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A method involving fractionation in ethanol aqueous solutions, anion exchange chromatography, and
immobilized copper chelating chromatography was developed to obtain high molecular weight anionic
melanoidin populations from coffee infusions. Six anionic fractions with different physicochemical
properties (ethanol solubility and chelating ability) and chemical composition regarding carbohydrate
as well as protein nature and content were isolated. Fractions with similar chemical composition
were obtained for light-, medium-, and dark-roasted coffee infusions. These melanoidin fractions
accounted for 30-33% of the cold-water soluble high molecular weight material, independently of
the degree of roast in coffee. The nature and abundance of the different polysaccharides in each
fraction were dependent on their ethanol solubility. The 50% ethanol insoluble melanoidin populations
contained mostly galactomannan-like carbohydrates, and the fractions obtained with 75% ethanol
contained mostly arabinogalactan-like carbohydrates. The melanoidin populations with chelating
properties presented significantly lower carbohydrate content and, from these, the 75% ethanol soluble
fractions were almost devoid of carbohydrate material. The results obtained suggest that the chelating
ability of these coffee melanoidins is modulated by their carbohydrates.
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INTRODUCTION

Coffee infusions are one of the main sources of melanoidin
intake in human nutrition, accounting for up to 25% of the total
solids (1). Melanoidins have been shown to present not only
nutritional and health benefits but also risks (2-4). These are
brown in color and composed of a heterogeneous macromo-
lecular material containing nitrogen (1-5); their structural
features, even according to model systems, are still uncertain
(6-9).

The formation of coffee melanoidins during roasting has been
linked to the diversity of chemical components present in
green coffee beans: sucrose (after inversion), polysaccharides
(galactomannans and arabinogalactans), amino acids, proteins
(11S storage and cell wall proteins), and chlorogenic acids. All
of these can increase the chemical complexity and heterogeneity
of coffee melanoidins. Furthermore, the nature of melanoidins
of coffee infusions is also dependent on their water solubility
and extractability. There is increasing evidence that polysac-
charides (10,11), proteins (12,13), and phenolic compounds
(14-18) are components of coffee infusion melanoidins.
However, the presence of phenolic compounds chemically
linked to coffee melanoidins has always been questioned (19).

Recently, it was demonstrated that phenolic compounds can be
non-covalently linked to coffee melanoidins (20,21). From the
information obtained, and despite the use of crude fractionation
procedures, different melanoidin populations with dissimilar
structural, physical, and biological properties are expected to
be present in coffee infusions (22-25). The high amount of
melanoidins in thermally processed foods and their relevance
already demonstrated for their biological properties require a
deep knowledge of their chemical structure. To achieve that,
targeted fractionation procedures need to be developed.

The purpose of this work was to exploit the anionic nature
of coffee melanoidins (26,27) and their metal chelating capacity
(28-30) in the development of a fractionation procedure suitable
for allowing the knowledge of (1) the chemical and structural
features of coffee infusion melanoidins, (2) their heterogeneity,
and (3) the influence of the degree of roast in the abundance
and structure of the melanoidins present in roasted coffee
infusions.

MATERIALS AND METHODS

Reagents.Glucose, mannose, galactose, arabinose, ribose, xylose,
rhamnose 2-deoxyglucose, fucose, ferulic acid, caffeic acid, 3,4-
dihydroxybenzoic acid, benzoic acid, catechol, and vanillic acid were
from Merck (Darmstadt, Germany). Alanine, glycine, valine, serine,
threonine, leucine, isoleucine, norleucine, proline, 4-hydroxyproline,
methionine, aspartic acid, phenylalanine, glutamic acid, lysine, tyrosine,
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histidine, arginine, gallic acid, 3,5-dihydroxybenzoic acid, 4-hydroxy-
benzoic acid, glucuronic acid, and galacturonic acid were from Sigma-
Aldrich (St. Louis, MO). Q-Sepharose Fast Flow and Iminodiacetic
Acid Immobilized Sepharose FF were from Amersham Biosciences
(Uppsala, Sweden). Furosine was from Neosystem Laboratoire (Stras-
bourg, France). Other reagents were of analytical grade or higher
available purity.

Samples and General Procedures.Coffee infusions were prepared
from Arabica Brazil coffee (dry processed) from three degrees of
roast: a light roast, with 5.0% dry matter loss on a dry basis in relation
to the green coffee weight (DR 5%); a medium roast, with 8.7% dry
matter loss (DR 8%); and a dark roast, with 10% dry matter loss (DR
10%). With constant stirring, 50 g of each ground and defatted coffee
was extracted with 1 L of water at 80°C for 20 min. The extracts
were filtered through a size 2 sintered glass filter, and the material
retained was washed with an additional 500 mL of water at 80°C.
The filtrate was concentrated under reduced pressure at 40°C and
dialyzed (MW cutoff 12-14 kDa, Visking size 8, Medicell International
Ltd., London, U.K.) at 4°C with eight water renewals. The retentate
obtained was frozen and freeze-dried, giving the high molecular weight
material (HMWM).

Sugars were determined by gas chromatography as alditol acetates
(GC-FID) after hydrolysis for 2.5 h with 1 M sulfuric acid at 100°C
or by hydrolysis for 1 h with 2 M TFA 2 M at 120°C. Uronic acids
were determined colorimetrically according to a modification (31) of
the method of Blumenkrantz and Asboe-Hansen (32). Methylation
analysis was performed as described previously (22-24).

Protein content was determined after acid hydrolysis with 6 M HCl
during 24 h. After removal of the acid by centrifugal evaporation
(Univapo 100 ECH, UniEquip, Munich, Germany) at 40°C under
vacuum, the solid residue was dissolved in 3 mL of 0.1 M HCl and
filtered through a 45µm membrane. Amino acids were determined by
GC-FID after derivatization as heptafluorobutylisobutyl derivatives (33).

Color dilution (CD) analysis of the HMWM and melanoidin fractions
was performed according to the method described by Hofmann (34).
The color contribution of melanoidin populations to the overall HMWM
color was calculated by multiplying the CD factor of the sample by
the percentage of material recovered from the HMWM and then
dividing by the CD factor of the HMWM.

Fractionation Scheme of the HMWM. The fractionation procedure
of the HMWM is presented inScheme 1. Briefly, the HMWM (1.0 g)
was dissolved in 100 mL of water; the solution was stirred for 1 h at
4 °C and centrifuged at 24400g for 20 min at 4°C. The residue obtained
(WIppt) was suspended in water, frozen, and freeze-dried. Absolute

ethanol (Riedel, Seelze, Germany; 100 mL) was added, and the solution
(50% ethanol, assuming additive volumes) was stirred for 1 h at 4°C.
This solution was then centrifuged, and the residue obtained (Et50)
was removed. To the supernatant was added 200 mL of absolute
ethanol; the solution (75% ethanol) was stirred for 1 h at 4°C and
centrifuged, and the residue obtained (Et75) was removed from the
supernatant solution (Sn75). To remove the ethanol completely, each
precipitate was dissolved in water, concentrated by rotary evaporation
at 40°C, and then freeze-dried (22-24). Due to its insolubility in cold
water, the WIppt fractions were not further fractionated. Fractions Et50,
Et75, and Sn75 were fractionated by anion exchange chromatography
on a Q-Sepharose FF stationary phase. The eluent was a pH 6.5 100
mM sodium phosphate buffer containing 3 M urea and 0.02% sodium
azide. Fractions (150 mg) were dissolved in the initial buffer (1 mg/
mL), applied to the column, and eluted at a flow rate of 0.20 mL/min
with a minimum of 4 column volumes of the initial buffer or until the
absorbance at 280 nm reached the initial level, yielding a nonretained
fraction (QSA). The retained material (QSB fraction) was eluted with
buffer containing 3 M urea and 1 M NaCl. Fractions (2 mL) were
collected and assayed for sugars according to the phenol-sulfuric acid
method, and the column eluent was continuously monitored at 280 nm.
The polysaccharide and brown material-rich fractions were pooled,
concentrated on a rotary evaporator (40°C), dialyzed (12-14 kDa
cutoff, 5 water renewals), and freeze-dried. The anionic fractions (QSB)
were further fractionated by immobilized copper affinity chromatog-
raphy on an iminodiacetic acid immobilized Sepharose FF (Sigma)
medium loaded with copper ions. Before each run, the column was
reloaded with copper ions and washed with the equilibration buffer.
The material retained in the anion exchange chromatography was
dissolved in the initial buffer (100-120 mL) to give an approximate
concentration of 0.5 mg/mL and eluted at a flow rate of 0.20 mL/min
with a minimum of 4 column volumes of the initial buffer or until the
absorbance at 280 nm reached the initial level, yielding a nonretained
fraction (IM1). The retained material (IM2 fraction) was selectively
eluted with the initial buffer containing 25 mM EDTA, with a minimum
of 4 column volumes. Fractions (2 mL) were assayed for sugars with
the phenol-sulfuric acid method and continuously monitored for
absorbance at 280 nm. The polysaccharide and brown material-rich
fractions were pooled, dialyzed (12 kDa cutoff, 5 water renewals),
concentrated on a rotary evaporator (40°C) to approximately 10 mL,
dialyzed again (12 kDa cutoff, 5 water renewals), and freeze-dried.

Analysis of Furosine, CML, and CEL. The quantification of
furosine, CML, and CEL of the HMWM and melanoidin fractions was
performed as heptafluorobutyl isobutyl derivatives by gas chromatog-
raphy-quadrupole mass spectrometry (GC-MS, Agilent) after hydroly-
sis by 7.8 M HCl for 24 h at 110°C, under nitrogen (35). Selected ion
monitoring (SIM) was used for quantification. The ions atm/z 110,
621, and 578 were used, respectively, for quantification of furosine,
CML, and CEL. For qualification, additional ions atm/z280 and 240,
m/z 565 and 519, andm/z 533 and 511, respectively, were used.
Quantification was performed by a calibration curve using the lysine
residues as internal standard. The MS was operated in the electron
impact mode with an electron impact energy of 70 eV and data collected
at a rate of 1 scan s-1. The ion source was kept at 180°C and the
transfer line at 280°C. CML and CEL, used as reference, were prepared
by reductive amination of glyoxylic acid and pyruvate (36), respectively,
with NR-formyllysine (37) in the presence of NaCNBH3 at room
temperature. The purity of the products obtained was confirmed by
GC-MS analysis after derivatization, the heptafluorobutyl isobutyl
derivatives being the only products detected.

Alkaline Fusion. In a nickel crucible, 1 g ofNaOH (s) and 100 mg
of zinc dust were weighed, and, after fusion of the mixture at 350°C
(38), 10 mg of HMWM was also added (or 1 mg of melanoidin
fractions). After 10 s, the nickel crucible was removed and rapidly
cooled on ice. The fusion cake was solubilized by adding 6 M HCl,
and 200µL of internal standard solution was added (3,4-dimethoxy-
benzoic acid, 1 mg/mL) and acidified with 6 M HCl to pH 1-2. The
acidic mixture was extracted four times with 30 mL of ethyl ether.
After evaporation of the organic solvent under vacuum, the residue
was derivatized and analyzed by GC-EI/MS. Samples were derivatized
with 500 µL of pyridine and 500µL of N,O-bis(trimethylsilyl)-

Scheme 1. Fractionation of the HMWM of Coffee Infusions
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trifluoroacetamide and heated at 70°C for 30 min (39). After cooling
to room temperature, the silyl derivatives of phenolic compounds were
analyzed by GC-MS (Agilent) and quantified by GC-FID (Perkin-
Elmer) using a DB-1 column (30 m length, 0.23 mm internal diameter,
and 0.2µm film thickness) and injecting 1µL in splitless mode (time
of splitless) 0.75 min). Both the injector and the transfer line were
set at 250°C. The initial column temperature was 70°C, held for 1
min, increasing at 5°C/min until 250°C. The MS source temperature
was set at 180°C and the electron ionization energy was set at 70 eV,
with scans fromm/z40 to 600. Retention time and EI spectra of pure
standards were used to identify phenolic compounds. Quantification
was performed by the internal standard method using 3,4-dimethoxy-
benzoic acid.

Alkaline Hydrolysis. After the addition of approximately 10 mg of
HMWM and 5 mL of 2 M NaOH (previously purged with nitrogen),
the reaction proceeded for 48 h in the dark at room temperature (40).
At the end of the hydrolysis, 200µL of internal standard solution was
added (3,4-dimethoxybenzoic acid, 1 mg/mL), and the mixture was
acidified with 6 M HCl to pH 1-2. The acidic mixture was extracted
four times with 30 mL of ethyl ether. After evaporation of the organic
solvent under vacuum, the residue was derivatized and analyzed by
GC-EI/MS as described above. As no phenolic compounds could be
detected by this method, the conditions were changed and the hydrolysis
was carried out at 100°C for 12 h, and the samples, after cooling,
were treated in the same way as above.

Pyrolysis-Gas Chromatography-Mass Spectrometry.Analytical
pyrolysis was performed on duplicates (0.4 mg of sample) using a CDS
Analytical Pyroprobe 1000 pyrolyser interfaced to a Trace GC 2000
gas chromatograph and a mass selective detector Finnigan Trace MS.
Pyrolysis was carried out at 550°C for 5 s (reached at 1°C/ms), and
the Py-GC-MS interface was kept at 250°C. Helium was used as gas
carrier (35 cm s-1), and a DB-5 J&W capillary column (30 m× 0.25
mm i.d., 0.25µm film thickness) was used (41). The chromatographic
conditions were as follows: initial temperature, 45°C (4 min); heating
at 3 °C/min to 213°C and then heating at 30°C/min to 300°C (5

min); injector temperature, 250°C; transfer line temperature, 300°C.
The MS was operated in the electron impact mode with an electron
impact energy of 70 eV, and data were collected at a rate of 1 scan s-1

over a range ofm/z33-800. The ion source was kept at 200°C.
Analysis of the Non-covalently Linked Phenolic Compounds.The

method of Delgado-Andrade and Morales (20) was used to assess the
presence of ionically bound phenolic compounds in the high molecular
weight material. Solutions containing 10 mg/mL of the high molecular
weight material in 2 M NaCl were prepared and incubated overnight.
These solutions were ultrafiltered (Microcon YM-10, regenerated
cellulose 10 kDa) at 14000g for 50 min. The ultrafiltered solutions
were analyzed by injection of 30µL by reverse phase (C18) high-
performance liquid chromatography (HPLC) coupled to a diode array
detector (Thermo-Finnigan Surveyor HPLC system) set to collect data
from 200 to 600 nm overall; data for phenolics extracted at 270 nm
were from total scan data (42). Solvent A was 0.1% v/v trifluoracetic
acid in ultrapure water, and solvent B was 0.1% v/v trifluoroacetic
acid in HPLC grade acetonitrile; flow rate was 1 mL/min. Peak
identifications were performed from retention time, UV spectral data,
and direct comparison to pure standards.

Statistical Analysis. All chemical analyses obtained for each
melanoidin population were analyzed by one-way ANOVA for
significant differences (p ) 0.05), using the degree of roast as the main
effect. Scheffe post hoc test was performed for detecting significantly
different means (p) 0.05).

RESULTS AND DISCUSSION

Fractionation of the High Molecular Weight Material
from Coffee Infusions.The HMWM extracted from Brazilian
roasted coffees with three different degrees of roast (DR) were
obtained by extensive dialysis at 4°C in the dark and sequential
precipitation of the freeze-dried material in ethanol solutions,
as previously described (22, 23). The three cold-water soluble

Table 1. Yield and Sugar and Amino Acid Compositions of Melanoidin Populations Obtained by Fractionation of the HMWM from Brazilian Roasted
Coffee with DR 5%

Et50 Et75 Sn75

QSB IM1 IM2 QSB IM1 IM2 QSB IM1 IM2

yielda (%) 29 45 41 51 49 31 51 46 57
% HMWMb 3.6 3.3 4.3 2.7 4.9 6.1
sugarsc

Rha 1.44 (0.35) 4.95 (0.89) 1.41 (0.55) 1.93 (0.26) 3.93 (0.95) 1.36 (0.38) 1.50 (0.13) 3.67 (0.65) 0.42 (0.17)
Ara 3.09 (0.16) 5.65 (0.59) 2.48 (0.54) 6.62 (0.44) 7.91 (1.12) 3.48 (0.55) 5.02 (0.03) 7.35 (0.49) 1.17 (0.24)
Man 15.5 (0.5) 22.7 (0.8) 14.4 (0.9) 1.18 (0.05) 2.14 (0.24) 1.23 (0.17) 0.47 (0.13) 1.23 (0.33) 0.45 (0.07)
Gal 12.6 (0.9) 15.5 (0.9) 7.52 (0.54) 14.7 (0.3) 22.2 (0.7) 8.24 (0.30) 4.00 (0.42) 6.72 (0.59) 1.40 (0.42)
Glc 1.10 (0.17) 2.54 (0.56) 1.82 (0.17) 0.48 (0.02) 1.27 (0.75) 0.49 (0.10) 0.31 (0.06) 1.34 (0.34) 0.43 (0.18)
UA Tre Tr Tr Tr Tr Tr Tr Tr Tr
total 33.6 (2.1) 51.3 (3.7) 27.6 (2.4) 24.9 (1.6) 37.4 (2.3) 14.8 (1.5) 11.3 (0.5) 20.3 (1.2) 3.87 (0.58)

amino acidsd

Ala 0.35 (0.03) 0.35 (0.03) 0.72 (0.02) 0.44 (0.07) 0.35 (0.03) 0.57 (0.04) 0.98 (0.01) 2.33 (0.17) 0.50 (0.02)
Gly 0.54 (0.06) 0.46 (0.02) 0.69 (0.01) 0.58 (0.07) 0.49 (0.03) 0.95 (0.02) 1.20 (0.01) 1.31 (0.08) 0.60 (0.02)
Val 0.30 (0.03) 0.38 (0.04) 0.41 (0.02) 0.29 (0.04) 0.37 (0.03) 0.53 (0.04) 0.81 (0.03) 1.42 (0.10) 0.43 (0.03)
Thr 0.22 (0.01) 0.18 (0.02) 0.24 (0.02) 0.13 (0.02) 0.18 (0.01) 0.30 (0.02) 0.35 (0.00) 0.74 (0.09) 0.26 (0.05)
Ser 0.27 (0.00) 0.23 (0.02) 0.62 (0.02) 0.49 (0.06) 0.28 (0.03) 0.52 (0.03) 0.56 (0.02) 0.83 (0.08) 0.59 (0.02)
Leu 0.46 (0.04) 0.44 (0.03) 0.56 (0.01) 0.38 (0.04) 0.48 (0.04) 0.78 (0.04) 1.32 (0.06) 2.23 (0.14) 0.69 (0.00)
Ile 0.37 (0.04) 0.15 (0.02) 0.24 (0.01) 1.03 (0.02) 0.25 (0.01) 0.43 (0.02) 0.67 (0.09) 0.77 (0.03) 0.30 (0.01)
Pro 0.35 (0.02) 0.29 (0.01) 0.35 (0.01) 0.29 (0.01) 0.39 (0.03) 0.62 (0.01) 0.90 (0.04) 0.76 (0.02) 0.44 (0.02)
Hyp 0.29 (0.03) 0.27 (0.01) 0.17 (0.01) 0.26 (0.01) 0.32 (0.03) 0.36 (0.01) 0.15 (0.01) 0.22 (0.01) 0.12 (0.01)
Met 0.04 (0.00) 0.08 (0.04) 0.04 (0.00) 0.04 (0.02) 0.18 (0.05) 0.01 (0.01)
Asx 0.72 (0.05) 0.59 (0.04) 0.52 (0.01) 0.75 (0.04) 0.51 (0.05) 0.79 (0.03) 1.56 (0.04) 1.05 (0.09) 0.55 (0.05)
Phe 0.24 (0.02) 0.27 (0.01) 0.76 (0.02) 0.23 (0.02) 0.21 (0.03) 0.42 (0.03) 0.72 (0.05) 1.00 (0.04) 0.51 (0.02)
Glx 2.03 (0.20) 1.82 (0.13) 2.05 (0.11) 1.72 (0.18) 1.74 (0.14) 2.86 (0.17) 4.96 (0.38) 3.90 (0.20) 2.88 (0.19)
Lys 0.12 (0.01) 0.11 (0.01) 0.17 (0.01) 0.12 (0.01) 0.10 (0.01) 0.15 (0.01) 0.22 (0.03) 0.06 (0.01) 0.13 (0.00)
Tyr 0.10 (0.00) 0.11 (0.02) 0.51 (0.03) 0.08 (0.03) 0.12 (0.02) 0.28 (0.02) 0.39 (0.04) 0.18 (0.02) 0.14 (0.00)
His Tr Tr Tr Tr Tr Tr Tr Tr Tr
total 6.39 (0.54) 5.71 (0.41) 8.03 (0.29) 6.79 (0.59) 5.82 (0.47) 9.75 (0.52) 14.8 (0.8) 16.8 (1.1) 8.15 (0.42)

a For QSB, percentages (w/w) in relation to the applied material; for IM1 and IM2, percentages (w/w) in relation to QSB fraction. b Percentages (w/w) in relation to the
high molecular weight material (HMWM). c Percentage (w/w) of anhydrosugars in fraction; values in parentheses are the standard deviation. d Percentage (w/w) of anhydroamino
acids in fraction; values in parentheses are the standard deviation. e Traces.
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fractions were recovered from the precipitates in 50% (Et50)
and 75% ethanol solutions (Et75) and from the supernatant in
75% ethanol (Sn75,Scheme 1). They were further fractionated
by anion exchange chromatography on Q-Sepharose FF, allow-
ing to be obtained, from each one of them, two fractions: a
nonretained (QSA) and a retained fraction (QSB), recovered
from the column by elution with 1 M NaCl (Scheme 1). For
Et50, Et75, and Sn75, independent of the degree of roast of the
coffees, 28-33, 51-52, and 48-51% of the applied material
was, respectively, retained in the anion exchange column
(Tables 1-3). The deep brown color of these QSB fractions
allowed us to conclude that a significant number of the
melanoidins present in these coffee infusions have an anionic
character. The anionic character of melanoidins has been shown,
by capillary electrophoresis, in both model studies (27) and
roasted coffee high molecular weight melanoidins (26). The
amount of carbohydrate material in QSB fractions ranged from
40 to 5% (Tables 1-3), decreasing with the increase of the
solubility of the fractions in ethanol solutions (Et50> Et75>
Sn75). The observation of anionically bound polysaccharides
in these roasted fractions, which contrasted with the negligible
retention observed for the green coffee polysaccharides under
the same chromatographic conditions, allows us to conclude
that the polysaccharides present in QSB fractions are linked to
the retained melanoidins. This is reinforced by the fact that it
is known that during the roasting process the uronic acid content
of arabinogalactans decreases (43). In addition, the uronic acid
analysis of QSA and QSB fractions showed only vestigial
amounts of uronic acids.

The polysaccharides present in roasted coffee infusions are
almost exclusively composed by galactomannans and ara-
binogalactans (22-24). The galactomannans are neutral linear

polysaccharides composed by a backbone ofâ-(1f4)-linked
D-mannose residues, which can be O-acetylated and substituted
in O-6 by single galactose and arabinose residues (44). The
arabinogalactans are highly branched anionic polymers com-
posed by a backbone ofâ-(1f3)-linkedD-galactose residues,
highly substituted in O-6 by short chains of otherâ-(1f6)-
linked D-galactose residues. These side-chain residues can also
be substituted in O-3 by singleL-arabinose orR-(1f5)-linked
L-arabinose disaccharide residues (22-24, 45). Also present,
although in much lower amounts, are terminally linkedD-
glucuronic acid residues.Tables 1-3 show that the galacto-
mannan-like carbohydrates were the main carbohydrates present
in Et50 fractions, although for the light-roasted coffee also
significant relative amounts of arabinogalactan-like carbohy-
drates were present. For Et75QSB and Sn75QSB fractions the
arabinogalactan-like carbohydrates were the main carbohydrate
components, although the relative amount of galactomannan-
like carbohydrates increased with the increase of the degree of
roast.

It has been shown that, during roasting, proteins change
considerably (13,22) by acquiring negative charge density (13).
To assess the importance of the protein material in these anionic
melanoidin fractions, amino acid analysis was performed, and
the results are shown inTables 1-3 for DR5, DR8, and DR10,
respectively. The Et50 and Et75 retained fractions had higher
contents of proteic material than the nonretained fractions
(Et50QSA, 3.2-3.3%, vs Et50QSB, 6.4-8.6%, and Et75QSA,
3.8-5.9%, vs Et75QSB, 6.8-8.0%), whereas for Sn75 fractions
the opposite was observed, as the protein content in the
Sn75QSA fraction was higher (11.5-19.9%) than in Sn75QSB
(9.0-14.8%). Although there were differences found in the
amount of proteic material when the retained fractions were

Table 2. Yield and Sugar and Amino Acid Compositions of Melanoidin Populations Obtained by Fractionation of the HMWM from Brazilian Roasted
Coffee with DR 8%

Et50 Et75 Sn75

QSB IM1 IM2 QSB IM1 IM2 QSB IM1 IM2

yielda (%) 28 50 53 52 61 34 48 41 51
% HMWMb 3.1 3.3 5.1 2.8 4.2 5.3
sugarsc

Rha 0.80 (0.13) 2.36 (0.48) 0.51 (0.17) 0.97 (0.06) 1.97 (0.62) 1.12 (0.17) 0.30 (0.10) 1.45 (0.63) 0.18 (0.10)
Ara 2.50 (0.18) 3.97 (0.36) 2.38 (0.13) 4.10 (0.16) 5.14 (0.18) 3.17 (0.24) 2.15 (0.40) 3.48 (0.68) 1.01 (0.04)
Man 24.8 (2.9) 27.4 (2.9) 18.2 (1.2) 3.98 (0.33) 4.34 (0.31) 2.85 (0.34) 0.86 (0.09) 1.23 (0.16) 0.35 (0.17)
Gal 10.3 (1.9) 14.5 (0.5) 9.14 (0.10) 15.9 (0.8) 21.4 (0.6) 8.74 (0.21) 1.88 (0.06) 4.18 (0.25) 1.01 (0.07)
Glc 1.80 (0.04) 1.52 (0.40) 0.96 (0.11) 0.25 (0.02) 1.37 (0.51) 1.04 (0.06) 0.18 (0.03) 0.59 (0.13) 0.13 (0.06)
UA Tre Tr Tr Tr Tr Tr Tr Tr Tr
total 40.2 (5.2) 49.8 (1.24) 31.2 (1.7) 25.1 (0.5) 34.2 (1.6) 16.9 (1.0) 5.38 (0.07) 10.9 (1.3) 2.68 (0.33)

amino acidsd

Ala 0.65 (0.00) 0.49 (0.01) 0.39 (0.03) 0.54 (0.00) 0.57 (0.02) 0.46 (0.02) 0.75 (0.05) 0.82 (0.04) 0.34 (0.01)
Gly 0.66 (0.02) 0.60 (0.02) 0.50 (0.02) 0.68 (0.02) 0.48 (0.02) 0.65 (0.01) 0.72 (0.02) 0.80 (0.05) 0.45 (0.02)
Val 0.23 (0.01) 0.47 (0.03) 0.34 (0.02) 0.41 (0.02) 0.47 (0.06) 0.43 (0.01) 0.53 (0.18) 0.79 (0.03) 0.33 (0.02)
Thr 0.30 (0.02) 0.13 (0.03) 0.07 (0.02) 0.08 (0.01) 0.20 (0.01) 0.07 (0.02) 0.11 (0.02) 0.24 (0.01) 0.12 (0.01)
Ser 2.17 (0.05) 0.50 (0.03) 0.10 (0.02) 0.21 (0.03) 0.22 (0.02) 0.10 (0.05) 0.20 (0.02) 0.22 (0.01) 0.37 (0.02)
Leu 0.38 (0.01) 0.53 (0.02) 0.60 (0.02) 0.50 (0.03) 0.63 (0.04) 0.61 (0.02) 0.96 (0.03) 1.45 (0.04) 0.60 (0.02)
Ile 0.34 (0.02) 0.30 (0.01) 1.27 (0.03) 0.82 (0.07) 0.33 (0.03) 0.29 (0.02) 0.43 (0.23) 0.82 (0.04) 0.36 (0.02)
Pro 0.33 (0.00) 0.25 (0.01) 0.33 (0.02) 0.40 (0.04) 0.37 (0.03) 0.41 (0.02) 0.59 (0.06) 0.79 (0.05) 0.32 (0.01)
Hyp 0.21 (0.01) 0.18 (0.01) 0.13 (0.01) 0.24 (0.00) 0.26 (0.02) 0.14 (0.01) 0.08 (0.02) 0.11 (0.01) 0.05 (0.04)
Met 0.06 (0.00) 0.03 (0.01) 0.01 (0.01) 0.11 (0.02) 0.02 (0.02)
Asx 0.59 (0.02) 0.47 (0.03) 0.38 (0.04) 0.97 (0.08) 0.64 (0.05) 0.58 (0.03) 1.23 (0.40) 1.25 (0.06) 0.61 (0.05)
Phe 0.22 (0.00) 0.30 (0.02) 0.41 (0.01) 0.28 (0.08) 0.28 (0.02) 0.35 (0.01) 0.52 (0.03) 0.70 (0.04) 0.40 (0.02)
Glx 1.75 (0.05) 1.84 (0.21) 1.90 (0.11) 1.95 (0.08) 1.61 (0.20) 2.15 (0.11) 2.58 (0.34) 3.98 (0.23) 1.73 (0.16)
Lys 0.15 (0.00) 0.09 (0.01) 0.12 (0.01) 0.12 (0.01) 0.29 (0.02) 0.18 (0.02) 0.11 (0.01) 0.34 (0.04) 0.13 (0.02)
Tyr 0.08 (0.00) 0.06 (0.02) 0.18 (0.02) 0.20 (0.05) 0.14 (0.01) 0.21 (0.01) 0.23 (0.04) 0.46 (0.05) 0.27 (0.02)
His Tr Tr Tr Tr Tr Tr Tr Tr Tr
total 8.10 (0.67) 6.23 (0.40) 6.72 (0.37) 7.29 (0.30) 6.48 (0.53) 6.63 (0.36) 9.04 (0.41) 12.9 (0.72) 6.07 (0.36)

a For QSB, percentages (w/w) in relation to the applied material; for IM1 and IM2, percentages (w/w) in relation to QSB fraction. b Percentages (w/w) in relation to the
high molecular weight material (HMWM). c Percentage (w/w) of anhydrosugars in fraction; values in parentheses are the standard deviation. d Percentage (w/w) of anhydroamino
acids in fraction; values in parentheses are the standard deviation. e Traces.
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compared with the nonretained fractions, the amino acid relative
abundances were similar (results not shown). The most abundant
amino acids were Glx, Gly, Ala, Asx, Ile, Leu, and Pro, whereas
the least abundant were the hydrophilic ones, that is, Met, Lys,
and Tyr. Arg residues were not found, and only vestigial
amounts of His were present. Also encountered in relatively
high amounts was hydroxyproline (Hyp), an amino acid residue
found in the arabinogalactan proteins isolated from green coffee
cell walls. The presence of Hyp, as well as galactose and
arabinose residues, allows us to conclude that arabinogalactan-
protein-like structures were retained in QSB fractions. The
composition in amino acids of the retained fractions were in
accordance with the values found for roasted coffees (25, 46,
47) and for roasted coffee infusions (25).

Fractionation and Chemical Characterization of Melanoi-
din Populations. The metal chelating ability of melanoidins
from model systems (28, 30) and coffee (17, 29) are well
documented. This property was exploited to further fractionation
of the anionic melanoidin fractions (QSB fractions) by develop-
ing a methodology based on Cu(II) affinity chromatography.
As these fractions were negatively charged, 1 M NaCl was
always included in the eluent to suppress the electrostatic
interactions with the stationary phase. All anionic melanoidin
fractions (QSB) yielded a nonretained (IM1) fraction and a
fraction that was retained and eluted with the buffer containing
25 mM EDTA (IM2) (Figure 1). The relative amount of
polymeric material and content in carbohydrate as well as the
amino acids present in these fractions are shown inTables 1-3.
The carbohydrate content of the nonchelating fractions was
significantly higher than that of chelating fractions for all
fractions and degrees of roast. Fractions Et50IM1 from DR5
and DR8 contained the highest levels of carbohydrates, whereas

fraction Sn75IM2 contained the lowest levels. To characterize
the glycosidic linkage composition of the carbohydrate material
present in the different nonchelating and chelating melanoidin
populations and the effect of the degree of roast in their
structural features, methylation analysis was performed (Tables
4-6).

Et50. For Et50IM1 and Et50IM2 melanoidin populations as
well as for the three degrees of roast, the high percentages of
(1f4)- and (1f4,6)-linked Man residues (Table 4) allowed
us to confirm that the carbohydrates present were structurally
related to the galactomannans. These polymers had a degree of
branching (% 4,6-Manp/ManTotal,Table 4) in the same range
found for the galactomannans present in the HMWM (22, 23).
The presence in samples from all degrees of roast of (1f3)-
and (1f3,6)-linked Gal residues and terminally and (1f5)-
linked arabinose residues (Table 4), which are structural
elements of type II arabinogalactans (22-24), allowed us to
confirm that the arabinogalactan-like carbohydrates were also
components of these melanoidin populations. The structural
features of the arabinogalactan-like carbohydrates found in these
melanoidin populations (Table 4) were in accordance with the
changes observed for the polysaccharides present in the HMWM
of coffee infusions (22-24) and whole coffee polysaccharides
(48). Thus, these structural changes can be attributed to roasting-
induced changes of the polysaccharides present in coffee beans.

The amount of galactomannan-like and arabinogalactan-like
carbohydrates present in the melanoidin populations was
estimated on the basis of their sugar composition and methy-
lation analysis (Figure 2). These estimates were performed by
taking into account not only that all mannose residues present
in the melanoidin populations were components of galactoman-
nan-like carbohydrates but also that an amount of galactose

Table 3. Yield and Sugar and Amino Acid Compositions of Melanoidin Populations Obtained by Fractionation of the HMWM from Brazilian Roasted
Coffee with DR 10%

Et50 Et75 Sn75

QSB IM1 IM2 QSB IM1 IM2 QSB IM1 IM2

yielda (%) 33 42 57 51 45 50 48 60 30
% HMWMb 3.9 5.3 3.5 3.9 5.4 2.7
sugarsc

Rha 0.54 (0.24) 1.86 (0.48) 0.38 (0.16) 0.49 (0.05) 2.08 (0.11) 0.30 (0.14) 0.31 (0.01) 1.12 (0.13) 0.20 (0.10)
Ara 1.21 (0.81) 2.66 (0.24) 1.60 (0.36) 2.94 (0.06) 4.46 (0.65) 2.28 (0.16) 1.68 (0.08) 3.15 (0.08) 1.13 (0.14)
Man 16.6 (0.5) 15.5 (0.8) 15.4 (0.81) 3.72 (0.26) 5.44 (0.79) 3.43 (0.61) 0.63 (0.02) 1.10 (0.17) 0.29 (0.11)
Gal 5.58 (0.55) 8.73 (0.71) 4.29 (0.45) 13.0 (1.3) 18.8 (1.1) 7.81 (0.27) 2.57 (0.01) 1.90 (0.30) 0.78 (0.11)
Glc 0.93 (0.23) 1.35 (0.21) 0.88 (0.14) 0.77 (0.03) 0.15 (0.07) 0.51 (0.01) 0.91 (0.06) 1.37 (0.28)
UA Tre Tr Tr Tr Tr Tr Tr Tr Tr
total 24.8 (2.3) 30.1 (2.0) 22.6 (0.7) 20.9 (1.1) 30.7 (0.8) 14.0 (0.7) 5.71 (0.30) 8.17 (0.62) 3.77 (0.75)

amino acidsd

Ala 0.53 (0.03) 0.51 (0.04) 0.60 (0.02) 0.50 (0.00) 0.40 (0.02) 0.37 (0.02) 0.92 (0.07) 0.73 (0.05) 0.46 (0.04)
Gly 0.83 (0.08) 0.66 (0.04) 0.54 (0.02) 0.58 (0.01) 0.49 (0.02) 0.51 (0.03) 0.83 (0.06) 0.81 (0.06) 0.58 (0.05)
Val 0.37 (0.02) 0.44 (0.03) 0.48 (0.02) 0.41 (0.00) 0.41 (0.02) 0.38 (0.07) 0.68 (0.07) 0.80 (0.01) 0.46 (0.07)
Thr 0.22 (0.02) 0.10 (0.02) 0.09 (0.01) 0.07 (0.00) 0.07 (0.04) 0.05 (0.04) 0.09 (0.01) 0.12 (0.01) 0.10 (0.03)
Ser 1.20 (0.08) 0.12 (0.01) 0.15 (0.01) 0.30 (0.00) 0.06 (0.02) 0.08 (0.03) 0.31 (0.01) 0.11 (0.03) 0.24 (0.04)
Leu 0.61 (0.03) 0.83 (0.04) 0.76 (0.03) 0.53 (0.00) 0.60 (0.02) 0.60 (0.00) 0.97 (0.05) 1.30 (0.07) 0.77 (0.04)
Ile 0.39 (0.02) 0.45 (0.01) 0.36 (0.02) 1.47 (0.17) 0.37 (0.02) 0.33 (0.03) 0.48 (0.03) 0.55(0.02) 0.39 (0.05)
Pro 0.48 (0.02) 0.49 (0.03) 0.42 (0.04) 0.38 (0.02) 0.48 (0.02) 0.39 (0.04) 0.58 (0.04) 0.74 (0.07) 0.45 (0.03)
Hyp 0.20 (0.02) 0.16 (0.01) 0.19 (0.02) 0.15 (0.01) 0.28 (0.03) 0.13 (0.01) 0.11 (0.00) 0.11 (0.01) 0.09 (0.01)
Met 0.07 (0.00)
Asx 0.80 (0.00) 0.89 (0.02) 0.50 (0.04) 0.97 (0.01) 0.26 (0.01) 0.57 (0.05) 1.10 (0.02) 0.94 (0.04) 0.51 (0.05)
Phe 0.37 (0.02) 0.45 (0.02) 0.43 (0.02) 0.37 (0.01) 0.14 (0.01) 0.44 (0.09) 0.56 (0.02) 0.64 (0.02) 0.51 (0.03)
Glx 2.30 (0.13) 2.85 (0.20) 1.84 (0.07) 1.92 (0.05) 2.05 (0.13) 1.62 (0.09) 2.72 (0.03) 3.33 (0.19) 1.84 (0.13)
Lys 0.15 (0.01) 0.23 (0.01) 0.10 (0.09) 0.14 (0.01) 0.17 (0.01) 0.09 (0.00) 0.16 (0.01) 0.22 (0.02) 0.14 (0.01)
Tyr 0.12 (0.01) 0.14 (0.00) 0.18 (0.02) 0.16 (0.01) 0.08 (0.01) 0.19 (0.01) 0.31 (0.05) 0.33 (0.01) 0.34 (0.04)
His Tr Tr Tr Tr Tr Tr Tr Tr Tr
total 8.61 (0.50) 8.31 (0.41) 6.65 (0.32) 7.95 (0.27) 5.83 (0.40) 5.76 (0.39) 9.81 (0.39) 10.7 (0.6) 6.97 (0.61)

a For QSB, percentages (w/w) in relation to the applied material; for IM1 and IM2, percentages (w/w) in relation to QSB fraction. b Percentages (w/w) in relation to the
high molecular weight material (HMWM). c Percentage (w/w) of anhydrosugars in fraction; values in parentheses are the standard deviation. d Percentage (w/w) of anhydroamino
acids in fraction; values in parentheses are the standard deviation. e Traces.
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residues equal to the amount of (1f4,6)-Manp was a component
of galactomannan-like carbohydrates. Furthermore, all arabinose
and galactose residues, except the T-Galppreviously attributed
to the galactomannan-like carbohydrates, were assumed to be
component sugars of the arabinogalactan-like carbohydrates (23,
24). As shown inFigure 2, for Et50 anionic melanoidin
populations, the amount of both galactomannan-like and ara-
binogalactan-like carbohydrates decreased with the increase of
the degree of roast. The content of protein-like material of the
Et50IM1 fraction increased for the dark-roasted coffee, whereas
the reverse was observed for the Et50IM2 (Figure 2).

Et75. The melanoidins recovered in fractions Et75IM1 and
Et75IM2 had a different carbohydrate profile from those
recovered in fractions Et50IM1 and Et50IM2 (Table 5 and
Figure 2). The arabinogalactan-like carbohydrates were the main
carbohydrates present in both fractions (>70%). The amount
of arabinogalactan-like carbohydrates was approximately the
same for the different degrees of roast, even though the amount
of galactomannan-like carbohydrates increased with increasing
degree of roast (Figure 2). The structural features and changes
conferred by the roast on these arabinogalactan-like carbohy-
drates (Table 5) were very similar to those recovered in the
Et50IM1 and Et50IM2 fractions (Table 4).

The amount of protein-like material for Et75IM1 fractions
remained approximately constant with the increase of the degree
of roast, whereas for the melanoidin population recovered in
fraction Et75IM2, the content of protein-like material decreased
with the increase of the degree of roast (Tables 1-3).

Sn75.The two melanoidin populations recovered from Sn75
were both very low in carbohydrates, the chelating fraction

(Sn75IM2) being the poorest one (Tables 1-3). The carbohy-
drate content of the nonchelating fractions (Sn75IM1) decreased
significantly with the increase in the degree of roast from the
light to the medium and dark degrees of roast (Figure 2).
Because the amount of galactomannan-like carbohydrates
remained constant, this can be attributed to the decrease in
arabinogalactan-like carbohydrates. The structural features of
the arabinogalactan-like carbohydrates recovered in these frac-
tions (Table 6) were substantially different from those recovered
in Et50 and Et75 melanoidin populations. These fractions had
similar 3-/3,6-Gal ratios but higher Ara/Gal and lower T-Ara/
5-Ara ratios, allowing us to infer the occurrence of a higher
abundance of arabinose disaccharide residues in the arabinoga-
lactan-like carbohydrate side chains. Nevertheless, the structural
changes due to the increase of degree of roast observed for the
arabinogalactan-like carbohydrates recovered in Et50 and Et75
melanoidin populations were also observed for the arabinoga-
lactan-like carbohydrates recovered in fractions Sn75.

The melanoidins of the Sn75 fractions were those that
presented the higher amount of protein-like material of the entire
melanoidin fractions recovered. Furthermore, an increase in the
degree of roast led to a decrease in the amount of protein-like
material recovered in these fractions (Figure 2).

The chelating melanoidin population recovered from the Sn75
fraction (Sn75IM2) presented the lower carbohydrate and protein
contents of all recovered fractions. The similarity between the
physicochemical properties of the Sn75IM2 found in this study,
at all degrees of roast, and the fractions isolated from instant
coffe by zinc precipitation by Takenaka et al. (17) is remarkable.
The amount and molar abundances of the different sugars and
amino acids were almost identical, although the amount of
protein obtained by zinc precipitation was lower.

Color Dilution Analysis.To estimate the importance of these
six melanoidin populations to the total color of the HMWM,
the color potency of the HMWM and melanoidin populations
was determined by color dilution analysis (34). As can be
observed inTable 7, the color potency of the HMWM increased
with the increase of the degree of roast, which was in accordance
with the color presented by the HMWM lyophilized powders.
The color potency of the six different melanoidin populations
also increased with the increase of the degree of roast, although
not all with the same trend observed for the HMWM (Table
7). For the least roasted coffee, these six anionic melanoidin
populations accounted for 65% of the color potency of the
HMWM (Table 7). Nevertheless, for the highest degree of roast,
although with an increase in color potency of all fractions, the
same six anionic melanoidin populations accounted for only
39% of the color potency of the corresponding HMWM. These
results allow us to conclude that, for the medium- and dark-
roasted coffees, the nonretained fractions in the anion exchange
column (QSA), together with the cold-water insoluble precipi-
tates (WIppt), accounted for a significant amount of the color
potency of the HMWM.

Quantification of Maillard Reaction Products in the
HMWM and Melanoidin Populations. The presence of a
significant amount of melanoidins with chelating ability prompts
the investigation of the probable cause for this chelating
capacity. In a first approach, the HMWM was characterized for
the presence of compounds with chelating properties. It has been
previously shown that nearly 17% of the nitrogen present in
high molecular weight fractions (25) is present in a non-amino-
acid form. It has also been shown that other non-amino-acid-
nitrogen-containing compounds, derived from Maillard reaction,
are present in coffee melanoidins (49). To ascertain the non-

Figure 1. Chromatographic profile on Cu(II) metal affinity chromatography
of anionic melanoidin populations (QSB) of Et50 for DR 8% (a), Et75 for
DR 10% (b), and Sn75 for DR 5% (c): (O) sugars (absorbance at 490
nm); (s) absorbance at 280 nm.
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amino-acid-nitrogen content of the HMWM, the quantification
of amino acids was performed. The amino acid content of the
HMWM (grams of anhydroamino acids/100 g of HMWM)
decreased with the increase of the degree of roast (10.27( 0.92,
9.22 ( 0.54, and 6.09( 0.30 for DR 5, 8, and 10%,
respectively). These values corresponded, on average, to 94,
92, and 70% of the total nitrogen of roasted coffee HMWM,
determined by the Kjeldahl procedure (22,23).

Nε-(Fructosyl)lysine (FL) andNε-(carboxymethyl)lysine (CML)
(50) are common Maillard reaction products (MRP) with

chelating properties. The analysis of the HMWM for FL,
determined as furosine (Fur) after acid hydrolysis, CML, and
Nε-(carboxyethyl)lysine (CEL) allowed us to determine their
amounts in the HMWM of the coffees with different degrees
of roast (Table 8). The content of FL increased significantly
from the light to the medium degree of roast and decreased
from the medium to the dark degree of roast. This trend,
although not so accentuated, was also observed for CML and
CEL. When the same analysis was performed for all melanoidin
populations obtained, only CML and CEL were quantified, as

Table 4. Methylation Analysis (Molar Percentage) of Melanoidin Populations Obtained by Fractionation of the Et50QSB Fraction from Brazilian
Roasted Coffee

DR 5% DR 8% DR 10%

IM1 IM2 IM1 IM2 IM1 IM2

T-Rhap 2.0 2.0 1.7 0.7 1.1 0.7
total 2.0 (10)a 2.0 (6) 1.7 (5) 0.7 (2) 1.1 (7) 0.7 (2)

T-Araf 7.2 6.2 4.4 5.4 5.0 4.3
T-Arap 0.5 0.5
5-Araf 3.5 3.4 1.8 2.4 2.1 1.7
total 11.2 (13) 10.1 (11) 6.2 (10) 7.8 (9) 7.1 (11) 6.0 (9)

T-Manp 3.7 3.5 5.4 4.3 8.3 6.1
4-Manp 47.3 53.9 54.6 53.4 41.9 60.8
4,6-Manp 2.1 2.2 2.3 1.9 2.9 2.2
total 53.1 (43) 59.6 (51) 62.3 (54) 59.6 (57) 53.1 (50) 69.1 (67)

T-Galp 9.0 7.2 8.7 10.0 11.6 9.2
6-Galp 3.6 3.0 3.2 3.8 4.4 2.9
3-Galp 10.3 7.0 9.4 10.2 10.6 6.9
3,6-Galp 7.3 5.6 5.9 6.7 6.0 4.0
total 30.2 (29) 22.8 (27) 27.2 (29) 30.7 (29) 32.6 (28) 23.0 (19)

4-Glcp 3.6 5.5 2.7 1.3 6.1 1.1
total 3.6 (5) 5.5 (6) 2.7 (3) 1.3 (3) 6.1 (4) 1.1 (4)

% 4,6-/total Manp 4.0 3.7 3.7 3.2 5.5 3.2
Ara/Gal 0.40 0.49 0.25 0.27 0.24 0.29
T-/5-Araf 2.1 1.8 2.4 2.3 2.4 2.5
T-Ara/3,6-Galp 1.0 1.1 0.8 0.8 0.8 1.1
3-/3,6-Galp 1.4 1.3 1.6 1.5 1.8 1.7

a Molar sugar composition determined by alditol acetates.

Table 5. Methylation Analysis (Molar Percentage) of Melanoidin Populations Obtained by Fractionation of the Et75QSB Fraction from Brazilian
Roasted Coffee

DR 5% DR 8% DR 10%

IM1 IM2 IM1 IM2 IM1 IM2

T-Rhap 7.4 7.2 4.2 5.4 1.9 1.6
total 7.4 (11)a 7.2 (10) 4.2 (6) 5.4 (7) 1.9 (7) 1.6 (2)

T-Araf 18.7 14.4 12.8 10.6 9.4 9.5
T-Arap 0.9 1.1
5-Araf 11.5 12.7 5.6 6.7 3.6 4.1
total 31.1 (24) 28.2 (27) 18.4 (18) (22) 13.0 (17) 13.6 (19)

T-Manp 1.7 2.0 2.7
4-Manp 5.9 7.8 13.1 16.3 18.5 24.2
4,6-Manp 0.7 0.6 0.9
total 5.9 (5) 7.8 (8) 13.1 (12) 18.7 (16) 21.0 (17) 27.8 (24)

T-Galp 13.3 12.4 18.7 14.4 18.1 16.7
6-Galp 7.6 7.3 9.0 6.4 8.1 7.1
3-Galp 18.6 21.3 21.9 17.1 21.5 19.3
3,6-Galp 15.8 15.9 17.4 11.2 15.5 13.0
total 55.3 (56) 56.9 (52) 67.0 (60) 49.1 (49) 63.2 (59) 56.1 (54)

4-Glcp 0.3 1.6 9.2 0.8 1.0
total 0.3 (3) (3) 1.6 (4) 9.2 (6) 0.8 1.0 (1)

Ara/Gal 0.56 0.50 0.28 0.45 0.21 0.24
T-/5-Araf 1.6 1.1 2.3 1.6 2.6 2.3
T-Ara/3,6-Galp 1.2 1.1 0.7 0.9 0.7 0.7
3-/3,6-Galp 1.2 1.3 1.3 1.5 1.4 1.5

a Molar sugar composition determined by alditol acetates.
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the FL level was below the signal/noise ratio of 10, not allowing
its accurate quantification. The values found for CML and CEL
for all studied melanoidin populations ranged from 46 to 534
mg of CML/kg of protein and from 65 to 527 mg of CEL/kg of
protein. No significant differences were observed between CML
and CEL values for either chelating (IM2) or nonchelating (IM1)
fractions (results not shown).

Evaluation of the Presence of Phenolic Compounds in the
HMWM and Melanoidin Populations. Apart from MRP, the
only other class of compounds claimed to be present in the
HMWM, or any other similar fraction, is phenolic compounds.
Their presence and quantification has been ascertained by a large
range of techniques (14-17, 22-25). To investigate the
occurrence of phenolic compounds in coffee HMWM, various
procedures were applied to the HMWM recovered from the
coffee infusions with different degrees of roast. The alkaline
hydrolysis with 2 M NaOH at room temperature, which is an

efficient method for releasing esterified phenolic compounds
from lignins (40), did not allow the release of monomeric
phenolic compounds from any of the studied HMWM. Likewise,
no monomeric phenolic compounds could be detected when the
hydrolysis temperature was raised to 100°C. The same fractions
were analyzed by pyrolysis-GC-MS, using the conditions
described by Henrich and Baltes (15), and once more no
phenolic compounds could be detected. Similar results were
obtained after applying the method of Delgado-Andrade and
Morales (20) for releasing ionic-bound phenolic compounds to
the HMWM, that is, no monomeric phenolic compounds were
detected. However, when the alkaline fusion method was applied
to all HMWM samples, between 2.6 and 3.2% of monomeric
phenolic compounds could be recovered (Table 8). The
compounds released were in accordance with those reported by
Takenaka et al. (17) for the melanoidin fraction obtained by
zinc chelating precipitation.

Figure 2. Galactomannan-like (GM) and arabinogalactan-like (AG) carbohydrates and protein content of melanoidin populations purified from roasted
coffee HMWM with different degrees of roast. The same levels in each melanoidin population represent significantly different (p ) 0.05) content between
pairs.

Table 6. Methylation Analysis (Molar Percentage) of Melanoidin Populations Obtained by Fractionation of the Sn75QSB Fraction from Brazilian
Roasted Coffee

DR 5% DR 8% DR 10%

IM1 IM2 IM1 IM2 IM1 IM2

T-Rhap 14.8 11.1 9.5 8.2 5.9 3.1
total 14.8 (18)a 11.1 (11) 9.5 (14) 8.2 (7) 5.9 (14) 3.1 (5)

T-Araf 21.9 20.5 17.5 15.6 16.0 12.6
T-Arap 1.9 2.2
5-Araf 22.1 19.1 15.4 16.9 13.7 10.1
total 45.9 (40) 41.8 (34) 32.9 (36) 33.5 (42) 29.7 (36) 22.7 (34)

T-Manp 4.1 5.2 2.4 3.2
4-Manp 6.2 7.6 13.2 15.8 13.7 13.6
4,6-Manp
total 6.2 (5) 7.6 (11) 17.3 (10) 21.0 (12) 16.1 (10) 16.8 (7)

T-Galp 7.3 8.5 12.3 10.1 14.1 11.5
6-Galp 4.2 4.3 5.6 4.1 5.9 4.2
3-Galp 9.5 10.7 6.9 10.5 13.1 13.1
3,6-Galp 8.2 8.4 5.1 2.8 7.8 4.5
total 29.2 (30) 31.9 (33) 29.9 (35) 27.5 (34) 40.9 (35) 33.3 (19)

4-Glcp 3.9 7.6 10.4 9.8 7.7 24.1
total 3.9 (6) 7.6 (10) 10.4 (5) 9.8 (4) 7.7 (5) 24.1 (34)
Ara/Gal 1.33 1.10 1.17
T-/5-Araf 1.0 1.1 1.2
T-Ara/3,6-Galp 2.7 2.1 2.1
3-/3,6-Galp 1.2 1.4 1.7

a Molar sugar composition determined by alditol acetates.
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It is known that strong alkali conditions can convert carbo-
hydrates into phenolic compounds (51) that retain the original
six carbons of the hexoses. To exclude the hypothesis that the
phenolic compounds detected could derive from the coffee
carbohydrates, commercial locust bean gum was also submitted
to the strong alkali conditions applied to the HMWM roasted
coffee fractions. No phenolic compound could be detected by
GC-MS. Because only hydroxyl-containing phenolics and
benzoic acids were released from the melanoidin fractions, and
because high temperatures can effect the demethylation of
phenolic compounds (52), the same procedure was also applied
to ferulic, caffeic, and gallic acid standards. The alkaline fusion
of ferulic acid yielded 24.4% of 3,4-dihydroxybenzoic acid,
2.7% of 2-hydroxyphenol, 0.12% of 2-hydroxy-4-methylphenol,
and 0.08% of benzoic acid. The alkaline fusion products of

caffeic acid were similar to those found for ferulic acid, although
with a significantly higher yield: 72.2% of 3,4-dihydroxyben-
zoic acid, 7.8% of 2-hydroxyphenol, 0.26% of 2-hydroxy-4-
methylphenol, and 0.04% of benzoic acid. The majority (93.5%)
of the original gallic acid was recovered, and the products
contained only 3.0% of 2,3-dihydroxyphenol and vestigial
amounts of benzoic acid. As no other applied method was able
to release phenolic compounds from the HMWM, besides
alkaline fusion, which is a method known to release condensed
phenolic structures (38, 52), it can be concluded that the phenolic
compounds were covalently linked to the melanoidins. More-
over, if these phenolic compounds have been derived from
ferulic acid, their amount should be underestimated.

The Sn75 melanoidin fractions that contained a higher
abundance of chemically unknown material were analyzed for
phenolic compounds by the alkaline fusion method. In all
fractions, monomeric phenolic compounds were found. The
major phenolic compound detected was 3,4-dihydroxybenzoic
acid (0.43-0.81% of the fraction) followed by 3-hydroxyben-
zoic acid (0.19-0.34%), 4-dihydroxybenzoic acid (0.12-
0.38%), benzoic acid (0.07-0.26%), and 2-hydroxyphenol
(0.04-0.11%). The amounts of phenolic compounds recovered
from chelating and nonchelating Sn75 melanoidin populations
were not significantly different, ranging from 1.52 to 1.89%
for Sn75IM1 and from 1.04 to 1.39% for Sn75IM2.

Significance and Possible Origin of Anionic Melanoidins
Populations of Roasted Coffee Infusions.The six anionic
melanoidin populations, Et50IM1, Et50IM2, Et75IM1, Et75IM2,
Sn75IM1, and Sn75IM2, when isolated from the HMWM of
roasted coffee infusions prepared from light-, medium-, and
dark-roasted coffees, revealed not only distinct physical-
chemical properties (ethanol solubility and chelating ability) but
also chemical composition regarding carbohydrate and protein
nature and content, independent of the degree of roast. These
melanoidin populations represented between 30 and 33% of the
cold-water soluble HMWM, and half of this material had
chelating ability for immobilized copper ions. The amount of
carbohydrates associated with these melanoidin populations
accounted for 20-26% of the cold-water soluble HMWM
polysaccharides: the galactomannan-like carbohydrates ac-
counted for 16-23% of the galactomannans extracted from
roasted coffee, and the arabinogalactan-like carbohydrates
accounted for 33-43% of the arabinogalactans extracted. The
protein recovered in these melanoidin populations accounted
for 32-40% of the protein-like material present in the cold-
water soluble HMWM.

The amount of carbohydrates recovered in fractions Et50IM1
and Et50IM2, Et75IM1 and Et75IM2, and Sn75IM1, which had
structural features similar to those isolated from green coffee
infusions (22,24) and cell walls (53,54), allowed us to conclude
that a significant amount of coffee melanoidins have their origin
in the cell walls of coffee. This does not exclude the fact that
other cellular components can be involved in their formation,
as a close contact may occur among them when cell collapse
takes place during roasting (55). The different proportions of
the galactomannan- and arabinogalactan-like carbohydrates for
Et50, Et75, and Sn75IM1 melanoidin populations may represent
different origins, as the cell walls of coffee have a nonhomo-
geneous environment (56). Nevertheless, the melanoidin popula-
tion derived from the Sn75 fractions, due to their much higher
protein and lower carbohydrate contents, appears to be formed
by a different mechanism. Also, it can arise from a different
location, possibly from the inner cellular materials, where the
11S storage proteins are located (57). What seems rather striking

Table 7. Contribution of the Purified Melanoidin Populations from
Roasted Coffee Infusions with Different Degrees of Roast to the
Overall Color of the HMWM

DR 5% DR 8% DR 10%

sample
CDtotal
(2n)

contribution
to HMWM
colora (%)

CDtotal
(2n)

contribution
to HMWM
color (%)

CDtotal
(2n)

contribution
to HMWM
color (%)

HMWM 6b 7 8
Et50IM1 7 7.2 7 3.1 8 3.9
Et50IM2 7 6.6 8 6.6 9 10.3
Et75IM1 7 8.6 7 5.1 8 3.5
Et75IM2 8 10.8 8 5.6 9 7.8
Sn75IM1 8 19.6 8 8.4 9 10.8
Sn75IM2 7 12.2 8 10.6 8 2.7

total (%) 65.0 39.4 39.0

a Color contribution of the melanoidin population present in the sample to the
color of HMWM. b Number of dilutions of the 1 mg/mL sample solution (n).

Table 8. Maillard Reaction Products (Milligrams per Kilogram of
Protein) and Phenolic Compounds (Grams per 100 g) Present in the
HMWM of Brazilian Coffee

DR 5% DR 8% DR 10%

Maillard Reaction Products
FLa 94 (17) 237 (21) 71 (14)
CML 116 (16) 232 (37) 99 (14)
CEL 161 (22) 281 (49) 123 (22)

Phenol Derivatives
phenol +
3-methylphenol 0.040 (0.013) 0.060 (0.005) 0.067 (0.007)
2-hydroxyphenol 0.20 (0.04) 0.32 (0.10) 0.22 (0.10)
4-hydroxyphenol 0.22 (0.07) 0.26 (0.03) 0.30 (0.03)
2-hydroxy-4-methylphenolb 0.030 (0.011) 0.041 (0.004) 0.030 (0.01)
2,3-dihydroxyphenol 0.036 (0.013) 0.011 (0.007) 0.007 (0.003)

Benzoic Acid Derivatives
benzoic acid 0.14 (0.02) 0.17 (0.05) 0.16 (0.02)
2-methylbenzoic acidb 0.021 (0.006) 0.027 (0.007) 0.021 (0.004)
2-hydroxybenzoic acid + + +
3-hydroxybenzoic acid 0.34 (0.09) 0.36 (0.04) 0.26 (0.07)
4-hydroxybenzoic acid 0.24 (0.04) 0.24 (0.04) 0.23 (0.06)
2,3-dihydroxybenzoic acid 0.027 (0.008) 0.015 (0.005) 0.015 (0.003)
2,5-dihydroxybenzoic acid 0.012 (0.001) 0.008 (0.002)
3,4-dihydroxybenzoic acid 1.61 (0.06) 1.57 (0.17) 1.33 (0.04)
3,4,5-trihydroxybenzoic acid 0.11 (0.01) 0.11 (0.02) 0.038 (0.010)

Other Phenolic Derivatives
4-hydroxybenzenacetic acidb + + +
4-hydroxyphenylpropanoic

acidb
+ + +

total 3.02 (0.20) 3.19 (0.31) 2.69 (0.19)

a Obtained by multiplying the furosine levels found by 3.2; values in parentheses
are standard deviation (n ) 2). b Identified by GC-MS: +, detected by GC-MS
but not quantified by GC-FID; values in parentheses are standard deviation
(n ) 2).
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is the fact that even for the light roast, for which nearly all
nitrogen of the HMWM was recovered as amino acid nitrogen,
these six melanoidin fractions were present in high amounts
(33%) and the HMWM presented a significant brown color.
These results suggest that phenolic condensation may also play
a significant role in the browning process and melanoidin
formation during coffee roasting, despite the low amount of
recoverable phenolic compounds by alkaline fusion from all
HMWM. Thus, more work is needed to find out how and how
much the phenolic compounds are linked to these melanoidins.

The presence of the same amount of chelating CML in all
nonchelating and chelating melanoidin populations and recover-
able phenolic compounds in Sn75IM1 and Sn75IM2 populations
suggests that these compounds are not the only ones responsible
for the different chelating abilities of these melanoidin popula-
tions. It is very likely that the different structural/spatial
arrangement of carbohydrates within the melanoidin populations
is in the origin of their chelating ability as all nonchelating
populations contained higher amounts of carbohydrates than the
chelating ones.

ABBREVIATIONS USED

Ara, arabinose; CML,Nε-(carboxymethyl)lysine; CEL,Nε-
(carboxyethyl)lysine; DR, degree of roast; Et50, material
precipitated in 50% ethanol solution; Et75, material precipitated
in 75% ethanol solution; Sn75, material soluble in 75% ethanol
solution; FL,Nε-(fructosyl)lysine; Fur, furosine; Gal, galactose;
GC-EIMS, gas chromatography-electron ionization mass spec-
trometry; Glc, glucose; HMWM, high molecular weight mate-
rial; Man, mannose; IM1, nonchelating anionic melanoidins;
IM2, chelating anionic melanoidins; MRP, Maillard reaction
products; QSA, material not retained in the anion exchange
column; QSB, material retained in the anion exchange column;
UA, uronic acids; WIppt, material insoluble in cold water.
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