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Acacia senegal Gum: Continuum of Molecular Species
Differing by Their Protein to Sugar Ratio, Molecular Weight, and
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The main chemical and physical features of Awacia senegagxudate gum and its molecular fractions isolated

by chromatographies were determined using a wide variety of methods. Three main molecular fractions were
isolated after hydrophobic interaction chromatography (HIC) and biochemical analyses confirmed the presence
of an arabinogalactan-peptide (Fl), an arabinogalactan-protein (FlIl), and a glycoprotein (FllI) fraction as described
commonly in the literature. Further purification of Flll using size exclusion chromatography revealed three distinct
populations. A wide molecular weight distribution within each population with the presence of at least two distinct
molecular species per population was identified by high performance size exclusion chromatography coupled to
on line multi-angle laser light scattering (HPSEC-MALLS). In addition, both sugars content (neutral and uronic
acids) and UV profiles revealed that FIll was composed of a continuum of molecular species differing both by
their protein-to-sugar ratio and molecular weight. Fl and FIl had average molecular Wgjglit2.86 x 10° and

1.86 x 1P g-mol~1, respectively, and a low polydispersity inded4/M, ~ 1.3). The three populations identified

in FIll after HIC separation hall, of 2.67 x 10, 7.76x 105, and 2.95x 10° g-mol~1 and very low polydispersity
indexes (1.13, 1.04, and 1.01). Estimation of the polypeptide backbone length in the three fractions gave 43,
2253, and 4443 amino acid residues, respectively, hydroxyproline (Hyp) and serine being the most prominent
residues within FI and FlI, Hyp and Asx (asparagih@spartic acid) within FIlIl. Secondary structure prediction

from circular dichroism data resulted in polyproline B;sheet, and random coil structures for FIl and Flll,
whereas no secondary structure was identified in Fl. The existence of exposed tryptophanyl residues to the solvent
was noticed by fluorescence in Fll and FllI, tryptophan residues being absent from Fl. In addit&nndh

cyclic diferulic acid was identified to be covalently linked to carbohydrate moieties of Fll. Infrared spectroscopy
identified the different vibrations of saccharidic and peptidic bonds with absorbance amplitudes in agreement
with sugar and protein elementary analyses. Titration measurements in order to evaluate the number of charges
on total Acacia gum and its molecular fractions revealed that 100% of charges came from polysaccharidic moieties
(i.e., glucuronic acids) in FI. Charges coming from polysaccharidic moieties were of 91.3% and 37.9% for FlI
and FIII, respectively, the remaining 8.7% and 62.1% charges in Fll and FllIl molecular fractions coming from
the polypeptidic backbone.

1. Introduction Acacia gum (or gum arabic) is defined by the FAO/WHO
Joint Expert Committee for Food Additives (JECFA) as: “a
Exudate gums are among the oldest natural gums being usediried exudate obtained from the stems and branchézatia

as thickening and stabilizing agents. Exudate gums are producedenegall.) Willdenow or Acacia seya{Fam. Leguminosae)t
by many trees and shrubs as a natural defense mechanismThe Acacia gum is a branched, neutral or slightly acidic,
particularly in semiarid regions of Africa. When the plant’s bark complex polysaccharide obtained as a mixed calcium, magne-
is injured, an aqueous gum solution is exuded to seal the wound,sjum, and potassium salt. The main chain consists of 1,3-linked
preventing infection and dehydration of the plant. The solution g-p-galactopyranosy! units. The side chains are composed of
dries in contact with air and sunlight, to form hard, glasslike two to five 1,3-linkeds-p-galactopyranosy! units, joined to the
lumps which can easily be collectédExudate gums have been  main chain by 1,6-linkages. Both the main and the side chains
important items of international trade in the food, pharmaceuti- contain units ofa-L-arabinofuranosylg-L-rhamnopyranosyl,
cal, adhesive, paper, textile, and other industries for centuries. g__gjucuronopyranosyl, and @ methyl-p-glucuronopyran-
Today, Acacia gum is widely used for its nutritional, flavoring, ogy| " the latter two mostly as end-unt&sAcacia gum would
and surface properties by the food indusiry,in micro- be composed by 64 ramified 1,3-linked homogalactan sym-
encapsulation involving complex coacervation proce$ses.  ayrically arranged subunits, each of molecular mass 8900.

" - Acacia gum is defined as an heteropolysaccharide since it
- E_?;ﬁﬁpz?gr'];?da@”;h:rﬁezﬁ'r']:ra_3ff_ 2406750 52. Fax: 332406750 ,niaing about 2% of a polypepti#e Acacia gum is also

T INRA. described as heteropolymolecular, because it has, on one hand,

* ENSAIA-INPL. a variation in monomer composition and/or in the linking and
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branching of the monomer units and, on the other hand, a molecular weights and size distributions were performed by
molecular mass distribution. The consequence of this hetero-coupling on line to a high performance size exclusion chro-
geneity was reflected through the molecular species collectedmatograph, a multi-angle laser light scattering detector (HPSEC-
after fractionation of the gum and the mode of both separation MALLS), a differential refractometer, a UV detector, and a
and detection use:1° differential viscosimeter. Other physical characterizations of the
Using hydrophobic interaction chromatography (HIC), the different fractions and the whole gum dealt with spectroscopic
bulk of the gum (88.4 wt % of the total) was shown to be Methods (UV-Vis, fluorescence, circular dichroism, and Fourier
comprised by the so-called arabinogalactan (AG) fraction with transform infrared) and titration measurements in order to get
weight-average molecular weightlg) of 2.79 x 10° g'mol~! deeper insight into the tertiary molecular structure and charges
from light scattering measurements and low in protein (0.35 distribution on Acacia gum and its fractions.
wt %).17 The second major fraction (10.4 wt % of the total)
was identified as an arabinogalactgsrotein complex (AGP)
with a molecular weight of 1.4% 10° g-mol~! and contained
a gr(_-:'ater proportion of prott_—zin (11.8 wt %). The third minor 2.1. Material. Acacia gum type fromAcacia senegatrees (lot
fraction (1_'24 wt %) consisted of one, or pOSSIny_tWO, 97J716) was provided by the Colttlas Naturels International Company
glycoproteins (GP). One of the GP had a molecular weight of (o Rouen, France). As reported previousiie powder contained
2.5 x 10° g'mol™* and the highest protein content (47.3 wt %). ¢ 6506 moisture and 3.1% ash (mineral content: 0.298'0.61%
The proteinaceous component of the first two fractions had cz+ 0.03206 N4 and 0.9% K) and was further extensively dialyzed
similar amino acid distributions, with hydroxyproline and serine against distilled water and freeze-dried. The purity of Acacia gum was
being the most abundant. The amino acid composition of the previously checked by*C NMR and was within JEFCA specifica-
third fraction was significantly different with aspartic acid being tions2 In particular, only five major resonance peaks or sets of
the most abundant. Previous work usifg and 13C NMR resonance peaks were found, corresponding to the carbonyl group on
spectroscopy and methylation analysis showed that there werecarbon G of uronic acids§: 177 ppm),—CH groups located on carbon
no major differences in the sugar constituents of the above threeC; (6: 115-110 ppm),—CH groups located on.Gand G positions in
fractions20 hexose ringsdq: 90—70 ppm),—CH, groups on carbon §bf hexoses

The tertiary structure of AGP has been described in terms of residues&: 65 ppm), and-CH; group of rhamnose residues: (20
a“wattle blossom” macromolecular assembly by virtue of which PP™: _
few (~5) discrete polysaccharide domainshf, ~ 2 x 1P All other reagents were of analytical grade.
g-mol~* are held together by a short peptide backbone cHain. 2.2 I_Dreparatlon of Acacia Gum DispersionsAcacia senegajum _
An alternative model was proposed that described the gum dispersions were p_repared'bywelght (wt 9). anwn amounts of AcaC|_a
Acacia glycoprotein (GAGP) as a “twisted hairy rop&Using gum powder previously dialyzed and freeze-dried were dispersed in
preparative gel filtration and electron microscopy, the authors € @ppropriate solvent conditions (depending on the method of
concluded that the molecules had a polypeptide backbone Withseparatlon or_characterlzatlon_ used)_ under gentle stirring con(_jltlons at
numerous small carbohydrate substituents linked through hy- zsli 1ec dr‘]”'ng 4_§|h' The ?'Spfs('jons. Wer?éeﬁhaﬂgl C during di
droxyproline residues. As the way to purify AGP and GAGP at least 18 h to enable complete hydration of both Acacia gum and its
by the authors was d}fferent hydrophobic interaction vs size fractions. The dispersions were centrifuged at 16 000 g for 40 Min (

. ' ; = 25°C) to remove air bubbles and insoluble material.

exclusion chromatography, we may however wonder if a )

. bet the “wattle bl » and “twisted hai 2.3. Hydrophobic Interaction Chromatography (HIC). HIC was
comearlson etween the “watlle blossom™and "twisted hairy performed at room temperature on a Phenyl-Sepharose CL-4B (Phar-
rope” model to describe AGP molecules in Acacia gum is

Lo . . L ) macia, Uppsala, Sweden) column (#5 2.6 cm) equilibrated with
judicious. In addition, it was also surprising to notice that no degassed 4.2 M NaCl. Acacia gum (50 or 250 mL at 10 wt %) in 4.2

model was proposed to describe the arabinogalactan fractiony Nacl was loaded and eluted successively by 4.2 M NaCl (fraction
(AG). This fraction was identified by so far as the main fraction ) 2 M Nacl (fraction I1), and finally water (fraction I1l) at a flow rate
and could play a key role in the functional properties of the of 46.2 mL/h. A UV detector was used for continuous monitoring of
whole gum. absorbance at 280 nm. Fractions of 24 mL were collected and total
Previous work performed in the laboratory aimed to charac- neutral sugar and uronic acids quantified colorimetric#/. The
terize both structure and rheological properties of Acacia gum appropriate fractions were pooled, extensively dialyzed against distilled
dispersiong3 Acacia gum molecules would display a random Wwater and freeze-dried for further analyses.
coil shape, whereas gum dispersions displayed solidlike me- 2.4. Size Exclusion Chromatography (SEC)Fraction Ill was
chanical properties during aging. This behavior would be related further fractionated by SEC on a Sephacryl S-500 A (Pharmacia,
to the known surface properties of Acacia gum, in particular Uppsala, Sweden) column (852.6 cm) using 0.5 M NaCl as eluent.
the ability of the gum to form elastic films at gakquid or The sample (2._5 mL a}t 10_Wt_%) was solubilized in water. NaCI A M)
liquid—liquid interfaces. A recent study on the mechanical Was added to give a final ionic strength of 0.5 M. The solution _(5 mL)
properties of Langmuir monolayers at the-aivater interface was .Ioaded at a flow rate of 36 mL/h and the absorbance continuously
on Acacia gum and its fractions revealed that only GP fraction monitored at 280 nm. Fractions of 4.8 mL were collected and analyzed

(i.e., the third fraction collected after HIC separation) developed for total neutral sugar, uronic acid, and absorbance at 214 nm. The

greater surface pressure at the same surface per milligram Ofappropriate fractions were pooled, extensively dialyzed against distilled
material than whole gur## water, and freeze-dried for further analyses.

. . . . 2.5. Neutral Sugars Composition and Uronic Acids Content.
The objectives of this work were to fractionate Acacia gum onic acids and neutral sugars contents were determined colorimetri-

by hydrophobic interaction chromatography and further GP cally by the automatedn-phenylphenol method€?” respectively.

fraction by size exclusion chromatography in order to get enough yronic acids were quantified in the presence of tetraborate. Individual
material to conduct thorough structural and biochemical inves- neutral sugars were quantified after acid hydrolysis (trifluoro-acetic acid

tigations. The molecular fractions and whole gum were identified 2 M, 2 h, 121°C) of total gum and its molecular fractions as their
by different chemical analyses (sugar, uronic acids, protein alditol acetates derivativé&by gas liquid chromatography using inositol
content, and amino acid composition). The determination of as internal standard. CDV
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2.6. Nitrogen Content.The percentage of nitrogen was determined
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for turbidity. The contribution of turbidity to the maximum UV

after digestion of the samples in concentrated sulfuric acid by an absorption was obtained by extrapolation of the linear relation in bi-

automated ammonia/salycilate reactf®nrhe method was slightly

logarithmic coordinates of optical density against wavelength in the

modified as follows: selenium was used as a catalyst and the digestion400—360 nm region.

was performed at 30€C for 2 h. The protein content was calculated
using a conversion factor of 6.6 as proposed previotidiyo replicates
were tested for each sample.

2.7. Amino Acid Analysis. After acid hydrolysis under vacuum in
the presencefos N HCI for 24 h at 110°C in a Pico-Tag Station
(Waters), amino acids were derivatized with Pf¥@nd analyzed on
a G Pico-Tag column (0.39 id. x 15 cm, Waters). Dried samples were
dissolved in 95% 2 mM N&dPQy, pH 7.4, 5% acetonitrile. The HPLC
column was equilibrated with buffer A (94% 0.14 M G@EOONa
containing 3.59 mM triethylamine pH 6.4, 6% acetonitrile), and the
elution was performed with a convex gradient from 100% buffer A to
46% buffer B (40% HO/60% acetonitrile) in 10 min, at a flow rate of
60 mL/h. Both column and buffers were maintained at'@8and the
absorbance was recorded at 254 nm. Each sample was replicated.

2.8. Identification of Phenolic Compounds.Phenolic compounds
were determined by HPLC after saponification and extraction. The
samples were saponified/t2 M NaOH at 35°C under argon during
30 min in the dark. After an initial standard (3,4,5-trimethoxycinnamic
acid) has been added, the solution was neutralizetd it HCI.

2.12. Circular Dichroism. The circular dichroic spectra of standard
poly-L-hydroxyproline (16-30 kDa, MP Biomedicals), Acacia gum,
and its molecular fractions were recorded on a CD6 Dichrograph
Instrument (Jobin-Yvon, Longjumeau, France) at@5calibrated using
ammoniumd,e-camphorsulfonic acid. Spectra were averaged over two
scans with a bandwidth of 1 nm and step resolution of 0.5 nm. All
spectra were reported in terms of molecular ellipticity (degcn?-
dmol1) within the 185-260 nm spectral region using a 1-mm path-
length cylindrical cuvette. Acacia gum, FI, FIl, and Flll concentrations
used (after filtration on 0.2m pore sizes) were of 4, 4, 2, and 0.3 wt
%, respectively. The respective protein molar concentrations of each
sample were of 75, 140, 10.8, and 14 (see Results for details).
Poly--hydroxyproline was dissolved in water at 2M. All spectra
were corrected for the solvent (water) obtained under identical
conditions; noise reduction was applied according to the Jobin-Yvon
software. CD spectra acquisition was repeated twice.

CD spectra of FIl and Flll were analyzed in terms of secondary
structure content by using the Dichroprot softw&re,package freely
available online (http://dicroprot-pbil.ibcp.fr). The Self-consistent method

Phenolic compounds were extracted with ether. The ether phase wagSCM) for estimating the secondary structure content, in particular the

evaporated at 40C, 1 mL of MeOH/HO (1:1, v/v) was added, and
samples (2Q:L) were injected on an HPLC system equipped with a

polyproline 1l (PPII) type conformation, was used. In this methbd,
the spectrum of the protein to be analyzed is included in the basis set

C18 column (Purospher, Merck). Gradient elution was performed using and an initial guess is made for the unknown structure as a first

MeOH/acetic acid (1:0.01) (A) andB/acetic acid (1:0.01) (B) at 0.7
mL/min at 25°C: (0 min,A = 20%; 20 min,A = 60%; 21 min,A =
80%; 30 min,A = 80%; 31 minA = 20%). Phenolic compounds were

approximation. The resulting matrix equation is solved using the
singular value decomposition algorithm and the initial guess is replaced
by the solution. The process is repeated until self-consistency is attained.

detected at 320 nm. Elution time and response factors relative to 3,4,5-The best features of the variable selection and the locally linearized
trimethoxycinnamic acid at 320 nm were established using commercial methods are incorporated into the procedure. In the Dichroprot software,

ferulic acid and dehydroferulic acid standards as reported previéusly.

2.9. Refractive Index Increment. The refractive index increment
(dn/dc) was determined for the whole gum and its molecular fractions
(concentration range: -60.5 wt %) in 0.05 M NaN@ buffer at 25°C
using a refractometer (Bellingham & Stanley Ltd., U.K.) illuminating
the samples at a wavelength of 589 nm.

2.10. Molecular Mass Distribution and Intrinsic Viscosity. Acacia

the prediction for secondary structure content is calculated from four
reference databases.

2.13. Intrinsic Fluorescence Spectroscopyhe fluorescence spectra
of Acacia gum and its fractions were recorded on a Spex Fluoromax
(Jobin-Yvon, Longjumeau, France) at 2% using an excitation
wavelength of 290 nm. Spectra were collected with a step resolution
of 1 nm and emission and excitation slits fixed at 4 nm. All spectra

gum and its molecular fractions after HIC and SEC separations were were corrected for the solvent in the 36800 nm region using a 1-cm
analyzed by aqueous high performance size exclusion chromatographypath length. Acacia gum, Fl, FIl, and FllI concentrations used (after

(HPSEC). Weight average molecular weightt,) and number average
molecular weight ) determinations were performed using a multi-
angle laser light scattering (MALLS) setup (MiniDawn, Wyatt, Santa
Barbara, CA) operating at three angles%(490°, and 138), an on-
line differential viscosimeter (T-50A, Viscotek; universal calibration
curve established with pullulans in the rangel®00 x 10° g/mol), a
UV detector, and a differential refractometer (RI; ERC 7547A). The
refractive index increment (ddc) of Acacia gum and its molecular
fractions determined experimentally were used & M, and the
radius of gyrationRy were calculated using Astra 1.4 software
(MALLS). The intrinsic viscosity {j] was calculated using TriSEC 3.0
software (Viscotek).

Acacia gum (0.1 wt %) and its molecular fractions (0.04 wt %) were
prepared as described previously in 0.05 M NaN@ffer containing
0.02% NaN as preservative, and filtered through Qu&n Anotop

membranes (Anotop, Alltech, France). HPSEC was performed at room

filtration on 0.2 um pore sizes) were of 4, 4, 0.7, and 0.3 wt %,
respectively. Spectra recording was repeated four times.

2.14. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra of thin dry films of Acacia gum and its fractions were obtained
on a tensor 27 FTIR spectrophotometer (Bruker Optics, Kalsruhe,
Germany). Thin dry films were obtained from mixtures of freeze-dried
powders and KBr using a manual pellet press (Specac, Orpington, U.K.)
and mounted on a QuickLock base plate. A total of 64 scans between
400 and 4000 cmt were recorded at 4 cm resolution on the
transmission mode using a DTGS detector. Raw absorbance spectra
were baseline corrected, smoothed gsan9 points Savitsky-Golay
function, and Min-Max normalized. Second derivative spectra were
obtained while usig a 9 points Savitsky-Golay function. Spectra
acquisition was repeated three times, each time with freshly prepared
thin dry films.

2.15. Potentiometric MeasurementsAcacia gum and its fractions

temperature on a system constituted of one Shodex OH SB-G precolumn(160 mg in 10 mL water) were prepared as described in section 2.2.

followed by two columns in series (Shodex ©Rack SB-804 HQ
and OH-Pack SB-805 HQ) eluted with 0.05 M NaNObuffer
containing 0.02% NaNat a constant flow rate of 42 mL/h.

2.11. UV—Visible Spectroscopy.Acacia gum and its molecular
fractions were characterized between 200 and 400 nm usi8glauble

Percolating the samples through a strongeschanger (Rohm & Haas
Amberlite IR 120) allowed the recovery of Acacia gum and its fractions
in the acidic form at a concentration o€f ~ 3 mg/mL. Titration
measurements (sample volume: 24 mL) were performé&d=a5 °C
with an automated titrator TitraLab 90 (Radiometer Analytical, Copen-

beam spectrophotometer (Perkin-Elmer, U.K.) equipped with a Peltier hagen, Denmark) using freshly prepared 0.01 N NaOH solution. Each
device. Measurements were carried out using 1 cm path length quartztitration measurement was repeated three times. Glucuronic, aspartic,
cuvettes and a temperature of Z5 To take into account the differences  and glutamic acids were also titrated for comparison at concentrations
in solubility for Acacia gum and its fractions, spectra were corrected of 0.2 mg/mL. CDV
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Figure 1. Elution curve of Acaciagum (25 g in 225 mL of 4.2 M NaCl) mL of 4.2 M NacCl) following fractionation by hydrophobic interaction
following fractionation by hydrophobic interaction chromatography on chromatography on Phenyl-Sepharose CL-4B. Molecular fraction |
Phenyl-Sepharose CL-4B. Molecular fractions were eluted using 4.2 was eluted using 4.2 M NaCl and the eluent was detected at 214 nm
M NaCl (808 mL), 2 M NaCl (808 mL), and distilled water (1215 mL). (O) and 280 nm (@).
Left traces: neutral sugars (O) and uronic acids (M) concentration C
(mg/mL). Right trace: Azgonm (®). 1.5 T T -§|"_1 ‘III-2 T T . 8
From the degree of neutralizatiad and the pH value for each
neutralization step, the degree of dissociatioand the apparentip L6
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and 2 ’ ¥
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Fractionation using Hydrophobic Interaction Chroma- Ve (mh)

tography (HIC). The fractionation of Acacia gum using HIC  Figure 3. Elution curve of pooled molecular fraction Il (250 mg in 5
is given in Figure 1 where three major fractions denoted ML of 0.5 M NacCl) following fractionation by size exclusion chroma-
fractions | (FI), Il (FII), and Ill (FIll) were eluted from the ;?J;gryssg”arssep(g‘;‘cgr'] ds'ig%iCE':gir(‘jts"":jnggﬁrc;ﬁgnb{.”)‘e:rs]s”Eg
CO|umn, using 4.2 M NaClZ M NaC_:I, and dIStIIle \,Nater' monitoring the absorbance at 214 nm (O) and 280 nm (®). A2s0 nm
respectively. The UV profile obtained by monitoring the . magnified by a factor 10.
absorbance of the eluent at 280 nm and the sugar profiles
(neutral sugars and uronic acids) obtained by measuring the It was thus noticed for FI that two populations were detected
concentrations in each collected tube showed that FI, Fll, and based on light scattering, differential refractometer, and UV
Flll corresponded to very broad protein and sugar distributions detections. The first population, corresponding 642 of the
and that they differed mainly by their sugar-to-protein ratio, total mass injected, had &, = 3.61 x 1f g/mol and a
the highest ratio being for FIll. On the contrary, the uronic acids polydispersityM,/M, = 1.14, whereas the second population,
to neutral sugar ratio differed slightly from one fraction to the corresponding to 9896% of the total mass injected, hadviy,
other: 0.15, 0.11, and 0.09 were found for FI, Fll, and Flll, = 3.08 x 1C° g/mol and aM,/M,, = 1.28. These results were
respectively. in agreement with the thin peak and the shoulder clearly
Several fractionations were performed in order to get suf- identified by monitoring absorbance at 280 nm in Figure 1 in
ficient material for further physicochemical studies and profiles the elution volume region ranging from 0 to 1000 mL.
similar to those presented in Figure 1 were recorded. Highly  Similar results were obtained for FIIl where three populations
reproducible results were thus found for Fl and Fll purification. were identified by HPSEC-MALLS. The first population,
However, in some cases, UV profile at 280 nm revealed two corresponding to 47% of the total mass injected, had,a=
distinct peaks for FlIl. Previous literature data reported the 2.65x 10° g/mol and a polydispersityl,/M, = 1.12, the second
existence of two peaks for Flll denoted fractions IlIA and IlIB  population, corresponding to 27.7% of the total mass injected,
using HIC separatioff-3® All of the collected fractions corre-  had aM,, = 7.90 x 10° g/mol and aM,,/M,, = 1.04, whereas
sponding to FI, Fll, and Flll were pooled, extensively dialyzed the third population, corresponding to 25.3% of the total mass
against distilled water, freeze-dried, and then characterized usingnjected, had M, =2.95x 1P g/mol and aM,,/M,, = 1.01.
HPSEC-MALLS. By this way, the average molecular weights ~ Without any consideration of the nature of each molecular
distribution gave information about the efficiency of the method species identified in Fl and FlIl, further fractionations using
of fractionation and the necessity or not to pursue the purifica- HIC separation for FI and SEC separation for Flll were
tion. performed in order to get homogeneous material on an aveéw
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Table 1. Chemical Analyses of Acacia Gum and Its Molecular
Fractions Resulting from Hydrophobic Interaction Chromatography
(HIC) and Size Exclusion Chromatography (SEC)

fraction

total gum 12 1 I I-16 ni-2b 111-30
yield< (%) 88.3 104 13 98 57 845
rhamnose (%) 11.3 119 74 73 68 59 5
fucose (%) 0.8 06 06 12 05 0.6 1
arabinose (%) 26 249 26.1 208 16.7 17.4 16.6
xylose (%) 0 0 0 05 02 0.2 0.5
mannose (%) 0 0 0 15 05 04 15
galactose (%) 44 44 348 275 227 222 O
glucose (%) 0 08 O 04 0.7 05 224
uronic acids (%) 15.4 156 118 8.8 25 0.2 0.5
protein (%) 2.4 1.1 9 246 nd9 nd 355
total % weight 99.9 98.9 89.7 926 50.6 47.4 83

a Fraction | resulting from two HIC separations. ? Fractions Il resulting
from both HIC and SEC separations. ¢ Corresponding to the material
collected after one HIC separation (total gum and fractions I, II, and IIl) or
collected after both HIC and SEC separations (fractions 1lI-1, 111-2, and
111-3). ¢ Not determined.

Table 2. Amino Acid Composition (Values Given in Residues/
1000 Residues) of Acacia Gum and Its Molecular Fractions
Resulting from Hydrophobic Interaction Chromatography (HIC) and
Size Exclusion Chromatography (SEC)

amino total fraction  fraction fraction  fraction

acid gum | 16 1115 111-3¢
Hyp 229 258 340 121 112
Asx 48 61 32 109 104
Thr 72 86 78 54 58
Ser 108 147 122 104 123
GIx 47 43 33 67 64
Pro 72 65 62 57 59
Gly 55 61 42 80 85
Ala 44 43 23 a7 48
Cys (R—SH) 0 3 0 9 6
Val 46 32 30 60 56
Met 0 3 0 6 5
lle 33 15 17 21 23
Leu 68 61 64 75 73
Tyr 13 4 16 49 42
Phe 40 10 28 53 49
His 61 39 80 35 35
Lys 34 18 20 36 39
Arg 30 49 16 16 19
% protein? 2.3 1.0 8.9 245 32.6
% protein® 2.4 11 9 24.6 35.5

a Fraction | resulting from two HIC separations. ? Fractions resulting
from one HIC separation. ¢ Fraction resulting from both HIC and SEC
separations. 9% protein calculated by summing the amino acids recov-
ered. ¢ % protein from Kjeldahl, using an N conversion factor of 6.60.

molecular weights distribution basis. Detailed molecular char-
acteristics of the homogeneous purified fractions included FlI

will be given hereafter.

Purification of FI and Flll using Hydrophobic Interaction
Chromatography (HIC) or Size Exclusion Chromatography

(SEC). FI collected after the first HIC fractionation (from 60
to 948 mL) was re-solubilized in 4.2 M NaCl and fractionated

collected, extensively dialyzed against distilled water, and the uronic acids over the neutral sugars ratio wei@10
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Figure 4. High performance size exclusion chromatography (HPSEC)
chromatograms showing the elution profiles monitored by refrac-
tive index (C, g/mL) and light scattering (My, g/mol) for Acacia gum
and its molecular fractions collected after hydrophobic interaction
chromatography; refractive index (thick line) and light scattering (thin
line).

freeze-dried. The sugar analysis, protein content, and HPSEC-

MALLS characterization were done on this purified FI.

Flll was re-solubilized in 0.5M NacCl and fractionated using
again using the same support. The elution was performed usingSEC on a Sephacryl S-500 column. Figure 3 displayed the
4.2 M NacCl, and Figure 2 displayed UV profiles obtained by neutral sugar and uronic acids concentration profiles together
monitoring absorbance of the eluent both at 214 and 280 nm.with the UV profiles monitored both at 214 and 280 nm. The
Whatever the wavelength used, only one major peak was results showed that at least two populations differing in their
observed. The material within the major peak was further sugar-to-protein ratio seemed to be distinguished. In addition,

Ccbv
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Table 3. Molecular Parameters of Acacia Gum and Its Molecular Fractions Resulting from Hydrophobic Interaction Chromatography (HIC)
as Determined by High Performance Size Exclusion Chromatography Coupled On-Line to Multi Angle Laser Light Scattering
(HPSEC-MALLS) and Differential Refractometer and Viscosimeter

total gum fraction 12 fraction 112 fraction 111°
first second first second third
population population population population population
(11.3— (14.3— (13.8— (11.5— (11.5— (14.2— (16.3—

13.3 mL) 17.1 mL) 17.2 mL) 15.6 mL) 13.6 mL) 15.6 mL) 17.3 mL)
C area (%) 11.5 88.5 100 97.4 48.5 31.0 20.5
dn/dc 0.147 0.145 0.171 0.153
My g-mol=1¢ 2.69 x 10° 3.06 x 10° 2.86 x 10° 1.86 x 106  2.67 x 108 7.76 x 10% 2.95 x 10°
My g'mol=t¢ 2.30 x 10° 2.44 x 10% 2.23 x 10° 1.40 x 106  2.36 x 108 7.46 x 10% 2.92 x 10°
Mo M 1.17 1.25 1.28 1.33 1.13 1.04 1.01
Rg nm 35.3 11.89 11.39 30 41.3 253 19.5
[7] mL-g~te 80.2 17.3 16.2 70.7 102.6 64.4 29.8
Rh nm (QELS)" 10.7 9.1 34.4 16.1

a Fraction resulting from two HIC separations. ? Fractions resulting from one HIC separation. ¢ By HPSEC-MALLS. ¢ R, value calculated using the
Flory—Fox equation [;7] My, = 6%2®R,® where & is the Flory viscosity constant (~2.2 x 10%). € By differential viscosimetry. " Hydrodynamic radius determined
by quasi-elastic light scattering at three angles (30, 90, and 150°) in 0.05 M NaNO3 buffer

whatever the population considered and were found to be veryrich heteropolysaccharides with most of the carbohydrate
similar to the FIllI isolated after HIC separation. For sugar attached to the polypeptide backbone as small hydroxyproline
analysis, protein content, and HPSEC-MALLS characterization, (Hyp)-polysaccharide substituer#&6 These results were con-
material eluted from SEC separation was separated into threefirmed in Table 2 where hydroxyproline (Hyp) and serine (Ser)
fractions denoted IlI-1, 11I-2, and 11I-3 corresponding to 51  were the most abundant amino acids contained in total gum,
198 mL, 201.6-234 mL, and 237.6396 mL elution volume FI, and FIl. Hyp and Asx (asparagineaspartic acid) were the
ranges, respectively. In addition, SEC purification of FIlI most abundant amino acid contained in FlI.

revealed a systematic shift between UV and sugar profiles during  Molecular Mass Distribution and Intrinsic Viscosity of

elution of the material and would tend to demonstrate that a Acacia Gum and Its Molecular Fractions. The elution profiles
continuum in molecular species would exist in this fraction. The of total gum and its fractions using HPSEC coupled to on-line
absence of UV and sugar profiles superimposition during SEC differential refractometer, viscosimeter, and multi-angle light
elution of Flll would also mean that each fraction collected (|||- scattering (MALLS) were gi\/en in Figure 4 (Concentration Signa|
1, 111-2, and 111-3) could be composed of different populations  derived from the differential refractometer and molecular mass
differing in molecular weight and polydispersity. derived from light scattering were given). The Acacia gum
Sugars Composition, Protein Content, and Amino Acid profile displayed two distinct populations where the first peak
Analysis. The neutral sugars, uronic acids composition, and reflected a small fraction of the whole gum sample (11.5%,
protein content of Acacia gum and its molecular fractions were Table 3) but scattered the light with a high intensity (data not
given in Table 1. The weights recovered for each fraction after shown) indicating the presence of very large molecular weight
one HIC separation were of 88, 10, ar@% for respectively species. On the contrary, the second peak represented the major
FI, Fll, and FIll, yields in agreement with earlier findin§s®* part of the sample (88.5%, Table 3), and the scattered light
The sugar composition revealed a majority of arabinose (Ara) intensity was relatively smaller compare to the first peak (data
and galactose (Gal) for the whole gum and its fractions, the not shown). This clearly demonstrated that the second population
Ara/Gal ratio values being 0.59, 0.57, 0.75, and 0.76 for total was composed of smaller molecular weight species. These
gum, FI, FIl, and FllI, respectively. Similar Ara/Gal ratio values results on Acacia gum were reported several times in the
were found for FllI-1 and FllI-2 with an exception for FllI-3  literature, and some discrepancies may exist from one publica-
where no galactose was detected. The uronic acids content wagion to another due to essentially the elution volume range
quite low and very similar for total gum and F15%), whereas considered to integrate the different peéks?
it was quite negligible for FlII isolated after HIC and SEC To our knowledge, no HPSEC-MALLS data were reported
fractionations. The uronic acids content for the whole gum, FI, in the literature on the purified fractions obtained after HIC
and FIl made these polysaccharides to be considered as weaklgeparation. Only average molecular masses from GPC data or
charged polyelectrolytes. from static light scattering and hydrodynamic radii from
FI, which made up the bulk of the Acacia gum, contained a dynamic light scattering were reported in the literature on
small proportion of proteinaceous material, whereas the minor purified fractions collected after HIC separatit#
Fil and Flll contained comparatively high proportions of protein,  Figure 4 demonstrated that the FI refractive index elution
in agreement with earlier findings:34The protein to total sugar  profile was superimposed to the second population concentration
ratio values were of 0.025, 0.022, 0.112, 0.362, and 0.747 for sjgnal of total gum. FIl concentration signal covered partly the
respectively whole gum, FI, FIl, Flll, and FIlI-3. signal from the first population of total gum with, however, a
The amino acid composition of the whole gum and its frac- slight shift in the maximum peak toward higher elution volume.
tions was reported in Table 2. Sulfur amino acids (methionine, In addition, an asymmetric distribution of FIl was detected
cysteine) were also quantified, whereas Asx and GIx meant pointing out the high molecular weight polydispersity of this
simply that the method used to determine the amino acid fraction. Flll was characterized by a much more polydisperse
composition was not able to distinguish between the acidic and concentration signal that was divided into three distinct popula-
basic forms of these residues. As reported in the literature for tions. In addition, molecular species identified at elution volume
many years, Acacia gum and its fractions were hydroxyproline- Ve > 16 mL for both FIl and FIIlI displayed anomalo%’sDV
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molecular mass elution profiles. The molar mass of the eluting
molecules increased with increasing elution volume in contra-
diction to the normal size exclusion separation mechanism. This

anomalous behavior was however encountered in both cases of

branched polymers and polymers having cylindrical sHape.
Moreover, rigid rodlike molecules such as extensins (hydroxy-
proline-rich glycoproteins) were found to reptate into porous
gel matrixes, resulting in a retardation different from that
predicted by the mass of the macromolecil@able 3 sum-
marized both staticMw, Mw/Mn, andRg) and dynamic (f] and

Rn) molecular parameters of Acacia gum and its fractions. As
each molecular fraction contained in Acacia gum differed in
protein and sugar contents, the refractive index increment of
the total gum and each purified fraction was previously

measured in order to get accurate molecular mass determination.

The value measured at= 589 nm for Acacia gum, mdc =
0.147, was found to be in total agreement with values reported
in the literature at other wavelengths. A/dc = 0.150 atl =

546 nm was found for the whole gum in acidic foffwhereas

a dn/dc = 0.141 atl = 632.8 nm was given for both total gum
and FI¥7 To our knowledge, no data were available in the
literature concerning FIl and FIII.

From Table 3, it appeared tht, values ranged from 2.86
x 10° to 2.67 x 1CP g/mol andRy values from 11.3 to 41.3 nm
for Fl and the first population of FllI, respectively. In the case
of low My, species, the radius of gyration was calculated using
the Flory—Fox equation that makes the important assumption
that the polymer is considered to be a random coil in good
solvent.Ry values calculated in the case of the second population
of the whole gum and FI should thus be taken with caution.
The polydispersity index found in the third population of FllI
was surprisingly very low for biopolymers whe&,/M, higher
than 2 are very common. This molecular characteristic could
reflect relevant biological function for this class of molecules.

The high polydisperse concentration signal obtained for Fll|
after HIC separation motivated a new separation using SEC
where three fractions, denoted 1lI-1, 1ll-2, and 11I-3, were
identified and collected (see Figure 3). Results from HPSEC-
MALLS are displayed in Figure 5 where the three fractions

revealed again high polydisperse concentration signals. Each

signal was divided into three distinct populations in order to
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Figure 5. High performance size exclusion chromatography (HPSEC)

chromatograms showing the elution profiles monitored by refractive

integrate peaks and get molecular parameters. In addition, asndex (C, g/mL) and light scattering (Mw, g/mol) for molecular fraction

reported previously, the molar mass of the eluting molecules
increased with increasing elution volume fog > 16 mL
highlighting the hypothetical branched and/or cylindrical shape
of the molecules. The relative content of this peculiar molecular
species increased from 25.3% after HIC separation to 31.5%
after HIC and SEC separations in FllI-3. Table 4 summarized
both static and dynamic molecular parameters of FllI-1, FlII-2,
and FlI1-3 purified after both HIC and SEC separations. Very
similar molecular parameters for each population were obtained

Il collected after both hydrophobic interaction chromatography and
size exclusion chromatography; refractive index (filled line) and light
scattering (symbols).

rescence, and Fourier transform infrared, to get deeper insight
into the tertiary structure of these complex heteropolymers. In
addition, more structural details on the polypeptidic backbone
contained in each molecular fraction were searched in these
spectroscopic investigations.

UV —Vis SpectroscopyAcacia gum and its purified fractions

FllI-3. Molecular weights and radii of gyration of both first
and third population differed noticeably from those identified
in FllI-1 and FlII-2. Further detailed analysis using HPSEC-
MALLS and/or other scattering techniques will be needed to
clearly distinguish each molecular species identified in FlIl.
HPSEC-MALLS data collected on Flll would tend to confirm
that a continuum in molecular species would exist in this
fraction.

Spectroscopic characterizations of total Acacia gum and its
molecular fractions The objectives were to characterize thor-
oughly Acacia gum and its molecular fractions using four
spectroscopic techniques, BWVisible, circular dichroism, fluo-

amino acids composition (presence of aromatic residues such
as Phe and Tyr, Trp being not quantified) and the protein content
allowed the UV signature of each molecular species to be
analyzed. Figure 6 displayed the UWis spectra recorded
between 245 and 345 nm for Acacia gum and its fractions
together with the second derivative spectra. Total gum and FllI
spectra displayed a maximum/t= 277 nm, whereas the FlI
spectrum revealed a maximumiat 274 nm. In addition, total
gum, FIlI, and FlII displayed a shoulder at 281 nm. No true
maximum and shoulder in absorbance were noticed for FI. The
addition d 8 M urea revealed however a small peak and
shoulder in the absorption spectrum locatedt at 276 andCDV
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Table 4. Molecular Parameters of the Different Populations Identified by High Performance Size Exclusion Chromatography Coupled
On-Line to Multi Angle Laser Light Scattering (HPSEC-MALLS) Contained in the Acacia Gum Molecular Fraction Il and Resulting from Both
Hydrophobic Interaction Chromatography (HIC) and Size Exclusion Chromatography (SEC)

fraction 111-1 fraction 111-2 fraction 111-3
first second third first second third first second third
population population population  population population population  population population population
(11.6— (14.2— (16.3— (11.5— (14.0— (16.4— (11.5— (14.0— (16.2—

13.6 mL) 15.7 mL) 17.0 mL) 136mL) 159mL) 17.2mL) 13.7 mL) 15.7 mL) 17.2 mL)
relative 61.2 32 6.8 67.8 27.7 4.5 35.5 33.0 315
content (%)
[yl mL-g7ta  79.3 42.9 12.4 nd® nd nd 79.2 44.0 8.0
My g-mol-1¢ 3.38 x 106 1.02 x 108 8.87 x 105 3.50 x 10® 1.29 x 108 9.93 x 10° 2.86 x 106 8.98 x 10° 3.34 x 10°
M, g-mol~1¢ 2.91 x 108 1.01 x 108 8.43 x 105 3.04 x 10° 1.28 x 108 9.26 x 10° 2.43 x 106 8.67 x 10° 3.23 x 10°
Ml My 1.16 1.01 1.05 1.15 1.00 1.07 1.17 1.04 1.04
Ry nm 40.0 35.9 52.0 45.4 35.0 48.0 43.8 28.0 26.0

a By differential viscosimetry. » Not determined. ¢ By HPSEC-MALLS using dn/dc = 0.153.
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Figure 6. UV—Visible spectra corrected for turbidity of Acacia gum
(C = 2%, wl/v) and molecular fractions | (C = 2%, wiv), Il (C = 2%,

of 8 M urea, due to the very low aromatic residues content.
Finally, a maximum af = 288 nm was noticed for total gum,
Fll, and FIII, wavelength characteristic of Trp absorption. These
UV—Vis absorption spectra gave complimentary qualitative
information to amino acids analysis in the sense that Trp residues
were found to be mainly present in total Acacia gum, FIl and
FIll.

Far-UV Circular Dichroism. The second characterization
of Acacia gum and its fractions dealt with far-UV circular
dichroism (CD) in order to probe the secondary conformational
state in solution of these hydroxyproline-rich heteropoly-
saccharides. First, calculations were performed in order to
estimate the relative protein concentration (rela@yey) in each
sample based on both protein content (protein %) and concen-
tration used for CD measurementSch). The knowledge of
the relative Cpror and the protein molecular weighMfyq)
contained in each molecular fraction allowed the CD signal to
be converted into molecular ellipticity] (deg-cn?-dmol).
Calculations were performed using the basic relationships

. _ o .
w/v), and Il (C = 0.3%, w/v) solutions in water obtained after relatlvecprot CCD’ Yoprotein 3)
hydrophobic interaction chromatography; (inset) second derivative _

spectra of total gum and its molecular fractions pointed out the Mprmeinz (M,,, mol %protein) 4)
maxima and minima in the UV spectral region of phenylalanine (Phe),

tyrosine (Tyr), and tryptophan (Trp) residues. (M) total gum; (O) .

fraction I; (@) fraction II; (O) fraction IlI number of residues: Mprote"{Mresidue (%)

282 nm, respectively (data not shown). From amino acids with My, the weight average molecular weight of each fraction
composition, the aromatic residues percentages (Phigyr)

(see Tables 3 and 4) aMiesique the average residue molecular

were evaluated to be of 5.3, 1.4, 4.3, and 10.3 for total gum, weight calculated from amino acid composition of each fraction
FI, FIl, and FlIlI, respectively. From these percentages aned-UV  (see Table 2). Table 5 summarized the relative protein concen-
Vis spectra, Fl could be considered to have no tryptophan (Trp) tration corresponding to the concentrations used for CD
residues in its sequence as revealed by the absence of aneasurements, the protein molecular weight, and the number
maximum and shoulder in the absorption profile. Another of amino acids residues for total gum and each population
hypothesis would be that the aromatic residues would be totally identified in the molecular fractions.
buried in the molecule, the exposition of these amino acids to The average number of amino acids residues would be of
the solvent being achieved ugi® M urea. 43, 2253, 4443, and 6333 for FI, FIlI, Flll, and FIII-3,
Second derivative spectra clearly identified maxima and respectively. The number of residues in particular for FlIl and
minima of aromatic residues in the UV spectral region for all FllI-3 was considered to be a rough estimation considering the
samples. In particular, a maximum at= 249 nm and a different populations identified by HPSEC-MALLS.
minimum atA = 260 nm were noticed for Acacia gum and its Figure 7 displayed the far-UV CD spectra in the $&60
fractions, wavelength characteristic of Phe residue absorption.nm region of Acacia gum and the three fractions. A poly-
The minimum at 260 nm was however absent of the FI hydroxyproline standard was also displayed for comparison. A
spectrum. Two minima located at= 276 and 284 nm and a  minimum in the mean residue ellipticity was clearly identified
maximum atA = 279 nm, characteristic of Tyr residue for total gum, Fll, and FllI at respectively 207, 203.5, and 205
absorption, were noticed for total Acacia gum, Fll, and Flll. nm. In addition, a maximum in ellipticity was noticed at 226
These above-mentioned minima and maximum were howevernm for total gum, Fll, and FlIl. The minimum and maximum
not identified in the FI absorption spectrum, even in the presenceidentified for total gum, Fll, and Flll were much less pronoun%ﬁgv
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Table 5. Relative Protein Concentration (Cprot) Of Acacia Gum and
Its Molecular Fractions (Collected after Hydrophobic Interaction
Chromatography (HIC) and Size Exclusion Chromatography
(SEC)) Calculated from Both Concentrations Used for Circular
Dichroism Measurements (Ccp) and Protein Content (%)2

total fraction

gum 1o 15 e 111-3¢
protein (%)® 2.4 1.1 9.0 24.6 35.5
Cep (%, Wiv) 4 4 2 0.3
relative Cyror (%, w/v) 0.096 0.044 0.175 0.0738
Mprot (9/mol) 17836 4607 247358 483851 683302
no. of residues 164 43 2253 4443 6333

a Protein molecular weight (Mpo) and average number of amino acid
residues (using an average residue molecular weight calculated from
amino acid composition) of each molecular fraction were also given.
b Fraction | resulting from two HIC separations. ¢ Fractions resulting from
one HIC separation. ¢ Fraction resulting from both HIC and SEC separa-
tions. € % protein from Kjeldahl using an N conversion factor of 6.60.
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Figure 7. Far-UV CD spectra of Acacia gum and molecular fraction
| (a), fractions 11, 1ll, and polyhydroxyproline standard (b) solutions in

water obtained after hydrophobic interaction chromatography. Samples
were dissolved in water at a relative protein concentration of 75 and
140 uM for total gum and molecular fraction | (a), respectively; 10.8,
1.96, and 20 uM for molecular fractions Il 1ll, and polyhydroxyproline
standard, respectively. (a) total gum (—), fraction | (- - -); (b) fraction
Il (), fraction Ill (- - -), and polyhydroxyproline (---)
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maximum in ellipticity identified in FI compared to FIl and
Flll were shifted toward higher wavelengths at 215 and 227.5
nm, respectively. The curve with large amplitudes in Figure 7b
with @ minimum at 205 nm and a maximum at 226 nm
corresponded to the polyhydroxyproline standard in the poly-
proline Il (PPII) conformation, a left-handed helix with three
residues/turns and a pitch of 0.94 AtnThis PPIl type
conformation would be partially adopted by the total gum, FlI
and FIlIl in solution. CD secondary structure analyses of FlI
and FllI, using Dichroprot software, predicted 27% and 9% PPII
type conformation, respectively, but also a significant amount
of f-sheet and unordered (random coil) structure. The presence
of the oligosaccharide side chains would impose some sterical
constraints to the whole molecule that would deform the
polypeptide backbone. This hypothesis was confirmed by the
random coil conformation also adopted by both fractions. The
presence of a higher arabinoside content in FlIl compare to FllI
shifted the spectrum minimum from 205 to 203.5 nm. This result
was previously established in the case of both arabinogalactan
protein from tomat®® and synthetic glycoprotein (Ala-Hyg)
after deglycosylatio®

A second minimum appeared for all of the samples around
185 nm. It was demonstrated that the glycosylated molecules,
particularly hydroxyproline-rich glycoproteins (HRGPs) con-
taining arabinogalactan polysaccharide substituents, always
displayed a minimum at 183 nf.In addition, the decrease of
carbohydrate content from FI to Flll was accompanied by a
decrease in the net intensities of its extrema, with molar
ellipticities ranging from 9.6< 10° to —6700 degcm?-dmoi~?!
for the minimum at~205 nm and from 2.74« 107 to —22
degcm?-dmol~! for the maximum at~225 nm. In addition,
the zero crossings shifted to longer wavelengths with the
decrease of carbohydrate content, reflecting a transition from a
structured to a less structured conformatt®riThese data
documented that the carbohydrate side chains reinforced the PPII
configuration, in agreement with the higher PPII content found
in FIl compare to FIII.

Regarding the number of amino acid residues, a polypeptide
backbone length>400 residues for the GAGP fraction and a
rodlike structure of 150-nm long and 5-nm diameter was
found?? In addition, the molecular weight of this GAGP fraction
was estimated to be of 2:2 10° g/mol. A recent study dealing
with hydroxyproline-rich glycoproteins fror@hlamydomonas
reinhardtii showed that one glycoprotein domain adopted an
uniform left-handed PPII helix, wherein 1 nm of the extended
configuration corresponded to 3.34 amino adfighe domain
constituted of 165 amino acids would translate into a 50-nm
rod. Taking this result into consideration, the GAGP molecular
fraction of 150-nm long would be composed of495 residues.
Refinement of the GAGP structure, based on the hydroxyproline
contiguity and the extended polyproline Il helix present in the
molecule hypotheses, lead in fact to 380 residues (20 peptide
repeats of a 19-residue consensus sequéh@ée amino acids
quantification of the present study, based on biochemical
analyses and molecular determinations using HPSEC-MALLS,
would indicate that FIl and FIIl would be composed of several
glycoprotein domains. This glycoprotein subunits assembly
would be compatible with the “abnormal” values found for the
number of residues in each molecular fraction compared to
literature data. In addition, the 43 residues calculated for Fl was
in reasonable agreement with the 19-residue consensus se-

in the case of FI. This result would be in agreement with both quencé® repeated twice.
low amino acids content and low aromatic residues percentage Intrinsic Fluorescence.The third spectroscopic characteriza-
included in FI. In addition, the low marked minimum and tion of Acacia gum and its fractions dealt with intrinsd'ﬁjv
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4x10° or 330 nm). No maximum was clearly identified in the spectrum
of FllI, the fluorescence intensity being however higher than
in the FI case. The presence of a residual absorbance in the
UV —Vis spectra of total gum, FIl, and FlIl near 330 nm (see
Figure 6) was exploited here where the fluorescence emission
intensity was recorded after excitationte= 330 nm. Emission
spectra were similar to those recorded after excitatioh to

290 nm with a slight shift however toward higher wavelength
of the emission maximum (data not shown). In addition, a
shoulder with a maximum located at= 402 nm was identified

in FlII spectrum.

The most probable phenolic compounds that are largely
encountered in plants, in particular cell walls, and that give
intrinsic fluorescence after excitation at the appropriate wave-
length are hydroxycinnamic acids: coumaric, caffeic, ferulic,
and sinapic acid¥ These phenolic compounds absorb the
UV —B radiation (286-315 nm), with a maximum absorbance
Eg:gfu?ér fr':;zggensscf’(‘ge_sﬁ%t%\‘/’)f /;c(acdi %U;';A)(C\N;)“Z"r;d""lll‘l’)( g”f for trans-caffeic acid andransferulic acid located at 329 and
0.3%, w/v) solutions in water 6btaiﬁed after hydr(;phot;ic interaction 825 nm_’ respecuvgl?ﬁ T.he fluorescence_ emission max'”.‘“m

of caffeic and ferulic acids, after excitation &t= 330 nm, is

chromatography; excitation wavelength 290 nm. (M) total gum, (O) 4
fraction 1, (@) fraction II, and (O) fraction IlI located at 425 and 415 nm, respectively.

Our UV absorbance and intrinsic fluorescence emission data

fluorescence spectroscopy in order to probe the local structure‘.’vOUId be more in agreement with the presence of ferulic acid

of these hydroxyproline-rich heteropolysaccharides in the vicin- !N the molecular fractions of Acacia gum. This hypothesis was

ity of aromatic amino acids and, in particular, tryptophan (Trp) checked through the phenolic compounds identification and
residues. It was first checked that the fluorescence intensity, quantification where traces of trans ferulic acid and ferulic acid

after excitation a = 290 nm, was linear with the Acacia gum  Were found in Acacia gum (data not shown). In addition, traces

concentration in the 0.2520 wt % concentration range (data of 8-5 non cycl_ic diferuli_c acid_was found in FII_(1815_ng/

not shown). However, the wavelength at which the fluorescence 9)- Even if a slight maximum in fluorescence intensity was
emission maximum appeared shifted toward higher value with measured in the case of Fl, no phenolic compounds could be
increasing gum concentration (i.e., from 342 to 345 nm in the detected by HI_:’LC. The versatile intensities measured in the
concentration range tested). Figure 8 displayed fluorescenceMolecular fractions fluorescence spectra could be related to the
emission spectra of Acacia gum and its fractions after excitation IS0Merization cis-trans occurring within these phenolic com-
atA = 290 nm. The excitation wavelength was chosen in order
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pounds as a function of time or pH. It was demonstrated for
to get intrinsic fluorescence emission from Trp residues, the INstance that fluorescence with emission wavelengif= 460

fluorescence from phenylalanine and tyrosine being negligible "M and excitation wavelength.x. = 390 nm observed from
at this wavelengtR? It was first noticed that the fluorescence caffeic acid in alkaline solution was attributed to the ionized

emission evolved as a function of time; an average intensity, Phenolate ions (i.e., cis form), whereas fluorescence adth
based on four spectra taken at different time intervals, was thus= 425 M andlexc = 330 nm in acidic solutions originated
calculated for each sample. In addition, the fluctuations in rom the protonated phenolic form of caffeic acid (i.e., trans
fluorescence intensity measured as a function of time was form)_5_3Thg question arising _from our rg_sults would be to know
independent of the excitation wavelength used (280, 290, or |f ferulic acid monomer and (_1|mer |dent|f|ed_by HPLC are ester-
330 nm). A blue shift in the Trp emission was observed for linked to FIl as it is classmally found within the cell wall
total gum, FII, and FlIl relative to the emission of Trp alone in Polymers. Sugars such as arabinose and xylose were found to
water. The emission maximum was located at 341, 343.5, andPe €asily acylated by the carboxylic group of ferulic acid giving
3444 1 nm for respectively total gum, Fll, and Flll compared 'Se to feruloylated sgcpharldes and allowing .cross-lln.ks be_tween
to 348 nm for the emission of Trp alone in water. This blue olllgosaccharldgs within the .ceII vyéﬂ.lsolatmn of diferulic

shift would be the result of exposed tryptophany! residues to Pridges ester-linked to arabinan in sugar beet cell walls was
the solvent from the heteropolysaccharide structures, the also recently_ identified* From the extensive dllaly5|s.perf0rmed
unmasking effect of these aromatic residues being the most!0 get Acacia gum and its molecular fractions, it would be
pronounced in FIIl. This surprising result, considering the reasonable to assume that these phenolic compounds are
hydrophobic nature of Trp residues, would be related to the cova!ently Ilnked to the heteropolysaccharides. Further studies
peculiar structure of FIl and FlIl and, in particular, the PPl @nd in particular mass spectrometry would be necessary to
type conformations and unordered structures predicted from lucidate the fine structure of the covalent links between
circular dichroism spectra. The absence of maximum in the Phenolic compounds and sugar residues contained in Acacia
fluorescence emission spectrum of Fl would reflect the absencegum.

of Trp residues or their highly buried location in the molecule. Fourier Transform Infrared Spectroscopy. Acacia gum and

The emission spectrum of Fl in the presende8oM urea its fractions were analyzed in their solid state in order to be
revealed no maximum and confirmed the absence of Trp unaffected by the strong water absorption in particular in the
residues in FI (data not shown). amide | band region (17201580 cnt?!) characteristic of

A second emission maximum was noticed at longer wave- vibrations of peptidic bonds. Figure 9 displayed infrared spectra
lengths for Acacia gum, FI, and FIl. This emission maximum of Acacia gum and its fractions between 2000 and 800cm
was located at 414, 413, and 415 nm for total gum, FI, and FlI, highlighting the major spectral bands attributed to protein and
respectively, whatever the excitation wavelength used (280, 290,carbohydrate moieties. It was identified that the IR band&BK/
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Figure 9. Infrared spectra of acacia gum, molecular fractions |, Il
and Il obtained after hydrophobic interaction chromatography in their
solid state. (M) Total gum, (O) fraction |, (@) fraction I, and (O) fraction
Ill. Inset: second derivative spectra associated to vibrational amide
I and Il bands (1750—1450 cm™1)

B-(1— 6) or 5-(1 — 3)-linked galactan occurred at about 1678
1072 cntl, whereas the main chain forming arabinan was at
1039 cntl.55 In addition, COO asymmetric stretching bands
located at 1420 and 1454 cmand CH esters bending
vibrational bands around 1300 cfwere also identified in all

of the samples with the strongest bands for FIl. The methyl
group substitution (COOCHj) allowing the substitution degree
to be determined was clearly seen at 980 Emwhatever the
sample, the strongest band being also for FlI.

The polypeptidic backbone constitutive of Acacia gum and
its fractions was identified by the intense amide | band at $600
1650 cnt! and the less intense amide Il band at 154650
cm~L. Second derivative spectra of amide | and Il bands allowed
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dent of the degree of dissociation linear extrapolation to zero
degree of dissociation gavé&pvalues of 3.06+ 0.04, 3.63+

0.02, and 4.26t 0.03 for GIcUA, Asp, and Glu, respectively.
pKa curves of Acacia gum and its fractions revealed a monotonic
quasi-linear dependence with the degree of dissociation
characteristic of low charge density polymers of polyelectrolyte
behavior. In addition, the slope of th&p= f(a)) dependence
was the highest in Fll, the slope value being characteristic of a
weak poly-acid. These results would indicate that the dissocia-
tion of each charged group depended on the degree of dissocia-
tion of neighboring charges. The intense electrostatic potential
surrounding the polymer would markedly affect the counterions
distribution and would provoke aKa dependence with the
degree of dissociatioro. Theoretical treatment classically
ascribed to linear polyelectrolyte chain such as Lifson and
Katchalsky theor§f failed in the particular case of weakly
charged polyelectrolytes for which the uniformly charged-rod
model is incorrect as long as the distance between two sites is
larger than about 0.7 nfi.In addition, in the particular case of
molecular fractions purified from Acacia gum, charges came
from GIcUA but also from acid (Asp and Glu) and basic (Arg,
Lys, and Tyr) amino acids. As a consequence, data fitting to
extract Ko values of both each molecular fraction was only
performed using a linear regression fitting procedure. It was
checked that the same results were also obtained by using a
second degree polynomial function (data not shown). Acacia
gum, FI, Fll, and FlIl had K, values of 3.58+ 0.02, 3.78+
0.02, 2.70+ 0.01, and 4.26t 0.04, respectively. TheseKp
values were much higher than those found for GIcUA except
for FIl where the intrinsic K of the polymer was much lower
than those determined for the simple electrolytes GICUA, Asp,
and Glu. These findings indicated clearly both contributions of
charged sugar residues and amino acids in the polyelectrolyte
behavior of Acacia gum and its fractions. To gain deeper insight
into the charge distributions on each molecular fraction,

both better resolution of overlapping spectral components and calculations were performed, based on the sugar and protein
qualitative analysis of secondary structures (inset Figure 9). Themolar composition, to determine the number of GIcUA residues.
second derivative spectra validated the presence of extendedn addition, the number of total charges (GIcUA residues and

B-sheets (presence of the strong bands at 1640%cim all

charged amino acids) was calculated from the number of moles

molecular fractions. In addition, presence of the band at 1690 of OH™ necessary to neutralize the mass of each fraction used

cm! suggested the presence/furns in the three molecular
fractions. The band at 1661 crhidentified in Acacia gum and
FI was also attributed tg-turns. The band at 1698 cth
identified in FI and FIl was assigned to the side chain

for titration experiments. The charge distributions coming from

polysaccharidic substitutions and polypeptidic backbone on each
fraction were thus deduced from the difference in the number
of charges identified by each method. Table 6 summarized the

absorbance of solvent exposed aspartic (Asp) and glutamic (Glu)number of charges and charge distributions on each fraction

acids COOH modes. The shoulder at 1559 &ndentified in
Fll corresponded to stretching vibrations of CO@f Glu
residues. Finally, the band at 1517 cthidentified in the
three molecular fractions was attributed to surfacing of

resulting from biochemical and titration analyses. It was thus
found that the charges distribution in Fl solely came from
polysaccharidic substitutions (GIcUA brought 100% of total
charges). In agreement with the increase of protein content in

tyrosine residues. It also appeared clearly from IR second FIl and Flll, charges distribution came from the polypeptidic

derivative spectra of Acacia gum molecular fractions that the
characteristic band assigned dehelices at 1650 crit was
totally absent.

Polyelectrolyte Behavior of Total Acacia Gum and Its
Molecular Fractions. Acidic forms of Acacia gum and its
fractions were titrated using 0.01 N NaOH solution. The
relationships betweenk and the degree of dissociatienof
Acacia gum, FI, Fll, and Flll are displayed in Figure 10. The
main charged monomers, glucuronic (GIcUA), aspartic (Asp),
and glutamic (Glu) acids, were also displayed for comparison.
A pKjincrease occurred with the increaseooin Acacia gum
and its fractions contrary to what was observed for simple
electrolyte such as GIcUA, Asp, and GluKpcurves of the

single charged monomers GIcUA, Asp, and Glu were indepen-

backbone at a level of 8.7% and 62.1%, respectively. In the
particular case of Acacia gum, the number of charges calculated
from titration experiments was lower than those found from
biochemical composition. This discrepancy between the two
methods used to calculate the number of charges could result
from aggregation phenomena occurring in the starting material
during titration experiments. The consequence of Acacia gum
aggregation on charges determination would be that part of the
charges brought by the aggregates would not be accessible to
OH~ counterions during titration experiments. From the elec-
trometric titration of gum arabic solution, Acharya and Chattoraj
clearly demonstrated the changes in the radius of the macroion
as a function of pH, ionic strength, and temperaffr@he
authors also added that the discrepancy found between the r@@{]/s
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Figure 10. Variations in pK, with the degree of dissociation o of Acacia gum and its molecular fractions obtained after hydrophobic interaction
chromatography. Glucuronic (GIcUA), aspartic (Asp), and glutamic (Glu) acids were also displayed for comparison. The lines were the
corresponding theoretical functions using a second degree polynomial or a linear function. (M) Total gum, (O) fraction |, (®) fraction Il, (O)

fraction Ill, (a) GIcUA, (») Asp, (®) Glu.

Table 6. Number of Charges and Charges Distribution on Acacia
Gum and Its Molecular Fractions (Collected after Hydrophobic
Interaction Chromatography) Calculated from Biochemical
Composition (Glucuronic Acid Residues, GIcUA) and Titration Data
(GIcUA + Charged Amino Acids)?

fraction

number of charges total gum | Il 11}
from biochemistry
glucuronic acid (GIcUA) 402 223 1149 609
from titration
glucuronic acid (GIcUA) 368 223 1259 1605
+ charged amino acids
charges distribution
polysaccharidic substitutions 100% 91.3% 37.9%
polypeptidic backbone 0% 8.7% 62.1%

2 See text for details.

backbone and polysaccharidic substitutions spatial positions and
consequently charge distributions throughout each heteropoly-
saccharide.

4. Conclusion

Fractionation ofAcacia senegalgum using hydrophobic
interaction chromatography revealed three main molecular
fractions, and both biochemical and physicochemical analyses
confirmed the existence of an arabinogalactan-peptide (Fl), an
arabinogalactan-protein (FIl), and a glycoprotein (FllI) fraction.
FllI, after new purification using size exclusion chromatography,
was found to be a highly polymolecular and polydisperse
fraction where a continuum of molecular species differing both
by the protein-to-sugar ratio and molecular weight was identi-
fied. From literature data, one polypeptidic backbone would be
present in each molecular fraction whose length determined in

of the polyion determined from both titration and viscosity data the present study was of 43, 2253, and 4443 amino acid residues
could be related to the nonuniform charge distribution through- in FI, Fll, and Flll, respectively. It maybe questioned however
out the surface or volume of the macromolecule. Even if this if only one polypeptidic backbone would exist in Fll and FllI
argument is probably true, aggregation phenomena in Acaciafractions considering both higher number of residues found
gum may be questioned considering the huge differences thecompared to literature data and different populations determined
authors found in the radius of Acacia gum as a function of pH through HPSEC-MALLS characterization. Secondary structure
and temperature. Further experimental details, in particular three-predictions in FIl and Flll revealed the presence of polyproline
dimensional structure of each molecular fraction found in Acacia Il type helices3-sheets, and random coils structures. From the
gum, would be necessary to get a better idea of the polypeptiderelative exposition of certain hydrophobic aromatic amino %HV
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residues to solvent (i.e., Trp and Tyr), a relevant structural (24) Lopez-Franco, Y. L.; Valdez, M. A.; Hefndez, J.; Caldérode la
investigation of each molecular fraction using scattering tech- Barca, A. M.; Rinaudo, M.; Goycoolea, F. NMacromol. Biosci.

. . 2004 4, 865-874.
niques and mass spectrometry would be useful to elucidate the (25) Schmitt, C. Ph.D. Thesis, INPL, Vandoeuvie-Xancy, France, 2000.

spatial arrangement of the polypeptidic backbone and the (36) Thipault, J.-FLebens.-Wissen. Technab79 12, 247-251.
polysaccharidic substitutions in these complex heteropoly- (27) Tollier, M.-T.; Robin, J.-PAnn. Technol. Agric1979 28, 1—15.
saccharidic structures. These future structural investigations (28) Blakeney, A. B.; Harris, P. J.; Henry, R. J.; Stone, BCArbohydr.

would highlight the biological and/or functional role of each (29) F\;\/eslilgLB?_ 1%;3 ﬁil—zcgf’w‘] AOACL975 58, 12211226
. . . . all, L. L.; Genrke, C. . 3 = .
molecular fraction contained in Acacia gum. (30) Bidlingmeyer, B. A.; Cohen, S. A.; Tarvin, T. lJ. Chromatogr.
1984 336, 93-104.
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