30 min on ice. Soluble protein was obtained by
collecting the supernatant after centrifugation (30 min, 20 000g,
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4 °C) and loaded onto 1 mL Ni-NTA Superflow packed in a HR
5/5 column (GE Healthcare). The columns were washed with
5 column vol of buffer NPI-101000 and 5 column vol of buffer
NPI-1025 (50 mM NaH2PO4, 25 M NaCl, and 10 mM imidazole,
pH 8.0) and eluted in buffer NPI-25025 (50 mM NaH2PO4, 25
M NaCl, and 250 mM imidazole, pH 8.0). Eluted protein was
dialyzed against 250 vol of buffer DQ-25 (50 mM Tris-HCl, 25
mM NaCl, and 10% glycerol, pH 7.0) and passed over MonoS
cation and MonoQ anion exchanger columns set in series (both
1 mL, GEH). The 6×His-HIV-RT bound to the MonoQ was
separated and eluted with a 20 mL gradient of buffers DQ-25
and DQ-1000 (50 mM Tris-HCl, 1 M NaCl, and 10% glycerol,
pH 7.0). HIV-RT was then dialyzed against 250 vol of RT buffer
(50 mM NaH2PO4, 25 mM NaCl, 5 mM DTT, 0.1% (v/v) IGEPAL,
and 50% (v/v) glycerol, pH 7.9) and stored at -20 °C. Glu-
tathione affinity purification of GST-V3 and GST was performed
according to the manufacturer’s instructions. A total of 1.6 mg
of 6×His-HIV-RT (purity 92%) and 1.0 mg of both GST-V3
(purity 97%) and GST control protein for counter selection were
provided for aptamer selections.

In Vitro Selection of Aptamers. Aptamer selections were
carried out on an automated in vitro selection pathway as
described elsewhere.25 Briefly, 400 pmol RNA libraries contain-
ing a 50 nucleotide random region corresponding to ap-
proximately 1015 different molecules were incubated with
biotinylated target protein (500 nM) in 100 µL of PBS containing
3 mM MgCl2 for 30 min at 37 °C and subsequently captured
on streptavidin-coated magnetic beads. RNA libraries were used
for GST-V3 and HIV-RT 948-2. Additionally, GST-V3 was
selected with a 2′-NH2-pyrimidine RNA library. Unbound RNA
was removed by washing the beads with PBS + 3 mM MgCl2.
The remaining RNA ligands were denatured and amplified by
reverse transcription, PCR, and RNA transcription. A total of
200 pmol of this library was used in subsequent in vitro
selection cycles. The libraries were cloned after 12 cycles (TA
cloning kit, Invitrogen) and sequenced to identify monoclonal
aptamer sequences. Designations and sequences of the oligo-
nucleotides used are given in Table 1. All aptamer stocks were
stored in ddH2O at -20 °C.

Aptamer Biotinylation. Aptamers were biotinylated at the
5′-end during in vitro transcription in presence of a biotin ApG
starter nucleotide (IBA GmbH, Göttingen, Germany). Ap-
proximately 200 pmol DNA template was used for a 100 µL
reaction in transcription buffer containing 40 mM Tris, pH 8.0;
0.05% Triton X-100; 4% PEG8000; 25 mM MgCl2; 5 mM DTT,
2.5 mM of each ATP, GTP, CTP and UTP; 1 mM Bio-ApG; and
100 U T7 RNA polymerase (Biozym). The transcription was
incubated overnight at 37 °C and the RNA was purified by gel
electrophoresis on a denaturing 10% PAA gel.

SAW Sensor Measurements. The system used is based on
specific binding of proteins to an aptamer-modified surface.
The S-sens K5 biosensor (Nanofilm) allows to record online
the phase shift and the amplitude A at a constant frequency
due to binding of molecules to the surface. On the basis of the
measured phase and amplitude signal, mass and viscoelastic
properties can be extracted. The sensor consisted of an ST-cut
quartz sensor chip in Love geometry containing five sensor
elements and a surface acoustic wave reader.6 In each injection,
one single and specifically bound layer is formed. Thin gold
films are supported on processed quartz wafers. A carboxym-
ethylated dextran layer was prepared on a self-assembled
monolayer (SAM) of 11-mercaptoundecan-1-ol.7 Surface prepa-
ration was performed in flow-through. The carboxyl groups
were activated with 200 mM N-ethyl-N-(dimethyaminopropyl)-
carbodiimide (EDC) and 50 mM N-hydroxysuccinimide (NHS)
to bind 200 µg/mL streptavidin S888 (Molecular Probes),
forming carboxyl amides. An excess of activated unreacted
NHS-esters was deactivated by 1 M ethanolamine, pH 8.5.
Biotinylated aptamers (BioTEG) were attached to the sensor
chip surface in PBS buffer + 3 mM MgCl2. This was ac-
complished through binding of the biotin residues to the
immobilized streptavidin.7 Sequences are described in Table
1. Proteins HIV V3-gp120 with a mass of 30 000 Da and HIV
RT, a recombinant homodimer with a mass of 132 000 Da
(monomers 66 100 Da; in vivo RT is a heterodimer of 117 000
Da with subunits of 66 000 and 51 000 Da)46 were bound and
dilutions were performed in protein binding buffer (PBS buffer
supplemented with 3 mM MgCl2 and 1 mg/mL BSA) which was
also used as running buffer. Excess, nonbound protein was
expelled from the flow cell with the running buffer. It was possi-
ble to fully regenerate the surface down to the coupled aptamer
with an injection of 0.1 N NaOH. Mobile proteins were injected
at a flow rate of 40 µL/min and an injection volume of 200 µL.
The total contact time was about 300 s. Analogously to our
previous approach,6 bound masses were calculated using the
sensitivity of the sensor 515 [deg cm2 ng-1] under the assump-
tion that the value is generally applicable. Additional sensitivity
values have been determined for proteins in the mass range
from 1500 to 150 000 Da, showing variations of less than 5%.
Concentrations were calculated with the molecular weights
stated.

MALDI-ToF MS Evaluation. For evaluation by MALDI-ToF
MS, methods modified from Treitz et al. were applied.8 First,
the sensor chip was removed from the biosensor. The surface-
bound molecules were enzymatically digested and the peptide
fragments were analyzed from the sensor chip using either (1)
Peptide Mass Fingerprint (PMF) in MALDI-ToF-MS, or (2) PMF
and post source decay (PSD). The result of both methods was

Table 1. Aptamer Sequencesa

aptamer target protein size [Da] RNA aptamer sequences (5′-biotin-(CH2)6-p-A-p)

S66A-C6 HIV1-GST V3 32670 5′-GGG AGA GGA GGG AGA UAG AUA UCA AAC AAG AUC GCG
UCU ACU GGC ACA GAA AGA GCA AUG CGG AAC UAU AGC
UGA GAG UUU CGU GGA UGC CAC AGG AC-3′

S68B-C5 HIV1-GST V3 41250 2′-NH2-pyrimidine-5′-GGG AGA GGA GGG AGA UAG AUA UCA
AGA UAA AAA CGC CGG CGU AGC GCU GCA GCG CAA AAA
AAC ACG ACU GCU CGC ACG AGG UGA CUC AGG CAG AGA
AGG CGA GUU UCG UGG AUG CCA CAG GAC-3′

S69A-C15 HIV-RT 948-2 66100 (Monomer) 5′-GGG AGA GGA GGG AGA UAG AUA UCA AAG CAU AGA UAG
GAA UGG CGG CAA GUC ACG AAC GGU ACU GGA ACG CAC
AAG GAG UUU CGU GGA UGC CAC AGG AC-3′

a Depicted are the sequences of the Aptamers S66A-C6 (RNA), S68B-C5 (2′-NH2-pyrimidin-RNA and S69A-C15. Biotinylated aptamers contain a
biotin-(CH2)6-p-A-p moiety at the 5′ site.
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a list of peptide mass values, the “fingerprint”, of one of the
evaluated proteins. Each listed fragment was matched with high
specificity to peptide entries in databases to enable the
identification of the original proteins.

(1) Identification of Proteins with PMF. Proteins bound to
the sensor chip surface were reduced on the chip with TCEP
and alkylated with IAA in the presence of nOGP in a 50 mM
aqueous sodium phosphate buffer with 1 mM EDTA at a pH
of 8.0. For this purpose, 8 µL of a mixture of 25 mM TCEP in
50 mM phosphate buffer, pH 8.0, 25 mM IAA in water,
acetonitrile and 50 mM phosphate buffer with 1 mM EDTA,
pH 8.0 (mixed 1/1/1/2) and 2 µL 10 mM nOGP in water were
applied onto the sensor chip surface. The reaction proceeded
for 2 h at 37 °C in a humid atmosphere. The reaction solution
was removed and washed with a few microliters of water. The
protein was cleaved with Lys C/P (4 µL of 40 ng /µL Lys C in
50 mM phosphate buffer, pH 8.0, and 2 µL of 10 mM nOGP in
water), which cleaves the C-terminal side of lysine (K). The
resulting protein fragments were eluted with 0.1% TFA, vacuum
concentrated and redissolved in 3 µL 5% AcN/0.1% TFA. One
microliter of the sample was dissolved in 2 µL of HCCA (1/6 of
a saturated HCCA solution in 33% AcN/0.1% TFA in 80% AcN/
0.1% TFA) and prepared on a 600-µm anchor target (Bruker
Daltonics, Bremen, Germany). Peptide fragments were analyzed
by peptide mass fingerprint (PMF) in MALDI-ToF-MS (Reflex
III, Bruker Daltonics, Bremen, Germany), giving peaks based
on the ionization of the single fragments. The peaks were
matched with protein fragments in a Mascot Search for
significant identification of the bound protein.

(2) Identification of Peptide Fragments by PMF Followed
by PSD. Proteins bound to the sensor chip surface were
incubated with a solution of nOGP. Fifteen microliters of 0.05%
nOGP in 50 mM ammonium carbonate buffer in 10% aceto-
nitrile (AcN) was applied onto the sensor chip surface and the
chip was dried at 37 °C. The captured protein was cleaved with
15 µL of a trypsin-solution (4 µg/mL in 0.05% nOGP) for 4 h at
37 °C in a humid atmosphere. The resulting protein fragments
were eluted twice each with TFA in increasing concentrations
of AcN: 15 µL of 0.1% TFA, 15 µL of 0.1% TFA in 5% AcN, 15 µL
of 0.1% TFA in 33% AcN and 15 µL of 0.1% TFA in 80% AcN,
vacuum concentrated and redissolved in 10 µL of 0.1% TFA.
One microliter of the sample was separated with nano-HPLC
(Ultimate, Dionex, Idstein, Germany). Fractions were collected
directly on an anchor target with spots of 600 µm in diameter
(Bruker Daltonics GmbH, Bremen, Germany). A total of 0.9 µL
of matrix solution (saturated HCCA in 33% AcN/0.1% TFA
diluted 1 to 10 in 80% AcN/0.1% TFA) was added simulta-
neously to each spot. Fraction collection and target preparation
was performed with a b.a.i. Probot (Dionex, Idstein, Germany).
Peptide fragments were analyzed by peptide mass fingerprint
(PMF) and post source decay (PSD) in MALDI-ToF-MS (Reflex
III, Bruker Daltonics, Bremen, Deutschland), giving peaks based
on the ionization of the single fragment. This reduces the
number of peaks per fragment to a fraction mostly to all of
the correct peptides and their specified modifications. For the
significant identification of the bound protein, peaks were
matched with protein fragments in a database search with
Mascot47 and SearchXLinks, a program for the identification
of disulfide bonds, cross-linkers, and other modifications from
mass spectra of proteins.48

Results and Discussion
The in vitro selections resulted in the identification of

specific aptamer sequences. Three aptamers (sequences shown
in Table 1) were chosen to exemplify the further analysis. The
aptamers S66A-C6 (RNA) and S68B-C5 bound HIV GST-V3
protein with an apparent KD of 402 nM and 1.2 µM, respectively,
in a filter retention experiment as described previously.49,50 The
aptamer S69A-C15 bound HIV-RT 948-2 with a KD of 135 nM.

For the experiments using the S-sens K5 biosensor, bioti-
nylated RNA aptamers S66A-C6 and S68B-C5 (Table 1) were
immobilized on the sensor chip, and mobile GST-V3 protein
was bound. The signal of the sensor depends on the properties
of the contacting fluid and consists of the coupling of mass to
the sensor chip surface, but also its viscosity. The recorded
signal was evaluated directly without the necessity to subtract
background signals arising, for example, from slight differences
in the buffer content. For any interaction with a sensitive layer,
the sensor signal depends directly on the distance from the
sensor chip surface. Figure 1 shows the overlay plot of the signal
of a single experiment. The sensor chip surface was covered
with aptamer S66A-C6 or S68B-C5, respectively. Binding of V3
at concentrations from 10 to 1000 nM was monitored. For
concise presentation, the change of sensor phase shift signals
of one out of five sensor elements on one sensor chip are
expressed in degrees [°] of selected concentrations, plotted
versus time, each beginning at the start of injection of the
protein.

The real-time sensor curves of the K5 biosensor (Figure 1A)
display the overlay plot of the monitored phase signal of V3
binding to one of the sensor elements covered with the
immobilized RNA aptamer S66A-C6 at a phase shift of 15.5 (
0.6°. Each starts at baseline level when injected during buffer-
flow. Injections of different concentrations of V3 started at ti

) 0 s. Protein concentration reached maximal levels within the
first 10 s. During the injection period, the analyte/ligand
complex reached the equilibrium value at the given concentra-
tion of the binding partners. At a flow rate of 40 µL/min, the
estimated duration of an injection was ∆t ) 560 s. The average
sensor signal for the association of V3 at 1000 nM was 3.5 (
0.33° (Figure 1B). After injection, slow dissociation of bound
V3 from the aptamer surface in running buffer was detected.
To determine the association kinetics of the protein to the
immobilized aptamer, data were extracted from sensor signals
for all concentrations using the monomolecular growth model.
For evaluation of the corresponding dissociation kinetics, the
exponential decay model was assumed. The changes of the
sensor phase signals were fitted, and corresponding fits
were applied to the signals shown in Figure 1B. For each curve,
the calculated observed rate constant (kobs) in the association
phase was plotted versus concentration to extract kinetic data
from the resulting straight line using linear regression. The
calculated values were kon ) 2.1 × 10-6 ( 4 × 10-7 nM-1 s-1

and koff ) 8.7 × 10-3 ( 9 × 10-4 s-1, resulting in a KD ) 406 nM
(Figure 1B). Titration experiments by nitrocellulose filter bind-
ing were performed to compare the KD of the protein/RNA
aptamer complex in solution with that measured on the chip
surface. Unspecific binding to the membrane was corrected
using a reference without protein. The fraction of complexed
aptamer was determined relative to the level of initially
incubated aptamer and plotted against the initial protein
concentration. The fitted KD value of the RNA aptamer for
protein determined in solution was about 402 nM, which is in
excellent agreement with the KD value of 406 nM (>99%)
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extracted from the solution/solid phase titration curves gener-
ated by the biosensor.

In a second set of binding experiments with V3, the sensor
chip surface was covered with aptamer S68B-C5 (Table 1),
resulting in a phase shift of 12.7 ( 0.5°. Binding of V3 was
monitored (Figure 2A), and calculated kobs values were plotted
versus concentration of the injected fragments (Figure 2B) to
extract kinetic data. The fits applied yielded a kon of 1.4 × 10-6

( 2 × 10-7 nM-1 s-1, a koff of 1.1 × 10-3 ( 1.1 × 10-4 s-1, which
results in a KD of 791 nM. The fitted KD value of the RNA
aptamer for protein determined in solution was about 1.2 µM,
which is in good agreement with the KD value of 791 nM (64%)
determined by the K5 biosensor.

We tested the S68B-C5-modified sensor chip surface for
unspecific binding of proteins of the same size range. In one
set of experiments, binding of 500 nM of each of the reference
proteins elastase (25 900 Da), thrombin (33 600 Da) and
lysozyme (14 300 Da) were measured, followed by an injection

of 500 nM of the target molecule V3 (30 000 Da; Figure 2C).
The phase signal increased during the injection of the reference
proteins, whereas the phase shift declined rapidly after the
injection was switched to pure buffer, indicating that the
increase in signal is due to unspecific interactions with
the sensor surface. The difference in binding after 500 s is
negative for elastase (-0.7° and -39% of specific binding), and
positive for thrombin 0.17° (9.5%), and for lysozyme 0.08°
(4.4%). For the specifically bound V3, a phase shift of 1.8°
(100%) was observed. This shows that the sensor chip surface
modified with the aptamer as a ligand specifically binds the
corresponding analyte V3.

Similar binding experiments were performed for HIV RT-
948-2 on a surface modified with RNA aptamer S69A-C15 (Table
1), resulting in a phase shift of 11.6 ( 0.9°. Binding of RT-948-2
at concentrations from 40 to 750 nM were monitored (Figure
3A) and calculated kobs values were plotted versus concentration
of the injected fragments (Figure 3B) to extract kinatic data.

Figure 1. Binding of increasing concentrations HIV-1 V3 to aptamer S66A-C6 immobilized on the biosensor surface. (A) Prior to the
measurements, biotinylated RNA aptamer S66A-C6 was coupled to a streptavidin-modified dextran layer on the sensor chip via a
5′-biotin-linker. Increasing concentrations of V3-GST were injected into a continuous buffer stream and allowed to pass the surface for
560 s (gray bar). After injection, unbound protein dissociated off in pure buffer. The surface was regenerated with 0.1 N NaOH. (B) The
kobs values extracted from the sensor signals in (A) plotted versus concentration of V3 protein injected. A linear best fit was applied to
the data using the equation shown with kon ) association rate constant (on-rate) and koff ) dissociation rate constant (off-rate). Errors
for evaluation of association usually were <5% with �2-test e0.0003 and a Fraction of Variance R2 > 0.95. Linear regression had a
correlation coefficient R > 0.998, a standard deviation of <0.001, and a probability measure of <0.0001. Errors are therefore not shown.

Figure 2. Binding of increasing concentrations HIV-1 V3 to aptamer S68B-C5 immobilized on the biosensor surface. (A) Prior to the
measurements shown, biotinylated RNA aptamer S68B-C5 was coupled with a streptavidin-modified dextran layer on the sensor chip
via a 5′-biotin-linker. Increasing concentrations of the protein were injected into a continuous buffer stream and allowed to pass the
surface for a ∆t as indicated by the gray bar. After injection, unbound protein dissociated off in pure buffer. The surface was regenerated
with 0.1 N NaOH. (B) The kobs values extracted from the sensor signals in (A) plotted versus concentration of V3 injected. A linear best
fit was applied to the data using the equation shown with kon ) association rate constant (on-rate) and koff ) dissociation rate constant
(off-rate). (C) Specificity of S68B-C5-modified surface. A total of 500 nM of proteins elastase, lysozyme, thrombin, and V3 was injected.
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The fits applied gave a kon of 5.5 × 10-6 ( 6 × 10-7 nM-1 s-1,
a koff of 3 × 10-3 ( 3 × 10-4 s-1, which leads to a KD of 555 nM.
The fitted KD value of the RNA aptamer for protein determined
in solution was 135 nM, which is in the same order of
magnitude as the KD value of 555 nM (24%) determined by the
K5 biosensor.

The combination of specific protein binding with identifica-
tion using MALDI-ToF MS was verified for the RNA aptamer
S69 A-C15 and analyte RT-948-2. Figure 4A shows the binding
of RT-948-2 (1 µM) to a sensor chip modified with S69 A-C15.
The resulting phase shift of 6.3 ( 0.24° equals 12.2 ng/cm2 (i.e.,
92 fmol/cm2). For identification of the bound protein, the
sensor chip was removed from the biosensor and the bound
proteins were processed for on-chip identification by MALDI-
ToF-MS. These steps included reduction of RT and lysis with
LysC. We identified 11 fragments of sufficient intensity, from
which seven fragments could be allocated (Table 2) and
matched in a Mascot search (Figure 4C), resulting in sequence
coverage of 10-46% (Figure 4D). With a top probability score
of 89-244, and a significant (p < 0.05) match for CAC40518
(mass 31 626 Da), the bound protein was correctly identified
as a fragment of HIV-1 RT. The corresponding complete RT
has a molecular weight of about 67 100 Da, and the dimer totals
to 134 200 Da.51 The same search resulted in more than 20
further significant scores for the same protein. The observed
variability among the RTs may likely be due to the increased
mutation rate resulting from drug-treatment of infected hu-
mans which can lead to mutation rates of 10-4 (1 mutation in
every 1000 base pairs).

We repeated the experiment with an alternative strategy for
the identification of RT-948-2. The pure protein or the protein
mixture was bound to surfaces modified with RNA aptamer
S69 A-C15, resulting in matches to similar RT proteins. The
proteins with the highest score for both searches were found
in a publication by Quarleri et al.52 From the mixture, NCBI
entrez AAS38299 (nominal mass 56 980) was identified with a
highest score of 189 at a sequence coverage of 14%. The highest
match for the pure protein was NCBI entrez AAS38348 (nominal
mass 57 313),52 identified with a highest score of 244 at a
sequence coverage of 10%.

Our analysis of the pair V3-GST/aptamer S68B-C5 resulted
in a match of 119 residues out of 272 in total, equaling coverage
of 44% (Figure 5). The fusion protein consists of the 35 amino
acid long V3 loop, fused to the much larger GST, 237 amino
acids in length (Figure 5). Thereby, the V3 accounts for less
than 15% of the complete sequence of this protein construct.
Unsurprisingly, the probability for identifying fragments result-
ing from the much larger GST fusion partner rather than from
the V3 peptide is accordingly high. As a consequence, the
queries for V3 resulted in scores considerably below the
probability threshold, but only when analyzed in protein
mixtures containing different concentrations of elastase, throm-
bin, lysozyme, and up to 10% FCS. When we analyzed the pure
V3 protein, the highest score was 52 for Q1KPA8_9HIV1, a
fragment of an envelope glycoprotein of HIV-1. For the 26-
kDa glutathione S-transferase (EC 2.5.1.18) of Schistosoma
japonicum, the highest scores were 368 when the pure fusion
protein was analyzed, and 144 when the analysis was performed
in the aforementioned protein mixtures. Our data show that,
although the scores for the V3-GST fusion protein were below
the probability threshold when analyzed in complex protein
mixtures, the fusion protein could be indirectly identified with
high probability scores through its fusion partner GST. A direct
identification of the V3-GST fusion protein was possible when
the pure protein was analyzed.

Conclusions

Mass spectrometry has proven an essential tool for the
identification of proteins. Scientists have developed a number
of new affinity tools to enhance the analysis of complex protein
samples by adding protein separation technologies, from 1- and
2-D gel electrophoresis53 to biosensors such as surface plasmon
resonance54 and SAW-based systems.8 Lately, methods were
developed that expand the applications, for example, to DNA
chips,55 and the coating used in established bioanalytical
methods has been modified to enhance the results of the MS
analysis.56 The combination of MS with the mass-sensitive
S-sens K5 technology and precleaning by binding of specific
target molecules out of crude mixtures to the selective surface
of an aptamer results in a considerable reduction of false-

Figure 3. Binding of increasing concentrations HIV to aptamer S69 A-C15 immobilized on the biosensor surface. (A) Comparison of
binding curves of HIV RT-948-2, concentrations as indicated, to biosensor chip surface regenerated with 0.1 N NaOH. Prior to the
measurements shown, biotinylated RNA aptamer S69 A-C15 was coupled with a streptavidin-modified dextran layer on the sensor
chip via a 5′-biotin-linker. Increasing concentrations of the protein were injected into a continuous buffer stream as described in Figures
1 and 2. The surface was regenerated with 0.1 N NaOH. (B) The kobs values extracted from the sensor signals in (A) plotted versus
concentration of protein injected. A linear best fit was applied to the data using the equation shown with kon ) association rate constant
(on-rate) and koff ) dissociation rate constant (off-rate).
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positive data points and an increase in the quality of the
obtained data in general. Protein binding was quantified
directly from the unprocessed signal, and resulted in KD values
in the same range as those determined independently by filter
binding measurements. An approximate value can even be
calculated from one single injection.7 Since the isolated pro-
teins were digested directly on the chip, the amount of the
resulting analyte peptide fragments is higher than in compa-
rable techniques. The resulting peptides contained in the
unfractionated mixture were extracted and their masses identi-
fied by MALDI-ToF with high accuracy, giving a “protein ID”.
A database of protein sequences was queried to result in a set
of likely candidate proteins. The masses were matched to
protein fragment masses resulting from “virtual digestion” with
the protease used in the experiment, presented in an extracted
PMF peak list.

However, PMF is limited to the identification of proteins for
which sequences are already known and which are stored in

the database used. This poses a problem if a protein shows a
high degree of variability, as is the case for many variants of
HIV-1 proteins and proteins from other RNA viruses with a high
mutation rate. In this study, we used proteins that originated
from patients treated by the standard anti-HIV drugs currently
used in the clinic, including drugs affecting the HIV-1 RT
(NRTIs and NNRT). Thus, differences to the known sequences
were anticipated in addition to the already high variability in
HIV proteins. To overcome these limitations, fractionation by
PSD was applied. The PSD data provided information on
possible post-translational modifications or other variations
on a protein of interest. Precursors are selected (fragmented)
in series. By combination with PSD, more and precise informa-
tion on a protein of interest can be gathered, which in turn
improves the quality and reliability of protein identification.
The GST-V3 fusion protein is an appropriate example to point
out the difficulties that are encountered. Its identification in
crude mixtures was focused on the GST-fraction, which is

Figure 4. Two MALDI-ToF MS analyses of HIV RT-948-2 bound to S69A-C15 modified sensor chip surface. (A) Signals of five sensor
elements at one concentration of analyte HIV RT-948-2 binding to the sensor chip surface. Prior to the measurements shown, aptamer
S69A-C15 was coupled with a streptavidin-modified dextran layer on the sensor chip via a 5′-biotin-linker. Subsequently, the unbound
protein was removed by the buffer flow. (B) MALDI-ToF MS spectrum of a HIV RT-948-2 digest from a chip surface. (C) Probability
based Mowse top scores for protein investigated in MALDI-ToF MS. Score is -10×Log(P), where P is the probability that the observed
match is a random event. Protein scores greater than 64 are significant (p < 0.05). Only significant scores are shown. Highest scores
are 89 for identified peptides displayed in Table 2A, 189 for Table 2B and 244 for Table 2C. (D) Peptides identified in (Table 2) were
matched to proteins published in Online databases. Peptides were identified in Mascot Search Results, giving mass values as presented
in Table 2. Shown is a match after a NCBI BLAST search to the genetically highly polymorphous HIV-1 RT AAS3829952 with a molecular
weight of 56 980. A portion of the sequence of HIV RT (fragment) is presented as a linear chain (from -COOH to -NH2 end). Matched
peptides are shown for results displayed in Table 2, resulting in sequence coverage of 46% (126 out of 273 amino acids) for Table 2A,
14% for table 2B and 10% for Table 2C. For example, for 2A, peptides with masses 1682.02, 1853.16, 1959.32, 2486.44 Da, no matches
were achieved.
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nearly 7-times larger than the V3-portion of the fusion protein.
In this case, the MALDI-ToF method itself is the limiting factor.

Taken together, our results demonstrate that highly specific
aptamers were generated in the concerted approach presented.
We isolated new aptamers by automated selection, which bind
the HIV proteins gp120 and RT with high specificity and
excellent discriminatory activity. In combination with the
identification of proteins by MALDI-ToF MS, protein-protein
interactions can be determined and further binding partners
found.19 Efficient binding is highly reproducible and the sensor
chip surface can be regenerated to baseline levels, allowing
repeated measurements on the same chip without loss of
reliability. In principle, our approach should also allow to
perform comparative measurements of mutant proteins from
different patients.

Abbreviations: SELEX, systematic evolution of ligands by
exponential enrichment; V3, third variable loop of HIV gp120;
RT, reverse transcriptase; HIV-1, human immunodeficiency
virus type 1.
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