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Surface Plasmon Resonance (SPR) Spectrometry
as a Tool to Analyze Nucleic Acid-Protein
Interactions in Crude Cellular Extracts
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Abstract. This study presents proof-of-principle application
showing that label-free affinity enrichment surface plasmon
resonance (SPR) biosensor binding is able to
semiquantitatively detect molecular DNA—protein interactions
in crude cellular extracts in a real-time ligand fishing analysis
study. Crude cell extracts obtained from a confluent HT-28
human adenocarcinoma cell line, synchronized to the Gy/G,
phase of the cell cycle, were extracted in a chaotropic medium
and  cryopreserved in  liquid  nitrogen.  Various
immunoprecipitation antibodies were used against defective
human excision and mismatch repair genes, hDDB2 and
hMSH?2, respectively, which theoretically allow for protein
binding to DNA ligands in their native conformation. A set of
biotinylated DNA target sequence heteroduplexes were also
utilized for binding hDDB2 and hMSH?2, prepared by heating
a biotinylated oligonucleotide strand with an equimolar
amount of the complementary strand to form a DNA duplex
Sfor h(MSH2; a UV-irradiated duplex was employed for hDDB2
instead of an irradiated single-strand DNA to enhance
binding. SDS was used to regenerate heteroduplex-modified
chips that were used in a BIAcore 2000 SPR instrument at
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25°C. Results showed that hMSH?2 does not bind preferentially
to the heteroduplex-complementary pair. In contrast, hDDB2
was found to bind preferentially to the UV-irradiated version
of the heteroduplex-complementary pair. It is concluded that
the choice of antibodies with appropriate epitopes is crucial
to the success of these SPR binding studies because of
enhanced specificity.

Surface plasmons are electromagnetic waves formed by
electrons propagating along the surface of a thin metal layer
(e.g., gold) giving rise to surface plasmon resonance (SPR).
SPR is a unique, optoelectronic, label-free, noninvasive,
direct-reading enrichment detection method that utilizes
interaction of light photons with free electrons (surface
plasmons) on gold surfaces to quantify the change in the
concentration/amount of biomaterial on the surface (1).

In SPR biosensors, prism couplers are used to achieve
optical excitation of metal electrons when a light beam
undergoes total internal reflection at a prism-metal excitation
interface (Figure 1A). Under these conditions, the electric
field of the reflected photons penetrates beyond the reflecting
surface to a distance of approximately a quarter of the
photon wavelength of the photons and interacts with the
surface electrons in the metal film. At a specific angle of the
incident light, higher than the critical angle of reflection, the
momentum of the incoming photon matches the momentum
of the surface plasmon, resulting in energy transfer;
therefore, the light is not reflected and SPR occurs. At that
point, the excited surface plasmons generated at the site of
total internal reflection are evanescent from the
metal-solution interface (2) and tend to create an electric
field that extends into the medium on either side of the metal
surface to about 200 nm, decaying exponentially with the
distance from the metal surface. The propagation of this
evanescent electrical field is very sensitive to changes in the
chemical composition of the solution, and such changes alter
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the momentum of the surface plasmons. Therefore, if SPR is
to occur under the new conditions imposed at the
solution—surface interface, the incident angle of the optical
wave must change. This angle is measured by the SPR
instrument and is used to express changes occurring in the
solution. The change in mass on the gold surface thus equals
the change in the refractive index close to the surface of the
sensor chip. This change in the refractive index of the solvent
during complex association or dissociation reactions can be
measured by the change in the resonance angle that is
required to create SPR. The change in resonance angle is
expressed in resonance units (RU), where 1 RU=1 pg/mm?
of proteins (3).

Comprehensive characterization of how proteins interact with
other molecules such as DNA or RNA should include
information on parameters such as active concentration, binding,
specificity, affinity (the strength of the interaction), ranking,
reaction kinetics (the rates at which the interactions bind and
dissociate), thermodynamics (when SPR analysis is applied at
numerous temperatures to a particular molecular interaction),
and residence time (time a chemical or drug spends on the
protein under study). SPR detects mass concentration and
conformational changes (association or dissociation) on a sensor
surface based on wavelength modulation by label-free detection
modes in real time, and data are presented graphically in an
interaction profile known as sensogram, in which binding
response is plotted over time (Figure 1B).

Besides the aforementioned capability of real-time
quantitative analysis (4) and the lack of requirement for a
label for detection, which increases versatility (5), there are
several advantages of using SPR technology over other
affinity-based methods. For example, SPR has a high
sensitivity of up to 1 nM for a 20 kDa protein (6) and it can
be performed in an automated fashion, thus increasing
sample throughput (7). However, there are also disadvantages
of SPR, as it cannot easily discriminate between specific and
non-specific interactions with the sensor surface. Elaborate
washing does not completely remove the non-specifically
bound material; thus, reference material or control samples
are needed to correct for the non-specific binding (8).
Because SPR is mass sensitive, the sensitivity for high
molecular weight molecules is good, but binding of low
molecular weight compounds is more difficult to detect (6).
In addition, a particular challenge in SPR application is the
limited sensor area, leading to a diminished capacity;
increasing the sensor surface, or accumulating several runs,
might diminish this limitation (9).

Similar to other affinity-based methods, SPR enrichment
consists of several sequential steps: (i) preparation of the
surface via immobilization of a probe molecule, (ii)
verification of the activity of the prepared sensor, (iii)
incubation of the sensor with a target-containing sample to
form a complex, (iv) dissociation of the complex to reuse the
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Figure 1. A: SPR prism configuration: Total internal reflection of a
monochromatic light at a prism—metal solution interface is a
prerequisite for the SPR phenomenon. B: Sensogram for detecting mass
concentration and dissociation changes on the sensor surface via label-
free SPR detection.

sensor, or to further analyze the target by employing
stringent washing of several different pH solutions or
different ionic strengths (10), and (v) elution of captured
proteins for further analysis. However, quantitative elution
can be challenging as the probe-target complexity usually
has a rather high affinity (11).

To improve upon SPR measurements, and because SPR
detection is non-destructive to the protein being analyzed,
SPR can be combined with mass spectrometry (MS), either
matrix-assisted laser desorbtion ionization (MALDI)-time-
of-flight (TOF)-MS or electrospray ionization (ESI)-MS, in
what has been termed as biomolecular interaction analysis
(BIA)/MS. Hence, MS validates the protein by looking at its
intact mass, which is an intrinsic property of each protein
(1). Furthermore, MS analysis offers an additional insight
into possible protein modifications that might exist as a
result of point mutation or post-expression through in vivo
processing (12).

The SPR phenomenon has been known for over a century,
but only in the last two decades has it become accepted as a
method for the detection of biomolecular interactions, and
has been subsequently incorporated in a number of
commercially available biosensors. Today, SPR-based
biosensors are mostly used for characterizing protein
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interactions under conditions where only one analyte of
interest is targeted by an immobilized ligand on a single site
on the sensor chip surface. This experimental design is a
result of the fact that SPR does not discriminate between the
types of molecules it detects, as it registers only the total
amount of biomaterial retained on the surface (1, 11).

Biacore (Uppsala, Sweden), now part of GE Healthcare
Life Sciences, released its first commercial instrument in
1990 (13). Biacore technology is able to analyze interactions
in the presence of the widely used solvent dimethylsulfoxide
(DMSO). This technology, through the introduction of
colloidal silica beads as a capturing and transporting agent,
has made it possible, if desired, to recover proteins after
affinity purification on the sensor surface for subsequent MS
analysis (14).

Xeroderma pigmentosum (XP) is a rare autosomal
recessive skin disorder characterized by sun-sensitivity,
pigmentation abnormalities and a high incidence of
malignant skin tumors, which is due to effective nucleotide
excision repair (NER) of ultraviolet (UV)-induced damage
to DNA (15). The NER deficiency in XP complementation
group E (XPE) cells has been correlated with a damage-
specific DNA binding protein (DDB). Human DDB is a
heterodimer of 48 and 127 kDa (p48 and p127) subunits that
recognizes a variety of UV-induced lesions, whose activity
is absent from cell strains from a subset of XPE individuals
(Ddb™) (16, 17). Functional studies have also demonstrated
a role for DDB in DNA repair in vivo (18). Human cDNAs
for both DDB subunits have been sequenced (19, 20). The
mouse DDB2 cDNA coding for DDB p48 subunit was
cloned, and a search of databases revealed the amino acid
sequence of mouse and Drosophila p127 subunit predicted
homologs (21). The predicted human pl27 amino-acid
sequence has homology with monkey DDB 127 (22). P48,
but not p127, has been shown to: (i) be inducible in response
to UV damage in a p53-dependent manner (23), and (ii)
stimulate E2F1 transcriptional activity (24). It has been
proposed that a third domain may have evolved in higher
eukaryotes in order to integrate p127-DDB functions with
other cellular functions via its interactions with p48 (21).

Approximately 70% of hereditary non-polyposis colorectal
cancer can be accounted for by mutations in one of several
genes involved in DNA mismatch repair, and polymorphism
in genes involved in carcinogen metabolism, as well as folate
metabolism (25). In those cases, approximately 95% have
shown alteration in the base sequence of the three mismatch
repair genes (hWMSH2, hMLHI1 and hMSH6), with a smaller
proportion attributable to mutations in other mismatch repair
genes (25). Early studies employed only conventional genomic
DNA sequencing for mutation detection. However, later
studies employing conversion analysis substantially increased
the diagnostic yield of genetic testing for mismatch repair
mutations in patients diagnosed with colorectal cancer (26).
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Figure 2. Flow cytometry on HT-29 cells after cell trypsinization
showing: (a) the population of cells selected for analysis, and (b) more
than 90% of cells were synchronized in the Gy/G phase of the cell cycle.

Materials and Methods

Cell line and culture conditions. HT-29 human adenocarcinoma cells,
passage 134 were obtained from the American Type Culture
Collection (ATCC), Rockville, MD, USA. It is an established
epithelial line, resembling colonic crypt cells (27). Cells were
originally seeded in 75 cm? tissue culture flasks at ~1.5x105
cells/flask (2x103 cells/cm?2), then propagated in 150 cm? flasks that
can accommodate ~70x10° cells/flask at full confluency. Isove’s
modified Dulbecco’s medium (IMDM) containing 105 IU/l of
penicillin and 0.1 g/ streptomycin was used for maintaining cells in
an humidified atmosphere of 95% air and 5% CO, at 37°C. Cells
were subcultured at 2-day intervals (doubling time ~20 h) to maintain
subconfluent growth conditions. The contact inhibited cells were
grown for the last two days before removal from the flask to carry
out affinity interactions in a serum-free IMDM containing antibiotic
in order to synchronize them in the Gy/G phase of the cell cycle (28).

Flow cytometric analysis. After trypsinization, cells were harvested
by adding 4 ml of culture medium to the flask, detaching the cells
onto a sterile 12 ml polyallomer tube, centrifugation to remove the
medium and staining with Trypan blue vital dye to obtain ~106
viable cells/ml. Cells were suspended in phosphate-buffered saline
(PBS) buffer and fixed by adding 3 ml of cold 100% ethanol (final
ethanol concentration of 70%), and the fixed cells then stored at
—20°C until further processing (29). When ready to proceed, cells
were resuspended in 0.5 ml of PBS buffer, to which 500 pl of a
buffer containing 200 mM sodium phosphate (dibasic, pH 7.8) and
100 mM citric acid was added. Cells were stained by resuspension
for 30 min in 1 ml solution containing 50 pg/ml propidium iodate
and 3.8 mM sodium citrate, to which 50 pl of 10 mg/ml
Ribonuclease A were added. Analysis of fluorescence, for
subdiploid population detection of various phases of the cell cycle
(30), was performed by fluorescence-activated cell sorting in a
Becton Dickinson, Franklin Lake, NJ, USA) FACScan single-cell-
based flow cytometer (31).

Cell irradiation by short-wave UV light. Confluent cells in flasks
were trypsinized, washed twice with cold PBS, placed in a 2-cm
Petri dish, precooled for 15 min at 4°C and exposed to UV light
(wavelength: 245 nm; Strategene Cross Linker, San Francisco, CA,
USA) from above, with a total energy yield of 27.2 J/m2 (32).
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Figure 3. Sensogram showing that DDB2 fragment (10 ug/ml) was bound to: (1) UV-irradiated DNA heteroduple on the surface of the SA chip (red
line, 1) more stringently than to (2) UV-irradiated DNA homoduplex (purple line, 2) on the chip surface, or (3) to unirradiated DNA heteroduplex
on the chip surface (green line, 3), and least to (4) no DNA on the chip surface (blue line, 4).

Cell extract preparations. H-29 cells were trypsinized, counted and
~2x100 cells were placed in cryovials, to which 1 ml of the
chaotropic TRI reagent TR-118 (TRI Research Institute, Cincinnati,
OH, USA), containing the chaotropic reagent guanidinium
hydrochloride, was added per 100 cells (i.e., total 2 ml) to minimize
nucleic acids degradation. Protein content in the crude cellular
extract was measured by the Bradford assay (33). Stabilized cells
were then flash frozen by dipping in liquid nitrogen. Cryovials
containing the crude cellular extracts were kept in a —=70°C freezer
until ready for SPR analysis.

SPR measurements. SPR measurements were performed on a
BIAcore 2000 instrument (Uppsala, Sweden, now part of GE
Healthcare, Piscataway, New Jersey, USA) at 25°C. In such ‘ligand
fishing binding experiments’ involving protein—nucleic acid
interaction, the targeted HT-29 cell preparations, containing nucleic
acid DNA sequence for gene ADDB2 (50-100 ug) that was
irradiated with 27.2 J/m? of UV light in order to cause complete
inhibition of UV-DDB activity (34), was placed onto a flow cell,
and a 50-100 ug of control cell preparations were placed onto a
second flow cell. Nucleic acid DNA preparations were made by
synthesizing a biotinylated oligonucleotide DNA heteroduplex
sequence and capturing it using a streptavidin-coated sensor chip.
Antibodies (Abs) against ADDB2 (p48) and the human mismatch
repair protein Mut S homology 2 colon cancer nonpolyposis type 1
(hMSH?2) that are suitable for immunoprecipitation, rather than those
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used for Western blotting, which are believed to recognize the target
protein (35), were obtained from several companies, namely Santa
Cruz Biotechnology, Santa Cruz, CA, USA), Novus Biologicals
(Gilbert, AZ, USA), Promega Corporation (Madison, WI, USA) and
Proteintech Group, Inc. (Chicago, IL, USA). Once the nucleic acids
were captured, the protein was injected over both treated and control
crude cell extracts and the reference-subtracted data were observed.

For nucleic acid binding studies, a set of DNA heteroduplexes
was synthesized, each of which contained one of the eight possible
single base pair mismatches located at the same position within the
heteroduplex molecules, as detailed by Su et al. (34). Heteroduplex
preparations were made as described by Allen et al. (36), since
without a heteroduplex formation there would be no mismatch. The
streptavidin sensor chip (SA chip; Pharmacia, which is now part of
Pfizer, Groton, CT, USA) was derivatized with a 31 bp biotinylated
(biotin) G-T heteroduplex prepared from biotin oligonucleotides
(oligo) 5°-biotin-GCCGAATTTCTAGAATCGAGAGCTTGCTAGC
and 5’-GCTAGCAAGCTTTCGATTCTA GAAATTCGGC (25
nmoles), by heating an equimolar amount of the complementary
strand to form a duplex to 80°C and cooling to room temperature
over a 2 h period in order to form a DNA duplex. An otherwise
identical A-T homoduplex was prepared by hybridizing 5’-biotin-
GCCGAATTTCTAGAATCGAAAGC TTGCTAGC to the second
oligo. A complementary DNA strand was also made, which had the
following oligonucleotide sequence: 5’-GCTAGCAAGCTTTCG
ATTCTAGAAATTCGGC. A fraction of the homoduplex/
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complement pair was then treated with the UV light, as described
above, in order to make a ligand for hDDB2 binding. The
heteroduplex DNA strand that paired with an equimolar amount of
the complementary strand served as a control for ADDB2. Binding
of Escherichia coli MutS to the heteroduplex or homoduplex
modified SA chip was performed at a flow rate of 20 wl/min in a
solution containing 0.01 M HEPES-KOH, pH 7.4,0.1 M NaCl, 3.4
mM EDTA, 8.4 mM MgCl,, 0.005% (v/v) Surfactant P20. The
heteroduplex-modified SA chip was regenerated following MutS
binding by a 20 pl injection of 0.5% sodium dodecyl sulfate (DDS)
(36). The chip layout for the SPR studies that measured
DNA-protein interaction was as follows: (a) heteroduplex
experimental, (b) UV-irradiated homoduplex, (c) non-irradiated
DNA heteroduplex control, and (d) streptavidin only (no DNA) for
hDDB?2 binding or hMSH2 homoduplex.

Results

Figure 2 represents an output of a FACScan flow cytometer
showing that more than 90% of serum-deprived HT-29 cells
were synchronized such that they were in the Gy/G; phase
of the cell cycle.

Results of measuring nucleic acid DNA-protein
interactions are given in the SPR sensogram showing that
10 ug/ml of hDDB2 fragment is bound most tightly to UV-
irradiated heteroduplex (curve 1, red line in Figure 3) when
using the Ab from Proteintech Group, Inc. Progressively less
tight binding is observed to UV-irradiated DNA homoduplex
(curve 2, purple line), non-irradiated DNA heteroduplex
(curve 3, green line), and no DNA (curve 4, Blue line).

In contrast, the sensogram for AMSH?2 revealed no binding
of the mismatch repair gene fragment to DNA heteroduplex
using any of the commercial Abs.

Discussion

This study employed a prolific epithelial cell line in order to
obtain an extract that contained enough nucleic acids and
proteins from fast growing cells to enable the assays for
several experimental parameters without having to repeat
extraction preparations for affinity SPR analysis, which may
have led to variations in the results due to biological and/or
technical errors. Each strand of the heteroduplex was
estimated to have a molecular weight of approximately 10 nM
(10* g/mole x 1078 mole=10"* g).

Using an SPR system, one interaction partner (e.g.,
nucleic acid) is immobilized on a sensor chip surface, while
the other (e.g., protein) flows over the surface via a
microfluidic flow bath. A general problem in chip-based
affinity separation systems is the large surface-to-volume
ratio of the fluidic system. Extreme care must be exercised in
order to avoid non-specific adsorption, which might result in
the loss of target protein and the carry-over during the
affinity purification process, leading to reduction in
sensitivity, even if MS analysis is also employed (37). MS

analysis was not employed in this proof-of-principle study
as this analytical step was not necessary; if MS analysis had
been used, then there would have been investigation and
experimentation to find the optimal regulatory conditions and
materials compatible with MS, such as 0.1% trifloroacetic
acid (38, 39).

It should be stated that the hDDB2 protein should not bind
to its own DNA sequence, unless that sequence has been UV-
irradiated. To avoid any effect of cell cycle variation due to
UV radiations, which may induce cell cycle delay and may
also be dose dependent, synchronized cells were used,
mostly in the Gy/G| phase of the cell cycle, where cells are
known to be sensitive to repair of irradiation-induced damage
to DNA (40). Although it may not be possible to observe
events that are specific to other phases of the cell cycle, this
approach is justified for an initial proof-of-principle study. It
is possible that if other UV-irradiation doses had been
employed, different results may have been obtained.
Moreover, different Abs might have resulted in different SPR
sensograms, as the epitopes necessary for the attachment of
the Ab to its target protein may vary from one Ab to another.
Proteintech Group, Inc Abs showed that label-free binding
between UV-irradiated hDDB2 heteroduplex fragment and
protein in a crude cellular extract can be measured by SPR
technology. In contrast, Abs to damage repair protein DDB2
from three other companies (Santa Cruz Biotechnology,
Novus Biological and Promega) did not show such binding.
It should be noted that Abs that only work in Western blot
tend to recognize only denatured proteins (41), and thus are
not useful for such affinity studies.

When studying the binding of hMSH?2 protein by SPR
technology in crude cell extracts, none of the Abs obtained
from any of the companies exhibited affinity interaction. This
is a problem that is often encountered when employing Abs,
probably due to lack of proper epitopes. The Human
Proteome Organization project aims to overcome this
problem by making high quality human Abs with complete
epitopes commercially available (42, 43).

SPR experiments typically give great detail about a specific
interaction, which has important applications in the
pharmaceutical and biotechnology industries for studying drug
discovery, biopharmaceutical developments and clinical
immunogenicity assays, as well as in manufacturing and
quality control methods. By contrast, 2D gel electrophoresis
gives a protein profile for a given state of a cell line employed.
Protein arrays can identify interactions for a given protein, but
do not characterize a given interaction. The design of a protein
array may also lead to the inability to observe low affinity or
transient interactions of interest as weak interactants may be
washed off before detection. Chromatin immunoprecipitation
will identify a DNA-binding sequence for a given protein, but
will not give detailed information on the interaction between
the protein and the target DNA (1, 3).
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The combination of detecting binding properties of
hundreds of therapeutic proteins with SPR microarrays from
phage display libraries with automated protein purification
methods promises to accelerate the discovery of high-affinity
leads significantly (1, 44). Miniaturization, cost reduction
and automation of SPR sensors will have wide applications
not only in the laboratory, but also in the field for real-time
process control (45).

SPR is expected to move into the domain of high
throughput analysis through the development of SPR protein
arrays. Several companies have developed prototypes of SPR
instruments capable of analyzing tens to hundreds of ligand
spots or active sites (e.g., Biacore; HTS Biosystems, http://
www.htsbiosystems.com; GWC Instruments, http:// www.
gwcinstruments.com; Graffinity, http:// www.graffinity.com).
On-chip MS analysis of such SPR arrays will be the next
logical step, as these arrays will be used for the screening of
interacting patterns from biological samples, where it is crucial
to gain insight on the identity and structure of interacting
biomolecules (1).
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