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Comparative analysis of groups of PDZ ligandsIntroduction

Figure 2: PDZBase currently contains ~300 interactions manually 
extracted from more than 200 articles. Interactions in PDZBase 
can be queried by names, swissprot identifiers or sequence 
motifs (A,B). Details of an interaction are visualized using resi-
due based diagrams (C, Skrabanek et al., 2003). Alignments 
enable comparison of identical positions in both PDZ domains 
and peptides (D).  

Table 1 : PDZ domains with multiple ligands 

Figure 6 (left): To assess whether any differ-
ences between groups could be identified, a 
similarity matrix was calculated for the C-
terminal 10 residues of all ligands using a 
custom made similarity matrix.  Boundaries 
separating the groups are indicated with 
black lines. The average similarity for each 
group with the rest of the peptides is shown 
on the bottom of the figure, as a fraction of 
the average similarity of all peptides. Thus, 
the PICK1 peptides have relatively low simi-
larity with the peptides in the other groups 
(0.84), while the MAGUK peptides have 
average properties and a high similarity with 
the other peptides.   

 

Identification of PDZ-peptide correlated mutations

Methods: Three different methods were used to estimate CMs between PDZ and peptide ligand sequences: 
McBASC (McLachlan-based substitution correlation), OMES (Observed Minus Expected Squared) and ELSC 
(Explicit Likelihood of Subset Covariation). These methods have been shown to yield different results, depend-
ing on the particular alignment used in the analysis (Fodor et al., 2004). 

Sequences are weighted through mutual distances (McBASC) or position based weights (OMES).  Z-scores of the 
correlation values are obtained through randomization of the alignment by vertical shuffling. Due to conserva-
tion properties, non-random, ”background” correlations exist for each of the PDZ positions. These background 
correlations can be estimated through CM analysis of the PDZ with non-interacting peptide positions P-10 to 
P-19. Corrected correlation values are obtained by subtracting the background Z-score from the original 
values. A Z-score cutoff of ~10σ appears suitable for identifying statistically significant correlated mutations. 
A set of 12 PDZ structures was used to generate an initial structure based alignment, from which a hidden 
markov model based profile was generated. The PDZ sequences in the database were aligned against this pro-
file, with manual correction to ensure correct alignment of highly conserved residues.
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Results: Large numbers of CMs can be identified for peptide positions P-0 (Figure 3) and P-2 (Figure 4), but 
not for other positions. This is agreement with the role of these positions as primary determinants of specific-
ity. A few important CMs are discussed below:

Goal: To identify specific interactions between PDZ-domains and peptides from the interactions assembled in 
PDZBase, we performed a correlated mutation (CM) analysis on the PDZ and peptide sequences. CM analysis 
has been successfully used to study protein-protein interactions in a variety of systems (Pazos et al., 
2002;Filizola et al., 2002). 

Figure 3: CM values for P-0. β-strands are colored red, α-helices yellow.  For P0, there are high CMs with posi-
tions in the distal αA helix. This αA helix has been previously shown to be statistically coupled to the peptide-
binding site, using both CM analysis and NMR experiments (Lockless et al., 1999; Fuentes et al., 2004). Inspec-
tion of the sequences shows that peptides with Leu at P-0 bind preferably to PDZ domains with Ala at αB5, 
while Val at P-0 correlates with Asp at αB5. Of the residues that form the hydrophobic pocket, only αB4 and 
αB8 have high CM values. The correlation of P0 with βC1 is interesting, since this residue is part of the core of 
the protein, and interacts directly with the αB4 and the αB8 positions. 
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Figure 4: As expected, the highest correlation is between P-2 and αB1. The interaction between these two 
positions is considered the primary determinant of PDZ-domain specificity. However, other residues in the αB 
helix also appear to be correlated with P-2 (αB4, αB5 and αB8), and an α-helical periodicity of CM values in 
the αB helix can be observed. This is in agreement with a recently solved structure of AF-6 with a C-terminal 
peptide from neurexin, where direct contacts between αB5 and P-2 can be observed (Zhou et al., 2005).  Nota-
bly, PDZ domains with a Gln at αB5 appear to bind preferably to Class-II peptides with an aromatic residue at 
P-2. These PDZ domains are ASIP, hDlt, Mint1-2, lnx1 and CASK.  
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Recognition of ligands by PDZ domains is thought to be medi-
ated by residues at the three C-terminal positions of the ligand 
(P-2, P-1 and P-0). Residues at these positions are involved in 
very specific interactions involving tight hydrophobic packing 
(P-0) or conserved H-bonds (P-2). In order to identify positions 
located further N-terminal on the ligand (i.e. P-3, P-4 etc) 
that contribute to binding, we systematically analyzed differ-
ences and commonalities among groups of ligands, that bind to 
different PDZ domains (see Table1).
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Table 3 (right): The most discriminating positions among 
the groups of PDZ ligands. PICK1 ligands are unique 
because of an abundance of hydrophobic residues. MAGUK 
ligands have typical PDZ binding motifs (mostly T/S-X-V), 
and have few discriminating (MAGUK-specific) positions. 
NHERF ligands are characterized by negatively charged 
residues at P-3. 

Figure 1: Structure of the third PDZ domain of PSD-95 bound to CRIPT (Doyle et al., 
1996). PDZ domains consist of six β-strands (βA to βF) and two α-helices, αA and αB. 
The peptide binds in an elongated surface groove as an antiparallel β-strand and 
interacts with the βB strand and the αB helix. The last five residues of the peptide 
are shown (P-0 to P-4) in orange. Specific residues of the PDZ domain are shown in 
cyan. The P0 residue interacts with the so-called GLGF motif and with residues in the 
αB-helix. The Thr at P-2 forms a hydrogen bond with the His at the αB1 position.

PDZ domains are common protein-protein interaction domains often 
involved in the assembly of protein complexes at the plasma membrane, 
where they bind to the C-termini of membrane proteins. More than 500 
PDZ domains exist  in the human genome, and there are a large number 
(>1000) of publications describing PDZ domains. This abundance of data 
justifies a specialized database for the assembly and analysis of PDZ 
domain related information. We present here such a database, named 
PDZBase and describe specific strategies for analyzing the data content.

EPHA7 LHLHGTGIQV Caspr2 IDESKKEWLI
EPHB2 QMNQIQSVEV Caspr4 VNENQKEYFF
EPHB3 QMNQTLPVQV JAM EFKQTSSFLV
EPHB6 HLRQQGSVEV Neurexin-beta KKNKDKEYYV

Jagged-1 QSLNRMEYIV Parkin ACMGDHWFDV
JAM EFKQTSSFLV PMCA4b SPLQSQETPV

Neurexin-I KKNKDKEYYV Syndecan-1 KPTKQEEFYA
PVRL1 SFISKKEWYV Syndecan-2 QKAPTKEFYA
PVRL2 GFVMSRAMYV Syndecan-3 KPDKQEEFYA
PVRL3 SVISRREWYV Syndecan-4 KKAPTNEFYA

5T4 LTNLSSNSDV ARF1 WLSNQLRNQK
alpha-actinin-1 STALYGESDL BNaC1 ALGTLEEIAC

beta1-AR RPGFASESKV BNaC2 ARGTFEDFTC
Frizzled-1 TNSKQGETTV DAT QFTLRHWLKV

Glut1 FHPLGADSQV ERBB2 PEYLGLDVPV
IGF1R ALPLPQSSAC GluR2 NVYGIESVKI

Integrin-alpha5 QLKPPATSDA mGluR3 EVLDSTTSSL
Integrin-alpha6A TKWNRNESYS mGluR7a KYVSYNNLVI

KIF1B NLKAGRETTV NET QFQLQHWLAI
Neuropilin-1 LNPQSNYSEA PKC-A FVHPILQSAV
RGS-GAIP LQGAPQSSEA PrRPR GQNMTVSVVI

Semaphorin-4C PDSNPEESSV
Syndecan-1 KPTKQEEFYA ADAM17 SRVDSKETEC

TGFR-3 STPCSSSSTA BAI-1 QDIIDLQTEV
TRP-1 KLQNPNQSVV CRIPT DTKNYKQTSV

ERBB4 PPYRHRNTVV
beta2-AR RNCSTNDSLL Frizzled-1 TNSKQGETTV

CFTR TEEEVQDTRL Frizzled-2 TNSRHGETTV
Clcn3c EVYLLNSTTL Frizzled-4 KPGKGNETVV
DRA VYEVPVETKF Frizzled-7 SHSSKGETAV

EPI64 TSQESEDTYL GCS-alpha2 GTMFLRETSL
GRK6 DSEEELPTRL GluR6 RRLPGKETMA
KOR-1 RDIDGMNKPV GluR-delta2 GNDPDRGTSI
NaPi-7 LPAHHNATRL Kir2.2 ERPYRRESEI
P2Y1 EFKQNGDTSL Kv1.4 SNAKAVETDV
PAG LQQGRDITRL Neuroligin-1 HPHSHSTTRV

PDGFR PRAEAEDSFL NMDAR2A KKMPSIESDV
PLC-beta1 NPGKEFDTPL NMDAR2B EKLSSIESDV
PLC-beta3 SESQEENTQL p51-nedasin KQVVPFSSSV

PMCA2 SPIHSLETSL PDZ-binding-kinase HIVEALETDV
Podocalyxin DLDEEEDTHL PKC-A FVHPILQSAV

Sgk1 SYAPPTDSFL PMCA2b SPIHSLETSL
SRY RDRYSHWTKL PMCA4b SSLQSLETSV
Taz NKSEPFLTWL Sec8 ATKDKKITTV

TrpC4 AHEDYVTTRL Sema4c PDSNPEESSV
TrpC5 GQEEQVTTRL Stargazin NTANRRTTPV
YAP65 LDKESFLTWL SynGAP FPPWVQQTRV
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p-0 p-1 p-2 p-3 p-4 p-5 p-6 p-7 p-8 p-9
AF-6 1.22 1.00 0.65 0.99 1.03 1.05 1.23 1.09 1.06 1.10
CASK 0.86 0.59 0.49 1.13 1.18 1.07 1.00 1.04 1.00 1.04
GIPC 0.83 1.13 1.43 1.08 0.95 0.95 0.87 0.95 1.06 0.93

NHERF 0.87 0.98 1.54 0.83 0.94 1.04 0.94 1.00 1.01 0.92
PICK1 0.82 1.14 0.82 0.82 0.99 0.79 0.69 0.90 0.74 0.90
MAGUK 1.05 1.14 1.58 1.16 0.88 1.03 0.92 0.91 1.04 0.97

           

Table 2 (below): To determine which positions in the 
ligands were most discriminating between groups, a 
similarity matrix was calculated for positions P-9 to 
P-0 individually, resulting in a similarity value for 
each position. For example, the CASK ligands are 
characterized by a hydrophobic residue at the P-2 
position (which is normally occupied by Thr or Ser) 
and hence, the similarity value to other ligands at 
that position is very low (0.49). The MAGUK ligands 
have the typical Thr/Ser at P-2, and so the similarity 
value at P-2 is high (1.58). Positions in groups with 
low similarity scores (discriminating positions) are 
colored blue in Table 2.

Group Position Types

AF-6 P-2 Hydrophobic/Aromatic 

CASK P-0 Ala

P-2 Aromatic

GIPC P-0 Ala

P-6 Hydrophobic

NHERF P-0 Leu

P-3 Negatively charged 

PICK1 P-0 Cys/Lys

P-2 Hydrophobic

P-3 Polar 

P-5 Hydrophobic

P-6 Hydrophobic

P-8 Hydrophobic

MAGUK P-4 Arg/Lys

McBASC rij = 1
N 2

wkl (sikl − 〈si〉)(s jkl − 〈s j 〉)
σ iσ jkl

∑
For each position in an MSA of N sequences, a NXN matrix S is 
defined. Each entry in the matrix is the value from the McLachlan 
substitution matrix. <S> and σ are the average and standard-
deviations of the matrix. W is a weighting factor.

For each pair of amino-acids at positions i and j, Nobs is the 
number of observed occurences, while Nex is the number 
of expected occurences based on a random distribution of 
amino acids at the two positions. 

Nr,j is the count of residue r at position j in the 
alignment, nr,j is the count of residue r at position j in 
a subset alignment, and mr,j is the count of residue r at 
position j in an idealized subset MSA.  


