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Abstract

Acetan is a bacterial polysaccharide produced by Acetobacter xylinum NRRL B42. Chemical
mutagenesis of A.xylinum allowed selection of a mutant strain which produced a new polysaccha-
ride, CR1/4. 2D NMR methods have been used to assign the 'H and “C spectra of the two
polysaccharides and to determine that CR1 /4 has the structure shown below. The total number of
O-acetyl groups is slightly less than two per repeating unit,
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The pentasaccharide side chain of acetan is truncated to a disaccharide unit in
CR1 /4, but the structures are otherwise identical. In particular, the degree of acetylation

is about the same and the O-acetyl groups are located at the same positions in both
polysaccharides.
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1. Introduction

Xanthan gum, the microbial polysaccharide produced by Xanthomonas campestris,
has found widespread applications as a food ingredient thanks to its properties as a
thickening and suspending agent. Native xanthan has the structure [1], 1. The polysac-
charide acetan [2], produced by Acetobacter xylinum NRRL B42, shows interesting
structural and functional similarities to xanthan [3]. Following earlier biosynthetic [4]
and structural studies {2,5], the structure of acetan was recently confirmed [6] as 2. There
are also one to two O-acetyl substituents per repeating unit in positions which have not
previously been determined. Acetan resembles xanthan in having a cellulosic backbone
substituted on alternate glucose residues with a side-chain. Although the lengths of the
side-chains are different, the residues adjacent to the backbone (Man and GIcA) are the
same in the two polysaccharides and they have the same types of linkage.
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Acetan can be regarded as the most complex of a family of polysaccharides in which
the side-chain may be modified by removal of one residue at a time. Studies of the
biosynthesis of acetan [4] and successful experiments with xanthan [7] suggest that it
may be possible to produce the complete family of modified polysaccharides by genetic
engineering. Chemical mutagenesis of A.xylinum has allowed selection of mutants
which produce one of these polysaccharides [8], CR1/4. Preliminary structural analysis
showed that the polysaccharide contained t-GIcA, 1,2-Man, 1,3,4-Glc, and 1,4-Glc units.
By analogy with acetan, the structure 3 was proposed for CR1 /4. It is presumed that the
biosynthetic pathway, which proceeds by step-wise addition of sugar units to form a
lipid linked oligosaccharide intermediate [4], has been blocked after addition of the GlcA
residue. A polysaccharide with the same basic structure, called xanthan polytetramer,
was previously isolated from mutant strains of X.campestris [7]. Full structural charac-
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Fig. 1. 400-MHz '"H NMR spectra (D,0, 95°C) of (a) native (acetylated) acetan (the Me resonances of Rha
and the O-Ac group are not shown); (b) deacetylated acetan; (c) deacetylated CR1/4.

terisation of CR1/4 by NMR, including details of acetylation, is reported here, and the
spectra are compared with those given by acetan. In a recent report [6], the '"H NMR
spectrum of a heptasaccharide produced by enzymic degradation of deacetylated acetan
was assigned. In the present work we have assigned the BC and "H NMR spectra of the
intact native and deacetylated polysaccharides.

2. Results and discussion

Individual sugar residues of the polysaccharides are coded as shown in structures 2
and 3. Both CR1/4 and acetan were O-deacetylated by controlled alkaline hydrolysis
(16 h at 1°C, pH 12.5) of the native samples. 'H NMR spectra of deacetylated CR1/4,
and native and deacetylated acetan are shown in Fig. 1. The 'H NMR spectrum of native
CR1 /4 was not of good quality and is not shown here. Depending on the sample, native
acetan was found to have a total of between 1.5 and 2 O-acetyl groups per repeating
unit, as determined by integration of the methyl signals at & 2.16 relative to the signal
from the G6 protons at 8 1.3 (d, 3 H). Two signals, of equal intensity, were resolved at
& 2.16, indicating at least two locations for the O-acetyl groups. Aqueous solutions of
acetan and CR1/4 are highly viscous at room temperature, and even at 95°C the 'H
line-widths are rather broad. The sugar residues in acetan have different mobilities,
depending on their position in the repeating unit, and this gives a range of line-widths.
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Fig. 2. 100-MHz >C NMR spectra (D,0, 95°C) of (a) native (acetylated) CR1/4; (b) deacetylated CR1 /4.
Resonances which show appreciable chemical shift changes on deacetylation are marked *.

Narrow lines arise from protons belonging to the most mobile units (G and F) at the
terminus of the acetan side-chain. Sharp features are absent from the spectrum of
CR1/4, but the broad resonances associated with sugar units A-D are more clearly
revealed than in the spectra of acetan.

Comparison of the Bc spectra of native and deacetylated CR1/4 (Fig. 2) shows
obvious differences in that the signals from the acetyl groups at & 21.1 (methyl) and &
174.4, 174.9 (carbonyl) have disappeared in Fig. 2b. There are also clear differences in
the region (60—-65 ppm) associated with C-6 resonances of the sugar rings. Signals at
64.6 and 63.4 ppm (marked * in Fig. 2a) disappear on deacetylation. There is an
increase in intensity of the signal at 61.7 ppm and a new signal appears at 60.7 ppm
(Fig. 2b). This implies that the O-acetyl groups are located at the carbon-6 position in
two of the sugar units. The anomeric region of the deacetylated sample contains the
expected four sxgnals and the line-width variation apparent in the 'H spectra is again
evident. The ®C spectra of acetan (Fig. 3) in the carbon-6 region show that the degree
of acetylation of this polysaccharide is similar to that of CR1/4. From inspection of
structure 2 it is clear that the O-acetyl groups must be located on rings A, B, or C since
these are the only residues with free CH,OH groups.

Spectral assignment and structure of CRI /4.—Detailed assignment of the 'H and

Bc spectra of deacetylated CR1/4 relied on a combination of 2D NMR techniques
(COSY, HOHAHA, NOESY and C/H correlation). For native CR1 /4 the 'H chemical
shifts could only be obtained indirectly from the C/H correlation spectrum. In the
low-field region of the 'H spectrum of deacetylated CR1/4, the COSY spectrum
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Fig. 3. 100-MHz C NMR spectra (D,0, 95°C) of (a) native (acetylated) acetan; (b) deacetylated acetan.

showed a cross-peak between two resonances at 6 5.28 and 4.35. These signals can
therefore be assigned to protons C1 and C2, respectively, of the a-D-Man p residue [6].
The C2 resonance shows a marked down-field displacement when compared with the
equivalent signal (at & 4.20) in the linear acetan heptasaccharide [6]. Depending on the
conformation the branching at residue B in the polysaccharide could introduce a short
range interaction between the C2 proton and an oxygen atom on residue A. This would
result in a down-field shift of the proton signal. No such interaction is possible in the
heptasaccharide which was obtained by hydrolysis of the (1 — 4) linkage between A and
B. The three remaining resonances between & 4.45-4.60 are doublets with J,,, ~ 7Hz
and all can be assigned as anomeric protons of B-linked residues. Chemical shifts of
protons up to H-5 in residue C and up to H-3 in the other residues could be determined
from the COSY spectrum.

Further assignments depended on comparison of HOHAHA (Fig. 4) and NOESY
(Fig. 5) spectra. Cross-peaks common to both spectra arise from pairs of protons
belonging to the same sugar unit. The protons are part of the same coupling network
(HOHAHA) and they may be spatially close (NOESY). Under the conditions employed
to obtain the HOHAHA spectrum, correlations were observed between H-1 and all
protons up to H-5 in the Glc and GIcA residues. However, in the NOESY spectra,
intra-ring NOEs could only be observed between H-1 and the H-2, H-3, and H-5
protons. This distinction simplified the assignments of H-4 and H-5 for these residues.
Cross-peaks appearing in the NOESY but not in the HOHAHA spectrum correlate
signals from protons in different rings. The protons concerned are separated by short
distances, and the interactions are principally transmitted across glycosidic linkages. In
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Fig. 4. 400-MHz HOHAHA spectrum of deacetylated CR1 /4. Assignments of anomeric protons and C2 are
indicated on the right hand side. Labels within the frame refer to chemical shifts on the horizontal axis.

polymers, however, cross-peaks can also arise as a result of relayed NOEs (spin
diffusion), so the mixing time was kept relatively short (100 ms) to simplify the spectra
as much as possible.

In the NOESY spectrum the C1 proton gave a strong cross-peak, a, with one of the
other anomeric protons at 6 4.45. In turn this anomeric proton had a cross-peak, e, with
C2 but no additional inter-ring interactions were evident. This identifies the anomeric
proton as D1 and the structural fragment as 4.

B-D-GlcpA-(1-+2)-a-D-Manp-(1-+
4

An interaction between the anomeric protons of the two residues concerned is typical
for a (1 — 2) linkage [9]. Sets of weak cross-peaks, f and g, were also observed
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Fig. 5. 400-MHz NOESY spectrum (100 ms mixing time) of deacetylated CR1 /4. Labelled cross-peaks arise
from interunit NOEs. Assignments are discussed in the text.

between C1, C2 and D2, D3, DS. These NOEs were undoubtedly relayed from residue
C via D1. The second strong cross-peak, involving proton C1, b, was to a signal at &
3.84. This can be assigned to B3 from the HOHAHA spectrum, and thus the anomeric
proton at & 4.60 is assigned to B1. This leaves the last anomeric signal at 8 4.50 as Al
and the two remaining strong inter-ring cross peaks, ¢ and d can be identified as B1-A4
and A1-B4, respectively, confirming that 3 is the correct structure of CR1/4. The 'H
chemical shifts are listed in Table 1. Further support for this structure comes from
assignment of the >C spectrum using 2D C/H correlation NMR.

The 'H signals of the anomeric protons are well resolved so that an unambiguous
identification of the corresponding °C resonances is possible (Table 2). The narrowest
of the four resonances is found to be C1 and further assignment of the D-Man p unit
shows that all carbons in this residue give narrow lines (Fig. 2b) with linewidths
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Table 1
'H chemical shifts for CR1 /4 and acetan ®
Compound Residue Chemical shift (8)
H-1 H-2 H-3 H-4 H-5 H-6 H-¢'
CR1/4 (1,4)-3-p-Glcp 4.50 337 3.67 3.53 3.58 3.83 4.01
A
(1,3,4)-8-D-Glcp 4.60 341 3.84 3.91 3.72 3.83 4.01
B 392" 433 *°
(1,2)-a-D-Manp 5.28 435 3.88 3.76 4.00 3.83
C 436 "
t-B-D-Glc pA 445 3.39 3.51 3.57 3.68
D
Acetan (1,2)-a-D-Man p 5.27 4.31 3.84 3.74 3.98 3.82
C 4.16 * 433" 442"
(1,6)-a-b-Glc p 5.46 3.53 3.73 351 3.88 3.88 4.10
E
(1,6)-B-D-Glcp 4.49 335 353 341 3.57 3.73 4.02
F
t-a-L-Rhap 4.86 4.00 3.80 3.45 3.74 1.30
G

® Chemical shifts for the deacetylated polysaccharides are given in the top row for each residue. Chemical
shifts which change appreciably in the native samples are given underneath, marked *.
® Value taken from the acetan NOESY spectrum.

Table 2
B chemical shifts for CR1 /4 and acetan *
Compound Residue Chemical Shift (5)
C1 C-2 C3 C-4 C-5 C-6
CR1/4 (1,4)-B-D-Glcp 102.32 74.34° 75.31 81.03 76.06 61.57
A
(1,3,4)-B-D-Glcp 103.48 73.31° 81.46 76.20 75.69 60.68
B 730 * 634"
(1,2)-a-p-Man p 100.70 79.65 70.59 68.18 73.66 61.57
C 71.73 * 64.56 *
t-B-D-Glc pA 103.29 73.58° 76.41 72.47 76.63 176
D
Acetan (1,2)-a-D-Man p 100.74 79.83 70.71 68.39 73.81 61.72
C 718 * 64.6 *
(1,6)-a-D-Glcp 98.85 72.65 73.92 70.56 71.92 69.03
E
(1,6)-8-D-Glcp 103.66 74.05 76.75 71.03 75.86 68.06
F
t-a-L-Rha p 101.66 71.06 71.36 73.22 69.52 17.8
G

* Chemical shifts for the deacetylated polysaccharides are given in the top row for each residue. Chemical
shifts which change appreciably in the native samples are given underneath, marked ~.
b Assignments may be interchanged.
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comparable to C1. Up-field of the anomeric region are two signals identified by C/H
correlation as the glycosidic linkage positions, B3 (& 81.46) and A4 (8 81.03). The
signal from the remaining linkage position, B4, is found at 6 76.2, in the centre of a
cluster of peaks which is otherwise made up of signals from the 3- and 5-carbons of
rmgs A, B, and D. Di-substitution of ring B at neighbouring posmons affects the °C
and 'H chemical shifts of positions B3 and B4. In both cases the ' ?C shifts are lower
and the 'H shifts higher than would be expected for singly substituted 3- or 4-linked
B-Glc tings, on the basis of reported data for model disaccharides [10,11]. The 2-carbons
of rings A, B, and D (8 73.3-74.3) are difficult to assign because of the similarity of
their 'H chemical shifts and the limited resolution in the 'H dimension. The last signal
in this region is from one of the carbons (D4, 8 72.47) in the t-GlcA residue, and
because it is well-resolved (Fig. 2b), its line-width can be compared with the line-widths
of the Man p signals. Surprisingly, the terminal residue has broader lines (is less mobile)
than the Man p residue which is linked to the backbone. Possibly an interaction between
the GIcA residue and the backbone, or an intra- or inter-molecular interaction between
side-chains imposes a constraint on the mobility of this unit.

Assignment of acetan spectra; position of acetyl groups in acetan and CR1 /4.—The
spectra of deacetylated acetan were assigned first. Partial occupancy of the acetylation
sites slightly complicates spectra of the native samples. For example the low-field
shoulder of the C1 resonance in the native sample (Fig. 1a) is at the same chemical shift
as C1 in the deacetylated acetan. Identification of proton resonances in the anomeric
region of the spectrum was straightforward from comparisons with CR1/4 and with
previous studies of the repeating unit [6]. F1 was the only anomeric signal for which the
coupling J, , (7.8 Hz) gave a resolved doublet, and this strong signal obscured the Al
and D1 resonances. Complete sets of 'H chemical shifts could be obtained for rings F
and G from a COSY experiment, and for ring E, which had somewhat broader lines,
from RELAY and C/H correlation spectra. The latter also provided BC and 1H
assignments for C, which were very similar to those in CR1/4. 'H and “C chemical
shifts are listed in Tables 1 and 2 for residues C, E, F and G. The configuration of the
terminal Rha p residue was confirmed as a by measurement of 1Jc,u for G1 (171 H2).
This is in agreement with a recent report where the same conclusion was reached from
consideration of 'H chemical shifts [6]. A full assignment was not possible for rings A,
B and D which have broader lines and weaker signals than the other residues. However,
the 'H chemical shifts of the linkage positions B1, B3, and A4 could be obtained and all
were within 0.03 ppm of corresponding values in CR1/4. This suggests that there is
little change in average backbone conformation on addition of the extra side-chain units.
Cross-peaks in the C/H correlation spectrum at 6 77.6/3.82 and 77.4/3.82 were
assigned to D4 and D3 respectively. C and 'H shifts of D4 are both displaced
down-field in comparison with CR1/4 where D ( 8-GlcA) is a terminal residue. The
NOESY spectrum of deacetylated acetan showed that the 'H chemical shift of D1 (from
the D1 /C2 cross-peak) was identical to that of F1. The "H chemical shifts of D1 and
C2 were displaced downfield (0.04 ppm) and upfield (also 0.04 ppm), respectively, from
the corresponding shifts in CR1/4. This may indicate that the extension of the
side-chain beyond ring D leads to a conformational change in the linkage between D and
C.
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Fig. 6. B¢ / H correlation spectrum of native acetan. Cross-peak labels of CS5 and C6 in the acetylated Man
unit are marked *; for the deacetylated unit, they are shown in parenthesis.

The C/H correlation spectrum of native acetan is shown in Fig. 6, together with
assignments for rings C, E, F, and G. For these rings, the only differences between the
correlation spectra of native (acetylated) and deacetylated samples were the positions of
the C5 and C6 cross-peaks. Because of the incomplete acetylation, cross-peaks are
evident in Fig. 6 for both substituted and non-substituted a-Man p residues. The large
down-field displacement of the 'H and "C resonances of C6 with acetylation shows that
one of the O-acetyl groups is located at position 6 of the a-Manp residue. Identical
observations were made for native and deacetylated CR1/4 (Tables 1 and 2).

Fig. 1 shows the additional intensity appearing between & 4.3 and 4.4 in the 'H
spectrum of the native sample. This intensity is partly attributable to the down-field
displacement of the C6 protons on acetylation. Unfortunately the signal to noise ratio in
the C/H spectrum was not good enough to observe a C/H correlation peak for the Bc
resonance at 8 63.4 (associated with the second presumed acetylation site). However,
the NOESY spectrum of native acetan, recorded with a long (400 ms) mixing time,
allows identification of further signals at & 4.3—4.4. Cross-peaks b (Fig. 7) relate C5 (§
4.16) to C6 (& 4.33, 4.42) and occur in the positions expected from the C/H spectrum.
The cross-peak c¢ is assigned to D1/C2 and corresponds to the same interaction in
CR1/4 (Fig. 5, cross-peak e). The presence of another signal at § ~ 4.33 is shown by
cross-peak a which links a resonance at this position to the anomeric proton B1 at &
4.62. Cross-peak a is assigned to B1/B6, and is probably a relayed cross-peak, with
transfer via BS occurring as a result of the extended mixing time. BS itself has a
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Fig. 7. 400-MHz NOESY spectrum (400 ms mixing time) of native acetan. Cross-peaks within the inner frame
show origin of signals at ~ 4.33 ppm. Assignment of NOEs is discussed in the text.

chemical shift of 3.90 ppm (cross-peak d) and is shifted down-field from 3.69 ppm in
the deacetylated sample. NOEs from B1 to other protons (B2, B3, A4) show that the
chemical shifts of these other protons are almost unchanged on deacetylation. Heteronu-
clear correlation spectra of both acetan and CR1/4 contained a cross-peak (B5) at &
73.0/3.90 for the native, but not the deacetylated samples. Taken together, these
observations suggest that in both acetan and CR1/4 the second O-acetyl group is
attached at carbon-6 of B, the backbone B-Glcp residue to which the side-chain is
linked. Acetylation results in downfield displacements of the 'H signals of BS, B6 and
the C signal of B6, but an up-field displacement of the C resonance of B5. The
behaviour of the C5 and C6 signals on acetylation of Man-6 is exactly the same.

Acetan and CR1/4 resemble xanthan and xanthan polytetramer in that all the
polysaccharides are acetylated at Man-6. Xanthan and the polytetramer are not acety-
lated on the backbone but, apart from this, the structures of CR1/4 and the polytetramer
are the same. The data presented for CR1/4 should help to provide a complete
assignment of the NMR spectra of xanthan for which only partial assignments have been
reported previously [12—14]. The presence of a backbone acetyl group in acetan and
CR1 /4 may affect the solution and gelling properties of the polysaccharides as well as
their biochemical characteristics, such as susceptibility to enzymic cleavage. This
remains to be tested.

The biosynthesis of bacterial polysaccharides is generally well understood but there is
some doubt concerning the stage at which non-carbohydrate substituents are added.
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Schemes for xanthan biosynthesis [15] show transfer of the acetyl group from Acetyl
CoA occurring before polymerisation, but after assembly of the repeating unit has been
completed. Recent studies of succinoglycan biosynthesis [16] have shown, however, that
the acetylation step may take place during assembly of the repeating unit, between
addition of successive sugar residues. Our finding that the two acetyl group locations are
the same in acetan and CR1/4, and that the degree of acetylation is very similar in the
two polysaccharides, support the latter proposal. The acetylases which catalyse transfer
of the acetyl groups would then only have to recognise the same substrates (at di- and
tri-saccharide intermediate stages) for both wild-type and mutant polysaccharides. It
might be argued that the polymerase must recognise full length and truncated repeating
units for the polymerisation process, but it should be noted that yields of truncated
polysaccharides are decreased in comparison with wild-type acetan [8] and xanthan [15].

The NMR spectra of acetan were dominated by a set of signals from the four most
mobile sugar units, and their presence made it difficult to observe and assign the
broader, weaker signals from the three remaining units. The chemical shifts in these less
mobile units were determined more readily for the simpler polysaccharide, CR1 /4. The
results for CR1/4 demonstrate that appropriate 2D NMR techniques can be used to
analyse the spectra of intact polysaccharides even when the spin—spin splittings are
rather poorly resolved.

3. Experimental

The preparation and purification of acetan and CR1/4 have been described previ-
ously [8]. The samples were deacetylated by treatment with alkali. A 0.25% w /v
solution of the polysaccharide in distilled water was prepared by heating to 90°C with
stirring (under N,) for 0.5h. The solution was cooled to 1°C, titrated to pH 12.5 by
addition of 0.1 M NaOH, and left at 1°C for 16 h. The pH was then adjusted to 8.5 by
addition of 0.1 M HC], the solution was dialysed against distilled water, and the
polysaccharide was freeze-dried.

NMR experiments.—Acetan and CR1/4 were examined as 2 and 1% solutions,
respectively, in D,0. The polysaccharides were in the sodium form and the pH* was
5.0 (+0.5) for all solutions. 'H (400 MHz) and C (100 MHz) NMR spectra were
recorded on a Jeol GX-400 spectrometer at 95°C. Samples for 'H NMR, COSY,
NOESY, etc., were contained in 5-mm o.d. tubes and for BC NMR and C /H correlation
spectra in 10-mm o.d. tubes. HOHAHA and NOESY spectra of CR1/4 (deacetylated)
were also recorded at 600 MHz on a Varian VXR600 spectrometer. Chemical shifts are
reported relative to Me,Si using dioxan as a secondary reference. 6 values of dioxan
were taken as 3.74 (!H) and 67.4 (**C). Phase sensitive [17] DQF-COSY [18],
HOHAHA [19], and NOESY [20] spectra were acquired into a 2048 (t,) X 256 (t,) X 2
data matrix, with spectral widths of 1000 Hz in both dimensions. A mixing time of 60
ms (MLEV-17 sequence) was used-in the HOHAHA experiment and mixing times of
100 or 400 ms in the NOESY experiments. The phase sensitive C/H correlation spectra
[21] were acquired into a 4096 (t,) X 32 (t,) X 2 data matrix with spectral widths of
5555 (*C) x 1000 Hz (*H). The f, dimension was zero-filled to 128 points on Fourier
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transformation giving final digital resolution of 2.7 and 7.8 Hz in f, and f), respec-
tively. Between 1000 and 2000 scans were acquired for each t; increment.
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