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Upon investigation of Streptococcus pneumoniae serotype 15F capsular polysaccharide (CPS), we discovered that
it had a different phosphorylation substituent, namely glycerol-2-phosphate like the other serogroup 15 CPS
rather than the originally reported 0.2 equivalent of phosphate or phosphocholine. Furthermore, we also
determined the locations of the two previously unassigned O-acetyl groups present in the repeating unit of the

15F CPS, and carried out full NMR assignments of the 15F as well as 15A CPS. Lastly, a biosynthetic analysis of
serotypes 15F and 15A was performed and used to make a prediction for the structure of the recently discovered

serotype 15D.

1. Introduction

Streptococcus pneumoniae is a major human pathogen, estimated as
responsible for over one million deaths annually [1]. It is a Gram posi-
tive bacterium encapsulated by a polysaccharide, known as capsular
polysaccharide (CPS), which shields it from the host immune system.
Many different serotypes of Streptococcus pneumoniae exist, each with a
unique serological response caused by having unique CPS. To date, more
than 100 serotypes have been identified [2-5].

NMR spectroscopy is an important tool for the elucidation of CPS
structures, as knowledge of the structures will help understand how the
biosynthesis works, and how the pathogen is evolving to circumvent the
high vaccine pressure. A common method for identifying the serotype of
a strain isolated from a patient is PCR and consequent genetic analysis;
however this method suffers from not being able to properly distinguish
closely related serotypes, and consequently some strains can be mis-
typed [4,6,7]. In the case of the recently discovered 15D which was
initially typed as 15A, closer analysis and Quellung reaction typing
revealed it to be a unique serotype with an unknown CPS structure [4].
Similarly, when 7D was first encountered several years ago, the strain
that produced the CPS was initially identified as 7C using Quellung re-
action typing but as 7B using genetic analysis, and using NMR spec-
troscopy it was found to be a hybrid CPS with a 5:1 ratio between the
CPS of 7C and 7B, arising when a 7B strain had a specific mutation at a
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crucial residue, F385L, in the glycosyltransferase wewK producing a
bispecific transferase [7].

Serogroup 15 consists of five capsular polysaccharides, 15F, 15A,
15B, 15C and the recently described 15D [4]. At least four of the sero-
types, those with published CPS structures, have a repeating unit
comprised of the same five monosaccharide units [8-10], as shown in
Fig. 1. Of these four structures, 15F stands out in two ways compared to
the rest: Firstly, unlike 15A, 15B and 15C which are reported as having a
glycerol-2-phosphate substituent on 70% of the repeats, 15F is reported
as having 20% phosphate or phosphocholine. Secondly, 15F has two
OAc groups, whose location were previously unknown, whereas 15A
and 15C have none and 15B have 0.85 OAc per repeating unit [8-10].
The phosphate substitution was previously questioned by Jones and
Lemercinier (2005) [10], who also suggested that the 15F CPS should be
further investigated. The presence of phosphate or phoshpocholine in
20% of the repeating units seemed at odds both with the other serotypes
in serogroup 15 and streptococcus CPS in general, as no other reported
structure of CPS contained such a substitution. Additionally, as the lo-
cations of O-acetylation were unknown, this also warranted further
studies. Furthermore, to our knowledge neither 15F nor 15A CPS have
previously been fully assigned by NMR spectroscopy. The opportunity to
improve and update the knowledge of serogroup 15 CPS and CPS
biosynthesis served as the inspiration for this study.
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15F 3)-[60Ac]a-p-Galp-(1,2)-[R-3]3-D-Galp-(1,4)-B-D-GlcpNAc-(1,3)-[6-OAc] 3-D-Galp-(1,4)-B-b-Glcp-(1

15A 3)-a-D-Galp-(1,2)-[Gro-2-P-3]3-p-Galp-(1,4)-B-b-GlcpNAc-(1,3)-p-p-Galp-(1,4)-B-b-Glep-(1

15B 6)-[[20‘05,30_12,40‘12,60,550AC](X-D-Ga|p-( 1,2)-[Gro-Z-P-3]B-D-GaIp-( 1,4)] B-D-G|CpNAC-(1,3)-B-D-Ga|p-( 1,4)-B-D-G|Cp-(1

15C 6)-[a-D-Galp-(1,2)-[Gro-2-P-3]-p-Galp-(1,4)]3-p-GlcpNAc-(1,3)-B-p-Galp-(1,4)-B-p-Glep-(1

Fig. 1. The reported structures of serogroup 15 CPS. The acetyl groups of 15F have been assigned as part of this work, as their location was previously unassigned. R
is 20% phosphate or phosphocholine according to Perry et al., 1982 or stoichiometric glycerol-2-phosphate as described in this work.
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Fig. 2. From the bottom: 'H NMR spectra of native 15F CPS, sonicated 15F CPS, sonicated & de-O-acetylated 15F CPS and native 15A CPS.

2. Materials and methods
2.1. Sample preparation

The purified CPS from serotype 15F and 15A were produced by SSI
Diagnostica, Hillergd, Denmark. They were dissolved in 600 pL D20
(99.9%; Sigma Aldrich). Ultrasonication and de-O-acetylation of 15F
was carried out as previously described [11].

2.2. NMR spectroscopy

The 15F native NMR data were recorded on a 600 MHz Bruker
Avance (600.17 MHz for 'H and 150.91 MHz for °C) and the remaining
NMR data were recorded on a 800 MHz Bruker Avance III (799.85 MHz
for 'H and 201.12 MHz for 3C) equipped with a 5 mm TCI cryoprobe.
The strong teichoic acid (CWPS) phosphocholine methyl signal was used
as internal reference (3.200 and 54.50 ppm for 'H and '3C, respectively)
[12]. All data were acquired at 313 K. The following 2D experiments
were used for the structural analysis: Double quantum filtered correlated
spectroscopy (DQF-COSY), total correlation spectroscopy (TOCSY) with
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Fig. 3. HSQC spectrum of the sonicated & de-O-acetylated 15F sample. The positions arising from the CPS repeating unit have been labelled as described in the text.

The anomeric signals marked with * arise from the CWPS.

Table 1
NMR assignments of native 15F CPS, sonicated 15F CPS and sonicated & de-O-acetylated 15F.

Native 15F CPS 1 2 3 4 5 6 c=0 Ac-Me
4)-p-Glep-(1 'H 4.737 3.407 3.665 3.625 3.620 3.801 + 3.936
A 3¢ 103.76 73.5 74.59 79.30 74.93 60.40
3)-p-Galp-(1 H 4.429 3.605 3.716 4.165 3.922 4.289 + 4.289 - 2.115
B 3¢ 103.44 70.17 81.98 68.64 72.50 63.99 175.03 20.65
4)-p-GlepNAc-(1 'H 4711 3.786 3.752 3.825 3.643 3.864 + 3.960 - 2.017
C 3¢ 102.93 55.79 72.35 76.37 75.28 60.51 175.08 22.54
2-)[P-3]-p-Galp-(1 H 4.669 3.902 4.229 4192 3.728 3.761 + 3.795
D 3¢ 102.18 71.22 76.26 68.43 75.27 61.36
3)-a-Galp-(1 H 5.459 3.948 4.145 4.282 4.575 4.252 + 4.252 - 2.115
E 3¢ 96.87 67.59 79.39 69.44 68.38 64.34 174.49 20.65
Gro-2-P 'H 3.704 + 3.738 4.245 3.704 + 3.738

3¢ 62.07 77.425 62.07
Sonicated 15F CPS 1 2 3 4 5 6 Cc=0 Ac-Me
4)-p-Glep-(1 H 4.733 3.399 3.661 3.617 3.609 3.794 + 3.963
A 3¢ 103.71 73.40 74.59 79.38 74.82 60.39
3)-p-Galp-(1 H 4.436 3.600 3.717 4.165 3.919 4.280 + 4.280 - 2112
B 3¢ 103.43 70.12 81.96 68.59 72.46 64.02 174.23 20.62
4)-p-GlepNAc-(1 'H 4.701 3.785 3.738 3.829 3.625 3.864 + 3.952 - 2.017
C 3¢ 102.95 55.72 72.38 76.33 75.15 60.47 175.2 22.55
2-)[P-3]-p-Galp-(1 H 4.664 3.914 4.221 4.183 3.725 3.751 + 3.784
D 3¢ 102.26 71.06 76.22 68.36 75.27 61.34
3)-a-Galp-(1 'H 5.456 3.943 4141 4.281 4.571 4.248 + 4.248 - 2.112
E 3¢ 96.86 67.54 79.43 69.41 68.36 64.36 174.43 20.62
Gro-2-P H 3.700 + 3.748 4.24 3.700 + 3.748

3¢ 62.04 77.44 62.04
Soni&De-OAc 15F CPS 1 2 3 4 5 6 c=0 Ac-Me
4)-p-Glep-(1 H 4.712 3.392 3.656 3.656 3.583 3.805 + 3.930
A 3¢ 103.99 73.62 74.79 78.66 75.78 60.46
3)-p-Galp-(1 'H 4.431 3.584 3.696 4.119 3.701 3.72 + 3.750
B 3¢ 103.41 70.57 82.41 68.8 75.29 61.41
4)-p-GlcpNAc-(1 'H 4.695 3.771 3.749 3.822 3.610 3.866 + 3.950 - 2.019
C 3¢ 103.06 55.91 72.71 76.20 75.23 60.64 175.30 22.72
2-)[P-3]-p-Galp-(1 H 4.674 3.874 4.224 4.211 3.754 3.772 + 3.772
D 3¢ 101.99 73.03 76.43 68.34 72.45 61.44
3)-a-Galp-(1 'H 5.378 3.940 4.058 4,255 4.368 3.700 + 3.700
E 3¢ 97.90 67.75 80.07 69.28 70.78 61.64
Gro-2-P H 3.703 + 3.723 4.249 3.703 + 3.723

3¢ 62.10 77.73 62.10

80 ms mixing time, heteronuclear single quantum coherence (HQSC),
HSQC-TOCSY with 80 ms mixing time,
heteronuclear

(CLIP-HSQC),

2-bond

correlation

clean in-phase HSQC
(H2BC)

and

heteronuclear multiple bond correlation (HMBC) optimized for 8 Hz.
With the exception of CLIP-HSQC [13], all experiments were performed
using standard Bruker pulse sequences. The NMR data was acquired and
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Fig. 4. HSQC spectrum of sonicated 15F CPS (blue/dark green) overlayed with native 15A (red/pink). The positions connected with a line are those heavily affected

by O-acetylation.

processed using Bruker Topspin 4.0.7.
3. Results and discussion

3.1. Characterization of 15F CPS

As 15F CPS produced fairly broad lines in NMR acquisition (as can be
seen in Fig. 2 and Figs. S1-S3), the sample was first sonicated to partially
fragment the polysaccharides to increase tumbling and improve the
linewidth, and then de-O-acetylated to further simplify the spectra. The
spectra obtained from this sonicated & de-O-acetylated sample con-
tained five anomeric signals not arising from the CWPS [12], which were
labelled A-E in order of descending *3C chemical shift as shown in Fig. 3.
Four of these five signals had chemical shifts, as well as 1JH1,C1 [14] and
3JH1,H2 coupling constants, corresponding to p-configuration as well as
one to a-configuration. The sample still contained signals arising from
one acetyl group as part of the CPS, which was identified as originating
from a p-GlcpNAc. The assignment of the five monosaccharide units
were performed using HSQC, HMBC, H2BC, HSQC-TOCSY, DQF-COSY
and TOCSY (shown in Fig. 3 and S10-514), and the glycosidic linkages
identified using HMBC and chemical shift analysis [15,16]. The result-
ing assignment of the sonicated and de-O-acetylated 15F CPS is shown in
Table 1. HMBC correlations between monosaccharides were observed
from the anomeric position of the $-Glcp A to the 3-position of the a-Galp
E, which in turn had HMBC correlations from its anomeric position to
the 2-position of the $-Galp D. The anomeric position of the p-Galp D had
HMBC correlations to the 4-position of the f-GlcpNAc C, the anomeric
position of which in turn had correlations to the 3-position of the p-Galp
B. Finally, the anomeric position of the -Galp B had HMBC correlations
with the 4-position of the p-Glcp A. This is in agreement with the re-
ported monosaccharide compositions and linkages of the CPS of sero-
type 15F and 15A [8,9].

Finally, the spectra contained signals corresponding to those re-
ported for glycerol-2-phosphate in 15B, 15C, 23F, 23A, 23B and 28F [10,
17-19], which would suggest, as hypothesized by Jones and Lemercinier
(2005) [10], that 15F contains glycerol-2-phosphate rather than the

previously reported phosphocholine [8]. This in turn means that the
structure is even more similar to 15A CPS than previously reported, as
the only difference would be the O-acetylation present in 15F CPS [9].

Following this assignment, the 2D NMR data obtained on the soni-
cated (Figs. S4-S9)) as well as native 15F CPS (Figs. S1-S3) samples
were investigated. Of the five anomeric signals, only the one arising
from the a-Galp E was observed to be significantly impacted by the de-O-
acetylation, as the acetylation causes it to move upfield in '3C and
downfield in 'H chemical shift. The other four anomeric signals were not
particularly affected by the acetylation. Of the remaining signals, only
those arising from the a-Galp E and the $-Galp B was affected signifi-
cantly by the presence of the two OAc groups, in particular the signals
arising from the 6-positions of both and the 5-position of the a-Galp E.
This would indicate that the OAc groups are on the 6-positions of B and
E, which was confirmed by HMBC correlations from the 6-positions to
the carbonyl of the OAc groups. The full assignment of the native and
sonicated 15F CPS can be found in Table 1. The HMBC correlations
between the monosaccharide units are the same as reported above for
the sonicated and de-O-acetylated 15F CPS. The revised structure of
serotype 15F CPS is shown in Fig. 1.

There does not seem to be any signals that would arise from a non-
phosphorylated variation of the repeating unit, making it seem un-
likely that it is not fully glycerol-2-phosphate substituted. This would
seem to be in line with the observations made previously for serotype
15B [10,20]. Interestingly, 15B was also initially reported as containing
phosphocholine in 20% of the repeating units [21], but then later found
to contain stoichiometric amounts of glycerol-2-phosphate upon full
NMR assignment [10]. The presence of glycerol-2-phosphate in stoi-
chiometric amounts are at odds with the results published almost 40
years ago [8,20], and while there does exist quite a few examples of
Streptococcus pneumoniae CPS that contain phosphocholine, such as
serotype 16F, 16A, 24A, 27, 28F, 28A, 32A and 32F, none of them are
reported as only partially substituted [5,11,19,22,23]. This observation
of 20% phospholine could perhaps be explained by the presence of
phosphocholine in the CWPS, as also suggested by Jones and
Lemercinier (2005) [10,12].
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Table 2
NMR assignment of 15A CPS.
15A Native 1 2 3 4 5 6 c=0 Ac-Me
4)-p-Glep-(1 'H 4.709 3.386 3.652 3.659 3.580 3.797 + 3.929
A 3¢ 103.81 73.53 74.60 78.33 74.99 60.28
3)-p-Galp-(1 H 4.424 3.571 3.696 4117 3.868 3.717 + 3.772
B 3¢ 103.35 70.45 82.29 68.80 72.82 61.42
4)-B-GlcpNAc-(1 'H 4.682 3.777 3.741 3.845 3.608 3.875 + 3.949 - 2.012
C 3¢ 103.01 55.78 72.51 75.88 75.08 60.61 175.24 22.64
2-)[P-3]-B-Galp-(1 H 4,672 3.867 4.227 4.203 4.365 3.718 + 3.771
D 3¢ 101.91 72.84 76.33 68.32 70.69 61.41
3)-a-Galp-(1 'H 5.381 3.93 4.060 4.256 4.365 3.705 + 3.705
E 3¢ 97.80 67.68 79.90 69.28 70.73 61.57
Gro-2-P 'H 3.716 + 3.748 4.245 3.716 + 3.748
3¢ 62.00 77.60 62.00

3.2. Characterization of 15A CPS

To our knowledge, no full NMR assignment of the 15A CPS structure
has been published, and as it was needed to compare the obtained
spectra of 15F CPS and to confirm the presence of a glycerol-2-
phosphate, the 15A CPS, which should be identical except for the lack
of OAc groups, was also investigated. As expected, the obtained spectra
(Figs. 2 and 4, and S15-S16) and consequently assignment (Table 2) of it
was practically identical to those of the sonicated and de-O-acetylated
15F CPS, confirming that 15A and 15F CPS only differ in the lack of O-
acetylation in 15A. Similar to the observation for the 15F CPS, there was
no indication in the NMR data that the glycerol-2-phosphate was not
present in stoichiometric amounts, which would fit with the reported
glycerol amount for 15A by Venkateswaran et al. (1983) [20].

It should be noted that some studies have reported stoichiometric
amounts of glycerol-2-phosphate in the repeating unit [10,20], and
others 70% for the serogroup 15 CPS [8,9].

OAc

Wzy WchN

WchM

3.3. Biosynthetic analysis

The cps gene clusters of serogroup 15 are highly similar and conse-
quently have common glycosyltransferases genes. Serotype 15F cps
locus showed 99.48%, 98.59% and 98.59% nucleotide identity to
serotype 15A, 15B and 15C cps loci, respectively. The wzy polymerase
gene of 15F showed 98.50% identities towards wzy in 15A while it does
not show significant similarities to those in 15B and 15C. According to
their CPS structures, Wzy in 15F and 15A catalyze polymerization at
B-Glc-(1-3)-a-Gal. While Wzy in 15B and 15C are assigned to polymerize
at pB-Glc-(1-6)-B-GlcNAc, which makes the a-Gal-(1-2)-f-Gal into
sidechains.

Another distinctive figure in serogroup 15 CPS is the variable O-
acetylation. The cps loci of serogroup 15 all have WciZ acetyltransferase.
However, wciZ in serotype 15A and 15C are inactive because of a
frameshift with deletion or insertion of TA units and results in a trun-
cated product [24]. WciZ in 15F shows 99.08% amino acid identity to
15B. Based on CPS structure of 15B, WciZ transfers O-acetyl groups on
the 2-, 3-, 4-, 6-positions in a ratio of 6:12:12:55 at the terminal a-Gal
[10]. According to 15F CPS structure determined in this paper, WciZ
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Fig. 5. Correlation of CPS biosynthetic enzymes (red letters above black arrows) and repeat unit structures of serotype 15F, 15A and 15D (prediction); The ®, © and

m refer to pyranoside Glc, Gal and GIcNAc, respectively.
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transfers acetyl groups on the 6-position of a-Gal. Moreover, serotype
15F has an extra wcjE gene, which can be found in the cps loci of 14
serotypes: 9V, 11A, 11D, 11F, 15F, 20, 31, 33A, 35A, 35C, 42, 43, 47A,
and 47F [25,26]. According to 15F CPS structure determined in this
work, 15F WcjE mediates p-Gal 6-O-acetylation, which is consistent with
previously proposed function of W¢jE [26]. Additionally, serotype 15F
cps locus presents partial rhamnose synthetic genes (rmlB and rmlD) and
a truncated UDP-galactofuranose synthetic gene (glf). However, none of
them serve any apparent functions in CPS biosynthesis, as there are
neither rhamnose or galactofuranose in 15F CPS structure.

Lastly, it was recently reported that the new serotype 15D contained
highly similar Wzy polymerase and WciZ O-acetyltransferase as 15F, but
lack of a WcjE O-acetyltransferase [4]. Therefore, the 15D CPS structure
can be predicted to be highly similar to 15F CPS, but without 6-OAc at
the p-Galp, as shown in Fig. 5.

4. Conclusion

The structure for Streptococcus pneumoniae serotype 15F was fully
assigned using NMR spectroscopy and revised, and it turned out to be
even more similar to 15A than previously described, as it only differs by
the presence of two OAc groups. This also makes the phosphorylation of
15F more in line with what is reported for the other serogroup 15 CPS.
Similarly, 15A was also fully assigned by NMR as it had to our knowl-
edge not been done previously and was needed to verify the 15F
structural analysis. This also enabled a prediction of the CPS structure of
the recently discovered serotype 15D based on the reported genetics.
This study further highlights the need to use NMR spectroscopy to
characterize CPS structures and understand why they differ genetically
and serologically, as well as the need to fully elucidate the structures to
understand the biosynthesis.
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