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Supplementary Table 1 | DNA oligos used in construction of synthetic auxotrophs

AT\ E N SUPPLEMENTARY INFORMATION

DNA name Sequence Purpose
adk.Oligol a*t*gaactgagectgagtecctttccecgegeccggagegeceNACcagNGCgatacgeattgegaaaatecccttaaaatgtgtegaattt MAGE oligo for adk CoS-MAGE
adk.Oligo2- t*c*agttegtccggtacgtegaaticcagNR CgtaatcNR CattgatgecegettetttCATegegtetgectgeggaatggtacge MAGE oligo for adk CoS-MAGE
adk.Oligo2- t*c*agttcptecggtacgtegaattccagNR CgtaatcNR CattgatgeccgettetttNAGegegtetgectgeggaatggtacge MAGE oligo for adk CoS-MAGE
adk.Oligo3- c*g*teaactttegegtatttNRTattaccegettctgetictitggaNR Catagecgat CTAcgotgeNGTeatctgatggtattcaacca MAGE oligo for adk CoS-MAGE
adk.Oligo3-: C g*(cazctﬂcgcgtamYRTZMZCCCgc((ctgcﬂcﬂtggaNRCg(agccga(CTACgg(gcRAACalctEa(gg\at(caacca MAGE oligo for adk CoS-MAGE
alaS TTC268GCN g*t*ttgaaatagicgcegaagetgaagitgeccage: INGCggtatggt, cgeggtgtaaccgacgtiticcaggtegtigt MAGE oligo for alaS CoS-MAGE
c c"acggtmcznggacggcaltacgccalccgcgatcagNGCcgczcaagaacgaa(gxggtcagcganacgcgcagcgzma( MAGE oligo for alaS CoS-MAGE
*c*clgctggcgtltcaggtcucacccgcagagcccataacgtcga(CTAcggaccaaccaglttg(agaagaagg MAGE oligo for alaS CoS-MAGE
g*c clgclggcgmNRGg|ctlcacccgcagagcccataacg(cgatCTAcggaccaaccagmgtagaagaaggm MAGE oligo for alaS CoS-MAGE

NRGgtcttcaccegeagagecNGCaacgtegatCTAcggaccaaccagtttgtagaagaaggttt

alaS TAG M

g*c clgclggcgmNRCg\cllcacccgcagagcccalaacglcgalCTAcggaccaaccagmglagaagaaggm

MAGE oligo for alaS CoS-MAGE

MAGE oligo for alaS CoS-MAGE

alaS TAG A div_redo NRCgtettcaccegeagageeNGCaacgtegatCTAcggaccaaccagtttgtagaagaaggttt MAGE oligo for alaS CoS-MAGE
alaS TAGstart] a*a*glcgagaaacgcclgacggalctcagcgglgc!cllgc(CTAca!aallatcclgaaalcaagclaacgaaatalcaccacca AGE oligo for alaS CoS-MAGE
alaS TAGstart2 a*a*gtcgagaaacgectgacggateteageggtoctettgetCTACTAcataattatectgaaatcaagetaacgaaatatcgecacca AGE oligo for alaS CoS-MAGE
holB.oligo! g*g*cgaaccggcpcttaagcacaaCTAggcaagtaatgcatectgtpacattgteacttcgegteaaagecaggteacgacgtactgttec AGE oligo for holB CoS-MAG]
holB.oligo2-1 g*c*acgetatatgecaacgectgacacaatgt TTCacgagectgNSCettatetecctgNR Ceaacgecagtgecgegee AGE oligo for holB CoS-MAG!

holB.oligo2-2

g*c*acgctatatgecaacgcctgacacaatgtNAGacgageetgNSCettateteectgNR Ceaacgecagteccgegee

AGE oligo for holB CoS-MAG]

AGE oligo for metG CoS-MAG

AGE oligo for metG CoS-MAG

AGE oligo for pgk CoS-MAG!

AGE oligo for pgk CoS-MAG

AGE oligo for pgk CoS-MAG!

AGE oligo for pgk CoS-MAG

AGE oligo for pgk CoS-MAG

AGE oligo for pgk CoS-MAGE

MAGE oligo for pgk CoS-MAGE

tolC cassette primer for adk CoS-MAGE

37380.1.24.25b-f
37381.17.24.25b-1

rimer for adk CoS-MAGE

metG.shelll c*a*tcaacctggencgegtgctgatgacttacetgaagecggtactgecgaaactgacegagegtecagaageatictagaatacggaact
metG.. shelll+2 ¢ a*lcaacclggcncgcglgclggcnacllacclgaagccgglaclgccgaaaclgaccgagcglgcagaagcagbnlagaalacgfzaact
pgk. ohgo - c*c*agaacggtca tagatactttagaaccaccaacNRCageNRCeateggec, tetttcagtgcttt:
pgk.oligo2- +2 t*)z*ﬁccllglgccgcgataaagglgllagcgalaccaocaccaacNSCcagclgglcagcgatltlagacagggaglccagaacgg}cazl
pgk.oligol-. c*c*agaacggtcagtttggtagatactttagaaccaccaacNR CagcCACeatcggacgageaggttctttcagtgctttacccagegc;
pek.oligo3- t*c*gggaaticgaacacgccNR Ceggaccgticcacag A AT gattttcgeattettCTAgatttcagc CAGttcetgageggaagcatcac
pgk.oligo3-. t*c*gogaattcpaacacgccNR CeggaccgttecacagNR CgpttttegeattettC TAgatttcageNGCteetgageggaageatcac
pgk.oligo3-. t*c*gggaattcgaacacgecNR CeggaccgticcacagA ATggttttegeattett CTAgatttcageNGCticctgageggaageateac
pgk.oligod- a*t*tgctgccagagtgtepecgecgecagegatggagaacgettegetgtetgcGATagegttageNGCgatttcagtacctttgcggaag MAGE oligo for pgk CoS-MAGE
Ipgk.oligod-" a*t*tgctgecagagtgtcgecgecgecagegatggagaacgettcgetgtetgeNR Cagegttagc CACgatttcagtacctitgeggaag
3000.T.lacZ.coMAGE-f tactictcatgaacgataacacaacttgttcatgaattaaccattccggattgaggcacattaacgee
3001.T.lacZ.coMAGE-r ticetttcgatgectgaatttgateccatagtitatetagggcggcggatt

tttgccgattgtecttgeacaatcggcgggaaaaatatticaggteaccggttgagocacattaacgec

rimer for alaS CoS-MAGE

tcactaaataagcaagagagtgaattgticatittitatatttgtgaaatctagggcggcogatt

1124600.T.11C-f

tolC cassette primer for alaS CoS-MAGE

tececteceggpaaataaaagatgageactttctattctgeattgecgetttgaggcacattaacgee

gegacgttttgataaaaaaatattgtccecgaagtgatgggaaaagtetttctagggcggcggatt

tolC cassette primer for holB CoS-MAGE
tolC cassette primer for holB CoS-MAGE

ctttgcgaacaattattcceeatgcttcagcaacaagpatgaaatagtgcttgaggcacattaacgee

aataccgtggcgtgageagiceggaactggagtagaactcttagtaaaaatctagggcggeggatt

tolC cassette primer for metG CoS-MAGE
tolC cassette primer for metG CoS-MAGE

C cassette primer for pgk CoS-MAGE

aclgccgmgagcaglca(glgnaaangaggcacanaacgccclangaggcacanaacgcc
g glgccatetag

gatt

o AGE

AGE

AGE

gaaacggtegcttttgaaac

tatcagtay atgtagttgttatc

& |

cagatigicagot

r for pgk CoS-MAG!

aagaat agcaatttcttcatt
aaaagtcgtgta

Primer for constructing fragment 1 of tyrS dependence variant pool

cecgectgetggaagegtttcaggeataacaatggaacnawatgecccasatgeaagetgteage

Primer for constructing fragment 1 of tyrS dependence variant pool

cecgectgetggaagegtitcaggeataacaatggaacnawatgecengeatgeaagetgteagc,

Primer for constructing fragment 1 of tyrS dependence variant pool

|ttccattgttatecctgaaac

Primer for constructing fragment 2 of tyrS dependence variant poo!

Primer for constructing fragment 2 of tyrS dependence variant pool

Primer for constructing fragment 2 of tyrS dependence variant pool

Primer for constructing fragment 2 of tyrS dependence variant pool

gaagaaaaccageccgtacaaattctaccagttcgenatcaacgengeggatgccgacgtttaccge

Primer for constructing fragment 3 of tyrS dependence variant pool

attctaccagttcgsnatcaacactgcggatgecgacgtitacege

Primer for constructing fragment 3 of tyrf variant pool

gaagaaaaccagceccgtacaaattctaccagttcttyatcaacactgcggatgccgacgtttaccge

Primer for constructing fragment 3 of tyrS dependence variant pool

attctaccagttcttyatcaacgtngcggatgcegacgtttaccge

Primer for constructing fragment 3 of tyr variant pool

Primer for constructing fragment 3 of tyrS dependence variant pool

Primer for fragment 3 of tyr! variant pool

cttcttcticcagggacgtteatctettcaatgetcataaaggtnecgaacttcaggaageggtaaacgtcggcate
cttcttcttccagggcgttgatetcticaatgctcataaaggtnecgaactt
cticticticcaggocgttoatctettcaatgetcataaaggtnecgaacticagecageggtaaacgtcggcatc

rimer for constructing fragment 3 of tyrS dependence variant pool

rimer for constructing fragment 3 of tyrS dependence variant pool

B cgeagtetggttggatccgaagaaaaccageeegtac
1B aclgggcgcgcggtgcmaccgclg&mlalcncnctlccagggcgng
{f totat:

rimer for constructing fragment 3 of tyrS dependence variant pool

aagaagataaaaacagcggtaaageaccgegegceccagtatgtataggcggageaggsnactegtctggttacy

TAG.wi-f correctl

rimer for constructing fragment 4 of tyrS dependence variant pool

rimer for constructing fragment 4 of tyrS dependence variant pool

rimer for constructing fragment 4 of tyrS dependence variant pool

rimer for constructing fragment 4 of tyrS dependence variant pool

rimer for introducing V307A mutation to convert tyrS.d7 into tyrS.d8

rimer for introducing V307A mutation to convert tyrS.d7 into tyrS.d8

.TAG.wt-f correct2

ccatcagatgttygcaccget

ascPCR primer to screen for UAG codon introduction into adk variants
ascPCR primer to screen for UAG codon introduction into adk variants

.TAG.mut-f _correctl

ERERREREERE

.TAG.mut-f _correct2

ccatcagatgacngcaccgta
ccatcagatgttygeaccgta

TAG.wt-f

ascPCR primer to screen for UAG codon introduction into adk variants
ascPCR primer to screen for UAG codon introduction into adk variants

ascPCR primer to screen for UAG codon introduction into alaS variants
ascPCR primer to screen for UAG codon introduction into alaS variants

gta
gitagettgatttcaggataattatgage

ascPCR primer to screen for starttUAG codon introduction into alaS variants

cgttagettgatttcaggataattatgtay

ascPCR primer to screen for startUAG codon introduction into alaS variants

geegatgegaataatacgtteg

ascPCR primer to screen for stattUAG codon introduction into alaS variants

glatgtact

ascPCR primer to screen for UAG codon introduction into tyrS variants

. TAG.mut-f

tatgtata

-des7-V307A-V-f

tatgtata

ascPCR primer to screen for UAG codon introduction into tyrS variants
ascPCR primer to screen for V307A mutation to convert tyrS.d7 into tyrS.d8

-des7-V307A-A-f tatgtatagecogagcagac
adk.DEP.seq-f ctittcatcatetgeactttce

ascPCR primer to screen for V307A mutation to convert tyrS.d7 into tyrS.d8

Sequencing primer to confirm desired mutations in i adk

Sequencing primer to confirm desired mutations in redesigned adk

Sequencing primer to confirm desired mutations in redesigned alaS

Sequencing primer to confirm desired mutations in redesigned alaS

Sequencing primer to confirm desired mutations in redesigned holB

Sequencing primer to confirm desired mutations in redesigned holB
Sequencing primer to confirm desired mutations in redesigned metG

Sequencing primer to confirm desired mutations in redesigned metG

Sequencing primer to confirm desired mutations in redesigned pgk

Sequencing primer to confirm desired mutations in redesigned pgk

Sequencing primer to confirm desired mutations in redesigned tyrS

Sequencing primer to confirm desired mutations in redesigned tyrS

Sequencing primer flanking the complete tyrS Ol
- - ins th

of tdk
tyrS ldk) Nf cecgatcgegetetattg Primer for constructing N-terminal tyrS portion of the recoded tyrS+tdk cassette
tyrS(tdk)-Nr ctggagtttatcataattcgteagtttttcagetca Primer for constructing N-terminal tyrS portion of the recoded tyrS+tdk cassette
tyrS)tdk-Cf ctgttgagctgaaaactgac Primer for constructing C-terminal tdk portion of the recoded tyrS+tdk cassette
tyrS)tdk-Cr. tataaaaacca; attgattictcacteecectttccacttaatgeactgecgagaagggtatatage Primer for constructing C-terminal tdk portion of the recoded tyrS+tdk cassette
adk(tdk)-Nf atcgetttticaaaaaattcgacacatittaaggg Primer for constructing N-terminal adk portion of the recoded adk+tdk cassette
adk(tdk)-Nr ctggagtttatcataattcgteagtttttcagctea Primer for constructing N-terminal adk portion of the recoded adk+tdk cassette
adk)tdk-Cf clgttgagetgaaaaactgac Primer for constructing C-terminal tdk portion of the recoded adk+tdk cassette
|(adk)tdk-Cr ctaacccteteceegaggatecpagpggactgtecgtacgegctitcpaactgecgagaaggptatatage Primer for constructing C-terminal tdk portion of the recoded adk+tdk cassette
adk wt.seq-f Primer to screen for the presence of wt adk sequence
adk_wt.seq-r309 Primer to screen for the presence of wt adk sequence
recode.seq-f Primer to screen for the presence of recoded adk sequence
aacatcaaactcaag Primer to screen for the presence of recoded adk sequence
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[tyrS wt.seq-f’

cattgttatgcctgaaacge

Primer to screen for the presence of wt tyrS sequence

tyrS_wt.seq-r500

cacctgattetgatgeagac

tyrS recode.seq-f

Primer to screen for the presence of wt tyrS sequence

Primer to screen for the presence of recoded tyrS sequence

ecode.seq-r501

cgettttgtgtetcaagagg
ittt a

Primer to screen for the presence of recoded tyrS sequence

aatatgggaccagagttectgt

£ 2 £ lcacg glgacggaag:
gtaaaaaaaccgacgcacactggegteggctetggcaggatgtttcgtaaaaccageaatagacataagegg cmR primers for DthyA::cmR cassette to delete thyA

cmR primers for DthyA::cmR cassette to delete thyA

Primer to screen for the presence of wt asd sequence

gataccaggatcttgecatectatg

Primer to screen for the presence of Dasd::kanR sequence

tgctetattt:

Primer to screen for the presence of wt or Dasd::kanR sequence

caaacgtaaacccgaatccatett

Primer to screen for the presence of wt thyA sequence

att;

Primer to screen for the presence of DthyA::kanR sequence

geaggacgttgcaaaatttcg

Primer to screen for the presence of wt or DthyA::kanR sequence

c*t¥tetttggaA ACgtagecgatNNNegatee W G Teatetgaty

tyrS-A1-TAG303NN
tyrS-des7-TAG30:

alt prep 4N-

5 _alt prep SN-f

attcaaccagacgttacgtac
g*c*ctgctpecetttk GGetetteaccegcagagec WG CaacgtegatNNNcggaccaaccagtttgtagaagaaggttt
c*t*gaagecggtactgecgaaactgaccgagegtgcagaagcaGGANNNaatacggaactgacctgggatggtatccageaaceget
a*a*cacgccaaccggaccgticcacagaatggtittcgcattcttNNNgatttcagecagttectgageggaageatcaccgatatecage

t*g*taaaccttcttcaccgtgaaccagacgagt TGCetgetecgeNNNtacatactgggcgegeggtacttitacegetgtttttatettet
t*g*taaaccttcttcaccgtgaaccagacgagtTACetgctecgeNNNtacatactgggcgegegatactttaccgetgtitttatcttet

ctettectgateatetttac

AGE oligo to convert adk TAG178NN}

AGE oligo to convert alaS TAG338NNN

AGE oligo to convert metG TAGS07NNN

AGE oligo to convert pgk TAG298NNI

AGE oligo to convert tyrS.d6 and tyrS.d8 TAG303NNN

AGE oligo to convert tyrS.d7 TAG303NNN

caggagttgtctaggcgatennnnegtetggttgaataccatcagat
caggagttgtetaggegatennnnnegtetggitgaataccatcagatg

alt prep 6N-

prep 4N-r

rimer to add P5_alt [llumina adapter for adk TAG303NNN sequencing with 4N spacer
rimer to add PS_alt Illumina adapter for adk TAG303NNN sequencing with SN spacer

rimer to add P5_alt Illumina adapter for adk TA

caggagttgtctaggcgatcnnnnnnegtetggttgaataccatcagaty
acgtgtgcteticcgatetnnnngatcagegegaacttcage

7 prep SN-r

rimer to add P7 Illumina adapter for adk TAG303!

gacgtgtgeteticegatetnnnnngatcagegegaacttcage

TEREIEEE

7 _prep 6N-r

N sequencing with 6N spacer
sequencing with 4N spacer

rimer to add P7 [llumina adapter for adk TAG303NNI

acgtgtgcteticcgatetnnnnnngatcagegegaacttcage

caggagttgtctaggegatennnncttctacaaactggttggtee

sequencing with 5N spacer
rimer to add P7 Tllumina adapter for adk TAG303NNN sequencing with 6N spacer

caggagttgtctagacgatennnnncttctacaaactggttggtee

caggagttgtctaggegatennnnnncttctacaaactggttggtec

gacgtgtgctettecgatetnnnnegetecagagtacgage

gacgtgtgcteticegatetnnnnnegetecagagtacgage

Primer to add P5_alt [llumina adapter for alaS TAG303NNN sequencing with 4N spacer
Primer to add P5_alt [llumina adapter for alaS TAG303NNN sequencing with SN spacer
Primer to add PS_alt [llumina adapter for alaS TAG303NNN sequencing with 6N spacer
Primer to add P7 Illumina adapter for alaS TAG303NNN sequencing with 4N spacer

gacgtgtgctettecgatetnnnnnnegetccagagtacgage

caggagttgtctaggegatcnnnngaccgagegtocagaage

Primer to add P7 Illumina adapter for alaS TAG303NNN sequencing with SN spacer
Primer to add P7 Illumina adapter for alaS TAG303NNN sequencing with 6N spacer

caggagttgtctaggcgate

caggagttgtctaggegatcnnnnnngaccgagegtgeagaage

-r

-r
IN-f
5 _alt prep SN-f
S alt prep ON-f
7_prep 4N-r
7_prep SN-r
7 prep 6N-r

rimer to add P7 Illumina adapter for metG TAG303!

gacgtgtgcteticegatctnnnnncagtgeticaacctgecte
ga

rimer to add P7 Illumina adapter for metG TAG303!

rimer to add P5_alt [llumina adapter for pgk TAG

rimer to add P5_alt [llumina adapter for pgk TAG

rimer to add P5_alt Illumina adapter for pgk TAG

rimer to add P7 Illumina adapter for pgk TAG30:

rimer to add P7 Illumina adapter for pgk TAG30.

gacgtgtgetette acgettegetgtetge

s
tyrS P5_alt prep 4N-T
tyrS P5 alt prep SN-T
S alt_prep 6N-T
tyrS P7 prep 4N-r
yrS P7 prep SN-r

sequencin

rimer to add P7 Illumina adapter for pgk TAG30:

gttgtctaggcgatennnngcaccgcgegeccagtatgt

rimer to add PS_alt Illumina adapter for tyrS TAG3

ttgtct: atcnnnnngeac geccagtatgt

gttgtctaggegatennnnnngeaccgegegeccagtatgt

rimer to add PS_alt Illumina adapter for tyrS TAG30:

ctettecgatetnnnncttcacteagegeacte:

Primer to add PS_alt Illumina adapter for metG TAG303NNN sequencing with 4N spacer

Primer to add PS_alt Illumina adapter for metG TAG303NNN sequencing with SN spacer
Primer to add PS_alt Illumina adapter for metG TAG303NNN sequencing with 6N spacer

Primer to add P7 Illumina adapter for metG TAG303NNN sequencing with 4N spacer
sequencing with SNspacer |
sequencing with 6N spacer

IN sequencing with 4N spacer

IN sequencing with SN spacer

IN sequencing with 6N spacer

sequencing with 4N spacer

sequencing with SN spacer

NN sequencing with 4N spacer
rimer to add P5_alt [llumina adapter for tyrS TAG303NNN sequencing with SN spacer
N sequencing with 6N spacer

with 6N spacer

rimer to add P7 Illumina adapter for tyrS TAG303N]

tocteticcgatctnnnnncttcactcagegeactcaaag

rimer to add P7 Illumina adapter for tyrS TAG303N

N sequencing with 4N spacer
sequencing with SN spacer

tyrS P7 prep 6N-r gacgtgtgctcttccgatctnnnnnncttcactcagegeactcaaag rimer to add P7 Illumina adapter for tyrS TAG303NNN sequencing with 6N spacer
Sol-P5_alt-PCR aatgatacggcpaccaccgagatetacactetitcectcaggagttgtcetaggegate rimer to amplify NNN Illumina library and custom sequencing primer for PS5 read
p7 _AOL caagcagaagacggcatacgagatcaggttotoactggagttcagacgtgtgctettecgatet Primer to amplify NNN I[llumina library and sequencing primer for P7 read (index 1
p7 A02 atacgagattcacaagtgactggagticagacgtgtoctettcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 2)
p7 A03 caagcagaagacggcatacgagatacatcagtgactggagttcagacgtgtoctcttcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 3
p7_A04 atacgagatagcgeagtgactggagticagacgtgtgeteticegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 4)
p7_A05 caagcagaagacggcatacgagatcatcaagtgactggagttcagacgtatoctcttcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 5)
p7_A06 atacgagatgctattgtgactggagttcagacgtgtgcteticegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 6)
p7 A07 caagcagaagacggcatacgagattagatcgteactggagttcagacgtatoctcttccgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 7)
p7_A08 atacgagatcatgacgtgactggagttcagacgtgtgctetteegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 8)
p7_A09 caagcagaagacggcatacgagatgaatcggtgactggagttcagacgtatactettccgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 9)
p7 A10 atacgagattett Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 10)
p7 _All caagcagaagacggcatacgagatattccggteactggapttcagacgtatoctcttcegatet rimer to amplify N Illumina library and sequencing primer for P7 read (index 11)
p7 Al2 tggaattgtgactggagttcaga rimer to amplify N Illumina library and sequencing primer for P7 read (index 12)
p7 BO1 catacgagatacggtogtgact; rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 13)
p7 B02 rimer to amplify N Illumina library and sequencing primer for P7 read (index 14)
p7 BO. rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 15)
p7 B04 rimer to amplify N [llumina library and sequencing primer for P7 read (index 16)
p7 BO. rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 17)
p7_B06 o rimer to amplify N [llumina library and sequencing primer for P7 read (index 18)
p7 BO7 atacgagatcgttatgteactggagttcagacgtgtoctcttecgatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 19)
7_B08 caagcagaagacggcatacgagatctcggagtgactggagttcagacgtgtoctettcegatet rimer to amplify N [llumina library and sequencing primer for P7 read (index 20)
p7 BO9 atacgagattgtotegteactggapticagacgtgtoctcttccgatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 21)
p7 B10 caagcagaagacggceatacgagataccgeggtgactggagttcagacgtgtgctettecgatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 22)
p7 atacgagatgatcggetgactggagticagacgtgtgcteticegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 23)
p7 caagcagaagacggcatacgagattcacggptgactggagttcagacgtotactettcegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 24
p7 atacgagatattactgtgactggagticagacgtgtgctettcegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 25)
p7 C caagcagaagacggcatacgagatcttagagtgactggagttcagacgtatoctcttecgatet Primer to amplify NNN I[llumina library and sequencing primer for P7 read (index 26
p7 C atacgagatgcagetgtgactggagticagacgtgtgctettcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 27)
p7 C04 caagcagaagacggcatacgagattccteegtgactggagttcagacgtgtgctettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 28
p7 C atacgagatgaactagtgactggagticagacgigtgeteticegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 29)
p7_C06 caagcagaagacggcatacgagatacaaccgtgactggagttcagacgtgtgctettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 30
p7 CO07 atacgagatggtaacgtgactggagticagacgtgtgcteticegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 31)
p7_CO8 caagcagaagacggcatacgagatgtggtegtgactggagttcagacgtatoctcttcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 32)
p7_C09 atacgagatccgegtgtoactggagttcagacgtgtactettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 33)
p7 C10 caagcagaagacggcatacgagatctgacagteactggagttcagacgtgtgctettecgatet rimer to amplify N Illumina library and sequencing primer for P7 read (index 34)
p7 Cl1l caagcagaagacggcatacgagatccgaatgtgactggagticagacgtgtgctcttecgatet rimer to amplify N Illumina library and sequencing primer for P7 read (index 35)
p7 C caagcagaagacggcatacgagatagecgegtoactggagticagacgtgtectettcegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 36)
p7 caagcagaagacggeatacgagattagegegtgactggagttcagacgtgtgcteticegatet rimer to amplify N Illumina library and sequencing primer for P7 read (index 37)
p7 D caagcagaagacggcatacgagattgacctgtgactggagttcagacgtgtgctettccgatet rimer to amplify N Illumina library and sequencing primer for P7 read (index 38)
p7 caagcagaagacggcatacgagatcttatcgtgactggagttcagacgtgtgctettecgatet rimer to amplify N Illumina library and sequencing primer for P7 read (index 39)
rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 40)
rimer to amplify N [llumina library and sequencing primer for P7 read (index 41)
rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 42)
rimer to amplify N [llumina library and sequencing primer for P7 read (index 43)
rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 44)
p7_Di caagcagaagacggcatacgagataagttggtoactggagttcagacgtgtgctettccgatet rimer to amplify N [llumina library and sequencing primer for P7 read (index 45)
p7 atacgagattacgatgtgactggagttcagacgtgtgcteticegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 46)
p7 D caagcagaagacggcatacgagatcaccacgtgactggagttcagacgtgtectettecgatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 47)
p7 D12 atacgagatgcaticgtgactggagttcagacgtgtgctcticegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 48)
p7 EO1 caagcagaagacggcatacgagatttccatgtgactggagticagacgtgtoctettcegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 49)
p7 E02 atacgagataggcgagteactggagticagacgtgtgctettccgatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 50)

caagcagaagacggcatacgagatcteteggteactggagttcagacgtgtactettccgatet

atacgagatgccttggteactggagttcagacgtgtgctettccgatet

caagcagaagacggcatacgagataggttcgtgactggagttcagacgtgtgctettcegatet

Primer to amplify NNN I[llumina library and sequencing primer for P7 read (index 51
Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 52)

atacgagattagcaggtgactggagticagacgtgtgcteticegatet

caagcagaagacggcatacgagatcactgcgtoactggagttcagacgtgtgcteticegatet

Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 53
Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 54)

atacgagatagtggcgteactggagticagacgtgtoctettecgatet

caagcagaagacggcatacgagatatgtaggteactggagttcagacgtgtgctettcegatet

Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 55
Primer to amplify NNN Illumina library and sequencing primer for P7 rea

ndex 56)

atacgagatggtacggteactggagttcagacgtgtectettecgatet

caagcagaagacggcatacgagattaaggtgteactggagttcagacgtgtgctettcegatet

Primer to amplify NNN Illumina library and sequencing primer for P7 rea
Primer to amplify NNN Illumina library and sequencing primer for P7 rea

index 57
ndex 58)

rimer to amplify NNN Illumina library and sequencin;

rimer to amplify NNN Illumina library and sequencin;

rimer to amplify NNN Illumina library and sequencing primer for P7 rea
rimer for P7 read (index 60)

rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 61)

rimer for P7 read (index 62)

ekl

ndex 59)
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p7 FO3 atacgagatactgatgtgactggagttcagacgtgtgctcticegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 63)
p7 Fo4 caagcagaagacggcatacgagatatgtgtgtpactggagttcagacgtgtoctettcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 64
p7 FOS atacgagatgtgtecgtgactggagticagacgtgtgctettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 65
p7_FO06 caagcagaagacggcatacgagattagagtotoactggagttcagacgtgtgactettecgatet Primer to amplify NNN I[llumina library and sequencing primer for P7 read (index 66
p7 FO7 atacgagatgctaaggtgactggagticagacgtgtgctettcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 67)
p7 FO8 caagcagaagacggcatacgagattggactgtoactggagttcagacgtgtgctettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 68
p7 F09 atacgagatcacttagtgactggagticagacgtgtgcteticegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 69
p7 F10 caagcagaagacggcatacgagatctattgatoactggagttcagacgtgtgctettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 70
p7 Fil atacgagataatacagtgactggagttcagacgtgtgcteticegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 71)
p7 F12 caagcagaagacggcatacgagatattcttgtoactggagttcagacgtgtactettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 72)
p7 GOl atacgagatggcatcgtgactggagticagacgtgtgctettcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 73)
p7_G02 caagcagaagacggcatacgagatogitogatoactggagttcagacgtgtgctettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 74)
p7 GO3 atacgagattt Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 75)
p7_G04 caagcagaagacggcatacgagatetgetggtgactggagticagacgtgtgctettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 76)
p7_GO5 att Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 77)
p7 G06 caagcagaagacggcatacgagatetaagtgtoactggagticagacgtgtgctettocgatet rimer to amplify NNN Ilumina library and sequencing primer for P7 read (index 78)
1 1 rimer to amplify N Illumina library and sequencing primer for P7 read (index 79)
rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 80)
g0 g gtg: gtg rimer to amplify N [llumina library and sequencing primer for P7 read (index 81)
catacgagataaccttgtgactggagttcagacgtatectettcegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 82)
p7 G catacgagatggtegtgtgactggagttcagacgtgtgctettcegatet rimer to amplify N [llumina library and sequencing primer for P7 read (index 83)
p7 G atacgagattatcetgtgactggagticagacgtgtgcteticegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 84)
p7 H C: CgoC: 1 toactggagttcagacgtgtectettcegatet rimer to amplify N [llumina library and sequencing primer for P7 read (index 85)
p7 H atacgagatgtgcctgtgactggagticagacgtgtgctettecgatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 86
p7 H caagcagaagacggcatacgagatgetgeegtgactggagttcagacgtotactettcegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 87
p7 HO4 atacgagatccgacggtgactggagticagacgtgtocteticegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 88)
p7 HOS caagcagaagacggcatacgagataccacagtgactgpagttcagacgtgtectettecgatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 89
|p7_HO06 atacgagatctatgagtgactggagttcagacgtatactettcegatet rimer to amplify NNN Illumina library and sequencing primer for P7 read (index 90)
p7 HO7 caagcagaagacggcatacgagattactctgtgactggagttcagacgtgtoctettcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 91)
p7 HO8 atacgagatgacagagtgactggagttcagacgtgtgctettccgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 92)
p7 HO9 caagcagaagacggcatacgagatgcgctagtgactggagttcagacgtgtocteticegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 93
p7 H10 atacgagatgaaglcgtgactggagticagacgtgtgctettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 94)
p7 HIl caagcagaagacggcatacgagattoattgtgactggagttcagacgtgtoctcttcegatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 95
p7 HI2 atacgagatcgactegtgactggagticagacgtgtgctettecgatet Primer to amplify NNN Illumina library and sequencing primer for P7 read (index 96)
ME-Plus9-kanoriT-f /SPhos/ctgtctcttatacacatctcaaccatcacctgtgacggaagatcacttcg Mosaic end primers for kanoriT amplification (EZ-Tn5 custom transposome prep
ME-Plus9-kanoriT-r /SPhos/ctgtctettatacacatctcaaccetgaagegetttteegetgea Mosaic end primers for kanoriT amplification (EZ-Tn5 custom tra prep)
kanR.seqOUT-Nr catcgggctteccatac Nested PCR primer for enrichment of flanking genomic DNA around Tn5-kanR-oriT integration sites
kanR.seqOUT-Nr2 aattt [Nested PCR primer for enrichment of flanking genomic DNA around TnS-kanR-oriT integration sites
Nested PCR primer for enrichment of flanking genomic DNA around Tn3-kanR-oriT integration sites; sequencing
kanR.seqOUTNr3 fcccgtipaatatagele rimer for identifying flanking genomic DNA around Tns-kanR-oriT integration sites
primer to screen for conjugation-mediated UAG reversion
ctigctgcattaaaaaaacataaaagctag primer to screen for conjugation-mediated UAG reversion
primer to screen for conjugation-mediated UAG reversion
primer to screen for conjugation-mediated adk escape
primer to screen for conjugation-mediated UAG reversion
CR primer to screen for conjugation-mediated UAG reversion
g primer to screen for conjugation-mediated UAG reversion
fabH-TAG-f Cgc c ggtlcgmctag CR primer to screen for conjugation-mediated UAG reversion
hemA-TAG-f ceteggectggagtay primer to screen for conjugation-mediated UAG reversion
lobal.prfA-f cgcagtaagtgatgtticg primer to screen for conjugation-mediated reversion of wt prfA

cgttgtts caccagattta;
tyrS. TAG.wt-f gtatgtact
cgegetggttegttictag
ggaaatcgegggaticgtag
cgttgttgaaaaagceaccagatttas
ggtitgictecggttttatetatcaatag
gcagaatcggaccageaatag

primer to screen for conjugation-mediated UAG reversion
'CR primer to screen for conjugation-mediated tyrS escape
primer to screen for conjugation-mediated UAG reversion
grimer to screen for conjugation-mediated UAG reversion
rimer to screen for conju anon medlzted UAG reversion
i j UAG reversion
UAG reversion

atag UAG reversion
xyIR-TAG-f gatgtaaatagcgaggtcatgttgtag rimer to screen for conjugation-mediated UAG reversion
c0aD-TAG-f ctgatggegaagttagegtas mascPCR primer to screen for conjugation-mediated UAG reversion

|vidS-TAG-f gcacatattccacagttgaagpattag mascPCR primer to screen for conjugation-mediated UAG reversion
rbsB-TAG-f atctgaaactggttgttaagcagtag mascPCR primer to screen for conjugation-mediated UAG reversion
b4283-TAG-f tggagaatgaaatattaaaaaggctactgtag mascPCR primer to screen for conjugation-mediated UAG reversion
murF-TAA-f cttt mascPCR primer to screen for conservation of UAA alleles during conjugation
aiS-TAA-f g g2 PCR primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of adk dependence during conjugation
primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of UAA alleles during conjugation
CR primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of UAA alleles during conjugation
CR primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of tyrS dependence during conjugation
primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of UAA alleles during conjugation
primer to screen for conservation of UAA alleles during conjugation
rimer to screen for conservation of UAA alleles during conjugation

cagaatcggaccageaataa
cgeegggagpgcaataa

gatgtaaatagegagetcatgttgtaa i i i jugation
ctgatggcgaagttagcgtaa £ S S S jugation
gcacalallccacagngaaggall PCR pri i i jugation

rimer to screen for conservation of UAA alleles durin; ation
mascPCR primer to screen for conservation of UAA alleles during conjugation
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assa
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assa
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assa
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assa
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assa
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assa
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assa
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assa
reverse mascPCR primer for conjugation assay
reverse mascPCR primer for conjugation assa
reverse mascPCR primer for conjugation assa;
reverse mascPCR primer for conjugation assa

gacgggtaageccacage
atgcegee

ccttacaacaccccttaataaggg

cacgctageccatacacca reverse mascPCR primer for conjugation assay
cgaatatcacctgagacaatttataaaacg reverse mascPCR primer for conjugation assa
a*c*cccatgagtgcaatagaaaatttcgacgeccatacgeccatgatgeageagtgatagtegetgaaageccageatcecgagatectge MAGE oligo to inactivate mutS
a*c*cccatgagtgcaatagaaaatitcgacgeccatacgeccatgatgeageagtatetcaggetgaaageccageateecgagateetge MAGE oligo to reactivate mutS
ccatgatgcagcagtatctcag Wild-type forward ascPCR primer for mutS reversion
|ccatgatgcageagtgatagte Mutant forward ascPCR primer for mutS inactivation

PEVOL-UCUA1-r

aggttgtectgacgetectg reverse ascPCR primer for mutS toggling
agggcagaacggeggactictaaateegeaty rimers for isothermal construction of quaruplet codon variant of pPEVOL-bipA
gagtatgaaaagtatggctgaagegcaaaatgatceecte rimers for isothermal construction of quaruplet codon variant of pEVOL-bipA
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[cag;

atcattitgegettcagecatacttticatactc

adk uaga variant-Nr

adk uaga variant-Cf
adk.DEP.seq-r

tyrS.d8-A70V-Nr
&Yrs d8- A70V Cf

rimers for isothermal construction of quaruplet codon variant of pEVOL-bipA

rimers for adk UAGA cassette construction

rimers for adk UAGA cassette construction

ccatcagatgacageaccgtagaatcggctacgttteca

rimers for adk UAGA cassette construction

ggaatagegeagattgage

gaccegtcgegecgectaccaggacaaceggetigtggee

rimers for adk UAGA cassette construction

ggccacaageegpttgtectggtaggegacacgacgagte

rimers for isothermal construction of tyrS.d8-A70V variant to confirm escape mechanism

cagtcgtgtcatetgattacctggeggaaattaaactaagagagagetetectgtgacggaagateactt

primers for deletion of Lon protease (lambda red recombination)

cccgaattagectgecagecctgtttttattagtgcattttgcgcgaggtcaaaccageaatagacataages

rimers for deletion of Lon protease (lambda red recombination)

lon.seq: ctetatteteggegttgaatg primers to validate Dlon::kanR recombinants
lon.seg-r cacttgaatccttcaaggtacg primers to validate Dlon::kanR recombinants
adk.d6-TAG178TGG c*t*tetttggaAA CatagecgatCCAcgatec TG Teatctgatggtattcaaccagacgtitacgtacggtetettcetgateatetttac MAGE oligo to convert adk.d6 bipA->Trp
ladk.d6-TAG178CTG c*t*tetttggaA ACgtageegat CAGeggtge TG Teatetgatggtaticaaccagacgtttacgtacggteteticetgatcatotttac MAGE oligo to convert adk.d6 bipA->Leu
tyrS.d7-TAG303TGG t*g*taaaccttcttcaccgtgaaccagacgagt TACctgetecgeCCAtacatactgggegegeggtoctitacegetgtititatettet MAGE oligo to convert tyrS.d7 bipA->Trp
.d7-TAG303CTG t*g*taaaccttcttcaccgtgaaccagacgagtTA CetgctecgcCAGtacatactgggcgegeggtactttaccgctgtttttatettet MAGE oligo to convert tyrS.d7 bipA->Leu
tyrS.d8-TAG303TGG t*g*taaaccttettcaccgtgaaccagacgagt TGCetgetecgeCCAtacatactgggcgegeggtactttacegetgtttttatettet MAGE oligo to convert tyrS.d8 bipA->Trp
.d8-TAG303CTG &*}:*taaaccncncaccglgaaccagacgag&TGCctgclccgcCAGlacalaclgggcgcgcgglgcmaccgclgmnalcncl MAGE oligo to convert tyrS.d8 bipA->Leu
Dtdk:ParaBAD-aaRS-f gaacgcatatacccacttctgtgcatactgeag, ation (lambda red recombination)

tdk tRNA+cat-f
tdk tRNA-+cat-r

C-term2-vector-r

ation (lambda red recombination)

1t

primers for Dtdk:tRNA;; ,+cat genomic integration (lambda red recombination)

primers for Dtdk:tRNA,;,,+cat genomic integration (lambda red recombination)

aaa;

primers for amplifying pEVOL backbone to prepare pEVOL-bipARS.d7

primers for amplifying pEVOL backbone to prepare pEVOL-bipARS.d7

C-term2-VAG-f

aaRS1.seq-f
aaRS|1.seq-r
aaR82.seq-f
aaRS2.seq-r

C-term2-TAG-f

primers used to
primers used to
primers used to
primers used to

produce libras
produce libras
produce librai
produce libras

of bipA-dependent bipARS genes from which we isolated bipAl

of bipA-dependent bipARS genes from which we isolated bipAl

of bipA-dependent bipARS genes from which we isolated bipAl

ttttcatactecegecatte

of bipA-dependent bipARS genes from which we isolated bipAl

rimers used to produce libras

SIS|1S515)1S

of bipA-dependent bipARS genes from which we isolated bipAR:

Sanger sequencing primers to validate endineered bipARS genotypes

accgtttaaactcaatgatg

Sanger sequencing primers to validate endineered bipARS genotypes

teatcaatcatceceataatee

genotypes

ctacgectgaataagty

Sanger sequencing primers to validate endineered bipAR!
Sanger sequencing primers to validate endineered bipARS genotypes
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Supplementary Table 2 | Enzyme variants from computational design for MAGE
oligos and gene synthesis

Template

Enzyme (chain_ID) Variants

holB 1AST_A A190bipA  F205A,V W210G,A  E214E,L

alaS 3HYO_A F89F,A F292F,A L337bipA  M341M,A  L348L,V,A

metG 3H99_A F481A M485A F502A,G,V  L503bipA

pgk 1ZMR_A VI185V,A I187V,A 1211A,G L293A L297bipA
1303V,A V309V, A V324A 1328V,A

adk 1E4V_A 14A L6V,A M96M,L V103V, A V106V,A
T175T,F L178bipA  YI182V,A T191T,M

tyrS 2YXN_A L49L,AM  L52L,V F236FAM  W260A,F,G T263T,AV
F271FL,W F275G L303bipA  V307A,G,LM,V

bipARS 2PXH_A 1240V T, A M241A A244G L272G L286A,G

V290bipA
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Supplementary Table 3 | DNA sequences for construction of synthetic genes and asd and
thyA natural metabolic auxotrophs

>tyrS-1 (fragment 1 of tyrS dependence variant pool with codons targeted for diversification highlighted)
AAAAGTCGTGTACCGGCAAAGGTGCAGTCGTTATATACATGGAGATTTTGatgGCAAGCAGTAACTTG
ATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACGAGGAAGCGTTAGCAGAGCG
ACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTACCGCTGACAGCTTGCATTTGGG
GCATCTIGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCGGGCC

>tyrS-2 (fragment 1 of tyrS dependence variant pool with codons targeted for diversification highlighted)
GTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCGGGCCACAAGCCGGTTGCGCTGGTAGGCGGC
GCGACGGGTCTGATTGGCGACCCGAGCTTCAAAGCTGCCGAGCGTAAGCTGAACACCGAAGAAACT
GTTCAGGAGTGGGTGGACAAAATCCGTAAGCAGGTTGCCCCGTTCCTCGATTTCGACTGTGGAGAA
AACTCTGCTATCGCGGCGAACAACTATGACTGGTTCGGCAATATGAATGTGCTGACCTTCCTGCGCG
ATATTGGCAAACACTTCTCCGTTAACCAGATGATCAACAAAGAAGCGGTTAAGCAGCGTCTCAACCG
TGAAGATCAGGGGATTTCGTTCACTGAGTTTTCCTACAACCTGTTGCAGGGTTATGACTTCGCCTGTC
TGAACAAACAGTACGGTGTGGTGCTGCAAATTGGTGGTTCTGACCAGTGGGGTAACATCACTTCTGG
TATCGACCTGACCCGTCGTCTGCATCAGAATCAGGTGTTTGGCCTGACCGTTCCGCTGATCACTAAA
GCAGATGGCACCAAATTTGGTAAAACTGAAGGCGGCGCAGTCTGGTTGGATCCGAAGAAAACCAGC
CCGTACAAA

>tyrS-3 (fragment 1 of tyrS dependence variant pool with codons targeted for diversification highlighted)
CGCAGTCTGGTTGGATCCGAAGAAAACCAGCCCGTACAAATTCTACCAGTTCIEEATCAACEBIIGCG
GATGCCGACGTTTACCGCHBCTGAAGTTCIBACCTTTATGAGCATTGAAGAGATCAACGCCCTGG
AAGAAGAAGATAAAAACAGCGGTAAAGCACCGCGCGCCCAGT

>tyrS-4 (fragment 1 of tyrS dependence variant pool with codons targeted for diversification highlighted)
GAAGAAGATAAAAACAGCGGTAAAGCACCGCGCGCCCAGTATGTABIEGCGGAGCAGEBTGACTCGT
CTGGTTCACGGTGAAGAAGGTTTACAGGCGGCAAAACGTATTACCGAATGCCTGTTCAGCGGTTCTT
TGAGTGCGCTGAGTGAAGCGGACTTCGAACAGCTGGCGCAGGACGGCGTACCGATGGTTGAGATG
GAAAAGGGCGCAGACCTGATGCAGGCACTGGTCGATTCTGAACTGCAACCTTCCCGTGGTCAGGCA
CGTAAAACTATCGCCTCCAATGCCATCACCATTAACGGTGAAAAACAGTCCGATCCTGAATACTTCTT
TAAAGAAGAAGATCGTCTGTTTGGTCGTTTTACCTTACTGCGTCGCGGTAAAAAGAATTACTGTCTGA
TTTGCTGGAAAtaaTGCA

>tyrS_block1 (gBlock 1 for constructing recoded tyrS gene for tyrS+tdk cassette)
gcccgatcgegctcetattgeggcttcgatectaccgetgacagettgcatCTGGGACACCTGGTCCCGCTTTTGTGTCTCAAG
AGGTTTCAACAAGCTGGTCATAAACCAGTCGCTCTAGTCGGTGGAGCTACCGGGCTAATCGGGGAT
CCCTCCTTTAAGGCAGCTGAACGCAAACTTAATACAGAGGAGACGGTGCAAGAATGGGTCGATAAGA
TACGAAAACAAGTAGCGCCATTTTTGGACTTTGATTGCGGCGAGAATTCGGCAATAGCCGCTAATAA
TTACGATTGGTTTGGAAACATGAACGTACTTACTTTTTTGCGGGACATAGGGAAGCATTTTAGCGTGA
ATCAAATGATAAATAAGGAGGCCGTCAAACAAAGACTGAATCGCGAGGACCAAGGTATCAGCTTTAC
AGAATTCTCGTATAATCTTTTACAAGGGTACGATTTTGCATGCCTTAATAAGCAATATGGAGTCGTCCT
ACAGATAGGAGGAAGTGATCAATGGGGAAATATTACGTCGGGAATAGATTTGACACGCCGCCTCCAC
CAAAACCAAGTCTTCGGTCTCACGGTGCCTCTTATTACGAAGGCTGACGGGACGAAGTTCGGCAAG
ACCGAGGGTGGTGCCGTGTGGCTAGACCCAAAAAAGACTTCGCCTTATAAGTTTTATCAATTTTGGA
TTAATACGGCCGACGCTGATGTCTATCGTTTTCTCAAATTTTTTACTTTCATGTCCATCGAGG

>tyrS_block2 (gBlock 2 for constructing recoded tyrS gene for tyrS+tdk cassette)

TATCGTTTTCTCAAATTTTTTACTTTCATGTCCATCGAGGAAATTAATGCGCTCGAGGAGGAGGACAA
GAATTCCGGAAAGGCGCCCCGTGCACAATACGTCCTTGCAGAACAAGTCACAAGGCTAGTGCATGG
CGAGGAGGGCTTGCAAGCAGCGAAGCGGATAACTGAGTGTTTGTTTAGTGGAAGTCTTTCCGCCCT
CTCGGAGGCAGATTTTGAGCAACTTGCACAAGATGGGGTTCCCATGGTGGAAATGGAGAAAGGAGC
CGATCTTATGCAAGCGCTTGTTGACTCGGAGTTGCAGCCATCACGCGGACAAGCGCGAAAGACGAT
TGCTTCGAACGCTATTACAATCAATGGGGAGAAGCAATCGGACCCGGAGTATTTTTTCAAGGAGGAG
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GACAGACTCTTCGGCAGGTTCACACTTTTAAGGCGTGGCAAGAAAAACTATTGCCTAATATGTTGGA
AGTAACTGTTGAGCTGAAAAACTGACGAATTATG

>adk_block1 (gBlock for constructing recoded adk gene for adk+tdk cassette)
atcgctttttcaaaaaattcgacacattttaaggggattttcgcaATGCGAATTATATTATTAGGAGCCCCCGGTGCTGGTAA
GGGCACGCAAGCACAATTTATTATGGAAAAGTACGGCATACCACAGATATCAACGGGTGACATGCTT
AGGGCCGCTGTTAAGTCGGGATCTGAATTAGGGAAGCAGGCTAAGGATATAATGGACGCGGGGAAG
TTAGTTACTGATGAGCTAGTTATAGCCTTAGTAAAGGAAAGGATCGCACAAGAGGATTGTCGGAACG
GATTTCTCTTAGATGGATTTCCCCGGACTATACCCCAAGCCGATGCAATGAAGGAGGCCGGTATTAA
CGTGGACTATGTACTTGAGTTTGATGTTCCAGATGAGTTAATAGTAGATAGGATAGTAGGAAGACGT
GTACACGCACCCAGTGGCAGGGTCTACCATGTCAAGTTTAACCCACCCAAGGTTGAGGGTAAGGAT
GATGTCACTGGGGAGGAGCTTACCACACGCAAGGACGACCAAGAGGAAACGGTGCGAAAGAGGCT
TGTAGAGTATCACCAAATGACTGCCCCACTAATAGGGTATTATTCAAAGGAGGCTGAGGCAGGGAAC
ACAAAGTATGCCAAGGTCGATGGGACAAAACCCGTAGCCGAGGTCAGAGCCGACTTGGAGAAGATT
TTGGGTTAACTGTTGAGCTGAAAAACTGACGAATTATGATAAACTCCAG

>adk.d4
atgCGTATCATTCTGCTTGGCGCTCCGGGCGCGGGGAAAGGGACTCAGGCTCAGTTCATCATGGAGA
AATATGGTATTCCGCAAATCTCCACTGGCGATATGCTGCGTGCTGCGGTCAAATCTGGCTCCGAGCT
GGGTAAACAAGCAAAAGACATTATGGATGCTGGCAAACTGGTCACCGACGAACTGGTGATCGCGCT
GGTTAAAGAGCGCATTGCTCAGGAAGACTGCCGTAATGGTTTCCTGTTGGACGGCTTCCCGCGTAC
CATTCCGCAGGCAGACGCGATGAAAGAAGCGGGCATCAATIBBEBGATTACBBIICTGGAATTCGACGT
ACCGGACGAACTGATCGTTGACCGTATCGTCGGTCGCCGCGTTCATGCGCCGTCTGGTCGTGTTTA
TCACGTTAAATTCAATCCGCCGAAAGTAGAAGGCAAAGACGACGTTACCGGTGAAGAACTGACTACC
CGTAAAGATGATCAGGAAGAGACCGTACGTAAACGTCTGGTTGAATACCATCAGATGACTGCACCGl
-ATCGGCTACGTTTCCAAAGAAG CAGAAGCGGGTAATACCAAATACGCGAAAGTTGACGGCACCA
AGCCGGTTGCTGAAGTTCGCGCTGATCTGGAAAAAATCCTCGGCtaa

>adk.d6
atgCGTATCBETCTGGTCGGCGCTCCGGGCGCGGGGAAAGGGACTCAGGCTCAGTTCATCATGGAG
AAATATGGTATTCCGCAAATCTCCACTGGCGATATGCTGCGTGCTGCGGTCAAATCTGGCTCCGAGC
TGGGTAAACAAGCAAAAGACATTATGGATGCTGGCAAACTGGTCACCGACGAACTGGTGATCGCGC
TGGTTAAAGAGCGCATTGCTCAGGAAGACTGCCGTAATGGTTTCCTGTTGGACGGCTTCCCGCGTAC
CATTCCGCAGGCAGACGCGATGAAAGAAGCGGGCATCAATEBBIIGATTACGTTCTGGAATTCGACGT
ACCGGACGAACTGATCGTTGACCGTATCGTCGGTCGCCGCGTTCATGCGCCGTCTGGTCGTGTTTA
TCACGTTAAATTCAATCCGCCGAAAGTAGAAGGCAAAGACGACGTTACCGGTGAAGAACTGACTACC
CGTAAAGATGATCAGGAAGAGACCGTACGTAAACGTCTGGTTGAATACCATCAGATGACAGCACCGH
RBATCGGCTACGTTTCCAAAGAAGCAGAAGCGGGTAATATTAAATACGCGAAAGTTGACGGCACCAA
GCCGGTTGCTGAAGTTCGCGCTGATCTGGAAAAAATCCTCGGCtaa

>tyrS.d6
atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACGAGG
AAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTACCGCTG
ACAGCTTGCATCTGGGGCATTTAGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCGGGCCACAA
GCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGGCGACCCGAGCTTCAAAGCTGCCGAGC
GTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTAAGCAGGTTGCCCCGT
TCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCGCGGCGAACAACTATGACTGGTTCGGCAATAT
GAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACTTCTCCGTTAACCAGATGATCAACAAAGAA
GCGGTTAAGCAGCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCACTGAGTTTTCCTACAACCTGT
TGCAGGGTTATGACTTCGCCTGTCTGAACAAACAGTACGGTGTGGTGCTGCAAATTGGTGGTTCTGA
CCAGTGGGGTAACATCACTTCTGGTATCGACCTGACCCGTCGTCTGCATCAGAATCAGGTGTTTGGC
CTGACCGTTCCGCTGATCACTAAAGCAGATGGCACCAAAGCCGGTAAAACTGAAGGCGGCGCAGTC
TGGTTGGATCCGAAGAAAACCAGCCCGTACAAATTCTACCAGTTCIIEGATCAACEBIBBGCGGATGCCG
ACGTTTACCGCTTCCTGAAGTTCEBBIIACCTTTATGAGCATTGAAGAGATCAACGCCCTGGAAGAAGA
AGATAAAAACAGCGGTAAAGCACCGCGCGCCCAGTATGTATABGCGGAGCAGBEBEBACTCGTCTGGT
TCACGGTGAAGAAGGTTTACAGGCGGCAAAACGTATTACCGAATGCCTGTTCAGCGGTTCTTTGAGT
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GCGCTGAGTGAAGCGGACTTCGAACAGCTGGCGCAGGACGGCGTACCGATGGTTGAGATGGAAAA

GGGCGCAGACCTGATGCAGGCACTGGTCGATTCTGAACTGCAACCTTCCCGTGGTCAGGCACGTAA
AACTATCGCCTCCAATGCCATCACCATTAACGGTGAAAAACAGTCCGATCCTGAATACTTCTTTAAAG
AAGAAGATCGTCTGTTTGGTCGTTTTACCTTACTGCGTCGCGGTAAAAAGAATTACTGTCTGATTTGC
TGGAAAtaa

>tyrS.d7
atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACGAGG
AAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTACCGCTG
ACAGCTTGCATGCAGGGCATTTGGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCGGGCCACAA
GCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGGCGACCCGAGCTTCAAAGCTGCCGAGC
GTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTAAGCAGGTTGCCCCGT
TCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCGCGGCGAACAACTATGACTGGTTCGGCAATAT
GAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACTTCTCCGTTAACCAGATGATCAACAAAGAA
GCGGTTAAGCAGCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCACTGAGTTTTCCTACAACCTGT
TGCAGGGTTATGACTTCGCCTGTCTGAACAAACAGTACGGTGTGGTGCTGCAAATTGGTGGTTCTGA
CCAGTGGGGTAACATCACTTCTGGTATCGACCTGACCCGTCGTCTGCATCAGAATCAGGTGTTTGGC
CTGACCGTTCCGCTGATCACTAAAGCAGATGGCACCAAAGCCGGTAAAACTGAAGGCGGCGCAGTC
TGGTTGGATCCGAAGAAAACCAGCCCGTACAAATTCTACCAGTTCEBEBATCAACEBBIIGCGGATGCCG
ACGTTTACCGCBECTGAAGTTCBBEBACCTTTATGAGCATTGAAGAGATCAACGCCCTGGAAGAAGA
AGATAAAAACAGCGGTAAAGCACCGCGCGCCCAGTATGTAABGCGGAGCAGGTAACTCGTCTGGT
TCACGGTGAAGAAGGTTTACAGGCGGCAAAACGTATTACCGAATGCCTGTTCAGCGGTTCTTTGAGT
GCGCTGAGTGAAGCGGACTTCGAACAGCTGGCGCAGGACGGCGTACCGATGGTTGAGATGGAAAA
GGGCGCAGACCTGATGCAGGCACTGGTCGATTCTGAACTGCAACCTTCCCGTGGTCAGGCACGTAA
AACTATCGCCTCCAATGCCATCACCATTAACGGTGAAAAACAGTCCGATCCTGAATACTTCTTTAAAG
AAGAAGATCGTCTGTTTGGTCGTTTTACCTTACTGCGTCGCGGTAAAAAGAATTACTGTCTGATTTGC
TGGAAAtaa

>tyrS.d8
atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACGAGG
AAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTACCGCTG
ACAGCTTGCATGCAGGGCATTTGGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCGGGCCACAA
GCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGGCGACCCGAGCTTCAAAGCTGCCGAGC
GTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTAAGCAGGTTGCCCCGT
TCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCGCGGCGAACAACTATGACTGGTTCGGCAATAT
GAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACTTCTCCGTTAACCAGATGATCAACAAAGAA
GCGGTTAAGCAGCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCACTGAGTTTTCCTACAACCTGT
TGCAGGGTTATGACTTCGCCTGTCTGAACAAACAGTACGGTGTGGTGCTGCAAATTGGTGGTTCTGA
CCAGTGGGGTAACATCACTTCTGGTATCGACCTGACCCGTCGTCTGCATCAGAATCAGGTGTTTGGC
CTGACCGTTCCGCTGATCACTAAAGCAGATGGCACCAAAGCCGGTAAAACTGAAGGCGGCGCAGTC
TGGTTGGATCCGAAGAAAACCAGCCCGTACAAATTCTACCAGTTCEBEATCAACEBBIIGCGGATGCCG
ACGTTTACCGCEBECTGAAGTTCBEBEBACCTTTATGAGCATTGAAGAGATCAACGCCCTGGAAGAAGA
AGATAAAAACAGCGGTAAAGCACCGCGCGCCCAGTATGTATABGCGGAGCAGEBEAACTCGTCTGGT
TCACGGTGAAGAAGGTTTACAGGCGGCAAAACGTATTACCGAATGCCTGTTCAGCGGTTCTTTGAGT
GCGCTGAGTGAAGCGGACTTCGAACAGCTGGCGCAGGACGGCGTACCGATGGTTGAGATGGAAAA
GGGCGCAGACCTGATGCAGGCACTGGTCGATTCTGAACTGCAACCTTCCCGTGGTCAGGCACGTAA
AACTATCGCCTCCAATGCCATCACCATTAACGGTGAAAAACAGTCCGATCCTGAATACTTCTTTAAAG
AAGAAGATCGTCTGTTTGGTCGTTTTACCTTACTGCGTCGCGGTAAAAAGAATTACTGTCTGATTTGC
TGGAAAtaa

>metG.d3
atgACTCAAGTCGCGAAGAAAATTCTGGTGACGTGCGCACTGCCGTACGCTAACGGCTCAATCCACCT
CGGCCATATGCTGGAGCACATCCAGGCTGATGTCTGGGTCCGTTACCAGCGAATGCGCGGCCACGA
GGTCAACTTCATCTGCGCCGACGATGCCCACGGTACACCGATCATGCTGAAAGCTCAGCAGCTTGG
TATCACCCCGGAGCAGATGATTGGCGAAATGAGTCAGGAGCATCAGACTGATTTCGCAGGCTTTAAC
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ATCAGCTATGACAACTATCACTCGACGCACAGCGAAGAGAACCGCCAGTTGTCAGAACTTATCTACT
CTCGCCTGAAAGAAAACGGTTTTATTAAAAACCGCACCATCTCTCAGCTGTACGATCCGGAAAAAGG
CATGTTCCTGCCGGACCGTTTTGTGAAAGGCACCTGCCCGAAATGTAAATCCCCGGATCAATACGGC
GATAACTGCGAAGTCTGCGGCGCGACCTACAGCCCGACTGAACTGATCGAGCCGAAATCGGTGGTT
TCTGGCGCTACGCCGGTAATGCGTGATTCTGAACACTTCTTCTTTGATCTGCCCTCTTTCAGCGAAAT
GTTGCAGGCATGGACCCGCAGCGGTGCGTTGCAGGAGCAGGTGGCAAATAAAATGCAGGAGTGGT
TTGAATCTGGCCTGCAACAGTGGGATATCTCCCGCGACGCCCCTTACTTCGGTTTTGAAATTCCGAA
CGCGCCGGGCAAATATTTCTACGTCTGGCTGGACGCACCGATTGGCTACATGGGTTCTTTCAAGAAT
CTGTGCGACAAGCGCGGCGACAGCGTAAGCTTCGATGAATACTGGAAGAAAGACTCCACCGCCGAG
CTGTACCACTTCATCGGTAAAGATATTGTTTACTTCCACAGCCTGTTCTGGCCTGCCATGCTGGAAG
GCAGCAACTTCCGCAAGCCGTCCAACCTGTTTGTTCATGGCTATGTGACGGTGAACGGCGCAAAGA
TGTCCAAGTCTCGCGGCACCTTTATTAAAGCCAGCACCTGGCTGAATCATTTTGACGCAGACAGCCT
GCGTTACTACTACACTGCGAAACTCTCTTCGCGCATTGATGATATCGATCTCAACCTGGAAGATTTCG
TTCAGCGTGTGAATGCCGATATCGTTAACAAAGTGGTTAACCTGGCCTCCCGTAATGCGGGCTTTAT
CAACAAGCGTTTTGACGGCGTGCTGGCAAGCGAACTGGCTGACCCGCAGTTGTACAAAACCTTCAC
TGATGCCGCTGAAGTGATTGGTGAAGCGTGGGAAAGCCGTGAATTTGGTAAAGCCGTGCGCGAAAT
CATGGCGCTGGCTGATCTGGCTAACCGCTATGTCGATGAACAGGCTCCGTGGGTGGTGGCGAAACA
GGAAGGCCGCGATGCCGACCTGCAGGCAATTTGCTCAATGGGCATCAACCTGTTCCGCGTGCTGEBE
GACTTACCTGAAGCCGGTACTGCCGAAACTGACCGAGCGTGCAGAAGCAGGATABAATACGGAACT
GACCTGGGATGGTATCCAGCAACCGCTGCTGGGCCACAAAGTGAATCCGTTCAAGGCGCTGTATAA
CCGCATCGATATGAGGCAGGTTGAAGCACTGGTGGAAGCCTCTAAAGAAGAAGTAAAAGCCGCTGC
CGCGCCGGTAACTGGCCCGCTGGCAGATGATCCGATTCAGGAAACCATCACCTTTGACGACTTCGC
TAAAGTTGACCTGCGCGTGGCGCTGATTGAAAACGCAGAGTTTGTTGAAGGTTCTGACAAACTGCTG
CGCCTGACGCTGGATCTCGGCGGTGAAAAACGCAATGTCTTCTCCGGTATTCGTTCTGCTTACCCGG
ATCCGCAGGCACTGATTGGTCGTCACACCATTATGGTGGCTAACCTGGCACCACGTAAAATGCGCTT
CGGTATCTCTGAAGGCATGGTGATGGCTGCCGGTCCTGGCGGGAAAGATATTTTCCTGCTAAGCCC
GGATGCCGGTGCTAAACCGGGTCATCAGGTGAAAtaa

>pgk.d4
atgTCTGTAATTAAGATGACCGATCTGGATCTTGCTGGGAAACGTGTATTTATCCGTGCGGATCTGAAC
GTACCAGTAAAAGACGGGAAAGTAACCAGCGACGCGCGTATCCGTGCTTCTCTGCCGACCATCGAA
CTGGCCCTGAAACAAGGCGCAAAAGTGATGGTAACTTCCCACCTGGGTCGTCCTACCGAAGGCGAG
TACAACGAAGAATTCTCTCTGCTGCCGGTTGTTAACTACCTGAAAGACAAACTGTCTAACCCGGTTCG
TCTGGTTAAAGATTACCTCGACGGCGTTGACGTTGCTGAAGGTGAACTGGTTGTTCTGGAAAACGTT
CGCTTCAACAAAGGCGAGAAGAAAGACGACGAAACCCTGTCCAAAAAATACGCTGCACTGTGTGAC
GTGTTCGTAATGGACGCATTCGGTACTGCTCACCGCGCGCAGGCTTCTACTCACGGTATCGGTAAAT
TCGCTGACGTTGCGTGCGCAGGCCCGCTGCTGGCAGCTGAACTGGACGCGCTGGGTAAAGCACTG
AAAGAACCTGCTCGCCCGATGGCTGCTGCCGTTGGTGGTTCTAAAGTATCTACCAAACTGACCGTTC
TGGACTCCCTGTCTAAAATCGCTGACCAGCTGGGGGTTGGTGGTGGTATCGCTAACACCTTTATCGC
GGCACAAGGCCACGATGTGGGTAAATCCCTGTACGAAGCTGACCTGGTTGACGAAGCTAAACGTCT
GCTGACCACCTGCAACATCCCGGTTCCGTCTGATGTTCGCGTAGCAACCGAGTTCTCTGAAACTGCA
CCGGCTACCCTGAAATCTGTTAACGATGTGAAAGCTGACGAGCAGATCCTGGATATCGGTGATGCTT
CCGCTCAGGAACTGGCTGAAATCIAAGAATGCGAAAACCATTCTGTGGAACGGTCCGGTCGGCG
TGTTCGAATTCCCGAACTTCCGCAAAGGTACTGAAATCGTGGCTAACGCTATCGCAGACAGCGAAGC
GTTCTCCATCGCTGGCGGCGGCGACACTCTGGCAGCAATCGACCTGTTCGGCATTGCTGACAAAAT
CTCCTACATCTCCACTGGCGGCGGCGCATTCCTCGAATTCGTGGAAGGTAAAGTACTGCCTGCAGTA
GCGATGCTCGAAGAGCGCGCTAAGAAGtaa

>alaS.d5

atgAGCAAGAGCACCGCTGAGATCCGTCAGGCGTTTCTCGACTTTTTCCATAGTAAGGGACATCAGGT
AGTTGCCAGCAGCTCCCTGGTACCCCATAACGACCCAACTTTGTTGTTTACCAACGCCGGGATGAAC
CAGTTCAAGGATGTGTTCCTTGGGCTCGACAAGCGTAATTATTCCCGCGCTACCACTTCCCAABEGT

WWW.NATURE.COM/NATURE | 10



doi:10.1038/nature14121 {2 T\{H; W SUPPLEMENTARY INFORMATION

GCGTGCGTGCGGGTGGTAAACACAACGACCTGGAAAACGTCGGTTACACCGCGCGTCACCATACCG
CGTTCGAAATGCTGGGCAACTTCAGCTTCGGCGACTATTTCAAACACGATGCCATTCAGTTTGCATG
GGAACTGCTGACCAGCGAAAAATGGTTTGCCCTGCCGAAAGAGCGTCTGTGGGTTACCGTCTATGA
AAGCGACGACGAAGCCTACGAAATCTGGGAAAAAGAAGTAGGGATCCCGCGCGAACGTATTATTCG
CATCGGCGATAACAAAGGTGCGCCATACGCATCTGACAACTTCTGGCAGATGGGTGACACTGGTCC
GTGCGGCCCGTGCACCGAAATCTTCTACGATCACGGCGACCACATTTGGGGGGGCCCTCCGGGAA
GCCCGGAAGAAGACGGCGACCGCTACATTGAGATCTGGAACATCGTCTTCATGCAGTTCAACCGCC
AGGCCGATGGCACGATGGAACCGCTGCCGAAGCCGTCTGTAGATACCGGTATGGGTCTGGAGCGT
ATTGCTGCGGTGCTGCAACACGTTAACTCTAACTATGACATCGACCTGTTCCGCACGIBBATCCAGG
CGGTAGCGAAAGTCACTGGCGCAACCGATCTGAGCAATAAATCGCTGCGCGTAATCGCTGACCACA
TTEEATCTTGTGCGEEACTGATCGCGGATGGCGTAATGCCGTCCAATGAAAACCGTGGTTATGTACT
GCGTCGTATCATTCGTCGCGCAGTGCGTCACGGTAATATGCTCGGCGCGAAAGAAACCTTCTTCTAC
AAACTGGTTGGTCCGCTGATCGACGTTATGGGCTCTGCGGGTGAAGACCTGAAACGCCAGCAGGCG
CAGGTTGAGCAGGTGCTGAAGACTGAAGAAGAGCAGTTTGCTCGTACTCTGGAGCGCGGTCTGGCG
TTGCTGGATGAAGAGCTGGCAAAACTTTCTGGTGATACGCTGGATGGTGAAACTGCTTTCCGTCTGT
ACGACACCTATGGCTTCCCGGTTGACCTGACGGCTGATGTTTGTCGTGAGCGCAACATCAAAGTTGA
CGAAGCTGGTTTTGAAGCTGCAATGGAAGAGCAGCGTCGTCGCGCGCGCGAAGCCAGCGGCTTTG
GTGCCGATTACAACGCAATGATCCGTGTTGACAGTGCATCTGAATTTAAAGGCTATGACCATCTGGA
ACTGAACGGCAAAGTGACTGCGCTGTTTGTTGATGGTAAAGCGGTTGATGCCATCAATGCAGGCCA
GGAAGCTGTGGTCGTGCTGGATCAAACGCCATTCTATGCGGAATCCGGCGGTCAGGTTGGCGATAA
AGGCGAACTGAAAGGCGCTAACTTCTCCTTTGCGGTGGAAGATACGCAGAAATACGGCCAGGCGAT
TGGTCACATCGGTAAACTTGCTGCGGGTTCTCTGAAAGTGGGCGACGCGGTGCAGGCTGATGTTGA
TGAGGCTCGTCGCGCCCGTATTCGTCTGAATCACTCCGCAACGCACCTGATGCACGCTGCGCTGCG
CCAGGTTCTGGGTACTCATGTATCGCAGAAAGGTTCACTGGTTAACGACAAGGTGCTGCGCTTCGAC
TTCTCACACAACGAAGCGATGAAACCAGAAGAGATTCGTGCGGTCGAAGACCTGGTGAACACACAG
ATTCGTCGCAATTTGCCGATCGAAACCAACATCATGGATCTCGAAGCGGCGAAAGCGAAAGGTGCG
ATGGCGCTGTTCGGCGAGAAGTATGATGAGCGCGTACGCGTGCTGAGCATGGGCGATTTCTCTACC
GAGTTGTGTGGCGGTACTCACGCCAGCCGCACTGGTGATATTGGTCTGTTCCGCATCATCTCTGAAT
CGGGTACTGCTGCAGGCGTTCGTCGTATCGAAGCGGTAACCGGAGAAGGTGCTATCGCCACCGTTC
ATGCAGACAGCGATCGCTTAAGCGAAGTCGCGCATCTGCTGAAAGGCGATAGCAATAATCTGGCTG
ATAAAGTGCGCTCAGTACTGGAACGTACGCGTCAGCTGGAAAAAGAGTTACAACAGCTTAAAGAACA
AGCTGCCGCACAGGAGAGCGCAAATCTTTCCAGTAAGGCAATTGATGTTAATGGTGTTAAGCTGTTG
GTTAGCGAGCTTAGCGGTGTTGAGCCGAAAATGTTGCGTACCATGGTTGACGATTTAAAAAATCAGC
TGGGGTCGACAATTATCGTGCTGGCAACGGTAGTCGAAGGTAAGGTTTCTCTGATTGCAGGCGTATC
TAAGGACGTCACAGATCGTGTGAAAGCAGGGGAACTGATTGGTATGGTCGCTCAGCAGGTGGGCGG
CAAGGGTGGTGGACGTCCTGACATGGCGCAAGCCGGTGGTACGGATGCTGCGGCCTTACCTGCAG
CGTTAGCCAGTGTGAAAGGCTGGGTCAGCGCGAAATTGCAAtaa

>alaS.d5.startUAG
atgTAGAGCAAGAGCACCGCTGAGATCCGTCAGGCGTTTCTCGACTTTTTCCATAGTAAGGGACATCA
GGTAGTTGCCAGCAGCTCCCTGGTACCCCATAACGACCCAACTTTGTTGTTTACCAACGCCGGGATG
AACCAGTTCAAGGATGTGTTCCTTGGGCTCGACAAGCGTAATTATTCCCGCGCTACCACTTCCCAAB
BB TGCGTGCGTGCGGGTGGTAAACACAACGACCTGGAAAACGTCGGTTACACCGCGCGTCACCATA
CCGCGTTCGAAATGCTGGGCAACTTCAGCTTCGGCGACTATTTCAAACACGATGCCATTCAGTTTGC
ATGGGAACTGCTGACCAGCGAAAAATGGTTTGCCCTGCCGAAAGAGCGTCTGTGGGTTACCGTCTA
TGAAAGCGACGACGAAGCCTACGAAATCTGGGAAAAAGAAGTAGGGATCCCGCGCGAACGTATTAT
TCGCATCGGCGATAACAAAGGTGCGCCATACGCATCTGACAACTTCTGGCAGATGGGTGACACTGG
TCCGTGCGGCCCGTGCACCGAAATCTTCTACGATCACGGCGACCACATTTGGGGGGGCCCTCCGG
GAAGCCCGGAAGAAGACGGCGACCGCTACATTGAGATCTGGAACATCGTCTTCATGCAGTTCAACC
GCCAGGCCGATGGCACGATGGAACCGCTGCCGAAGCCGTCTGTAGATACCGGTATGGGTCTGGAG
CGTATTGCTGCGGTGCTGCAACACGTTAACTCTAACTATGACATCGACCTGTTCCGCACGABATCC
AGGCGGTAGCGAAAGTCACTGGCGCAACCGATCTGAGCAATAAATCGCTGCGCGTAATCGCTGACC
ACATTEBEBBTCTTGTGCGEEACTGATCGCGGATGGCGTAATGCCGTCCAATGAAAACCGTGGTTATGT
ACTGCGTCGTATCATTCGTCGCGCAGTGCGTCACGGTAATATGCTCGGCGCGAAAGAAACCTTCTTC
TACAAACTGGTTGGTCCGCTGATCGACGTTATGGGCTCTGCGGGTGAAGACCTGAAACGCCAGCAG
GCGCAGGTTGAGCAGGTGCTGAAGACTGAAGAAGAGCAGTTTGCTCGTACTCTGGAGCGCGGTCTG
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GCGTTGCTGGATGAAGAGCTGGCAAAACTTTCTGGTGATACGCTGGATGGTGAAACTGCTTTCCGTC
TGTACGACACCTATGGCTTCCCGGTTGACCTGACGGCTGATGTTTGTCGTGAGCGCAACATCAAAGT
TGACGAAGCTGGTTTTGAAGCTGCAATGGAAGAGCAGCGTCGTCGCGCGCGCGAAGCCAGCGGCT
TTGGTGCCGATTACAACGCAATGATCCGTGTTGACAGTGCATCTGAATTTAAAGGCTATGACCATCTG
GAACTGAACGGCAAAGTGACTGCGCTGTTTGTTGATGGTAAAGCGGTTGATGCCATCAATGCAGGC
CAGGAAGCTGTGGTCGTGCTGGATCAAACGCCATTCTATGCGGAATCCGGCGGTCAGGTTGGCGAT
AAAGGCGAACTGAAAGGCGCTAACTTCTCCTTTGCGGTGGAAGATACGCAGAAATACGGCCAGGCG
ATTGGTCACATCGGTAAACTTGCTGCGGGTTCTCTGAAAGTGGGCGACGCGGTGCAGGCTGATGTT
GATGAGGCTCGTCGCGCCCGTATTCGTCTGAATCACTCCGCAACGCACCTGATGCACGCTGCGCTG
CGCCAGGTTCTGGGTACTCATGTATCGCAGAAAGGTTCACTGGTTAACGACAAGGTGCTGCGCTTC
GACTTCTCACACAACGAAGCGATGAAACCAGAAGAGATTCGTGCGGTCGAAGACCTGGTGAACACA
CAGATTCGTCGCAATTTGCCGATCGAAACCAACATCATGGATCTCGAAGCGGCGAAAGCGAAAGGT
GCGATGGCGCTGTTCGGCGAGAAGTATGATGAGCGCGTACGCGTGCTGAGCATGGGCGATTTCTCT
ACCGAGTTGTGTGGCGGTACTCACGCCAGCCGCACTGGTGATATTGGTCTGTTCCGCATCATCTCTG
AATCGGGTACTGCTGCAGGCGTTCGTCGTATCGAAGCGGTAACCGGAGAAGGTGCTATCGCCACCG
TTCATGCAGACAGCGATCGCTTAAGCGAAGTCGCGCATCTGCTGAAAGGCGATAGCAATAATCTGGC
TGATAAAGTGCGCTCAGTACTGGAACGTACGCGTCAGCTGGAAAAAGAGTTACAACAGCTTAAAGAA
CAAGCTGCCGCACAGGAGAGCGCAAATCTTTCCAGTAAGGCAATTGATGTTAATGGTGTTAAGCTGT
TGGTTAGCGAGCTTAGCGGTGTTGAGCCGAAAATGTTGCGTACCATGGTTGACGATTTAAAAAATCA
GCTGGGGTCGACAATTATCGTGCTGGCAACGGTAGTCGAAGGTAAGGTTTCTCTGATTGCAGGCGT
ATCTAAGGACGTCACAGATCGTGTGAAAGCAGGGGAACTGATTGGTATGGTCGCTCAGCAGGTGGG
CGGCAAGGGTGGTGGACGTCCTGACATGGCGCAAGCCGGTGGTACGGATGCTGCGGCCTTACCTG
CAGCGTTAGCCAGTGTGAAAGGCTGGGTCAGCGCGAAATTGCAAtaa

>holB.d1
atgAGATGGTATCCATGGTTACGACCTGATTTCGAAAAACTGGTAGCCAGCTATCAGGCCGGAAGAGG
TCACCATGCGCTACTCATTCAGGCGTTACCGGGCATGGGCGATGATGCTTTAATCTACGCCCTGAGC
CGTTATTTACTCTGCCAACAACCGCAGGGCCACAAAAGTTGCGGTCACTGTCGTGGATGTCAGTTGA
TGCAGGCTGGCACGCATCCCGATTACTACACCCTGGCTCCCGAAAAAGGAAAAAATACGCTGGGCG
TTGATGCGGTACGTGAGGTCACCGAAAAGCTGAATGAGCACGCACGCTTAGGTGGTGCGAAAGTCG
TTTGGGTAACCGATGCTGCCTTACTAACCGACGCCGCGGCTAACGCATTGCTGAAAACGCTTGAAGA
GCCACCAGCAGAAACTTGGTTTTTCCTGGCTACCCGCGAGCCTGAACGTTTACTGGCAACATTACGT
AGTCGTTGTCGGTTACATTACCTTGCGCCGCCGCCGGAACAGTACGCCGTGACCTGGCTTTCACGC
GAAGTGACAATGTCACAGGATGCATTACTTGCCTAGTTGCGCTTAAGCGCCGGTTCGCCTGGCGCG
GCACTGGCGTTGTTTCAGGGAGATAACTGGCAGGCTCGTGAAACATTGTGTCAGGCGTTGGCATATA
GCGTGCCATCGGGCGACTGGTATTCGCTGCTAGCGGCCCTTAATCATGAACAAGCTCCGGCGCGTT
TACACTGGCTGGCAACGTTGCTGATGGATGCGCTAAAACGCCATCATGGTGCTGCGCAGGTGACCA
ATGTTGATGTGCCGGGCCTGGTCGCCGAACTGGCAAACCATCTTTCTCCCTCGCGCCTGCAGGCTA
TACTGGGGGATGTTTGCCACATTCGTGAACAGTTAATGTCTGTTACAGGCATCAACCGCGAGCTTCT
CATCACCGATCTTTTACTGCGTATTGAGCATTACCTGCAACCGGGCGTTGTGCTACCGGTTCCTCAT
CTTtaa

>bipARS.d7
atgGACGAATTCGAAATGATCAAACGTAACACCTCTGAAATCATCTCTGAAGAAGAACTGCGTGAAGTT
CTGAAAAAAGACGAAAAATCTGCGCACATCGGTTTCGAACCGTCTGGTAAAATCCACCTGGGTCACT
ACCTGCAGATCAAAAAAATGATCGACCTGCAGAACGCGGGTTTCGACATCATCATCCACCTGGCGGA
CCTGCACGCGTACCTGAACCAGAAAGGTGAACTGGACGAAATCCGTAAAATCGGTGACTACAACAAA
AAAGTTTTCGAAGCGATGGGTCTGAAAGCGAAATACGTTTACGGTTCTGAATGGATGCTGGACAAAG
ACTACACCCTGAACGTTTACCGTCTGGCGCTGAAAACCACCCTGAAACGTGCGCGTCGTTCTATGGA
ACTGATCGCGCGTGAAGACGAAAACCCGAAAGTTGCGGAAGTTATCTACCCGATCATGCAGGTTAAC
GGTATCCACTACAAAGGTGTTGACGTTGCGGTTGGTGGTATGGAACAGCGTAAAATCCACATGCTGG
CGCGTGAACTGCTGCCGAAAAAAGTTGTTTGCATCCACAACCCGGTTCTGACCGGTCTGGACGGTG
AAGGTAAAATGTCTTCTTCTAAAGGTAACTTCATCGCGGTTGACGACTCTCCGGAAGAAATCCGTGC
GAAAATCAAAAAAGCGTACTGCCCGGCGGGTGTTGTTGAAGGTAACCCGACABETGAAATCBGTAA
ATACTTCCTGGAATACCCGCTGACCATCAAACGTCCGGAAAAATTCGGTGGTGACCTGACCGTTAAC
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TCTTACGAAGAABEBAGAATCTCTGTTCAAAAACAAAGAACTGCACCCGATGIIBEBBAAAAACGCGH
RBGCGGAAGAACTGATCAAAATCCTGGAACCGATCCGTAAACGTCTGtaa

>adk(recode)-tdk
atcgctttttcaaaaaattcgacacattttaaggggattttcgcaATGCGAATTATATTATTAGGAGCCCCCGGTGCTGGTAA
GGGCACGCAAGCACAATTTATTATGGAAAAGTACGGCATACCACAGATATCAACGGGTGACATGCTT
AGGGCCGCTGTTAAGTCGGGATCTGAATTAGGGAAGCAGGCTAAGGATATAATGGACGCGGGGAAG
TTAGTTACTGATGAGCTAGTTATAGCCTTAGTAAAGGAAAGGATCGCACAAGAGGATTGTCGGAACG
GATTTCTCTTAGATGGATTTCCCCGGACTATACCCCAAGCCGATGCAATGAAGGAGGCCGGTATTAA
CGTGGACTATGTACTTGAGTTTGATGTTCCAGATGAGTTAATAGTAGATAGGATAGTAGGAAGACGT
GTACACGCACCCAGTGGCAGGGTCTACCATGTCAAGTTTAACCCACCCAAGGTTGAGGGTAAGGAT
GATGTCACTGGGGAGGAGCTTACCACACGCAAGGACGACCAAGAGGAAACGGTGCGAAAGAGGCT
TGTAGAGTATCACCAAATGACTGCCCCACTAATAGGGTATTATTCAAAGGAGGCTGAGGCAGGGAAC
ACAAAGTATGCCAAGGTCGATGGGACAAAACCCGTAGCCGAGGTCAGAGCCGACTTGGAGAAGATT
TTGGGTTAACTGTTGAGCTGAAAAACTGACGAATTATGATAAACTCCAGCCAACTTTATTTCATATCAT
TGAGGGCCTGTGGCTGatggcacagctatatttctactattccgcaatgaatgcgggtaagtctacagcattgttgcaatcticatacaatta
ccaggaacgcggcatgcgcactgtcgtatatacggcagaaattgatgatcgcetttggtgccgggaaagtcagticgcgtataggtttgtcatcgectg
caaaattatttaaccaaaattcatcattatttgatgagattcgtgcggaacatgaacagcaggcaattcattgcgtactggttgatgaatgccagtttttaa
ccagacaacaagtatatgaattatcggaggttgtcgatcaactcgatatacccgtactttgttatggtttacgtaccgattttcgaggtgaattatttattgg
cagccaatacttactggcatggtccgacaaactggttgaattaaaaaccatctgtttttgtggccgtaaagcaagcatggtgctgcgtcttgatcaagce
aggcagaccttataacgaaggtgagcaggtggtaattggtggtaatgaacgatacgtttctgtatgccgtaaacactataaagaggcgttacaagtc
gactcattaacggctattcaggaaaggcatcgccacgattaaTAAGAATTTCTTTACTGACAGGGTGAGCAGGGCACTTT
TATCCTGTCAGTTCGTTTTACGCACTTCTTCCGGGCTATATACCCTTCTCGGCAGttcgaaagcgcgcacgga
cagtcccctcgecccctcggggagagggttag

>tyrS(recode)-tdk
gcccgatcgegctcetattgeggcttcgatectaccgetgacagetigcatCTGGGACACCTGGTCCCGCTTTTGTGTCTCAAG
AGGTTTCAACAAGCTGGTCATAAACCAGTCGCTCTAGTCGGTGGAGCTACCGGGCTAATCGGGGAT
CCCTCCTTTAAGGCAGCTGAACGCAAACTTAATACAGAGGAGACGGTGCAAGAATGGGTCGATAAGA
TACGAAAACAAGTAGCGCCATTTTTGGACTTTGATTGCGGCGAGAATTCGGCAATAGCCGCTAATAA
TTACGATTGGTTTGGAAACATGAACGTACTTACTTTTTTGCGGGACATAGGGAAGCATTTTAGCGTGA
ATCAAATGATAAATAAGGAGGCCGTCAAACAAAGACTGAATCGCGAGGACCAAGGTATCAGCTTTAC
AGAATTCTCGTATAATCTTTTACAAGGGTACGATTTTGCATGCCTTAATAAGCAATATGGAGTCGTCCT
ACAGATAGGAGGAAGTGATCAATGGGGAAATATTACGTCGGGAATAGATTTGACACGCCGCCTCCAC
CAAAACCAAGTCTTCGGTCTCACGGTGCCTCTTATTACGAAGGCTGACGGGACGAAGTTCGGCAAG
ACCGAGGGTGGTGCCGTGTGGCTAGACCCAAAAAAGACTTCGCCTTATAAGTTTTATCAATTTTGGA
TTAATACGGCCGACGCTGATGTCTATCGTTTTCTCAAATTTTTTACTTTCATGTCCATCGAGGAAATTA
ATGCGCTCGAGGAGGAGGACAAGAATTCCGGAAAGGCGCCCCGTGCACAATACGTCCTTGCAGAAC
AAGTCACAAGGCTAGTGCATGGCGAGGAGGGCTTGCAAGCAGCGAAGCGGATAACTGAGTGTTTGT
TTAGTGGAAGTCTTTCCGCCCTCTCGGAGGCAGATTTTGAGCAACTTGCACAAGATGGGGTTCCCAT
GGTGGAAATGGAGAAAGGAGCCGATCTTATGCAAGCGCTTGTTGACTCGGAGTTGCAGCCATCACG
CGGACAAGCGCGAAAGACGATTGCTTCGAACGCTATTACAATCAATGGGGAGAAGCAATCGGACCC
GGAGTATTTTTTCAAGGAGGAGGACAGACTCTTCGGCAGGTTCACACTTTTAAGGCGTGGCAAGAAA
AACTATTGCCTAATATGTTGGAAGTAACTGTTGAGCTGAAAAACTGACGAATTATGATAAACTCCAGC
CAACTTTATTTCATATCATTGAGGGCCTGTGGCTGatggcacagctatatttctactattccgcaatgaatgcgggtaagtcta
cagcattgttgcaatcttcatacaattaccaggaacgcggcatgcgcactgtcgtatatacggcagaaattgatgatcgcetttggtgccgggaaagtc
agttcgcgtataggtttgtcatcgcctgcaaaattatttaaccaaaattcatcattatttgatgagattcgtgcggaacatgaacagcaggcaattcattgce
gtactggttgatgaatgccagtitttaaccagacaacaagtatatgaattatcggaggttgtcgatcaactcgatatacccgtactttgttatggtttacgta
ccgattttcgaggtgaattatttattggcagccaatacttactggcatggtccgacaaactggttgaattaaaaaccatctgtttttgtggccgtaaagcaa
gcatggtgctgcgtcttgatcaagcaggcagaccttataacgaaggtgagcaggtggtaattggtggtaatgaacgatacgtttctgtatgccgtaaa
cactataaagaggcgttacaagtcgactcattaacggctaticaggaaaggcatcgccacgattaaTAAGAATTTCTTTACTGACAG
GGTGAGCAGGGCACTTTTATCCTGTCAGTTCGTTTTACGCACTTCTTCCGGGCTATATACCCTTCTCG
GCAGtgcattaagtggaaagggggagtgagaaatcactcccectggtttttata

>Dasd::kanR
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TGGTGAAAGATGTGCCAAGAGGAGACCGGCACATTTATACAGCACACATCCCTGTGACGGAAGATC
ACTTCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTTGGCG
AAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCG
GGCGTATTTTTTGAGTTGTCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGAGCCATATTCAACGGG
AAACGTCGAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGA
TAATGTCGGGCAATCAGGTGCGACAATCTATCGCTTGTATGGGAAGCCCGATGCGCCAGAGTTGTTT
CTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGA
CGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACC
ACTGCGATCCCCGGAAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGT
TGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGC
GATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATT
TTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATT
CTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAAT
TAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATG
GAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCC
TGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATTTTTTTAAGGCAGTTATTGG
TGCCCTTAAACGCCTGGTTGCTACGCCTGAATAAGTGATAATAAGCGGATGAATGGCAGAAATTCGA
AAGCAAATTCGACCCGGTCGTCGGTTCAGGGCAGGGTCGTTAAATAGCCGCTTATGTCTATTGCTGG
TTGGCGCGATGCCGCCCCTGTTAGTGCGTAATACAGGAGTAAGCGCAGATGT

>Dasd::specR
TGGTGAAAGATGTGCCAAGAGGAGACCGGCACATTTATACAGCACACATCCAGCCAGGACAGAAAT
GCCTCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGAAACGGATGAAGGCACG
AACCCAGTGGACATAAGCCTGTTCGGTTCGTAAGCTGTAATGCAAGTAGCGTATGCGCTCACGCAAC
TGGTCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTAT
GACTGTTTTTTTGGGGTACAGTCTATGCCTCGGGCATCCAAGCAGCAAGCGCGTTACGCCGTGGGT
CGATGTTTGATGTTATGGAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTAA
ACATCATGAGGGAAGCGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGTCATCG
AGCGCCATCTCGAACCGACGTTGCTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGA
AGCCACACAGTGATATTGATTTGCTGGTTACGGTGACCGTAAGGCTTGATGAAACAACGCGGCGAG
CTTTGATCAACGACCTTTTGGAAACTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGA
AGTCACCATTGTTGTGCACGACGACATCATTCCGTGGCGTTATCCAGCTAAGCGCGAACTGCAATTT
GGAGAATGGCAGCGCAATGACATTCTTGCAGGTATCTTCGAGCCAGCCACGATCGACATTGATCTG
GCTATCTTGCTGACAAAAGCAAGAGAACATAGCGTTGCCTTGGTAGGTCCAGCGGCGGAGGAACTC
TTTGATCCGGTTCCTGAACAGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGC
CGCCCGACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTTGGTACAGCGCAG
TAACCGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACTGGGCAATGGAGCGCCTGCCGGCCCAG
TATCAGCCCGTCATACTTGAAGCTAGACAGGCTTATCTTGGACAAGAAGAAGATCGCTTGGCCTCGC
GCGCAGATCAGTTGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCAAGGTAGTCGGCAAATA
AAGCTTTACTGAGCTAATAACAGGACTGCTGGTAATCGCAGGCCTTTTTATTTCTGCAGGCGCGATG
CCGCCCCTGTTAGTGCGTAATACAGGAGTAAGCGCAGATGT

>DthyA::cmR
TGGTCTGGGCATATCGTCGCAGCCCACAGCAACACGTTTCCTGAGGAACCCCTGTGACGGAAGATC
ACTTCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTTGGCG
AAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCG
GGCGTATTTTTTGAGTTGTCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGG
ATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTC
AATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAG
CACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTACGTAT
GGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAG
CAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATA
TTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGT
TTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAAC
TTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGG
CGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAG
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TACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTG
GTTGCTACGCCTGAATAAGTGATAATAAGCGGATGAATGGCAGAAATTCGAAAGCAAATTCGACCCG
GTCGTCGGTTCAGGGCAGGGTCGTTAAATAGCCGCTTATGTCTATTGCTGGTTTTACGAAACATCCT
GCCAGAGCCGACGCCAGTGTGCGTCGGTTTTTTTAC

>Dlon:kanR
CAGTCGTGTCATCTGATTACCTGGCGGAAATTAAACTAAGAGAGAGCTCTCctgtgacggaagatcacttcgca
gaataaataaatcctggtgtccctgtigataccgggaagccctgggcecaacttttggcgaaaatgagacgttgatcggcacgtaagaggttccaactt
tcaccataatgaaataagatcactaccgggcgtattttttgagttgtcgagattttcaggagctaaggaagctaaaatgagccatattcaacgggaaa
cgtcgaggccgcgattaaattccaacatggatgctgatttatatgggtataaatgggctcgcgataatgtcgggcaatcaggtgcgacaatctatcgcet
tgtatgggaagcccgatgcgccagagttgttictgaaacatggcaaaggtagegttgccaatgatgttacagatgagatggtcagactaaactggcet
gacggaatttatgcctcttccgaccatcaagcattttatccgtactcctgatgatgcatggttactcaccactgcgatccccggaaaaacagcattccag
gtattagaagaatatcctgattcaggtgaaaatattgttgatgcgctggcagtgttcctgcgecggttgcattcgattectgtttgtaattgtecttttaacage
gatcgcgtatttcgtctcgctcaggcgcaatcacgaatgaataacggtttggttgatgcgagtgattttgatgacgagcegtaatggctggcectgttgaac
aagtctggaaagaaatgcataaacttttgccattctcaccggattcagtcgtcactcatggtgattictcacttgataaccttatttttgacgaggggaaatt
aataggttgtattgatgttggacgagtcggaatcgcagaccgataccaggatcttgccatcctatggaactgcctcggtgagtttictccttcattacaga
aacggctttttcaaaaatatggtattgataatcctgatatgaataaattgcagtttcatttgatgctcgatgagtttttctaatttttttaaggcagttattggtge
ccttaaacgcctggttgctacgcctgaataagtgataataagcggatgaatggcagaaattcgaaagcaaattcgacccggtcgtcggttcagggce
agggtcgttaaatagccgcttatgtctattgetggtt TGACCTCGCGCAAAATGCACTAATAAAAACAGGGCTGGCAGGC
TAATTCGGG
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'y Table 4 | i escape fr ies in SC, ing times, and escapee doubling times of synthetic auxotrophs
Mutations Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Doubling time Doubling time D::bh‘"g tlame of Dou?:::l‘g t:me
(template escape rate escape rate escape rate escape rate escape rate escape rate escape rate  in 10 uM bipA in 100 uM bipA _I est esc l.)ee orh -es
Template PDB numbering) fu) fu) PR fu) fu) P fu) (min) (min) in 10 uM bipA  escapee in SC
Strain (id_chain) s T b o bl T (min) (min)
holB.d1 1AST_A A190bipA not determined not determined not determined  not determined not determined not determined not determined not determined not determined  not determined  not determined
F90A, F293A
alaS.ds WYOA L ASEDE TPEQL 0B LE0IELREOE LB LREOE i mined
) - N PA 3.57E-02 4.35E-02 6.17E-02 6.17E-02 6.17E-02 6.17E-02 6.17E-02
M342A, L349P
startUAG,
alaS.d5. F90A, F293A, 1.34E-06 + 3.86E-02 + above detection above detection above detection above detection 3.63E-01
+ + + +
startUAG 3HYO A L338bipA, 3.46E-07 1.14E-03 limit limit limit limit 7.95E-02* 66:+0 1001 660 10940
M342A, L349P
M485A, F502G,  7.29E-07 = 2.87E-05 + above detection above detection above detection above detection 8.00E-02 +
X + 0 + +
metGi.d3 3H99_A L503bipA 7.32E-07 1.23E-05 Jimit Jimit limit Jimit 1.67E-02* 10421 no growth 13616 14242
VI85A, T187A.
g ’ 1.69E-06 + 2.24E-06 + 8.33E-07+ 2.08E-06 + 2.92E-06 + 2.92E-06 + 2.92E-06 +
k.d4 1ZMR_A 1211G 94+1 11 +1 1359 1256
P - > 6.12E-071 8.06E-071 8.34E-07 4.24E-07 4.32E-07 4.32E-07 4.32E-07
L297bipA
VI103A, V106A.
o ’ 238E-07+ 1.24E-05 + 1.35E-05 + 1.49E-05 + 1.51E-05 + 1.54E-05 = 1.57E-05 +
+ + + +
adk.d4 1E4V_A Ll\jlg;;s/A’ 2.39E-07 1.06E-05 1.16E-05 1.29E-05 1.30E-05 1.31E-05 1.33E-05 sl 221 130 1533
14A, L6V, VI03A,
: : > 5.98E-07 = 4.35E-06 + 6.79E-06 £ 9.99E-06 = 1.07E-05 + 1.11E-05 + 1.14E-05 +
k.d6 1E4V_A i 79+1 99+2 7+0 225+3
adkd - b L4IE07 1.47E-06 261E-06 3.89E-06 4.08E-06 420E-06 436E-06 7
F236A, W260F,
o N 1.27E-07 + 2.48E-07 + 9.98E-07 + 2.54E-06 + 4.67E-06 + 8.84E-06 +
tyrS.d6 2YXN_ A T263V, F275G, <2.36E-09 73+0 103+3 not determined  not determined
L303bipA, V307A 9.05E-08 1.46E-07 3.99E-07 6.50E-07 6.39E-07 1.63E-06
LA49A, F236A,
W260A, T263A 1.94E-08 = 231E-06 + 2.38E-01 =
tyrS. 2YXN_A y " > 7.08E- > 7.08E- > 7.08E- >7.08E- 2+ 98£2 9+ +11
yrS.d7 » F271W, F275G, 1.98E-08 5.62E-07 7.08E-05 7.08E-05 7.08E-05 08E-05 1 28E-01* 720 8 69+0 300
L303bipA
Vacon oo 1.04E-08 5.90E-08 1.84E-06 2.75E-06 5.47E-06 7.09E-06
W260A, T263A. .04E-08 + .90E-08 .84E-06 + \75E-06 + L47E-06 + L09E-06 +
g > - + +
tyrS.d§ 2YXNA F271W, F275G, < 3A47E-09 7.85E-08 1.70E-07 5.22E-07 6.46E-07 1.30E-06 1.52E-06 72l or=l 74x0 1775
L303bipA, V307A
2.04E-07 + 5.69E-07 = 1.44E-06 = 3.36E-06 + 7.60E-06 = 1.02E-05 =
adk. X adk.d6 + X <7.39E-111 2+ 1032 3+ +2
adk.d6_yS.d6 v adkd6 +tyrS.ds - <7.39E-111 9.03E-08 1.99E-07 4.28E-07 5.23E-07 1.15E-06 1.29E-06 8220 03 8320 353
3.48E-07 + 5.57E-07 + 5.01E-06 + 5.97E-06 + 8.10E-06 + 9.14E-06 +
dk.d6_tyrS.d7 /s dk.d6 + tyrS.d7 < 8.30E-11 83£2 11343 81+£0 229+1
aded b v ! o T asseor 4.90E-07 2.74E-06 2.89E-06 3.60E-06 3.94E-06
2.90E-06 + 5.00E-06 = 6.86E-06
g ¥ .d6 + tyrS. <7.44E- <7.44E- <7.44E- <7.44E- + + + +
adk.d6_tyrS.d8 n/a adk.d6 + tyrS.d8 7.44E-117 7.44E-117 7.44E-111 7.44E-117 . 10E-06 2 37E-06 2 30E-06 86=1 120£5 800 3487
adk'd6*tﬁrs'd6* n/a adk'dfg |);lrs,d6 <6.41E-11 <6.41E-11 <6.41E-11 <6.41E-11 <6.41E-11 <6.41E-11 <6.41E-11 81+£0 1074 none observed  none observed
as as
adk'd(’;grs'dl na adk'df;azi'sm <SSIE-Il <SSIEIl <SSIE-l <SSIE-IL <SSIE-Il <SSIE-II <SSIE-1I 810 1093 none observed  none observed
2 2 +
“dk‘délﬁrs'd& a “dk‘de 'ydrs'dg <4.46E-11 <4.46E-11 <446E-1l  <446E-11 < 4.46E-11 <446E-1l  <446E-11 890 13724 none observed  none observed
as as
- +
adk.d6_quad n/a adll;s?)t“;?: 301E-06 + 1.88E-05 333E-05 = 4-88E-05 = 5-22B-05 % 5-45E-05 = S4SE-05 = not determined  not determined  not determined  not determined
0.4 P UAGAp 7.53E-07 4.20E-06 1.40E-05 2.08E-05 2.30E-05 2.38E-05 2.38E-05
adkds +
adk.d6_ BV A e 4O7E-09 % +07E-09 % 407E-09 = 8.13E-09 = 813E-09 & 3.66E-08 SOOE08 % | fetermined ot determined ot determined ot determined
bipARS.d7 - 12736, D2soR, L2874, 4.07E-09 4.07E-09 4.07E-09 4.08E-09 4.08E-09 2.54E-08 2.86E-08
V291bipA
adkdo + 3.47E-08 + 3.47E-08 + 3.47E-08 + 3.47E-08 +
adk.d6_int 1E4V_A Atdk: < 3.47E-08 <3.47E-08 <3.47E-08 3.47E-08 3.47E-08 3.47E-08 3. 47E-08 not determined  not determined  not determined  not determined
pEVOL-bipA
adk. <2.25E-12
adk.d6_tyrS.ds_ adkd6_ 25 881
bipARS.d7 n/a bipARS.d7 + <2.25E-12 <2.25E-12 <2.25E-12 <2.25E-12 <2.25E-12 <2.25E-12 (monitored for 102+0 ) none observed  none observed
PARS. tyrS.d8 14 days) (55, R'=0.998)
<2.18E-12
X X .d6_int + 81+1
adk déflyrS d8_ n/a adk.d6_int <2.18E-12 <2.18E-12 <2.18E-12 <2.18E-12 <2.18E-12 <2.18E-12 (monitored for 427 +38 N none observed  none observed
int tyrS.d8 14 days) (57, R™=0.999)

Errors reported are s.e.m. (Methods)

* Determined from additional plating at low density

T Determined from additional plating at high density

< Indicates escape frequency below given detection limit

Doubling times in parentheses are from growth in culture tubes rather than in a microplate reader (Methods)
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Supplementary Table 5 | Escape frequencies of synthetic auxotrophs in SCA

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
escape rate escape rate escape rate escape rate escape rate escape rate escape rate
Strain fu.) p fou.) fu.) f.u.) fu.) p f.u.) fu.)
holB.d1 not determined  not determined  not determined not determined  not determined not determined  not determined
alaS.d5 ¢ collected 1.88E-01 + 1.97E-01 + 1.97E-01 + 1.97E-01 + 1.97E-01 + 1.97E-01 +
s foteatiecte 5.73E-02 5.57E-02 5.57E-02 5.57E-02 5.57E-02 5.57E-02
alaS.dS. 1.04E-05+  above detection above detection above detection above detection above detection above detection
startUAG 8.42E-06 limit limit limit limit limit limit

above detection above detection

metG.d3 limit

a4
s
.
tyrS.d6 <2.36E-09
tyrS.d7 <2.16E-09
w0

adk.d6_tyrS.d6 <6.41E-11

adk.d6_tyrS.d7 <3.16E-09

adk.d6_tyrS.d8 <4.24E-09

adk.d6_tyrS.d6_

<6.41E-11
asd

adk.d6_tyrS.d7_  6.62E-10+
asd 441B-10

adk.d6_tyrS.dS_

- <446E-11
adk.d6_quad 65; 5EE0; ;
b;i(lfs%ﬂ 0.00E+00
adk.d6_int 3f§f£f
adl;;:j\, I;ysri;igf <4.63E-11
adk.d6_tyrS.d8_ <4.54E-11

int

limit

2.08E-06 =
1.11E-06

1.04E-04 =
5.62E-05

2.28E-05 =
2.11E-06

3.58E-07 =
2.32E-07

1.79E-06 =
4.14E-07

1.51E-06 =
5.86E-07

1.38E-07 =
5.58E-08

2.06E-07
1.86E-07

2.97E-08 =
2.49E-08

1.09E-09 +
8.19E-10

2.59E-09 =
2.29E-09

<4.46E-11

2.84E-04 =
5.83E-05

4.07E-09 =
4.07E-09

3.82E-07 =
2.84E-07

<4.63E-11

<4.54E-11

above detection above detection above detection

limit

1.38E-05 +
9.45E-06

1.07E-04 +
5.66E-05

2.89E-05 +
2.96E-06

8.25E-07 +
2.92E-07

limit

1.26E-04 =
1.09E-04

1.09E-04 =
5.74E-05

3.35E-05 =
3.47E-06

2.04E-06 =
3.38E-07

limit

1.66E-04 +
1.16E-04

1.09E-04 +
5.74E-05

4.03E-05 +
4.67E-06

2.57E-06 +
2.58E-07

above detection above detection

limit

1.96E-04 =
1.16E-04

1.09E-04 =
5.73E-05

4.43E-05 =
4.91E-06

2.83E-06 =
2.14E-07

Timit

2.06E-04 +
1.18E-04

1.09E-04 +
5.74E-05

4.43E-05 +
4.91E-06

3.26E-06 +
1.73E-07

above detection above detection above detection above detection above detection

limit

2.14E-06 +
7.61E-07

2.96E-07 £
7.68E-08

6.90E-07 +
3.90E-07

8.47E-08 +
2.95E-08

1.54E-09 +
8.89E-10

3.75E-09 +
3.29E-09

<4.46E-11

3.97E-04 £
4.44E-05

3.25E-08 £
4.31E-09

4.17E-07 +
2.62E-07

<4.63E-11

<4.54E-11

limit

4.94E-06 =
1.33E-06

2.39E-06 =
1.12E-06

7.53E-06 =
2.61E-06

1.06E-07 £
4.38E-08

1.67E-09 +
1.00E-09

3.86E-09 =
3.40E-09

<4.46E-11

5.36E-04 =
7.02E-05

3.66E-08 =
7.22E-09

4.86E-07 =
2.78E-07

<4.63E-11

<4.54E-11

limit

5.83E-06 £
1.54E-06

3.87E-06 +
9.64E-07

7.85E-06 +
2.68E-06

2.33E-06 £
1.54E-06

1.79E-09 +
1.00E-09

3.92E-09 +
3.37E-09

<4.46E-11

5.80E-04 +
7.08E-05

3.66E-08 +
7.22E-09

5.21E-07 +
2.62E-07

<4.63E-11

<4.54E-11

limit

7.65E-06 =
1.98E-06

6.02E-06 =
1.27E-06

8.03E-06 =
2.73E-06

7.23E-06 =
4.00E-06

1.86E-09 +
1.01E-09

3.92E-09 =
3.37E-09

<4.46E-11

6.03E-04 =
7.26E-05

3.66E-08 =
7.22E-09

5.90E-07 =
2.28E-07

<4.63E-11

<4.54E-11

limit

8.49E-06 £
2.09E-06

6.92E-06 +
1.54E-06

8.19E-06 +
2.78E-06

8.40E-06 +
4.25E-06

1.92E-09 +
1.02E-09

3.97E-09 +
3.42E-09

<4.46E-11

6.12E-04 £
7.09E-05

3.66E-08 +
7.22E-09

5.90E-07 +
2.28E-07

<4.63E-11

<4.54E-11

Errors reported are s.e.m. (Methods)

< Indicates escape frequency below given detection limit

NTE N SUPPLEMENTARY INFORMATION
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Supplementary Table 6 | Codon and amino acid frequencies for UAG saturation mutagenesis

alaS.d5 UAG->NNN codon selection

Codon 1 hr 4 hr Confluent1 Confluent2 Confluent 3
AAA 434 280 234 35 26
AAC 470 567 397 2932 8470
AAG 827 630 679 385 166
AAT 569 677 572 4595 13072
ACA 512 523 334 2804 7940
ACC 513 518 347 2576 7108
ACG 414 464 305 2497 6853
ACT 575 614 456 3396 9492
AGA 401 281 266 89 44
AGC 441 444 358 2628 7247
AGG 366 257 180 83 84
AGT 468 556 487 3346 9450
ATA 628 657 539 4399 12010
ATC 727 776 694 3684 10547
ATG 758 731 581 3542 9641
ATT 802 774 665 5140 15402
CAA 471 508 370 2602 6656
CAC 469 522 361 2230 6508
CAG 744 688 663 2201 4723
CAT 616 694 534 3408 9372
CCA 421 279 217 47 37
CCC 407 260 165 81 31
CCG 582 444 399 277 277
CCT 426 234 177 40 19
CGA 433 264 247 108 146
CGC 429 252 191 42 41
CGG 347 216 173 63 63
CGT 694 362 323 121 94
CTA 565 681 512 3336 9816
CTC 468 549 421 2811 8046
CTG 453 470 429 2782 7622
CTT 626 629 570 3970 12187
GAA 382 452 376 2003 4059
GAC 659 650 491 916 713
GAG 571 537 537 1879 3469
GAT 627 627 563 1154 971
GCA 495 502 326 2677 6810
GCC 560 656 516 2296 6184
GCG 420 363 298 1867 4910
GCT 561 534 412 2925 7505
GGA 424 445 359 2148 5040
GGC 641 734 561 2332 5308
GGG 377 301 282 1425 3504
GGT 5057 4893 4962 5991 10615
GTA 704 771 660 3625 10506
GTC 5887 5894 5951 7840 14533
GTG 557 458 339 2523 7181
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GTT 823 891 855 4446 12142
TAA 768 512 388 114 81
TAC 705 877 761 4385 12945
TAG 581822 562326 551652 305073 114316
TAT 902 1018 1033 5845 17549
TCA 646 624 560 3572 9647
TCC 2051 2106 2116 4899 11583
TCG 629 593 460 3235 9025
TCT 395 201 312 2398 6784
TGA 619 385 259 68 87
TGC 657 706 525 3867 10883
TGG 11110 10570 10425 11089 18011
TGT 1017 1205 1154 5443 14346
TTA 738 869 785 6500 18871
TTC 811 976 903 5252 14948
TTG 1109 1236 1129 5143 14591
TTT 749 864 914 6632 19313
Total 640529 619577 603710 485812 579620
adk.d4 UAG->NNN codon selection
Codon 1 hr 4 hr Confluent1 Confluent2 Confluent 3
AAA 153 455 60 17 11
AAC 237 502 105 45 50
AAG 403 727 123 52 81
AAT 312 927 143 36 43
ACA 340 965 4061 3568 2996
ACC 204 535 1862 1288 341
ACG 179 460 3974 2731 596
ACT 7086 8160 9936 7584 5538
AGA 239 538 87 34 56
AGC 223 604 622 529 492
AGG 214 600 48 8 10
AGT 375 1013 93 6 23
ATA 370 955 11111 9564 8685
ATC 347 1073 8974 7333 6806
ATG 428 1072 15608 16600 15749
ATT 749 2096 31875 27557 25765
CAA 154 441 49 9 16
CAC 250 557 184 111 144
CAG 904 1416 3794 3458 3292
CAT 315 885 112 27 28
CCA 163 433 54 11 20
cCcC 185 467 55 19 15
CCG 234 503 139 46 44
CCT 298 893 128 30 33
CGA 172 497 55 15 11
CGC 172 520 62 27 23
CGG 762 1201 1770 1519 3048
CGT 415 1172 131 24 10
CTA 337 933 19021 19535 17501
CTC 386 929 20211 20813 20438
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CTG 7804 8732 30312 29906 26691
CTT 745 2097 50471 51862 52212
GAA 774 1056 1860 1695 3394
GAC 6115 6693 8498 7209 6732
GAG 303 681 163 84 141
GAT 431 1091 172 66 105
GCA 370 709 353 279 269
GCC 199 548 95 22 32
GCG 303 655 262 106 148
GCT 436 1154 188 65 80
GGA 669 1178 1606 1339 2957
GGC 263 668 160 66 98
GGG 219 669 65 19 18
GGT 461 1234 119 22 22
GTA 361 1003 13513 14382 14658
GTC 374 1075 10041 10307 10877
GTG 348 1110 14207 15168 14869
GTT 816 2196 29537 31407 31643
TAA 405 992 116 23 38
TAC 375 940 3230 1345 747
TAG 299876 282570 36240 558 121
TAT 689 1723 10556 6426 4443
TCA 250 757 103 14 19
TCC 312 871 73 6 19
TCG 464 1008 133 57 56
TCT 577 1649 103 11 12
TGA 563 1379 448 325 322
TGC 1487 2275 4170 2372 1039
TGG 483 1200 403 68 11
TGT 693 2145 8670 4111 483
TTA 637 1835 48622 51252 47156
TTC 638 1667 4674 1925 845
TTG 850 2212 62408 65456 63594
TTT 1288 3644 6725 2865 1323
Total 347184 370945 482743 423414 397039
adk.d6 UAG->NNN codon selection

Codon 1 hr 4 hr Confluent1 Confluent2 Confluent 3
AAA 435 186 68 18 17
AAC 468 249 98 55 38
AAG 776 556 292 94 128
AAT 833 419 147 44 44
ACA 8859 7837 6954 3858 2803
ACC 478 209 102 74 56
ACG 531 160 69 12 18
ACT 1518 665 3303 5895 4436
AGA 446 259 135 60 75
AGC 1887 1488 1247 687 498
AGG 491 211 46 25 25
AGT 902 383 58 18 19
ATA 778 409 1805 3994 3012
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ATC
ATG
ATT
CAA
CAC
CAG
CAT
CCA
CCC
CCG
CCT
CGA
CGC
CGG
CGT
CTA
CTC
CTG
CIT
GAA
GAC
GAG
GAT
GCA
GCC
GCG
GCT
GGA
GGC
GGG
GGT
GTA
GTC
GTG
GTT
TAA
TAC
TAG
TAT
TCA
TCC
TCG
TCT
TGA
TGC
TGG
TGT
TTA
TTC
TTG
TTT

864
981
1693
385
538
10608
797
384
406
447
695
488
472
1124
1055
810
795
1752
1722
864
8515
739
1062
663
471
772
1032
883
737
635
1063
884
837
997
2020
908
890
384963
1664
714
795
1034
1482
1207
1095
1193
1930
1582
1593
2133
3285

416
484
886
188
277
9240
358
182
200
218
293
229
196
713
432
404
402
949
873
674
7108
374
467
395
189
355
413
517
299
270
436
418
404
479
956
477
430
350206
747
260
310
489
601
657
450
534
814
843
635
1154
1444

1989
13653
6950
60
223
7619
127
59

62
120
85

40

54
1430
108
13504
10116
21830
49594
1512
8589
199
184
350
64
227
171
1245
141
69
113
9612
9706
14193
20328
205
234
205074
242
63

74
203
162
465
668
158
148
32333
196
33147
430

4238
17237
16125
17
152
4205
34

19

13

63

50

8

24
3238
34
24116
14076
41540
106967
3439
7995
174
76
281
34
251
106
3071
78

35

21
12564
14608
32387
23316
33
132
4079
35

26

11

58

14
407
1002

59986
89
61493
183
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3513
9526
12856
10
113
3045
21

15

12

55

41

5

30
4069
19
17664
7790
32554
85277
4382
6091
217
51
202
18
265
63
3870
63

50

11
7065
9821
40571
11081
25
105
128
13

20
73

297
740

37764
62
43687
100
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Total 473060 403776 482452 472990 354643
pgk.d4 UAG->NNN codon selection

Codon 1 hr 4 hr Confluent1 Confluent2 Confluent 3
AAA 12940 11993 9016 10859 9349
AAC 411 152 89 33 45
AAG 502 282 319 184 319
AAT 1960 1400 1068 1057 958
ACA 477 194 341 221 493
ACC 640 220 135 13 16
ACG 560 188 109 19 19
ACT 832 296 196 12 12
AGA 492 269 426 239 377
AGC 1045 922 6450 5621 9972
AGG 415 177 310 204 471
AGT 685 240 147 8 21
ATA 792 316 231 2227 674
ATC 1180 568 429 2810 915
ATG 988 404 286 29802 29054
ATT 1431 491 373 4839 1259
CAA 443 174 132 48 66
CAC 997 663 4964 4369 7873
CAG 631 404 502 227 326
CAT 761 323 202 33 35
CCA 528 203 185 72 103
CCC 784 241 201 59 133
CCG 712 247 159 36 39
CCT 1091 362 242 33 43
CGA 564 283 378 246 457
CGC 657 230 148 32 49
CGG 632 327 247 105 98
CGT 1301 819 2024 1513 2258
CTA 928 416 1689 14719 10765
CTC 1005 379 330 11669 6971
CTG 1205 662 478 19570 11733
CTT 1648 620 576 27985 17350
GAA 5929 5404 4665 5525 5070
GAC 411 182 174 90 136
GAG 591 357 818 611 1141
GAT 696 295 236 50 91
GCA 1148 1004 6668 5817 10780
GCC 567 213 141 48 115
GCG 834 656 2012 1695 2413
GCT 907 362 198 9 13
GGA 525 314 217 132 113
GGC 536 191 180 72 180
GGG 433 170 96 5 8
GGT 821 266 166 7 11
GTA 678 266 162 163 29
GTC 859 360 648 724 752
GTG 945 367 267 263 49
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GTT 1698 900 1801 1560 1731
TAA 721 383 240 77 55
TAC 843 412 347 20622 20549
TAG 595312 588683 413664 60275 5963
TAT 1264 613 509 37015 37711
TCA 708 287 403 256 451
TCC 947 342 382 178 332
TCG 986 501 466 191 349
TCT 1342 643 1686 1333 2381
TGA 5099 4321 3639 4330 3790
TGC 1050 410 300 3913 1250
TGG 995 455 307 22 15
TGT 1422 569 459 8027 2448
TTA 1219 456 445 22558 13746
TTC 1629 868 1161 65049 75582
TTG 1819 794 634 31758 19803
TTT 2356 974 1160 137316 164670
Total 674527 636483 476633 548555 483980
metG.d3 UAG->NNN codon selection
Codon 1 hr 4 hr Confluent1 Confluent2 Confluent 3
AAA 141 140 105 33 32
AAC 131 116 111 92 125
AAG 562 549 576 419 493
AAT 123 119 96 90 87
ACA 109 124 215 2626 1759
ACC 64 62 129 1360 864
ACG 61 56 104 1267 945
ACT 44 41 128 1376 981
AGA 191 214 310 250 492
AGC 2493 2489 2425 2475 3429
AGG 1039 1194 1058 1037 1356
AGT 104 109 150 142 175
ATA 122 181 485 43156 64191
ATC 460 618 1183 24708 37555
ATG 176 308 411 38425 68619
ATT 63 87 294 26417 40023
CAA 93 93 69 28 48
CAC 84 43 89 86 203
CAG 4952 5128 6009 5446 7333
CAT 105 126 132 120 118
CCA 93 55 43 26 49
cCcC 37 21 28 12 38
CCG 26 22 29 20 27
CCT 44 25 19 10 11
CGA 51 41 42 8 15
CGC 66 48 38 26 49
CGG 63 49 175 262 467
CGT 37 23 34 7 16
CTA 60 92 266 24982 34855
CTC 57 60 178 14504 21542
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CTG 66 77 154 12951 18632
CTT 48 51 166 15826 23083
GAA 336 424 841 1343 2644
GAC 41 38 30 22 43
GAG 142 176 151 99 142
GAT 144 153 244 265 453
GCA 9952 9829 9453 9630 12309
GCC 52 41 49 126 141
GCG 44 49 42 111 174
GCT 49 31 45 103 87
GGA 238 409 336 372 760
GGC 185 117 859 91 168
GGG 56 58 34 17 41
GGT 57 55 68 29 61
GTA 114 122 259 11797 18735
GTC 81 87 168 7012 10760
GTG 68 66 192 9983 15497
GTT 56 66 162 6361 9734
TAA 201 208 175 85 64
TAC 89 100 170 8220 10119
TAG 440300 435794 353213 70412 8273
TAT 206 338 346 12272 14071
TCA 414 551 928 967 1226
TCC 25 26 45 37 41
TCG 107 110 206 233 438
TCT 47 34 37 33 26
TGA 4884 1885 11177 1267 2375
TGC 80 60 143 6663 7634
TGG 150 150 130 84 131
TGT 148 244 238 7212 8804
TTA 65 108 323 27847 41861
TTC 31 44 133 7053 9445
TTG 174 180 839 19597 30468
TTT 51 52 147 10039 12515
Total 470352 463966 396434 437569 546852
tyrS.d6 UAG->NNN codon selection
Codon 1 hr 4 hr Confluent1 Confluent2 Confluent 3
AAA 213 153 97 19 22
AAC 392 250 109 12 7
AAG 505 422 469 47 120
AAT 782 607 309 77 49
ACA 649 562 361 226 171
ACC 8019 8493 8291 6230 5016
ACG 650 411 203 14 17
ACT 1600 1109 464 106 121
AGA 329 221 131 6 14
AGC 534 327 163 19 31
AGG 474 292 137 5 11
AGT 1367 866 3219 882 2575
ATA 828 637 385 114 76
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ATC
ATG
ATT
CAA
CAC
CAG
CAT
CCA
CCC
CCG
CCT
CGA
CGC
CGG
CGT
CTA
CTC
CTG
CIT
GAA
GAC
GAG
GAT
GCA
GCC
GCG
GCT
GGA
GGC
GGG
GGT
GTA
GTC
GTG
GTT
TAA
TAC
TAG
TAT
TCA
TCC
TCG
TCT
TGA
TGC
TGG
TGT
TTA
TTC
TTG
TTT

1347
1336
2906
578
917
1341
1534
6012
6574
1449
3389
693
555
1060
2539
1628
2756
2585
5919
398
751
612
1335
888
5621
849
2508
543
690
761
1901
1189
2320
2042
4835
982
1546
480221
3431
1446
3193
2341
5409
1491
2200
2355
5298
2946
5331
5244
11424

925
889
2120
508
722
1325
1093
4962
5432
1063
2576
461
279
616
1723
1304
2084
1906
4542
322
607
453
887
838
4610
597
1958
360
456
457
1308
872
1691
1333
3587
726
1078
557142
2451
1012
2310
1637
3942
1102
1380
1503
3668
2092
3782
3839
8421

603
2107
1163
344
536
1439
386
7932
8992
1201
1456
189
248
256
652
6930
10971
14710
26800
166
337
3078
344
1510
9721
1686
7435
136
266
213
511
455
793
918
1517
377
504
520026
1159
458
987
743
1318
6488
3384
981
9502
12455
1591
20447
3202

46
1140
105
201
265
859
138
10955
11176
422
473
15
145
25

72
29792
48854
56499
115601
88
133
780
19
3257
14723
4573
13635
11

41

5

31

65
241
168
105
78

27
29487
96
114
280
66

62
2360
6112
150
17836
56753
192
108780
398

ATl SUPPLEMENTARY INFORMATION

27
294
30
145
208
707
90
9367
9989
626
552
15
132
31

95
19840
30926
48050
72987
66
108
2521
24
1339
10505
1875
14450
15

33

71
46
398
232
38
19

748
54
108
218
27

46
4861
3109
120
10468
34964
95
67635
214
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Total 623561 665301 713961 545206 356758

tyrS.d7 UAG->NNN codon selection

Codon 1 hr 4 hr Confluent1 Confluent2 Confluent 3
AAA 27 13 7 0 0
AAC 56 30 11 0 0
AAG 260 126 332 6 1
AAT 116 42 27 0 0
ACA 60 15 15 0 0
ACC 111 49 22 0 0
ACG 116 42 30 1 0
ACT 197 66 65 25 9
AGA 30 18 11 0 0
AGC 19 11 8 0 1
AGG 82 31 18 20 11
AGT 123 54 22 1 0
ATA 82 45 27 0 0
ATC 137 50 32 14 6
ATG 278 90 69 15 14
ATT 341 117 108 28 5
CAA 43 20 14 0 0
CAC 65 19 21 1 0
CAG 402 198 403 15 14
CAT 217 76 74 0 0
CCA 120 39 24 1 1
CCC 143 60 38 2 1
CCG 244 82 43 4 6
CCT 313 127 99 3 0
CGA 57 25 20 1 0
CGC 14 7 8 2 0
CGG 129 90 20 54 30
CGT 223 108 42 0 0
CTA 151 54 46 10 10
CTC 262 120 62 47 14
CTG 418 172 158 19597 32691
CTT 674 280 202 58 43
GAA 49 16 15 0 0
GAC 47 24 20 1 1
GAG 186 88 161 0 10
GAT 205 76 60 1 0
GCA 48 25 9 1 1
GCC 101 47 32 0 1
GCG 131 50 28 1 1
GCT 215 95 71 3 5
GGA 62 15 11 1 0
GGC 24 18 9 1 0
GGG 145 56 23 7 6
GGT 185 77 56 1 0
GTA 134 55 40 1 0
GTC 144 88 39 11 3
GTG 326 98 61 2 1
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GTT 554 185 128 13 3
TAA 283 175 193 8 0
TAC 303 147 129 7 34
TAG 411640 403939 447328 26255 1126
TAT 963 499 602 137 47
TCA 168 66 56 2 0
TCC 329 200 119 17 8
TCG 786 342 247 16 6
TCT 656 260 231 44 15
TGA 211 68 112 58 61
TGC 115 72 34 35 26
TGG 1123 398 677 155810 81173
TGT 846 321 168 150 78
TTA 440 185 114 65 33
TTC 684 267 399 78152 36911
TTG 1991 777 683 896 409
TTT 1611 640 873 148211 70444
Total 430215 411645 454806 429878 223260

tyrS.d8 UAG->NNN codon selection

Codon 1 hr 4 hr Confluent1 Confluent2 Confluent 3
AAA 276 125 94 0 0
AAC 494 228 159 3 0
AAG 434 178 170 2 2
AAT 1018 490 294 7 0
ACA 541 249 142 2 0
ACC 1088 501 284 7 0
ACG 747 312 233 6 0
ACT 1956 912 510 4 1
AGA 471 189 126 2 0
AGC 721 288 171 3 0
AGG 651 250 210 31 69
AGT 1666 680 433 7 0
ATA 1114 467 373 7 1
ATC 1909 779 564 12 1
ATG 1654 612 564 5 3
ATT 4117 1858 1062 27 4
CAA 512 230 160 6 0
CAC 989 361 232 4 0
CAG 782 352 349 11 23
CAT 1992 917 504 4 0
CCA 1066 576 226 4 0
CCC 2253 950 483 9 7
CCG 1649 685 428 11 5
CCT 4266 1980 955 10 0
CGA 832 359 219 3 1
CGC 748 187 188 2 0
CGG 1265 532 376 60 153
CGT 3237 1387 780 11 9
CTA 1995 878 564 18 4
CTC 3719 1495 815 25 16
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CTG 3190
CTT 8112
GAA 433
GAC 742
GAG 627
GAT 1674
GCA 828
GCC 1554
GCG 1173
GCT 3022
GGA 674
GGC 983
GGG 997
GGT 2539
GTA 1618
GTC 3022
GTG 2086
GTT 6224
TAA 1040
TAC 2097
TAG 12084
TAT 3950
TCA 1867
TCC 4061
TCG 2668
TCT 7008
TGA 1854
TGC 2988
TGG 2665
TGT 6867
TTA 3955
TTC 7511
TTG 6160
TTT 15458
Total 165893

1277
3416
196
356
269
792
355
774
470
1399
317
373
391
1184
750
1347
854
2963
436
821
10879
1735
785
1812
1094
3123
738
1127
1065
3011
1685
3231
2577
6994
77603

989
2133
119
258
287
485
194
373
310
664
194
273
298
729
432
800
621
1547
325
587
8894
1067
515
1061
761
1784
783
659
1205
1840
1233
2173
1846
4496
51603

528

UJL»HBOOU-)DJI\JI\)U)SI

W 0N — = L O N
—_ [O20 (S I ) o

1224
52

9

21

29

31

103

49
159892
212

50
1256
927
15124
180050
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1052
33

31

13

341

81
394007
431

24

739
1218
12233
411058

alaS.d5 UAG->NNN amino acid selection (normalized for number of codons decoding a given amino acid)

aa 1 hr 4 hr Confluent1 Confluent2 Confluent3 # codons
* 194403 187741 184100 101752 38161 3
A 509 514 388 2441 6352 4
C 837 956 840 4655 12615 2
D 643 639 527 1035 842 2
E 477 495 457 1941 3764 2
F 780 920 909 5942 17131 2
G 1625 1593 1541 2974 6117 4
H 543 608 448 2819 7940 2
I 719 736 633 4408 12653 3
K 631 455 457 210 96 2
L 660 739 641 4090 11856 6
M 758 731 581 3542 9641 1
N 520 622 485 3764 10771 2
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P 459 304 240 111 91 4
Q 608 598 517 2402 5690 2
R 445 272 230 84 79 6
S 772 754 716 3346 8956 6
T 504 530 361 2818 7848 4
v 1993 2004 1951 4609 11091 4
W 11110 10570 10425 11089 18011 1
Y 804 948 897 5115 15247 2

adk.d4 UAG->NNN amino acid selection (normalized for number of codons decoding a given amino acid)

aa 1 hr 4 hr Confluent1 Confluent2 Confluent3 # codons
* 100281 94980 12268 302 160 3
A 327 767 225 118 132 4
C 1090 2210 6420 3242 761 2
D 3273 3892 4335 3638 3419 2
E 539 869 1012 890 1768 2
F 963 2656 5700 2395 1084 2
G 403 937 488 362 774 4
H 283 721 148 69 86 2
I 489 1375 17320 14818 13752 3
K 278 591 92 35 46 2
L 1793 2790 38508 39804 37932 6
M 428 1072 15608 16600 15749 1
N 275 715 124 41 47 2
P 220 574 94 27 28 4
Q 529 929 1922 1734 1654 2
R 329 755 359 271 526 6
S 367 984 188 104 104 6
T 1952 2530 4958 3793 2368 4
\% 475 1346 16825 17816 18012 4
W 483 1200 403 68 11 1
Y 532 1332 6893 3886 2595 2

adk.d6 UAG->NNN amino acid selection (normalized for number of codons decoding a given amino acid)

aa 1hr 4 hr Confluent1 Confluent2 Confluent3 # codons
* 129026 117113 68581 1506 150 3
A 735 338 203 168 137 4
C 1513 632 408 506 371 2
D 4789 3788 4387 4036 3071 2
E 802 524 856 1807 2300 2
F 2439 1040 313 136 81 2
G 830 381 392 801 999 4
H 668 318 175 93 67 2
I 1112 570 3581 8119 6460 3
K 606 371 180 56 73 2
L 1466 771 26754 51363 37456 6
M 981 484 13653 17237 9526 1
N 651 334 123 50 41 2
P 483 223 82 36 31 4
Q 5497 4714 3840 2111 1528 2
R 679 340 302 565 704 6
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S 1136 589 301 136 104 6
T 2847 2218 2607 2460 1828 4
v 1185 564 13460 20719 17135 4
w 1193 534 158 7 9 1
Y 1277 589 238 84 59 2

pgk.d4 UAG->NNN amino acid selection (normalized for number of codons decoding a given amino acid)

aa 1 hr 4 hr Confluent1 Confluent2 Confluent3 # codons
* 200377 197796 139181 21561 3269 3
A 864 559 2255 1892 3330 4
C 1236 490 380 5970 1849 2
D 554 239 205 70 114 2
E 3260 2881 2742 3068 3106 2
F 1993 921 1161 101183 120126 2
G 579 235 165 54 78 4
H 879 493 2583 2201 3954 2
I 1134 458 344 3292 949 3
K 6721 6138 4668 5522 4834 2
L 1304 555 692 21377 13395 6
M 988 404 286 29802 29054 1
N 1186 776 579 545 502 2
P 779 263 197 50 80 4
Q 537 289 317 138 196 2
R 677 351 589 390 618 6
S 952 489 1589 1265 2251 6
T 627 225 195 66 135 4
\'% 1045 473 720 678 640 4
W 995 455 307 22 15 1
Y 1054 513 428 28819 29130 2

metG.d3 UAG->NNN amino acid selection (normalized for number of codons decoding a given amino acid)

aa 1hr 4 hr Confluent1 Confluent2 Confluent3 # codons
* 148462 145962 121522 23921 3571 3
A 2524 2488 2397 2493 3178 4
C 114 152 191 6938 8219 2
D 93 96 137 144 248 2
E 239 300 496 721 1393 2
F 41 48 140 8546 10980 2
G 134 160 324 127 258 4
H 95 85 111 103 161 2
I 215 295 654 31427 47256 3
K 352 345 341 226 263 2
L 78 95 321 19285 28407 6
M 176 308 411 38425 68619 1
N 127 118 104 91 106 2
P 50 31 30 17 31 4
Q 2523 2611 3039 2737 3691 2
R 241 262 276 265 399 6
S 532 553 632 648 889 6
T 70 71 144 1657 1137 4
A% 80 85 195 8788 13682 4
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w 150 150 130 84 131 1
Y 148 219 258 10246 12095 2

tyrS.d6 UAG->NNN amino acid selection (normalized for number of codons decoding a given amino acid)

aa 1hr 4 hr Confluent1 Confluent2 Confluent3 # codons
* 160898 186323 175630 10642 1876 3
A 2467 2001 5088 9047 7042 4
C 3749 2524 6443 11974 6789 2
D 1043 747 341 76 66 2
E 505 388 1622 434 1294 2
F 8378 6102 2397 295 155 2
G 974 645 282 22 30 4
H 1226 908 461 202 149 2
I 1694 1227 717 88 44 3
K 359 288 283 33 71 2
L 3513 2628 15386 69380 45734 6
M 1336 889 2107 1140 294 1
N 587 429 209 45 28 2
P 4356 3508 4895 5757 5134 4
Q 960 917 892 530 426 2
R 942 599 269 45 50 6
S 2382 1682 1148 237 501 6
T 2730 2644 2330 1644 1331 4
A% 2597 1871 921 145 179 4
W 2355 1503 981 150 120 1
Y 2489 1765 832 62 31 2

tyrS.d7 UAG->NNN amino acid selection (normalized for number of codons decoding a given amino acid)

aa 1hr 4 hr Confluent1 Confluent2 Confluent3 # codons
* 137378 134727 149211 8774 396 3
A 124 54 35 1 2 4
C 481 197 101 93 52 2
D 126 50 40 1 1 2
E 118 52 88 0 5 2
F 1148 454 636 113182 53678 2
G 104 42 25 3 2 4
H 141 48 48 1 0 2
I 187 71 56 14 4 3
K 144 70 170 3 1 2
L 656 265 211 3446 5533 6
M 278 90 69 15 14 1
N 86 36 19 0 0 2
P 205 77 51 3 2 4
Q 223 109 209 8 7 2
R 89 47 20 13 7 6
S 347 156 114 13 5 6
T 121 43 33 7 2 4
A% 290 107 67 7 2 4
W 1123 398 677 155810 81173 1
Y 633 323 366 105 41 2
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tyrS.d8 UAG->NNN amino acid selection (normalized for number of codons decoding a given amino acid)

aa 1hr 4 hr Confluent1 Confluent2 Confluent3 # codons
* 4993 4018 3334 445 255 3
A 1644 750 385 8 6 4
C 4928 2069 1250 131 256 2
D 1208 574 372 3 1 2
E 530 233 203 3 19 2
F 11485 5113 3335 8190 6486 2
G 1298 566 374 9 6 4
H 1491 639 368 4 0 2
I 2380 1035 666 15 2 3
K 355 152 132 1 1 2
L 4522 1888 1263 270 391 6
M 1654 612 564 5 3 1
N 756 359 227 5 0 2
P 2309 1048 523 9 3 4
Q 647 291 255 9 12 2
R 1201 484 317 18 39 6
S 2999 1297 788 17 8 6
T 1083 494 292 5 0 4
A% 3238 1479 850 14 3 4
W 2665 1065 1205 159892 394007 1
Y 3024 1278 827 42 16 2
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Supplementary Table 7 | Doubling times of leucine and tryptophan variants of adk.d6, tyrS.d7 and tyrS.d8

Permissive media Nonpermissive media

. Avg. Tdouble  Tdouble Max | Avg. Tdouble Tdouble Max
Strain® | Variant) Clone (min.) s.e.m. (min) 0Dy (min.) s.e.m. (min)  ODyg,
adk.d6 Leu 1 70 1 0.98 124 2 0.85
adk.d6 Leu 2 68 0 0.98 141 1 0.58
adk.d6 Leu 3 75 1 0.93 133 1 0.70
tyrS.d7 Trp 1 156 6 0.96 248 9 0.66
tyrS.d7 Trp 2 179 4 0.98 288 12 0.57
tyrS.d7 Trp 3 198 9 0.95 288 9 0.59
tyrS.d8 Trp 1 161 4 1.10 148 7 0.95
tyrS.d8 Trp 2 276 13 1.13 267 8 0.66
tyrS.d7° | Leu 1 nd nd nd no growth no growth  no growth
tyrS.d7° | Leu 2 nd nd nd no growth no growth  no growth
tyrS.d7° | Leu 3 nd nd nd no growth no growth no growth

* We were unable to produce adk.d6 bipA->Trp or tyrS.d8 bipA->Leu variants
® tyrS.d7 Leu variants were confirmed by Sanger sequencing, but did not grow in nonpermissive liquid media
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Supplementary Table 8 | Viability of adk synthetic auxotrophs in stationary phase

Condition Measured OD,, Viable c.f.u./ml
adk.d4-SCAB10-mid log 0.6 2.83 x 10°
adk.d4-SCAB10-late log 0.96 543 x 10¢
adk.d4-SCAB10-stationary 1.2 1.60 x 107
adk.d4-SCAB50-mid log 0.65 247 x 10°
adk.d4-SCABS50-late log 1.2 6.33x 10¢
adk.d4-SCABS50-stationary 2 3.13x 10°
adk.d6-SCAB10-late log 1.1 6.20 x 10¢
adk.d6-SCAB10-early stationary 2.1 1.83x 10°
adk.d6-SCAB10-late stationary 2.6 330 x 10°
adk.d6-SCAB50-mid log 0.5 2.30x 10°

adk.d6-SCABS50-stationary 24 127 x 10°
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Supplementary Table 9 | Escape mechanisms uncovered by whole-genome sequencing

Strain name Media condition Escape mechanism

adk.d6_esc-1 permissive frame shift in lon at nt 459009
adk.d6_esc-2 non-permissive structural event upstream of lon
adk.d6_esc-3 non-permissive structural event upstream of lon
adk.d6_esc-4 non-permissive structural event upstream of lon
tyrS.d8 esc-1 permissive tyrS A70V mutation at nt 1721829
tyrS.d8 esc-2 non-permissive tyrS A70V mutation at nt 1721829
tyrS.d8 esc-3 non-permissive tyrS A70V mutation at nt 1721829
tyrS.d8 esc-4 non-permissive tyrS A70V mutation at nt 1721829
adk.d6 tyrS.d8 esc-1 permissive mutation in lon (nt:T459768C aa:L611P)
adk.d6 tyrS.d8 esc-2 permissive structural event upstream of lon

adk.d6 tyrS.d8 esc-3 permissive structural event upstream of lon
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Supplementary Table 10 | tyrS.A70V growth rates

bipA concentration (uM)

Strain 0 0.5 1 5 10 50
tyrS.A70V_esc-1 2959+ 8.9 86.9+0.7 72.4+0.3 629+1.8 66.0£0.2 90.6 + 0.6
tyrS.A70V_esc-2 318.7+25.1 97.1£0.8 73.2+0.5 64.7+0.2 66.0 + 0.4 96.1+£0.4
tyrS.A70V_esc-3 484.1 £16.0 89.5+0.6 70.5+0.3 66.6+0.2 69.3+0.2 116.5+1.6

tyrS.d8 no growth 465.0 £ 177.0 84.2+0.8 68.2+0.3 68.9+0.3 1304+ 1.5

C321.AA 64.4£0.1 62.6+0.2 62.3+0.2 60.6 0.2 61.8+0.4 89.2+1.2
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Supplementary Table 11 | Escape and growth rates of natural metabolic auxotrophs

Strain Escape assay plate media z:z;eflscc); g:f;j;i? 32::;::}; Dm]l)l;]i[l:ittill;;:?dillf +
EcNR1AthyA LBt <3.51E-11 2i7,§§1;(-)190i 7;?5;3; 43.6+0.2
EcNR1Aasd LB" <5.98E-10 S:;E;?Oi 85;?;3; 47.7+0.3
EcNR1AasdAthyA LBt <1.83E-10 | <1.83E-10 84732(_)3; 575+0.2
EcNR1AasdAthyA LB" + thymidine <5.49E-10 15125;)19; 24820]5];)3; n.a.

Errors reported are s.e.m. of the rate (Methods)
< Indicates below given detection limit

n.a. = not applicable
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Supplementary Table 12 | Allele reversion fr ies in p
adk.d4 adk.d6 tyrS.d6 tyrS.d7 tyrS.d8 adk.d6_tyrS.d6 adk.d6_tyrS.d7 adk.d6_tyrS.d8 adk.d6_tyrS.d8 asd
N= 15 n.a. 51 6 16 n.a. 15 n.a. 44 7 8 n.a. 6 n.a. 8 59 5 38
Gene UAG Position S0 mnfute 12 hour conj. S0 mu?ute 12 hour conj. 50 mufute 12 hour conj. S0 mufute 12 hour conj. S0 mufute 12 hour conj. s mnjute 12 hour conj. S0 mu?ute 12 hour conj. 0 mufute 12 hour conj. S0 mujute 12 hour conj.
conj. conj. conj. conj. conj. conj. conj. conj. conj.

murF 96008 0.267 n.d. 0.020 0.000 0.000 nd. 0.000 n.d. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 0.542 1.000 0.895
yaiS 383283 0.867 n.d. 0.667 0.500 0.000 nd. 0.000 n.d. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 0.814 1.000 0.895
lon 460466 1.000 n.d. 0.745 0.833 0.000 n.d. 0.000 n.d. 0.020 0.000 1.000 n.d. 1.000 n.d. 1.000 0.966 1.000 0.947
adk 497043 1.000 nd. 1.000 1.000 0.000 nd. 0.000 nd. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 1.000 1.000 1.000
ybhS 825342 0.267 n.d. 0.078 0.000 0.000 n.d. 0.000 n.d. 0.039 0.143 1.000 nd. 1.000 n.d. 1.000 0.949 1.000 0.974
lolA 937206 0.267 n.d. 0.039 0.000 0.000 n.d. 0.000 n.d. 0.039 0.143 1.000 n.d. 1.000 n.d. 1.000 0.949 1.000 0.947
yeal 965807 0.267 nd. 0.039 0.000 0.000 n.d. 0.000 n.d. 0.039 0.143 1.000 nd. 1.000 n.d. 1.000 0.949 1.000 0.921
fabH 1148935 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.039 0.143 1.000 nd. 1.000 n.d. 1.000 0.949 1.000 0.947
hemA 1264193 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.098 0.429 1.000 nd. 1.000 n.d. 1.000 0.966 1.000 0.974
prfA 1265317 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.098 0.429 1.000 n.d. 1.000 n.d. 1.000 0.966 1.000 0.974
pspF 1364959 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.137 0.571 1.000 n.d. 1.000 n.d. 1.000 0915 1.000 0.974
tyrS 1713972 0.000 n.d. 0.000 0.000 1.000 nd. 1.000 n.d. 1.000 1.000 1.000 nd. 1.000 n.d. 1.000 1.000 1.000 1.000
ydiE 1787828 0.267 n.d. 0.020 0.000 0.500 n.d. 0.200 n.d. 0.608 0.714 1.000 n.d. 1.000 n.d. 1.000 0.831 1.000 0.974
resC 2315049 0.267 nd. 0.020 0.000 0.063 nd. 0.000 n.d. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 0.492 1.000 0.842
hda 2616097 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 0.373 1.000 0.789
srlE 2825373 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.020 0.000 1.000 n.d. 1.000 n.d. 1.000 0.271 1.000 0.816
nlpl 3306062 0.267 nd. 0.020 0.000 0.000 nd. 0.000 n.d. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 0.220 1.000 0.842
mreC 3396897 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 0.220 1.000 0.842
xylR 3734180 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 0.220 1.000 0.947
coaD 3808327 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.020 0.000 1.000 n.d. 1.000 n.d. 1.000 0.237 1.000 0.947
yidS 3868464 0.267 nd. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 0.288 1.000 0.947
rbsB 3935191 0.267 n.d. 0.020 0.000 0.000 nd. 0.000 n.d. 0.020 0.000 1.000 nd. 1.000 n.d. 1.000 0.305 1.000 0.921
insN-2 4505486 0.267 n.d. 0.020 0.000 0.000 n.d. 0.000 n.d. 0.020 0.000 1.000 n.d. 1.000 n.d. 1.000 0.339 1.000 0.842

N = number of escapees assayed by mascPCR
n.a. = not applicable
n.d. = not determined (12 hr conjugation escape assays were only performed for adk.d6_tyrS.d8_asd and its component single- and double-enzyme synthetic auxotrophs adk.d6, tyrS.d8 and adk.d6_tyrS.d8)

WWW.NATURE.COM/NATURE | 38



doi:10.1038/nature14121 {2 T\{H; W SUPPLEMENTARY INFORMATION

SUPPLEMENTARY DISCUSSION

Structure determination of a NSAA-dependent enzyme. We used X-ray crystallography to
test the accuracy of our computational methods, and to explore the structural implications of
introducing a NSAA into an enzyme core. We determined the crystal structure of tyrS.d7, one of
the eight tyrS variants predicted from all-atom computational models, which showed strong
dependence on bipA in both solid and liquid media assays, to 2.65 A resolution (Extended Data
Table 1). Two full-length protein constructs are present in the asymmetric unit (chain A and
chain B), and their overall structures are comparable. Here we describe the refined model for
chain A, which is considerably more ordered than the other molecule. The engineered enzyme is
composed of two domains connected by a short a-helix (Extended Data Fig. 3a) and several
flanking loops. The C-terminal tRNA recognition domain displays a topologically similar
structure to the corresponding region of T. thermophilus TyrS' (PDB code 1H3E) (Extended
Data Fig. 3b), the only full-length bacterial tyrosyl-tRNA synthetase with a determined crystal
structure prior to this study. The N-terminal domain that catalyzes tyrosine activation is closely
superimposable on the crystal structure of the wild-type enzyme® (Extended Data Fig. 3c; PDB
code 1X8X, Ca root mean square deviation [r.m.s.d.] = 1.0 A) except for a long loop consisting
of residues 226-245. The loop is largely disordered, probably due to the introduction of
compensatory substitution F236A that was predicted to resolve steric clashes for F236 with
L303bipA and F271W. Although this region, known as the KMSKS loop, is important for the
catalytic mechanism of the enzyme’, the increased disorder of this loop observed in tyrS.d7 does
not substantially impair viability (Fig. 2, Supplementary Table 4). Strong density consistent with
a bound tyrosine molecule is observed in the substrate binding pocket as previously observed in

the wild type TyrS-tyrosine co-crystal structure (Extended Data Fig. 3d)*. The presence of
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substrate indicates that the redesigned enzyme retains the ability to tightly bind L-tyrosine, since
no additional tyrosine was added during protein purification or crystallization. Out of seven
amino acid substitutions that were introduced in the engineered protein, six (including bipA at
residue 303) are clearly visible and lead to very minor conformational changes in the backbone
helices (Fig. 1b-d). The side chain rotameric conformations for all six of these redesigned
positions agree with the computationally predicted model (Fig. 1d). Redesigned position F236A

is on the disordered KMSKS loop and thus is not observed.

Competition between synthetic auxotroph escapees and prototrophs. Any biocontainment
mechanism — however robust — is vulnerable to evolutionary pathways through the fitness
landscape that lead to survival in nonpermissive conditions. Although escape pathways may be
exceedingly rare, it is critical that genotypes along these pathways sufficiently decrease fitness so
that escapees are outcompeted in natural ecosystems. In this respect toxin/antitoxin systems are
disadvantaged because the primary escape mechanism — ejecting the toxic gene — typically
improves fitness. In contrast, escapees of our synthetic auxotrophs are highly impaired under
nonpermissive growth conditions (Supplementary Table 4). We quantified the ability of escaped
synthetic auxotrophs to compete in an ecosystem using a flow cytometry-based competition

assay (Fig. 4).

We clonally isolated escapee strains that emerged both from single-enzyme (pgk.d4) and double-
enzyme (adk.d6_tyrS.dS8) synthetic auxotrophs and competed them against C321.AA, used here
as a proxy for prototrophic environmental competitors. From an initial seeding density 100-fold
higher than the prototrophs, the single-enzyme pgk.d4 escapees maintain a significant presence

(>50% of the total population) as resources become limiting after 8 hours of growth (Fig. 4a).
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The continued presence of pgk.d4 in the 8 hour population arises from escapees growing in
nonpermissive conditions, even though fitness is impaired in comparison to the prototroph. In
contrast, under identical seeding conditions, the prototrophic strain completely overtakes the
adk.d6 tyrS.dS8 escapees, inverting their relative abundance within 8 hours (Fig. 4b). This
extreme effect is largely due to the severe fitness impairment of the adk.d6_tyrS.d8 escapees in
nonpermissive conditions. Further, these results emphasize that cross-feeding from prototrophic
co-cultures cannot circumvent synthetic auxotrophies. Thus, while GMOs biocontained by
multiple synthetic auxotrophies may explore mutations conferring nominal viability under
nonpermissive conditions, the associated fitness impairment renders them readily outcompeted

by prototrophic microbial competitors.

Quadruplet codon decoding. One possible class of escape mechanisms includes host
modifications that suppress recoded UAG positions, such as mutations in endogenous tRNAs or
ribosomal subunits. We attempted to safeguard against general suppression of the UAG triplet by
mutating UAG in the designed enzymes to UAGA and introducing orthogonal quadruplet codon
decoding machinery” in adk.d6. This strategy yielded a strain with reduced fitness (1.31-fold
increase in doubling time) and a ~4-fold increase in 7 day escape frequency (adk.d6 quad,
Supplementary Tables 4 and 5). The increase in escape frequency could arise from reduced
fitness of the parental auxotroph, and suggests that host modifications to recognize UAG codons

are not primary escape mechanisms for adk.d6.

adk.d4 exhibits poor survivability in stationary phase. Cultures of adk.d4 and adk.d6 were

grown in permissive media containing 10 uM bipA (SCAB10) or 50 uM bipA (SCABS50). Cell
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density at different growth phases was monitored by comparing viable c.f.u. versus ODggo
(Supplemental Table 8). Strain adk.d6 exhibited the best survival in permissive media containing
SCAB10, while SCABS50 was slightly toxic. Strain adk.d4 grew to a lower maximum ODggo than
adk.d6 under both growth conditions, and its c.f.u./ml did not track with ODggo. This suggests
that a considerable fraction of the biomass (observed by ODgo) is no longer viable (observed by

c.fu.).
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