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The isolation of protein interaction modules that bind with high
specificity to a given target protein, and specifically modify its activ-
ity, would be of experimental and eventually therapeutic interest.
Attempts to develop molecules with desired binding affinities for
target proteins have previously followed two main strategies: either
a rational design approach or screening of large complex libraries or
arrays of compounds. Rational design approaches are hampered by
first requiring a detailed structure of both the target molecule and
the binding molecule in order to construct rational derivatives.
However, even when the detailed structures are available, rational
design may still not allow prediction of the effects of given modifi-
cations1,2. The second strategy requires the screening of large num-
bers of randomized sequences, which need to be presented in a con-
formationally restricted way to allow stable binding. For this pur-
pose, several naturally occurring proteins have previously been used
as scaffold molecules for protein design3,4.

In the present work, the screening strategy is pursued using the
PDZ domain, also known as DHR or GLGF domain (reviewed in
ref. 5), as a starting scaffold. This small protein interaction domain
of about 100 amino acids has been shown to mediate receptor clus-
tering and signal pathway assembly by linking membrane proteins
with various effector proteins5. The PDZ domain is characterized
by a number of unique binding properties. The PDZ domain binds
specifically to the last several C-terminal residues of proteins in a
sequence-specific manner6,7. A consensus C-terminal binding pep-
tide has been proposed for PDZ domains of X-Ser/Thr-X-Val-
COOH where Val-COOH represents the C-terminal valine
residue8. However, several PDZ domains have been shown to rec-
ognize C-terminal motifs distinct from the consensus sequence,
and lack the serine or threonine residue at the 22 position9 or the
valine as the C-terminal residue7,10. Indeed, PDZ domains differ
from other known protein interaction domains in their ability to
accommodate a greater degree of variability in their target

sequence.  The Src homology 2 (ref. 11) or the phosphotyrosine
binding12 domains, for instance, display much less target sequence
variability, and require several sequence and post-translational
modifications for binding to occur (reviewed by Kurian and
Cowburn13). The ability of PDZ domains to bind to the C-terminus
of target proteins in a sequence-specific manner coupled with few
constraints on the sequence of the target peptide make it an ideal
starting scaffold for protein engineering approaches.

We have used a novel mutagenesis and in vivo selection screen,
that combines the selection capabilities of the yeast two-hybrid sys-
tem with the mutagenic properties of PCR and the efficiency of
homologous recombination in yeast, to identify variants of a PDZ
domain that bind specific peptide targets. These artificial PDZ
domains were all able to bind to peptide targets to which the origi-
nal starting PDZ domain was unable to bind. They also exhibited a
high degree of binding selectivity for their target peptides and
functioned in vivo by binding to these targets in different subcellu-
lar compartments.

Results and discussion
Design and implementation of a mutagenesis screen to isolate
selective binding variants of a PDZ domain. The PDZ domain of
the Ras-binding protein AF-6, a protein implicated in the etiology
of acute leukemias14, was used as a prototypical interaction mod-
ule. Preliminary experiments indicated that the AF-6 PDZ domain
was highly sensitive to amino acid substitutions in its peptide target
binding domain (data not shown), suggesting it would serve as a
good scaffold from which new binding variants could be isolated. A
combined mutagenesis and screening method in yeast was estab-
lished, as described in the Experimental protocol. Briefly, the scaf-
fold PDZ domain was inserted downstream of the transcriptional
activation domain (ACT) of GAL4 in a yeast expression vector, cre-
ating a chimeric transcription factor. PCR primers that flank the
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PDZ domain were then used to amplify a fragment encompassing
this region under mutagenic PCR conditions15. These mutant PCR
fragments were then co-transformed into a modified yeast strain
Y153 (ref. 16), expressing the target peptide fused to the GAL4
DNA binding domain (DBD), along with the original PDZ/GAL4
ACT chimeric vector, previously linearized within the PDZ region
at a unique restriction site. Homologous recombination occurred
within the transformed yeast strain resulting in repair and reclo-
sure of the linearized vector. Thus, mutated versions of the PDZ
domain, fused to GAL4 ACT, were now expressed in the yeast and
could be selected for binding to the peptide-GAL4 DBD target in a
two-hybrid screen.

Two peptides isolated in a previous randomized screen, pa and
pb (Table 1), were used as targets. Neither bound to the native AF-
6 PDZ domain in the two-hybrid assay (Table 1). The mutagenesis
screen identified new variants of the AF-6 PDZ domain that were
able to interact selectively with pa and pb. Out of approximately 5.0
×104 transformants screened in each case, two interactors were iso-
lated for the pa peptide (PDZ-A1 and PDZ-A2) and one for the pb
peptide (PDZ-B). The specificity of these interactions was verified
by testing against unrelated target peptides (data not shown).

In the next screen, artificial PDZ domain variants were isolated
that could bind to the membrane-associated proteins, Drosophila
transmembrane receptor derailed (Drl)17 and a ligand for Eph recep-
tor tyrosine kinases, ephrin-B1 or Elk-L18. Despite the presence of
potential PDZ domain–binding C-termini, as demonstrated by their
C-terminal valines, no natural PDZ domain has been shown to

interact with either of these proteins. The wild-type AF-6 PDZ,
which was shown not to associate with the C-terminal peptides of
either these proteins (Table 1), was again used as the starting scaffold
for the mutagenesis screen. Carboxy-terminal peptides (pdrl and
pelk-l; Table 1) encompassing the last 9 amino acids of both these
cellular targets, were fused to the GAL4 DBD and stably expressed in
yeast. The PCR mutagenesis screen was performed as described
above, and for each of the two peptide targets approximately 2.5× 105

transformants were screened. One (PDZ-ELK-L) and 85 positive
clones were isolated from the pelk-l and pdrl screens, respectively.
One of four strongly interacting clones from the pdrl screen (PDZ-
DRL) and PDZ-ELK-L were used for further studies.

Artificial PDZ domains bind selectively to their target pep-
tides. In the next round of experiments, the strength and selectivity
of the interactions observed in yeast were verified in a mammalian
cell environment. Transient transfection of 293T cells with mam-
malian cell two-hybrid constructs19 indicated that the artificial
PDZ domain variants selected in the yeast screen bound repro-
ducibly and selectively to their cognate peptide targets (Fig. 1). In
order to confirm these interactions in vitro, glutathione-S-trans-
ferase (GST)-PDZ fusion proteins bound to glutathione beads,
were used to precipitate green fluorescent protein (GFP)-peptide
fusions. Mutant PDZ domains isolated in the screens bound most
strongly to the target peptide for which they were selected and
showed weak or no binding to other peptides (Fig. 2A).
Furthermore, the ability of the mutant PDZ domains to discrimi-
nate in their binding affinities to target peptides immobilized on a
sensor-chip surface was tested (Fig. 2B). Purified GST-PDZ
domain mutant proteins were injected over the immobilized pep-
tide surface at varying concentrations, and the apparent associa-
tion and dissociation rate constants were calculated. The majority
of the GST-PDZ mutant domains showed selective binding to their
cognate peptides with apparent dissociation constants (Kd) of 1.6×
10–7 M for GST-PDZ DRL/drl peptide, 2.3×10–7 M for the GST-
PDZ B/b peptide pair, and 2.4×10–7 M for the GST-PDZ ELK-
L/elk-l peptide pair. These are comparable to the Kd values of the
interaction of the PDZ domain of SAP102 with the C-terminus of
its natural target, the N-methyl-D-aspartate (NMDA) receptor,
through each of its three PDZ domains, PDZ-1, PDZ-2, and PDZ-
3 (Kd values ranging from 6×10–9 (PDZ-2) to 1×10–6 (PDZ-3))20.
Furthermore, the binding affinities reported for the mutant PDZ
domains isolated in the screens are all within the reported values
for the binding of the PSD-95 to its natural target.

Table 1. Target peptides and their ability to bind to the wild-type
AF-6 PDZ. 

Target Position Binding to Selected PDZ 
peptide -8 -7 -6 -5 -4 -3 -2 -1 0 AF-6 PDZ domain mutants

pa F H A A L G S A V – PDZ-A1, PDZ-A2

pb F H A A L G K Y V – PDZ-B

pdrl F H T Q I T R Y V – PDZ-DRL

pelk-1 S P A N I Y Y K V – PDZ-ELK-L

The names and sequences of C-terminal peptides used in the screens as well
as the names of the artificial PDZ domains selected to bind to the indicated tar-
get peptides are shown. Binding ability of the individual peptides to the wild-
type AF-6 PDZ is given with (-) indicating no binding detected, while the select-
ed PDZ domain mutants bind their respective target peptides.

1 2 3 4 5 6 7 8 9 10sample 11 12 13 14 15 16 17 18 19 20 22 23 24 2521

peptide pdrlpdrl pelk-l pb pa pdrlpelk-l pelk-l pb pa pdrlpb pelk-l pb pa pdrlpa pelk-l pb pa pdrlpa pelk-l pb pa
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Figure 1. Relative CAT reporter gene activity of the artificial PDZ domains binding to different peptides in mammalian 293T cells. The
combinations of PDZ domains and target peptides tested are indicated. Relative activity of the reporter gene is indicated on the y axis. Error
bars represent the standard error of the mean of experiments repeated in triplicates.
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PDZ domain mutations appear to cluster in
defined regions. The sequence alignment of the variant
PDZ domains is shown in Figure 3. The sequences were
aligned with the AF-6 PDZ domain (residues 985–1085
according to Prasad et al.14) used as the starting scaffold
in the screens. Residues of the PDZ domain contacting
the target peptide are known to be located primarily in
the two secondary structural elements α2 (α-helix) and
β2 (β-strand) and the carboxylate binding loop, which
is located between β1 and β2 (ref. 14). These three
structural elements make up the peptide binding
groove. While the carboxylate binding loop is impor-
tant for binding to the C-terminal carboxylate group of
the target peptide, amino acids from α2 and β2 are
known to make contacts at positions 21 to 23 of the
target peptide. This way, the target peptide is bound and
stabilized in an antiparallel b-sheet conformation21. As
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Figure 2. In vitro binding analysis of different artificial PDZ domains to various target peptides. (A) GST-fusion protein–mediated precipitation.
Combinations of GST-PDZ domains and GFP-target peptides and GST or GST-PDZ are as indicated. Lane 1 of each blot indicates the size of the
corresponding GFP-peptide fusion protein. Lane 6 of the lower right panel represents the background observed with nontransfected 293T cell
extracts. The p/o peptide (sequence: FHAALGSYP-COOH) was selected in a previous screen as being unable to bind to the AF-6 PDZ domain.
The lower panel under each main blot depicts the relative amounts of GST-PDZ fusion proteins bound to the beads for each lane. Main blots
were probed with anti-GFP monoclonal antibody, the lower blots represent the main blots reprobed with an anti-GST specific antibody. (B)
Biosensor analysis of the interaction of peptides and PDZ domains. Left: PDZ-B (1020 nM), PDZ-DRL (550 nM), PDZ-AF-6 (1100 nM), and PDZ-
ELK-L (600 nM) were injected over immobilized pb peptide. Middle: PDZ-DRL (1000 nM), PDZ-B (1020 nM), PDZ-ELK-L (1000 nM), and PDZ-AF-
6 (1200 nM) were injected over immobilized pdrl peptide. Right: PDZ-ELK-L (1000 nM), PDZ-DRL (1000 nM), PDZ-AF-6 (1200 nM), and PDZ-B
(1020 nM), were injected over immobilized pelk-l peptide. Ordinate shows biosensor response in resonance units (RU).

Figure 3. Homology alignment of the PDZ domain variants isolated with the
mutagenesis screen. Top lane indicates secondary structural elements with a
denoting a-helix and b denoting b-strand. Mutations from the wild-type AF-6 PDZ
domain are boxed in white. Numbering indicates amino acid position21.
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expected, the distribution of the mutations
identified in the screens showed that the major-
ity of the mutations localize to the three struc-
tural elements. Gly1001→Arg (PDZ-A1) local-
izes to the carboxylate binding loop;
Gln1055→Leu and Ser1054→Phe (PDZ-DRL)
to α2 or directly preceding it; and
Ser1005→Cys (PDZ-B) and Ser1005→Ile and
Ala1008→Val (PDZ-ELK-L) localizing to, or
immediately following, b2, respectively.

PDZ-A2 contained mutations N-terminal to
the defined AF-6 PDZ domain (Leu981→Met
and Pro984→His) or directly bordering it
(Leu985→Phe) which still permitted binding to
the target peptide. Such a variant indicates that
residues outside the binding groove may con-
tribute to binding specificity and demonstrates
the utility of the randomized screening
approaches in identifying such mutants.

Interestingly, all four PDZ-DRL clones, of
which one sequence is shown in Figure 3,
revealed a Gln1055→Leu mutation. Gln1055
of AF-6 is analogous to the His372 residue of
PSD95-3 present in the α2 helix lining the pep-
tide binding groove of PSD95-3. This residue
makes a specific hydrogen bond contact with
the binding peptide at position minus 2 (ref.
21). Therefore, it is likely that the substitution
of the Gln1055 for leucine may affect the inter-
action between the PDZ domain and the
minus 2 position of the pdrl target peptide.
This idea is supported by the recent findings of
Stricker et al.9, who showed that a change of
Tyn77Asp78 to His77Glu78 in the nNOS PDZ
(the analogous residues to His372Glu373 of
PSD95-3 PDZ) no longer permits binding to
the Asp-X-Val-COOH peptide, while enabling
it to bind to a Thr-X-Val-COOH peptide.

Figure 4. Subcellular localization of GFP-peptide and NLS-PDZ domain fusion proteins.
293T cells were cotransfected as indicated with GFP C-terminal peptide fusions (green
signal) and FLAG/NLS-PDZ domain fusions (red signal). The labels are color coded, such
that the color indicates the signal detected for that specific construct for that particular
frame. Note that for each cotransfection, two frames are shown, one showing the FLAG
and the other showing the GFP signal (3A and B, 3C and D, 3E and F, 3G and H, 3I and J,
and 3K and L). p/o is a negative control peptide. 

Figure 5. Membrane localization of the GFP-PDZ-ELK-L protein in a
cell cotransfected with the full-length Elk-L protein. 293T cells were
cotransfected as indicated with either full-length Elk-L or an Elk-L C-
terminal FLAG-tagged protein (red signals) and GFP-PDZ-ELK-L or
GFP-PDZ AF-6 fusion proteins (green signal). Note that for each
cotransfection, two frames are shown, one with the FLAG signal
(A,C,E) and the other with the GFP signal (B,D,F).
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Target peptides are directed to the nucleus by the artificial
PDZ domains. Chimeric fusion proteins were constructed con-
sisting of the target peptides fused C-terminal to GFP and of the
mutant PDZ domains fused to a nuclear localization signal
(NLS). The intracellular localization of the two components was
analyzed by confocal laser scanning microscopy (Fig. 4).
Expression of the FLAG/NLS PDZ-DRL, -B and -A1 mutants in
the nucleus resulted in an enrichment of the corresponding GFP-
tagged cognate peptides in the nuclear compartment (Fig.
4A,B,E,F,I, and J). This localization contrasted markedly with the
diffusely distributed GFP signal throughout the whole cell
observed with the control peptide, p/o. This peptide contains a
serine at position 0 (Phe-His-Ala-Ala-Leu-Gly-Ser-Tyr-Pro-
COOH) and is known not to bind to the cotransfected FLAG/NLS
PDZ domains (Fig. 4C and D, 4G and H, 4K and L; also compare
the distribution of the GFP-peptide fusion proteins in Fig. 4B
with D, 4F with H, and 4J with L).

The screens described here were performed on peptide targets
comprising only the last 9 residues of the two transmembrane pro-
teins, Drl and Elk-L. In order to be functionally significant, the
PDZ domains selected in the screens would need to bind the full-
length proteins. To test this, 293T cells were transiently transfected
with the full-length Elk-L construct, which was expressed and
enriched at the plasma membrane (Fig. 5A and C). Cotransfection
of cells with a pair of constructs expressing the full-length Elk-L
and a GFP-PDZ-ELK-L fusion protein, resulted in the GFP signal
colocalizing with the Elk-L protein at the cell membrane (Fig. 5B).
In contrast, a GFP-PDZ AF-6 fusion protein remained diffusely
localized throughout the cell (Fig. 5D). To confirm that the GFP-
PDZ-ELK-L fusion protein was binding to the C terminus of Elk-L,
a control experiment was performed (Fig. 5E and F), using a C-ter-
minally FLAG-tagged version of Elk-L. In this case, no relocaliza-
tion of the GFP-PDZ-ELK-L fusion protein to the plasma mem-
brane was observed.

The results presented in this work demonstrate that artificial
PDZ domain variants can direct target proteins to different subcel-
lular compartments in vivo. Even in the reducing environment of
the cytoplasm, the PDZ domain structure is stable and recognizes
its target sequence. This finding suggests that the PDZ domain may
overcome some of the current limitations of single-chain antibod-
ies (scAb) for targeting intracellular structures or molecules22. The
structure of scAb is dependent on intracellular disulfide bridges
and is therefore unstable in reducing environments23.

The artificial PDZ domains described in this work were each
found through a single round of the mutagenesis screen described.
The affinities measured in the micromolar range are comparable to
the ones described for other artificial protein interaction
domains3,4. Higher affinities may be obtained by increasing the size
of the libraries or resubjecting the isolated mutants to further
rounds of mutagenesis and selection24. Several of these artificial
PDZ domains, each recognizing a different target molecule, could
then be incorporated into one single molecule in order to set up or
modulate existing signaling networks. Such molecules, consisting
of PDZ domains only, are naturally occurring and are implicated in
organizing cytoskeletal and signaling networks25.

Experimental protocol
Mutagenesis screen procedure. Plasmid pGAD AF-6 encodes a chimeric
GAL4 activation domain-mouse AF-6 PDZ domain protein, spanning amino
acids (aa) 850–1129 of the mouse AF-6 protein and including the entire PDZ
domain (aa 985–1085)14. The mouse and human AF-6 PDZ domains are
100% identical (data not shown). pGAD AF-6 was linearized at a unique Asp
I site within the PDZ domain and dephosphorylated with calf intestinal alka-
line phosphatase. PCR primers (PDZup; 5´-TGCCAGAGAGGATTTTGTA-
GATT-3´ and PDZdo; 5´-CTTCACTCTTTGGTCTGGGTTTA-3´) flanking
the PDZ domain were used to amplify this region using error-prone PCR

conditions15 consisting of (100 µl final volume): 1 ng template DNA (pGAD
AF-6), 0.8 µM of each primer, 10 mM Tris-HCl (pH 8.8), 10 mM KCl, 5 mM
MgCl2, 0.5 mM MnCl2, 0.002% Tween 20, 0.2 mM dATP/dGTP, 1 mM
dCTP/dTTP, 6 units Ultma DNA polymerase (Perkin Elmer, Norwalk, CT).
Program: 30 cycles, 1 min of 94°C, 1 min of 56°C, 4 min of 72°C. The lin-
earized chimeric pGAD AF-6 plasmid (500 ng) and the randomized PCR
fragment (200 ng) were then cotransformed into yeast strain Y153 (ref. 16)
expressing the GAL4 DNA binding domain-peptide target bait (pGBT9-pep)
using the LiAc transformation protocol. The high efficiency of homologous
recombination in yeast26, between the linearized plasmid and the PCR frag-
ment, enabled expression of randomized PDZ domain chimeric proteins
within yeast cells, permitting detection of those binding to the peptide targets
via X-gal staining as described27.

Yeast ONPG assays. Quantitative liquid o-nitrophenyl-b-D-galactopyra-
noside (ONPG) assays were performed essentially as described28. Briefly,
yeast cell cultures (5 ml) were grown in selective media until an OD595 of
1.0–1.5 was obtained. Cells were then centrifuged and pellets resuspended in
250 µl of 250 mM Tris-HCl (pH 8.0) and 12.5 µl 100 mM phenylmethylsul-
fonyl flouride (PMSF) stock solution. Pellets were then transferred to micro-
centrifuge tubes and rapidly frozen in liquid nitrogen for 10 s and immedi-
ately transferred to a 37°C water bath for 90 s. This procedure was then
repeated twice more. After the last thawing cycle, the cells were briefly vortex
mixed and then centrifuged for 5 min at 12,000×g at 4°C. Twenty-five micro-
liters of the supernatant were subsequently taken for protein concentration
determination using the Bradford dye binding assay29. Between 25–100 µl of
the supernatant were then added directly to Z buffer30 (60 mM Na2HPO4, 40
mM Na2HPO4, 10 mM KCl, 1 mM MgSO4, and 40 mM β-mercaptoethanol)
to make a total volume of 1 ml. This then was incubated at 28°C for 5 min.
Then, 0.2 ml of 4 mg/ml ONPG stock solution was added, and the reactions
proceeded as described28.

Mammalian two-hybrid analysis. Peptide target constructs were sub-
cloned into pSNAG19 and PDZ mutant domains were subcloned into
pSNATCH19 and transiently cotransfected in 293T cells. Quantitative mea-
surements of CAT reporter production were performed according to the
manufacturer’s instructions (Boehringer Mannheim, Mannheim, Germany).

In vitro binding. A fragment of the mouse AF-6 protein (aa 850–1129 har-
boring the PDZ domain), as well as the indicated mutant PDZ domains, was
fused C-terminal to GST and bound to glutathione beads as described31

except after binding, beads were washed five times in lysis buffer; phosphate-
buffered saline, 1 mM dithiothreitol, 1 mM PMSF, 1 mM benzamidine, 2.8
mg/ml aprotinin. GFP-peptide and GST-PDZ domain fusion proteins were
visualized on the blots with a monoclonal anti-GFP antibody (Clontech, Palo
Alto, CA) and a polyclonal anti-GST antibody (Pharmacia, Uppsala, Sweden)
as recommended by the manufacturers.

Transfection and immunofluorescence. 293T cells were transfected and
FLAG-tagged proteins visualized by immunofluorescence as described32.
GFP-tagged proteins were visualized as recommended (Clontech). The full-
length Elk-L transmembrane protein was visualized with a rabbit polyclonal
antiserum (1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA)33.

Biosensor analysis of the peptide/PDZ interactions. Biosensor analyses
were performed using an instrumental optical biosensor (BIAcore2000;
Biosensor, Uppsala, Sweden) using the detection principle of surface plas-
mon resonance. Crude synthetic peptides were purified using a Brownlee
Aquapore RP 300 micropreparative reverse phase high-pressure liquid chro-
matography column (30×2.1 mm in diameter) and analyzed by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry.
Purified peptides were immobilized onto carboxymethylated dextran-coated
sensor chips via an N-terminal cysteine using the thiol coupling reagent
PDEA34. Recombinant GST proteins were purified by micropreparative SEC
using a Superose 12 HR 3.2/30 column equilibrated in HBS buffer (10 mM
Hepes, pH 7.4, containing 3.4 mM EDTA, 0.15 mM NaCl, and 0.005%
[vol/vol] Tween 20). Protein concentration was determined by absorbance at
280 nm using E2801%

1cm as calculated from the amino acid composition using
ExPASy ProtParam tool software. Binding data were generated by passing 30
µl of varying concentrations of GST-recombinant proteins (PDZ-B:
1695–339 nM, PDZ-ELK-L: 100–200 nM, PDZ-DRL: 100–200 nM, PDZ-AF-
6: 1380–276 nM) at a flow rate of 5 µl/min over peptides immobilized onto
the sensor surface. Following completion of the injection phase, dissociation
was monitored for 360 s at the same flow rate35. The apparent association and
dissociation rate constants were calculated based on a 1:1 Langmurien pro-
tein–protein interaction using BIAevaluation version 3.0 supplied by
Biosensor36.
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