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Naturally occurring vitamin K
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Plasma vitamin K concentrations of healthy Japanese women
phylloquinone (ng/mL) MK-4 (ng/mL)

1.74+1.29 (0.13~8.83) | 0.10+0.19 (n.d.~1.44)
Tsugawa N, Okano T, et al, Am J Clin Nutr, 2006;83:380-386.




Amounts of dietary intake and plasma concentrations
phylloquinone > > MK-4

- =

Tissue concentrations of animals and humans
MK-4 > > phylloquinone

. =

Is phylloquinone converted into MK-4 in the body ?

. =

What is the physiological significance of this conversion and
what functions dose MK-4 have, and can we develop MK-4
analogues for clinical use ?

Suhara Y, Okano T, et al, J Med Chem, 2011;54:4269-4273
Suhara Y, Okano T, et al, J Med Chem, 2011;54:4918-4922
Suhara Y, Okano T, et al, J Med Chem, 2012;55;1553-1558

The aim of our study is to examine the
above issues in animals and humans.
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|dentification of MK-4 from brain of mice by LC-MS/MS
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|dentification of MK-4 from brain of mice by
'H NMR spectrometry

Authentic MK-4

H-5,8 H-2,67,10",14°
8.06 , 5.03

\

MK-4 fraction CH;(C-2)
2.17

H'5,8 H_25,65,105,14, H'1

8.06 5.08




Experiment
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C57BL/6J mice
7-weeks old
n=200

Experimental design

Oral administration

Fast

PK-d.,

4} Sacrifice
| ? | ?—» Cerebra
1w 12 hr 0 24 hr

/

Isolation and purification of MK-4-d,

/

Analyses by LC-MS/MS and 2H NMR




|dentification of MK-4-d, from brain of mice by
LC-MS/MS
Authentic MK-4-d,
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|dentification of MK-4-d, from brain of mice by
°H NMR spectrometry

C MK-4-

Authentic MK-4-d-,

°H-5,8
8.10

%

MK-4-d-fraction

°H-5,8
8.08




Not only PK-d, but also MK-4-d4 and MK-7-d, are converted into MK-
4-d, and accumulate in brain of mice

C57BL/6J £ mice Sacr1flce

8 weeks old ' 4 d,
24 hr

D MK'4'd7
MK-4 epoxide I MK-4-d, epoxide
Endogenous MK-4

pmol/g of brain

vehicle PK-d, MK-4-d, MK-7-d,
Single peroral administration (10 pg/kg)




Phyllogunone is converted into MK-4 via integral
side-chain removal

Unsaturation of
side/sghain

>

Exchange of
CD, side chain

N

HORCNPN N

»)
Phytyl side chain
yty K3

D O
Geranylgeranyl ° ®-®: ¥ i

. . P<n_n-P~a-
\ side chain \0’6_‘0 0’6_\0




K vitamins are converted into
MK-4 and accumulate in
tismues

Where does thi§ conversion take
plgce?

Following four routes for the
conversion of PK or K5 into MK-4,
1. Oral route
2 . Enteral route
3. Intravenous route
4 . Intra-cerebroventricular
route
were examined in mice.




Experimental design

Oral(1), enteral(2), intravenous(3) or intra-cerebroventricular(4) dose

C57BL/6J mice

A single dose of 10 pmol/kg BW for (1), (2), (3,
Tweeksold 11 ymol/Kg BW for (4) LC-APCI/MS




Concentration
(pmol/g)

Concentration
(pmol/g)

Concentrations of MK-4 in cerebra of mice

Endogenous MK-4
§ MK-4 J MK-4 epo

oral

Vehicle PK-d,

intravenous

K3'd8

-
PK'd7

Vehicle

Ky-dg

|

Converted MK-4
MK-4-d, ©* MK-4-d, epo

300

200

100 |

0 Vehicle

entero

Vehicle  PK-d, Ky-dg

— Intra-cerebroventricular —

PK-d,  Ki-dg

Okano T, et al, J Biol Chem, 2008; 283:11270-11279




Four Sites Cannulation experiments

Inferior vena cava
d
d
serum (IVC)

liver

Bile duct Portal vein

L “
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Concentrations of K;—d;, MK-4-d, and MD-d, high resolution mass spectrometry
60 (HR-MS)
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Time course changes in serum concentrations of K,, MK-4
and MD in humans orally given K, capsules (40 mg)

MK-4
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Conversion pathway of MD-d; to MK-4-d, demonstrated by HR-MS and
'H NMR analyses

H GGPP

(- HH
( CD2 CD CDz H CHDZ
Route 1 r
C@ H o~ H

/

H

MD-d, CD3

CD3 CDs CD3
N TH
0 HGD H

PPO
VWH GGPP

Hirota Y, Okano T, et al, J Biol Chem, 2013; 288:33071-33080




MD(Kj) is a catabolic product of oral phylloquinone (K;) in the intestine and
a circulating precursor of tissue MK-4 (K,) in mammals

o
H (intestine)
I 3

. . Removal of side chain
Side-chain cleavage t

enzyme s A H

o

(qumone form I

Lymph and blood stream

Reductase (tissues)

MD (

(hydroqumone form))
Geranylgeranyl pyrophosphate

o)

I
Prenylation enzyme ®-® N GH O @@ P
gy

)
MK-4 (K
o

Hirota Y, Okano T, et al, J Biol Chem, 2013; 288:33071-33080




New paradigm of the metabolic activation of
vitamin K in brain and bone
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What is the enzyme(s) involved in MK-4
biosynthesis in mammals ?

o menaquinones(MKn)

Menadione(MD)
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Biosynthesis of menaquinones in Escherichia. coli

Chorismate
COO

OH
DH
COOo
- D menC menE
ooc\IrO\é/coo = @En/\,u\ mend “\(S-COA
S-CoA
OHO

Isochorismate

O- Succmylbenzoyl -CoA 1,4-Dihydroxy-2-napthol-CoA
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Alignment of the amino acid sequence of Ubia(E.coli), COQ2(Homo-sapiens), Men A(E.coli)
and
1

ubiA_ [Escherichia_coli]
COQ2_ [Homo sapiens]
_menA_[Escherichia_coli]
UBIAD1_[Homo_sapiens]

ubiA_[Escherichia_coli]
COQ2_ [Homo_sapiens]
_menA_[Escherichia_coli]
UBIAD1_[Homo_sapiens]

ubiA_ [Escherichia_coli]
CO02 [Homo sapiens]
_menA_[Escherichia_coli]
UBIADI1_[Homo_sapiens]

ubiA_ [Escherichia_coli]
COQ2_ [Homo_sapiens]
_menA_[Escherichia_coli]
UBIAD]1 [Homo sapiens]

ubiA_ [Escherichia_coli]
COQ2_ [Homo_sapiens]
“menA_[Escherichia_coli]
UBIAD1_[Homo_sapiens]

ubiA_[Escherichia_coli]
COQ2_ [Homo_sapiens]
_menA_[Escherichia_coli]
UBIAD1_[Homo_sapiens]

ubiA_[Escherichia_coli]
COQ2_ [Homo_sapiens]
_menA_ [Escherichia_coli]
UBIAD1_[Homo_sapiens]

UBIAD1(Homo-sapiens)
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Search for the enzyme(s) responsible for the MK-4 synthesis

OH o X
1,4-Dihydroxy~E/ﬁ/\]~n|'| Demethylmenaquinone-n Menaquinone-n
-2-naphthoate hydroquinone (DMK-n) (MK-n)
(DHNA)

MenA human homologs

MenA Prenylation domain KIAEY-SM Chromosome 1 11.25 M

UbiA prenyltransferase I

domain containing 1 _ o
(UBIAD)
CoenzymeQ2 homolog, Chromosome 4 84.40 M
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MD GGPP UBIAD1 or
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Conversion of K;-dg or MK-4-d,, to MK-4-d-, in siControl-,
siUBIAD1- or siCOQ2-transfected MG-63 cells
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Conversion of PK-d, and MK-4-d,, into MK-4-d- in Sf9 cells transfected
with siControl or pcDNA3.3-UBIAD1(UBIAD1 expression vector)
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MK-4 biosynthetic activity of UBIAD1 in microsomes prepared from
UBIAD1 baculovirus-infected Sf9 cells with geranylgeranyl
pyrophosphate (GGPP) and MD

Substrate: K;-dg (1 pM)
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Subcellular localization of UBIAD1 in MG-63 cells

Transmitted ER-Tracker Red UBIAD1-GFP

50 pm

Transmitteld i UBIAD1-GFP

MG-63 cells stably transfected with a UBIAD1-GFP expression vector were stained with ER-tracker Red or
BODIPY-TR ceramide (red) and were detected by GFP fluorescence (green). Merged images of GFP
fluorescence and by ER-marker or Golgi-marker fluorescence are shown at the right. The control construct
(mock-GFP) showed a diffuse fluorescence throughout the cytoplasm.

Nakagawa K. et al., Nature 2010; 468:117-121.
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UBIAD1 is a novel biosynthetic enzyme for MK-4 that may
have both side-chain cleavage and prenylation activities

/ UBIAD1

| Prenylation

PK
:3 T

Gide-chain clea vage/

Ks

Identification of UBIADI1 as a novel human

menaquinone-4 biosynthetic enzyme
Nature 2010; 468:117-121.

Kimie Nakagawa, Yoshihisa Hirota, Natsumi Sawada, Naohito Yuge, Masato Watanabe, Yuri
Uchino, Naoko Okuda, Yuka Shimomura, Yoshitomo Suhara & Toshio Okano
Department of Hygienic Sciences, Kobe Pharmaceutical University,




MK-4 biosynthesis in tissues is decreased by the
treatments with statins and bisphosphonates

Vitamin K homologues
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Possible interaction of MK-4 biosynthesis, vitamin K cycle
and vitamin K action

Mevalonate pathway
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Generation of Ubiad7 knockout mice

mTO Ubiad1 ATG Ubiad1
R exon1 exon2
Wild-type allele o : i -
b ’ <—>\\: :\\
! 35kb | 1ikb 6.7 kb
Targeting vector  { pTA }— i neoRK AN <]; loxP
Sacll
sal C'?' Kpnl  Notl o ‘: FRT
| t Nhel +——» i
! | Spel 1.7kb ! !
foxod alloh ! (G -
floxed allele i ! >
; .~ ]Cre recombinase -
Targeted allele F (- a I
> Ve
PCR primerF R
M.W.
500 bp 100 bp POSi +/— +/4+ —/— (A) Schematic presentation of ubiadl genome, targeting

vector and disrupted Ubiadl genome. (B) PCR genotyping of
Ubiadl*™*, Ubiadl*~ and Ubiadl~~ embryos. PCR
genotyping of tail DNA of Ubiadl**, Ubiadl*~ and
Ubiadl~~ embryos. Lane 1, positive controls for Ubiad I+~
allele. Lane 2, PCR bands of Ubiadl*'~ embryos. Lane 3,
PCR bands of Ubiadl*"* embryos. Lane 4, PCR bands of
Ubiadl~~ embryos.

Nakagawa K, Okano T, et al, PLOS ONE 2014; 9: 1-12, e104078



Morphological examination of Ubiad7**, Ubiad 1"~ and Ubiad1'- embryos and weanling mice
(postnatal day 1) from pregnant Ubiad 7/~ mice orally administered CoQ10

Ubiad1++ Ubiad 1+~ Ubiad1- Ublad 1+ Ubiad 1+~ Ubiad1-'-

A
E15.5 " i i ‘ i ¢ ' Day 1 ’
B A 440 48

HE S6 15
staining = Liver - Brain
23 2 5
§ &4 E g0 1
0O 0O
2= 2= %
8 8o B85 -
es [T
2 €2
0 - 0 -
H+  H- -
UBIAD1 = Ubiad1++ Ubiad1+- Ubiad1--
staining

UBIAD1 e s
GAPDH e S S

Ubiad1-deficient mouse embryos failed to survive beyond embryonic day 7.5 exhibiting small-sized
body and gasturation arrest !!!



Generation of a neural cell specific Ub/ad7- mouse
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Thank you for your attention!




