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ABSTRACT 

A combination of two well-established NMR methods, namely, phosphorus 
decoupling and ID-TOCSY, provides identification of phosphorylation sites m a simple 
and straightforward manner in small to medium-sized oligosaccharides. The method is 
demonstrated on Man-P-GlcMan,GlcNAcz, a glycoprotem-derived N-linked type 
oligosaccharide. 

INTRODUCTION 

Phosphorylation is encountered m many biologically important events often 

involving oligo- or polysaccharides.' In order to be able to analyse the h c t i o n  of the 

phosphorylatioddephosporylation process it is important to know which monosaccharide 

units and which of their oxygen atoms are phosphorylated. The determination of the 

phosphorylation site is a simple undertaking Xit involves anomeric carbon atoms. In such 
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166 SCHRAML ET AL. 

cases the multiplet of the anomeric proton exhiiits heteronuclear coupling ('H - 31P) which 

is easily identified by heteronuclear decoupling. Other phosphorylation sites are identified 

only with considerable dZ6culty7 as the results of 2D 'H - 31P correlation experiments are 

difficult to interpret unambiguously due to congestion m the relevant part of the 'H NMR 

s p e w  
We have found that the phosphorylation sites may be identiiied m an easy and 

reliable way using a combination of {"P} decoupling with 1D-TOCSY (or selective 

TOCSY)7zz which is simple to implement on a modern spectrometer. The method is 

demonstrated here using Man-P-GlcMan7GlcNAc-2 as an example. The compound has the 

following structure: 

Glcal-+3Manal-+2Manal+ 2Manal r" 
Gi  D1 C 4 

RESULTS AND DISCUSSION 

The 'H NMR spectra shown in Fig. 1 clearly illustrate the method. An expansion 

of the anomeric region of the spectrum is shown on the left while on the right is the 

relevant part of the spectrum in which signals fiom all other 0-C-H protons are found. 

The top trace (a) is an ordinary 'H Nh4R spectrum, the three pairs of traces (b, c, d) show 

1D TOCSY spectra . In each pair of traces the same anomeric proton line was selectively 

excited, lower and upper traces within the pair were measured with and without {"P} 

decoupling, respectively. 

Since there is no difference between the two spectra of traces b, which were 

excited by selective irradiation of H-1 (anomeric proton) of M a d ' ,  one can conclude that 

th is  monosaccharide unit is not phosphorylated. A similar picture was obtained when any 

other anomeric proton resonance was excited except for the two cases shown on traces c 
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a 

Figure 1. Partial 500 MHz 'H NMR spectra. Trace (a) standard 'H NMR spectrum, 

traces (b), (c), and (a) selective (1D) TOCSY spectra measured with coherent low-power 

{"P} decoupling (lower spectrum) and without {31 P} decoupling (upper spectrum). 

and d . The difference between the anomeric parts of the two spectra belonging to trace c 

identifies the H- 1 proton of mannose, denoted m the formula as Man-P at one end of the 

phosphate link. The other end of the link is identilied by the difference m the 0-C-H 

regions belonging to the traces d , which were excited by a selective pulse aimed at H-1 
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168 SCHRAML ET AL. 

proton of Man-B. From a series of routme 1D TOCSY experiments carried out with 

varying mixing times, the signal around 6 = 4.1 (which changes with the {31P} 

decoupling) is identified as H-6 of this Unit. As expected, both protons (A and B) of H-6 

are affected by the decoupling. Hence, the site of phosphorylation is identified as the 

oxygen atom on C-6 carbon of Man-B. 

The proposed method is simple to implement. In fact, ID-TOCSY pulse sequences 

are now a standard part of manufacturer provided software, and the inclusion of {"P} 

decoupling is rather trivial, providing the hardware (especially the probe) is capable of 

performing such 'H - {3'P} experiments. 

Several conditions have to be considered for optimizing the experiment (in addition 

to usual requirements when setting up the common selective TOCSY experiment). The 

selective excitation can be accomplished by any appropriate method, either by the use of 

shaped pulses or by a DANTE pulse seq~ence .~  It is, however, important to select long 

enough mixing times. The mixiug must assure that the magnetization propagates 

throughout the whole coupling network in each and every monosaccharide unit. In our 

experience mixing times of 200 to 300 ms are adequate. 

Phosphorus decoupling should use as little power as possiile. Otherwise, 

additional heating can contribute to the heating already produced by spin-lock field and is 

likely to severely worsen the spectral resolution and cause changes in the chemical shifts. 

Continuous low-power on-resonance decoupling meets the minimum power requirements 

and, for the usual range of 3J(31P-O-C-'H) coupling constants (1 - 20 Hz) should yield 

fully decoupled spectra (the weak line seen in the lower trace c is due to an impurity and 

not to incomplete decoupling). High power broad-band decoupling (as usual in e.g., 

HMQC') even during acquisition time only, does not allow long enough acquisition to 

achieve the needed resolution. If several phosphate links are present, shaped decoupling 

pulses can be created to suit the particular case, or, even better, the phosphorus lines can 

be irradiated one after the other and thus both phosphorus atom and phosphorylation sites 

can be determined for each of the phosphate links present. 

As the results described above indicate, the interpretation of the spectra is simple 

and straightfonvard, providing the assignment of the selectively excited lines (usually 

anomeric lines) is known &om other sources. 
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EXPERIMENTAL 

The NMR spectra were measured on a Vanan UNITY-500 spectrometer operating 

at 499.693 M H z  for 'H NMR and at 202.276 MHz for 3'P NMR 'H NMR spectra were 

referenced to the methyl line of fiee acetate as descnied by Van W e e k  (6 = 1.91).6 

Standard Varian software version vnmr 5.1 was used throughout. All experiments were 

performed at 33 "C without sample spinning m a 5 mm 'Snverse detection" probe (with 7.4 

ps being a typical value for 90" pulse for 'H NMR). Shaped pulses were generated by a 

waveform generator (Varian) using the shaped pulses calculated by the Pandora box 

program- The sample, Man-P-GlcMan7GlcNAcz (0.5 mg), was twice deuterium exchanged 

m 99.98% DzO before being placed mto a 5 mm Wilmad tube (0.7 mL of DzO solution). 

In 1D TOCSY measurements the selected anomenc proton line was excited by a 111 

Gaussian 90" pulse of 182 ms duration. Trim pulses of 2 ms flanked the MLEV-17 spm- 

lock' of mixing time 300 ms, the spectral width was 3 100 Hz, and acquisition time 2 s; no 

weighting used, 5000 transients accumulated). The {"P} decoupling was performed in a 

continuous manner throughout the whole pulse sequence, the broad-band transmitter was 

set to the 3'P fieqency as determined by a 3'P NMR measurement. The decoupling power 

was kept low, corresponding to magnetic field (yBJh) of approximately 50 Hz. 
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