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Abstract

The mechanism of formation of fibrillar collagen with a banding periodicity much greater than the 67 nm of native collagen,
i.e. the so-called fibrous long spacifi§LS) collagen, has been speculated upon, but has not been previously studied experimentally
from a detailed structural perspective. In vitro, such fibrils, with banding periodicity 270 nm, may be produced by dialysis
of an acidic solution of type | collagen ard-acid glycoprotein against deionized water. FLS collagen assembly was investigated
by visualization of assembly intermediates that were formed during the course of dialysis using atomic force microscopy. Below
pH 4, thin, curly nonbanded fibrils were formed. When the dialysis solution reaehgld 4, thin, filamentous structures that
showed protrusions spaced &t270 nm were seen. As the pH increased, these protofibrils appeared to associate loosely into
larger fibrils with clear~270 nm banding which increased in diameter and compactness, such thapihy4.6, mature FLS
collagen fibrils begin to be observed with increasing frequency. These results suggest that there are aspects of a stepwise proces:
in the formation of FLS collagen, and that the banding pattern arises quite early and very specifically in this process. It is
proposed that typical 4D-period staggered microfibril subunits assemble laterally with minimal stagger between adjacent fibrils.
a,-Acid glycoprotein presumably promotes this otherwise abnormal lateral assembly over native-type self-assembly. Cocoon-like
fibrils, which are hundreds of nanometers in diameter and 1Q+80n length, were found to coexist with mature FLS fibrils.
© 2002 Elsevier Science BMnternational Society of Matrix Biology. All rights reserved.
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microscopy (Chapman et al.,, 1990; Ghadially, 1988
and atomic force microscopyAFM, Baselt et al., 1993;
Bowen et al., 2000; Gale et al., 1995; Revenko et al.,
1994). Collagen fibrils with periodicity clearly greater
than this have been observed both in vivo and in vitro,

1. Introduction

The fibril forming collagens may produce a variety
of constructs with different dimensions and ultrastruc-
tural morphologies both in vivo and in vitiEyden and

Tzaphlidou, 2001; Ghadially, 1988; Kadler et al., 1996;
Kuhn, 1982; Nimni, 1988 Preferential formation of
such constructs may be induced in vitro by subjecting
the collagen monomer to various solution conditions.
The typical fibrillar form of collagen is termed native-
type, and is characterized by the presence of banding
with ~67 nm period that is clearly visible by transmis-
sion electron microscopyTEM) or scanning electron

Abbreviations: AFM, atomic force microscopy; EM, electron
microscopy; FLS, fibrous long spacing; TEM, transmission electron
microscopy.
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and are generally classified as fibrous long spacing
(FLS) collagen(Eyden and Tzaphlidou, 2001; Ghadi-
ally, 1989.

Typical studies of the morphologies of collagenous
structures have been by TEM, in which image contrast
is caused by the relative ability of regions of the sample
to scatter or transmit electrons. Sample staining with
heavy, electron scattering elements is often carried out
in order to enhance the contrast within organic samples,
such as collagen. Staining patterns exhibited by various
collagen constructs have been instrumental in the inter-
pretation of the supramolecular architecture of the con-
structs in questiofChapman et al., 19901In the case
of AFM studies, beyond the drying on a flat imaging
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Fig. 1. Schematic demonstrating the proposed packing of collagen monomer in FLS collagen with 250-270 nm (Gnodm@t al., 1994
arising from a OD-staggered arré&g) of end-on-end collagen monomers. For comparison, a pentamer of 4D-staggered monomers is illustrated
schematically in(b). Note that type | collagen has a length of 280—300 (imni, 1988).

substrate also necessary in TEM, no sample treatmen@approximate composition by mass of the final FLS
is needed. Instead, image contrast is based upon theollagen fibrils is 45—-55%ux,-acid glycoprotein. Each
interaction forces between a nanometer-sized probe andf these conclusions will be considered with respect to
the sample surface. This provides, in the simplest andour results.

most frequently employed instance, a topographical It has been proposed that the banding pattern in FLS
image of the sample, possibly to sub-angstrom resolutioncollagen is due to collagen monomers aligned end-on-
(Bowen et al., 2000; Jandt et al., 2000; Kiselyova and end with non-specific orientatiofFranzblau et al., 1976;
Yaminsky, 1999. The technique of AFM readily allows Gross et al., 1994 giving rise to a spacing with
itself to the examination of large numbers of samples approximately the length of the monomer. The interpre-
with varying properties, permitting routine observation tation of monomer packing in this model was that no
of the morphology and the assembly stages of fibrillar overlap was taking place between subsequent monomers
biomacromolecules, and has been applied to the studylengthwise or laterally, leading to the later adoption of
of collagen structure by various grougBaselt et al., a ‘OD-period stagger’ being proposed for the FLS
1993; Fujita et al., 1997; Gale et al., 1995; Paige and collagen fibril. The D here refers to the standardb7
Goh, 2001; Paige et al., 1998; Revenko et al., 2994 nm periodicity in native-type collagefe.g. Kadler et
vitro, the formation of FLS collagen may be readily al., 1996. (Note that the monomer length is 280—
induced in mixtures of collagen and-acid glycoprotein 300 nm(Nimni, 1988, as compared with the 250-270
through the gradual increase of the pH from acidic to nm banding that is observed by electron microscopy
neutral(Highberger et al., 1950, 1951The morphology =~ (EM) or AFM.) This discrepancy in length scale was
of FLS collagen produced with;-acid glycoprotein is  addressed by the inclusion of an overlap in the FLS
highly reproducible, with a banding periodicity on the collagen model by various workefseviewed in Doyle
order of 250—270 nm demonstrated by both TEBtoss et al., 1975. A schematic of the proposed end-on-end
etal., 1952, 1954; Highberger et al., 1950, 1951; Schmitt packing of collagen monomers in FLS fibrils with OD-
et al., 1953 and AFM (Paige et al., 1998, 2001The stagger is given alongside a 4D-staggered pentamer, for
structures of the final fibrillar forms of FLS collagen, comparison, in Fig. 1. Neither the OD-stagger model or
formed both witha,-acid glycoprotein and with glycos-  the later proposed models incorporating a stagger explic-
aminoglycans such as chondroitin sulfate, have been thetly account for the necessity @f;-acid glycoprotein or
subject of several intensive studi&hapman and Armi-  for its inclusion in the FLS collagen fibril.

tage, 1972; Franzblau et al., 1976; Gross et al., 1952, Previous AFM studies conducted in our gro{Raige
1954; Highberger et al.,, 1950, 1951; Lin and Goh, et al., 1998, 2001 showed an intricate surface ultras-
2002a,b; Lowther and Natarajan, 1972; Paige et al., tructure of aligned protofibrillar units, with no evidence
1998, 2001; Schmitt et al., 1953and potential inter-  of individual monomer units, implying that the forma-
mediate structures from FLS collagen assembly were tion of protofibrils is a likely intermediate step. In TEM
reported by Gross et a{1954). However, the structural  images, collagen fibrils display an alternating series of
and morphological features of the FLS collagen assem-dark and light regions at the banding periodicity, where
bly pathway in vitro have never before been studied in the dark regions are those that scatter electrons more

detail. readily. A direct correlation between TEM and AFM
Franzblau et al.(1976) carried out an extensive imaging of exactly the same fibrils with and without
investigation of the interaction between-acid glyco- negative staining showed that these dark bands in TEM

protein and collagen. Three major conclusions were images correspond exactly to protrusions in the AFM
reached in this study. First, it was determined that an images (Lin and Goh, 2002a) How these banding
increase in viscosity by~60% is required in order to  patterns arise has yet to be determined.

observe the long spacing morphology. Second, the In this work, we address the fibrillogenesis pathway
removal of anionic sialyl groups from,-acid glycopro- of FLS collagen assembled in vitro withy-acid glyco-
tein prevents the formation of FLS collagen. Finally, the protein by direct visualization of assembly structures



J.K. Rainey et al. / Matrix Biology 21 (2002) 647-660 649

using the AFM together with light scattering measure- to investigate the assembly pathway by examination of
ments. These experiments follow the approaches usedhe self-assembly mixture during the time course of the
in earlier studies of native-type collagen assembly using dialysis. This was done by taking aliquots of the fibril-
EM (Cox et al., 1967; Gelman et al., 1979; Holmes et logenesis precipitating solution as a function of time,
al., 2001; Na et al., 1986; Trelstad et al., 1976; Vanameeand subjecting each to light scattering and pH measure-
and Porter, 1951; Wood and Keech, 196hd AFM ments, and to AFM imaging.
(Gale et al., 1995; Goh et al., 199%here the presence
of intermediate structures were demonstrated by sam-2.1. Pre-assembly
pling the assembly cocktail at various stages during
fibrillogenesis. Two very different mechanisms for native ~ Prior to initiation of FLS collagen assembly, the
collagen fibrillogenesis have been proposed: a simple precipitating solution consists of acidified calf-skin type
nucleation and growth mechanistdeveloped in detail | collagen and bovine serum-derived-acid glycopro-
in Comper and Veis, 19773,and a multistep hierar- tein. AFM images of the precipitating solution cast on
chical mechanism(reviewed in Trelstad, 1982 One mica demonstrate a relatively featureless filrig. 2b)
complication in these studies arise from observation of with very occasional presence of filamentous materials
different intermediates, depending upon the nature of (Fig. 29. In a typical diluted sample, the entire surface
the collagen starting materidreviewed in Holmes et  where the aliquot droplet was deposited was covered
al., 2002. Further AFM studies on assembly of collag- with protein film and filamentous materials were
enous structures have been carried out by correlation ofobserved very rarely, in much less than 5% of the
the fibril diameter with growth in native-type fibrils samples scanned by AFM. This is difficult to estimate
(Christiansen et al., 2000and by comparing the diam-  with certainty, since we are explicitly looking for these
eters of segmental long spacing collagen crystallites tofeatures which differ from the background film. Diam-
their morphologies(Paige and Goh, 2001 While eters of these filaments are estimated at 3—7(eract
native-type collagen assembly has been studied by manymeasurements were difficult due to the typical embed-
techniques, FLS collagen assembly has not receivedding of the microfibrils in the background protein fim
equivalent attention. and lengths are on the order of a few microns. As with
Considering the drastic morphological and dimension- the following fibrillar structures, the features and mor-
al differences between FLS and native collagen fibrils, phologies of these microfibrils were consistent between
an understanding of the FLS collagen assembly processaliquots taken in multiple fibrillogenesis experiments.
seems a crucial piece in the overall mosaic of collage- These images are indistinguishable from those observed
nous construction. The observation in vivo of a variety for acidic collagen solution without the added-acid
of FLS type collagens, typically in pathological tissues glycoprotein. From a morphological perspective, the
(Eyden and Tzaphlidou, 2001; Ghadially, 1988em- filamentous materials found in these pre-assembly solu-
onstrates the importance of understanding collagentions resemble the long, flexible microfibrils that domi-
fibrillogenesis beyond native-type collagen. The in vitro nate the early stages of the assembly of native-type
formation of FLS collagen witha,-acid glycoprotein  collagen, as we have previously observed by AFM
provides an excellent starting point for such study, since (Gale et al., 1995; Goh et al., 1997They are presum-
it leads to fibrils with highly reproducible morphology ably remnants of the original collagenous material,
(Gross et al., 1954; Highberger et al., 1951; Paige etwhich were not solubilized completely into monomers
al., 1998, 2001 In this investigation we observe hier- by the acidification process in the preparation of the
archical features in the FLS collagen fibrillogenesis stock solution and which were not removed by the
pathway, analogous to those in native-type collagen. Wesubsequent centrifugation and filtration steps: while
also show for the first time the onset of protrusions, almost all such materials are removed during these steps,
which, later in the fibrillogenesis, result in the charac- a few rare fibrils may have remained.

teristic FLS collagen banding pattern. Although there is some controversy in the literature
over the effects of already assembled impurities in such
2. Results and discussion redissolved collagen extracte.g. Holmes et al., 2001

we are readily able to form segmental long spacing
We have produced FLS collagen fibrils previously by collagen, which is composed of monomers packed in an
dialyzing acidic solutions of collagen and,-acid gly- unstaggered two-dimensional crystallite, from collagen
coprotein against deionized water ferl7 h (Paige et  stock solutions produced with the same protoddige
al., 1998, 2001 Note that this is somewhat modified and Goh, 2001; Rainey and Goh, 2002Jnder the
from the original methods of Highberger et 4lL950, acidic (pH 3.5-3.8 conditions employed in these pre-
1951 where tap water and, later, distilled water were vious studies, crystallites of one monomer in length
employed. In our previous work, an assembly mecha- were observed almost exclusively. Well below 1% of
nism was inferred from the ultrastructure of the mature the crystallites were seen in dimer or trimer end-on-end
FLS fibrils (Paige et al., 1998 In this paper we seek aggregates, and no polymeric end-on-end SLS was
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Fig. 2. Acidified pre-dialysis precipitating solution containing type | collagen apdcid glycoprotein. Contact mode AFM deflection images:
(a) microfibrillar clump (4x 4 um?); (b) typical protein film on mica substrate, as in backgroundaf(2X2 wm?).

observed. Therefore, we believe that these collagen stockndependent indicator of fibrillogenesis events. This
solutions are composed of significant numbers of colla- allows prudent choice of the most consistent aliquots
gen monomers and small, reversibly associated oligo-for AFM imaging purposes. In general, an increase in
mers; otherwise, formation of these crystallites would the number of scattering units, as well as any increase
not be readily possible or preferred. Following this in the diameter convoluted by the effect of increasing
evidence of readily available monomer units, we do not length dimensions of scattering units will lead to an
believe that the presence of microfibril impurities in the increase in scattering intensity. Note that while scattering
initial solution is essential for the assembly—e.g. to has been observed to be attenuated by increasing length
serve as the sole nucleation sites in the assemblyof rigid rods (Doty and Steiner, 1950 the growing
solution, since we are readily able to form large numbers collagenous materials should be somewhat flexible and,
of morphologically indistinguishable assembly products therefore, not affect the light scattering in as straightfor-
independent of the numbers of such aggregates observedvard a manner. For example, Deike et(@000 showed
However, if a substantial number of these are present,that static light scatteringncreases as a function of
they would likely affect the assembly, and we thus make increasing molecular weight for stretched and aligned

an effort to minimize their presence. polyelectrolytes in an electric field. Therefore, while the
majority of the scattering probably arises from diameter
2.2. Light scattering and pH measurements increase, we cannot predict the exact effect of increase

in fibrillar length on the scattering intensity. By using

During dialysis of the precipitating solution af;- AFM ima_lging alongside_ measured scatterir_\g intens_ity
acid glycoprotein and collagen against deionized water, to investigate the constituents of the solutions during
the pH changes slowly from an initial value 6f3.5 to the flprlllogeness process, we are able to obse_rve the
final value of ~5.5. This is accompanied by a marked evolution of morphology that leads to the formation of
increase in turbidity of the solution. The intensity of Mature FLS collagen.
scattered light increases with increasing pH in a nonlin-
ear S-shaped fashion: slower at low pH, and faster 2.3. Stages of the assembly
beyond ~pH 4. The following discussion will thus be
divided into three regimes—Ilow pHbelow ~pH 4), 2.3.1. Early stage: below ~pH 4
intermediate pH(~pH 4 to ~pH 4.6), and high pH During this earliest dialysis stage, which takes approx-
(above ~pH 4.69—which later will be seen to have imately 2—6 h under our conditions, curly microfibrils
marked differences in the solution contents. Note that appear more and more prevalent relative to the nonde-
because of the discrete nature of the sampling, we script background protein film. By the end of the period,
cannot pinpoint transition regions very accurately. Fur- at least 80% of AFM scan areas contained these clumps
thermore, the rate of pH increase caused by the dialysisand images were dominated by their appearance, as can
is somewhat different in every solution. Therefore, we be seen in Fig. 3. The very isolated clump in Fig. 2a as
do not attempt any quantitative analysis at this point; opposed to the much larger collection in Fig. 3a are
instead, we primarily use the scattering intensity in typical of AFM scan features seen in the pre-dialysis
conjunction with pH measurements to provide a second, mixture and towards the end of the early stage, respec-
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Fig. 3. Dialyzing FLS collagen solution in early stage of fibrillogenesis at pH 3.66. Contact mode AFM images demonstrating curly microfibril
structures with no resolved bandin@) deflection image(3x 3 wm?); (b) height image(2x 2 um?; black: 0 nm, white: 30 nm

tively. Beyond the increased numbers and, therefore,increases, the diameters of these filaments generally
clumping, these microfibrils are morphologically indis- increase.
tinguishable. (Quantitative analysis of microfibrillar Previous work on FLS collage(Paige et al., 1998
ultrastructure is still not readily possible at the imaging noted the presence of protofibrils, which were then
concentrations employed due to the intertangled natureproposed as possible intermediates to the assembly. The
of the fibrils and the microfibril embedding within the fibrils we observe in this stage of the assembly are
background protein film; general fibril dimensions are similar in dimensions to those protofibrils; beyond this
the same, at 3—7 nm in diameter and lengths on thedimensional similarity, the intermediate structures below
order of a few micron3.The observation of such greatly demonstrate that these thin banded fibrils are likely the
increased numbers of indistinguishable microfibril struc- same species as the earlier protofibrils. Banding was not
tures supports the hypothesis that their presence in theseen in those protofibrils, but this could be due to a
stock solution is not essential for nucleation, although lack of resolution. The thin~270 nm banded fibrils
this cannot be proven unequivocally without the use of will be called protofibrils from here on.
a purely monomeric stock solution. We can attribute the  As the dialysis proceeds furthér.e. with increasing
increase in light scattering intensity at this point to the time and pH, larger fibrillar aggregates with clear
increased numbers of these aggregates, which wouldbanding patterns are observé€ig. 5a—d. These fibrils
scatter light due to both their increased length and have similarities to mature FLS collagen fibrils as
diameter relative to the smaller-acid glycoprotein and  reported in the literaturéPaige et al., 1998, 200land
collagen monomers and oligomers in the stock solution. shown in Fig. 6, in terms of the banding and length, as
well as in the presence of ultrastructure that can be
2.3.2. Intermediate stage: from ~pH 4.0 to ~4.6 attributed to protofibrils. Compared to mature fibrils,
During this intermediate stage in FLS collagen fibril- the fibrils found in this assembly stage appear to consist
logenesis, which occurs typically from 5 to 12 h of of much more loosely bound protofibrils afmt micro-
dialysis with our dialysis conditions, a different fibrillar ~fibrils, such that the deposition onto mica for AFM
morphology appears. When the dialysis solutions reachimaging flattens them considerably. Collagen fibrils, in
~pH 4, AFM images reveal the presence of thin fibrillar general, interact strongly with mica. Hence, collagenous
structures, some of which show banding with periodicity aggregates typically appear flattened by the deposition,
of ~270 nm. Examples of these structures are shownwell beyond accounting for tip convolution effects.
in Fig. 4a—d. This banding pattern matches that of the However, the structures observed here are flattened
mature FLS fibril. The inset longitudinal-sections in Fig. extremely, as can be seen in Fig. 5a—c. The interaction
4b-d, with the dotted lines separated by exactly 135 with mica also serves to accentuate the protofibrils.
nm serving as an aid to the eye, demonstrate that theThese laterally aggregated structures will be referred to
banding is due to protrusions on the protofibril surface, as intermediate fibrils, to distinguish them from the
which are approximately 2—3 nm higher than the inter- other fibrillar forms.
band region. During this stage of the assembly, fibril As the assembly progresses, the packing of the pro-
diameters and lengths are approximately 3—12 nm, andtofibrils tightens and they appear less flattened on the
approximately 3-20uwm, respectively. As the pH substrate in the intermediate fibrils, as can be seen in
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Fig. 4. Protofibril structures observed during the early intermediate stage of FLS collagen fibrillogenesis. Contact mode AFM height images
(black: 0 nm height (a) typical clusters of protofibrils at pH 4.26 x5 wm?; white: 35 nm; (b)—(d) 2x2 wm?: (b) protofibril at pH 4(white:

15 nm); (c) protofibril at pH 4 (white: 10 nm; and (d) 90° rotated zoom of boxed reqion i@ (white: 30 nm. Insets in(b)—(d): longitudinal-

sections along indicated portion of fibril—the vertical lines are separated by 135 {nthe FLS collagen banding period.

Fig. 5d for a sample taken at pH 4.25. The diameters protofibrils with periodic protrusions associate laterally,
are now ~10-20 nm. From the AFM images obtained is fully consistent with our previous observations of the
in this stage of the assembly, it appears that the proto-existence of protofibrillar structures within the mature
fibrils formed during the early stages associate laterally, fibrils (Paige et al., 1998 The present study, though,
in a manner such that their surface protrusions are inprovides a greatly improved ability to discern the inter-
register, to form the intermediate fibrils. Branching is mediate structures and to allow speculation on their
also often evident as the intermediate fibrils continue to composition.

associate, as can be seen throughout Fig. 5. The fact

that banding periodicity is maintained in register at 2.3.3. Late stage: above ~pH 4.6

fibrillar branches is readily apparent, further demonstrat-  When the dialysis solutions reachpH 4.6, typically
ing the alignment of protrusions in the constituent petween 10 and 18 h after initiating the dialysis, mature
protofibrils. FLS fibrils that look similar to those previously observed
Based on the AFM images, protofibrils and interme- by both AFM and EM begin to show ufFig. 6). These
diate fibrils appear to be less flexible than the microfi- are characterized by the existence of a clear banding
brils that were found at low pH, probably due to their period of ~270 nm, diameters of tens to hundreds of
larger diameter-to-length ratio. The more rapid increase nanometers, and lengths of a few microns. Protofibrils
in turbidity at this stage of the assembly may be are evident within the mature fibrils; fibrillar material is
attributed most directly to the increased diameter and also evident on the surrounding substrate, but since we
number of these less flexible fibrillar structures. The do not typically see banding, this is probably microfi-
assembly steps observed in the current work, whereinbrillar in nature. Unlike intermediate fibrils, the mature
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Fig. 5. Structures observed during late intermediate stage of FLS collagen fibrillogenesis. Contact mode AFM deflection(@negjatvely
loosely associated intermediate fibrils at pH 4.@5x5 wm?); (b) zoom in boxed region ofa) demonstrating protofibrillar constitution of
intermediate fibrils(2x 2 wm?); and, height imageséblack: 0 nm height (c) intermediate fibrils demonstrating loosely associated protofibrils
at pH 4.25(5x5 wm?; white: 40 nm and, (d) showing tightly associated protofibrils at pH 4.48Xx 5 um?; white: 75 nm.

Fig. 6. Structures observed during fibril maturation stage of FLS collagen fibrillogenesis. Contact mode AFM deflection images: typical later
growth stage fibrils observed at pH 4.%8: 2x2 um?) (b) and at pH 4.9b: 10X 10 wm?).
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Fig. 7. Cocoon-like apparent assembly end-product observed after dialysis to pH 4.8. Contact mode AFM deflectiofianE@e40 pm?;

(b) 1.5x1.5 um? zoom in middle region of fibril shown ifia). (c) Longitudinal section along entire length of fibril shown (@)—the dotted
lines are spaced at 1080 nm,4 X the banding period of the FLS fibrild) Cross-section perpendicular to fibrillar long axis near middle of
fibril. Note the different horizontal scales i) and (e).

fibrils appear much more compact, as can be seen by &ibrils have not been reported previously in FLS colla-
comparison of Figs. 5 and 6. The branching observedgen, and we have correspondingly found that their
in intermediate fibrils also persists in mature fibrils and formation is somewhat sporadic. This implies that the
pointed tips are frequently observed, as can be seen information of cocoon structures is probably induced by
Fig. 6b. Blunted tips are also sometimes observed in some as yet undetermined combination of factors during
FLS fibrils, as shown by Paige et d1998. Whether fibrillogenesis. Aside from the general shape, these
these are truly stable fibrillar tips, or only quasi-stable cocoons have the same banding features and surface
structures trapped by deposition on a mica surface ultrastructure as other mature FLS collagen fibrils.
remains to be seen.

After the dialysis has proceeded for more than 12 or 2.4. The onset of banding in FLS collagen
more hours, and the solution has reachedH 4.8 or
higher, a new morphology appears. Fibrils that have the In the early stages of the assembly, at low pH, no
characteristic 270 nm banding, but that are cocoon-like banded fibrils were seen; the only fibrillar structures are
structures, often with pointed tips, are found to coexist long, flexible microfibrils. While we are not able to
with regular FLS fibrils (Fig. 7). These cocoons are pinpoint the transition accurately, it appears that there is
large, with nominal diameters ranging from 200 nm to a critical pH, that once attained initiates the formation
1 wm, and lengths of 4-2@.m. Because the height is of a different type of fibril, referred to herein as
greatly compressed compared to the width on adsorptionprotofibrils. These protofibrils appear less flexible than
(e.g. Fig. 7d, these diameters, measured as the maxi- the microfibrils in that all the images we obtain indicate
mum height above the substrate, are probably greatlyless bending. An ultrastructure composed of protrusions
underestimating the actual diameter in solution. Unlike that are spaced by~270 nm first appears on these
typical fibrils, which remain fairly uniform in diameter protofibrils. The repeated observation of the direct align-
until almost at the pointed tips, the most ideal cocoon- ment of the protrusions on protofibrils in intermediate
like fibrils taper off in diameter from the maximum at fibrils (as in Fig. 9 and the lack of obvious protrusions
their middle; these pointed tips are very similar to some in the flat interband regions of the mature FLS collagen
reported native collagen tactoid®.g. Leibovich and fibrils (Figs. 6 and 7, and Paige et al., 1998, 2D01
Weiss, 1970. Some of these fibrils, like typical FLS implies that the protrusions observed at these early
collagen fibrils, also display blunted tips. Cocoon-like stages are the direct precursor of the periodic banded
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structures which have been so highly characteristic of studies, we have not yet been able to do so in this case.
mature FLS collagen fibrils ever since the very first Instead, we sample the dialysis solution as a function of
observations over 50 years ago. time, and attempt to reconstruct the assembly process
While it is possible that these periodic protrusions are based on the intermediate structures that are present at
a result of some complex association between assemblyarious times. There are distinct types of structures
intermediates that we are unable to see in these experiobserved during the course of the assembly, the char-
ments, we prefer to consider the simple hypothesis thatacteristics of which are summarized in Table (i) at
they are due to the binding ai;-acid glycoprotein to  the start there are individual molecules, or small aggre-
specific sites on the collagen, whether in monomer, gates;(ii) long, flexible microfibrils that have no visible
microfibril, or protofibril form. This is readily possible.  banding; (iii) thin, banded fibrils with periodic protru-
The pl of a;-acid glycoprotein is reported as anywhere sjons, which we designate as protofibrildy) banded
from 2.8 to 3.8(Fournier et al., 2000and its glycan fiprils with loosely bound protofibrils, which we call
chains are highly sialylated. Sialic acid should be highly intermediate fibrils; andv) mature FLS fibrils, corre-
anionic at any pH during the dialysis, since it has a sponding to previous FLS collagen studies. In some
PK, of ~2.2 (Traving and Schauer, 1988As shown  cases, the observed product is a large, cocoon-like
by Franzblau et al(1976), removal of the sialyl units  gtrycture instead of the somewhat narrower, typical
from «;-acid glycoprotein prevents FLS collagen from fiprijjar form. However, this may very well proceed via
forming, demonstrating the necessity of these highly 4 gifferent assembly pathway than normal FLS collagen.
anionic species in the fibrillogenesis proceas-Acid That such distinct morphology appears at different points
glycoprotein is found in vivo with a variety of glycan i, the assembly suggests that there is a stepwise nature
chain configurationd Schmid, 1989. A solution phase 14 this process. Any assembly mechanism following this
small angle neutron scattering study by Perkins et al. particular pathway, which is probably only one out of a
(1985 showed two possible conformations for the competing ensemble, has to be consistent with the

Iglyc;]oproteln,fdgpendmg upon the gI;l/can umtzp;‘ers]ent. appearance of these observed intermediate structures, as
h the case of tri- or tetra-antennary glycans, which have o 55 the differentiation from native-type collagen

Eeen rep\c;rter:j_ to mak? ufggO% of the m|xtu(rje|_||(n assembly. Taking these considerations into account, our
umans (Yoshima et al, I a compact, rod-like proposed assembly pathway is outlined in Fig. 8.
structured~l7—?1 nm n _Ie_ngthlcz;l(;d ? r;m ';n dlamet_er IS The first step(i in Fig. 8) is the formation of the
t)hropbc_):se t. n the remfalnlngt]_ t?]o tl e umei[n mixture, long, flexible microfibrils, through the association of

€ bi-antennary conformation, the glycan units aré Seen ., ., ars and short oligomers. Similar microfibrils
to be highly flexible and typically extended away from : . .

. L 7 were found in native-type assemblgale et al., 1995;
the protein surface in ionic solution. The former confor- Goh et al., 199¥, and this step may be the same for
mation may be assumed to be that which would typically : N ' i
be observed in solution, leaving the anionic sialylated native-type and FLS collagen. Thus,-acid glycopro-
glycan units exposed on the surface of the protein. tein may not play a rol_e in this Process. However, It is
These could readily bind to collagen, which contains also possible thab‘l'ac_'d egcop_roteln bmds_to some
many basic arginine and lysine residuégetzek and c_oII_agen monomers prior to their asse_zmbly into micro-
Kuhn, 1978 which would be cationic at any pH under fibrils and it is glso quite likely Fhadsfl—aud glycoprotem
consideration. If thex;-acid glycoprotein is binding at affects the fibrillar _gs_sem_bly kmgtlcs during thl_s stage.
the exact periodicity of the banding protrusions Th€ next step(ii in Fig. 8) is the formation of
observed, the 2—3 nm increase in height may be attrib_protoflbrll_s. As dlspu_ssed in the. previous se_ctlon, we
utable to the~3 nm diameter proposed for the glyco- Nypothesize that this is whetg-acid glycoprotein plays
protein. In order for an FLS collagen fibril to be @n important role, by binding to specific sites on
composed of~40—45% by weighty,;-acid glycoprotein, collagen within the microfibrils. The boundk,-acid
or 6—8 glycoprotein molecules per collagen monomer glycoprotein molecules thus correspond to the protru-
(Franzblau et al., 1996 then multiple binding events sions in the protofibrils, which are spaced apart by
must occur and must be prevalent. In the early, isolatedapproximately 270 nm. The viscosity increase that was
protofibril stage shown in Fig. 4, however, this cannot observed by Franzblau et a1976) to be crucial in
be differentiated from a single binding event. Further- FLS formation most likely corresponds to the onset of
more, direct identification of the chemical species in observation of protofibrils; i.e. to step ii in Fig. 8
this case is unfortunately not within the capability of becoming favourable. Viscosity increase is concomitant
the AFM. with collagen oligomerizatiorfNa, 1989, which corre-
lates well to the dramatic increase in microfibrillar
species observed prior to protofibril formation. However,

It would be best if we could observe the assembly in the role of the pH change in proceeding from step i to
situ, but while AFM is potentially capable of such step ii in Fig. 8 cannot be discounted as a key factor.

2.5. Proposed fibrillogenesis pathway for FLS collagen
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Table 1
Morphological features of collagenous species observed during indicated stage of dialysis induced FLS collagen self-assembdgiditlycoprotein; figures are given for representativ

AFM images, where appropriate

(24

Species Observed during Length Diametef (nm) Banding

Type | collagen monomeiNimni, 1989 Not resolved herein ~280-300 nm ~1.5 N/A

Microfibril Pre-dialysis(Fig. 2) and early stag€Fig. 3 2-7 um 3-7 Unresolved

Protofibril Early intermediate stagéig. 4) 2-20pm 6-10 Protrusions separated by 270 nm

Intermediate fibril Later intermediate stageig. 5) 4-20pm 10-20 Aligned 270 nm protofibrillar protrusions

Mature fibril Late stagdFig. 6) 4-20pm 50-400 270 nm periodicity protrusions separated by flat, interband regi
Cocoon-like mature fibril Late stage—extended dialy@$tiy. 7) 4-20pm 200-1000 270 nm periodicity protrusions separated by interband regions

2 Diameter measurements are quoted as maximum measured heights above the flat imaging substrate; this is likely an underestimate of the da@utieerstate
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Fig. 8. Schematic of proposed assembly pathway for FLS collagen starting from collagen masigoerer stock solution withy,-acid gly-
coprotein.(i) Microfibrils form from the collagen solution; these appear long and curly, typically in bunches, by APM:,-Acid glycoprotein

adds to microfibrils(possibly in overlap regionforming protofibrils with protrusions at 270 nm periodicity; these are characteristically much
less curved than microfibrilgiii ) Protofibrils, microfibrils andx;-acid glycoprotein self-assemble to intermediate fibfilg) Continued assembly
produces FLS collagen fibrils with protrusions spaced evenly at 270(fhese may be branched and may have pointed tips; tactoids are also
sometimes observedTable 1 gives typical dimensions of structures observed by AFM. Note that the width and length dimensions are not to
scale for the schematic; the relative scale of the FLS banding period is given for each stage prior to the final fibril.

The flexibility of these microfibrils implies a fairly
short overlap period, allowing the typical flexibility

decreasing fibril flexibility. In addition, we can postulate
that «j-acid glycoprotein, being a reasonably large

observed in type | collagen monomers adsorbed to micapolyanion, can serve to bind two fibrils together. Inter-

(Shattuck et al., 1994; Yamamoto et al., 20@0 be at

mediate fibrils are thus formeGstep iii in Fig. 8 when

least partially retained. Given the extensive literature on protofibrils encounter each other. One can imagine a
native collagen structure, the most likely molecular zipper-like mechanism, where the association is initiated

structure for these early stage microfibrils is a 4D-
stagger(Kadler et al., 1995 in which each subsequent

at a few points wherex,-acid glycoprotein are bound.
Equally possibly, a second microfibril could join side-

monomer overlaps at a stagger of 4D-periods as in Fig. by-side with a protofibril, binding to the exposed-

1b. This relates very well with the-0.4D overlapping
fibrillar model determined to be most likely by Doyle

acid glycoprotein. Thus, in intermediate fibrils, one sees
laterally associated protofibrils and microfibrils where

et al. (1975, although the proposed anti-parallel lateral the protrusions, ascribed to the presence ogfacid
association cannot be tested here. From our presenglycoprotein, are in register. The direct alignment of
results, the degree and nature of lateral association inprotrusions becomes particularly obvious when fibrillar
these intermediate assembly species is rather uncertainbranching is observede.g. Fig. 5. The ~270 nm
However, lateral association must be taking place to spacing period implies that the,-acid glycoprotein is
some degree since the diameters of 3—7 nm for thepromoting direct lateral association of the 4D-staggered

flexible microfibril structures indicate that these struc-
tures are not simply monomefs~1-2 nm diameter
associated by a 4D-stagger.

Whether binding ofx;-acid glycoprotein to the fibril-
lar species serves to reduce fibril flexibility, or pH
increase reduces fibrillar flexibility which then promotes
a,-acid glycoprotein binding cannot yet be discerned.
In either mechanism, the entropic disfavour of lateral
association of the microfibrils would be decreased with

microfibrils without significant further staggering.e.
themselves staggered by DD

The strong interaction between the component proto-
fibrils and microfibrils, mediated byx;-acid glycopro-
tein, serve to tighten their packing, resulting in the more
compact structure of the mature FLS fibrilstep iv in
Fig. 8). Microfibrils, protofibrils and intermediate fibrils
may then continue to add to these mature FLS fibrils,
resulting in growth of diameter with timex;-Acid
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glycoprotein likely continues to bind as well, leading to protrusions begin to appear on the thin, curly fibrils at
the final fibril form which only contains one collagen exactly the long-spacing banding periodicity of mature
molecule for every 6—8;-acid glycoproteins. FLS collagen. These early protrusions have a strong
The exact molecular orientations and locations of predisposition towards lateral association, as demonstrat-
individual collagen molecules in the FLS fibril can be ed by AFM imaging of further intermediates in the
predicted, as discussed above, but cannot yet be deterassembly. Eventually, mature FLS collagen fibrils, as
mined with certainty. We can rule out the simplest OD- previously reported, become predominant. The proposed
stagger fibrillar structure given in Fig. 1a, since a stagger model is that of 4D-period staggered microfibril subunits
of some nature is necessary to provide spacing clearlyassembled laterally with little further stagger. The role
less than the monomer length. This seems most likely of «s-acid glycoprotein is presumably in driving this
to be a coherent lateral association of 4D-staggeredlateral assembly over the standard microfibrillar self-

microfibril subunits bridged bya,-acid glycoprotein,
leading to the ubiquitous banding at 252—-270 fon
~90% of the 280—300 nm monomer lenythrurther-
more, lack of any stagger whatsoever is difficult to
rationalize with the fairly clear involvement af,-acid

glycoprotein as a necessary building block beginning in

the protofibril stage after the formation of microfibrils
which are presumably 4D-staggered.

What is still missing in this picture is the detailed
role of slow pH change in the assembly. At low [gk.
the starting pH of~ 3.5), all the acidic amino acids are

nearly neutral, while the basic amino acids are positively
charged, resulting in a net positive charge to the collagen

monomer. As the pH increases, some acidic amino acid

of the charge distribution will be a key to extracting the
details of the assembly, and we are currently working
on this problem.

3. Conclusions

The mechanisms underlying the differential formation
of various collagenous constructs, both in vitro and in
vivo, are still not well understood. FLS collagen is a
construct with dramatically larger dimensions and dif-
ferent surface morphology than the typical fibrillar form
of native collagen. The major identifying feature of FLS
collagen since its discovery in 1950 by Highberger et
al. (1950 has been the clearly periodic spacing at 250—
270 nm observable by both TEM and AFM. Beyond
the necessity of a second species, in this casacid
glycoprotein, little is known about the reasons for
preferential formation of FLS collagen over native
collagen.

AFM imaging allowed the investigation of structures
present during the course of dialysis to form FLS

collagen allowed three apparently stable intermediates

in the FLS collagen fibrillogenesis pathway to be shown,
along with the precise identification of the onset of the
long-spacing banding. Below a cut-off pH ef4, no

coherent banding is apparent on the thin, curly fibrillar

s
get deprotonated, and the charge distribution is altered.
This implies that the step-wise assembly is effected by
the slow change in charge distribution, which enables
events to occur sequentially. Understanding the nature

assembly to produce 1D-period native-type stagger.
Cocoon-shaped fibrils microns in length and up to a
micron in diameter may also be produced.

4. Experimental procedures
4.1. In vitro FLS collagen self-assembly

A ~1 mg/ml acidified collagen stock solution was
prepared by the following procedure. Type | calf-skin
collagen (~99% purity, Sigma, St. Louis, MDwas
dissolved in a solution of 0.01 M acetic acid in deionized
water with gentle shaking to a concentration~el mg/

ml. It was then allowed to dissolve overnight at’@,
producing a cloudy white solution. This was then cen-
trifuged at 47 80& g for 60 min at 4°C to remove
remaining insoluble aggregates. After centrifugation, the
clear supernatant was carefully decanted so as not to
disturb the pellet, thus forming the 1 mg/ml acidified
collagen stock solution. A portion of this stock solution
was filtered through a 0.4%.m filters (Millex-HYV,
Millipore, Bedford, MA) before being combined with
an equal volume of a 0.5 mignl «;-acid glycoprotein
solution (~99% purity, bovine serum derived, Sigma
forming what is referred to as the precipitating solution.
The a,-acid glycoprotein solution was prepared imme-
diately prior to use by dissolving the white solid in an
appropriate amount of 0.01 M HOAc solution at’@.
The precipitating solution containing 0.5 mg/ml col-
lagen and 0.25 mgml «,-acid glycoprotein was then
transferred into soaked dialysis tubing with a molecular
weight cut-off of 12—14 kDaSpectrdPro, Spectrum,
Gardena, CA and sealed. It then underwent dialysis
against a water bath of deionized water at Z1.
Typically, a total 8 ml volume of the precipitating
mixture was dialyzed against 300 ml of water. The
initial pH of a precipitating solution was-3.5. After
overnight dialysis, the pH increased to a level-5.5.

4.2. Sampling of the FLS collagen dialysis solution

Removing the dialysis tubing from the water bath
over periodic 30 min intervals stopped the dialysis of

structures seen. Once this pH is surpassed by dialysisthe precipitating solution. During this time, pH and
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scattered light intensity readings were quickly taken, several different sampling areas obtained from several
and a 10wl aliquot was removed from the precipitating fibrillogenesis runs. In the discussion, longitudinal- and
solution for AFM imaging. For pH and light scattering cross-sections refer to sectiéan a height mode image
measurements, 2 ml of the precipitating solution was taken parallel and perpendicular to the long axis of a
temporarily transferred from the dialysis tubing into a fibrillar species, respectively.

polystyrene cuvette. Upon completion of the measure- We have opted to allow the samples to dry at ambient
ments, which took approximately 5—10 min, this portion temperature and pressure to avoid the introduction of
was quickly returned to the dialysis tubing and replaced possible drying artefacts by application of a pressurized
in the water bath in order to continue dialysis. The gas such as nitrogen; even at such conditions, the
dialysis was thus periodically interrupted in order to majority of the droplet will have evaporated ir 10
make light scattering and pH measurements, but sincemin. As noted, dilutions were carried in deionized water
the final products were indistinguishable from those prior to AFM imaging. Our primary reason for use of
formed in an undisturbed FLS assembly, we assume thatdeionized water is to avoid the introduction of additional
the disruption was relatively minimal, although the salts to complicate images, as would be found in buffer
overall kinetics of the process are likely affected to solutions. Upon dilution, the samples were applied to
some degree. The time scale of the interruptions wasmica within seconds in an attempt to minimize any
also purposely kept extremely sh€B—10 min relative adverse effects. Furthermore, while the images presented
to the overall dialysis periodupwards of 12 h As a are typically of diluted samples, to provide more regions
further note, collagen assembly may be continuing after with a sample density low enough to allow examination
deposition on mica. Given the strong adsorption of of single collagenous species, we see the same structures
collagenous species to mica, which is not perturbedin aliquots deposited without dilution, implying that
even after rehydratiorffor FLS collagen see Paige et dilution is not drastically changing the structures
al.,, 2002, we would not expect a lot of free collagen observed.

species to remain in solution upon deposition of the

aliquot on mica. Therefore, during the10 min drying Acknowledgments
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