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Determining the structure of cartilage collagen fibrils will provide
insights into how mutations in collagen genes affect cartilage
formation during skeletal morphogenesis and understanding the
mechanism of fibril growth. The fibrils are indeterminate in size,
heteropolymeric, and highly cross-linked, which make them refrac-
tory to analysis by conventional high-resolution structure deter-
mination techniques. Electron microscopy has been limited to
making simple measurements of fibril diameter and immunolocal-
izing certain molecules at the fibril surface. Consequently, struc-
tural information on the fibrils is limited. In this study we have used
scanning transmission electron microscopic mass mapping, analy-
sis of axial stain exclusion pattern, and r-weighted back-projection
techniques to determine the intermediate resolution (to �4 nm)
structure of thin collagen fibrils from embryonic cartilage. The
analyses show that the fibrils are constructed from a 10�4 micro-
fibrillar arrangement in which a core of four microfibrils is sur-
rounded by a ring of 10 microfibrils. Accurate mass measurements
predict that each microfibril contains five collagen molecules in
cross-section. Based on the proportion of collagen II, IX, and XI in
the fibrils, the fibril core comprises two microfibrils each of colla-
gen II and collagen XI. Single molecules of collagen IX presumably
occur at the fibril surface between the extended N-terminal do-
mains of collagen XI. The 10�4 microfibril structure explains the
mechanism of diameter limitation in the narrow fibrils and the
absence of narrow collagen fibrils in cartilage lacking collagen XI.

chondrodysplasia � collagen � electron microscopy � mass mapping �
reconstruction

The ability of cartilage to withstand cycles of compression and
relaxation relies on a felt-like extracellular matrix (ECM) of

insoluble collagen fibrils within a concentrated solution of proteo-
glycans and glycoconjugates. The collagen fibrils withstand the
swelling pressure exerted on the ECM by the hydrated glycosami-
noglycan side chains of the proteoglycans. However, this apparently
simple role of the collagen fibrils belies enormous effort over many
years to understand fibril structure and function as a means of
explaining how mutations in cartilage fibril genes produce devel-
opmental defects. In particular, it is perplexing why cartilage has
two distinct populations of collagen fibrils; one thin (�20-nm
diameter) and the other thick (�40-nm diameter). Also, it is a
quandary why cartilage fibrils of diameter between 20 and 40 nm do
not exist in cartilage; also whereas the thin fibrils are all �20 nm in
diameter, the thick fibrils have a much broader diameter distribu-
tion. In this respect, the thick fibrils are more like fibrils in
noncartilagenous tissues, which can range from 30 to 500 nm in
diameter (1). We reasoned that determination of the structure of
the thin fibrils was an essential first step in understanding cartilage
fibril structure and function.

Cartilage fibrils are D-periodic (where D � 67 nm), indetermi-
nate in length, and heterotypic polymers of collagen II, IX, and XI
molecules (2–7). Collagen II is the major collagen in cartilage and
comprises three �1(II) chains wound into a collagen-typical triple
helix. Collagen IX is a fibril-associated collagen with interrupted
triple helices and is distributed at regular D-periodic intervals along
the fibrils. Collagen IX can also contain a chondroitin sulfate side
chain. Collagen XI molecules are heterotrimers of three distinct
chains [�1(XI), �2(XI), and �3(XI)] in which the �1(XI) chain has
a large N terminus with sequence homology with domains on

thrombospondins (8). Of special interest, the �3(XI) chains are a
posttranslationally modified variant of �1(II), which occurs in
collagen II. Cartilage fibrils vary in the relative proportions of
collagen II, IX, and XI depending on stage of development and
fibril diameter. The thin fibrils are abundant in embryonic cartilage
and contain collagen II, IX, and XI in the approximate molecular
ratio of 8:1:1 (2). Furthermore, evidence from immunoelectron
microscopy suggests that collagen XI is exclusive to the thin fibrils
(3). The thick fibrils are abundant in older tissue and are depleted
of collagen IX. In the vitreous humor, which comprises fibrils of
collagen II, IX, and V�XI (in which collagen V has structural
similarities to collagen XI), collagen IX is lost with age, leading to
fibril fusion and collapse of the vitreous humor (9).

Three observations, in particular, prompted us to determine the
structure of the thin collagen fibrils in cartilage. The first concerns
the cho�cho mouse and human osteochondrodysplasias caused by
mutations in the genes for collagen XI; the second concerns
collagen fibril assembly in vivo when the gene for collagen II is
overexpressed; and the third concerns collagen fibrillogenesis in
vitro from collagen II, IX, and XI. Furthermore, the uniform
diameter of the thin fibrils indicated to us that the fibril might have
a repeating or regular 3D structure, which would facilitate the use
of averaging methods in EM. Autosomal recessive chondrodyspla-
sia (cho) in mice affecting cartilage of limbs, ribs, mandibles and
trachea is accompanied by absence of thin fibrils and the appear-
ance of thick fibrils exceeding 2 �m in diameter (10). The causative
mutation in the cho�cho mouse is localized in the gene encoding the
�1(XI) chain of collagen XI (11) and effectively leads to the
absence of collagen XI from the extracellular matrix. The absence
of thin cartilage fibrils in the cho�cho mouse suggests that collagen
XI is either required to initiate the assembly of the thin fibrils or has
a primary role in limiting the lateral growth of fibrils. Similar
cartilage abnormalities caused by mutations in the genes that
encode �1(II) of collagen II and �1(XI) and �2(XI) chains of
collagen XI occur in humans with chondrodysplasias of the Stick-
ler�Marshall syndrome types (for review see refs. 12 and 13 and
references therein). Garfalo et al. (14) showed that the cartilage of
mice overexpressing normal collagen II exhibit thin and thick fibrils
but the thick fibrils can exceed 2 �m in diameter (14). The fact that
thin (�20 nm in diameter) fibrils were present despite excess
collagen II suggests that the thin fibrils have an invariant structure
that is insensitive to the prefibrillar ratio of collagen II�XI. The
importance of the molar ratio of collagens II, IX, and XI on fibril
diameter has been carefully assessed in vitro (15). In an elegant
study, Blaschke et al. (15) showed that mixed populations of thin
and thick collagen fibrils were generated when mixtures of purified
collagen II and XI were incubated at physiological temperatures.
The thin fibrils had a diameter of 21.6 � 0.3 nm and were therefore
closely similar to authentic cartilage thin fibrils. Importantly, thin
fibrils were observed only in samples containing collagen XI. The
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diameters of the ‘‘thick’’ fibrils increased at higher molar ratios of
II�XI collagen, consistent with what was observed by Garofalo et al.
(14) in mice overexpressing collagen II. Collagen IX appeared to
have no role in limiting fibril diameter and was not able to form
banded fibrils when incubated in the absence of collagen II�XI.

Results
Determination of the Absolute Lateral Size of Thin Cartilage Fibrils.
Samples of collagen fibrils dispersed from the 14-d embryonic chick
sternum showed two distinct populations of thin and thick fibrils
(Fig. 1a). Mass per unit length (M�L) measurements were made on
annular dark-field scanning transmission EM (STEM) images of
unstained fibrils. The results for the thin fibrils are shown in Fig. 1b.
The mean M�L was 72.1 kDa�nm. In contrast, M�L values for the
thick fibrils were 6- to 10-fold greater than those of the thin fibril
component, ranging from �400 to �700 kDa�nm (data not shown).
Most thin fibrils showed two abrupt (broken) ends and with lengths
in the range from 2 to 25 �m but occasionally a tapered (natural)
tip was observed. The M�L measurement and published x-ray
diffraction data for molecular packing density in cartilage fibrils

(16) yields a predicted hydrated diameter of 16.4 nm. Direct
measurements of fibrils dried in stain�trehalose gives a value of �15
nm (data not shown).

Determination of the Collagen Molecular Ratio by EM. To interpret
the M�L data in terms of a structural model it was necessary to
know the collagen composition of the fibrils. Cross-linking leading
to insolubility of the collagen molecules, coupled with our require-
ment for knowing the molecular ratio only in the thin fibrils,
prohibited the use of biochemical approaches to determine the
molecular composition of the thin fibrils. We decided to use analysis
of the D-periodic negative stain pattern, as follows. Some fibril
samples from the 14-d chick embryonic sternum were negatively
stained with 4% uranyl acetate in 1% trehalose (in water) on holey
carbon films and imaged by transmission EM (TEM) (Fig. 2a). An
average axial stain pattern (Fig. 2b) was obtained from �100
D-periods from thin fibrils. This pattern was modeled by using
established methods (17). The axial arrangement of collagen II, IX,
and XI molecules are shown in Fig. 2 c, e, and g, respectively, and
the corresponding theoretical axial stain exclusion patterns
(ASEPs) are shown in Fig. 2 d, f, and h, respectively. In this study
the COL3 and NC4 domains of type IX were included when
generating the theoretical ASEP. A bent back alignment along the
fibril axis resulted in an improved match with the experimental data
as assessed by an increased correlation coefficient and by visual
comparison of the experimental and theoretical stain patterns. A
set of 800 theoretical ASEPs were then generated for model
heterotypic fibrils of varied composition up to a maximum of 20%
collagen IX and 20% collagen XI at 1% intervals. The correlation
coefficient was calculated between each of these theoretical ASEPs
and the experimental average ASEP of the thin cartilage fibrils. The
resultant 2D array is shown as a contour plot in Fig. 3a. The data
show a smooth single peak with a maximum correlation coefficient
of 0.86 corresponding to a molecular content of 10% collagen IX
and 10% collagen XI. Fig. 3b shows the theoretical ASEP for a fibril
of composition II�IX�XI � 80:10:10 compared with the experi-
mentally observed ASEP.

Possible Microfibril Substructures. From the M�L data and molec-
ular composition it was possible to predict the number of molecular
strands of each collagen type in the thin fibrils. The number of
molecular strands is equal to the number of molecules in cross-
section at the overlap zone in the fibril (for review see ref. 18). Table
1 shows four models containing the equivalent of 14 five-stranded
microfibrils of collagens II and XI. Model 1 with a molecular strand
composition of 60, 4, and 10 for collagen II, IX, and XI, respectively,
is in closest agreement with experimental data. This model has the
equivalent of 12 collagen II microfibrils and 2 collagen XI micro-
fibrils. In this case, the predicted M�L is 69.9 kDa�nm, which agrees
well with the experimental value (72.1 kDa�nm). The predicated
M�L value is expected to be less than the measured value because
of a minimal mass contaminant on the fibrils.

Decrease in M�L After Trypsin�Chymotrypsin Treatment. As a further
test of the proposed model structures in Table 1 and to establish
levels of specifically bound noncollagen components on the surface
of the thin fibrils, M�L measurements were made on fibrils after
trypsin�chymotrypsin treatment. Fibril preparation were identical
to those used for the initial STEM measurements but were exposed
to a solution of trypsin�chymotrypsin while anchored on the holey
carbon film (see Materials and Methods). The entire surface of the
fibrils stretching across the holes was accessible to the proteases.
The mean M�L of the treated fibrils was measured as 60.8 kDa�nm
(SEM � 0.3 kDa�nm), indicating a mass loss of 11.3 kDa�nm. The
predicted mass loss (using model 1 in Table 1) caused by removal
of the NC and Col3 domains of type IX collagen and removal of the
nontriple helical part of the type XI N-propeptide was calculated as
7.6 kDa�nm. The additional observed loss of 3.7 kDa�nm would

Fig. 1. STEM data for collagen fibrils from 14-d chick embryonic sternum. (a)
Annular dark-field STEM image of unstained fibrils released by mechanical
disruption is shown. This represents a typical field of view showing several thin
fibrils and a single thick fibril. The thick fibril has a measured M�L of �500
kDa�nm compared with �70 kDa�nm for the thin fibrils. (b) Histogram shows
the M�L distribution of the thin fibril component measured from STEM images
similar to that shown.
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then be caused by noncollagen components bound to the fibril
surface and released after protease treatment. The corrected M�L
for the thin fibril without the bound noncollagen component would
then be 68.4 kDa�nm (compared with a predicted value of 69.9
kDa�nm in model 1).

Determination of Lateral Structure by Weighted Back Projection. In
initial experiments we acquired tilt series of single negatively
stained fibrils in the range �64° with the fibril aligned along the tilt
axis. The tomographic reconstruction indicated the presence of a
microfibrillar substructure (data not shown). However, the recon-
structions showed streaking in the z axis (vertical to the electron
microscope grid) caused by restricted tilt range [resulting in the
‘‘missing wedge’’ effect (19)] and deterioration in the image quality
with increasing tilt angle (more than �45°). The conspicuous
presence of microfibrils in the tomograms led us to investigate the
use of rotational averaging techniques. Fig. 4 shows a set of
predicted weighted back-projection reconstructions of three model
microfibril structures. The models differed in the number of inner
core and outer shell microfibrils. The results showed that this was

a valid experimental approach to obtain reconstructions from
projections with a restricted angular range.

Fig. 5 shows the results of applying these approaches to EM
images of cartilage fibrils. Analyses over a range of rotational
symmetries (S values) showed that no one single value revealed
both the inner core and outer shell structures. However, strong
maxima corresponding to individual microfibrils at the fibril surface
where obtained when S � 10, suggesting that the fibril surface was
constructed from 10 uniformly spaced microfibrils. In contrast, four
strong maxima at the fibril core were obtained with an S value of
4, indicative of a core of four uniformly spaced microfibrils.

Determination of Lateral Structure Using Helical Symmetry Methods.
Tilting microfibrils are apparent in EM images of thin cartilage
fibrils, indicating a twisted structure. Direct measurements from
EM images suggest a tilt of �3° (data not shown). Therefore, as an
additional method for investigating the microfibrillar substructure,
we obtained a series of projections at equal intervals along a single
collagen fibril. These were used to generate a weighted back-
projection reconstruction for a range of tilts. The results confirmed

Fig. 2. Experimental and theoret-
ical axial structure data for nega-
tively stained collagen fibrils. (a)
TEM image shows a thin fibril from
14-d chick embryonic sternum neg-
atively stained with 4% uranyl ace-
tate�1% trehalose. A single D-
period is indicated. Light bands
correspond to stain excluding re-
gions. (b) An average ASEP ob-
tained from �100 D-periods from
fibrils similar to that shown in a is
shown. The average ASEP is shown
repeated over two D-periods. (c)
Representation of the known axial
arrangement of type II collagen
molecules in the fibril is shown. The
triple helix is represented by the
horizontal lines, and the telopep-
tides (extrahelical domains) are in-
dicated by the vertical lines. (d)
Shown is the theoretical ASEP
based on the known amino acid se-
quence of type II collagen and the
axial arrangement as shown in c. (e)
Representation of the axial loca-
tion of type IX collagen (black) on
the type II fibril is shown. The IX–II
intermolecular cross-links involve
the type II telopeptides and are
marked as gray vertical lines. The
COL3 domain (indicated by dotted
line) and amino-terminal NC4 do-
main of the type IX molecule have
been modeled in bent-back, axially
aligned configuration in this prep-
aration. ( f) The theoretical ASEP
contribution of type IX to the fibril
stain pattern based on the axial lo-
cation and conformation of the
type IX molecule shown in e is
shown. (g) Representation of the
axial location of the type XI mole-
cule (black) on the type II fibril is
shown. The main triple helix of the
type XI is in an equivalent axial po-
sition to the those of the type II molecules. The minor triple helix of the N-propeptides extends into the gap zone; the nontriple domains are shown extended
perpendicular to the fibril axis. (h) The theoretical ASEP contribution of the type XI molecules to the fibril stain pattern based on the axial location and
conformation of the type XI molecule shown in g is shown. The nontriple helical part of the N-propeptides is predicted to generate a major stain exclusion peak
in the gap region.
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the presence of an inner core and outer shell of microfibrils (Fig. 6).
The best-fit results were obtained for an outer shell of 10 microfi-
brils tilted at 2.5° and an inner core of four microfibrils tilted
between 2.5° and 3.5°.

Simple Structural Model Consistent with Experimental Data. Fig. 5d
shows a simple structural model that incorporates the proposed
10�4 microfibril structure of the thin (15 nm) diameter fibrils in
embryonic chick cartilage and the M�L and collagen molecular
composition data. The two collagen XI N-propeptides per fibril
D-period are of sufficient length (beyond the minor triple helix) to
encompass the circumference of the fibril. The microfibrils are
shown in a nonregular array as no data are available to indicate the
precise packing arrangement or extent of lateral packing order. The

simplest case of homotypic microfibrils has been considered; the
possibility of heterotypic microfibrils, with, for instance, some
microfibrils formed of both collagen II and XI collagens, cannot be
excluded. It is not possible to distribute 10 molecules of collagen XI
evenly between the four inner-core microfibrils. It has not escaped
our attention that the 10 molecules of collagen XI (per D-period)
could be evenly distributed between the surface microfibrils. This
molecular arrangement does, however, go against immuno-EM
data suggesting that the major triple helices of collagen XI mole-
cules are located within the fibril.

Discussion
In the present study we have obtained indications that the thin
fibrils in cartilage are constructed from 14 tilted 4-nm-diameter
microfibrils in a 10�4 arrangement. Microfibrils from both the
outer shell and inner core are tilted by �3° to the fibril axis. The
results are discussed in the context of a constant tilt model.

The 10�4 model can be compared with the concentric molecular
packing model proposed by Blaschke et al. (15) for thin heterotypic
fibrils composed of collagen II and XI. Their model was based on
the observation of thin fibrils of �20-nm diameter (as measured on
negatively stained and dehydrated samples) that were reconstituted
from mixtures of purified collagen II and XI collagen in the molar
ratio 8:1. The fibril model of Blaschke et al. has a �2.5-fold greater
lateral size (M�L) than that observed for the thin cartilage fibrils of
the present study. This greater lateral size leads to six collagen XI
N-propeptides (surface-located) per D-period compared with only
two in the 10�4 model. The model of Blaschke et al. hypothesized
that the major helical domain of collagen XI molecules is tilted with
respect to the fibril axis such that the C terminus forms an inner
core of the fibril and the N-propeptides were constrained to the
fibril surface. This scheme has similarities with our model but we

Fig. 3. Comparison of theoretical and experimental ASEPs of thin cartilage
fibrils. (a) 2D plot shows the correlation coefficient between the experimental
ASEP and theoretical ASEPs generated by varying the proportion of type IX
and type XI in the model fibril. A maximum value of correlation coefficient is
found for theoretical ASEP of a fibril with 10% type IX and 10% type XI
(corresponding to a molecular ratio II�IX�XI � 80:10:10). (b) Comparison of the
experimental ASEP of thin cartilage fibrils with the theoretical ASEP for a
heterotypic fibril of composition II�IX�XI � 80:10:10 is shown.

Table 1. Calculated M�L and molecular composition for a range of fibril models containing the equivalent
of 14 five-stranded collagen II and collagen XI microfibrils

Model

No. of molecular strands Molecular content ,% Fibril M�L, kDa�nm

NII NIX NXI II IX XI II IX XI Total

1 60 4 10 75 12.5 12.5 52.3 6.5 11.1 69.9
2 65 4 5 80 13.3 6.7 56.7 6.5 5.6 68.8
3 60 2 10 80 6.7 13.3 52.3 3.3 11.1 66.7
4 65 2 5 86.6 6.7 6.7 56.7 3.3 5.6 65.6

Fig. 4. Simulated r-weighted back projection with rotational symmetry on
test models. Shown are test models containing 14 (A), 13 (B), and 12 (C)
microfibrils. Computed reconstructions for different angular ranges and ro-
tational symmetry values (S) are as indicated. The angular sampling interval is
4° in all simulations. The simulations show that inappropriate values of S for
each model do not generate meaningful reconstructions. The reconstructions
with appropriate S values are marked with an a. The outer core of model C is,
however, close enough to a 9-fold rotational symmetry to yield an interpret-
able S � 9 reconstruction (indicated by b).
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propose that only the minor triple helix of collagen XI projects to
the fibril surface. The 10�4 model, combined with the predicted
diameter of 16 nm for the hydrated fibril (from the presented M�L
data and published x-ray scattering data), gives a fibril circumfer-
ence of 48 nm. Evidence from structural studies of the N-
propeptide of �1(XI) suggests that the nontriple helical domains
have a linear extent of �24 nm (8). Therefore, in the 10�4 model
proposed here the surface-located collagen XI N-propeptides
would encompass the circumference of the fibril. These surface
components presumably stabilize the fibril diameter by preventing
further lateral accretion of collagen molecules. Our prediction for
the diameter of the hydrated thin fibrils (16.1 nm) agrees well with
the value (16 nm) predicted from x-ray fiber diffraction of lamprey
notochord, which is rich in cartilage-like collagen fibrils (20).

The 10�4 microfibril structure is consistent with an assembly
mechanism that generates 16-nm-diameter thin cartilage fibrils
despite variations in the ratio of ambient collagen II�XI molecules.
Evidence from the cho�cho mouse (in which the absence of
collagen XI results in loss of thin fibrils) and transgenic mice
overexpressing collagen II (in which narrow fibrils persist but the
thick fibrils are very thick) shows that the assembly of the thin fibrils
is insensitive to the ratio of collagen II�XI, as long as some collagen
XI is present. Furthermore, the cartilage of mice heterozygous for
a Col11a1 loss-of-function mutation contains a population of thin
fibrils, as in the WT control, but also an additional population of
thick fibrils (21). This finding suggests to us that microfibrils
containing collagen XI are the nucleus for accretion of collagen II
microfibrils. We propose that the inner core of 2�2 (II and XI)
microfibrils leads the axial growth of the fibril tips. The lateral
(diameter) growth of the fibrils is determined by the ring of 10
collagen II microfibrils and the surface-located N-propeptides of
collagen XI.

It is generally assumed, based on EM observations of rotary-
shadowed thin cartilage fibrils, that the COL3 domain of collagen
IX with the attached NC4 domain project radially away from the
fibril surface. For example, Vaughan et al. (6) have visualized these
domains projecting at various angles from the fibril surface using
the spray glycerol�rotary shadowing procedure on fibrils extracted
from chick embryonic sternum. The number of these domains
visualized per D-period can be estimated from published images of
Vaughan et al. as three to four, which is consistent with the present
model containing four molecular strands of collagen IX, which
predicts four COL3�NC4 domains per fibril D-period. In the
present study, however, no projecting COL3�NC4 domains were
observed and modeling of the axial stain pattern indicated a folded
conformation of the COL3 along the fibril axis.

Evidence from a number of sources has suggested that fibrils
containing collagen I are constructed from microfibrils (for exam-
ple, see ref. 22). Moreover, the microfibrils at the fibril surface are
suggested to be titled by �17°. In addition, electron tomography of
corneal collagen fibrils (containing predominantly collagen I) also
showed inner microfibrils with the same tilt (23). Therefore, the
pitch of the inner and outer microfibrils must be different. The inner
and outer microfibrils in the thin cartilage fibrils also have approx-
imately the same tilt (�3°), indicative of a near-constant tilt model
although at much reduced tilt compared with the type I fibril.

Fig. 5. Experimental reconstructions (a–c) of the transverse section of a
negatively stained thin cartilage fibril together with proposed model struc-
ture (d) are shown. Images a and b were obtained by r-weighted back-
projection from angle-limited tilt series using S � 10 and S � 4 rotational
symmetry. The transverse reconstructions were averages over 8 nm along the
fibril axis. The outer core image in a has been combined with the inner core
image in b to generate the composite image in c. The diameter of the fibril was
measured as 15 nm and the center-to-center microfibrillar spacings were
measured as 3.8 and 3.9 nm for the outer and inner cores, respectively. (d)
Schematic model shows the transverse structure of the thin cartilage fibril.
This transverse section corresponds to the axial location of the nontriple
helical component of the �1(XI) N-propeptide. The structural components are
five-stranded microfibrils of collagen type II (open circles) and collagen type XI
(green). Each microfibril of type XI collagen would result in one N-propeptide
per D-period. The hypothetical circumferential extent of these domains are
shown. The dotted lines show the projection of the tilted minor triple helix of
the N-propeptides. (Scale bars: 5 nm.)

Fig. 6. Experimental r-weighted back-projection reconstructions from single
zero-tilt images of a negatively stained thin cartilage fibril based on helical
and rotational symmetry are shown. (a–d) A set of four reconstructions
appropriate for S � 10 and a outer microfibrillar tilt ranging from 1.5° to 4.5°
in steps of 1° is shown. The outer microfillar core is apparent in the recon-
struction appropriate to a 2.5° tilt. This tilt value was also observed directly in
some images of negatively stained fibrils. (e–h) A set of four reconstructions
appropriate for S � 4 and an inner microfibrillar tilt ranging from 1.5° to 4.5°
is shown. The four-component microfibril structure is most clearly seen in the
3.5° tilt reconstruction. (i) A composite image, combining the outer core of
image b with the inner core of image g, is shown.
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Materials and Methods
Sample Preparation. Cartilage fibrils were isolated from 14-d chick
embryonic sterna. After dissection, the sterna were crushed in
liquid nitrogen, and the resulting powder was dispersed in 50 mM
Tris�HCl buffer (pH 7.4) containing 50 mM EDTA, 100 mM
sucrose, and 150 mM NaCl (24). Fibrils were adsorbed to holey
carbon films (hole diameter, 2 �m; Quantifoil, Jena, Germany)
washed with buffer followed by ultra-pure water (Purite, Oxon,
UK). For STEM the grids were lifted through a floating carbon film
and air-dried. Sample grids for TEM were stained with 4% uranyl
acetate in 1% aqueous trehalose followed by drying at 70% relative
humidity to leave the fibrils embedded in a stable stain�trehalose
layer over the holes. Protease treatment of isolated cartilage fibrils
was performed on fibrils bound to holey carbon films by using a
2-min exposure to trypsin (1 mg�ml) and chymotrypsin (2.5 mg�ml)
in Tris-buffered saline, 50 mM Tris�HCL, 150 mM NaCl, pH 7.4.

Measurement of M�L. STEM annular dark-field images of unstained
fibrils were obtained on a Tecnai 12 TEM�STEM instrument
(Electron Optics, Eindhoven, The Netherlands), equipped with a
high-angle, dark-field detector and digital scan generator. The
instrument was operated at 120 kV and camera length was set to 350
mm, corresponding to an angular collection range of 15–75 milli-
radians. Images of size 1,024 � 1,024 were acquired at a electron
dose of �1,000 e�nm2 on the specimen. Mass per unit measure-
ments were made from ADF images of unstained fibrils essentially
as described (25) using Semper6 software (Synoptics, Cambridge,
UK). Tobacco mosaic virus was used as a standard of M�L (131
kDa�nm). Mass loss curves were generated and used for correction
of M�L.

Experimental Determination of the Fibril Axial Negative Stain Pattern.
The average D-periodic negative ASEP was obtained from TEM
images of dispersed fibrils as described (17). The instrument was
operated at an accelerating voltage of 120 kV, and micrographs
were recorded at a nominal magnification of �20k.

Theoretical Stain Exclusion Patterns. The basis for the prediction of
axial stain patterns of collagen I fibrils was established by Chapman
et al. (26) who showed a high correlation between ‘‘bulkiness’’ of
amino acid residues with the exclusion of negative stain. Theoretical
ASEPs were generated by using this approach for heterotypic fibrils
containing collagen types II, IX, and XI as described (17). Briefly,

axial contraction factors were compared with the residue spacing in
the triple-helical domain of 0.3 and 0.7 and applied to the N- and
C-telopeptide domains, respectively, of both collagen II and XI. An
axial contraction factor of 0.6 was used for the three globular NC
domains of collagen IX. Adjustment was made for the effects of
glycosylation of hydroxylysine residues at levels of 50%, 100%, and
50% for collagen II, IX, and XI, respectively, as described (17).

Calculation of Theoretical M�L of a Heterotypic Fibril. The theoretical
M�L of a collagen I fibril has previously been expressed (27) as:
M�L � n*(M�5D) kDa�nm, where n is the number of single
molecular strands in the fibril, M kDa is the mass of a collagen
molecule, and 5D nm is the axial extent of a single molecule in each
strand. This expression is also appropriate for the separate contri-
butions of collagen II and XI. In the case of collagen IX, each
molecule extends axially over 2D periods, and the contribution of
M�L is given by: M�LIX � nIX*(MIX�2D) kDa�nm, where nIX is the
number of molecular strands of collagen IX and MIX kDa is the
molecular mass of the collagen IX. The molecular masses of
processed collagen II, IX, and XI were calculated as 300, 200, and
380 kDa, respectively, with a correction (1–2%) for the estimated
glycosylation of hydroxylysine.

Calculation of Effective Hydrated Diameter for Model Fibril. The
effective hydrated diameter of the heterotypic fibril (assuming a
circular cross-section) can be calculated from the number of
collagen molecules in transverse section if the packing density is
known. The mean intermolecular spacing in collagen fibrils of
uncompressed human cartilage can be estimated as 1.865 nm from
measurements of the equatorial x-ray scattering (16). If the number
of triple-helical domains in a transverse section through the fibril �
N, then the diameter (Deff nm) of the fibril is then given by: Deff �
1.96�N nm (28).

Tilt Series Acquisition. Tilt series were collected on a Tecnai 12 TEM
using an automated procedure (TVIPS, Gauting, Germany). Im-
ages (1,024 � 1,024) were recorded on an on-axis cooled CCD
camera (TemCam F214A, TVIPS).

Transverse Structure Reconstruction. The transverse structure of
fibrils was computed by r-weighted back projection of projec-
tions after reference-free alignment using Semper6.
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