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ABSTRACT

We compared coupling approaches of SPR to
LC-MS and ProteinChip™-based mass spectro-
metry (SELDI™) as a means of identifying
proteins captured on DNA surfaces. The approach
we outline has the potential to allow multiple, quan-
titative analysis of macromolecular interac-
tions followed by rapid mass spectrometry
identification of retained material.

INTRODUCTION

Coupling of quantitative macromolecular analysis
techniques such as surface plasmon resonance (SPR) to
downstream detection methods and in particular mass
spectrometry has become a much sought after goal in
proteomics. SPR is a method of choice for interaction
analysis since it does away with the necessity of labelling
components of an interaction and lends itself to reason-
ably accurate quantification. However, when complex
mixtures are being analysed it is difficult to know which
of the components present are actually interacting.
In this case, recovery of material from the surface and
identification by mass spectrometry provides a powerful
means of identification. One of the most widely used
SPR technologies is that afforded by the BIAcore optical
Bio-sensor platform (1-4), where up to four surfaces may
be analysed in series. Coupling between SPR devices and
downstream mass spectrometers (BIA/MS) has been
investigated for some time (5-7). In practice one can
either recover material from the surface (8-10) or directly
address the surface retained material and then carry out
the analysis by mass spectrometry (11). In the currently
available option real-time SPR analysis cannot be carried

out with recovery and mass spectroscopy analysis
simultaneously due to the configuration of the BIAcore
Surface Prep unit. This restriction was addressed by
direct coupling of the integrated fluidic cartridge (IFC) of
the BIAcore to a HPLC system that itself was linked to an
electrospray mass spectrometer (12). However, expansion
of this approach for high throughput analysis is severely
hampered by the restriction of having only four
surfaces available. Finally, a potentially restrictive feature
of the BIAcore surfaces is that they rely on immobiliza-
tion on dextran matrices that can act as non-selective
retention supports, thus increasing the background level
of non-specific material when complex mixtures are
involved.

A solution to these problems is provided here by the use
of the emerging technology of SPR imaging (SPRi)
coupled to a material recovery protocol and direct
analysis by ProteinChip™ (SELDI™) mass spectro-
scopy. The biosensor surfaces developed by GenOptics
for use with SPRi consist of prisms made of a high
refractive index material with one surface coated with a
thin layer of gold. An evanescent field called a plasmon
wave is created at the interface of this gold-coated
surface and the dielectric from a light beam arriving
through the prism at an angle of total internal reflection.
At this angle there is a resonance effect that is measured
by imaging the entire reflected light from a monochro-
matic polarized electroluminescent diode using a 10 bit
CCD camera linked via a dedicated optical system.
Consequently this allows analysis of an entire surface
upon which discrete spots of ligand have been immobi-
lized. A microcuvette system allows material to be flowed
across the surface and the SPR response at predetermined
spots can be assessed in parallel by time resolved CCD
that captures changes in percentage reflectivity in the
selected spot. Analysis of changes in percentage
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reflectivity averaged across the surface of each spot can
then be carried out as a function of time. This can be
related to changes in concentration of mass at each spot,
thus providing information of the kinetics of the interac-
tion at the surface. In the configuration of SPRi used in
these studies we used 16 spots, however in a recent study
involving this technology for studying nucleoprotein
complexes 25 spots were used (13) and this could, in
principle, be extended easily to 400 with no modification
of the protocol.

As outlined earlier an advantage of using SPR to
visualize interactions is that once material has been seen to
be selectively retained at a surface one can then recover
the material for analysis by downstream technologies such
as mass spectrometry. The ProteinChip™ technology
developed by Ciphergen is based on the use of specific
surfaces which can be used for the retention of molecules
according to affinity or some physical chemical property
such as charge, hydrophobicity, etc. (12). Co-crystal-
lization of matrix molecules on these surfaces following
selective retention allows mass charge analysis by a
matrix-assisted laser desorption ionization (MALDI)
mass spectrometer in a process referred to in this context
as SELDI™. Amongst the advantages offered by this
approach are the possibilities of using retention chroma-
tography directly coupled to mass spectrometry. We
therefore decided to explore the possibility of using the
SELDI™ process to analyse material that is selectively
retained by SPRi. We compare the approach to a direct
online coupling between BIAcore™ and LC-MS.

The nucleoprotein complex we have used in these pilot
studies involves the bacterial nucleoid protein H-NS, an
atypical global regulator involved in the expression of
genes which share the common property of being involved
in the bacteria’s response to changes in the external
environment. A number of H-NS responsive promoters
have been shown to contain regions of intrinsic DNA
curvature located either upstream or downstream of the
transcription start point (14-20). Crucial questions
include the nature of the nucleoprotein complexes
involving H-NS, and also what other proteins are involved
in specific physiological contexts. A working model for
H-NS binding has been proposed invoking differential
binding to relatively high and low-affinity sites (21).
Consequently we decided to determine if we could
observe, using SPRi, differential H-NS binding to
immobilized DNA containing high and low-affinity sites,
and then recover and identify H-NS by mass spectro-
metry. Since the methodology of SPRi is relatively new,
we also compared binding data obtained from SPRi and
BIAcore platforms using a sequence-specific DNA-
binding protein Integration Host Factor (IHF) (22). The
choice of H-NS, however, is primarily dictated by
our interest in ultimately identifying proteins that are
associated with H-NS in higher order bacterial nucleoid
structures. The methodology demonstrated here, i.e. the
recovery and subsequent identification of H-NS binding to
high-affinity sites, is a prerequisite to demonstrate the
feasibility of this approach, and will serve as a basis to
recover and identify multiple components of nucleopro-
tein complexes.
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MATERIALS AND METHODS
DNA fragments

The DNA fragments used in this study were PCR
products of varying length and composition. For H-NS,
two of these sequences are PCR products of DNA
sequences inserted upstream of Escherichia coli gal
minimal promoter (21): (i) a 75-bp curved sequence
previously designed to possess a very high degree of
intrinsic planar curvature, and consisting of three 21 mers
composed of tracts of five and six adenines alternatively
repeated (23), (the final fragment will be referred to as
SA6A, total length 223 bp), (ii) a non-curved sequence
(88 bp) (referred to as 1A, total length 220 bp), harbouring
eight tracts of AGGA motif repeated every 10bp,
designed to be linear possessing no intrinsic curvature.
A third fragment is a PCR product of a natural promoter
region, i.e. the promoter of E. coli proU operon, a 372-bp
fragment containing a 200-bp region known to bind H-NS
specifically.

Finally, for THF we used a single 5biotinylated
DNA fragment (205 bp) obtained by PCR amplification
of the paca236 fragment (—171 £ 65) between EcoRI and
HindlIl containing a single site for binding of the ITHF
protein (24).

Protein purification

The H-NS protein was purified as described in (25).
IHF was prepared as described in (26). CRP was a kind
gift of Dr Annie Kolb.

SPR measurements using a BIAcore 2000™ (BIAcore)

H-NS: The 223-bp fragment of DNA 5A6A sequences and
one 5 terminal biotin was passed at 20 ul/min in Hepes
buffer (20mM Hepes pH 7.5, 100mM NaCl) across a
CMS5 BlIAcore surface to which streptavidin had been
previously covalently immobilized. The surface was
washed by a short injection of 1M NaCl (10pul) to
remove non-specifically adsorbed DNA. Various concen-
trations of H-NS protein in binding buffer (40 mM
HEPES pH 8, 8mM magnesium aspartate, 60 mM
potassium glutamate, 1 mM DTT, 0.05% P20) were then
passed across the surface at 20 pl/min. At the end of each
interaction the surfaces were regenerated by the injection
of 1 M NaCl (10 pl).

IHF: The 205 single-end biotinylated fragment containing
the THF site was passed at immobilized to a CMS5 surface
as for the H-NS fragment immobilization. Various
concentrations of IHF were flowed at 20 pl/min across
the surface in binding buffer (50 mM sodium cacodylate
(pH 7.4), 0.5mM EDTA 70 mM KCI, 0.05% P20). At the
end of each interaction the surfaces were regenerated by
the injection of 1 M NaClI (10 ul).

Protein recovery from the BIAcore 2000™ and LC-MS
measurements

Samples were recovered from the surface of the BIAcore
chips by simply attaching a small-bore tube directly to the
exit chamber of the integrated flow cell (IFC) of the
BIAcore 2000 that was then connected through a switch to

0T0Z ‘02 ydJe uo Ag 6o sjeulnolpioxo reu//:dny woly papeojumoq


http://nar.oxfordjournals.org

PAGe 3 oF 10

a reverse phase column on an HPLC (ETTAN™,
Amersham-Pharmacia). H-NS (500nM) was flowed
across a surface containing immobilized 5A6A DNA
fragment and at equilibrium binding buffer alone was
allowed to pass across. After a length of time equivalent
to 1.5 times the dead volume (i.e. the volume between the
surface and the collecting column, estimated as being
100 pl) all non-retained H-NS was assumed to have
passed across the surface and any H-NS present must
constitute H-NS retained by the DNA. The bound
H-NS was ecluted from the surface by the injection
of 10ul of 1M NaCl and the elution passed directly
across a MAGIC C18 Spum 200A  column
(Michron BioResources). The column was washed with
2% acetonitrile 0.1% acetic acid, and then material eluted
directly online into an ETTAN™ Electrospray
(Amersham Pharmacia-Analytica of Branford, USA)
using a solution of 70% acetonitrile and 0.1% acetic
acid. Deconvolution of electrospray mass spectrograms
was facilitated by the use of the MagTran deconvolution
programme.

SPRi measurements using an SPRi—Plex™ (GenOptics)

The reactive surface for the SPRi measurements
consists of a gold surface coated prism treated with
11-mercaptoundecanoic acid (MUA) coupled to a layer of
poly(ethylenimine) to which extravidin is covalently
attached (27). Biotinylated DNA probes may then be
attached through the biotin—extravidin interaction.
We immobilized singly 5-end labelled DNA fragments
containing the proU, SA6A and 1A sequences to the prism
surfaces by direct spotting of ~100nl of 10pg/ml
(~50nM) solutions of each DNA fragment. The surfaces
were allowed to dry and were then mounted in the
SPRi-Plex™ apparatus and washed by a short
(10 pl) injection of 1M NaCl followed by continuous
flow (50 pul/min) with binding buffer. The spots containing
DNA were visually identified by the relative change in
percent reflectivity and delineated in the accompanying
software as circles on the image. Various concentrations of
protein were injected across the surface in binding buffer
at 50 ul/min. Images were recorded at a rate of 1 Hz and
the rate of change of percent reflectivity across the area of
each predetermined spot used to calculate the kinetics of
change in binding at the surface.

Protein recovery from the SPRi—Plex ™ and SELDI™
measurements

The surface was treated with an injection of 10ul of
NaCl (1 M) at 50 pl/min which effectively removed bound
H-NS. H-NS (250nM) was then reinjected at 50 pl/min
and after 2min into the dissociation phase the flow was
stopped, the surface removed from the apparatus and air
dried. Each spot was treated by the addition of Il of
NaCl (1 M). The spots were allowed to sit for 30s then the
solutions recovered and spotted onto a ProteinChip™
H50 hydrophobic surface and left to incubate for 60 min
in a humid chamber to avoid evaporation. Excess liquid
was removed from each of the spots which were then
washed by the 2-fold addition of 1l of distilled water.
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The spots were then dried; co-crystallized with 1l of a
20% solution of matrix and read in a SELDI™
ProteinChip reader.

RESULTS AND DISCUSSION

Relative comparison of binding using the BIAcore and
SPRi—Plex™ approaches

The SPR approach consists of immobilizing ligands to a
surface and then observing changes in the refractive
index at the surface as molecules bind. We compare two
applications that use this technology. The first involves a
BIAcore 2000™ based approach where a solution flows
through a microfluidic interface across four dextran
coated (~100nm thick) gold surfaces on a biosensor
chip. Changes in surface plasmon resonance on the surface
are reported as changes in the angle at which the intensity
of the reflected light decreases. Empirically in the BIAcore
technology 1 ng of a globular protein or 0.78 ng of a DNA
molecule bound at the surface gives a response of 1000
Resonance Units (RU) (3).

We immobilized 142 RU of the 223-bp 5SA6A DNA
fragment to a carboxymethylated dextran surface.
Thus we can expect ~0.1ng or 7 x 10~"®mol or 4 x 10
molecules of DNA distributed within the dextran layer.
Due to the nature of the surface we can make no
assumptions concerning the distribution of the DNA
molecules or their orientation within this dextran layer.

We then passed concentrations of H-NS across this
surface to obtain sensorgrams such as those shown in
Figure 1A. In classical Langmuir type situations the
apparent dissociation rate constant k4 may be obtained by
fitting the dissociation phase to a simple exponential
expression where the relative change in resonance
response (R) as a function of time (z) with respect to
R at time =0, (R(y), results from R)= Ry exp 4"
and the apparent association rate constant k, is obtained
from R(;)= Rmax)*(1 —exp "R @+ kD Dy at g given
protein concentration of (C), where Rmay) is the response
at steady state. Only in the case of the SA6A fragment
which contained a high-affinity binding site could we
obtain single site binding affinity curves. From these we
calculated apparent kinetic constants some of which are
shown for the concentration of 250 nM H-NS in Table 1.
Under these conditions we could estimate the amount of
H-NS bound to the DNA at saturation as being ~159 RU
thus 0.16ng, 10~"*mol or 0.6 x 10'° molecules of H-NS.
Since 4 x 10* molecules of DNA were calculated as being
present at the surface, the stoichiometry of binding was
thus ~14 molecules of H-NS monomers/molecule of
DNA.

We then used the SPRi—Plex™ machine developed by
GenOptics in which a microcuvette, in contact with a
sensor surface, is used to introduce macromolecules by
continuous flow to ligands immobilized on the sensor
surface. The sensor surface consists of a gold-coated
prism treated with a layer of 11-MUA, poly(ethylenimine)
(PEI) and finally with extravidin. Biotinylated molecules
may be attached to the surface as a monolayer through
the strong interaction with extravidin. We immobilized
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