Genetic code reprogramming: An emerging technology for the discovery of a
new class of peptide drugs
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The lecture describes a new means to reprogram the genetic code, which enables us to express
“non-standard” peptides containing multiple non-proteinogenic amino acids. To execute the
genetic code reprogramming, we developed an artificial RNA enzyme (ribozyme), referred to as
“flexizyme” capable of aminoacylating tRNAs. The most notable feature of flexizyme is its
versatility; it is able to charge virtually any amino acids onto tRNAs bearing various anticodons.
Moreover, the flexizyme also charges amino acids with non-proteinogenic sidechain, D-amino
acids, N-alkyl-amino acids, and hydroxy acids onto tRNA. Thus, the reassignment of such
non-proteinogenic amino acids to desired codons open a new opportunity to synthesize various
non-standard peptides using the translation apparatus. We also integrated this unique enzyme
system with a specially reconstituted E. coli cell-free transcription-translation coupled system,
from which certain amino acids (occasionally their cognate aminoacyl-tRNA synthetases) were
withdrawn to vacant the corresponding codons. By the integration of these two systems, any
desired amino and hydroxy acids can be reassigned to the vacant codons, and we have recently
showed that a wide variety of non-standard peptides can be expressed from mRNAs under the
reprogrammed genetic code. The lecture also describes applications of the methodology to the
ribosomal generation of cyclic peptides closed by a linkage between the N-terminus and Cys
sidechain or a linkage between the N-terminus and C-terminus (backbone-cyclic peptides).

FARFUCAFAET 237 F NI, MR OF AR ECARE R OMR:, PrEER 2 SiREy
AFESEEZ R TWE E L TEHLS ORI EN T\, BIE, Hi-2A3E Y — X 2R, 4K
BEOMAED > 6 AEBEMETF RER AL X9 EEAICHIIE M T TWnD, 4 F TITHAS
NT-FEAIMEAST T ROBEICERT D L. 20 FEORKRT I/ BLIMI N-A F LT ) B
D-7 X /g, N K7 oL, KRERIRMESE 2 E oM ENn £ AniZaEns V. 2o k)
TRNRFRAEIE DS, T T FOABEMEICEHBER X —F A FThHDHZ LTV ORI &
FEMPARICMIT COISHPEIfEN D, 2O XS RRIBMRTF FOAERMIE, LFEETITL
X UIZTREE A2 WD, RIRHRKOMHEDICZD L — X2 ROI D 55T, vk THoZelidsl2E
MOWBRN SN TE I LITFRERD LT AR,

AR DR & e D ERSF DL LNTZ VI EThH D, Tt X o7 ENERNT
Bex I BREZ - L TR0, MlaNITb bAAMIERR, MKkt Ed o2 HFTICRIEL T
WD, BRI LST VWL ThD, £ LT, BIEHITRIN TV DEELOLL X, &
M LZ 500 Da LL FOFMIK Y TbEMTH DL, ZhE, KRS FILEWMTH D 72DEN~D
WU AR B RN ~OFR MR mV B ERE A2 R E 20D EIERT S, 2 & iEx R
HINS, EHFER STV D HURERRIL, EFMEZ AT LR H L5 2 & RN M
SRR ICHIRESN D Z ERMBEE 20, FHE L TORHARROND, o, FErZ
/X7 G 0D mRNA Z R AN T 25 Z LA TE D sIRNAIZB W TH, 5 2 LB KpED
ARANICHEET A Z EHE LS CRERBEEL RS TVDJCHDIEERa A NEBE LA,



BRI EEERE LIRS LGN 2o b b IEELBEB O ER TH VT 5725 9,

— AT, XTI T RITHEBIRS LA L0 5 EP K EZ V(1 ~3 kDa) 7z 9% i M A3
Tl FeTm T TR R o TG ENLZ RN TEY, kbRt Fbi
TEfz, Lo, A7 v RARY NIREIND KRBT F Rid, MIRNOBEREZIENE L
TEHERAEMERZ R, 2L, XTF FOBEBHIERERTF R THHZ LT,
FERIRT I VBB ZOBRERIZEENTWDHIED, a7 77—tz b b, ARNICLE
CHET D Z EICRINT D, 2F 0, KBWLTF RITMIas 720 <7 < SN ORI b Xf
JSHRERART oy VEFLTWDEEA D, — . EMBIROLI NI VNI E-2 "I B
AR L > TREISN TS 72D, 2O BEERMAENEHZLET 5 EABHE I EAIITD
NTW5s 2, ZOMEERICZBWT, ¥ 7 BITEWVZIAWREEEZ N L TREEST D0
B LB DR R IAER 2RI T 5 Z LR TH L EEX LN TE L, LAy

KRBT TF RIS FEERHLBRERELS, bLIEFZEOL IR LT WD, #
YRT B DIRNFES AR L TRIERIICHE S L D DATREMEA A LT D, DE D RERPY
TF R, HDLVTENITIE VRS E & o LRI AT F FiE, Milaiste LTx o7 8-
Z R EHEAEME TIRAS RIS TH Y | AlFEy — X & U ORI RbamTH
HEWZD,

IO REMSRTF i, BRROMESH EENAT 2V R Y — LT F REKEEHR
(NRPS) & MEIZ N B BERBEZ AW THEBR LTS Y, ZORIE, @FOXTF REERAG R & 1T
720 BPRUKAF 2 EBGROS TIER S (T2 H mRNA 288 L L TRTF FEEAETLHD
TR HAIE LS WEATEBEENRL a7 —D L) ICHREZBEICZ T EL TXTF R
HARIGEIT Y, T bOREFRIL, RO OLNTEATF REFIE AT 5 oIk S Tn
L1, kxRS EHT 5 REMATF REHHBEICART S Z LT TERn, BREK
BURERAMZENIEIRALLBEAIITONTETVDEIN, BWEHEEERE 5747
TV —HHES D ETOHINITIIRIEZE> TR,

WA, T2 IIBIERR AR EZ AW T (BRI ASTF K 28T 2 HM B L, 22T,
[BERRY T F K] Lk, RIHST T RO B lE 2 R0, v 7 niikigEs
AL, 22O EHBEIINATFAT I REEZHTHXT7F RT, REWTF FORE % £
NIFREEZ S OXTF R ThH L, TNai L, Ba L TRETF N EFFEATND
FIRAATF RARGRIZ, HIRAN TEENICITOR TWE X V7 ERRATH Y, EinERE
22— R L7 mRNA 288 E LCTU R Y —L08 20 FEORKT 2 ) BEINERICEARTH LT
BUNRTERERESNTND, VAR Y —AIC K D2EEGHEITIEFITHE (40 I/ FD), F - MiE
ST R BEESTHHERITII0 LS TS, 20 VAR Y —AF, HE>IEM
SO G EZFEOE LT 4 770y 7 208 bED 2 ENAREREAMERE L BT
ZEMTED, T LTHERAROBRRKOREIE, XTF RT74 77V —OHER X OVEERT
FRORI V== T ERGIATAD I L ThDH, $8ThH D mRNA 24 R D721 THEX 7otk
WEHT LT T REARTEH0, 707 AfddZETe mRNA (b L <I1Exfsd % DNA)



EROTHIIRAEKREZITAIE, FVFLAXTFRIAT TV =2 RBHIIHEETHZ LN TED,
F72 mRNA X, O FEMFHIFEEZH NS Z L THIELOERSIRENAIRETH L2, (LAY
DEARPCREGMETH D, £, T4 AT LAEREZAND Z & T mRNA & xbiad 2 Kk
NTF REREODTHIENTED, ZOFREROF R AR KRIEMN L, Fx2nMmE IcB
LT tRNA 7V UL RNA fil s, 7 L oA L2 AW TEIBRKE SO Y 7T a5 I 72179
ZET (ML) FBRARTTF RO T A7 TV — L HEAEAN SO G REE b DR T T R
DYEFR % ATHEIZT 5 RaPID (Random Peptide Integrated Discovery) 7 4 A7 LA OBHFEICE -
7z (K2), R TIE, ERRO—HEOHEMHBICE 7o R, T E TORRERIEMICE &
W, EHIRFEA~OIEA Zi Tz,

7 L* 251 1(1997~2006) BHANZF F OBEREM (2004~) H1 BRAISTFHFIR
¢ e ROTHEEH TL* 9o
-6 o = 2]
I . C' _Hs_ )=o #ﬂnﬁﬁf Q_ £(1997~2006) (. RNA
1% cal c 4
ei‘ g av’ " domain : GUA di" NH NH 0=(—_ ¢ @%%(U*'&{A) T.ZD 3
e > o BIRL) W N . R ,
oo cme] vl yuageys ch Q o=< KIROU N tRNA D 3K
R 111 },VQ ] SWELFI CCA LITER%T
A on L,V o "’7“75"7 & % & Me)  FTHILT tRNA ICFED
R < &/ — —ha e
( ﬁ" o w F5, TLERLFA AL, T
o
‘ ribosome, tRNAs, energy source 20 amino acids SR ILE DB MEICE ST
| 14 (M, F; A, G, S, H were withdrawn) 2fIH eFx & dFx D%,
|
/xxR o I\ ~ N | 20 ARS, IFs, RFs, RRF | eFx 13, 7I/BRIZS T I AT
< %5 14 (M, F, A, G, S, H-RS were withdrawn) VATV (CME) H 5V
< wPURES R Ly _ -
aa-tRNA  hn = < 4 71:!1:!/\///1/?71::1??7‘
1t U [ c | a6 |3d WV (CBT) 2H6 357 /EEIC
el u .
IM=IMEL LS S NE RPN
o | e [ B HBH, ML, T==1
: = (e PUISLSH
—— T
BEWSY 70T 53I272003~) | " K B A AT 5 ISR LTI
6 v iwa| D e |f CME &, i 7 A Al

WaHOTIMRICIE CBT &
TS, dFxE, TI/MEIC 3,5V = b~y OV T AT ATT b LI I AEEE 2R L, eFx K0 RIS XS TED 7 L% S 4
T, —HEAICIE dFx 2O TT YL tRNA 24T 5, BRI B 727 307 (2008~) 13, TLF L1 AT R 52 2 TR B MR 7 %
HAHRADEHILT, Z2aR AR AN T WA T VAL R 2% A TSRS HH A Ch b, 85~ 7 F R O BIFRA # (2004~) 1%,
Bt R S N-(2-7aa 7 v F 0)-73 /i, MEIRAKEED N-AF LTI BET A $HZET, ERN TR ERIER TMF Ao —T LS %
BT BRI AT TR B AR T 25 Th b,

M2 RaPID TFAATLA AEA
K CRkLZE GRS TS
537 AR mRNA Eic
| ~04BRMESITSY— | sk R E R T
T, DM A7 % Y
EFILT, AT (7T —
P B A~ BT BT
I A I ] T
ZLBTE, ST cDNA OR
PIEARHT+52 & B IR AL
Ao BB R E A THE L 725, 3R
RS SR MEEERLE

. 51‘!0“ W A2 ) — =2 7 B
RT '

// o e

RaPID = Random Peptide
Integrated Discovery

T re————————|

DNA-PEG-CCA !

ILFIHFAL
W

=
e
cw/_t/ BTN

Target proteins

&




SEXH

T. Kawakami, A. Ohta, M. Ohuchi, H. Ashigai, H. Murakami, H. Suga* “Diverse backbone-cyclized peptides via
codon reprogramming” Nature Chemical Biology 5, 888-890 (2009)

N. Niwa, Y. Yamagishi, H. Murakami, H. Suga* “A flexizyme that selectively charges amino acids activated by a
water-friendly leaving group” Bioorganic Medicinal Chemistry Letter 19, 3892-3894 (2009).

Y. Goto, K. lwasaki, K. Torikai, H. Murakami, H. Suga* “Ribosomal synthesis of dehydrobutyrine- and
methyllanthionine-containing peptides” Chemical Communication 3419-3421 (2009).

Y. Yamagishi, H. Ashigai, Y. Goto, H. Murakami, H. Suga* “Ribosomal synthesis of cyclic peptides with a
fluorogenic oxidative coupling reaction” ChemBioChem 10, 1469-1472 (2009).

E. Nakajima, Y. Goto, Y. Sako, H. Murakami, H. Suga* “Ribosomal synthesis of peptides with C-terminal
lactams, thiolactones, and alkylamides” ChemBioChem 10, 1186-1192 (2009).

Y. Goto, H. Suga* "Translation initiation with initiator tRNA charged with exotic peptides" Journal of the
American Chemical Society, 131, 5040-5041 (2009).

H. Murakami, A. Ohta, H. Suga* "Bases in the anticodon loop of tRNA(GGC)(Ala) prevent misreading" Nature
Structural & Molecular Biology, 16, 353-358 (2009).

T. Kawakami, H. Murakami, H. Suga* “Ribosomal synthesis of polypeptoids and peptoid-peptide hybrids”
Journal of American Chemical Society 130, 16861-16863 (2008).

T.-J. Kang, S. Yuzawa, H. Suga* "Expression of histone H3 tails with combinatorial lysine modifications under
the reprogrammed genetic code for the investigation on epigenetic markers” Chemistry & Biology 15,
1166-1174 (2008).

A. Ohta, H. Murakami, H. Suga* “Polymerization of a-hydroxy acids by ribosomes” ChemBioChem 9,
2773-2778 (2008).

H. Xiao, H. Murakami, H. Suga, A. R. Ferre-D'Amare "Strcutural basis of specific tRNA aminoacylation by a
small in vitro selected ribozyme" Nature 454, 358-361 (2008).

Y. Goto, H. Murakami, H. Suga* "Initiating translation with D-amino acids" RNA 14, 1399-1410 (2008).

Y. Sako, J. Morimoto, H. Murakami, H. Suga* "Ribosomal synthesis of bicyclic peptides with two orthogonal
inter-sidechain reactions" Journal of American Chemical Society 130, 7932-7934 (2008).

T.-J. Kang, H. Suga* "Ribosomal synthesis of nonstandard peptides" Biochemistry and Cell Biology 86,
92-99 (2008).

A. Ohta, Y. Yamagishi, H. Suga* "Synthesis of biopolymers using genetic code reprogramming" Current
Opinion in Chemical Biology 12, 159-167 (2008).

Y. Sako, Y. Goto, H. Murakami, H. Suga* "Ribosomal synthesis of peptidase-resistant peptides closed by a
non-reducible inter-sidechain bond" ACS Chemical Biology 3, 241-249 (2008).

Y. Goto, A. Ohta, Y. Sako, Y. Yamagishi, H. Murakami, H. Suga* "Reprogramming the initiation event in
translation for the synthesis of physiologically stable cyclic peptides" ACS Chemical Biology 3, 120-129
(2008).

T. Kawakami, H. Murakami, H. Suga* "Messenger RNA-directed incorporation of multiple N-methyl-amino
acids into linear and cyclic peptides" Chemistry & Biology 15, 32-42 (2008).

A. Ohta, H. Murakami, E. Higashimura, H. Suga* "Synthesis of polyester by means of genetic code
reprogramming" Chemistry & Biology 14, 1315-1322 (2007).

M. Ohuchi, H. Murakami, H. Suga* "The flexizyme system: A highly flexible tRNA aminoacyation tool for the
translation apparatus" Current Opinion in Chemical Biology 11, 135-144 (2007).

H. Murakami, A. Ohta, H. Ashigai, H. Suga* (2006) "The fexizyme system: a highly flexible tRNA
aminoacylation tool for the synthesis of nonnatural peptides" Nature Methods 3, 357-359.



