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Abstract

There are two strategies applicable to revealing non-enzymatic post-translational modifications of proteins; while assaying
of the hydrolytically stable adducts was the subject of our previous communication [1], here we attempted to review
separation technologies for the unfragmented modified proteins. There are a few standard procedures used for this purpose,
namely Laemmli gel electrophoresis, different modes of gel permeation chromatography and boronate affinity chromatog-
raphy. The latter approach makes use of the vicinal hydroxy groups present in glycated proteins. Some (but not all) arising
adducts exhibit typical fluorescence which can be exploited for detection. In most cases fluorescence is measured at 370/440
nm for the so-called advanced glycation products or at 335/385 nm for the only so far well characterized glycation marker
(pentosidine). Some indication exists that, e.g., synchronous fluorescence detection will probably in the future add to the
selectivity and allow the distinction of the different adducts arising during non-enzymatic post-translational modifications
(glycation). The proteins reviewed are serum albumin, collagen and lens proteins while glycation of hemoglobin is the
subject of another review within the present volume. © 1997 Elsevier Science BV.
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1. Strategies for glycated protein analysis and/
or preparation

Both in vitro and in vivo glycation lead either to
polymerized protein species or to monotopic (non
polymerized) protein molecules. In order to reveal
the presence of protein polymers or modified (with
blocked free amino group) molecules a number of
separation techniques are applicable. To reveal the
polymerized species, perhaps gel electrophoresis or
some type of gel permeation chromatography can be
used. Monotopical modifications can be discerned by
ion-exchange chromatography or some of the focus-
ing methods (chromatofocusing, isoelectric focus-
ing). Affinity chromatography methods are also

' For the nomenclature of cyanogen bromide released peptides of
collagen type I and III see [50].

applicable, mainly because in some cases glycation
results in the preservation, at least of parts, of the
sugar molecule thus offering the possibility to reveal
the modified protein by exploiting the reactivity of
vicinal hydroxy groups of the sugar moiety.

The general strategy applicable to both in vivo and
in vitro non-enzymatically modified proteins has
been recently reviewed by Wu et al. [2] using
glycated serum albumin as the model protein. In this
paper emphasis is put upon the polymerized entities.
However, polymerized molecules represent usually
only a fraction of the modifications which have
occurred in the protein; some authors even believe
that the monotopical (non-polymerizing) modifica-
tions predominate. In this review we limit ourselves
to the assay of modified protein molecules (both
polymerized and non-polymerized). A number of the
arising adducts (some of them are even hydrolytical-
ly stable) can be revealed directly after protein
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fragmentation. Separation methods used for assaying
such adducts were the subject of our previous review
{1].

As far as the modified proteins are concerned, we
have focused upon serum albumin, collagen and
crystallin because glycated hemoglobin assay (per-
haps the most widespread analysis of a glycated
protein) has been deferred to a special review in this
volume.

1.1. Boronate affinity chromatography

This approach is widely used, and commercially
available kits help its popularity, (e.g., for glycated
albumin assay, see the respective section of this
review). Large affinity columns can be also prepared
in house from m-aminophenylboronated agarose to
obtain sufficient quantities of glycated proteins for,
e.g., fluorescence measurements. The reason is that
commercial kits usually work with minute sample
(and protein) amounts not sufficient for measuring,
e.g., fluorescence spectra. A buffer usually contain-
ing 0.25 M ammonium acetate, 0.05 M magnesium
chloride (and 0.5% phenoxyethanol), pH 8.5 (or 8.0)
is used for sorbent equilibration and elution of non-
glycated species. The bound (glycated proteins) are
usually eluted with 0.1 M Tris—HC] buffer con-
taining 0.2 M sorbitol (and 0.5% phenoxyethanol),
pH 8.5. After the majority of bound proteins is
eluted, 0.5% acetic acid is used to regenerate the
column and to elute the more tightly bound protein
species. Attempts for preparation more -efficient
phenylboronate sorbents (pressure resistant) can be
witnessed repeatedly in the literature. This technique
is reasonably independent of the protein molecule
involved as the affinity interaction regards only the
reacted sugar residue. Because the separation mecha-
nism is based on the recognition of vicinal diol
groupings, enzymatically glycosylated proteins
(glycoproteins) may be the source of interferences.

1.2. Polyacrylamide gel electrophoresis (PAGE)

This is used (i) to reveal charge changes in non-
polymerized protein species by comparing the results
obtained in the absence of SDS and (ii) to reveal the
molecular mass of polymerized protein species (in
the presence of SDS). No special separation pro-

cedures are needed for this purpose, in most cases
some modification of the classical approach of
Weber and Osborn is used [3]. The samples con-
taining 20-25 g of protein after mixing with an
equal volume of 2-fold diluted sample buffer (125
mM Tris—HCl, 4% SDS, 20% glycerol, 10% dithio-
threitol and 0.01% bromphenol blue, pH 6.8) are
boiled for 5 min and then applied on top of the gel.
The tank buffer consists of 25 mM Tris, 192 mM
glycine and 0.1% SDS, pH 8.3. Typically, the
procedure is materialized in the slab gel version by
the commonly used procedure of Laemmli [4] (Fig.
1). Regarding detectability of glycated protein
species it has to be stressed that glycated proteins
with a higher proportion of OH groups show a better
stainability in the silver staining method as compared
to their non-glycated counterparts [5,6]. Characteris-
tic polyacrylamide gel profiles and their comparison
is seen from Figs. 2 and 3.

1.3. Size exclusion chromatography

Size exclusion chromatography is frequently used
to reveal changes of protein molecular mass during
post-translational modifications (mainly polymeriza-
tion). Superose 6 HR is a typical sorbent used for
this purpose. A buffer consisting of 0.05 M phos-
phate and 0.15 M sodium chloride pH 6.8 can be
used both for column equilibration and elution. The
flow-rate should be about 0.5 ml/min; the eluate can
be monitored either by UV (280, 220 nm) or by
370/440 nm fluorescence. This, of course, is used to
reveal (and prepare) the high molecular mass species
rather than for analytical purposes. Another approach
to reveal the highly polymerized molecules is by
Sepharose CL-4B chromatography. The column used
should be about 2.6 X60 cm, 300 ml content; buffer
containing 0.01 M phosphate pH 7.2 is used both for
equilibration and elution; 2 ml of the glycated
incubation mixture are applied to the column oper-
ated at an elution rate of 20 ml/h. Either absorbance
or fluorescence can be used for detection. Because
the separation efficiency of this approach is not very
high, usually only three fractions, namely with no
fluorescence, medium and high fluorescence, are
collected. For preparative purposes individual frac-
tions are dialyzed against, e.g., saturated ammonium
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Fig. 1. Boronate affinity chromatography of an incubation mixture
of bovine serum albumin and glucose. A, Elution profile of
affinity chromatography. The first protein peak (nonbound frac-
tion), eluted by the washing buffer represents the nonglycated
albumin, the second protein peak (bound fraction) is the glycated
portion of albumin molecule and the third peak (with the highest
AGE:s associated fluorescence) should be the AGE—~albumin which
could be eluted only by regeneration solution. B, 10% PAGE
analysis of bound (B) and unbound (N) albumin fractions.
Reprinted from Wu et al. [2] by permission of John Wiley and
Sons.

sulphate and the precipitate is redissolved in 0.01 M
phosphate buffer pH 7.2 before further treatment.

1.4. Anion-exchange HPLC

Most of the strong anion-exchangers can be used.
In Ref. [2] Hydropore AX 83-603-ETI (Rainin,
Woburn, MA) prepacked column was used with 0.01
M phosphate buffer at pH 7.1 (the buffer used for
dialysis after being made 1.0 M with respect to NaCl
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Fig. 2. Comparison of electrophoretic separations of glycation
products of albumin and glucose in the absence and presence of
SDS. Reprinted from Wu et al. [2] by permission of John Wiley
and Sons.

can be used also for elution). The dialysis step prior
separation is in this case inevitable and all samples
should be briefly centrifuged before loading (the
injected volumes range between 100—180 ml). The
column is washed for 42 min with the equilibration
buffer and eluted with a buffer containing 0.01 M
phosphate and 1 M sodium chioride pH 7.1. The
flow rate is maintained at 0.5 ml/min and the eluate
is monitored either by absorbance or fluorescence. In
comparison with size exclusion chromatography this
approach should distinguish polymerized and non-
polymerized species as well as the non-polymerized
monotopically modified species that behave differ-
ently compared to their non-glycated counterparts
due to the free amino groups blockade.

DEAE Sephacel chromatography is carried out at
4°C on, e.g., a Pharmacia column (K 9/15 or 0.9X15
cm) containing 9 ml DEAE Sephacel; a linear
gradient of NaCl from 0 to 0.5 M in the equilibriumn
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Fig. 3. Comparison of size-exclusion HPLC (Superose 6 HR) (A) and PAGE analysis (B) of glycated albumin. Reprinted from Wu et al. [2]

by permission of John Wiley and Sons.

buffer (0.01 M phosphate, pH 7.2, 4°C) is used for
protein elution.

1.5. Chromatofocusing

A Pharmacia FPLC column (5/5 HR, 0.92 ml bed
column) packed with Pharmacia PBE 94 gel was
used in the quoted paper {2] over the pH range 7-4.
For column equilibration and sample dialysis an
imidazole containing (0.025 M) buffer pH 7.1 can be
used. All specimens after dialysis were filtered
through a 0.2 pg centrifuge filter tube to remove any
particles before HPLC separation. Polybuffer 94—
HC] is recommended for elution after being diluted 8

fold and adjusted to pH 4. At the end of elution 1 M
NaCl aqueous solution is used to wash out any
protein remaining in the column. The flow-rate is
maintained at 0.5 ml/min.

1.6. Facts to be remembered during modified
protein separation

There are several points that one has to bear in

mind with any research or assay related to non-
enzymatic protein modifications.

1. The monotopically modified but not crosslinked
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species exhibit a larger specific charge due to the
blockade of free amino groups and move in
PAGE without SDS more rapidly to anode than
their modified counterparts.

2. The polymerized species always represent a poly-
component mixture which makes smears with low
mobility under SDS polyacrylamide gel sepa-
ration.

3. The recovery upon phenylboronate affinity chro-
matography reveals (particularly in vitro modified
protein samples) the presence of highly bound
polymeric species which are so far only poorly
characterized.

4. The above approaches were applied to reveal the
occurrence of glycated serum albumin; however
with slight buffer composition modifications the
same techniques can be used for other modified
proteins as well.

5. Harsher conditions of in vitro incubation with,
e.g., glucose or other reducing sugars affect the
majority of lysines present in the molecule includ-
ing the free N-terminal amino group. The modi-
fications observed are non-specific.

6. Under in vivo conditions only a limited number,
perhaps sterically more easily accessible amino
groups, are affected and modified.

7. Under in vivo conditions glycated proteins can be
found in many different tissues [7] and there is a
wide number of proteins that can be affected (see
Fig. 4).

2. Serum albumin
2.1. General and sample treatment

The set of analytical methods used for the analysis
of glycated serum albumin is more or less identical
with that used for glycated hemoglobin and the same
kits are used for this purpose (for review sce
Franzen, this Special Volume [157]). Both with
human and bovine serum albumin there is virtually
no possibility of obtaining an unglycated sample as
even purified commercial preparations are always
partly glycated. In human albumin the principal
glycation site is lys 525 accounting for about 33% of
the overall glycation; in bovine serum albumin
glycation was shown to occur in the peptide se-

quence covering the region 548-557. The most
likely residue to be glycated is lys 548, however it
accounts for less than 20% of the modified lysine
residues [8].

Regarding established methods for glycated al-
bumin assay in most diverse matrices one can
mention boronate affinity chromatography (amino-
phenylboronic acid columns available, e.g., from
Pierce, Rockford, IL) [9,10], boronate agarose gels
or slight modifications of this methodology are
reported in Ref. [2,11] which can be used for
simultaneous assessment of glycated albumin and
hemoglobin. Separations by cation-exchange chro-
matography (SP 5PW, ToyoSoda, Ref. [12]), require
tedious sample preparation, particularly if the
glycated species should be analysed in urine [13].

As far as the non-chromatographic methods are
concerned the fructosamine assay appears very popu-
lar along with the thiobarbituric test [12] and ELISA
method [14]. It is interesting to note that glycated
albumin induces collagen type IV excretion of
mesangial cells [9]. This is the first indication to our
knowledge that glycated proteins can enter the cell
metabolism and modify it and that their effect is not
limited to the changes of physico—chemical prop-
erties of the already synthesized protein. Electro-
phoretic separations (according to Laemmli) in
combination with boronate affinity chromatography
after "H borohydride reduction of the adducts were
used for comparative studies of hemoglobin, albumin
and human platelet proteins glycation [15].

Contrary to the generally accepted idea about
polymerization, and consequently increased stabiliza-
tion of glycated protein molecules, nonenzymatically
glycated serum albumin after in vitro incubation with
ferric ions at 37°C in 0.2 M phosphate buffer
liberates after 30 days under sterile conditions a low
molecular fraction rich in tyrosine and phenylalanine
[16].

2.2, Affinity chromatography using m-
aminophenylboronate columns

See Ref. [17].
2.2.1. Simple single column separations

(a) Determination in serum: serum (50 pl) is
diluted 4-fold with elution buffer for non-glycated



1. Miksik, Z. Deyl | J. Chromatogr. B 699 (1997) 311-345 317

200 kDa->
97.4kDa =

69 kDa~>

Ao geed L S

30kDa >

21.5kDa =>

143 kDa <>

Contrel

Frr sl L

200 kDa =>
97.4kDa D

69 kDa >

46 kDa )

30 kDa >

21.5kDa -

143kDa >

Control

Fig. 4. Detection of glycated proteins in various tissue extracts by immunoblotting (with a polyclonal hexitol-lysine antibody). 12.5%
SDS-PAGE analysis of control rats (A) and streptozotocin-induced diabetic rats (B) (arrowhead, lens crystallins). Immunoblot of pancreas,
muscle and plasma (C) of 12.5% SDS-PAGE analysis and immunoblot of RBC (hemolysate of red blood cell) and aorta (D) at 15%

SDS-PAGE. Reprinted from Myint et al. [7] with permission.

fraction (EB-NG) (500 mg/I bovine serum albumin,
250 mmol/]1 ammonium acetate, 50 mmol/] mag-
nesium chloride, 0.4 g/l sodium azide, pH adjusted
with 5 mol/l1 NaOH to 8.5) and is applied to the
Glyco-Gel column (a part of the test kit, Pierce and
Warriner, Chester, UK) equilibrated with the wash
buffer (EWB) which is the same buffer as EB-NG
except that it does not contain bovine serum al-
bumin. Then 800 wl EB-NG is drained through the
column, a further 14 ml is passed through the
column (15 ml total) to ensure elution of the non-
glycated species. The glycated fraction is eluted with
3 ml of EB-G which is essentially EB-NG which

contains 200 mmol/1 sorbitol. Column fractions are
evaluated by radioimmunoassay, for clinical pur-
poses glycated albumin is expressed as percentage of
the total albumin in serum.

(b) Determination in urine. Ultrafiltered urine is
diluted 5-fold with EB-NG (4 ml), 1 ml of this
solution is applied to the Glyco-Gel column (equili-
brated with EWB), followed by 5 ml of EB-NG
elution. The elution of the non-glycated species is
completed by another portion of 10 ml of the EB-NG
buffer and the glycated albumin fraction is released
by 3 ml of the EB-G buffer. Column fractions are
evaluated by radioimmunoassay.
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Column regeneration and storage requires
adequate attention. Following the elution of the
glycated fraction, the columns are eluted sequentially
with 3 ml EB-G, 3 ml EWB, 5 ml of 100 mmol/l
HCI and 5 ml of 1 mmol/l HCI in which they are
stored. Before the re-use the columns are equili-
brated with EWB. Separate columns should be used
for serum and urine to prevent the possibility of trace
amounts of serum albumin remaining on the column,
to contaminate the comparatively dilute urine sam-
ples.

In Ref. [17] a detailed description of the optimi-
zation of the elution volumes of individual buffers
and different sample types was presented. A com-
parison of different techniques was reported by
Cohen [18], who, compared the results of HPLC
[19], boronate affinity chromatography, electropho-
resis on agarose gels [20] and monoclonal antibody
based enzyme linked immunosorbent assay [15,21].

2.2.2. Protocol for two column boronate affinity
assay of glycated albumin

The procedure, criticised in Ref. [18], for giving
far too high results [19] runs as follows:

Asahipak ES-502N (100X7.6 mm column), an
anion-exchange sorbent having an exclusion limit of
300 000 rel.mol. mass units (it acts simultaneously
as a molecular sieve) of 9.0 pum particle size and
Asahipak gel GS-520-boronate are used. The latter
sorbent is activated with epichlorhydrin (80 g of the
gel are suspended in 800 ml of dimethyl sulfoxide
and 374 ml of epichlorhydrin is added followed by a
40 ml portion of 10 mol/l NaOH). The reaction
mixture is stirred overnight, the activated gel is
suspended in 100 ml water (40 g of the gel) and 26 g
m-aminophenylboronic acid hemisulfate are added.
The separation principle is evidently the same as in
the above described boronate affinity chromatog-
raphy with the commercial minicolumns and stepped
elution.

As a matter of fact the elution system and
automated pre-separation are the points where this
approach differs from that described before. In this
case two eluents are used. Eluent A is 5% ethanol
containing 250 mmol/l ammonium acetate and 50
mmol/] magnesium chloride pH 8.5. Eluent B is 50
mmol/] solution of EDTA disodium salt with 100

mmol/l Tris and 200 mmol/1 sorbitol (pH 8.5). Two
columns in series are used and the overall arrange-
ment of the system is seen in Fig. 5; first column is
packed with the molecular sieving properties ex-
hibiting ion-exchange properties, the other column
works in the boronate-affinity mode. During sepa-
ration both columns are thermostated at 30°C. A 10
min convex gradient program from eluent A to 70%
eluent B is started after injection of 5 pl of the
sample. The effluent is passed through a fluorescence
monitor (Detector I, 285/340 nm). After the first
fraction has drained off, the fraction containing
albumin is introduced into the Asahipak GS 520
boronate column through a high pressure valve. The
effluent from the second column passes through a
second fluorescence monitor; the first peak in this
recording represents the non-glycated species, while
the second peak was shown to be glycated albumin.
The third minor peak seen in the second chromatog-
raphy is probably IgG. The nature of the glycated
fraction was verified by radioimmunoassay. Surpris-
ingly there is no reference to setting up the wave-
lengths of the second fluorescence detector. If the
same parameters as with the first one were used
(285/340) then the profile refers to tryptophan/
tyrosine recovery and is unrelated to glycation
arising fluorescent products.

The criticism of Cohen [18] is justified, perhaps,
as far as the interpretation of results is concerned,
but from the chromatographic point of view (the
system set up) the procedure of Shima et al. [19] is
quite a smart alternative.

2.2.3. Protocol for affinity chromatography on

Glycogel B

See Ref. [21].

Prepacked microcolumns of 3-amino-
phenylboronic acid immobilized on agarose

(Glycogel B, Pierce, Rockford, IL) are used for this
purpose. The columns are equilibrated with 0.25 M
ammonium acetate (pH 8.0) containing 0.05 M
MgCl, after application of 2 mg human serum
albumin, 20 ml of the same buffer is passed through
the column. The bound (glycated) albumin is eluted
with 5 ml of 0.2 M sodium citrate (see also Section

1.
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Fig. 5. Schematic diagram of the two column chromatographic assay of glycated albumin. Column I, an anion-exchange column, separates
albumin (peak 2 in the first chromatogram) and column II, an affinity boronate column, separates glycated albumin (peak 2 in the second
chromatogram). Reprinted from Shima et al. {19] by permission of Springer.

2.2.4. High-performance liquid affinity
chromatography

Koyama and Terauchi [22] introduced a new
boronic acid-immobilized porous polymer packing
material for separation of glycated proteins, namely
albumin. Polymer porous material (composed from
2,3-dihydroxypropylmethacrylate monomer, poly-
(oxyethylenedimethacrylate) and dipen-
tacrythritolhexaacrylate as cross-linkers) was acti-
vated with 1,1'-carbonyldiimidazole and as affinity
ligand was coupled to m-aminophenylboronic acid
hemisulfate. Separation procedure for blood proteins
was as follows: After application of sample (20 pl)
to the column (150X4 mm) sample was eluted with
eluent I (0.2 M ammonium acetate, 0.1 M MgCl,,
pH 9.0) for 10 min to elute non-glycated proteins,
glycated proteins were eluted by acidic eluent II (0.2
M ammonium acetate, pH 5.5) for 10 min and finally
the column was washed by eluent III (0.01 M HCI)
for another 10 min. Flow-rate was 1.0 ml/min and
elutions were monitored at 280 nm. This method is

usable for quantitation of glycated serum albumin in,
e.g., diabetes mellitus.

2.3. Separations of albumin, non-specific with
regard to glycation

2.3.1. Reversed-phase chromatography

Aquapore sorbent RP 300 (Brownlee, Santa Clara,
CA) can be used for this purpose (200X4.6 mm
column) [21]. The column is equilibrated with 50—
70% formic acid containing 0—20% isopropanol. The
best resolution can be obtained by using two col-
umns in series after equilibration with 60% formic
acid containing 6.5% isopropanol. Elution is done
with a concave gradient using 60% formic acid as
buffer A and 60% formic acid containing 10%
isopropanol as buffer B (0 min 65% B; 5 min 75%
B; 20 min 77% B; 25 min 80% B; 30 min 100% B,
40 min 100% B; 40.1 min 65% B — washing and
reequilibration). The results obtained are in Fig. 6.
Fractions I, II and IIT represent albumin hetero-
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Fig. 6. RP-HPLC of native albumin with one column (a), flow-rate
1 ml/min and two-column system (b), flow-rate 0.8 ml/min; for
gradient conditions of isopropanol see figure inserts. Detection at
280 nm. Fractions I, II and III are individual components of
albumin, not separated glycated and non-glycated albumin (reflect
heterogeneity of albumin). Reprinted from Vidal et al. {21] with
permission.

geneity and are unrelated to glycated and non-
glycated albumin; glycated albumin has to be as-
sayed in individual fractions by another method.

2.3.2. Separation of albumin with immobilized dyes

Non-specific separations can also make use of
chromatography on Blue Sepharose (0.3 ml serum
applied elution with 0.05 M Tris—HCI buffer, pH
7.0, containing 0.1 M NaCl changed to the same
buffer containing 1.5 M NaCl to elute the bound
albumin fraction; 8 ml of the first buffer are needed),
DEAE Affigel Blue, CM Affigel Blue (operated
under similar conditions as described above) or
chromatography on coupled columns of Red Sepha-
rose and Blue Sepharose (washed with 25 ml of the
0.05 M Tris—HCI buffer pH 7.0, containing 0.1 M
NaCl at a flow-rate 20 ml/h) can be used as well.

The main disadvantage of these methods is that they
are capable of separating the albumin fraction from
the rest of serum proteins, however, they are unable
to distinguish between the glycated and non-glycated
species. Therefore the level of glycation is estimated
in the eluted albumin fraction by, e.g., the phenol—
sulphuric reaction [23,24]. Consequently these pro-
cedures can be recommended as prepurification steps
only; for the very analysis more efficient methods
like phenylboronate affinity chromatography have to
be preferred.

2.4. Other methods for following albumin glycation

There are also other separation methods for the
investigation (or follow up) of albumin glycation.
One possibility is to use '*C glucose and follow the
level of radioactivity incorporated into the albumin
fraction (very applicable for pharmacokinetic studies)
[25] or agarose gel electrophoresis with nitroblue
tetrazolium coloration [26], which, however, should
be mentioned only for completeness as these are
completely routine procedures uninteresting from the
chromatographers point of view.

In clinical laboratories ELISA tests are successful-
ly competing with the chromatographic and electro-
migration assays of glycated albumin [27].

2.5. Some additional features of albumin glycation

Glycation of serum albumin has two specific
features, so far not described with other proteins,
though equally possible. The first of these is the
evidence for non-enzymatic glycation of the serum
albumin Amadori products. Briefly the evidence in
this respect runs as follows:

When partially glycated bovine serum albumin
was reincubated with sugars where de novo glycation
was prevented by reductive methylation of amino
groups, additional increase in fluorescence was ob-
served. Some differences were observed in the rate
of the reactions when glucose and fructose were used
as protein modifiers, fructose being about 10 times
faster in forming the adducts in the first step of
glycation (fructation) [28]. It is interesting to note
that luminescence was measured at 340/420 nm (on
the contrary to the usual 370/440 nm, not com-
mented on in the quoted paper). Generally there is
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very little information about the fluorescence spectra
arising during serum albumin glycation. From the
biochemical point of view this observation opens the
possibility that with advancing time (aging) the
Amadori products can be not only generated but they
can be also consumed. Unfortunately no attempt has
been done to isolate such adducts by any separation
method. The structure proposed for these propaga-
tion stage products is the following:

Pro|tein ?H (I)H
Hee " ~GH~CH-CH-CH;
OH OH
HO OH
[} [} OH
CH2—(i3H—C|3H-CH
OH OH

The other point to be stressed is the possibility of
glycation adduct formation through the interaction
with glucuronic acid. Keeping in mind that glucuro-
nides are ubiquitous metabolites formed both from
acidic xenobiotics and endogenous compounds such
as bilirubin, the importance of this reaction is beyond
any doubt [29].

Indeed if, e.g., bovine serum albumin is incubated
with acyl glucuronides (suprofen and zomepirac
glucuronides were used as model substances) or
reducing sugars, binding and fluorescent adduct
formation was observed. Due to the inherent in-
stability of acyl glucuronides in plasma, rapid ul-
trafiltration should be employed to assess reversible
binding to plasma proteins: 0.5 mM human serum
albumin is mixed with various concentrations of
reducing sugars or acyl glucuronides in PBS (pH
7.0), equilibrated at 37°C for 5 min, ultrafiltered and
centrifuged. Both the retained proteins and the
motiety passing through the ultrafilter are used for
analysis. For acyl glucuronides 150 pl of 0.5%
phosphoric acid were added to stabilize the labile
conjugates and precipitate albumin. The acidic solu-
tion is cooled on ice, 150 pl of acetonitrile and
internal standards for HPLC are added. HPLC analy-
sis is done on a C,; column (Axxiom 5 pm, 4X150
mm) with a UV detector set to 280 nm. For suprofen,
40% methanol—0.01 M sodium acetate, pH 5.01, was
used as mobile phase, for zomepirac the detector was
set to 295 nm and 57% methanol containing 0.01 M
trifluoroacetic acid was used as eluent. Peak area

measurements provided acyl glucuronide concentra-
tions in the protein free solution which were com-
pared to concentrations in the albumin solution.

It was proven that incubation of bovine serum
albumin either with glucuronic acid or acyl glucuro-
nides (for 15-25 days at 37°C) leads to the forma-
tion of fluorescent adducts the spectra of which are
shown in Fig. 7, typically with 350 nm excitation
and 410 fluorescence maximum. It is worth mention-
ing that the formation of fluorescent products by
glucuronides is much faster as compared to either
glucose or fructose. Except the crude chromato-
graphic separation of glucuronic acid—albumin ad-
ducts described above no further attempt regarding
more detailed characterization of these adducts has
been published so far.

2.6. Albumin microheterogeneity due to fatty acids
binding and glycation

Hayashi et al. [30] have observed in diabetic
microalbuminuria a considerable heterogeneity of
urinary albumin upon Cibacron Blue F3GA affinity
chromatography. A 17X1 cm column was used and
equilibrated with 25 mmol/l Tris buffer pH 7.0;
samples (1-1.5 ml of urine or 0.5 ml serum) diluted
with 5 ml of the starting buffer were loaded on the

Relative fluorescence

250 370 550
om

Fig. 7. Fluorescence excitation (A) and emission (B) scans of
glycated albumin. Albumin (0.1 mM) was incubated with 500 mM
glucuronic acid (a), fructose (b) or glucose (c). Reprinted from
Smith and Wang [29] with permission.
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column and stepwise elution was started according to
the following scheme: (1) washing of the unbound
proteins with the starting buffer; (2) elution with a
0.35 mmol/l KCI solution containing 25 mmol/]
Tris buffer; (3) elution with a 1.5 mol/1 KCI solution
containing 50 mmol/l Tris buffer; (4) elution with 2
mol/1 urea; (5) elution with 6 mol/l urea. For reuse,
the gel was washed with 20% ethanol followed by
elution with five column volumes of the initial
buffer. The elution with a particular solvent was
changed when the absorbance at 280 nm dropped to
less than 0.01. The degree of glycation was de-
termined by a modified fluorimetric method. The
fractionated albumin samples comprised three dis-
tinct classes: The first category (fractions 1, 2 and 3)
had little if any affinity to the resin, with a high
amount of bound fatty acids. The second category
appeared mainly in fraction 5 which both in the
degree of glycation and content of fatty acids
corresponded to native albumin (obtained from heal-
thy persons). The last category consisted of fractions
7 and 8 and showed various content of bound
glucose and fatty acids, exhibited non-specific strong
affinity to the resin and was considerably variable
when samples of various diabetic patients were
analyzed. Direct fluorescence measurement of the
glycated fractions was sometimes hindered by in-
tense fluorescence of the samples themselves; in
these cases rechromatography over a DEAE cellulose
column helped to remove the interference either by
further purification of the albumin fraction and/or
elimination of the fluorescent material.

As revealed in another paper, the lys 525 which is
the primary target in albumin non-enzymatic glyca-
tion remains unaffected by the interaction of free
fatty acids, indicating that the complex picture
visualized by Cibacron Blue F3A chromatography is
due to interactions simultaneously affecting several
other domains of the albumin molecule [31].

2.7. Pyridoxal-5’-phosphate adducts

The covalent binding of pyridoxal-5'-phosphate is
important in the regulation of metabolism of this
vitamin. By incubating serum albumin with H
pyridoxal, reducing the sample with potassium boro-
hydride and subjecting it to tryptic hydrolysis it was
possible to determine lys 190 as the primary binding

site [32]. The tryptic peptides were separated first on
a 0.46X25 cm Synchropak AX-300 anion-exchange
column (Syn-Chrom, Lafayette, IN) using a 30 min
linear gradient of 0.02 M to 0.5 M ammonium
bicarbonate, pH 8.0, at a flow-rate 1.5 ml/min.
Aliquots of the collected fractions were assayed for
radioactivity, pooled and lyophilized. The lyophil-
ized sample was dissolved in 0.5 mi of 25 mM
ammonium bicarbonate and incubated for 1 h at
37°C with 6 pg of alkaline phosphatase to remove
the phosphate group. The dephosphorylated peptides
were subjected to a second step anion-exchange
chromatography. The primary radioactive fractions
from the second run were purified by reversed-phase
chromatography using a 0.46X15 cm Zorbax ODS
column (Dupont, Wilmington, DE) with a 10% to
50% acetonitrile gradient (0.1 to 0.0075% trifluoro-
acetic acid over 20 min at a flow-rate 1 ml/min). The
radiolabeled peptides were subjected to sequencing
in a gas phase protein sequencer.

3. Collagen
3.1. Sample solubilisation and general

Contrary to other proteins discussed in this review,
collagen biosynthesis is a complex process character-
ized by (enzymatically precisely controlled) post-
translational modifications [33]. These occur in-
tracellularly and include hydroxylation of certain
lysine and proline residues and enzymatically reg-
ulated glycosylation of some hydroxylysine residues.
After the collagen is secreted from the cell, C- and
N-terminal extension peptides are cleaved and
tropocollagen molecules become stabilized by co-
valent cross-links into fibrillar arrays and networks.
Nonenzymatic glycation of the free lysine e-amino
groups occurs in the extracellular space and follows
the regular pathway in which the Amadori product
plays a key role. As a matter of fact, collagen being a
long-lived protein was one of the first studied in the
context of non-enzymatic post-translational modi-
fications.

There are basically three categories of post-trans-
lational glycation products present in collagen: car-
boxymethyl lysine, pentosidine and the so-called
advanced glycation products (AGEs) which can be
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revealed either by direct analysis (see our previous
review, Ref. [1]) or by typical fluorescence (370/440
nm). Of course, diabetic conditions were the first
studied in this respect [34] aside to aging changes
where glycation of collagen seems to contribute to
increasing collagen insolubility with advancing age
[35]. As reported in [34], hydrogen peroxide appears
to be involved in the Amadori product derived cross-
links at least in vitro. Two hydroperoxides can be
detected as chemiluminiscent products by HPLC,
though their formation was shown to occur under
elevated temperature in vitro only; one of these
compounds was identified as 3-hydroxy-5-hydro-
peroxy-2-methyl-5,6-dihydropyran-4-one,  HMPD,
pyrone hydroperoxide [36].

The first problem to be overcome in any analysis
of glycated collagens is to bring this poorly soluble
protein in solution. Most of the current discussion is
related to collagen type I, as only scattered in-
formation is available about glycation of other
collagen types [37-39].

As we have shown in our previous reports [40—43]
based on the earlier investigation of Fietsch and
Kiihn [44], van der Rest et al. [45,46] and Miller et
al. [4748], a productive and reliable method of
bringing tissue collagen (particularly types I, III and
V) into solution is based on CNBr cleavage of this
protein. The small number of methionine residues in
the molecule results in a relatively limited number of
cleavage products. Their distribution is unique for
each type of collagen which provides a useful means
for collagen type identification and structural analy-
sis [41]. This strategy has been applied many times
in the past for the identification of pathological
collagens. The other way of bringing collagen into
solution which has become a routine is limited
pepsin digestion (for review see [49]).

The techniques used for separation of the resultant
mixture of collagen CNBr peptides are both electro-
migration and chromatography. Ion-exchange chro-
matography, reversed-phase chromatography, gel
electrophoresis and more recently also capillary
electrophoresis have been used (for a brief survey of
analytical strategies applied see, e.g., Ref. [42]).
While ion-exchange separations yielded incomplete
separations of complex CNBr mixtures and as a
matter of fact were applicable to purified constituting
a-chains of fibre forming collagens only, gel electro-

phoresis offered better resolution but at the expense
of less reliable quantitation. At the present stage of
knowledge there are only two strategies that can be
successfully used for the separation of complex
CNBr mixtures. Either some type of reversed-phase
chromatography originally introduced by van der
Rest et al. [45] or capillary electrophoresis in acidic
buffers as described in our previous communications
[41-43].

The profiles obtained both by reversed-phase
HPLC and capillary electrophoresis were remarkably
similar; this has been explained by assuming a
similar separation mechanism of both these tech-
niques in the particular case of fibre forming col-
lagens. These proteins display a high internal homo-
geneity; consequently the bigger the CNBr released
fragment, the larger its hydrophobic domain will be.
Assuming further the hydrophobic interaction either
with the reversed-phase packing (in case of HPLC)
or bare silica capillary wall (in case of capillary
electrophoresis), the larger CNBr peptides released
from fibre forming collagens will come later in front
of the detector’s window. As a matter of fact most of
the released CNBr peptides exhibit a linear relation-
ship between retention (migration) time and their
molecular mass [42,43].

Another fact that has to be respected with collagen
proteins is the plethora of present (or supposedly
present) modification products which are likely to
stem not only from the glycation reactions, but may
reflect lipid peroxidation processes as well (see Table
1, Ref. [40]). The compounds listed are only those
which are known to exhibit distinct luminescence;
the non-luminescent adducts are not paid attention
here. In conclusion it can be said that we are dealing
here with a complex mixture indeed, both as far as
the peptides involved [33] but also as far as the
arising adducts is concerned.

3.2. Preparation of collagen CNBr peptides

Collagen samples prepared cither by established
procedures [50] or purchased as commercially avail-
able products are treated with CNBr without collagen
chain separation in 70% formic acid as described by
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Table 1

Luminescence parameters of different products arising by post-translational modifications of amino groups. Reproduced from Deyl et al.

[40] with modification

Products Excitation (nm) Emission (nm) Reference
(a) Products arising from interaction with reducing sugars

Pentosidine 335 (328) 385 (378) [57]1 ( [58))
Glycation related products 335 (328) 385 (378) [59] ( [58])
Advanced glycation end products 370 440 [35.60]
Fluorophore LM-1 360 460 [61]
3-Deoxyglucosone(glucose)/butylamine adduct FL-C 370 455 [62]
Glycated Amadori product (present in albumin) 340 420 [28]
Glucuronide derived product 350 410 [29]

(b) Lipid peroxidation related products

Malondialdehyde/collagen adduct 390 460 [63]
Hydroxynonenal/collagen adduct 356 460 [63]
4,5(E)-epoxy-2(£)-decenal/butylamine adduct 350 430-440 [64]
4,5(E)-epoxy-2(E)-decenal /lysine 350 ~395 [64]
4,5(E)-epoxy-2(E)-heptenal /butylamine adduct 360 ~450 [64]
4,5(F)-epoxy-2(E)-heptenal/lysine adduct 350 430-450 {64]
13-hydroperoxy-9(Z),1 1(E)-octadecadienoic acid/butylamine adduct 350 440 [64]
13-hydroperoxy-9(Z),11(E)-octadecadienoic acid/lysine adduct 350 ~450 [64]

Scott and Veis [51]. This procedure yields a consid-
erable proportion of uncleaved peptides which
emerge closely to the joint peak of o,(I)CB, and
o, (I)CBg; therefore in some experiments the re-
action time should be increased up to 24 or repeated.

Peptide preparation directly from tissue slices can
be done generally along the same procedure follow-
ing incubation of the tissues in 0.2 M ammonium
bicarbonate pH 7.0 containing 25% [-mercap-
toethanol to reduce oxidized methionyl residues and
thereby to enhance CNBr cleavage [52]. Lyophilized
CNBr peptide preparations from tissue samples are
redissolved in Milli Q water, centrifuged and
lyophilized again; before analysis they are reconsti-
tuted either in formate buffer, 1% acetic acid or
water at a concentration of 400 wg/ml or otherwise
as needed.

3.3. Chromatographic conditions for collagen
CNBr peptide separation

See Ref. [40].

The sample (CNBr peptide mixture 30 mg) is
dissolved in 0.5 ml 2% heptafiuorobutyric acid
(HFBA) and 20 pl are injected into the Supelcosil
LC 304 (250X4.6 1.D.) column. Elution is done by a
linear gradient of: A, H,O and B, 50% acetonitrile

(both containing 0.1% HFBA) from 30% B to 100%
B at 60 min followed by 10 min isocratic washing
with 100% B. The flow-rate is 0.1 ml/min and the
column temperature is held at 60°C. The eluate is
monitored by absorbance at 210 nm. This procedure
yielded a profile shown in Fig. 8. Using a macro-
porous C, resin appeared superior to C,, packings
used in previous reports [53,54].

3.4. SDS—polyacrylamide gel electrophoresis of
CNBr peptides

Separation of CNBr released collagen peptides
follows the Laemmli procedure which may be slight-
ly modified [6]. It is worth mentioning that glycated
collagen zones are more distinctly stained than their
non-glycated counterparts (Fig. 9), particularly if the
silver staining technology is used.

3.5. Separation of parent collagen «-chains

Collagen constituting a-chains, their dimers and
polymers can be obtained either by limited
proteolytic (pepsin) cleavage of insoluble collagen
and the presence of chain polymers may reflect, e.g.,
short-term in vitro incubation of monomeric a-chains
with glucose. Methods for this separation involve
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Fig. 8. HPLC profile of collagen CNBr peptides on macroporous C, resin. Reprinted from Deyl et al. [40].

most frequently CM cellulose chromatography or
Sepharose CL-6B molecular sieving [55]. Briefly, for
CM cellulose chromatography the salt precipitated
collagen sample is dissolved in 0.5 M acetic acid,
dialysed against 0.06 M sodium acetate buffer pH
4.8 (pepstatin is added to the dialyzing buffer),
collagen is denatured by heating at 45°C for 30 min
just before application to the column (Whatman
CM-52, 1.5X10 cm). The sample is eluted with 600
ml of a linear gradient of NaCl (0-0.1 M) at 42°C
and appropriate fractions (usually 5 ml) are col-
lected. The effluent is monitored at short UV and/or
fluorescence (if fluorescent adducts are to be moni-
tored) (Fig. 10).

Further purification of each o (monomeric col-

lagen chain) and 3 component (chain dimer) can be
materialized by using Sepharose CL-6B column
(1.5X78 cm) with 0.05 M Tris—1 M CaCl,, pH 7.5,
buffer as mobile phase. The elution is monitored in
the same way as mentioned above (Fig. 11).

3.6. Collagen glycation in vitro

As expected incubation of tail tendons from young
rats with D-ribose results in the attachment of the
sugar to the collagen molecule and subsequent cross-
linking [55]. Also the fact that this reaction proceeds
much faster with ribose than with glucose is not
surprising. Ribose binds to all major CNBr peptides
of collagen (as revealed by radioactivity measure-



326 1. Miksik, Z. Deyl | J. Chromatogr. B 699 (1997) 311-345

Fig. 9. Silver staining (A) and Coomassie Brilliant Blue R-250
staining (B) of SDS-PAGE electropherograms of acid-soluble
collagen CNBr peptides incubated for 6 days in buffer alone (lane
a), or in the presence of 100 mM glucose for 3 days (lane b) and
for 6 days (line c). Reprinted from Hodny et al. [6].

ment using '*C ribose) (Fig. 12), though some
preference for the o,(I)CB,; 5 and helical region of
o, (I)CB, was observed. Extensive pepsin digestion
permitted isolation of dimers of a-chains cross-
linked in triple helical regions which were identified
as B,,. B,, and B,, components respectively. Some
rather limited degree of heterogeneity of these

components was observed indicating that cross-link-
ing occurred at several sites, some of which must be
intermolecular (for details about collagen structure
and relevant nomenclature see Refs. [50,55] and
references therein). It was also shown that isolated
3-components (dimerized constituting o-chains)
were strongly fluorescent with a spectrum similar to
that of collagen obtained from aged tissues. The
occurrence of chain dimers can be also demonstrated
by gel electrophoresis.

3.7. Collagen glycation in vivo

One has to keep in mind that in vitro interactions
between aldehyde sugars and collagen polypeptide
chains are run under much harsher conditions com-
pared to the in vivo situation. However, in vivo there
is much more time available for the glycation
reaction to proceed. It is therefore not surprising that
the in vivo glycation does not affect all the CNBr
peptides equally as is more-or-less the situation in
vitro; those which seemed most prone to the in vitro
glycation reaction, i.e., o (DCB, and o,(I)CB,
indeed seem to be subjects of the glycation reaction
in vivo. In the o (I)CB, and «,(I)CB, ; peptides
both types of glycation products, i.e., pentosidine and

g
)
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Fig. 10. CM-cellulose chromatogram of collagen chains. Elution monitored by absorbance (@) and by fluorescence intensity (O). Reprinted
from Tanaka et al. [55} by permission of American Society for Biochemistry and Molecular Biology.
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Fig. 11. Sepharose CL-6B gel permeation of the B12 fraction isolated by CM-cellulose chromatography (see Fig. 10). Reprinted from
Tanaka et al. [55] by permission of American Society for Biochemistry and Molecular Biology.

non-pentosidine glycation products were found, there
were no fluorophores present in peptides constituting
fractions 1 and 4, ie., in peptides a,(I)CB,,
o, (DCB,, a,()CB;, o, (I)CB,, o, ()CB, and very
little if any pentosidine fluorescence was observed in
the incomplete cleavage products eluting in fraction
4 (see Fig. 8).

In the paper of Tanaka et al. [55] it was further
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Fig. 12. SDS-PAGE of CNBr digests of tendon labeled for 1 day
with ['4C]ribose, stained with Coomassie Blue (a) and an auto-
radiogram (b). Lane 1, 1-day labeled tendon; lane 2, acid extract
of 1-day labeled tendon; lane 3, acid-extracted 1-day labeled
tendon after pepsin treatment; lane 4, control for lane 3. Reprinted
from Tanaka et al. [55] by permission of American Society for
Biochemistry and Molecular Biology.

shown that by glycation in vitro B,,, B,, and B,,
components of collagen type I are formed (see also
above). On the other hand we were unable to prove
systematic occurrence of CNBr peptides with a
higher molecular mass than about 60 000 (we have
seen it in two cases only out of more than fifty).
Because pentosidine (which is typically a cross-
linking amino acid) should involve two polypeptide
chains, our results strongly suggest that in vivo
glycation mediated cross-linking occurs preferably at
two places in the molecule, involving the a,(I)CB
and o,(I)CB,; peptide. For sure the pentosidine
related fluorescent compounds seem to have nothing
in common with the CNBr cleavage resistant portion
of the collagen molecule. On the other hand, how-
ever, the well documented polymerization of the
parent collagen a-chains is likely to proceed through
one big peptide (like those specified above) with
another small peptide attached. In a preliminary
quantitation (by peak area) of the CNBr peptides
released, it was observed indeed that in preparations
obtained from 18 months old animals, the peptide
o,(I)CB, (rel. mol. mass 2700) vanished nearly
completely and at least one other (o, (I)CB, rel. mol.
mass 4400) was considerably decreased. On the
other hand the area percentage of o, (I)CB, (rel. mol.
mass 17 400) increased from 13.92% to 17.09%
between the preparations obtained from 12 and 18
months old animals. Similarly the peak of o,(I)CB, ;
showed a 2.71% increase. Further investigation is,
however, needed to obtain a complete picture of
collagen cross-linking through glycation products
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under different physiological conditions and with
advancing age.

Reiser et al. [56] investigated preferential sites of
glycation in a,(I)CB, and «,CB; ; peptides. In case
of the o,(I)CB, peptide Lys-434 was preferred
(from the five lysine residues present) and in the case
of a,CB; ; peptide three residues (namely Lys-453,
Lys-479 and Lys-924) from a total of 18 lysine
residues and 1 hydroxylysine residue contained more
than 80% of the glucose adducts in the peptide.
These preferential glycation sites are highly con-
served with aging. In our results some fluorophores
were observable in fraction 2 containing the
a,(DCB,, o II)CB,, o, (MCB,, «,()CB, and
o, (IIMCB, peptides. On the contrary to the non-
pentosidine  fluorescence present in peptides
o (I)CB, and a,(I)CB; s the fluorescence exhibited
420 nm emission when excited at 375 nm which is
slightly shorter than the parameters of fluorescence
of advanced glycation products (375/440) [40]. It
may be speculated that this fluorescence stems from
further glycation of the Amadori products as shown
with albumin glycation (Section 2.5.) [28].

The present discussion regards glycation adducts
occurring in type I collagen. Pentosidine is believed
to be present at least partly in the helical portion of
the a,(I)CB, peptide. On the contrary, in collagen
type IV [37] nonenzymatic glycation affects mainly
the non-collagenous domain (NC1) (Fig. 13).

3.8. Collagen—lipoperoxidation adducts

Though model compounds capable of forming
collagen-adducts were proposed and characterized by
luminescence parameters (see Table 1), no adequate
separation methods indicating the presence of such
adducts are available at the moment. The main
problem here lies in the detectability (identification
of different glycation and lipoperoxidation products
by, e.g., luminescence parameters is difficult as long
as they are very close in their excitation and emis-
sion wavelengths). Still the first attempts using
fluorescence measurement at different excitation
wavelengths seem indicative of the existence of
fluorescent lipoperoxidation adducts in vivo which
seem to accumulate in the connective tissue with age
at different rate.

1 2

— 4 |

Fig. 13. SDS-PAGE analysis (left) of control (1) and glycated
NC1 domain with [6-"H] glucose (2); right, fluorogram of line 2
of the previous gel. Reprinted from Tsilibary et al. [37] by
permission of American Society for Biochemistry and Molecular
Biology.

3.9. Separation of glycated adducts from
physiologically occurring cross-links

Collagens are specific in that they contain both
enzymatically and non-enzymatically derived cross-
links. An analytical approach for such a mixture of
compounds was devised by Andreassen and Oxlund
[65]. The glucose incubated rat tail tendons were
reduced with tritiated sodium borohydride for about
1 h, dialyzed against pH 4.0 buffer and hydrolyzed in
6 M HCl in the usual way. Upon ion-exchange
chromatography using Beckman 120 C amino acid
analyzer (see Robins et al. {66]) and stepped pH
gradient the result seen in Fig. 14 was obtained.

Separation of glycated lysine and hydroxylysine
using similar incubation procedure and similar ion-
exchange chromatography (Beckman 120 B amino
acid analyzer, using PA 28 resin eluted with 0.36 M
citrate buffer pH 5.28 at 55°C) offered clearcut
separation of tritiated glycated lysine and hydroxy-
lysine from the parent amino acids [67]. This latter
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Fig. 14. Ion-exchange chromatograms of radioactive cross-links of
rat tail tendon collagen after incubation in phosphate buffer with
(a) and without (b) glucose for 12 days. Peaks were identified as
glucosylhydroxylysine (pA), glucosyllysine (Al) and its acid
degradation product (A2), hydroxylysinonorleucine (B) and his-
tidinohydroxymerodesmosine (C). Reprinted from Andreassen and
Oxlund [65] by permission of Springer.

paper is interesting in that it brings the first evidence
about possible glycation of type II collagen. It also
demonstrates an increased resistance of glycated
collagen type I towards human polymorphonuclear
leucocyte collagenase (as documented by SDS poly-
acrylamide gel electrophoresis and radioactivity de-
tection).

To summarize all applications related to collagen
glycation products exceeds clearly this analytically
oriented review. A brief overview covering selected
papers from the last seven years that contributed to
the analytical techniques used to reveal the pathways
of glycated collagen formation and their biological
implications is summarized in Table 2.

4. Lens proteins
4.1. Sample solubilization and general

A lot of the glycation experiments with lens
proteins are done with the soluble crystallins which
are prepared in the following way, though the
insoluble fraction (at least in our opinion) should
represent the preferred subject of study when glyca-
tion mediated polymerization is to be attacked: the
decapsulated lens is homogenized in 1.5 ml 0.2 M
phosphate buffer, pH 7.4, in an ice bath, the suspen-
sion is centrifuged at 30 000 g for 30 min at 4°C and
the supernatant is used as the soluble fraction. An
portion of this preparation is filtered through a
membrane filter (pore size 0.45 um) and the filtrate
is gel chromatographed on TSK G 3000 SW (0.45X
60 column). Other separation media can be used for
the gel permeation step as well (e.g., Sephacryl S
200 gel, TSK gel 3000 SW etc.). Also a number of
variations of the homogenization buffer were de-
scribed in the literature (e.g., 0.1 M Tris buffer pH
7.4 containing 0.5 M NaCl, 1 mM EDTA and 0.1%
NaN,, Ref. [79]). The procedure yields the so called
high molecular mass protein (HMW and «, B and
y-crystallin fractions [80]. Other procedures involv-
ing small modifications can be found in the literature
(see, e.g., [81]). A procedure for preparing soluble
lens proteins (without isolating the a, B and <y
crystallins) can be done for instance by homogeniz-
ing decapsulated lens in phosphate buffered saline
(PBS) (pH 7.4) and centrifuging the homogenate at
18 000 g for 1 h at 4°C. The supernatant is removed
and dialyzed against PBS at 4°C overnight. The
remaining solution is described as soluble lens
protein (crystallin mixture) [82].

4.2. Glycation adducts, carbamylated crystallins
and products of oxidative modification

Electrophoretic examination of lens proteins is
routinely done by the Laemmli [3] method and
Coomassie Blue staining. When compared with
molecular mass standards more intensive staining
was observed with bands exhibiting molecular mass
108 000, 42 000 and 39 000 respectively. The quality
of the separation is rather poor and therefore only
semiquantitative comparison of diabetic and non-
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diabetic preparations is possible [83]. On the other
hand it was reported that the overall proportion of
lens proteins in the streptozotocin treated rats tissue
is higher in diabetics as compared to controls
(perhaps owing to the polymerized species which are
more difficult to metabolize).

Investigation of the polymerization reactions re-
sulting from the incubation with different sugars are
frequently analyzed by using either gel permeation
chromatography on TSK gel 2000 SW (7.5X600
mm) column coupled in series with a TSK gel 3000
SW (7.5X300 mm) or SDS Laemmli gel electro-
phoresis, as reported by Swamy et al. [84]. The
results of 10 days incubation in PBS with 5 mg/ml
protein and 5 mM sugars suggest that glycation
increases with decreasing carbon chain of the sugar
(triose>tetrose>pentose>>hexose). Similar results
are reported in Ref. [85].

Using bovine lenses (prenatal, newborn, adult,
aged) Van Boekel et al. [86] accumulated evidence
that all categories of crystallins are glycated though
not to the same extent. Contrary to other studies van
Boekel et al. [86] investigated early glycation prod-
ucts and were able to show that these products are
derived mainly from vy crystallin. a-Crystallin, oA
subunits seem to be glycated to a higher extent
compared with the aB subunits (a number of gel
permeation columns were used along with gel elec-
trophoresis - AcA 34, Pharmacia-LKB, Superose 6,
Pharmacia-LKB, Sephadex G 75, Pharmacia, Zorbax
450/250, Du Pont and TSK G 5000 PW preceded by
a TSK guard column, Bio Rad). Chromatographic
runs were evaluated routinely by measuring the
luminescence at 370/440 nm. Samples were NaBH,
reduced before analysis and separation was done in
0.1 M glycine—HCl buffer (pH 2.5). Other gel
permeation media like Zorbax GF 450/GF 250 [87],
Superdex columns, Sepharose 6B FPLC (Pharmacia,
Uppsala) [88] are also applicable.

The differences in gel permeation methodology
(mostly buffer composition variants) appear of
practically negligible value for the results obtained
{87,89]. A nice comparative study using glucose,
galactose and glucoso-6-phosphate and different
modes of detection using Zorbax GF 450/GF 250
was reported in Ref. [87] (Fig. 15). Data for separat-
ing the polymerized species in the presence of 6 M
urea can be also found in the literature [88].

In human lens proteins it is possible to detect not
only the glycation adducts (fructoselysine) but also
oxidation products of these adducts, namely N°-
(carboxymethyl)lysine and 3-(N°®-lysino)lactic acid
[90-92]. This analysis is done by the GC-SIM
technique after acid hydrolysis [90]. Lysine and
carboxymethyllysine can be measured directly as
their trifluoroacetylmethyl ester derivatives and fruc-
toselysine is determined as the furosine derivative
which is formed in the yield of about 40% from the
parent compound during acid hydrolysis. The mass
spectra of the trifluoroacetyl methyl esters of the
compounds (m/z 320, 392 and 110 ions) are used for
quantitation of lysine, carboxymethyl lysine and
furosine respectively [90].

There is one point to keep in mind with respect to
lens protein glycation. In streptozotocin treated rats
(the most common model for diabetes) it is not only
glucose that is elevated in the lens tissue. In the rat
lens two additional phosphomonoesters, fructose-3-
phosphate and sorbitol-3-phosphate are produced.
Detailed data in this respect regarding also the
presence and identification of other sugars can be
found in Refs. [93-95].

Besides glycation adducts (obtained in vitro by
incubating the crystallin sample with glucose,
glucose-6-phosphate or ribose for about 10 days at
37°C) it is also possible to obtain carbamylated
crystallins (by incubating a-crystallin with 25 mM
sodium cyanate for about 7 days at 37°C) or to
obtain oxidatively modified crystallins (by adding
0.1 mM FeSO,, 0.3 mM EDTA and 0.1 mM H,O,
and incubating the mixture at 37°C for about 4-19
h).

4.3. Adducts and polymerization reactions related
to interactions with ascorbic acid

It is generally known that the normal lens tissue
contains a higher level of ascorbic acid in com-
parison to glucose [96-98]. Therefore the idea that
this may play a role in senile cataracts has been
expressed already in 1985, followed by a lot of
papers devoted to this subject.

In vitro cross-linking of lens crystallins proceeds
rapidly in presence of ascorbic acid (ASA) and air
[99-101]. The exclusion of oxygen from the reaction
medium prevents cross-linking of crystallins by
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Fig. 15. Gel permeation chromatography of sugar-incubated calf lens crystallins, detecting by absorbance at 280 nm (A), differential
refractive index detector (B), tryptophan fluorescence (290/340 nm) (C) and non-tryptophan fluorescence (370/440 nm) (D). Reprinted
from van Boekel and Hoenders [87] by permission of Academic Press.

ASA, however lens proteins may undergo glycation
with dehydroascorbic acid or diketogulonic acid even
in the absence of oxygen. It is to be noted that these
two sugar acids are direct oxidation products of
ascorbic acid. Formation of pentosidine in lens
proteins is mainly related to ascorbic acid level
rather than to the direct interaction with, e.g.,
glucose.

A thorough investigation of the effect of ascorbic
acid upon crystallin was reported by Prabhakaram
and Ortwerth [102]. A brief outline of their pro-
cedure runs as follows: Purified y-crystallin is iodi-
nated with '*’I (carrier free), and chloramine T is
added in Tris—HC! buffer pH 7.5. The reaction is
allowed to continue for 1 min and is terminated by
the addition of 1.0 mg of sodium metabisulfite.
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Iodinated +vy-crystallin is separated from unbound
"1, and other reactants by passing through a
Sephadex G-25 column and dialyzed extensively
against 0.1 M phosphate buffer, pH 7.0, containing 1
mM DTPA (diethylenetriaminepentaacetic acid). In
the next step 1 mg of this radioactively labeled
v-crystallin is added (i) crude lens extract, (ii) a-,
By-. By - or y-crystallin, again in 0.1 M phosphate
buffer with 1 mM DTPA (pH 7.0). Glycation is
initiated by the addition of 20 wmol/ml ascorbic
acid, the reaction mixture is sterilized by filtering
and samples withdrawn in weekly intervals. Final
evaluation is done by the Laemmli electrophoresis
(detection by scanning the radioactivity of dried
gels).

The other approach to reveal which crystallin type
may undergo the ascorbic acid glycation reaction in
vitro is boronate affinity chromatography (Affi Gel)
which essentially followed the method of Perry et al.
[103]. Briefly, lens proteins are reacted with ascorbic
acid for 0-3 weeks, dialyzed overnight against
deionized water and then applied to a boronate
affinity column which has been pre-equilibrated with
0.25 M ammonium acetate buffer pH 8.5. The
unbound proteins are eluted with the same buffer
while the ascorbic acid adducts are released by
applying the same buffer made 0.2 M with respect to
sorbitol (absorbance at 280 nm was used for de-
tection).

In SDS-PAGE Prabhakaram and Ortwerth [102]
were able to demonstrate that dimers, polymers and
high molecular mass aggregates are formed in vitro
with the crude lens extract and a-crystallin; - and
B, -crystallins are less reactive and no polymerization
can be revealed with y-crystallin which is ascribed to
the low content of lysine in this crystallin fraction
(Fig. 16).

Here the proof is based on directly assaying the
lysine adducts. These adducts are, however, labile to
acid hydrolysis (see our previous review-1); there-
fore they must be stabilized before analysis by, e.g.,
borohydride reduction and the very assay is done by
amino acid analysis. This approach was shown to be
applicable to both in vivo and in vitro experiments.
Because stabilisation of the glycation adducts can be
materialized through borohydride (borotritide) reduc-
tion, the protein bound radioactivity offers additional
information about the glycation process.

In a study of Ortwerth et al. [104] it was shown
that ascorbic acid incorporation into lens crystallin is
6-7 times more rapid than a similar reaction with
glucose.

Observation of fluorescence spectra adds to in-
formation that can be obtained by following either
the electrophoretic or chromatographic patterns of
post-translationally modified crystallins [105]. Due
to the presence of tryptophan in both a and +y-
crystallin the fluorescence spectra (excitation 280,
emission around 335) show only a single fluores-
cence band. Upon fructation and using AA=40 nm
difference between the excitation and emission
wavelengths it is possible to see in the emission
spectrum another small band (at ~385 nm). This to
our knowledge is the first attempt at using syn-
chronous fluorescence spectroscopy for identifying
structural changes in proteins; it clearly demonstrates
the possibility to distinguish between the natural
tryptophan/tyrosine fluorescence and fluorescence
related to the glycation adducts (very likely due to
pentosidine formation). This technique, however, has
not yet been used for protein fragments, perhaps
owing to the fact that most of the authors investigat-
ing non-enzymatic post-translational alterations in
proteins rely mainly upon routine gel electrophoresis,
which is unsuitable for synchronous fluorescence
hyphenation. HPL.C—Synchronous fluorescence spec-
troscopy, however, appears a new tool within the
hyphenated techniques family which may contribute
considerably to our understanding of how proteins in
the body are modified by non-enzymatic processes.

4.4. Pentosidine related cross-linking

The high level of ascorbate in human lens led to
attempts to investigate whether or not the only so far
identified product of sugar—protein reaction, pen-
tosidine, can be found in this tissue. Incubation of
crystallins with ascorbate and its oxidation products,
dehydroascorbate and 2,3-diketogulonate leads pro-
gressively to the formation of pentosidine cross-links
in the presence of oxygen. Under nitrogen, however,
only 2,3-diketogulonate or xylosone are formed. A
high correlation between pentosidine cross-links and
the degree of lens pigmentation was noted in
cataractous lenses [106]. Pentosidine was found
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permission of Academic Press.

primarily associated with the a-crystallin fractions
(300 000-5 000 000 rel. mol. mass).

As far as separation procedures is concerned, only
standard methods of protein analysis were applied
(for review of pentosidine assay see our previous
paper [1]).

Some idea about the distribution of pentosidine in

between individual crystallin types can be obtained
from Fig. 17. For analysis cataractorous and control
lenses were gently shaken to separate the cortex from
the nucleus, the nuclei were homogenized in 10 mM
Tris—HCl (pH 7.5) containing 2 mM EGTA. The
homogenate was spun at 30 000 g for 10 min and the
supernatants were fractionated on agarose A-5 m



1. Miksik, Z. Deyl / J. Chromatogr. B 699 (1997) 311-345 335

6.0

Pentosidine, pmol/unit of protein

0.0

HMW a

LMW «
[—J Normal

Fraction number

M Cataract

Fig. 17. Distribution of pentosidine in individual crystallin subfractions of normal and cataractous lenses separated on a 5 m agarose A
column. HMW, high molecular mass; LMW, low molecular mass. Reprinted from Nagaraj et al. [106] with permission.

(1.5X43 cm column) using the same buffer (i.e., 10
mM Tris pH 7.5) as the eluent. Fractions of 1.1 ml
were collected at a flow-rate of 0.3 ml/min. Frac-
tions corresponding to high molecular mass a-crys-
tallin (75 000 000), low molecular mass a-crystallin
(300 000—800 000), B-crystallin (30 000-150 000)
and <y-crystallin (20 000) were pooled, dialyzed
against 3000 ml of water over 24 h and subjected to
hydrolysis and pentosidine assay. Evidence for in-
creased pentosidine levels in diabetic cataract using
C,; reversed-phase column (Supelco 25 cmX4.6
mm) with a complex, stepped acetonitrile gradient
(5-50% acetonitrile made 0.1% with respect to
heptafluorobutyric acid) was reported by Lyons et al.
[107].

Autooxidation of ascorbic acid adducts leads to
N*-(carboxymethyl)lysine which can be assayed by
GC amino acid analysis [108,109].

4.5. Fructose derived adducts

In ~y-crystallin fructation leads to structural de-
stabilization of monomeric crystallin; on the contrary
in a-crystallin it leads to structural stabilization
increasing the affinity of this protein to multimeric
aggregation (mostly dimers of rel. mol. mass

40 000~42 000 are formed by intermolecular cross-
linking of both ¢A and oB crystallin monomers as
revealed by gel electrophoresis in 12.5% gel). These
opposite effects are ascribed to altering the charge
balances within the molecule (for details see [105]).
Methods used for revealing the fructose modified
crystallins don’t differ from the analytical methods
used for other sugars. However, the effect of this
modification compared to reactions with, e.g., glu-
cose or ascorbic acid is considerably different.

4.6. Adducts with methylglyoxal

Methylglyoxal is an endogenous metabolite that
increases in diabetes and like other —CHO or =CO
bearing compounds is believed to be involved in
some long-term complications of this disease.

Simple polyacrylamide gel electrophoresis using
crystallins previously incubated with methyiglyoxal
(preseparated by Sephacryl S300HR, yielding crys-
tallin a, By, B, and y) can be used to demonstrate
this interaction in vitro. The samples (individual
fractions from the Sephacryl separation) were boiled
in 63 mM Tris buffer pH 6.8 containing 2% w/v
SDS, 5% mercaptoethanol, 10% glycerol and 0.01%
Bromphenol Blue for 5 min prior to electrophoresis.
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Next the separation was materialized in 12.5% gel
(5% stacking gel) at 40 mA per gel. The results are
shown in Fig. 18, where both «- and <y-crystallins
show an apparent increase in molecular mass from
approx. 20000 to 29000 and the presence of
polymerized crystallins (about 45 000-55 000 rel.
mol. mass) can be traced. This increase is non-
specific, i.e., it occurs in all crystallin fractions
separated. This, however, does not mean that such
generalized reaction occurs in vivo where probably
only the more exposed lysine residues will be
involved in the modification [110].

4.7. Acetylated crystallins
Another post-translational modification of crys-
tallins is the acetylation of lysines induced by

aspirin. It was postulated that the reactivity of lysyl
residues and the possible inhibition of deleterious

14

reactions by acetylation may be of particular impor-
tance in the development of diabetic cataract. It has
already been shown 10 years ago that pre- or
concurrent incubation of lens crystallins with aspirin
can limit the effectiveness of carbamylating and
glycating reagents [111-113].

Lens crystallin preparation for the acetylation
experiments is done more-or-less in the standard way
[114]. Gel permeation chromatography is done using
Sephadex G-200 (Pharmacia, Piscataway, NJ, USA).
There is a number of the extraction conditions
described in the literature which all can lead to
acceptable results — Ref. [106]. As expected the
fractionation gave four fractions, namely a-, By-,
B.- and vy-crystallins. The a-fraction (150 wpg/ml)
was incubated with 100 mM aspirin in 0.2 M Tris—
HCI, pH 7.6, with 0.05% NaN, at 37°C for various
times.

After incubation the samples were desalted to

Fig. 18. SDS-PAGE of (A) unmodified bovine crystallins, (B) bovine crystallins incubated in buffer for 7 days, (C) bovine crystallins
incubated in 5 mM methylglyoxal for 7 days, (D) unmodified human crystallins, (E) human crystallins incubated in buffer for 7 days, (F)
human crystallins incubated in methylglyoxal for 7 days. Lanes: (2) a, (3) B, (4) B,. (5) v. Molecular mass standards were run in lanes (1)

and (6). Reprinted from Riley and Harding [110] with permission.
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remove excess aspirin and by possible by products
and the purified acetylated crystallins were separated
by making use of a 0.46X25 cm (Vydac C,; column,
Alltech, Deerfield, IL) with a linear gradient of
5-50% CH,CN in water made 0.1% with respect to
trifluoroacetic acid over a period of 60 min. The
separation yielded two main subfractions, i.e., aA
and aB crystallins (Fig. 19).

Location of the modified lysines in the crystailin
molecule was achieved by analyzing enzymatic
(pepsin, chymotrypsin) digests. Peptides generated
by the enzymatic digestion were separated by re-
versed-phase chromatography using a C,; column
and a gradient of 5-40% acetonitrile in water (both
0.1% with respect to trifluoroacetic acid over 60 min)

(A) ‘

Absorbance

®

P

Time

——

Fig. 19. Reversed-phase HPLC analysis of a-crystallins showing
the separation into aB (first peak) and oA (second and third
peaks). (A) Before incubation; (B) after incubation with aspirin.
Reprinted from Hasan et al. [114] by permission of Academic
Press.

[114]. The modified and unmodified peptides were
collected in the same fraction; the acetylated peptides
eluted just after their unmodified counterparts. Frac-
tions were vacuum dried and used for FAB mass
spectral analysis. It is worth noting that in these
experiments trypsin can not be used because it
cleaves C-terminal to lysine but does not cleave the
same bond if acetylated lysine is involved.

4.8. Glycation of lens membrane proteins

The crude preparations of lens membrane proteins
[115] exhibits the 350/430—450 nm fluorescence
typical for advanced glycation products which is age
and diabetes dependent; however diabetic conditions
are capable of increasing this fluorescence far
beyond the advanced age group level. No attempts
have been published so far to attribute this fluores-
cence to particular protein fractions obtained (e.g., by
gel permeation chromatography). On the other hand
glycation products can be also found in the lens
capsule (the evidence is based on the detection of
glycosyl-lysine adduct after sodium borotritide re-
duction and amino acid analysis) [116—120].

5. Lipid peroxy radicals and dityrosine
crosslinking

When a-crystallin from the bovine lens is incu-
bated with the lipid peroxy radicals generated by
incubation of linoleic acid-13-monohydroperoxide or
phosphatidylcholine with methemoglobin a blue,
non-tryptophan fluorescence of at least two kinds of
fluorophores, stable and unstable on borohydride
treatment is produced [121]. This treatment leads to
distinct polymerization of the o-crystallin protein
with a concomitant appearance of a distinct 298/388
fluorescence. Polymerization can be clearly docu-
mented by standard Laemmli SDS—polyacrylamide
gel electrophoresis (15% with 4% stacking gel). If
the polymerized product is hydrolyzed and assayed
for amino acids present (ion-exchange chromatog-
raphy, stepped citrate buffer gradient pH 3.3, 4.0, 4.9
followed by an alkaline wash) no additional peaks
are visible with the UV detection; however, if instead
of the regular ninhydrin detection the eluate is
evaluated by measuring fluorescence at 298/388 nm
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Fig. 20. Amino acid analysis of a-crystallin modified with none
(A), linoleic acid 13-monohydroperoxide/methemoglobin (B) and
hydrogen peroxide/horseradish peroxidase. Detection by
ninhydrin coloration (1) and fluorescence intensity at 285-410 nm
(2). Reprinted from Kikugawa et al. [121] with permission.

the picture shown in Fig. 20 is obtained. The dark
peak was, on the basis of its comigration with
dithyrosine standard, ascribed to this amino acid. It
was also demonstrated in model experiments that in
this way also other proteins can yield dityrosine upon
acid hydrolysis.

6. Glycation of other proteins

Though originally reported for long-lived proteins
only, it is evident from the current literature that any
protein can be glycated (or perhaps subject to other
non-enzymatic post-transiational modification) in
vivo. In vivo modifications always face the problem
of fishing out the glycated species from the tissue. It
appears that phenylboronate activity chromatography
is the routine first step (sometimes also ConA affinity

separations are used). In vitro, the first step is
incubation of the particular protein species with an
appropriate sugar (or other modifying compound).
While some 15 years ago it was assumed that non-
enzymatic glycations generally lead to protein poly-
merization (at least in the advanced stage of the
reaction), it is well documented now that monotopi-
cal reactions take place as well. Moreover, some
proteins (at least Cu,Zn superoxide dismutase, see
Ref. [140]) can even be fragmented. The biological
function of the protein is usually impaired but
exceptions exist as well: e.g., glycated trypsin is not
only more resistant towards denaturation but also has
a higher proteolytic activity. Conformational altera-
tions were newly demonstrated with laminin.

In vivo, usually only some of the available lysine
and/or arginine residues are modified which reflects
milder in vivo conditions and the limitations re-
sulting from the conformational availability of differ-
ent -NH, groups.

The general strategy may follow the scheme
shown in Fig. 21. It just repeats what has already
been said at the beginning of this review. The
separation techniques used are very diverse and
should be modified from case to case (see Tables
3-5 for a survey of proteins the glycation of which
has been studied).

In clinically relevant cases so far not all authors
use separation techniques to reveal the presence of a
glycated species; they are tempted to use immuno-
chemical approaches, ELISA or a combination with
some separation procedure. The attempts to find
glycation markers enabling a direct assay of glycated
(or otherwise modified) species in different tissues
were reviewed in a preceding paper [1]. So far, no
simple, generally accepted methodology is available.

Regarding detection the 370/440 nm fluorescence
has been widely adopted as a proof for the presence
of advanced glycation end products. Regarding the
detection of hydrolytically stable marker adducts see
our previous communication [1]. So far very little if
anything at all is known about non-fluorescent
adducts, the presence of which is anticipated. On the
other hand reductive labeling of the early glycation
products with sodium borotritide or in vitro incuba-
tion of either *H or '*C labeled glucose is of
considerable help in finding the resulting products.
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Fig. 21. Suggested general strategy for sample enrichment and separation of glycated products in vivo and in vitro.
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7. Conclusions

It is difficult indeed to outline a system of
separation methods used for proteins modified by
glycation or by other carbonyl moiety possessing
compounds (for possible strategy see Fig. 21). In
general, gel permeation chromatography and gel
electrophoresis are used for revealing the polymer-
ized products. Boronate affinity chromatography
serves the accumulation of modified protein solutes
bearing vicinal hydroxy groups. Detection is done
either by fluorescence (370/440 nm is supposed to
be indicative for advanced glycation products which
apparently do not represent a single compound)
while for the only so far well characterized glycation
derived cross-linking product detection at 335/385
nm is applied. Immunochemical detection techniques
if available to the researcher are used as well.
Apparently not only polymerizing (bitopical) re-
actions occur in the body; quite a few, so far poorly
understood, modifications also occur in vivo. How-
ever, some (or even the majority of them) may be
non-fluorescent and, consequently, difficult to detect.
In any case post-translational reactions of this type
may have profound physiological consequences and
represent a challenging area for research.
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