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Summary  29 

Methicillin-resistant Staphylococcus aureus (MRSA) is a frequent cause of difficult-to-treat, 30 

often fatal human infections1,2. Most humans have antibodies against S. aureus, but these are 31 

highly variable and often not protective in immune-compromised patients3. Previous vaccine 32 

development programs have not been successful4. A large percentage of human anti-S. aureus 33 

antibodies targets wall teichoic acid (WTA), a poly-ribitol-phosphate (RboP) surface polymer 34 

modified with N-acetylglucosamine (GlcNAc)5,6. It is currently unknown if the particular 35 

immune evasion capacities of MRSA are due to variation of dominant surface epitopes such as 36 

those associated with WTA. 37 

We demonstrate that a considerable proportion of the prominent healthcare-associated (HA) 38 

and livestock-associated (LA) MRSA clones CC5 and CC398, respectively, contain prophages 39 

that encode an alternative WTA glycosyltransferase. This enzyme, named TarP, transfers 40 

GlcNAc to a different hydroxyl group of the WTA RboP than the standard enzyme TarS7, with 41 

major consequences for immune recognition. TarP-glycosylated WTA elicited 10-40-fold 42 

lower levels of IgG in mice than TarS-modified WTA. This difference was reflected by only 43 

low amounts of antibodies against TarP-modified WTA in human sera. Notably, mice 44 

immunized with TarS-modified WTA were not protected against infection with tarP-45 

expressing MRSA, indicating that TarP is crucial for the capacity of S. aureus to evade human 46 

host defense. High-resolution structural analyses of TarP bound to WTA components and UDP-47 

GlcNAc explain the mechanism of altered RboP glycosylation and form a template for targeted 48 

inhibition of TarP.  49 
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Our study reveals a new immune evasion strategy of S. aureus based on averting the 50 

immunogenicity of its dominant glycoantigen WTA. It will instruct the identification of 51 

invariant S. aureus vaccine antigens and may enable the development of TarP inhibitors as a 52 

new strategy for rendering MRSA susceptible to human host defense. 53 

 54 

Main text  55 

Novel prevention and treatment strategies against major antibiotic-resistant pathogens such as 56 

MRSA are urgently needed but are not within reach because some of the most critical virulence 57 

strategies of these pathogens are not understood8. The pathogenic potential of prominent HA-58 

MRSA and recently emerged LA-MRSA is thought to rely on particularly effective immune 59 

evasion strategies while community-associated (CA) MRSA often produce more aggressive 60 

toxins1,2. Most humans have high overall levels of antibodies against S. aureus as a consequence 61 

of preceding infections, but titers differ strongly for specific antigens and are often not 62 

protective in immuno-compromised patients for unclear reasons3. A large percentage of human 63 

anti-S. aureus antibodies is directed against WTA5,9,10, which is largely invariant. However, 64 

some S. aureus lineages produce altered WTA, which modulates for instance phage 65 

susceptibility7,11.  66 

In order to elucidate whether some of the prevalent S. aureus lineages use additional WTA-67 

targeted strategies to increase their fitness and pathogenicity, S. aureus genomes were screened 68 

for potential additional paralogs of WTA biosynthesis genes. Three different S. aureus 69 

prophages were found to encode a protein, named TarP, with 27% identity to the WTA-β-70 

GlcNAc transferase TarS7 (Fig. 1a). tarP was identified exclusively in isolates of the prominent 71 

HA-MRSA CC512, on a prophage encoding additionally the scn-chp-sak immune evasion 72 

genes13, and on two other prophages in emerging LA-MRSA of CC39814 and CC515. All tarP-73 

harboring genomes also contained tarS.  74 
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When tarP from CC5 HA-MRSA strain N315 was expressed in a WTA-glycosylation deficient 75 

mutant of laboratory strain RN42207 it restored WTA glycosylation and susceptibility to 76 

siphophages, which need RboP WTA GlcNAc as binding motif16 (Fig. 1b). The presence of β-77 

GlcNAc on WTA is essential for full-level β-lactam resistance in MRSA strains7. When tarP 78 

was expressed in a WTA-glycosylation deficient mutant of CA-MRSA strain MW2 (CC1), it 79 

restored full oxacillin resistance (Extended Data Fig 1b) confirming that tarP can replace tarS 80 

in several critical interactions.  81 

TarP led to susceptibility to siphophages but to a lower extent than TarS, although TarP did not 82 

incorporate less GlcNAc into WTA than TarS (Extended Data Fig. 1d, Extended Data Table 3). 83 

Likewise, the siphophage-mediated horizontal transfer of a S. aureus pathogenicity island was 84 

ca. 10-fold reduced in S. aureus N315 expressing tarP compared to only tarS (Fig. 1c), 85 

suggesting that TarP and TarS glycosylate WTA differently. Notably, strain N315 was resistant 86 

to podophages but tarP inactivation rendered it podophage-susceptible (Fig. 2a). In contrast, 87 

inactivation of tarS did not have this consequence. The overall impact of tarP on podophage 88 

susceptibility patterns was analyzed with 90 clinical CC5 and CC398 isolates and yielded a 89 

clear result – none of the tarP-containing but each of the tarP-lacking strains was susceptible 90 

to podophages (Extended Data Table 1). These data demonstrate that TarP causes podophage 91 

resistance and that TarP-mediated WTA modification must be distinct from that mediated by 92 

TarS. Nuclear magnetic resonance (NMR) analyses revealed that TarP and TarS both add 93 

GlcNAc to WTA in the β-configuration. However, the attachment site in RboP differs, with 94 

TarS glycosylating the C4 position17 whereas TarP attaching GlcNAc to C3 (Fig. 2b). This 95 

difference may be crucial for impairing phage infection. Moreover, NMR analysis revealed that 96 

TarP is dominant over TarS because N315, which bears both genes, had GlcNAc almost 97 

exclusively attached to RboP C3 (Fig. 2b). 98 
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The TarP structure was solved at high resolution to elucidate how TarP generates a different 99 

glycosylation product compared to TarS. Like TarS18, TarP forms stable homotrimers, but it 100 

uses a different trimerization strategy since it lacks the C-terminal trimerization domain found 101 

in TarS (Fig. 2c). Instead, hydrophobic and polar interactions of a small helical C-terminal 102 

domain generate the TarP trimer (Fig. 2d). WTA polymers composed of three or six RboP 103 

repeating units (3RboP or 6RboP-(CH2)6NH2, respectively) were synthesized and used for 104 

soaking TarP crystals (Extended Data Fig. 5), yielding the first protein structure visualizing the 105 

binding of a WTA-based polymer (Fig. 3). In the ternary complex TarP-UDP-GlcNAc-3RboP, 106 

the distance between the C3-hydroxyl of 3RboP and the anomeric C1 of GlcNAc is 4.2 Å. 107 

Furthermore, with 3.1 Å Asp181 is well within hydrogen bonding distance to the C3-hydroxyl 108 

of 3RboP. The observed distances and geometry nicely explain the unusual glycosylation of 109 

WTA at the C3-hydroxyl. We propose that TarP employs a direct SN2-like glycosyltransferase 110 

reaction, as discussed for other GT-A inverting enzymes19,20. In this mechanism, Asp181 would 111 

act as the catalytic base, deprotonating the C3-hydroxyl on 3RboP and enabling a nucleophilic 112 

attack on the GlcNAc C1, thus yielding a β-O-GlcNAcylated polyRboP (Fig. 3c). Mutagenesis 113 

of Asp181 to alanine rendered TarP inactive, supporting this putative mechanism (Extended 114 

Data Table 4a).  115 

 116 

The ternary structure of TarP-UDP-GlcNAc-3RboP allows for a prediction of how polyRboP 117 

binds to the homologous TarS enzyme. Three residues critical for binding and catalysis 118 

(including Asp181) are identical in TarP and TarS, while six other residues differ (Fig. 3d). 119 

Lys255 and His263, for instance, interacting electrostatically with WTA phosphate groups in 120 

TarP, are replaced by Glu248 and Phe256, respectively, in TarS, which may lead to reduced 121 

affinity for WTA and might explain why TarP is dominant over TarS. Based on the location of 122 

UDP-GlcNAc, the conserved Tyr149, Asp178, Arg252, and Phe256 residues, and the S1 site 123 
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that likely binds phosphate in TarS (Fig. 3e), the polyRboP chain would be shifted somewhat 124 

to the upper right, and the relative position of RboP units in the binding site would be altered 125 

in TarS. Such an altered binding mode would move the C4 hydroxyl of the target RboP toward 126 

the C1 of GlcNAc in the active site, thus allowing TarS to glycosylate at the C4 position. 127 

S. aureus WTA is a dominant antigen for adaptive immune responses5,9. The fact that the 128 

position of GlcNAc on RboP had a profound impact on binding by podophage receptors raised 129 

the question if human antibodies may also discriminate between the two isomeric polymers and 130 

if MRSA clones may use TarP to subvert immune recognition. Several human antibody 131 

preparations were analyzed for their capacity to opsonize a panel of N315 strains with or 132 

without tarP and/or tarS. The mutant lacking any WTA glycosylation bound the lowest amount 133 

of IgG compared to WTA glycosylation-positive strains (Fig. 4a), demonstrating that 134 

glycosylated WTA is a prominent S. aureus antigen in humans. Exclusive expression of tarS 135 

led to strongly increased IgG binding compared to the glycosylation-deficient mutant indicating 136 

that β-GlcNAc on RboP C4 is a major epitope for human anti-S. aureus antibodies. In contrast, 137 

expression of tarP in the presence or absence of tarS led to only slightly increased IgG binding 138 

compared to the glycosylation-deficient mutant. The capacity of TarP to impair the deposition 139 

of IgG on S. aureus differed with individual serum donors and reached average levels in pooled 140 

serum preparations (Fig. 4a). tarP was deleted in three further CC5 isolates leading to similarly 141 

increased capacities to bind human serum antibodies compared to the wild type strains 142 

(Extended Data Fig. 1e). Additionally, tarP deletion led to a significantly increased capacity of 143 

human neutrophils to phagocytose opsonized S. aureus (Fig. 4b). Thus, only a small percentage 144 

of the S. aureus-specific antibodies can bind WTA with β-GlcNAc on RboP C3 and tarP-145 

expressing S. aureus have a reduced risk to be detected and eliminated by human phagocytes. 146 

N315 WTA glycosylated via TarS or TarP was purified and used to immunize mice. Antibodies 147 

binding to regular (TarS-modified) WTA increased continuously over three weeks after 148 
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vaccination (Fig. 4c). In contrast, no or only very low amounts of IgG directed against TarP-149 

glycosylated WTA emerged, indicating that WTA modified at RboP C3 is much less 150 

immunogenic compared to WTA modified at RboP C4. This experiment was repeated thrice 151 

with three different WTA preparations yielding broadly similar data.  152 

We and others recently showed that vaccination with S. aureus WTA bearing GlcNAc at RboP 153 

C4 protects mice against infection by CA-MRSA strains USA300 (CC8) or USA400 (CC1), 154 

which both lack tarP5,21. Remarkably, vaccination with regular (TarS-modified) or TarP-155 

modified WTA did not lead to any notable protection against subsequent infection with tarP-156 

expressing N315 compared to mock vaccination, despite the robust antibody response against 157 

regular WTA (Fig. 4d). Taken together, our results demonstrate that tarP protects S. aureus 158 

against adaptive host defense by evading recognition via preexisting anti-S. aureus antibodies 159 

and by exploiting the poor immunogenicity of TarP-modified WTA. 160 

It is possible that TarP-modified WTA mimics a currently unknown autoantigen and is therefore 161 

hardly immunogenic. On the other hand, regular S. aureus WTA can be ingested by antigen-162 

presenting cells and presented to T cells, in a largely unexplored way, thereby evoking specific 163 

immunoglobulins and immunological memory22,23. It is possible that TarP-modified WTA is 164 

refractory to this process. Thus, TarS- and TarP-modified WTA can become helpful for 165 

decoding glycopolymer presentation pathways and for defining the most promising WTA 166 

epitopes for the development of protective anti-S. aureus vaccines.  167 

Protection against S. aureus infections are urgently needed, in particular for hospitalized and 168 

immuno-compromised patients2,4. Antibodies can in principle protect against S. aureus but their 169 

titers and specificities vary largely in different humans and are often not protective in immuno-170 

compromised patients3, probably in particular against S. aureus clones that mask dominant 171 

epitopes for instance by TarP. Unfortunately, all previous human vaccination attempts with 172 

protein or glycopolymer antigens have failed, for unclear reasons24. Our study identifies a new 173 
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strategy used by pandemic MRSA clones to subvert antibody-mediated immunity, which 174 

should be considered in future vaccination approaches. S. aureus WTA with GlcNAc at RboP 175 

C3 has been reported as type-336 antigen, but was not further explored25. We found that tarP 176 

is indeed present in type-336 S. aureus (Extended Data Fig. 1f). However, TarP-modified WTA 177 

is a very poor antigen and vaccines directed against GlcNAc at WTA RboP C3 or C4 may fail 178 

against many of the pandemic MRSA clones. The structural characterization of TarP will 179 

instruct the development of specific TarP inhibitors that could become important in 180 

combination with anti-WTA vaccines or antibiotic therapies. We found tarP-encoding 181 

prophages in 70-80% of south-west German HA-MRSA CC5 and 40% of Danish LA-MRSA 182 

CC398 isolates (Extended Data Table 1), pointing to a crucial role of tarP in the fitness of these 183 

lineages and raising concerns of further dissemination by horizontal gene transfer. TarP is a 184 

new and probably crucial component of the S. aureus virulence factor arsenal26,27, highlighting 185 

the important roles of adaptive immunity and its evasion in S. aureus infections. 186 

 187 
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METHODS  282 

 283 

Bacterial strains and growth conditions. S. aureus strains N315, RN4220, and MW2 (wild-284 

type and mutants) were used for this study. Collections of CC5 isolates of the Rhine-Hesse 285 

pulsed-field gel electrophoresis type28 and of the LA-MRSA lineage CC398 from the Danish 286 

Statens Serum Institut29,30 were analyzed for the presence of tarP and for podophage 287 

susceptibility. Additionally, 48 spa-type t002 (ST5) and 16 spa-type t003 (ST225) isolates were 288 

obtained from the MRSA collection of the University Hospital Tübingen and analyzed for tarP 289 

presence by PCR. S. aureus strains were cultivated in tryptic soy broth (TSB) or basic medium 290 

(BM; 1% tryptone, 0.5% yeast extract, 0.5% NaCl, 0.1% glucose, 0.1% K2HPO4, w/v). MICs 291 

of oxacillin were determined by microbroth dilution according to established guidelines31. 292 

Experiments with phages. tarP-encoding phages were identified in genome sequences using 293 

the webtool Phaster32 in representative strains listed with Genbank accession: ΦtarP-Sa3int 294 

with immune evasion cluster (IEC) in CC5 (strain N315, BA000018.3),  ΦtarP-Sa1int, found 295 

in LA-MRSA of CC5 (strain ISU935, CP017090), and  ΦtarP-Sa9int found in CC398 (strain 296 

E154, CP013218).  297 

Phage susceptibility was determined using a soft-agar overlay method16. Briefly, 10 µl phage 298 

lysate of 104 - 106 plaque-forming units (PFU) was dropped onto soft agar containing 100 µl 299 

bacterial suspension (OD600 of 0.1). Plates were incubated at 37°C overnight. The efficiency of 300 

plating was determined as described33. Transfer of SaPIs was determined according to 301 

previously described methods34. Briefly, SaPI particle lysates were generated from S. aureus 302 

strains JP1794 or JP3602, which encode SaPIs with a resistance marker for tetracycline35. PFU 303 

of SaPI lysate was determined on RN4220. 200 µl bacterial culture (OD600 of 0.5) was mixed 304 

with 100 µl of SaPI particle lysate (SaPIbov1 (Φ11), 106 PFU/ml), incubated at 37°C for 15 305 

min. Appropriate dilutions were plated on TSB plates containing 3 µg/ml of tetracycline, and 306 

colony-forming units (CFU) were checked after overnight incubation. 307 
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WTA Isolation and structure analysis. WTA from S. aureus was isolated and purified 308 

according to previously described methods. Briefly, WTA was released from purified 309 

peptidogylcan by treatment with 5% trichloroacetic acid and dialyzed extensively against water 310 

using a Spectra/Por3 dialysis membrane (MWCO of 3.5 kDa; VWR International GmbH). 311 

Obtained soluble WTA was quantified by determining the content of phosphate36 and 312 

GlcNAc37. For PAGE analysis of WTA, samples (400 nmol of phosphate per lane) were applied 313 

to a 26%-polyacrylamide (Rotiphorese® Gel 40 (19:1)) resolving gel and separated at 25 mA 314 

for 16 h38. The gel was equilibrated in a solution of 40% ethanol and 5% acidic acid at room 315 

temperature for 1 h and the WTA ladders were visualized by incubation with alcian blue 316 

(0.005%) for several hours. 317 

NMR spectroscopy experiments were carried out on a Bruker DRX-600 spectrometer equipped 318 

with a cryo-probe, at 288 K (WT-WTA, TarS-WTA, and TarP-WTA) or 298 K (mutant lacking 319 

any WTA glycosylation). Chemical shift of spectra recorded in D2O were calculated in ppm 320 

relative to internal acetone (2.225 and 31.45 ppm). The spectral width was set to 10 ppm and 321 

the frequency carrier placed at the residual HOD peak, suppressed by pre-saturation. Two-322 

dimensional spectra (TOCSY, gHSQC, gHMBC, and HSQC-TOCSY) were measured using 323 

standard Bruker software. For all experiments, 512 FIDs of 2048 complex data points were 324 

collected, 32 scans per FID were acquired for homonuclear spectra, and 20 or 100 ms of mixing 325 

time was used for TOCSY spectra. Heteronuclear 1H-13C spectra were measured in the 1H-326 

detected mode, gHSQC spectrum was acquired with 40 scans per FID, the GARP sequence was 327 

used for 13C decoupling during acquisition; gHMBC scans doubled those of gHSQC spectrum. 328 

As for HSQC-TOCSY, the multiplicity editing during selection step version was used, scans 329 

tripled those of the HSQC spectrum and two experiments were acquired by setting the mixing 330 

time to 20 or 80 ms. During processing, each data matrix was zero-filled in both dimension to 331 

give a matrix of 4K x 2K points and was resolution-enhanced in both dimensions by a cosine-332 
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bell function before Fourier transformation; data processing and analysis was performed with 333 

the Bruker Topspin 3 program. 334 

Molecular biology. All primers used for PCR, cloning, and mutagenesis are listed in 335 

Supplementary Information Table 1. tarP (UniProt A0A0H3JNB0, NCBI Gene ID 1260584) 336 

was amplified using genomic DNA of S. aureus N315 and inserted in E. coli/S. aureus shuttle 337 

vector pRB47439 at the BamHI and SacI sites, to transform S. aureus, or into pQE80L at BamH1 338 

and HindIII sites, to transform E. coli BL21(DE3). A thrombin cleavage site was inserted 339 

between His-tag and mature protein in pQE80L. Single mutations of TarP were introduced by 340 

PCR-based site-directed mutagenesis40. The obtained amplicons were confirmed by 341 

sequencing. For the construction of marker-less S. aureus deletion mutant of tarS or tarP, the 342 

pIMAY shuttle vector was used41. The IgG-binding surface protein A gene (spa) was deleted 343 

using the pKORI shuttle vector42. Protein A deletion had no impact on phage siphophage or 344 

podophage susceptibility indicating that it did not alter WTA amount or structure. 345 

Protein expression, purification, and activity assay. TarP-expressing E. coli BL21(DE3) 346 

were grown in LB medium at 30°C. Expression was induced with 1 mM IPTG at 22°C at OD600 347 

of 0.6. After 15 h cells were harvested, washed with wash buffer (50 mM Tris-HCl, pH 8.0, 1 348 

mM EDTA), and lysed by sonication with lysis buffer (70 mM NaH2PO4, pH 8.0, 1 M NaCl, 349 

20% glycerol, 10 U/ml of benzonase nuclease). After centrifugation (15,000 g). the supernatant 350 

was filtered with a 0.45 µm filter, loaded onto a His Trap FF column (GE Healthcare, 5 ml), 351 

washed with buffer A (50 mM NaH2PO4, pH 8.0, 1 M NaCl, 20% glycerol) supplemented with 352 

45 mM imidazole and buffer B (buffer A with 90 mM imidazole). Finally, the protein was 353 

eluted with buffer C (buffer A with 500 mM imidazole), and the fractions were pooled, further 354 

purified by size-exclusion chromatography on a Superdex 200 10/30 column equilibrated with 355 

buffer D (20 mM MOPS, pH 7.6, 400 mM LiCl, 10 mM MgCl2, 5 mM β-mercaptoethanol, 5% 356 

glycerol). The peak fractions were pooled and concentrated to 1.4 mg/ml for crystallization. For 357 

selenomethionyl-form TarP production, bacteria were grown in a selenomethionine-containing 358 
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medium (Molecular Dimension) and auto-induction was carried out. The protein was purified 359 

as described above. The activity of wild type and mutated TarP was determined with the ADP 360 

Quest Assay kit (DiscoverRx). The reaction volume was 20 µl with 1 mM UDP-GlcNAc, 361 

1.5 mM purified WTA from RN4220 ΔtarM/tarS. The reaction was started with protein and 362 

incubated at room temperature for 1 h. Released UDP, coupled into a fluorescence signal, was 363 

detected in a 384-well black assay plate with 530 nm excitation and 590 nm emission 364 

wavelengths using TECAN Infinite M200. 365 

Crystallization and data collection. Crystals were obtained by vapor diffusion at 20°C. 1 µl 366 

protein solution was mixed with 1 µl of reservoir solution containing 25% PEG 3350, 250 mM 367 

MgCl2, and 0.1 M sodium citrate, pH 5.7. The selenomethionyl-form protein was crystallized 368 

under the same condition. For crystals of TarP with UDP-GlcNAc, 27 mM UDP-GlcNAc was 369 

introduced in the reservoir solution containing 250 mM MgCl2 or 230 mM MnCl2. Crystals of 370 

TarP with Mg2+ were used for soaking of synthetic 3RboP (60 mM), 6RboP-(CH2)6-NH2 371 

(41 mM), or UDP-GlcNAc (20 mM) combined with 3RboP (52 mM) for 5 min. For data 372 

collection the crystals were cryo-protected with 20% glycerol in reservoir solution and flash-373 

frozen in liquid nitrogen. Diffraction data were collected at the beamline X06DA of Swiss Light 374 

Source in Villigen, Switzerland, or at the beamline BL14.1 in BESSY-II, Helmholtz Zentrum 375 

Berlin. 376 

Phasing, model building, and refinement. For phase determination two datasets from a 377 

selenomethionine-containing TarP crystal were collected at wavelengths of 0.91162 Å (peak) 378 

and 0.97934 Å (inflection). The structure was solved by multi-wavelength anomalous 379 

dispersion (MAD) at 2.60 Å resolution. All data were reduced using XDS/XSCALE software 380 

packages43. Initial phases were derived from the substructure of 26 selenium atom sites per 381 

asymmetric unit with help of the program suite SHELX C/D/E44. The heavy atom parameters 382 

were further refined and the initial phases were improved by SHARP/autoSHARP45. The initial 383 

model was generated with PHENIX46and the final model was achieved by cycles of iterative 384 
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model modification using COOT 47, and restrained refinement with REFMAC. TLS was used 385 

in the later stages48,49. The four binary and one ternary-complex structures were solved by 386 

molecular replacement using PHASER50 and the un-liganded TarP structure was used as a 387 

search model. UDP-GlcNAc, 3RboP, Mg2+, or Mn2+ were removed from the models to calculate 388 

the simulated annealing (mFo-DFc) omit maps using PHENIX. The anomalous difference map 389 

of Mn2+ at 1.89259 Ǻ was generated by FFT within CCP4, from which two Mn2+ in the active 390 

site and one Mn2+ at the trimer interface were identified. The coordinate and parameter files for 391 

3RboP and 6RboP-(CH2)6-NH2 were calculated from the PRODRG2 server51. The structure 392 

figures were generated by PyMOL52 and the models were valuated using MolProbity53. 393 

Statistics for the data collection, phasing, and refinement are reported in Extended Data Table 394 

5a, b. 395 

Synthesis of ribitol phosphate oligomers. The target compound 1, D-ribitol-5-phosphate 396 

trimer (3RboP), was prepared by the phosphoramidite method (Extended Data Fig. 5a)52,53. 397 

Briefly, the primary alcohol of commercially available compound 2 was converted into 398 

levulinoyl ester by using levulinic acid and N,N'-dicyclohexylcarbodiimide (DCC), and the allyl 399 

group of 3 was removed with tetrakis(triphenylphosphine)palladium to produce compound 4. 400 

The primary alcohol of 4 reacted with phosphine derivative 5 in the presence of 401 

diisopropylammonium tetrazolide54 to generate phosphoramidite 6. At the same time, 402 

compound 4 was coupled with dibenzyl N,N-diisopropylphosphoramidite 7, which was 403 

catalyzed by 1H-tetrazole, and the product was further oxidized by tert-butyl hydroperoxide, 404 

yielding protected D-ribitol-phosphate 8. Cleavage of the levulinoyl ester of 8 with hydrazine 405 

hydrate resulted in benzyl protected D-ribitol-phosphate 9 that was further coupled with 406 

phosphoramidite 6 and oxidized with tert-butyl hydroperoxide to yield protected dimers of D-407 

ribitol-5-phosphate 10. After removal of the levulinoyl group, the dimer 11 was coupled with 408 

phosphoramidite 6 using the same conditions as above to obtain protected trimer of D-ribitol-409 

5-phosphate 12. Subsequent removal of the levulinoyl group and hydrogenolysis of 13 to 410 
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remove all benzyl groups yielded 3RboP 1. All chemicals and experimental procedures as well 411 

as characterization of products can be found in Supplementary Methods. 412 

Aminohexyl D-ribitol-5-phosphate hexamer (6RboP-(CH2)6NH2) was synthesized using a new 413 

method (Extended Data Fig. 5b). All chemicals (Acros, Biosolve, Sigma-Aldrich and TCI) for 414 

the synthesis were used as received and all reactions were performed under a protective argon 415 

atmosphere at room temperature, unless otherwise stated. Procedures for phosphoramidite 416 

coupling, oxidation, detritylation, and global deprotection, TLC analysis as well as 417 

characterization of these compounds can be found in Supplementary Methods. 418 

IgG from human plasma. IgG was purified from plasma of human donors using the NAb 419 

Protein G Spin Kit (ThermoFischer), purity was checked by SDS PAGE, and protein 420 

concentration was determined using Bradford assay. Anti-WTA-IgG was prepared as 421 

described9. To analyze the IgG-binding capacity of S. aureus cells exponentially growing 422 

bacterial cultures were adjusted to an OD600  of 0.5, diluted 1:10 in PBS, and 100 µl of diluted 423 

bacteria was mixed with 100 µl of IgG diluted in PBS with 1% BSA. The concentration of IgG 424 

was either 250 ng/ml for IgG enriched for WTA binding, 10 µg/ml for IgG from pooled human 425 

serum (Athens R&T 16-16-090707, Abcam ab98981), or 5 µg/mL for single-donor IgG 426 

preparations. A control without IgG was included in all experiments with mutants. Samples 427 

were incubated at 4°C for 1 h, centrifuged, washed 2-3 times with PBS, and further incubated 428 

with 100 µl FITC-labelled anti-human IgG (1:100 in PBS with 1% BSA, 62-8411 Thermo 429 

Scientific) at 4°C for 1 h. Bacteria were centrifuged, washed 2-3 times with PBS, and fixed 430 

with 2% paraformaldehyde. Surface-bound IgG was quantified by flow cytometry using a BD 431 

FACSCalibur. For all flow cytometry experiments a spa mutant panel was used. The subsequent 432 

gating strategy is exemplified in Extended Data Figure 1g. 433 

IgG-mediated phagocytosis. Stationary-phase S. aureus cells were washed once with PBS and 434 

labeled by incubation in PBS containing 10 µM carboxyfluorescein succinimidyl ester (CFSE; 435 

OD600 of 1.7) at 37°C for 1 h. The bacteria were washed 3 times and resuspended in PBS. CFU 436 
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were determined by plating on TSB plates and bacteria were heat-inactivated at 70°C for 437 

20 min. CFSE-labelled S. aureus (1x107 cells/ml) in PBS with 0.5% BSA were opsonized with 438 

anti-WTA-IgG (0.15 or 0.3 ng/µl) at 4°C for 40 min. Neutrophils from human donors, isolated 439 

via Ficoll-Histopaque density gradient centrifugation57 were diluted to a concentration of 2.5 x 440 

106/ml in neutrophil medium (10% HSA, 2 mM L-glutamin, 2 mM sodium pyruvate, 10 mM 441 

HEPES). 200 µl neutrophil suspension was incubated with 25 µl opsonized bacteria (final MOI 442 

0.5) in a 96-well plate at 37°C for 30 min, centrifuged (350 g, 10 min), washed once with 200 µl 443 

PBS, and fixed with 2% PFA at room temperature for 15 min. Cells were washed twice with 444 

PBS and analyzed by flow cytometry, whereby surface-bound and ingested bacteria were 445 

measured indescrimately. An example of the PMN gating strategy can be found in Extended 446 

Data Figure 1h.  447 

Mouse vaccination and infection. Age- and sex-matched wild type C57BL/6J mice, purchased 448 

from ORIENT BIO (Charles River Breeding Laboratories in Korea) were kept in micro-isolator 449 

cages in a pathogen-free animal facility. The conducted experiments were performed according 450 

to guidelines and approval (PNU-2017-1503) by the Pusan National University-Institutional 451 

animal care and use committee (PNU-IACUC). 452 

30 µg of purified WTA from S. aureus N315 WT or isogenic ΔtarP, or ΔtarS mutants was 453 

dissolved in 15 µl PBS and mixed with the same volume of aluminium hydroxide gel adjuvant 454 

(ALHYDROGElR 1.3%, 6.5 mg/ml, BRENNATAG). The mixtures were incubated at 37°C 455 

with agitation for 1 h and injected three times by one-week intervals via mouse footpads. After 456 

7 days post-3rd injection, blood was obtained from retro-orbital sinus and centrifuged (9,000 g) 457 

at 4°C for 10 min. The supernatant were aliquoted (50 µl) and stored at -80°C for ELISA 458 

quantification of WTA-binding IgG as described58. 459 

To prepare inoculum for N315 WT, ΔtarP, or ΔtarS mutant infection, bacteria were grown in 460 

TBS at 37°C with agitation (180 rpm) until OD600 of 1.0. After centrifugation (3,500 g) at 4°C 461 

for 10 min, bacteria adjusted to 5 x 107 CFU in 50 µl PBS containing 0.01% BSA were 462 
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intravenously injected (n = 5 per group). Injected bacterial numbers were verified by plating 463 

serial dilutions of the inoculum onto TSA plates. To determine residual bacterial dissemination 464 

to kidneys, challenged mice were euthanized, and organs were extracted aseptically and 465 

homogenized in 1 ml of saline using a Polytron homogenizer (PT3100). The homogenates were 466 

serially diluted and plated on TSA to determine CFU counts. CFU were calculated per 1 ml of 467 

kidney. 468 

Statistical analyses. Statistical analysis was performed by using GraphPad Prism (GraphPad 469 

Software, Inc.). Statistically significant differences were calculated by appropriate statistical 470 

methods as indicated. P values of ≤0.05 were considered significant. 471 

Data availability. All major data generated or analyzed in this study are included in the article 472 

or its supplementary information files. The coordinates and structure factors were deposited in 473 

the Protein Data Bank under accession numbers 6H1J, 6H21, 6H2N, 6H4F and 6H4M. All other 474 

data relating to this study are available from the corresponding authors on reasonable request. 475 

Free induction decay data of the presented NMR analyses and other raw data e.g. from flow 476 

cytometry, phage overlay assays, and PCR (such as knock-out confirmation) can be obtained 477 

from the authors upon reasonable request. 478 

Ethics statement. Human PMNs and IgGs were isolated from venous blood of healthy 479 

volunteers in accordance with protocols approved by the Institutional Review Board for Human 480 

Subjects at the University of Tübingen. Informed written consent was obtained from all 481 

volunteers.  482 
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FIGURES AND FIGURE LEGENDS   556 

 557 

Fig. 1 | The phage-encoded TarP can replace the house-keeping WTA -GlcNAc transferase TarS. 558 

a, TarP is encoded next to different integrase types in prophages φtarP-Sa3int (with immune evasion 559 

cluster; IEC) found in HA-MRSA, and φtarP-Sa1int and φtarP-Sa9int identified in LA-MRSA. TarP 560 

variants in φtarP-Sa1int and φtarP-Sa9int differed from TarP in φtarP-Sa3int in one amino acid (I8M 561 

or D296N, respectively), which are apart from the catalytic center. b, Complementation of S. aureus 562 

RN4420 ΔtarMΔtarS with either tarS or tarP restores susceptibility to infection by WTA GlcNAc-563 

binding siphophages indicated by plaque formation on bacterial lawns. c, tarP expression reduces 564 

siphophage Φ11-mediated transfer of SaPIbov in N315. Values indicate the ratio of transduction units 565 

(TRU) to plaque-forming units (PFU) given as mean ± S.D. of three independent experiments. Statistical 566 

significances vs. wild type were calculated by one-way ANOVA with Dunnett’s post-test (*P < 0.05; 567 

**P < 0.01; ***P < 0.001). n.o. (none obtained) indicates no obtained transductants. For further 568 

information see also Extended Data Fig. 1 a, c. 569 

 570 
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 571 

Fig. 2 | TarP protects N315 from podophage infection by alternative glycosylation of WTA at 572 

RboP C3 and TarP forms homotrimers. a, Expression of tarP renders N315 resistant to podophages. 573 

b, 1H NMR spectra reveal different ribitol hydroxyl glycosylation of N315 WTA by TarS (C4) or TarP 574 

(C3). The RboP units with attached GlcNAc are depicted above the corresponding proton resonances. 575 

In-depth description of the structural motifs identified in the spectra is given in the Supplementary 576 

Information. c, Crystal structure of TarP homotrimer (pink, orange, grey) bound to UDP-GlcNAc 577 

(yellow) and two Mn2+ ions (lime green). The nucleotide-binding domain (NBD), acceptor-binding 578 

domain (ABD), and C-terminal trimerization domain (CTD) of the pink monomer are labeled. d, Views 579 

into the trimer interface (boxed in c). Left, polar interactions. Hydrogen bonds and salt bridges are shown 580 
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as black dashed lines. The Mn2+ is 2.1 Å distant from each Asp316 carboxylate. Right, hydrophobic 581 

interactions, with the mutated residue I322 highlighted in red. e, Size-exclusion chromatography elution 582 

profiles. Based on calibration of the column, the TarP wild type and I322E mutant proteins have 583 

estimated molecular weights of 138 kDa and 42 kDa, respectively, in agreement with the calculated 584 

molecular weights of 120 kDa for a TarP trimer and 40 kDa for monomeric TarP.  585 
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 586 

 587 

Fig. 3 | Interactions of TarP with UDP-GlcNAc and D-ribitol-5-phosphate trimer (3RboP), and 588 

comparison of polyRboP-binding sites of TarP and TarS. a, 3RboP binding site in the TarP-3RboP 589 

complex, with key amino acids shown (cyan). Asp181 is highlighted (red). The ribitol chain of 3RboP 590 

is colored green and ribitolphosphate residues 1, 2 and 3 (RboP1, RboP2, and RboP3) are labeled. 591 
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Hydrogen bonds and salt bridges are shown as black dashed lines. b, Ternary complex of TarP with 592 

UDP-GlcNAc and 3RboP. UDP-GlcNAc, Mg2+ and 3RboP are shown as full-atom models colored 593 

yellow, magenta, and green, respectively. c, View into the active site of TarP. C1 of UDP-GlcNAc and 594 

Asp181 are highlighted (red). The red arrow indicates how the C3-hydroxyl in 3RboP could 595 

nucleophilically attack GlcNAc C1. d, Comparison of the polyRboP-binding site of TarP with the 596 

corresponding region in TarS. Residues of TarP and 3RboP are colored as in a. TarS residues are colored 597 

in pink and the two sulfates are indicated as S1 and S2. Only residues of TarP are labeled for clarity. 598 

Key TarP and TarS residues for polyRboP-binding are shown at the bottom, with three identical (red) 599 

and one π system conserved (blue). e, Superposition of UDP-GlcNAc-bound TarS with the ternary 600 

TarP complex. UDP-GlcNAc and 3RboP in TarP are colored as in b, UDP-GlcNAc in TarS is colored 601 

in cyan and only the TarS residues are shown (colored as in d). The C1 positions of UDP-GlcNAc bound 602 

to TarP or TarS are indicated. 603 

  604 
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   605 

 606 

Fig. 4 | TarP attenuates immunogenicity of WTA. a, TarP expression reduces deposition of IgG from 607 

human serum on N315 cells. Protein A gene spa was deleted in all strains. Upper row, human IgG 608 

isolated from three individual healthy donors; lower row, left, IgG from human serum enriched for 609 
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RN4220 WTA binding; middle and right, pooled human IgG from different suppliers. Results were 610 

normalized vs. wild type and shown as means with S.D. of at least four independent experiments. P 611 

values for comparison with wild type were calculated by one-way ANOVA with Dunnett’s post-test (*P 612 

< 0.05; **P < 0.01; ***P < 0.001). b, TarP reduces neutrophil phagocytosis of N315 strains lacking 613 

protein A, opsonized with indicated concentrations of IgG enriched for WTA binding. Values are shown 614 

as mean fluorescence intensity (MFI). Means ± S.D. of two replicates of an experiment representative 615 

of three independent experiments are shown. c, TarP abrogates IgG response of mice towards WTA. 616 

For each experiment, WTA from N315 ΔtarP or ΔtarS was isolated independently. At least three mice 617 

per group were vaccinated and analyzed for specific IgG at indicated time points post vaccination. 618 

Results are depicted as mean absorbance with S.D. Increase of IgG levels was assessed by one-way 619 

ANOVA with Tukey’s post-test. Significant differences are indicated (*P < 0.05; **P < 0.01; ***P < 620 

0.001). d, Vaccination with WTA does not protect mice against tarP-expressing N315 as shown for 621 

bacterial loads in kidney upon intravenous infection. No significance between groups, calculated by 622 

one-way ANOVA, was observed. 623 

 624 

  625 
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Extended data 626 

 627 
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 628 



30 
 

Extended data Fig. 1 | Characterization of TarP, deposition of human IgGs, and presence of tarP 629 

in the producer of antigen 336. a, Analysis of WTA by PAGE. WTA from RN4220 ΔtarM/S 630 

expressing either tarP or tarS was compared with unglycosylated WTA. b, MIC values of oxacillin 631 

against MW2 wild type, tarS mutant, and tarP-complemented tarS mutant. Data are respective median 632 

of ten independent experiments. c, Efficiency of plating (EOP) of phage 11 against tarS or tarP-633 

expressing RN4420 ΔtarMΔtarS. Values of tarP relative to tarS expression are given as means ± S.D. 634 

(n=3). Statistical significance was calculated by one-way ANOVA with Dunnett’s post-test (*P < 0.05; 635 

**P < 0.01; ***P < 0.001). d, The level of WTA glycosylation mediated by TarP or TarS was 636 

determined by analyzing the GlcNAc and phosphate content of WTA isolated from a N315 strain panel. 637 

Depicted is the ratio of GlcNAc and phosphate as mean with S.D. of a triplicate. Statistical analysis was 638 

performed by one-way ANOVA. The values are in good agreement with NMR data (Extended Data 639 

Table 3). e, Relative deposition of IgG from intravenous immnoglobulins enriched for WTA binding on 640 

different CC5 wild type and tarP mutant cells. Values are given in % as mean ± S.D. of four independent 641 

experiments. Statistical significance was calculated by one-way ANOVA with Tukey’s post-test (*P < 642 

0.05; **P < 0.01; ***P < 0.001). f, Presence of tarP and tarS in S. aureus ATCC55804, expressing 643 

antigen 336, described as 3-O-GlcNAc-WTA25. g, Gating strategy for IgG deposition experiments. To 644 

distinguish bacteria from background signals pure PBS was measured. Left, Bacteria gating occurred at 645 

the FSC/SCC density plot omitting PBS-derived signals. Bacterial aggregates of high SSC and FSC 646 

values were excluded from the gated population as, well. Right, the mean fluorescence of the bacterial 647 

population (black) was determined and compared with non-IgG-treated bacteria (grey) to control for 648 

unspecific binding of the secondary FITC-labeled antibody. Subsequently, mean fluorescence values of 649 

individual mutants were compared relatively to the corresponding wild type strain. h, Gating strategy 650 

for phagocytosis experiments. Neutrophils were separated by Histopaque/Ficoll Gradient andsubsequent 651 

gating of neutrophils occurred at the FSC/SCC density plot upon size and complexity (left). 652 

Histopaque/Ficoll Gradient isolations showed a neutrophil purity of more than 80%. Using the CFSE-653 

fluorescence channel, the gated population was subdivided into fluorescence-positive and negative cells 654 

(right). Successful phagocytosis was indicated by uptake of CFSE-labelled bacteria. The phagocytic 655 
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efficiency was expressed as product of the mean fluorescence of the fluorescence-positive population 656 

and their relative abundance (Mean Fluorescence Intensity). 657 

 658 

  659 
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 660 

Extended data Fig. 2 | NMR analysis of WTA from N315 mutant panel. a-d, NMR spectra of non-661 

glycosylated WTA (ΔtarSΔtarP mutant). a, HSQC expansion of the region containing the ribitol and 662 

glycerol protons shifted by acylation; b,c, HSQC-TOCSY-20 and HSQC-TOCSY-80 spectra, 663 

respectively. d, HSQC area of the non-acylated ribitol and glycerol proton. e-h, NMR spectra of TarS-664 

WTA (ΔtarP mutant). e, HSQC expansion of the region containing the ribitol and glycerol protons 665 

shifted by acylation; f,g, HSQC-TOCSY-20 and HSQC-TOCSY-80, respectively. h, HSQC area of the 666 
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ribitol and glycerol proton not acylated. i-o, NMR spectra of TarP-WTA (ΔtarS mutant). i, HSQC 667 

expansion of the region containing the ribitol and glycerol protons shifted by acylation. j,k, HSQC-668 

TOCSY-20 and HSQC-TOCSY-80 spectra, respectively. l) HSQC area of the non-acylated ribitol and 669 

glycerol protons. m, expansion of l with HSQC (black/grey) overlapped with HSQC-TOCSY-20 (cyan). 670 

n, overlap of HSQC-TOCSY-20 (cyan) and HSQC-TOCSY-80 (black). o, HSQC (black) and HMBC 671 

(grey) detailing the GlcNAc signals, and p, NOESY expansion detailing the correlations of the β-672 

GlcNAc anomeric protons: GlcNAc “b*”, differs from unit “b”, which has the same anomeric proton 673 

chemical shift, but is linked to a different ribitol unit. All densities are labeled with the letter used in 674 

Extended Data Table 2. The density marked with an asterisk in panel m is consistent with ribitol 675 

glycosylated at O-4. 676 

  677 
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 678 

 679 

Extended data Fig. 3 | Secondary structure of a TarP monomer and interactions with UDP-680 

GlcNAc. a, Secondary structure of a TarP monomer with UDP-GlcNAc (yellow) and Mn2+ (lime green). 681 

The C-terminal trimerization domain (CTD) is colored red. b, Interactions of TarP with UDP-GlcNAc 682 

and Mn2+. UDP-GlcNAc and Mn2+ are colored as in a. Hydrogen bonds and salt bridges are shown as 683 

black dashed lines. c, Interactions of TarP with UDP-GlcNAc (yellow) and Mg2+ (magenta). d, 684 

Simulated-annealing (mFo-DFc) omit map of UDP-GlcNAc (grey mesh, contoured at 2.0 σ) and Mn2+ 685 

(magenta mesh, at 3.0 σ) in the TarP-UDP-GlcNAc-Mn2+ complex structure. UDP-GlcNAc and Mn2+ 686 

are colored as in a. e, Simulated annealing (mFo-DFc) omit map of UDP-GlcNAc (grey mesh, at 2.0 σ) 687 

and Mg2+ (blue mesh, at 2.0 σ) in the TarP-UDP-GlcNAc-Mg2+ complex structure. UDP-GlcNAc and 688 

Mg2+ are colored as in c. 689 

  690 
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 691 

692 

Extended data Fig. 4 | Simulated-annealing (mFo-DFc) omit maps of 3RboP and UDP-GlcNAc, 693 

and characterization of TarP mutants proteins. a, Chemical structures of synthetic 3RboP and 694 

6RboP-(CH2)6NH2. The unit numbers are indicated. b, Simulated-annealing (mFo-DFc) omit map of 695 

3RboP (lime green) in the binary structure (magenta mesh, contoured at 2.0 σ). c, Simulated-annealing 696 

(mFo-DFc) omit map of UDP-GlcNAc (yellow), Mg2+ (magenta) and 3RboP (lime green) in the ternary 697 

complex structure (red mesh, at 1.8 σ, blue mesh, at 2.0 σ or magenta mesh, at 1.5 σ). d, Circular 698 

dichroism spectra of wild type and mutant TarP proteins. e, Size-exclusion chromatography elution 699 

profiles (at 280 nm) of wild type and mutant TarP. Mutant Asp94A, Glu180A, Asp209A, Lys255A, 700 

Arg262A, and His263A showed similar CD spectra and elution profiles in size-exclusion 701 

chromatography (data not shown). 702 

  703 
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a 704 

. 705 

b 706 

 707 

Extended data Fig. 5 | a, Synthesis of 3RboP 708 

. Conditions: a) LevOH, DMAP, DCC, DCM, 3 h. b) Pd(PPh3)4, 1,3-dimethylbarbituric acid, MeOH, 709 

40 oC, 24 h. c) diisopropylammonium tetrazolide, DCM, 2 h. d) 1H-tetrazole, MeCN, 2 h then tert-butyl 710 

hydroperoxide, 1 h. e) hydrazine hydrate, pyridine, AcOH, DCM, 4 h; f) Pd-C, H2, EtOAc/MeOH/H2O, 711 

24 h. Abbreviations: Lev = levulinoyl; Bn = benzyl; i-Pr = isopropyl; DMAP = 4-712 

dimethylaminopyridine; DCM = dichloromethane. b, Synthesis of 6RboP-(CH2)6NH2. a) i. DCI, ACN, 713 

8; ii. CSO, ACN; iii. 3% TCA in DCM. b) i. DCI, ACN, 9; ii. CSO, ACN; iii. 3% TCA in DCM (repeat 714 

5 times). c) NH3 (30-33% aqueous solution); dioxane. d) Pd black, H2, AcOH, H2O/dioxane. 715 
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Abbreviations: ACN, acetonitrile; DCI, 4,5-dicyanoimidazole; CSO, (10-camphorsulfonyl) oxaziridine; 716 

DCM, dichloromethane. Additional information can be found in the Supplementary Information.  717 

 718 

719 
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Extended Data Table 1 | tarP presence and podophage susceptibility of CC5 strains, 720 

comprising sequence type (ST) 5 and 225, and CC398 isolates. tarP presences in three 721 

different S. aureus collections was determined by PCR using primer pair TarP_Ty_Fw/Rv. 722 

Phage susceptibility to podophages Φ44, Φ66, and ΦP68 was determined by soft-agar 723 

overlay. Plaque formation indicated susceptibility, absence of visible plaque formation 724 

indicated resistance. ND, not determined. 725 

Collection Rhine-Hesse collection 

Danish LA-MRSA 

collection 

MRSA collection Tübingen 

Clonal complex 5 (ST5 + ST225) 398 5 (ST5 + ST225) 

tarP status Negative Positive Negative Positive Negative Positive 

n 21 39 18 12 11 53 

Phage susceptibility Susceptible Resistant Susceptible Resistant Susceptible Resistant 

ɸ44 21 39 18 12 ND ND 

ɸ66 21 39 18 12 ND ND 

ɸP68 21 39 18 12 ND ND 

 726 

  727 
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Extended Data Table 2| 1H (600 MHz, plain text) and 13C (150 MHz, numbers in italics) 728 

chemical shifts of WTA structural motifs found in S. aureus N315 wild type and mutants. 729 

By convention, C-1 of the ribitol or of glycerol unit is placed at the left of the structural formula; 730 

“P” stands for phosphate; a dotted linkage attached to phosphate indicates a phosphodiester 731 

linkage, otherwise phosphate is linked as monoester and the chain is truncated; when 732 

phosphate is absent, the chain terminates with an alcoholic function. Additional description can 733 

be found in the supplementary discussion. N315 ΔtarSΔtarP is composed of A-J motifs; N315 734 

ΔtarP WTA is composed of B-F, I, and K-M motifs; N315 ΔtarS and wild type WTA are identical 735 

and contain B-F, I, and N-R motifs.  736 

Residue 

label 

Structural motif 1 2 3 4 5 

A 

P P

O

O

OH

Ala

Ala  

4.26;4.16 5.60 5.45 3.93 ND 

 64.2 75.0 73.6 67.8 ND 

A’ 

P P

O

OH

O

Ala Ala

 

4.12 (2X) 5.28 4.32 5.28 4.12 (2X) 

 64.3 75.9 68.8 75.9 64.3 

B 

P P

O

OH

OH

Ala

 

4.20 (2X) 5.44 4.01 3.89 4.052;3.97 

 64.8 77.1 70.4 71.4 67.6 

C 

P P

O

Ala

 

4.11 (2X) 5.39 4.11 (2X)   

 64.9 75.3 64.9   

D 
P P

OH

O

OH

Ala  

4.05;3.95 4.23 5.26 4.23 4.05;3.95 

 67.3 69.9 76.3 69.9 67.3 

E 
P P

OH

OH

OH

 

4.07;3.96 3.98 3.81 3.98 4.07;3.96 

 67.8 72.1 72.5 72.1 67.8 

F 
P OH

OH

OH

OH

 

3.81;3.66 3.86 3.75 3.94 3.95;3.98 

 63.5 73.1 73.0 72.2 67.8 

G 
P P

OH

OH

OH

 

4.49;4.39 4.12 3.81 3.96 4.07;3.96a 

 68.4 70.8 72.4 72.2 67.8a 
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H 

HO P

O

OH

OH

Ala

 

3.88;3.82 4.35 3.97 3.95 4.07;3.96a 

 62.3 77.9 72.4 72.4 67.8a 

I 

P P

OH

 

3.89;3.96 4.05 3.89;3.96   

 67.3 70.8 67.3   

J 

P OH

OH

 

3.86 4.19 3.89;3.96   

 61.8 69.4 67.3   

K 

P P

OH

O

O

Ala

GlcNAc

 

3.92 (2X) 4.21 5.33 4.38 3.96 (2X) 

 67.2 69.4 75.4 77.7 65.7 

L 

P P

O

OH

O

Ala GlcNAc

 

4.17; 4.24 5.43 4.10 4.06 3.93; 4.11 

 64.6 76.1 70.0 79.0 65.6 

M 

P P

OH

OH

O

GlcNAc

 

3.91 (2X) 3.91 3.93 4.16 4.12; 3.96 

 67.3 71.3 72.1 80.8 66.0 

N 

P P

O

O

OH

Ala

GlcNAc  

4.22 (2X) 5.63 4.10 3.99 3.95;4.09 

 65.4 77.0 78.4 70.4 67.2 

O  

P P

O

O

OH

Ala

GlcNAc  

4.17;4.09 5.48 4.17 4.01 ca 4.02b 

 65.0 76.3 78.6 70.8 67.6 

P 

P P

OH

O

OH

GlcNAc  

4.02;3.92 4.17c 3.89 3.98c 4.02;3.92 

 67.8 72.2 81.8 70.6 67.8 

Q 

P P

OH

O

OH

GlcNAc  

4.46;4.40 4.20 3.89 as P4 as P5 

 68.4 69.2 82.8 70.6  

R 

HO P

OH

O

OH

GlcNAc  

3.52;3.72 3.90 3.81 as P4 as P5 

 63.5 72.0 83.0   

 1 2 3 4 5 6 

Ala -- 4.30 1.63    

 ND 50.3 16.4    

a 4.73 3.76 3.56 3.50 3.47 3.94; 3.78 
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ß-GlcNAc 102.5 56.8 75.1 71.0 77.0 61.8 

b 4.65 3.75 3.54 3.48 3.48 3.94;3.77 

ß-GlcNAc 103.0 56.8 75.0 70.9 77.0 61.6 

c 4.68 3.71 3.58 3.48 3.43 3.94;3.77 

ß-GlcNAc 102.1 56.8 74.9 70.9 76.9 61.6 

a Proton and carbon chemical shift similar to E5, correlations not easy to determine due to crowding 737 

in the spectrum 738 

b Proton chemical shifts difficult to assign due to crowding of signals 739 

c Attribution can be exchanged 740 

 741 

  742 
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Extended Data Table 3 | Proportions found for the structural units constituting each 743 

WTA samples. Each motif is indicated with the letter used during NMR attribution and 744 

structures can be found as insert in extended data table 2. Values are calculated by integration 745 

of the opportune densities of the ribitol units in the HSQC spectra. 746 

Motif WT-WTA Not glycosylated WTA TarS-WTA TarP-WTA 

(NMR code) % % % % 

A ND 0.6 ND ND 

A’ ND 0.8 ND ND 

B 3.9 33.8 10.9 3.8 

C 6.9 5.3 4.3 6.7 

D 0.8 13.1 2.7 0.9 

E 5.7 27.6 16.0 6.3 

F 3.5 4.7 2.6 3.4 

G ND 2.7 ND ND 

H ND 3.3 ND ND 

I 5.6 6.0 3.1 3.7 

J ND 2.0 ND ND 

K ND ND 14.3 ND 

L ND ND 20.5 ND 

M ND* ND 25.5 ND* 

N 19.2 ND ND 20.4 

O 19.7 ND ND 20.8 

P 29.8 ND ND 27.9 

Q 1.9 ND ND 2.8 

R 3.1 ND ND 3.3 

GlcNAc/ribitol** 84 0 65 84 

ND, not detected 747 

* Structural motif not attributed with confidence in WT- and TarP-WTA samples, therefore not 748 

included in the calculation of the relative amounts. However, its amount in both samples is about 3%. 749 
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** Calculated without considering the glycerol motifs C and I 750 

  751 
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Extended Data Table 4 | Enzymatic activities of mutated TarP proteins and their 752 

substrate specificity  753 

 754 

a. Enzymatic activities of mutated TarP proteins 755 

 TarP 100 (%) 

   

Trimer interface I322E 128 

 R76A 1 

UDP-GlcNAc binding D92A 2 

 D94A 14 

 D209A 105 

 E180A 15 

Catalytic base D181A 1 

 Y152A 44 

 K255A 99 

3RboP binding R259A 3 

 R262A 97 

 H263A 81 

 756 

 757 

b. Donor substrate specificity of TarP 758 

Sugar nucleotide Enzymatic activity 

(nmol/mg*min) 

UDP-GlcNAc 2.20 

UDP-Glc 0.01 

UDP-GalNAc 0.03 

UDP-Gal 0.01 

  759 
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 760 

  761 
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Extended data Table 5a | Data collection, phasing and refinement statistics 762 
 763 
 764 

 TarP native TarP-SeMet TarP-SeMet TarP-UDP-GlcNAc-

Mg2+ 

Data collection  Peak Inflection  

Space group P21 P21 P21 P21 

Cell dimensions     

    a, b, c (Å) 43.37, 95.25, 125.47 44.06, 95.33, 130.72   43.99, 95.22, 130.52   43.85, 95.27, 130.22   

 () 90.00, 96.57, 90.00 90.00, 93.41, 90.00 90.00, 93.34, 90.00 90.00, 93.49, 90.00 

Wavelength (Å) 1.00004 0.97941 0.97952 0.91841 

Resolution (Å) 44.5-1.86 (1.91-1.86) 47.7-2.29 (2.35-2.29) 47.7-2.30 (2.35-2.30) 47.6-1.95 (2.00-1.95) 

Rsym or Rmerge (%) 8.4 (87.7) 11.5 (103.8) 9.7 (62.2) 12.6 (110.1) 

I / I)* 9.4 (1.4) 13.8 (1.8) 15.8 (2.9) 9.2 (1.3) 

CC1/2 (%) 99.7 (50.0) 99.8 (64.0) 99.8 (81.9) 99.6 (50.6) 

Completeness (%) 98.5 (97.5) 99.0 (88.4) 99.2 (90.9) 99.9 (99.7) 

Redundancy 2.9 (2.7) 7.0 (6.5) 6.6 (6.0) 5.0 (5.0) 

     

Phasing     

Rcullis (ano)  0.76   

Phasing power  1.24   

HA sites / ASU  26   

FOMacentric  0.41   

     

Refinement     

Resolution (Å) 44.5 - 1.86   47.6 - 1.95 

No. reflections 241855 (16740)   386853 (28878) 

Rwork / Rfree (%) 17.1/21.8   17.7/22.4 

No. atoms     

    Protein 7538   7479 

    Substrates 0   117 

    Ions 13   29 

    Other molecules 0   24 

    Water 697   804 

Average B-factors (Å2)     

     Protein 31.7   35.5 

    Substrates    43.9 

    Ions 40.1   44.6 

    Other molecules    39.2 

    Water 41.6   41.0 

R.m.s deviations**     

    Bond lengths (Å) 0.010   0.008 

    Bond angles () 1.310   1.254 

Ramachandran plot     

     Favored (%) 97   97 

    Allowed (%) 3   3 

    Outliers (%) 0   0 

Values in parentheses are for highest-resolution shell. Two datasets of TarP-SeMet were collected from same single crystal. 765 
* I is the mean of intensity, σ(I) is the standard deviation of reflection intensity I. 766 
** R.m.s. deviations are root-mean-square deviations of the bond length and bond angle values.  767 
 768 
 769 
 770 
 771 
 772 

 773 
 774 

 775 
 776 
  777 
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 778 
Extended data Table 5b | Data collection and refinement statistics 779 
 780 
 781 

 TarP-UDP-GlcNAc-

Mn2+ 

TarP-3RboP TarP-6RboP-

(CH2)6NH2 

TarP-UDP-GlcNAc-

3RboP 

Data collection     

Space group P21 P21 P21 P21 

Cell dimensions     

    a, b, c (Å) 43.86, 95.36, 130.55 95.61, 217.27, 123.99 95.41, 211.25, 122.68 95.17, 210.75, 123.20 

 ()  90.00, 93.51, 90.00 90.00, 91.38, 90.00 90.00, 91.61, 90.00 90.00, 91.92, 90.00 

Wavelength (Å) 0.91840 1.00000 1.00002 1.00002 

Resolution (Å) 47.7-1.80 (1.85-1.80) 49.8-2.16 (2.22-2.18) 48.5-2.40 (2.46-2.40) 48.4-2.73 (2.80-2.73) 

Rsym or Rmerge (%) 5.6 (101.0) 13.7 (140.9) 15.6 (141.2) 25.4 (161.1) 

I / I)* 12.0 (1.3) 11.9 (1.5) 10.8 (1.5) 8.4 (1.4) 

CC1/2 (%) 99.9 (51.1) 99.8 (54.0) 99.6 (50.7) 99.0 (52.3) 

Completeness (%) 99.8 (99.5) 100.0 (100.0) 99.9 (100.0) 99.9 (99.8) 

Redundancy 3.6 (3.3) 7.0 (6.6) 6.2 (6.4) 7.1 (7.4) 

     

Refinement     

Resolution (Å) 47.7 - 1.80 49.8 - 2.18 48.5 - 2.40 48.4 - 2.73 

No. reflections 355981 (24195) 1833608 (128618) 1172903 (89756) 911354 (69899) 

Rwork / Rfree (%) 17.6/21.3 17.1/20.7 19.6/23.2 19.2/23.5 

No. atoms     

    Protein 7,543 29,987 29,709 29,439 

    Substrates 117 480 480 948 

    Ions 19 32 16 35 

    Other molecules 12 18   

   Water 739 2,694 1,555 1,383 

Average B-factors 

(Å2) 

    

    Protein 37.6 46.1 51.2 53.0 

    Substrates 38.4 57.8 75.0 84.3 

    Ions 47.4 52.7 54.0 50.6 

    Other molecules 46.6 49.7   

    Water 43.7 49.4 48.6 41.4 

R.m.s deviations**     

    Bond lengths (Å) 0.010 0.009 0.008 0.010 

    Bond angles () 1.331 1.288 1.214 1.302 

Ramachandran plot     

    Favored (%) 98.0 97.0 96.8 96.4 

    Allowed (%) 2.0 3.0 3.2 3.6 

    Outliers (%) 0 0 0 0 

Values in parentheses are for highest-resolution shell.  782 
* I is mean of intensity, σ(I) is standard deviation of reflection intensity I. 783 
** R.m.s. deviations are root-mean-square deviations of the bond length and bond angle values.  784 
 785 

 786 

SUPPLEMENTARY INFORMATION 787 

Supplementary discussion 788 

 789 

Overall structure of TarP homotrimer. To elucidate how TarP generates a different product 790 

compared to TarS, we solved the structures of unliganded TarP, binary complexes with (i) UDP-791 
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GlcNAc in the presence of Mn2+, (ii) UDP-GlcNAc in the presence of Mg2+, (iii) the acceptor 792 

substrate tri-ribitol-phosphate (3RboP), and (iv) a derivative of the 6RboP (6RboP-(CH2)6NH2), 793 

as well as a ternary complex containing both UDP-GlcNAc and 3RboP. TarP forms a 794 

symmetric, propeller-like homotrimer that is held together by the C-terminal trimerization 795 

domain (CTD, residues 267 – 327). The remaining residues of the TarP monomers form three 796 

curved propeller blades, one for each monomer, that radially extend from the CTD. Each blade 797 

contains a catalytic domain with canonical GT-A fold, consisting of an N-terminal nucleotide-798 

binding domain (NBD, residues 1 - 95) and an acceptor substrate WTA binding domain (ABD, 799 

residues 96 – 266). The NBD folds into four parallel β-strands (β1-β4) flanked with helices α1, 800 

α2, and α3 and possesses the signature DXD motif (Asp92 and Asp94) that immediately follows 801 

strand β4 and faces into the active site at the concave surface of each propeller blade. Residues 802 

96 – 210 of the ABD assemble into a mixed β-sheet (β5a, β5b, β6, β7a, and β7b) that is flanked 803 

by helix α4, α5, and α6. Notably, a long flexible region containing 32 amino acids and lacking 804 

any secondary structural elements connects β-strands β5b and β6 (L10, Extended Data Fig. 3a). 805 

Residues 221 - 327 form six α-helices that are organized in two bundles crossing each other 806 

with an angle of almost 90 degree. A flexible loop between Phe211 and Gly218 is not visible 807 

in the electron density map and has therefore not been included in the model (Fig. 2c and 808 

Extended Data Fig. 3a).  809 

 810 

The UDP-GlcNAc binding site. The two complex structures of TarP bound to UDP-GlcNAc 811 

containing either two Mn2+ or one Mg2+ ions have resolutions of 1.80 Å or 1.95 Å, respectively. 812 

The identity of the two Mn2+ ions was verified using fluorescence scan and anomalous 813 

diffraction (data not shown). These two structures are highly similar to each other and to 814 

unliganded TarP, suggesting that the binding of UDP-GlcNAc does not induce structural 815 
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rearrangements. The slightly better resolution of the TarP structure bound to UDP-816 

GlcNAc/Mn2+ is used for the description of the active site below. 817 

UDP-GlcNAc is firmly embedded in a large, extended groove through contacts with several 818 

loops (L1, L3, L5 and L7) and helix α3. The uracil ring is held in position by interactions that 819 

are largely conserved in GT-A enzymes59,60.The O2 and N3 atoms of the base form hydrogen 820 

bonds with the side chains of Asn68 and Asp41, and the base is further stabilized by stacking 821 

against the aromatic ring of the conserved Phe11. The ribose moiety makes three interactions 822 

with the protein. The C2 hydroxyl interacts with the Ser93 side chain, and the C3 hydroxyl 823 

forms hydrogen bonds with the backbone carbonyl of Phe11 and the backbone amide of Ser93 824 

(Extended Data Fig. 3b).  825 

The two Mn2+ ions lie above the diphosphate moiety of UDP-GlcNAc. The first ion is 826 

coordinated by two oxygen atoms from the α- and β-phosphates, two water molecules, and the 827 

side chain of Asp94, resulting in octahedral coordination. Asp92 and Asp94 are both strictly 828 

conserved in TarP and form the signature DXD motif. The second ion is coordinated by the 829 

side chains of Asp94 and Asp209, and four waters, completing the octahedral coordination 830 

(Extended Data Fig. 3b).  831 

The GlcNAc moiety adopts a conformation in which its β face is mostly exposed to solvent, 832 

whereas the C4 and C6 hydroxyl groups form contacts with the protein (Extended Data Fig. 833 

3b). The equatorial C4 hydroxyl group is hydrogen-bonded to the side chains of Arg76 and 834 

Asp92. As an axial C4 hydroxyl as present in GalNAc would not be able to interact in the same 835 

manner, the observed interactions explain the enzyme’s narrow donor substrate specificity for 836 

UDP-GlcNAc (Extended Data Table 4a). The C6 hydroxyl of GlcNAc is hydrogen-bonded to 837 

Asp181 that is located in the vicinity of the C1 atom; we therefore propose that the strictly 838 

conserved Asp181 acts as a catalytic base. The C3 hydroxyl and N-acetyl groups do not exhibit 839 

any interactions with the protein and are fully exposed to solvent.  840 
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 841 

The poly-RboP binding site. The overall structures of unliganded and 3RboP-bound TarP are 842 

highly similar, suggesting that 3RboP docks into a pre-formed binding site. The electron density 843 

for 3RboP is well defined and allows for unambiguous placement of the ligand, including its 844 

orientation (Extended Data Fig. 4b). 3RboP occupies a large portion of the extended groove 845 

that runs along the surface of TarP and engages UDP-GlcNAc at its other end (Fig. 3b). The 846 

third unit of 3RboP (referred to as RboP3 from here on) faces towards GlcNAc, and its C3 and 847 

C4 hydroxyls are hydrogen-bonded with Asp181, the putative catalytic base. The side chain of 848 

Arg259 extends towards RboP3, forming salt bridges with its phosphate. This residue may 849 

therefore be crucial for TarP function by helping to position RboP3. The backbone amides of 850 

Leu154 and Ser155 as well as Ser155 side chain form direct or water-mediated hydrogen bonds, 851 

respectively, with the same phosphate. Ser129 is hydrogen bonded to the C3 hydroxyl of 852 

RboP2, and the backbone amide groups of Lys132 and Ala133 form hydrogen bonds with its 853 

phosphate. Tyr152 located at the large flexible loop mediates three interactions. The hydroxyl 854 

group forms a hydrogen bond with the phosphate of RboP1, while its aromatic π-system 855 

interacts with a C-H bond of the same RboP and its backbone carbonyl is hydrogen-bonded to 856 

the C4 hydroxyl of RboP2. The His263 side chain is hydrogen-bonded to the C2 hydroxyl of 857 

RboP1, and its aromatic π-system interacts with a C-H bond of RboP2. The charge of the RboP1 858 

phosphate is neutralized by salt bridges with Lys255 and Arg262, and also stabilized by Thr302 859 

(Fig. 3a). The structure of 6RboP-(CH2)6NH2-bound TarP is similar to that of 3RboP. Little 860 

additional electron density was observed, suggesting that the TarP binding site accommodates 861 

three consecutive RboP units. 862 

 863 

 864 
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Mutagenesis. To validate the observed interactions with substrates, and to probe the relevance 865 

of key residues for substrate binding and catalysis, we overexpressed and purified eleven TarP 866 

mutants (Extended Data Table 4a). All mutant proteins are well-folded and homotrimeric 867 

(Extended Data Fig. 4d, e). As expected, substitution of either Asp181 or Arg76 to alanine 868 

completely abolished enzyme activity, confirming that Asp181 is the likely catalytic base and 869 

Arg76 is crucial for donor substrate specificity. While mutation of the first aspartic acid of the 870 

DXD motif (D92A) renders the enzyme completely inactive, a D94A mutation showed 14% 871 

remaining activity, indicating a higher contribution of the first aspartic acid of the DXD motif 872 

to enzymatic activity. This is also in line with the structural data, as Asp92 mediates direct 873 

contacts to the C4 hydroxyl of UDP-GlcNAc as well as to Arg76, while Asp94 indirectly 874 

coordinates the diphosphate group of UDP-GlcNAc. The E180A mutant protein displays 15% 875 

activity compared to the wild type, suggesting that Glu180 is important for helping to properly 876 

orient the neighboring Asp181 side chain for catalysis. Among residues that line the 3RboP-877 

binding groove, Arg259 appears to be critical for catalysis as the R259A mutation results in 878 

only 3% activity. In line with this, the Arg259 side chain forms two contacts with RboP3 and 879 

thus helps to position RboP3 properly for catalysis. The side chain of Tyr152 lies underneath 880 

3RboP and appears to provide a platform for orienting RboP1. Removing this platform Tyr152 881 

probably reduces stereochemical constraints on the ligand, explaining the significantly reduced 882 

activity. Mutations R262A, H263A, and K255A result in only minor reductions of activity 883 

(Extended Data Table 4a), indicating that a single mutation in this region is not sufficient to 884 

affect 3RboP binding due to the multiple interactions. 885 

Supplementary Discussion 886 

The comparison of TarP and TarS also shows that a copy of the CTD is present in both enzymes, 887 

but it does not function as trimerization domain in TarS. This suggests that the CTD domain of 888 

TarP may possess another function in addition to mediating trimerization. Mutation of Ile322, 889 
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a residue mediating hydrophobic contacts at the trimer interface, to glutamate, leads to 890 

monomeric TarP and increased activity (Extended Data Table 4a), indicating that trimerization 891 

is not essential for TarP function. Of note, the native TarP, TarS and TarM are all trimeric, and 892 

the trimer as well as monomer that was produced by mutagenesis (for TarP and TarM) or C-893 

terminal truncation (for TarS) are both active in vitro18,61. Analysis of the enzymatic activities 894 

of monomer and trimer in vivo will be important for elucidating the physiological function of 895 

the trimer. 896 

Analysis of the non-glycosylated WTA sample (double mutant ΔtarPΔtarS) by NMR. 897 

NMR analysis (in Extended data table 2) started on WTA sample of the double mutant 898 

(ΔtarPΔtarS), to identify the substitution pattern of the ribitol or glycerol units of the sample. 899 

The HSQC spectrum (not shown) displayed only two weak signals (1H/13C 5.19/91.8 and 900 

4.93/100.7 ppm) related to carbohydrate residues, in agreement with the mutations introduced 901 

in the bacterium. The region at high field (1H at 5.6-5.2 ppm, Fig. 2b and Extended Data Fig. 902 

2a) displayed several protons shifted by acylation with Ala residue; analysis of the HSQC-903 

TOCSY spectra recorded with different mixing time afforded the identification of the 904 

substitution pattern of both ribitol and glycerol units. HSQC-TOCSY spectrum recorded with 905 

20 ms mixing time (HSQC-TOCSY-20, Extended Data Fig. 2b) connected the proton to the 906 

carbon directly attached and to those immediately adjacent, while the one with 80 ms mixing 907 

time (HSQC-TOCSY-80, Extended Data Fig. 2c) identified almost all the carbon nuclei of the 908 

polyalcohol spin system. Protons in the high field region were labeled with a capital letter in 909 

order of decreasing chemical shift; taking the most intense as example, B (5.45 ppm), it 910 

correlated with a carbon at 77.2 ppm in the HSQC spectrum (Extended Data Fig. 2a) and with 911 

other two carbon signals at 70.5 and 64.9 ppm in the HSQC-TOCSY-20 (Extended Data Fig. 912 

2b). Therefore, B was identified as H-2 of a ribitol unit because it correlated to a methylene 913 

carbon (C-1) at 64.9 ppm, and to a carbon at 70.5 ppm, which was assigned to C-3. HSQC-914 
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TOCSY-80, displayed to additional correlations at 67.7 and 71.4 ppm, assigned to C5 and C-4 915 

of the ribitol unit based on their multiplicities. Thus, B was identified as a ribitol residue 916 

acylated at O-2, with the hydroxyl functions at both C-1 and C-5 involved in a phosphodiester 917 

linkage in agreement with published data62. By the same approach, D (H-3/C-3 at 4.23/76.3 918 

ppm) was identified as a ribitol acylated at O-3, with its C-2 (70.0) and C-1 (67.2 ppm) 919 

coincident with C-4 and C-5, respectively, because of the symmetry of the residue. 920 

Residue C (H-2/C-2 at 5.39/75.2 ppm) was an acylated glycerol in agreement with published 921 

data17.  922 

As for unit A, the intensity of the proton signal at 5.60 ppm was too low to give the full set of 923 

correlations in the two HSQC-TOCSY spectra, however identification of this proton as H-2 924 

was suggested by the correlation with a hydroxymethyl group at 64.1 ppm in the HSQC-925 

TOCSY-80 spectrum while TOCSY spectrum performed with 20 ms mixing time (TOCSY-20) 926 

identified H-3 at 5.44 ppm while TOCSY-80 gave an additional correlation with a proton at 927 

3.93, attributed to H-4.  928 

Correlations with H-5 were not detected in the TOCSY-80 spectrum, therefore this unit is 929 

tentatively assigned to a ribitol acylated at both O-2 and O-3 with a phosphodiester linkage at 930 

both O-1 and O-5. Similarly, proton at 5.28 ppm was attributed to H-2 (or H-4) of a ribitol 931 

acylated at both O-2 and O-4, labeled as unit A’.  932 

Identification of non acylated ribitol and glycerol moieties (E and I, respectively) was based on 933 

their characteristic chemical shifts17,63. The other polyols, namely F-H and L, were artifacts 934 

created from the TCA treatment used to isolate the WTA polymer, which cleaved some of the 935 

phosphodiester linkages. Indeed, ribitols F, H, and glycerol L lacked one of the phosphate 936 

residues while G was a ribitol unit with a phosphomonoester linkage at one extremity.  937 
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HSQC spectrum contained other signals in the high-field region of the spectrum (1H/13C 3.3-938 

1.0/50.0-20.0 ppm, not shown) with some correlated to carbon nuclei in the range of 58.0-48.0 939 

ppm, typical of Cα of aminoacids. These signals along with those reporting two different 940 

monosaccharides (anomeric signals at 1H/13C 5.19/91.8 and 4.93/100.7 ppm) were not 941 

investigated further due to their poor intensity. 942 

Evaluation of TarS glycosylation specificity by NMR analysis of the WTA of S. aureus 943 

mutant ΔtarP. 944 

NMR spectra of S. aureus mutant defective in the tarP gene (hereafter named TarS-WTA) were 945 

recorded at 288 K to minimize the overlap of the residual water signal with the anomeric protons 946 

of the β-GlcNAc residues, centered at 1H/13C 4.73/102.5 ppm (Extended Table 2). Attribution 947 

started from the protons acylated with Ala (1H/13C 5.50-5.20/78.0-74.0 ppm) and combined 948 

analysis of the HSQC-TOCSY-20 and -80 identified some of the structural motifs already 949 

characterized in the double mutant (residues B-F and I) along with new ones. The signal at 950 

1H/13C 5.43/76.1 ppm (residue L, Extended Data Fig. 2e) correlated in the HSQC-TOCSY-20 951 

spectrum (Extended Data Fig. 2f) with a hydroxymethyl group at 13C 64.6 and a carbinolic 952 

carbon at 70.7 ppm, indeed it was assigned to H-2 of L and analysis of HSQC-TOCSY-80 953 

spectrum (Extended Data Fig. 2g) identified C-4 at 79.0 and C-5 at 65.6 ppm. Unit L is a ribitol 954 

acylated at O-2 with Ala and glycosylated at O-4 with β-GlcNAc, and the 13C value of C-4 is 955 

in agreement with the shift at low field induced by glycosylation64. Residue K was acylated at 956 

O-3 and had a β-GlcNAc at O-4. 957 

Finally, HSQC spectrum (Extended Data Fig. 2h) contained the density of a carbon shifted by 958 

glycosylation at 1H/13C 4.16/80.8 ppm, which was attributed to C-4 of unit M, a ribitol 959 

glycosylated at O-4 with no additional substituents other than the two phosphodiester groups at 960 

O-1 and O-5, in agreement with the chemical shift reported in literature17. The β-GlcNAc unit 961 
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was labeled with a lowercase letter, a, and its chemical shifts were similar to those reported 962 

elsewhere17. 963 

 964 

Evaluation of TarP glycosylation specificity by NMR analysis of the WTA of S. aureus 965 

ΔtarS. 966 

TarP glycosylation specificity was inferred by analyzing the WTA from the ΔtarS mutant 967 

(named TarP-WTA) and applying the same spectroscopical approach discussed for the other 968 

two samples. Comparison with TarP-WTA spectra with those acquired for the other samples, 969 

identified some of the motifs already characterized (residues B-F and I) along with new ones. 970 

For units N and O (1H/13C 5.63/77.0 and 5.48/76.3 ppm, respectively, Extended Data Fig. 2i 971 

and Extended Data Table 2), analysis of the HSQC-TOCSY-20 disclosed that each proton 972 

correlated with a hydroxymethyl group (C-1) and with a carbon at low field (C-3) because 973 

glycosylated, while C-4 and C-5 chemical shifts were inferred from HSQC-TOCSY-80 974 

analysis. Indeed, N and O were two ribitol units with an alanyl moiety at O-2 and glycosylated 975 

at O-3, equivalent in terms of substitution pattern and the different NMR pattern suggested that 976 

they were in a different structural environment, although no further information could be 977 

obtained on this issue. 978 

The HSQC spectrum contained signals of other carbons shifted because of glycosylation. They 979 

are labeled as P, Q and R (at 1H/13C 3.89/81.8, 3.89/82.8 and 3.81/83.0 ppm, respectively, 980 

Extended Data Fig. 2). HSQC-TOCSY-20 analysis started from the most intense density at 981 

1H/13C 3.89/81.8, and focused on the F1 dimension of the spectrum (Extended Data Fig. 2m) 982 

which reported no correlation with carbon signals at less than 66 ppm, the value diagnostic of 983 

C-5 in a ribitol glycosylated at C-4. Accordingly, the density at 1H/13C 3.89/81.8 could not be 984 

assigned to H-4/C-4, but only to H-3/C-3. The other signals related to P were found by 985 

analyzing the F2 dimension of the HSQCTOCSY-20 spectrum (Extended Data Fig. 2m), which 986 
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had two correlations, one intense with a proton at 3.98 ppm and one weak with a proton at 4.17 987 

ppm, which crossed with a carbon at 70.6 and 72.2 ppm, respectively. The density at 1H/13C 988 

3.98/70.6 ppm was attributed to H-4/C-4 of the unit by analogy with the values found for N 989 

residue, accordingly, the density at 1H/13C 4.17/72.2 was attributed to H-2/C-2 of the unit, 990 

however these two attributions maybe reversed. The HSQC-TOCSY-80 spectrum from H-3/C-991 

3 of P had some additional correlations (Extended Data Fig. 2n) at 4.02 and 3.92 ppm, assigned 992 

to the hydrogens of the hydroxymethyl groups C-1 and C-5. 993 

As for the densities at 1H/13C 3.89/82.8 and 3.81/83.0 ppm, they were assigned to H-3/C-3 of 994 

Q and R residues, respectively and combined analysis of all the 2D NMR spectra disclosed that 995 

these units were glycosylated at O-3 and that they were two artifacts generated from the TFA 996 

treatment of the polymer, with Q substituted at C-1 with a phosphate monoester, and R not 997 

phosphorylated at all.  998 

Among the densities with low intensity and not assigned with confidence to any structural 999 

motif, the one at 1H/13C 4.13/81.1 ppm (starred in Extended Data Fig. 2m) was of interest 1000 

because its chemical shifts were similar to H-4/C-4 of motif M, a ribitol with a GlcNAc at O-4 1001 

characteristic of TarS-WTA sample. However, due to the uncertainty in the attribution, this 1002 

structural unit was not considered when calculating the proportions of the different motifs, 1003 

although its amount was comparable to that of Q, indeed less than 3%. 1004 

Last, analysis of the GlcNAc moieties, detected at least two classes of residues, b and c, 1005 

differing for the proton and carbon chemical shifts of the anomeric center (Extended Data Fig. 1006 

2o,p and Extended Data Table 2). Analysis of the HMBC spectrum disclosed that c was linked 1007 

at O-3 of ribitol O, while b included a group of GlcNAc residues, with b linked at O-3 of P and 1008 

the other, indicated as b*, linked at O-3 of N. 1009 

WTA structure from the wild type strain S. aureus N315 and general considerations. 1010 
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Proton spectra measured for different preparations of WTA from the wild type strain (WT-1011 

WTA, Fig 2b, Extended Data Table 2) were always nearly identical to that of TarP-WTA, as 1012 

confirmed by analysis of the HSQC spectra. Accordingly, the WT-WTA was composed of the 1013 

same motifs described for TarP-WTA from N315 ΔtarS and in order to evidence any difference 1014 

in their relative composition, integration of the appropriate densities in the HSQC spectra of the 1015 

two samples was performed. This analysis was extended to the other samples and results are 1016 

reported in Extended Data Table 3. 1017 

As for WT-WTA and TarP-WTA, analysis of the integration data evidenced that the proportion 1018 

between the different motifs had no significant differences, with the amount of β-GlcNAc-1019 

(1→4)-ribitol-phosphate barely detectable (about 3%) and not attributed with confidence due to 1020 

the overlap of the ribitol protons of the unit with those, more intense, of other structural motifs. 1021 

The finding of poor, if any, glycosylation at O-4 of WT-WTA sample is interesting: the WT 1022 

strain has a functional tarS gene, however its activity appears as secondary compared to that of 1023 

tarP. 1024 

Comparison of TarS- and TarP-WTA samples, disclosed a different degree of glycosylation. 1025 

Indeed, the ratio GlcNAc/ribitol (independently from the presence of Ala residues) was 84 and 1026 

65% for TarP-WTA and TarS-WTA, respectively, indicating that TarP was more effective than 1027 

TarS in transforming the polyribitol-phosphate substrate. 1028 

 1029 

Supplementary Methods 1030 

Synthesis of 3RboP. Chemicals for synthesis were purchased as reagent-grade and used 1031 

without further purification unless otherwise stated. Anhydrous solvents were obtained from 1032 

Waters Dry Solvent systems. Reactions were carried out under argon atmosphere. The products 1033 

were monitored by thin-layer chromatography (TLC), visualized by UV light (254 nm) and 1034 
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Hanessian’s stain (25 g ammonium molybdate, 5 g cerium (II) sulfate and 50 ml sulfuric acid 1035 

in 450 ml water). Flash column chromatography was performed on Kieselgel 60 with 230-400 1036 

mesh (Sigma-Aldrich, St. Louis, USA). 1H-NMR, 13C-NMR and 31P-NMR spectra were 1037 

recorded on a 400 MHz Varian spectrometer at room temperature (RT). Chemical shifts (in 1038 

ppm) were calibrated with the solvent residual peak (CDCl3: δ 7.26 in 1H-NMR and 77.16 in 1039 

13C-NMR; D2O δ 4.79 in 1H-NMR). Coupling constants (J) are reported in Hertz (Hz). Optical 1040 

rotations (OR) were measured with a Schmidt & Haensch UniPol L 1000 at 589 nm and 1041 

concentration (c) expressed in g/100 ml. High resolution mass spectrometry (HRMS) was 1042 

performed in Freie Universität Berlin, Mass Spectrometry Core Facility, with an Agilent 6210 1043 

ESI-TOF mass spectrometer 1044 

 1045 

Experimental procedures for synthesis of 3RboP 1046 

5-O-Allyl-2,3,4-tri-O-benzyl-1-O-levulinoyl-D-ribitol (3) 1047 

 1048 

4-Dimethylaminopyridine (DMAP, 12 mg, 0.1 mmol), levulinic acid (0.2 ml, 2.0 mmol), and 1049 

N,N'-dicyclohexylcarbodiimide (DCC, 310 mg, 1.5 mmol) were added to a solution of 1050 

commercially available 5-O-allyl-2,3,4-tri-O-benzyl-D-ribitol 2 (463 mg, 1.0 mmol) in DCM 1051 

(5 ml). After stirring for 3 h at RT, the mixture was filtered and concentrated in vacuo. The 1052 

residue was purified by flash column chromatography (15% ethyl acetate in hexanes) to afford 1053 

compound 3 (549 mg, 0.98 mmol, 98%) as colorless oil. 1054 

[α]
25
D  = -12.5o (c = 5.44, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.39 – 7.17 (m, 15H), 5.88 1055 

(ddt, J = 17.2, 10.9, 5.5 Hz, 1H), 5.25 (ddd, J = 17.2, 3.3, 1.6 Hz, 1H), 5.15 (ddd, J = 10.4, 2.9, 1056 
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1.3 Hz, 1H), 4.75 – 4.66 (m, 3H), 4.65 – 4.56 (m, 3H), 4.42 (dd, J = 12.0, 2.7 Hz, 1H), 4.22 1057 

(dd, J = 12.0, 5.8 Hz, 1H), 3.95 (dt, J = 5.5, 1.4 Hz, 2H), 3.92 – 3.80 (m, 3H), 3.71 – 3.65 (m, 1058 

1H), 3.61 (dd, J = 10.5, 5.1 Hz, 1H), 2.67 (t, J = 6.7 Hz, 2H), 2.55 – 2.47 (m, 2H), 2.14 (s, 3H); 1059 

13C NMR (101 MHz, CDCl3) δ 206.6, 172.7, 138.6, 138.4, 138.3, 134.9, 128.4, 128.2, 128.1, 1060 

128.0, 127.7 (2C), 127.6, 117.0, 78.3, 78.2, 77.3, 73.9, 72.6, 72.4, 72.3, 69.8, 64.1, 38.0, 30.0, 1061 

28.1; HRMS (ESI) calculated for C34H40O7Na [M+Na]+ 583.2672; found: 583.2621. 1062 

 1063 

2,3,4-Tri-O-benzyl-1-O-levulinoyl-D-ribitol (4) 1064 

 1065 

Tetrakis(triphenylphosphine)palladium (113 mg, 0.098 mmol) and 1,3-dimethylbarbituric acid 1066 

(612 mg, 3.92 mmol) were added to a solution of compound 3 (549 mg, 0.98 mmol) in MeOH 1067 

(4 ml) at RT, and the reaction mixture was stirred at 40oC for 24 h. The solvent was removed 1068 

in vacuo and the residue was dissolved with DCM and washed with saturated aqueous NaHCO3 1069 

solution. The organic layer was then washed with brine, dried over Na2SO4, filtered, and 1070 

concentrated. The residue was purified by flash column chromatography (30% ethyl acetate in 1071 

hexanes) to give compound 4 (392 mg, 0.75 mmol, 77%) as pale yellow oil. 1072 

[α]
25
D  = -4.16o (c = 1.54, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.42 – 7.25 (m, 15H), 4.72 (s, 1073 

2H), 4.69 – 4.59 (m, 4H), 4.46 (dd, J = 11.9, 2.3 Hz, 1H), 4.24 (dd, J = 12.0, 5.6 Hz, 1H), 3.89 1074 

(d, J = 3.9 Hz, 2H), 3.80 – 3.68 (m, 3H), 2.71 (t, J = 6.6 Hz, 2H), 2.55 (t, J = 6.6 Hz, 2H), 2.17 1075 

(s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.6, 172.7, 138.0 (2C), 137.9, 128.6 (2C), 128.5, 1076 

128.3, 128.2, 128.1, 128.0 (2C), 127.9, 78.7, 78.6, 77.2, 74.1, 72.4, 72.2, 63.9, 61.3, 38.0, 30.0, 1077 

28.0; HRMS (ESI) calculated for C31H36O7Na [M+Na]+ 543.2359; found: 543.2340. 1078 
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 1079 

Benzyl (2,3,4-tri-O-benzyl-1-O-levulinoyl-5-D-ribityl) N,N-diisopropylphosphoramidite (6) 1080 

 1081 

Benzyloxy[bis(diisopropylamino)]phosphine 556 (109 mg, 0.32 mmol) and 1082 

diisopropylammonium tetrazolide65 (41 mg, 0.24 mmol) were added to a solution of compound 1083 

4 (84 mg, 0.16 mmol) in DCM (3 ml) at RT. After stirring for 2 h, the reaction mixture was 1084 

poured into saturated aqueous NaHCO3 solution. The organic layer was separated, dried over 1085 

Na2SO4, filtered, and concentrated. The residue was purified by flash column chromatography 1086 

(1% triethylamine, 20% ethyl acetate in hexanes) to afford compound 6 (121 mg, 0.158 mmol, 1087 

98%) as colorless oil. 1088 

1H NMR (400 MHz, CDCl3) δ 7.61 – 6.93 (m, 20H), 4.83 – 4.49 (m, 8H), 4.40 (d, J = 11.9 Hz, 1089 

1H), 4.28 – 4.15 (m, 1H), 4.06 – 3.74 (m, 5H), 3.66 (m, 2H), 2.71 – 2.60 (m, 2H), 2.50 (dt, J = 1090 

8.4, 4.3 Hz, 2H), 2.13 (s, 3H), 1.20 – 1.15 (m, 12H); 13C NMR (101 MHz, CDCl3) δ 206.5, 1091 

172.6, 138.5 (2C), 138.2, 128.2 (2C), 128.1, 128.0, 127.9, 127.8 (2C), 127.6, 127.5, 127.4, 1092 

127.2, 127.1, 126.9, 126.8, 78.8, 78.7, 78.3, 78.1, 77.3, 73.7, 72.4, 72.1, 65.3, 65.1, 64.2, 63.0, 1093 

62.8, 43.1, 43.0, 37.9, 29.9, 27.9, 24.8, 24.7, 24.6; 31P NMR (162 MHz, CDCl3) δ 147.51, 1094 

147.38. 1095 

 1096 

Dibenzyl (2,3,4-tri-O-benzyl-1-O-levulinoyl-5-D-ribityl) phosphate (8) 1097 

 1098 
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Dibenzyl N,N-diisopropylphosphoramidite 7 (0.82 ml, 2.44 mmol) was slowly added to a 1099 

solution of compound 4 (980 mg, 1.87 mmol) in anhydrous acetonitrile (10 ml) at 0°C followed 1100 

by the addition of 1H-tetrazole (5.4 ml, 0.45 M in MeCN). The reaction mixture was stirred for 1101 

2 h and tert-butyl hydroperoxide (0.7 ml, 5.5 M in decane) was added. The reaction mixture 1102 

was stirred for additional 1 h. The solvent was removed under vacuum and the residue was 1103 

dissolved in DCM, washed with saturated aqueous NaHCO3 solution, brine. The organic layer 1104 

was then dried over Na2SO4, filtered, and concentrated. The residue was purified by flash 1105 

column chromatography (30% ethyl acetate in hexanes) to give compound 8 (1.25 g, 1.60 1106 

mmol, 85%) as colorless oil. 1107 

[α]
25
D  = -4.01o (c = 2.30, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.61 – 6.96 (m, 25H), 4.99 (t, 1108 

J = 8.4 Hz, 4H), 4.70 – 4.51 (m, 6H), 4.42 – 4.30 (m, 2H), 4.24 – 4.14 (m, 2H), 3.89 – 3.82 (m, 1109 

2H), 3.82 – 3.74 (m, 1H), 2.67 (t, J = 6.6 Hz, 2H), 2.51 (t, J = 6.6 Hz, 2H), 2.16 (s, 3H); 13C 1110 

NMR (101 MHz, CDCl3) δ 206.6, 172.7, 138.1, 137.9, 136.0, 135.9, 128.7, 128.6 (2C), 128.5 1111 

(2C), 128.4, 128.2, 128.1, 128.0 (2C), 127.9 (2C), 127.8 (2C), 77.7, 77.6, 77.0, 73.8, 72.6, 72.4, 1112 

69.3 (d, J = 2.0 Hz), 69.3(d, J = 2.0 Hz), 66.9 (d, J = 6.0 Hz), 63.8, 38.0, 29.9, 28.0; 31P NMR 1113 

(162 MHz, CDCl3) δ -0.69; HRMS (ESI) calculated for C45H49O10PK [M+K]+ 819.2700; found: 1114 

819.2625. 1115 

 1116 

Dibenzyl (2,3,4-tri-O-benzyl-5-D-ribityl) phosphate (9) 1117 

 1118 

To a solution of compound 8 (1.15 g, 1.47 mmol) in DCM (15 ml) was added a mixture of 1119 

pyridine (3.6 ml) and acetic acid (2.4 ml) followed by hydrazine hydrate (140 µl, 2.93 mmol) 1120 
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at RT. After stirring for 4 h, the reaction was quenched with acetone and diluted with ethyl 1121 

acetate. The organic layer was then washed with saturated aqueous NaHCO3 solution, brine, 1122 

dried over Na2SO4, filtered and concentrated. The residue was purified by column 1123 

chromatography (30% ethyl acetate in hexanes) to give compound 9 (931 mg, 1.36 mmol, 93%) 1124 

as colorless oil. 1125 

[α]
25
D  = -5.91o (c = 1.06, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.51 – 7.21 (m, 25H), 5.00 (t, 1126 

J = 7.2 Hz, 4H), 4.69 – 4.60 (m, 3H), 4.59 – 4.50 (m, 3H), 4.38 – 4.29 (m, 1H), 4.25– 4.17 (m, 1127 

1H), 3.88 – 3.81 (m, 2H), 3.73 – 3.63 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 138.0, 137.9, 1128 

137.8, 136.0 (d, J = 2.0 Hz, 1C), 135.9 (d, J = 2.0 Hz, 1C), 128.7, 128.6, 128.5 (3C), 128.4, 1129 

128.2, 128.1, 128.0, 127.9 (2C), 127.8, 78.7, 78.3, 77.9 (d, J = 8.0 Hz), 74.1, 72.5, 72.1, 69.4 1130 

(d, J = 4.0 Hz), 69.3 (d, J = 3.0 Hz), 66.9 (d, J = 5.0 Hz), 61.3; 31P NMR (162 MHz, CDCl3) δ 1131 

-0.68; HRMS (ESI) calculated for C40H43O8PNa [M+Na]+ 705.2593; found: 705.2572. 1132 

 1133 

1-O-Levulinoyl-D-ribitol-5-phosphate dimer (10) 1134 

 1135 

1H-Tetrazole (0.8 ml, 0.45 M in MeCN) was added to a solution of compound 9 (79.1 mg, 1136 

0.116 mmol) and 6 (114.0 mg, 0.150 mmol) in anhydrous DCM (5 ml) at RT. The reaction 1137 

mixture was stirred for 2 h, after which an excess amount of tert-butyl hydroperoxide (42 µl, 1138 

5.5 M in decane) was added. The mixture was stirred for additional 1 h, then diluted with DCM, 1139 

and washed with saturated aqueous NaHCO3 solution twice and brine. The organic layer was 1140 

then dried over Na2SO4, filtered, and concentrated. The residue was purified by flash column 1141 
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chromatography (25-30% acetone in hexanes) to give compound 10 (135.1 mg, 99.7 µmol, 1142 

86%) as colorless oil. 1143 

[α]
25
D  = -5.55o (c = 1.67, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.11 – 6.50 (m, 45H), 5.04 – 1144 

4.87 (m, 6H), 4.75 – 4.41 (m, 12H), 4.42 – 4.08 (m, 8H), 3.92 – 3.70 (m, 6H), 2.66 (t, J = 6.5 1145 

Hz, 2H), 2.49 (t, J = 6.5 Hz, 2H), 2.14 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.4, 172.5, 1146 

138.0, 137.8, 135.8 (2C), 135.7 (2C), 128.5 (2C), 128.4 (3C), 128.3 (2C), 128.1, 128.0 (2C), 1147 

127.9 (4C), 127.8 (5C), 127.7 (3C), 127.6 (2C), 77.7, 77.6, 77.5, 77.0, 76.9, 73.8, 73.7, 72.5 1148 

(3C), 72.4 (2C), 72.2 (2C), 69.2 (3C), 69.1, 69.0, 66.8, 66.7, 66.6, 63.7, 37.8, 29.8, 27.8; 31P 1149 

NMR (162 MHz, CDCl3) δ -0.33, -0.58, -0.69; HRMS (ESI) calculated for C78H84O17P2K 1150 

[M+K]+ 1393.4821; found: 1393.4815. 1151 

 1152 

D-ribitol-5-phosphate dimer (11) 1153 

 1154 

To a solution of compound 10 (302.0 mg, 0.223 mmol) in DCM (4 ml) was added a mixture of 1155 

pyridine (0.54 ml) and acetic acid (0.36 ml) followed by the addition of hydrazine hydrate (22 1156 

µl, 0.446 mmol) at RT.  After stirring for 4 h, the reaction was quenched with acetone and 1157 

diluted with ethyl acetate. The organic layer was then washed with saturated aqueous NaHCO3 1158 

solution, brine, dried over Na2SO4, filtered and concentrated. The residue was purified by 1159 

column chromatography (30% acetone in hexanes) to give compound 11 (262.2 mg, 0.209 1160 

mmol, 94%) as colorless oil. 1161 
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[α]
25
D  = -8.76o (c = 1.09, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.03 – 6.68 (m, 45H), 5.06 – 1162 

4.86 (m, 6H), 4.71 – 4.43 (m, 12H), 4.39 – 4.14 (m, 6H), 3.94 – 3.57 (m, 9H); 13C NMR (101 1163 

MHz, CDCl3) δ 138.0, 137.9 (2C), 136.0, 135.9, 128.7, 128.6, 128.4, 128.2, 128.1, 128.0 (2C), 1164 

127.9, 127.8 (2C), 78.9, 78.8, 78.4, 77.8, 77.6, 74.1, 73.9, 72.6, 72.5, 72.1, 69.3, 67.0, 61.2; 31P 1165 

NMR (162 MHz, CDCl3) δ -0.39, -0.54, -0.72; HRMS (ESI) calculated for C73H78O15P2Na 1166 

[M+Na]+ 1279.4714; found: 1279.4772. 1167 

 1168 

1-O-levulinoyl-D-ribitol-5-phosphate trimer (12) 1169 

 1170 

1H-Tetrazole (0.8 ml, 0.45 M in MeCN) was added to a solution of compound 11 (147.0 mg, 1171 

0.117 mmol) and 6 (115.0 mg, 0.152 mmol) in anhydrous DCM (5 ml) at RT. The reaction 1172 

mixture was stirred for 2 h, after which an excess amount of tert-butyl hydroperoxide (42 µl, 1173 

5.5 M in decane) was added, and stirred for additional 1 h. The reaction mixture was then diluted 1174 

with DCM and washed with saturated aqueous NaHCO3 solution twice and brine. The organic 1175 

layer was dried over Na2SO4, filtered and concentrated. The residue was purified by flash 1176 

column chromatography (25-30% acetone in hexanes) to give compound 12 (212.1 mg, 1177 

0.110 mmol, 94%) as colorless oil. 1178 

[α] 
25
D  = -4.67o (c = 1.53, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.95 – 6.70 (m, 65H), 5.01 – 1179 

4.82 (m, 8H), 4.66 – 4.36 (m, 18H), 4.36 – 4.09 (m, 12H), 3.83 – 3.71 (m, 9H), 2.64 (t, J = 6.5 1180 

Hz, 2H), 2.47 (t, J = 6.6 Hz, 2H), 2.13 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.4, 172.5, 1181 

137.9, 137.8, 135.8, 135.7, 128.5 (3C), 128.4 (3C), 128.3 (2C), 128.0 (3C), 127.9 (2C), 127.8 1182 

(4C), 127.7 (3C), 127.6, 77.7, 77.6, 77.2, 73.7, 72.4, 72.3, 72.2, 69.2, 69.1 (2C), 66.8, 63.7, 1183 
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37.8, 29.8, 27.8; 31P NMR (162 MHz, CDCl3) δ -0.33, -0.61, -0.64, -0.72; HRMS (ESI) 1184 

calculated for C111H119O24P3Na [M+Na]+ 1951.7202; found: 1951.7176. 1185 

 1186 

D-ribitol-phosphate trimer (13) 1187 

 1188 

To a solution of compound 12 (190.2 mg, 98 µmol) in DCM (2 ml) was added a mixture of 1189 

pyridine (0.24 ml) and acetic acid (0.16 ml) followed by the addition of hydrazine hydrate (10 1190 

µl, 0.197 mmol) at RT. After stirring for 2 h, the reaction was quenched with acetone and diluted 1191 

with ethyl acetate. The organic layer was then washed with saturated aqueous NaHCO3 1192 

solution, brine, dried over Na2SO4, filtered, and concentrated. The residue was purified by 1193 

column chromatography (30% acetone in hexanes) to give compound 13 (176.3 mg, 96 µmol, 1194 

98%) as colorless oil. 1195 

[α]
25
D  = -2.46o (c = 1.20, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.02 – 6.49 (m, 65H), 5.04 – 1196 

4.81 (m, 8H), 4.68 – 4.06 (m, 29H), 3.86 – 3.53 (m, 11H); 13C NMR (101 MHz, CDCl3) δ 138.0, 1197 

137.9, 137.8, 136.0, 135.9, 128.7, 128.6 (3C), 128.5 (3C), 128.4, 128.2 (2C), 128.1 (2C), 128.0 1198 

(3C), 127.9 (2C), 127.8 (4C), 78.9, 78.8, 78.3, 77.4, 74.1, 73.9, 72.6, 72.5, 72.1, 69.3 (4C), 69.2, 1199 

67.0, 61.2; 31P NMR (162 MHz, CDCl3) δ -0.33, -0.38, -0.54, -0.64, -0.72; HRMS (ESI) 1200 

calculated for C106H114O22P3 [M+H]+ 1831.7015; found: 1831.6918. 1201 

 1202 

D-ribitol-5-phosphate trimer (3RboP) (1) 1203 
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 1204 

Excess amount of 10% Pd-C (100 mg) was added to a solution of compound 13 (145 mg, 1205 

79 µmol) in a mixture of EtOAc/MeOH/H2O (5:2:1, 5.6 ml), and the reaction mixture was 1206 

stirred under hydrogen atmosphere at RT for 36 h. Then the mixture was filtered to give 3RboP 1207 

(51.9 mg, 79 µmol, quant.) as colorless oil. 1208 

[α]
25
D  = 6.27o (c = 3.82, H2O); 1H NMR (400 MHz, D2O) δ = 4.27 – 4.11 (m, 1H), 3.96 – 3.67 1209 

(m, 10H), 3.66 – 3.48 (m, 7H), 3.48 – 3.37 (m, 3H); 13C NMR (101 MHz, D2O) δ 77.6, 72.0, 1210 

71.9, 71.8, 71.4, 71.3, 70.8, 70.7, 70.6, 70.5, 70.4, 66.7, 62.2, 62.1, 60.4; 31P NMR (162 MHz, 1211 

D2O) δ 0.85, 0.23, -0.65; HRMS (ESI) calculated for C15H35O22P3Na [M+Na]+ 683.0731; 1212 

found: 683.0733. 1213 

 1214 

Synthesis of 6RboP-(CH2)6NH2 1215 

Phosphoramidite coupling, oxidation, and detritylation. The starting alcohol was 1216 

coevaporated 2 times with toluene before being dissolved in acetonitrile (ACN, 0.15 M). 4,5-1217 

dicyanoimidazole (DCI, 1.6-2.4 eq; 0.25 M in ACN) was added and the mixture was stirred 1218 

over freshly activated molecular sieves under an argon atmosphere for 20 min. Then 1219 

phosphoramidite (1.3-2.0 eq; 0.20 M) was added and the mixture was stirred at RT until total 1220 

conversion of the starting material (15 - 45 min). Subsequently, (10-1221 

camphorsulfonyl)oxaziridine (CSO, 2.0 eq; 0.5 M in ACN) was added and the stirring was 1222 

continued for 15 min. The mixture was diluted with DCM and washed with a 1:1 solution of 1223 

saturated NaCl/NaHCO3. The water layer was extracted 3 times with DCM and the combined 1224 

organic layers were dried over Na2SO4, filtered, and concentrated in vacuo. The crude product 1225 
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was dissolved in DCM, TCA was added (5 eq; 0.18 M in DCM), and the mixture was stirred at 1226 

RT. After 40 – 60 min an aqueous solution of methanol (1:1) was added, stirred further 30-40 1227 

min, and diluted with DCM. The organic layer was washed with NaCl/NaHCO3 solution (1:1), 1228 

the water layer was extracted 3 times with DCM, and the combined organic layers were dried 1229 

over Na2SO4, filtered and concentrated in vacuo. The crude product was further purified by 1230 

either flash chromatography (DCM/acetone) or size exclusion chromatography (sephadex LH-1231 

20, MeOH/DCM, 1:1). 1232 

Deprotection. The oligomer was dissolved in a 1:1 solution of NH3 (30-33% aqueous solution) 1233 

and dioxane (1.2-2.4 mM) and stirred overnight. The mixture was concentrated in vacuo and 1234 

loaded on a Dowex Na+ cation-exchange resin (50WX4-200, stored on 0.5 M NaOH, flushed 1235 

with H2O and MeOH before use) column and flushed with water/dioxane (1:1). The fractions 1236 

were then concentrated in vacuo, dissolved in water/dioxane (2 ml per 10 µmol) and 4 drops of 1237 

glacial AcOH were added. After purging the mixture with argon Pd black was added (32-59 1238 

mg), and the mixture was treated with hydrogen gas for 3 days, filtered over celite, and 1239 

concentrated in vacuo. The crude product was purified by size-exclusion chromatography 1240 

(Toyopearl HW-40) and the fractions were concentrated. The pure compound was dissolved in 1241 

MilliQ H2O, eluted through a Dowex Na+ cation-exchange resin column, and lyophilized. 1242 

 1243 

 1244 

  1245 
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Supplementary Table 1: Primers used in this study 1246 

Primer Primer sequence 5’-3’ Application   

SL-f (BamHI) ATCGGATCCAAAGGAGGTTATATAATGAAAAAAGTAAGT Construction of pRB474_tarP 

SL-rc (SacI) GTCGAGCTCCTATAATAGCTTATCTGCAATCATC Construction of pRB474_tarP 

TarP_R262A_FW_2 CAACTAGACTTTTAgcaCACGGTCAGAAAAAGAATTTTGC Mutagenesis TarP R262A  

TarP_R262A_RV_2 CTGACCGTGtgcTAAAAGTCTAGTTGTATACTTCCCGGC Mutagenesis TarP R262A  

TarP_H263A_FW GGGAAGTATACAACTAGACTTTTAAGAgcaGGTCAGAAAAAG Mutagenesis TarP H263A  

TarP_H263A_RV CTAGTTGTATACTTCCCGGCAAGTTGGTGTCTTTTTTCTTG Mutagenesis TarP H263A 

TarP_D92A_FW GTATTCTTTTTAgcaTCTGATGATTTACTTCACG Mutagenesis TarP D92A 

TarP_D92A_RV TATATAAATCTTCTAGTGCTCTTTCGTGAAGTAA Mutagenesis TarP D92A  

TarP_D94A_FW GAGCAAAGCTGAATATGTATTCTTTTTAG Mutagenesis TarP D94A  

TarP_D94A_RV CTTTCGTGAAGTAAATCtgcAGAATCTAAAAAGAA Mutagenesis TarP D94A  

TarP_D181A_fw CAAAACATTCTCTAAAACTGCTGAAgcaCAATTATTT Mutagenesis TarP D181A  

TarP_D181A_rc CGAATTCATCAAAAATTCTATAGTAAATAATTGtgcTTC Mutagenesis TarP D181A  

TarP_D209A_Fw CTATATTGTAGTCAACgcaTTCGAGTCTAGC Mutagenesis TarP D209A 

TarP_D209A_Rv CTTTTATTTACTGACAAATGATTGCTAGACTCG Mutagenesis TarP D209A 

TarP_E180A_fw CATTCTCTAAAACTGCTGCAGACCAATTATTTAC Mutagenesis TarP E180A 

TarP_E180A_rv 

CGAGTAATTTTTCGAATTCATCAAAAATTCTATAGTAAATAATT

GG Mutagenesis TarP E180A 

TarP_R76A_fw CTAGCGTACCTgcaAATACAGGCTTAAAAATG Mutagenesis TarP R76A 

TarP_R76A_rv CTAAAAAGAATACATATTCAGCTTTGCTCATTTTTAAGC Mutagenesis TarP R76A 

TarP_R259A_Fw CCAACTTGCCGGGAAGTATACAACTgcaCTTTTAAG Mutagenesis TarP R259A 

TarP_R259A_RV GCAAAATTCTTTTTCTGACCGTGTCTTAAAAGtgcAGTTGTATAC Mutagenesis TarP R259A 

TarP_I322E_fw CTTAAAATTAGAAGCAATAAGACAAAACGATTTATTAGC Mutagenesis TarP I322E 

TarP_I322E_rc TAATAGCTTATCTGCttcCATCACAGCTAATAAATC Mutagenesis TarP I322E 

TarP_Y152A_FW GATATTATTGATAATAGTATTTTTgcaGCTTTATCAG Mutagenesis TarP Y152A 

TarP_Y152A_RV TACTATTATCAATAATATCAGCTTTCGCTACATTTC Mutagenesis TarP Y152A 

TarP_K255A_FW GCCGGGgcaTATACAACTAGACTTTTAAG Mutagenesis TarP K255A 

TarP_K255A_RV AGTTGTATAtgcCCCGGCAAGTTGGTG Mutagenesis TarP K255A 

A_fw_ERI_phiS GAGAGAATTCAGTACTAAAGAATAAACCAATCCATTATT Construction of pIMAY_ΔtarP 

A_rv_phiS CATTTTCATTTCTCCTTTGCTTACTT Construction of pIMAY_ΔtarP 

B_fw_phiS 

GTAAGCAAAGGAGAAATGAAAATGTAGGAGGAAAACAATGGA

AAA CTTTA Construction of pIMAY_ΔtarP 

B_rv_ScI_phiS CAGgagctcTTTTCGAAGTATTCTTCAAGAGTTATATA Construction of pIMAY_ΔtarP 

Im_EcRI_Y_A_fw GAATTCCCATTTTTCAAAATTGATTTCGAACG Construction of pIMAY_ΔtarS 

Im_ScI_Y_B_rv GAGCTCTTTTAACTCGACTAAATATGGATGG Construction of pIMAY_ΔtarS 
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Im_Y_A_rv CATTATACCTCTCCCACTTTGA Construction of pIMAY_ΔtarS 

Im_Y_B_fw 

CAAAGTGGGAGAGGTATAATGTAAATAATAAATGCCCTCAAAT

CT ATG Construction of pIMAY_ΔtarS 

TarS_up ATGATGAAATTTTCAGTAATAGTTCCAACATACAA Detection of tarS 

TarS_dn TTATTTTAGCGAGTAAGTCATATGTGCAGT Detection of tarS 

TarP_Ty_Fw ATGAAAAAAGTAAGTGTTATAATGCCAACATTC Detection of tarP 

TarP_Ty_Rv CTATAATAGCTTATCTGCAATCATCACAGC Detection of tarP 

 1247 

 1248 
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