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Extended Data Fig. 8 | Comparison of secondary structural elements of 
Cps3D and Cps7D based on a superposition of the dimeric Cps3D crystal 
structure with the monomeric Alphafold model of Cps7D. Coloured 
secondary structural elements are labelled according to the crystal structure and 
the predicted N-terminus (α1B-α4B, αL) of Cps3D. Compared to Cps3D, Cps7DAF 
has an extended TPR domain that comprises regions from both protomers of 
the Cps3D dimer, which is the molecular reason for the monomeric state of 
Cps7D. The first 15 α-helices of Cps7DAF’s TPR domain superimpose with the 
corresponding α-helices from the TPR domain of the neighbouring protomer 
2 of the Cps3D dimer (α1’-α15’, light blue). In contrast, α16-α20 of Cps7D’s TPR 

domain superimpose with α11-α15 (orange) of the equivalent protomer 1 of the 
Cps3D dimer. An arrow labeled ‘TPR shift’ indicates that α1’-α15’ (light blue) and 
α11-α15 (orange) belong to two different protomers of the Cps3D structure. 
Surface representation of full-length Cps3D/Cps7DAF and their truncations are 
presented in Fig. 5 and Supplementary Fig. 14. The TPR(‘) domain is required  
for the elongation of poly(Gro3P) (Fig. 6) and in close vicinity to CgaT(NT)  
(Fig. 5a, b), which transfers the first galactose onto poly(Gro3P). TPR(‘) and 
CgaT(NT) interact through many structural elements, that are more closely 
described in Supplementary Fig 14.
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Extended Data Fig. 9 | Comparison between Gram-negative group 2 capsule 
biosynthesis and Gram-positive WTA biosynthesis. a, Schematic showing 
the synthesis of Gram-negative capsule polymer at the cytoplasmic side of the 
inner membrane. KpsS/C generate the conserved glycolipid, which is linked to 
the capsule polymer (assembled by CpsD) via a poly(Gro3P)-linker assembled 
by CpsA/C. b, Schematic showing the biosynthesis of Gram-positive WTA of 
type I (reviewed in Brown et al.19 and Sewell et al.71, pathways for type II-IV are 
uncharacterized). In analogy to poly(Kdo), a conserved priming glycolipid is 
assembled on the cytoplasmic side of the bacterial cell membrane, but instead 
of (lyso)phosphatidylglycerol, membrane anchored undecaprenyl phosphate 
is used as lipid carrier19. The enzymes TagO/TarO and TagA/TarA create a 
ManNac(β1-4)GlcNAc discaccharide, which serves as acceptor for the priming 

glycerophosphotransferase TagB72,73. In analogy to Cps7A, TagB transfers the 
first GroP residue. The resulting product is conserved and used by all WTA I 
biosynthesis pathways investigated so far. Subsequently, the biosynthesis 
pathways diverge depending on the pathogen. In B. subtilis 168, the WTA type I 
polymerase TagF generates a chain of up to 40–60 Gro3P moieties. Unlike the 
product of CpsC (a), this structure represents the final WTA I polymer and is not 
further elongated by a polymerase like CpsD. In contrast, and in better analogy to 
the reactions catalyzed by CpsC and CpsD, the glycerophosphotransferase TarF 
from S. aureus only extends the product of TagB by one or a few Gro3P moieties, 
before the WTA I polymerase TarL adds the structurally distinct WTA I polymer 
(poly(ribitol-phosphate)), similar to CpsD in App (although CpsD generates a 
WTA type II structure).
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Extended Data Fig. 10 | Revised working model for the biosynthesis of 
WTA-like group 2 capsule polymers. a, Characterized capsule structures 
of strains harbouring CpsA and CpsC homologs. b, Revised working model 
for group 2 capsule biosynthesis for WTA-like polymers: (1) KpsS and KpsC 
assemble the conserved glycolipid consisting of (lyso)phosphtidylglycerol and 
poly(Kdo), which is hypothesized to be an export signal2 and might already be 
associated with the ABC-transporter. (2) CpsA transfers the first Gro3P residue 
onto poly(Kdo), creating a primer for (3) the assembly of the WTA-type I-like 
poly(Gro3P) linker catalysed by CpsC. (4) The TPR domain enables CpsD to utilize 
poly(Gro3P) as primer for capsule polymerization and is required for processive 
elongation. (5) CpsA and CpsC stimulate CpsD to produce more and longer 
products. (6) The concave surface of CpsD and the predicted location of α4HB 

(see Fig. 4) above the concave surface suggest an orientation in which the active 
centres of the polymerase (CpsD) face the cytoplasmic membrane. Similar to 
the dimeric Hib capsule polymerase Bcs335, the distance between the two active 
centres (app. 90 Å) might allow an enzymatic assembly in which each of the 
two chains generated by the Cps3D dimer is exported by one ABC transporter 
complex (diameter of 60–70 Å74,75). It is of note that interactions between 
components of the App biosynthesis system have not been experimentally 
proven whereas studies in E. coli present evidence for the formation of a multi-
protein complex76,77. Moreover, the processive finalization of a polymer by a 
multi-enzyme system coupled to ATP-dependent translocation is hypothesized 
as efficient scenario for capsule expression.
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