Nef of HIV-1 interacts directly with
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Abstract

It was recently found that the myristoyl group of CAP-23/NAP-22, a neuron-specific protein kinase C
substrate, is essential for the interaction between the protein &ieb@and calmodulin (C&/CaM). Based

on the N-terminal amino acid sequence alignment of CAP-23/NAP-22 and other myristoylated proteins,
including the Nef protein from human immunodeficiency virus (HIV), we proposed a new hypothesis that
the protein myristoylation plays important roles in protein—calmodulin interactions. To investigate the
possibility of direct interaction between Nef and calmodulin, we performed structural studie$'sCaM

in the presence of a myristoylated peptide corresponding to the N-terminal region of Nef. The dissociation
constant between GHCaM and the myristoylated Nef peptide was determined to be 13.7 nM by fluores-
cence spectroscopy analyses. The NMR experiments indicated that the chemical shifts of some residues on
and around the hydrophobic clefts of &CaM changed markedly in the €4CaM-Nef peptide complex

with the molar ratio of 1:2. Correspondingly, the radius of gyration determined by the small angle X-ray
scattering measurements is 2—-3 A smaller that &f'/CaM alone. These results demonstrate clearly that
Nef interacts directly with C&/CaM.
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The nef gene from human immunodeficiency virus type 1 duced early during the infection by translation from sever-
(HIV-1) encodes a 25-30-kD myristoylated protein pro-al singly and multiply spliced mRNA species (Kim et al.
1989; Robert-Guroff et al. 1990; Purcell and Martin 1993,
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Research Network, Harima Institute at Spring-8, Riken, Kouto, Mikazuki,thought that one of the roles of the myristoylation is to
Sayo, Hyogo 679-5148, Japan. anchor the Nef protein to the plasma membrane. Myris-
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corresponding to the N-terminal region of HIV-1 Nef; SAXS, small angle (Zazopoulos and Haseltine 1992; Skowronski et al. 1993;
X-ray scattering; NMR, nuclear magnetic resonance spectroscopy; mC/NSchowers et al. 1994: Greenway et al. 1995)_

myristoylated peptide corresponding to the N-terminal CaM binding site of . . . oL .
CAP-23/NAP-22; N, a-amino; MAP kinase, mitogen-activated protein  calimodulin (CaM) is a small calcium-binding protein

kinase; HSQC, heteronuclear single quantum coherence; MLCK, myosif16.7 kD) involved in a wide range of cellular €adepen-

light chain kinase; M13, a peptide based on the calmodulin-binding domairyant signaling pathways through various enzymes includ-
of MLCK; PGD, petunia glutamate decarboxylase. '
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nucleotide kinase, and cyclic nucleotide phosphodiesteragga?*/CaM occurred in the myristoylated octapeptide, indi-
(Crivici and Ikura 1995). We recently found a novel mecha-cating clearly that Cd/CaM bound to the myristoylated
nism of target recognition of CaM. It had been demonstrateactapeptide. The present study provides the first evidence of
that CAP-23/NAP-22 isolated from rat brain is*xhyris-  the direct interaction between HIV-1 Nef protein and CaM.
toylated, and this modification is involved in its interaction  Although participation of HIV-1 Nef protein (Biggs et al.
with CaM in the presence of Gh(Takasaki et al. 1999). 1999) and CaM (Della Rocca et al. 1997) in the mitogen-
The CaM-binding site was narrowed down to the myristoylactivated protein (MAP) kinase cascade for the regulation of
moiety together with the N-terminal basic domain of ninethe intracellular signal transduction was individually impli-
amino acid residues, GGKLSKKKK. The basi¢*xyris-  cated, the direct interaction between HIV-1 Nef protein and
toylated peptide corresponding to the N-terminal CaM bind-CaM has thus far not been indicated. The findings of the
ing site of CAP-23/NAP-22 (mC/N9) clearly has different present study urge a reconsideration of the role of the pro-
properties from known CaM-binding peptides. The mosttein myristoylation and provide insights into the function of
striking feature is that the binding of mC/N9 to CaM is Nef itself.

dependent on the presence of the myristoyl moiety, whose

general function so far has been assumed to be the mem-

brane targeting of myristoylated proteins. Additionally, the Results

interaction between mC/N9 and €£CaM has several other

unique features: (1) mC/N9 does not resemble any canonPeétermination of dissociation constants

cal CaM-binding domain in the amino acid sequence, (2)y fluorescence spectroscopy

mC/N9 is likely to adopt a nonhelical conformation even in
the complex with C&/CaM, and (3) the interaction is also
controlled by phosphorylation of the peptide. All of these
features suggest the novelty of the interaction. Very re
cently, a small angle X-ray scattering (SAXS) study re-

vealed that large structural changes oft@aM occur by .
out by measuring the fluorescence change of dansyl-cal-

the binding of MC/N9 to CaM (Hayashi et al, 2000). More- modulin upon binding of the target peptide (Matsubara et al.

over, the interaction between CAP-23/NAP-22 and CaM is

controlled by phosphorylation of serine residue at the N-1997)' The addition of equivalent mole of myristoylated

terminus. From these observations, we identified that cheF’“de (myr-GGKWSKER) to dan§yl-calmodulln caysed
N9 is a new CaM binding motif, differing from the sequence an increase in the intensity and a shift of the peak maximum

motifs of calmodulin recognition such as motifs termed 1-8-Of the emission spectra (data not shown). The dissociation

14 and 1-5-10 based on the position of conserved hydrot_:onstant was determined to be 13.7 nM. However, no sig-

hobic residues or 10 motifs seen in manv proteins Rhoainﬁcant change in_ the quoresce_nce spectra was observed
phob au Q ! ! y proteins ( when the nonmyristoylated peptide (GGKWSKPR) or the

20id seqience algnment of CAP-23INAP-22 and other my ACe/lated pepiide (acety-GGKWSKPR) wias added to cal-
ristoylated proteins, we hypothesized that some myris-mOdu“n: These rgsults indicate that t.hel myrlstqyl moiety is
toylated proteins, including HIV-1 Nef, bind to CaM directly involved in the Nef-calmodulin interaction.
through the N-terminal domain (Hayashi et al. 2000).

HI_V-1 Nef_has_ a sequence of GG_KWSKI_DR at the N-\MvR spectroscopy
terminus, which, in addition to the myristoylation, has some
functionally important features similar to those of CAP-23/ We studied the interaction between Nef peptide ané'Ca
NAP-22 (GGKLSKKKK), the basic residues (lysine), and CaM using two-dimensionatH-'*N heteronuclear single
the target residue of protein kinase C (serine) (Hayashi et ajuantum coherence (HSQC) NMR spectroscopy. The NMR
2000). Thus, we hypothesized that there is a strong possspectra for C&/CaM in the absence and presence of Nef
bility that Nef interacts directly with CaM, as observed in peptide are shown in Figure 1. When 1 molar equivalent of
CAP-23/NAP-22. As noted, the SAXS study is a usefulthe Nef peptide was added, some peaks were shifted slightly
method to detect direct interaction between target peptideand no significant shift was observed in thé->N HSQC
and CaM through measurable structural changes of CaNNMR spectra of C&/CaM. However, some marked shifts
(Matsushima et al. 2000). In the present study, to investigatef the peak were observed with the addition of 2 molar
the interaction, we performed structural studies of'Ca equivalents of the Nef peptide (Fig. 1). The residues that
CaM in the presence of a myristoylated N-terminal octa-showed larger shifts contained Gly40, Ala57, Leul05, and
peptide (myr-GGKWSKPR; Nef peptide) of Nef by nuclear Phel41 (Fig. 2). As illustrated in Figure 3, their residues
magnetic resonance spectroscopy (NMR) and SAXS. Thevere primarily found in the hydrophobic clefts of the N- and
NMR and SAXS studies revealed that structural changes of-domain of CaM.

To clarify that the N-terminal domain is indeed the calmod-
ulin-binding domain of Nef, synthetic myristoylated and

nonmyristoylated peptides with different amino acid resi-
dues were prepared and tested for their abilities to bind
calmodulin. Binding of peptides to calmodulin was carried
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SAXS and NMR of Ca®*/CaM-Nef peptide complex

ppm — : : mixtures is about 4A smaller than that of TACaM in
b : b isolation. Additionally, thep(r) values of the C&/CaM-Nef

peptide mixtures are relatively symmetrical. These results

& of the C&*/CaM-Nef peptide complex correspond to those

; observed in other complexes including the?@@aM-mC/

N9 complex. Thus, we conclude that T&CaM forms a

complex with Nef peptide. The G#CaM complex with

Nef peptide adopts a unique and larger globular structure

that is not similar to those of the other known?0&€aMm

complexes.
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Direct protein—protein interaction between

126.01| - = Ca?*/CaM and HIV-1 Nef peptide

n I prs ey The addition of equivalent mole of myristoylated N-termi-
i . S S nal octapeptide of HIV-1 Nef (myr-GGKWSKPR) to dan-
' i T syl-calmodulin caused the fluorescence change as in pep-
ppm  10.0 9.0 80 70 6.0 tides derived from other CaM-binding proteins (Matsubara
H et al. 1997; Takasaki et al. 1999), and the dissociation con-
stant was determined to be 13.7 nM. Although this value
Fig. 1. Overlay of 'H-**N HSQC spectra of C&/CaM (black) and C&/  suggests that the binding of the myristoylated Nef peptide to
CaM-Nef peptide complex (red). The sample conta}ined 0.5mM (_:aM, 120c£Y/caM is among the highest of CaM-binding proteins
mM NaCl, 2.05 mM CaCJ, and 50 mM deuterated TrisHCI (pH7.5) in 90% (O'Neil and DeGrado 1990), the formation of THcaM-
Hz0 and 103 O. Nef peptide complex with the molar ratio of 1:2 observed
using NMR spectroscopy and SAXS analyses was not ob-
SAXS served using fluorescence spectroscopy. Saturation of the
fluorescence change by the binding of Nef peptide to the
The Guinier plots for C&/CaM-Nef peptide mixtures with ~first binding site can be considered the reason why the fluo-
the molar ratio of 1:2 at five protein concentrations arerescence change by the binding of more than two Nef pep-
shown in Figure 4. Figure 5 shows the radius of gyrationtide molecules was not seen. The other possibility is that the
(Ry) as a function of protein concentration. TRgvalues of  second binding site is far from the dansyl-group.
the C&*/CaM-Nef mixtures are given in Table 1. For com-  The present NMR and SAXS analyses demonstrated that
parison, Table 1 also contaif values for other Cd/CaM  the structure of C&/CaM changed markedly in the pres-
complexes including C&/CaM-mC/N9 complex (Hayashi ence of the myristoylated Nef peptide. Similarly, the bind-
et al. 2000). TheR; value for C&*/CaM-Nef complex ing of the myristoylated nonapeptide (MC/N9) toe?@&aM
(19.320.3A) is consistent with that for €4Ca-mC/N9 induced large structural changes of CaM. Both radii of gy-
complex. BothR, values are smaller than that forCCaM  ration R,) are consistent with each other (Table 1), and the
and larger than those for €4CaM complexes containing pair distance distributiop(r) values showed similar behav-
TFP, W-7, mastoparan, melittin, cyclosporin-A, substanceors (Fig. 6). The results clearly indicate that the myris-
P, and synthetic peptides corresponding to the calmodulintoylated HIV-1 Nef peptides as well as mC/N9 can bind
binding domains of MLCK (M13), phosphorylase kinase C&*/CaM. It can be concluded that HIV-1 Nef as well as
(RhK5), and C&"-pump (C24W). CAP-23/NAP-22 interacts directly with G&CaM.

Figure 6 shows the pair distance distribution function The involvement of the protein myristoylation in protein—
(ITLp(r)) for Ca®*/CaM in the presence of Nef-peptide at a protein interactions has been implied in various studies
molar ratio of 1:2 and Cd/CaM alone (Hayashi et al. (Chow et al. 1987; Kawamura et al. 1994; Senin et al.
2000). Thep(r) for C&*/CaM alone has a peak near 20A 1995), but it has never been clearly demonstrated. Our study
(principally representing interatomic distances within eachis the first direct demonstration of the involvement of the
domain of C&'/CaM) and a shoulder near 40A (mainly myristoylation in protein—protein interactions. Because pro-
representing interdomain distances) (Matsushima et atein myristoylation has been implicated in the regulation of
1989). In contrast, in the G4¥CaM-Nef peptide complex, a various signal transduction proteins (Towler et al. 1988;
peak appears not at 20A but around 25A. Moreover, th&Resh 1996), and because, in addition to signal transduction
maximal pair distance (g,) of the C&*/CaM-Nef peptide  proteins, there are many other potential myristoylated pro-
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Fig. 2. The observed changes (Hz) in thid-'>N HSQC cross-peak position upon forming?0&aM-Nef peptide complex. The
changes in cross-peak positions were quantified By*{,,,)% + (A*H,)3Y2

teins whose myristoylations can be predicted from their hocharacterized as a 1-16 motif. Their target peptides form 1:1
mologous amino acid sequences, there is a possibility thatomplexes with C&/CaM and adopt anx-helix. A 1:2
myristoylation-dependent protein—protein interaction playsprotein-peptide complex was observed in the C-terminal
important roles in some of these cases, including HIV-1 Nefdomain from petunia glutamate decarboxylase (PGD), and
protein (Hayashi et al. 2000). Therefore, a more precis¢he peptide was shown to bind to €&CaM in ana-helical
examination of the molecular mechanism of its interactionconformation (Yuan and Vogel 1998).

is an important subject to investigate. Consequently, we conclude that Nef peptide and CAP-
23/NAP-22 C/N9 are a unique €4CaM binding motif, as
was our contention in a previous paper (Hayashi et al.

Myristoylated N-terminal octapeptide in HIV-1 2000).

Nef as a novel C4/CaM binding motif

The present findings ipdicate the formation onCIé:alvll-_ Structure of the C&/CaM—HIV-1
Nef peptide complex with the molar ratio of 1:2. In addition, Nef peptide complex
Ca*/CaM-mC/N9 complex has been suggested to form a
1:2 complex (Hayashi et al. 2000). It is likely that mC/N9 As noted, very interestingly, theR() values of C&'/CaM-
adopts a nonhelical conformation even in the complex. AdNef peptide complex and E4CaM-mC/N9 are consistent
noted, since mC/N9 and Nef peptide are similar to eactwith each other (Table 1), and tipér) values showed simi-
other, Nef peptide is thought to adopt a nonhelical confordar behaviors (Fig. 6). Thus, the final overall shape confor-
mation in the complex. mation appears to be similar to a “relaxed” globular struc-
There are two well known recognition motifs for cal- ture proposed in the mC/N9-€4CaM complex, presum-
cium-dependent CaM interactions. The two motifs of cal-ably differing from the known compact globular structures
modulin recognition are termed 1-8-14 and 1-5-10, based oaf CaM induced by target peptides of MLCK (lkura et al.
the position of conserved hydrophobic residues (Rhoads ant®92) and CaMKIl (Osawa et al. 1999b).
Friedberg 1997). Of their motifs, the structures of thé Ta
CaM-tar_geF complgxeg with the €4CaM binding regions Interaction of Nef peptide with the
of myosin light chain kinase (MLCK) and CaMKII are now hvdrophobic cleft in C&/CaM
available. In addition, the structure of the <¥€aM com- ydrop
plex with the C&*/CaM binding region of C&-CaM-de-  The CaM molecule in both G&bound and C&-free states
pendent protein kinase kinase (CaMKK) was determinedadopts an ‘elongated’ structure that comprises two globular
(Osawa et al. 1999b). The &4CaM binding regions are domains connected by a highly flexible linker (Seaton et al.
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Fig. 4. Guinier plots for C&'/CaM-Nef peptide complex (G&CaM-Nef
peptide= 1:2). Protein concentrations: 7.0, 9.0, 11.0, 13.0, 15.0 mg/mL.

tion of the CaM-binding domain of plasma membrane cal-
cium pump binds only to the C-terminal half of CaM, and
that in binding to the peptide, CaM does not form any
collapsed structures as was observed in the previous tradi-
tional studies (Elshorst et al. 1999).

Fig. 3. Arrangements on the Connolly surface of?@&€aM (both sides)
(Protein data bank accession number 1CLL) of residues whose chemical
shifts were changed upon forming T&aM-Nef peptide complex. Red,
orange, and vyellow indicate the locations of amino acids whose
[(A™™N,,)? + (A™H,,)?Y? were over 80 (Gly40, Ala57, Leul05, Phel41,
GIn143), between 80 and 60 (Phel6, Leu39, Ala73, Ala88, Met109,
Thrl110, Lys115, Val121, lle 130, Lys148), and between 60 and 40 (Serl7,
Phel9, Asp20, lle27, Thr29, Gly33, Met36, Ser38, GIn4l, Asn53, lle63,
Glu67, Phe68, Thr70, Met72, Arg74, Thr79, Arg90, Phe92, Asp93,
Arg106, Asnlll, Glull4, Metl45), respectively. The models were con-
structed and rendered on an IRIS Indigo 2 workstation (SGI) using Insight
Il (Molecular Simulations) and SYBYL/BASE software (Tripos).

Ln (Int(s))

1985; Kretsinger et al. 1986; Persechini and Kretsinger
1988; Heidorn et al. 1989; Barbato et al. 1992; Finn et al.
1995; van der Spoel et al. 1996). In contrast, the structures
of C&*-bound CaM complexed with peptides from the tar-
get enzymes adopt a compact globular shape caused by the
bending of the domain linker (lkura et al. 1992; Meador et
al. 1992, 1993). Besides the traditional mechanism of target
recognition of CaM described above, some novel mecha-
nisms have been revealed. It has been shown that a single
unique complex of Cd/CaM is formed with two peptides
which correspond to the C-terminal region of PGD. The
formation of a 1:2 protein—protein complex is unusual; nor-
mally, C&*/CaM forms 1:1 complexes with the majority of

4 6.
Q?x 103 (A%

its target proteins (Yuan and Vogel 1998). It has also beelig. 5. The radius of gyrationR,, for C&*/CaM-Nef peptide complex
shown that a peptide corresponding to the N-terminal por{C&*/CaM-Nef peptide= 1:2).
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Table 1. Radius of gyration Rand maximum dimension,d,
for Ca?*/CaM-Nef peptide complex

plex, and Gly40 itself is located near the contact surface.
Besides these residues, residues whose chemical shifts were
considerably changed (colored orange in Fig. 3) are prima-

RIAL_ dmalA) Reference rily located on and around the contact surface. These ob-
Ca'/CaM-Nef peptidé  19.3£0.3 58 o servations strongly suggest that the two Nef peptide mol-
Cat"/CaM-mC/NG 198+03 50 (Hayashietal 2000)  gcyleg pind to the hydrophobic clefts of CaM as seen in the
C&*/CalM? 21.9+0.3 62 (Hayashi et al. 2000) . ) . )
CRICaMP 215403 69 (Matsushima et al. 1989) M13 peptide, although, besides the binding site, the man-
C#/CaM-M13 16.4+0.2 49 (Heidom et al. 1989) ners of binding are considered to be different from each
Ca&*ICaM-W-7 17.6+0.3 47 (Osawa et al. 1999a) other because other features (e.g., molar ratio and require-

ment of myristoylation) are distinctly different from each

* This study. other. In addition to the case of these myristoylated proteins

@Values at zero protein concentration obtained by SAXS experiment.

(CAP-23/NAP-22 and Nef), an example in which not one
but two peptides bind to G&CaM has been reported in
The binding of two molecules of a CaM antagonist, N-(6- relation to PGD (Yuan and Vogel 1998).
aminohexyl)-5-chloro-1-naphthalenesulfonamide (W-7), to
Ca*/CaM induces a globular structure of THaM
(Osawa et al. 1999a), although the globular structure i
similar to those observed in the 1:1TCaM-peptide com-  protein N-myristoylation, one of the most common forms
plexes, including respective synthetic peptides correspondsmong protein fatty acylations, was first characterized in the
ing to the calmodulin-binding domains of MLCK (M13), catalytic subunit of cAMP-dependent protein kinase and in
phosphorylase kinase (RhKS), and _ZC-@ump (C24W). the regulatory subunit of calcineurin (Aitken et al. 1982;
W-7 contains a hydrophobic aromatic group with & posi-cayr et al. 1982). The target proteins are modified with
tively charged group via aliphatic chain. In the 1:2°3a myristate, a 14-carbon saturated fatty acid, and the enzy-
CaM-W-7 complex, the naphthalene ring of the two W-7 mojogy of the myristoylation reaction is now well under-
molecules interacts with the hydrophobic pockets of the twasigod (Resh 1999). The covalent attachment of fatty acids to
N- and C-terminal CaM domains. Thus, it is quite possibleproteins is now a widely recognized form of protein modi-
that C&*/CaM in the 1:2 C&"/CaM-Nef peptide complex fication, and many fatty acylated proteins have been found
adopts a globular structure. _ . to play key roles in regulating cellular functions. It has thus
The Chemlcal shifts of some re5|dues_located in the hyfar peen generally assumed that hydrophobic acyl groups
drophobic clefts of the N- and C-domains of CaM werenclyding the myristoyl group are involved in protein-mem-
changed upon the forming of the €&CaM-Nef peptide  prane interactions. Thus, as for Nef, the role of the myris-
complex, suggesting that the binding site of the Nef peptidgqy|ation was predicted to anchor it to the plasma mem-
is located in their hydrophobic clefts (Fig. 3). As well as the prane. In contrast, we have demonstrated that CAP-23/

1:2 C&"/CaM-W-7 complex, the two Nef peptides are sug-NAP-22 isolated from rat brain is Nmyristoylated, and
gested to bind to the two domains of CaM individually. The

R, for the 1:2 Cé&'/CaM-Nef peptide complex was larger
than that of the Cd/CaM-W-7/TFP complex. Itis clear that ~ 0.04
the molecule size of the myristoylated Nef peptide is larger
than the W-7 molecule. This may explain the larBgralue g '
observed for the Ca/CaM-Nef peptide complex. As noted, ~ 0.03f
the CaM molecule in the G&CaM Nef peptide complex R . .
assumes a “relaxed” globular conformation similar to the ., %
CaM-NAP-22-derived peptide complex (Hayashi et al.& 992 o .
2000). *+ o
The residues whose chemical shifts changed quite mark-
edly contain Gly40, Ala57, Leul05, Phel41, and GIn143 001 et
(colored red in Fig. 3). Of these residues, Leul05, Phel41, s Yot
and GIn143 are located on the contact surface of th&/Ca a: Tay, e,
CaM-MLCK peptide (M13) complex; the three residues of 0
CaM make contact directly with the target (MLCK peptide) rA)
(Ikura et al. 1992). The residue of Gly40 does not make_ . o i . )
. . Fig. 6. Pair distance distribution functiop(r), for Ca*/CaM-Nef peptide
contact with the target on the EféCaM-MLQK pepyde complex (C&*/CaM-Nef peptide= 1:2). (Cross), C&/CaM-Nef peptide
complex. However, Leu39 at the neighboring residue ofsomplex (C&*/CaM-Nef peptide= 1:2); (Square), C-saturated CaM
Gly40 is located on the contact surface of the MLCK com-alone (Hayashi et al. 2000; Matsushima et al. 2000).

g’ he role of protein Rkmyristoylation

]
*
+
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this modification is involved in its interaction with CaM in The sweep width was 12 ppm in Al dimension and 30 ppm in

the presence of G4 (Takasaki et al. 1999). the **N dimension, with the'H carrier set at 500.1324 MHz and
the >N carrier at 50.6814 MHz. The size of the HSQC spectra was
a 1024 x 1024 real data matrix with eight scans for each experi-

Functional implication of the interaction ment. Proton chemical shifts were referenced to 2,2-dimethyl-2-

: . silapentane-5-sulfonate as 0 ppm. Nitrogen-15 chemical shifts
between HIV-1 Nef protein and CaM were referenced to liquid Ni

e ; ; ; ; i The sequential assignments for the protein backbone nuclei
The calcium-mediated regulation of Src family tyrosine kll of the 1N/“C-labeled CA/CaM were mainly achieved by a
nases proceeds through a CaM-dependent mechanis{yi of eyperiments, CBCA(CO)NNH, CBCANNH, HNCO, and
(Della Rocca et al. 1997). The activation of Src family HN(CA)CO. Sidechain assignments were obtained using HB-
tyrosine kinases results in phosphorylation of the Shc adapgHA(CO)NNH, H(CCCO)NNH, CC(CO)NNH, and HCCH-TOCSY
tor protein, recruitment of the Grb2-Sos complex to theexperiments. The details will be described elsewhere (Y. Ito, T. Shi-

Nt .~ bata, and N. Hayashi, in prep.). The assignments for the protein back-
membrgne, and activation of Ras t.hro_ugh the g!u.a.mngone nuclei of thé®N/**C-labeled C&'/CaM-Nef peptide complex
nucleotide exchange. Subsequent activation of Raf initiate$qre achieved by the two-dimensiond#H-'>N HSQC spectral
the cascading of phosphorylation events leading to MAR:hanges induced by titrations of the Nef peptide to th&'/CaM.

kinase activation. On the other hand, Nef is required for NMR spectra were processed on a Silicon Graphics Indigo2
signal transduction events involving MAPKSs through induc-Wworkstation using Bruker XWIN-NMR and MSI Felix 95.0 soft-
tion of the activator protein-1 (AP-1) (Biggs et al. 1999). As Ware packages.

HIV-1 Nef protein and CaM are involved in the MAP ki-

nase cascading for the regulation of the intracellular signa§A>(S

transduction, the occurrence of the direct interaction beThe recombinant CaM was dissolved in Tris buffer (50 mM Tris-

tween HIV-1 Nef protein and CaM is not unreasonable,H_Cl' pH7.6) containing 120 mM NaCl and a sufficient amount

. P . (five molar equivalents relative to CaM) of CaCIlhe solutions
although it had not been indicated to date. The present fln_ or the C&*/CaM and C&"/CaM-Nef peptide complex were pre-

ings are the first evidence of a direct interaction. The phys"pared with five equivalents of G&ion, taking into account the
ological significance of such an interaction is not well un- molar ratio of C&" ions to CaM in the C&/CaM crystal structure
derstood, and further investigations are in progress. or the solution structure; CaM:€a= 1:4 (Seaton et al. 1985;
Kretsinger et al. 1986; Persechini and Kretsinger 1988; Heidorn et
al. 1989; Barbato et al. 1992; Finn et al. 1995). The protein con-
Materials and methods centration was determined by the quantitative amino acid analysis.
The solutions for the Ga/CaM-Nef peptide mixtures with a molar
ratio of 1:2 were prepared at CaM concentrations of 6.0, 9.0, 11.0,
13.0, and 15.0 mg/mL. For the comparison, the solutions f/Ca

Myristoylated Nef peptide was designed according to the N-ter-CaM were also prepared at a concentration of 9.0 mg/mL.
The measurements were performed using synchrotron orbital

minal amino acid sequence of Nef predicted from the human im-
munodeficiency virug type hef gen% sequence (Shugars et al. radiation with an instrument for SAXS installed at BL-10C of
1993), and purchased from Research Genetics (Huntsville, AL)PNoton Factory, Tsukuba (Ueki et al. 1985). An X-ray wavelength

Rat CaM was expressed Escherichia coliand purified to homo- of 1.488A was selected. The samples were contained in a quartz
geneity as described (Hayashi et al. 1998). cell with a volume of 8QuL, and the temperature was maintained

at 25+0.1°C by circulating water through the sample holder. The
reciprocal parametef, equal to 4rsind/\, was calibrated by the
Fluorescence measurements observation of peaks from dried chicken collagen, whérés2he
scattering angle and is the X-ray wavelength. Scattering data
Binding of the N-terminal Nef peptides to dansyl-calmodulin waswere collected for 200 sec at individual protein concentrations.
analyzed with a JASCO FP-777 spectrofluorometer in a 1-cm Two methods of data analysis were used. The first method was
quartz cuvette as described (Matsubara et al. 1997, 1998). With thi&at of Guinier (Biggs et al. 1999), which gives the radius of
excitation wavelength set at 340 nm, emission spectra of dansy@gyration,R,. The range ofQ (A™Y) used for the Guinier plots was
calmodulin (200 nM) in the presence or absence of peptides wer8.02 to 0.09 for C&"/CaM-Nef peptide mixtures and 0.02 to 0.07
recorded in 20 mM Tris-HCI, pH 7.4, 100 mM NacCl containing 1 for the C&*-saturated CaM in isolation. The second method was
mM CaCl, or 2 mM EGTA. Binding of the peptides to calmodulin the calculation of the pair distance distribution functiqofr),
was monitored by recording the fluorescence emission at 490 nnwhich is the frequency of the distancesvithin a macromolecule
Dissociation constants of calmodulin-peptide complexes were desbtained by combining any volume element with any other volume
termined by a direct fit of the data to the mass (Matsubara et alelement (Glatter 1982). The(r) was calculated by direct Fourier
1997). transformation (Glatter 1982). Data @ (A™) = 0.7 were used
for the p(r) analysis. The maximal pair distana#,,,,, was also
estimated from th@(r) function; p(r) becomes zero at values of
NMR spectroscopy equal to or greater than the maximuwip,, of the particle.

Sample preparation

All NMR experiments were carried out on a Bruker DMX-500
spectrometer using a 5-mm broadbameixis gradient-shielded
probe at 298K. Two-dimensiondH-**N HSQC spectra were ob- This work was supported in part by grants-in-aid from the Fuijita
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