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ABSTRACT : 7 —aminobutyric acid (GABA)YE ZFFA A &= AAAGEAD ZF9
StUEA oy 7kA ARlA 7es 7L Qo] HT o] F o] &3t VE AFoly gekFo] sEy
Atk 2 AFAE GABA AN AE LSty Y8Fe] L-glutamate AJAE o C

=
-
glutamicum HH09S E#5F 2 3}9] metabolic engineering= 3t A&A #F5 #2353

4 GABAS®] accumulations FXE3817] $18te] GABAE succinate semialdehyde® 7 3sh=
&9 GABA—aminotransferase (gaba—7) F+AAE Cre/loxP system ©]£&3% homologous
recombination® 2 knock—out 3} Tt Cre/loxP system< selection markers A|A3}7] <3l
AMEEF9 21, Cre recombinase #d2 98] =98 pCICRE ZFAn|=& ©]%F curing 3t
gaba—T A7} knock—out ¥ wFolA L—glutamateZ5E GABARS Arks F3IA]7]7]
9ato] AFI ZeAn=Q pCSCGE E95k9] glutamate decarboxylase (GAD) S W& A0
RT—-PCR¥} Western bloteZ &l 3}3ith HFH o2 57 #F5 5-L jar fermentation 3t

S HPLCE EAX3 Ax} B3¢ C glutamicum HHO9e vla] A3 =2 131 g/L9 GABA

¥8

y —aminobutyric acid (GABA)+= AAAle] €] 33X ¥ 9l+ nonprotein
amino acidZAl FFAAA #Hgste AFAE =24 F¢ stdoltt (9).
GABA: d97eh(2), oluzxg, IA4aE(5, 18), ¥ dFAd, ~EdA
g, AlY3E 5 oy A Tee 7HAL e AloE dHA AT,
ofeflmbz}  GABA=  1980ddl  SREFE  abgdxom  AAbET] A #sho],
2001985 2AA07 As P47l AlFsla, dA47MA AEH R

7157 AE W d- oJekEe sdte] o]Foixla Utk(10, 13). GABAE
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Escherichia coli®t 32 bacteria, fungi, 18]lil Neurospora crassa} <
veastoll Al A= Zo] RiEdY (4, 7, 8). $H WS GABA A S
Zv= Bifidobacterium longum® 73-% rice glutamate decarboxylase (GAD)
FAAE FAHAE A7 A3 wild type ol Hlste] AARFo] A A SHA
T/HE e Aol HaEdth(14). GABAYE  GADel 98 L-glutamate?
e HE-S-  (decarboxylation) o] 98] AAAE T (12, 17). GADE mammalian
brain, plants, E. coli Aspergillus, “12]3l Lactic acid bacteria % g
sourcesZHE Fg GAlHo] I Azt SAo] muEglewn, pHel weh
A7t BE2A g Ao® &l H3lth(15, 19). GADS| &A= upef
GABAS] Aol w9 WS FFe 7] wiol B &S flskel GADE
o] &3+ Zo] AxkA el HMHo|th(E, 11).

2 ATelAE GABA AL #FE Az 918 L-glutamate 114
T7A C glutamicum HH09S R 5= AFE3ESth L—glutamate® GABAR
AZA7l= &A1 GADE wdsts 845 £% (knock—in) 3tal, FA|
GABA%E succinate semialdehyde® %

(gaba—T1T) HHAAE knock—out 3}oJ(Fig. 1) GABAY accumulations
ST

o

Frt

313} @49 gaba—aminotransferase

Glutamate
Metabolism Succinate
Glutamate GABA semialdehyde
decarboxylase ~ -aminotransferase dehydrogenase
(gad) (9aba-T) (9abD2)
L-Glutamate ———— GABA —y—p SUCCINate Ty qccinate
semialdehyde

Figure 1. Simplified diagram for the biosynthesis of GABA. For the
synthesis of GABA, gad was knocked—in and gaba—7 was knocked—out.

(See details in the text)
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Table 1. Bacterial strains and plasmids

Strains/plasmids Genotype References

Strains

Glutamate overproducing mutant

C. glutamicum HHO9 .
strain

C. glutamicum HH102 C. glutamicum HHO9 Agaba—T,
loxP—Km" —loxP sequence into This study

gaba—T gene

C. glutamicum HH103 C. g]ytamz’cum HH102 ' This study
harboring pCICRE plasmid

C. glutamicum HH104 ApCICRE.by curing from This study
C. glutamicum HH103

C. glutamicum HH105 C. g]utgmicum HH104 ‘ This study
harboring pCSCG plasmid

E. coli ToplOF' F'ltet] mcrAA (mrr hsd RMS—
mecrBC) 80/acX74 deoR recAl Invitrogen,
araD139 (ara,leu) —7697 galU Inc.
galx¥ — A rpsL endAl nupG

Plasmids

pGemT easy Ap", T/A cloning vector El;omega

Ap” Km’, plasmid for gaba—T
pGLKG gene knock—out, containing This study
loxP—Km" —loxP sequence

Cm" (CAT), Cre recombinase
gene

pCICRE This study

pCSCG Km’, tomato/potato chimeric gad  This study
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E. coli & C. glutamicum< LB v]A] (Bacto—tryptone 10 g, Yeast extract
5 g and NaCl 5 g in 1 liter DW)& AF&3to] 37 C, 250 rpmeolA overnight
ekttt £ coli®] FAAZ}L CaCl, WHls ®Hsto] ARgsiith C
glutamicum® d3 T9& 9 &A= electroporation WS AFE3A T (10).
FAAegA ] AES 95t Agel wEk 20 pg/me] kanamycin (Km), 50

we/mle] ampicillin (Ap) ¥+ 25 pg/mé chloramphenicol (Cm) & 3 7}sF3i .

3. PCR& o] &3t fAx 52

B

A2 knock—out¥} vector construction®] AFE¥ primeri= Table 2%}

2},

4. gaba—T +73#2 knock— out

Knock—outs 3t Z2tA~v|E vectors A&st7] st gaba—T A
ORF¢ 5 % 300 bp, 3° % 300 bpes PCRZ F3%3slglch olw 5° % 300
bp= GABA-T(F), GABA—Tm(B), 3’ % 300 bpi= GABA—Tm (F), GABA—
T(B) primerE AFEsle] $E39 Y. $3F 9 fragments= 242 pGemT easy
vector® ligation3t & 5 % 300 bp AH Apal, 37 &2 Psdo =z Aust &
S 247} elutionskSlth. =3 Cre/loxP systeme AFE3H7] §13F] loxP—

Km1l(F), loxP—-Km1(B) primers AF&3ste] 12492  JoxP sequence?

;g ¥

5

AH-E3} Km selection markerE PCRZ %31 o] FFHE fragment:
template®Z 3}9] loxP—-Km2(F), loxP—Km2(B) primerE AF£3Fo] thA] st
PCRE 33t JoxP-Km—/IloxP% fragmentE A& st o]gdA Alzd
fragment: pGemT easy vector® ligationd}$t}l. Ligation & Ws
pGemT easy—/loxP-Km—/loxP ZT}tAv|E2] Apaldd Pstd sites 22t
Aeslal  elutiond] =& gaba—-7 5 % 300 bpe 3 & 300 bpE

ligationd}ith. o8 A A&E ZeAn|E= gapa—T7T T4 knock—outol

2
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AHEE R o pGLKGE Wi ateltt (Fig. 2).

Table 2. Primer sequences

Primer Sequence (5' — 3"

GABA-T (F) ATG CAT GAA GAT CTC TCA TAC CGC
GABA-T (B) CTG CAG TTA GCC CACCTT CTG GTG C
GABA—-Tm (B) GGG CCC TGA GAC CAT GAA GCA GGT G
GABA-Tm (F) ATC CGC GAT GAA TTC GCG C

GABA-T.Ch.P(F)
Km(B)

16SrRNA (B)
chimeric GAD(B)
chimeric GADm (F)
chimeric GADm (B)
16SrRNA (F)

new 16Sm(B)

loxp—km1 (B)

loxp—km?2 (B)

loxp—km1 (F)

loxp—km?2 (F)

Ch.P(F)

CTG CAG GGC GTT AAA CTC CTG TCA ATT
TCA GAA GAA CTC GTC AAG AAG

CGT ATC TCT CTA CGC CGA TCC G

TTA ATC GCC CTT ATC ATC GCG

TGA CCG AAG GCA TCA CCA AGA

ATA TCG GAC ACC AGG CGT TCT

ACG GCG ACA TTG GGA CTG

TGC TGG CAC GTA GTT AGC CG

ATT ATA CGA AGT TAT GGC GTC CCG GAA
AAC GAT

ATA ACT TCG TAT AGC ATA CAT TAT
ACG AAG TTA TG

TGC TAT ACG AAG TTA TTC TGG TAA
GGT TGG GAA G

ATA ACT TCG TAT AAT GTA TGC TAT
ACG AAG TTA TTC
GGC GTT AAA CTC CTG TCA ATT

gaba—T %A= double crossover recombination®® knock—out 3}3ith
(3). gaba—T A2 knock—outs fl&ll A|ZE pGLKGE electroporation
WHel o8] C glutamicum HH09°. % 2 E9lsdch 4 =09 C
glutamicum HHO9= 20 pg/mle] Kmo] 2 LB 3tz X oA AE3 ).

1 % gaba—T +3AA¢] knock—out< colony PCRZ &<135}3l T}

gaba—T “F+AA2 knock—out Io|A integration® Km selection
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markerE  AAs7] &l Cre/loxP systems  AFE3FATH(3).  Cre
recombinaseE WdAIZ|7] 93, Cm selection markerE 7FA™ inducible
promoter?! ICL (isocitrate lyase) promoter o}&ll cre FA4AS LHA|7|= E
coli/C.glutamicum shuttle vectorg A&ttt o] A& pCICREZ HH sttt
(Fig. 2). o] Z#Au|=E electroporation ¥Rl &&ll gaba—T +FAA7F
knock—out® w2 & EJ3FT. o] w AFESH ICL promoteri= 1%

ammonium acetateE 3 7}3l9] Cre recombinase? 2d-S =35k}

5. kAU E curing

Cre recombinase & pCICRE ZgAv|=E (O glutamicum®.Z %€
curing 3Fth AFT o 48A1ZF wiFAIZl 3 0~300 pg/mle] acridine
orange’} 7 WA 1%7} A transferste] #]Fstict. wdd 5%
PBSZ dilutionste] LB sHdujA]e] E23tod 30 TolA incubationst %
A/dE colonyE LB 8|22k 5 pg/mb Cmo] 7 © LB s-du Ao tooth—

picking3dte] pCICRE Zg}Au| =7} curing® 5% selectiond}dth.

|5

mlm

:|:9

6. gad +AAF

C. glutamicumo\A gad F+AAE & A17]7] Y3 potato—tomato =2
chimeric gad A AE superoxide dismutase(sod) promoterd}tel 9] XA
A7 7] Y Azxd ZEav= pCSCGE AFsith (Fig. 2). gad
G AA= pCSCGE HF3 C glutamicums 20 pg/mé Kmo] A7FE LBHIA] o
30 T, 48 ARt HjgFste] WA ZH

7. SDS—PAGE¢®} Western blot

gad FAA7E HES SDS—-PAGESF Western blot2 £ =<lslsdct.
e cells 83 $ 1X PBS (0.136 M NaCl, 0.002 M KCl, 0.01 M
NasHPOy4, 0.002 M KHPO4. pH 7.4) ¢} 0.1 mm zirconia/silica bead (Bio
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Spec Products, Inc.)E Yo % Bead beater® ©]&3}o] 1582 59 EH 3t
T YAEYE ol&d soups IS U SDS-PAGEE 3ttt wdd

GAD proteing &<lst7] ¢3le] Western blot analysisE& F33+%th. SDS—
PAGEZe  ®®AS  polyvinylidene difluoride (PVDF) membrane®l
electrophoretic transferdtQlth. Primary antibody®i= 1/10,000 dilution®
anti—His tag antibody& AF&3}%1 91 secondary antibody: anti—mouse
IgG AP conjugate (Stressgen Co.) & AF£3}3t}. Substrate®% 4 —nitroblue
tetrazolium chloride &} 5—bromo—4—chloro—3—indolyl phosphate
(NBT/BCIP; Thermo scientific Inc.) & AF&3}¢] <213} o},

8. RT—-PCR

gad®] AL RNA levelold #<lat7] fsto] RT-PCR& 83t C
glutamicum HHO098} C. glutamicum HH105 strainolA Z}ZF RNAE
extractiondlo] A&S e}t Total RNA+ Total RNA Extraction Kit
(Real Biotech. Co.)E A}£3l%9 2™ genomic DNA AAES ¢3 DNasel
RQ1 RNase—free DNase (Promega. Co.) & AF&3F3lth Total RNA extraction
% cDNAC] 342 DiaStar RTase (Solgent. Co.) & AF£3}9 99 primerZ &
16SrRNA(B) ¢} chimeric gad(B)E AFEstsict. 78 A wWHS A x2ARY
manualell w2t F3Psktk. cDNA A& § o]F template® 3o PCRE&
Tt o] W, primer®Zx 16SrRNA(F), newl6Sm(B) ¢ chimeric
GADm (F), chimeric GADm (B) 7} AF-g% it}

9. 5—L jar fermentation

C. glutamicum 5% 10 ml seed ®{#] (glucose, 40 g/L; urea, 4 g/L;
KH2PO4, 1 g/L; MgSO4 - 7H20, 0.4 g/L; FeSO4-7H20, 10 mg/L;
MnSOy4 - 5H20, 10 mg/L; soybean protein hydrolysate, 55 ml/L; cane
molasses, 10 g/L; thiamine—HCI, 200 pg/L; biotin, 50 pg/L pH 7.0 with 5 N
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NaOH) 4 31.5 C, 24 AIZF &<k 250 rpmell A wlFstadct, o] wjekals 50
ml seed ¥WiAo 2% HA FE] LT N vl wiksidnt ol & 1.6
L o 2waufA] (glucose, 40 g/L; cane molasses, 40 g/L; (NHy)2SO4, 1 g/L;
KH2PO4, 1.30 g/L; MgSOy4 - 7H20, 0.8 g/L; soybean protein hydrolysate, 2
ml/L; thiamine—HCI, 600 wg/L; biotin, 100 ug/L, pH 7.5)7} £°1%+& 5-L jar

fermenter (Kobiotech Co., Inchon, Korea) ol E3Fo] vl <Fa}d o).

10. HPLCel &3t GABAEA]

GABA+= C18 column (4.6 mm x 150 mm, Agilent Zorbax Eclipse—AAA)
and a FLD detector system (Agilent 1200, Agilent, USA)©°] #zr¥l HPLC
(HP1100, Agilent, USA) 2 #4321t} (16). Mobile phaset 50 mM sodium
acetate solution®] A}€¥2 1, 1.0 ml/ming flow rate Ao 2 FA1359c}
Sample> #A]5}7] Aol filterst ¥, o-—phthalaldehyde (OPA) 9] 3-

mercaptopropionic acid (3—MP) ] 10 % &<} incubationd}o] AFE-3}$t}.

247 3 =9

1. Azxg Zekav| =9 Az
2 AFe A AFEEH7] fEl AltE EFekAv =] 7hdst B A =7 Fig. 29
UEb Qlok. Zbzbe] EefAan|EE AEE “Alg 9 BT ZpAM|E] A=kl th

2.. gaba—T A% knock—out
Fig. 32 C. glutamicum HHO9 strain® gaba—7 +AAE knock—outs}”]
At WHS RoAFEY. gaba—-T FHAAE knock—out 3dF7] $Iske] A zhE

ANz EetAv|E pGLKGE gaba—T A= 57 ¥ 37 ¢F @9 300 bps
X3stal gor g o] YAE B3l C glutamicum HHO92 chromosomeW] 2]



pCICRE

(8.06Kbp) (6.76Kbp)

Figure 2. Recombinant plasmids used in this study.

intact gaba—T #%2 (Fig. 3A)°l double—cross over homologous
recombination®] 23l integration ©t}. o|w] pGLKGONA gaba—T F+HAF oF
TS JoxP-Km—/IloxP A49 ZFo &4 ®tk. Chromosomel Z
integration® ¥ Fig. 3B9} &2 725 Ho] Km' SHAS7HAA 7] w&o
Km wjAelx 13 #55 A™E 4 33T (strain HH102). °] #FZ5-F
Kms AlAst7] 9l Cre/loxP systems AFgst3la, o]E $13] Cre
recombinase ¥ ZglAv|=9l pCICRE (Fig. 2)& =38F3th  Cre
recombinases JoxPZ target site® 3dF+ recombinase ©|2E Kmeo| A|AH
228 #FE Km® 545 71k ZezA AdEd 5 v (Fig. 4B). °ol& C
glutamicum HH1032F 3Gty 3+ strain HH1022 58 gaba—7 knock—
out Ch.p(F), GABA.T(B) primer, GABA.T(F), GABA.T(B) primer,
Ch.p(F), Km(B) primerE ©]&3}%] colony PCREZE%E Z<latct. 7 Ay
gxiLow AMgd BT C glutamicum HH099 chromosomal DNAE
template® 3 PCR A3} Ch.p(F), GABA.T(B) A <k 1.5 Kbp, GABA.T(F),
GABA.T(B) A oF 1.3 Kbp d3e] yepxtal, whie] Ch.p(F), Km(B) oA+
PCR product7} A A ekttt ofo] nldl HH102¢14 = Y3 primers=
ARGl S Wl Fig. 3ACA Hoxl =Z17)9] dHEo] YEIF O ZM gaba—T7}

knock—out¥ o= At = AUt (Fig. 4A). A Cre/loxP system©]

{0

O
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&l gaba—T F+HAE knock—out 3+7] Y3 =Y % Cre recombinase 2a &
Mz Z2FAv|= pCICREE strain HH103ZHE AA3H] Y& curing=
St ZeAnE pCICREE 7Hd #5FE= CmPt EAS Rolu curing®
#FE Cm® 5AE HoEg oF o]gd curing® #FE  AEsH]
HH1042kx 97838t Rtt (Fig. 40).

Ch.p(F) GABA.T(F) GABA.T(B)
(A) —> —> —
— ABA.T B
1.3 Kbp P
< 1.5 Kbp P I

double crossover

v

recombination
Ch. p(F) GABA. T(F) — GI;BﬂB)
(8) — a‘-m.ri%’_ TS—
1.5 Kbp N| : |
< 1.9 Kbp >
|« 1.7 Kbp >

|«
Figure 3. Chromosome structure after Knock—out of gaba—7 gene. Intact
gaba—T in C. glutamicum HHO9 (A). Disruption of gaba—7 by integration of
loxP—Km'" —loxP by a double cross—over into a gaba—7 gene site in C
glutamicum HHO9(B). Primers used for amplification or confirmation of
knock—out of gaba—7 are shown. Numbers represent the size of PCR

products.

3. gad A £ 9 Uy
L—glutamate 2% ¥ GABAZ A%%7] 9= GAD7} F L&t} sHAvE C.

glutamicume gad FAA7F EAEA] ormg QR ZEE o] FHAES 93

10
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C. glutamicum

HH103

LB

Lane1: C. g HHO9 [Ch.p(F), GABA.T(B)]
Lane2: C. g HH102 [Ch.p(F), GABA.T(B)]
Lane3: C. g HHO9 [GABA.T(F), GABA.T(B)] ReSTEiiEZ AN
Laned: C. g HH102 [GABA.T(F), GABA.T(B)] H St \
Lane5: C. g HHO9 [Ch.p(F), Km(B)] LB

Lane6: C. g HH102 [Ch.p(F), Km(B)]

Figure 4.
Confirmation of gaba—7 knock—out by PCR (A) and selection of knock—out
strains by antibiotics (B, C). Primary selection of gaba—T knock—out strain
by Km (named HH102) and final selection by curing of pCICRE plasmid by
curing with Cm (named HH104). No cell growth after removal of Km
gene (B) and curing of pCICRE (C) on each selection media. See details in

the text.

Folof gt} whebA pCSCG ZepAn =5 HH1042 E98te] L—glutamate
ZHE GABAZS AH3S FE3AtE pCSCGE Km'S selection marker®
7t ™ sod promoterdtel gad FAAE LHA VI EF AZE AT (Fig. 2). ©]
Z A =7 299 straing C. glutamicum HH1052}F 8™ 3} o}

GAD?2 w&de  3elstr]  9ste] SDS—PAGES Western blottingS
T8l o RNA levelold ods dolr 7] £8to] RT-PCR& 33T
Negative control@ZA EdTE A" C glutamicum HHO97F AF&E AT C.
glutamicum HHO098} C. glutamicum HH1055 30TCeolA 48A17F wieF &
harvest$t cell& Bead beater® 33t 33t A3} ok 53 kDa®l GAD

11



GAD® ##E RNA levelelA &ls)] ®7] fgte] RT-PCRE 3333t
cDNA 34 A] controlZ+ house—keeping F+% Akl 16S rRNAE AFE-3}3 ),
16S  rRNA(B), chimeric GADMB)E primer® A}g3l9] reverse
transcriptione 3 & W50l 7179l ¢cDNAE template® AFE3FAt}E 16S
rRNA cDNA+ 16SrRNA(F), newl6Sm(B) primerEs A}E3o] DNAE
=239 1, GAD cDNA+ chimeric GADm (F), chimeric GADm(B) primerZ
AFE3A . 1 A3 house—keeping F4A¢I 16S rRNAYE C. glutamicum
HHO099} C. glutamicum HH105 E5o|4 ¢F 250 bp?e bandE Qs 4
AA 3, GAD:= C glutamicum HH105 oA %t ok 250 bpQ bandE &elgk 4
At} (Fig. 5C). ol A=A C. glutamicum HH105 strain®lA GAD7}
Lk

_% Q.o 3k 2= O]O%]:]._

32

(3

HH09 HH105 SM HH09 HH105
A. B.
50— we 4=GAD
40 -
e

Lane1 : C. glutamicum HHO9 16S rRNA

Lane2 : C. glutamicum HH105 16S rRNA
i Lane3 : C. glutamicum HHO9 gad

Lane4 : C. glutamicum HH105 gad

(kDa)

Figure 5. Confirmation of the expression of glutamate decarboxylase by
SDS—-PAGE (A), Western blotting (B) and RT—-PCR (C). 50 kDa GAD
protein band is shown by arrows (B and C). ¢cDNA amplified from HH105 is

also shown by arrow (C).

4. 5—L jar fermentation®l 2]3t GABA At

gaba—T +73A7} knock—out ¥ i gad FHAAE LA =

sl
)
[
A
(1
ro

12



Corynebacterium glutamicum®l|~] metabolic engineeringS £3F GABAZY A3HA

pCSCGE EJ3 #5921 C glutamicum HH1052] GABA AAFeEs £HQ13}7)
$1ske] 5L jarolA] fed—batch fermentations G33&le] HPLCZ #2435}% T}
71 A¥ 87 AlzkellA oF 131 g/19] GABA AAtES w3t} (Fig. 6).

60.00 150.00
50.00 125.00
3
E 40 100.00 3
5 0.00 00.00 Z
S 30.00 75.00 2
= =
z 2
& 20.00 50.00
I

10.00 25.00

0 20 40 60 80 100
Tme (Hrs.)

Figure 6. Fermentation time courses of C glutamicum HH105 in which
gaba—T was disrupted harboring a gad gene. growth(@), glucose(Q),
GABA (W), MSG ()
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Expanding genetic code for incorporation of an unnatural

amino acid?

Eyob Tekalign and Jungchan Park?

ABSTRACT : Aiming to incorporate p-L-azidophenylalanine (AzPhe) into protein by using the orthogonal pair of
Sc TyrRS and a variant of E. coli initiator tRNA ;™ (fMam tRNAcya), we have previously generated three different
mutants of Sc TyrRS which were rationally designed from analogy with Methanocaldococcus jannaschii AzPheRS
(Mj AzPheRS). Here, we report two of them are efficiently incorporate AzPhe into the reporter protein of
sfGFP(TAG). In vitro aminoacylation of AzPhe-fMam tRNAcya with purified recombinant proteins of the three
mutants (AzPheRS-1, -2, and -3) demonstrated higher aminoacylation activity in the presence of AzPhe than
tyrosine. Although all three mutants were able to incorporate AzPhe into sfGFP(TAG) in E. coli, AzZPheRS-2 and
AzPheRS-3 were more efficient than AzPheRS-1, which is consistent with in vitro aminoacylation activity of each
AzPheRS mutants. These results demonstrate the orthogonal pair of Sc¢ TyrRS and fMam tRNAcya can be used for

expanding genetic code for an unnatural amino acid incorporation.

Introduction

Expanding genetic code of organisms to incorporate unnatural amino acids into protein is
usually performed in cells via a pair of orthogonal aminoacyl-tRNA synthetase (aaRS) and
its cognate tRNA. So far, more than 167 noncanonical amino acids are being incorporated in
diverse organisms such as bacteria, yeast, plant, and mammalian cells (1-3). Although
several orthogonal aaRS/tRNA pairs have been introduced for this purpose, the pair of
Methanocaldococcus jannaschii (Mj) YRS/tRNADT (4) has been mostly used to generate a
system for a site-specific incorporation of diverse unnatural amino acids in E. coli.

p-Azido-phenylalanine (AzPhe) is widely used not only for a photo-cross-linking agent

of aryl-azide but also for a strong conjugating agent by azide-alkyne cycloadditon reaction.
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Genetically incorporated AzPhe into protein in live cells have been used in diverse purposes
including conjugation of antibody and hapten, irreversibly inactivation of enzymes, probing
protein-protein interaction (5, 6).

We have been used a hybrid pair of Saccharomyces cerevisiae (Sc) TyrRS and fMam
tRNAcua, a variant of E. coli initiator tRNAY™*(7) to expand genetic codes for site-specific
incorporation of unnatural amino acids in E. coli (8). Aiming to incorporate AzPhe, we have
previously generated three different mutants of Sc YRS which were rationally designed with
structural and sequence similarity between Mj YRS and Sc YRS (9). Five residues, such as
Y43, Y127, D177, E178, and L181, composing L-tyrosine binding pocket of Sc YRS are in
part or fully mutated to the correspondent amino acid residues in Mj AzPheRS. Three
different mutants of Sc YRS have shown 2~3 fold higher values of amber suppression
activity. Here, we have shown purified recombinant proteins of these mutants, designated
AzPheRS-1, -2, and -3, have aminoacylation activity to AzPhe as well as incorporate AzPhe

into a reporter protein sSfGFP(TAG).

Materials and Methods

E. coli strains, Culture media, and Plasmids

E. coli strain DHI10B [F- mcrA A (mrr-hsdRMS-mcrBC) ®80lacZAM15 A lacX74 deoR
recAl araD139 A(ara-leu)7697 galU galK rpsL nupG tonA] (Invitrogen) was used in this
study. LB broth (Low salt: 10%, Tryptone, 5%, Sodium Chloride and 5% Yeast extract) was
used for bacterial growth. Auto-induction media (AIM) previously described (9) was used for
AzPhe incorporation into the reporter protein sfGFP(TAG).

Four aaRS expression vectors, such as pQE-YRS, pQE-AzPhe-1, -2, and -3, pACamG
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were described previously (9). pPCNFRS is an expression plasmid of Mj AzPheRS and pBad-
sfGFP(TAF) is a reporter plasmid that produces green fluorescence protein (GFP) by amber

suppression. These two plasmids were gifts from Dr. Mehl (10).

Purification of Recombinant AzPheRS Mutants

Four aaRS expression vectors (pQE-YRS, pQE-AzPhe-1, -2, and -3) were separately
transformed into the E. coli M15 strain. Each transformed clone was cultured in 500 ml of
LB broth supplemented with 100 ug/ml of ampicillin and 20 xg/ml of kanamycin at 37°C.
Protein expression was induced with ImM of IPTG at 0.6 of ODgo for 4 h. Cells were
harvested by centrifugation. Purification of recombinant aaRS proteins was carried out by the
manufacturer’s protocol of HisPur cobalt resin (Thermo Scientific, USA). Briefly, cell pellets
were re-suspended in 15mL of lysis buffer (30mM HEPES, 300mM NaCl, 10mM 2-
mercaptoethnol, pH 7.4) and 1mg/ml of lysozyme was added. After incubation on ice for 30
min, cells were lysed by sonication on ice. After centrifugation at 12,000 rpm for 20 min at
4°C, 1.5ml of cobalt resin was added to the cell extract and incubated at 4°C for 30 min with
gentle rocking. The cobalt resin was packed in a column and column was washed with 10
volumes of washing buffer (30mM HEPES, 300mM NaCl and 10mM imidazole, pH7.4).
TyrRS and AzPheRS proteins were eluted with elution buffer (30mM HEPES, 300 mM NaCl
and 150mM imidazole, pH 7.4). Protein concentration were measured by Bio-Rad assay kit
using bovine serum albumin (BSA) as standard. Purification quality of the recombinant

proteins was tested by SDS-PAGE analysis.

In vitro Aminoacylation Assay
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For in vitro aminoacylation assay, each of four different aaRS were added into the
reaction buffer containing 30mM HEPES, 140mM NacCl, 30mM KCI, 40mM MgCl, 1mM
DTT, 200uM ATP, 200U/ml inorganic pyrophosphatase (PPiase), 1.6 uM fMamtRNA and
ImM of either tyrosine or AzPhe. The aminoacylation reactions (30 uL total volume) were
performed in flat-bottom 96-well microplate and incubated for 30 min at 37°C. Reactions
were stopped by addition of 0.3M EDTA, and 100 xL malachite green (Echelon Biosciences,
USA) was added to detect the inorganic phosphate released during aminoacylation reaction.
After incubation for 30 min at RT, absorbance was measured at 620 nm using Infinite M200
Pro Spectrophotometer (Nano Quent, Switzerland). For the quantitation of in vitro
aminoacylation, we have used a malachite green standard curve against a series of

concentration of inorganic phosphate.

Cloning of Sc TyrRS and three different AzZPheRS Genes in pACamG

To test in vivo incorporation of AzPhe into the reporter protein of stGFP(TAG), DNA
fragments encoding AzPheRS-1, -2, and -3 was sub-cloned into pACamG and thereby both
AzPheRS mutants and fMamtRNA were cloned in one plasmid. Sac/ and Pst/ restriction sites
were used to clone DNA fragments into a pACamG plasmid. The primer sequences used for
PCR were as follows; E-3; 5S-CAATCGAGCTCTCCTCTGCTGCCACGGTTGAC-3 and E-
5; 5-CAAGCCTGCAGTTACAATTTGGTTTCCTCTAGTTTCG-3. The final PCR product
was purified and cut with Sacl and Pst1 restriction enzymes and subcloned into pACamG
plasmid. The presence of mutations of AzPheRS mutants has also confirmed by sequencing

analysis.
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In vivo incorporation of AzPhe into protein by AzPheRS mutants

To test in vivo incorporation of AzPhe by AzPheRS mutants, a reporter plasmid pBad-
sfGFPisotac (amber stop codon at 150th residue of GFP) was co-transformed with pAcamG,
pAcamG-YRS, pACamG-AzPheRS-1,-2 &-3, or pCNFRS to E. coli DH10B. pCNFRS is an
expression plasmid that produces a known AzPheRS derived from Mj YRS (10). To measure
protein production of sfGFP by an amber suppression, each of the transformants was cultured
in auto-induction media supplemented with 100 x«g/ml ampiciline, 25 ug/ml tetracycline, and
either ImM AzPhe or none at 37°C for 36 hours. Cell culture (Iml) was harvested and
resuspended in phosphate-buffered saline and the fluorescence intensity of sfGFP measured
at 485nm excitation and 528nm emission using spectrophotometry (Infinite Pro-200
Spectrophotometry, Nano-Quent, Switzerland).

To purify sfGFP proteins, cell culture (50 ml) was harvested and protein purification
process was done with the same method used for AzPheRS protein purification.
Concentration of purified sfGFP protein was determined with the Bio-Rad assay kit using

BSA as standard.

Results and Discussion

In vitro aminoacylation activity of AzZPheRS mutants

Previously, we have generated three Sc YRS mutants, designated AzPheRS-1, -2, and -3,
that were rationally designed based on structural similarities between Mj YRS and Sc YRS
(9). These mutants have shown higher amber suppression activity in the presence of AzPhe
compared to the absence of AzPhe. In order to know whether the AzPheRS mutants ligate

AzPhe to fMamtRNA, we measured in vitro aminoacylation activity of recombinant
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Fig 1. In-vitro aminoacylation activity of AzPheRS mutants. (A). SDS-PAGE analysis of
Recombinant YRS (B). Wt TyrRS and AzPheRS proteins were purified and their in vitro
aminoacylation activities against either tyrosine or AzPhe were tested. P-value: One asterisk

P<0.01, two asterisk, P<0.001

AzPheRS proteins. Firstly, recombinant Sc TyrRS and AzPheRS mutants were purified from
E.coli, and their purification qualities were tested by SDS-PAGE analysis (Fig. 1A). Each of
the recombinant aaRSs was properly purified with no significant contamination.

Using these purified recombinant aaRSs, in vitro aminoacylation assay was performed
with fMamtRNA in the presence of either AzPhe or tyrosine (Fig. 1B). The wild type Sc
TyrRS showed 5-fold higher aminoacylation activity to tyrosine compared to AzPhe. The
three AzPheRS mutants showed 70% less activities of aminoacylation to Tyr, and these
activities were close to the aminoacylation activity of TyrRS against AzPhe. These results
suggest that mutations in two residues such as Y43T and Y 127F of Sc TyrRS are sufficient to
deteriorate tyrosine specificity of Sc TyrRS. However, these two mutations were not enough

to ligate AzPhe to fMamtRNA because AzPheRS-1 mutant showed minor increase of AzPhe
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acylation activity. On the other hand, AzPheRS-2 and -3 mutants, which contain additional
mutations at three more residues such as D177, E178, and L181 of Sc TyrRS, showed
significant amount of increase in AzPhe acylation to fMamtRNA. They showed at least 2.5 -
fold higher aminoacylation activity to AzPhe than Tyr. These results demonstrate that
additional mutations at D177, E178, and L181 of Sc TyrRS are necessary for the mutant
aaRSs to bind AzPhe for aminoacylation reaction.

The only difference between AzPheRS-2 and -3 is amino acid substitution at L181,
namely L181G in AzPheRS-2 and L181Q in AzPhe-3. Considering similar AzPhe acylation
activities of the two mutant aaRSs despite the structural difference between glycine and
glutamine, L181 is not crucial for specific recognition of AzPhe by aaRS. Further studies

will be needed to clarify this interpretation.

In vivo incorporation of AzPhe into a reporter protein sfGFP

To test AzPhe-dependent expression of a reporter protein sfGFP (ragy by amber
suppression of AzPheRS mutants, pACamG-TyrRS or pAcamG-AzPheRS-1, -2, and -3 was
co-transformed with an expression vector of the reporter protein, pBadstfGFP-isotag, into
DHI10B cells. Each transformant was cultured in auto-induction media in the presence or
absence of AzPhe. sfGFP production was evaluated by measuring fluorescence intensity of
the whole cell harvest at 485nm excitation and 528nm emission (Fig. 2A). In the absence of
aaRS production, bacterial cells were unable to produce sfGFP proteins, while cells
producing Mj AzPheRS (pCNFRS) produced 3.5-fold higher amount of sfGFP in the
presence of AzPhe. Our AzPheRS mutants derived from Sc TyrRS also produced increased

amounts of sfGFP in the presence of AzPhe compared to absence of AzPhe. However, among

23



Eyob Tekalign and Jungchan Park

A B
v
g
- £
< Kba RS phRsd amheRsz  APRRSTT pONFRS
10 '3 . * AzPh o
: 1 1 ™= -AzPhe Ahe - - F - 4+ - + ~ & - %
3 80+ i +AzPhe
b= 75 =
60 — 55 =
40 9
: P R .
: 25 [
& 20-
. |
0.
N
E & &S F P
i S & & &
F & & & ©
A
+AzPhe 1.0 35 1.7 2.0 241

-AzPhe
(fold)

Fig. 2. Incorporation of AzPhe into GFP (TAG) reporter gene by AzPheRS-mediatd
amber suppression (A) GFP fluorescence of bacterial cells that were cultured in the
presence or absence of AzPhe (B). SDS-PAGE analysis of GFP proteins purified. P-value:

One asterisk P<0.01, two asterisk, £<0.005

the three AzPheRS mutants, AzPheRS-1 showed only minor increase of sfGFP production
compared to AzPheRS-2 and -3 which produced more than 2-fold increase in the presence of
AzPhe. These data were consistent with our results of in vitro AzPhe acylation assay.

To verify efficiency and fidelity of AzPhe incorporation by AzPheRS-1, -2, and -3 into
the reporter protein sfGFP in E.coli, we performed a standard assessment of protein
production in the presence and absence of AzPhe. Bacterial transformants containing
pBadsfGFP150(tac)and pACamG-TyrRS or pACamG-AzPheRS-1, -2, and -3 were cultured
in the same volume of auto-induction media in the presence and absence of 1mM AzPhe for
36 h. Cells were harvested and purified with a standard protocol described in Materials and
Methods. Purification quality was tested in SDS-PAGE analysis (Fig. 2B). stGFP production

from bacteria containing an expression vector of wild-type TyrRS did not show any
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difference between the presence and absence of AzPhe. On the other hand, AzPheRS mutants
showed higher production of sfGFP proteins in the presence of AzPhe, and the production
yield was higher in bacteria containing the expression vector of AzPheRS-2 or -3 than the
one containing AzPheRS-1. The sfGFP production yields were measured as 80 mg/L, 120
mg/L, 150 mg/L, and 200 mg/L for AzPheRS-1, -2, and -3, and Mj AzPheRS (pCNFRS),
respectively (data not shown). All three AzPheRS mutants also showed small amounts of
sfGFP production in the absence of AzPhe, while Mj AzPheRS showed almost no sfGFP
production without AzPhe in the media. These results may indicate that AzPheRS mutants
derived from Sc TyrRS still have minor ligation activity of tyrosine to fMam tRNA.

Based on the structural similarity between Sc TyrRS and Mj TyrRS, we rationally
designed three AzPheRS mutants derived from Sc TyrRS. In vitro aminoacyltion assay as
well as in vivo incorporation of AzPhe showed that AzPheRS-1 had much weaker activity
than the other two mutants AzPheRS-2 and -3. However, all three mutants showed similar
loss of tyrosylation activity although it was not completely removed. Since AzPheRS-1 has
only 2 point mutation sites, these results suggest that Y43 and Y127 residues of Sc TyrRS are
important for tyrosine binding, and that D158, 1159, and L162 may play roles in AzPhe
binding at the active site. In fact, crystal structure studies of L-tyrosine-Mj. TyrRS complex
revealed that Y32 is essential forming a hydrogen bond with the hydroxyl group of tyrosine
(11).

Although the rationally designed AzPheRS mutants were able to incorporate AzPhe into
a specific site of protein in bacteria, their aminoacylation activity and specificity to AzPhe

were not sufficient to commercial use. Further improvement of these activity is necessary.
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fFaEEel4 mTORCI & <AsHA] ¢Fil mTORC2 s oAlsts A8
mTORC2 A A7} A F3gtr}y g ATP-competitive mTOR kinase inhibitor +
44 &l EdelA Eoke sRelA ®RIWsHA =Ado] EAsie], HH

A FA R ARGHA xEkal ek

FESEOIA mTORCI HEA F4ols 9ol e W mTORC
A Fde whs PP A AL HEd mTORC2 AsjAzZ 2Eed sbsiol

61:]]_
=1} JR-AB2-011 = mTOR-Rictor 7+e] A3rs Wallste] H3hAe JAdS uho}
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mTORC2 °] #&4S A 3s= mTORC2 PPl Ad|A= 7]2¢= ST}t (Benavides-
Serrato et al., 2017). 124 JR-AB2-011 = Ad|so] o} AT X gA=2
ARG A ok Qlvk whebA A7 AAARQL MEE mTORC2 A 3f Al =

A5s Agoletn ¥ & vk

mLST8 = mTORC2 H3A7F FA 7] falA] FFA<0 scaffold =
25 skth 9bH mTORC1 o4+ catalytic domain ¥} <13%] 31 kinase activation
loop & ¢Hg3t & & St d#F oy mTORCI HFTA Aoy SFos=
AAo]#] 4t} (Saxton et al, 2017). H<+ mLSTS 2| Trp 272 £ Trp 274 7}
mLST8 ©] mTOR ¢} A3sl7] 938 23 hot spot Yo] ¥H&] £ttt (Hwang et al.,
2019). mLST8 €] Trp 272 &} Trp 274 F-$1E mTORC2 PPI A A& 7dat7] 9|3
XA PR FE Fgstr] fdl, ¥ A5 mLSTS Trp 272 & Trp 274 ¢
phenylalanine H:+= alanine *|3 =AW o7} mTORC2 3l A7 mTORC2

Aol VA= JFL A

(1) Cell culture

\

HEK 293T AM|3Xi= 10% FBS (#1480, Biowest), 100unit/ml penicillin, 100pg/ml
streptomycin  (#SV30010, Hyclone)®] %% DMEM (Dulbesco’s Modified Eagles
Media) (#SH30243.01, Hyclone) HjA| & AF&3lo] 4 x 10° cells/100mm dish =
seeding dFo] 3 Avlt}t subculture 3FSITE AM3EE 37°C, 5% CO, incubator ©f A
Wl F3FSITh. Subculture A] 0.25% Trypsin-EDTA (#SH30042.01, Hyclone)E 1 Xt

HF-2-Al 7] harvest 3} T}

(2) mTORC2 Immunoprecipitation
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HEK 293T A%+ 10% Heat inactivated FBS +1X Glutamax & 3 7}3t DMEM
Hj e o] Al
A o, 1 €3 stk 1ml OPTI-MEM ¢l 42ul Lipofectamine, 21ul plus

SFATE 100mm v FH Aol 8 x 10° cells/plate &] HEK 293T A X E

reagent (#15338-100, Invitrogen), “12] 1L 21ug Flag-mLST8 plasmid DNA & 41> %,
Aol A 25 &7 HFSle] transfection DNA mixture & A Z3FSI T transfection
DNA mixture 5 ¢t W4 W3] Axzel Aelstal, 5 Al wieF $ wjFAe
MMEe Ao wAsHt F7F2 48 AIRE wjFe U, AlES CHAPS
buffer (SOmM HEPES (pH7.4), 100mM NaCl, 2mM EDTA, 0.3% CHAPS, 10mM sodium
pyrophosphate, 10mM sodium B-glycerophosphate, ImM PMSF, 1pg/ml leupeptin, 1pg/ml
pepstatin A, 10pg/ml Aprotinin, ImM Na3;VOs, 10nM calyculin A)= &3 A 7] 3L 4°Col| A
13,000rpm ©. %2 10 &1F A4 sto] AdFde Lol cell lysate & & 535F3AT
cell lysate ©] &2 5% = BCA protein assay kit (Thermo Fisher Scientific)®
A3 Img 2] cell lysate © 30ul ©] anti-Flag M2 affinity gel (50% slurry,

Sigma)S Y2 5 4°Col|A 3 A7+ E¢F AEEkit

(3) In vitro mTORC?2 kinase assay

mTORC2 & IP 3t anti-Flag M2 affinity gel & CHAPS buffer = 3 3], A% £ kinase
buffer (50mM HEPES (pH7.5), 2mM DTT, 10mM MnClL, 10mM MgCL)Z 1 3|
A2 83T 10ul 2] kinase buffer[-substrate-ATP] (50mM HEPES (pH7.5), 2mM DTT,
10mM MnCl,, 10mM MgClL, 10nM calyculin A)E affinity gel o ¥ §, 30°Col|A]
15 %7 A"tk 71 %, 10ul 9 kinase buffer (50mM HEPES(pH7.5), 2mM DTT,
10mM MgCl,, 10mM MnCl,, ImM ATP, 500ng GST-AKT, 10nM calyculin A)E %7}
Skl 30°Cell Al 45 -7t 13t kinase Wha-= X138 3FSIT). affinity gel o 14ul 2
4X SDS sample buffer S Y& thS, 95°ColA 5 &3+ o] WS 8319
mTORC2 9] 7]l GST-AKT 2 Ser473 <l4F3l= AKT  SHA|(#4691, Cell
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signaling) ¢} phospho Ser473 AKT A (#4060, Cell signalig)= A}-&-3$t immunoblot

(4) Site-directed mutagenesis

Flag-TEV-mLST8 plasmid #|Z=: HA-GBL plasmid & vector = AF23}3It}. Flag-
TEV + EcoRI¥ Sal site & X33+ % pBHA-Flag-TEV plasmid & 33t
(Bioneer). HA-GPL plasmid ©|A HA-tag 5 AI$ta 4 EcoRI(#R6011, promega)3}
Sall(#R6051, promega)= AH&3te] Zebuiglom 1 Agle] Flag-TEV & Yo
ligation & & 3lo] A =&}t HA-GbL was a gift from David Sabatini (Addgene
plasmid # 1865 ; http://n2t.net/addgene: 1865 ; RRID:Addgene 1865).

Flag-mLST8W272F, Flag-mLST8W274F, Flag-mLST8w272/274F, Flag-mLST8W272A,
Flag-mLST8W274A, Flag-mLST8W272A/W274A plasmid #|%: Flag-TEV-mLSTS

plasmid & vector & AF&-3}31 0™ mLSTS 2] W272 ¢@F W274 & t& ofv|wAito 2
% 3FA1 71 Z=A o] = pBHA plasmid ©| Notl¥} Smalsite & ¥ 338t=5 A3 Th
(Bioneer). Flag-TEV-mLST8 plasmid °l|X] W272 site & W274 site & ¥ &3F= DNA
sequence YF-E A|TFaA Notl (#R6431, promega)?} Smal (#R6121, promega)E
Abg-ate] ZEbdl & mLST8w272F, mLST8W274F, mLST8wW272/274F, mLST8wW272A,
mLST8W274A, mLST8wW272/274A & Yol ligation XI33to] =] 2+3}3itt.

A3 8l 1%

site-directed mutagenesis 'Y © %  tryptophane phenylalanine¥} alanine ©. %
%8+l Flag-mLST8-W272F, Flag-mLST8-W274F, Flag-mLST8-W272/274F, Flag-
mLST8-W272A, Flag-mLST8-W274A, Flag-mLST8-W272/274A expression recombinant
plasmidS #1238} Th Flag-mLST8-W272F, Flag-mLST8-W274F, Flag-mLST8-
W272/274F  “12]31  Flag-mLST8-W272A, Flag-mLST8-W274A, Flag-mLSTS-
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W272/274A8] mTORC2 EH3A A 85 ZAFst7] 918 HEK 293T A2
expression recombinant plasmidE transfectiond}®] Flag-mLST8-WT, Flag-mLST8-
W272F, Flag-mLST8-W274F, Flag-mLST8-W272/274F 12|31 Flag-mLST8-W272A,
Flag-mLST8-W274A, Flag-mLST8-W272/274A w8 7}7z} spcpabd A7 5 Flag
gAE AR WHAFIIHOE mTORC2E  E|3k%]  western  blotting © &
ZAFSFTE (Fig. 1). Flag-mLST8-WTell B]1.38}o] Flag-mLST8-W272F, Flag-mLSTS-
W274F 121l Flag-mLST8-W272/274F ¢} A3HsE mTORC22] F+/d @921 mTOR,
Rictor, mSin1®] #FA43}FA T} 53] Flag-mLST8-W272274F 5 H&sI5lS w & A 3]
sk th whdel alanine . ® %] gt Flag-mLST8-W272A, Flag-mLST8-W274A,
Flag-mLST8-W272/274A & T3S w+= EF dAs] fZAsgld. o] Ay
mLST8S] W2728} W274 = < phenylalanine©. = X33k 7§ mLST83}
mTOR®S] AL FAsh} @438 AAHAE 55 2v|stth ¥hH mLST8<
w2729 W274 RFE o7 st A9, mLST8Y mTOR A}o]9]
Aol s AAEE & 5 U o9 dXA O E mLST8S w2728t
%!

W274 & 1719HE alanine & X33t 7 o= mLST8S] mTORC2 H&A F4
S2o] ¢hds AAES & 4 9

1 YOS ®EE Flag-mLST8-W272F,  Flag-mLST8-W274F,  Flag-mLSTS-
W272/274F7F 3733t mTORC29] td}od in vitro mTORC2 kinase assays
T3 T (Fig. 2). Flag-mLST8-W272F, Flag-mLST8-W274F7} /3t mTORC2+
Flag-mLST8-WTol| H]sl| J3d=F AsR S, Flag-mLST8-W272F, Flag-mLSTS-
W274F7F 843 mTORC29| 9|3t Akt-GST Serd73%] <Q1A4Fsl= Flag-mLST8-WTojl
Hlaste] Zastloy EHAE A Fol AA stk AT ol F7)9]
tryptophanes =7 phenylalanine .2 x| $k3F  Flag-mLST8-W272/274F7} &/d &
mTORC2°]| ©€]3+ Akt-GST Ser4739] S14ksh= WTell Hlsl] §A3] 7HAsk3itt.

o] A= mLST8E W2729F W274°] phenylalanine ©. 2 X 3+¥ 7 -9-of =
mTORS}E] A tryptophan?t Bl slol &= oFepA|NE o= A% AT
Aos ovsttt HbH alanine 2 X $E A 9-ofl= 17]ko] X EE o] = mTOR %}
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mLST8 Trp 2728} Trp 274 EQWol7} mTORC2 B34 A 2 A4 e

mLST82] Ago] ¢hd3] A H = Z1S Kol mLSTS W2722 W274 indole moiety
Aol 9] r-stacking®] W272%2} W2745 HEA|AH mTORL}Y AS 7MsshA &
Ao F=8 ¢ Qt} o] Ao wrEw w2723 W274 Abol 9] 7 -stacking S
ol FA k= A 719 allosteric W3tel 2Jsf %= mLST8¥ mTOR A H o]

AAlE Aol =E mLST8 ZA3E3+= small molecule allosteric inhibitor 7l 2o]

it

S AIE mLST8 W2729F W274 5 &k 7i49to] phenylalanine %2  X| g%

Folli= g mTORC2= &3] #Aadt A wluwsy @42 A7

FashA] QFSkth mLST8¥ mTOR Abol o] Are ©k3t7F mTORC2 HEA 245

2388 F7HAZIEE, mTOR7F HFA deolA] catalytic activitys T333}H7]

flefir= st x4 Wbyl dest Adow F5 & oy 2Py 9
3 }

208 7

=

]
o,
2
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Figure 1. Effects of mLST8 W272 and W274 mutations on the formation of mTORC2

(A) Co-immunoprecipitation of Flag-mLSTS8WT, Flag-mLST8W272F, Flag-mLST8W274F,
Flag-mLST8W272/274F with mTOR, Rictor, mSinl. HEK 293T cells were transfected with
Flag-mLST8WT, Flag-mLST8W272F, Flag-mLST8W274F, Flag-mLST8W272/274F for
48hr. mMTORC2 were co-immunoprecipitaion with anti-Flag antibody-agarose bead, and then
analyzed by western blot. (B) Co-immunoprecipitation of Flag-mLST8WT, Flag-
mLST8W272A, Flag-mLST8W274A, Flag-mLST8W272/274A with mTOR, Rictor, mSinl.
HEK 293T cells were transfected with Flag-mLST8WT, Flag-mLST8W272A, Flag-
mLST8W274A, Flag-mLST8W272/274A for 48hr. mTORC2 were co-immunoprecipitaion
with anti-Flag antibody-agarose bead, and then analyzed by western blot.
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e

&Qé
C— — — & P-Ser*’3Akt-GST
——— & ns

- AKt-GST

Figure 2. Effects of mLST8 W272 and W274 mutations on mTORC?2 activity

HEK 293T cells were transfected with Flag-mLST8WT, Flag-mLST8W272F, or Flag-
mLST8W274F for 48hr. mTORC2 were immunoprecipitated with anti-Flag antibody-
agarose bead. The kinase reaction proceeded for 45 min after the addition of ATP and Akt-
GST.
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Inhibition effect of alanine on the corrosion of nickel

in deaerated HCI and H>SOq4

a7
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Fig. 1. Potentiodynamic curves of Ni electrode measured in deaerated (—) 0.5 M HCl and (--
-) 0.5 M H,SO4 solution at a scan rate of 1 mV/sec.
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Fig. 2. Potentiodynamic polarization curves for the nickel electrode in deaerated solution of
0.5 M HCI, containing various concentration of alanine (lower concentration) at a scan rate
of 1 mV/sec.
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Fig. 3. Potentiodynamic polarization curves for the nickel electrode in deaerated solution of
0.5 M HCI, containing various concentration of alanine (higher concentration) at a scan rate
of 1 mV/sec.

42



T71E AA AAbs} Fab ool Yo Fao mjx

W
ik
)
rc
1o
-z
1>
12
2
fol
J—i

10-1 [ ! L I L T I
[Ala] in 0.5 M H,SO,, deaerated

10% & E
N 10° . a
e . | :
s 107 ¢ ". = . 3_
2 10°[ y
a E
& -6 A N :
s 10°F o g E
L "\ ‘/’ E
s -7 :I .’A )
L
3 ¢ ]
© 10 ! .
| J
10° | | .

10-10 i 1 L 1 L 1 . 1 N 1

-0.8 -0.6 -0.4 -0.2 0.0
Electrode potential, Volts vs Ag/AgCI

Fig. 4. Potentiodynamic polarization curves for the nickel electrode in deaerated solution of
0.5 M H>SOs, containing various concentration of alanine at a scan rate of 1 mV/sec.
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Table 1. Corrosion parameters for the different concentration of alanine in 0.5 M HCI and 0.5 M H2SOa.

Inh], M; Icorr, UA/cm; Ecorr, V; 1IE, %
0.5 M HCI 0.5 M H,SOq4
[h], M | -Eeom, V | Lom uA/em? | IE, % | -BEeom, V | Liom, uA/cm? | IE, %
0 0.324 38.7 0 0.241 20.0 0
10 0.291 18.3 53
5x10°¢ 0.306 20.5 47
10 0.298 20.3 48 0.260 13.5 33
5x107 0.305 18.8 51 0.382 3.50 83
10 0.311 19.9 49 0.426 2.40 88
5x10* 0.317 23.1 40 0.603 1.40 93
107 0.317 23.8 38 0.635 1.00 95
5x10° 0.330 27.2 30 0.600 0.84 96
102 0.338 29.0 25 0.582 0.61 97
100 ——
o™ i
i o
go| " -
© L
g 6o .
2 A
8 r
% 40 ., |
s u]
.‘g g n
) ]
< 20 .
£
oL o m  HCI-Ala, o HZSOA-Ala |
] i 1 i ] ; ] . ] i 1

0.000 0.002 0.004 0.006 0.008  0.010
[Ala], M

Fig. 5. The variation of IE values vs the concentration of alanine of Ni electrode in 0.5 M
HCl or 0.5 M H>SO4 solution.
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ELECTRIC FIELD CONCENTRATION BY INFINITELY
MANY SPHERICAL PERFECT CONDUCTORS
ARRANGED CLOSELY IN
TWO PARALLEL LINES IN THREE DIMENSIONS

KIHYUN YUN!

ABSTRACT. High shear stress concentration occurs in fiber-reinforced
composite, and this results in the material failure. Such behavior of
shear stress is explained by the concentration of electric field in nar-
row region in-between neighboring perfect conductors. In two dimen-
sions, electric field concentration by infinitely many perfect conductors
arranged closely in two parallel lines was investigated in [3]. In this
paper, the result is generalized to a three dimensional cases.

1. INTRODUCTION AND MAIN THEOREM

In fiber-reinforce composites, shear stress increases to infinity in a narrow
region in between fibers, as the fibers get closer, and such phenomenon
causes serious problems in materials. The stress, which has a high value in
a narrow area, is difficult to investigate with numerical methods. So the pure
mathematical methods have been successfully used to explain and estimate
the concentration. Refer to [4] and [5]. Especially, two types of electric
field enhancements by infinitely many circular conductors arranged closely
in two parallel lines in two dimensions are studied in [3]. The objective of
this paper is to extend the results in [3] to three dimensional cases.

To do so, we deal with infinitely many spherical perfect conductors ar-
ranged closely in two rows in three dimensions. For any integer number
n, we choose a pair of unit open balls Bg, and By, spaced € apart in the

2010 Mathematics Subject Classification. 78M30, 35Q60, 35J57.

Key words and phrases. high concentration electric field, multiple perfect conductors,
narrow region.

Department of Mathematics, Hankuk University of foreign Studies', Email:
gundam@hufs.ac.kr.
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ELECTRIC FIELD CONCENTRATION BY CONDUCTORS IN TWO LINES IN 3D

x-direction, and moreover the distances between Bpg, and Bpg,.+1, and be-
tween By, and By, 1 both are J in the vertical direction. The open spheres
Bpr, and By, are defined as

Bp, = {(m,y)‘ (x— (1—{—%)>2+(y—n(2+5))2+22 < 1} and

Brn = {(:L’,y)‘ (=- (—1—%))2+(y—n(2+5))2+22 < 1}.

Then, the domin R? \ U __ (Bg, U Br,) has a periodic structure with

period 2 + ¢ in the y direction. In this paper, we suppose that € and J are
sufficiently small and positive.

Figure 1: Bpr,, Bgn, 0, € and Q4 in R3

Dealing with the governing equation, we consider a linear function H as
H(z,y,2) = a1z + asy + azz + ¢

for any (z,y, 2) € R3. It is obvious that H is a harmonic function defined in
R? whose gradient is a periodic function with period 2+ in the y-direction
satisfying

(1) VH(z,y,2) = VH(z,y +2+6,z2) for any (x,y,2) € R*.
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For a such harmonic function H, we estimate the gradient Vu of a solution
u to the equation

(2) Au=0in R*\ U ___ (B, U Bgy)

n=—oo

with the conditions
3)

u = c¢g, on 0By,

u = cr on 0Bpy,

/ o,udS = dyudS =0,
aBLQ aBRO

- N

/ IV (u — H)|*drdydz < oo,
Q\BLoUBRo

\VU(ZC,y, Z) = VU(LU, Y+ 2+ 57 Z) for (ZC, Y, Z) ¢ U%o:foo (BLTL U BRTL)

Here, the constants ¢;, and cg depend on H, € and 9, and the normal unit
vector v points toward the inside of By or Brg. The domain 2 denotes a
horizontal area as

) )
(4) Q—RX(—1—§,1+§>XR,

and the domain (2, is defined as
(5) Qo = {(2,9,2) | (2,9,2) € Qand 2” + 2° <m?}

containing By and Bgg for m > 3.

By definition, the gradient Vu is a periodic function with period 2 + ¢ in
the y direction, and the solution u has a constant Dirichlet boundary data
on each of boundaries 0Bpg, and 0By, for n = 0,£1,£2,---. Dealing with
u(z,y) + u(z, —y) and u(z,y) — u(z, —y) in Q \ (Bro U Bgo), Lax-Milgram
Lemma presents the existence of the solution u for a harmonic function H.
It is worth noting that if u, and ug are the solutions for the same harmonic
function H, then there is a constant ¢ such that u, = ug + ¢ and

Vua = VU5

in R?\ U __ (B, U Bgry).

Theorem 1.1. Let H be a harmonic function as

H(z,y,2) = a1z + agy + azz + ¢
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ELECTRIC FIELD CONCENTRATION BY CONDUCTORS IN TWO LINES IN 3D

for any (x,y,z) € R3. Let N, be a narrow region in the between Br, and
Bpg,, and let Nj, be a narrow region in the between Bgr, and Bg, defined as

= + 1
Nv {(%y,z) | |£L‘| <1 g_ 1_y2_22 andy2+z2< Z}’
) ) >

€\?2 1
d(—l——) 2%,
an x 5 + z 5

Then, there exists C regardless of H, € and 6 such that

1
ey <O
(6) IVull Lo,y < C€|log€|,
1 1 1
(7) alals < IVl =@, = C5.

The proof is presented at the end of the following section.

2. PROOF OF THEOREM 1.1

We estimate the potential differences between ulsp,, and ulsp,,, and
between u|gp,, and u|sp,,,, to establish the bounds of the gradient of v in
the narrow regions. Two following lemmas present estimates for two kinds
of potential differences.

Lemma 2.1. Suppose that
H(z,y,z) =x.

Then,
1
| loge|’

‘u‘aBRn - u‘aBLn‘ 5

Proof. As given in [2], we define h as

—1
4 & = 1 1
iy 2) = = <§W;qfn> N (e R e )
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where

) :<1+%d%—4?m* 2p y
" 1+ (e/2) +p ( 2 1) _ <1+(e/2)—p)m_1 ’
14+(e/2)—p 14+(e/2)+p

1 n—2
%H:Q+@m+w> "

@1 =1 and p=+/e+ (e2/4).

Then, we have

Ah =0,

h is constant on each of 0Bgrg and 0B,

/ 0,hdS = —/ 0,hdS = 1,
BBRO aBRO

1
W””:OQmMMQ

) sl = o0
Employing the results in [2],

1
|log €|

|h|aBR0 - h|8BLO| =

Let A = ulypg, — u|op,,- Then,

|A| = |u|8BR0 - u|aBLO|

= / u 0,hdS
OBRroUIOBLo

(8) < / H ayhdS| + / v 0,hdS|,
OBRroUIBLg OBRroUIBLg

supposed that © = H + v. Let w be the function satisfying

1 _
v = §A \hlog | h + w.
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ELECTRIC FIELD CONCENTRATION BY CONDUCTORS IN TWO LINES IN 3D

Then, w = —H on 0B, U0Bg,. The last term in the inequality (8) is

bounded as
/ ) 8,,hdS‘ = / v 0,hdS
0BRroUIBLo y:li%

1
< —|A| / ||Blosg,| " | O,hdS| + / w ,hdS
2 y=1£% y=1£$
1
< —|A] |0, h| dS+4/ |0,h|dS.
2 y=1+% y=1+$

The terms in this bound are estimated as follows:

|8l,h|d8+/ 19,h| dS

< \/
y=1£2 and |(z,2)|<10 y=1+2 and |(z,2)|>10

1
< Cl/ —dS
y=1+2 and |(z,2)[<10 | log €|

1 1
+CQ/ dsS
Y

=142 and |(z,2)[>10 | log €] |(z, 2)]3

1
C
| log €| - *loge|’

< Gs|A]
and by the result in [2],

1
/ H 8,,hd8‘ < .
OBRroUIBL | log 6|

Applying the estimates for terms above to the bound, we have

1 1
A< (1-Co— ) A < =

because € is supposed to be sufficiently small. Thus, we are done. 0]
Lemma 2.2. Suppose that

H(x,y,z)=vy.
Then,

|u|aBRn+1 - u|8BRn| = ’ulaBLn+1 - u|8BLn| 5 1
forn=0,£1,£2,---.
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The lemma above is also derived in the same way as Proposition 3.1 in
[3] which deals with 2 dimensional cases.

Proof. Observe that V(u — H) is a periodic function with period 2 4§ in
the y-direction. Thus,

V(u—H)(x,y,z) = V(u—H)(z,y—2—46,2z) = (0,0,0)

for any (z,y,2) € R*\ U2 __ (Br, U Bg,). There exists a constant C' such
that

(u—H)(z,y,2) = (u—H)(x,y —2-06,2)=C
for any (x,y,2) € R®\ U __ (Br, U Bgy). Then,

n=—oo

) )
1-5 -1-2

o < ( / ’ |ay<u—H><x,y,z>|dy> < (249) / 10y (u—H) (. y, 2)2dy.

Note that fQ\(DLOUDRO) \V(u— H)(z,vy, 2)|dedydz is finite. The right hand
side of the inequality above converges to 0 as |(x, z)| — oo so that

C =0.
For (z,y,2) € OBg,,,,
0=(u—H)(z,y,2) — (u—H)(x,y —2— 4, 2)
=u(z,y,z) —u(lr,y—2—0,2) —y+y—2—9
— ulop,, —2—6.

= ’LL!aBRnJr1

Thus,
U|E)BRn+1 - U|BBRn - 2 + 67

and in the same way,
u|@BLn+1 — u|@BLn =2+0.

Thus, we have the lemma. ]

We are ready to prove the main theorem of this paper.
Proof of Theorem 1.1.  Let h be the solution to
Ah=01in Q\ (B U Bg)
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with the conditions

7 1
= "3 on 8BL0,

/ \Vh|2dzdydz < co.
\ Y Q\BroUBRro

The solution u can be decomposed into two parts as

U= (U'|8BRO - u|3BL0) h +w.

By the maximal principle,

. 1 -

‘h‘ § 5 in €2 \ (BLO U BR()).
Since h are constant on each of 0Bpro and 0By, h can be extended in a
neighborhood of the boundaries, and then we apply the standard gradient

estimate for harmonic function to it in NV, as

[ =

- 1 -
Vi, y.2)| S Il o S

for any (z,y,2) € N,.
Now, we estimate Vw in N,. Actually, we follow the argument of the
proof in [3] based on the method in [1]. Note that
w|3BLo = w|3BRo =0,
and that
||w||L°°(Q4\BRQUBL0) SJ 1

The argument in [3] provides two inequalities separately as

va”L‘x’((BRoUBLo)ﬁan) 5 1
and
IV Lo (o, \0(BroUBLY) S 1+

By the maximal principle, we have the boundedness of |Vw| in N,,.
It follows from Lemma 2.1 and the symmetry of y and z about x = 0 that

1
uloBr, — tlopL,| S |a1\@,
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since H = a1x + asy + a3z + c. Thus, we have the bound in N, as

Vu| < in N,.

€| log €]
We consider the gradient estimate in /NV;. Lemma 2.2 means
|uloBr, — UloBro| = [az|.

Since the distance between 0Bpgr; and JBpgg is d, the mean value theorem
implies that

1
jaz] = S IVull e v,)-

On the other hand, it is obvious that u is bounded in Q4 Uy + (0,2 + §,0).
By the standard gradient estimate, we have

1
|Vu| < 5 in Np,.
Therefore, we are done. 0]
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