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A variety of different in vivo and in vitro technologies provide comprehensive insights in protein-
protein interaction networks. Here we demonstrate a novel approach to analyze, verify and
quantify putative interactions between two members of the S100 protein family and 80 recom-
binant proteins derived from a proteome-wide protein expression library. Surface plasmon reso-
nance (SPR) using Biacore technology and functional protein microarrays were used as two in-
dependent methods to study protein-protein interactions. With this combined approach we were
able to detect nine calcium-dependent interactions between Arg-Gly-Ser-(RGS)-His; tagged pro-
teins derived from the library and GST-tagged S100B and S100AG6, respectively. For the protein
microarray affinity-purified proteins from the expression library were spotted onto modified
glass slides and probed with the S100 proteins. SPR experiments were performed in the same
setup and in a vice-versa approach reversing analytes and ligands to determine distinct association
and dissociation patterns of each positive interaction. Besides already known interaction part-
ners, several novel binders were found independently with both detection methods, albeit ana-
logous immobilization strategies had to be applied in both assays. A
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1 Introduction been carried out [1, 2]. Alternatively, several protein com-

plexes have been identified by tandem affinity purification

Currently, the most commonly applied method to identify
protein-protein interactions in vivo is the yeast two-hybrid
system. Comprehensive, large-scale interaction screens have
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(tap-tagging approach) followed by protein identification
using MS [3, 4].

Despite significant progress in the identification of new
interactions partners, consistency between two different
methods, e.g., yeast two-hybrid and tap-tagging, and also
within the same method is often quite poor [5]. Because of
the biological readout, results from yeast two-hybrid studies
vary among different labs and different two-hybrid systems.
Multiple repetitions of each assay are obligatory to acquire
data valid for drawing conclusions on the function of a pro-
tein [6]. In contrast, repetitions of interaction experiments
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in vitro under comparable conditions with solid-phase or so-
lution-based protein-protein interaction assays are straight-
forward.

Recent technological developments like protein micro-
arrays or biosensor analyses using surface plasmon reso-
nance (SPR) allow protein-protein interactions to be char-
acterized with high accuracy and with reasonable through-
put [7, 8]. With the Biacore technology binding partners can
be detected in real time and separate kinetic parameters for
the association and dissociation phases can be derived. In
addition, assay conditions, e.g., buffer components, can be
varied quite easily.

Recently, Snyder and co-workers [9] have shown that a
proteome-wide microarray analysis can be used to screen
protein-protein interactions. The sensitivity and specificity of
the approach was demonstrated in a study where only one
bait protein out of 10 800 showed interaction with a specific
prey protein [10].

S100A6 (Calcyclin, 90 amino acids) and S100B
(91 amino acids) are cognate members of the S100 family,
which are characterized by two EF-hand binding domains
for calcium and other divalent ions. Binding of calcium to
the EF domains induces a major conformational change
exposing hydrophobic domains. This facilitates the interac-
tion with a hydrophobic region of an effector protein, thus
eliciting a physiological response. However, this mechanism
does not seem to apply to all members of the S100 family
[11, 12).

In this study, two different methods, protein microarrays
and SPR-based biosensor analysis, were used side by side to
characterize protein-protein interactions in a solid-phase
format. Proteins from a proteome-wide human expression
library were expressed with an N-terminal RGS-(His)¢-tag,
purified via Ni-NTA under native conditions and used for
subsequent binding analyses. GST-fusion proteins S100A6
and S100B were used to screen a subset of the expression
library for interactions. Besides well-known interaction part-
ners [13], several novel binders were identified using either
one or both methods.

2 Material and methods
2.1 Purification of His-proteins in a 96-well format

N-terminally RGS-(His)¢-tagged proteins were overexpressed
in E. coli SCS1 cells and purified with Ni-NTA agarose in a
96-well format as described by Biissow et al. [14] except for
substituting 50 mM Tris pH 8.0 by 50 mM HEPES pH 8.0.
Eluates from four independent purifications were pooled for
Biacore experiments to compensate for differences in
expression level and purification yield. The protein con-
centration ranged between 10 pg/mL and 500 pg/mL and
the molecular mass of each protein was determined using
SDS-PAGE, ranging from 15 to 75 kDa.
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Characteristics of the clones from the human expression
library are summarized in Supplementary Material Table 1.
Additional information are available via the web interface
http:/ /www.proteinstrukturfabrik.de/hex1/CloneSearch.

2.2 Purification of GST-tagged proteins

GST (P08515), GST-S100B (P04271) and GST-S100A6
(P06703) were expressed and purified according to the
instructions of the manufacturer, concentrated with an
Amicon Ultra 10 device to 2 mg/mL in 2 x PBS buffer and
stored at —80°C.

2.3 Protein microarrays
2.3.1 Generation of the protein microarrays

Samples of each RGS-(His)s-tagged purified protein (7 pL)
were transferred to pre-defined positions in a microtiter
plate. A dilution series of GST protein served as positive and
spotting buffer as negative control. The protein samples
were transferred onto FAST "-slides with Genetix solid pins
(X2777, Tip diameter 150 um) at a relative humidity of 55%.
A 2 x 2y-optimized printhead was used, and the in-house
modified Genetix QArray was operated by a recently devel-
oped control software (Hultschig et al. 2006, in preparation).
Pins were inked in 7 pL of protein solution for 2's and
stamped at one position once for 100 ms using a soft touch
spotting distance of 1 mm. After every tenth transfer of one
sample or before addressing a new inking position, the solid
pins were washed twice for 1s with deionized water and
once for 3 s with 80% technical ethanol and finally dried for
3 s with oil-free pressurized air (1 bar). In total eight repli-
cates of each protein were evenly distributed over the mem-
brane at non-adjacent positions in two identical fields
(defined as the area on an array simultaneously addressed by
all pins of printing gadget) each consisting of four different
blocks (defined as the area on an array that is described by an
individual printing pin of a printing gadget) with
9 x 13 spots each and a dot pitch of 346 um (Fig. 1). To locate
the protein samples, each block displays an asymmetric pat-
tern due to five additional GST guide dots and a GST dilution
series (500-15 ng/uL GST).

2.3.2 Screening of FAST" slides with anti-RGS-(His);
antibody

The slides were blocked for 1 h at room temperature using
2% BSA/TBST (IBS/0.1% Tween 20, pH 7.4). Slides were
centrifuged briefly and stored at 4°C for up to 2 weeks.
Before each experiment, the slides were incubated for 2—
3 min at 4°C with 100 pL reconstitution buffer (TBST with
1% BSA). The arrays were incubated for 30 min at room
temperature with mouse-anti-penta-His antibody-Alexa
Fluor 532 conjugate I (1:1000 in reconstitution buffer) under
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Figure 1. Specificity of the interactions between His-proteins and
GST-S100 proteins on the protein microarray. His-proteins were
arrayed in two identical fields, each consisting of four blocks.
Proteins were immobilized in quadruplet from each expression
and independent purification and visualized with Cy3-labeled
anti-RGS-(His); antibodies. (A) Yellow circles correspond to
guide dots in each block. Blue rectangles mark the GST dilution
series and orange rectangles the blanks. Light and dark pink rec-
tangles indicate the same proteins from two purifications immo-
bilized in duplicate in the same block. The specific interaction
between S100A6 and immobilized prey protein (F2, Q8N1CO) in
the presence of calcium (B) and in the absence of calcium (C) is
demonstrated. All slides are shown with identical dynamic range
after scanning.

light exclusion beneath a cover slide, followed by 15 washing
steps (30 s) with freshly prepared washing buffer (TBS +
0.25% Tween 20, pH 7.4).

2.3.3 Screening of FAST "slides with GST-tagged
proteins

To analyze the interaction between proteins immobilized
on a microarray (prey proteins) and the protein in the
mobile phase (bait protein), the slides were first incubated
with 100 pL reconstitution buffer for 2—-3 min at 4°C and
subsequently with GST-S100B or GST-S100A6 (1 pg/mL,
30 min), respectively, in the corresponding incubation
buffer (20 mM Tris-HCI, 0.24 M NaCl, 0.005% Tween 20,
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pH 7.5 containing 1 mM EDTA or 1 mM EDTA + 2mM
Ca’"). After washing ten times for 30 s with washing buf-
fer, the slides were dried by centrifugation for 3 min at
900 rpm and the spotted surface was immediately covered
with 80 pL reconstitution buffer. After removal of excessive
buffer, the protein microarray was incubated with 80 pL
anti-GST antibody-Cy5 conjugate (1:400 in reconstitution
buffer) for 30 min at 4°C. Slides were washed ten times
for 30 s with washing buffer before recording the fluores-
cence.

2.3.4 Fluorimetric evaluation of the interactions

Fluorescence signals were detected on an Affymetrix 428
array scanner at 532 nm (Alexa 532) and 635 nm (Cy5 sig-
nals), and analyzed with GeneSpotter™ software (Micro-
Discovery, Berlin, Germany). For comparable analysis the
dynamic range for Alexa 532 and Cy5 signals was adjusted to
the maximum signal intensity below saturation. To compare
different slides, fluorescence intensities were intrapolated
according to the GST dilution series (reference spots). To
compare S100A6 and S100B, the data were normalized by a
lowess-transformation implemented into the BioMiner GS™
software.

2.4 SPR studies
2.4.1 General

Analyses were performed at a Biacore 2000 instrument and
the data were evaluated with BIAevaluation 4.01 (Bia-
core AB, Sweden) and Graphpad (Graphpad Prism 4.0, San
Diego). NHS, EDC and CM 5 sensor chips were obtained
from Biacore AB, Sweden. All other reagents were pur-
chased in the purest grade available. Buffers were degassed
and sterile filtrated. Proteins were centrifuged at 4°C for
10 min at 10 000 x g prior to injection.

2.4.2 Conventional setup

In the conventional setup the interaction between the
immobilized component, the ligand (His-protein, prey pro-
tein), and a molecule in the mobile phase, the analyte, (GST
fusion protein, bait protein) is analyzed. Changes in the sur-
face concentration are proportional to changes in the refrac-
tive index at the surface, resulting in different SPR signals
plotted as resonance units (RU); 1000 RU correspond to a
surface concentration of 1 ng/mm? [15].

RGS-(His), antibody (Qiagen AG, Germany) was used to
capture RGS-(His)¢-tagged proteins on a CMS5 sensor chip
for subsequent binding analysis. The RGS-(His), antibody
was dialyzed for 1 h at 4°C against 10 mM sodium acetate
buffer, pH 5.0 and immobilized on three flow cells using
EDC/NHS chemistry [7]. The antibody (30 pg/mL) was
injected for 7 min at a flow rate of 5 uL/min over the NHS/
EDC-activated surface to generate surface densities of 6500—
8500 RU. Subsequently ethanolamine (1 M, pH 8.5) was
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applied to quench unreacted esters. Interaction analysis was
performed at 25°C in 20 mM MOPS, 150 mM NaCl, pH 7.0
containing 0.005% surfactant P20.

Recombinant His-tagged proteins from the protein
expression library were diluted 20-fold into TNT running
buffer (20 mM Tris-HCI, 0.24 M NaCl, 0.005% Tween 20,
pH 7.5) containing 1 mM EDTA or 100 uM Ca’" before
injecting them for 5min at a flow rate of 10 pL/min
sequentially over the three antibody-decorated flow cells.
Surface densities between 200 and 3000 RU were achieved.

GST fusion proteins (25 pg/mL) were injected at a flow
rate of 30 pL/min, and association and dissociation phases
were recorded for 5 min each. Nonspecific binding was sub-
tracted using an activated and deactivated flow cell [7].
Double referencing, i.e., subtracting a blank run with run-
ning buffer after subtracting a reference cell, was applied to
all curves. Every cycle was finished with two injections of
10 mM glycine pH 1.9 (20s) to remove non-covalently
bound proteins from the antibody surface.

2.4.3 Vice-versasetup

In a vice-versa setup the interaction between the immobilized
ligand (GST fusion protein) and the soluble analyte (His-
protein) was investigated.

Anti-GST antibody (Biacore AB, Sweden) was coupled as
described above. The antibody (30 pg/mL) in 10 mM sodium
acetate pH 5.0 was injected for 30 min at a flow rate of 5 uL/
min to generate surface densities of about 16 000-19 000 RU.

Recombinant GST-S100A6 and GST-S100B were dis-
solved in TNT running buffer adjusted with different Ca®* or
EDTA concentrations. GST-S100 proteins (25-50 pg/mlL)
were injected for 1 min at a flow rate of 10 pL/min to gen-
erate surface densities of 500-900 RU.

Recombinant RGS-(His)s-tagged proteins were analyzed
as described above with blank runs on an anti-GST surface.
Double referencing was applied to all curves. After each cycle
the surface was regenerated with 10 mM glycine pH 2.2 (six
injections of 1 min each).

3 Results

The interaction of S100B and S100A6 was studied with
80 human, recombinant proteins derived from a proteome-
wide expression library (prey proteins) employing two inde-
pendent methods. Proteins were purified using native con-
ditions and natively embedded on the protein microarrays
(Fig. 1a) to screen for functional binding domains. This
should ensure the detection of sequential and/or conforma-
tional epitopes. The affinity of His-tagged proteins from two
independent protein purifications towards GST-S100A6 and
GST-S100B was determined with a fluorescent antibody
sandwich on the protein array in the presence of calcium
ions. Control experiments were performed in the presence of
EDTA without Ca?* (see Fig. 1b, c).
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The protein microarray experiment was performed twice
with and without calcium screening for 80 proteins with
8 replicates yielding a total of 1280 interactions for each GST-
S100 protein. Thus, the number of replicates allows pro-
found statistical analysis. Proteins from independent pre-
parations were spotted, and in a first analysis step the S/N
ratio of corresponding protein dots from a single His-protein
purification within each slide was determined. A coefficient
of variance of ~0.13 (SD/signal mean of 4 spots/set)
demonstrates the high quality of the analysis. Interestingly,
the results from two different protein purifications showed
significant deviations as depicted in Fig. 2, when plotting the
signal intensity of a given protein spot of one preparation
against the corresponding spot of a second preparation on
the same slide (red spots versus blue spots in Fig. 2). How-
ever, experiments were highly reproducible when performed
on the same prey protein purification, but on different slides
or different days, and when analyzed with different batches
of bait proteins.

We compared relative signal intensities for the interac-
tion of S100A6 versus S100B to identify specific interactions
with prey proteins. Therefore, the ratio of signal intensities
(S100A6/S100B) obtained on slide 1 versus the correspond-
ing ratio on slide 2 was plotted for both prey protein pur-
ifications (Fig. 3). Spots located in the lower left corner cor-
respond to prey proteins interacting specifically with GST-
S100B and spots located in the upper right corner corre-
spond to prey proteins interacting solely with GST-S100A6.
The center of the plot comprises non-unique interactions

Figure 2. Intra-slide correlation of one representative protein
microarray illustrating the difference between two purifications.
Colors correspond to the pvalue (log,, scale) of an unpaired
Wilcoxon-test performed on two sample sets. Red dots indicate a
signal which is significantly different (p <0.05) for both purifica-
tions.
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immobilized. His-proteins were either site-directed immo-
bilized to medium density on anti-RGS-(His), antibody
surfaces and the GST proteins were applied in the mobile
phase, or the GST proteins were site-directed immobilized
to high-density anti-GST antibody surfaces and checked
for interactions with His-tagged proteins. As with the
microarray experiments, interactions were tested with and
without calcium. Bait and prey proteins displaying differ-
ent binding kinetics were identified. Interactions were
categorized into strong, weak and transient binders
(Table 1).

Figure 4 shows the association and the dissociation
kinetics of S100A6 with the three strongest binders, one
weak and one transient binder of the prey library (for details
see legend to Fig. 4). Probing S100A6, 9 and 11 from
80 interactions in total were identified using protein micro-
array and Biacore technology, respectively. From 9 positive
interactions for S100A6 derived by the microarray, 6 were
also detected with the biosensor, when the His-tagged pro-
tein was immobilized to the solid support. Only limited
overlap was observed when performing vice-versa experi-
ments using immobilized S100 proteins, presumably due to
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Figure 4. Biacore analysis of GST-S100A6 with His-proteins on
anti-RGS-(His), surfaces. After immobilizing His-proteins to anti-
RGS-(His),, association as well as dissociation of GST-S100A6
were recorded for 5 min each in the presence of calcium. Strong
interacting partners (A3, A10, E7), a weak binder (A8) and a tran-
sient binder (A4) are shown exemplarily. B4 (empty vector) was
used as a negative control. Double referencing was performed
for all measurements (see Materials and methods).

the immobilization procedure (Table 1). Representative
interaction kinetics of prey proteins with immobilized GST-
S100B are shown in Fig. 5a.

Using the Biacore approach, transient interactions can
be detected. This is, in particular, interesting when analyzing
the binding of protein E8 to immobilized GST-S100A6 and
GST-S100B (Fig. 5b). E8 interacts strongly with GST-S100B
displaying a slow dissociation rate (kg = 2.2 x 10~3/s), while
the interaction of E8 with GST-S100A6 was only transient
(kgiss = 3.2 x 1072/s). The complex between GST-S100A6 and
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Table 1. Classification of the interaction partners of S100 pro-
teins in strong, weak and transient binders®

Biacore technology Protein
microarray
S100A6 GST His’ His?
Ag? A3 A3
E8P A10Y A109
F19 E7" E7Y
D6 Ag Ag?
F119 c1e c1d
de) F2b)
F5c) F1 b)
A9 c1me
A8d) F6d)
A11¢
C6d)
S100B GST His" His?
E5Y E5Y E5Y
E12¢ E12% ESP
E8” c49 D1"
A29 c19 E4
G7

a) GST: GST-tagged S100 proteins site-directed immobilized;

His': His-tagged proteins site-directed immobilized; His?: His-
tagged proteins randomly immobilized.

b) Strong interactions.

c) Transient interactions.

d) Weak interactions.

the prey protein E8 is completely dissociated after 5 min.
Thus, only the binding of E8 to GST-S100B was demon-
strated on protein microarrays.

Proteins purified from expression plasmids with iden-
tical inserts were selected to question the data coherence.
F11/D6 (P12277) interacting with S100A6 (Biacore) and E4/
G7 (Q96H25) interacting with S100B (protein microarray,
Fig. 3) contain inserts for an identical coding region. Both
protein pairs yielded comparable interaction data.

4 Discussion
4.1 General

Two different chip-based interaction screens were performed
to investigate the binding of two members of the S100 pro-
tein family (S100A6 and S100B) to a protein expression
library. Using a protein microarray, His-tagged proteins (prey
library), purified semiautomatically via Ni-NTA, were ran-
domly immobilized on modified glass slides, probed with
GST-bait proteins and evaluated based on a fluorescent
readout. Alternatively, the same sets of proteins were ana-
lyzed using SPR on a Biacore instrument. Here either the
prey proteins or the bait proteins were site-directed immoDbi-
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Figure 5. Biacore analysis of His-proteins with GST-S100 protein
immobilised on anti-GST surfaces. (A) RGS-(His)gs-tagged protein
interaction with GST-S100B on anti-GST surfaces. The arrow
indicates the end of the injection of the His-proteins. (B) Calcium-
dependent interaction of the RGS-(His)g-protein E8 on anti-GST-
S100A6 surface (lower trace) and anti-GST-S100B surface (upper
trace).

lized employing a specific capture approach [7], and analyzed
with respect to their detailed binding kinetics using the
complementary interaction partner in a microflow system.

We limited the number of interactions (80 prey proteins
and 2 bait proteins with or without Ca®*) to analyze all inter-
actions with both methods. Only interactions detectable in
the presence of Ca?* were used for further analysis. No spe-
cific interactions in the absence of Ca*" were detected.

In the protein microarray, prey proteins were spotted in
eight replicates. A stringent statistical analysis could thus be
applied to datasets selecting for high-quality data (high S/N
ratio). In the protein microarray experiments only 41 pro-
teins passed this threshold. From these, 9 proteins were
shown to interact with S100A6 and 5 proteins with S100B.

Using Biacore, both bait proteins and all but 7 from the
80 prey proteins could be immobilized on a sensor chip to a
level allowing an interaction analysis (more than 50 response
units). Here, 15 and 6 interactions were detected with
S100A6 and S100B, respectively. Seven prey proteins for
S100A6 and 2 prey proteins for S100B overlapped between
both techniques (Table 1). Fewer interactions could be re-
corded for S100B with both methods (Table 1). Interestingly,
when comparing the numbers of positive interactions in de-
pendence on the immobilization strategy using the same
technology (here Biacore), less overlap was observed (1 for
S100A6 and 2 for S100B, Table 1).
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4.2 Immobilization strategies

These results reflect the importance of the immobilization
strategy on the outcome of solid-phase interaction screens.
Not too surprising, the way of immobilizing proteins (ran-
dom versus site-directed and choice of the fusion part) has a
stronger influence on both the interaction generally and the
kinetics of a given interaction than the method of detection.
Random immobilization on nitrocellulose membranes or on
dextrane-coated sensor chips may cause steric constraints or
may generate crowding effects independent of the method of
detection [16]. A lot of development has been performed to
generate sensor surfaces providing an environment suitable
for biological interaction with low unspecific binding and
high binding capacity. Long-chain dextrans with a low degree
of cross-linking have been demonstrated to be suitable for
immobilization in the Biacore technology. Furthermore,
retaining the biological activity during the immobilization
[17] and the interaction assay is important. It has been shown
previously that an interaction can be detected by immobiliz-
ing one interaction partner and probing the other in the
mobile phase; however, the same interaction pattern could
not be observed when performing the vice-versa experiment
[18]. Repetitive immobilization and regeneration of anti-
RGS-(His), antibodies may reduce the biological activity.
Therefore, control experiments had to be performed as
shown before [7].

At present, for protein microarrays, nitrocellulose-coated
slides are the most reliable surfaces for measuring protein-
protein interactions as the 3-D structure of the layer offers a
high protein binding capacity [19].

4.3 Interaction analysis

Using Biacore, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, A8, P04406) was identified as an interaction part-
ner for S100AG6 in a strictly calcium-dependent manner. The
interaction was verified using two immobilization strategies
on the SPR-sensor. Previously, the calcium-dependent bind-
ing of GAPDH to S100A6 was demonstrated by affinity
chromatography [20]. Interestingly, A8 did not pass the
stringent criteria of the protein microarray analysis.

Seven proteins were revealed as interaction partners for
S100A6 in vitro based on both methods: a proteasome inhib-
itor subunit (A3, Q92530), ubiquitin B (A4, Q9BWD6), p53
and DNA damage-regulated protein (A10, AAP45329), a
glutathione-transferase (C1, P08263), a ribosomal protein
(E7, AAH17321), alpha-2-macroglobulin receptor-associated
protein precursor (F1, P30533) and a cadherin-associated
protein (F2, Q8N1CO).

Under stringent conditions, two proteins from the
expression library, a ubiquitin ribosomal fusion product (ES,
Q9YBX89) and a putative RNA binding protein (E8, Q9BV9I6),
were identified as interacting with S100B using both meth-
ods. Vimentin (C7) interaction with S100B had been postu-
lated before utilizing immunohistochemistry. S100B binding
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to the N-terminal domain of glial fibrillary acidic protein
(GFAP) embedded like vimentin in intermediate fila-
ments (Ifs) was demonstrated [21-23]. Vimentin matches
the consensus sequence for target proteins of S100B [24];
however, the interaction had not been verified in in vitro
experiments so far. In this study, no direct interaction was
shown using either method.

Accordingly, protein-protein interaction studies utilizing
immobilized proteins can generate meaningful results once
careful assay design has been taken into consideration. Our
data clearly demonstrate that the characterization of the
investigated interactions is strongly dependent on the
immobilization strategy and on the presence of cofactors.
These parameters may influence interaction patterns more
than the technical setup applied for the detection, e.g., func-
tional microarrays or SPR in a flow system.
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