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Summary. We report an investigation of the site specificity, extent
and nature of modification of bovine serum albumin (BSA) incubated with
fructose or glucose at physiological temperature and pH. Sites of early
glycation (Heyns rearrangement products (HRP) from fructose; fructose-
lysine (FL) from glucose) as well as advanced glycation (N°-(carboxy-
methyl)lysine; CML) were analyzed by liquid chromatography-mass
spectrometry. The major site of modification by fructose, like glucose,
is Lysine-524 and this results in, respectively, 31 and 76% loss of the
corresponding unmodified tryptic peptide, GIn525-Lys533. In addition,
total lysine, HRP, FL, CML and N°-(carboxyethyl)lysine in the incuba-
tions, was quantified. Almost all of the loss of lysine in the fructose-
modified BSA was attributed to the formation of CML, with the yield of
CML being up to 17-fold higher than glucose-modified BSA. A mecha-
nism for the formation of CML from the HRP is proposed.

Keywords: Fructose — Advanced glycation endproduct — Site specific-
ity — Fructoselysine — Heyns rearrangement products — N°-(carboxy-
methyl)lysine

Introduction

Reducing sugars react with the epsilon amino group of
lysine residues in proteins to form a Schiff base which
spontaneously rearranges to form either the Amadori rear-
rangement product (ARP), when the sugar is glucose, or
Heyns rearrangement products (HRP), when the sugar is
fructose (McPherson et al., 1988). In the case of glucose,
the ARP is known as fructoselysine (FL). FL and the HRP
degrade under physiological conditions by oxidative and
nonoxidative fragmentation to form advanced glycation
endproducts (AGEs). AGE accumulation on tissue pro-
teins has been associated with many disease disorders in-
cluding diabetic complications, Alzheimer’s disease and
atherosclerosis (e.g., Nakamura et al., 1993; Smith et al.,
1994; Makino et al., 1996).

The AGE, N°-(carboxymethyl)lysine (CML), is a fre-
quently used chemical biomarker of AGE formation in
tissues (Reddy et al., 1995) and has been detected in,
e.g., skin collagen (Dunn et al., 1991) and lens proteins
(Dunn et al., 1989). CML is formed via different reaction
pathways in glucose-protein systems (Wells-Knecht et al.,
1995). It may form either by the oxidative fragmenta-
tion of FL, or from glyoxal (GO), a highly reactive com-
pound formed via oxidation of glucose, or from the Schiff
base (Thornalley et al., 1999).

The concentration of fructose in human tissues and
fluids is generally much lower than that of glucose.
The fructose concentration in blood of healthy subjects
is about 100-fold lower than that of glucose (Macdonald
et al., 1978). Under hyperglycemic conditions (diabetes),
sorbitol is formed from the reduction of glucose by
aldose reductase (via the polyol pathway) (Hers, 1956).
Fructose can be biosynthesized by oxidation of sorbitol
in a reaction catalyzed by polyol dehydrogenase (sorbi-
tol pathway) (Hers, 1956). In organs where the sorbitol
pathway is active, e.g., ocular lens, fructose accumulates
to levels higher than in, e.g., blood plasma (Heaf and
Galton, 1975). In diabetes, there is an increased glucose
supply and fructose levels in the lens may increase up to
23-fold, becoming at least as high as those of glucose
(Gabbay and Kinoshita, 1972). Values <12 mM fructose
have been reported in diabetic ocular lens (Jedziniak
et al., 1981). Examination of human ocular lens proteins
has shown that a significant proportion (10-20%) of the
hexose bound to epsilon amino groups of lysine residues
is connected via C,, indicative of endogenous HRP



426

(McPherson et al., 1988). In such organs, fructose may
react with proteins to give AGEs, such as CML, which
has been shown to accumulate in lens proteins with age
(Ahmed et al., 1997). However, the importance of fruc-
tose as an AGE precursor in vivo, is currently unknown.

From previous studies comparing the reactivity of glu-
cose and fructose with proteins at physiological temper-
ature, the following conclusions can be drawn. Firstly,
protein-sugar incubations result in a faster accumulation
of protein-bound fluorescence and oligomerization (e.g.,
McPherson et al., 1988; Sudrez et al., 1989) from fructose
compared to glucose. Secondly, utilization of lysine resi-
dues by fructose is more dependent on the presence of
oxygen (Yeboah et al., 1999).

Advances in mass spectrometry, especially in the last
decade, have led to its establishment as the technique of
choice for probing the site specificity of glycation. How-
ever, relatively little work has been reported in this area,
especially with regard to the site specificity of AGE for-
mation (Brock et al., 2003; Marotta et al., 2003; Cotham
et al., 2004). Brock et al. (2003) recently reported the
first study of the site specificity of AGE (CML) forma-
tion on ribonuclease A (RNase) and Lysine-41 was the
main site of carboxymethylation. This was followed
by a study reporting that Arginine-39 and Arginine-85
were the main sites of glyoxal-derived dihydroxyimi-
dazolidine and hydroimidazolone formation (Cotham
et al., 2004).

Currently, very few papers (e.g., Ruttkat and Ebersdobler,
1995) have been published on the formation of AGEs (e.g.
CML) from fructose, and there are no reports on the site
specificity of HRP or AGE formation from fructose.
Although Lysine-525 of HSA (equivalent to Lysine-524
of BSA) is known to be the main site of FL formation
(Garlick and Mazer, 1983; Iberg and Fliickinger, 1986), it
is currently unknown if this site is also the main site of
lysine-derived AGEs, such as CML. In addition, it is un-
known if different sugars share the same specificity for
AGE modification of lysine residues of proteins.

Fructose has been shown to be more readily degraded
to dicarbonyl compounds in solution, compared to glu-
cose (Sakai et al., 2002). If such dicarbonyls were to be
the main source of CML formation from fructose, one
might expect a different site specificity for CML forma-
tion compared to glucose. In organs such as the lens,
where CML may be formed from a variety of sugar
sources, this would provide information on which sugars
are forming what proportion of CML based on the differ-
ent lysine residues that are modified. In the work pres-
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ented here we incubated BSA with either fructose or
glucose and compared both the site specificity of modifi-
cation of lysine residues and the total yield of FL/HRP
and CML.

Materials and methods

Chemicals

The following reagents were purchased from Sigma (Gillingham, UK):
BSA (fraction 5, >98%), D-(+)-glucose (ACS grade), D-(—)-fructose
(ACS grade), trypsin (sequencing grade). Sodium eluants for ion-exchange
chromatography were obtained from Pickering Labs, Mountain View, CA,
USA. CML, [*H,-CML, N°~(carboxyethyl)lysine (CEL), [Hs]-CEL,
[*Hg]-Lysine and formyl-FL (fFL) standards were kindly donated by
Dr. John Baynes.

Sample preparation

BSA (I mM) was incubated with either D-(+)-glucose or D-(—)-fructose
(0.4 M) in phosphate buffer (0.2 M; pH 7.50) at 37°C for 0, 3, 7 and 14d.
BSA incubated in the absence of sugar served as the control. Incubations
were prepared in duplicate.

Tryptic digestion

Protein was separated from buffer salts and residual sugar, reduced
with dithiothreitol, derivatized with 4-vinylpyridine and digested with
trypsin at an enzyme:substrate ratio of 5:100 (w/w), at 37°C for 5.5h
(Brock et al., 2003). The digest was separated into low molecular mass
(LMM, <5 kDa) and high molecular mass (HMM, >5 kDa) fractions by
ultrafiltration. This involved placing sample (300 pul), in a 5 kDa molec-
ular mass cut-off ultrafiltration device (Millipore, Watford, UK) and
centrifuging at 3,500 g for 60 min. The LMM fractions were analyzed
by LC-MS.

Liquid chromatography-mass spectrometry (LC-MS)

Samples were fractionated on an Agilent (Palo Alto, CA) series 1100
liquid chromatograph, coupled to a Micromass, (Manchester, UK)
Quattro mass spectrometer. Separations were conducted using a reverse
phase column packed with ACE® Cyg, 5 pm particle size, 300 A pore
size (15cm x 2.1 mm id, Hichrom Ltd., Theale, UK). Solvent B was
0.1% aqueous TFA and solvent B was acetonitrile. Tryptic digests were
diluted 50:50 with water and 40 pl aliquots (2.4 nmol, 160.8 ng) were
injected. A linear gradient was applied running from 2% solvent A to
50% solvent B over 92 min. Modified peptides were located and RAs
were estimated as described previously (Brock et al., 2003). Briefly,
ion chromatograms were extracted from the full scan data and the sum
of the peak areas of all detected charge states of each peptide was
divided by the sum of the peak areas of all the detected charge states
of the C-terminal peptide >’*LeuValValSerThrGInThrAlaLeuAla®®?
(Leu574-Ala583), to give the RA value. Modification of reactive amino
acid residues, e.g., Lysine-524, was estimated by calculating the %
decrease of the RA of the unmodified peptide of interest, e.g., peptide
325GInThrAlaLeuValGluLeuLeuLys>*® (GIn525-Lys533) for Lysine-
524, in the incubated systems, compared to native BSA. Where both
unmodified peptides were detected, the longer one was selected for
integral ratio determination. Preliminary experiments showed that
the range of the RA values was <+18% depending on whether the
longer or shorter of the two unmodified peptides was used to estimate
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amounts. Based on data for replicate experiments, losses of >20% of
the unmodified peptides of interest were quantified.

Quantification of lysine, arginine, FL and HRP by ion-exchange
chromatography

Incubation (300 pul) was ultrafiltrated using a 5 kDa molecular mass cut-off
ultrafiltration device at 3,500 g for 30 min to remove LMM reaction pro-
ducts and residual sugar. Water (200 pl) was added to the high molecular
mass (HMM, >5kDa) fraction and the sample was centrifuged again
at 3,500 g for 30 min. This washing procedure was repeated twice. The
resulting HMM fraction, containing the protein, was diluted to 5 mg/ml
BSA and 20pl (containing 0.15nmol BSA) was reduced with NaBH,4
(1M in 0.1M NaOH; 200 pl) in sodium borate buffer (0.5M, pH 9.2;
150 ul) at 4°C overnight. The sample was washed by ultrafiltration (as
described above) and hydrolyzed in HCI (6 M; 1 ml) at 110°C for 24 h.
Separations were performed on a Shimadzu (Kyoto, Japan) system com-
prising of LC-10Ai and LC-10AS pumps, a SIL-10Ai autosampler and a
SCL-10A system controller, using a divinylbenzene cation-exchange col-
umn (3 x 250 mm; Pickering Labs, Mountain View, CA). Acid hydroly-
zates were reconstituted in solvent A (Na328; 357 ul) and 60 pl aliquots
(containing 34 pg BSA) were injected. Separations were conducted using
a gradient from solvent A to solvent B (Na740). Solvent A (100%) was
maintained for 15 min; then the solvent composition was modified linearly
over 24min to 100% solvent B. Finally, the solvent composition was
returned to 100% solvent A linearly over 21 min. Samples were post-
column derivatized with o-phthalaldehyde and separations were monitored
using a Shimadzu (Kyoto, Japan) RF-10AXL fluorimeter using an A, of
375nm and an A., of 425nm. Standard amino acid and FL solutions
(5nmol in a 60 pl injection) were run every five runs and used to quantify
components in the sample. FL standard was used to quantify both FL and
the HRP. Valine was used as an internal standard to calculate the amount
of BSA (nmol).

Quantification of total CML and CEL by gas chromatography-mass
spectrometry (GC-MS)

Incubations were derivatized as described previously (Dunn et al., 1991).
Briefly, sample (equivalent to 2mg BSA) was reduced with NaBH, (2M
in 0.1 M NaOH; 100 pl) in borate buffer (0.2M, pH 9.1; 2ml) at room
temperature for 4h. Lysine, CML, CEL, [*Hg]-lysine, [*H,4]-CML and
[zHg]-CEL standards were also reduced (Dunn et al., 1991). The reduced
samples and standards were hydrolyzed in HCl (110°C; 24h) and the
resulting amino acids converted to their N-trifluoroacetyl methyl esters
(Dunn et al., 1991). GC-MS was performed on a Hewlett-Packard (HP)
now Agilent (Palo Alto, CA) model 6890 gas chromatograph linked to a
HP model 6890 mass selective detector, using a 30 m Rtx-5 (5% diphenyl-
95% dimethyl polysineiloxane) capillary column (Restek, Bellefonte, PA).
Sample and standards were analyzed in single ion monitoring mode. The
following ions were monitored: m/z 180 (lysine), 187 ([ZHS]-lysine), 392
(CML), 396 ([*H4]-CML), 379 (CEL) and 387 ([*Hs]-CEL). The injection
volume was 1 pl. The initial column temperature (130°C) was held for
3min and then increased to 180°C over 12.5 min, further increased to
240°C over 12 min, followed by a final increase to 290°C over 8.33 min,
giving a total run time of 35.83 min. Amounts of CML and CEL were
normalized to the lysine content of the standards and samples by external
standardization using calibration curves generated from solutions of con-
stant lysine, but variable CML or CEL concentration. Thus, data were
expressed initially as mol CML or CEL per mol lysine and finally as mol
CML or CEL per mol BSA. This was achieved by dividing the amount of
CML or CEL per mol Lysine obtained by GC-MS by the amount of lysine
per mol BSA obtained for the same sample analyzed by ion-exchange
chromatography.
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Results

Site specificity of HRP and CML formation
in fructose-modified BSA (BSA-F)

The reaction of fructose with the epsilon amino group
of lysine residues results in HRP isomers, i.e., N°-(2-
deoxyhexos-2-yD)lysine and N°-(1-deoxyhexos-1-yl)lysine
(McPherson et al., 1988). The former accounts for ~85%
of the HRP (McPherson et al., 1988). A single modifi-
cation was detected for each peptide, corresponding to
a fructose adduct to the peptide, derived from N°-(2-deoxy-
hexos-2-yl)lysine or its isomers. We detected a single
peak corresponding to the HRP peptide adduct of BSA
in the incubations and this is most likely due to the pre-
dominant N°®-(2-deoxyhexos-2-yl)lysine compound or a
mixture of the isomers.

We detected the HRP at sixteen of the fifty-nine lysine
residues of BSA incubated with fructose (BSA-F) (see
BSA sequence in Fig. 1 and Table 1). This compares to
fourteen sites of FL formation in glucose-modified BSA
(BSA-G). Ten of the 16 sites of HRP formation in BSA-
F were also sites of FL formation in BSA-G. Only Lysine-
524 gave losses of its corresponding unmodified peptide of
>20%, i.e., 31% for BSA-F at 14 d of incubation, compared
to 76% for BSA-G. In addition, in BSA-G, modification at
Lysine-275 gave ~50% loss of peptide *"°GluCysCysAsp
LysProLeuLeuGluLys?®> (Glu276-Lys285) by 3d of incu-
bation, with no further loss between 3 and 14d.

Formation of peptide >**LysGInThrAlaLeuValGlu
LeuLeuLys™?, with Lysine-524 modified to the HRP
(Lys524uzrp-Lys533) in BSA-F, increased between 3 and
7d, followed by a decrease to 14d (Fig. 2A). In BSA-G,

D, THRSETAHRF;; KDLGEEHFKG,; LVL.IAFSQYL3;QQCPFDEHVK,; LVNELTEFAKs; TC
VADESHAG; CERSLHTLFG-; DELCKVASLRg; ETYGDMADCCy; EKQEPERNEC o; FLSHK
DDSPD; 1 LPRLKPDPNT; 2, LCDEFKADEK; 3, KFWGKYLYEI 1 4; ARRHPYFYAP; 5;ELLYY
ANKYN; 6,GVFQECCQAE; 71 DKGACLLPKI; g; ETMREKVLAS 9 SARQRLRCAS 201 IQKFG
ERALK;1;AWSVARLSQK;5; FPKAEFVEVT,3,KLVTDLTKVH4; KECCHGDLLE,5,CADDR
ADLAK;6, YICDNQDTI S 71 SKLKECCDKP 41 LLEKSHCIAE9; VEKDATI PENL301 PPLTA
DFAED;1;KDVCKNYQEA3,; KDAFLGSFLY 331 EYSRRHPEYA341 VSVLLRLAKE 35; YEATL
EECCA;36;KDDPHACY ST37; VFDKLKHLVD;5, EPQNLIKQNC35; DQFERLGEYGy0; FQNAL
IVRYT41:RKVPQVSTPT 51 LVEVSRSLGK, 3 VGTRCCTKPE 41 SERMPCTEDY 45: LSLIL
NRLCV46; LHEKTPVSEK7; VTRCCTESLV, 5 NRRPCFSALT 9, PDETYVPRAF50; DEKLF
TFHADs;1ICTLPDTEKQs,1 IKKQTALVELs;; LKHKPKATEEs; QLKTVMENFVss; AFVDK

CCAADs; DREACFAVEGs7; PRLVVSTQTAsg; LA

Fig.1. Amino acid sequence of BSA. Lysine residues are shown in bold
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Table 1. Summary of the modified lysine residues, following incubation with glucose or fructose

for 14d
BSA-F BSA-G
Peptide sequence Modified
residue HRP CML FL CML
'DTHKSEIAHR™® Lysine-4 *
"FKDLGEEHFK® Lysine-12 * * *
“LVNELTEFAKTCVAD  Lysine-51 *
ESHAGCEK*
®TCVADESHAGCEKSL  Lysine-64 * * *
HTLFGDELCK'™®
*NECFLSHKDDSPDLP  Lysine-106 *
K
"PLKPDPNTLCDEFKAD  Lysine-127 * * *
EK131

GACLLPKIETMR'®® [ ysine-180 *

2 VTDLTKVHK* Lysine-239 * *
2YICDNQDISSKLK?®  Lysine-273 * * *
LKECCDKPLLEK®™®  Lysine-275 * * ok
363DDPHAC3\7(78TVFDKLK Lysine-375 * *
®HLVDEPQNLIKQNLD  Lysine-388 * *

QFEK™®
**®QNLDQFEKLGEYGF  Lysine-396 * * *
QNALIVR*®
*"KVPQVSTPTLVEVSR  Lysine-413 *

“5SLGKVGTR*™® Lysine-431 *
“PLCVLHEKTPVSEKY"  Lysine-465 *

4 TPYSEKVTK Lysine-471 *
“PVTKCCTESLVNR'™®  Lysine-474 *

*“RPCFSALTPDETYVP  Lysine-499 * *
KAFDEK®
AFDEKLFTFHADICTL  Lysine-504 *
PDTEK*®
522Q|KK525 Lysine-524 sk *k ok sk ok Aokokok

S*HKPKATEEQLK™  Lysine-537 * *

SPATEEQLKTVMENFVA  Lysine-544 *
FVDK™®

CCAADDKEACFAVE  Lysine-563 *
GPK®

Modification resulted in losses of <20% (*), ca 30% (**), ca 50% (***) or ca 75% (****) loss of

the corresponding unmodified peptide at 14 d of incubation

we observed that peptide **LysGInThrAlaLeuValGluLeu
LeuLys®> with Lysine-524 modified to FL (Lys524g;-
Lys533) formed rapidly up to 3d (RA =0.87), after which
it increased at a slower rate resulting in an RA of 1.96 at
14d (Fig. 2A). In addition, peptide >"*LeuLysGluCysCys
AspLysProLeuLeuGluLys*®® with Lysine-275 modified to
FL (Leu274-Lys275g; -Lys285) increased linearly to 7d,
followed by a small decrease to 14d in BSA-G.

CML was formed in detectable amounts at thirteen of
the fifty-nine lysine residues in BSA-F (Fig. 1 and Table 1).
In comparison, only one of these residues (Lysine-524) was
modified to CML in BSA-G. BSA-F, peptide ***LysGln
ThrAlaLeuValGluLeuLeuLys’* with Lysine-524 modified
to CML (Lys524cng-Lys533) shows a linear increase
between 0 and 14 d of incubation, with no initial lag phase
(Fig. 2B), in contrast to the kinetics of formation of peptide

Lys524cwm-Lys533 in BSA-G (Fig. 2C). After 14 d of incu-
bation, the yield of Lys524cpm -Lys533 was 16-fold greater
in BSA-F (RA=1.4), compared to BSA-G (RA =0.09).
The ratio, RA of Lys524ygrp-LysS533:RA of Lys524cp -
Lys533 was similar up to 7d of incubation, i.e., 0.775:1
and 0.747:1 for 3 and 7d, respectively. However, a de-
crease in the RA of peptide Lys524yrp-Lys533, coupled
with an increase in the RA of peptide Lys524 ¢y -LysS33
between 7 and 14d, resulted in a 10-fold lower ratio,
i.e., 0.07:1, at 14d of incubation. Throughout incubation,
the ratio Lys524yrp-Lys533:Lys524cp -Lys533 in BSA-F
was much lower (<1:1) than the ratio for Lys524g -
Lys533:Lys524 g -Lys533 in BSA-G (>20:1).

There are two possible explanations for the decrease in
peptide Lys524yrp-Lys533 at 14d in BSA-F. The first is
that, after 7d, peptide Lys524yrp-Lys533 degrades to other



Fructose-modified BSA

<
o
15 4B )
//
-
< 1.0 4 B
T 4
0.5 - /{, o
~
0.0 ¢ ’ ,
0 7 14
Incubation time (d)
<
o

0.1
0.0

Fig. 2. Kinetics of change of FL, HRP and CML peptides at the major
site of modification in BSA-fructose (BSA-F) and BSA-glucose (BSA-G)
incubations. A HRP formation at Lysine-524 (peptide Lys524ygp-
Lys533) in BSA-F and FL formation at Lysine-524 (peptide Lys524g; -
Lys533) in BSA-G. B CML formation at Lysine-524 (peptide
Lys524cpm-Lys533) in BSA-F. C CML formation at Lysine-524 (peptide
Lys524cwmi-Lys533) in BSA-G. Amounts are expressed as the relative
amount (see Materials and methods). Data points are the means of
duplicate incubations. Error bars represent the range

7 14

C
1.5J/
0

Incubation time (d)

products, e.g., oxidation to peptide Lys524cpy -LysS33.
The second is that peptide Lys524yrp-Lys533 is further
modified, e.g., by glycation at Lys523 to form the pep-
tide °*’LysLysGInThrAlaLeuValGluLeuLeuLys >, with
Lysine-523 and Lysine-524 modified to HRP (Lys523ygp-
Lys524yrp-Lys533). The former explanation is the
more likely since neither peptide Lys523ygrp-Lys524yrp-
Lys533 nor peptide **LysLys >*, with Lysine-523 modi-
fied to HRP, could be detected. Neither HRP-nor CML-
modified peptides were detected in the native or control
samples.
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mol LYS/
mol BSA

Incubation time (d)

mol FL or HRP/
mol BSA

Incubation time (d)

Cc BSA-F

mol CML/
mol BSA

Incubation time (d)

D BSA-F

Incubation time (d)

Fig. 3. Kinetics of change of total lysine, HRP, FL, CML and CEL in BSA-
fructose (BSA-F) and BSA-glucose (BSA-G) incubations. A Total lysine
loss. B Total HRP and FL formation. C Total CML formation. D Total CEL
formation. Lysine, FL. and HRP were quantified by ion-exchange chroma-
tography and CML and CEL were quantified by GC-MS (see Materials and
methods). Amounts are expressed as mol/mol BSA. Data points are the
means of duplicate incubations. Error bars represent the range

Kinetics of loss of total lysine and formation of FL,
HRP, CML and CEL

Figure 3A confirms that on average, all fifty-nine lysine
residues were unmodified in the native protein. Losses for
BSA-F were 2, 6 and 6 mol Lysine/mol BSA after 3, 7
and 14 d, respectively. In contrast, for BSA-G, the loss of
lysine was 4, 7 and 14 mol lysine/mol BSA at the same
timepoints.
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The formation of the HRP was only 2.5-3 mol/mol
BSA at each timepoint (Fig. 3B), suggesting that up to
58% of the lysine lost in BSA-F after 7d is due to mod-
ifications other than the HRP. In comparison, the forma-
tion of FL in BSA-G was 4, 6 and 14 mol FL/mol BSA
after 3, 7 and 14 d, respectively (Fig. 3B) and therefore
accounts for virtually all of the loss of lysine.

The yield of CML in BSA-F was up to 17-fold higher
than that in BSA-G (Fig. 3C). A lag phase is apparent
for BSA-G but not for BSA-F. After 3d, the amount of
CML in BSA-F was 2.59mol/mol BSA, compared to
0.15mol/mol BSA for BSA-G. These values increased
to 4.71 and 0.59 mol CML/mol BSA, respectively, for
BSA-F and BSA-G, between 3 and 7d. At 14d, the
amount of CML had begun to plateau for BSA-F but
increased to 1.26mol/mol BSA, for BSA-G. The sum
of total HRP and total CML formed in BSA-F accounted
for the observed loss of lysine at each time point.

The yield of total CEL increased throughout the incuba-
tion period for both BSA-F and BSA-G (Fig. 3D). Total CEL
was up to 5-fold higher in BSA-F compared to BSA-G at
every time point. For example, at 14d, CEL formation is
~4.5-fold greater in BSA-F, compared to BSA-G. This is in
line with fructose or fructose-lysine adducts (e.g., the Schiff
base) being more readily degraded to dicarbonyl com-
pounds, compared to glucose and glucose- lysine adducts
(Heyns et al., 1967). However, the values obtained for CEL
are about 100-fold lower than those obtained for CML.

Discussion

Quantification of peptide modification by LC-MS

In order to make valid comparisons of the amounts of
different native tryptic peptides formed on digestion of a
protein, each peptide would have to produce a similar
response in the mass spectrometer. Many factors influence
mass spectrometer response, including degree of peptide
ionization. The degree of ionization within an electro-
spray source depends on several factors including the
extent to which the analyte exists as an ion in solution,
the extent to which the analyte is present on the surface of
the droplet formed on the ESI needle (where it is more
easily desorbed from the droplet), and the mechanism by
which a condensed ion is converted to a gas phase ion
(Pam and McLuckey, 2003). The coupling of LC to ESI-
MS contributes additional variables that affect the final
MS response. These include chromatographic elution time
when operating a solvent gradient, since this affects the
solvent composition in which the analyte is introduced
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into the ESI. Therefore, a high MS response for one pep-
tide does not necessarily mean that it is more abundant
than another peptide and a comparison of RA values
obtained for different peptides may be misleading.

To overcome these issues, modification at the various
lysine residues was estimated by calculating the RA value
(to account for the differences in amount of protein
between samples) and monitoring the percentage loss of
each relevant unmodified peptide. The disadvantage of
this approach is that it provides no information about the
type of modification on a specific amino acid residue of the
protein. The C-terminal peptide of BSA, (Leu574-Ala583),
was chosen as an internal standard for calculation of RA
values as it contains no reactive lysine or arginine groups
and, therefore, loss of the native C-terminal peptide will
only occur following modification at the preceding lysine
(Lysine-573). Preliminary experiments resulted in no
detectable modification at Lysine-573. We have used this
approach in a related study (Cotham et al., 2004).

Early glycation

For the first time using any protein, the site specificity of
the HRP formed from fructose has been shown to share
the site specificity of FL from glucose, with both prefer-
entially modifying Lysine-524 of BSA. The ease of gly-
cation by glucose at Lysine-525 of HSA has been
hypothesized to be a result of its location in a sequence
of basic amino acids (Iberg and Fliickinger, 1986). Some
of the other lysine residues of BSA are also located in a
basic microenvironment e.g., Lysine-535, in a LysHisLys
sequence, but are not preferentially modified. Therefore,
additional factors may also play a role in the preferential
modification of Lysine-524 in BSA, including accessibil-
ity of Lysine-524, effects of bound ligands and location
on the surface of the protein molecule.

Reduction of the two N°-(2-deoxyhexos-2-yl)lysine
forms of the HRP, i.e., N°-(2-deoxyglucos-2-yl)lysine
and N®-(2-deoxymannos-2-yl)lysine, gives 2-(mannitol)-
lysine and 2-(glucitol)lysine (McPherson et al., 1988),
that were found to possess the same retention times as
the reduced forms of FL. when analyzed by ion-exchange
chromatography. McPherson et al. (1988) have demon-
strated that a small amount of FL is formed from the
incubation of fructose with BSA. This would be measured
as HRP in our analyses.

Formation of the HRP in BSA-F and FL in BSA-G
shared similar site specificity, with ten of the sixteen sites
of HRP formation in BSA-F also being sites of FL forma-
tion in BSA-G (Table 1). Previous studies conducted on the
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site specificity of fructose modification of proteins have
only reported on Schiff base formation (e.g., Pennington
and Harding, 1994; Zhao et al., 1996). The N-terminal
amino group of bovine y-II-crystallin has been described
as the main site of Schiff base formation, following incu-
bation with both glucose (Casey et al., 1995) and fructose
(Pennington and Harding, 1994). Zhao et al. (1996),
reported that Schiff base formation occurred at 8 of the
13 lysine residues of BB,-crystallin following modification
by either glucose or fructose, but that Schiff base formation
was detected at an additional three residues in the fructose
incubations. Thus, it seems that glucose and fructose have
similar site specificity for Schiff base formation.

Advanced glycation

The kinetics of formation of CML at Lysine-524 involved
an initial lag phase for BSA-G but not for BSA-F. This
suggests that the step prior to CML formation, i.e., oxi-
dation of the early glycation product FL or HRP, or dicar-
bonyl formation, occurs at a faster rate in BSA-F, compared
to BSA-G. This is supported by the HRP having a faster
rate of degradation compared to FL (Heyns et al., 1967).
The HRP and CML were formed at nine common
sites and thus CML could be formed by oxidation of

the HRP at these residues. CML formation at the four
sites, i.e., Lysine-4, Lysine-431, Lysine-471 and Lysine-
504, at which no HRP could be detected may be due to
either oxidation of the HRP to CML resulting in the
HRP being present at below the limit of detection or
GO formed from fructose/Schiff base oxidation reacting
directly with the lysine residues (Glomb and Monnier,
1995).

After 14d incubation of BSA-F, peptide Lys524cpmy-
Lys533 produced ~140-fold greater response in the mass
spectrometer than peptide Lys524yrp-Lys533. Peptides
Lys524cmp-Lys533 and Lys524xrp-Lys533 differ only
in the nature of the adduct at Lysine-524 and this may
result in different mass spectrometer response for equiva-
lent amounts of these peptides. However, it would be
unlikely that such a small change in structure would cause
a >100-fold difference in response. The more likely rea-
son is that peptide Lys524cp -Lys533 is far more abun-
dant than peptide Lys524yrp-Lys533, in BSA-F and the
loss of the corresponding unmodified peptide GIn525-
Lys533, resulting from modification at Lysine-524, is
largely the result of CML formation, rather than forma-
tion of the HRP. To our knowledge, this study reports the
first comparison of sugar-dependent site specificity of an
AGE (CML) on any protein.

'r 'r
c‘;uzou H—C—OH ?=0
=0 H—C—N—(CH,),—R H—C—N—(CH),—R
HO—C—H + HN—(CH)—R HO—C—H HO'"I—"
H—C—OH <— H—C—OH —®  u—C—oOH
H—C—OH H—C—OH H—C—OH
CH,OH CH,0H CH,OH
Fructose = Lysine residue Schiff base N*(2-deoxyglucos-2-yl)lysine
on protein *Ii
GOOH ¢=0
H—G—N—(CH);—R H—G—N—(CH),—R
o . Retro-aldo
CML Oxidation N°(formylmethyl)lysine cor?:ir:nsation
+ +
OOH H—C=0
H—C—OH Oxidation H—¢—OH
H—C—OH < - H—C—OH
CH,OH CH,0H
Erthyronic Acid Erythrose

Fig. 4. Proposed reaction pathway for the formation of CML from the HRP
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No mechanism has previously been reported for the
formation of CML from the HRP. We propose that
CML formation can occur by retroaldol condensation
between C; and C, of the N°-(2-deoxyglucos-2-yl)lysine
form of the HRP, followed by oxidation of the N°-(for-
mylmethyl)lysine (Fig. 4). Erythronic acid is produced as
a side product. We suggest that the formation of CML
from the HRP is favored over formation of CML via
oxidation of FL. This would explain the higher yields of
CML from fructose compared to glucose. The plateauing
of free lysine loss in BSA-F observed between 7 and 14 d
could be due to conversion of HRP to AGEs, such as
CML. The continued loss of lysine over the same time
interval in BSA-G might be due to a faster rate of sugar
condensation and/or a slower rate of conversion of FL
to CML. In support of this hypothesis, a greater rate of
modification of Lysine-524 by glucose compared to fruc-
tose was observed by LC-MS while >15 times more
Lys524cpy -LysS33 was observed in BSA-F. Under an-
aerobic conditions, the N°-(formylmethyl)lysine would
be reduced to N°-(hydroxyethyl)lysine, which was not
detected in our aerobic incubations.

CEL formed at a faster initial rate and yields were
higher in BSA-F compared to BSA-G, in line with fruc-
tose being more readily degraded to dicarbonyl com-
pounds in solution, compared to glucose (Sakai et al.,
2002). McPherson et al. (1988) suggest that the aldehyde
group of the open chain form of glucose is more electro-
philic than the keto group of fructose and therefore the
condensation of the glucose with the epsilon group of
lysine residues would be favored over its oxidation to
dicarbonyl compounds. Oxidation of fructose and glu-
cose as well as the Schiff base yields 3-deoxyglucosone
(3-DG) (Shin et al., 1988; Thornalley et al., 1999) which
may further degrade to methylglyoxal (MGO) (Thornalley
et al., 1999) a precursor of CEL. Lysozyme incubated
with fructose at physiological temperature and pH, forms
over twice the amount of 3-DG, compared to equivalent
incubations with glucose (Shin et al., 1988). CEL is un-
likely to form directly from any of the isomeric forms of
the HRP because the hydroxymethyl group formed as a
result of cleavage between C3 and C4 would have to con-
vert to a methyl group and this is unlikely to occur. The
amount of CEL, even in BSA-F at 14 d, is extremely low
(0.05mol CEL/mol BSA) compared to that of CML
(5.3mol CML/mol BSA) suggesting that modification
of lysine residues of BSA by 3-DG or MGO during incu-
bation is not substantial.

Knowledge of preferentially modified amino acid resi-
dues, how this differs for different sugars, the degree of
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site specificity of modification and the mechanisms in-
volved have important implications for the design of in-
hibitory therapeutic strategies in vivo (Cohen, 2003). For
example, Lysine-199, one of the major glycation sites of
HSA (Iberg and Fliickinger, 1986), plays a key role in the
binding of the anti-inflammatory drug 2-[(2,6-dichloro-
phenyl)amino]benzeneacetic acid (van Boekel et al., 1992).
Such binding has been shown to result in a decrease in
glycation of HSA incubated with glucose-6-phosphate
in vitro (van Boekel et al., 1992), presumably via compet-
itive binding to a favored site of glycation.

In conclusion, this work has shown for the first time
that (1) early and advanced glycation of BSA by fructose
results in similar site specificity as that of glucose and (2)
yields of CML are higher from fructose than from glu-
cose, under the conditions applied. This has implications
for the importance of fructose as an AGE precursor
in vivo. In particular, lens crystallin oligmerization is im-
plicated in the formation of cataracts. The accumulation
of fructose in the lens suggests that this sugar may be an
important precursor of such crosslinking, as well as non-
crosslinking, AGEs in that organ.

Saxena et al. (2000) have proposed that ascorbate is the
main precursor of AGEs, including CML, in the lens and
have demonstrated that CML-proteins immunoprecipi-
tated from cataractous lens are able to oxidize ascorbate
~4 times faster than proteins isolated from normal lens.
Due to the ability of fructose to carboxymethylate protein
at a faster rate compared to glucose, we hypothesise that
the primary function of fructose in the lens is as a pre-
cursor of AGE-protein that subsequently catalyses the
ascorbylation of lens proteins.
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