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Abstract We observed the structure of collagen fibrils in rat tail tendons after treat-
ment with NKISK and cathepsin G. NKISK is a pentapeptide that has
been previously shown to bind fibronectin, while cathepsin G is a serine
protease that cleaves fibronectin but not type I collagen. In tendons
treated with NKISK, fibrils were seen to extensively dissociate into
smaller-diameter subfibrils. These subfibrils were homogeneous in diam-
eter with an average diameter of 26.3 ± 5.8 nm. Similar, although less
extensive, dissociation into subfibrils was found in tendons treated with
cathepsin G. The average diameter of these subfibrils was 24.8 ± 4.9 nm.
The ability of NKISK and cathepsin G to release subfibrils at physiological
pH without harsh denaturants may enhance the study of the subfibrillar
structure of collagen fibrils.
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Introduction

Collagen is a common structural component of the
extracellular matrix (ECM) and provides resistance
to tensile force in connective tissues. A single col-
lagen monomer consists of a triple helix formed by
three polypeptide chains �300 nm in length and
1.5 nm in diameter. Collagen monomers are then
aggregated in an organized head-to-tail fashion into
a structure called a collagen fibril. These collagen
fibrils can be seen with an electron microscope and
exhibit a 67 nm D-period banded appearance due to
staggered gaps between the heads and tails of the
molecules in each row [1]. The lengths of collagen
fibrils are difficult to determine in tissues because
they move in and out of the planes of tissues and
so cannot be followed microscopically from end to
end. Fibril diameters, however, are readily

measured; they vary depending on the type of
tissue and even the location within the tissue. Rat
tail tendon is made up of mostly type I collagen and
its collagen fibril diameters are heterogeneous,
ranging from 30 to 300 nm with an average diameter
of 150 ± 10.9 nm [1,2].
The current literature on the subfibrillar organiz-

ation of collagen generally agrees that collagen
fibrils contain smaller units often termed microfi-
brils, which spiral within the fibril in a right-handed
fashion and at a constant tilt angle of 15–17° [3–8].
Investigation of collagen microfibrils has been
carried out using a variety of methods including
freeze-fracture, freeze-etching, atomic force
microscopy, X-ray diffraction, electron tomography,
electron density mapping and transmission electron
microscopy [5,6,9–13]. Microfibrils have been
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visualized after treatment with urea, glycerol or
guanidine HCL, and even in native collagen
[5,9,10,14,15]. Many investigators have found the
diameter of these microfibrils to be �3.8–4 nm
which supports the hypothesis that these microfi-
brils consist of five monomers of collagen
[3,9,10,16–18]. However, others such as Meyers
et al. [19] found 17–25 nm subfibrils in the syno-
vium, while Kajikawa et al. [20] have shown the
presence of two different microfibril sizes of 5 and
15–20 nm in the skin.
The previous discovery by Schmidt et al. that the

pentapeptide NKISK competitively inhibits fibronec-
tin from binding decorin, small leucine-rich proteo-
glycans on the surface of collagen, led to our
laboratory’s subsequent studies of effects of NKISK
on tendon lengthening [21,22]. Our previous studies
have found that in vivo injections of NKISK caused
rat patellar tendons to lengthen significantly [22].
During recent scanning electron microscopy (SEM)
studies of NKISK-treated rat tail tendons, we seren-
dipitously observed that NKISK caused collagen
fibrils to reveal a subfibrillar organization.
Relationship of NKISK with fibronectin led us to
also test treatments with cathepsin G, a protease
that cleaves fibronectin as well as other ECM glyco-
proteins. We report our observations of tendons
after these treatments and hope that this new
method of looking at the subfibrillar structure of
collagen will be useful to other investigators.

Methods

Tendon treatments

Tendons were obtained from Sprague–Dawley rat
cadavers from an unrelated study. A single vertebral
segment was obtained from the middle region of
the tail, and tendons were pulled out from the distal
end. Tendons were cut transversely into thirds and
teased apart with microforceps. Four randomly
selected tendons were placed into each of three
unlabeled tubes containing distilled H2O. The tubes
were then randomly assigned to treatment with
buffer-only, 25 mM NKISK or 0.4 U ml−1 cathepsin
G. NKISK peptide was obtained from the Peptide
Synthesis Facility at the University of North
Carolina (Chapel Hill, NC, USA). Cathepsin G from
human leukocytes was purchased from

Sigma-Aldrich (St. Louis, MO, USA). All reactions
were made in 0.1 M Tris–HCl, pH 7.5, 0.15 M NaCl,
10 mM CaCl2, 0.05% Brij-35 and 0.01% NaN3.
Treatment solutions were added and samples incu-
bated at 37°C for 20 h, shaken at medium speed
with an S/P multi-tube vortexer for 4 h at room
temperature and incubated for 24 additional hours
at 37°C. A similar uncontrolled experiment using
25 mM NKISK and 0.4 U ml−1 cathepsin G was also
performed in which after 48 h, samples were
shaken for 4 h each day for 3 additional days and
stored at −20°C between shaking.

Scanning electron microscopy

Tendons were prepared for SEM by rinsing in 0.15
M sodium phosphate buffer and fixing in 4% para-
formaldehyde in 0.15 M sodium phosphate buffer for
1 h at room temperature. The fixed samples were
then rinsed with 0.15 M sodium phosphate buffer,
pH 7.4, for 10 min and dehydrated by transferring
through increasing concentrations of ethanol. Once
samples were in 100% anhydrous ethanol, they were
then transferred into a critical point dryer.
Following the drying procedure, the samples were
mounted on 13 mm aluminum planchettes using
silver paste and coated with a 10 nm thickness of
gold–palladium alloy (60:40) using the Hummer X
sputter coater (Anatech USA, Union City, CA,
USA). Examination was carried out using a Zeiss
Supra 25 FESEM operating at 5 kV using a 10 µm
aperture (Carl Zeiss SMT, Inc., Peabody, MA, USA).

Measurements

SEM of the samples was carried out to make
general observations. To prevent selection bias, a
grid was superimposed on the samples at 67× mag-
nification and the coordinates, where the grid lines
intersected over the sample, were used as random
sampling points. The grid was created by enabling
the graticale option on the microscope and setting
the spacing value to 150 units. After the coordinates
were selected, each grid line intersection was then
zoomed in and examined at 30 280× magnification
to determine whether any subfibril dissociation was
present. The subfibril diameters in that region were
then measured from photos taken at various higher
magnifications ranging from 155 050× to 476 680×
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using ImageJ 1.42q (NIH, Bethesda, MD, USA).
Diameters were measured across the length of the
subfibrils because these images did not provide
cross-sectional cuts. Measurements from 2- and
5-day samples were combined in calculating the
mean diameter of the subfibrils.

Statistical methods

Routine descriptive statistics (mean and standard
deviation) were calculated for the measurements
made in each group. The Fisher exact test was used
to determine whether the prevalence of subfibril
dissociation of the treated tendons differed from
the buffer-only group.

Results

Buffer-only samples

SEM examination of the 48 h control sample (Fig. 1)
found collagen fibrils that appeared normal with
characteristic D-banding patterns similar to other
published SEMs of collagen fibrils. Sampling of 17
graticale intersections to check for regions of col-
lagen dissociation into smaller subfibrils found 0 of
17 coordinates showing dissociation. Observation of
random sections beyond those at the grid intersec-
tion in the 48 h sample and observation of other

independent buffer-only samples did not reveal any
regions of dissociation comparable to those seen
with NKISK or cathepsin G samples. In a few
locations where fibrils were bent or cut, subfibrillar
organization could be vaguely discerned (Fig. 1a–c).
In these locations, collagen fibrils appeared to be
made up of bundles of smaller fibrils.

Experimental NKISK treatment samples

Examination of the 48 h NKISK treatment sample
(Fig. 2) found many regions with significant fibrillar
dissociation into subfibrils interspersed with
regions of normal appearing collagen. Sampling of
18 graticale intersections found eight clearly
showing collagen fibrils dissociating into smaller
subfibrils. The subfibrils appeared to be arranged in
the previously described right-handed spiral, and
characteristic D-banding patterns can be seen. The
prevalence of subfibril dissociation was found to be
significantly increased (P < 0.05) with the NKISK
treatment relative to the buffer-only tendons. These
subfibrils appeared homogenous in diameter and
tended to separate from each other creating a
web-like appearance. Further NKISK treatment
(5 days) found 14 of 14 coordinates to show exten-
sive dissociation into subfibrils. The degree of dis-
sociation was much greater (Figs. 3 and 4)

Fig. 1. Rat tail tendon in buffer-only for 48 h (30 350× magnification). Normal collagen fibers are shown. This region displays significant
bending of fibrils. Subfibrillar structure can be vaguely seen in insets A, B and C at sites where fibrils are bending.
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compared to the 48 h treatment and the number of
unaffected fibrils was markedly fewer. From a
sample size of n = 380, the mean diameter of the
subfibrils was found to be 26.3 ± 5.8 nm.

Experimental cathepsin G treatment sample

Examination of the 48 h cathepsin G treatment
sample found that the extent and prevalence of dis-
sociation into smaller fibrils were less than either of

the NKISK treatments with only 1 out of 19 grati-
cale intersections showing fibrillar dissociation. The
prevalence of subfibril dissociation was not found
to differ between the cathepsin G-treated tendon
and the buffer-only tendons. Further cathepsin G
treatment for 5 days (Fig. 5) resulted in 13 of 13
examined locations showing extensive dissociation
into subfibrils. The degree of dissociation was
much greater compared to the
48 h cathepsin G treatment but was not as pervasive
as when treated with NKISK. The subfibrils again
appear to be arranged in a right-handed spiral with
characteristic D-banding patterns. Notably, the
banding pattern appears more prominent in

Fig. 2. Rat tail tendon treated with 25 mM NKISK for 48 h at (46
820× magnification). In many regions, collagen fibrils can be seen
dissociating into subfibrils (arrows), while other regions maintain
fibril integrity (arrowheads). Note that treatment with NKISK has
resulted in the appearance of unknown debris on the surface of the
fibrils.

Fig. 3. Rat tail tendons treated with 25 mM NKISK for 5 days (30
620× magnification). With longer treatment time, dissociation into
subfibrils became much more extensive. Intact fibrils can be seen as
well as a markedly dissociated fibrils and fibrils in transition from
an intact state (arrowhead) to a dissociated state (arrow). Note that
the subfibrils appear to be arranged in a right-handed spiral.

Fig. 5. Rat tail tendons treated with cathepsin G for 5 days (52
590× magnification). Collagen fibrils of small and large diameters
can be seen breaking up into subfibrils similar to those seen in
NKISK treatments although the dissociation is less extensive.

Fig. 4. Rat tail tendons treated with 25 mM NKISK for 5 days (30
620× magnification). This image displays an area in which the fibrils
have almost entirely dissociated.
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subfibrils originating from the surface of fibrils and
less prominent in subfibrils from the inside of fibrils
(Fig. 6). The 5-day cathepsin G sample showed dis-
sociation occurring in localized segments, whereas
the 5-day NKISK sample showed dissociation down
much of the length of the fibrils. From a sample
size of n = 271, the average diameter of the subfi-
brils was found to be 24.8 ± 4.9 nm.

Discussion

Collagen is a very stable protein that is known to
form long parallel fibrils that are heterogeneous in
diameter. In our experiments, we observed that a
subfibrillar organization of collagen fibrils can be
readily seen after treatment with NKISK (Figs. 2–4).
These subfibrils are homogeneous in diameter and
can frequently be seen to spiral in a right-handed
fashion as previously described in the literature.
The average subfibril diameter of 25–26 nm seen in
our experiments is similar to the diameters of the
25 nm filaments found by Hashizume et al. [4],
Meyers et al. [19], Kajikawa et al. [20] and Scott
[23]. We were able to induce dissociation into separ-
ated subfibrils clearly visualized on SEM using a
treatment that is mild and at physiological pH.
Previously published in vivo experiments with
NKISK have shown that its effects on tendon
lengthening is time- and concentration-dependent

with the most effective in vivo treatment found
being four doses of 50 mM NKISK over a period of
4 weeks [22]. This study found a similar time-
dependent increase in effectiveness of NKISK in
dissociation of collagen fibrils between a 2-day treat-
ment and a 5-day treatment. This time-dependent
increase in efficacy may be due to slow diffusion of
molecules into the tightly packed collagen fibrils.
However, time may not have been the only factor, as
the three freeze–thaw cycles during the 5-day treat-
ment may also have contributed to increased fibril
dissociation of the NKISK-treated collagen.
It is interesting to note that subfibrillar organization

was occasionally seen even in the control sample
with tendons in just buffer (Fig. 1), although the sub-
fibrils still appear tightly bundled together. These
regions were usually very short and localized and
could be found only where collagen fibrils were bent,
cut or twisted. These locations were most likely due
to the mechanical disruptive force produced from
teasing the tendon apart with forceps and subjecting
it to the vortexing process. This suggests that mech-
anical disruption may be important to dissociation of
the NKISK and cathepsin G specimens as well,
although we did not test this hypothesis.
It may be that these 25-nm subfibrils are simply a

standard construction unit of collagen fibrils and
such subfibrils aggregate with aging to form the
larger fibrils that are normally observed in tendons
and ligaments. This idea is supported by research
that has found young tendon fibrils to be more
homogeneous in diameter with an average diameter
of 25 nm and that fibrils increase in size with matu-
ration [24]. The fact that NKISK treatment did not
break collagen fibrils up into the 4-nm microfibrils
found with freeze-fracture techniques suggests that
these 25 nm fibrils are on a different organizational
level and are held together by a different force than
the 4-nm microfibrils.
Five-day treatment with cathepsin G led to results

similar to the 5-day NKISK treatment. The average
subfibril diameter found was similar to the subfibril
diameter found in the NKISK treatment. However,
the dissociation from cathepsin G treatment (Fig. 5)
was less extensive than with NKISK treatment in
that the regions of dissociation were more localized
and shorter in length. It is unclear to us the exact
reason why cathepsin G was less effective at causing

Fig. 6. Rat tail tendons treated with cathepsin G for 5 days (266
240× magnification). This is a higher magnification of the central
region in Fig. 5, with arrows indicating the greater prominence of
the banding pattern is visible on subfibrils originating from the fibril
surface. This suggests that the banding seen on SEM is due to
materials accreted to the bands at the surface but not the depths of
the fibril.
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dissociation than NKISK. We speculate that one
reason might be due to NKISK being a smaller mol-
ecule than cathepsin G, which diffuses faster and is
able to exert a greater effect in a shorter amount of
time. Also, NKISK is a pentapeptide that competes
with fibronectin, while cathepsin G is an enzyme
that exerts its effect by cleaving fibronectin. It is
likely that the different rate of dissociation might be
a reflection of their different mechanisms of action.
D-banding patterns are visible on subfibrils

(Fig. 6), although the banding pattern appears more
prominent in subfibrils originating from the surface
of fibrils and less prominent in subfibrils from the
inside of fibrils. It is possible that much of the
D-banding pattern visible on collagen fibrils using
SEM is due to surface proteoglycans such as
decorin which may be more prevalent on subfibrils
from the surface of fibrils and less prevalent on sub-
fibrils from the inside of the fibril.

Concluding remarks

Our study has shown through SEM that the penta-
peptide NKISK is an agent that can induce the dis-
sociation of fibrils into subfibrils with an average
diameter of 26.3 nm. We believe that treatment with
NKISK provides a unique look at subfibrillar struc-
ture and will enhance future the study of collage-
nous tissues.
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