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responsible for the lack of PGL/PDIM production. We con-
structed a type II transformant by inserting Rv3405c¢ or
Rv3405c-Rv3408 of RD16 in addition to type II ppsA, but no
transformation restored the production of PGL/PDIM (data
not shown). This result implies that Rv3405¢ and Rv3405c-
Rv3408 do not participate in the biosynthesis of PGL/PDIM in
type II. The previous report of Chen et al. (22) did not describe
the origin of the BCG Japan substrain, and it is unclear whether
the BCG Japan they used was the same as the BCG Tokyo 172
strain used in this study. We examined the BCG Japan ATCC
35737 substrain deposited in the American Type Culture Col-
lection (Manassas, VA) and confirmed the 22-bp deletion in
Rv3405c¢ and the production of PGL/PDIM (data not shown). A
recent report of the genome sequence of the BCG Moreau sub-
strain clarified that fadD26-ppsA (976 bp) and RD16 (7,608 bp)
were deleted (28, 36). The BCG Moreau substrain is incapable
of producing PGL/PDIM like BCG Tokyo 172 type II (22), and
the deletion of fadD26-ppsA in BCG Moreau is consistent with
our results. Taken together, the BCG Tokyo 172 substrain may
have been divided into at least two subpopulations, types I and
II, in a very early stage after it was distributed from the Pasteur
Institute.

Finally, the immune effect of PGL derived from the BCG
Tokyo 172 substrain was studied because type I could pro-
duce PGL but type II could not. A previous report by Reed et
al. (37) demonstrated that the PGL of M. tuberculosis (PGL-
tb) inhibits the innate immune response. The loss of PGL-tb
was responsible for an increase in the release of TNF-« and
interleukins 6 and 12 in vitro, and the PGL-tb-deficient
mutant showed a phenotype with low virulence/pathology
(37). The PGL produced by BCG substrains is the so-called
mycoside B, and its sugar moiety is different from that of
PGL-tb. The PGL produced by BCG substrains has only a
2-0O-Me-Rha branch elongated from the phenol moiety,
although PGL-tb has three sugar residues elongated from the
phenol moiety (38). The composition of the PDIM in PGL is
similar in both species. The total lipids derived from types I
and II activated BMMs via TLR2 (Fig. 6). Several lipid com-
ponents containing phosphatidylinositol mannosides and
mycoloyl glycolipids can induce the host response via TLR2
(39, 40). Although purified PG molecules by themselves
had no effect on the activation of macrophages in vitro, we
found that PGL suppressed the activation of BMM:s elicited
by total lipids. It is considered that the PGL may have a
competitive inhibitory effect or may mask the active site of
other TLR2 agonistic lipid components and decrease their
activity. The localization of PGL/PDIM in the cell envelope
of BCG substrains is critical to their biological effects.

Our present study has demonstrated differences in the
lipids and biosynthesis gene cluster of PGL/PDIM of two
BCG Tokyo subpopulations and their effects on the host
innate immune response. Type II lacks PGL/PDIM due to a
ppsA mutation, and this phenotype is implicated in host
responses. We propose that the lipid composition in the cell
envelope is important for the efficacy of a BCG vaccine.
These findings shed light on the quality, safety, and efficacy

of BCG, which is the only vaccine currently available against
TB.
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The Mycobacterium avium-M. intracellulare complex (MAIC) is divided into 28 serotypes by a species-specific
glycopeptidolipid (GPL). Previously, we clarified the structures of serotype 7 GPL and two methyltransferase genes
(0rfA and orfB) in serotype 12 GPL. This study elucidated the chemical structure, biosynthesis gene, and host innate
immune response of serotype 13 GPL. The oligosaccharide (OSE) structure of serotype 13 GPL was determined
to be 4-2'-hydroxypropanoyl-amido-4,6-dideoxy-f3-hexose-(1—3)-4-0-methyl-a-L-rhamnose-(1—3)-a-L-rhamnose-
(1—3)-o-L-rhamnose-(1—2)-a-1-6-deoxy-talose by using chromategraphy, mass spectrometry, and nuclear mag-
netic resonance (NMR) analyses. The structure of the serotype 13 GPL was different from those of serotype 7 and
12 GPLs only in O-methylations. We found a relationship between the structure and biosynthesis gene cluster. M.
intracellulare serotypes 12 and 13 have a 1.95-kb orf4-or/B gene responsible for 3-O-methylation at the terminal
hexose, or/B, and 4-O-methylation at the rhamnose next to the terminal hexose, orf4. The serotype 13 orfB had a
nonfunctional one-base missense mutation that modifies serotype 12 GPL to serotype 13 GPL. Moreover, the native
serotype 13 GPL was multiacetylated and recognized via Toll-like receptor 2. The findings presented here imply that
serotypes 7, 12, and 13 are phylogenetically related and confirm that acetylation of the GPL is necessary for host
recognition. This study will promote better understanding of the structure-function relationships of GPLs and may
open a new avenue for the prevention of MAIC infections.

The increase of drug-resistant mycobacteria and the number
of immunocompromised hosts including the HIV epidemic are
important problems. The Mycobacterium avium-M. intracellu-
lare complex (MAIC) is distributed ubiquitously in the envi-
ronment and is the most common isolate of nontuberculous
mycobacteria, which are now one of the most important envi-
ronmental pathogen-disseminated infectious agents in both
immunocompromised and immunocompetent hosts (26, 31, 39).

The most characteristic feature of mycobacteria is richness
in lipids. These hydrophobic cell wall components contribute
to the surface properties and are considered to play important
roles in their pathogenesis through the host immune responses
(8, 17). MAIC expresses a glycopeptidolipid (GPL) as one of
the representative lipid components. Structurally, the GPL is
composed of two parts, a common tetrapeptido-amino alcohol
core and a serotype-specific oligosaccharide (OSE) elongated
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from 6-deoxy-talose (6-d-Tal). p-Phenylalanine-n-allo-threo-
nine-p-alanine-L-alaninol (p-Phe-p-allo-Thr-n-Ala-L-alaninol),
which is modified with an amido-linked 3-hydroxy or 3-me-
thoxy C,4-Cs, fatty acid at the N terminus of p-Phe, and p-allo-
Thr and terminal 1-alaninol are further linked to a 6-d-Tal
and 3,4-di-O-methyl rhamnose (3,4-di-O-Me-Rha), respec-
tively. This portion is called the serotype-nonspecific GPL
(apolar GPL). Serotype-specific GPLs (polar GPLs) are pro-
duced by extending individual OSE residues from the 6-d-Tal.
MAIC species are divided into 28 serotypes by serological
reaction and distinctive patterns of polar GPLs on thin-layer
chromatography (TLC) (7, 38). The GPL is considered to play
crucial roles in the physiology of the bacteria and the host
responses to MAIC infection. Several biological and immuno-
logical functions of GPLs have been reported (9, 34), but the
roles of GPLs are not fully elucidated. Recently, several genes
involved in GPL biosynthesis have been characterized (10, 29).
To better understand the biological functions and significance
of GPLs, we need to clarify the structure and biosynthetic
pathways of GPLs.

The chemical structures of only 16 GPLs have been defined
(9). Recently, we determined the structures of the serotype 7
and 16 GPLs and identified the gene clusters completing the
OSE biosynthesis (13, 14). In addition, two methyltransferase
genes of serotype 7- and 12-specific GPL biosynthesis were
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characterized (30). In this process, we found that the structure
of the serotype 13 GPL is close to that of the serotype 7 and 12
GPLs. In epidemiological serotyping, Tsang et al. (37) showed
that clinical isolates of serotypes 7, 12, and 13 were found in
around 10% of non-AIDS patients. However, it was difficult to
distinguish serotypes 7, 12, and 13 by only serological and
chromatographic techniques because of their structural simi-
larity. The phylogeny of some MAIC strains based on GPL
biosynthesis genes has been reported (23). In this study, the
complete structure of the serotype 13 GPL was determined,
and the genetic relationship between the serotype 7, 12, and 13
GPL biosynthesis was clarified. Moreover, the host innate im-
mune recognition of antigenic serotype 13 GPL and the impor-
tance of structural modification were shown. We discuss the phy-
logeny of MAIC strains on the basis of these GPL biosynthesis
genes and the relationship between GPL structure and immuno-

genicity.

MATERIALS AND METHODS

Bacterial strains and preparation of GPL. M. intracellulare serotype 13
(ATCC 35769, ATCC 25122), serotype 7 (ATCC 35847), and serotype 12 (ATCC
35762) strains were purchased from the American Type Culture Collection
(Manassas, VA). The GPL preparation was performed as described previously
(14, 18). Each strain of M. intracellulare was grown on Middlebrook 7H11 agar
(Difco Laboratories, Detroit, MI) with 0.5% glycerol and 10% Middlebrook
oleic acid-albumin-dextrose-catalase (OADC) 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 crude lipids were hydro-
lyzed with 0.2 N sodium hydroxide in methanol at 37°C for 2 h, followed by
neutralization with 6 N hydrochloric acid. Alkaline-stable lipids were partitioned
by a two-layer system with chloroform-methanol (2:1 [vol/vol]) and water. The
organic phase was evaporated and precipitated with acetone to remove any
acetone-insoluble components. The supernatant was washed (chloroform-meth-
anol, 95:5 [vol/vol]) and eluted (chloroform-methanol, 1:1 [volfvol]) with a Sep-
Pak silica cartridge (Waters Corporation, Milford, MA) for partial purification.
The GPL was completely purified by preparative TLC of Silicagel G (Uniplate;
20 by 20 cm, 250 um; Analtech, Inc., Newark, DE). The TLC plate was devel-
oped with chloroform-methanol-water (65:25:4 and 60:16:2 [vol/vol/vol]), until a
single spot was obtained. The TLC plate was sprayed with 20% sulfuric acid in
ethanol and was charred at 180°C for 3 min. The GPL was detected as a
brownish-yellow spot. To recover the GPL, the TLC piate was exposed to iodine
vapor, and the GPL spot was marked. The silica gels of the GPL spot were
scraped off, and the GPL was eluted with chloroform-methanol (2:1 [vol/vol]).
The native GPL was purified by the same method as the alkaline-stable GPL,
omitting the hydrolysis with 0.2 N sodium hydroxide.

Preparation of OSE moiety. -Elimination of the GPL was performed with
alkaline borohydride, and the OSE elongated from p-allo-Thr was released (14,
18). The GPL was stirred in a solution of equal volumes of ethanol and 10 mg/ml
sodium borodeuteride in 0.5 N sodium hydroxide at 60°C for 16 h. The reaction
mixture was decationized with Dowex 50W X8 beads (Dow Chemical Company,
Midland, MI) and evaporated under nitrogen to remove boric acid. After par-
tition into two layers of chloroform-methanol (2:1 [vol/vol]) and water, the upper
aqueous phase was recovered and evaporated, and the OSE was purified as an
oligoglycosyl alditol.

MALDI-TOF MS and MALDI-TOF MS/MS. The molecular species of the
intact GPL was determined by the matrix-assisted laser desorption ionization—
time of flight mass spectrometry (MALDI-TOF MS) with an Ultraflex IT (Bruker
Daltonics, Billerica, MA). One microgram of the GPL-dissolved chloroform-
methanol (2:1 [vol/vol]) was applied to the target plate, and 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 positive mode at 20 kV (4). Then, the fragment pattern of
the OSE was analyzed with the MALDI-TOF MS/MS mode. The OSE and 10
mg/ml 2,5-dihydroxybenzoic acid was dissolved in ethanol-water (3:7 [volfvoll)
and applied to the target plate according to the method for intact GPL.

GC/MS of carbohydrates. To determine the glycosyl composition and linkage
position, gas chromatography/mass spectrometry (GC/MS) of partially methyl-
ated alditol acetate derivatives was performed. Perdeuteromethylation was con-
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FIG. 1. TLC patterns and MALDI-TOF MS spectra of serotype 7,
12, and 13 GPLs. (A and B) The alkaline-stable lipids derived from M.
intracellulare serotype 13 ATCC 35769 and ATCC 25122 (A) and the
purified serotype 7, 12, and 13 GPLs (B) were developed on TLC
plates with solvent systems of chloroform-methanol-water (60:16:2 and
65:25:4 [volivolpvol]). (C) The MALDI-TOF MS spectra of serotype 7,
12, and 13 GPLs were acquired using 10 mg/ml 2,5-dihydroxybenzoic
acid in chloroform-methanol (1:1 [volfvol]) as a matrix, and the mo-
lecular ions were detected as [M+Na]™ in positive mode. Intens.,
intensity; a.u., arbitrary units.

ducted by the modified procedure of Hakomori (14, 15). The OSE was dissolved
with a mixture of dimethyl sulfoxide and sodium hydroxide, followed by the
addition of deuteromethyl iodide. After stirring at room temperature for 15 min,
the reaction mixture was separated by a two-layer system of water and chloro-
form. The chloroform-containing perdeuteromethylated OSE layer was col-
lected, washed with water two times, and evaporated completely. Partially
deuteromethylated alditol acetate derivatives were prepared from perdeutero-
methylated 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 (14, 19). GC/MS was performed using a
benchtop ion trap mass spectrometer (GCMS-QP2010 Plus; Shimadzu Corp.,
Kyoto, Japan) equipped with a fused capillary column (SP-2380 and Equity-1;
30 m, 0.25-mm inner diameter [ID]; Supelco, Bellefonte, PA). Helium was used
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FIG. 2. MALDI-TOF MS/MS spectra of serotype 13, 7, and 12 OSEs (A, B, and C, respectively). The fragment ions by each glycosyl cleavage
were detected, and the assigned fragment patterns are illustrated. Arrowheads indicate the characteristic mass numbers of the serotype 13, 7, and
12 OSEs. The matrix was 10 mg/ml 2,5-dihydroxybenzoic acid in ethanol-water (3:7 [vol/vol]), and it was performed in the MS/MS mode. Intens.,

intensity; a.u., arbitrary units.

as the carrier gas, and the flow rate was 1 ml/min. The temperature program for
alditol acetate derivatives was started at 60°C, increased 40°C/min to 220°C, and
held for 15 min, followed by an increase of 10°C/min to 260°C and holding for 10
min. The molecular separator and ion source energies were 70 eV, and the
accelerating voltage was 8 kV. )

NMR of GPL. The OSE was dissolved in deuterium oxide. 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-detected ['H, '*C] heteronuclear multiple-quantum correlation
(HMQC) were recorded with a Bruker AVANCE-600 (Bruker BioSpin Corp.
Billerica, MA), as described previously (14, 18). Ten microliters of acetone was
added to the sample, and its chemical shift values, 2.04 ppm (proton) and 29.8
ppm (carbon), were used as internal controls.

Sequencing of orf4-orfB region of M. intracellulare serotype 13. PCR was used
to amplify the orf4-orfB region (30) of M. intracellulare serotype 13 (ATCC 35769
and ATCC 25122), using primers orfA-F (5'-GCGGATCCAGTGTGCAGACG
AGCGGAACT-3'), orfA-R (5'-GCGAATTCTTATCGAGAAAAAATAAAA
G-3"), orfB-F (§5'-GCGGATCCACTGCTAGACT CCGCCACCAT-3'), and
orfB-R (5'-GCGAATTCCTACACCTTCACGGCGAGTC-3'). The amplified
fragment was sequenced using a BigDye Terminator cycle sequencing kit, version
3.1 (Applied Biosystems, Foster City, CA), and a sequence analyzer (ABI3130xi;
Applied Biosystems).

Transformation of M. intracellulare serotype 13 strain with serotype 12 orfB.
The orfB fragments from serotype 12 (sero12-orfB) and serotype 13 (sero13-orfB)
strains were amplified and cloned into pVV16, an expression plasmid vector for
mycobacteria, downstream of the hsp60 promoter. M. intracellulare serotype 13
ATCC 35769 was transformed with pVV16-sero12-orfB and pVV16-sero13-orfB
by electroporation, and hygromycin- and kanamycin-resistant colonies were iso-
lated. Alkaline-stable lipids were prepared from heat-killed bacteria, and pro-
ductive GPLs were identified by TLC, MALDI-TOF MS, MALDI-TOF MS/MS,
and GC/MS.

Host recognition of native and alkaline-treated serotype 13 GPLs. The host
recognition of GPLs was estimated by activations of HEK-blue-2 and -4 cells
(InvivoGen, San Diego, CA). HEK-blue-2 and -4 cells are HEK293 cells stably
transfected with multiple genes for recognition of Toll-like receptor 2 (TLR2)
and TLR4 (including the coreceptors MD2 and CD14). In addition, HEK-blue-2
and -4 cells stably express an optimized alkaline phosphatase gene engineered to

be secreted (sAP) and placed under the control of a promoter inducible by
several transcription factors, such as NF-«kB and alkaline phosphatase-1. HEK-
blue-2 and -4 cells were seeded at a concentration of 2 X 10° cells/ml in 96-well
flat-bottom tissue culture plates and incubated with Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS) at 37°C in an
atmosphere of 5% CO, for 3 days. The adherent HEK-blue-2 and -4 cells were
stimulated by native and alkaline-treated serotype 13 GPLs. After 24 h of incu-
bation, NF-kB activation was assayed by the levels of SAP in the supernatant.
The sAP was measured in duplicate using QUANTI-Blue (InvivoGen) according
to the manufacturer’s instructions. As positive controls, we used lipopolysaccha-
ride (LPS) from Escherichia coli 055:B5 (Sigma-Aldrich, St. Louis, MO) for
TLR4 and Pam3CSK4 (InvivoGen) for TLR2. Two independent experiments
were performed.

Nucleotide sequence accession number. The nucleotide sequence reported
here has been deposited in the NCBI GenBank database under accession num-
ber AB557690.

RESULTS

Purification and molecular weight of intact GPL. The sero-
type 13 GPLs from M. intracellulare ATCC 35769 and 25122
were detected as spots on TLC plates and showed the same R,
value (Fig. 1A). Because serotype 13 GPL was predicted to be
very close structurally to the serotype 7 and 12 GPLs, the R,
values were compared on TLC plates developed with two dif-
ferent chloroform-methanol-water solvent systems (65:25:4
and 60:16:2 [volivol/vol]), respectively. Interestingly, the R,
value of the serotype 13 GPL was lower than that of the
serotype 12 GPL and almost the same as that of the serotype
7 GPL in both developing systems (Fig. 1B). The intact mo-
lecular weight of each GPL was determined. The MALDI-
TOF MS spectrum of the serotype 13 GPL showed m/z 1,897
for [M+Na]™ as the main molecular ion in positive mode (Fig.
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1C). This mass number is identical to that of the serotype 7
GPL ([M+Na]*: 1,897) and 14 atomic mass units lower than
that of the serotype 12 GPL ([M+Na]™*: 1,911).

Glycosyl sequence of serotype 13 OSE. To determine the
glycosyl sequence of the OSE, MALDI-TOF MS/MS of the
oligoglycosyl alditol from serotype 13 OSE was performed.
The spectrum afforded the molecular ion [M+Na]™" atm/z 859,
together with the characteristic mass increments in the series
of glycosyloxonium ions formed on fragmentation at m/z 240,
400, 546, and 692 from the N-acylated Hex to 6-d-Tal, and at
mfz 190, 336, 482, and 642 from 6-d-Tal to N-acylated Hex
(Fig. 2A). In comparison, the fragment patterns of the cleaved
terminal N-acylated Hex of the OSEs were m/z 254 and 628 in
serotype 7 and m/z 254 and 642 in serotype 12, and those next
to the terminal Hex were m/z 400 and 482 in serotype 7 and m/z
414 and 482 in serotype 12 (Fig. 2B and C). Together with the
intact molecular weight of each GPL (Fig. 1B), these results
strongly implied that serotype 13 GPL has no O-methyl group
in the terminal N-acylated Hex but does have an O-methyl
group added to the Rha next to the terminal Hex.

Carbohydrate composition and linkage analyses. GC/MS
analysis of the perdeuteromethylated alditol acetate derivative
from serotype 13 OSE was performed to determine the glyco-
syl composition. The total ion chromatography (TIC) of the
GC/MS spectrum of serotype 13 GPL derivatives was com-
pared to those of serotype 7 and 12 GPL derivatives (Fig. 3A).
Previous reports showed that the carbohydrate compositions
of the serotype 7 GPL were 6-d-Tal, Rha, and 4-2'-hydroxy-
propanoyl-amido-3,6-dideoxy-2-O-Me-Hex, and those of the
serotype 12 GPL were 6-d-Tal, Rha, 4-O-Me-Rha, and 4-2'-
hydroxypropanoyl-amido-3,6-dideoxy-3-O-Me-Hex (5, 13).
Comparison of the retention times and mass spectra of GC/MS
determined that serotype 13 GPL was composed of 6-d-Tal,
Rha, 4-O-Me-Rha, and another terminal N-acylated Hex. As
shown in Fig. 3B, the perdeuteromethylated alditol acetate
derivative of the terminal N-acylated Hex was assigned to 2,3-
di-O-deuteromethyl-1,5-di-O-acetyl-4-2'-O-deuteromethyl-
propanoyl-deuteromethylamido-4,6-dideoxy-hexitol from the
fragment pattern (m/z 62, 108, 121, 168, 209, 222, 269, and
303). These results confirmed that the O-methyl group was
deleted from the terminal N-acylated Hex and added to the
C-4 position at Rha next to the terminal Hex. Taken together,
these results established the sequence and linkage arrangement
of  4-2’-hydroxypropanoyl-amido-4,6-dideoxy-Hex-(1—3)-4-O-
Me-Rha-(1—3)-.-Rha-(1—3)-L-Rha-(1—2)-6-d-Tal exclusively.

NMR analysis of serotype 13 OSE. The 'H NMR and 'H-'H
homonuclear COSY analyses of the OSE derived from the
serotype 13 GPL revealed four distinct anomeric protons with
corresponding H1-H2 cross-peaks in the low-field region at
54.88, 4.71, 4.97 (J,_, = 1 to 2 Hz, indicative of a-anomers),
and 4.52 (a doublet, J,_, = 7.9 Hz, indicative of a B-hexosyl
unit). When further analyzed by 'H-detected ['H-'*C] two-
dimensional HMQC, the anomeric protons resonating at
54.88, 4.71, 4.97, and 4.52 had C-1s resonating at 8102.10,
93.50, 94.00, and 103.40, respectively. The J;, values for each
of these protons were calculated to be 170, 170, 171, and 161
Hz by measurement of the inverse-detection nondecoupled
two-dimensional HMQC (see Fig. S1 and Table S1 in the
supplemental material). It was concluded that two Rha and
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FIG. 3. Assignment of glycosyl composition of OSEs in serotype 13
GPL. (A) Total ion chromatogram of the alditol acetate derivatives
from serotype 13 compared to those of serotype 7 and 12 GPLs. A
fused SP-2380 capillary column was used as the GC column. The
temperature program for alditol acetate derivatives was started at
60°C, increased to 40°C/min to 220°C, and held for 15 min, followed by
an increase of 10°C/min to 260°C and holding for 10 min. (B) GC/MS
spectrum of the perdeuteromethylated alditol acetate derivative from
the terminal Hex in serotype 13 GPL. The pattern of prominent frag-
ment ions is illustrated. A fused Equity-1 capillary column was used as
the GC column. Ac, CH,CO.

4-0-Me Rha were a-anomers and that the terminal N-acylated
Hex was a B configuration.

Nucleotide sequence of orfd-orfB region of M. intracellulare
serotype 13. The present study demonstrated that the differ-
ence between the chemical structures of the serotype 13 GPL
and serotype 7 and 12 GPLs was whether the O-methyl group
in the terminal N-acylated Hex and the next Rha were present
or not. We confirmed the genetic basis of these O-methyla-
tions. Our previous study clarified three unique open reading
frames (ORFs) for methyltransferase, named orf2, derived
from M. intracellulare serotype 7, and orfA and orfB, from M.
intracellulare serotype 12 (13, 30). orfA and orfB in M. intracel-
lulare serotype 12 are responsible for 4-O-methylation of the
Rha next to the terminal Hex and 3-O-methylation of the

- 83 —



5770 NAKA ET AL

(A) orfA-orfB (1945 bp) orfA (772 bp) »

J. BACTERIOL.

orfB (836 bp

| GOMAF  OfARg 110BF  OfBRgy
1 756 1129 1929
orfA orfB
756 bp 801 bp

% & A 0
& e N & N @ N
O S g L & L @ L @ L
@ ) & X} & K & S K K
R 0‘& \°‘c\Q \OGQ *OQ\ o° ﬂc"d &§\ R «0‘5 éc\
q,@ L) o of \QQ D o op \QQ Q7 ¢ )
® (serotype 7)
sel
i 315
TTATTCIGGG ...

___________

ATCC 3576
(serotype 12)

ATCC 35769

(serotype 13)

ATCC 25122

(serotype 13) TTA GGG ...
... Leu Ser Gly ...

pe frameshift

(K oo o]
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terminal Hex, respectively. Therefore, we examined whether or
not M. intracellulare serotype 13 has these ORFs. First, com-
parison of the gifB-drrC gene cluster in M. intracellulare sero-
type 7 and 12 strains implied that orf2 in M. intracellulare
serotype 7 replaced orfA-orfB in M. intracellulare serotype 12.
We amplified the orfd-orfB in the genomic DNA from M.
intracellulare serotypes 7,12, and 13 (Fig. 4A). Interestingly, M.
intracellulare serotype 13 had the same-sized DNA fragment of
the orfA-orfB region, and the nucleotide sequences were de-
termined. The 1.95-kb o7f4-orfB regions of the two serotype 13
strains had complete identity and showed only one nucleotide
substitution from that of serotype 12: codon 105, TTC, of the
orfB in serotype 12 was replaced by codon TCC in serotype 13
(Fig. 4B). This missense mutation induced a single amino acid
substitution from Phe to Ser and implied the loss of the orfB
activity for O-methylation.

Expression of sero12-or/B and sere13-orfB in M. intracellu-
lare serotype 13. To test the functional activity of orfB in M.
intracellulare serotypes 12 and 13, the sero12-0rfB and serol3-
orfB genes were introduced into the M. infracellulare serotype
13 strain. The 0.84-kb sero12-orfB and serol13-orfB were am-
plified and cloned into a pVV16 vector, and M. intracellulare
serotype 13 ATCC 35769 was transformed with the resulting
plasmids and the pVV16 vector. The alkaline-stable lipids de-
rived from the transformants were developed on TLC plates,
and the productive GPLs were compared to the spots of sero-
type 7,12, and 13 GPLs (Fig. 5A). Both R, values of the GPLs
produced in the transformants with the pVV16 vector and
serol3-orfB were identical to that of the serotype 13 GPL.
However, the R, value of the GPL produced in the transfor-
mant with serol2-o7fB was the same as that of serotype 12
GPL. By MALDI-TOF MS, the main molecular weights of the

GPLs produced in the transformants with sero12-orfB, serol3-
orfB, and the pVV16 vector were detected as m/z 1,911, 1,897,
and 1,897, respectively, for [M+Na]™ (data not shown). The
fragment ions of the related glycosyl cleavage in the OSEs were
analyzed by using MALDI-TOF MS/MS, and the glycosyl com-
positions were determined. The fragment ions of the OSEs in
the pVV16 vector and serol3-orfB showed the same pattern as
serotype 13 GPL, indicating that overexpression of sero13-or/B
in the serotype 13 strain was not affected (Fig. 2A and 5B). The
fragment ions of the OSE in serol2-orfB, i.e., m/z 254 and 414,
were different from those of the OSE in serol13-orfB, i.e.,
m/z 240 and 400, respectively (Fig. 5B). The GC/MS spec-
trum of the perdeuteromethylated alditol acetate derivative of
the terminal N-acylated Hex from sero12-orfB was assigned to
2-O-deuteromethyl-1,5-di-O-acetyl-4-2'-O-deuteromethyl-pro-
panoyl-deuteromethylamido-4,6-dideoxy-3-O-methyl-hexitol
from the fragment pattern (m/z 62, 105, 121, 165, 206, 222, 266,
and 300) (Fig. 5C), which was identical to that of the serotype
12 GPL. These results demonstrated that the serotype 13
transformant with serol2-orfB but not serol3-orfB had an
added O-methyl group at the C-3 position in the terminal Hex
and that the productive GPL was completely changed from
serotype 13 to serotype 12. In addition, we confirmed that the
plasmid-deleted C-terminal 40-base region of serol12-orfB was
completely functional and that serol2-orfB worked in the se-
rotype 7 transformant. Taken together, these results indicated
that serol3-orfB was inactivated by the missense mutation at
codon 105 and that the serotype 13 GPL lacked O-methylation
at the C-3 position of the terminal Hex.

Native conformation of serotype 13 GPL and host response.
The native serotype 13 GPL was purified without alkaline
treatment. The native serotype 13 GPLs were detected on TLC
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FIG. 5. The productive GPLs in transformants of M. intracellulare serotype 13 with serol2-orfB or serol3-orfB. (A) TLC patterns of the
alkaline-stable lipids derived from M. intracellulare serotypes 7, 12, and 13 and serotype 13 transformants (ATCC 35769) with the pVV16-vector,
serol2-orfB, and serol3-orfB from left to right, developing with a solvent system of chloroform-methanol-water (60:16:2 [vol/volfvol]). (B) MALDI-
TOF MS/MS spectra of OSEs derived from the productive GPLs in transformants of M. intracellulare serotype 13 with serol2-orfB, serol3-orfB,
and the pVV16 vector. The replaced mass numbers are indicated by arrowheads. (C) GC/MS spectrum of the perdeuteromethylated alditol acetate
derivative of the terminal N-acylated Hex from serotype 13 transformant with serol2-orfB. The MALDI TOF MS/MS and GC/MS conditions are

described in the legends for Fig. 2 and 3. Ac, CH;CO.

plates as three major spots that expanded broadly and had R,
values different from that of the alkaline-treated serotype 13
GPL. These spots were converged into one spot by alkaline
treatment (Fig. 6A). It was reported that some positions of
OSE in GPLs are acetylated in nature (27). The molecular
weights of these three spots were checked by MALDI-TOF
MS. The mass numbers of m/z 1,983, 2,025, and 2,067 for
[M+Na]™" caused the 2- to 4-unit increases of m/z 42 (addition
of acetylations) and the modification to saturated alkyl group,
compared to m/z 1,897 of the alkaline-treated serotype 13
GPL, implying that native GPLs were modified by several
O-acetylations in the OSE portion and that alkaline treatment
removed the acetylated groups (Fig. 6B). In addition, several
peaks at intervals of 14 atomic mass units were caused by an
alkyl group, indicating that the fatty acids of the core portion
were variable and that the molecular species were heteroge-
neous.

To clarify the host recognitions of serotype 13 GPL via
TLRs, we stimulated HEK-blue-2 and -4 cells with native and
alkaline-treated serotype 13 GPLs. The native serotype 13
GPL significantly activated HEK-blue-2 cells in a dose-depen-
dent manner, but HEK-blue-4 cells did not respond. The al-
kaline-treated serotype 13 GPL without O-acetylation did not
activate either HEK-blue-2 or -4 cells. Reacetylated alkaline-
treated serotype 13 GPLs with O-acetyl groups substituted for
all hydroxy groups of OSE activated HEK-blue-2 cells, al-
though the level of activation was less than that of the native
form (Fig. 6C). Moreover, we confirmed that only the native

serotype 13 GPL stimulated mouse bone marrow-derived mac-
rophages via TLR2 by using C57BL/6 and TLR2 knockout
mice (see Fig. S2 in the supplemental material).

DISCUSSION

The structural heterogeneity of the GPLs in MAIC species is
reflected in their morphology, virulence, and pathogenicity (2,
3, 24) and may be meaningful in phylogenetic classification.
Actually, epidemiological studies show that the isolates of
MAIC serotypes from patients are heterogeneous and impor-
tant for assessing the prognosis of pulmonary MAIC disease
(25, 37). Chatterjee and Khoo (9) proposed grouping the three
types of GPLs by OSE structure, and the group 2 GPLs in-
cluded the serotype 12, 17, and 19 strains. The serotype 7 and
16 GPLs determined in our previous studies also belong to the
group 2 GPLs (13, 14). The group 2 GPLs have in common
6-d-Tal-Rha-Rha and scrotype-individual sugars elongated
from the second Rha. In addition, except for the serotype 19
GPL, group 2 GPLs carry an unusual substituent, N-acylated
amido sugar, as the terminal Hex. Aspinall et al. (1) mentioned
that the terminal sugar residue of serotype 12 GPL is a deriv-
ative of viosamine (4-amino-4,6-dideoxyglucose). The struc-
tural difference between serotype 7 and 12 GPLs in group 2
was due to the functions of three methyltransferase genes,
orf2, orfA, and orfB (13, 30). In this study, we found that the
serotype 13 GPL was structurally very close to those of sero-
types 7 and 12, and we determined the novel structure of
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FIG. 6. TLC patterns, MALDI-TOF MS spectra, and TLR recognition of the native and alkaline-treated serotype 13 GPL. (A) The TLC plate
was developed with a solvent system of chloroform-methanol-water (60:16:2 [volvolfvol]). Three major spots of native GPL are indicated by the
numbers from top to bottom. (B) The major spots were purificd and their molecular ions were measured by MALDI-TOF MS. The condition is
described in the legend for Fig. 1. (C) HEK-blue-2 and -4 cells (2 X 10° cclls/ml) were stimulated with native, alkaline-treated, and reacetylated
scrotype 13 GPLs. After 24 h of incubation, NF-«B activation was assessed by measuring the levels of secreted alkaline phosphatasc (sAP) in the
supernatant by using QUANTI-Blue. The data are means *+ standard deviations (SD) for two experiments done in duplicate.

the serotype 13 GPL to be 4-2'-hydroxypropanoyl-amido-4,6-
dideoxy-B-hexose-(1—3)-4-O-methyl-a-L-rhamnose-(1—3)-a-
L-rhamnose-(1—3)-a-L-rhamnose-(1—2)-a-1-6-deoxy-talose.
This result clarified that the serotype 13 GPL is structurally
different from the serotype 7 and 12 GPLs in the O-methyla-
tions of the terminal N-acylated Hex and Rha next to the
terminal Hex. Serotype 13 GPL lacked the O-methyl group in
the terminal N-acylated Hex, although serotype 7 and 12 GPLs
had one at the C-2 and C-3 positions, respectively. The com-
position and position of the N-acyl group at the terminal Hex
were completely identical in these three GPLs. At the Rha next
to the terminal Hex, serotype 12 and 13 GPLs have an O-
methyl group at the C-4 position, and this modification is
present in all group 2 GPLs except for the serotype 7 GPL,
suggesting that this methyl group may play a role in MAIC
physiology and virulence. These results also implied that M.

intracellulare serotypes 7, 12, and 13 are very close phyloge-
netically.

We investigated the relationship between the structure and
biosynthetic pathway and tried to verify the phylogenetic clas-
sification of serotypes 7, 12, and 13 by genetic analysis of GPL
biosynthesis. We previously reported the nucleotide sequences
of the gifB-drrC region, which completely determine each se-
rotype-specific GPL in serotypes 7 and 12 (13, 30), and found
the sequence of the serotype 13 gene cluster (unpublished
data). The genetic organizations of the gifB-drC regions in
serotype 7, 12, and 13 gene clusters closely resemble each
other. Seven common ORFs are conserved in gtfB-drrC clus-
ters, suggesting that these three serotypes diverged from a
common ancestor. The orfA-orfB region in serotypes 12 and 13
replaced orf2 in serotype 7. Only one nucleotide substitution
was found in the 1.95-kb segment in orf4-orfB of serotypes 12
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FIG. 7. Scheme of the relationship between GPL biosynthesis ORFs encoded the methyltransferases and their structures.

and 13, and orfB in serotype 13 was inactivated. In general, it
is unusual for an ORF inactivated by a missense mutation to
remain in the genome because it is a burden for the bacterium
to transcribe and translate an inactivated ORF. Thus, the M.
intracellulare serotype 13 strain must have diverged from an M.
intracellulare serotype 12 organism recently. Serotype 13 GPL
also has 4-O-Me-Rha. orfA is responsible for this methylation.
In previous studies, we demonstrated that the orfB activity had
incapacitated the orf2 activity, which synthesizes an O-methyl
group at the C-2 position of the terminal Hex of M. intracel-
lulare serotype 7. We also showed that the orf2 activity was
independent of orfAd activity in M. intracellulare serotype 12
(30). The relation of methyltransferases, orf4, orfB, and orf2 is
summarized in Fig. 7.

GPLs are correlated with colony morphology, sliding motil-
ity, biofilm formation, immune modulation, and virulence (2, 3,
16, 34). GPLs have several significant features. They are pro-
duced in MAIC species and absent from Mycobacterium tuber-
culosis, making it possible to distinguish MAIC from tubercu-
lous mycobacteria (11, 20). An anti-GPL antibody is produced
in the sera of patients and reflects the disease, which is useful
in diagnosis and treatment (21, 22, 25). Moreover, it was re-
ported that ethambutol-susceptible and -resistant MAIC
strains of serotype 1 had different GPL profiles. The suscepti-
ble strain expressed only the polar serotype 1 GPL, and the
resistant strain expressed several apolar GPLs. The efficacy of
antibiotics may be affected by the GPL profile through differ-
ences in cell wall permeability (19). On the other hand, the
importance of TLR-mediated responses has been studied in
tuberculous infections. Means et al. (28) reported that M.
tuberculosis activated both TLR2 and TLR4, whereas heat-
killed M. tuberculosis and M. avium activated only TLR2. Tt was
observed that MyD88- and TLR2-deficient mice have in-
creased susceptibility to M. avium infection compared to
TLR4-deficient and wild-type mice (12). These lines of evi-
dence suggest that TLRs are related to host recognition of the
MAIC components containing GPLs and affect MAIC infec-
tions. Brennan and Goren (6) first proposed that GPLs were
alkaline-stable lipids and made it possible to classify serospeci-
ficity by the unique, variable deacetylated OSE sequences (9).
We did not detect any biological activity of these alkaline-

treated GPLs on splenocytes and bone marrow macrophages
of mice in in vitro stimulation. Recently, Schorey and col-
leagues (35, 36) clarified that serotype 1 and 2 GPLs can
function as TLR2 agonists and promote macrophage activation
in a TLR2- and MyD88-dependent pathway. They reported
that the acetylated and methylated groups of GPLs were nec-
essary for GPL-TLR2 interaction as a molecular requirement.
In this study, we purified both native and alkaline-treated se-
rotype 13 GPLs and clarified the acetylation patterns of sero-
type 13 GPL. It was confirmed that the native acetylated form
of serotype 13 GPL was recognized via TLR2 and that the
deacetylated form by alkaline treatment was not recognized.
The serotype 13 GPL has one O-methyl group next to the
terminal N-acylated Hex that was stable regardless of alkaline
treatment. Taken together, an acetyl rather than a methyl
group was necessary for host immune response via TLR2. The
completely acetylated derivative of alkaline-treated serotype
13 GPL partially recovered the HEK-blue-2 activation, com-
pared to the native form containing 2 to 4 acetylated groups. It
may be important for GPL-TLR2 interaction to balance the
hydrophobicity and hydrophilicity of the molecule. Recht and
Kolter (32) reported that the acetylation of GPL affects sliding
motility and biofilm formation by deleting the atfI gene, which
is responsible for acetylation on the 6-d-Tal of GPL core in
Mycobacterium smegmatis. Rhoades ct al. (33) reported that
the Mycobacterium abscessus GPLs were related to smooth and
rough colony morphology and that the GPLs in the outermost
portion of the cell wall masked underlying phosphatidyl-myo-
inositol mannosides involved in stimulating the innate immune
response via TLR2. In contrast, our results suggest that the
species-specific acetylated GPL is effective in host recognition
as a TLR2 agonist independent of phosphatidyl-myo-inositol
mannosides and that it plays important roles directly in host
innate immune responses. Regulating the acetylation of GPL
may control the MAIC pathogenicity by, for example, devel-
oping the inhibitor of ATF1.

The present study demonstrated the chemical structure and
biosynthesis gene cluster of the serotype 13 GPL of M. intra-
cellulare and host innate immune response via TLR2. Serotype
13 GPL should be included in group 2 GPLs, and the phylo-
genetic relationship of serotype 7, 12, and 13 strains was par-
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tially clarified by the GPL. We propose that the lipid compo-
nents in the cell envelope are important for MAIC infection
and that the structure modification must be taken into account.
These findings shed light on the better understanding of the
structure-function relationships of GPLs and may open a new
avenue for the prevention of MAIC infections.
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most reactive species in ROS and toxic for the cells. The hydroxyl
radical is generated via the non-enzymatic Fenton reaction:

Introduction

Tron is an essential element for virtually all living organisms, and
is convertible between the ferrous ion (Fe**) and ferric ion (Fe™)
under physiological pH. Living organisms employ this feature of
iron for the catalytic centers of several critical enzymes, such as

Fe?* + H,0,—Fe*t + HO™ +e0OH

ribonucleotide reductase for the synthesis of DNA substrates and
cytochromes involved in electron transport in respiration.
However, iron levels must be strictly regulated as it is potentially
toxic to cells. Fe® is stable but forms insoluble hydroxy-aquo
complexes and its solubility is under 107" M in physiological
conditions; bacterial multiplication requires approximately
107" M iron {1]. Fc** is a reductant and gencrates reactive
oxygen species (ROS) and reactive nitrogen species (RINS), which
damage most cell components, including DNA, membranes, and
proteins. In particular, the hydroxyl radical ((OH) is known as

@ PLOS ONE | www.plosone.org

Most cells are equipped with mechanisms that protect the vital
cellular components from ROS and NOS. The ferritin superfam-
ily proteins, which are distributed among the three domains of life
in both aerobic and anaerobic organisms, play a central role by
detoxilying iron by converting Fe** to Fe®* through its ferroxidase
activity and subsequently store Fe** as a mincral. Ferritin
superfamily proteins can be categorized by the presence or
absence of heme. In bacteria, the former are called [erritin-like
proteins or bacterioferritins and the latter are called mini-ferritins
or DNA-binding protein in starved cells (Dps). Ferritin and
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bacterial ferritin-like proteins have exactly the same architecture,
assembling in 24 subunits to form an inner nanocage, where a
maximum of 4,500 Fe** can be sequestered as mineral after been
oxidized from Fe?* at the ferroxidase center [2,3]. Dps forms the
dodccameric oligomer and some of them possess DNA-binding
activity. Tt similarly oxidizes Fe®" at the ferroxidase center and
stores a maximum 500 Fe* inside the protein [4-6].

Mycobacterium tuberculosis complex and Mycobacterium leprae, the
ctiologic agents of tuberculosis and leprosy respectively, are a
scrious threat to human health. According to WHO’s weekly
cpidemiological report in 2010, tuberculosis alonc kills 1.57
million people annually and 219,826 pcople are suffering from
leprosy. These human pathogens are obligate intracellular bacteria
that can survive or multiply particularly well in macrophages and
Schwann cells. These invading mycobacteria restrict the host cell
iron and iron-mediated ROS genceration following NADPH
dependent oxidative burst as efficient strategies against host
defense [7]. Mycobacteria synthesize iron-chelating molecules,
siderophores, and deprive the host cells of iron; they also produce
antioxidant molecules, such as superoxide dismutasc and catalase.
Iron overload increases the risk of tuberculosis in the African
human population [8] and a deficiency in siderophore synthesis
prevents the replication of Al tuberculosis in macrophages [9].
Thus, coordination of iron homcostasis is essential to sustain
survival and growth of mycobacteria in the host [10]. Both M.
tuberculosis and M. leprae produce bacterioferritins [11-13], which
should be involved controlling iron homeostasis of these
pathogens.

DNA is an important cellular component and living organisms
should be protected from damage caused by ROS. Because AL
tuberculosis and M. leprae lack DNA-binding ferritin superfamily
proteins like. Dps [14,15], it is thought that novel molecules that
have not been identified mediate DNA protection in pathogenic
mycobacteria. Colangeli et al have recently shown that mycobac-
terial histone-like protein Lsr2 protects DNA by acting as a
physical shield [16]. However, Lsr2 lacks iron-binding and
ferroxidasc activitics [16].

Mycobacteria including M. tuberculosis and M. leprae produce
mycobacterial DNA-binding protein 1 (MDP1), also designated as
laminin binding protein of M. leprae (ML-LBP) [17,18] (Figure S1).
The N- and C-terminal halves of this protein resemble bacterial
histone-like proteins, IHF and HU and cukaryotic histonc HI,
respectively, and possesses MDP1/ML-LBP-specific DNA-binding
motif (Figure $1) {17,19-21]. In this study, we found that MDP1/
ML-LBP has functions of a ferritin superfamily protein, that is
both ferroxidase and iron-storage activities, and protects DNA not
only physically but also prevents the iron-induced Fenton reaction.

To our knowledge, this is the first report of a protcin capable of

storing and dectoxifying iron other than ferritin superfamily
proteins in living organisms.

Results

MDP1/ML-LBP possesses affinity for Fe** but not Fe?*
MDP1/ML-LBP mcdiates several cellular processes through
binding to DNA, sugar-containing molecules, and proteins both
inside and outside of mycobacteria [19,21-23]. Thercfore we
analyzed the potential interaction between MDP1 of Mycobacterium
bovis bacillus Calmette Guérin (BCG) (BCG-MDPI) and cach
ligand (analyte) by measuring surface plasmon resonance (SPR)
with a BlAcore 2000 biosensor. In the coursc of this study, we
unexpectedly obscrved strong increase of SPR, suggesting
mteraction between the analyte and immobilized ligand, when
Fe* (ammonium iron (ITD) citrate) alone was added to the BCG-

@ PLoS ONE | www.plosone.org
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MDP! immobilized scnsor (Fig. 1A). By contrast, a gradual
decrease of SPR was detected when Fe™ (FeSO,) was injected.
Such obvious increase and decrease of SPR were not detected on
mjection of other metals, such as Cu?, Mg2+, Mn?*, and Zn**
(Fig. 1A).

Resonance units (RU) analyzed by BIAcvaluation software of
SPR are tightly corrclated with the weight of bound protein
ligand. However RU are not always correlated with weight in the
case of protein-small molecule interaction [24]. In addition, it was
reported that protein-metal interaction changes the protein
structure, which in turn causes the changes of SPR [25].
Therefore, we next cxamined the binding capacity of BCG-
MDP1 to Fe** by using radioactive **Fe. The results showed that
»Fe bound to BCG-MDP1 but not to BSA coated on the ELISA
plate (Fig. 1B). By contrast, iron pre-incubated with 10 mM
ascorbic acid, which reduces Fe** to Fe?*, did not interact with
BCG-MDPI. In addition, the BCG-MDP1-"’Fe interaction was
inhibited in the presence of excess amounts of cold Fe** but not

u?* (CuSOy) (Fig. 1C). Taken together, these data demonstrate
that BCG-MDPI binds Fe™".

In order to determine whether the close mycobacterial MDP1-
homologues have similar binding activity, we cloned the gene
encoding MDP1 from M. tuberculosis H37Rv and purified it as a
recombinant histidine-tagged protein (Mtb-MDP1) after expres-
ston in E. colz. Similarly, we also obtained recombinant ML-LBP of
M. leprae after purification from E. coli expressing ML-LBP as
described previously [18]. We analyzed the **Fe binding activities
of these recombinant proteins. Like BCG-MDPI1, both Mtb-
MDP1 and ML-LBP bound to Fc** but not Fe** (Fig. 1D).

We next examined how many iron atoms MDP1 chelates using
ICP-MS. BCG-MDPI rctained in the heparin column was
incubated in the presence of 1 mM Fe** solution for 30 min
and unbound iron was extensively washed. The BCG-MDP1-iron
complex was eluted by 2 M NaCl and the iron content in the
solution was determined by ICP-MS. The calculated data showed
that one BCG-MDPI1 contained 81.4%19.1 iron atoms (Table 1).

MDP1/ML-LBP has ferroxidase activity

The SPR analysis showed reduction of RU when Fe?* w
mmjected into a BCG-MDPI-immobilized sensor (Fig. 1A), lmply—
ing some unknown responses of MDP! in the presence of Fe*'.
Although MDP1 has no motifs for ferroxidase, we next examined
whether MDP1/ML-LBP has enzymatic {erroxidase bioactivity.

We performed spectral analysis at 305 nm, because ferroxidase
activity is the reaction, which converts Fe** to Fe®*, resulting in
production of the dinuclear iron (pu-oxo-bridged Fc** dimmers).
To analyze the activity, protein at a concentration of 1.4 uM was
incubated at 37°C for 120 seconds in 20 mM Tris-HCI (pH 7.0).
Both BCG-MDPI1 and bufler alone (0.4 mM FeSO,) did not
absorb at 305 nm during 120 scconds incubation (Fig. 2A, broken
line and dush-dotted line, respectively). In contrast, in the presence
of both BCG-MDPI and 0.4 mM FeSO, therc was a rapid
increase in the absorbance (Fig. 2A, solid line) with a A, value of
0.292 mM (Fig. 3A). Similarly, the enzymatic activity of both Mth-
MDP1 and ML-LBP possess identical ferroxidase activities (Fig. 2B
and 2C), of which K, values were calculated as 0.252 mM and
0.129 mM, respecuively (Fig. 3B and C). By contrast, BSA and
bovine histone H1 did not show such an increase in absorbance at

305 nm (Figure S2).

MDP1/ML-LBP prevents the iron-induced Fenton reaction

Since ferroxidase actlvxty can prevent the Fenton reaction by
converting Fe*" into Fe®”, we examined whether MDP1 and ML-
LBP could abolish thc Fenton reaction. Hydroxyl radical
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Figure 1. MDP1 binds to Fe®*". (A) SPR analysis by Biacore biosensor. Each metal {1 mM) was loaded into the sensor, where BCG-MDP1 was
immobilized. The SPR responses (RU, resonance units) subtracted from the MDP1-free sensor are presented. Arrow, starting point of injection of
metals. Arrow head, stopping point of metal injection. Horizontal axis, time (seconds). (B) Protein->>Fe interaction. Bovine serum albumin (BSA) or
BCG-MDP1 was coated on a 96-well plastic plate. One uCi of >*FeCl; was added to each well with (green bars) or without (red bars) incubation in
10 mM ascorbic acid. The level of bound iron was counted using a scintillation counter. Vertical axis, cpm (counts per minutes) of >*Fe. (C) Inhibition
of MDP1->*Fe interaction by cold Fe**. One uCi of **FeCl; was added to the BCG-MDP1 coated or non-coated wells in the presence or absence of
various molar concentrations of Fe®* or Cu®" as indicated. Vertical axis, level of bound **Fe. (D) Protein->>Fe interaction. BSA, Mtb-MDP1, or ML-LBP
was coated on a 96-well plastic plate. One puCi of >*FeCl; was added to each well with (green bars) or without (red bars) incubation in 10 mM ascorbic
acid. Levels of bound iron were counted using a scintillation counter. )
doi:10.1371/journal.pone.0020985.g001
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Table 1. Iron contents determined by ICP-MS.

Samples (ng/kg) iron atoms/protein
BCG-MDP1 90.0 0.6

Buffer alone 155.0 ND

Iron-loaded BCG-MDP1 10,660.0£2505.6 81.4::19.1
Iron-loaded Mtb-MDP1 18,166.7+138.7 138.7%35.5

ND, not detected.
doi:10.1371/journal.pone.0020985.t001

generated in the presence of | mM H,0O, and 25 or 50 uM
FeSO, by the Fenton reaction was monitored by “8-amino-5-
chloro-7-phenylpyrido[3,4-d]pyridazine-1,4-(2H,3H) dione” (-
012), which reacts with reactive oxygen species and develops
strong chemiluminescence (CHL) [26]. Hydroxyl radical was
generated depending on the concentration of Fe** (Fig. 4A). In this
experimental setting, the addition of 3 uM BCG-MDPI remark-
ably suppressed the gencration of hydroxyl radical (Fig. 4A).
Furthermore, the addition of BCG-MDP1 after initiation of the
Fenton reaction suppressed the production of hydroxyl radical
even under optimal generating conditions (Fig. 4B). Similarly, both
Mth-MDP1 and ML-LBP suppressed the generation of hydroxyl
radical by the Fenton reaction (Fig. 5). In contrast, neither histone
H1 nor 3 uM BSA suppressed the Fenton reaction (Fig. 4A & B).
Furthermore, the suppressive activity of 3 uM Mtb-MDP1 or ML-
LBP was equivalent to 30 uM of the antioxidant sugar, ascorbic
acid (data not shown).

Hydroxyl radical can be generated in the presence of bivalent
metals other than iron and HyO,. In order to clarify whether the
suppressive cffect on the Fenton reaction by MDP1 is dependent
on its ferroxidase activity, we studied the effects of BCG-MDP/| on
Cu2+-dcpcndcnt Fenton-like reactions. For these studies hydroxyl
radical was generated in the presence of 25 or 50 uM CuSO, and
I mM H,O, (Fig. 4C). The data showed that neither MDPI nor
histone H1 suppressed Cu®*-induced Fenton-like reactions, but in
fact enhanced the reaction. These data reinforce the hypothesis
that inhibition of iron-induced Fenton reactions by MDPI is
indeed dependent on ferroxidase activity.

Dual mechanism of DNA protection by MDP1/ML-LBP

We next examined the effect of MDPI on the protection of
DNA. First, plasmid DNA (pUC19) was incubated with DNasel in
the presence or absence of 3 uM BCG-MDPI and histone HI. We
found that DNA was protected equally by MDP1 and histone. H1
(Fig. 6A). Thus, both MDP1 and histone H1 protect DNA from
DNasel by acting as physical shields.

Comparison of the effects of MDP1 and histone H1 on DNA
damage induced by the Fenton reaction revealed that DNA was
degraded in the presence of 25 or 50 uM FeSOy and 1 mM H,0,
(Fig. 6B). BCG-MDP1 protected DNA from degradation by the
Fenton reaction, whereas the level of protection exerted by histone
HI was comparatively lower (Fig. 6B). By contrast, neither BCG-
MDPI nor histone H1 could protect DNA from Cu**-induced
Fenton-like reactions (Fig. 6C), further suggesting that MDPI
protects DNA by suppressing iron-induced Fenton rcactions
mediated through its ferroxidase activity. As expected both Mtb-
MDPI and ML-LBP also protected DNA from digestion with
DNasel and the damage caused by the Fenton reaction in a similar
manner to BCG-MDP1 (Fig. 6D). Taken together, these data
suggest that MDP1 and ML-LBP protect DNA in a dual fashion, by
acting as a physical barricr and minimizing the Fenton reaction.
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Figure 2. Ferroxidase activity of MDP1/ML-LBP. The conversion
from Fe®* to Fe®™ was determined by measuring the absorbance at
305 nm. (A) broken line, 1.4 uM BCG-MDP1; dush-dotted line, 0.4 mM
FeSO,; solid line, 0.4 mM FeSO4+1.4 pM BCG-MDP1. (B) solid line,
04 mM FeSO4+1.4 pM Mtb-MDP1. (C) solid line, 0.4 mM FeSO4+1.4 uM
ML-LBP. The reaction was monitored for 120 seconds.
doi:10.1371/journal.pone.0020985.g002

The role of MDP1 in the detoxication of iron in
Mycobacterium

Finally, we assessed the role of MDP1 in the detoxication of iron
i Mycobasterium itself. MDP1 is presumed to be essential for slow
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Figure 3. Ferroxidase activity of BCG-MDP1, Mth-MDP1, and
ML-LBP. The conversion from Fe?* to Fe®* was monitored by spectral
analysis at 305 nm. 0.0125-0.1 mM FeSO, were added to 1.4 uM BCG-
MDP1 (A), Mtb-MDP1 (B) and ML-LBP (C). Direct linear plots were shown
by the straight lines intercepting X-axis with —1/K.,,. K, are taken as the
median value from each series.
doi:10.1371/journal.pone.0020985.g003

growers of mycobacteria, such as BCG and M. tuberculosis [27,28]
and cannot be knocked out. Therefore we employed the MDP1-
homologue (Ms-MDPI)-deficient strain of rapid grower Mpycobac-

terium  smegmatis [29]. We detected the ferroxidase activity of

purified Ms-MDP1, of which the K, value was 0.136 mM (Figure
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S2). We compared the resistance to HyO, among wild type and
mutant strains of AL, smegmatss, ncluding Ms-MDP1-deficient, and
Ms-MDP1-complemented strains. These strains were treated with
12.5 mM Hy0, in the logarithmic phase of growth and the
survival ratec was determined by a colony forming unit (CFU)
assay. There was a 100-fold reduction in survival of the Ms-
MDP1-dcficient strain (Fig. 7). We also pretreated bacteria with
40 mM desferal, an iron chelator. This treatment remarkably
inhibited the bactericidal effect of HyO, (Fig. 7), showing that
major bactericidal eflect with H,O, treatment is depending on the
Fenton reaction. Together, our data show that MDP1 play a role
m iron detoxfication and bacterial survival.

Phylogenetic analysis of MDP1/ML-LBP homologues and
ferritin-superfamily proteins

We accomplished molecular evolutionary analysis to recognize
the phylogenctic diversity of MDP1/ML-LBP homologucs and
ferritin-superfamily proteins. We constructed phylogenetic den-
drogram of MDP1/ML-LBP homologues and ferritin-superfamily
proteins (bacterioferritin and Dps) of mycobacteria, such as BCG,
M. tuberculosis, Mycobacterium avium, Mpycobacterium avium subsp.
paratuberculosis, M. smegmatis, and M. leprae. We also applied amino
acid sequences of other bacterial ferritin-superfamily proteins of E.
coli, Salmonella enterica, Yersinia pestis, and Helicobacter pylori and the
dendrogram was created using clustering with the Unweighted
Pair Group Method with Arithmetic Mean (UPGMA) by
GENETYX software (Genetyx, Tokyo, Japan). In the phyloge-
netic tree (Figure 8), MDP1/ML-LBP homologues formed
different cluster from ferritin-superfamily proteins, supporting
phylogenetic  distinctiveness between MDP1/ML-LBP  homo-
logues and ferritin superfamily proteins.

Discussion

Iron in living organisms is a double-edged sword, as it is an
essential and beneficial element but is also harmful. Therefore, living
organisms strictly control iron homcostasis. The ferritin superfamily
proteins are distributed across all three domains of life and contribute
to iron detoxication through oxidation and storage as Fe*, the
nontoxic form of iron. Bacteria produce two types of ferritin
superfamily proteins, one is bacterioferritin and another is Dps (also
called miniferritin). Bacterioferritin is distributed among mycobacte-
ria [12,13,30-32] but pathogenic mycobacteria, such as M. tuberculosis
complex and M leprae, lack DNA-binding ferritin superfamily proteins
like Dps. Here we show a histone-like mycobacterial protein, MDP1/
MIL-LBP has similar activity with ferritin superfamily proteins and
protect DNA by preventing the Fenton reaction.

MDP1/ML-LBP is a major cellular component of mycobacte-
rial cell [17,18] and is a multifunctional molecule depending on
interaction with biomolecules, such as DNA, laminin [18,33],
glycosaminoglycans [19,33], and glycolipids [22,28], and in turn
controls gene cxpression, infection, and cell wall integrity
[19,22,23,28,33]. In contrast, in this study, we identified
enzymatic activity of MDP1 itself that should be involved in
iron-homcostasis of mycobacteria.

This study was initiated by the unexpected detection of the
increase and decrease of SPR, when Fe** and Fe** were loaded into
BCG-MDPI-immobilized sensors, respectively (Fig. 1A). Because
altered protein structure changes RU of SPR [25], we examined
whether MDP1 actually binds to iron. We have shown that BCG-
MDP!I binds to Fe®*, but not to Fe** (Fig. 1B and C) and captures
81.4%19.1 iron atoms/protein, as measured by ICP-MS (Table 1).
We also confirmed similar iron-binding actvity of recombinant

Mth-MDP1 and ML-LBP (Fig. 1D). MDPI is eluted in the 150~

June 2011 | Volume 6 | Issue 6 | e20985

- 93 —



A Novel Ferroxidase and Iron Storage Protein

A
250000
& 50 uM FeSO, + 1mM H,0,
200000 g ®  © 25 M FeSO, + 1mM H,0,
= A A 50 uMFeSO, + 1mM H,0, + 3 uM histone H1
£ 150000 2 A A
= 5 s A A A 25UMFeSO,+ 1mM H,0,+ 3 LM histone H1
2 - s
100000 & A
50000 # 50 M FeSO, + 1mM H,0, + 3 UM MDP1
. B 25 pM FeSO, + 1mM H,0, + 3 uM MDP1
6 20 40 60 80 100 - L-012alone
Time (s
B (s)
BCG-MDP1 or
160000 ‘ .
| histone H1 & A 50 pM FeSO, + TmM H,0, + 3 uM histone H1
140000 . A
120000 & A A A A 25UMFeSO,+ 1mM H,0, + 3 uM histone H1
£ 100000 - A A
$ e 2 a
B 80000
60000 -
40000 ® # 50 UM FeSO, + 1mM H,0, + 3 uM MDP1
20000 ®oow BB m25uMFeSO, + 1mM H0, + 3 uM MDP1
® 1mM H,0,
0 e 8o @@ ® T L-012 alone
0 20 40 60 80 100 120
c Time (s)
120000
100000 R & & 50 uM CuSO, + TmM H,0, + 3 uM histone
80000 L A A L. # 50 uM CuSO, + 1mM H,0, + 3 yM MDP1
o
% eooo0 A & "
40000 % Cm . ® ® i 50 uM CuSO, + 1mM H,0,
g B
e ° & 25 M CuSQ, + 1mM H,0, + 3 uM histone
20000
PRRTIY WIERY IR ST YN SRR B # 25 uM CuSO, + 1mM H,0, + 3 uM MDP1
0 Lo e e @ 25 uM CuSO, + 1mM H,0,

Time (s)

0 20 40 60 80 100 120 140 ‘C

mM HQOZ
-012 alone

Figure 4. MDP1 suppresses the generation of the hydroxyl radical by the Fenton reaction. The hydroxyl radical level was measured by a
L-012 probe sensitive to oxygen radicals. L-012 probe was added in all samples. RLU, relative luminescence units. (A) Proteins were added at the
initiating time point of the Fenton reaction by H,0, and FeSO,. (B) Proteins were added 40 seconds after initiating the Fenton reaction. (C) The effect

of proteins on the Fenton like reaction generated by H,0, and CuSO,.

doi:10.1371/journal.pone.0020985.g004

210 kDa fraction by gel filtration [17], suggesting that 7-10 MDP1
subunits oligomerize. Thus, it is estimated that oligomerized MDP1
can sequester 532-760 iron molecules, which is comparable to the
iron-storage activity of ferritin superfamily proteins. The reduction
of RU of SPR, when Fe** was injected into MDPl-immobilized
sensor might be due to structural change of MDPI.
MDP1/ML-LBP is phylogenetically distinctive protein from
ferritin superfamily proteins as shown in Figure 8. A remarkable

@ PLoS ONE | www.plosone.org

difference in the method of iron storage between MDP1 and
ferritin is that MDP1 directly captures Fe®* while ferritin
incorporates iron after oxidizing Fe®* using oxygen or hydrogen
peroxide at the ferroxidase center. Thus, ferroxidase activity is
dispensable for iron sequestration by MDP1/ML-LBP but not by
ferritin superfamily proteins. These data suggest that MDP1/ML-
LBP is a new type of iron detoxication and storage protein. The
ferroxidase activity of MDP1 using Oy as oxidant was slightly
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slower but comparable with that of apo-horse ferritin (K, value,
0.2127 mM) as shown in Figure S3. Taken together, to our
knowledge, this is the first report of a molecule possessing iron
oxidation and storage other than ferritin superfamily proteins.
The amino acid sequence of MDP1/ML-LBP resembles
histones in eukaryotes and histone-like proteins in bacteria, thus
it probably has a similar molecular root with those proteins. It is
intriguing how MDP1/ML-LBP has evolved to acquire similar
activity as ferritin superfamily proteins during evolution.
Mycobacteria are successful pathogens, producing various kinds
of effector molecules that facilitate the long-term survival in the
host. Acquisition of iron and preventing iron-dependent genera-
ton of ROS are essential events for the replication and survival in
the host for the pathogens [9,34,35]. Dps is involved in the survival
of bacterial pathogens, such as Listena and Salmonella, by
detoxifying iron [36]. Here we showed that Ms-MDP1 plays a
critical role in iron detoxication in M. smegmatis, which produces
Dps (Fig. 7). Therefore, it is reasonable to consider that MDP1/
ML-LBP has more significant roles in the live and virulence of
pathogenic mycobacteria, which lack Dps. That may be one of
reasons why MDP1 is essential in M. twberculosis [27]. Recent study
conducted by Kumar et al, showing protection of DNA by MDP1
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Figure 6. DNA protective activity of MDP1/ML-LBP. The plasmid DNA (pUC19) was treated with DNase 1 (A), H,0, and FeSO, (Fenton reaction,
B and C), and H,0, and CuSO, (Fenton-like reaction, D) in the presence or absence of proteins, such as histone H1, BCG- MDP1, Mtb-MDP1, and ML-
LBP. After reaction for 30 min, DNA was extracted, fractionated with gel electrophoresis and visualized by UV light after staining with ethidium

bromide. M, marker. N, nicked DNA. S, supercoiled DNA.
doi:10.1371/journal.pone.0020985.g006
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Figure 7. MDP1-deficient M. smegmatis is susceptible to H,0,
treatment. Bacteria at an exponential growth phase were treated with
12.5 mM H,0, and the survival rate was determined by CFU. Closed
circle, the wild-type M. smegmatis (WT). Closed triangle, MDP1-deficient
M. smegmatis (KO), Open square, Ms-MDP1-complemented strain
(Com). Open triangle, the MDP1-deficient strain pretreated with
40 mM desferal to confirm that iron is involved in the killing by H,0,
treatment (KO+desferal).

doi:10.1371/journal.pone.0020985.9g007

from DNase 1 and the Fenton reaction, also support our finding
[37]. Our finding on the new type of iron detoxication and storage
protein will provide important information on the strategy and
insight into virulence of mycobacteria.

Methods

Bacterial strains and proteins

MDPIl-deticient Mycobacterium smegmatis was a gift from Dr.
Thomas Dick [29]. The complemented strain was generated
previously [22]. BCG-MDP1 and M. smegmatis-sMDP1 (Ms-MDP1
or HLP) was purified from cultured BCG Tokyo and M. smegmatis
mc?1535, respectively, on Sauton media according to the method
described previously [17]. Bovine histone H1 and bovine scrum
albumin (BSA) were purchased from Roche and Sigma, respective-
ly. The open reading flame of MDP1 was amplified from the AL
tuberculosis H37Rv genome using the following primers, forward: 5'-
Cce cat atg aac aaa gea gag cte att gac-3', reverse: 5'-ccc aag ctt ttt
geg acc ceg ccg age gg-3', containing the restriction sites of Ndel
and HindIIl. The 645 bp amplicon was cloned into pCR2.1-
TOPO (Invitrogen, Carlshad, CA) and further subcloned as an
Ndel-HindIII fragment in the corresponding site of pET-22b (+)
(Novagen, Darmstadt, Germany). The plasmid was transformed
and expressed in the Escherichia coli BL-21 strain and Mth-MDP1
(Rv2986¢) was purificd using Ni-NTA agarosc (Qiagen, Valencia,
CA) with 300 mM imidazole in phosphate buffer (pH 7.4) after
obtaining acid soluble proteins [17]. The M. lgprae-MDP1 (MT.-LBP
or ML1683) was purified in the same way utilizing a previously
constructed expression vector [18]. Concentrations of proteins were
determined by Bradford’s mcthod [38] using BSA as a standard.

SPR analysis by Biacore biosensor

The interaction between BCG-MDPI and metal was monitored
by measuring SPR using a BIAcore 2000 biosensor (GE
Healthcare, Buckinghamshire, UK). All binding reactions were
performed at 25°C in 10 mM HEPES buffer, pH 7.4, including
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150 mM NaCl, 1% BSA, 3 mM EDTA, and 0.005% surfactant
P20 (HBSEP butfer). BCG-MDP1 was immobilized to the dextran
matrix on the CM> sensor chip (GE) using an amine coupling kit
according to the manufacturer’s instructions (GE). Metals, such as
ammonium iron (III) citrate, CuSO,, MgSO,, MnCl,, ZnSO,,
and FeSO,, were dissolved in HBSEP buffer to a final metal ion
concentration of 1 mM and injected over both the control and

BCG-MDPI-immobilized sensor chip.

Detection of MDP1-**Fe interaction

A 96-well ELISA plate (Sumitomo, Tokyo, Japan) was coated
overnight with 5 pg/ml BCG-MDP1, Mth-MDP1, ML-LBP or
BSA in borate-buffered saline (pH 9.2) at 4°C. The wells were
then washed with phosphate buffered saline (PBS). One hundred
ul of PBS containing 1 uCi of *FeCl, (PerkinElmer, Boston, MA)
was added into the wells coated with the proteins. In some cases,
3FeCly was incubated in 10 mM ascorbic acid for 30 min before
addition to the wells. After 30 min incubation, the wells were
washed four times in PBS containing 0.05% Tween 20. Then pre-
warmed water at 37°C containing 1% SDS and 10 mM cold
ammonium iron (IT]) citrate was added and the wells were flushed
by pipetting. Twenty pl of the suspension was then spotted onto
Whatman 3 MM paper and its radioactivity was counted by a
liquid scintillation counter (Aloka, Tokyo, Japan).

Inductively coupled plasma mass spectrometry (ICP-MS)
analysis

After a heparin column was washed out with 10 mM sodium
phosphate (pH 7), 1 ml of 0.1 mg/ml BCG-MDP1 or Mth-MDP]
solution in pure water was incubated for 30 min. After washing, the
column was incubated in the presence of 1 mM ammonium iron (IIT)
(1 ml) citrate for 30 min. Unbound iron was washed out and the
MDP1l-iron complex was eluted by sodium phosphate buffer conta-
ining 2 M NaCl. Each sample of approximately 0.1 g was weighed
accurately in quartz plates, and they were gradually carbonized with
0.5 ml of sulfuric acid using hot plates. They were then heated for
8 hours at 510°C in an electric furnace and finally washed. Afier
cooling, the residue was dissolved with 1.25 ml of nitric acid and
diluted to 25 ml with ultra pure water (the analysis solution). The Fe
concentration of each analysis solution was determined by ICP-MS
(Model ELAN DRC II; Perkin Elmer). We repeated the experiments 5
and 3 times for BCG-MDP1 and Mth-MDPI, respectively.

Assay of ferroxidase activity

To determine whether MDP1 converts Fe™* (o Fe™ using O, as
oxidant, 0.4 mM FeSO, as 15 mM solution at pH 3.5 werce added
to 1.4 mM MDPI in 20 mM Tris-HCl (pH 7.0) including with
150 mM NaCl. The protein solution was pre-incubated at 37°C for
10 min. UV spectral absorption at 305 nm has been traditionally
used to monitor a p-oxo-bridged Fe** dimmers, which was
monitored by spectrophotometer U-3000 (HITACHI, Tokyo,
Japan). MDPI produced no UV absorbance in the absence of
Fe*". Lineweaver-Burk plot was used for considering the inverse
values of the absorption per 60 s after addition of 0.0125-0.1 mM
FeSOy. The Kinetic parameters (K;,,) were calculated by direct linear
plot through the two points, &, and V that satisfy the Michaelis-
Menten equation exacly for every observation [39]. The best
estimates, K, was taken as the medians of the two sets of estimates.

Monitoring hydroxyl radical generation

Level of hydroxyl radical generation by the Fenton reaction were
measured using [-012 (0.08 mM) as a probe as previously described
[26]. The total reaction volume was 50 ul containing 20 mM Tris
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Figure 8. Phylogenetic tree of MDP1/ML-LBP homologues and ferritin superfamily proteins. The amino acid sequences of BCG-MDP1
(AB013441), M. tuberculosis-MDP1 (NP_217502), M. avium-MDP1 (YP_883003), M. avium subsp. paratuberculosis -MDP1 (NP_961958), M. smegmatis-
MDP1 (YP_886729), M. leprae-ML-LBP (MDP1) (NP_302157), BCG-bacterioferritin A (BfrA) (YP_978002), BCG-BfrB (YP_979983), M. tuberculosis-BfrA
(CAB10050), M. tuberculosis-BfrB (AAF06357), M. avium-Bfr (YP_882020), M. avium subsp. paratuberculosis (P45430), M. smegmatis Bfr (ABK70328), M.
leprae-Bfr (AAA21339), E. coli-Bfr (AP_004454), Salmonella enterica-Bfr (CBY97651), Yersinia pestis-Bfr (AAS60481), Helicobacter pylori-Bfr (CAA06826),
M. avium-Dps (YP_884099), M. avium subsp. paratuberculosis-Dps (NP_962494), M. smegmatis-DpsA (ABK75435), M. smegmatis-DpsB (ABK69831), E.
coli-Dps (U00096.2), Salmonella enterica-Dps (Car32361.1), Yersinia pestis-Dps (AL590842.1), and Helicobacter pylori-Dps (1J14_L) are compared by
using Genetyx (Ver.16.1) software according to the UPGMA algorism. Values, 0.2, in the figure represent evolutionary distances.

doi:10.1371/journal.pone.0020985.9008

HCI (pH 7.5), 50 mM NaCl. Three uM Histone Hl, BCG-MDP1,
Mtb-MDPI, and ML-LBP were incubated with 25 or 50 uM
FeSO, and 1 mM H,O,. After addition of L-012 (5 ul), CHL
intensity was recorded continuously for 20—-140 scconds using a

Luminescence Reader BLR-201 (Aloka, Tokyo, Japan). The level of

hydroxyl radical generation by the combination of 25 or 50 pM
CuSO, and 1 mM H,0, was monitored in the same way.

DNA protection assay
DNA protection from oxidative damage and enzymatic
digestion was assessed i wtro using pUGI9 plasmid DNA
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(2686 bp, 50 nM), purified by a Qiaprep spin plasmid miniprep
kit (Qiagen). The total reaction volume was 20 pl in pure water.
Plasmid DNA was allowed to interact with MDP1, ML-LBP, or
bovine Histone HI for 30 min prior to the introduction of 25 or
50 pM FeSOy4 and 1 mM H,0O, or treatment with 50 or 100 pg/
ml DNase T (Sigma, St.Louis, MO). The reaction mixtures were
incubated for 30 min at room temperature before the reactions
were stopped by incubation with 1% SDS and proteins were
degraded by treatment with 20 pg/ml PronaseK (Sigma) for
30 min. Then the plasmid was extracted using phenol-chloroform
extraction and 10 ul of sample was loaded on 1% agarose gel in
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