28 T. Nakanishi et al. /J. Chromatogr. B 847 (2007) 24-29

pH 3 — > 10 pH3 «— , 10

(kDa)
150 -
100

75

LN
=

—
(2]

NN
[ 1)

-
n

10

{b) A-431 A-431+LEGF
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the membrane surface or charging effects on membrane can lead
to lower resolution, this resolution was high enough to conduct a
database search (peptide tolerance <0.3 Da). In this experiment,
adjusting a laser power at low value, which can barely ionize
digested peptide fragments, might not cause large decreases in
the resolution or mass accuracy.

These identified proteins are known 10 ‘be phosphopro-
teins in various species including human [15 16]. In pamcu]ar
moesin, ezrin and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) have already been shown to be phosphorylated on
specific tyrosine residues in an EGF-dependent manner in A-
431 cells [17-19]. Several enzymes related to the glycolytic
pathway are phosphorylated by tyrosine kinase in an EGF-
dependent manner, and these enzymes were also anticipated to
contain phosphotyrosine residues and thus would be detected
by this immunostaining. Moesin and ezrin are members of the
ezrin/radixin/moesin (ERM) family of cytoskeletal proteins, and
they are associated with dynamic membrane-based processes
such as the formation and stabilization of filopodia [20]. Both
proteins are known to be substrates of a tyrosine kinase in EGF-
stimulated A-431 cells. Our results indicate that this immun-
odetection followed by on-membrane direct MS analysis is a
powerful approach for rapid and easy identification of phospho-
proteins.

In this study we carried out on~membrane PMF analysis in
a microscale region of the protein spot to decrease the diffi-
culty of analyzing either proximate proteins or multiple proteins
in a single spot due to the limited resolution of 2-DE. In the
2-DE based approach, in most cases, the major.component
of a protein mixture.can be identified by PMF analysis with
MALDI-TOF MS from a single spot. Using our microscale
approach we could not identify more than one protein in a
single spot by the on-membrane PMF approach. Furthermore,
detailed analysis of digested peptide fragments with a tandem
mass spectrometry (MS/MS) instrument also becomes impor-
tant to identify unknown proteins that have not been registered
on available databases, and to characterize post-translationally
modified proteins. In this experiment we tried on-membrane
MS/MS analysis to identify phosphorylated proteins detected

by immunostaining, though the exact phosphorylation site of
the phosphoproteins could not be identified. To date, MS/MS
method is widely used for the characterization of phosphory-
lation sites. It is still an extremely difficult task to characterize
the entire set of phosphorylation sites within phosphoproteins
because of troublesome ionization dependent on negative charge
of phosphopeptides. However, future refinements of this method
should lead to improvements in the on-membrane direct identi-
fication approach. Through this approach, we expect that rapid
and easy direct identification of phosphoproteins detected by
immunostaining become a useful approach in the field of phos-
phoproteomics.

References

11} M.B. Kastan, Nature 410 (2001) 766. -
12] S. Zolnierowicz, M. Bollen, EMBO J. 19 (2000) 483.
3] E.H. Fischer, E.G. Krebs, J. Biol. Chem. 216 (1955) I21.
[4] W. Patton, J. Chromatogr. B 771 (2002) 3.
[5] S.A. Carr, R.S. Annan, M.J. Huddleston, Methods Enzymol. 405 (2005)
82.
[6] M. Yanagida, Y. Miura, K. Yagasaki, M. Taoka, T. Isobe, N. Takahashi,
Electrophoresis 21 (2000) 1890.
{7} R.M. Methogo, G. Dufresne- Martm P. Leclerc, R Leduc, K. Klarskov, J.
Proteome Res. 4 (2005) 2216.
{8] H.Y. Hong, G.S. Yoo, J.K. Choi, Electrophoresis 21 (2000} 841.
[9] T. Nakanishi, I. Ohtsu, M. Furuta, E. Ando, O. Nishimura, J. Proteome Res.
4 (2005) 743.
110} 1. Ohtsu, T. Nakanishi, M. Furuta, E. Ando, O. Nishimura, J. Proteome Res.
4(2005) 1391. o
[11) H. Hirano, T. Watanabe, Electrophoresis 1 (1990) 573.
[12] M.A. Mansfield, Anal. Biochem. 229 (1995) 140.
113] R.S. Herbst, Int. J. Radiat. Oncol. Biol. Phys. 59 (2004) 21.
[14] R.N. Fabricant, AJ. Alpar, Y.M. Centifanto, H.E. Kaufinan, Arch. Oph-
thalmol. 99 (1981) 305.
[15] Y.W. Kim, C.W. Kim, K.R. Kang, $.M. Byun, Y.S. Kang, Biochem. Bio-
phys. Res. Commun. 175 (1991) 400.
|16] D. Luftner, S. Mazurek, P. Henschke, J. Mesterharm, S. Schildhauer, R.
Geppert, K.D. Wemecke, K. Possinger, Anticancer Res. 23 (2003) 991.
{17] T. Meyer, T. Uher, P. Schwartz, A.B. Buchwald, }. Thromb. Thrombolysis.
6(1998) 117.
|18) A. Bretscher, J. Cell Biol. 108 (1989) 921.
119] N. Reiss, H. Kanety, J. Schlessinger, Biochem. 1. 239 (1986) 691.
{20] M. Chinkers, J.A. McKanna, S. Cohen, J. Cell Biol. 83 (1979) 260.



Available online at www.sciencedirect.com

-z=e . .
*.° ScienceDirect ANALYTICAL

BIOCHEMISTRY

Analytical Biochemistry 362 (2007) 236-244
: ' www.elsevier. com/locate/yabio

Detection of co- and posttranslational protein N-myristoylation by
metabolic ]labeling in an insect cell-free protein synthesis system

Nagisa Sakurai %, Koko Moriya ? Takashi Suzuki b Kozue Sofuku 2,
Hiroyuki Mochiki , Osamu Nishimura ®¢, Toshihiko Utsumi *

* Department of Biological Chemistry, Faculty of Agriculture, Yamaguchi University, Yamaguchi 753-8515, Japan
® Life Science Laboratory, Analytical and Measurement Instruments Division, Shimad=u Corp., Kyoto 604-8511, Jupan
¢ Institute for Protein Research, Osaka University, Osaka 565-0871, Japan

Received 3 November 2006
Available online 20 December 2006

Abstract

To establish a simple and sensitive method to detect protein N-myristoylation, the usefulness of a newly developed cell-free protein syn-
thesis system derived from insect cells for detecting protein N-myristoylation by in vitro.metabolic labeling was examined. The results showed
that in vitro translation of cDNA coding for N-myristoylated protein in the presence of [PH]myristic acid followed by SDS-PAGE and fluo-
rography is a useful method for rapid detection of protein N-myristoylation. Differential labeling of N-myristoylated model proteins with
[PHjleucine, [*H)myristic acid, and [**S]methionine revealed that the removal of the initiating Met during the.N-myristoylation reaction could
be detected using this system. Analysis of the N-mynistoylation of a series of model proteins with- mutated N-myristoylation motifs revealed
that the amino acid sequence requirements for the N-myristoylation reaction in this system are quite similar to those observed in the rabbit
reticulocyte lysate system. N-myristoylation of tBid (a posttranslationally N-myristoylated cytotoxic protein that could not be expressed in
transfected cells) was successfully detected in this assay system. Thus, metabolic labeling in an insect cell-free protein synthesis system is an
effective strategy to detect co- and posttranslational protein N-myristoylation irrespective of the cytotoxicity of the protein.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Cell-free protein synthesis system; Insect cell lysate; N-myristoylation; Metabolic labeling; Posttranslational N-myristoylation

proteins play critical roles in‘regulating cellular structure
and function. They include proteins involved in a wide vari-

Protein N-myristoylation is a well-iecognized form of
lipid modification that occurs on eukaryotic and viral pro-

teins [1-5]. In general, N-myristoylation is an irreversible
cotranslational protein modification. In this process, myris-
tic acid, a 14-carbon saturated fatty acid, is attached to the
N-terminal Gly residue of the protein at the extreme N ter-
minus after removal of the initiating Met. N-myristoylation
is catalyzed by N-myristoyltransferase (NMT),! which is a
member of the GCN5-related N-acetyltransferase (GNAT)
superfamily of proteins [6). Many of the N-myristoylated

" Corresponding author. Fax: + 81 83 933 5820.
E-mail address: vtsumi@yamaguchi-u.acjp (T. Utsumi).

ety of cellular signal transduction pathways such as protein
kinases, phosphatases, guanine nucleotide-binding proteins,
and Ca®*-binding proteins. In many cases, the functions of
these N-myristoylated proteins are regulated by reversible
protein~-membrane and protein-protein interactions medi-
ated by protein N-myristoylation. Recently, a sophisticated
program for automated prediction of protein N-myris-
toylation from the substrate protein sequence has been

Y Abbreviations used: NMT, N-myristoyltransferase; NAT, N-acetyltransferase; TNF, tumor necrosis factor; tBid, truncated Bid; tGelsolin, truncated
gelsolin; GNAT, GCNS-related N-acetyltransferase; PCR, polymerase chain reaction; ECL, enhanced chemiluminescence; DPBS, Dulbecco’s phosphate
buffered saline; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; CBB, Coomassie brilliant blue; DMEM, Dulbecco’s modified
Eagle’s medium; FCS, fetal calf serum.

0003-2697/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
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developed and this prediction program is available as pub-
lic WWW.-server [7]. Large-scale application of this predic-
tor to GenBank (from the National Center for
Biotechnology Information) data produces lists of thou-
sands of potential NMT substrates [8]. However, because of
the lack of a simple and easy strategy to detect protein
N-myristoylation, the number of experimentally verified
N-myristoylated proteins is far lower than the predicted
number.

In addition to cotranslational protein N-myristoylation,
it was demonstrated that this modification can also occur
posttranslationally, as in the case of some caspase sub-
strates such as Bid, actin, gelsolin, and PAK2, in which pro-
teolytic cleavage by caspase caused exposure of an internal
N-myristoylation motif [9-12]. The exposed internal
N-myristoylation motif was recognized by N-myristoyl-
transferase, the enzyme responsible for cotranslational
N-myristoylation, and posttranslational N-myristoylation
reaction occurred. It was also revealed that posttransla-
tional N-myristoylation has a strong influence on intracel-
lular targeting and the physiological function of the
modified proteins [9,11]. Because about one fourth of the
identified caspase substrates expose an amino-terminal Gly
upon cleavage [9] and the number of identified caspase sub-
strates is continuously increasing, it is possible that many
other caspase substrates are susceptible to this unusual
posttranslational modification. However, so far, only four
proteins (Bid, actin, gelsolin, and PAK2) have been demon-
strated experimentally to be posttranslationally N-myri-
stoylated upon cleavage by caspase. One possible reason
for this might be the lack of a convenient method to detect
this unusual modification.

In the present study, to establish a simple and sensitive
method to detect co- and posttranslational protein N-
myristoylation, the usefulness of a newly developed cell-free
protein synthesis system (Transdirect™ insect cell) derived
from insect cells [13] for detecting protein N-myristoylation
by in vitro metabolic labeling was examined.

Materials and methods
Mauterials

Restriction endonucleases, DNA-modifying enzymes,
RNase inhibitor, and Tug DNA polymerase were purchased
from Takara Shuzo (Kyoto, Japan). The GenElute Plasmid
Mini-Prep Kit and Anti-FLAG monoclonal antibody were
from Sigma-Aldrich Co. (St. Louis, USA). RNase was pur-
chased from Merck KGaA, Boehringer Mannheim (Frank-
furter, Germany). Transdirect™ insect cell amino-acid-free

version in the reaction buffer was specially prepared by Shi- .

madzu Co. (Kyoto, Japan). The AmpliScribe T7 High Yield
Transcription Kit was obtained from Epicentre Biotechnolo-
gies (Madison, USA). Rabbit reticulocyte lysate was from
Promega (Madison, USA). [*HJleucine, [PH]myristic acid,
[**Smethionine, and Amplify were from GE Healthcare,
Amersham (UK). The Dye Terminator Cycle Sequencing kit

was from Applied Biosystems (Foster, USA). Anti-human
TNF polyclonal IgG was purchased from R&D Systems
(Minneapolis, USA). Protein G Sepharose was from GE.
Healthcare, Pharmacia Biotech (UK). Plasmid pcBid-dsRed
was obtained from Clontech (Mountainview, USA). Other
reagents were purchased from Wako Pure Chemical, Daiichi
Pure Chemicals, or Seikagaku Kogyo (Japan) and were of
analytical or DNA grade. ’

Plasmid construction’

Plasmid pBluescript IT (SK*) lacking Apal and HindIll
sites was constructed as previously described [14] and desig-
nated pB. Plasmid pBApro-TNF, containing a cDNA cod-
ing for the mature domain of TNF, was constructed as
described [14,15]. Plasmid pTD1Apro-TNF was constructed
by utilizing PCR. For this procedure, pBApro-TNF served
as a template, and two oligonucleotides (ECOR V-Apro, B1)
served as primers (Table 1). After digestion with EcoRV and
EcoR]I, the amplified product was subcloned into pTDI vec-
tor at the EcoRV and EcoRI sites. pTD1 vector contains a
T7 promoter, a polyhedrin 5’ untranslated region, a 3’
untranslated region, and poly(A) tail for optimal cell-free
protein synthesis using Transdirect™ Jnsect cell (Shimadzu).
Since it was demonstrated that the pTD1 vector functions as
an eflective transcriptional vector not only in the insect cell-
free translation system but also in the rabbit reticulocyte
lysate system [16], this vector was used to obtain mRNA for
the in vitro translation reaction using rabbit reticulocyte
lysate. Plasmids pTDIMG3A6S-TNF and pTDIMG3M6S
-TNF were constructed by a method similar to that used to
construct pTD1Apro-TNF using pPBMG6S-TNF as a tem-
plate and two primers (ECORV-3A, Bl or ECORV-3M,
B1) as mutagenic primers, respectively. The cDNAs coding
for MG3X6S-TNF, in which Ala at position 3 in MG3A6S-
TNF was replaced with each of 18 other amino acids, were
constructed by a method similar to that used for MG3A6S-
TNF. The mutagenic primers used in these procedures are
listed in Table 1.

Plasmid pTD1tBid-Strep, which contains a cDNA cod-
ing for Strep-tagged tBid, was constructed by utilizing
PCR. For this procedure, pcBid—dsRed (Clontech) served
as a template and two oligonucleotides (N-EcoRV-tBID,
BID-STR-C) as primers (Table 1). After digestion with
EcoRV and Kpnl, the amplified product was subcloned into
pTDI1 at EcoRV and Kpnl sites. Plasmid pTD1tBidG2A~
Strep was constructed by a method similar to that used for
pTDI1tBid-Strep using two oligonucleotides (N-V-
tBIDG2A, BID-STR-C) as primers (Table 1).

Plasmids pTD1tGelsolin—-Strep and pTDI1tGelsolinG2A-
Strep, which contain cDNA coding for Strep-tagged tGels-
olin and tGelsolinG2A, respectively, were constructed as
described [17]. '

Plasmid pcDNA3-FLAG, which contains the sequence
for the FLAG epitope at the C terminus, was constructed as
previously described [10]. -Plasmid pcDNA3Bid-FLAG,
which contains a cDNA coding for FLAG-tagged full-length
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Table |

Nucleotide sequences of oligonucleotides used for the plasmid construction

Primer Sequence .

EcoRV-Apro 5'- GCGCGATATCATGGTCAGATCATCTTCTCGAACC-3’
EcoRV-3A GCGCGATATCATGGGCGCAGCAGCATCTGCAGCA
EcoRV-IM GCGCGATATCATGGGCATGGCAGCATCTGCAGCA
EcoRV-3G GCGCGATATCATGGGCGGTGCAGCATCTGCAGCA
EcoRV-38 GCGCGATATCATGGGCTCCGCAGCATCTGCAGCA
EcoRV-3C GCGCGATATCATGGGCTGCGCAGCATCTGCAGCA -
EcoRV-3T GCGCGATATCATGGGCACCGCAGCATCTGCAGCA
EcoRV-3P GCGCGATATCATGGGCCCCGCAGCATCTGCAGCA
EcoRV-3V GCGCGATATCATGGGCGTGGCAGCATCTGCAGCA
EcoRV-3D GCGCGATATCATGGGCGACGCAGCATCTGCAGCA
EcoRV-3N GCGCGATATCATGGGCAACGCAGCATCTGCAGCA
EcoRV-3L GCGCGATATCATGGGCCTGGCAGCATCTGCAGCA
EcoRV-31 GCGCGATATCATGGGCATCGCAGCATCTGCAGCA
EcoRV-3Q GCGCGATATCATGGGCCAGGCAGCATCTGCAGCA
EcoRV-3E GCGCGATATCATGGGCGAGGCAGCATCTGCAGCA
EcoRV-3H GCGCGATATCATGGGCCACGCAGCATCTGCAGCA
EcoRV-3F GCGCGATATCATGGGCTTCGCAGCATCTGCAGCA
EcoRV-3K GCGCGATATCATGGGCAAGGCAGCATCTGCAGCA
EcoRV-3Y GCGCGATATCATGGGCTACGCAGCATCTGCAGCA
EcoRV-3W GCGCGATATCATGGGCTGGGCAGCATCTGCAGCA
EcoRV-3R GCGCGATATCATGGGCCGTGCAGCATCTGCAGCA
Bl GCCGGGATCCTAGGGCGAATTGGGTACC
N-EcoRV-(BID ATATGATATCATGGGCAACCGCAGCAGC
N-EcoRV-tBIDG2A ATATGATATCATGGCCAACCGCAGCAGC
BID-STR-C . GCGCGGTACCTCACTTTTCAAACTGCGGATGGCTCCAGTCCATCCCATTTCT
N-BID . GCGCGGATCCATGGACTGTGAG

N-(BID ATATGGATCCATGGGCAACCGCAGC

BID-C GCGCGAATTCGTCCATCCCATT

Bid, was constructed by utilizing PCR. For this procedure,
pcBid—dsRed (Clontech) served as a template and two oligo-
nucleotides (N-BID, BID-C) as primers. After digestion with
BamHI and EcoRI, the amplified products were subcloned
into pcDNA3-FLAG at the BamHI and EcoRlI sites. Plas-
mid pcDNA3tBid-FLAG was constructed by a method sim-
ilar to that used to construct pcDNA3Bid-FLAG using two
oligonucleotides (N-tBID, BID-C) as primers.

Plasmids pcDNA3gelsolin-FLAG and pcDNA3tGelsolin—-
FLAG were constructed as previously described [11]. The
DNA sequences of these recombinant cDNAs were confirmed
by the dideoxynucleotide chain termination method [18].

In vitro transcription and translation

The cDNAs were cloned into pTD1 vector (Shimadzu)
at a site under the control of the T7 promoter. After diges-
tion with HindIIl, T7 polymerase was used to obtain tran-
scripts of these cDNAs. The transcripts were purified by
phenol—hloroform extraction and ethanol precipitation
before use in the translation reaction. Subsequently, the
translation reaction was carried out using the rabbit reticu-
locyte lysate (Promega) or insect cell-free protein synthesis
system (Shimadzu Co.) in the presence of [*H]leucine,
PH]myristic acid, or [**S]methionine under conditions rec-
ommended by the manufacturer. For the rabbit reticulocyte
lysate system, the mixture (composed of 17.5ul of rabbit
reticulocyte lysate, 0.5 ul of 1 mM leucine-free amino acid
mixture, 2.0 pl of [*H]leucine (2 uCi), 1.0 ul of mRNA (2 ng),

and 4.0l of distilled water) was incubated at 30°C for
90min. For the insect cell-free protein synthesis system, the
mixture (composed of 12.5ul of insect cell lysate, 7.5 ul of
reaction buffer, 0.5 pl of 1 mM leucine-free amino acid mix-
ture, 2.0ul of [*H]leucine (2uCi), and 2.5u of mRNA
(5ug)) was incubated at 25°C for 3h. The samples were
then analyzed by SDS-PAGE and fluorography.

Immunoprecipitation

In vitro translation products of cDNAs coding for TNF
mutants were immunoprecipitated with a specific goat anti-
human TNF polyclonal antibody (R&D Systems) as
described [14].

SDS-PAGE and fluorography

Samples were denatured by boiling for 3min in SDS-
sample buffer followed by analysis by SDS-PAGE on a
12.5% gel. The gel was fixed and stained with Coomassie
brilliant blue (CBB) and then soaked in Amplify for 20 min.
The gel was dried under vacuum and exposed to X-ray film
for an appropriate period.

Transfection of COS-1 cells and detection of
N-myristoylated proteins

The simian-virus-40-transformed African green money
kidney cell line COS-1 was maintained in Dulbecco’s
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modified Eagle’s medium (DMEM; Gibco BRL) supple-
mented with 10% fetal calf serum (FCS; Gibco BRL). Cells
(2 x 10°%) were plated onto 35-mm diameter dishes 1 day
before transfection. pcDNA3 construct (2pg) containing
cDNA coding for gelsolin, Bid, or their mutants was used
to transfect each plate of COS-1 cells along with 4l of
LipofectAmine (2mg/ml; Gibco BRL) in 1 ml of serum-free
medium. After incubation for 5h at 37°C, the cells were
refed with serum-containing medium and incubated again
at 37°C for 48 h. The cells were then washed twice with 1 ml
of serum-free DMEM and incubated for4h at 37°Cin 1 ml
of DMEM with 2% FCS containing [*H]myristic acid (100
nCi/mi). Subsequently, the cells were washed three times
with Dulbecco’s phosphate-buffered saline (DPBS), col-
lected with a cell scraper, and then lysed with 200 ul of
RIPA buffer [SOmM Tris-HCI (pH 7:5), 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), proteinase inhibitors] on ice for
20min. After immunoprecipitation with anti-FLAG anti-
body, the samples were analyzed by SDS-PAGE and fluo-
rography.

Western blotting

The labeled translation products that were obtained
‘using the insect cell lysate or that were present in the total
cell lysate of each group of transfected cells were resolved
by 12.5% SDS-PAGE and then transferred to an Immobi-
lon-P transfer membrane (Millipore). After blocking with
nonfat milk, the membrane was probed with a specific anti-
FLAG antibody as described previously [19]. Immunoreac-
tive proteins were specifically detected by incubation with
horseradish-peroxidase-conjugated Protein G (Bio—Rad).
The membrane was developed with enhanced chemilumi-
nescence Western blotting reagent (Amersham) and
exposed to X-ray film (Kodak).

Results

In vitro translation product could easily be detected by
metabolic labeling in the insect cell-free protein synthesis
system

The structure and N-terminal amino acid sequence of
model N-myristoylated proteins analyzed in this study are
shown-in Fig. 1. When the mRNA coding for MG3A6S-
TNF, a model N-myristoylated protein having an N-myris-
toylation consensus motif at its N terminus, was translated
with rabbit reticulocyte lysate in the presence of [*H]leucine
and analyzed by SDS-PAGE and fluorography, a faint
smeared protein band with a molecular mass of 17 kDa was
detected on the fluorogram after 24 h exposure to the X-ray
film as shown in Fig. 2B, lane 4. CBB-staining of the SDS-
PAGE gel revealed broadening of the protein bands, prob-
ably due to the presence of a large amount of proteins with
low molecular weight (~17 kDa) in the rabbit reticulocyte
lysate (Fig. 2B, lanes 1 and 2). In fact, the pattern of the
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TNF MGAAAGAARA
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Fig. 1. Structure and N-terminal amino acid sequence of model N-myri-
stoylated proteins analyzed in this study. (A) Model N-myristoylated pro-
teins used to analyze cotranslational protein N-myristoylation. (B)
Structure of Bid and gelsolin and their caspase-cleavage products (tBid
and (Gelsolin) that undergo posttranslational protein N-myristoylation.

protein band detected on the fluorogram became clear
when the invitro translation product was purified by
immunoprecipitation using anti-TNF antibody (lane 8). In
contrast, when the same experiment was performed using
insect cell lysate as the cell-free protein synthesis system, a
strong and clear protein band with the same molecular
mass was detected without immunoprecipitation as shown
in Fig. 2A, lane 4. In accordance with this result, the CBB-
staining of the gel revealed the lack of a large amount of
proteins with low molecular weight (lanes 1 and 2). As
expected, the pattern of the detected protein band was not
affected by the immunoprecipitation procedure (lane 8).
Thus, the invitro translation product could easily be
detected by metabolic labeling in an insect cell-free protein
synthesis system without the need for any purification pro-
cedure such as immunoprecipitation.

Detection of cotranslational protein N-myristoylation by
metabolic lubeling in the insect cell-free protein synthesis
system

To determine whether cotranslational protein N-myris-
toylation could be detected by metabolic labeling in an
insect cell-free protein synthesis system, the incorporation
of PH]myristic acid into MG3A6S-TNF was measured.
When the mRNA coding for MG3A6S-TNF was
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Fig. 2. Detection of in vitro translation product by metabolic labeling in
the insect ceil-free protein synthesis system. The mRNA coding for
MG3A6S-TNF, a model N-myristoylated protein having an N-myris-
toylation consensus motif at its N terminus, was translated in vitro with
insect cell lysate (A) or with rabbit reticulocyte lysate (B) in the presence
of [*H)leucine. The labeled translation products were analyzed directly
(—1.P.) or following immunoprecipitation with anti-TNF antibody (+L.P.)
by SDS-PAGE and fiuorography.

translated with the insect cell-free protein synthesis system
in the presence of [*H]leucine or [*H]myristic acid, efficient
incorporation of both of the *H-labeled compounds into
the translation product was detected on the fluorogram
after a brief (10h) exposure to X-ray film, as shown in
Fig. 3B, lanes 2 and 4. In contrast, when the rabbit reticulo-
cyte lysate was used, faint, broad, and retarded protein
bands were detected even after 36h of exposure to the
X-ray film (lanes 5 and 7). These results indicate that
cotranslational protein N-myristoylation could easily and
rapidly be detected by metabolic labeling in an insect cell-
free protein synthesis system.

Detection of removal of the initiating Met residue during
cotranslational protein N-myristoylation reaction

In the cotranslational protein N-myristoylation reaction,
the initiating Met is removed from the N terminus before
the attachment of myristic acid to the Gly residue at posi-

tion 2. The amino acid sequence requirements for removal
of initiating Met have been well characterized. The amino
acid residue next to the initiating Met is the determinant for
this reaction. The seven amino acids (Gly, Ala, Ser, Cys,
Thr, Pro, Val) having the smallest radii of gyration are sub-
strates for methionine aminopeptidases, while those with
the 13 largest side chains are not [20]. To detect the removal
of the initiating Met residue, differential labeling of the
invitro translated protein bands with [*H]leucine,
[3SImethionine, and PHJmyristic acid was performed. In
this experiment, two other TNF mutants, Apro-TNF and
MG 3M6S-TNF, were used to characterize the labeling pat-
tern of the protein bands. The N-terminal sequences of
Apro-, MG3A6S-, and MG3M6S-TNF are shown in

~ Fig. 4. In these three mutants, the amino acid residue next

to the initiating Met is Val, Gly, and Gly, respectively.
Therefore, it is anticipated that the initiating Met of these
three mutants will be removed by methionine aminopepti-
dase. In Apro-TNF and MG3A6S-TNF, the initiating Met
is the only Met residue in the entire molecule. In
MG3M6S-TNF, Met is present at position 3 in addition to
the initiating Met. MG3A6S- and MG3M6S-TNF contain
an N-myristoylation consensus motif but Apro-TNF does
not. When the mRNA coding for Apro-TNF was trans-
lated, a single protein band with a molecular mass of
17kDa was labeled with [*H]Jleucine, as shown in the upper
panel of Fig.4. As expected, neither [*>SJmethionine nor
[*H]myristic acid was incorporated into this mutant. In the
case of MG3A6S-TNF, a major protein band with a
molecular mass of 17 kDa was labeled with [*H]leucine and
EH]myristic but not with [**SJmethionine (middle panel of
Fig. 4). When MG3M6S-TNF, which has an intramolecu-
lar Met residue, was labeled, the protein band was labeled
with all three labeled compounds, as shown in the lower
panel of Fig. 4. These results clearly indicated that the initi-
ating Met is removed from the N terminus before the
attachment of the myristic acid to the protein. It was also
found that the minor protein band present in the in vitro
translation products of MG3A6S-TNF is a protein species
retaining the initiating Met and is not N-myristoylated.
Thus, the removal of the initiating Met residue during the
cotranslational protein N-myristoylation reaction could be
detected by the labeling of the in vitro translation products
with [**SJmethionine and PH]leucine.

Substrate specificity of NMT in insect cell lysate is similar 10
that in rabbit reticulocyte lysate

To determine whether the substrate specificity of NMT
in the insect cell lysate was similar to that in rabbit reticu-
locyte lysate, the susceptibility of a series of TNF mutants
(MG3X6S-TNF) to cotranslational protein N-myris-
toylation was evaluated by metabolic labeling in the
insect cell lysate and rabbit reticulocyte lysate. MG3X6S-
TNF is a series of model N-myristoylated proteins in’
which the Ala residue at position 3 in a model N-myris-
toylation motif (MGAAASAAA) in MG3A6S-TNF is
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Fig. 3. Detection of cotranslational protein N-myristoylation by metabolic labeling in the insect cell-free protein synthesis system. The mRNA coding for
MG3A6S-TNF was translated with insect cell lysate (Insect L) or with rabbit reticulocyte lysate (RRL) in the presence of [*H]leucine or [*H]myristic acid.
The labeled translation products were analyzed directly by SDS-PAGE and fluorography. (A) CBB staining; (B) Fluorography.
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Fig. 4. Detection of the removal of the initiating Met residue during
cotranslational protein N-myristoylation reaction. The mRNAs coding
for Apro-, MG3A6S-, and MG3M6ES-TNF were translated with insect
cell lysate in the presence of [*H]leucine, [**Sjmethionine, or [*H]myristic
acid. The labeled translation products were directly analyzed by SDS-
PAGE and fluorography.

replaced with the 19 other amino acids. The results for the
20 amino acids are arranged according to their radius of
gyration. As shown in the upper panels of Figs. 5A and B,
most of the translation products, except for those of
mutants having a Gly or Tyr residue at position 3, were
efficiently expressed in both of the in vitro translation sys-
tems, as determined by [PH]leucine incorporation. In these
two sets of translation products, the mobility shift of the

protein band was observed equally with two mutants hav-
ing an Asp or Glu residue at position 3. As for protein N-
myristoylation, exactly the same amino acid requirements
were observed at position 3 in the two.different cell-free
protein synthesis systems: 12 amino acids (Gly, Ala, Ser,
Cys, Thr, Val, Asn, Leu, lle, Gln, His, Met) were permitted
at position 3 to direct protein N-myristoylation, as shown
in the lower panels of Figs. 5A and B. These results clearly
indicated that the substrate specificity of NMT in the
insect cell lysate is quite similar to that in rabbit reticulo-
cyte lysate.

Posttranslational protein N-myristoylation could be detected
in the insect cell-firee protein synthesis system

In addition to cotranslational protein N-myristoylation,
it was shown that N-myristoylation can also occur post-
translationally as in the case of some caspase substrates.
However, the simple and sensitive method to detect this
modification has not been established. Recently, we have
shown that posttranslational N-myristoylation of caspase
substrates could be detected by [PH]myristic acid labeling of
cultured mammalian cells in which the cDNA coding for
the C-terminal caspase cleavage product having N-myris-
toylation consensus motif at its N terminus was transfected
[10,11]. In this case, however, the cytotoxic N-myristoylated
protein such as tBid could not be subjected to this assay
system because of the lack of protein expression in the
transfected cells. In fact, when the cDNAs coding for Bid-,
tBid-, gelsolin— and tGelsolin-FLAG were transfected into
COS-1 cells, protein expression was observed with Bid-,
gelsolin— and tGelsolin-FLAG but not with tBid-FLAG,
as shown in Fig. 6A, lanes 5-8. N-myristoylation of tGelso-
lin—-FLAG ‘expressed in COS-1 cells was clearly detected
(Fig. 6A, lane 12).
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Since the cell-free protein synthesis system can synthe-
size cytotoxic proteins, it might be used to detect the pro-
tein modification that occurs on cytotoxic proteins. To
determine whether the posttranslational protein N-myris-
toylation could be detected in the insect cell-free protein
synthesis system, incorporation of [PH]myristic acid into
tBid and tGelsolin was measured. In this case, the initiating
Met was inserted at the N terminus of the newly exposed N
términus of the caspase-cleavage products of Bid and gelso-
lin and the susceptibility of the N-terminal sequence to pro-
tein N-myristoylation was evaluated by the metabolic
labeling in the insect cell lysate. As shown in Fig. 6B, lanes
5,7,9,and 11, tBid-FLAG was efficiently expressed in the
insect cell-free protein synthesis system and its N-myris-
toylation was successfully detected, as in the case of tGelso-
lin~-FLAG. As expected, when Gly 2 of tBid-FLAG was
replaced with Ala (tBidG2A-FLAG), [*H]myristic acid
incorporation was completely inhibited (Fig. 6B, lanes 6
and 10). These results clearly indicate that the posttransla-
tional protein N-myristoylation that occurs on the cyto-
toxic protein such as tBid could be detected in the insect
cell-free protein synthesis system.

Discussion

Since all protein synthesis begins at the N terminus, this
region provides an initial and important site of cotransla-
tional protein processing. Removal of the initiator methio-
nine and modification of the n-amino group are examples
of commonly observed N-terminal modifications. Among
them, three cotranslational protein modifications, excision
of the initiator methionine, N-acetylation, and N-myris-
toylation, potentially affect many eukaryotic cytoplasmic
proteins and variously correlate with their stability, physio-
logical function, and/or degradation. In particular, protein

N-myristoylation plays critical roles in many cellular
signal transduction pathways. Proteins destined to become
N-myristoylated begin with the sequence Met-Gly. The initiat-
ing Met is removed cotranslationally by methionine amino-
peptidase and then myristic acid is linked to Gly-2 via an
amide bond by NMT. However, not all proteins with an
N-terminal glycine are N-myristoylated and the ability to
be recognized by NMT depends on the downstream amino
acid sequence. In addition, proteins with an N-terminal gly-
cine may also be subject to another cotranslational protein
modification, N-acetylation. For postgenomic studies, reli-
able tools for the prediction of co- and posttranslational
modifications would be valuable for functional assignments
of functionally unknown proteins. In fact, many protein
sequences in the publicly available database are automati-
cally predicted as possibly N-myristoylated proteins by a
prediction program [7,8]. Since the predicted results are not
necessarily correct, experimental methods to verify the
modification are indispensable to confirm the prediction.
In general, N-myristoylation that occurs on a certain
gene product is detected by in vivo metabolic labeling of
cells transfected with the cDNA coding for the gene prod-
uct. However, some proteins such as cytotoxic proteins
cannot be expressed in cells, and therefore these proteins
could not be tested for susceptibility to protein N-myris-
toylation. In fact, as shown in Fig. 6, in the present study,
tBid, a well-known proappoptotic protein that has been
shown to be posttranslationally N-myristoyated, could
not be expressed in COS-1 cells. In addition to the in vivo

-metabolic labeling in the transfected cells, in vitro meta-

bolic labeling in cell-free protein synthesis systems has
previously been shown to be useful for detecting co- and
posttranslational protein N-myristoylation. Cell-free pro-
tein synthesis systems are powerful tools for the analysis
of co- and posttranslational modification of protein
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Fig. 6 Detection of postiranslational protein N-myristoylation by meta-
bolic Jabeling in the insect cell-free protein synthesis system. (A) The
c¢DNAs coding for Bid-, tBid-, gelsolin-, and tGelsolin~-FLAG were
transfected into COS-1 cells, and the cells were labeled with [*H]myristic
acid. Protein expression in the total cell lysate was detected by Western
blotting using anti-FLAG antibody. Following immunoprecipitation with
anti-FLAG antibody, protein N-myristoylation was detected by SDS-
PAGE and fluorography. (B) The mRNAs coding for tBid~, tBidG2A-,
1Gelsolin-, and 1GelsolinG2A-FLAG were translated with insect cell
lysate in the presence of [*H]leucine or [*H]myristic acid. The labeled
translation products were directly analyzed by SDS-PAGE and
fluorography.

because they make it possible to translate exogenous
mRNAs with high speed [21] and to synthesize any
desired proteins, including cytotoxic proteins. A rabbit
reticulocyte lysate cell-free system [22] has been widely
utilized for metabolic labeling because it contains all the
components involved in N-terminal protein modifica-
tions, such as methionine aminopeptidases, NMTs, and
NATs [23-25]). However, this cell-free protein synthesis
system has several disadvantages for the detection of co-
and posttranslational modifications. First, it takes a long
time (several days to weeks) to obtain the final results of
metabolic labeling, probably because the level of protein
expression is low. Second, to obtain clear results of meta-
bolic labeling, purification steps such as immunoprecipi-
tation or purification using an affinity column are
required. Since the specific antibodies against most of the

gene products derived from the cDNA in the cDNA
library are not available, the possibility of being able to
use a specific antibody for the metabolic labeling experiment
is quite low. For the affinity purification, the addition of
an epitope-tag such as His-tag, FLAG-tag, or myc-tag to
the 5’ or 3’ end of the cDNA is required. However, most
of the commercially available cDNA clones do not con-
tain an epitope-tag. Thus, it would be a great advantage if
the protein modification could be detected in the in vitro
translation system within a short period of time without
any purification step.

Recently, a cell-free protein synthesis system (Transdi-
rect™ insect cell) derived from Spodoptera frugiperda 21
{Sf21) insect cells has been developed. In the present
study, in vitro metabolic labeling of N-myristoylated pro-
tein in this newly developed cell-free protein synthesis sys-
tem was performed and the usefulness of this system for
detecting protein N-myristoylation was examined.

The results revealed that cotranslational protein
N-myristoylation of a model N-myristoylated protein
could easily be detected by metabolic Jabeling in an insect
cell-free protein synthesis system within a short period of
time (18 to 24 h) without any purification step, as shown
in Figs. 2 and 3. In addition, when the susceptibility of
tBid, a posttranslationally N-myristoylated cytotoxic pro-
tein that could not be expressed in the transfected cells, to
protein N-myristoylation was tested, N-myristoylation
was successfully detected by this assay system, as shown
in Fig. 6. Thus, metabolic labeling in an insect cell-free
protein synthesis system is found to be an easy and effec-
tive strategy to detect co- and posttranslational protein
N-myristoylation. '

Protein N-myristoylation is catalyzed by N-myristoyl-
transferase. The precise substrate specificity of this enzyme
has been characterized using purified enzyme and synthetic
peptides derived from the N-terminal sequences of known N-
myristoylated proteins [1,26,27]. From these studies, it was
revealed that, in addition to Gly at position 2, the amino acids
at positions 3, 6, and 7 play important roles, in substrate rec-
ognition by NMT [1,28,29]. In fact, we have previously shown
that the amino acid at position 3 strongly affects the protein
N-myristoylation by metabolic labeling of a series of model
N-myristoylated proteins in the in vitro translation system
derived from rabbit reticulocyte lysate [30). In the present
study, the same experiments were performed using two cell-
free protein synthesis systems (insect cell lysate and rabbit
reticulocyte lysate) and the N-myristoylation level was com-
pared. The results showed that exactly the same amino acid
requirements at position 3 were observed in the two different
cell-free protein synthesis systems as shown in Fig. 5. These
results clearly indicated that the substrate specificity of NMT
in the insect cell lysate is quite similar to that in rabbit reticu-
lacyte lysate.

Thus, metabolic labeling in an insect cell-free protein
synthesis system could be an easy and effective strategy to
detect co- and posttranslational protein N-myristoylation
in.a wide variety of eukaryotic cellular proteins.
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To evaluate the ability of an insect cell-free protein synthesis system to carry out proper protein
prenylation, several CAIX (X indicates any C-terminal amino acid) sequences were introduced
into the C-terminus of truncated human gelsolin (tGelsolin). Tryptic digests of these mutant
proteins were analyzed by MALDI-TOF MS and MALDI-quadrupole-ITTOF MS. The results
indicated that the insect cell-free protein-synthesis system possesses both farnesyltransferase
(FTase) and geranylgeranyliransferase (GGTase) 1, as is the case of the rabbit reticulocyte lysate
system. The C-terminal-amino acid sequence requirements for protein prenylation in this sys-
tem showed hlgh similarity to those observed in rat prenyltransferases. In the case of rhoC,
which is a natural geranylgeranylated protein, it was found that it could serve as a substrate for
both prenyliransferases in the presence of either famesyl or geranylgeranyl pyrophosphate,
whereas geranylgeranylation was only observed when both prenyl pyrophosphates were added to
the in vitro translation reaction mixture. Thus, a combination of the cell-free protein synthesis
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system with MS is an effective strategy to analyze protein prenylation.
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1 Introduction

The functional analysis of proteins in postgenomic studies
has been attracting considerable attention, and interest in
analyzing PTMs of proteins is increasing. Cell-free protein
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synthesis systems are assumed to be powerful tools for such
studies, because they are capable of translating exogenous
mRNAs with high speed {1] and they have the potential to
synthesize any desired proteins, including both native pro-
teins and those that are toxic to cells [2]). We developed a cell-
free protein synthesis system from Spodoptera frugiperda 21
(S£21) insect cells {3), which are widely used as the host for
baculovirus expression systems, and demonstrated . by
MALDI-TOF MS and MALDI-quadrupole-IT (QIT)-TOF MS
analysis that the insect cell-free protein synthesis system
could generate N-terminal protein modifications, such as
cleavage of the initiator Met, N-acetylation, and N-myri-
stoylation [4].

Prenylation is one of the important lipid modifications of
proteins, and it plays crucial roles in regulating reversible
protein-membrane and protein-protein interactions [5, 6].
Farnesyltransferase (FTase) and geranylgeranyltransferase
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(GGTase) I recognize a C-terminal CAAX motif (C is cyste-
ine, A is usually an aliphatic amino acid, and X is one of a
variety of amino acids) and covalently attach a farnesyl group
from famnesyl pyrophosphate (FPP) or a geranylgeranyl
group from geranylgeranyl pyrophosphate (GGPP) to the
free cysteine residue. The C-terminal amino acid residue is
the major determinant for the selection of which of the two
types of prenyl group is to be attached to the cysteine residue
[7, 8]. In recent studies, however, it was revealed that these
enzymes have overlapping preferences for their C-terminal

amino acid [9-11]. Therefore, it is quite difficult to predict -

whether uncharacterized CAAX-terminating peptides, with

their sequences deduced by sequencing of ¢cDNAs, will be

modified with a farmesyl or a geranylgeranyl group.
Metabolic labeling is an effective strategy for the analysis

of protein prenylation using a cell-free protein synthesis sys- -

tem [7, 12). A rabbit reticulocyte lysate cell-free system [13]
has been widely utilized for metabolic labeling, because it
contains all of the components involved in protein prenyla-
tion, such as FTase and GGTase I, etc. [14]. Metabolic labeling
has a great advantage for determining whether modifications
have occurred, in that it is quite simple. However, it cannot
be used to identify the exact location of the modification
unless mutagenesis studies are undertaken. In this study, we
established an effective strategy to analyze protein prenyla-
tion by combining an insect cell-free protein synthesis sys-
tem with MALDI-TOF MS and MALDI-QIT-TOF MS.

2 Materials and methods
2.1 Materials

Transdirect insect cell, which is based on the Sf21 extract, is a
commercial product of Shimadzu {Kyoto, Japan). Restriction
endonucleases and DNA modifying enzymes were pur-
chased from Toyobo (Osaka, Japan) and New England Bio-
labs (Ipswich, MA, USA). CHCA, 2,5-dihydroxybenzoic acid
(DHB), ANTI-FLAG® M2-Agarose from mouse, and FLAG®
peptide were purchased from Sigma (St. Louis, MO, USA).
GGPP triammonium salt and FPP triammonium salt solu-
tion were purchased from MP Biomedicals (OH, USA) and
Wako Pure Chemical Industries (Osaka, Japan), respectively.
Human ¢DNA clone rhoC (NM_175744) was purchased
from Toyobo.

2.2 Construction of vectors for the analysis of protein
prenylation

N-terminal FLAG-tag was introduced into the truncated hu-
man gelsolin (tGelsolin) gene by PCR using tGel-FLAG-N
(5-ATGGACTACAAGGATGACGATGACAAGGGCCTGG-
GCTTGTCCTAC-3') as the sense primer, tGel-C (5'-GGG-
GATCCTTAGGCAGCCAGCTCAGCCAT¥) as the ant-
sense primer, and pcDNA3-tGelsolin-FLAG [15] as the tem-
plate. The amplified DNA fragment was then treated with T4
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polynucleotide kinase. After digestion with BamHI, the
amplified fragment was subcloned into the EcoRV-BamHI
sites of a pTD1 vector [16], and the resulting vector. was
designated “as  pTD1-tGelsolin-FLAG. The nudleotide
sequence coding for RSHEHHFFCAIL, which contains a
geranylgeranylation motif, was inserted upstream of the stop
codon of tGelsolin, and this construct was. designated as
pTD1-tGelsolin-CAIL. PCR was performed using the tGel-
CAILF primer (5-TTCTTCTGTGCTATCCTGTAAGGATC-
CTCTAGAGTCGG-3'), the tGel-CAIL-R primer (5-ATGG-
TGCTCGTGGCTCCGGGCAGCCAGCTCAGCCAT-3), and
pTD1-tGelsolin-FLAG as the template. The amplified DNA
fragment was then treated with T4 polynucleotide kinase.
After the treatment, the DNA fragment was self-ligated and
transformed into Escherichia coli DH50. In order to investi-
gate the sequence requirements for protein prenylation, the
C-terminal Leu residue of tGelsolin-CAIL was replaced with
Ala, Cys, Phe, Met, GIn, or Ser, since these six amino acids
have been shown to be preferable as C-terminal amino acids
for prenyltransferase substrates [11]. These constructs were
generated following the same procedure as pTD1-tGelsolin-
CAIL and designated as pTD1-tGelsolin-CAIX (X is the C-
terminal amino acid residue). PCR was carried out using the
ARSHEH-R primer (5-GTGCTCGTGGCTCCGGGC-3/), the
CAIX . primer (5-CATTTCTTCTGTGCTATCNNSTAAG-
GAT-3', where the underlined NNS sequence indicates the
codon for one of the six amino acid re51dues) and pTD1-
tGelsolin-CAIL as the template.

The ORF of rhoC [17, 18], which is a well-characterized
natural prenylated protein, was also cloned into the pTD1
vector as follows: PCR was performed using the RhoC-FLAG
primer (5-ATGGACTACAAGGATGACGATGACAAGGCT-
GCAATCCGAAAGAAG-3'), the RhoC-kpry primer (5'-GGG-
GTACCTCAGAGAATGGGACAGCCC-3’), and rhoC cDNA
as the template. The amplified DNA fragment was then
treated with T4 polynucleotide kinase. After digestion with
Kpnl, the amplified fragment was subcloned into the EcoRV-
Kpnl sites of a pTD1 vector, and the resulting vector was
designated as pTD1-thoC-FLAG. The DNA sequences of
these recombinant constructs were confirmed by the
dideoxynucleotide chain termination method.

2.3 Preparation of mRNAs

The vectors were linearized by Hindlll, then purified by
phenci—chloroform extraction and ethanol precipitation. The
mRNAs were synthesized and puwrified as previously
described 4].

2.4 Purification of the proteins

Cell-free protein synthesis was carried out at a 1 mL scale
using the Transdirect insect cell with or without the addition
of GGPP or FPP at a final concentration of 50 uM. Reactions
were performed by adding prepared mRNA followed by
incubation at 25°C for 4 h. After the reaction, 100 uL of 20%
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w/v Triton X-100 was added to the reaction mixture, which
was then centrifuged at 15000 rpm for 15 min. The super-
natant was desalted using a PD-10 column (GE Healthcare,
Piscataway, USA) equilibrated with 50 mM Tris-HCI, pH 8.0,
containing 300 mM NaCl and 2% w/v Triton X-100 (buffer
A). The void volume was collected and applied to an ANTI-
FLAG M2-Agarose column (0.5 mL) equilibrated with buffer
A. The column was washed with the same buffer (1.0 mL)
and then further washed with Tris-HCl, pH 8.0, containing
300 mM NaCl (4.0 mL, buffer B). The protein was eluted
with buffer B containing 100 pg/mL FLAG peptide (2.5 mL).
The eluate was concentrated to about 30 pL by ultrafiltration
(molecular weight cutoff = 10 kDa). In the case of rhoC pro-
tein, purification was performed using the same buffer sys-
tems containing 100 pM GTP. The purities and yields of the
expressed proteins were estimated by SDS-PAGE using pu-
rified tGelsolin [4] as a standard. The concentrates were
stored at —20°C until use. :

25 MS

The affinity-purified proteins (about 0.5-1 pg) were electro-
phoresed on an $DS-polyacrylamide gel and then stained
with CBB R-250. The protein band was reduced and S-alkyl-
ated with iodoacetamide and then digested overnight with
trypsin (Promega, Madison, W1, USA) or lysyl endopeptidase
{Lys-C) (Wako Pure Chemical Industries). The tryptic digests
were extracted twice using 60% v/v ACN containing 0.1% v/v
TFA and 0.1% w/v n-octyl-B-p-glucopyranoside (Wako Pure
Chemical Industries). In the case of Lys-C digests, peptides
were extracted twice using 50% ACN containing 0.1% TFA.
The extracted solution was dried, then dissolvedinto 10 pL of
50% v/v ACN containing 0.1% v/v TFA. The sample was
mixed with CHCA or DHB solution (10 mg/mL in 50% v/v
ACN containing 0.1% v/v TFA). The mass spectra and MS/
MS spectra were acquired in reflectron positive ion mode
with an AXIMA-CFR-plus MALDI-TOF MS instrument and
an AXIMA-QIT MALDI-QIT-TOF hybrid mass spectrometer
(Shimadzu/Kratos, Manchester, UK), respectively.

3 Results

3.1 Preparation of prenylated proteins using an
insect cell-free protein synthesis system

To evaluate the performance of this system in carrying out
proper protein prenylation in an ingect cell-free protein syn-
thegis system, Transdirect insect cell, CAAX sequences such
as — CAIL (geranylgeranylation) and — CAIS {farnesylation)
were introduced into the C-terminus of tGelsolin [15]. N-ter-
minal FLAG-tagged tGelsolin mutants were expressed using
the insect cell-free protein synthesis system with or without
the addition of GGPP or FPP. Cell-free synthesized proteins
were purified by affinity chromatography. For the translation
reaction in the absence of prenyl pyrophosphate, each puri-
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fied tGelsolin mutant protein was detected as a main band
with an apparent molecular mass of 46 kDa (about 70-80%
purity) (Fig. 1; lanes 1 and 3). On the other hand, for the
reactions in the presence of FPP or GGPP, a protein having
50 kDa and some extra bands were also detected in addition
to the 46 kDa protein band (Fig. 1: lanes 2 and 4). The 50 kDa
protein was identified as -tubulin by PMF (data notshown), -
but we cannot explain the reason why p-tubulin was coeluted
in the purification step. : :

These protein bands were reduced and S-alkylated and
then digested with trypsin. The tryptic digests were analyzed
by MALDI-TOF MS, and the MS spectra produced from
these samples were almost identical (Fig. 2A). In the case of
the tGelsolin-CAIL mutant, which was assumed to be ger-
anylgeranylated, when GGPP was added to the in vitro
translation reaction mixture, a peak corresponding to the
geranylgeranylated C-terminal tryptic peptide (theoretical
monoisotopic mass value = 1612.87) was clearly observed at
the m/z value of 1612.81, whereas the carbamidomethylated
C-terminal peptide - (theoretical monoisotopic mass
value = 1397.64) was not detected at all (Fig. 2B-b). When
GGPP was not added, only a peak equivalent to the carb-
amidomethylated C-terminal peptide was detected at the m/z
value of 1397.56 (Fig. 2B-a). The peptide peak at m/z1612.87
was subjected to MS/M S analysis and was identified as the C-
terminal tryptic fragment in which the cysteine residue in

(Celsolin-CALL ”""E’ FLAGY | tCelsolin }J\Sll EHHEFCAN,

1Cclwlin-CAIS Am-l,"‘f kol I-n.«sm:mu"rc.us

Tt
tn

[
W

Figure 1. SDS-PAGE of the affinity-purified tGelsolin mutant
proteins. The mRNAs transcribed from the pTD1-tGelsolin-CAIL
(lanes 1 and 2) and pTD1-tGelsolin-CAIS (lanes 3 and 4) were in-
dividually translated using the insect cell-free protein synthesis
system either with ({lane 2) or without (lane 1) the addition of
GGPP, and either with {lane 4) or without {lane 3) the addition of
FPP, respectively. Two microliters (lanes 1 and 3} and 6 L (lanes 2
and 4) of the concentrates were electrophoresed on a 10% SDS-
PAGE. Lane 5: purified tGelsolin (1 ugl {4l
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Figure 2. MALDI-mass spectra showing tryptic digests of the
tGelsolin-CAIL and tGelsolin-CAIS mutant proteins. Tryptic
digests of the tGelsolin-CAIL and tGelsolin-CAIS mutant proteins
translated either without (a) or with (b} the addition of GGPP, and
either without (c) or with (d) the addition of FPP were analyzed by
MALDI-TOF MS. The acquired profiles focused on a mass/charge
range from 1000 to 5000 (A) and from 1300 to 1700 (B). Open
boxed, solid, and dotted arrows indicate peaks corresponding to
the C-terminal tryptic peptides containing a carbamidomethy-
lated, farnesylated, or geranylgeranylated cysteine in the CAAX
motif, respectively.

the CAAX motif was geranylgeranylated (Fig. 3A). In the
case of the tGelsolin-CAIS mutant, which was predicted to be
farnesylated, a probable peak corresponding to the farnesy-
lated C-terminal tryptic peptide (theoretical monoisotopic
mass value =1518.76) was detected at the mi/z value of
1518.60 only when FPP was added to the in vitro translation
reaction mixture (Fig. 2B-d). On the other hand, in the
absence of FPP, a peak corresponding to the carbamido-
methylated C-terminal tryptic peptide (theoretical mono-
isotopic mass value = 1371.59) was observed at the m/z value
of 1371.52, but none was seen at the position for the farne-
sylated peptide (Fig. 2B-c). The peptide peak at m/z 1518.60
was identified as the farnesylated C-terminal peptide frag-
ment by MS/MS analysis (Fig. 3B). These results clearly
indicated that the Sf21 extract contains FTase and GGTase I,
as was found for the rabbit reticulocyte lysate [14]. Further-
more, the results suggest that protein prenylation could be
contrclled by the addition of prenyl pyrophosphate to the
reaction mixture of the Transdirect insect cell.
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Figure 3. MALDI-MS/MS spectra of the probably prenylated C-
terminal peptides from the tGelsolin-CAIL and tGelsolin-CAIS
mutant proteins. MS/MS analyses were performed for the peaks
at m/z 1612.81 observed for the tGelsolin-CAIL {A) and at m/z
1518.60 for the tGelsolin-CAIS (B). The observed fragment ions
are indicated in the sequences shown.

3.2 Effect of the C-terminal amino acid residue on the
protein prenylation reaction

To evaluate the effect of the C-terminal amino acid residue
on the protein prenylation reaction, seven tGelsolin-CAIX
mutants (X=A,C, F, L, M, Q, and S, which are preferred C-
terminal amino add residues for FTase or/and GGTase I)
were constructed. In vitro translation reactions were carried
out in the presence of FPP or GGPP using mRNAs tran-
scribed from pTD1-tGelsolin-CAIX as the template. All the
mutant proteins were successfully expressed (data not
shown). The susceptibility to protein prenylation was ana-
lyzed by the same method described above. Tables 1 and 2
summarize the calculated and observed C-terminal tryptic
digests of tGelsolin-CAIX proteins generated in the presence
of FPP and GGPP in the translation reaction mixture,
respectively.

When FPP was added to the in vitro translation reaction
mixlure, peaks corresponding to the farnesylated C-terminal
tryptic peptide were observed in the MS spectra for all
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Table 1. Calculated and observed monoisotopic mass values for the tryptic C-terminal peptide of tGelsolin-CAIX
proteins obtained after FPP was added to the in vitro translation reaction mixture

X residue Calculated mass value ‘Observed mass value
CAM® FARY GERAY CAM FAR GERA

A 1355.59 1502.76 1570.82 ND¥ 1502.82 ND
Cc 144459 1591.75 1659.82 ND .~ 1591.78 - ND
F 1431.63 1578.79 1646.86 1431.64 1578.71 ND
L 1397.64 1544.81 1612.87 1397.65 1544.85 ND
M 1415.60 1562.76 1630.83 ND 1562.66 ND
Q 1412.62 1559.78 1627.85 ND 1569.73 ND
S 1371.69 1518.76 1586.82 ND 1518.60 ND

a) Carbamidomethylated.
b) Farnesylated.

¢) Geranylgeranylated.
d) Not detected.

Table 2. Calculated and observed monoisotopic mass values for the tryptic C-terminal peptide of tGelsolin-CAIX
proteins after GGPP was added to the in vitro translation reaction mixture

X residue Calculated mass value Observed mass value
CAM? - FARY GERA® CAM FAR ’ GERA

A 1355.59 1502.76 1570.82 1355.53 ND® ND

C 1444.59 1591.75 1659.82 1444.5% ND ND

F 1431.63 1578.79 1646.86 1431.62 ND 1646.81
L 1397.64 -1544.81 1612.87 ND ND 1612.81
M 1415.60 1562.76 1630.83 ND ND 1630.80
Q 1412.62 1559.78 1627.85 1412.68 ND ND

S 1371.59 1518.76 1586.82 1371.52 ND ND

a) Carbamidomethylated.
b) Farnesylated’

¢) Geranylgeranylated.
d) Not detected.

mutant proteins. Carbamidomethylated C-terminal tryptic
peptides were not detected at all in the tGelsolin-CAIA, -
CAIC, -CAIM, -CAIQ, and -CAIS mutant proteins (Table 1
and Fig. 4A). In the case of the tGelsolin-CAIF mutant pro-
tein, a farnesylated C-terminal peptide was predominantly
detected in comparison with the carbamidomethylated pep-
tide. On the other hand, the intensity of a peak correspond-
ing to the carbamidomethylated C-terminal peptide was
stronger than that of the farnesylated one in the tGelsolin-
CAIL mutant protein (Fig. 4A). We confirmed that these
mutant proteins were farnesylated after the addition of FPP
to the in vitro translation reaction mixture by MS/MS analy-
ses (data not shown). These results suggested that the tGel-
solin-CAIX mutants containing C-terminals A, C, (F), M, Q,
or S were effectively faresylated, and these C-terminal
amino acid preferences were quite similar to those observed
for a rat FTase {11].

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

When in vitro translation reactions were performed in
the presence of GGPP, peaks equivalent to the geranylger-
anylated C-terminal tryptic peptide were observed in the
tGelsolin-CAIF, -CAIM, and -CAIL mutant proteins (Table 2
and Fig. 4B), although a peak corresponding to the carbami-
domethylated peptide in the tGelsolin-CAIF mutant protein
was also detected. Furthermore, geranylgeranylation of the
tGelsolin-CAIF, -CAIM, and -CAIL mutant proteins at their
C-termini was confirmed by MS/MS analyses (data not
shown). However, in the case of tGelsolin-CAlA, -CAIC, -
CAIQ, and -CAIS mutant proteins, geranylgeranylated C-
terminal tryptic peptides could not be detected at all (Table 2
and Fig. 4B). These results suggested that the C-terminal (F),
L, and M mutants of tGelsolin-CAIX were effectively ger-
anylgeranylated. The C-terminal amino acid sequence
requirements for protein geranylgeranylation in the insect
cell-free protein synthesis system showed high similarity to
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Figure 4. Effect of the C-terminal amino acid residue on the type
of protein prenylation reaction. The mRNAs encoding tGelsolin-
CAIX{X=A,C,FM,L, Q, and S) were translated in the presence
of FPP (A) or GGPP (B). In the case of tGelsolin-CAIF and tGelso-
lin-CAIM constructs, these mRNAs were also translated with the
addition of both FPP and GGPP (25 uM each) (C). Tryptic digests
of affinity-purified mutant proteins were analyzed as described in
Section 2. Open boxed, solid, and dotted arrows indicate peaks
corresponding to the C-terminal tryptic peptides containing a
carbamidomethylated, farnesylated, or geranylgeranylated cys-
teine in the CAAX motif, respectively.

those observed for a rat GGTase I, except for a C-terminal
cysteine, in which case the rat GGTase I could catalyze the
TKCVIC hexapeptide [11].

We also performed cell-free protein synthesis of the
tGelsolin-CAIF and -CAIM mutants in the presence of both
FPP and GGPP ({final 25 or 50 uM each), because these
mutant proteins were modified with a farnesyl and ger-
anylgeranyl group when either of the prenyl pyrophosphates
was added to the reaction mixture. MS spectra of the tryptic
digests from each protein were almost identical, regardless
of the concentration of added prenyl pyrophosphates (data
not shown). A mass spectrum of tryptic digests of tGelsolin-
CAIM mutant protein suggested that the mutant protein was
predominantly farnesylated but was not geranylgeranylated

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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{Fig. 4C). On the other hand, in MS of the tGelsolin-CAIF
mutant protein, we observed peaks corresponding to both
farnesylated and geranylgeranylated C-terminal tryptic pep-
tide in the presence of FPP and GGPP (Fig. 4C). These
results indicate that the tGelsolin-CAIM mutant protein is
the favored substrate for FTase, rather than GGTase I, and
that the tGelsolin-CAIF mutant protein can serve as a sub-
strate for both prenyltransferases. These findings were in
good agreement with a previous report {19].

3.3 Analysis of prenylation occurring on the rhoC
protein

To evaluate whether our strategy to analyze protein prenyla-
tion is applicable to naturally prenylated proteins, we chose
human rhoC as a model protein, because geranylgeranyla-
tion of rhoC has been established by in vivo metabolic label-
ing [18]. N-terminal FLAG-tagged rhoC was synthesized
using the insect cell-free protein synthesis system with the
addition of FPP and/or GGPP or without the additon of
prenyl pyrophosphate. When GGPP was added to the reac-
tion mixture, the resulting affinity-purified proteins migra-
ted more slowly than those obtained by translation without
GGPP (Fig. 5). Lys-C digests from these protein bands were
analyzed by MALDI-TOF MS. MS spectra of these samples
were almost identical and showed that these bands were
rhoC (Fig. 6A). When the cysteine residue in the CAAX motif
was modified by a carbamidomethyl, farnesyl, or geranylger-
anyl group, the calculated monoisotopic mass values of the

Rhal-FLAG

Figure 5. SDS-PAGE of the affinity-purified rhoC proteins. The
mRNA transcribed from the pTD1-rhoC-FLAG was translated
using the insect cell-free protein synthesis system without the
addition of preny! pyrophosphate (lane 1) or with the addition of
FPP {lane 2}, GGPP (lane 3), or FPP and GGPP (25 uM each) (lane
4). Three microliters (lanes 1 and 2) and 6 pl {lanes 3and 4) ofthe
concentrates were electrophoresed on a 15% SDS-PAGE. Lane 5:
purified tGelsolin {1 ug) [4].
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Figure 6. MALDI-mass spectra of Lys-C digests of the rhoC pro-
teins. The mRNA transcribed from pTD1-rhoC-FLAG was trans-
lated without the addition of prenyl pyrophosphate (a) or with the
addition of FPP (b), GGPP (c), or FPP and GGPP (25 1M each) (d).
The acquired profiles focused on a mass/charge range from 500
to 4000 (A) and from 1000 to 1300 (B). Open boxed, solid, and
dotted arrows indicate peaks corresponding to the C-terminal
Lys-C digests containing a carbamidomethylated, farnesylated,
or geranylgeranylated cysteine in the CAAX motif, respectively.

C-terminal peptides obtained by Lys-C digestion of the rhoC
protein were 1027.59, 1174.76, and 1242.82, respectively. In
the translation reaction without prenyl pyrophosphate, only
a peak equivalent to the carbamidomethylated C-terminal
peptide was observed at m/z 1027.57 (Fig. 6B-a). This result
indicated that the thoC protein, as in the case of tGelsolin-
CAIX mutant proteins, was not modified with a prenyl group
without the addition of prenyl pyrophosphate to the insect
cell-free protein synthesis system. When FPP was added to
the translation reaction mixture, two peaks corresponding to
the carbamidomethylated and farnesylated C-terminal pep-
tides were observed at m/z 1027.57 and 1174.75, respectively.
This result suggested that the rhoC protein could serve as a
substrate for FTase, and it was partially farnesylated in the
insect cell-free protein synthesis system. A peak equivalent to
the geranylgeranylated C-terminal peptide was detected at
m/z 1242.83 when GGPP or both of the two prenyl pyrophos-
phates were added to the translation reaction mixture, but
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Figure 7. MALDI-MS/MS spectra of the probably prenylated C-
terminal peptides from the rhoC proteins. MS/MS analyses were
performed for the peaks at m/z 1174.75 (A) and m/z 1242.83 (B)
that were detected in Fig. 6. The observed fragment ions are
indicated in the sequences shown.

the carbamidomethylated peak was barely detectable (Fig. 6B-
¢ and B-d). These results sirongly indicated that the rhoC
protein was a better substrate for GGTase ! than for FTase.
The two peaks that probably corresponded to prenylated
peptides, at m/z 1174.75 and 1242.83, were identified as the
C-terminal Lys-C peptides containing farnesyl and ger-
anylgeranyl groups, respectively, by MS/MS analyses (Fig. 7).

4 Discussion

FTase and GGTase I recognize the C-terminal CAAX motifin
proteins. Small GTP-binding proteins [7, 10, 12, 14, 18],
nuclear lamins [20], and y-subunits of heterotrimeric G pro-
teins [21, 22] have been identified as substrates for these
prenyliransferases. Protein prenylation plays a key role in the
functions of these proteins. It has been thought that the C-
terminal amino acid residue in the CAAX motif would be a
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key element directing which kinds of prenyl groups-are
attached to the cysteine residue [7, 8, 20, 21]. MS analyses
were performed in order to evaluate the ability of an insect
cell-free protein synthesis system, Transdirect insect cell, to
generate proper protein prenylation, and to establish an
effective strategy to analyze the PTM in detail. We found that
the insect cell-free protein synthesis system, as is the case
with the rabbit reticulocyte lysate system, possesses both
prenyltransferases. Furthermore, the substrate specificities
of prenyltransferases in the insect cell-free protein synthesis
system showed a high similarity to those in mammalian
prenyltransferases.

It has been shown that FPP is converted to GGPP in
cholesterol synthesis pathways in eukaryotic cells and in
rabbit reticulocyte lysate [14]. In the insect cell-free protein
synthesis system, we could not detect an MS peak equivalent
to the geranylgeranylated C-terminal peptide in the tGelso-
lin-CAIX and rhoC proteins after FPP was added to the in
vitro translation reaction mixture. This might have been due
to the addition of excess FPP, because protein prenylation
could be detected by metabolic labeling using [*H]mevalonic
acid in the insect cell-free protein synthesis system {data not
shown).

In naturally prenylated proteins having the C-terminal
CAAX motif, the three amino acid peptide (AAX) of the
CAAX motif is cleaved by an endoprotease [23, 24] after pre-
nylation. The newly exposed carboxyl group of the prenylated
cysteine residue is then methylated on its o-carboxyl group
by a methyltransferase {25, 26]. These enzymes are specifi-
cally localized in microsomes. Our results, however, indi-
cated that the C-terminal proteolytic cleavage and carboxyl
methylation did not occur in the cell-free synthesized pro-
teins. We think that adding microsomal membranes to the
insect cell-free protein synthesis system, however, could
generate these PTMs, because N-linked glycosylation and
signal peptide cleavage occurred in the presence of canine
pancreatic microsomal membranes in our system (Utsumi,
T et al., unpublished results).

As described above, the X residue in the CAAX motifis a
major determinant for substrate specificities of pre-
nyltransferases. However, recent studies have shown that
these enzyme substrate specificities are more complex. For
example, N-ras, K-ras4A, and K-ras4B, of which each have a
methionine residue at their C-terminus, were effective sub-
strates for both prenyltransferases in vitro [10] and in vivo
[27). Similarly, rhoB protein, which has a C-terminal leudne
residue, was found to be modified with both farnesyl and
geranylgerany! groups in vitro and in vivo [18]. Our present
results show that mutant proteins of tGelsolin and rhoC
protein having C-terminal F, M, and L residues were recog-
nized by both prenyliransferases. Thus, it is impossible to
predict which prenyl group(s) will attach to the cysteine
residue in the CAAX motif based on the C-terminal residue,
and this must be determined experimentally. On the other
hand, it might be possible to predict whether target proteins
containing the CAAX motif are modified in vivo by the far-

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Technology 1949

nesyl and/or geranylgeranyl group by the addition of both
prenyl pyrophosphates to an insect in vitro translation reac-
tion mixture, because tGelsolin-CAIM and rhoC. proteins
were selectively modified with the farnesyl and geranylger-
anyl groups, respectively, in the presence of both prenyl
pyrophosphates. . - '

It has been shown that metabolic labeling using
[*Hjmevalonic acid or [*H}mevalonolactone is an effective
method to analyze protein prenylation. Prenyl group struc-
tures can be identified by GC [21], gel-permeation chroma-
tography [7, 14], or by HPLC [12, 18, 28] after releasing the
protein-bound lipids-with Raney nickel or methyl iodide.
However, it is necessary to construct a mutant (typically ser-
ine) of the cysteine residue in the CAAX motif to identify the
exact location of the modification. Mass spectrometric analy-
ses not only provide information on the lipid structures, but
they also give the exact location of the modification. Thus,
the combination of an insect cell-free protein synthesis sys-
tem and MS could be an effective strategy to accurately char-
acterize protein prenylation.

W are grateful to Mr. Shinichiro Kobayashi, Dr. Masaki
Yamada, and Mr. Daisuke Nakayama, Shimadzu Corporation,
for helpful discussions of mass spectrometric analyses.
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