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Abstract

Sreptococcus pneumoniae is a globally important encapsulated human pathegéh
approximately 100 different serotypes recogniz8drogroup 23 consists of serotype 23F,
present in licensed vaccines, and emerging seret3pAa and 23B. Here, we report the
previously unknown structures of the pneumococapkular polysaccharides serotype 23A
and 23B determined using genetic analysis, NMRtspsmopy, composition and linkage
analysis and Smith degradation (of polysacchar8#)2 The structure of the serotype 23A
capsular polysaccharide is:4)-3-D-Glcp-(1 - 3)-[[a-L-Rha-(1 - 2)]-[Gro-(2- P 3)]-B-D-
Galp-(1-4)]-B-L-Rhegp-(1- . This structure differs from polysaccharide 23ktdeatures a
disaccharide backbone and the di-substit@t€hl is linked tg3-Rha as a side chain. This is
due to the different polymerization position casalgt by the unusually divergent repeat unit
polymerase Wzy in the 23¢éps biosynthesis locus. Steric crowding in 23A, congéd by
molecular models, causes the NMR signal for H-thefdi-substituted 2,B-Gal to resonate
in thea- anomeric region. The structure of the serotygig @apsular polysaccharide is the
same as 23F, but without the terminaRha: - 4)3-D-Glcp-(1 - 4)-[Gro-(2- P- 3)]-B-D-
Galp-(1-4)-B-L-Rhg-(1-. The immunodominant terminatRha of 23F is more sterically
crowded in 23A and absent in 23B. This may expla@reported typing cross reactions for

serotype 23F: slight with 23A and none with 23B.

Keywords: Streptococcus pneumoniae, Capsular polysaccharide, Serotype 23A, Serotype

23B, NMR spectroscopy.



1. Introduction

Sreptococcus pneumoniae is a globally important encapsulated human path@gpel
approximately 100 different serotypes have beeogmized [1]. Despite extensive genetic
and serological studies, the polysaccharide strestof several serotypes have yet to be
determined. Serogroup 23 consists of serotypes23& and 23 B, of which only the
structure of polysaccharide 23F has been publiffledBased on the epidemiology at the
time, serotype 23F was chosen for inclusion inZBealent polysaccharide vaccine [3] and
23F is currently present in all licensed conjugettecines. Epitope specificity studies on
synthetic conjugates and kill&lpneumoniae 23F in animals showed that the terminal

Rha is immunodominant [4]; this has also been aleskin human sera from subjects
immunized with PPV23 [5]. Early studies showed tigping antiserum prepared in rabbits
with type 23F bacteria reacts only slightly withagpe 23A and hardly at all with serotype
23B [3] and therefore cross-protection from the p8Fysaccharide and conjugate vaccines is
not expected. It is therefore unsurprising thadtype 23A and 23B have been identified as
emerging pathogens due to a combination of seraglacement and antimicrobial

resistance [6-11].

The genes required for pneumococcal capsular pathisaide (CPS) synthesis are generally
encoded on theps locus [12]. The locus contains three types ofyeres: those responsible
for (i) biosynthesis of nucleotide-activated sugéirs polysaccharide repeat-unit synthesis
and (iii) assembly of the repeat units and trarisponoss the membrane. In 23F, WchA
initiates the repeat-unit synthesis by catalysirgproduction of an undecaprenyl
pyrophosphate (UndPB)-Glucose. In successive steps, WchF addsteamnose to the
UndPP-Glucose, followed by WchV linkingbagalactose. ThiB-galactose is extended by

WchW and WchX adding e-rhamnose and a glycerol-2-phosphate, respectiwalgx flips



a single repeat unit into the periplasm, whereMay polymerase links the-glucose at
reducing end of the growing chain to the positiasf the single repeat unitB-galactose,
resulting in the mature polysaccharide [13]. W&zh, Wzd, and Wze are involved in the
modulation of capsule synthesis [14]. Biosynthe$idTDPL-rhamnose is achieved via the
RmIACBD genes, while CDP-2-glycerol biosynthesiguiees Gtp123 [15]. The serogroup

23 cpsloci sequences share the same 18 genes with mgakygree of similarity.

The published structure for the 23F polysacchaside elucidated by use of chemical and
spectroscopic analysis performed on the nativedarphosphorylated polysaccharide and
fragments generated by partial hydrolysis and platiotreatment [2]*H NMR assignments
were presented for the native and de-phosphoryfaiBdaccharide, however, tfi& NMR
spectrum was not assigned. Here we describe eléthid and 20H, °C and*’P NMR
experiments performed on the 23F polysacchariadeder to make full NMR assignments
that were used to facilitate the structural elutadaof the structurally related serotype 23A

and 23B polysaccharides.

2. Results and discussion

2.1. Genetic analysisand predicted structuresfor serotype 23A and 23B capsular
polysacchariderepeating units

The presence of the same glycosyltransferase (&19g(wchA, wchF, wchV, wehW and
wchX) that are present in tleps locus of serotype 23F, indicates the possibihst serotype

23A and 23B contain the same monosaccharide cotigross serotype 23F (Fig. 1).



Thecps cluster of serotype 23A is similar to 23F, witle thotable exception of the
oligosaccharide polymerase Wzy. A comparison of/\8&guences from & pneumoniae
serotypecps clusters (see Suppl. Fig. S1) reveals that eveungitn 23A Wzy is most closely
related to Wzy of 23F and 23B, the divergence i8igis as what can be observed between
polymerases belonging to different serogroups. Speeificity of Wzy protein sequence to
the polysaccharide subunit has been postulate@@pidited for serotyping purposes [16].
Thus it can be hypothesized that the repeatingainite 23A CPS is identical to the
repeating unit of 23F CPS, but that the serotyfferéince occurs due to a different

polymerization linkage of the single repeating sinit

In thecps cluster of serotype 23B, the highest sequenceasltygowards other GTs of the 23
group is observed for WchA and WchW. The functtdWVchA is biochemically
demonstrated as undecaprenyl-phosphate glucosybdphate transferase [17] which is a
highly conserved function irrelevant to sequeneeidiity withinS. pneumoniae [12].

WchW is a putativer-1,24.-rhamnosyltransferase [13]. A search for WchW hlogaes
revealed no hits outside of serogroupc@8loci within S, pneumoniae; however a
homologue to WchW was found in thes locus ofKlebsiella pneumoniae serotype K56,
designated as WcpL (accession CZQ24634 [18]). K.hmeumoniae K56 CPS repeating
unit also contains a rhamnose whiclai$,2-linked to galactose [19]. The fact that Wch¥V
23B has the lowest sequence identity to WchW of/E3Aiggests that there may be a
different bond between therhamnose and the-galactose, possibly explaining the
serotyping differences. The close homology betwiber23B and 23F repeat unit

polymerases (Wzy), suggests a similar polymeripdioo both serotypes.



2.2. NMR assignmentsfor serotype 23F capsular polysacchariderepeating unit

Chemical analysis of the 23F polysaccharide gageipected results. GC analysis of the
alditol acetate derivatives confirmed the preseasfdgha, Gal and Glc in the molar ratio 1.8 :
0.9: 1.0, whereas GC analysis of the chiral glyssshowed that the hexoses were inithe
absolute configuration and Rha in thabsolute configuration. The linkage positionstfer
constituent sugars were determined by GC and GGivfysis of the partially-methylated
alditol acetate (PMAA) derivatives (Table 1, colwsrirand Il). The 23F polysaccharide
contains terminal Rha (t-Rha), 4-linked Rha (4-RHd)nked Glc (4-Glc) and 2,3,4-linked
Gal (2,3,4-Gal). The presence of 2,4-linked Gad<@al) is due to loss of the 3-linked
phosphoglycerol substituent during the longer lisessgtment required to achieve higher
levels of methylation. The low amount of termifdda detected was attributed to
decomposition during the strong acid hydrolysisdittons employed and to the volatile

nature of trimethylated deoxy sugars.

The'H NMR spectrum (Fig. 2A) shows the expected sigf@ishe 23F tetrasaccharide
repeating unit (RU): four H-1, ring signals, shagaks from glycerol and two methyl signals
from a- andp-Rha, together with small signals from residual welll polysaccharide
(CWPS). The diagnostic anomeric and methyl praignals were used as starting points for
the'H-'H correlation experiments (COSY and TOCSY) whidlcilated H-1 to H-6 fo-

Glc, a- andp-Rha and H-1 to H-4 fd8-Gal. H-5 off3-Gal was assigned from the H-1/H-5
crosspeak in the NOESY experiment and H-6 fromHhE#C-6 crosspeak in the HSQC-
NOESY experiment. All of the HSQC crosspeaks (Bjgcould be assigned from the proton
assignments already established aided by overlahisi® TOCSY (200 ms), HSQC-
TOCSY, HSQC-NOESY and HMBC experiments. TFheand™*C NMR data are collected

in Table 2. The deshielded carbons and glycosylaghifts compared to the corresponding



monosaccharide [21] confirmed the linkage positi@ (+2.73 ppm), C-3 (+4.45 ppm) and
C-4 (+4.65 ppm) op-Gal, C-4 (+4.96 ppm) gi-Rha and C-4 (+6.90 ppm) pfGlc. The
relatively small glycosylation shift for C-2 of Ghhs been observed for other B;&al
residues in serotypes 15B and 33F and was attdhatthe strong steric hindrance imposed
by vicinal 2,3-disubstitution [22]. The sequendewgar residues indicated by glycosylation
shifts followed from the HMBC interresidue corrédaus (Suppl. Fig. S2A) and
transglycosidic correlations in the NOESY experimefhe'H-3'P HMBC experiment
showed major crosspeaks from the phosphodiestealsag -0.09 ppm to H-3 @¢Gal at 4.33
ppm and H-2 (and H-1/H-3) of Gro confirming the g#race of the Gro-(2 P- 3)3-D-Galp-
linkage. An expansion of the fully assigné@ NMR spectrum is shown in Fig. 4A; the
splitting of C-2 of glycerol (6 Hz) is frotP coupling. Lastly the proton-coupl&tC
spectrum gavéy; cafor the anomeric carbons confirming theconfiguration of the terminal
Rha (174 Hz) an@- for the remaining residues (162-168 Hz). ThusR&halysis

confirmed the structure of the tetrasaccharideatpg unit of serotype 23F polysaccharide
as - 4)3-D-Glcp-(1 - 4)-[a-L-Rhg-(1 - 2)]-[Gro-(2- P - 3)]-B-D-Galp-(1 - 4)-3-L-Rhg-

1-.

2.3. Structure of serotype 23A capsular polysacchariderepeating unit

Composition analysis of the 23A polysaccharide ganelar results to those obtained for
23F. GC analysis of the alditol acetate derivatisieowed the presence of Rha, Gal and Glc
in the molar ratio 2.3 : 0.7 : 1.0. This was confed by GC-MS analysis of the TMS methyl
glycosides (Suppl. Fig. S3A) which also gave patease of Gal (relative peak areas of 0.45
:0.20 : 1.00). A small amount of glycerol wasoatketected by MS. GC analysis of the
chiral glycosides showed that the hexoses wereab tabsolute configuration and Rha in the

L absolute configuration as for 23F. The linkagsitians for the constituent sugars were



determined by GC and GC-MS analysis of the PMAAwdgives (Table 1, columns Ill and
IV). In contrast to the 23F polysaccharide, thé& 28lysaccharide contains terminal Rha (t-
Rha), 4-linked Glc (4-Glc) and 2,3-linked Gal (Z32d) instead of 2,3,4-Gal. The low
amounts of 2-linked Gal (2-Gal) are due to some tighe 3-linked phosphoglycerol
substituent during the potassium dimsyl base treatmBase treatment for 2 h resulted in
higher levels of methylation (Table 1, column I\idashowed the presence of 3,4-linked Rha
(3,4-Rha) not detectable in the first methylatioalgsis. The linkage analysis showing the

presence of 2,3-Gal and the doubly-branched Rhaca@®med by NMR analysis.

The'H NMR spectrum (Fig. 2B) shows signals for the 28#&asaccharide RU: four H-1,

ring signals, sharp peaks from glycerol and twohyletignals fronu- andp-Rha, together
with small signals from residual CWPS. Similarweheal shifts and coupling constants were
observed fono- andB-Rha and3-Glc compared to the spectrum of 23F (Fig. 2A).e Timgjor
difference is the presence of a new H-1 signal Bt ppm attributed to Gal. This chemical
shift is in thea- anomeric region, however, the large coupling Wt (7.8 Hz) is
characteristic op-Gal [23]. A full set of'H, **C and®*'P 1D and 2D NMR experiments were
performed, as described for the 23F polysacchadefor 23F, the COSY and TOCSY
experiments elucidated H-1 to H-4 for Gal and Hdswassigned from the H-1/H-5 crosspeak
in the NOESY experiment; this constitutes furthexrgb of the- configuration for Gal. As

for 23F, all of the HSQC crosspeaks (Fig. 5) cdaddassigned from the proton assignments
aided by appropriate overlays with hybrid and HM&@®eriments. Th&H and™C NMR

data are collected in Table 3. The deshieldedorerland glycosylation shifts established the
linkage positions: C-2 (+2.83 ppm) and C-3 (+4.8mp of B-Gal, C-3 (+9.47 ppm) and C-4
(+1.10 ppm) of3-Rha and C-4 (+6.50 ppm) pfGlc. The small glycosylation shift for C-4

of B-Rha has been observed for B4Rha in serotype 17F [24]; this can be attributethe



strong steric hindrance imposed by vicinal disubstn. The sequence of sugar residues
indicated by glycosylation shifts followed from th®MBC interresidue correlations (Suppl.
Fig. S2B) and transglycosidic correlations in tHeB8Y experiment. ThiH-*'P HMBC
experiment showed major crosspeaks from the phalsps$ter signal at -0.68 ppm to H-3 of
B-Gal at 4.25 ppm and H-2 (and H-1/H-3) of Gro confng the presence of the Gro-

(2 P- 3)-p-D-Galp-linkage. An expansion of the fully assignéd NMR spectrum is
shown in Fig. 4B; the splitting of C-2 of glyce@ Hz) is from*>'P coupling. Lastly the
proton-coupled®C spectrum gavéy; c:for the anomeric carbons confirming the
configuration of the terminal Rha (173 Hz) gdhdor the remaining residues (162-168 Hz)
including the Gal (168 Hz). Thus NMR analysis bbshed the structure of the
tetrasaccharide repeating unit of serotype 23Agaalgharide as. 4)3-D-Glcp-(1- 3)-[[a-
L-Rhep-(1- 2)]-[Gro-(2- P- 3)]-B-D-Galp-(1 - 4)]-B-L-Rhgp-(1 - . The repeating unit
structure and anomeric configuration of Gal wadficored by Smith degradation studies

which yielded a major oligosaccharide prod2@ASD.

Periodate oxidation of the proposed repeatingstnitcture would be expected to
depolymerize the polysaccharide by oxidation of4Hmked(3-Glc in the sugar backbone
and to oxidize the terminal-Rha on the 2,3-linked Gal side chain to yield hgosaccharide
product that would be amenable to analy$i$.NMR analysis of the major Smith
degradation produc23ASD, showed the presence[®Rha (H-1 at 4.77 and H-6 at 1.37
ppm) and H-1 of3-Gal at 4.64 ppm, the expected chemical shift redpo ap-linked Gal

(Figure 6).

Full NMR characterization &#3ASD elucidated the oligosaccharide@d-Galp-(1 - 4)-3-

L-Rhg-(1 - 2)-threitol; the labelled HSQC spectrum and chehshédt data are presented in

9



Suppl. Fig. S4 and Table 3 (lower panel), respebtivThe threitol is derived from oxidation
followed by borohydride reduction of the 4-linkedtc@nd3-Gal is terminal due to oxidation
and cleavage of the-Rha linked to C-2 and loss of the 3-linked phogynerol substituent
during NaBH treatment. The disaccharide chemical shift degaragood agreement with
those predicted by CASPER [25]. These results banguously prove that the 2,3-linked Gal
residue in serotype 23A has fBeconfiguration. H-1 of 2,3,-Gal linked to C-4 of Rha in
serotype 23F resonates at 4.95 ppm, howeversitaagly deshielded to 5.17 ppm in the

23A polysaccharide which has the B35al linked to C-4 of the 3,4-disubstituted Rha.

2.4. Structure of serotype 23B capsular polysaccharide repeating unit

Composition analysis of the 23B polysaccharide gawelar results to those obtained for
23F and 23A. GC-MS analysis of the TMS methyl gbides (Fig. S2B) showed the
presence of Rha, Gal and Glc (relative peak are@282 : 0.53 : 1.00) together with trace
amounts of glycerol. Th#4 NMR spectrum (Fig. 2C) shows signals for the 23B
trisaccharide RU: three H-1, ring signals, shagnais from glycerol and one methyl signal
from 3-Rha, together with signals from residual CWPSe ID spectrum indicated that 23B
has the same structure as 23F, but without tharnatim-Rha. This was confirmed by the full
set of'H, **C and®'P 1D and 2D NMR experiments performed. All of H®QC crosspeaks
(Fig. 7) could be assigned from the proton assignshaided by appropriate overlays with
hybrid and HMBC experiments. The and™*C NMR data are collected in Table 4. The
deshielded carbons and glycosylation shifts estiaédl the linkage positions: C-3 (+4.15
ppm) and C-4 (+4.38 ppm) @tGal, C-4 (+8.96 ppm) d¥-Rha and C-4 (+7.10 ppm) pf

Glc. The similarity of the glycosylation shifts timose obtained for 23F provide proof that
the bonds have the same configuration factorshiat.the hexoses have theabsolute

configuration and Rha theabsolute configuration. The sequence of sug&iues indicated

10



by glycosylation shifts followed from the HMBC imtesidue correlations (Suppl. Fig. S2C)
and transglycosidic correlations in the NOESY ekpent. The'H-*'P HMBC experiment
showed major crosspeaks from the phosphodiestealsa -0.26 ppm to H-3 ¢¢Gal at 4.26
ppm and H-2 (and H-1/H-3) of Gro confirming the sggece of the Gro-(2 P- 3)3-D-Galp-
linkage. An expansion of the fully assigné@ NMR spectrum is shown in Fig. 4C; the
splitting of C-2 of glycerol (5.8 Hz) is froftP coupling. Lastly the proton-coupl&tC
spectrum gavéy; cafor the anomeric carbons confirming feonfiguration for all the
residues (162-165 Hz). Thus NMR analysis estabtigshe tetrasaccharide repeating unit of
serotype 23B polysaccharide agl)-3-D-Glcp-(1 - 4)-[Gro-(2—- P- 3)]-B-D-Galp-(1 - 4)-3-

L-Rha-(1-.

2.5 Molecular models

Molecular models of 10RU of the three polysacclesidere built with CarbBuilder [26] and
subsequently minimized. The models for 23F and 23@v the same loose helical
conformation (Fig. 8), with a helical pitch of apgimately 40 A and 15 residues per helical
turn. However, the immunodominant terminaRha in 23F (absent in 23B) is clearly
exposed on the edge of the helix (purple residué&sg. 8), and would present a markedly
different surface for antibody binding than 23B. cbntrast to the conformations of 23F and
23B, the model for 23A is not a helix at all, buglghtly twisted flat ribbon, with clear steric
crowding at thé3-L-Rha branch point: the-Glc is in close proximity t@-Gal (< 3 A). This
model thus explains the strong deshielding of H-2,8{3-Gal observed in the NMR
spectrum of polysaccharide 23A. Further, the priadion of the terminak-Rha in 23A is
quite different to 23F: the-Rha forms a long, almost straight line along thaic in 23A, as

opposed to its orientation in the 23F helix. Ti&edent conformations depicted in these

11



preliminary models suggest little likelihood of sssprotection between either 23F or 23B

with 23A.

3. Conclusions

Structural predictions of the 23A and 23B polysacide based on the genetic analyses are in
agreement with the experimentally-obtained stresurThe biological repeat units of the two
polysaccharides can be identified with confideraeel the glycosyltransferases responsible

for each elongation step can be assigned by cosgrawith the 23€ps locus (Fig. 9).

The low similarity between the polymerase Wzy & #8A and 23fps locus is reflected in
the different polymerization which results in arsfgcantly divergent polysaccharide
structure, where the backbone is constituted byepetition of the- 3)-3-L-Rhagp-(1 - 4)-3-
D-Glcp-(1- disaccharide. This is the first report describtangplymerization position on the

second sugar from the reducing end of the repaairugreptococcus pneumoniae.

WchW activity in 23B is not only different to it8E counterpart as predicted, but it is even
absent. The lack of thee-1-2-linked-rhamnose constitutes the only diffeeebetween 23F
and 23B capsular polysaccharides. The reason&/¢bikV’s missing activity are not clearly
deducible from a comparison of the known homologite®uld be due to either several
inactivating mutations in the protein, comparin@8¥, or a halt at the transcriptional level.
As Geno at al. [27] have recently shown, a subfferénce of only two amino acid
substitutions can be responsible for the inactivatf the acetyltransferase in an isolate of

serotype 35B, resulting in a novel, non-acetylaectype.

12



Molecular modelling shows similar helical structsifer 23F and 23B, but a markedly
different sterically-crowded ribbon-like structuae 23A. The repeating unit structures for
23A and 23B may explain why the typing antiserupared in rabbits with type 23F
bacteria reacts only slightly with serotype 23A &addly at all with serotype 23B [3]. In
23A, the immunodominant terminatRha [5] is no longer a pendant group at C-2 of the
main backbone 2,3,4-Gal as in 23F, but on C-2 efstkrically constrained 2,3-Gal, now
present as a side chain (Fig. 8). This meanghleaerminabi-Rha of 23A will be less
accessible to 23F antibody directed against thisidant epitope. The terminatRha is

absent in 23B, which results in little or no crosaction with 23F antisera as reported.

4. Experimental
Purified pneumococcal polysaccharide serotypes@®8R23B were purchased from Statens
Serum Institut (SSI). A second sample of polysadde 23A and the comparator

polysaccharide 23F were obtained from GlaxoSmitmKBiologicals (Rixensart, Belgium).

4.1. Genetic analysis of serogroup 23 cps locus sequence
The publisheaps locus sequences (serotype 23a: accession CR932BI83CR931684; 23f:
CR931685) and Wzy sequences [12] have been doweddaodm GenBank

(https://www.ncbi.nlm.nih.gov/nuccore). Pairwis@igin sequence identity has been

assessed using BLASTp [28]. Multiple sequencenatignts have been performed using T-
Coffee and standard parameters (v11.00) [29]. WByogeny was inferred from multiple
sequence alignments by running RAXML using a gardisigibution to model site-specific

rate variation and 100 bootstrap replicates [30].

4.2. Monosaccharide composition analysisby GC and GC-M S

13



Hydrolysis of polysaccharide 23F and 23A samplées @g) was performed with 2M TFA

for 2 h at 125 °C and alditol acetates prepargar@gously described [31]. GC analysis was
performed on a Perkin—Elmer Autosystem XL gas clatograph equipped with a flame
ionisation detector and SP2330 column (30 m); teatpee program: 200 °C for 1 min, 200
— 245 °C at 4 °C/min, and 245 °C for 16 min. A tane of standard monosaccharides (with
inositol as an internal standard) was used to deter the retention times and response
factors for each sugar.

Methanolysis (3 M HCI) of polysaccharide 23F, 23&l&3B samples (0.5 — 1 mg) was
performed in a CEM Discover SP-d Microwave reaetot20 W and 121 °C for 5 minutes
and the tri-methyl silyl ether (TMS) derivativesepared as described by Kim et al. [32].
GC-MS analysis was performed on an Agilent 87204 Ghromatograph equipped with a
Agilent 5975 mass spectrometer and a DB-1MS col(BAmm); temperature program: 50 °C
for 2 min, 50 - 150 °C at 30 °C/min, 150 - 220&C3 °C/min, 220 - 300 °C at 30 °C/min
and 300 °C for 10 min. The inlet temperature weisas 250 °C and the MS transfer line at
300 °C. The MS acquisition parameters were sstém at m/z 50-550 in electron impact
(El) mode. GC-MS data was processed using Agidr@mstation software. A mixture of
standard monosaccharides was used to determimetémgion times and corresponding mass

spectra for each sugar derivative.

4.3. Monosaccharide absolute configuration analysisby GC and GC-M S

Determination of the absolute configuration of thenosaccharide residues in 23F and 23A
was performed according to Gerwig et al. [33]. Recovery using the standard method was
addressed by additional steps of sample preparafibe samples were sonicated using a
Branson sonicator equipped with a microtip at 2.8X for 60 sec at power 4 in ice, at 1

min intervals). Prior hydrolysis of sonicated Edgcharide 23F and 23A samples (0.5 mg)

14



was performed (2M TFA for 2 h at 125 °C) was folemhby butanolysis (1 M HCI) in S-(+)-
2-butanol for 16 h at 80 °C and TMS derivatizatidaC analysis was performed on an
Agilent Technologies 6850 gas chromatograph equippth a flame ionisation detector and
an HP-1 column (30 m); temperature program: 50dtCLfmin, 50 — 130 °C at 45 °C/min,
130 °C for 1 min, 130 — 200 °C at 1°C/min, and 2G0or 10 min. GC-MS (e.i.) analyses
were carried out on an Agilent Technologies 789@4 ghromatograph coupled to an Agilent
Technologies 5975C VL MSD, using an HP-1 columnrfgand the same temperature
program. TMS derivatives of monosaccharide statsl@ll with theD configuration, except
L-Rha) were prepared using butanolysis (1 M HCB4(t+)-2-butanol or R-(-)-2-butanol.
Attribution to theD- or L- absolute configuration was achieved by compaitiegelution time
of the samples with those of the monosaccharidelatds. GC-MS was used to confirm the

data obtained with GC and to identify all peaksspre in the chromatograms.

4.4. Linkage analysis by methylation and GC-M S

Permethylation of polysaccharide 23F and 23A samfflés mg), hydrolysis and
derivatization to partially methylated alditol azets (PMAA) was achieved following the
methods described by Harris et al. [34] and Albeirshet al. [31], respectively. Poor
recovery using these standard methods was addregsettlitional steps: prior sonication of
the polysaccharides as described in section Atiyliaddition of a small amount of
potassium dimsyl and GH in order to achieve some methylation of hydroixylctions

which aids solubilization, and by repeating themkzttion step with potassium dimsyl and
CHal for 30 min instead of 10 min. A second set ottmytation experiments were performed
using an even longer incubation time of 2 h. PMAgkidatives were analyzed by GC and
GC-MS. Identification of the sugar type followadrh retention times and the ring size and

the linkage positions of the glycosidic bonds fritra corresponding mass spectra.
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Quantification of each sugar derivative was achddwg correcting the corresponding area of
the gas chromatogram by an effective carbon regpfaasor according to Sweet et al. [20].
GC analysis was performed on a Perkin—Elmer AutesysXL gas chromatograph equipped
with a flame ionisation detector and an HP-1 colB0hvm); temperature program: 125 °C
for 1 min, 125 — 240 °C at 4 °C/min, and 240 °CZanin. GC-MS (e.i.) analyses were
carried out on an Agilent Technologies 7890A ga®swtatograph coupled to an Agilent
Technologies 5975C VL MSD, using an HP-1 columnr8and the same temperature

program.

4.5. Smith degradation of polysaccharide 23A

Polysaccharide 23A (23 mg) was subjected to commeidation with 0.18 mmol of NalO

at 10 °C for 6 days in the dark [35,36]. The reactvas stopped by the addition of glycerol
and the products were reduced with NaBiAddition of 50% CHCOOH after 16 h
destroyed the excess of reducing reagent, the sangd dialysed and the product recovered
by lyophilisation. Mild hydrolysis (0.5 M TFA) waonducted at room temperature for 6
days. The solution was taken to dryness underceztipressure, dissolved in water, its pH
adjusted to neutrality, and the product recoveratkureduced pressure. It was then
separated on a Bio Gel P2 column (1.6 cm i.d. gr@Pequilibrated in 50 mM NaN{which
was also used as eluent. The flow rate was 6 mbdhfractions were collected at 15 min
intervals. Elution was monitored using a refraetindex detector (WGE Dr. Bures,
LabService Analitica) which was connected to a papeorder and interfaced with a
computer via picolog software. One major oligosacce, name@3ASD, was obtained
from the chromatographic separation and purifiediayysis (Float-A-Lyzer, MWCO 100-
500 Da) and treatment with MTO-Dowex marathofi, [@H) resin to remove residual salt.

The23ASD oligosaccharide was fully characterized by NMRcsmescopy.
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4.6. NMR spectroscopy

Polysaccharide samples (~10 mg) were lyophilizetlexthanged twice with 99.9 %
deuterium oxide (Sigma Aldrich), then dissolve®00 pL of O and introduced into a 5
mm NMR tube for data acquisition. Preliminary NM&idies yielded broad lines and poor
2D crosspeaks for polysaccharide 23A and 23F,fgketgl resolution was improved by
placing the NMR sample in a Branson 1200 Sonioasier bath for 1-2 days. 111, *°C
and*'P and 2D, COSY, TOCSY, NOESY, HSQC, HMBC and hybt2BC, HSQC-
TOCSY and HSQC-NOESY NMR spectra were obtainedguaiBruker Advance Il 600
MHz NMR spectrometer equipped with a BBO Prodigyo@robe and processed using
standard Bruker software (Topspin 3.2). The pitebgperature was set at 313 or 323 K. 2D
TOCSY experiments were performed using mixing timie$s20 or 180 ms and the 1D
variants using mixing times up to 200 ms. The HSQ@eriment was optimized fdr= 145
Hz (for directly attachedH-'°C correlations), and the HMBC experiment optimifeda
coupling constant of 6 Hz (for long-rantjé-**C correlations). HSQC-TOCSY and HSQC-
NOESY NMR spectra were recorded using mixing timie$20 and 250 ms respectively.
Polysaccharide spectra were referenced to restéliahall polysaccharide signals
(phosphocholinéH signal at 3.23 ppm arldC signal at 54.5 ppm and the shield& signal
at 1.30 ppm) [37]. Spectra recorded for oligosadde23ASD were referenced relative to

H6/C6 ofp-Rha:'H at 1.37 ppm*C at 17.5 ppm.

4.7. Molecular modeling
Optimal dihedral angle conformations for the glydaslinkages were taken from the
corresponding disaccharide potential of mean féne® energy surfaces calculated with the

metadynamics routine incorporated into NAMD [38jthwthe @ glycosidic linkage torsion
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angles used as collective variables. The optimalazmations are listed in Table 5.
Molecular models of 10 repeat units of 23F, 23A 288 were built with CarbBuilder
version 2.1.17 [26] using the dihedral anglesdisteTable 5. We added bond, angle and
dihedral parameters to the CHARMMS36 additive fdiileéd for carbohydrates [39,40] to
represent the 2-phosphate substitution on glycasolyell as the glycosidic phosphodiester
(2->3) linkage. These parameters were adapted tihemibitol phosphodiester parameters
previously added to the force field [41]. Thesé&aholigosaccharide structures were
optimized through 20000 steps of standard NAMD g 2.9) minimization in vacuum

[42].
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Table 1

Determination of the glycosidic linkages in pneummzal polysaccharides 23F and 23A by

GC-MS of PMAA derivatives.

Linkagée Relative molar ratio
RRT [ I ' \V&

t-Rha 060 048 014 020 0.15
4-Rha 0.75 0.61 0.64

3,4-Rha 0.87 nd" 094
4-Glc 100 1.00 100 100 1.00
2-Gall 1.01 0.13 0.1
2,3-Gal 1.13 0.50 0.59
2,4-Gal 1.13 021 0.22

234-Gal 121 029 041

®the numbers indicate the position of the glycasiaikages, e.g. t-Rha= terminal non-
reducing rhamnos&;Relative retention timé;Peak areas were corrected by the effective
carbon response factor (Sweet et al., 1975,[2@))the molar ratio are expressed relative to
4-Glc (set as 1.00%;| = Pn23F polysaccharide methylated for 30 lh= Pn23F

polysaccharide methylated for 2'hll = Pn23A polysaccharide methylated for 30 nfity

= Pn23A polysaccharide methylated for 2 h;d. = not detected.
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Table 2

lH andlsc NMR chemical shiftsg, ppm) for the serotype 23F polysaccharide repgatmt

H-1 H-2 H-3 H-4 H-5 H-6
Residue C-1 C-2 c-3 C-4 C-5 C-6
a-L-Rhap-(1- 5.10 4.15 3.82 3.47 4.10 1.27
a-R 101.66 7030 7051 7237  69.20 16.94
-2,3,4)p-D-Gap-(1-»  4.95 3.82 4.33 4.42 3.81 3.94
GA 101.22 7569 7823 7434  74.45 61.08
> 4)B-L-Rhg-(1—»>  4.86 4.04 3.80 3.70 3.44 1.36
B-R 17.59
101.05 7155 7391 7779 7141
—4)-B-D-Glcp-(1>  4.83 3.36 3.68 3.64 353  3.94,3.83
G 102.76 7381 7588 7761  74.78 61.42

Phosphoglycerol at O-3 of GaH, **C and®'P assignments; CH: 4.29, 77.495 CH,: 3.77,

62.03 and’P at -0.09 ppm.
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Table 3

lH andlsc NMR chemical shiftsg, ppm) for the serotype 23A polysaccharide repgatimt

(upper panel) and for the Smith degradation pro@8&tSD (lower panel)

H-1 H-2 H-3 H-4 H-5 H-6
Residue Cc-1 C-2 C-3 C-4 C-5 C-6
a-L-Rhap-(1- 5.06 4.13 3.82 3.49 4.07 1.27
a-R 101.50 70.28  70.85  72.36  69.06 16.93
-2,3)p-D-Gap-(1»  5.17 3.67 4.25 4.18 3.66 ~3.81
GA 99.53 7579  78.63 6851  74.89 61.31
-3,4)B-L-Rhgp-(1—>  4.91 4.32 3.95 3.94 3.45 1.37
B-R 100.83 7137 8323 7393  71.45 17.51
—4)p-D-Glep-(1»  4.67 3.40 3.66 3.65 354  3.91,3.85
G 10400 7369  76.03 7721  74.95 61.15
B-D-Galp-(1- 4.64 3.53 3.65 3.91 3.67  [B.77
GA 1044  72.4 73.5 69.3 75.8 61.5
S4)B-L-Rhap-(1—>  4.77 4.04 3.82 3.63 3.48 1.37
B-R 99.8 715 734 816 714 175
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H-1 H-2 H-3 H-4 H-5 H-6
Residue c-1 C-2 Cc-3 C-4 C-5 C-6
S2)-Threitol ~ 3.72,3.82 3.83 3.83  3.68,3.73
T 61.2 80.6 71.6 63.3

Phosphoglycerol at O-3 of GaH, **C and®'P assignments; CH: 4.27, 77.513 CH,: 3.77,

61.96 and’P at -0.68 ppm.
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Table 4

lH andlsc NMR chemical shiftsg, ppm) for the serotype 23B polysaccharide repgatmit

H-1 H-2 H-3 H-4 H-5 H-6
Residue Cc-1 C-2 C-3 C-4 C-5 C-6
-3,4)p-D-Gap-(1»  4.77 3.80 4.26 4.39 373 3.82,3.76
GA 10410 7134  77.93 7407 7477 60.92
> 4)p-L-Rhap-(1>  4.86 4.09 3.82 3.63 3.49 1.37
B-R 101.02  71.02 7327  8L79 7112 17.35
—4)B-D-Glep-(1»  4.81 3.34 3.68 3.64 353  3.94,3.82
G 102.76  73.87 7591  77.69  74.79 61.43

Phosphoglycerol at O-3 of GaH, *C and®*'P assignments; CH: 4.29, 77.695 CH,: 3.76,

61.9;*'P at-0.26 ppm.
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Table 5
Optimal values for the, glycosidic linkage torsion angles determined fraacuum

metadyamics.

Disaccharide ¢y

a-L-Rha-(1—2)--D-Galp 39,21

B-D-Glcp-(1—3)-B-L-Rhgp 46, 11; 59 -13°

B-D-Galp-(1—4)B-L-Rhap 26, 26
B-D-Glcp-(1—4)3-D-Galp 44,16
B-L-Rha-(1—4)-3-D-Glcp -51, -8

#Value used for 23A, to avoid atomic collisions. Fkalue is still within the vacuum global

minimum energy well
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List of Figures

Figure 1: Comparison of serogroup @ loci. The results of a pairwise BLASTp protein
sequence comparison are shown.

Figure 2: 1D'H NMR spectra of pneumococcal serotype (A) 23F, 28 and (C) 23B
capsular polysaccharides. Some signals includieglthignostic anomeric and methyl protons
are labeled.

Figure 3: Expansion of the HSQC spectrum of polgsadde 23F recorded at 600 MHz, the
crosspeaks from the methyl region of the spectrigrshown in the insert. Key
tetrasaccharide repeating unit proton/carbon cemsphave been labeled according to the
carbon atom of the corresponding residuegndp-R =a- andf-Rha, G = Glc, GA = Gal
and Gro = glycerol).

Figure 4: Expansion of the 13C NMR spectra of pneumococcal serotype (A) 23F XB)
and (C) 23B capsular polysaccharides showing tbhenanc and ring regions. Carbon peaks
have been labeled according to the correspondsidue (- andp-R =a- andp-Rha, G =
Glc, GA = Gal and Gro = glycerol).

Figure 5: Expansion of the HSQC spectrum of polgsadde 23A recorded at 600 MHz, the
crosspeaks from the methyl region of the spectrigrshown in the insert. Key
tetrasaccharide repeating unit proton/carbon cemsphave been labeled according to the
carbon atom of the corresponding residuegndp-R =a- andf-Rha, G = Glc, GA = Gal
and Gro = glycerol).

Figure 6: 1D'H NMR spectra of pneumococcal serotype (A) 23A pabcharide and (B)
23ASD, the oligosaccharide obtained after Smith degradaSome signals including the
diagnostic anomeric and methyl protons are labeled.

Figure 7: Expansion of the HSQC spectrum of polgsadde 23B recorded at 600 MHz, the

crosspeaks from the methyl region of the spectrigrslown in the insert. Key trisaccharide
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repeating unit proton/carbon crosspeaks have ladxteld according to the carbon atom of
the corresponding resideR =[-Rha, G = Glc, GA = Gal and Gro = glycerol).

Figure 8: Minimized molecular models for 10RU of2@eft) 23A (middle) and 23B (right),
shown in space-filling representation and colorecbeding to residue type. The models for
23F and 23B show a similar loose helical confororgtthe model for 23A is a slightly
twisted flat ribbon, with clear steric crowdingthe -L-Rha branch point.

Figure 9: Proposed glycosyltransferase and polyseesativity in serogroup 23
polysaccharides. Glycosyltransferases responfibleach elongation step are listed above

the respective glycosidic linkage in italics. Tgwymerization site is marked by an arrow.
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Highlights
» Serotype 23A and 23B subunit structures were predicted from genome sequence
anaysis
* The structures of the 23A and 23B polysaccharides were elucidated
» The 23A polysaccharide has a disaccharide backbone and disubstituted 2,3-B-Gal asa
side chain

* The 23B polysaccharide is the same as 23F but without the terminal a-Rha



