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Abstract 
Several important Gram-negative bacterial pathogens possess surface capsular layers composed of 

hypervariable long-chain polysaccharides linked via a conserved -Kdo oligosaccharide to a 

phosphatidylglycerol residue. The pathway for synthesis of the terminal glycolipid was elucidated by 

determining structures of reaction intermediates. In Escherichia coli, KpsS transfers a single Kdo residue 

to phosphatidylglycerol; this primer is extended using a single enzyme (KpsC), possessing two CMP-Kdo-

dependent glycosyltransferase catalytic centres with different linkage specificities. The structure of the N-

terminal -(2→4)-Kdo transferase from KpsC reveals two α/β domains, supplemented by several additional 

helices. The N-terminal Rossmann-like domain, typically responsible for acceptor binding, is severely 

reduced in size compared to canonical GT-B folds in glycosyltransferases. The similar structure of the C-

terminal -(2→7)-Kdo transferase indicates a past gene duplication event. Both Kdo transferases have a 

narrow active site tunnel, lined with key residues shared with GT99 -Kdo transferases. This enzyme 

provides the prototype for the GT107 family. 

Introduction 

Bacterial cell surfaces are coated by diverse sugar-containing macromolecules that play 

vital roles in biological processes and are particularly important in host–pathogen interactions. 

Bacterial capsules are surface glycans, composed of serotype-specific capsular polysaccharide 

(CPS). Capsules act as barriers to host immune defences, by preventing complement-mediated 

killing and phagocytosis1,2 and have provided successful vaccines targeting several pathogens3. 

However, some capsule structures, such as the α-(2→8)-linked polysialic acid CPS in Escherichia 

coli serotype K1 and Neisseria meningitidis serotype B, mimic host-cell surface structures and are 

therefore poor immunogens4. Because of their critical roles in pathogenicity, bacterial capsules are 

candidates for developing antivirulence therapeutic strategies with small molecule inhibitors5. 

Bacterial glycoconjugates can contain sugars widely distributed in nature, as well as rare 

sugars seen in only one or few bacterial species. For example, 3-deoxy-D-manno-oct-2-ulosonic 

acid (Kdo) is an unusual eight-carbon sugar related to sialic acids, whose distribution is confined 

to bacteria and some plants6. Kdo appears only occasionally in the repeat-unit structures of 

bacterial polysaccharides7, but -Kdo is universally present in the linkage region between lipid A 

and the glycan backbone of lipopolysaccharides (LPS)8,9. -Kdo was recently discovered in a 

linker region bridging a prevalent class of Gram-negative capsular polysaccharides (CPS) to a 

conserved lipid terminus10, and this is the focus of the current study. These CPSs are found in 

important Gram-negative human pathogens including Bordetella pertussis, Campylobacter jejuni, 

extraintestinal pathogenic Escherichia coli (ExPEC), Haemophilus influenzae, and Neisseria 

meningitidis, as well as high-profile respiratory pathogens of livestock such as Bordetella 

bronchiseptica, Mannheimia haemolytica, and Pasteurella multocida. All share a common CPS-

assembly strategy1, where serotype-specific repeat-unit polysaccharides are polymerized on a β-

Kdo oligosaccharide attached to a reducing terminal phospholipid10. 

CPS synthesis is completed at the interface of the cytosol and cytoplasmic membrane. The 

β-Kdo oligosaccharide is synthesized by CMP-Kdo-dependent β-Kdo glycosyltransferase (GT) 

enzymes, KpsS and KpsC (in E. coli nomenclature)11. These retaining GTs maintain the anomeric 

configuration of the glycosidic bond from the donor in the product. KpsS is believed to transfer a 

single β-Kdo residue to the (lyso-)phosphatidylglycerol (PG) acceptor and this product is then 

extended by KpsC, which adds 5–9 Kdo residues. E. coli KpsC enzyme possesses two GT active 

sites. The N-terminal GT (KpsC-NEc) is a β-(2→4)-Kdo transferase, whereas the C-terminal GT 

(KpsC-CEc) transfers β-(2→7)-linked Kdo residues12, creating the alternating linkages seen in the 

natural product10. Serotype-specific GTs then use this product as an acceptor polymerize the CPS 
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repeat-unit glycan, before the completed molecule enters the export pathway via the assembly 

strategy-defining ATP-binding cassette (ABC) transporter. Activities of KpsC and its individual 

GT modules were established using synthetic Kdo mono- and disaccharide acceptors attached to 

aromatic tags12. However, the precise structure of the natural acceptor (KpsS product) has not been 

determined and its reactivity with KpsC GT modules remains unknown. 

KpsC is a potential target for small-molecule therapeutics development due to its pivotal 

role in assembling an essential virulence determinant in high-profile encapsulated pathogens, and 

the absence of β-Kdo in mammals and in many bacterial commensals. Understanding the structure 

and function of KpsC is an important step in this strategy. The objectives of this study were to 

establish a definitive structure for the natural glycolipid acceptor for CPS polymerization and 

elucidate the sequence of addition of Kdo residues in its biogenesis. Here, we also characterize 

single GT module KpsC homologs from the Gram-negative thermophile, Thermosulfurimonas 

dismutans. This provided an essential resource to solve enzyme structures from both E. coli and 

T. dismutans, identifying in a new GT family. 

Results 

Bioinformatic and functional investigation of KpsC. Functional characterization of the E. coli 

KpsC enzyme is challenging, due to the instability of full-length protein and most truncated 

derivatives11,12. This led us to investigate KpsC homologs, with an emphasis on thermophiles 

anticipating that these would have improved stability. Using BLAST, we identified candidates in 

the Gram-negative thermophile, T. dismutans (Supplementary Fig. 1a,b). While most KpsC 

proteins have dual GT modules, T. dismutans produces two smaller proteins (318 and 348 amino 

acid residues). Sequence similarity indicates these are homologs of the individual GT modules 

from the E. coli enzyme (henceforth KpsC-NTd and KpsC-CTd, respectively) (Supplementary Fig. 

2). Phylogenetic analysis of β-Kdo GT enzymes involved in capsule linker biosynthesis reveals a 

subclade organization corresponding to their roles in vivo. Distinct groups were evident for KpsS 

homologs, as well as the separate GT modules of KpsC enzymes (Fig. 1), consistent with 

differences in their linkage specificity12. This predicts activities of the thermophile enzymes, which 

were then biochemically verified. 

The activities of purified T. dismutans recombinant proteins were determined in vitro, 

following the strategy previously described12. The KpsC-CTd construct was designed to exclude a 

predicted amphipathic helix at the C-terminus; a similar structural element is also present in KpsC-

CEc (Supplementary Fig. 1c). Enzyme reactions coupled synthesis of the donor sugar, CMP-β-Kdo, 

to the transfer of β-Kdo units to synthetic acceptor 1 by the KpsC GTs. Acceptor 1 contains a 

single Kdo residue attached to a fluorescein tag via an eight-carbon chain (Supplementary Fig. 3). 

The activated sugar donor, CMP-β-Kdo, is inherently unstable13 and was generated in situ using 

CTP, Kdo, and purified E. coli CMP-Kdo synthetase (KdsB). KpsC-CTd catalyzed complete 

conversion of 1 to product 2, which was then used as a substrate for the reaction with KpsC-NTd 

to give product 3 (Supplementary Fig. 3 and 4a,b). The structures of 2 and 3 were confirmed by 

mass-spectrometry and NMR spectroscopy (Supplementary Fig. 4c-e and Supplementary Table 

2). The disaccharide 2 contained Kdo-(2→7)-Kdo and trisaccharide 3 contained Kdo-(2→4)-Kdo-

(2→7)-Kdo. Thus, KpsC-NTd and KpsC-CTd possess β-(2→4)- and β-(2→7)-Kdo transferase 

activities, respectively, consistent with our phylogenetic analysis (Fig. 1). 

HPLC was used to examine the size distribution of oligo-Kdo products produced by 

combining KpsC-NTd and KpsC-CTd and reacting with acceptor 4 (Fig. 2a,b; Supplementary Fig. 

5). The main product in the KpsC-NTd/KpsC-CTd reaction was a trisaccharide with a minor 

pentasaccharide product (the result of one or three added Kdo residues, respectively). In contrast, 
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an average of 13 Kdo residues were added by KpsCEc under the same reaction conditions, and up 

to 21-23 Kdo residues were transferred with higher KpsCEc concentration or longer incubation time 

(Supplementary Fig. 5 and 6). Previous studies demonstrated that KpsCEc oligo-Kdo products 

preferentially possess a β-(2→4)-linkage at the non-reducing terminus12. The same is true for 

KpsC-NTd/KpsC-CTd products (Fig. 2a,b). Products ending with β-(2→7)-linkage can be obtained 

by an additional reaction with only KpsC-C, after removing (or inactivating) enzymes in the initial 

reaction mixture. Note, that KpsC-CTd showed significantly lower activity with Kdo-(2→4)-Kdo 

acceptors than KpsC-CEc. The optimal T. dismutans growth temperature is 74 C14 but increasing 

the reaction temperature to 60 C had no significant impact on KpsC-NTd/KpsC-CTd product chain 

length. 

KpsC-C initiates elongation of KpsS product. In E. coli, elongation of the Kdo-phospholipid is 

achieved by the dual-GT KpsC, but it is unknown which GT module initiates elongation, or if any 

selectivity exists. To investigate this question, we used an acceptor containing a fluorescent 

phosphatidylglycerol derivative (NBD-PG), possessing one C18:1 acyl chain and one 

nitrobenzoxadiazole (NBD)-tagged C12:0 acyl chain. In the absence of enzymes, a small amount 

of degraded lipid acceptor was detected by TLC; this was previously attributed to NBD-C12:011. 

As expected, the addition of a single Kdo residue was observed in a reaction containing KdsB and 

KpsS (Fig. 2c), and the identity of this Kdo-NBD-PG product was confirmed by ion peaks at m/z 

1089.527 ([M−H]−) and 544.261 ([M−2H]2−) in LC-MS analysis (Supplementary Fig. 7a). Full-

length E. coli KpsC converted Kdo-NBD-PG into a series of new products; the largest were 

retained at the TLC origin, consistent with addition of multiple Kdo residues. In the corresponding 

MS analysis, each additional Kdo drastically decreased ionization efficiency, accompanied by 

decreasing of peak intensity due to formation of multiple Na+ adducts. Products with more than 

three Kdo residues were not detected by MS (Supplementary Fig. 7a). KpsC-NEc was unable to 

use Kdo-NBD-PG as an acceptor but, in contrast, KpsC-CEc catalyzed almost complete conversion 

of this compound into a single major product (Fig. 2c), which was confirmed to be Kdo2-NBD-PG 

by LC-MS (Supplementary Fig. 7a). When both KpsC-NEc and KpsC-CEc were added in the same 

reaction mixture, transfer of multiple Kdo residues was observed, demonstrating both isolated GTs 

retain their ability to contribute to polymerization in vitro. Based on these results, KpsC-CEc 

initiates polymerization of the β-Kdo linker using the KpsS reaction product as its acceptor. The 

known specificities of the GT modules indicate that the linkage sequence in the trisaccharide-

containing product is β-Kdo-(2→4)-β-Kdo-(2→7)-β-Kdo-NBD-PG. 

The same strategy was used to establish the activities of KpsC-NTd and KpsC-CTd (Fig. 2d 

and Supplementary Fig. 7b). While the overall reaction sequence is conserved, the largest 

detectable product obtained in a reaction containing both KpsC-NTd and KpsC-CTd was (Kdo)3-

NBD-PG. The thermophile enzymes therefore differ from their E. coli counterparts in their 

capacity to drive in vitro polymerization on both surrogate and native glycolipid acceptors, under 

the same reaction conditions (Fig. 2). Whether this is also the case in vivo is unknown in the 

absence of a determined structure for the native glycan. 

Structural characterization of the KpsS product. The original structural characterization of the 

lipid anchor obtained from CPS of E. coli K1 and K5, and N. meningitidis group B, identified lyso-

PG species differing in acylation (C16:0 and C18:1), as well as some diacyl-PG species10. The 

activity of N. meningitidis KpsS was examined in the subsequent study using NBD-PG11. 

Heterogeneity in preparations of the authentic CPS anchor, and low substrate conversion by KpsS 

in vitro, precluded full structural elucidation of the glycolipid. The structure was resolved here 
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using E. coli KpsS and employing the more water-soluble C16:0 lyso-PG substrate (Fig. 3a; 

Supplementary Fig. 8). NMR spectroscopy and ESI-MS studies of purified Kdo-lyso-PG product 

(5) revealed that -Kdo is attached at position 3' of glycerol residue (Fig. 3b,c; Supplementary 

Table 2). Like the reaction with NBD-PG, a maximum of ~50% conversion of C16:0 lyso-PG 

substrate was achieved, suggesting that only one of two stereoisomers (which differ in chirality of 

the terminal glycerol group) is a substrate for KpsS. The potential stereoselectivity of KpsS may 

be related to the predominant occurrence of the PG isomer with S configuration of glycerol group 

(1,2-diacyl-sn-glycero-3-phospho-1'-sn-glycerol) in E. coli15. 

KpsC-N Structure. We determined x-ray crystallographic structures of KpsC-NTd (at 1.8 Å) and 

KpsC-NEc (1.35 Å) as CMP co-structures, and KpsC-CTd (2.5 Å) as an apo-protein. Here we focus 

on the KpsC-NEc structure as a reference point, with comparisons to the other structures where 

details differ. GTs are generally built from α/β repeat Rossmann-fold domains, and are classified 

as GT-A if they contain one, or GT-B if they contain two such domains16. KpsC-NEc has two 

recognizable α/β domains, supplemented by six additional bridging α-helices (Fig. 4a,b; 

Supplementary Fig. 9a,b). The C-terminal Rossmann-fold domain has a central five-stranded 

parallel β-sheet (topology 3,2,1,4,5) and α-helices packing on either face. The N-terminal α/β 

domain retains a core Rossmann-fold topology of four parallel β-strands, supplemented by two 

additional antiparallel β-strands (topology 2,1,3,4,-5,A). This sheet is strongly curved, wrapping 

around helix α1b (joining β1-β2), while the long α3 packs on the convex face of the sheet. The 

loop linking the α/β domains and a C-terminal extension each form three additional α-helices, 

which pack against one another and the α/β domains without forming a clearly-defined sub-

domain. The KpsC-NTd structure closely resembles KpsC-NEc (1.4 Å r.m.s.d.), with minor 

differences in some helices (Supplementary Fig. 9e). Apo-KpsC-CTd also closely resembles the 

CMP-bound KpsC-N structures, (r.m.s.d. 1.45 Å; Fig. 4C, Supplementary Fig. 9c,d). However, 

the N-terminal Rossmann domain shows significant remodelling, with 1a and 1b replaced by a 

single longer helix, the β2-β3 loop forming a long helix that packs against the β-sheet, while α3 is 

significantly shortened and packs against Cα1.  

The closest structural homolog of KpsC-NEc in the Protein Data Bank (PDB) is the 

retaining β-Kdo GT, WbbBGT99 from Raoultella terrigena (5FA1; GT99), which transfers a 

chain-terminating Kdo residue in the biosynthesis of an LPS O-polysaccharide6. DALI17 

comparisons of these two structures give a Z-score of 15.2, and an r.m.s.d. of 3.5 Å over 272 

residues, despite only 16% sequence identity. All other structural homologs have Z-scores below 

10, with the top 200 hits all being GTs. The similarity between KpsC-

NEc and WbbBGT99 is strongest in the C-terminal domain; the main difference is that helix 

C3 in KpsC is instead a short loop in WbbBGT99. The N-terminal domains are much more 

divergent, where only 3, 4, 5 and 3 of KpsC-NEc superpose well on WbbBGT99. More 

dramatically, WbbBGT99 elaborates KpsC’s 2-3 loop into an additional parallel -strand and 

six -helices, doubling the size of the domain (Fig. 4d).  KpsC-NEc (residues 2–91) has almost 

statistically negligible structural similarity to WbbBGT99 (Z-score of 3.1), while the top DALI hit 

(Z-score 5.8) is A. thaliana oxalate-CoA ligase (5IE0). The helices supplementing the α/ domains 

also diverge structurally, with only H1 and H5 superposing reasonably closely. Interestingly, 

the relative orientation of the two α/β domains is conserved.  

Active site organization in KpsC-NEc. The active site of KpsC is located between the α/β 

domains, with most important residues being contributed by C1, C3, the N4-5 turn, and the 
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long H3 to C1 loop. Of note, in the apo-KpsC-CTd structure, several of these key active site 

motifs appear displaced or disorganized, including disorder of the N4-N5 loop and H3-C1 

loops, partial disorder of C3, and shifts in C2 and C4 (Fig. 4c); however, no shifts between 

domains is discernable. These differences imply that KpsC likely binds its donor through a 

concerted reorganization of active site loops. The active site pocket of KpsC-NEc takes the form of 

a deep, narrow tunnel, with the N4-N5 turn and H3-C1 loops forming a “roof” over the CMP 

(Fig. 5a). Both KpsC-N crystals were grown with added CMP, and this mononucleotide is found 

bound with full occupancy and clear electron density. In KpsC-NEc, Pro195 and Tyr241 stack on 

opposite faces of the cytosine ring (Fig. 5b). Cytosine O2 and N3 hydrogen bond with Lys192 

Nε, and the N4 amine hydrogen bonds with the carbonyl oxygen atoms of Lys192 and 

Asp155. The ribose O3´ group hydrogen bonds with the hydroxyl of Ser132 and the carboxylate 

group of Glu244, while a water molecule bridges ribose O2´ and O2 of the cytosine ring. C4´ and 

C5´ of the ribose ring stack on Lys133 side chain C and C. Finally, the phosphate group forms 

hydrogen bonds with the imidazole of His194 and hydroxyl of Ser239, as well as the backbone 

amide of Gln240 and three structured waters. His194-Pro195 together form the ‘HP’ motif that is 

conserved in all bacterial inverting sialic acid GT-Bs (families GT38, GT52, GT80, GT97 and 

GT100) and in all identified retaining β-Kdo GTs; both residues are also 

important for both WbbBGT99 and KpsC activity6,12. An H194A substitution resulted in a drastic 

reduction in enzymatic activity (Supplementary Fig. 10).   

The substrate binding pocket extends outward from the CMP binding site, as a deep (10 Å 

from the surface to the CMP phosphate) narrow (46 Å2 between Tyr93, Lys133, Asp160 

and His194) tunnel lined by the hydrophilic head-groups of very conserved residues. The deeper 

portions are net electroneutral, while the entrance is strongly basic. While a secondary pocket 

extends past the phosphate towards Tyr94, this pocket is shallow (~5 Å deep) and predominantly 

non-polar, so Kdo can likely only be accommodated within the main tunnel (Fig. 5c). Here, 

Asp160 and Gln156 are located immediately adjacent to the CMP phosphate group; these form an 

invariant QXXXD motif previously shown in WbbBGT99 to be critical for catalysis 6. In KpsC, the 

Q156A variant is noticeably impaired, while the D160A variant is completely inactivated 

(Supplementary Fig. 10). Additionally, Lys133 (an absolutely conserved “roof” residue) is stacks 

on the CMP ribose while placing its N group immediately adjacent to the phosphate; a 

K133A substitution results in enzyme inactivation. Interestingly, this residue closely mimics 

Arg163 in WbbBGT99, which is almost identically positioned, absolutely conserved (among 

WbbBGT99 homologs) and similarly indispensable but is contributed by the N4-N5 loop rather 

than the H3-C1 loop.  

Modelling CMP-β-Kdo into the active site suggests a binding mode similar to that 

proposed for WbbBGT99
6. Briefly, placing the Kdo ring between Lys133 and Asp160 positions 

several Kdo hydroxyl groups at sites occupied by water molecules, and maximizes interactions 

within the pocket: the Kdo carboxylate group hydrogen bonds with Gln156Nε and the backbone 

amide of Thr157; O4 hydrogen bonds with Tyr134; and O5 hydrogen bonds with Lys133. In this 

orientation, Asp160 carboxylate is positioned 3.1 Å from the Kdo anomeric carbon.  
Additional absolutely conserved residues (Supplementary Fig. 2) sited closer to the exit of 

the tunnel are too distant to contact CMP-β-Kdo but may interact with the acceptor or otherwise 

have mechanistic roles. Glu66 and Asp67 are located at the tunnel mouth; Glu66 is equivalent to 

the absolutely required Glu158 in WbbBGT99, and an E66A substitution in KpsC-NEc is also 

completely inactivating. A D67A substitution is severely functionally compromised (Fig. 5d). 

Trp42’s indole ring stacks on the Glu66-Asp67 motif, with its solvent-exposed face forming the 
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base of a deep pocket flanked by Arg45 and Arg71. The W42F enzyme is completely 

inactive, R71A is strongly functionally compromised, while R45A is only slightly less 

active (Supplementary Fig. 10). For completeness, we also tested variants of other conserved basic 

residues surrounding this pocket; K201A, K202A and R11A all retained near wildtype activity. 

The position, basic character, conservation and importance of this pocket suggest a role in binding 

the anionic acceptor. Partial evidence for this site binding an anionic saccharide comes from 

fondaparinux (a sulfated pentasaccharide) soaked crystals where additional, albeit poorly-defined 

electron density suggests partial occupancy of a substituted hexose ring stacked on the exposed 

Trp42 indole (Supplementary Fig. 9f,g).  Similarly, KpsC-CTd also conserves this pocket, but due 

to the remodeling of the 1 and 3 helices, Trp42 is far more surface exposed. These local 

structural differences may dictate differences in the acceptor binding mode that in turn dictate the 

formation of different linkages. The deep divergence in structures of KpsC and other GT-B 

structures precludes confident modelling and the generation of informative co-complexes has so 

far been unsuccessful. The challenges include CMP-Kdo has a half-life measured in minutes13 and 

the bulky tags on our current acceptors, needed for product detection. 

Discussion  

Conservation of kpsS and kpsC genes in the CPS-biosynthesis loci from important pathogens 

indicates a shared β-Kdo-containing glycolipid at the reducing terminus of their CPS. The natural 

glycolipid structure has been confirmed directly in E. coli and N. meningitidis10. In E. coli K1 

kpsSC mutants polymerization of the repeat-unit domain can occur on unidentified surrogate 

acceptors in mutants unable to assemble the conserved terminal glycolipid10. The inability to 

export this CPS, and the capacity to exchange the transport machinery between E. coli serotypes 

making different CPS repeat-unit structures1, are consistent with the conclusion that the ABC 

transporter recognizes the conserved glycolipid. Like LPS, whose transport depends on the 

conserved lipid A9, a common terminal lipid export signal for CPS is a major advantage for 

structural diversity. In this scenario, recombination and mutational events generating new repeat-

unit structures can be accommodated by the same export machinery shared across serotypes. 

In the original description of the natural products10, the predominant species contained 

lyso-PG but this is likely an artefact introduced during isolation and characterization. KpsS is 

active with both PG and lyso-PG in vitro, but the diacyl form is the predicted acceptor in vivo, 

reflecting the low abundance of lysophospholipids in bacterial membranes, their damaging effects 

on membrane structure, and the machinery in place for their removal19. The current study provides 

a detailed view of the reaction sequence involved biogenesis of the terminal glycolipid (Fig. 6). 

Under in vitro conditions, E. coli KpsC generates products preferentially ending in (2→4)-linked 

Kdo, presumably reflecting relative activities of the two GT modules. However, the natural 

products in E. coli serotypes K1 and K5 differ in possession of either odd (K1) or even (K5) 

numbers of β-Kdo residues11. From the reaction sequence proposed here we conclude that the K1 

repeat-unit domain requires a terminal (2→4)-linked β-Kdo (Fig. 6), while K5 is built on a terminal 

(2→7)-linked residue. Previously, we proposed that this was established by the specificities of the 

GTs catalyzing the transition from the conserved linker to the repeat-unit domain and candidates 

were proposed1. The presence of KpsSC homologs in other bacteria strongly suggests the same 

glycolipid acceptor and enzymatic sequence in all cases. However, this remains hypothetical in 

bacteria where the final glycan structures, and/or (as in T. dismutans) full assignment of the 

additional genes, are not available.  

CPS biosynthesis and export are believed to involve a coordinated multienzyme complex. 

KpsCS were implicated as central components in the described interactions20–22. The C-terminus 
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of KpsC-C facilitates heterotypic and homotypic interactions in two hybrid data22, as well as 

providing a means of membrane association.  The constructs analyzed in the current study only 

revealed soluble monomers, consistent with removal of the amphipathic helices. The fusion of the 

two β-Kdo GT modules into a single polypeptide in most KpsC representatives may offer an 

efficiency advantage over the single GT format. However, multiple interactions within a complex 

could readily accommodate a separate KpsC GT domains (like T. dismutans) without 

compromising function, and constructs that separate the two GT modules from a dual-GT KpsC 

still support in vivo CPS production in E. coli11. 

More than 400,000 GTs, forming >100 families, are currently classified in the 

Carbohydrate-Active Enzymes (CAZy) database23. Differences in structure and sequence 

between KpsC and its closest homologs are sufficient to designate KpsC as the founding member 

of a new GT family, GT107. KpsC clearly possesses a GT-B fold, where each Rossmann domain 

generally has ~160 residues forming 6+ parallel β-strands (e.g. WaaA; 2xcu). However, in KpsC, 

the N-terminal α/β domain is reduced to 65 residues, forming four β-strands plus two α-helices. 

Instead, the two α/β domains are buttressed by α-helices contributed by the interdomain linker and 

the C-terminus. Most KpsC homologs form a bifunctional, dual-GT protein, with individual KpsC 

domains joined by a minimally conserved, ~6−10 residue linker; the interaction between modules 

is possibly mediated though conserved exposed surface patches found opposite the active site in 

each GT module. The KpsC-C apo-structure, shows considerable disorganization in its active site. 

While sequence divergence may contribute, the critical role these regions play in turnover suggests 

that KpsC accomplishes donor binding by a concerted disorder-to-order transition, with minimal 

domain movement. This contrasts with both classic GT-Bs, where donor binding causes large 

rearrangements between domains24, and WbbBGT99, where nucleotide binding results in small 

shifts within the C-terminal domain6, but instead resembles loop disorder-to-order transitions in 

GT-As such as glycogenin (GT-8)25. The enzymatic mechanism adopted by KpsC is an open 

question. However, the narrowness of the substrate binding pocket seems to preclude (absent 

substantial reorganization) the acceptor closely approaching the CMP-β-Kdo donor, making 

concerted SNi mechanisms (as generally proposed for retaining GTs) potentially problematic16.  

LPS is essential for the viability of most Gram-negative bacteria and its biosynthesis and 

export is viewed as an excellent target for development of antibacterial compounds due the 

conservation of the early steps in biogenesis and the export machinery9,18. Elimination or reduction 

of CPS typically attenuates virulence in these bacteria, making the shared early biosynthesis steps 

targets for “antivirulence” strategies. The overall concept has been validated using a small 

molecule inhibitor of a capsule regulatory protein in E. coli K126. It has been argued that targeting 

virulence factors (with no widespread collateral impact on the larger microbiome) may slow the 

evolution of resistance by reducing the pool of potential resistance genes. In addition, CPS 

production confers no fitness advantage in vitro; therefore, selective pressures are not imposed in 

all growth situations27. Conservation of KpsS and KpsC in a range of important bacterial pathogens 

of humans and livestock (Fig. 1) offers a possible target for small-molecule inhibitors. The 

distinctive structure of the KpsC GT modules suggests that compounds could be developed that 

target these enzymes without affecting critical host GTs.  
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Figure Legends. 

Fig. 1. Unrooted phylogenetic tree of KpsS and KpsC homologs from T. dismutans and 

pathogens of humans and livestock.  Bootstrap support values (%) are indicated for the main 

nodes. Amino acid sequences were aligned using MAFFT server28 and the maximum-likelihood 

tree was calculated using PhyML29,30. The protein accession numbers and separated KpsC domains 

(with break points corresponding to H323 in E. coli KpsC) are given in Supplementary Table 1. 

The linkage specificities of the enzyme domains are predicted from the E. coli prototypes12 and 

confirmed for T. dismutans in this study. The structure of the natural product from T. dismutans is 

unknown. 

Fig. 2. Biochemical characterization of KpsC-NTd/KpsC-CTd and KpsCEc. a, b, The E. coli 

enzyme generates reaction products with higher degrees of polymerization than the T. dismutans 

homolog but all products from both enzymes possess Kdo-(2→4)-Kdo linkage at the non-reducing 

terminus. a, The design of the experiment. b, The reaction mixtures containing indicated amounts 

of KpsCEc or KpsC-NTd/KpsC-CTd were stopped after 1 h by either removing or heat-inactivating 

the protein; the reaction mixtures were then split in two parts. One part was analysed by HPLC 

and the other part was supplemented with Kdo, CTP, KdsB and KpsC-C and incubated for 20 min, 
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prior to HPLC analysis. Comparison of the reactions before and after additional incubation with 

KpsC-C demonstrate the formation of new products ending with (2→7)-linkage (marked in red). 

Numbers indicate Kdo transfers onto the acceptor. c, d, In vitro enzyme reactions using NBD-PG 

acceptor establish the order of action of the KpsC domains. The reactions were preincubated with 

E. coli KdsB and KpsS (30 C, 30 min), prior to addition of the identified E. coli (c) or T. dismutans 

(d) KpsC derivatives. Incubation was then continued for 1 h at 30 C and the products were 

separated by TLC. All experiments were repeated independently three times with similar results. 

Fig. 3. Structural characterization of the in vitro KpsS product. a, Structure of Kdo-lyso-PG. 

b, Selected regions of the 1H,13C HSQC and HMBC spectra, showing correlations from Kdo, 

glycerol residues (labelled as G and G') and the palmitoyl group (P). Positions of phosphorylation 

were determined based on overlapping G H-3/P and G' H-1/P correlations in the 1H,31P HMBC 

spectrum. Acylation of residue G at position 1 was evident from HMBC correlation at  176.8/4.13 

between C-1 of palmitoyl group and G H-1. HMBC correlation between G' H-3' and Kdo C-2 

(underlined) demonstrated the Kdo-(2→3')-Gro linkage. Strong HMBC correlation at H/C 

1.92/183.0 belongs to contaminating sodium acetate. Signals for contaminating PEG (*) and 

unidentified contaminant (**) are indicated. c, Negative ion ESI mass spectrum of purified Kdo-

lyso-PG (calculated [M−H]− ion mass 703.331 Da). The structural analysis was performed once.  

Fig. 4. KpsC Structure analysis. a, The structure of KpsC-NEc is organized around three distinct 

sub-domains: an N-terminal α/β domain (blue), a C-terminal α/β domain (orange) and a less well-

defined α-helical domain (green) that joins them. b, Topology map of E. coli KpsC-N. Subdomains 

of the enzyme are coloured and labelled corresponding to panel a. c, Structure of KpsC-CTd, 

coloured analogously to panel a, with the KpsC-NEc structure (white and partially transparent) 

superposed for comparison. d, Structure of WbbBGT99 (PDB 5FA1), oriented as in panel a. 

Elements of the three subdomains are coloured similarly to a, with the large insertion in the N-

terminal α/β domain shown in cyan.  

Fig. 5. E. coli KpsC-N active site organization. a, Surface view of KpsC-NEc (coloured according 

to electrostatics), looking down into the active site pocket; bound CMP is shown in yellow. The 

position of key residues protruding to the external surface are labelled. The lower inset shows the 

orthogonal view with a slice through the active site pocket, with the CMP-β-Kdo model shown. b, 

Expanded view of the KpsC-N active site pocket with CMP bound. Key residues are depicted and 

colour coded for the subdomain that contributes them. Key water molecules are shown as red 

spheres, and hydrogen bonds indicated by yellow dashes. c, Model of CMP-β-Kdo in the active 

site of KpsC-N. The ligand was superimposed to the bound CMP in the crystal structure. The sugar 

was positioned primarily via torsions around the P–O and O–C2 bonds.  

Fig. 6. Model for assembly of CPS in a KpsSC-dependent pathway. a, E. coli K1 is a prototype 

system, where the oligo-β-Kdo glycolipid terminus has been characterized and facets of the repeat-

unit domain polymerization are known1. As reported here, KpsS initiates synthesis by transferring 

a single Kdo residue to O3' of the glycerol moiety in (lyso-)PG. KpsC-C first adds a β-(2→7)-

linked Kdo to the KpsS product, before the activities of KpsC-N and KpsC-C generate an 

oligosaccharide with the alternating β-(2→4) and β-(2→7) linkage pattern. From the odd number 

of Kdo residues in isolated authentic CPS10, and the order of action of KpsC domains (this work), 

the repeat-unit domain must begin on a terminal β-(2→4)-Kdo. The candidate enzyme for adding 

the first Neu5Ac residue is NeuE, with the polysialyltransferase, NeuS, completing chain 
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extension1. b, T. dismutans CPS synthesis is proposed based on the E. coli K1 prototype. Because 

the structure of T. dismutans CPS is not known, the model is based on genetic context 

(Supplementary Fig. 1a), homology between T. dismutans and E. coli KpsS, and characterized 

activities of T. dismutans KpsC-C and KpsC-N (this work). 

Online Methods. 

Phylogenetic analysis of KpsS and KpsC homologs. Homologs of E. coli KpsS and KpsC from 

prominent human and livestock pathogens were found using a BLAST search. The KpsC 

homologs were aligned using MAFFT28 to identify the residues in their sequences corresponding 

to His323 in E. coli KpsC; this provided a break point to distinguish the N- and C-terminal GT 

modules. This break point was chosen based on: (i) the crystal structure of KpsC-NEc is complete 

up until His323 (ii) KpsC-NTd aligns with the first 322 amino acids of full-length KpsCEc. A total 

of 30 proteins and separated domain sequences (Supplementary Table 1) were aligned using 

MAFFT with the L-INS-I iterative refinement method. Only partial sequence was available for T. 

dismutans KpsS, due to its position at the end of the contig, and that was used for alignment. The 

resulting multiple sequence alignment was used as an input to generate maximum-likelihood tree 

using PhyML 3.029,30 with 1,000 bootstrap replicates. The tree was visualized with FigTree. 

 

8-aminooctyl (3-deoxy-β-D-manno-oct-2-ulopyranosid)onate, FITC conjugate (1).  This 

compound was prepared from the known12 8-aminooctyl 3-deoxy-β-D-manno-oct-2-

ulopyranosidonic acid as described below. To a solution of 8-aminooctyl 3-deoxy-β-D-manno-oct-

2-ulopyranosidonic acid, (4.0 mg, 11 mol) in H2O (1.0 mL) and DMF (0.05 mL) at 0 °C was 

added sodium bicarbonate (2.8 mg, 0.033 mmol) and FITC (5.2 mg, 13.2 mol). After stirring at 

0 °C for 2 h, the reaction mixture was concentrated under reduced pressure. The resulting residue 

was purified by column chromatography (7:2:1, EtOAc–CH3OH–H2O) and size exclusion 

chromatography (Sephadex LH-20, 1:1, CH2Cl2–CH3OH) to give 1 (4.0 mg, 48%) as an orange 

amorphous solid. []25
D +2.7 (c 0.3, H2O); Rf 0.20 (7:2:1:0.5, EtOAc–CH3OH–H2O–HOAc) 1H 

NMR (D2O, 500 MHz) δ 7.80 (s, 1H, Ar), 7.71–7.59 (m, 1H, Ar), 7.49–7.28  (m, 3H, Ar), 6.94–

6.67 (m, 4H, Ar), 4.04–3.91 (m, 3H, H-5, H-7, H-8a), 3.85–3.61 (m, 6H, H-4, H-6, H-8b, OCH2, 

CH2N), 3.53–3.44 (m, 1H, OCH2), 2.48 (dd, 1H, J = 12.5, 4.2 Hz, H-3eq), 1.84 (app t, 1H, J = 12.5 

Hz, H-3ax), 1.72–1.60 (m, 2H, CH2), 1.59–1.51 (m, 2H, CH2), 1.43–1.27 (m, 8H, CH2); 13C NMR 

(D2O, 125 MHz) δ 174.0 (C=O), 158.3, 138.6, 131.8, 131.5, 131.2, 126.0, 125.0, 121.6, 114.6, 

103.4, 101.1, 73.3, 69.0, 67.5, 65.4, 64.9, 64.2, 45.1, 34.8, 29.0, 28.4, 28.2, 26.1, 25.1; HRMS 

(ESI) calcd. for C37H41N2O13S [M–H]– 753.2329 found 753.2328.  

Source/purity of 2–5. Compounds 2 and 3 were obtained by enzymatic glycosylation of 1 using 

KpsC and CMP-Kdo. Disaccharide 4 was prepared as previously described5. Compound 5 was 

obtained by KpsS-catalyzed glycosylation of palmitoyl-lyso-phosphatidyl-glycerol (obtained from 

Avanti Polar Lipids) using CMP-Kdo. Compound 4 was determined to be >95% by 1H NMR 

spectroscopy, compounds 2 and 3 are >85%, and compound 5 is >70%.  

Bacterial Strains and Growth Conditions. Unless otherwise indicated, bacteria were grown at 

37 °C in Lysogeny Broth (LB) (Invitrogen) containing (where appropriate) one or more of the 

following supplements: kanamycin (50 μg/mL), and isopropyl-β-D-1-thiogalactoside (IPTG; 0.3 

mM). E. coli DH5α [ϕ80d deoR lacZΔM15 endA1 recA1 hsdR17 (rx
− mx

+) supE44 thi-1 gyrA96 

relA1 Δ(lacZYA-argF)U169F−] (Invitrogen) was used as a host for cloning. Protein expression was 
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performed in E. coli BL21 (DE3) [F− ompT gal dcm hsdSB (rB
− mB

−) λ(DE3)] (Novagen), as well 

as the methionine auxotroph strain E. coli B834 (DE3) [F− ompT gal dcm hsdSB(rB
− mB

−) met 

λ(DE3)] (Novagen). 

General DNA Methods. Genomic DNA from E. coli serogroup K1 (strain EV3631) was prepared 

using a PureLink Genomic DNA mini kit (Invitrogen). T. dismutans kpsC-N and kpsC-C (GenBank 

accession number LWLG01000022.1, locus tag TDIS_2046 and LWLG01000006.1, locus tag 

TDIS_1054, respectively) were synthesized using GeneArt Gene Synthesis service, with codon 

optimization for expression in E. coli. E. coli kdsB was PCR amplified from the pJKB72 plasmid32 

and recloned into pET28a(+). The plasmids used in this study are described in Supplementary 

Table 4. They were maintained in E. coli DH5α, grown at 37 °C in Lysogeny Broth (LB; 

Invitrogen) containing 50 μg/mL kanamycin. KOD or Phusion DNA polymerase was used to PCR 

amplify DNA fragments for cloning, and site-directed mutagenesis. For cloning, oligonucleotide 

primers (Supplementary Table 3) incorporated restriction sites and sequences encoding epitope 

tags. PureLink PCR Purification (Invitrogen) and GeneJET PCR Purification (Thermofisher) kits 

were used to purify PCR fragments, and PureLink Plasmid Purification (Invitrogen) or GeneJET 

Plasmid Purification (Thermofisher) kits were used to purify plasmids. Restriction endonucleases 

(Invitrogen and New England Biolabs) were used as described by the manufacturers. Site-directed 

mutagenesis was performed according to the methods described by Makarova et al.33 or García-

Nafría et al.34. The sequences of all plasmid constructs were verified at the Genomics Facility in 

the University of Guelph Advanced Analysis Centre. 

Overexpression and purification of proteins (general procedure). Protein expression was 

performed in E. coli BL21 (DE3), grown in LB containing 50 μg/mL kanamycin. 

Selenomethionine derivatives were purified from E. coli B834 (DE3) grown in M9 minimal 

medium35. Overexpression of L-selenomethionine-labelled T. dismutans KpsC-N in the auxotroph 

strain was performed as follows: overnight cultures grown in LB were harvested by centrifugation 

at 4,000 × g for 10 min and resuspended in cold, sterile water. The cell suspension was used to 

inoculate 750 mL of M9 minimal media supplemented with 50 mg/L L-SeMet to achieve a final 

OD600 of 0.3. Cells were grown until OD600 ~0.6 and then protein expression was induced using 

IPTG at a final concentration of 0.3 mM. Cells were grown at 37 °C for 6 hours before harvesting. 

Overexpression of all other proteins used in this study were performed as follows: overnight 

culture was used to inoculate 0.5−2 L LB medium at a 1/100 dilution. Cells expressing KpsC 

constructs, or KdsB, were grown at 37°C and expression of recombinant protein was induced at 

OD 0.6−0.8 with 0.3 mM IPTG. The cultures were grown for a further 2.5−3 h at 37 °C. Cells 

expressing KpsS were grown at 37 °C until OD reached 0.3. Then the culture was moved to 18 °C. 

The protein expression was induced at OD ~1.2 with 0.3 mM IPTG and the cultures were incubated 

overnight at 18 °C. In all cases, cells were harvested by centrifugation at 5,000 × g for 10 min and 

stored at –80 °C until needed. Cell pellets were resuspended in 25 mL lysis buffer (Supplementary 

Table 5) containing protease inhibitors (Roche) and lysed by ultrasonication for a total of 3.5 min 

with 30% amplitude in pulses (10 s on/15 s off). The suspension was cleared by successive 

centrifugation steps at 4,000 × g for 10 min, 12,000 × g for 20 min and 100,000 × g for 1 h at 4 

°C. E. coli KdsB, KpsC and KpsC-N, T. dismutans KpsC-N and KpsC-C were purified from 

supernatant from the final centrifugation step. E. coli KpsS and KpsC-C are mostly insoluble and 

were purified from the membrane fraction. Membranes from the final centrifugation step were 

resuspended in 16 mL of buffer A containing 10 mM imidazole, 0.1% (w/v) n-dodecyl-β-maltoside 

(DDM) and supplemented with protease inhibitors and incubated overnight at 4 °C with gentle 
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agitation. The extract was cleared by centrifugation at 100,000 × g for 1 h at 4 °C. Recombinant 

protein-containing supernatants were loaded onto 2 mL Ni-NTA Agarose resin columns (Qiagen) 

and details of the specific conditions for purification of each of the various proteins are 

summarized in Supplementary Table 5. The column was conditioned initially with 10 column 

volumes (CV) of conditioning buffer before sample was applied. The column was then washed 

with 10 CV each of wash buffer 1 and 2, before elution with 10 CV of elution buffer; eluent was 

collected in 1 mL fractions. Protein was concentrated and exchanged into buffer A using either a 

Vivaspin centrifugal concentrator or PD-10 column. Purified proteins were examined via SDS-

PAGE using 10% resolving gels in Tris-glycine buffer and stained using SimplyBlue SafeStain 

(Thermofisher). 

In vitro synthesis and preparation of products 2 and 3. In vitro reactions were performed in 20 

µL volumes to optimize enzyme:acceptor ratios for subsequent scaled-up reactions (2−4 mL 

volumes). Standard reaction conditions consisted of 50 mM HEPES (pH 8.0), 10 mM MgCl2, 2 

mM Kdo, 5 mM CTP, 1 µg KdsB, 0.1−1 mM acceptor 1 and various quantities of the T. dismutans 

KpsC homolog proteins, in a 20 µL volume. The concentration of acceptor 1 was estimated by 

measuring the absorbance at 490 nm in 10 mM NaOH, using an extinction coefficient of 88,000 

M−1 cm−1 36. After incubation at 37 °C for 30 min, 1 µL aliquots of each reaction were analyzed 

by thin layer chromatography (TLC). The TLC plate was developed in freshly prepared 

chloroform/methanol/water/acetic acid mixture (25:15:4:2, v/v) and the products were visualized 

using a hand-held UV lamp. Full conversion of acceptor 1 to product 2 was achieved using a 4 mL 

reaction volume containing 0.35 mM acceptor 1, along with 6 mg T. dismutans KpsC-C. Product 

2 was converted to product 3 in a 2 mL reaction volume containing 0.35 mM product 2 and 1 mg 

T. dismutans KpsC-N. The scaled-up reactions were performed at 37 °C for 1 h and reaction 

progress was assessed via TLC. The reaction mixtures were then combined and diluted to 5 mL in 

water and loaded on to a Sep-Pak Plus C18 column previously equilibrated with 10 mL acetonitrile 

and 20 mL water. The column was then washed with 20 mL water and the product was eluted in 

5 mL 50% (v/v) acetonitrile/water. The eluent was pooled and concentrated to 250 µL for further 

purification via gel chromatography on a column (48 × 0.7 cm) of Sephadex G-25 Superfine, eluted 

in water at a flow rate 0.25 mL/min. Elution was monitored using a refractometer (Knauer) and 

TLC. Elution fractions containing the product were combined and lyophilized. 

UV-HPLC analysis of KpsC product chain lengths. In vitro reactions were performed in 20 µL 

volumes and contained 50 mM HEPES (pH 8.0), 10 mM MgCl2, 3 mM Kdo, 5 mM CTP, 60 µM 

acceptor 4, 1.7 µg KdsB and varying amounts of KpsC (0.7, 2.1, 6.3 or 10.5 µM KpsCEc; 6.3 µM 

KpsC-NTd and 6.3 µM KpsC-CTd). The reaction mixtures were incubated at 30 C for 1 h and 

stopped by adding equal amounts of cold acetonitrile, followed by removal of precipitated protein 

by centrifugation. In a time-course experiment (80 µL total reaction volume; 6.3 µM KpsCEc), 15-

µL aliquots were removed after 5, 15, 30, 60 min and 6 h and quenched by mixing with 15 µL cold 

acetonitrile. The temperature dependence of KpsC-NTd/KpsC-CTd was analyzed in similar assay at 

30, 40, 50, 60 and 70 C. In this experiment, reaction mixtures containing all components except 

KpsC enzymes were preincubated at 30 C for 10 min to allow synthesis of CMP-Kdo, prior to 

placing at the higher temperature and adding KpsC-NTd/KpsC-CTd (6.3 µM final concentration 

each). The reaction mixtures were incubated for another hour before stopping with cold 

acetonitrile. To obtain oligo-Kdo products terminating in a (2→7)-linkage, the experiment was 

designed as shown in Fig. 2b. 80 µL reactions were performed, and after incubation for 1 h the 
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protein was either heat-inactivated by incubating at 98 C for 5 min (KpsCEc), or removed by 

ultrafiltration using Microcon-10kDa centrifugal filter (KpsC-NTd/KpsC-CTd). One portion of 

protein-free mixture (20 µL) was mixed with 20 µL acetonitrile for HPLC analysis. Another 

portion (20 µL) was mixed with 1 µl 100 mM CTP, 1 µl 40 mM Kdo, 1.7 µg KdsB and 

corresponding KpsC-C (10 µg KpsC-CEc or 4.8 µg KpsC-CTd). After 20 min incubation, the 

reaction was stopped by adding equal amount of cold acetonitrile. HPLC analysis was performed 

on Agilent 1260 Infinity II LC system equipped with 1260 Infinity II Variable Wavelength 

Detector. A DNAPac PA-100 column (4 × 50 mm) was used for chromatographic separation with 

the following solvents: water (A), acetonitrile (B) and 2 M ammonium acetate (C). With the 

exception of the temperature-dependence experiments, the mobile phase gradient was as follows: 

20% B was kept constant throughout the run; initial conditions were 0% C; increasing to 60% C 

in 20 min; hold 60% C for 5 min; decreasing to 0% C in 5 min; 15 min reequilibration. The mobile 

phase gradient for temperature-dependence experiment was as follows: 20% B was kept constant 

throughout the run; initial conditions were 0% C; increasing to 50% C in 15 min; hold 50% C for 

5 min; decreasing to 0% C in 5 min; 15 min reequilibration. The flow rate was maintained at 0.5 

ml/min, and the column temperature was set to 40 C.  The elution profile was monitored by UV 

detection at 503 nm and the injection volume was 8 µl. The temperature-dependence experiment 

was repeated twice. All other experiments were repeated at least three times.  

 

Synthesis of oligo-Kdo and reaction intermediates on NBD-PG acceptors. Fluorescently-

labelled 1-oleoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-

[phospho-rac-(1-glycerol)] was purchased from Avanti Polar Lipids. The 50 µL reaction mixture 

contained 50 mM HEPES (pH 8.0), 10 mM MgCl2, 2 mM Kdo, 5 mM CTP, 0.2 mM lipid acceptor, 

0.005−0.01% DDM, 2.5 µg KdsB, 11.5 µg KpsS, and 5.5 µM of the relevant KpsC derivative. In 

reactions involving two KpsC constructs, each protein was added at final concentration of 5.5 µM. 

Pilot experiments containing both KpsS and KpsC showed that full-length E. coli KpsC constructs 

(but not the KpsC-N-domain) inhibited KpsS activity in vitro. The basis for the inhibition remains 

unclear but, to overcome this problem, the reaction mixture was pre-incubated at 30 °C for 30 min 

with KdsB and KpsS, to allow formation of Kdo-NBD-PG product. The appropriate KpsC 

derivatives were then added and the reaction was incubated for 1 h. Reactions were replicated three 

times. The reaction was stopped by adding 50 µL of cold (−20 C) acetonitrile and precipitated 

proteins were removed by centrifugation at 13,000 × g for 5 min. Supernatant (1 µL) was spotted 

on a TLC plate, which was developed in ethyl acetate/water/n-butanol/acetic acid (5:4:4:2.5, v/v); 

the separated species were visualized using a hand-held UV-lamp. To prepare samples for LC-MS 

analysis, the reaction mixture was diluted with 100 µL water and loaded on a Sep-Pak Classic C18 

cartridge, conditioned with 2 mL methanol followed by 2 mL water. The cartridge was washed 

with 1 mL water and the products were eluted in 95% MeOH, dried in a SpeedVac and resuspended 

in 20 µL 50% acetonitrile. The injection volume was 5 µL. 

Synthesis and preparation of the KpsS reaction product 5. 16:0 lyso-PG (1-palmitoyl-2-

hydroxy-sn-glycero-3-phospho-(1'-rac-glycerol)) from Avanti Polar Lipids was used to determine 

the structure of the KpsS product. The 5 mL reaction mixture contained 50 mM HEPES (pH 8.0), 

10 mM MgCl2, 2 mM Kdo, 5 mM CTP, 3 mM lyso-PG, 190 µg KdsB and 800 µg KpsS. The 

reaction mixture contained 0.001−0.002% DDM added with KpsS, and no additional DDM was 

required. The reaction was incubated at 30 °C and monitored by TLC in ethyl acetate/water/n-

butanol/acetic acid mixture (5:4:8:2.5, v/v). After 2 h, ~50% of the acceptor was converted into 
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product. The reaction mixture was loaded on to a Sep-Pak Plus C18 cartridge, which was previously 

conditioned with 10 mL acetonitrile and 20 mL water. The cartridge was washed with 10 mL water 

and the product (along with unreacted substrate and DDM) was eluted in 6 mL 60% (v/v) 

acetonitrile-water mixture. The eluent was concentrated by Speed-Vac, loaded on three 10×10 cm 

TLC plates (Silica Gel 60 F254, 200 µm thickness) and developed as described above. Narrow 

strips from each plate were cut and stained with Molybdenum Blue spray reagent (Sigma) to locate 

products and the corresponding area of silica was then scraped off the plate and put in a capped 

glass tube. 5 mL methanol/chloroform/water (10:10:2, v/v) was added, the tube was sonicated, 

incubated for 10 min and centrifuged at 1000×g for 5 min. The supernatant was filtered through 

glass wool and transferred into flask. The extraction was repeated three times, and the combined 

supernatant was dried by rotary evaporation. 

NMR spectroscopy. Purified reaction products were deuterium-exchanged by freeze-drying twice 

from 99.9% D2O. The samples were suspended in 250 µL 99.99% D2O and placed in 5 mm 

Shigemi NMR microtube. 1H NMR, 2D COSY, TOCSY, 1H-13C HSQC and HMBC spectra were 

obtained using a Bruker Avance III 600 MHz spectrometer equipped with a 5 mm TCI cryoprobe, 

while 31P spectra were collected using a Bruker 400 MHz Avance III spectrometer equipped with 

a 5 mm broadband Prodigy cryoprobe (University of Guelph Advanced Analysis Centre). Sodium 

3-trimethylsilylpropanoate-2,2,3,3-d4 (TSP) was added to each sample as a chemical shift 

reference in the 1H and 13C dimensions (δH = 0 ppm, δC = −1.6 ppm). Referencing of 31P spectra 

was performed by substitution with a solution of 85% phosphoric acid (δP = 0 ppm). Two-

dimensional spectra were collected using standard pulse sequences and parameters with the 

following exceptions: the TOCSY mixing time was 100 ms, the ROESY mixing time was 200 ms 

for product 3 and 300 ms for products 2 and 5. The optimal HMBC coupling constant was set to 8 

Hz. 

ESI Mass Spectrometry. LC-MS analyses were performed on an Agilent 1260 HPLC liquid 

chromatograph interfaced with an Agilent UHD 6530 Q-Tof mass spectrometer (Advanced 

Analysis Centre, University of Guelph). The mass spectrometer electrospray capillary voltage was 

maintained at 4.0 kV and the drying gas temperature at 250 °C with a flow rate of 8 L/min. 

Nebulizer pressure was 30 psi and the fragmentor was set to 160. Nozzle, skimmer and octapole 

RF voltages were set at 1000 V, 65 V and 750 V, respectively. Nitrogen (purity >98%) was used 

as both nebulizing, drying and collision gas. The mass-to-charge ratio was scanned across the m/z 

range of 50−2000 m/z in 4 GHz (extended dynamic range) negative ion modes. Data were collected 

by target or data independent MS/MS acquisition with an MS and MS/MS scan rate of 1.41 

spectra/sec. The acquisition rate was set at 2 spectra/s. The mass axis was calibrated using the 

Agilent tuning mix HP0321 (Agilent technologies) prepared in acetonitrile. Mass spectrometer 

control, data acquisition and data analysis were performed with MassHunter Workstation software. 

Purified compounds 2, 3, 5 and in vitro KpsCEc reaction products with acceptor 4 were separated 

on a C18 column (Agilent Poroshell 120, EC-C18 50 mm × 3.0 mm, 2.7 μm) with the following 

solvents: water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B). The mobile 

phase gradient was as follows: initial conditions were 10% B hold for 1 min; increasing to 100% 

B in 29 min; column wash at 100% B for 5 min; 20 min reequilibration. The flow rate was 

maintained at 0.4 mL/min. NBD-PG-containing KpsS/KpsC products were not effectively ionized 

under described above conditions. A C18 column (Agilent Extended C18 50 mm × 2.1 mm 1.8 

µm) was used for chromatographic separation of these compounds with the following solvents: 

60% MeOH / 20% acetonitrile / 20% 1 mM ammonium acetate in water (A) and 1 mM ammonium 
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acetate in 100% MeOH (B). The mobile phase gradient was as follows: initial conditions were 0% 

B hold for 5 min then increasing to 100% B in 5 min followed by column wash at 100% B for 5 

min and 15 min re-equilibration. The flow rate was maintained at 0.4 mL/min. 

Determination of the activities of E. coli KpsC-N site-directed variants with acceptor 4. Site-

directed variant proteins were purified using the same buffer conditions described above for E. 

coli KpsC-N. In vitro reactions were performed in 20 µL volumes as described above for synthesis 

of compounds 2 and 3. The reactions contained 12 µM acceptor 4 and 2 µg of the E. coli KpsC-N 

variant proteins. Concentration of acceptor 4 was estimated by measuring the absorbance at 505 

nm, using an extinction coefficient of 80,000 M−1 cm−1 (Invitrogen). 20 µL reactions were 

incubated at 30 °C for 30 min, before reactions were stopped by adding 20 µL of chloroform. 

Reactions were replicated three times. The mixture was centrifuged at maximum speed for 2 

minutes before removing the aqueous layer. 1 µL aliquots of each reaction were analyzed by TLC. 

The TLC plate was developed in ethyl acetate/1-butanol/water/acetic acid mixture (5:4:4:2.5, v/v) 

and the products were visualized using a hand-held UV lamp. 

X-ray structure determination. All crystallization experiments were performed using a sitting-

drop configuration at room temperature. Protein was buffer exchanged into a 150 mM NaCl, 20 

mM Tris-HCl pH 7.5 and 1 mM CMP solution (supplemented with 50 mM L-Arg for KpsC-NTd 

and KpsC-CTd) and concentrated. Protein was then mixed in a 1:1 ratio with the well solution and 

equilibrated against ~100 μL of the same well solution. KpsC-NEc (at 15 mg/mL) was crystallized 

using a well solution containing 0.2 M lithium sulfate, 19% (v/v) PEG 3350 and 0.1 M Bis-Tris, 

pH 5.25. KpsC-NEc crystals were soaked for 30 min at room temperature in well solution with the 

PEG 3350 concentration increased to 32 %, supplemented with 2 mM fondaparinux sodium 

(Sigma), prior to cryoprotection. KpsC-NTd (at 10 mg/mL) was crystallized using a well solution 

containing 0.2 M magnesium chloride, 10% (v/v) PEG 8000 and 0.1 M Tris-HCl, pH 7.0. KpsC-

CTd (at 5 mg/mL) was crystallized using a well containing 10% (v/v) PEG 6000 plus 0.1 M HEPES, 

pH 7.0. All crystals were immersed in paratone N oil for cryoprotection prior to freezing in liquid 

nitrogen. Datasets were collected at the Canadian Light Source beam-line 08ID (08BM for KpsC-

CTd) at 100 K, and were processed using XDS and scaled using XSCALE37. Data collected to 1.85 

Å from an orthorhombic (P212121) selenomethionine derivatized KpsC-NTd crystal at the 

anomalous peak (0.97944 Å) was phased by single wavelength anomalous diffraction using 

AutoSol in Phenix38. Nine anomalous sites were found, producing a phase solution with a 0.184 

figure of merit and a map that allowed automated model building by Phenix Autobuild. After 

several rounds of manual rebuilding in Coot39 and automated refinement by Phenix Refine, this 

model was used to phase a 1.8 Å native dataset (collected at a wavelength of 0.97949 Å) using 

Phaser in Phenix40. Note that despite growing in the same conditions, being in the same spacegroup 

and having very similar overall structure (differences are confined to some surface exposed side 

chains, and the way the His-tag packs on neighbouring molecules), the selenomethionine and 

native crystals of KpsC-NTd pack differently and are non-isomorphous. After refinement, this 

structure (with one molecule in the asymmetric unit) is substantially complete, with residues 1–

315 (plus six residues of the His tag) ordered. The geometry of this structure was well refined, 

with 96.9% of residues in favoured areas of the Ramachandran plot, with the remaining 3.1% in 

allowed areas. Using the native KpsC-NTd as a search model in Phenix Phaser, the structure of the 

KpsC-NEc CMP co-structure was determined in P212121 at 1.35 Å (data collected at 0.97949 Å). 

This structure, again with one molecule in the asymmetric unit has residues 1–323 traced, with a 

short, disordered region encompassing 144–147. The geometry of this structure was again well 
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refined, with 96.2% of residues in favoured areas of the Ramachandran plot, with the remaining 

3.8% in allowed areas. Finally, the structure of apo KpsC-CTd was again determined by molecular 

replacement in P21 at 2.5 Å resolution (data collected at 0.97857 Å). The KpsC-CTd structure has 

two molecules in the asymmetric unit, with breaks in the chain including 77–83, 136–147 and 

203–211. The geometry of this structure was also good, with 95.4% of residues in favoured areas 

of the Ramachandran plot, 3.7% in allowed areas, and 0.9% of residues forming Ramachandran 

outliers. Data collection and structure refinement statistics are shown for all three structures in 

Supplementary Table 6. Structure figures were prepared in Pymol v2.0. 

Data availability. Crystallographic data sets have been deposited in the PDB repository under 

ascension codes 6MGB (KpsC-NTd), 6MGC (KpsC-NEc), and 6MGD (KpsC-CTd). Data sets will 

become publicly available upon manuscript acceptance. Raw NMR and MS data are available from 

the corresponding authors upon request. 
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Supplementary information 
 

Supplementary Table 1. KpsS and KpsC representatives used in phylogenetic analysis. The 

break points in dual domain KpsC homologs correspond to H323 in E. coli KpsC.  

 Bacteria Protein Length Domain GenBank 

1 Bordetella bronchiseptica KpsS 406  CAE33414 

2 Bordetella bronchiseptica KpsC-N 321 1321 CAE33415 

3 Bordetella bronchiseptica KpsC-C 364 322685 CAE33415 

4 Bordetella pertussis KpsS  391  AMS54806 

5 Bordetella pertussis KpsC-N 321 1321 AMS54805 

6 Bordetella pertussis KpsC-C 364 322685 AMS54805 

7 Campylobacter jejuni KpsS 394  EIB21594 

8 Campylobacter jejuni KpsC-N 316 1316 EIB21593 

9 Campylobacter jejuni KpsC-C 373 317689 EIB21593 

10 Cronobacter sakazakii KpsS 409  AFK00904 

11 Cronobacter sakazakii KpsC-N 325 1325 AFK00903 

12 Cronobacter sakazakii KpsC-C 353 326678 AFK00903 

13 E. coli RS218 serogroup K1 KpsS 401  KIE82101 

14 E. coli RS218 serogroup K1 KpsC-N 323 1323 KIE82100 

15 E. coli RS218 serogroup K1 KpsC-C 352 324675 KIE82100 

16 Haemophilus influenzae KpsS  406  AAQ12663 

17 Haemophilus influenzae KpsC-N  323 1323 AAQ12662 

18 Haemophilus influenzae KpsC -C 357 324680 AAQ12662 

19 Mannheimia haemolytica KpsS 410  EME03884 

20 Mannheimia haemolytica KpsC-N 333 1333 EME03885 

21 Mannheimia haemolytica KpsC-C 363 334696 EME03885 

22 Neisseria meningitidis  KpsS 419  AEQ62063 

23 Neisseria meningitidis  KpsC-N 347 1347 AEQ62064 

24 Neisseria meningitidis  KpsC -C 357 348704 AEQ62064 

25 Pasteurella multocida KpsS 408  AKD39594 

26 Pasteurella multocida KpsC-N 328 1328 AKD39595 

27 Pasteurella multocida KpsC-C 357 329685 AKD39595 

28 Thermosulfurimonas dismutans KpsS (partial) 361  WP_068670050 

29 Thermosulfurimonas dismutans KpsC-N 318  OAQ19866 

30 Thermosulfurimonas dismutans KpsC-C 348  OAQ20765 

 

  



Supplementary Table 2. 
1
H and 

13
C NMR data for the purified enzymatic reaction 

products (δ, ppm)
1
. 

 
Sugar residue  H-1a 

 

C-1 

H-1b H-2 

 

C-2 

H-3a 

(ax) 

C-3 

H-3b 

(eq) 

 

H-4 

 

C-4 

H-5 

 

C-5 

H-6 

 

C-6 

H-7 

 

C-7 

H-8a 

 

C-8 

H-8b 

 

Product 2             

→7)-β-Kdop-(2→ 

 

A  

175.2 

  

102.3 

1.79 

36.0 

2.42 

 

3.73 

68.9 

4.01 

66.3 

3.61 

73.4 

4.40 

72.4 

3.70 

63.5 

3.89 

 

β-Kdop-(2→ B  

175.3 

  

101.7 

1.86 

35.6 

2.44 

 

3.77 

68.8 

3.94 

66.7 

3.47 

74.7 

3.94 

70.6 

3.78 

65.4 

3.95 

 

Product 3             

→7)-β-Kdop-(2→ A  

175.2 

  

102.2 

1.78 

35.6 

2.41 

 

3.71 

68.7 

3.99 

66.1 

3.59 

73.4 

4.36 

72.3 

3.70 

63.7 

3.89 

 

→4)-β-Kdop-(2→ 

 

B  

175.2 

  

101.9 

1.92 

34.1 

2.35 

 

3.87 

73.5 

4.19 

66.6 

3.43 

74.3 

3.89 

70.4 

3.78 

65.3 

3.90 

 

β-Kdop-(2→ C  

174.8 

  

103.5 

1.87 

36.4 

2.46 

 

3.74 

68.6 

3.96 

66.7 

3.63 

74.7 

3.91 

70.4 

3.73 

65.5 

3.83 

 

Product 5
2
             

Gro-3-P G 4.13 4.21 4.08 3.89 3.96       

  66.5  69.7 67.7        

Gro-1-P G' 3.87 3.94 4.00 3.55 3.77       

  67.9  70.6 66.0        

β-Kdop-(2→ K  

175.6 

  

102.2 

1.86 

35.6 

2.44 3.78 

68.8 

3.96 

66.7 

3.61 

74.6 

6.95 

70.3 

3.77 

65.3 

3.91 

1
H NMR chemical shifts are given in italics. 

2
The signals for palmitoyl chain are at H 2.41 (H-2), 1.61 (H-3), 2.291.33 (H-4H-13), 1.29 (H-14), 1.32 (H-15), 

0.91 (H-16) and at C 176.8 (C-1), 35.1 (C-2), 26.0 (C-3), 30.531.4 (C-4C-13), 33.3 (C-14), 24.0 (C-15), 15.2 (C-

16). 

  



Supplementary Table 3. Primer sequences. The sequence complementary to the template is 

shown in uppercase. The introduced restriction sites are underlined. 
 
Primer  Sequence (5'→ 3') Restriction 

site 

Plasmid 

Amplification of E. coli kdsB2-248-His6 from pJKB72 plasmid   

1361-

OO 

 gatcccatgggcAGTTTTGTGGTCATTATTCCC NcoI pWQ963 

1362-

OO 

 gatcctcgagTTAGTGATGGTGATGGTGGTG XhoI  

Amplification of E. coli kpsS2-401   

OL1127  gatcccatgggcCAAGGTAATGCACTAACCG NcoI pWQ964 

OL1128  gatcctcgagATATATATTATGTTGGCAGTTTG XhoI  

Amplification of T. dismutans kpsC-N2-318   

LD16  gatcccatgggacaccaccaccaccaccacATGCCGGTTGGTGTTTTTAGCC NcoI pWQ965 

LD17  gatcctcgagttaGCCTTTGCCACCGATCAGATG  XhoI  

Amplification of T. dismutans kpsC-C1-326   

OL1159  gatcccATGGAAGATTTCTACACCTAC NcoI pWQ966 

LD23  gatcctcgagttagtggtggtggtggtggtgCGGCAGGTTTTTTTTCAGGTTCAC XhoI  

Site-directed mutagenesis of E. coli kpsC-N2-352    

LD57 R11A GCCTGGCATCTGGgcTATTCCGCATCTGG  pWQ967 

LD58 R11A CCAGATGCGGAATAgcCCAGATGCCAGGC   

LD79 W42F CAAGAAGTTAATGCTATCGCCGTGTtcGGACATCGTCCC  pWQ968 

LD80 W42F CGCGCTGGGACGATGTCCgaACACGGCGATAGC   

LD59 R45A CGCCGTGTGGGGACATgcTCCCAGCGC  pWQ969 

LD60 R45A GCGCTGGGAgcATGTCCCCACACGGCG   

LD37 E66A CCCGTCATTCGTCTGGcAGATGGATTTGTGCGT  pWQ970 

LD38 E66A ACGCACAAATCCATCTgCCAGACGAATGACGGG   

LD49 D67A CGTCATTCGTCTGGAAGcTGGATTTGTGCGTTCGC  pWQ971 



LD50 D67A GCGAACGCACAAATCCAgCTTCCAGACGAATGACG   

LD61 R71A CTGGAAGATGGATTTGTGgcTTCGCTGGATCTTGG  pWQ972 

LD62 R71A CCAAGATCCAGCGAAgcCACAAATCCATCTTCCAG   

LD81 Y93F TGGTGGTGGATGATTGTGGCATTTtCTACGATGCCAGC  pWQ973 

LD82 Y93F GCTGGCATCGTAGaAAATGCCACAATCATCCACCACCA   

LD63 K133A GACCGGGGATATGTCGgcATATAATCTGGCGCCTG  pWQ974 

LD64 K133A CAGGCGCCAGATTATATgcCGACATATCCCCGGTC   

LD83 Y134F CCGGGGATATGTCGAAATtcAATCTGGCGCCTGCGT  pWQ975 

LD84 Y134F ACGCAGGCGCCAGATTgaATTTCGACATATCCCCGG   

LD39 Q156A CAAACATCGTTCTGGTTGTCGATgcGACATTTAATGATATGTCAGTGA  pWQ976 

LD40 Q156A TCACTGACATATCATTAAATGTCgcATCGACAACCAGAACGATGTTTG   

OL1093 D160A GCCATACGTCACTGACATAgCATTAAATGTCTGATCGAC  pWQ977 

OL1094 D160A GTCGATCAGACATTTAATGcTATGTCAGTGACGTATGGC   

LD53 H194A GAAATTTGGGTGAAGGTGgcCCCAGATGTACTGGAAGG  pWQ978 

LD54 H194A CCTTCCAGTACATCTGGGgcCACCTTCACCCAAATTTC   

LD65 K201A CCCAGATGTACTGGAAGGAgcGAAAACAGGTTATTTCGCC  pWQ979 

LD66 K201A GGCGAAATAACCTGTTTTCgcTCCTTCCAGTACATCTGGG   

LD67 K202A CAGATGTACTGGAAGGAAAGgcAACAGGTTATTTCGCCGATC  pWQ980 

LD68 K202A GATCGGCGAAATAACCTGTTgcCTTTCCTTCCAGTACATCTG   

 

 

  



Supplementary Table 4. Plasmids. 
 

Plasmid Description Ref/Source 

pET28a(+) Protein expression vector under control of T7 promoter; Knr Novagen 

pJKB72 pCB20 derivative expressing E. coli K-12 KdsB-His6; Knr 1 

pWQ963 pET28a(+) derivative expressing E. coli KdsB2-248 This study 

pWQ964 pET28a(+) derivative expressing E. coli KpsS2-401 This study 

pWQ965 pET28a(+) derivative expressing T. dismutans KpsC-N2-318 This study 

pWQ966 pET28a(+) derivative expressing T. dismutans KpsC-C1-326 This study 

pWQ879 pET28a(+) derivative expressing E. coli KpsC2-675 
2 

pWQ886 pET28a(+) derivative expressing E. coli KpsC2-675 D160A 2 

pWQ880 pET28a(+) derivative expressing E. coli KpsC-N2-352 
2 

pWQ967 pET28a(+) derivative expressing E. coli KpsC-N2-352 R11A This study 

pWQ968 pET28a(+) derivative expressing E. coli KpsC-N2-352 W42F This study 

pWQ969 pET28a(+) derivative expressing E. coli KpsC-N2-352 R45A This study 

pWQ970 pET28a(+) derivative expressing E. coli KpsC-N2-352 E66A This study 

pWQ971 pET28a(+) derivative expressing E. coli KpsC-N2-352 D67A This study 

pWQ972 pET28a(+) derivative expressing E. coli KpsC-N2-352 R71A This study 

pWQ973 pET28a(+) derivative expressing E. coli KpsC-N2-352 Y93F This study 

pWQ974 pET28a(+) derivative expressing E. coli KpsC-N2-352 K133A This study 

pWQ975 pET28a(+) derivative expressing E. coli KpsC-N2-352 Y134F This study 

pWQ976 pET28a(+) derivative expressing E. coli KpsC-N2-352 Q156A This study 

pWQ977 pET28a(+) derivative expressing E. coli KpsC-N2-352 D160A This study 

pWQ988 pET28a(+) derivative expressing E. coli KpsC-N2-352 H194A This study 

pWQ989 pET28a(+) derivative expressing E. coli KpsC-N2-352 K201A This study 

pWQ980 pET28a(+) derivative expressing E. coli KpsC-N2-352 K202A This study 



Supplementary Table 5. Expression and buffer conditions used for protein purification.  

 

Protein 

 

Expression 

conditions 

 

Buffer A 

Buffer components in addition to buffer A 

Lysis 

buffer 

Membrane 

solubilization 

Column 

conditioning 

Wash 

buffer 1 

Wash 

buffer 2 

Elution 

buffer 

E. coli KdsB 37 °C, 2.53 h 50 mM Tris-HCl 

250 mM NaCl 

pH 8.0 

10% glycerol 

20 mM 

imidazole, 

protease 

inhibitors 

 20 mM 

imidazole 

20 mM 

imidazole 

40 mM 

imidazole 

250 mM 

imidazole 

E. coli KpsC 

 

37 °C, 2.53 h 50 mM Tris-HCl 

250 mM NaCl 

pH 7.5 

10% glycerol 

10 mM 

imidazole, 

protease 

inhibitors 

 10 mM 

imidazole 

20 mM 

imidazole 

40 mM 

imidazole 

250 mM 

imidazole 

E. coli KpsC-N 37 °C, 2.53 h 50 mM Tris-HCl 

250 mM NaCl 

pH 7.5 

10% glycerol 

10 mM 

imidazole, 

protease 

inhibitors 

 10 mM 

imidazole 

25 mM 

imidazole 

40 mM 

imidazole 

250 mM 

imidazole 

E. coli KpsC-N 

for crystallization 

37 °C, 2.5-3 h 20 mM Tris-HCl 

500 mM NaCl 

pH 8.0 

10% glycerol 

protease 

inhibitors 

 no imidazole 20 mM 

imidazole 

40 mM 

imidazole 

500 mM 

imidazole 

E. coli KpsC-C 

D160A 
37 °C, 2.53 h 50 mM Tris-HCl 

250 mM NaCl 

pH 7.5 

protease 

inhibitors 

10 mM 

imidazole 
0.1% DDM 

10 mM 

imidazole 

0.008% DDM 

protease 

inhibitors 

25 mM 

imidazole 

0.008% 

DDM 

25 mM 

imidazole 

0.008% 

DDM 

350 mM 

imidazole 

0.008% 

DDM 

E. coli KpsS 18 °C, 16 h 50 mM Tris-HCl 

250 mM NaCl 

pH 7.5 

protease 

inhibitors 

10 mM 

imidazole 

0.1% DDM 

10 mM 

imidazole 

0.008% DDM 

protease 

inhibitors 

25 mM 
imidazole 

0.008% 

DDM 

25 mM 
imidazole 

0.008% 

DDM 

350 mM 

imidazole 

0.008% 

DDM 

T. dismutans KpsC-N 37 °C, 2.53 h 50 mM Tris-HCl 

250 mM NaCl 

pH 7.5 

10% glycerol 

10 mM 

imidazole, 

protease 

inhibitors 

 10 mM 

imidazole 

20 mM 

imidazole 

40 mM 

imidazole 

250 mM 

imidazole 



T. dismutans KpsC-N 

for crystallization 

37 °C, 2.5-3 h 20 mM Tris-HCl 

500 mM NaCl 

pH 8.0 

10% glycerol 

protease 

inhibitors 

 no imidazole 20 mM 

imidazole 

40 mM 

imidazole 

500 mM 

imidazole 

T. dismutans KpsC-N 

selenomethionine 
derivative 

for crystallization 

 

37 °C, 6 h 20 mM Tris-HCl 

500 mM NaCl 

pH 8.0 

10% glycerol 

protease 

inhibitors 

 no imidazole 20 mM 

imidazole 

40 mM 

imidazole 

500 mM 

imidazole 

T. dismutans KpsC-C 37 °C, 2.53 h 50 mM Tris-HCl 

250 mM NaCl 

pH 7.5 

10% glycerol 

10 mM 

imidazole, 

protease 

inhibitors 

 10 mM 

imidazole 

20 mM 

imidazole 

40 mM 

imidazole 

250 mM 

imidazole 

T. dismutans KpsC-C 

for crystallization 

37 °C, 2.5-3 h 20 mM Tris-HCl 

500 mM NaCl 

pH 8.0 

10% glycerol 

protease 

inhibitors 

 no imidazole 20 mM 

imidazole 

40 mM 

imidazole 

500 mM 

imidazole 

  



Supplementary Table 6.  Data collection and refinement statistics  
 
 KpsC-NTd selmet KpsC-NTd CMP KpsC-NEc CMP KpsC-CTd apo 

Data collection     

Space group P212121 P212121 P212121 P21 

Cell dimensions     

    a, b, c (Å) 51.05, 65.88, 93.80 50.02, 65.54, 121.08 58.22, 64.58, 

77.59 

55.67, 79.82, 

77.40   

 ()  90, 90, 90 90, 90, 90 90, 90, 90 90, 109.12, 90 

Resolution (Å) 50 – 1.85 (1.9 – 

1.85)
*
 

50 - 1.8 (1.85-1.8) 50 - 1.35 (1.39-

1.35) 

50 – 2.5 (2.55 

– 2.5) 

Rsym 0.062 (0.937) 0.123 (0.84) 0.062 (0.73) 0.087 (0.85) 

I / I 15.6 (1.92) 7.9 (1.74) 14.64 (2.24) 15.5 (2.2) 

Completeness (%) 99.9 (100) 99.9 (100) 99.9 (99.3) 99.8 (100) 

Redundancy 6.8 (6.7) 6.2 (6.0) 6.4 (5.3) 7.6 (7.5) 

     

Refinement     

Resolution (Å)  50 – 1.8 50 - 1.35 50 – 2.5 

No. reflections  37637 64806 22212 

Rwork / Rfree  18.3/21.5 15.54/17.38 22.9/26.0 

No. atoms     

    Protein  2680 2513 4875 

    Ligand/ion  23 27 0 

    Water  271 262 90 

B-factors     

    Protein  38.2 33.4 65 

    Ligand/ion  27.2 34.7 - 

    Water  43.1 37.5 49 

R.m.s. deviations     

    Bond lengths (Å)  0.002 0.007 0.003 

    Bond angles ()  0.55 0.95 0.562 

All datasets were collected using a single crystal.  

*Values in parentheses are for highest-resolution shell. 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 1. Bioinformatic investigation of E. coli KpsC and T. dismutans 

KpsC homologs. a, Genetic context of T. dismutans KpsC homologs. The gene encoding the 

KpsC-N domain is located within a polysaccharide synthesis gene cluster, which includes other 

genes characteristic for CPSs synthesized via ABC-transporter-dependent processes 

(characterized by the export genes kpsEMTD)
3
. The kpsS and kpsC-C genes are in a separate 

contig. Upstream of kpsC-C there are several transposase genes, but no other immediate genes 

are predicted to be involved in polysaccharide synthesis. Only partial sequence (encoding first 

361 aa) is available for kpsS as it is at the end of the contig. b, The percentage of amino acid 

identity/similarity between T. dismutans KpsC homologs and corresponding domains of E. coli 

KpsC. c, Amphipathic helices at the C-terminus of E. coli KpsC and T. dismutans KpsC-C were 

predicted using the HeliQuest server
4
. The hydrophobic moment within these helices (indicated 

by arrows) suggests they may be involved in membrane interaction. Secondary structure 

predictions from JPred4
5
, in combination with the proposed amphipathic region (predicted via 

the HeliQuest server), were used to design truncations excluding this amphipathic region (with 

better solubility) for further biochemical investigation. 

  



 



Supplementary Figure 2. Multiple sequence alignment of selected KpsC homologs. 

Alignment was conducted using Clustal Omega
6
 and represented using ESPript 3.0

7
. For dual-

domain enzymes, individual GT modules are labelled according to N-terminal and C-terminal 

(N- or C-) position. Names of organisms are abbreviated; Escherichia coli (Ec), 

Thermosulfurimonas dismutans (Td), Campylobacter jejuni (Cj), Haemophilus influenzae (Hi) 

and Neisseria meningitidis (Nm) and accession numbers (GenBank/NCBI) are provided. The 

secondary structure of the E. coli KpsC-N enzyme has been overlaid and labelled according to 

structural information presented in Fig. 4a.  

  



 

 

Supplementary Figure 3. Chemical structures of compounds 15. 



 

Supplementary Figure 4. Functional characterization of T. dismutans KpsC-N and KpsC-

C. a, The structure of synthetic acceptor 1. b, Schematic in vitro reactions. c, d, Charge-

deconvoluted ESI mass-spectra of products 2 (c) and 3 (d). A small amount of trisaccharide 

product was observed in reaction with KpsC-C and 1, which may react with KpsC-N in a next 

step, resulting in a tetrasaccharide that is visible in spectrum in panel d. e, Selected regions of 
1
H,

13
C HSQC and HMBC spectra of products 2 (left) and 3 (right). Kdo residues are designated 

by letters. Downfield shifts of the substituted carbon atoms in Kdo residues (due to a positive α-

glycosylation effect) defined the positions of substitution, and these were unambiguously 

confirmed by HMBC correlations between the anomeric carbon (Kdo C-2) and proton at the 

substitution position. The NMR experiments were done once. 



 

Supplementary Figure 5. Characterization of the chain length of KpsC products by HPLC. 

Reaction mixtures containing no enzyme (a), KpsCEc (be), KpsC-NTd and KpsC-CTd separately 

(f, g) or together (h) were incubated at 30 C for 1 h. All reactions contained 60 µM disaccharide 

acceptor 4 and 3 mM Kdo. Numbers indicate Kdo transfers onto acceptor 4. A small amount of 

product formed in reaction with KpsC-CTd (g) is likely an in vitro artefact and not formed in vivo 

in the presence of KpsC-NTd. The experiment was repeated three times with similar results.  



 

Supplementary Figure 6. Time course of E. coli KpsC reaction. Reaction mixture contained 

6.3 µM KpsCEc, 60 µM acceptor 4 and 3 mM Kdo. The reaction was incubated at 30 for 6 h and 

aliquots were withdrawn at indicated time points and analysed by HPLC. Numbers indicate Kdo 

transfers onto acceptor 4. The experiment was repeated three times with similar results. 

  



 

  



 

Supplementary Figure 7. LC-ESI-MS analysis of reaction products in KdsB/KpsS/KpsC 

assay with NBD-PG acceptor. TLC lane numbers correspond to Fig. 2c (a) and Fig. 2d (b), and 

the enzymes in reactions are indicated. Extracted ion chromatogram (EIC) traces for NBD-PG 

represents merged EIC for [M2H]
2

, m/z 434.230; [MH]

, m/z 869.468; [M+Na2H]


, m/z 

891.450. EIC trace for Kdo-NBD-PG represents merged EIC for [M2H]
2

, m/z 544.259; 

[M+2Na4H]
2

, m/z 566.242; [MH]

, m/z 1089.527; [M+Na2H]


, m/z 1111.508; 

[M+2Na3H]

, m/z 1133.490. EIC trace for Kdo2-NBD-PG represents merged EIC for 

[M2H]
2

, m/z 654.288; [M+Na3H]
2

, m/z 665.279; [M+2Na3H]
2

, m/z 676.270; [MH]

, m/z 

1309.585; [M+Na2H]

, m/z 1331.567; [M+2Na3H]


, m/z 1353.549; [M+3Na4H]


, m/z 

1375.531. Symmetric m/z expansion was set to ±0.2. The EIC trace for Kdo3-NBD-PG is not 

shown due to low intensity. Shown beside each EIC graph are full scale and/or expanded regions 

of the corresponding ESI mass-spectrum for material at the indicated retention time. A trace 

amount of Kdo2-NBD-PG product in KdsB/KpsS/KpsC-N reactions (panels a and b) and Kdo3-

NBD-PG product in KdsB/KpsS/KpsC-C reaction (panel a) is likely an in vitro reaction artefact, 

due to high concentrations of acceptor and enzymes, as well as the absence of second KpsC 

domain that would take turns in vivo. The MS analysis was performed once. 



 

Supplementary Figure 8. TLC analysis of in vitro KdsB/KpsS reaction with lyso-PG 

acceptor. Increasing the amount of KpsS in reaction from 3 µg (lane 2) to 10 µg (lane 3) led to 

the highest (~50%) conversion. The experiment was repeated three times with similar results. 

  



 

Supplementary Figure 9. Additional views of the structure. a, Two views of KpsC-NEc; the 

left panel is the same as Fig. 4a, the right panel represents a second view through the helical 

subdomain. b, Two views of sequence conservation mapped onto the surface of KpsC-N. A 

multiple sequence alignment of KpsC-N homologs was mapped onto the KpsC-NEc structure 

using Consurf. Magenta denotes the most conserved residues, cyan denotes the most variable. A 

cluster of absolutely conserved residues lines the active site pocket. View in the left panel is 

identical to the first subpanel of a. c, Cartoon figures for KpsC-CTd, shown from views 

equivalent to a. d, Sequence conservation for KpsC-CTd, shown with views and conventions 

equivalent to panel b. CMP as positioned by the superposition of KpsC-NEc shown for reference. 

Note that the much more open appearance of this pocket is due to the disorder of multiple loops 

that normally cover the left half of the active site. e, Cartoon figures for KpsC-NTd, shown from 

views equivalent to panels a and c. f, Chemical structure of fondaparinux. g, Electron density for 

a partially ordered fondapurinux molecule in the KpsC-NEc structure. The view corresponds to 

that of Fig. 4c. Electron density is A weighed Fo–Fc density contoured at 2.5 (light green) and 

3.5 (dark green). A glucuronic acid molecule is placed in the density for scale reference but 

was not refined. Note that the density has a clear hole in the center at the higher contour level. 

While not interpretable as a single binding mode, the density is nevertheless consistent with a 

modified hexose binding stacked on Trp42. 



 

Supplementary Figure 10. In vitro biochemical activity analysis of KpsC-NEc proteins 

containing single amino acid substitutions. TLC plate of in vitro reactions using KpsC-NEc or 

proteins containing single amino acid substitutions with acceptor 4. Reactions were incubated for 

30 minutes at 30 °C. The experiment was repeated three times with similar results. The 

conservation of residues highlighted in this figure is illustrated in Supplementary Fig. 2.  
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