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Abstract Many of viral and eukaryotic proteins are required for signal transduction and regulatory functions which
undergo a lipidmodification by the enzymeN-myristoyltransferase (NMT). In this study, we demonstrated that heat shock
cognate protein 70 (HSC70) is homologous to NMT inhibitor protein (NIP71), which was discovered in our laboratory,
based onMALDI-TOFmass spectrometric analysis. The purified bovine cytosolicHSC70 and particulateNIP71 produced
a dose-dependent inhibition of human NMT having half maximal inhibitions of 235 and 230 nM, respectively. Further,
Western blot analysis revealed that the purified particulate NIP71 and cytosolic HSC70 cross-reacted with both anti-
NIP71 and anti-HSC70 antibodies. The results we obtained imply that molecular chaperones could be involved in the
regulation of NMT in normal and cancerous cells. Further studies directed to revealing the role of HSC70 in the regulation
of NMT may lead to the development of gene based therapies of colon cancer. J. Cell. Biochem. 92: 573–578, 2004.
� 2004 Wiley-Liss, Inc.
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N-myristoylation involves the co-transla-
tional addition of a fatty acyl moiety to the
amino terminus of many eukaryotic cellular
proteins and thismodification is catalyzed byN-
myristoyltransferase (NMT) and is recognized
to be a widespread and functionally important
modification of proteins [Resh, 1999; Farazi
et al., 2001; Selvakumar et al., 2002]. Several

viruses have been shown to require myristoyla-
tion of structural and non-structural proteins
for viral assembly and replication. Activated
proto-oncogenes in colon cancer include mutant
c-ras, over expressed c-myc, amplified c-myc,
c-myb, or neu, rearranged trk, and an activat-
ed c-src gene product, pp60c-src [Boutin, 1997].
N-myristoylation of the Pr55gag precursor
encoded by HIV-1 inhibits its proteolytic pro-
cessing and blocks viral replication [Bryant
et al., 1991]. Furthermore, some myristoylated
proteins are involved in the pathogenesis of
cancer. For example, myristoylated pp50c-src

and pp62c-yes protein kinase activities are signi-
ficantly elevated in primary colorectal adeno-
carcinoma as well as in their corresponding cell
lines relative to those of normal cells [Park et al.,
1993].

It has been previously established that myr-
istoylation of the c-src oncogene product may
be very important for tumorigenicity of c-src
gene expressed cells. The myristoyl blocking
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compounds depressed colony formation, cell
proliferation, and specific localization to the
plasma membrane of pp60c-src [Shoji et al.,
1990]. Therefore, it is possible that the in-
creased synthesis of pp60c-src in colon cancer
requires increased levels ofN-myristoyl-depen-
dent targeting of newly synthesized pp60c-src to
the cytoskeleton. To support this suggestion, we
reported for the first time that NMT was more
active in various colonic epithelial neoplasms
than in normal colonic tissue and this eleva-
tion of NMT activity was present in all tumors
examined, including colonic polyps in rats
[Magnuson et al., 1995]. Increased NMT activ-
ity was also observed in some human col-
onic tumors and was predominantly cytosolic
[Magnuson et al., 1995]. Furthermore, in the
human colorectal tumors there was increased
immunohistochemical staining for NMT com-
pared to normal mucosa and the staining
appeared to be cytoplasmic [Raju et al., 1997].
An endogenous NMT inhibitor protein (NIP71)
was discovered from bovine brain [King and
Sharma, 1993] and inhibited NMT activity in
rat colonic tumors [Magnuson et al., 1995]. We
have also demonstrated increased NMT mRNA
levels in certain well-differentiated adenocarci-
nomas [Rajala et al., 2000a]. NMT and pp60src

mRNA levels were generally elevated in a sub-
set ofhumancolon cancer cell lines [Rajala et al.,
2000a]. In addition, high levels of NIP71 in low-
expressing pp60src cell lines and low levels of
NIP71 in high-expressing pp60src cell lineswere
observed [Rajala et al., 2000a]. In this study, we
demonstrate that heat shock cognate protein 70
(HSC70) contains NMT inhibitory activity.

MATERIALS AND METHODS

Materials

[3H]Myristic acid (39.3 Ci/mmol) was
obtained from NEN Life Science Products
(Boston, MA). Pseudomonas acyl CoA syn-
thetase, coenzyme A, benzamidine, phenyl-
methanesulfonyl fluoride (PMSF), leupeptin,
ATP-agarose were obtained from Sigma-
Aldrich Canada (Oakville, ON). Anti-HSC70
was obtained from Affinity BioReagents
(Golden, CO). The peptide based on the NH2-
terminal sequence of the type II catalytic
subunit of cAMP-dependent protein kinase
(GNAAAAKKRR) was obtained from Research
Genetics (Huntsville, Alabama). Centricon 10
was obtained fromMillipore (Bedford,MA). The

expression and purification of recombinant
human NMT were undertaken as described
elsewhere [Raju et al., 1996]. The production
and purification of the polyclonal antibody of
NIP71 has been described previously [Rajala
et al., 2000a].

Purification of HSC70

HSC70 was purified from bovine brain
according to a modified two-step purifica-
tion protocol described previously [Welch and
Feramisco, 1985]. Fresh bovine brains were
obtained from a local slaughterhouse and trans-
ferred to the laboratory in packed ice. Brains
were homogenized in 2 vol. of buffer A (40 mM
Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA,
10 mM 2-mercaptoethanol, 1 mM benzamidine,
20 mg/ml soybean trypsin inhibitor, 0.2 mM
PMSF) in aWaring industrial blender (2� 15 s).
The homogenate was adjusted to pH 7.4 and
then centrifugedat 8,000g for 25minat48C.The
supernatant was then centrifuged at 100,000g
for 60 min at 48C. The supernatant obtain-
ed represented the soluble (cytosolic) fraction of
the cell. The pellet obtainedwas resuspended in
buffer A. This represented the particulate
(membranous) fraction of the cell. The cytoso-
lic fraction was applied to a DEAE-Sepharose
CL-6B column (1.6� 6 cm2) which was pre-
equilibrated with buffer A. After application,
the column was washed with buffer A, followed
by elution of HSC70 with buffer A containing
1,000mMNaCl. Further, the 1,000mM fraction
was dialyzed against buffer A and applied to
a Affi-Gel blue column (0.6� 3 cm2) which was
previously equilibrated with buffer A. After
sample applications, the column was washed
with buffer A contained 400 mMNaCl. The pro-
tein eluted with buffer A containing 1,000 mM
NaCl. The eluted protein fraction was dialyzed
against buffer A.

The dialyzed fraction was heat treated at
1008C for 5 min and the clear supernatant was
applied to an ATP-agarose affinity column
(0.6� 3 cm2) which was previously equilibrated
with buffer B (20 mM Tris-HCl, pH 7.5, 5 mM
MgCl2, 100 mM NaCl) at 48C. After sample
applications, the column was washed with
buffer B containing 2 M NaCl and HSC70 was
eluted with buffer B containing 10% glycerol,
25 mM ATP and the resulting HSC70 con-
taining fractions were pooled and dialyzed.
The dialyzed sample was concentrated using
Centricon-10 (Millipore) centrifugal concentra-
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tors at 5,000g for 30 min. The purity of HSC70
was analyzed by SDS–PAGE andWestern blot.

Purification of NIP71

The delipidated protein containing NIP71
was prepared by the procedure of King and
Sharma [1993] and was further purified to
apparent homogeneity using ATP-agarose
affinity chromatography as described in ‘‘Mate-
rials.’’ Most of the NIP71 protein was bound to
the ATP-agarose affinity column. The recovery
of the NIP71 activity in this step wasmore than
90%.

NMT and Inhibition Assay

NMT activity and its inhibition were assayed
as described earlier [King and Sharma, 1991,
1993].

SDS–PAGE and Western Blot Analysis

Proteins were separated on 10% SDS–PAGE
according to the procedure described by
Laemmli [1970]. The protein expression was
determined by immunoblotting method of
Towbin et al. [1979].

Mass Spectrometric Analysis

The purifiedHSC70 from bovine brain cytosol
and particulate was cut from the SDS–PAGE
gel using a spot cutter (Protean, Bio-Rad,
Hercules, CA) and placed in a 96-wellmicrotitre
plate (Corning costar MTP, Corning, NY). The
excised gel pieces were then processed using a
robotic digest station (MassPrep, Micromass,
Manchester, UK), following a standard pro-
tocol that included de-staining, reduction with
dithiothreitol, alkylation with iodoacetamide,
and digestion with modified trypsin (sequen-
cing grade, Promega, Madison WI). The result-
ing peptides were extracted from the gel pieces,
and 0.75 ml of each extract combined with an
equal volume of alpha cyano-4-hydroxycin-
namic acid (5 mg/ml) in 75.0/24.9/0.1 v/v/v ace-
tonitrile:water:TFA on a MALDI target plate.
The sample spots were air-dried and analyzed
by matrix-assisted laser desorption/ionization-
time of flight mass spectrometry (MALDI-TOF
MS) using a Voyager-DE STR instrument
(Applied Biosystems, Framingham, MA.) oper-
ating in the positive ion and reflectron modes.
Spectra were acquired by combining and aver-
aging 400 scans using the instrument software
(Data Explorer v.4.0, Applied Biosystems). The
resulting spectra were de-isotoped and intern-

ally calibrated using the autolytic trypsin frag-
ment 108–115 (m/z 842.5100), where present.
If this peptide was not observed, the sample
was close externally calibrated using des-Arg
Bradykinin (m/z 904.4681) and ACTH 18-39
(m/z 2465.1989). The mono-isotopic peptide
masses were then submitted to Protein Pro-
spector (http://prospector.ucsf.edu/) and search-
ed against the NCBI database using theMS-Fit
program.

Other Methods

Protein concentration was measured by the
method of Bradford [1976] using bovine serum
albumin as a standard.

RESULTS AND DISCUSSION

Mass spectrometry technology offers a power-
ful and sensitive tool to study co- and/or post-
translational proteins in the cell. In the present
study, we have demonstrated that NIP71 is
43% homologous to HSC70. Mass spectrometric
analysis of a trypsin digest of NIP71 analysis
showed an identical homology with HSC70
based upon the peptides detected (Fig. 1). To
further support the mass spectrometry results,
we carried out the potential inhibition of human
NMT by purified bovine brain particulate
NIP71 and bovine brain cytosolic HSC70. The
purified particulate NIP71 inhibited human
NMT in a dose-dependent manner with half
maximal inhibition at 230 nM (Fig. 2A). Simi-
larly, the purified cytosolic HSC70 produced a
dose-dependent inhibition on humanNMTwith
the halfmaximal inhibition at 235 nM (Fig. 2B).
To further explore and validate NIP71 is
similar-like protein to HSC70, we performed a
Western blot analysis using a specific polyclonal
antibody against NIP71 and monoclonal anti-
body against HSC70. The purified particulate
NIP71 and cytosolic HSC70 cross reacted with
both anti-NIP71 (Fig. 3A) and anti-HSC70
(Fig. 3B) antibodies suggesting that the parti-
culate NIP71 and cytosolic HSC70 have com-
mon antigenic epitopes.

HSC70 is a constitutively expressed member
of the HSP70 protein family that has been
implicated in many processes including the
folding of newly synthesized polypeptides,
translocation of proteins across theendoplasmic
reticulum, stabilizingproteinsunder stress con-
ditions, and antigen presentation [Bukau and
Horwich, 1998]. The classification of various
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HSP(s) in families is based on the related
function, size and the cellular compartment in
which they reside. HSP70 multi-gene family
consists of at least four members: HSP70,
HSC70, Grp 78 (BiP), and mitochondrial
HSP75 (mt HSP75). HSP70, HSC70 are found
in the cytosol and nucleus, mt HSP75 in the
matrix of mitochondria and Grp 78 in endoplas-
mic reticulum [Bhattacharyya et al., 1995]. In
our present study, the HSC70 purified from
particulate may be the nuclear form of HSC70.
However, both cytosolic and nuclear HSC70
inhibited humanNMTat nanomolar concentra-
tion. The function of HSC70 in various types of
cancer and its association with key molecules
of the cell cycle control system is not clear yet.
In breast carcinomas, mutation was observed
in the NH2-terminal ATPase domain of HSC70
[Bakkenist et al., 1999]. The mutations identi-

fied may affect the binding and hydrolysis of
ATP and/or the binding of the two cofactors, p48
and BAG-1, BAG is an anti-apoptotic protein
capable of interacting with and enhancing
the activity of Bcl-2 [Sturzbecher et al., 1987].
Several studies have found the constitutively
expressed HSC70, and heat-induced HSP70 or
HSP90 to be associatedwithmutant p53 but not
with wild-type p53 protein [Sturzbecher et al.,
1987; Blagosklonny et al., 1996; Ehrhart et al.,
1998]. Mutations in the p53 gene are among
the most common genetic disorders in human
cancer, including those of breast, colon, lung,
and liver origin [Zylicz et al., 2001]. Increased
expression of NMT in p53 mutant cases sug-
gesting that wild-type p53 may have a negative
regulatory effect on NMT gene expression
[Rajala et al., 2000b]. Similarly, high expression
of NMT in human colon cancer [Raju et al.,

Fig. 1. Protein identification by mass spectrometry. Molecular masses determined by MALDI-TOF MS for
each peptide fragment were matched to the corresponding protein sequence in the NCBI database, as
described in the ‘‘Materials andMethods.’’ Peptide sequences are shown in bold letters for both bovine brain
particulate NIP71 (A) and cytosolic HSC70 (B).
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1997] as well as human gallbladder carcinoma
[Rajala et al., 2000b] was observed.
In our present study, we demonstrated that

the protein NIP71, a potential inhibitor of NMT
is homologous to HSC70. We observed that
HSC70 inhibited human NMT activity at nano-

molar concentration level andmayhavearole in
the regulation of NMT, and the molecular
chaperons could be involved in the down re-
gulation of oncoproteins. Hence, HSC70 could
be used as an anticancer therapeutic target.
Further studies of this work would aid in the

Fig. 2. Inhibition of humanN-myristoyltransferase (NMT) by bovine brain particulate NIP71 and cytosolic
HSC70. The recombinant humanNMT (0.2 mg/assay) was incubatedwith various concentrations of purified
(A) particulate NIP71 and (B) cytosolic HSC70 using cAMP-dependent protein kinase derived peptide as a
substrate described under the ‘‘Materials and Methods.’’ Representative data from three independent
experiments are shown, with� SD from three determinations.
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interpretation of the present results. Site-
directed mutagenesis and siRNA studies will
reveal the role of HSC70 in the regulation of
NMT which may lead to the development of a
gene based therapy of colon cancer.
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Fig. 3. Western blot analysis of bovine brain particulate NIP71
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