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ABSTRACT

The *C NMR spectra of inulin oligomers in D,O with degree of polymerization
(DP) of 3 through 9, along with two other inulin oligomer mixtures of average DP = 17
and DP = 31 were recorded. Significant variations in the chemical shift of some
fructofuranose carbon signals indicates that unlike glucans, simple helical structures are
not the predominant conformation for inulin oligomers—at least up to DP = 9. Models
of the DP = 5 oligomer show that it should prefer a single helical conformation which
however, would not be accessible to longer DP oligomers due to severe steric interactions.

INTRODUCTION

Inulin (Figure 1) is in a class of compounds named fructans with the structural
feature of (2—1) linked B-D-fructofuranosyl units usually terminated by a (2¢>1) linked
o-D-glucopyranoside unit. It occurs in numerous plants, and apparently acts as a storage
carbohydrate.* It has a structural feature that may be unique among carbohydrates—the
subunit (fructose) rings are not part of the polymer backbone, and this has important

implications in its conformational structure. A better understanding of the inulin
859
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Figure 1. Structure of Inulin Oligomers. Nystose, n = 1; 1,1,1-
kestopentaose (DP = 5), n = 2; 1,1,1,1-kestohexaose (DP = 6), n = 3;
1,1,1,1,1-kestoheptaose (DP = 7), n = 4; 1,1,1,1,1,1-kestooctaose (DP = §),
n=5:1.1,1,1,1,1,1-kestononaose (DP = 9), n = 6. & = H-C15-02-C2,

Y = C15-02-C2-05, ¢ = C1-02'-C2'-05’, 0 = 05-C2-C1-02’, x = 05-
C5-C6-06

oligomer/polymer conformation may help to explore the biological role of this class of
compounds in plants as well as in clinical uses since inulin is ailmost universally used in
measuring the glomerular filtration rate in renal physiological examinations.?

Although NMR spectroscopy has long been used to identify plant fructans,
complete 'H and "C NMR assignments of inulin oligomers are rare. *C NMR
assignments of 1-kestose, nystose and inulin polymer were reported some time ago,** with
limited accuracy and completion. It was not until recent years that the unambiguous and
complete 'H and "C NMR chemical shift assignments of 1-kestose,® nystose’® and
1.1.1-kestopentaose,”® (nystose with one more (2—1) linked B-D-fructofuranosyl unit) have
been reported. *C NMR spectra of inulin oligomers of DP = 2 to 5, along with that of
the DP = 6 & 7 mixture, were reported.'” Other available data include recent X-ray

diffraction studies of nystose'!!* and a study of crystalline inulin by X-ray and electron
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diffraction.”” There is a recent report on studies on the conformational aspects of inulin
oligomers by '"H NMR.*

In contrast to the few reports on inulin oligomers. there is much previous work on
the structural features of glucose homooligomers.'>!1718

Carbohydrates have been extensively studied by various modeling techniques, but
studies on larger oligomers are rare due to limitations of both the available software and
computing power. Molecular mechanics modeling results of inulin oligomers are

available for inulobiose,"” 1-kestose® and nystose.>*!

RESULTS

1. ®C NMR spectra analysis

The *C NMR spectra of the inulin oligomers (taken in D,0) with DP of 4 through
9, along with mixtures that have higher DP averages, the cold water soluble and insoluble
inulin samples from Jerusalem Artichoke, are presented in Figure 2. The chemical shift
assignments for nystose (DP = 4) indicated in Figure 2 are obtained from previous work.’

It is evident that all the signals from the glucopyranoside unit are essentially
unchanged with the increase in DP. This enables us to identify one previously missed
signal, the C-6 of the glucopyranoside unit, in the earlier study by Jarrell er al’
Importantly, this also suggests that the inter-residue interactions between the
glucopyranoside unit and the fructofuranosyl units remain unchanged as the
oligomer/polymer chain increases in length.

If the inulin oligomer or polymer forms a helical structure, then the internal
repeating units should possess the same conformation and the internal residues should
experience the same chemical environment. Consequently, the °C signals of the same
carbon in the repeating units should coalesce. This is true for o- and B-(1—4)-D-glucose
homooligomers,”* in which signal coalescence is observed at DP = 5. For
maltooligomers,™ the “C NMR chemical shifts do not vary with the degree of
polymerization in the range of DP = 4 through 13 and are identical with those measured
for monodisperse amyloses of DP = 35 and 4000. This is not the case for inulin

oligomers.



09: 27 23 January 2011

Downl oaded At:

LIU, WATERHOUSE, AND CHATTERTON

555"
, 3¢ 5
333 ul

PRIy STUP RPNy
ANy PR

L

o oo

6
S a(DP=4)

b (DP=5)

c (DP=6)

d (DP=T7)

L h

e (DP=8)

f (DP=9)

1

g (ave. DP=17)

M

h (ave. DP=31)

U

110 100

Figure 2.

70

»C NMR spectra of the inulin oligomers: a) nystose, b) 1,1,1-

kestopentaose, c¢) 1.1.1.1-kestohexaose, d) 1,1,1,1.1-kestoheptaose, e) 1,1,1,1,1.1-
kestooctaose. f) 1.1.1.1.1.1.1-kestononaose. g) cold water soluble inulin, h) cold water

insoluble inulin.
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From Figure 2 one can see that signals from the C-5's of all the
B-D-fructoturanosyl units except the terminal one have the same chemical shift starting
from DP = 4. Signals from the C-6's of the B-D-fructofuranosyl units are similar at all
DP values but not exactly the same (indicated by peak shoulders and line broadening).
Signals from the C-2's and C-4's of the B-D-fructofuranosyl units form single but
relatively broad peaks at the higher DP values. Signals from C-1's appear to start
overlapping when the DP reaches 7. However, within the DP range of 4 through 9, none
of the C-3 signals show any tendency to coalesce into one peak, even a broad peak.

Since C-3's of B-D-fructofuranosy! units are the ring carbons closest to the linkage
bonds, they are strongly affected by the characteristics of both the linkage and the ring.
Any perturbation on OH-3 (e.g., variations in hydrogen bonding) will induce a change in
the chemical shift of C-3 as well as possibly altering the fructofuranose ring shape. The
variation in the chemical shifts of C-3's of the B-D-fructoturanosy! units clearly indicate
such perturbation. This perturbation will also produce different H-3-H-4 coupling
constants for each B-D-fructofuranosyl unit, and this was previously observed for DP =
5 (Ref. 7).

It is very interesting to notice that at DP = 6 and 7 the coincident peaks of the
fructofuranose C-1, C-2 and C-3 shift downfieid by about 0.1 ppm. At this same DP
length, the proton 7, relaxation times of the H-2 and H-4 of the a-D-glucopyranoside
reported by Oka et al.' change very noticeably. The conclusion of those investigators
was that at this point, a complete turn of the helix was formed. However there may be
an alternate explanation for the changes observed in the 'H and “C spectra, as noted

below.

2. Molecular modeling of 1,1,1-kestopentaose.

For a molecule with the size of DP = 5, it is currently impractical to do a
complete evaluation of all the geometry parameters by molecular mechanics. Some
compromises have to be taken into account to obtain results of reasonable accuracy and
with reasonable computer time. In this study, (a) the center bond y of the
fructose-fructose linkages is set to close to 180° and allowed to relax during optimization.
This is generally suitable for the three-bond inulin-type linkages—inulobiose.'® 1-kestose™

and nystose® models all prefer the anti-periplanar position. (b) The ring shape of each
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residue in the molecule was set to the preferred “T, and other possibilities were not
tested.” (c) The orientations of secondary alcohol groups were treated as secondary
tactors and therefore not tested.

A kestopentatose (Figure 1, n = 2) starting structure model was assembled with
in-house code and optimized by MM3(92). In the driver run (Run A), all linkage angles
except the central angle () of the fructose-fructose linkage were driven through the three
staggered positions with the exception of the glucose-fructose linkage angle ® which was
driven through three positions of -30°, 0° and 30°. There were 729 driver runs with 3 x
3 data points each, or 6561 structures in total.

Results from Run A were tabulated and sorted according to the steric energies
calculated by MM3(92). Those structures with the steric energies within 15 kcal/mole of
the lowest energy were further optimized without any restriction (Run B). The number
of single structures optimized in Run B was 3117. This generated a list of low-energy
structures in which one structure had the steric energy of 85.3237 kcal/mole (Table I).
Since the next lowest energy structure is about 2.3 kcal/mole higher in steric energy than
that of the lowest energy one, or less than 2% of its population, only the lowest energy
structure was further studied in the side group orientation run (Run C). In Run C all the
primary alcohol groups were driven through the three staggered positions, yielding 729
data points. The resulting structures were then further optimized without any restriction.
The results of part of Run C are listed in Table II.

Results from Run B (Table I) show that the preferred linkage angles for glucose-
fructose linkages are -60° for ¥ and mostly about -30° for @, which are in good
agreement with the results from the modeling of 1-kestose® and nystose.”' For all the
fructose-fructose linkages, the ¢ angles have strong preferences toward -60° and the
angles prefer 180° with some accessible structures preferring -60°. Similar to the case
of inulobiose,” ¢ angles at 60° increase the interaction between the CH, groups on the
linkages and the hydrogens on C6 of the same fructose units while ¢ angles at 180° put
the linkage CH, groups close to the two alcohol groups on C1 and C3 of the fructose
units. Contrary to the findings from inulobiose,” and 1-kestose.? the w angles tend to
populate one form due to the prolonged oligomer chain. Still, at the terminal linkage, the
o angle of F3-F4 is still flexible enough that any one of the three staggered positions is

energetically accessible.
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Table I A list of the unique structures from Run B. tabulating the energies and
linkage angles of DP = 5 inulin oligomer (4 kcal/mole above the
minimum).

Energy D ¥ o(F1-F2) ¢(F1-F2) w(F2-F3) ¢(F2-F3) w(F3-F4) ¢(F3-F4)

85.3237 -3824 -69.65 17838 -67.79 -176.60 -67.00 -179.53 -73.21
87.6260 -28.36 -59.85 -59.88  -66.23 -17745 -66.04 -17644 -68.14
87.6638 -36.78 -68.14 -179.52 -66.26 -176.57 -5895 5702  -59.18
87.7443 -9.10 -55.54 -60.57 -67.24 -177.61 -6577 -176.00 -69.96
88.1807 -53.63 -93.43 -17895 -75.62 -6044 -60.87 57.04  -63.12
88.2840 -34.09 -68.09 -17931 -6392 -173.52 -60.51 -63.28  -62.88
884564 -20.19 -61.37 -17820 -70.03 -175.11 -59.88 5582  -60.04
88.6269 -3893 -65.13 5239 6149 -17699 -6953 -17642 -69.64
88.7961 -17.71 -61.76 -17759 -67.15 -172.24 -59.42 -64.21 -64.04
88.9798 -33.83 -68.05 -17886 -62.74 -5892 -54.87 5930 -60.56
89.1169 -9.03 -54.96 -176.67 -70.18 53.03 -61.89 52.44  -62.48
89.1411 -39.39 -70.49 17858 -6747 -17645 -66.88 179.24 5234
89.1646 -27.11 -62.69 -17831 -61.35 -61.84 -60.32 -177.50 -64.56
89.2259 -14.57 -57.54 -17566 -6646 -64.57 -6047 -177.68 -63.86
89.3089 -7.77 -54.50 -177.00 -69.61 5488 -6529 -17631 -65.59

Since there was one structure trom Run B with a steric energy 2.3 kcal/mole lower
than any other structure, only this one was selected for side-group orientation calculations
(Run C). Table II indicates that there are many energetically accessible structures which
differ only by the positions of those primary alcohol groups. The glucose y; angle
prefers to be at -60° (gt) and 60° (gg). All the fructose -6 groups prefer 60°. Putting
the x-6 angles at -60° will place the primary alcohol groups on top of the fructose rings
while an angle of 180° will create inter-residue repulsion between the side group and the
secondary alcohol group on C3. The -1 angle on the terminal fructose unit is relatively

free to rotate but for the same reason mentioned above, -60° is not preferred.

To see it a helical polymer could be formed, those structures with steric energies
within 1 kcal/mole of the lowest energy structure in Table II were used to create
polymers and calculate the helical structure parameters of the resulting inulin polymer,
N. number of units per turn, and H, translation distance for each helical turn.* The
helices were very similar and the average value tor these particular linkage angles was

N = 391 and H = 1.18 (left-handed). This small H value indicates that the proposed



LIU, WATERHOUSE, AND CHATTERTON

866

1$°8L1- 6L°99- 9€89 6789 STLY 0SE€9  S8PL-  IR6LL  96L9-  8Y9LI- 6789- 6S6LI- STEL- 9L'8E- THPYSY
SO'QLI- 9€'89 8T89 6789 999 88OLI TOEL- 16'6LL  6L'L9-  TOLLI- €T89- BLBLL 6869 8L'8E- 9ILSSR
LS'8LI- 9V'89  LT89  PE99- LOLS O€€9  ECE€L-  PS6LI  VTRY-  SHOLI- 9€69-  OL'6LI- 08°TL- TERE- POOS SR
19°8L1- ¥1'89  S€99- 1€89 +$TLY 95€9  OU'€L- €66LL €969 S69L1- TELI-  HE6LI- 6£€L- 698E S66bS8
9L'6F LER9  0T'89 ST89 I¥99  TH'R9- 8VTL-  LE6LI- 9SLY-  LOLLI- 01'89- ILBLI  66'69- TT6E- SLEL'SY
0£'89- €789 TT89 STYY I¥'99 PL8Y-  TETL-  SS6LI- 8FL9-  YOLLI- 61'89- OL'8LL  TO'OL- vT6E- S9PIS
88'6F PS89  0£8Y 6789 SIL9  LPEY  66TL-  6V6LL  PERY-  969L1- TTVY-  FL6LI- SU'EL- 0S'BE- 66L6HR
L9RLI- ST8Y  TTRY LTYY SF99  €O'RI-  8LTL-  O06LL- 6TL9-  SRYLI- €089 E£SRLI  L00L- E0'6E €8+6HR
€789 S€'89  1€89  8T8Y  SILY  6¥E€9  TIEL-  68°6L1  LI'RY-  L6OLI- 6789  LL'6LI- 9IEL- RP'8E- SSLEHR
LYSLI- THF89  T€89 6789 9L  E€S€9  S6TL-  896LI  LERY-  06'9LI- YTRY-  OL'6LI- OU'EL- SE8E- 69S9+8
FEDIX ED9X (€D9X (2D9X (1DIX (MO (FI-€D¢ (Pd-€D)® (€d-DO (d-TDO (Td-1.D¢ @I 1D0 & i) A31oug
Jausoqur uo dy
snowAuoue v1a gantjqnd; ur ($7°92°071°871) NP SIABPIN' ZSOUD 1R PAUTEIQO 3¢ ABW INJONIS WINWIUIW [eqO]S 29U} JO SARUIPIOOD ]
“Jopio yued A1oud ur ‘wawiung [©qo[§ oyl Jo Justouljal [ruy 1oj Jowodo uinur ¢ = 4q Jo Aupqixsy dnoid opis jo voneneaa oy 1 21qeL

1102 AJtenuer €2 /2 :60

LIV papeo |umog



09: 27 23 January 2011

Downl oaded At:

INULIN OLIGOMERS 867

helical structure is not practical. After a complete turn of the helix was formed, there
would have been some short contacts between the first and the fifth, the second and the
sixth residues, etc. These results are similar to French's who elaborated inulin polymers
from crystal-based models of the inulobiose fragments linkages in nystose.’ In that
study. the F2-F3 linkage angles are similar to ours and result in collisions between the
first and sixth residue. On the other hand French found that extending the F1-F2 linkage
resulted in a collision-free helix, but that linkage has a ¢ angle of 62° and that linkage
had such a high relative energy in our MM3 study that it was not found in any of our

searches for low energy linkage forms.

DISCUSSION

Based on our model, an inulin oligomer would be expected to experience
perturbations when DP = 6, and that is what is observed, both from the *C spectra as
reported here, and from 'H spectra."*

"*C NMR chemical shifts are insensitive to long range through space interactions.
Thus. it is unlikely that the changes in carbon chemical shifts can be produced by the
formation of a complete turn of a helix as proposed by Oka et al., since this helix is
proposed to have a distance of 10 A between helix turns.'* This is supported by the fact
that the chemical shifts of the a-D-glucopyranoside carbons are unchanged.

Although 7, relaxation time is more sensitive to long range through-space
interactions, the proposed pitch of 10.8 A is most likely too large to produce the strong
interaction observed. In addition, if a regular helix were the predominant conformation,
then the shortened T, relaxation time observed for DP = 6 would have persisted at larger
DP values. However, the relaxation time of the aforementioned protons lengthened at DP
greater than 6, suggesting that the DP = 6 case is unique.

Thus. it appears that at DP = 6 the length of the oligomer chain is of an
appropriate length to allow the terminal B-D-fructofuranosyl unit to form intra-residue
hydrogen bonds. most likely with one of the B-D-fructofuranosyl units, as the chemical
environment of the glucose unit is unchanged. However, as the oligomer increases in size

it appears that this specific interaction diminishes.



09: 27 23 January 2011

Downl oaded At:

868 LIU, WATERHOUSE, AND CHATTERTON

CONCLUSION

Coalescence of *C NMR signals does not establish a helical conformation in
solution. The time-averaging process in the NMR time-scale could yield coalesced
signals for completely mobile, randomly oriented molecules, as has been suggested for
malto-oligomers.™ However, the lack of coalescence seen here definitely indicates that
up to DP = 9, a simple, regular helix is not the predominant conformation of inulin
oligomers in aqueous solution, nor are they completely randomly oriented mobile
oligomers.

The most likely explanation for all observations to date is the existence of a
perturbed helix with a single conformation or a few populated conformations. Comparing
the experimental data with the modeling results suggest the existence of segments of
oligomer that have the low energy linkage form observed in our calculations, interrupted
by breaks. It is conceivable that the observed variations in the C-3 NMR signals of each
fructose unit could arise in a regular inulin helix simply from end eftects, but at DP = 9,
this explanation seems very unlikely. This observation is in stark contrast to (1—4) glucan
oligomers which form a regular helix with as few subunits as four to five and have
coalesced NMR signals.

If plants can increase their viability with a soluble source of respiration energy
under cold conditions then fructans appear to provide such a source. This hypothesis is
supported by the observation that in cold tolerant plants the average DP length of fructans

drops at the onset of cold weather to produce material that is more cold water soluble.

EXPERIMENTAL

Pure fructan oligomers were separated from lyophilized Jerusalem artichoke
tissues. Multiple 5 g samples of tissue were each extracted three times with boiling water
(230 mL per extraction). Samples were centrifuged (30 min at 15,000 g) after each
extraction and the supernatants were pooled. Soluble proteins were precipitated from
supernatants by adding 1 mL of 10% lead acetate per 100 mL and heating to 80 °C. The

samples were allowed to stand overnight, centrifuged (30 min at 15,000 g), concentrated
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by flash evaporation and deionized with Dowex-1 and -50W. The ion exchange columns
were previously preconditioned with 2 N NH,OH and washed with deionized water until
the pH was neutral. Fructan extracts were concentrated under negative pressure to about
50% W/V sucrose equivalents as estimated by refractive index.

Approximately 6-mL aliquots of the concentrated extract were applied to a
Toyopearl HW-40S TSK gel column (4.8 cm x 240 cm). Deionized and degassed water
was pumped through the column (bottom to top) at room temperature. The elution of
fructan from the column was monitored with an inline Waters R403 differential
refractometer. Fructans of DP = 4 through DP = 9 were separated as individual peaks.
Eluted tfractions from multiple runs were pooled by DP and rechromatographed three
times or until preparations containing fructan of a single DP as determined by anion
exchange chromatography and pulsed amperometric detection (Dionex Series 4000).

Cold water soluble and cold water insoluble fructan fractions were prepared by
placing a complete Jerusalem artichoke fructan extract at 4 °C overnight. The insoluble
tructan (average DP = 31) precipitated at 4 °C and was separated from the soluble
fraction (average DP = 17) by centrifugation. Average DP was estimated by measuring
the glucose to fructose ratio following hydrolysis. Chromatographic data showed a broad
DP range for both the cold water soluble (DP 7-29) and cold water insoluble (DP 11-41)
samples (Figures 3a and 3b).

For inulin oligomers with DP = 4 through 9, a 20 mg sample was dissolved in
1.5 mL of D.O and transterred to a 5 mm NMR tube. For the cold water soluble and

insoluble inulins, 50 mg samples were used. For the cold water insoluble sample, a warm

water bath was used to dissolve the sample, and then it was allowed to reach room
temperature. The NMR spectrum was then promptly taken before the sample precipitated.

"C NMR spectra were recorded using a QE-300 (General Electric) NMR
spectrometer with a 5-mm broad-band probe operating at 300.13 MHz for 'H and 75.47
MHz for "C. When carrying out the Fourier transform, neither line-broadening nor
resolution enhancement was applied.

The initial structure of a DP = 5 inulin oligomer was optimized by MM3(92).
Dihedral angle driver option 4 was used throughout the driver studies. The default

termination criterion of 0.00008N kcal/mole, where N is the number of atoms in the
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Figure 3. Chromatographic profile of the a) cold water soluble inulin (ave. DP = 17),
and b) cold water insoluble inulin (ave. DP = 31), obtained from Jerusalem Artichoke.

molecule, was used. A dielectric constant of 80 was used in this study in order to take
the water solution environment into consideration.® In all calculations, energy
optimization options was used instead of geometry optimization. The MM3(92) steric
energies were directly used to compare the different conformers and are the energies

reported herein. All calculations were carried out on an IBM RISC/6000 350 Power
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Station. The average CPU time for each 3 x 3 driver calculation was about 10 min and

for each full optimization about 2 min.
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