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ABSTRACT: Recognition of proline-rich sequences plays an important role for the assembly of multiprotein
complexes during the course of eukaryotic signal transduction and is mediated by a set of protein folds
that share characteristic features. The GYF (glycine-tyrosine-phenylalanine) domain is known as a member
of the superfamily of recognition domains for proline-rich sequences. Recent studies on the complexation
of the CD2BP2-GYF domain with CD2 peptides showed that the peptide adopts an extended conformation
and forms a polyproline type-II helix involving residues Pro4-Pro7 [Freund et al. (2002)EMBO J. 21,
5985-5995]. R/K/GxxPPGxR/K is the key signature for the peptides that bind to the GYF domain [Kofler
et al. (2004)J. Biol. Chem. 279, 28292-28297]. In our combined theoretical and experimental study, we
show that the peptides adopt a polyproline II helical conformation in the unbound form as well as in the
complex. From molecular dynamics simulations, we identify a novel binding mode for the G8W mutant
and the wild-type peptide (shifted by one proline in register). In contrast, the conformation of the peptide
mutant H9M remains close to the experimentally derived wild-type GYF-peptide complex. Possible
functional implications of this altered conformation of the bound ligand are discussed in the light of our
experimental and theoretical results.

Intracellular protein domains recognizing proline-rich
sequences (PRS)1 play a pivotal role in biological processes
that require the coordinated assembly of multiprotein com-
plexes (1). In vertebrate genomes, PRS are predicted to be
among the most abundantly expressed amino acid sequence
motifs (2), and this corresponds to an increasing number of
proteins that acquired PRS-recognition domains during the
course of evolution (3).

Up to now, the superfamily of PRS-recognition domains
consists of profilin (4), SH3 (5, 6), WW (7), EVH1 (8), GYF
(9, 10), UEV (11, 12), and probably the ligand-binding
domain of prolyl-4-hydroxylase (13). For each of these
domains, a set of conserved aromatic amino acid residues is
important for peptide binding. Within the glycine-tyrosine-
phenylalanine (GYF) domain, the GYF tripeptide is part of
a bulge-helix-bulge motif that contains several aromatic
amino acid side chains that are essential for the binding of
the CD2 cytoplasmic domain. The recently solved NMR
structure of the CD2BP2-GYF domain in complex with the

CD2 peptide SHRPPPPGHRV (14) showed that the peptide
adopts an extended conformation and forms a left-handed
polyproline type-II (PPII) helix involving residues Pro4-
Pro7 (14, 15) (see Figure 1). The binding surface of the GYF
domain accommodates Pro6 and Pro7 of the ligand and is
defined primarily by the aromatic residues Tyr6, Trp8, Tyr17,
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FIGURE 1: NMR structure of GYF domain with wild-type peptide.
The GYF domain is represented by its molecular surface; the peptide
atoms are drawn as sticks. Residues forming the binding pocket
are colored in dark gray and labeled by their one-letter codes and
sequence numbers. The VMD (60) package was used to generate
this picture.
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Tyr20, Trp28, Tyr33, and Phe34 of the GYF domain (see
Figure 1).

Characterizing the conformational changes for both inter-
action partners is essential for understanding the mechanism
of the peptide binding to the GYF domain. On one hand, it
has been recently recognized that many proteins contain long
disordered segments in their functional states under usual
physiological conditions (16-20); e.g., most of the polypep-
tide hormones are conformationally disordered in aqueous
solution and fold upon binding to their receptors (20).
Unstructured segments within large proteins provide ideal
scaffolds for the interaction with several different targets and
thereby help to assemble multiprotein complexes (16-20).
On the other hand, it has been shown by many experimental
and theoretical studies that certain peptides, including proline-
rich sequences, adopt preferred conformations in solution
(1, 21-31). Therefore, it is a matter of ongoing discussion
whether the PPII helix is such a preferred conformation of
certain peptide sequences (21, 25, 27-29, 32-39). In the
CD2 polyproline peptide-GYF complex, the central part of
the peptide adopts a PPII helical conformation. A mechanistic
description of the binding event has to distinguish whether
the PPII helix conformation is preformed in the unbound
peptides and binding to the GYF domain takes place in a
“lock and key” mode or whether folding and binding occurs
in parallel, corresponding to an “induced fit” model (Scheme
1). Further, it should clarify which conformational changes
take place in the protein and peptide and how these changes
contribute to the stabilization of the complex. So far, our
previous study has identified the key binding motif of the
peptide as R/K/GXXPPGXR/K (40). The structural impor-
tance of peptide Gly8 for interaction with the GYF domain
has also been analyzed (14): A glycine in this position
terminates the PPII helix conformation and prevents hin-
drance between the C terminus of the peptide and the domain.
A G8X mutation resulted in the loss of binding for most
residues during systematic mutagenetic studies (see Table
1). Surprisingly, the peptide still binds to the domain upon
a G8W mutation (40), although, on the basis of the wild-
type structure, a G8W substitution would result in a clash
between the tryptophane and the GYF domain. Considering
the large structural differences between glycine and tryp-
tophan, a different binding mode for this peptide can be
assumed. It has been shown by NMR experiments (41) that
SH3 domains can bind proline-rich ligands in two orienta-
tions, because of the pseudosymmetry of the PPII helix.
These findings raised the question whether such a scenario
is also true for the GYF domain.

In the present work, we carried out theoretical calculations
to address the problem of the conformational state of
unbound peptides. Molecular dynamics (MD) simulations
starting from different initial conformations and at different
temperatures indicated that all studied peptides adopt the PPII
helical conformation in the unbound state. For the wild-type
and G8W mutant peptides, we combined NMR experiments
with theoretical calculations and identified a novel binding
mode (register shifted by one proline), while the control
peptide mutant H9M remains close to the experimental GYF-
domain wild-type peptide complex conformation (14). Pos-
sible functional implications of this altered conformation of
the bound ligand are discussed in the light of our experi-
mental and theoretical results.

MATERIALS AND METHODS

Protein Production and NMR Analysis.The GYF domain
of human CD2BP2 comprising amino acids 280-342 was
cloned and expressed as described elsewhere (40). The NMR
experiments were performed at 296 K using a Bruker
DRX600 instrument equipped with a standard triple-
resonance probe. Data processing and analysis were carried
out using the XWINNMR (Bruker) software package and
the program Sparky (42). In the NMR experiments, increas-
ing amounts of the synthetic peptide of sequence NH2-
SHRPPPPGHRV-COOH or NH2-SHRPPPPWHRV-COOH
were added to a 0.2 mM sample of the15N-labeled GYF
domain up to a final concentration of 1.8 mM. HSQC spectra
were recorded, and the changes of the assigned nitrogen
and hydrogen chemical shifts were combined as follows:
[(∆1H_cs)2 + (∆15N_cs)2] 1/2, where∆1H_cs is the chemical-
shift change for1H atoms in units of 0.1 ppm and∆15N_cs
is the chemical-shift change for15N atoms in units of 0.5
ppm. The sum of these weighted geometrical differences of
the chemical shifts were plotted against the peptide concen-
trations for the titration experiments. The resonances of
residue F34 and of the W8 side chain were excluded because
of line broadening preventing the identification of the
corresponding resonances at various ligand concentrations.
The dissociation constants were calculated using the program
Microcal Origin. For comparison of the two binding epitopes,
the weighted geometrical differences of the chemical shifts
for all assigned residues upon addition of 1.8 mM ligand
are shown in a histogram.

Scheme 1 Table 1: Favorable Mutations of the Peptides Binding to GYF
Domaina

WT A C D E F G H I K L M N P Q R S T V W Y

S + + + + + + + + + + + + + + + + + +
H + + + + + + + + + + + + + + + + + +
R + + +
P + + + + + + + + + + + + + + + + + +
P + + +
P +
P + +
G + + +
H + + + + + + + + + + + + + + + + + +
R + +
V + + + + + + + + + + + + + + + +

a Data are taken from Kofler et al. (40). Mutations favorable for the
binding are marked “+”. The first column labeled “WT” contains the
sequence of the wild-type peptide. The later columns contain the results
from single amino acid mutation experiments. Amino acid residues
are listed with their one letter code.
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Peptide Substitution Analysis.Single substitutions of
SHRPPPPWHRV and a set of different proline-rich peptides
were generated by semiautomated spot synthesis (43, 44)
(Abimed; Software LISA, Jerini AG) on Whatman 50
cellulose membranes as described (45). Membranes were
probed with GST fusion protein as described elsewhere (46).
Briefly, the membranes were incubated with GST-GYF
(CD2BP2; 40µg/mL) overnight. After washing, bound GST
fusion protein was detected with rabbit polyclonal anti-GST
antibody (Z-5, Santa Cruz) and horseradish peroxidase
coupled anti-rabbit IgG antibodies (Rockland). An enhanced
chemiluminescence substrate (SuperSignal West Pico, Pierce,
IL) on a LumiImagerTM (Boehringer Mannheim GmbH) was
used for detection.

Molecular Dynamics Simulations: Peptides.To character-
ize the conformational ensembles of the unbound solvated
peptides, a set of MD simulations of the wild-type (SHRP-
PPPGHRV) and the mutated peptides (SHRPPPPWHRV and
SHRPPPPGMRV) were carried out using the GROMACS3.14
package (47) applying the OPLSAA force field (48). In some
cases, the starting structures were taken from the complex
of the wild-type peptide with the GYF domain [PDB entry
1L2Z (14)]. Three MD simulations of the wild-type peptide
were performed: (1) start from the wild-type NMR structure
at 300 K temperature (WT); (2) start from a modeled
extended structure at 300 K temperature (WTE); (3) start
from the NMR structure at a temperature of 500 K (WTHT).
The extended conformation in the WTE simulation was
generated with dihedral angles of the backbone of 135° (N-
CA-C-N), 180° (CA-C-N-CA), and -135° (C-N-
CA-C). MD simulations of the mutated peptides (G8W for
SHRPPPPWHRV and H9M for SHRPPPPGMRV) were
performed only at 500 K. Mutated residues (tryptophan in
the G8W simulation and methionine in the H9M simulation)
were modeled using the TINKER package (49) based on the
NMR structure of the wild-type peptide in the complex. The
peptides were solvated in cubic boxes, using TIP3P water
molecules (50), with an initial minimum distance of at least
14 Å between the boundaries of the box and the nearest
solute atom. All coordinate sets were first minimized by 500
steps of steepest-descent energy minimization. The solvent
and protein atoms were then relaxed during a 100 ps MD
simulation with all non-hydrogen atoms of the NMR structure
restrained to their coordinates in the PDB structure. Then,
plain MD simulations (20 ns for WT, WTE, and WTHT and
40 ns for G8W and H9M) were carried out without any
restraints. The LINCS procedure (51) was applied to
constrain all bond lengths. The time step of the simulation

was set to 2 fs. A 9 Åcutoff was used for the short-range
nonbonded interactions, and the lists of nonbonded pairs were
updated every 10 steps. The particle mesh Ewald (PME)
method (52) with a grid size of 1.2 Å was used to calculate
long-range electrostatic interactions. Temperature and pres-
sure were maintained by weak coupling to an external bath
in the simulations (53). Cluster analysis was carried out after
the simulations using the “full linkage” algorithm imple-
mented in the GROMACS3.14 package (47): a structure is
added to an existing cluster when its distance to any element
of the cluster is less than the given cutoff. Main-chain atoms
and Câ atoms were selected for calculating the root-mean-
square deviation (rmsd) matrix. The rmsd cutoff was set to
1.5 Å.

Complexes.The dominant conformations in the cluster
analysis of each simulation of the unbound mutated peptides
G8W and H9M were superimposed on the wild-type peptide
in the structure of the complex using all main-chain atoms
(backbone, H, and O) and the Câ atoms of the HRPPPP
segment for alignment. Then, 500 steps of steepest-descent
energy minimization were applied to remove unfavorable
interactions. The two optimized mutated complexes were
used as starting structures in the simulations of the mutant
complexes. Similar procedures as for the peptide simulations
were used to carry out two 30 ns long MD simulations of
the modeled complexes at 300 K (G8W_GYF for the peptide
SHRPPPPWHRV and the GYF domain and H9M_GYF for
the peptide SHRPPPPGMRV and the GYF domain). To
investigate the binding mode of the G8X mutations more
systematically, we used the package FlexX (54) to dock the
G8W, G8R, G8Y, and G8K mutants to the GYF domain
followed by subsequent MD simulations. Pro7 of the peptide
was chosen as a seed in the docking, while the complex
conformations with the best docking score were chosen as
the starting structures of the simulations. MD simulation of
the wild-type complex was also carried out as a control run
(WT_GYF). Details about all simulations (starting structure,
temperature, and length) reported here are summarized in
Table 2.

RESULTS

SolVent Conformation of the Unbound Peptide.As de-
scribed in the Materials and Methods, the molecular dynam-
ics simulations for the wild-type peptide were started from
different starting conformations of the peptide (a PPII helical
conformation taken from the NMR complex and a modeled
extended starting conformation) at two different temperatures

Table 2: Summary of All of the Simulations

simulation system starting structure T (K) length (ns)

WT wild-type peptide NMR structure 300 20
WTE wild-type peptide modeled extended structure 300 20
WTHT wild-type peptide NMR structure 500 20
G8W G8W mutant peptide modeled from NMR 500 40
H9M H9M mutant peptide modeled from NMR 500 40
WT_GYF wild type+ GYF NMR structure 300 30
G8W_GYF G8W mutant+ GYF modeled from NMR and simulation 300 30
H9M_GYF H9M mutant+ GYF modeled from NMR and simulation 300 30
G8W_DOCK G8W mutant+ GYF docking based on NMR 300 30
G8R_DOCK G8R mutant+ GYF docking based on NMR 300 30
G8Y_DOCK G8Y mutant+ GYF docking based on NMR 300 30
G8K_DOCK G8K mutant+ GYF docking based on NMR 300 30
ALT_GYF wild type + GYF modeled from NMR and simulation 300 5*20

6406 Biochemistry, Vol. 44, No. 17, 2005 Gu et al.



(300 and 500 K). Figure 2 shows the evolution of backbone
dihedral angles (Φ, Ψ) during the 20 ns long simulations.
In the WTE run, the formation of the PPII helical conforma-
tion occurred after only a few picoseconds. Therefore, this
initial conformation cannot be resolved in Figure 2a. In all
three simulations of the wild-type peptide (shown in Figure
2a), the backbone dihedral angles of residues His2-Pro7

merely fluctuated around the ideal value for PPII helix:Φ
) -78°, Ψ ) 146° (55). The simulation at high temperature
(WTHT) shows only slight shifts, where the segment Gly8-
Val11 contributes to most of the fluctuation of the backbone
conformation. Similar results were also found in the simula-
tions of the mutated peptides G8W and H9M (shown in
Figure 2b).

FIGURE 2: Evolution of the backbone dihedral angles (black,φ angles; red,ψ angles) during the simulation of the wild-type peptide (a) and
the mutant peptide (b). Ideal values of the dihedral angles are shown in solid lines (blue,φ angles; green,ψ angles).
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After this initial comparison between the simulations of
wild-type and mutated peptide, the G8W and H9M simula-
tions were extended to 40 ns to improve the sampling of the
conformational space of the mutated peptides and to allow
for identification of possible interesting peptide conforma-
tions that could be used for the modeling of the mutated
complexes. We used cluster analysis to summarize the
sampling during the simulation of G8W and H9M. Interest-
ingly, only one dominant cluster was found in each simula-
tion: the largest cluster covers 77 and 86% of the trajectory
in the G8W and H9M simulation, respectively. A similar
observation was made for the simulations of the wild-type
peptide: only one cluster was found in the analysis, which
covers almost the whole trajectory. These results agree with
the dihedral angle analysis that the backbones of the mutated
and wild-type peptides are quite stable during the simulation.

Figure 3 shows a superposition of representative confor-
mations of each simulation (WT, WTE, G8W, and H9M)
onto the bound peptide of the NMR structure. It is clearly
visible that the PPII helix conformation is adopted in all
cases. The conformations of Pro4-Pro7 overlap very well
with each other, and deviations only appear at the two termini
of the peptides. The stable PPII helix conformation found
in all simulations indicates that all three peptides are able to
adopt a PPII helix conformation in the unbound state and is
reflected by the occurrence of one dominant cluster. This is
in agreement with previous theoretical and experimental
studies on polyproline peptides (1, 21, 23-26). Rucker and
Creamer explained the bias of polypeptide folding into the
PPII helix as an energetically favorable option: all backbone
polar groups are well-solvated in this conformation in water,
thus compensating for the lack of intramolecular hydrogen
bonds (28).

Binding Analysis of the GYF Domain to the Mutated and
Wild-Type Peptides.Binding analysis and combined chemi-
cal-shift changes were measured by NMR experiments for
the G8W peptide as well as for the wild-type peptide binding
to the CD2BP2-GYF domain. The results are shown in parts
a-c of Figure 4. The spectra and therefore the chemical-
shift changes of the GYF domain in complex with wild-
type peptide (SHRPPPPGHRV) and the mutated peptide
G8W (SHRPPPPWHRV) are very similar. Because the
chemical shift is a very sensitive measure of the chemical
environment, the precise overlap for almost all resonances
except Trp8 in both spectra (Figure 4b) surprisingly dem-
onstrates that the binding surface of the GYF domain is very
similar for the two peptides. The pattern of chemical-shift

changes (Figure 4c) reveals the binding face for the polypro-
line peptide on the GYF domain. Most of the strongly shifted
resonances belong to residues that are highly conserved
among putative GYF domains (14) and are almost identical
for the two peptides. However, a large chemical-shift change
was found for the backbone NH of W8 (Figure 4b). This
result illustrates that conformational changes because of the
G8W mutation happen near this residue, while for other
residues, the chemical-shift changes are quite similar between
the GYF domains binding to the wild-type peptide and the
G8W mutant. Actually, the G8W peptide binds with a
slightly lower affinity. Assuming a two-state binding model
for the peptides, apparentKD values of 220( 30 and 290(
20 µM were determined by NMR for the wild-type and the
mutant peptide, respectively.

Structure of the Complex with the Mutated Peptide.To
investigate the conformational changes of the complex, which
are due to single mutations of peptide residues, we first
modeled both mutant complexes: Gly8 to Trp (G8W_GYF)
and His9 to Met (H9M_GYF). In the G8W_GYF complex,
the mutated residue Gly8 is very important for the binding
of the peptide, while in the second case, the mutated residue
His9 is not crucial for the binding affinity as shown by
systematic mutational analysis (Table 1). Considering that
the mutated peptides only adopt one dominant conformation
for their polyproline regions and that the mutations were
introduced only near the C terminus, we superimposed the
mutated peptides on the wild-type peptide using the PPII
helix and the N-terminus segment, thereby modeling the
initial structure of the mutated complexes based on the
superposition.

OVerView of the Simulations.The two modeled mutant
complexes were first optimized by 500 steps of steepest-
descent energy minimization. However, energy minimization
is not enough to provide a complete picture of the properties
and stabilities of the predicted structures and should be
complemented by unconstrained MD simulations. The rmsd
values with respect to the starting and final coordinate sets
of the CR atoms are very stable and center around 2 Å in the
simulations of the wild-type (WT_GYF) and the H9M mutant
(H9M_GYF) complex. For the G8W_GYF complex, how-
ever, the rmsd values of the simulation are significantly
smaller with respect to the final coordinates compared to
the initial coordinates (2 and 3-3.5 Å, respectively). This
indicates that the modeled starting conformation is not stable
and some conformational changes occurred during the
simulation, while the final structure is more stable and closer
to the “central” conformations of the simulations.

A more systematical way of characterizing the conforma-
tions is the before mentioned cluster analysis. Main-chain
and Câ atoms were selected for calculating the rmsd matrix.
The rmsd cutoff was set to 1.0 Å. This cutoff is smaller than
that used for the MD simulations of the peptides (1.5 Å).
Nevertheless, a few dominant clusters cover most of the
trajectory: in the G8W_GYF simulation, the two largest
clusters cover 81% of the trajectory (46 and 35%, respec-
tively) and the remaining 18 clusters share the remaining
19%, while in the H9M_GYF simulation, only one large
cluster was found, which covers almost 99% of the trajectory.
In the superimposed model of the G8W_GYF complex, a
new pocket is opened by Trp8, Glu9, Tyr17, and Phe20 of
the domain. It seems that this pocket accommodates the large

FIGURE 3: Superposition of the representative conformations of
simulations of unbound peptides (from left to right: WT, WTE,
G8W, and H9M) onto the bound peptide in the NMR structure.
Representative conformations are colored in black, while the bound
peptide in the NMR structure is shown in gray.
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side chain of Trp8 of the peptide and therefore avoids clashes.
However, this binding mode was not stable in the simulation,
and the side chain of peptide residue Trp8 finally moved
out of this pocket after 12 ns, pointing toward the solvent
where it finally reached an equilibrated state. This change
is also reflected by the cluster analysis: two large clusters
were found in the simulation, each representing one state of
the Trp8 side chain. The cluster in which the side chain of
peptide Trp8 stays in the pocket covers most of the trajectory
between 0 and 12 ns (35% of the total and 87% of 0-12
ns), while the other one in which Trp8 moved out covers
most of the remaining part (46% of the total and 77% of
12-30 ns).

Docking Experiments.To investigate the binding mode
of the G8X mutations more systematically, we docked G8W,
G8R, G8Y, and G8K mutants to the GYF domain using the
FlexX program for flexible ligand docking and then carried
out MD simulations (G8X_DOCK). The G8W and G8R

mutations are the only mutations that were experimentally
confirmed to be favorable in this position (Table 1). The
G8Y and G8K mutants were chosen to mimic G8W and G8R
as control cases. After docking, the side chains of the mutated
residue (G8X) pointed to the solvent in all cases, implicating
that the prolines are shifted by one position. This “shift in
register” is in agreement with the experimental structure of
the complex (used for the docking) that seems not to allow
larger side chains at the position of Gly8. In the G8W_DOCK
simulation, a contact was found between the side chain of
Trp8 of the peptide and the side chain of Trp8 of the GYF
domain. The distance between the center of mass of the two
side chains was 5.9( 1.1 Å during the 30 ns MD simulation.
The same contact was also found for the G8R_DOCK
simulation, where the distance between the center of mass
of Arg8 (peptide) and Trp8 (GYF domain) was 4.3( 0.5 Å
during the simulation. For the G8K_DOCK simulation, this
contact is formed only during the first 5 ns of the simulation

FIGURE 4: Binding analysis of the CD2BP2-GYF domain to the peptide SHRPPPPWHRV in comparison to the wild-type peptide
SHRPPPPGHRV by NMR. (a) Sum of the weighted geometrical differences of the chemical shifts (geometric sum of chemical-shift changes)
for assigned peaks, which could be identified at all applied peptide concentrations, is plotted against the concentration of the peptide. (b)
Mapping of the binding site of SHRPPPPGHRV and SHRPPPPWHRV peptides onto the CD2BP2-GYF domain. Overlay of HSQC spectra
of GYF domain alone (green) and GYF domain in the presence of a 10-fold excess of the wild-type peptide SHRPPPPGHRV (blue) or the
mutant peptide SHRPPPPWHRV (red), respectively. A quantitative analysis of the chemical-shift changes of each residue is presented as
a histogram (c). The weighted geometrical differences of the chemical shifts for each assigned residue upon addition of a 10-fold excess
of peptide are plotted against the corresponding residue. Prolines are depicted for completeness. The weighted geometrical differences of
the chemical shifts of tryptophan side chains are indicated by W.
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and is finally lost in the remaining simulation (5-30 ns).
The distance between the center of mass of the corresponding
residues shifted from 4.6( 0.8 Å (0-5 ns) to 11.2( 1.3 Å
(5-30 ns). In the G8Y_DOCK simulation, no contact
between Tyr8 of the peptide and any residues in the GYF
domain was found during the entire simulations. The average
distance between the center of mass of Tyr8 (peptide) and
Trp8 (GYF domain) was 12.9( 1.5 Å.

DISCUSSION

Preformation of the PPII Helix.For many proteins with
unstructured segments, the coupling of binding and folding
is favorable according to the binding free energy: the
entropic penalty associated with the folding transition is
counterbalanced by a large enthalpy of binding (16, 56). In
those cases, the folding upon binding acts as a fine controller
of the thermodynamics balance. In contrast, the polyproline
peptides in our study are already folded into a PPII helix
conformation in the unbound state and bind constitutively
to the GYF domain. This binding mode is entropically more
favorable than binding of unstructured peptides. The rigid
PPII helix conformation of the unbound peptides studied is
intrinsically stable in solution and is also favorable for its
specific binding motif. Hilser and colleagues studied binding
of the polyproline Sos peptide to the Sem-5 SH3 domain
(21). They found that the PPII bias of unstructured peptides
is driven by a favorable and significant enthalpy (∆H) of
-1.7 kcal mol-1 residue-1, which is partially offset by an
unfavorable entropy (T∆S) of -0.7 kcal mol-1 residue-1,
relative to the ensemble of disordered conformation of the
molecule. A similar example is the c-Myb oncoprotein, which
folds into anR-helical conformation both complexed and
uncomplexed with its target protein (56). Remarkably,
binding of c-Myb to its target (residue 586-672 of CREB-
binding protein) is entropically favored (∆S ) +7.5 cal
mol-1 K-1), while its favorable enthalpy change is small (∆H
) -4.1 kcal mol-1 K-1) (16, 56).

It has been proposed by Dyson and Wright that unstruc-
tured proteins provide a large flexibility of binding reactions
because they may adopt various structures upon binding to
different partners (20). On the other hand, as examplified
here for the GYF domain-ligand pair, the preformation of
a peptide conformation might be well-suited to guarantee
the rapid formation of specific peptide-protein complexes
within the dynamic settings of signal transduction.

Analysis of the Binding Modes: H9M_GYF Agrees with
the Wild Type.The results from the cluster analysis of the
simulations as well as the NMR structures were used for
comparing the binding modes for different mutations. Figure
5 shows the binding interfaces as well as the peptide of the
wild-type complex (NMR and simulation) and that of the
H9M mutant with the GYF domain. The hydrophobic pocket
formed by Trp8, Tyr17, Phe20, Trp28, and Tyr33 of the GYF
domain is structurally maintained to accommodate Pro6 and
Pro7 of the peptide in the simulations of WT_GYF and
H9M_GYF, in agreement with the NMR-derived structure.
Arg3 and Arg10 of the peptide stay close to Glu31 and Glu9
of the domain. We conclude that favorable hydrophobic
interactions between Pro6, Pro7, and the pocket, together
with the electrostatic attraction between the positively
charged residues Arg3 and Arg10 of the peptide and the
negatively charged residues Glu31 and Glu9 of the domain

play a central role for binding. These observations are
consistent with the results from the substitution analysis; any
mutation among these residues induces an unbinding of the
peptide, and the only tolerated substitutions are to glycine
or lysine and to lysine for Arg3 and Arg10, respectively (see
Table 1). Other important interactions present in all simula-
tions as well as in the NMR experiments are the hydrogen
bonds between the backbone oxygens of peptide Pro4 and
Pro7 and the side-chain Hε in the domain. However, these
hydrogen-bonding interactions do not bring any specificity
for Pro4 in that position because most substitutions are
tolerated (see Table 1). This can be explained by the fact
that the HR of Pro4 points into solution and no replacement
should cause clashes with other residues or influence the

FIGURE 5: Comparison of the binding interfaces of the GYF domain
(NMR and simulation) for the wild-type complex (above) and the
H9M mutant (below). The GYF domain is represented by its
molecular surface and colored by position (from orange to deep
blue: completely buried to completely exposed); the peptide atoms
are drawn as sticks and colored according to their appearance in
the sequence.
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formation of this hydrogen bond. For Pro7, the specificity
is the consequence of the hydrophobic interaction with the
binding pocket of the GYF domain.

In the WT_GYF and H9M_GYF simulations, the binding
interfaces do not show significant differences with respect
to the NMR structure. The small rmsd in these two
simulations also indicate that the wild-type peptide and the
H9M mutant bind to the GYF domain in a similar fashion.
The terminal residues (Ser1, His2, His9, and Val11) are not
involved in hydrophobic or electrostatic interactions that are
crucial for the binding in either the NMR structure or
conformations sampled in the simulations. Therefore, we
conclude that the tolerated mutations of these positions will
not change the binding interface of the GYF domain
significantly and the mutated peptides will bind to the domain
analogously to the WT peptide.

G8X_DOCK: New Binding Modes.In the cluster analysis
of the G8W_DOCK simulation, two large clusters were
found: the first cluster covers the first 12 ns of the
simulation, while the second covers the simulation from 12
to 30 ns. Figure 6a shows the superposition of the repre-
sentative conformations of each cluster. The most important
differences between the two clusters are that the interacting
prolines in the peptide are shifted one position: Pro5 and
Pro6 now insert into the binding pocket instead of Pro6 and
Pro7. All four prolines in the peptide are rotated clockwise
when viewed from the C to the N terminal. Interestingly,
the orientations of the remaining residues were kept and show
only a sight translation toward the C terminus. When looking
at the interactions between the peptides and the GYF domain,
the electrostatic attraction between the positively charged
residues Arg3 and Arg10 of the peptide and the negatively
charged residues Glu31 and Glu9 of the domain were
maintained in both clusters. The hydrogen bonds between
the backbone oxygen of peptide Pro4 and Hε of the domain
Trp28 side chain and between the backbone oxygen of
peptide Pro7 and Hε of the domain Trp8 side chain were
kept in the first cluster, while the acceptor atoms were shifted
to peptide Arg3 and peptide Pro6 in the second cluster as a
consequence of the translation. To obtain experimental
backup for this proposed binding mode, a peptide substitution
analysis with the SHRPPPPWHR peptide was performed.
In this experiment, each amino acid of the peptide is
individually exchanged against all other naturally occurring
amino acids. Thereby, the contribution of individual amino
acids to the binding event can be estimated. Figure 7 shows
the result of this experiment. Clearly, the importance of the
PPW motif is suggested by the observed spot intensities,
because mutations at these positions are mostly not compat-
ible with detectable interactions. Furthermore, the second
proline of the motif, which is exposed to the solvent when
bound in the original wild-type conformation, also shows
considerable conservation. This is in agreement with the
alternative binding mode suggested by the MD simulations.
The second proline in the new binding mode would now
contact the domain directly and thereby contribute to binding.

To further validate this new finding, we also performed a
cluster analysis on the G8R_DOCK simulation. The same
motion was also found in this simulation, and the main
conformation occupying the entire 30 ns was similar to the
shifted register binding observed in the second cluster of the

G8W_DOCK simulation (see Figure 6b), supporting our
results.

Implications of the AlternatiVe Binding Modes.To inves-
tigate the function of this alternative binding mode in depth
and to test whether it only occurs for mutant peptides, we
carried out five 20 ns MD simulations (ALT_GYF) of the
wild-type complex starting from the same register shifted
mode found in the second cluster of the G8W_DOCK
simulation with different random seeds for the generation
of initial atomic velocities. While the systems’ overall
behavior may be a bit different (the CR rmsd with respect to
the starting coordinates are stable around 2 Å in four
simulations but reached 3-3.5 Å in the fifth simulation
because of some structural changes at the C terminus of the
GYF domain), interestingly, the alternative binding mode
of the peptide is well-maintained in all five simulations of
the wild-type complex. In cluster analyses carried out after
the simulations, only one dominant cluster was found in each
simulation. An overlap of all of the representative conforma-
tions is shown in Figure 6c. Although some lateral move-
ments are observed between the individual conformations
(in part because of different relative positions of the GYF
domain used for superposition), note that Pro7 never shifts
to the position of Pro6. Knowing that polyproline peptides
bind to SH3 domains in both directions, we believe that the
motion found in the G8W_DOCK and G8R_DOCK simula-
tions is probably because of a transition between two
alternative binding modes. This “screw-like” rotation-
translation motion (Figure 6d) or the transition between
different binding modes can decrease the entropic penalty
of the binding without affecting the specificity. Providing
two alternative binding modes for a peptide should, theoreti-
cally, provide additional stability for the bound conformation
because of the larger number of states accessible inside the
minimum energy well of the bound state (Figure 8). Another
possible function of this motion may be related to the binding
mechanism: the peptides and the GYF domain first attract
each other by the long-range electrostatic interactions
between the charged residues, and then the peptides bind or
leave the binding interface of the GYF domain by this
“screw-like” motion along the interface. In addition, such
screw-like motions may allow for a kinetically favorable
binding process by “stripping off water molecules” upon
binding and/or unbinding. Furthermore, these sites might act
as delocalized anchors within protein associations that rely
on fast structural rearrangements within the context of
eukaryotic signal transduction.

Consistency between NMR Experiments and Theoretical
Calculations.Binding analysis of the GYF domain in regard
to the mutant and wild-type peptides and chemical-shift
changes mapping (see Figure 4b) show the most significant
difference between the wild-type complex and the G8W
mutant to be the “backward” chemical-shift changes of the
backbone HN of Trp8. The chemical shifts of the N-H group
are mostly influenced by the local environment, e.g.,
alteration of hydrogen-bond strength, weaker effects of
internal geometry, or by covalently linked aromatic groups.
Therefore, the “backward” chemical-shift change indicates
that the local environment of Trp8 in the mutant complex is
closer to the free form of the GYF domain. Theoretical
methods of predicting chemical shifts are still not applicable
for systems as used in the present study: forab initio
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FIGURE 6: (a) Superposition of the two binding modes found in the simulation of the G8W mutant complex (starting from the docking
results). The two conformations of the peptide are drawn as sticks (blue, mode 1; red, mode 2; pink, Pro6 and Pro7 in mode 1; yellow, Pro6
and Pro7 in mode 2). (b) Binding mode of the G8R mutant complex (representative conformation of the simulation). The peptide atoms are
represented by sticks and colored according to their sequence number. In a and b, the GYF domain is represented by its molecular surface
and colored by position (from orange to deep blue: completely buried to completely exposed) and Pro6 and Pro7 are labeled by their
one-letter codes and sequence numbers. Mode 2 is labeled as “(alt)”. (c) Superposition of the representative conformations of the five
simulations of wild-type GYF complex starting from the alternative binding mode. Pro6 and Pro7 are represented by sticks and are labeled
by their one-letter codes and sequence numbers. Pro6 is colored in light gray, and Pro7 is colored in dark gray. (d) Translation and rotation
motions of the peptide between the two binding modes (blue, mode 1; red, mode 2; pink, Pro4 to Pro7 in mode 1; yellow, Pro4 to Pro7 in
mode 2). For Pro4 to Pro7, a rotation is the principle component of motion, while for other residues in the peptide, a translation is the
principle component of motion.
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approaches, averaging of many conformations and including
solvent effects for large systems is still too expensive, while
for knowledge-based approaches, the required specificity may
not be obtained (0.1 ppm of hydrogen) (57-59). Hence,
direct comparison of the structure is more straightforward
in this case. When looking at the structures of the free GYF
domain (10), the wild-type complex (14), and the mutant
complex (simulation), the backbone HN of Trp8 is exposed
to the solvent (SASA> 0) in the free form of GYF domain
while it is buried in the two complexes (wild-type and
mutant). However, in the G8W mutant complex, an internal
hydrogen bond is formed between the HN of Trp8 (domain)
and the carbonyl oxygen of Pro6/Pro7 (peptide), with the
distances between hydrogen and oxygen being 2.2( 0.3 Å.
In the wild-type complex, no acceptor (oxygen atom) is found
within 3.7 Å from the HN of Trp8 (domain). The newly
formed hydrogen bond provides a similar local environment
of the Trp8-HN of the GYF domain in the mutant complex
as in the free form of the GYF domain. This is consistent
with the “backward” chemical-shift change of the HN of
Trp8 of the GYF domain.

The average intermolecular distances observed in the MD
simulation of the wild-type complex started from the two
different binding modes, and both are in agreement with the
distance restraints derived from the NOE data that were used
for the calculation of the experimental structure. The stability

of both conformations in MD simulations suggests that these
alternative binding modes are possible for the wild-type
peptide. They may be hard to distinguish experimentally
because the NMR distance restraints comply with both
conformations.

CONCLUSIONS

Using molecular modeling and MD simulations, totaling
450 ns of simulation time, we studied the solvent conforma-
tion of the wild-type and mutant polyproline peptides that
bind to the GYF domain. We found that the peptides formed
PPII helix conformations even in absence of the GYF
domain. These results agree well with recent experimental
and theoretical studies on polypeptides with or without
prolines and indicate that the formation of a PPII helix of
the peptide is not induced by the binding processes alone.

On the basis of the simulations of the wild-type and
mutated complexes and on our previous knowledge from
NMR experimental studies of the GYF domain-ligand
interaction, we modeled the general binding mode of
polyproline peptides to the GYF domain. The hydrophobic
interactions between the peptide residues Pro6 and Pro7 and
binding pocket as well as the electrostatic attractions between
the peptide residues Arg3 and Arg10 and the domain residues
Glu31 and Glu9 play crucial roles in the binding.

Peptide docking and subsequent MD simulations of the
G8X mutants identified an alternative binding mode, where
a shift in register for the interacting prolines was observed.
These results agree qualitatively well with NMR chemical-
shift mapping experiments and indicate dynamic processes
to be important for proline-rich sequence recognition. Pos-
sibly, such gliding motions along long proline-rich sequences
decrease the entropic penalty of binding while still keeping
a certain degree of specificity.
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