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RESEARCH ARTICLE

PROTEIN DOMAINS

Rapid Evolution of Functional Complexity in a

Domain Family

Andreas Ernst,'* Stephen L. Sazinsky,? Shirley Hui,>* Bridget Currell,®
Moyez Dharsee,® Somasekar Seshagiri,’> Gary D. Bader,>* Sachdev S. Sidhu™*!

(Published 8 September 2009; Volume 2 Issue 87 ra50)

Multicellular organisms rely on complex, fine-tuned protein networks to respond to environmental
changes. We used in vitro evolution to explore the role of domain mutation and expansion in the evo-
lution of network complexity. Using random mutagenesis to facilitate family expansion, we asked how
versatile and robust the binding site must be to produce the rich functional diversity of the natural PDZ
domain family. From a combinatorial protein library, we analyzed several hundred structured domain
variants and found that one-quarter were functional for carboxyl-terminal ligand recognition and that
our variant repertoire was as specific and diverse as the natural family. Our results show that ligand
binding is hardwired in the PDZ fold and suggest that this flexibility may facilitate the rapid evolution of

complex protein interaction networks.

INTRODUCTION

The evolution of protein interaction networks at the molecular level results
in phenotype changes at the cellular level. In multicellular organisms, mo-
lecular networks have evolved to support increasingly complex signal pro-
cessing functions that respond to the environment and regulate cell growth,
polarity, and replication (/). Peptide recognition modules (PRMs) are key
players in the evolution of multicellular complexity (/-3) and recognize
short linear stretches of primary sequence in other proteins. Metazoan pro-
tein complexes in signaling systems are assembled by scaffolding proteins
containing multiple PRMs, each recognizing a distinct set of ligands. The
human genome encodes dozens of PRM families with up to several hun-
dred members each. Each family is characterized by a common fold and
core recognition motif, but individual family members possess distinct
structural features that impart distinct specificities and functions within
the broad structure and function of the family.

The observation that PRM families grow with organism complexity
(3) prompts a simple hypothesis for how complex functions mediated by
protein signaling networks arose during metazoan evolution. It is likely
that each PRM family evolved from a progenitor domain with a charac-
teristic fold and core recognition function. PRMs can usually fold and
function autonomously, and thus, a progenitor gene could expand to form
a large and diverse PRM family through a process of duplication (new
family members), mutation (divergence of function), and shuffling (func-
tion in different contexts) (4, 5). PRM folds that are tolerant of mutations
that alter function could evolve rapidly through this process. However,
natural genomes and PRM families provide only circumstantial evidence
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for this hypothesis, and it is difficult to address questions of how rapidly and
efficiently the process might operate to generate families from progenitors.

To examine how PRM families evolve, we studied the prototypical and
large PDZ (PSD-95, Discs-large, ZO-1) domain family. PDZ domains typi-
cally recognize specific C-terminal sequences to assemble protein complexes
and are often used in scaffold proteins that organize specialized subcellular
sites, such as epithelial junctions, neuronal postsynaptic densities, and im-
munological synapses (6—8). Large-scale specificity profiling of the PDZ
domain family revealed 16 distinct specificity classes amongst the several
hundred human and worm PDZ domains and showed that the PDZ fold is
robust to mutations in the binding site and versatile in function (9). However,
the average sequence identity between 250 human PDZ domains is less than
30%, and, consequently, it is difficult to trace the generation of family mem-
ber specificities from a progenitor (9, 10). This situation is common to
natural PRM families, so we developed a precisely defined repertoire of
PDZ domain variants to more easily study the process of family evolution.

RESULTS

A repertoire of PDZ domain variants reveals that its
structure is highly stable

To investigate evolution in the PDZ domain family, we constructed a reper-
toire of domains with mutant binding sites displayed on phage, using the
Erbin PDZ domain (Erbin-PDZ) (17) as the starting template or progenitor.
We combinatorially mutated the core binding site, defined as 10 positions
that contact peptide ligands in nine distinct PDZ-ligand structures (/7). At
each position, we allowed the wild-type Erbin-PDZ residue and other resi-
dues that are common in natural PDZ domains (Fig. 1A). We constructed
two libraries to increase the diversity of the repertoire. Library 1 displayed
6 x 10® PDZ variants with an N-terminal epitope tag (the naive popula-
tion), and binding of phage particles to an antibody that recognizes the tag
(anti-tag) was used to select for resistance to proteolysis, which can be used
as a proxy for stable, structured proteins (the structure-selected population)
(11-13). Sequencing of 158 “structure-selected” clones showed no bias for
the wild-type sequence in 9 out of 10 positions across the binding site (Fig.
1B). At position 25, four amino acids were allowed, but the wild-type
phenylalanine occurs in 80% of the population. In contrast, the wild-type
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histidine at position 79 was replaced by hydrophobic residues in 94% of
the population. To sample greater diversity at this position, we constructed
a second library that did not encode hydrophobes at position 79. Library 2
contained 7 x 10% members (the naive population) and was subjected to the
same selection and analysis as library 1, resulting in 130 unique clones (the
structure-selected population). The data from the two libraries were com-
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Fig. 1. Structural and functional fitness of the Erbin-PDZ variant repertoire.
(A) Design of the Erbin-PDZ variant repertoire. Erbin-PDZ (gray) is shown
with a bound peptide ligand (WETWVcoow; pink) (26) (PDB entry 1N7T)
(717). Binding-site positions that were subjected to combinatorial mutagen-
esis are depicted as green spheres; the wild-type sequences and posi-
tion numbers are shown, and the library-encoded mutations are listed
below. For position 79, the mutations encoded in library 1 or 2 are listed
in black or green text, respectively. (B) Wt/mutant ratios for sequences of
structure-selected Erbin-PDZ variants. Mutations predicted to stabilize
(wt frequency/mutant frequency < 1) or destabilize (wt frequency/mutant
frequency > 1) the protein are highlighted in blue or red, respectively. The
ratios were derived from the sequences of 288 variants. * For F, M, L, |,

bined to form a set of 288 structure-selected PDZ domains for further anal-
ysis (table S1).

To assess the stabilities of the domains within the naive or structure-
selected populations from both libraries, at each mutated position, we com-
pared the frequency of the occurrence of the wild-type residue of Erbin-PDZ
(wt frequency) relative to the non—wild-type frequency (mutant frequency).
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and V, the wt frequency/mutant frequency ratio is based on 157 se-
quences from library 1 (italic and bold) and for the remaining amino acids
on 130 sequences from library 2. ** At position V&, no Pro occurred in the
data set. We assumed a count of 1 Pro to highlight the destabilizing effect.
(C) Distribution of AAG* relative to Erbin-PDZ. Distributions are shown for
the naive repertoire before selection for structure (blue circles) and for 288
structure-selected domains in the population after selection for stable do-
mains displayed on phage particles (green bars). (D) Distribution of muta-
tions in synthetic binding sites. The following populations were analyzed:
naive (blue bars), 237 structure-selected domains (green bars), and 61
functional domains that recognize C-terminal peptides (red bars). The se-
quences of the domains used in the analysis are shown in table S2.
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As shown previously for Erbin-PDZ (/1) and several other proteins
(14-16), these data can be used to estimate the effects of mutations on
stability as statistical free-energy values (AAG*), by substituting the wt
frequency/mutant frequency ratio in place of the equilibrium constants in
the standard free-energy equation, as follows: AAG* = RT In(K/Knutant) =
RT In(wt frequency/mutant frequency) (Fig. 1B and table S1). For each
mutation, the AAG* is calculated by averaging data from many indepen-
dent PDZ domain variants, and consequently, any slight nonadditive inter-
actions between particular residue pairs in a particular variant are likely to
be minimal contributors to the overall AAG*, as shown previously in similar
combinatorial studies of other proteins (15, 16). Thus, we assumed addi-
tivity between positions and calculated the stability of each variant relative
to wild type by summing the AAG* values across mutated positions (Fig.
1C). This analysis reveals that the naive population of Erbin-PDZ var-
iants is only moderately destabilized, as the population forms a Gaussian
distribution centered at AAG* ~1.5 kcal/mol. The structure-selected pop-
ulation of 288 variants was stabilized relative to the naive population,
with the distribution centered at AAG* ~—1.5 kcal/mol. Within the syn-
thetic repertoire, the large proportion of stable PDZ domains with diverse
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Fig. 2. Specificity and affinity of variant and natural PDZ domain-ligand
interactions. (A) The mean specificity potential (SP) value at each ligand
position is shown for 51 functional Erbin-PDZ variants (red bars) and 73
natural domains (blue bars) (9). (B) The plot shows the total SP (SP!)
summed over all ligand positions (y axis) and the affinities for optimal
ligands designed to match the PWM specificity profiles (x axis) for nine
Erbin-PDZ variants (red diamonds) and 15 natural domains (blue squares).
The affinity data are shown in table S3.

binding site sequences shows that the fold is highly tolerant to mutations
that could alter specificity.

Ligand-binding function is hardwired in the

PDZ domain fold

We next investigated ligand-binding functionality within the structure-
selected repertoire of PDZ domain variants. We purified 237 of the 288
structure-selected variants and used a phage-displayed library of random
C-terminal heptapeptides (~10'" members) to ascertain whether the do-
mains recognized C termini. Strikingly, we found that 61 domains
(~25%) were functional by this criterion (table S1). A comparison of mean
number of mutations shows only minor differences when the functional
population (7.5 mutations per domain) is compared to the structure-selected
population (7.7 mutations per domain) or the naive population (8.5 muta-
tions per domain) (Fig. 1D). Moreover, even if we conservatively assume
that only those domains with stabilities close to that of the wild type are
structured (AAG* <1.0 kcal/mol), this amounts to 30% of the naive reper-
toire. Given that one-fourth of structured domains are functional, we esti-
mate that ~10® domains in the naive repertoire would be functional (7.5%
of 1.3 x 10°). Even without any selection for structure or function, our
randomly generated repertoire of PDZ domain binding sites constitutes
a rich source of functional domains, and thus, ligand-binding function
appears to be hardwired in the PDZ domain fold.

Erbin-PDZ variants are as specific as natural domains

‘We compared the specificity of the functional Erbin-PDZ variants to those
of natural PDZ domains, using the specificity potential (SP) metric, which
is based on the position weight matrix (PWM), calculated from the set of
binding peptides for each domain, and which varies from one (most specific)
to zero (least specific) (9). Across the last seven positions of the peptide lig-
and, the Erbin-PDZ variants exhibit SP values that are comparable to those of
worm and human domains (Fig. 2A) (9). To assess ligand affinities, we de-
signed optimal peptide ligands for nine Erbin-PDZ variants on the basis of
their specificity profiles and compared their affinities to those of optimal
ligands for 15 natural domains (table S2). For eight of the nine variant ligands,
we could not detect any interaction with Erbin-PDZ (fig. S1). In contrast, each
domain variant recognized its cognate ligand, but the optimal binding interac-
tions are generally of lower affinity than those for natural domains (Fig. 2B).
Thus, the domain variants recognize C-terminal ligands that are not recog-
nized by the wild-type Erbin-PDZ. Although these variant-ligand interac-
tions are relatively weak, they are as specific as those of natural domains.

The Erbin-PDZ variant family is as diverse as the
natural PDZ family

We compared the specificity profiles of our Erbin-PDZ variants to those
of 52 previously mapped human domains (9), yielding a matrix of all
pairwise profile distances. A comparison of the distances of human and
variant profiles to that of the Erbin-PDZ profile reveals that the variant speci-
ficities are as diverse as the human specificities (Fig. 3A). A two-dimensional
representation of the complete distance matrix shows that natural and variant
domains form distinct clusters, indicating that the variant domains are more
closely related to each other than to Erbin-PDZ or other natural domains
(fig. S3). Within the plot, the Erbin-PDZ variants cover an area comparable
to that occupied by the human domains, indicating that the variant reper-
toire, derived without any selection for ligand-binding function, covers a
functional diversity space that is comparable to that of the human PDZ
family, which has evolved over more than a billion years. Indeed, clustering
of the Erbin-PDZ variants reveals 14 distinct specificity clusters (fig. S4), of
which 7 match natural clusters (9) and 7 are not known to occur in nature.
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To further investigate Erbin-PDZ variants with specificities resembling
those of natural domains, which are located at the interface between the
two groups in the two-dimensional plot (fig. S3), we examined the binding
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Fig. 3. The functional diversity of the Erbin-PDZ variant repertoire and natural
PDZ domains. (A) Comparison of the distances of the Erbin-PDZ specificity
profile (green) to the variant (red) or human (blue) (9) specificity profiles. (B)
Erbin-PDZ variants exhibit natural and specificity profiles not found in nature.
In the middle is the Erbin-PDZ specificity profile represented as a sequence
logo; shown below is the sequence of the 10 binding-site positions that were
subjected to mutagenesis. Right of the dashed line are pairs of logos for
Erbin-PDZ variants (upper) and natural domains (lower) with similar specificity
profiles; the binding site alignments are shown between the logos and are
colored blue for sequences that match or red for those that do not match the
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Erbin-PDZ variant (table S2) is shown above the logo. (C) Similar Erbin-PDZ
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possible to encode similar specificities with completely different binding
site compositions (Fig. 3B), or in contrast very different specificities
with similar binding sites (Fig. 3C). Consequently, two variants that con-
nect to the same natural PDZ domain may or may not have similar binding
site compositions. Furthermore, many domain variants exhibit specificities
that have not been observed amongst natural domains (Fig. 3B). The diver-
sity of ligand-binding function and binding site sequence in Erbin-PDZ var-
iants suggests that natural domains do not saturate the specificity potential
of the PDZ fold.
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Fig. 4. Model for the evolution of protein interaction networks mediated
by PDZ domains. A progenitor domain (green) undergoes duplications
and mutations (black arrows) to yield descendants with diverse binding
sites within the same structural fold. One-quarter of the structured de-
scendants (orange) interact with the C termini of proteins and establish
weak but specific connections with proteins in networks (thin green line).
If the new interactions confer favorable phenotypes, the connection may
be stabilized by further mutations that increase affinity (thick green line).
Other descendants (blue) may undergo further duplications and mutations
and some of these descendants (pink) may also establish new network
connections. Structured descendants that lose the ability to recognize
C-terminal sequences (gray) may be discarded, or they may diverge and
acquire other functions associated with the PDZ domain fold (for example,
recognition of lipids or protein regions other than C termini) (6, 35, 36).

DISCUSSION

We present a large-scale study of mutational tolerance and the in vitro
evolution of a PRM family. Previous studies of another PRM, the WW
domain, have shown that only limited sequence information is required to
specify the domain fold (17, 18). In the PDZ domain, we show that ligand-
binding function is inherent to the fold. Without any selective pressure, a
substantial proportion of structured domains are endowed with the ability
to bind ligands. Variation at a limited set of positions in the binding site
achieves large functional complexity in the fold. Together, these structural
and functional properties of PRMs could enable facile evolution of diverse
functions within a domain family, which, in turn, would allow PRM-mediated
interaction networks to rapidly rewire during evolution.

Our findings provide direct empirical evidence for a model of network
evolution at the molecular level (Fig. 4), which is similar to a previous
model derived from natural databases of interacting domains (/9). Gene
duplication and mutation could produce many potential binding domains
from a single progenitor that is structurally robust but functionally mal-
leable. We find that these newly formed domains can achieve high speci-
ficity directly from a naive repertoire but the initial interactions are relatively
weak. Thus, new specificities could evolve through a process of trial with-
out error, because the weak but specific interactions would be unlikely to
interfere with existing tight interactions, but beneficial interactions could be
tightened by further mutations to optimize new network connections. Thus,
PDZ domains and other PRMs could support the rapid evolution of
network complexity, consistent with the proposition that PRMs have played
a major role in the evolution of eukaryotic interaction networks (79).

Functional plasticity, resembling a neutral network of mutationally
connected states, has been shown to contribute to the evolution of new
enzymatic functions (20, 21). Previous studies suggested that the evo-
lutionary landscape of protein function resembles neutral networks (22),
allowing covert properties to become more prevalent while maintaining
the original functionality (20, 21). However, these studies relied on the ap-
plication of selection pressure for functionality throughout the selection
experiment. Additionally, a third of the time, single-amino acid mutations
produced nonfunctional variants or destabilized the enzymes (23, 24),
which if extrapolated to eight amino acid changes would produce only
1.5% functional proteins. We show that the PDZ domain fold is highly
robust to an average of eight mutations in the ligand-binding site and that,
even in the absence of selection pressure for functionality, ~7.5% of the
population was predicted to be functional for C-terminal peptide recogni-
tion. Additionally, the functional subpopulation was almost as heavily mu-
tated as the naive population. Furthermore, it is apparent that the PDZ fold
can support specificities that do not exist in nature, suggesting that the full
potential of the PDZ family has not been exhausted and that novel domains
could be exploited to wire new networks naturally through continuing
natural evolution or intentionally through engineered synthetic biology.

METHODS

Erbin-PDZ phage display library construction

Phage display libraries were constructed from previously described meth-
ods (25) with a phagemid that was designed for the phage display of
Erbin-PDZ with a peptide epitope tag (gD-tag: SMADPNRFRGKDL) (26)
fused to the N terminus (/7). In the binding site of Erbin-PDZ, 10 positions
were randomized to encode residues that occur frequently in the curated
PFAM alignment of 58 PDZ domains (27). In both libraries, nine positions
were mutated by replacing the wild-type codons with the following degen-
erate codons (N = A/C/G/T, V=A/C/G,R=A/G,S=C/G,W=A/T,H=
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A/C/T): Leu® (NTC), Phe®® (NTC), Ser*® (ANS), Ile*’ (VTC), Ser®®
(RNS), Thr*® (RVS), Arg® (RVS), GIn®' (VNS), Val** (VHA). The two
libraries differed in terms of the degenerate codons used to replace the co-
don for the 10th position (His’®), which was replaced by an NWS or NVS
codon in library 1 or 2, respectively. Each constructed library contained
>10'? unique members, which greatly exceeded the theoretical diversities
of all possible combinations encoded by the degenerate codons (library 1,
5.6 x 10%combinations; library 2, 7.0 % 108 combinations). Thus, we expect
the libraries to contain all possible sequence combinations. The amino acid
position numbering for the binding site corresponds to the numbers used in
the previously reported structure of Erbin-PDZ [Protein Data Bank (PDB)
entry IN7T] (11).

Assessment of the effects of binding site mutations on
Erbin-PDZ stability

The phage-displayed Erbin-PDZ libraries were used to assess the effects
of mutations on protein stability, as described (/). Briefly, phage pools
representing each Erbin-PDZ library were subjected to rounds of selec-
tion for binding to an antibody recognizing the N-terminal gD-tag epitope
to select for variants that are displayed on the phage particles. The enrich-
ment process was monitored by determining the phage titer in each round of
selection. After five rounds of selection, the enrichment reached a plateau,
and 158 or 130 sequences of unique variants were compiled for libraries
1 and 2, respectively (table S2). At each randomized position, the frequen-
cies of amino acids were normalized to correct for bias in the degenerate
codons (15), and the normalized frequencies were used to calculate the wild
type/mutant (wt/mutant) ratio for each mutation at each position (Fig. 1B).
The effect of each mutation on the stability of Erbin-PDZ relative to the that
of the wild type was estimated as a statistical AAG* value by using each
wt/mutant ratio in the standard free-energy equation, as follows: AAG* =
RT In(K /K nutant) = RT In(wt/mutant). For each unique selected variant, it
was assumed that the effects of mutations were additive, and the change in
stability relative to that of wt Erbin-PDZ was estimated as a AAG* value by
summing the calculated statistical AAG* for all of the individual mutations
in the binding site (table S2). The AAG* values were calculated with the
combined sequences from libraries 1 and 2 for all positions except His’®,
for which the sequences from library 1 were used for mutations to Phe,
Leu, Ile, Met, or Val, and the sequences from library 2 were used for all
other mutations. For the naive library (not enriched for structural stability),
the AAG* distribution was calculated for a computer-generated set of
Erbin-PDZ variants matching the naive library codon distribution using
the above calculated AAG* values for individual mutations.

High-throughput expression and purification of the
Erbin-PDZ variants

Phage representing the 288 sequenced Erbin-PDZ variants from libraries
1 and 2 subjected to gD-tag binding selection (table S2) were pooled and
used as the template for a polymerase chain reaction (PCR) that amplified
DNA fragments encoding the PDZ domains. The DNA fragments were
ligated into an expression phagemid containing the B-lactamase gene and
an isopropyl-p-p-thiogalactopyranoside (IPTG)-inducible lac promoter for
heterologous protein expression. The ligation produced an open reading
frame encoding a fusion protein consisting of a hexahistidine tag, followed
by glutathione S-transferase (GST), followed by an Erbin-PDZ variant. The
ligation was transformed into Escherichia coli XL1-blue (Stratagene), and
individual colonies were used to inoculate 450 ul of 2xYT (yeast extract—
tryptone) medium supplemented with carbenicillin (100 pg/ml) in a 96—
deep-well plate. Each 96—deep-well plate was used to inoculate a duplicate
plate containing 2xYT medium supplemented with carbenicillin (100 pg/ml),
kanamycin (25 pg/ml), and M13-K07 helper phage (10° phage/ml) to in-

duce the production of phage particles containing the expression phagemid
DNA (New England Biolabs, Beverly, MA). The plates were grown with
shaking at 37°C for 8 hours. To the original plate, glycerol was added to a
final concentration of 10% (v/v) and the cultures were frozen and stored
as stocks for protein expression. In the duplicate plate, the cultures were
centrifuged and the phage supernatants were used as templates for a
PCR with primers that amplified a DNA fragment encoding the Erbin-
PDZ variant and added M13fwd (TGTAAAACGACGGCCAGT) and
MI3rev (CAGGAAACAGCTATGACC) sequencing primers to the 5’ and
3’ ends, respectively. The PCR fragments were subjected to DNA sequencing
and the analysis of four 96-well plates yielded the sequences of 237 unique
Erbin-PDZ variants representing a good sampling of the pool of 288 Erbin-
PDZ variants from the gD-tag binding selection.

For protein expression, frozen bacterial stocks from an original 96-well
plate were used to inoculate wells containing 450 pul of 2xYT medium
supplemented with carbenicillin (50 pg/ml). After overnight growth, each
inoculated plate was used to inoculate a 96-well expression plate with
wells containing 1.5 ml of LB medium supplemented with carbenicillin
(50 pug/ml) and 0.4 mM IPTG (7 ul of inoculum per well). The expression
plates were incubated for 48 hours at 37°C with vigorous shaking. The
bacterial cultures were centrifuged at 3500 rpm (2951g) for 10 minutes
and the bacterial pellets were stored overnight at —20°C. The frozen pellets
were lysed by resuspension with vigorous shaking at 30°C in 300 pl of re-
suspension buffer [S0 mM NaPi (pH 8.0), 300 mM NaCl, 5 mM imidazol,
Protease Inhibitor (Roche, 1 tablet per 100 ml), Lysozyme (0.2 mg/ml;
Sigma), stock solution of DNase I (deoxyribonuclease I, 0.15 ul/ml of
5000 U/ml; Roche)]. Bacterial lysates were loaded onto Phynexus tips
(PhyNexus, San Jose CA) containing 10 ul of Ni-NTA resin equilibrated
with 150 ul of loading buffer [SO mM NaPi (pH 8.0), 300 mM NaCl, 5 mM
imidazol]. The tips were washed with 150 ul of loading buffer and subse-
quently with 150 ul of wash buffer [50 mM NaPi (pH 8.0), 300 mM NaCl,
10 mM imidazol]. Bound protein was eluted with 100 pl of elution buffer
[50 mM NaPi (pH 8.0), 300 mM NaCl, 250 mM imidazol]. To ensure ef-
ficient loading, washing, and elution of the Phynexus tips, pipetting was
repeated seven times at each step. All steps were performed on an LM
600 liquid handler with a 96-channel pipette head (Dynamic Devices,
Apex, NC). Protein concentrations were measured with a Bradford assay
(Bio-Rad Laboratories, Hercules, CA) and the yields of purified protein
ranged from 50 to 150 ug per 1.5-ml expression culture. Protein purities
were assessed by SDS-PAGE and were typically >90%.

Selection and sequencing of the peptide ligands for the
Erbin-PDZ and variants

Peptide-phage selections were performed with a library of random hepta-
peptides (10'! unique members) fused to the C terminus of the gene-8
major coat protein of M13 phage, as described (28). Phage pools repre-
senting the naive peptide library were produced from E. coli SS320 cul-
tures grown overnight at 37°C in superbroth medium supplemented with
kanamycin (25 pg/ml), carbenicillin (100 pg/ml), and 0.4 mM IPTG. Phage
were harvested by precipitation with polyethylene glycol-NaCl and resus-
pended at a final concentration of 10" phage/ml in assay buffer [phosphate-
buffered saline (PBS), proclin (15 parts per million), 0.5% bovine serum al-
bumin (BSA), 0.5% Tween 20].

The binding selections were performed in a 96-well format with one well
dedicated to each target protein. Target proteins from the above-described
high-throughput purification were diluted 1:11 in PBS (5 to 15 pg/ml final
concentration) and coated overnight at 4°C on a Maxisorp microtiter plate
(NUNC, Denmark) (100 ul per well). The wells were blocked for 2 hours
with blocking buffer (PBS, 0.2% BSA). In the first selection round, 100 pl
of the phage pool representing the naive peptide library was added to each
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well and incubated for 2 hours at 4°C. The plate was washed eight times
with cold wash buffer (PBS and 0.5% Tween-20), and bound phage were
directly infected into bacteria by the addition of 100 ul of E. coli XL1 blue
(Agoo = 0.8) in 2xYT to each well and incubation for 25 min at 37°C with
shaking. M13K07 helper phage (NEB, Beverley MA) were added to each
well to a final concentration of 10'® phage/ml to enable phage production
and the incubation was continued for 45 min. For storage of samples from
each selection round, 10 ul from each well was transferred to a well
containing 90 ul of 2xYT supplemented with 15% glycerol (v/v); the
samples were frozen in liquid nitrogen and stored at —80°C. The remaining
culture volume was transferred to 1.4 ml of 2xYT, kanamycin (25 pg/ml),
carbenicillin (100 pg/ml), and 0.4 mM IPTG, and the incubation was
continued overnight for phage production. The plates were centrifuged at
3000 rpm (2100g) and 500-ul aliquots of the phage supernatants were
transferred to a fresh 96-well plate and incubated at 65°C for 20 min to kill
remaining bacteria. Four additional rounds of selection were performed
with methods identical to those for round 1, except that sterilized phage
supernatants from preceding rounds were used directly for binding to im-
mobilized target proteins. Sterilized phage supernatants from each round
were stored at 4°C or —20°C for short- or long-term storage, respectively.

The progress of the selection at each round was also followed by ana-
lyzing aliquots of sterilized phage supernatants in a phage enzyme-linked
immunosorbent assay (ELISA) to detect specific binding of the phage pool
to immobilized target protein (29). Phage pools from round 5 with strong
ELISA signals were subjected to DNA sequence analysis. For DNA
sequence analysis, phage from each pool of interest were infected at a
low multiplicity of infection into 100 pl of E. coli XL1 blue in a 96-well
format. After 30 min of incubation at 37°C with shaking, serial dilutions of
the cultures were spread on LB agar plates supplemented with carbenicillin
(100 pg/ml) and grown overnight at 37°C. Single colonies were picked into
450 ul of 2xYT, kanamycin (25 pg/ml), carbenicillin (100 pg/ml), and
10'° phage/ml M13K07 helper phage in 96-well plates, and the cultures
were grown overnight at 37°C with shaking. The phage supernatants were
harvested and sterilized as described above and were used as the template
for a PCR that amplified a fragment that was subjected to DNA sequencing
analysis to obtain the sequence of the displayed peptide, as described (26).
For each Erbin-PDZ variant, 48 to 96 positive clones were sequenced and,
for clones that were unique at the DNA level, peptide sequences were
aligned, with the C terminus as an anchor position. We identified an aver-
age of 36 unique peptides per domain.

Specificity profiling of the Erbin-PDZ and variants

For each PDZ domain, the set of aligned peptide ligands was used to derive
a PWM that represents a simple statistical model of the binding motif (the
specificity profile) of each domain. The PWMs were constructed by cal-
culating the distribution of amino acid residues found at each of the seven
positions of the ligand and correcting for codon bias in the naive library with
an NNK codon correction, as described (28). PWMs were visualized as
sequence logos (30).

For each position of each PWM, the SP was calculated as the total in-
formation content in bits expressed as the log to the base 20. An SP value
of 1 means the domain is absolutely specific for a single amino acid at
that position, and a value of 0 means that there is no preferred amino acid
at that position. The SP value for each position was corrected for codon
bias with an NNK codon correction, as described (9). Because SP scores
can be artificially high when there are only a few peptides used to create
a PWM, a saturation analysis was performed to determine which PWMs
contained sufficient peptide numbers. For each synthetic domain, 1000
sets of peptides were created by randomly sampling x number of peptides
from the original set of peptides. Sets were created for x =5, 10, 15, ...N

(where N = maximal number of peptides) or, for domains with less than
25 peptides, x =2, 4, 6, ...N to more finely sample the space. For each of
the sample sets, SP scores were calculated to determine if the number of
peptides affected the SP score. On the basis of this analysis, 51 domains with
more than 12 peptides each were kept for further analysis.

Calculating the distance between binding site
sequences and PWMs

The distance between two domain binding site sequences was calculated
as the number of mismatched positions/(aligned sequence length — gap
positions). The sequence identity between two sequences was calculated
as 1.0-distance. This was used for binding-site and whole-domain se-
quences for all relevant calculations.

The distance between two PWMs is calculated as the average of the
normalized Euclidean distance of the columns of the PWMs (Eq. 1).
The similarity between two PWMs was calculated as 1.0-distance with
the following equation (Eq. 2):

. 1 w 2
Distsp(a,b) = —(= % Y (ap—bu 1
( ) \/jifl LE(ZOaa"s)( ) ( )
Simsp(a,b) =10- DiStsp(a,b) (2)

where a is PWM A, b is PWM B, w is the number of columns in the
PWM, and L is amino acids (aa’s).

This metric is normalized such that 0 represents perfectly similar
PWMs and 1 represents perfectly dissimilar PWMs.

Relationship between binding site sequence identity
and PWM similarity

For each Erbin-PDZ variant and natural PDZ domain pair, the PWM simi-
larity and binding site sequence identity were calculated. At each binding
site sequence identity (0.0, 0.1, 0.2, ...1.0), box plots were created to sum-
marize the PWM similarities between pairs (fig. S2). Box plots were created
with the R statistical software.

Two-dimensional specificity distance plot
PWM similarities between all combinations of domain pairs were calcu-
lated with Eq. 2 and stored in an n X n matrix, where 7 is the total number
of Erbin-PDZ variants and natural PDZ domains. The similarity relation-
ships were visualized as a fully connected directed network with the
Cytoscape network visualization and analysis software (37). Nodes in the
network represent the Erbin-PDZ variants or natural PDZ domains. Edge
lengths attempt to represent the similarity, in terms of ligand sequence pref-
erence, between nodes, with shorter edges representing more similar nodes.
This was accomplished by applying an edge-weighted spring embedded
layout to the network with the weights set to be the similarity attribute,
the minimum edge weight set to 0.0, the maximum edge weight set to
be 1.0, spring rest length set to be 80, and the spring strength set to be
20. To reduce the network complexity and highlight interactions of interest,
we displayed only edges connecting Erbin-PDZ variant nodes to their three
most similar (Eq. 2) neighbors that are natural nodes. This was accom-
plished by importing nearest-neighbor edge attribute information into the
network. These edge attributes represented the neighbor rank of a node i with
respect to node j for each directed edge; ;. Edges connecting natural to
natural nodes or Erbin-PDZ variant to Erbin-PDZ variant nodes and edges
with nearest neighborhood attributes >4 were not visualized. A customized
Cytoscape visual style was then applied to yield the final visualization.
Two-dimensional maps of the similarity relationships between Erbin-
PDZ variants and natural PDZ domains were created with Cytoscape,
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multidimensional scaling, and principal component analysis using the sim-
ilarity matrix, distance matrix, and vectorized PWMs, respectively. The
maps were then compared by plotting Shepard diagrams and calculating
the Spearman rank correlations between the original distance matrices and
the distance matrices created from the two-dimensional maps. Maps
produced with Cytoscape had more accurate and better correlated distance
matrices and were, therefore, used to create the final two-dimensional maps.

Affinity assays

The binding affinities of peptides for PDZ domains were determined as
ICsq values with a competition ELISA, as described (32). The ICsq value
was defined as the concentration of peptide that blocked 50% of PDZ
domain binding to immobilized peptide. For each domain, optimal pep-
tide pairs were synthesized with either a biotinylated or an acetylated N
terminus. Assay plates were prepared by immobilizing the biotinylated
peptide on Maxisorp immunoplates coated with neutravidin and blocked
with BSA. A fixed concentration of GST-PDZ fusion protein in PBS,
0.5% BSA, 0.1% Tween 20 (PBT buffer) was preincubated for 3 hours
with serial dilutions of the acetylated peptide and then transferred to the
assay plates. After 15 min of incubation, the plates were washed with PBS
and 0.05% Tween 20, incubated with a mixture of an antibody that recog-
nizes GST (0.5 pg/ml) and horseradish peroxidase conjugated to a rabbit
antibody against mouse immunoglobulin G (1:2000 dilution) in PBT buffer,
washed again, and detected with TMB (3,3’,5,5'-tetramethylbenzidine) per-
oxidase substrate. Data for PDZ domains from the following proteins were
reported previously: Erbin (/7), Scrib and TJP1 (33), HtrA2 (26), HtrA1l
and HtrA3 (34).

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/2/87/ra50/DCA1

Table S1. Structure-selected Erbin-PDZ variants.

Table S2. ICs, values for synthetic peptides binding to PDZ domains.

Fig. S1. Binding of Erbin-PDZ to synthetic peptides.

Fig. S2. Comparison of binding site similarity and specificity profile similarity for Erbin-PDZ
variants.

Fig. S3. Two-dimensional representation of PDZ domain specificity space.

Fig. S4. Tree representation of the specificity profiles of Erbin-PDZ variants.
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