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Abstract

We studied the interaction of the artificial 12-aa proline-
rich peptide PD1 with the SH3 domain of the hemato-
poietic cell kinase Hck and the peptide’s potency in
competitively displacing HIV-1 Nef from the Hck SH3
domain. PD1 was obtained from a phage display screen
and exhibits exceptional affinity for the Hck SH3 domain
(Kds0.23 mM). Competition experiments using NMR
spectroscopy demonstrate that the peptide even dis-
places Nef from Hck SH3 and allow for estimation of the
Nef-Hck SH3 dissociation constant (Kds0.44 mM), the
strongest SH3 ligand interaction known so far. Conse-
quences of this study for novel antiviral concepts are
discussed.
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The viral Nef protein plays a pivotal role in human immu-
nodeficiency virus (HIV) pathogenesis. Nef is incorporat-
ed into virus particles (Welker et al., 1996) and
administers a variety of functions during HIV infection,
whereby it interferes with several cellular processes.
Well-known effects of Nef are the down-modulation of
CD4 and MHCI (Garcia and Miller, 1991; Aiken et al.,
1994; Greenberg et al., 1998; Mangasarian et al., 1999)
from the cell surface. In addition, Nef down-modulates
CD28 (Bell et al., 2001; Swigut et al., 2001), CXR4 (Hrec-
ka et al., 2005), CD8ab (Stove et al., 2005) and TCR-
CD3 (Schaefer et al., 2002). Nef has dramatic effects on
virus load and pathogenicity in vivo (Kestler et al., 1991;
Schindler et al., 2006). Long-term survival of a group of
HIV-infected patients could be attributed to a defective
nef gene (Deacon et al., 1995; Kirchhoff et al., 1995).
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Nef interacts with a variety of cellular signal transduc-
tion proteins such as various cytoplasmic protein tyrosine
kinases (PTKs) (reviewed by Renkema and Saksela,
2000). A typical modular protein unit of PTKs involved in
protein-protein interactions is the approximately 60-aa
Src homology 3 (SH3) domain. A PXXP proline repeat
motif (where X is any amino acid) has been identified as
the minimal consensus sequence defining the interaction
motif for SH3 domain-interacting proteins and peptides.
HIV Nef sequences exhibit an evolutionarily conserved
PXXP motif, which was shown to be involved in the inter-
action with PTKs and is required for higher in vitro rep-
licative potential of Nefq viruses (Saksela et al., 1995;
Briggs et al., 1997; Craig et al., 1999). Crystallographic
studies of the core domain of Nef in complex with Fyn
SH3 domains (Lee et al., 1996; Arold et al., 1997) have
shown the importance of the PXXP motif in interaction,
and also underlined the contribution of tertiary inter-
actions to binding affinity. The SH3 domain of hemato-
poietic-cell kinase Hck exhibits the highest known affinity
for Nef (Lee et al., 1995). The Hck SH3 interaction is
regarded as the prototype of Nef-SH3 domain interaction
(Saksela, 2004). Cell-based assays demonstrate that
binding to Nef leads to Hck kinase activation and sub-
sequent deregulation of growth signaling (Briggs et al.,
1997; Moarefi et al., 1997). Hck is expressed in macro-
phages, which are only a subset of infected cells, but
macrophages play an important role in HIV infection and
in the development of AIDS (Balter, 1996). In a very
recent study, Hck could be identified as an in vivo effec-
tor of Nef signaling, which makes Hck a potential target
for anti-HIV drug discovery (Trible et al., 2006). Here we
report on our investigations of the Nef-Hck SH3 inter-
action and its competition by a short artificial peptide.
We used NMR spectroscopy, which is a powerful tool for
studying protein-ligand interactions (Lepre et al., 2004;
Stangler et al., 2006), in combination with fluorescence
spectroscopy for quantitative analysis of the Nef-Hck
SH3-PD1 interaction.

We recently identified the artificial peptide PD1 with the
amino acid sequence acetyl-HSKYPLPPLPSL-amide as
a ligand to the human lymphocyte-specific kinase Lck
SH3 domain (Tran et al., 2005). PD1 shows an unusual
ligand sequence for SH3 binding in type I orientation
because it lacks the typical basic anchor residue at posi-
tion P-3. It does, however, have a lysine residue at position
P-4. The recently published solution structure of the Hck
SH3 complex structure with PD1 indeed suggests that
the lysine at position P-4 adopts the function of the
anchor residue (Schmidt et al., 2007). Peptide PD1 con-
tains the core consensus LPx(L/A)P motif described for
SH3 class I9 ligands. As expected, PD1 binds to HckSH3
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Figure 1 PD1 binding to HckSH3 demonstrated by fluorescence and NMR spectroscopy.
(A) PD1 peptide interacts with HckSH3. Fluorescence titration of 0.5 mM HckSH3 with PD1 peptide. The fluorescence signal (d) is
shown as a function of PD1 peptide concentration. Fluorescence measurements were carried out at room temperature on a Perkin-
Elmer LS55 fluorescence spectrometer using excitation and emission wavelengths of 290 and 345 nm, respectively. PD1 peptide in
PBS was added in small increments to 0.5 mM HckSH3 in the same buffer. Values result from the fluorescence of HckSH3 in the
presence of the indicated concentration of PD1 peptide in comparison to a buffer control containing the corresponding concentration
of tyrosinamide. Assuming a simple bimolecular interaction between HckSH3 and PD1 peptide, the data were described by a model
solely based on the law of mass action, which accounts for ligand depletion (Tran et al., 2005). Non-linear curve fitting was carried
out to fit the model to the experimental data and to obtain the dissociation constant Kds0.23"0.03 mM (solid line).
(B) Quantitative evaluation of competitive NMR titration of 0.18 mM HckSH3 in the presence of 0.42 mM Nef with PD1 peptide. Five
resonance signals marked in Figure 2B were used for quantitative evaluation. For these signals, the volume of two-dimensional NMR
signals is shown as a function of PD1 peptide concentration (G125 j, K100 ., E89 h, W115 N´1/H´1 d, G101 s). The increasing
volumes indicate Nef displacement and are a measure of the HckSH3-PD1 complex population. For a quantitative description of the
NMR competition data, we used a model describing the competition of ligand (Nef) and inhibitor (PD1) for the same binding site on
the target protein (HckSH3), solely based on the law of mass action and accounting for ligand or inhibitor depletion wWang, 1995;
Eqs. (8)–(11) in Lepre et al., 2004x. Non-linear curve fitting (dashed lines) allows for estimation of the Nef-HckSH3 dissociation constant
if the PD1-HckSH3 dissociation constant is known (Kds0.23 mM). The Nef-HckSH3 dissociation constant was estimated for the five
aforementioned independent resonance signals, resulting in an average value of 0.44"0.03 mM. The model allows for reliable deter-
mination of IC50, which was determined to be 0.25"0.02 mM PD1 in the presence of 0.42 mM Nef.

in type I orientation. PD1 residues 5–10 adopt a class I9
binding conformation, which is defined by the SH3-II
conformation of the W113 side chain in the solution
structure of the HckSH3:PD1 complex. Peptide residues
Leu6–Pro10 adopt a PPII helix conformation with typical
f and c angles. The four N-terminal PD1 residues attach
to the SH3 surface in an ‘S’-shaped fashion, generating
various interactions of hydrophobic and electrostatic ori-
gin. The PD1 Tyr-4 side chain, which corresponds to the
typical anchor position P-3, covers a hydrophobic pocket
and is involved in extensive van der Waals’ interactions
with the imidazole ring of Hck SH3 His-92. The side chain
of Lys-3, positioned at P-4, points towards the compass
pocket of HckSH3.

We also investigated this peptide for binding to the Hck
SH3 domain. PD1 was purchased as a reversed-phase
HPLC-purified and mass spectrometry-confirmed prod-
uct from JPT Peptide Technologies (Berlin, Germany).
Hck SH3 domain (HckSH3; aa 60–140) was purified as
previously described (Tran et al., 2005). Using SH3-
domain intrinsic tryptophan fluorescence, we carried out
fluorescence titration experiments with PD1 to determine
the affinity of the HckSH3-PD1 interaction (Figure 1A).
The estimated dissociation constant Kd for HckSH3-PD1
interaction is 0.23"0.03 mM. We also investigated the
interaction of HckSH3 and PD1 by NMR methods. Figure
2A shows an overlay of 1H-15N HSQC spectra (Boden-
hausen and Ruben, 1980) of 0.26 mM HckSH3 in the
absence and presence of equimolar PD1. During ongoing
titration of HckSH3 with PD1, resonances of free HckSH3
exhibited decreasing peak intensities upon addition of

PD1. On the other hand, new resonances appeared upon
addition of PD1, which correspond to HckSH3 reso-
nances in the PD1-liganded state. This indicates that dis-
sociation of PD1 from HckSH3 is slow on the NMR time
scale, which agrees well with the dissociation constant
of 0.23 mM.

In a similar manner, we investigated the interaction of
HckSH3 and Nef by NMR methods. Full-length Nef2–210

(HIV-1 isolate SF2, accession no. P03407), starting with
residue Gly-2, was expressed in E. coli BL21 Rosetta
(DE3) cells harboring plasmid pUbi-Nef as a poly-histi-
dine tagged (His-tagged) ubiquitin-fused construct in a
pTKK19xb/ub vector (Kohno et al., 1998). The fusion pro-
tein was purified using a Ni-NTA metal affinity column
(Qiagen, Hilden, Germany). The His-tagged ubiquitin part
was cleaved off by His-tagged ubiquitin hydrolase, yield-
ing pure Nef2–210 without any modification after another
Ni-NTA metal affinity run. The identity of the Nef2–210 pro-
tein was confirmed by mass spectrometric peptide
mapping. Degassed buffers containing a total NaCl con-
centration of 300 mM and 14 mM 2-mercaptoethanol
were used. Figure 2B shows the 1H-15N HSQC NMR
spectra of 0.18 mM HckSH3 in the presence of 0.42 mM

Nef. Most resonances of free HckSH3 (compare Figure
2A) disappeared upon Nef addition, which is a clear indi-
cation of Nef-HckSH3 interaction. This behavior is most
likely explained by dynamic processes (self-interaction or
conformational exchange in the HckSH3-Nef complex)
for these resonances on time scales very unfavorable for
NMR spectroscopy. This behavior of Nef-HckSH3 is not
surprising, since full-length Nef exhibits unfavorable
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Figure 2 1H-15N HSQC spectra of HckSH3 in the absence and presence of ligands.
All NMR spectra were recorded at 298 K on a Varian Unity INOVA spectrometer at a proton frequency of 600 MHz with a Varian
XYZ-PFG-1H{13C,15N} probe. Data were processed with NMRPipe (Delaglio et al., 1995) and analyzed with NMRView (Johnson, 2004)
and CARA (Keller, 2004). All NMR samples contained uniformly 15N-stable isotope-labeled HckSH3 in PBS buffer with 10% (v/v)
deuterium oxide.
(A) PD1 peptide interacts with HckSH3. Superimposed 1H-15N HSQC spectra of 0.26 mM HckSH3 in the absence (black contour
lines) and presence (red contour lines) of equimolar PD1 peptide. During titration (data not shown), the black-colored peaks did not
shift, but their intensities decreased with ongoing titration, and new peaks (red-colored) appeared. (B) PD1 peptide displaces Nef
from HckSH3. Superimposed 1H-15N HSQC spectra of 0.18 mM HckSH3. Both spectra show HckSH3 in the presence of 0.42 mM

Nef, but are distinguished by the absence (black contour lines) and presence (red contour lines) of 1.1 mM PD1 peptide. During
titration (data not shown), the black-colored peaks did not shift, but the intensities of some signals decreased and finally disappeared
with ongoing titration, and new peaks (red-colored) appeared. Resonance signals used for quantitative evaluation are annotated.
Complete resonance assignments are published elsewhere (Schmidt et al., 2007) and were deposited in BioMagResBank under
BMRB entry number 6581.

dynamics for NMR (Grzesiek et al., 1996; Preusser et al.,
2001). Furthermore, oligomerization of Nef was reported
in NMR, crystallographic and cellular contexts (Kienzle et
al., 1993; Fujii et al., 1996; Arold et al., 1997, 2000) and
is required for a number of Nef functions (Liu et al., 2000),
interestingly including Hck activation (Ye et al., 2004).

We titrated the peptide PD1 to the aforementioned
Nef-HckSH3 sample. This resulted in displacement of
Nef from HckSH3 and the formation of HckSH3-PD1
complexes (Figure 2B). The Nef-liganded HckSH3 NMR
resonances decreased and eventually disappeared with
increasing PD1 concentrations. Simultaneously, new
well-dispersed resonances appeared that correspond to
the PD1-liganded HckSH3, as a direct overlay of the
resulting NMR spectrum (Figure 2B, red) and the PD1-
HckSH3 spectrum (Figure 2A, red) would clearly indicate
(data not shown).

After correction for dilution effects, the signal inten-
sities of the resonances in the NMR spectra can be quan-
titatively related to the concentration of the according
moiety (e.g., PD1-liganded HckSH3). The data were suc-
cessfully described by a model for competitive displace-
ment of Nef from HckSH3, as shown in Figure 1B. Using
Kds0.23 mM for PD1-HckSH3, as described above, the
Nef-HckSH3 dissociation constant could be estimated as
0.44"0.03 mM. Both ligands contain the SH3 domain
interaction PXXP motif, in accordance with the model of
competition applied for the same binding site.

Dissociation constants for the interaction of HckSH3
domain with Nef proteins from different HIV-1 isolates are
reported to be 0.25 mM (Lee et al., 1995) and 0.6 mM

(Arold et al., 1998) and thus are in a similar range as our
result. HckSH3 is regarded as the strongest ligand of Nef,
and vice versa.

Compared to other data on SH3 domain interactions
with PXXP peptide ligands, the interaction of Nef and Hck
SH3 is regarded to be unusually strong (Renkema and
Saksela, 2000). This is attributed to tertiary interactions
between Nef and Hck SH3 (Lee et al., 1996; Arold et al.,
1997). Here we present a peptide ligand that binds more
strongly to Hck SH3 than Nef. This suggests that such
strong SH3 ligand interaction can be obtained even with-
out additional tertiary contacts. To the best of our knowl-
edge, this is the first ligand to be described that allows
displacement of Nef from an SH3 domain by competition
for the PXXP binding site. This high-affinity peptide can
be used for further in vitro or in vivo studies of Hck, the
competition of Hck SH3-Nef interactions and as a lead
for Hck-targeted drug design.

So far, antiviral drugs are directed against viral pro-
teins. Such drugs, however, have the strong disadvant-
age that the virus can easily escape from the drug by
mutations that lead to a decrease in affinity between the
viral target protein and the drug. This is especially true
for viruses with high mutation frequencies such as HIV.
The solution to this problem might be a drug like PD1
that is directed against the host cellular target of the viral
protein. Such a drug could actually shield the host cell
protein against binding of the viral protein. As a conse-
quence, the virus cannot escape from such a drug by
single mutations within the viral genome, because such
mutations cannot influence drug binding to the host cell
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protein. Regardless of potential side effects, this com-
pletely new concept of a ‘molecular shield’ for the host
cell protein could eventually open a completely novel
antiviral strategy.
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