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Abstract Poly- and oligo-saccharides are commonly
employed as antigens in many vaccines. These antigens
contain phosphoester structural elements that are crucial to
the antigenicity, and hence the effectiveness of the vaccine.
Nuclear Magnetic Resonance (NMR) is a powerful tool for
the site-specific identification of phosphoesters in saccha-
rides. We describe here two advances in the characteriza-
tion of phosphoesters in saccharides: (1) the use of 'H-"'P
GHMBC to determine the site-specific identity of phos-
phoester moieties in heterogeneous mixtures and (2) the
use of Unsymmetrical/Generalized Indirect Covariance
(U/GIC) to calculate a carbon-phosphorus 2D spectrum.
The sensitivity of the "H->'P GHMBC is far greater than
the “standard” 'H—"'P GHSQC and allows long-range
3Jp couplings to be readily detected. This is the first
example to be reported of using U/GIC to calculate a
carbon-phosphorus spectrum. The U/GIC processing
affords, in many cases, a fivefold to tenfold or greater
increase in signal-to-noise ratios in the calculated spec-
trum. When coupled with the high sensitivity of 'H->'P
HMBC, U/GIC processing allows the complete and
unambiguous assignments of phosphoester moieties pres-
ent in heterogeneous samples at levels of ~5% (or less) of
the total sample, expanding the breadth of samples that
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NMR can be used to analyze. This new analytical tech-
nique is generally applicable to any NMR-observable
phosphoester.
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Abbreviations

oRha L-a-Rhamnose

PBGlc p-p-Glucose

f-ManNAc f-2-Acetamido-mannose

p-GIcNAc  ff-2-Acetamido-glucose

a-GlcNAc  a-2-Acetamido-glucose

NMR Nuclear magnetic resonance spectroscopy

GHMBC Gradient heteronuclear multiple bond
correlation

GHMQC Gradient heteronuclear multiple quantum
correlation

GHSQC Gradient heteronuclear single quantum
correlation

PC Phosphocholine

U/GIC Unsymmetrical/generalized indirect
covariance

MS Mass spectrometry

Introduction

Phosphodiesters play a central role in biology (Watson and
Crick 1953). Phosphodiesters are structural components in
molecules like nucleic acids and bacterial cell wells, reg-
ulatory switches, and play a crucial role in the inflamma-
tory response (John et al. 2009a, b). NMR has been used to
characterize phosphates in many of these systems. In these
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cases, NMR is used to identify the proton-phosphorus
linkages (via 3 Jup couplings) of the molecule of interest.
Minor components, such as substoichiometric species,
contaminants, etc., are typically not detected, or have been
ignored, in these studies. NMR can also be used to follow
enzymatic reactions where phosphates are a reaction
component (Marino 2011). However, these studies focused
on changes in the chemical shift environment of the
phosphate and not on the structural aspect, i.e. site-specific
monitoring of the phosphate. Structural studies of the
product of phosphate-containing enzymatic reactions also
are reported, but in these cases, the product was studied in
isolation and not as a mixture. Many vaccines contain
components that incorporate phosphoester moieties, such
as capsular polysaccharides (bCW) or lipooligosaccharides
(LOS) as antigens (Abeygunawardana et al. 2000;
Aubin et al. 2010). Bacterial poly- and oligo-saccharides
often contain structural phosphates and quite frequently
non-structural, pendant phospho-polyalcohols. Mass spec-
trometry (MS) is a powerful tool for the detection of
phosphorylation. However, in samples where there can be
multiple sites of attachment (as in phospho-saccharides), it
is extremely challenging to employ MS to determine site-
specific information, although it is not impossible. It is
possible that heterogeneity in these pendant phospho-
polyalcohols could affect immunogenicity of bacterial
poly- and oligo-saccharides, offering an additional
“escape” route, akin to variations in O-acetylation (Zartler
et al. 2009). NMR has been the method of choice
for obtaining this information from poly- and oligo-
saccharides due to its facile ability to obtain site-specific
connectivity information. With this as our goal, we inves-
tigated novel techniques to further characterize our
vaccines.

The classical way of obtaining information on 'H-*'P
linkages is through analysis of 'H couplings in a 1D *'P
spectrum (Williamson and Griffin 1968), which could be
acquired with room temperature broadband probes. The
advent of inverse detection probes with a coil tuned for *'P
led to the development of the "H-*'P HMQC and 'H->'P
HSQC experiments for the detection of "H=>'P connec-
tivities. These experiments have a long history of utility
(Lindon et al. 1986; Chary et al. 1993; Luy and Marino
2001; Kozminski et al. 2003; Catoire 2004); however, they
are limited to detection of *J up correlations, really H-C—O—
P couplings. The majority of the pulse sequence develop-
ment for >'P has focused on applications in nucleic
acid characterization. These experiments are typically varia-
tions on the 3D 'H-"C-3'P experiment (e.g. Malon and
Koshino 2007), although 2D variants exist for many of
them. Another drawback of these methods is that many of
them are designed to be used with 13C_labeled molecules;
something that is simply not available in a product
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development environment. It is also required to fully
characterize a product in clinical development (ICH Har-
monised Tripartite Guideline: Q6B). In a product devel-
opment environment the assays used to characterize the
product must be robust and able to evaluate the product as
it is made, i.e. without labeling.

Recent development efforts in "H->'P spectroscopy
have focused on the structural characterization of small
phosphate-containing molecules, typically metabolites or
enzymatic products (Majumdar et al. 2009, 2010). The
"H-3"P*'P-COSY experiment described by Majumdar and
co-workers suffers from the need to adjust the delays
within the sequence to match the specific phosphorus sig-
nal in a pyrophosphate moiety to be observed. Majumdar
and co-workers describe a process for determining the
appropriate Jpp, but this process is highly empirical and
needs to be performed for every system. Choosing the
wrong coupling constant can lead to almost complete loss
of signal. However, despite this limitation, the method is
highly sensitive and able to pick up multiple phosphorus
signals with the choice of appropriate experimental
parameters. 2D H-X (X = *'P) COSY and 2D HCP can
also be used to determine H-P connectivities.

The H-X HMBC pulse sequence was originally pro-
posed to detect multiple bond heteronuclear connectivities
using proton detection (Bax and Summers 1986). This
experiment was initially used with X = *C and is a vari-
ation of the HMQC experiment with several notable
changes: the defocusing period is typically optimized for
1/(2*™xy) [5-10 Hz for '*C], the refocusing period is
omitted, and 'H acquisition is performed without
X-nucleus decoupling. The H-X HMBC experiment also
can utilize gradients for coherence selection, resulting in
higher quality spectra, and low-pass filters to minimize
direct responses. The H-X HMBC experiment is typically
run with X = °C (Martin 2002a, b) or "°’N (Marek et al.
2002, 2007; Martin and Hadden 2000; Martin 2005; Martin
and Williams 2010). "H-*'"P HMBC has a limited history in
determining phosphate linkages in small molecules. Keniry
(1996) reported the use of "H-*'P HMBC to determine the
phosphodiesters in a 10-mer DNA duplex using a gradient-
selected experiment. Davies and co-workers (Davies et al.
2000; Veselkov et al. 2001) used a non-gradient g3tp
HMBC to identify the linkages in short DNA tetramers and
subsequently used it to monitor changes in the backbone as
a function of drug binding. Subsequent reports of 'H->'P
HMBC applications have focused almost solely on its use
to estimate 'H—"'P couplings in small molecules (Willker
and Leibfritz 1995; Kozminski et al. 2003; Sakamoto et al.
2006). To the best of our knowledge, there have been no
reports of "H—>'"P HMBC on biological samples. Previous
'"H-*'P HMBC studies were limited by the equipment of
the time, typically a 500 MHz spectrometer equipped with
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a non-cryogenic broadband or proton observe probes.
Technological advances in the interceding years have led to
great improvements in the quality of NMR spectra. Spe-
cifically, the development of cryogenic probes (Martin
2002a, 2005; Martin and Williams 2005) has led to a sig-
nificant increase in detected signal. We capitalize on these
improvements in signal to noise (S/N) to use the 'H-"'P
HMBC and 'H-">C HSQC to assign resonances in minor
populations (<5%) in heterogeneous samples.
Polysaccharide literature has numerous examples of
disagreement upon specific locations for phosphomoieties.
In ST23F polysaccharide (a component of the vaccines
Pneumovax®, Prevnar-13®, and Synﬁorix®), there are
conflicting reports of the site of the phospho-glycerol (Roy
and Roy 1984; Jones 1985; Richards and Perry 1988). In
this case, these assignments were inferred based upon >'P
couplings observed in the 'H spectrum, i.e. without direct
detection of proton-phosphorus linkages. The 'H-'P
GHMBC experiment can directly determine these linkages
instead of relying on inferred structure (Zartler, unpub-
lished results). Problems like these arise due to the severe
overlap in both the 'H and '*C dimensions of saccharide
ring protons. Typically in polysaccharides the majority of
proton resonances fall within a one ppm range
(~3—4 ppm). Consequently, spectral overlap can limit the
ability to unambiguously identify the phosphate-substituted
position. Additionally, there is a growing body of evidence
in the lipooligosaccharide (LOS) literature that LOS can be

Fig. 1 Structures of ST19F
(a) and c-PS (b). The blue lines
indicate *J couplings, green
lines *J couplings, and red lines
5T couplings that are detected in
the '"H->'"P GHMBC spectra

CNX

a-Glucose

(b)

a-Gd-GalNAc

heterogeneously phosphorylated with phosphate, pyro-
phosphate, phosphoethanolamine, pyrophosphoethanol-
amine, etc. (John et al. 2009a, b). Heterogeneity and
variability between different strains taxes the capability of
current methods to detect and characterize these minor
components. These minor components are also known to
play a major role in immunogenicity of the molecule,
which can have adverse affects on vaccines composed of
these molecules. Thus, it is imperative to develop a robust
method that can characterize these minor populations.
The capsular polysaccharide of Streptococcus pneumo-
niae serotype 19F (ST19F) is a component of the pneu-
mococcal vaccines Pneumovax®, Prevnar-13®, and
Synflorix®. This polysaccharide has been well character-
ized by NMR (Abeygunawardana et al. 2000; Kamerling
2000; Pujar et al. 2004; Xu et al. 2005), and unlike ST23F,
there are no ambiguities concerning its structure. ST19F
polysaccharide (PS) is a polymer composed of a linear
repeat of [-4-pD-a-Gluose-1-L-a-Rhamnose-phosphate-4-p-
p-2-acetamido-mannose-1-] (Fig. 1a). Capsular polysac-
charide preparations are typically contaminated by teichoic
acid (also known as c-polysaccharide, c-PS), at anywhere
from O to 20 mol percent (Xu et al. 2005). The c-PS
structure from S. pneumoniae is relatively consistent from
strain to strain, although differences do exist (Draing et al.
2006). The c-PS associated with ST19F PS is a linear
repeat of [-3-a-2-acetamido-4-amino-2,4,6-trideoxy-galac-
tose-1-4-0-p-(2-acetamido)-galactose(6-phosphocholine)-

OH ST19F Polysaccharide

CNX

Blue = 3J couplings
Green = 4J couplings
Red = 5J couplings

a-Glucose
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1-3--p-(2-acetamido)-galactose(6-phosphocholine)-1-1-
ribitol-5-phosphate-6-3-p-glucose-1-] (Fig. 1b). Of particular
note for this study is the presence of one phosphodiester in
ST19F and three in c-PS.

'"H-'*C HMBC is commonly used to detect 2—4 bond
long-range correlations, 2‘4JCH (Martin 2002a, b; Schoef-
berger et al. 2011). In most cases, 2JCH correlations are not
observed. These correlations (**Jcy) are based upon pro-
ton-carbon couplings (and obey the Karplus equation) and
for many common cases (where the coupling is small)
magnetization is not transferred and the coherence is not
observed. A wide range of '"H-'>C experiments have been
developed to address problems in observing small, long-
range heteronuclear correlations (Martin 2002a, b).

We present here the use of the 'H->'"P HMBC experi-
ment to identify phosphoesters in polysaccharides. In
this report we demonstrate the following: (1) 'H3p
HMBC is a highly sensitive experiment for detecting
'H3'p linkages; (2) Sl couplings can be detected; and
(3) Unsymmetrical and Generalized Indirect Covariance
(U/GIC) can be used to calculate the carbon-phosphorus
2D spectrum to circumvent some of the problems inherent
to oligosaccharide proton resonance overlaps. This is the
first example of using U/GIC calculations to produce a
carbon-phosphorus spectrum.

Materials and methods
NMR spectroscopy

All data were acquired on a Bruker Avance three channel
spectrometer operating at 700 MHz and equipped with a
cryogenically-cooled TCIP 'H/'*C/*'P probe. All data were
acquired at 49°C. Data were processed either using Mnova
(Mestrec.com) or ACD Spectrus 2011. STI9F was ~5 mg/
ml in D,O containing DMSO-dg and DSS-d¢ as calibrant
and reference standard, respectively (Isotec).

The '"H-">C GHMBC pulse sequence (hmbcgplpndgf)
was used to set up the 'H->'P GHMBC experiments
reported. This pulse sequence uses gradients for coherence
selection, no decoupling during acquisition in magnitude
mode, and incorporates a low-pass J-filter. The gradients
were calculated by the au program ‘gradratio’ and were:
gpl:gp2:gp3 60:20:72.4. Based upon the 1D *'P spectrum
(Supplemental Figure 1) the experiment was set up to
afford a 12 ppm spectral width in the indirect dimension F,
centered at O ppm. The 'Jyyp coupling for the low-pass filter
was varied from 5 to 200 Hz and the "Jyp (the long-range
coupling constant) was modulated from 2 to 200 Hz. A
spectrum was acquired without the low-pass filter using
"Jup = 20 Hz. Each spectrum was acquired with 32 scans
as a 2,048 x 128 pt matrix with spectral widths of 7,002.8
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and 3,401.3 Hz, respectively, affording a digital resolution
of 3.4 and 26 Hz/pt. The 'H-">C GHSQC was acquired
with 32 scans as a 2,048 x 256 pt matrix with spectral
widths of 7,002.8 and 21,128.6 Hz, respectively, affording
a digital resolution of 3.4 and 82.5 Hz/pt. The 1D 'H
spectrum was acquired with 16 scans and a sweep width of
7,002.8 Hz. Referencing was done relative to DSS-dg or
DMSO-dg for 'H and BC, and indirectly for 31p,

Unsymmetrical/generalized indirect covariance

The '>C—*'P 2D correlation spectrum was calculated using
the GIC method of Snyder and Briischweiler (2009) con-
tained in the Spectrus 2011 program package from ACD.
The square root of the resulting spectrum was taken to
reduce spurious signals (Chen et al. 2007; Martin et al.
2011a, b; Snyder and Briischweiler 2009). Care was taken
to insure that the common frequency domain ('H)
employed identical transmitter locations and spectral
widths in both the multiplicity-edited "H-'>C GHSQC and
"H-*'P GHMBC spectra used in the calculation. Data were
re-processed to 2 K x 2 K points prior to the covariance
calculation.

Results
STI19F and c-PS assignments

Assignments of STI19F polysaccharide (ST19F) were
adapted from Jennings et al. (1980) and confirmed by
'"H-'H TOCSY, 'H-'H GCOSY, and 'H-'>C GHSQC.
One item to note is that based upon Jennings et al. (1980)
the resonance for «Glc H1 should be at 5.00/100.6 and the
pManNac is 4.86/98.90. Instead, the proper '>C chemical
shift for oGlc is 98.6 and for fManNac it is 100.2; these
two '*C assignments were switched. The assignments of
c-PS were adapted from Draing et al. (2006). The reso-
nances involved in phosphodiesters were confirmed by
'"H-'"H TOCSY, 'H-'H GCOSY, 'H-"*C GHSQC, 'H-"3C
GHMBC, and '"H-'*C GHSQC-TOCSY. A summary of
assignments of both of these molecules can be found in the
supplemental information (Supplemental Table 1).

'"H-3'p HMBC

Figure 2a shows the multiplicity-edited "H-'>C GHSQC of
ST19F and reveals the very good chemical shift dispersion
in both 'H and '>C dimensions. The two resonances
involved in the phosphodiester of the backbone are indi-
cated by arrows and labeled. The horizontal trace of Fig. 2a
shows the 1D 'H spectrum of ST19F, while the vertical
trace shows the 1D '>C spectrum. It is important to note
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Fig. 2 a '"H-'3C HSQC I
showing those peaks (a)
corresponding to the capsular | ‘
polysaccharide of ST19F | |
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that the '*C 1D spectrum has only one resonance from
c-PS, indicated by the dashed arrow. The c-PS resonance is
observed at 3.22/54.81 (Figs. 1b, 2a), which is due to the 6
methyls from phosphocholine. c-PS is present at ~3.0 mol
percent (compared to capsular PS) (Abeygunawardana
et al. 2000). Figure 2b shows the same spectrum zoomed
on the ring proton region with the threshold reduced by

~tenfold. The resonances of c-PS involved in phospho-
diesters are labeled. It is important to note that these res-
onances are largely well resolved in the '*C dimension, but
highly overlapped with capsular polysaccharide resonances
in the 'H dimension.

The 'H-*'"P HMBC spectrum with "Jyp = 200 Hz
(2.5 ms) is shown in Fig. 3a with four distinct 31p chemical

@ Springer



362

J Biomol NMR (2011) 51:357-367

Fes

F20

aGalNAC HE |
— 10
--“ 1 | fé\
8
tos
__’_"“ =
[rem] Lao
b os
Ribital HS |
: ‘| rio
§ ‘ ' |
15
55 5554 53 52 51 50 49 4.8 4.7 4.6 45 4.4 4.3 42 41 4.0 39 38 37 36 35 34 33
f2 (ppm)
(c)
[ aha 2 |
aRtha H3 ras
| \ |
b 20
[ pPManNAc H2] | PManMNAc H4 | | ﬁM;lnNIA: H5] 15
-1.0
I (| t £
| as &

L 0S5

56 555453525150 49 48 47 456 45 44 43 42 41 40 39 38 3.7 36 35 34 33

2 (opm)

Fig. 3 '"H-*'P HMBC Spectrum of ST19F. a "Jyp = 200 Hz which
detects short range couplings primarily. up assignments are given.
b "Jyp = 5 Hz showing a compromise that detects both short (*J) and
long range couplings (>%)). The dotted box shows the *Jyp couplings

Table 1 3'P chemical shifts

Component ppm

ST19F polysaccharide —2.27
c-PS aGalNAc-P-phosphocholine —0.81
c-PS SGalNAc-P-phosphocholine —0.33
PGlucose-P-ribitol 1.26

shifts (Table 1.) With this very short delay, the most
prominent couplings observed are the *Jyp (“directly
bound”), (Fig. la, b, blue lines). When the long-range
delay was optimized as "Jyp = 5 Hz (100 ms) (Fig. 3b) all
of the *Jyp couplings observed with the short delay are
again observed. The correlation observed at 4.08, —2.27
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L 15

that are now detected from the pendant phosphocholine in c-PS, c)
"Jyp = 2 Hz detecting preferentially long range S couplings.
S up assignments are given

('H, *'P ppm) (fManNAc H4) is reduced in intensity by
over tenfold relative to the spectrum recorded with
"Jup = 200 Hz (2.5 ms). The resonance at 5.50, —2.27
(xRha H1) is only reduced by ~30%. The advantage of
this shorter "Jyp is in the observance of additional cou-
plings which correlate to **Jyp, e.g. the correlations at
3.65, —0.81 and 3.67, —0.33 (Fig. 3b, dotted box) (Fig. la,
b, green and red lines). Additional resonances arising from
45Typ are also seen at —2.26 ppm, corresponding to the
ST19F PS. Specifically, correlations from the fManNAc
H3, H2, and H5 and the «Rha H2 and H3 are observed.
Figure 3c shows the extreme example of "Jyp = 2 Hz
(250 ms). In this case, the *Jyp couplings have maximum
intensity, while the *Jyp couplings are greatly reduced in
intensity, or are totally absent. As expected for a through-
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bond coupling, response intensities modulate as a function
of the "Jyp (Supplemental Figure 2). The modulation is not
purely sinusoidal most likely due to the "H-"H couplings
observed as “twisting” in the indirect dimension (see
below). Unlike the '"H->'"P HMBC spectrum, the 'H->'P
HSQC experiment needs to have the ‘lJHp’ (really 3JHp)
appropriately set. With an improper *Jyjp, important reso-
nances can be completely missed. This is another advan-
tage inherent to the 'H->'P HMBC sequence; the basic
HMBC pulse sequence does not use a 'Jyy coupling.
However, when a low-pass J-filter is included, as in the
sequence we used, this becomes a parameter to be inves-
tigated. In this system, we found that the 'Jyp value did not
play a major role in spectral quality, although it did have an
effect on intensity (as would be expected). Little effort was
spent in optimizing this parameter, but we found that
1JHp =40 Hz was a robust compromise value. When
"H-3'P data were acquired without the low-pass filter there
was no significant difference in the resulting spectrum
when compared to the spectrum obtained with the low-pass
filter. The only difference was an increase in 'H-'H
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| Bl ek T T T
5 4 3
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]
T
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F2 Chemical Shift (ppm)

Generalized
Indirect
Covariance
Processing

couplings observed in the direct dimension, as would be
expected.

Calculation of '*C—*'P correlation spectra using
covariance methods

Covariance NMR methods have recently been reviewed by
Snyder and Briischweiler (2010). While covariance NMR
methods can take many forms, the variant germane to the
present study involves the covariance co-processing of
heteronuclear 2D NMR spectra that share a common fre-
quency domain, originally defined as unsymmetrical indi-
rect covariance (UIC) processing (Blinov et al. 2006a, b).
More recently Snyder and Briischweiler (2009) described a
related method that they labeled generalized indirect
covariance (GIC) processing. The covariance processing
method does not create any new correlation information
but rather sorts the correlation data contained in the two
component spectra in a useful way (Fig. 4). Hence, the
resonance overlap problems inherent to the proton
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Fig. 4 The combination of the multiplicity-edited "H-"*C GHSQC and 'H-*'"P GHMBC yields a '*C—*'P covariance spectrum. The multiplicity
information from the 'H-'3C GHSQC is retained
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dimension of the "H-">C GHSQC spectrum of an oligo- or
polysaccharide can be circumvented by sorting the '"H->'P
correlations from the GHMBC spectrum as a function of
3C shifts in a '*C-'P long-range correlation spectrum.
Thus, the multiplicity-edited "H-'*C GHSQC and 'H->'P
GHMBC spectra were co-processed using the generalized
indirect covariance (GIC) method of Snyder and
Briischweiler (2009) affording the first example of a
3C—*P long-range correlation spectrum shown in Fig. 5.
Previous work has demonstrated the viability of this
approach through the correlation of '>C-'°N correlation
spectra from multiplicity-edited 'H-'C GHSQC and
"H-'"N GHMBC spectra (Martin et al. 2007a, b).

Usefully, UIC/GIC calculations that combine a low-
sensitivity experiment, e.g. 1,1-ADEQUATE, with a
high-sensitivity experiment, such as a multiplicity-edited
"H-'3C GHSQC, can result in a five- to as much as a
20-fold enhancement in the correlations from the low-
sensitivity experiment. (Martin et al. 2011a, b). Detecting
the low sensitivity correlations with the apparent sensi-
tivity of the high sensitivity experiment through covari-
ance processing allows the low-sensitivity data to be
acquired much more rapidly or conversely with less
sample. In the case of a sample containing a low level
component, for example the 3% c-PS component of the
STI9F sample, the enhanced sensitivity derived from
covariance processing allows correlations for the minor
component of the sample to be examined with much
greater facility.

Fig. 5 Expansion of the
31p_13C covariance spectrum.
Assignments of phosphodiester AN

Discussion
'"H-3'p HMBC

We have demonstrated the utility of 'H-*'P HMBC for
characterizing phosphodiesters of polysaccharides. Of
particular note, the '"H-3'p HMBC experiment is suffi-
ciently sensitive that all proton-phosphorus linkages of a
component present at 3% of the sample can be readily
detected. The experiment is also highly “tuneable.” By the
appropriate choice of the long-range coupling constant
("Jygp > 100 Hz) Typ linkages can be preferentially
detected, or 3_SJHp ("Tgp < 50 Hz) linkages can be detected
in a single spectrum. The highly modulated nature of the
"Jyp indicates that this is not a through-space coupling.
The use of the low-pass J-filter in the sequence only affects
the spectra in a qualitative sense. The ‘'Jyp’ value used in
the low-pass J-filter is relatively insensitive, but we have
empirically determined that a good value is 40 Hz. The
'"H-*'"P HMBC can also be used for monoesters or
detecting pyrophosphoesters (Data Not Shown).

As seen in Fig. 3a, there is “twist” in the indirect
dimension in some of the crosspeaks in the '"H—>'P HMBC
spectrum, notably at 4.32, —0.32 and 4.27, —0.83.
These can be attributed to "H-'H couplings (Claridge and
Perez-Victoria 2003). The use of a sequence containing a
constant-time (CT) element would reduce or eliminate
these couplings. However, since 'H-*'P HMBC spectra are
not crowded in the proton or phosphorus dimension,
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twisting does not create any assignment ambiguities. For
systems where there is a wide *'P spectral width required, a
band selective experiment like the IMPACT-HMBC would
be very useful (Furrer 2010). A further advantage of the
"H-*'"P HMBC method is that it does not require any spe-
cific knowledge of *Jyp coupling constants. Other 'H—>'P
detection methods require a good estimate of this coupling
or empirical optimization to obtain maximum intensity. The
HMBC sequence only requires the choice of "Jyp. This
coupling can be used robustly for “compromise” spectra
(e.g. 10-40 Hz), or tuned to detect preferentially short range
(100-200 Hz) or long-range (<5 Hz) couplings.

One major advantage of 'H->'"P HMBC data compared
to "H->'P HSQC data is that multiple 'H resonances can be
correlated to the phosphorus resonance. Multiple correla-
tions to each *'P resonance aids in the assignment of sites
of connectivity by giving additional resonances to use as
“anchor points”. For example, in polysaccharides, where
"H resonances can be highly overlapped, having multiple
peaks with which to make an assignment increases the
confidence of the assignment. When these long-range
"H_3'P correlations are ambiguous, then Bc31P correla-
tions can be used to resolve these ambiguities. As discussed
below, we have taken a mathematical, rather than spec-
troscopic, approach to produce these correlations.

Covariance discussion

We show here the first example of covariance co-pro-
cessing to calculate a '*C—>'P heteronuclear long-range
correlation spectrum. While there are some examples of
13C3'P heteronuclear shift correlation found in the liter-
ature, there are no contemporary examples of such spectra
(Sims et al. 1989; Berger 2010). Covariance methods offer
the means of mathematically combining 2D NMR spectra
that share a common frequency domain, e.g. the multi-
plicity-edited 'H-'>C GHSQC and 'H-*'P GHMBC
experiments used in the present example. Using covariance
co-processing also allows the mathematical combination of
high sensitivity experiments that can be advantageous rel-
ative to the acquisition of, for example, a 31p_detected
3C3'P GHMBC spectrum where *'P would be the high
sensitivity nuclide. While in principle a 2D projection of a
3D NMR spectrum could be used to access the '*C—*'P
correlation information derived from the covariance cal-
culation in the present study, the acquisition of the 3D
spectrum to be used as a basis for the 2D projection would
be expected to consume considerably more spectrometer
time than the acquisition of two high-sensitivity 2D NMR
spectra. The covariance '*C—>'P spectrum shown in Fig. 5
confirms the assignments of the c-PS. Inspection of the
correlations at —2.26 ppm JP corresponding to ST19F PS,
shows that the two directly bound 3¢ CIyp) are easily

detected (xRha C1 and fManNAc C4). Two additional
peaks are also observed, their 13C chemical shifts corre-
sponding to «Rha C3 and C5 (SJ up)- These assignments are
able to be made due to lack of overlap in the '*C dimen-
sion. «Rha H5 overlaps other peaks in the "H dimension;
thus, standard proton-detected heteronuclear experiments
could not have unambiguously identified this peak.

Inspection of the shifts corresponding to the three dif-
ferent phosphodiesters from c-PS shows three different
correlations that are observed. For the structural diester
p-Glc-P-ribitol (6P 1.24 ppm), the two directly bound
resonances (3JHP) are easily detected (Glc C6 and ribitol
C5). However, the most intense peak at this 31p chemical
shift in the covariance spectrum is at 72.14 ppm JC. This is
a region of the spectrum that is severely overlapped in the
13C dimension (Fig. 2). Draing et al. (20006) identified one
peak at ~3.77/77.1 ppm that was assigned to ribitol H4. In
our sample, this peak resonates at 3.75/72.18; there is no
c-PS peak at ~77 ppm JC in our sample. In the ST19F/c-
PS mixture, there are two additional peaks at this carbon
chemical shift (72.1), the aGlc H3 and fManNAc H3. The
aGlc H3 can be excluded based upon the structure of
ST19F and fManNAc H3 can be excluded based upon the
phosphorus chemical shift. In the proton dimension, this
region only has two resonances: the aGlc H6/H6' methy-
lene and a methine peak at 3.75, presumably from c-PS due
to its low intensity compared to the PS peaks. Since, the
covariance processing retains multiplicity editing infor-
mation, it is easily to see that this intense peak at 1.23/
72.14 (Fig. 5) must be the ribitol H4 (4JHP).

The two pendant phosphodiesters of c-PS have different
responses to the covariance processing. The fGalNAc PC
(—0.32 ppm 6P) shows correlations to its directly bound
carbons (PC C1 and fGalNAc C6, 3JHp). The «GalNAc PC
(—0.81 ppm 6P) does not show the directly bound carbons.
Instead, it has a strong correlation to the PC C2 (4JHP).
There are unassigned methine correlations which are pre-
sumed to be to the ring carbons of fGalNAc and aGalNAc.
However, in this situation, these cannot be fully resolved
due to overlap in that dimension.

Conclusions

We have demonstrated the use of of "H->'P HMBC for the
assignment of phosphodiesters in polysaccharides. This
method is much more sensitive than the “standard” pulse
sequence (lH—3 p GHSQC). Furthermore, the experiment
has also been shown to be “tuneable” for a variety of
couplings from *Jyp to *Jyp. The high sensitivity of this
experiment allows the complete 'H—>'P connectivities of a
molecule at the 3% level of the total mass in solution to be
unambiguously determined. We have also demonstrated
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the first use of covariance processing to calculate a carbon-
phosphorus long-range heteronuclear correlation spectrum.
The "*C—'P long-range correlation spectrum facilitates the
assignments of linkages in the molecule by taking advan-
tage of the greater chemical shift dispersion of '*C versus
'H, allowing the correlations for the minor component of
the sample to be detected with significantly greater sensi-
tivity than is possible from even the 'H—'P GHMBC
spectrum. Similar sensitivity gains have been obtained by
combining low sensitivity experiments such as 1,1-ADE-
QUATE with a high sensitivity multiplicity-edited GHSQC
spectrum (Martin et al. 2011a, b) We are continuing to
explore the utilization of covariance NMR methods versus
the direct acquisition of, for example *'P-detected '*C—>'P
GHMBC correlation spectra. The results of these studies
will serve as the basis for future reports.
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