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Methods

Large-scale screening for novel low-affinity
extracellular protein interactions

K. Mark Bushell," Christian Sollner,’ Benjamin Schuster-Boeckler,? Alex Bateman,?

and Gavin J. Wright'?

"Cell Surface Signalling Laboratory, Wellcome Trust Sanger Institute, Hinxton, Cambridge CB10 1HH, United Kingdom; 2Pfam
Group, Wellcome Trust Sanger Institute, Hinxton, Cambridge CB10 1HH, United Kingdom

Extracellular protein—-protein interactions are essential for both intercellular communication and cohesion within
multicellular organisms. Approximately a fifth of human genes encode membrane-tethered or secreted proteins, but
they are largely absent from recent large-scale protein interaction datasets, making current interaction networks
biased and incomplete. This discrepancy is due to the unsuitability of popular high-throughput methods to de-
tect extracellular interactions because of the biochemical intractability of membrane proteins and their interactions.
For example, cell surface proteins contain insoluble hydrophobic transmembrane regions, and their extracellular
interactions are often highly transient, having half-lives of less than a second. To detect transient extracellular
interactions on a large scale, we developed AVEXIS (avidity-based extracellular interaction screen), a
high-throughput assay that overcomes these technical issues and can detect very transient interactions (half-
lives = 0.1 sec) with a low false-positive rate. We used it to systematically screen for receptor-ligand pairs within the
zebrafish immunoglobulin superfamily and identified novel ligands for both well-known and orphan receptors. Genes
encoding receptor-ligand pairs were often clustered phylogenetically and expressed in the same or adjacent tissues,
immediately implying their involvement in similar biological processes. Using AVEXIS, we have determined the first
systematic low-affinity extracellular protein interaction network, supported by independent biological data. This
technique will now allow large-scale extracellular protein interaction mapping in a broad range of experimental contexts.

[Supplemental material is available online at www.genome.org. The sequences of all the genes cloned for this study
have been submitted to GenBank, and their accession numbers are listed in Supplemental Table SI. All
protein—protein interaction data have been submitted to the IntAct database under accession nos. EBI-1578837 and
EBI-1578841 for AVEXIS and SPR validation data, respectively.]

Extracellular protein interactions such as those made between
secreted and membrane-tethered proteins are important for di-
verse cellular behaviors, such as initiating differentiation path-
ways, directing migration and pathfinding routes, and mediating
intricate recognition processes. Approximately a fifth of human
genes encode extracellular and membrane-associated proteins,
but despite their importance and abundance, they are signifi-
cantly underrepresented in recent large-scale protein interaction
datasets (Futschik et al. 2007). This discrepancy is remarkable
since their accessibility to systemically delivered drugs makes ex-
tracellular proteins excellent therapeutic targets (Clark et al.
2003). There are several reasons for this disparity. First, cell sur-
face proteins are biochemically difficult to manipulate; for ex-
ample, their hydrophobic membrane-spanning region ren-
ders them insoluble. Second, functionally important post-
translational modifications such as disulfide bonds and large
hydrophilic glycans are not added in commonly used expression
systems such as bacteria and cell-free systems. Finally, interac-
tions between cell surface proteins have very fast dissociation
rates and are therefore often highly transient, having half-lives of
fractions of a second (van der Merwe and Barclay 1994); this
makes purification protocols involving wash steps impractical.
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The transient nature of these interactions and necessity for post-
translational modifications makes current high-throughput pro-
tein interaction assays, such as yeast-two-hybrid and biochemical
purification methods, generally unsuitable to identify this im-
portant class of interactions.

Existing methods to directly detect extracellular transient
interactions often rely on experimentally increasing the overall
avidity of the interaction by multimerizing a soluble recombi-
nant protein, mirroring the way these interactions occur in vivo
through arrayed proteins on apposing membranes. These meth-
ods include oriented display around microbeads (Wright et al.
2000; Letarte et al. 2005) or tags producing dimers (such as Fc-
fusion proteins), trimers, and, often most potently, pentamers
(Holler et al. 2000; Voulgaraki et al. 2005). No broad assessment
for the suitability of any of these techniques to be used in sys-
tematic high-throughput screening has been made, since only
individual interactions have been reported (Lin et al. 2003;
Gonzalez et al. 2005).

To address the need for a high-throughput technique that
can detect low-affinity extracellular protein interactions, we have
developed a novel assay termed AVEXIS (avidity-based extracel-
lular interaction screen) and used it to identify novel extracellu-
lar receptor-ligand pairs within the zebrafish immunoglobulin
superfamily (IgSF). Independent support for identified interac-
tions was provided by quantifying interaction strengths, per-
forming a phylogenetic analysis, and showing that genes encod-
ing interacting pairs were expressed in either the same or adja-
cent tissues.
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Results

AVEXIS can specifically detect low-affinity extracellular
protein interactions with a low false-positive rate

To retain the extracellular binding function while removing the
insoluble transmembrane region, the entire ectodomains of cell
surface proteins were produced as soluble recombinant proteins
in mammalian cells. Ectodomains were expressed in two differ-
ent forms: a monomeric biotinylated “bait,” which could be cap-
tured on streptavidin-coated microtiter plates, and a pentamer-
ized “prey” tagged with B-lactamase to allow detection. The prey
pentamers were produced by C-terminally tagging proteins with
a coiled-coil sequence from the rat cartilage oligomeric matrix
protein (Tomschy et al. 1996). These proteins were then used in
the AVEXIS assay as shown (Fig. 1A). Despite a low monomeric
interaction affinity (2 uM; t,,, = 0.9 sec at 37°C) (Wright et al.
2000), interactions between rat Cd200 and its receptor could be
robustly detected independently of bait-prey orientation. In-
creasing the avidity of prey proteins through pentamerization
improved the sensitivity of detection over monomeric prey pro-
teins by at least 250-fold (Fig. 1B). Interaction specificity was
demonstrated by preventing interactions in either orientation
with blocking anti-bait monoclonal antibodies (Fig. 1C). Purifi-
cation of either the bait or prey was not necessary, but activities of
both were measured and normalized prior to use in the assay.

To determine the false-positive and -negative rates of
AVEXIS, a small screen was performed using eight proteins from

s | o] B
®
i ‘-i; 518
PP - V0= =
streptavidin Ime[Naocl_ig]
C
Antibody:
control E Prey: Cd200r
anti-Cd200 L Bait: Cd200
control } Prey: Cd200
anti-Cd200r N Bait: Cd200r

Antibody concentration

the SLAM/CD2 subfamily of the human IgSF within which there
are quantified positive hetero- and homophilic low-affinity in-
teractions and also, importantly, published negative interac-
tions. This set represents a “gold standard” of positive and nega-
tive interactions for assay benchmarking and validation. A prey
activity threshold was selected which was able to detect the 8 pM
CD244-CD48 interaction (Brown et al. 1998) in both bait-prey
orientations, and all published negative interactions were con-
firmed (Fig. 1D). At this prey activity, the weaker 9-22 uM CD2-
CDS58 interaction (van der Merwe et al. 1994) and all homophilic
interactions including the very weak 200 uM SLAMF1 interaction
(Mavaddat et al. 2000) were not detected. All expected interac-
tions except the SLAMF6 homophilic could be detected at a
higher prey activity, although the false-positive rate conse-
quently increased (data not shown). To eliminate false positives
during screening we selected a stringent prey threshold (Fig. 1B),
inevitably increasing our false-negative rate as a result. In par-
ticular, AVEXIS may not be generally suitable for detecting ho-
mophilic extracellular interactions possibly due to highly avid
prey-prey association, which may then prevent prey-bait inter-
actions. We did, however, reproducibly detect some homophilic
interactions in our large screen (Fig. 2).

A large systematic protein interaction screen identifies novel
extracellular receptor-ligand pairs

To identify novel extracellular receptor-ligand pairs, a protein
library containing the entire ectodomains of 110 proteins,
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Figure 1. AVEXIS specifically detects low-affinity extracellular interactions with a low false-positive rate. (A) Schematic representation of AVEXIS.
Biotinylated bait ectodomains (blue) are captured in an orientated manner on a streptavidin-coated microtiter plate and probed with soluble pentameric
B-lactamase-tagged prey ectodomains (pink). Positive binding is detected by colorimetric enzymatic turnover of nitrocefin (yellow to red). (B) Pentamer-
ization increases the avidity of prey ectodomains. Pentameric (squares) and monomeric (triangles) Cd200 (blue) and Cd200r (red) prey constructs were
normalized for B-lactamase activity, serially diluted, and tested against the appropriate bait construct. The prey activity threshold used for AVEXIS is
shown, corresponding to 50 units/mL. (C) AVEXIS interaction specificity. (Top panel) Low-affinity Cd200 (bait)-Cd200r (prey) interaction can be
detected in the presence of a non-binding control antibody but is specifically blocked with an anti-Cd200 blocking monoclonal antibody; the blocking
effect can be titrated by decreasing antibody concentration. The interaction specificity is independent of bait—prey orientation and can also be blocked
with an anti-Cd200r antibody, bottom panel. (D) AVEXIS false-positive and -negative rate evaluation. An AVEXIS screening plate with bait proteins
arrayed in rows and the prey proteins normalized to threshold levels in columns; positive binding results can be seen as red wells. Expected positive and

negative wells are circled in red and black, respectively.
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Figure 2. |Interaction network of zebrafish IgSF proteins as determined
using AVEXIS. Proteins are identified by their current official nomencla-
ture, with blue and red nodes representing cell surface and secreted
proteins, respectively. Interactions are numbered for reference and
circled if quantified by SPR. Entirely novel interactions are represented by
black arrows and those previously detected using an orthologous mam-
malian protein with red arrows.

mainly from the zebrafish IgSF, was expressed in mammalian
cells as both bait and prey molecules, and their activities normal-
ized (Table S1). This protein family was chosen since they are
known to form receptor-ligand pairs between themselves (Bar-
clay 2003), yet many have no documented extracellular binding
partner or function. The zebrafish vertebrate model was selected
to facilitate rapid determination of gene expression patterns dur-
ing early vertebrate development. All proteins were tested against
each other for interactions in a systematic unbiased matrix fash-
ion. In total, 9751 interaction tests were performed; 7292 of these
were screened in a reciprocal two-way fashion and the rest in a
one-way orientation, representing a total of 6105 unique possible
interactions tested. The protein pairs that interacted were re-
expressed as both baits and preys and were all systematically
rescreened in both orientations. Interactions were only consid-
ered positive if they were independent of the bait—prey orienta-
tion. Using these criteria, 17 interactions were identified between
19 proteins (16 cell surface, three secreted), representing the first
systematic extracellular interaction network (Fig. 2). Only 0.28%
of all unique interactions tested were positive, putting a stringent
upper limit on a false-positive rate. All interactions detected by
AVEXIS are detailed in Table S2, including some lower-
confidence interactions not meeting these stringent criteria; for
example, interactions that were dependent on the bait—prey ori-
entation.

Within our interaction network we found that approxi-
mately half of the proteins had multiple binding partners, sug-
gesting competition between potential ligands in tissues where
they are co-expressed. The paucity of interaction data for ze-
brafish proteins made the identification of entirely novel inter-
actions and the assessment of a false-negative rate very difficult.
For proteins where a clear mammalian ortholog could be identi-
fied (protein sequence identity > 40%, see Table S1) we were able

to detect within our network some interactions previously re-
ported in mammals (Fig. 2).

Novel interactions identified in the screen included proteins
with no known extracellular ligand (orphan receptors). This in-
cluded a subnetwork involving the Mpzl2 protein, a gene ex-
pressed during mouse thymus development (Guttinger et al.
1998). We also identified new ligands for well-characterized pro-
teins. For example, we found that neural cell adhesion molecule
1 (Ncaml) interacted with the muscle-specific kinase receptor
(Musk). Interestingly, there are functional data that suggest that
both proteins are necessary for correct neuromuscular junctions
(NMJ) formation and maintenance (DeChiara et al. 1996; Polo-
Parada et al. 2001) (see Discussion). We believe that this is the
first example of a membrane-tethered receptor-ligand pair that
could mediate the initial contact between motor neuron axons
and muscles to form the NM]J. We also demonstrated interactions
between Fgfr4 and Fgfrl1b, which in turn interacted with Fgfrl1a.
To our knowledge, this is the first report of inter-receptor signal-
ing within this important family of signaling molecules. Knock-
down of either fgfrlla or fgfrl1b in zebrafish again results in very
similar phenotypes (Hall et al. 2006) (see Discussion).

AVEXIS can detect interactions with a half-life = 0.1 sec

To confirm interactions and determine the affinity detection
threshold of AVEXIS, we used SPR to measure off-rate constants
(ko) which have the advantage of being independent of active
protein concentration estimates. These comparative quantitative
data are also important to address functional questions, such as
ligand binding competition, when multiple potential ligands are
simultaneously displayed on the same cell surface. We injected
serial dilutions of purified monomeric extracellular ligands over
appropriate biotinylated baits and controls immobilized on a
streptavidin-coated sensor chip. A typical experiment is shown in
Figure 3A, and the traces for all interactions are shown in Figure
S1. The measured off-rate constants were converted to half-lives
(t,/2 = In(2)/kg) and are shown on the scale in Figure 3B. Eleven
out of the 17 identified interactions were tested by SPR, and all
were verified (Table S2; Fig. S1), confirming the assay’s low false-
positive rate. Four of these interactions were very transient hav-
ing half-lives at or below the limit of SPR sensitivity (t;,, = 0.1
sec), demonstrating that AVEXIS can detect extremely low-
affinity interactions. Nine of the 11 dissociation curves fitted a
simple first-order 1:1 dissociation model, but other interactions
had more complex behaviors, perhaps due to multisite binding
models that have been reported for other extracellular interac-
tions (Aricescu et al. 2006). Nine of the lower-confidence inter-
actions were also tested, and all but one gave positive results
(Table S2).

Extracellular receptor-ligand pairs are enriched for paralogs

Large-scale proteomics experiments in yeast, which mainly de-
tect stable cytoplasmic complexes, are enriched for interactions
between paralogous proteins (Ispolatov et al. 2005; Pereira-Leal et
al. 2007). This property, often coupled with close genetic linkage,
has also been observed for heterophilic IgSF receptor-ligand pairs
(Wright et al. 2000; Sidorenko and Clark 2003) and is thought to
have evolved from the genomic segmental duplication of a gene
encoding a protein capable of homophilic association (Williams
and Barclay 1988). To determine if this was a property of our
network, the relationships between all non-redundant proteins
within the library were quantified using percentage sequence
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Figure 3. Validation and quantification of interactions by surface plas-
mon resonance. (A) Reference-subtracted surface plasmon resonance
traces of soluble Mpzl2-Cd4-6H protein interacting with surface-
immobilized MpzI3-Cd4-bio. The binding curves of six twofold serial di-
lutions (as shown) of the purified protein were injected over 1016RU of
immobilized MpzI3 as indicated by the bar. The wash-out phase of the
binding was fitted to a 1:1 dissociation model, and the off-rate constant
(k) was determined and a half-life calculated (see Methods). (B) Relative
monomeric half-lives of interactions quantified by SPR as measured at
28°C. Interactions are numbered as in Fig. 2. Heterophilic interactions are
placed above the scale, and homophilic interactions below. The red box
represents the limits of SPR sensitivity, suggesting that several interactions
have half-lives = 0.1 sec.

identities from optimal local alignments and are shown as a phy-
logenetic tree. The projection of the extracellular interaction net-
work onto the tree revealed that, in 50% of all heterophilic pairs,
the interacting proteins were clustered on the nearest or next-
nearest branch (Fig. 4). On average, sequence identity between
interacting pairs was 32.4%, whereas networks made by replacing
the nodes with other proteins randomly selected from within the
library, shared only 23.2% + 1.0% (SD), a statistically significant
difference (P =1.78 X 1072% n = 1000 replacements). Similarly,
interacting proteins shared only 22.8% = 0.7% (P =
4.29 x 103 n = 1000 rewirings) sequence identity in networks
that were randomly rewired by edge swapping but with a fixed
degree distribution. Further evidence of this possible evolution-
ary mechanism came from the two closest human homologs for
the zebrafish Mpzl2 and MpzI3 proteins, MPZL2 and MPZL3,
which are closely linked and have identical gene structures on
chromosome 11q24. This analysis suggested that networks in-
volving transient extracellular interactions evolved in the same
manner as those already described for stable cytoplasmic inter-
actions and are more likely to occur between paralogous proteins.

Genes encoding interacting proteins are often expressed
in the same or neighboring tissues

To mediate adhesion or initiate signaling, membrane proteins are
likely to be expressed on the surface of the same or neighboring
cells at the same stage of development. To determine which re-
ceptor-ligand pairs are co-expressed and also to provide clues for
the in vivo function of identified interactions, the transcriptional

expression patterns for all genes encoding interacting proteins
were determined by whole-mount in situ hybridization at several
stages during the first 48 h of zebrafish development. Of the 19
genes in our interaction network, 18 were expressed during the
first 24 h and all by 48 h, suggesting that these genes have roles
during the earliest stages of vertebrate development. IgSF-
domain-containing proteins are known to have diverse func-
tions (Rougon and Hobert 2003), and accordingly, the genes were
transcribed in a broad variety of tissues. The gene expression
patterns for the cell surface proteins could be split into two
classes: those expressed in neighboring tissues and presumably
involved in intercellular signaling and those that are expressed in
the same tissue and are likely to have adhesive roles, although
the two functions are not mutually exclusive (Fig. 5). For ex-
ample, jam2 was detected in the mesenchyme and epithelium
of somites just after their formation, while its binding partner,
jam3b, showed abutting expression at the posterior somite
boundaries (Fig. SA), hinting at a novel role for this interaction
during segmentation. The expression patterns of fgfi4, fsfrlla,
and fgfrl1b are known to be highly dynamic (Thisse et al. 1995;
Hall et al. 2006). Our expression data showed they indeed had
the potential to interact at several stages during early develop-
ment but perhaps most notably within the forming telencepha-
lon and anterior medial part of the lens at 24 hpf (Fig. 5B) where
they showed overlapping expression patterns. The three interact-
ing GPI-linked proteins belonging to the IgLON family (Reed et
al. 2004) were expressed in complementary territories in the ze-
brafish head, suggesting roles in patterning the embryonic brain
(Fig. 5C). Finally, all three proteins in the network involving
MpzI2 were expressed in the same tissue: the cuboidal epithelium
of the pronephric ducts. Antisera raised against these proteins
demonstrated that they were all localized at the cell surfaces of
the pronephric duct epithelium and the epidermis (Fig. 5D):
These interactions may therefore perform a role in cellular
adhesion.

Discussion

We have described the development of AVEXIS, an assay that
overcomes the technical difficulties associated with detecting ex-
tracellular protein interactions and can be used in both small and
larger—including genome-wide—interaction screens. The assay
has several features that will allow it to be widely useful. First, it
is not system-specific and can therefore be applied to screen for
interactions between extracellular proteins from most metazo-
ans. In our study, for example, we have used both human and
zebrafish proteins. Second, we have demonstrated that AVEXIS is
suitable for systematic large-scale screens and have provided a
full screening assessment showing that it has a very low false-
positive rate. Thirdly, we have shown that it can detect extremely
low-affinity interactions, certainly at or below half-lives of a
tenth of a second. Finally, we have provided independent bio-
logical support for several of the interactions identified in our
screen that suggest they occur in vivo. Taken together, AVEXIS is
therefore a versatile technique to detect and study low-affinity
extracellular interactions in a high-throughput format.

The number of identified protein-protein interactions has
increased rapidly with the use of high-throughput interaction
assays, with the yeast-two-hybrid (Y2H) and biochemical purifi-
cation “TAP-tagging” techniques being especially successful. Due
to the heterogeneity of protein-protein interactions and the
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Figure 4.

Interactions between paralogous proteins are enriched within the extracellular interaction network. A phylogenetic tree showing the

relationships of the non-redundant protein ectodomains used within the screen is shown. Names and branches representing the interacting proteins
from the network are highlighted in green. The line widths in the interaction network reflect the sequence identities between interacting proteins as

described in the key. Homophilic interactions are shown for completeness.

practical limitations of large-scale screening, each assay must in-
evitably accept a certain rate of false positives and negatives. For
example, the Y2H and TAP-tagging methods are unsuitable to
detect transient extracellular interactions because they do not
add essential post-translational modifications (Y2H) or the strin-
gent wash steps preclude detection of weak interactions. These
limitations are well appreciated and have led to the development
of other scalable assays to detect specialized classes of protein
interactions unsuited to these methods; for example, the split-
ubiquitin system to detect interactions between membrane pro-
teins embedded within the same membrane (Stagljar et al. 1998).
In developing AVEXIS, we sought to eliminate false positives
while recognizing that high-throughput screening assays, due to
in vitro limitations such as non-native protein glycosylation, pre-
sentation, and surrounding milieu, would inevitably lead to false
negatives. The relative lack of zebrafish protein interaction data
made assessing a false-negative rate difficult, although by using
the closest mammalian ortholog it was clear that the main class
of interactions not detected by AVEXIS was homophilic, as ex-
pected.

By using AVEXIS, we have described the first low-affinity
extracellular protein interaction network. We have shown that
many cell surface and secreted proteins have more than one
binding partner. Given that we have screened only around a fifth
of the total zebrafish IgSF family and a fraction of the total ex-
tracellular proteome, it is likely that extracellular interaction net-
works will be highly connected, as described for intracellular net-
works. Also similar to other protein interaction networks, we
observed an enrichment of paralogous pairs between interacting
partners, which suggests gene duplication as a common mecha-
nism for the evolution of novel interactions.

Within the zebrafish IgSF, we have identified interactions
between previously uncharacterized proteins. For example, we
have discovered a subnetwork of three proteins: Mpzl2, MpzI13,
and Cssl:d179, which are all localized to the cell surface of the
developing pronephric duct epithelium and epidermis, suggest-
ing a role in cellular adhesion. The interaction strength between
MpzI3 and Cssl:d179 is one of the weakest that we measured
(ty;» = 0.1 sec) and yet both proteins have a striking co-
localization: even highly transient interactions could therefore
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Figure 5. Expression patterns of genes encoding interacting proteins
during early vertebrate development. Schematic diagrams representing
the domain architecture and location of potential N-linked glycosylation
sites are shown above the corresponding expression patterns. Whole-
mount in situ expression patterns of zebrafish jam2 and jam3b at 18
somite stage (A), fgfrl1a, fgfrl1b, and fgfr4 at 24 hpf (B), and zgc:136455,
negrl, and zgc:110372 at 48 hpf (C) showing complementary expression
patterns. (D) (Upper panels) Lateral views of whole-mount embryos with
anterior to the left showing MpzI2, MpzI3, and Cssl:d179 protein expres-
sion as detected by immunohistochemistry in the pronephric ducts at 24
hpf. (Lower panels) Immunohistochemistry of transverse 53-hpf zebrafish
sections counterstained for nuclei with DAPI (blue) showing co-
expression in the paired pronephric ducts (arrows) and epidermis (red).
Scale bars = 50 pm.

have a physiological role. Both MpzI2 and MpzI3 share sequence
similarity and domain architecture with myelin protein PO. This
single-IgSF-domain-containing protein capable of homophilic
interactions is involved in the tight packing of apposing mem-
branes within compacted myelin sheaths to facilitate saltatory
conduction in nerves (Quarles 2002). Proteins in the MpzI2 net-

work may similarly be involved in the tight packing of the epi-
thelial membranes, contributing to the osmotic seal ensuring
that both the blood filtrate and external freshwater are separated
from the body tissues.

Using AVEXIS, we have also discovered novel interactions
for well-studied proteins. We have demonstrated that the full-
length muscle-specific kinase (Musk FL) isoform (Zhang et al.
2004) interacts with neural cell adhesion molecule, Ncam1. Mice
lacking either Musk or Ncam proteins both have defects in the
formation of functional NMJs (DeChiara et al. 1996; Polo-Parada
etal. 2001). We have found that expression of these genes during
zebrafish development is also consistent with a role in NM]J for-
mation: ncaml is expressed in the neural tube and musk FL in the
formed somites, the precursors of the axial muscle (data not
shown). This interaction could therefore mediate the initial con-
tact between motor axons and muscle to form the NMJ and/or be
involved in NMJ maintenance.

Consistent with the Fgfrl1a-Fgfr11b interaction identified in
our screen, a functional study of both genes in zebrafish points
toward their involvement in the same biological process: knock-
ing down either gene resulted in the same striking phenotype, a
loss of the ceratobranchial arches in the gill cartilage (Hall et al.
2006). While the authors interpreted this as the non-redundant
requirement for Fgf-mediated signaling through both receptors,
our data allow another mechanistic interpretation: the direct in-
teraction of Fgfrlla and Fgfrl1b at the cell surface could initiate
inter-receptor signaling, leading to correct ceratobranchial arch
formation. Taken together, the interaction and distribution data,
along with examples of functional studies from the literature,
provide strong biological support to suggest that the AVEXIS as-
say is able to identify interactions which are physiologically rel-
evant in vivo.

Protein—protein interactions, although they are likely to
have evolved using similar processes, are mechanistically very
diverse, varying in both affinity and surrounding subcellular en-
vironment. It therefore seems unlikely that any one particular
technique will be suitable to detect all classes of protein—protein
interaction; rather, techniques tailored to detect particular
classes will be necessary. The use of AVEXIS will now make the
identification of low-affinity extracellular interactions possible
on a large scale and contribute to the defining of a complete and
accurate protein interaction network. AVEXIS is not organism
specific and can therefore be used in many contexts, including
extracellular host-pathogen interaction mapping to identify
pathogen receptors. Indeed, the interaction between pathogen
proteins and their host cell surface receptors is often the initiat-
ing event during infections. Since extracellular proteins are
readily accessible to systemically delivered drugs, AVEXIS can
therefore be used to identify novel therapeutic opportunities to
target both genetic and infectious diseases.

Methods

Sources of zebrafish genes and ectodomain protein
expression library

A comprehensive list of all genes used in this study is provided in
Table S1. Zebrafish genes encoding immunoglobulin superfamily
(IgSF) domains were obtained from three sources: (1) “known”
genes already deposited in gene databases (32 genes) and ampli-
fied by RT-PCR from mixed-stage zebrafish cDNA; (2) zebrafish
IMAGE clones (85 genes) that were predicted to encode IgSF do-
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mains and a complete signal peptide were identified from EST
databases by TBLASTN searches using all human and mouse IgSF-
domain-encoding protein sequences; and (3) novel genes identi-
fied from the zebrafish genome sequence (32 genes). The com-
plete extracellular region and signal peptide were obtained by
both 5" and 3" RACE procedures. Bait and prey ectodomain ex-
pression clones were made for 125 genes; 110 (88%) produced
sufficient protein (>0.1 ug/mL). All clones were fully sequenced.

Mammalian expression system

All proteins were produced by transient transfection using a
HEK293E expression system as described in (Durocher et al.
2002), except that cells were grown in Freestyle medium (Invit-
rogen) supplemented with 1% fetal calf serum. Transfections
were left for 6 d before removing cells and cell debris by centrifu-
gation at 3220g for 5 min. Supernatants were then filtered (0.2-
pm filter) and stored at 4°C until use.

Bait protein expression

The bait protein expression vector was constructed from a de-
rivative of pTT3 (Durocher et al. 2002) that contains an expanded
multiple cloning site. This vector provided in-frame fusion of the
ectodomains to rat Cd4 domains 3+4 (Cd4d3+4) (Brown and Bar-
clay 1994) and a 17-amino acid biotinylation peptide (Schatz
1993; Brown et al. 1998). Bait proteins were enzymatically bio-
tinylated during synthesis by co-transfecting an expression plas-
mid containing a modified E. coli biotin ligase, BirA, together
with the bait expression construct in a 1:9 ratio. The BirA coding
sequence was fused downstream of the rat Cd4 5’ UTR and signal
peptide to direct expression to the secretory pathway essentially
as described by Parrott and Barry (2001). When the culture me-
dium was supplemented with 100 pM D-biotin, at least 95% of
the target protein was biotinylated (data not shown). Superna-
tants were dialyzed extensively against PBS to remove any excess
D-biotin; no purification was necessary.

Prey protein constructs

The prey protein expression vector was also derived from pTT3
and provided in-frame fusion of the ectodomains to Cd4d3+4,
the pentamerization domain of rat cartilaginous oligomeric ma-
trix protein (COMP) as described (Tomschy et al. 1996), and the
ampicillin resistance protein beta-lactamase. A protein linker se-
quence (-LDRNLPPLAPLGP-) was designed according to prin-
ciples described in George and Heringa (2002) and inserted be-
tween the COMP and beta-lactamase domains using complemen-
tary oligonucleotides.

Bait and prey protein normalization

Despite standardized procedures, we observed a wide range in the
level at which each ectodomain protein was secreted, that corre-
lated between bait and prey proteins and spanned at least four
orders of magnitude. Expression levels of both were normalized
by dilution or concentration prior to AVEXIS screening.

Biotinylated bait protein concentrations were determined
by ELISA using streptavidin-coated plates (Nunc). Protein activi-
ties were measured with a mouse anti-rat Cd4 antibody (OX68,
Serotec) followed by incubation with an anti-mouse alkaline
phosphatase secondary and detected with p-nitrophenyl phos-
phate. Biotinylated protein concentrations were normalized by
either concentrating using spin concentrators (Vivascience, 10 k
MWCO) or diluting with conditioned tissue culture supernatant
or PBS containing 0.2% BSA; 50 puL of a 10-100 nM biotinylated
protein concentration was found to be sufficient to saturate the
available streptavidin on the plates.

Prey protein solutions used for interaction screening were
normalized using the beta-lactamase enzymatic activity. One
unit of activity was defined as the amount of prey construct
required to turnover 1 nmol of nitrocefin (Calbiochem) in 1 min
at room temperature. Twenty microliters of serial dilutions of
prey supernatants were incubated with 60 puL of 250 pg/mL ni-
trocefin at room temperature for 20 min, and nitrocefin turnover
was quantitated by measuring the absorbance at 485 nm. Prey
proteins were normalized by concentrating with 20 k MWCO
spin concentrators or diluting in the same manner as the bait
proteins to within an order of magnitude, with a minimum
threshold of 50 units/mL.

AVEXIS screening

In total, 110 extracellular protein fragments were used in the
screen which included four Deltas (A, B, C, and D) and four
semaphorins (Sema4E, SemaD, and two forms of SemaC). Eleven
pairs of proteins within the 102 IgSF proteins had some level of
redundancy including splice variants, allelic variants, and
ectodomains differing at the truncation position; one pair of
ectodomain fragments had identical protein sequences.

Arrayed biotinylated bait proteins were captured on strep-
tavidin-coated plates as described above by incubating 50 pL of
normalized bait proteins for 1 h at room temperature. Plates were
washed three times with PBS, and each plate was probed with 50
pL/well of a normalized beta-lactamase-tagged prey protein and
incubated at room temperature for 1 h. Plates were washed twice
with PBS containing 0.05% Tween-20 and then twice with PBS
alone before adding 50 pL of 150 pg/mL nitrocefin dissolved
according to the manufacturer’s instructions. Plates were incu-
bated at room temperature for 3 to 4 h and then overnight at 4°C.
Interactions were identified by taking absorbance readings at 485
nm and positive interactions called as having a plate Z-score of
>6; that is, the positive wells were >6 standard deviations above
the plate mean. Relying on absorbance readings alone, however,
resulted in a significant number of technical false positives, since
wells with high absorbance readings sometimes did not show
visible substrate turnover; this was attributed to unavoidable im-
perfections/scratches on the microtiter plates or precipitated ni-
trocefin. Technical false positives were eliminated by photo-
graphing the screening plates and verifying substrate turnover in
true-positive wells.

A total of 110 proteins were used for the interaction screen-
ing, representing a total of (110 + 110)/2 = 6105 unique interac-
tions screened. The majority of the library was tested in both
bait-prey orientations (7292 interactions), although a proportion
(2459, including all homophilic interactions) was only screened
in one bait-prey orientation, making a total of 9751 tested inter-
actions. Proteins which showed positive hits were then re-
expressed and tested in a second, independent “validation”
screen using both bait-prey orientations in the same matrix-style
fashion. Interactions were classified from A to J according to the
criteria listed in Table S2. One prey construct, Cssl:d805, showed
positive interactions with >50% of bait proteins and was there-
fore excluded from further analysis.

AVEXIS validation

Initial parameters for the AVEXIS assay were defined using the rat
Cd200-Cd200r interaction, and blocking monoclonal antibod-
ies, OX2 and OX102 (Wright et al. 2000), which were kind gifts
from Professor Neil Barclay (Sir William Dunn School of Pathol-
ogy, University of Oxford, Oxford, United Kingdom). The appro-
priate antibody dilution, 50 pL/well, was added as an extra step
to the AVEXIS assay just after bait immobilization. Using this
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assay, a threshold prey concentration of 50 units/mL (see Fig. 1)
was selected, which reproducibly gave high signal-noise ratios.
The full-length coding regions of the eight members of the
human CD2 and SLAM family members used for false-positive
and -negative rate determination were provided by the Sanger
Institute cORF cloning group. These cDNAs were cloned from
either existing MGC clones or amplified from mixed-tissue hu-
man cDNA essentially as described (Collins et al. 2004). Within
this set of proteins are published negative interactions (Martin et
al. 2001; Kumaresan et al. 2002; Falco et al. 2004; Flaig et al. 2004;
Romero et al. 2005), outlined with black circles in Figure 1D.

Protein purification and gel filtration for SPR studies

The ectodomains of proteins selected for quantitation using sur-
face plasmon resonance were subcloned into an expression con-
struct containing the rat Cd4d3+4 followed by a six-histidine tag
for purification using standard procedures. To exclude protein
aggregates that are known to influence kinetic binding measure-
ments (van der Merwe and Barclay 1996), four 0.5-mL fractions
containing the highest concentration of purified protein were
fractionated by gel filtration in HBS-EP buffer immediately prior
to Biacore analysis on a 125-mL Superose 6 column. The concen-
trations of purified proteins were calculated by measuring the
absorbance at 280 nm and using a computationally predicted
extinction coefficient as described elsewhere (Gill and von Hip-
pel 1989).

Kinetic analysis of interactions using SPR

Kinetic analysis was performed on a Biacore T100 SPR machine
using HBS-EP as a running buffer at 28°C (zebrafish physiological
temperature), and the data were collected at a frequency of 10 Hz.
Biotinylated proteins were immobilized at the indicated levels
(Fig. S1) on a streptavidin-coated SA biosensor chip (Biacore), and
monomeric, purified proteins were injected in increasing con-
centrations at the maximum flow rate of 100 pL/min to mini-
mize rebinding effects. Dissociation curves were fitted to a first-
order 1:1 dissociation model using the T100 BlAevaluation soft-
ware, and when the data fitted the model well (x> values within
1 RU? over the initial 90% of the dissociation) an off-rate con-
stant and half-life were calculated. For rapidly dissociating inter-
actions, only a lower limit for the off-rate constant could be
determined (=6/sec) corresponding to a t;,, = 0.1 sec. To deter-
mine relative interaction strengths, first-order off-rate constants
are more suitable than equilibrium measurements because they
are independent of active protein concentration measurements,
which are difficult to determine, particularly for low-affinity and
homophilic interactions.

Phylogenetic analysis

Pairwise sequence identities between the 99 non-redundant
ectodomain sequences used in the screen (although both Musk
FL and Musk SV1 splice variants were included) were determined
by optimal local alignments using the EMBOSS implementation
of the Smith-Waterman algorithm (Rice et al. 2000). A multiple
alignment was created using MAFFT (Katoh et al. 2005), and a
phylogenetic tree was calculated using the maximum-likelihood
algorithm implementation from the PHYLIP package (Felsenstein
2005). Networks were rewired by implementing the edge swap-
ping algorithm as described in Maslov and Sneppen (2002).

Zebrafish husbandry

All animal experiments were performed under United Kingdom
Home Office and Institutional regulation and guidelines. Ze-

brafish were maintained at 28.5°C on a 14 h/10 h light/dark
cycle, and embryos were collected from spontaneous spawning
according to Kimmel et al. (1995).

In situ hybridization

Probe templates were made by amplifying by PCR the entire ex-
tracellular regions (including the signal peptide) from the expres-
sion clones, using an antisense oligonucleotide that contained a
T7 RNA polymerase binding site. DIG-labeled antisense probes
were made, and the in situ hybridizations were performed by
standard procedures (Thisse and Thisse 1998). Embryos were
mounted in glycerol, and images were captured using a Zeiss
AxioCam HRc color digital camera mounted on a Zeiss Axio Im-
ager M1 microscope; images were processed to adjust brightness
and contrast in Adobe Photoshop 7.0.

Antibodies and immunohistochemistry

Polyclonal goat antibodies were raised by Everest Biotech using
the purified His-tagged ectodomain proteins of Mpzl2, Mpzl3,
and Cssl:d179. The sera were subsequently affinity purified on an
antigen column made by immobilizing the appropriate biotinyl-
ated ectodomain protein onto streptavidin-coated Sepharose
(Pharmacia). Affinity-purified sera were used at 1:4 to 1:10 dilu-
tions as determined by experiment. Zebrafish embryos were pro-
cessed for cryosectioning essentially as described (Haddon and
Lewis 1996), and antibodies were detected using donkey anti-
goat Alexa 564 (Invitrogen). Sections were counterstained using
Slow-Fade Gold-DAPI and analyzed on a Zeiss LSM510 Meta con-
focal microscope. Whole mounts were analyzed on a Zeiss Ax-
ioPlan 2 microscope fitted with an OptiGrid system (Improvi-
sion).
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