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Tropocollagen was acetylated and guanidinated to varying extents and analyzed to 
determine the degree of the reaction on lysine and hydroxylysine. The ability of the 
derivatives to form reconstituted fibers and segmented long-spaced structures was de- 
termined. The rate of fiber formation decreased with increased acetylation and in- 
creased with increased guanidination. There was a gradual loss of fiber striation with 
increased guanidination. There was 
a rapid loss of striations between 23 and 38y0 acetylation of lysine residues. Gunni- 
dination yielded wider and more uniform segmented long-spaced structures, while acetyla- 
tion had no apparent effect. Density determinations of segmented long-spaced structures 
derived from tropocollagen which was 87% acetylated showed the presence of five evenly 
spaced concentrations of arginyl residues. It is postulated that the overlapping of the 
two distal positions in end-to-end polymerization would then leave four eveiily spaced 
positions as the sites for the quarter staggering during fiber formation. 

At 20% guanidination, no striations were seen. 

Many fibrous proteins polymerize to form distinct 
structures with characteristic repeating units, 
visible by electron microscopy. The polymeriza- 
tion of tropocollagen is unique because it can 
yield different, interconvertible forms (Gross et al., 
1934). Illustrations of three of the five structures 
and the interpretation of the alignment of the 
monomers for each are shown in Figure 1 (Schmitt, 
1939). The form similar to the native fiber may 
be obtained in several ways. Generally, acidic 
solutions of tropocollagen are adjusted to pH 7-9 
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FIG. 1.-Diagrammatic illustration of the various forms 
obtained from the polymerization of tropocollagen. Taken 
from an article by Schmitt (1959) with permission of the 
author . 
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and then incubated at  20-37". The other structure 
with which we are presently concerned is the seg- 
mented long-spaced (SLS) form. This form may 
be made by the addition of ATP to dilute acetic 
acid solutions of tropocollagen (Schmitt et al., 
1952). Confirmation of the proposed alignment for 
the natural (640 A spacing) fibers and the seg- 
mented long-spaced form has been obtained 
recently (Hodge and Schmitt, 1960; Kuhn et al., 
1960). In  the segmented long-spaced form, the 
monomers are arranged in parallel with similar ends 
in alignment. It follows that the position of 
certain amino acid residues in the tropocol- 
lagen molecule may be demonstrated as bands 
after these groups have formed complexes with elec- 
tron-opaque stains. Advantage has been taken of 
this fact to demonstrate that the basic and acidic 
amino acid residues occur together in  the same 
discrete positions in the tropocollagen molecule 
(Hodge and Schmitt, 1960). 

To form the 640 A-spaced fiber the tropocollagen 
molecules must be staggered a t  quarter-lengt h 
intervals (Fig. 1). 

We have been concerned with the mechanism 
of fibrogenesis and the nature of the specificity of 
the groups which determine the quarter-staggering. 
Although the relative contribution of each of the 
possible intermolecular forces remains obscure, 
coulombic interactions are known to play a major 
role (Randall et al., 1955; Gross and Kirk, 1958; 
Bensusan and Hoyt, 1958; Bensusan, 1960). 
It has been demonstrated that the ionization 
of the phenolic group of tyrosyl residues accelerates 
the rate and decreases the energy of activation of 
fiber formation (Bensusan and Scanu, 1960). 
Thus, it appears that  the tyrosyl anion is intimately 
involved. There are four amino acid cations in 
tropocollagen, namely: lysine, hydroxylysine, histi- 
dine, and arginine. There arises the problem of 
determining the contribution of each. The results 



of niiiiinial acety1:ition and guaiiidin:~tion rf>ported 
here coiltribute to the wlution of this problem. 

1\IETHOI)S 

~llateriuls.-TropocoIlagcn was ntractcd from 
calf skin and purified as described (Bensus:ui and 
Scanu, 1960). Solutions were prepared by dis- 
solving 1 g of the acetone-dried powder in 100 nil 
of 0.02 M acetic acid at  4" with gentle stirring. 
The undissolved residue was removed by centrifuga- 
tion a t  12.000 X g for 30 minutes. 

Derii'atices of Tropocollagen 
1. GUAXIDIKATIOS (Habeeb, 1960).-*1 10-g. 

sample of l-guanyl-3,5-dimethylpyrazolc nitrate 
was dissolved in a minimum amount of water, 
and the solution n-as adjusted to pH 9.3 made up 
to 80 ml. A similar sample, adjusted to pH 7.5, 
was used for the control. Preliminary experiments 
showed that treatment a t  pH 7.3 and 9.5 had 
no effect on the protein in the absence of l-guanyl- 
3,5-dimethylpyrazole nitrate. To each sample of 
reagent was added 115 ml of tropocollagen (ap- 
proximately 1.4 mg/ml) and the mixture was 
stirred continuously a t  4". At various intervals 
of time, 30-ml aliquots were removed from the 
control and experimental reaction vessels. The 
experimental samples were adjusted to pH 8. 
All samples were then dialyzed exhaustively 
against water and finally against 0.01 M acetic acid. 

2 .  ACETYLATIOS.-.~ 15-ml aliquot of tropo- 
collagen (about 1.4 mg'ml) \vas placed in a small 
beaker in an ice bath. The beaker was equipped 
with a magnetic stirring bar and a set of external 
electrodes from the Beckman ;\lode1 G pH meter. 
After the addition of 1.3 nil of SI K2HI'O4, the pro- 
tein solution was adjusted to pH 9.3-9.5. Acetic 
anhydride, diluted with 30 volumes of CC14, 
was added in microliter amounts from a microburet 
while the pH was maintained at 9.40 with u SaOH. 
After the total amount of acetic anhydride was 
added the stirring was continued until no further 
change in pH occurred. The samplcs were then 
dialyzed extensively against 0.02 51 acetic acid. 

sham acetylation with an amount of glacial 
acetic acid equivalent to the maximum amount of 
acetic anhydride served as a coiitrol. 

Analytical ;IIethods.-The exteiit of guaiiidiiiat ioii 
was determined by separating t he hasic amino acids 
of the acid-hydrolyzed sample on a (i.2-cni column 
of Amberlite CG-120 as described by Jloore et al. 
(1958). Our patterns w r e  similar to those of 
Shields et al. (1959) for guaiiidinatcd niercuripapaiii. 
The hydroxylysine peak appeared midway between 
the tyrosine-phenylalanine and lysine peaks. All 
peaks were completely resolved. We verified the 
position of the homoarginine peak with a sample 
which was synthesized by the guanidination of a- 
acetyl lysine, prepared by the method of Xeuherger 
and Saiiger (1943). Sinhydrin determiiiatioiis 
were performed by the method of Roscii (1937). 
Column yields and color yields were determined on 
pure samples of lysine, hydroxylysine, and arginine. 
The column yields were cpmtitative in all cases. 

Thc color yield for homoarginine was assumed 
to be the same as for arginine. 

The extent of acetylation was determined in 
two ways. The per cent aretylation of the total 
number of €-amino groups n-as determined in the 
usual way by performing the ninhydrin assay on 
the u-hole protein. The second method determined 
the per cent acetylatioii of lysine and hydroxylysine 
individually. The protein was heated at 100" 
for 45 minutes in the presence of the proper propor- 
tion of reagents described for the ninhydrin method 
of Rosen. This treatment destroyed the 1111- 
acetylated €-amino groups. The mixture was 
then dialyzed against niiining tap water. evapo- 
rated in vacuo, and dissolved in 6 s HC1 (ti nil), 
and the protein was hydrolyzed at 110" for 18 
hours. The samples were then analyzcd for the 
amount of lysine and hydroxylysine by the method 
of Moore et al. (1938). Corrections wcre made for 
the fact that only 90% of the lysine and 80% of 
the hydroxylysine of the unacetylated protein are 
destroyed by the ninhydrin treatment (unpub- 
lished results). 

Protein concentrations were determiued by 
digestion followed by treatment with the Sessler 
reagent. -4 value of 17.7% nitrogen in collagen 
mas used to calculate the protein concentration 
(Rensusan and Scanu, 1960). 

The samples, containing no more than 1.4 mg 
of protein/ml, were centrifuged at 60,000 X g 
for 18 hours prior to viscosity determinations. 
Intrinsic viscosities were determined at 20.0" 
in Ubbelohde viscosimeters. 

Samples for electron microscopic examination 
were first Centrifuged at 60,000 X g for 18 hours. 
To prepare the reconstituted fibers, 0.6 ml of the 
cold protein solution was diluted with 1.4 ml of 
borate buffer, pH 9.1, to give a filial ionic strength 
of 0.14. The solutions were then warmed to 
23-30' until solid clots were formed. The clots 
were frozen on a freezing microtome and thin 
snow-like particles were shaved off and picked up 
on formvar-coated copper grids. The segmented 
long-spaced form mas prepared in 0.2-0.57c XTP 
(Gross et al . ,  19.54). All samples were stained with 
phosphotungstic acid and minimally washed to 
prevent the dissociation of the phosphotungstic acid- 
€-amino complex (Iiuhn, 1938). Electron micro- 
graphs were taken in the R C h  EMU 2-D electron 
microscope. 

Deiisity tracings along the length of the seg- 
mented long-spaced form were obtained by line- 
selwtrd oscillography (Loeser and Berkley, 19.54). 
Briefly, the electron microscope plates were 
mounted on a light mic'roscope, which was ilhimi- 
nated from a moiiochroniatic source. The image 
was viewed by a television camera. One television 
line, running lengthwise through the segmcntcd 
long-spaced image, was isolated electronically and 
the density tracing was projected on an oscilloscvpe. 
-1 sample is shonii in  Plate IV. 

RESX-LTS 
The extent of guanidiiiation and acetylation, 
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TABLE I 
THE ANALYSIS OF THE PRODUCT OF GUTASIDINATION OF TROPOCOLLAGES 

Clotting Time Time Amino Acid Content (rniole/nrg protein) '70 Ciuanidination" 
sample  P H  (hr.)  Hylye LYS Honioarg Lys Homoarg (n) (niin.) 

i . 5  1 0.081 0.320 0 20.9 165 
G 2 7 . 5 3 0.077 0.312 0 
G1 
_ -  . .  
G 3 7.5 5 0.0ii 0.295 0 

i . 5  8 0,067 0.311 0 
G 5  7 . 0  12 0.068 0.320 0 
G 4  

G 6  9.5 1 0.066 0.310 0.008 1 3 120 -- G i  9 5  3 0 06i 0 303 0 008 0 3 i D  
G 8  9 5  5 0 066 0 277 0 034 13 12 20 0 20 
G 9  9 5  8 0 069 0 276 0 051 13 18 20 0 
G 10 9 5  12 0 064 0 260 0 058 lY 20 22 G 

a Based on the fact  that only 905; of the e-amino groups of lysine are availahle to acetylation. 

TABLE I1 
THE . ~ \ A L Y S I S  OF THE PRODUCT OF ACETYLATIOS OF TROPO- 

COLLAGEN 
Clot- 

ACZO ting 
Added ----5& Acetj lation-- Time 

Sample (pinole) Hylys Ly5 Totala Totalh (n) (inin) 
d 2Y 0 0 0 0 0 150 3 
A21 0 5 3 3 6 
A 22 1 7 7  10 
*I 2:3 2 26 8 12 19 25 
A 37 2 3 41 10 16 
A 24 4 45 23 2i 30 
A 25 6 7 2  38 45 42 16 2 >1100 
A 26 8 100 50 5T 50 17 0 
.12; 10 72 55 59 60 15 2 
A 28 200 i 9  100 96 95 8 1  

Calculated from the 7; acetylation of the available 
* From the ninhydrin method hydroxylysine and lysine. 

on whole protein. 

together with the specific viscosity and clotting 
time, is presented in Tables I aiid 11. I t  will be 
noted in Table I that there was no significant 
guaiiidin:ttion of hydroxylysine wider these con- 
ditionh. &is seen in Table 11, hydroxylysine acety- 
lates more rapidly than dots lysine. 

0 1 1  the basis of the coiistaiicy of the intrinsic 
visrosity measurements, we conclude that the 
tropocollagen was iiot denatured by these treat- 
ments. The one possible exception was the fully 
acetylated sample, A 28. The value of 8.1 is too 
far lielow the value of approximately 12 cited by 
Boedtker and Doty (19%) to be considered within 
experimental error. 

It is apparent from the clotting times that the 
introduction of guanidino groups increases the 
rate of fiber formation. However, as seen in 
Plate I, the fibers so formed show a loss of fine 
structure with increasing amounts of guanidinatioii 
until at 20% guanidination there is a complete 
loss of structure. On the other hand, the rate of 
fiber formation decreases with increasing acctylation. 
Here too the fibers show a decrease in fiber stnic- 
tiire with increased extent of reaction. When the 
lysyl residues of tropocollagen are about 30-40yo 
acetylated (Plate 11), a structureless fiber results. 
The structureless fibers (part D in Plates I and 11) 
appear to have less contrast than the structured 
fibers despite the fact that the conditions of stain- 
ing and photography were uniform. S o  improve- 
mriit i n  contrast could be obtained, although 
micrographs were made from several  specimen^ 

Kuhn et al. (1939) preseiited photomicrographs of 
the fibers formed from tropocollagen which had 
been gianidinated. The extent of guanidiiiation 
was iiot reported. They described the fibers as 
thin and having poor contrast. This is ill agree- 
m m t  with our observations oii samples which 
were gianidinated to the exteiit of 2-1G70. 

I t  is apparent in Plate I11 that hoth the guanidi- 
nated and acetylated samples form segmented 
long-spaced structures. We have obtained seg- 
mented long-spaced structures from the completely 
acetylated samples. In addition, guanidinatioii 
yields a wider and more uniform segmented long- 
spaced structure. 
d sample of line-selected oscillography is shown in 

Plate IV. Figure 2 shows density tracings through 
t hrce segmented long-spaced structures. I.'igure 3 
show the tracings through three segmented long- 
spaced structures obtained from a sample of tro- 
pocollageii which was 87yc acetylated. Since n-e 
used phosphotungstic acid-stained samples, it is very 
likely that the peaks reflect concentrations of the 
basic amino acids. With the acetylation of the lysyl 
aiid hydroxylysyl residues, the curves in Figure 3 
locat? the position of the arginyl residueb, there 
being too little histidine to take into account. 
We were stnick by the fact that there were f i v ~  
outstanding peaks located at equidistant positions 
along the molecule. Thew peaks are noted by the 
solid lincs. 

DISCVSSIOS 
We have obtained the segmented long-spaced 

form from completely acetylated tropocollagen 
(sample A 28) ,  demonstrating that the €-amino 
groups are not necessary for the formation of the 
segmented long-spaced structure. The increase in 
width aiid uniformity of the segmented-long-spaced 
structure with increasing guanidination is worthy 
of note. Kuhn et al. (1939) postulate that the 
binding of ATP introduces negative charges into 
the tropocollagen molecule to replace the carboxyl 
groups which are protonated a t  low pH. They 
suggest that, under these conditions, the segmented 
long-spaced structure is sterically more favorable. 
I t  is difficult to understand, on the basis of their 
interpretation, how the loss of e-amino groups would 
have no effect while their conversion to guaiiidino 
groups shoiild improve the segmented long-spaced 
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PLATE I.-The fibers formed from guanidinstcd tropocollagen. The tropooollagen was guani- 
dinnted to the extent of 2% in A ,  13% in B,  la(", in C, and 20% in D. X24,OOO 

structures. Until further information is obtained 
concerning the binding sites of ATP, no interpreta- 
tion of our observations can be presented. 

It, is evident that both guanidiuation and acetyla- 
tion yield products which produce nonstriated 
fibers. However, there is a quantitative difference 
between the extent of the reactions necessary 
to produce this effect. The fact that the pH of 
fiber formation (pH 9.1) is close to that of the 

pK of the lysyl groups means that many of the 
unreacted groups are not protonated. This sug- 
gests that  more than 3&40y0 of the lysyl groups 
can be nonionic before a structureless fiber is 
obtained. We doubt that  the mechanism which 
results in the loss of striations could be the same 
for both reactions. In  one reaction (acetylation) 
the hasic character is lost, whereas with guanidina- 
tion a hasic group is replaced with one that is more 
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~ 'LATE II.-Thc fil,rrs formed from arctylatrd tropocollagen. The lysine in tropocollagen was 
X24,OOO aert,ylated to the exbent of 0% in A ,  10% in R, 23% in C, and 38%: in D. 

basic. Our interpretation of the two mechanisms 
is given below. 

If the five main bands of arginyl residues shown 
in Figure 3 are to he considered significant in 
determining the quarter-staggered arrangement of 
the monomers in the formation of the fibers, 
i t  must be postulated that  the first and last band 
overlap in the end-to-end polymerization. This 
overlap would then produce four evenly spaced 

bands for the sitesof attachment (Fig. 4.4). Hod@ 
and Schmitt (1960) were able to synthesize the 
characteristic banding of the fiber photographically 
by successively printing a segmented long-spaced 
image with a longitudinal displacement between 
exposures of one fourth the length of the single 
segment. They have labeled the evenly spaced 
bands which they used as the loci of attachment 
a,-&. The positions of their bands were located 
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PLATE 111.-The segmented long-spaced structures formed from derivatives of t.ropocollagen 
using a suboptimal amount of ATP (0.2%). The proteln was 
aeetvlated 155V, of the available lvnvl residues) in B and eusnidinated to the extent of 13 and 

A is the untreated control. 

on our monitor photographs and are indicated in within 27&. To the best of our ability to compare 
Figures 2 and 3 by the broken lines. If we are to our segmented long-spaced structures wlth those of 
conclude t,hat our two outside peaks must overlap Hodge and Schmit.t (1960) the five positions of 
in the end-to-md association, t,he distance between high arginine concentration should be laheled 
the 6, and 64 hands must he three fourths of the (32, Dj2, f izz ,  (32, and I%* respectively. Hodge and 
distance between our two end bands. We have Schmitt (1960) have also shown that acidic and 
found hy measurement t,hat there is agr:ement hasic rrsidiirs orcnr in thc sxme areas within the 
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F IG. L-The dencitj tracings through three untreated 
beginented long-spaced structures formed in 0.5( .4TP. 
The solid lines indicate the positions of the five niajor con- 
centrations of arginj 1 residues, and the broken lines indi- 
cate the poPitions of the 6 hands. 

FIG. 3.-The density tracings through three segmented 
long-spaced structures obtained from tropocollagen which 
had been 87L,;, acetylated. 

molecule. Therefort., we aiggcst that the forma- 
tion of ionic bonds hetiwen the arginyl residues 
arid the acidic residues in the five equidistant loci 
could constitute the mechanism for the cparter- 
qtaggering during fiber formation. 

It now would be evident how gunnidination 
could alter the arrangement of the nionomcr i n  
the fiber. By the conversion of €-amino groiipq to 
guanidino groups, new loci of interaction would tie 
created which are randomly situated, as dia- 
grammed in Figure 4B. Since the homoarginyl res- 
idues produced are 1.3 X longer than t he arginyl res- 
idues, it might well he that these site< t)ecome thr  
prcferred loci of interaction. 

We believe that the mechanism for the form' '1 t '  1011 
of nonstriated fibers from acetylated tropocollagcli 
is similar to that for the formation of the stnic- 
tiireless fiber at high salt concentration (Gross 
et al., 1955). We have shown that the derreas. 
in rate of normal fiber formation ia the result 
of the decrease in the over-all activity of charged 
groups with increased ion-dipole interaction 
(Bensusan, 1960). With large concentrations of 
salt it would then he possible to suppress the 
over-all coulomhic intcractions to  such an ex- 
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FIG. 4.--The diagrammatic representation of the selective 
interaction of arginyl residues in the tropocollagen nionomer 
with acidic groups in the same loci to  form the quarter- 
staggered fiber. In =I the normal arrangement is shown. R 
s h o w  the results of the introduction of additional guanidino 
groups (broken lines) to form a randomly oriented strurture. 
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PLATE 1V.-The cnlarged television picture of the segmented long-spaced stnietiire and the oseillogrniih 
tracing of bhe line indieat,ed in the picture. 

tent, t,hat a random hydrophobic honding would attract,ions. We conclude from their evidence 
prcdominat,e. t,hat hist,idinc plays no role in the quarter-staggcr- 
over-all coulombic attract,ions to yield a non- ing of thc monomer during fiber formhon.  
st,riated fiber in a similar manner. 

Acet,ylation would also decrease the 

When acetyla- 
tion proceeds too far, the predominance of anionic 
groups would prevent fiber formation of any type 
through electrorepulsion. Thus, it would appear 
that  the e-amino groups are concerned with strength- 
ening coulombic interactions rather than with 
being the sites for the specific intwactions which 
determine the st,ructure of the fibcr. These 
interpretations are similar to those proposed by 
Kiihn et al. (1959) to explain the solubility be- 
havior of met,hylat,cd and dcaminated tropocollagen 
and the effects of acid mucopolysaccharidrs and 
saks on fiber formation. 

i\lart,in et al. (1961) showed that  the residues of 
hist,idine had t,o he nonprotonated before normal 
fiber formation could takc place. They suggested 
that, uncharged histidine residues were responsihle 
for the organization of the normal fiber. Such a 
conclusion is impossible if one accepts the cvidence 
that normal fihrr formation 1s due to coulombic 
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A new mathematical approach to chemical kinetics which takes into account inherently 
random aspects of mechanisms of action is applied to the Michaelis-Menten hypothesis. 
The stochastic difference-differential equation which defines a stochastic model for the 
basic enzyme-substrate reaction is obtained. The probability parameters of the process, 
which correspond to the ordinary rate constants of the classical equations, are introduced 
both axiomatically,  following the general mathematical theory, and by means of collision 
theory. The stochastic Markovian equation gives the rate of change of the probability 
function of the concentrations of substrate and enzyme-substrate complev; it parallels 
the system of ordinary differential equations of the classical mathematical model. The 
classical and stochastic theories are compared in terms of these equations: it is shown 
that the deterministic differential equations may be obtained from the stochastic model 
by a process of averaging. Thus, the new approach provides a more comprehensive 
mathematical framework. The stochastic theory predicts randomness, whereas the 
deterministic theory must add experimental error terms to the basic equations in order 
to accomodate the random irregularities actually observed in kinetic data. Accord- 
ingly, two different types of irreproducibility must be distinguished: experimental and 
inherent.  The latter is characterized by the stochastic model presented in this paper, 
which brings kinetics into closer relation with the statistical (thermodynamic) treatments 
of the equilibrium state. 

1. ISTRODCCTIOS 
During the past 10 years’ a variety of chemical 

reaction mechanisms have been examined from the 
probabilistic point of view of the theory of stochas- 
tic processes. The emergent “stochastic models’’ 
for various reaction types suggest a general “statis- 
tical kinetics” (Bartholomay, 1957). In this paper 
the new approach will be related to enzyme kinetics. 

2. GEXERAL AIM& OF THE STOCHASTIC 
APPRO.4CH TO C H E M I C A L  E(ISET1CS 

The change in approach which the statistical, or 
stochastic, treatment of kinetics represents relative 
to the classical deterministic kinetics may be lik- 

* This work has been supported by the Howard Hughes 
Medical Institute and a grant-in-aid from the Sational In- 
stitutes of Health of the Department of Health, Education 
and iyelfare, S o .  H3117(C1). 

1 See bibliography at end of chapter 8 in Bhnrucha-Reid 
(1960). 

ened to the relationship of statistical mechanics to 
classical physical mechanics. Whereas classical 
kinetics has encouraged the conception of the 
kinetics of a reaction process as the transformation 
of chemical substances in bulk ,  concentrations 
forming the units of continuous transformation, 
the statistical approach grows out of the explicit 
treatment of these same transformations as com- 
positions of individual molecules and discrete inter- 
and intramolecular events. The large numbers of 
such individual molecular events are of course sub- 
sumed in the classical treatment and find a place 
in the “rate constants,” but the emergent rate 
equations have only a deterministic context-which 
excludes the possibility of random fluctuatioiis and 
cannot, therefore, be directly decomposed into the 
contributing random events. On the other hand, 
st>arting with the more fundamental principles of 
stocahastic models one may pass by averaging proc- 
esses to the traditional treatment, which there- 
fore finds a place in the new theory in the sense of a 
central tendency, around which statistical fluctua- 


