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Peptides constructed from a-helical subunits of the Lac repressor protein (LacI)
were designed then tailored to achieve particular binding kinetics and dissociation
constants for plasmid DNA purification and detection. Surface plasmon resonance was
employed for quantification and characterization of the binding of double stranded
Escherichia coli plasmid DNA (pUC19) via the lac operon (lacO) to ‘‘biomimics’’ of
the DNA binding domain of LacI. Equilibrium dissociation constants (KD), association
(ka), and dissociation rates (kd) for the interaction between a suite of peptide sequen-
ces and pUC19 were determined. KD values measured for the binding of pUC19 to the
47mer, 27mer, 16mer, and 14mer peptides were 8.8 6 1.3 3 10210 M, 7.2 6 0.6 3
10210 M, 4.5 6 0.5 3 1028 M, and 6.2 6 0.9 3 1026 M, respectively. These findings
show that affinity peptides, composed of subunits from a naturally occurring operon–
repressor interaction, can be designed to achieve binding characteristics suitable for
affinity chromatography and biosensor devices. � 2008 American Institute of Chemical

Engineers AIChE J, 55: 505–515, 2009
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Introduction

The need for highly purified plasmid DNA (pDNA) has
increased based on the safety and utility of pDNA molecules
for vaccine and gene therapy applications.1–9 In addition, the
evolution of biosensors requires that they are increasingly
durable and selective, work over large concentration ranges,

and are resistant to biofouling,10 all characteristics which
synthetic peptide affinity ligands are able to provide.

In this study, the naturally occurring binding between the
lac operon DNA domain (lacO) and the Lac repressor pro-
tein (LacI)11,12 has been harnessed. The plasmid pUC19 from
Escherichia coli is chosen as a sample of pDNA for experi-
ments. Plasmid pUC19 is 2686 bp in size and contains two
lacO-binding domains: lacO1 from bases 180 to 196 and
lacO3 from bases 88 to 104. Repression increases signifi-
cantly with decreasing inter-operator DNA length, indicating
that the local Lac repressor concentration at lacO1 is crucial
for tight repression.13 Maximum repression, attributed to sta-
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ble DNA loop formation, was obtained at an operator spacing
of 70.5 bp, if the operons are considered to be 20 bp in size.
The lacO1 and lacO3 of the pUC19 plasmid are located such
as to obtain maximum repression.

The central 17 base pairs of the natural lacO1 sequence
have the following sequence (centre of symmetry is in bold):

The central 17 base pairs of the natural lacO3 sequence
are as follows (center of symmetry is in bold):

LacI is a DNA binding protein that regulates expression of
the lacO. LacI has been studied extensively at the genetic
and structural level.14–20 The DNA binding domain consists
of helix I (residues 6–12), a turn, helix II (17–25), helix III
(32–45), and the hinge helix IV (50–58),21 of which helices I
and II form a compact helix-turn-helix (HTH) motif whereas
helix III packs against the HTH element to complete the
hydrophobic core. The repressor’s hydrophobic core is
formed by hydrophobic residues from all helices I–III with
most hydrophilic residues being found at the surface of the
molecule. The conventional designation of the HTH is a 20-
residue segment, however for the LacI system the helix III
completes the hydrophobic core, contributing to the strong
LacI/lacO affinity interaction. Helix II, often called the rec-
ognition helix, is located in the major groove of DNA and
rightly deserves this name as at least two side-chain residues
are hydrogen bonded directly with DNA bases, two different
residues display hydrophobic interactions with DNA, and
two residues are shown to be pivotal for DNA binding as
substitution almost invariably leads to an I2 mutant.22

The in vivo dissociation constant of the Lac repressor and
the complete lac operator (lacO1, lacO2, and lacO3) has been
calculated as 1 3 10213 M.23 The in vivo dissociation con-
stant of the Lac repressor and lacO1 alone has been esti-
mated as 5 3 10210 to 1 3 1029 M13 and 1–1.2 3 10210 M
in the presence of a saline buffer and 2.9–3.9 3 10211 M in
the presence of the same saline buffer but with 5% ethylene
glycol.24 In a previous study, a 186 bp double stranded DNA
fragment created from a pUC19 template and a 64mer pep-
tide ligand containing the complete LacI DNA binding do-
main (helix I–helix IV) displayed a dissociation constant
(KD) of 5.7 3 10211 M.25,26 As the optimal dissociation con-
stant for an affinity binding mechanism for use in a chro-
matographic system is 1026 M–1028 M (Natural Toxins
Research Centre, 2001), all of these systems display a KD

too low for a chromatographic or adsorption/desorption sys-
tem such as would be employed in a biosensor. If the disso-
ciation constant is greater than this value, nontarget mole-
cules can be co-purified as the mechanism is normally not
strong or selective enough for the target. If the KD is lower
than 1028 M, production yields are low and subsequent
cleaning is difficult as the target cannot be eluted from the
ligand. Ideally, the binding should be strong enough to avoid
leakage during the pDNA application and wash phases,
whereas the pDNA should be completely released during the

elution phase. The kinetics of the binding and desorption
reactions between pDNA and ligands should be suitable for a
chromatographic or biosensor system to allow ‘‘normal’’ pro-
cess flow rates while maintaining specificity.

The problem of finding a suitable ligand in affinity chro-
matography is not restricted to specificity, but concerns also
the binding strength and the kinetics of the ligand-pDNA
reaction. This implies that a ligand with an optimized disso-
ciation constant will facilitate the successful operation of af-
finity chromatography for purification of pDNA. The princi-
pal factors on which a comparison of affinity ligands can be
based are selectivity, binding capacity, chemical and biologi-
cal stability, and economics.27 The specificity of smart
ligands is one of the most important factors to be considered
in the purification of pDNA. The optimized purification of
the Lac repressor by displacement chromatography by Kumar
et al. showed that it retained biological activity after immobi-
lization.28 Hasche and Vob found that interaction between
repressor molecules and RNA was not detectable when inter-
action with double stranded DNA in the form of a short op-
erator sequence and pDNA occurred.29,30 Previous affinity
approaches have also involved a sequence-specific zinc finger
protein and triplex DNA formation, and are not cost-effec-
tive. In addition, the triple helix interaction is a commonly
used binding method,31 but has a slow binding kinetics. The
feasibility of the affinity approach for pDNA purification
using native protein–DNA interaction was positive, but the
yield is low owing to the too strong affinity between 64mer
peptide and pDNA.25,26 LacI has also been used in a variety
of practical applications.30,32,33

One of LacI applications is for affinity purification of
pDNA. Affinity purification using DNA binding peptides
would offer reduced processing time, less unit operations,
and high purity. The current process of pDNA purification
usually requires concentration, filtration, and chromatogra-
phy.5,34 After the first two processes, dry mass of pDNA is
not more than 3% of cell lysate.35 As a result, a further effi-
cient purification process is essential to quickly capture, con-
centrate, and purify the pDNA. Affinity chromatography has
the purification power to eliminate steps, increase yields and
downsize capital equipment, and thereby improve process
economics.36

Surface Plasmon Resonance (SPR) was employed to ana-
lyze biomolecular interactions as it has been proven to be a
powerful screening technology for this purpose.2,37–39 This
technique offers significant advantages such as small amounts
of analyte sample, being label-free, high sensitivity, and real-
time data output for characterizing biomolecular interactions.

Peptides used in this study (see Figure 1) were acetylated
after each amino acid addition during peptide synthesis to
ensure only full length peptides contained cysteine at their
N-terminus. Therefore, immobilization of peptides to chip
surfaces was orientation-controlled by conjugation via the
thiol group present in the cysteine. In this way, the effect of
the presence or absence of the different helical regions on
binding characteristics was studied. The SPR biosensor tech-
nique was applied to quantify the kinetics of binding between
LacI-based peptides (acting as affinity ligands) and double
stranded DNA in the form of the plasmid pUC19. The
pUC19 contains an optimized lac binding region which theo-
retically can be inserted into any pDNA as an ‘‘affinity cas-
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sette’’ to facilitate affinity purifications. We describe the de-
velopment of an affinity-selective variant of the plasmid
binding peptide library approach that utilizes a novel plas-
mid-binding peptide for purification of the pDNA.

Materials

1 kbp DNA ladder (BioLabs, New England). Agarose and
PureYieldTM and Wizard1 Maxiprep DNA Purification Sys-
tem were purchased from Promega (Madison, WI). Boric
acid and sodium formate (Mw 68.01, 98.0%) were from
Ajax, Australia. E. coli, DH5a (EndA2), and pUC19 plasmid
(0.01 lg/l) were purchased from Invitrogen (Victoria, Aus-
tralia). Ethidium bromide (Sigma, Mw 394.31, 10 mg/ml),
ethylenediaminetetraacetic acid (EDTA, Mw 292.3, Serva,
USA), N-hydroxysuccinmide (NHS), N-ethyl-N0-(3- diethla-
mino propyl) carbodiimide hydrochloride (EDC), PDEA (2-
(2-pyridyldithio)-ethaneamine), sensor chip C1 (research
grade), and HBS-EP buffer were purchased from Pharmacia
Biosensor AB (Uppsala, Sweden). Sodium chloride (Mw

58.44, 99.5%) and Tris (hydroxymethyl) aminomethane (Mw

121.14, 99.8%) were purchased from Amresco (OH). Sodium
hydroxide, Tris-HCl (Mw 157.6) and other chemicals were
purchased from Sigma-Aldrich (St. Louis, USA) and of ana-
lytical grade if not stated otherwise.

pEGFP-N1

To investigate the binding specificity of the lac operon
(lacO) sequence contained in the pDNA and its repressor,
the LacI protein, another pDNA that does not contain the
lacO sequence was used in this research called pEGFP-N1
(Clontech laboratories, CA). This plasmid codes for enhanced
green fluorescence proteins. pEGFP-N1 is 4733 kb in size. It

was purified from JM109 E-coli cells. The molecular weight
of pEGFP-N1 was 2.924 3 106 g/mol.

The plasmid pEGFP-N1 was selected to conduct a control
experiment with the 16mer peptide. From comparison of the
restriction map and multiple cloning sites (MCS) of pEGFP-
N1 and pUC19 vectors, all restriction sites are unique (http://
www.pkclab.org/PKC/vector/pEFGPN1.pdf). Its backbone
provides a pUC origin of replication for propagation in E.
coli. However, the alignment results from Matcher program
(data not shown) confirm that there is no identical sequence
of lacO1 and lacO3 in pEGFP-N1 as in pUC19. The similar
segment sequence of DNA is not within the important region
where helix II lies.

Equipment

BIAcore X (BIAcore, Uppsala, Sweden) equipped with C1
sensor chips was from Pharmacia Biosensor AB, Uppsala,
Sweden. The gel electrophoresis system was purchased from
Bio-rad laboratories, CA, equipped with Gel DocTM EQ Gel
Documentation System and Quantity OneTM gel documenta-
tion system (Biorad, Hercules, CA). The Wizard Maxipreps
DNA Purification System was from Promega and other
equipment included: a spectrophotometer (Shimadzu UV-
2450, Japan), a centrifuge (Heraeus, multifuge 3 S-R,
Germany), a freezer (Nuaire, ultralow freezer, Japan), and an
FTIR spectrometer (Varian, CA).

Methods

Bacterial production of pDNA

Plasmid pUC19 (0.01 lg/l, Invitrogen) was transformed
and propagated in E. coli DH5a (EndA2, Invitrogen,

Figure 1. Structures of the tailored biomimetic affinity ligands.

The length and sequence of the 47mer, 27mer, 16mer and 14mer peptides. Synthesis included acetylation after each amino acid to ensure
only full length contains cysteine at N-terminus.
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Australia). A culture of E. coli DH5a was grown in LB me-
dium (10 g tryptone, 5 g yeast extract, 5 g NaCl) containing
100 lg/ml ampicillin (Austrapen, CSL, Australia) and was
incubated overnight at 378C. Unused cells were frozen in a
dry ice/ethanol bath for 5 min before returning to the 2758C
freezer (Ultralow freezer, Nuaire, Japan).

Isolation of pDNA and analysis

Purified pDNA was used to examine the interaction of the
repressor proteins with DNA. It was isolated with Promega
Maxiprep DNA purification kits (Promega, USA) with purifi-
cation protocols for high copy number vectors according to
the instruction of the manufacturer. TE buffer (10 mM Tris-
HCl, 1 mM EDTA, pH 8.0) was used in DNA ladder
dilutions. DNA concentrations were determined using absorp-
tion measurements at 260 nm (A260) (Shimadzu, UV 2450,
Japan).

Gel electrophoresis

The integrity of pDNA and proportion of isoforms was
assessed by ethidium bromide gel electrophoresis using 0.8%
agarose gels. A 1 kb DNA ladder (Promega, USA) was used
as a marker with fragments of 10,000, 8000, 6000, 5000,
4000, 3000, 2000, 1500, 1000, and 500 bp. Ethidium bro-
mide was used at a concentration of 0.05 lg/ml. Gels were
electrophoresized at 66 V for 90 min in TAE (Tris-acetate
electrophoresis buffer: 10 mM Tris, 10 mM acetate acid, 1
mM EDTA). The staining with ethidium bromide was
accomplished during electrophoretic separation and not after-
wards which has certainly an effect on detection of nucleic
acids in the gels and the separation characteristics. The
supercoiled DNA was analyzed with densitometric scanning
methods. All the gels were scanned and analyzed using a
Quantity OneTM gel documentation system (Bio-Rad labora-
tories, USA).

Restriction endonuclease digestion of purified pDNA

pDNA (pUC19) was treated with EcoR1. Following diges-
tion, the DNA fragments were separated by gel electrophore-
sis and analyzed as described earlier.40

LacI peptides

The lacO binding peptides (see Figure 1) were custom
synthesized by Mimotopes Pty (Melbourne, Australia). All
peptides were synthesized to include acetylation after each
amino acid addition to ensure that only full length peptides
with the correct sequence contain a single cysteine residue at
the N-terminus hence enabling the orientation of the ligand
to the chip surface to be controlled. The 47mer peptide was
considered the ‘‘lead’’ compound as it most closely biomi-
mics the full DNA binding region of the LacI protein and is
composed of the helix I-turn-helix II-loop-helix III binding
region with a cysteine residue added at its N-terminus to
facilitate conjugation (5000.6 Da). Subunit 27mer (helix I-
turn-helix II), 16mer (helix II), and 14mer (helix I) peptides
(see Figure 1) were also examined. DMSO at a concentration
of 5% v/v was used to increase the solubility of the small
molecule peptides.41

SPR facilitated binding studies

Experiments were performed using a BIAcore X (BIAcore,
Sweden) equipped with a C1 sensor chip. The SPR technique
has been used successfully to study the kinetics of a number
of biomolecular interactions including those of receptor–
ligand interactions.42 All binding experiments were carried
out at 258C in Hepes-buffered saline (HBS) as running buffer
(0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA,
0.005% Surfactant P20, sterile-filtered and degassed, BIA-
core, Sweden). Peptides were covalently attached to the sur-
face of a sensor chip and a solution containing the analyte
(DNA) was passed over the surface. The binding of mole-
cules to the target attached to the sensor surface generates an
evanescent response, which is proportional to the mass of
adsorbed molecules.

Immobilization of peptides to C1 sensor chips via the thiol

group was performed using 90 ll of PDEA in borate buffer

(pH 8.3) on the carboxymethalyted matrix activated with 50

ll of a mixture of 0.2 M EDC and 0.05 M NHS at a ratio of

1:1. Then, 90 ll of peptides (200 lg/ml in formate buffer,

pH 4.3) were injected. Finally, 50 ll of 50 mM cysteine in a

1.0 M NaCl solution was used to block the unoccupied sites

on the chip. The relatively low level of immobilized target

reduces the effect of mass transport from the bulk analyte so-

lution, thereby facilitating kinetic analysis. The C1 chip flow

cell No. 1 was left unmodified to act as a control reference

cell to minimize variations caused by nonspecific binding

and bulk refractive index changes.
pDNA binding was conducted at a flow rate of 30 ll/min

to avoid diffusion-controlled kinetics.43 Serial dilutions of
the pDNA were prepared using HBS buffer then loaded onto
the BIAcore C1 chip. Plotting the response (RU) against
time (seconds) during the course of an interaction provided a
quantitative measure of the progress of the interaction. The
sensor chip surface was regenerated after each experiment by
several injections of 30 ll of 1.0 M NaCl (pH ¼ 11). Check-
ing regeneration was done by repeating analyte and regenera-
tion solution injections while monitoring if the response stays
comparable.

Plasmid pUC19 as analyte in the fluid phase was passed

over a sensor chip surface immobilized with 16mer pep-

tide. To find suitable buffer conditions for binding, prelimi-

nary experiments with one concentration of pDNA (600

lg/ml) in buffers of different ionic strength were carried

out. First a basic buffer of 10 mM phosphate buffer was

made with 100–750 mM NaCl and binding was monitored.

Because of the low flow rate of 10 ll/min, the high

amount of immobilized ligand and only one concentration

of pDNA, the binding curves obtained were not suitable

for determining binding parameters. However, the experi-

ment showed that SPR was a suitable method to investi-

gate lacO-LacI binding and that it was possible to monitor

the binding event in real time.
It was observed that dissociation curves did not reach the

baseline. Depending on contact time and analyte concentra-
tion up to 5% of peptides did not decay. Even after pro-
longed dissociation periods (dissociation time ¼ 2 3 associa-
tion time), a small amount material remained stably bound
on the chip and had to be removed by the application of
regeneration buffer (pH 11.0, 1 M NaCl).
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Nonspecific binding studies

Nonspecific binding studies were carried out by passing
pDNA at the requisite dilution over a blank C1 chip surface.
The pDNA was serial diluted with HBS buffer (10 mM, pH
7.4). The binding response following each injection was used
to determine the degree of nonspecific binding of pDNA to
the blank chip surface and/or immobilized peptide surface.

Kinetics data analysis

All kinetic data was studied by direct kinetic analysis and
steady-state affinity using BIAevaluation software (version
4.1, Pharmacia Biosensor AB). Experimental curves (i.e.,
sensorgrams) corresponding to pDNA binding at different
concentrations were simultaneously processed. The numerical
integration algorithms used by BIAevaluation software are
sensitive to the parameters that are set, and may deviate
from the true kinetics course if the parameters are not set
correctly. Direct and global curve fitting with numerical inte-
gration algorithms is an optimum approach for data analy-
sis.37,44–47 A simple 1:1 (Langmuir) model was applied to fit
the data using the numerical integration method. In most
cases, rate constants were calculated by global fitting of the
association and dissociation phases of the response curves.
For experimentally determined parameters, the quoted errors
are the standard error reported by BIAevaluation.

Transmission infrared studies

FTIR spectra of 16mer peptide (30 mg/ml) in deuterium
oxide (D2O) (Cambridge Isotope Lab, USA) was recorded af-
ter sample preparation at room temperature in a transmission
cell fitted with CaF2 windows and a 5 lm Teflon spacer,

continuously purged with dry nitrogen to eliminate water
vapor interference. One hundred twenty-eight scans were sig-
nal-averaged at a resolution of 2 cm21. Before FTIR mea-
surements, the 16mer peptide was lyophilized. The back-
ground for the cell collected with no sample was automati-
cally subtracted from the data collected for the peptide, and
then the subtracted spectra were analyzed using GRAMS/32
software with Lorentzian to deconvolve.

Results and Discussion

Gel electrophoresis analysis of pUC19

As shown in Figure 2a, a single band is present in lanes 1
and 2 which indicate that the pUC19 samples were highly
purified. This band was supercoiled (SC) plasmid pUC19 as
confirmed by restriction endonuclease digestion of the puri-
fied pDNA (Figure 2b).

Nonspecific binding between pDNA and the sensor chip

The aim of this analysis was to be able to eliminate the
effect of the bulk refractive index and the nonspecific adsorp-
tion of pDNA to the sensor chip surface. The sensorgrams
for this study were found to be ‘‘square-waved’’ in shape
because of a refractive index jump, confirming that minimal
pDNA is bound to the blank surface and that the pDNA dis-
sociates rapidly from the blank chip surface. The kinetic data
calculated from the sensorgrams (Table 1, KD � 1024 M)
also indicates that the binding between pDNA and the chip
exhibits a limited strength of binding. The binding between
pDNA to the chip is considered to be predominantly a non-
covalent, electrostatic interaction as the pI for pDNA is

Figure 2. Purified plasmid DNA.

(a) Ethidium bromide agarose electrophoresis gel of purified pDNA which was used in the BIAcore studies. Lane M: 25 lg/ml 1 kbp
DNA molecular size marker (10 ll), Lanes 1 and 2: 30 lg/ml pDNA used in studies (diluted 3100 from 3000 lg/ml), purified pUC19
sample (10 ll and 20 ll, respectively). The clear apparent band is supercoiled (SC) pDNA. (b) Restriction endonuclease digestion of puri-
fied pDNA. Lane M: 25 lg/ml 1 kbp DNA molecular size marker (10 ll), Lane 1: 300 ng pUC19 pDNA sample digested with EcoRI
which cuts supercoiled pDNA into linear pDNA (ca. 2.6 kbp). Lane 2: 500 ng pUC19 pDNA sample with no enzymatic digestion.
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approximately 2.1 (data not shown) and the pKa for the sensor
chip surface is 3.5. This is confirmed by an increasing KD

value for increasing salt concentrations in the binding buffer
(data not shown). For example, at 150 mM NaCl concentration
the binding between the pDNA and chip surface is negligible.
The binding of pEGFP-N1 to sensor chip was slightly stronger
than the binding of pUC19 because of the stronger negative
charge of pUC19 (Table 1). However, affinity interaction
experiments eliminated the effect of nonspecific adsorption by
subtracting the response from the blank flow cell (flow cell 1)
from the peptide conjugated cell (flow cell 2).

Binding between 16mer peptide and pEGFP-N1 as a
control experiment to check the binding specificity
between 16mer peptide and pUC19

The pEGFP-N1 sequence was confirmed to be another suita-
ble pDNA for use in control experiments to check the selectiv-
ity of the binding between pUC19 and the 16mer peptide
because there was no binding between 16mer peptide and F3
pEGFP-N1 in HBS buffer (data not shown). Figures 3a,b show
the representative subtracted sensorgrams which were obtained
after one injection of 600 lg/ml pEGFP-N1 over the chip C1
immobilized with 16mer peptide and blank chip C1. There
was a significant difference observed using the biosensor.

Response units of the 16mer peptide to pUC19 were more
than double of those of the 16mer peptide to pEGFP-N1 both
using HBS buffer and PBS buffer (Table 2). The significant
increase in response units suggested that there is strong bind-
ing between the 16mer peptide and pUC19 but no same
binding with pEGFP-N1. This indicates a strong binding
between the 16mer peptide and pUC19, which is attributed
to the 16mer peptide specifically binding to lacO contained
in pUC19.

Binding of pUC19 to 47mer and 27mer
synthetic affinity ligands

Association rates, dissociation rates, and dissociation con-
stants were determined from the sensorgrams, an example of

which is shown in Figure 4 for pUC19 binding to the 47mer.
The results for each of the ligands are presented in Table 3.
The relative magnitudes of the dissociation constants are
plotted in Figure 4. As can be seen from this data, all ligands
displayed unique rates of association, rates of dissociation,
and dissociation constants.

The fastest association rate was for the 27mer followed by
the 47mer, the 16mer then the 14mer. The slowest dissocia-
tion rate was for the 47mer followed by the 27mer, the
16mer then the 14mer (Figure 5).

Within the limits of experimental error, the dissociation
constant (KD) for the 27mer and 47mer were found to be
very similar (7.2 6 0.6 3 10210 M and 8.8 6 2.3 3 10210

M, respectively). These dissociation constants were in rea-

Table 1. Comparison of Nonspecific Binding of pUC19 and
Binding of pEGFP-N1 to BIAcore Sensor Chip C1 in PBS

pDNA

Association
Rate Constant
(M21 s21)

Dissociation
Rate Constant

(s21)

Dissociation
Constant
(KD) (M)

pUC19 541 6 5.3 0.1 6 0.05 (2.4 6 0.3) 3 1024

pEGFP-N1 467 6 4.6 0.2 6 0.02 (4.4 6 1.1) 3 1024

Data is the mean of two runs (n ¼ 2).
6 indicates one standard deviation from the mean

Figure 3. A representative subtracted sensorgram
obtained using sensorgram on FC2 sub-
tracting FC1 with BIAevaluation software
(version 4.1).

A significant difference in response units was observed
when 600 lg/ml of pDNA was injected over the BIAcore
sensor chip C1 surface to which the 16mer peptide had
been immobilized compared to pDNA injection over a
blank chip surface. (a) Two overlayed representative sen-
sorgrams depicting injections of 600 lg/ml pEGFP-N1
over the surfaces with and without the immobilized 16mer
peptide. (b) Sensorgram obtained for 600 lg/ml of pEGFP
on a BIAcore sensor chip C1 after data for the blank chip
presented in (a) above is subtracted from the data for the
chip to which the 16mer peptide has been immobilized.

Table 2. Binding Response of 16mer Peptide to pEGFP-N1 and pUC19 in PBS and HBS Buffers as Running Buffers

Concentration of
16mer Peptide
(lg/ml)

Binding Response in PBS Buffer Binding Response in HBS Buffer

DRUpEGFP DRUpUC19 DRUpEGFP DRUpUC19

600 32 6 2 69 6 5 0 65 6 5
300 10 55 6 5 0 50 6 4
160 0 39 6 3 0 35 6 3
10 0 15 6 1 0 12 6 1

Sixty microliters of pDNA (pUC19 or pEGFP-N1) was injected over the sensor chip to which the 16mer peptide had been immobilized as a ligand and the
response monitored with a BIAcore system. Data is the mean of two runs (n = 2). 6 indicates one standard deviation from the mean.
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sonable agreement with literature data in that the measured
binding was weaker than that of the Lac repressor binding to
native DNA (lacO1, lacO2, and lacO3) calculated as 1 3
10213 M48 and similar to the in vivo dissociation constant of
the Lac repressor and lacO1 alone estimated as 5 3 10210 to
1 3 1029 M13 and 1–1.2 3 10210 M in the presence of a sa-
line buffer and 2.9–3.9 3 10211 M in the presence of the
same saline buffer but with 5% ethylene glycol.24 More sig-
nificantly, the dissociation constant was weaker than for a
dsDNA fragment containing the pUC19 lac binding region
(186 bp) interacting with a 64mer peptide which contained
helices 1–4 (see Introduction) of 5.7 6 0.3 3 10211 M25.
Hence, it may be concluded that although the absence of he-
lix III (residues 32–45) has a negligible effect on the overall
dissociation constant, its absence appears to increase both the

association and dissociation rates. This may be attributed to
the presence of helix III sterically hindering the binding of
pUC19 to the affinity peptide during the adsorption phase,
but once the binding occurs, the presence of the helix III cre-
ates a more hydrophobic core further stabilizing the affinity
interaction thereby contributing to a decreased dissociation
rate.

Most importantly, the dissociation constants of the 27mer
and 47mer remained too high (<1028 M) to be considered
for use in an affinity chromatography application.

Binding of pUC19 to 16mer and 14mer single helix
synthetic affinity ligands

The presence of a single helix (16mer and 14mer) was
found to have a much more profound effect on the binding
characteristics: the association rates (ka) were slower, the dis-
sociation rates (kd) were faster, and the overall affinity inter-
actions were weaker (higher KD). The slowest association
rate and fastest dissociation rate were measured for the
14mer (helix I only) resulting in the weakest affinity interac-
tion (6.2 6 0.9 3 1026 M) that may be considered slightly
high (>1026 M) for use in an industrial affinity chromatogra-
phy application. Of the ligands assessed in this body of
work, only the 16mer (helix 2) displayed a dissociation con-

Figure 4. An overlay plot for a typical binding curves
obtained from the SPR binding studies.

pUC19 pDNA was injected at various concentrations (10–
1000 lg/ml) over the BIAcore chip to which the 16mer
peptide was immobilized. From the top curve to bottom
curve, the pUC19 pDNA concentrations were 1000, 550,
410, and 190 lg/ml in HEPES-buffered saline. Binding
curves were overlaid using BIAevaluation software (version
4.1). The dispersion spikes around the 350 s timepoint indi-
cate the start of the dissociation phase. Figure 4b depicts
the residuals while fitting the sensorgrams. The background
corrected sensorgrams were fitted to a Langmuir binding
model and subsequently used to obtain the ka, kd, and KD

values presented in Table 3.

Figure 5. Comparison of association rate and dissocia-
tion rate constants and affinity of pUC19
pDNA to LacI-based peptides.

Table 3. SPR Binding Studies Between lacI-based Peptides and Plasmid DNA (pUC19) Which Contains a lacO Binding Region

Equilibrium

Peptides

Direct Kinetic Analysis Steady-State Analysis

Association Rate
Constant (M21 s21)

Dissociation Rate
Constant (s21)

Dissociation
Constant (KD)* (M)

Equilibrium Dissociation
Constant(M)

Blank ka ¼ 543 6 37 kd ¼ 0.1 6 0.02 KD ¼ (2.4 6 0.5) 3 1024 KD ¼ (5.3 6 0.5) 3 1025

47mer peptide ka ¼ (1.9 6 0.8) 3 105 kd ¼ (1.7 6 0.3) 3 1024 KD ¼ (8.8 6 1.3) 3 10210 KD ¼ (5.3 6 0.9) 3 1028

27mer peptide ka ¼ (3.7 6 0.5) 3 105 kd ¼ (2.7 6 0.6) 3 1024 KD ¼ (7.2 6 0.6) 3 10210 KD ¼ (4.4 6 0.8) 3 1029

16mer peptide ka ¼ (3.3 60.1) 3 104 kd ¼ (1.5 6 0.7) 3 1023 KD ¼ (4.5 6 0.5) 3 1028 KD ¼ (9.8 6 0.8) 3 1028

14mer peptide ka ¼ 808 6 69 kd ¼ (5.0 6 0.9) 3 1023 KD ¼ (6.2 6 0.9) 3 1026 KD ¼ (9.5 6 0.5) 3 1024

*Mean of two runs (n ¼ 2); 6 indicates one standard deviation from the mean.
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stant (4.45 6 0.5 3 1028 M) suitable for employment in an
affinity chromatography application.

The 16mer peptide (helix II only) gave rise to a 5.9-fold
decrease in ka compared to the 47mer peptide and an 11.2-
fold decrease in ka compared to the 27mer. In terms of kd,
the 16mer produced an 8.7-fold increase in kd compared to
the 47mer and a 5.5-fold increase compared to the 27mer.
This indicates that changes in the association rate contributed
the greatest portion of difference to the overall dissociation
constant. The same held true for the 14mer in comparison to
the 27mer and 47mer. The KD values were thus increased
approximately 56-fold for the 16mer peptide and 7780-fold
for the 14mer. From these data, it may be concluded that he-
lix II plays the most critical role of helices I–III in the
strength of the affinity interaction.

The dissociation rate and association rate constants as well
as dissociation equilibrium constants (10210–1026 M) of
pUC19 plasmid to the designed peptide subunits were signifi-
cantly lower than those of native lacO–LacI interaction
(10215–10210 M).48 This was in great agreement with the
observations on their structure and flexible adaptation in
nonspecific and specific protein–DNA interactions. The bind-
ing to nonspecific DNA was found faster by several orders
of magnitude and speeded up the search for the specific
site.49

Salt dependence of Lac repressor
protein binding to DNA

Figure 6 presents the binding of pUC19 pDNA to the
16mer peptide in response to an increase in NaCl concentra-
tion. It was demonstrated that the binding between pUC19
and 16mer peptide is salt dependent as the binding response
decreased with increasing NaCl concentration (Figure 6).
Maximum binding was observed at 10 mM NaCl, being the
lowest salt concentration tested, whereas the lowest binding
was observed at 300 mM NaCl. These results imply that
binding between pUC19 (analyte) and the 16mer peptide
(ligand) are mainly governed by electrostatic forces, although

hydrophobic interactions and hydrogen bonding between he-
lix II and the DNA sequence still play an important
role.21,50,51 Indeed, it is likely that subtle changes in electro-
static interactions and hydrogen bonding are responsible for
the different DNA binding behavior observed for the 14mer,
16mer, and 27mer ligands and our results highlight how dif-
ferent fragments (helix I, helix II, and helix III) of amino
acid sequences from the same repressor protein (14mer,
16mer, 27mer, and 47mer) can dramatically influence DNA
binding affinity.

FTIR analysis

For peptide secondary structure, the amide I band
(between 1640 and 1660 cm21 of the IR spectrum) was ana-
lyzed.52,53 At this specific region of the FTIR spectrum, the
absorption (vibration) of the carbonyl group of the amide
bond is analyzed. This group absorbs at typical wavenumbers
of the FTIR spectrum, depending on the secondary struc-
ture.52 Secondary structural elements were assigned based on
observations previously collated by Goormaghtigh et al
(1994).54

The amide I band of the FTIR deconvolved spectra of the
16-residue synthetic peptide in D2O is shown in Figure 7a.
D2O was used as a solvent for analysis rather than H2O as
this allows greater separation between the peaks arising from
helix and disordered structure (the peak for disordered struc-
ture shifts from near the helix at 1654 cm21 in H2O to 1645
cm21 in D2O) and avoids the subtraction of a water back-
ground.

The deconvolution procedure results in two decomposed
bands (Figure 7b) and a set of positions, bandwidths and

Figure 6. Salt dependence of the binding between
pUC19 pDNA and the 16mer peptide.

10, 160, and 300 mM NaCl were added separately into
HEPES buffer (0.01 M HEPES pH 7.4, 3 mM EDTA,
0.005% Surfactant P20, degassed and filtered) as running
buffers.

Figure 7. Transmission FTIR absorbance spectrum of
16mer peptide.

FTIR absorbance spectrum (A) and deconvolved spectrum
(B) of 16mer peptide in D2O. The peptide concentration is
30 mg/ml.
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areas also shown in Table 4. An absorbance band at 1646
cm21 (associated with disordered structure) can be observed.
A second absorbance band in the spectrum for the 16mer
peptide is centered at 1653 cm21. The 1642–1660 cm21

wavenumber range is associated with an a-helical structure,
when D2O is used as a solvent. The 1653 cm21 band of the
16mer peptide indicated that a-helical structure is present in
the peptide.

According to the literature,14–20,49 a combination of elec-
trostatic, hydrophobic, and Hydrogen bonding occurs
between the DNA binding sequence and the full LacI pro-
tein. For affinity binding between the pDNA and the peptide,
it is expected based on data presented in the literature14–20,49

that binding will be mediated predominantly via electrostatic
and Hydrogen bond interactions and that as only one helix of
the whole native helix-turn-helix-loop-helix structure is pres-
ent, that hydrophobic binding will be reduced in comparison
to that of the whole protein.

The next step was to confirm that the high-affinity inter-
action observed between the 16mer ligand and the pUC19
DNA is specific to this DNA sequence and does not occur
between the 16mer peptide ligand and other nucleotides
that may occur in a cell lysate such as genomic DNA or
RNA. The results showed that the pEGFP-N1 pDNA which
lacks the lac region does not interact with the 16mer
ligand. However, previous studies using gel-shift assays
indicate that nonspecific interactions can occur between the
full length Lac repressor and pET20b(þ) DNA which lacks
the operator sequence.29 This nonspecific binding was lim-
ited to interactions between the full Lac repressor sequence
and double stranded DNA and was not observed for RNA
molecules. Hence, our experiments confirm that no binding
occurs with molecules other than pDNA containing lac
region.

The specificity of the 16mer ligand for pUC19 DNA and
other nucleotide sequences will determine whether this ligand
can be used as a single purification step for the isolation of
pUC19 DNA or an enrichment step, possibly eliminating
major contaminants such as proteins, carbohydrates, lipopoly-
saccharides, and RNA. The ultimate test is to ensure that the
16mer ligand can purify pUC19 DNA from a complex cell
lysates feed. This has been shown to be possible in another
body of work.55

Economic considerations of a peptide affinity approach

As the design of adsorbents that target pDNA (rather than
proteins) are improved, the total ligand density required for
the commercially viable purification of pDNA will be
reduced as more ligand is made available for interaction
with pDNA56–59. Additionally, because of the volume of
global peptide production, peptides have matured to a level
where they should effectively be considered a commod-
ity60,61 rather than being thought of as an extremely expen-
sive biomolecule.

Conclusions

The determination of binding characteristics in naturally
occurring systems as they relate to individual segments
within larger biological structures, such as those observed
here, could be of great value to guide the design and use of
affinity ligands for the chromatographic purification of DNA.
The peptides were designed as ligands for affinity purifica-
tion of pDNA, and the importance of helices I–III to the
strength of binding was determined using SPR. The method
we used provides a quick and cost-effective means to deter-
mine whether a peptide has a suitable strength of binding for
an affinity mechanism and is hence worthy of further investi-
gation.

The findings indicate that it was possible to design an af-
finity ligand based on a naturally occurring protein–DNA
interaction that has a dissociation constant within the opti-
mal specified range of 1026–1028 M. Of the ligands
assessed, only the 16mer displayed a dissociation constant
suitable for employment in a commercial-scale affinity
chromatography application for the purification of pUC19.
Moreover, the kd (1023 s21) of pDNA and 16mer LacI pep-
tide implied that pDNA might dissociate from the chip
quickly. This would be desirable for regeneration of the
chip and ultimately elution of pDNA in a chromatography
system. The lac binding region in the pUC19 (optimized
lacO1 and lacO3 region) may act as an ‘‘affinity cassette’’
which may be inserted in any pDNA to facilitate affinity
purifications. Helix III showed no or negligible effect on
DNA binding but contributed to the complex stability as
indicted by a lower dissociation rate. For affinity binding
between the pDNA and the peptide, it is expected that
based on data presented in the literature14–20,49 that binding
will be mediated predominantly via electrostatic and
Hydrogen bond interactions and that as only one helix of
the whole, native helix-turn-helix-loop-helix structure is
present that hydrophobic binding will be reduced in com-
parison to that of the whole protein.

The results support the earlier expectation that affinity
ligands for pDNA purification can be optimized by a deeper
understanding of the contribution made by individual helices
to a larger structural motif of binding region. The increasing
use of pDNA in gene therapy and vaccine applications
requires the production of highly purified pDNA at increas-
ingly larger scales. Current approaches for purifying pDNA
from bacterial production systems exploit the physiochemical
properties of nucleic acids in nonspecific capture systems.
These findings could impact on the viability of affinity meth-
ods for the production of commercially viable amounts of

Table 4. Band Position and Fractional Band Areas (A*) in
D2O: assignments are based on those presented by

Goormaghtigh et al. (1994)

Secondary
Structure

Band Position
in D2O/cm

21

16mer Peptide in
D2O/cm

21 Used in
this Study

Average Extremes
Band

Position

Frictional
Band Area
(A*) (%)

a-helix 1652 1642–1660 1653 14
b-sheet 1630 1615–1638 0 0
b-sheet 1679 1672–1694 0 0
Disordered 1645 1639–1654 1646 40
Turns 1671 1653–1691 1674 46

*The values of A are rounded off to the nearest integer.
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pDNA for DNA vaccine and gene therapy applications.
Additionally, the reported method may be harnessed to
design nucleic acid affinity sensors for the detection of spe-
cific nucleic acid targets in complex biological samples with-
out the need for amplification or labeling.
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Notation

bp5base pairs
HTH5helix-turn-helix motif

ka5 association rate of binding
kd5dissociation rate of binding
KD5 equilibrium dissociation constant

LacI5Lac repressor protein
pDNA5plasmid DNA

RU5 response units
SPR5Surface plasmon resonance
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