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PDZ domains are ubiquitous protein–protein interaction modules which bind short, usually car-
boxyterminal fragments of receptors, other integral or membrane-associated proteins, and occa-
sionally cytosolic proteins. Their role in organizing multiprotein complexes at the cellular mem-
brane is crucial for many signaling pathways, but the rules defining their binding specificity are 
still poorly understood and do not readily explain the observed diversity of their known binding 
partners. Two homologous RhoA-specific, multidomain nucleotide exchange factors PDZRhoGEF 
and LARG contain PDZ domains which show a particularly broad recognition profile, as sug-
gested by the identification of five diverse biological targets. To investigate the molecular roots 
of this phenomenon, we constructed a phage display library of random carboxyterminal hexapep-
tides. Peptide variants corresponding to the sequences identified in library selection were syn-
thesized and their affinities for both PDZ domains were measured and compared with those of 
peptides derived from sequences of natural partners. Based on the analysis of the binding se-
quences identified for PDZRhoGEF, we propose a sequence for an ‘optimal’ binding partner. Our 
results support the hypothesis that PDZ–peptide interactions may be best understood when one 
considers the sum of entropic and dynamic effects for each peptide as a whole entity, rather than 

preferences for specific residues at a given position.
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InTRODucTIOn

PDZ (PSD-95/Discs-large/ZO-1) domains are 
the most common protein–protein interaction mod-
ules found in the proteomes throughout the living 
world (Jelen et al., 2003; Ponting, 1997). They are rela-
tively small, 80–90 amino-acid residues in length, oc-
cur in cytosolic multidomain signaling proteins, and 
typically interact with cognate membrane proteins, 
such as channels or receptors, by binding their un-
structured, C-terminal ‘tails’. However, non-canoni-
cal recognition of internal motifs in target proteins is 
also observed. Typically, the dissociation constants 

(Kd) for the PDZ domains and their protein partners 
are in the micromolar range (Harris & Lim, 2001). 
Such moderate values allow for fast reversible bind-
ing and are easily regulated by discrete changes in 
intracellular conditions (Nguyen et al., 1998).

Structural studies have revealed that in spite 
of sequence divergence, all PDZ domains share a 
highly conserved tertiary fold consisting of six β-
strands (βA–βF) and two α-helices (αA and αB). The 
binding pocket is situated between strand βB and 
helix αB and the interacting C-terminal oligopeptide 
from the cognate protein is inserted as an ‘addition-
al’ β-strand antiparallel to βB in a mechanism called 
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‘β-strand addition’ (Harrison, 1996). The terminal 
carboxylate of the peptide is bound primarily by 
backbone amides within a Gly-rich conserved ‘car-
boxylate binding loop’ (Doyle et al., 1996), while the 
preceding residues are bound in an extended con-
formation via a combination of hydrogen bonds and 
hydrophobic interactions. In a canonical case, only a 
short stretch of four or five C-terminal amino acids 
of the target protein is recognized, although it has 
been demonstrated that in some cases even distant 
residues, up to the P–8 position, may have a signifi-
cant impact on the binding specificities and energies 
(Songyang et al., 1997). 

The specificities of PDZ-mediated interactions 
are broad and difficult to rationalize. Several attempts 
have been made to classify them either by their li-
gand preferences (Schepens et al., 1997; Songyang et 
al., 1997; Stricker et al., 1997; Maximov et al., 1999) or 
by the sequence of their binding site (Bezprozvanny 
& Maximov, 2001).  Most PDZ domains show pref-
erence for a hydrophobic amino acid in the C-termi-
nal position (P0). The so-called class I PDZ domains 
show high selectivity towards Ser or Thr in the P-2 
position, while the class II domains favor small hy-
drophobic side chains in this position (Harris & Lim, 
2001). However, there are a number of PDZ domains 
with recognition patterns that defy such rules, includ-
ing those that recognize internal motifs (Cuppen et 
al., 1998; Hillier et al., 1999; Wong et al., 2003; Penkert 
et al., 2004) or ligands with unusual residues, such as 
carboxyterminal cysteines, serines or charged amino 
acids (Maximov et al., 1999; Borrell-Pages et al., 2000; 
Vaccaro et al., 2001). Moreover, several PDZ domains 
are known to have degenerate specificity (Bezproz-
vanny & Maximov, 2001; Vaccaro et al., 2001), show-
ing comparable affinities for ligands nominally be-
longing to distinct classes (Vaccaro et al., 2001). 

In most cases, the degenerate specificity of a 
particular PDZ domain becomes apparent only as a 
result of several independent studies, which identify 
different ligands, often by diverse methods. This is 
the case, for example, for PDZ domains found in two 
RhoA-specific guanine nucleotide exchange factors 
PDZRhoGEF (PRG) and LARG (leukemia-associated 
RhoGEF), members of a unique family acting down-
stream of heterotrimeric Gα12/13 proteins (Rossman & 
Sondek, 2005). Each contains a PDZ domain in the 
N-terminal portion. LARG and PRG share significant 
amino-acid sequence homology (overall identity 29% 
and similarity 62%), especially within the fragments 
comprising structural and functional domains (for the 
PDZ domains, 74% identity and 94% similarity). This 
sequence similarity is reflected by a significant over-
lap of cellular binding partners for the two proteins 
(Taya et al., 2001; Swiercz et al., 2002; Yamada et al., 
2005). Such close resemblance of proteins expressed in 
the same tissues (Hirotani et al., 2002) suggests func-

tional redundancy, and/or subtle regulatory mecha-
nisms. The elucidation of the molecular details of 
these mechanisms could shed some light on signaling 
events mediated by PRG and LARG, including cyto-
skeletal reorganization (Togashi et al., 2000; Swiercz 
et al., 2002), oncogenic transformation (Kourlas et al., 
2000; Chikumi et al., 2004) and tumor-induced angio-
genesis (Basile et al., 2006). 

The PDZ domains from PRG (PDZPRG) and 
LARG (PDZLARG) were originally described as typi-
cal class I modules. Accordingly, most of their hith-
erto identified binding partners have a serine or a 
threonine in the P–2 position (insulin-like growth 
factor-1 (IGF-1) receptor (Taya et al., 2001), lyso-
phosphatidic acid-1 (LPA-1) receptor (Yamada et 
al., 2005), CD44 (Bourguignon et al., 2006), ATP-
binding cassette transporter 1 (Okuhira et al., 2005) 
and group B plexins (Swiercz et al., 2002)) and both 
domains have a histidine, located at the beginning 
of helix αB, which hydrogen bonds the side chain 
hydroxyl of the P–2 serine or threonine (Doyle et al., 
1996). However, PDZPRG also binds the microtubule-
associated protein light chain (MAP1A), a protein 
with a typical class II C-terminus (Longhurst et al., 
2006) (Table 1). In all these binding events, except 
for the CD44–LARG interaction, the PDZ domain has 
been shown to recognize the C-terminal fragment 
of a partner protein, thus confirming the canonical 
binding mode (Taya et al., 2001; Swiercz et al., 2002; 
Okuhira et al., 2005; Yamada et al., 2005; Longhurst 
et al., 2006). The sequential diversity of the natural 
binding partners of both PDZ domains has led us to 
hypothesize that the mechanism of protein partner 
recognition is more complex in these proteins than 
originally assumed. To address this question we 
used combinatorial and biophysical methods. 

To obtain an unbiased profile of peptide se-
quence preferences of the two PDZ domains we 
resorted to a phage display system. Phage display 
offers the most common methodology for combi-
natorial display of peptide libraries. Although PDZ 
domains bind relatively short peptide fragments, 
typically no more than six amino-acid residues, a 
complete screen to identify the optimal sequence 
would still require 6.4 × 107 combinations, a number 
that can be screened by phage display but not eas-
ily tackled by other approaches. In this paper we 
describe studies of the two PDZ domains from the 
RhoA-specific nucleotide exchange factors, based on 
the concept of Fuh and coworkers (Fuh et al., 2000; 
Fuh & Sidhu, 2000), who designed a spacer sequence 
allowing efficient display of a peptide library fused 
C-terminally to phage coat protein. We show that 
the selected sequences bind in vitro to the two PDZ 
domains with expected affinities, and we compare 
the selected peptides with those derived from natu-
ral partners of both PRG and LARG.
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MATERIALs AnD METhODs

Materials and reagents. Restriction endonucle-
ases, T7 DNA ligase, molecular weight markers and 
M13KE vector were purchased from New England 
Biolabs. Maxisorp 96-well immunoplates were from 
Nalge NUNC International (Naperville, IL, USA). 
Escherichia coli XL1-Blue, E. coli BL21, and M13-VCS 
were from Stratagene. Horseradish peroxidase/anti-
M13 antibody conjugate was from Amersham Bio-
sciences. Degenerate oligonucleotides, PCR and 
sequencing primers were from MWG-Biotech AG; 
pComb3H vector was obtained from C. F. Barbas 
(The Scripps Research Institute, La Jolla, CA, USA); 
the TEV protease expression plasmid was kindly 
provided by J. A. Doudna (Lucast et al., 2001). 

Peptides used in binding assays were synthe-
sized by Bio-Synthesis (USA). They were purified 
on a reversed-phase C-18 Vydac column (218TP510) 
with a linear gradient (1 ml/min, 0.1% TFA – 90% 
acetonitrile/H2O, v/v), converted to acetate forms 
and lyophilized. The peptides were dissolved in wa-
ter and their concentration was estimated from ei-
ther molar absorbance coefficient of dansyl group at 
334 nm or of the aromatic residues in the sequence. 
Peptide identities and purity were verified by mass 
spectrometry. Cysteine-containing peptides were 
stored in the presence of 100 mM DTT at –80oC.

Vector modification. The phage-displayed li-
brary of random hexapeptides was fused to the C-
terminus of the M13 phage major coat protein P8, 
downstream of the AWEENIDSAP linker to ensure 
optimal C-terminal display of peptide variants on 
the phage surface, following the protocol of Fuh and 
coworkers (Fuh et al., 2000; Fuh & Sidhu, 2000). To 
that end, we modified the pComb3H vector (Barbas 
& Wagner, 1995) which in its original version con-
tained: two origins of replication (ColE1 and fl), β-
lactamase gene (Ampr) and two fusion genes ompA 
(encoding the Fab light chain) and pelB (Fab heavy 
chain and minor phage P3230-406) under the control 
of the lac promoter. The coding sequence for the 
Fab light chain was removed with subsequent blunt-
end ligation to obtain pComb3HLC- vector (Kiczak 
et al., 2001). The major phage P8 gene, amplified 
from the M13KE vector, was introduced instead of 
Fab heavy chain and P3 using NcoI and NheI sites. 
A new restriction site for SpeI endonuclease was 
introduced into pComb3HLC- vector downstream 
of the phage P8 gene by site-directed mutagenesis. 
Finally, a linker sequence encoding the AWEENID-
SAP spacer followed by hexa-His tag was obtained 
by hybridization of two partially complementary oli-
gonucleotides: His6spacerfor  CTAGCGCTTGGGAG-
GAAAACATAGACTCAGCACCAGGAGGCTC-
GAGCGGTCATCATCATCATCATCATTAATAA 
and His6spacerrev CTAGTTATTAATGATGATG-

ATGATGATGACCGCTCGAGCCTCCTGGTGCT-
GAGTCTATGTTTTCCTCCCAAGCG.

The linker optimized by Fuh and coworkers 
(Fuh et al., 2000; Fuh & Sidhu, 2000) was extended 
by an additional short spacer (GGSSG), generating 
a XhoI cloning site and increasing the distance be-
tween P8 and library peptides. The resulting DNA 
cassette was introduced downstream of phage P8 
gene. Modification of the phagemid was verified by 
direct DNA sequencing. The display efficiency of 
the fusion protein was confirmed by an ELISA assay 
and binding to the Ni-NTA resin.

Peptide library construction and selec-
tion. The final target peptide library was gener-
ated by replacing the hexa-His tag sequence with 
the random-sequence peptide library insert us-
ing XhoI/SpeI restriction sites. The insert was ob-
tained by hybridization of degenerate and phos-
phorylated oligonucleotides: bibfor TCGAGCG-
GTNSNNSNNSNNSNNSNNSTAATAA and bibrev 
CTAGTTATTASNNSNNSNNSNNSNNSNNACCGC 
(where N stands for equimolar contribution of A, T, 
G, C and S for G or C). The resulting cassette with 
sticky ends (XhoI/SpeI) was inserted into the modi-
fied phagemid pComb3H. The final construct con-
tained IPTG-inducible Plac promoter, PelB signal 
sequence, mature P8, the linker sequence AWEE-
NIDSAPGGSSG, randomized hexapeptide, and two 
consecutive stop codons. The insertion and hetero-
geneity of displayed peptides were confirmed by se-
quencing of fifteen random clones. The library was 
constructed with degenerate codons that encode 
all 20 natural amino acids and the amber stop co-
don, and consisted of 6.4 × 107 variants and yielded 
1 × 107 transformants after cloning. This complexity 
is sufficient to fully randomize the last four C-termi-
nal residues responsible for the main contacts on the 
PDZ domain–peptide interaction interface.

The library selection was carried out by bind-
ing 2 × 1011 cfu/ml phages in Tris-buffered saline 
(TBS; 50 mM Tris/HCl, 150 mM NaCl, pH 7.4) con-
taining 0.1% BSA (bovine serum albumin) to wells 
coated with 5–10 μg of immobilized protein (and to 
wells coated with 1% BSA used as a control experi-
ment) for 3 h at room temp. Before adding phages, 
the wells were blocked with 1% BSA in TBS solution. 
Unbound phages were removed from the wells by 
washing with TBS with 0.05% Tween 20. Remaining 
phages were eluted with 100 µl of 50 mM glycine/
HCl buffer, pH 2.2, for 10 min. Promptly after elu-
tion, 50 µl of 1 M Tris, pH 8 was added to avoid 
phage disruption at low pH.

Several panning experiments were conducted 
to determine optimal experimental conditions. Best 
results were obtained using 1% BSA as a blocking 
agent and 3-h phage binding time. Eluting bound 
phages with 50 mM glycine/HCl, pH 2.2, was much 
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more effective than with 5 M NaCl. Initial panning 
experiments on PDZLARG were performed in a re-
ducing environment (100 mM DTT or TCEP, tris(2-
carboxyethyl)phosphine) to avoid disulfide bonding 
between the single cysteine present on the protein 
surface and cysteine-containing peptide variants. 
The addition of a reducing agent had a significant 
negative influence on phage infectivity, resulting 
in lowered phage titers and propagation efficiency. 
Since under nonreducing conditions  PDZLARG forms 
covalent dimers (Paduch et al., 2007), we used the 
dimeric form of the protein and non-reducing envi-
ronment for the selection experiments.

Propagation and isolation of phages. Eluted 
phages were amplified by infection of E. coli ER2738 
cells in LB medium containing ampicillin, tetracy-
cline and 2% glucose. After 6 h of growth, glucose 
was removed and phagemid-containing bacteria 
were infected with helper phage (about 100 particles 
per bacterium) and grown for another 6 h at 37°C. 
Subsequently, phages were isolated by double pre-
cipitation with 20% polyethylene glycol 8000 in 15% 
NaCl. Phage pellet was dissolved in TBS and used 
for the next round of selection. 

Phage ELIsA. ELISA (96-well) plates were 
coated overnight with 100 µl PDZ domain in TBS 
(50 µg/ml). The wells were blocked for 1 h with 1% 
BSA and rinsed five times with TBS containing 0.1% 
Tween 20. Phages corresponding to individual bac-
terial colonies were grown overnight and isolated 
as described above. Aliquots of 100 μl of 5 × 1011 
cfu/ml phages in TBS were added to each well and 
incubated at room temp. for 1 h. Next, wells were 
washed five times with TBS containing 0.1% Tween 
20. Binding of peptide-presenting phages to the pro-
tein was detected after 1 h incubation with polyclo-
nal anti-M13 phage HRP (horseradish peroxidase)-
conjugated antibody and visualized by adding OPD 
(o-phenylenediamine dihydrochloride) substrate. The 
reaction was stopped with 4 M H2SO4 and absorb-
ance determined at 490 nm. Individual clones were 
sequenced based on the signal strength (compared 
to positive control) and the specificity of the interac-
tion. Binding of every clone in PDZ- and BSA-coated 
wells was assayed, and clones interacting with the 
control well were discarded as non-specific.

Protein expression and purification. Expres-
sion and purification of the two PDZ domains from 
PDZRhoGEF and LARG was carried out as described 
elsewhere (Paduch et al., 2007). Briefly, PDZPRG (resi-
dues 46–122) was cloned into pET22b vector by 
blunt end ligation using NdeI and XhoI restriction 
sites. The construct contains a non-cleavable C-ter-
minal hexa-His tag and a C47S mutation introduced 
to eliminate protein aggregation. Neither modifica-
tion interferes with the ability of the domain to bind 
target peptides. The protein was expressed in E. coli 

BL21(DE3)RIL, following induction with isopropyl-β-
d-1-thiogalactopyranoside (IPTG, 0.5 mM) at 20°C to 
increase the yield of soluble protein in the cytosolic 
fraction. The cells were harvested by centrifugation 
and lysed by sonication in a  50 mM Tris pH 7.5, 
150 mM NaCl buffer. Lysates were cleared by cen-
trifugation and the protein was purified on Ni-NTA 
agarose with standard protocol. Protein-containing 
elution fractions were dialysed against 50 mM so-
dium acetate, pH 5, and ion-exchange chromatogra-
phy was used to remove any remaining impurities. 
The protein was loaded on a MonoS HR5/5 column 
and eluted with linear salt gradient (0–1 M NaCl) in 
50 mM sodium acetate pH 5.0 buffer. 

The PDZLARG construct (residues 67–147) was 
expressed as a MBP-His-tag fusion protein (Nalla-
msetty & Waugh, 2007) also at 20°C. Lysates were 
cleared by centrifugation and the protein was pu-
rified on Ni-NTA agarose with standard protocol. 
Protein was eluted from Ni-NTA agarose column 
with an imidazole step gradient. The MBP-His-tag 
was removed by cleavage with rTEV protease. Un-
digested protein and fusion partner were removed 
during a second passage through the Ni-NTA aga-
rose. Protein-containing elution fractions were dia-
lysed against 50 mM sodium acetate, 1 mM TCEP, 
pH 5, and the protein was loaded on an SP-Sepha-
rose column and eluted with a linear salt gradient 
(0–1 M NaCl). 

The purity of both proteins was confirmed by 
SDS/PAGE and mass spectrometry. Protein samples 
were concentrated to at least 1 mM as calculated 
from the molar absorbance coefficients at 280 nm 
(ε280PRG = 6400 M–1cm–1 and ε280LARG = 1400 M–1cm–1).

Binding measurements. The binding of syn-
thetic dansylated peptides to PDZPRG and PDZLARG 
was measured by monitoring changes in fluores-
cence of 1 µM buffered peptide solution upon titra-
tion with concentrated protein. All measurements 
were conducted in a 1 cm × 1 cm stirred cuvette 
containing 1.2 ml of 20 mM sodium phosphate, 150 
mM NaCl (pH 7.0) and/or in 50 mM sodium acetate 
(pH 5.0). The protein stocks of 1 to 1.5 mM were 
used and the signal change was corrected for dilu-
tion. Data were analyzed by nonlinear least-squares 
analysis using Grafit 3.01 (Erithacus Software) and 
the equation:

y = F0 + ((Fmax – F0) × c / Kd) / (1 + c / Kd)

where y is the fluorescence signal, c is the concen-
tration of protein, Kd is the dissociation constant, 
F0 is the initial fluorescence value, and Fmax is the 
maximal fluorescence value at saturation (Harris et 
al., 2001). Experiments were performed at 21°C us-
ing an FP-750 spectrofluorimeter (Jasco) equipped 

with an ETC 272T Peltier accessory at the following 
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conditions: excitation wavelength 335 nm for Dns 
(295 nm in case of monitoring tryptophan fluores-
cence), emission wavelength 540 nm for Dns (361 
nm for Trp), excitation and emission slit widths of 
5 nm. Data were collected at medium sensitivity 
and averaged for 500 s for each data point. Mini-
mum three measurements were conducted for each 
PDZ–peptide combination. After the initial fit, data 
were normalized and a nonlinear regression analysis 
including an F-test comparison was performed. Kd 
and standard error values calculated from the com-
parison of fits are shown in Tables 2 and 3.

An alternative, qualitative assay was based on 
equilibrium guanidinium chloride (GdmCl) denatur-
ation of PDZ–peptide complexes and free PDZPRG, 
performed on a J-715 spectropolarimetr (Jasco) at 
21°C in 1.5 ml of 20 mM sodium phosphate buffer 
(pH 7.0). The purified His-tagged PDZPRG domain 
(2 µM), either free or saturated with bound peptide 
(LVYMVL (20 µM) or LCSPLV (20 µM)) was equili-
brated in a set of increasing GdmCl concentrations. 
The secondary structure content was monitored for 
each of the samples by the decrease of the CD signal 
at 222 nm averaged for 60 s at 2 nm bandwidth. An 
increase in stability was interpreted qualitatively as 
evidence of binding.

REsuLTs

Identification of PDZ-interacting c-terminal peptides

Five rounds of selection were conducted to 
identify the cognate sequences for the PDZPRG do-
main, resulting in a 300-fold enrichment relative to 
the control experiment. A second panning experi-
ment was carried out independently with the same 
library packed in the presence of IPTG, which in-
creased the number of fusion P8 protein copies on 
each phage particle as a consequence of Lac induc-
tion. This resulted in a more rapid enrichment (300-
fold after only three selection rounds) (Fig. 1). The 
panning was concluded at this point, because its 
continuation resulted in a decrease of the enrich-
ment ratio. One probable explanation is that the 
prevalence of highly hydrophobic sequences in the 
selected pool of binders may have caused the spe-
cific phages to aggregate and thus prevented them 
from efficiently infecting the E. coli cells. In the case 
of PDZLARG, the library was packed in the presence 
of IPTG and the enrichment ratios obtained in the 
first four selection rounds were lower, reaching the 
maximum of 28-fold. The continuation of the ex-
periment beyond the fourth round resulted in an in-
creased enrichment ratio, but all the sequenced vari-
ants contained single cysteines, suggesting possible 

interaction with the cysteine on the protein’s surface 
instead of binding within the PDZ pocket. Thus, the 
fifth-round peptides were discarded and panning 
was concluded at the fourth round. This considera-
tion was applicable only to PDZLARG selection, since 
PDZPRG does not contain any cysteine residues. 

Individual phage clones were propagated and 
phage ELISA was conducted to confirm their binding 
to the respective PDZ domain. A total of 21 clones 
characterized by best signal-to-control ratios from 
PDZPRG selection and 13 from the fourth round of 
PDZLARG panning were sequenced. The binding vari-
ants originating from both IPTG selections were very 
diverse, while clones from the first panning experi-
ment (without IPTG) were dominated by only two 
variants. The sequences of these peptides (Table 1) 
include not only the expected class I PDZ ligands, 
but also class II and class III-like variants (Maximov 
et al., 1999). Even though no peptides identical to 
segments of known PRG or LARG natural binding 
proteins were identified among the selected variants, 
apparent similarities were observed in several cases 
(e.g., LRSSPW, VQSSQI and PQSSTC, where the first 
two peptides belong to the sequences selected on 
PDZPRG and PDZLARG, respectively, and the third is 
the C-terminal portion of IGF-1 receptor, a cellular 
partner of both PDZ domains). The observed simi-
larities as well as the successful binding experiments 
of three types (phage ELISA, fluorescence and stabil-
ity measurements) confirm the reliability of the se-
lection experiments.

Binding of peptides to the PDZ domains

A number of peptides corresponding to se-
lected sequences, as well as peptides corresponding 

Figure 1. Phage titers during selection experiments.
sel1 and ctrl1 show selection and control phage titers for 
the panning of the library packed in the presence of IPTG; 
sel2 and ctrl2 show the experiment without IPTG. Enrich-
ment ratios for both PDZPRG selections (first and second 
bar) and a PDZLARG panning (third bar) are shown in the 
inset.
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to previously reported natural targets of both PDZ 
domains, were synthesized and assayed for binding 
(Fig. 2, Table 2). The phage display-selected pep-
tides for PDZPRG included two peptides (LCSPLV 
and LVYMVL) dominating the pool of phages in the 
non-IPTG selection on PDZPRG, as well as four ad-
ditional peptides representing three different classes 
of PDZ ligands (LRSSPW for class I, LSVLDA and 
VARVYW for class II, and YVCRFA for class III). 
The two synthesized PDZLARG target peptides repre-
sented class I (VQSSQI) and class II (LFFMRL). Fi-
nally, we obtained synthetic peptides corresponding 
to the C-terminal octapeptide sequences of the fol-
lowing  targets of PDZPRG and PDZLARG: lysophos-
phatidic acid receptor (both  PDZPRG and PDZLARG), 
microtubule associated protein 1A (PDZPRG), plexin 

(both  PDZPRG and PDZLARG), CD44 (PDZLARG) and 
insulin-like growth factor receptor (PDZLARG).

Due to the high predicted hydrophobicity 
of all these peptides (except for VQSSQI), a polar 
tetrapeptide EESG was added at the N-termini of 
all phage display-selected hexapeptides, and an EE 
dipeptide was added at the N-termini of all octapep-
tides corresponding to natural targets. The peptides 
were dansylated at the free α-amino group. To ad-
dress the possible impact of the N-terminal gluta-
mate residues and/or the dansyl moiety, one of the 
peptides was synthesized in two variants – Dns-
SGVARVYW and EESGVARVYW. Measurements 
for both were conducted by monitoring changes in 
fluorescence signal of the N-terminal dansyl (where 
applicable) and the C-terminal tryptophan upon 

Table 1. c-terminal sequences selected in phage display experiments and natural PDZPRG and PDZLARG target pep-
tides.
aDoes not apply to natural ligand sequences; bprotein reported to interact with both PRG and LARG; cprotein reported to 
interact with LARG; dprotein reported to interact with PRG.

Source protein/selection 
experiment

Number of 
clonesa

Canonical specificity 
class

Sequence
P–5 P-4 P-3 P-2 P-1 P0

PDZPRG non-IPTG se-
lection

4 class II L C S P L V
3 class II L V Y M V L

PDZPRG IPTG selection

1 class II F A P F A L
1 class II V Y G W L V
1 class II V A R V Y W
1 class II M R S V H V
1 similar to class IV L W S F S K
1 class II L L T Y R P
1 class I H Q E S R M
1 class I L R S S P W
1 class II G P V I L A
1 similar to class III M E A R L D
1 class III Y V C R F A
1 class III Y A L R R A
1 class II L S V L D A
1 similar to class IV S V V L P R

PDZLARG IPTG selection

1 class II L F F M R L
1 class I V Q S S Q I
1 class II T I S L A L
1 similar to class II R F G L R S
1 similar to class III G F T H Q S
1 similar to class III N G C K S T
1 similar to class I G A S T V S
1 class II Y Y S W S V
1 class II Y G G G S F
1 class I G S G S H F
1 class IV A P P Q Y H
1 class I M D P T R P
1 similar to class I C P R S L Q

plexin B1b class I N K V T D L
CD44c similar to class I V N R S L S
LPA-1 receptorb class II N D H S V V
IGF-1 receptorb similar to class I P Q S S T C
ATP-binding cassette transporter 1b class I V K E S Y V
microtubule-associated proteind class II A C K I E F
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binding to PDZPRG. The data indicate that neither 
the diglutamate nor the dansyl moiety influence the 
peptide binding by PDZPRG. It also confirmed equal 
applicability of N-terminal dansyl and C-terminal 
tryptophan fluorescence signals in measurements of 
PDZ–peptide interactions. 

Initial measurements were conducted in 50 
mM sodium phosphate, 150 mM NaCl, pH 7, to en-
sure conditions similar to physiological. However, in 
many instances precipitation of the protein–peptide 
complex was observed, preventing accurate determi-
nation of the dissociation constants. The precipitation 
was significantly reduced at lower pH, and thus 50 
mM sodium acetate, pH 5, was used for most meas-
urements. Control experiments performed on three 
different peptides showed no significant influence of 
the buffer conditions on the dissociation constants. 

The binding constants for most peptides were 
determined using fluorescence saturation experi-
ments (the LVYMVL peptide was not sufficiently 
soluble, but its interaction with the PDZ domains 
was ascertained qualitatively by a stability assay, 
as described in Methods). One of the phage display 
peptides (LFFMRL, selected on PDZLARG) surpris-
ingly failed to interact with either PDZ domain, and 
one (YVCRFA) was bound only by PDZPRG (the do-
main it was selected on). The lack of interaction in 
the case of the LFFMRL peptide can be attributed to 
the multivalent display format which occasionally 
leads to the selection of very weak binders if they 
are present on the phage surface in a large number 
of copies. Other synthetic ligands derived from 
phage display interacted with both PDZ modules, 
confirming the overall similarity of their recognition 
mechanisms. In general, the peptides were bound 
more strongly by the domain they were selected on, 
illustrating how the phage display method allows 
the detection of discrete variations in the protein 
recognition pattern. The measured Kd values have 
a fairly narrow range, from 0.3 to 10.7 μM, and are 
within the range of previously characterized interac-
tions between PDZ domains and their ligands (Lau-
ra et al., 2002; Jelen et al., 2003; Zhang et al., 2006).

As expected, all peptides based on the natu-
ral partners of either PDZPRG or PDZLARG bound to 
their cognate domains, thus providing independent 
confirmation of the biological relevance of these in-
teractions. Furthermore, since in each case we tested 
both PDZ domains, we discovered that the MAP1A 
sequence also binds to LARG (it was reported to 
interact with PRG, but no data were available for 
LARG), and the insulin-like growth factor receptor 

sequence, previously implicated 
only in an interaction with LARG, 
exhibited affinity also for PRG. 
These peptides bound to PDZPRG 

and PDZLARG with Kd values from 
0.8 to 36.0 μM, i.e. within the same 
range as those selected by phage 
display. 

Design and alanine-scanning 
analysis of the optimal PDZPRG 
peptide ligand

A specificity profile was 
built for PDZPRG based on the 
amino acid frequencies observed 
in the phage display peptides and 
the substitution costs calculated 
using BLOSUM45 matrix (He-
nikoff & Henikoff, 1992). The pep-
tide composed of the most favored 
(highest scoring) residues in each 

Figure 2. Binding curves for the interactions between 
representative peptide variants and the PDZ domains.
Fluorescence data were normalized and presented as the 
fraction of bound peptide versus protein concentration.

Table 2. Dissociation constants for PDZPRG– and PDZLARG–peptide com-
plexes.
aInteraction measured by monitoring the fluorescence of C-terminal tryp-
tophan; bmeasured qualitatively using CD-based stability assay.

Peptide source
Kd [µM]

PDZPRG PDZLARG

Dns-EEsGLcsPLV PDZPRG selection 0.38 (±0.03) 5.91 (±0.20)
Dns-EEsGYVcRFA PDZPRG selection 2.33 (±0.09) no interaction
EEsGLRssPW PDZPRG selection 0.90 (±0.06)a 1.75 (±0.12)a

Dns-EEsGLsVLDA PDZPRG selection 1.33 (±0.10) 8.15 (±0.91)
Dns-sGVARVYW

EEsGVARVYW

PDZPRG selection 8.77 (±0.69)
8.79 (±0.73)a

8.95 (±1.34)a

3.24 (±0.40)

Dns-KKLVYMVL PDZPRG selection +b not measured
Dns-sGVQssQI PDZLARG selection 10.67 (±0.28) 0.75 (±0.05)
Dns-EEsGLFFMRL PDZLARG selection no interaction no interaction
Dns-EEFPAcKIEF MAP1A 1.71 (±0.06) 2.85 (±0.13)
Dns-EEPLPQssTc IGF-1 receptor 2.08 (±0.20) 3.95 (±0.18)
Dns-EEhsnDhsVV LPA-1 receptor 3.74 (±0.30) 0.52 (±0.06)
Dns-EEsnVnRsLs CD44 no interaction 5.83 (±0.49)
Dns-EEVEnKVTDL Plexin B1 36.03 (±3.72) 13.00 (±0.70)
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position was predicted to be an optimal target for 
PDZPRG. A synthetic peptide corresponding to this 
sequence (LCSMLV), and extended at the N-termi-
nus by the Dns-EESG fragment, was synthesized. Its 
affinity for PDZPRG was slightly higher than that of 
the strongest binder from phage display selection, 
peptide LCSPLV (Kd = 0.34 μM and 0.38 μM, respec-
tively) (Table 3). 

To address the question of the importance of 
amino acids in specific positions in the peptide se-
quence, a set of single alanine-substituted variants 
of the optimal ligand were synthesized. All substi-
tutions but one (LCSMAV) had a negative effect on 
the binding, with a maximum of interaction ΔG in-
crease of over 5400 J/mol observed for the substitu-
tion in P–2 position (Fig. 3 and Table 3). This rela-
tively low impact of the single amino acid substitu-
tions suggests that binding may not be additive and 
that cooperative effects can be more important than 
the interactions of any of the specific residues with 

the binding pocket. This explanation is also consist-
ent with the observed degenerate binding profile of 
both PDZ domains. The fact that the sequence of the 
strongest-binding peptide (LCSMAV) was not rep-
resented by any of the phage-selected variants may 
have resulted from the multivalent display format, a 
not fully representative library or, perhaps, the lim-
ited number of sequenced clones.

DIscussIOn

Phage display is a powerful technique for in-
vestigating the binding specificities in protein-ligand 
interactions (Clackson & Wells, 1994). In a classical 
approach, ligand libraries are displayed as fusions 
to the N-terminal part of one of the phage coat pro-
teins (Smith & Scott, 1993). Due to technical prob-
lems stemming from difficulties associated with dis-
playing C-terminal sequences on the phage surface, 
there are only a few studies utilizing this method 
for PDZ domain analysis (Vaccaro et al., 2001; Laura 
et al., 2002; van den Berk et al., 2005; Zhang et al., 
2006; Berk et al., 2007; Runyon et al., 2007; Tonikian 
et al., 2007; Zhang et al., 2007). This severely limits 
our understanding of the structural biology of PDZ 
domains, because their specificity is often judged 
based on individual interactions, which may neither 
be the most physiologically relevant ones nor show 
particularly high affinity. 

In the first reported application of C-termi-
nal phage display (Jespers et al., 1995), the peptide 
display efficiency was about 100-fold lower than in 
the amino-terminal phage display and did not allow 
for an efficient and reliable selection. The difficulties 
in C-terminal display of peptides were overcome by 
the use of an optimized 10-residue linker sequence, 
AWEENIDSAP, selected specifically to increase dis-
play of C-terminally attached hexa-His tag (Fuh 
et al., 2000; Fuh & Sidhu, 2000). The display levels 
achieved with this method were comparable to those 
obtained in the amino-terminal phagemid systems. 

This library was successful-
ly panned against several 
PDZ domains and yielded 
peptide variants interacting 
with PDZ domains from 
erbin (Laura et al., 2002) 
and more recently Densin-
180, Scribble, ZO-1 (Zhang 
et al., 2006), HtrA1, HtrA3 
(Runyon et al., 2007) and 
HtrA2 (Zhang et al., 2007). 
In another successful appli-
cation of C-terminal phage 
display to PDZ domain 
specificity studies λ phage 

Table 3. Dissociation constants for PDZPRG complexes with predicted optimal pep-
tide ligand and its variants

Peptide substitution position Kd [µM] ΔΔG (ΔGopt–ΔG)
[J/mol]

Dns-EEsGLcsMLV none (optimal ligand) 0.34 (±0.02) 0

Dns-EEsGLcsPLV
P-2 (best interacting 
peptide from C-terminal 
phage display)

0.38 (±0.03) –11

Dns-EEsGAcsMLV P-5 0.73 (±0.07) 1854
Dns-EEsGLAsMLV P-4 1.05 (±0.23) 2768
Dns-EEsGLcAMLV P-3 2.60 (±0.15) 4974
Dns-EEsGLcsALV P-2 3.14 (±0.26) 5439
Dns-EEsGLcsMAV P-1 0.18 (±0.01) -1629
Dns-EEsGLcsMLA P0 1.78 (±0.07) 4055

Figure 3. Binding curves for the interactions between 
variants of predicted optimal PDZPRG ligand and 
PDZPRG.
Fluorescence data were normalized and presented as the 
fraction of bound peptide versus protein concentration. 
The effect of amino acid substitutions at various ligand 
positions is shown in the inset. 



Vol. 55       277PDZRhoGEF and LARG PDZ specificity

was employed instead of the filamentous M13 (Vac-
caro et al., 2001; van den Berk et al., 2005; Berk et al., 
2007). The work presented in this paper follows the 
strategy used by the Genentech group with the M13 
system, with minor modifications of the cloning de-
tails giving the linker extended by five residues.

Our selection results confirmed the expected 
complex preference profiles for the target sequenc-
es of PDZPRG and PDZLARG.  We did not find any 
strong selection for any specific amino acid at any 
position in the screened hexapeptide sequences. Of 
particular interest are the P0 and P–2 positions which 
define the ligand class according to the canonical 
model. For the most ubiquitous class I and class II 
interactions, the P0 position is occupied in both cas-
es by a hydrophobic residue, but the P–2 position is 
taken up either by S/T in the former case and by a 
hydrophobic residue in the latter. Class III peptides 
contain a charged residue in the P–2 position. Our 
data are consistent with both PDZPRG and PDZLARG 

exhibiting the expected preference for hydrophobic 
amino acids at the P0 position, in agreement with 
the canonical mode of binding, although several 
variants from PDZLARG selection notably have non-
canonical S/T residues. 

Given that four out of five physiologically rel-
evant ligands for PDZPRG and PDZLARG contain Ser/
Thr in the P–2 position (see Table 1), we expected to 
find more clones corresponding to class I PDZ se-
quences. Surprisingly, only two of the PDZPRG- and 
four of the PDZLARG-selected peptide variants rep-
resent this class. Three of the selected sequences 
contain Arg at P–2, suggesting specific recognition 
of class III peptides. Two sequences (MEARLD and 
APPQYH) are similar to the atypical recognition 
pattern described for hINADL PDZ3 domain, desig-
nated as class IV (Vaccaro et al., 2001). Most of the 
remaining sequences belong to or strongly resemble 
class II ligands.

While the most common classification of PDZ 
domains does not invoke a key role for the P–1 resi-
due, other models strongly suggest that this amino 
acid plays a key role in the recognition patterns, at 
least for some PDZ domains (Kang et al., 2003). This 
is consistent with a number of recent experimental 
studies utilizing combinatorial phage display screens. 
The PDZ1 domain of PTB-BL shows an exclusive 
preference for Trp in the P–1 position (van den Berk 
et al., 2005; Berk et al., 2007). A similar pattern was 
observed for the Htr3 PDZ domain (Runyon et al., 
2007) and for Htr2/OMI PDZ (Zhang et al., 2007). 
The importance of the Trp residue in the P–1 posi-
tion was underscored by the fact that a mutation of 
Trp to Ala resulted in an increase in IC50 (half maxi-
mal inhibitory concentration) of a synthetic peptide 
binding to Htr3 PDZ from 0.6 µM to 270 µM (Ru-
nyon et al., 2007). In a similar fashion, the P–3 posi-

tion may play a role. The Htr3 PDZ shows a distinct 
preference for G/S in this position, similar to PDZ1 
from PTB-BL. In contrast, Htr2 is strongly biased to-
wards aromatic residues, e.g. F/Y.  Our data show a 
mixed preference profile. Half of the PDZPRG clones 
have hydrophobic residues in P–1, but there are also 
several charged amino acids. The clones selected for 
PDZLARG are highly variable in this position, with 
nine different amino acids represented in thirteen 
clones.  Similarly, the P–3 position shows some pref-
erence for small residues (A/S/T/G/C) in seven of 
the sixteen clones selected for PDZPRG, and there are 
four clones showing aliphatic hydrophobic residues 
in that position. Clones selected for PDZLARG show 
a more defined preference for small residues in P–3, 
with eight out of thirteen clones showing either S, G 
or T. It is interesting that in the PDZPRG experiments 
a strong bias towards hydrophobic residues is seen 
at position P–5, with leucine present in over 50% of 
the selected variants, suggesting that the P–5 position 
is in this case more important than in most PDZ–
peptide interactions and that the P–5 leucine may be 
involved in specific recognition of the relevant PDZ 
domain. 

Interestingly, none of the selected sequences 
correspond directly to any of the known physiologi-
cal ligands, but nearly all bind as well as the latter 
in the in vitro binding assays, with Kd values in the 
micromolar range.

It is now well established that PDZ domains 
vary dramatically with respect to their selectivity 
for cognate C-terminal peptides. For example, in a 
recent study employing the λ phage display system, 
two of the five PDZ domains of the protein phos-
phatase PTP-BL, i.e. PDZ2 and PDZ4, were demon-
strated to bind to diverse sequences representing all 
of the previously defined ‘classes’ of PDZ ligands 
(van den Berk et al., 2005). By contrast, and using 
the same methodology, the authors show that the 
PDZ1 domain shows a stringent selectivity, with 
the vast majority of the selected clones containing 
the (S/T)WV C-terminal fingerprint. In another re-
cent example, C-terminal M13 phage display ex-
periments performed on the PDZ domains from the 
HtrA protein family (Runyon et al., 2007; Zhang et 
al., 2007) also resulted in identification of degener-
ate binding patterns, with a notably high variability 
at the P–2 ligand position. Broad specificity was pre-
viously observed for several PDZ domains, directly 
and indirectly through identification of physiological 
ligands, including erbin (Jaulin-Bastard et al., 2001; 
2002; Laura et al., 2002), syntenin PDZ2 (Kang et al., 
2003) and INADL PDZ1 and PDZ6 (Vaccaro et al., 
2001). This strongly suggests that the roots of the 
degenerate specificity may arise from interactions at 
positions other than the canonical P0 and P–2. There 
are several well described examples that emphasize 
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the importance of the P–1 position: valine or tyrosine 
in the case of syntenin (Kang et al., 2003), tyrosine 
and tryptophan in the case of ZO-1 (Appleton et al., 
2006), or an intramolecular disulfide bridge in the 
InaD–NorpA complex (Kimple et al., 2001). There is 
also evidence that PDZ domains may adapt through 
an induced fit mechanism to various sequence motifs 
that may appear unrelated (Basdevant et al., 2006; 
Gianni et al., 2006; Grembecka et al., 2006). In such 
cases, the non-canonical interactions might provide 
important regulatory mechanisms, as is the case of 
Tyr phosporylation at position P–7 in the erbin PDZ-
ErbB2 peptide complex (Birrane et al., 2003).

The highest affinity PDZPRG-binding peptide 
(LCSPLV) is almost identical to the best scoring pep-
tide in our selection-based matrix (LCSMLV). Fluo-
rescence experiments demonstrate that this peptide 
indeed binds PDZPRG with the highest affinity. This 
peptide cannot be easily assigned to any of the ca-
nonical PDZ ligand classes; however, the presence 
of proline in P–2 could easily be adopted by the PDZ 
domain and should not hinder the binding. The 
peptide’s interaction with PDZLARG is significantly 
weaker, underscoring the accuracy of the profiling 
approach in discriminating between similar PDZ 
domains. In general, class I binders interacted more 
strongly with PDZLARG, while PDZPRG could more 
easily accommodate ligands belonging to class II 
and III (the latter showing no interaction at all with 
PDZLARG). This suggests a broader specificity range 
for PDZPRG and a recognition pattern of PDZLARG 
closer to typical class I. The relatively weak binding 
by PDZ domains may be connected with the possi-
bility of regulation by discrete changes in the intrac-
ellular conditions, as well as the multitude of cellu-
lar partners the domain has to adapt to. The binding 
of suboptimal cellular targets suggests that the role 
of both investigated domains may be based more 
on promiscuity and allowing the binding of many 
varied targets than on adapting to only one partner 
protein. No clear preference towards a specific class 
of binders can be seen, which corresponds well with 
the varied scope of PDZPRG and PDZLARG natural 
binders and the low (Kd in the range of 20–30 μM) 
affinity for their natural class I ligand, plexin B C-
terminal fragment (Paduch et al., 2007).

The promiscuity and lack of clearly defined 
consensus residues observed in our experiments are 
in agreement with recent computational results (Bas-
devant et al., 2006), where the authors show that in 
the PDZ domain–peptide interactions both dynamic 
and entropic responses are complex-specific. The ex-
istence of broad-specificity PDZ domains, like those 
from PDZRhoGEF and LARG, further supports this 
thesis and underscores the need to reevaluate the 
PDZ specificity paradigm. Also, the promiscuity ob-
served for some PDZ domains needs to be further 

investigated as a possible means of regulating the 
intricate network of intracellular interactions. 
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