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Background: HIV-1 Nef interacts with Src-family kinases to enhance viral replication and immune escape of infected cells.
Results: The crystal structure of HIV-1 Nef bound to the Hck SH3-SH2 region was solved to 1.86 A resolution.
Conclusion: SH3-SH2 binding stabilizes a compact Nef dimer interface and exposes Nef Asp123 for effector recruitment.
Significance: Src-family kinase binding may stabilize a functional Nef dimer conformation.

HIV-1 Nef supports high titer viral replication in vivo and is
essential for AIDS progression. Nef function depends on inter-
actions with multiple host cell effectors, including Hck and
other Src-family kinases. Here we describe the x-ray crystal
structure of Nef in complex with the Hck SH3-SH2 regulatory
region to a resolution of 1.86 A. The complex crystallized as a
dimer of complexes, with the conserved Nef PXXPXR motif
engaging the Hck SH3 domain. A new intercomplex contact was
found between SH3 Glu-93, and Nef Arg-105. Mutagenesis of
Hck SH3 Glu-93 interfered with Nef-Hck complex formation
and kinase activation in cells. The Hck SH2 domains impinge on
the N-terminal region of Nef to stabilize a dimer conformation
that exposes Asp-123, a residue critical for Nef function. Our
results suggest that in addition to serving as a kinase effector for
Nef, Hck binding may reorganize the Nef dimer for functional
interaction with other signaling partners.

Nef is a lentiviral virulence factor required for the high titer
replication of both human and simian immunodeficiency
viruses in vivo and is essential for the development of AIDS-like
disease in non-human primates (1-4). Viral strains defective
for Nef have been found in patients with long term, non-pro-
gressive HIV infection, implicating Nef as a critical virulence
factor for human AIDS (5, 6). Expression of Nef in CD4+
T-cells and macrophages causes AIDS-like disease in trans-
genic mice, supporting a key role for Nefin HIV-1 pathogenesis
(7, 8).

Nef interacts with multiple host cell proteins, including viral
(CD4, CXCR4, CCR5) and immune (MHC-I, T-cell receptor)
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receptors, trafficking proteins, guanine nucleotide exchange
factors, and protein kinases (9). Interactions of Nef with mem-
bers of the Src kinase family are among the best understood in
molecular terms. Nef was first shown to bind to the SH3?
domain of the macrophage Src-family member Hck (10, 11),
resulting in constitutive kinase activation both in vitro and in
cells (12, 13). Activation of Hck, Lyn, and c-Src is a shared
property of representative Nef proteins derived from all major
and minor subtypes of HIV-1 (14, 15). Each of these Nef sub-
types activates endogenous Src-family kinase activity in HIV-
infected cells, and inhibition of this pathway blocks Nef-depen-
dent enhancement of HIV replication, infectivity (14, 16), and
MHC-I down-regulation (17).

One critical determinant of Nef-SH3 interaction is the
PXXPXR motif (18), which is highly conserved among primary
HIV isolates (19, 20). Mutagenesis of this Nef sequence pre-
vents high titer HIV replication in primary cells (11) and com-
pletely reverts the AIDS-like phenotype in the Nef-transgenic
mouse model (22). The PXXPXR motif is also required for acti-
vation of Hck and other Src-family kinases (13, 15, 23) as well as
down-regulation of MHC-I (24, 25) and CCR5/CXCR4 (26, 27).
Nef-induced Src-family kinase activation is an essential early
step in the MHC-I down-regulation pathway, which contrib-
utes to immune escape of HIV-infected cells (17, 28).

Structural studies of HIV-1 Nef have provided important
insight regarding the mechanism of Src-family kinase activa-
tion as well as viral and immune receptor down-regulation (18,
30-33). Early NMR and crystal structures of Nef revealed the
mechanism of Src-family kinase SH3 domain binding as well as
a Nef dimer interface, although structural details of the N-ter-
minal anchor domain and internal flexible loop were absent (18,
30, 31). A more recent structure of full-length Nef fused to an
MHC-I peptide in complex with the clathrin adaptor AP-1 ul
subunit, which models a late step in the MHC-I down-regula-
tion pathway, revealed a larger portion of the Nef N-terminal

3 The abbreviations used are: SH3, Src homology 3; Ni-IMAC, nickel-immobi-
lized metal affinity column; TCEP, Tris(2-carboxyethyl)phosphine; BiFC,
bimolecular fluorescence complementation; SPR, surface plasmon reso-
nance; r.m.s.d., root mean square deviation.
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anchor domain (32). This structure includes the putative N-ter-
minal amphipathic a-helix and the acidic cluster, which are
observed to interact with the second helix in the Nef core
domain and p1 subunit, respectively (32). Very recently, a crys-
tal structure of Nef in complex with the AP2 a-02 hemicom-
plex, an interaction critical for CD4 down-regulation, revealed
the first biologically relevant conformation of the Nef C-termi-
nal flexible loop (33). These findings underscore the principle
that interaction with larger protein ligands provides additional
stabilizing contacts for flexible Nef regions.

To better understand the mechanism of Nef-dependent Src-
family kinase activation and identify additional regions of con-
tact between Nef and Hck, we determined the x-ray crystal
structure of the HIV-1 Nef core domain in complex with the
SH3-SH2 tandem regulatory domains of human Hck. Remark-
ably, the structure of this Nef complex reveals previously unrec-
ognized contacts at the Nef-SH3 interface, contacts between
Nef and the SH2 domain, and a novel Nef dimer interface. Cel-
lular studies demonstrate that these interactions are essential
for stable association of Nef with full-length Hck in cells and
kinase activation. Our findings suggest that Nef interaction
with Src-family kinases not only leads to kinase activation but
also results in structural remodeling of Nef consistent with
recruitment of the AP-1 machinery essential for MHC-I
down-regulation.

EXPERIMENTAL PROCEDURES

Bacterial Expression Vector Construction—The coding region
for the human Hck SH3-SH2 regulatory region (residues
72-242; numbering was based on the structure of human c-Src
(34)) was PCR-amplified and subcloned via the Ndel and Xhol
restriction sites of the bacterial expression vector pET-21a(+)
(EMD Millipore) to yield a C-terminal His,-tagged Hck32 cod-
ing sequence. The coding region of full-length and the core
domain of HIV-1 Nef (SF2 allele residues 1-205 and 58 —205,
respectively; numbering was based on the crystal structure of
Nef NL4-3 (18)) was PCR-amplified and subcloned via the
Ndel and Xhol restriction sites into pET-21b(+), yielding
untagged Nef coding sequences. The Hck SH3-SH2 (E93A)
mutant was created via site-directed mutagenesis using the Hck
SH3-SH2 bacterial expression vector described above and the
QuikChange II XL site-directed mutagenesis kit (Stratagene).
Coding sequences for Hck32, Hck32(E93A), and Nef in the
final bacterial expression plasmids were confirmed by DNA
sequencing.

Expression and Purification of the Recombinant NefHck32
Complex for Crystallography—Escherichia coli strain Rosetta2(DE3)
pLysS (EMD Millipore) was transformed with each of the pET-
based Hck32 and Nef SF2 core domain expression plasmids,
and single colonies were used to inoculate starter cultures of LB
medium and grown for 12 h at 37 °C. Starter cultures were
diluted 100-fold into fresh LB (1 liter) and grown at 37 °C to an
Agoo of 0.6. Cultures were then cooled to 25 °C over 30 min
followed by the addition of isopropyl 1-thio-B-p-galactopyra-
noside (IPTG) to a final concentration of 0.4 mMm IPTG to
induce protein expression for 4 h at 25 °C. After induction, cells
were collected by centrifugation, snap-frozen on dry ice, and
stored at —80 °C.
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To purify the Nef-Hck32 complex, cell pellets from the Nef
core domain (4 g) and Hck32 (3 g) were thawed on ice and
resuspended in 50 ml of Ni-IMAC (nickel-immobilized metal
affinity column) binding buffer (25 mm Tris-HCI, pH 8.3, 0.3 M
NaCl, 20 mm imidazole, 10% (v/v) glycerol, 2 mm 2-mercapto-
ethanol). Cell suspensions were mixed together and combined
with a protease inhibitor mixture for histidine-tagged proteins
according to the manufacturer’s protocol (Sigma) and passed
through a microfluidizer (Microfluidics) 10 times at 4 °C. The
cell lysate was incubated at 4 °C with gentle rocking for 1 h to
promote Nef-Hck32 complex formation followed by centrifu-
gation at 50,000 rpm for 1 h at 4 °C. The clarified lysate was
loaded onto a 5-ml HIS-TrapHP column (GE Healthcare) at 2.0
ml/min pre-equilibrated with Ni-IMAC binding buffer. Bound
protein was eluted using a 170-ml linear gradient of 20 mm to
500 mm imidazole using Ni-IMAC elution buffer (binding
buffer containing 500 mm imidazole). Fractions containing
both Nef and Hck32 proteins by SDS-PAGE were pooled and
concentrated to a volume of 1 ml using an Amicon 50-ml
stirred-cell concentrator with a 10-kDa molecular mass cutoff
membrane (Millipore). The concentrated Nef-Hck32 protein
complex was buffer-exchanged twice with gel filtration buffer
(25 mm Tris-HCI, pH 8.0, 200 mm NaCl, 10% glycerol, 2 mm
TCEP) followed by centrifugation at 14,000 rpm for 10 min at
4 °C. The soluble protein complex was loaded onto a Hi-Load
16/60 Superdex 75 gel filtration column (GE Healthcare) equil-
ibrated with gel filtration buffer at a flow rate of 0.5 ml/min.
Fractions containing both proteins were pooled, concentrated,
and buffer-exchanged with 20 mm Tris-HCI, pH 8.3, containing
150 mMm NaCl, 10% glycerol, and 2 mm TCEP. The purified
Nef-Hck32 complex was concentrated to 20.5 mg/ml (537 um)
and stored at —80 °C.

Expression and Purification of Individual Hck32 and Nef
Proteins—Individual Nef and Hck32 proteins were expressed in
the E. coli strain Rosetta2(DE3)pLysS (EMD Millipore) using
the same procedure described above for Nef-Hck32 complex.

Bacterial cell pellets of full-length Nef and the Nef core
domain were thawed on ice and resuspended in 50 ml of anion-
exchange buffer A (25 mm Tris-HCI, pH 8.0, 0.05 M NaCl, 1 mm
EDTA, 10% (v/v) glycerol, 2 mm 2-mercaptoethanol). Protease
inhibitor mixture (Sigma) was added, and the cell suspensions
were passed through a microfluidizer (Microfluidics) 10 times
at 4°C. The cell lysates were clarified by centrifugation at
50,000 rpm for 1 h at 4 °C and loaded onto a 5-ml Hi-TrapQ HP
column (GE Healthcare) at 2.0 ml/min pre-equilibrated with
anion-exchange buffer A. Bound proteins were eluted with a
170-ml linear gradient of 0.05 M to 0.5 M NaCl using anion
exchange buffer B (buffer A containing 1 m NaCl). Fractions
containing full-length Nef by SDS-PAGE were pooled and con-
centrated to 10 ml using an Amicon 50-ml stirred-cell concen-
trator with a (10-kDa molecular mass cutoff; EMD Millipore).
The concentrated protein was diluted to 100 ml in cation-ex-
change buffer A (25 mm HEPES, pH 7.5, 1 mMm EDTA, 10% (v/v)
glycerol, 1 mm DTT). The full-length Nef protein was loaded
onto a Hi-TrapSP HP column (GE Healthcare) at 2.0 ml/min
pre-equilibrated with cation exchange buffer A. Nef was eluted
with a 170-ml linear gradient of 0 M to 0.5 M NaCl using cation-
exchange buffer B (buffer A containing 1 M NaCl). For both
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full-length and Nef core domain, fractions containing Nef by
SDS-PAGE were pooled and concentrated to a volume of 4 ml
using an Amicon 50-ml stirred-cell concentrator with a 10-kDa
molecular mass cutoff membrane (Millipore). The concen-
trated Nef proteins were buffer-exchanged with gel filtration
buffer (20 mm Tris-HCI, pH 8.0, 150 mm NaCl, 10% (v/v) glyc-
erol, 2 mm TCEP) followed by centrifugation at 14,000 rpm for
10 min at 4 °C. The soluble Nef proteins were loaded onto a
Hi-Load 16/60 Superdex 75 gel filtration column (GE Health-
care) pre-equilibrated with gel filtration buffer at a flow rate of
0.5 ml/min. Fractions containing Nef proteins were pooled and
concentrated. The purified full-length Nef and Nef core
domain proteins were concentrated to 12.5 and 10.0 mg/ml,
respectively, and stored at —80 °C.

Bacterial cell pellets from the wild-type and E93A mutant
Hck32 proteins were thawed on ice and resuspended in 50 ml of
Ni-IMAC binding buffer (25 mm Tris-HCI, pH 8.3, 0.5 M NaCl,
20 mMm imidazole, 10% (v/v) glycerol, 2 mm 2-mercaptoethanol).
Protease inhibitor mixture for histidine-tagged proteins (Sigma)
was added, and each cell suspension was passed through a
microfluidizer (Microfluidics) 10 times at 4 °C. The cell lysates
were clarified by centrifugation at 50,000 rpm for 1 hat4 °C and
loaded onto a 5-ml His-TrapHP column (GE Healthcare) at 4.0
ml/min pre-equilibrated with Ni-IMAC binding buffer. Bound
proteins were eluted using a 170-ml linear gradient of 20 mMm to
500 mMm imidazole using Ni-IMAC elution buffer (binding
buffer containing 500 mm imidazole). Fractions containing
Hck32 proteins by SDS-PAGE were pooled and concentrated to
10 ml using an Amicon 50-ml stirred-cell concentrator (10-kDa
molecular mass cutoff membrane). The concentrated proteins
were diluted to 200 ml with anion-exchange buffer A (25 mm
Tris-HCI, pH 8.0, 0.05 M NaCl, 1 mm EDTA, 10% (v/v) glycerol,
1 mm TCEP). Hck32 proteins were then loaded onto a 5-ml
Hi-TrapQ HP column at 4.0 ml/min pre-equilibrated with
anion-exchange buffer A. Bound proteins were eluted with a
linear NaCl gradient, and fractions containing the Hck32 pro-
teins were pooled and concentrated to a volume of 3 ml as
described above. The concentrated Hck32 proteins were
exchanged with gel filtration buffer (25 mm Tris-HCI, pH 8.0,
150 mm NaCl, 10% (v/v) glycerol, 1 mm TCEP) followed by
centrifugation at 14,000 rpm for 10 min at 4 °C. Soluble Hck32
proteins were loaded onto a Hi-Load 16/60 Superdex 75 gel
filtration column pre-equilibrated with gel filtration buffer at a
flow rate of 0.5 ml/min. Fractions containing Hck32 proteins
were pooled and concentrated. The purified Hck32 and
Hck32(E93A) proteins were concentrated to 25.6 and 14.5
mg/ml, respectively, and stored at —80 °C.

Crystallization—Diffraction quality crystals were grown by
sitting-drop vapor diffusion at 4 °C by mixing the Nef-Hck32
complex (10.2 mg/ml final) in a 1:1 ratio with 0.09 m N-(2-
acetamido)-iminodiacetic acid (ADA), pH 6.5, 10.8% (v/v)
2-methyl-2,4-pentanediol, and 100 mm Nal. Large single crys-
tals (~0.20 X 0.1 X 0.01 mm) of the complex grew after 60 days.
Before x-ray data collection, crystals were cryoprotected by
transfer to mother liquor supplemented with 2-methyl-2,4-
pentanediol (20% v/v) and flash-cooled in liquid nitrogen.

X-ray Data Collection and Processing—X-ray diffraction data
were collected at SER-CAT beamline 22-ID at the Advanced
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Photon Source, Argonne National Laboratory. Crystals of the
Nef-Hck32 complex diffracted to a resolution of 1.86 A (Table
1). Data integration and scaling was carried out using HKL2000
(35). Diffraction data are consistent with the triclinic P1 space
group. Solvent content analysis suggests 53.90% solvent and a
Mathew’s coefficient (V,,) of 2.67 A®/Da, which is consistent
with the presence of two complexes in the asymmetric unit.

Structure Determination and Refinement—The structure factor
data were analyzed using the program PHENIX (36), and no
twinning was detected. Phasing and structure solution were
completed by molecular replacement with the program
PHASER (36) using the structure coordinates of the individual
SH3 (residues 83—140) and SH2 (residues 152—246) domains of
the Hck SH3-SH2-linker structure (PDB code 3NHN (37)) and
residues 72—151/185-208 of the HIV-1 Nef-SF2 core structure
(PDB code 3RBB (38)) as independent search models. Iterative
molecular replacement was carried out using found solutions as
fixed models in combination with search models. Although no
information about the SH3-Nef interaction or Nef dimer was
included in the molecular replacement procedure, the top molec-
ular replacement solution generated a dimer of Nef-Hck32 com-
plexes in the asymmetric unit with the major dimer contacts
occurring via the Nef proteins and putative Nef-SH3 interac-
tions observed. In addition, despite excluding structure coordi-
nates for the Hck connector region that links the SH3 and SH2
domains during the molecular replacement procedure, clear
differences in electron densities were observed for the connec-
tor region after rigid-body refinement. This top molecular replace-
ment solution generating a dimer of Nef-Hck32 complexes in the
asymmetric unit was consistently observed from individual
crystals grown in the presence and absence of Nal, for which
x-ray diffraction data were collected.

The molecular replacement solution was refined using rigid-
body, individual coordinate, individual isotropic b-factor, occu-
pancy, simulated annealing, and TLS refinement using the pro-
gram phenix.refine (36). After the last cycle of refinement and
model building, water molecules were added using phenix.
refine. A final round of refinement was conducted using all
atoms, and final refinement statistics are summarized in Table
1. Model building was carried using the program Coot (39). The
stereochemical quality of the final refined model was evaluated
using Procheck (40) and MolProbity (41). Models of x-ray
structures and electron density were produced using PyMOL
(Schrodinger). The final structure includes Nef-SF2core resi-
dues 72-161 and 183-208 for chain A, residues 71-154 and
182-208 for chain C, Hck32 residues 83-246 for chain B, and
residues 83—176 and 182-246 for chain D.

Yeast Expression Vectors—The coding sequence for human
wild-type Hck (p59 isoform with YEEI tail) and HIV-1 Nef (SF2
allele) was PCR-amplified and subcloned downstream of the
Gall and Gall0 promoters in the yeast expression vectors
pYC2/CT-Ura (Invitrogen) and pESC-Trp (Stratagene),
respectively. The Hck SH3 domain mutant E93A was created
via site-directed mutagenesis using the QuikChange II XL site-
directed mutagenesis kit and the manufacturer’s protocol
(Stratagene).

Yeast Assay for Nef-mediated Hck Activation—Saccharomy-
ces cerevisiae strain YPH 499 (Stratagene) was transformed via
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electroporation (Bio-Rad GenePulser II) with pESC-Trp and
pYC2/CT-Ura expression plasmids for Hck-YEEI and Nef as
described elsewhere (42). Transformed colonies were grown
for 3 days at 30 °C on synthetic drop-out agar plates lacking
uracil and tryptophan with glucose as the sole carbon source to
repress protein expression. Colonies were then cultured in liq-
uid medium with glucose for 18 h at 30 °C. Culture densities
were normalized to an Ay, of 0.2 and spotted onto synthetic
drop-out agar plates lacking uracil and tryptophan with galac-
tose as the sole carbon source to induce protein expression.
Plates were incubated for 4 days at 30 °C and imaged on a scan-
ner. Yeast colonies appear as dark spots against the translucent
agar background.

Transformed yeast colonies were also cultured in liquid syn-
thetic drop-out medium lacking uracil and tryptophan plus
galactose for 18 h at 30 °C to induce protein expression. Culture
densities were normalized to an A, of 0.2, and cells were pel-
leted and lysed with 0.1 NNaOH for 5 min at room temperature.
Lysates were separated via SDS-PAGE, transferred to polyvi-
nylidene difluoride membranes, and probed for protein phos-
photyrosine content by immunoblotting with the anti-phos-
photyrosine antibody, PY99 (Santa Cruz Biotechnology).
Protein expression was verified by immunoblotting with anti-
bodies to Hck (N-30, Santa Cruz Biotechnology) and Nef
(mouse monoclonal EH1, National Institutes of Health AIDS
Research and Reference Reagent Program). Actin levels were
probed as a loading control (monoclonal Ab Clone C4,
Millipore).

Mammalian Expression Vectors for Bimolecular Fluorescence
Complementation (BiFC)—The C-terminal coding sequence of
the Venus variant (29) of the YFP protein (residues Ala-154—
Lys-238) was PCR-amplified and subcloned into the mamma-
lian expression vector, pcDNA3.1(—) (Invitrogen). The coding
regions of wild-type human Hck SH3 domain as well as full-
length p59 Hck were also amplified and subcloned upstream
and in-frame with this Venus fragment for expression of the
SH3-VC and Hck-VC fusion protein, respectively. The SH3
domain mutation (E93A) was then introduced into these vec-
tors via site-directed mutagenesis using the QuikChange II XL
site-directed mutagenesis kit (Stratagene). Construction of the
complementary BiFC expression vector for HIV-1 Nef (Nef-
VN) has been described elsewhere (43).

BiFC Assay—Human 293T cells were transfected with BiFC
expression vectors using the calcium phosphate method as
described (43). Eighteen hours post-transfection, cells were
fixed with 4% paraformaldehyde, permeabilized with 0.2% Tri-
ton X-100, and immunostained with primary antibodies against
Hck (N-30, rabbit polyclonal, Santa Cruz Biotechnology) and
Nef (Hyb 6.1, mouse monoclonal, NIH AIDS Research and Ref-
erence Reagent Program). Secondary antibodies used were goat
anti-rabbit IgG (H+L)-Texas Red (Southern Biotech) and goat
anti-mouse IgG (H+L)-Pacific Blue (Invitrogen). Cells were
imaged by confocal microscopy (Fluoview FV1000, Olympus),
and images were analyzed by calculating cell-to-cell mean pixel
intensities of the BiFC and immunofluorescence signals using
Image] (imagej.nih.gov) and computing the mean BiFC to
immunofluorescence signal ratios.
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Multiangle Light Scattering—Size-exclusion chromatogra-
phy/multiangle light scattering data were obtained at room
temperature using an analytical Superdex200 column (10 X
300 mm, GE Healthcare) with in-line multiangle light scatter-
ing (HELEOS, Wyatt Technology), variable wavelength UV
(Agilent 1100, Agilent Technologies), and refractive index
(Optilab rEX, Wyatt Technology) detectors. Purified Hck32
(18.5 mg/ml) and the Nef-Hck32 complex (10.3 mg/ml), each in
a volume of 100 ul, were loaded onto the column pre-equili-
brated with 20 mm Tris-HCI, pH 8.3, 150 mm NaCl, 0.02%
NaN,, and 5% (v/v) glycerol at a flow rate of 0.5 ml/min. For
analysis of the purified Nef SF2 core domain, 100 ul of protein
at 10.0 mg/ml was injected onto an analytical Superdex75 col-
umn (10 X 300 mm, GE Healthcare) with in-line light scatter-
ing, UV, and refractive index detectors. The molecular masses
of eluted protein species were determined using the ASTRA
V5.3.4 software (Wyatt Technologies).

Surface Plasmon Resonance (SPR)—SPR analyses were per-
formed on a BIAcore T100 instrument (GE Healthcare) using a
four-channel CM5 biosensor chip. The full-length Nef SF2 pro-
tein in HBS-EP buffer (10 mm HEPES, pH 7.4, 150 mm NaCl, 3
mm EDTA, 0.05% v/v P20 surfactant) was covalently attached to
the CMS5 chip via standard amine coupling chemistry (44, 45).
Hck32 and Hck32(E93A) proteins in HBS-EPD buffer (10 mm
HEPES, pH 7.4, 150 mm NaCl, 3 mm EDTA, 0.05% v/v P20
surfactant, 1 mm DTT) were injected over a range of concen-
trations and flowed past the immobilized Nef protein channel
and a reference channel at a flow rate of 10 ul/min for 5 min.
The initial binding reaction was followed by a 5-min dissocia-
tion period in the HBS-EPD running buffer. Regeneration of the
chip surface was carried out with HBS-EPD bulffer at a flow rate
of 40 wl/min for 8 min. The resulting sensorgrams were cor-
rected for buffer effects and fitted using the BIAcore T100 eval-
uation software suite (v2.0.4).

RESULTS AND DISCUSSION

Interaction with the Hck32 Region Stabilizes Nef Dimers—We
first characterized the recombinant Nef and Hck32 proteins
individually and after complex formation using size-exclusion
chromatography coupled to multiangle light scattering analysis
(Fig. 1). The Hck32 protein eluted as a single peak of 20.7 kDa
consistent with a monomer. The Nef protein used in this study
is derived from the B-clade allele SF2 and consists of residues
58-205 (numbering based on the crystal structure of Nef
NL4 -3 (18)). This Nef protein lacks the flexible N-terminal
anchor domain but retains the complete structured core used in
previous studies. The recombinant Nef protein eluted as two
peaks of 38.7 and 17.4 kDa, indicative of monomeric and
dimeric forms. In contrast, the complex of Nef with Hck32
(referred to hereafter as the Nef-Hck32 complex) yielded a sin-
gle peak of 76.3 kDa, which is consistent with a dimer of
Nef-Hck32 protein complexes. This analysis shows that inter-
action with the Hck32 region stabilizes Nef as a dimer in solu-
tion. As described in the next section, interaction with Hck32
induces a novel Nef dimer interface as determined by x-ray
crystallography.

Overview of the NefHck32 Complex Structure—To better
understand the impact of Src-family kinase binding on HIV-1
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FIGURE 1. The Nef-Hck32 complex forms a dimer of complexes in solution.
Size-exclusion chromatography/multiangle light scattering elution profiles
of the purified Hck32 protein (top), the Nef core (middle), and the Nef-Hck32
complex (bottom) are shown, with the refractive index trace in black (left y
axes). The resulting weight-averaged molecular masses obtained from the
elution peak of each protein or complex are plotted as the blue lines (right y
axes).

Nef, we determined the structure of Nef in complex with the
Hck SH3-SH2 region to 1.86 A resolution (Table 1). Two
Nef-Hck32 complexes pack together via the Nef proteins to
form a larger dimer of complexes with a total buried surface
area of 10,520 A? (Fig. 24). The individual Nef, SH3, and SH2
protein structures are nearly identical in each half of the dimer,
with root mean square deviations (r.m.s.d.) of 0.41, 0.17, and
0.59 A after superposition, respectively. In addition, the indi-
vidual protein structures that form the Nef-Hck32 complex are
nearly identical to previous structures of Nef and the Hck SH3
and SH2 domains both alone and in the context of near-full-
length Hck (Table 2).

Although the structures of the individual proteins making up
the dimeric Nef-Hck32 complex are nearly identical, the rela-
tive orientation of the SH2 domains in each of the two hemi-
complexes are distinct (Fig. 2B). Superposition of the Nef
proteins in each Nef-Hck32 complex results in nearly superim-
posed SH3 domains by virtue of direct SH3 binding to Nef.
However, the SH2 domains are oriented 116° away from each
other based on the angle of the axes passing through the center
of mass of each domain. This difference in orientation is due to
structural differences in the SH3-SH2 connector regions (Figs.
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Crystal Structure of HIV-1 Nef-SH3-SH2 Complex

TABLE 1

X-Ray data collection and structure refinement statistics for the
Nef-Hck32 complex

Data Collection®

Nef:Hck32 Complex
Space group P1
a,b,c (A) 56.49,57.27,72.11

o, B,y (°) 112.28, 96.09, 106.00

resolution (A) 50.00 - 1.86
(1.89-1.86)

Ricers 0.11 (0.77)

average I/ol 13.1(2.5)

completeness (%) 97.8 (96.4)

redundancy 4.0(3.9)

Model Refinement®

resolution (A) 26.38-1.86

no. of reflections 64,424

Rwork/Rfree 0-17/0-20

Number of non-H atoms

protein 4,512

solvent 525

ligands 30

Ligand molecules

MPD 3

lodide 6

Average B factors (A?)

protein 35.63

solvent 37.76

ligands 39.50

RMS deviations

bond lengths (A) 0.004

bond angles (°) 0.803

Ramachandran

outliers 0.00 %

allowed 0.93%

favored 99.07%

“ Values in parenthesis are for the highest resolution shell.
’ Data cutoff for refinement was F/oF = 2.

2Band 3A). All Src-family kinases possess a connector region of
approximately eight residues that joins the SH3 and SH2
domains. Conserved structural elements observed in the SH3-
SH2 connectors include an N-terminal B-turn followed by a
3,0-helix (34, 37, 46 —51). In the connector regions of both Hck
SH3-SH2 units found in the dimeric Nef-Hck32 structure, the
B-turns (Hck residues 139-142) remain intact. However,
although a 3,,-helix (Hck residues 143-146) is present in the
connector of Nef-Hck32 complex A, this complex B connector
region assumes an extended non-helical conformation (Fig.
3A). In the complex A connector, Hck Leu-143 makes hydro-
phobic contacts with SH2 domain residues Trp-148, Phe-149,
Tyr-184, and Leu-223. In contrast, the 3, ,-helix in the complex
B connector lacks main-chain hydrogen bonding, which
extends the connector by 2.8 A and reorients the Leu-143 side
chain toward the SH3 domain. As a result, the SH2 domain
rotates around the a-carbon atom of connector B residue Ser-
142, resulting in the distinct SH2 domain orientations shown in
Fig. 2B.

Variability in SH3-SH2 connector secondary structure has
been reported in previous structures of the Hck, Lck, and Fyn
SH3-SH2 regions. For both the unliganded Hck32 and phos-
photyrosyl peptide-bound Lck32 regulatory domain structures,
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FIGURE 2. Overview of the Nef-Hck32 structure. A, the Nef-Hck32 complex crystallized as a dimer of complexes. For complex A, Nef is colored light purple, the
SH3 domain is red, and the SH2 domain is blue; in complex B, Nef is rendered in green, the SH3 domain is pink, and the SH2 domain is light blue. B, superposition
of the Nef structures in the A and B complexes reveals alternative positioning of the SH2 domains. The positions of the SH3-SH2 connector regions are indicated

in the superposition on the left (arrow).

the connector B-turns are completely disrupted, whereas the
connector secondary structure in the isolated Fyn32 structure
is preserved (37, 46, 47). Interestingly, the relative orientations
of the SH3 and SH2 domains in our new structure are unique
compared with those observed in these earlier SH3-SH2 struc-
tures (37, 46, 47), highlighting the variability in interdomain
positioning among the Src-family kinases. In addition, '°N
NMR relaxation data show differences in correlation times
between the SH3 and SH2 domains of Fyn, Lck, and c-Abl when
these domains are joined (46, 52—54). Finally, NMR studies of
Nef interaction with a Hck SH3-SH2-linker protein demon-
strated significant chemical shift perturbations not only for res-
idues in the Hck SH3 domain but also in the connector and
N-terminal region of the SH2 domain upon Nef binding (55).

Modeling of Active NefHck Complexes—To relate our dimeric
Nef-Hck32 complex structure to the activation mechanism of
full-length Hck by Nef, we constructed a series of models using
the structure of down-regulated near-full-length human Hck
(PDB code 1QCF) (48). Superposition of the SH2 domains com-
mon to both structures resulted in two alternative models based
on each of the Nef-Hck32 complexes with different SH3-SH2
connectors (complexes A and B). These models are presented
in Fig. 3B and are discussed in more detail below.
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In the down-regulated Hck structure (PDB code 1QCF), the
SH2 kinase linker adopts a polyproline type II helical confor-
mation and makes internal contacts with the SH3 domain to
suppress kinase activity. The SH2 kinase linker is a suboptimal
SH3 ligand (37, 56), allowing transactivation of the kinase by
cellular SH3 ligands that displace the linker from the SH3
domain. HIV-1 Nef is an excellent example of such a ligand,
binding to and activating Hck via this SH3 domain displace-
ment mechanism (12). Superposition of the Nef-Hck32 com-
plexes onto the SH2 domain of down-regulated, near full-
length Hck results in significant SH3 domain displacement
from the linker, supporting the SH3 domain displacement
model (Fig. 3B) (12). In the down-regulated state of Hck, SH2
kinase linker residues Pro-250 and Pro-253 make stabilizing
hydrophobic contacts with SH3 domain residues Tyr-90, Trp-
118, and Tyr-136 (48, 49) (Fig. 4). Linker Pro-250 interacts with
SH3 Tyr-90 and Tyr-136 at distances of 3.7 and 5.0 A, respec-
tively, whereas Pro-253 is positioned 3.3 A from Trp-118. These
regulatory hydrophobic interactions are clearly disrupted in
both SH2 superposition models. In the model based on
Nef-Hck32 complex A, Pro-250 is repositioned 9.7 A and 27.7A
away from Tyr-90 and Tyr-136, respectively, with Pro-253 posi-
tioned 15.2 A away from Trp-118. These distances are even
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TABLE 2

Crystal Structure of HIV-1 Nef-SH3-SH2 Complex

Sequence and structural comparison of individual Nef-Hck32 complex components with other Nef and Hck structures

Sequence identity and superposition RMSD values were calculated using the Nef core domains Nef-Lai (PDB ID 1AVV; unliganded), Nef-NL43 (PDB ID 1EFN; SH3
bound), Nef-Lai (PDB ID 1AVZ; SH3 bound), Nef-SF2 (PDB ID 3RBB; SH3 bound), full-length Nef-NL43 (PDB ID 4EN2; AP1/MHC-I peptide bound). The SH2 and
SH3 domains from the Nef:Hck32 complex were compared with previous structures of Hck32L (PDB ID 3NHN; SH3-SH2-linker fragment) and down-regulated,
near full length Hck (PDB ID 1QCEF). Superpositions were calculated using secondary structure matching in Coot and the number of a-carbon atoms used in the

alignment are indicated.

Nef-SF2,,,. Complex A Complex B
Sequence a-carbon a-carbon Sequence a-carbon a-carbon
Identity RMSD atoms Identity RMSD atoms
Nef-Laicre 90 % 07A 98 90 % 07A 98
(unliganded)
Nef-NL43 . 3 . "
(SH3 bound) 90 % 09A 102 90 % 0.8A 103
Nef-Laicore 5 o 5 o
(SH3 bound) 90 % 09A 99 90% 09A 99
Nef-SF2core . " . g
(SH3 bound) 100 % 0.8A 101 100 % 0.8A 104
Nef-NL43
(AP1/MHC-I 89% 1.0A 96 89% 0.9A 96
bound)
Complex A/B Complex A/B
Heks2 SH3 Domain SH2 Domain
Sequence a-carbon a-carbon Sequence a-carbon a-carbon
Identity RMSD atoms Identity RMSD atoms
Hck32L 100% 0.7A/0.7A 53/53 100% 0.7A/0.6A 92/89
Hck 100% 0.6A/0.6A 53/53 100% 0.5A/0.8A 91/91

greater in complex B, with Pro-250 now 12.4 A and 30.9 A away
from Tyr-90 and Tyr-136, respectively, whereas Pro-253 is
repositioned nearly 40 A away from Trp-118 (Fig. 4).

The active Nef-Hck complexes modeled in Fig. 3B highlight
the importance of the SH3-SH2 connector region in the SH3
domain displacement mechanism for Nef-mediated Hck acti-
vation. Functional roles for this connector are also supported by
previous biochemical studies and molecular dynamics simula-
tions of near full-length human Hck and c-Src activation. In
¢-Src, dynamic coupling between the SH3 and SH2 domains in
the down-regulated state is dependent on a structured connec-
tor region. Simulations show that upon activation, the connec-
tor B-turn and 3;,-helix adopt a more flexible conformation
(57). In this same study, replacement of c-Src connector resi-
dues with glycines induced kinase activation, supporting a key
role for the connector in maintenance of the down-regulated
conformation. Molecular dynamics studies also support an
important regulatory role for the Hck SH3-SH2 connector
showing that connector modification influences the conforma-
tion of the kinase domain activation loop (58, 59). Finally,
molecular dynamics simulations combined with small angle
x-ray scattering have shown that multiple SH3 domain orien-
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tations are possible in response to binding of an SH3 domain
peptide ligand to near full-length Hck (60). Taken together,
these data suggest that the two SH3-SH2 conformations cap-
tured in our Nef-Hck32 crystal structure as well as other inter-
mediate states may be present during the activation of Hck by
Nef in solution.

Hck SH3-SH2 Binding Stabilizes the Nef Dimer Interface—
Previous crystal structures of Nef in complex with SH3 alone
revealed a dimer of Nef'SH3 complexes in which the Nef
aB-helices form the dimer interface (18, 30). The Nef aB-heli-
ces also form the dimer interface in our new Nef-Hck32 struc-
ture (Fig. 5A4). However, the Nef monomers in the Nef-Hck32
complex are dramatically reoriented relative to the previous
Nef-SH3 complex (Fig. 5B). To illustrate this point, Nef mono-
mers from each of the dimer complexes were superimposed as
shown in Fig. 5C. The non-superimposed Nef monomer is
rotated 82° around the z axis and 87° around the y axis from the
center of mass. The resulting structure is much more compact
and involves multiple new dimer interactions as described
below.

The unique Nef dimer observed in our Nef-Hck32 complex
structure is stabilized by four distinct dimer interfaces. Three of
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A

Complex A Nef + Hck

Downregulated Hck

Complex B Nef + Hck

FIGURE 3. Nef-Hck32 complexes A and B have different SH3-SH2 connec-
tors. A, side-by-side comparison of the SH3-SH2 connectors from Nef-Hck32
complexes A (left) and B (right). The connector regions are rendered in black
and gray for complexes A and B, respectively, and have well defined confor-
mations as shown by the 2F , — F_electron density maps (mesh; contoured at
10). The 3,4 helix in the complex A connector is stabilized by a main-chain
H-bond involving Leu-143 and Glu-146 of 2.9 A (cyan dashes); this contact is
lost in connector B as the interatomic distance is now increased to 5.7 A (cyan
dashes). For clarity, not all connector side chains are shown in the electron
density. B, superposition of the Nef-Hck32 complexes onto the SH2 domain
of down-regulated near-full-length Hck (PDB code 1QCF (48)) supports SH3
domain displacement from the Hck SH2 kinase linker after Nef binding. The
structure of down-regulated near-full-length Hck is shown on the top left and
includes the SH3 domain (red), SH3-SH2 connector (gray), SH2 domain (blue),
SH2-kinase linker (orange), kinase domain (gray), and C-terminal tail (cyan).
The result of SH2-based superposition of Hck with Nef-Hck32 complexes A
and B is shown on the top right and below, respectively. The Nef cores are
colored as per Fig. 1 with the PXXPXR motif in cyan.

these interfaces are composed of hydrophobic contacts,
whereas the fourth involves a mixture of hydrophobic contacts
and hydrogen bonds. Two identical small hydrophobic dimer
interfaces (each burying 226.6 A of surface area) are formed by
the insertion of N-terminal residue Nef Val-70 into a pocket
formed by Nef aB-helix residues Leu-112 and Tyr-115 and Nef
C-terminal loop residues Phe-121 and Pro-122; these dimer
interfaces appear to stabilize the region N-terminal to the
PXXPXR motifs, which is absent in earlier structures (Fig. 5D).
The third hydrophobic dimer interface is larger (burying 559.1
A? of surface area) and is formed by an interweaving of Nef
aB-helix residues Ile-109, Leu-112, Trp-113, and His-116 (Fig.
5E). Interestingly, these three hydrophobic dimer interfaces
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p253
connector

PxxPxR

SH2 m

FIGURE 4. Molecular models of active Nef-Hck complexes based on the
Nef-Hck32 structure predict displacement of SH3 from SH2 kinase linker.
Upper left, close-up view of the SH3:Linker interface in the down-regulated
structure of Hck (PDB code 1QCF). In the absence of Nef, SH3 domain residues
Tyr-90, Trp-118, and Tyr-136 make stabilizing hydrophobic contacts with
linker residues Pro-250 and Pro-253. Upper right, SH2-based superposition
model of Hck with the structure of Nef-Hck32 complex A. In this model the
presence of Nef repositions linker Pro-250 9.7 A and 27.7 A away from SH3
Tyr-90 and Tyr-136, respectively, whereas linker Pro-253 is repositioned 15.2
A away from SH3 Trp-118. Lower panel, superposition model of Hck with the
structure of Nef-Hck32 complex B. SH3-linker displacement is even more dra-
matic in this case, with linker Pro-250 now 12.4 A and 30.9 A away from SH3
Tyr-90 and Tyr-136, respectively, whereas linker Pro-253 is repositioned
nearly 40 A away from SH3 Trp-118.

Nef
N linker

possess “moonlighting” residues: Leu-112 participates in both
dimer interfaces, whereas Trp-113 also contributes to the for-
mation of the ®A/aB-helix hydrophobic pocket that cradles the
Hck SH3 domain RT-loop residue, Ile-95. Although the
Nef-Hck32 complex dimer involves three distinct Nef-Nef
interfaces, many of the residues participating in these interfaces
also contribute to the Nef dimer interface present in previous
Nef-SH3 structures (18, 30), with the exceptions of Nef Val-70
and Trp-113. These residues include Ile-109, Leu-112, Tyr-115,
His-116, Phe-121, and Pro-122, and their positions in the dimer
interface of a previous Nef-SH3 structure are shown in Fig. 5F
for comparison.

A fourth Nef dimer interface unique to the Nef-Hck32 com-
plexis located in a region that encompasses the Nef aA-helix C
terminus, the aB-helix N terminus, and the aA-aB loop. This
region involves hydrophobic interactions between the side
chains of Nef residues Leu-100 and Arg-106 and a network of
hydrogen-bonding contacts between the main-chain carbonyl
atoms of Gly-95 and Gly-96 and the side chains of Ser-103 and
Arg-106 (Fig. 5G). This interface buries 462.7 A? of surface area
and is quite distinct from the reciprocal ionic Nef dimer con-
tacts involving the side chains of Nef Arg-105 and Asp-123
found in the Nef-SH3 structures (18, 30) (Fig. 5H). Interestingly,
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FIGURE 5. Hck SH3-SH2 binding stabilizes a compact Nef dimer. Comparison of the Nef dimer in the Nef-Hck32 complex (A; Nef monomers are green and
purple) with the Nef dimer from a previous Nef-SH3 complex (B; Nef monomers are light and dark orange; PDB code 1EFN (18)). C, superposition of Nef
monomers from the structures in A and B. The resulting rotations along the y and z axes for the non-superimposed Nef monomer are shown. D, hydrophobic
dimer interface of residue Val-70 with a pocket formed by aB-helix residues Leu-112 and Tyr-115 and C-terminal loop residues Phe-121 and Pro-122. E,
hydrophobic dimer interface formed by interweaving of aB-helix residues lle-109, Leu-112, Trp-113, and His-116. F, Nef residues lle-109, Leu-112, Tyr-115,
His-116, Phe-121, and Pro-122 also participate in the dimer interface of the Nef-SH3 structure. G, Nef dimer interface involving hydrophobic interactions
between the side chains of residues Leu-100 and Arg-106 and a network of hydrogen-bonding contacts between the main-chain carbonyl atoms of Gly-95 and
Gly-96 and side chains of Ser-103 and Arg-106. H, close up view of the dimer interface from a complex of Nef with an SH3 domain showing the role of
Asp-123-Arg-105 interaction in dimerization. /, Nef Asp-123 is repositioned away from the dimer interface to the surface of the structure more than 22 A away

from Nef Arg-105 in the Nef-Hck32 structure. Arg-105 makes a new contact with Glu-93 in the SH3 domain in this reoriented dimer (see Fig. 6).

Nef residues Arg-105 and Asp-123 do not contribute to the Nef
dimer interface in the Nef-Hck32 complex. Instead, they are
now repositioned 22 A away from each other (Fig. 5I), with
Arg-105 participating in a previously unrecognized intermolec-
ular-intercomplex salt bridge with the SH3 domain RT-loop
residue Glu-93 (described below). As a result, Nef Asp-123 is
now solvent-exposed and potentially available to participate in
interactions with other proteins, such as the AP-1 w1 clathrin
adaptor protein critical to MHC-I down-regulation (32, 61).
Previous structural and biological studies support the biolog-
ical relevance of these newly described Nef dimer interfaces in
the Nef'-Hck32 complex and argue that they are not crystallo-
graphic anomalies. In NMR solution studies, chemical shift
changes and line broadening have been detected for all of the
Nef residues participating in these four dimer interfaces in
response to Hck SH3-SH2 binding (55), with the exceptions of
Nef Tyr-115 and Pro-122. Moreover, cell-based bimolecular
fluorescence complementation studies have shown that Nef
dimer formation is compromised by mutagenesis of Leu-112,
Tyr-115, Phe-121, and Arg-105/Arg-106, providing direct evi-
dence for a contribution of these residues to dimerization in
vivo (43). Mutagenesis of Nef Leu-112, Tyr-115, and Arg-105/
Arg-106 also inhibits receptor down-regulation and enhance-
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ment of HIV replication by Nef, linking dimerization with bio-
logical activity (43, 61). A recent report describes a small
molecule Nef antagonist that binds to the dimerization inter-
face, identifying this structural feature as a critical point for
possible therapeutic intervention (16).

Unique Intermolecular NefSH3 and NefSH2 Interactions—
Previous structural and functional studies have identified two
HIV-1 Nef regions that are critical for Src-family kinase SH3
domain engagement and kinase activation (10-13, 18, 30, 62).
The first of these involves a highly conserved Nef PXXPXR
motif which forms a polyproline type Il helix that interacts with
the RT- and N-Src-loops of the SH3 domain. In addition, a
single RT-loop isoleucine residue unique to the Hck and Lyn
SH3 domains engages a hydrophobic pocket formed by the first
two a-helices of the Nef core (10). Both of these interactions are
present in the structure of the Nef-Hck32 complex (Fig. 6). In
addition, the Nef PXXPXR motif is extended to include an addi-
tional proline residue (Nef Pro-69) as well as Nef Pro-72, Val-
74, Pro-75, and Arg-77. The PXXPXR motif intercalates with
Hck SH3 surface residues Tyr-90, Tyr-92, Trp-118, Pro-133,
and Tyr-136. This interface involves additional main-chain
hydrogen bonds (SH3 residues Tyr-136 and Trp-118 with Nef
P72 and Val-74) plus a salt bridge between the side chains of
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FIGURE 6. Conserved features of the Nef-SH3 interface in the Nef-Hck32
complex. An overview of the Nef-SH3 structure from complex A is shown on
the left, with the interface areas enlarged on the right. The Nef PXXPXR motif
interacts with the hydrophobic residues on the SH3 domain RT and N-Src
loops shown (top). A hydrophobic pocket formed by Nef residues lle-87, Phe-
90, Trp-113, and Tyr-120 interacts with the SH3 RT loop residue, lle-95
(bottom).

SH3 D99 and the conserved arginine in the Nef PXXPXR motif
(Arg-77). SH3 RT-loop residue Ile-95 inserts into a hydropho-
bic pocket formed by Nef core residues Ile-87, Phe-90, Trp-113,
and Tyr-120 from the Nef aA and oB helices.

In addition to these known Nef-SH3 contacts, a unique inter-
molecular-intercomplex interaction was discovered in our
dimeric Nef-Hck32 structure. This interaction involves a salt
bridge between Nef Arg-105 from one complex and Glu-93 in
the SH3 RT-loop from the opposite complex (Fig. 7). Two
reciprocal intercomplex Arg-105-Glu-93 salt bridges were
observed within the dimeric Nef-Hck32 complex structure, and
these interactions were not influenced by crystal lattice con-
tacts. This salt bridge provides an additional intermolecular
contact between Nef and the SH3 domain RT-loop near residue
Ile-95, supporting a stabilizing influence in the context of full-
length Hck. The residues that form this contact are conserved
across diverse Nef alleles and are present in each of the Src
family members known to interact directly with Nef (15). As
described in more detail below, mutagenesis studies show that
this previously unrecognized interaction is critical for stable
Nef-Hck complex formation as well as kinase activation.

A precedent for intercomplex Nef-'SH3 contacts comes from
the work of Horenkamp et al. (38), in which the x-ray crystal
structure of the Nef core domain was determined in complex
with an engineered high affinity Hck SH3 domain. This struc-
ture, referred to as Nef-Hck SH3y,, also crystallized as a dimer
of complexes with the Nef C-terminal loop making contacts
with a hydrophobic crevice adjacent to the SH3 RT-loop recog-
nition site. Hck SH3 binding affinity for Nef was increased
6-fold by mutation of six RT-loop residues. Two of these resi-
dues (Tyr-90 and Pro-92) make intercomplex contacts with the
Nef C-terminal loop of the opposing Nef-SH3 complex. Analo-
gous intercomplex interactions were also observed in our
Nef-Hck32 complex structure as described above. The SH3
Glu-93 residue in our Nef-Hck32 complex assumes a nearly
equivalent position as the RT-loop Tyr-90 in the Horenkamp
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FIGURE 7. Unique Nef-SH3 interactions in the Nef-Hck32 complex. The
dimer of Nef-SH3 complexes A and B is shown at the top, with the unique
intercomplex ionic contacts between Nef Arg-105 and SH3 Glu-93 shown as
sticks. Close-up view of each ionic interaction is enlarged below and shows
well ordered 2F, — F_ electron density (cyan mesh; contoured at 10). The
expanded view on the left is rotated 180° with respect to the overall view
above to maintain the same orientation as the view on the right.

Nef-Hck SH3, structure upon superposition of the Nef pro-
teins in both complex structures (not shown). Together, our
Nef-Hck32 and the Nef-Hck SH3;, dimeric complex struc-
tures support the importance of intercomplex interactions
between residues in the SH3 RT-loop and Nef for high affin-
ity binding.

Our Nef-Hck32 complex structure is the first to include the
SH3-SH2 connector and the SH2 domain. As shown in Fig. 8,
each SH2 domain makes an extensive network of Van der
Waals contacts with both of the Nef molecules present in the
complex. These contacts involve loops connecting the central
B-sheets and a-helices of each SH2 domain with Nef residues
from the distal end of the N-terminal anchor domain and helix
aB. Because the SH2 domains are in different orientations rel-
ative to one another in the complex, the SH2 residues contact-
ing Nef are distinct on each side of the Nef dimer. However,
there is significant overlap in the Nef regions involved, with Nef
residues Phe-68, Pro-69, Leu-76, and Tyr-115 from both Nef
monomers making contact with each of the SH2 domains.
These Nef-SH2 interactions may help to position the PXXPXR
motif for interaction with the SH3 domain and may also stabi-
lize a functionally important Nef dimer conformation as
described in more detail below. All of the residues involved in
the Nef-SH2 interface are listed in Table 3.
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TABLE 3

Van Der Waals interactions between SH2 domain and Nef residues in
the Nef-Hck32 complex

SH2 domain and Nef residues making Van Der Waals interactions with distances of
3.8-5.5 A are shown. Hck SH2 domain residues are numbered as per the c-Src
crystal structure (PDB code 2SRC). Nef residues are numbered as per the Nef-SH3
crystal structure (PDB code 1EFN). Note that residues in the PDB file from the
Nef-Hck32 complex presented in this paper are numbered as per the Nef-SF2
sequence; due to an internal insertion, the Nef-SF2 residues are offset by +4 relative
to the Nef-NL43 sequence numbering used in the table.

Complex A SH2 domain residues

Complex B Nef residues

Ser-154 (side/main chain)
Glu-178 (main chain)
Glu-178 (side chain)
Thr-179 (side chain)
Thr-179 (side chain)
Thr-179 (side chain)
Thr-179 (side chain)

Leu-76 (side chain)
GIn-73 (side chain)
Tyr-115 (side chain)
GIn-73 (side/main chain)
Val-74 (main chain)
Pro-75 (side chain)
Leu-76 (main chain)

Complex A SH2 domain residues

Complex A Nef residues

Lys-151 (main chain)
Gly-152 (main chain)
Ile-153 (side/main chain)
Ile-153 (side chain)

Pro-69 (side chain)
Pro-69 (side chain)
Pro-69 (side chain)
Phe-68 (main chain)

Complex B SH2 domain residues

Complex A Nef residues

Asn-209 (side/main chain)
Asn-209 (side/main chain)
Pro-216 (main chain)
Arg-217 (main chain)
Ser-218 (main chain)
Thr-219 (side/main chain)
Phe-220 (main chain)
Ser-221 (side/main chain)
Ser-221 (side chain)

Phe-121 (side chain)
Asp-123 (side chain)
Pro-78 (side chain)
Pro-78 (side chain)
Leu-76 (main chain)
Leu-76 (side/main chain)
Leu-76 (side chain)
Leu-76 (side chain)
Tyr-115 (side chain)

FIGURE 8. The Hck SH2 domain contacts the Nef core. The overall structure
is shown at the top, with the SH3 domains hidden to provide a clearer view of
each SH2:Nef interface. The SH2 domains and Nef subunits are colored as per
Fig. 1. The interfaces of Nef with SH2 from complex A (SH2-A) and complex B
(SH2-B) are enlarged on the lower left and right panels, respectively. Side and
main chain atoms making Van der Waals interactions are shown as sticks
enveloped by Van der Waals spheres, and selected residues are labeled for
orientation. A list of all residues contributing to these interfaces is presented
in Table 3.

SH3 Glu-93 Is Required for High Affinity Binding of Nef to
Hck32 in Vitro—The structure of Nef in complex with the Hck
SH3-SH2 region revealed a new interaction at the Nef-SH3
interface not present in previous structures of Nef with the SH3
domain alone (Fig. 7). To explore the contribution of this con-
tact to Nef-Hck32 complex assembly, we measured the kinetics
and affinity of the interaction by surface plasmon resonance. As
shown in Fig. 9, wild-type Hck32 protein (as analyte) bound
tightly and reversibly to Nef on the SPR chip surface in a con-
centration-dependent manner, yielding a K, value of 2.63 um.
This value is comparable with those reported in previous stud-
ies of Nef interactions with the isolated SH3 domain by this
technique (63). We then repeated the experiment using Hck32
protein with an Glu-93 to alanine (E93A) mutation. This Hck32
single point mutant bound to Nef more slowly, as reflected in
the smaller association rate constant, and yielded a K, value of
5.73 uM. This observation demonstrates that the Glu-93-Arg-
105 contact contributes to high affinity complex formation
between Hck and Nef in vitro.

Interaction of Nef Arg-105 with SH3 Glu-93 Is Required for
Complex Formation with Full-length Hck in a Cell-based
Assay—To evaluate the functional importance of Hck SH3
Glu-93 to complex formation in vivo, we performed cell-based
BiFC analysis (43, 64). For these studies, Nef was fused to a
non-fluorescent N-terminal fragment of the Venus variant of
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Complex B SH2 domain residues

Complex B Nef residues

Asp-208 (main chain)
Asn-209 (main chain)
Gly-210 (main chain)
Ser-221 (side/main chain)

Phe-68 (side chain)
Phe-68 (side/main chain)
Phe-68 (side chain)
Pro-69 (side chain)

YFP (Nef-VN) (29), whereas the N-terminal portion of Hck
including the SH3 domain as well as full-length Hck were fused
to the complementary C-terminal Venus fragment (SH3-VC;
Hck-VC). Nef-VN was then co-expressed with either SH3-VC
or full-length Hck-VC in 293T cells followed by confocal
microscopy. As shown in Fig. 10, a bright fluorescent signal was
observed in the BiFC channel indicative of Nef interaction with
both the truncated and full-length Hck proteins and subse-
quent complementation of the Venus fluorophore. This exper-
iment was then repeated using SH3-VC and Hck-VC con-
structs in which SH3 Glu-93 was substituted with alanine. This
substitution did not impact the interaction of Nef with the
shorter Hck construct consisting of only the unique and SH3
domains, consistent with previous Nef-SH3 crystal struc-
tures in which the SH3 Glu-93-Nef Arg-105 contact is not
present (18, 30). However, when Nef-VN was expressed with
full-length Hck-VC, the BiFC signal was reduced by more
than 90%, indicating that this additional SH3 domain con-
tact is important for stable interaction of full-length Hck
with Nef in cells.

Hck SH3 Glu-93 Is Required for Nef-mediated Kinase Activation—
In a final series of experiments we evaluated the effect of the
Hck SH3 domain Glu-93 mutation on Nef-mediated kinase
activation. For these studies we turned to a yeast-based co-ex-
pression system previously used in our laboratory to study Nef-
mediated activation of Src-family kinases (14, 15). This system
uses a modified form of Hck in which the C-terminal tail
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FIGURE 9. SPR analysis of Nef-Hck32 interaction. SPR analyses were con-
ducted with recombinant purified wild-type Hck32 (top) and the Hck32 SH3
E93A mutant (bottom). Recombinant purified Nef was covalently attached to
the SPR chip surface, and Hck32 proteins were injected over the range of
concentrations shown. The kinetics and affinities of binding were determined
by fitting the sensorgram data (black traces) to a 1:1 binding model (red
curves) using the Biacore T100 evaluation (2.0.4) software. The resulting bind-
ing constants are summarized below the graphs.

sequence is modified to Tyr(P)-Glu-Glu-lle (Hck-YEEI, for
short). This modification enhances tail interaction with the
SH2 domain and controls Hck activity in the absence of Csk, the
“tail kinase” and master regulator of Src-family kinases that is
absent in yeast. However, expression of Nef with Hck-YEEI
causes constitutive activation of Hck via an SH3 domain dis-
placement mechanism, leading to growth arrest in yeast. Note
that the structural basis of Hck-YEEI activation by Nef in yeast
is indistinguishable from that observed in mammalian cells
(42).

To use the yeast system to explore the effect of the SH3
Glu-93 mutant on Nef-induced Hck activation, the wild-type
and E93A forms of Hck-YEEI were expressed alone or in the
presence of Nef. The cultures were grown to equal densities and
then plated on galactose agar over a range of dilutions to induce
protein expression. Parallel cultures were grown in liquid
medium containing galactose, and cell lysates were immuno-
blotted for Hck and Nef protein expression as well as protein-
tyrosine phosphorylation of yeast cell proteins. As shown in Fig.
11A, co-expression of wild-type Hck-YEEI with Nef caused
almost complete growth arrest in yeast. This effect correlated
with strong phosphorylation of cellular proteins on tyrosine,
consistent with our previous work (Fig. 11B) (14, 15). In con-
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FIGURE 10. Interaction of Nef Arg-105 with Hck SH3 Glu-93 is required for
complex formation in vivo. Interaction of Nef with truncated and full-length
Hck proteins was assessed using a cell-based BiFC assay. Human 293T cells
were transfected with expression plasmids for fusion proteins of Nef with an
N-terminal fragment of the YFP variant, Venus, and either the N-terminal
region of Hck including the SH3 domain or full-length Hck fused to the com-
plementary C-terminal Venus fragment. Parallel experiments were con-
ducted with wild-type (WT) and SH3 domain mutants in which Glu-93 was
replaced with alanine (E93A). Eighteen hours after transfection cells were
fixed and stained with antibodies to the Hck N-terminal region and Nef.
Three-color confocal images were recorded for BiFC (green), which is indica-
tive of Nef-Hck interaction as well as Hck and Nef protein expression. Mean
pixel intensities of the BiFC and immunofluorescent (IF) signals were deter-
mined for at least 50 cells per condition using ImageJ. BifFCimmunofluores-
cent signal ratios were calculated and are presented in the bar graph as the
mean ratio = S.E.

Hck

trast, co-expression of Nef with the Hck-YEEI E93A mutant
resulted in only a partial induction of growth arrest and a mod-
est increase in phosphorylation of yeast cell proteins. These
results support an essential role for Hck SH3 Glu-93 in the
formation of the active Nef-Hck complex.

Conclusions—Here we present the x-ray crystal structure of
HIV-1 Nef in complex with the regulatory apparatus (tandem
SH3-SH2 unit) of its binding partner and kinase effector, Hck.
Although key elements of previous Nef structures with isolated
SH3 domains are present, the addition of the SH2 domain and
SH3-SH2 connector resulted in several remarkable differences.
These include a new intercomplex salt bridge between Nef Arg-
105 and Glu-93 in the RT loop of the SH3 domain, shown by
mutagenesis studies to be critical to both interaction and func-
tion. The Nef dimer interface, although still involving the Nef
aB helices, was completely reorganized relative to previous
Nef-SH3 structures and stabilized by contacts with the SH2
domain. Models based on the Nef-Hck32 structure provide
fresh insight as to possible conformations for the active
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FIGURE 11. Hck activation by Nef requires SH3 domain residue Glu-93.
S. cerevisiae was transformed with galactose-inducible expression plasmids
for wild-type Hck (WT), the SH3 domain mutant (E93A), and HIV-1 Nef in the
combinations shown. The form of Hck used in these studies has a modified
C-terminal tail to enable down-regulation in the absence of Csk (see “Results”
for details). A, transformed colonies were cultured in glucose medium to
equal densities and spotted onto agar plates containing galactose as the
sole carbon source to induce protein expression. Plates were incubated
for 4 days at 30°C and imaged on a scanner. Growing yeast patches
appear as dark spots against the translucent agar background. B, trans-
formed yeast colonies were also cultured in liquid medium plus galactose
to induce protein expression. Cell lysates were separated via SDS-PAGE
followed by immunoblotting for protein phosphotyrosine content (pTyr)
as well as Nef and Hck expression along with actin as a loading control.
This experiment was repeated in triplicate with comparable results; a rep-
resentative example is shown.

Nef-Hck complex, which is essential for Nef function and rep-
resents a druggable target for HIV-1 (14, 16, 17, 21). Finally, the
Nef dimer that results from Hck SH3-SH2 binding allows for
surface display of Nef residue Asp-123, which plays a critical
role in multiple Nef functions including CD4 and MHC-I
down-regulation (32, 43, 61) as well as enhancement of viral
replication (43). These results support the idea that interaction
with Nef not only promotes kinase activation but also stabilizes
a Nef conformation compatible with downstream effector
binding and function.
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