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PDZ domains1 are modular protein domains that play a role in protein-protein 
interactions and function as key components of cellular signaling. They generally 
bind to specific amino-acid sequence motifs at the C-terminus of proteins. These 
sequence motifs have been used to classify PDZ domains into at least three recog-
nition classes. However, there are a lot of excep-
tions to this classification because a number of 
PDZ domains can recognize (and thus belong to) 
more than one motif class.

To understand the molecular details that under-
lie specificity (one PDZ domain binds to a spe-
cific sequence and not to another) and plasticity 
(one PDZ domain can bind different C-terminus 
peptides even from different classes) in recogni-
tion, we analyzed the structural, dynamic and 
energetic components associated with peptide 
recognition. The contribution of these compo-
nents was characterized from a comparative 
analysis of the behavior of the apo and holo 
forms, as observed in Molecular Dynamics simu-
lations of a selected set of PDZ domains. 
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CONCLUSION        Table 1: PDZ apo/holo simulations

Protein Class PDB
Peptide 
Length

Peptide 
Sequence

Apo 1G9O
I (a) 1GQ5 5 -ED SFL
I (b) 1GQ4 5 -ND SLL
I (c) 1I92 5 -QD TRL
Apo 1BFE
 I 1BE9 5 -KQ TSV

Apo 1L6O
I 1L6O 8 -SLKLM TTV

Apo 1Q3O
I 1Q3P 6 -EAQ TRL

Apo 1NTE
I 1OBX 4 -D SVF
II 1OBY 6 -TNE FYA

Apo 1MFG
 I 1N7T 7 -TGWE TWV
 II 1MFG 9 -EYLGLD VPV
Apo 1N7E
 II 1N7F 8 -ATVRT YSC
Apo 1IHJ
II 1IHJ 5 -TE FCA

SYNTENIN PDZ2

INAD PDZ1

DISHEVELLED

SHANK

ERBIN

GRIP PDZ6

NHERF PDZ1

PSD-95 PDZ3

Molecular Dynamics Simulations: 20 nanoseconds of MD in the NPT ensemble were 
performed with the GROMACS package, OPLS all-atom force field, explicit SPC 
water molecules, periodic boundary conditions, Particle Mesh Ewald for long range 
electrostatics, and a 2 fs time-step with LINCS algorithm on bond-lengths.

The Systems: MD simulations were performed on PDZ domains for which a holo 
(peptide-bound) and apo (peptide-free) 3D structure is available in the Protein Data 
Bank, as described in Table 1. PDZ domains were simulated both in their holo and 
apo forms. In a few cases the initial coordinates of the apo structure were taken 
from the holo entry. 

Structural analysis: A combined Princi-
pal Component Analysis2 on the concat-
enated C-α trajectories of the apo and 
holo simulations was performed to find 
structural differences between apo and 
holo PDZ domains. The first eigenvector 
shows the direction of these changes.

Thermodynamic analysis: To under-
stand the major forces that govern the 
interactions, a thermodynamic analysis 
was performed, using the MM-PBSA 
method3 to evaluate free energies from 
MD trajectories and a quasi-harmonic 
approximation4 to evaluate the configu-
rational entropy of molecules.

All analyses were done on the last 10 
nanoseconds of the simulations.

DECOMPOSITION OF BINDING FREE ENERGIES

THERMODYNAMIC ADAPTATION UPON BINDING

Figure 1: Crystal structure 
of PDZ3 of PSD-95 in complex 

with its target peptide.

Figure 3: The first eigenvector 
of the concatenated apo and 
holo trajectories of PDZ do-
mains  shows the location of the 
main apo/holo differences.

Figure 2: Apo and holo tra-
jectories of PDZ domains are 
clearly separated along the 
first eigenvector from com-
bined PCA as shown by the 
projection of the concat-
enated C-α trajectory.

Structural differences between apo and holo PDZ forms were located not only in the 
binding site (αB helix and βA-βB loop), but also in the opposite loop, the βB-βC loop, 
and in the small αA helix, although it is distant from the binding site. This structural 
adaptation upon binding was found even when the apo starting structure was taken 
from the holo 3D structure, and is much larger than observed from crystal structures. 
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Free energies of PDZ domains from the apo and the holo simulations were compared 
to evaluate the energetic cost of the structural adaptation. The free energy of each 
molecule is calculated according to MM-PBSA decomposition:

There is a free energy cost of 
different magnitude for the PDZ 
to adapt to bind the peptide. 
This cost is not always entropic, 
however for NHERF it is only en-
tropic.
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Table 2: Binding free 
energies (kcal/mol). 
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Binding free energies of all PDZ/Peptide complexes were 
evaluated by averaging over snapshots from the complex tra-
jectory, so the standard deviation is small enough:

Results are shown in Table 2 with the corresponding standard 
deviation in italic (calculated on the non-entropic part). 

Figure 5: Decomposition of binding 
free energies (kcal/mol).

enthalpy in vacuum (MM):
internal, van der Waals and 

electrostatic part

solvation free energy:
electrostatic part (PB)
+ non polar part (SA)

entropy part: quasi-
harmonic approximation 

(not from MM-PBSA)
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where λi are the eigenvalues of the all-atom mass-weighted covariance matrix.
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Figure 4: Free energy difference 
between holo and apo 

simulations of PDZ domains. 
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The binding free energy was decom-
posed into three components: electro-
static, hydrophobic and entropic, 
with:

This computational study shows that PDZ domains adapt structurally to bind their 
target peptide, and this adaptation involves not only the binding site but also distant 
sites (αA helix and βB-βC loop). This structural adaptation has a significant free 
energy cost that is not always entropic.

Decomposition of binding free energies emphasizes the unexpected variable and 
sometimes significant unfavorable entropy contribution, and therefore its modulat-
ing role in recognition.

These new findings could help to modulate binding of PDZ domains by preventing or 
forcing structural changes and by altering electrostatic and entropic contributions. 

Erbin PDZ domain has a greater affinity for the class I pep-
tide, which is consistent with experiments. Syntenin PDZ 
domain prefers the class II peptide. In the case of the PDZ 
domain of NHERF, one of the three peptides has a weaker af-
finity. The Shank binding free energy is slightly positive, so 
there is almost no affinity.

Hydrophobic forces contribute the 
most to peptide recognition, and elec-
trostatic interactions are negligible 
and unfavorable to the interaction. 
Entropy contribution is surprisingly 
variable and is not negligible to bind-
ing (cf. Shank).

apo -> holo 
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Protein ∆Gb σ

NHERF a -40 3.4
NHERF b -39 3.4
NHERF c -34 3.6
PSD-95 -39 3.7

Dishevelled -44 3.7
Shank 4 3.8

Syntenin I -31 3.1
Syntenin II -37 3.0

Erbin I -54 5.3
Erbin II -31 5.5
GRIP -28 3.9
Inad -30 2.9
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