
Glycoconjugate Journal 15, 835—840 (1998)
 1998 Kluwer Academic Publishers. Manufactured in the U.K.
Glycation changes the charge distribution of type I
collagen fibrils
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In aging and diabetes, glycation of collagen molecules leads to the formation of cross-links that could alter the surface
charge on collagen fibrils, and hence affect the properties and correct functioning of a number of tissues. The electron-
optical stain phosphotungstic acid (PTA) binds to positively charged amino acid side-chains and leads to the characteristic
banding pattern of collagen seen in the electron microscope; any change in the charge on these side-chains brought about
by glycation will affect the uptake of PTA. We found that, upon glycation, a decrease in stain uptake was observed at up to
five regions along the collagen D-period; the greatest decrease in stain uptake was apparent at the c1 band. This reduction
in PTA uptake indicates that the binding of fructose leads to an alteration in the surface charge at several sites along the
D-period. Not all lysine and arginine residues are involved; there appear to be specific residues that suffer a loss of positive
charge.
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Introduction

Glycation is the reaction of a reducing sugar with the amino
acid groups of proteins, which leads ultimately to the forma-
tion of cross-links between neighboring molecules [1, 2]. It
is a non-enzymatic reaction and occurs at faster rates in
diabetics than other individuals. The advanced products of
glycation have now been established to play a role in the
evolution of age-related physical changes and diabetic com-
plications — retinopathy, neuropathy, renal failure and
atherosclerosis. We have previously shown that glycation of
human corneal and scleral collagen changes the molecular
packing [3], and that these changes are also associated with
aging [4]. Similar changes occur in tendon collagen [5], and
it has been suggested that they result from the formation of
advanced glycation end products (AGEs), some of which are
covalent cross-links that can alter the behavior of proteins
catastrophically. Pentosidine is a well characterized AGE
that cross-links proteins via arginine and lysine residues [6].
This may account for arg and lys losses observed in elec-
trophoretic profiles of in vitro glycated protein [7]. However,
at present there are no data as to the extent to which arg and
lys charges are lost when intact collagen fibrils are glycated.
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The positive charges carried by arg and lys are an impor-
tant factor with respect to the interactions and properties of
proteins. For example, electrostatic interactions between
adjacent collagen molecules are implicated in the self-as-
sembly and stability of the resultant collagen fibrils [8].
Consequently, any sugar-induced reactions leading to the
formation of AGEs that alter the charge distribution, may
influence the quaternary structure as well as the interaction
of the glycated protein with other proteins. Carboxymethyl
lysine, for example, is an AGE that replaces the positive
charge on lysine with a negative charge [9, 10].

Heavy metal salts are widely used in electron microscopy
to enhance image contrast. In positive staining, unreacted
stain molecules are washed away, leaving only molecules
which have reacted specifically with the tissue proteins.
Collagen fibrils have long been known to exhibit a charac-
teristic positive staining pattern that consists of a series of
cross striations with an axial periodicity D, where
D&67 nm (Figure 1) [11, 12]. There are up to twelve bands
within a D-period, designated a1—a4, b1, b2, c1—c3, d and e1,
e2, although c3 is rarely discerned and the a and e bands are
often difficult to resolve. Using phosphotungstic acid (PTA)
as the positive stain, the striations have been shown to be
due to the uptake of PTA anions on the positively charged
side-chains of the amino acids — lysine, hydroxylysine, ar-
ginine and, to a lesser extent, histidine [13, 14].

The positive staining pattern of collagen fibrils is attribu-
table to the architecture of the collagen molecules within the
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Figure 1. The top of the figure shows the axial arrangement of the
triple-stranded collagen molecules within a fibril (after Hodge and Pet-
ruská 22̀). The N- and C- termini of the individual molecules are indicated
as is the non-triple-helical conformation of the terminal peptides. Molecu-
les are mutually staggered by integral multiples of D (234 amino acid
residues), and this gives rise to an axial periodicity, referred to as the
D-period. Each D-period is divided into a ‘gap’ and an ‘overlap’ region.
One D-period is about 67 nm long in scleral collagen.

The micrograph shows a portion ( just under 4 D-periods) of a scleral
collagen fibril positively stained with phosphotungstic acid (PTA). The
staining bands within one D-period are indicated using the notation of
Hodge and Schmitt [19] – a strong d-band, two e-bands (e1 and e2), four
a-bands (a1 to a4), two strong b-bands (b1 and b2), three c-bands (c1 to
c3). The D-periodicity and alignment of the micrograph matches the
molecular diagram above (i.e., bands c3, d, e, a1 and a2 fall in the gap
region while bands a4, b and c1 are in the overlap and c2 and a3 are at
the gap/overlap junctions.)

fibrils. Each collagen molecule consists of three triple-helical
a-chains, two a1 chains and one a2 chain, each chain axially
staggered by one amino acid residue with respect to the
next, in the order a1, a2, a1. These molecules assemble in
a parallel array with a staggered association of D or mul-
tiples of D [15] (see Figure 1). The D-periodic nature of the
fibril arises from the D-stagger. Each D-period is made up
of two broad zones; the gap and the overlap. For every five
molecules present in the overlap four will be present in the
gap zone. The juxtaposition of the constituent positively
charged amino acid side chains within the molecule gives
rise to the twelve observable bands in PTA stained type I
collagen [12].

Figure 2a represents the molecular packing in a portion
of the fibril D-period and shows amino acid sequence data.
Figure 2. The formation of the histogram of positive charges for the
region c2, c1 and b2 of the collagen sequence. (a) Shows the sequence
data for c2, c1 and b2. Each molecular segment contributing to the fibril
is represented by three amino acid sequences from the three constituent
alpha chains, each sequence staggered by one amino acid residue in the
order a1, a2, a1 to simulate the arrangement of the alpha chains within
the collagen triple helix. Only positively charged residues are included,
all others being represented by dots. The N-terminus of a collagen
molecule is indicated. Residues are numbered from the N-terminus of
the molecule. The diagram shows five such molecular sequences, each
axially staggered by 234 residues to simulate the packing of molecules
within a collagen fibril. The rectangles indicate how charged side-chains
in different molecules tend to line up across the fibril to give rise to
staining bands. By adding up the number of positively charged amino
acid residues vertically across all molecules a histogram can be formed.
Residues shown in italics are those that appear to be unstained in the
glycated sample (see Results). (b) Shows the histogram of positive
charges. (c) Shows the same histogram smoothed.

The five adjacent molecular segments found in this part
of the fibril are presented as triple stranded amino acid
sequences (only the positively charged residues are named,
all others being represented by dots). The diagram thus
illustrates which charged amino acid residues contribute to
stain uptake in this region of the fibril. Figure 2b is the
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corresponding histogram of positive charges, obtained by
summing across the constituent molecules and Figure 2(c)
shows the histogram of positive charges smoothed by con-
volution with a top-hat function, to simulate the level of
resolution seen in the electron microscope. The sequence
data come from the peptide sequencing of calf skin collagen
[16, 17]. DNA sequencing of the human procollagen gene
for type I collagen has produced data which show good
agreement with the calf skin sequence [18, 19]. Any inter-
species differences are highly conservative and do not result
in alteration of the distribution of charged residues along
the molecule.

Reactions that alter the charge distribution along the
collagen lead to changes in stain uptake. Comparison be-
tween sequence-generated charge histograms and the ob-
served stain distribution have allowed the stagger between
adjacent collagen molecules to be determined to less than
one residue spacing (i.e., less than 2.9 As ) [20]. Small changes
in stain uptake can be detected and the method has pro-
vided considerable insight into the reaction mechanisms of
a range of different stains [21, 22] and fixatives [14-Review,
23]. The purpose of this study, therefore, is to use collagen
as a model system to investigate the extent to which the
surface charge on intact fibrils is modified by glycation in
vitro and to elucidate the regions along the fibril that are
involved.

Materials and methods

Human scleral collagen was obtained from two donors aged
57 years (donor A) and 65 years (donor B). Corneoscleral
samples were obtained from the United Kingdom Trans-
plant Service Eye Bank (Bristol); samples comprise the cor-
nea plus a 5 mm scleral rim. The scleral rim from each donor
was split into three pieces, one was kept frozen; this sample
was the control. The remaining two pieces of sclera were
glycated with 0.5 M fructose in 0.05 M phosphate buffer
(PB), at 37 °C. One was glycated for 5 days the last piece was
incubated in fructose for 11 days. The collagen was mechan-
ically dispersed using a small amount of liquid nitrogen to
aid fracture of the scleral tissue. The collagen fibrils were
briefly suspended in a small amount of dH

2
O to allow them

to be captured on carbon coated grids. They were stained
for 1 h, at room temperature, with 2% aqueous PTA, pH
3.2, washed with distilled water to remove unbound stain
ions, then allowed to dry at room temperature. The grids
were examined using a Philips 301 transmission electron
microscope, calibrated using a diffraction grating replica
with 2160 lines per mm, and micrographs were taken at high
magnification (]72,000).

Fibrils showing a clear banding pattern were selected for
analyses. A number of densitometric traces (each one
D-period long) were made from micrographs by scanning
along the banding patterns of isolated collagen fibrils in the
direction of the fibril axis using a laser densitometer (LKB
Figure 3. The histogram of positive charges for one D-period and how
this compares with a PTA staining profile. (a) Histogram of positive
charges for 1 D-period; (b) histogram smoothed; (c) PTA staining profile
for the control sample.

Ultrascan XL, line beam"50 lm]800 lm). To improve
the signal-to-noise ratio, 20 such traces were taken and
averaged for each sample. The computer averaging has been
described previously [24]. Briefly, it involved correcting
each trace for any varying background intensity and inter-
polating it into 234 divisions (so that each division corre-
sponded to one amino acid residue along the fibril axis.) The
second trace in a set was then translated stepwise past the
first trace in the set (with wrap around), and the similarity
between the two traces was quantified by linear regression
analysis. In this way, the best axial superposition of the
traces could be found, together with the optimum scaling
factors. This process was repeated for each subsequent trace
in the set. When all the traces had been scaled and shifted
axially to match the first, the whole set was averaged. In this
way, averaged traces were produced from glycated samples
and controls. The averaged traces from glycated samples
were subtracted from the control trace to generate difference
spectra and these spectra were compared. Averaged traces
were also compared to computer-generated histograms de-
rived from the amino acid sequence (see [25] and Figure 2).
To illustrate this, Figure 3 shows an averaged PTA staining
profile for one D-period (c), compared to the charge distri-
bution histogram of type I collagen. (a) Shows the histogram
of charges; (b) shows the histogram smoothed by convolu-
tion with a top-hat function.

Results

Figure 4 shows the PTA staining profiles for (a) the control
sample; and (b) the sample glycated for 11 days (T

11
) (donor

B). Figure 4(c) shows the difference spectrum (control-T
11

),
on an expanded scale, where a peak signifies a decrease in
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Figure 4. Comparison of the PTA staining profile for the control tissue
and the T11 tissue (fructated for 11 days). (a) Average of 20 microden-
sitometric traces for the control tissue. (b) Average of 20 microden-
sitometric traces for the scleral tissue fructated for 11 days, (c)
Difference spectrum, the difference between the control staining profile
(shown in (a)) and the staining profile for the glycated tissue, T11 (shown
in (b). The arrow indicates the major peak (in the c1 band), which shows
the area where the major decrease in stain uptake was observed upon
glycation. A decrease in stain uptake is evident in three other regions, at
b2, d and between e1 and d.

stain uptake between the two samples. The arrow shows the
major decrease in staining intensity observed at the c1 band.
Three other regions of decreased staining intensity are
observed after fructation; at b2, d and between e1 and d.

Figure 5(a) and (b) show the difference spectra for T
5

and
T
11

(donor A) compared to the control. Figure 5(c) is the
difference spectrum for the second T

11
sample (donor B)

plotted on the same scale. On visual inspection trace (a)
shows small peaks at various regions along the D-period,
including the c1 region. These peaks are barely greater than
the fluctuation due to noise (derived by comparing the
variances of the noise levels of the averaged traces). Traces
(b) and (c) show clearer peaks above the noise level, indicat-
ing that a decrease in staining occurs at certain positions
during the first 11 days of glycation. Although Figure 5(b)
and (c) show several similar features, they also show some
differences, especially in the b1—a4 region. The differences
may relate to the original state of glycation of the donor
collagen.

An attempt to improve the agreement between the histo-
gram of positive charges and the T

11
densitometric trace

was made by systematically removing various arginine and
lysine residues in the c1 region of the sequence data and then
correlating the c region of the smoothed histogram with the
same region of the T

11
trace (donor B). This region was

chosen because there was a clear change in the staining
pattern caused by glycation. An increase in correlation from
0.77 to 0.91 was observed when 12 of the 16 positively
Figure 5. Comparison of the difference spectra for T5 and two T11 sam-
ples, plotted on the same scale. The noise level in these traces was
quantified by comparing the variances of the noise in the averaged
traces (the traces having been corrected for varying background inten-
sities and scaled with respect to each other [31]). (a) control – T5 (donor
A), shows areas of decreased stain uptake. The vertical bar shows the
maximum noise level. (b) control – T11 (donor A), shows more obvious
areas of decrease in stain uptake for example at the c1 band, and
smaller peaks at the b2, e1 and d bands. (c) Control – T11 (donor B).

charged amino acid residues in this region were omitted.
Referring to Figure 2, these residues were arginines 9, 237
and 704; and lysine 479. Removal of other potential glyca-
tion sites in this region either did not change, or reduce the
correlation. Figure 6 shows the effect on the histogram of
positive charges of the removal of these 12 residues.
Figure 6a shows the control densitometric trace in this
region: (b) shows the histogram of positive charges; (c)
shows the effect of removing the contribution from the 12
residues and (d) is the observed T

11
trace. The similarity

between (a) and (b) and now the similarity between (c) and
(d) can be seen.

Discussion

Histochemical studies have shown that PTA staining of
proteins is a predominantly electrostatic interaction, in
which the PTA anions bind to positively charged amino
acid side-chains [26—28]. Silverman and Glick [29], found
that the stoichiometry of this reaction varies for different
proteins, however due to the abundance of arginine and
lysine in collagen, PTA stain uptake is relatively high, with
all available residues apparently reacting with the stain. For
this reason, PTA staining of collagen provides an excellent
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Figure 6. The effect of changing the weighting of the histogram at the c1
region. (a) Shows the control staining profile. (b) Shows the histogram
derived from sequence data. Note the similarity with the control profile
(a). (c) Shows the modified histogram with 12 positive residues removed
from the c1 region. (d) Shows the staining profile for the T11 sample. The
correlation of the c region of this profile with the c region of the histogram
is increased on removal of the 12 residues. This signifies that the altered
histogram is more similar to the T11 trace than the original sequence-
derived histogram.

model system to investigate reactions that alter protein
charge. In fact, there is probably no method as sensitive to
detect changes in the positive charge on the surface of intact
collagen fibrils.

Since we are unaware of any mechanism that could in-
duce the formation of extra positive charges when a protein
is glycated, we have assumed that changes in stain uptake
reflect the loss of positive charges. Furthermore, a decrease
in stain uptake is only identified as such if the peak is
relatively large compared to the background noise of the
difference spectra.

A decrease in PTA stain uptake at specific regions in
samples glycated for 5 or 11 days, when compared to the
control, implies that stain inhibition (and probably AGE
formation) does not occur at all available sites along the
collagen fibril. The sensitivity of this technique allows the
regions where fructose binds to be located, but it does not
allow the sites to be identified at the level of individual
amino acids. Nevertheless, it is interesting that the most
marked decrease in stain uptake occurs at the c1 region, and
a number of positively charged amino acid residues in this
region could be involved in glycation. Correlation analyses
of the c region has shown up to 12 residues which could be
involved; on removal of these residues from the histogram of
positive charges the correlation of the c region of the histo-
gram with the c region of the T

11
trace increases by nearly

20%. One site in this region has already been shown to be
preferentially glycated in rat tail tendon type I collagen [2].
However, it should be noted that the failure of several
amino acids in a particular region to stain with PTA does
not indicate per se that all these residues are glycated or
involved in cross-links. It is possible that the presence of
sugar molecules or AGEs at one site could prevent stain
attachment to nearby sites by steric exclusion.

Longer incubation (T
11

) probably allows the conversion
of some of the fructated residues to advanced products such
as AGEs. This might explain why we found a more apparent
decrease in stain uptake in specimens incubated for the
longer period (T

11
), compared to the sample incubated for

5 days in fructose. The T
5

sample did show a decrease in
stain uptake but not to the same extent as the T

11
sample.

There is relatively little data in the literature identifying
preferential glycation sites in collagen. Brennan [30] found
that glycation was not very specific since most cyanogen
bromide peptides in rat tail tendon bound some glucose.
Tanaka et al. [31] partially characterized a CNBr digest
fragment of collagen containing a fluorescent crosslink pro-
duced by glycation and radiochemical labeling of glycation
sites has been used to locate sites in CNBr fragments [32].
Wess et al. [33, 34] used neutron diffraction methods to
locate glycation sites in normal and diabetic tendons. They
found that glycation occurs at different rates within the
collagen unit cell but suggested hydroxylysine residues to-
gether with lys 434 and lys 855 as possible sites. LePape
et al. [35] investigated the uptake of radiolabeled glucose
and found that glucose uptake occurred to a lesser extent in
diabetic collagen. Their hypothesis for this was that lower
uptake of glucose in the diabetic tissue is due to the prefer-
ential sites along the collagen having already bound sugar.
Glycated lysine residues have been identified close to
carboxylic acid residues [36] and it is thought that these
latter residues may catalyse the Amadori rearrangement.
Baynes et al. [37] found that the most reactive sites for
glycation an RNase and Hb are found in the high affinity
binding sites for phosphate ions or organic phosphate. They
also found that these regions are relatively basic, containing
arginine and histidine residues, and suggested that these
residues could be catalyzing the Amadori rearrangement.
Reiser et al. [2] found a number of lysine residues to be
preferentially glycated in type I collagen, for example, lysine
434, lysine 924, lysine 453 and lysine 479. Out of these, lysine
479 is the only one whose position makes it difficult to
account for its preferential glycation. The other three lysines
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are situated next to acidic residues which may be acting as
catalytic agents for glycation.

We have shown that the surface charge of human scleral
collagen fibrils can be altered in vitro by incubation with
fructose. The results also indicate that several sites along the
fibril have the potential to be glycated, although the extent
to which individual residues react in vivo remains to be
investigated. Further work is required to identify the factors
that predispose specific residues to become glycated, parti-
cularly in intact proteins, since the majority of work carried
out so far has involved the analysis of protein fragments.
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