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Supplementary Fig. 1
Morphology of S. pneumoniae cells depleted of MurT/GatD.  In a strain with the endogenous murT/gatD 
operon deleted, expression of MurT/GatD was induced from an ectopic copy of murT/gatD under the control 
of the PcomX promoter in the presence of 0.2 μM ComS peptide.  Mild and severe depletion of MurT/GatD 
were obtained in the presence of 2.5 and 1.5 nM ComS.  Scanning tunneling (SEM) and thin section trans-
mission (TEM) electron micrographs are shown.  Scale bars are 1 μm.
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Supplementary Fig. 2

Amidation of lipid II by MurT/GatD and characterisation of lipid II.  (a)  Time course of the reaction 
catalyzed by MurT/GatD (190 nM) with 20 μM lipid II, 2 mM ATP and 10 mM L-Gln, in 50 mM HEPES, 
pH 7.5, 150 mM NaCl, 10 mM MgCl2+, 2 mM TCEP and 1% DDM, at 30°C.  Of a 600 μL reaction mix, 
100 μL aliquots were withdrawn at the indicated time and lipid II was extracted with 200 μL of butanol 
prior to analysis by thin layer chromatography (TLC) developed with a 88:48:10:1 chloroform/metha-
nol/water/ammonia mixture and revealed with iodine vapour.  (b) Deconvoluted LC/electro-sprayioniza-
tion time of flight mass spectra of the lipid II species.  Samples were diluted in acetonitrile:H2O (70:30, 
v:v) containing 25 mM ammonium acetate (pH 7.1) and infused at a flow rate of 10 μL/min on an 6210 
LC/ESI-TOF mass spectrometer from Agilent Technologies.  (c) Demonstration of the water 
dispersibility of lipid II. One microliter of 1 mM lipid II in methanol was either deposited directly on a 
TLC plate (MeOH) or dried on a microscopy cover slip prior to dissolution in 4 μL water and deposition 
on the plate (H20).  The TLC was performed as above.  (d) Negatively stained electron micrograph of 
water-dissolved lipid II showing probable micelles.  The scale bar is 100 nm.
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Supplementary Fig. 3

Ribbon representation of (a) MurT from S. pneumoniae (MurTSpn) and (b) MurC from Haemophilus 
influenza (MurCHin, PDB# 1P3D).  Domains are indicated and colored in dark blue (N-terminal 
dodomain), dark cyan (Central domains), green (C-terminal domains) or yellow (Zinc-ribbon insertion).
N-- and C-termini are indicated. (c) Superimposition of the central domains of MurTSpn (in dark cyan)
and MurCHin (in grey).  (d) Superimposition of the C-terminal domains of MurTSpn (in green) and
MurCHin (in grey).  N- and C-termini labeling, as well as numbering of α-helices and β-strands are for
MurCHin.
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Supplementary Fig. 4

Superimposition of the glutaminases GatD from S. pneumoniae (GatDSpn, in pink) with (a) GatD from 
S.. aureus (GatDSau, in grey, PDB# 5N9M) or with (b) HisH from Thermotoga maritima (HisHTma, in
grey, PDB# 1GPW).  The glutamine molecules present in the crystal structures are shown as spheres
and colored according to the GatD structure they belong to.
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Supplementary Fig. 5 

Cysteine tetrad in the Zinc-ribbon-like insertion.  (a) Structure of the disulphide bonds MTCys205-
Cys230 and MTCys208-Cys227 modeled inside the electron density map.  (b) Cartoon representation 
of the superimposition of residues 218-234 and 241-252 of MurT (yellow) and the zinc-ribbon of 
subunit RBN9 of the yeast RNA polymerase II (PDB# 3QT1 chain I) with bound Zn2+ (gray and sphere). 
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Supplementary Fig. 6

Free accessible thiol counting by alkylation and mass determination.  Wild type or the 4C4S variant of 
MurT/GatD were incubated, after purification, with or without iodoacetamide to alkylate free accessible 
thiols.  The masses were determined by liquid chromatography/electrospray-ionization time of flight 
mass spectrometry.  The numbers of detected alkylation are given in red.
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Supplementary Fig. 7

Comparison of the in vitro activity of MurT/GatD point mutants.  (a) Coomassie stained gel of the MurT/
GatD variants used in the activity assay.  The ratio of the MurT and GatD band intensities is given 
below the gel. (b) The ATPase activity was measured as in Fig. 2 in the presence of 30 μM lipid II, 2 
mM ATP and 10 mM L-Gln.  The protein concentration was 570 nM.   
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MurTSpneu                                                                                                                                                            L                  L                                                   V             .................................MN KT.............TLG LAG....RSS.......................................HF LSRLG.RGSTLP.
MurTEfaec                                                                                                                                                            I                  I                                                   A      G      .................................MG RS.............HFA AVG....KTS.......................................QW LKTFFK GSSLP.
MurTCbotu                                                                                                                                                            I                  I                                                   I      G      ..............................MSNIN KS.............ILS LAG....KIT.......................................LF SKNLLK GSTFP.
MurTSaure                                                                                                                                                            M                  I                                                   A  A          ................................... RQ.............WTA HLA....KLA.......................................RK SR VGKRGTDLP.
MurTMtube                                                                                                                                                            L                  V                                                   M  M   G      ..............................MSDLP RS.............QLA ALG....RTA.......................................AK SR AGR DGSVIG
MurTCglut                                                                                                                                                            L                  I                                                   A  A   G      ........................MKLSLPAPLRR RS.............TAA VSA....KVA.......................................TS SK TGR SGGMIG
MurFTmari                                                                                                                                                                                                                                   I  A   G      .....................................................................MKDLLTRRFVLNSKEVREGDV..FVAVKGKRFDGHDF DE LRN AYAIIA
MurEMtube                                                                                                                                                            L                                                                      V  A   G      MSSLARGISRRRTEVATQVEAAPTGLRPNAVVGVR AA.............LADQVGAALAEGPAQRAVTEDRTVTGVTLRAQDVSPGDL..FAALTGSTTHGARH GD IAR AVAVLT
MurFPaeru                                                                                                                                                            L                  A                                                   L  V   G      .............................MLEPLR SQ.............LTV LDA....RLI....GEDAVFSAVSTDSRAIGPGEL..FIALSGPRFDGHDY AE AAK AVAALV
MurFEcoli                                                                                                                                                            L                  I                                                   A  A   G      ..............................MISVT SQ.............LTD LNG....ELQ....GADITLDAVTTDTRKLTPGCL..FVALKGERFDAHDF DQ KAG AGALLV
MurFAbaum                                                                                                                                                            A                  A                                                   V  V   G      ....................MHTSTTSTVPLEPWT QQ.............LQQ TQG...YWHK..DQIPQTEIKRILTDSRHAESGDA..FLALKGERFDAHNF AQ VAN CQVAIV
MurDSagal                                                                                                                                                                               L                                                   A  L   G      ...........................MKTITTFENKK.............VLV GLA....RSG............EAAARLLAKLGAI..VTVNDGKPFDENPT QS LEE IKVVCG
MurDEcoli                                                                                                                                                                               I                                                                 ..............................MADYQGKN.............VVI GLG....LTG............LSCVDFFLARGVT..PRVMDTRMT...PPGLDKLPEAVERHTG
MurCEcoli                                                                                                                                                            L                  V                                                      L   G      ..............................MNTQQ AKLRSIVPEMRRVRHIHF GIG....GAG...........MGGIAEVLANEGYQ.....ISGSDLAPNPVTQQ TNL ATIYFN
MurCHinfl                                                                                                                                                                               I                                                      L   G      ..............................MKHSHEEIRKIIPE.MRRVQQIHF GIG....GAG...........MSGIAEILLNEGYQ.....ISGSDIADGVVTQR AQA AKIYIG
MurFSpneu                                                                                                                                                            I                  V                                                   I  A   G      .............................MKL..T HE.............IAQ VGA...KNDI..SIFEDTQLEKAEFDSRLIGTGDL..FVPLKGA.RDGHDF ET FEN AAVTLS
MurETmari                                                                                                                                                            I                                                                      I  V   G      .................................MN ST.............IVSNLKDL..ILEV..RAPYDLEITGVSNHSSKVKKGDL..FICRRGEKFDSHEI PE MEK AVAVVV
MurEEcoli                                                                                                                                                                               L                                                   I  A   G      .................................MADRN.............LRD LAP....WV...PDAPSRALREMTLDSRVAAAGDL..FVAVVGHQADGRRY PQ IAQ VAAIIA
MurESaure                                                                                                                                                            A                                                                         V   G      .................................MD ST.............LFKKVKV....KRV..LGSLEQQIDDITTDSRTAREGSI..FVASVGYTVDSHKFCQN ADQ CKLVVV
MurDTmari                                                                                                                                                            M                  L                                                      L          ................................... KI..............GF GFG..................KSNRSLLKYLLNHQEAKFFVSEAKTLDGETKKF EEHSVEYEEG
MurCTmari                                                                                                                                                            M                  V                                                      L   G      ................................... KI..............HF GIG.................GIGMSAVALHEFSNG.NDVYGSNIEE..TERTAY RKL IPIFVP

... ..........
30 40 50 60 70 80

MurTSpneu                                                                             GK                            N                                VAL                            IL  LA            IV VTGTN  T TT L   IL                               .................GK   Q.....................FDKD..  QS  K........NYE  V        L  A TVG  KEVYGQV...LTNPSGA MIT..........
MurTEfaec                                                                             GK                            N                                LAL                            IL  LA            VV VTGTN  T TT L   IL                               .................GK   K.....................VDPH..  DS  K........DYQ  V        L  A TVN  RQQFDEV...LTNPTGA MVQ..........
MurTCbotu                                                                             GK                            N                                VAL                            IL  VA            VI VTGTN  TTTT MI  I                                .................GT   K.....................FDKE..  KK  K........GYK  L           S  TN FKANGHTV...ITNNTGA LFR..........
MurTSaure                                                                             GK                            N                                IA                             IL  LA            IV ISGTN  TTTS LI   L                               .................GQ  RK.....................VDTD..  RK  E.......QVDD  F           N  GHT KANNIQI...IHNNEGA MAA..........
MurTMtube                                                                             GK                            N                                V L                            LL  LA            LV VS TN  TTTT LI  AM                               .................GR G R.....................LDPE..  TR  K........DRK  L  A        R  TS  TPLGEVA....TNAFGA MPT..........
MurTCglut                                                                             GK                            N                                VA                             IM  LI             V VTGTN  STTT ML  AM                               .................GL  SK.....................VDPD..  SN  N........NRPT L           R  AA  RSTYTVA....TNEGGD MDA..........
MurFTmari                                                                             GK                            N                                 LV                             L  LA            VV VTGSS  TTT  IL  LL                               ER...KT......VNSDRIF  E.....................SSVD..T AK  REKLG..NFSGT  G          KE  YN  KNKRSVF....KTPGNM TEY..........
MurEMtube                                                                             GK                                                             LV                             VL  LA            VI ITGTS  TTTT LV   L                               DP...AGVAEIAGRAAVPV  HP.....................APRG..  GG  ATVYGHPSERLT  G           Y  EAG RAAGRVA....GLIGTIGIRVGGADLPSALT
MurFPaeru                                                                             GK                            N                                LLV                            AL  L             LA MTGSS  TT   ML  IL                               ER...EVA.....DAPLPQ   R.....................DTRA..  GR GALNRR..KFTGP  A         VKE  AS  RTQAGDAESVLATRGNL NDL..........
MurFEcoli                                                                             GK                            N                                LIV                            A   LA            VV LTGSS  TS   M   IL                               SR...PL......DIDLPQ   K.....................DTRL.. FGE  AWVRQ..QVPAR  A         VKE TAA  SQCGNTL....YTAGNL NDI..........
MurFAbaum                                                                             GK                            N                                LVV                            AL  L             VI LTGSS  TTT  ML  IL                               ER...PI......DAEIAQ   A.....................DTRL..  GQ GAYRRE.QNAQLK  A          KE  GS  SRLAPTL....ITRGNL NDL..........
MurDSagal                                                                             GK                                                             MI                             VL  V             LI ITGSN  TTTT MI  VL                               SH...PLEL...LDEDFCY  KNPGIPYNNPMVKKALE......KQIP..  TE ELAYL...VSESQ  G           T  AE  NAGGQRG....LLAGNI..............
MurDEcoli                                                                             GK                                                             IVA                            IV  I             IV ITGSN  ST T LV  MA                               SL....NDE...WLMAADL   SPGIALAHPSLSAAAD......AGIE..  GD ELFCR...EAQAP  A         V T  GE  KAAGVNV....GVGGNI..............
MurCEcoli                                                                             GK                                                             VVV                            ML  LM             I I GT   TTTT MV  I                                HR...PEN.....VRDASV   SSAISADNPEIVAAHEARIPVIRRAE..  AE  R........FRHG A A  H      A  SS YAEAGLDP....TFVNGGLV............
MurCHinfl                                                                             GK                                                             VVV                            ML  IM             I V GT   TTTT MI  I                                HA...EEH.....IEGASV   SSAIKDDNPELVTSKQKRIPVIQRAQ..  AE  R........FRHG A A  H      A  SM YTQAKLDP....TFVNGGLV............
MurFSpneu                                                                             GK                            N                                ILV                            A   LA            V  VTGSN  TTT  ML  LL                               EK...EV.......SNHPY   D.....................DVLT.. FQS  SYYLEK..TTVD FA          KD  AH  STRYKTY....KTQGNY NEI..........
MurETmari                                                                             GK                                                             I V                                VA               VTGTN  TTTT MI  ML                               ER...EI......DLDFPY Q F.....................DSRY..FEAK  SLFFEDPWKDVLTFG           M  YH  TSLGERG....SVLTTAVKRILGNSYYDDIT
MurEEcoli                                                                             GK                                                             I L                             L  LA            LV VTGTN  TTTT LL                                   EAKDEATDGEIREMHGVPV Y S.....................QLNE..R SA  GRFYHEPSDNLR  G           Q  AQWSQLLGEIS....AVMGTVGNGLLGKVIPTENT
MurESaure                                                                             GK                                                             VVV                            VA  LA               VTGTN  TS   MI  I                                NK...EQSL....PANVTQ   P.....................DTLR..  SI  HTLYDYPSHQLVTFG         IAT  HL QRKLQKNS....AYLGTNGFQINETKTKGANT
MurDTmari                                                                             GK                                                             V V                                              VV ITGT   ST T LM  VL                               GH...TEKL.....LDCDV Y SPGIKPDTSMIELLSS......RGVKLSTELQFFLD....NVDPKK  G    D    A A  YH  SGRGFKT....FLGGNFG.............
MurCTmari                                                                             GK                                                             VI                                                  VTGT   TTTT MV  VL                               HS...ADN.....WYDPDL  KTPAVRDDNPEIVRARM......ERVPIENRLHYFRDTLK..REKKEEFA    D      A  AH  KHLRKSP....TVFLGGIM............
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MurTSpneu                             E DE                         D   DR   E                                                           I    L             AVL I       L          L VITNI     M   G            A             VLL  D                  F    .....G ATTF TAKS..SKTGKNI       A...S SRICDYIQPS F     FR .Q   F . IYTTYNMILD IRKV.....PTAT   NG SPLFYKPTIPNP...IEY GFD L
MurTEfaec                             E DE                         D   DR   E                                                           I    L             AVL I       L          L L TNI     M   G                          II   D                  Y    .....G VSTF QAKP..KKGQKKF       A...S SKVTEYMKPE F F   FR .Q   Y . IYTTYKMIIDGAAKS.....PNAT  SNG SPIFNSIETVNP...RKY GFD H
MurTCbotu                             E DE                         D   DR   E                                                           I    I             AII V       L          I  ITNL     L   G                          LVL  D                  Y    .....G VACF DNYSFFKKNHDSY       A...N KFVTEYITPE IT    FR .Q   Y . VYTTLSKILEGVEKV.....PLSK   NG DSLFGKLPVPNE...TIY GFN V
MurTSaure                             E DE                         D   DR   E                                                           I    I             AVI I       I          M V TN      M   G                          LLL  D                  Y    .....G TSAF MQS....TPKTKI       G...S PRVLKEVTPS M F  FFR .Q   F . IDIMVNNIAETISNK......GIK   NG DPFVSRLKIASD..TIVY GMK A
MurTMtube                             E DE                         D   DR   E                                                                A              VL         V          I AL NL     M                A             VIA  D                       .....GHVSAL S......APSARYG   C  K...Y PMVLKETGAN V  M  SR .Q   AA. IWLLAGKWRR LEAS.....PTSH   NC DPLVTWGASTAKS.VTWVAAGQ H
MurTCglut                             E DE                         D   DR   E                                                           I    L             VVL V       V          A VL NL     L   G            A             VIA  D                       .....G ISAL A......GRNASH       L...H PAAIERLKPD L  L  SR .Q   V . INKIERVLRD VRSR.....PEMT   NC DVLVTSVAFDAEN.VIWVGAGT G
MurFTmari                             E                                E                                                                L    L             LVL M       I          V VL NV     L   G            I             AV   D                  F    .....G PLSI ND.....YKGEEI     AASRPGD AHLCKIAPPD A  L  GSA.H  FF .TRERIMETKME IKHS....KENAI  TLF DPDLRKEVPRYRN..TLF GKE G
MurEMtube                             E                            D   D                                                                L    A             VVM V       A          V A TNL     L   P            L             AVV  D                       TPEAPT QAML AMV....ERGVDT     SSH..AL LGRVDGTRFA G F   SR .H  FH .SMADYFEAKAS FDPDS..ALRART   CI DDAGRAMAARAAD.AITVSAAD R
MurFPaeru                             E                                                                                                 V    L             AVI L       I          V IITNA     V   G            I             AVL  D                  F    .....G PLTL QL.....APQHRS     GASRIGE AYTVELTRPH A     GTA.H GEF .GPEKIVEAKGE LEGL....AADGT   NL DKAFDTWKARASGRPLLT SLD R
MurFEcoli                             E                                E                                                                V    L             AVI L       I          A LVNNL     L   G            I             AIM  D                  F    .....G PMTL RL.....TPEYDY     GANHQGE AWTVSLTRPE A     AAA.H  GF .SLAGVAKAKGE FSGL....PENGI   NA NNDWLNWQSVIGSRKVWR SPN A
MurFAbaum                             E                                                                                                 V    L             AVM L       I          V  I NI     L   G            I             AIV                          .....G PMML EL.....RKEHQY     GANHQGE DYTSKIVQPH AG L  GTA.H GEF .GRDGICRAKSE YRHI....LPQGV   PQQDDFTAEIREAAKS..HQIMSFG E
MurDSagal                             E                                D                                                                     V             LVM L                  I VITNL     L   G            I             LVL                     F    .....GFPASE VQA....ANDKDT     SSF....QLMGVKEFRPH A     MPT.H  YH .SFEDYVAAKWN QNQM....SSSDF   NFNQGISKELAKTTKA.TIVP STT E
MurDEcoli                             E                            D   D                                                                L    L              VL L                  A  I NV     M   P            I              VV  D                  F    .....G PALM L......DDECELY    SSF....QLETTSSLQAV AT L  TE .H  RY FGLQQYRAAKLR YEN.......AKVC  NA DALTMPIRGADER..CVS GVN M
MurCEcoli                             E DE                         D   D                                                                A    A             LIA A                  V IVTNI     M                              AVM  D                  Y    .....K AGVH R......LGHGRY       S.....DASFLHLQPM A     EA .H  TYQGDFENLKQTFINFLHNL....PFYGR   CV DPVIRELLPRVGR.QTTT GFS E
MurCHinfl                             E DE                         D   D                                                                     A             LIA A                  V VVTNM     M                              AVM  D                  Y    .....KSAGKN H......LGASRY       S.....DASFLHLQPM S     EP .H  TYEGDFEKMKATYVKFLHNL....PFYGL   CA DPVLMELVPKVGR.QVIT GFS E
MurFSpneu                             E                                                                                                 L    L             LVL M       I            IVT V     L                I             LLA  D                  F    .....G PYTV HM.....PEGTEK     GQDHLGD HLLSELARPKTA   L GEA.H AFFK.DRSEIAKGKMQ ADGM....ASGSL   PA PIVEDYLPIDKK...VVR GQ. .
MurETmari                             E                            D   D                                                                I                   AL V       V          V I TNI     L   G            L             AVL                     F    TPDAIT LSAMKENR....EGGGKFF    SSH..AL QQRVEGVRFD G F   SR .H  FH .TFENYLKAKLH FDLL....KDDGV   NESLADAFNRKSR.....KIT GTS K
MurEEcoli                             E                            D   D                                                                V    A              AM V       V          A V TNL     L   G            L             AII  D                       TGSAVD QHEL GLV....DQGATFC    SSH..GL QHRVAALKFA S F   SR .H  YH .DMEHYEAAKWL YSEH.....HCGQ   NA DEVGRRWLAKLPD..AVAVSME D
MurESaure                             E                            D   D                                                                L                  M L V       V          V I SNL     L   G            L             VVL  D                  Y    TPETVS TKKIKEAV....DAGAES T   SSH..GL LGRLRGVEFD A F   TQ .H  FH .TMEAYGHAKSL FSQLGEDLSKEKY   NN DSFSEYLRTVTPY.EVFS GID E
MurDTmari                             E                            D                                                                         V              VL M                    LV NI                                     V                      F    ........TPA EAL....EGEYDYY    SSF....QLFWSERPYLSNF  L  SE HLDWHS..SFKEYVDSKLKPAFLQ....TEGDLF YNKHIERLRNLEGVRSR..KIP WT. .
MurCTmari                             E DE                         D   E                                                                                   VV  L                    IITNA     L   G            I             VV   E                  F    .....DSLEHGNYEK......GNGP  Y    S.....EEFFSEFSPNYL     RG .H  NY NSLTRYRSAFEK SRNT.......DL  TFA DELTSHLG.......DVT GVK K
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MurTSpneu                                                                                             N                                                                               L                          I    I G  NI  ALAAVAIA   GA    I         EKGPAQLAHYNTEGILCPDCQGILKYEHNTYANLGAYICEGCGCKRPDLDYR TKLVELTNNRSRFVIDG.....QEYG Q... G LY  Y         RFL  DSQL KQGFDKSR A
MurTEfaec                                                                                             N                                                                               L                          I    V G  NV  ALAA AVA    V    I   L     EEDREQMAHYNTDGVLCPNCHHILHYKMITYANLGKYYCPNCDFKRPELDYR TDMVRMDNVSADFVIDG.....HEYG E... G MY  Y     T   EYFN DPDK KQG GYDE K
MurTCbotu                                                                                             N                                                                               V                          I      G  NI   L A  IA   GI    I   L     GVKKDNTIDVNADAKFCKVCKAPYQYNFITYNHLGDFYCSECGYKRADLKYS NEILELNPNSSKVLIN.....NDEIT S...QS IY  Y G C YS  KEM  DEDS KSS GKQD S
MurTSaure                                                                                             N                                                                               I                          M    I G  NA  ALAA  VL   GL    I         H.AHEFEQSTMNESRYCPNCGRLLQYDYIHYNQIGHYHC.QCGFKREQAKYE SRFDVAP..FLHLNIN.....DEKYD K... A DF  Y     YT  REL  NEQA KNGFETYT S
MurTMtube                                                                                             N                                                                               L                          L    L G  N   ALIALAVV   GV    A   L     .........WREDSWCCPECGGPLDRQDT..DEDSDWACRQCHFRRPRPDWT KG.......DTVTAPDG..RAYPLTG S... P RA RS         ARF  PPEQ LPL SQVT S
MurTCglut                                                                                             N                                                                                                          L    L G  N   AA AIAA     V    A   V     .........WQGESVTCPRTESRILH......DGRHWSAEKTLLDGRTFARPTPSWEVEGDT..IHSPSG....DLTLD N... P QA RG   Q    STVFN PVSS LPA NSVN N
MurFTmari                                                                                             N                                                                               L                          V         QL  IAA L V     L        L     ................................................GDSV KDWWYYEG.STIAEFEAF...DSLFT KLSGYWNGG  L    S C ..MRT GETVDIFD ASLK T
MurEMtube                                                                                             N                                                                               A                          I    L G  NV   LVALAIL   GV    A   L     ...............................................PAHWR TDVAPTDAGGQQFTAIDPAGVGHHIG R... P RY  A C       DTV  SPEQ VPG REIR V
MurFPaeru                                                                                             N                                                                               A                          L    L G  NV  ALAAAAAA   GV    I   L     P..............................................QADFR ADLQRDARGCMGFRLQGV.AGEAQVQ N... L RH  A         HAL  PLDG VAG QALQ P
MurFEcoli                                                                                             N                                                                               A                          L    L G  NI  ALAAAAL    GA    I   L     A..............................................NSDFT TNIHVTSH.GTEFTLQTP.TGSVDVL P... P RH  A        SMSV  TLDA KAG ANLK A
MurFAbaum                                                                                             N                                                                               A                          L      G  NV  A AAVA A   GV    I   L     ...............................................GGDVF TEIELLPQ.SANFQLHTP.QGSSFVR P...FA EH  Q  T    F LAL  SLED VKG EQAQ G
MurDSagal                                                                                             N                                                                                                          I    V G  NV  ALA IAVA   GI    I   L     ...............................................KVDGAYVQ.......DKQLFYKGE.NIMSVDD G... P SH  E    T    KLA  SNQV RET SNFG G
MurDEcoli                                                                                             N                                                                                                          M    L G  N   ALAALALA   GL        L     ...............................................GDYHLNH....QQG.ETWLRVKGE.KVLNVKE K... S QH YT         DAA  PRASSLKA TTFT G
MurCEcoli                                                                                             N                                                                               V                          L    A G  NA  AAAAVAVA   GI    I   L     ...............................................DADVR EDYQQIGP.QGHFTLLRQDKEPMRVT N... P RH  L         TEE  DDEA LRA ESFQ G
MurCHinfl                                                                                             N                                                                               I                          L    V G  NA  A AALAVA   GI    I   L     ...............................................QADYR EDYEQTGF.QGHYTVICPNNERINVL N... P KH  L  T      KEE  ANEA LEA ADFQ G
MurFSpneu                                                                                             N                                                                               I                          L    V G  NA  AMIA  VA   GV    I         ...............................................GAELE TDLVERKD...SLTFKAN.FLEQALD P... T KY  T     SY  LQE  SEEQ RLAFQHLE L
MurETmari                                                                                             N                                                                               L                               A G  NA  AAAAIAAL   G     L   L     ...............................................NADYR GNIEVSWE.GTQFVLETP.DGLLKVFTR... I DF  Y         HQL YDPKD ASS ETFT G
MurEEcoli                                                                                             N                                                                               A                               L G  NV  LLLALA L   G     L   A     H.INPN.......................................CHGRWLK TEVNYHDS.GATIRFSSS.WGDGEIESH... M AF  S       T LAL YPLAD LKT ARLQ P
MurESaure                                                                                             N                                                                               A                                 G  NI  IMAAMIAV   G     I   V     ...............................................EAQFM KNIQESLQ.GVSFDFVTP.FGTYPVKSP...YV KF  S         WSK TSLET IKA ENLE P
MurDTmari                                                                                             N                                                                               A                                 P      ILAV VL              L     ................................................DENF TE..........KELIVR..GKKYTLPG...NY YQMRE     S  YMEMFNELESFLEL RDFK P
MurCTmari                                                                                             N                                                                               L                          L    V G  NV  ALAVIAL    G     V   L     ................................................GTYT EMRSASRA.EQKAMVEKN..GKRYLE KL.K P FH  L        FDSL YDLAP LEA EEFR G
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MurTSpneu    R                                                               D    W                                               V                        L      NP  A  AI  I            VLL      G             I    I  I A                  I   L        FG QETFHIG.........DKECT VL..IK  VG TQ  EM KLAPY..PFSLS   NANYAD I TSWI DADFEQ TDMD PE N GGV...........RHSE ARR RVT....
MurTEfaec    R                                                               D    W                                               V      I                 L      NP  I  VI  I           VALL      G                  I  V                    M   L        FG QEV NIN.........GKKCT VL..VK  VG NQ  DM GLAPY..PFSL    NANYAD I VSWI DGNFENFADMD PA ISGGD...........RHTD TLR KVA....
MurTCbotu    R                                                               D    W                                                      I                 I      NP     AI  L           L ML      G             L    I  V V                  M   L       SFG QEE NID.........NKQVK IL..VK  AGYNQ  DT CLNKE..DFST F  NDNYAD T VSWI DVDFER KELP KD F SGI...........RLYD AVR KVA....
MurTSaure    R                                                               D                                                                             I      NP  M   L              VI L      G             L    I  I V                  L   L       DNG MQYFKKE.........RKEAM NL..AK  AG NAS SVGEQLEG..EKVY  S NDNAAD R TSWIYDADFEK SKQQ EA I TGT...........RAEE QLR KLA....
MurTMtube    R                                                               D    W                                               V      V                 L      NP     A   L           AL V      G             L       V V                  L   L        AG YTT EHE.........GRSIR LL..SK  AGWLE FDV QPAP....GPV  S NAQGPD R TSWL DVDYRI R...GRP W TGE...........RRID AAR EAA....
MurTCglut    R                                                               D    W                                               V      I                 L      NP     AL  V           VIVV      G                     V A                  L   L        AG YST TVG.........EHKVH LL..AK  AGWQE  SM DRTA....DGL    NGQVAD E LSWL DVRFEDFE...NLS K SGE...........RGTD AVR TYA....
MurFTmari    R                                                                                                                    V                        V D    SP      I  L            AVV      G             L       V L                  I            PG FNVREKK..........GVLI D TYNA  EAFQTS EA LRFP....GKKF   GAMKEL ERSKEFHEELGER NVLDGVY F SEP...........EAEW KSK........
MurEMtube    R                                                                                                                           I                 L D     P  L  VL  L           AVV       G             A    A  V V                  I   A       PG. LEQ DRG.........QGFLA V .YAHK EA RS  TT AHPD....RRL   FGAG... DRDPGKRAPMGRI A.QL DL V TDDNPRDEDP..TAIRRE LAG AEV....
MurFPaeru    R                                                                                                                    V                        I D    NP  M  AI  L           VLVL      G             A    V  L A                  A            KG AVAQLTA.........SGLRV D SYNA  AS LA  DI SGFS....GRT    GDMGEL SWAEQAHREVGAY A.GK SA Y VGP...........LMAH VQAFG......
MurFEcoli    R                                                                                                                    V      I                 L D    N   M  AV  L           VLVV      G             A    I  V                    I            PG LFP QLA.........ENQLL D SYNA VGS TA  QV AEMP....GYR    GDMAEL AESEACHVQVGEA KAAG DR LSVGK...........QSHA STAS.......
MurFAbaum    R                                                                                                                    A      I                 I D    NP  M  AA  L           VMVM      G             L    L  I A                  A   A        KG LNF QKA..........PHLF D TYNA  TS RA  QV LQQN....GIK    GDIGEL DSSWQEHHDLGRD AELP DH V VGQ...........FASA LEG GLH....
MurDSagal    R                                                                                                                    V      L                   D    N      AL              ILIA                    I    L  M V                  V   A        KH LQS GKV.........HGISFYN SKST ILATQK  SGFDN......TKV    GGL.....DRGNEFDELIPD ..TG KH V LGE...........SASR KRA QKA....
MurDEcoli    R                                                                                                                    L      V                 I D    N      AL  L            LLL      G             L       L                    L            PH FEV LEH.........NGVRW N SKAT VGSTEA  NG HVD.....GTLH   GGD... K..SADFSPLARY N.GDNVR YCFGR...........DGAQ AALRP......
MurCEcoli    R                                                                                                                           L                 V D     P  V   I  A           VML                     L    V  L M                  L   I       TGR FDF GEFPLEPVNGKSGTAML D .YGHH TE DAT KA RAGWP..DKNL   FQPHR..FTRTRDLYDDFANV T..Q DT L LEVYPAGEAPIPGADSRS CRT RGR....
MurCHinfl    R                                                                                                                    A      L                 V D     P  V   I  A           VMI                     L    V  L M                  L   I        GR FDQ GEFIR.....PNGKVRL D .YGHH TE GVT KA REGWG..DKRI   FQPHR..YSRTRDLFDDFVQV S..Q DA I LDVYAAGEAPIVGADSKS CRS RNL....
MurFSpneu    R                                                                                                                                             L D    NP  M  IL              IAVL      G             L    L  V                    L   A       TRN TEWKKAA.........NGADI S VYNA  TA KL  ETFSAIPANEGGKK    ADMKEL DQSVQLHNQMILS SPDV DI IFYGE...........DIAQ AQL SQMFPIG
MurETmari    R                                                                                                                    V      V                 V D    SP  L  LL  V           IVV       G             V    A  V L                  I   L        EG FEV RGAK.......KIGLNV V .FAH  DA EK  KN RKIS...QGRV   FGAG... NSDRGKR.PMMSE ASKL DV I TTDDPRGE......DPEQ MED IKG....
MurEEcoli    R                                                                                                                    V                        V D    TP  L  AL  A             V       G             I    A  A V                  I   I        CG MEVFTAP.........GKPTV V .YAH  DA EK  QA RLHC...AGKLWC FGCG... DRDKGKR.PLMGA AEEF DV V TDDNPRTE......EPRA IND LAG....
MurESaure    R                                                                                                                    V      L                 I D    T   M  LI  V           I LV      G             V    A  V                    L   L        EG LEV DPS.........LPIDL I .YAH ADG NK  DA QPFV...KQKL F  GMA... ERDLTKT.PEMGR ACR. DY IFTPDNPAND......DPKM TAE AKG....
MurDTmari    R                                                                                                                    L      L                   D    S   V  AL              I  M                    A    L  L M                  I   L        PH MEY GQI.........DGRHFYN SKAT THA LG  ...SNFD...KVVL .. CGIGKKENY.....SLFVEK SPK. KH I F...............GE SKE APF....
MurCTmari    R                                                                                                                    V      A                 I D    TP  I  LL  A           VVI                     L    A  V V                  I   L        HR FSI FHDP.......ETNIYV D .YAH  DE RN  QT KEVFE..NEKI   FQPHR..YSRLEREDGNFAKA QL.. DE V TEVYDAFEEKKNGISGKM WDS KSL....

β14 β15 α7 β16 η6 η7 η8 β17 α8

.... ..................
400 410 420 430 440

MurTSpneu                                                                                                            VL      I        A IL                              L                       .GYPAEKITETSNLEQ  ....KT ENQ.DCKH Y  ATY..................TAMLEFREL ASRQIVRKEMN............
MurTEfaec                                                                                                            VI      I        V IL                              L                       .GIPENKLTETKELPE  ....EK KEL.PTEH Y  ATY..................TAVLQLRKE AAQGFIKGG......MNRG....
MurTCbotu                                                                                                            L       I        I IL                              L                       .GLNSEKFILEENYEA T....EK KNS.STNR Y  ATY..................TAMINYRKY HSKGYIKKLW.............
MurTSaure                                                                                                            A                  AI                                                      .EVEV.PIIVERDIYK T....AKTMD..YKGFTV  PNY..................TSLA.............................
MurTMtube                                                                                                            I       V        L VI                                                      .......DVTFTVVDD D....QA M.AVPPGH D  AN..................YTAFQNIRTRYGRVV...................
MurTCglut                                                                                                             V      I        I VL                              L                       .......EIDHELISNP ....DA A.ACPPGR E  AN..................YTAFRDLKKA EKGTEQ.................
MurFTmari                                                                                                            IA      L        V L                                                       .....KIILKSDDPEK  ....KD ATRVKKGD V FKASR................AVRIERVLEMFEKELEKR................
MurEMtube                                                                                                            AI      A        V LI                              L                       ..GGDAQVVEIADRRD  ....RH VAWARPGD V  AGKGHETGQRGGGRVRPFDDRVELAAALEA ERRA...................
MurFPaeru                                                                                                            LI      L          LI                              L                       .....ATGRHFADQAS  ....GA A.TEDPTTTI  KGS................RSAAMDKVVAA CGSSEESH...............
MurFEcoli                                                                                                            LI      L        V  I                              L                       .....GVGEHFADKTA  ....TR KLLIAEQQ IT LVKGS..............RSAAMEEVVRA QENGTC.................
MurFAbaum                                                                                                            AL      I          L                               L                       ....STKLKAFQTQAE  PFLINL QTHQPQSMSF FKGS................RFTHMETLMAD MEKL...................
MurDSagal                                                                                                            AV      A        V LL                              L                       ....GVTYSDALDVRD  ....HK YEVAQQGD I  SPANASWDM..YKNFEV..RGDEFIDTFES RGE....................
MurDEcoli                                                                                                            AM      L        M LL                              L                       .....EVAEQTETMEQ  ....RL APRVQPGD V  SPACASLDQ..FKNFEQ..RGNEFARLAKE G......................
MurCEcoli                                                                                                            VA      L        L LV                              L                       ...GKIDPILVPDPAR  ....EM APVLTGND I  QGAG..................NIGKIARS AEIKLKPQT......PEE.EQHD
MurCHinfl                                                                                                            L       L        L LA                              L                       ...GKVDPILVSDTSQ G....DV DQIIQDGD I  QGAG..................SVSKISRG AE.................SWKN
MurFSpneu                                                                                                            LV      V          LL                              L                       HVYYFKKTEDQDQFED  ....KQ KESLGAHDQI  KGSN................SMNLAKLVES ENEDK..................
MurETmari                                                                                                            AI      A          VI                              I                       .IDKRKPYLVLFDRRE  ....ET LTIANRGDSV  AGRGHERYQIIDEEKKV..PFQDREVVEEI RDKLKGRKYAQ............
MurEEcoli                                                                                                            AV      A        V LV                              L                       .MLDAGHAKVMEGRAE  ....TC VMQAKEND V  AGKGHEDYQIVGNQRL...DYSDRVTVARL GVIA...................
MurESaure                                                                                                             I      A          VL                              A                       ..ATHQNYIEFDDRAEG ....KH IDIAEPGDTV  ASKGREPYQIMPGHIKV..PHRDDLIGLEA YKKFGGGPVDQ............
MurDTmari                                                                                                            A       A        V LL                                                      .VGK.IPHSIVENMEE F....EK MEVSEKGD I  SPGG...........ASFDMYENYAKRGEHFREIFKRHGGDEV...........
MurCTmari                                                                                                            L       I        V L                                                       ....GKEAYFVEKLPE E....KV ..SVSENT F FVGAG..................DIIYSSRRFVERYQSSKSSPSRVLGSNK....

η9 β18 α9 β19 α10

Supplementary Fig. 8
Sequence alignment of MurT and Mur 
ligases sequences.  Alignments were 
performed with PROMALS3D1 using 
available crystal structures of MurC, D, 
E and F, as well as of MurT from S. 
pneumoniae.  For the latter, the residue 
numbering and the secondary structure 
elements are given above the 
sequences, and the residues that were 
not resolved in the crystal structure are 
denoted by red triangle below the 
sequences.
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Supplementary Fig. 9

Partial proteolysis by trypsin of MurT/GatD variants.  The proteins (1.5 mg.mL-1) were incubated 
with the indicated concentration of trypsin in a volume of 20 μL for 1 h at 30°C, prior to stopping of 
the digestion by the addition of SDS-containing loading buffer supplemented with 1 mM 
phenylmethyl-sulfonyl fluoride and analysis by Coomassie-stained SDS-PAGE.
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Supplementary Fig. 10

Models of the flexible loop (residues 137-141) in MurT.  (a,b) Alternative views of the experimental 
crystal structure of MurT/Gat with residues 137-141 missing.  The view in (b) shows residues 
GDAsn28,GDThr29 and GDTyr30 that block the communication between the active sites of GatD and 
MurT.  (c,d) SWISS-MODEL/YASARA and Discovery Studio models, respectively, of MurT/GatD 
with the same viewing orientation as in (a), showing putative conformations of the 137-141 loop.  
For the SWISS-MODEL/YASARA model, the deviation from the input crystal structure showed all 
atoms r.m.s.ds of 1.15 and 0.58 Å for MurT (over 2972 atoms) and GatD (over 1524 atoms) respec-
tively.  For the Discovery studio model, the all atoms r.m.s.ds were 2.6 Å for MurT (2972 atoms) and 
2.22 Å for GatD (1524 atoms). The entrance of the putative Must tunnel connecting the active sites 
is open in (c) and closed in (d).  Domains are colored in dark cyan (MurT centraldomain), green 
(MurT C-terminal domains), yellow (MurT Zinc-ribbon-like insertion) and pink (GatD).  Residues 
carried by or surrounding the flexible loop are labeled and shown as atom-colored sticks. The 
glutamine molecule is shown at atom-colored spheres. 
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Supplementary Fig. 11

Electrostatic potentials surface of MurT (upper panel) and GatD (lower panel).  The two proteins were 
each rotated by 90° in opposite directions to open the interface plane.  The glutamine molecule is 
shown as green spheres.  The hydrophobic interfaces are indicated by black ellipses and the negatively 
charged entrance of MurT active site is indicated by an arrow.  (a) Potentials calculated from the 
experimental crystal structure with residues 137-141 missing.  (b) Potentials calculated from the 
SWISSMODEL to include residues 137-141 in a putative conformation.
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Supplementary Fig. 12

Purification by Ni2+-affinity chromatography of His-tagged recombinant MurT expressed in E. coli from 
an operon encoding MurT and GatD (L, loaded cell lysate; FT, flow through; E, elution by imidazole).  
For wild type (WT) MurT, GatD was co-eluted, whereas for the W360A MurT variant, GatD was not 
co-purified.
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Supplementary Tables 

Supplementary Table 1  Peptidoglycan composition upon depletion of MurT/GatD 
R6 R6 ∆murM Retention 

times 
(min) MurT/GatD expressed depleted expressed depleted 

Mono
mers 

1 Tri(Glu) 1.19 2.48 1.79 10.00 23.83 
2 Tri(Glu,-G) ~70% 8.14 4.63 6.72 11.88 26.05 
2 Tri(Glu) ~20% 2.33 1.32 1.92 3.39 26.05 
2 Tri(Glu,deAc) ~10% 1.16 0.66 0.96 1.70 26.05 
3 Tri 22.73 11.43 22.09 16.83 28.75 
4 Tri(A) or Tetra 1.63 0.75 1.77 1.19 34.83 
5 Penta[deAc] 1.44 0.28 0.80 0.29 36.82 
6 Penta[Gly] 0.80 0.16 0.97 0.82 37.7 
7 Penta 5.23 2.76 3.93 1.54 40.52 
9 Tri-SA (Glu,deAc) 0.43 7.16 0.49 0.37 44.03 
10 Tri-AA (Glu) or Penta (Glu) 0.81 7.00 0.00 0.00 45.00 
11 Tetra(A) 1.01 1.02 1.83 1.54 45.48 
12 Tri-AA (Glu) or Penta (Glu) ~50% 0.90 8.02 0.00 0.23 47.37 
12 Tri-SA (Glu) ~50% 0.90 8.02 0.00 0.23 47.37 
13 Tri(AA)[deAc] Tetra(S) 1.02 0.00 1.10 0.92 49.02 
14 Tri-AA ~70% 1.17 4.39 1.70 0.80 52.88 
14 Penta-SA (Glu) ~30% 0.50 1.88 0.73 0.34 52.88 
16 Penta(SA), Penta(SA)[-G] 1.28 1.81 0.00 0.00 57.75 

Di 
mers 

16B TetraTri(1 Glu, 1 deAc) ~60% 0.91 0.59 1.07 4.75 63.57 
16B TetraTri(1Glu) ~40% 0.60 0.40 0.71 3.17 63.57 
17 TetraTri[deAc]‡ 6.40 1.04 6.23 4.92 65.42 
18 TetraTri[deAc]‡ 9.09 2.09 12.60 12.78 66.2 
19 TetraTri 18.97 5.92 27.10 18.00 68.18 
Dimer 0.59 1.58 1.19 0.89 68.57 
Dimer 1.50 1.25 0.41 0.74 69.82 
23 Tetra(SA)Tri 4.90 4.34 0.55 0.76 72.55 
Dimer 0.63 0.06 0.91 0.23 74.17 
Dimer 1.90 5.87 1.76 0.62 76.1 
29 Tetra-AS-Tri-AS 1.13 10.74 0.00 0.19 80.35 
31 Tetra-AS-Tri-AA 0.75 2.36 0.57 0.88 84.78 
Sum of known peaks 100.00 100.00 100.00 100.00 
% Monomers 52.67 63.76 46.80 52.07 
% Dimers 47.33 36.24 53.20 47.93 
% Glu-containing muropeptides 17.87 42.15 14.39 36.06 
% branched muropeptides 16.00 57.00 

Species were identified by their HPLC retention time2.  Proportions given as percentage are 
those of the HPLC peak areas.  Glu-containing muropeptides are on grey background. 
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Supplementary Table 2  Data collection and refinement statistics 

Data collection 
Name of dataset 17HATC3 11SeHATC4 
X-ray source ID30a-1 (ESRF) BM30A (ESRF) 
Scan range (°) 115 360 
Oscillation (°) 0.1 1.0 
Space group R3 R3 
Unit-cell parameters
a, Å 288.39 288.81 
b, Å 288.39 288.81 
c, Å 115.09 115.10 

α, ° 90 90 
β, ° 90 90 
γ, ° 120 120 

3.00 (3.12-3.00) 3.78 (4.0-3.78) 
96.2 (96.6) 98.2 (89.4) 
15.4 (2.6) 10.7 (3.8) 
5.8 (47.7) 14.7 (48.2) 
68725  70428 
73 69 

Refinement and model statistics 
Resolution (last shell), Å 3.00 (3.18-3.00) 
R-factor‡, R-free§ 0.203, 0.234 
Molecules/asymmetric unit 4 
r.m.s.d. from targeti

Bond lengths, Å 0.014 
Bond angle, ° 0.737 
Average B-factor, Å² 86 

Mean B factor (Å²)  87 
Ramachandran plot** 

Core, %  92 
Allowed, % 8 
Disallowed, % 1 

†  Rsym = (Σ(ABS(I(h,i)-(I(h)))) / (Σ(I(h,i))). 
‡  R-factor = ΣjjFoj - jFcjj/ΣjFoj where Fo and Fc are the observed and calculated structure factor amplitudes, 
respectively. 
§ R-free is the R-factor calculated with 5% of the reflections chosen at random and omitted from refinement.
i  rmsd of bond lengths and bond angles from ideal geometry.
**  Performed by Procheck.

Resolution (last shell), Å 
Completeness (last shell), % 
I/s(I) (last shell) 
Rsym† (last shell), %  
No of unique reflections 
Wilson B factor, (Å²)  
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Supplementary Table 3  MurT residues contacting the substrates in docking models 

Pose A Pose B 
Substrate Within 3.5 Å Within 4.0 Å Within 3.5 Å Within 4.0 Å 
Lipid II Thr56 Lys59 Id Id 

PSGAN 81-85 Id 
Id 

Ser82 Gly83 Asn85 
Glu110 
Tyr426 Id 

Lys59-Thr60-Leu61 
PSGANMI 81-87 
Glu110 Asp112 
Tyr426 

ATP Mg2+Mg2+ TNGKTL 56-61 GTNGKTL 55-61 

Id 
Id 

GTNGKTL 55-61 

Asp112-Glu113-Ala114 
Glu110 
Asp112-Glu113 
Asn132 Phe134 

Id 
Id 
Id 

Id Tyr269-Asn270 
Tyr272-Asn273 Id 

TNGKTL 56-61 
Glu110 
Asp112-Glu113 
Asn132 Phe134 
Tyr219 
Tyr269-Asn270 
Tyr272-Asn273 

Id 
Id 
Id 
Id 

Gln328 Gln328 
Poses A and B correspond to the highest scoring docking models presented in Figs 6a and 
6b, respectively.  Id, identical to within 3.5 Å. 
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Supplementary Table 4  S. pneumoniae strains used in this study 
Strain Relevant characteristics Source 
RH1 R6 derivate but DcomA::ermAM, Debg::spc; Eryr Spcr 3

SPH131 DcomA::ermAM, P1::PcomR::comR, PcomX::Janus. Eryr, Kanr 4

SPH476 DcomA::ermAM, P1::PcomR::comR, PcomX-murT/gatD. Eryr, 
Smr 

This work 

SPH477 DcomA::ermAM, P1::PcomR::comR, PcomX-murT/gatD, 
DmurTwt/gatDwt::Janus. Eryr, Kanr 

This work 

SPH478 DcomA::ermAM, P1::PcomR::comR, PcomX-murT/gatD, 
DmurTwt/gatDwt::DEL. Eryr, Smr 

This work 

SPH479 DcomA::ermAM, P1::PcomR::comR, PcomX::Janus, murTK59A. 
Eryr, Kanr 

This work 

SPH480 DcomA::ermAM, P1::PcomR::comR, PcomX::Janus, murTN85A. 
Eryr, Kanr 

This work 

SPH481 DcomA::ermAM, P1::PcomR::comR, PcomX::Janus, murTD112S, 

E113S. Eryr, Kanr 
This work 

SPH482 DcomA::ermAM, P1::PcomR::comR, PcomX::Janus, murTC205S, 

C208S, C227S, C230S. Eryr, Kanr 
This work 

SPH483 DcomA::ermAM, P1::PcomR::comR, PcomX::Janus, murTD355A. 
Eryr, Kanr 

This work 

SPH484 DcomA::ermAM, P1::PcomR::comR, PcomX::Janus, gatDY30A. 
Eryr, Kanr 

This work 
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Supplementary Table 5  Primers used in this study 
Primer name Sequence 5’à3’ Source 
Cl1-990 murTK59Afw TGTCACTGGAACAAATGGAGCAACCCTGA

CAACTGCCCTC 
This work 

Cl1-1012 murTK59Arv GAGGGCAGTTGTCAGGGTTGCTCCATTTG
TTCCAGTGACA 

This work 

Cl2-983 murTN85Afw CCAACCCAAGCGGTGCCGCCATGATTACA
GGGATTG 

This work 

Cl2-1013 murTN85Arv CAATCCCTGTAATCATGGCGGCACCGCTT
GGGTTGG 

This work 

Cl3-993 murTDESSfw CAAAAACTGGGAAAAATATTGCCGTCCTC
GAAATTAGCTCAGCCAGTCTATCTCGTAT 

This work 

Cl3-1008 murTDESSrv ATACGAGATAGACTGGCTGAGCTAATTTC
GAGGACGGCAATATTTTTCCCAGTTTTTG 

This work 

Cl4-987 murTD136Afw TACTAATATCTTCCGTGCCCAGATGGACC
GTTTCG 

This work 

Cl4-1001 murTD136Arv CGAAACGGTCCATCTGGGCACGGAAGATA
TTAGTA 

This work 

Cl6-996 murTD139Afw TTCCGTGACCAGATGGCCCGTTTCGGTGA
AATC 

This work 

Cl6-1000 murTD139Arv GATTTCACCGAAACGGGCCATCTGGTCAC
GGAA 

This work 

Cl7-985 murTR140Afw CTTCCGTGACCAGATGGACGCTTTCGGTG
AAATCTATACT 

This work 

Cl7-1002 murTR140Arv AGTATAGATTTCACCGAAAGCGTCCATCT
GGTCACGGAAG 

This work 

Cl8-995 murTE143Afw CAGATGGACCGTTTCGGTGCAATCTATAC
TACCTATAAC 

This work 

Cl8-999 murTE143Arv GTTATAGGTAGTATAGATTGCACCGAAAC
GGTCCATCTG 

This work 

Cl9-992 murT4C4Safw CGAAGGGATTCTCAGTCCTGACAGCCAAG
GCATCCT 

This work 

Cl9-1005 murT4C4Sarv AGGATGCCTTGGCTGTCAGGACTGAGAAT
CCCTTCG 

This work 

Cl10-984 murT4C4Sbfw CTTGGGTGCCTATATCAGTGAAGGTAGTG
GATGTAAACGTCC 

This work 

Cl10-1006 murT4C4Sbrv GGACGTTTACATCCACTACCTTCACTGATA
TAGGCACCCAAG 

This work 

Cl11-988 murTD355Afw CTATGCAGATGGAATTGCCACTAGCTGGA
TCTGGG 

This work 

Cl11-1009 murTD355Arv CCCAGATCCAGCTAGTGGCAATTCCATCT
GCATAG 

This work 

Cl16-994 gatDY30Afw CGGAAATCTCATGAATACCGCCGGGGACA
ATGGAAACATC 

This work 

Cl16-1003 gatDY30Arv GATGTTTCCATTGTCCCCGGCGGTATTCAT
GAGATTTCCG 

This work 

Kan484.F GTTTGATTTTTAATGGATAATGTG 3

RpsL41.R CTTTCCTTATGCTTTTGGAC 3

khb31 ATAACAAATCCAGTAGCTTTGG 4

khb33 TTTCTAATATGTAACTCTTCCCAAT 4

khb34 CATCGGAACCTATACTCTTTTAG 4

khb36 TGAACCTCCAATAATAAATATAAAT 4

ds188 ATTTATATTTATTATTGGAGGTTCA 
ATGAACTTAAAAACTACTTTGGG 

This work 

ds189 ATTGGGAAGAGTTACATATTAGAAATTAA
GAAAAGTCAGCCTTGCTT 

This work 

ds190 GTCTTTGACTCAACAGGTATC This work 
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ds191 CACATTATCCATTAAAAATCAAACGTTTCT
ATTATATCACAAAAGAG 

This work 

ds192 TTAAATGTGCTATAATACTAGAAAATACT
TACAAAGGAAAATGATATCAAAGAAC 

This work 

ds193 GTCCACTTCATGAGCAGTCAC This work 
ds194 CCTCTTTTGTGATATAATAGAAACACAAA

GGAAAATGATATCAAAGAAC 
This work 

ds195 GTTTCTATTATATCACAAAAGAGG This work 
ds441 fwd murT K59A GCAACCCTGACAACTGCCCTCAC This work 
ds442 rev murT K59A GTGAGGGCAGTTGTCAGGGTTGCTCCATT

TGTTCCAGTGACAACG 
This work 

ds443 fwd murT N85A GCCATGATTACAGGGATTGCAACAAC This work 
ds444 rev murT N85A GTTGTTGCAATCCCTGTAATCATGGCGGC

ACCGCTTGGGTTGGTTAG 
This work 

ds445 fwd murT 
D112S,E113S 

AGTAGTGCCAGTCTATCTCGTATCTG This work 

ds446 rev murT 
D112S,E113S 

CAGATACGAGATAGACTGGCACTACTAAT
TTCGAGGACGGCAATATTTTTC 

This work 

ds447 fwd murT 
C205S,C208S,C227S,C230S 

TATGAGCATAATACCTATGCAAACTTGGG
TGCCTATATCAGTGAAGGTAGTGGATGTA
AACGTCCTGATCTC 

This work 

ds448 rev murT 
C205S,C208S,C227S,C230S 

GTTTGCATAGGTATTATGCTCATATTTGAG
GATGCCTTGACTGTCAGGACTGAGAATCC
CTTCGGTATTGTAG 

This work 

ds449 fwd murT D355A GCAACTAGCTGGATCTGGGATGC This work 
ds450 rev murT D355A GCATCCCAGATCCAGCTAGTTGCAATTCC

ATCTGCATAGTTGGC 
This work 

ds451 fwd gatD Y30A GCAGGGGACAATGGAAACATCCTC This work 
ds452 rev gatD Y30A GAGGATGTTTCCATTGTCCCCTGCGGTATT

CATGAGATTTCCGTAG 
This work 
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