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Figure 4. Shotgun-based analysis of membrane proteins of pluripotent and differentiated murine ESCs. (A) Examples of the MS and MS/
MS spectra data obtained in the present study. The reporter peaks of m/z= 114 and 117 are from the iTRAQ reagents. The integration of the
peak area reflects the quantity of peptide. (B) Subcellular localization of proteins identified using 2-D LC methods. (C) Venn diagram of
shared and unique membrane and membrane-associated proteins identified by 2-D DIGE and 2-D LC. The numbers in the diagram indicate

the number of identified proteins by each method.

the expression levels of a control protein, o-tubulin, were not
decreased. The densitometric measurements of these bands
from three independent experiments are summarized in
Fig. 5B. Some of the identifled proteins, i.e., Slc16al, Akt2,
and ErbB4, were down-regulated to a greater extent than the
well-established undifferentiated-state marker, Nanog.
Immunofluorescence staining of murine ESCs cultured for
7 days without LIF further verified that the expression of
these membrane proteins was specific for undifferentiated
murine ESCs (Fig. 5C). Confocal microscopy of the undif-
ferentiated murine ESCs revealed that Slc16al and Bsg
colocalized to the surface of the plasma membrane in pluri-
potent murine ESCs (Fig. 5D), suggesting the cooperative
action of these proteins in ESCs.

4 Discussion

Since undifferentiated murine ESCs are sensitive to
extracellular stimuli, such as growth factors and extra-
cellular matrix components, and can differentiate into
various cell lineages, transmembrane and membrane-
associated proteins are suggested to play important roles
in the maintenance of pluripotency. In the present study,
we prepared the membrane fractions from murine ESCs
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cultured with or without LIF for 7 days, i.e., from pluri-
potent and differentiated cells, respectively. The observed
profiles of undifferentiated cell markers (AP, Oct-3/4, and
SSEA-1) and cell morphologies confirmed the successful
preparation of cells used for subsequent proteomic analy-
ses.

For the preparation of membrane fractions, two methods
were used. For the 2-D DIGE analysis, the ESC surface pro-
teins were labeled with a minimal concentration of
impermeable biotinylating reagent. The membrane fractions
were separated by sucrose density gradient centrifugation,
and further purified using streptavidin beads. For the shot-
gun method, the plasma membrane fraction was prepared
by sucrose density gradient centrifugation without biotinyla-
tion. Although the former method using biotin-avidin puri-
fication seems to be theoretically more effective than the lat-
ter method for the purification of membrane proteins, the
results obtained from MS analyses of the former samples
revealed that the percentage of membrane and membrane-
associated proteins among the total identified proteins was at
most 45%, while the latter method gave a similar percentage
(41%). This could be due to the difficulties associated with
the separation of hydrophobic proteins by IEF and SDS-
PAGE. Similar results have been reported by other research-
ers using this method [14].
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These problems can be overcome by using the shotgun
method, in which membrane proteins are initially digested
with a specific protease and the resultant small peptides are
separated by multiple HPLCs. The shotgun method with 2-D
LC gave apparently superior results to the 2-D gel-based
method, and more than 80% of all the identified membrane
and membrane-associated proteins were detected with this
approach (Fig. 4C). Despite the disadvantage of hydrophobic
membrane proteins, the 2-D gel-based method identified
33% of the total membrane and membrane-associated pro-
teins (Fig. 4C). Moreover, the 2-D gel-based method identi-
fied 65 unique proteins that were not identified by the shot-
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specific membrane proteins
expressed in murine ESCs. (A)
Western blot analysis of pluri-
potent-specific membrane pro-
teins in whole lysates of murine
ESCs cultured for 7 days with or
without LIF. The levels of these
proteins  were specifically
decreased when the ESCs were
cultured without LIF. (B) Quanti-
N fication of the Western blotting
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blots from three independent
experiments were quantified
using a densitometer. The
amount of protein in the murine
ESCs cultured with LIF was
designated as 100. Error bars
indicate the SEM of these
experiments. The p-values cal-
culated by Student’s t-test were
under 0.001. (C) immuno-
fluorescence analysis of the
membrane proteins identified in
murine ESCs. Bar, 200 um. (D)
Subcellular  localization  of
Slc16at and Bsg in murine
ESCs. Immunofiuorescence
analysis by confocal imaging
reveals colocalization of Slc16a1
(red) and Bsg (green). Bar,
100 um.

in (A). The protein bands in the
DAPI

gun method. These results suggest that a complementary
approach comprising the 2-D gel-based and shotgun-based
methods would generate more complete lists of proteins,
even when the samples were hydrophobic membrane pro-
teins.

For the separation step of shotgun-based method, we
adopted a ZIC-HILIC, with a combination of RPLC as the
separation mode for the peptides after trypsin digestion.
Recently, we compared this method with the most com-
monly used HPLC separation method, a combination of cat-
ion exchange chromatography with RPLC, using HSA as a
model sample. ZIC-HILIC and RPLC gave superior separa-
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Table 1. Examples of pluripotency-specific membrane proteins identified in the present study

Gl accession no. Protein identity LiF = ratio
gi[74183928 Solute carrier family 16 {monocarboxylic acid transporters), member 1 0.0000
gi|467233 Receptor-protein tyrosine kinase 0.1928
gi|23510249 WD repeat membrane protein PWDMP 0.2243
gil26353502 Embigin 0.2360
0i|12836173 Solute carrier family 29 (nucleoside transporters), member 1 0.2498
gi[20072784 Thymoma viral proto-oncogene 2 (Akt2) 0.2562
gi[21730677 Chain C, alpha-catenin fragment, residues 385-651 0.2648
gi[74220144 Solute carrier organic anion transporter family, member 3a1 0.2803
gib6748886 Sodium channel protein type 11 subunit alpha 0.2809
gi|13905180 Pyrroline-5-carboxylate reductase family, member 2 0.2901
gi|74355249 Olfactory receptor 424 0.2901
gi|94370659 Progesterone receptor membrane component 2 0.2929
gi|49750 Solute carrier family 3 (activators of dibasic and neutral amino acid transport) member 2 0.2932
gil74215107 Solute carrier family 2 (facilitated glucose transporter), member 1 0.2963
gi|16307446 Bsg protein 0.3005
gi|11596855 Transferrin receptor 0.3105
gi|18044806 Glycoprotein, synaptic 2 0.3143
gil83745122 Catenin {cadherin associated protein), delta 1 0.3165
gil10946684 5-Hydroxytryptamine receptor 6 0.3249
gi|74195593 Solute carrier family 38, member 4 0.3400
gi[74198177 Integrin alpha 6 0.3434
gi|74141534 Solute carrier family 16 (monocarboxylic acid transporters), member 3 0.3438
gil20070698 Solute carrier family 7, member 5 0.3608
gii225753 E-cadherin 0.3618
gi|13876314 Protocadherin beta 6 0.3752
gij94377177 Receptor-type tyrosine-protein phosphatase zeta precursor 0.3884
gi|10048460 Basal cell adhesion molecule 0.3989
gi|32057721 Olfactory receptor Olfr646 0.4383
gil26364462 Bone marrow stromal cell antigen 2 0.4742
gii21706627 Solute carrier family 2, member 3 0.4812
gil22129197 Olfactory receptor 133 0.4873
gi|31560574 Iintegrin alpha 5 0.5086
gi|74184247 V-erb-a erythroblastic leukemia viral oncogene homolog 4 0.5128
gi|45504394 Integrin beta 1 (fibronectin receptor beta) 0.5163
gii82659759 FAT tumor suppressor homolog 4 0.5714
gi49903953 PTK7 protein tyrosine kinase 7 0.6286
gi|16307488 Interferon induced transmembrane protein 3 0.6712

tion of the peptide mixture and resulted in more MS/MS
spectra of the peptides in the subsequent proteomic analysis
(A. Intoh et al., unpublished data). Our preliminary data
from murine ESC membrane protein samples also suggests
markedly improved protein identification with a combina-
tion of ZIC-HILIC and RPLC (data not shown).

After extensive database searching, the membrane and
membrane-associated proteins specifically expressed in
pluripotent murine ESCs were identified. They included
receptors, channels, adhesion proteins, and signaling mole-
cules. Among these, a pluripotent ESC-specific marker, E-
cadherin, was identified. E-cadherin functions as an adhe-
sion molecule during eatly embryonic development {26}, and
is used as a cell surface markey, as are SSEA-1 and AP activity,
for ESCs [27]. We also identified B-catenin (see Supporting
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Information Table 2), which binds to E-cadherin [26]. Dele-
tion of E-cadherin causes the differentiation of ESCs [28],
which suggests important roles for E-cadherin in the main-
tenance of murine ESC pluripotency. The identification of
these proteins verified the reliability of our quantitative pro-
teornics analyses.

Some novel membrane proteins that are specifically
expressed in pluripotent murine ESCs were identified.
Solute carrier family 16, member 1 (Slc16al) is one of the
monocarboxylic acid transporter {(Mct) family members. Bsg
is a member of the Ig superfamily proteins and is a key factor
in mouse blastocyst implantation [29]. Bsg interacts with
Slc16al[29]. These two transmembrane proteins were down-
regulated during the differentiation of murine ESCs
(Figs. 5A-C). Colocalization of these proteins in murine
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ESCs was confirmed by immunofluorescence analysis
(Fig. 5D). Mct and Bsg function as essential transporters for
pyruvate and lactate (but not glucose) as energy sources in
very early embryogenesis [30]. Specific down-regulation of
Slc16al and Bsg during the differentiation of murine ESCs
suggests that these factors are also essential for the main-
tenance of the undifferentiated state of murine ESCs in vitro.
Moreover, many solute carrier family members were identi-
fied as up- or down-regulated membrane proteins, which
suggests dynamic switching of metabolite preferences dur-
ing the differentiation of murine ESCs in vitro [31].

Another undifferentiated cell-specific protein, Akt2, is a
member of the Rac serine/threonine protein kinase includ-
ing Akt family, which is implicated in the regulation of cell
cycle progression, cell death, adhesion, migration, metabo-
lism, and tumorigenesis [32]. Phosphoinositide 3-kinase
(P13K)/Akt signaling has been proposed as a regulatory sys-
tem for ESCs, and Aktl is involved in the maintenance of
murine and human ESCs [33]. After the withdrawal of LIF,
the murine ESCs showed decreased expression of Akt2,
which suggests that Akt2 plays similar functions to Aktl in
the maintenance of pluripotency. In addition, PI3K/Akt acti-
vated factors downstream of other signaling pathways, e.g.,
basic FGF and integrins [34]. Thus, multiple signaling would
cooperatively regulate the pluripotency of ESCs through
activation of the PI3K/Akt signaling pathway. The increased
expression of Akt2 in undifferentiated murine ESCs further
underlines the importance of this protein for the main-
tenance of ESC multipotency.

EphA2 was also identified as a membrane protein that
showed decreased expression during murine ESC differ-
entiation upon LIF withdrawal. EphA2 is a member of the
Eph family of receptor tyrosine kinases. Most Eph family
members are expressed in developing embryos and tumor
cells. The cellular function of EphA2 has been linked to cell
proliferation [35]. The inhibition of EphA2 led to failure of
growth and neoangiogenesis in human and mouse tumor
cells [36]. Undifferentiated murine ESC-specific expression
of EphA2 suggests the possibility that EphA2 plays similar
roles in the proliferation of murine ESCs. Curiously, the
expression of EphA2 is regulated by E-cadherin. Membrane
localization and phosphorylation of EphA2 are dependent
upon E-cadherin-mediated adhesion in mammary epithelial
cells [37]. Moreover, deletion of E-cadherin leads to failure of
the EphA2 receptor to localize at cell<ell contact points [38].
Cooperative down-regulation of EphA2 and E-cadherin dur-
ing murine ESC differentiation may contribute to the effi-
cient dissociation of murine ESCs from the round-shaped
colonies and may promote differentiation by modulating cell
proliferation.

Proteomic analysis with 2-D DIGE also identified the
epidermal growth factor receptor family member ErbB4 as
one of the membrane proteins down-regulated during mur-
ine ESC differentiation. ErbB4 is expressed in developing
and mature organs, including the heart, breast, and brain
[39]. The ErbB receptors (ErbB1—4) and their ligands, neu-
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regulins, function cooperatively for the survival and prolifer-
ation of skeletal muscle stem cells [40]. Gene-targeted inacti-
vation of ErbB4 in mice results in mid-embryonic lethality
due to failure of myocardial trabeculae development [39].
Moreover, neuregulins promote the proliferation of hippo-
campus-derived neural progenitor cells (NPCs) and maintain
the progenitor states of NPCs via the ErbB-phospholipase C/
protein kinase C (PLC/PKC) pathway [41]. Thus, ErbB4
appears to be an essential factor for embryogenesis and the
proliferation of stem cells. Our finding of pluripotent mur-
ine ESC-specific expression of ErbB4 suggests an additional
function as a factor promoting the proliferation of murine
ESCs.

In conclusion, this is the first report of the quantitative
proteomics of the membrane proteins in pluripotent and
differentiated ESCs. We hypothesized that pluripotent stem
cells have functional and specific surface membrane proteins
given their sensitivity to extracellular conditions. Indeed,
various receptors and cell adhesion molecules that are speci-
fically expressed in pluripotent murine ESCs were success-
fully identified, suggesting that these ligand-receptor signal-
ing activities are crucial for murine ESC pluripotency. More-
over, other pluripotency-specific membrane proteins, such as
transporters and channels, were identified. These results
suggest that the transport of small molecules across the
plasma membrane regulates the pluripotency of murine
ESCs. These membrane proteins identified in pluripotent
murine ESCs may be useful as pluripotency-specific markers
or surface antigens for stem cell purification. These mem-
brane proteins may be involved not only in the maintenance
of pluripotency, but also in the reprogramming of somatic
cells, as described recently [42, 43], whereby a combination of
ESC-specific factors reprograms embryonic and somatic
fibroblasts to induce pluripotent stem (iPS) cells. Further
investigations will uncover the precise roles of these identi-
fied membrane proteins in the regulation of ESCs.

We are grateful to Chizuko Takamura for excellent technical
assistance with the MALDI-TOF-MS/MS analysis.
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Mutagenesis of longer inserts by the ligation of two PCR fragments
amplified with a mutation primer
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We report a method for efficient mutagenesis of DNA in large vectors without subcloning. Two segments of the target DNA
sequence, one having a mutation introduced via a mutant primer, were amplified by PCR and then the purified fragments
were ligated to a vector. The mutation efficiency was nearly 100%,
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Techniques for site-directed mutagenesis have been widely used to
analyze the function and regulation of genes (1-3) and the various
PCR-based mutagenetic methods have improved each year (4). Among
them, inverse PCR-based mutagenesis using tools such as the
QuikChange® Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA,
USA) is widely used (5, 6). Although this method is relatively efficient
for small-size vectors (up to approximately 4000 bp), the efficiency
greatly decreases as the target size increases. Additionally, for efficient
mutation, the necessary length of the two complementary synthetic
primers is 30-45 mer (usually longer than 40 mer). Another choice is
the megaprimer method (7, 8). Although this method is applicable to
large-size vectors, its lower efficiency makes it necessary to subclone
the PCR product and confirm its sequence. To circumvent these
problems, we report a reliable method of mutagenesis of DNA in a
large-size vector (Fig. 1). We applied the method of Kadowaki et al. (9)
to the mutagenesis of long inserts in a large-size vector. The method
introduces mutations in DNA by ligating two fragments of the target
region, one of which is amplified with a mutagenic primer by PCR.
Both segments are amplified with vector-derived primers outside of
the multiple-cloning site, such as a T7 promoter or T7 terminator. This
PCR design makes ligation to vectors at similar cloning sites possible
following digestion with restriction enzymes. Since this method
amplifies only the inserts by PCR, unlike inverse PCR, mutagenesis of
the targets cloned in a large-size vector such as expression vectors for
yeast cells. PCR reaction used in the method is the same as routine
amplification, which reduces unexpected errors. By replacing Taq
polymerase with a high fidelity thermostable DNA polymerase with
proofreading, more reliable amplification for the longer fragments to
mutagenesis became possible without blunt-end treatment. The PCR

* Corresponding author. Tel.: +81 045 508 7556; fax: +81 045 508 7667.
E-mail address: kawasaki@yokohama-cu.acjp (H. Kawasaki).

products amplified by the DNA polymerase with 3’ to 5’ exonuclease
activity are blunt-ended, which enables the ligation of two PCR
segments without the insertion or deletion of bases, after restriction
enzyme digestion at vector derived sites. Each of two purified PCR
segments is successively ligated to a vector in one tube. This simple
method is applicable to an insert in a large-size plasmid (e.g., cell line/
yeast expression vectors) with relatively short primers (about a
20-mer). Primer design for mutagenesis is as simple as conventional
PCR amplification. The PCR products could be cloned directly in the
relatively large plasmid, such as pGL3-basic (4818 bp, Promega,
Madison, WI, USA) and pRS425 (6849 bp, (10)), without subcloning
(Table 1).

The detailed procedures to make an Mlul cleavable site (5'-
ACGCGT-3') just downstream of the start codon of yeast BUD8 (11) are
as follows: the plasmid pYC14 (cloned with pRS425 vector, total size of
9987 bp), carrying upstream 808 bp, an open reading frame of BUDS,
and downstream 517 bp, was used to insert an Mlul restriction site
(5’-ACGCGT-3') just downstream of the start codon of the open
reading frame, PCR was performed in two separate tubes using the
corresponding sets of primer pairs, T7 promoter forward primer,
5'-TAATA CGACT CACTA TAGGG-3' (20-mer)/BUD8_R 5'-CATAC TTCAT
GTAGA ATCG-3’ (19-mer) or BUD8_F 5’-ACGCG T (Mlul) ATAC AATCA
GACGA AG-3’ (22-mer)/M13 reverse primer 5'-CAGGA AACAG CTATG
AC-3' (17-mer). The 50-pL reaction mixture contained 10% KOD-
plus-buffer, 0.2 mM dNTP, 1 mM MgS0,4, 1-2 ng of the template
plasmid (pYC14), 2 uM of each primer, and 1 unit of the proof-reading
thermostable DNA polymerase, KOD-plus-DNA polymerase (Toyobo,
Osaka). The mixture was initially run at 96 °C for 2 min, and then for
30 cycles of PCR. Each cycle consisted of denaturation at 94 °C for 15 s,
annealing at 55 °C for 15 s, and extension at 68 °C for 2.5 min. The last
extension step was performed at 68 °C for 7 min. After agarose-gel
purification of the PCR products, one PCR fragment was digested with
Spel to remove 43 bp fragments at upstream end and the other with

1389-1723/$ - see front matter © 2008, The Society for Biotechnology, Japan. All rights reserved.
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vector-derived (T7 promoter and T7 terminator). The mutation was added in the specific primer to the gene of interest {GOI). Any plasmid in which the GOl was inserted could be used
as a template. The black, gray, and white boxes show the backbone, multiple-cloning site, and GO}, respectively. The terminus of the PCR product near the mutation is blunt and
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the predigested vector were ligated with a ligation mix for a short period, and then the other fragment was added to the same tube, The mutation was confirmed by colony PCR,

restriction enzyme mapping, and sequence analysis.

Xhol to remove 101 bp fragments at downstream end, and the
fragments were simultaneously phosphorylated with T4 polynucleo-
tide kinase (Takara Bio, Otsu, Japan), The resulting Spel and Xhol
fragments were then purified with the Wizard® SV Gel and PCR Clean-
Up System {Promega), which can remove fragments of less than
100 bp. The fragments were recovered in 20 L of DNase-free water.
The ligation of the fragments to the vector was performed by a two-
step procedure: the 2.5 pL of Spel fragments and Spel/Xhol-digested

pRS425 were incubated with 5.5 pL of ligation mix (Takara Bio) for
30 min at 16 °C in a tube. The 2.5 pL of Xhol fragments were then
added to the same tube. The ligation reaction continued for 1 h at
16 °C. The vector, ligated with an insert DNA, was transformed to
competent cells of Escherichia coli, XL10 Gold strain. Colony PCR was
performed by using vector-derived primers, the T7 promoter primer,
TAATA CGACT CACTA TAGGG (20-mer), and the M13-R primer, GGAAA
CAGCT ATGAC CATGA (20-mer), generating approximately 3500-bp
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TABLE 1
Mutagenesis Vector?* Vector size (bp) Insert size (bp) Insert check®< Sequencing?
Deletion pGL3-basic 4818 607° 5(8) 5
Insertion PRS425 6849 31388 3(48)¢ 3
PRS426 5726 32450 8 (48)° 8
pRS305 5504 1698f 7(10) 7
Substitution pBluescript (SK-) 2961 2832 8(20) 7

3 pRS425 pRS426 and pRS305, see Ref (10, 12). pBluescript (SK-) and pGL3-basic vectors were purchased from Stratagene and Promega, respectively.

® The number of colony carrying a vector with an insert is shown. The number of colony analyzed by colony PCR is shown in parentheses.

< Colony PCR was performed by following condition; the 10-pL reaction mixture contained 10x Ex Tag buffer, 0.2 mM dNTP, 2 M of each primer, and 0.1 unit of TaKaRa Ex Tag™ DNA
polymerase (Takara Bio). The mixture was initially run at 94 °C for 5 min, and then for 35 cycles of PCR. Each cycle consisted of denaturation at 94 °C for 30 s, annealing at 55 °C for
1 min, and extension at 72 °C for 4 min. The last extension step was performed at 72 °C for 7 min.

4 Sequencing analysis of the inserts, which were positive by colony PCR, was carried out to confirm the mutation. The number of inserts with correct mutation is shown.

¢ Since we performed colony PCR to generate 3500-bp bands as a first-insert check screen, some colonies carrying the vector with insert were dropped by failed PCR reactions.

f ANX4 at position 39801481-39802065 in chromosome Il of Homo sapiens (NCBI accession no. NW_001838769.1).

8 BUDS at position 4086-7223 in chromosome XII of Saccharomyces cerevisiae (NCBI accession no. U19102).

b BUDY at position 1778-3245 in chromosome ViI of Saccharomyces cerevisiae (NCBI accession no, DQ 115391).

' CGI121 at position 5575~7668 in chromosome Xlll of Saccharoniyces cerevisiae (NCBI accession no. Y07777).

1 BUD32 at position 205080-206869 in chromosome VII of Saccharomyces cerevisiae (NCBI accession no. NC_001145).

bands. The plasmids extracted from the colonies were digested with
Spel/Xhol to confirm whether they had the correct inserts. The
plasmids were also subjected to sequence analysis. In this case, all
colonies with an insert carried a plasmid with the insertion of the Mlul
restriction site. We also performed deletion experiments by using the
pGL3-basic vector, and substitution experiments by using pBluescript
(SK-) vector (Table 1).

The efficiency of mutagenesis by this method using various vectors
and inserts is summarized in Table 1. In the case of random colony
pickup, about 10-60% of colonies carried a vector with an insert.
Sequence analysis of the inserts revealed that the mutation desired
was successfully introduced into nearly 100% in the vector with an
insert (Table 1). The efficiency of three-piece ligation is not high
enough for longer inserts, so the ratio of colonies carrying an empty
vector is a little high in some cases. In conclusion, this method for the
large vectors is a very powerful tool for insertion, substitution, and
deletions of base pairs in DNA.
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A Signaling Polypeptide Derived from an Innate Immune
Adaptor Molecule Can Be Harnessed as a New Class of
Vaccine Adjuvant’

Kouji Kobiyama,** Fumihiko Takeshita,>** Ken J. Ishii,’® Shohei Koyama,** Taiki Aoshi,
Shizuo Akira,*® Asako Sakaue-Sawano," Atsushi Miyawaki," Yuko Yamanaka,
Hisashi Hirano,! Koichi Suzuki,* and Kenji Okuda*

Modulation of intracellular signaling using cell-permeable polypeptides is a promising technology for future clinical applications.
To develop a novel approach to activate innate immune signaling by synthetic polypeptides, we characterized several different
polypeptides derived from the caspase recruitment domain (CARD) of IFN-g promoter stimulator 1, each of which localizes to a
different subcellular compartment. Of particular interest was, N'-CARD, which consisted of the nuclear localization signal of
histone H2B and the IFN-f promoter stimulator 1CARD and which localized to the nucleus. This polypeptide led to a strong
production of type I IFNs and molecular and genetic analyses showed that nuclear DNA helicase II is critically involved in this
response. N'-CARD polypeptide fused to a protein transduction domain (N'-CARD-PTD) readily transmigrated from the outside
to the inside of the cell and triggered innate immune signaling. Administration of N’-CARD-PTD polypeptide elicited production
of type I IFNs, maturation of bone marrow-derived dendritic cells, and promotion of vaccine immunogenicity by enhancing
Ag-specific Thl-type immune responses, thereby protecting mice from lethal influenza infection and from outgrowth of trans-
planted tumors in vivo. Thus, our results indicate that the N'-CARD-PTD polypeptide belongs to a new class of vaccine adjuvant
that directly triggers intracellular signal transduction by a distinct mechanism from those engaged by conventional vaccine

adjuvants, such as TLR ligands.

ccumulating evidence from basic research and from clin-

ical studies clearly indicates that type I IFNs are key to

the elimination of viral infection (1, 2), suppression of
tumor progression (3, 4), and to vaccine immunogenicity (5). Type
IIFNs, such as IFN-a and -3, are produced from a wide variety of
cell types upon viral infection or in response to foreign nucleic
acids, such as DNA and RNA (6-8). Recent research has dissected
and elucidated the molecular basis of the ability of the immune
system to sense a variety of nucleic acids as pathogen-associated
molecular patterns (9) or to sense the presence of aberrant self-
DNA under dangerous situations (10, 11). RIG-I-like helicases
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(RLHs)* mediate innate immune signaling in human cells induced
by immunostimulatory RNAs, such as 5'-triphosphate RNA or
dsRNA, or right-handed B-form DNA (B-DNA) (12-14). RLHs
trigger cellular signaling through adaptor molecules, such as
IFN- promoter stimulator 1 (IPS-1, also known as MAVS/VISA/
Cardif), TNFR-associating factor (TRAF) 3, and TRAF family
member-associated NF-kB activator (TANK), thereby coordinat-
ing the activation of IxB kinase (IKK) family members, such as
NF-«B essential modulator, IKK-a, IKK- B, TANK-binding kinase
1 (TBK1), and inducible IKK (IKKi). Once activated by such cy-
toplasmic kinases, NF-xB, IFN regulatory factor 3 (IRF3), and
IRF7 transmigrate into the nucleus and act as master regulators of
type I IFN-related gene promoters (15).

These signaling molecules contain distinct domains, and thereby
associate with specific target molecules and modulate downstream
signal transmission. IPS-1 plays a central role in this signaling
pathway and its caspase recruitment domain (CARD) forms the
death domain fold, which is structurally similar to domains of Fas-
associated via death domain and caspase family members (16).
The CARD of IPS-1 is essential for signal transmission through
homotypic interactions with the CARDs of upstream RLHs (9).
Mitochondrial sorting of IPS-1 is also crucial for its canonical

4 Abbreviations used in this paper: RLH, RIG-I-like helicase; B-DNA, B-form DNA;
IPS-1, IEN-f promoter stimulator 1; TRAF, TNFR-associating factor; TANK, TRAF
family member-associated NF-xB activator; TBK1, TANK binding kinase 1; IKK,
1«B kinase; IKKi, inducible IKK; IRF3, IFN regulatory factor 3; CARD, caspase
recruitment domain; N’-CARD, fusion of the NH,-terminal nuclear localization sig-
nal of histone H2B to the IPS-1 CARD; PTD, protein transduction domain; TMD,
transmembrane domain; NLS, nuclear localization signal; NDH, nuclear DNA heli-
case II; ODN, oligodeoxynucleotide; flu vax, influenza split-product vaccine; DC,
dendritic cell; FL, full length; BM-DC, bone marrow-derived dendritic cell.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/52.00
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signaling because human hepatitis C virus NS3/4A protease inac-
tivates IPS-1 by cleaving a region adjacent to the transmembrane
domain (TMD), which is required for IPS-1 localization to the
mitochondrial outer membrane (17).

To develop a novel approach to modulate innate immune sig-
naling by synthetic polypeptides, we generated several different
IPS-1 CARD-fusion polypeptides, each of which localizes to a
different subcellular compartment. Of interest, the nuclear local-
ization of a fusion polypeptide between the nuclear localization
signal (NLS) of histone H2B and the IPS-1 CARD (hereafter re-
ferred to as N'-CARD) activated a distinct signaling pathway ini-
tiated from the nucleus and led to a strong production of type I
IFN. Molecular and genetic analyses showed that nuclear DNA
helicase II (NDH) is critically involved in this signaling pathway.
Fusion of N’-CARD to the protein transduction domain (PTD),
originally derived from the HIV Tat protein (18), facilitated trans-
duction of N'-CARD from outside to inside the cell without loss of
its original intracellular function. Finally, we demonstrate that the
N’-CARD-PTD polypeptide acts as a novel vaccine adjuvant by
directly triggering innate intracellular immune signaling to aug-
ment vaccine immunogenicity. Such a mechanism is distinct from
TLR-mediated signaling, which is engaged in innate immune ac-
tivation by conventional vaccine adjuvants, such as monophospho-
ryl-lipid A (an LPS derivative) and CpG oligodeoxynucleotide
(ODN).

Materials and Methods
Cells and reagents

HEK?293, HeLa, RAW264.7, and TC-1 cells were purchased from Amer-
ican Type Culture Collection and maintained in DMEM supplemented with
10% FCS and 50 pg/ml penicillin/streptomycin. Sf9 cells were maintained
in Sf900 II SFM (Invitrogen). LPS was purchased from Sigma-Aldrich.
CpG ODN, 5'-ATC GAC TCT CGA GCG TTC TC-3', was synthesized by
Gene Design. Mouse GM-CSF and FIt3L were purchased from PeproTech.
Influenza split-product vaccine (flu vax) was prepared at The Research
Foundation for Microbial Diseases of Osaka University (Kanon-ji city,
Kagawa, Japan) from the purified influenza virus A/New Caledonia/20/99
strain (HIN1) by sequential treatment with ether and formalin, according
to the method of Davenport et al. (19, 20).

Expression plasmids

The IPS-1 expression plasmid was described previously (21). The IPS-1
CARD, aa 1-100 of the IPS-1 ORF, was PCR-amplified. Fusion cDNAs
were generated by ligating aa 1-100 and 514540 of IPS-1 ORF (CARD-
TMD), aa 1-37 of histone H2B ORF and aa 1-100 of IPS-1 ORF (N'-
CARD), N'-CARD and aa 514-540 of hIPS-1 ORF (N'-CARD-TMD),
and were amplified by PCR. These fragments were introduced in-frame
into pFLAG CMVS5b (Sigma-Aldrich) or pGEX6P-2 (GE Healthcare).
GST-N'-CARD was further fused to the PTD (Tyr-Ala-Arg-Ala-Ala-Ala-
Arg-Gln-Ala-Arg-Ala) and introduced into pFastBac HT-B (Invitrogen).
TBK1, IKKi, NDH, and chloride channel 1A (CC1A) cDNAs were am-
plified by PCR using a human spleen cDNA library (Takara). These frag-
ments were introduced in-frame into pFLAG-CMV4 (Sigma-Aldrich),
pClneo-HA, pCAGGS-Flag-m1SECFP, pCAG-His Venus, or pcDNA3-
RFP. The N'-CARD T54A expression plasmid was generated by site-di-
rected mutagenesis, as described previously (22). The sequences of the
PCR products were confirmed using an ABI PRISM Genetic Analyzer (PE
Applied Biosystems).

Luciferase assay

The luciferase assay was conducted as described previously (23).

Confocal microscopy

Hela cells were transfected with CARD-YFP, CARD-TMD-YFP, N'-
CARD-YFP, N'-CARD-TMD-YFP, IPS-1-YFP, YFP-IKKi, YFP-TBK1,
and/or mRFP-NDH and incubated for 48 h. In some cases, the cells were
treated with Hoechst 33258 (Invitrogen) and/or MitoTracker reagent (In-
vitrogen) at 37°C for 15 min. Alternatively, HeLa cells were treated with
CARD or N’-CARD-PTD for 30 min. Cells were treated with Hoechst
33258 for 15 min before fixation and incubation with mouse anti-FLAG
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M2-Cy3. After washing with PBS containing 1% BSA, the cells were
examined under an FV 500 confocal microscope (Olympus).

Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting was performed as described pre-
viously (24) using anti-FLAG M2 (Sigma-Aldrich), anti-FLAG M2-HRP
(Sigma-Aldrich), anti-HA (Covance), anti-HA-HRP (Roche Diagnostics),
anti-ubiquitin-HRP (Santa Cruz Biotechnology), anti-NDH (provided by
I. D. Parvin, Brigham and Women's Hospital, Boston, MA), anti-p-INK,
anti-p-p38, anti-p-ERK, and anti-B-actin (Cell Signaling Technology).

RNA interference

An siRNA targeting NDH mRNA (stealth RNAi) was chemically synthe-
sized by Invitrogen (Carlsbad, CA): sense, 5'-AUU GCU UGC AAAUCA
UGA UCC UGU U-3’; antisense, 5'-AAC AGG AUC AUG AUU UGC
AAG CAA U-3', HEK293 cells (6 X 10%) were transfected with 120 pmol
of control or NDH siRNA using Lipofectamine RNAi MAX reagent (In-
vitrogen) according to the manufacturer’s protocol.

Purification of recombinant polypeptides

DH10Bac competent cells (Invitrogen) were transformed with pFastBac
HT-B-GST or with GST-N'-CARD-PTD to generate recombinant Bac-
mids. Sf9 cells were transfected with Bacmid-encoding GST or GST-N'-
CARD-PTD to generate recombinant seed baculoviruses. Seventy-two
hours after infection, the Sf9 cells were washed once with PBS and sus-
pended in sonication buffer (50 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1
mM EDTA, 1 mM DTT) containing 10% Triton X-100. After sonication,
cell lysates were centrifuged at 15,000 rpm, at 4°C for 30 min. The super-
natants were collected and dialyzed with sonication buffer. Recombinant
polypeptides were purified using GSTrap (GE Healthcare) according to the
manufacturer’s protocol. In brief, after the column was equilibrated with 2
ml sonication buffer, the cell lysate was applied and the column then
washed three times with 10 ml PBST (PBS containing 0.5% Triton X-100)
and with PBS once. Recombinant polypeptide (GST or GST-N'-CARD-
PTD) was eluted with sonication buffer containing 10 mM reduced gluta-
thione and then dialyzed with PBS. Recombinant proteins (1 ug) used in
all the experiments contained <20 fg endotoxins (Limulus I Single Test,
Wako).

ELISA and RT-PCR

Bone marrow-derived dendritic cells (DCs) were generated by 5 days of
culture with GM-CSF (20 ng/ml) (GM-DCs) or FIt3L (100 ng/ml) (FL-
DCs). GM-DCs or FL-DCs were treated with or without 1, 3, or 10 pg/ml
N'-CARD-PTD or 1 uM of CpG ODN for 24 h and the supernatants were
subjected to ELISA for mouse IFN-¢, IFN-8 (PBL Biomedical Laborato-
ries), or IL-12 p40 (Invitrogen). RAW264.7 cells were treated with 1 pg/ml
LPS or 10 pg/ml N'-CARD-PTD for 3, 6, 12, 18, 24, and 48 h. The levels
of mRNA for TNF-q, IL-6, IFN-q, IFN-B, IP-10, and B-actin were exam-
ined by RT-PCR as described previously (5, 22).

Immunization

Eight-week-old female BALB/c mice were administered s.c. with N'-
CARD-PTD (5 pg), CpG ODN (5 ug), or flu vax (0.7 ug) alone, flu vax
(0.7 pg) plus N'-CARD-PTD (5 pg), or flu vax (0.7 ug) plus CpG ODN
(5 ug) at 0 and 10 days. Blood was drawn at 20 days and serum Ab titer
was measured by ELISA as described previously (25). Alternatively, 8-wk-
old female C57BL/6 mice were immunized with E7 peptide (E7, Arg-Ala-
His-Tyr-Asn-Ile-Val-Thr-Phe, 3 pg), E7 plus N'-CARD-PTD (5 ug), or
E7 plus CpG ODN (5 ug) at 0 and 2 wk. Splenocytes were harvested 2 wk
after final immunization. The cells were incubated with 1 pg/ml E7 or NP
peptide (Ala-Ser-Asn-Glu-Asn-Met-Glu-Thr-Met) for 18 h at 37°C. Total
RNA was isolated and real-time PCR was performed as described previ-
ously (22).

Influenza challenge

Ten days after final immunization, mice were challenged intranasally with
2 X 10* pfu (8 LDs,) of influenza virus A/PR/8/34 (25). The body weights
and mortality of the challenged mice were monitored for the next 14 days.

Tumor transplantation

Eight week-old C57BL/6 mice were administered subcutaneously with
TC-1 (1 X 10° cells/mouse), a mouse lung carcinoma expressing E7 Ag
(25). Mice were immunized with control NP peptide (3 ug), E7 (3 ng),
N’-CARD-PTD (5 ug), or E7 (3 ug) plus N'-CARD-PTD (5 pg) at 3, 4,
5, 6, and 7 day after TC-1 inoculation. The sizes of local tumor mass were
monitored for the next 20 days.
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FIGURE 1. Synthetic IPS-1 CARD fusion molecules induce activation of type I IFN-related promoters. A, Schematic diagram of synthetic fusion
molecules consisting of domains derived from IPS-1 and histone H2B. B, HEK293 cells were transfected with the expression plasmids, GFP-FLAG,
CARD-FLAG, CARD-TMD-FLAG, N'-CARD-FLAG, N'-CARD-TMD-FLAG, FLLAG-IPS-1 FL, and N'-CARD T54A-FLAG in the presence of TK-RL
plus a reporter plasmid expressing firefly luciferase under the control of either the IFN-a4 promoter (top panel), the IFN- promoter (second panel from
the top), the ISRE-dependent promoter (third panel from the top), or the IRFE-dependent promoter (fourth panel from the top). Data represent means &
SD of the relative luciferase activity of six samples. Cell lysates were also subjected to immunoblot analysis to examine levels of target polypeptide
expression (bottom panel). C, HeLa cells were transfected with the expression plasmids, YFP-CARD, YFP-CARD-TMD, YFP-N'-CARD, YFP-N'-CARD-
TMD, YFP-IPS-1 FL, and YFP-N'-CARD T54A. Genomic DNA or mitochondria were stained with Hoechst 33258 or Mitotracker reagent, respectively,
and then analyzed under a confocal microscope. The data represent one of three independent experiments with similar results. Scale bar, 10 pm.

Statistical analysis

The Student’s 1 test or the Mantel-Cox log rank test was used for statistical
analysis.

Results
The nuclear redistribution of IPS-1 CARD elicits type I IFN
promoter activation

To elucidate the mechanisms underlying IPS-1 CARD-mediated
signaling, plasmids encoding either the IPS-1 CARD alone or the
IPS CARD fused to the IPS-1 TMD or to the NLS of histone H2B
were generated and their abilities to induce type I IFN-related pro-
moter activation were characterized (Fig. 1A). Although the
CARD alone had minimal activity in eliciting such promoter ac-
tivation, fusion of the TMD to the CARD (CARD-TMD) resulted
in a significant activation, suggesting that the TMD facilitates
CARD-mediated signaling, consistent with previous data (Fig. 1B;
Ref. 26). Of interest, fusion of the NH,-terminal NLS of histone
H2B to the IPS-1 CARD (N'-CARD) conferred strong promoter
activation, suggesting that nuclear localization of N'-CARD trig-
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gers signal activation. Indeed, N'~-CARD induced phosphorylation
of IRF3 at a comparable level to full length IPS-1 (FL) (Supple-
mental Fig. 1).° The mutant polypeptide N'-CARD T54A, in
which the third a-helical structure of the CARD was disrupted
(22), induced significantly lower levels of promoter activation,
suggesting that the conformation of the IPS-1 CARD is also crit-
ical for its activity. Although N’-CARD fused to the IPS-1 TMD
(N'-CARD-TMD) induced significant levels of promoter activa-
tion, the levels were comparable to those induced by N’-CARD or
CARD-TMD, suggesting that the effects of CARD distribution
mediated by the NLS and the IPS-1 TMD are redundant.

N'-CARD localizes to the nucleus and signals through NDH

To elucidate the signaling mechanisms triggered by N'-CARD and
CARD-TMD, we examined the subcellular localizations of these
fusion molecules. Confocal microscopy analysis showed that
CARD-TMD fused to YFP (YFP-CARD-TMD) was present in

5 The online version of this article contains supplemental information.
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mitochondria, with a localization pattern similar to that of IPS-1
FL (YFP-IPS-1 FL), while N'-CARD fused to YFP (YFP-N'-
CARD) was mostly present in the nuclear interchromosomal space
(Fig. 1C). Because CARD alone (YFP-CARD) was present dif-
fusely within the cell and both YFP-N'-CARD and YFP-N'-
CARD T54A localized to the nucleus, it was suggested that the
NLS directed the nuclear distribution of the IPS-1 CARD (Fig.
1C). These results implied that N'-CARD triggers cellular signal-
ing pathways that originate in the nucleus and that are distinct from
those triggered by CARD-TMD or IPS-1 FL, which originate from
mitochondria.

TBK1, and its closely related IKK family member IKKi, are
kinases acting downstream of IPS-1 and are required for a type 1
IFN production (21, 26, 27). We next examined the molecular
interactions between each CARD-fusion molecule and TBK1 by
immunoprecipitation analysis. As a control, TBK1 was coprecipi-
tated with IPS-1 FL (Fig. 2A). A significant amount of TBK1 was
also detected after precipitation with CARD-TMD or N'-CARD-
TMD, but not after precipitation with CARD, N'-CARD, or N’-
CARD T54A, suggesting that the TMD supports the association of
the CARD with TBK1 (Fig. 24).

To examine the signaling mechanisms triggered by N'-CARD,
we tried to identify cellular molecules that associate with N'-
CARD using a tandem-affinity purification system and TOF-MS
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analysis (data not shown). Among the N’-CARD interacting mol-
ecules identified, we were particularly interested in nuclear DNA
helicase II (NDH, also known as RNA helicase A), a 1270 amino
acid protein containing two copies of a dsRNA binding domain, a
DEIH (Asp-Glu-Ile-His) helicase core, and an RGG (Arg-Gly-
Gly) box nucleic acid-binding domain.

To examine the functional role of NDH in the signaling pathway
leading to type I IFN production, NDH mRNA was ablated by
RNA interference. Endogenous NDH protein was specifically de-
creased by NDH siRNA but not by control siRNA treatment (Fig.
2B). Knockdown of NDH resulted in a suppression of N’-CARD-
induced IFN-B promoter activation by 73%. The level of promoter
activation induced by IPS-1 or N'-CARD-TMD was also partially
suppressed in NDH-knockdown cells by 33 and 38%, respectively.
The levels were comparable when a constitutively active form of
RIG-I (RIG-1 2CARD:s), TBK1, or a constitutively active form of
IRF3 (IRF3CA) was examined (Fig. 2B). Although over-expres-
sion of NDH had no effect, and over-expression of TBK-1 had a
minimal effect on IFN-f promoter activation, over-expression of
NDH plus TBKI1 synergistically activated the IFN-8 promoter,
suggesting that NDH had the ability to up-regulate TBK1 activity
(Fig. 2C). These results, taken together, suggest that NDH is in-
volved in the events downstream of N’-CARD, and partially in
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FIGURE 3. NDH associates with N'-
CARD, TBK1, and IKXi. A and B, The

lysates of HEK293 cells transfected with
the expression plasmids for FLAG-NDH

plus HA-IPS-1, HA-TIKKi, HA-TBK1 (4) *P: FLAG
or N'-CARD-HA (B) were prepared and 1B: FLAG
immunoprecipitated with anti-FLAG Ab.

The immunoblots were probed with anti-

HA or anti-FLAG Ab (A and B) or se-

quentially probed with anti-HA and anti- IP: FLAG
ubiquitin Ab (B). C, HeLa cells were 1B: HA

transfected with an expression plasmid
for mRFP-NDH alone or with those for
mRFP-NDH and YFP-IKKi or YFP-
TBK1. After staining with Hoechst
33258, the cells were examined under a
confocal microscope. Data represent one
of three independent experiments with
similar results. Scale bar, 10 um.

those downstream of IPS-1, and that it plays a role in signaling
upstream of TBKI.

To confirm the physical interactions among NDH, IKKi, TBK1,
and N’-CARD, immunoprecipitation analysis was performed. A
strong interaction was detected between NDH and IKKi or TBK1,
while there was no apparent association of NDH with IPS-1 in this
assay (Fig. 3A). By contrast, NDH was confirmed to interact with
N'-CARD. Of interest, the mobility of N'-CARD coprecipitated
with NDH was retarded in SDS-PAGE (~25 kDa) when compared
with that in whole cell lysate (~18 kDa) (Fig. 3B). The retarded
N’-CARD was detected by anti-ubiquitin Ab, suggesting that
mono-ubiquitinated N'-CARD, directly or indirectly, has the abil-
ity to associate with NDH (Fig. 3B). We also examined the sub-
cellular localization of NDH, IKKi, and TBK1 by confocal mi-
croscopy analysis (Fig. 3C). Both YFP-IKKi and YFP-TBK1 were
mostly present in the cytoplasm, while mRFP-NDH was diffusely
present within the cell. Most NDH present within the cytoplasm
colocalized with IKKi or TBK1 (Fig. 30).

Recombinant N'-CARD polypeptide fused to the protein
transduction domain (N'-CARD-PTD) induces type 1 IFN
production and exerts innate immune responses in vitro

To examine the potent ability of N'-CARD in modulating innate
immune responses, we generated a recombinant N'-CARD
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polypeptide fused to the PTD, which enables transduction of ex-
tracellular protein into intracellular compartments. When the N'-
CARD-PTD polypeptide was added to the culture medium of
Hela cells, it entered the nucleus within 30 min (Fig. 44). By
contrast, when the same amount of CARD polypeptide was added,
only a minimal level of the polypeptide was observed inside the
cell (Fig. 4A). The addition of the N'-CARD-PTD polypeptide
alone induced significant levels of IFN-$ promoter activation in
HEK?293 cells, suggesting that N'-CARD-PTD has the ability to
transmigrate into the cell and trigger NDH-mediated cellular sig-
naling to elicit type I IFN production (Supplemental Fig. 2).

We next examined whether administration of the N'-CARD-
PTD polypeptide activates immune cells in vitro. As shown in Fig.
4B, N'-CARD-PTD induced production of a proinflammatory cy-
tokine (TNF-a), type I IFNs (IFN-« and -8), and an IFN-stimu-
lated gene product (IP-10) in a mouse macrophage cell line,
RAW264.7. The expression of [FN-« and -8 mRNAs was detected
within 18 h; the expression of IFN-a mRNA continued for more
than 48 h after N'-CARD-PTD treatment. By contrast, LPS, an
activator of TLR4-mediated innate immune responses, induced
IFN-B8 mRNA within 3 h, but this induction lasted for less than
18 h. The overall level of IFN-a mRNA production was higher in
cells stimulated with N’-CARD-PTD compared with those stimu-
lated with LPS, while that of IFN- was lower in those stimulated
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results.
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with N'-CARD-PTD compared with those stimulated LPS (Fig.
4B). These results suggest that N'-CARD-PTD activates a distinct
innate immune signaling pathway(s) from those engaged by LPS. In
fact, LPS induced phosphorylation of MAPK such as JNK, p38, and
ERK within 3 h, while N'-CARD-PTD had little effects on activation
of these kinases except for ERK at 3 and 6 h (Fig. 4B). We also
examined whether N'-CARD-PTD activates bone marrow-derived
dendritic cells (BM-DCs). As a control, CpG ODN activated BM-
DCs induced in vitro by Fit3L (FL-DCs) but not BM-DCs induced in
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Days post infection Days post infection

vitro by GM-CSF (GM-DCs) to produce type I IFNs. N'-CARD-
PTD, by contrast, activated both GM-DCs and FL-DCs to produce
type I IFNs (Fig. 4C). We also observed that N'-CARD-PTD weakly
but significantly up-regulated cell surface expression of MHC class I,
class II, CD40, and CD86 on both GM-DCs and FL-DCs (data not
shown). Up-regulation of such cell surface molecules was dependent
on type I IFN production but independent on myeloid differentiation
factor 88 (MyD88) nor Toll-IL-1R domain-containing adaptor-induc-
ing IFN-B (TRIF) (data not shown).
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FIGURE 6. Coadministration of N'-CARD-PTD
plus tumor-associated Ag E7 confers superior protec-
tion against tumor outgrowth. A, Eight-week-old female
BALB/c mice (n = 5) were immunized subcutaneously
with E7 peptide (3 pg), E7 peptide (3 pg) plus N'-
CARD-PTD (5 pg), or E7 peptide (3 ng) plus CpG
ODN (5 pg) at 2 and 4 wk. Splenocytes were prepared
from each individual mouse and restimulated in vitro
with control NP (—) or E7 peptide (). The relative
expression levels of IFN-y mRNA were measured by
real-time PCR and normalized to 18S rRNA levels. B,
Eight-week-old C57BL/6 mice (n = 10) were inocu-
lated subcutaneously with 1 X 10° TC-1 cells/mouse at
0 days and then immunized with control NP peptide (3
ng), E7 3 pg), N'-CARD-PID (5 pg), or E7 (3 ng)
plus N’-CARD-PTD (5 ug) at 3, 4, 5, 6, and 7 days.
Tumor sizes were measured at 14, 18, and 20 days. Data
represent one of two independent experiments with sim-
ilar results. *, p < 0.01.

Relative IFN-y mRNA Level

Re-stimulation

N'-CARD-PTD augments Ag-specific acquired immune
responses to protect against influenza virus infection and tumor
outgrowth in vivo

To examine the in vivo effects of N'-CARD-PTD on innate and
acquired immune responses, we used a mouse model of influenza
virus infection and of tumor transplantation. Influenza split-prod-
uct vaccine (flu vax) was used to evaluate the adjuvanticity of
N’-CARD-PTD. Flu vax was prepared at The Research Founda-
tion for Microbial Diseases of Osaka University from the purified
influenza virus A/New Caledonia/20/99 strain treated sequentially
with ether and formalin. As shown in Fig. 54, s.c. administration
of flu vax plus N'-CARD-PTD or CpG ODN induced significant
levels of specific IgG1 production that were comparable to that of
flu vax alone. Administration of flu vax plus N'-CARD-PTD or
CpG ODN, by contrast, resulted in significantly higher levels of
specific IgG2a production compared with that of flu vax alone,
suggesting that N'-CARD-PTD and CpG ODN have the ability to
modulate Thi-deviated immune responses. In accordance with
such adjuvant effects, immunization with flu vax plus N'-CARD-
PTD conferred superior protection against a lethal influenza chal-
lenge relative to that with flu vax alone (Fig. 5, B and O).

We next examined whether N’-CARD-PTD has an ability to
enhance Ag-specific cellular immune responses. Immunization
with MHC class I-restricted HPV E7 peptide (E7) alone induced
minimal levels of E7-specific IFN-vy production from splenocytes
(Fig. 6A). Treatment with E7 plus N’~-CARD-PTD or CpG ODN
induced higher levels of E7-specific IFN-vy production, suggesting
that N'-CARD-PTD has an adjuvant effect on cell-mediated im-
mune responses (Fig. 64). Thus, mice were s.c. transplanted with
TC-1 cells expressing E7 as a model tumor Ag, and then immu-
nized with E7 in the presence or absence of N'-CARD-PTD, as
shown in Fig. 6B. The outgrowth of TC-1 tumors in mice treated
with either N'-CARD-PTD or E7 alone was comparable to that in
mice treated with control NP peptide. In accordance with E7-spe-
cific IFN-vy production from splenocytes, the sizes of established
tumors in mice treated with E7 plus N'-CARD-PTD were signif-
icantly smaller compared with those in mice treated with E7 alone
or with N'-CARD-PTD alone (Fig. 6B). These in vivo results,
taken together, indicate that N'-CARD-PTD, an activator of NDH-
mediated innate immune responses, acts as a vaccine adjuvant,
thereby enhancing protective immune responses against pathogens
or tumors.
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Discussion

This study provides the first evidence that the N'-CARD-PTD
polypeptide directly enters the nucleus and triggers the innate im-
mune signaling pathway leading to type I IFN production through
NDH. NDH is a member of the DEXH (Asp-Glu-X-His) family of
helicases and is highly conserved in higher eukaryotes, from Dro-
sophila to mammals. Previous studies have shown that NDH in-
teracts with molecules of the transcription machinery, such as the
RNA polymerase II complex (28), cAMP-response element-bind-
ing protein (28), and NF-«B p65 (29), thereby regulating the tran-
scription of responsive genes. NDH also acts together with the
RNA editing enzyme to coordinate the editing and splicing of nu-
merous cellular and viral RNAs (30, 31). Knockout of the Ndh
gene led to early embryonic lethality (<E10.5) due to a high fre-
quency of apoptosis in embryonic ectodermal cells during gastru-
lation (32). In addition to these properties of gene regulation and
cellular homeostasis, our results suggest that NDH has a distinct
property of mediating innate immune signaling upstream of TBK1.
Recently, it was shown that a DEAD (Asp-Glu-Ala-Asp) box he-
licase, DDX3X, is a kinase substrate of TBK1 and acts as a critical
component of TBK1-dependent innate immune signaling, partic-
ularly in the type I IFN production pathway (33).

MAPK activation plays a significant role in LPS- or CpG DNA-
mediated signaling (Fig. 4C and Ref. 34), however, the signaling
pathway induced by N'-CARD-PTD may not involve MAPK. This
suggested that, unlike TLR-mediated signaling pathways, activa-
tion of MAPK is not crucial for N'-CARD-PTD-mediated type I
IFN production. Rather, the action of N'-CARD-PTD resembles
the signal activation induced by IFN stimulatory DNA, which was
originally reported by Stetson et al. as having a similar action to
B-DNA, which is critical in the control of DNA vaccine immu-
nogenicity (5, 35). Because MAPK activation is associated with
deleterious effects, ranging from hyperinflammation to cancer (36),
the lack of such kinase activation would be an advantage for the
repeated clinical application of N'-CARD-PTD. Further study will
be needed to elucidate the molecular basis of the NDH-mediated
signaling pathway and to determine the value of N'-CARD-PTD
for clinical use.

Many TLR ligands and related compounds have been tested as
vaccine adjuvants and as anti-allergy and anti-cancer drugs in hu-
mans (37). Among these, some clinical trials of TLR9-targeting
molecules, including CpG ODN and its conjugated products, have
recently been abandoned due to unexpectedly weaker responses in
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humans relative to those observed in mice. This result was attrib-
utable to a lower frequency of TLRY expression in human immune
cells; expression was found in only a portion of B cells and plas-
macytoid DCs that combined made up just 1% of the total immune
cell population (38). In contrast, immunostimulatory RNA or B-
DNA activates innate immune responses through cytosolic recep-
tors but only when they are introduced into intracellular compart-
ments, ie., they have almost no effects when they are present
outside the cell. Taking such observations into account, N'-
CARD-PTD may have the advantage of self-transmigration into
the nucleus and of triggering innate immune signaling in the ab-
sence of TLRs but in the presence of NDH and TBK1, which are
ubiquitously expressed in a wide-variety of cell types.

In conclusion, this study showed concrete evidence that the ac-
tivation of a distinct NDH-mediated signaling pathway up-regu-
lates innate immune responses and that N'-CARD-PTD is a can-
didate vaccine adjuvant in future vaccine development. These
findings may also provide insights that will be helpful in the design
of immunomodulatory agents, such as using constitutively active
signaling molecules of the innate immune responses.
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The isolation and characterization of protein complexes are essential steps toward understanding cellular
functions. A method for separating and characterizing high-molecular-weight protein complexes using
two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) with native agarose gel isoelectric
focusing (IEF) is described. Using this method, fractions containing high-molecular-weight protein com-
plexes were analyzed. The advantages of using native agarose gel IEF include the ability to concentrate
the protein complexes and the ease of handling when performing 2D separations. Although limited with
respect to the size of molecules and particles that may be separated, this method is useful for the isolation
and characterization of high-molecular-weight protein complexes.

© 2009 Elsevier Inc. All rights reserved.

Proteins are functional elements of a cell, and reversible pro-
tein—protein interactions are characteristic of most biochemical
pathways. However, a cell is not a complex mixture of proteins
and other molecules randomly colliding with each other. Biochem-
ical reactions in a cell are organized and sophisticated. Every major
cellular process is carried out by protein complexes, or molecular
machines, such as the ribosome and proteasome [1]. The isolation
and characterization of protein complexes are essential steps to-
ward understanding cellular functions [2-4]. Affinity purification
has been used recently to purify protein complexes [5]. Among
these methods, tandem affinity purification (TAP)! is known as
the most powerful purification tool and is used to purify protein
complexes under mild conditions based on affinity for protein A
and a calmodulin-binding peptide in the TAP tag. By combining
affinity purification with mass spectrometry (MS), we can identify
the components of a protein complex to elucidate the protein inter-
action network [6,7]. However, some proteins in an isolated complex
may interact indirectly with each other, or the affinity-tagged pro-
tein may be involved in multiple complexes. Ideally, an isolated pro-
tein complex should be separated further to allow a detailed
investigation of its composition [8,9]. Another shortcoming of affin-
ity or conventional purification methods is that the purified proteins
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1 Abbreviations used: TAP, tandem affinity purification; MS, mass spectrometry; IEF,
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MCA, 4-methylcoumaryl-7-amide; EDTA, ethylenediaminetetraacetic acid;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; BIS, NN'™-
methylene-bis-acrylamide; TFA, trifluoroacetic acid; MALDI-TOF MS, matrix-assisted
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are usually diluted. Separation, purification, and characterization of
high-molecular-weight protein complexes are usually performed
using ultracentrifugation, gel partition chromatography, and electro-
phoresis. These methods are difficult to apply to diluted samples.
Alternatively, isoelectric focusing (IEF) can be used to separate and
concentrate protein complexes under mild conditions without
destroying the complex [10]. IEF without denaturing reagents such
as urea and detergents has been used for the separation of serum
proteins and cytosolic proteins [11]. There have been few reports
of IEF on the separation of high-molecular-weight complex under
native conditions. IEF is possible without matrix such as polyacryl-
amide gels, but the focusing ability is usually sacrificed by recovery
of separated proteins into multichamber, for example. Acrylamide
gels have limitations to focus higher molecular weight proteins in
the case of denatured protein separation, and agarose gel is suitable
to separate higher molecular weight proteins under denatured con-
ditions [12,13].

Here we describe a method for the separation and characteriza-
tion of high-molecular-weight protein complexes by IEF using aga-
rose gel. This method was applied to separate and analyze high-
molecular-weight protein complexes in fractions isolated from
yeast.

Materials and methods
Materials

Yeast strain B-8032 (MATa ura3-52 CYC1-963 cyc7-67 lys5-10)
was used. 1-1-p-Tosylamino-2-phenylethyl chloromethyl ketone
(TPCK)-trypsin was obtained from Sigma (St. Louis, MO, USA).
4-Methylcoumaryl-7-amide (MCA) substrates were obtained from
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the Peptide Institute (Osaka, Japan). &-Cyano-4-hydroxy-cinnamic
acid was purchased from Aldrich (Milwaukee, WI, USA). Protease
inhibitor cocktail (Complete, ethylenediaminetetraacetic acid
[EDTA] free) was supplied by Roche Diagnostics K.K. (Tokyo,
Japan).

Native IEF using agarose gels

Native IEF was performed in an agarose tube gel without the
addition of denaturing reagents such as urea and detergent. Gels
were prepared from an agarose solution prepared by mixing
30 mg of agarose IEF (GE Healthcare, Buckinghamshire, UK) and
0.3 g of sorbitol in 2.7 ml of distilled water and heating in a micro-
wave until dissolved. After cooling to approximately 40 °C, 300 p!l
of carrier ampholite (ampholine pH 3.5-10.0) was added and
mixed. The agarose tube gel was prepared by drawing the agarose
solution into a glass tube using a syringe connected via rubber tub-
ing. IEF separation was carried out with 40 mM NaOH as the anode
solution and 40 mM phosphoric acid as the cathode solution and
using 80, 160, and 320V for 30 or 40 min each.

SDS-PAGE

Proteins separated by native IEF were further separated by
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) according to the method of Laemmli [ 14] or according
to the procedure described by Hirano, which uses a low BIS (N,N'-
methylene-bis-acrylamide) polyacrylamide gel [15].

In-gel digestion and peptide mass fingerprinting using MALDI-TOF MS

A protein band was excised from the SDS-PAGE gel and cut into
small pieces, which were incubated in a solution containing 50% (v/
v) acetonitrile, 0.1% (v/v) trifluoroacetic acid (TFA), and 0.5% (v/v)
N-ethylmorpholine for 1 h at 37 °C to remove the protein stain.
The gel pieces were washed with water, and then 5 pl of 0.3 M
N-ethylmorpholine/acetate (pH 8.2) and 1 pl of 140 mM 2-mercap-
toethanol were added. After a 30-min incubation at 37 °C, 1 pl of
TPCK-trypsin (50 pg/ml) was added to digest the protein at 37 °C
for 16 h. Peptide mass fingerprinting was performed using ma-
trix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS, Tof Spec 2E, Micromass, Manchester,
UK) and a matrix solution of 60% (v/v) acetonitrile saturated with
oi-cyano-4-hydroxy-trans-cinnamic acid. The peptides produced
by the in-gel digestion were concentrated using a ZipTip Cy5 (Mil-
lipore, Billerica, MA, USA), and the samples were prepared by mix-
ing 1 pl of peptides and 1 pl of matrix solution on a target plate.
Proteins were identified by using ProteinLynx Global Server
(search parameters used: database, Swiss-Prot (yeast); enzyme,
trypsin; modification, methionine oxidation and/or cysteine propi-
onamide; missed cleavage, 1; mass tolerance, 0.15 Da). Top-ranked
protein with at least three peptide matches by the search was
listed as identified.

Separation of high-molecular-weight protein complexes extracted
from yeast cells

Yeast cells were grown in YPD medium (10 g of yeast extract,
20 g of bactopeptone, and 20 g of glucose per liter) at 29 °C for
72 h with continuous shaking at 160 rpm and then were harvested
by centrifugation at 2000 g for 10 min. Cell extracts were prepared
by vortexing a suspension of cells (~60 g of yeast, 50% [v/v]) with
0.45-mm glass beads in buffer A (50 mM Tris—-HCl [pH 7.5] contain-
ing 10% [v/v] glycerol, 1 mM dithiothreitol [DTT], and protease
inhibitor cocktail) on ice. The beads and unbroken cells were re-
moved by centrifugation at 8000 rpm for 20 min (Beckman Rotor
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JLA-10.500). Microsomes and organelles were removed by three
successive centrifugation steps: 15,000 rpm for 30 min (Beckman
Rotor JA-25.50), 17,000rpm for 40 min (Beckman Rotor JA-
25.50), and 60,000 g for 60 min. The high-molecular-weight pro-
teins were precipitated by ultracentrifugation at 265,000g for
5 h, and the precipitate was dissolved in 80 ml of buffer A. Materi-
als that did not dissolve were removed by centrifugation at
12,000 rpm for 20 min (Beckman Rotor JA-25.50). The high-molec-
ular-weight proteins were again precipitated by ultracentrifuga-
tion at 265,000 g for 5 h, the precipitate was dissolved in 7 ml of
buffer A, and the undissolved materials were removed by centrifu-
gation at 8000 rpm for 25 min (Beckman Rotor JA-20.50). Approx-
imately 600 mg of protein was recovered. The proteins in 3 ml of
the recovered protein solution were separated by gel chromatogra-
phy using a Bio-Gel A 1.5-m column (2.5 [i.d.] x 45 cm) at a flow
rate of 0.3 ml/min, and 3-ml fractions were collected. The fractions
containing protein complexes slightly smaller than the 20S protea-
some were pooled, and the proteins were separated by anion ex-
change chromatography using a Poros HQ/20 column with a
linear gradient of KCl in 25 mM Tris-HCl (pH 7.5) at a flow rate
of 5 ml/min. Protein complexes were recovered in six fractions.
Each fraction was desalted with a CentriPlus 30 filter and further
separated by ultracentrifugation through a glycerol density gradi-
ent at 28,000 rpm for 23 h (SW28 rotor). The proteins in each frac-
tion were analyzed by SDS-PAGE or two-dimensional (2D)-PAGE
with IEF in native agarose gels.

Results and discussion
Separation of proteasome complexes by native IEF

Proteasomes are multisubunit complexes that degrade ubiquiti-
nated proteins. The 20S proteasome consists of a stack of four
rings, each of which is composed of seven o or § subunits [16].
The 20S proteasome is cylindrical, with a molecular weight of
approximately 700 kDa. In the current study, the 20S proteasome
was purified from yeast cells. Fig. 1 shows the electrophoretic
separation of the 20S proteasome using SDS-PAGE and native
IEF-PAGE. The subunits of 20S proteasome were separated by
SDS-PAGE (Fig. 1A). The 20S proteasome was well focused by
native IEF in an agarose gel. All subunits were focused at the same
pl by the native IEF (Fig. 1B). Under denatured conditions, the sub-
units of 20S proteasome were usually separated with their pl by
IEF [17]. The proteins from a crude fraction containing the 208
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Fig. 1. Separation of proteasomes. (A) Separation of proteasome subunits by SDS-
PAGE. Lane 1: molecular weight markers (from the upper band, 94, 67, 43, 30, 20,
and 14 kDa); lane 2: 20S proteasome subunits. (B) Separation of proteasome
subunits by 2D-PAGE with native IEF. The 20S proteasome complex was focused by
native IEF, and the proteasome subunits were separated by SDS-PAGE (second
dimension).



