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Abstract

The post-translational modification of proteins by sugars has been demonstrated in diabetes and
classical galactosemia. In diabetes, the glycation process occurs as a result of D-glucose
nonenzymatically reacting with proteins such as albumin and hemoglobin, used today as important
tools to monitor the efficiency of dietary control and therapy during treatment of diabetes. In
classical galactosemia, D-galactose contributes to the formation of glycated proteins also,
suggesting that akin to diabetes with glucated proteins, the monitoring of galactated proteins may
facilitate management of patients with galactosemia. The objectives of this project were: 1)
galactate HSA, in vitro; 2) determine, by a sodium borohydride dependent mass peptide mapping
method, the galactation sites in HSA; and 3) compare HSA'’s galactation sites with the protein’s
reported glucation sites. Treatment of galactated HSA with sodium borohydride stabilized the
condensed sugars on the protein and yielded discrete fragmentation patterns by tandem MS,
allowing reliable identification of HSA’s galactation sites. LC/ESI/MS, in combination with
tandem MS, revealed the principal sites of galactation in HSA were the amino groups of lysine 12,
233, 281/276, 414 and 525. Lysyl residues 12, 233, 276, and 525 were previously reported as
privileged sites for the nonenzymatic binding of D-glucose with HSA.
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Introduction

The nonenzymatic glucation of human serum albumin (HSA) and human hemoglobin has
been extensively studied and has been the subject of several reviews [1-5]. What has made
the glucation of these proteins clinically significant is that they both provide for an
assessment of glycemic control in diabetes, with glucated HSA and glucated hemoglobin
serving as sensitive indicators of short term and long term hyperglycemic control,
respectively [6-8]. Studies in our laboratory and those of others have demonstrated that the
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in vivo glycation of HSA and hemoglobin does not occur with D-glucose only and that in
certain conditions such as galactosemia, the high levels of D-galactose in blood can also
promote the galactation of HSA and hemoglobin [9-13].

The glucation and galactation of proteins begins with the formation of an unstable Schiff
base that occurs between the carbonyl group of the reducing sugars D-glucose or D-
galactose and the free amino groups on proteins. This Schiff base then rearranges to form a
more stable Amadori product that with time forms a heterogeneous group of compounds
referred to Advanced Glycation End Products (AGES) [14-16]. The mechanistic similarity
in the formation of nonenzymatically glucated and galactated proteins [14,15] suggests that
akin to diabetes with glucated proteins, the monitoring of galactated proteins may provide a
valuable tool for the management of patients with classical galactosemia, a rare genetic
disorder characterized with increased D-galactose and galactitol levels in tissues and body
fluids [9,17-20]. To explore this possibility and develop an assay specific for galactated
proteins, we focused our attention to HSA and to its amino acid sites of galactation.
Emphasis was placed on the vulnerable sites of galactation for two reasons: 1) to design
genuine galactated peptides similar to those found in HSA for developing monoclonal
antibodies to the protein, and 2) to determine if the sites of galactation coincided with
HSA’s reported glucation sites.

Mass spectrometry using ESI and MALDI-MS has been successfully applied to the study of
protein glucation in diabetes, particularly, when mapping for glycated peptides,
characterizing advanced glucation end products and determining the number of D-glucose
residues condensed with proteins [21,22].

This paper describes the application of a sodium borohydride dependent mass peptide
mapping method for identifying HSA’s galactation sites. In this procedure, in vitro prepared
galactated HSA was first reduced with sodium borohydride, and the resulting protein was
then digested with trypsin. The tryptic digests were analyzed by LC/ESI/MS and tandem MS
which yielded quality spectra with minimal neutral water losses.

Neutral water loss behavior is a phenomenon commonly observed in collision induced
dissociation (CID) of glycated peptide ions. During CID, the preferential release of water
from the labile Amadori adducts results in poor production of sequence specific ions from
the peptide backbone. Consequently, this yields a CID spectrum with little or no useful
information impeding the identification of peptide sequences and sites of glycation [23-25].

The reduction of galactated HSA with sodium borohydride appeared to not only stabilize the
linkages between the nonenzymatically reacted sugars and the peptides, but also yielded
discrete fragmentation patterns by tandem MS allowing for the easy and reliable
identification of HSA’s galactation sites.

In this report, we describe the galactation sites in HSA and compare our findings with
previously reported glucation sites for the protein.

Materials and Methods

Reagents

Sterile filtered normal human serum screened and tested for and found non-reactive for
Hepatitis B & C and non-reactive for Human Immunodeficiency Virus (HIV) antibody was
purchased from the BioBank of Sera Care Life Sciences, Inc. (Oceanside, CA). D-galactose,
aminophenylboronic acid resins, silica Cyg resins, trypsin and solvents for HPLC were
purchased from Sigma Aldrich Chemical Co. (St. Louis, MO). AffiGel Blue, Bio-Gel-P-150,
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standard chromatographic resins and Coomassie G 250 reagent were obtained from Bio-Rad
Inc. (Richmond, CA). Unless otherwise indicated, all other reagents and supplies were
obtained from Pierce Chemical Company (Rockford, IL).

Assessment of Protein Concentration

Protein levels were determined by Coomassie G 250 reagent using human albumin as the
standard protein.

Purification of Albumin from Human Serum

HSA was isolated and purified from normal human serum by affinity chromatography on
Affi-Gel Blue followed by gel filtration on Bio-Gel-P-150 as described previously [14]. The
purified albumin fractions from the gel filtration step were pooled, dialyzed at 4°C against
distilled water and then lyophilized. The purity of HSA was assessed by SDS-PAGE and
Coomassie Blue staining.

Separation of Non-Glycated Albumin from Purified Albumin

Non-glycated HSA (hereinafter also referred to as ‘native’ HSA) was isolated from the
purified HSA preparation by aminophenylboronic acid resins as described previously [26].
An aliquot of the resulting sample was then assayed by the thiobarbituric method of
Fluckinger and Winterhalter [27] to confirm absence of glycated albumin species. Once
confirmed free of glycated albumin, the protein preparation was dialyzed overnight at 4 °C
against distilled water and was lyophilized.

In vitro Preparation of Galactated HSA

Unless otherwise indicated, galactated HSA was prepared by incubating 240 mg of the
nonglycated protein with 1g of D-galactose in 3ml of 50mM phosphate buffer, pH 7.4 at
56°C for 2 hrs. Following incubation, samples were dialyzed overnight at 4°C against two
changes of the phosphate buffer (2L each), and then applied to separate
aminophenylboronate columns (1.5x10 cm) previously equilibrated with 50mM phosphate
buffer, pH 7.4. Non bound material was eluted with the phosphate buffer, and bound
material was eluted with a 0.1 M sorbitol solution prepared in 50mM phosphate buffer, pH
7.4.

The bound HSA fractions from each column were separately pooled and dialyzed overnight
at 4°C against two changes of 50 mM phosphate buffer, pH 7.4 (2L each). The unbound
fractions were separately pooled also, but were not dialyzed. The resulting preparations were
then each tested for glycation with thiobarbituric assay which measures ketoamine bound
carbohydrate as the amount of 5- hydroxymethy! furfuraldehyde released by dehydration of
hexose sugars in boiling oxalic acid [24]. Samples bound to aminophenylboronate resin
were each found to be glycated and positive by the thiobarbituric assay. Preparations not
bound to the aminophenylboronate resin were each found to be nonglycated and to yield a
negative thiobarbituric reaction.

Sodium Borohydride Reduction

A freshly prepared 100mM solution of sodium borohydride in 0.02N NaOH was mixed 1:4
with water, and then immediately reacted 1:1 with each of the HSA preparations. The
mixing of the protein samples (i.e., dialyzed glycated HSA and non glycated HSA) with
sodium borohydride solution was performed in such a manner as to ensure that each tube
contained a final protein content of 5mg/ml. Incubations were allowed to proceed at room
temperature for 1h and reactions were then terminated by 1N HCI (1:12.5 vol/vol).
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Following the addition of HCI to samples, mixtures were incubated at room temperature for
5 minutes. The pH of samples was then adjusted to physiological pH by a 1:1 dilution with a
100 mM Tris buffer, pH 7.5.

Preparation & Analysis of Tryptic Digests of HSA by MALDI-TOF Mass Spectrometry

Unless otherwise indicated, borohydride treated HSA samples adjusted to pH 7.5 were
digested with trypsin (1:10 w/w) overnight at room temperature. The tryptic digests of HSA
were purified with C1g ZipTips (Millipore, Billerica MA) and analyzed on a Bruker
Autoflex MALDI-TOF mass spectrometer (Billerica, MA). Prior to analysis, the peptide
preparations (0.6 puL) were each mixed with a 50% aqueous acetonitrile solution (0.6 pl) of
saturated a-cyano-4-hydroxy-cinnamic acid containing 0.05% TFA as matrix, spotted onto a
stainless steel sample plate and allowed to air dry. The mass spectra were recorded in
positive ion mode with a 60 nsec delay in the m/z range from 500 to 3500. Typically, 300
spectra were accumulated with 50 laser shots for each sample spot analyzed.

Preparation and Analysis of Intact HSA by MALDI-TOF Mass Spectrometry

Intact HSA preparations were processed similar to the HSA tryptic digests, but with minor
modifications in the above protocol: i) instead of Cqg Zip Tips, C4 ZipTips were employed,
and ii) instead of a-cyano-4-hydroxy-cinnamic acid, sinapinic acid was used for the spotting
of the samples.

Samples were analyzed as before on a Bruker Autoflex MALDI-TOF mass spectrometer,
but with instrument settings optimized for intact protein analysis. Spectra were acquired in
linear TOF mode with a 550 nsec delay in the m/z range from 40,000 to 90,000. Each
spectrum was the sum of 500 single laser shots randomized over 10 positions within the
same spot (500/50). Analysis of data was performed using FlexAnalysis and ClinProTools
(Bruker Daltonics Inc., Billerica, MA)

Determining the Sites of Galactation in HSA by LC/ESI/MS

Samples adjusted to pH 7.5 were digested with trypsin (1:10 w/w) overnight at room
temperature. The tryptic peptides were fractionated on 10um spherical Cqg resins (YMC,
Inc. Milford, MA) and were eluted directly into the electrospray source of a
ThermoFinnigan LCQ mass spectrometer (ThermoScientific, Waltham, MA) equipped with
a quadrupole ion trap mass analyzer. The reverse phase microcapillary columns were
constructed according to a procedure modified from Kennedy and Jorgensin [28]. The
loading of peptides onto the columns was performed using a helium bomb. Once applied to
the columns, the peptides were first washed with 0.1% acetic acid for 3 minutes and were
then collectively eluted from the columns with 60% acetonitrile in 0.1% acetic acid at a flow
rate of 2 uL/min using the helium bomb. The column eluates directed into the electrospray
source were analyzed by MS and tandem mass spectrometry (CID fragmentation with He)
favoring isolation and fragmentation of doubly charged ions.

The ESI/MS system was operated with the Xcalibur software (version 2.0,
ThermoFinnigan), with the same software used also for data analysis. The mass
spectrometer was set to function in the positive ion mode with parameters optimized during
direct infusion of peptide standards with solvent. The solvent, consisting of 50/50 (v/v) 0.1%
acetic acid in water/acetonitrile, was applied at a flow rate of 3 pL/min. Nitrogen was used
as the sheath gas (setting at 60), and ultrapure helium was used as the collision gas. The ion
spray voltage was set as 4.5 kV and the capillary temperature was 210°C.
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Figure 1 shows the MALDI-TOF mass spectra of nonglycated HSA and of a galactated HSA
sample prepared at 56°C for 2h (see Materials and Methods). The spectrum of nonglycated
HSA exhibited a narrow band centered at m/z=66170 Da, whereas that of the galactated
protein yielded a wide band, commonly seen with ‘modified proteins’ [29], centered at m/
z=67040 Da. Repeat analysis of the samples by MALDI-TOF mass spectrometry yielded
similar results confirming that the shift in peaks corresponded to the condensation of about
five reduced D-galactose (+164) molecules to the protein.

To determine the amino acid sites of galactation, the non glycated and galactated HSA
samples were separately reacted with trypsin and the tryptic digests from each was evaluated
by MALDI-TOF mass spectrometry. The findings from this analysis were then compared
with the molecular weights for a theoretical HSA tryptic digest.

Of the resulting peptides, only one peptide with m/z=1651 was found to exhibit a mass shift.
This peptide was found to condense with one reduced D-galactose molecule (+164 Da)
yielding a band with m/z=1815 (spectrum not shown). Relative to its counterpart non-
modified peptide, the glycated peptide was seen at about 70 % abundance. Based on the
primary sequence of HSA, the site of galactation was localized around peptides; 226-240
(AEFAEVSKLVTDLTK). The finding of no additional galactated peptides in the tryptic
digests of HSA was surprising, especially, since prior to the digestion of the protein, HSA
was shown condensed with five D-galactose residues.

We speculate that this anomaly occurred due to one of several causes. One possibility could
be that the glycated peptides might have exhibited a mass overlapping those of the
unmodified peptides in the tryptic digest. In a complex mixture such as our tryptic digest
where the majority of the peptides were unmodified, it is also likely that competitive
ionization in the gas phase might have caused certain species to preferentially ionize. This
phenomenon, known as ‘ion suppression’, might have also contributed to the obscurity in
the detection of galactated peptides depending on the extent complexity of the tryptic
mixture [30]. A third possibility could be that during the ionization process some sugars
were detached from the peptides.

To improve the analysis of galactated peptides, we shifted focus from MALDI-TOF mass
spectrometry to LC/ESI/MS. Figure 2 shows the LC/ESI mass spectrum of the tryptic
digests of galactated HSA evaluated earlier by MALDI-TOF mass spectrometry. Analysis of
the spectrum identified five peptides (m/z of 647, m/z 696, m/z 798, m/z 901, and m/z 908)
as having masses corresponding to galactated peptides in HSA. As several of these
galactated peptides were in low abundance relative to the non glycated peptides from the
protein, the identification of the galactation sites remained challenging without further
analysis by tandem mass spectrometry. A follow up evaluation of the five peptides by CID
fragmentation confirmed that each was glycated with D-galactose and that the sugar in each
of the peptides was condensed with lysine residues only.

A dramatic improvement in the MS/MS spectral quality was obtained when the glycated
peptides were reduced with sodium borohydride. Figure 3A shows the CID fragmentation
for the +2 ion corresponding to the reduced (+ NaBH, treatment) glycated peptide at m/z
908. Figure 3B displays the CID spectrum for the counterpart galactated peptide control not
reduced with sodium borohydride. Analysis of the CID mass spectra revealed that the
peptide (a3 226-240) had a sequence consisting of AEFAEVSK*LVTDLTK, with K*
representing a lysine residue derivatized with D-galactose. The y and b ions in figure 3A
demonstrated mass shifts of + 164 Da corresponding to reduced glycated peptide fragments.
These fragments localized the galactation site at lysine 233 (233K*). Other findings revealed

Anal Biochem. Author manuscript; available in PMC 2012 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leslie et al.

Page 6

that trypsin failed to cleave C-terminal to lysine residues modified with reduced galactose,
and that characteristic water loss peaks at m/z 890 and m/z 899 appeared in the reduced
peptide CID spectra. These water loss peaks would allow the identification of glycated
peptides in neutral water loss screens.

The major fragment ions in figure 3B corresponded to: i) the loss of three water molecules
from the peptide, and ii) the development of few informative y and b fragment ions.
Treatment with sodium borohydride facilitated the identification of galactation sites in the
HSA peptide, and yielded a spectrum with minimal neutral water losses. This technique may
also prove versatile in the mass peptide mapping of other galactated proteins.

Figure 4 shows the CID mass spectrum for the reduced peptide 55 525.534 at m/z 647.
Analysis of the spectrum revealed a strong b-ion series indicating mass shifts of +164 Da
corresponding to derivatized galactated peptide fragments. The sequence for this peptide
was identified as K*QTALVELVK , with K* representing a galactated lysine residue
(°25K*). The glycated peptides with m/z’s at 696, 798, and 901 were similarly subjected to
CID fragmentation and analyzed by tandem MS as described previously (data not shown).
Table 1 summarizes the data and shows the sequences and the location of D-galactose in
each of the glycated peptides.

To determine the effect of incubation time on the galactation of HSA, the “native’ protein
was reacted with 1 g of D-galactose as before, but for variable periods of time from 2 to 5 h.
The resulting HSA preparations were then applied to aminophenylboronate columns (1.5x10
cm) and processed as previously described, with the exception that samples were not treated
with sodium borohydride. The control sample included native HSA (240 mg) in 3ml of 50
mM phosphate buffer, pH 7.4, to which no D-galactose was added. Unless otherwise
indicated, the control HSA preparation was incubated at 56 °C for 5h and processed under
equivalent conditions as the glycated HSA samples.

Figure 5 shows the MALDI-TOF mass spectra of the non glycated HSA control sample and
of the HSA preparations incubated at 56 °C with 1g D-galactose (1.85 M) for 2, 3and 5 h. A
close scrutiny of the spectra revealed that the control HSA sample yielded a band centered at
m/z=66,170 Da, whereas the two hour glycated preparation yielded a similar looking peak
with a band centered at m/z=66,530 Da. The shift in mass between the two samples
corresponded to the addition of about two D-galactose molecules to the protein.

Under equivalent incubation conditions, but with the resulting glycated protein reduced with
sodium borohydride, intact HSA was earlier found to condense with roughly five D-
galactose molecules (see figure 1). This difference we believe may have occurred due to
sodium borohydride stabilizing the nonenzymatically reacted D-galactose residues on HSA,
diminishing the likelihood of the sugar dissociating from the protein. In the case of the HSA
not treated with sodium borohydride, the opposite might have occurred where, for example,
some of the labile Schiff base structures including reversible Amadori adducts could have
split from the protein resulting in the lower number of D-galactose residues observed (figure
5) by MALDI-TOF mass spectrometry.

Other observations revealed that increases in incubation time increased the mass of the
glycated proteins, with the 5h incubated HSA sample exhibiting the highest shift in m/z. In
this instance, the shift in m/z was consistent with the addition of approximately 39 D-
galactose residues to the protein.

Next, focus was placed on determining the preferred sites of galactation in HSA samples
whose glycation was performed in vitro at a low concentration of sugar (5mM) and at
physiological temperature and pH. To conduct this study, 240 mg of ‘native’ HSA was
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mixed with 2.7mg D-galactose in 3ml of 50mM phosphate buffer, pH 7.4 and incubated at
37°C for 7 days. After incubation, the resulting protein was isolated on
aminophenylboronate column (1.5x10 cm) and processed with sodium borohydride as
described previously. The control HSA sample consisted of ‘native HSA’ (240mg)
incubated in 50mM phosphate buffer, pH 7.4 in the absence of D-galactose at 37°C for 7
days. Like its glycated counterpart, the control HSA sample was treated with sodium
borohydride.

A close scrutiny of the MALDI-TOF mass spectra revealed two important findings. First,
that under physiological temperature and pH, HSA was susceptible to glycation by 5mM D-
galactose. Second that, under the aforementioned incubation conditions, only one sugar
residue condensed with HSA (data not shown).

ESI/MS analysis of the tryptic digests of the protein yielded four peptides with mass to
charge ratios corresponding to various galactated peptides in HSA (m/z of 647, m/z of 696,
m/z of 901, and m/z of 907). These same peptides were found in their non glycated forms in
the tryptic digests also (spectrum not shown). Since the intact HSA had condensed with only
one D-galactose residue, these results suggested that i) there was no preferred site of
galactation where the sugar was solely found to react with on the protein, and ii) that the
resulting HSA preparation was actually a heterogeneous mixture of singly glycated HSA
proteins.

A further analysis of the peptides by CID fragmentation revealed that each was condensed
with D-galactose at lysine residues only, and that the glycated lysine residues were located
at positions observed earlier when HSA was incubated at 56 °C with 1.85 M D-galactose
(see Table II). The reactivity of D-galactose with lysine was not surprising, as earlier studies
with HSA showed that lysine was the major amino acid residue condensing with D-glucose
[32]. Glucose-lysine adducts have been also demonstrated in bovine collagen [33], basic
myelin protein [34,35], lens crystallin [36], and in proteins of the human erythrocyte
membrane [37].

Discussion

Ever since the description of hemoglobin Ay, there has been increased interest in the
peptide mapping of glycated proteins. Hemoglobin Ay is a glucated form of hemoglobin,
used for the long term management of patients with diabetes [8]. Peptide mapping of
hemoglobin A4 has played a significant role in our understanding of the glycation sites of
the protein, allowing for the design of genuine peptides that facilitated the development of
monoclonal antibodies to the protein [38—40]. Like hemoglobin A4, the peptide mapping of
glucated albumin has provided valuable information for the development of immune probes
to the protein [41,42], aiding the development of assays for its quantification in human
plasma. The levels of glucated albumin provide an index of the prevailing blood glucose
concentrations over the preceding 2—-3 weeks, making it an ideal candidate for the short term
monitoring of patients with diabetes [6-8,42].

Studies have demonstrated that, similar to D-glucose, D-galactose can nonenzymatically
react with proteins in vivo, and in diseases such as classical galactosemia, contribute to the
post- translational modification of hemoglobin and albumin [9-11,13]. We have focused on
the identification of HSA’s galactation sites, reasoning that knowledge of these may aid in
the design of immunogens for developing antibody probes to the protein.

Mass Peptide mapping of glycated proteins has been performed by a number of mass
spectrometric techniques. Some of these techniques have relied on MALDI-TOF MS [43],
liquid chromatography coupled to MS via electrospray ionization [23], tandem MS
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incorporating CID (25), or electron transfer dissociation (ETD) [44,45]. In this study, we
identified the sites of galactation in HSA, primarily relying on LC/ESI/MS and tandem MS
incorporating CID. Focus was placed on in vitro prepared galactated HSA, and on early
glycation products of HSA with D-galactose. Galactated HSA, treated with sodium
borohydride, yielded tryptic digests readily resolvable by MS/MS spectra, as compared to
galactated controls not treated with sodium borohydride.

There have been only a few reports on the mass spectrometry of proteins nonenzymatically
glycated with D-galactose. One group assessed the galactation sites of a bovine serum
albumin preparation heat-dried in the presence of D-galactose at 60° C for 2 hours [31].
Their results revealed that, under these conditions, D-galactose nonenzymatically reacted
with ten sites on the protein, with each of the sites involving a lysyl residue

(117K, 140 256 285K 346 374K 420K 523K 297K and 597K). These galactation sites
were identified by LC/MS with no reported follow up tandem mass spectrometry to confirm
the findings.

A comparison of HSA’s galactation sites, with reported HSA’s glucation sites, revealed
several shared sites of glycation, where both D-glucose and D-galactose were found
condensed with the protein. Galactated HSA prepared under physiological temperature and
pH showed that the protein was vulnerable to nonenzymatic attack by D-galactose at four
lysyl sites. These sites were 12K, 233K 414K and 525K. A further analysis of these positions
indicated that 525K is the major galactation site in HSA. Incubation of the protein at 56°C
for 2h yielded one additional site of glycation localized at 276K or 281K The uncertainty in
the assignment of these lysyl residues was due to minimal production of y and b fragment
ions in this region of the peptide.

Iberg and Fliickiger [46] working with HSA from diabetic patients found 199K, 281K 439K
and 925K as the privileged glycation sites in the protein, with 225K being the site most
vulnerable to nonenzymatic attack by sugar. Working with freshly isolated HSA, Garlick
and Mazer [47] also identified 92°K as the site most receptive to Maillard reaction in vivo. In
both of these studies, peptide mapping was performed by first labeling the glycated protein
with tritiated sodium borohydride, and finally analyzing the hydrolysates from radioactively
labeled peptides.

In addition to the in vivo findings, several glucation sites were reported in HSA minimally
glycated with D-glucose in vitro. Using MALDI-TOF mass spectrometry as the basis for
analysis, one group reported 12K, 51K, 199K,159K, ZOSK’ 286 K, 378 K,439K, 538K, 160R, 222R,
and 742R as the sites of glycation in HSA (48). Of these residues, only six sites were found
to be modified through the formation of fructosyl-lysine (12K, 51K, 199K 205K, 439K

and 938K). While several of these glucation sites were reported for the first time (K51, K159,
K205 K286 K538 R160 R222 and R472), it is not clear from the study how the analyzed
glycated HSA was prepared. Considering that the sugar modified HSA was obtained from a
commercial source, no details were provided as to the incubation temperature and period of
time the protein was exposed to D-glucose in vitro. Consequently, some of these new sites
of glucation, could be due to forced glycation. In another study where HSA was glucated
under physiological conditions, Lapolla et al [23] reported the condensation of the sugar
primarily with five sites. These sites included 233K, 276K 378K 525K and 54°K,
respectively.

As mentioned before, we found 414K as one of the privileged glycation sites of HSA with D-
galactose. To our knowledge, this residue was never reported as a site of glucation in HSA.
One reason this residue was overlooked earlier, may be due to 414K being more receptive to
forming a labile Schiff base structure than an Amadori adduct with sugars. The rationale for
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this speculation comes from: 1) the presence of 419R and 413K in proximity to 414K, which
could enhance the nucleophilicity of the epsilon amino group of the lysine, encouraging it to
form a Schiff base with sugars; and 2) the absence of an acidic amino acid nearby,
diminishing the likelihood of sugars condensed at this site to undergo an Amadori
rearrangement. Therefore, treatment of the glycated HSA with sodium borohydride must
have stabilized the linkage between D-galactose and 414K, allowing its identification by
mass spectrometry.

It is interesting to note that, in terms of its location in HSA, 414K exhibits several similarities
with 525K the most predominant site of galactation in the protein. For example,

like 414K, 525K is part of a a-helical structure in HSA and is positioned in proximity of
arginine. Moreover, it exhibits an analogous sequence motif represented by R--KK; the
presence of di-lysine motifs has been suggested to accelerate glycation due to local acid-
base catalysis [49].

This study revealed two important findings: 1) that sodium borohydride treatment, coupled
with LC/ESI /MS/MS using CID as the fragmentation mode, is an efficient approach for
analysis of galactated proteins, and 2) that out of the five galactation sites in HSA, four sites
were the same as those reported previously with HSA nonenzymatically reacted with D-
glucose.
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Figure 1.

MALDI-TOF mass spectrum of non-glycated HSA treated with sodium borohydride (A),
and of sodium borohydride reduced galactated HSA derived from incubation mixtures of
non-glycated protein (240 mg) with D-galactose (1 g) in 50 mM phosphate buffer (3ml), pH
7.4 at 56°C for 2h (B).

Anal Biochem. Author manuscript; available in PMC 2012 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leslie et al. Page 13

100 1196

@® 75
g
8 65
° 1023 1390
£ 60
3 55 908 1225
< 50 1149
Q s 1686
= 40 847 820
s 1480 1668 1770
D 35 1534
2 30

25 .

% 696 9% 902

15 I T

10

5
0
200 400 600 800 1000 1200 1400 1600 1800 2000
m/z

Figure 2.
The tryptic mass fingerprint spectrum of HSA incubated with D-galactose for 2 hours at

37°C. The protein was reduced with sodium borohydride and digested with trypsin.
*Denotes the +2 ions of glycated peptides.
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Figure 3.

CID mass spectra recorded on the (M+2H)*2 ion for sodium borohydride pretreated glycated
peptide at m/z 908 (A), and for counterpart glycated peptide control not treated with sodium
borohydride (B). The sequence of the peptide in (A) is shown with the predicted y and b
fragments. lons observed in spectrum (A) are underlined. K* represents a galactated lysine
residue of 292 Da at position 233 in the primary structure of HSA.
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1300

CID mass spectrum recorded on the (M+2H)*2 ion at m/z 647. The sequence of the peptide
is shown with the predicted y and b fragments. lons observed in the spectrum are underlined.
K* represents a galactated lysine residue of 292 Da (i,e., °2°K in HSA). The water loss
series at m/z 638 and m/z 629 are characteristic of glycated peptides.
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Figure 5.

MALDI-TOF mass spectra of HSA control incubated in the absence of sugar (A), and in the
presence of 5mM D-galactose at 56°C for 2 h (B), 3 h (C) and 5 h (D).
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