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PDZ domains mediate protein-protein interactions at
specialized subcellular sites, such as epithelial cell tight
junctions and neuronal post-synaptic densities. Because
most PDZ domains bind extreme carboxyl-terminal se-
quences, the phage display method has not been amena-
ble to the study of PDZ domain binding specificities. For
the first time, we demonstrate the functional display of
a peptide library fused to the carboxyl terminus of the
M13 major coat protein. We used this library to analyze
carboxyl-terminal peptide recognition by two PDZ do-
mains. For each PDZ domain, the library provided spe-
cific ligands with sub-micromolar binding affinities.
Synthetic peptides and homology modeling were used to
dissect and rationalize the binding interactions. Our
results establish carboxyl-terminal phage display as a
powerful new method for mapping PDZ domain binding
specificity.

PDZ domains, originally described as conserved structural
elements in the 95-kDa post-synaptic density protein (PSD-
95),! the Drosophila tumor suppressor discs-large, and the
tight junction protein zonula occludens-1 (ZO-1), are contained
in a large and diverse set of proteins (1-3). In general, PDZ
domain-containing proteins appear to assemble various func-
tional entities, including ion channels and other transmem-
brane receptors, at specialized subcellular sites such as epithe-
lial cell tight junctions, neuromuscular junctions, and post-
synaptic densities of neurons. These clustering and localization
effects have important biological implications. For example, the
membrane-associated guanylate kinase, PSD-95, segregates
the N-methyl p-aspartate (NMDA) receptor and the Shaker
potassium channel to the post-synaptic density of neurons (4).
In another illustration, the aggregation of various components
of the fruit fly visual system by the multi-PDZ protein INAD
greatly enhances the efficiency of this signaling cascade (5).
Another compelling case is the use of several PDZ domain-
containing proteins in the appropriate basolateral localization
of the LET-23 receptor tyrosine kinase of Caenorhabditis el-
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egans (6). This kinase is required for vulval development, and
mutations in these PDZ domain-containing proteins result in
the subcellular mislocalization of the LET-23 protein and a lack
of vulval differentiation. Together with many other examples,
these studies indicate that PDZ domains are important intra-
cellular assembly and localization cofactors in diverse signaling
pathways.

PDZ domains recognize three different types of ligands, with
two of these interactions showing specificity for peptides at the
extreme carboxyl termini of proteins (7-9). Type I and type II
PDZ domains recognize carboxyl-terminal peptides with the
consensus sequence Thr/Ser-X-Phe/Val/Ala-COOH or Phe/Tyr-
X-Phe/Val/Ala-COOH, respectively. Interestingly, a third type
of PDZ domain-ligand interaction involves the recognition of an
internal peptide sequence. Structural analyses of these three
types of PDZ interactions have illuminated the mechanisms of
ligand recognition. For example, the crystal structure of a type
I PDZ domain from PSD-95 showed that a 4-residue carboxyl-
terminal peptide interacts with the protein via an antiparallel
main chain association with a 8 strand, and the terminal car-
boxylate is inserted into a conserved “carboxylate binding loop”
(10, 11). The crystal structure of a PDZ domain from human
CASK revealed the nature of interactions mediated by type II
motifs (12). In both domain types, the peptide formed a new
antiparallel B strand in the PDZ domain structure, and the
overall conformations of the two interactions were similar.
However, there were significant differences in side chain con-
tacts that could account for the different ligand specificities of
the two domain types. Finally, the interaction between a PDZ
domain of syntrophin and a PDZ domain of the neuronal nitric
oxide synthase has been examined by x-ray and NMR analyses
(13, 14). In this case, an extended loop of the neuronal nitric
oxide synthase PDZ domain forms a 3 finger that binds to a 3
strand of the syntrophin PDZ domain, in a manner that mimics
the carboxyl-terminal ligands of types I and II domains. To-
gether, these data suggest that these three types of PDZ do-
mains use similar but highly specialized regions to recognize
diverse carboxyl-terminal and internal peptide ligands.

Identification of peptide ligands for novel PDZ domains
would advance our understanding of PDZ domain structure
and function, and it would also suggest potential functions for
these motifs and the proteins that contain them. Initial forays
into PDZ domain ligand specificities were performed using
combinatorial libraries consisting of either free peptides (15) or
peptides fused to the carboxyl terminus of the Escherichia coli
Lac repressor (16). Although phage display is the most com-
monly used method for displaying combinatorial peptide librar-
ies, all phage-displayed peptide libraries reported to date have
been displayed as fusions to the amino terminus of either the
major coat protein (protein-8, P8) or the gene-3 minor coat
protein, primarily because it is believed that neither coat pro-
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tein can support carboxyl-terminal fusions (16, 17). Thus phage
display has not been used for the display of peptides with free
carboxyl termini, and the technology has not been amenable to
the analysis of PDZ domain carboxyl-terminal binding specific-
ities (16, 18). Here we demonstrate that P8 can indeed support
carboxyl-terminal fusions, and we describe a novel method for
the analysis of PDZ domain binding specificities that utilizes
this display format. We show that two different PDZ domains
from a membrane-associated guanylate kinase select consen-
sus sequences from highly diverse peptide libraries fused to the
carboxyl terminus of P8. Synthetic peptides corresponding to
the selected sequences bound their cognate PDZ domains with
high affinity and specificity, and synthetic peptides were used
to determine the binding contributions of individual ligand side
chains. We also used molecular modeling to identify putative
affinity and specificity determinants on one of these PDZ do-
mains, and we propose possible mechanisms for binding of the
selected peptide ligands. Together, these data establish carbox-
yl-terminal phage display as a powerful new method for map-
ping PDZ domain ligand specificity.

EXPERIMENTAL PROCEDURES

Materials—Reagents for dideoxynucleotide sequencing were from
United States Biochemical Corp. Enzymes and plasmid pMal-p2 were
from New England Biolabs. Maxisorp immunoplates were from NUNC
(Roskilde, Denmark). E. coli XL1-Blue and M13-VCS were from Strat-
agene. Bovine serum albumin (BSA) and Tween 20 were from Sigma.
Streptavidin was from Pierce. Horseradish peroxidase/anti-M13 anti-
body conjugate, pGEX-4T-3, and glutathione-Sepharose were from Am-
ersham Pharmacia Biotech. Anti-tetra-His antibody was from Qiagen.
Anti-GST antibody was from Zymed Laboratories Inc. Horseradish
peroxidase/rabbit anti-mouse IgG antibody conjugate was from Jackson
ImmunoResearch Laboratories. 3,3',5,5'-Tetramethyl-benzidine/H,0,
(TMB) peroxidase substrate was from Kirkegaard & Perry Laboratories
Inc.

Peptide Synthesis—Peptides were synthesized using standard 9-flu-
orenylmethoxycarbonyl (Fmoc) protocols, cleaved off the resin with
2.5% triisopropylsilane in trifluoroacetic acid, and purified by reversed-
phase high pressure liquid chromatography. The mass of each peptide
was verified by electrospray mass spectrometry.

PDZ Domain Purification—With the full-length MAGI 3 gene as the
template, the polymerase chain reaction was used to amplify DNA
fragments encoding either PDZ2 (MAGI 3 residues 571-692; forward
primer, GATCGATCGTCGACCACACTTTGACTGGTG, and reverse
primer, GATCGATCGAGCGGCCGCCTATTTCATTTTGGCAG; Sall
site is in bold and NotI site is in bold italics) or PDZ3 (MAGI 3 residues
741-840; forward primer, GGGATCCGTGAAGATAAACCACCAAA-
CAC, and reverse primer, GCTCGAGTTTTTCTCCATAGAAGATCT;
BamHI site is in bold and Xhol site is in bold italics). Each amplified
fragment was digested with the appropriate restriction enzymes and
cloned into a similarly digested pGEX-4T-3 plasmid, resulting in plas-
mids encoding either GST-PDZ2 or GST-PDZ3 fusion proteins. E. coli
cultures harboring the appropriate expression plasmids were grown to
mid-log phase (A4, = 1.0) in 1.0 liter of LB broth at 37 °C, induced with
1.0 mM IPTG, and grown for an additional 2 h. The bacteria were
pelleted by centrifugation at 4,000 X g for 10 min. The pellet was
resuspended in 50 ml of ice-cold PBS and sonicated for 2 min on ice. The
suspension was centrifuged for 20 min at 14,000 X g, and GST-PDZ
fusion proteins were purified from the supernatant by affinity chroma-
tography on 0.5 ml of glutathione-Sepharose.

Vector Construction and Site-directed Mutagenesis—A polymerase
chain reaction was performed to amplify a 1.6-kilobase pair fragment of
pMal-p2 containing the lacI® gene and a gene fragment encoding the
signal peptide from maltose-binding protein under the control of the
P,.. promoter (forward primer, AAAAGAATTCCCGACACCATC-
GAATGGTGC, and reverse primer, ACCAGATGCATAAGCCGAG-
GCGGAAAACATCATCG; EcoRI site is in bold and Nsil site is in bold
italics). The DNA fragment was digested with EcoRI and Nsil and
ligated with the large fragment resulting from a similar digestion of a
P8 display phagemid (19). The method of Kunkel et al. (20) was used to
insert eight codons (TAATAACATCACCATCACCATGCG) immediately
following the final codon of the P8 open reading frame. The resulting
phagemid (designated pS1290a) contained the following DNA sequence
downstream of the IPTG-inducible P,,. promoter: DNA encoding the
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maltose-binding protein signal peptide, mature P8, two stop codons
(TAATAA), a penta-His FLAG (HHHHHA), and two more stop codons
(TGATAA). Site-directed mutagenesis was used to delete the two stop
codons between P8 and the penta-His FLAG or to replace them with
varying numbers of Gly codons. The resulting phagemids secreted P8
moieties with carboxyl-terminal fusions consisting of various numbers
of Gly residues followed by the penta-His FLAG.

Optimization of the Sequence Linking Peptides to the Carboxyl Ter-
minus of P8—With phagemid pS1290a as the template, a previously
described method (21) was used to construct and sort linker libraries
that replaced the two stop codons between P8 and the penta-His FLAG
with 4, 5, 6, 8, or 10 degenerate codons. The libraries were pooled
together to give a total diversity of 1.1 X 10''. The pool was cycled
through rounds of binding selection with an anti-tetra-His antibody as
the capture target. After two rounds of binding selection, individual
phage were isolated and analyzed in a phage ELISA by capturing the
phage with the anti-tetra-His antibody and detecting bound phage (see
below). Phage exhibiting strong signals in the phage ELISA were sub-
jected to sequence analysis. The phagemid exhibiting the strongest
ELISA signal was designated pS1403a.

Isolation of PDZ-binding Peptides—Phagemid pS1403a was used as
a template to construct a library (21) of P8 moieties with carboxyl-
terminal fusions consisting of a 13-residue linker (AWEENIDSAPGGG)
followed by seven degenerate codons (NNS, where N = A/C/G/T and S =
C/G). The diversity of the library was 2.0 X 10'°. The library was cycled
through rounds of binding selection with a GST-PDZ fusion protein
coated on 96-well Maxisorp immunoplates as the capture target. Phage
were propagated in E. coli SS320 (21) either with or without 10 um
IPTG induction. After three or four rounds of binding selection, indi-
vidual phage were isolated and analyzed in a phage ELISA (see below).
Phage that bound to the target GST-PDZ, but not to an unrelated
GST-PDZ, were subjected to sequence analysis.

Binding Assays—Binding of peptide-displaying phage particles to
immobilized target proteins was detected using a phage ELISA. The
assay was performed as described by Pearce et al. (22), except that
phage were produced in E. coli SS320, and assay plates were developed
using a TMB peroxidase substrate system (read spectrophotometrically
at 450 nm).

The binding affinities of peptides for PDZ domains were determined
as IC;, values using competition ELISAs. The IC;, value was defined as
the concentration of peptide that blocked 50% of PDZ domain binding to
immobilized peptide. Assay plates were prepared by immobilizing ami-
no-terminally biotinylated peptides (ASKVTWV or TRWWFDI for
PDZ3 or PDZ4 binding assays, respectively) on maxisorp plates that
had been first coated with streptavidin and subsequently blocked with
BSA. A fixed concentration of GST-PDZ (60 nm) in PBS, 0.5% BSA, 0.1%
Tween 20 (PBT buffer) was preincubated for 3 h with serial dilutions of
peptide and then transferred to the assay plates. After 15 min incuba-
tion, the plates were washed with PBS, 0.05% Tween 20, incubated with
a mixture of anti-GST antibody (0.5 ug/ml) and horseradish peroxidase/
rabbit anti-mouse IgG antibody conjugate (1:2000 dilution) in PBT
buffer, washed again, and detected with TMB peroxidase substrate.

Molecular Modeling—The three-dimensional structure of PDZ2 in
complex with a high affinity peptide ligand was modeled using homol-
ogy modeling techniques with the Modeler program (23), based on the
coordinates of other PDZ domains solved by x-ray crystallography
(Brookhaven Protein Data Bank entry codes 1BE9 and 1PDR) (10, 11).
Molecular mechanics calculations to energy-minimize the modeled com-
plex were performed using the cff91 forcefield with the program Dis-
cover as implemented in INSIGHTII (23).

RESULTS

Phage Display of Peptides Fused to the Carboxyl Terminus of
P8—We constructed a series of phagemids designed to ascer-
tain whether peptides fused to the carboxyl terminus of P8
could be displayed on the surface of M13 phage. Each phagemid
was designed to secrete a P8 moiety with a penta-His FLAG
epitope (HHHHHA) fused to its carboxyl terminus. Phage par-
ticles containing phagemid DNA were produced by co-infecting
E. coli with the phagemid and a helper phage. In such a system,
the majority of the phage coat is composed of P8 molecules
supplied by the helper phage (24), but the incorporation of some
phagemid-encoded P8 molecules could result in the display of
the carboxyl-terminally fused penta-His FLAG. We detected
penta-His FLAG display with a phage ELISA using an anti-
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Fic. 1. Phage display of a penta-His FLAG peptide fused to the
carboxyl terminus of P8. The FLAG was connected to P8 with inter-
vening polyglycine linkers of varying length. Phage solutions (1.3 X
10'2 phage/ml) were incubated in wells coated with an anti-tetra-His
antibody to capture phage displaying the penta-His FLAG (circles) or in
wells coated with BSA as a negative control (squares). Bound phage
were detected in a Phage ELISA. The optical density is proportional to
the amount of phage bound and thus measures peptide display levels.

tetra-His antibody as the capture target. Fig. 1 shows that
direct fusion of the FLAG to the carboxyl terminus of P8 did not
result in display, but display was achieved by inserting five or
more Gly residues between the P8 carboxyl terminus and the
FLAG. Display levels increased steadily with increasing linker
length, reaching a maximum with a 16-residue linker.

To optimize the linker sequence, we constructed libraries in
which the linker connecting the penta-His FLAG to the P8
carboxyl terminus was designed to contain 4—6, 8, or 10 ran-
domized residues. The libraries were pooled together and cy-
cled through two rounds of binding selection on plates coated
with the anti-tetra-His antibody. Many diverse sequences were
selected, but all selectants contained either 8 or 10 residues,
again demonstrating a minimum length requirement for the
linker. The best linker sequence (AWEENIDSAP) increased
display about 10-fold relative to polyglycine linkers of compa-
rable length (data not shown).

Isolation of PDZ Domain Ligands—We constructed a library
of random peptides fused to the carboxyl terminus of P8 with
an optimized, intervening linker of 13 residues (AWEENID-
SAPGGG). At each library position, we used a degenerate
codon that encoded all 20 natural amino acids and an amber
(TAG) stop codon. The library contained seven degenerate
codons and thus predominantly encoded heptapeptides, but the
possible occurrence of amber stop codons also provided for the
display of shorter peptides. The library contained 2.0 x 10°
unique members and thus exceeded the diversity of all possible
natural heptapeptides (~10°).

We used the library to investigate the binding specificities of
PDZ domains 2 and 3 (PDZ2 and PDZ3, respectively) of MAGI
3, a membrane-associated guanylate kinase. PDZ2 interacts
with the tumor suppressor PTEN/MMAC, whereas the binding
specificity of PDZ3 is not known (25). PDZ2 and PDZ3 were
purified as glutathione S-transferase (GST) fusions from E.
coli, and the phage-displayed peptide library was cycled
through four rounds of binding selection against each domain.
Transcription of the phagemid-encoded P8 gene is regulated by
the Lac repressor, and display could thus be increased by the
addition of IPTG. The PDZ2 sort was successful with or without
IPTG, but the PDZ3 sort yielded binding clones only with IPTG
induction.

The PDZ2 sort yielded a variety of sequences varying in
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TABLE I
Phage-displayed selectants
The sequences were selected after three rounds of sorting with IPTG
induction, unless otherwise indicated.

Peptide sequence

PDZ2 binders

DGICSWvV?-?

CSWv>-°
ASKVTWV®
VTWV
EAQCTWV
LEVCSWV
WGPCTWV
PCSWV
IERTTWV
HEEWTWV
GGDCHWV
HKDCHWV

PDZ3 binders
TRWWFDI®

“ Isolated without IPTG induction.
® Represented by multiple clones.
¢ Selected after four rounds.

TaBLE II
IC;, values for PDZ-binding synthetic peptides
The IC;, values are the concentrations of peptide that blocked 50% of
PDZ domain binding to immobilized peptide in an ELISA.

Position IC5q
-6 -5 -4 -3 -2 -1 0 PDZ2 PDZ3
M
H T Q I T K ve 200 NDI?
H T Q I T w Vv 0.3
D G I C S w Vv 0.3 NDI
G G G C S W Vv 2.0
C S w Vv 14
A S w Vv 35
C A w Vv 7.3
C S AV 200
C S W A 400
A S K A% T w Vv 0.8 NDI
\Y% T w Vv 4.0
T R w W F D I NDI 0.9
T R W W F D I-NH, 300

“ The carboxy-terminal sequence of PTEN/MMAC.
® NDI indicates no detectable inhibition at peptide concentrations
greater than 1 mwm.

length from seven to four residues (Table I). The four carboxyl-
terminal residues showed a strong consensus to the sequence
Cys/Val-Ser/Thr-Trp-Val-COOH, a type 1 PDZ binding consen-
sus related to, but distinctly different from, the carboxyl-ter-
minal sequence of PTEN/MMAC (Tables I and II). Although
many of the sequences were represented by unique clones, two
carboxyl-terminal sequences appeared multiple times (CSWV
and VIWYV), both as tetrapeptides and also at the carboxyl
termini of longer peptides. Thus, we reasoned that these two
sequences represented minimal, high affinity ligands of PDZ2.
The PDZ3 sort yielded only a single heptapeptide (TRWWFDI),
a type II PDZ-binding motif that differs completely from the
PDZ2 binding consensus.

Peptides corresponding to the selected sequences were syn-
thesized and assayed for binding (Table II). The selected pep-
tides bound their cognate PDZ domains with high affinity while
exhibiting no detectable binding to non-cognate PDZ domains.
Amidation of the carboxyl terminus of the PDZ3-specific pep-
tide resulted in a 300-fold reduction in binding affinity, dem-
onstrating the importance of interactions between PDZ3 and
the terminal carboxylate of its ligand. The data also confirmed
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1 10 20 30 40 50
1BE9 éLGEEDIPRéPRRIVIHRGS FNIIGé.EDGEGIFISFI{AGGPADLSGELRKG
1PDR ITREPREVVLHRGS WIVGG.EDGEGIFISFILAGGPADLSGELRRG
2PDZ cevsenenes RRRVTVREKAD. ISIKGGRENKMPILISKIFKGLAADQTEALFVG
1B8Q ..GSHMIEPNVISVRLFKRK FLVEER.VSKPPVIISDLIRGGAAEQSGLIQAG
PDZ2 MASSGSSQPELVTIPLIKGP FAIADS...PTGQKVKMILDS. ..QWCQGLQKE

— e — D
Bl B2 B3 al
60 70 80 90 100 110

1BES DQILSVNG&DLRNAS EQAAIMLKNRGQL?TIIAQYKPéEYSRFEANSAVNSSGRIVTN
1PDR DRIISVNSVDLRAASHEQAAAALKNAGOAVTIVAQYRPEEYSROHA. .. vuovvusass
2PDZ DAILSVNGEDLSSATHDEAVQALRKRTGRKEVVLEVEYMK....vsctavarasanncnss
1B8Q DIILAVNDRPLVDLSEDSALEVLRGIASETHVVLILRGPEGFTTHLETTFTGDGTPKTI
PDZZ2 DIIKEIYHQNVQNLTHLOVVEVLKQFPVGADVPLLILRGG. :vscsasarasssnsass
i [ N ]
B4 a2 Bs al

Site=3

Fic. 2. Homology modeling of PDZ2 in complex with the high affinity peptide ligand GVTWV. A, sequence alignment of PDZ2 with the
third PDZ domains of PSD-95 (Protein Data Bank code 1BE9) and the human homologue of discs-large protein (Protein Data Bank code 1PDR),
and the PDZ domains of Syntrophin (Protein Data Bank code 2PDZ), and neuronal nitric oxide synthase (Protein Data Bank code 1B8Q). Residues
forming the peptide carboxylate binding site (or carboxylate binding loop) are shown in red. Residues critical for recognition of peptide side chains
at positions P(—1) and P(—3) are shown in yellow. The conserved His residue in a2 that hydrogen bonds with Ser/Thr at position P(—2) of the
peptide is shown in blue. Numbering corresponds to the PDZ2 modeled structure. Secondary structure elements are indicated at the bottom of the
alignment as arrows (B strand) and rectangles (a helix). B, the homology model. Top left, ribbon representation of the modeled PDZ2/GVTWV
complex. The protein is shown in orange, and the peptide ligand in green. The secondary structural elements are labeled. The dashed ellipse shows
the area zoomed in. Right, zoom in of B2, B3, a2 and the peptide ligand. The peptide side chains are shown in a ball and stick representation; P(0)
is in red, and P(—1), P(=2) and P(—3) are in green. For comparison at P(—1), the Ser side chain of the ligand in the PSD-95-3/KQTSV crystal
structure is shown in magenta. The color code for the PDZ domain is the same as in the sequence alignment. Hydrogen bonds are shown as white
dashed lines. Some protein side chains have been omitted for clarity. Bottom left, schematic view of the PDZ domain binding sites for each of the
four residues in a tetrapeptide ligand. In addition to previously described interactions with the residues at P(0) and P(—2), the schematic also
depicts proposed interactions between the peptide side chains at P(—1) and P(—3) and PDZ side chains in the 83 strand.

that the minimal tetrapeptide selectants from the PDZ2 sort
bind PDZ2 with high affinity. Surprisingly, the selectants
bound PDZ2 much more tightly than a heptapeptide corre-
sponding to the carboxyl-terminal sequence of PTEN/MMAC. It
appears that this large difference in binding affinity is entirely
attributable to the residue at P(—1),2 which is a Trp in the
selected peptide as opposed to a Lys in PTEN/MMAC (compare
HTQITWV with HTQITKV, Table II).

To assess the contributions of individual ligand side chains
to the binding interaction, the tetrapeptide exhibiting the high-

2 Positions in the peptide ligand, from the carboxyl terminus to the
amino terminus, are designated P(0), P(—1), P(—2), etc. The corre-
sponding binding sites on PDZ domains are designated site(0), site(—1),
site(—2), etc.

est affinity for PDZ2 (CSWV) was subjected to an alanine scan.
A peptide series was synthesized to convert individually each
amino acid within the tetrapeptide to an Ala residue. The
results indicate that all four side chains contribute favorably to
the binding interaction (Table II), but the magnitudes of the
contributions vary. Ala substitution at P(0) or P(—1) reduced
binding by more than 100-fold, whereas substitution of the
serine residue at P(—2) caused only a 5-fold reduction. Ala
substitution of the cysteine residue at P(—3) caused an inter-
mediate 25-fold reduction in binding.

Modeling the PDZ2-Peptide Interaction—We used homology
modeling techniques to build a three-dimensional model of
PDZ2 in complex with the high affinity pentapeptide ligand
GVTWYV (Figs. 2 and 3). The model was based on the crystal
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plex. Protein residues conferring binding affinity and/or specificity are
shown in color. The color code is the same as in Fig. 2; the carboxylate
binding loop is red; residues in B2 and B3 that interact with peptide side
chains at P(—1) and P(—3) are yellow, and the conserved His side chain
that hydrogen bonds with the Ser/Thr at P(—2) is blue.

structures of the third PDZ domain from the human homolog of
discs-large protein (11) and the third PDZ domain of PSD-95
(PSD-95-3) in complex with a pentapeptide (KQTSV) (10). The
model and the peptide alanine scan data help to define the
binding interactions between PDZ2 and peptide ligands. In
both the crystal structure and the model, the peptide ligand
forms a B strand that intercalates between B2 and a2 of the
PDZ domain, extending the antiparallel B sheet formed by 2
and B3 of the protein (Fig. 2). The terminal carboxylate of the
peptide interacts with the highly conserved carboxylate bind-
ing loop (main chain of residues Gly-22, Phe-23, and Gly-24),
whereas the P(0) Val side chain resides in a well defined hy-
drophobic pocket. In the PSD-95-3/KQTSV crystal structure,
the side chain of Ser at P(—1) is solvent-exposed, and it does not
interact with the protein (Fig. 2). Thus, the P(—1) side chain in
PDZ domain ligands has been considered unimportant for bind-
ing, and the type I consensus sequence X-Ser/Thr-X-Val-COOH
has been proposed (10). In contrast, the bulky Trp side chain at
P(—1) of our high affinity ligands can be modeled to pack
against the protein (Fig. 2), establishing favorable Van der
Waals contacts with the side chains of Met-38 and Leu-40 in
the B3 strand (Fig. 3). These interactions would bury a large
hydrophobic area and greatly stabilize the complex. This pre-
diction is supported by the dramatic reduction in binding upon
substitution of Trp with Ala at P(—1) (Table II). Met-38 and
Leu-40 are not conserved in the PDZ family (Fig. 24), indicat-
ing that interactions between side chains at these positions and
peptide side chains at P(—1) may contribute not only to binding
affinity but also to specificity. At P(—2), the Thr side chain
makes a hydrogen bond to the conserved His-67 residue in both
the crystal structure and the model (Fig. 2). However, the
interaction is solvent-exposed, and Ala substitution at this
position has only a modest effect on affinity (Table II). Thus,
the side chain at P(—2) may determine specificity, but it makes
only a minor contribution to affinity in the case of PDZ2 bind-
ing to the selected peptides. Finally, the binding contribution of
the hydrophobic side chain at P(—3) can be rationalized in
terms of favorable Van der Waals contacts with a hydrophobic
patch on the protein formed by the side chains of residues
Ala-26 and Ala-28 in the B2 strand and the side chain of Lys-37
in the B3 strand (Figs. 2 and 3). Our results confirm the
importance of the previously described interactions between
the carboxyl terminus of the peptide ligand and the carboxylate
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binding loop of the PDZ domain. In addition, our data highlight
contributions to binding affinity and specificity attributable to
interactions between hydrophobic side chains at P(—1) and
P(—3) of the peptide ligand and side chains in the 82 and 3
strands of the PDZ domain.

DISCUSSION

Phage-displayed peptide libraries fused to the amino termi-
nus of P8 have proven to be a rich source of highly specific
ligands (21), but it is widely believed that fusions to the car-
boxyl terminus of P8 cannot be displayed (16, 17). This belief is
based on structures of filamentous phage determined by x-ray
fiber diffraction, because these structures indicate that the P8
amino terminus is solvent-exposed, whereas the carboxyl ter-
minus is buried in the core of the particle (26). However, the
structure also reveals that the phage coat is essentially a re-
peating array of several thousand P8 molecules, and we rea-
soned that a few P8 molecules with carboxyl-terminal fusions
may be tolerated in a coat predominantly composed of wild-
type P8. Our results clearly demonstrate the viability of car-
boxyl-terminal P8 fusions in a phagemid system, where the
majority of the coat is wild-type P8 supplied by a helper phage
(24). The fact that display is dependent on linker length is
consistent with a minimum peptide length necessary to extend
the carboxyl terminus from the core of the phage particle to the
solvent-exposed surface. Any phagemid-based system can be
adapted for carboxyl-terminal P8 display, since all aspects of
the format are analogous to conventional phage display. For
example, display levels were increased by IPTG induction of a
regulated promoter, and standard phage display selection
methods worked well with the new format. Library members
containing stop codons are not displayed as amino-terminal
fusions, but in the carboxyl-terminal display format, random
stop codons actually expanded library diversity by producing
truncated peptides that were displayed (Table I).

The perceived limitations of phage display prompted Cull et
al. to develop an elegant alternative (27). Their “peptides-on-
plasmids” technique enabled the display of peptide libraries
with free carboxyl termini, because the libraries were fused to
the carboxyl terminus of the E. coli Lac repressor that in turn
bound tightly to the peptide-encoding plasmid. The plasmid
and phage display methods are analogous in principle, but they
differ significantly in the requirements for library purification
and propagation. M13 phage particles are secreted directly into
the media, and a simple precipitation can be used to purify the
phage away from the E. coli host and most host proteins (21). In
contrast, peptide-plasmid complexes are obtained in bacterial
lysates and thus remain associated with soluble E. coli proteins
(16). Following rounds of binding selection, phage particles can
be efficiently propagated by infection of an appropriate host
strain. The introduction of plasmids into host cells requires less
efficient and more complicated transformation procedures (16).
Whatever the particular method, carboxyl-terminal display for-
mats open up new applications unsuitable for amino-terminal
display. These include the display of cDNA libraries in which
natural stop codons limit amino-terminal display (17) and also
the PDZ domain binding specificity analyses reported here.

An interesting result from our studies is the fact that phage-
selected peptides actually bind PDZ2 more tightly than a pep-
tide corresponding to the carboxyl-terminal sequence of a nat-
ural PDZ2 ligand, the tumor suppressor PTEN/MMAC (Table
II). The selected consensus sequence is similar to the PTEN/
MMAC sequence in three of the four carboxyl-terminal posi-
tions, but a major difference between the two sequences is
found at P(—1), where the PTEN/MMAC sequence contains a
Lys, whereas the selected sequence contains a Trp. This Trp
side chain is critical for high affinity binding (Table II), and
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molecular modeling studies suggest that it makes highly spe-
cific Van der Waals contacts with the PDZ domain (Figs. 2 and
3). These results suggest that PDZ2 is capable of binding to
both low and high affinity ligands, with the P(—1) side chain
determining the affinity of the interaction. Protein data base
searches (28) for the Ser/Thr-Trp-Val-COOH motif revealed
that an epithelial cell junction protein, 5-catenin, ends in this
sequence (data not shown). The possibility that §-catenin may
tightly interact with MAGI proteins is interesting, because
catenins appear to be localized to the tight junctions of epithe-
lial cells by an unknown mechanism. One interpretation of
these data is that PDZ2 interacts with high affinity ligands,
such as catenins, for subcellular localization and also with low
affinity ligands, such as PTEN/MMAC, for the control of cell
signaling.

Structural studies have revealed that the peptide ligand
forms an additional B strand in the PDZ domain structure
through main chain interactions with g2 (10). In addition to
previously noted interactions, our results highlight the binding
contributions of peptide side chains at P(—1) and P(—3) (Table
II). Our modeling studies suggest that side chains at these
positions reach across 2 and make specific contacts with side
chains in B3 (Figs. 2 and 3). These interactions help to explain
PDZ domain binding specificity and affinity, and it is notable
that similar “B1-B3” interactions between hydrophobic side
chains have been found to stabilize three-stranded antiparallel
B sheet proteins such as WW domains (29). In fact, such g1-83
interactions have been used to drive B sheet formation in de
novo protein design experiments (30). The PDZ domain side
chains involved in these interactions are not conserved in the
PDZ family, and thus, such interactions could be used to intro-
duce both affinity and specificity in designed PDZ domain
ligands.
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