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ABSTRACT Human skin was labeled with purified antibodies
against type I and m collagens and against their extension ami-
nopropeptides by using the ferritin technique. Both aminopro-
peptides were visualized mainly along thin collagenous fibrils (di-
ameter, 20-40 nm) and rarely in nonfibrillar regions of the skin.
The labeling showed a periodicity of 60-65 nm resembling the D
(67 nm) stagger of collagen molecules. Blocking of antibodies with
aminopropeptides and treatment of tissues with procollagen NH2-
terminal protease abolished labeling. Antibodies against type I
collagen uniformly labeled -80% of the fibrils (diameter, 20-80
nm), while reaction with antibodies against typem collagen was
restricted to thin fibrils. It is currently thought that the amino-
propeptides of procollagen molecules are cleaved after they are
released from the cell and before fibril formation. Our data in-
dicate that aminopropeptides are removed at the fibrillar level
and that fibril growth can be regulated by extracellular procol-
lagen processing.

Type I and III collagens are major components of the dermis
and are organized into fibrils varying considerably in diameter.
Distinct growth of fibrils is observed during development and
may be disturbed in certain skin diseases (1). The mechanism
of controlling this process is unknown. It has also not been es-
tablished whether type I and III collagens are present in the
same fibrils. Both collagens can form D-staggered fibrils in vitro
showing identical cross-striations when examined in the elec-
tron microscope (2). Because specific antibodies against various
collagens and procollagens are available (3, 4), it is feasible to
identify distinct types of collagenous proteins at the ultrastruc-
tural level in situ, as was recently done for type III collagen
(5).

Interstitial collagens are synthesized in the form of procol-
lagens that possess additional extension amino- and carboxy-
propeptides. Each precursor-specific peptide is removed by
specific proteases (procollagen NH2-terminal and COOH-ter-
minal proteases) presumably after release of procollagens from
the cell (6). Cell and organ culture studies indicated different
kinetics in the processing of type I and III procollagens (7-9).
After cleavage, the aminopropeptides persist for some time in
the extracellular space, as shown by immunofluorescence stain-
ing with antibodies against these peptides (3, 4).
A functional role for extension aminopropeptides in the con-

trol of fibril growth was first suggested in studies of dermatos-
paractic animals, which, due to a defective NH2-terminal pro-
tease, accumulate an intermediate form of type I procollagen
(pN-collagen) in the skin and other organs (10, 11). The colla-
genous fibrils appeared thin and hieroglyphic (12, 13) and could

be stained with antibodies against the aminopropeptide by us-
ing a ferritin label (13). Small amounts of type I and III pN-col-
lagens could also be extracted from the skin of growing animals
(14-18). It was suggested (3, 14, 19) that these aminopropep-
tides are structural elements ofimmature or thin fibrils and that
their controlled release regulates further growth. In the present
study, we provide additional evidence for this possibility by im-
munoelectron microscopy.

MATERIALS AND METHODS
Skin Specimens. Normal human skin was obtained from

three male and one female normal volunteers (35-59 years old).
Biopsies were carried out on the arm or forearm under Xylo-
caine anesthesia and specimens were used immediately. Each
specimen was sectioned into an upper papillary and a lower
reticular portion and these were studied separately.

Preparation of Antibodies. Antibodies against bovine type
I and III collagens and pN-collagens were raised in rabbits and
rendered specific for the particular type ofcollagen or extension
aminopropeptide by immunoabsorption (3). Purified antibodies
consisted mainly of IgG and were dissolved in phosphate-buf-
fered saline pH 7.2/0.02% sodium azide. As shown previously
(4), each of the antibodies showed strong crossreactivity with
the corresponding human antigens.

Immunoelectron Microscopy. Labeling and fixation were
carried out at 4°C with a modification of a previously described
procedure for direct staining (13). Skin specimens were cut into
slices (1 x 0.2-0.5 mm) and fixed in 1% glutaraldehyde in 0.16
M cacodylate buffer, pH 7.4, for 20 min. They were then rinsed
three times for 10 min each with buffer and three times for 1
hr each with 0.15 M Tris-HCl, pH 7.4. Alternatively, skin spec-
imens were fixed in 1% 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide/0.35% glutaraldehyde (20). The two procedures
gave similar results. Fixed samples were incubated with 50-80
,ug of purified antibody in 0.1 ml of phosphate-buffered saline
with gentle shaking for 24 hr. After removal of antibodies, the
specimens were washed in several changes of0.15 M Tris-HCl,
pH 7.4 (16 hr), and incubated for 24 hr in 0.1 ml of ferritin-la-
beled goat anti-rabbit IgG diluted 1:5 (Nordic Immunology,
Tolburg, The Netherlands). The samples were then washed for
24 hr with 0.15 M Tris HCl, pH 7.4, and three or four times
(10 min each) with 0.16 M cacodylate buffer, pH 7.4, and fixed
for 2 hr in 3% glutaraldehyde/0. 16 M cacodylate, pH 7.4. Sec-
tions were fixed in 1% OS0 for 90 min, dehydrated with graded
alcohol (50-100%), and embedded in Epon. Blocks were sec-
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tioned into 60- to 80-nm-thick sections in a Porter-Blum ul-
tramicrotome. These sections were stained with 1% aqueous
phosphotungstic acid/1% uranyl acetate/Reynold's lead citrate
and examined in an electron microscope.

Control Experiments. For negative controls, specific anti-
bodies were replaced by equivalent amounts of rabbit IgG ob-
tained from animals that had not been immunized or by buffer.
In addition, equal volumes of antibodies against aminopropep-
tides type I or III (0.5-0.8 m/ml) and the respective purified
aminopropeptides (1 mg/ml in phosphate-buffered saline) were
incubated for 1 hr at 370C. After centrifugation (30 min, 34,000
x g), the supernatants were used in the labeling experiments.
Removal of Extension Aminopropeptide of Type I Procol-

lagen by NH2-Terminal Protease. The enzyme was purified
from chicken embryo tendon extract and showed no other pro-
teolytic activity except cleavage ofaminopropeptides from type
I procollagen (21). It was also active against human type I pN-
collagen but did not cleave human type III pN-collagen (un-
published results). Skin specimens were incubated with -0.04
unit of N-protease in 0.1 ml of 0.05 M Tris HCl, pH 7.4/0.15
M NaCl/5 mM CaCl2 for 3 hr at 30'C. These samples were
rinsed with cacodylate buffer, pH 7.4, and then subjected to
the fixation and labeling procedure. Controls were incubated
for 3 hr at 30'C in buffer.

RESULTS
The indirect ferritin-antibody technique was used to visualize
particular structures ofcollagen and procollagen in human skin.
Antibodies specific for type I and type III collagens and for the
irrespective extension aminopropeptides produced positive la-

beling in >90% of all tissue sections examined. Thus, the two-
step procedure used allowed sufficient penetration ofthe tissue
slices by the first antibody and the antibody-ferritin conjugate.
Most ofthe ferritin label appeared to be associated with fibrillar
structures having the typical cross-striation of collagen fibers
(Figs. 1-3). Type I collagen was mainly detected in regions in
which fibrils with a diameter of40-100nm were abundant (Fig.
1A), although some thin fibrils (20-40 nm) were also labeled.
In the same regions, antibodies against the type I aminopro-
peptide mainly labeled thin fibrils (Fig. 1B). Labeling was ob-
served along longitudinally sectioned and around cross-sec-
tioned fibrils. Antibodies against the aminopropeptide
occasionally showed reactions in regions of the skin devoid of
fibrillar structures (Fig. 2A).
The localization of antibodies against type III collagen and

against its extension aminopropeptide appeared to be restricted
to boundary zones of the dermis that lack thick fiber bundles,
such as around blood vessels or areas adjacent to the epider-
mal-dermal junction. Here, fibrils 20-60 nm in diameter (pre-
dominantly 20-40 nm) were distinctly stained (Fig. 3). Both
antibodies usually did not react in areas with abundant type I
collagen fibrils such as shown in Fig. 1. Usually, no labeling was
observed in nonfibrillar areas.
The uptake of label was specific as shown by three different

controls. Treatment of skin samples with buffer or normal IgG
and then with the antibody-ferritin conjugate produced no
staining except for a few randomly scattered ferritin particles.
The same negative result was obtained by blocking antibodies
against aminopropeptides with their specific antigens before
their penetration into tissue slices (Fig. 2B). This showed that
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FIG. 1. Comparison of stainingpatterns obtained with antibodies against type I collagen (A) and against the extension aminopropeptide of type
I collagen (B) in areas of human skin densely packed with cross-striated fibrih Compare the prferential-staining of thin fibrii shown in B-with
the more uniform reaction shown in A. Bars = 100 nm. (x 38,600.)
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binding of antibodies onto fibrils occurred at the antigen-bind-
ing site and not at another structure that might have acquired
affinity for collagen due to the acidic elution conditions used
during purification (3). Finally, treatment of skin samples with
procollagen NH2-terminal protease, an enzyme specific for the
aminopropeptide of type I collagen (21), abolished the reaction
with antibodies against this aminopropeptide (Fig. 2C). No de-
naturation of collagen fibrils was noted after this enzymatic
digestion. Treatment with buffer instead of with enzyme did
not alter the usual staining patterns.

Antibodies against extension aminopropeptides showed a
periodic distribution at 60-65 nm along fibrils well-exposed in
longitudinal sections (Figs. 1-3). This agrees with chemical and
immunochemical data (6, 22) suggesting that aminopropeptides
should be localized along fibrils at intervals corresponding to
the D stagger (67 nm) of collagens. Antibodies against type I
collagen showed a more uniform labeling pattern, as expected
from previous data (23) showing several antigenic determinants
along the entire length of the molecule. Frequently, labeling
around cross-sectioned fibrils occurred in a concentric fashion

(Fig. 3A Inset). Other, presumably tangentially cut, cross sec-
tions were asymmetrically labeled and occasionally they could
not be clearly distinguished from conglomerates offerritin par-
ticles in structurally amorphous regions.

Staining patterns were correlated to fibril diameters in a
morphometric analysis (Fig. 4). The evaluation was based on
selected distinctly labeled regions in the tissue sections that
apparently had been well penetrated by antibodies. Only cross-
striated fibrils in longitudinal sections that showed a perpen-
dicular arrangement of a least 10 ferritin particles along a dis-
tance of 20-30 nm were considered as positively labeled. The
data showed that the extension aminopropeptide of type I col-
lagen was associated exclusively with thin fibrils (diameter
20-40 nm). This was not due to poor accessibility because an-
tibodies against type I collagen reacted with a larger variety of
fibrils (diameter 20-80 nm) resembling the size distribution of
collagenous fibrils in the skin (Fig. 4A). About 15% ofthe fibrils
had a diameter >80 nm, and these were particularly found in
densely packed areas. They were not very well labeled except
in the periphery, indicating lack of sufficient antibody penetra-
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FIG. 2. Staining patterns of skin sections with antibodies against the extension aminopropeptide of type I collagen. (A) Many thin collagenous
fibrils are heavily stained and there is also some reaction with nonfibrillar regions (_o-); thick fibrils are not labeled. (B) There is no reaction after
the antibodies have been absorbed with the aminopropeptide. (C) Skin specimens previously treated with procollagen NH2-terminal protase do
not stain. Bars = 100 nm. (x 39,700.)
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FIG. 3. Staining patterns with antibodies against the extension aminopropeptide of typem collagen in a boundary region of human dermis.
(A) Distance between arrows is -60 nm. (x33,000.) (Inset) A few cross-sectioned fibrils stained by the same antibodies. (x46,300.) (B) Labeling
of type Im collagen. (x33,000.) Bars = 100 mm.

tion. The reaction patterns of antibodies against type III col-
lagen (5) and those against its aminopropeptide were similar and
included a large proportion offibrils of2O-to4O-nm diameter and
a significant fraction of the 40- to 60-nm-diameter fibrils (Fig.
4B).

DISCUSSION-

Immunoelectron microscopy data showed that extension ami-
nopropeptides are extracellular constituents of normal skin
mainly associated with 20- to 40-nm-thick fibrils. These ami-
nopropeptides are apparently not yet released from procollagen
molecules, as indicated by the D-staggered periodicity of ffir-
ritin staining and by their removal from the fibrils after treat-
ment with procollagen NH2-terminal protease. Thus, certain
fibrils in the tissue still possess, at least at their outer surface,
procollagen or pN-collagen molecules. The latter possibility is
more likely because ofthe demonstration ofsmall but significant
amounts of type I and III pN-collagens in normal skin (14-18).

Chemical (22) and physical (24) studies have shown that ex-
tension aminopropeptides are elongated and consist of a short
triple helix ("'12 nm long) and a noncollagenous domain with
the approximate dimensions 1.5 x 14 nm. An even more com-
pact shape is indicated by rotary shadowing of single pN-col-
lagen molecules (K. Kuhn, personal communication). This
structure could easily fit into the hole region (length, 40 nm)
of collagen microfibrils. Because a single pN-collagen molecule
contains two (type I) or three (type III) ofthese non-collagenous
domains, each at least as thick as a collagen molecule, they could
interfere with the further ordered association ofmicrofibrils into
larger fibrils for steric reasons. The extension carboxypropep-
tides are even bulkier (25, 26) and may not fit into the hole re-
gion on the outside of collagen fibrils. No ultrastructural data
are yet available on the persistence and localization of the car-
boxypropeptides in the extracellular space.

Our data support previous suggestions (3, 4, 19) that removal
of extension aminopropeptides is an extracellular process in-
volved in the control of fibril growth and locate a potential site
of NH2-terminal protease action to the fibrillar level. Different
NH2-terminal proteases are apparently required for the con-
version of type I and type III procollagens (21, 27). As shown
in organ culture, the aminopropeptides are released from type
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FIG. 4. Diameter of collagen fibrils from areas rich in type I col-
lagen (A) and typem collagen (B). The fibrils inA were stained with
antibodies against the extension aminopropeptide of type I collagen
and those in B were stained with antibodies against the extension
aminopropeptide of type m collagen. Each column indicates the frac-
tion (n/no) of fibrils evaluated within the size category, and shaded
area of the column shows the relative proportion of stained fibrils. In
a similar study, the fibrils were stained with antibodies against type
I and type Ill collagen; these results are indicated by the numbers in
A and B, respectively. Note that the distribution of fibrils with anti-
bodies against type I collagen closely resembles the distribution of fi-
brils in the 20- to 80-nm range. Larger type I collagen fibrils were less
efficiently stained, presumably due to lack of antibody penetration.
The data are based on examination of 500-750 individual fibers in
each experiment. n, Number of fibrils observed within a given diam-
eter range; no, Number of fibrils counted.
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III procollagen much more slowly than the carboxypropeptides
(9). Studies with cultured fibroblasts indicated an inverse order
of cleavage for type I procollagen (7, 8). This may be due to a
particular high activity of type I procollagen NH2-terminal pro-
tease in cell cultures since the rates of cleavage of carboxypro-
peptides from type I and III procollagens were similar in other
studies (9).
We propose a mechanism offibril growth for both type I and

III collagen starting with the initial deposition of pN-collagens.
This could occur by assembly of fibrillar structures from large
molecular aggregates.produced intracellularly (28) or by de-
position of single molecules. A controlled proteolytic release of
aminopropeptides is then required to allow further growth in
thickness. Specific procollagen NH2-terminal proteases are the
regulatory agents and cessation or inhibition of their activity
may terminate the growth of type III collagen fibrils, which
even in their larger variants (40-6 nm) still retained the ami-
nopropeptide. A long persistence of type III pN-collagen was
also found by in vivo labeling (29) and by immunofluorescence
analysis of a large variety of tissues (3, 4).
The growth-terminating events are perhaps more complex

for type I collagen fibrils. The crucial role of removing the ex-
tension aminopropeptide to allow fibril growth is emphasized
by the exclusive association of pN-collagen with thin fibrils in
normal skin and by the thin and irregular nature ofpN-collagen
fibrils in dermatosparactic skin (12, 13). Thick type I collagen
fibrils (40-80 nm) apparently lack the aminopropeptide, which
is not due to a technical artifact preventing appropriate antibody
penetration. Other mechanisms may operate, such as interac-
tion with proteoglycans, which could mask an outer layer ofpN-
collagen in the thick fibrils or prevent further deposition ofpN-
collagen (or both). Studies on developing tendon have shown
a considerable switch in the ratio between chondroitin sulfate
proteoglycan and dermatan sulfate proteoglycan when the type
I collagen fibrils start to grow substantially in diameter (30).
Dermatan sulfate proteoglycan is then eventually found in a D-
staggered arrangement on the outside ofthe fibrils (31). Another
control could be by fibronectin, which interacts with growing
collagen fibrils (32).
The question could also be raised as to whether the type I

propeptide has a special affinity for a unique group ofthin fibrils
and thus be not involved in the regulation of fibril diameter.
In this regard, preliminary data from similar labeling experi-
ments carried out in 10 day-old chicken embryo skin showed
selective labeling ofthin fibrils, while thick collagen fibrils were
not labeled (unpublished results).
The mechanism discussed above is compatible with several

other observations. It has been found that pN-collagen type I
in vitro forms much thinner fibrils when compared with col-
lagen type I (19). X-ray diffraction of dermatosparactic fibrils
shows, depending on the pN-collagen content, a poorly ordered
microfibrillar structure (33). Implantation of dermatosparactic
skin in millipore chambers into normal animals allowed the for-
mation of a normal tissue architecture (34). This suggested that
thick fibrils have been formed by fusion of thin fibrils after re-
moval of the extension aminopropeptides by procollagen NH2-
terminal protease supplied by the host. A similar fusion may
normally operate in the growth of type I collagen fibrils.
The lack ofcomplete correspondence in the staining patterns

oftypes I and III collagen (Fig. 4) indicates that the two protein
species are not necessarily located in the same fibrils. This pos-
sibility is strengthened by the observation that areas containing
many fibrils in parallel arrangement do not react very well for

not in close contact (Figs. 2 and 3), show preferential staining
for type III collagen but also some staining for type I collagen.
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