Korean Chem. Eng. Res., 55(3), 363-368 (2017)
https://doi.org/10.9713/kcer.2017.55.3.363
PISSN 0304-128X, EISSN 2233-9558

HIEFZS KISkt Methylobacterium extorquens AM12| phaR ST AAS &
poly 3-hydroxybutyrate (PHB) ‘4 &t x|

o

= = &

]

AgEl* -0l

7goEt shege a5 et
04107 A&5HA] B L
#x q7kd|gt Ay ost)
04107 A5 A) vl WHE 35
#2970k C1 Gas Refinery AFIer
04107 AJSEHA] mlx T WHE 35
(2017 1€ 39 A, 2017 28 64 FE A, 20174 2€ 13 A

==
-

::é O
<, o
iU
(9S)
(9.1
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Methylobacterium extorquens AMI1=- serine cyclesr BAUXEARER o] 8sk= wleb&A st oM T 7 Eol A+
7} 218 FFolTh. M. extorquens AM12] poly 3-hydroxybutyrate (PHB) cycle> EMCP (ethylmalonyl-CoA pathway),
glyoxylate regeneration cycle, TCA cycle?} ¢14E o] 310w EMCP #-3f -714F =5 TCA F714R Atk <8l
1= PHB cycle®™ 2+ carbon flux®] Apdto] H @3}t o]& $lallA PHB 3 acetyl-CoA flux®] Z8-F-AA =
LA Q= PhaR GRS markerless gene deletion "= o834 M. extorquens AM1°I14 knockoutZt}. 234
O 7 knockout T2 AphaRel|A o5 tin] 2k13] PHB granule®] £01= Zlo] ERIFSITE. Lag phase’} &F 12h
FOARAIRE, AphaRe- oP8FF HI5dh M8 wieksan] AeE Hels ERIsIsint

Abstract — Methylotrophy is able to use reduced one-carbon compound, such as methanol and methylamine, as a sole
carbon source. Methylobacterium extorquens AM1 is the most extensively studied methylotroph utilizing serine-isoci-
trate lyase cycle. Because the Poly 3-hydroxybutyrate (PHB) synthesis pathway in M. extorquens AM1 is likely to inter-
link with EMCP (ethylmalonyl-CoA pathway), glyoxylate, and TCA cycles, regulation of PHB production is needed to
produce EMCP-derived acid or TCA acids. To adjust carbon flux to PHB production, PhaR, which seems to have func-
tion of regulator of PHB synthesis and acetyl-CoA flux, was knocked out in M. extorquens AM1 by using markerless
gene deletion methods. As a result, PHB granules were remarkably reduced in the knockout strain AphaR compared to
parental strain. Although lag phase was extended for 12h, AphaR showed similar cell growth and methanol consump-
tion rate compared to wild type.
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364 AR - olgd - AE - 258 - ol
LA B 9} oAt A S thAFSITH11]. o] w2 WIE o (methylotrophy)
AL Bl {315 8F stofel| A Eiks] ATt ol H, K-k
HERE-S wgto] AR A7k vl @ 7h2el A 34 7 Z2o| 7hsskaL, 44 A Eo] °L3424 ‘3}5}[5 12-14]. whebA] o)
S SR 1960 FE MF 7IH R WS FiE ottt vl S 85 At Ed R A 5 Qe AAFNEA 2 75
B2 71 AE T 9 feedstockq! 35 FH(Dextrose) thH] 712 XS 7R a1 et
o] pto} AAAo] a1, FE-HefA el % Fetthell 7ke AR M extorquens AM1& ©]-§-3t0] -85 Aget=d & Arlataat
Ak, gk Meke-L =44 A7) o] i 3 g g o= 94 2238 UXPEER carbon fluxt 2= A& A}
NE T v)AE ost 2GS EY F gloH, nulE iAol F cafjof st} t) %4 © F carbon flux XFcto] H Q3 tjA 2=
wEo] 71HE AMEE Y] vl theA~ER oA B8-S PHB cycle©]tH19]. PHB= W] Eo] olU=| ¢} &g A e}7|
ZY 47 th1-4,25]. 0] 9 22 AR O F WehE2 wekbs A4St el Aol F2lshk= aEAte) 7] wiitell[15] F7F4R1 Al =
ko] Jlo] EF3h 71 A= AR 7 qlrt. H]-g-o] W37 F ) R ethylmalonyl-CoA Pathway (EMCP)
| g-2-2}slo gk 57 el A Oa“?}i 3}shEol wekeS W+ tricarboxylicacid (TCA) Cycle-2l +714F 52 A3 2] Hoj
g 9 oA Yo E o] g3k v AES dEETHS,6]. ol o] EABRE AsteEAS F7F FE0]80] WA oS W ol et
3k A= 1970 ) o] F A %‘iﬁél(single cell protein, SCP)©] Adjd ez aFIPEA] AbEelgh= FelA] 7|7} Qloh24]. whef
L AR3]A 217 A1 poly 3-hydroxybutyrate (PHB)E A4t5}7] A o dIAE 29 carbon fluxE E2]7] 91314+ PHB cycle®
8l ol XM= TH6-8]. dehEA skt M| B R3] wet 52+ carbon flux®] 2Fcto] B Q3ICH19]. M. extorquens AM12]
Type 13} Type 112 &-FH T Type 2 o12] A 2] "lo] M3 Ao thAE 25 2 B PHB cycle glyoxylate regeneration cycle,
= fLO]-J_ S RHA, Type I 7 A2 vho] M2 32 Fo serine cycle?} -2 0 2 FHETH(Fig. 1)[17,18]. PHB 4J<f ¥
Szskal Qlok. Begh YekA: SRtHE-S A ol o] &sh= A =ol wek A= - AR= phad, phaB, phaC, phaRe] )T}, phadSt phaB2)
ribulose monophosphate (RuMP) cycle methylotroph®} serine cycle A4 dofd B9 M. extorquens AM1°] C, 3IEES o] &3] 43
methylotroph. -7 T, TO14--2] Type == RuMP cycle ©]-8-3H= 348t b, phaCe] A4do] dofd ol 43557 =
1A Type 1= Serine cycles ©]-8-3H0H5,6]. 3411 Type [ T+ ] M3z7t /et Agho] A7 A #eH17,18]. Wb v =]
O B = Methylomonas, Methylococcus, Methylomicrobium “5-©| acetyl-CoA flux %! PHB 3d ZA-FHA=2 L&A & phaR
3, Type Il ¥+ 4025 Methylobacterium, Methylosinus 5| AAE AATCZHA carbon flux®] -5 s A3tA}l sH3itt. &
ATH5,6,16]. A= phaR AL AIAE H3l 7159 insertion ®H[17]0] obd
Methylobacterium extorquens AMI-2- serine cycleS ©]-8-5H= Type Il pK19mobsacBE 0] 83 markerless gene deletion 'S M extorquens
TR eSS 7|2 E o] 8= v ek L3kt o] tH5,6,9,11]. M. AMI1IA B3 1, M. extorquens AM19A 23 du| 4 &
extorquens AMI=> MEh&-3- 2F3FA)A serine cycles 55 formaldehyde &3l PHB granule®] 7FA |8 0.2 #1753k AASHSIT
a-Ketoglutarate Succinyl-CoA 4—\
/ \ Propionyl-CoA
Isocitrate
r Succinate \
’ Accor TCA Cycle 1 Butyryl-CoA
E Fumarate
TR o S
To e \ o HB-CoA
Gluconeogenesis Malate
Gieerate 28 \
‘ Serine Cycle Malyl-CoA
Hydroxypyruvate Ac—_CoA Acetoacetyl-CoA
\ Glyoxylate pha4 phaB
Serine iveine / Vo araes) (I;y}ii (D)-b-Hydroxybutyryl-CoA
phaC
PHB

Methanol =====p Methylene-H,F

Fig. 1. Overview of M. extorquens AM1 central metabolism, taken from Van Dien and Lidstrom (2002). Energy metabolites and electron car-
riers are not included. Dotted lines denote fluxes of a metabolite to other parts of metabolism, and eventually to biomass. Fluxes that
were considered reversible are shown with double-headed arrows. Note that the same enzyme is not necessarily responsible for the
reverse reaction. Abbreviations: PEP, phosphoenolpyruvate; HB-CoA, hydroxybutyryl-CoA; PHB, poly-B-hydroxybutyrate.
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2-1. A #F 4 EEAn|IE

Aol AR 5291 Methylobacterium extorquens AM1-2 ATCC?|
A SEFREITE. phaR T2 A1 AE 9314+ markerless gene deletion
HHHof| 2201 pK19mobsacB WEIS AHE-81%5tH20].

o] Aol AR vl=E e FERAV| = A K= Table 101
AHAEHA 713 o] At

2-2.phaR B4 EH0| M. extorquens AM1 @32} plasmid
DN | LSt

M. extorquens AM12] phaR A7 =AM 0]+= two-step homologous
recombination - F3ll A 255 TH20]. phaR+F-71AF2] upstream
(551bp)Z} downstream (298bp)= polymerase chain reaction (PCR)<-
F3) S-&3kc}, o]u) ARE-3t primer (Cosmogenetech co.)t= Table 1¢]]
YAl Z12E2] PCRAME S 3 © 2 overlap PCRE 31911
2 A7} 875bpe] #F PCR AHEC] A= SITE. overlap PCRoY| A
-3} overlap primer= Table 191 WA 53T} A/ ¥ 875bp 2712
% PCR AHE2 A8t A Pst 19} EcoR T (Takara, Japan) & ©]&
3t pK19mobsacBel A3t 55 A28 ZekAv| B
M. extorquens AM1°l| Gene Pulser Xcell Electroporator (Bio-Rad,
USA)E ol &3l d71xan oz mqfatqlnh A Zepav| =
(pK19mobsacB-AphaR)7} 28] A% 522 standard protocol®]]
k) A1 ¥ ) TH20]. Kanamycin-sensitive, saccharose-resistant clone<>
overlap primer- ©]€-3l colony PCR .2 ER1}FATE. phaR deletion®]]
0]l 22|31 AH= Table 10]] 7143},

Table 1. Bacterial strains and plasmids and primers used in this study

2-3. B 3 A

Addo) AMEE s vlRhES v El oYX 0 = o] g3to]
AA7deie TF2A ATCCOA -2 Methylobacterium extorquens
AMI (ATCC 14718)< ©]-8-3F3itt. w172 vljekel] ARE-# 7]+ ulf
A= Higgins®] Nitrate Minimal Salt (NMS) medium-S- ©F3F ¥
A A AFE-SFITH21]. NMS Hll A= MgS0,-7H,0 1 gL, KNO; 1 g/L,
CaCl,2H,0 0.2 g/L, Fe-EDTA 0.0038 g/L, Na,MoO,-2H,0 0.0006g/
L, Phosphate buffer (10 mL/L), Trace element solution (0.1 mL/L) and
Vitamin stock (1 m/Ly& 33}, Phosphate bufferi= KH,PO, 26
g/L, Na,HPO, 7H,0 62 g/L-& 333t} Trace element solution<>
FeSO, 7H,0 5 gL, ZnSO, - 7TH,0 4 g/L, MnCl,-7H,0 0.2 g/L, CoCl,-
6H,0 0.5 g/L, NiCl,-6H,0 0.1 g/L, H;BO; 0.15 g/L, EDTA 2.5 mg/LE
Z 33}, Vitamin stock-> Biotin 20 mg/L, folic acid 20 mg, thiamine
HCI 50 mg/L, Ca pantothenate 50 mg/L, vitamin B12 1 mg/L, riboflavin
50 mg/L, nicotinamide 50 mg/LE X3S},

Aueke 250ml &30 AZHEekAe] 50 ml NMS A E oL
3mlz 29 wjeFet 7AIE 1% HE5HACE 7142 AM-# methanok
working volume?] 1%% T3t $ 30 °C, 240 rppm F71 O % Hlj%k
SEITE k2 250 ml 8] A= ek A0 20 ml NMS HiA &
I A 8] 2710DF 0252 Al4Fete] 31533131 methanol 1%
(VAW O F1SHL 30 °C, 240 rpm 271 0 2 wjeksISiT), v A= vk
AL 61 W] 600 nm Il AlE F8hd = (OD)yE S5t

23 of| 4] BE-3-3F Methanol& 11435 )| 2 2 v}E 7183 (HPLC)
YL9100 (Younglin, Korea)e ©]-§-3to] 4131910, A&7 =
ZE 71Z7](RID) YL9170 (Younglin, Koreay= ©]-8-3}31t}. Column
Hi-Plex H (300x7.7 mm Column Dimensions, polystyreol-divinylbenzol

resin; Agilent Technologies, USA)E A3t A& 3712 column

Strain, plasmid or primer

Relevant characteristic

Source or reference

Strains

M. extorquens AM1 ATCC 14718
M. extorquens AM1 AphaR

E. coli DH5a

Plasmids

pK19mobsacB
pK19mobsacB-AphaR

Primers®

F- phaR Upstream -Pstl

R- phaR Upstream -Sall

F- phaR Downstream -Sall

R- phaR Downstream -EcoRI

F- phaR overlap -Pstl

R- phaR overlap -EcoRI

F- pK19-phaR integration Upl

R- pK19-phaR integration Upl

F- pK19-phaR integration Up2
R- pK19-phaR integration Up2
F- pK19-phaR integration Downl
R- pK19-phaR integration Downl
F- pK19-phaR integration Down2
R- pK19-phaR integration Down2

Wild-type strain, methanol, monomethylamine, formate heterotrophic methylotroph
ATCC 14718 derivative with deletion of the phaR
F-(80d lacZ M15) (lacZYA-rgF)U1691 hsdR17(m+)recAl endAl relAl deoR

Kan®; vector for allelic exchange in M. extorquens AM1 (pK18 oriV,;,. sacB lacZa)

Kan®; pK 19mobsacB derivative containing a 855 bp overlap-extension PCR product
(Pstl/EcoRI) which covers the flanking regions of the M. extorquens AM1 phaR gene

5"- GACTGACTGACTTGCACTGCAGGGCGACCGCCTAAGCGC -3'

5'- TGAGCTTTGCGCAGACTCGTCGACGGCCTCGTCCCGAAGGAC -3’
5'- GTCCTTCGGGACGAGGCCGTCGACGAGTCTGCGCAAAGCTCA -3’
5'- GACTGACTGACTAATTGAATTCCGTGACGTTCTCCTCAT TC -3’

5'- TGCACTGCAGGGCGACCGCCTAAGCGC -3’

5'- AATTGAATTCCGTGACGTTCTCCTCATTC -3’

5'- GTTATACAGCCCGCCTCGAA -3’

5'- AGCTATCGCCATGTAAGCCC -3'

5'- CAGTGAGCGCAACGCAATTA -3’

5'- CAATCGCCGGCTCTATCACA -3’

5'- AGAATTCGAGGAAGCTCGGC -3’

5'- AGCTATCGCCATGTAAGCCC -3'

5'- TACCGCCTTTGAGTGAGCTG -3'

5'- CCGAAGATCACCTCGTCCAC -3'

Vuilleumier S et al. (1960)
This work
RBC

Schifer et al. (1994)
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

“Italic bold letters indicate restriction site
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25 80 °C o] %121, o] 542 0.0IN H,S0,5 AHE-3FS1IL flow
rate= 0.6 ml/min® 2 ZA3IATH RES3F Wehe-S 1 vk 2
o] 289 standard curveE 2/ $ JBIQIcE BE
HiSFN-E- harvest 5 AF-2o4 13000 rpm .2 1022k A Eg)
T AR A5 ATHE- 0.2 um pore sizeS 7} syringe filters &
IAA AR A2 § HPLC Sl ARSIt

o

2-4. HEHH0|IF

v2JE2] PHB granule> 33 9AA| k1 Nilered® 94 - 2
ZHE 9 th22,23]. P8 E WES ODg w0l 10] 94 &
harvests}o] Nilered £9(1 mg/mL in ethanol) . & 3 3}SI T},
gho]l = ek $lof| 1% low melting agarose 2} U] A & H=
10 ¥ 410} 718014 gkl A ths AW SekAaz Y Addx
gt} v A2 2] PHB granule> ¥ “%(ACS APO 40x/1.15 oil CS)7}
F2E ¥ x5 YA Leica TCS SPE (Leica Microsystems,
Germany)= ©]-85101 1009l (4081, =7} 2.58) 2 #H2-=| QT

=

uf
Eay
=
KR
=

3. 480 & o

3-1. phaR Z4! SO | M. extorquens AM1 72| 7|3 &0l
phaR AS 215171 $18l, phaR upstream, downstream®] overlap

] 2

O
1O

Fig. 2. Agarose gel electrophoresis of crude lysates of M. extorquens
AM1 wild type (lane 1, 1508bp), M. extorquens AM1 AphaR
(lane 2, 875bp) Numbers at left are molecular masses in kilo-
daltons.

PCRE 28] 11# 2 A3l colony PCR 71952 =3815it). A
719%S 53) wild type¥} phaR A 752 DNAAO| =S el
SFITHFig. 2). 7155 phaR deletions> insertion deletion'dH-= 2
AR 17]. ©] WHES AREEE Al kanamycin A& 3127 =
Ao] ol A Ho] F7F K214 Aa 77 A Zo)L, kel of
g Fo] ok weba] I ATl E mobsacBE 0143k A A
WS AFESF3 a7, o] W2 insertion deletion®]] ]38l A4 H =
A7} §laL, 71 okdE tiv] M3} F2-0] phaR deletion $] o]l
k= gxlo] Atk

3-2. PHB granule?| JZ3I0|E &

i PHB granule> X142}

R L

7] RFo. % Al 4%l PHB

granule®] ZHEE T}, phaR A2 SAHO] = wild typeoll B8 F
E2X]A PHB granule®] o1& 3lo] ER1IETHFig. 3).

A EG AhA Q1 &33-8=A7] Pixel sum/Cell count® AXFS}

RO wild typeTt AphaRS- ©F 17.88) 2}0]& B TtHFig. 4). A&

A7} wild type] 79 A2l thF-E-2] A|3EelA PHBZF A= %10

oF
o=

~ F

18000

16000

14000

12000

10000

Relative intensity (Pixel sum/ Cell count)

wild type phaR mutant

Fig. 4. Comparison of relative intensity (fluorescence absorbance of
PHB) of M. extorquens AM1 wild type, M. extorquens AM1
AphaR.

)

Fig. 3. Confocal laser scanning fluorescence microscopy of (A) M. extorquens AM1 wild type, (B) M. extorquens AM1 AphaR. FM-images of
samples taken at a time point as indicated were generated after staining with Nile red in red channel.
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Fig. 5. Comparison of (A) optical density(600nm), (B) methanol consumption of M. extorquens AM1 wild type (squares, n=3), M. extorquens
AMI1 AphaR (circles, n=3) in aerobic batch cultivations in NMS medium containing 1% (v/v) methanol under a plain flask scale. The
results displayed are mean values from n independent experiments.

W, phaR A% S0l 9] 9= ARt pHBY} A w1, &3
S B vl wiokc). ek AE A phaRe AAL S
PHB /82 3] AJsl=l= Jls 1lsiolnt.

il

3-3. phaR ZA40| D= MZEH0 DIXl= G

M. extorquens AM1 wild type?} AphaR TF2] Z}0]15 ER1517|
S8l weF AES FsIATE AE 8= M extorquens AM1°]
A 73 7rsd A9l NMS Mediaoll WgHeS 5+ @49
o7 Itk on, AHAdS 18l flask scaledll X 33 s3It

61A1ZF vk A3 A3}, pharo] AAE Ax3 2] 4 wild
typell 13l lag phase”} 12 h =IFAIRE |32 A% FHojgk vl
St A0 R Hol Aol A YIS FTAE e ZOE HATh
HPLC 443 wild type, AZ3 o 57 HEHE 1% (viv, 791 g/
L) 100% uptaked=S #1311 21} THE Metaboliter= HE %A
E3TH(Fig. 5). TCA cycle &l tIAMFE 9] -9~ Acetyl-CoA flux”}
BE35 A 07 2AE19]. phaR 5 A= PHBEA 3 acetyl-
coA flux®] 2 FrRjo| 27 o] §-7x}e] A AL PHB B4 ¢
Ag= A1l acetyl-coA fluxoll'= &S A Fri(11]. wehA
weFZo| A acetyl-coAR T2+ fluxs S7HA7]& -3 2F a
9l EMCP, TCA cycled] 32} AlAE 83tk EMCP, TCA
cycle F-2 tiAREES] BAE 7Fs2d o] SlTh.

4.4 B

| &€H-E-2 serine cycles &3l M. extorquens AM12] tiAL 2474 o]
A= TCA cycle, glyoxylate regeneration cycleX} %% %]+ Poly
3-hydroxybutyrate (PHB) $474 22 RB-5}3L Itk PHB cycle
EMCP (ethylmalonyl-CoA pathway), TCA cycle¥} 12 = o] ¢l O
v EMCP 2l 714 £ TCA #7141k AAkstr] fsiA &
PHB 3 tA 2] Afeto] A Q8. wfghA| PHBE 4o sk
TR phaABCE 227838k phaR Z273F72F2] knockouts %
3 W& ZHE] TCA cycleZ &3} carbon fluxs 733131t
71 FAA AA H 7 Th 2 A pK19mobsacB W H & o] &gt

markerless gene deletion W'H-S o] &3l FAYA AR} FA|
o= straing A XSS phaR©] knockout®® =R o]l A] AL
Wl PHB granule®] “3/do] A== 2l& 324 Arlds &3l 7t
AlH o7 Zolgd = Tt A= M extorquens AM12] F4
A7 PHB cycle®] $5A7 0l E20] 2 Flol2}t g7ttt
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