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Note

High-field, "H-n.m.r. spectroscopy of alginate: sequential structure and
linkage conformations
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(Received November 30th, 1982; accepted for publication, January 31st., 1983)

As a continuation of n.m.r. studies of the composition and the sequence of
uronate residues in intact alginates' >, we now report on 400-MHz, 'H-n.m.r.
spectra of alginates and alginate fractions. These spectra provide information
about guluronate(G)-centred triads previously accessible only from high-field, *C-
n.m.r. spectroscopy”, and support some predictions about linkage conformations
based upon hard-sphere calculations®’.

The preparations of the alginates, alginate fractions®?, and n.m.r. samples*
have been reported. Fig. 1 shows the anomeric region in the 400-MHz, 'H-n.m.r.
spectra of two different fractions of alginate. According to our previous assign-
ments?, the two main peaks at 5.05 and 4.46 p.p.m. in Fig. 1A for an alginate frac-
tion enriched in homopolymeric G-blocks are due to H-1 and H-$ of the G residues
in these blocks, respectively. The minor peaks centred around 4.7 p.p.m. arise
from H-5 of G residues adjacent to mannuronic acid (M) residues and from H-1 of
M residues, which can be inferred from Figs. 1B and 2C, respectively. In the spec-
trum in Fig. 1B, which is for a fraction enriched in alternating sequences
(-MGMGMG-). the latter peaks are quite dominant. Partial protonation of the car-
boxyl groups shifts the signals for H-5 downfield, as demonstrated in Fig. 1C re-
corded at pD 4. Evidently, H-5 of G gives four peaks. Since the '*C-n.m.r. data’
confirmed that the uronic acid residues exist in their normal chair conformations,
regardless of their sequence, this can only be explained by a sequential splitting,
thus providing the key for directly measuring the four G-triad frequencies.

In addition to primary structure and the chair conformations of individual re-
sidues, an important contribution to proton shifts in polysaccharide systems may
arise from nuclear shielding due to the proximity of protons of electronegative
groups. This “through-space’ effect is sensitive to configurational structure about
glycosidic bonds. Whittington reported®’ hard-sphere conformational-energy cal-
culations on alginic acid and presented values for the angles (¢ and ) determining
the conformations of the four possible dimers. A comparison of the conformation
of the glycosidic bond in GM (1) with that in the GG dimer (2) showed that,
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Fig 1. The anomerc region in the 400-MHz. '"H-n m.r spectra of two different fractions ot sodium algi-
nate obtained by chemcal tractionation. A, “G-fraction” canched m t-guluronate (~907¢), B, "MG-
fraction” enriched in alternating sequence (M/G molar ratio ~1 2}, 1n D20 (5 mg' 3 mL) at pD 7 and
90° (obtained with a Bruker WM-400 n m.r spectrometer), C. "MG-fraction” recorded at pD 4 The
mterpretation of the difterent peaks 1 indicated by undediming the units involved M mannuronate: G.
guluronate.

whereas H-5 of G is in close proximity (~3 A) to O-2 of M in the former. this pro-
ton comes closest (~2 A) 1o H-2, and ~4 A from O-2. of G in the tatter. Hence.,
the H-5 of G resonating at ~4.7 p.p.m. most probably arises from the GM dimers,
in which the proximity of the electronegative HO-2 group to the udjacent M re-
sidue affects the nuclear deshielding through space much more effectively than in
the GG dimers. The smalt splittings (~0.02 p.p.m.) in the G(H-5) line-pattern
must be induced through bonds by changing the residue linked to G-4.1 ¢., the pre-
ceding unit in the chain.

The assignments in Table I can be made with certainty by considering the
chemical composition of the alginate fractions. In Fig. 1A for the “G-fraction’. the
dominant H-5 peak of G must arise from the triad GGG, whereas. in the spectrum
of the "MG-fraction™. the main H-5 line of G originates from the triad MGM. The
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positions of the asymmetric G-triads, MGG and GGM, are now self-evident in Fig.
1C. Irrespective of the residue linked to C-1, a preceding G-residue leads to a
slightly more deshielded G(H-5) resonance. The M diads could also be directly
measured in the 400-MHz, 'H-n.m.r. spectrum. The resonance for H-1 of M in the
diad MG is downfield (~0.03 p.p.m.) of that for H-1 of the diad MM, as shown in

Fig. 2. The anomeric region in the 400-MHz, 'H-n.m.r. spectra of the algal sodium alginates of A,
Laminaria hyperborea stipe 4/5; B, Macrocystis pyrifera; and C, Ascophyllum nodosum, high-M algi-
nate, recorded at 90°, pD 6.
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CHEMIUAD SHIFTSY OF PROTON RESONANCEAFOR ALGINATE INDLO AT 90" (pD )

Reviduv Sequahn ¢ Lr00.0
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M MM 521 4 89 167
M 370
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“In p p m. downfield from internal sodium 3-(trimethylsilyhpropionate oy tor the resonmed of the lett
hand residue in the isted diads aend of the intennediate residue 1 the listed triads

Fig. 1C. The interpretation becomes evident upon comparison with the spectrum
(Fig. 2C) of a high-M alginate sample

Confidence in this interpretation is enhanced by using the proton-signal in-
tegrals, which reflect the quantities of the respective trequencies® The intensities
ol the respective lines fultil the following relationships. valid tor long chains,

Fi; =Faaa * Faao * Foom ~ Faoa

Fma = Foar = Foov + Fuom

FMG(': o P'('( M

Because of the necessity for slight degradation of the polvmers in order to ob-
tain well-resolved n.m.r. spectra, some weak signals from the anomeric protons at
the reducing end also appear. as shown m Figs. 1T and 2. Then resonance positions
(Table I) show deshielding power through bonds. as tor the mternal umits For a re-
ducing. terminal G-residuc in the B-anomenc form. an adjacent G-umit attached to
(-4 causes a downtield shuit { -0 04 p p.m.j ot the signal for H-1 relative to that tor
an MG reducing end-unit

- 'H-N.m.r. spectra of whole alginate samples at neutral pD) ate shown in Fig.
2. The pusitions of the lines can be recognised as corresponding to those n the
spectra ot alginate fructions. Since separate signals appeared for M diads and G
triads. numerical values for their relative occurrence were measured directly. The
results obtained for the alginate fractions, and for some alginates solated from
whole plants. are shown in Table U The -orresponding values denved from ''C-
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TABLE I

DISTRIBUTION OF DIAD AND TRIAD FREQUENCIES IN ALGINATE FRACTIONS AND WHOLE ALGINATES

Sample Method®  Fuuy Fuc Fso Feoa Feom Fuoum
Fom Fuce
“MG-fraction” A 0.24 033 0.09 0.04 0.05 0.28
B 0.23 0.33 0.11 0.05 0.06 0.27
“G-fraction” A 0.08 0.02 0.88 0.86 0.02 ~0
B 0.05 0.05 0.85
Laminaria digitata A 0.43 0.15 0.27 0.22 0.05 0.10
B 0.46 0.14 0.26 0.22 0.04 0.10
L. hyperborea A 0.20 0.10 0.60 0.56 0.04 0.06
stipe 4/5 B 0.20 0.14 0.52
Ascophyllum nodosum A 0.32 0.25 0.19 0.13 0.06 0.17
old tissue B 0.34 0.23 0.20 0.12 0.08 0.15
Macrocysiis pyrifera A 0.43 0.18 0.21 0.20 ~0.01 0.20
B 0.38 0.21 0.20 0.19 ~0.01 0.20
Ascophyllum nodosum A 0.42 0.15 0.28 0.24 0.04 0.11
cultured specimen B 0.34 0.20 0.27 0.20 0.07 0.13

A, 'H-n.m.r. data (present work); B, *C-n.m.r. data.

n.m.r. data are also shown for comparison. In all cases, excellent agreement is
found between the two sets of data.

The samples showed diad and triad frequencies in highly variable propor-
tions. It should be noted that the MGM triad was absent from the structure of the
G-enriched alginate fraction. This finding is reasonable from simple statistical con-
siderations, since the content of M is only ~10%. As concluded previously**, the
character of the block structure is evident for whole alginates. In the alginate from
Macrocystis pyrifera, an unusual sequential distribution of the G residues was
found. They were about equally distributed among GGG and MGM triads,
whereas only a very small fraction appeared in the asymmetric triads. The signifi-
cance of this finding is that half of the G residues are located as single units flanked
by M residues, whereas the rest occur as fairly long G-blocks. This type of averaged
sequence may possibly be brought about by heterogeneity in the alginate molecules
isolated from whole plants and/or as a result of the mechanism for the biosynthesis
of the alginate molecules.

ACKNOWLEDGMENTS

The author thanks Docent Bjgrn Larsen and Dr. Terence Painter for provid-
ing samples, help in preparing the manuscript, and many stimulating discussions.
The 400-MHz, 'H-n.m.r. spectra were recorded at the National NMR Laboratory
at the University of Trondheim, by T. Skjetne.



260 NOTH

REFERENCES

I H. GRASDATEN B LARSEN AND O SMIDSROD Carbohyvdr Res , 56 (1977) ¢TI~ 15

2 H GraspateN B Lapsi x ann O SMIDSROD Carbohydr Rev | 68 (1974) 23-3]

3 H Grasual£N.B Tas N axp O SMIDSROD Proc Int Seaweed Symp | LXth, (19773 309-317
4 H. GrASDAIFN.B Lav DO SMinsRown Carbohyvdr Res . 89 (19811 179- 14}

S B LARSENANDH Groaspare s Carbohvdr Res | 92 (1981) 163167,

6 8 G WiirmiNGTON, Biopolvmers, 10 {19713 1181-1489

7S G.WHITHNGION Bropolyvmers, 1019713 1617-1622

S A HatG, B Larsi N AND O SMIDSROD Acta Chem Scand |, 20 (1966) 183160

Kol

A Hat o anp B LARSEN Acru ¢ hrem Scand | 10 (19A23 1908-1918



