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ABSTRACT X-ray diffraction was used to monitor the effects
of electron microscope fixation, staining, and embedding proce-
dures on the preservation of the three-dimensional crystalline or-
der in collagen fibrils of rat tail tendon. A procedure is described
in which the characteristic 3.8-nm lateral spacing is preserved,
with increased contrast, in the diffraction pattern ofthe embedded
fiber. This spacing is correlated with the separation between the
tangentially oriented equally spaced lines of density observed in
electron microscope ultrathin fibril cross sections of the same
material. Optical diffraction of electron micrographs gives an ob-
jective measure of the periodicity and suggests that the fibril is
composed of concentrically oriented crystalline domains. These
observations, when combined with a recent interpretation of the
native x-ray diffraction data [Hulmes, D. J. S. & Miller, A. (1979)
Nature (London) 282, 878-880] suggest a tentative model for the
three-dimensional structure of collagen fibrils.

The one-dimensional or axially projected structure of collagen
fibrils is well understood, to the resolution of individual amino
acids (1-5), in terms of the modified "quarter stagger" theory
for the molecular packing (6, 7). However, the way in which this
scheme is extended into three dimensions remains controversial
(for review, see refs. 8 and 9). X-ray diffraction from tendon fi-
bers (10-12) indicates three-dimensional crystallinity in the
molecular packing although, in some specimens, only the one-
dimensional 67-nm (D) axial periodicity has been observed (13,
14). Collagen fibrils are somewhat analogous to liquid crystals
(15-17), and the one-dimensionally ordered and three-dimen-
sionally ordered phases may correspond to a smectic A -) B
transition. Several interpretations have been suggested for the
near-equatorial (i.e., perpendicular to the fiber axis) crystalline
x-ray data (8, 9), but recently both the observed spacings and
the general intensity distribution have been accounted for by
quasi-hexagonal packing of straight tilted molecules (9, 18). In
contrast to most of the tetragonal packing schemes, the quasi-
hexagonal model does not require the presence ofthe rope-like
intermediate substructures, a few molecules in cross section,
called microfibrils.

Electron microscopy, particularly on negatively stained spec-
imens, indicates that collagen fibrils have a filamentous sub-
structure (19, 20). Filaments have also been observed during
in vitro collagenfibrillogenesis (21-23). Estimates of filament
width vary from 1.5 nm to 4 nm, and so it has been suggested
that these filaments correspond to either individual molecules
(18, 19) or microfibrils (22, 23). Measurements from the random
punctate appearance of ultrathin collagen fibril cross sections
have also been used in support ofthe microfibril hypothesis (24,

25). By definition, a microfibril is a D-periodic filament having
lateral dimensions no greater than 4 nm. D-periodic filaments
of the appropriate width have been observed (26) but, because
oftheir unknown depth, unequivocal evidence for the existence
of a microfibril is still unavailable, and thus the exact nature of
the observed filaments remains obscure. Finally, electron mi-
croscopy of freeze-fractured preparations (27-31) or ultrathin
sections of either inertly dehydrated (25) or chemically treated
(32, 33) tissues indicates a helical filamentous arrangement in
collagen fibrils.
To date, no concerted attempt has been made to correlate

electron microscopic data with the x-ray diffraction observations
that indicate three-dimensional crystallinity in collagen fibrils.
So far, there has been no evidence from electron microscopy
for long-range lateral order in the native molecular packing. In
this paper, we describe the initial results of an extensive joint
x-ray diffraction-electron microscopy approach to the problem
of the three-dimensional molecular packing. A special fixation,
staining, and embedding procedure was devised to provide op-
timum preservation of the native fibril structure with sufficient
contrast for electron microscopy. Ultrathin sections of fibrils
prepared in this way show a periodic structure in cross section
that can be correlated with the near-equatorial x-ray diffraction
data.

MATERIALS AND METHODS

X-ray diffraction was used to monitor structural preservation of
the fibrils at each stage of processing for electron microscope
ultrathin sectioning. The procedure used to obtain the results
described below is as follows. Tendon fibers (diameter -100
Am) were dissected from adult (at least 2.5 months) rat tails and
used either immediately or after storage at -40'C. Freezing
before use did not affect either the x-ray diffraction patterns or
the electron microscope observations. The fibers were fixed in
4% formaldehyde (pH 3.6, unbuffered) for 2 hr (12, 34, 35),
stained in 1% phosphotungstic acid (pH 2.2, unbuffered) for 1
hr, rinsed briefly in H20, and stained in 1% uranyl acetate for
1 hr. The fibers were then dehydrated over a period of 2 hr in
graded acetone/H20 mixtures. Then, either the acetone was
exchanged for benzene (36) (1 hr, two changes) followed by
Epon/benzene infiltration or Epon/acetone infiltration was car-
ried out directly (33% Epon, 3 hr; 66% Epon, overnight; 100%
Epon, overnight). The fixative, stains, and Epon were freshly
prepared each time, and all operations were performed at 220C
on unstretched fibers. Specimens were then clamped under
tension (strain -5%) and polymerized in fresh Epon overnight
at 370C followed by 24 hr at 60'C. Tension removes the visible
crimp of the fibers (37) and thus improves orientation for both
x-ray diffraction and ultrathin sectioning of the embedded
specimens.
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For x-ray diffraction, the source was an Elliott GX20 rotating
anode, and the beam was focused with a mirror-monochromator
camera at a specimen-to-film distance of 175 mm. Exposures
for the embedded fibers were typically 24-48 hr, and the dif-
fraction patterns were recorded on Kodirex film. Ultrathin sec-
tions were cut with a diamond knife on a LKB Ultratome and
supported on 400-mesh copper grids that had been previously
coated with a thin layer of carbon. Longitudinal sections (i.e.,
parallel to the fiber axis) were =75 nm thick (silver interference
color), and cross sections were approximately 40 nm thick (dark
grey). The sections were examined without further staining in
either a Philips EM300 or a JEOL JEM1OOB electron micro-
scope with a 20-gum objective aperture. Periodic structures
could not be observed in fibril cross sections directly on the
electron microscope fluorescent screen but were apparent on
the micrographs. Pictures were therefore taken essentially at
random, and prolonged exposure to the electron beam was
minimized. Magnifications, typically x50,000-x 100,000 on
the micrographs, were calibrated by using tactoids oflight mer-
omyosin (14.3 nm) and crystals of potassium chloroplatinate
(0.69 nm). Image analysis was carried out on the optical diffract-
ometer at the European Molecular Biology Laboratory, Grenoble.

RESULTS
The x-ray diffraction pattern of a native tendon fiber (10-12) is
compared with that of a fiber that has been fixed, stained, de-
hydrated, and embedded according to the above procedure
(i.e., immediately before ultrathin sectioning) in Fig. 1. The
meridional Bragg reflections (i.e., parallel to the fiber axis and
vertical in Fig. 1), which arise from the axial D periodicity, are
intensified in the embedded specimen, as are the reflections

on the characteristic (1/3.8) nm-1 row line. The exact spacing
of this row line from the embedded specimens depends on the
dehydration/infiltration procedure. With acetone alone the
spacing is (1/4.3) nm-1, but with acetone and benzene it is (1/
3.7) nm-1. Of the remaining native row-line spacings [at '-(1/
2.5) nm1-, (1/1.9) nm-', (1/1.75) nm-1, (1/1.35) nm-1, and
(1/1.26) nm-1], only the (1/2.5) nm-1 is faintly visible in Fig.
lb. In particular, the intense native reflections in the region of
(1/1.3) nm-1, which represent the intermolecular Bragg plane
spacings in the quasi-hexagonal lattice (9), have vanished and
been replaced by a- diffuse equatorial intensity with a maximum
at =r(1/1.9) nm1'.
A longitudinal section ofa fiber that gives the x-ray diffraction

pattern in Fig. lb is shown in Fig. 2. The periodic asymmetric
pattern of12 transverse dark bands perD repeat is characteristic
of positive staining and thus corresponds to the distribution of
charged amino acid residues (1, 2, 4). The resolution is at least
3.5 nm, as this is the smallest interband separation.

Micrographs were taken of more than 200 different regions
in several fiber cross sections. The contrast was generally poor
but varied from fibril to fibril, presumably because the density
ofstaining depended on the location ofthe 40-nm section in the
67 nm (D) repeat. At least 20% of the micrographs showed a
readily discernible, ordered intrafibrillar structure. Fig. 3 is a
particularly good example. Both the large and the small di-
ameter fibrils give an impression ofconcentric circles or spirals
composed of equally spaced, tangentially oriented lines ofden-
sity separated by =4.6 nm.

Optical diffraction was used to provide a more objective mea-
sure of the periodicities present in the electron micrographs.
The micrographs were scanned with a circular aperture. Dif-

I.

a

b

FIG. 1. Medium angle x-ray diffraction- patterns of rat tail tendon fibers. Fiber axes vertical. (a) Native. (b) Embedded. The position of the
(1/3.8) nm-1 row line is indicated by the arrows. All x-ray and optical diffraction patterns are printed on the same scale.
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FIG. 2. Longitudinal section showing typical D (67 nm) periodic
positively stained banding pattern. (x 190,000.)

fraction spots corresponding to periodicities of =4.6 nm were

consistently obtained (Fig. 4). Optical diffraction analysis on 34
different regions in 13 fibrils gave an average spacing of 4.59

0.28 nm (SD). In all of these observations; (i) the periodicity
was present in fibril cross sections and not in the interfibrillar
space; (ii) The diffraction spots were sharp and thus arose from
uniformly separated, parallel straight (as opposed to curved)
lines in the micrographs; and (iii) when areas less than the total
fibril cross section were analyzed, the periodicity was consis-

FIG. 3. Transverse section with concentrically oriented lines of
density separated by -4.6 nm. (x 190,000.)

tently detected toward the edge rather than the center of the
fibril and, furthermore, the pair of diffraction spots was always
oriented perpendicular to the nearest fibril edge, thus indicat-
ing that the orientation of the corresponding lines in the mi-
crographs was tangential to this edge.
The diameter of the circular aperture used to mask the mi-

crographs was chosen to optimize the signal-to-noise ratio ofthe
optical diffraction spots. Optimal aperture diameters were the
equivalent of 120-190 nm on the section, and this is also an
approximate measure of the dimensions of the crystalline re-
gions. These figures are consistent with the observed equatorial
half-width of the x-ray diffraction reflections from native fibers
(10).
By scanning around the center of individual fibril cross sec-

tions with optical diffraction, it was possible, in some cases, to
follow the angular dependence of the orientation of the (1/4.6)
nm1 diffraction spots. Surprisingly, angular variation was ac-
companied by abrupt changes in the orientations of the spots.
Fig. 5, for example, shows optical diffraction patterns from two
adjacent areas ofthe same fibril. In this example, only diffraction
spots in the orientations shown were observed in the optical
diffraction pattern ofthe region between the two marked areas.
Such abrupt changes in the orientation ofthe 4.6-nm periodicity
are not consistent with the continuous variation that would be
expected from either concentric circles or spirals. Instead, the
fibril appears to be composed of concentrically oriented do-
mains of crystallinity, with each domain extending -100 nm in
each lateral dimension.

DISCUSSION
The main conclusions from this work are (i) the native, =4 nm
periodicity has been observed by electron microscopy and (ii)
this spacing is radially oriented in collagen fibril cross sections.

As pointed out above, the prominent row-line spacing in the
x-ray diffraction pattern of the embedded fibers can vary from
(1/3.7) nm-1 to (1/4.3) nm-1, depending on the dehydration/
infiltration procedure. Reflections on this row line remain
sharp, however, and the half-width is similar to the half-width
of the native (1/3.8) nm-1 reflections. The optical diffraction
reflections at (1/4.6) nm-1 are also sharp and, again, the half-
width is similar to the half-width ofthe native (1/3.8) nm-1 re-
flections. Thus, the extent of long-range order in the electron
micrographs is consistent with the x-ray diffraction patterns of
the native and embedded fibers. This, and the dimensional vari-
ation demonstrated by x-ray diffraction of fixed and embedded
specimens, justifies the proposal that the 4.6-nm periodicity
detected in the electron micrographs corresponds to the same
structural feature as the 3.8-nm periodicity in the native x-ray
diffraction pattern. It is possible that there is some swelling in
these extremely thin sections as they float on the water surface
in the trough of the diamond knife.

Only the two largest native row-line spacing, at --(1/3.8)
nm-1 and (1/2.5) nm-1, are preserved in the x-ray diffraction
pattern of the fixed, stained, and embedded fiber. There are
a number of possible explanations for this. First, the fixation
procedure may be insufficient to preserve the higher resolution
features of the native structure. Second, the x-ray diffraction
pattern of the embedded fiber will be dominated by the stain
distribution. The finite size ofthe phosphotungstate moiety (35)
will limit the resolution to which the stain distribution can ac-
curately represent the molecular packing. Third, the x-ray dif-
fraction intensities depend on the contrast between the electron
density of the scattering unit and the electron density of the
environment (3). The contrast of collagen embedded in Epon
may be lower than the contrast of collagen in an aqueous en-
vironment, and this may explain the absence of reflections in
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FIG. 4. Transverse section with optical diffraction pattern showing radially oriented 4.5-nm periodicity. For optical diffraction, a circular ap-
erture of effective diameter 190 nm was placed over the fibril near the edge indicated by the arrow. (x 200,000.)

the region of (1/1.3) nm-1 in the x-ray diffraction pattern of the
embedded fiber.
We can offer no satisfactory explanation for the diffuse equa-

torial intensity at (1/1.9) nm-1 in the x-ray diffraction pattern
of the embedded fibers (see Fig. 1). Its appearance is associated
with phosphotungstic acid staining at low pH (unpublished re-
sults; ref. 35) on unstretched specimens. The diffuse intensity
indicates short-range order and is of a different character from
the sharp (1/3.8) nm-1 reflections. Above pH 5, the diffuse in-
tensity is greatly diminished, but the (1/3.8) nm-1 row line is
relatively intense (35).

Current models for the native crystalline molecular packing
differ in that two orthogonal 3.8-nm periodicities are a feature
of the tetragonal schemes whereas, in the quasi-hexagonal
scheme (9), the 3.8-nm periodicity is present in only one di-
mension. The latter scheme predicts a 2.5-nm periodicity at
=75° to the 3.8-nm periodicity. The present electron micro-
scopic observations are consistent with the quasi-hexagonal
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model; in any one region of the fibril cross section, the 4.6-nm
periodicity is present in only one dimension. Without further
electron microscopic data in the second dimension, however,
definitive evidence for or against either model is still unavail-
able. Nevertheless, the electron microscope results and the
quasi-hexagonal model can be combined to give a tentative
model for collagen fibril structure (Fig. 6). There are several
interesting features of the model shown in Fig. 6. (i) Viewed
from the side, the molecules appear tilted by -4° to the fibril
axis. The direction of tilt is fixed relative to the radially oriented
3.8-nm spacing. Therefore, the molecules appear to follow a
"helical" path around the fibril (25, 27-33). Variations in the
molecular tilt could be responsible for the observed variation
in the D period (3840). (ii) Molecules on the fibril surface are
in axial register. This may be related to the possible role of seg-
ment-long spacing aggregates in fibrillogenesis (41). As the 3.8-
nm spacing is oriented radially, the recently reported n X 8-nm
quantized increase in fibril diameters (42) would correspond to
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FIG. 5. Transverse section with optical diffraction patterns of adjacent areas (marked by arrows) of the same fibril. The abrupt change in ori-
entation of the z(1/4.6) nm-1 diffraction spots indicates concentrically oriented crystalline domains. Effective aperture diameter for optical dif-
fraction was 140 nm. (x200,000.)
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FIG. 6. Perspective view of two adjacent domains in a segment of
a tentative model for the three-dimensional molecular packing in col-
lagen fibrils. Open circles indicate sections through individual mole-
cules, and closed circles represent molecular ends; i.e., molecules in-
dicated by open circles are staggered by nD (n = 1, 2, 3, or 4) with
respect to the molecules indicated by closed circles. The 3.8-nm spacing
is oriented radially and corresponds to the distance between rows of
molecular ends. The plane of the molecular tilt is oriented 300 to the
exterior surface of each domain.

the addition ofa uniform layer, one unit cell thick, ofquasi-hex-
agonal packing around the fibril periphery. (iii) Concentrically
oriented crystalline domains have also been observed in some
forms of microtubule packing (43). Also, domain-like organi-
zation of crystallites consisting of hexagonally packed tilted
molecules is a common feature ofsmectic B-type liquid crystals
(17). Further work is required to elucidate the nature of the
apparent domain-like organization in collagen fibrils.
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