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The fibrous collagens are ubiquitous in animals and form the
structural basis of all mammalian connective tissues, including
those of the heart, vasculature, skin, cornea, bones, and tendons.
However, in comparison with what is known of their production,
turnover and physiological structure, very little is understood
regarding the three-dimensional arrangement of collagen mole-
cules in naturally occurring fibrils. This knowledge may provide
insight into key biological processes such as fibrillo-genesis and
tissue remodeling and into diseases such as heart disease and
cancer. Here we present a crystallographic determination of the
collagen type | supermolecular structure, where the molecular
conformation of each collagen segment found within the naturally
occurring crystallographic unit cell has been defined (P1, a ~ 40.0
A b~27.0A,c~678A, a~89.2°, B~ 94.6°, vy ~ 105.6° reflections:
414, overlapping, 232, and nonoverlapping, 182; resolution, 5.16 A
axial and 11.1 A equatorial). This structure shows that the molec-
ular packing topology of the collagen molecule is such that packing
neighbors are arranged to form a supertwisted (discontinuous)
right-handed microfibril that interdigitates with neighboring mi-
crofibrils. This interdigitation establishes the crystallographic su-
perlattice, which is formed of quasihexagonally packed collagen
molecules. In addition, the molecular packing structure of collagen
shown here provides information concerning the potential modes
of action of two prominent molecules involved in human health
and disease: decorin and the Matrix Metallo-Proteinase (MMP)
collagenase.
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Ithough the general features of the structure of type I

collagen have been known for a long time, the specific
packing arrangement of collagen molecules in situ has remained
difficult to define, despite a great deal of effort by many
investigators (1-16) (the general organization of type I collagen
is summarized in Fig. 5, which is published as supporting
information on the PNAS web site). Recently, we approached
this difficult structural problem by employing conventional
crystallographic techniques in x-ray fiber diffraction experi-
ments (13, 17, 18), culminating in an initial electron density map
(13, 19) that allowed a crude look at some aspects of the
supermolecular arrangement of collagen molecules in situ. Un-
fortunately, the high degree of disorder observed in the gap
region of the electron density map precluded the fitting of a
molecular model to the electron density; the gap region was
largely uninterpretable. Without the structure of the gap region,
it was impossible to determine the overall molecular arrange-
ment of collagen molecules in situ, and therefore its potential for
improving our understanding of the structural, developmental,
and pathological function of the collagen fibril at the molecular
level remained unrealized. We have subsequently integrated
additional (nonoverlapping) intensity data into the structural
determination process (by multiple isomorphous replacement),
which, along with improved scaling of the intensity data and,
hence, better phase estimates, produced a much improved and
now clearly interpretable electron density map of collagen
molecules in situ. A model that included all of the amino acid
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residues of the collagen molecule then was fitted to this exper-
imentally determined electron density map, which verified the
correct solution of the phase problem and aided in the inter-
pretation of the native map. Collectively, this work presents a
molecular resolution structure of whole collagen molecules in
situ that has not been described previously.

Results and Discussion

Summary of Findings. The new electron density map now clearly
shows all of the molecular segments within a single unit cell [of
axial length D, where D is one 670-A repeat as defined by the
axial Hodge—Petruska scheme (20)], including the four molec-
ular segments within the previously unresolved gap region. This
map not only allows the full path of each collagen chain to be
visualized and so determine the nature of the molecular packing
topology (described here as interdigitated microfibril), but pro-
vides specific spatial data relevant to potential molecular inter-
actions within the mammalian extracellular matrix (ECM).

An accompanying model that describes this structure was
fitted to the electron density in a straightforward manner and has
an overall R factor of 9.55% (Fig. 1; see also Table 1, which is
published as supporting information on the PNAS web site).
Although previous, high-resolution crystallographic studies ac-
curately describe the triple-helical and potential electrostatic
features within the molecule, and have been very important in
these respects, (15, 16), this work provides a visualization of the
overall, native, molecular structure and its packing arrangement.

Although of low resolution, the electron density map allows
assignment of the amino acid sequence to the molecular coor-
dinates of each chain (Fig. 2), because the N and C termini can
be identified by the heavy atom labeling (13). Identification of
the remaining molecular segments (2-4) was achieved by fol-
lowing a single collagen molecule from the N terminus through
several successive unit cells to the C terminus (Fig. 3), the results
of which were found to agree with the lattice positions deter-
mined from difference Fourier maps (13).

The extent of the ordered regions (the crystallites) within
collagen fibrils has been measured from the Bragg peak broad-
ening in the lateral plane of the tendon diffraction pattern, after
the Williamson—Hall method (21) (see Fig. 6, which is published
as supporting information on the PNAS web site). The crystallite
size is shown to be 429 A, a value that corresHonds well to the
value inferred by Hulmes et al. (22) of ~450 A.

Hulmes et al. (22) proposed a liquid-crystal model of fibrils
composed of well ordered crystallite domains randomly orga-
nized within each collagen fibril. The size of the crystallite
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Fig. 1. Background subtracted off-meridian diffraction pattern of rat tail
tendon (Upper) and simulated diffraction pattern from model-derived inten-
sities (Lower). Rim (R factor between model generated and observed diffrac-

tion pattern) was determined to be 16.7%, whereas the R factor for the
integrated structure factors is 9.55% (R, being 21.73%).

¥

suggests that there is an average of 10 or 11 unit cells per
organized domain, and given the normal range of fibril size being
~3,000-5,000 A, there would be ~10 crystallite domains per
fibril. The Williamson—-Hall method also provides an estimate of
lattice distortion, which in this case is calculated to be 1.55 A
(Fig. 6). This result can be taken to imply an overall average
temperature factor of ~190 A2 for the collagen molecule,
although this value is not uniform because the gap region is
relatively more disordered than the overlap (approximately two
times; average g factor for overlap is 0.89 and 0.49 for the gap
region).

Features of the Structure and Their Interpretation. Inspection of the
electron density map and fitted model shows that each collagen
molecule is arranged within a quasihexagonal lattice throughout
the overlap and interface regions (the axial level of the telopep-
tides) and are observed to be tilted through the overlap region
(11, 13) (Figs. 2 and 3). An unexpected finding is that this
quasihexagonal arrangement (Fig. 34) is seen to continue into
and throughout the gap region, despite the absence of one
collagen molecule per unit cell and the fact that, in this region,
each of the four molecular segments adopts a unique confor-
mation (Fig. 2D), whereas in the overlap region the segments
have virtually the same conformation (Fig. 24). In addition,
there is a general change of direction between overlap and gap
regions, giving rise to a pleated arrangement of the 1D staggered
collagen molecules (Fig. 3 E and F).

The inflection point for each “pleat” is found within both
telopeptide regions, the sites where intermolecular attachment is
believed to occur via lysine and hydroxy-lysine crosslinks. This
structure supports this assumption, although the resolution of
the study does not allow a specific delineation of the long
lysine/hydroxy-lysine side chains. Several clusters of lysine/
hydroxy-lysine residues found within the telopeptides are found
to be within plausible bonding distances between the telopep-
tides and their helical neighbors (Fig. 2C; see also Table 2, which
is published as supporting information on the PNAS web site).

Collagen Molecular Packing and the Microfibrillar Structure. A “mi-
crofibril” is thought to be the basic building block of the collagen
fibril. The specific arrangement of collagen molecules that
constitute the putative microfibril has long been sought, and
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Fig. 2.  Electron density maps. Map elements in A and B have been com-
pressed five times along the direction parallel to the c-axis for clarity. (A)
Overlap region of 1D repeat, showing the common tilt of the five collagen
segments within the overlap region. The triple-helical backbone of the pre-
refined model is shown in red as a stylized C* trace. (B) Expanded view of the
gap region showing the different paths of the gap region molecules to that of
those in the overlap and to each other in the gap. Small patches of unassigned
electron density are seen at 0.6D and 0.8D of the unit cell in the observed/
experimental phase (P,) maps.| Two large cavities are also found at these
locations. The triple-helical backbone isshown inred as a stylized C* trace, and
the calculated/model phase map is shown as 2F, — F. Py, (phases averaged
between calculated and observed to reduce possible phase bias). (C) The
electron density at the N and C telopeptide levels of the D-periodic unit cell
and conformation of the telopeptides. The amino acid residue C¢ trace is
shown in red except for lysine/hydroxy-lysine residues, which are colored
yellow. The N-telopeptide-containing segment (segment 1; Left) and C-
telopeptide-containing segment (segment 5; Right) are labeled. (D) An ~225-
A-long section from the native cell (original aspect ratio preserved, i.e., not
compressed along the c-axis), showing the section of the bent collagen helix
justbelow 0.6D of the axial unit cell. The electron density of neighboring chain
segments can be seen along the side-chain traced segment. The rigid-body
refined model is shown in red; the final relaxed model is in yellow.

numerous models have been proposed describing its possible
structure (see below and Figs. 7 and 8, which are published as
supporting information on the PNAS web site). We can identify
the microfibrillar structure in our multiple isomorphous replace-
ment determination of the in situ packing structure of collagen
by tracing the full path of a single collagen molecule through

IThese two isolated patches of density at 0.6D and 0.8D were observed in the initial electron
density map (Fo Po) and did not form any part of the collagen molecules. However,
attempts to build in this density (using two leucine-rich proteins from decorin model
structure as a generic model for this density; data not shown) resulted in a significant
deterioration of the R factor when modeled within normal occupancy ranges, and the
diminishing effects of significantly lower molecular occupancies made it difficult to assess
the accuracy of the modeled leucine-rich repeat’s relative position and orientation within
the collagen packing matrix. These patches of density are diminished in size in the 2F, —
Fc map.
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Fig. 3. Collagen organization and structure. The collagen segments are
labeled as follows for B, C, and E: 1, gray; 2, red; 3, green; 4, blue; 5, yellow. Part
of segment 1is colored cyan (the N terminus), and part of segment 5 is colored
magenta (the C terminus) to allow easier identification in B. The c-axis has
been compressed five times for B, C, and E. (A) Electron density and model
showing the quasihexagonal packing of the molecular segments. The approx-
imate outline of the unit cell (a and b sides) is marked with black lines. (B) C*
carbons rendered as line spheroids showing the conformation of the D-
staggered collagen segments within a single unit cell (cell axis shown). (C)
Molecular path of a collagen molecule through successive unit cells in the a—c
plane. (D) Enlarged view of the telopeptides of type | collagen, showing
N-telopeptide (left and bottom of C) and C-telopeptide (right and top of C).
Both have been rotated with respect to C for clarity of display. (E) Taking
several 1D staggered collagen molecules from the collagen packing structure
(single molecule shownin C), itis possible to represent the collagen microfibril.
The collagen molecules progress from bottom to top (N to Cterminus) and are
colored as previously (except that chains starting in successive D-periods are
darker equivalent colors). A clear right-handed twist can be seen, particularly
between segments 2 and 3 (which is roughly at the midpoint of each collagen
molecule). The noncrystallographic symmetry that relates the collagen mol-
ecules within the microfibrillar structure is a simple fractional translational
function (N, 0,, Ny) where N is an integer. Five successive D-repeats of the
microfibril can be visualized with nine copies of the coordinates (A-E1) of a
single collagen molecule by applying the following translations. (A) 0, 0, 0. (B)
-1,0,-1.(C) —2,0,-2.(D) —3,0, —3.(E) —4,0, —4.(B1) 1,0, 1.(C1) 2,0, 2. (D1)
3,0,3.(E1) 4,0, 4. (F) Three microfibrils are shown side by side to indicate the
probable binding relationship. The N-terminal segment of each collagen
molecule is bound to two other collagen molecules (one inter- and one
intramicrofibrillar) and a single crosslinked partnership at the C-terminal
telopeptide (one intermicrofibrillar link). N- and C-terminal areas are marked
(see also Fig. 2C). Note the positions (arrows) where the molecules belonging
to one microfibril interdigitate with that of its neighbors.

several successive unit cells and observing the central axis that
it and its neighbors rotate around (Fig. 3 B and E). It can be seen
that collagen molecules from four (lateral plane) neighboring
unit cells comprise a self-contained, rope-like repeating unit
(Fig. 3E). Of the various, previously hypothesized, structural
arrangements, the one that most closely resembles this observed
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structure is the compressed microfibril (7, 9, 11, 13). However,
this theoretical model is seen to be slightly simplistic, because
one cannot obtain a self-contained pentameric unit according to
previous, cyclic definitions (7, 9, 11, 13) (because the molecular
progression, although of a cyclic nature, would be better de-
scribed as spiral) without the addition of at least one “extra”
collagen molecule to fill unoccupied positions within the lattice
(see Fig. 8 and also Fig. 9, which is published as supporting
information on the PNAS web site). In contrast, the repeating
arrangement of pentameric collagen molecules presented here is
consistently self-satisfying with respect to the collagen-packing
lattice and can be accurately described as a microfibril, consisting
of five 1D staggered, pleated collagen molecules, with a right-
handed supertwist.

Neighboring microfibrils are interdigitated with one another
(Figs. 3F, 6D, 8F, and 9D). Specifically, the quasihexagonal
packing of the collagen molecules is continuous and uninter-
rupted because neighboring N- and C-terminal-containing mo-
lecular segments are contained within neighboring microfibrils,
rather than being internally directed within the microfibril. This
arrangement indicates why microfibril-like structures have not
yet been extracted from tissue samples (23) because, although
they can be identified as topological entities, they are not
separable structural units in the mature form. Each microfibril
contains at least two to three intermicrofibrillar crosslinkage (7,
24) but also one intramicrofibrillar linkage; hence, the disruption
of the N- and C-terminal bonds during collagen extraction
disrupts not only the fibrillar but also the microfibrillar structure
of the sample. This feature also may help explain the ability of
fibrillar tissues to absorb and transmit mechanical force, i.e., the
collagen structure can be considered to be a networked rope
where each element of the array transmits force to the rest of the
array via the lysine-hydroxy-lysine mediated crosslinks (Figs. 2C
and 3F), while the microfibrillar elements themselves maintain
structural stability through the right-handed supertwist (Fig. 3).
This supertwist (which appears greatly exaggerated in these
figures because of the compression along the c-axis, approxi-
mately parallel to the collagen triple-helix; see Fig. 10, which is
published as supporting information on the PNAS web site, for
noncompressed view of a single collagen molecule) may allow
the structure to absorb torsion effects without interfering with
the superhelix of the collagen molecule itself. The torsion on the
supertwist would be converted into a force that is transmitted
three-dimensionally through the crosslinked molecular array to
neighboring collagen molecules in neighboring microfibrillar
cords. These crosslinks are found at both the (axially contracted)
N-telopeptide and the (folded) C-terminal telopeptide, which is
crosslinked with the neighboring 1D staggered C- and N-
terminal collagen segments, respectively (7, 25) (Figs. 2C, 3D,
and 4).

Implications for Molecular Interactions Within the ECM. The packing
structure of collagen as presented here offers insight into the
binding of important macromolecules such as the archetypical
Small Leucine-Rich Proteoglycan (SLLP) decorin with type I
collagen. Decorin has been found to be a potent regulator of
collagen fibrillar-genesis, apparently by inhibiting the lateral
association of collagen molecules by its prior binding (26-28). In
an animal disease model where the decorin gene was disrupted,
otherwise viable mice possessed fragile skin with reduced tensile
strength, and abnormally large and irregularly shaped collagen
fibrils were observed (29), similar traits to those seen in the
human connective tissue disease Ehlers—Danlos syndrome.
These data have been accepted as a clear demonstration of the
importance of the collagen—decorin interaction to the develop-
ment and maintenance of healthy connective tissue, and any
insight offered into the nature of the decorin-collagen interac-
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Fig. 4. Electron density maps. Map elements have been compressed five times in the direction parallel to the c-axis. The collagen triple helix is displayed as a
stylized C* trace. (A) The electron density (2F, — Fc Pm) map and model structure of the gap region at ~0.6D. (B) The electron density map and model structure
of the gap region at ~0.8D. Note that density patches at 0.6D and 0.8D seen in Fig. 2 are not seen here because the displayed density is calculated from the average
of the experimental and model phases (Pn,); the model structure does not contain or account for these sites. Electron density is displayed at a lower threshold
than that in Fig. 2 because of the average lower density values in the gap region [because of higher disorder relative to that in the overlap region (11, 22)].

tion in situ is likely to be valuable in understanding the pathology
of such connective tissue diseases.

In the electron density map, two collagen segments (molecular
segments 2 and 3 of our model) make relatively sharp turns in the
gap region, vacating two large molecular spaces in the packing
arrangement at ~0.6D and ~0.8D (Figs. 2B and 4). These segments
contain two of the several sites that have been implicated for
decorin binding, at 0.8D and 0.6D (and 1.6D) of collagens’ molec-
ular length (30, 31) (also equivalent to 0.8D and 0.6D within the 1D
staggered packing system). If collagen molecules on the surface of
the fibril are similarly structured, then these locations are clearly
suited to accommodate the large decorin protein core, whether in
monomeric (32) or dimeric (25, 33) form, although this finding
certainly does not preclude the viability of other proposed binding
sites along the collagen fibril’s surface. The significance of the 0.6D
and 0.8D sites revealed by the electron density map and model
presented here is that each could provide a “niche” (shallow hole)
in the growing fibril surface that would provide a larger protein-
to-protein contact area, and therefore the potentially stronger
association between decorin and collagen, than at other possible
(and flatter) decorin binding sites, while still allowing decorin to
“stick out” of the fibril surface sufficiently to be effective in
regulating fibril diameter.

Two small patches of electron density were initially seen at the
0.6D and 0.8D sites in the experimentally determined electron
density map (Fig. 2B). Neither of the patches described constitute
any part of the path of the collagen molecules, but both are large
enough to accommodate two or more leucine-rich repeats (LRRs)
of the decorin protein core. Two LRRs, IV-VI, have been previ-
ously implicated in collagen binding (34). However, there is no
known direct evidence of decorin being found within the collagen
fibril, and this scenario seems unlikely because it would require
some small but significant rearrangement of the packing arrange-
ment in at least 4% of the unit cells within each collagen fibril [there
are ~(.043 decorin molecules per collagen monomer (35)]. Either
this scenario would disrupt the crystallineity of the system or would
form part of the mechanism that limits fibril diameter during
normal growth. It is also possible that the density at 0.6D and 0.8D
represents some other molecule bound at low occupancy.

Collagenase (MMP1) is active in the homeostatic regulation of
the ECM and is strongly implicated in the pathology of heart
disease and cancer (metastasis) and a host of other diseases. The
mechanism of cleavage site recognition by collagenase is not
fully understood, but it is thought to rely on aspects of the
supermolecular arrangement of the substrate, i.e., native colla-
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gen, in addition to recognizing the tripeptide cleavage sequence
(36). Its expression also is up-regulated by the presence of native
fibrillar collagen (37). The substrate cleavage site is located
within the overlap region at 0.316D, but there is insufficient
space for the enzyme to enter this dense packing matrix in the
interior of the collagen fibril. Depending on the nature of the
trimolecular binding complex (catalytic and hemopexin domains
of MMP1 and the collagen molecule substrate), access to the site
also may be restricted to the enzyme on the exterior of the
collagen fibril because of the proximity of the bulbous C-
terminal telopeptide (18, 38) to the cleavage site. A prior
cleavage of the folded C-telopeptide (Figs. 2C and 3D) would
reduce this constriction, although the collagen molecules would
still need to be moved aside at least 10 A for the catalytic domain
and 20 A for the hemopexin-like domain to accommodate the
enzyme in the interior of the fibril. Alternatively, it seems
entirely possible that the mode of action of the enzyme is to
proteolyse collagen chains exclusively from the outside of the
fibril inwards. In both cases, the 3D structure of the collagen
arrangement would still determine the substrate-binding and
recognition site for the enzyme as it proteolyses from the outside
to inside of the fibril.

In conclusion, we have presented here a previously unde-
scribed, objectively determined structure showing the packing of
the entire collagen molecule in situ. This structure provides
strong evidence for a specific microfibrillar substructure for the
collagen fibril and important insights regarding the binding
of collagen by other ECM macromolecules such as decorin and
collagenase. The availability of this experimentally determined
model should be very useful to researchers investigating the
organization and molecular biology of the ECM.

Methods

Data Collection, Intensity Estimation, and Validation. The methods
used for sample preparation, derivative labeling, and x-ray diffrac-
tion protocols have been described (11, 13, 18), as have those for
background subtraction and intensity estimation (13, 19). Briefly,
x-ray fiber diffraction data were obtained from whole, intact rat tail
tendons at room temperature, and the tendons were maintained in
a well hydrated state within a sealed sample cell. Data were
collected from both native samples and those derivatized using gold
chloride and potassium iodide. Because of a significant number of
overlapping reflections, individual reflection intensities were esti-
mated by fitting a simulated diffraction pattern to the observed
background-subtracted diffraction pattern by using a simulated
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annealing procedure (13, 19). Because the 677.9-A c-axis of the 3D
unit cell is approximately parallel with the fiber axis (see Table 1),
both the meridional and equatorial intensities from the derivative
tendons contain complementary axial information regarding the
separation between heavy atom labeling sites in the N- and C-
telopeptide regions. A previous study (18) using only meridional
data (001 indices) produced a detailed 1D structure of collagen’s
packing structure via multiple isomorphous replacement and gave
the specific axial separation of the heavy atom labeling sites (a
fractional unit cell distance of w = 0.33-0.41). Therefore, the
vectorial contribution to the Patterson map corresponding to the
c-axis direction, estimated from the near-equatorial intensity data,
should correlate with vectors observed from the meridional series.
This finding helped verify that the indexing and intensity fitting
procedures produced an accurate estimate of the data, and not just
one that fortuitously produced a low rms residual value.

Initial Phases. Initial phases were obtained by searching through
a sparse matrix of possible heavy atom labeling sites, based on
the 3D difference Patterson and knowledge of the 1D structure.
Two-dimensional difference Patterson maps (13) were gener-
ated at the axial level of the heavy atom attachment sites
determined from the 1D structure (18). These were compared
with the native Patterson maps of the same axial length scales
and, used together, provided a matrix of possible labeling
positions in three dimensions. Two principal vectors were used
in determining the location of the heavy atoms: the iodide vector
(u =0.2,v = 0.4) and the gold vector (u = 0.05, v = 0.25), which
represented the 2D distance (uv plane) between the heavy atom
labeled nonhelical telopeptides. The heavy atom labeling posi-
tions remained consistent after several rounds of phase calcu-
lations: iodide being centered at the N- and C-telopeptide
locations (u = 0.23,v = 0.51,w = 0.04; and u = 0.45, v = 0.93,
w = 0.45, segments 1 and 5, respectively) and gold at essentially
the opposite locations (1 = 0.37,v = 0.09,w = 0.04; and u = 0.31,
v = 0.31, w = 0.45, segments 5 and 1, respectively).
Additional details of model building, refinement, and valida-
tion are described in Supporting Methods, which is published as
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supporting information on the PNAS web site (see also Figs. 11
and 12 and Table 3, which are published as supporting infor-
mation on the PNAS web site).

Model Validation. The R factor for the integrated amplitudes and
final model amplitudes was found to be 9.55% and 16.7% respec-
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