
A

b
a
t
c
w
w
p
H
r
g
g
h
t
©

K

1

D
g
a
c
a
t
b
t
f
m
k
u

1
d

International Journal of Mass Spectrometry 260 (2007) 67–74

Analyses of the in vitro non-enzymatic glycation of peptides/proteins by
matrix-assisted laser desorption/ionization mass spectrometry

Bao-Shiang Lee ∗, Sangeeth Krishnanchettiar, Syed Salman Lateef, Shalini Gupta
Protein Research Laboratory, Research Resources Center, University of Illinois, 835 S. Wolcott Avenue, Chicago, IL 60612, USA

Received 22 April 2006; received in revised form 10 July 2006; accepted 10 July 2006
Available online 8 August 2006

bstract

Non-enzymatic glycation of proteins with the reducing agent glucose is implicated to be responsible for diabetes-derived complications, food
rowning, and aging. However, the non-enzymatic glycation process of peptides/proteins is not well understood and further research is needed to gain
n understanding of the underlying principles involved in diabetes-related complications. In this study, matrix-assisted laser desorption/ionization
ime-of-flight mass spectrometry is used to analyze the in vitro glycation of peptides/proteins. In addition to the physiological conditions, harsh
onditions (higher concentration of glucose, higher or lower pH, and higher temperature) are also used in this study. Peptides/proteins are reacted
ith glucose for up to 120 h at 4 ◦C, 37 ◦C, or 65 ◦C. Single and/or multiple glycations are observed using broad pH conditions (from 10% TFA
ith pKa of 0.5 to pH 10) at various glucose concentrations (from 0.01 M to 1 M). Data suggest that glucose reacts readily with both peptides and
roteins, and the efficiency of the glycation increases with higher temperature, higher pH, higher glucose concentration, or longer incubation time.
owever, influence of the buffer pH on the efficiency of the glycation of peptides is less pronounced compared to that of proteins. This effect could

esult from denaturation of proteins at higher pH and the resultant exposure of potential glycation sites. This data could lead to the inference that the
◦
lycation process of peptides/proteins would occur but proceed very slowly under the diabetes conditions in vivo (37 C, ∼neutral pH, ∼0.007 M

lucose). Postsource decay and MS/MS results of singly glycated angiotensin I, P14R (PPPPPPPPPPPPPPR), and human adrenocorticotropic
ormone (ATCH) fragments 1–13 indicate that glucose reacts with the amino group of the N-terminal of ATCH 1–13 and the guanidino group of
he arginine residue of both angiotensin I and P14R.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Diabetes is one of the leading causes of death in USA [1].
iabetes-derived complications are many and their links to the
lycation of proteins have been indicated [2,3]. The reducing
gent glucose is reported to react with the amino groups of cir-
ulating proteins such as hemoglobin, albumin, and IgG, as well
s the tissue proteins such as collagen [4–13]. Mechanistically,
he aldehyde group of glucose first forms a reversible Schiff’s
ase linkage with the �-amino or �-amino groups of the pro-

ein. This bond then undergoes an Amadori rearrangement to
orm a stable ketoamine derivative [14]. Subsequent rearrange-
ent, dehydration, and degradation (Maillard reaction) of the

etoamine derivatives produce yellow-brown, fluorescent prod-
cts, which are the advanced glycosylation end products (AGEs)

∗ Corresponding author. Tel.: +1 312 996 1411; fax: +1 312 996 1898.
E-mail address: boblee@uic.edu (B.-S. Lee).

l
c
o
p
a
t
h
i

387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2006.07.005
MS; FT-ICR MS

14]. The majority of previous studies have focused on the mea-
urement of AGEs. AGEs are also implicated in the aging and
rowning reactions in food science. These findings suggest that
uch of the characteristic pathology of diabetes results primar-

ly from increase in the non-enzymatic glycation of proteins,
nduced by hyperglycemia. Despite the importance of this sub-
ect and many previous studies [14–18], detailed information
n the process of glycation of peptides/proteins is lacking. The
ajority of previous studies were performed at 37 ◦C in physi-

logical conditions on proteins; and only the �-amino groups of
ysine and N-treminal residue were considered the possible gly-
ation sites. In this report we describe a detailed investigation
n the state of the glycation of peptides/proteins using a sim-
le, fast and informative MALDI-TOF MS technique. Human

ngiotensin I, P14R (PPPPPPPPPPPPPPR), human adrenocor-
icotropic hormone (ATCH) fragments 1–13, bovine insulin,
uman hemoglobin A, hen egg white lysozyme, soybean trypsin
nhibitor, and bovine serum albumin are used as the testing
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dx.doi.org/10.1016/j.ijms.2006.07.005
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ases. Besides commercially available in high purity, these pep-
ides/proteins are chosen to represent a wide range of M.W.
on-physiological conditions are also used to investigate on the

eaction kinetics (different temperatures) or to unfold the pro-
eins (pH 10). Since increased glucose concentration increases
he glycation rate of proteins/peptides, we choose glucose con-
entration of 1 M for the glycation reaction to speed up and
aximize the glycation.

. Experimental

.1. Materials

All chemicals were purchased from Sigma (Saint Louis,
O). Highest purity grade peptides and proteins were also

urchased from Sigma and used without further purification.
emoglobin was prepared from blood specimens for its high
uality.

.2. Preparation of hemoglobin samples

Blood specimens from normal subjects were collected in
eparin after informed consent from donors. Hemolysates were
repared by lysis of the washed erythrocytes with three–five vol-
mes of cold water and gassing with carbon monoxide, followed
y centrifugation for 20 min at 3000 × g. The clear hemolysate
as stored at −85 ◦C. Purified hemoglobin was prepared

rom the hemolysate by diethylaminoethyl Sephadex anion
xchanger chromatography and/or carboxymethyl Sephadex
ation exchanger chromatography and dialyzed against cold
eionized water.

.3. In vitro glycation of peptides/proteins

Ten microliters of peptide/protein solution (1 �g/�l) contain-
ng 0.01–1 M glucose was incubated at 4 ◦C, 37 ◦C, or 65 ◦C for
p to 4 days. PBS buffer (0.01 M; 0.318 M NaCl; 0.027 M KCl;
H 7.4), 50 mM Na2CO3 aqueous solution at pH 10, or 10%
FA (pKa of 0.5) aqueous solution was used as the solvent. Ten
icroliters of peptide/protein solution (1 �g/�l) without added

lucose was incubated as above and used as control. All control
amples showed normal non-glucosylated peptide/protein mass
pectra. One microliter aliquots were drawn at desired periods
nd diluted with 10-fold volumes of 0.1% TFA aqueous solution
or mass spectrometric analyses.

.4. MALDI-TOF and hybrid linear trap/FT-ICR mass
pectrometric analyses

Zip-Tips (Millipore, Billerica, MA) packed with C18 or C4
esin were used to prepare the solution for MS analysis of pep-
ides and proteins, respectively. Cyano-4-hydroxycinnamic acid
CHCA) and sinapinic acid (SA) were used as the matrix for pep-

ides and proteins, respectively. Aliquots (1.3 �l) of the matrix
olution (3–10 mg CHCA or SA in 1 ml aqueous solution of
0% acetonitrile containing 0.1% TFA) were used to elute the
eptide/protein from Zip-Tips and spotted onto a matrix-assisted

1
1
i
(
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aser desorption/ionization time-of-flight (MALDI-TOF) target.
Voyager-DE PRO mass spectrometer (Applied Biosystems,

oster City, CA) equipped with a 337 nm pulsed nitrogen laser
as used to analyze the samples. Peptide/protein mass was
easured using the positive-ion linear mode. External mass cali-

ration was performed using the peaks of a mixture of bradykinin
ragments 1–7 at m/z 758, angiotensin II (human) at m/z 1047,
14R (synthetic peptide) at m/z 1534, adrenocorticotropic hor-
one fragments 18–39 (human) at m/z 2467, insulin oxidized B

bovine) at m/z 3497, insulin (bovine) at m/z 5735, cytochrome
(equine) at m/z 12362, apomyoglobin (equine) at m/z 16952,

dolase (rabbit muscle) at m/z 39212, and albumin (bovine
erum) at m/z 66430.

The glycated angiotensin at m/z 1460, P14R at m/z 1697,
nd ATCH 1–13 at m/z 1788 were selected as precursor ions
sing an ion gate at a resolving power of 100 for positive
ALDI-TOF postsource decay (PSD) analysis. PSD was used
ith 15 kV accelerating potential, 100 laser pulses averaged for

ach reflector voltage segment. A composite mass spectrum was
roduced by stitching 15 different mass spectra, each spectrum
ontaining a portion of the entire mass range produced with
different reflector potential. This is required to observe the

ntire mass spectrum of fragment ions containing the desired
equence information.

The electrospray ionization Fourier transform (FT) MS and
S/MS were obtained using a LTQ-FT hybrid linear trap
T actively shielded superconducting magnet FT-ion cyclotron

esonance (FT-ICR) mass spectrometer (Thermo Electron,
altham, MA) equipped with an open-end cylindrical cell. The
calibur software package enables detection in both the linear

rap and the ICR cell simultaneously, which increase the duty
ycle of the instrument. In this study, the experiment utilized the
arallel data acquisition of MS and MS/MS by using both the
CR cell and the linear trap. Simultaneous detection is accom-
lished by filling the ICR cell using automatic gain control for
he full scan MS with a resolution setting of 50,000, and the
recursor mass are queried by the linear trap so that the MS/MS
pectra can be obtained in the time required for transient detec-
ion to be complete. Collision-induced dissociation (CID) was
erformed on singly glycated angiotensin at m/z 1460, P14R at
/z 1697, and ATCH 1–13 at m/z 1788 in the linear trap using
elium as the target gas with 25% normalized collision energy
nd an activation time of 30 ms.

. Results and discussion

The molecular ions of human angiotensin I, P14R
PPPPPPPPPPPPPPPR), human adrenocorticotropic hormone
ragments 1–13, and bovine insulin as well as their glycated
ons are exhibited in Fig. 1. Molecular masses of glycated pep-
ides produced by the in vitro incubation with glucose and
he number of glucose molecules attached to the peptides are
ompiled in Table 1. The molecular ions are observed at m/z

297 (angiotensin I), at m/z 1534 (P14R), at m/z 1625 (ACTH
–13), and at m/z 5735 (insulin). Their corresponding glycated
ons are detected at m/z 1460 (singly glucosylated), m/z 1623
doubly glucosylated), and m/z 1786 (triply glucosylated) in
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Fig. 1. The MALDI-TOF spectra of peptides and their reactions with glucose: (I a) angiotensin I at 65 ◦C for 19 h in PBS without glucose; (I b) angiotensin I at
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5 C for 19 h in PBS with 1 M glucose; (II a) P14R at 65 C for 96 h in PBS wi
ragments 1–13 at 65 ◦C for 19 h in PBS without glucose; (III b) ACTH fragmen
BS without glucose; (IV b) insulin at 65 ◦C for 96 h in PBS with 1 M glucose.
ALDI-TOF MS. CHCA was used as the matrix.

he case of angiotensin I, at m/z 1697 (singly glcosylated) in
he case of P14R, at m/z 1788 (singly glucosylated) and m/z
950 (doubly glucosylated) in the case of ACTH 1–13, and
t m/z 5898 (singly glucosylated), m/z 6060 (doubly glucosy-
ated), m/z 6223 (triply glucosylated), m/z 6385 (four glyca-
ions), and m/z 6548 (five glycations) in the case of insulin.
ince there are up to three glycations in the case of angiotensin
and the sequence of angiotensin I (DRVYIHPFHL) contains
o lysine residue (K), other parts of the peptide should be gly-
ated. Similarly, since there are up to two glycations sites in
he case of ACTH 1–13 and the sequence of ACTH fragments
–13 (SYSMEHFRWGKPV) contains only one lysine residue,
ther parts of the peptide besides �-amino group of the lysine
esidue must be glycated. In the synthetic peptide P14R only

ne glycation is detected, indicating that the glycation must
ccur in either guanidino group of the arginine residue or �-
mino group of N-terminal. Previous studies on reaction of
lucose with valylhistidine [19] and powder insulin [20] seem

t
g
o
t

able 1
olecular mass of glucosylated peptides/proteins produced by in vitro incubated wit

roteins/peptides Incubation conditions

ngiotensin I 65 ◦C, 19 h, PBS, 1 M Glc

14R 65 ◦C, 96 h, PBS, 1 M Glc
CTH fragments 1–13 65 ◦C, 19 h, PBS, 1 M Glc

nsulin 65 ◦C, 96 h, PBS, 1 M Glc
ysozyme 65 ◦C, 19 h, PBS, 1 M Glc
b A (�-chain) 37 ◦C, 120 h, PBS, 0.6 M Glc
b A (�-chain) 37 ◦C, 120 h, PBS, 0.6 M Glc
BTI 65 ◦C, 19 h, PBS, 1 M Glc
SA 65 ◦C, 24 h, PBS, 1 M Glc
glucose; (II b) P14R I at 65 C for 96 h in PBS with 1 M glucose; (III a) ACTH
13 at 65 ◦C for 19 h in PBS with 1 M glucose; (IV a) insulin at 65 ◦C for 96 h in
e solution (1 �g/�l) was processed with Zip-Tip packed with C18 resin before

o suggest that the �-amino group of N-terminal is more reac-
ive than the �-amino group. Nevertheless, our MALDI-TOF
ostsource decay (PSD) and FT-ICR MS collision-induced dis-
ociation results (described later) suggest that glucose can react
ith the amino group of the N-terminal of ATCH 1–13 and
uanidino group of the arginine residue of both angiotensin I and
14R. Insulin (GIVEQCCASVCSLYQL-ENYCNFVNQHL-
GSHLVEALYLVCGERGFFYTPKA) contains only one

ysine residue but is found to be glycated at five sites. This obser-
ation provides another example that amino acid residues other
han lysine residue and N-terminal can be glycated. This data
grees with previous study on the browning reaction of pow-
er insulin with glucose for 37 days at 55 ◦C [21] which had
roposed six potential reactive sites (two N-terminals, two his-

idines, one arginine, and one lysine). It is noted that only two
lycations are reported for the in vitro non-enzymatic glycation
f insulin with 0.22 M at 37 ◦C in a recent study [22]. The glyca-
ion of these peptides may change their functions and turn over

h glucose and number of glucose molecules attached to the peptides/proteins

Mass (m/z) Number of Glc attached

1460, 1623, 1786 1, 2, 3
1697 1
1788, 1950 1, 2
5898, 6060, 6223, 6385, 6548 1, 2, 3, 4, 5
15118 5
15289, 15451, 15614 1, 2, 3
16030, 16193, 16355 1, 2, 3
21055, 21228, 21364 6.5, 7.6, 8.4
68705, 72280, 75773 14, 36, 57.5
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Fig. 2. The MALDI-TOF spectra of proteins and their reactions with glucose: (I a) lysozyme at 65 ◦C for 19 h in PBS without glucose; (I b) lysozyme at 65 ◦C for
19 h in PBS with 1 M glucose; (II a) Hb A at 37 ◦C for 120 h in PBS without glucose; (II b) Hb A at 37 ◦C for 120 h in PBS with 0.6 M glucose; (III a) trypsin inhibitor
a 9 h in
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t 65 ◦C for 19 h in PBS without glucose; (III b) trypsin inhibitor at 65 ◦C for 1
IV b) BSA at 65 ◦C for 24 h in PBS with 1 M glucose. Protein solution (1 �g/
as used as the matrix.

ates in vivo, and further work is needed to fully understand the
ffects.

The molecular ions of human hemoglobin A (Hb A), hen egg
hite lysozyme, soybean trypsin inhibitor (SBTI), and bovine

erum albumin (BSA) as well as their glycated molecules are
isplayed in Fig. 2. Molecular masses of glycated proteins pro-
uced by the in vitro incubation with glucose and the number of
lucose molecules attached to the proteins are listed in Table 1.
he molecular ions are detected at m/z 14306 (lysozyme), at m/z
5126 (�-globin of Hb A) and m/z 15867 (�-globin of Hb A), at
/z 19995 (SBTI), and at m/z 66430 (BSA). Their corresponding
lycated ions are detected respectively at m/z 15118 (average five
lucosylated sites) in the case of lysozyme, at m/z 15289 (singly
lucosylated), m/z 15451 (doubly glucosylated), and m/z 15614
triply glucosylated) in the case of �-globin of the Hb A, at m/z
6030 (singly glucosylated), m/z 16193 (doubly glucosylated),
nd m/z 16355 (triply glucosylated) in the case of �-globin of the
b A, at m/z 21055 (average 6.5 glycations), 21228 (average 7.6
lycations), and 21364 (average 8.4 glycations) in the case of
BTI, and m/z 68705 (average 14 glycations), m/z 72280 (aver-
ge 36 glycations), and m/z 75773 (average 57.5 glycations) in
he case of BSA. In general, due to the presence of many dif-
erent glycated molecules, the bands corresponding to glycated
roteins are broader than their non-glycated counterparts. In the
ase of lysozyme, the glycated proteins exhibit a band range from

/z 14698 (average 2.4 glucoses) to 15692 (average 8.5 glu-

oses) which centers at m/z 15118 (average 5 glucoses). This data
ogether with the literature data at 37 ◦C (up to eight glycations)
8] of lysozyme suggests that most of the nine lysine residues in

H
o
b
c

PBS with 1 M glucose; (IV a) BSA at 65 ◦C for 24 h in PBS without glucose;
as processed with Zip-Tip packed with C4 resin before MALDI-TOF MS. SA

ysozyme could be glycated. Beside two major molecular ions of
-globin and �-globin of the Hb A, additional molecular ions of
A matrix adducts of these two globins (M + 207 and M + 225)
re also observed (Fig. 2II a) [23]. Also, molecular ions of
-globin + heme, �-globin + heme, and �-globin + Glc + heme
re observed at m/z 15742, 16483, and 16646, respectively.
inor ions from glycated Hb A’s dehydration products are also

bserved. We have also detected triply glycated �-globin and
-globin of the Hb A that were never been reported before. Pre-
ious studies [7,24] indicate that glycations might occur on the
erminal valine and the free �-amino group of lysine at positions
0 and 61 of the �-globin and 8, 17, and 66 of the �-globin. It
s noted that the majority of the 22 lysine residues in the Hb A
re non-reactive. In addition, data on SBTI indicated that major-
ty of the 10 lysine residues are reactive. Previous studies have
emonstrated that BSA glycation under different glucose con-
entration and incubation times from this study at 37 ◦C reaches
steady state, corresponding to the glycation process occurring
n all the proposed reactive 51 sites of the protein [4,10]. Nev-
rtheless, data from this study on reaction between BSA and
lucose (1 M) at 65 ◦C for 24 h in PBS suggests that up to 58
ites instead of 51 sites are glycated, indicating that at higher
emperature probably more of the 60 lysine residues’ �-amino
roup or other residues of BSA are reactive. The glycation of
hese proteins may change their functions in vivo, e.g., glycated

b A exhibits greater oxygen affinity then Hb A in the presence
f 2,3-diphosphoglycerate and glycated albumin is reported to
e taken up more avidity than native albumin by endothelial
ells.
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ig. 3. Time courses of the glycation of insulin at 65 ◦C and Hb A at 37 ◦C wi
rocessed with Zip-Tip before MALDI-TOF MS.

Fig. 3 shows the time course studies of the in vitro glycation of
nsulin and Hb A with 1 M glucose in PBS at 65 ◦C and 37 ◦C,
espectively. With 5 h of incubation, one glucose molecule is
ttached to both insulin and Hb A. As time progresses, more glu-
ose molecules are attached to both insulin and Hb A. After 48 h,
ve glucose molecules had attached to insulin, however, only

hree glucoses are attached to Hb A. This data indicates that effi-
iency of the glycation process is time dependent but reaches a

aximum when all the glycation sites are saturated. This general

bservation is in agreement with previously reported data [10].
t is noted that, increases in degradation products are detected
or all the peptides and proteins study here.

g
t
t
o

ig. 4. The glycation of insulin and BSA with glucose at 65 ◦C and 24 h in PBS as a fu
1 �g/�l) was processed with Zip-Tip before MALDI-TOF MS.
glucose in PBS by MALDI-TOF MS. Peptide/protein solution (1 �g/�l) was

Fig. 4 shows the effect of the glucose concentration on the
n vitro non-enzymatic glycation of insulin and BSA. Differ-
nt glucose concentrations (0.01 M, 0.1 M, or 1 M) are used to
lycate insulin and BSA in PBS at 65 ◦C for 24 h. At glucose
oncentration of 0.01 M, there is one glycation for BSA but there
s almost no observable glycation for insulin. At glucose con-
entration of 0.1 M, there are three glycations in the case of BSA
nd there is one observable glycation in the case of insulin. At

lucose concentration of 1 M, there are up to 58 glycations in
he case of BSA and there are up to 3 observable glycations in
he case of insulin. This data suggests that glycation efficiency
f peptides/proteins increases with at higher glucose concen-

nction of glucose concentration by MALDI-TOF MS. Peptide/protein solution
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ig. 5. The glycation of insulin and BSA with 1 M glucose for 24 h in PBS as a
rocessed with Zip-Tip before MALDI-TOF MS.

ration, albeit the relationship is not linear. This data together
ith the results from the previous paragraph suggest that the
on-enzymatic glycation of proteins may take time to reach a
ignificant amount in diabetic patient. In addition, this data is
ost useful in food science which produces foods in various

lucose concentrations.
Fig. 5 shows the effect of temperature on glycation of insulin

nd BSA with glucose concentration of 1 M in PBS for 24 h. At
◦C, there is no observed glycation for BSA and there is one
robable glycation for insulin. At 37 ◦C, there is one glycation

bserved for both BSA and insulin. At 65 ◦C, there are up to 58
lycations for BSA and up to 3 glycations for insulin. Data shows
hat higher temperature speeds up the glycation process but the
elationship between temperature and rate of glycation is not

B
t
t

ig. 6. Buffer pH dependence of the glycation of insulin and BSA with 1 M glucose
rocessed with Zip-Tip before MALDI-TOF MS.
on of temperature by MALDI-TOF MS. Peptide/protein solution (1 �g/�l) was

inear. Since no glycation is observed for BSA at 4 ◦C but there
s some glycation for insulin, and exactly the opposite effect
s observed under a different reaction condition (glucose con-
entration of 0.01 M, 65 ◦C, 24 h), it appears that the glycation
ites of BSA may not be readily accessible at lower temperatures
ue to perhaps the protein structure/folding. It is noted that all
ontrol samples show normal non-glucosylated peptide/protein
ass spectra. This data is most useful in food science which

roduces foods in glucose at different temperature. Also, it is
aluable information on glycation in thermophilic bacteria.
Fig. 6 shows the effect of the pH on glycation of insulin and
SA with glucose concentration of 1 M at 65 ◦C for 5 h. Using

he 10% TFA (pKa of 0.5) as the solvent, there is one glycation in
he case of BSA and up to two glycations in the case of insulin.

at 65 ◦C and 5 h by MALDI-TOF MS. Peptide/protein solution (1 �g/�l) was
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ig. 7. The MALDI-PSD TOF spectrum of glucosylated P14R. Glucosylated P14

olution (1 �g/�l) was processed with Zip-Tip before MALDI-TOF MS.

ydrated molecular ions are also detected. Using the PBS (pH
.4) as the solvent, there are on the average 5.4 glycations in
he case of BSA and up to two glycations in the case of insulin.
sing the 50 mM Na2CO3 (pH 10) as the solvent, there are on

he average 30 glycations in the case of BSA and up to 2 glyca-
ions in the case of insulin. In addition, molecular ions of CO2
dduct are also observed. Data suggests the glycation efficiency
ncreases at higher pH in the case of BSA but has a little effect
n insulin. This effect could result from denaturation of BSA at
igher pH and the resultant exposure of potential glycation sites.
t is noted that all control samples show normal non-glycated
eptide/protein mass spectra. This data is most useful in food
cience which produces foods in glucose at different pH. In addi-
ion, the information may have values on glycation in biological
ystem at extreme pH conditions or for pH denatured proteins.

Fig. 7 shows the MALDI-TOF PSD spectrum of glycated
14R at m/z 1697. Data displays “y” (bond-cleavage fragments

hat retain C-terminal side of the peptide), “b” (bond-cleavage
ragments that retain N-terminal side of the peptide), and “a”
b–CO ion) fragment ions. The observation that “b” fragment
on series (b1–b5) agrees with fragment without attached glu-
ose, and y14 (m/z 1599) and y14–NH3 (m/z 1582) fragment
ons agrees with fragments carrying a glucose, suggests that the
lucose is attached to the arginine guanidino group at the C-
erminal part of the peptide. Interestingly, y fragment ion series
o not exhibit any attached glucose except y14, indicating that
lucose could be released from a majority of y fragment ions
uring the mass measurement. Postsource decay and MS/MS
esults (data not shown) of singly glycated angiotensin I and
uman adrenocorticotropic hormone fragments 1–13 indicate
hat glucose reacts with the amino group of the N-terminal of
TCH 1–13 and guanidino group of the arginine residue of both
ngiotensin I.
. Conclusion

MALDI-TOF MS has been successfully used for the sys-
ematic study of the in vitro glycation of peptides/proteins.
s produced by reacting 1 M glucose with P14R at 65 ◦C for 24 h. Peptide/protein

esults indicate that glycation occurs between peptides/proteins
nd the reducing glucose at different temperature, glucose con-
entration, incubation time, and pH; and peptides are gly-
ated as efficiently as proteins. Human angiotensin I, human
CTH fragments 1–13, P14R, bovine insulin, hen egg white

ysozyme, human hemoglobin A, soybean trypsin inhibitor, and
ovine serum albumin are used as test cases. The reaction rate
ncreases with higher temperature, higher glucose concentration,
nd/or longer incubation time. All control samples (pure pep-
ides/proteins) show normal non-glycated peptide/protein mass
pectra. Postsource decay and MS/MS results of singly gly-
ated angiotensin I, P14R (PPPPPPPPPPPPPPR), and human
drenocorticotropic hormone fragments 1–13 indicate that glu-
ose reacts with the amino group of the N-terminal of ATCH
–13 and the guanidino group of the arginine residue of both
ngiotensin I and P14R. Contrary to proteins, pH has a little
ffect on the glycation efficiency of peptides. Glycation reaction
t higher pH and longer incubation time produce more degra-
ation products. This data could lead to the inference that the
lycation process of peptides/proteins would occur but proceed
ery slowly under the diabetes conditions in vivo (37 ◦C, neutral
H, 0.007 M glucose). Further work on using trypsin proteolysis
o yield more specific information about glycated sites of pep-
ides/proteins by hybrid linear trap/FT-ICR mass spectrometric
nalyses is in progress.
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