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Rat tail tendon (RTT) collagen has been reacted with
homologous series of chromium(III) complexes viz.,

H2O)4Cr(OH)2Cr(H2O)4
41 1 (dimer), Cr3(OH)4(H2O)9

51 2
trimer), and Cr4(OH)4(O)2(H2O)12

41 3 (tetramer), and
he structural alterations brought about by these com-
lexes have been investigated through atomic force
icroscopy (AFM) and circular dichroism (CD) stud-

es. Examination of Cr(III)-treated tendons using AFM
evealed changes in the D-periodicity of collagen,
hich may arise due to differences in the topological
istribution of various Cr(III) complexes. Evidence for
rganisation of monomeric collagen into quarter stag-
ered fibrils in the presence of Cr(III) dimer, 1, has
een obtained. The quaternary structural changes in-
uced by chromium in the protein have been corre-

ated to the conformational changes of collagen in the
bsence of denaturation. © 2001 Academic Press

Key Words: collagen; chromium (III) complexes;
tomic force microscope; D-periodicity; conformation;
ggregation.

Collagens are the major structural components of
he extracellular matrix, accounting for over 30% of the
otal protein content of the body (1, 2). Till date nearly
9 different collagen types have been identified (3).
ollagen monomer, which is a triple helix, is formed by

hree individual a-chains made up of repeating Gly-
-Y triplets. Each a-chain is a left-handed poly-Pro-II
elix and the three chains intertwine with a one resi-
ue shift into a right-handed triple helical coiled coil
4–6). Skin contains mainly type I collagen, which
xhibits a fibrillar organisation with a periodicity of a
ittle less than 70 nm. The axial periodicity observed
rom electron microscopic and AFM investigations is
he result of quarter staggered arrangement of colla-
en monomers (7–11). The crosslinking of collagenous

1 To whom correspondence may be addressed. Fax: 191 (044) 491
150. E-mail: ramarajaram@hushmail.com.
229
ies present in basic chromium sulphate (BCS) has
een shown to impart hydrothermal stability as well as
tability against enzymatic degradation to collagen
12). The mechanisms underlying the stabilisation of
he collagenous matrix by chromium at the molecular
evel are yet to be elucidated. Structural alterations to
ollagenase by the different chromium(III) complexes
iz., dimer, 1, trimer, 2, and tetramer, 3, present in
CS leading to inhibition of collagenase activity have
een demonstrated by us recently (13).
In order to study the interaction of different chromi-

m(III) complexes with collagen at a molecular level
nd correlate it to the stabilisation of the matrix, RTT
ollagen has been treated with different Cr(III) com-
lexes viz. dimer, 1, trimer, 2, and tetramer, 3, em-
loyed in the tanning of collagen matrix and structural
hanges brought about have been addressed using
FM and CD techniques. Through CD studies the po-

ency of different chromium(III) complexes to induce
onformational changes have been worked out. While
imer, 1, and trimer, 2, induced aggregation without
enaturing collagen, the tetramer, 3, was without any
ffect. The dimer, 1, was also shown to bring about
elf-assembly of collagen molecules from acetic acid
edium into quarter staggered collagen fibrils.
hough trimer, 2, was effective in forming a fibrous
etwork, the quarter staggered arrangement was not
avoured. Tetramer, 3, did not induce any effect corrob-
rating with CD spectra. These studies indicate that
he extent of stabilisation of collagen matrix by the
arious chromium(III) complexes are due to their abil-
ty to effect structural changes in collagen at the mo-
ecular level as well as ability to quarter stagger the
ollagen molecules from solution.

ATERIALS AND METHODS

Treatment of rat tail tendon with the different Cr(III) complexes.
at tail tendons teased from six-month-old albino rats were washed
xtensively in 0.9% saline and stored at less than 4°C. The tendons
0006-291X/01 $35.00
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ere washed in 1:100 Triton X-100 for 10 min to remove extraneous
atter followed by washing in running distilled water. The samples
ere fixed on the stainless steel disk using an adhesive. Native RTT
bres after washing were treated with the different Cr(III) com-
lexes in BCS viz. dimer, 1, trimer, 2, and tetramer, 3, prepared
sing standard methods (14–16). After incubation for 24 h, the pH
as slowly raised to 4.0. The fibres were washed extensively with
istilled water and stored wet.

FIG. 1. 0.5 3 0.5 mm AFM images of rat tail tendon treated with
nd (E) tetramer.
230
Preparation of reconstituted collagen samples for AFM. The sub-
trate consists of freshly cleaved mica fixed to 15 mm steel disks with
n adhesive. For studies involving fibrillar collagen, soluble collagen
as prepared from RTT according to the method of Chandrakasan et
l. (17). Collagen solution in 0.05 M acetic acid was dialysed against
mM acetic acid overnight at 4°C. The solution was then centrifuged
t 100,000g for 1 h in an ultracentrifuge to sediment large aggre-
ates. The supernatant from this centrifugation contains soluble

erent Cr(III) complexes. (A) Control, (B) BCS, (C) dimer, (D) trimer,
diff
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.13 M of NaCl and phosphate buffer (pH 7.2), respectively (18). The
ubstrate was then placed over the sample, removed after 30 min,
ashed with water, drained and dried. For studies involving self-
ssembly of collagen in the presence of Cr(III) complexes viz. dimer,
, trimer, 2, tetramer, 3, and BCS, collagen solution in 5 mM acetic
cid (0.5 mg/mL) was mixed gently with different Cr(III) complexes
o give a final concentration of 0.001 M as Cr(III). After incubation
or 30 min at 27°C, samples were adsorbed to the substrate.

AFM imaging. Images were captured using a Nanoscope II AFM
Digital instruments, Santa Barbara, CA) with a ‘J’ scale scanner
horizontal ranges of 1 mm). Commercially available 100 mm silicon
itride cantilevers (Digital Instruments) were used with 0.58 N/m
ominal spring constant. The tip, a couple of micron long and less
han 100 Å in diameter was located on the free end of the canti-
ever. The discs with the sample were mounted on the sample holder.
he instrument was used on contact mode with scan rate varying

rom 0.1 to 150 Hz. The tunneling current range is 150 nA and the
pplied force was less than 100 nN. Samples were qualitatively
xamined from eight independent, randomly selected 500 3 500 nm
elds. D-band measurements were made directly from screen dis-
lays using the Nanoscope II software.

Circular dichroism studies. The collagen content was estimated
y a standard procedure (19). Stock solutions of different Cr(III)
omplexes viz. dimer, 1, trimer, 2, tetramer, 3, and BCS were pre-
ared. Collagen was titrated with Cr(III) complexes to give final
r(III) concentrations of 100–500 mM. The ionic strength was main-

ained at 0.1 M using lithium perchlorate. Collagen was incubated in
he presence of Cr(III) complexes at 25°C for 18 h and the spectra
ere recorded at 25°C using a J-715 Jasco spectropolarimeter. A

can speed of 20 nm/min was used with an average of 5 scans per
ample. A slit width of 1 nm and a time constant of 1 s were used. 1
m cell was used for the experiments. A reference spectrum con-

aining acetic acid and lithium perchlorate was also recorded. The
D spectra of the samples were obtained after subtracting from the
eference. Spectra were expressed in terms of mean residue elliptic-
ty [uMRW] using mean residue weight of 91.2 for collagen (20).

ESULTS

tomic Force Microscopic Investigations

The sample discs containing the tendons, both con-
rol and chromium(III) treated, were scanned over an
rea of a few square microns. A minimum of 20 scans
er sample at eight different locations was carried out.
he topographic image in height mode of control RTT
bre is shown in Fig. 1A with distinctive D-periodicity
f 64 6 1 nm. The AFM image of collagen exhibits
lternating grooves and ridges. This agrees well with
arlier observations on native type I collagen (21). Type
collagen shows a fibrillar organisation in which the
brils have the characteristic transverse structure
ith a periodicity of a little less than 70 nm; 67 nm if
easured by X-ray diffraction, and 64 nm if measured

y electron microscopy. The chromium(III) complexes
reated RTT also exhibit ridges and grooves with dif-
erences in the periodicity of the ridge and groove as
hown in Figs. 1B–1E, for BCS-, dimer-, 1, trimer-, 2,
nd tetramer-, 3, treated RTT, respectively (Table 1).
arked variation in the D-period with respect to na-

ive (nearly 8 nm) has been observed in the case of
imer-, 1, treated RTT fibre. For trimer-, 2, and BCS-
231
reated RTT fibre the values were similar viz. 60 6 1
nd 60 6 2 nm, respectively, and were only marginally
ifferent from that of native RTT fibre. The
-periodicity of tetramer-, 3 treated RTT fibre was also

imilar to that of native RTT (61 6 3 nm). The observed
rend can be corroborated with results of TEM inves-
igations from previous studies in which the self-
taining ability of the heavy metal chromium has been
xploited (22).
Formation of aggregates of collagen monomers in

cetic acid medium when incubated with Cr(III) com-
lexes was observed through AFM investigations. The
mages of the different chromium(III) complexes in-
uced aggregates are shown in Figs. 2A–2C. Though
ggregation of collagen was found to be induced by
imer, 1, trimer, 2, and BCS, the dimer assembled
ollagen molecules exhibited characteristic D-period of
4 6 2 nm (Fig. 2B). On the other hand, BCS- and
rimer-, 2, induced aggregation of collagen molecules
resents a fibrous network without exhibiting the dis-
inct D-periodicity (Figs. 2A and 2C). The values of
-periodicity are listed in Table 2. The assembly of

ollagen molecules into quarter staggered fibrils with
4 nm period from acetic acid solution can only be
bserved when the ionic strength and pH are adjusted
o that of physiological values (23).

ircular Dichroism Studies

To study the potential effect of Cr(III) on the struc-
ure of collagen during tanning, we studied the inter-
ction of collagen with different Cr(III) complexes in
he peptide bond region. The triple helical conforma-
ion of collagen presents a circular dichroic spectrum
haracterised by a positive band at 223 nm and a
egative band at 198 nm. The CD spectrum of native
oluble collagen is in agreement with that reported
arlier (20). Figures 3A–3D show the average spectrum
f collagen in the presence of BCS, dimer, 1, trimer, 2,
nd tetramer, 3, respectively, in the concentration
ange of 100–500 mM. It is evident that in the presence
f increasing concentration of the Cr(III) complexes viz.
imer, 1, trimer, 2, and BCS there is a decrease in the

D-Period Values Obtained from Analysis of AFM Images of
arious Chromium(III) Complexes Treated Rat Tail Tendon
ibres

Nature of treatment D-period (in nm)

None 64 6 1
BCS 60 6 2
Dimer, 1 56 6 1
Trimer, 2 60 6 1
Tetramer, 3 61 6 3

Note. The values are a mean 6 SD of eight values.
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ichroic intensities at 223 and 198 nm. The ratio of
ositive peak intensity over negative peak intensity
Rpn) is used in establishing triple helical conforma-
ion in solution. The Rpn values of collagen in the
resence of different concentrations of Cr(III) com-
lexes is listed in Table 3. From the table it is observed

FIG. 2. 0.5 3 0.5 mm AFM images of chromium(III) induced
ggregation of collagen monomers. (A) BCS, (B) dimer, and (C)
rimer.
232
hange significantly from that for the native triple
elical conformation of collagen (0.15 6 0.02).

ISCUSSION

In the present study, for the first time we have pro-
ided evidence for self-assembly of collagen induced by
hromium. This study is a step toward understanding
he topological distribution and interaction of chromi-
m(III) with the collagenous matrix, which is required
o interpret the contributions of metal in stabilising
ollagen from degradation. The chromium(III) dimer-,
, induced aggregation of collagen solution (5 mM ace-
ic acid) with characteristic D-periodicity of 64 nm re-
ective of the quarter staggered arrangement. Thus,
r(III) dimer, 1, is able to maximize the interaction
etween the collagen monomers and assemble them
nto a quarter staggered fibril. In the quarter staggered
rrangement the electrostatic interactions are re-
orted to be maximal (24). The dimer, 1, exhibits
nique propensity to align the fibrils into quarter stag-
er, while trimer, 2, and BCS only formed fibrous net-
ork of collagen molecules without any characteristic
anding pattern. The aggregation whether quarter
taggered or fibrous may be due to the interaction of
hese Cr(III) complexes with that of the ionised car-
oxyl groups of aspartic and glutamic acids of collagen
n 5 mM acetic acid at a pH of 3.8 (25, 26). That the
imer, 1, aligns the molecules in this form is possible
nly after interaction with the aspartic and glutamic
cid residues of the collagen monomers and in a se-
uential process, aligns these monomers into pentafi-
ril assembly, and further assembles the pentafibril
nits into a quarter staggered form. The size of the
imer, 1, molecule also seems to be an essentiality for
he formation of quarter staggered form since trimer,
, with dimensions higher than that of dimer is not
ble to pack the collagen monomers into the quarter
taggered form.
From the CD spectral changes of collagen brought

bout by the various Cr(III) complexes it is seen that
he dichroic intensity at 223 and 198 nm decrease in a
ose dependent manner. However the Rpn ratio did not
eviate much from that obtained for native collagen.

TABLE 2

D-Periodicity of Assembled Collagen Molecules
Mediated by Chromium

Cr(III) complex added D-periodicity (in nm)

BCS 77 6 1
Dimer, 1 64 6 2
Trimer, 2 72 6 1
Tetramer, 3 —
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he CD spectral changes in collagen with only small
eviations in Rpn ratio in the presence of Cr(III) com-
lexes is indicative of conformational changes in the
ollagen molecule and without denaturation. Such a
onclusion can be drawn from early studies (27–29).
artially denatured collagen, was found to give CD
pectra with lower intensity, red shifted crossover
oints, and a higher ratio of the intensity of short
avelength band to the intensity of the long wave-

ength band. On complete denaturation the positive
eak at 223 disappears completely and the negative
and has been found to be red shifted. In the Cr(III)
reated collagen there is no significant red shift of the

FIG. 3. CD spectra corresponding to Cr(III) titration of collagen
athlength 1 mm in the presence of different Cr(III) complexes. (A) B
—), 100 mM (- - -), 200 mM (z z z), 400 mM (– z – z), and 500 mM (– z z –
233
egative band nor is there any disappearance of the
ositive band at 223 nm. Thus the decrease in dichroic
ntensity or in other words, the change in the CD of
ollagen in the presence of Cr(III) is not due to dena-
uration or loss of triple helicity.

Another explanation for the changes in the CD spec-
ra in the presence of BCS, dimer, 1, and trimer, 2, may
e based on aggregation of collagen brought about by
he Cr(III) complexes. Very early studies on the inter-
ction of collagen with glycoproteins using CD have
een attempted by Franzblau et al. (30). Decrease in
he mean residue ellipticity of collagen with increase in
he concentration of glycoprotein has been observed

5 mM acetic acid with a protein concentration of 0.5 mg/mL and
, (B) dimer, (C) trimer, and (D) tetramer at concentrations of 0 mM

s Cr(III).
in
CS

) a
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aking into consideration the ellipticity at 198 nm and
his decrease has been explained in terms of aggrega-
ion of collagen brought about by the presence of gly-
oprotein. The results obtained on the one hand, indi-
ates that the collagen is not denatured and on the
ther hand indicates aggregation of the collagen mole-
ules in the presence of Cr(III) complexes due to coor-
ination of chromium with the aspartic and glutamic
cids in collagen.
The collagenous matrix of tendon/skin presents a
ide range of pore size dimensions. While molecular
imensions of the complexes limit access to the reac-
ion sites on the protein, varying reactivities of the
r(III) complexes may play a role in the extent of

rosslinking collagen. The observed differences in
-periodicity may also be explained in terms of dis-
lacement of water involved in hydration network of
ollagen by chromium. Recent crystal structure studies
ave revealed water bridges as critical elements in
onnecting adjacent triple helices (31, 32). Decreases in
-periodicity have also been observed during different

tages of removal of structural water on heating (33).
maller size of the dimer, 1, compared to trimer, 2, (34)
hich permits greater accessibility into the collage-
ous matrix may also be a factor in the extent of
isplacement of water. The tetramer, 3, on the other
and, because of its poor thermodynamic affinity and
reater kinetic lability does not bring about changes in

Circular Dichroism Data of Soluble Coll
of Increasing Concentrations of B

Cr(III) mM Max (uMRW), nm 3 103 (deg cm2 dmol21)

ative collagen 223 (6.59)
CS
100 223 (5.85)
200 223.2 (5.13)
300 223 (4.63)
400 223.4 (3.86)
500 223.6 (3.29)
imer, 1
100 223.2 (6.02)
200 223.2 (4.44)
300 223 (4.22)
400 223.2 (4.06)
500 223.6 (3.39)

rimer, 2
100 223 (4.68)
200 223.2 (3.33)
300 223.8 (3.02)
400 223 (2.64)
500 223.6 (2.53)

etramer, 3
100 222.8 (6.81)
200 222.6 (6.05)
300 222.8 (6.59)
400 223 (6.98)
500 223 (6.07)
234
-periodicity. The poor reactivity of the tetramer has
een reported earlier (16, 34, 35).
Thus the results of AFM and CD studies indicate

hat the collagen monomers can be aggregated and
tabilised into quarter stagger aggregates in acidic me-
ium in the presence of dimer, 1, suggesting a role for
imer in the long range ordering of collagen fibrils
ithout denaturating of the protein.
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