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Table S1. Summary of phenotypes used to study the DLT pathway

Bacillus  [Staph. Strep. Strep. Strep. Strep. Group A |Group B [Lactobacill |Lactobacill |Lactobacill |Lactococcu (Clostridiu |Listeria  [Enterococc
subtilis aureus gordonii  [mutans agalactiae [pneumonia [Strep. Strep. us us reuteri |us casei  |[s lactis m difficile |monocyt. |us facaelis
e rhamnosus
cell wall D-ala content [€9)] 2 3) 4 (5 (6) ()] (8) 9) (10)
cell surface Western (3)
Antibiotic resistance
CAMPs resistance (2) (11) (15) 5)  |(16) (6) ) 7) (18) (19) (20) 9) (21) (10)
(12) (13)
(14)
daptomycin (14) (22)
(23) (24)
(25)
methicillin (26) (11) (27)
definsin (2) (25) (16) (18)
tunicamycin (28) (29)
cationic lipodepsipeptides  |(30)
cationic phospholipase A2 (31)
skin extracts (13)
lysostaphin and lysozyme  [(32) (11) (33)
anionic detergent (18)
Growth and homeostasis
autolysis (34) (26) |(27) () (18) (19) (35)
low pH growth (36) (37) 4) ) (18) (19) (20) (38)
motility defect 1)
cell length (18)
coaggregation 3)
protein secretion (40)
Mg2+ induction (36) (41)
colony spreading (42)
growth medium [salt] (43)
high growth temperature (20)
Pathogenesis
virulence (44) (16) (21)
neutrophil evasion (44) (16) ()
adherence () (21) (10) (45)
biofilm formation (39) (19) (10)
mouse colonization (19)
human T-cell activation (46)
Cell surface charge
cytochrome ¢ (26) (2) (23) (5) ()]
crystal violet (5)
GFP 2
Cell membrane fluidity
fluorescence polarization [(23) | |
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Table S1. Primers

Primer Sequence 5" to 3' Description
Cloning
PMW56 ggigg%gGCAGCCATACAGATATTATTAA !nfusion forward cloning primer for dItA minus start codon
into pET15b-Ndel/BamHI
GTTAGCAGCCGGATCCTTATCCGTTAATTA |Infusion reverse cloning primer for dItA into pET15b-
PMWS57  |cCTCTGCAATTTTC Ndel/BamHI
PMW14 [TTTCATATGGAATTTAGAGAACAAGT dItC cloning forward primer with TTT-Nhel addition to 5
PMWS TTTGGATCCTCATCGTAACTCTTCTAATGC (dItC cloning reverse primer with TTT-BamHI addition to
3’-end of gene, reverse complement
PMWEO ?TC%BCCSCCGGCAGCCATAAATTAAAACCTTT !nfusion forward cloning primer for ditD minus start codon
into pET15b-Ndel/BamHI
GTTAGCAGCCGGATCCTTAATTTTTAGGTTT|Infusion reverse cloning primer for dItD into pET15b-
PMW61 latcractTe Ndel/BamHI
PMW62 i%GCGCE%AGCCATACAGGATTAGTAA Infusion forward cloning primer for dltDtrunc into
AAAA pET15b-Ndel/BamHI
PMW63 iggi%?GCAGCCATGCAATATTAGGTTT Infusio_n forward cloning primer for Ecoli acpS minus start
codon into pET15b-Ndel/BamHI
PMW64 ﬂ;éggTAgggGGATCCTTAACTTTCAATAA Infusion reverse cloning primer for Ecoli acpS into
PET15b-Ndel/BamHI
SM61 |CATTGTCGACTGAGTTCTAATGAGGGAG  |Sall forward primer for cloning SaDLT into pLOW
SM64 EQAGGATCCTTAATTTTTAGGTTTATCTAC BamHI reverse primer for cloning SaDLT into pLOW
SM148 GATTGGTACCTGAGTTCTAATGAGGGAG  [Kpnl forward primer for cloning ditABCD plus RBS into
pTP63-Kpnl/Blpl
SM149 E'_‘I}QGCTCAGCTTAATTTTTAGGTTTATCTA Blpl reverse primer for cloning dIitABCD plus RBS into
pTP63-Kpnl/Blpl
CAAAAATTAATTTCAGAAGAAGATTTATTA5 . -taqQi i
PMWI42 I AACCTTTTTTACCCATTTTAATTAGTGG 5 -ditD myc-tagging forward primer
TAAATCTTCTTCTGAAATTAATTTTTGTTCT [5°- -taqgi i
PMW143 [ e e et 5°-dItD myc-tagging reverse primer
ITTAAGCTCAGCTAAATCTTCTTCTGAAATT [3°-dItD myc_tagging reverse primer
PMW144 |AATTTTTGTTCTTAATTTTTAGGTTTATCTA
CTTCAGG
PMW181 ETAGTGATTQCA'CATAGTAFGTTCTCACATTTGT?(T;%GQ&ACT dItD cloning forward primer with Kpnl site + SaDLT RBS
nans addition to 5’-end (used with SM149)
IAGAATCATGGAACAAAAATTAATTTCAGA | taS N-terminal myc-tagging forward primer to be used
PMW214 ¢TGAAGATTTMGTTCACAAAAAAAGAAAA with PMW216 in the construction of the insert for cloning
into pTP63 (to be followed by amplification with
PMW?215)
PMW215 égéﬁ;ﬁgﬁiﬁ%&gﬁﬁﬁ;ﬁﬁi% Infusion for_ward cloning_ primer for ItaS with native RBS
a2 and N-terminal myc tag into (Kpnl/Blpl) pTP63
IAGCGACCGGCGCTCAGCTTATTTTTTAGAG i i i i
PMW216 [rrrcertiacs :)qf;zlgn reverse cloning primer for ItaS into (Kpnl/Blpl)
AGAGTATGATGGTACCTATCTAAATAACGG Infusion forward cloning primer for ItaS with native RBS
PMW217 iGGAAAGAATCATGAGTTCACAAAAAAAG into (Kpnl/Blpl) pTP63
CTTCTTCTGAAATTAATTTTTGTTCTTTTTTA| taS C-terminal myc-tagging primer (stop codon removed)
PMW218 CAGTTTGCTTTAGG to be usgd V\_/ith PMW?217 in the construction of_the ipsert
for cloning into pTP63 (to be followed by amplification
with PMW219)
IAGCGACCGGCGCTCAGCTTATAAATCTTCT (Infusion reverse cloning primer for ItaS with C-terminal
PMW219 [[CTGAAATTAATTTTTG myc tag (new stop codon) into (Kpnl/Blpl) pTP63 (to be
used with product of PMW217/218)
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Sequencing

CGACTGAAGTTACGGACAATGC

Forward sequencing primer for the 3’-end of dItA and the

PMW97
S 5°-end of dItB
GTGTCTAACAGCAATGCTTTGTGG Reverse primer for SaDLT promoter sequencing; anneals
PMW126 L ,
inside dItA near the 5'end
GTAGATAATGGTGGTAAAATTTACG Forward sequencing primer dlt downstream region (from
PMW149 s
within dItD)
CAATCAAAATCGTTGAGTTATGTGC Reverse primer for amplifying from downstream of ditD
PMW156
on the S. aureus chromosome
DItD mutagenesis
PMW129 [CTATTATCCTATATACGGCTCTGCTGAATT (dItD S70A mutagenesis forward primer
IAGGTAAAGATGACCC
PMW130 [CCCTCATCTTTACCTAATTCAGCAGAGCCG (dItD S70A mutagenesis reverse primer
TATATAGGATAATAC
PMW150 CTATTATCCTATATACGGCTCTGTTGAATTAQItD S70V mutagenesis forward primer
GGTAAAGATGACCC
PMW151 GCCTCATCTTTACCTAATTCAACAGAGCCG (dItD S70V mutagenesis reverse primer
[TATATAGGATAATAC
PMW204 [CTATTATCCTATATACGGCTCTIGTGAATTAItD S70C mutagenesis forward primer
GGTAAAGATGACCC
PMW205 [CCCTCATCTTTACCTAATTCACAAGAGCCG (dItD S70C mutagenesis reverse primer
TATATAGGATAATAC
PMW222 [TATCCTATATACGGCTCTAGTGCTTTAGGT (dItD E71A mutagenesis forward primer
IAAAGATGACCCATTTAATCC
PMW223 [CCATTAAATGGGTCATCTTTACCTAAAGCA dItD E71A mutagenesis reverse primer
CTAGAGCCGTATATAGGATA
PMW224 [TATCCTATATACGGCTCTAGTCAATTAGGT (dItD E71Q mutagenesis forward primer
IAAAGATGACCCATTTAATCC
PMW225 [CCATTAAATGGGTCATCTTTACCTAATTGA (dItD E71Q mutagenesis reverse primer
CTAGAGCCGTATATAGGATA
PMW230 [CAAGTATTATCCTATATACGGCTCTAGTAA (dItD E71N mutagenesis forward primer
TTTAGGTAAAGATGACCCATTTAATCC
PMW231 [CCATTAAATGGGTCATCTTTACCTAAATTA (dItD E71N mutagenesis reverse primer
CTAGAGCCGTATATAGGATAATACTTG
[TAACATTTATTATTTCACCAGCATGGTTTAC|ItD Q129A mutagenesis forward primer
PMWI31 |aaaccATGG Q g P
CCATGGTTTGTAAACCATGCTGGTGAAATA [dItD Q129A mutagenesis reverse primer
PMWI132  |\1anaTGTTA Q g P
TAACATTTATTATTTCACCATGTTGGTTTAC (dItD Q129C mutagenesis forward primer
PMW206 |\ aaccaTGG Q g P
CCATGGTTTGTAAACCAACATGGTGAAATA|dItD Q129C mutagenesis reverse primer
PMW207 |a7aAnATGTTA Q g P
PMW133 [CATTTATTATTTCACCACAAGCATTTACAA (dItD W130A mutagenesis forward primer
IACCATGGTTTAACG
PMW134 [CCTTAAACCATGGTTTGTAAATGCTTGTGG dItD W130A mutagenesis reverse primer
TGAAATAATAAATG
PMW208 [CATTTATTATTTCACCACAATGTTTTACAAAGItD W130C mutagenesis forward primer
CCATGGTTTAACG
PMW209 [CCTTAAACCATGGTTTGTAAAACATTGTGG dItD W130C mutagenesis reverse primer
TGAAATAATAAATG
PMW135 CATTATGAAAAATATGTTATCAGTGCTGCC dItD D358A mutagenesis forward primer
GTACACATCGGTTGG
PMW136 [CCAACCCATGTGTACGGCAGCACTGATAACHItD D358A mutagenesis reverse primer
IATATTTTTCATAATC
PMW210 CATTATGAAAAATATGTTATCAGTIGTGCC dItD D358C mutagenesis forward primer
GTACACATCGGTTGG
PMW211 [CCAACCCATGTGTACGGCACAACTGATAAC(ItD D358C mutagenesis reverse primer
IATATTTTTCATAATC
PMW137 [TATGTTATCAGTGATGCCGTAGCAATCGGT (dItD H361A mutagenesis forward primer
TGGAAAGGTTGGG
PMW13g [CCCAACCTTTCCAACCGATIGCTACGGCAT (dItD H361A mutagenesis reverse primer

CACTGATAACATA
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DItB mutagenesis

GACATTATCATTCTGGTTCAGAGATTCTATT|

dItB C304S mutagenesis forward primer

PMWS8 |+ ACATGAGATCTTTATTCTACATG

PMW99 [CATGTAGAATAAAGATCTCATGTAAATAGA(ItB C304S mutagenesis reverse primer
IATCTCTGAACCAGAATGATAATGTC

PMW145 |[TATTAAAGATTTCTGGAATAGATGGGCTAT (dItB H294A mutagenesis forward primer
GACATTATCATTCTGGTTCAGAG

PMW146 [CTCTGAACCAGAATGATAATGTCATAGCCC dItB H294A mutagenesis reverse primer
IATCTATTCCAGAAATCTTTAATA

PMW147 [TATTAAAGATTTCTGGAATAGATGGAATAT (dItB H294N mutagenesis forward primer
GACATTATCATTCTGGTTCAGAG

PMW148 [CTCTGAACCAGAATGATAATGTCATATTCC (dItB H294N mutagenesis reverse primer
IATCTATTCCAGAAATCTTTAATA

PMW73 g?;?ATGGGAATTTGGGCGGGTATCGAAGT dItB H341A mutagenesis forward primer

PMW74 TAZ%ACTTCGATACCCGCCCAAATTCCCAT dItB H341A mutagenesis reverse primer

LtaS mutagenesis
CRV55 2§CACCTGAAGATGACTTAACAAAAGTATT ItaS S218P mutagenesis forward primer
CRV56 [TTCAGGTGCTAGCGCTTTTTGTTGATTATT ([taS S218P mutagenesis reverse primer
rtPCR

PMW154 [CATTCTTTCCAAACAGTTGGATT dItC rtPCR primerl (133nt product)

PMW155 [CGTAACTCTTCTAATGCTTCAACG dItC rtPCR primer2 (133nt product)

PMW?240 [CAAATCTAAAAGTAAACAGCCACCT Forward primer to test dItX dItA cotranscription

PMW?241 [TTACTACCTTGTAATCGATGTGCT Reverse primer to test dItX dItA cotranscription
GACAACCAATTACTATGTTGAATCT Forward primer to test SAOUHSC_00867 dItX

PMW242 cotranscription (can be used with PMW241 to test dItA

cotranscription)
PMW243 GAAGTTATTGTGTGTGTCGCC Reverse primer to test SAOUHSC_00867 dItX

cotranscription
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Table S2. Plasmids

Name

Description

Purpose

E. coli plasmids

PMW16

PET15b-dItAl

N-terminal hexahistidine tagged SaDItA expression vector for T7
infected E. coli

pPMW18

PET15b-dItD1

N-terminal hexahistidine tagged SaDItD expression vector for T7
infected E. coli

pPMW19

pET15b-dItDtruncl

N-terminal hexahistidine tagged N-terminally truncated, soluble
SaDItD expression vector for T7 infected E. coli

pPMW20

PET15b-dItC2

N-terminal hexahistidine tagged SaDItC expression vector for T7
infected E. coli

pPMW21

pPET15b-acpS2

N-terminal hexahistidine tagged EcAcpS expression vector for T7
infected E. coli; acpS used to make holo-DItC

pPMW138

PET15b-dItD S70A1

Expression plasmid for N-terminally 6His-tagged DItD S70A site-
directed mutant (start - 770bp verified)

pPMW162

PET15b-dItD E71A2

Expression plasmid for N-terminally 6His-tagged DItD E71A site-
directed mutant (1-740bp verified)

pPMW164

pET15b-dItD E71N1

Expression plasmid for N-terminally 6His-tagged DItD E71N site-
directed mutant; (1-968bp verified)

PMW163

pET15b-dItD E71Q1

Expression plasmid for N-terminally 6His-tagged DItD E71A site-
directed mutant (1-740bp verified)

pPMW149

PET15b-dItD Q129A1

Expression plasmid for N-terminally 6His-tagged DItD Q129A site-
directed mutant (54 - 1119bp verified)

PMW150

pET15b-dItD Q129C1

Expression plasmid for N-terminally 6His-tagged DItD Q129C site-
directed mutant (54 - 1119bp verified)

pPMW151

pET15b-dItD W130A1

Expression plasmid for N-terminally 6His-tagged DItD W130A site-
directed mutant (54 - 1119bp verified)

PMW152

pET15b-dItD W130C1

Expression plasmid for N-terminally 6His-tagged DItD W130C site-
directed mutant (54 - 1119bp verified)

pMW134

pET15b-dItD D358A

Expression plasmid for N-terminally 6His-tagged DItD D358A site-
directed mutant; sequenced 3/17/2016

pMW139

PET15b-dItD H361A1

Expression plasmid for N-terminally 6His-tagged DItD H361A site-
directed mutant (247 - 1165bp verified)

S. aureus plasmids

pMW35 [pLOW-SadItABCD made by Samir; dit knockout complementation plasmid;
OMW38 pLOW-SaDLT (dItB H341A)2 S. aurfaus.dlt c_:omplementatlon vector with H341A site-directed
mutation; Quikchange colony 2
Samir's complementation plasmid expressing S. aureus DLT operon;
pMWS55 [pTP63-SaDLT [2] sequenced 5/29/15 and 6/1/15 (verified entire dIt operon except dItA
1-31 and 70)
pMW98 pTP63-dItD1 S. aureus dItD complementation vector (bp 93-1131 verified)
i i S. aureus dIt complementation vector with N-terminal myc-tagged
pMW84 pTP63-SaDLT (myc-ditD)1 dItD; sequenced DItCD genes 7/15/2015
i i S. aureus dIt complementation vector with C-terminal myc-tagged
PMW78 pTP63-SaDLT (ditD-myc)2 |y (qitp 270-3%end verified)
MW117 pTP63-SaDLT (myc-dIitD S. aureus dIt complementation vector with N-terminally myc-tagged
P S70A)1 dItD containing S70A site-directed mutation, sequenced 2/8/2016
i i S. aureus dIt complementation vector with N-terminally myc-tagged
pMW144ggg‘;slsaDLT (myc-dltD dItD containing S70C site-directed mutation (dItD sequence verified

92-768bp)
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pPMW121

pTP63-SaDLT (myc-dIitD
S70V)1

S. aureus dIt complementation vector with N-terminally myc-tagged
dItD containing S70V site-directed mutation, sequenced 2/8/2016

PMW160

pTP63-SaDLT (myc-dItD
E71A)1

S. aureus dIt complementation vector with N-terminally myc-tagged
ditD E71A mutant; sequenced 11/9/2016

PMW167

pTP63-SaDLT (myc-dItD
E71N)1

S. aureus dIt complementation vector with N-terminally myc-tagged
ditD E71N mutant (29-1015bp of dItD verified)

PMW161

pTP63-SaDLT (myc-dItD
E710)1

S. aureus dIt complementation vector with N-terminally myc-tagged
ditD E71Q mutant; sequenced 11/9/2016

pPMW148

pTP63-SaDLT (myc-dItD
Q129A)1

S. aureus dIt complementation vector with N-terminally myc-tagged
dItD containing Q129A site-directed mutation (dItC verified from 95-
3'-end; dItD verified 5'myc tag-1117bp)

pPMW145

pTP63-SaDLT (myc-dItD
Q129C)1

S. aureus dIt complementation vector with N-terminally myc-tagged
dItD containing Q129C site-directed mutation (dItD sequence
\verified 92-942bp)

pPMW124

pTP63-SaDLT (myc-dItD
\W130A)1

S. aureus dIt complementation vector with N-terminally myc-tagged
dItD containing W130A site-directed mutation, sequenced 2/25/2016

pPMW146

pTP63-SaDLT (myc-dIitD
W130C)1

S. aureus dIt complementation vector with N-terminally myc-tagged
dItD containing W130C site-directed mutation (dItD sequence
\verified 82-834bp)

pMW85

pTP63-SaDLT (myc-dIitD
D358A)1

S. aureus dIt complementation vector with N-terminal myc-tagged
ditD D358A site-directed mutant (dItD 191-1131 verified)

pPMW147

pTP63-SaDLT (myc-dIitD
D358C)1

S. aureus dIt complementation vector with N-terminally myc-tagged
dItD containing D358C site-directed mutation (dItD sequence
\verified 531-1080bp)

pMW87

pTP63-SaDLT (myc-dIitD
H361A)1

S. aureus dlIt complementation vector with N-terminal myc-tagged
ditD H361A site-directed mutant (dItD 215-1132 verified)

pPMW73

pTP63-myc-DItB

S. aureus dlIt complementation vector with N-terminal myc-tagged
ditB (dItA 1343-3'end and dItB 5'end-696 verified)

pPMW75

pTP63-dItB-myc

S. aureus dIt complementation vector with C-terminal myc-tagged
ditB (ditB 432-3'end verified)

pTP63-SaDLT (dItB-myc

S. aureus dIt complementation vector with C-terminal myc-tagged

PMWOL | o940)1 dItB H294A site-directed mutant (dItB 215-1170 verified)
OMW3 pTP63-SaDLT (dItB-myc S. aureus dlt c_omp_lementation vector with C-termina_l _myc—tagged
H294N)1 dItB H294N site-directed mutant (dItB 189-1161 verified)

OMW5 pTP63-SaDLT (dItB-myc S. aureus dIt complementation vector with C-terminal myc-tagged

H341A)1

dItB H341A site-directed mutant (dItB 229-1170 verified)

pPMW154

pTP63-myc-ItaS1

S. aureus dIt complementation vector with N-terminally myc-tagged
ItaS (verified start-882bp and 1058-1889bp)

PMW156

pTP63-ItaS-mycl

S. aureus dIt complementation vector with C-terminally myc-tagged
ItaS (verified 38-725bp and 970-last bp)

PMW165

pTP63-myc-ItaS S218P2

S. aureus integrative vector with N-terminally myc-tagged LtaS and
S219P mutation (1-938bp verified)

PMW166

pTP63-ItaS-myc S218P1

S. aureus integrative vector with C-terminally myc-tagged LtaS and

S219P mutation (26-938bp verified)
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Table S3. Strains

Strain ‘Background Genotype/ plasmid Antibiotic (pg/mL)
S. aureus

RN4220

Newman
JSM1 Newman AdItA
LM1 Newman dItB::kanR Kan(50) Neo(50)
LM2 Newman dItC::kanR Kan(50) Neo(50)
ISM2 Newman ditD::kanR Kan(50) Neo(50)

RN4220 auxillary plasmid for integration of pTP63 Tet(5)

HGO003 spa::tn-ErmR Erm(5)

SEJ1
4S5 SEJ1 AltaS AgdpP
BMW57 |Newman pLOW Erm(5)
BMW&63 [Newman pMW35 1 Erm(5)
BMW?72 |Newman AdItA/ pLOW1 Erm(5)
BMW92 |Newman AdItA/ pLOW-SaDLT1 Erm(5)
BMW?74 |Newman dItB::kanR/ pLOW1 Erm(5) Kan(50) Neo(50)
BMW67 |Newman dItB::kanR/ pLOW-SaDLT1 Erm(5) Kan(50) Neo(50)
BMW90 |Newman ditC::kanR/ pLOW1 Erm(5) Kan(50) Neo(50)
BMW68 |Newman ditC::kanR/ pLOW-SaDLT1 Erm(5) Kan(50) Neo(50)
BMW&65 |Newman ditD::kanR/ pLOW Erm(5) Kan(50) Neo(50)
BMW?70 |Newman ditD::kanR/ pLOW-SaDLT1 Erm(5) Kan(50) Neo(50)
BMW173 Newman pTP63 Cam(10)
BMW174 [Newman  pMWS84; pTP63-SaDLT (myc-ditD)1 Cam(10)
BMW188 [Newman ditD::kan/ pTP63 Cam(10) Kan(50) Neo(50)
BMW175 [Newman ditD::kan/ pMW84; pTP63-SaDLT (myc-ditD)1 Cam(10) Kan(50) Neo(50)
BMW304 Newman  [pMW117; pTP63-SaDLT (myc-dItD S70A)1 Cam(10)
BMW305 [Newman ditD::kan/ pMW117; pTP63-SaDLT (myc-dItD S7T0A)1  |Cam(10) Kan(50) Neo(50)
BMW306 Newman  [pMW121; pTP63-SaDLT (myc-dItD S70V)1 Cam(10)
BMW307 Newman ditD::kan/ pMW121; pTP63-SaDLT (myc-dItD S70V)1  |Cam(10) Kan(50) Neo(50)
BMW245 Newman  [pMWS85; pTP63-SaDLT (myc-dItD D358A)1 Cam(10)
BMW248 Newman ditD::kan/pMW85; pTP63-SaDLT (myc-ditD D358A)1  [TSB/10Cam/50Kan/50Neo
BMW244 Newman  [pMWS87; pTP63-SaDLT (myc-dItD H361A)1 TSB/10Cm
BMW247 Newman ditD::kan/pMW87; pTP63-SaDLT (myc-dItD H361A)1  [TSB/10Cam/50Kan/50Neo
BMW365 Newman  [pMW148; pTP63-SaDLT (myc-dItD Q129A)1 Cam(10)
BMW366 [Newman  (dItD::kan/ pMW148; pTP63-SaDLT (myc-dItD Q129A)1 |Cam(10) Kan(50) Neo(50)
BMW367 Newman  [pMW124; pTP63-SaDLT (myc-dItD W130A)1 Cam(10)
BMW368 [Newman ditD::kan/ pMW124; pTP63-SaDLT (myc-dIitD W130A)1 (Cam(10) Kan(50) Neo(50)
BMW349 Newman  [pMW61; pTP63-SaDLT (dItD W130A)5 Cam(10)
BMW342 [Newman ditD::kan/ pMW61; pTP63-SaDLT (dItD W130A)5 Cam(10) Kan(50) Neo(50)
BMW354 [Newman  pMW144; pTP63-SaDLT (myc-dItD S70C)1 Cam(10)
BMW364 [Newman ditD::kan/ pMW144; pTP63-SaDLT (myc-dItD S70C)1  |Cam(10) Kan(50) Neo(50)
BMW359 [Newman pPMW147; pTP63-SaDLT (myc-dItD D358C)1 Cam(10)
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BMW360 [Newman ditD::kan/ pMW147; pTP63-SaDLT (myc-dItD D358C)1 |Cam(10) Kan(50) Neo(50)
BMW355 [Newman  pMW145; pTP63-SaDLT (myc-dItD Q129C)1 Cam(10)
BMW356 [Newman ditD::kan/ pMW145; pTP63-SaDLT (myc-dIitD Q129C)1 |Cam(10) Kan(50) Neo(50)
BMW357 [Newman pMW146; pTP63-SaDLT (myc-ditD W130C)1 Cam(10)
BMW358 [Newman ditD::kan/ pMW146; pTP63-SaDLT (myc-dItD W130C)1 (Cam(10) Kan(50) Neo(50)
BMW406 [Newman pMW160; pTP63-SaDLT (myc-dItD E71A)1 Cam(10)
BMW407 [Newman ditD::kan/ pMW160; pTP63-SaDLT (myc-dItD E71A)1  [Cam(10) Kan(50) Neo(50)
BMW408 [Newman pMW161; pTP63-SaDLT (myc-ditD E71Q)1 Cam(10)
BMW409 Newman  (dItD::kan/ pMW161; pTP63-SaDLT (myc-dItD E71Q)1  |Cam(10) Kan(50) Neo(50)
BMW428 Newman  [pMW167; pTP63-SaDLT (myc-dItD E71N) Cam(10)
BMW429 [Newman pMW167; ditD::kan/pTP63-SaDLT (myc-dItD E71N) Cam(10) Kan(50) Neo(50)
BMW252 [Newman pMW98; pTP63-dItD1 Cam(10)
BMW253 Newman ditD::kan/pMW98; pTP63-dItD1 Cam(10) Kan(50) Neo(50)
BMW176 Newman  [pMW?75; pTP63-SaDLT (dItB-myc)2 Cam(10)
BMW122 [Newman dItB::kanR/pTP63 Cam(10) Kan(50) Neo(50)
BMW197 [Newman dItB::kan/pMW?75; pTP63-SaDLT (dItB-myc)2 Cam(10) Kan(50) Neo(50)
BMW320 [Newman pMW95; pTP63-SaDLT (dItB-myc H341A)1 Cam(10)
BMW321 Newman  (dItB::kan/ pMW95; pTP63-SaDLT (dItB-myc H341A)1  |Cam(10) Kan(50) Neo(50)
BMW240 Newman  [pMW91; pTP63-SaDLT (dItB-myc H294A)1 Cam(10)
BMW249 Newman ditB::kan/pMW91; pTP63-SaDLT (dItB-myc H294A)1  |Cam(10) Kan(50) Neo(50)
BMW241 Newman  [pMW93; pTP63-SaDLT (dItB-myc H294N)1 Cam(10)
BMW250 [Newman ditB::kan/pMW93; pTP63-SaDLT (dItB-myc H294N)1  |Cam(10) Kan(50) Neo(50)
BMW400 Newman pPMW154; pTP63-myc-ItaS1 Cam(10)
BMW401 Newman pPMW156; pTP63-ltaS-mycl Cam(10)
BMW391 [Newman dItD::kan/pMW154; pTP63-myc-ItaS1 Cam(10) Kan(50) Neo(50)
BMW392 [Newman ditD::kan/pMW156; pTP63-ItaS-mycl Cam(10) Kan(50) Neo(50)
BMW422 Newman  [pMW165; pTP63-myc-ItaS S218P2 Cam(10)
BMW423 Newman  [pMW166; pTP63-ItaS-myc S218P1 Cam(10)
BMW424 [Newman dItD::kan/pMW165; pTP63-myc-ItaS S218P2 Cam(10) Kan(50) Neo(50)
BMWA414 HGO003 spa::tn-ErmR/ pMW154; pTP63-myc-1taS1 Erm(5) Cam(10)
BMW415 HG003 spa::tn-ErmR/ pMW156; pTP63-1taS-mycl Erm(5) Cam(10)
BMW431 HG003 spa::tn-ErmR/ pMW166; pTP63-ItaS-myc S218P1 Erm(5) Cam(10)
BMW432 4S5 AltaS AgdpP ditD::kan Kan(50) Neo(50)
E. coli

XL1Blue (etR Tet(10)

BL21 (DE3)
BMW27 [BL21 (DE3) pMW16; pET15b-dItA Amp(100)
BMW28 [BL21 (DE3) pMW17; pET15b-dItB Amp(100)
BMW29 [BL21 (DE3) pMW18; pET15b-dItD Amp(100)
BMW30 |[BL21 (DE3) pMW19; pET15b-dItDtrunc Amp(100)
BMW33 [BL21 (DE3) pMW20; pET15b-dItC2 Amp(100)
BMW34 [BL21 (DE3) pMW21; pET15b-acpS Amp(100)
BMW378 BL21 (DE3) pMW149; pET15b-dItD Q129A Amp(100)
BMW379 BL21 (DE3) pMW150; pET15b-dItD Q129C Amp(100)
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BMW380 [BL21 (DE3) [pMW151; pET15b-dItD W130A [Amp(100)
BMW381 [BL21 (DE3) [pMW152; pET15b-dItD W130C /Amp(100)
BMW395 [BL21 (DE3) [pMW138; pET15b-dItD S70A /Amp(100)
BMW396 [BL21 (DE3) pMW134; pET15b-dItD D358A /Amp(100)
BMW397 [BL21 (DE3) pMW139; pET15b-dItD H361A /Amp(100)
BMW412 [BL21 (DE3) [pMW163; pET15b-dlItD E71Q /Amp(100)
BMW413 [BL21 (DE3) [pMW162; pET15b-dItD E71A /Amp(100)
BMWA417 [BL21 (DE3) [pMW164; pET15b-dItD E7IN /Amp(100)
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Figure S1. The S. aureus dIt operon contains 6 genes while genome-neighborhood networks demonstrate
a minimal, 4 gene operon. Upstream of the recognized dItABCD operon is often found several genes in
the same orientation. Neuhaus et al. stated that dItE and dItX “are not important for D-alanylation (Figure
9)”; however, no primary source was given (47). Previous studies showed that the farthest upstream gene,
SAOUHSC_00866, is not co-transcribed with dItABCD (41). Panel A shows a cartoon of the putative
operon structure in S. aureus. Here, we used rtPCR with primers spanning two genes each to test if the
putative, upstream ORFs, SAOUHSC 00867 and SAOUHSC_00868 (dItX), are co-transcribed with dItA.
Each sample of cDNA was prepared along with a separate “minus reverse transcriptase” sample to control
for genomic DNA contamination. WT Newman cDNA (+ or - reverse transcriptase, RT) from cells grown
to mid-log phase were tested with primers PMW240-PMW241 (dItX—dItA), PMW242-PMW243
(SAOUHSC_00867-dItX), PMW242-PMW241 (SAOUHSC_00867-dItA), and PMW154-PMW155
(dItC control). In Panel B, the results from 20 and 25 cycles clearly show a product for each pair of
primers of the expected length without noticeable background in the -RT lanes. Also, test products
formed at similar intensity cycle number as the dItC control reaction which would be expected if they
were originating from the same mRNA. Therefore, the two ORFs upstream of dItA are part of the
transcribed dlt operon. Lastly, a simple, statistical analysis was performed to test how often additional
ORFs co-occur with ditD. The genome-neighborhood tool from the Enzyme Function Initiative
(http://efi.igb.illinois.edu/efi-gnt/) was used with a Gram+ DItD SSN (PF04919) with a neighborhood size
of 6 genes and varying cooccurrence cutoff stringencies to analyze the conservation of genes in the
neighborhood of dItD. The red hexagonal node in the center of each network represents DItD, and the
“spoke” nodes show proteins names or Pfam designations for genes cooccuring with DItD at a frequency
less than or equal to the cutoff value indicated. Since dItX and dItE are present in less than 60% or 75% of
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ditD—encoding genomes, respectively, ditABCD are likely the only genes required for D-alanylation. The
short ORF SAOUHSC_00867 is either not common enough to appear or is un-appreciated as an ORF in
most encoding genomes.
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Figure S2. Mutations in the dIt operon do not reduce LTA abundance. Newman wildtype and dit mutants

were grown in TSB broth to OD ca. 1 before the cells were normalized to OD 1 and triplicate 0.1 mL

aliquots were pelleted and frozen. Anti-polyglycerolphosphate (LTA) Western blot of the triplicate
samples was carried-out similar to Grundling, et. al (48). The HRP-conjugate-containing blot was

developed with ECL substrate and exposed to X-ray film. The 50 kDa band corresponds to protein A, and
the 20 — 25 kDa smear is LTA.
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<€— PCR product

1. Newman wildtype with Reverse Transcriptase

2. Newman wildtype without Reverse Transcriptase
3. Newman Ad/tB::kan with RT

4. Newman AdltB::kan without RT

5. Newman Ad/tD::kan with RT

6. Newman AdltD::kan without RT

Figure S3. Transcription of dItC is unaffected by the genetic deletion of dItB or dItD in those null
mutants. rtPCR was carried-out for the dItC gene from cDNA prepared from mid-log phase cultures of
Newman WT, dItB::kan, and dItD::kan strains. Lanes 2, 4, and 6 contain samples to which reverse
transcriptase was not added to the cDNA to show the level of DNA contamination in the RNA
purifications. The PCR yield after 25 cycles from +RT cDNA samples for all three strains’ mRNA look
identical (no product at 15 cycles), so expression of dItC appears roughly unaffected in those two mutants.
At 30 cycles, low levels of background product become apparent. All PCR reactions were identically
prepared.
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Figure S4. Native PAGE analysis of in vitro phosphopantetheinylation of purified S. aureus DItC. DItC
purified from E. coli ran as two bands on 15% native PAGE following hexahistidine-tag cleavage by
thrombin. A time course of AcpS-catalyzed phosphopantetheinylation was carried out at three different
pH values, 6.5 (bisTris), 7.8 (Tris), and 8.8 (Tris), to observe conditions for preparation of holoDItC.
After 0.5, 2, 5, 15 min, reactions containing 100 uM DItC, 250 uM CoA, and 3 uM AcpS were
electrophoresed. Protein was imaged following Coomassie staining.
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Figure S5. MS analysis of holoDItC. The thrombin cleaved and AcpS loaded holoDItC protein was
analyzed by direct-infusion MS (Agilent 6520 Q-TOF) to confirm phosphopantetheinylation. The
sequence of DItC (SAOUHSC_00871) was expected to be modified by the thrombin cleavage scar (N-
terminal GlySerHis) which results from removal of the hexahistidine tag. Shown is a zoomed x-axis for
isotope peaks corresponding to z = 10. The observed mass of 9679.62625 agrees well with the expected
holo-GSH-DItC protein’s expected mass, 9679.778368.
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Figure S6. Vesicles from complemented dlt null strains support in vitro LTA D-alanylation. Vesicles
prepared from fractionated membranes from a series of strains were incubated individually with **C-D-
ala-DItC to test for LTA D-alanylation. In Panel A, Lanes 2 and 9 show vesicles from parent S. aureus
Newman; while lanes 4 — 8 show the Newman dItD null strain with a series of plasmids. *C-D-ala-LTA
formation can be seen for wild-type strain as well as DItD wild-type and D358A complemented dItD null
strain. Lastly, no **C-D-ala-LTA formation was observed for vesicles prepared from the ItaS null strain,
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4S5 (49). Panel B shows a separate test of whether purified DItD inserts into the membrane vesicles.
Vesicles from ditD null mutant (Lane A) and wild-type Newman membranes (Lane B) (36 ug total
membrane protein each) were mixed with 8 uM purified DItD and incubated at 30°C for 5 min before
ultracentrifugation at 100,000 x g for 30 min. The reconstituted vesicles were then treated with *C-D-ala-
DItC for 30 min before running on SDS-PAGE. The dItD null mutant with reconstituted DItD (Lane A)
shows significant *C-D-ala-LTA formation compared to wild-type vesicles (Lane B). The slight
difference in the apparent mobility of the two lanes is partially due to stretching of the gel during drying
that resulted in the gel cracking.
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Figure S7 LtaS is absent from vesicles due to site-specific cleavage. LtaS was expressed from a plasmid
in S. aureus with a C-terminal myc fusion. Wild-type LtaS was not detectible by Western blot in vesicles
prepared from fractionated membranes of the same strain. The S218P mutant expressed with a C-terminal
myc tag from the same plasmid and strain showed robust signal after vesicle preparation. Both vesicles
were loaded at 37 ug of total membrane protein. Full length LtaS-myc is 76.8 kDa.
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Figure S8. Dependence of in vitro LTA D-alanylation on D-ala-holoDItC concentration. The in vitro
LTA D-alanylation assay was performed with varying concentrations from 0 to 134 uM DItC. Each DItA-
catalyzed holoDItC charging reaction was preceded by DItA inactivation with MTSES (see Experimental
procedures). Each *C-D-ala-holoDItC was then treated with the same amount of vesicles before 4 — 20%
SDS-PAGE and autoradiography. Densitometry was performed using the software ImageJ, and the
background corrected intensities for 14C-D-ala-LTA were plotted against D-ala-holoDItC concentration.
The data was fit to a rectangular hyperbola (blue line equals 95% confidence), and the following variables
were calculated: a = 54632.6304 intensity units and b = 3.17E-05 M. The b value was taken as the
concentration of **C-D-ala-holoDItC yielding 50% maximal in vitro LTA D-alanylation after 30 min.
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Figure S9. In vitro LTA D-alanylation shows a half-life of approximately 50 min. In vitro LTA D-
alanylation with membrane-vesicles from wild type S. aureus was conducted over time course. DItA was
guenched with 5 mM MTSES after DItC D-alanylation was complete but before initiation LTA D-
alanylation by addition of membranes. Autoradiography from SDS-PAGE separated LTA was used for
densitometry (representative exposure in Panel A). Normalized, background-corrected intensities from
two different exposure times (to correct for limited dynamic range) was plotted against time to calculate
the maximum possible intensity, a = 110981 (Panel B). This value was taken as the initial abundance of
available LTA D-alanylation sites (Ao), and the difference between the intensity at each time point, t, and
Ao yielded the remaining, unoccupied D-alanylation sites, A:. The data between 5 and 30 min approached
linearity, so the natural log of those values were used to calculate a first-order rate constant from a plot of
In(A¢) = -kt +In(Ao) (Panel C). A half-life for unoccupied LTA D-alanylation sites of 46.8 min was
calculated from the rate constant, k = 2.47 x 10 s™.
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Figure S10. In vitro LTA D-alanylation with DItD reconstituted membranes depends on the presence of
DItB. Purified, full length DItD was reincorporated into vesicles of membranes from a dItD null mutant
(lanes 3) or a dItB null mutant (lanes 5) of S. aureus. DItC *C-D-alanylation by DItA in vitro without
addition of DItD was carried-out in the presence (lanes 2 and 4) or absence (lane 1) of membranes. Thus,
the 14C-D-ala-LTA band was dependent on all DLT components, and DItC D-alanylation was
independent of the membrane-bound steps. The dependence of LTA D-alanylation activity on the
presence of DItB is evidence that the LTA D-alanylation in vitro is mechanistically the same as in vivo
LTA D-alanylation, i.e., DItD did not directly transfer D-alanine from DItC to LTA all on one face of the
membrane.
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Figure S11. DItD is predicted to contain one membrane spanning helix at the N-terminus. The results
from analysis of DItD’s primary structure by several commonly used membrane protein topology
prediction software were plotted above. The propensity to form a transmembrane helix at each residue
was plotted across the entire polypeptide (Panel A), and the unanimous N-terminal helix is zoomed in
Panel B (residues 7 and 27 based on an average of all results).
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Figure S12. Conserved blocks of residues across SGNH-like proteins. Analysis of proteins evolutionarily
related to DItD was undertaken to gain insight into active site residues. In Panel A, the homology model
of S. aureus DItD is colored to illustrate four blocks of residues which contribute to the active-site and
which house the majority of the conserved residues. The greyed secondary structure includes the N-
terminal transmembrane helix as well as the large insertion in the DItD protein, residues 133-282, relative
to every other SGNH-family member. The blocks are colored salmon (Block I, residues 64 — 74), golden
rod (Block 11, residues 93 — 103), light green (Block 111, residues 122 — 132), and orchid (Block V,
residues 356 — 363) (all residue numbering corresponds to S. aureus DItD). For the top 40 hits from a
DALI server query of DItD, each represented Pfam family was downloaded. Structural alignments of
single representative structures for each family are shown in Panel B: DItD (tan, 3bma), TAP (blue,
1IVN, Z score = 10.3), EstA (pink, 1ZMB, Z score = 7.8), EstA-like (green, 3U37, Z score = 8.5),
uncharacterized (salmon and grey, 4181 (Z score = 8.0) and 4M8K (Z score = 9.4), and AlgX (pink,
4KNC). Structural alignments aided alignment of these divergent sequences and extraction of the
conserved blocks of residues recognized for SGNH family proteins (50). Top BLAST hits for the C-
terminal domain of OatA, which was independently identified as an SGNH-like protein, were separately
downloaded and aligned because structures and Pfam designations were both lacking for this domain.
Because of the low sequence identity (and insertions, e.g., DItD, or structural rearrangement, i.e.,
AlgJ/AlgX/Wssl proteins) between all of these proteins, each of the four extracted blocks of residues for
each protein were joined into polypeptide sequences of 30-40 amino acids (5134 total sequences), and
they were A) submitted as a custom database to the EFI-EST server (http://efi.igb.illinois.edu/efi-est/) and
B) aligned via MUSCLE for manual analysis. The resulting sequence similarity network is shown in
Panel C. The sequence divergence of DItD is sufficiently far from the rest of the SGNH-like proteins that
DItD sequences do not connect with the other families in the network at the lenient all-by-all BLAST E
value cutoff of 0.1. The other known or proposed transferases, i.e., AlgJ/X/Wssl, PatB, OatAc, all show
connections to the large hydrolase family, PF13472, which includes the E. coli TAP. This suggests that a
transferase evolved from a hydrolase one or more times in this large, putative family and provides proof-
of-principle for DItD’s proposed evolutionary origins. In Panel D, the MUSCLE alignments are
illustrated as sequence logo representations of each block for each family. The meaning of colors is not
consistent across panels, and the colors in Panel D do not represent any chemical property. This analysis
shows the catalytic triad (S7 Block | and D3 and H6 of Block V — extracted DItD numbering) as well as
the turn before the S7 (G5 of Block I) to be extremely important across these diverse enzymes. The Asp
of the catalytic triad appears to be less well conserved than His because the Block V DxxH motif also
appears as a DxH motif (e.g., the AlgX-like proteins, Pfam family PF16822) or the Asp is missing all
together (scattered examples). The oxyanion hole contributor at G7 of Block 1l is also shown to be
important. Lastly, the titular Asn, e.g., N12 of Block 11l for PF13472, for which the SG‘N’H family is
named, is lacking in many families including DItD, so the SGNH term is a misnomer. Taken together, it
is possible that the DItD family is part of this family albeit the most divergent subfamily.
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Figure S13. Tunicamycin-DLT synthetic lethality assay uncovers residues important to DItB function. As
was performed for DItD, the topology of DItB was predicted with several programs. Panel A shows the
result from MEMSATS3. In short, among the programs shown for DItD topology prediction, MEMSAT3
yielded the most consistent results among bacterial MBOAT family members in the conserved region
from TM helices 4 — 9, and the prediction roughly agrees with a MUSCLE alignment to the well-studied
MBOAT, GOAT. GOAT was found to have a reentrant loop that aligns with DItB’s 100-153 cytoplasmic
loop. From structural prediction using covariance analysis, this region was found to lie partially in the
membrane for DItB as well (purple ribbons in Panel B, <evfold.org/evfold-web/newprediction.do>).
Covariance analysis measures evolutionary pressure on pairs of residues across a family of related
proteins based on their propensity to co-occur in particular pairs (51). Covariance can result from
evolutionarily conserved, physical interactions within a protein. Also shown in Panel B in dark green is a
second apparent reentrant loop at the cytoplasmic face of the membrane from residues 214-273. This loop
is densely populated with conserved residues in DItB orthologs including the His294 which is conserved
as a His or Asn throughout the MBOAT family. These two loops appear to form interactions with
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residues on transmembrane helices which may allow formation of a pocket for D-ala-DItC to bind.
Besides the conserved MBOAT residues, His294 and His341, Panel B also shows the position of residues
found mutated in Amsacrine resistant strains selected in the lab: Ser175, Ala219, and Phe255 (29). Site-
directed mutagenesis of these residues as well as additional residues guided by the structural model was
performed. In Panel C, WT and mutant dItB expressed off of an integrative vector as part of the dItABCD
operon were tested for complementation of dItB null strain growth in the presence of 1 pg/mL
tunicamycin. Tunicamycin (Tun) was added for synthetic lethal DLT selection, and Anhydrotetracycline
(Atet) was added to 0.4 uM for induction off the integrative vector. H294A and H341A were completely
inactive as found for other MBOAT family members. Most MBOAT proteins contain an asparagine at the
His294 position, and the H294N mutation regained activity relative to the alanine mutant. The alanine-
substitution at the amsacrine associated residues, Ser175 and Phe255, displayed WT activity. The nearby
Asp254 showed reduced activity when mutated to alanine possibly suggesting the placement of Asp254
and Phe255 in the model near the center of the protein to be correct. Another residue predicted to be
juxtaposed next to His341, Lys108, was found to also lower activity in DItB upon substitution to alanine.
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Figure S14. Cysteine substitution of residues Q129 and W130 were active by tunicamycin growth
complementation. The cell-based assay for DLT activity by complementation of growth of dlit null
mutants in the presence of tunicamycin (see Materials and Methods) was used to assess the activity in

site-directed mutants of DItD in which Q129 and W130 were substituted to alanine or cysteine. None of

the four mutants showed a loss of activity relative to wild-type. Additional cysteine mutants at the

putative catalytic residues Ser70 and Asp358 showed a significant effect on growth, with a complete loss

of activity seen for S70C.
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Figure S15. DItD activity is unaffected by an N-terminal myc-tag. S. aureus wild-type (A) and a dItD
null mutant (B, C, and D) were transformed with either empty vector (A — B) or a plasmid containing the
whole dIt operon with native ditD (C) or dItD fused with an N-terminal myc-tag (D). The native and
myc-tagged constructs provide equal growth complementation in the presence of tunicamycin (Tun).
Wall teichoic acid biosynthesis and the dIt operon are synthetically lethal, so treatment with the TarO
inhibitor, tunicamycin, creates a dlt-selective condition. Anhydrotetracycline (Atet) induced the
expression of the dIt operon from a plasmid, so comparison of Tun sensitivity with and without
expression shows the specificity of the growth complementation to the dlt expression.
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