MDA’ detects long polyl:C or dsRNA, whereas RIG-I
detects short dsRNA or the 5'-triphosphate end of RNA
generated by viral polymerases [47, 48], indicating that
these RNA helicases have different roles in the detection
of viruses. Which of these pathways predominantly sens-
es virus species is under examination. The simple inter-
pretation that MDAS5 is required for the recognition of
picornaviruses and RIG-I recognizes that dsSRNA-form-
ing viruses [49] may be amended following the analysis
of many virus species.

Mf, mDC, and fibroblast cells derived from RIG-I- or
MDA 5-deficient mice still displayed type I IFN induction
in response to polyl:C stimulation, and the production
of type I IFN was still observed in pDCs derived from
IPS-1-/- mice [50, 51]. However, it is notable that the 2
pathways in the TLR system and the cytoplasmic IPS-1
pathway are required for dsRNA responses in different
situations and cell types [50, 52]. Collectively, these ob-
servations indicate that the various modes of the RNA
pattern-sensing system cooperate to detect cytoplasmic
virus replication in a variety of tissues/organs.

NK Cell Activation via the TLR2/MyD88 Pathway in
Mfand mDC

In vitro stimulation of mouse mDC or Mf with TLR2
stimulators BCG-CWS (cell wall skeleton) or Pam2 lipo-
peptide causes these cells to become NK activation induc-
ers [24, 53]. Both TLR2 and MyD88 are indispensable for
this type of NK cell activation. At least in in vitro studies,
MyD88-/- Mf fail to reciprocally activate NK cells via
cell-cell contact [54]. Mf MyD88 signaling through TLRs
is reported to induce expression of the NKG2D ligand
retinoic acid early induced transcript (RAE)-1 [55]. NK
cells are then activated by MyD88-stimulated Mf. The
NKG2D receptor on NK cells is downregulated by the
RAE-1-NKG2D interaction [55]. MyD88 can be activated
via the inflammasome pathway in human Mf [56] with-
out the participation of TLR2. IL-1f or IL-18 (or possibly
IL-33) liberated from Plasmodium-infected Mf may con-
vert these cells into NK-activating Mf through IL-1B/IL-
18 receptors [57, 58]. MyD88 in NK cells also participates
in this type of NK activation [53, 59].

However, this is not the case in mDC. Although IL-
12p70 is produced in mDC in response to the TLR2 ligand
BCG-CWS, the role of IL-12 in NK activation is periph-
eral in the mouse system. There are at least 2 modes of
MyD88-dependent NK cell activation in mDC: (1) MyD88
in pDC can couple with TLR7 or TLR9 to activate the
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[FN-a-inducing pathway, and this pathway also partici-
pates in NK cell activation, presumably through type I
IFN liberated by pDC [60, 61]; (2) in contrast, MyD88-/-
mDC lose the ability to mature in response to TLR2 li-
gands. For example, the TLR2 ligand Pam2CSK4 facili-
tates mDC-mediated NK cell activation in the case of
wild-type mDC [24]. If wild-type mDC are replaced with
MyD88-/- mDC, cell contact-mediated NK activation is
hampered even when the cells are stimulated with Pam2
lipopeptide. Although TLR2-/- mDC largely abrogate the
NK cell-activating function, slight functional activity re-
mains in TLR2-/- mDC compared with MyD88-/-mDC,
suggesting the presence of TLR2-independent MyD88-
activating pathways, which may reflect the action of
NOD-like receptor inflammatory pathways. Hence, NK
cell activation proceeds through TLR2-dependent and
TLR2-independent pathways of mDC, both of which in-
volve MyD88. Furthermore, TLR2/MyD88 in NK cells
minimally participates in direct NK activation [24, 53].

NK Cell Activation via the TICAM-1 or IPS-1 Pathways
inmDC

It has long been established that a dsRNA analog, i.e.
polyI:C, serves as an inducer of NK activation [62, 63]. In
vivo administration of polyl:C to mice and in vitro exog-
enous addition of polyl:C to a mixture of BMDC and NK
cells both resulted in activation of NK cells. Ex vivo stud-
ies using cells from KO mice have helped reveal how
polyl:C activates NK cells. Polyl:C, unlike viral or in vi-
tro-transcribed dsRNA, isinternalized into the endosome
and cytoplasm where it is recognized by TLR3 and MDAS5,
respectively [9, 11] (fig. 2). IPS-1 is the adaptor for MDAS5/
RIG-I, while TICAM-1 is the adaptor for TLR3 [32, 43, 64]
(fig. 1). Using the gene-disrupted mouse cells of MDA S5-/-
and TLR3-/- or IPS-1-/- and TICAM-1-/- mDC, the
pathway more involved in NK cell activation was exam-
ined in vitro [9-11]. In BMDC, the MDA5/IPS-1 pathway
is more important than the TLR3/TICAM-1 pathway, as
determined by the expression of NK activation marker -
CD69 and NK cytotoxicity [11], whereas the reverse is true
in IFN-vy production by NK cells [64]. NK activation in-
duced in mice injected with polyl:C is completely abro-
gated in double KO (IPS-1-/- and TICAM-1-/-) mice,
suggesting that these 2 pathways are both required for
polyl:C-mediated NK activation [10, 11].

Cell contact-mediated NK activation was found to
dominantly occur in IRF-3 activation [64] and mDC by
depletion studies [65]. Cytokines, including IL-12p40, IL-
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Fig. 2. Induction of INAM-mediated NK cell activation. Polyl:C-stimulated BMDC induce NK cell activation
in vitro. INAM is responsible for BMDC contact-mediated NK activation. IRF-3 activation by polyl:C is crucial
for INAM upregulation in BMDC, which results in the BMDC-mediated activation of NK cells. Upregulation
of INAM on NK cells also facilitates NK cell activation in mDC-NK coculture.

15, and type I IFN, are produced in mDC in response to
polyl:C stimulation. Both cell contact and cytokine pro-
duction mediate NK activation in vitro but cytokines are
known to be dispensable for NK activation by polyl:C-
stimulated mDC in mice [64]. In vivo injected polyl:C
allowed mice to mature splenic DCs [10, 11]. In vivo, bone
marrow transplantation chimera analysis suggested that
the TLR3-TICAM-1 pathway is important in myeloid
cells, along with the IPS-1 pathway in nonmyeloid cells,
in driving cytolytic activity by polyl:C [11] (fig. 3). Thus,
nonmyeloid-derived soluble factors (mainly IFN-a/B)
operate in NK activation in this case. In addition, splenic
CD8a+ DC rather than CD8a- DC is crucial for driving
NK activation via cell-cell contact [10].

The molecule responsible for mDC-NK contact acti-
vation has recently been investigated [64]. There are sev-
eral polyl:C-inducible membrane-associated molecules

DC-Mediated NK Activation

in mDC and one of these molecules, designated INAM
(IRF-3-dependent NK cell activating molecule), partici-
pates in mDC-NK reciprocal activation (fig. 2). However,
when overexpressed in non-NK target cells, INAM does
notactasan NK-activatingligand; it works only on mDC/
Mf for NK activation. Since INAM is predicted to have a
tetraspanin-like sequence, unidentified molecules cou-
pling to INAM may foster mDC-NK contact.

NK Cell Activation in Humans and Mice

In human monocyte-derived DC [66] and mouse
CD8a+-like human DC (BDCA3+/XCR1+) [67, 68], the
early response to dsRNA (including polyl:C and polyA:U)
induces the production of IL-12p40 and type I IFN via the
TLR3/TICAM-1 pathway. These early-phase cytokines
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Fig. 3. The IPS-1 pathway in nonmyeloid cells and TLR3 in myeloid cells participate in the activation of NK
cells. Mice i.v. injected with polyl:C activate NK cells. Two distinct pathways are involved in NK cell activation
in this case: (1) TLR3 in Mf and mDC recognize the iv. injected polyl:C and drive the internal NK activation
pathway, and (2) nonhematopoietic cells recognize the polyl:C by their MDAS5 in the cytoplasm to produce a
large amount of type I IFN, which in turn activates Mf/DC for NK activation.

play akeyrole in priming NK cells to induce alow amount
of IFN-vy in vitro. In vitro administered dsRNA also
activates NK cells via direct stimulation of the RIG-I
pathway in NK cells. In the following phase, mDC are re-
cruited to draining lymph nodes to encounter NK cells.
Subsequently, mDC-NK contact occurs inducing full
maturation of NK cells. At this stage, NK cells engage in
significant [FN-vy production. This recent observation is
in close agreement with the results reported in human in
vitro cocultured liver DC and NK cells [69]. These find-
ings clearly reveal the importance of mDC IL-12p70 and
the NK cell RIG-I pathway in NK cell priming in hu-
mans.

In mouse in vitro studies, mouse BMDC or CD8a+
splenic DC activate NK cells via cell-cell contact rather
than IL-12p70 or type I IFN. BMDC, as well as CD8a+
splenic DC, express TLR3 mRNA, and polyl:C stimula-
tion induces activation of both the TICAM-1 pathway
and the IPS-1 pathway [9-11, 64]. IL-12p40 (which is like-
ly the p40 dimer that inhibits IL-12R-derived signaling),
instead of IL-12p70, is produced in response to polyl:C in
mouse DC-NK coculture studies [64]. A membrane mol-
ecule, i.e. INAM, expressed secondary to IRF-3 activa-
tion in BMDC or CD8a+ DC stimulates initial DC-me-
diated NK activation. Full activation of NK cells, includ-
ing cytolyticactivity against target molecules, is provoked
only secondarily to DC-NK contact in mice.
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In contrast, in vivo studies on NK cell activation have
been performed in mice via intravenous (i.v.) injection of
polyl:C. NK activation occurs in response to iv. injected
polyl:C, and NK activation has been shown to depend on
the MDAS5/IPS-1 pathway and TLR3/TICAM-1pathway
in KO mice [11] (fig. 3). Surprisingly, in bone marrow chi-
mera studies, initial induction of type I IFN by MDA5
from nonmyeloid cells played a crucial role in splenic DC
maturation. CD8a+ DC maturation secondarily trig-
gered NK cell activation. If this is the case, myeloid cell
TLR3 and nonmyeloid cell MDA5 actually participate in
polyl:C-dependent maturation of splenic DC to drive NK
activation, at least at an early phase of i.v. administration
in vivo. Presumably, stromal or vascular endothelial cells
are a source of MDA5-mediated type I IFN induction,
which in turn activates splenic DC. There are several sub-
sets of DC in the mouse spleen. Only CD8a+ DC express
high TLR3 and participate in NK activation [10, 70]. On
the other hand, intraperitoneal administration of polyl:C
first activates Mfin the peritoneal cavity of mice [71]. The
route of polyl:C administration may therefore stimulate
different RNA sensors to activate IRF-3. IL-12p70 has a
minimal role in mouse DC-mediated NK activation.

It is currently unclear which mode of NK activation,
TICAM-1 or IPS-1, is dominant in other mammals and
vertebrates. NK cells and the TICAM-1 and IPS-1 path-
ways are conserved across vertebrates. Differential re-
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sponses to polyl:Cin cytokine production and NK activa-
tion in other animals may be partly due to the systemic
differences in RNA recognition in different cell types and
tissues.

Perspectives

NK cell activation is an important event in the im-
mune response to cancer or infectious diseases. Recent
molecular/cellular analyses suggest that the cellsand mo-
lecular mechanisms involved in NK cell activation differ
between in vivo PAMP-stimulated mice and in vitro
PAMP-stimulated cell cocultures. A discrepancy also ap-
pears in in vitro NK activation studies in humans and
mice. The basal IFN-inducing properties have been re-
ported in mice but not in humans [6]. The response to
PAMP also differs depending on the delivery routes. Cau-
tion is therefore necessary when adapting the results
from KO mice to human clinical studies. Only 5 pg of
polyl:C sufficiently induces IFN- from human fibro-

blasts which express TLR3 on the cell surface, but >150
g is still insufficient for mouse fibroblasts [72, 73]. Al-
though polyI:C is effective for NK activation, it often in-
duces a life-threatening cytokine storm in mice [74]. A
future aim is to activate NK cells with no side effects in
human patients. If this can be achieved, NK cell activa-
tion could be applied to the establishment of effective
vaccines and immunotherapies.
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Anti-bovine prion protein RNA aptamer containing tandem GGA repeat
interacts both with recombinant bovine prion protein and its [3 isoform
with high affinity
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G-quadruplex

In order to obtain RNA aptamers against bovine prion protein
(bPrP), we carried out in vitro selection from RNA pools
containing a 55-nucleotide randomized region to target recombi-
nant bPrP. Most of obtained aptamers contained conserved GGA
tandem repeats (GGA), and aptamer #1 (apt #1) showed a high
affinity for both bPrP and its § isoform (bPrP-B). The sequence
of apt #1 suggested that it would have a G-quadruplex structure,
which was confirmed using CD spectra in titration with KCI.
A mutagenic study of this conserved region, and competitive assays,
showed that the conserved (GGA); sequence is important for
specific binding to bPrP and bPrP-B. Following 5'-biotinylation,
aptamer #1 specifically detected PrP° in bovine brain homogenate
in a Northwestern blotting assay. Protein deletion mutant analysis
showed that the bPrP aptamer binds within 25-131 of the bPrP
sequence. Interestingly, the minimized aptamer #1 (17 nt) showed
greater binding to bPrP and bPrP-B as compared to apt #1. This
minimized form of aptamer #1 may therefore be useful in the
detection of bPrP, diagnosis of prion disease, enrichment of bPr and
ultimately in gaining a better understanding of prion diseases.

Introduction

The prion protein (PrP) has two alternative forms: a normal
cellular protein (PrPC), which is a soluble o-helix rich isoform,
and an insoluble B-sheet rich abnormal isoform! known as the
protease-resistant form (PrP5¢).2 The detailed mechanism of the
structural conversion between the soluble and insoluble forms
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remains unknown. PrPC is almost ubiquitously expressed and highly
conserved in mammals, being anchored on the surface of cells. To
gain a better insight into its putative role, much research has gone
towards the discovery of molecules that bind prion protein. Of
those identified, the most notable are divalent metal ions, several
proteins and nucleic acids.? Knowledge of the function of PrP would
contribute towards a better understanding of the processes involved
in both the amplification of the infectious agent and the neuronal
damage leading to the neuro-degeneration observed in prion diseases.
As concerns about the transmission of prion disease in the fields of
medicine and food safety increase, there is an increasing demand for
an understanding of the processes by which PrPS¢ can be detected
and addressed.®>

Specific anti-PrP probes, which have high specificity and sensi-
tivity, are required for the diagnosis of prion diseases. Clarification
of the binding mechanism between PrP and such probes will assist
structural study of PrP. Aptamers are artificial nucleotides derived
from systematic evolution of ligands by exponential enrichment
(SELEX),%7 which bind a wide range of targets with a high affinity
and specificity, as is seen with antibodies.®? Using this method, many
aptamers specific to PrP!9-20 and PrPS¢,12:13 have been isolated.

Recently we have performed an in vitro selection for mouse PrP
using an RNA pool with a 30 nt randomized region.!® To prepare
a repertoire of anti-PrP RNA aptamers, we carried out SELEX for
recombinant bPrP and analyzed for bPrP and bPrP-B. The obtained
major RNA aptamers bind to both bPrP and bPrP-f. They possessed
tandem GGA repeats (GGA), as a consensus sequence, and suggested
to form a parallel G-quadruplex structure in the presence of K*
ions. We identified that this core sequence is important for specific
binding to bovine PrPs and increased the affinity and selectivity by
redesigning this core sequence.

Results

In vitro selection. To obtain RNA aptamers targeting recombi-
nant bPrB, we carried out SELEX using 97-nt RNA pool that has
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55-nt randomized sequences. To increase the selection stringency,
we applied the following selection pressures (Table 1): (1) decreased
protein concentration and reaction time, and increased washing
volumes; (2) increased tRNA concentration as a non-specific compet-
itor; and (3) increased concentration of anti-mPrP RNA aptamer!® as
a specific competitor. Furthermore we carried out mutagenic PCR?!
to introduce mutations into concentrated sequences (see Materials
and Methods). As the enrichment of specific binding RNAs for bPrP
was observed in the iterative process (data not shown), G10 RNA
pool for bPrP was cloned and sequenced. Interestingly, all RNAs
contained tandem GGA repeats, mainly four continuous GGA
triplet repeats (GGA) (shown underlined in Table 2).

Binding affinities of apt #1 against bPrP or bPrP-f. The repre-
sentative RNA aptamers designated apt #1 and apt #6 were analyzed.
To determine their respective K values, a filter binding assay was
performed using 10 nM RNA and various concentrations of bPrP
or bPrP-B in selection buffer [20 mM Tris-HCI (pH 7.5), 100 mM
NaCl]. Apt #1 showed a higher affinity (Fig. 1, K; = 82 + 21 nM for
bPrP) than that of apt #6 (data not shown, Ky =166 + 55 nM for
bPrP). Because of the structural difference between bPrP and bPrP-f3,
binding affinity of both RNA aptamers for bPrP-f are over 10-fold
lower than those for bPrP. As it demonstrated a higher affinity than
apt #6, we focused on apt #1 in subsequent analyses.

The (GGA); sequence suggested that it forms a G-quartet
structure. The formation of a G-quartet structure is stabilized by
monovalent cations such as K* and Na* ions.?>2¢ In general, DNA/
RNA G-quadruplexes bind K* over Na* ions.?526 As is clearly shown
in Figure 1, binding affinities for both proteins bPrP and bPrP- in
10 mM K* ion (K = 31 nM and 220 nM, respectively; solid lines)
were increased in comparison with 100 mM Na* ion (dashed lines).
We also tested apt #1 binding without salt (K; = 50 nM for bPrP
and 21000 nM for bPrP-B; data not shown). The presence of potas-
sium ions conferred a greater affinity of apt #1 to bPrPs, which was
particularly profound for bPrP-B. We therefore prepared a buffer
solution containing K* ions to be used in subsequent analyses on apt
#1 (20 mM Tris-HCI (pH 7.5), 10 mM KCI).

Detection of bPrPC in bovine brain homogenate using apt #1.
To test the ability of apt #1 to detect bPrPC, we performed
Northwestern blotting using a 5'-biotinylated apt #1 (Bi#1) with
streptavidin-alkaline phosphatase conjugates (SA-AP) as a secondary
probe (left in Fig. 2A). Bi#1 detected the three types of bPrPC (non-,
mono- and di-glycosylated forms of PrPS; lane 1) in bovine brain
homogenate as well as antibody T2 (lane 2). The epitope of antibody
T2 is located between amino acids 147 and 152.23 This result indi-
cates that apt #1 is applicable as a detection tool for bPrP and may
perform as well as antibodies.

Table 1 In vitro selection conditions for recombinant
bPrP

Roundof  RNA bPrP 1RNA Anti-PrP RNA aptamer'® Time
selection  (uM)  (uM) (M) (1) (min)
1 10 2 0 0 60
2 6 0.4 10 0 30
3 4 0.2 40 8 20
4 3 0.1 100 16 15
5 2 0.3 100 32 10
6 2 0.05 100 48 10
7 2 0.05 *6 0 10
8** 2 0.05 100 64 10
Qx* 2 0.05 100 64 10
10 6 0.05 100 9 10

*U, 5 was used instead of tRNA. **The mutagenic PCR was introduced.

The detection limit of bPrP with Bi#1 was approximately 30 ng
(spot 6 in the upper of Fig. 2B) using dot blot analysis in the presence
of poly (U) as a non-competitive binder. A negative control BiC#1
that has the complementary sequence of apt #1, showed a detection
limit 240 ng (spot 3 in the lower of Fig. 2B), indicating specific
binding of apt #1 against bPrPC.

Conserved region (GGA), suggests a parallel G-quadruplex.
To examine the structure of apt #1, we measured CD spectra of the
aptamer in the different concentrations of K* ion. It is known that
a parallel G-quadruplex gives a positive CD peak at 260 nm, while
an antiparalle] G-quadruplex gives a positive CD peak at 295 nm
either with or without a positive CD peak at 260 nm in the pres-
ence of monovalent cations.?”>?8 A peak was observed at 260 nm of
CD and the peak intensity increased as the concentration of K* ions
increased, with maximum peak intensity at 10 mM KCI (Fig. 3A).
This result suggests that apt #1 forms a parallel G-quadruplex in the
presence of K* ion, with saturation occurring at 10 mM KCI. We also
confirmed no increase of peak intensity at 260 nm in the presence
of K* ion on the apt #1 mutant with substitutions of G tracts in the
conserved (GGA)  region (data not shown).

Matsugami et al. reported that d(GGA) 4 folds into an intra-
molecular G-quadruplex composed of a G:G:G:G tetrad and
a G(:A):G(:A):G(:A):G heptad with parallel orientation under
physiological K* conditions?® (Fig. 3B). The CD spectra of apt #1
(Fig. 3A) showed a similar pattern with that of d(GGA) . Although
direct evidence is lacking, we believe that apt #1 also forms the
similar type of the parallel G-quadruplex structure. Previous reports

Table 2 Sequences of randomized regions and maijorities of isolated RNA aptamers against recombinant bPrP

Name of clone Number of clones
#1 14/30

#6 11/30
#20 3/30
others

Sequence of randomized region

5'-CAAUCCAUUCAUCUCUCGAAUGAGGAAGUAGCCCAAGAGGAGGAGGAGGAUGAGC-3'

5'-ACCUUCUGUUCAUAUCGUGACCAACCCAAUAGAUUGUGAUAAAGGAGGAGGAGGA-3'

5" UUGCCAAUAGCCCUACGGAGGAGGAGGCUGGACUAUAGACAGUUUACUUAAUAAA3!
5'-CGCUCUGCCUGCGACCCAUCGACGUGAGUUUGCGAAAAAAGGAGGAGGAGGA-3'

5'"UAGCCCCCCUAGGAGCCGCUUGUGAUAAGAGUUCAAAUUGGAGGAGGUGGAUUGA-3'

The conserved GGA triplet repeats (GGA), are underlined involving its one point mutations.
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120
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binding (%)
3

concentration of bPrP (nM)

Figure 1. Binding of apt #1 to bPrP and bPrP-B. Binding curves of apt #1 to
bPrP and bPrP-3 are shown by closed circles and open circles, respectively.
Solid and dashed lines represent different buffer conditions: 10 mM K* and
100 mM Na*, respectively. The binding data are analyzed by GraphPad
PRISM (see Materials and Methods).

binding than the latter.!> Considering these results, it seems that apt
#1 is also likely to bind to the two lysine clusters, although there is
no homology between apt #1 and ovine-PrP aptamers.

The conserved region (GGA), is important for binding to bPrP
or bPrP-B. To investigate the correlation between binding affinity
and G-quadruplex structure of the conserved (GGA),, we prepared
several mutants of the (GGA) region (m1-m5) and analyzed their
affinities compared to bPrP and bPrP-B. The K values for different
mutants are shown in Table 3. All #1 mutants showed decrease
of binding ability to bPrP-B. The conserved (GGA) is therefore
important for binding to bPrP-P. In the case of interactions with
bPrP all mutants except m4 showed moderate decrease in binding
affinity (1.8-2.5-fold). This is due to the ability of PrP to bind to
nucleic acids.2%30

Since we could not verify the specific binding of mutants to
bPrP from the determined K, values, we carried out competi-
tive binding analysis using the labeled apt #1 in the presence of

elevated amounts of unlabeled competitors (Fig. 5). We used

A kpa Bi#1 T2 Ab

75

kDa

75
50 50

7
37 "

25 25

M 1 M 2

non G-quadruplex forming competitor (m5) and probable
G-quadruplex forming competitors (m7, m8, apt #1). It
was demonstrated that apt #1 was the best competitor, and
all probable G-quadruplex forming competitors competed
with apt #1 for binding to bPrP in dose-dependent manner.
There are small differences of displacement efficiency among
apt #1, m7 and m8. By comparing the competing ability
of G-quadruplex forming RNAs m7, m8 and apt #1, the
adenine residues in (GGA) are also important for binding to
bPrP. Non G-quadruplex forming competitor (m5) showed
weak competition in the presence of K* ion. Under the no
salt condition m5 competed with apt #1 in the similar level
of apt #1 (Fig. 5B). This means that binding ability of apt #1
to bPrP is specific binding in the presence of K* ion.

Figure 2. Detection of bPrPC in bovine brain homogenate and dot-blotting assay
using a biotinylated apt #1 (Bi#1). (A) Bovine brain homogenate was analyzed
using SDS-PAGE and subsequently with Northwestern blotting. bPrP¢ (lane 1 and
2) was detected using Bi#1 (left) and T2 antibody (right). Lane M represents protein
molecular weight markers. N, M and D indicate non-, mono- and diglycosilated
PrP isoforms, respectively. (B) Dot-blotting assay of recombinant bPrP using Bi#1
or BiC#1. Number 1 represents crosslinked 5'-biotinylated RNA (Bi#1, BiC#1).
Numbers 2-6 represent decreasing concentration of mounted bPrP (ng) as follows:

2 =480, 3 =240,4 =120, 5 =60, 6 = 30.
have described G-quadruplex forming RNA aptamers for PrB!%1!
but sequences are different from described here.

Aptamer binding sites locate amino acids 25-131. To inves-
tigate the apt #1 binding region of bPrP, we performed binding
analysis with deleted proteins: bPrP (102-241) and bPrP (132-241)
(Fig. 4A). Apt #1 bound strongly to full length bPrP (K, = 31 nM),
while K value of the deletion variant bPrP (102-241) (21000 nM;
indicated with triangles) increased more than 30-fold compared
with bPrP. Apt #1 could not bind to variant bPrP (132-241).
Consequently, the binding region for apt #1 is located within
amino acid residues 25-131, underlined in Figure 4B. Deletion of
N-terminal 25-101 residues produced a strong effect for the aptamer
binding. This suggests that this region is the main binding site as well
as an anti-mPrP aptamer.!® Mercey et al. reported that the two lysine
clusters (amino acids 25-32 and 102-110 in ovine PrP) are primary
nucleic acids binding sites, the former region showing stronger

www.landesbioscience.com

Minimization of apt #1 retained the binding ability to
bPrP and bPrP-B. Since the conserved region (GGA)4 of
apt #1 plays important role for specific binding to bPrP and
bPrP-B, we minimized the aptamer to a 12-nt RNA r(GGA) 4
and measured K values (Table 4). Compared with apt #1,
r(GGA)4 showed better affinity for bPrP (K, = 8.5 nM)
and similar K value for bPrP-B (K; = 280 nM). We then
examined d(GGA),, which forms the unique G-quadruplex
structure shown in Figure 3B.24 This revealed that d(GGA) 4
showed a strikingly lower affinity for both bPrP and bPrP-B,
compared to r(GGA),. This result suggests that r(GGA), has a
different G-quadruplex structure with that of d(GGA),.

To test the RNA sequence specificity of ((GGA),;, we analyzed the
binding of R14, which contains GGA residues and forms another
type of intramolecular G-quadruplex consisting of tetrad and hexad
in the presence of K*.3! As shown in Table 4, R14 showed greater
affinity for both proteins compared to d(GGA), but lower affinity
than r(GGA),. Hence the conserved tandem GGA repeat (GGA),
is the important region for binding to bPrP and bPrP-, and the
minimized 12-nt RNA retained this binding ability.

Adenine stretch attached at 5'-site of (GGA), enhanced the
binding affinity for bPrP-B. Besides of conserved region (GGA),,
adenine tracts (3—6 residues) were frequently observed at the 5'-site
of (GGA), in obtained RNA aptamers (Table 2). The capacity of

these adenine sequences to bind to bPrPs was investigated. The
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sequence of constructs and their K, values are shown in
Table 5. Binding affinities were almost the same Ky =
9-17 nM) for full-length bPrP. For truncated variant bPrP
(102-241), they also showed the same level of binding
“affinities (K4 = 160-270 nM) except r(GGA) 419 attached
7 adenines (K, = 540 nM). However with regard to bPrP-B,
the five adenine stretch 1(GGA)4-17 showed the lowest K,
value (K; = 78 nM), followed by the four adenines stretch
1(GGA) 416 (K = 92 nM). The optimal numbers of adenine
correspond with the trend observed in the RNA aptamers.

As reported previously, amino acids 23-90 (human
numbering) of PrP interact with nucleic acids in a specific or
non-specific manner.3? Short RNAs including r(GGA) 17
bound to bPrP (102-241) (probably amino acids residues
102-131 from the binding result of #1 in Fig. 4) in a specific
manner. Therefore, like an antibody, r(GGA),-17 shown in

b

* dmol-)

[6] x 104 (deg + cm?

®
200 330
Q 3
—omMKCl |
— 1nMKCl |
& 10mMMKCI 3
— 100nM KCIl
Q@

wave length (nm)

Table 5 may recognize PrP27-30, which is a proteinase K
(PK) resistant fragment following removal of the N-terminal
region (approximately up to amino acid position 90 in
mPrP).33-36

Discussion

In this study, we described an in vitro selection of
RNA aptamers against recombinant bPrP. All selected RNA
aptamers contained the four repeats of a two guanine
containing sequence and most of RNAs contained the
conserved sequence (GGA) (Table 2). Our findings suggest
that apt #1 can be used to detect PrPC in bovine brain
homogenate, a process which more conventionally employs

an antibody with an immuno-blotting assay (Fig. 2). By
collecting CD spectra in increasing concentrations of KClI,
apt #1 probably forms a parallel] G-quadruplex derived from
the (GGA) 4 sequence.

It has been reported that the proposed G-quadruplex
structure plays a critical role in the binding to PrP!%!! Among the
reported anti-PrP RNA aptamers containing GGA repeats, anti-syrian
golden hamster PrP aptamers contain GGGA repeat interacting with
amino acids 23-52,!% and aptamer DP7 targeted to amino acids
90-129 of human PrP involves GGA repeats.!! Anti-mPrP aptamer
60-3 used as a competitor in this study also contains GGAGG repeat
interacting with amino acids 23-119.16 The aptamer 60-3 binds to
bPrP in the presence of Na*,'6 however it did not show enhanced
bindings to both bPrP and bPrP- in the presence of K* (data not
shown). The conserved sequence of tandem GGA repeat (GGA), is
isolated only in this study. Considering the high frequent appearance
of GGA observed in anti-PrP RNA aptamers, GGA repeat must be
meaningful for specific binding to PrPs.

We confirmed that the conserved sequence (GGA), is impor-
tant for specific binding to both bPrP and bPrP-B by investigating
the effect of substitutions in this region (Table 3) and competitive
binding analysis (Fig. 5). Amongst G-quartets which form small
DNA and RNAs involving a GGA repeat, 1(GGA), showed the
best affinity to both bPrP and bPrP-B indicating the minimal
sequence required for the sequence specificity for preferential binding
(Table 4). d(GGA), and R14,%! form similar intramolecular parallel
G-quadruplexes consisting of tetrad-heptad and tetrad-hexad, respec-
tively.24 R14 showed better binding to bPrP and bPrP-B compared to
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Figure 3. CD spectra of apt #1 and r(GGA),-15 in the presence of KCI. CD spectra
were measured at 20°C in fitration with KCI (0, 1, 10, 100 mM). (A) CD spectra of
10 uM apt #1. (B) The structure of d(GGA),.24

d(GGA) . This preferential binding may be derived either from the
RNA molecule or differences in the tertiary G-quadruplex structures.
To clarify the relationships between binding and structure, we are in
the process of investigating these structures in more detail.

The binding affinity of bPrP-B with the G, RNA pool was
notably low (data not shown). The recombinant amyloidogenic prion
protein, bPrP-B, is generated through chemical treatment of recom-
binant bPrP which enhances the formation of the B-sheet secondary
structure in the C-terminal region.37 The N-terminus of PrP (amino
acids 23-120 in mPrP) is a flexible non-structural region and the
C-terminus of PrP is preserved in the globular three-dimensional
structure.?® It is known that the N-terminal region of PrP interacts
with nucleic acids in non-specific and/or specific manner,29-30-32
In an NMR study of the interaction berween murine recombinant
PrP and RNA aptamer SAF93,1243-59 it was observed that part of
the N-terminal domain is modified after interaction with RNA.3°
From these experimental results, it can be deduced that the environ-
ment of N-terminal regions also differ between bPrP and bPrP-p.
One possibility is that the packed structure of the C-terminal region,
which contains higher numbers of B-sheets in bPrP-B, causes a
narrowing of free space and a decrease in structural flexibility in the
N-terminal region, resulting in poor acceptability of nucleic acids
and induced fitting. Finally, we showed that the binding ability for

2008; Vol. 2 Issue 2
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NEPSKPKTNMKHVAGAAAAGAVVGGLGGYMLGSAMSRPLIHFGS

DYEDRYYRENMERYPRQVYYRPVDQYSNONNFVEDCVNITVKEH
241
TVITTTKGENFTETDIKMMERVVEQMCITQYQRESQAYYQRGA

Figure 4. Binding affinity of anti-bPrP aptamer apt #1 for deletion variants of
bPrP. (A) Circles, triangles and squares indicate full length bPrP (25-241),
bPrP (102-241) and bPrP (132-241), respectively. (B) The amino-acid
sequence alignment of bPrP. The apt #1 binding region is underlined.

Table 3 Sequences and binding affinities of different

mutants

aptamers sequence K, (nM)

bPrP bPrP-B
apt #1 5'"GGAGGAGGAGGA-3' 316 220 + 67
m1 5'".GGAGGAGGA-3' 79 + 24 >1000
m2 5'"-GGAGGA-3' 75 + 28 >1000
m3 5'-(no GGA repeat}-3' 55+ 24 >1000
m4 5'-UUUUUUUUUUUU-3! 134 + 42 >1000
m5 5'"UUAUUAUUAUUA3' 56 £ 16 >1000

bPrP-B could be improved by minimization of apt #1 to a 17 nt
RNA containing an adenosine sequence at the 5'-site of (GGA),,.

By investigating the binding properties of deletion variants of
bPrP, we identified the N-terminal region of bPrP, amino acids
25-131, as being a key region for apt #1 binding. Apt #1 could
bind to amino acids 102-131 of bPrP. It is known that amino acids
25-101 (23-90 in hPrP) contain the nucleic acid binding site.3?
Notably, the additional N-terminal binding region 102—131 provides
apt #1 with specific binding activity. Furthermore, it conferred the
ability of the minimized aptamer to bind with both bPrP and bPrP-f
with high affinity.

Aptamers, with their high ligand specificity, can enrich a target
molecule from biological samples. For example, RNA ligands have
been successfully used for the concentration of PrP® and PK-resistant
PrP taken from serum, urine3? and brain homogenate.4? Previously,
we also used anti-mPrP aptamer for bead-based purification and
concentration of PrPC from mouse brain homogenate.!¢ Takemura
etal. proposed that PrPS¢-enrichment with pre-treatment using PrPC-
specific aptamers, to remove normal prions from a sample, could be
applied as diagnostic tools in double ligand assay systems.!” Such an
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enrichment method of PrP5¢ might be required for early stage detec-
tion of the B form PrP because it exists in extremely low proportions
compared to the o form. After treatment with PrPC-specific ligands,
apt #1 may be useful for PrP5¢ enrichment, rather than employing an
antibody without PK treatment.

In a recent publication investigating the interaction between
RNAs and recombinant PrP it was shown that PrP aggregates
could be induced by the presence of small synthetic oligonucle-
otides and aggregates with total RNA extract from cultured mouse
neuroblastoma cells (N2a) were cytotoxic.? A sensitive method
of pathological prion protein detection using cyclic amplification
of protein misfolding (PMCA) has been developecl.41 It has been
reported that successful PMCA propagation of PrP* molecules in
a purified system requires accessory poly (A) RNA molecules.4?
Association with PrP and some specific RNAs such as RNA aptamers
might help in this field.

In conclusion, we succeeded in harvesting an RNA aptamer
against bPrP and bPrP-P, and in producing a high affinity, and a 17
mer minimized form containing 5 adenines at the 5'-site of (GGA) .
Its ability to bind to bPrP (102-241), which corresponds to PrP
27-30, indicates that it may detect PK-digested PrP as well as anti-
bodies. These aptamers will, we believe, be valuable in the study of
conversions, diagnosis and therapy of prion disease.

Materials and Methods

Proteins. Recombinant bPrP (amino acids 25-241), amyloido-
genic PrP prepared from recombinant bPrP (bPrP-B) and truncated
bPrPs [bPrP (102-241): amino acids 102-241; bPrP (132-241):
amino acids 132-241] were purchased from Alicon (Switzerland).

In vitro selection of RNA aptamers against bPrP.
An N55S RNA pool containing a region of 55 randomized
nucleotide  [5'-GGGAGGUGGAACUGAAGGAGA-(N55)-
ACUUCGCAAUCGCUCUACGCA-3"] was used to perform in
vitro selection on a 0.45 wm HAWP nitrocellulose filter (Millipore).
RNAs were heat denatured at 90°C for 2 min, 72°C for 5 min,
55°C for 5 min, 37°C for 2 min and cooled to room temperature in
50 ul of binding buffer [20 mM Tris-HCl (pH 7.5) and 100 mM
NaCl] prior to use. The RNA pool was incubated for 10 to 30 min
with bPrP in the presence of competitor RNAs (tRNA and/or anti-
mPrP aptamer 60-3,16 at room temperature. This mixed solution
was passed through the nitrocellulose filter and washed with the
binding buffer. RNA bound to bPrP on the filter was recovered with
400 pl of 7 M urea at 90°C for 5 min. The eluted RNA was ethanol
precipitated and reverse transcribed using AMV reverse transcriptase
(Wako) at 42°C for 1 h. The product was PCR amplified (94°C for
30 sec, 55°C for 30 sec and 72°C for 30 sec) using Gene Taq (Nippon
Gene) with forward primer [5-TGTAATACGACTCACTATAGG
GAGGTGGAACTGAAGGAGA-3'] and reverse primer [5'-TGC
GTAGAGCGATTGCGAAGT-3'] (Fasmac), and transcribed using
the T7 Ampliscribe Kit (Epicentre Technologies). The RNA product
was treated with DNase I and purified by Micro Bio-Spin Columns
P-30 (Bio-Rad) or 8% PAGE containing 7 M urea and subjected
to the next round of selection. From the eighth round of selection
mutagenic PCR?! was introduced. After the tenth generation cDNA
pool was inserted into the pPGEM-T Easy vector (Promega), cloned
in Escherichia coli JM109 strain, and sequenced (ABI 3100; Applied
Biosystems).

Prion 77

—508—



RNA G-quadruplex structure of anti-bovine prion protein aptamer

A 120-

%
-
8 N 0 [~
o o (=]

1 1 1 1

displacement in
N
)

o

m7
competitor

B 120-

3

-3
T

displacement in %
S & 3

o
1

apt #1

competitor

Figure 5. Comparison of binding of apt #1 and bPrP using competitive binding
assay. The #1 mutants (m7, m8) contained substitutions (shown underlined)
in the conserved region (GGA) as follows: m7: 5"GGUGGAGGAGGA-3';
m8: 5'"GGUGGUGGUGGU-3'. The competitor RNAs were added in vari-
ous concentrations with O, 1, 5 and 10-fold greater molar concentrations of
labeled apt #1. Binding assay was performed in the presence of 10 mM KClI
(A) and in the absence of KCI (B).

Preparation of RNA aptamer. To prepare RNA aptamer, the
double-stranded DNA generated by PCR was used as a template for
in vitro transcription by T7 RNA polymerase, as described above.

Mutant RNAs of apt #1 were prepared from mutagenic PCR
using the following DNA templates (Fasmac) and the selection
primers: for m1 [5-TGC GTA GAG CGA TTG CGA AGT TGC
TCA UCC UCC UCC TCT TGG GCT ACT TCC TCA TTC
GAG AGA TGA ATG GAT TGT CTC CTT CAG TTC CACCT
CCC-3']; for m2 [5'-TGC GTA GAG CGA TTG CGA AGT TGC
TCA UCC UCC TCT TGG GCT ACT TCC TCA TTC GAG
AGA TGA ATG GAT TGT CTC CTT CAG TTC CAC CTC
CC-3"); for m3 [5-TGC GTA GAG CGA TTG CGA AGT TGC
TCA TCT TGG GCT ACT TCC TCA TTC GAG AGA TGA
ATG GAT TGT CTC CTT CAG TTC CAC CTC CC-3']; for m4
[5-TGC GTA GAG CGA TTG CGA AGT TGC TCA AAA AAA
AAA AAATCT TGG GCT ACT TCCTCA TTC GAG AGA TGA
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Table 4 Comparison of binding affinities for bPrP and
bPrP-p between GGA repeat containing RNAs

and DNA
RNA/DNA sequence Ky (nM)
bPP bPrP-3
apt #1 - 316 220 £ 70
r(GGA) 4 r(GGAGGAGGAGGA) 85+34 280 = 80
d(GGA), d[GGAGGAGGAGGA) 64 £ 31 21000
R14 r(GGAGGUUUUGGAGG) 32+ 18 610 = 240

ATG GAT TGT CTC CTT CAG TTC CAC CTC CC-3']; for m5
[5-TGC GTA GAG CGATTG CGA AGT TGC TCA TUU TUU
TUU TUU TCT TGG GCT ACT TCC TCA TTC GAG AGA
TGA ATG GAT TGT CTC CTT CAG TTC CAC CTC CC-3';
for m7 [5-TGC GTA GAG CGATTG CGA AGT TGC TCATCC
TCCTCCACCTCTTGG GCTACTTCCTCATTC GAG AGA
TGA ATG GAT TGT CTC CTT CAG TTC CAC CTC CC-3'];
for m8 [5'-TGC GTA GAG CGATTG CGA AGT TGC TCA ACC
ACCACCACCTCTTGG GCTACTTCCTCATTC GAG AGA
TGA ATG GAT TGT CTC CTT CAG TTC CAC CTC CC-3'].
To prepare C#1, the generated PCR fragment using plasmid #1 as
template and the proper primers (+) c#1 and (-) c#1, were used for
in vitro transcription by T7 RNA polymerase as described above. (+)
c#l: [5-TGT AAT ACG ACT CAC TAT AGG CGT AGA GCG
ATT GCG AAG-3']; and (-) c#1: [5-GGG AGG TGG AAC TGA
AGG AGA-3'].

The chemically synthesized RNAs or DNAs: r(GGA),-15,
1(GGA),, d(GGA); R14, 1(GGA),-16, 1(GGA) 17, r(GGA)-18
and r(GGA)-19 were purchased from Fasmac (Japan). 5'-biotiny-
lated RNAs (Bi#1, BiC#1) were prepared with a 5' end tag nucleic
acid labeling system (Vector Laboratories).

Binding assay of anti-bPrP aptamer. Radioisotope labeling of
RNA by in vitro transcription was carried out using 0.->?P-ATP, as
previously described.!® Refolded 32P labeled aptamer (10 nM) was
mixed with varying concentrations of bPrB, or its derivatives, to a
total volume of 25 pl in reaction buffer [20 mM Tris-HCl (pH
7.5), 100 mM NaCl or 10 mM KClI]. After 20 min incubation,
the mixture was passed through a nitrocellulose filter and washed
with 500 pl of the reaction buffer. The amount of bound RNA
was measured with BAS 2500 (Fuji Film), and binding activities
were calculated as the percentage of input RNA retained on the
filter in the protein-RNA complex. We determined the equilibrium
dissociation constant (K,) using GraphPad PRISM using non-linear
regression curve fitting, and a one site binding hyperbola equation
(RNA binding (%) = B_ . x [PrP]/ (K4 + [PrP]), where B .. is the
maximum bound at saturating PrP concentrations).

Northwestern assay with the aptamer. The Northwestern
assay was performed using conventional methods.?? A sample of
10 pl 10% bovine brain homogenate in suspension buffer [0.1%
Nonidet P-40, 0.1% deoxycholate, 20 mM Tris-HCI (pH 7.5) and
100 mM NaCl] was separated by 10% SDS-PAGE and transferred
to a 0.22 pm nitrocellulose membrane (Bio-Rad). A sample of
2 ml 1% BSA in binding buffer [20 mM Tris-HCI (pH 7.5) and
10 mM KCI] was used for blocking for 30 min. Proceeding this
were 30 min incubation, with 200 nM of 5'-biotin labeled apt #1
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Table 5 Comparison of adenine stretch at 5'-site of (6GA), with binding affinities of bPrP, bPrP(102-241) and bPrP-f

aptamers sequence K, (nM)
bPeP bPeP {102-241) bPeP-B

r(GGA) /19 AAAAAAAGGAGGAGGAGGA 175 540 = 310 270 + 90
r(GGA) 418 AAAAAAGGAGGAGGAGGA 10+2 160 + 50 150 = 40
r(GGA) 417 AAAAAGGAGGAGGAGGA 9.4+ 40 270+ 120 78 + 30
r(GGA) 416 AAAAGGAGGAGGAGGA 16+3 190 + 50 92 + 26
r(GGA) 415 AAA GGAGGAGGAGGA 16+4 220 + 90 200 £ 90
r(GGA), GGAGGAGGAGGA 8.5+3.4 240 + 90 280 + 80
(Bi#1) in binding buffer, followed by a 30 min incubation with References

streptavidin-alkaline phosphatase conjugate (SA-AP; 2 ng/pl;
Roche Applied Science) in binding buffer and a 1 min incubation
with CDP-Star (20 mg/ml, Roche Applied Science). Detection was
carried out using ECL Mini-Camera (Amersham Biosciences) and
Polaroid film. For the standard immuno-blotting assay of bPrP¢,
a T2 antibody was used.?3 All procedures were performed at room
temperature.

Dot-blotting assay. 5" biotinylated RNA, Bi#1 or BiC#1, was
spotted on nitrocellulose membrane and UV cross-linked for 5 min.
Different amounts of bPrP (480, 240, 120, 60 and 30 ng) were
spotted and air-dried for 10 min. The membrane was treated by
blocking with 1 % BSA in reaction buffer [20 mM Tris-HCI (pH
7.5), 10 mM KClI] for 30 min, incubating with 200 nM of Bi#1 or
BiC#1 in the presence of poly U (0.5 pug/pl, Amersham Biosciences)
for 20 min, and then incubating with SA-AP (2 ng/ul) in reaction
buffer for 30 min. Following a 1 min incubation with CDP-Star
(20 mg/ml) in 0.1 M Tris-HCI (pH 9.5), detection was carried out
with ECL Mini-Camera and Polaroid film. All procedures were
performed at room temperature.

Circular dichroism spectroscopy. CD spectra were recorded
with a JASCO J-720 Spectropolarimeter (JASCO) as previously
reported.”4 A cell of 1 mm light path length and 300 pl volume was
used to analyze in titration with KCI (0, 1, 10, 100 mM). The spectra
were scanned four times from 200 nm to 330 nm. The CD intensi-
ties were expressed in [8] per residue.

Competitive binding assay against bPrP. To characterize the
specific binding of apt #1, binding of apt #1 to bPrP with increasing
concentrations of competitor RNAs or DNAs were measured using a
filter-binding assay. The labeled apt #1 (25 nM) was incubated with
bPrP (50 nM) in the presence of a competitor (0, 1, 5 and 10-fold
molar ratios) in binding buffer [20 mM Tris-HCI (pH 7.5), 10 mM
KClI] for 20 min. The mixture was passed through a nitrocellulose
filter, washed with 500 pl binding buffer, and the amount of binding
of labeled apt #1 was determined as described above. 100% maximal
binding is defined as the percentage of apt #1 bound to bPrP in the
absence of any competitor.
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Mycobacterium avium-Mycobacterium intracellulare complex (MAC) is the most common isolate of nontuber-
culous mycobacteria and causes pulmonary and extrapulmonary diseases. MAC species can be grouped into 31
serotypes by the epitopic oligosaccharide structure of the species-specific glycopeptidolipid (GPL) antigen. The
GPL consists of a serotype-common fatty acyl peptide core with 3,4-di-O-methyl-rhamnose at the terminal
alaninol and a 6-deoxy-talose at the allo-threonine and serotype-specific oligosaccharides extending from the
6-deoxy-talose. Although the complete structures of 15 serotype-specific GPLs have been defined, the serotype
16-specific GPL structure has not yet been elucidated. In this study, the chemical structure of the serotype 16
GPL derived from M. intracellulare was determined by using chromatography, mass spectrometry, and nuclear
magnetic resonance analyses. The result indicates that the terminal carbohydrate epitope of the oligosaccha-
ride is a novel N-acyl-dideoxy-hexose. By the combined linkage analysis, the oligosaccharide structure of
serotype 16 GPL was determined to be 3-2'-methyl-3'-hydroxy-4'-methoxy-pentanoyl-amido-3,6-dideoxy-B-hexose-
(1—3)-4-0-methyl-a-L-rhamnose-(1—3)-a-L-thamnose-(1-3)-a-L-rhamnose-(1—2)-6-deoxy-a-L-talose. Next, the
22.9-kb serotype 16-specific gene cluster involved in the glycosylation of oligosaccharide was isolated and
sequenced. The cluster contained 17 open reading frames (ORFs). Based on the similarity of the deduced
amino acid sequences, it was assumed that the ORF functions include encoding three glycosyltransferases, an
acyltransferase, an aminotransferase, and a methyltransferase. An M. avium serotype 1 strain was transformed
with cosmid clone no. 253 containing gtfB-drrC of M. intracellulare serotype 16, and the transformant produced
serotype 16 GPL. Together, the ORFs of this serotype 16-specific gene cluster are responsible for the biosyn-

thesis of serotype 16 GPL.

Mycobacterial diseases, such as tuberculosis and infection
due to nontuberculous mycobacteria (NTM), are still among
the most serious infectious diseases in the world. The incidence
is increasing because of the spread of drug-resistant mycobac-
teria and the human immunodeficiency virus (HIV) infection/
AIDS epidemic (16, 17, 30). Mycobacterium avium-Mycobacte-
rium intracellulare complex (MAC) is the most common among
isolates of NTM and is distributed ubiquitously in the environ-
ment. MAC causes pulmonary and extrapulmonary diseases in
both immunocompromised and immunocompetent hosts. It
affects primarily patients with advanced HIV infection. MAC
includes at least two mycobacterial species, M. avium and M.
intracellulare, that cannot be differentiated on the basis of tra-
ditional physical and biochemical tests (1, 41).

* Corresponding author. Mailing address: Department of Host De-
fense, Osaka City University Graduate School of Medicine, 1-4-3
Asahi-machi, Abeno-ku, Osaka 545-8585, Japan. Phone: 81 6 6645
3746. Fax: 81 6 6645 3747. E-mail: fujiwara@med.osaka-cu.ac.jp.

+ Supplemental material for this article may be found at http://jb
.asm.org/.

¥ Published ahead of print on 7 March 2008.

3613

The cell envelope of mycobacteria is a complex and unusual
structure. The key feature of this structure is an extraordinarily
high lipid concentration (6, 10). To better understand the
pathogenesis of MAC infection, it is necessary to elucidate the
molecular structure and biochemical features of the lipid com-
ponents. Among MAC lipids, the glycopeptidolipid (GPL) is of
particular importance, because it shows not only serotype-
specific antigenicity but also immunomodulatory activities in
the host immune responses (2, 9, 23). Structurally, GPLs are
composed of two parts, a tetrapeptide-amino alcohol core and
a variable oligosaccharide (OSE). C,-C,, fatty acyl-p-phenyl-
alanine-p-allo-threonine-p-alanine-1-alaninol (p-Phe-p-allo-Thr-
p-Ala-L-alaninol) is further linked with 6-deoxy talose (6-d-Tal)
and 3,4-di-O-methyl rhamnose (3,4-di-O-Me-Rha) at p-allo-
Thr and the terminal L-alaninol, respectively. This type of core
GPL is found in all subspecies of MAC, shows a common
antigenicity, and is further glycosylated at 6-d-Tal to form a
serotype-specific OSE.

At present, 31 distinct serotype-specific GPLs have been
identified serologically and chromatographically (9). Although
the standard technique for differentiation of MAC subspecies
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has been serotyping based on the OSE residue of its GPL, the
complete structures of only 15 GPLs have been defined. In
addition to the chemical structures of various GPLs, genes
encoding the glycosylation pathways in the biosynthesis of GPL
have been identified and characterized (12, 21, 31). Epidemi-
ological studies have shown that MAC serotypes 4 and 8 are
the most frequently isolated from patients, and MAC serotype
16 is one of the next most common groups (32, 40). It has been
suggested that the serotypes of MAC isolates participate in
their virulence (29), and thus, understanding of the structure-
pathogenicity relationship of GPLs is necessary. In the present
study, we demonstrate the complete OSE structure of the GPL
derived from serotype 16 MAC (M. intracellulare), which has a
unique terminal-acylated-amido sugar, and we characterized
the serotype 16 GPL-specific gene cluster involved in the gly-
cosylation of carbohydrates.

MATERIALS AND METHODS

Bacterial strains and preparation of GPL. M. intracellulare serotype 16 strain
ATCC 13950T (NF 115) was purchased from the American Type Culture Col-
lection (Manassas, VA). Three clinical isolates of M. intracellulare serotype 16
(NF 116 and 117) and M. avium serotype 1 (NF 113) were maintained in The
Research Institute of Tuberculosis, Japan Anti-Tuberculosis Association. The
preparation of GPL was performed as described previously (18, 24, 26). Briefly,
each strain of M. intracellulare serotype 16 was grown in Middlebrook 7H9 broth
(Difco Laboratories, Detroit, MI) with 0.5% glycerol and 10% Middlebrook
oleic acid-albumin-dextrose-catalase enrichment (Difco) at 37°C for 2 to 3 weeks.
The heat-killed bacteria were sonicated, and crude lipids were extracted with
chloroform-methanol (2:1, vol/vol). The extracted lipids were dried and hydro-
lyzed with 0.2 N sodium hydroxide in methanol at 37°C for 2 h. After neutral-
ization with 6 N hydrochloric acid, alkaline-stable lipids were partitioned by a
two-layer system of chloroform-methanol (2:1, vol/vol) and water. The organic
phase was recovered, evaporated, and precipitated with acetone to remove any
acetone-insoluble components containing phospholipids and glycolipids. The
supernatant was collected by centrifugation, dried, and then treated with a
Sep-Pak silica cartridge (Waters Corporation, Milford, MA) with washing (chlo-
roform-methanol, 95:5, vol/vol) and elution (chloroform-methanol, 1:1, vol/vol)
for partial purification. GPL was completely purified by preparative thin-layer
chromatography (TLC) of Silica Gel G (20 by 20 cm, 250 pm; Uniplate; Anal-
tech, Inc., Newark, DE). The TLC plate was repeatedly developed with chloro-
form-methanol-water (65:25:4 and 60:16:2, vol/vol/vol) until a single spot was
obtained. After exposure of the TLC plate to iodine vapor, the GPL band was
marked, and then, the silica gels were scraped off and the GPL was eluted with
chloroform-methanol (2:1, vol/vol).

Preparation of OSE moiety. B elimination of GPL was performed with alkaline
borohydride, and the OSE elongated from p-allo-Thr was released as described
previously (18, 24). Briefly, the GPL was dissolved in ethanol, and an equal
volume of 10 mg/ml sodium borohydride or borodeuteride in 0.5 N sodium
hydroxide was added and then stirred at 60°C for 16 h. The reaction mixture was
decationized with Dowex 50W-X8 beads (Dow Chemical Company, Midland,
MI), collected, and evaporated under nitrogen to remove boric acid. The
dried residue was partitioned in two layers of chloroform-methanol (2:1,
vol/vol) and water. The upper aqueous phase was recovered and evaporated.
In these processes, the serotype 16-specific OSE was purified as an oligogly-
cosyl alditol.

MALDI-TOF and MALDI-TOF/TOF MS analyses. The molecular species of
the intact GPL was detected by matrix-assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF MS) with an Ultraflex 11 (Bruker
Daltonics, Billerica, MA). The GPL was dissolved in chloroform-methanol (2:1,
vol/vol) at a concentration of 1 mg/ml, and 1 wl was applied directly to the sample
plate, and then 1 pl of 10 mg/ml 2,5-dihydroxybenzoic acid in chloroform-
methanol (1:1, vol/vol) was added as a matrix. The intact GPL was analyzed in
the reflectron mode with an accelerating voltage operating in a positive mode of
20 kV (5). Then the fragment pattern of the OSE was analyzed with MALDI-
TOF/TOF MS. The OSE was dissolved in ethanol-water (3:7, vol/vol), and the
matrix was 10 mg/ml 2,5-dihydroxybenzoic acid in ethanol-water (3:7, volivol).
The OSE and the matrix were applied to the sample plate according to the
method for intact GPL and analyzed in the lift-lift mode.

J. BACTERIOL.

GC and GC-MS analyses of carbohydrates and N-acylated short-chain fatty
acid. To determine the glycosyl composition and linkage position, gas chroma-
tography (GC) and GC-MS analyses of partially methylated alditol acetate de-
rivatives were performed. Perdeuteromethylation was conducted by the modified
procedure of Hakomori as described previously (18, 20). Briefly, the dried OSE
was dissolved with a mixture of dimethyl sulfoxide and sodium hydroxide, and
deuteromethyl iodide was added. The reaction mixture was stirred at room
temperature for 15 min and then water and chloroform were added. The chlo-
roform-containing perdeuteromethylated OSE layer was collected, washed with
water two times, and then completely evaporated. Partially deuteromethylated
alditol acetates were prepared from perdeuteromethylated OSE by hydrolysis
with 2 N trifluoroacetic acid at 120°C for 2 h, reduction with 10 mg/ml sodium
borodeuteride at 25°C for 2 h, and acetylation with acetic anhydride at 100°C for
1 h (8, 18, 25). To identify amino-linked fatty acids, acidic methanolysis of
serotype 16 GPL was performed with 1.25 M hydrogen chloride in methanol
(Sigma-Aldrich, St. Louis, MO) at 100°C for 90 min, and the fatty acid methyl
esters were extracted with n-hexane under the cooled ice. GC was performed
using a 5890 series II gas chromatograph (Hewlett Packard, Avondale, PA)
equipped with a fused SPB-1 capillary column (30 m, 0.25-mm inner diameter;
Supelco Inc., Bellefonte, PA). Helium was used for electron impact (EI)-MS and
isobutane for chemical ionization (CI)-MS as a carrier gas. A JMS SX102A
double-focusing mass spectrometer (JEOL, Tokyo, Japan) was connected to the
gas chromatograph as a mass detector. The molecular separator and the ion
source energy were 70 eV for EI and 30 eV for CI, and the accelerating voltage
was 8 kV. The p and L configurations of Rha residues were determined by
comparative GC-MS analysis of trimethylsilylated (S)-(+)-sec-butyl glycosides
and (R)-(—)-sec-butyl glycosides prepared from an authentic standard L-Rha
(19).

NMR analysis of GPL. The GPL was dissolved in chloroform-d (CDCl)-
methanol-d, (CD;0D) (2:1, vol/vol). To define the anomeric configurations of
each glycosyl residue, 'H and '>C nuclear magnetic resonance (NMR) was
employed. Both homonuclear correlation spectrometry (COSY) and 'H-de-
tected ['H, 3C] heteronuclear multiple-quantum correlation (HMQC) were
recorded with a Bruker Avance-600 (Bruker BioSpin Corp., Billerica, MA), as
described previously (9, 18, 24, 34).

Construction of M. intracellulare serotype 16 cosmid library. A cosmid library
of M. intracellulare serotype 16 strain ATCC 13950 was constructed as described
previously (18). Bacterial cells were disrupted mechanically, and genomic DNA
was extracted with phenol-chloroform and then precipitated with ethanol.
Genomic DNA randomly sheared into 30- to 50-kb fragments in the extraction
process was fractionated and electroeluted from agarose gels using a Takara
Recochip (Takara, Kyoto, Japan). These DNA fragments were rendered blunt
ended using T4 DNA polymerase and deoxynucleoside triphosphates and then
were ligated to dephosphorylated arms of pYUB412 (Xbal-EcoRV and EcoR V-
Xbal), which were the kind gifts of William R. Jacobs, Jr. (Department of
Microbiology and Immunology, Albert Einstein College of Medicine, Bronx,
NY). The cosmid vector pYUB412 is an Escherichia coli-Mycobacterium shuttle
vector with the int-attP sequence for integration into a mycobacterial chromo-
some, oriE for replication in E. coli, a hygromycin resistance gene, and an
ampicillin resistance gene. After in vitro packaging using Gigapack III Gold
extracts (Stratagene, La Jolla, CA), recombinant cosmids were introduced into
E. coli STBL2 [F~ mcrA A(mcrBC-hsdRMS-mrr) recAl endAl lon gyrA96 thi
supE44 relA1 | A(lac-proAB)] and stored at —80°C in 50% glycerol.

Isolation of cosmid clones carrying biosynthesis gene cluster of serotype 16
GPL and sequence analysis. Isolation of DNA from E. coli transductants was
performed as described by Supply et al., with modifications (39). The colonies
were picked, transferred to a 1.5-ml tube containing 50 wl of water, and then
heated at 98°C for 5 min. After centrifugation at 14,000 rpm for 5 min, the
supernatant was used as the PCR template. PCR was used to isolate cosmid
clones carrying the rhamnosyltransferase (rf4) gene with primers rtfA-F (5'-T
TTTGGAGCGACGAGTTCATC-3') and rtfA-R (5'-GTGTAGTTGACCACG
CCGAC-3"). rtfA encodes an enzyme responsible for the transfer of Rha to
6-d-Tal in OSE (14, 31). The insert of cosmid clone no. 253 was sequenced using
a BigDye Terminator, version 3.1, cycle sequencing kit (Applied Biosystems,
Foster City, CA) and an ABI Prism 310 gene analyzer (Applied Biosystems). The
putative function of each open reading frame (ORF) was identified by similarity
searches between the deduced amino acid sequences and known proteins using
BLAST (http:/www.ncbi.nlm.nih.gov/BLAST/) and FramePlot (http://www.nih
.g0.jp/~jun/cgi-bin/frameplot.pl) with the DNASIS computer program (Hitachi
Software Engineering, Yokohama, Japan).

Transformation of M. avium serotype 1 strain with cosmid clone no. 253. An
M. avium serotype 1 strain (NF113) was transformed with pYUB412-cosmid
clone no. 253 by electroporation, and hygromycin-resistant colonies were iso-
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FIG. 1. TLC patterns and MALDI-TOF MS spectra of serotype 16 GPL. (A) Serotype 16 GPL purified from M. intracellulare ATCC 139507
(NF 115) and the alkaline-stable lipids derived from ATCC 13950 and two clinical isolates (NF 116 and 117) from left to right were developed
on TLC plates with solvent systems of chloroform-methanol-water (65:25:4 and 60:16:2, vol/volfvol). (B) The MALDI-TOF MS spectra were
acquired using 10 mg/ml 2,5-dihydroxybenzoic acid in chloroform-methanol (1:1, vol/vol) as a matrix, and the molecularly related ions were
detected as [M+Na]™ in positive mode. Intens., intensity; a.u., absorbance units.

lated. Alkaline-stable lipids were prepared, and productive GPLs were examined
by TLC and MALDI-TOF MS analyses.

Nucleotide sequence accession number. The nucleotide sequence reported
here has been deposited in the NCBI GenBank database under accession no.
AB355138.

RESULTS

Purification and molecular weight of intact GPL. Serotype
16 GPL from M. intracellulare ATCC 13950" (NF 115) was
detected as a spot by TLC, and the Rfvalues were 0.35 and 0.56
when developed with chloroform-methanol-water (60:16:2 and
65:25:4, vol/volfvol, respectively). Two clinical isolates of M.
intracellulare, NF 116 and 117, had serotype 16 GPLs that
showed the same R, values as the serotype 16 GPL derived
from strain ATCC 13950". The serotype 16 GPL of M. intra-
cellulare strain ATCC 13950" was purified repeatedly by TLC
and was shown as a single spot by TLC (Fig. 1A). The MALDI-
TOF MS spectra of each serotype 16 GPL showed m/z 1969 for
[M+Na]" as the main molecularly related ion in positive
mode, with the homologous ions differing by 14 mass units at
1,955 and 1,983 (Fig. 1B). As a result, the main molecular
weight of serotype 16 GPL was 1,946, which implied that it has
a novel carbohydrate chain elongated from p-allo-Thr.

Carbohydrate composition of serotype 16 OSE. To deter-
mine the glycosyl compositions of serotype 16 OSE, alditol
acetate derivatives of the serotype 16 GPL were analyzed by
GC and GC-MS. The structurally defined serotype 4 GPL was
used as a reference standard (9, 35). Comparison of the reten-

tion time and GC mass spectra (Fig. 2) with the alditol acetate
derivatives of the serotype 16 GPL showed the presence of
3,4-di-O-Me-Rha, 4-O-Me-Rha, Rha, 6-d-Tal, and an un-
known sugar residue (X1) in a ratio of approximately 1:1:2:1:1.
The alditol acetate of X1 was eluted at a retention time of 29.3
min, greater than that of glucitol acetate on the SPB-1 column.
The CI-MS spectrum of X1 was [M+H]" at m/z 520 as a
parent ion and m/z 460 as a loss of 60 (acetate). The fragment
ions of X1 sugar showed characteristic patterns in EI-MS. m/z
360 indicated the cleavage of C-3 and C-4, and m/z 300, 240,
and 180 were fragmented with a loss of 60 (acetate). Similarly,
m/z 374 indicated the cleavage of C-2 and C-3, and m/z 314 and
254 were fragmented with a loss of 60 (Fig. 3A and B). These
results indicated that X1 was 3,6-dideoxy hexose (Hex). The
odd molecular weight of X1, 519, and m/z 187, 127, and 59
implied the presence of one amido group esterified with a
short-chain fatty acid, possibly. After methanolysis of serotype
16 GPL, the resultant fatty acid methyl esters were extracted
carefully and analyzed by GC-MS. The EI-MS spectrum of a
short-chain fatty acid methyl ester showed mass ions at m/z 176
(IM]%), 145 ([M-31]"), 117 ([M-59] ™), 99, 88, 85, and 59 (Fig.
3C) (33, 37). Taking the results together, X1 was structurally
determined to be 3-2'-methyl-3'-hydroxy-4'-methoxy-pen-
tanoyl-amido-3,6-dideoxy-Hex.

Glycosyl linkage and sequence of serotype 16 OSE. To de-
termine the glycosyl linkage and sequence of the OSE, GC-MS
of perdeuteromethylated alditol acetates and MALDI-TOF/
TOF MS of the oligoglycosyl alditol from serotype 16 OSE
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FIG. 2. Gas chromatograms of the alditol acetate derivatives from
serotype 4 (A) and serotype 16 (B) GPLs. Total ion chromatograms
(TIC) are shown. GC was performed on an SPB-1-fused silica column
with a temperature program of 160°C for 2 min, followed by an in-
crease of 4°C/min to 220°C, and holding at 220°C for 15 min. Com-
parison to the GC spectrum of serotype 4 GPL shows that serotype 16
GPL is composed of 3,4-di-O-Me-Rha, 4-O-Me-Rha, Rha, 6-d-Tal,
and an unknown X1 sugar residue.

were performed. As shown in Fig. 4, the GC-MS spectra of
perdeuteromethylated alditol acetates were assigned four ma-
jor peaks, 1,3,4,5-tetra-O-deuteromethyl-2-O-acetyl-6-deoxy-
talitol (m/z 109, 132, 154, 167, and 214); 2,4-di-O-deutero-
methyl-1,3,5-tri-O-acetyl-rhamnitol (m/z 121, 134, 205, 240, and
253); 2-O-deuteromethyl-4-O-methyl-1,3,5-tri-O-acetyl-rham-
nitol (m/z 121, 131, 202, and 237); and 2,4-di-O-deuteromethyl-
1,5-di-O-acetyl-3-2'-methyl-3’-O-deuteromethyl-4' methoxy-
pentanoyl-deuteromethylamido-3,6-dideoxy-hexitol (m/z 121,
134, and 341). These results revealed that the 6-d-Tal residue
was linked at C-2; Rha and 4-O-Me-Rha were linked at
C-1 and C-3; and the nonreducing terminus, 3-2'-methyl-3'-
hydroxy-4'-methoxy-pentanoyl-amido-3,6-dideoxy-Hex, was
C-1 linked. The MALDI-TOF/TOF MS spectrum of the oli-
goglycosyl alditol from serotype 16 OSE afforded the expected
molecular ions [M+Na]™* at m/z 931, together with the char-
acteristic mass increments in the series of glycosyloxonium ions
formed on fragmentation at m/z 312, 472, 618, and 764 from
the terminal sugar N-acyl-Hex to 6-d-Tal and at m/z 336, 482,
and 642 from 6-d-Tal to N-acyl-Hex (Fig. 5). Rha residues
were determined to be in the L absolute configuration by com-
parative GC-MS analyses of trimethylsilylated (S)-(+)-sec-bu-
tyl glycosides and (R)-(—)-sec-butylglycosides (see Fig. S1 in
the supplemental material). Taken together, these results es-
tablished the sequence and linkage arrangement 3-2'-methyl-
3’-hydroxy-4'-methoxy-pentanoyl-amido-3,6-dideoxy-Hex-(1—
3)-4-O-Me-Rha-(1—3)-L-Rha-(1—3)-L.-Rha-(1—2)-6-d-Tal, ex-
clusively.

NMR analysis of serotype 16 OSE. The 'H NMR and 'H-'H
COSY analyses of the serotype 16 GPL revealed six distinct
anomeric protons with corresponding H1-H2 cross peaks in
the low field region at 84.93, 4.92, 4.92, 4.84, 4.65 (J,, = 2 to
3 Hz, indicative of a-anomers) and 4.51 (a doublet, J, , = 7.7
Hz, indicative of a B-hexosyl unit). When further analyzed by
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FIG. 3. EI-MS and CI-MS spectra of the alditol acetate derivative
from X1 (A and B) and N-acylated-short-chain fatty acid methyl ester
(C). The pattern of prominent fragment ions is illustrated. The CG
column and condition were described in the legend for Fig. 2.

'H-detected ['H, **C] two-dimensional HMQC, the anomeric
protons resonating at 84.93, 4.92, 4.92, 4.84, 4.65, and 4.51 have
C-1s resonating at 8101.57, 95.73, 101.40, 102.56, 100.97, and
103.36, respectively (for a summary, see Table S1 in the sup-
plemental material). The J values for each of these protons
were calculated to be 171, 170, 171, 170, 169, and 161 Hz by
measurement of the inverse-detection nondecoupled two-di-
mensional HMQC (Fig. 6). These results established that the
terminal amido-Hex was a 8 configuration and the others were
o-anomers.

Cloning and sequence of serotype 16 GPL biosynthesis clus-
ter. To isolate the serotype 16 GPL biosynthesis cluster, the
genomic cosmid library of M. intracellulare serotype 16 strain
ATCC 139507 was constructed. Primers were designed to am-
plify the region corresponding to the r#f4 gene. More than 300
cosmid clones were tested using colony PCR with rtf4 primers,
and the positive clones no. 51 and 253 were isolated from the
E. coli transductants. PCR analysis revealed that clone no. 253
contained a drrC gene but that clone no. 51 did not. Thus, we
used clone no. 253 for subsequent sequence analysis for the
gtfB-drrC region. The 22.9-kb region of M. intracellulare sero-
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FIG. 4. GC-MS spectra of individual perdeuteromethylated alditol acetate derivatives from serotype 16 OSE. The formation of prominent
fragment ions is illustrated; fragments were assigned to 1,3,4,5-tetra-O-deuteromethyl-2-O-acetyl-6-deoxy-talitol (A), 2,4-di-O-deuteromethyl-
1,3,5-tri-O-acetyl-rhamnitol (B), 2-O-deuteromethyl-4-O-methyl-1,3,5-tri-O-acetyl-rhamnitol (C), and 2,4-di-O-deuteromethyl-1,5-di-O-acetyl-3-
2'-methyl-3'-O-deuteromethyl-4'-methoxy-pentanoyl-deuteromethylamido-3,6-dideoxy-hexitol (D).

type 16 ATCC 13950™ was deposited in the NCBI GenBank
database (accession no. AB355138). The similarity to protein
sequences of each ORF is summarized in Table 1, and the
genetic map for the serotype 16 GPL biosynthetic cluster was
compared with those of serotype 2, 4, and 7 GPLs (Fig. 7). The
gtfB and drrC genes of M. intracellulare serotype 16 ATCC
13950™ had 99.8% and 83.7% DNA identities with those of M.
intracellulare serotype 7 ATCC 35847, respectively. In the
DNA region between gtfB and drrC (20.8 kb), 17 ORFs were
observed. Four ORFs (ORF 1, 2, 16, and 17) were homologous
to those found in the same region of serotype 7-specific DNA,
and the others were unique to the serotype 16 strain. No
insertion of insertion elements or transposons was detected in
this region. The nucleotide sequences of the ORF 1 and ORF
2 in serotype 16 strain ATCC 13950" were homologous to
those of ORF 1 and ORF 8 in serotype 7, respectively, sug-
gesting that these two ORFs have the same function. The
similarity of the deduced amino acid sequences suggested the

possibility that the functions of ORF 3 and ORF 6 are to
encode methyltransferase and aminotransferase, respectively.
The deduced amino acid sequences of ORF 4 and ORF 5
showed significant similarities to the WxcM protein, the func-
tion of which is not clear. Interestingly, the deduced amino
acid sequences of ORF 16 and ORF 17 of serotype 16 were
homologous to ORF 9 of serotype 7. ORFs 1, 16, and 17 have
considerable homology to glycosyltransferases. Nine ORFs,
which are possibly involved in fatty acid synthesis, were de-
tected between ORF 7 and ORF 15. It is notable that ORF 13
had a chimeric structure. The N-terminal half of ORF 13
showed similarity to phosphate butyryl/acetyl transferases,
but the C-terminal half showed similarity to short-chain
reductase/dehydrogenases. These results suggest that this
region of DNA is responsible for the biosynthesis of the
serotype 16-specific GPL.

Expression of cosmid clone no. 253 in M. avium serotype 1
strain. The OSE of serotype 1 GPL was composed of a-L-Rha-
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FIG. 5. MALDI-TOF/TOF MS spectrum of serotype 16 OSE. The
formation of a characteristic increment in fragment ions is illustrated.
The matrix was 10 mg/ml 2,5-dihydroxybenzoic acid in ethanol-water
(3:7, volivol), and it was performed in the lift-lift mode. Intens., inten-
sity; a.u., absorbance units.

(1-2)-6-d-L-Tal (9). The M. avium serotype 1 strain (NF113)
was transformed with cosmid clone no. 253 containing a sero-
type 16-specific gene cluster and produced a new GPL with a
different R, value by TLC compared to serotype 1 GPL (Fig.
8A). The R, value of the new GPL was identical to that of the
serotype 16 GPL. The molecular weight of intact GPL, the
fragment pattern of its OSE, and the GC pattern of the alditol
acetate derivatives were completely equivalent to those of the
serotype 16 GPL (see Fig. S2 in the supplemental material). As
a result, the transformant of the serotype 1 strain expressed the
cosmid clone no. 253 gene cluster and produced the serotype
16 GPL.

DISCUSSION

MAC species have serotype-specific GPLs that are charac-
teristic components of the outer layer of the cell wall (6, 9). In
addition to their serological differentiation, the chemical struc-
tures of 15 serotype-specific GPLs derived from the predomi-
nant clinical isolates have been analyzed; however, those of
other GPLs remain unclear. The present study demonstrates
the chemical structure of the serotype 16 GPL derived from
M. intracellulare. We determined the glycosyl composition,
linkage positions, and anomeric and ring configurations of
the glycosyl residues of the serotype 16 GPL, and its OSE
was defined as 3-2'-methyl-3'-hydroxy-4'-methoxy-pentanoyl-
amido-3,6-dideoxy-B-Hex-(1—3)-4-O-methyl-a-L-Rha-(1—3)-a-
L-Rha-(1—3)-a-L-Rha-(1—2)-6-d-a-L-Tal (Fig. 8B). The sero-
type 16 GPL should be listed as a group 2 polar GPL in the
structural classification of Chatterjee and Khoo (9).

The GPLs of serotypes 7, 12, 17, and 19 have already been
classified as group 2 GPLs, which are commonly composed of
R—a-L-Rha-(1-3)-a-L-Rha-(1—-2)-6-d-L-Tal (R, variable re-
gion), possessing a characteristic terminal sugar such as N-acyl-
deoxy-Hex. Indeed, the presence of an amido sugar has been
reported in only five GPLs, serotypes 7, 12, 14, 17, and 25 (8,
9, 18). It has been determined that the OSE structure of the
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FIG. 6. Nondecoupled 'H-detected ['H, *C] HMQC spectrum of
serotype 16 GPL. Cross-peak labels correspond to those shown on the
structure.

serotype 17 GPL was 3-2'-methyl-3'-hydroxy-butanoyl-amido-
3,6-dideoxy-B-p-Gle-(1—3)-4-O-methyl-a-L-Rha-(1-3)-a-L-
Rha-(1-3)-a-L-Rha-(1—2)-6-d-L-Tal (9, 25). Based on the be-
havior of GPLs in TLC and the GC-MS analysis of alditol
acetate derivatives, serotype 16 GPL seems to possess a unique
carbohydrate epitope similar to that of serotype 17 GPL. We
compared the OSE of serotype 16 GPL to that of serotype 17
GPL. The acylated amido group that was bound to the termi-
nal sugar was different, although the linkage position was iden-
tical. Except for the terminal-acylated amido sugar, the other
sugar compositions and glycosyl linkage positions were com-
pletely identical. An acylated amido group attached to the C-3
position of Hex is very unusual. To our knowledge, 3-amido-
Hex is irregular in nature, although 2-amido-Hex is known to
be glucosamine or galactosamine, which is frequently isolated
as a component of lipopolysaccharides and glycosaminoglycans
in prokaryotic and eukaryotic cells (7, 42). Further, existence
of short-chain fatty acid 2-methyl-3-hydroxy-4-methoxy-penta-
noic acid linked to the amido group of d-Hex is also unique.
The characteristic gene cluster is thought to regulate the pro-
duction of 3-acylated-amido-Hex. It is difficult to determine
the species of acylated amido sugars, because no reference
standard is available. The terminal sugar of the serotype 17
GPL was reviewed as a gluco-configuration, although firm ev-
idence was not shown (9, 25). The J; and J,_, values for the
anomeric proton in the terminal sugar were 161 and 7.7 Hz,
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