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Summary. We have determined the localization of
apatite within type I collagen fibrils of calcifying
turkey leg tendons by both bright field and selected-
area dark field (SADF) electron microscopy and
have compared this to computer-modeled, chick
type I collagen amino acid sequence data. Apatite
crystals occur in both the gap and overlap zones at
early stages of mineralization in an asymmetric pat-
tern that corresponds to the polarity, N- to C- ori-
entation, of the collagen molecule. Based on com-
parisons with computer-generated models of known
amino acid sequence of collagen, it was determined
for early stages of mineral deposition that apatite is
restricted by areas of high hydrophobicity. The gap
zone is less hydrophobic than the overlap zone on
average but each of these zones had areas of high
hydrophobicity that correlated with sites of low lo-
calization of mineral. Possible interactions between
hydrophobic regions and the process of mineral de-
position are discussed.

Key words: Biological apatite — Type I collagen —
Mineralization — Electron microscopy — Com-
puter modeling.

Type I collagen provides structural integrity to nu-
merous connective tissues and is directly involved
in the mineralization of bone, dentin, and turkey leg
tendons. The collagen molecule is a semiflexible
rod 300 nm in length formed by two a1(I) and one
a2(I) amino acid chains [1, 2]). These molecules
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have a triple helical portion (1014 amino acid resi-
dues) and small N- and C- terminal, nonhelical por-
tions. Hodge and Petruska [3] showed that the col-
lagen molecules are longitudinally organized in a
regular 67 nm, D-staggered fashion which gives rise
to its axial period. The molecules are linearly ar-
ranged such that there is a 35 nm separation be-
tween adjacent ends and each molecule is staggered
to its lateral neighbor by 67 nm, corresponding to
234 amino acid residues [4]. The repeating D period
of the collagen fibril was envisioned as having two
regions: a densely packed overlap region, .4D in
length, and a ‘“‘gap’’ region, .6D in length, where
there would be potential space as the result of the
separation between longitudinally arranged mole-
cules. Hodge and Petruska [3] suggested that the
gap region would be the preferential location of ap-
atite crystals during mineralization due to the space
available for crystal growth. The regular D-stagger
of the collagen molecules also results in the periodic
focalization of amino acids with specific structural
and histochemical implications [5]. Meek et al. [6]
were able to integrate the known amino acid se-
quence, structural information, and the staining pat-
terns of type I collagen to model the localization of
individual amino acids within the fibril. A high cor-
relation coefficient (r = 0.926) was found between
the electron-optical density of positively stained
coliagen and the theoretical density of their model.
Subsequent studies have used the amino acid se-
quence data of collagen to determine the localiza-
tion of electron-dense stains with specific classes of
amino acids [7-10]. An analogous approach can be
used to understand the impregnation of mineral into
collagen fibrils by the localization of apatite crystals
relative to the known amino acid composition. In
this present study, in addition to heavy metal stain-
ing, electron density and diffracted electrons of ap-
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atite are analyzed and compared with models of the
collagen amino acid sequence.

Corroborating the suggestion by Hodge and
Petruska [3], several authors have reported the oc-
currence of apatite in the gap zone and its exclusion
from the overlap zone of type I collagen [11, 12].
Other authors describe the initial localization of
mineral to be exclusively in the gap zone followed
by progressive spread throughout the overlap zone
(13]. Recent information indicates that the earliest
detectable apatite crystals are localized within the
overlap zone in addition to the gap zone [14] and
that the proportion of mineral in the gap and overlap
zones changes as mineralization proceeds [15]. Im-
age analysis utilizing fast Fourier transformations
has been used to separate the axial repeat bandings
of mineralized collagen from the more random, non-
repeating distribution of mineral [16]; these com-
bined procedures have directly revealed an inte-
grated intrafibrillar mineral distribution that is not
confined simply to the gap zone. Moreover, many
questions remain concerning the role of collagen
structure in the mechanism of biological apatite de-
position, whether this is a passive association, an
interactive process, or whether an intermediary is
the dominant force. Many of these studies have
used the mineralized turkey tendon instead of bone
tissue proper because of the tendon’s high degree of
collagen fibril alignment, thereby permitting ease of
sequential analyses of the mineralization process
along individual fibrils.

The present study was undertaken to investigate
the intrafibrillar localization of apatite in relation to
the amino acid sequence of type I collagen in the
turkey leg tendon. To achieve this goal, ultrastruc-
tural data of mineralized and nonmineralized colia-
gen fibrils were compared to the primary ordering
of computer-modeled amino acid sequences of type
I collagen; the secondary and tertiary chain order-
ing of these amino acids are not accounted for in
this computer model. This study revealed an asym-
metric and subperiodic organization of apatite
within the collagen D period which correlates with
the polarized N- to C- direction of the collagen fibril
as determined by the staining pattern. A reverse
relationship between the localization of apatite and
the localization of hydrophobic amino acids was
found to be evident in both the gap and overlap
zones. Our primary conclusion is that the hydro-
phobic effect, which is important to collagen struc-
ture, also serves to influence the distribution of ap-
atite. The distribution of the crystals in the turkey
leg tendon therefore does not appear to be deter-
mined by the gap region in collagen fibrils but could
be controlled by other collagenous or noncollage-
nous influences.

Materials and Methods

Electron Microscopy

Excised leg tendons from 14-week-old domestic turkeys were
placed in 100% glycerol for 3 hours. Areas of interest near the
mineralization front were removed and placed in a graded series
of glycerol/methanol and then embedded in Spurr’s resin. Thin
sections were cut in longitudinal planes along the tendons with a
diamond knife. In order to visualize collagen banding, sections
were stained with 1% aqueous phosphotungstic acid (PTA) at pH
3.2 and 1% aqueous uranyl acetate (UA) at pH 4.2 for 10 minutes
each. Although this staining method produces the conventional
banding pattern of type I collagen, it was found to demineralize
turkey leg tendons [14]. In order to visualize the molecular ori-
entation of collagen fibrils by analysis of their banding patterns
and to maintain the native distribution of apatite, sections were
stained with 1% UA in 100% ethanol for 3-5 minutes. Preserva-
tion of apatite with alcoholic UA staining was assessed by elec-
tron diffraction analysis. Bright field electron microscopy was
performed on both stained and unstained sections using a Philips
300 electron microscope operating at 80 kV. This microscope
was also used for tilt-beam dark field to collect diffracted elec-
trons from apatite crystals present within the collagen fibrils of
mineralized tendons. This technique of selected-area dark field
(SADF) imaging has been previously described [14] and used
here to collect diffracted electrons from the c-axial lattice planes
of apatite which correspond to the (002) d spacing. The collection
and imaging of these electrons provide for the direct and specific
visualization of apatite crystals within collagen at the resolution
of the electron microscope.

Densitometry

Images of mineralized collagen were digitized and entered into a
computer (Kontron IBAS; Etching, West Germany). These 512
X 512 matrices were then averaged along the lateral direction of
the mineral cross banding, thereby reducing localized variations
in mineral distribution. The filtered images were then used for
linear densitometric tracings along the mineral repeats. Grey val-
ues ranging from 0 to 255, black to white, were then plotted.

Computer Modeling

The system of modeling amino acid sequence in collagen fibrils
used here is an adaptation of the system developed by Meek et
al. [6]. The amino acid sequences for al(I) [17] and o«2(I) [18]
chick collagen were translated into single letter codes and en-
tered each as a single string into a text editor. Chick collagen
sequences were used because amino acid data for turkey is un-
available at this time. The results when using either turkey or
chick data are expected to differ only minimally because there is
a large degree of sequence homology between species [18].
These single strings were organized into repeating D-units, 234
amino acids in length and 5 molecules in width. The relative
positions of the two a1(I) and the a2(I) chains were assumed to
be al-a2-al [9] and the telopeptides were assumed to be linear.
The repeating units were then stacked to simulate 4 D units in
length by 50 molecules in width. In order to represent the
charged amino acids responsible for the positive staining pattern
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of collagen, aspartic acid, glutamic acid, lysine, arginine, and
histidine were left in their positions while all other amino acids
were replaced by spaces. The resultant distribution was reduced
by computer and then further reduced photographically to the
equivalent size of electron microscopic images. The molecular
orientation of collagen stained with alcoholic UA was deter-
mined by comparisons with a theoretical model of the distribu-
tion of negatively charged amino acids (aspartic acid and glu-
tamic acid). The periodic distribution of the hydrophobic amino
acids having long side-chains, phenylalanine, methionine, valine,
leucine, and isoleucine has been considered to be important in
fibril structure [19]. These hydrophobic amino acids were se-
lected and then reduced to the scale of mineralized collagen
fibrils for direct visual comparisons. The reverse contrast of this
image represents areas low in hydrophobic groups as black and
areas high in hydrophobic groups as white.

A linear estimate of the hydrophobicity at a single D period
repeating unit of five molecules (15 peptides) was calculated by
first assigning a hydropathy index value [20] for isoleucine, leu-
cine, valine, phenylalanine, methionine, and alanine; all other
residues were assigned a value of zero. Beginning at the first
residue of the N- terminus (position 1), and advancing in the C-
direction to position 234, the hydrophobicity values of the 15
corresponding positions of the laterally adjacent peptides were
summed. Each of these 234 values were in turn averaged with
five adjacent values on either side and plotted against the posi-
tion number. A three-dimensional representation of hydropho-
bicity for this same segment was obtained by plotting the posi-
tion number (x-axis), the peptide number (y-axis), and hydro-
phobic value (z-axis). This hydrophobic value was derived from
the average of the three adjacent values on either side of the
residue. Grey levels were assigned to the three-dimensional plot
with white representing the highest degree of hydrophobicity and
black the lowest.

Results

Longitudinal planes of section through nonmineral-
ized portions of stained tendons reveal tightly ap-
posed type I collagen fibrils aligned in a parallel
fashion (Fig. 1a). The pronounced axial repeat of
these fibrils consists of alternating light and dark
regions which are due to the specific staining prop-
erties of the highly ordered collagen molecules. Ata
higher magnification (Fig. 1b), each axial repeat is
shown to be composed of an asymmetric series of
narrow bands which have been given an “‘a, b, ¢, d,
¢’ nomenclature [21]. Each band can be identified
by its relative staining intensity, width, and spatial
relationships to other bands. The intensity, and
therefore the fine structure, of these bands varies
depending upon the staining methods used; fibrils in
Figures la and b have been stained with aqueous
PTA/UA stains which gives optimal definition to
each band. The morphological details of these
bands are as follows: the a bands (a,, a,, a5, and a,)
are narrow, closely spaced bands that tend not to be
clearly delineated; the two b bands (b, and b,) are
very distinct and well separated, and also have a

well-defined border between the adjacent a and ¢
bands, for the ¢ bands (¢, ¢,, and c3), only c, is
readily apparent whereas the others are faint; the d
band is an intense single band with well-defined
borders; the e bands (e, and ,) are distinct, dense
lines narrowly separated from each other, e, and a,
are separated by a narrow lucent space. In Figure
1a, the densely stained regions are due to bands e,
a and b and ¢ and d form the light regions. At the
molecular level, studies have shown that the gap
zone, the distance separating longitudinally ar-
ranged collagen molecules, consists of a3 5 ;, €5 5, d,
and c, and the overlap zone consists of ¢, ;, by 5,
and a4 ; [3].

The banding pattern of type I collagen represents
the distribution and density of charged groups of
amino acids; therefore, theoretical models can be
constructed from the known amino acid sequence
of type I collagen. In our computer-generated
model (Fig. 1¢) charged amino acids align vertically
to give the ‘a to €’ banding pattern of native colla-
gen fibrils. This model was then scaled and aligned
to the stained collagen fibril (Figs. 1b and inset).
The registration and intensity of the bands derived
by computer modeling correspond to the stained
image and permit unambiguous determination of
collagen orientation. The N- to C- direction of col-
lagen molecular orientation correlates with the ‘e to
a’ presentation of this asymmetric pattern of bands
(Fig. 1b). In this study it was found that adjacent
fibrils in turkey tendon may be of the same or of
opposite orientation and thus, the determination of
molecular orientation within the collagen fibril is
critical to the analysis of apatite localization.

Unstained, longitudinal sections at the mineral-
ization front of turkey leg tendons (Fig. 2a) reveal a
distinct repeating pattern due to the electron den-
sity of apatite crystals. In contrast, nonmineralized
regions of the same section do not demonstrate any
structural detail. In regions of early mineralization,
most electron density occurs in the gap zone; how-
ever, electron-dense material is also present in the
overlap zone. More specifically, one observes that
each zone has a pattern of electron density which is
neither random nor homogeneous. The gap zone
appears to be delineated, on either side, by an elec-
tron-lucent line and within the gap zone is a single
asymmetrically positioned lucent area. At this early
stage of mineralization, apatite deposition is evident
in the midportion of the overlap zone. In regions of
increased mineral deposition similar features are
observed but the difference in contrast between the
gap and overlap zones is less marked. At higher
magnification (Fig. 2b), an area showing the early
stages of mineralization depicts this pattern of min-
eral distribution in greater detail. The SADF image
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Fig. 1. A comparison between PTA/UA stained collagen and computer displays of collagen amino acid sequence. (a) Type I collagen
fibrils of the turkey leg tendon viewed in a stained, longitudinally cut thin section. These parallel, axially aligned fibrils possess light and
dark repeats throughout their length. (b) At a higher magnification each individual repeat is observed to consist of five easily recognizable
series of bands which are conventionally labeled *‘a, b, ¢, d, and e.”” This image is presented with its N- to C- molecular orientation
extending from left to right (b, inset) A scaled computer-displayed image from c is aligned to the collagen image of b. The banding
patterns of both images lie in complete registration. (¢} A computer-displayed image of positively and negatively charged amino acids
is shown in the same molecular orientation as in b. This display provides the spatial distribution and characteristic alignments of these
charged amino acids; the resulting bands are labeled from “‘e to a’’ indicating that the N- to C-molecular orientation is from left to right.
(a, b) Stained with aqueous PTA and UA. Bars (a) 200 nm; (b) 100 nm.
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Fig. 2. Mineral distribution in collagen. (a) A bright field image of an unstained mineralized portion of a turkey leg tendon showing two
collagen fibrils with an inherent banding pattern due to a high mineral content in gap zones (GZ) as compared to less mineral in the
interspaced overlap zones (OZ). The mineral has an asymmetric distribution within gap zones as demarcated by a lucent space (white
arrowheads). This distribution is consistent within a given fibril but can be oppositely positioned in the adjacent fibril as shown (note the
position of the lucent space in the gap zone of two fibrils). Also, the gap zones are bordered on both sides by a narrow lucent space (black
arrowheads). Nonmineralized portion of collagen (*). At higher magnification a bright field image (b) of a collagen fibril is compared to
a selected-area dark field image (c) of the same specimen area. (b) Lucent spaces in the gap zones (white arrowheads); lucent spaces
bordering the gap zone (black arrowheads). Often mineral in the overlap zones appears linearly arranged as centrally positioned, dense
bands. (c) The dark field image shows the specific localization of apatite crystals (c-axial lengths) which appear as white highlights. The
gap zones (arrows) are clearly distinguished from the intervening overlap zones by increased concentrations of apatite. Bars, 100 nm.
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specifically identifies and directly visualizes apatite
crystals within both gap and overlap zones (Fig.
2¢); these c-axially oriented crystals appear in re-
verse contrast to the bright field image of the same
region at the same magnification. It is apparent that
the pattern of mineral deposition demonstrated by
SADF is the same as by bright field electron mi-
croscopy.

In order to correlate the molecular orientation of
collagen with the pattern of apatite deposition it is
necessary to relate the stained collagen banding pat-
tern of nonmineralized areas with mineralized areas
on the same fibril. Certain technical difficulties
must be overcome because it is known that aqueous
staining procedures demineralize tissue [22]. There-
fore, to enhance the fine structure of collagen fibrils
and to retain the native distribution of apatite crys-
tals, we stained sections with alcoholic UA. The
alcoholic UA staining produced a different banding
pattern as compared to the aqueous PTA/UA
stains. So to unambiguously determine the molecu-
lar orientation of collagen with this UA stain, we
have constructed a model of negatively charged
amino acids (Fig. 3a). This model was then scaled
and aligned to a representative region of a nonmin-
eralized collagen fibril (Figs. 3b and inset). The
banding patterns of the stained fibril and the scaled
computer model are in registration, thereby en-
abling the determination of N- to C- molecular ori-
entation which is directed from left to right in this
image. Above this collagen fibril is another fibril
which has the opposite molecular orientation (Fig.
3b). The b, and b, bands observed with alcoholic
UA staining were similar in appearance to the PTA/
UA stained pattern and consisted of a distinct pair
of bands within the more electron-dense region of
the D period. The c, band also retained its charac-
teristic intensity. However, the a, e, and d bands
maintained their relative positions but were not as
intensely stained as with PTA/UA.

Having established the N- to C- molecular orien-
tation of nonmineralized alcoholic UA stained
fibrils, we then determined the molecular orienta-
tion of individual fibrils that have both mineralized
and nonmineralized portions (Fig. 3¢). A nonminer-
alized collagen fibril, having a well-defined banding
pattern with the N- to C- molecular orientation from
feft to right (Fig. 3d) has been aligned to a nonmin-
eralized portion of Figure 3¢ in order to clarify the
somewhat poorly defined banding of these fibrils.
All of the collagen fibrils in Figure 3¢ have the same
N- to C- orientation from left to right. Advancing
towards the mineralized portion of the fibrils, the
stained banding pattern is gradually replaced by the
characteristic pattern of apatite distribution. Elec-
tron diffraction analysis from these dense mineral-

ized areas showed the characteristic maxima for bi-
ological apatite crystals thereby confirming its pres-
ence (data not shown). The distribution of apatite in
these gap and overlap zones were precisely the
same as was observed for unstained mineralized
sections (compare Figs. 2 and 3c). Within the gap
zone the asymmetric distribution of mineral is cre-
ated by a lucent space (Fig. 3¢). The positioning of
this space is consistent with the N- to C- orientation
of the collagen fibril and when apparent is nearest to
the N- terminus. It was observed that adjacent min-
eralized fibrils having opposite orientations have lu-
cent spaces positioned in the gap zone consistent
with this opposite polarity.

After determining the N- to C- molecular direc-
tion of mineralized collagen fibrils, the nature of
this apatite-collagen distribution was further ana-
lyzed by comparison to computer models selecting
for various amino acid groups such as charged (pos-
itive and/or negative charge), polar noncharged, ar-
omatic, and hydrophobic groups. These classes of
amino acids were selected because of their influ-
ence on collagen structure. Of these, the model hav-
ing the best fit to the unstained mineralized collagen
fibril was the hydrophobic group displayed in both
normal and reverse contrast images (Fig. 4a). It was
observed from the computer model that there are
three regions with high spatial densities of hydro-
phobic amino acids (which are displayed as white
areas in the reverse contrast image). Two of these
hydrophobic regions, a,a; and c,-c;, border each
side of the gap zone; the third lies asymmetrically
positioned in the gap zone between a, and e, nearer
the N-terminus of the collagen molecule. Regions of
the collagen molecule containing hydrophobic
amino acids with low spatial densities include most
of the gap zone; intermediate regions lie within the
overlap zone from ¢, to a,, and within the gap zone
from e, to ¢,. These computer-generated hydropho-
bic repeats align and correlate with micrographs of
unstained mineralized collagen (Figs. 4b and inset).
In this set of images it is clearly shown that apatite
is restricted from those areas occupied by high spa-
tial densities of hydrophobic amino acid residues.

An averaged grey value plot representing the den-
sities of consecutive gap and overlap zones within
early mineralized collagen is shown in Figure Sa.
Although the degree of mineralization varies be-
tween D periods, elevated grey levels are charac-
teristically positioned within each zone. The higher
grey levels correspond to areas of reduced mineral
density whereas the lower levels are sites of high
mineral density. The first D period of this densito-
metric plot (Fig. 5b) was aligned to the averaged
hydrophobicity for the repeating D unit (Fig. 5c).
These aligned plots clearly illustrate the coincident
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Fig. 3. Analysis of collagen molecular orientation by alcoholic UA staining of mineralized and nonmineralized turkey tendon. (a) A
computer image displaying the spatial distribution of negatively charged amino acids; the N- to C-molecular orientation is from left to
right. (b) Two adjacent nonmineralized collagen fibrils stained with alcoholic UA; these fibrils have an opposite N- to C- molecular
orientation as indicated by their opposite banding patterns. (b, inset) A scaled computer image of negatively charged amino acids aligned
to the fibril having its N- to C- molecular orientation extending from left to right. The banding patterns of the computer image lie in
register with those of the fibril image. (c) A stained bright field image of collagen fibrils showing a dense mineralized area and a
nonmineralized area. The asymmetric positioning of lucent spaces in the gap zones (arrowheads) is nearer the N- terminus. (d)
Well-defined collagen banding with N- to C- molecular orientation presented from left to right; this banding is in perfect registration with
the more poorly defined banding of <. (b, ¢, d) stained with alcoholic UA. Bar, 100 nm.
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Fig. 4. A comparison of the distribution of hydrophobic amino acids and mineral apatite. (a) A computer image of hydrophobic amino
acid groups displayed in normal and reverse contrast; the N- to C- molecular orientation is from left to right. (b) An unstained mineralized
collagen fibril is shown with an aligned and scaled reverse contrast computer image of hydrophobic amino acids (inset). The registration
and corresponding densities of the two images coincide. The asymmetrically localized mineral (density) corresponds to regions low in

hydrophobic amino acids, whereas areas void of mineral (lucent) correspond to regions high in hydrophobicity. Bar, 100 nm.

rise in grey levels (sites of reduced mineral deposi-
tion) and hydrophobicity. This corroborates the align-
ment of the computer displayed hydrophobic image
and the mineral distribution in collagen (Fig. 4b).
The two-dimensional hydrophobic plot (Fig. 5b)
does not account for the potential complexities of
the spatial relationships (interactions) of amino ac-
ids in collagen. To overcome this limitation, three-
dimensional graphics were used to represent hydro-
phobicity within the collagen D period (Fig. 6). In
this perspective the position and degree of hydro-
phobicity are viewed from above with white repre-
senting the highest levels and black the lowest. The
length of a native collagen molecule is 214 times its
width. For graphic purposes, the molecular length

has been assigned to be 56 times the width; there-
fore, the width of each molecule and the gap space
are both greatly overrepresented. From this 3-D
graphics presentation, three regions of high hydro-
phobicity are observed to span the width of the D
unit—two regions in the overlap zone {(c,-c; and a,-
a;) and one in the gap zone (a;-¢,). Other regions of
both zones vary in levels of hydrophobicity across
the D unit giving a highly textured appearance. The
spatial distribution of low hydrophobic levels (black
to dark grey pixels) corresponds to the sites of early
mineral deposition. For example, areas of low hy-
drophobicity in the overlap zone (c,-b,) and the gap
zone (a,-a,, €,-¢,;, d-c3, and the gap space) all con-
tain sites of early mineral deposition.
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Fig. 5. Comparison of densitometric grey level plots and esti-
mated hydrophobicity vatues of a D period. (a) A grey value plot
representing the densities of consecutive gap and overlap zones
within early mineralized collagen. Although the degree of min-
eralization varies between D periods, elevated grey levels are
characteristically positioned within each zone. The higher grey
levels correspond to areas of reduced mineral deposition and the
lower levels are sites of high mineral deposition. (b) The first D
period of this densitometric plot was aligned to (c) the averaged
hydrophobicity for the repeating D unit. These aligned plots
clearly illustrate the coincident rise in grey levels, labeled 1-5
(sites of reduced mineral deposition) and hydrophobicity.

Discussion

The ordered distribution of apatite crystals in type I
collagen has been an important subject of study be-
cause of the interactive role of mineral and collagen
in producing the biomechanical properties of skel-
etal tissues. This distribution has long been viewed
to reflect the intrinsic nature of collagen structure.
However, at this time our knowledge of how apatite
crystals may interact with collagen is very limited.
To date, theories of mineral/collagen relationships
have focused on the potential space presumed to be
available within the gap zone as a result of the D-
stagger of collagen molecules [3, 13, 23]. Therefore,
apatite is generally believed to be excluded from the
overlap zones during the early stages of the miner-
alization process. Evidence to support this view-
point comes from electron microscopic [24], elec-
tron diffraction [25], neutron diffraction, and x-ray
diffraction studies [11]. However, recent studies on
the specific and direct visualization of apatite by
SADF imaging and Fourier-filtered image analysis
have shown crystals to be present in both gap and
overlap zones at the earliest detectable stages of
mineralization in the turkey leg tendon [14-16]. As
an extension of this work, the present study com-
pares apatite localization to the molecular orienta-
tion and the primary structure of amino acids of
type I collagen, and consequently offers an alterna-
tive hypothesis of collagen influence on mineral de-
position. We observed early stages of intrafibrillar
mineralization to be characterized by an asymmet-
ric and subperiodic distribution of apatite crystals
which corresponds to specific regions along the N-
to C- orientation of the collagen fibril. Both bright
field and selected-area dark field imaging revealed
mineral within the gap zone to be bordered on either
side by discreet nonmineralized areas. Also, a non-
mineralized area within the gap zone was invariably
positioned nearer the N-terminal direction of the
fibril. Mineral within the midportion of the overlap
zone was evident from the earliest stages of miner-
alization. It was concluded from these observations
that the heterogeneous distribution of apatite crys-
tals within the gap and overlap zones most likely
reflects periodic properties of the collagen fibril
within both zones. The regions of low apatite con-
centration correlate in position and density to com-
puter models depicting the periodic distribution of
hydrophobic amino acids (Figs. 4-6). These find-
ings provide evidence for a more complicated dis-
tribution of apatite crystals in collagen than simply
confined to the gap zones. Thus, we are proposing
that in the turkey leg tendon, hydrophobicity is in-
volved in the mechanism of collagen mineralization
as a result of apatite restricted from these domains.
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Fig. 6. A three-dimensional representation of local variations in hydrophobicity within a single D repeating unit. In this perspective, the
position and degree of hydrophobicity are viewed from above with white representing the highest levels and black the lowest. The long
axis is labeled according to the PTA/UA staining pattern (e to a) for orientation purposes and represents the amino acid position in the
peptide chain starting at the positions adjacent to the N- terminus. The width of the image represents peptides, number 1-15, assuming
that these peptides are linear rather than in a triple helical conformation. For graphic purposes, the width of each molecule and the gap
space are both greatly overrepresented. From this 3-D graphics presentation, three regions of high hydrophobicity are observed to span
the width of the D unit—two regions in the overlap zone (0OZ), c,-c, and a,-a,, and one in the gap zone (GZ), a,-e,. Other regions of both
zones vary in levels of hydrophobicity across the D unit giving a highly textured appearance. The spatial distribution of low hydrophobic
levels (black to dark grey pixels) corresponds to the sites of early mineral deposition in both the overlap zone and the gap zone.

This work has a number of implications on the in-
terrelationship between the mechanism of collagen
mineralization and the architecture of apatite crys-
tal distribution as defined by the molecular ordering
of collagen.

Specific regions localized along the collagen mol-
ecule are high in hydrophobic amino acids (a,-a,,
¢,-¢y, and a;-e,) and correlate to areas that may
inhibit crystal formation or prevent crystal growth
(Figs. 4 and 5). Conversely, mineral distribution can
be expected to occur in regions with less spatial
density of hydrophobic amino acids. We are spec-
ulating that the hydrophobic effect may influence
either of two processes. First, the initial site of nu-
cleation may be determined by a specific environ-
ment isolated from the hydrophobic areas. For ex-
ample, the diffusion and localization of various ions
including calcium and phosphate will be affected by
the close association of hydrophobic groups. Local
concentration gradients of these ions are likely to be
critical for the nucleation of biological apatite. Also,
properties of the collagen fibril may be instrumental
in the localization of noncollagenous molecules
which have negative or positive control on crystal
growth. Macromolecules, such as proteoglycans
[26], have specific sites of association with colla-

gen. Various macromolecules including phos-
phoproteins [27], y-carboxyglutamic acid [28], and
osteocalcin [29] have been associated with collagen-
rich mineralizing tissues. Secondly, apatite crystal
size and growth may be influenced by space and
energy requirements. The dissociation of hydropho-
bic groups during the mineralization process will
require a net energy that will affect the distribution
of mineral, the result being that areas of hydropho-
bicity may compartmentalize regions of optimal
crystal growth. Both of these two processes,
whether local environmental conditions or energy
considerations, occur as a result of the favorable
free energy state achieved by minimizing the inter-
action of hydrophobic groups with the aqueous me-
dium [30]; and neither is mutually exclusive. In ad-
dition, these potential processes do not exclude
concurrent influences.

Electron microscopic imaging of calcified tissues
represents a technical challenge to maintain and de-
tect the mineral component while relating this to the
organic matrix. For example, the detection of elec-
tron-lucent regions is dependent on the degree of
mineralization, the thickness of the specimen, the
size of the region, and the angle of incident elec-
trons. If we estimate the thickness of the specimen
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to be 70 nm and the predicted size of the hydropho-
bic regions based on computer models (as-a; =
.12D or about 7.8 nm, ¢,-¢, = .14D or about 9.4 nm,
and a;-e, = .07D or about 4.7 nm) and assume the
entire thickness is mineralized then we can estimate
a critical angle of electron incidence at which these
regions will be no longer detectable. At an inci-
dence angle of approximately 3.5°, the space within
the gap zone would be obscured. Thus, one can
expect few consecutive D periods to show evidence
of these regions because of variations in fibril ori-
entation. A further complication of specimen thick-
ness is that distortions in the three-dimensional
structure of collagen [31] contributes to misinter-
pretations of crystal-collagen spatial relationships.
In addition, current methods used to quantify min-
eral content within small regions have limited sen-
sitivity. Modifications of current techniques are re-
quired to unambiguously visualize the organic ma-
trix while preserving the mineral component. The
staining of collagen with UA in alcohol is an alter-
native approach to the demineralizing effects of
aqueous PTA/UA stains but produces a different
collagen banding pattern (Figs. 1 and 3).

In conclusion, we have observed an asymmetric
and subperiodic distribution of apatite crystals
within the collagen fibril which corresponds to its
molecular orientation. This mineral distribution has
areverse correlation to the position of hydrophobic
groups as determined by computer modeling and
may reflect intrinsic properties of collagen structure
throughout the gap and overlap zones. Therefore,
we believe further study of mineral/collagen inter-
actions should consider the entire D period of col-
lagen, rather than focus solely on the potential
space within the gap zone. In fact, with further anal-
ysis using this computer modeling system we have
observed the apatite distribution to occur in areas of
the D unit having low concentrations of proline and
hydroxyproline; this correlates with areas having a
high potential for molecular flexibility (Maitland
and Arsenault, unpublished data). The application
of this computer modeling system should prove to
be an extremely useful tool for studying single or
multiple properties of collagen which would poten-
tially influence the growth and deposition of min-
eral. Such physical/chemical influences would be
the sites of potential space, hydrophobicity, molec-
ular flexibility, cross-linkages, point mutations, and
the distributions of collagen-associated proteins and
proteoglycans.
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