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Abbreviations

AC Amadori compound MALDI matrix assisted laser
ACN acetonitrile desorption/ionization
AGE advanced glycation MALDI-TOF/MS matrix assisted laser
endproduct desorption/ionization
FL fructosyl lysine time of flight mass
FL-18 fructosyl lysine after loss of spectrometry
water MS mass spectrometry
HbAlc hemoglobin Alc PBS phosphate buffers saline
HPLC high  performance liquid SPE solid phase extraction
chromatography TFA trifluoroacetic acid
HSA human serum albumin TOF time of flight
Introduction

Non-enzymatic glycation

Non-enzymatic glycation is one type of post-tratisteal modification of the proteins
structure that occurs after the synthesis by teaiosl of the messenger RNA. This reaction is
the covalent binding of single reducing sugars dghe, fructose, ribose, etc.) to primary
amino groups in proteins, such as ¢h@mino group of the protein lysine residue. Thé&ahi
product is a labile Schiff base intermediate. Tiyise of molecules could be converted to
isomeric products called the Amadori compounds (At)e AC can undergo additional
oxidation and rearrangement reactions and evegtuaéhydration, condensation,
fragmentation, oxidation and cyclization reactiohs form a series of biologically
considerably more reactive constituents, termedamackd glycation end-products (AGES).
Formation of the Schiff base is relatively fast dnghly reversible and the formation of the
Amadori products from the Schiff base is slowet, touch faster than the reverse reaction, so
that the glycation product tends to accumulaterotems.
As a result of the non-enzymatic glycation the A@GBBe be formed because of the increased

blood glucose level in hyperglycaemia, diabeteditusltypes | and Il.

Clinical methods used for the detection of non-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 patients.



The level of the glycated albumin in serum is tHaug represent the condition of the blood
glucose over the last 2 to 4 weeks, while HbAlceaatks glycaemia state over the last 1 or 2
months. Glycated human serum albumin (HSA) is gromant midterm indicator of diabetes

that is more sensitive to changes in blood glutese than HbAlc.

Desalting of proteins and peptides by solid phasetaction (SPE)

Solid phase extraction (SPE) is an easily appleabéthod most frequently used for
desalting, purification, preconcentration and fiacation of a complex mixture of peptides.
Fractionation prior to analyses can have a sigmitieffect on sequence coverage of proteins
particularly implemented for those peptides obtdifrem the proteolysis of larger proteins.
Further advantages of the SPE method include velgthigh recovery rate, short extraction
time, high enrichment factor and low consumptiomi@fanic solvents.

One common use of the SPE is desalting peptid&Nax oligonucleotides. While these
required sample molecules are retained on the st&beon-volatile salts are washed off the

sorbent with pure water.

Microextraction methods:

Miniaturization of solid phase extraction was areat trend in the last years. Miniaturized
SPE tips are packed with a small amount (0.1mggwérsed phase material or other sorbent,
which allows eluting the desired components in $mallume of mobile phase. Microscale
SPE has been developed for MALDI-TOF/MS.

Boronate affinity chromatography

Boronate affinity columns were first used for tlegparation of sugars, polysaccharides
and nucleic acid components by Weith et al in 19t application of the boronate affinity
column in proteomics for the separation and quigatibn of glycohemoglobin was published
by Mallia et al. in 1981.

Boric acid and boronic acid form stable esters witiyols and saccharides containicig-
diol groups. Up till now this method has been addpfor the separation ofis-diol
compounds such as carbohydrates, enzymes, glypabéeins and glycated peptides. This
method is described as a useful separation technifpr the measurement of

glycohemoglobin, the study of the glycation pattefrhemoglobin in diabetic patients, the



purification of arginine containing peptides ande tilseparation of glycoproteins and
glycopeptides.

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 vycspread.

Aims

Development in the application of Solid Phase Exti&ion:

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

Experiments of boronate affinity chromatography for the separation of
glycated peptides:

V. 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



Materials and methods

In-vitro glycation of HSA and fibrinogen

HSA (Sigma-Aldrich) (5 mg) was dissolved in D-glseosolution (0.167 M in phosphate
buffered saline (PBS), pH 7.4). Fibrinogen (Sigmdrigh) does not dissolve in water; therefore 2 mg
of protein was layered on top of warm (37°C) sakptution (0.9% m/v) consisting of D-glucose at a
concentration of 0.167 M. Solutions of both prosewere incubated under aseptic conditions for 28
days at 37°C. Before further modifications and tigymligestion the glycated HSA and glycated
fibrinogen were purified by centrifugation througimembrane (Millipore, cut-off: 3000 Da).

Adsorption of peptides on C30 and C60 silica

After the activation and equilibration, 3 mg of bo€30-silica and C60(30)-fullerene-silica were
incubated overnight with a solution of Leu-enkephé.1% TFA in water) at different concentrations
ranging from 60 to 210 pg/mL under vigorous shakah@0°C. Then the particles were centrifuged

and the supernatants were analysed.

Solid phase extraction (SPE) of the digests

The tryptic digest (20 pmol) from HSA and fibrinogéen 200 pL 0.1% TFA/water were
loaded onto the equilibrated particles, and the 8PEs were washed three times with 1 mL 0.1%
TFA/water to remove the non-bound peptides. Thdigemool was fractionated gradually with 5—
70% v/v of ACN/water with 0.1% TFA, increasing tA€N concentration of the eluents with 5% in
each step. From each eluent 300 puL was used. émactiere collected, evaporated, redissolved in 5
puL water and analysed by MALDI-TOF/MS.

Optimization of composition of binding buffer and drcumstances of elution using
amperometric method

In thefirst experiment, an ammonium chloride solution at a concentraib250 mM was
prepared and the pH values of this solution weresteldd by adding ammonia to obtain binding
buffers with pH values of 7.4, 7.8, 8.2, 8.6, @Ad 9.4. Each solution contained 50 mM magnesium
sulphate. After rehydration boronate affinity tigere equilibrated with the binding buffers mentidne
above, 0.01 mol D-glucose was dissolved in 10 nmbiatling buffer and the solution was aspirated

through the affinity gel. This was followed by ashkiéng step using binding buffer to eliminate the



nonbound glucose. Finally, the elution of the bolnglucose was carried out using 200 pl of formic
acid solution with a pH value of 2.0. In thext experiment the pH was kept at a constant level and
the concentration of the ammonium chloride was ghdnfrom 50 to 300 mM. Then 0.01 mol D-
glucose was again dissolved in solution and agar#trough the gel slab of the tips. Elution of the
bound glucose was implemented using 200 pl of fomwid solution at pH 2.0.

From these experiments, the binding buffer in whicé tip possessed the highest binding
capacity toward glucose was chosen and the elutaminvestigated using formic acid from pH 2.0 to
pH 5.0. Additional experiments for the optimizatiohthe elution include the use of sorbitol at legh

concentrations to remove D-glucose from the boeaé#tnity tips in the range from 0.1 to 1.6 M.

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

Human sera taken from diabetic patients and heaftiynteers were diluted 20 times with
double distilled water, and then 2 ml of this smntwas centrifuged through a Centricon Ultracel
YM-50 centrifugal filter tube (Millipore) at 5000i@r 20 min (cutoff: 50,000 Da). Proteins remaining
on the filter were further diluted with double distd water 20 times, and the HSA was separated on
Kovasil MS-C18 non-porous column (Zeochem AG, UmtikSwitzerland).

The HPLC instrument consists of a Dionex P680 @mdpump, Rheodyne 8125 injection
valve, a Dionex UVD 340U UV-Vis detector (Dionexem@any). Data acquisition was
carried out using the Chromeleon software (versso®0 SP3 Build 1485).

Enrichment of glycated peptides using boronate affiity tips

Pipette tips containing 5 pl of gel of immobilizestaminophenylboronic acid with a total
volume of 200 pl (PhyTip 1000+ columns, PhyNexuan Sose, CA, USA) were used for the
enrichment of the glycated peptides. After rehydratthe tips were equilibrated with binding buffer
The digest of 100 pg of protein (for each proteap dissolved in the binding buffer, and the soluti
was aspirated through the affinity gel. Then thps twere washed with 1 ml of binding buffer to
remove unselectively bound peptides. This was Vi@l by an additional washing step with double
distilled water to eliminate the trace of saltsgamted in the buffer if the elution was carried wsihg
formic acid. Glycated peptides were eluted withb@xul of formic acid solution at pH 2.0. Elution of
the bound glycated peptides has also been accdmaglissing sorbitol at higher concentrations. In the
case of elution with sorbitol, prior to MALDI measuent the glycated peptides needed to be
desalted using different sorbents (C18, ZipTip, (36)).



Desalting of glycated peptides eluted from tips wiht sorbitol

For the desalting of glycated peptides eluted flmronate affinity tips, three different solid
phase extraction (SPE) sorbents were compared. 3erg from fullerene-derivatized silica particles
made from a silica with a pore diameter of 30 nrBQGB0) silica) and 5 mg C18 silica was packed in
SPE cartridges. Elution of the bound peptides wgdamented with 300 pl of 80% ACN and 0.1%
TFA in water. The eluate was evaporated to dryreesd,the peptides were taken up in 5 pl of 0.1%
TFA in double distilled water.

The desalting of glycated peptides was also caroetdusing the commercially available ZipTip
(Millipore). In the case of ZipTip, the eluate waeposited directly onto a stainless steel targét jirh
of 80% ACN and 0.1% TFA in water and then mixedwilitul of matrices and analyzed.

MALDI-TOF/MS analysis

Autoflex 1l MALDI instrument from Bruker Daltonicsvas used for the mass
spectrometric measurements.

All mass spectra were acquired in positive modé witlsed ionisationk(= 337 nm; nitrogen
laser, maximum pulse rate: 50 Hz; maximal inten@0-30% of the laser for peptides). Tryptic
peptides were measured in reflectron mode usingelayed extraction of 120 ns and were
monoisotopically resolved.

Proteins were measured in linear mode at a deleytedction of 550 ns. The accelerating voltage was
set to +19 kV, the reflectron voltage was set td k2. Spectra of peptides and proteins were the sum
of 1000 shots on the same sample spot, externbfai@n was used. Data processing was executed
with Flex Analysis software packages (version:)2Hor the in-silico digestion Sequence Editor

software (Bruker Daltonics) was used.

Results and discussion
Results of the solid phase (SPE) experiments

Comparison of the phases — recovery study (quantitize 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 standdutisus of Leu-enkephalin &= 0.9899)

at 232 nm employing UV-Vis spectrophotometry. Theaaption isotherms can be depicted
plotting the concentrations of supernatantg,(@xpressed in pg x i) against the adsorbed

amount (ngs expressed in pg) (Figure 1/A). Data points fé theoretical adsorption model

of Langmuir with an excellent linear regressiors €R0.994 for C60(30) and C30-silica, both)
when plotting Gquagainst Gq/mads(Figure 1/B). The binding capacities were caledairom

the reciprocal slope of the lines.
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Figure 1 (A) Adsorption isotherms of Leu-enkephalin measuradC30-silica and C60(30)
at 25°C. (B) The linearised forms of the isotheriftse reciprocal slope of the lines gives the

binding capacity of the phases in saturation.

The binding capacity of C60(30) is 31.5 mgxgvhich confirms a previously published result
obtained for phosphopeptides (33.6 mgxgThis value is 153.9 mgXgfor C30-silica

showing a five times higher binding capacity.

Comparison of the phases based on the sequence cage of HSA and fibrinogen
digests received after stepwise SPE fractionation

Digests of HSA and fibrinogen wefactionated on each SPE materialIn the case
of fractionation of 20 pmol HSA digest, C18- and0&3licas provide better coverages than
the C60-silica materials in so far as 80.51% ofaheno acids of HSA was identified after
separating the peptides on C18-silica particless Was found to be 80.68% on C30-silica,
respectively. C60(30) enabled the identificatiory@f77% of the amino acids of HSA.



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
Bp-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 (64.90%3% w&chieved on C60(30), which
raised the total coverage up to 62.15%, and 55,69%30.

Identification of the possible glycation sites of IBA and fibrinogen after
fractionation —comparison of the results provided §§ SPE experiments to

boronate affinity chromatography

GlycatedHSA is an excellent marker in diabetes and it can $#das a mid-term
index of glycaemic control (approximately 20 dagidftife). The role of glycated HSA in the
identification of different stages of diabetes larified and the possible glycation sites of
HSA have been extensively studied with a numbenetods.

Fibrinogen may significantly contribute to an increased mélcardiovascular disease

in patients with diabetes both in that they gemgitahve 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.
In this work the identification of Amadori produdiglucose molecules react with free amine
groups forming glycosylamine residues through aergble process, and later the
glycosylamine can undergo an Amadori rearrangeneeform a stable fructosamine residue )
and fructosil-lysine were the object of the invgation.

The all possible single glycated sitesH8A obtained on C30-silica and C60(30) were
compared with the unfractionated digest. Sixty-mossible glycated sites were successfully
identified. Fifty-nine of these have been describethe literature. Data obtained from SPE
experiments made it possible to recognise glycatahcould not be detected from the digest.
Ten unknown modification sites have been identifie@1, K93, R98, K106, R114, R337,
R348, R521, K560, K564
In the sequence dAa-chain of fibrinogen 72 modifications were found but from the digest
only 41 of these sites were identified. Using CBi@as 67, by means of C60(30) 63 glycated

residues could be identified in SPE experiments.



Of all the modified sites (59) on thig$-chain, 25 were found by analysing the digest, while
this number increased with fractionations on C3i@as(53 sites) and C60(30) (47 sites).
Forty-one possible glycated sites were found ferctishain 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.

Results of the experiments of the boronate affindigromatography

Evaluation of binding conditions of boronate affinty 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. The results clearly demonstrate that afimity tips bind the highest amount of
glucose when the pH of the binding buffer variesMeen 7.7 and 8.2. Further enhancement
of the pH of the binding buffer results in a deseaf the bound glucose. The maximal
binding capacity of the tips was found to fall vintithe pH range of 7.8-8.2 in the curve;
therefore, a value of approximately 8.2 was setefuethis study.

When the binding capacity of the tips was plottgdiast the ionic strength of the binding
buffer, 150 mM ammonium chloride provided the besults.

The effect of the pH of the eluent depicted in filmection of the eluted glucose when using
solutions of formic acid at different pH values tbe elution. This relation is exponential; the
lower thepH of the eluent the higher the amount of glucose eluted. Theiaiubdf bound
glucose on boronate-derivatised resin can also dmenaplished by means of a highly
concentrated sorbitol solution. Theffects of the concentrations of sorbitolsolution are
plotted against the amount of released glucose. dirge reaches a plateau at 1.2 M;
therefore, there is no need to employ sorbitol tsmis for the elution at higher

concentrations.
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Evaluation of performance of boronate affinity tips toward glycated peptides

enriched from glycated HSA tryptic digests

The application of the boronate affinity tips wastroduced employingn-vitro
glycated HSAas model proteins.

Glycated HSA underwent tryptic digestion. The ojtiea conditions, including the
ionic strength and pH of the binding buffer and Weys of the different types of elutions,
were applied for HSA glycated for 28 days. ThiswiBy the highest number of glycated
peptides is expected in this case; therefore, tfierences among the applied approaches
taken are obviously better expressed. Resultsweddiom the experiments carried out with a
sorbitol solution at a concentration of 1.2 M wexluated first. Under optimized conditions,
the binding of the glycated peptides was carrietl tsing ammonium chloride/ammonia
buffer and with taurine buffer using both at themsapH value (8.2) and the same
concentration (150 mmol). After the elution of giyed peptides of HSA with sorbitol prior to
MALDI-TOF analysis, the eluate consequently nedddoedesalted This was implemented
using three different types of sorbents: the concrally available ZipTip, fullerene(C60)-
derivatised silica material (C60(30)) and the oredenon the basis of silica with a 30-nm
pore radius), and a homemade densely coated CGt8. Silhe experimental circumstances,
including the composition of the binding bufferetbomparison of thelution using sorbitol
and formic acid, and thadifferent types of sorbentsemployed for desalting the eluates after
using a sorbitol solution at a concentration of M2 were evaluated on the basis of the
identified single glycated peptides and the nundfgrossible glycated sites on HSA glycated
for 28 days. These can be plotted by means of \deamgrams. Figure 2/A and B below depict
the numbers ofingle glycated peptides captured by the boronate affinity tips employing
ammonium chloride/ ammonia buffer and taurine buffespectively, for the enrichment of
glycated constituents. In both cases, the boundatgyg peptides were eluted with a highly
concentrated sorbitol solution (1.2 M) and desatindthe three materials mentioned above.
As shown in the number of glycated peptides bourttleduted from each sorbent, ammonium
chloride/ammonia buffer proved to be more efficiéman taurine buffer in that 67 single
glycated peptides could be selectively captured fdmgans of using ammonium
chloride/ammonia buffer, whereas 55 peptides medlifvith only 1 sugar unit were possible

to be monitored after the elution from all of tme@oyed phases.
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Ammonium chloride/ammonia buffer Taurine buffer

Number of single glycated peptides® Number of single glycated peptides

C60(30) C60(30)
41 43
13 15
4
340 ° 6 48
C18 sili ZipTip 18 sili 0 ZipTip
356I ica 9 5 12 0 288I ica 4 8 B

Figure 2. Comparison of different sorbents used for dasgévhen elution is carried out with
sorbitol. (A) Venn diagram showing the numbers efedted single glycated peptides when
the loading buffer was ammonium chloride/ammoni@g@tmized circumstances. (B) Venn
diagram depicting the numbers of detected singjeaged peptides in the case of using

taurine buffer.

After the desalting step, 13 unique peptides ofttial single glycated peptide pool
adsorbed by the C60(30) particles (from 41 pepjlidesre possible to acquire using
ammonium chloride/ammonia as binding buffer (Figeit&). Figure 2/B above shows unique
single glycated peptides also bound exclusivel{CB®(30) particles when the enrichment of
the glycated peptides was carried out using tausirféer. In total, 43 of the eluted peptides
could be identified when desalting them by meansmploying C60(30) silica material. Of
43 single glycated peptides, 15 were identifiedyoinbm the eluate of C60(30) and the
remaining 28 peptides of the other sorbents coldd be detected. It may be important to
emphasize that these 15 unique glycated peptides Ineuinterpreted only in the context of
evaluating the three different sorbents with respedhe number of bound single glycated
peptides. If the unique peptides detected in tlhiates of C60(30) SPE material after the
enrichment with the two above-mentioned buffer elyst are compared, it can be concluded
that their numbers were very similar to each osweitong as 13 of them were found when
enriching them with an ammonium chloride/ammoniffdsuand 15 glycated peptides were
found when the binding buffer was composed of teurOnly 5 single glycated peptides with
the same sequence and modifications could be athliypm the unique peptides enriched
with the two buffers and desorbed from C60(30). Tregority of the unique peptides were
found to be different despite the fact that theg baen eluted from the same sorbent. This

12



observation reveals that the use of different uffgstems alters the selectivity of the
boronate phase insofar as the captured peptiddepeofd the identified potential glycated
sites show great variety.

Using ammonium chloride/ammonia buffer for the elmment of glycated constituents
with boronate affinity tips, as described earliethis study, 41 single glycated peptides were
bound by C60(30) silica particles. In addition, &®gle glycated unique peptides were
explored in the eluted peptide pool. Single glydagieptides involve 8 possible glycated sites,
namely K106, R114, R257, R348, K372, K436, K43% KAG66.

These results were compared with those receiveat #ie enrichment of glycated
peptides using taurine buffer. Among those peptiddsased from the affinity tips and
desalted from the sorbitol solution on C60(30) ipke$, 15 single glycated unique peptides
were analyzed. Single glycated peptides made dedsie identification of 9 unique glycated
sites. In single glycated unique peptides K190, X313, K444, R445, K466, K536, K538,
and K541, unique glycated sites were localized.

ZipTip is a commercially available product, probably theost frequently and
efficiently used tool for desalting the solution$ mroteins and peptides prior to mass
spectrometric measurements. When binding peptidesaftinity tips with ammonium
chloride/ammonia buffer, the desalting procedureri@é 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 wesalted by means of ZipTip, and 58
possible glycated sites were monitored.

Concerningtaurine binding buffer, for single glycated peptides, ZipTip provided a
worse result than C60(30) so long as only 30 peptidlere bound; of these, 8 were found to
be unique. Taking into account the glycated resdletected 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 parsét of K402, K432, K313, K317, K500, and
R485 could be observed.

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. The poor performantéhis material toward hydrophilic

glycated peptides is also expressed in the numbanique peptides found, that is, only 6
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with 4 possible unique glycated sites at R98, K443814 and R428. When using taurine
buffer, the results of the desalting on C18 paeticlvere even worse. In total, 28 single
glycated peptides of the 4 unique peptides analymze bound; none of them comprised any
unique glycated sites.

Elution of the bound constituents is frequently implemdnie acidic media. A
formic acid solution of pH 2.0 proved to be the best in tewhshe amount of eluted D-
glucose evidenced by amperometric measurementsotwith this solution was compared
to elution implemented with sorbitol (desalted b§0(30)) regarding the number of eluted
single glycated peptides and the possible idedtifiigcated sites as well. These two ways of
elution were compared with the digest of HSA indebawith D-glucose for 28 days to assess
the efficiency of the enrichment. Surprisingly, #lation with formic acid yielded the worst
results in terms of the number of identified glyzhtpeptides and the possible sites of
glycations.

Figure 3/A below shows that in 100 pmol of the digef 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 buffer, the elution of single glycated peptides wibhmic acid resulted 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, trebution with
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 cimgy 12 unique residues were explored.
As also demonstrated in Figure 3/B above, formid atade possible the release of only 11
peptides. Elution with sorbitol again showed thestbeesults after desalting. This was
expressed by 24 identified peptides; of these, #fevobserved to be unique constituents

containing 16 unique glycated sites.
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Ammonium chloride/ammonia buffer Taurine buffer

Number of single glycated peptides® Number of single glycated peptides

digest digest
29 29
3 6
6
344 ° 116
HCOOH C60(30 HCOOH 6 C60(30
o5 7 3 15 50(30) 0:3 8 15 43( )

Figure 3: Comparison of elutions of glycated peptides frdfmay 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 diagraimttee single glycated peptides released

from the tips in the case of employing taurine gdouffer

Figure 3/B above show those cases where glycatetiips were bound to the affinity
tips in the presence d¢hurine buffer. Briefly, from the digest, 29 single glycated pédps
were detected; of these, 6 were unique and eacl8 hemlque residues. Eluting the peptides
with formic acid solution allowed the recognition of 31 single glied peptides; of these, 8
were unique with 4 possible unique sites of glywatiWhen eluting the peptides with
sorbitol, 43 single glycated peptides could be detectedthete, 15 were unique and
incorporated 8 unique glycated sites. As demorestrabove, with the elution of the bound
glycated peptides with formic acid solution, it seethat no enrichment of the modified
constituents occurred in spite of the fact thathiglest amount of glucose could be measured
at pH 2.0. Therefore, the acidic elution is nobramended 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 elw#ld 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 desaltihg 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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Application of boronate affinity tips for selective 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 levélb#&1lc and fasting plasma glucose. For
healthy volunteers, besides some important clinggabmeters, the fasting plasma glucose
was always less than 6.1 mmoi*LThese values were by far the highest in patiéraad 2
(12.17 and 13.02 mmolxL, respectively). For patients 3 and 4, slightly éswalues were
obtained (8.53 and 7.50 mmol¥|_respectively).

For all of the investigated patients, HbAlc wassidaered to be rather high (10.30, 11.50,
11.82, and 11.30% as measured for patients 1,ahd34, respectively)

These two series of data served for the estimaifahe glycaemic state of patients.
HSA reflects the amount of blood glucose more Hgpidkan 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 collectiedm each patient and healthy

volunteer was enriched under optimized conditiosimgi boronate affinity tips. The bound
constituents were released from the tips by metasld M sorbitol solution. The eluate was
then desalted on C60(30) and preconcentrated.d@sptemaining after this procedure were
measured by MALDI-TOF/MS.
Besides the privileged glycation sites of K12, K23hd K525 being present in each
individual, many other glycated K and R residuescdbéed previously were recognized.
Regarding the numbers of glycated peptides angdksible identified glycated residues with
the exception of patient 4 (whose fasting plasmacagge was the lowest), the clinical
parameters can be associated with the glycatiorerpabbtained from mass spectrometric
data.

Glycated peptides with a mass shift of 144.042 vesqglored. They can be either FL
(Amadori product) after a loss of water or tetraimpyrimidine bound directly to arginine
residues. Results also indicate that peptides ajjgeat m/z 1077.519 and 1783.938 are
worth considering. The latter site was observedlliof the investigated digests belonging to

the patients but was utterly absent from samplesnt&rom healthy individuals. The presence
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of a modification at m/z 144.042 was further comalted by the corresponding PSD
spectrum, where the presence of a neutral lossletested at m/z 1639.896, showing that the
location of the modification can be at either K4d¥R428. Similarly, the peptide at m/z
1077.519 could be detected in only three diabetiepts. This 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.

New results reported in the dissertation

|. Determination of the binding capacity of C30 an@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. In the case @30-silicathe value is 153.9 mg/g showing a five times hidtiading

capacity.

II. ldentification of solid phases (C18, C30, C6d), C60(30), C60(100)) on the

sequence coverage of tryptic digest of HSA andifibgen

Twenty pmol HSA digest was fractionated on eachicstary phase: C18, C30,
C60(10), C60(30), C60(100). The C18- and C30-sliprovided better sequence coverages
(approximately 80%) than the C60-silicas.
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In the case of fractionation of 20 pmol fibrinogte C30 and C60(30)materials yielded
nearly the same results foreAand B-chains of fibrinogen, but there was a remarkable
increment for c-chain (64.9%) on C60(30) that maaesotal sequence coverage reached the
best result 62.15%. The hydrophobicity and the tleraj the peptide do play an important
part since those peptides have better access talklge moieties and therefore generated

interactions stronger than to the spherical C6Cemgdées. Due to the highest percentage of the
aromatic amino acids in the c-chain of fibrinogle t-m interactions between the peptides

and the fullerene play more important role thathancase of A- and B3-chains.

lll. Determination of glycated sites of HSA and fimogen with C30 and C60(30)-

silica

Digest of HSA glycated for 28 days were fractiodade C60(30) and C30 solid phase
particles, the results were compared with unfraetied 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 SBfpeziments
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 heported 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 R4iidues were only possible to be
explored employing C60(30). Tipmssible glycated sites of fibrinogen were descritdirst

by Boddi et. al.

In the SPE experiments of glycated proteins C30asik a competitive candidate with regard
to C60(30) concerning both the number of glycatésssand the number of bound peptides.
The selectivity of these materials differs; C30esiladsorbs larger peptides, while C60(30)
possesses excellent binding capacity towards h¥ydioparginine-rich small peptides. The
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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.

IV. Optimization of different approaches of elutienin 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 8.2 but the
appropriate circumstances of elution have neven lmgimized before. Data obtained from
electrochemical measurements allowed us to findbgitemal 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 witlinficc 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.

V. Desalting of glycated peptides using differentisents

After the elution of glycated peptides with sorbpoior to MALDI-TOF analysis, the
eluate consequently needed to be desalted. Thismy@smented 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 glycated peptides and nlnenber of possible glycated sites on HSA
glycated for 28 days.

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 possiheated sites. While using ZipTip, 42
single glycated peptides can be found, 12 wereuawgth 4 unique glycation sites.
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Regarding the numbers of single glycated peptides e possible modified residues,
C60(30) was considered as a promising sorbent with resfmedts performance toward
glycated constituents. Moreover, its efficacy isnpetitive with commercial that dipTip .

The application of C18 did not meet the requiremertdncerning the number of glycated

peptides bound during the desalting procedure.

VI. Application of the new method for the detectiasf glycated peptides achieved
from digested human serum albumin, collected froratignts suffering from types 2

diabetes — compared to healthy volunteers

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
siteswere recognized for patients suffering from typdi@betes 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.

20



Acknowledgements

| would like to thank Professor Dr. Robert Ohmachy; supervisor, and Professor Dr.
Jozsef Deli, my PhD. Program leader for their cenance.

| am especially thankful to my co-supervisor, DoltZn Szabd, for tutoring, mentoring
and funding the research. Without him the experisieof the thesis could not be
accomplished properly.

| would also like to thank Dr. Anikd Takatsy forrh&upport. She helped me writing this
thesis with her valuable ideas and helpful comments

| am grateful to Professor Dr. Istvan Wittmann, hexf 2'® Department of Internal
Medicine and Nephrology at Pécs University and ljos Markd, of the same department,
for the accurate selection and constitous collgatiithe clinical samples.

| am thankful to Professor Gunther K. Bonn and ThenRinger of the Institute of
Analytical Chemistry and Radiochemistry, Leopoldaizens University, Innsbruck for the
LC-MS measurements.

| am grateful to Professor Géza Nagy and Livia Nafythe Department of General and
Physical Chemistry, University of Pécs for the aropeetric experiments.

| am thankful to Gabor Rébék-Nagy for the languasyésion of my thesis.

| am grateful to everyone who is not listed aboué dontributed to my research or my
life.

Last, but not least, | would like to express mytigmde to my family for their infinite

encouragement and support during my work.

21



