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Abbreviations

AC Amadori compound

ACN acetonitrile

AGE advanced glycation endproduct

CE capillary electrophoresis

CHCA a-cyano-4-hydroxycinnamic acid

DHB 2,5-dihydroxybenzoic acid

DTT dithiotreitol

ESI electrospray ionization

FAB fast atom bombardment

FIA flow injection analysis

FL fructosyl lysine

FL-18 fructosyl lysine after loss of water

HbAlc hemoglobin Alc

HPLC high performance liquid chromatography

HSA human serum albumin

ISD in-source decay

LC liquid chromatography

LC-MS liquid chromatography coupled with mass spoetry

LDI laser desorption ionization

MALDI matrix assisted laser desorption/ionization

MALDI-TOF/MS matrix assisted laser desorption/ication time of flight mass
spectrometry

MS mass spectrometry

ODS octadecil silane

PBS phosphate buffers saline

PMF peptide mass fingerprint

PSD post source decay

PTM post translational modification

RNAse ribonuclease A

RP reversed phase

RSD relative standard deviation

SA sinapic acid

SPE solid phase extraction

TFA trifluoroacetic acid

THAP 2,4,6-trihydroxyacetophenone

THF tetrahydrofurane

TOF time of flight

TRIS tris(hydroxymethyl)aminomethane



1. Introduction

1.1 Identification of peptides and proteins by MAILDOF mass spectrometry
technique

Matrix assisted laser desorption/ionization (MALIgs first described by Karas and
Hillenkamp in 1988 [1]. MALDI is an improvement tie laser desorption ionization (LDI).
In LDI the ionization is performed by irradiatingtivan ultraviolet laser. The disadvantage of
LDI is that it has low sensitivity, the ionizatiarauses ion fragmentation, and the signal is
very dependent on the ultraviolet-adsorbing charstics of the analyte [2]. As a result, this
method is unsuitable for larger molecules like gid, DNA, RNA etc.. To eliminate these
problems, the analyte is mixed with a compound, nttarix that adsorbs the energy of the
laser. Irradiation with the short-pulsed laser esusnainly ionization of the matrix and
supports the ionization of the analyte [3]. Thaivlsy the MALDI technique can be used for

the examination of peptides and proteins.

1.1.1. General set up of MALDI-TOF instrument

lonsource - N laser

Formation of ions and transition into the gas phaserequired before the molecular
masses of a component can be measured with theanalyser. The generation of intact gas
phase ions in general, is more difficult for higimeolecular mass molecules. The advantage
of recently discovered soft ionization techniqudbALDI and the electrospray ionization
(ESI) is that intact gas phase ions are effectiielyned from large biomolecules with
minimal fragmentation [4].

In MALDI the sample molecules are co-crystallizedthwan excess amount of matrix.
lonization takes place through protonation in tbielia environments produced by the acidity
of matrix and also through the addition of dilutgdasolution to the samples. Pulses of 337
nm N, laser light are used to vaporize small amounthefmatrix and the ions included in
the sample are carried into the gas phase in tieeps (Figure A in Appendix).



Mass analyzer — Time of flight (TOF) mass analyser

In Time of flight mass spectrometers the applicatad the high voltage, typically
+20kV to +30kV (for positive ions, such as peptidgsnerates electric field that gives fixed
amount of kinetic energy to the small pack of thesi Following the acceleration, the ions
enter the field-free region, where they travel aekcity that is inversely proportional to their
m/z Because of this inverse relationship, ions wathr m/ztravel more rapidly than ions with
highm/z At the end of the field-free region a detectoaswres the time of flight (TOF). The
resolution in a time of flight mass analyser iseaféd by the instrument and the operating
conditions. The most remarkable limit orizresolution is the range of initial velocities bkt
ions as they are accelerated [4].

Instead of minimising the effects of the initiahktic energy of the ions, Wiley and McLaren
used first the time—lag focusing method, equippéith wlectron ionization source [5]. The
delayed extraction (between ~100 nsec to ~500 aftec the laser pulse) corrects the effect
of the initial kinetic energy spread by the modifion of the ion optics of the time of flight
m/z mass analyser. Higher-energy ions move farther the field-free region than lower-
energy ions with the same mass. When the accelgratitage is applied, it is applied with a
potential gradient across the source region. Thialienergy spread causes a small difference
in the effective accelerating voltage. This compées for the initial kinetic energy
distribution so that ions with the sammézarrive at the detector at the same time [6].

The ion mirror or ion reflector also corrects thteet of the initial kinetic energy spreads on
mass resolution, created by an electric field thaerses the flight path of the ion. The most
significant effect of the reflectron is focusing @ons with the saman/z but different
velocities. Higher-velocity ions penetrate farthand thereby spend a longer time in the
reflectron than lower velocity ions.

When using the combination of delayed extractiod @&flectron ion optics, the resolution of
a time of flight mass spectrometer will increase>tt00000. The practical effect of this
increase in resolution is that monoisotopic peptra@ecular weights can be determined as <
20 ppm (x 0.2 Da for a 1000 Da ion) in commerciadlyailable matrix assisted laser
desorption time of flight mass spectrometers. Tiygge of mass accuracy can have a
significant effect on the database searches [4, 6].



1.1.2. In-source and post source fragmentation artdndem mass spectrometry

Proteins from complex biological samples are ofdentified by mass spectrometry
(MS) with
“top-down” strategy, (the investigation of the miois is carried out without enzymatic
digestion), the in-source decay (ISD) mass spe@tgnis an example
or
“bottom-up” approaches: peptide bonds in the prosee cleaved enzimatically and the
identification of the unknown protein is implememteaccording to its peptide

pool/peptide mass fingerprint (PMF) generated leydigestion [7].

In-source decay (ISD

Although MALDI is a soft ionization technique, agsificant degree of metastable
decay can occur along the peptide or protein baskbdhe in-source decay (ISD), one of the
metastable fragmentations is directly observedr afte desorption/ionization step in the
source region [8]. Brown and Lemmon were the tosshow the advantages of this procedure
for analyzing the proteins.

First, the sample preparation is very simple: thalysis is accomplished without enzymatic
digestion; the protein is mixed with matrix andedily deposited on the target.

Second, proteins fragment in three major series (Qp, z-, yr-ions (Figure B in Appendix)
according to the Roepstoff's nomenclature) thatatye simplifies the mass spectrum
interpretation [9, 10]. An N-terminus (and /or QCrnus) sequence tag are rapidly
determined and used for protein identificationhie tlatabase. The observedy produced
from the fast metastable ion decay process is rdiftdrent than the fragmentation produced
from the more widely used post-source decay (PSBLM technique [11]. Formation of.b

, Yn-, &- and x-ions may occur by increasing the laser power [7].

Third, post translational modifications (PTMs) da@ studied without loss of the modified

group as it is often the case in conventional MS/MS



Post-source decay (PSP

MALDI was initially described as a “soft” ionizatioprocess. In the PSD technique,
some fractions of the MALDI-generated ions underggiastable decay during flight by either
unimolecular or bimolecular (collisions) pathwaygucing smallem/z ions and neutral
molecules. Metastable ion decay occurs after iaelacation and prior to detection (in the
first field-free region of TOF analyser). PSD-MALOfagmentation is typically most
effective for small and moderate-sized peptides.cfntrast to larger peptides (>5000 Da)
and even small proteins exhibit sequence-spe@ix fragmentation [12]). The ion fragments
produced from the metastable ion decay of peptales$ proteins typically include both
neutral molecule losses (such as water, ammonigaritbns of the amino acid side chains)
and random cleavage at peptide bonds [11]. Typiagimentation observed in PSD-MALDI
corresponds tonah, ion series [13] andpytype fragment ions with very small side chain
specific cleavages (Figure 1). Another common pheswmn in PSD mass spectra is the
predominance of fragment ions less than 17 Rd {ak-17 series) which is usually thought
to be due to the loss of ammonia from the N-teriniaasidue [11]. Mass spectrum in PSD
mode gives different informative data such as segeieand posttranslational modification
(PTMs) identification [14-19].

Figure 1. Nomenclature of fragment ions observed in posta®decay (PSDY]



Tandem Mass Spectrometry

Mass analysis is essentially a separation of i@esrding to theim/z Tandem mass
spectrometers use this separation as a prepatatl/eo isolate an ion with a specifia/z for
further analysis. It is carried out by fragmentatiof the mass-selected ion and by the
determination then/zof the fragment ions in a second stage mass asalyise term “tandem
mass spectrometry” reflects the fact that two stagiemass analysis are used in a single
experiment. The result is that a specific ion toanplex mixture can be selectively studied in
an experiment that gives structural informationwtlbat ion. In the case of peptide ions, the

structural information is the amino acid sequerfagh® peptide [4].

Tandem-in-time instruments
Instruments used for performing tandem mass speetry experiments in time have only

one mass analyser (ion trap mass spectrometer) [4].

Tandem-in-space instruments

Instruments in the tandem-in-space category havee tian one mass analyser, and each
mass analyser performs separately to accomplistiiffeeent stages of the experiments.

-“triple quadrupole” mass spectrometerthis type of mass spectrometer contains an olgapo
collision cell between two quadrupole mass fili@gnass analyser).

-quadrupole-time of flight mass spectromet€his instrument used for protein sequencing
has a quadrupole mass filter for the first massyapaand a time of flight mass analyser for
the second one.

-reflectron-time of flight mass spectrometer

In the reflectron time of flight instrument thesedn electrostatic gate used for a precursor ion
selection. This gate uses voltage pulses to defiectselectedn/z ions away from the
entrance to the flight tube. The PSD reactionsfragmentation reactions of metastable ions
formed by matrix assisted laser desorption, whictuo in the field-free region of the TOF
instrument [19]. In a reflectron instrument thakmdes in a mass analysis mode, product ions
from fragmentation are not detected because theyiraproperly focused by reflectron.
Measuring then/zof product ions requires a change of the potentgplied to the reflectron

to compensate their lower kinetic energies [4, 5].



1.1.3. Peptides mass fingerprinting (PMF) and podtranslational modification
(PTM)

The sequence of the amino acid is unique to easteiprand sequence analysis of
whole proteins by sequential Edman degradatiooviad by BLAST (database) searching is
a basic technique for monitoring proteins on proteoinvestigation. A sequence of 12-15
amino acids is often sufficient for an unambiguodentification. However, Edman
sequencing (specifically remove the N-terminal aracid from the protein) is too slow (and
expensive) for routine proteomic analysis and fesqly the proteins N-terminally blocked.
Edman degradation has now been almost entirelytitutiesl by mass spectrometry.

The determination of the molecular weight of peggidgenerated from photolytic or chemical
digestion of a protein is a so called “mixture gs@” of peptides by mass spectrometry. The
“MAPPING” of protein structures by soft ionizatiomethods such as MALDI and
Electrospray have become an important strategy piatein identification and post-
translational modification analysis. New methodsehdeen recently developed using a
combination of protease digestion, MALDI MS andesering of peptide—mass database that
offer significant increase in the speed at whiabt@ins can be identified [20].

The method involves the generation of peptides florawn or unknown proteins using
residue-specific endoproteinases. All peptides datected as singly charged ions, and no
doubly charged peptide ions are observed. All makses are measured for the monoisotopic
(M+H)" ion. The peptide mass profile or fingerprint (PM#) the query protein can be
compared with theoretical peptide libraries gersgtairom protein sequence databases to
produce a list of likely matches. Practical seusitiextends into the low-femtomole range,
and three or four masses are often enough to gemndicant match in the databases derived
from more than 100 000 proteins [20].

The mass tolerance of the experimental peptidesildheflect the accuracy of the mass
spectrometer being used: typically this is 0.2 D@0 ppm or better. Search discrimination
can be improved by combining results obtained usimuge than one photolytic enzyme or
simple chemical cleavage. Increasing the size efetior window the number of the false
positives will also rise [21].

A more important consideration in the use of MALBhalysis is the accuracy of the
molecular weight measurement. The mass calibrat@mm be implemented with internal

standard ions (matrix ions and/or trypsin autolysptide ions) or external calibration.



Good external calibration requires placing the déad sample in close proximity to the
analyte sample on the sample stage and acquirengtindard spectrum either immediately
prior to or immediately after the acquisition oétspectrum [4, 6].

Post-translational modification (PTM)

The ability of mass spectrometry to characterizet{@nslational modifications is
also unique among the protein and peptide sequgneiathods and this use has been
described as a vital contribution of mass specttonte polypeptide characterization.

By definition, a post-translational modification @fprotein is any modification of the protein
structure that occurs after the synthesis by tediosi of the messenger RNA. Post-
translational modification of a protein, howevermost often envisaged as a change made to
the structure of the side groups of specific amawad residues contained in the protein.
Mostly, no such modifications are expected for #tiphatic amino acids (glycine, alanine,
valine, leucine and isoleucine) or the aromatic rmmacid (phenylalanine). For the other
amino acids, however, the presence of amine, cgliooxcid, hydroxyl, thiol, and thioether
functional groups creates reactive sites that aheevable to a wide variety of chemical and
biochemical reactions that can occur in the aatmieau of the biological system. A common
characteristic of these modifications is that tirange made in the amino acid structure,
produces a corresponding change in the amino asidue. This change of formula weight

constitutes the basis of the detection and charsat®n by mass spectrometry [22].

1.1.4. Different on target sample preparation appraches

The function of the matrix is to dilute the samm@esorb the laser energy and ionise
the sample. Each pulse from the laser vaporiseas $mhple and matrix from the surface of
the target and catalyses a chemical reaction whiclihe positive ion mode, results in a
proton [M+HJ or alkali metal atom being attached to the samméecules. In the negative
ion mode, the ionic species produced is usually Hy1{23].

10



Matrices:

The matrix is important in MALDI analysis becauseserves both as laser energy
absorbent and for energy transport. The matrix ség@rates the analyte molecules from each
other, anticipating cluster formation and obviatthigect laser “hit” that would effect intense
peptide fragmentation [24]. Matrices can be smalivatic acids. The aromatic groups absorb
at the wavelength of the laser light, while thedabielps the ionization of the sample

molecules [4, 6]. A great variety of matrices avaiible.

A “good” matrix should meet several requirementsorgy absorption at the laser wavelength,

being a good solvent for the analytes, resultingdmogenous co-crystallisation.

Frequently used MALDI matrices
sinapinic acid (SA)

A large number of matrices have been investigateBdavis and Chait and sinapinic
acid [21] has been found to be the best for laiges giving better signals accordingly. This
compound is preferred for the ionization of largesteins and glycoproteins [25].

2,4,6-trihydroxyacetophenone (THAP)

Trihydroxyacetophenone has been thought to be #® Inatrix for analysing
glycoproteins and glycopeptides, because it previdev limit of detection and gives less
prompt fragmentation. THAP offers improved sengiivor detection of acidic glycopeptides

over alpha-cyano-4-hydroxycinnamic acid (Figure) 226].

a-cyano-4-hydroxycinnamic acid (CHCA)
For smaller proteinsa-cyano-4-hydroxy-cinnamic acid [27] is preferred3]2
although CHCA forms small crystals that are uneyefistributed over the sample surface,

i.e.; areas with lower crystal densities at thetreeaf the preparation (Figure 2/a) [25, 28].

2,5-dihydroxybenzoic acid (DHB)

DHB is better suited for analysing glycopeptidescambination with dried droplet
technique than any other matrices [26]. TypicallBtends to crystallise from the periphery
of the target spot in the form of long needles paht towards the centre of the target (Figure
2/b) [23, 28, 29].

11



Various sample preparation methods are available:

dried-droplet method:
0.5-2 pL of sample and 0.5-1 pL of matrix solut{BrmgxmL*-saturated solution)

(CHCA, SA, DHB, THAP) are mixed on the target arbvaed to dry in the ambient air
(slow crystallization technique), or optionally, angentle stream of forced air or argon (rapid

crystallization method) (Figure 2) [25].

Thin layer method:
A thin layer of small, homogeneous matrix crystalsnade on the target by placing

either 0.5-1 pL of CHCA or 0.5-1 pL of THAP (2 mgkt) onto the target and the droplet
is allowed to spread and dry, after that 1 pL ongke is added to the thin layer of crystalized
matrix [25].

Mixed matrix:
In practice, one matrix may not meet the requirdsienentioned above at the same

time for the diversity of analytes in a sample ceematrices formed by the use of a suitable
additive in the matrix solution are often used.

The combination of two common matrices (CHCA and B)Hnixed in dried droplet
preparation was written as an excelent co-matromBination of the matrices showed better
crystal distribution with DHB-like crystals forminghort needles at the rim and evenly
distributed CHCA-like crystals inside the rim [2&ombination of CHCA and DHB results
in increased surface homogeneity and spot-to-ggmoducibility, increased signal-to-noise

ratio and tolerance to impurities [28].

12



(d) THAP

Figure 2: a) CHCA b) DHB c) Matrix mixture [28] d) THAP [26
Microphotographs obtained with a) CHCA b) DHB d) APland ¢) mixed matrix
preparations in the dried-droplet method.

1.2. Desalting of proteins and peptides by solicapé extraction (SPE)

An important prerequisite of the MALDI-TOF/MS measments is the removal of
disturbing compounds; e.g. salts from the bufferuoea, guanidine hydrochloride after
proteolysis [29].

SPE is an easily applicable method most frequemdlgd for desalting, purification,
preconcentration and fractionation of a complextarix of peptides [30-32]. Fractionation
prior to analyses can have a significant effecsequence coverage of proteins particularly
implemented for those peptides obtained from tludetysis of larger proteins [24]. Further
advantages of the SPE method include relativelyr me@govery rate, short extraction time,

high enrichment factor and low consumption of oigaoelvents [33, 34].

13



1.2.1. SPE packings often used in bioanalytical iegtigations

The classical commonly used sorbents are porousa$ihsed particles surface-
modified with C18 or other hydrophobic alkyl groupsch as C4, C14, C30. The Oasis from
Waters and the Abselut from Varian are availalenfpolymer monolithic columns.

1.2.1.1 Silica based phases

The most widely used SPE materials in the fieldiofnalytical research are silica-
based C18 reversed phase sorbents, since theuotimu of Sep-Pak cartridges in 1978 [34]
despite some drawbacks of using alkylated silioa (fecovery for basic analytes, relatively
low capacity and poor wettability, etc.) [35].

1.2.1.2 Polymer based resins

The new generation of polymers (Oasis from Watdédsselut from Varian) are
developed to extract widespread spectrum of arslyte., lipophilic, hydrophobic, acidic,
basic and neutral with a single cartridge with m@ified procedure (no conditioning is
required) [36]. The polymer beads in the extractiartridge can be used from pH 1 to 14 (in
contrast to classical reversed phase silica extraciblumns) and with many different polar
and apolar organic solvents (methanol, chlorofati@thyl ether, etc.). Therefore, when using
polymer sorbents, it is easier to find an appraeriaxtraction condition for specific
compounds and especially for mixture of analytes different chemical properties [37].

By the introduction of Oasis HLB sorbent prepargdtle copolymerization of lipophilic
divinylbenzene and hydrophilic N-vinylpyrrolidonehet flowthrough of some polar
compounds, the undesirable effect of silanol groapd the poor wettability in water were
eliminated [38]. Another important SPE medium i tAbselut’, which is a blend of

methacrylic ester-based polymeric and polystyresermixed in a particular ratio [37].

14



1.2.1.3 Novel stationary phases for SPE

Fullerene

Fullerenes, allotropic forms of carbon were diseedein 1985 [39] and they can be
considered as a well-characterized nanostructg [Fhe use of C60 or a mixture of C60
and C70 fullerene has increased. Many differentiegipons of fullerenes have been reported
in analytical chemistry for preconcentration pugmsue to its good stability, wide pH range

for working conditions, and high surface area [41].

Fullerene derivatized silica - C60 silica

Hydrophilic peptides like phosphopeptides and ghgptides can be retained and
purified on neither RP silica particles nor polymeBSPE resins mentioned above. For the
purification and enrichment of such molecules theeppration and application of
fullerene(C60)-silica (Figure 3) have been recedtgcribed [42]. Fullerene(C60)-silica can
be prominent SPE sorbent material, showing reviersitieractions with analytes with low
masses such as flavonoids and peptides. These wewloped fullerene-derivatized silica
materials are compared with some already obtairfaBE materials on the market. C60-silica

has proven to have excellent features toward SPEcapions with different molecules [42].

Figure 3: structure of the fullerene silica [42]
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1.2.2. On-line and off-line solid phase extraction

The principles of HPLC and SPE are similar: adsonpand distribution of analytes
between the mobile and stationary phases. Thecgudhemistry of the particles is mostly
based on C18 modified silica and the design of 8&#idges is similar to chromatographic

columns.

On-line solid phase extraction:
Two approaches (to improve throughput and religbdf the analytical method) have

been developed to automate solid phase extradtisrequired to employ a robotic system

to automate the sample preparation using traditidesalting devices or extraction plates.

The sample is loaded and concentrated onto a nredd¥PE device (capable of high-pressure
operation) which is located at the injection samiglep. The undesired components are
washed off the SPE cartridge to waste by the magihkese. Afterwards a valve is switched

and the required components of the SPE devicautecbn to the analytical column and the

sample can be analysed by a mass spectrometnigrment [30].

Off-line solid phase extraction:
Modern solid phase extraction is most often basealkyl surface modified silica.

The instrumental design of SPE is similar to a $rt@lomatographic column, although off-

line SPE devices vary from chromatographic columrsich features:

() off-line SPE devices are disposable, made feingle use only

(i) SPE devices are packed with larger particlee ssorbents (30-100um), while HPLC
columns are filled with 3-5um particles.

(i) the length of SPE devices are smaller than th#teoHPLC columns

(iv) SPE devices can easily be loaded and can elutesaimple into diverse collection
devices

(v) there is significant dead volume of the SPE devices

(vi) SPE devices ensure considerably lower chromatograficiency than HPLC columns

[30].
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The two most popular applications for SPE:

One is when the analyte is derived from biologl@alids and drugs of interest are retained
on the sorbent, as long as most of the protein copts are eliminated to the waste by the
washing solution (aqueous buffer).

The other common use of the SPE is desalting pegptid DNA oligonucleotides. While
these required sample molecules are retained asotbents, non-volatile salts are washed off
the sorbent with pure water [30].

The choice of the pH and the mobile phase strerggtitucial for the best SPE selectivity
because of the strength of the possible washingesblto eliminate the interfering

components without loss of desired analyte. Thevenient pH is selected for suppressing in
analyte ionization, because the non-ionized fornthef analytes are much more strongly

retained on reversed phase sorbents.

Microextraction methods:

Miniaturization of sample pre-treatment was a aurreend in the last years. This
derived from several factors:
* The available sample amount is limited (proteinslaited from gel slabs, single cell
analysis).
* Some samples may be expensive
* Miniaturized techniques (capillary electrophorg€i&) and capillary HPLC) require less
than a few microliters for analysis
* Miniaturization of sample clean-up apparatus alléevgparallel processing of samples for
high throughput.
This trend of biological sample processing leadssnwaller sample volumes and higher
sample enrichment efficiency [30].
Miniaturized solid phase extraction tips are packath a small amount (0.1mg) of reversed
phase material or other sorbent, which allows efuthe desired components in small volume
of mobile phase [30]. Microscale SPE has been deeel for MALDI-TOF/MS [43] and off-
line nano-electrospray (ESI) MS [44].
To fulfil the requirement, pipette-like tips wereanufactured using small amounts of sorbent
trapped in plastic tips [45]. Prior to analysise {heptides/proteins can be preconcentrated or
selectively captured employing tips packed withtipkas with different affinities (normal

phase, RP silica, ion exchanger or resins providigd affinity chromatography, molecular
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imprinted stationary phases, restricted accessestsbor mixed mode sorbents). The
extensively used ZipTips (C18-silica) (Millipore,e8ford, USA) is similar to a 10ul
micropipette tip with a bed volume of 0.55 ul. S&npolumes of 2-4 pl can be processed
with a capacity of up to 15ug for peptides [46].

1.3. Boronate affinity chromatography

Boric acid and boronic acid are well known to fostable esters with polyols and
saccharides containingis-diol groups[47]. Increased attention has been paid to these
compounds because of their prospective applicgltditecognize sugars [48].

Boronate affinity columns were first used for theparation of sugars, polysaccharides and
nucleic acid components by Weith et al in 1970 [49p till now this method has been
adopted ubiquitously for the separation ois-diol compounds such as nucleosides,
nucleotides, nucleic acids, carbohydrates, enzygigsated proteins, glycated peptides. This
method is described as a useful separation technifpr the measurement of
glycohemoglobin, the study of the glycation pattefnhemoglobin, the determination of
hemoglobin HbAlc in diabetic patients, the purifica of arginine containing peptides and
the separation of glycoproteins and glycopepti&es. [

1.3.1. Interactions between immobilized boronate ahanalytes

Primary interactions:

The most important interaction in boronate affinishromatography is the
esterification that exfoliates between a boronajanid and ais-diol containing compound.
Ideally, this ester bound requires that the tworbyyl groups of the diol be adjacent carbon
atoms and in an approximately coplanar configuratlbthe interactions between boronates
and 1,3eis-diols or trident interactions between boronates @s-inositol or trietanolamine

occur, they give weaker ester bonds than thosedestithe 1,2Zis-diols and the boronates.
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The interaction occurs in aqueous solution undesicbaonditions, the boronate is
hydroxylated and then it can form cyclic diesterghveis-diols. The formed esters can be

hydrolysed under acidic conditions. This reactiemaversible in aqueous solution (Figure 4)
[51].

E—HNQ
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C N Peptide

OH Binding

H
i—N
Agarose n

C N Peptide
H* Elution
{—HN
HO
Agarose /OH o

B +

| H
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2

Figure 4: Mechanism of binding and elution processes betwesediol-containing
compounds, for example Amadori peptides and boraciit [51].
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While using boronate affinity chromatography, setary interactions (especially

hydrophobic and ionic interactions) must be congde

Secondary interactions:

Four types of secondary interactions can occur ororiate affinity material:

hydrophobic interactions, ionic interactions, hygin bonding and coordination interactions.

Hydrophobicinteractions:

Most of the used boronate affinity ligands are abeboronates. These include a
phenyl ring that could give rise to hydrophobicenatctions or aromatia-n interactions.
Hydrophobic interactions could give an additionalestivity to the column. Hydrophobic
interactions are sometimes responsible for the pemic binding of undesired proteins or
peptides. This phenomenon can entirely be avoideddiing detergents to the mobile
phase/binding buffef50, 53. To reduce hydrophobic influences in the bororefenity

chromatography is to keep the ionic strength ofntlodile phase low.

lonic interactions:

The active tetrahedral boronate is negatively atdrperefore boronate ligands can
create coulumbic attraction or repulsion for ioamalytes. Generally, this effect is weaker
than boronatels-diol ester formation. lonic interactions betwedre tnegatively-charged
boronate and anionic proteins can hinder the nacg&snding; this is why M@ ions at low
concentrations are to be added to the mobile phiasiig buffer in order to eliminate the
undesirable ionic effecf$0, 53. As in hydrophobic interaction, ionic interactioresn cause
additional selectivity for boronate affinity septiwa. To decrease ionic effects, the ionic
strength of the mobile phase should be kept highoagh this will also effect stronger

hydrophobic interactions.

Hydrogen bonding:

Since boronic acid has three hydroxyls in the actetrahedral form (or two in the
non-active form) it has several possibilities formh hydrogen bonds. Although the effect of
this possible interaction is usually small, undpeaal condition hydrogen bond bonding

could be strong enough to be the main mechanismefention on a boronate column.
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Coordination interactions:

In the non-activated trigonal uncharged boronatéeoube the boron atom has an
empty orbital; this could attend as an electrom paceptor for a coordination interaction. In
the sample the unprotonated amines are perfectralepair donors and when an amine
donates a pair of electrons to the boron atombtimenate molecule becomes tetrahedral. This
explains why amines may attend to promote borociatdiol esterification. However, if there
is a hydroxyl group adjacent to the amine, thisrbygl group could interact with the
tetrahedral boronate. This interaction could prévbe esterification between the boronate
ligand and the analyte. For this reason it is neghi that TRIS
(tris(hydroxymethyl)aminomethane) and ethanolantiegvatives be avoided in buffers used

for boronate affinity chromatography [50].

1.3.2. Types of stationary phases of boronate affty chromatography

Boronate can be employed as a matrix which carctbeddy bind the glycol moieties
through covalent binding with a 1¢s-diol of glycostructure. Zhou et al. [48] prepared
aminophenylboronic acid-functionalized magnetic oparticles and successfully applied
them to selective separation in proteomics; in tmdi Xu et al. [50] have successfully
utilized boronic acid-functionalized mesoporouscailto enrich glycopeptides. Potter et al.
[53] and Ren et al. [54] reported using boronatenafiths for affinity separation and

capturing ofcis-diol containing compounds, respectively.

Carboxylic acid terminated magnetic beads

Recently, magnetic beads have been used for immatidn of aminophenilboronic
acid and applied for the specific binding as-diol containing compounds. Since these
magnetic beads can be washed and separated edbigrvexternal magnetic field, the use of
phenilboronic acid immobilized magnetic beads igeay efficient method for the sample
preparation of glycoproteins, glycopeptides andcgigd peptides for mass spectrometry,

especially for MALDI measurement [55].
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Agarose beads

The application of the immobilized phenylboroniddaon agarose and sepharose
hydrogel microparticles, which are deposited on amminium chip, enabled the high
throughput analysis of AGEs from serum sample by LIDA-MS. One of the most
advantageous features of the microchip is thatlutioa of the bound molecules is required
[56].

Silica based boronate affinity chromatography

Boronic acid functionalized mesoporous silica, whceserves the attractive features
of high surface area and large accessible porosvgs developed to enrickis-diol
compounds, e.g. glycopeptides. Boronic acid fumeiged mesoporous silica has a
comparatively large specific surface area, souladadsorb glycopeptides fast and efficiently.
Its other great advantage that is easy to recoyeebtrifuge in order to extract glycopeptides

from the peptide pool effectively. [57]

polymer monolith as a stationery phase in boronate affinity chrograiohy

Recently the boronic affinity chromatography wasmbmed with monolithic
stationary phase by Potter et al. in 2006 [53]. Mibhic beds can be described as an
integrated continuous porous separation media withoterparticular voids [58]. This
combination of boronate affinity chromatographyhamonolithic column format offers better
performance and more functions for the analysigséliol-containing compounds. Besides, it
avoids non-specific interactions, especially regdrphase interaction. The optimization of
these new-generation columns has not been execamedunfortunately, the literature of

boronate functionalized monolithic columns is stilbrogress [58, 59, 60]

1.3.3. Application of boronate affinity in the fied of proteomics

Boronate affinity columns were first used for tleparation of sugars, polysaccharides
and nucleic acid components by Weith et al in 1p#]. The application of the boronate
affinity column in proteomics for the separatiordajuantification of glycohemoglobin was
published by Mallia et al. in 1981. A low—perforncaragarose gel was applied as the support

and absorbance detection at 414 nm was used tdifyudre retained and non-retained
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hemoglobins in human hemolysate samples. Elutios waried out by a soluble diol-
containing agent (sorbitol solution) that eluteck tretained glycohemoglobin from the
column.

Up till now this method has been adopted ubiquitodsr the separation otis-diol
compounds such as nucleosides, nucleotides, nuateits, carbohydrates, enzymes. This
method is described as a useful separation techrfiguthe quantitative measurement of
glycohemoglobin [61], the study of the glycatiorttpen of hemoglobin, the determination of
hemoglobin HbAlc in diabetic patients, the purifica of arginine containing peptides, the
separation of enzymes [47, 48] glycoproteins aydapeptides glycosylated proteins [24, 62-
66] and glycosylated peptides [50, 59, 67, 68].

1.4. Non-enzymatic glycation

Non-enzymatic glycation is the covalent bindingsaigle reducing sugars to amino
groups in proteins. The initial product is a lab8ehiff base intermediate, which slowly
isomerises to form a stable ketoamine, called Amamtonpound (AC). The AC can undergo
further oxidation rearrangement reactions to fornsemies of more reactive, coloured,
fluorescent compounds, termed advanced glycatiahpenducts (AGEs), which play a
pathogenic role in the development of diabetic clicapons [69].

1.4.1 Non-enzymatic glycation of proteins

Formation of Schiff base and Amadori compounds

The non-enzymatic reaction of the amino groupsnoiha acids, peptides and proteins
with reducing sugars was first studied under definenditions in the early 1900s by L. C.
Maillard [70]. Non-enzymatic glycation is the cosat binding of single reducing sugars
(glucose, fructose, ribose, etc.) to primary amgmoups in proteins, such as th@amino
group of the protein lysine residue (Figure 5) [72, 73]. The initial product of Maillard
reaction is a labile Schiff base intermediate [B4]. In the 1920s Amadori showed that the
Schiff bases could be converted to isomeric praduigt an intermediate, an open-chain enol

form (Figure 5) by the Amadori rearrangement [1B]the reaction the labile adduct slowly
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isomerizes and therefore forms a stable ketoans@éed the Amadori compound (AC7T4,

76] (83). To simplify the discussions of the Maillarglactions, the adducts are frequently
depicted as the more reactive open-chain formsn&ton of the Schiff base is relatively fast
and highly reversible and the formation of the Awradgoroduct from the Schiff base is

slower, but much faster than the reverse reacsonthat the glycation product tends to

accumulate on proteins [64, 72].

Protein .
\N Protein, Protein
NH
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OH_ _~
NH, OH
OH
—>
-—

0] 0 Protein
OFo OH O%MNH

OH
Protein
. enaminol Amadori
D-glucose Schiff base intermediate product

Figure 5: Formation of the glucose-protein Schiff base dredAmadori rearrangement [64]

AdvancedGlycation End products (AGES)

The AC can undergo additional oxidation and reayeament reactions and eventually
dehydration, condensation, fragmentation, oxidasind cyclization reactions to form a series
of biologically considerably more reactive congitts, termed advanced glycation end-
products (AGEs)74, 71.

Different types of AGEs are known, depending o&¢bmpound they originate from.
Six distinct classes of AGEs were recognized degvirom glucose (AGE-1), from other
carbohydrates, such as glyceraldehydes (AGE-2), &odh a-dicarbonyls, such as
glycoaldehyde (AGE-3), methylglyoxal (AGE-4), ghaix (AGE-5), 3-deoxyglucosone
(AGE-6) by Takeuchi et al. in 2004 [78]. All thesempounds can react with the amino group
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of lysine of the terminal amino group of proteimslavith the guanidine group of arginine and
also with cystein. Moreover, AGEs can generate shirdss in proteins [79], free radical
reactions that might catalyze further damaged prstéipids or DNA [72].

1.4.2. Physiological importance of non-enzymatic gtation

As a result of the non-enzymatic glycation the abmentioned types of AGEs can be
formed because of the increased blood glucose levalperglycaemia, diabetes mellitus
types | and Il. However, the total biochemical pedl between chronic hyperglycaemia and
functional alterations and tissue damage areistibmpletely understood. There are several
candidate mechanisms for explanation: such asindrease in non-enzymatic glycation of
proteins, with irreversible formation and depositiof AGEs and the increased oxidative
stress (possibly caused by the presence of theased level of the AGES) [79].

Three core reactions of AGE damage were describelws: interactions with specific
receptors, intracellular accumulation and abnornagslink formation.

Until now, crosslink formation, especially at cgén level was thought to be the most
important mechanisms of the AGE damage, as wellthes physical and chemical
modifications of collagen causing abnormal vasculgrdity, arterial stiffness, basement
membrane thickness [74, 80]. On the other hand-limeg proteins, such as lens crystalline,
collagen of the extracellular matrix, serum alburamd haemoglobin accumulate AGIss
vivo [72].

Diabetes is an extensive disease, affecting 4% efvhole world population. For this
reason, great efforts have been made to optimgedhtrol of the acute complications of the
disease (hypoglycaemic coma, ketoacidosis, andtiofes), but the long-term complications
of the diabetes such as macroangyopathy, vascylopamunodeficiency, nephropathy,
retinopathy and neuropathy, which still remain vWydspread [81, 82].

1.4.3. Clinical methods used for the detection ofam-enzymatic glycation

Since the 1970s, the measurement of glycated heiogAlc (HbAlc) has been
used routinely as a clinical diagnostic marker rielatively long term (4-6 weeks) glucose
control in diabetic patient§63]. In order to find more specific and informativeof®in

biomarkers for monitoring the glycemic state andgti a deeper insight in the role of
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glycation in the development of diabetic complioat comprehensive proteomic studies are
required.

The level of the glycated albumin in serum is thHdug represent the condition of the blood
glucose over the last 2 to 4 weeks, while HbAlg¢datks glycaemia state over the last 1 or 2
months [65]. Glycated human serum albumin (HSAansimportant midterm indicator of
diabetes that is more sensitive to changes in blgladose level than HbAlc [64]. The
glycated albumin level also provides useful infotim@a on glycaemic control when
monitoring the efficiency of theragg9|.

Recently, the main techniques investigating theaign of proteins have been based on a
variety of on- and off-line mass spectrometric roeth (LC coupled to MS, CE or LC
separation/fractionation-MALDI MS, etd)24, 66, 67, 6B Although a great number of
studies deal with the examination of glycation asllwas with the methodological
development concerning the investigation of glydatenstituents, there is a need to improve
the existing methods or to develop novel, moreigefit and less time consuming techniques.
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2. Aims

2.1 Development in the application of Solid PhasexiEaction:

I. Determination of the binding capacity of C30 and Q@O0) fullerene silica with Leu-

enkephalin

II. ldentification of C18, C30, C60(10), C60(30) and @&00) on the sequence coverage of
the tryptic digests

[ll. Determination of glycated sites of Human Serum Alpin (HSA) and fibrinogen with
C30 and C60(30)-silica

2.2 Experiments of boronate affinity chromatographyfor the separation of
glycated peptides:

IV. Optimization of different approaches of elution iime case of boronate affinity tips
V. Desalting of glycated peptides using different serits
VI. Application of the new method for the detection gfycated peptides obtained from

digested human serum albumin, collected from patesuffering from type 2 diabetes—

compared to that of healthy volunteers
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3. Materials and methods

3.1 Materials and methods in the case of solid phdSPE) experiments

The first part of this chapter of the thesis in@sdthe instrumentation and the
documentation of the research on the optimizatibthe solid phase extraction method for

glycated peptides.

3.1.1 Materials

C60-fullerene £99.5 %) was bought from MER Corp. (Tucson, AZ, USAgetonitrile,
methanol (both gradient grade), human serum albyRBA, 97-99%), fibrinogen (fraction I,
type I: from human plasma, 67 % protein), Leu-ethiedip acetate hydrate97 %),[Arg?]-
Vasopressin acetate satB0 %), angiotensin | human acetate hydra89 (%), trifluoroacetic
acid &99%), a-cyano-4-hydroxycinnamic acid (CHCA99 %), 2,5-dihydroxybenzoic acid
(DHB, 299%)), 2’,4’,6’-trihydroxyacetophenone monohydrai¢lA >99.5 %), sinapinic acid
(SA, 299%), D/L-dithiothreitol (DTT,>99 %), iodoacetamide=98 %), 2-mercaptoethanol
(=298 %), ammonium bicarbonatee9® %), 3-chloroperoxybenzoic acid (70-75 %) and
(aminopropyl)trimethoxysilane>07 %) were purchased from Sigma-Aldrich (Budapest,
Hungary). D-glucose monohydrate (puriss), ureaicioé $99 %) and tetrahydrofuran9.8

%) were from Reanal Finechemical Co. (Budapest,dgdoy). Formic acid (98-100%) was
bought from Scharlau Chemie S.A. (Barcelona, Spaféptide calibration standard
(consisting of bradykinin, angiotensin Il, angicdenl, substance P, renin substrate, ACTH
clip (1-17), ACTH clip (18-39) and somatostatin)dgprotein calibration standard (consisting
of trypsinogen, protein A, BSA, BSA-dimer) were aiped from Bruker Daltonics (Bremen,
Germany). Trypsin (sequencing grade, modified) weasvided by Promega Corporation
(Madison WI, USA). Bidistilled water was prepar@&dour laboratory.

3.1.2 Instrumentation

Autoflex 1l MALDI instrument from Bruker Daltonicsvas used for the mass
spectrometric measurements.
The HPLC instrument consists of a Dionex P680 @mdpump, Rheodyne 8125 injection
valve, a Dionex UVD 340U UV-Vis detector (Dionexgi@any). Data acquisition was
carried out using the Chromeleon software (versso®0 SP3 Build 1485).
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A Jasco V-550 UV-Vis spectrophotometer (Tokyo, dp@as employed for measuring the
adsorption spectra of SPE materials.

Pore size and pore volume of the phases were meh®mploying mercury intrusion
porosimetry method (Porosimeter 2000, Thermo Femjigan Jose, USA).

Elemental analysis of all the investigated phasas immplemented by a Carlo Erba EA 1110
CHNS instrument (Rodano, lItaly).

The specific surface area of the phases was detedby BET method using a homebuilt
device [42].

3.1.3 Preparation of the SPE phases

For the SPE experiments C18 and C30 RP materials sygthetised from Kovasil
silica gel according to the method described byb8zat al. [83]. The C60(fullerene)-
derivatised silica particles, (prepared, descridved characterised by Vallant et al.) [42] were
made from three different silica gels with distiaet characteristics in order to study the
effects of porosity. The amino groups remained o060-@erivatives after the first
derivatisation considerably shielded by the bull§0Malls (Figure 3); therefore the phase
behaves RP rather than normal phase. Moreoverpritienated NK groups repulse the
protonated, positively charged peptides. So theynat supposed to be well accessible to the

peptides.

3.1.4 In-vitro glycation of HSA and fibrinogen

HSA (Sigma-Aldrich) (5 mg) was dissolved in D-glgeo solution (0.167 M in
phosphate buffered saline (PBS), pH 7.4) [81]. iRdgen (Sigma-Aldrich) does not dissolve
in water; therefore 2 mg of protein was layeredam of warm (37°C) saline solution (0.9%
m/v) consisting of D-glucose at a concentratiorDdf67 M [84]. This solution was gently
agitated till the material was dissolved and thenvas further diluted with PBS buffer
(containing D-glucose at a concentration of 0.16)7ifM1:1 ratio. Solutions of both proteins
were incubated under aseptic conditions for 28 dagy °C. Before further modifications and
tryptic digestion the glycated HSA and glycatedifibgen were purified by centrifugation
through a membrane (Millipore, cut-off: 3000 Da).
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3.1.5 Tryptic digestion of nonglycated and glycate#iSA and fibrinogen

HSA (1 mg) or fibrinogen (1 mg) was dissolved in05QL of denaturing buffer
consisting of 8 M urea and 0.5 M ammonium bicarlbenand was shaken for 30 min, at
37°C to denature the proteins. DTT (50 pL, 30 mMuson was added to break the
disulphide bonds (37°C, 4 h). After the solutionsweooled down, 25 puL 100 mM
iodoacetamide solution was added for 15 min in wesk to alkylate the cysteines. The
reaction was stopped by the addition of 50 uL 10@ Bamercaptoethanol and the mixture
was kept at ambient temperature for 15 min. Therstilutions of both proteins were put into
a Microcon-YM3 centrifugal filter tube (Milliporegand centrifuged at 13000 x g for 4 h. This
assured the removal of excess chemicals throughmiégrabrane (cut-off: 3000 Da). The
residues of the modified proteins were digestedh wigpsin to a protein ratio of 1:100 in 50
mM ammonium bicarbonate solution overnight at 37 T@e digestion was stopped by
evaporation under vacuum and the resulting digest redissolved in 5 pL water. The same
protocol was used for the glycated proteins. Figushows the photolytic digestion by trypsin
[85].

Ry

Trypsin

Figure 6: cleavage by trypsin

Trypsin is known to cleave proteins at the carbaigle of the arginine and lysine residues

except those that have a proline at their C-terh@nd [67].
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3.1.6 Recovery study of the phases

Into five 1.5 mL volume SPE cartridges (Alltech Edt-CleanTM SPE 1.5 mL
Reservoir, Alltech Associates, Deerfield, USA) 5 frmqm each SPE material was placed and
sealed with Teflon frits. All materials were washeih 2 mL tetrahydrofurane (THF), and
then with 1 mL methanol to eliminate the contamisatihat might have ensued from the
derivatization. This was followed by an activatistep; using 2 mL acetonitrile (ACN)
containing 0.1% trifluoroacetic acide (TFA). Théretparticles were rinsed with 2 mL of a
0.1% TFA in 50% ACN and the cartridges were eqalied with 2 mL 0.1% TFA in water.
Solutions (200 pL) consisting of three peptidesueakephalin, [Arfj-vasopressin and
angiotensin [) in different concentrations (10, 80¢d 50 pg from each) were loaded onto the
equilibrated cartridges. The permeate was colleatetithe cartridge was washed with 0.1%
TFA in water. The bound peptides were eluted wid BL 50% ACN containing 0.1% TFA.
To ensure the complete and quantitative removpkpfides the elution step was repeated and
the two fractions were combined. The solvent frdra breakthrough and the eluates were
evaporated under vacuum, the remaining peptides westissolved in 1 mL 0.1% TFA in
water and the solution of the peptides was analygdd HPLC. The separation of the three
peptides was carried out on a Kovasil ODS (C18)mool using gradient elution. Eluent “A”
was 0.1% v/v TFA containing 5% v/v ACN, while elaeéB” 0.1% TFA in 95% v/v ACN.
The gradient profile was: 0—6 min: 0% “B> 20% “B”, 6—20 min: 20% “B"— 38% “B”,
20— 22 min: 38% “B"— 60% “B”, 22—24 min: 60% “B”. The flow rate was:2lmLxmin™.

Chromatograms were monitored at 214 nm [85].

3.1.7 Adsorption of peptides on C30 and C60 silica

After the activation and equilibration, 3 mg of baf30-silica and C60(30) were incubated
overnight with a solution of Leu-enkephalin (0.1%ATin water) at different concentrations
ranging from 60 to 210 pg/mL under vigorous shakatg20°C. Then the particles were
centrifuged and the supernatants were analysed.

3.1.8 SPE of the digests

The tryptic digest (20 pmol) from HSA and fibrinogen 200 pL 0.1% TFA/water
were loaded onto the equilibrated particles, aedIRE tubes were washed three times with 1

mL 0.1% TFA/water to remove the non-bound peptiddse peptide pool was fractionated
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gradually with 5—-70% v/v of ACN/water with 0.1% TFAcreasing the ACN concentration
of the eluents with 5% in each step. From eachn¢l@80 pL was used. Fractions were
collected, evaporated, redissolved in 5 pL watel amalysed by MALDI-TOF/MS. For the

fractionations of the glycated protein digestssame procedure was done.

3.1.9 Enrichment of the glycated peptides using bonate affinity tips

Pipette tips containing 5 pL gel of immobilized miaophenylboronic acid with a
total volume of 200 pL (PhyTip 1000+ columns, Phyle San Jose, USA) were used for
the enrichment of the glycated peptides. After dehtion the tips were equilibrated with
binding buffer (150 mM NBECI and 50 mM MgS@ at pH 8.2). Glycated peptides were
diluted with the binding buffer and the solutionsaaspirated through the affinity gel. Then
the tips were washed with 1 mL of binding bufferreanove unselectively bound peptides,
and with bidistilled water to get rid of the reseduof buffer constituents. Glycated peptides

were eluted with 4x50 pL formic acid solution at gH

3.1.10 Preparation of different MALDI matrices

Three different matrices were compared for the saton of peptides. 2,5-
dihydroxybenzoic acid (DHB) was prepared in 20% WZN /0.1% TFA/ water at a
concentration of 25 mgxmt
Saturated solution af-cyano-4-hydroxycinnamic acid (CHCA) was prepanme imixture of
water and ACN 2:1 ratio containing 0.1% TFA.

2,4’ 6'-trihydroxyacetophenone monohydrate (THARgs dissolved at a concentration of 15
mgxmL* in 50% v/v ACN / 0.1% TFA/water.
The saturated solution of sinapinic acid (SA) wesppred in 50% v/v ACN and 0.1% TFA in

water for the ionization of proteins.

3.1.11 MALDI-TOF/MS analysis

All mass spectra were acquired in positive modé pitlsed ionisationk(= 337 nm;
nitrogen laser, maximum pulse rate: 50 Hz; maxiiménsity 20-30% of the laser for
peptides). Tryptic peptides were measured in refleacmode using a delayed extraction of
120 ns and were monoisotopically resolved.
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Proteins were measured in linear mode at a delay&dction of 550 ns. The accelerating
voltage was set to +19 kV, the reflectron voltageswset to +20 kV. Spectra of peptides and
proteins were the sum of 1000 shots on the samelsapot, external calibration was used.
Data processing was executed with Flex Analysisasot packages (version: 2.4.). For the
in-silico digestion Sequence Editor software (BruRaltonics) was used with the following
criteria:

0] all cysteines (C) were supposed to be treatedindtbacetamide,

(i) monoisotopic masses were allowed and

(i)  the maximum number of missed cleavage sites was two

3.2 Material and methods for experiments of the baoate affinity
chromatography

The second part consists of the description ofrtieumentation and methods of the

optimization and application of boronate affinityriehment of the glycated peptides.

3.2.1 Materials
Acetonitrile (ACN), methanol (both gradient grade)man serum albumin (HSA, 97-99%),

ribonuclease A (RNase, from bovine pancrea88,%), trifluoroacetic acid (TFA399%),a-
cyano-4-hydroxycinnamic acid (CHCA&99 %), 2,5-dihydroxybenzoic acid (DHB99%),
sinapinic acid (SA299%), D/L-dithiothreitol (DTT>99 %), taurineX98 %), iodoacetamide
(=98 %), 2-mercaptoethanad8 %), ammonium bicarbonate9® %) were purchased from
Sigma-Aldrich (Budapest, Hungary). D-glucose morarhye (puriss), D-sorbitol (puriss)
urea, sodium hydroxide (analytical grade), magmesulfate (analytical grade), ammonium
hydroxide (25 %, analytical grade), toluer89 %) and tetrahydrofurar99.8 %) were from
Reanal Finechemical Co. (Budapest, Hungary). Foauid (98-100%) was bought from
Scharlau Chemie S.A. (Barcelona, Spain). Peptideration standard (consisting of
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bradykinin, angiotensin Il, angiotensin I, subs&fg renin substrate, ACTH clip (1-17),
ACTH clip (18-39) and somatostatin) and proteinkration standard (consisting of
trypsinogen, protein A, BSA, BSA-dimer) were ob&drfrom Bruker Daltonics (Bremen,
Germany). Trypsin (sequencing grade, modified) prasided by Promega Corporation
(Madison WI, USA). Bidistilled water was prepar@&dour laboratory.

3.2.2 Instrumentation

An AUTOLAB12 electrochemical workstation controlledith GPES software
(version 4.9.009 for Windows, Eco Chemie, Utredlgtherlands) served as an amperometric
measurement instrument. A homemade flow injectimalyssis (FIA) manifold [87] was used
for amperometric glucose analysis of eluted samp@lesall-jet-type detector cell containing
working, counter, and reference electrodes wasexppi the manifold (Figure 8). A platinum
wire of 1 mm diameter served as counter electradalid a silver wire for semireference. A
copper microdisk working electrode of 30 um diameted 0.1 M sodium hydroxide carrier
solution was employed in the FIA glucose measurésnen
For analyzing glucose samples obtained with sdrkitdion from the boronate affinity tips,
amperometric glucose biosensor was used. The redspa selective biosensor needed to be
employed is that sorbitol also reacts to coppecteddes in basic media; therefore, its
oxidation current would have interfered in the cadeFIA measurements. The glucose
electrode was prepared in our laboratory by imnmhbgd glucose oxidase enzyme on a
platinum disk surface (diameter) of 1 mm [88]. Trheasurements with the biosensor were
carried out in intensively stirred phosphate buffgf 7.4). Buffer (5 ml) was pipetted into a
small beaker used as measurement cell, small @dészdibrating standards or samples were
added, and the amperometric current at 0.65 V AgAQCI reference) was taken for

calibration or concentration evaluation.
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Figure 8 The walljet type detector cell arrangement [88]

For the presentation of the MALDI and HPLC instruntsesee section 3.1.1.
The p-LC device consisted of an Ultimate u-HPLC pumith column oven, a Switchos p-
column-switching device with loading pump and tw@-dort valves, and a FAMOS -
autosampler (LC Packings, Amsterdam, Netherlartdigdhenation to the mass spectrometer
was carried out by a nanoflow electrospray ionoratisource from Proxeon (Odense,
Denmark) with Pico Tips from New Objective (FS36D-0, Woburn, MA, USA). Mass
spectrometric data were obtained on the lineatram LTQ mass spectrometer from Thermo
Fisher Scientific (Waltham, MA, USA). A databaseamé was carried out with
BioworksBrowser 3.3.1 SP1 (Thermo Fisher Scientiéind Sequest against the Swiss—Prot

database.

3.2.3In-vitro glycation of RNase A and HSA

Glycation and the purification after glycation o6& and RNase A were implemented
the same way as described in section 3.1.3. al@&tje $olutions of RNase A were incubated
for 14 days, whereas solutions of HSA were incuthdbe 12 and 28 days. Incubations were
carried out under aseptic conditions at 37 °C.

In-vitro glycated HSA can be glycated-vitro range from minimal levels (<10 mol
modification sites per mol protein) to high levéB0-40 mol modification sites per mol
protein). Highly glycated HSA is the better modeinvestigate the possible glycation sites of
the HSA for patients suffering from type 2 diabeteslitus [67].
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3.2.4 Optimization of composition of binding bufferand circumstances of elution

using amperometric method

In thefirst experiment, an ammonium chloride solution at a concentratib50 mM
was prepared and the pH values of this solutioreveeljusted by adding ammonia to obtain
binding buffers with pH values of 7.4, 7.8, 8.25,8.0, and 9.4. Each solution contained 50
mM magnesium sulphate. After rehydration borondtfieity tips were equilibrated with the
binding buffers mentioned above, 0.01 mol D-gluceses dissolved in 10 ml of binding
buffer and the solution was aspirated through theity gel. This was followed by a washing
step using binding buffer to eliminate the nonboghdatose. Finally, the elution of the bound
D-glucose was carried out using 200 pl of formid aolution with a pH value of 2.0. In the
next experiment the pH was kept at a constant level and the cdratéon of the ammonium
chloride was changed from 50 to 300 mM. Then 0.@1 Brglucose was again dissolved in
solution and aspirated through the gel slab oftipe. Elution of the bound glucose was
implemented using 200 ul of formic acid solutiorpkit 2.0.

From these experiments, the binding buffer in whilel tip possessed the highest
binding capacity toward glucose was chosen anceliion was investigated using formic
acid from pH 2.0 to pH 5.0. Additional experimefasthe optimization of the elution include
the use of sorbitol at higher concentrations toaenD-glucose from the boronate affinity
tips in the range from 0.1 to 1.6 M. It is impoitém mention that the presence of sorbitol had
no disturbing effect on the amperometric measurememied out with the glucose biosensor.
Water from the eluates was evaporated under vacanththe remaining solid was taken up
in 100 ul of double distilled water and analyzednbyans of the amperometric method using

either a wall-jet-type detector or a biosensor.

3.2.5 Isolation and purification of HSA from serum samples obtained from
patients suffering from type 2 diabetes mellitus ad from healthy volunteers.

Human sera taken from diabetic patients and heathynteers were diluted 20 times
with double distilled water, and then 2 ml of te@ution was centrifuged through a Centricon
Ultracel YM-50 centrifugal filter tube (Milliporeat 5000g for 20 min (cutoff: 50,000 Da).
This centrifugation ensured the removal of serumstituents with masses less than 50,000

Da; this step helped to prolong the lifetime of Rie-HPLC column. Proteins remaining on

36



the filter were further diluted with double distitl water 20 times, and the HSA was separated
on a Kovasil MS-C18 non-porous column (Zeochem Aé&tjkon, Switzerland).

Eluent A consisted of 5% (v/v) ACN in water and%.TFA, and eluent B consisted of 95%
(v/v) ACN and 0.1% TFA. The gradient profile was:20 min, 0% B-»60% B; 20-25 min,
60% B—100% B. The flow rate was 0.7 ml x rffinChromatograms were acquired at 214

nm. Fractions collected from sera were evaporatethiness before digestion.

3.2.6 Tryptic digestion of glycated HSA and RNasA
The tryptic digestion of 1mg HSA, 1mg RNase A (SégAldrich) was carried out

similarly to the way described in section 3.1.5\&bhdn the case of HSA isolated from sera,
approximately 300 pg of proteins was in-solutiogedited using the protocol described

above.

3.2.7 Enrichment of glycated peptides using boronataffinity tips

Pipette tips containing 5 ul of gel of immobilizedaminophenylboronic acid with a
total volume of 200 ul (PhyTip 1000+ columns, Phydde San Jose, CA, USA) were used
for the enrichment of the glycated peptides. Afedrydration, the tips were equilibrated with
binding buffers. The digest of 100 pg of proteior(each protein) was dissolved in the
binding buffer, and the solution was aspirated ufgiothe affinity gel. Then the tips were
washed with 1 ml of binding buffer to remove unsgiely bound peptides. This was
followed by an additional washing step with doudistilled water to eliminate the trace of
salts presented in the buffer if the elution wasied out using formic acid. Glycated peptides
were eluted with 4x 50 pl of formic acid solution@d 2.0. Elution of the bound glycated
peptides has also been accomplished using sodiitbigher concentrations. In the case of
elution with sorbitol, prior to MALDI measuremenhet glycated peptides needed to be
desalted using different sorbents (see 3.2.8).

3.2.8 Desalting of glycated peptides eluted fromps with sorbitol

For the desalting of glycated peptides eluted fbmronate affinity tips, three different
solid phase extraction (SPE) sorbents were compétest 5 mg from fullerene-derivatized
silica particles made from a silica with a porenager of 30 nm (C60(30) silica) and 5 mg
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octadecyl silica (C18 silica) was packed in SPHrichyes (Alltech Extract—Clean SPE 1.5 ml
reservoir, Alltech Associates, Deer-field, IL, USA)e activation and equilibration method
were the same as described in section 3.1.6. Blatidhe bound peptides was implemented
with 300 pl of 80% ACN and 0.1% TFA in water. THaate was evaporated to dryness, and
the peptides were taken up in 5 pl of 0.1% TFA aulde distilled water. Then 1 pl of this
solution was deposited on a stainless steel tangetd with 1 pl of matrix.

The desalting of glycated peptides was also caroedusing the commercially available
ZipTip (Millipore). For the activation, equilibratn, and elution, the same conditions were
used as for the C60(30) and C18 silica materiadsthe case of ZipTip, the eluate was
deposited directly onto a stainless steel targédt il of 80% ACN and 0.1% TFA in water
and then mixed with 1 pl of matrices and analyzed.

3.2.9 Preparation of different MALDI matrices

Two different matrices were compared for the iotiara of glycated peptideDHB
was prepared in 20% (v/v) ACN and 0.1% TFA in watea concentration of 25 mgxmlA
mixed matrix consisting of DHB and CHCA was also recommendedtfie MALDI-TOF
analysis of glycated peptides [28]. CHCA (2 mg) wigssolved in 100 ul of 70% ACN and
5% formic acid. In addition, 2 mg of DHB was dissad in 100 pl of 70% ACN and 0.1%
TFA, and these two solutions were mixed in a 1tibra
For the measurement of glycated proteins, a saui8A matrix was prepared in 50% (v/v)
ACN and 0.1% TFA in water.

3.2.10 Conditions of electrochemical measurements

When using awvall-jet-type detector cell in flow injection analysis (FIA) mode, the
electrochemical measurements were made in 100 nuirsohydroxide solutions at a flow
rate of 2 ml x mift. In the case of using anzyme sensgrthe glucose measurement was
carried out in a 10 ml electrochemical cell applyathree electrode cell ensemble. Then 5 ml
of isotonic PBS buffer (pH 7.4) was pipetted irte tell. During the measurement, 0.65 V of
working potential was used while the electrolyteiBon was stirred continually.
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3.2.11 MALDI-TOF/MS conditions

For the description of the MALDI measurements afteins and peptides see section
3.1.11 above.

3.2.12 pLC-MS conditions

A poly(p-methylstyrene-co-1,2-bis(p-vinylphenyl)atte)-based monolityc stationary
phase [89] was used for the separation of the geptiof digests. The separation was
performed under reversed phase conditions withneél®e(0.1% formic acid in water) and
eluent B (0.1% formic acid in 30% ACN) at a flowteaf 1 pl x mifi- and 40 °C. A linear
gradient (0-50 min: 0% B60% B) was used. Mass spectrometric measurememns we
performed in positive ESI mode. The source voltage adjusted at 1.4 kV, the capillary
temperature was kept at 220 °C, the capillary galtaas at 37 V, and the tube lens was set at
94 V. When analyzing the results with Sequestfalewing parameters were adjusted:

I. carbamidomethylation on cysteine (C) as fixed modifon
II. 144 and 162 (fragments of glucose) variable maatitns at lysine (K) and arginine
(R)

lll. three possible missed cleavage sites were allowed.
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4. Results and discussion

4.1 Results of the solid phase (SPE) experiments

The first part of the results and discussion ineslthe achievement of the solid phase

extraction, recovery of the solid phases and foaetiion of the glycated peptides.

4.1.1 Comparison of the phases — recovery study (gotitative evaluation)

To identify the binding capacity of C30 and C60(8®) particles were incubated with
a solution of Leu-enkephalin at different concetidras under vigorous shaking at 20°C. Then
particles were centrifuged and the supernatant® wealyzed. The concentrations of the
supernatants represent equilibrium values withatieorbed Leu-enkephalin. A calibration
curve was plotted by the measurement of standduticsus of Leu-enkephalin = 0.9899)
at 232 nm employing UV-Vis spectrophotometry. Thsaaption isotherms can be depicted
plotting the concentrations of supernatantg@xpressed in pg x i) against the adsorbed
amount (mgs expressed in pug) (Figure 7/A). Data points fé theoretical adsorption model
of Langmuir with an excellent linear regressiord €R0.994 for C60(30) and C30-silica, both)
when plotting Gqu against Gq/mads (Figure 7/B) [23]. The binding capacities wereccddted

from the reciprocal slope of the lines [86].

Figure 7. (A) Adsorption isotherms of Leu-enkephalin measuoedC30-silica and
C60(30) at 25°C. (B) The linearised forms of thatherms. The reciprocal slope of the lines
gives the binding capacity of the phases in saturat
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To characterise thesorption behaviour of the phases a mixture of three peptides
([Arg®-vasopressin, Leu-enkephalin, angiotensin 1) weedéd onto the cartridge in three
different concentrations (10, 30 and 50 ug). Pegtipresented in the eluate and breakthrough
were measured. Table 1 shows data on the recowarteshe amount of peptides lost during
the whole procedure that enabled the quantitatieterchination of the analytes.
Fullerene(C60)-silica prepared from 30 nm pore siiea material, C60(30) has proven to be
the best (Table 2), in so far as no peptides cbaldetected from the breakthrough, by 10 ug
loaded from each peptides. For vasopressin 66.2%amivery was received indicating that
33.8% of the loaded peptide was lost through tmepsa preparation. The same conclusion
can be drawn for each phase. For instance, indgke of fullerene(C60)-silica made up from
10 nm pore-size silica gel (C60(10)) the recoveryasopressin was found to be 23.7%. In
the breakthrough, 40.7% of 10 ug could be meas(64d% of the total amount). C60(30)

provided 94.7% recovery for angiotensin |, and 86f8r Leu-enkephalin.
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c18 c30 C60(10) C60(30) C60(100)
10pug eluate BT eluate BT eluate BT eluate BT eluate BT
RSD RSD RSD RSD RSD RSD RSD RSD RSD RSD
Mg % o MO % o | EJHI % oy J MG % o FEJ MG % o [ M9 % o | EJHI % oy JHD % o JEJHI % o JHO % o | E
[ArgB]—vasopressin 1.7 17 1 56 56 8 |-27 144 44 8 |28 28 2 )-28)124 24 9 41 41 6 |-35)|166 66 8 |nd - - 34155 5 8 12 12 2 |33
Leu-enkephalin 26 26 7 76 76 10 |+2 |71 71 6 |30 30 2 |+1 |67 67 2 54 54 10 |21 195 95 8 |nd - - 15 88 88 7 30 30 5 |J+18
angiotensin . 25 25 2 39 39 3 |-36181 81 4 15 15 10 }4 46 46 2 45 45 3 |9 86 86 7 |nd - - 14179 79 1 06 6 8 |-15
30ug eluate BT eluate BT eluate BT eluate BT eluate BT
RSD RSD RSD RSD RSD RSD RSD RSD RSD RSD
Mg % oy JH9 % o | EJHI % oy | MG % o | EJ Mg % o M9 % o | EJHI % oy JHG % o FE|HI % o JHI % o | E
[Args]-vasopressin 73 24 2 94 31 3 |-45]120 40 2 |71 24 5 })36]129 10 4 |J165 55 10 |-35]130 43 6 54 18 1039179 26 9 94 31 8 |43
Leu-enkephalin 13.2 44 10 |136 45 9 |-11]21.2 71 1 |J10.1 34 10 |+5 J10.0 33 4 ]238 79 7 |+12]156 52 10 J10.2 34 2 [|-14 ]|16.0 53 7 ]16.3 54 5 +7
angiotensin . 171 57 10 | 6.1 20 4 |-23]246 82 10]29 10 6 |8 54 18 1 ]242 81 9 |1 |201 67 3 |40 13 2 J20|132 44 3 96 32 10 |-24
50ug eluate BT eluate BT eluate BT eluate BT eluate BT
RSD RSD RSD RSD RSD RSD RSD RSD RSD RSD
Mg % o MO % o | EJHI % oy f MG % o FEJ M % o [ M9 % o | EJHI % oy J MG % o JEJHI % o | HO % o | E
[Argg]-vasopressin 97 19 1 |331 66 8 |J-15 135 27 5 |144 29 9 |J44]128 6 4 ]316 63 8 |-31)16.7 33 10 |179 36 10 }31]81 16 7 279 56 9 |28
Leu-enkephalin 182 36 1 |248 50 3 |-14]1322 64 2 |132 26 9 |10]122 24 4 ]403 81 10 |+5 J155 31 7 258 52 2 [|-17|185 37 3 ]|233 47 1 |16
angiotensin 1. 240 48 8 355 71 3 |+19})30.7 61 1 |94 19 9 |-20181 16 3 J40.2 80 2 |4 |269 54 5 |146 29 10 |17 )16.2 32 3 |220 44 6 |-24

Table 1 Recovery study using different SPE materials

Each solution was three times loaded and measuredah phase. BT, Breakthrough; E (%), Error; mok detected.
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Specific Pore Surface

Phases Pore size surface area volume coverage
(nm) (mxg?)  (mlxg?)  (umolxm?)
Kovasil 110 C18 7.1 200 0.48 3.76
Kovasil 160 C30 9.6 155 0.49 3.79
Kovasil 100 C60 0 265 0 0.88
ProntoSil 300 C60 13 114 0.3 2.91
GromSIL 1000 C60 n.m. 32 n.m 2.27

Table 2 Properties of the investigated phases

Among fullerene-derivatised silica materials theoneeries of all peptides are the lowest for
C60(10), due to the obstructed pores and consdgueetlack of pore volumes. It is worth
noting that the recoveries for C30-coated partiecled for C60(100) particles are similar,
despite the fact that the surface area of C3Casiiapproximately five times higher than the
surface area of fullerene C60(100)-silica. The wadsr that is the different selectivity of the
C30 moieties and the spherical C60 attached tsilica. In contrast to C60 phases recoveries
decrease only slightly on C30-silica, witch is eped by the different sorption behaviour of
the two packings: the binding capacity of C30 phaisgasses the binding capacity of C60
phase (Figure 7/A). The binding capacity of C60(80)31.5 mgxg, which confirms a
previously published result obtained for phosphdtipep (33.6 mgxg) [42]. This value is
153.9 mgx{ for C30-silica showing a five times higher bindicapacity.

Table 1 shows that for all materials recoveriesvdtically decrease if the cartridges are
overloaded with peptides (50 pg from each). Comsidehe results provided by this recovery
study a considerable attention must be paid tohgftgophobicity of the authentic peptides

used in this study in comparison with the hydropbgiroperties of the investigated SPE
materials. Overall, for the most hydrophilic [Afyasopressin among all the investigated
phases the best recoveries could be achieved G&§0(B0) as SPE material. This supports the
observation that the presence of fullerene attathiélde silica support provides material with

excellent hydrophobic properties, thus enabling bireding of very hydrophilic peptides.

Angiotensin |, the most hydrophobic peptide couddrecovered in the highest amount from
the phases derivatised with long alkyl moietiekse(lC18 and C30), nearly independent of the

loaded amount. In the case ©60-silicas it is noteworthy, that at 10 pug from each peptide
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loaded onto the cartridges, Leu-enkephalin hadebeticovery than the more hydrophobic
angiotensin I. When overloading C60-silicas with 83d 50 pg peptides, respectively,
angiotensin | possessed better recoveries tharehkephalin. To explain the reason behind
this phenomenon it can be assumed that at 10 lgeopeptides (when the phases are not
overloaded) the accessibilities of the two-time rdro Leu-enkephalin molecules to the

spherical fullerene molecules are not as hindeseghgiotensin |.

4.1.2 Comparison of the phases based on the sequermverage of HSA and

fibrinogen digests received after stepwise SPE fréonation

Three MALDI matrices were tested for sequence ayerof an HSA digest. For
comparison of the experimentally measured andlicesjenerated masses (allowing 50 ppm
mass tolerance) Boddi et al. developed a softwatenables the comparison of two series of
masses within a mass tolerance of 50-150 ppm tiotiaé sequence of the protein is known, it
is also possible to calculate the sequence coveshtjee protein from data provided by the
PMF (www.fraki.lgx.hu.

Matrices prepared as described in Section 3.1.1@ wixed with 20 pmol HSA digest on a

stainless steel target and analysed. Allowing 56 ppass tolerance 38.6% of sequence
coverage was calculated, fHCA was used. In case of adjusting 150 ppm error fasan
tolerance the sequence coverage only irrelevamttreased (42%), indicating that the
MALDI measurement was accomplished accurately.

THAP, a matrix being frequently used for the ionisatodrglycopeptides [26] was also tried.
For the rough crystals of THAP, high laser enegyequired, which results in higher mass
errors, e.g.: at 50 ppm mass tolerance the sequen@rage of HSA (20 pmol) was only
47%, however, it increased to 68% when 150 ppmdale was permitted.

For the digests of HSA and fibrinogddHB has proven to be the optimal matrix because of
the fine, needle-like crystals that can be excitgd low energy of a laser beam. This offers
good resolution and reliable measurements withroegamass accuracy: when 50 ppm of the
tolerance was allowed, 69% of the sequence coveveage achieved, by increasing the
tolerance to 150 ppm, the sequence coverage wasl flaube 71.5%. Due to the favourable
properties of DHB, this matrix was further used ttoe MALDI analysis of both unmodified

and glycated protein digests.

44



Digests of HSA and fibrinogen wereactionated on each SPE material Results are
reported in Table 3. In the case of fractionatib2@® pmol HSA digest, C18- and C30-silicas
provide better coverages than the C60-silica maltem so far as 80.5% of the amino acids of
HSA was identified after separating the peptide€a&8-silica particles. This was found to be
80.7% on C30-silica, respectively. C60(30) enalhedidentification of 70.8% of the amino
acids of HSA.

Fibrinogen is a glycoprotein with a molecular weigh about 340 kDa. The molecules are
comprised by two sets of disulphide-bridged ABp- and c-chains and play an important role

in blood clotting [90].

HSA Fibrinogen total coverage of

fibrinogen
Aa BR c
digest 71.5% 56.2% 62.3% 30.5% 50.4%
C18 80.5% 51.7% 44.0% 24.3% 41.5%
C30 80.7% 62.4% 63.6% 37.1% 55.6%
C60 (10 nm) 64.7% 45.8% 31. 6% 27.6% 36.2%
C60 (30 nm) 70.8% 59.5% 63.1% 64.9% 62.2%
C60 (100 nm) 56.4% 50.6% 51.5% 24.5% 43.4%

Table 3. Sequence coverages achieved on the phases bgriedion of 20 pmol HSA and
fibrinogen digest

By the fractionation of the digest on C18-silicala®60(100) materials provided very
similar results concerning the total coverage bfifiogen (41.5% vs. 43.4%), however for
BB-chain a slightly better result was achieved on(C60).

While for both C30-silica and C60(30), the sequetmeerage results were the same for A
and B3-chains an outstanding value for c-chain (64.9%% wahieved on C60(30), which
raised the total coverage up to 62.2%.

As concluded, peptides of a tryptic digest compgsmainly hydrophilic amino acids are
capable of binding stronger on a C60 derivatiséidasmaterial. The length of the peptide
does play an important role because those peptioiesisting of more amino acid residues
have better access to the alkyl moieties — anctthies they generated stronger interactions —
than to the spherical C60 molecules. Due to higbestentage of the aromatic amino acids in
the c-chain of fibrinogen (11.26% of the total amiacid residues) the—m interactions

between the peptides and the fullerene play mop®itant role than in the case ofiAand
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Bp-chains (6.37 and 7.74% of the total amino aciddress). Then—r interactions must be
responsible for increasing the sequence coveragebéin when the peptides are eluted from
C60(30). Based on the results reported in Sectldhd and 4.1.£30 silica andC60(30)(the
best two) SPE materials were used for the analgtgtycated HSA and fibrinogen tryptic
digests.

4.1.3 Identification of the possible glycation site of HSA and fibrinogen after
fractionation —comparison of the results provided §§ SPE experiments to
boronate affinity chromatography

In hyperglycaemia HSA, the most abundant protein serum can be non-
enzymatically glycated via its basic amino acididess. Glycated HSA is an excellent
marker in diabetes and it can be used as a mid-tewex of glycaemic control
(approximately 20 days half-life). The role of ghyed HSA in the identification of different
stages of diabetes is clarified. The possible gignasites of HSA (Figure 9) have been
extensively studied with a number of methods inclgd.C-MS and LC/off-line MALDI [50,
53, 54, 55, 67].

The applied SPE/off-line MALDI methods using noy#ases made a comparison of the

phases possible, using methods published for gigddSA.

Figure 9: Lysines (K) and arginines (R) in HSA, there dre possible glycation sites of the

human serum albumin [67].
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Fibrinogen may significantly contribute to an increased mélcardiovascular disease
in patients with diabetes both in that they gemgiadve elevated fibrinogen levels and that
fibrinogen undergoes non-enzymatic glycation in phesence of uncontrolled blood glucose
levels in the diabetic subjects. This glycation @dter the structure and function of the
fibrinogen; therefore it is important to gain infieation about the possible glycated sites of
this protein. Moreover, the analysis of fibrinoggmotein with a higher molecular weight,
(glycated sites never studied before) emphasizess#iectivity differences between the
phases.

Although several advanced glycated end productsH)Aave been described, in this work
the identification of Amadori products (glucose pwmliles react with free amine groups
forming glycosylamine residues through a reversgstecess, and later the glycosylamine can
undergo an Amadori rearrangement to form a stabletdsamine residue (Figure 10)) and

fructosil-lysine were the object of the investigati

Lo 0 |

| H Ho Il H H H C=0 OH
HC—(CHy), —N—C —C—C—C—C—CH,OH | | H

[ [ HC—(CH,), —N=C—C=C—CH—C—CH,0H
NH OH OH OH [ H H o |

‘ NH OH OH

|
Fructosyl-lysine )
(FL, AM=162.0528 Da) Fructosyl—lysme-l H20
(FL-1 H,0, AM=144.0423 Da)

Figure 10: Structure of the Amadori Compounds formed on tisenky of the protein
[67]

Figure 11 shows the workflow elaborated for theestigation of the glycated residues.
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Figure 11: The elaborated workflow for the investigation dfaated peptides with SPE

Condensation of a glucose unit on an amine groupesal162.05 Da mass increase of
a tryptic peptide if only one residue in the peetid glycated. The masses iofsilico
digestion were enhanced with 162.05 Da and comptoethe measured masses of the

glycated fractions with a mass tolerance of 100 pp6h

The effects of non-enzymatic glycatioron the molecular weight on HSA and fibrinogen are
shown in Figure 12. In the case of HSA nearly 5 kbass shift was measured similarly to
Brancia et al. [92]. Calculating on the basis abtmass shift between non-glycated and
glycated HSA, on the average 31 glucose units vienaed to be condensed on an HSA
molecule. Boronate affinity tips were used for #stective enrichment of fibrinogen from a
saline solution, to gain a better determinatiorhwMALDI despite the poor solubility and
high molecular weight of this protein. The bounadtpm was directly eluted onto a target
with formic acid. The mass received (Figure 12/€xonsistent with that described in the
literature [95]. In contrast to HSA, the mass dirifiogen is reduced during the glycation
(Figure 12/D). This can be ascribed to the shdftltia of the fibrinogen (4 days) [94].
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Figure 12: Comparison of unglycated (A) with glycated (B) H&Ad unglycated (C) with
glycated (D) fibrinogen. Each spectrum was mondarelinear mode and is a sum of 1000

shots. The applied matrix was SA.

Figures 13 and 14 demonstrate tinluence of fractionation on the identification of
glycated peptides. Figure 13/A is a part of thecspen of the glycated HSA digest ranging
between 1500 and 2000 Da. This complex mixture eyftides was loaded onto C60(30)
particles and the peptides were stepwise eluteld ant increasing amount of ACN. Figure
13/B is a spectrum showing peptides eluted with 20f9ACN. A peptide at 1628.85 Da
appeared in the fraction at high intensity. Theyvietense signal that is suppressed in the
unfractionated digest made it possible to acqtiecappropriate PSD spectrum (Figure 13/C).
The presence of the two distinctive peaks generétedheutral losses supplied further
evidence for glycation at 1508.8 and 1466.7 Dath&tC-terminus of this peptide an arginine
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is localised resulting in y-type ions in larger ptgiion. This peptide modified with a glucose
unit at K475 has a sequence of VTKCCTESLVNR atpbsition of 473—-484 of the HSA.

Figure 13: SPE of a glycated HSA digest on C60(30). (A) Uctinated digest of HSA, (B)
peptides released when 20% of ACN was employednaslent. Peptides assigned with
asterisks are glycated. (C) PSD spectrum of aeiglylcated peptide at m/z 1628.85. For the
parent ion 1000 shots were collected. The peak/atl466.71 was formed by a neutral loss
of dehydrated glucose (—162 Da), the other distiagbeak at m/z 1508.81 is a result of a
neutral loss of a fragment of glucose (—120 DagcBp A and B were collected in reflectron
mode. For each spectrum 1000 shots were acquitesl.a$signed y-ions in the low-mass
range provide structural evidence for the sequeibe. matrix applied was 2,5-dihydroxy

benzoic acid. The presence of y-type ions refeteagarginine-terminated peptide.
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Figure 14: SPE of a glycated fibrinogen digest on C30-sili@s). Unfractionated digest of
fibrinogen, (B) peptides released when 10% of ACBsvemployed as an eluent. Peptides
marked with asterisks are glycated. (C) PSD specwotia double glycated peptide of the c-
chain at m/z 1672.88. For the parent ion 1000 sietg collected. The peak at m/z 1510.88
was formed by a neutral loss of dehydrated glu¢e4é2 Da), the other distinctive peak at
m/z 1553.27 is a result of a neutral loss of arfragt of glucose (—120 Da). The presence of
y-type ions in the low-mass range of the spectrumroborates the identified sequence.
Spectra A and B were collected in reflectron moéet each spectrum 1000 shots were
acquired. The applied matrix was 2,5-dihydroxy lmenacid.

Although the spectrum of a glycated fibrinogen digeeaction from C30-silica seems
to be more complex, between 1600 and 1700 Da twiitiadal glycated peptides can be
successfully detected. The peptide at 1672.8 Oiariker studied by its MS/MS spectrum.
The corresponding peaks — indicating the neutisdde of the dehydrated glucose (-162 Da)
and its fragment (—120 Da) appear at 1510.8 and3.B5Ba, respectively (Figure 14).
According to the MS/MS spectrum of this modifiedoppde a double glycated peptide of the
c-chain with the corresponding sequence of KTTMIKINR at the position of 407-417 has
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been identified. Modifications with two glucose tsnare at K407 and K411, respectively.
The sequence of this peptide is verified by thoggpg fragments in the low-mass range
(Figure 14/C).

Boronate affinity chromatography is a useful tool for the enrichment of glycated
and/or glycosilated proteins and peptides [69]. Glyeated peptides captured using boronate
affinity PhyTip 20 pmol glycated HSA digest (Figuts/A) and from 20 pmol digest glycated
fibrinogen (Figure 15/B) are shown. As shown inufgg15/A, the most prominent, assigned
peaks belong to 11 single glycated and 3 doubleaty peptides. However, a considerably
higher number of modified peptides has been magut¢ior details see Tables 4, 5, 6 and 7).
For instance, the most abundant peak appearingdzal 160.40 is a double glycated peptide
where the possible glycated sites are K199 or K&0R209. In addition, K276, K525 and
K545 are considered to be privileged glycationssite agreement with the fractional solvent
accessible surface values calculated by molecutatetting [95]. K276 is a modified residue
of a double modified peptide detected at m/z 187 0while K525 and K545 were monitored
from a single and a double glycated peptide medsuarerder at m/z 1290.48 and 2464.75.

Figure 15/B shows glycated peptides captured byriade affinity tips from 20 pmol
digest of glycated fibrinogen. AlthoughoAchain is the largest part of this glycoprotein and
from the minor peaks several possible glycated sitve been calculated, the most intensive
peaks of this spectrum can, as a rule, be assignitb@ double and single glycated peptides of
BB- and c-chains of fibrinogen. The peak appearingn&t 1672.82 is a double glycated
peptide of c-chain (KTTMKIIPFNR) having a locatiaf [407-417] and probably modified
at K407 and K411. K411 as a possible glycatedisitarther confirmed by the presence of a
single glycated peak of c-chain at m/z 1382.72 (KIAFNR) at the location of [408—417].
Evidence for the modification of K411 is provideg the corresponding PSD spectrum.
Taking into account the number and the intensitthefmodified peptides offBchain and c-
chain of this protein, B and c-chains seem to be most accessible for noyr®atic

glycation process.
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Figure 15: Boronate affinity capture of glycated peptides.) (Blycated peptides after
selective enrichment from 20 pmol glycated HSA digéB) Glycated peptides after selective
enrichment from 20 pmol glycated fibrinogen digespectra were monitored in reflectron
mode. Each spectrum is a sum of 1000 shots. Thexnagiplied was 2,5-dihydroxy benzoic

acid

Table 4 below summarises all possible single gbataites of HSA obtained on C30-
silica and C60(30) and compared with the unfraetied digest and boronate affinity. Sixty-
nine possible glycated sites (arginine and lysineje successfully identified. Fifty-nine of
these have been described in the literature [67,921 93]. Data obtained from SPE
experiments made it possible to recognise glycdtiahcould not be detected from the digest.
Peptides with two modified sites were also deteedimnd no additional glycation were
found. As long as from the digest 6 double modifgeptides were only measured, 11

peptides with 2 modified residues were bound bath G80-silica and C60(30). Using
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boronate affinity 14 double glycated peptides haseen identified (these data are not reported
in detail). Ten unknown modification sites haverbagentified.

D C30 C60 B D C30 C60 B
[ 1-10] K* or R + [258-274]  K*2or K74 + o+ + o+
[ 5-12] R%or K™ + [263-276]  K**or K*™® + + +

[ 11- 20] K™ or K® + + + [275-286]  K*® or K*' or K**® + +

[ 13- 20] K% + [277-286]  K*'or K**® +
[ 65- 81] K™ or R® + o+ [314-323] K*¥ ork*® + o+ +

[82- 93] K% + [318-336]  K**or R*® +

[ 82- 98] K* or R® + o+ [318-337]  R**®or R® +
[ 94- 98] R% + [324-336] R*® +

[ 99-106] K1 + [338-348] R*® + + o+
[107-114] R™ + [349-359]  K*'or K*° + o+

[137-144]  KY¥ or R* + o+ + [352-359]  K*° +

[137-145] K or R™ or R™® + [403-413] R*°ork*® + +
[138-144] R% + [403-410] R*° + + +
[145-160] R orK™orR™  + + [403-414]  R*or K*® or K** + +
[146-160] K or R*® + [411-428]  K*3or K™ or R*®

[160-174]  R™ or K" or K™ + [414-428]  K**or R*® + + +
[161-174]  K'2or K™ + o+ + [415-436]  K*2or K*® +
[175-186] K™ or R*® + o+ + [429-439]  K*2or K*® or K** +

[187-195]  K'®or K'* + [433-444]  K**®or K** or K**

[187-197]  K™®or K or R’ + [437-444]  K** or K™

[191-197] K or R*’ + + o+ [437-445]  K*° or K™ or R*® +
[196-205] K or K**® + o+ [467-484] R*2orkK*®orR*®™ +  + +
[198-205]  K'*°or K**® + [473-484]  K*® or R*®

[198-209] K™ or K*® or R*® + [501-521] K orR** +

[200-209]  K*®or R*® + o+ + 4 [520-525] R orK®ork®®  +

[200-212]  K*® or R™ or K*2 + [625-534] K% or K** + + + +
[206-218]  R*® or K**? or R*® + + [635-541]  K**® or K®* or K** +

[210-218]  K**2or R*® + o+ + o+ [539-557] K> or K** or K>

[210-222]  K*2 or R*® or R? + [558-564]  K**° or K + +
[213-222] R*®or R + [658-573] K*®orK®orK®™  +

[219-225] R or K + + [561-574]  K*®* or K or K*™ + +
[219-233]  K*® or K*# + + [565-574] K or K

[226-233]  K**® + + [574-585] K™ + + + +
[226-240]  K**®or K** + +

Table 4. Monitored glycated residues located on HSA
The positions of detected peptides are given irckais. D, digest; C30, C30-silica, C60,

C60(30); B, boronate phase. Bold type indicatesghainknown modification sites.

Table 5 below demonstrates theodified residues of fibrinogen In the sequence dfa-
chain 72 modifications were found but from the digestyotil of these sites were identified.
Using C30-silica 67, by means of C60(30) 63 glydatesidues could be identified in SPE

experiments. Boronate affinity allows identifyinglp 15 locations.
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D C30 C60 B D C30 C60 B

[ 6-35] R*® + [196-202] K** +
[36-42] R¥®orR* + + [196-210]  K**or K*° + o+ +
[ 36- 48] Rj: or R® or K*® + [196-216] Kzij or Ki‘; +
[39-48] K® + o+ + [203-216]  K** or R”® + +
[ 39- 63] R™ or K® or K + [211-218] R orR + +
[43-48] K* + o+ + [211-225] R*°or R*™® or K**® + + +
[43-63] K*®ork® + o+ + [226-238]  K**7 or K**® +

[ 49- 63] 63 + + [226-249] K orK®*¥ork*ork® + +
[49-69] K®orR® + + [244-258]  K** or R*®® + o+ +
[ 64- 71] Rj‘l’ or K; + [244-249] KZZ +
[70-84] K™ orR + o+ + [250-258] R +
[72-84] R* + o+ + [250-287] R*®or R*® or R** or R* +

[ 72- 89] R:;‘ or K:; or K:j + [259-271] Ri:j or R** + +
[85-97] K¥orK®ork + o+ + +  [272-287] R +
[88-97] K¥orK” + + + [426-437] R* or K*? or K*’ +
[90-100] K¥ or K'® + o+ + [427-437]  K*™2or K*¥' +
[90-114]  K¥ or K*® or R™ + [427-440]  K*2or K** or K*° + o+ + +
[98-114] K or R™ + [433-440]  K** or K*° + +
[98-123] Ki‘ij or R™ or R*® + [433-443] ij; or Kj:;’ or R*® + +
[101-114] + [438-443] K“°orR +
[101-123] Ri‘s‘ or REZ . + [438-446] Kj:‘; or R:jz or K;‘;‘Z + +
[115-135] R™orR™ orR + [444-458] K™ or K™ or R + +
[124-129] R + [447-458] K*® or R*® +
[130-135] R™® + [447-459]  K*®or R*® or R*° +
[130-137] R*®orRY + [460-476]  K*® or K*" or K*"® + o+ +
[136-143] R or K*? or R™ + [464-476] K™ or K*"® + o+ +
[138-143] K*?or R™® + o+ + [468-476] K*™® + +
[144-157] K;‘: or Ki:i or Kllz + o+ [511-527] R:;j or K%' + o+ +
[145-160] K" or K™ or R + [613-527] K + +
[149-160] Ki:; or R™® + [613-547] K** or R* +
[158-167] K + [548-558] +
[161-167] K’ + [548-573] K> or R®® + +
[161-168] K'®" or R™®® + o+ + [659-575] R°”or K*™® +
[161-176] K or R™® or K*™® + [574-581] K™ or K> +
[168-176] R or K® + o+ +  [574-591] K or K*® or R®* + o+ +
[168-178] R or K or R'™® + [676-591] K or R®* + +
[169-178] K or R'™® + [582-591] R** +
[169-181] K or R*® or R™® + [592-599] K>* + o+ +
[177-181] R orR™ + [692-602]  K**° or K*? +
[177-186] R or R™ or R + + [600-621]  K*% or K*%° or R®** +
[182-190] R or R + [603-620] K**° + o+ +
[182-195] R or R or K% + + [603-621] K®° or R®* +
[187-195] R or K'*® + [622-630]  K®* or R® or R®® + o+ +
[191-202] K% or K**2 + [631-644] K + o+ +

Table 5. Monitored glycated residues located on thechain of fibrinogen
The positions of detected peptides are given irckais. D, digest; C30, C30-silica, C60,
C60(30); B, boronate phase.

Table 6 below shows the modifications identifiednfr single modified peptides on tBg-
chain Of all the modified sites (59), 25 were foundamalysing the digest, while this number
increased with fractionations on C30-silica (5&sjitand C60(30) (47 sites). Boronate phase

only recognises 20 residues.
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D C30 C60 B D C30 C60 B

[ 4-11] KE - + [295-313] K2 or K3 or K3%3 + 4 + o+
[ 4-16] K= or K~ orK + - 300
1. 29 K o 16 o 2 . [296-300] K300 B +

[12-29] K “orK “or [296-313] K™ orK o+
[ 45- 51] R™ or K + + R 328

52 53 60 72 [314 328] K
[52-72] K> orR*”or R™ or R + [329-334] R34 +

53 60 72 74
[53-77] R60 or R72 orR“orR + [329-348] R " +
[54-72) R orR© + [329-351] R™* or K¥® or K** + o+
[ 54-77] R> or R or R™ or K + [335-348] K348 + +

74 7 83
[ 73-83] R74 or K77 or K83 N + + + [335-351]  K*® or K™ +
[ 73- 84] R83 or K84 or K* or K + [349'367] K351 or K353 K367 +
[78-84] K orK ™ + [352-367]  K* or K*7 + o+
[ 84- 88] K* or R* or K + + [354-367] K +

152
[125-152] K157 - + [354-376] K or K¥ or R¥® +
[153-158] K™ orR + o+ + o+ g 374
158-163] R™® or K or K**® + o+ + [368-374] K374 a76 N
[158-163] R "orK " ‘or [368-376] K7 orR + + o
[161-178] K °orK + [375-395] R or R** +
[164-178] K + ~ 410

178 196 199 [396 410] R +
[164-199] K™ orR™orR + [411-421] R* +
[197-206] Ri: or Rzzz o + [422-436] K or K*® or R . .
[197-208] R orR™" orK + [423-436]  K“® or R + + +
[200-208] R** or K™ + o+ [427-436] R™ . .
[200-206] R*® + . 436 445
Soraral K% or K2 o R . [427-445] R458 or R471 . + +
[207-224] or K or [446-478] K™ or K or R +
[209-224] K*!or R + [450-471] KTt . N
[225-239] KZZ o + [459-478]  K*™ or R
[240-247] R™orK + [472-479] R“"®or K7
[247-267] K* or K® or R*’ + + o+ [472-483]  R"® or K™ or K*® + .
[248-267] Kzz‘; or R® + + [479-491]  K*™ or K*® or R*® +
[268-285] R294 + [480-491] K or R¥ n + +
[286-294] R + + [484-491] RS +
[286-300] R** or K*® or K* + +

Table 6: Monitored glycated residues located on tlfiedBain of fibrinogen
The positions of detected peptides are writtenrackets. D, digest; C30, C30-silica, C60,
C60(30); B, boronate phase
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D C30 C60 B D C30 C60 B
[ 1- §] R® + [224-232] K*'or K**2 + o+ o+
[ 9-31] R + [224-238]  K*! or K**2 or K**® +
[62-79] K*orK™ + [232-238] K**? or K**® + o+ +
[65-79] K™ + [233-258]  K**® or K*® +
[65-84] K™ orkK* + o+ o+ [259-273] R*® +
[89-113] K™ or K" or R™ + [259-282] R??orR*™ + +
[112-121] R™ or K™ or K™ + [274-292] K**? + o+
[114-121] K™ or K# + [274-299]  R*? or K*? or K**° +
[115-121] K™ + o+ + [283-299]  K**? or K** + +
[122-134] R™ + + [293-301] K**® or R™ + o+ +
[122-146] R or K™ + o+ [329-347] K*'
[135-151] K™®or K™ + [348-364] K** +
[135-153] K®or K™ or K™ + + 4+ [365-401] K*®*?or K** or R**
[147-153] K™ or K™ + [400-406] R or K + o+
[152-166] K™ or K**® + o+ [400-407] K™ or K*" + o+ +
[167-177] K'Y’ + [402-406] K**®
[167-188] K7 or K'® or K'®® + + 4+ [402-411]  K*®or K*7 or K** + +
[178-199] K or K**® or K or K**° + [407-417]  K* or K** or R*’ +
[189-199] K or K™ + [408-417] K*!or R* + o+ +
[200-223] K**?or R**® + o+ + [412-417] R*
[224-231] K** + [418-432] K™ + o+ o+

Table 7. Monitored glycated residues located on the crcbéfibrinogen
The positions of detected peptides are given irckais. D, digest; C30, C30-silica, C60,
C60(30); B, boronate phase

Forty-one possible glycated sites were found ferctichain of fibrinogen. Of these, 24 were
recognised from the digest. Results achieved u€i8@-silica (33) and C60(30) (34) were
similar to each other. With the boronate tip 21cghgd sites were determined (Table 7). As it
was expected on the basis of previous results pitbsphopeptides, Tables 5-7 above
demonstrate the numerous, hydrophilic peptidesaggt at arginine residues and containing
less than ten amino acids bound only on C60(30)irfstance, glycations on R8, R35, R123,
R246 and R421 residues were only possible to blmegemploying C60(30).
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4.2 Results of the experiments of the boronateraffi chromatography

The method used for the enrichment of boronataiffichromatography has never
been optimized before. In these chapters the eesiilthe optimization (binding and elution
conditions) can be seen and the application of rmie affinity enrichment for patients

suffering from type 2 diabetes mellitus is compaethat in healthy volunteers.

4.2.1 Evaluation of binding conditions of boronateffinity tips

Electrochemical measurements proved to be a uapfuloach to optimize thienic
strength and pH of the binding buffer as well as the most appropriate circumstances of
elutions. Figure 16/A below displays the effecttod pH of binding buffer on the amount of
eluted glucose. These results clearly demonstnatetiie affinity tips bind the highest amount
of glucose when the pH of the binding buffer variestween 7.7 and 8.2. Further
enhancement of the pH of the binding buffer resmlta decrease of the bound glucose. The
maximal binding capacity of the tips was found @b Within the pH range of 7.8-8.2 in the
curve; therefore, a value of approximately 8.2 s@ected for this study. As demonstrated by
Figure 16/B below, when the binding capacity of tis was plotted against the ionic
strength of the binding buffer, 150 mM ammoniumocide provided the best results. These
results can be regarded as consistent with datibled previously [54, 69]; however, the
previously reported values were not based on guaéing evidence. Figure 16/C below shows
the effect of the pH of the eluent depicted in tinection of the eluted glucose when using
solutions of formic acid at different pH values the elution. This relation is exponential; the
lower thepH of the eluent the higher the amount of glucose eluted. Theaiubf bound
glucose on boronate-derivatised resin can also dmenaplished by means of a highly
concentrated sorbitol solution. Tle#fects of the concentrations of sorbitolsolution are
plotted against the amount of released glucoseigar& 16/D below. The curve reaches a
plateau at 1.2 M; therefore, there is no need tpleynsorbitol solutions for the elution at

higher concentrations.
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Figure 16 A.) Relationship between the bound glucose aedoth of the binding buffer B.)
Amount of bound glucose plotted in the functiontleé ionic strength of binding buffer C.)
Elution of glucose by formic acid at different pldlwes D.) Elution of glucose with sorbitol

solution at different concentrations

4.2.2 Evaluation of performance of boronate affinig tips toward glycated
peptides enriched from glycated RNase A and HSA tiptic digests

The application of the boronate affinity tips wastroduced employingn-vitro
glycated HSA and RNase Aas model proteins. Figure 17/B shows the effe¢heftime of
incubation with glucose on the degree of the modiion of proteins. This can be calculated
from the mass shift measured between the unmodé#reti glycated proteins. Taking into
account the fact that the condensation of 1 glucwsecan cause approximately a 162 Da
mass increase in comparison with the unmodifiedepme (Figure 17/A), glycation of RNase
A for 14 days clearly represents that, on the ayera-2 glucose units were condensed on an

RNase A molecule.
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HSA was incubated with a high concentration of gludoseBS buffer for 12 and 28
days. The reason why the shorter incubation time &so chosen is that in patients being
poorly controlled and suffering from type 2 dialseteellitus the HSA is also glycated, but the
number of glucose moieties condensed on an HSA aulgeis not consistent with an
overglycated HSA (incubated for 28 days). In casttta Figure 17/C below, where the mass
spectrum of the non-glycated HSA is shown, Figutlindicates a mass shift of 1050 Da.
This means that, on the average, 6 or 7 glucosetiesiare attached to an HSA molecule.
Therefore, HSA glycated for 12 days can be conettless a model of HSA being glycated
due to the elevated blood glucose level and isolatam patients under poor diabetic control
[95]. Figure 17/E below represents a mass specheionging to the overglycated HSA. The
corresponding mass shift shows that approximat&hglBcose moieties are attached to an

HSA molecule. This result is relevant to the restdfported in previous studies [67, 95].

Figure 17: Effect of glycation on molecular weight of protein(A) Mass spectrum of
unglycated RNase A. (B) Mass spectrum of RNase ycaged for 14 days. (C) Mass
spectrum of unglycated HSA. (D) Mass spectrum ofAHfbycated for 12 days. (E) Mass
spectrum of HSA glycated for 28 days. Each specima® acquired in linear mode and a sum

of 1000 shots. The applied matrix was SA. a.u. arbitrary units.
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Evaluation of the results measured for the glycateptides was carried out using a
software developed and first employed by Bo6ddi ket (aww.fraki.lgx.hu) [94]. The
comparison of two series of masses—thesilico generated and the measured—can be
carried out within a mass tolerance range of 50-fipM. In this study, 100 ppm mass
tolerance was permitted. If the measured valuesiged higher margins compared ito
silico masses, they were not included in the group oftified peptides. Further identification
of glycated constituents occurred in their postrseuwlecay spectra. Post-source decay spectra
of the glycated peptides yield a specific fragmgatapattern so long as neutral losses of a
dehydrated glucose (M+H162) and a fragment of a glucose (M+H20) serve as a basis
for the identification of the modification. Frometke two neutral losses, the structure of
C4HgO4 can be assigned to the latter. Moreover, the sefig-ions appearing in the low mass

range furnishes important information about theusege of the peptide of interest.

Although themixture of two matrices (CHCA and DHB) was proposed to be used
for the analysis of peptides modified with sug#os,the glycated peptiddBHB matrix at a
concentration of 25 mgxmlwas proven to be better in terms of the numbemohitored
peptides and the sites of modifications localizedhiem. For instance, when the enrichment
of a 20 pmol digest of HSA glycated for 28 days wasried out using ammonium
chloride/ammonia as binding buffer and the eluats desalted on C60(30) particles after the
elution of glycated peptide, the application of DiH&sulted in 41 single glycated peptides,
contrary to the mixture of DHB and CHCA, where o8y were found. This comparison was
measured for each experiment conducted througtmgitstudy, and in all cases DHB was

considered as a more suitable matrix than the maxtu
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Figure 18: Workflow of different approaches throughout th@lagation of boronate affinity
enrichment for glycated peptides

Figure 18 above demonstrates the workflow accomgdtighroughout the application
of boronate affinity tips. As can be seen, glycatdhentic proteins underwent tryptic
digestion. The optimized conditions, including theic strength and pH of the binding buffer
and the ways of the different types of elutionsrevapplied for HSA glycated for 28 days.
This is why the highest number of glycated peptidesxpected in this case; therefore, the
differences among the applied approaches takenolweously better expressed. Results
received from the experiments carried out with disol solution at a concentration of 1.2 M
were evaluated first. Under optimized conditiornge binding of the glycated peptides was
carried out using ammonium chloride/ammonia buffied with taurine buffer using both at
the same pH value (8.2) and the same concentrétihmmol). After the elution of glycated
peptides with sorbitol prior to MALDI-TOF analysite eluate consequently needed to be
desalted This was implemented using three different typésorbents: the commercially
available ZipTip, fullerene(C60)-derivatised silioaterial (C60(30)) [42] and the one made
on the basis of silica with a 30-nm pore radiusld a homemade densely coated C18 silica

[96]. The two latter types were evaluated in dataiSPE experiments carried out to separate
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tryptic peptides and their glycated derivativesthie previous work. Results of that work
provided a line of evidence for the excellent birgdaffinity of C60(30) toward constituents
with enhanced hydrophilic properties such as gbaapeptides [94]. The experimental
circumstances, including the composition of thedlyig buffer, the comparison of tie¢ution
using sorbitol and formic acid, and thedifferent types of sorbentsemployed for desalting
the eluates after using a sorbitol solution at aceatration of 1.2 M, were evaluated on the
basis of the identified single and double glycapmptides and the number of possible
glycated sites on HSA glycated for 28 days. Thesele plotted by means of Venn diagrams.
Figure 19/A and B below depict the numberssofgle glycated peptidesaptured by the
boronate affinity tips employing ammonium chloridhmonia buffer and taurine buffer,
respectively, for the enrichment of glycated cdaostits. In both cases, the bound glycated
peptides were eluted with a highly concentratedisarsolution (1.2 M) and desalted on the
three materials mentioned above. As shown in thaban of glycated peptides bound and
eluted from each sorbent, ammonium chloride/ammobniéer proved to be more efficient
than taurine buffer in that 67 single glycated s could be selectively captured by means
of using ammonium chloride/ammonia buffer, wher&&speptides modified with only 1
sugar unit were possible to be monitored afteraloéion from all of the employed phases.
The evaluation of binding buffers was also impletedrfor glycated peptides modified at two
amino acid residues with D-glucose (double glycateptides).
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Figure 19 Comparison of different sorbents used for dasgltvhen elution is carried out
with sorbitol. (A) Venn diagram showing the numbefsdetected single glycated peptides
when the loading buffer was ammonium chloride/amia@t optimized circumstances. (B)
Venn diagram depicting the numbers of detectedesiglycated peptides in the case of using
taurine buffer. (C) Venn diagram of possible glgchsites monitored from single glycated
peptides bound by means of ammonium chloride/amandwiffer. (D) Venn diagram of

possible glycated sites monitored from single dgigdaeptides bound using taurine buffer.

The results demonstrated in Figures 20/A and Bvibeonfirm the observation made in the
case of single glycated peptides. It was possiblebihd 42 double glycated peptides
selectively by applying an ammonium chloride/ammaobuffer. Considerably fewer (33)
double glycated peptides were successfully mordtanethe case of taurine buffer. Not only
do the numbers of bound modified constituents m@iche effect of the binding buffers on
the efficiency of the enrichment but also the nuralzé possible modification sites located in

the bound peptides must be taken into account éewaluation. In single glycated peptides,
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78 possible sites of modification were recognizeshg ammonium chloride/ammonia buffer
(Figure 19/C below) and 68 glycated residues wdsntified by means of taurine buffer
(Figure 19/D below). Regarding the glycated si@sntified, in double modified peptides
only a slight difference is observed in the numbieglycated residues when comparing the
two loading buffers. The use of the binding buftemsisting of ammonium chloride and
ammonia allowed us to identify 63 potential glychsites from those peptides captured by
boronate affinity tips (Figure 20/C). In comparistaurine buffer is capable of assisting with
binding peptides to affinity tips, from which 60ygated sites could have been determined
(Figure 20/D below). In conclusion, the choice of @anmonium chloride/ammonia buffer
with optimized pH and ionic strength enables bigdimore glycated peptides than the

extensively used taurine buffer with the same p#i @ncentration.

Figure 20: Comparison of different sorbents used for desgltilmen elution is carried out
with sorbitol. (A) Venn diagram showing the numbefsdetected double glycated peptides
when the loading buffer was ammonium chloride/amismamder optimized circumstances.

(B) Venn diagram demonstrating the numbers of dogbicated peptides detected in the case
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of using taurine buffer. (C) Venn diagram of thesgible glycated sites detected in double
glycated peptides bound by means of ammonium dd@mmonia buffer. (D) Venn diagram

of the possible glycated sites detected in doubleated peptides bound employing taurine
buffer.

It is important to emphasize that the differenaesising these buffer systems are not
expressed in the number of bound peptides anddtdified glycated sites exclusively. For
instance, after the binding of glycated peptidesjpylying both buffer systems, the elution of
the bound constituents was accomplished with aitsbréolution. This was followed by a
desalting step using SPE cartridges filled wi@60(30)silica particles. After the desalting
step, 13 unique peptides of the total single ghaggtieptide pool adsorbed by the C60(30)
particles (from 41 peptides) were possible to aegusing ammonium chloride/ammonia as
binding buffer (Figure 19/A). Figure 19/B above slsounique single glycated peptides also
bound exclusively by C60(30) particles when theigtrment of the glycated peptides was
carried out using taurine buffer. In total, 43 bételuted peptides could be identified when
desalting them by means of employing C60(30) silnaterial. Of 43 single glycated
peptides, 15 were identified only from the eluat€60(30) and the remaining 28 peptides of
the other sorbents could also be detected. It neayportant to emphasize that these 15
unique glycated peptides must be interpreted omlyhe context of evaluating the three
different sorbents with respect to the number afrabsingle glycated peptides. If the unique
peptides detected in the eluates of C60(30) SPErrabafter the enrichment with the two
above-mentioned buffer systems are compared, itbeaconcluded that their numbers were
very similar to each other so long as 13 of themeweund when enriching them with an
ammonium chloride/ammonia buffer and 15 glycateptides were found when the binding
buffer was composed of taurine. Only 5 single gigdgeptides with the same sequence and
modifications could be analyzed from the uniquetiges enriched with the two buffers and
desorbed from C60(30). The majority of the unigwptwles were found to be different
despite the fact that they had been eluted fronsdéimee sorbent. This observation reveals that
the use of different buffer systems alters thectiwigéy of the boronate phase insofar as the

captured peptide profile and the identified potrdiycated sites show great variety.
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A) Single glycated peptides

Location €60 Zip c18 Location c60  Zip 18
(30) Tip silica (30) Tip silica
348 351
unique peptides 13 12 9 [338-351] R™“orK *
[352-372] K**°or K¥
unigue sites 8 4 5 [360-389] K72 or K¥® or K**
[ 5-20] R™orK®orK* + [390-410]  K*Zor R*° +
[82-98] K*orR® + [403-414] R*™ or K*® or K** +
[99-114] K'*orR™ + [411-428] K or K™ or R*?® +
[115-136] R or K™ + [415-432] R*%or K*?
[137-145] K™ or R** or R™ + [429-439]  K*® or K or K*® +
[161-181] K™ or K" or K*® + [446-466] K +
[175-181] K + . 484 ¥
[198-209] K™ or K**® or R*” + by st 521 () (524
- [501-524] K> orR>* orK
[200-212]  K®* or R* or K**? + [520-525] K or K
[206-212] R*® or K**? + K> or K> or K*® or
[223-233]  K*® or K** + [526-541] K™ *
[226-233] K**® + Koas O K0T or
1 e [535-545] K +
a14323 K or K% . [546-564] K™ or K*® or K® +
{318_336} K o R [565:565) K" or k™ u
- or +
[324-336] R*® +
B) Double glycated peptides
. Cc60  Zip C18 . Cc60  Zip C18
Location 30) Tip silica Location (30) Tip silica
unique peptides 13 11 6 [318-337]  K*®or R*® or R*
unique sites 713 4 [360-389] K™ or K™ or K** *
[94-114] R or K or R N [373-402]  K*® or K or K*?
KL% or R or R1Y7 [411-428] K*®or K**or R +
[99-136]  or K™*® + [429-436]  K**and K** +
[138-145] R and R** + [429-439]  K**?or K** or K** +
[161-181] K™% or K™ or K™ + [433-444]  K*™® or K** or K* +
[163-181] K and K + [437-444]  K** and K** +
186 190 472 475
[182-190] R™ and K + [467-475] R*“?and K +
[187-195]  K'*°and K'*® + [476-500] Rj:;‘ or R;‘zz or Kzig +
[213-225] R*®or R or K**® + R™ ork™"or K
[234-262] K20 or R%7 or K262 " [485-521] Ol’ss o i +
[258-276] K252 or K2 o K278 n [501-524] K524 orR 52(5)r K +
K™ or K?'® or K [520-525] K***and K +
[263-286]  or K**® + [522-534] K or K*% or K** +
[275-286]  KZ® or K** or K** + + [542-560] R**® or K*7 or K% +
[277-286]  K**! and K** + [546-560]  K>*" and K°>*

Table 8: Detected single and double unique glycated peptiddse case of using ammonium
chloride/ammonia binding buffer. Peptides wereaségl from tips using sorbitol and desalted
on C60(30), ZipTip, and homemade C18 silica. Itdladd type indicates unique glycation

sites.
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Tables 8 and 9 above provide detailed informatiooua the unique glycated peptides
and the locations of the recognized possible gégtasites of these peptides. Using
ammonium chloride/ammonia buffer for the enrichmerit glycated constituents with
boronate affinity tips, as described earlier instetudy, 41 single and 24 double glycated
peptides were bound by C60(30) silica particlesaddition, 13 single and 13 double glycated
unique peptides were explored in the eluted pepia®. Single glycated peptides involve 8
possible glycated sites, namely K106, R114, R25348R K372, K436, K439, and K466,
whereas 7 unique sites modified with D-glucose, elgnR218, R484, R485, K500, K519,
R521, and K560 were identified from double glycapegtides (Figures 19 and 20 above and
Table 8 above).

These results were compared with those received #fe enrichment of glycated peptides
using taurine buffer. Among those peptides reledsad the affinity tips and desalted from
the sorbitol solution on C60(30) particles, 15 &ngnd 5 double glycated unique peptides
were analyzed. Single glycated peptides made dedsie identification of 9 unique glycated
sites. Surprisingly, of the 5 double glycated ueigueptides, 8 possible unique modified sites
were recognized, as shown in Figures 19 and 20eabos Table 9 below. In single glycated
unique peptides K190, K372, K413, K444, R445, K4B636, K538, and K541, unique
glycated sites were localized. In double glycateidjue peptides, residues at R81, K93, R218,
K372, K378, K389, R445, and K466 were likely to argb non-enzymatic glycation.

ZipTip is a commercially available product, probably thest frequently and
efficiently used tool for desalting the solution$ mroteins and peptides prior to mass
spectrometric measurements. In previous studies, sihperiority of C60(30) to other
commercial products such as Oasis and Sep-Pakoamel actadecyl and triaconthyl modified
silica material with high surface coverage has beported in terms of SPE experiments of
different biomolecules, including peptides, proseiphosphorylated peptides, and glycated
peptides [42]. Through the present work, an ide&yhg to first use ZipTip for desalting
glycated peptides emerged. When binding peptidesaffmity tips with ammonium
chloride/ammonia buffer, the desalting procedurerieé out with ZipTip allowed the
identification of 12 single glycated unique pepsidaodified at the residues of K93, R98,
K402, and K524. Thus, in terms of the number ofquei glycated sites localized in single
unique glycated peptides, ZipTip does not seemet@®b efficient as C60(30); however, it
must be noted that 42 single glycated peptides esalted by means of ZipTip, and 58
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possible glycated sites were monitored. In addijtibe analysis of 11 double glycated unique

peptides comprising 13 glycated unique sites wadenpossible by ZipTip. These peptides
were modified at the residues of R144, R145, KE&E86, R257, K262, K323, K372, K378,
K389, K402, R472, and K475.

A) Single glycated peptides

Location €60 Zip c18 Location Ce0  Zip c18
(30) Tip silica (30) Tip silica
unique peptides 15 8 4 [258-276]  K*?or K¥* or K7™ +
unique sites 9 6 0 [275-286] K™ or K™ or K +
[115-136] R or K™ + [287-323]  K*2or K*7 or K¥* +
317 323
[115-137F R or K** or K/ + [314-323] K™ orK *
R™ or K or K™ or [352-372] K*®*%orK*? +
[115-144] R* + [390-402] K2
[161-181]  K'62 or K*™* or K™ + [390-410]  K*Zor R*° +
[163-174] K'Y + [403-414]  R*®or K*®or K** +
[163-181] K™ or *& [411-428]  K*®or K*“or R +
[175-181] K™ + [415-432] R*™® or K** +
[175-186]  K'® orR™ [440-445]  K** or R*® +
[175-190] K™ or R™® or K**° + [446-466]  K**® +
[200-212]  K*® or R®® or K**? + [485-519]  R**®or K™ or K* +
[206-212] R*® or K**2 + Kf_j‘i or K> or K> or
[226-257] K2 or K** or R + [526-541] K *
[241'262] R257 or KZGZ + [539_557] K541 or R545 or K557 +
[241-274] R or K22 or K27 + [542-560] R>* or K*7 or K>*° +
B) Double glycated peptides
C60 Zip  C18 C60 Zip  C18
(30) Tip silica (30) Tip silica
Location unique peptides 5 7 7 [223-240]  K*® or K or K*° +
unique sites 8 12 8 [263-286]  K*™* or K*'® or K** or K**° +
[ 5 12] R™ and K N [360-389]  K*?or K¥® or K**° +
[74-98]  R™ or K™ or R® + [414-428] K**and R**®
[94-114]  R® or K™% or R™ [437-444] K*°and K**
[99-136] K% or R™ or R™ or KX [445-466] R** and K*® +
[115-136] R and K* + [526-538]  K** or K** or K% or K> +
541 545 557
[145-160] R or K2 or R0 + [539-557] Kss4 OI’CIT 5703I’ K +
162 174 181 [561-573] K™ and K +
[161-181] K™ orK™™orK + 615741 K or K or K& .
[163-181] K'™and K + [561-574] orK”_or
[213-222] R*° and R*? +
Table 9: Detected single and double unique glycated peptidehe case of using taurine

binding buffer. Peptides were released from tipmgisorbitol and desalted on C60(30),

ZipTip, and homemade C18 silica. Italic bold typéicates unique glycation sitésPeptide
in the sequence brackets [115-137] could be detdoben the digest of nonglycated HSA

(standard).
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Concerningtaurine binding buffer, for single glycated peptides, ZipTip provided a
worse result than C60(30) so long as only 30 peptidere bound; of these, 8 were found to
be unique. Taking into account the glycated resdietected in peptides bound on ZipTip, 54
possible glycated sites were found, in contrasC&®(30), where this number was slightly
higher (61). Six unique glycated sites at the parsst of K402, K432, K313, K317, K500, and
R485 could be observed. Regarding the number dfldallycated peptides, ZipTip proved to
be as efficient as C60(30) insofar as both sorbeete capable of binding 16 peptides. For
ZipTip, 7 unique double glycated peptides with I2que sites at K106, R114, R145, K159,
R160, K414, R428, K439, K444, K534, K536, and K5&3e detected.

Finally, the desalting of the glycated peptides wias tried withoctadecyl silicawith
high surface coverage. In the case of ammoniunridel@ammonia buffer 36 single glycated
peptides were successfully bound, 9 of which werigue peptides, modified at K199, K317,
K276, K564, and K573 as well. Using this buffer|yoh3 double glycated peptides could be
desalted. The poor performance of this materiabtavwhydrophilic glycated peptides is also
expressed in the number of unique peptides foumat, is, only 6 with 4 possible unique
glycated sites at R98, K413, K414 and R428. Whengugurine buffer, the results of the
desalting on C18 particles were even worse. Inl,t@& single glycated peptides of the 4
unique peptides analyzed were bound; none of thempdsed any unique glycated sites. In
total, 17 double glycated peptides could be idettjfof these, 7 proved to be unique with 8
possible sites of glycation at R10, K12, K162, K2R276, K564, K573, and K574.

Elution of the bound constituents is frequently implemédnte acidic media. As
reported earlier [69], éormic acid solution of pH 2.0 proved to be the best in teohghe
amount of eluted D-glucose evidenced by amperometeasurements. Elution with this
solution was compared to elution implemented wdtbeol (desalted by C60(30)) regarding
the number of eluted single and double glycatedigep and the possible identified glycated
sites as well. These two ways of elution were caeygbavith the digest of HSA incubated
with D-glucose for 28 days to assess the efficieatythe enrichment. Surprisingly, the
elution with formic acid yielded the worst resutigerms of the number of identified glycated

peptides and the possible sites of glycations.
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Figure 21: Comparison of elutions of glycated peptides frdfmiy tips with digest of HSA
glycated for 28 days with the numbers of detectgdaged peptides indicated. (A) Venn
diagram showing the numbers of single glycated igept when using ammonium
chloride/ammonia binding buffer. (B) Venn diagramtiee single glycated peptides released
from the tips in the case of employing taurine mgdouffer. (C) Venn diagram of the double
glycated peptides detected when using ammoniumridefammonia buffer. (D) Venn
diagram depicting double glycated peptides compattire elutions with the digest when the

binding buffer was taurine.

Figure 21/A above shows that in 100 pmol of theedigf overglycated HSavithout
enrichment,29 single glycated peptides were recognized andefz found to be unique
peptides with 5 unique glycated sites. When bindghgcated peptides wittammonium
chloride/ ammonia buffeithe elution of single glycated peptides wibhmic acidresulted in
the release of 27 single glycated peptides frombihinate affinity tips; of these, 7 were
unique peptides with 4 possible sites of modifmatiAs mentioned earlier, thedution with
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sorbitol yielded the detection of 41 single glycated pegstjdnevertheless, the eluate was
subjected to SPE on C60(30) particles prior to MAEDDF analysis. However, in this
context of the comparison, 15 unique peptides cmgy 12 unique residues were explored.
Using the same buffer, the same trend could berebddor double glycated peptides given
that 14 of them were identified from the digestlyo® of them were unique with 3 unique
sites). As also demonstrated in Figure 21/B abbtweic acid made possible the release of
only 11 peptides. Of these double glycated peptidesere found to be unique, including 5
unique sites of glycation. Elution with sorbitolaag showed the best results after desalting.
This was expressed by 24 identified peptides; els¢h 14 were observed to be unique
constituents containing 16 unique glycated sites.

Figure 21/C and D above show those cases wheratglypeptides were bound to the
affinity tips in the presence déurine buffer. Briefly, from the digest, 29 single glycated
peptides were detected; of these, 6 were uniquesaod had 3 unique residues. Eluting the
peptides withformic acidsolution allowed the recognition of 31 single @lied peptides; of
these, 8 were unique with 4 possible unique sitggysation. When eluting the peptides with
sorbitol, 43 single glycated peptides could be detectedthete, 15 were unique and
incorporated 8 unique glycated sites. With respecouble glycated peptides in the case of
using taurine buffer, 14 were found in the digedtthese, 8 were unique with 8 unique
residues. Whereas elution with formic acid providedouble glycated peptides (4 of these
were unique with 7 unique sites), elution acconmgds with sorbitol caused the release of a
considerably higher number of peptides so long @sofLthem could be measured after
desalting (10 of these proved to be unique and cset peptides of 13 unique glycated
sites). As demonstrated above, with the elutiothef bound glycated peptides with formic
acid solution, it seems that no enrichment of tloelifired constituents occurred in spite of the
fact that the highest amount of glucose could basued at pH 2.0 (as discussed earlier in
Section 4.2.1). Therefore, the acidic elution isnecommended by Takatsy et al..

The most efficient way to gain information aboue tmodified glycated sites of a
protein by MALDI-MS is to bind glycated peptidesrin the digest of the protein using, for
instance, ammonium chloride/ammonia binding butfeder optimized circumstances, and
then the selectively bound constituents are elwigd a concentrated solution of a proper
sugar such as sorbitol. Furthermore, prior to aigalyhe presence of undesirable sugar can be
eliminated using an effective sorbent for desaltitg was demonstrated, C60(30) proved to
be as efficient as ZipTip; no significant differesccould be observed in the binding efficacy

of either phase toward glycated peptides.
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Although the methods described above were evaluateithe basis of the number of
unique peptides and glycated sites, some of thesdifisations could be present in the
nonglycated HSA standard because it was isolatad fruman serum. Therefore, if the aim
of the work is also to identify those possible gl sites modified only after the-vitro
glycation, the analysis of the digest of non-madifHSA is also an important requirement.
These glycated peptides present in the digest nfnmadified HSA probably comprise the
most privileged accessible residues; thereforat ttlentification — especially after the non-
enzymatic glycation (when their amounts in the sgigere increased immensely) — is not a
challenging task. If these peptides are taken actmunt, the sensitivity of the given method
is undermined. The analysis of the digest of nomagled HSA allowed us to identify 11
peptides by means of using ammonium chloride/aman@si a binding buffer; this was
followed by an elution with sorbitol, and the ekiatias desalted using both C60(30) and
ZipTip (see Table 10). As was expected, elutionhwibrmic acid made possible the
identification of only 2 peptides, both of whichutd be analyzed from the eluates with
sorbitol. It is also worth noting that 4 of thessppdes contain K233, K378, K525 and K545
glycated residues and these residues are well krtowme privileged and are able to be
glycated easier [67, 81, 94]. From the digest ajlyrated RNase A, no glycated peptides

were monitored.

C60
(30)  ZipTip HCOOH
glycated peptides 8 8 2
possible glycated sites 16 17 4
[65-81] K™ orR™ SLHTLFGDKLCTVATLR + +
[115-137] R;l; or ijj or K*¥  LVRPEVDVMCTAFHDNEETFLKK  + +
[137-144] K™ orR KYLYEIAR +
[210-218] K**? or R*® AFKAWAVAR + +
[226-240] K> or K** AEFAEVSKLVTDLTK + + +
[337-348] R*' or R*® RHPDYSVVLLLR +
[373-389] K°"® or K% VFDEFKPLVEEPQNLIK +
[414-428] K*“ or R*® KVPQVSTPTLVEVSR +
[501-521] K™ or R** EFNAETFTFHADICTLSEKER +
[525-534] K°>* or K** KQTALVELVK + + +
[542-557] K>* or K>’ EQLKAVMDDFAAFVEK +

Table 10 Glycated peptides identified from the digest ohfglycated HSA. Elutions of the
bound constituents have been carried out usingtebemd formic acid. The applied binding

buffer was ammonium chloride/ammonia.
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The usefulness of the methogroposed by Takatsy et al. is clearly demonstrated
Figure 22 below. Figure 22/A below shows the MAL8dectrum of the digest of HSA
(glycatedin-vitro for 28 days) in the range from 2000 to 2230 DsasifBes a very intensive
non-modified tryptic peptide appearing at m/z 2@862 less intensive glycated peptides can
be observed at m/z 2060.68 and 2013.56. Moreokierjrtass accuracy of these peptides is
not reliable due to the very low signal- to-noiséia of the first peptide. The latter does not
possess very good mass resolution, which can bbeddo the fact that peptides with similar
masses can have a disturbing effect on mass resolUtigure 22/C below shows the
spectrum belonging to the digest of HSA glycated2® days after having been enriched by
the method proposed above. Four glycated peptidasbe seen in the figure. The peak
appearing at m/z 2061.05 is a single glycated geptAdditional peaks at m/z 2094.06,
2104.03, and 2217.24 are double glycated peptates,their sequences are also shown in
Figure 22/C below. When the profile of glycated s enriched from HSA glycated for 12
days (Figure 22/B) is compared to the results oicement from the digest of HSA glycated
for 28 days (Figure 22/C), significant differen@as be found. For example, as a result of the
enrichment from the digest made from HSA glycamdl2 days, 3 double glycated peptides
were monitored at m/z 2094.28, 2104.09, and 2207ThB rather intensive single glycated
peptide detected in the digest of HSA glycated Z8rdays at m/z 2061.05 could not be
detected from the digest of HSA glycated for 12sddyhis means that this glycation site must
be more hindered; therefore, it needs to be exploseger to the high concentration of sugar.
This observation is also relevant to the peptidieated at m/z 2217.25 from the digest of
HSA glycated for 28 days. In contrast, the peptideected at m/z 2207.45 from the digest of
HSA glycated for 12 days clearly indicates thas theptide, comprising one of the most
privileged glycation sites (K378) [26], was moddiegelatively rapidly and that further

oxidation processes are responsible for the abswrbés peptide in the spectrum.
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Figure 22: Enrichment of glycated peptides. (A) Mass spectnfndigest of HSA glycated
for 28 days. No enrichment was used. (B) Mass gpecof digest of HSA glycated for 12
days after selective enrichment. (C) Mass specifidigest of HSA glycated for 28 days
after selective enrichment. In both cases, thecknrént was carried out using ammonium
chloride/ammonia binding buffer and the elutiontloé bound peptides was carried out with
sorbitol. Prior to MALDI measurement, the eluatesyevdesalted on C60(30) particles. Each
spectrum was monitored in reflectron mode and a subh®00 shots. The applied matrix was

DHB. Asterisks (*) denote the glycated peptides.,a.e arbitrary units.
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Previously published studies have reported the sinyation of glycated peptides
employingLC—tandem mass spectrometryMS/MS) techniques [10, 26]. The advantages of
using these approaches in comparison with diffeséfritne MALDI methods are that the loss
of samples is largely reduced so long as the stgmhpeeptides are analyzed on-line by mass
spectrometric methods. Table 11 indicates glycptgatides identified by Takatsy et al. from
the digest of HSA glycateith-vitro for 28 days. Takatsy et al. pointed out that ® llest of
their knowledge, this is the first attempt to separglycated peptides on a monolithic
capillary column. The results are very similariiode reported in previous studies concerning

the number of glycated peptides and the possibldifrad residues [81].

Location Glycation site

[ 42- 64] K51o K>

[160-174] R K162 or K7™+
[226-240] K o K

[258-274] K o K

[263-276] K o K

[318-336] K o R

[349-359] K o rK*

[373-389]% K*"®or K389

[390-402] ~ K™ 402

[414-428 K* 428

[473-484] K 484

[525-534]* K>*° or K>**

[539-557] K R>*® or K>7 *
[542-557]° K>*° or K>’

Table 11:Glycated residues identified by LC-MS.
The plus sign (+) means that in that region of H&®#h single and double glycated peptides
were detected. The asterisk (*) denotes a doulyleatpd peptide whilé indicates that the
peptide could be detected from the digest of naraggd HSA.

Table 11 above shows that 13 of the 15 glycatedigepidentified, were found to be
single glycated and only 2 were modified with 2agise units. However, the table also shows
that 5 of all the identified peptides also werespreg from the digest of the non-glycated HSA.
This fact clearly indicates that despite usingghhyi efficient separation method, the efficacy
of this method is overcome by the boronate affimityomatography/off-line MALDI-TOF
method introduced before. The peptides identifikmheed us to localize 28 possible glycation
sites. This proved to be better than previouslyreg data; of 15 peptides, 22 possible sites
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of modification were described by Ref. [81, 97].wW&ver, both LC-MS methods were able to
recognize the privileged K233, K276, K378, K545¢ &525 sites of glycation.

Table 12 below shows peptides and glycation sitefRNase A recognized by
boronate affinity tips (using ammonium chloride/aoma buffer). The bound peptides were
eluted with sorbitol and desalted on C60(30) plasicAs can be seen, by means of affinity
tips, 5 single and 2 double glycated peptides caimg 12 possible glycated sites could be
detected. Even though the focus of the investigaia small protein such as RNase A where
the number of glycated sites is relatively low,wihe help of LC-MS, 6 glycated peptides

with 8 possible modification sites were found.

Identified

by
Identified boronate
by LC-  affinity-

Location glycation sites Sequence MS MALDI

6 5

8 9
[ 1-10] K'or K’ or R KETAAAKFER + DD
[11-31] K* QHMDSSTSAASSSNYCNQMMK +
[32-39] R¥®orK* orR*®  SRNLTKDR DD
[34-39] K*¥ or R* NLTKDR +
[38-61] R*orK*"ork®  DRCKPVNTFVHESLADVQAVCSQK +
[40-61] K" orK™ CKPVNTFVHESLADVQAVCSQK + +
[62-85] K® or R® NVACKNGQTNCYQSYSTMSITDCR +
[67-91] R®orK™ NGQTNCYQSYSTMSITDCRETGSSK +
[92-104] K* or K* YPNCAYKTTQANK +
[99-124] K'* TTQANKHIIVACEGNPYVPVHFDASV + +

Table 12: Comparison of affinity chromatographic—off-line MBIL method with LC-MS in
terms of identified glycated peptides of RNase M. i2fers to the double glycated peptides.

4.2.3 Application of boronate affinity tips for sekctive enrichment of Amadori
products from digest of HSA collected from sera opatients suffering from type 2
diabetes mellitus and healthy volunteers

Four healthy volunteers and four patients suffefiogn type 2 diabetes mellitus were
chosen to test the method described above for #ppmg of the level of glycation of HSA.
Patients were selected on the basis of the levidbéflc and fasting plasma glucose. Because
boronate affinity chromatography has been recoghtrebind constituents comprisiras—

diol, the method allows monitoring fructosyl lysi(feL, Amadori product) and its derivative
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after loss of water (FL-18) (Figure 10). For hegltyolunteers, besides some important
clinical parameters, the fasting plasma glucose alagys less than 6.1 mmolXL These
values were by far the highest in patients 1 arfti2217 and 13.02 mmolxt, respectively).
For patients 3 and 4, slightly lower values wergaoted (8.53 and 7.50 mmolXl,
respectively).

Because HbAlc was used for monitoring long-ternc@gynic control in patients with
diabetes mellitus, this value is thought to indécgtycaemic state over the most recent 1-2
months. For all of the investigated patients, HbAds considered to be rather high (10.30,
11.50, 11.82, and 11.30% as measured for patie2s3l and 4, respectively).

These two series of data served for the estimaifahe glycaemic state of patients.
HSA reflects the amount of blood glucose more Hgpidlan HbAlc; moreover, accounting
for its relatively short (17 days) biological héife, the glycation level of HSA is relevant to
the condition of blood glucose over 2 weeks praugthe test.

Approximately 300 pg of the digest of HSA (HSA wadlected from each patient and
healthy volunteer) was enriched under optimizeddt@ns using boronate affinity tips. Also
considering the results reported earlier, the batorstituents were released from the tips by
means of a 1.2 M sorbitol solution. The eluate when desalted on C60(30) and
preconcentrated. Peptides remaining after this gge® were measured by MALDI-
TOF/MS.

Results reported in Table 13 show single and doglyleated peptides with the corresponding
possible glycation sites monitored in healthy vodens and patients. Besides the privileged
glycation sites of K12, K233, and K525 being preésereach individual, many other glycated
K and R residues described previously were receghif7]. Regarding the numbers of
glycated peptides and the possible identified gbadaesidues with the exception of patient 4
(whose fasting plasma glucose was the lowest)ltheal parameters can be associated with

the glycation pattern obtained from mass spectroogdta.
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Single glycated peptides

Possible glycation

Location St H1 H2 H3 H4 P1 P2 P3 P4
[ 1- 12] K* or R™ or K™ + o+ o+ o+ PR
[11-20] K% orK® +

[ 52- 73] Kj: or KZ +

[ 65- 81] K™ or + o+
[137-144] K" or R™ + o+ o+ o+ o+ o+
[191-199] K'° or R™ or K*** + +

[219-225] Rzz or Zz s +

[219-233] or K“7orK + 4+
[226-240] Kijj or 40 o+ o+ o+ o+ 4+
[263-274] K + +
[314-323] Kiz or Kzz S
Sles Koo, Co,
[373-389] K" or K** + + o+
[390-410] K™% or R*? +
[437-445] K™ or K*** or R**® +
[525-534] K>*° or K>** + o+ o+ o+ o+ o+ o+ 4
[535-541] K>*° or K> or K** +
[561-573] K>** or K°" +

Double glycated peptides

Possible glycation

Location site H1 H2 H3 H4 P1 P2 P3 P4
[1-10) K andRT " "
[198-209] K™ or K** or R*® +

[277-286] K**!and K*®° + + +
[403-414] R*™ or K*®or K" +

[440-445] K**and R**® +
[525-534] K°*°and K*** o+ o+ o+ o+ o+

Table 13: Single and double glycated peptides comprisedlbyeBidues (Amadori peptides)
detected in patients (P1-P4) and healthy volunigtisH4).

Table 14 below summarizes the explored glycatedigep with a mass shift of
144.042. They can be either FL (Amadori
tetrahydropyrimidine bound directly to arginineideges. Both are able to bind to a boronate

productterafa loss of water or
resin due to the presence of vicinal diol. Resal$® indicate that peptides appearing at m/z
1077.519 and 1783.938 are worth considering. Tkterlsite was observed in all of the
investigated digests belonging to the patientswag utterly absent from samples taken from
healthy individuals. This can be clearly seen imguFé 23 below. The presence of a

modification at m/z 144.042 was further corrobodaby the corresponding PSD spectrum,
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where the presence of a neutral loss was detettedzal 639.896, showing that the location
of the modification can be at either K414 or R438nilarly, the peptide at m/z 1077.519
could be detected in only three diabetic patiefisis modification located at R81 is
considered to be a tetrahydropyrimidine attache@x@ected, to arginine.

More patients and control individuals need to beoived to make a decision as to
whether these 2 peptides with the possible modifina can serve as potential biomarkers in
diabetes mellitus. The method elaborated and regdrere seems to be a powerful tool for

the investigation of non-enzymatic glycation.

Location  Possible glycation site  H1 H2 H3 H4 P1 P2 P3 P4

[65-73] K" + o+
[74-81] R™ + o+ o+
[137-145] K" or R™* or R™® + + +
[187-195] K'*°or +
[191-199] K'*° or R™’ or K**° +
[210-218] Kiz or Rii

- + + +
[B73.385] K™ or K .l
[414-428] K:;: or 4218 + o+ o+ +

- + 4+
l501-521] K or RE® :

524 525

[520-525] K***or K + + o+ + o+
[525-538] K> or K>* or K% or K** +
[535-545] K% or K>* or K>** or K>*° + +

Table 14: Peptides modified with glucose after a loss ofewaind detected in patients (P1—
P4) and healthy volunteers (H1-H4).
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Figure 23: Comparison of mass spectra of HSA digest takem fsera of diabetic patients

(P1-P4) and healthy volunteers (H1-H4) after emniehit of glycated peptides in the range of
1760-1800 Da. The presence of the peak appearimgzat 783.938 in patients suggests the
possible distinctive role of this peptide as a laoker. Each spectrum was monitored in

reflectron mode and a sum of 1000 shots. The mapptied was DHB. a.u., arbitrary units.
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5. New results reported in the dissertation

5.1 Determination of the binding capacity of C30 @€60(30) fullerene-silica

with Leu-enkephalin

After the activation and equilibration, C30-siliand C60(30) were incubated
overnight with a solution of Leu-enkephalin at diffnt concentrations. The peptide
concentrations of the supernatants represent bguith values with the adsorbed Leu-
enkephalin. The adsorption isotherms can be depigetting the concentrations of
supernatants (&) against the adsorbed amount. Data points fitthie®retical adsorption
model of Langmuir with an excellent linear regreaswhen plotting Gqu against Gq/Mads
Thebinding capacity of C60(30)is 31.5 mg/g, which is confirmed by a previoushplished
result [42]. In the case df30-silica the value is 153.9 mg/g showing a five times highe
binding capacity.

5.2 Identification of solid phases (C18, C30, C60),LC60(30), C60(100)) on

the sequence coverage of tryptic digest of HSA &bdnogen

DHB, CHCA and THAP were tested to identify the bBSALDI matrix for mass
spectrometric measurement of unfractionated trygigest of non-glycated HSAHB has
proven to be the optimal matrix because of goodlugisn and reliable measurements with
regard to mass accuracy. From 69% to 71% of sequeneerage was obtained by increasing
the mass tolerance from 50 ppm to 150 ppm. Duddddvourable properties of DHB this
matrix was further used for the MALDI analysis aftb unmodified and glycated protein
digests. Twenty pmol HSA digest was fractionatedeach stationary phase: C18, C30,
C60(10), C60(30), C60(100). The C18- and C30-sliprovided better sequence coverages
(approximately 80%) than the C60-silicas. In theecaf fractionation of 20 pmol fibrinogen
the C30 and C60(30)materials yielded nearly the same results for And B3-chains of
fibrinogen, but there was a remarkable incrementfohain (64.9%) on C60(30) that means
the total sequence coverage reached the best &2&W5%. The hydrophobicity and the

length of the peptide do play an important partsithose peptides have better access to the
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alkyl moieties and therefore generated interactistrenger than to the spherical C60

molecules. Due to the highest percentage of thenatio amino acids in the c-chain of
fibrinogen them-m interactions between the peptides and the fuleeygay more important

role than in the case ofoAand B3-chains.

5.3 Determination of glycated sites of HSA and fibogen with C30 and
C60(30)-silica

Digest of HSA glycated for 28 days were fractiodad@ C60(30) and C30 solid phase
particles, the results were compared with unfractied glycated HSA digest and boronate
affinity. Sixty-nine possible glycated siteef HSA could be identified altogether, 10 of them
have never been describedn the literature before. Data provided from SB&peziments
made it possible to recognise glycations that cawtibe detected from the unfractionated
digest.

In the case of fractionation of glycated fibrinog#igest, the result cannot be compared with
other data in the literature, since it has not bheported before. In the sequence of&ain

72 modifications were found, using C30-silica 6y, nbeans of C60(30) 63 glycated residues
could be identified in SPE experiments. Of all thedified sites in B-chain there wer&9,
with fractionations on C30-silica nearly the sanuenber53 sites and on C60(3047 sites
Forty-one possible glycated sites were found fer ¢kchain of fibrinogen. Results achieved
using C30-silica (33 sites) and C60(30) (34 sitesde similar to each other. For instance, in
c-chain glycation on R8, R35, R123, R246 and R4&didues were only possible to be
explored employing C60(30). Tipmssible glycated sites of fibrinogen were descritdirst

by Boddi et. al [85].

In the SPE experiments of glycated proteins C30asik a competitive candidate with regard
to C60(30) concerning both the number of glycateessand the number of bound peptides.
The selectivity of these materials differs; C3Q@esiladsorbs larger peptides, while C60(30)
possesses excellent binding capacity towards hydroparginine-rich small peptides. The
findings may lie in the basis of a feasible SPEHok-MALDI method to be used for the
investigation of polar constituents of complex bgital samples.
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5.4 Optimization of different approaches of elutisnin the case of boronate

affinity tips

Miniaturized boronate affinity chromatography wasirid to be the optimal method
for the selective enrichment of non-ezimatically dified peptides. The proper binding
condition is known 150 mM ammonium chloride/ammonia buffer, pH 8.3 but the
appropriate circumstances of elution have neven lmgimized before. Data obtained from
electrochemical measurements allowed us to fincofitenal elution procedure of the bound
glucose. It could be carried out employing eitheidia conditions or a highly concentrated
solution of sorbitol. Elution carried out usingarbitol solution at a concentration df.2 M
was found to be more efficient than elution witliniecc acid at pH 2.0, although the more
acidic solution was used; the more efficient thieiaanedia for the elution was. The solution
of formic acid allowed us to identify 27 single ghted peptides, as long as elution with

sorbitol has given 41 single glycated peptides.

5.5 Desalting of glycated peptides using differaotbents

After the elution of glycated peptides with sorbpoior to MALDI-TOF analysis, the
eluate consequently needed to be desalted. Thismy@demented using three different types
of sorbents: the commercially available ZipTip, C8Y) and a homemade C18 silica. The
eluates after using a sorbitol solution at a cotraéion of 1.2 M, were evaluated on the basis
of the identified single and double glycated peggidnd the number of possible glycated sites
on HSA glycated for 28 days. These can be plotiethbans of Venn diagrams (Figures 19,
20 and 21) for the best presentation of the results
Ammonium chloride/ammonia buffer has proven to be the best binding buffer for selec
enrichment of glycated peptides by boronate affinliromatography. As the Venn diagrams
show, 41 single glycated peptides were adsorbeld antmonium chloride/ammonia buffer
by C60(30), of these 13 were unique with 8 possiyeated sites. While using ZipTip, 42
single glycated peptides can be found, 12 wereuawgth 4 unique glycation sites.

The choice of buffer and the way of elution, ashaslthe most appropriate sorbent used for
desalting the eluate, were evaluated by means ohdegrams. The result were discussed on
the basis of for 28 days glycated HSA digest imgof the numbers of single and double
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glycated peptides as well as the number of recedniglycation sites located on these
peptides.

Regarding the numbers of single and double glycaiutides and the possible modified
residues,C60(30) was considered as a promising sorbent with resjeds performance
toward glycated constituents. Moreover, its efficé competitive with commercial that of
ZipTip . The application of C18 did not meet the requireteeconcerning the number of

glycated peptides bound during the desalting prnoeed

5.6 Application of the new method for the detectiaf glycated peptides
achieved from digested human serum albumin, colégttfrom patients

suffering from types 2 diabetes — compared to healvolunteers

The applicability of the method was demonstratedte digest of HSA isolated from
healthy volunteers and diabetic patients. Howelieth the control and the diabetic groups
included only four individualsmore glycated peptides and consequentlgnore glycated
sites were recognized for patients suffering from t@pdiabetes mellitus having been under
insufficient diabetic control when being monitoreld (Amadori product).

The privileged glycation sites of K12, K233, and 285were present in each individual.
Results also indicate that peptides appearing at X/77.519 and 1783.938 are worth
considering, although peptide at m/z 1077.519 cdwdddetected in only three diabetic
patients. This modification, which located at R8%, considered to be an attached
tetrahydropyrimidine.

When detecting FL after a loss of water (FL-18)jsdinctive peptide appearingraiz 1783.9
was observed in each diabetic patient but was eteicted in healthy control individuals. This
peptide is located in the region of [414-428] ofAd&d incorporates K414 and R428. This
peptide and its glycated sites may serve a®tantial biomarker for diabetes, however,
further research is required to confirm this obagon.
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Appendix

Figure A: The effect of the hllaser light on the co-crystallized matrix and sempolecules

http://www.psrc.usm.edu/mauritz/maldi.html

ZT

~ Zy
¥n

Figure B. Nomenclature of fragment ions observed in ISD [7]
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