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The collagen fibrils of human or guinea pig dermis when exposed to the denaturing agents, 
urea or guanidine-HC1, dissociated into smaller, disparate subunits, probably aggregates of 
microfibrils. The process of dissociation demonstrates that  the fibrils are assembled helically. 
Initially, diagonal clefts appear on the surface of the fibril. These clefts are surface manifesta- 
tions of a spirally oriented, internal space. Continued exposure to these denaturants resulted 
in progressive dissociation of the fibril into helically oriented subunits. It is suggested that 
water-miscible compounds such as glycols or hydroxypropyl methacrylate, in addition to the 
urea-guanidinium class of denaturants used in this study, affect the observed fbrillar changes 
through the disruption of hydrogen bonds between the microfibrils making up the fibril. Such a 
mode of action may explain why freeze-fractured or '~inert embedded" collagen demonstrates 
helical organization while other, more conventional methods of tissue processing do not. 
Further support for the proposed mode of action of these dissociative agents was provided by 
the observation that  mature collagen, in which extensive intra- and intermolecular covalent 
crosslinks are present, is more resistant to dissociation than newly formed collagen. 

The now classical ultrastructural de- 
scription of collagen as a fibril demonstrat- 
ing 64 nm, periodic cross banding due to 
the precise ordering of the substituent 
molecules, stands as one of the few exam- 
ples in biology where the appearance of a 
fixed, sectioned and stained specimen can 
be reasonably well explained on the basis 
of its molecular structure. However, the 
intermediate (supramolecular) levels of fi- 
bril organization, those between the colla- 
gen molecule and the fibril proper, have 
only recently begun to be explored. It is 
currently believed that collagen molecules 
are assembled into microfibrils, which in 
cross section are made up of between 4 and 
8 collagen molecules (7, 11, 22), and that 
these microfibrils are in turn assembled 
into fibrils. Another intermediate unit of 
organization, the subfibril, is present in 
reconstituted collagen fibrils; however, 
there is no current evidence for its exis- 
tence in native collagen (7). 

A recent review has emphasized the bio- 
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chemical and biophysical evidence for coil- 
ing in three (polypeptide chain, collagen 
molecule, micro fibril) of the four levels of 
fibril organization, the last level of organi- 
zation being the fibril proper (18). Mor- 
phological studies of collagen prepared by 
freeze-fracture procedures have described 
diagonal clefts in fibrils which suggest 
that the fibril itself is helically organized 
(4, 19, 23). These recent freeze-fracture 
studies have rekindled interest in earlier 
observations made on negatively stained 
(or shadow casted) intact fibrils or embed- 
ded and sectioned fibrils which suggested 
that the fibril was assembled helically (3, 
6, 18, 25). In this report, we describe a 
helical type of organization present in der- 
mal collagen fibrils subsequent to expo- 
sure of the tissues to dissociative solvents. 
We further propose a mechanism which 
may explain why certain preparative pro- 
cedures demonstrate the helical organiza- 
tion of fibrils while other, more  conven- 
tional methods do not. 
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MATERIALS AND METHODS 

Specimen preparation. Samples of human and 
guinea pig dermis were used for these studies. Hu- 
man samples were obtained from the abdominal 
walls of nine patients at autopsy. The individuals 
studied ranged in age from 6 weeks (after birth) to 
70 years. Patient histories were reviewed to exclude 
known diseases of collagen. Guinea pig dermis was 
obtained from the pinna of 300-325 g male guinea 
pigs (5 animals). All dermal samples were stored for 
short periods (0.5-1.5 hr) in cold, Hank's balanced 
salt solution, pH 7.3-7.4. The loose subcutaneous 
connective tissue was removed from the sample 
prior to extraction. Tissues were cut into 4 x 4 x 1 
mm pieces prior to exposure to dissociative solvents. 

Extraction procedures. Samples were extracted 
using two dissociative solvents; 8 M urea in 0.3 M 
Tris-HC1 (pH 8.6) and 4 M guanidine HC1 in 0.05 M 
Tris-HC1 (pH 7.5). All extractions were carried out 
at 4°C and with continuous agitation. Tissue sam- 
ples for ultrastructural observation were removed 
from the extraction solution at 30 min, 1, 3, and 5 hr. 

Electron microscopy. The two principal fixatives 
used were 2.5% glutaraldehyde in 0.05 M sodium 
phosphate buffer (pH 7.3) with 4% sucrose added and 
a mixture of 2.5% glutaraldehyde and 2% parafor- 
maldehyde in 0.1 M sodium cacodylate (pH 7.3) con- 
taining 20 mM calcium chloride. The same buffers 
were employed throughout the aldehyde and os- 
mium tetroxide fixation sequences. Tissues were 
fixed for 2 to 3 hr at room temperature, washed 
briefly in buffer and then exposed for 2 hr to 1% 
OsO4 in the appropriate buffer. All tissue samples 
were stained en bloc with 2% uranyl acetate (14), 
the tissues immersed in PO4 buffer were extensively 
washed with cacodylate buffer (21) prior to exposure 
to uranyl acetate. All tissues were dehydrated 
through ascending percentages of ethyl alcohol be- 
ginning with a 50% concentration. Final dehydra- 
tion was in propylene oxide prior to embedding in 
Epon-Araldite (17), Sections with silver-gray inter- 
ference colors were cut with a diamond knife, col- 
lected on carbon reinforced, Formvar coated grids 
and stained with aqueous lead citrate and uranyl 
acetate in 50% ethanol. A Philips EM 300 electron 
microscope was used to view the sections. 

Determination of helical pitch. 3 The planar or ra- 
dial projection method of pitch calculation reported 
by Bouteille and Pease (6) was used. The fundamen- 
tals of this method are illustrated in Fig. 5a-e. 

RESULTS 

The effects of  dissociative solvents on 
fibrillar structure. I n  u n t r e a t e d  t i s sues ,  

Pitch or gyre length as used in this paper is 
defined as the length, measured on the long axis of 
the cylinder, required for one full turn of the helix. 

l o n g i t u d i n a l l y  s e c t i o n e d  c o l l a g e n  f ib r i l s  
a p p e a r e d  c o m p a c t  a n d  d e m o n s t r a t d  c h a r -  
a c t e r i s t i c  c ross  b a n d i n g  w i t h  a r e p e t i t i o n  
o c c u r r i n g  e v e r y  64 nm.  I n  cross  sec t ion ,  
c o l l a g e n  f ib r i l s  w e r e  c o m p a c t ,  e l e c t r o n  
o p a q u e  s t r u c t u r e s ;  h o w e v e r ,  p u n c t a t e  s i t e s  
of  l e a d  a n d  u r a n i u m  b i n d i n g  w e r e  u s u a l l y  
obse rved .  

E x p o s u r e  o f  t h e  d e r m i s  to b o t h  o f  t h e  
s o l v e n t s  s t u d i e d  r e s u l t e d  in  t h e  p r o g r e s -  
s ive  e x p a n s i o n  o f  t h e  c o l l a g e n  f ib r i l s .  A s  
t h i s  e x p a n s i o n  a n d  d i s s o c i a t i o n  occu r r ed ,  
t h e  h e l i c a l  s u b s t r u c t u r e  of  t h e  f i b r i l s  be-  
c a m e  a p p a r e n t .  A t  f i r s t  n o t  a l l  f i b r i l s  w e r e  
e q u a l l y  a f fec ted .  A f t e r  30 m i n  e x p o s u r e  to  
t h e  s o l v e n t s  s o m e  l o n g i t u d i n a l l y  s e c t i o n e d  
f ib r i l s  d i s p l a y e d  a c u t e l y  a n g l e d ,  s p i r a l  
c le f t s  (F ig .  l a ) .  I n  c ross  s ec t ion  (Fig .  l b )  
t h e s e  f ib r i l  c le f t s  we re  o b s e r v e d  to be  sur -  
face  m a n i f e s t a t i o n s  o f  a n  i n t e r n a l ,  s p i r a l l y  
o r i e n t e d  space .  

T i s s u e s  s a m p l e d  a f t e r  1 h r  s h o w e d  fur -  
t h e r  r e c r u i t m e n t  of  f ib r i l s  i n to  t h e  ex-  
p a n d e d  f ib r i l  p o p u l a t i o n  (Fig .  2a). Fibril  
expansion during these early periods var- 
ied not only between fibrils, but also 
wi thin a single fibril. G r e a t l y  e x p a n d e d  
r e g i o n s  (puffs) a l t e r n a t e d  w i t h  e i t h e r  o n l y  
s l i g h t l y  ~ u n w o u n d "  r e g i o n s  or  e s s e n t i a l l y  
u n a l t e r e d  r e g i o n s  a l o n g  t h e  l e n g t h  o f  t h e  
f ib r i l  (Fig .  2b). B y  3 h r  a l l  f i be r s  s h o w e d  
some  d e g r e e  of  e x p a n s i o n  (Fig .  3). A f t e r  
f u r t h e r  d i s s o c i a t i o n  (5 hr) ,  m o s t  f i b r i l s  ap-  
p e a r e d  as  i n d i s t i n c t  u n i t s  c o m p o s e d  of  a 
m a s s  of  m i c r o f i b r i l l a r  a g g r e g a t e s  (F ig .  4a), 
a l t h o u g h ,  e v e n  a t  t h i s  t i m e  p e r i o d  s o m e  
f ib r i l s  cou ld  be  f o u n d  w h i c h  w e r e  o n l y  
s l i g h t l y  e x p a n d e d .  

The effects of  age on the stability of  col- 
lagen fibrils in dissociative solvents. Col- 
l a g e n  f ib r i l s  p r e s e n t  i n  h u m a n  d e r m a l  
s p e c i m e n s  f rom o l d e r  i n d i v i d u a l s  cons i s t -  
e n t l y  r e s i s t e d  t h e  effects  o f  d i s s o c i a t i v e  sol- 
v e n t s  b e t t e r  t h a n  t h o s e  p r e s e n t  in  y o u n g e r  
i n d i v i d u a l s .  C o m p a r i s o n s  b e t w e e n  t h e  ex-  

t r e m e s  w e r e  m o s t  i m p r e s s i v e .  A f t e r  30 m i n  
in  u r e a ,  c o l l a g e n  f ib r i l s  i n  a s p e c i m e n  
t a k e n  f rom a 6 w e e k  old ch i ld  w e r e  fu l ly  
e x p a n d e d ,  e q u a l  in  d e g r e e  to  t h a t  o b s e r v e d  



FIG. la.  Diagonally oriented clefts (arrows) a t  the  surface of dermal  collagen fibrils are the  first  
indication of fibril dissociation observed. Portions of a '  few fibrils (arrow '~D") appear  somewhat  more 
dissociated. (b) The clefts in figure l a  are surface manifes ta t ions  of an  internal ,  spirally oriented space 
which is demonstra ted (arrows) in these cross sectioned fibrils. A few fibrils demonstra te  spaces, the  
openings of which are out of the  plane of section. (a) x 49 000; (b) x 67 000. 
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FIG. 2a. This micrograph i l lustrates the extent  to which h u m a n  adult ,  dermal  collagen had expanded 
following 1 h r  in 8 M urea. Various degrees of dissociation are depicted in this  cross section of a collagen 
bundle. (b) As indicated here,  regions of a single collagen fibril were often not equally expanded. Focal puffs, 
a l te rnated  wi th  e i ther  intact  or part ly dissociated regions. (a) x 39 000; (b) x 67 000. 
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FIG. 3. This specimen of dermal collagen was exposed to urea for 3 hrs prior to fixation. Estimations of 
the pitch of the helices were made on collagen fibrils such as those illustrated in this micrograph. These 
fibrils demonstrate helical region s (arrows), cross banding and relatively distinct borders. The fibrils in the 
right portion of the micrograph were obliquely sectioned. Microfibrillar bundles in these obliquely sectioned 
regions appeared to be similarly oriented. × 36 000. 

after 5 hr (Fig. 4a). In contrast, samples 
taken from a 70 year old patient following 
3 hr in the same solvent showed only lim- 
ited fibrillar expansion (Fig. 4b). This de- 

gree of variation was not observed in 
guinea pigs and probably relates to the 
fact that  the age range of the animals ex- 
amined was quite narrow. 



FIG. 4. These two micrographs depict the effect of age on fibril dissociation. (a) Following 30 min in urea 
the dermal collagen of a 6 week old child has  uniformally dissociated into groups of microfibrils. (b) 
Following 3 hr  in urea the dermal collagen of a 70 year old man demonstrates  l imited fibril expansion. (a) x 
36 000; (b) x 36 000. 
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FIG. 5. This plate illustrates the method used for determining the pitch of the helix. (a) High power 
micrograph ( x 120 000) of a partially expanded fibril demonstrating helical substructure. (b) A micrograph 
of the same fibril with a superimposed drawing indicating how the diameter, d, and the angle of the spiral 
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HELICAL STRUCTURE 

Characterization of the helix of the colla- 
gen fibril. Determination of the pitch or 
gyre length of the collagen fibril helix was 
made from measurements taken from 
areas in  which the fibrils had similar di- 
ameters  and exhibited similar degrees of 
expansion. These precautions were neces- 
sary because up to a 1.3-fold variation in 
fibril diameter in ~native" (nonexpanded) 
fibrils was observed in the tissues studied. 
The pitch both for populations of slightly 
expanded and fully expanded fibrils was 
1.09 _+ 0.1 t~m. This value is very similar 
to the pitch reported for rat  aortic adventi- 
tia (1.07 tLm) (6). As expansion of the fi- 
brils progressed, an increase in both fibril 
diameters and the values of a (Fig. 5b and 
c) was measured. In Fig. 5e two planar 
projections based on average observed 
minimum and maximum values of fibril 
diameter and ~ are presented. Note that  
the measured values are so related that  
the pitch, P, remained the same for the 
two fibril populations. It appears that  mi- 
crofibrils slide axially on one another to 
adapt to the increased dimension of the 
expanded helix. Had such linear adjust- 
ments not have occurred, a common pitch 
value for expanded and nonexpanded fi- 
brils would not have been achieved. 

DISCUSSION 

Initial attempts to interpret our findings 
were frustrated by what appeared to be the 
lack of any one common preparative step 
in those previous reports where a helical 
substructure in collagen fibrils had been 
observed. It finally became apparent to us 
that  the collagen had always been exposed 
to various water-miscible liquids prior to 
being examined and that  conventional 
~methylene bridge engendering fixatives" 
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were not employed. Most frequently ethyl- 
ene glycol or glycerol in 20-70% (v/v) con- 
centrations were used for extended periods 
of time (1 hr-several days) (4, 6, 19). In 
Bouteille and Pease's study (6), the ethyl- 
ene glycol t reatment  was followed by infil- 
tration and embedment in hydroxypropyl 
methacrylate (HPM), which in monomeric 
form is quite hydrophilic. These authors 
noted that  they saw the greatest degree of 
fibril expansion (and helicity) in glycol 
treated, HPM embedded tissue when com- 
pared with glycol treated and either Vesto- 
pal or Epon (less hydrophilic resins) 
embedded tissue. Less pronounced fibril 
expansion is apparently caused by the 
glycerol t reatment  routfnely employed 
prior to freeze-fracturing. 

It would appear that  the mode of action 
shared by glycols and the urea-guanidin- 
ium class of denaturants  is based on their 
ability to break hydrogen bonds. The sol- 
vent property of the polar, water-miscible 
glycols is based upon their ability to dis- 
rupt and form hydrogen bonds. The urea-  
guanidinium class of denaturants is be- 
lieved to disrupt hydrogen and not cova- 
lent bonds (13). In light of the importance 
hydrogen bonding (15, 24), as well as ionic 
and hydrophobic interactions (9, 10), play 
in the various levels of lateral assembly of 
the collagen molecule-microfibril-fibril, it 
seemed that any agent capable of altering 
hydrogen bonds should have profound ef- 
fects on the ultrastructural appearance of 
collagen. Fur ther  indication that  hydro- 
gen bonds are the site of action of dissocia- 
tive solvents in collagen is provided by our 
observations made on mature and newly 
formed collagen. As collagen "matures" 
both inter- and intramolecular lysyl-de- 
rived, covalent, crosslinks develop which 

substructure (direction of microfibrils) to the long axis of the fibril, a, were determined. Arrows indicate the 
periodic cross banding which served as an  inheren t  measure  of magnification. (c) A diagram of a cylinder on 
the surface of which a helix has been drawn. The pitch Of the helix, P,  is indicated as well as a and d. (d) A 
p lanar  projection of the surface of a cylinder indicating a and P. The base of the tr iangle,  rrd, is the 
circumference of the cylinder. The measurements  thus  related, when  correlated with magnification, allow 
the calculation of the pitch of the  helix. (e) Two p lanar  projections based on measurements  of a and ~d  from 
maximal ly  and minimal ly  expanded fibrils superimposed upon one another  demonstrate  tha t  a single, 
common pitch describes both helices. 
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act t o  stabilize fibrillar structure previ- 
ously maintained by hydrogen bonding (2, 
24). As reported in the Results section, 
collagen from adults resisted much more 
effectively the action of either guanidine- 
HC1 or urea than did the collagen present 
in the dermis of a recently born child. 

The nature of fibril expansion observed 
following exposure of dermal collagen to 
the denaturants studied is unique and not 
like that which occurs during dissolution 
of dermal collagen by acetic acid (5). Nor 
does the expanded fibril resemble the 
loosely organized fibrils found in derma- 
tosporaxis (12, 16). Furthermore, it ap- 
pears that differences in structural organi- 
zation may exist between collagen types; 
guanidinium chloride induced disaggrega- 
tion of cartilage collagen does not reveal a 
helical substructure (1). The fibril expan- 
sion reported here suggests that as hydro- 
gen bonding between microfibrils breaks 
down, the fibril follows a sequential pat- 
tern of dissociation. First large aggregates 
(bundles) of microfibrils are observed. 
These are subsequently subdivided into 
smaller and smaller aggregates as disso- 
ciation progresses. Though measurements 
of individual ~microfibrils" were at- 
tempted, the size and variability en- 
counted (4.5-12.0 nm in diameter) sug- 
gested that complete dissociation of the 
fibril into a single class of microfibrils was 
not achieved. 

In conclusion, we believe our findings 
strongly reaffirm those of previous investi- 
gations which reported that the collagen 
fibril was organized helically. This helical 
substructure can be demonstrated by us- 
ing the urea-guanidine class of denatu- 
rants (prior to the formation of cross links 
by conventional aldehyde fixatives) which 
presumably disrupt hydrogen bonds. Fur- 
ther, it seems that intermolecular hydro- 
gen bonding is of paramount importance 
in maintaining the structural integrity of 
the newly formed fibril It now appears 
that the collagen fibril of the dermis, ad- 

ventitia, and tendon should be considered 
to be a helically organized structure in 
addition to the alpha chain, collagen mole- 
cule, and microfibril. 
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