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ABSTRACT 

The IH- and 13C_n.m.r. spectra of  D-glucopyranose and 2-acetamido-2-deoxy- 
o-glucopyranose and its derivatives in D 2 0  at 25 ° have been completely interpreted. 
Iterative analysis allowed accurate determination of  the chemical shifts and coupling 
constants in the 270-MHz 1H-spectra, and these are used to correlate the chemical- 
shift changes with substitution patterns. The implications of the systematic errors 
from assuming first-order conditions for the p.m.r, spectra of sugars are discussed in 
relation to measuring shift changes of  sugar-enzyme complexes. 

INTRODUCTION 

Application of the n.m.r, method in studies of enzymes is well-established, 
particularly since the advent of  instruments with high magnetic fields and Fourier- 
transform methods. Because n.m.r, spectroscopy permits individual nuclei to be 
monitored, solution studies, in principle, should give the same kind of structural 
information as that provided by X-ray crystallography. 

In order to compare systematically the solution and crystal structures of  the 
inhibitor complex with hen egg-white lysozyme, it is necessary to assign fully the 
n.m.r, spectrum of the inhibitor at 25 °. We now report on the I3C- and IH-n .m . r  
spectra of  2-acetamido-2-deoxy-D-glucopyranose, D-glucopyranose, and some related 
derivatives. The related sugar, ~-o-glucopyranosyl phosphate is included in relation 
to studies of the enzyme complex with phosphorylase. 

Recent reports have dealt with incremental rules for the assignment of  n.m.r. 
signals of sugars in aqueous medial ,  acetamido sugars in non-aqueous solvents 2, and 
lanthanide binding to sugars in aqueous media 3. However, current literature data are 

*This paper is a contribution fronl the Oxford Enzyme Group. 
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insufficient to allow the assignment of the n.m.r, spectra of 2-acetamido-2-deoxy-D- 
glucose and its derivatives. Additionally, whereas the 13C-spectra for D-glucose 4 and 
2-acetamido-2-deoxy-I)-glucose s have been interpreted, those for the glycosides have 
not yet been reported. 

The best method of obtaining accurate n.m.r, parameters involves the iterative 
analysis of chemical shifts and coupling constants 6, and whereas this approach is 
rapidly becoming the standard procedure for carbohydrates, it has not as yet been 
applied to D-glucopyranose in D20 at 25 °, or to the derivatives reported on here. The 
addition of 2-acetamido-2-deoxy-D-glucose to hen egg-white lysozyme causes 
observable changes in the chemical shifts of the sugar protons 7. These shift changes 
give information on the enzyme-inhibitor interaction in solution and, as they are 
generally small, it is necessary to estimate the magnitude of the systematic errors that 
result on the commonly used assumption that second-order spectra may be treated as 
first-order. 

RESULTS 

Assignment of the 13 C-spectra 
Under the usual conditions of proton decoupling and low enrichment of 13 C 

(< 17 % per site), the 13 C-spectrum is composed of singlets and at 25.2 MHz they are 
well resolved. 2-Acetamido-2-deoxy-D-glucose gives 16 signals, eight from each 
anomer, comprising six from the glucopyranose ring and two from the acetyl group. 
The methyl ~- and fl-glycosides each gave 9 signals, the extra signal arising from the 
methoxyl carbon. Assignments were based on literature data 8, reported assign- 
ments 4'5'9, comparative studies with chemically related compounds, and off- 
resonance proton decoupling. 

The 13C-signals of 2-acetamido-2-deoxy-~- and -fl-D-glucopyranose were 
identified by comparison with those of the corresponding methyl glycosides, and by 
their relative intensities in a spectrum of a freshly prepared solution of 2-acetamido- 
2-deoxy-~-D-glucopyranose. Of the eight signals, C-1 was assigned from the change of 
7 p.p.m, on the replacement of HO-1 with MeO in the ~- and fi-series. The assignment 
of the signal for the MeO carbon was by obvious elimination. Assignment of C-2 
resulted from comparing the spectra of 2-acetamido-2-deoxy-D-glucose and D-gluco- 
pyranose, where the substitution of HO-2 by NHAc caused a shift of 17 p.p.m. 
(Table I). The signals for the acetyl carbons were assigned by a comparison of the 
spectra of 2-acetamido-2-deoxy-D-glucose and 2-deoxy-2-fluoroacetamido-D-glucose, 
using the fluorine-carbon spin coupling. A downfield shift of 58 p.p.m, for the acetyl 
methyl carbon occurred on replacing one H with F, concomitant with an upfie!d shift 
of 4 p.p.m, for the carbonyl carbon. The signals for C-4, C-5, and C-6 were identified 
by their chemical shifts, which were constant to within ±0.8 p.p.m, in the range of 
sugars tested (Table I); C-3 was assigned to the signal that showed a downfield shift of 
1.2-2.0 p.p.m, on substituting NHAc for HO-2. There are small differences in the 
shifts of the signals of C-l, C-2, and C-3 for 2-acetamido-2-deoxy-D-glucose and 
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2-deoxy-2-fluoroacetamido-D-glucose, which do not occur for C-4, C-5, and C-6. 
Off-resonance proton decoupling Of methyl 2-acetamido-2-deoxy-fl-D-glucopyranoside 
removed ambiguity about the signals for C-2 and the MeO carbon. Quartets were 
seen for the signals assigned to the acetyl methyl and methoxyl carbons, a triplet for 
C-6, a singlet for the acetyl carbonyl carbon, and doublets for C-1,2,3,4,5. 

The JCCF values for 2-deoxy-2-fluoroacetamido-~- and -fl-D-glucose are one of 
(a) 10.3 and 10.9 Hz, (b) 17.9 and 18.5 Hz, or (c) 28.8 and 7.6 Hz. As JCCF is 25.3 HZ 
for FCH2CN and generally 8 not below 20 Hz, (b) is the most likely answer. The JCF 
values are either (a) 184.9 and 178.0 Hz, or (b) 182.0 and 180.9 Hz, of which (b) is the 
more probable, as the values are more similar (JcF 181 Hz for FCH2COOH, 172 Hz 
for FCH2CN, and 167 Hz for FCH2CH2OH) s. The shifts are listed in Table I, and 
their comparisons are recorded in Tables III-V. 

Assignments of the i H-spectra 
The 1H-spectra of the sugar rings are composed of doublets and double 

doublets, which arise from the proton spin-spin coupling. They are further com- 
plicated through signal overlapping and their second-order nature. Generally, the 

I I . I 
4.00 3.75 3.50 

Chemical shi f t  (p.p,m. f r o m  D.S.S.) 

I 
3.25 

Fig. 1. Spin decoupling of 2-aeetamido-2-deoxy-~tfl-D-glucopyranose: A, decoupled spectrum and 
the blank; B, spectrum on irradiation of H-1 ¢t. 
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assignment proceeds on the basis of an ABCDEF-X system, where X is the anomeric 
proton. The initial assignments at 270 MHz were made chiefly on the basis of the 
reported 4 assignments for D-glucopyranose, spin-spin decoupling using difference 
spectroscopy (Fig. 1), and comparison of the spectra of different sugars. 

The technique of difference spectroscopy involves the subtraction of the n.m.r. 
spectrum of one compound from that of another obtained under identical instrumental 
conditions. The subtraction is accomplished with the aid of the spectrometer 
computer. This method is particularly useful, as it often makes possible the obser- 
vation of resonance peaks which are otherwise obscured by the envelope of over- 
lapping signals. In the above spin-decoupling experiments, the blank was the spectrum 
for which the same power of the irradiating frequency F2 was used, but offset upfield 
of the sugar-proton frequencies. This method is effective, even though the uncoupled 
proton may be masked by an envelope of coupled and non-coupled signals (Fig. 1). 
Commercial 2-acetamido-2-deoxy-o-glucopyranose is almost wholly the ~ anomer. 
Rapid dissolution of this compound in D20 and difference spectroscopy against the 
equilibrium c~//~-mixture 1cads to the spectrum of the/3 anomer (Fig. 2). 

IX f (A) 

(B) 

4.~ 3.9 3.8 

cx 

~ .~_ q L  ,< , 
3.7 3.6 3.5 3.4 4.0 3.9 3.8 377 3.6 3.5 3.4 3.3 

Chemical  shif t  (p.p.rn. f r 'om D.S.S.) 

Fig. 2. Spectra of 2-acetamido-2-deoxy-c~- and -/~-D-glucopyranose at 270 MHz: A, observed spectrtma; 
B, calculated spectrum. 
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The reported + assignments for ez- and fl-D-glucopyranose (and hence methyl 
a- and fl-D-glucopyranoside) were confirmed by spin-decoupling experiments. The 
assignment of the spectra of methyl 2-acetamido-2-deoxy-a- and fl-D-glucopyranoside 
then proceeded on the premise that the replacement of HO-2 by NHAc caused a 
relatively large downfield shift of the signal for H-2, and this was confirmed by spin- 
decoupling experiments. The assignment of a-D-glucopyranosyl phosphate was 
similarly made by a comparison with a-D-glucopyranose. 

This leaves the problem of distinguishing the signals for H-6 and H-6', the 
spin-spin coupling relationships of which are identical. This is a controversial 
problem ~°' ~ ~. The solution was based on the following evidence. (a) The assignment 
has been reported ~° for derivatives of 6-deuterio-D-glucose in benzene-d 6 . A solvent 
ring-current effect caused the sequence of chemical shifts of H-6 and H-6' to be 

3.0  -- 

N 
2: 

to 

2+5 

2.0 

1.5 

1.0 I 
4.5 6 .5  

\ . 2  
8 .6  

I I I 
5.0 5.5 6.0 

J5 ,6 '  ( H z )  

Fig. 3. Correlation of J5.6 with Js,6.: ~-o-glucopyranose (1), fl-D-glucopyranose (2), methyl C~-D- 
glucopyranoside (3), methyl fl-D-glucopyranoside (4), 2-acetamido-2-deoxy-a-D-glucopyranose (5), 
2-acetamido-2-deoxy-fl-o-glucopyranose (6), methyl 2-acetamido-2-deoxy-a-D-glucopyranoside (7), 
methyl 2-aeetamido-2-deoxy-fl-D-glucopyranoside (8), ~-D-glueopyranosyl phosphate (9). 
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H=6' l H-6 
B H-S 
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I H-6' 

• 2_ /+  

H 0""' H-6~OH 
C H-5 

Fig. 4. Rotamers about the C-5-C-6 bond: A, .]-5,6 large, J5,6, small; B, Js.~ small, Js,6, small; 
C, J5,6 small, J5,6, large. For D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose, A is nnfa- 
voured relative to B and. C, because of the proximity of HO-4 and HO-6. Since B and C preponderate, 
Js,6 is small and J5.6, is large. Hence, the lowfield signal is assigmed to H-6 and the highfield signal 
to H-6', 
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reversed relative to those in water 12. Correcting for this difference, the coupling 
constants were in agreement with those for the aqueous system, and the stereospecific 
identification of H-6 and H-6' was made. (b) Assuming that the relative positions of 
the signals for H-6 and H-6' are constant in the nine spectra under comment, an 
inverse correlation between J5,6 and J5,6" is observed (Fig. 3). This relationship 
suggests the viability of the argument in Fig. 4. (c) The assignment is consistent with 
the recently announced rules for the expected relative-shift position of H-6 and H-6' 
in the C-5-C-6 fragment ~ 1. 

With the exceptions of C~-D-glucopyranose and 2-acetamido-2-deoxy-~-D-gluco- 
pyranose (see below), a rough assignment was thus completed ready for iterative 
analysis. 

lterative analysis of the a H-spectra 
The problem of the initial assignment for c~-D-glucopyranose and 2-acetamido- 

2-deoxy-c~-D-glucopyranose arose from the similar chemical shifts of the signals of 
H-5, H-6, and H-6', and their overlap with those of H-2 and H-3. This situation was 
resolved by rapidly simulating trial spectra with the spectrometer minicomputer and 
the Nicolet NMRCAL programme until the observed and calculated spectra agreed 
approximately. The results showed that there were minor disagreements of up to 
0.3 p.p.m, with Table I of  the original assignment 4 for H-6 and H-6' at 60 °. 

The iterative analyses were simplified. For  the/~ anomers, the signals for H-6 
and H-6' were taken separately in an overlapping AB-MNOP-X system. For the 
anomers, the procedure employed an ABC-MNO-X system, where A, B, and C were 
H-5, H-6, and H-6' (Fig. 5). There was no positive indication of any other than six 3j 

H-3 

H-2 

4.0 3.9 3.8 3.7 

H-4 H-G,5,6 ' 

, j u L, j , vl , 
3.6 3.5 3,4 3.9 3.8 3.7 

Chemical  sh i f t  (p .p .m. f rom D.S.S.) 

Fig. 5. Simulated spectra for 2-acetamido-2-deoxy-c~-D-glucopyranose using the parameters in 
Table II. 
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and o n e  2 j  coupling constants. For methyl 2-acetamido-2-deoxy-~-D-glucopyranoside 
and Ct-D-glucopyranosyl phosphate, the signal for H-5 is partly resolved, but again no 
extra splittings could :be observed; examples of long-range, J1,5 coupling have been 
reported 6. The programmes UEA-NMR and UEA-ITR were used, where a least- 
squares refinement procedure matched the theoretical frequencies calculated from an 
approximate spectrum with the observed frequencies ~ 3. Typically, 300-400 lines were 
assigned to 20-30 frequencies; 7 chemical shifts and only the 7 coupling constants 
were allowed to vary. 

There were two errors in the iteration. (a) The double doublets for some 
protons fused into triplets, so that the precision of measurement for the frequencies of 
the two middle lines of the four deteriorated. (b) AnOther error arose from the 
occurrence of virtual coupling, which is reflected in the extra splittings and 
broadenings that may occur in the signal of a nucleus A if it is coupled to a nucleus B 
that is strongly coupled [large ratio of JBc/(VB--Vc) ] to a third nucleus C, even if 
JAC = 0. This situation occurred in fi-D-glucopyranose and methyl 2-acetamido-2- 
deoxy-fl-D-glucopyranoside for the strongly coupled H-4 and H-5 signals, and the 
accurate assignment of frequencies was less certain. 

From the analyses, the change in the chemical shift of a proton could vary as 
much as 3 Hz or 0.01 p.p.m, from start to end of analysis at 270 MHz. Thus, the value 
of the method is the ability to add at least one order of magnitude of accuracy to the 
measured chemical shifts. Alternatively expressed, there is a clear visual discrepancy 
between the spectra if the observed spectrum is compared to a trial spectrum cal- 
culated on the basis of  first-order analysis. The results are presented in Table II. 

On the addition of methyl 2-acetamido-2-deoxy-fi-D-glucopyranoside to hen 
egg-white lysozyme, the shifts of the signals for H-3 and H-5 were almost unaffected, 
whereas that for H-4 was strongly shifted upfield. This system was used as the model in 
a series of spectral calculations to estimate the systematic error in following these 
shifts. Fig. 6 shows that this error rises to a maximum of  2.6 Hz or 0.01 p.p.m., which 
should be added to the experimentally observed shift change for the H-4 signal. For 
the protons directly or virtually coupled to H-4, the shift changes are <0.6 Hz. 

@ 

ueSu/o ~ " ~ " ~ - ~  270 MHz 

' : ~  0 / I I I 
0.00 0.05 0.10 0.15 
Upfield shift of H-4 signal (p.p.m.) 

Fig. 6. Illustration, for binding of  methyl 2-acetamido-2-deoxy-fl-D-glucopyranoside to lysozyme, 
of the systematic error at 270 and 90 MHz inherent in a shift titration in which the second-order 
spectrum of H-4 is treated as first-order.  
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DISCUSSION 

Chemical shifts 
The change in orientation at the anomeric centre of D-glucopyranose influences 

the n.m.r, signals substantially. Koch and Pertin 4 have observed that there is a steric 
relationship between the chemical shifts for the proton and carbon nuclei. An 
increase in the shielding of  carbon associated with a steric interaction is generally 
accompanied by a decrease in shielding of the attached proton 14. These results are 
reflected generally by the other three pairs of sugars given in Table IV. 

There are large shift differences for the protons and carbons at sites 1, 2, 3, and 
5, which are opposite in direction between the proton and carbon nuclei. However, in 
the work reported herein, the higher precision of the proton data shows that 
systematic changes of chemical shift of an order of magnitude less than those for the 
t, 2, 3, and 5 sites occur at positions 4 and 6. In particular, the signal for H-6 changes 
in the same direction as that for C-6, whereas that for H-6' changes in the opposite 
direction. 

Further analogous conclusions follow from the data in Table llI. On sub- 
stitution of the N-acetyl group, the changes in shift for the protons are generally in the 
opposite direction to those for the carbon nuclei. The quantitative changes for 
particular carbons are similar in the four pairs of compounds listed; the precision of 
the proton data shows a sub-division of the four pairs into groups of two ~ and two fl 
pairs. As to be expected (and used as one guide in the assignment procedure), the 
magnitude of the changes is much more pronounced at position 2 than elsewhere. 

Finally, the effect of changing HO-1 to MeO-1 (Table V) is clearly dependent 
on whether an axial or an equatorial orientation is involved. The changes are greater 
for the axial than the equatorial position; it is especially marked for H-5 in the 
anomer. Moreover, the effect of substitution on the direction of shift change is not 
consistently opposite between the c~rbon and proton nuclei. 

Biochemical application 
The assignment of the spectra of 2-acetamido-2-deoxy-D-glucopyranose and 

its methyl glycosides permits solution studies of the interaction of the sugars with hen 
egg-white lysozyme. Such studies usually involve measurement of the chemical shifts 
of the sugar protons in the presence of lysozyme, and the results are usually presented 
in the form of a shift titration 7. We have shown that the systematic error inherent in 
the shift titrations, by assuming that the second-order spectra are first-order, is of the 
order of 0.01 p.p.m., but can be greater if the total shift change in the titration is only 
0.05 p.p.m. (Fig. 6). 

The proton work described herein has been carried out at 270 MHz, and it is 
interesting to note that the analogous experiment at 90 MHz would have had a 
systematic error of up to 0.04 p.p.m, if the ring protons had been studied. Thus, 
caution is necessary in interpreting small shift changes of < 0.1 p.p.m, at low frequencies 
as the spectra become more second-order with consequential, larger shift errors. Such 
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errors may be avoided if the spectra are computed at the experimental frequency to set 
up a calibration curve to allow the appropriate correction to be made. However, the 
shift correction at 90 MHz is greater than the experimental error in measuring these 
shifts; thus, measurements made at 90 MHz or lower should be undertaken with 
extreme caution if the induced shifts in second-order spectra are < 1 p.p.m. Any such 
shift changes observed in a titration would be underestimated, sometimes seriously. 

EXPERIMENTAL 

Solutions (M o r  0,1M) of the sugars were prepared in 99.8% D 2 0 .  ~3C-N.m.r. 
spectra were recorded at 25 ° at neutral pH with a Varian XL-100 spectrometer 
operating at 25.2 MHz and tubes of  outside diameter 12 mm. Spectra were accumul- 
ated under conditions of  complete proton decoupling, storing the decay over 8 K 
core, with an acquisition t ime of 0.8 sec and pulse delay of 1.0 sec, for at least 1 K 
transients. The free-induction decay was exponentiated using a time constant of 
0.4 see before Fourier transformation. Shifts were measured s relative to that of 
p-dioxane at 0 p.p.m., as a secondary chemical reference at 67.4 p.p.m, downfield of 
that of Me4Si. The digitisation is 1.2 Hz/point. 

~H-N.m.r. spectra were recorded at 25 ° at 270 MHz, using a Bruker spec- 
trometer assembly belonging to the Oxford Enzyme Group,  incorporating a Nicolet 
1085 computer, a 294 disc storage system, and a 293 pulse controller. For a typical 
25ram solution of sugar, 64 or 128 transients were accumulated over 8 K core, with 
dwell time (interpoint time) of 500 or 666 #sec, and a pulse repetition rate of  10-12 sec 
(i.e., greater than 5 Tl 's) .  The pulse angle was set low at ~25  °. The Fourier transform 
was calculated over t 6 K, using the zero-addition technique to improve the resolution; 
similarly, the free-induction decay was not exponentiated. The spectral width was 
thus 1000 Hz (0.122 Hz per point) o~ 750 Hz (0.092 Hz per point), respectively; the 
digitisation is the practical error Of the iterative analyses. Chemical shifts were 
measured relative to acetone, at 2.215 p.p.m, downfield of DSS. The iterations were 
performed with the Oxford University ICL 1906A Computer,  using the programmes 
U E A - N M R  and U E A - I T R  (SRC Library of N M R  computer programmes, c/o 
Dr. P. Anstey, School of  Chemical Sciences, University of  East Anglia, Norwich, 
N O R  88C, U.K.). Most of  the sugars were commercial samples. Methyl 2-acetamido- 
2-deoxy-c~- and -fl-D-glucopyranoside were gifts from Dr. K. Hamaguchi, Osaka 
University, Japan (Nakarai  Chemical Corporation). 2-Deoxy-2-.fluoroacetamido-D- 
glucose was prepared in our laboratory a 5 
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