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Over the past decade, much effort has been applied to defining g

protein—protein interactions on a large scale. The hope is that the T
resulting networks will reveal new biology and provide insight into 2 101 pp——
how cells and organisms are organized at a systems level. Various ‘§ 0.8 1 o PI3KN2
assays have been used for these studies, including those based on gﬂs- 1 o Fiskes
the yeast two-hybrid systeh?, affinity purification of protein gﬂA- o a2
complexes, and protein microarrays.® One concern with all of 5024
these approaches is that proteins vary considerably with respect to 'g' 0 : T T T T
their physical properties. Some proteins express well in heterologous ~ *  ° » [pri:i ) m::z] - oo
cells, while others do not. Some proteins are soluble and mono- b) P .
meric, while others are sticky and tend to aggregate. How, then, | o T em moo oo oo cen aeen
can we expect to obtain accurate data from any standardized assay .. mm- o oo o S o S
performed in high-throughput? ABL2 ; ; E E E E E E

One way to alleviate this problem is to adopt a domain-oriented  p3kcs —
approach:*8.7Most eukaryotic proteins are modular, comprising NCK M mmm s mmm s s s s
both interaction and catalytic domaih®y focusing on families VAV N e e m—
of interaction domains, it is more likely that the proteins under e B R B i i B B =
investigation will exhibit similar properties. Protein microarrays
provide a system in which environmental conditions can be defined C) 20000 4
and concentrations specifi@det even with this control, can we 15000 4 s Padn
reasonably expect different domains to behave similarly enough to 3 . sABL2
obtain accurate information? To answer this question, we assembled 1a0na < s Noia
a collection of seven Src homology 2 (SH2) domains, which mediate 5000 - ® SHC
protein—protein interactions by binding to sites of tyrosine phos- —
phorylation on their target proteins. We have previously cloned, w000 000 3000 4000 5000
expressed, and purified virtually every human SH2 dorfi&rom [EGFR-1016] (nM)
this set, we selected seven that express wekscherichia coli 30000
and are>88% monomeric. Each domain was produced with an 26000 —
amino-terminal thioredoxin tag to favor solubility and an amino- 20000 zand o PI3KN3 (pY1016)
terminal Hig tag to facilitate purification. & 16000 /./ . :::LZN;.»{;:E[;G}

To investigate how uniformly the domains behave in a microarray 10600 ’/4 e ABL2 (pY1138)
format, we Iab(_eled each domain with cyanine-5 (Cyb5), yleld_lng a 5000 g —g— : :'2:;’?;\3:{;10;}6}
dye/protein ratio of 0.270.53. We then arrayed each domain in . —— .
quadruplicate on aldehyde-displaying glass substrates at five 0 02 04 06 08 M
concentrations, ranging from 10 to 1Q0M. Since we used a Fraction of Surface Covered

piezoelectric microarrayer, we were able to measure the volume Figure 1. (a) Fraction of surface area covered by SH2 domains when
of the droplets being arrayed (350 pL). By scanning the arrays Printed at different concentrations; (b) microarray images of SH2 domains

: : printed at 50uM and probed with phosphopeptide EGFR-1016 at the
before and after quenching them, we calculated the fraction of indicated concentrations; red, Cy5; green, 5(6)-TAMRA,; (c) quantified 5(6)-

surface area covered by each protein (see Supporting Information).tApMRA fluorescence for the arrays shown in panel b: (d) obsefgsk
Even when the seven proteins were printed at the same concentrafor SH2 domains printed at different concentratiofigax was obtained by
tion, they varied by up to 3-fold with respect to the fraction of fitting binding curves for the indicated domaipeptide pairs to eq 1. All
surface area they covered (Figure 1a). More importantly, at error bars indicate the SEM of replicate measurements.
concentrations below30 «M, the fraction of surface covered by = TAMRA)-labeled phosphopeptide derived from the epidermal
each protein varied in proportion to its concentration. Since the growth factor receptor that is recognized by five of the doméins.
signal intensity in an array experiment depends on the surface Since specific binding is saturable, we probed the arrays in duplicate
density of the immobilized protein, this result underscores the with eight concentrations of the peptide, ranging from 10 nM to 5
importance of normalizing protein concentrations before printing. uM. This resulted in 50 independent saturation binding curves
The experiment described above provides a measure of howperformed in quadruplicate: two for each of five domains at each
much total protein is immobilized in each spot. To determine how of five concentrations (see, for example, Figure 1b,c). Assuming
much active protein is immobilized, we probed the same arrays the system reaches equilibrium during the incubation step, the mean
with EGFR-1016, a 5(6)-carboxytetramethylrhodamine (5(6)- fluorescence of replicate spotSy49) can be described by
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Fobs= (FmalPeP])/(Kp + [pep]) 1) a) 2500 b) a;':

2 fg N * o8 Kp (nM)
whereFmaxis the maximum fluorescence, [pep] is the total peptide & 00 £ ° 30.4 ooy ot
concentration, andp is the equilibrium dissociation constant. 500 02 — PI3KNZ 914
Importantly,Fnyax provides a measure of the amount of active protein 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
on the surface. Whefrmnax is plotted as a function of the total [ErbB3-1054] {nM) [ErbB3-1054] (nM)
fraction of surface covered by each domain (Figure 1d), we find Egg
that the percentage of active protein varies considerably from one sood
domain to the next. For example, at 70% coverage, the amino- £ 600 4 - o

terminal SH2 domain of PI3 kinage{PI3KN3) is 50-fold more
active than the SH2 domain of Nck2, even though they both behave
well in solution. Curiously, the amount of active protein increases 1000 2000 3000 4000 5000 0 5 10 15 20 25 30 35
. ) h . [EGFR-1016] (nM) Frnax/1000
in proportion to the fraction of surface covered for some domains o0 = 7opM = souM = 25 = 10,M
(PI3KN3, PI3KN2, and PI3KC3), but remains constant for the - - - - ) )
others. Apparenty,as the surface becomes increasingy saturated 4112 4 () SSUson ndna furves [ SHE Somais probed
the fraction of immobilized protein that is active decreases for ABL2 ¢rves of panel a normalized fmax and (c) binding curves for PI3KN3
and NCK2. To verify that this behavior is a property of the printed at different concentrations are shown. The curves were obtained
immobilized domains and is not particular to EGFR-1016, we using EGFR-1016. (d) Data are tKg values obtained by fitting the curves
obtained saturation binding curves using EGFR-1138, a different In Panel ¢ to eq 1, plotted as a functionffa. All error bars indicate the

. . . SEM of quadruplicate spots.
phosphopeptide that is also recognized by ABL&Ithough the
peptide binds with a differer€p, the values foF .« Obtained using
this peptide are virtually indistinguishable from those obtained using
EGFR-1016 (Figure 1d).

What implications do these findings have for protein microarray
experiments? Even when closely related proteins are studied unde
idealized conditions, they vary with respect to the surface density
of active protein Emay. Since the intensity of a spot depends both
on Kp, which is biologically relevant, anBi,a, Which is not, the
information obtained by probing an array with a single concentration
of ligand can be misleading. To illustrate this point, we probed
our arrays with eight concentrations of phosphopeptide ErbB3-1054,
which is recognized by ABL2, PI3KC3, and PI3KN3These
domains vary by less than 2.5-fold with respedtfa,when printed
under identical conditions (Figure 2a), yet there is no single
concentration of peptide that correctly orders the domains according
to their affinities for ErbB3-1054.At low peptide concentration
(<700 nM), the order of spot intensities is ABL2 PI3KN3 >
PI3KC3; at higher concentrations, the order is PI3BKN3ABL2

reported either to “interact” or “not interact”. At best, this represents
a single slice through the underlying quantitative network at a single
affinity threshold. More realistically, the threshold varies from one
Protein to the next based on how well each protein behaves in the
assay. As a result, binary networks determined using high-
throughput methods may be very misleadifdlthough protein
microarrays are harder to implement than screens that do not require
protein purification, their greatest value may lie in the control they
offer over ligand and receptor concentrations. Here, we have shown
that a threshold-based approach, if not accompanied by quantitative
measurements, is inaccurate. How much these inaccuracies affect
system-level insights derived from binary networks remains to be
determined. We submit, however, that an increased emphasis on
obtaining quantitative information should drive future efforts to
define large-scale protein interaction networks.
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> PI3KCS3 (Figure 2a). When the data are normalized with respect Supporting Information Available: Materials and methods, pep-

t0 Fmax, however, the correct order of affinities emerges: ABt2 tide sequences, calculations, and complete lists of authors for refs 1,

PI3KC3 > PI3KNS (Figure 2b). 3, and 5. This material is available free of charge via the Internet at
We submit that the way to avoid collecting misinformation in  np-//pubs.acs.org.
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