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Summary The molecular weights of plasma proteins 
from healthy subjects and from patients with well-or 
badly-controlled diabetes mellitus have been deter- 
mined by use of a matrix-assisted laser desorption 
ionization method, representing a highly accurate 
technique for the determination of the molecular 
weight of large biomolecules. Using this approach, 
different molecular weights of human serum albu- 
min have been found for healthy (66,572- 
66,694 dalton) and diabetic (66,785-68,959 dalton) 
subjects. Such differences can be rationalized as be- 
ing due to the different number of glucose molecules 
condensed on the protein and/or their further oxida- 

tion products; in the case of our diabetic patients this 
number is in the range of 1.4-14.8. The data show 
the high validity and specificity of the technique, 
which allows us to evaluate, without any protein deg- 
radation procedure, the number of glucose molecules 
condensed on a specific protein and ascertain the re- 
lationship of this number to the physiopathogenetic 
conditions of the subjects studied. [Diabetologia 
(1995) 38: 1076-1081] 

Key words Protein glycation, human serum albumin, 
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Among the various theories concerning the aetio- 
pathogenesis of chronic diabetic complications, the 
multifactorial theory is the most widely accepted; it 
suggests that the tissue damage following metabolic 
alteration (hyperglycaemia) is favoured by genetic 
(individual susceptibility) and environmental factors 
(obesity, hypertension, smoking) [1]. 

Several studies have shown that hyperglycaemia 
can cause damage by a series of mechanisms, the 
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most important being non-enzymatic protein glyca- 
tion [2, 3]. This is usually considered to take place 
due to the reaction of glucose (or other reducing sug- 
ars) with the e -aminogroup of lysine residues present 
in the protein chains. This condensation, together 
with further dehydration and oxidation processes, 
leads to reactive species which, in turn, are prone to 
react with e-aminogroups of lysines belonging to an- 
other protein chain [2, 3], thereby giving rise to 
cross-linked products. 

The occurrence of extensive protein cross-links in 
long-lived proteins is reflected in tissue modifica- 
tions, responsible for long-term diabetic complica- 
tions [3]. Consequently, attempts have been made to 
identify the possible markers leading to a more de- 
tailed view of the different qualitative and quantita- 
tive aspects of the glycation process [4-6]. 

Most of the methodology is based on the extensive 
degradation process of the protein (usually acid or 
enzymatic hydrolysis) and further analysis of its prod- 
ucts. This has led to the identification of furosine as a 
valid early glycation marker [7]. Furthermore, pent- 
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Subjects n Male/female Age Disease Fasting plasma HbAlo Furosine 
(years) duration glucose level (%) (~tg/mg protein) 

(years) (retool/l) 

Badly-controlled 
diabetic patients 20 10/10 64 + 7.6 a 9.3 + 8.7 20.2 + 4.3 b,~ 10.6 + 1.9 b,c 0.47 -1- 0 .08  b'c 

Well-controlled 
diabetic patients 10 5/5 60 + 11 12.3 + 8 7.96 + 1.1 a 7.25 +_ 0.63 d 0.33 + 0.03 a 

Healthy subjects 10 4/6 56 + 9.6 / 5.46 + 0.4 5.57 + 0.43 0.23 + 0.02 

ap < 0.05; bp < 0.001 compared to healthy subjects; Cp < 0.001 compared to well-controlled diabetic patients; ap < 0.001 com- 
pared to healthy subjects. Data are mean + SD 

osidine,  first ident i f ied  in vivo on  hydro lysed  col lagen 
samples  [8] and  t hen  c o n f i r m e d  in v i t ro  as or ig inat ing 
f r o m  the n o n - e n z y m a t i c  r eac t ion  of  pen tose s  with ly- 
sine and  arginine,  mus t  be  Considered a m o n g  the  ad- 
vanced  g lyca t ion  end  p roduc t s  ( A G E s )  respons ib le  
for  p ro t e in  cross-l inks [9]. S o m e  o the r  mo lecu le s  
we re  cons ide red  diagnost ic  for  A G E  [10] bu t  fu r the r  
inves t igat ions  p r o v e d  tha t  they  mus t  be  cons ide red  
ar t i facts  [11, 12]. 

M e t h o d s  which  give def ini t ive i n fo rma t ion  con- 
cern ing  the  g lyca t ion  of  the  whole  p ro t e i n  are  of  
g rea t  interest ;  however ,  becaus e  of  the  complex i ty  of  
the  b iological  subs t ra te  u n d e r  invest igat ion,  such 
m e t h o d s  mus t  be  highly specific. 

Recent ly ,  in te res t ing  resul ts  h a v e  b e e n  ach ieved  
by  m e a n s  of  a new mass  spec t rome t r i c  t echn ique  
cal led M A L D I  (Mat r ix  Ass i s ted  L a s e r  D e s o r p t i o n  
Ion iza t ion)  b a s e d  on  desorp t ion / ion iza t ion  by  laser  
i r rad ia t ion  of  the  p ro t e i n  sample ,  in the  p r e s e nce  of  
su i table  ma t r i ces  [13]. This  t echn ique  has b e e n  ap- 
p l ied  to the  s tudy  of  in vi t ro  g lycat ion of  bov ine  se- 
r u m  a lbumin  (BSA)  [14] and  r ibonuc lease  [15], p rov-  
ing its high potent ia l .  In  fact  the  m o l e c u l a r  weight  o f  
the  g lyca ted  p ro t e i n  was easi ly asce r ta ined  and  the  
g lyca t ion  kinet ics  were  easi ly m o n i t o r e d ,  fol lowing 
the  m o l e c u l a r  weight  increase  with respec t  to incuba-  
t ion t ime.  

A pp ly ing  this m e t h o d  to in vivo g lyca ted  p ro t e in  
s tudies could  lead  to the  d e t e r m i n a t i o n  of  the  glyca- 
t ion  levels  of  p ro te i c  subs t ra tes  as well  as to the  de-  
t ec t ion  of  c ross- l inked  pro te ins ;  the  p re sen t  study, 
b a s e d  on  the  app l ica t ion  of  M A L D I  to p l a s m a  pro-  
teins of  hea l thy  and  d iabet ic  subjects,  was  under-  
t a k e n  prec ise ly  for  these  reasons.  

Subjects and methods 

Subjects. Thirty non-insulin-dependent diabetic (NIDDM) pa- 
tients were studied (15 males and 15 females), mean (+ SD) 
age 62.8 _+ 9 years, (range 43-76 years), mean disease duration 
10.3 + 8.5 years (range 1-32 years), of whom 20 were in bad 
and ten in good metabolic control. Fifteen of the patients 
were being treated with oral hypoglycaemic drugs while the 
others were receiving insulin treatment. Ten volunteers (four 
males and six females), mean age 56 + 9.6 years (range 40- 

70 years) with no family history of diabetes and with normal 
glucose tolerance [16] were studied as control subjects. 

On the day of the study fasting plasma glucose, glycated 
haemoglobin (HbAlc) and serum furosine were evaluated in 
all of the subjects; plasma samples for MALDI measurements 
were also drawn. 

All subjects gave their consent to the studies, which were 
performed in accordance with the Declaration of Helsinki. 

Methods. Plasma glucose was evaluated with a glucose-oxidase 
enzymatic method [17]. HbAlc was determined with a micro- 
chromatographic method [18]. Serum furosine was deter- 
mined according to the method of Schleicher and Wieland [7]. 

For MALDI measurements 0.5 ml plasma was passed 
through an Amicon membrane (cutoff 10,000 Da) in order to 
eliminate free glucose and salts, and then centrifuged at 
3000 rev/min for 30 rain in a Varifuge 3,2 RS (Heraeus, Ost- 
erode, Germany). The supernatants were discarded and the 
samples, after adding deionized water to obtain the initial vol- 
ume, were further centrifuged for 30 min at 3000 rev/min. Af- 
ter removing the supernatants the samples were evaporated 
to dryness under nitrogen and then lyophilized. 

The MALDI measurements are based on the interaction of 
an ultraviolet (UV) laser beam with a solid-state sample con- 
stituted by the compound of interest dissolved in a matrix, 
which exhibits an absorption maximum close to the laser wave- 
length. The interaction leads to the ionization of the matrix 
contemporaneously to the fast vaporization of the matrix and 
analyte. 

In the so-formed high-density gas region, ion-molecule re- 
actions easily occur, giving rise to protonated molecules of the 
compound of interest. Such phenomena are particularly fast 
(10 -8 s), so that a particularly fast mass analyser is required; in 
this context the time-of-flight analyser is one of the most effec- 
tive. 

In the present investigation MALDI measurements were 
performed on a REFLEX time-of-flight mass spectrometer 
(Bruker-Franzen Analytic, Bremen, Germany), operating in 
positive linear mode. Ions, formed by a pulsed UV laser beam 
(nitrogen laser, 2 = 337 rim), were accelerated at 30 kiloelec- 
tron Volts (keV). The UV laser light, with an energy of about 
50 gJ, was focussed onto the sample, using a variable focal di- 
ameter from 100-300 ~m. In this case a laser power attenua- 
tion of 50 % was used. The matrix used was sinapinic acid, dis- 
solved in acetonitrile/water (50/50 v : v) at a concentration of 
about 5 x 10 -3 mol/1. Plasma protein samples were dissolved in 
water, containing 0.1% trifluoroacetic acid, in order to obtain 
a final concentration of human serum albumin (HSA) of 
about 2 x 10 4 mol/1. Of this solution 5 ~1 were added to 5 ~tl of 
the matrix solution and about 1 ~tl of this mixture was depos- 
ited on a stainless steel sample holder. The droplet was al- 
lowed to dry under a cold air stream before introduction into 
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Fig.1. a Plasma glucose; b furosine levels; r HbAlc deter- 
mined for 10 healthy (1), 10 patients with well-controlled dia- 
betes (2) and 20 patients with badly-controlled diabetes (3) 
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the mass spectrometer. Mass spectra were obtained averaging 
ten shots; three independent MALDI measurements were 
made for each sample to evaluate the reproducibility. A mass 
accuracy ranging from 0.01 to 0.1% was always present. The 
experimental molecular weight of pure, essentially fatty acid- 
free HSA (66,556 + 20 Da) purchased from Sigma (St. Louis, 
Mo., USA) was determined by averaging the values obtained 
by different MALDI experiments, using BSA (66,431 Da) as 
an external calibrant and controlling daily. In the spectra 
shown herein, the mass values calculated by the data system 
will be reported as usual. 

Statistical analysis 

The Student's t-test for unpaired data and linear regression 
was used for statistical analysis. Our results are expressed as 
mean + SD. 

Results 

The plasma glucose, HbAlc and furosine mean 
+ SD values for the subjects studied are reported 
in Table 1. These parameters were significantly high- 
er in the diabetic patients compared with control sub- 
jects; moreover  diabetic patients in bad metabolic 
control had higher mean values when compared to 
patients in good metabolic control. The distribution 
of the plasma glucose levels, HbAlo and furosine can 
be seen in Figure 1. 

Figure 2a shows a M A L D I  spectrum of the plasma 
proteins of the healthy subject A; HSA is responsible 
for the most abundant peak at 66,680 Da. 

The M A L D I  mass spectrum of plasma protein of 
the diabetic patient 4 is shown in Figure 2 b. A clear 
difference in the molecular weight of HSA and other 
proteins is observed. An  intense peak at 68,033 Da is 
shown, corresponding to a difference in mass com- 
pared to HSA of the normal subject A of 1,353 Da. 

All the results concerning the mass measurements  
obtained for the subjects are reported in Table 2 in 
which the molecular weight of HSA, AM values and 
the corresponding number  of glucose molecules con- 
densed on the protein are shown. The highest molec- 
ular weight values for the patients with badly-con- 
trolled diabetes must be emphasized. This tendency 
may be observed by comparison o f  AM values, de- 
fined as the difference in molecular weight between 
plasma HSA from the studied subjects and standard 
HSA. Figure 3 shows that meaningful differences in 
the AM values are present between healthy and dia- 
betic subjects. Furthermore,  for the patients with 
badly-controlled diabetes, wide differences in AM 
values are observed. 
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Fig.2. (a,b) M A L D I  spectra of plasma protein fractions ob- 
tained from; a healthy subject A; b badly-controlled diabetic 
patient 4. The mass values reported on the spectra are those di- 
rectly determined by the instrument, with a mass accuracy of 
0.01-0.1% 

Discussion 

The relevance of non-enzymatic protein glycation in 
aging and diabetes is well known [1-4] and up to 
now its extent has usually been evaluated by mea- 
surements of plasma glucose, furosine and HbAac lev- 
els. These parameters reflect different periods of met- 
abolic control; plasma glucose is the expression of 
glycaemia at the time of examination, furosine re- 
flects the metabolic control of the 2 weeks preceding 
the evaluation and HbAI~ is the expression of meta- 
bolic control in the 2 months preceding the evalua- 
tion. Thus, from the data reported in Table 1 and Fig- 
ure 1, we may conclude that patients with well-con- 
trolled diabetes had been so for at least 2 months, 
while the other patients had badly-controlled diabe- 
tes not only on the day of the study, but also for the 
2 preceding months. However, what must be empha- 
sized is that such parameters can be related to the 
protein glycation but cannot give the real level of gly- 
cation of selected proteins. In fact, the present study 
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was undertaken to perform such measurements, 
based on MALDI,  a technique which allows the de- 
termination of the molecular weight of biomolecules 
up to 300,000 Da. 

This approach was previously applied in the study 
of in vitro glycation of BSA [14] and ribonuclease 
[15], which assured its validity. The high specificity 
of the method overcomes the different separative 
procedures necessary for the isolation of the protein 
of interest as well as its further maniPulation. In fact, 
the only other procedure employed on the plasma 
samples in the present investigation was their pas- 
sage through an Amicon membrane. 

As an example, the MALDI  spectrum of the whole 
plasma protein fraction obtained for the healthy sub- 
ject A is shown in Figure 2a. It can be considered a 
valid mapping method of the different proteins pre- 
sent in the plasma; the most abundant peak, at 
66,680 Da, is due to HSA, while the species detected 
at around 150,000 Da could arise from v-globulins. 
The ions at 79,679 Da are probably due to prothromb- 
ine. Because of its higher abundance, we focussed our 
attention on HSA and proved its identity by compari- 
son with a standard HSA sample. This gave rise to 
only two peaks, the most abundant of which is at 
66,680 Da (corresponding to the HSA protonated 
molecule) and a smaller one at 33,375 Da due to a 
double protonated HSA molecule and detected also 
in the plasma protein spectrum shown in Figure 2 a. 

The analysis by MALDI  of a plasma protein sam- 
ple from a diabetic patient shows a clear increase in 
the molecular weight of HSA, and this result should 
be explained by the occurrence of protein glycation. 
As an example, the MALDI  spectrum obtained for 
the patient with badly-controlled diabetes (pa- 
tient 4) is reported in Figure 2b. The peak due to 
HSA is shifted at 68,033 Da, corresponding to a mo- 
lecular weight increase of 1,353 Da with respect to 
that of healthy subject A. 

This mass increase (AM) can be assigned to a num- 
ber of glucose molecules which reacted with the e- 
amino group of lysines present in the protein skele- 
ton and to their possibile oxidative modifications ac- 
cording to the Amadori  proposals [15, 19]. 

The MALDI  measurements performed on all of 
the subjects considered are reported in Table 2, and 
looking at the AM distribution (Fig. 3), what is imme- 
diately seen is the strongest difference between the 
results from the healthy subjects, and those with 
well-controlled and badly-controlled diabetes. While 
in the case of plasma glucose, furosine and HbAlc lev- 
els, the values related to the first two classes of sub- 
jects were quite close (even if significantly different), 
in the case of AM values such differences are more 
than meaningful, the values of healthy subjects in 
the majority of cases equalling zero. 

The AM value ranges, in the patients with badly- 
controlled diabetes, from 439 to 2,403 Da. If we con- 
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Table 2. MALDI data for the subjects under investigation 

Plasma HSA AM a Glucose 
molecular (Da) units 
weight (Da) 

Healthy subjects 

Well-controlled 
diabetic patients 

Badly-controlled 
diabetic patients 

A 66680 124 / 
B 66574 18 / 
C 66572 16 / 
D 66610 54 / 
E 66575 19 / 
F 66694 138 / 
G 66601 45 / 
H 66666 110 / 
L 66660 104 / 
M 666O9 53 / 
1 66890 334 2.1 
2 66926 370 2.3 
3 66882 326 2 
4 66806 250 1.5 
5 66836 280 1.7 
6 66844 288 1.8 
7 66822 266 1.6 
8 66785 229 1.4 
9 66863 307 1.9 

10 67052 496 3.1 
1 68204 1548 10.0 
2 67101 545 3.4 
3 66995 439 2.7 
4 68033 1477 9.1 
5 67237 681 4.2 
6 67783 1227 7.6 
7 67696 1141 7.0 
8 68349 1793 11.1 
9 67949 1393 8.6 

10 68787 2231 13.7 
11 67993 1437 8.9 
12 68503 1947 12 
13 68460 1904 11.7 
14 67494 938 5.8 
15 68885 2329 14.4 
16 67939 1383 8.5 
17 68256 1700 10.5 
18 67991 1435 8.9 
19 66999 443 2.7 
20 68959 2403 14.8 

a Calculated on molecular weight of pure HSA obtained by 
MALDI/MS measurements (molecular weight found 
66556 + 20 Da) 

sider that the condensation of one glucose molecule 
on the protein leads to an increase in mass of 162 
Da, such values correspond to the condensation on 
HSA from 3 to 15 glucose units. However, such fig- 
ures do not take into account the further oxidative 
modification of glucose, leading to species at lower 
molecular weight. Hence they must be considered as 
the minimum number of glucose molecules con- 
densed on the protein. For healthy subjects no varia- 
tion is present, while for well-controlled patients 
mass increases corresponding to the condensation of 
2-3 glucose units are detectable. 

The presence of possible complexes between pro- 
tein and free glucose can be excluded, due to the sam- 
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Fig.3. The AM values, defined as the difference in molecular 
weight of plasma HSA of the subjects under study with re- 
spect to that of standard HSA, obtained for healthy subjects 
(1), 10 patients with well-controlled diabetes (2) and 20 with 
badly-controlled diabetes (3) 

ple treatment. The highest number of glucose units 
condensed on HSA has been found for the badly-con- 
trolled patient 20 (14.8, see Table 2). This result is in 
agreement with the previous findings of Ghiggeri et 
al. [20] who proved that 16 active sites of HSA are 
prone to react with glucose molecules. Furthermore 
Iberg and Fltickiger [21] proved, by aminoacid analy- 
sis of tryptic digested HSA from a diabetic patient, 
that ten lysine residues are the most reactive glyca- 
tion sites. The values we obtained can be justified by 
the glucose condensation on all these sites and by 
the further oxidation and dehydration reactions oc- 
curring on some of the condensed glucose moieties. 

In order to establish the physiological significance 
of the values here obtained we tested the possible lin- 
ear relationship between AM values and the glyca- 
tion parameters currently employed in diabetes mon- 
itoring. Such trends present low linearity (r = 0.84 for 
plasma glucose and HbAlc; r = 0.77 for furosine) 
showing that the mass increase determined by MAL- 
DI can only with difficulty be related to such parame- 
ters. The scarce linearity could be explained by the di- 
verse targets considered in the different measure- 
ments. In particular, the high specificity of the MAL- 
DI method allows determination of the mass in- 
crease present in diabetic subjects (and hence neces- 
sarily arising from glycation processes) for HSA and 
not, as in the case of furosine, for the whole set of 
plasma proteins; in the case of HbAIo the glycation 
of a different protein is monitored. 

In conclusion, the data discussed above show that 
the M A L D I  technique exhibits interesting features 
in the investigation of protein glycation processes. 
First of all, it does not require any sample degrada- 
tion which can lead sometimes to artifacts and re- 
quires complex and time-consuming procedures. On 
the contrary M A L D I  requires only the sample solu- 
tion in a suitable matrix: the plasma protein spectra 
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shown in Figure 2 are  a good  example  of  the  large 
am oun t  of  in fo rma t ion  gained on  the  whole  p ro te in  
f rac t ion of  plasma,  with only a minor  sample manipu-  
lation. 

Secondly,  M A L D I  al lowed us to eva lua te  the num-  
ber  of  glucose molecules  (and/or  its oxidat ion  prod-  
ucts) condensed  on  a specific prote in ,  con t ra ry  to re- 
sults ob ta ined  by  o the r  me thods  which necessari ly  
lead to a m e a n  value  of  p ro te in  glycation. 

The  natura l  evolu t ion  of  the presen t  work  could  
lead to bo th  the appl icat ion of the  same methodo l -  
ogy in a larger  popula t ion ,  and also its e m p l o y m e n t  
in the  s tudy of  in vivo glycat ion kinetics; studies are  
a l ready  in progress  along these  lines. 
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