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FMMs 5§ MK-7 Z 8 6948 % tE, JF3f MK-7 &t AT Xst 4. &k, @i K kiriewmF o
FMMs #o MK-7 & 48 Jo 5 L 4 A48 2 M 3 okG8 32 947 FMMs 23R A1 5 4 I L £ MK-7 4 & 49
TACA B tm IR A 6 AL L, B # MK-7 2 FMMs ¢ 3 R = £ X420 BT %,
KA T AL ATAR K MK-7 & L A2 F ER o K 4B o) T fm it & 42, FFiBiT FloA ¥R A# B 69
428 Fni. IspA. HepT #= YuxO Z 4z £ FMMs ¥, #tfm £ I MK-7 & RIEZRH R T, mL
PR FEAF—HR & & MK-T 894 3 3 3647 8 (Bacillus subtilis)# #& BS3AT, ##K-F MK-7 = &4
%] 300.3 mg/L, 3L z—uw%ur MK-7 =& # 464.2 mg/L.
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Functional analysis of functional membrane microdomains in
the biosynthesis of menaquinone-7
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Abstract: Functional membrane microdomains (FMMs) that are mainly composed of scaffold
proteins and polyisoprenoids play important roles in diverse cellular physiological processes in
bacteria. The aim of this study was to identify the correlation between MK-7 and FMMs and
then regulate the MK-7 biosynthesis through FMMs. Firstly, the relationship between FMMs
and MK-7 on the cell membrane was determined by fluorescent labeling. Secondly, we
demonstrated that MK-7 is a key polyisoprenoid component of FMMs by analyzing the changes
in the content of MK-7 on cell membrane and the changes in the membrane order before and
after destroying the integrity of FMMs. Subsequently, the subcellular localization of some key
enzymes in MK-7 synthesis was explored by visual analysis, and the intracellular free pathway
enzymes Fni, IspA, HepT and YuxO were localized to FMMs through FloA to achieve the
compartmentalization of MK-7 synthesis pathway. Finally, a high MK-7 production strain
BS3AT was successfully obtained. The production of MK-7 reached 300.3 mg/L in shake flask
and 464.2 mg/L in 3 L fermenter.

Keywords: Bacillus subtilis; functional membrane microdomains; menaquinoe-7; visualization;
membrane order; compartmentalization
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Figure 1  Structure (A) and synthesis diagram (B) of MK-7"),
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A 3 R4 R G, R i i B 23 A MK-T &
RS, AR — bR 7 MK-7 BB
FERAKF MK-7 725353 360 mg/L.
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B, T g MK-7 #il FMMs ()0 A 45
fE, A% T A RAHDCE s Kk, diid 34 FMMs
P SEREPERR RS, AARAR E MK-7 & FI A
FEEERAE AL, WARG MK-7 JEA4 5 FMMs S5 R &
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1.1 BRI
AWEFE T R AR . R AR 1 TR .

1.2 FERFIREFRE
LB (Luria Broth)}53%3&: 10 g/L HHAME,

10 g/L NaCl, 5 g/L fEE:H;, 121 °CKE 20 min.
LB ARG TR TSN 2% 0B RE R

RIERRIE: 50 g/L %M. 50 g/L H .
50 g/L KREEAM. 0.06 g/L Wik &4,
115 °C’K & 20 min,

SIS FTHYUAER . RIREE 50 ug/L., 1k
2 20 pg/L, AR 100 g/L, SAFEE 30 pg/L.
1.3 {UFEMgH

AHIGE T A B AR . PCR P74
(ASRARAR]) . RIS —HIKA ).
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AN O RERMBERREEMASEA
Al 2L EMEEJEREA ), HPLC-1260 (‘&HE
& wl), 3 Ll /R A BERE(NBS A BRA A
1.4 FRAFEKRSE

) — 0 v B R AR R T SOk,
FH51H1n% 2 s . L pHTO1-flod-eGFP JFoRitk
). Lh BS168 FIFERLAVE MM, LI FloA-1F

&1 AR AT A E R B

1l FloA-1R N5 |4 15155 flod B:H H B, LA
eGFP-1F F1 eGFP-1F H5 |4 14155 e GFP 35 F
Bt; LA pHTO1 Bk mtsitl, LA Z-1F #1 Z-1R Sh5|
Y AR BRI IR Br . SR UL S
HR BRI, AR BUR pHTO1-flod-eGF P,

Wit Cre/loxP ZR G A G It FH E 4 Ak
FZEMATR, TSR 2 R, DEAT

Table 1  Strains and plasmids used in this work

Name Description Reference

Strains
E. coli IM109 For plasmid construction Lab stock
BS168 Bacillus subtilis 168 Lab stock
BS168C BS168 derivate, Aflod AfloT AyisP AsqhC
BS3 BS168 derivate, P,..-kinA-APAS-A AkinB AspollA AspoOIIE, P,-menF Py-menB Py,-menE Lab stock

Ps-entC AdhbB Phbs-tkt P 5-ppsA AptsG Pup-aroG:lox72 Ps-aroK Pyp-ispA Pys-hepS/T
Pyp-kdpG Pys-dxr P 3-dxs Pys-fni Peng-menA:: lacA Peni-menA:: thrC P,,,.-menA:: dacA

BS3C BS3 derivate, AfloA AfloT AyisP AsqhC This work
BS3FA BS3 derivate, ::P;-floA (integrated site is between yvoA and nagBA) This work
BS3FT BS3 derivate, ::P;-floT (integrated site is between yvoA and nagBA) This work
BS3AF BS3 derivate, ::P,3-floA-fni (integrated site is between yvoA and nagBA) This work
BS3F BS3 derivate, ::P,;-fni (integrated site is between yvoA and nagBA) This work
BS3AI BS3 derivate, ::Ps5-floA-ispA (integrated site is between yvoA4 and nagBA) This work
BS31 BS3 derivate, ::P,;-ispA (integrated site is between yvoA4 and nagBA) This work
BS3AT BS3 derivate, ::P;-floA-hepT (integrated site is between yvoA and nagBA) This work
BS3T BS3 derivate, ::P,3-hepT (integrated site is between yvoA4 and nagBA) This work
BS3A0 BS3 derivate, ::Py;3-floA-yuxO (integrated site is between yvo4 and nagBA) This work
BS30 BS3 derivate, ::P,5-yuxO (integrated site is between yvod and nagBA) This work

Plasmids
P7C6 Pmd18-T containing lox71-Cmr-lox66 cassette Lab stock
P7S6 Pmd18-T containing lox71-Spec-lox66 cassette Lab stock
P7Z6 Pmd18-T containing lox71-Zeo-lox66 cassette Lab stock
pP43NMK Amp, Kan, E. coli-B. subtilis shuttle vector Lab stock
pHTO1 Amp, Cm, E. coli-B. subtilis shuttle vector Lab stock
pHTO1-floA-eGFP  floA-eGFP This work
pHTO1-floT-eGFP  floT-eGFP This work
pHTO1-menH-eGFP menH-eGFP This work
pHTO1-menA-eGFP menA-eGFP This work
pHTO1-menB-eGFP menB-eGFP This work
pHTO1-ispA-eGFP  ispA-eGFP This work
pHTO1-fni-eGFP fni-eGFP This work
pHTO1-yuxO-eGFP yuxO-eGFP This work
pHTO1-hepS-eGFP  hepS-eGFP This work
pHTO1-hepT-eGFP  hepT-eGFP This work

&: 010-64807509
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Table 2 Primers used in this work

Primer name  Primer sequence (5'—3’) Size (bp)
Z-1F GGATGAACTATACAAATAATCTAGAGTCGACGTCCCCGG 39
Z-1R GTGTACATTTCACCTCCTTTAAATTACTTTCATTATGAGTT 41
eGFP-1F GGAAGCGGCGGTGGCGGCAGCATGGGTAAGGGAGAAGAACTTTTCACT 48
eGFP-1R GTCGACTCTAGATTATTTGTATAGTTCATCCATGCCATGTGTAATCC 47
FloA-1F TGAAATGTACACATGGATCCGTCAACACTTATGATTCTGG 40
FloA-1R TACCCATGCTGCCGCCACCGCCGCTTCCTGATTTGCGGTCTTCATCCGAAGG 52
FloA-1F AGGAGGTGAAATGTACACATGACAATGCCGATTATAATGATCATCGGA 48
FloA-1R GCCACCGCCGCTTCCTTACTCTGATTTTTGGATCGTTTTGGCTTCT 46
MenH-1F AGGAGGTGAAATGTACACATGCAGGACTCAAAAGAACAGCG 41
MenH-1R GCTGCCGCCACCGCCGCTTCCTTTCCATCCGATATGCGTGGCAG 44
MenA-1F GCCAGTGAATTCGAGCTCATCAAAAATTCCCTTCCCGTTTTTTCGA 59
MenA-1R TTACCCATGCTGCCGCCACCGCCGCTTCCTCGGAAATAGCTGATCAATAATCCGATCGA 59
MenB-1F AGGAGGTGAAATGTACACATGGCTGAATGGAAAACAAAACGGA 43
MenB-1R GCCGCTTCCCGGAAAACGAGGGAACTGTCC 43
IspA-1F AGGAGGTGAAATGTACACGTGACAAATAAATTAACGAGCTTTCTGGCG 48
IspA-1R ACCGCCGCTTCCGTGATCTCTTGCCGCAATTAAATCAC 48
Fni-1F AGGAGGTGAAATGTACACGTGACTCGAGCAGAACGAAAAAGAC 43
Fni-1R GCCGCTTCCTCGCACACTATAGCTTGATGTATTGACC 37
YuxO-1F GGAGGTGAAATGTACACATGGATATGAAGCACACATTGCTTGAAG 45
YuxO-1R GCTGCCGCCACCGCCGCTTCCTTTCTTGATGACAGCCAGCGTGC 45
HepS-1F GGAGGTGAAATGTACACTTGCAAGACATCTACGGAACTTTAGCC 52
HepS-1R CCATGCTGCCGCCACCGCCGCTTCCCCCTTCTTCCACTTTCTGATGATAGGT 52
HepT-1F AGGAGGTGAAATGTACACATGTTAAATATCATTCGTTTACTGGCGGAG 48
HepT-1R CCGCCGCTTCCAAATTTTCTTTTACCGATATATTTTGCGATGGCT 48
QC-yisP-U-1F  TGATGCCTGATGCGAAAGTCTTTT 53
QC-yisP-U-1R  ATCCGCTCAAAACACCCGGCCTTGATTGAG 53
QC-yisP-S-1F  AGGCCGGGTGTTTTGAGCGGATAACAATTTCACACAGGAA 53
QC-yisP-S-1R  AGACTTGAAGAAGCATAACGCCAGGGTTTTCCCAGTC 53
QC-yisP-D-1F  GGAAAACCCTGGCGTTATGCTTCTTCAAGTCTAGTATGTTTTTTCCTAATTGT 53
QC-yisP-D-1IR ACTGGACAGAAAACAATTAGATCAGCTTTTAGA 53
QC-FloA-U-1F CAGATCACATTTATATGGCGCCTGG 58
QC-FloA-U-1R GTGTGAAATTGTTATCCGCTCATAACTTCTCCTCGTTTCTATTTAAATTTCTCTCACG 58
QC-FloA-S-1F AGAAACGAGGAGAAGTTATGAGCGGATAACAATTTCACACAGGAA 58
QC-FloA-S-1R CTCCCTTCTTAGAGAGATAACGCCAGGGTTTTCCCAGT 58
QC-FloA-D-1F AAACCCTGGCGTTATCTCTCTAAGAAGGGAGAACGCTGATG 58
QC-FloA-D-1R ACATTTAAATTTACTTCTTACCCGCCGAA 58
QC-FloT-U-1F TTGGCTGCCTGAAATAAAATCATGCG 58
QC-FloT-U-1R CCTGTGTGAAATTGTTATCCGCTCATCAAATTCCTCCTTTTATGTTAAATGGGTTCAT 58
QC-FloT-C-1F AAAAGGAGGAATTTGATGAGCGGATAACAATTTCACACAGGAAAC 58
QC-FloT-C-1R GTTCTGCCCTTTCCTAACGCCAGGGTTTTCCCAGTC 58
QC-FloT-D-1F GAAAACCCTGGCGTTAGGAAAGGGCAGAACCGTATGG 58
(P55
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Z23% 2)
Primer name  Primer sequence (5'—3") Size (bp)
QC-FloT-D-1R GGTGTCAAAGCAGGTCTTACTACAGG 58
QC-sqhC-U-1F GGATTTGTTTGACGAGCTGAAAAGC 51
QC-sqhC-U-1R GTGTGAAATTGTTATCCGCTCATGAAACGTGAATCTTATCAAGCGGAG 51
QC-sqhC-C-1F GCTTGATAAGATTCACGTTTCATGAGCGGATAACAATTTCACACAGGAAAC 51
QC-sqhC-C-1R GAGTTGAGCGTGTAACGCCAGGGTTTTCCCAGTCA 51
QC-sqhC-D-1F AAAACCCTGGCGTTACACGCTCAACTCCTTCAGAAGC 51
QC-sqhC-D-1R CCGCTTTCAGCTCTTTATTTGGCAG 51
U-1F AAACCGATTATTTTGAATGTAACGTATATACCAATGAA 54
U-1R GTGTGAAATTGTTATCCGCTCATGAATATCAATAAACAATCGCCTATTCCGATT 54
C-1F ATAGGCGATTGTTTATTGATATTCATGAGCGGATAACAATTTCACACAGGAAAC 54
C-1R GGTAAGAGAGGAATGTACACTAACGCCAGGGTTTTCCCAGTC 54
P43-1F GGAAAACCCTGGCGTTAGTGTACATTCCTCTCTTACCTATAATGGTACCG 54
P43-FloA-1IR  ATAAGTGTTGACGGATCCATTGATAGGTGGTATGTTTTCGCT 54
FloA-1F ACATACCACCTATCAATGGATCCGTCAACACTTATGATTCTG 54
FloA-1R TTGAAAGGAACATGCTGACTTTGATTTGCGGTCTTCATCCGAAGG 54
FloA-D-1F ACCGCAAATCAAAGTCAGCATGTTCCTTTCAAGGTCTTAAT 54
D-1R GTTCGATCCTCAAAATGAACGAAGGC 54
P43-SPFH-1R CGGCATTGTCATTGATAGGTGGTATGTTTTCGCTTGAACT 45
SPFH-1F ACATACCACCTATCAATGACAATGCCGATTATAATGATCATCGGA 45
SPFH-1R CATGCTGACTTTTTATCAGCCTCTGCTGTTGCGA 45
SPFH-D-1F CAGCAGAGGCTGATAAAAAGTCAGCATGTTCCTTTCAAGGTC 45
FLoA-2R GCTGCCGCCACCGCCGCTTCCTGATTTGCGGTCTTCATCCGAAGG 58
Fni-1F GACCGCAAATCAGGAAGCGGCGGTGGCGGCAGCGTGACTCGAGCAGAACGAAAAAGAC 58
Fni-1R CTTGAAAGGAACATGCTGACTTTTATCGCACACTATAGCTTGATGTATTGACC 53
Fni-D-1F GCTATAGTGTGCGATAAAAGTCAGCATGTTCCTTTCAAGGTCT 58
IspA-1F GCAAATCAGGAAGCGGCGGTGGCGGCAGCGTGACAAATAAATTAACGAGCTTTCTGGCG 59
IspA-1R AACATGCTGACTTTTAGTGATCTCTTGCCGCAATTAAATCACA 59
IspA-D-1F GCGGCAAGAGATCACTAAAAGTCAGCATGTTCCTTTCAAGGTC 59
HepT-1F CGCAAATCAGGAAGCGGCGGTGGCGGCAGCATGTTAAATATCATTCGTTTACTGGCGGAG 63
HepT-1R AGACCTTGAAAGGAACATGCTGACTTTTAAAATTTTCTTTTACCGATATATTTTGCGATGGCT 63
HepT-D-1F CGGTAAAAGAAAATTTTAAAAGTCAGCATGTTCCTTTCAAGGTCTTAATGACGCGGCT 63
YuxO-1F CCGCAAATCAGGAAGCGGCGGTGGCGGCAGCATGGATATGAAGCACACATTGCTTGAAG 59
YuxO-1R AAGGAACATGCTGACTTTTATTTCTTGATGACAGCCAGCGTG 59
YuxO-D-1F CATCAAGAAATAAAAGTCAGCATGTTCCTTTCAAGGTC 59
P43-Fni-1R CTGCTCGAGTCACTGATAGGTGGTATGTTTTCGCTTGAACTTT 43
Fni-2F ACATACCACCTATCAGTGACTCGAGCAGAACGAAAAAGAC 43
P43-IspA-1F  GCCAGAAAGCTCGTTAATTTATTTGTCACTGATAGGTGGTATGTTTTCGCTTGAACTTTTAAAT 64
IspA-2F ACATACCACCTATCAGTGACAAATAAATTAACGAGCTTTCTGGC 64
P43-HepT-1R  CGCCAGTAAACGAATGATATTTAACATTGATAGGTGGTATGTTTTCGCTTGAACT 60
HepT-2F ACATACCACCTATCAATGTTAAATATCATTCGTTTACTGGCGGA 60
P43-YuxO-1R TGTGTGCTTCATATCCATTGATAGGTGGTATGTTTTCGCTTGAACT 59
YuxO-2F ACATACCACCTATCAATGGATATGAAGCACACATTGCTTGA 59

The underlined sequences are the linker used in the experiment, and the linker used is the flexible linker.
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T2 BS3FA 1A DL BS168 ALK 4 E
R, L U-1F Al U-1R M54 53] iy
B BEN - BE, L) FloA-1F F1 FloA-1R A51%)
18193 flod FEH FrB:, LA D-1F #1 D-1R 514
PGS B MR PR SR B LA pPA3NMK it
RN, LA P43-1F F1 P43-1R A5 |y 4415 5]
Py Jash FRR R B, DL P7C6 ORI, L
C-1F F1 C-1R 519X Y4152 lox71-zeo-lox66 FE
Bt il B E( PCR fl AR5 S B
AR DR T R RIS HERE A BS3
H, ST TRYE PCR B iEARAS 4] TR BS3FA,
1.5 #EiRAB

R FEETE H e A8 v 1 B 4 A B 2R AR AT TR
Fi 2 LB [ AR 3 b rig Ak, PRECA VR 4
fli % 2 mL LB i 43G 72k 78 37 °C 220 r/min
IR PR IESE 8 hy B 1 mL A %A
2 20 mL KR SR T 40 °C. 220 r/min k%
Big% 6 do £ 24 h BUFE 500 uL Wi gn A= K 1%
B, AR MK-7 & i R B AR 3 A FAT .
1.6 ZARELE RIS B IR

RIEFE S Fi B E R PR R Bk, BUR
2.d S5 B R EW 15 mL FH T4 2H 5343 55 .

ANRESR 5 L BERESLAE 5 000 r/min 2.0 10 min,
A3 R B3E UAUUEE 17, < B3 1 FRVER I 41
MK-7 &1

UM “UTIE 1 HTCRIK RS 3 IFRTE
BK RS, FHAERI 240 MK-7 7= & .

AP . FRJE A CUTIE 13 3 7S A
WEERAGHEATRLRE , 78 10 000 r/min £5.0> 40 min,
A3 R B 20 FCDTNE 275« b 2738 2k 0
PLTE 140 000 r/min &0 1 h, 43 i 37
“PUTE 37, “ b3 3 AERN A0 AN MK-7 & i,

AMRRRRE . <VUivE 3K ERS, FfER
MZRIE F MK-7 &5
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1.7 RAEMBEUE

eGFP HE il 28 BUPRBULE H v i i s 2
Wi B ZF AT RIS LB BARE R 5L il TG
1k, PRBCARTSERS] 2 mL LB WK 5 rp
1E 37 °C. 220 r/min 353554 PR 5537 10 h;
5000 r/min. 10 min Z.0WEER AR, A LB A
BEFRILIEVE 3 3, 1359 MEFE N .

B 123 FEaL A . FERIE 36 h R IR
AR BER PN 20 uL B9 2 mmol/L % JFHH 123
R, K229 1 h; 5 000 r/min, 10 min 2.0
AR, LB AR FRILIEVE 3 8, 5519¢
HEMELFE

Di-4-ANEPPDHQ # §h il %% BUSRAE H
T A ARG AT PR RN 2] LB [ A 57
5 TS, PRECRIETE RIS 2 mL LB W
R FRFEAPTE 37 °C, 220 v/min 5535 50 F IR
B:3% 10 h; 5000 r/min, 10 min B0 IS FA,
FEEWF, W1 mL LB ¥ 35 (5A 5 umol/L
di-4-ANNEPPDHQ), T7K IW#%F 10 min, .0
35 FWE, AR LB 53R 3L 0% 3 Ik,

eGFP % P18 123 950g¢: dat i e
R4 C-HGF (100x7Hi%5%) W %¢ eGFP F1%' JH
B 123, fiifH FITC 36 H, ad Image) FFHE
PTG AL TR 3T o

Di-4-ANEPPDHQ %)t M%E : i RO
£ B 7B% Leica TCS SP8 5% (60xiH%E%), #f i
K 488 nm I A G, 500-580 nm (5%
AH)FI 620-750 nm (JCJFAH) I R SR , Bi%
BEUEE (IMASME, PMT HL AN S ) ¥ Al A]
18 3 ¥ — fb A% P 5 (B (generalized polarization
value, GP value) K F /R &5 Hr, GP EIEHHE
Owen ZEPHRALAY Image] A L EAEM. T
/AT

GP=(500-580Gcorl620-750)/(I500-580+ Gieorl620-750)
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Ho, Isoo-sso Tl Is20-7s0 531 X# 500-580 nm
F11620—750 nm 38 1 FEE MR R A DEOEIRIE o Geor
FREHER T, TFEARUT

Geor=(GPinetGPineGP expy—GPexp—1)/(GPexpt GPine
GPxy—GP 1)

GPey, J& — M 2L WF B (dimethyl sulfoxide,

DMSO) ¥ W 7 A [ & i % & & T
di-4-ANEPPDHQ ) GP ff, GPg. NJEYkI7E
DMSO "FHZH#(EH, —BAR GPu=0.85. At
HE OB P MR R R A GP {H, W]
AR B8 G AR TR RN B 5 B DR 6, GP ISR

1.8 MK-7 BUZEERFI4& T

MK-7 Z£H: 4% RN EEFIE CBE 1:2 (R
Fb ) Y B BB C 1 2 BB o K R A o R A B
B 14 (R LR AT O R, B2 A LA
Kl MK-7 &4,

MK-7 A5 - Aar 482 R TC 25 A 52 /e D 25
B = Pk BE W A 4 3% (high performance liquid
chromatography, HPLC), i+ C18-ODS i
FE(5 pm, 250 mmx4.6 mm), FEENHH K 90%F H iz
M 10%0) AP Ee(Eigg) . #HEEHN 10 pL,
Wi 1 mL/min, #3540 °C, K%K 254 nm.,
MK-7 FfERIZETE 1 mg/L £ 100 mg/L Z [A] 54k
P (R*=0.998).,

1.9 3L ABHELE

3 L KWW XTI 50 o/L #i%ghh .
50 g/L Hil. 50 g/L KEEMAM . 0.06 g/L Bk
TEHR, 115 °CKE 20 min,

LR TR H A v i) T 2E G R 2 A AT T 4
FiE] LB ARG IR i iE Ak, PRE—A R
P75 BRI E] 50 mL LB JRAAE; F2 3 1 37 °C |
220 r/min ¥EFRFMFTIRG TR 10 hy BRI
FE IR 4% (RFBU BB BRI B A 15 L
RWEEFEEN 3 L RBERET, TR 6 d.
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K HEAA P E . WA E N 1.5 vwvm, KE
TE A 40 °C, pH L 50% (B E0)M K
HeF5AE 7 24, PEPEEE MR S TR,
A YEFETE 50%, i AE 400-600 r/min.

2 BER540

2.1 FMMs 1 MK-7 B9t x5

T BH FMMs 5 MK-7 Z a2 785 HA %
M, ZWFFE B AN E S T T . A
WoEseH, TFLEET FloA Fl FloT ¥ FMMs
HIEEREER, nTLIAE N FMMs ibrE A, &
56,y B T2 1 FloA HI FloT 5 eGFP #ifT
Al AR, OO BB . SR BN,
FloA-eGFP #1 FloT-eGFP %L ALY SRS
M43 A5 T4 (& 2A. 2B). #F—2# H MK-7
BRSPS PRR 123 Guhi a4 iy i)
f—Fki " MK-7 Bbk BS3 BEf e ls, 255G
7N, MK-7 AR RUARIA] A RS #4430 20 i s
(K 2C), #EN FMMs #1 MK-7 F77EAHEE

FRIEFLRE RSN, R ik ez 5
ek FMMs Wit BRI By &
B B YisPP(A B €30 il 2k A ) A
SqhCPICR I IR ML S5 . Bk, AT
BT FMMs #9525 M%F MK-7 & LRSI, %
WF5E7E BS3 BkEH L Cre/loxP J K 4 i
w7 SE flod | floT. sqhC 1 yisP, ATk
BS3C, il BS3 F1 BS3C HtkH A[RIZH 20y
MK-7 i, 450 A, FMMs 158 5445 il R
i, MK-7 B e AN, Hrf, BS3C 4
M MK-7 M-S 3in T 26.8%, #iAEAE -
MK-7 B & AR T 24.8% (81 3B). X 327
IR FMMs 5 8MEE, dNiEEmanigmn MK-7
)&k A B AR A AT BRI IRE FMMs
() SE B IR L 2352 MK-7 3 A 4 A
SERR, HETAE MK-7 TR R 2
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FloA-eGFP FloT-eGFP Rhodamine 123

2 FloA. FloT 1 MK-7 B fR4F4E  A: FloA WWANMIENL. B: FloT MFAHMLE (L. C: MK-7 )
WA E L. FRR=1 pm

Figure 2 Characteristic of FloA, FloT and MK-7. A: Subcellular localization of FloA. B: Subcellular
localization of FloT. C: Subcellular localization of MK-7. Bar=1 pm.
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Figure 3  Effect of disruption of FMMs integrity on MK-7 content. A: Diagram of gene knockout expression
box. B: Changes in MK-7 content in different fractions of strains BS3 and BS3C.

FMMs 2 —REEAFMRGME, aTLL 19 GP IE{ER 0.43, F#4 GP il 0.43+0.01;
WA P R R . FMMs 78 fkls BS168C 1) GP IE{EN 033, ¥ GP {HN
BB kT WIS FMMs BYSEREMERT MK-7 %40 0.32+0.01 (K] 4A—4C), Hd, BS3 AUNEA FFE
MR PR s, [IFETZE BS168 Witk il w1 BS3C, B FMMs 584wk 3R 5 i 1
MBRIEH flod. floT. sqhC Fl yisP, FRIFEME  MK-7 AR, BT BS3C 4R
BS168C , ffi i di-4-ANEPPDHQ"™” 4t k| Xt | MK-7 S [k, BS3C AIA B &S T
BS3. BS3C fl BS168C #fryefs, @it @Okt  BS168C, FHH MK-7 AJ LA &R & 4l A 17
R BB R 4 XGHE 1 B2 (500-580 nm F1 . EARZEREH MK-7 & FMMs HPig—2KHEH
620-750 nm), Ffi#id Imagel #E17 GP {EH4HTFI LR TR IGEAED
PG54 . GP (H AT /R A P, GP HA R, 2.2 MK-7 EIERXBEHRAOXENK
A R . A E TR RS, 38 221 MK-7 &R xR I 40 E L
TR Y A AT . 4R, BS3 Y H T ARGE MK-T 0ol 7 A3 5 24 AL

WA % 0.48., -3 GP{EH 0.4740.01; BS3C FMMs H iz BF 58 55 45 8 1~ MK-7 & 1 o B i -
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Fni., IspA, DX AT AR SI7 4 o A5 A5 50 A 743
Mro HH, Fni. IspA. HepS #l HepT &5 MK-7
M%s%E-4 5 ; MenB il YuxO &5 MK-7 ‘B 22454
4 1 ; MenA #4ll5E HDP %44 3|8 22 DHNA
JE i DMK, f )5 i i MenH H B4 TE B MK-7.
IrnlRE bk 8 A SCHERES eGFP Bl Rk,
PTG BB R . 45 R /R , MenH-eGFP
HepS-eGFP Fl MenB-eGFP 2 I AS & 45 () IR 45

A 500-580 nm 620-750 nm

BS168C

M or A AE 4B F, A1 FMMs ARic 25 (A0 40
M RE LM 2R, #ED MenH. HepS F1 MenB
FEEN T FMMs H; MenA-eGFP 75 A 1| 2 it
TR 40 i e 37 2 5 YuxO-eGFP ., Fni-eGFP .,
HepT-eGFP Fl IspA-eGFP 14177 Hli 43 i 75 2 Jfd 5
(& 5). B _EIRZER AT, 75T E SR A A R )
B A G S T LE A0 B R A A — 1Y 28 [R) R
B, ATRE SRR R N R, HETT R I MK-7
45 B o

Merged GP image

FA ...
Hy

C o5,
BS3 ] 14048 - |
] i N
E
A [
-
] -9
] =
BS3iC i 043 o
] i g 02f
s <
BSIsC 4 A 033
L 1 1 1 L ] --r": l A L d 0.0
~1.0-0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

BS3  BS3C BSI168C

4 BS3.BS3C f1BS168C [ EFENEENH A B —FrMNAFHMKIK H 500-580 nm Fl 620—-750 nm
B TR EIMR . Merged 20315 B IS FT GP EIR. FrR=1 pm. B: BS3. BS3C il BS168C A [a] X1
1 GP {4 i E &, C: BS3. BS3C Fil BS168C B F-34 GP {H

Figure 4 Quantitative analysis of membrane order in BS3, BS3C and BS168C. A: Confocal images of BS3,
BS3C and BS168C strains from the green channel (500—580 nm) and red channel (620—750 nm), the merged
images from both channels and the GP images. Bar=1 pm. B: GP histograms of BS3, BS3C and BS168C strains
show the number of pixels distributed in each GP value. C: Average GP values of BS3, BS3C and BS168C.
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MenH-eGFP MenA-eGFP

HepS-eGFP

5 MK-7 &iR{E X 5EEEH 2 451

MenB-eGFP YuxO-eGFP

Fni-eGFP IspA-eGFP

FrR=1 pm

Figure 5 Subcellular localization of pathway enzymes. Bar=1 pm.

2.2.2 @i FMMs LI MK-7 & RRIR 1R X $E s
HXEL

YT FMMs Al MK-7 BIAEOCME, Aot 22
{3 FMMs ST MK-7 S A S Fa i) [X %8
fbo ESELL BS3 AR TMK, 43t ik
FloA. FloT [WEAIF Pk BS3FA fl BS3FT, BuiF
IR FEETFIEAXT MK-7 PR, 45
R, BS3FA i) MK-7 =i ik%] 135.3 mg/L,
5 BS3 M T 17.8% (Kl 6A), btk
FloA XJ4HfiAE KA —E e ER] . BS3FT /Y
PPN 94.3 mg/L, 5 BS3 MUK T 18.0%, H.
2d 5, SHAMFERAEL, ODso B ZI8/ME 6B),
X A[RESE: BS3FT Witk MK-7 F=ilan 5 2
K. [Fit, 24 FloA & i 7R 8Eme.

ok 22l L FloA K MK-7 &
AR A A EAE FMMs H1, DISEH MK-7
B BGEAR HER X E (& 7A). DL B3S i

>

150 == BS3

BS3FA

MK-7 titer (mg/L)

Time (d)

KR, K15 B @4 R i FloA-Fni .
FloA-IspA. FloA-HepT Hl FloA-YuxO [ 2 14
¥k BS3AF. BS3AI. BS3AT il BS3A0., 4354
124238 Fni, IspA. HepT F1 YuxO A9 H 4tk
BS3F, BS3I. BS3T A1 BS30 /- NXIHR, AE
MK-7 & g 42 Sl X 2 fE X MK-7 7= & (152
Wi, SRR PL, BRidEA IspA 4b, B4 TR
7 S0 B ARG 2 TR B AR (R 7B-T).
1, BS3AT i MK-7 " fiefmi , i5 2 T 300.3 mg/L,
BN IR TR = T 73.4%.
2.3 3L ABHESEWIIE

FEAFEME BS3AT i ol /-1 37 10 7 X7
3 L PERERE AT — 5 0 R BERE . B LR
AR R 50 g/L, i@t 50% 2 K 445 pH 7E
774 o ODgoo #E 2 d JE iR BN, Bl K BERT
[ A AEK: , MIK-7 R38R T3 Bt A AL 1T 9 %
MK-7 R fER T 6 d J5ihE] T 464.2 mg/L (K 8).

B
25 -—BS3 — BS3FA
+ BS3FT
220
S
15
10

1 2 3 - 5 6
Time (d)

6 WRIEMFEEFEBAN MK-7 2NN A: BS3. BS3FA il BS3FT ) MK-7 y~&. B: BS3.

BS3FA F1 BS3FT 40 oA K1 it

Figure 6 Effect of overexpression scaffold proteins on MK-7 production. A: MK-7 titer of BS3, BS3FA and

BS3FT. B: ODg of BS3, BS3FA and BS3FT.
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Figure 7 Compartmentalization of MK-7 synthesis. A: Assembly of pathway enzymes via FloA. B: MK-7 titer

of BS3AF and BS3F. C: MK-7 titer of BS3AI and BS31. D: MK-7 titer of BS3AT and BS3T. E: MK-7 titer of

BS3AO0 and BS30. F: ODgy of BS3AF and BS3F. G: ODg of BS3AI and BS31. H: ODgy of BS3AT and BS3T.
I: ODgyp of BS3A0 and BS30.
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Figure 8 Fermentation of BS3AT in a 3 L bioreactor. A: MK-7 titer of BS3AT. B: Trend of glucose and ODg
of BS3AT.
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