
Biophysical Chemistry 106(2003) 241–252

0301-4622/03/$ - see front matter� 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0301-4622(03)00155-8

Kinetic characterization of TAR RNA–Tat peptide and neomycin
interactions by acoustic wave biosensor

Nardos Tassew, Michael Thompson*

Department of Chemistry, University of Toronto, 80 St. George Street, Toronto, ON, Canada M5S, 3H6

Received 3 February 2003; received in revised form 22 May 2003; accepted 28 May 2003

Abstract

The kinetics of binding of short Tat peptides and an aminoglycoside molecule to the human immunodeficiency
virus-type 1(HIV-1) TAR RNA and to a bulge mutant analogue(MTAR) is studied in a biosensor format by
monitoring the time course of the response in a series resonance frequency, using an acoustic wave biosensor.
Association and dissociation rate constants are evaluated by fitting the experimental data to a simple 1:1(Langmuir)
model. Kinetic rate and equilibrium dissociation constants show that MTAR–peptide complexes are subject to a
higher dissociation rate and are less stable compared to the corresponding TAR–peptide complexes. In addition,
longer peptides display enhanced discrimination ability than a shorter peptide according to the equilibrium dissociation
constants evaluated using this technique.K values for TAR–Tat vs. MTAR–Tat complexes are 2.6 vs. 3.8mM forD

Tat-12, 0.87 vs. 4.3mM for Tat-18 and 0.93 vs. 1.6mM for Tat-20. The equilibrium dissociation constant for TAR–
neomycin complex is 12.4mM and it is comparable to the values obtained from non-biosensor type assays. These
findings are in parallel with those cited in the literature and the results from this study underline the potential of the
acoustic wave sensor for detailed biophysical analysis of nucleic acid–ligand binding.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nucleic acid–protein interactions are routinely
characterized by assays that are based on gel-shift
and filter binding protocolsw1–4x. These tech-
niques, though in wide use for the quantitative
assay of bimolecular interactions, are laborious,
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time-consuming and require one or both molecules
to be tagged with a radioisotope or a fluorescent
dye. Such techniques provide information about
the affinity of the biomolecular interactions and
do not give a detailed insight into the kinetics
underlying the interaction process. In contrast,
detection based on a biosensor eliminates the need
for the use of any type of label, and enables rapid
measurement of biomolecular interactions in real-
time from which important kinetic parameters can
be evaluated in addition to the equilibrium
constants.
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Biosensors are being increasingly employed for
biochemical and biophysical characterization of
nucleic acid–ligand chemistry. Surface plasmon
resonance(SPR) is the frontrunner for such appli-
cations and it has been the main biosensor tech-
nique for determining kinetic rate and equilibrium
constants. These include evaluation of DNA
hybridization, protein–protein, nucleic acid–pro-
tein and small molecular interaction kineticsw5–
7x. It has also been shown that the rate and affinity
constants obtained from SPR to be equivalent to
those determined from solution-based methods
such as isothermal calorimetry(ITC) and stopped-
flow fluorescence(SFF), if reaction conditions are
carefully controlledw8,9x. In contrast there have
been only few cases where acoustic wave sensors
are used for such applications.

With respect to acoustic wave detection, the
thickness-shear mode(TSM) sensor is based on
the instigation of ultrasonic waves in piezoelectric
materials such as AT-cut quartz. This device, which
oscillates at frequencies in the range of a few
MHz, propagates transverse shear waves into the
surrounding medium to a decay length of the order
of micrometers. The response of the TSM sensor
in liquids is governed by a number of factors
including the viscoelastic, acoustoelectrical and
interfacial acoustic coupling properties of a sur-
face-bound film and the surrounding fluidw10,11x.
This apparent complexity can be turned to an
advantage through incorporation of the device into
a network analysis(equivalent circuit) configura-
tion, which generates several parameters such as
series resonance frequency(f ), motional resis-s

tance(R ), inductance(L), and static and motionalm

capacitance(C and C ). The quantity that iss m

commonly employed, is the series resonant fre-
quency, however, a thorough understanding of the
above acoustic parameters can yield important
information on the structural changes of biomole-
cules instigated by binding events at the sensor–
solution interface. Although employment of the
acoustic wave sensor to detect a variety of bio-
chemical systems has been growing in recent years,
relatively little attention has been paid to the
measurement of the kinetics of reactions involving
biochemical species at the sensor–liquid interface.
Included in these studies has been the evaluation

of the kinetics of DNA duplex formationw12x,
protein adsorptionw13x, and in very few cases, the
binding of ligands to nucleic acidsw14x. It is
noteworthy that a number of these investigations
were performed using the ‘wash–dry’ protocol in
which the sensor is removed after each binding
event, to be followed by washing and drying steps.
This method possesses severe disadvantages com-
pared to the real-time monitoring of binding inter-
actions through the use of the flow-injection
analysis(FIA) technique. Not only does the wash
and dry procedure suffer from poor reproducibility,
but there is also a distinct possibility that the
intervening drying step could lead to the denatur-
ation of captured nucleic acids in hybridization
assaysw15x.

A typical kinetic experiment on a biosensor
involves immobilization of one of the partners,
establishment of a baseline sensor response in
running buffer, injection of an analyte solution
during the association phase, followed by dissoci-
ation of the analyte by washing with buffer. Data
are presented as a plot of biosensor response vs.
time and it is analyzed using a mathematical
model. The Langmuir model is commonly
employed to describe the kinetics with assumptions
that: binding is limited to a monolayer, all sites
are equivalent, and binding to one site is inde-
pendent of the occupancy state of neighbouring
sites. Obtaining meaningful kinetic rate and affin-
ity constants from biosensor analysis requires care-
ful control of reaction conditions and sensor
design. Some important considerations for obtain-
ing high quality biosensor data are minimization
of mass transport effects, avoidance of impure and
multivalent analytes and careful control of immo-
bilization chemistry to generate a homogeneous
surfacew16,17x.

As a model system for acoustic wave measure-
ment of biochemical kinetics, we chose to study
the interaction between thetrans-activation respon-
sive region of the HIV-1 mRNA(TAR) and short
peptides derived from the regulatory Tat protein
and an inhibitor molecule. The HIV-1 Tat protein
is a regulatory protein that stimulates transcription
of the HIV virus by binding to thetrans-activation
responsive region at the 59end of mRNA transcripts
w18–22x. The protein contains 86 amino acids,
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however, the arginine rich basic region(residues
59–72) is sufficient to bind the target RNA. Thus,
short peptides containing the binding domain are
commonly employed as models to investigate the
much larger and more complex TAR–Tat interac-
tion. The bulge structural element is essential for
Tat recognition and mutations in this region reduce
binding of the protein and transactivation levels in
vivo w23–25x. The TAR–Tat interaction is inhib-
ited by aminoglycoside antibiotics, which interact
with TAR mainly through electrostatic comple-
mentarity with the negatively charged RNA back-
bone. Neomycin is such molecule and binds to the
stem region of TAR and facilitates the dissociation
of the peptide by inducing conformational changes
in the RNA w26–28x.

The kinetics and thermodynamics of binding of
a set of short Tat peptides to TAR RNA has been
widely studied using gel-shift assay protocols and
circular dichroism(CD) spectroscopyw23,29–31x.
The researchers have examined the effect of muta-
tions, introduced at specific sites in the basic
region of the peptides and the bulge RNA element,
on the kinetic and affinity constants of TAR–Tat
complexes. They demonstrated that Tat peptides
form less stable complexes with MTAR compared
to the wild type RNA and that binding affinity is
an indicator of the discriminating ability of the
peptides between TAR and TAR bulge mutants. In
the previous studies, we established that the chem-
istry of interactions of TAR RNA with Tat peptides
and neomycin could effectively be studied using
the acoustic wave devicew32,33x. In the present
article, we describe a kinetic analysis of the inter-
action of Tat peptides with TAR RNA and a bulge
mutant analogue(MTAR), derived from measure-
ments conducted in the FIA mode. Values obtained
from such experiments will be compared to those
reported in the literature involving the above
interactions.

2. Materials and methods

2.1. TAR RNA synthesis

The, A, U, G and C phosphoramadites and the
C-biotinTEG controlled-pore glass columns were
purchased from Glen Research, Sterling, Virginia.

tetrazoleyacetonitrile, 1-methyimidazoleytetrahy-
drofuran, acetic anhydrideypyridineytetrahydrofur-
an, iodineyH Oypyridine and anhydrous2

acetonitrile were obtained from Applied Biosys-
tems, Mississauga, ON. Ammonium hydroxide,
ethanol, tetrabutylammonium fluoride(TBAF),
triethylamine, tetraethylammonium acetate
(TEAA), trifluoroacetic acid(TFA), acetonitrile
and sterile water were purchased from Sigma
Aldrich, Oakville, ON.

2.2. Peptide synthesis

The resins and amino acid residues were pur-
chased from Advanced ChemTech, Louisville, KY.
Dimethylformamide,N-methylpyrrolidone, piperi-
dine and O-(7-Azabenzotriazol-1-yl)-N,N,N9,N9-
tetramethyluronium hexafluorophosphate(HATU)
were obtained from Sigma Aldrich, Oakville, ON.

2.3. Buffer

One molar Tris HCl(pH 7.5), 5 M NaCl, 0.5
M EDTA were all purchased from Sigma Aldrich,
Oakville, ON.

2.4. Neomycin

Neomycin sulfate was purchased from Sigma
Aldrich and used without any further treatment.

2.5. Devices

Nine megahertz AT-cut piezoelectric quartz
crystals, coated with polished gold electrodes on
both sides, were obtained from International Crys-
tal Manufacturing, Oklahoma City, OK.

2.6. Flow cell and network analyzer

The responses of the TSM sensor in liquid was
measured using an HP 4195 networkyspectrum
analyzer(Hewlett-Packard, Palo Alto, CA, USA).
The quartz crystal is placed between two halves
of a Plexiglas flow cell with o-rings, in such a
way that the electrodes are in electrical contact
with the network analyzer. Only one face of the
crystal is exposed to buffer and sample solutions
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Fig. 1. Schematic of the TSM sensor flow cell assembly. AT-
cut quartz crystal is sandwiched between the two-halves of the
flow cell. One face of the crystal is exposed to buffer and
biochemical solutions while the other face is kept dry under a
flowing nitrogen gas.

and the other face is kept dry by a continuously
flowing nitrogen gas(Fig. 1). The flow of nitrogen
is extremely low(6 mlymin) such that it does not
cause noise associated with turbulent flow. Buffer
and sample solutions are introduced in a flow-
through format using a peristaltic pump(4 channel
EVA-pump model 1000). Data are taken every 30
s and the values of the equivalent circuit element
of the crystal are calculated internally by the
analyzer from measured data. A PC is connected
to the analyzer and the frequency response is
displayed on the screen in real-time.

2.7. TAR RNA synthesis and characterization

TAR RNA containing 31 bases(59-GGC CAG
AUC UGA GCC UGG GAG CUC UCU GGC C-
39) was chemically synthesized using 29-t-butyldi-
methylsilyl and 59-dimethoxytrityl protected
phosphoramadites on Applied Biosystem 392
DNAyRNA synthesizer. Biotin was incorporated
at the 39 end during the synthesis. The oligoribo-
nucleotide was desalted and detritylated using
oligonucleotide purification cartridges(Poly Pak).
The molecular mass was confirmed by MALDI-
MS. The RNA was dried and stored aty20 8C
and it was re-suspended in Tris-buffer(10 mM
Tris, 70 mM NaCl, 0.2 mM EDTA) prior to use.

2.8. Tat peptide synthesis

All Tat-peptides were synthesized using standard
Fmoc chemistry protocols and were purified by
reverse-phase HPLC using a linear gradient from
water(0.1% TFA) to 70% acetonitile(0.1% TFA).
The mass of the peptides was confirmed by elec-
trospray mass spectrometry. The concentration was
determined spectroscopically from the tyrosine
absorbance in 6 M guanidine hydrochloride(275.5
nm, ´s1475) w34x.

2.9. RNA–ligand interaction and kinetic analysis

The binding of three synthetic Tat-peptides(Tat-
12, Tat-18 and Tat-20) and neomycin to immobi-
lized TAR and MTAR RNA have been investigated
(Figs. 2 and 3). All the peptides have the minimum
required basic region for binding, with the longer
fragments containing more amino acid residues
from the carboxy-terminal of the Tat protein. The
quartz crystals were cleaned with acetone, ethanol
and water, and dried under a stream of nitrogen
gas before use. All acoustic wave measurements
were taken during a continuous flow, and the pump
was only stopped momentarily in order to switch
between solutions. The sensor surface is first
equilibrated with Tris-buffer before immobilization
of RNA. When a stable resonant frequency
response is obtained, a 500ml solution of neutra-
vidin (1 mgyml in Tris-buffer) is flowed over the
sensor surface, followed by wash with buffer for
approximately 30 min in order to remove non-
adsorbed protein from the surface. The above
procedure was carried out at room temperature and
a constant flow rate of 60mlymin. Immobilization
of the RNA on the gold surface of the crystals is
accomplished using avidin–biotin interactions.
Thus, a 500ml solution of 39biotinylated TAR
RNA (1 mM in Tris-buffer) is injected over the
neutravidin-modified surface. Following, a 250ml
solution of Tat peptides(5–50mM), and neomycin
(5–100 mM) is flowed over the RNA-modified
surface for approximately 4 min. Dissociation of
bound peptideyneomycin is initiated by washing
with Tris-buffer that contained a small amount of
TAR (0.1 mM) for a duration of 15 min. All
binding experiments were carried out at room
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Fig. 2. (a) Secondary structure of HIV-1 TAR RNA and bulgeless TAR(MTAR), nucleotides G16-C46.(b) Schematic of the
primary sequences of Tat-12, Tat-18 and Tat-20 peptides derived from the HIV-1 Tat protein, containing the Arg-rich RNA binding
region.

Fig. 3. Structure of neomycin sulfate.

temperature and a constant flow rate of 60mly
min, except in situations where higher flow rates
had to be employed for the purpose of evaluating
mass-transport effects.

2.10. Data analysis

Real-time frequency-time data were fitted to an
exponential function using the software Origin 6.1.

3. Results and discussion

Biochemical kinetic analysis using biosensors in
the FIA format involves immobilization of one of
the reactants on the surface of the device. In the
present work, the RNA is attached to the surface
of the gold electrode of the quartz crystal through
neutravidin-biotin chemistry. Neutravidin is a tet-
rameric protein and a deglycosylated derivative,
which displays a similar binding affinity to biotin
as the parent molecule, avidin. However, the deriv-
ative possesses a much lower isoelectric point(6.2
vs. 10.5) and exhibits less non-specific binding
than the parent entityw35x. Previous studies have

shown that the structure of avidin is compromised
by gold surfaces of low surface free energy(hydro-
philic), whereas neutravidin does not exhibit such
behaviorw33x. The protein is very suitable for the
immobilization of biotinylated nucleic acids in a
flow-through format since it adsorbs strongly to
gold surfaces and forms a mono-layerw36x, result-
ing in a significant frequency change. The neutra-
vidin–biotin interaction is very strong and stable
under most conditions(K s10 ); thus, the RNAy15

d

remains attached to the surface during the course
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of flow-through experiments. During acoustic
wave measurements, a significant series resonance
frequency drop confirms the immobilization of the
RNA when biotinylated TAR is flowed over the
neutravidin-modified surface of the sensor elec-
trode. The frequency does not deviate from the
new value despite being subjected to extensive
flow-through washing with buffer solution. From
radiolabeling studies performed under the same
conditions as acoustic wave measurements, the
surface RNA loading is estimated to be approxi-
mately 1 pmolycm for 1 mM solution of TAR. It2

should be noted that the only difference between
TAR and MTAR is the bulge region, which is far
from the site of attachment of biotin. Thus, it is
assumed that the bulge mutation does not affect
the degree of immobilization and the surface load-
ing of MTAR for 1 mM solution would be the
same as that of TAR. This is further confirmed by
the fact that flowing through 1mM solution of
both nucleic acids yields very similar frequency
shifts. It is also reasonable to assume that the
surface coverage was reproducible in all cases
since frequency shifts exhibiting high reproduci-
bility were obtained for immobilization of the
RNAs (55"2 Hz, ns25).

The binding of a peptide(analyte,P) to immo-
bilized RNA (R) is a two-step process that requires
the transport of analyte to the biosensor surface,
followed by binding to the nucleic acid. This
process is described by the following equations,

km

P °P (1)bulk surface
km

ka

P qR°RP (2)surface
kd

wherek andk are the association and dissociationa d

rate constants, respectively. The mass transport
term, k , is dependent on the diffusion coefficientm

of the analyte, the flow rate and the geometry of
the flow cell. In kinetic measurements, avoidance
of mass-transport effects is critical in terms of
obtaining the meaningful rate constants. This is
especially important in the case of very fast reac-

tions in which the rate of binding is equal or faster
than the diffusion of the analyte to the surface.
Accordingly, it is necessary to ensure that the
interaction is not under diffusion control by using
a flow rate of sufficient magnitude in tandem with
a surface displaying a low binding capacity. Dis-
sociated analytes must also be transported away
from the surface rapidly enough to avoid rebinding.
Employing a surface of low binding capacity
reduces the depletion rate of the analyte from the
interfacial region, and also ensures that rebinding
is minimized. It is often assumed that the concen-
tration of the analyte in the proximity of the sensor
surface remains constant because of a continuous
flow of solution and accordingly the binding to be
essentially the same as that of a well-mixed sys-
tem. This can only be true if the kinetic behaviour
is not influenced by mass transport. Otherwise, the
mathematical model used to fit the data should
incorporate a term for mass transport contributions.
The effect of mass transport can be experimentally
ruled out by performing the reaction at different
flow rates and immobilization densities. An
increase in binding rate for a higher surface capac-
ity and flow rate are indications that the reaction
is under mass transport limitation.

All the measurements in this work were per-
formed under high flow rates(60 mlymin) and
excess amount of peptide in solution to ensure the
concentration of peptide in the interfacial region
remains the same as that of the bulk. It should
also be emphasized that experiments conducted at
increased flow rates resulted in no changes in the
reaction kinetics and yielded similar rate constants
(k s0.028, 0.031, 0.029 s for 60, 120 and 180y1

on

mlymin, respectively) (Fig. 4). Thus, the influence
of mass-transport can be excluded and the rate
constants can be considered to reflect the actual
reaction rate. The experiments were also repeated
at least three times to ensure reproducibility.

In the absence of mass-transport limitations, the
binding between the immobilized RNA and the
peptide in solution is represented by Eq.(2) and
the rate of formation of the peptide–RNA complex
is given by

w xd RP
w xw x w xsk P R yk RP (3)a d tdt



247N. Tassew, M. Thompson / Biophysical Chemistry 106 (2003) 241–252

Fig. 4. Frequency–time plots showing reproducibility of the
association and dissociation regions for TAR–Tat-20 at differ-
ent flow rates(60, 120, 180mlymin).

Fig. 5. A representative frequency response plot for the inter-
action of Tat-12 with immobilized TAR RNA through neutrav-
idin–biotin linkage.

The concentration of the peptide is much greater
than that of the immobilized RNA and remains
essentially unchanged during the course of the
reaction. Thus, the reaction can be described by
pseudo-first order kinetics. The concentration of
unbound RNAwRx is the difference between the
total amount on the surfacewR x and the amounto

of complex, wRxswR xywRPx. After substitution,o

Eq. (3) becomes,

w xd RP
w x w x w x w xsk P R y RP yk RP (4)a dŽ .o t tdt

The binding of Tat-12, Tat-18 and Tat-20 to
immobilized RNA gives rise to a positive frequen-
cy change as depicted by a representative plot
given in Fig. 5. It has been previously demonstrat-
ed through control experiments and radioisotope
labeling that the sensor is insensitive to non-
specific interactions of peptides with the underly-
ing neutravidin layer and only responds to specific
binding events taking place at the sensor–liquid
interfacew32x. Thus, the change in the frequency
signal during the course of the experiment can be
used to describe the rates of binding and dissoci-
ation of TAR–Tat complexes, and yield kinetic
rate constants. Even though the Sauerbreyw37x
mass-response model cannot be strictly employed
to describe the relationship between frequency and
mass when the sensor is employed in solution, it

is reasonable to assume that the change in the
sensor’s response is proportional to the amount of
complex formed on the surface, as long as solu-
tions conditions (density, viscosity, conductivity)
are kept constantw13,14,38x. At concentrations
employed in our experiments, the effect of the
above conditions can be considered minimal and
does not contribute to the signalw39x. In addition,
it has been previously determined that the magni-
tude of the frequency signal exhibits a direct
dependence on the concentration of the peptide
solution, up to a concentration of 100mM, indi-
cating that there is a positive relationship between
the frequency and the amount of complex formed
on the surface even though mass is not the sole
factor in determining the sensor’s responsew32,40x.
Thus, Eq.(4) can be written as:

df
w xsk P f yf yk f (5)Ž .a max t d tdt

Where the total amount of TAR represents the
maximum analyte binding capacity of the surface
and is given byf . Rearranging Eq.(5) givesmax

df
w x w xsk P f y k P qk f (6)a max a d tŽ .dt
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Fig. 6. Frequency response curves for binding of Tat-12 to TAR
RNA at different concentrations(5, 10, 20, 50mM).

Table 1
Kinetic rate and equilibrium dissociation constants for TAR–
Tat and TAR–neomycin complexes

TAR-ligand k (M s )y1 y1
a k (s )y1

d K (mM)D

Tat12-TAR 323 0.00085 2.6
Tat12-MTAR 532 0.00201 3.8
Tat18-TAR 497 0.00043 0.87
Tat18-MTAR 262 0.00112 4.3
Tat20-TAR 853 0.00079 0.93
Tat20-MTAR 438 0.00070 1.6
Neomycin 110 0.00137 12.4

Fig. 7. Frequency response curves for binding of neomycin to
TAR RNA at different concentrations(5, 10, 20, 50, 100mM).

Data obtained from the sensor can be divided
into association and dissociation regions. Analysis
of the association part yields the apparent associ-
ation rate constant(k ) produced from the indi-on

vidual curve fits, which contains information on
both the association and dissociation events and
varies with the analyte concentration.

w xk sk P qk (7)on a d

k can be determined from the slope of df ydt vs.on

f plot in Eq. (6) or by directly fitting frequency-t

time data from the association part to the integrated
form of the equation

w xf sf 1yexp(yk t) (8)t max on

It is more appropriate to determinek from theon

integrated equation since linear transformations
also transform the parameter-associated errors, no
longer reflecting errors in the original data. In
addition, the data from many analyte concentra-
tions must be employed in order to derive a single
rate constant. In contrast, fitting the integrated rate
equation with non-linear regression allows for the
determination ofk from a single experiment. Aon

typical association plot for the interaction of Tat-
12 with TAR RNA at different concentrations is

shown in Fig. 6. Association and dissociation rate
constants can be determined from the slope and
intercept of the correspondingk vs. wpeptidexon

plot, respectively.
The association and dissociation rates along with

equilibrium dissociation constants for the interac-
tion of Tat peptides and neomycin with TAR RNA
are summarized in Table 1. TheK constant forD

TARyneomycin complex is found to be in the
micromolar range from acoustic wave biosensor
measurement(Figs. 7 and 8) and compares well
with the IC value determined from mobility shift50

assaysw41x. Dissociation constants for TARyTat
complexes indicate the stability order to be TARy
Tat12-TARyTat18 and TARyTat20. This result is
not surprising because, though the arginine-rich
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Fig. 8. Plot ofk vs. wneomycinx from which k and k con-on a d

stants for TAR–neomycin interaction are determined.

Fig. 9. Plot of k vs. wpeptidex for the interaction of Tat-12on

with TAR and MTAR.

Fig. 10. Plot ofk vs. wpeptidex for the interaction of Tat-20on

with TAR and MTAR.

region (residues 49–59) in the RNA-binding
domain of the Tat protein is sufficient to bind to
TAR, other amino acid residues outside this region
contribute to the overall binding affinity and kinet-
ic stability of the TAR–Tat complexes. This is the
result of added intermolecular interactions due to
the inclusion of more amino acid residues, making
the complexes more stable. Higher affinities for
Tat-18 and Tat-20 are the result of increases in the
association rate of the peptides with TAR RNA.
However, kinetic stabilities of TAR–Tat-18 and
TAR–Tat-20 could not be differentiated from these
results, may be due to comparable stability of the
two complexes since the difference between the
peptides is only two amino acid residues from the
C-terminal region.

In general, Tat forms more stable complexes
with TAR compared to bulge mutant analogues of
the RNA w42x. Chemical interference studies have
shown that the bulge region of TAR is critical for
binding, and mutations introduced in this region
greatly reduce transactivation levelsw43x. On close
examination of the association and dissociation
behaviour of each TAR–peptide and MTAR–pep-
tide complex from acoustic wave sensor data, a
number of differences become apparent. The plot
of k vs. wTat-12x displays similar slopes foron

interaction of the peptide with both TAR and

MTAR, leading to very close association rate
constants, which indicates the poor discrimination
ability of Tat-12 (Fig. 9). Tat-18 and Tat-20 are
better discriminators between wild type and mutant
RNA (Figs. 10 and 11). Thek vs. wpeptidex plotson

of these peptides for binding with TAR yield a
relatively higher slope compared to the correspond-
ing plots for MTAR, demonstrating that association
rates are higher with the former nucleic acid. A
small amount of binding of the peptides to the
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Fig. 11. Plot ofk vs. wpeptidex for the interaction of Tat-18on

with TAR and MTAR.

mutant RNA is expected in view of the fact that
many RNA binding proteins attach weakly to
nucleic acid moieties regardless of sequence or
structure. However, the discriminating ability of
the Tat peptides increases when more amino acid
residues are incorporated into the RNA-binding
basic regionw29x. It has been demonstrated by gel-
shift assays that shorter Tat peptides do not dis-
criminate as well as longer ones between TAR and
bulge mutantsw44x and that there is a good
correlation between binding affinity of peptide-
TAR complex and the ability of the peptide to
distinguish between wild type and mutant RNAs
w29x. Thus, the stability of the complex is an
important determinant of specificity in RNA–
protein interactions. Biological function requires
that proteins discriminate relevant RNA targets in
the presence of all other non-cognate RNAs in
living cells and this arises from the difference in
binding energy due to a unique arrangement of
intermolecular forces, as well as the ability of the
RNA to fold around the protein together with the
energetic penalties associated with this process
w45–47x.

There is significant variability in reportedKD

values of TARyTat complexes from non-biosensor
type assays, ranging from 60 pM to 0.3mM
w48,49x. Equilibrium dissociation constants deter-
mined from the TSM sensor are on the higher end

of the spectrum when compared to values in the
literature. Even though in some cases biosensor
measurements yield similar rate constants to those
obtained from solution-based methodsw15,50x, val-
ues from the two techniques may not match for
several reasons. Immobilization of a biomolecule
limits the diffusional and rotational freedom of the
molecule and may alter the kinetics and thermo-
dynamics of bindingw16,51x. It can also interfere
with the binding properties of immobilized mole-
cules by inducing conformational changes in the
binding sites or sterically hindering the access of
the analyte. In addition, variations could arise from
differences in the assay systems and conditions
under which the experiments are carried out, such
as ionic strength, temperature and pH. However,
K values of nucleic acid–protein complexesD

determined employing a biosensor and other type
of techniques should reflect the same order of
relative stability. In line with this, the results from
our measurements are in agreement with what is
reported in the literature concerning TAR–Tat
interactions and the stability order of the complex-
es for different Tat peptides. Longer Tat peptides
are better discriminators between TAR and bulge
mutants and form more stable complexes compared
to smaller ones and mutations in the bulge region
of TAR reduce the binding affinity of the peptides
w23,29,30x. Thus, the acoustic wave biosensor
presents an appealing alternative to solution-based
techniques since it makes the determination of the
kinetics of bimolecular interactions easier and
faster. However, the use of the sensor to charac-
terize macromolecular interactions is still very
young and there is still much to accomplish in
areas such as sensor design and development of
mathematical models that adequately describe
binding events at the sensor–solution interface.

4. Conclusion

Determination of K values by a biosensor-D

based protocol, such as the one discussed in the
present work, offers clear advantages over other
solution-based techniques, since reactions that may
require several hours for equilibrium to be estab-
lished, can be assayed within a very short time. In
addition, rate constants can also be determined,
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which are critical for elucidation of reaction mech-
anisms in nucleic acid–protein interactions. Both
association and dissociation rate constants can be
obtained in a matter of few minutes, a factor which
presents positive implications for low-to-medium
throughput screening technology in the drug-dis-
covery process. Furthermore, with respect to
acoustic wave technology, unlike other techniques
such as SPR, the physics also offers the possibility
to obtain valuable chemical information regarding
receptor–ligand chemistry from the various net-
work analysis-based parameters such as series
resonance frequency and motional resistance. In
terms of the nucleic acid–ligand system described
here, the binding of specific peptides to the RNA
can be discriminated through the magnitude and
direction of change, on binding, of the afore
mentioned parametersw32x.
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