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Abstract

Human immunodeficiency virus Nef is a myristoylated protein expressed early in infection by HIV. In
addition to the well known down-regulation of the cell surface receptors CD4 and MHCI, Nef is able to alter
T-cell signaling pathways. The ability to alter the cellular signaling pathways suggests that Nef can associate
with signaling proteins. In the present report, we show that Nef can interact with calmodulin, the major
intracellular receptor for calcium. Coimmunoprecipitation analyses with lysates from the NIH3T3 cell line
constitutively expressing the native HIV-1 Nef protein revealed the presence of a stable Nef-calmodulin
complex. When lysates from NIH3T3 cells were incubated with calmodulin-agarose beads in the presence
of CaCl2 or EGTA, calcium ion drastically enhanced the interaction between Nef and calmodulin, suggest-
ing that the binding is under the influence of Ca2+ signaling. Glutathione S-transferase-Nef fusion protein
bound directly to calmodulin with high affinity. Using synthetic peptides based on the N-terminal sequence
of Nef, we determined that within a 20-amino-acid N-terminal basic domain was sufficient for calmodulin
binding. Furthermore, the myristoylated peptide bound to calmodulin with higher affinity than nonmyris-
toylated form. Thus, the N-terminal myristoylation domain of Nef plays an important role in interacting with
calmodulin. This domain is highly conserved in several HIV-1 Nef variants and resembles the N-terminal
domain of NAP-22/CAP23, a myristoylated calmodulin-binder. These results for the interaction between
HIV Nef and calmodulin in the cells suggested that the Nef might interfere with intracellular Ca2+ signaling
through calmodulin-mediated interactions in infected cells.
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The Nef protein of the human and simian immunodeficien-
cy viruses (HIV-1, HIV-2, and SIV) is a myristoylated pro-
tein that is expressed early during the viral infection process
(Goldsmith et al. 1995). Nef is critical to the maintenance of
a high viral load and for the development of AIDS. Inocu-

lation of Rhesus monkeys with a nef-deletion mutant strain
of SIV does not lead to AIDS-like disease, and actually
results in long-term immunity against pathogenic SIV (Kest-
ler et al. 1991; Daniel et al. 1992). Furthermore, clinical
studies of long-term HIV-infected individuals possessing
apparent deletions within the nef gene exhibit no signs of
progression to AIDS (Deacon et al. 1995; Kirchoff et al.
1995). The critical function of Nef is not known, but two
major in vitro effects on cell function have been observed.
One is that Nef induces alterations in cellular signal trans-
duction pathways, and the other is that Nef down-regulates
surface expression of the CD4 and MHC class I molecules
(Oldridge and Marsh 1998; Peter 1998).

The ability of Nef to alter signal transduction and acti-
vation pathways suggests a mechanism that may involve
specific molecular interactions between Nef and the cellular
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signaling proteins. The molecular interactions between Nef
and p56Lck kinase and between Nef and other Src families
of protein kinases occur through the proline repeat motif in
Nef (Saksela et al. 1995; Collette et al. 1996). Furthermore,
Nef interacts with c-Raf1 kinase or vacuolar ATPase
through the C-terminal conserved acidic sequence (Hodge
et al. 1998; Lu et al. 1998). Other proteins have been re-
ported to interact with Nef, including the p21-activated ser-
ine/threonine protein kinase (PAK) (Cullen 1996), the MAP
kinase (Greenway et al. 1996), protein kinase C (PKC) �
(Smith et al. 1996), and AP2 adaptor protein complex
(Piguet et al. 1998).

The structure of the core domain of Nef was determined
in solution by NMR methods (Grzesiek et al. 1996, 1997)
and X-ray structures (Lee et al. 1996; Arold et al. 1997).
These structural studies were performed with recombinant
constructs that lack the N-terminal, unstructured domains.
The N-terminal region is a myristoylated membrane-target-
ing domain responsible for both down-regulation of the
CD4 receptor and enhancement of viral replication and in-
fectivity (Goldsmith et al. 1995). It has been demonstrated
that Nef interacts with CD4 and actin, which are dependent
on N-terminal myristoylation of Nef (Harris and Neil 1994;
Fackler et al. 1997). Furthermore, several studies have
shown that the similarity between the N-terminal domain of
Nef and melittin might account for the observed cytotoxic-
ity of the Nef N-terminal peptide (Barnham et al. 1997;
Curtain et al. 1998). Thus, the N-terminal domain of Nef is
thought to play an important role in the function of this
protein through its interactions with membranes and other
proteins.

We showed that the myristoyl moiety and the N-terminal
domain of some myristoylated proteins are involved in the
binding to calmodulin (Takasaki et al. 1999). Brain-specific
acidic protein NAP-22/CAP-23, which belongs to the
MARCKS family of PKC substrate proteins, binds to cal-
modulin in a myristoylation-dependent manner (Takasaki et
al. 1999; Hayashi et al. 2000). In our studies of the NAP-
22/CAP-23 protein-calmodulin interaction, we noticed that
the N-terminal sequence of the protein resembles that of Nef
protein. This finding led us to examine the interaction be-
tween Nef and calmodulin. Calmodulin has been known to
act as an intracellular calcium sensor protein. When the
intracellular Ca2+ concentration increases, calmodulin can
bind up to four Ca2+, changing its conformation and regu-
lating cellular functions such as activation or inhibition of a
large number of enzymes, ion channels, and receptors
(Crivici and Ikura 1995; James et al. 1995). These Ca2+-
dependent interactions of calmodulin with its target proteins
have played an important role in intracellular Ca2+ signaling
and in various cellular functions including mitogenesis, cell
growth, differentiation, and immune response. Thus, the in-
teractions of Nef with calmodulin are likely to be the key to
the unknown mechanisms of Nef functions.

We previously showed the in vitro interaction between
calmodulin and myristoylated peptide corresponding to the
N-terminal region of Nef protein (Hayashi et al. 2002). In
the present study, we demonstrate an in vivo and in vitro
interaction between intact Nef protein and calmodulin. The
N-terminal myristoylation domain of Nef was involved in
the interaction with calmodulin. Further, the myristoylated
Nef was associated with higher affinity compared to non-
myristoylated Nef. Thus, the myristoylation domain of Nef
plays an important role in interacting with calmodulin sig-
naling pathways.

Results

Identification of calmodulin
as a Nef-interacting protein

To demonstrate the interaction of Nef with calmodulin in
vivo, we performed coimmunoprecipitation analyses using
lysates of NIH3T3 cells permanently infected with Nef ex-
pression vector (Otake et al. 1994). Cell lysates were incu-
bated with anti-Nef antibody or nonimmunized mouse IgG,
followed by incubation with protein A sepharose beads.
Immunoprecipitated proteins were resolved on SDS-poly-
acrylamide gel electrophoresis, and the bound proteins were
then detected by Western blotting with the anti-Nef anti-
body or the anti-calmodulin antibody. As shown in Figure
1A, anti-Nef immunoblot analysis detected the immunopre-
cipitated Nef that migrated with a molecular mass of ∼26
kDa. In contrast, a normal mouse IgG immunoprecipitation
did not associate with Nef protein. Immunoprecipitation
with anti-Nef antibody followed by Western blotting for
calmodulin revealed the presence of calmodulin in anti-Nef
immune complexes (Fig. 1A, lower left lane). Immunopre-
cipitation with nonimmune antisera does not result in the
coprecipitation of the proteins. These results demonstrate
that Nef interacts with calmodulin in the cells.

Furthermore, we investigated whether Nef binds to cal-
modulin in NIH3T3 cell extracts by using a calmodulin
agarose assay. Agarose beads with or without calmodulin
were incubated with NIH3T3 cell lysates. Precipitated pro-
teins were then analyzed by immunoblotting with the anti-
Nef antibody. Figure 1B shows that Nef was precipitated
from lysates of NIH3T3 cells expressing Nef with calmod-
ulin agarose but not with agarose alone, demonstrating the
specific interaction between Nef and calmodulin. Further-
more, when lysates from NIH3T3 cells were incubated with
calmodulin agarose in the presence of 2 mM CaCl2 or 4 mM
EGTA, calcium ion drastically enhanced the interaction be-
tween Nef and calmodulin (Fig. 1C).

Nef interacts directly with calmodulin in vitro

The possibility that the interaction of calmodulin with Nef
protein in the NIH3T3 cell lysates required additional cel-
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lular factors has not been ruled out. Therefore, to demon-
strate that the binding of Nef to calmodulin in vitro is a
direct physical interaction between the two proteins, we
performed a direct binding assay in which GST fusion Nef
protein was reacted with calmodulin agarose beads. GST
and GST fusion Nef were mixed with calmodulin agarose
beads in the presence or absence of Ca2+. After a short
centrifugation, the supernatants and the bound fractions
were separated. As shown in Figure 2, a significant amount
of the GST fusion Nef protein bound to the calmodulin
agarose, and the amount was significantly reduced in the
Ca2+-free buffer.

The ability of Nef to bind to calmodulin was also tested
using surface plasmon resonance on a BIAcore instrument.
We bound biotinylated calmodulin to streptavidin-coated
microsensor chips, which allowed GST fusion Nef to asso-
ciate with calmodulin and monitored the association and
dissociation of GST fusion Nef as a function of time. As
shown in the sensorgrams of Figure 3A, GST fusion Nef
bound rapidly during the injection phase, reached a steady-
state level, then dissociated from the complex. In contrast,

no binding signal was observed in the case of GST alone.
An addition of buffer containing EGTA reduced the sig-
nal to the extent of the baseline (Fig. 3B). Further, we
calculated a Kd of 94 nM (kon � 1.49 × 104 M−1s−1,
koff � 1.40 × 10−3 M−1s−1) for nonmyristoylated GST fu-
sion Nef-calmodulin interaction, indicating the high-affinity
binding. The affinity of CaM/Nef is similar to that of SAP97
(130 nM) (Paarmann et al. 2002), caldesmon (Kd � 1 �M)
(Smith et al. 1987) and type 1 inositol 1,4,5-trisphosphate
(IP3) receptor (Kd � 700nM) (Yamada et al. 1995). These
proteins are representatives of significant calmodulin bind-
ers.

The significance of myristoyl moiety for
interaction between CaM and Nef protein

To elucidate the effect of the myristoylation in the interac-
tion between CaM and Nef protein, the ability of myris-
toylated and nonmyristoylated Nef to bind to calmodulin
was tested using surface plasmon resonance on a BIAcore
instrument as described in the previous section. For this
purpose, intact nonmyristoylated Nef and myristoylated Nef
were prepared. The results showed that the myristoylation
of Nef protein drastically raises the ability to bind to cal-
modulin. Analysis of the binding curves from several ex-
perimental series revealed two independent dissociation
reactions with rate constants (kd) of 5.20 × 10−4 (kd1) and
9.72 × 10−3 (kd2) s−1, respectively. From the association rate
constants (ka) (ka1 � .39 × 105 M−1s−1, ka2 � 1.04 × 104

M−1s−1) and the dissociation rate constants, the dissociation
constants (KD) of 3.74 × 10−9 (KD1) and 9.36 × 10−7 (KD2)
M were calculated. On the other hand, nonmyristoylated

Figure 2. Direct interaction between GST-Nef and calmodulin. Aliquots
containing GST (lanes 1,2) or GST fusion Nef proteins (lanes 3–6) were
incubated with 50 �L of calmodulin-agarose beads in 20 mM Tris-HCl, pH
7.5, 100 mM NaCl, 500 �M CaCl2 (lanes 1–4) or 4 mM EGTA (lanes 5,6)
for 1 h at 25°C. After a short centrifugation, the supernatants were removed
to analyze the unbound fractions (lanes 1,3,5). The protein-bound beads
were then extensively washed with the above buffer and processed for
SDS-PAGE as the bound fractions (lanes 2,4,6). Relative intensities of the
bands are also shown under the gel image.

Figure 1. Immunoprecipitation analyses of Nef expressed in NIH3T3
cells. (A) Immunoblot analysis of Nef and calmodulin coimmunoprecipi-
tated from lysates of NIH3T3 cells, which were permanently infected with
Nef expression vector. Cell lysates were immunoprecipitated (IP) with the
anti-Nef antibody (left lane) and a normal IgG used as a negative control
(right lane), and were detected by anti-Nef (upper) and anti-CaM (lower)
antibody, respectively. (B) NIH3T3 cells permanently expressing Nef were
lysed and incubated with calmodulin-agarose beads (left) or agarose beads
without calmodulin (right) in the presence of 2 mM CaCl2. After washing
of the agarose beads, the bound proteins were resolved by SDS-PAGE and
transferred to membrane. Blots were probed for anti-Nef antibody. (C)
Cells were lysed, centrifuged to be separated into soluble and insoluble
fraction, and incubated with calmodulin-agarose beads in the presence
(left) or absence (right) of CaCl2. S and P represent the soluble fraction and
the insoluble fraction, respectively. Blots were probed for anti-Nef anti-
body. Relative intensities of the bands are also shown under the gel image.
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Nef showed almost the same KD (176 nM) as that of non-
myristoylated GST fusion Nef.

Identification of a calmodulin binding domain of Nef

During the course of our studies on the calmodulin binding
activity of NAP-22/CAP-23 protein, we noticed sequence
similarities between NAP-22/CAP-23 and Nef in the N-
terminal myristoylation domain (Takasaki et al. 1999), and
we confirmed that a myristoylated peptide corresponding to
the N-terminal domain of Nef bound to calmodulin through
its myristoyl moiety (Hayashi et al. 2002). Figure 4 shows
the alignment of the N-terminal domain sequences of Nef
proteins from different HIV isolates in comparison to that of
NAP-22/CAP-23 protein. Since the first nine residues of
NAP-22/CAP23 protein (Takasaki et al. 1999) and Nef pro-
tein (Hayashi et al. 2002) were sufficient for the binding to
calmodulin, and because it was shown that the myris-
toylated moieties played important roles in the interactions,
it was taken for granted that the N-terminal myristoylated
domain of intact Nef might be involved directly in the bind-
ing to calmodulin.

To demonstrate that the N-terminal domain is indeed the
calmodulin-binding domain of intact Nef, synthetic myris-
toylated and nonmyristoylated peptides with different
amino acid residues were prepared and tested for their abili-
ties to bind calmodulin. The binding of peptides to calmod-
ulin was carried out by measuring the fluorescence change
of dansyl-calmodulin upon binding of the target peptide
(Matsubara et al. 1997). The nonmyristoylated peptide
(GGKWSKSSVIGWPTVRER) and the myristoylated pep-
tide (myr-GGKWSKSSVVGWPTVRER) were designed on
the basis of the sequences of HIV-NL43 and HIV-SC
strains. As shown in Figure 5A, the addition of 400 nM
myristoylated peptide or nonmyristoylated peptide to 200
nM dansyl-calmodulin in the presence of Ca2+ induced an
increase in the intensity and shifts in the peak maxima of the
emission spectra, suggesting that both forms bound to cal-
modulin. However, there was a clear difference in the peak
maxima and the level of intensity between the two peptides.
Using the fluorescence change, the dissociation constants of
both peptides were determined from the titration data to be
8.0 nM and 140.0 nM for the myristoylated form and the
nonmyristoylated form, respectively. These results sug-
gested that the calmodulin-binding domain of Nef was
within N-terminal 20 amino acid residues, and the myris-
toylated moiety strongly enhanced the binding.

Furthermore, to study the role of the N-terminal regions
in the myristoylated peptide-calmodulin, a series of the pep-
tides were synthesized, and the binding characteristics to
calmodulin were analyzed by fluorescence measurements.
Since the N-terminal residues 2–9 of HIV-1 Nef are of a
highly conserved nature, the importance of the regions on
the binding to calmodulin was also examined. The addition
of myristoylated peptide designed on the basis of the se-
quences of HIV-HV1SC (myr-GGKWSKRS) to dansyl-cal-
modulin caused an increase in the intensity and a shift of the
peak maximum of the emission spectra similar to that ob-
served with the myristoylated peptide with 18 amino acid
residues (Fig. 5B). The dissociation constant was deter-
mined to be 87.5 nM, which was about 10-fold weaker than
that of the longest peptide. On the other hand, no significant
change in the fluorescence spectra was observed when the
nonmyristoylated peptide (GGKWSKRS) or the acetylated
peptide (acetyl-GGKWSKRS) was added to calmodulin

Figure 3. Analyses of binding of Nef to calmodulin using surface plasmon
resonance. The calmodulin was trapped on the surface of a sensor chip
containing covalently attached streptavidin. For analysis of calmodulin-
Nef interaction, solutions of the Nef were injected across chip surfaces
containing calmodulin. The running buffer contained 20 mM Tris-HCl, pH
7.4, 100 mM NaCl, 500 �M CaCl2 (A) or 25 mM EGTA (B). GST and
GST-Nef were diluted in this buffer to a final concentration of 200 nM
prior to injection. The volume of injected sample was 40 �L, and the flow
rate was 10 �L/min.

Figure 4. Alignment of conserved N-terminal sequences of Nef variants
with a corresponding sequence within calmodulin-binding domain of
NAP22/CAP23. An HIV-Nef consensus sequence motif is also indicated.
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(Fig. 5C,D). These results not only indicate that the myris-
toyl moiety is directly involved in the Nef-calmodulin in-
teraction, but also suggest that the highly conserved regions
are also important for the interaction.

Discussion

Several studies have suggested that expression of HIV-1
Nef results in the modulation of intracellular signaling path-
ways in a variety of cells. The precise molecular bases for
these effects are not fully understood, but are likely to be a
consequence of the ability of Nef to interact with a variety
of signal transduction molecules. Indeed, Nef interacts with
a variety of signaling proteins and intracellular kinases, in-
cluding the Src family kinases, the MAP kinase, protein
kinase C, and PAK family kinases (Saksela et al. 1995;
Collette et al. 1996; Cullen 1996; Greenway et al. 1996;
Smith et al. 1996). In the present study, we demonstrated
that Nef binds specifically to calmodulin via its N-terminal

myristoylated domain. The Nef-calmodulin interaction oc-
curs in intact cells as demonstrated in Nef-transfected
NIH3T3 cells by the coimmunoprecipitation of Nef with
calmodulin. We also present evidence that cell-derived Nef
coprecipitates with calmodulin agarose in a Ca2+-dependent
manner. We identified and characterized the calmodulin-
binding domain in Nef using a synthetic peptide. In the
fluorescence spectrometry assay, an 18-amino-acid peptide
corresponding to the N-terminal myristoylation domain of
Nef was found to interact with calmodulin. By using my-
ristoylated synthetic peptide in this region, we confirmed
that N-terminal myristoylation could enhance the Nef-cal-
modulin interaction.

The primary structure of the identified calmodulin-bind-
ing domain of Nef shows features similar to those of other
calmodulin-binding proteins such as CAP-23/NAP-22 (Fig.
4). We recently demonstrated that the calmodulin-binding
domain of CAP-23/NAP-22 was narrowed down to the my-
ristoyl moiety together with a nine-amino-acid N-terminal
basic domain (myristoyl-GGKLSKKKK) (Takasaki et al.

Figure 5. Calmodulin binding by N-terminal Nef peptides. (A) The emission spectra of 200 nM dansyl-calmodulin alone (�) in the presence of 400 nM
myristoylated Nef peptide (myr-GGKWSKSSVVGWPTVRER) (�) and 400 nM nonmyristoylated Nef peptide (GGKWSKSSVIGWPTVRER) (▫) are
shown. (B) The emission spectra of 200 nM dansyl-calmodulin alone (�) and in the presence of 400 nM short myristoylated Nef peptide (myr-
GGKWSKRS) (�). (C) The emission spectra of 200 nM dansyl-calmodulin alone (�) and in the presence of 400 nM short nonmyristoylated Nef peptide
(GGKWSKRS) (�). (D) The emission spectra of 200 nM dansyl-calmodulin alone (�) and in the presence of 400 nM short acetylated Nef peptide
(acetyl-GGKWSKRS) (�).
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1999). The identified calmodulin-binding domain of Nef
contains well conserved hydrophobic and positively
charged residues (myristoyl-GGKWSKRS). We speculate
that the basic residues contribute to calmodulin binding via
electrostatic interaction with acidic residues in calmodulin,
whereas the myristoyl group and large hydrophobic amino
acids such as tryptophan and leucine seem to play a more
important role in calmodulin binding through interactions
with the hydrophobic pocket in the globular domains of
calmodulin. In the case of CAP-23/NAP-22, myristoylation
is more directly involved in the interaction between the
protein and calmodulin. Furthermore, the present study
shows that myristoylation of Nef is also required for the
interaction with calmodulin. Thus, the myristoylation of
these calmodulin-binding proteins is not only a mechanism
for targeting to membrane fractions, but also plays a direct
functional role by mediating protein-protein interactions.

The similarities in sequence between the N-terminal do-
main of CAP-23/NAP-22 and that of Nef suggest that they
may interact with calmodulin in a similar fashion. In this
study, different from the case of CAP-23/NAP-22, it was
shown that the N-terminal domain of Nef could interact
with calmodulin without the myristoyl moiety, but the af-
finity was found to be about 20-fold weaker than that of
myristoylated forms. The myristoylation of Nef has been
shown to enhance interaction between Nef and calmodulin,
and, furthermore, on the analogy of CAP-23/NAP-22
(Takasaki et al. 1999), the effect is supposed to be reduced
by phosphorylation of the neighboring serine residues of
Nef. These results indicate that the calmodulin-binding mo-
tif located at the N-terminal region of Nef is not sufficient
to interact with calmodulin, and the myristoylation directly
enhances the interaction in a manner regulated by plural
post-translational modifications, myristoylation and phos-
phorylation.

The N-terminus of Nef is thought to play an important
role in the functions of this protein. Goldsmith et al. (1995)
demonstrated that deletion of residues 4–7 of Nef resulted in
dramatically reduced infectivity. The mutant also had a sig-
nificantly reduced ability to down-regulate CD4. A similar
result by Greenway et al. (1994) showed that Nef caused
down-regulation of the surface expression of CD4 and IL2
receptor when transfected into T-lymphocytes, but this did
not occur with Nef, which lacked the 19 N-terminal resi-
dues. Another report shows that the N-terminus of HIV-1
Nef associated with a protein complex containing Lck and a
serine kinase (Baur et al. 1997). Deletion of the fragments
16–22 and/or 11–40 inhibits association of the kinase com-
plex, and significantly reduces the viral infectivity. Thus,
the N-terminus of Nef plays an important role in interac-
tions with cellular proteins involved in intracellular signal-
ing and in inhibition of their activities. We also show here
that the N-terminus of Nef binds to calmodulin. The surface
plasmon resonance analyses of this study and biophysical

analyses of previous studies (Hayashi et al. 2000, 2002)
independently revealed two states of transitions following
the interaction between myristoylated Nef and Ca2+/CaM.
Together with the results of the present study and the pre-
vious study (Hayashi et al. 2002), it is revealed that when
one molecule of myristoylated Nef is bound to Ca2+/CaM,
the affinity is very high, although the induced structural
change of Ca2+/CaM is very low. On the other hand, when
the second molecule of myristoylated Nef binds to Ca2+/
CaM, Ca2+/CaM gives rise to drastic structural change de-
spite the lower affinity. Therefore, it is tempting to specu-
late that at least some of the functional significance of Nef
may be mediated by the binding of Nef to calmodulin
through the N-terminal myristoylation domain.

We have proposed that calmodulin-binding domains of
some proteins are cross-talk points of signal transduction
pathways. For instance, calmodulin-binding domains of my-
ristoylated alanine-rich C kinase substrate, GAP-43, CAP-
23/NAP-22, endothelial nitric oxide synthase, and src ki-
nase bind to acidic membrane phospholipids (Taniguchi and
Manenti 1993; Matsubara 1996; Hayashi et al. 1997, 2000,
2002, 2004; Takasaki et al. 1999). Phosphorylations of the
domain by PKC significantly reduce their ability to bind to
membrane phospholipids and/or calmodulin. Reversible
translocation between the membranes and cytosol in re-
sponse to PKC-dependent phosphorylation and calmodulin
binding plays an important role in the regulation and the
function of these proteins. In the case of Nef, N-terminal
peptides of Nef possess membrane phospholipid-binding
properties (Curtain et al. 1994, 1998). Furthermore, our pre-
liminary results show that the 18 N-terminal amino acid
peptide of Nef is phosphorylated by PKC, and the phos-
phorylation reduces the ability to bind to calmodulin (M.
Matsubara and N. Hayashi, unpubl.). Thus, calmodulin,
phospholipids, and PKC bind to the same domain, and the
bindings are mutually competitive. Therefore, the calmod-
ulin-binding domain of Nef may be involved in the complex
regulation and interaction of Nef with other signal transduc-
tion pathways, as is also the case with some of the other
myristoylated proteins (Hayashi et al. 2002).

Finally, the regulation of Ca2+ signaling in T lympho-
cytes is a mechanism that modulates the immune response.
Therefore, the alteration of Ca2+ homeostasis in Nef-ex-
pressing T-cell lines could be of importance in different
cellular processes. Ca2+ is also believed to organize and
stabilize the calmodulin domain structure in a conforma-
tional state that can bind target proteins. The calmodulin
concentration in some cells is on the order of micromolar
(Klee and Vanaman 1982). Ca2+ release can thus convert
these molecules to the Ca2+-bound form. The affinity of Nef
for calmodulin is sufficiently high so that under these con-
ditions Nef is free to interact with the cytosolic calmodulin.
It is therefore likely that Nef may modulate a diverse array
of calmodulin-dependent cell functions. Recent results
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showed that Nef induces expression of interleukin-10 in a
human T-cell line and that induction of interleukin-10 by
extracellular Nef involves the Ca2+-calmodulin signal trans-
duction pathway (Brigino et al. 1997). Furthermore, in
NIH3T3 cells transfected with Nef, Nef selectively affects
the phosphatidylinositol (PI) 3-kinase signaling pathway
which is important for cell growth and chemotaxis (Graziani
et al. 1996). This observation is of considerable interest, as
it was demonstrated that PI 3-kinase activity can be regu-
lated by the binding to calmodulin (Joyal et al. 1997).
Therefore, the calmodulin binding by Nef observed in the
present study is likely to mediate the functional defects in
Nef-infected cells. Further studies are required to unravel
the biological significance of calmodulin binding by Nef.
The results presented here may provide a new perspective to
elucidate the process of HIV-1 infection, and may lead to
novel pharmacological strategies against AIDS infection.

Materials and methods

Materials

Calmodulin was purified from bovine brain as described previ-
ously (Gopalakrishna and Anderson 1982). Dansyl-calmodulin
and calmodulin agarose beads were purchased from Sigma. Other
chemicals used were of the highest grade commercially available.
The myristoylated peptides of Nef and the nonmyristoylated pep-
tides synthesized using standard Fmoc chemistry were obtained
from Research Genetics. The peptides were purified over a re-
versed-phase column (Vydac218TP, 1.5 × 150 mm) using a linear
gradient of H2O-acetonitrile in the presence of 0.1% trifluoroacetic
acid. They were judged to be >95% purity by electrospray mass
spectrometry (Taniguchi et al. 1994). Peptide concentrations were
determined by quantitative amino acid analysis. Anti-Nef mono-
clonal antibody (A7) prepared as described previously (Fujii
et al. 1993) was a kind gift from Y. Fujii (Nagoya City Univ.,
Nagoya). Anti-calmodulin polyclonal antibody was purchased
from Signal Transduction. GST-Nef (HIV-1 NL43) expression
plasmid, pGEX-Nef, was also kindly provided by Y. Fujii.

Polyacrylamide gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was performed as described by Laemmli (1970). After
staining with Coomassie brilliant blue, the intensity of protein
bands was estimated with a Molecular Dynamics personal densi-
tometer SI.

Cell culture and immunoprecipitation assay

The nef-transduced NIH3T3 cells produced as described previ-
ously (Otake et al. 1994) were a kind gift from Y. Fujii. The
NIH3T3 cells were maintained at 37°C in a humidified 5% CO2

incubator in RPMI 1640 media supplemented with 10% heat-in-
activated fetal bovine serum. For immunoprecipitation experi-
ments, whole-cell lysates were prepared in ice-cold cell lysis
buffer (50 mM Tris-HCl, pH 7.5, 0.4 mM EDTA, 1% Nonidet
P-40, 0.1% sodium deoxycholate, 2 mM sodium orthovanadate, 1
mM phenylmethylsulfonyl fluoride (PMSF), 10 �g/mL aprotinin).

The cell lysates were centrifuged at 15,000 rpm for 15 min to
remove insoluble material. The protein concentration of superna-
tants was determined by Bio-Rad protein assay and adjusted to 1
mg/mL. Equal amounts of protein were precleared by incubation
with Protein A Sepharose 4B for 1 h at 4°C. The cleared lysates
were incubated with anti-Nef antibody for 1 h at 4°C, protein A
Sepharose added, and the mixture was incubated for an additional
1 h. The immune complexes were washed three times with cell
lysis buffer. Immunoprecipitated proteins were eluted from the
beads by boiling the samples in SDS-PAGE sample buffer. Im-
munoprecipitated samples were separated by SDS-PAGE (12.5%
gels), followed by transfer of the proteins to nitrocellulose mem-
branes. Membranes were blocked by incubation in Tris-buffered
saline (10 mM Tris-HCl, pH 7.4, 150 mM NaCl) containing 5%
nonfat dry milk for 1 h, followed by 1.5 h incubation in primary
anti-Nef antibody (1:1000) or anti-calmodulin antibody (1:1000)
diluted in blocking buffer. Membranes were washed extensively in
Tris-buffered saline containing 0.05% Tween 20, and then incu-
bated with goat anti-mouse or donkey anti-rabbit horseradish per-
oxidase-conjugated secondary antibodies. Membranes were then
washed and visualized with the ECL Plus Western blotting detec-
tion system and ECL mini-camera (Amersham Pharmacia Bio-
tech). For the coprecipitation assay with calmodulin-agarose, cells
were lysed in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM
CaCl2, 0.1 mM PMSF, 10 �g/mL pepstatin, 10 �g/mL leupeptin.
Cell lysates were incubated with 50 �L of calmodulin agarose
beads or agarose beads with gentle mixing for 1 h at 4°C, and the
protein-bound beads were extensively washed with an excess of
the above buffer and processed for SDS-PAGE and Western blot
analysis as described above.

Protein expression and purification

The GST-Nef expression vector, pGEX-Nef, was used to trans-
form competent Escherichia coli BL21 (DE3) cells. The produc-
tion and purification of the GST and GST-Nef fusion proteins in E.
coli followed the manufacturer’s protocol (Amersham Pharmacia
Biotech).

The E. coli strain BL21(DE3)pLysS was transformed with the
plasmid pET23d containing the human Nef gene. For non-myr
Nef, the cells containing the plasmid were selected with 100 �g/
mL ampicillin. A frozen stock of transformed colonies was used to
inoculate LB media containing 100 �g/mL ampicillin, and the
cells were grown overnight at 37°C. Five hundred mL of LB media
containing 100 �g/mL ampicillin was inoculated with the over-
night culture. The cells were grown to an OD600 of ∼1–1.2, then
further grown in the presence of 0.4 mM isopropyl-1-thio-�-ga-
lactopylanoside for 5 h. The cells were collected by centrifugation
for 20 min at 8000 rpm at 4°C (HITACHI 9-2 rotor) and kept
frozen at −20°C. Cells were resuspended and sonicated in 5 vol-
umes of ice-cold buffer (10 mM Tris-HCl, pH 7.5) containing
0.1% Triton X-100, 10 mM dithiothreitol, 1 mM EDTA, 0.2 mM
phenylmethylsulfonyl fluoride). After centrifuging for 25 min
at 18,000 rpm at 4°C, the supernatants were collected. The
supernatants were then applied to a RESOURCE Q column
and eluted with a gradient of 100–600 mM NaCl. The fractions
containing the Nef protein were pooled. For myr Nef, the E. coli
strain BL21(DE3)pLysS was transformed with the plasmid
pBB131NMT, which contained the gene coding for yeast N-my-
ristoyl transferase (NMT) (Duronio et al. 1990). The strain
BL21(DE3)pLysS-pBBNMT was then transformed with the plas-
mid pET23d vector containing the Nef gene. The bacterial culture
was performed as described above except that 25 �g/mL kanamy-
cin was also included in the media. Coexpression of Nef and NMT
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was induced by adding 0.4 mM isopropyl-1-thio-�-galactopylano-
side to the log phase culture. The cells were collected by centrifu-
gation, resuspended in 5 volumes of ice-cold buffer (10 mM Tris-
HCl, pH 7.5 containing 0.1% Triton X-100, 10 mM dithiothreitol,
1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride), and soni-
cated three times for 5 min with a probe-type sonicator (Branson
Sonifier 250). After centrifuging for 25 min at 18,000 rpm at 4°C,
the supernatants were collected. The supernatants were then ap-
plied to a RESOURCE Q column and eluted with a gradient of
100–600 mM NaCl. The fractions containing the Nef protein were
pooled. After adding 7 mM CaCl2 to the supernatant, the solution
was loaded on a calmodulin-agarose column equilibrated with 40
mM Tris-HCl buffer (pH 7.5) containing 0.2 M NaCl, 0.1 mM
dithiothreitol, and 7 mM CaCl2. The column was washed with 50
mL of the same buffer containing 0.5 M NaCl, 0.1 mM dithio-
threitol, 7 mM CaCl2 and then with 50 mL of the buffer containing
0.1 mM dithiothreitol, 0.1 mM CaCl2. Nef was eluted with the
same buffer containing 0.6 M NaCl, 1 mM dithiothreitol, and 2
mM EGTA. Fractions containing myr Nef were pooled and then
concentrated, substituting the buffer for that containing 20 mM
Tris-HCl (pH 7.5) using a Centricon 10 concentrator (Amicon).
The purity was confirmed by SDS-PAGE (Fig. 6). The purified
proteins were kept frozen at −80°C until use. Molecular masses of
the recombinant non-myr Nef and myr Nef proteins were deter-
mined by mass spectrometry to be 23,239 Da and 23,449 Da. The
difference, 210 Da, corresponded very well to the mass difference
of 210 Da expected for myristoylation.

Mass spectrometry

MALDI-TOF mass spectrometry was done on a Voyager DE Pro
(PE Biosystems), and the matrix was 10 mg/mL �-Cyano-4-hy-
droxycinnamic acid (Sigma) in 0.1% TFA-50% acetonitrile solu-
tion. The spectra were displayed and analyzed using GRAMS-MS
software, and calibration of the spectra was done using calibration
mixture 1 or 2 (PE Biosystems).

Direct binding assay to calmodulin

For the direct binding assay to calmodulin, aliquots containing
GST or GST fusion Nef proteins were incubated with 50 �L of

calmodulin agarose beads in 20 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 500 �M CaCl2 or 4 mM EGTA for 1 h at 25°C. The
protein-bound beads were then extensively washed with the above
buffer and processed for SDS-PAGE and Western blot analysis as
before.

Analysis of Nef binding to calmodulin on BIAcore

Direct binding of Nef to calmodulin was also assessed by perfus-
ing solutions of GST-Nef fusion protein over the surface of a
BIAcore sensor chip containing calmodulin as described previ-
ously (Pronin et al. 1997). Briefly, to immobilize calmodulin, it
was biotinylated at lysine residues using NHS-LC-Biotin (Pierce).
The calmodulin was desalted on Sephadex G-15 to remove free
biotinylation reagent and then trapped on the surface of a sensor
chip containing covalently attached streptavidin (sensor chip SA5,
BIACORE). This yielded ∼700 relative units of calmodulin on the
streptavidin chip. For analysis of calmodulin-Nef interaction, so-
lutions of the Nef were injected across chip surfaces containing
calmodulin. The running buffer contained 20 mM Tris-HCl, pH
7.4, 100 mM NaCl, and 500 �M CaCl2. GST and GST-Nef were
diluted in this buffer to a final concentration of 200 nM prior to
injection. The volume of the injected sample was 40 �L, and
the flow rate was 10 �L/min. Experiments were performed on a
BIAcore2000 instrument, and the data were analyzed using BIAE-
valuation 2.1 software (BIACORE).

Fluorescence measurements

Binding of the N-terminal Nef peptides to dansyl-calmodulin was
analyzed with a JASCO FP-777 spectrofluorometer in a 1-cm
quartz cuvette as described previously (Matsubara et al. 1997,
1998). With the excitation wavelength set at 340 nm, emission
spectra of dansyl-calmodulin in the presence or absence of pep-
tides were recorded in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl
containing 1 mM CaCl2. Binding of the peptides to calmodulin
was monitored by recording the fluorescence emission at 490 nm.
Dissociation constants of calmodulin-peptide complexes were de-
termined by a direct fit of the data to the mass (Matsubara et al.
1997).
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